4

^^ñu.

s

CL ^

BARLEY:
ORIGIN, BOTANY, CULTURE, WINTER HARDINESS,
GENETICS, UTILIZATION, PESTS

fJ n

:r^
^gK UNITED STATES
((OB)) DEPARTMENT OF
^«^^ AGRICULTURE

AGRICULTURE
HANDBOOK
NUMBER 338

PREPARED BY
SCIENCE AND
EDUCATION
ADMINISTRATION

-^1
rn

ß^

BARLEY:
Origin, Botany, Culture, Winter Hardiness,
Genetics, Utilization, Pests

Agriculture Handbook No. 338

Science and Education Administration
UNITED STATES DEPARTMENT OF AGRICULTURE

Library of Congress Catalog Card No. 77—600037
Washington, D.C.

Revised February 1979

For sale by the Superintendent of Documents, U.S. Government Printing Office
Washington, D.C. 20402
Stock Number 001-000-03893-1

Contents
Pag»

Page

Introduction
Introduction of barley
into the New World
Early beginnings in the United States ^
Westward trend of production
Forty years of local expansion
Second westward trend of production __
Trends in winter barley production
Present status and future
Literature cited
On the origin of barley
Theories on the origin of barley
History
Prehistory
Geographic patterns of variation
Genetics
Ecology
_
Taxonomy
Synthesis of the evidence
Questions unanswered
Literature cited
Culture of barley in the United States
Choice of land and fertilizers
Seedbed preparation and planting
Rotations
Rate of seeding
Date of seeding
Harvesting and threshing
Storage
Weeds in barley and their control
Cultural methods of weed control
Chemical methods of weed control
Chemical weed control in barley not
underseeded with legumes
Chemical weed control in barley
underseeded with legumes
Control of wild oat in barley
Cultural methods
Chemical methods
Common and chemical names
of herbicides
Precautions in the use of herbicides
Insect pests of barley and their control
Greenbug
Other aphids
Chinch bug
Hessian fly
Armyworms

1
2
4
4
6
7
8
9
9
10
10
14
15
18
21
24
25
27
32
33
37
37
39
41
42
43
43
44
45
45
47
47
48
48
48
49
49
49
50
50
50
51
51
51

Grasshoppers
Cereal leaf beetle
Use of pesticides
Barley diseases and their control
Nonparasitic leaf disorders
Leaf spots
Leaf blotches
Disease caused by bacteria
Bacterial leaf blight
Diseases caused by fungi
Ergot
Scab
Helminthosporium stripe
Net blotch
Spot blotch
Scald
Septoria-speckled leaf blotch
Septoria leaf blotch
Powdery mildew
Covered smut
Nigra loose smut
Nuda loose smut
Stripe rust
Stem rust
Leaf rust
Diseases caused by viruses
Barley yellow dwarf
Barley stripe mosaic
Aster yellows
Oat blue dwarf
Oat cyst nematode
Methods of control
Resistant varieties
Cultural practices
Pesticides
Use of pesticides
Summary
Taxonomy, botany, classification,
and world collection
Taxonomy
Botany
Growth characters
Stem
Leaf
Spike
Kernel
Other characters
Classification

51
52
52
55
55
55
56
56
56
57
57
57
60
60
61
61
62
63
63
63
64
67
67
67
68
70
70
71
71
72
72
72
72
72
72
76
77
78
78
79
79
82
84
86
93
98
99

Page

World collection
Literature cited
Interspecific and intergeneric crosses of
barley
Species used in interspecific and
intergeneric crosses reported
in the literature
Barriers to interspecific and
intergeneric hybridization
Techniques that circumvent some
internal barriers
Interspecific crosses
Crosses within section CEREALIA _
Crosses between section
CEREALIA and other
sections
Crosses among other sections
of Hordeum
Intergeneric crosses—barley and
other genera
Future prospects—interspecific
and intergeneric hybrids
Literature cited
Breeding
Backcross
Composite cross
Isogenic analysis
Breeding for wide adaptation
Breeding for complex characters
Hybrid barley
Literature cited

100
103
105

106
107
107
109
109
109
111
112
113
113
117
117
ng
121
123
123
125
126

Page

Genetics
Chromosomes
Variations in chromosome number
and structure
Sources of genetic variations
Kinds of genetic characters
Inheritance and linkage
Literature cited
Barley for malting and food
Malting barley
Introduction
Malting process
Distiller's and special malts
Byproducts of malting
Recent developments in
commercial malting
Uses of malt
Malting varieties
Evaluating new varieties and
selections
Barley for food
Pearling
Milling for flour
Literature cited
Physiology of winter hardiness in barley __
Evaluation of hardiness
Evaluation of freezing stress
in winter cereals
Critical regions
Phases of hardiness
Normal environmental events
and sequences
Literature cited

Department publications contain public information. They are not copyrighted and may
be reproduced in whole or in part with or without credit.

128
128
129
131
132
134
134
136
136
136
137
141
141
141
142
143
143
144
144
145
145
147
148
149
151
151
152
154

CONTRIBUTORS
A. D. Dickson, research chemist, Science and Education Administration,
and collaborator in Plant Pathology, University of Wisconsin, Madison,
Wis.
J. R. Harlan, professor of agronomy. University of Illinois, Urbana, 111.
D. L. Klingman, research agronomist. Science and Education Administration, Beltsville, Md.
J. G. Moseman, research plant pathologist. Science and Education Administration, Beltsville, Md.
C. R. Olien, research plant physiologist. Science and Education Administration, and assistant professor, crop science, Michigan State University,
East Lansing, Mich.
P. B. Price, research agronomist. Science and Education Administration,
and associate professor of agronomy. South Dakota State University,
Brookings, S. Dak.
D. A. Reid, research agronomist. Science and Education Administration,
Beltsville, Md.
R. G. Shands, research agronomist. Science and Education Administration,
and professor of agronomy, University of Wisconsin, Madison, Wis.
(Deceased.)
C. A. Suneson, research agronomist. Science and Education Administration,
and geneticist. University of California, Davis, Calif.
G. A. Wiebe, research agronomist. Science and Education Administration,
Beltsville, Md.

Trade names are used in this publication solely for the purpose of providing specific information. Mention of a trade name does not constitute
a guarantee or warranty of the product by the U.S. Department of Agriculture or an endorsement by the Department over other products not
mentioned.
On January 24, 1978, four USDA agencies—Agricultural Research Service
(ARS), Cooperative State Research Service (CSRS), Extension Service
(ES), and the National Agricultural Library (NAL)—merged to become
a new organization, the Science and Education Administration (SEA), U.S.
Department of Agriculture.
This publication was prepared by the Science and Education Administration's Federal Research staff, which was formerly the Agricultural Research
Service.

Dickson, A. D., Harlan, J. R., Klingman, D. L., and others. 1978. Barley: Orig-in, Botany, Culture,
Winter Hardiness, Genetics, Utilization, Pests. U.S. Department of Agriculture, Agriculture Handbook No. 338, 154+ pp., illus.

ABSTRACT
This handbook gives a broad overview of barley—its origin, botany, culture, winter hardiness, genetics, utiHzation, and pests. It describes barley's historical introduction into the United
States by the early settlers and the westward trend of production. Theories are given on barley's
evolutionary origin derived from historical and prehistorical archeological evidence. Common cultural practices are discussed as well as weed and insect pests that frequently curtail production.
The two general classes of leaf disorders, leaf spots and leaf blotches, are identified. The principal barley diseases caused by bacteria, fungi, and viruses and recommended methods for control
are discussed. The taxonomical features of barley and some of the more complete and recent taxonomic references are discussed. The seven parts of the cultivated barley plant—roots, stem,
leaves, spike (head), spikelet, floret, and kernel—are defined. The manner in which the plant
grows—its rate of growth, ability to withstand extremes of temperature and drought, and its
response to light—are reported on. The U.S. Department of Agriculture's world collection of cultivated barleys, especially valuable as a potential gene source for disease and insect resistance and
for genetic, physiologic, and agronomic characters, is discussed. The wild relatives of barley are
described. Information is given on attempts to develop interspecific and intergenetic hybrids and
the difficulties involved.
This handbook describes man's role in improving barley by the use of genetics, cytology,
physiology, and breeding methods. The industrial uses of barley for malting are discussed, together
with the techniques and procedures developed to evaluate varieties for these uses and the food
uses of unmalted barley. The complex property of winter hardiness that enables barley plants to
survive damage from frost is explained.
KEYWORDS : barley, spring barley, winter barley, origin, ecology, taxonomy, botany, culture,
winter hardiness, genetics, germplasm, seed, weeds, insect pests, herbicides, pesticides, diseases, malting, food, chromosomes, hybrid, wild oat, classification, bacteria, fungi, viruses, world collections, harvest, thresh, interspecific crosses, intergeneric crosses, heeding.
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INTRODUCTION
By G. A. WiEBE

Barley is a grass plant whose seeds are useful to man. Fields of this crop are found widelyscattered over the more temperate parts of the
world. Barley also is to be found on the agricultural frontiers, like the high plateaus of Tibet and Ethiopia, or the Andes Mountains of
Peru. It fringes the oases of the Sahara and
grows north of the Arctic Circle. Barley is
man's most dependable cereal crop where alkali
soils, summer frost, or drought are encountered.
Arab farmers grow barley in the dry areas
of North Africa where irrigation water is
lifted from open wells in goatskins. It is cultivated by Hindus, Turks, and Japanese with the
aid of **night soil." It is grown by Ethiopians,
Berbers, and Egyptians whose age-old buried
seeds are not unlike those grown today. The
Indians in the high Andes cultivate it for food
in small fields, using a mixture of varieties.
Barley grows particularly well where the
ripening season is long and cool, where the
rainfall is moderate rather than excessive, and
where the soil is well drained but not sandy.
Barley can stand high temperatures if the humidity is low, but it does not do so well where
both are high. As a winter crop, it is more
hardy than oats but less hardy than wheat or
rye.
In North America, the United States and
Canada lead in production; in Europe, the
United Kingdom, France, Denmark, and West
Germany; in Eurasia, Russia, China, Turkey,
and India ; in Africa, Morocco, and Algeria ; and
in South America, Argentina.

The most important uses for barley throughout the world are as grain feed to livestock and
poultry; as malt for manufacturing beverages
or malt-enriched food products ; as seed ; and as
human food in the form of parched grain,
pearled grain for soups, ñour for fiat bread,
and ground or partly ground grain to be
cooked and eaten as a porridge. For human
use, naked or huskless varieties are commonly
used, especially in countries with a primitive
form of agriculture.
This handbook gives information on barley
in a broad sense. It describes its historical introduction into the United States and the
trends of production. It describes its evolutionary origin. The common cultural practices are
given, as well as the weed and insect pests that
frequently limit production. The common diseases are described, together with methods for
their control. It describes the botany of the
plant; the many forms, types, and varieties
that exist today; and how these can be
classified into groups. The wild relatives of
barley are described, and information is given
on the extent they can be intercrossed or
crossed with cultivated barleys. This handbook
describes man's role in improving barley by
the use of genetics, cytology, physiology, and
breeding methods. The industrial uses of barley are discussed, together with the techniques
and procedures that have been developed to
evaluate varieties for these uses. The physiological factors that enable barley plants to
survive damage from frost are described and
discussed.

INTRODUCTION OF BARLEY INTO THE NEW WORLD
By G. A. WiEBE

The discovery of America also dates the introduction of barley into the New World. The
record is quite clear on this point for Columbus' second voyage, and we are reasonably certain that he also had barley with him on his
first voyage. Following the discovery on October 12, 1492, Columbus continued his travels
to explore other islands in the West Indies. On
Christmas Day of that year his flagship, Santa
Maria, was shipwrecked on the north shore of
Haiti near the present city of Limonade (fig.
1). This disaster made it necessary to leave
part of his men and return to Spain in the
other two vessels. Before sailing, however, Columbus built a fort at this place, which he
called La Navidad. In connection with the
building of this fort, the narrative reads
(Morison 19Jf2, p. 39JÍ) : ^
Navidad Fort was built largely of Santa Maria's
planks, timbers, and fastenings, and provided a
'great cellar' for storage of wine, biscuits, and other
stores salvaged from the flagship. Seeds for sowing
crops and a supply of trading truck to barter for
gold were also left.

The account does not identify the seeds as to
kind, but it is almost a certainty that barley
and wheat were among them. These crops were
grown extensively in Spain, and it is an ageold custom for migrating people to carry their
own seeds with them. It cannot be established
that any of these seeds were actually sown, for
a year later, when Columbus returned, he
found the entire colony had been massacred.
The record of the second voyage is definite on
the introduction of barley, wheat, and grapes.
On this voyage, Columbus sailed directly to
the colony he had left at La Navidad, in order
to offer it relief. On finding it destroyed, he set
about to find a suitable site for a second colony
' References to Literature Cited, p. 9, are herein indicated by the name of the author or authors followed
by the year of publication in italics.

from which to operate in the quest for gold.
The site selected was not far from La Navidad,
and he called it Isabella in honor of the Queen.
It was now January 1494, and many of the
men with him were ill ; but the necessary buildings for housing the men were finally erected.
On February 2, 1494, Columbus sent part of
his fleet back to Spain for additional supplies,
and along with it he sent a letter to the King
and Queen, dated January 30, 1494. This document is the only existing record from his second voyage. We quote the part that applies to
barley (Thacher 1903, p. 300) :
Consequently, for the preservation of health,
after God, it is necessary that these people be
provided with the provisions to which they are
accustomed in Spain, because neither they, nor
others who may come anew, will be able to serve
their Highness if they are not well: and this
provision must continue until a supply is accumulated here from what shall be sowed and planted
here. I say wheat and barley, and vines, of which
little has been done this year: because a site for the
town could not be selected before, and then when it
was selected the few labourers who were here became sick, and they, even though they had been
well, had so few and such lean and meager beast of
burden, that they were able to do but little : nevertheless, they have sown something, more in order
to try the soil which appears very wonderful, so
that from it some relief may be hoped in our necessities.

This account, then, relates the first introduction of barley in the New World. Subsequent
events proved that the culture of barley was
not to be continuous from this beginning. Isabella is in the tropics, and barley does not grow
well in such a climate. We must look elsewhere,
then, for those beginnings from which our
present crop had its origin.
For the United States there are two important places where barley first entered. One of
these is on our eastern coast, and barley entered there during the early settlement of that
area.
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1.—National centers of barley production, 1839 to 1959, and two historical sites, 1493 and 1602.

Several notes on the early history of barley
are recorded in the annual report of the United
States Patent Office (agricultural portion) for
1853. Barley, together with other English
grains, was grown in 1602 by Gosnold on
Martha's Vineyard and the Elizabeth Islands
off the south coast of Massachusetts, and by
the colonists of the London Company in Virginia in 1611 (Harlan, Martini, and Pope
1925). By 1648, it was grown in abundance in
that colony, but its culture was allowed to decline soon after because of the more profitable
and increased production of tobacco. Barley
appears to have been cultivated in New Netherlands as early as 1626, since samples of the
harvest of that year, grown by the colonists on
Manhattan Island, were sent to Holland with
other grains as evidence of their prosperous
conditions. According to the records of the
governor of the Massachusetts Bay Colony in
New England, barley was introduced into that
colony in 1629. In 1633 good crops were grown
in Lynn. The first barleys grown in these
settlements doubtless were those from the

homes of the settlers. The English probably
brought with them two-rowed barleys, such as
Chevalier and Thorpe commonly grown in
England. The Dutch brought the barleys of the
mainland.
The second major path by which barley
came into this country was in the Southwest
during the Spanish mission movement at the
turn of the 17th century.
Barley was first grown in Mexico and was
introduced there by the Spanish conquerors.
Hendry {1931, 193Jf) found barley seeds in
many of the adobe bricks used in the construction of the first missions and other early
buildings in the Southwest. The earliest of
these was in 1701 in southern Arizona in the
missions San Cayetano del Tumacacori. The
actual growing of the crop, however, must have
antedated by several years the construction of
any buildings. The Spanish settlements were
largely in arid regions adapted to the culture
of North African-type barleys. The barleys of
Spain were of this origin and, therefore, were
well suited to Mexico, Arizona, and California.
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Although the history of this type in Mexico is
not easily traced, it must have been an immediate success, since it is still the dominant type
in that country and in California and Arizona.

Early Beginnings in the United States'
The first barleys grown in the American
settlements doubtless were varieties from the
homes of the settlers. The English probably
brought with them the late-maturing tworowed barleys commonly grown in England,
such as Chevalier and Thorpe; the Dutch
brought the barleys of the mainland; and the
Spanish, the barleys of the North African type.
Along the Atlantic seaboard, conditions for
growing barley were not favorable. All the
settlements were in a region of humid summers, south of the latitudes where barley does
well in humid growing seasons. The varieties
Chevalier and Thorpe were suited to the Eastern Provinces of Canada. It was only when the
settlements had penetrated into western New
York that an especially favorable area was
found in the Eastern States. This area was better adapted to the culture of the Hanna and the
six-rowed varieties of the Continent than to
the two-rowed varieties of England. Barley
production became important early in the history of New York.
Barley was introduced into all the colonies,
where it was in demand as a grain for brewing. In the early colonies and in the later
settlements of the Mississippi Valley barley invariably was planted, and considerable acreage
developed near all the larger cities. This acreage was in response to a city demand, and
barley often was grown in districts to which it
was not suited.
Barley grew better in the colonies of New
England than in those farther south, with the
possible exception of southeastern Pennsylvania, where the soils were especially suited to its
production.
^ For a greater detailed history of barley culture in
the United States the reader should consult Harlan
(1957) ; Harlan and Martini {1936) ; Harlan, Martini,
and Pope (1925) ; and Weaver (1950),

After agricultural periodicals became common, frequent notes on barley production indicated the nature of the varieties grown. The
reports of the grain trade of Albany in the
1850's showed that six-rowed barley was more
common than two-rowed in New York. A note
by Chief Inspector Stevens of Chicago, in
*Trairie Farmer," in 1860, stated that sixrowed barley was best suited for the Chicago
market "because a majority of that grown in
the Northwest is of that variety." In 1865 all
correspondents of this paper seemed to be
growing six-rowed barley. The Wisconsin University experiment farm began distributing
the barley variety Manchuria about 1873, and
its culture spread rapidly from farm to farm.
The question naturally arises as to the identity of the six-rowed barley widely grown before the introduction of Manchuria. There is
little definite information on this point. The
early six-rowed barley probably consisted of
mixed stocks of the six-rowed barley under cultivation in England, Scotland, and western
continental Europe at the time of its importation into this country. In all probability it was
very similar to Manchuria.

Westward Trend of Production
Since the beginnings of barley production on
the Atlantic seaboard, the center of production
has consistently moved westward. Modern
computers have made such calculations possible, and a center of production for the United
States has been computed for each decade beginning with the first agricultural census in
1839 and ending with 1959 (fig. 1). Two additional historical sites were added to this figure,
the year and location in which barley reportedly was first grown in the New World and the
year and location in which barley was first
grown in the United States.
The center of barley production remained on
the Atlantic coast until 1849, where New York
was the leading State. The first major shift
westward occurred during the decade 1849 to
1859. The most important factor in this shift
was the discovery of gold in California in 1848.
By 1859 it was the leading barley-producing
State. Barley was introduced into California
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with the early Spanish missions. It was grown
where there were settlements because those
districts also were well suited to barley production and there was no other grain that could be
grown so successfully for feed. To this demand
was added the brewing need on the west coast.
Consequently, with the discovery of gold and
the rapid increase in population around San
Francisco, the farming area was primed to increase its barley acreage to meet this new demand.
Other areas played a part in this westward
movement during this decade. Because of the
large demand for brewing in Cincinnati, the
barley acreage around that city expanded. This
acreage disappeared in later years when transportation was developed and barley could be
brought from other sections more cheaply than
it could be produced around Cincinnati. The
acreage around St. Louis, where the conditions
are not so favorable for the production of barley, never expanded as did that near Cincinnati. River transportation made it possible to
import barley from more favorable production
areas. The cultivation of barley around Milwaukee, on the other hand, was extended very rapidly. In southern Wisconsin, northern Illinois,
and along the Mississippi River in eastern
Iowa, conditions were particularly favorable
for producing higher yields. The demand of
the Milwaukee and Chicago markets was such
as to encourage this production.
In 1869 the barley acreage was in the same
regions as in 1859, but the acreage increased
more rapidly in the west, with a resultant westward shift of the center (fig. 1). Both California and New York were growing more barley. The malting industry of western New York
had developed greatly, and production in that
section of the State increased The acreage in
eastern Michigan, which is especially favorable
to the production of barley, had increased. The
greatest expansion occurred in the districts
west and north of Chicago and Milwaukee.
Conditions in the upper Mississippi Valley are
well suited to raising barley. The extensive
cultivation of this grain followed the settlements as closely as transportation developed
to take care of the surplus crop. In southeastern Minnesota the soil and climate are

quite favorable and acre yields were high, resulting in an increased acreage in this area by
1869.
By 1879, a large quantity of barley was
raised in eastern Oregon and Washington.
Conditions here are favorable to growing barleys of the type found in California. Barley
was grown over a wider acreage in California
than was grown in 1869. The prominent
centers of production were in western New
York, eastern Wisconsin, southeastern Minnesota, and central California, and these centers
were maintained for many years. Barley was
grown as a cash crop, and production was far
beyond the local needs. Production increased
greatly during this decade in southeastern Nebraska, while that of Dakota Territory expanded first along the Red River and later over
the eastern half of both Dakotas.
In the decade from 1879 to 1889 the development of existing primary centers of production
in barley was accentuated. As a cash crop in
1889 it was grown on large acreages in five
centers; namely, western New York, eastern
Wisconsin, southeastern Minnesota, western
Iowa, and central California. A considerable
acreage was grown in Michigan and the area
extending into northwestern Ohio. Barley was
not so widely grown in northern Illinois as it
had been previously. The acreage expanded
markedly in the Red River Valley, and the
center moved northward instead of westward
during this decade (fig. 1).
In 1890, the McKinley Tariff raised the duty
on barley to 30 cents per bushel. Western New
York up to this time had been a great malting
center. The malt houses of this district had obtained large quantities of barley from Canada
and had given a ready market to all the barley
that could be produced in western New York.
The tariff of 1890 made importation from
Canada unprofitable. As malt weighs less per
bushel than barley, the malt houses of Wisconsin and Minnesota could ship malt to the eastern seaboard more cheaply than the eastern
malt houses could purchase barley for malting.
The malting industry gradually moved from
western New York to Wisconsin and neighboring States. The resulting decreased market for
barley in western New York and the competi-
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tion from other crops gradually reduced the
acreage there.
In 1899, western New York was no longer
one of the principal centers of production.
However, the loss of acreage in New York was
much more than made up by an increase in the
acreage in the Red River Valley and in eastern
Oregon and Washington. By 1890 a large acreage of barley was grown in western Kansas.
In both Nebraska and Kansas extensive changes
were being made, not only in the acreage but
also in the sections in which barley was grown.
Even then barley was not yet being grown in
the parts of these States best adapted to its
production when economic as well as climatic
conditions are taken into consideration.
The westward trend of the barley center was
halted at the end of the nineteenth century.
Pockets of unsettled land remained, but in a
real sense, the frontier was no more. Nearly
300 years had passed since the first permanent
settlement in Jamestown. The Indian had been
subdued and the buffalo herds reduced in number. Five railroads spanned the continent, thus
facilitating the movement of produce from
centers of production to those of consumption.
Farm production was no longer isolated from
the marketplace.
The century closed on the slogan of ''The
Gay Nineties.'' Compared to earlier periods,
this decade appeared to be a happy and prosperous one. People had money and leisure time
to enjoy the pleasurable pursuits of life. The
Chautauqua flourished as an entertainment institution, reaching the great masses throughout the land. Madame Schumann-Heink made
her American debut in 1898. Twenty-seven
million visitors saw the Columbian Exposition
in Chicago. The first automobile was built by
Ford, an event that was destined to remake
transportation and to release man from his
local environment. However, amidst all this
there occurred a gradual but subtle shift in
effort that was away from the immediate tasks
of conquering the land and toward more intellectual pursuits in education, scientific discoveries, inventions, political thoughts, culture,
and institutions—all genes in the Growth of a
Nation.
As one era ushers in the next, so it was that

the ''Gay Nineties'' gave way to the full impact
of the industrial age. The names of Carnegie,
Rockefeller, Ford, Edison, Kellogg, McCormick,
Gompers, Mellon, and Bell were on every man's
lips. Mendel's law had just been rediscovered,
and a new age was set in motion for biology.
America was on the move again.

Forty Years of Local Expansion
During the first 40 years following 1900, the
barley production center moved neither here
nor there. It drifted aimlessly in the Badlands
of the Dakotas (fig. 1). Yet during this period
production was tripled, rising from 96 million
bushels in 1900 to 310 million in 1940. Why
was this? No more land was available in the
sense of large areas into which settlers could
move. The areas in which barley grew well had
been defined, and the crop was profitable for
the grower. The increase came from the internal expansion of acreages within established
areas, better farming methods, improved varieties, and the development of irrigation. Barley
now was grown in many States and on many
acres of land. This wide distribution had a
buffering effect on any center movement, and
local shifts from one area to the next tended to
cancel each other. No major impact occurred to
dislodge the center during this period.
Some minor shifts, however, should be mentioned. By 1909, the center of cultivation in
Kansas was more nearly in the section in which
it remained for some time; the climate and
soil conditions of northwestern Kansas are
better suited to the production of barley than
those of eastern or southern Kansas. The acreage of barley on either side of the Red River
had been enormously expanded. North Dakota,
South Dakota, Minnesota, and Wisconsin were
producing a large proportion of the total crop
of the United States. The acreages around Cincinnati and St. Louis had long since disappeared.
After 1909 the acreage in southeastern
Minnesota gradually decreased. This area was
one of very high fertility, and only the profits
from barley production prevented its development for diversified farming earlier. As general
farming increased in southeastern Minnesota,
the acreage of barley grown as a cash crop
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decreased. This trend had already started in advance of the decreased demand from malt
houses, which came with statutory prohibition.
The crop of 1919 was not a normal one as far as
barley production was concerned. The war
prices for wheat and the campaign to increase
its acreage resulted in a considerable expansion
in the spring wheat acreage that year. The
greatest increase in wheat acreage came in the
barley-producing sections of Minnesota, North
Dakota, and South Dakota.
The most interesting change of acreage
shown in the 1919 census is in Nebraska, Kansas, and Oklahoma. Barleys of the Manchuria
type had found their way to central Nebraska,
and being adapted, an increased acreage followed. A center of production had developed
in northwestern Kansas and expanded southward into Oklahoma and Texas. This area is
of especial interest since there is an overlapping of conditions that allow two types of
barley adapted to quite different ecological regions to be grown in the same general region. In northwestern Kansas varieties of the
Coast and Stavropol types are most commonly
grown. These varieties are cultivated farther
south, and in Oklahoma their culture is found
in the same district with winter barleys of the
Tennessee Winter types. This is the only region in the United States where the cultures of
both winter and spring barley varieties meet.
In the Central States there is a margin of several hundred miles between the southern limit
for the profitable culture of spring barley and
the northern limit for the profitable culture of
winter barley. Both winter and spring barleys
can also be grown in the Palouse district of
Washington, Oregon, and Idaho; however, the
winter barley acreage in these States is small
and only of local importance.
By 1928, the national production was 328
million bushels. This increase occurred in all
the important areas, with the Dakotas and
Minnesota contributing a considerable share of
the expanded acreage. The area of production
in northwestern Kansas continued to grow,
and several new areas appeared in Colorado
and Nebraska.
The decade ending in 1939 was one troubled
with several dry years. Prohibition was re-

pealed in 1933. Normally this would have
brought about an increased acreage in areas
best suited to growing malting barley. The
drought of 1934 interfered with this movement. Evidence of the move is clearly shown,
however, by the reestablishment of production
areas in western Iowa, in eastern Wisconsin,
and in the thumb district of Michigan. These
gains, made to the east of the national center,
were offset by equal gains made in several of
the western States. The gains made in the Midwest were short lived, and the center was soon
to start on its second move to the West.

Second Westward Trend of Production
A second westward trend of the barley
center commenced about 1940 (fig. 1). Several
forces brought this about. One of these was the
competition from hybrid corn for the same
land in the Corn Belt. Since hybrid corn yields
considerably more than open-pollinated varieties, hybrid corn gradually displaced barley on
this land. For the United States as a whole the
commercial use of hybrid corn commenced
about 1934 and by 1960 nearly all the acreage
was planted to this type of corn. The barley
areas affected most by this competition were in
Iowa, southern Minnesota, and Wisconsin. In
addition, a new crop, soybeans, also competed
with barley over much the same area as did
hybrid corn. Soybeans were grown on about 5
million acres in 1940 and on about 25 million
in 1960.
Disease was another factor in the westward
movement of the center of barley production
during this period. The most important diseases involved were scab and spot blotch. Scab
was confined to the Corn Belt, whereas spot
blotch was destructive over a larger area and
more to the north. Scab was doubly destructive,
causing a loss in yield and in feeding quality.
Spot blotch was very destructive in 1943 and
in 1944, and this impact discouraged plantings
the next year.
An additional but slow, steady factor in the
westward trend was the continued development
of irrigated lands in the West. Barley is ideally
suited to this type of farming, and exceptionally high yields of grain of excellent quality
are obtained.
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The vi^estward movement of the barley
acreage away from the malting and brewing
centers in the Midwest was a matter of grave
concern to these industries. Accordingly, industrial funds as grants were made to State institutions and Federal agencies to supplement existing cooperative barley breeding, quality, and
research programs, in order to foster and promote a supply of suitable barley varieties as
close as possible to the processing centers in
the Midwest. Educational and promotional programs also were initiated to encourage the
growing of suitable malting varieties in the intermountain region and on the Pacific Coast.
These efforts resulted in an expansion of the
acreage, mostly of two-rowed varieties, with
the greatest gains occurring in Montana.

Trends in Winter Barley Production
The early history of winter barley in the
United States has never been determined with
certainty. One of the first known areas of production in this country was in the mountain
region of the Southeastern States. It is thought
that winter barley was introduced from Switzerland or the Balkans. In the early years it
was grown under the names of Tennessee
Winter and Union Winter. As it was determined later, these were actually mixtures of
many strains of similar types.
Up to about 1920, the acreage of winter barley was relatively unimportant. Some of the
first improvements in the winter types were
made by C. A. Mooers in Tennessee in developing the hooded winter varieties Tennessee
Beardless 5 and Tennessee Beardless 6 by
crossing a hooded variety with the bearded
Tennessee Winter. These and other improved
local selections of the bearded type seemed
merely to perpetuate the small acreage in most
of the southeastern area, especially in the Nashville basin in Tennessee, the Bluegrass region
in Kentucky, and a slowly rising trend in the
Piedmont areas of Maryland and Virginia. No
marked increase occurred until after World
War L
In the next 2 decades some definite improvements were made in selecting and breeding improved winter varieties. New varieties were re-

leased in Missouri and North Carolina, smoothawned strains in Maryland and Kentucky, and
adapted Tennessee Winter types with somewhat
greater winter hardiness in Oklahoma, Texas,
Michigan, and Kentucky. The eastern areas of
barley production were declining in relative
importance (fig. 1) ; but winter barley in the
Great Appalachian Valley increased slightly,
and by 1929 several thousand acres of winter
barley were also grown in the Piedmont area
of North Carolina.
During the early 1930's acreages further increased in this area as well as in the Virginia
Piedmont and western Tennessee and Kentucky. Small acreages developed along both
sides of the Ohio River from Cincinnati to
Evansville.
The relative importance or unimportance of
winter barley up to this time is reflected by
Harlan and Martini {1936) in the U.S. Department of Agriculture Yearbook of Agriculture.
Of the nearly 60 varieties they discuss, only 18
are winter barleys and only a few of these
were grown on any appreciable acreage in
1935.
A marked change occurred in the winter
barley picture between 1934 and 1939. A
rather dramatic increase in acreages occurred
in a zone extending southwestward from the
Piedmont lands in States along the Atlantic
Coast to central Texas and Oklahoma, including southeastern Pennsylvania, the Piedmont
area across Maryland, Virginia, and the Carolinas, the Appalachian Valley, Nashville Basin,
Kentucky Bluegrass, lower Ohio Valley, parts
of Missouri and Kansas, most of Oklahoma,
and north central and northwestern Texas. The
increased distribution of improved varieties
played a major part in this increase. The first
marked improvements in winter hardiness of
varieties were made during the 1930's, particularly Kentucky 1 in Kentucky, Ward in Oklahoma, and Reno in Kansas. This resulted in stabilizing production along the northern edge of
the winter barley areas and in extending the
area still farther north.
Since 1940, further changes have occurred in
the ''border'' States until at present such
States as New York, Pennsylvania, Michigan,
Ohio, Indiana, Illinois, and Kansas, which for-
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merly grew spring barley varieties almost exclusively, now plant in excess of 80 percent of
their acreage to winter varieties. Except for local areas, mostly in the higher elevations, the
States south of the above region plant essentially 100 percent of their barley acreage to
winter varieties.
Other local winter barley areas are found in
Colorado, Nebraska, South Dakota, Montana,
Utah, Washington, Oregon, and Idaho.
Although there are no official acreage surveys distinguishing between winter and spring
barley, in most States, the best estimates indicate that winter barley has occupied between
20 and 30 percent of the total acreage in the
past few years.
The winter barley acreage in recent years
has fluctuated. Some factors influencing this
fluctuation in one direction or the other are:
The adjustments of acreages of other crops,
notably winter wheat and corn; winterkilling;
summer droughts in certain areas; increased
need for feed grain and winter pasture for
livestock over much of the winter barley area ;
and, most certainly, the continued development
of improved varieties with better winter hardiness, disease resistance, straw strength, and
other agronomic characters.

Present Status and Future
This, then, brings our story up to the present.
It remains to be seen if the present situation
can be stabilized at a level of production to meet
the annual needs for livestock feed, human

food, industrial uses, and seed. We believe there
is reason for optimism. Barley grows best in
a cool climate, and the present growing areas
meet this requirement more closely than at any
previous time during barley's long westward
trek over a period of 360 years. To this one
must also add the gains in production, which
now can be assured through an application of
the new advances in the biological sciences and
in technology.
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ON THE ORIGIN OF BARLEY
By J. R. HARLAN

This essay is premature ; we do not know the
origin of barley. There is research underway
that may give us some insight into the problem, but as of now it must be admitted that we
are farther from an adequate solution of the
question than we had thought we were some
years ago. In fact, if we are honest, we shall
have to admit that we know very little about
the origin of any of our ancient crops, and barley is one of the most ancient of all the cereal
crops.
The fact that we neither know nor understand the origin of barley does not mean that
there is not an extensive and voluminous literature on the subject. In this section we shall
attempt to (1) outline the most important
ideas published concerning the origin of barley, (2) present a brief critique of the available
evidence, (3) synthesize the evidence as best
we can, and (4) list some of the unanswered
questions in need of solution.

historical epoch. It would be strange in this case
that no trace of them has remained in the floras of
the vast region comprised between India, the Black
Sea, and Abyssinia, where we are nearly sure of
their cultivation, at least of that of the six-ranked
barley.

Two hypotheses may be drawn from these facts:
1. That the barleys with four and six rows were, in
prehistoric agriculture anterior to that of the ancient Egyptians who build the monuments, derived
from H. distichon. 2. The barleys with six and four
ranks were species formerly wild, extinct since the

In other words, either (1) six-rowed barley
was derived from the wild two-rowed form in
very ancient times or (2) the progenitor of sixrowed barley has become extinct. And here the
matter has rested for 80 years without final solution.
The next serious student of the origin of cultivated plants was the great Russian agronomist, N. I. Vavilov. His studies on barley were
prodigious, involving over 16,000 collections
and personal exploration of the most important
centers of barley culture in the world. But,
Vavilov's conclusions were equivocal and ambiguous.
In his '^Studies on the Origin of Cultivated
Plants,'' (1926) which he dedicated to de Candolle, he listed barley in the Ethiopian center
of origin. Yet this was without much conviction. The world center of diversity for barley
was undeniably Ethiopia, but Ethiopia had no
wild forms; all the Ethiopian barleys differed
as a group from other barleys; some crosses
between Ethiopian barleys and oriental barleys
produced sterile or partly sterile offspring. All
of this suggested prolonged isolation of Ethiopian barleys, but not that barley originated in
Ethiopia. He concluded in later writings (Vavilov 1951, 1957) that this was a secondary
center isolated from the mainstream of barley
evolution.
His feeling concerning Chinese barleys was
somewhat similar :

References to Literature Cited, p. 33, are herein indicated by the name of the author or authors followed
by the year of publication in italics.

Chinese barleys as a whole constitute a characteristic agroecological group differing sharply from
all others. . . . Despite the im.ported nature in China
and Japan of the cultivation of the group of

Theories on the Origin of Barley
The first serious, modern student of the
origin of cultivated plants was Alphonse de
Candolle (1959).' His outstanding work, first
published in 1882 and revised in the second
edition of 1886, is a milestone in the study of
cultivated plants and even today is an excellent
reference concerning the origin of cultivated
plants. Yet the origin of barley eluded de Candolle. After reviewing the evidence, he concluded:
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grain plants considered, as attested to by the absence of any close wild forms, or dark-eared forms
and the comparatively low number of wheat species
in comparison to the Caucasus and Hither Asia, in
the course of thousands of years there did evolve an
individual agroecological group of wheats, barleys,
and rye.

Without being very specific about it, Vavilov's later thoughts on the matter seemed to
bring him back to Hither Asia, of which he
wrote :
Hither Asia in the broad sense of the term,
includes the Asia Minor peninsula, Syria, Palestine,
Transjordan, Mesopotamia and the adjacent areas
of western Iran, and represents one of the Old
World's most informative territories for an understanding of the initial evolutionary stages of the
main plant crops—i.e., wheat, barley, rye, many
leguminous plants, flax and others. We find here an
exceptionally rich concentration of species of wild
and cultivated wheat, wild barley and rye, flax and
leguminous seed plants. . . . (Published posthumously, 1957.)

In short, the Vavilovian methods did not
solve the problem despite a large-scale, serious
study of it. The center of diversity is Ethiopia,
but this is a secondary center, remote in time
and place from the mainstream of barley evolution. The oriental barleys differ sharply from
others, but these, too, are secondary and derived. Hither Asia as defined by Vavilov
seemed to be the best bet, but without great
conviction on his part. We are left with little
elaboration over his earlier statement in ''Studies on the Origin of Cultivated Plants'' in
which he wrote :
It may be that further investigations will bring
the geneticist closer to the problem of the wild
progenitors of cultivated barley; at present it is
clear that the existence of a great quantity of tworowed hulled Hordemn spontaneunn in South-Western Asia, under natural conditions, does not solve
the problem of the origin of cultivated barleys.

Meanwhile, the question of the wild ancestor
of barley raised by de Candolle had become a
subject of controversy. Could the common and
ubiquitous Hordeum spontaneum of the Near
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East be the progenitor of six-rowed barley, or
must a wild six-rowed form be postulated?
Körnicke and Werner (1885) proposed that H.
spontaneum was the ancestor of both tworowed and six-rowed barleys. Tschermak
(1914) concluded this was not possible since all
intermediate forms were found by crossing
experiments to be heterozygous and that a sixrowed parent must be available to produce
either six-rowed or intermediate forms. Larionow (1929) called in possible crosses with
the genus Elymus to explain two-rowed and
six-rowed relationships. He is one of the few
theorists who considered other species such as
Hordeum bidbosum and H, murinuTn.
Others ruled out H, spontaneum on the basis
that the general trend of evolution in the Gramineae in general and the Hordeae in particular is toward reduction and that if fertility of
the lateral spikelets had been lost, it is unlikely
that it would ever have been regained. Thus, it
was argued, two-rowed H, spontaneum must
have been derived from a wild six-rowed species and could hardly revert to the production
of six-rowed forms again.
On the strength of this and similar arguments based on morphologic and genetic considerations, Elizabeth Schiemann (1932) proposed that some unknown, wild, six-rowed
ancestor produced both the six-rowed cultivated
sorts and all two-rowed varieties, wild and
tame. Other students of barley also committed
themselves to that theory.
In 1938, E. Àberg announced that the longsought-for, wild, six-rowed type had been found
(Àberg 1938). The newly described barley was
called H. agriocrithon Âberg and was based on
plants derived from two seeds found in a sample of wheat collected by Harry Smith at Taofu,
Tibet, in 1934. A specific epithet was assigned despite the fact that the Tibetan form
was fully fertile with cultivated varieties and
differed from them only in having a brittle rachis. The report by Âberg stimulated a good
deal of interest in Tibetan barleys, and soon
several botanical varieties of H. agriocrithon
were described. All were discovered as occasional seeds in grain samples, and no one reported seeing it in the wild. Freisleben
(19Jf0c), in fact, suggested that it was a very
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primitive cultivated sort retaining the primitive brittle rachis and being maintained by a
primitive and backward agricultural people.
Aberg in his original paper suggested it might
have been a weed in grain fields.
At any rate, most of the theories concerning
the origin of barley since that time have been
based upon H, agriocrithon as a progenitor.
Âberg (1940, 19Í8) pointed out several alternatives, all starting with H, agriocrithon progressing by various routes to the production of
all cultivated barleys and H, spontaneum,
Freisleben {19Wa, &, c) developed a theory
based both on Âberg's find and his experience
with the German Hindu Kush Expedition of
1935. The theory assumes both H, spontaneum
and H. agriocrithon to be wild species. Cultivation started within the area of H. agriocrithon
and spread eastward developing the unique
group of oriental barleys. Spreading more
slowly westward, it entered the area of H,
spontaneum whose eastern limits are eastern
Afghanistan. Crossing between cultivated barleys and H, spontaneum resulted in the Near
Eastern complex of barleys with their characteristic two-rowed forms.
Parodi (19Í7) took a somewhat different
tack and assumed H, agriocrithon to be the
original wild progenitor of both cultivated sixrowed barleys and the wild H. spontaneum.
The latter produced cultivated two-rowed barleys, and crosses between two- and six-rowed
barleys resulted in H, irreguläre,
Nevski (1941) in a monograph on the genus
Hordeum concluded that H, spontaneum was
too specialized and derived to be a progenitor
of barley as such. He postulated a now extinct
wild Hordeum with a fragile rachis, lateral
florets less reduced than those of H, spontaneum, and habits less weedy. This hypothetical
ancestor gave rise to six-rowed barley, and
later to H, spontaneum, which became adapted
as a weed in six-rowed barley and wheat fields.
The weed form then was accepted into the
domestic fold by selection for tough rachis.
Thus, the two-rowed forms were derived at a
late date from the weed form H, spontaneum.
The six-rowed forms evolved at an early time
from a progenitor that gave rise to both cultivated six-rowed barleys and the weed barley H,

spontaneum. This scheme for the origin of cultivated barleys he called diphyletic although
obviously this is a matter of degree.
Covas (19^9) pointed out that six-rowed and
two-rowed cultivated, H, spontaneum, and H,
agriocrithon are all fully interfertile and really
belong to one species. In 1950, he proposed a
scheme for the origin of barley based on H.
spontaneum C. Koch (Covas 1950), He considered it highly improbable that a group of
forms cytogenetically so closely related as the
cultivated barleys could have arisen polyphyletically. The two conspicuous characters of H,
spontaneum that he considered primitive were
sterile lateral florets and brittle rachis, both of
which are dominant. By a single mutation,
then, H, spontaneum could have given rise to
H, agriocrithon with six rows. Another single
mutation at a different locus would have produced H, distichon L, with a tough rachis. Hybridization of these could have produced cultivated six-rowed barleys.
Kamm (195Jf) pointed out that brittle sixrowed barleys occur widely in Israel and can
be traced directly to hybridization between cultivated barley and H, spontaneum. He described an impressive array of variants in
these hybrid populations and concluded :
The fact that spontaneous hybridization producing new barley forms takes place all over Israel,
and possibly in the neighboring countries as well,
would appear to justify the view that this part of
the world, which was the center of one of the oldest
cultures, played an important role in the emergence of cultivated varieties of wheat and barley
derived from wild progenitors.

Kamm, however, agreed with Âberg, Schiemann, and Freisleben in believing that the
brittle six-rowed forms played important and
original roles in barley evolution. Bakhteyev
(19U7) maintained that H, agriocrithon was no
more than a genotype of cultivated barley. Takahashi (1955), in an extensive review of the
problem, marshaled impressive evidence for
the distinctness of oriental barleys, but had
some reservations concerning H, agriocrithon
as a progenitor. He wrote:
It has been generally supposed that the two-row
wild species were derived from the six-row wild
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form. But, as stated before, no variety of H. agriocrithon has ever been discovered which has more
wild characteristics than does H. spontaneum. It is
highly improbable that the former is the progenitor
of the latter. Consequently, a wild, six-rowed form
characterized by hairy glume, longer awns delayed
germination, and resistance to various infectious
fungi is expected to be discovered. Such a discovery
will contribute not only to the elucidation of phylogenetic relations within the CEREALIA section,
but also to the determination of the prototype of
the cultivated barleys and their original home.
Brücher believes in the possibility of such a discovery. If so, the place may be somewhere in Central Asia. It is also hoped that some archeological
discovery will confirm this supposition.

In other words, H. agriocrithon appears to
be inadequate, but we can always hope for
something better. The anticipation of new and
startling discoveries that would save the theory
has approached the nature of eschatological expectations among some barley specialists.
Zohary (1959, 1960) objected to the idea
that H. agriocrithon could be a genuinely wild
species. He referred to the common occurrence
of hybrid swarms of cultivated barleys X H.
spontaneum in Israel, and pointed out that various types of H, agriocrithon were among the
products. These, he claimed, never prospered
because the triplet falling entire does not bury
itself as does the single fertile seed of H, spontaneum. Therefore, although the brittle sixrowed form is repeatedly produced, it is a
transient form and because of its seeding habits cannot become established as a wild plant.
Helbaek (1953,1959,1960,1961,196i),^ after
an exhaustive study of archaelogical materials
of the Near East, concluded that the original
cultivated barleys must have been two-rowed
forms. At least, the oldest barley known from
Neolithic contexts is undoubtedly a two-rowed
barley. This evidence will be discussed more
fully later.
Finally, two other concepts have been put
forward that are relevant to this discussion:
the role of weed forms in crop evolution and
the idea of diffuse origins.
^ Also, HELBAEK, HANS, PRE-POTTERY NEOLITHIC FARMAT BEIDHA—A PRELIMINARY REPORT. 1964. [Mimeographed.]
ING

13

Vavilov was one of the first to stress the importance of weed forms. Edgar Anderson
(19Í9, 1952, 1960) contributed importantly to
the development of more concrete ideas in the
field. The concept of introgressive hybridization was important enough in itself, but when
combined with his ideas on disturbed and ''hybridized" habitats, new dimensions were added
to our thinking. Heiser and Smith (1958, 1955)
working with weed peppers and sunflowers
have contributed important concepts in this direction. Harlan (1956, 1961) and Harlan and
de Wet (1965) have attempted to summarize
some recent thoughts in the field. The general
theory that has come out of this trend of thinking is that weed forms of many of our crops
are as specialized and derived as the cultivated
forms. Nevski has already suggested that H,
spontaneum is a weed barley. It seems to me to
be as specialized as any cultivated form and is
no more a progenitor of barley than an American commercial variety. The same could be said
for H, agriocrithon except that it is not even a
very successful weed. Thus, if we seek for progenitors, we must seek for the original form
from which all the barleys, six-rowed, tworowed, tough, and brittle, were derived.
The concept of diffuse centers (Harlan 1961)
is based simply on the fact that evolution is a
process not an event. Barley is evolving wherever it is being grown. Ethiopian barleys
evolved in Ethiopia ; Chinese barleys evolved in
China. Somewhere, sometime, something like
barley was once somewhat cultivated for the
first time, but the barley of that time was not
the barley of today. Today's barleys originated
with the last harvest. As we reach further and
further back in time, barleys become less and
less like modern barleys. As we reach nearer
and nearer to the place where barleys were
first grown, we are dealing less and less with a
crop familiar to us. What evolved at the center
of origin? Not modern barley, but a primitive
near-wild barley. Not weed barley, but a primitive near-weed barley. These early near-barleys
spread, and in due time produced the barleys
we know today, in widely different places and
far removed from the original center. Thus,
centers of origin are diffuse in time and space,
and the question of a center of origin can never
quite be solved.
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Summary of theories.—We find two strong
camps, the east and the west. The eastern
theory supported by Âberg, Schiemann, Freisleben, Takahashi, Parodi, and others is based
upon: (1) A theory that six-rowed barleys
preceded two-rowed barleys because reduction in ñoral parts is a general trend in the
Gramineae; (2) sporadic finds of brittle sixrowed barleys in Tibet; and (3) the fact that
prehistoric and early historic barleys from
Egypt, Lower Mesopotamia, and the Swiss
Lake Dwellers were all six-rowed barleys. The
western theory supported by Vavilov, Kamm,
Zohary, Helbaek, Covas, and others is based
upon: (1) The presence of H. spontaneum in
the Near East; (2) the fact that H. spontaneum does cross in the field with cultivated varieties; (3) the apparent nonadaptation of a
brittle, six-rowed barley; (4) the simple recessive inheritance of the six-rowed character;
and (5) (in the case of Helbaek) the fact that
two-rowed barleys have been found in the Near
East that are older than any known six-rowed
barley.
A third camp attempts to say, ''Don't be so
sure; there may be yet another way." This
camp is largely lost amid the shouting, and
lacks a certain cohesion and unanimity. It is
represented by Edgar Anderson, Nevski, J. R.
Harlan, and perhaps a few others, who suggest that H. spontaneum as we know it today is
a weed form just as derived and specialized as
the cultivated forms, and that we have yet to
come to grips with the real problem—the
origin of the whole group, both weed and cultivated.

History
Shortly before 3000 B.C. writing was invented first in Sumer in Lower Mesopotamia
and very shortly after in Egypt (Kramer 1959,
Oppenheim 1960). A few centuries later, writing also appeared in the Indus Valley with the
Mohenjodaro—Harappan civilization, but this
script has never been deciphered. Sumerian
and Egyptian texts can be read, although often
with difficulty.
According to Kramer (1959), the first extension circular was published at Nippur about

1700 B.C. A 3- by 4y2-inch fragment in cuneiform script found at Nippur (ñg. 2) containing 35 lines of the composition made possible
the restoration of the entire text. Since a
number of fragments of difi^erent tablets with
the same text have been found, the circular
must have been widely distributed. It concerned the growing of barley and gave a remarkable amount of agronomic detail in its 109
lines. Land preparation, flooding, plowing,
seeding, harvesting, cleaning, and planning
ahead were discussed. The following quotation
from Kramer shows the degree of sophistication of agriculture of the time :
When the barley had grown sufficiently to fill the
narrow bottoms of the furrows, he was to water it;
and when it was dense enough to cover the field like
the ''mat in the middle of a boat," he was to water
it a second time. A third time he was to water the
''royal" [heading?] grain. Should he then notice a
reddening of the wet grain, it was the dread sama7^a-disease that was endangering the crops. If the
crop showed improvement, he was to water it a
fourth time, and thus get an extra yield of 10 per
cent.

We have here the first mention of rust; the
first agronomic recommendation based upon
quantitative yield benefits—10 percent for a
fourth irrigation; and the first agronomic
equivocation—water it a fourth time provided
rust is not a factor.
A fragment in the Hilprecht Collection in
Jena is an extract of a myth concerning how
Sumer received barley in the first place. According to the story, two brother gods brought
barley to Sumer ''which knew no barley'' from
a mountain where it had been stored by the
god Enlil (Kramer 1959). Does this perhaps
represent a dim ''memory'' of some remote and
near forgotten event? Was Sumer near enough
to the settlement of the alluvium that the Sumerians could "remember" bringing barley
from the highlands? We are not likely to find
an answer to these questions, but myths often
have very deep roots.
The original glyph for barley, about 3000
B.C., was pictographic : f

It later evolved into

variations of cuneiform like these '/^fy- . The
word for barley was she. Numerous other ref-
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Prehistory
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FIGURE

2.—Copy of script from clay tablet found at
Nippur (Kramer 1956).

erences to barley and especially to beer in early
Sumerian and Egyptian writing and accounting tell us little of the origin of a crop that is
much more ancient than history. At the very
beginnings of history, barley was the most important crop grown, exceeding in acreage and
value the other cereals like emmer and the millets (HroznyiPii).
Literature came later to the Orient. According to de Candolle (1959), the Sanskrit for
barley was yuva, which became juha in Bengali, jo in Farsee, jowar in other dialects. Writing came to China 1,600 to 1,800 years after its
invention in Sumer, but even then the record
for some centuries consists only of the Shang
"oracle bones." This is much too late to help
us. All we can learn from history is that barley
was an important and widely used crop when
history began.

Barley in archaeological contexts in the Near
East is moderately abundant. Àberg (1950)
described the barley from the Sakkarah pyramid dating from the third dynasty about 3000
B.C. It was a six-rowed barley with a thin,
wrinkled lemma such as has been classified
as '^Manchurian.'' He added that the name
''Manchuria'' is said to come from the Nile
Delta village of ''Manshury,'' although this
interpretation is by no means certain. At any
rate, most of the barley from the time of the
pyramids can be matched almost exactly by
modern Egyptian varieties.
Barley has been found in two relatively early
levels at Mersin in Cilicia, which date probably
to the late fifth or early fourth millennium
B.C. According to Bell (Garstang 1953), this
barley is mostly a two-rowed, lax-eared form
with the distinct possibility of some admixture
of six-rowed forms.
Both Bakhteyev (1957) and Helbaek (1953)
have used the character of pedicellate lateral
spikelets to indicate wild or near-wild forms
and the character of sessile lateral spikelets to
indicate cultivated forms in archaeological contexts. Àberg (1957) quite properly pointed out
that some cultivated varieties have pedicellate
lateral spikelets. Bakhteyev (1957) had found
numerous barley kernels in archaeological sites
in southern Russia, which he dated as early as
the third millennium B.C. The grains were bottle shaped and some were pedicellate, so he
named the material Hordeiim lagtmcitliforme
mihi. Àberg (1957) interpreted the pedicellate
lateral florets to indicate some sort of tworowed X six-rowed introgression.
The early barleys of Ur and other sites in
Lower Mesopotamia were all six-rowed. Tworowed forms did not appear in Lower Mesopotamia until the Islamic conquest (Helbaek
1959, 1960). Evidence of this nature has been
used to support the eastern theories of barley
domestication. But, we must look further back.
Barley was already an ancient crop in the days
of Sumer and the pyramids of Egypt.
Helbaek (1960) described barley in a late
fifth millennium find from the Fayum as being
extremely variable, including dense and lax,
irregular and deficiens types. In some heads.
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lateral florets are completely lacking. H. spontaneum types were not found and do not occur
in the region today. The irregular and deñciens
types suggest strong afliinity with the presentday barleys of Ethiopia.
The earliest remains of barley so far discovered in archaeological sites were those from
the Bus Mordeh phase of Ali Kosh, near Deh
Luran in Iran. One C^^ date at the base gives
approximately 7900 B.C. The barley remains
were few and cultivation was uncertain, but in
the overlying Ali Kosh phase dated at about
7000 B.C. barley seems to have been grown on
a considerable scale, as well as emmer and einkorn (Hole, Flannery, and Neely 1965).^ At
about the same time range, we ñnd conclusive
evidence of domesticated barley at Jarmo in
the Iraqi piedmont, dated about 6750 B.C.
(Helbaek 1953, 1959) and large amounts of
two-rowed, hulled barley with a brittle rachis
at Beidha, north of Petra in the southern Jordan highlands. The single C^^ date for Beidha
is 6800 B.C. I 200.*
All of these earlier ñnds are of two-rowed
barley, but by about 6000 B.C. six-rowed barley had appeared at Ali Kosh and the two Anatolian sites of Hacilar and Çatal Hüyük. Sixrowed barleys are identiñed by the twisted
lateral spikelets. At Hacilar, one seed was
plainly twisted, dating to about 7000 B.C. (Helbaek 196Jt). According to Helbaek, the sixrowed barley of both Hacilar and Catal Hüyük
was mostly naked. The site of Tepe Sabz is located near Ali Kosh and represents a settlement based upon irrigated agriculture founded
about 6000 B.C. The barleys of the lower Sabz
phase, dated approximately 5500 B.C., included
six-rowed hulled and naked and two-rowed as
well.
We need many more sites before the whole
story can be unraveled, but it now seems that
barley was at least being collected on a large
scale in the eighth millennium B.C. and that
domesticated types were used here and there
by 7000 B.C. By 6000 B.C. most of the conspicuous genetic changes had occurred. Six-rowed
^Also, HOLE, F., and FLANNERY, K. [Unpublished
data.]
* See footnote 2, p. 13.

and naked characters had appeared and barley
had become perhaps the most important cultivated plant of the region. It maintained this
position until well into historic times when it
was largely supplanted by modern wheats as
the principal cereal crop.
The fact that the oldest cultivated barley
known is two-rowed barley has been used to
defend the theories for the western origin of
barley derived from the 'Vild" two-rowed H,
spontaneîim (Zohary 1960),
But the villages that came into being around
7000 B.C., such as Jarmo, Hacilar, Ali Kosh,
and perhaps Beidha, seem to represent fully
effective farming communities. Barley was
domesticated by this time, and we must look
still earlier for the beginnings of domestication. At Jericho, Kenyon (1956, 1959) exposed
some 45 feet of preceramic Neolithic and
claimed the inhabitants were agriculturalists.
Unfortunately, the archaeobotanical findings
from this site have not been published. The
claim for agriculture is based on the size of
the community. A population of perhaps 3,000
people is estimated which, she argues, could
hardly be possible in a desert land without irrigated agriculture. Zeuner (1958) and Braidwood and Howe (1960) would require more evidence than this before admitting plant and
animal domestication in lower Jericho. Radiocarbon dates indicated that the lower prepottery
Neolithic A covered approximately the eighth
millennium B.C. There is then a distinct break,
followed by a prepottery Neolithic B, which
may well be contemporaneous with the early
seventh-millennium farming villages mentioned
above.
The prepottery Neolithic A of Jericho follows a Natufian, which differs in some respects
from the better known Natufian of the coast
and hill country. The typical Natufian stone
toolkit includes stone bowls, querns, grinding
stones, hammer stones, pestles, polishing
stones, sickle blades, arrow tips, scrapers,
borers, and the like, but a deficit of axes, adzes,
hoes, or heavy chisels. A few digging stick
weights were found. The tool kit suggests that
agriculture of some kind was feasible. The
Natufian assemblage type was discovered by
D. A. E. Garrod in 1928 in the Shouqbah cave,
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Palestine. It is now known from at least 10
sites in Israel (Perrot 1957), The practice of
some sort of protoagriculture is inferred, but
no actual plant remains of wheat or barley
have been reported. A somewhat similar assemblage is indicated for the succeeding prepottery Neolithic A levels at Jericho, but the
proportions in which the various items occurred
in the assemblage has not yet been reported.
Apparently sickle blades were not numerous.
On the lower slopes of the Iraqi highlands
other sites have been excavated and contain
suggested evidences of incipient agriculture
(Braidwood and Howe 1960), These include
Karim Shahir, M'lefaat, Zawi Chemi Shanidar,
and the upper Zarzian layers of Shanidar cave.
To these perhaps the lowermost (preceramic)
levels of Hacilar near Burdur, Turkey, might
be added. Admittedly, such a group of assemblages constitutes a very anomolous and variable class, but it now seems apparent that it was
the people of this approximate range of time
who made the first experiments in the domestication of sheep, goats, wheat, and barley. The
available radiocarbon determinations for the
Natufian span the ninth millennium, although
these dates came from Jericho in the semiarid
interior (Kenyon 1959). The single Zawi
Chemi Shanidar determination is about 8900
B.C. (Perkins 196i).
By the time we find barley as such in archaeological contexts, it is always found with emmer and sometimes with einkorn ; consequently,
the origin of wheat may tell us something
about the origin of barley. The domestication
of wheat and barley in the Near East seems in
some way to be linked to the domestication of
sheep and goats, so the very beginnings of
farming in the Near East should also give us
some clues to the origin of barley. Recent evidence strongly indicates sheep herding for
Zawi Chemi Shanidar and Shanidar B (Perkins
1964') and goat herding for Karim Shahir
(Flannery 1965). These may be placed in early
ninth millennium B.C. on the basis of radiocarbon dating and typology. The place of barley is
yet to be filled in, but the entire process of
domestication must have taken place well before the early seventh-millennium villages were
established.
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Archaeology is a very active field, and we
can expect more critical information to be
forthcoming. At present, we shall have to recognize Ali Kosh, Jarmo, Hacilar, and Çatal
Hüyük as villages to a large extent dependent
upon early cereal culture.
We have every right to expect still earlier
finds as archaeological evidence builds up. But
these villages are old enough to have some
bearing on the arguments for eastern versus
western origin of barley.
The archaeology of Tibet is virtually unknown, but there is little evidence for an ancient agriculture. The archaeology of India and
China is much better understood, although not
nearly so much work has been done in the
Orient as in the Near East.
Cereal growing, including barley, arrived on
the Indus shortly before the Mohenjodaro civilization developed (Raikes and Dyson 1961;
Sankalia, Subbarao, and Deo 1953; Wheeler
1959). It spread slowly across northern India
into the Gangetic Plain, and very slowly southward, not reaching Baroda until at least 1,000
years after Mohenjodaro and bringing Gangetic influences when it did arrive. Indian archaeology is enormously complex and is characterized by some remarkable holdovers into
historical times. Paleolithic tools were used
here and there until surprisingly late times,
and Professor Subbarao (University of Baroda) told me of findings of microlithic arrow tips
of beer glass near Mehableshwar !
Complex, uncoordinated, and undigested as
Indian archaeology may be, no evidence has yet
turned up to indicate that grain farming of
any sort is as old in India as in the Near East.
When cereal culture arrived, it arrived from
the west and can be followed with fair certainty across northern India and then southward into the peninsula. All evidence would indicate barley growing is late in India compared
to the Near East.
As for Afghanistan, a survey of numerous
sites by the American Museum failed to turn
up sites older than fourth millennium (Fairservis 1953). Even the caves yielded only historic material (Dupree 1957)1 Afghanistan has
been little studied, and much more must be
done before serious conclusions can be reached
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on the basis of archaeology. Yet, enough has
been done to show a striking contrast between
Afghanistan and the Near East proper. In Iraq
or western Iran or the Levant, one cannot
spend an entire season in the field without
finding many sites older than fourth millennium. Yet, this was done in Afghanistan
(Fairservis 1953),
The prehistory of China is very sketchy, but
not because it has been little studied (Chang
1962; Chen 1959; Chi 1956, 1957; Nai 1957).
Sequences here seem to be not at all like those
in the Near East. The earliest pottery in China
is rope impressed, which may have a considerable antiquity. It is not definitely associated
with agriculture, however. Agriculture appears
all at once with the painted pottery or Yangshao people. Millet, sorghum, and rice have
been identified, but wheat and barley have not
been definitely shown to be grown until the historical Shang period. Wheat is mentioned in
the ''oracle bones'' of the Shang period, which
traditionally begins at 1765 B.C., but barley is
not known for certain until even later.
The fauna of the Yangshao people included
pigs, dogs, sheep or goats, and cattle, but not
horses or buffalo. Hunting was on a minor
scale, but some deer were represented. The
black pottery or Lungshan people who came
next kept horses and turned their pots on a
wheel. Rice and wheat have been identified in
Lungshanoid contexts (Chang 1962).
Good dates are not available for the Yangshao culture, but the most extravagant allowance would put them in early third millennium
B.C. No earlier agriculture is known for China
at present. It is true that most of this work
was done before the Japanese invasion and
World War II, but both the Soviet and the Chinese Communist governments have been active
in the field of archaeology (Chard 1958). Nothing particularly new or startling has been announced in this area. In fact, the clear and
comprehensive reviews by Chang (1962) and
Cheng (1959) put this Chinese Neolithic on
firmer foundations than ever before.
It would be startling indeed if evidence
turned up to show cereal culture in China to be
earlier than barley is known to have been
grown in the Near East. In Japan, pottery is

known from very early Jomon contexts (about
7200 B.C.), but cereal culture is not known until even later than in China. On the whole, pottery seems to have come very early in the Far
East, but agriculture—or at least cereal production—came rather late (Edmondson 1961,
Groot 1951).
Summary of archaeological evidence.—Archaeology has a contribution to make with respect to the eastern versus western theories on
the origin of barley. As the evidence now
stands, barley is known as a cultivated crop in
archaeological contexts in Iraq, Iran, and Turkey some 3,500 years before cereal agriculture
is known in China or India. Tibet is virtually
unknown archaeologically ; but if barley originated there, it would have had to spread to
Iraq some millennia before it spread to neighboring China and India, and this without leaving a trace in between.
With respect to the two-rowed versus sixrowed controversy, archaeology supports the
two-rowed progenitor. Six-rowed varieties appeared later but were common and widely
grown by 6000 B.C.
There seems to be some clear relationship
between the barley of Fayum A and the present
barleys of Ethiopia. The irregular and deficiens
barleys found in the Fayum are common in
Ethiopia today, but are not to be found among
modern Egyptian barleys, or even barley from
the third millennium B.C.

Geographic Patterns of Variation
One of the purposes of studying the geographic patterns of variation of a crop is to
identify, if possible, centers of diversity.
These, however, seem to be rather subjective.
Perhaps statistical analyses could be applied,
but they seldom have been. For example,
Freisleben and Shiemann were impressed by
the variability shown by the barleys assembled
by the German Hindu Rush expedition, 1935. I
have traveled and collected over much of the
same area and was in no way impressed by the
variation found. Afghan barleys are impressive from the standpoint of yield, vigor, and
weak straw, but are in no way remarkably
variable.
Vavilov and Bukinich explored Afghanistan
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much more thoroughly than either Freisleben
or I. Vavilov (1926) concluded:
In spite of the abundance of wild barley and the
varying" conditions of cultivation, Afghanistan,
thoroughly studied by us as regards its varietal
diversity, cultivates only 4-5 varieties of barley.

Variation may be somewhat greater than
this, but not much. The definitive reports of
Freisleben (19ÍOa, 19i0b) do not seem to
uphold his claim for a gene center. These reports do, however, include a reference to a natural cross between cultivated barley and H,
spontaneum and add his opinion to others that
the eastern limit of H. spontaneum is the Hindu
Kush and the Pamirs. Vavilov, Orlov, and I
have made the same observation. As one crosses
over the Khyber Pass from Afghanistan to
Pakistan, the climate changes from one of
winter rainfall to one with a summer monsoon
influence. This would be the logical place to
expect a winter annual to disappear and warmseason summer grasses to take over.
The natural occurrence of H, spontaneum is
of some importance to the problem. Figure 3
shows collection sites known to the author and
confirmed either by viable collections or by herbarium specimens examined at Kew, Edinburg,
or Jerusalem. In areas where many sites are
known, they were not all indicated on the map.
The three open circles in northern Turkey
were based on an article by Orlov in Zhukovsky's (1933) ''La Turquie Agricole [Agricultural Turkey] ^ Orlov found the species uncommon or represented by scattered plants
only at these locations. By contrast, H. spontaneum is enormously abundant in local areas
along the arc from the Jordan basin to southeast Turkey, Northern Iraq, and Western Iran.
It is also locally abundant in Afghanistan,
especially at the lower elevations. Maire (1955)
states H. spontaneum is commun dans la
Montagne Verte in Cyreniaca, Lydia; and
Pampanini (1930) gives additional sites in the
region. The plant is rather common in the enclave near Izmir in Western Turkey. At present,
it is known from only two sites in Crete and a
few in Cyprus. Täckholm (1956) lists it only
in the Isthmian desert of Egypt, but says it is
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abundant in Wadi el 'Arish and Wadi 'Ain el
Gedeirat.
The distribution as shown in figure 3 can be
extended somewhat within the Soviet Union
from Tashkent to Ashkhabad to the Caspian
Sea (Komarov 193í). H, spontaneum is also
found in eastern Transcaucasia more extensively than shown. According to Parsa (1959) y
the species is found along the eastern frontier
of Iran both in the north near Herat and in the
south near the Baluchistan border. Site descriptions in various regional floras are often
vague and uncertain, however, and it seems
best to depend primarily on confirmed specific
sites such as those presented in figure 3.
Variation in H. spontaneum is considerable,
including black- and brown-eared forms. A
weed barley of Cyprus appears to be a fixed
intermediate between two-rowed and six-rowed
barley. In the hybrid swarms of Israel described by Kamm (195i) all sorts of characters
showed up : ''Only hull-less and hooded varieties
have not as yet manifested themselves in the
course of this process.'' This statement is now
only half true. In 1960, Harlan found two heads
of hooded H. spontaneum in a very polymorphic
population in western Iran (fig. 4).
Since the oldest barleys so far turned up in
archaeological work have been two-rowed, the
distribution of two-rowed types assumes some
importance. The finds at Jarmo and Matarrah
are in the Kurdish highlands of Iraq. The barleys grown throughout the whole of this region
today are two-rowed and show little variation.
They are somewhat coarse, lax, yellow eared,
rough to semismooth awned, covered, and with
distinctly pedicelled lateral spikelets.
In Iran, this general type is found throughout the western Zagros. As one goes east to the
edge of the Iranian desert near Kashan and
Ardehan, where irrigation becomes essential,
the barley abruptly changes to six-rowed types.
As one comes down off the Zagros to the edge
of the alluvium, the Kurdish barley changes to
a Smyrna type ; and then as one proceeds to the
alluvium where irrigation is needed, the barleys once again change to six-rowed types. The
fields in the contact zone where two-rowed dryland and six-rowed irrigated types overlap are
wonderfully mixed. For some reason, black-
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tal barleys. Any realistic theory on the origin
of barley must account for the distinctness of
the oriental barleys as well as for that of the
Ethiopian barleys.
Summary of distributional evidence.—A general summary is as follows :
(1) The "oriental" barleys as defined by
Takahashi form a unit of variation sharply
distinct from all other barleys.
(2) The Ethiopian barleys are also distinct,
isolated from other barleys ; and they represent
a center of diversity unmatched elsewhere.
(3) Afghanistan and adjacent regions are
not a center of diversity for barley.
(4) Two-rowed barleys are grown today in
dryland farming areas of Iran, Iraq, and Turkey, whereas six-rowed barleys are grown
under irrigation in the same areas.
2422,

2423

4.—Hooded Hordeum spontaneum found by J. R.
Harlan in Iran in 1960: A, Rachis joint with a
triplet (note pointed lemma of lateral spikelet) ;
B, spilie with upper 3 to 4 triplets shattered off
(the rachis is very fragile).

FIGURE

eared types of both six- and two-rowed barleys
appear, and the variation approaches that of
the microcenters described for Turkey some
years ago (Harlan 1951).
But the greatest variation in barley fields is
in Ethiopia. In a single field one can find sixrowed, two-rowed, irregular, and deficiens ear
types; black, white, and purple lemma color;
blue, white, purple, and black grain colors ; and
many, many other variants. After seeing the
barley fields of Ethiopia, one can only agree
with Vavilov that this is the primary center of
diversity for barley. Yet, one must also agree
with Vavilov that there is no particular reason
to suppose that this is where barley originated.
As to the oriental center, everyone who has
studied the barleys of Tibet, China, southern
Japan, and southern Korea is convinced of the
distinctness of the group. Figure 5, taken from
Takahashi (1955), shows the approximate distribution of eastern and western barleys. The
oriental barleys carry a high frequency of
genes for hooded, naked grain, brittle awns,
and resistance to certain races of mildew,
which set them sharply apart from the occiden-

Genetics
The inheritance of certain characters is critical to our problem. Perhaps the first step in
the domestication of a wild barley would have
been the development of a tough rachis. This
may not be quite as important as some theorists have made it. In Iran, H. spontaneum is
harvested for food in famine years—harvested
with a sickle as late as 1960. One need only
harvest it a little green and let it cure in the
shock. A tough rachis, therefore, is not absolutely necessary, but it would certainly be helpful.
To oversimplify the case for the moment,
tough versus brittle rachis is controlled by two
genes. The Bt Bt Bt» Bt. genotype is the wild
type found in both H. spontaneum and H.
agriocrithon. Cultivated varieties are homozygous recessive for either one or the other gene,
or, rarely, for both. Thus, to fix a single recessive mutation at either one of two loci is all
that is required to produce a tough rachis. This
must have been the easiest step in the whole
process of the domestication of barley. In early
experiments with the cultivation of barley as
well as now, selection pressure for tough rachis
is considerable. With two loci available, either
one of which would produce the desired result,
the problem of developing a tough rachis from
a brittle one must have been the least difficult
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5.—Map taken from Takahashi (1955) showing distribution of oriental (eastern) and occidental (western)
genotypes for tough rachis.

of all the problems connected with the domestication of the crop.
Takahashi (1955) has pointed out an interesting and significant feature of the distribution
of the genes for tough rachis. An extensive
series of test crosses was made to identify the
genes for tough rachis from different parts of
the world. All of the Chinese barleys tested had
the Bt Bt bt2 bts or eastern genotype; all of
the Indian barleys had the bt bt Bts Bt2 or western genotype. Barleys from the Near East and
from northern Japan and northern Korea were
found to be mixed with about 25 percent Bt Bt
bts bt2 and 75 percent bt bt Bt^ Bts. Only a
very small percentage was doubly recessive.
These tests involved only a limited sample;

but of 53 Chinese barleys, all were the eastern
genotype and of 12 Indian barleys, all were the
western genotype. For some reason, no one
seems to have pointed out that if this is the
general rule, then any cross between Indian
and Chinese barleys should yield brittle rachis
types. Since Tibet is exactly between India and
China, it would be surprising indeed if brittle
types did not turn up occasionally in Tibetan
barley fields. Liebscher (1889) y Schiemann
(1921), Tavcar (19Í2), and Ubisch (1915) have
obtained brittle types by crossing two tough
rachis types. In areas like Asia Minor and
northern Japan, where both recessive types
occur, we should also expect occasional brittle
types to be produced.
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Actually, the inheritance of brittle versus
tough is not quite so simple. Schiemann (1921)
found degrees of brittleness to be controlled by
an inhibitor and the double hétérozygote was
tough in the presence of a nonbrittle inhibitor
gene. Others have reported degrees of brittleness, and Harlan (1957) described one variety
that v^as brittle at Aberdeen, Idaho, and tough
at St. Paul, Minn.
In general, the genetic picture is clear
enough. All barleys, both tame and ''wild,''
carry both loci. The appearance of the homozygous recessive type at either locus is adequate
to produce a tough rachis. Few things connected with the origin of barley are so simple
and clear cut.
Since theories on the origin of barley differ
with respect to the origin of six-rowed versus
two-rowed barleys, the inheritance of these
characters is of interest to our problem. This is
somewhat more complicated. At least two loci
appear to be involved, the V locus on chromosome 2, and the I locus on chromosome 4. Both
loci are represented by multiple allelic series,
and inheritance of fertility of the lateral spikelets is approximately as follows (Woodward
19Jf9) :
(1) vv genotype—all plants carrying vv
genes regardless of their accompanying I alíeles are six-rowed and for the most part fully
fertile.
(2) V^V^ genotype—the V^V^ is always a
deficiens phenotype regardless of which I aileles are present.
(3) VV or V^V^ genotypes—these in the
presence of ii prevent the development of lateral
ovules and awns or hoods on lateral florets,
i.e., produce a two-rowed phenotype. The intermedium factor I may be considered a fertility
factor, but can only carry the development of
laterals part of the way. In II or Ii genotypes,
the laterals are still mostly infertile and with
rounded lemmas (no awn points). Up to 3 percent fertility of lateral spikelets may be found
in individual spikes of VVII constitution,. The
P alíele is a stronger fertility factor and produces from 5 percent up to 60 percent fertility
in lateral spikelets of the VVI^P^ genotype. In
general, fertility of lateral spikelets is higher
with the V^V^ alíele than with the VV alíele.
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That is to say, the I^ and I alíeles have more
effect in restoring fertility with the V^V^ alíele
than the VV alíele. Heterozygous Pi or Ii genotypes associated with either V or V^ appear
more like two-rowed than intermedium types.
Also PT plants show little if any fertility and
resemble infertile intermedium. The lower fertility level alíeles are generally dominant to P.
With four alíeles at one locus and three at
another, there are some 60 theoretical combinations. Of these, six would produce sixrowed phenotypes and six would produce
deficiens phenotypes. The rest would be phenotypically two-rowed or show various degrees of
fertility of the lateral spikelets.
The significance of this mode of inheritance
for our purpose is simply that a single recessive mutation in homozygous condition is all
that is necessary to go from a two-rowed to a
six-rowed barley. To go from a six-rowed to a
two-rowed barley would be considerably more
complicated. It would involve at the very least
a mutation toward dominance, which is very
uncommon. If the genotype carried the I or P
alíeles, it would involve two rare mutations in
the dominant direction to complete the mechanism.
The genes involved appear to be reasonably
mutable. Two-rowed to six-rowed mutations
have been reported by Gustafsson {in Nybom
195i), Nötzel (1952), Nybom (195Jf), and
Stubbe and Bandlow (19Í7). No good cases of
six-rowed to two-rowed mutations are reported
in the literature, although mutations to intermediumlike conditions are common. Nötzel
(1952) got 12 intermedium mutations, but none
was allelic to any other! This would seem to
illustrate typical inheritance of a wild-type
character strongly buffered by ''modifying factors." The mode of inheritance alone provides
strong evidence that the ancestral or wild type
was two-rowed and that six-rowed types are
derived by a simple recessive mutation.
Even though Takahashi (1955) wrote ". . .
it is conceivable that changes either from sixrow to two-row or vice versa are equally possible," he chose to accept the six-rowed to tworowed hypothesis, partly on the false premise
that archaeology had shown six-rowed barley
to be older than two-rowed barley. Àberg
(19UO) had rejected a theory involving H.
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spontaneum as a progenitor on the same
grounds. In the light of present archaeological
information, alternative theories must be reconsidered.
Summary of genetic evidence.—A general
summary is as follows :
(1) To obtain tough rachis types from a
wild type would require only the fixation in
homozygous condition of either one of two
genes.
(2) Forms with brittle rachis that are otherwise closely related to cultivated forms could
arise simply through the hybridization of tough
rachis forms with different genes for toughness.
(3) To obtain six-rowed barley from tworowed barley requires only the fixation in
homozygous condition of a gene known to be
fairly mutable in this direction.
(4) To obtain two-rowed barely from sixrowed is likely to be considerably more complex, involving at least one rare mutation towards dominance and probably a simultaneous
mutation at the I locus. This would, of course,
be possible but unlikely.

Ecology
Some weight should be given to the point
Zohary (1959, 1960) raised against H, agriocrithon as a wild plant. The fertile triplet falling entire is not well adapted to self-planting if
the seeds are large. Such a type could probably
persist only where man tills the soil and thus
plants the seed. All of the wild species of HOTdeum are normally heterospiculate with fertile
central spikelets and male or neuter lateral
spikelets. H, jubatum, H, gttssoneanum, and H,
murinum, for example, are all two-rowed barleys. There seems to be a definite selection
advantage for reduced lateral spikelets, and
as we have just pointed out, the dominant wild
type is two-rowed.
Nevski (19Í1) pointed out that the three
sections of the genus with Mediterranean
affinities show general tendencies toward
"Ephemerisirung'* and **Verunkrautung" ; i.e.,
trends toward shortening the life cycle and
toward weediness. H, spontaneum has carried
these trends, plus the trends of dorsoventral
flattening of the ear and progressive reduction

of lateral spikelets, to the point that it is more
specialized in these respects than cultivated
barley and therefore could not be a progenitor.
The extensive work of Vavilov and his institute has shown that barley can be divided into
several complexes based on ecological adaptation. The Chinese-south Japanese-south Korean complex, as we have seen, is sharply distinct from other barleys. The Ethiopian complex of deficiens, irregular, and associated types
is also quite distinct. The Mediterranean region,
particularly north Africa, has produced still
another complex of large-seeded barleys. In
the Near East, or Hither Asia as defined by
Vavilov, is a two-rowed complex of barleys
adapted to dryland farming. Throughout this
region, the moment one finds irrigation or goes
to a region of high rainfall, two-rowed barleys
disappear and six-rowed barleys are grown.
The two-rowed barleys of northern Europe
appear to have a different ecological adaptation,
but may still be related to the Near Eastern
group.
In the high mountains of Central Asia,
naked barleys are predominant. Brücher and
Âberg (1950) reported on 2,800 samples of
barley from the Tibet-Sikkim area of the
Himalaya ranges. Of these, 95 percent were
naked, 55 percent had dark grains, 27 percent
were dark hulled, and 5 percent were hooded.
Barley was found growing at elevations as
high as 4,600 meters, or about 15,000 feet.
Other students of barley have pointed out that
the barleys growing at the highest elevations
are likely to be naked.
The question arises as to whether naked barleys are at these high elevations because they
alone are adapted to such high elevations, or
because the farmers who grow barley in these
regions select them. At high elevations in Afghanistan, the Chitral, Gilgit, and Kashmir regions, barley is the only crop grown extensively at the upper limits of agriculture. Where
barley is used almost exclusively for human
food, naked types are preferred. Naked barleys
occur widely over the whole region from Turkey to Ethiopia to northwestern India, but are
really common only where barley is the main
grain grown for human consumption. This does
not necessarily exclude the possibility that
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naked barleys are at the same time better suited
to high elevation than covered sorts.
Mutations from covered to naked barleys
have been found in irradiation experiments
(Nybom 195JÍ), and the gene must be presumed
to be reasonably mutable. Thus, naked barleys
would probably be available whenever the demand for them was sufficient.
In a similar way, one of the characteristics
of Ethiopian barleys is the nearly complete
lack of dormancy. This is understandable when
one realizes the extent to which barley is used
for beer in Ethiopia. Beermaking here is a
household art. The malts are prepared or purchased at the market weekly. No appreciable
degree of dormancy would be tolerated. Freshly harvested grain must be used each season,
and no one would be willing to wait until dormancy had been overcome.
Summary of ecological evidence,—The question is raised; can a brittle six-rowed, largeseeded Hordeum be really wild? The evidence
is not conclusive but suggests the negative.
The question is raised; has H. spontaneum
gone too far in the "Verunkrautung" process
to be considered a progenitor of any sort of
tame barley ? We do not know.
It is suggested that some of the features that
characterize distinct groups of barleys are imposed by human selection as a result of regional peculiarities in man's way of life.

Taxonomy
The cereal grains have historically been
overrun by a plethora of names. One cannot
deny the utility of names. Since H, agriocrithon
Àberg has been described and named, I can
use the name and other students of barley will
know what I mean. The preceding sections were
much easier to write because names had been
applied to various kinds of barleys. But, modern
experimental taxonomy has been established on
a more fundamental basis than pure utility. If
two populations are fully interfertile, they do
not belong to different species.
The degree to which genetic interchange can
take place has become the most important feature in delimiting species and genera. If there
are no barriers to gene exchange or if the barriers are weak or easily circumvented, then all
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individuals of the common gene pool belong to
the same species. If there are substantial barriers to gene exchange as in the case of sterility, lethal factors, low vigor of Fi or F2 (or
even F3) generations and the like, then populations separated by such barriers may belong to
different species. If the barriers separating
populations are very strong, separate genera
could be indicated. The section CEREALIA
has been placed in a class by itself. All forms
and varieties within the section appear to be
fully interfertile. A few crosses have been
made between members of different sections
(Smith 1951). Kuckuck {193i) obtained an
Fi between H, vulgäre and H, bulbosum. It was
completely sterile and would not backcross to
either parent. Konzak, Randolph, and Jensen
(1951) obtained several hybrids of this cross
by using embryo culture. They were also sterile
and no backcrosses were obtained. The Fi
plants resembled the male parent so closely
that they would probably not have been recognized in the field. Quincke (19JfO) and Pisarev
and Vinogradova in 1944 (Bakhteyev 1953)
were able to cross cultivated barley with both
H, jubatum and H. nodosum, producing vigorous but sterile Fi plants. In a cross between
cultivated barley and H. muranium (H, murinum?) Malloch (1921) obtained hybrids that
died as seedlings. Bakhteyev (1953) reported a
sterile hybrid between cultivated barley and
Elymus giganteus, and Hamilton, Symko, and
Morrison (1955) reported an anomalous, chimaeric hybrid between Hordeum leporinum and
H, vulgäre. Later crosses of this combination
indicated that gene exchange was possible and
that fertility could be recovered.
Crossing experiments between various species of Hordeum have been conducted on a considerable scale in Canada. Morrison and others
(1959), Morrison and Rajhathy (1959), Rajhathy and Morrison (1959), and Schooler
(1960a, 1960b) report on an extensive series of
crosses and attempted crosses. Hybrids involving H. vulgäre as one parent were produced
with H. bulbosum, H. jubatum, H. brachyantherum. Sécale céréale, Hordeum depressum, a
hexaploid species possibly H. arizonicum, and
the Fi H. jubatum x H. brachyantherum. The
hybrids were all sterile, and meiotic analyses
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indicated no genomes in common between these
species and H. vulgäre. The evidence strongly
suggests only a remote relationship between
cultivated barley and the American species and
between cultivated barley and H, bulbosum and
rye. There are other species of western Asia,
however, that have not been studied. We will
not know whether barley has a monophyletic or
polyphyletic origin until the cytogenetic relationships of the Asian species have been completely elucidated.
Within the section CEREALIA, however,
the various types are fully or almost fully interfertile and chromosome pairing is regular
(Staudt 1960). Sterility does appear from time
to time in various kinds of crosses but never in
such a way as to indicate that we are actually
dealing with different species. Thus, the ''species'' used by Âberg and Wiebe (1946) in their
classification of the barleys under Hordeum
section CEREALIA Ands. are different subdivisions of one species. They are : H. vulgäre L.,
H. distichum L., H. agriocrithon E. Âberg, and
H. irreguläre E. Âberg and Wiebe.
The general nature of the species has been
recognized by others, and Orlov (1931) put
them all under Hordeum sativum Jess. A more
valid publication is that of Bowden (1959) who
put all the barleys, both cultivated and wild,
into H. vulgäre L. emend. The species was
further broken down as follows:
H. vulgäre L. emend. Bowden
(1) H. vulgäre L. emend, subsp. spontaneum (C. Koch) Thellung. Based
on H. spontaneum C. Koch.
(2) H. vulgäre L. emend, subsp. vulgäre
var. vulgäre. Based on H. vulgäre
L., sensu stricto.
(2a) H. vulgäre L. emend, subsp. vulgäre
var. vulgäre f. agriocrithon (Âberg)
Bowden, comb. nov. Based on H.
agriocrithon Âberg.
The nomenclature of Âberg and Wiebe is
easier to use and will continue to be useful for
a long time. But from the point of view of
modern experimental taxonomy and in the evolutionary and phylogenetic sense, it is unrealistic. We are obviously dealing with a single
polymorphic species, and the wild and tame
forms are simply various genotypic combina-

tions of the common gene pool. No genetic basis
has ever been advanced for breaking the group
into separate species.
The inñuence of traditional taxonomic treatments on theories on the origin of barley has
been very strong. The tradition has prevented
most students of barley from coming to grips
with the real problem—the origin of H. vulgäre L. emend. Bowden. There has been too
much argument over two-rowed versus sixrowed progenitors; too many generalizations
over Tibetan, Afghan, Ethiopian, Chinese, and
Near Eastern barleys; and not enough investigation on the origin of the entire group.
Since the two-rowed versus six-rowed question always arises in discussing barley origins,
it should be pointed out that the genus Hordeum is basically two-rowed. The characters
of the genus include three spikelets at a node,
the central one usually sessile and fertile, the
lateral spikelets pedicelled, reduced, male, or
sterile. This is the general condition of the
genus. Only in the derived, specialized, cultivated barleys do we find fertile lateral spikelets,
and these are frequently sessile.
As Bowden (1959) pointed out, the whole
genus Hordeum may have been derived from
some isospiculate ancestor. But the genus Hordeum is basically heterospiculate. The reduction of lateral spikelets was completed in the
course of the evolution of the genus. The only
consistently isospiculate forms now known are
cultivated and, therefore, specialized and derived forms.
Summary of evidence from taxonomy.—
All barleys, spontaneous and cultivated, belong
to the same potentially interfertile population
and therefore belong to one species, H. vulgäre
L. emend. Bowden.
The genus Hordeum is basically heterospiculate with reduced male or sterile lateral spikelets. If reduction took place from an isospiculate ancestor, it did so during the evolution of
the genus, not in the course of the evolution of
barley.
The relationships between H. vulgäre L.
emend. Bowden and other Asian species have
not been studied sufficiently to even tell us
which truly wild species are the nearest relatives of cultivated and weed barleys.
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Synthesis of the Evidence
To choose between most of the current
theories on the origin of barley, one needs to
decide (1) between an eastern or a western locale, (2) between two-rowed or six-rowed progenitors, and (3) between a monophyletic or a
diphyletic origin. We shall consider each in
turn.
The evidence from prehistory is overwhelmingly in favor of a western origin of barley.
We shall not enter into the irrelevant controversy as to whether cereal farming or tropical
dooryard horticulture came first. We are concerned with barley, which is a cereal crop, and
barley is known from archaelogical contexts
in the Near East some millennia before any
trace of cereal farming had been found in the
Orient.
In all the early sites, barley has been found
associated with emmer and sometimes einkorn.
Wheat is also a crop of Near Eastern afiinities.
The wild progenitor wheats and wheat relatives are found there. The centers of diversity
for tetraploid wheats are in Hither Asia (Asia
Minor to Sinai to Western Iran), Ethiopia, and
the Mediterranean region. Centers of diversity
for the specialized bread-wheat types derived
later are in northern India, Afghanistan, and
adjacent regions. Primitive wheats are not
found in Tibet. Thus, if barley continued to
move with wheat, it apparently did not arrive
in the oriental regions until bread wheat had
evolved. What little evidence we have of the
Chinese ''Neolithic'' suggests that millet, rice,
and sorghum were well-established crops before wheat and barley ever arrived there.
With respect to the choice between tworowed and six-rowed progenitors, prehistory is
less conclusive, but the oldest known barleys
are two-rowed. The evidence from genetics,
ecology, and taxonomy is more convincing.
Genetically, the two-rowed condition is the
dominant wild type, rather strongly buffered
by a number of subsidiary intermedium genes.
To obtain six-rowed from two-rowed barleys, a
simple recessive mutation is all that is needed,
and this mutation has appeared in experimental populations on a number of occasions. To
obtain two-rowed from six-rowed barleys, at
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least one and most likely two rare mutations
in the direction of dominance are needed.
The fact that brittle six-rowed types are continually being produced in nature without ever
becoming well established suggests that this
combination is poorly adapted. It is difficult to
see how fertile triplets would establish themselves in nature. All other wild Hordeum species are heterospiculate. Why should we expect
the progenitor of barley to be an exception ?
If we were to choose, then, between the current theories, we would find most of the evidence favoring a western origin and a tworowed progenitor. This inevitably leads to a
monophyletic origin based upon H. spontaneum. Of the various theories generally proposed, this seems the most likely.
Unfortunately, this simple theory does not
answer the objections that have been raised to
it. Vavilov did not feel that the variation in H.
spontaneum was adequate to account for all the
barleys. It is too closely allied with the tworowed cultivated barley complex of Hither
Asia. It does not account for the distinctive
oriental group of barleys. Also, as Nevski
(1941) has pointed out, H. sponta^ieum is a
weed barley, too specialized and derived to be
an original progenitor. Basing the origin of
barley on H. spontaneum is somehow dissatisfying and inadequate. The origin of a crop
plant is usually much more complex than that.
The origin of barley might not be understood
until we have some insight into the origin of
the entire species H, vulgäre L. emend. Bowden. In other words, we must explain the origin
of both the cultivated and the weed forms.
Presumably, the immediate ancestor or ancestors of H. vulgäre L. emend. Bowden are extinct. Every species becomes extinct sooner or
later by either one of two ways. Either conditions change so that the species is no longer
well adapted and the species is genetically unable to keep pace and so perishes, or the species
simply evolves into something else. This is evolution. If we were to propose a progenitor for
H, vulgäre L. emend. Bowden, we would be
proposing a sure thing; the only question would
be : What was it like ?
Let us see if we can visualize a hypothetical
progenitor for H, vulgäre L. emend. Bowden—
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something from which all the barleys, tame
and wild, were derived. First, since it is a wild
Hordemn, it would be heterospiculate like all
other wild Hordeums. The lateral spikelets
would not be so reduced as those of H, sporttaneum. It would have a brittle rachis. It would
have small seeds like other wild species. But,
since it must have had some character that
attracted the interest of stone age food collectors, we shall give it a somewhat larger seed
than other species—perhaps somewhere between H. bulbosum and the modern H. spontaneum. This progenitor barley must have been
at least locally abundant and was probably
widespread and rather successful on disturbed
sites like most other annual Hordeum spp. It
must have been variable and have contained in
its various populations great stores of genetic
variability. The seeds were dormant, adapted
to self-planting rather than to distribution by
wind or in the fur of animals. It had other features characteristic of a wild species. It must
have been a winter annual. Consequently, it
must have grown either in areas of Mediterranean climate with mild winters and winter
rainfall or in cool, temperate areas with enough
rainfall for it to grow in the summer. The
present evidence from archaeology is overwhelming in pointing to some place in Hither
Asia as defined by Vavilov {1957, p. 86), within
the winter rainfall belt. This is a large area and
present information is inadequate to pinpoint
the location any more than this.
What happened to it? By our own hypothesis, it evolved into Hordeum vulgäre L. emend.
Bowden. It is no more to be found because, by
definition, it has become barley. The only traces
of it we might expect to find would be in
archaeological contexts from the terminal
phases of the food-collecting periods of man's
evolution. How did this happen? We have far
too little evidence to go on. A great deal of research needs to be done in the areas of prehistory, genetics, crop geography, and crop botany.
We need to understand more fully the relationships between crops and their weed forms. We
need concrete archaeological information particularly with respect to the terminal phases
of food collecting and the incipient phases of
food growing. We need much more information

on the nearest relatives of barley and the possible contributions of germplasm from other
species.
If I put forth a suggested theory, it is for
heuristic reasons only. We are too early in our
study of the origin of barley to be committed
to any one alternative. I would be quite willing
to go back to Tibet and a six-rowed progenitor
should the evidence lead that way. But since
the H. spontaneum and H. agriocrithon camps
have had their say, let me suggest yet another
possibility.
Let us assume our hypothetical ancestor. Let
us suppose it was growing from the Zagros
mountains of Iran across southern Anatolia
and southward into Palestine some 10,000 to
12,000 years ago as H, spontaneum does today.
At this time and in this region man was probably still primarily a cave dweller and a hunter
although he may have started occupying openair sites for at least part of the year. He had
been living in the region for a very long time
and the evolution of his stone-working techniques is very nicely documented by the tools
and waste left in the caves. He had a high
order of skill in preparing blades, arrow tips,
tiny trapeze-shaped barbs for his spears, and
similar tools. This microlithic tool industry
was one end product of a long technological
evolution from Mousterian-like tools (Neanderthalers about 40,000 B.C. or earlier) to the
Baradostian to Zarzian blade-preparation traditions.
It was during the Zarzian phases that some
noticeable changes in man's way of life took
place. There was a trend away from the caves
and toward longer occupancy of open sites. The
hunting shifted from a general collection of
game animals to an intensification of hunting
for selected species. The local environment was
exploited more fully. We find snail and clam
shells in quantity. Pistachio nuts and wild
legume seeds appear in the sites. The stone
toolkit begins to change. In addition to the
hunting tools, stone mortars, pestles, and grinding or pounding stones appear. Are these to
crack acorns, grind grass seeds, process coarse
plant materials?
The bones left by earlier hunting people of
the region suggest that about 25 percent of the
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wild sheep and wild goats killed were 1 year of
age or younger. At least two early open sites,
Zawi Chemi Shanidar and Karim Shahir, show
a dramatic shift from 25 percent yearlings to
over 60 percent young animals (Perkins 1964.).
Does this, perhaps, indicate the beginnings of
herding? These questions can hardly be answered without more information than is presently available. One of the tantalizing difficulties with the archaeology of this era is the fact
that many tools and utensils could be adapted
to either a collecting-hunting economy or an
early protoagriculture. This might have been
predicted but does not make the task of interpretation easier.
While the details elude us, the general pattern is now reasonably clear. The evidences
suggest a shift from nearly pure hunting to a
much more intensive food-collecting way of
life. The proportion of young sheep or goats, or
both, suggests the beginnings of herding. The
equipment for grinding and the great numbers
of sickle blades suggest some sort of plant food
harvesting. Failing recovery of the actual materials, one can only postulate that at about
this time man started gathering the seeds of
our hypothetical progenitor. Throughout this
same region the wild einkorn and the wild em-
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mer are common. Other grass seeds could well
have been harvested and processed for food.
With the terminal phases of the Zarzian we
enter the period prehistorians have assigned to
"incipient cultivation" (Braidwood and Howe
1960). The first experiments at actual cultivation may have been made at this time. The wild
grains received special attention. Weights for
digging sticks show up in some of the archaeological sites (fig. 6). Our incipient cultivators
are looking closely at the wild Hordeum with
the large seeds. It is probably grown as a mixture with the wild wheats, harvested with a
stone sickle, ground and made into bread,
cracked and cooked as gruel, or perhaps
sprouted, malted, fermented, and made into
beer.
One of the first responses of the wild plant
to experiments at cultivation was the development of a tough rachis. This probably happened as a matter of course since the genes are
quite mutable and selection pressure strongly
favored tough rachis. Another early change
was the loss in dormancy, especially if the
grain was used to any extent for malt. Quick
germination was easily obtained in a large population. A third change was no doubt an increase in seed size. This might have been se-
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FIGURE

6.—Stone weights for digging sticks, found in Ethiopia. Stones like these are found in some Neolithic
sites and suggest that some form of agriculture was practiced.
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lected deliberately by these early protofarmers,
and as deliberate sowing came to be practiced,
a certain minimum seed size would have a selective advantage over smaller seeds.
Meanwhile, the incipient crop was crossing
with the wild populations that surrounded the
early fields. In time man learned to think
enough of his crop to take seeds along with
him when he moved. If he went to another area
where wild barleys and wheats grew, some
crosses with the wild forms would be inevitable. Since these plants are largely self-fertile,
the crossing would not be enough to cause reversion to the wild type, but new infusions of
strange germplasm would enter the tame populations as well as the wild populations. Strange
germplasm is known to be mutagenic; hybrid
populations can be highly polymorphic and very
dynamic. The importance of repeated introgression in crop evolution has been emphasized in
a number of papers (Anderson 1952, 1960 \
Harlan 1951, 1955, 1956, 1961; Heiser and
Smith 1953, 1955). Sometime during this period, the weed form developed and has been
introgressing with tame barleys ever since.
We must visualize many small beginnings of
cereal domestication over a wide area. No single population of barley would be adequate to
provide the variability necessary to develop a
crop. Barley may well have been grown at the
oasis of Jericho, but this alone would not supply adequate variability. Other early farmers
were growing wheat and barley in the Kurdish
highlands, others in Anatolia, perhaps others
still farther removed. Great stores of variability were built up by moving from place to place,
by permitting populations to become isolated
for some generations and then bringing them
together again, by accumulating regional variations, and through introgression between
them and with weed barley.
There is one thread of archaeological evidence for intercourse between widely separate
regions at this time. Obsidian was a preferred
material for blade tools and projectile tips. It
occurs naturally in volcanic flows in the VanArarat area and westward to Konya in central
Anatolia. Very little and sometimes no obsidian
is found in sites of the Natufian, Zarzian, Karim Shahir, or Zawi Chemi Shanidar assem-

blages. But in the next phases, represented by
such sites as Jarmo, Tepe Sarab, and prepottery Neolithic A in Jericho, obsidian becomes
very common. In some sites, obsidian replaced
a substantial proportion of the flint used for
blades and microlithic cutting edges. All of this
obsidian had to be imported from Anatolia, a
distance, in some cases, of some hundreds of
miles. The obsidian traders may well have carried grain for food or even have traded obsidian for grain. At any rate, an exchange of
materials over considerable distances has some
solid archaeological basis.
In due time, the polymorphism of the new
cereal crops built up to the point that men
could move them out of their original ecological zone and find types adapted to new conditions. He brought his barley and his emmer
and sometimes his einkorn out onto the alluvium of Mesopotamia and, later. Lower Egypt.
He worked out irrigation schemes and became
almost totally dependent upon his crops for
food. It was in this setting that civilization
came into being in the Near East.
When the early farmers moved into the alluvium and developed irrigated agriculture, the
six-rowed types began to be used on a large
scale. Again, a simple recessive mutation was
all that was required genetically, and this had
probably happened numerous times. But the
superior performance of the six-rowed varieties under irrigation led to their cultivation to
the exclusion of the two-rowed types on the alluvium.
Records of the earliest farming in Lower
Egypt are buried under billions of tons of silt
from the annual floods. We know little about it,
but we catch a tiny glimpse of the situation in
the Faysum basin where some archaeological
record is preserved for us. Here we find the
pecuHar barleys described by Helbaek (1960),
the irregular, deficiens, lax, and dense spikes of
a very polymorphic population. Since such populations are common in Ethiopia today and not
in Egypt, we have perhaps intercepted a sample of barley on its way to Ethiopia.
But why the remarkable polymorphism? Experience in tracing the origin of other crops
would lead us to suspect the introgression of
germplasm from another species. We know too
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little about the genus to even make good
guesses on this point, but most of our cereal
crops have polyphyletic origins, and barley
may not be an exception. There has been time
for a lot to happen. It v^as three millennia
from Jarmo and Ali Kosh to the Fayum, and
Jarmo barley was a well-established domestic
plant.
At any rate, barley and emmer arrived on
the highlands of Ethiopia and have remained
in splendid isolation ever since. Ethiopian agriculture has been so securely isolated for whole
millennia at a time that the patterns of
diffusions of tradition can be traced with some
certainty today. In northern Ethiopia, Eritrea,
and the high plateau. Neolithic grain farming
continues almost unchanged. Emmer and barley are the main crops. In Harar Province,
even the stone-weighted digging sticks are still
in use. These stone weights frequently turn up
in the older Neolithic farming sites in the Near
East and represent one of the first known agricultural implements (fig. 6).
In the southern highlands of Ethiopia, a second ancient agricultural tradition is evident.
This is the tropical dooryard horticultural system that Anderson (1960) and Sauer (1952)
claim to be still older than cereal culture. On
this point we have evidence one way or the
other, but the two systems exist side by side in
Ethiopia today.
Superimposed on these very ancient systems
is a surprisingly large assortment of American
crops introduced from Portuguese occupation
times beginning in the 16th century. Maize,
peppers, beans, tomatoes, squash, and other
American plants are grown. Then come traces
of the Italian occupation with bread wheats,
macaroni wheats of Italian origin, Italian
grapes, and the like. The long intervals of almost complete isolation and the conservative
traditions of the people make Ethiopian agriculture one of the most fascinating in the
world today. It is an agriculture that should be
studied thoroughly before it becomes so contaminated by modern systems that the story
can no longer be unraveled, for the story has
something to tell us about the origin of barley
and emmer. We have a nearly complete Neo-
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lithic agriculture preserved for us to study, but
time is running out.
Meanwhile, cereal culture was also moving
eastward. We pick up evidence of it at Tepe
Sialk near Kashan in central Iran. This is on
the edge of the desert and irrigation is required. The lower levels are believed to date
from early sixth millennium B.C. Again, traces
are found at Belt and Hotu caves near the Caspian. By late fifth millennium, traces are
picked up at Anau in Turkestan, and by the
fourth millennium, agriculture arrived on the
Indus.
The first traces we have of farming in China
probably date from third millennium B.C.
Much has been made of a ''painted pottery people'' who were said to have left traces in a wide
arc ' from north central China westward
across Chinese Turkestan, Russian Turkestan,
and into southern Russia. Pottery traditions
were even said to show some influence, from
Mohenjodaro on the Indus. Unfortunately, we
do not yet know enough of the full assemblages
or of the regional chronologies involved to assess such an extremely diffusionist proposition.
Although the idea would suggest a western
origin, the agriculture shows clear affinity with
tropical or subtropical regions. The identified
crops are rice, sorghum, and millet. When the
Shang period arrived not very much later, the
five cardinal grains symbolically sown by the
Emperor were rice, millet, sorghum, soybean,
and wheat. Wheat is the only cool-season crop.
Barley was not particularly important. Early
Chinese agriculture had definite ties with
southeastern Asia. Wheat and barley were not
indigenous crops there.
How, then, are we to account for the unique
group of oriental barleys as described by Takahashi and Vavilov? Again, we need more information. All we have at present are subjective impressions that vary with the individual
student of barley. Freisleben and Schiemann
thought there was a gene center for barley in
the Hindu Kush region; Vavilov and I could
not find it. Vavilov described centers of diversity for soft, club, and shot wheats in Afghanistan and northern India. These are hexaploid
wheats and if we concede that barley has continued to move with wheat from earliest times,
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then cereal culture must be comparatively late
in the high mountains of Asia. To begin farming near the upper limits of agriculture where
it is difficult and hazardous after millennia of
experience would seem to be illogical. While
proof is lacking, I can only state a conviction
that farming, and therefore barley, is comparatively new to Tibet, the Karakorams, the
Hindu Kush, and the Pamir. Barley growing
must have started in a more congenial climate
than this.
But this does not solve our problem. Did the
oriental barleys develop simply through natural and artificial selection? Could we once more
suggest introgression with some Asian montane species of Hordeum? We have too little to
go on. We do not even know if H. agriocrithon
is a weed barley, well established, and contributing to the evolution of the crop, like H,
spontaneum in the west, or whether it is simply the result of occasional crosses between Bt
Bt bts bts X bt bt Bts Bts genotypes. It is evidently not an introgression product between
cultivated barley and H, spontaneum^ as brittle
six-rowed barleys of the west appear to be.
Two-rowed barleys are unknown in Tibet.
The preponderance of naked barleys in Tibet
and parts of China could well be explained by
the practice of artificial selection. People who
have a choice prefer wheat to barley for bread.
But at the upper limits of agriculture, people
have little choice. Barley can grow where
wheat cannot grow. If you must eat barley
bread, the naked barley is better than covered
barley. Wherever barley is much used for
breadmaking, naked varieties are to be found.
If barley is mixed with wheat flour, used for
beer, or fed to livestock, covered varieties are
preferred.
Summary of a synthetic theory.—A general
summary is as follows :
(1) A hypothetical progenitor for Hordeum.
vulgäre L. emend. Bowden is postulated, having a brittle rachis and being heterospiculate
but with lateral florets less reduced than in H,
spontaneum. It was also less compressed dorsoventrally, had smaller seeds, and was less
weedy.
(2) The progenitor was collected for food by
stone age man in Hither Asia and spontane-

ously occurring, tough rachis types were favored.
(3) In the course of many experiments at
domestication over a wide area, barley populations were moved from place to place as people
moved about; introgression of divergent germplasm and with the wild progenitor built up
great stores of variability. Among the variants
were weed forms that evolved into modern H.
spontaneum C. Koch.
(4) When irrigation techniques were sufficiently developed, barley culture moved onto
the alluvium of Mesopotamia and Egypt
where spontaneously occurring, six-rowed
forms were favored.
(5) Barley and emmer culture moved early
into Ethiopia, perhaps picking up variability
on the way through introgression with other
species.
(6) Barley moved eastward across Asia
along with wheat but did not reach the central
Asian mountains, China, or Japan until bread
wheat (Triticum aestivum) had evolved.
(7) The greatest diversity of barley is now
found far removed from the original region of
origin and is far different from original barley,
in agreement with the principle of diffuse
origins.

Questions Unanswered
As Anderson (1960) has pointed out, if we
know little about the origin of cultivated
plants, it is largely because we have never
asked the right questions. For a crop as important as barley, we know absurdly little about
its relatives. Species relationships within the
genus are practically unexplored. This may be
partly due to the long tradition of assigning
specific epithets to genotypes and thus diverting the attention of cytogeneticists from the
main problems. At any rate, we have not asked
the right questions concerning the genus Hordeum, and so find ourselves almost totally
ignorant of it.
We have not asked ourselves very pertinent
questions concerning the role of H, spontan^
eum in the evolution of barley. Is it really a
wild species, or is it a weed? Would it persist
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at all without human disturbance? Does it contribute to the polymorphism of cultivated barley and thus speed up evolution of the crop ? Do
cultivated barleys contribute germplasm to H.
spontaneum and thus make it a better weed?
We have a lot of opinions in the literature, but
no really serious experimental work in this
area at all.
Is H, agriocrithon a wild plant, a weed, or
just a genotype? We cannot construct very useful theories on the origin of barley without
knowing at least this much. But we have not
learned even this much in over a quarter of a
century since H, agriocrithon was first found
in Tibet.
Where did the enormous diversity displayed
in Ethiopian barley fields come from? Could
this really all come out of a single progenitor
like H. spontaneuTn or my hypothetical ancestor? Can we account for diversity of this magnitude by anything less than the infusion of
germplasm from other sources? We have
known of this diversity for decades, but only
Anderson has ever proposed a serious study of
the problem.
The same questions arise with respect to
the oriental barleys. How different are they?
Was some other species perhaps involved ? How
old are they? Again, the questions have hardly
been stated let alone studied seriously.
In the area of prehistory at least, some very
pertinent questions have been asked and some
serious attempts at solutions have been made
by the Oriental Institute of the University of
Chicago under benefit of research grants from
the National Science Foundation. But the accumulation of evidence is very slow, and many
more sites need to be studied. Work has been
concentrated in the Kurdish highlands. What
about southern Anatolia? What has Jericho to
tell us about barley ? What about the Levant in
general? Are we completely off base and did
domestication of barley begin in some other
region entirely? Isn't anyone ever going to
study the prehistory of Tibet—or is there any?
Are there really no very old sites in Afghanistan? Is agriculture really as late in China as
the archaeological evidence suggests? How
about more exacting techniques for the identification of cereals in archaeological contexts?

These questions have at least been raised, which
is a beginning.
One can think of many other questions that
need to be asked, but perhaps I have raised
enough of them to support my opening remark.
We do not know the origin of barley.
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CULTURE OF BARLEY IN THE UNITED STATES
By D. A. REíD, R. G. SHANDS, and C. A. SUNESON

Acres of barley harvested, yield per acre,
and production in the United States for each
year from 1866 to 1975, inclusive, are given in
table 1. Distribution of barley from 1955 to
1958 in the United States and Canada is shov^n
in figure 7.
A comparison of acres harvested and yield
per acre for the first 10-year period (1866-75)
v^ith a recent 10-year period (1966-75) reveals that average acreage increased from
1,301,700 acres to 10,489,000 and for the same
periods average yield increased from 21.9
bushels per acre to 42.1 bushels per acre.

Choice of Land and Fertilizers
The best soils for growling barley are welldrained loams and clay loams. Barley cannot
stand ''wet feet.'' Light, sandy soils are poor
for growing barley because growth is not
maintained at a sufficiently uniform rate, and
ripening often is hastened by drought. Barley
is the least tolerant of the small grains to soil
acidity but is the most dependable under alkali
conditions. A pH of at least 6.0 is needed. Soil
tests, usually available through county agents
or State agricultural experiment stations, will
determine whether lime and fertilizers should
be applied. Specific recommendations cannot be
given without a soil test of the field to be used.
Lime, where needed, usually should be applied when the seedbed is prepared. Complete
fertilizers should be applied before or at planting time. The use of fertilizer depends on the
soil type and level of productivity, on the cropping history, on the availability of moisture,
and on the straw strength of the barley variety
to be grown. Grain yields may be increased in
many areas by using fertilizer carefully, provided other conditions are favorable for the
crop. Conditions that reduce the filling of grain
or prevent normal maturation can also produce
grain with high nitrogen content and thus re-

duced malting value. Hot or dry weather after
heading and lack of sufficient moisture to support thick stands speed maturity and reduce
the filling of grain.
Lodging can result in grain with poor malting quality. Especially under humid conditions,
high soil nitrogen sometimes results in rank
growth with slender, weak straw that lodges
easily. Lodging that occurs soon after heading
can severely limit kernel filling, although damage is usually less when lodging occurs later.
The straw standability of varieties differs ; but
when the growth is sufficiently rank, even varieties with the strongest straw sometimes lodge.
In the Midwest where much spring-type
malting barley is grown, tests show that phosphate fertilizer alone frequently improves the
quality, resulting in a higher percentage of
plump kernels and higher malt extract in fertilized barley than in unfertilized barley. In
this area, only phosphate should be applied on
summer fallow. The yield response to potassium has been relatively small in most cases.
The appHcation of nitrogen fertilizer alone or
in combinations with phosphorus usually increases yield. Both of these elements should be
applied on land cropped the previous year with
a nonlegume. The protein content of the grain
sometimes is increased when, because of environmental conditions, the nitrogen fertilizer is
not utilized in increased grain yield, or when
high applications of nitrogen fertilizer fail to
significantly increase yields over lighter applications. Soil nitrogen equal to or in excess of
that required for maximum yield in relation to
other soil nutrients and environmental conditions can result in grain with high protein content and reduced malting value. High protein
content in the grain is desirable for feed use
but not for malting use.
Barnyard manure is not used extensively in
improving soil fertility for barley production,
but can be used when available.
37
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TABLE

Year

1.—Acres harvested, yield per acre, and production of barley in the
United States, 1866-1975^

Acres
harvested
1,000
acres

1866_
1867_.
1868_
1869_
1870_
18711872_
1873_
1874_
1875_
1876_
18771878_
1879_
1880_
1881_
1882_
1883_
1884_
1885_
1886_
18871888_
1889_
1890_
1891_
1892_
1893_
1894 _
1895_
1896_
1897_
1898_
1899_
1900_
1901_
1902_
1903_
1904_
1905_
1906_
19071908_
1909_
1910_
1911_
1912_
1913_
1914_
1915_
1916_

754
1,058
1,064
1,238
1,331
1,348
1,421
1,473
1,628
1,702
1,973
1,962
1,848
1,926
1,990
2,201
2,434
2,474
2,694
2,862
3,027
3,258
3,283
3,352
3,250
3,590
3,857
3,689
3,639
4,185
4,131
4,120
4,113
4,472
4,703
4,963
5,474
6,231
6,579
6,658
6,744
6,854
7,409
7,697
7,546
7,613
7,542
7,673
7,653
7,279
7,623

Yield per
harvested

Production

Bushels

1,000
bushels

24.0
22.5
21.8
23.5
21.8
20.5
22.5
20.7
22.2
19.3
20.6
20.0
20.3
22.0
22.7
22.3
24.7
23.1
25.2
22.3
24.3
22.2
23.1
24.1
21.5
26.2
24.7
23.6
20.4
25.0
23.6
24.9
23.9
26.4
20.5
24.9
26.7
24.0
25.2
25.8
26.6
22.0
23.1
22.5
18.9
19.1
26.1
20.7
23.2
28.4
20.9

18,095
23,850
23,200
29,099
29,047
27,690
32,005
30,536
36,125
32,812
40,711
39,173
37,448
42,369
45,261
48,984
60,072
57,126
67,919
63,963
73,503
72,395
75,980
80,790
69,880
94,160
95,170
87,109
74,211
104,475
97,479
102,575
98,174
118,161
96,588
123,800
146,207
149,335
166,103
171,639
179,148
150,584
170,780
173,069
142,419
145,074
196,927
158,820
177,712
206,976
159,157

Year

1917
1918
1919
1920
1921
1922
1923
1924
1925
1926
1927
1928
1929
1930
1931
1932
1933
1934
1935
1936
1937
1938
1939
1940
1941
1942
1943
1944
1945
1946
1947
1948
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967

Acres
harvested

Yield per
harvested

Production

1,000
acres

ushels

1,000
bushels

8,453
9,198
6,579
7,439
7,074
6,601
7,151
7,038
8,186
7,917
9,465
12,735
13,564
12,629
11,181
13,206
9,641
6,577
12,436
8,329
9,969
10,610
12,739
13,525
14,276
16,958
14,900
12,301
10,454
10,380
10,955
11,905
9,872
11,155
9,424
8,236
8,680
13,370
14,523
12,852
14,872
14,791
14,869
13,856
12,806
12,214
11,236
10,277
9,166
10,250
9,230

21.6
24.5
19.9
23.0
18.8
23.2
22.2
23.5
23.5
21.0
25.3
25.8
20.7
23.9
17.9
22.7
15.9
17.8
23.2
17.7
22.3
24.2
21.8
23.0
25.4
25.3
21.7
22.5
25.5
25.5
25.7
26.5
24.0
27.2
27.3
27.7
28.4
28.4
27.8
29.3
29.8
32.3
28.3
31.0
30.6
35.0
35.0
37.6
42.9
38.3
40.5

182,209
225,067
131,086
171,042
132,702
152,908
158,994
165,318
192,466
166,030
239,071
328,351
280,637
301,619
200,280
299,394
152,839
117,390
288,667
147,740
221,889
256,620
278,193
311,278
362,568
429,450
322,913
276,275
266,994
265,059
281,868
315,537
237,071
303,772
257,213
228,168
246,723
379,254
403,065
376,661
442,761
477,368
420,203
429,005
392,441
427,726
392,833
386,059
393,055
392,108
373,745
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1.—Acres harvested, yield per acre, and
production of barley in the United States,
1866-1975 ^—Continued

TABLE

Year

1968
1969
1970
1971
1972
1973
1974
1975^

Acres
harvested

Yield per
harvested
acre

1,000
acres
9,732
9,557
9,725
10,151
9,707
10,452
8,168
8,711

Bushels
43.8
44.7
42.8
45.7
43.6
40.3
37.2
44.0

Production
1,000
bushels
426,151
427,055
416,139
463,601
423,461
421,527
304,112
382,980

' Data for 1866 to 1953, inclusive, from U.S. Department of Agriculture, Agr. Market. Serv., Crop Rptg.
Board, Statis. Bui. 241, January 1959; for 1954 to
1958, inclusive, and 1959 to 1975, inclusive, U.S. Department of Agriculture, Agr. Statis. 1964 and 1975,
respectively.
2 Preliminary.

In some areas barley produces well on soil
previously summer fallowed because of the additional soil moisture, increased availability of
soil nutrients, and less weed competition.
Adequate fertility will help establish the
winter barley crop in the fall, and will increase
chances of winter survival in areas where winterkilling is likely. Higher fertility is needed
for a barley crop grown for pasture, hay, or
green manure than for barley grown for grain
alone. Part of the nitrogen should be added at
seeding time of fall-sown barley; but if the
crop is pastured severely, additional nitrogen
applied as a topdressing in the early spring,
while the ground is still frozen, will return
dividends.

Seedbed Preparation and Planting
The time and manner of seedbed preparation
vary with the climate of the area, the time of
planting the crop (fall or spring), the preceding crop, and the soil type. A firm, wellprepared seedbed is essential. Land should be
prepared sufficiently in advance to give it time
to settle, to permit accumulation of moisture.

and to allow for decay of any preceding crop
or weed residue.
In humid areas and where barley is to follow
another crop such as corn, soybeans, or sod,
the soil is commonly plowed about a month
before the anticipated seeding date. The depth
of plowing will vary from 4 to 8 inches, with
the greater depth being used when the residue
is heavy and plenty of time is available before
seeding. When barley follows a corn crop, all
corn residues should be completely covered
since the organism causing scab of barley
produces its spores on old cornstalks. Following plowing, the land should be tilled only
often and deep enough to control weeds.
For spring-planted barley in the northern
humid areas, a common practice is to fall-plow
the land and leave it rough over the winter,
provided erosion is not a problem. This permits
earlier preparation and seeding the next spring.
In dry areas of the West where wind erosion
sometimes occurs, the initial land preparation
can be made with such implements as chisels,
duck-foot cultivators, or one-way diskplows
that leave most of the residue on the surface
and the ground in a cloddy condition to help
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control both wind and water erosion. In this
region cloddy structure of the seedbed is preferred to the well-reduced condition. On second
and third cropland west of the Red River Valley in North Dakota, plowing on the light soils
is commonly delayed until spring in order to
reduce erosion during winter ; and seedings are
made promptly to take advantage of favorable
moisture. Under irrigated conditions the land
is preferably fall plowed.
For winter barley seeded in the fall following crops such as soybeans or lespedeza that
have been pastured clean or removed for hay, a
thorough disking or cultivating with a springtooth harrow can be sufficient preparation.
This method is also used in the Southern States
where barley follows cotton, corn, or sorghum
removed for fodder.
Most barley is now seeded with a grain drill.
On small acreages, broadcasting seed with an
end-gate seeder is sometimes practical. In general, most trials comparing drilling and broadcasting have resulted in higher yields from
drilling. One advantage in broadcasting is that
seed can be sown on ground that is too wet for
drilling. Airplane seeding is used in California
on rough seedbeds during a rainy period, and
the seed often is not even mechanically covered.
Several types of drills are in general use in
different sections of the country; some are
combination grain and fertilizer drills. Diskequipped drills are used most generally in
humid regions, with 6 to 8 inches between
rows. Hoe drills, with about 9 inches between
rows, are popular in sections of the Pacific
Northwest on clean fallowed land, and are
generally used in the dry areas of the upper
Midwest. This type of furrow opener turns up
clods without pulverizing the soil and helps
to control soil blowing. The deep-furrow drill
is widely used for planting winter barley in
the semiarid regions of the central and southern Great Plains where surface soil moisture is
often lacking and where winters are severe.
This type of drill aids in controlling vi^interkilling and soil blowing and is helpful in placing the seed in moist soil. Rows are commonly
10 to 14 inches apart.
Barley should be sown at a depth at which
both moisture and air are available. In general.

this depth is about 1 to IV2 inches in the
humid regions, 2 inches in the Great Plains,
and 2V2 to 3 inches in the Great Basin.
The importance of good seed cannot be overemphasized. It should be sound, clean, disease
free, of high germination, and free of weed
seed. Only varieties recommended by local experiment stations should be seeded. Most
States have seed laboratories where tests for
germination and purity are made, and many
States require that seed for sale be labeled as
to these and other characters. State Crop
Improvement Associations maintain lists of
growers whose crops have been field inspected,
laboratory tested, and certified as to varietal
purity. These growers are a reliable source of
good seed.
Seed should be treated with a recommended
fungicide to guard against covered smut and
other seedborne diseases. Estimates of loose
smut in seed can be made by the embryo test as
discussed in the section, ''Nuda Loose Smut,"
page 67.

Rotations
Where barley is grown in rotation with another crop, the kind of rotation used will vary
widely with the type of farming in a particular
area. Choice of a rotation is influenced by the
availability of other crops, adapted to the region, length of growing season, availability of
moisture, disease problems, soil type, and soil
fertility.
In some areas barley grows well not only on
fallow land but also after a cultivated crop
such as corn, cotton, sugarbeets, tobacco, or potatoes.
In the humid areas barley is often used in
rotation with a legume or legume-grass mixture and a row crop such as corn, with the barley being used as a companion crop for seeding
the legume or grass. Barley is particularly well
suited as a companion crop since it usually matures earlier than other small grains and early
harvesting is advantageous to the establishment
of the interseeded crop. The interseeded hay
crop is often left for 2 or more years and then
plowed under for row crops.
On the irrigated lands of the West, barley is
often used as a companion crop for alfalfa. The
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alfalfa usually is grown for 2 or more years
then plowed under and followed by a row crop
for 1 or more years. On arid lands in the West,
barley sometimes is grown in an alternate
crop-fallow system in order to store soil moisture before growing the crop in the alternate
year. This method is quite generally used for
the production of malting barley in North Dakota. Fallow-wheat-barley is a common rotation in some western areas. Continuous barley
culture usually is not satisfactory. Either a
cultivated row crop for weed control or a year
of fallow tillage to incorporate plant residues
into the soil is desirable.
On lands suited principally for small grain
in the Southwest, an occasional interspersion
of oats greatly improves the subsequent barley
yields through diminution of barley rootrotting organisms.
In the winter barley area, barley fits well into
many crop rotations, especially when an early
grain harvest is desired. Since winter barley
usually should be sown 10 days to 2 weeks earlier than winter wheat in most localities, it is
not so well suited to follow late-harvested
crops. Winter barley and red clover or sweetclover fit very well into a 2-year rotation, with
the barley serving as a companion crop for the
new clover seedings. Winter barley can be used
alone or in combination with a winter legume
as a cover and green manure crop in 1-year
rotations with early potatoes, tobacco, or truck
crops.
Double cropping, that is, producing two
crops on the same land in the same year, is
successful in some areas. An early maturing
winter barley variety sometimes can be harvested early enough to allow for a summer
crop of certain vegetables, milo, dry edible
beans, soybeans, silage corn, sudangrass, or
cowpea hay. These in turn will be off the land
in time to seed grain again in the fall. Winter
barley and Korean lespedeza also work well together in the Missouri-Kentucky area. Once the
lespedeza is established, it can be pastured during the summer and the land can be disked for
barley planting in the fall. The natural reseeding of the lespedeza makes spring planting unnecessary. The lespedeza will germinate early
in the spring and grow rapidly as soon as the

barley crop is harvested. In California, wherever irrigation water costs or supplies or both
permit, double cropping has become very common. In central California, the barley is harvested by June 10; then the straw residue is
either baled or buried, and a crop of milo, edible beans, or sudangrass can be planted within
10 to 14 days. This second crop is then harvested between September 15 and October 10.

Rate of Seeding
All barley seed should be of good germination. The amount or rate of barley seed to be
planted depends on several factors, such as the
availability of moisture ; whether the crop is to
be harvested for grain or used for pasture
alone or for both purposes; and whether a
grass or a legume or both are sown with the
barley for a subsequent hay or pasture crop.
The date of seeding can also be a factor because a delay in seeding date can require
slightly heavier rates of seed. Ordinarily
lighter rates are used in dry areas; lighter
rates can also reduce lodging in humid areas.
Varieties that have large seeds sometimes need
to be sown at heavier rates to compensate for
seed size, or at lighter rates if lodging is anticipated. Varieties known to have a high tillering
capacity are sometimes sown at a lighter rate.
Planting 6 to 8 pecks of barley (1 peck
equals 12 pounds) per acre is a general practice when the crop is grown alone and for
grain in the eastern humid winter barley
areas. Ten to 12 pecks are planted when the
crop is to be pastured or if the seeding is much
delayed beyond the optimum date. From 6 to 8
pecks are planted in the humid spring barley
region of the upper Mississippi Valley and
Great Lakes area. In the Great Plains, spring
barley is usually planted at the rate of 4 to 10
pecks per acre ; the lower rates are used in dry
areas and the higher rates when the land is
irrigated. Rates of seeding in the Western
States vary from 3 to 4 pecks on dryland or
when the land is irrigated and the barley is
used as a nurse crop with alfalfa, to 7 to 8
pecks when the land is irrigated, when the crop
is used for forage, or when seeding is delayed.
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Date of Seeding
The great differences of latitude, altitude,
climatic conditions, cropping systems, and the
intended use of the crop, as well as the inherent difference between winter and spring barley varieties, all contribute to a wide range of
planting dates.
In the Southeastern States, winter barley for
grain normally is seeded from early September
to the middle of November, with the optimum
date progressively later from north to south.
In general, barley in this area is sown 1 or 2
weeks ahead of the date recommended for seeding winter wheat. In some northeastern areas,
winter barley need not be planted much ahead
of wheat, and planting too early can result in
excessive fall growth. This date will be ahead
of the Hessian fly-free date. Although barley
sometimes is attacked by this insect, the damage usually is not so severe as it is on winter
wheat. Plantings intended for fall pasture often
are advanced to as early as August 15; but
care must be taken to pasture sufficiently to
avoid too rank growth, which tends to promote
leaf diseases and cause smothering.
In most areas, spring barley usually should
be sown as early as it is possible to prepare the
seedbed properly. In the Great Plains this will
be from about March 1 in Kansas to late April
or early May in the northernmost part of the
area. Since most of this area is subject to hot
weather during the summer, delayed seeding
will result in thin kernels and lower yields and
test weights. Timely seeding and consequent
earlier heading favor better malting quality. In
the Northeastern States and New England, the
cooler summer permits a slightly later seeding
date.
In the southern Great Plains, facultative
winter varieties (varieties requiring only a
short period of cold to induce heading) sown in
late January or early February, usually produce more than the best adapted spring varieties sown at a later date.
Dates for planting spring barley in the
Great Basin area and the Pacific Northwest
range from March 15 to April 30, depending
on latitude, altitude, season, and available
moisture. Some winter barley is sown in these
areas from September 1 to October 15.

Spring barley varieties are commonly sown
in the late fall or winter in the Southwestern
States. Maximum production usually is obtained
from late-fall seedings since the cool temperatures and short photoperiods prolong the vegetative period for 2 or 3 months longer than
when the same variety is sown in the spring.
In local areas subject to late spring frosts,
varieties that head early should not be sown
before January or February in order for them
to escape frost damage at flowering time.
In California very early maturing, fall-sown
barley is being used more and more for winter
pasture, as a cover crop in vineyards and orchards, or preceding spring-sown row crops.
For these purposes, varieties least susceptible
to barley yellow dwarf virus and to high aphid
reproduction should be used.

Harvesting and Threshing
Barley can be cut and threshed directly from
the standing grain with the combine; or cut
with a binder, shocked, and threshed later; or
windrowed and threshed from the windrow.
Direct combining is the common method in
most areas, since it is fast and requires less
labor. For best yield and quality, grain should
be combined only when it is fully ripe. When
combined, the grain should contain less than 14
percent of moisture. Grain can be stored safely
at this moisture content only when binned free
of broken weed stems of higher moisture content. When it is ready to combine, the grain
should feel dry to the hand and should snap
when a kernel is bitten between the teeth.
Usually the straw will have lost all its green
color.
The crop sometimes is cut with a binder,
especially in areas of high rainfall, although
the use of this method has decreased rapidly in
recent years. Binding and shocking requires
more labor than combining, but the crop can be
cut a few days earlier and the resulting quality
of the grain is sometimes better.
Barley quality can also be improved by windrowing or swathing the grain when the heads
are a golden yellow and the straw is still
slightly green, about the same time it is ready
to cut with a binder. The windrow or swath
lying on the high stubble will dry in 2 to 6
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days, depending on the weather. Windrowing
is done with a regular windrowing machine or
with a binder from which the tier and bundle
carrier have been removed. Swathing is done
with an ordinary mower. Threshing is done
directly from the windrow or swath by a combine fitted with a pickup attachment.
Windrowing has several advantages, particularly when barley is being produced for malting grades. Shattering is avoided since the grain
and straw still contain considerable moisture
at the time of windrowing. If weeds are present,
they will have a chance to dry out and weed
seeds and broken stems carried through with
the grain will be dry enough not to cause heat
damage in storing. One disadvantage of windrowing is that extended rain during the windrow period can lower the quality of the grain.
In threshing, care should be taken to adjust
the cylinder speed and concave setting of the
combine or thresher to avoid cracking or skinning the grain, yet to remove most of the
beards. Undamaged kernels are particularly
important when the crop is intended for malting barley or for seed, since normal germination is inhibited when the kernel is damaged.
The moisture content of the grain varies with
the time of day, and adjustments of the combine are required from time to time. Threshing
immature barley or damp grain, or threshing
with improper adjustment of the combine, or a
combination of these factors can result in
skinned and broken kernels. Clean threshing is
desired for grain intended for feed, particularly the rough-awned types, since beards left
on the grain occasionally cause sore mouths in
livestock.
Grain intended for malting is dried artificially in some areas. Studies of the effect of
drying temperatures and moisture content of
the grain at harvest indicate that drying air
temperatures up to 130° F (measured as the air
enters the grain) and initial moisture content
of the grain up to 20 percent do not significantly reduce malting quality.
Grain can be damaged mechanically when it
is directly harvested with initial moisture

higher than 20 percent. If moisture content at
harvest is more than 20 percent, a drying air
temperature of 110° F should be used to prevent further injury. The malting quality of the
grain in this case would still be questionable.

Storage
Most of the grain is stored in wood, concrete, or steel bins. If a blower is used to elevate or transfer the grain, care must be taken
that the grain is not skinned or broken.
Grain stored in bags can tolerate slightly
higher moisture content without spoiling than
can bulk-stored grain. Grain stored with more
than 14 percent of moisture can heat and go
out of condition. In the postripening process
that takes place in freshly harvested and stored
grain, the moisture and temperature tend to
increase. If there is enough free moisture, molds
start to grow and the temperature increases.
If the temperature increases significantly, the
grain should be aerated to prevent or decrease
heat damage that may result.
Insects such as grain weevils, beetles, and
certain grain moths create storage problems.
Before being used for storing grain, the bins
should be thoroughly cleaned and treated with
a residual spray of malathion,i methoxychlor,
or pyrethrins. Fumigate the grain in the bins
if it becomes infested with insects. Mixtures
containing ethylene dichloride and carbon tetrachloride, or carbon tetrachloride and carbon
disulfide, are the safest fumigants to use on
seed, but the seed must be aerated out after 3
to 5 days.
Tolerances have been established by law for
pyrethrins and malathion to permit their use
on food and feed grains. If stored grain is to
be used only for seed it can be treated with
lindane or methoxychlor. Grain so treated must
not be used for animal feed or human food.

^ For formulations of insecticides and rates of application used to control insects, consult your county agricultural agent or your agricultural experiment station.

WEEDS IN BARLEY AND THEIR CONTROL
By W. C. SHAW and D. L. KLINGMAN

Weeds compete with barley for water, light,
mineral nutrients, and other requirements for
plant growth. They increase the cost of labor
and equipment, reduce the yield and quality of
the grain, and harbor insects and certain diseases. Weeds interfere with combine harvesting and increase storage costs. The seeds of
some weeds are difficult to separate from the
threshed grain, some reduce the quality of
grain and grain byproducts, and other weed
seeds are unpalatable to certain classes of livestock.
Weeds are too often taken for granted. The
extent of their competitive damage is usually
underestimated. For example, a large plant of
common mustard may use twice as much nitrogen, twice as much phosphorus, four times as
much potash, and about four times as much
water as a well-developed barley plant.
In recent years annual losses in barley yield
and grain quality due to weeds have been estimated to amount to $47 million, and producers
spend about $80 million to control weeds in
barley each year. Thus, the total loss caused by
weeds and the cost of their control in barley is
estimated to be about $127 million each year.
A broad spectrum of annual and perennial
broad-leaved and grass weeds causes severe
damage in the spring and winter barley-producing areas of the Southeastern, North Central, and Western States. The scientific names
of the weeds discussed in this handbook and the
areas in which they are important are listed in
table 2.
Weeds not effectively controlled by 2,4-D^
and related phenoxy compounds MCPA, silvex.
' The chemical names of herbicides, in order of their
mention in this section of the handbook, are on page 49.
For formulations of herbicides and rates of application
used to control weeds, consult your county agricultural
agent or your agricultural experiment station.

and 2,4-DB are becoming increasingly dominant
in the weed population spectrum in barley and
other small grain crops. These weeds include
Canada thistle, corn gromwell, curly dock, field
bindweed, knawel, leafy spurge, milkweeds,
Russian knapweed, smartweeds, wild buckwheat, wild garlic, and wild onion. In addition,
both annual and perennial grasses that are not
controlled by 2,4-D and related phenoxy compounds are also becoming more dominant. These
include barnyardgrass, green foxtail, johnsongrass, quackgrass, weedy bromes, and wild oat.
Wild oat is particularly damaging in many
of the spring barley-producing areas where the
degree of infestation is often heavy, the extent
of damage is severe, and the incidence of infestation is increasing.
Wild garlic and wild onion are probably the
most objectionable weeds in barley. They grow
from underground bulbs or from aerial bulblets that ripen about the same time barley is
harvested. Dairy cattle fed grain infested with
bulblets or pastured on barley containing wild
garlic or onion plants will produce off-flavored
milk. Dairy cattle should not be allowed to
graze in wild onion-infested pastures later
than 2 to 3 hours after milking or 9 to 10
hours before milking.

Cultural Methods of Weed Control
Losses caused by weeds can usually be greatly
reduced by good cultural methods. Weed-free
seed and a thoroughly prepared seedbed are
essential to the control of weeds in barley. The
choice of a well-adapted variety, suitable rotations, timely cultivation, proper fertilization,
and good management will aid in controlling
weeds in barley. A wide variety of perennial
and annual broad-leaved and grass weeds can
be effectively, economically, and safely con45
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TABLE

2.—Common and scientific names of weeds in barley and areas
in which they are important

Common name

Scientific name

Barley type and area in
which important ^ ^

Barnyardgrass
Blessed thistle
Bromes (weedy)

Echinochloa crusgali (L.) Beauv.
Cnicus benedictus L.
Bromus spp.

S) W, NC
W) SE
W) SE; (S) NC

Buttercup
Canada thistle
Chickweed

Ranunculus spp.
Cirsium arvense (L.) Scop.
Stellaria media (L.) Cyrill.

S) W
S) W, NC
W) SE

Cocklebur
Cornflower
Corn cockle
Corn gromwell

Xanthium pensylvanicum Wallr.
Centaurea cyanus L.
Agrostemma githago L
Lithospermum arvense L.

S) NC
W) SE; (S) W
S) W

Cow cockle
Curly dock
Darnel

Saponaria vaccaria L.
Rumex crispus L.
Lolium temulentum L.

Downy brome
Field bindweed
Field pennycress

Bromus tectorum L.
_ Convolvulus arvensis L.
Thlaspi arvense L.

S) w
S) w
S) NC
W) SE
S) W
S) W, NC
S) W

Foxtail
Haresear mustard
Henbit

Setaria spp.
Conringia orientalis (L). Dum.
Lamium amplexicaule L.

S) W, NC
S) W
W) SE; (S) W

Johnsongrass
Knawel
Kocia

Sorghum halepense (L.) Pers.
Scleranthus annus L.
Kochia scoparia (L.) Schrad.

W) SE; (S) NC
W) SE; (S) W
S) W, NC

Lambsquarters
Leafy spurge
Mayweed

Chenopodium album L.
Euphorbia esula L.
Anthémis cotula L.

W) SE; (S) W, NC
S) W
W) SE; (S) W

Milkweeds
Perennial sowthistle
Pigweed

AscZepias spp.
Sonchus arvensis h.
Amaranthus retroflexus L.

S) NC
S) NC
W) SE; (S) W, NC

Plantain
Prickly lettuce
Quackgrass

Plantago spp.
Lactuca serriola L.
Agropyron repens (L.) Beauv.

W) SE
S) W
S) w, NC

Ragweeds
Russian knapweed
Russian thistle

_ Ambrosia spp.
Centaurea repens L.
Salsola kali L. var. tenuifolia Tausch

S) W, NC
S) W
S) W

Salt bushes
Smartweeds
Spiny sowthistle

Atriplex spp.
Polygonum spip.
Sonchus asper (L.) Hill

S) w
S) w, NC
S) W

Sunflower
Vetch
White cockle

Helianthus annuus L.
Vicia sativa L.
Lychnis alba Mill.

S) w, NC
W) SE
S) NC

Wild buckwheat
Wild garlic
Wild mustard

Polygonum convolvulus L.
Allium vineale h.
^ Brassica kaber (DC.) L. C. Wheeler

S) W, NC
W) SE; (S) NC
W) SE; (S) W, NC
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TABLE

2.—Common and scientific names of weeds in barley and areas
in which they are important—Continued

Common name

Scientific name

Barley type and area in
which important ^ ^

Wild oat
Wild onion
Wild radish

^'^^^^ f^^^^ ^•
Allium canadense L.
Raphanus raphanistrum L.

(S) W, NC
(W) SE; (S) NC
(S) NC, W

Wild vetch
Witchgrass
Yellow-rocke"t

Vicia angustifolia L.
Panicum capillare L.
Barbarea vulgaris R. Br.

(W) SE
(S) W
(W,S) NC

1 (S) = spring barley; (W) = winter barley.
2 W = western; NC = north central; SE = southeastern.

trolled in barley without reducing yield or
quality of the crop by using both cultural and
chemical methods of control.

Chemical Methods of Weed Control
Phenoxy herbicides 2,4-D, MCPA, silvex,
and 2,4-DB are highly selective and can be
used in combination with good cultural methods
to control many annual and perennial broadleaved weeds in barley. Phenoxy herbicides are
not effective in controlling foxtail, quackgrass,
weedy bromes, wild oat, and other grass weeds.
Some weeds, such as Canada thistle, corncockle, cow cockle, field bindweed, milkweed,
wild buckwheat, wild garlic, and wild onion, are
difficult to control with the phenoxy compounds ;
but partial control is usually obtained and losses
caused by these weeds in barley are greatly
reduced.
Barley is generally most ''tolerant" to postemergence application of many chemicals used
for weed control after the barley is well tillered, about 4 to 8 inches tall, and in the 5- to
6-leaf stage of growth, but before it has reached
the early boot stage. Young barley seedlings
and plants that have started to boot may be
severely damaged by 2,4-D and MCPA. After
pollination is completed and seed is set on the
barley, the plants become tolerant to most
herbicides. Then an ester formulation of 2,4-D
may be applied to kill weeds, such as vetch and
pigweed, which interfere with combining.
Under most conditions, young seedhng weeds
are less difficult to control with herbicides than

are older weeds. Therefore, for maximum effectiveness herbicides should be appUed as soon
as the barley becomes tolerant. Early applications also eliminate early competition and reduce yield losses.
While the toxicity of herbicides to man and
animals is relatively low and generally does not
result in residues, the farmer should follow
recommendations carefully. The quality of the
grain is not affected when herbicides are used
according to instructions.
Silvex and dicamba are more effective than
2,4-D and MCPA in controlling certain weeds
that occur in barley. Silvex is more effective
than 2,4-D or MCPA in controlling chickweed
and henbit, whereas dicamba is much more
effective in controlling dog fennel or mayweed,
smartweed, and wild buckwheat.
Chemical Weed Control in Barley Not
Underseeded With Legumes

The practice of underseeding legumes in barley greatly influences the choice of both chemical and cultural methods of weed control.
Cocklebur, field bindweed, lambsquarters,
pigweed, plantain, ragweed, smartweed, sunflower, wild mustard, wild radish, wild vetch,
and yellow-rocket may be controlled in barley
not underseeded with legumes by applying an
ester or amine salt formulation of 2,4-D or
MCPA after barley is in the tolerant stage.
The growth and competition of buttercup,
Canada thistle, curly dock, field bindweed, and
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wild garlic may be effectively inhibited, but not
necessarily killed.
Weed grasses, such as foxtail, johnsongrass,
quackgrass, and wild oat, and several broadleaved weeds, such as milkweed, white cockle,
and wild buckwheat, will not be controlled by
2,4-D and MCPA at low rates of application.
To control semitolerant broad-leaved weeds,
such as cow cockle and wild buckwheat, in the
western barley-producing areas, apply the
treatments as soon as barley is tolerant.
Chemical Weed Control in Barley
Underseeded With Legumes

To control severe infestations of many broadleaved weeds in barley underseeded with
legumes such as alfalfa, birdsfoot trefoil,
lespedeza, red clover, or white clover, apply
an amine or ester formulation of 2,4-DB when
the barley is tillered but before the boot stage
or after heading. 2,4-DB usually does not effectively control mature wild mustard. Rates of
2,4-DB higher than those of 2,4-D and MCPA
are required to control most other annual weeds.
2,4-DB kills sweetclover easily and should not
be used to control weeds in barley underseeded
with this legume.
For emergency control of severe infestations
of broad-leaved weeds, such as wild mustard
and yellow-rocket, tolerant to 2,4-DB, apply
an amine salt formulation of 2,4-DB or MCPA.
An amine salt formulation of dinoseb can also
be used. Dinoseb injures legumes less severely
than does 2,4-D. Dinoseb should be applied only
when the weeds are in the seedling stage. Later
applications are not effective, 2,4-D and MCPA
should be applied when the barley is in the
tolerant stage.
The legumes are less likely to be injured if a
small grain canopy is allowed to develop before
2,4-D or MCPA is applied. To reduce penetration of the canopy with the spray, apply the
lowest gallonage possible at low pressure. 2,4-D
and MCPA should not be used unless the
weed infestation threatens to reduce or destroy
legume stands and severely reduce barley yield.

Control of Wild Oat in Barley
Wild oat has become a prevalent weed in
many barley-growing areas and seriously interferes with barley production as far south as
Arizona and northward into Canada. Wild oat
is difficult to control because the seeds scatter
before barley is harvested, and they usually
have variable periods of dormancy, resulting in
erratic and delayed germination. Usually
enough wild oat seeds scatter before harvest to
reinfest the soil each year. The germination of
wild oat and the length of time it remains viable depend on many factors. In general, wild
oat seed will lie dormant until temperature and
moisture conditions are favorable, and this occurs about the same time that the barley crop
is planted. This coincident germination and
subsequent growth and maturity make wild oat
especially difficult to control in barley.
Cultural Methods

Cultural methods that help to control wild
oat are as follows :
(1) Do not plow under wild oat seeds that
have scattered from the current crop. When
buried deep in the soil, wild oat may remain
viable for many years. If wild oat seeds are
allowed to remain near the surface of the soil,
weathering helps break dormancy and stimulates germination.
(2) Cultivate shallow to break the soil crust
and cover seed. Cultivate later to kill the wild
oat seedlings that have germinated and to
bring up seeds that are no longer dormant.
Late cultivations should be shallow.
(3) Alternate barley with other crops in the
cropping sequence. Plant early varieties of a
well-adapted, late-season, competitive crop, such
as buckwheat, corn, flax, potatoes, proso millet,
soybeans, sudangrass, and sugarbeets, or sow
tame oats early and cut for hay before the
wild oat has formed seed. Plow immediately
after the hay crop. The use of competitive
cultivated crops is effective only if v^ild oat
is prevented from producing seed. Early tillage
and delayed sowing of competitive crops or
cutting of tame oats for hay must be practiced
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for more than 1 year to control severe wild oat
infestations. Wild oat can regrow after cultivation, so delay cultivation until the 3-leaf
stage and then completely uproot the plants.
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Precautions in the Use of Herbicides

Phenoxy herbicides 2,4-D, MCPA, silvex,
and 2,4-DB can be used to control many
broad-leaved weeds without injuring the barley
crop if the herbicide is applied when barley is
Chemical Methods
in the tolerant stage of growth. Greatest
Several herbicides can be used as preplantbenefits to barley result from early removal of
ing, preemergence, or postemergence treatthe weeds. However, early applications at susments to control wild oat in barley. Postplantceptible stages of barley growth injure the baring, preemergence, soil-incorporated treatments
ley severely and should be avoided. These susof triallate will control wild oat in barley withceptible stages are the early seedling stage
out severely injuring the crop. For most effecbefore tillering, the late jointing or boot stage,
tive results, triallate should be incorporated
and the early heading stage. The crop is ininto the soil immediately after it is applied,
jured
more often by improper timing of appliwhether the treatment is made before the barley
cations
than by excessive rates of application.
is planted or after it is planted but before it
Damage
can be in the form of reduced yields,
emerges. Either shallow disking plus harrowing
malformed
heads and leaves, or associated
or harrowing one or more times at right angles
deleterious
effects
on the plants.
usually incorporates the herbicide satisfactorily.
If
barley
is
underseeded
with legumes, the
Postemergence herbicide treatments of barminimum
rate
of
amine
salt
or ester formulaban control wild oat in barley after both have
tions
of
2,4-DB
or
amine
salt
formulations of
emerged. Barban applied to wild oat in the 22,4-D,
MCPA,
or
DNBP
necessary
to control
leaf stage, and before 14 days after emergence,
weeds
should
be
used,
or
severe
injury
to the
usually controls wild oat in barley. Do not spray
legumes
may
result.
These
minimum
rates
inbarley after fourth leaf appears or later than
hibit
weed
growth
and
permit
legumes
to
be14 days after crop emergence. Thick stands of
come established without loss of stands. Most
barley help to suppress wild oat growth and
legumes are susceptible to 2,4-D and MCPA;
increase the effectiveness of barban in conbut of the legumes normally underseeded in
trolling the weed. Barban also can be used
barley, only sweetclover is susceptible to 2,4effectively to control wild oat in barley underDB. If barley is underseeded with legumes,
seeded with legumes.
applications of MCPA or 2,4-D should be
delayed until the maximum small grain canopy
has developed, but not later than the early
jointing stage of the barley plant.
Common and Chemical Names
Instructions and safety precautions on the
of Herbicides
label should be read and followed in detail.
Because of variations in weed populations and
Name or
abbreviation
Chemical name
the influence of climate and soil types on the
2,4-D
(2,4-dichlorophenoxy) acetic acid
effectiveness of herbicides in controlling weeds
MCPA
[(4-chloro-o-tolyl)oxy] acetic acid
in barley, label instructions on herbicides
Silvex
2-(2,4,5-trichlorophenoxy)propionic
should be followed closely. Further information
acid
regarding the use of herbicides for weed con2,4-DB
4-(2,4-dichlorophenoxy)butyric acid
trol in barley can be obtained from the State
Dicamba
3,6-dichloro-o-anisic acid
DNBP
2-sec-butyl-4,6-dinitrophenol
agricultural extension services. State agriculTriaUate
S-(2,3,3-trichloroanyl)
tural experiment stations, and local agricultural
diisopropylthiocarbamate
authorities.
Barban
4-chloro-2-butynyl m-chlorocarbanilate

INSECT PESTS OF BARLEY AND THEIR CONTROL
By J. G. MOSEMAN
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S™^" P^r^«^«^ ^^«P« -"d lady beetles aid
in controlling the greenbug. Greenbugs repro-
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^^"^^ ^"<^ d«^^l«P ™«r« rapidly at lower tem-

discussed in this chapter.
Common name
Scientific name
Greenbug
Schizaphis graminum (Rondani)
English grain ^vhiá^__Macrosiphum avenae
p,. , ,
(Fabricius)

peratures, however, than do wasps. In long
periods of cool weather, greenbugs increase
without interference from wasps.
Certain cultural practices control greenbugs.
The greenbug population can be reduced by

Armyworm

'^^! ^"""f ^^^ «"™™^r- Practices that pro"^«^^ ^^Pi^ growth and good fall plant establishment enable plants to withstand feeding
injury.
Insecticides are available that will control
the greenbug. They should be used only when
attacks are severe and are distributed throughout the fields.

Grasshoppers
Cereal leaf beetle

Pseudaletia unipuncta
(Haworth)
Melanoplus spp. and others
Oulema melanopus (Linnaeus)

Greenbug
_,,
,
Ihe greenbug sometimes causes severe damage to barley plants. It sucks sap from plants,
causing the leaves to turn yellow and killing
the plants if infestations are heavy. Serious
outbreaks of the insect often occur when the
previous summer was cool and moist, the
winter was mild, and the spring was cool and
late. Injury may be first noticed on winter
barley in October or November when spots of
dead plants, a few feet in diameter, appear in
fields. The insects move from those spots to
adjacent areas where they infest other plants.
50

Other Aphids
The four aphids—corn leaf aphid, apple grain
aphid, English grain aphid, and grass aphidare also vectors of the virus that causes the
barley yellow dwarf virus disease. They usually
cause little damage to plants by feeding. When
these aphids are prevalent in the leaf whorl,
however, the heads on the plant may not
develop.
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Control—Good cropping practices and insecticides reduce losses from these aphids. The
varieties, Will and Rogers, have some tolerance to feeding by the corn leaf aphid. Varieties
resistant to the other three aphids have not
been developed. Losses resulting from aphid
feeding can be reduced by the establishment
of vigorous stands and grov^th. Insecticides
are available that can be used effectively v^hen
the aphids are prevalent early in the growing
season.
Chinch Bug

Barley is the favorite small-grain host of
chinch bugs. Chinch bugs feed and deposit eggs
on grov^ing plants. Under conditions of vigorous grov^th and early maturity, the bugs usually
migrate to corn, sorghum, and other grasses
before they seriously injure barley. They congregate in the thinner, poorer parts of the
fields in the spring and may kill or greatly reduce the grov^th of barley v^hen infestations
are extremely heavy. A heavy stand of v^inter
barley is seldom injured seriously by chinch
bugs. Spring barley grown in infested areas
often is damaged seriously because the bugs
are attracted to plants in the younger growth
stage and the plants remain succulent for a
longer period.
Control—Effective methods for controlling
the chinch bug have not been developed. Resistant varieties are unavailable. Burning of
grasses and leaves in the winter may be of
value in areas where large numbers of the
bugs have congregated if it is done before the
first flight of the bugs in the spring. Insecticides can be used to control chinch bugs on a
field scale, but such treatments are seldom used.
Hessian Fly

The Hessian fly attacks on winter barley
are less serious than on winter wheat. Since
winter barley usually is planted 10 days to 2
weeks before the fly-free date for winter wheat,
especially when intended for fall pasture, infestations frequently occur when Hessian flies
are present. Injury by Hessian fly is caused by
maggots feeding between the leaf sheaths and
the stems. The maggots extract juices from the
young stems, causing young tillers to die or

breaking their weakened stems shortly before
harvest.
Control—Crop rotation ; killing volunteer
wheat, barley, or rye; and plowing under infested stubble are the most feasible methods
of control. These practices can be augmented
by the use of resistant varieties. In fall-seeded
barley, a delay in seeding helps avoid the fall
brood of the fly. County agricultural agents
generally have precise information on the safe
dates for fall seeding. Their information is
based on weather patterns during the current
season.
Varieties resistant to the Hessian fly are
known. They are not grown, however, because
they do not yield as much as commercial
varieties.
Armyworms

Damage from armyworms fluctuates greatly
from year to year. In years favorable for their
development, armyworms can cause serious and
widespread losses to the winter barley crop. A
mild, open winter followed by a cold, wet
spring is favorable for the buildup of the armyworm population but is unfavorable for the
natural enemies of the armyworm that usually
terminate outbreaks. The armyworm usually is
concealed among the lower leaves in its early
stages and frequently remains undetected until
fully grown and is damaging the heads of grain.
Armyworms must be detected early to prevent
serious losses. The fall armyworm is common
in the Southeastern States where it feeds on
native grasses, but it can seriously damage
barley.
Control—Varieties resistant to the armyworm are unavailable. Several insecticides effectively kill armyworms if they are applied
when the larvae are young.
Grasshoppers

Many species of grasshoppers are destructive
to barley after some years. Dry climate and
lack of vegetation other than cultivated crops
increase the losses caused by these insects.
Grasshoppers may eat the leaves and stems
and sever the heads, causing them to fall to
the ground during severe outbreaks.
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Control.—Insecticides are available that
effectively control heavy infestations of grasshoppers. Varieties resistant to grasshoppers
have not been developed.
Cereal Leaf Beetle

The cereal leaf beetle v^as first identified in
Michigan in 1962, v^hen it severely damaged
barley, v^heat, and oats. The beetle has spread
to many Eastern States despite measures for
retarding its movement.
Major damage from the cereal leaf beetle is
caused by larvae feeding on the young leaves
of v^inter barley in May and June. Adults also
feed on the leaves. Both stages of the insect
chev^ long strips between the leaf veins and
may skeletonize the leaves. In heavy infestations most of the parenchymous tissue of the
leaves may be consumed. This feeding greatly
weakens the plants by interfering with the
synthesis and translocation of plant nutrients.
Fields with severely infected plants have a
whitish appearance.
The larvae have a yellow body with brownblack legs and head. They usually are covered
by black slimy globules of fecal matter that
obscures their color.
Control,—Insecticides, resistant varieties,
and parasites can be used to control the cereal
leaf beetle.
Although insecticides are available that
effectively control the insects, they are used
primarily to prevent large losses from heavy
insect infestations.
Two barley selections, CI 6671 and CI 6469,
have some tolerance to larval feeding. The resistance of these selections is being incorporated into commercially grown barley varieties.
Natural enemies (parasites and predators)
are a major reason why the cereal leaf beetle
does not cause appreciable losses in Europe,
where it has been for many years. The wasps,
Anaphes flavipes and Tetrastichus julis, which
parasitize cereal leaf beetle larvae and eggs,
respectively, have been introduced into areas
where the beetle has caused extensive losses.
After they have increased in number and
spread, these wasps may help reduce the number of beetles.

Use of Pesticides
This publication is intended for nationwide
distribution. Pesticides are registered by the
Environmental Protection Agency (EPA) for
countrywide use unless otherwise indicated on
the label.
The use of pesticides is governed by the provisions of the Federal Insecticide, Fungicide,
and Rodenticide Act, as amended. This act is
administered by EPA. According to the provisions of the act, *'It shall be unlawful for any
person to use any registered pesticide in a
manner inconsistent with its labeling.'' (Section 12(a) (2) (G))
EPA has interpreted this section of the act
to require that the intended use of the pesticide
must be on the label of the pesticide being
used or covered by a Pesticide Enforcement
Policy Statement (PEPS) issued by EPA.
The optimum use of pesticides, both as to
rate and frequency, may vary in different sections of the country. Users of this publication
may also wish to consult their Cooperative
Extension Service, State agricultural experiment stations, or county extension agents for
information applicable to their localities.
The pesticides mentioned in this publication are available in several different formulations that contain varying amounts of active
ingredient. Because of this difference, the
rates given in this publication refer to the
amount of active ingredient, unless otherwise
indicated. Users are reminded to convert the
rate in the publication to the strength of the
pesticide actually being used. For example, 1
pound of active ingredient equals 2 pounds of
a 50 percent formulation.
The user is cautioned to read and follow all
directions and precautions given on the label
of the pesticide formulation being used.
Federal and State regulations require registration numbers. Use only pesticides that
carry one of these registration numbers.
USDA publications that contain suggestions
for the use of pesticides are normally revised
at 2-year intervals. If your copy is more than 2
years old, contact your Cooperative Extension
Service to determine the latest pesticide recommendations.
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The pesticides mentioned in this publication
were federally registered for the use indicated
as of the issue of this publication. The user is

cautioned to determine the directions on the
label or labeling prior to use of the pesticide.

Insecticides suggested for use

Minimum
days to
harvest

Pounds active
ingredient per acre When and how
Formulation unless otherwise
to apply
indicated

Insect

Insecticide

Aphids

Demeton
(Systox).

45 grain

EC

0.125-0.25

Foliage application
but not more than
twice per season.

Di-sulfoton
(Di-syston).

60 grain
30 forage

G, FM, L

1.0

Soil application
at planting.

Malathion

7

EL

0.94

Foliage application.

Parathion,
ethyl.

15

EC, WP, D

0.25-0.50

Foliage application.

*
15
15

EC
D
EC

0.12-0.25
0.25-0.7
0.25-0.7

* None through 0.25
lb. Apply early
spring. Foliage
application.

60
60

EC
G

0.5-1.0
1.0

Western States.
Irrigated only.

0.5-1.0
0.5-1.0

Foliage application.

Apply single
application when
first appear.

Parathion,
methyl.

Phorate
(Thimet).
Armyworm
{Pseudaletia
unipuncta)

Cereal leaf
beetle
Oulema
melanojms

SP, LS
0 green forage
Trichlorofon
21 grain and straw
(Chlorofos,
Neguron,
Dipterex, Dylox),
Endrin

45

EC

0.20-0.25

Malathion
(Cythion).

60

EL

1.25

Azinphosmethyl
(Guthion).

30

S, L, EC
WP (50%)
D (3%)

0.37-0.50
0.38-0.50
0.45-0.63

Foliage application.

EC

0.25-0.50

State labels only.

EL
WP
ULV

0.63-0.94
0.75-1.0
0.25-0.50

Foliage application.

Endosulfan
(Tiovel, Thiodan
Malix).
Malathion

7
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Insecticides suggested for use—Continued
Insect

Insecticide

Minimum
days to
harvest

Pounds active
ingredient per acre When and howFormulation unless otherwise
to apply
indicated

Chinch bugs
Blissus
leucopterus

Endrin

45

EC

0.20-0.25

Apply as barrier
strip or broadcast.

Parathion,
ethyl.

15

EC

0.75

Foliage application.

Parathion,
methyl.

15

EC

0.75

Foliage application.

7

EL
ULV

0.94
0.50

Foliage application.

Parathion,
ethyl.

15

EC, WP, D

0.25-0.50

Foliage application.

Parathion,
methyl.

15

D

0.6-0.7

Foliage application.

Grasshoppers
Malathion
Melanoplus spp.
Cythion.

D—Dust, EC—Emulsifiable concentrate, EL—Emulsifiable liquid, FM—Fertilizer mix, L—Liquid, LS—Liquid
solution, SP—Soluble powder, S—Solution, WP—Wettable powder.

BARLEY DISEASES AND THEIR CONTROL
By J. G. MOSEMAN
The average annual losses from diseases for
the 10-year period from 1951 through 1960
were estimated to be 13.5 percent of the total
barley production. This loss did not include
losses in areas where the production of barley
had been discontinued because losses from
diseases made it unprofitable.
Reductions in yield from some diseases are
not evident because no visible symptoms are
produced or symptoms that may be visible during the growing season disappear by the time
of harvest. Some diseases cause reductions in
stand and plant vigor that can be partially compensated for by additional fertilizer or improved cultural practices. Other diseases cause
shriveling, low test weight, and poor-quality
kernels that reduce production. Some diseases
do not reduce or impair the quality of grain.
Losses from diseases usually can be reduced
by growing disease-resistant varieties, applying improved cultural practices, or using
fungicides.
The principal barley diseases will be discussed in this chapter. The symptoms, the life
cycle of the pathogen involved, and the recommended methods of control for each disease will
be described.

Leaf Spots

Leaf spots appear as small, brown to black,
circular to oblong, dry spots with a regular
margin on the leaf blade. These spots occur on
many cultivated varieties and several species
of Hordeum. The necrotic spots can occur from
time of tillering to the maturity of the plant.
The spots may occur on leaves of otherwise
normally developing plants, or they may be
associated with incomplete emergence of the
spike and twisting of the head.
Nonparasitic leaf spots can be confused with
spots caused by Helminthosporium and other
leaf-spotting fungi. They can be distinguished.

Nonparasltic Leaf Disorders
Nonparasitic leaf disorders are more common in barley than in the other small grains.
They are often associated with certain varieties. The expression of nonparasitic leaf disorders can be modified by weather conditions
and availability of nutrients in the soil. Although the expressions of these disorders vary
greatly, they can be divided into two general
classes, leaf spots and leaf blotches (fig. 8).
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FIGURE

8.—Nonparasitic leaf disorders.
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however, by the absence of fruiting bodies of
the fungi and usually are associated only with
certain varieties and selections from those
varieties.
Occasionally, leaf spots are associated with
deficiencies or excesses of mineral elements
such as boron, copper, or manganese in the
soil. Under these conditions plants may be
stunted, symptoms are not uniform throughout
the entire field, no fruiting structures of parasitic fungi are observed, and leaf spotting is
similar on most varieties and selections.
Leaf Blotches

Leaf blotches appear as irregular, brownish
to reddish-brown or gray areas. The margins
of the necrotic areas are often indistinct. Concentric rings within these areas may be similar
to those caused by fungi on other hosts. The
blotches sometimes are confused with blotches
caused by the Rhychosporium fungus or by
bacteria. They can be distinguished by the absence of fruiting bodies of the fungus or exúdate from the bacteria. Nonparasitic leaf
blotches can occur from tillering to ripening
and vary in intensity from small, indistinct
spots to large blotches that cause stunting and
distorting of the entire plant. Severity of the
blotches may depend on the environmental conditions and availability of plant nutrients in
the soil. They can result from a deficiency or
excess of mineral elements such as boron,
copper, or manganese. When blotches occur on
only certain varieties or selections, they are
influenced by the genetic constitution of those
varieties. When blotches occur on all varieties
or selections in a nursery or field, they are
probably the result of the environmental conditions or concentration and availability of
mineral elements in the soil.
Control.—Varieties that express nonparasitic leaf disorders should not be grown. If the
leaf spots or blotches are present only in localized areas throughout the field, the soil from
those areas in which plants show the disorder
and from areas with normal plants should be
analyzed for mineral element concentration.
Plants with the leaf spots or blotches also
should be examined for pathogenic fungi, bacteria, or viruses. These nonparasitic leaf dis-

orders often do not reduce yields in fertile
soils having a proper balance of mineral
elements.

Disease Caused by Bacteria
Bacterial Leaf Blight
Caused by Xanthomonas translucens (L. R. Jones, A.
G. Johnson, & Reddy) Dows.)

Bacterial leaf blight is present wherever
barley is grown. It is usually of minor importance but occasionally causes a severe loss in
parts of the spring barley area. Injured leaf
blades may become infected because bacteria
enter the young tissue through natural openings or wounds. The bacteria are disseminated
by wind and rain, by sucking or biting insects,
and by contact of injured leaves with those
containing bacteria.
Symptoms of the disease depend on the
stage of plant development. Irregular, narrow,
glossy-surface stripes develop on the leaves of
diseased plants. These stripes frequently show
water-soaked areas, ranging in color from
light yellow to dark brown (fig. 9). Small drops
of a thin film of a white or yellowish, sticky,
bacterial substance that dries to a thin, flaky
layer occur on the affected leaf areas. Similar
substances can develop on the leaf sheaths or
floral parts. Severe late infections result in the
blighting of heads.
The bacteria causing this disease can remain
viable for long periods when dehydrated or
sealed in the gelatinous matrix in lesions. The
bacteria persist from season to season on seed,
in and on crop residue, and in the soil.
Control.—Cultural practices and seed treatments may reduce the severity of the disease.
However, the disease often occurs regardless
of the control practices. The amount of available inoculum can be reduced by rotations with
nongrass hosts and by the elimination of weedy
grasses. Plowing under of the stubble will
eliminate initial infections from bacteria, and
the treatment of seed will eliminate initial
infections from bacteria on seed. Some barley
varieties and selections have been reported to
be resistant to these bacteria. However, the
degree of resistance is associated more with the
stage of development and condition of the
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FIGURE

9.—Bacterial leaf blight.

plants at the time of infection than with the
variety.

Diseases Caused by Fungi
Ergot
(Caused by Clavipes purpurea (Fr.) Tul.)

Ergot has become an important disease in
spring barley in the United States in the last
10 years. The release of varieties vi^ith the open
flowering characteristic and the development
of genetic and male-sterile composites and special genetic stocks for producing hybrid barley
have been primarily responsible for the increased prevalence and importance of this
disease.
The disease is recognized by the hornlike
ergot sclerotia in the barley heads (fig. 10).
These sclerotia fall to the ground at harvesttime or are harvested with the grain. Sclerotia

that overwinter in the soil germinate in the
spring by sending up long, slender, stemlike
"stipes," which produce spores (ascospores) at
their tips at about the time the barley is flowering. These spores are carried by the wind to
open barley florets. The fungus infects the florets and replaces the barley kernel. The fungus
then produces another type of spore in the
barley florets along with a sugary liquid or
"honeydew." Insects are attracted by this
honeydew and feed on it, carrying the spores
to other barley florets where the fungus again
infects and replaces the barley kernel. The
fungus then forms large purplish-black sclerotial bodies that replace kernels in the barley
head.
Ergot sclerotia contain poisonous alkaloids
that make ergot-infested grain highly undesirable for food or feed. Serious diseases of man,
horses, and cattle are caused by eating quantities of grain, straw, or flour containing ergot
sclerotia. An extract from ergot sclerotia is
used in making certain obstetrical medicines,
and sound sclerotia may bring high prices.
Control.—Cultural practices and resistant
varieties will reduce the disease but will not
eliminate it. Sclerotia that fall on the ground
in the summer are the primary foci of infection
on many weedy grasses in or near barley fields.
Removing or cutting such grasses will reduce
the severity of the disease. Sclerotia remain
viable for only one year. Hence, sclerotia in the
soil or mixed with seed are not a factor when
crops are rotated or when seed more than one
year old is used for planting. Modern seed
cleaning equipment will remove most of the
sclerotia from seed. Varieties and selections
resistant to the fungus have not been identified.
Varieties difl'er in their percentage of infected
florets from artificial field inoculations and
their natural infections and susceptibility after
pollination. Difl'erences have been found in
virulence of cultures, but physiologic races
have not been found.
Scab
(Caused by Gibberella zeae (ScYiw.) Fetch [G. saM&tnetii (Mont.) Sacc] and Fusarium spp.)

Scab diseases have eliminated the production
of barley in the eastern and central Corn Belt
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FIGURE

10.—Ergot of barley: A, Healthy heads; B, infected heads with ergot sclerotia replacing some kernels.

where barley was grown in rotation with corn.
Although the fungi causing scab are often
referred to as "head blighting fungi," they
also cause foot, root, and crown rots and
seedling blights.
The scab head blight develops in warm, humid weather during the formation and ripening
of the kernels. Infection begins in the flowers
and frequently spreads to other parts of the
head. Diseased areas of glumes often turn light
brown. A pink, moldy growth may develop
around the base of the infected flower, and
black fruiting bodies (perithecia) may be
found on the glumes (fig. 11).
Diseased kernels are grayish brown and
lightweight, and their interior becomes floury
and discolored. New compounds are formed
that cause acute vomiting when the grain is

eaten by man, hogs, or dogs. Sheep, cattle, and
mature poultry are not affected, however, and
scabby barley can be fed to these animals.
Scabby barley grain cannot be separated from
healthy grain.
The scab fungi overwinter on barley seed
and in plant residues of barley, corn, and other
diseased crops of the previous season. Infected
seed, when sown, produces foot rots and seedling blight. Spores borne on diseased plant
litter, such as corn stubble, also infect seedlings
and, later, flowers of the young barley heads.
Crown tissues of the barley plants are invaded
principally by fungi from diseased plant
residue in the soil.
Control.—The use of disease-free seed and
treatment of seeds with fungicides effectively
control root and crown rots but not head and
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kernel blights. Sanitation, crop rotation, and
early seeding will reduce root and crown rots
and head blight. Soil preparation that completely covers residues of previous barley,
wheat, and corn crops helps to reduce the

•
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spread of the fungus spores that cause head
blight. No resistant varieties are known. The
stage of development and plant characteristics
such as laxness of the spike affect the amount
of head infection and kernel blight.
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FIGURE

11.—Scab of barley: A, Healthy head; B, two moderately infected heads; C, severely infected head showing
fruiting bodies (perithecia).

60

AGRICULTURE HANDBOOK 338, U.S. DEPT. OF AGRICULTURE

Helminthosporium Stripe
(Caused by Helminthosporium gramineum Rabh.)

Helminthosporium stripe has caused considerable damage in California and in the eastern winter barley-growing area.
The disease originates from infected seed
and first appears as long, pale-green stripes on
the leaves. As the leaves reach full development, these stripes turn brown and the leaves
sometimes split along the stripes (fig. 12).
Usually all leaves of diseased plants are affected. Diseased plants are stunted and do not
head or produce seed.
Spores of the fungus causing helminthosporium stripe are blown about the field during and
after the flowering period. Kernels of healthy
heads become infected when these windborne
spores germinate and form mycelia between
the glumes and the kernel. Moisture is required
for spore germination. Therefore, the disease
is not present in regions of low humidity and
precipitation. Infected kernels cannot be distinguished from uninfected kernels, and the
disease is not apparent in the dormant seed.
Physiological races of this fungus have been
found. The inheritance of pathogenicity of
these races has not been determined. Many
varieties are resistant to this fungus, and new
resistant varieties are being developed.

:I1
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FIGURE

12.—Helminthosporium stripe: Leaves from
artificially infected seed.

Control.—Resistant varieties or fungicida!
seed treatments are the most satisfactory methods for controlling this disease. The disease has
increased rapidly and has caused severe losses
in some ultrasusceptible varieties such as
Rogers. Commercial winter and spring varieties have been identified that are resistant to
certain pathogenic strains of the fungus. Fungicidal seed treatments are known that control
seedborne infections.
Net Blotch
(Caused by Pyrenophora teres Drechs., the perfect
stage, or Helminthosporium teres Sacc. the imperfect stage)

Net blotch is common on most cultivated
barleys and is probably restricted to those
species. It is prevalent when the weather is
cool during much of the growing period. Usually the disease is of minor importance; but
when ultrasusceptible varieties are grown in
weather conditions favorable for the development of the disease, it can cause considerable
damage. Net blotch is first evident on the seedling leaf as brown, reticulate blotches at or
near the tip of the blade. Local lesions develop
on the young leaves from the seedling stage
to maturity. These areas show a network of
dark-brown lines within a lighter brown area.
The netted areas enlarge and fuse during the
growing season (fig. 13). Spores produced on
the diseased leaves are blown to other leaves,
and repeated secondary infection spreads to
other plants in the course of their growth. The
fungus overwinters in and on infected seed, old
straw, and stubble. The mycelium has been
shown to remain viable on seed for over 5 years.
Control.—Crop rotations, cultural practices,
seed treatments, and resistant varieties will
reduce the prevalence and severity of the disease. Cultural practices and crop rotations with
nongrass hosts will reduce the infection resulting from spores and mycelia on straw and
stubble in fields. Fungicida! seed treatments
are available that reduce seedling infections
resulting from seedborne spores and mycelia.
Most commercial varieties have some resistance
to the disease. The disease has been severe on
ultrasusceptible varieties such as Moore and
Hudson. A few winter and spring barley varie-
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to the root-rotting phase, and other varieties
are resistant to the leaf-spotting phases. No
correlation has been found between resistance
to the root-rotting and the leaf-spotting phases.
The fungus is variable for many characters,
including pathogenicity. Since the fungus is
variable and has a wide host range, it is unlikely that varieties with a high type of physiological resistance will be found. Some morphological characters of the plant or spike may be
useful in increasing the tolerance and reducing
the infection of plants.
Scald
PN-2430

FIGURE

13.-—Net blotch.

ties are resistant and have only a few small,
indistinct necrotic areas resulting from infections.
Spot Blotch
(Caused by Cochliobolus sativus (Ito and Kurib.)
Drechs., the perfect stage, Helminthosporium sorokinianum Sacc, the imperfect stage)

The fungus causing spot blotch attacks many
grass species and is present in most areas
where barley is grown. The fungus attacks all
parts of the plant. Roots of diseased plants
show darkened areas and rotting. Dark-brown
to black discolorations appear on the blade or
sheath of the first leaf of seedlings, and the
seedling can be killed. The spots fuse to form
blotches that sometimes cover large areas of
the leaf blade (fig. 14). Heavily infected leaves
dry out and mature early. The numerous darkbrown spots that appear on the germ end of
diseased kernels are commonly called black
point. The fungus overwinters in and on the
seed and on crop residue.
Control.—Seed treatment, crop rotation, cultural practices, and resistant varieties reduce
the severity of the disease. Seed treatment
fungicides are known that reduce severity of
the root- and crown-rotting phases of the disease and increase seedling vigor and stands.
Rotations with nongrass hosts and sanitary
procedures that eliminate residues of grasses
will reduce the prevalence of the fungus. Some
varieties have been reported to be resistant

(Caused by Rhynchosporium secalis (Oud.) J. J. Davis)

Scald is an important disease in California
and in the winter barley-growing area of Eastern United States. The disease is very important in the cool, humid areas of Great Britain,
Western Europe, and Australia. The fungus
also infects rye and other grasses. The disease
can reduce yields of barley by more than 20
percent. Scald appears as oval or lens-shaped
spots, which at first are water soaked and gray
green. Later the spots appear as pale or white
central areas surrounded by irregular rings of
brown tissue (ñg. 15). The disease is spread
during the growing season by spores produced
on infected leaves. The fungus oversummers on
infected dead leaves and other crop residue
and is carried on the seed. In cool, damp
weather during the late fall and early spring,
the spores are discharged and infect the seedlings. The disease spreads during cool, humid
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FIGURE

14.—Spot blotch.
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the green of the leaf blade or sheath. Numerous
dark-brown pycnidia are imbedded linearly in
the straw-colored older part of the lesion (fig.
16). Septoria-speckled leaf blotch spreads during the growing season by spores produced on
diseased leaves. The fungus overwinters on
and in infected dead leaves and other crop residue. It produces spores in spring and summer
that become the primary foci of infection. Usually the disease is not observed until the plants
have headed, and it is most severe when the
plants are mature.
Control.—Resistant varieties, crop rotation,
and sanitation reduce losses from septoriaspeckled leaf blotch. Genes conditioning resistance to this disease are being incorporated
into the commercial spring barley varieties
and offer the best means of reducing losses.
PN-2432

FIGURE

15.—Scald: Leaves showing areas infected by
scald fungus.

weather. It is unimportant in areas where
temperatures are above 70° F for long periods.
Control.—Crop rotations, sanitation practices, and seed treatment with fungicide have
controlled the disease effectively. Crop rotations and turning under crop residues prevent
the spread of spores from infected plant material. Cultural practices used in connection
with seed treatments that kill the spores on
the seed have been effective. Many genes have
been identified in barley that condition resistance to the fungus. Some of these genes are not
effective under all environmental conditions.
Spring and winter barley varieties resistant
to the pathogenic strains of the fungus present
in the United States have been developed and
are being grown in areas where the disease has
caused large losses.
Sepfor/a-Spec/c/ed Leaf Blotch
(Caused by Septoria passerinii Sacc.)

Septoria-speckled leaf blotch has become important in the malting barley-producing area
of the Red River Valley in North Dakota and
Minnesota. The lesions are linear with indefinite, yellowish-brown margins that blend into

FIGURE

16.—Septoria-speckled leaf blotch: Leaves showing dark-brown pycnidia.
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Crop rotation and sanitation practices are
difficult to follow in the Red River Valley
where this disease is very important because
barley cultivation is intensive.
Septor'ia Leaf Blotch
(Caused by Septoria avenae f. sp. tritícea)

Septoria leaf blotch is a more important disease than septoria-speckled leaf blotch in the
northern part of the malting barley producing
area of North Dakota, because plants become
infected earlier. The disease develops from infections by spores produced on barley and
wheat residues. First symptoms of the disease
are small boat-shaped yellow flecks that later
become tan with a light-yellow border and
coalesce to form blotches. Later the leaves dry
and shrivel, reducing the tissue available for
photosynthesis and the manufacture of food.
Infections are usually only on the leaf blades.
Control.—Resistant varieties, sanitation
practices, and foliar fungicides will reduce
losses from the disease. Resistant varieties are
being developed. Crop rotations and turning
under crop residues prevent the spread of
spores from infected plant material. Foliar
fungicides effectively control the spread of the
disease.
Powdery Mildew
(Caused by Erysiphe gravtinis DC f. sp. hordei Em.
Marchai)

Powdery mildew is the most important disease on barley in many countries. When severe,
the disease can reduce yields by 25 percent. The
disease reduces or impairs the green leaf tissue needed by plants to manufacture sugars
and starches. When damage from powdery
mildew or other leaf blights occurs early, the
plants produce fewer heads and fewer kernels
per head. When the disease occurs later in the
life of the plant, the size and weight of the
kernels are reduced. Powdery mildew is often
prevalent on winter barley in the Atlantic and
Southeastern States. Occasionally it causes
losses in the North Central and Pacific Coast
States.
The first signs of infection are small, white
or light-gray spots of cottony threads on the

upper surface of the leaves. These spots enlarge, darken, and become powdery as spores
are produced that infect other plants. Eventually the spots will cover large areas of the
leaf. A yellowing followed by browning and
gradual drying of the leaf usually accompanies
this process. The mildew grows primarily on
the upper leaf surfaces, more rarely on the
under surface, and in severe attacks on stems,
glumes, and awns (fig. 17). As the plant approaches maturity, tiny, black, reproductive
bodies (cleistothecia) of the fungus develop in
the infected areas. The cleistothecia have been
shown to produce new strains of the fungus.
Twenty-two physiologic races of the fungus
have been isolated in North America.
Control.—Resistant varieties and systemic
fungicides are used to control the disease. Many
varieties resistant to the fungus have been
developed, and many additional sources of resistance have been identified. Commercial
varieties, which are resistant, often become
susceptible to new pathogenic strains of the
fungus that occur frequently in nature. Therefore, resistant varieties must be replaced frequently with new resistant varieties that have
different resistance genes. Systemic fungicides
are used where the disease is severe and when
resistant varieties are unavailable.
Covered Smut
(Caused by Ustilago hordei (Pers.) Lagerh.)

Covered smut becomes noticeable at heading
time when smutted heads emerge from the boot.
Hard, black masses of smut, each covered with
a grayish membrane, are found in place of
kernels in infected heads (fig. 18). The membrane covering the spore masses begin to split
a few days after the diseased heads emerge,
and the spores spread to the developing seed
in healthy heads. Some spores lie dormant on
the surface of the seed, and others are carried
under the hulls or send slender infectious
threads beneath the hulls before or after
threshing. When this infected barley seed is
planted, seedlings become infected between
germination and emergence from the soil.
Control.—Treatment of seed with fungicides
effectively controls the disease since the fungus
occurs on or near the surface of the seed.
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Varieties are available that have some resistance to the fungus.
Nigra Loose Smut
(Caused by Ustílago nigra Tapke)

Nigra loose smut vpas first distinguished
from nuda loose smut in 1932. The disease is
first noticed at heading time vichen the dark,

smutted heads appear (fig. 19). Each head
contains millions of loosely held, dark-brown to
black, microscopic spores that are scattered by
the wind to flowers and young developing seeds
of healthy heads. Infection of the seed takes
place in much the same manner as that described for covered smut. Depending upon
moisture and temperature conditions, the
spores either lie dormant or germinate, send-

PN-2434

FIGURE

17.—Powdery mildew.
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PN-2436

FIGURE

18.—Two smuts of barley: A, Nuda loose smut; B, covered smut; C, healthy head.
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ing infectious threads beneath the seed hulls.
These threads infect the young seedling, as
described for covered smut. Spores on the surface of the seed also infect the plant.
Control.—Treatment of seed with fungicides

effectively controls the disease since the fungus
occurs on or near the surface of the seed.
Varieties are available with some resistance
to the fungus.

PN-2436

FIGURE

19.—Nigra loose smut: A, Healthy head; B, newly emerged head; C, D, E, F, four older barley heads
showing nigra loose smut in various stages of disintegration.
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Nuda Loose Smut
(Caused by Ustilago nuda (Jens.) Rostr.)

Nuda loose smut resembles nigra loose smut
in the amount of damage to the plant, in the
appearance of the smutted heads, and in the
spread of spores during the flowering of healthy
heads (ñg. ISA), An important difference between nuda and nigra loose smut occurs after
the spores reach the barley flowers. The spores
of nuda loose smut normally germinate at once
and develop long, slender infectious threads
that enter and grow deeply into the young developing seeds. The spores of covered and nigra
loose smut are carried on or in the shallow
layers near the surface of the seed. The nuda
loose smut fungus becomes so deeply embedded
in the germ or embryo of the barley kernel that
it cannot be killed by treating the seed with
surface disinfectants. Both the nuda and the
nigra loose smuts are widely distributed in
humid and subhumid areas but are less common
in dry areas.
Nuda and nigra loose smut fungi can be distinguished by the color of the spores and the
method of spore germination. Spores of nuda
loose smut are brown, and those of nigra loose
smut are dark brown to black. On agar, nuda
loose smut spores germinate, producing mycelial threads and no spores, whereas spores
of nigra loose smut germinate, producing individual sporidia or spores.
The nuda loose smut fungus, which is in the
embryo of the barley kernel, cannot be detected by the appearance of the kernel. Methods
have been developed for determining the presence of the fungus in seed by staining and
clearing the embryo tissue. Special laboratories
in some States test barley seed for presence
of the fungus. Consult your State agricultural
experiment station for information regarding
these tests.
Control.—The use of seed certified free of
the fungus is the most effective method for
controlling nuda loose smut. Varieties differ
in susceptibility to infection by the fungus.
Some resistant varieties are being grown commercially. Fungicides recently have been developed that will control the disease and are
now being used instead of the hot-water or

water-soaked anaerobic seed treatments that
require careful control of temperatures and
special facilities.
Stripe Rust
(Caused by Puccinia striiformis West)

Stripe rust of barley is not very important
in the United States. Stripe rust occurs on
both cultivated and wild Hordeum species,
Triticum species, and many other grasses. The
symptoms of the disease are linear, citron-yellow uredia on the leaf blade and sheath. The
uredia also occur on the awns and kernels
when conditions are favorable. The uredia
often unite end to end to form narrow stripes
extending a considerable distance along the leaf
blade and sheath. The telia form narrow, fine,
dark-brown lines and are covered by epidermis.
The uredia are conspicuous from early spring
to midsummer ; the telia develop sparsely from
late summer to the maturity of the crop.
Control—The use of resistant varieties is
the most practical means of controlling stripe
rust. Physiologic races of this fungus have
been reported, but several varieties are available that are resistant to all known pathogenic
strains of the pathogen identified in the United
States.
Stem Rust
(Caused by Puccinia graminis Pers.)

The same fungus causes stem rust of barley,
wheat, and rye. The disease is recognized by
pustules that break through the surface of
the stems, leaves, leaf sheaths, glumes, and
beards (fig. 20). When the disease is severe, the
kernels are badly shriveled and the stems turn
brown, become dry and brittle, and break over.
The stem rust fungus has a complicated life
history. In the northern half of the United
States, the fungus overwinters on the stubble
and straw of barley, wheat, and rye as black,
thick-walled, cold-resistant spores. These spores
germinate in the spring and produce secondary
spores that infect leaves of the European barberry bush but cannot infect barley, wheat, or
rye. The fungus produces spores on the European barberry that infect barley and produce
the red-rust stage. The red-rust stage persists
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New pathogenic strains of the fungus, which
are virulent on newly developed resistant wheat
varieties, frequently occur in the Great Plains.
However, pathogenic strains of the fungus,
which are virulent on the spring barley varieties having the resistant "T" gene, have not
become prevalent. Other resistant genes in
barley are available but have not been used
because they are not as effective as the "T"
gene.
The European barberry has been eradicated
to eliminate the dissemination of the fungus
early in the spring and summer in the northern
half of the United States. Eradication of the
European barberry has not eliminated the
threat from this disease since the fungus overwinters in the Southern States and Mexico.

FIGURE

20.—Stem rust.

on barley during the spring and summer and
produces successive crops of red spores every
10 to 14 days. When growing conditions become unfavorable for spore development, the
black overwintering spores are produced.
In the Southern States and northern Mexico
the rust lives continuously in the red-rust stage.
After the barley is harvested, the rust continues
to form spores on volunteer plants and wild
grasses. These red spores and those blown down
from the North in late summer and early fall
infect fall-sown barley. The rust spores multiply when the weather is favorable in the spring,
and they are carried northward by the wind
with the advance of the crop season. Thus, a
heavy rust epidemic in the Southern States is
a threat to barley fields in the Northern States.
Control.—Resistant varieties, eradication of
the European barberry, and cultural practices
have been effective in reducing losses from this
disease in the United States.

Cultural practices that hasten the maturity
of barley reduce the chances of losses from this
disease since the inoculum builds up primarily
on wheat that normally matures later than
barley. Early maturing varieties and early
seeding and phosphate fertilizers that hasten
maturity help prevent losses from the disease.
Late-maturing varieties and late seeding and
nitrogen fertilizers that delay maturity increase the chance of losses from the disease.

Leaf Rust
(Caused by Puccinia hordei Otth.)

Leaf rust is destructive ; it reduces the yield
and quality of grain of winter barley in Eastern
United States. The disease is most severe and
causes considerable losses in forage and grain
production when barley is sown early in the fall
for grazing. The fungus lives in the summer
on volunteer plants and produces spores that
infect the young plants sown in the fall. The
fungus produces abundant spores in small,
round, yellow or yellowish-brown pustules on
leaves and leaf sheaths that reinfect the barley
plants during the warm weather in late summer
and fall (fig. 21). The fungus lives during the
winter as mycelium in infected plants, producing new spores when warm weather occurs in
the spring. The amount of disease in the fall
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FIGURE

is a good indication of the potential for the
disease in the spring.
The disease, which previously had been
present primarily in breeding nurseries in the
Northern Great Plains, is becoming important
in commercial fields in that area. The growing
of ultrasusceptible commercial varieties and

21.—Leaf rust.

the increased use of nitrogen fertilizers have
increased the prevalence of the disease.
Control.—Resistant varieties are the most
practical control for leaf rust. Although several
races of the fungus have been isolated in the
United States, resistant genes are known that
condition resistance to these races.
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Diseases Caused by Viruses
Barley Yellow Dwarf
(Caused by barley yellow dwarf virus)

Barley yellow dwarf virus (BYDV) was
first identified in barley grown in California in
1951. The virus has now been identified in
plants growing in most areas of the United
States and in other countries. Oats are very
susceptible to the virus. They are often severely
stunted and produce little seed when seedlings
are infected. Wheat is less affected by the virus.
Winter barley and oat plants infected with
BYDV in the fall are much more susceptible
to winterkilling than are uninfected plants.
The symptoms of barley yellow dwarf virus
disease vary with the variety and environment,
but yellowing and reddening of the leaves are
usually the first indications that plants are infected. The growth of the root system also
may be retarded. Younger plants are more
severely stunted by infection than are older
plants (fig. 22).
The virus has been shown to be transmitted
by the following five aphid species: Corn leaf
aphid, cherry oat aphid, English grain aphid,
rose grass aphid, and greenbug. There are vector-specific strains of the virus. Some strains
have been shown to be transmitted by only one
or two of the five aphid species known to
transmit the virus. The virus has not been
transmitted through seed, soil, or by mechanical
means.
Control.—The use of resistant varieties is
the most practical method for controlling the
disease, but insecticides and cultural practices
also can be used. Insecticides that control the
aphids will reduce the spread of the virus, but
they will not kill the aphids before they have
infected plants. The time of seeding in the fall
and spring should be adjusted so that the plants
can be well developed before the weather is
warm enough for aphid activity. Adjusting the
time of seeding also will reduce the severity
and losses from the virus.
Commercial varieties with a high level of
virus resistance have been developed and released to growers in California. These varieties
are grown extensively in areas where the virus

has been prevalent and has caused severe losses.
Some winter barley varieties appear to be
very susceptible while other varieties may have
some tolerance. Winter barley varieties are
being developed that are tolerant to the virus.

PN-2439

22.—Barley yellow dwarf virus. (Photo courtesy
Department of Plant Pathology, University of California, Davis.)

FIGURE
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Barley Stripe Mosaic
(Caused by barley stripe mosaic virus)

Symptoms of barley stripe mosaic virus
(BSMV) were referred to as false stripe caused
by physiologic disturbances in the plants until
1951, when these symptoms were shown to be
caused by a seedborne virus. BSMV is the only
virus in the grass family known to be transmitted through seed. The virus has been found
in seed obtained from most countries where
barley is an important commercial crop. The
percentage of reduction in yield caused by the
virus is almost equal to the percentage of infected seed up to about 30 percent infection.
The virus is transmitted by leaves of infected
plants rubbing on leaves of healthy plants and
when the pollen from diseased plants fertilizes
the flowers of healthy plants. There is no evidence that the virus can be transmitted through
the soil or by insects.
Symptoms of the BSMV disease vary with
the barley variety, the strain of the virus, and
seasonal conditions. Some strains of the virus
cause brown stripes in the leaves, but the most
frequent symptoms observed are bleached,
yellow or light-green stripes of different
lengths; light-green to yellow mottling; and
sometimes almost a complete yellowing of the
leaves (ñg. 23). Plants become severely stunted
when much of the green chlorophyll in the
leaves is destroyed.
There are several virus-host interactions.
Strains of the virus differ in type of symptoms
they produce on plants, varieties they infect,
and degree to v/hich they are transmitted.
Varieties differ in symptoms that are produced
by the virus, strains to which they are susceptible, and the amount of virus transmitted
through the seed. Some varieties are infected,
are severely stunted, and have high seed transmission of most virus strains. Other varieties
are infected by few virus strains, have indistinct symptoms, and transmit the virus through
few seed.
Control.—The virus can be controlled by
using resistant varieties. However, careful
monitoring of foundation seed to exclude the
virus has been effective in areas where the virus
had been prevalent. These are rapid serological
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FIGURE

23.—Barley stripe mosaic virus.

techniques that require special equipment,
laboratory facilities, trained personnel, and
slower plant bioassay procedures that require
less elaborate laboratory and greenhouse space
for determining the presence of the virus in
seed. Both the serological and plant bioassay
procedures are used to assay plant populations
for virus-infected seeds. Information on bioassaying barley seed for the virus can be obtained from your county agricultural agent.
Barley seed infected with the virus should
not be planted but used or sold for seed. Seed
certified virus free may be obtained through
commercial seed growers. The virus usually
will be eliminated from fields by planting virusfree seed. Many native grasses, including wild
oats, can be infected with the virus, but no seed
transmission has been detected.
Aster Yellows
(Presumably caused by mycoplasmlike organism)

Aster yellows (AY) was first detected in
1960. The symptoms are difficult to distinguish
from those caused by the barley yellow dwarf
virus (BYDV). The disease is transmitted by
the leafhopper, Macj'osteles fascifrons, and not
by any of the five aphid species known to transmit BYDV. Losses from aster yellows may be
equal to BYDV in some areas.
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Control,—An adequate control for the disease
has not been developed. All the varieties tested
for reaction to the infective agent v^ere susceptible. Insecticides are not very effective in controlling the disease. Infected leafhoppers that
migrate over a long and irregular period of
time, and are distributed over large areas, can
transmit the infective agent before they are
killed by insecticides.
Oat Blue Dwarf
(Caused by oat blue dwarf virus)

Oat blue dwarf virus (OBDV) is present in
the North Central States and has caused severe
losses in North Dakota and Minnesota. This
disease v^as named for the dwarfing and blue
discoloration it causes on oats. Its symptoms
on barley are stunted plants with stiff and
short leaves that are generally fewer than
healthy plants. Plants infected in the seedling
stage produce little seed. Plants infected at a
later stage may be only slightly smaller than
normal plants, but yield is reduced. The disease
is transmitted by the leafhopper vector,
Macrosteles fascifrons, which is also the vector
for aster yellows (AY). Oat blue dwarf virus
and aster yellows are often isolated from the
same plants. The OBDV was reported to have
caused 20 percent losses in commercial fields
of North Dakota in 1971.
Control.—Methods for controlling this disease have not been developed. All the varieties
tested were susceptible. The leafhopper vectors
migrate from other areas and are capable of
transmitting the virus before being killed by
insecticides.
Oat Cyst Nematode
(Caused by the nematode Heterodera avenae Woll.)

The oat cyst nematode has been present in
most of the Western European countries for
several years. It has been found in Japan,
Morocco, South Africa, Australia, and India in
recent years. It is present in several counties in
Southern Ontario, Canada. In 1974, it was
found in a barley field in Oregon.
The nematode forms cysts on the plant roots.
This limits root development, reduces the

plant's ability to obtain water and nutrients
from the soil, and weakens the tolerance of
plants to stress conditions. Losses of 50 percent
in production can occur in areas of severe infestations. The nematode attacks oats, barley,
and wheat, but not legumes or other crops.
Control.—Crop rotation and resistant varieties have been used effectively to control the
nematode. Crop rotations omitting oats, wheat,
or barley for 3 years have controlled the nematode in Canada. Similar rotations have been
used effectively in Europe where the nematode
is present in large areas. Resistant varieties are
used in areas of intense barley cultivation
where crop rotations are impractical.

Methods of Control
Resistant Varieties

The use of resistant varieties is the most
economical and effective method for controlling
most diseases. Varieties resistant to many
barley diseases have been developed. However,
for some diseases all varieties and selections
tested for reactions to the disease-causing
organisms were susceptible. The organisms
causing some of the diseases can develop new
pathogenic strains that are capable of infecting
previously resistant varieties. County agents or
State agricultural experiment stations should
be consulted regarding varieties resistant to the
pathogenic strains of the disease-causing
organisms prevalent in your area.
Cultural Practices

Cultural practices that reduce the severity of
diseases depend on the disease-causing organisms and vectors, and the interactions between these organisms and the barley plant.
Cultural practices that produce vigorous plant
growth reduce losses from most of the diseases.
Some effective practices are crop rotations,
sanitation (including tillage methods, herbicides, and cleaning seed), time of seeding, and
the judicious use of fertilizers.
Pesticides

Pesticides are effective against diseases that
are carried from one year to the next on or in
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blotch, scald, and septoria leaf blotch, but it
does not prevent the spread of these diseases
by airborne spores from neighboring fields. The
mildews, rusts, and virus diseases are not
affected by seed treatment.

the seed. Some chemical seed treatments also
protect the germinating seed against injurious
soilborne organisms that cause seed rot,
damping-off, and seedling blight. Helminthosporium stripe, covered smut, nigra loose smut,
and nuda loose smut can be almost completely
controlled by chemical seed treatment. Seed
treatment also controls the seedborne phases
of bacterial leaf blight, scab, net blotch, spot

Information on pesticides suggested for use
in controlling diseases is given in the following
tabulation.

Pesticides suggested for use

Disease

Bacterial
leaf blight

Limits

Tolerance

Pesticide

Ounces active
ingredients
per 100 lb
unless otherwise indicated

Captan

None (nonfood
use).

Do not use tested
seed for food
or feed.

0.6-3.6

Slurry, dry or planter
box with maneb,
HCB, thiram or
zineb.

Maneb

—

—

1.5-4.0

Slurry, dry or planter
box with captan or
HCB.

HCB

"""

2.0-4.0

Slurry, dry or planter
box with captan or
maneb.

2.05

Slurry or dry with
captan.

Zineb

1.0

Slurry or dry with
captan.

Captan

0.6-3.6

Slurry, dry or planter
box with maneb,
HCB, thiram, or
zineb.

Maneb

1.5-4.0

Slurry, dry or planter
box with captan or
HCB.

HCB

2.0-4.0

Slurry, dry or planter
box with captan or
maneb.

2.05

Slurry or dry with
captan.

1.0

Slurry or dry with
captan.

"
Thiram

Scab

When and how
to apply

Thiram
Zineb

—

-^

—
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Pesticides suggested for use—Continued

Disease

Helminthosporium
stripe

Pesticide

Captan

Tolerance

None (nonfood
use).

Limits

Do not use tested
seed for food
or feed.

Ounces active
ingredients
per 100 lb
unless otherwise indicated
0.6-3.6

Slurry, dry or planter
box with maneb,
HCB, thiram or
zineb.

1.5-4.0

Slurry, dry or planter
box with captan or
HCB.

"~~

2.0-4.0

Slurry, dry or planter
box with captan or
maneb.

Maneb

"
HCB

"

Net blotch

When and how
to apply

Thiram

—

—

2.05

Slurry or dry with
captan.

Zineb

—

—

1.0

Slurry or dry with
captan.

Captan

None (nonfood
use).

Do not use tested
seed for food
or feed.

0.6-3.6

Slurry, dry or planter
box with maneb,
HCB, thiram, or
zineb.

1.5-4.0

Slurry, dry or planter
box with captan or
HCB.

2.0-4.0

Slurry, dry or planter
box with captan or
maneb.

Maneb

"

~

HCB

Thiram

—

—

2.05

Slurry or dry with
captan.

Zineb

—

—

1.0

Slurry or dry with
captan.

Maneb

25.0 ppm in or
on straw.
5.0 ppm in or
on grain.

Do not applywithin 26 days
of harvest.

1.6 lb per acre

Foliage spray.
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Pesticides suggested for use—Continued

Disease

Spot blotch

Tolerance

Pesticide

Captan

None (nonfood
use).

Limits

Do not use tested
seed for food
or feed.

Maneb

Ounces active
ingredients
per 100 lb
unless otherwise indicated

When and how
to apply

0.6-3.6

Slurry, dry or planter
box with maneb,
HCB, thiram or
zineb.

1.5-4.0

Slurry, dry or planter
box with captan or

HCB.
HCB

Thiram

—

Zineb

Scald

Septoria leaf
blotch

1.5-4.0

Slurry, dry or planter
box with captan or
maneb.

2.05

Slurry or dry with
captan.

1.0

Slurry or dry with
captan.

Maneb

25.0 ppm in or
on straw.
5.0 ppm in or
on grain.

Do not apply
within 26 days
of harvest.

1.6 lb per acre

Foliage spray.

Captan

None (nonfood
use).

Do not use tested
seed for food
or feed.

0.6-3.6

Slurry, dry or planter
box with maneb,
HCB, thiram, or
zineb.

Maneb

1.5-4.0

Slurry, dry or planter
box with captan or
HCB.

HCB

2.0-4.0

Slurry, dry or planter
box with captan or
maneb.

Thiram

2.05

Slurry or dry with
captan.

Zineb

1.0

Slurry or dry with
captan.

1.6 lb per acre

Foliage spray.

Maneb

25.0 ppm in or
on straw.
5.0 ppm in or
on grain.

Do not apply
within 26 days
of harvest.
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Pesticides suggested for use—Continued

Disease

Covered smut

Nigra loose
smut

Nuda loose
smut

Pesticide

Captan

Tolerance

None (nonfood
use).

Limits

Do not use tested
seed for food
or feed.

Ounces active
ingredients
per 100 lb
unless otherwise indicated

When and how
to apply

0.6-3.6

Slurry, dry or planter
box with maneb,
HCB, thiram, or
zineb.

Maneb

1.5-4.0

Slurry, dry or planter
box with captan or
HCB.

HCB

2.0-4.0

Slurry, dry or planter
box with captan or
maneb.

Thiram

~"~

—

2.05

Slurry or dry with
captan.

Zineb

—

—

1.0

Slurry or dry with
captan.

Captan

None (nonfood
use).

Do not use tested
seed for food
or feed.

0.6-3.6

Slurry, dry or planter
box with maneb,
HCB, thiram, or
zineb.

Maneb

1.5-4.0

Slurry, dry or planter
box with captan or
HCB.

HCB

2.0-4.0

Slurry, dry or planter
box with captan or
maneb.

Thiram

~~~

—

2.05

Slurry or dry with
captan.

Zineb

—

—

1.0

Slurry or dry with
captan.

Carboxin

0.5 ppm in
forage.
0.2 ppm in
seed and straw.

None (nonfood
uses).

0.59-2.25

Slurry, dry with
thiram.

Use of Pesticides
This publication is intended for nationwide
distribution. Pesticides are registered by the
Environmental Protection Agency (EPA) for
countrywide use unless otherwise indicated on
the label.
The use of pesticides is governed by the provisions of the Federal Insecticide, Fungicide,

and Rodenticide Act, as amended. This act is
administered by EPA. According to the provisions of the act, *lt shall be unlawful for any
person to use any registered pesticide in a
manner inconsistent with its labeling.'' (Section
12(a)(2)(G))
EPA has interpreted this section of the act
to require that the intended use of the pesticide
must be on the label of the pesticide being used
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or covered by a Pesticide Enforcement Policy
Statement (PEPS) issued by EPA.
The optimum use of pesticides, both as to
rate and frequency, may vary in different sections of the country. Users of this publication
may also v^ish to consult their Cooperative Extension Service, State agricultural experiment
stations, or county extension agents for information applicable to their localities.
The pesticides mentioned in this publication
are available in several different formulations
that contain varying amounts of active ingredient. Because of this difference, the rates
given in this publication refer to the amount of
active ingredient, unless otherv^ise indicated.
Users are reminded to convert the rate in the
publication to the strength of the pesticide
actually being used. For example, 1 pound of
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active ingredient equals 2 pounds of a 50 percent formulation.
The user is cautioned to read and follow all
directions and precautions given on the label
of the pesticide formulation being used.
Federal and State regulations require registration numbers. Use only pesticides that carry
one of these registration numbers.
USDA publications that contain suggestions
for the use of pesticides are normally revised
at 2-year intervals. If your copy is more than
2 years old, contact your Cooperative Extension Service to determine the latest pesticide
recommendations.
The pesticides mentioned in this publication
v^ere federally registered for the use indicated
as of the issue of this publication. The user is
cautioned to determine the directions on the
label or labeling prior to use of the pesticide.

Summary
DISEASES, CAUSAL ORGANISM, SUGGESTED CONTROL METHODS
The diseases of barley in order of their mention in this section of the handbook, the
causal organism, and the suggested control methods for their control are :
Disease
Bacterial leaf blight
Ergot
Scab

Causal organism
Suggested methods of control
Xanthomonas translucens
Seed treatment, crop rotation.
Claviceps purpurea
Crop rotation, clean seed, grass weed control.
Gibberella zeae and Fusarium spp. Clean seed, seed treatment, sanitation, crop rotation, cultural practices.
Helminthosporium stripe
HelminthosporiuTn gramineum
Seed treatment, resistant varieties.
Net blotch
Pyrenophora teres
Seed treatment, crop rotation, sanitation, resistant varieties.
Spot blotch
Helminthosporium. sorokinianum Seed treatment, crop rotation, sanitation, resistant varieties.
Scald
Rhynchosporium secalis
Seed treatment, crop rotation, sanitation, resistant varieties.
Septoria-speckled leaf blotch_ Septoria passerinii
Resistant varieties, crop rotation, sanitation.
Septoria leaf blotch
Septoria avenae f. sp. tritícea
Resistant varieties, crop rotation, foliar fungicides.
Powdery mildew
Erysiphe graminis f. sp. hordei
Resistant varieties.
Covered smut
Ustilago hordei
Seed treatment, resistant varieties.
Nigra loose smut
Ustilago nigra
Seed treatment, resistant varieties.
Nuda loose smut
Ustilago nuda
Resistant varieties, seed treatment.
Stripe rust
Puccinia striiformis
Resistant varieties.
Stem rust
Puccinia graminis
Cultural practices, resistant varieties, European
barberry eradication.
Leaf rust
Puccinia hordei
Resistant varieties.
Barley yellow dwarf virus Barley yellow dwarf virus
Cultural practices, aphid control, resistant varieties.
Stripe mosaic virus
Barley stripe mosaic virus
Virus-free seed, resistant varieties.
Aster yellows
Mycoplasmlike organism
None.
Oat blue dwarf virus
Oat blue dwarf virus
None.
Oat cyst nematode
Heterodera avenae
Crop rotation, resistant varieties.

TAXONOMY, BOTANY, CLASSIFICATION, AND WORLD COLLECTION
By D. A. REíD and G. A. WIEBE

Taxonomy
Barley is a grass. Taxonomically it belongs
to the family Gramineae; subfamily Festucoideae; tribe Hordeae and genus Hordeum
(Hitchcock 1951).^ The original description of
the genus Hordeum was given by Linnaeus
{Lmné) (175Jf) but has been modified from
time to time by later taxonomists. The following description is from Âberg and Wiebe
(19J,6),
GENUS Hordeum: Spike indeterminate, dense,
sometimes flattened, with brittle, less frequently tough
awns. Rachis tough or brittle. Spikelets in triplets, single flowered, but sometimes with rudiments of a second
floret. Central florets fertile, sessile or nearly so: lateral florets reduced, fertile, male or sexless, sessile or on
short rachillas. Glumes lanceolate or awnlike. The lemma of the fertile flowers awned, awnleted, awnless, or
hooded. The back of the lemma turned from the rachis.
Rachilla attached to the kernel. Kernels oblong with
ventral crease, caryopsis usually adhering to lemma
and palea. Annual or perennial plants.

This section is not a complete taxonomic
treatise, but some of the more complete and recent works are mentioned for reference. The
genus Hordeum includes both wild and cultivated forms, but authorities have not reached a
unanimous agreement as to the naming and delimitation of the sections and species. New
facts are constantly being added to our knowledge of the genus, and these will help to clarify
many of the areas now in doubt.
The type species of the genus Hordeum L. is
iJ. vulgäre L. (Britton and Brown 1896, Nevski
19il). Nevski {19^1), according to Bowden
(1959), recognized six sections of the genus
and placed H. vulgäre L. in section CRITHE
Doell. Âberg (19i0) divided the genus into
^ References to Literature Cited, p. 103, are herein indicated by the name of the author or authors followed
by the year of publication in italics.
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four sections and discussed the cultivated species and their closest wild relatives H. spontaneum and H. agriocrithon in section CEREALIA Ands. Bowden (1959) considers that, in
accordance with the International Code of
Botanical Nomenclature, all three of the above
species should be included in the section HORDEUM. Regardless of which name is accepted,
the cultivated forms belong in HORDEUM and
are delimited as follows (Âberg and Wiebe
19Í8):
Summer or winter annuals, spikes linear or
broadly linear, tough or brittle. The central florets
fertile; the lateral ones fertile, male, or sexless.
Glumes lanceolate, narrow or wide, projecting into
a short awn. The lemma in fertile florets awned,
awnleted, awnless, or hooded; the lemma in male
or sexless florets without awns or hoods. Kernel
weight 20 to 80 mg. The chromosome number in the
diploid stage is 14.

The other barley grasses not belonging in
the above section were placed in three sections
by Âberg (19i0) as follows: STENOSTACHYS Nevski; CAMPESTRIA Ands.; and
BULBOHORDEUM Nevski. Covas (1949) described in detail 12 species occurring in North
America, and Hitchcock (1951) gave a key for
11 species. The species names accepted by
Covas and Hitchcock are similar in most respects. Chin (19Jfl) studied the cytology of
some of the wild species. An exhaustive cytotaxonomic study of the species occurring in
Canada and the United States has recently been
published by Bowden (1962). Many of the
problems of synonymy and relationship of the
various species have been resolved in this study.
Morrison (1959) in a detailed study of the
chromosome morphology (karyotype) of several collections, suggests the establishment of
groups on the basis of similar karyotypes as
follows :
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vulgäre group (including spontaneum and agriocrithon)
marinum group (including maritinum, gussoneanum,
and hystrix)
murinum group (including leporinum, stebhinsii, and
glaucum)
calif ornicuTYi
sténostachys-pusillum group
bulbosum (including ithaburense)
jubatum (including var. caepitosum)

The recent and continuing work of Hamilton, Symko, and Morrison (1955); Morrison
(1959) ; Morrison and others (1959) ; Morrison
and Rajhathy (1959) ; Rajhathy and Morrison
(1959,1961) ; and Schooler (1960a, 1960b) ; and
Wagenaar (1960) in the cytogenetics of species
hybrids will undoubtedly add to the knowledge
of the interrelationship of the species. The basic
chromosome number of the Hordeum species
is 7, and 2n numbers of 14, 28, and 42 have
been observed.
Cultivated barleys are of principal interest
in this bulletin. Improved varieties are continually being produced by plant breeders in
many countries. Over 150 varieties of cultivated
barley are grown in the United States and
Canada (Wiebe and Reid 1961). New varieties
are released frequently and gradually replace
less well-adapted varieties in commercial production. Several useful publications have described these varieties in detail (Canada Department of Agriculture 1956; Malting Barley
Improvement Association 1957; and Wiebe and
Reid 1961). Weibe and Reid (1961) described
four rather distinct groups that include most
of the cultivated varieties in this country. (See
Wiebe and Reid (1961, pp. 6-8) for the history
of these varieties.) A brief synopsis of these
groups follows:.
The Manchuria-0.A.C.21-0derbrucker group
originally came from Manchuria and neighboring countries and is now most widely grown
in the humid section of the Upper Mississippi
Valley, south of the Great Lakes, and in
Canada. They are six-rowed barleys and have
a spring habit of growth.
The Coast Group, of North African origin, is
now grown principally in California and the
Southwest. They are six-rowed barleys and,
although they have a spring habit of growth,
they are usually fall or winter sown.

The two-rowed group includes the Hannchen
type of European origin, which is used for
malting, and the Compana-Smyrna type of
Turkish origin, which is well suited to areas of
marginal rainfall. These types are grown principally on the Pacific coast, in the intermountain area of the West, and to some extent on
the Great Plains.
The Tennessee Winter group is of uncertain
origin, but probably came from the BalkanCaucasus region or Korea. Varieties in this
group are six-rowed and have a winter habit
of grfvwth. They are grown principally in
the Southeastern States, around the eastern
Great Lakes, in the Pacific Northwest, and in
some intermountain regions of Western United
States.

Botany
The cultivated barley plant (fig. 24) has
been described in detail by Âberg and Wiebe
(19J,6) and Wiebe and Reid (1961). Briefly, it
is made up of : (1) The roots, both seminal and
permanent; (2) the stem (culm), cylindrical
with hollow internodes, and from 5 to 7 solid
nodes (joints) ; (3) leaves, borne alternately on
opposite sides of the stem and arising at each
node; (4) the spike (head) at the top of the
stem, consisting of the flowers arranged in
spikelets, three of which are attached at each
node of a flat zigzag rachis; (5) the spikelet,
consisting of two glumes and the floret; (6) the
floret, consisting of the lemma and the palea,
which enclose the male and female flower
parts; and (7) the kernel, consisting of the
caryopsis in naked barleys but including the
lemma, the palea, and the rachilla, which
adhere to the caryopsis, in hulled barleys.
Growth Characters
Growth characters deal with the manner in
which the plant grows, its rate of growth, its
ability to withstand extremes of temperature
and drought, and its response to light.
The barleys in the United States and elsewhere are referred to as having either a winter
or a spring habit of growth. Their classification into these two types is based principally
on whether they are normally fall- or springsown in farm practice, and on the habit of
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growth of the plant. In some areas where
spring varieties are not well adapted and fall
seedings have failed, facultative winter varieties can be sown in the early spring.
Spring varieties are commonly planted in
the fall in areas with mild climate, such as that
in California, Arizona, and the Gulf Coast of
Texas. Âberg and Wiebe (19^8) reported that

24.—Barley plant: A, Spike, B, distance flagleaf
to spike; C, flagleaf; D, leaf sheath; E, blade;
F, internode.

FIGURE

winter varieties differed considerably in their
cold requirements for vernalization when
planted in the spring.
The habit of growth refers to the rosette
stage, which is a characteristic of winter barleys but is absent in spring barleys, although it
must be pointed out that there is some overlapping in this respect between certain of the
winter and spring varieties. The rosettegrowth stage occurs between seeding and culm
elongation, and a plant in this stage is characterized as having several tillers, little or no
elongation of the stem internodes, and a leafy
appearance. Neither the time of seeding nor
the habit of growth when used alone is a satisfactory means of distinguishing between
winter and spring varieties, but the two criteria differentiate the types when used together.
During early growth the leaves are held at various angles described as prostrate, semiprostrate, and erect (fig. 25). In general, winter
varieties tend to be semiprostrate to prostrate,
and spring varieties tend to be semiprostrate
to erect.
Further information can be obtained on habit
of growth by subjecting the varieties to other
tests, such as vernalization, and by growing
winter varieties in the spring and spring varieties in the fall.
Differences between winter varieties also are
brought out by sowing the seed in the spring.
The time of seeding is important. If seeding is
very early and the temperatures are low and
the days short, the seed can be vernalized to a
degree and the same effect obtained as if this
had been done artificially. On the other hand, if
the seed is sown later when the spring temperatures are higher and the days longer, little
or no effect from vernalization is obtained ; and
under these conditions many winter varieties
fail to head. Since seasons and dates of seeding
vary from year to year, the results of one year
may not agree fully with those of the next.
Some winter varieties have only a limited cold
requirement to be met, and the varieties that
behave in this manner are called facultative
winter types; those that fail to head at all
when spring seeded in most years are called
true winter types.
Spring and winter varieties can also be
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PN-2442

FIGURE

25.—Barley growth types: A, Prostrate; B, erect; C, semiprostrate.

differentiated by growing them at summer
temperatures in the greenhouse under continuous light. True spring varieties head in about
30 days, while winter varieties continue to
produce vegetative growth up to 100 days (fig.
26).
The following factors are useful in determining the habit of growth of a particular variety :
Spring habit
Spring-sown (fall-sown in
areas of mild climate,
such as California,
Arizona, and the Gulf
Coast of Texas).
_No rosette-growth stage.
Rosette-growth stage
_Nonwinter hardy.
Winter hardy
Responds to vernalization __ Little or no response to
vernalization.
Always heads from late
Generally fails to head
spring seeding.
from late spring seeding.
Growth fast when fallGrowth slow when fallsown in Arizona.
sown in Arizona.
Head in 30 to 45 days in
Vegetative growth contingreenhouse under high
ues in greenhouse under
temperatures and conhigh temperatures and
tinuous light.
continuous light.

Winter habit
Pall-sown (occasionally
sown in very early
spring, such as January
in Texas and Oklahoma).

Barleys differ in their ability to survive the
winter. The term "winterhardiness" refers to

a group of factors that enable a plant to survive the winter. The exact nature of these factors, or how they operate, is not fully understood. The factors are often physiological, and
the one that plays a major role in plant survival one year may be relatively unimportant
another. Resistance to low temperature is probably the principal factor responsible for winter
survival. This subject is discussed in detail in
"Physiology of Winterhardiness in Barley,"
page 147. Other factors, alone or in combination, that contribute to winterkilling are heaving, alternating temperatures, smothering, disease, high winds, and unfavorable moisture
conditions. Often it is not possible to determine
which factor played the dominant role. A
report on the hardiness of the winter varieties
grown in the United States and Canada is
given by Wiebe and Reid (1958).
Time of heading is a rather precise event in
the life of a barley plant, and more easily determined than time of ripening. In many barleys heading and flowering are simultaneous.
Under similar climatic conditions and a normal
seeding time, varieties tend to head at about
the same relative date with respect to each
other. Noticeable changes in this relationship
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Stem

PN-2443

26.—Winter (W) and spring (S) barley varieties grown in the greenhouse at summer temperatures under continuous light: A, Wong (W) ; B,
Kindred (S) ; C, Dicktoo (W) ; D, Hannchen (S).

FIGURE

sometimes occur when the varieties are grown
in an entirely different environment or seeded
at a different season. For example, Âberg and
Wiebe (1946) found that Wisconsin Barbless
heads about 6 days later than Velvon from
spring seeding at Madison, Wis., and Aberdeen, Idaho, vi^hereas Velvon heads 11 days
later than Wisconsin Barbless from fall seeding at Sacaton, Ariz. This reversal in heading
time is probably due to a difference in photoperiod response. Varieties differing greatly in
heading time usually maintain this relationship
_ irrespective of seeding time or changes in environment.

The stem (culm) is cylindrical and consists
of hollovif internodes, separated by solid nodes
(joints), at which the leaves arise. The internodes are shortest at the base of the plant and
increase in length progressively toward the
top. In the H. spontaneum barleys, the uppermost internode is unusually long, accounting
for half or more of the total height of the
plant. On the other hand, in some cultivated
barleys of North African origin, this uppermost internode is only slightly longer than
those immediately below it.
The nodes are somewhat larger in diameter
than the internodes and more nearly the same
size throughout the length of the stem. The
nodes may be either exposed to view or hidden
by the sheath, depending on the kind of barley
and the growing conditions during the season.
A many-noded barley has been described by
Harlan and Pope (1922), where the number of
nodes varies from 30 to 50. The internodes are
very much shorter, however, and the plant has
a dwarfed appearance (fig. 27). The number
of leaves ranges from 20 to 50.
The total length of the stem varies greatly
with environment and variety. It ranges from
3 to 4 inches in the brachytic type to more than
60 inches in the taller barley plants. The brachytic genes, widely distributed in Japan and
the Orient, when present in a variety, cause a
shortening of the stem, leaf, awn, and seed
(fig. 28). The reduction in height over the normal type may be as much as 50 percent or
more. The number of stems per plant as a result of tillering is influenced by the density of
stand, by the kind of barley sown (two-rowed
types inherently tiller more than the six-rowed
types), and by the environment. At normal
seeding rates, a single plant usually has from
three to six stems, but under thin stands and
favorable conditions it may have several times
that number; conversely, under unfavorable
conditions it sometimes has only one or two. A
mutant form found among world barleys called
uniculm produces only one stem per plant
(rarely two or three). This form also has appeared as a variant following seed irradiation
(fig. 29).
The exertion of the spike from the boot is a
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Of considerable interest are the erectoide
barleys that have come from the radiation work
with barley (Gustaffson 194-1). Spontaneously
occurring erectoide barleys also have been
found. These mutant forms possess spikes with
shortened internodes and shorter, suffer straw.
The latter character is of special interest to the
breeder as a means for improving straw

PN-2444

FIGURE

27.—Many-noded dwarf plant.

matter of stem elongation during growth. Barleys differ in this character; and the extremes
are typified by the H. spontaneufn, where the
spike is exerted at some length, and by the
Smyrna types, where the base of the spike
usually remains in the boot.
The strength and standability of straw are
characters of great economic importance. Many
factors, none of which are too clearly understood, influence straw strength. Weak-strawed
barleys lodge frequently and this reduces yield
and impairs quality. Lodging may occur from
jointing through maturity. Differences in lodging may be influenced by diameter of straw,
quality of straw, nature of the root system,
type of crown branching, height of plant, leafiness, ability of the leaves to hold rainwater,
and the weight and position of the spike. The
interplay of these factors and the specific role
played by each have been a puzzle to every plant
breeder attempting to breed for straw strength.

PN-2445

28.—A, Normal plant; B, brachytic plant.
(Photo courtesy Department of Agronomy, Colorado State University, Fort Collins.)

FIGURE
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types may predominate in a single variety.
Unusual variations of these three basic types
occur, and one of these is illustrated in figure
31.

Single leaves arise at each node of the stem,
and these are borne alternately on opposite
sides of the stem. Each leaf consists of a
sheath, ligule, auricle, and blade.
For most barleys, the number of leaves
ranges between 5 and 10. Exceptional types
exist, however, as described in the section
"Stem." The culms of this many-noded dwarf
are often branched, and an additional interesting feature is the gradual morphologic transition seen at the base of the spike where the
culm is transformed into the rachis and leaves
into ñoral structures. This is a promising form

PN-2446

FIGURE

29.—A, Normal plant; B, uniculm plant.

strength. Certain plant diseases affect the straw
and add to the lodging problem. Stem-infesting
insects also may cause lodging. In a mutant
form of barley called fragile stem, a clear-cut
break occurs in the stem when it is put under
a bending stress. This character is of genetic
interest only (fig. 30).
That part of the stem just below the spike is
referred to as the neck. It usually is straight or
gracefully curved, but in some barleys it is
shaped like a snake.
The purple color of the stem found in some
barleys is due to an anthocyanin pigment, and
its presence here is closely correlated with the
same color found in the leaf sheath and auricle.
The transition from the stem into the rachis
of the spike is marked by a structure called the
collar. Collar types are closed, V-shaped, and
open (fig. 31). The closed type is quite often
found in pure form, whereas the other types
are usually found in association with each
other or with the closed type. One of these

PN-2447

FIGURE

30.—A, Normal stem; B, fragile stem.
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31.—Collar types: A, Closed; B, V-shaped; C, open; D, modified closed or open.

for studies of morphogenesis and for determining the morophologic equivalents between
vegetative and floral structural parts.
Barleys difi'er in the size and shape of their
ieaves and in the position in which they are
held on the plant. The seedling leaf is smaller
and more blunt than the second, third, and
other leaves. The flag leaf is smaller than those
immediately below it. As a class, two-rowed
barleys have narrower leaves than six-rowed
barleys. Barleys carrying brachytic genes have
leaves that are much shorter and wider, and in
these types the leaves also are more erect than
those of normal barley plants. Leaf size is markedly influenced by environment, and day length
is especially important. In some barleys the
leaves tend to be curled. In a mutant form
whose expression is controlled by a single gene,
the leaves are very narrow (1 to 2 mm).

In most barleys the leaf surface and the leaf
sheath are covered by a chalklike deposit called
waxiness. The amount of waxiness varies from
an abundance in some barleys to none in
others. The latter type is referred to as having
glossy leaves or sheaths.
Because of its chlorophyll content, the leaf
of normal barley is completely green. In certain barleys, called albino, no chlorophyll is
present. In other barleys, the chlorophyll is distributed in a striped or zoned pattern. The
ability of plants to survive is highly correlated
with the amount of chlorophyll present. The
more common types of chlorophyll variations
are albino, xantha, chlorina, virescent, yellow,
and yellow green. Such characters are used
chiefly in genetic studies. Chlorina forms are
known that differ markedly in the ratio of
chlorophyll a to chlorophyll b (Lofgren 1937).
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The auricle and ligule (fig. 32) of most barleys are similar in size and shape. The auricle
consists of two clawlike appendages that clasp
the culm at the juncture of the leaf sheath and
blade. The auricle is larger in barley than in
wheat or rye, and helps distinguish these crops
in the seedling stage. The ligule is an appendage that extends upward along the culm at the
auricle. In most barleys the ligule is short (0.5
to 2.0 mm), truncate, or somewhat advanced
in the middle, but quite obtuse and sloping
away at the ends. In barleys from Ethiopia the
ligule is from two to three times longer than
ligules in most other barleys. One rare form
has been found among world barleys in which
the ligule and auricle are absent.

The leaf sheath encloses the stem and is split
to the base on the side opposite the blade, and
the two edges overlap. In most barleys the
sheath is glabrous, but in some it is covered
with short hairs, especially on the sheaths near
the base of the plant. The degree of hairiness
is more pronounced in the H. spontaneum barleys than in the cultivated barleys, and in some
H. spontaneum barleys, hairs are found on all
sheaths.
A purple color often is found in the sheaths
at the base of the plant and in the auricles.
This color is due to an anthocyanin pigment.
The intensity of color is greatly influenced by
environment, and cold weather seems to enhance its expression. Under some environments and during certain stages of growth, the
color may be more nearly red.
Spike

i U

B

32.-—Junction of blade and leaf sheath: A,
Blade; B, leaf sheath; C, auricle; D, ligule; E,
node.

FIGURE

The spike (head) at the top of the stem is
made up of spikelets attached at the nodes of a
zigzag rachis. Each spikelet is single flowered
and consists of two glumes and a floret. The
rachis is solid and consists of alternate flattened nodes and internodes. The length of the
internode varies from 2 mm or less in the
dense-headed barleys to 4 to 5 mm in the laxheaded barleys. Three spikelets are attached at
each node of the rachis, and these triplets alternate from side to side of the rachis throughout its length. In two-rowed barleys only the
central spikelet of a triplet is fertile, whereas
in six-rowed barleys all three spikelets are fertile. The length of the spike varies greatly, and
with the awn included, ranges from 2 to 12
inches. The rachis proper varies in length from
1 to 5 inches, and the number of kernels from
25 to 60 in six-rowed varieties and from 15 to
30 in two-rowed varieties.
The spike characters of barley are among
the most constant and most useful in identifying varieties. One of the most useful is the
number of rows of kernels in the spike and the
relative development of the lateral kernel or
floret.
Among world barleys the majority of varieties can readily be placed into the six-rowed or
two-rowed group. Other forms occur, however,
and one of the most interesting is the "irregu-
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lar" barley of Ethiopia. In this, the central
floret of all triplets is fertile; whereas either
the lateral floret(s) of a particular triplet are
fertile, as in an ordinary six-rowed variety, or
the lemma, palea, male and female flower
parts, and lodicules of the lateral floret(s) are
missing, but the rachilla and glumes are
present. This lateral floret phenomenon is irregularly distributed throughout the spike and
can be present to a high or low degree, depending on which variety is examined. The degree
of expression is also influenced by environment, and there are sometimes wide differences
between the early and late spikes on a single
plant. Of more than passing interest is the observation that this "irregular" expression can
be induced in a normal six-rowed variety by
applying the weed killer 2,4-D during early
growth. A nonheritable phenocopy is produced,
and it would be of considerable scientific interest to investigate this case at the biochemical
level.
A second interesting Ethiopian barley is
deficiens. In deficiens the lateral floret is
greatly reduced in size and function. This floret
is elevated on a rachilla (stalk) and consists of
a minute lemma and, rarely, a palea or rachilla, but is without sexual parts. By contrast,
the lateral floret of an average two-rowed
barley is less elevated than the floret of the
deficiens and has a lemma, a palea, lodicules,
and reduced sexual parts. In many two-rowed
varieties functional pollen is found in the
anthers, and under very favorable conditions
an occasional seed sets in a lateral flower
(Harlan and Martini 1935).
Another interesting spike type called multiflorous (fig. 33) has a many-flowered spikelet,
and a varying number of seeds are set at each
node. When this number is large, crowding
results in small seeds and the rowed arrangement of kernels on the spike is no longer
evident.
A somewhat similar type of spike called rattail (flg. 34) has flower parts proliferated into
bractlike structures. This form is sterile and it
is of genetic interest only. Branched spikes
occasionally occur in nature. The character
usually expresses itself poorly and is of passing interest only. A fourth inherited spike type
is called curly (fig. 35).

PN-2448

FIGURE

33.—Multiflorous spike.

A type of spike called intermedium occurs as
a homozygous segregate in certain six-rowed
X two-rowed crosses. It is rarely found in
nature. In this type, from 10 to 80 percent of
the lateral florets are fertile. The lemmas of
the lateral flower are awnless, and the kernel?
are small and borne on a short pedicel or rachilla. From a descriptive view, the intermedium looks like a two-rowed spike where the
lateral florets have set seeds.
The overall shape of the spike is determined
in part by the spacing of the kernels on the
rachis. When the kernels are widely spaced, the
spike is parallel; when the kernels are closely
spaced, the spike is either parallel or pyramidal. In very closely spaced kernels, the kernels
are sometimes oriented at right angles to the
rachis. The two lateral rows of kernels on each
side of the spike in six-rowed varieties frequently overlap so that the spike appears to
have only four rows. This expression is most
frequently seen in the lax-spiked varieties, and
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that widen appreciably from the base to the
top. In lax spikes this widening is less pronounced.
The basal rachis internode, or the first internode above the collar, is atypical when compared to internodes in the spike proper. It
represents a transition area from stem structure to rachis structure and for this reason is
more variable. This internode segment can be
straight, curved, or greatly elongated (fig. 36).
Barleys differ in the degree of hairiness and
the length of hairs on the rachis edges. Three
degrees of hairiness can be readily distinguished in the rachises; namely, those completely covered with hairs, those with few
hairs, and those without hairs or an occasional
hair only. Three lengths of hairs are recognized: Long, short, and gillette. The degree of
hairiness on the rachis edges is highly correlated with the degree of hairiness on the
glumes.
PN-2449

34.—Variations of rattail spike. (Photo courtesy
Department of Agronomy, Colorado State University, Fort Collins.)

FIGURE

led early taxonomists to describe these types
erroneously as four-rowed barleys. The term is
no longer recognized, because all so-called fourrowed varieties are basically six-rowed.
Barleys differ in the position of the spike at
maturity. In some the spike is held erect, or
nearly so, whereas in others they nod. Between
these two categories are all degrees of intermediate expression.
The rachis or main axis of the spike exhibits
some interesting variations. In all cultivated
varieties the rachis is tough, which allows man
to reap a harvest. In contrast, the brittle rachis
of the H. spontaneum group and other wild
species is a reseeding device to preserve these
species. The shape of the rachis internode segment in two-rowed barleys is different from
that in six-rowed barleys, the latter having a
greater width at the top. This additional width
is necessary to accommodate the lateral kernels
at this point. The shape of the rachis internode
segment also is closely correlated with spike
density. Dense spikes have rachis internodes

PN-2450

FIGURE

35.—A, Curly spike ; B, normal spike.
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conversely, varieties having short hairs on the
rachilla also have short hairs on the glumes
and on the rachis edges. The length of the
hairs is controlled by a single gene. In barleys
carrying the gillette gene, the hairs on the
glume and on the rachis edge are decidedly
shortened and hairs on the rachilla are shortened to a lesser degree. This gillette gene is
independent of the gene that controls length of
hairs and occurs in world barleys obtained
from Korea and around Nanking, China. The
effect of the gillette gene is as if the hairs had
been cut by a barber's clipper leaving a "stubble" (fig. 38).
Distinct differences occur in the extent to
which the glume surface is covered with hairs
and the pattern of this coverage. Four types
are readily identified : Those with complete coverage; those where the hairs are confined to a

PN-24B1

36.—Length and shape of basal rachis internode: A, Short, straight; B, short, curved; C, long,
straight.

FIGURE

Each barley spikelet has two glumes. In
most barleys the glumes are linear to lanceolate, flat, and weakly nerved; and they terminate in an awn that may be shorter or several
times longer than the glume itself. The length
of the glume minus its awn is usually about
half that of the kernel, but in some varieties it
is less than half and in others about equal to
the length of the kernel. In most barleys, the
two glumes are equal in size and shape. However, in some varieties among world barleys,
the glumes of the lateral floret are unequal,
with a larger outmost glume. Among world
barleys, a variant called long-awned glume, in
which the glume is lemmalike in size, is hairless, and bears an awn nearly as long as that of
the lemma. The glumes in this type more or
less envelop the kernel (fig. 37).
Barleys have either long, short, or gillette
hairs on the rachilla. Varieties having long
hairs on the rachilla also have long hairs on
the glumes and long hairs on the rachis edges ;

B
PN-2452

FIGURE

37.—A, Long-awned glume; B, normal-awned
glume.
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PN-2463

FIGURE

38.—Long hairs on rachis edges: A, Shortened
by gillette gene ; B, normal long hairs.

narrow or wide median band running lengthwise on the glume ; those with hairs restricted
to the midline ; and those without hairs.
The length of the glume awn is a very useful
character for distinguishing varieties, and a
practical way of stating the awn length is in
relation to the length of the glume itself. When
this is done, three groups are formed as follows: Those in which the awn is shorter than
the glume ; those in which the length of the awn
and the length of the glume are equal ; and those
in which the awn is longer than the glume. The
glume awn of most barleys is rough, although
it is smooth in a few.
At its distal end, the lemma usually terminates in an awn that is from a minute fraction
of an inch long to 12 inches long, or in a hood
that is either sessile, subsessile, or elevated on
a short-awn segment. Barleys can be separated
into groups or classes with respect to differences in awn length, differences in the length
of the awn on the central floret as compared
to the length of the awns on the lateral florets,
and differences in the size and elevation of the
hood. For example, among world barleys are

those that are completely awnless on all florets
and those that have a short awn on the central
floret and no awns on the lateral florets; and
this latter pattern can be extended by degrees
to a barley with a central floret that has a fulllength awn and lateral florets that are awnleted,
quarter awned, half awned, or fully awned. In
no known barley strain are the awns on the
lateral florets consistently longer than the awn
on the central floret. In the six-rowed barleys
both the central and the lateral florets can be
awnless, awnleted, quarter awned, half awned,
or fully awned. In one mutant form the ordinary awn is replaced by a triple awn. This
character is variable in its expression, and the
awns on the central florets show the tripling
better than those on the lateral florets. It has
been possible to intensify the expression of this
character by selection (fig. 39).
The hood is a three-lobed appendage at the
tip of the lemma and is one of the most intriguing characters in barley. It is a sexual
focus, for in a well-developed hood male and
female sex organs occur and in rare cases viable
seeds have developed. Furthermore, the position of the lobe of the hood bearing the sex
organs is such that it faces the main axis of
the plant. This orientation is reversed from
that normally found in flowering plants. Hooded
barleys are found among both winter and
spring types. The hood may be either slightly
elevated on a short-awn segment or sessile.
More extreme types in both directions exist.
When the hood is subsessile, the stigma is
partly exposed and in these forms a considerable amount of outcrossing occurs. When the
hood is extremely elevated, its expression is reduced and near the vanishing point may show
only as a small bump on the awn. In some varieties a minute hood is found on the glumes. The
hooded character is only weakly expressed on
barleys that are genotypically awnleted. Here
the hood expression consists of rudimentary
lateral lobes, the central lobe being absent. In
the true hooded types the central lobe may have
short, awnlike appendages that may vary somewhat with environment and variety.
Awns vary considerably in the degree of
barbing (fig. 40). Barleys with no barbs on the
awn are known, but most varieties are either
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ing, pollination, fertilization, and embryo
growth have been studied by Pope (1937). He
found that pollen germinated 5 minutes after it
reached the stigma ; that within 10 minutes the
two male gametes had entered the pollen tube
and had reached the site of the micropyle in 40
minutes; and that within 45 minutes the gametes had entered the egg sac through the
micropyle and one had reached the egg nucleus
and the other the polar nuclei. The first divi-

PN-24B4

FIGURE

39.—Triple-awned lemmas.

fully rough awned, smooth awned, or semismooth awned. Those classed as smooth awned
have a few barbs at the tip. Those classed as
semismooth have barbs on from one-half to
two-thirds of the awn; the smooth section is
always next to the kernel.
The barley flower has three anthers, and
there are distinct differences in sizes among
varieties. The pollen is spherical, smooth, and
granular in texture, and contains bilobed
starch grains, a tube nucleus, and two male
gametes. The starch is one of two types—the
common type that stains blue with iodine and
the type that stains red. The details of flower-

PN-2455

FIGURE

40.—Tips of lemma awns: A, Rough; B, smooth;
C, completely smooth.
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sion of the fertilized egg was completed 5 hours
after pollination.
The use of genetic male sterile barleys has
increased greatly during the last decade. The
anthers of barleys possessing this character
lack functional pollen. The anthers are reduced
in size and are leathery in texture (see fig. 41).
Sterility occurs during meiosis or shortly thereafter. The eggs on a male sterile plant are
normal, and a full seed set is obtained when
such plants are pollinated with viable pollen.
The male sterile character must be maintained
through heterozygous plants. The character is
recessive and is controlled by a single gene. It
is proving extremely useful as a crossing tool
(Suneson 19^5) and may some day be used for
hybrid barley (Wiebe 1960). The cytoplasmic
type of male sterility found in corn, sorghum,
and onions has not yet been found in barley.
The biforked stigma of the barley ñower has
a hairlike covering. This covering catches the
pollen grains during flowering and serves as a
medium for its germination. In most barleys
this hairlike covering is sufficiently dense to insure proper retention and germination of the
pollen. However, in some barleys, notably those
with smooth awns, the paucity of hairs may reduce fertilization, thus giving blank florets in
the spike. Woodward (19Í.9) reported on a
study in which from 5 to 35 percent of the
florets were blank. The underlying cause was
a lack of stigma hairs. Although larger kernels
were produced, yields were reduced when more
than 25 percent of the florets were blank. When

PN-245e

FiGxniB 41.—Flower parts: A, Male sterile; B, male
fertile.

less than 25 percent were blank, the larger
kernels compensated for the smaller number.
The waxy deposit described for leaf sheath
and leaves also is found in the spike. Both
waxy and nonwaxy types exist among world
barleys.
The anthocyanin pigment mentioned earlier
in connection with other plant parts also is
expressed in the awn tips. The color usually is
purple but is sometimes more nearly red. An
unusually intense red color is present in the
awns and lemma of some of the Ethiopian barleys. The color reaches its highest expression
just before maturity. After ripening, the color
fades and the grain is an unattractive brownish
gray.
Certain barleys exhibit an orange color that
shows up best in the lemma and palea, but is
also present more as an orange-red color in the
leaf sheaths at the base of the plant, in the
stem near the node, and in the rachis. The color
in the rachis is most pronounced shortly after
flowering. For additional information concerning this color, see "Kernel," below.
The spike variant called tweaked refers to a
character in which one or more internodes of
the rachis are elongated and rounded in shape,
giving the appearance of a stem in miniature
(fig. 42). As a result, the spike appears to have
missing triplets where this elongation occurs.
Often the rachis internodes immediately adjacent to the tweaked section are foreshortened;
this gives a bunched appearance to the kernels
at that place. Another spike variant is called
curly (fig. 35). In this type plant tissues are
considerably distorted and nearly all plant
parts are involved. Especially noticeable is the
effect on the awn, stem, leaf, and kernel. The
character is simply inherited and of genetic interest only.
In some varieties the awn is deciduous ; that
is, it drops off when the kernel is in the stiffdough or near-ripe stage. In other varieties the
awn is very persistent, and this character is
most highly developed in the H. spontaneum
barleys. Varieties with deciduous awns thresh
easily, and in some instances the end of the
kernel tends to become exposed. In most commercial varieties the awn persists throughout
the growing and ripening period. Such varie-
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Kernel

The kernel can be described as consisting of
the caryopsis, the lemma, the palea, and the
rachilla. In most barleys the lemma and the
palea adhere to the caryopsis, whereas in others
they are free and the caryopsis threshes out
like wheat. The caryopsis consists of the pericarp, integuments, the endosperm (starchy
mass), and the embryo (germ). The embryo is
a rudimentary plant that grows into a full
plant when the kernel germinates. It is located
at the attachment end of the caryopsis on its
dorsal side, and is held at an oblique angle to
the main axis of the kernel. The rachilla lies
within the crease of the kernel on its ventral
side and is anchored at the attachment end.
One of the major and most easily recognized
differences between barleys is that of covered
and naked (hull-less) kernels (fig. 43). In
world agriculture naked barleys are most frequently found in primitive mountainous areas
where barley is used for human food. Harlan
(1920) in his studies on the daily development
of the barley kernel found that the cementing
substance causing hull adherence was secreted

ni
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PN-24E8

FIGURE

42.—A, Tweaked spike; B, rachis from tweaked
spike; C, rachis from normal spike.

ties can usually be properly threshed by careful attention to cylinder speed and teeth or bar
adjustment. The degree of deciduousness or
persistence of awn is influenced by environment, and part of this variation can be explained by the ability of plants to accumulate
different quantities of ash in the awns (Àberg,
Wiebe, and Dickson 19^5; Pope 19Í5).

PN-2459

FIGURE

PN-2460

43.—Kernel types: A, Covered; B, naked.
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by the caryopsis and appeared 16 days after
pollination. Since the germ of naked barleys is
fully exposed, greater care must be taken in
threshing to insure viability of the seed. The
covered type of barley is preferred for malting.
(See the section dealing vi^ith malting, p. 136,
in this handbook.)
Of the three kernel measurements, length,
width, and thickness, length most reliably distinguishes varieties. Width and thickness are
markedly influenced by environment. For the
commercial varieties of the United States and
Canada, the length range is from 7 to 12 mm.
Among world barleys, however, kernels as
short as 4 mm and as long as 15 mm are known.
Kernel shape can distinguish two-rowed barleys from six-rowed barleys. In two-rowed barleys all kernels are symmetrical, and the principal variation in size is that between the
larger kernels in the middle of the spike and
the smaller ones at the base and tip. In sixrowed barleys one-third of the kernels are

symmetrical, as in two-rowed varieties, and the
other two-thirds are twisted. The twist is more
pronounced on the attachment end and less so
on the distal end. The twisted kernels are from
the lateral rows of the spike, whereas the symmetrical kernels are from the central rows.
The twisted kernels are smaller and weigh
from 13 to 20 percent less than the symmetrical kernels. The symmetrical kernels of sixrowed varieties are slightly contracted or
pinched in laterally at the attachment end, in
contrast with the kernels of two-rowed varieties that are usually broader at this point. This
distinction is useful in detecting mixture of
six- and two-rowed varieties. Shapes of kernels
of six-rowed and two-rowed varieties are shown
in figures 44 and 45.
Lemma teeth, when present, occur primarily
on the nerves at the apex of the lemma. The
lemma has five nerves (fig. 46). The midnerve
is at the center of the dorsal side and nearly
always is without teeth. The two lateral nerves
next to the midnerve and the two marginal

AB f^
DORSAL

VENTRAL
PN-2461

FIGURE

44.—Shape of kernels of six-rowed barley, dorsal and ventral views: A, Symmetrical, from central rows;
B, twisted, from lateral rows.
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is often found in lax-headed varieties. The
other is a transverse crease at the same location. This feature is most often found in denseheaded varieties, and is thought to arise
through a mechanical pressure as the kernels
are crowded outward during growth.
Barley kernels have several distinctive colors,
which are located in different tissues. The color
develops at maturity. Black is the most permanent and most easily recognized color. It is

/

PN-2462

FIGURE

45.—Shape of kernels of two-rowed barley,
dorsal and ventral views.

nerves usually are toothed. In some heavily
toothed barleys, additional teeth are found in
the areas adjacent to the nerves. In a few varieties, longer hairs are found among the teeth
and these are located on the nerves in a manner similar to that described for teeth (fig. 47).
R. G. Shands^ has pointed out the occurrence of hairs on the inside of the lemma along
the midline at the distal end. The hairs may be
either long, short, or mixed, and occur in varying numbers. Varietal differences exist, butobservations must be made at flowering time
under magnification; thus, the usefulness of
this character for distinguishing varieties is
limited.
The form or shape of tie lemma base is
sometimes useful in identifying barley varieties
(fig. 48). Two distinguishing features are
found ; one is a depression located on the dorsal
side near the point of attachment. This feature

PN-2463

46.—Dorsal view of kernel with lemma nerves:
A, Midnerve ; B, lateral nerves ; C, marginal nerves.

FIGURE

' Unpublished data.
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FIGURE

47.—Lemma hairs.

found in the lemma, palea, and pericarp, and
is due to a melaninlike pigment. Woodward
(194-1) has found that the black shades off into
gray in some varieties.
The anthocyanin pigment, mentioned previously for other plant parts, also occurs in the
kernel. The color is red, as in many Ethiopian
varieties just before maturity, or purple, as
best seen in the naked varieties. When anthocyanin pigment is present in the lemma or
palea, the color usually fades on ripening, al-

though traces may remain in the nerves of the
lemma. In varieties having less pigment, the
expression of the pigment may be limited to
the nerves of the lemma. When the anthocyanin
pigment is present in the aleurone layer of
the caryopsis, a blue color is formed. This
difference is due to the chemical reaction of the
tissue involved. The aleurone tissue is alkaline,
whereas the pericarp is acid. It is possible to
change these colors by chemicals ; for example,
when the pericarp is removed over the blue
aleurone layer and a weak acid solution is applied, a red color develops. Since the aleurone
cells are derived from the fertilized endosperm
nuclei, the phenomenon of xenia is observed;
that is, both blue and white kernels occur on
the same spike.
In certain barleys the lemma and palea are
orange. The color is confined to the germ end
of the kernel and usually extends no more than
one-third of the way up the kernel. The pigment causing the color has not been identified,
but it appears in other plant parts, notably in
the rachis, in the stem near the nodes, and in
the leaf sheaths at the base of the plant. This
color is of special interest because of its association with an enzyme called alpha-amylase,
an important character for malting quality.
A mutant of interest is the albino lemma. In
this mutant, the chlorophyll is absent, or nearly
so, from the lemma. A correlated expression
is evident in the auricles and the base of the
plant, where chlorophyll is also absent. As far
as is known, the character is of genetic interest
only.
Barley hulls (lemma and palea) vary in
thickness and in their adherence to the caryopsis. According to Harlan (1920), the hulls become cemented to the caryopsis about 10 days
before it reaches its maximum size. Harlan and
Pope {1923) found that the water content of
kernels at their maximum size was about 42
percent and that the hulls were perfectly
smooth at this stage. As the kernels ripen, the
water content decreases to about 10 to 14 percent, and during this period the caryopsis
shrinks and wrinkles appear on the hulls. Thinhulled barleys wrinkle more than thick-hulled
barleys. Furthermore, because of their greater
rigidity, the hulls of thick-hulled barleys be-
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PN-2467

FIGURE

PN-2468

PN-2469

48.—Lemma base shape: A, Transverse crease; B, depression tending to crease; C, depression.

come loosened from the caryopsis during drying. Consequently, these barleys usually skin
more during threshing, and the product is unattractive.
The rachilla is a bristle or stalklike structure
that lies within the crease of the kernel on its
ventral side and is anchored at the attachment
end. In world barleys, the overall length of the
rachilla varies from those that are about half
as long as the kernel to those that are only onetenth as long.
The rachilla is covered with two distinct
types of hairs, either long or short. The length
of these hairs is highly correlated with the
length of hairs on the glumes and rachis edges.
In the long-haired rachilla the individual hairs
are straight and unbranched and tend to lie in
a parallel or f anned-out pattern ; whereas in
the short-haired rachilla the individual hairs
are crooked or forked and tend to overlap,

which gives a fuzzy or matted appearance
(fig. 49). In both types the number of hairs
per rachilla can vary from a dense to a sparse
distribution. When the gillette gene is present
in a variety, its effect is to foreshorten the
length of the rachilla hairs ; but this shortening
effect is more pronounced for the hairs on the
glumes and rachis edges than those on the
rachilla. Abortive rachillas are found in certain barleys; but the degree of expression is
incomplete, and normal and abortive rachillas
can be found in the same spike and even at the
same node in a spike. The abortive rachilla
shown in figure 50 is malformed and the hairs
are absent. Abortive rachillas seem to be limited
to certain groups of varieties, and often the
abortion can be traced to a particular variety
used in breeding, such as certain smooth-awned
varieties that have been used in the American
breeding programs.
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lapses and the kernels do not germinate. Since
the character involves the endosperm, xenia
exists, and the character has to be maintained
through heterozygous seed.
Barley kernels differ in the amount of
fluorescence under ultraviolet light. All varieties apparently have some fluorescence, but several naked varieties from India are unusually
high in this regard.
Other Characters

When foliar sprays of DDT are applied to
barley seedlings, certain varieties are resistant
and others are killed (Hayes 1959, Wiebe and
Hayes 1960) (fig. 52). This difference is controlled by a single gene, with resistance being

il

PN-2470

FIGURE
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49.—Rachilla: A, Long-haired; B, short-haired.

,p '

Barley has two lodicules located between the
base of the pistil and the lemma. These organs
serve to open the floret during anthesis. Bergal
(19h^) in an exhaustive study showed that
barleys differ in the size and shape of their
lodicules and in the degree of their hairiness.
A recent renewed interest in lodicules is centered around the possibility of using barleys
with small lodicules to keep the floret closed
during anthesis in order to prevent loose smut
infection (fig. 51).
The starch in most barley kernels stains blue
with iodine. A waxy form has been found,
however, which stains red. A similar staining
reaction can be demonstrated for the starch in
the pollen grains of these types. This character
is simply inherited.
A type of kernel exists in which the endosperm has no starch but is replaced by a sweet,
sugary liquid. At maturity the endosperm col-
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FIGURE

PN-2472

50.—Rachilla abortion: A, Abortive; B, normal.
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PN-2473

FIGURE

51.—Lodicules: A, Small; B, large.

recessive. Approximately 10 percent of the
world barleys are resistant, but a higher proportion of the two-rowed barleys is resistant
than of the six-rowed barleys. A proposal for
hybrid barley has been suggested that combines this DDT gene-controlled reaction with a
genetic male sterile gene (Wiebe 1960).
A survey of the postharvest seed dormancy
in world barleys made by Brown and others
(19Í8) showed that the most dormant types
are found in the Near East and in North
Africa. The first of these areas embraces the
presently known distribution of H. spontaneum.
The least dormant barleys are those grown in
Ethiopia. There is an apparent association of
dormancy and winter habit of growth.
When certain specific crosses are made in
barley, the F, seedling grows an inch or so and
then dies. Wiebe (1934.) reported that two
complementary genes are responsible for this
reaction. Of the two parental barleys involved,
one is from Ethiopia and the other from Manchuria. Such varieties have complete genetic
isolation even when grown in the same site,
and it is suggested that genetic mechanisms of
this type can be viewed as factors in the origin
of species. A similar case is the one involving
two Ethiopian varieties in which repeated attempts have failed to give crossed seed.
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passe for lack of a sufficient number of definitive traits or tests applicable to the members of
a group or subgroup. For this reason, the investigator needs to be constantly on the alert for
new criteria to serve his needs.
In higher plants, little use has been made of
the type of test used in the identification of
micro-organisms, bacteria, fungi, and viruses,
where serological method using immuno-diffusion and double-diffusion tests, for example,
have been used so successfully. Some progress
in the use of these techniques has been made
in identifying the pollens concerned with hay
fever. These newer techniques need to be tried
on barley. A case is reported for lima beans
by Schertz, Jurgelsky, and Boyd {I960) in
which two varieties were found to differ in
their ability to agglutinate human red blood
corpuscles. This difference was essentially an
all-or-none phenomenon and controlled by a
single major gene as determined by the reac-

Classification
The accuracy with which barley varieties—
or any other plant—can be identified is no
better than the criteria on which the identification is based. In many cases it reaches an im-

PN-2474

FIGURE

52.—Reaction to DDT: B, Betzes (susceptible) ;
S, Spartan (resistant).

100

AGRICULTURE HANDBOOK 338, U.S. DEPT. OF AGRICULTURE

tion of F2 plants from a cross between these
two varieties.
The means for identifying cultivated barleyvarieties is based for the most part on morphologic characters of the plant. These characters
are listed in table 3. Each character is evaluated
for its use in taxonomy and for the degree to
which it is aifected by the environment. This
information is adapted from Àberg and Wiebe
(19JÍ8),
Although barley has many morphologic
characters well suited for classification, other
characters, such as physiology, disease and
insect resistance, and adaptation, must sometimes also be used.

World Collection
Since about 1900 the U.S. Department of
Agriculture has maintained a collection of cultivated barleys gathered from all parts of the
world. At present this collection is maintained
by the Plant Genetics and Germplasm Institute,
Beltsville, Md. The collection has over 8,000
entries and is available in whole or in part
to barley breeders and research investigators
interested in world sources of germplasm. Information concerning the strains in this collection is gradually being accumulated and
made available to barley workers for use in
their research and breeding programs. The
collection is especially valuable as a potential
gene source for disease and insect resistance,
for genetic, physiologic, and agronomic characters, and for many future needs not realized
today. The strains have been collected from
direct exploration in many barley-growing
areas of the world and from barley research
programs at home and abroad. Ward (1962)
made a comprehensive study of 6,200 entries
of this collection, with particular reference to
the geographic origin of a number of morphologic characters. The study showed that the

barleys from the various world areas are different and that the genes giving rise to the
different characters are not distributed at
random. Some characters are widely distributed ; others occur only locally. Most of the many
possible combinations for even a limited group
of characters do not exist, and it is believed that
geographic restrictions, the self-pollinating
habit of the plant, and the lack of fitness of
many combinations are the chief factors responsible for this pattern.
A small group of about 300 collections of
domestic and foreign wild Hordeum species, including H, spontaneum, is also maintained by
the U.S. Department of Agriculture for use of
barley research workers.
It should be reiterated that all cultivated
barleys evolved in the Old World. Their culture
in the New World follows from a sequence of
events. The first period covers an era where
barleys from many Old World sources were introduced, and by trial and error some were
found suitable to certain areas in the New
World. The second period is the one in which
selection was practiced. Since most of the early
introductions were mixed lots, it was possible
for plant breeders to select superior strains
from those lots, which in time replaced the
older introductions. The third, and present,
period is the one in which hybridization is used
as the chief means for producing superior varieties. This method employs the principle of
recombination of characters. It is more flexible,
and thus greater levels of improvement are
possible. Refinements in breeding methods and
techniques are continually being made, and
each step adds to the overall efficiency by which
crops are improved.
The following list of literature citations is
by no means complete but is given for the
reader who wishes to pursue more thoroughly
any of the various topics touched upon in this
chapter.
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TABLE

3.- -Summary: Showing the taxonomic value of morphologic characters of barley and the
environmental influence on the expression of these characters
Character studied
Very
good

Growth characters:
Spring or winter habit of growth. _ _
Early growth
Time of heading
Postharvest seed dormancy
Leaf characters:
Hairiness of leaf sheaths
Color of leaves
Length and width of leaves,
„_
Anthocyanin in leaf sheaths and auricles
Waxiness of leaf sheaths and leaves

Good

None

Moderate

Great

X

X

--

-

X

X
X

X

X
X

X
X

X
X
X

- -

X
X

X

X
X
X

X

X

X

X

X
X

X
X

X

X

X
X

X

X

.

X

,

Shape of neck
Distance from flagleaf to spike
Shape of collar
Hairiness of nodes
Many nodes

X

X
X

X

X

X

X

X

X
X

_

X

X

X

X
X

X

X

X

X

X

X

_

X

_

X

_

Brittleness of rachis
Hairiness of rachis edges
Length of basal rachis internode
Shape of rachis internode
Glume length
_

X

X
X

X

Tweaked spike
Number of sterile spikelets at base of spike
Overlapping of lateral kernels
Position of spike
Toughness of rachis

Hairiness of glumes
Length of glume awns
Barbing of glume awns
Length of awns
Barbing of awns

None

X
X

Number of stem leaves
Albino
Xantha
_ .
Chlorina
Virescens
_. _
Variegated
Stem characters:
Height of plants
Strength of straw
Number of exposed nodes
Anthocyanin in nodes
Anthocyanin in stems

Spike characters:
Number of rows in spike
Shape of spike
Length of spike
Waxiness of spike
Spike density

Minor

X

.

Position of leaves before heading date_
Size and shape of flagleaves
Curling of fiagleaves
.
Size and shape of auricle and ligules_ _
Roughness of leaves

Brachytic
Tillering
Uniculm
Fragility
Erectoides

Influence of environment
on character

Taxonomic value

X
X

X

X
X

X

X

X

X

X

X

__
_ __ _ _
X

_

X
X

X

X

X

X

_

X

X

X

X
X
X

X
X

X
X

X

X
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3.—Summary: Showing the taxonomic value of morphologic characters of barley and the
environmental influence on the expression of these characters—Continued
Influence of environment
on character

Taxonomic value
Character studied
Very
good
Spike characters—Continued
Deciduous awns
Anthocvanin in srlume awns and awns
Hood contrasted with awns
Elevation of hoods
Hood appendages on middle lobe_ _ _ . _

Size of middle lobe of hood
M ultifîorous
Intermedium
Rattail
Branched
Triple awn
Waxy starch pollen
Curlv awns
Deciduous awn
Erectoides
Kernel characters:
Naked contrasted with covered kernels
Kernel length
Germ length
ShaDe of kernels
Ijpmma-base shaoe
Lemma teeth
Lemma hairs
Wrinkling of hulls
Rarhilla hairs
Rachilla abortion
Tjpnp'th of rachilla
Cnlnr nf lemma and oalea
Cnlnr nf rarvoDsis
Color of aleurone fhumid climate)
Polor of fllpiirone (drv climate)
WiHtVi sir\c{ dpnth of ventral crease
T^prnpl wpic^ht
"WiHtVi of noint of attarhment of kernels
irillpttp hairs
Sucarv endosoerm
Waxv starch endosoerm
Oranp'P Ipmma
Fluorescence
Width of kernel
Thickness of kernel
Hairs inside Ipmnia
Albino Ipmma
TViirliTips« of hull
Seed dormancy

None

None

Moderate

Great

X

X

X

X

X

X

-

Length of stamens
__ __
Hairiness of stigma
Threshability
Shattering
Rachillate lateral kernels
Shape of rachis or rachis internodes
Distance between glumes at point of attachment.
Glume width
Width of awn at tip of lemma
Deciduous lemma

Minor

Good

X

X

X

X
X

X

X

X

X
X

X
X
X
X

:;;:,:

-

I

-^

X

X
X

X

X

X

X
X

X

X

X

X

X

X

X

X

X

X

X

X

X

,-

X

X
X

X

X

X
X

X

X

X
X

X

X

X

X

X
X

X
X

X
X

X

X

X
X

X

X

X

X

X

X
X

X
X
X
X

X

X

X

X

X

X

X

X

X
X

X

X

X

X

X

X

X
X

X

X

X
X

X
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INTERSPECIFIC AND INTERGENERIC CROSSES OF BARLEY
By P. B. PRICE

The limit to which any agronomic crop can
be improved is prescribed primarily by the
degree of divergence of genetic types that can
be combined into developing more vigorously
vegetative and reproductively successful organisms. Considerable progress has been made
since 1900 in developing improved spring and
winter barley varieties by using a rather
narrow genetic base. Progress in varietal
improvement has depended exclusively upon
the intercrossing of species within the section
CEREALIA, genus Hordeum, This section includes three cultivated species, Hordeum vulgäre L. emend. Lam. ; H. distichum L. emend.
Lam.; and H, irreguläre E. Aber g and Wiebe;
and two wild relatives, H. spontaneum C. Koch
and H, agriocrithon E. Aberg. Nearly all commercial varieties have been derived from intraspecific and interspecific crossing of the first
two species. Furthermore, although there are
over 80 recognizable and distinct botanical
forms of cultivated barley (Mansfield 1950),^
only 10 have achieved wide distribution ; and 3
of these contribute by far the greatest proportion of the cultivated barleys of the world (Orlov 1936). The species in the section CEREALIA have been employed to the greatest extent
because they possess the largest number of useful agronomic features, resistance to several
common barley diseases, and high interfertility.
If, within a group of closely related interfertile species, all of the genetical, morphological,
physiological, and biochemical characters required for developing the ultimate variety
could be found, further search would be unnecessary. Plant breeders have become aware,
however, that there are certain prominent
deficiencies in cultivated barley. Among these
is the absence of germplasm needed to develop
^ References to Literature Cited, p. 113, are herein indicated by the name of the author or authors followed
by the year of publication in italics.

a high level of winter hardiness and resistance
to certain diseases and to permit the alteration
of specific morphological and biochemical features. It was to find and transfer these needed
characters from more diverse genetic sources to
cultivated types that the search was extended
to related species and even species of related
genera. Plant breeders, together with others
seeking to determine taxonomic relationships
and the nature of organic evolution, began
interspecific and intergeneric crossing.
Before proceeding with a discussion of these
attempts to develop interspecific and intergeneric hybrids, it might be well to provide a perspective so that one can better understand the
difficulties involved in such crosses and the
progress that has been made in overcoming
some of them.
Species of the genus Hordeum have been
classified into four sections (Nevski 19Si)—
BULBOHORDEUM, CEREALIA, HORDEASTRUM, and STENOSTACHYS. The grainproducing forms, as indicated previously, are
all grouped in the section CEREALIA, whereas
the so-called ''useless'' grasses are grouped in
the other three sections. The basic chromosome
number of the genus is seven; members of
CEREALIA are diploid (14 chromosomes).
Most of the grass species are diploid or tetraploid (28 chromosomes) ; others are diploid,
tetraploid, or hexaploid (42 chromosomes) ; and
a few are hexaploid only. As with many other
taxonomic groups, there is no unanimity of
opinion as to the number of species in the
genus. The consensus for some time, based on
Nevski's (193Jf) presentation, was that there
were about 25 species. However, species discovered later by Covas (1951, 1953) and others
would necessitate an upward revision of that
figure.
Barley species are distributed over large
areas of the temperate regions of the earth.
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They vary widely as to extent of distribution
or range of adaptability as reflected in their
genetic constitution, morphology, and physiology.
The intergeneric crosses between barley and
other genera reported in the literature are
confined, with two exceptions (Smith 19^2)^ to
members of the tribe Hordeae. Two genera,
bromegrass (Bromus) and fescue (Festuca),
from the tribe Festuceae are the exceptions.
The relatively small Hordeae tribe in the family
Gramineae includes our most important cereals,
wheat (Triticnm), barley (Hordeum), and rye
(Sécale), as well as several lesser known genera.
The other genera that have been employed in
these crosses, in addition to Triticum and
Sécale, are wheatgrass (Agropyron), goatgrass
(Aegilops), wildrye (Elymus), and squirreltail
(Sitanion).
For additional information on the taxonomic
classification and description of Hordeum species, one can refer to Aberg (19i0), Bowden
(1959), Covas (19^9), and Hitchcock (1951)
for taxonomic classification of the tribe Hordeae. For information on chromosome numbers
of species in the tribe Hordeae, reference
should be made to Darlington and Janaki Ammal (19^5) and Gaiser (1926, 1930a, 1930b,
1933). Cytologie and cytogeneric studies of
species and of species and generic hybrids have
been presented by Morrison (1959), Morrison
and Rajhathy (1959), Rajhathy and Morrison
(1959, 1961), and Wagenaar (1959, 1960).

Species Used in Interspecific and
Intergeneric Crosses Reported
in the Literature
Tribe Hordeae
Genus Hordeum (barley)
Section BULBOHORDEUM Doll
H. bulbosum L.
Section CEREALIA Ands.
H. vulgäre L. emend. Lam.
H. distichum L. emend. Lam.
H. irreguläre E. Âberg and Wiebe
H. spontaneum C. Koch
H. agriocrithon E. Âberg

Section HORDEASTRUM Don
H. depressum (Scribn. & Smith) Rydb.

H.
H.
H.
H.
H.

glaucum (Steud.)
hystrix Roth
marinum Huds.
Tnaritimum With.
murinum subspecies leporinum (Link) Aschers
& Graebn.
H. pusillum Nutt.
Section STENOSTACHYS Nevski
H. brevisubulatuTU (Trin.) Link
{H. crinitum Schreb.) Desf.
H. californicum Covas et Stebbins
H. jubatum L.
H. nodosum L.
(H. secalinum Schreb.)
(H. brachy ant herum Nevski)
H. stenostachys Godron
Unknown Section
H. com^pressum Griseb.
Genus TriticuTn (wheat)
T. aestivum L.
T. durum Desf.
Genus Sécale (rye)
S. cereale L.
S. TYiontanum Guss.
Genus Aegilops (goatgrass)
A. ovata L.
Genus Agropyron (wheatgrass)
A. cristatum, (L.) Gaertn.
A. intermedium (Host) Beauv.
A. pauciflorum (Schwein.) Hitchc. ex Silveus
A. repens (L.) Beauv.
A. smithii Rydb.
A. trachycaulum (Link) Malte
A. trichophorum (Link) Rieht.
Genus Elymus (wildrye)
E. ambiguus Vasey & Scribn.
E. angustus Trin.
E. arenarius L.
E. aristatus Merr.
E. canadensis L.
E. condensatus Presl
E. giganteus Vahl.
E. glaucus Buckl.
E. macounii Vasey
E. hirsutus Presl
E. junceus Fisch.
E. mollis Trin.
E. racemosus Lam.
E. triticoides Buckl.
E. virginicus L.
Genus Hordelymus (wood barley)
H. europaeus (L.) Harz
Genus Sitanion (squirreltail)
»S. jubatum J. G. Smith
Tribe Festuceae
Genus Bromus (bromegrass)
B. carinatus Hook. & Arn.
B. inermis Leyss
Genus Festuca (fescue)
F. idahoensis Elmer
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Barriers to Interspecific and
Intergeneric Hybridization
The occurrence of natural hybrids in the
grass family has been frequently noted. De
Cugnac (1937) pointed out that such hybrids
are to be expected with greater frequency in
the Gramineae than in other families because
(1) species of this family often occur in large
stands, (2) species are often geographically
close to or even intermingled with other related species, and (3) their habit of wind pollination increases the chance of cross-pollination.
Yet, despite the existence of favorable conditions for production of natural barley hybrids
and the reports by Bowden (1958), Boyle and
Holmgren (1955), Cauderon and Cauderon
(1956), Stebbins, Valencia, and Valencia
(19Jf6), and Wiebe and Smith (1951) that they
do exist, most attempts at artificial hybridization have failed.
Crosses among barley species and between
these species and those of related genera,
under both natural and artificial conditions,
seem to be limited by a series of isolating
mechanisms. Botanical species are genetically,
morphologically, and physiologically distinct
organisms. They have retained their distinctive
and separate existence because of the presence
of several barriers to hybridization. These barriers are broad in scope and, operating singly
or in combination with others, have very effectively prevented hybridization. Dobzhansky
(1951) has listed several isolating mechanisms
between species populations, which apply primarily to the development of natural hybrids.
They include :
(1) Geographic or spatial isolation—the
populations occur in different territories,
either within a continuously inhabited area, or
separated by distributional gaps.
(2) Ecological isolation—representatives of
the populations occur in different habitats in
the same general region.
(3) Seasonal or temporal isolation—flowering periods occur at different times.
(4) Mechanical isolation—physical noncorrespondence of the floral parts.
These impediments to crossing have been
rather easily circumvented by plant scientists.
Through the assemblage of barley species from
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many geographical areas and their culture in
suitable environments, the first two obstacles
have been overcome. Vernalization by refrigeration of species with a winter habit, control of
day length and temperature in the greenhouse,
and scissor alteration of the floral parts have
obviated the last two isolating mechanisms. It
is necessary, therefore, to consider only the internal barriers to hybridization, those within
the plants themselves, which are more complex
and difficult to resolve.
The internal barriers have been enumerated
by Thompson (19^0) as (1) failure of pollen to
germinate, (2) slow growth of pollen tubes in
the style, (3) bursting of the pollen tubes, (4)
death of the pollen tubes other than by bursting, (5) inability of sperms to fertilize the
ovum or secondary nucleus, (6) embryonic or
postembryonic abortion, and (7) failure of the
endosperm to develop.
If a seed that appears to be normal develops,
hybrid weakness is asserted in failure of the
seed to germinate, weak growth, termination
of growth, and death. If growth continues in
the Fi plant to the reproductive stage, failure
often occurs because of hybrid sterility that
can be attributed to (1) premeiotic disturbances, (2) abortion of pollen grains, (3) slow
development of pollen grains, (4) failure of
pollen to germinate, (5) failure of pollen
grains to reach the embryo sac, (6) abortion of
the megaspores, (7) abortion of the embryo
sac, (8) aberrant development of the endosperm, and (9) embryonic abortion. The fundamental causes determining these effects may
be genetic, chromosomal, or gene-induced physiological in origin.

Techniques That Circumvent Some
Internal Barriers
A common observation by those attempting
interspecific and intergeneric crosses in barley
has been the cessation of growth in the developing caryopsis a few days after pollination.
This is attributable in nearly every instance to
the abnormal development of the endosperm,
which in turn causes a cessation of embryonic
growth and eventual disintegration. This
breakdown was termed ''somatoplastic sterility"
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by Cooper and Brink (19i0) and elaborated on
(Brink and Cooper iP^^ 19^7; Cooper and
Brink 19M in subsequent publications. Their
investigations of this breakdown in embryonic
development v^ere partly conducted following
intergeneric crosses of barley. The essence of
their findings was that **the early abortion of
the embryo formed in the hybrid H, jubatum
X Sécale aeréale is attributable to the effects
of abnormal endosperm development. This, in
turn, is regarded as a consequence of starvation brought about by the failure of the normal
postfertilization development of the antipodal
cells."
During the past 60 years several techniques
have been developed, and in recent years natural plant substances or synthetic hormones
have been employed to circumvent hybrid abortion. Two of these techniques are complementary, embryo excision and in vitro culture on
nutrient agar.
In vitro culture was advanced by Knudson
(1922). By combining several nutrient salts
with distilled water and agar, he developed a
nutrient agar medium that has proved useful
for culturing orchid seeds and, with some
modifications (Brink and Cooper iP^^; Davies
1960; Konzak, Randolph, and Jensen 1951;
Morrison and others 1959; and Ziebur and
others 1950), for culturing immature cereal
embryos. Rappaport (195^) has presented a
review of the in vitro culture of plant embryos
and can be referred to for additional information. Maintenance of aseptic conditions is mandatory for success in artificial culture. This
necessitates steam or chemical sterilization of
bottles or tubes, media, excision instruments,
and the immediate environment where embryo
transfer is to be accomplished. The immature
hybrid embryo is usually removed (excised)
from the developing caryopsis within 14 days
after pollination. It is then placed on the surface of the nutrient agar contained in a stoppered bottle or test tube. The embryo is given
additional light after germination and eventually transferred to soil in pots. Detailed instructions on emasculation, pollination, embryo
excision, and nutrient agar preparation are
given by Brink, Cooper, and Ausherman
(19U); Davies (1960); Konzak, Randolph, and

Jensen (1951); Morrison and others (1959);
Rommel (1958) ; and Wagenaar (1959),
Biochemical stimulants derived from plant
sources and through chemical synthesis have
been employed in recent years to stimulate embryonic growth. These stimulants have been
supplied both in vivo and in vitro. Numerous
chemical substances, including coconut milk,
have been tried (Van Overbeek, Conklin, and
Blakeslee 19il), but found unusable because
their effectiveness is minimized following sterilization.
Other chemical substances have been successfully used under the sterile conditions required (Ziebur and others 1950). Ziebur and
Brink (1951) observed a striking improvement
in the in vitro growth of immature, 7- to 9day-old embryos of Hordeum vulgäre cv.
'Chevron' when they were surrounded with
aseptically excised endosperms placed on the
surface of the agar. Schooler (1959), using Gibrel, a commercial preparation of gibberellic
acid, prepared eight nutrient medias containing 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, and 3.5 micrograms of Gibrel per milliliter of nutrient agar.
Embryos, excised from the central spikelets of
H. vulgäre cv. 'Traill,' were grown for 7 days
on these media and then measured. The best
shoot growth occurred on agar containing 1.0
microgram of Gibrel, but all treatments with
from 0.5 to 2.0 micrograms were better than
the control. Root growth exceeded control only
on the media given 0.5 microgram. Studies by
Larter and Enns (1960) have shown that a
continuous supply of exogenous gibberellic acid
(GA) applied to the mother plant during early
embryogenesis of crosses affects embryo development and the success with which the embryos may be germinated in vitro. The average
length of 12-day-old hybrid (triploid) embryos
produced on H. vulgäre cvs. *O.A.C. 21' and
'Herta' during treatment with 100 parts per
million of GA was 1.6 millimeters; hybrid embryos of the same age without treatment attained an average length of only 0.5 millimeter. Although less than 3 percent of the
12-day-old hybrid embryos produced on untreated plants germinated in vitro, 98 percent
of the embryos that indirectly received the 100
parts per million of GA during the 12-day
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period were successfully cultured and grown to
the seedling stage.
The use of such techniques and treatments
demonstrates rather effectively that progress
can be made in overriding key barriers to hybridization. The development of new approaches and continuation of attacks at other
key points can ensure even greater success. In
the following discussion on interspecific and intergeneric crosses of barley, it will be noted
that greater success is achieved where the
techniques of embryo excision and embryo culture on nutrient agar media are employed.

Interspecific Crosses
Crosses Within Section CEREALIA

Hybrids between cultivated species seem to
be completely fertile with rare exceptions, even
though the parents come from widely separated
areas of the earth (Menabde 1938), Crosses
involving cultivated species and the wild species H, spontaneum reported by Bakhteyev
(1956), Hoffman and Kuckuck (1938), and
Rudorf and Wienhues (1951) have also been
highly successful, with no pronounced sterility
or abnormal segregation ratios. The only instances of a marked reduction in fertility in
such crosses have been reported by Tsuchiya
(1957, 1960) and involve the use of colchicineinduced autotetraploids of H, spontaneum
transcaspicum var ex Aberg and H, vulgäre
cv. *Early Golden Melon.' The relatively low
seed set and degree of Fi sterility inherent in
such crosses are not unexpected. Decreases in
reproductive efficiency are a common result
even in intraspecific crosses between autotetraploid forms of H, vulgäre (Smith 1960). This
is especially true when crosses between parents
of different ploidy are concerned (Larter and
Enns I960):- Crosses between cultivated types
and H, agriocrithon (Johnson and Aberg
19Jf3)'' also seem normal. It appears that all
-Also, KIRK, H. D. STUDIES ON THE DEVELOPMENT
OF TRIPLOID SEEDS OF BARLEY (HORDEUM VULGÄRE L.) IN
VIVO. 58 pp., illus. 1959. [M.S. thesis, Univ. of Saskatchewan, Saskatoon.]
^Also, LAMBERT, J. W., and RAMUSSON, D. C. 1962.
[Personal communication.]

109

species in section CEREALIA are cross compatible and with rare exceptions produce fertile hybrids and segregate in expected Mendelian ratios.
Crosses Between Section CEREALIA and
Other Sections

A very different situation exists with respect
to the degree of compatibility between species
in CEREALIA and those in other sections of
the genus. No natural hybrids are known, and
although artificial hybridizations have been
made with several of the ''grass'' species, no
fertile hybrids have been produced.
Two reports indicate partial success in such
attempts. Davies (1958) crossed a naturally occurring autotetraploid of H. bulbosum with a
synthetic autotetraploid form of H, vulgäre.
Seven seeds were obtained and three plants
survived to maturity. All were diploid with
complete chromosome pairing. Two of the
plants closely resembled diploid H. vulgäre in
all characters except stem branching ; the third
possessed morphological features of both. On
selfing and crossing with diploid H. vulgäre,
seed set was complete ; whereas backcrosses to
tetraploid H, bulbosuTu were unsuccessful. He
concluded that these plants had arisen by the
parthenogenetic development of the diploid nucleus from the pollen grain of tetraploid H.
vulgäre. The anomalous features observed
were thought to result from a disharmony between the H. vulgäre nuclear constituents and
the H. bulbosum cytoplasm.
Hamilton, Symko, and Morrison (1955)
produced some kind of a union as a result of
pollinating H. murinum subspecies leporinum
(Link) Aschers & Graebn. (2n = 28) by H.
vulgäre (2n = 14). Among three Fi clones produced, two main plant types were found—(1)
those with 2n = 28 that were glabrous but
otherwise resembled the female part in most
characters and (2) those with 2n = 14 that
resembled the male parent in many characters
but had a brittle rachis, winter habit of growth,
and seed dormancy. Dwarfs and other abnormal
plants were observed among Fo progeny.
Plants of type (1) were cross-sterile with H.
vulgäre. Progeny of type (2) plants varied in
growth rate, spike shape, and awn roughness;
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were resistant to powdery mildew; could be
crossed with H, vulgäre; and showed normal
chromosome pairing.
Other attempts at interspecific crossing have
been somewhat less successful. Malloch (1921)
made the cross H, vulgäre X H, murianum
(murinum) and obtained two viable seeds resembling H, vulgäre that required 1 and 3 days
longer than H. vulgäre to germinate. One plant
grew to a height of 4 inches and the other
more slowly to 3 inches. Each developed a single leaf and died. Kuckuck (193Jf) attempted
the cross H. bulbosum (2n = 28) X H. vulgäre (2n = 14). No seeds were obtained in
1,200 ñorets pollinated. In the reciprocal cross
4,578 florets of several varieties were pollinated.
From these florets, 449 seeds were obtained,
but they were only partly developed, usually
with no embryo. One sterile hybrid with 21
chromosomes was obtained. Konzak, Randolph,
and Jensen (1951) repeated this cross using
four spring varieties and one winter variety of
H. vulgäre and a self-fertile strain of H. bulbosum. Seed set of varieties ranged from 18.4
to 97.6 percent following 663 pollinations when
pollinated by H, bulbosum. Only 11 of 183 excised embryos grown in vitro produced normal
seedlings. No seed was obtained from the hybrids, or from a limited number of backcrosses
to common barley. When H. bulbosum was used
as the female parent, 121 pollinations produced
no seed.
Quincke (19Í0) described crosses between
H. jubatum (28 chromosomes) X H. vulgäre
(14 chromosomes) and H. nodosum (42 chromosomes) X H, vulgäre. Approximately 70
percent of the florets set seed after H. vulgäre
cv. 'Friedrichswerther' pollen was applied to
H. jubatum stigmas. The Fi seeds were slightly
shrunken as compared with selfed H. jubatum and only 9 percent germinated. These
plants retained the perennial habit of the female parent, but differed in having long auricles, short pubescence, well-developed lateral
florets, and shorter awns. When H. jubatum.
was pollinated by H. vulgäre cv. 'Rex,' 78 percent of the pollinated florets set seed; and of
the seed obtained, 54 percent produced strong,
vigorous plants that were twice as tall as the
female.

One cross of H. nodosum X H. vulgäre cv.
'Hanna' resulted in a 43-percent seed set with
28 percent viable seeds and a group of progeny
that showed somewhat more vigor than the female parent. Offspring of all the crosses were
sterile. Vinogradova (19Í6) and Vinogradova
and Pisarev (19H) duplicated this cross H.
nodosum X H. vulgäre, which produced 71
seeds from 303 florets. Five of these seeds produced plants. The plants were male sterile and
when backcrossed to cultivated barley, only 7
of 1,754 florets developed seeds. Also, the mating of H. vulgäre X H. jubatum produced no
seeds after 1,210 floret pollinations, but gave
101 hybrid grains from 350 florets on the reciprocal. Most of these hybrids died before
reaching maturity, and clonal groups of the 2
that lived produced 2 seeds from 383 pollinations on the backcross to cultivated varieties.
Smith (19Jf2), using several spring and
winter varieties of H. vulgäre as the female,
harvested no seed from 289 floret pollinations
by H. brevisubulatum (Thin.) Link, 698 by H.
bulbosum, 281 by H. jubatum, and 402 by H.
nodosum. Menabde's (1938) attempts to cross
cultivated barleys with H. bulbosum, H. crinitum and H. murinum also failed, as did Tschermak's (191i) with H. bulbosum and H. murinum. Matsumura, Mochizuki, and Suzuka
(1950) obtained a few shriveled seeds when H.
vulgäre and H. spontaneum were pollinated by
H. murinum. The seeds germinated by the
seedlings died. Davies (1960) used the in vitro
culture technique for excised embryos of H.
calif or nicum (2x) X H. vulgäre (2x) ; H. vulgäre (2x) X H. bulbosum (4x) ; H. vulgäre
(4x) X H. bulbosum (4x) ; and H. vulgäre (2x)
X H. bulbosum (2x) ; and others where H. vulgäre was not involved. All the hybrids showed
some growth, but vigorous, mature plants that
survived transplanting and flowered were obtained only from H. vulgäre (2x) X H. bulbosum (4x). These hybrids were morphologically
more like the wild parent but showed some
variation in height, bulb formation, and pubescence, and were intermediate in awn length
and anther size. Percentage of good pollen in
offspring ranged from 0.35 to 15.9 and no
grains were produced by selfing or backcrossing.
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The most comprehensive series of interspecific crosses ever accomplished was reported by Morrison and others (1959). Over
100 crosses, a majority of which were between
H. vulgäre and wild species, were accomplished
in conjunction with the in vitro embryo culture
technique. Adult plants, in most cases completely sterile, resulted from these combinations: H. brachyantherum X H, vulgäre; H,
depressum X H, vulgäre; ^^hexaploid species''
X H. vulgäre; H. jubatum X H. vulgäre; I. H.
74 (H. jubatum X H, brachyantherum) X H,
vulgäre; H. vulgäre X H. bulbosum; and H.
spontaneum X H. bulbosum. Seed set but no
viable hybrids were obtained from crosses involving H. murinum, although more attempts
were made to cross this species than any other.
Actual seed set in H. murinum X H. vulgäre
was often as high as 60 percent, and at the
time of excision the embryos appeared firm
and healthy. Crosses involving H. marinum, H.
maritimum, H. hystrix, H. stenostachys, and
H. pusillum with H. vulgäre also set inviable
seed.
Morrison and others also reported some observations of embryonic growth in vitro and
their attempts to prolong life of some hybrid
plants. Certain abnormalities were observed
when the embryos germinated. Some grew only
roots and others only coleoptiles. In a large
number of embryos both roots and coleoptiles
developed but, after some growth, development
ceased and the plants died. Several treatments
were applied to overcome this failure: The
plants were retained on nutrient agar ; nutrient
solutions were added to the soil; and plants
were cold treated or given colchicine injections.
However, in no case was plant life prolonged
for more than a week. Studies on chromosome
morphology, cross compatibility, and chromosome pairing in some of these species and species hybrids are presented by Morrison (1959),
Morrison and Rajhathy (1959), and Rajhathy
and Morrison (1959, 1961).
Crosses Among Other Sections of Hordeum

Relatively few investigations on hybrid compatability between species not involving the
section CEREALIA have been published. Covas (1950a, 1950b) obtained vigorous but ster-
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ile hybrids from the cross H. compressum X
H. stenostachys and also from H. compressum
X H. californicum. After treatment of Fi
plants with colchicine, fertile allotetraploids
developed and were named H. comprestachys
Covas and H. calipressum Covas, respectively.
Covas and Schnack (1951) reported H. calipressum set seed in 80 of the central florets.
Cauderon and Cauderon (1956) pollinated
117 flowers of H. bulbosum (2n = 28) with
pollen from H. secalinum (2n = 28) and harvested 2 viable seeds. One of the Fi plants resembled H. bulbosum but was less vigorous and
could be divided into clones with chromosome
numbers 2n = 23-30 and 2n = 14. The second
offspring, 2n = 28, possessed an intermediate
morphology. Both hybrids were sterile.
Davies (1960) crossed H. californicum (2x)
X H. bulbosum (4x) and H. californicum (2x)
X H. bulbosum (2x). Seed set was approximately 87 percent in the first cross and 29 percent in the second. Sixteen embryos were excised from each cross and transferred to nutrient agar, but none of them developed normally.
Adult sterile plants developed from several
pairings by Morrison and others (1959). These
included: H. jubatum X H. brachyantherum;
H. jubatum X unknown species; I. H. 74 (H.
jubatum X H. brachyantherum) X H. californicum; and if. jubatum X Hordelymus europaeus (L.) Harz. Varying proportions of hybrid seed set without plant survival followed
matings of Hordeum murinum X H. bulbosum; H. marinum X H. stenostachys; H. marinum X H. bulbosum; H. stenostachys X H.
bulbosum; H. stenostachys X H. pusillum; and
reciprocals of the last two crosses.
An indirect approach to crosses between wild
Hordeum species and H. vulgäre was taken
by Schooler (1960). The objective of his research was to transfer resistance to the spot
blotch organism (Helminthosporium sativum)
from Hordeum compressum and H. pusillum to
cultivated barley. He assumed that interspecific
hybrids between the wild species would cross
more readily with H. vulgäre. His report concerns the first interspecific cross in a step by
step development of hybrids that will eventually
be compatible with H. vulgäre. From the
crosses between these two species (H. compres-
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sum X H. piisillum), all plants obtained from
natural seed formation and in vitro culture of
excised embryos were sterile. When the crowns
of two Fi plants were treated with a 0.02-percent solution of colchicine, allotetraploids highly
fertile in the F2 and F3 generations developed. Subsequent reports by Schooler (1962,
196Jf) reveal the use of H, bulbosum in direct
crosses with autotetraploid forms of H. vulgäre.
Results have indicated some success in transferring leaf disease resistance from H, bulbosum to common barley and recovery of the desired head type necessary to obtain high yields.

Intergeneric Crosses—Barley and
Other Genera
Interest in the possibilities of intergeneric
crosses in the tribe Hordeae was stimulated by
Wilson (1876) who reported success in producing a wheat-rye hybrid. Since then, plant
breeders have been intrigued by the possibility
of combining the best qualities of two or more
cereals into a new plant type. The practical
need for success in such crosses was stated by
Quincke (lOJ^O) during his endeavors to transfer winter hardiness from rye to barley. He
said, 'The enormous soil losses of the Western Plains due to wind and water erosion
necessitates the production of winter hardy cereals which will cover the land during the critical period of the late winter and early spring.
A few crosses have been made with the hope of
developing a winter hardy barley for the Northwestern Plains.'' Quincke pollinated H. vulgäre
cv. 'Friedrichwerther' with pollen of Sécale
céréale cv. 'Crown', and 90 percent of the florets
set seed. Mature seeds were very shrunken and,
when dissected, revealed no traces of embryo or
endosperm. Both had apparently disintegrated
8 days after fertilization. Pollination of Hordeum jubatum by Sécale céréale cv. 'Crown'
produced 95-percent seed set. None of the seeds
germinated, and dissection revealed no trace
of developing tissues.
Studies of the cross Hordeum vulgäre cv.
'Freidrichwerther' X Sécale céréale cv. 'Crown'
by Thompson (1939, 19W) and Thompson and
Johnston (19Í5) revealed that 90 percent of
the ovaries were fertilized but endosperm development was abnormal. The embryos died
after 4 days and disintegrated a few days later.

Brink, Cooper, and Ausherman (19H) repeated the cross, Hordeum jubatum X Sécale
céréale, using the rye variety Imperial and
grew 81 excised hybrid embryos in vitro. Of
those that remained free of bacterial and fungal contamination, only one differentiated normally. Brink and Cooper (19Uy 19U7) ascribed
the failure of the hybrid seed, Hordeum jubatum X Sécale céréale and Hordeum vulgäre X
Sécale céréale, to develop to a germinable condition to be "associated with a radically altered
behavior of the antipodals." Cooper and Brink
(19H) considered this failure, Hordeum jubatum X Sécale céréale, a "result of starvation
arising from irregular development and eventually complete breakdown of the endosperm."
Several other barley-rye crosses have been reported.
Morrison and others (1959) obtained mature
but sterile plants with Hordeum californicum
X Sécale céréale; Hordeum dewessum X Sécale céréale; and Hordeum vulgäre X Sécale
céréale when aided by in vitro culture. Wagenaar (1959), also using the excision-agar techniques, cultured 155 embryos from Hordeum
jubatum x Sécale céréale cvs. 'Antelope' and
'Sangaste'. Two embryos grew normally but
were sterile. They were perennial and winter
hardy. Attempts to produce amphiploids by
treatment of clones with colchicine were unsuccessful.
Reports of efforts to produce barley-wheat
hybrids are rare. Gordon and Raw (1932)
crossed Bobs, a putative barley-wheat hybrid,
with a two-rowed barley and harvested seeds
that produced Bobs-like F^ plants. No barley
types appeared in later generations, and F,
plants had 42 chromosomes as does wheat. Results were interpreted as a "pseudofertilization
of the wheat ovule resulting in a parthenogenetic stimulation, accompanied by a doubling of
the maternal chromosomes." Karpechenko's
(1938) efforts to cross several wheat species
with autotetraploid barley failed. Smith (19U3)
used the pollen of Hordeum brevisubulatum on
several hundred florets of three varieties of
Triticum durum without success.
Several other genera in the tribe Hordeae
and two species, Bromus and Festuca, of the
related tribe Festuceae have been used in inter-
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generic crosses. Smith (19Jf2) used five Agropyron species, nine Elymus species, two BroTYvas species, Festuca idahoensis, and Sécale
montanum as male parents in crosses with
Hordeum vulgäre varieties. Several thousand
pollinations produced no hybrids. Reznicuk
(1939) tried to cross both H. hulhosum and
Elymus species with cultivated barley without
any luck. Pisarev, Vinogradova, and Poddubnaya-Arnoldi {19iS) described a sterile HOTdeum haploid plant derived from H, sporttaneum var. transcaspicum X Elymus arenarius. Its production was attributed to parthenogenetic development of the egg cell after
stimulation by E, arenarius pollen. More success was claimed by Korablin (1937) as 107
seeds developed from a Hordeum X Elymus
cross. Stebbins, Valencia, and Valencia (19Í6)
with Hordeum nodosum (2n = 28) X Elymus
glaucus (2n = 28) harvested 2 seeds from 40
pollinations; one seed was a self and the other
was intermediate in vegetative and ñoral characters. This plant resembled some of the specimens called E, aristatus Merr. Both plants
were pollen and seed sterile. Efforts to duplicate a putative natural hybrid, Agropyron
pauciflorum (A, trachycaulum) X Hordeum
nodosum, were unsuccessful. The natural hybrid of this or Agropyron pauciflorum X Hordeum jubatum was, in its complete sterility
and morphological characters, like specimens
called Elymus macounii Vasey. Stebbins considered that any specimens referred to as this
species were actually Fi sterile AgropyronHordeum hybrids.
Boyle and Holmgren (1955) studied natural
and controlled hybrids between Agropyron trachycaulum and Hordeum jubatum. Progeny derived were morphologically intermediate between the parents and were sterile. Cytological
studies revealed the usual abnormalities in
chromosome pairing and lagging of chromosomes observed in all other wide interspecific
and intergeneric crosses. They concluded that
Hordeum and Agropyron have one chromosomal complement in common. Ashman and
Boyle (1955) did a cytological study of an induced octoploid of this cross. Bowden (1958)
in a similar vein did research on natural and
artificial hybrids of Elymus and Hordeum, Of

eight generic hybrids discussed, all were sterile
and the parentage of four of the natural hybrids was experimentally confirmed.
Wiebe and Smith (1951) investigated naturally occurring and artificially produced sterile
generic hybrids of H, nodosum and Sitanion
jubatum. They reported these hybrids are
rather common where the two species occur together naturally.
A review of wide crosses in barley by Bakhteyev and Darevskaya (1960) is available in
English translation. However, the bibliography
is deleted in the English version and the original must be referred to.

Future Prospects—Interspecific
and Intergeneric Hybrids
Continuing research on the nature of internal barriers to successful hybridization and the
development of new techniques and approaches
will eventually have beneficial results. It is
quite possible that new plant forms derived
from interspecific and intergeneric crosses of
barley will someday find wide commercial and
industrial acceptance.
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BREEDING
By G. A. WiEBE

Progress in barley improvement depends on
a supply of good genes and on breeding techniques for assembling these into superior genotypes. Since barley is a self-fertilized plant, the
necessary recombinants must be sought through
artificial crosses. The breeder is faced with
many decisions. For most of these, there is
little or no previous experience on which to
rely, or the data at hand are fragmentary or inconclusive. Intuition and judgment all too often
are the basis for a choice. The decisions facing
the breeder include first the choice of parents
to use in crossing and later the choice of segregates to save. If both these choices could be
made with a high degree of precision, plant
breeding would become a science in which
choice would replace chance.
The selection of a breeding method is an additional problem, as is the matter of determining the value or effect of a particular gene.
When the breeding work deals with resistance
to a disease, a new principle is encountered, for
here the interrelationship of the gene-conditioned phenotype of the pathogen and that of
the host has to be considered. A similar principle exists when breeding for insect resistance;
and a three-way relationship must be dealt
with when the breeding program is aimed at
getting resistance to an insect-vectored virus.
Another important breeding problem is that
of identifying the desired gene or genes in the
hybrid population. Appropriate criteria or
techniques for this are often inadequate or too
costly or time consuming. One of the great contributions yet to be made to the science of
plant breeding is a way by which individual
genes can be identified with complete accuracy
in the parents and in their progeny.
During the 50-year history of the barley
breeding work in the United States, a number
of concepts on breeding methods have been developed. The most significant of these will be
reviewed here.

Backcross
Harlan and Pope (1922)^ were the first to
point out the use and value of the backcross as
a plant breeding method. They said :
So far as the writers know, backcrosses have not
been used in small grains to secure definite types in
the progeny. . . . Backcrosses seem to have been
largely if not entirely neglected in any definite
breeding programs to produce progeny of specific
types in spite of the fact that most grains are selffertilized and hence are immune to the evil effects
of inbreeding. . . . The writers feel that there is an
important place for backcrosses in small grain
breeding that is not now fully appreciated. It must
be acknowledged at the same time that the barley
products here discussed are not yet far enough
advanced to be entirely satisfactory as examples.
The results to date, however, are so promising and
the methods so plausible, that others working with
small grains may find it worth considering when
breeding for definite ends.

The backcross method was not fully accepted
immediately, but 10 to 15 years later its value
as a breeding tool was recognized and plant
breeders started using it quite generally. The
backcross is neither the best nor the most appropriate method to use in all kinds of breeding programs. In applied breeding, it is an
ideal method where one or two genes need to
be added to a recurrent parent that is satisfactory in other respects. It is difficult to use if
three or more genes need to be transferred simultaneously in the same breeding line. The
method is straightforward, and the most important point is to be certain that the progeny
plant used in the backcross possesses gametes
carrying the gene to be transferred. The speed
at which a backcross program can be moved
will depend on how easily and how accurately
^ References to Literature Cited, p. 126, are herein indicated by the name of the author or authors followed
by the year of publication in italics.
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the desired gene can be identified in progeny
plants and how rapidly the generations can be
cycled. The number of backcrosses will depend
on the objective of the breeder. The rate of recovery of the recurrent genotype is 1/2 » %> %,
etc., on the average for successive backcrosses.
It actually is somewhat less than this because
of linkage at the gene being transferred.
Breeders find 6 to 8 backcrosses to be sufficient
in most cases. Some breeders use fewer backcrosses, thus insuring a greater number of recombinants in the progeny population from the
last backcross for selection purposes.
The backcross has become one of the standard techniques in most plant improvement programs and is in wide use today. The method is
very effective and efficient for its special use.
A number of barley and other small grain
varieties now in production were produced by
the use of the backcross. The earliest, most extensive use of the backcross method was made
in California by Briggs and his associates
working with wheat and barley. The backcross
has become an important tool for the improvement of many economic plants.

Composite Cross
Growing bulk hybrids from simple crosses is
not new. Numerous breeders have followed a
procedure of growing the F2 to F7 generations
in bulk and selecting large numbers of promising plants for evaluation in the last generation.
Harlan and Martini (1929), Harlan, Martini,
and Stevens (19W), and Suneson and Stevens
(1953) projected thus idea by combining a
number of simple crosses into one large mixture. Such a mixture now is commonly called a
composite cross. In 1929, Harlan and Martini
argued as follows.^
At present we are trying to make a wider adaptation of the scheme in barley than has been attempted before. We have good varieties and varieties that are almost good. The full utilization of the
latter constitutes a real problem. At all experiment
stations there are varieties which have been tested

^ In the case discussed, 378 crosses were involved,
which are all the possible single crosses between 28
parents.

for many years. They are too good to throw away
and not good enough to distribute. Such varieties
must have some inherent quality that causes them
to be of perennial promise. Whatever this intangible quality may be, it quite probably is not identical
in the different sorts. If it is not identical, hybridization should be a recombination of characters in
such a way as to produce superior types. From the
mass of material available it is impossible to select
the most probable parents for producing the desired
superior sorts. If one were to take all possible
parents, the volume of work would be prohibitive.
From this large volume of material it was finally
decided to select a number of varieties, including
both superior and promising sorts which were outstanding for some quality or other, and to intercross these among themselves. . . . Since the handling of this number of crosses individually is
burdensome, it is planned to mix equivalent quantities of the F2 seed from each cross and to grow this
mixture in plots at as many stations as desired to
make use of this material. After a few years these
plots should contain a large number of strains
homozygous for most factors and natural selection
should have eliminated a great many of the weaker
combinations. At the end of five years, head selections may be with reasonable hope of isolating some
very desirable varieties.

The composite cross is a very economical
way of handling a large number of crosses.
Once such a composite is made, it represents a
valuable segregating gene pool for placement
at stations in barley-growing areas or in countries operating with limited breeding facilities.
The first composite crosses were composed of
simple crosses, and usually all, or as many as
possible, of the combinations between a limited
number of parents were used. The system limited the recombinants to the possibilities from
and two parents. Later, the scheme for making
the crosses was modified so that genes from all
parents used had an opportunity of being
represented in a single plant. In this plan a
systematic series of bridging crosses are made
as follows : First, the single crosses are made,
a X b, c X d, e X f, g X h. In the second mating,
the F/s are crossed to make two double crosses
a X b 2x c X d and e X f 2x g X h. In the
third mating, the double crosses are combined
aXb2xcXd3xexf2XgXh. This series
can be enlarged to include additional parents.
The largest attempted so far included 32 parents. Since all the gametes on the first F^ plants
are different, a greater number of crosses will
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have to be made than in the first mating, while
in the third and subsequent matings a very
large number of crosses would be desirable.
With the exception of the first cross in a series
like this, every subsequent crossed seed is essentially a new cross and will presumably result
in a different combination of characters. The
limiting factor in such a scheme is human
manpower.
The system of matings for making composite
crosses entered a third phase with the discovery of a genetic male sterile gene in barley by
Suneson (19W). This genetic emasculating
tool, in addition to taking the drudgery out of
the crossing work, extended the germplasm
base through an increase in the number of parents that could be used, and it permitted the
innovation and use of a variety of management
practices aimed at keeping different levels of
male sterility (and therefore heterozygosity)
operative in these hybrid populations.
A number of interesting observations have
come out of studies made with composite
crosses. When a composite cross is grown in a
contemplated-use area long enough to allow
natural selection to shape the population, most
of the surviving plants will be well adapted to
that area. This result agrees with earlier studies by Harlan and Martini (1938) in which
they found that adapted varieties also emerged
in prominence from a mechanical mixture of
varieties when the mixture was grown in different ecological areas of the United States.
High yield and the ability to survive in a
competitive population are not necessarily positively correlated (Suneson 19Í9, Suneson and
Wiebe 19i2), and the yielding capacity of a
genotype in a mixed population may be quite
different from its performance in a pure stand
(Wiebe, Petr, and Stevens 1963). The yielding
ability of the bulk composite tends to follow an
S-shaped curve with generation time. In the
early generations the yield is low and stabilized,
then it rises for a number of generations and
can go up as much as 1 percent each year;
and finally it plateaus at a high level (Suneson
1956). The difference in yield level between the
low and the high plateaus is influenced by the
choice of parents for the composite. If all or
most of the parents chosen are well adapted to
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the area and are average or high in yield, the
expected difference between the plateau levels
would be smaller than if, for example, half the
parents were poorly adapted and low in yield.
The data reported by Suneson (1956) indicate
that this is so (compare C. C. XII or C. C. V
with C. C. II). The rate of ascent from the
lower to the higher plateau was faster for composites made with adapted parents, for example, C. C. XII and C. C. V, as compared to C. C.
II in which many unadapted parents were
used. The relative yield level of the high plateau for each of the three composites mentioned is probably a reflection of the initial input of genes for yield and as conserved by the
forces of natural selection.
If the S yield curve for a bulk population is
typical for much of the barley breeding work
underway in the world, then it would appear
that the selection of individual plants for yield
evaluation should be delayed until about the
15th to 18th generation, or earlier if the mean
yield of the composite showed evidence to plateau. In practice, most breeders select in about
the 5th or 6th generation when the mean yield
still is low. If one evaluates this procedure
with the observation described by Wiebe, Petr,
and Stevens (1963) in which the yielding capacity of a genotype in pure stand differs from
its performance in a mixture, then a plausible
reason emerges as to why progress in breeding
for higher yield has been so slow.
The genetic shifts that occurred for specific
characters in a composite cross population during 30 generations of natural selection in California are reported by Bal, Suneson, and
Ramage (1959). The data indicate that 19 of
the 21 characters studied had shifted significantly during this period.
Observations on composite cross plots have
shown that their genetic diversity gives a
buffering effect against the rapid spread of airborne diseases and other crop pests having
similar modes of reproduction and dispersal
(Suneson 1960). The diverse genotypes in a
composite present the pathogen with a media
unsuited for maximum spore load and rapid
tur^iover of generations. The distance between
susceptible plants is greater, and thus many
spores must fall short of the target. Such fail-
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ures would have a major effect in retarding the
early generation buildup of the disease or pest.
It also seems plausible that a composite with
a wide germplasm base should be buffered
against extreme fluctuations in yield over a
range of environments. The expected advantages from the buffering effect have led to the
formulation of several plans for capturing
these gains. Among these are plans proposed
by Borlaug (1958), Jensen (1952), and Jensen
and Kent (1963) in which they advocate the
use of multiline varieties, a sort of flexible
composite, buffered against disease and insect
attack and other hazards that sporadically
affect production. The extent to which a multiline variety can be advocated for farm production where the grain is to be marketed for special industrial use is a factor to reckon with,
one that could deter the use of such varieties.
More than 30 barley composite crosses, both
spring and winter, have so far been developed
by Department workers. Three methods of
crossing have been used—simple crosses using
many two parent combinations, bridge crosses
in which successive F/s serve as the parents,
and crosses made with the help of a male sterile gene. The last method is the one used most
widely.
The development of composite Cross XXI
can illustrate some of the points discussed
heretofore. For full details, the reader should
see Suneson and Wiebe (1961, 1962). The cross
was conceived and planned in 1958. The objectives were broad and ambitious. A World Collection germplasm base was used, and the distribution of Fi seed has been worldwide.
The crossing work was carried out at Davis,
Calif., in 1959, in an environment conducive to
outerossing. A mixture of seeds, 8 to 10 each,
from the 6,200 spring barleys in the Department's World Collection, was sown in alternate
rows with a mixture of 50 male sterile stocks
with varieties Coast, Manchuria, Trebi, and
Hannchen as background genotypes. From natural and manually assisted crosses, 29 pounds
of Fo seed were obtained, and this was in
creased to 700 pounds of Fi seed the next year.
It is estimated that a total of 2,300 different
female and 5,200 different male stocks was
crossed. Beginning in the F. another round of

natural crossing can take place, and so on for a
number of generations (10 to 15) until the
male sterile gene disappears. However, the
timespan for the male sterile gene can be
greatly modified by management.
Composite Cross XXI holds valuable potentials for all spring barley-growing areas of the
world because of its worldwide germplasm
base. It should be of particular interest in
those areas where barley is grown but where
funds and facilities are lacking for an effective
breeding program. Under these circumstances
this composite cross could be grown in bulk for
a number of generations at very little cost.
During this period, natural selection would
have operated on the population to preserve
sorts well adapted to the locality and selections made at that time should include many
superior types.
This composite cross, because of its wide
germplasm base, provides an alternate way of
preserving the World Collection. This '*hybrid'' form is much cheaper to maintain, disperse, and exploit than are 6,200 separate
varieties in status quo storage. In hybrid form
these resources are evolutionary material in
continuous process of change and improvement.
Thus, any specific genes or new recombinants
isolated in the future are almost certain to be
available in a better background genotype than
at present.
Composite crosses of this kind, with their
built-in male sterile facility to insure heterozygocity and a continuing supply of new recombinants, can be managed and handled in many
ways. Natural selection pressures can be augmented or supplanted by artificial pressures—
the latter in varying degrees. The impact of
the factors in natural selection can be increased or decreased by growing the composite
in two or three radically different environments in cyclical sequence. The degree of
heterozygocity can be raised or lowered by
artificial selection on the male sterile gene.
A modified form of the composite cross has
been proposed by Jensen (1962). The concept
is to draw into a pool or reservoir or early generation hybrid material from plant-breeding
programs nationally or from around the world.
Additional germplasm can be added to the
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pool at any time, and no record needs to be
kept of the parents used in producing the
hybrids. A single pool is suggested for each
crop like wheat, oats, and barley, although
subpools, such as winter and spring barleys, at
a later time may prove desirable. Bulk seed
would be available to all cooperators, and the
rate of withdrawal from the pool would be
scaled to be somewhat less than its increase
rate. The seed in the pool would be grown
periodically to increase its volume and viability. Since the recombinants come from crosses
between parents of merit, they offer a resource
material at a high level from which the breeder
can select genotypes for his own needs and
environment.

Isogenic Analysis
One of the questions basic to all breeding is
—what is the worth of a gene, or what does it
contribute to the phenotype? The answer lies
in measuring the difference between the two
alternate states of the gene AA and aa in the
same background genotype. Atkins and Mangelsdorf (19Jf2) first suggested the use of this
approach in connection with the effect of awns
on the yield of wheat. A commonly accepted
terminology for this endeavor is isogenic analysis. The meaning of the term is best illustrated
by assuming a single gene mutation A to a
to have occurred in a homozygous inbred line
AA. This mutation will allow the establishment
of a line aa, which has a background genotype
identical with the progenitor line A A, Thus,
these two lines allow for the differences between AA and aa to be measured with a high
degree of accuracy.
There are three methods for establishing isogenic lines. The first is the one described above,
a mutation in a homozygous inbred line. The
second method is to transfer, for example, gene
a to homozygous inbred line A by use of the
backcross. The third method is to cross two
inbred lines, for example, AA X o.(^y then inbreed with forced selection at the Aa locus, and
after n generations, select the AA and aa
genotypes.
The first of the three methods mentioned has
one very decided disadvantage from a practical point of view. The number of usable
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mutants is only a very small part of the total ;
and although a comparison of the mutant type
with its progenitor might be very informative
for an understanding of different kinds of
gene action, the usable information gained for
plant improvement work is usually very limited.
A more profitable approach is to evaluate
mutants that have occurred in the past and
that have survived through thousands of generations of natural selection. Since nearly all
mutant forms are old, it usually is not possible
to find or to be certain of the progenitor type
so as to employ the first of the methods of
analysis described. We must therefore establish our lines by the backcross or the inbreeding method. The choice between the two methods often is unimportant, and on the whole they
lead to the same end. On the other hand, they
differ in certain respects. In both methods, the
background genotype becomes homozygous
rather quickly. There is a lag, however, in
reaching homozygosis for the chromosome segments on either side of the marker gene due to
linkage. The two methods differ in the rate at
which these segments become homozygous. The
rate is twice as fast for inbreeding as it is for
backcrossing. The total length of the gene
block in which the marker gene is located is
2/n of the genetical length of the chromosome
for backcrossing and l/(n-l) for inbreeding
(Bartlett and Haldane 1935, Hanson 1959),
where n refers to the number of backcross generations or the number of inbred generations,
respectively. The formulas give close approximations for gene block lengths in the range of
backcrossing or selfing generations required
for isogenic lines. For gene block length in
earlier generations of backcrossing or selfing,
the reader should see Hanson (1959),
Since the investigator never will be able to
establish unequivocally that his lines differ by
only a single gene, even after advanced selfing
or backcrossing, it is more accurate to regard
an isogenic pair of lines as differing by small
gene blocks identified by a marker gene. The
degree to which the two gene blocks differ for
other genes depends on the genotype of the
parents used to establish the lines.
A combination of backcrossing and inbreed-
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ing is desirable when the gene of interest is
present in a weak or poorly adapted variety.
Consequently, it is advisable to transfer this
gene to a stronger and better adapted genotype
before commencing to inbreed, so the testing
work at the end can be carried out more easily
and the results will be more meaningful for
any applied work that is to follow. In addition,
interspersed inbred generations are necessary
with many backcross breeding programs for
the purpose of keeping track of the gene to be
transferred.
After a pair of lines has been established,
the difference between them can be evaluated
for any criteria of interest. Differences found
in this manner can then be ascribed as due to
the effect of the marker gene or a gene or
genes closely linked to it. Approximately 50
loci in barley have been set up as isogenic pairs.
For loci of greater interest, several paired lines
with different genetic backgrounds have been
established. The total number of paired lines
exceeds 100. The degree of inbreeding of the
paired lines ranges from 12 to 37 generations,
with most of them over 25 generations. As a
matter of procedure and for future anticipated
uses, paired lines homozygous for the marker
gene were established every 5th generation
commencing about the 10th, thus providing
paired lines for investigations at the 10th,
15th, 20th, 25th, 30th, and 35th generations
of inbreeding. The isogenesis of these lines is
being continued.
To illustrate briefly the type of information
that can be obtained from tests using isogenic
lines, three examples are given.
A very common spike character among
world barleys is the number of rows of kernels
in the spike, designated as six-rowed and tworowed. Isogenic lines contrasting six-rowed
and two-rowed spikes were established and
compared for agronomic and malt quality factors. Ten pairs were used in extensive tests
over a period of years and over a wide geographic area. Signiñcant differences between
the lines were found for yield, plant height,
kernel size, and nitrogen content of the kernels. The six-rowed lines were higher in yield,
and the two-rowed lines higher in the other
three characters. For malting quality factors.

the six-rowed lines were higher in extract and
the two-rowed lines higher in enzymatic activity.
A single pair of lines contrasting orange
lemmas and normal-colored lemmas showed the
former to be signiñcantly higher in alphaamylase, an enzyme concerned with malting
quality. On the other hand, the lines were alike
for yield, maturity, test weight, lodging, and
kernel size.
The malting and brewing industry has persistently and continuously argued the quality
merits of blue barley versus white barley, with
staunch supporters in each camp. It appeared
to the writer that an unequivocal answer could
come from a comparison of isogenic lines
differing only in color. Consequently, seven
pairs of lines were established and tested with
the result that color was found to be unrelated
to any of the quality characters measured.
Likewise, there was no difference for such
agronomic characters as yield, plant height,
maturity, test weight, kernel size, and lodging.
Additional tests with isogenic or near-isogenic lines of barley are described by Suneson,
Schaller, and Everson (1952) and by Suneson
and Stevens (1957).
Many of the isogenic barley lines developed
have not yet been tested. Other investigators
also are developing isogenic lines, and similar
work is underway in other crops.
One can ask the questions as to what additional information can be obtained from isogenic lines, or what basic research the lines
lend themselves to. The most obvious information, already discussed, is to evaluate the performance of genes AA and aa and the difference between them. The answer here must
always be related to the speciñc background
genotype in which the genes are measured.
An important economic question for which it
is difficult to get accurate information is the
extent of the losses caused by diseases and insects. Isogenic lines in which one member is
resistant and the other susceptible to a specific
disease or insect are ideally suited to measure
such losses.
Data from single gene differences for plant
height or maturity date should give informa-

BARLEY: BREEDING

tion on the optimum plant type best suited for
a particular area.
Isogenic lines are suited for studying the
fitness of a gene in natural selection by growing lines as mixed populations (Suneson and
Ramage 1962). Such mixtures also will allow
the investigator to evaluate the competition between genotypes. A study of this type, reported
by Wiebe, Petr, and Stevens (1963), showed
that the yield of the same genotype was reversed in the mixture when compared to the
yield in pure stand.
Since marker genes always have genes associated through linkage, the difference observed
may be due to the linked gene rather than to
the marker gene. Critical proof of this statement may be difficult to obtain. Linkage may
work to the advantage or disadvantage of the
investigator or breeder. A closely related problem to linkage is the one of pleiotropy. A high
degree of isogenesis can help to solve this problem, but here again unequivocal proof is
difficult to obtain.
Recent advances in our understanding of the
genetic material, protein synthesis, and biochemical techniques have opened the door to
studies of the gene at the molecular level. These
advances have been made primarily with lower
organisms like the bacteria and viruses. The
time is at hand when similar and related studies should be made with higher plants. Isogenic
lines of the type described here are ideally
suited for such studies because any biochemical
or physiological difference found between the
members of a pair of lines has a good chance
of being related to the gene under study.

Breeding for Wide Adaptation
The ability of a variety to perform consistently well under a wide range of environments
is recognized as a desirable trait. As major environmental factors affecting the performance
of a variety, one can list temperature, rainfall,
sunshine (cloudiness), humidity, and the soil's
texture and structure, moisture and nutrient
content, alkaline or acid condition, and
microñora. In addition, disease and insect pests
must be considered. The factors vary from
place to place and from season to season. The
problem then is to breed a variety that will
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give a sustained high performance under all or
most natural stresses. This is a difficult task—
made so by the complexity of the environment
on the one hand and the large number of genes
that need to be marshaled on the other. A
breeding method for attacking this problem
has been proposed by Finlay and Wilkinson
(1963) and Finlay (196J,). For this method,
yield of grain was chosen as the overall criterion to be stabilized, since yield, probably
more than any other single character, represents an integrated sum of the effect of the environmental factors operative in each instance.
The technique is mathematical and uses a
linear regression of yield for each variety on
the mean yield of all varieties at each site and/
or season. For this purpose a number of representative sites in the production area are
chosen, having different climatic and edaphic
factors. At each site and during several years
a uniform set of varieties is grown in yield
performance tests. The mean yield of all varieties at each site and season is used as a
descriptive index of the environment.
The variety regression coefficients, together
with the variety mean yield over all environments, can then be used to select parental varieties for crossing which have stability and high
yield. A regression coefficient of b = 1.0 indicates that the variety has average stability;
b>1.0, below average stability; b<1.0, above
average stability; and b = 0.0, absolute stability (a constant yield of grain in all environments). The same type of field test and statistical analysis described here for selecting
superior parents can also be used for bulk Fi,
F2, F3, etc., hybrid populations in order to identify those having high yield and stability. The
better populations should contain individual
lines having both high yield and wide adaptation for potential release as varieties or as
parents for a second cycle of breeding.
The breeding scheme developed so far has
not been tested for its applicability to quality,
but it would appear that it should also work in
this area.

Breeding for Complex Characters
Records of plant breeding give many instances of crop improvement for one, two, or a
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limited number of characters. The breeding for
resistance to diseases or insects can be cited as
typical examples. The problem of how to handle complex characters or a large number of
characters simultaneously in an improvement
program has only recently been dealt with. The
concept of a method for attacking this problem
has been put forward by Grafius (196ia,
196Jfh, 1965). In essence, this method is one in
which the plant breeder creates populations in
such a way as to maximize his chances for success. This method will be described later, but
first some basic concepts underlying the method
will be discussed.
Barley is a multicellular plant having specialized tissues that appear sequentially in a
developmental pattern during its lifespan from
seed to seed. Modern genetic concepts hold that
an organism is the fulfillment of the directives
from its genome and that the variation between individuals with identical genomes is
due to environment and random walk. Biochemical pathways of synthesis (in which enzymes and energy participate) lead from the
gene to the character. Based on genetic tests,
some characters are said to be controlled by a
single gene; whereas others (and by far the
larger group) are controlled by many genes.
Thus, the breeder must be able to identify the
gene by its enzyme or product at a time in the
life cycle of the plant so that selection for the
gene can be made. In practice, the fulfillment
of this ideal is only rarely realized.
For a complex character controlled by many
genes, it is advantageous to subdivide the character into its natural component parts and, if
possible, to continue this process until simple
genetic control is reached. Such repeated subdivisions are not always possible because of the
lack of information on how to proceed. An example is the protein content of the barley kernel. Here, a first logical subdivision from the
chemical standpoint is to group the proteins into those that are salt soluble, alcohol soluble,
and insoluble and to determine to what degree
genetic control exists for each group. However,
there is little merit in merely showing such
control. What we need is to be able to define
and measure the effect of each single gene in
our field of interest to insure greater maneu-

verability and predictability of results. Genetic
theory holds that as a complex trait is progressively resolved into its natural subunits, the
subunits are controlled by fewer and fewer
genes, and finally by only a single gene.
Grafius used the complex trait yield of grain
to illustrate how this trait could be dealt with
by applying the concepts discussed above. As a
first approximation, yield is viewed as a complex trait having three components : Number of
heads per unit area, number of kernels per
head, and weight per kernel, all properly
scaled. A three-dimensional model is envisioned
with yield equated to volume and the three
components as the edges. The use of geometry
is incidental and an invention to aid in seeing
the problem. The model serves in showing how
yield (volume) is altered by shifts in the components and how yield may best be increased
for a particular environment. Knowing the
component to be increased, it follows that this
should be accomplished more readily than by
concentration on the complex trait itself. The
component analysis also aids in characterizing
the attributes of a universal variety, which can
be described as one resisting change in a component under heavy environmental stress within a region.
The concept of the component approach has
increased our management position with respect to breeding for yield. Further steps need
to be taken to increase the predictability of our
breeding efforts. This can come by a further
resolution of the three components into their
next logical subgroups.
Earlier it was stated that yield is the product of the three components. It is difficult to
comprehend how genetics can operate in a multiplicative manner. In the present case an apparent logical explanation lies in the sequential
development of the components. Here tillering
is the first period and has to do with the
number of heads per unit area. The number of
kernels per head is determined during the second period, which immediately follows the first
or they may actually overlap to some extent.
Pollination occurs sometime after the second
period and initiates the third period, namely,
the development of the kernel. Thus, the three
components are essentially separate, sequential
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events with the possibility of some overlap between the first two. From this it follows that
yield is the product of number of heads X
number of kernels X weight of kernel using
average values and standard units in each category.
The breeder's task, directed as it is to the
production of a variety of economic worth,
usually is to improve two, three, or more characters simultaneously; and to hold the status
quo for all other characters. In either case,
selection must be practiced, first in the choice
of parents and second in the choice of which
progeny to save. How, then, can the breeder
insure advances on such a multiple front?
Grafius (196ia, 1965) has proposed a method designed to assist the breeder to advance on
a multiple front. The method includes the following concepts and procedures : That additive
gene action is involved and that the midparental value for a trait or character predicts the
mean of the unselected bulk progeny, say in F.^
or F4. The evaluation of the trait in F., or F4
largely eliminates the effect of dominance.
Wherever possible, the component of a complex trait is used rather than the trait itself to
minimize the effects of epistasis. A hypothetical or ^'ideal" variety is set up as the objective
to be attained in the breeding program. This
ideal variety can be completely idealistic, but
more likely it is based on a currently successful
variety that the breeder has projected either up
or down for each character to describe his concept of a superior variety, care being taken to
keep within a realistic range. In the overall
scheme a uniform scale is adopted for all measurements and the characters are weighted according to their importance.
The selection of parents to use or progeny
strains to keep is based on the respective
correlations of the midparental values or
strain values with those of the ideal variety for
a series of traits. Grafius (196ia) has introduced the vector method as an aid to the analysis and elucidation of the data obtained. He reports progress toward the attainment of
progeny populations close to an established
ideal. Where a second round of crosses is required, the method used for choosing the selec-

tions to be crossed is the same as that used for
choosing the original parents.

Hybrid Barley
The increased yields obtained from heterosis
in corn, sorghum, onions, sugarbeets, and other
crops have been substantial and continuous.
The successful commercial production of hybrid seed depends on a reliable and economical
source of male sterile plants to serve as the female parent of the hybrid. Historically, corn
was the first crop to use hybrid seed commercially, and in the beginning hand detasseling
was used to produce the female plants of the
cross. Since then a special type of cytoplasm
has been found to induce male sterility, and its
use has become the preferred method in corn,
sorghum, onions, sugarbeets; and currently is
under test with wheat. This type of cytoplasm
has not been found in barley, and for this reason an alternate way was sought and found for
this crop.
A currently proposed plan is the one that
combines the methods described by Ramage
(1965) and Wiebe (1960). This plan uses
a balanced tertiary trisomie setup in such a
way that the extra interchange chromosome
carries at its breakpoint a dominant gene for
male fertility linked with a gene for phytocide
susceptibility. The recessive alíeles for male
sterility and phytocide resistance are carried
on the two normal chromosomes that constitute
the diploid complement. This arrangement of
chromosomes, linked genes, and the altered cytological behavior at meiosis due to the extra
chromosome, result in the production of about
70 percent male sterile plants and about 30
percent fertile balanced tertiary trisomie
plants in the progeny from a selfed balanced
tertiary trisomie. The balanced tertiary trisomies are genotypically identical to the mother
plant from which they arose and thus can be
used to recycle and increase this seed stock in
isolation. The linked phytocide-resistant, male
sterile genes permit chemical roguing of the female rows in the crossing block so that only
normal diploid male sterile plants survive on
which the crossed seed is produced by pollen
from the male parent.

126

AGRICULTURE HANDBOOK 338, U.S. DEPT. OF AGRICULTURE

Since the extra chromosome never becomes a
part of the genome of the hybrid seed, it can
uniquely be used to carry informational genes
(male fertility and phytocide susceptibility in
the present case) to facilitate genetic and
operational procedures to more fully automate
the various steps needed for commercial hybrid
seed production.
Preliminary tests and experience with hybrid barley indicate that the amount of heterosis is similar to that found with other crops,
namely, in the range of 20 to 30 percent, and
that hybrids are intermediate between the parents for most malting quality characters except for protein, which usually is lower and is
the preferred direction. Cross-pollination works
successfully under Arizona and California
conditions but poorly elsewhere. This problem needs to be studied broadly and in depth.
Barley probably has been a self-pollinated crop
through all of its evolutionary history as a cultivated crop, and it remains to be seen how far
it can be altered to be a cross-pollinated plant
by breeding and selection. Nothing is known of
the impact that hybrid barley may have (good
or bad) on the diseases and insects that normally attack this crop when hybrids will be
grown over large areas.
Recently, Hermsen (1965) has proposed an
undiscovered hypothetical cytoplasm (F),
which would restore fertility to a genetic male
sterile gene. Plants carrying (F) cytoplasm
and a genetic male sterile gene would be fertile, and when crossed as male on a male sterile
female having (S) cytoplasm and the same
genetic male sterile gene, all the progeny would
be male sterile.
No doubt the future will see other proposals
made, each with its good points and bad.
These are healthy and necessary states giving
rise to the synthesis which finally culminates in
the successful plan.
Thus, while there is cause for optimism, we
must not overlook the vast amount of information we lack to firmly establish hybrid barley
as a continuing item in the flow of time.
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GENETICS
By G. A. WiEBE

Barley is among the top half-dozen plants
that have been extensively analyzed genetically. The diploid nature of barley, its low chromosome number (7), its worldwide distribution, its almost complete self-fertility, its
ease of hybridization, and its wealth of easily
classifiable hereditary characters make extensive analysis possible. Among higher plants,
barley is frequently selected as a test plant for
research studies dealing with genetics, cytology, radiation genetics, radiation biophysics
and biochemistry, physiology including isotope
studies, photoperiodism, malting and brewing
chemistry including enzyme systems, population genetics, breeding methods, isogenic analysis, biochemical genetics, pathology including
the genetics of the pathogen and host and their
interrelationship, mineral nutrition, virology
(barley is unique among grasses in being host
to a seedborne virus), and immunoelectrophoresis. On the basis of the generally accepted
idea that all life processes are under genetic
control, the extension of our knowledge of this
richly endowed plant is important, both for its
own improvement and as a science resource for
other plants having a similar breeding structure.
Genetic information is encoded in the linear
sequential arrangement of nucleotide pairs in
the double helix of DNA, and a mutation is the
result of a rearrangement of this sequence.
Genetic variability is the fuel of evolution and
the chief ingredient used in plant breeding.
Plant improvement depends on the successful
management of this genetic variability. Genetics and cytogenetics seek to define the nature
and structure of the genetic material, how the
functional gene is organized, how the gene
functions and replicates, how genes are organized into larger units known as chromosomes
resulting in the creation of linkage, when and
how recombinations come about, the movement
128

of chromosomes in somatic and sexual reproduction, and, in the overall, how genetic information is passed from parent to offspring.
Biochemical genetics seeks to explain the
genetic material at the molecular level, and extensive information, principally from work
with lower organisms, has accumulated during
the past decade. It also is gratifying to know
that the forces operating in gene replication,
mutation, and protein synthesis are the wellunderstood conventional forces of chemistry,
and not some unraveled forms of mysticism.
The rapid strides made in biochemical genetics
are due to the fact that the reactions involved
are solidly based on the existing sciences of
chemistry and physics.
It is important that the newer information
gained with the lower organisms now be extended to higher plants and animals. Admittedly, these are much more complex in cell types
and in tissue arrangement and function; but
based on the history of science, the gains that
can come from the use of this new information
would be highly profitable. As our knowledge
and understanding of barley increase, this
plant will very probably serve as a suitable
host for testing this new information and as a
means for the further extension of genetic
knowledge in its own right.

Chromosomes
All cultivated barleys have 7 pairs of chromosomes. Among the wild forms, species occur
with 7, 14, and 21 pairs. The wild Hordeum
spontaneum C. Koch barleys have 7 pairs, and
all appear to give fertile offspring when
crossed with cultivated types. The other wild
forms are difficult or impossible to cross with
cultivated forms, but certain wild species cross
readily among themselves. Summaries on chromosome numbers of species and cultivated va-
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rieties may be found in Nilan (196.í)^ and
Smith (1951) and in "Interspecific and Intergeneric Crosses of Barley," page 105.
With respect to chromosome numbers, the
cultivated barleys are oppositely oriented from
wheat and oats. Although all three cereals
coexisted in identical or overlapping geographical areas during recordable evolution, the cultivated types in barley are diploid and have 7
pairs of chromosomes; whereas the cultivated
types in wheat are polyploid and have 14 and
21 pairs, and oats have 21 pairs. Autotetraploids occur spontaneously in cultivated barley,
but none have become established in nature.
The seven (haploid) chromosomes of cultivated barleys are comparatively large, measuring 6 to 8 /t in length. They are approximately
the same size as those of wheat but considerably larger than those of maize in the condensed
stage (Smith 1951). Two of the seven chromosomes have one satellite each. The centromeres
are median to submedian. The known linkage
groups have been definitely associated with
specific chromosomes. The numbering system
is as follows : In the nonsatellited group, chromosome 1 is the longest and 5 is the shortest.
In the satellited group, chromosome 6 has the
longest satellite and 7 the shortest. The relative length of the chromosomes and the shortarm to long-arm ratios have been reported by
Burnham and Hagberg (1956) and Sarvella,
Holmgren, and Nilan (1958) and are given in
table 4. A typical picture of the seven chromosomes is shown in figure 53.

TABLE

4.—Relative length of barley chromosomes and arm-length ratios

Chromosome
number
1
2
3
4
5
6
7

Short arm/long
arm ratio

1.00
.96
.89
.87
.77
-".73'(.88)
= .81M-92)

0.75
.86
.92
.77
.73
-'.61^.94)
^41''(.60)

' Chromosome 1 = 1.00.
" Without satellite.
' With satellite.

For further details see Nilan (1964), Smith
(1951), and Burnham (1962).
Relatively few haploid barley plants have
been reported as compared to other cereals,
particularly maize. Haploids are weaker and
shorter plants, have narrower leaves and
smaller stomates, and are almost completely
sterile. Haploids are frequently found among
twin seedlings.
All the cultivated barley varieties grown
throughout the world are diploids. A great variety of forms exists, and these comprise the

•VXi
•%

v^*

^ 6

Variations in Chromosome Number
and Structure
In terms of somatic tissue, the common variations in chromosome number for cultivated
barley include those with 7 haploid, 14 diploid
(common cultivated barley), 21 triploid, 28 tetraploid, and 14 + 1, a trisomie series of 7
different kinds. The primary changes in chromosome structure include reciprocal interchanges and inversions.
Each of these types will be described briefly.
^ References to Literature Cited, p. 113, are herein
indicated by the name of the author or authors followed by the year of production in italics.

Relative
length ^

O' c

*%

PN-2475

FIGURE

53.—Barley chromosomes.
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backbone of all the breeding and investigational
work underway with this plant.
Triploid barley plants are rare and none has
been found in nature. The few that have been
found came from crosses between diploid and
tetraploid types, and the cross has been most
successful when H. spontaneum was used as
the diploid parent. Triploids are highly sterile
when selfed. Triploids are used chiefly as a
source of trisomies, which stem from irregular
meiotic divisions. Trisomies also are frequently
found among twin seedlings.
Tetraploid barley plants occur in nature and
are partly fertile ; thus, some degree of survival
is possible where competition is not too severe.
All tetraploids found so far have been of the
autotetraploid type. In addition to occurring
naturally, tetraploids can be induced by treating seedlings with colchicine, other chemicals,
and heat. Various morphologic changes occur
when the chromosome number is doubled. The
most common changes are a shortening and
thickening of the stem, fewer tillers, and
thicker and greener leaves having larger cells
and stomata. The kernels and pollen grains are
larger. There usually are fewer florets and the
amount of sterility varies with variety. Many
workers have observed a greater disease susceptibility in these forms. In addition, other
chemicals or physiological differences, such as
less winter hardiness, have been noted.
Meiosis in autotetraploid barley plants is irregular, with more or less random pairing
among the four homologous chromosomes of
each set, giving rise to gametes with varying
numbers of chromosomes. In the progeny of
tetraploids, plants with varying numbers of
chromosomes have appeared, covering a range
of from 24 to 31. Occasional plants with 14
chromosomes also are found.
Tetraploids have been tested for their economic value, but none have been found to be
superior to their diploid prototype.
Trisomie (2n + l) plants have an extra chromosome in addition to the regular diploid set.
Such trisomies are known as primary trisomies. Since there are seven basic chromosomes
in barley, seven different primary trisomies
are possible. A tertiary trisomie is one in
which the extra chromosome is made up of a

segment of each of two nonhomologous chromosomes (Ramage 1960), Balanced tertiary
trisomies are tertiary trisomies set up so that
the dominant alíele of a marker gene closely
linked with the interchange breakpoint is carried on the extra chromosome, and the recessive alíele is carried on the two normal chromosomes that constitute the diploid complement
(Ramage 196Í). Primary and tertiary trisomies are found in the progeny of interchange
hétérozygotes as a result of irregular disjunction. Primary trisomies can also be found in
the progeny of triploids. Since trisomie seeds
weigh less than their corresponding diploid
seeds. Ramage and Dya (1960) have shown
that these types can be effectively separated by
a seed blower using an air current.
Since the trisomie condition modifies the
genetic ratio for genes located on that chromosome, trisomies offer one of the most effective
methods of associating genes with their respective chromosomes. The phenotype of a trisomie
plant is altered in a characteristic manner, depending on which primary or tertiary chromosome is present as the extra chromosome.
Trisomie plants differ in such characters as
general plant vigor ; height ; time of maturity ;
tiller number; leaf color, width, and length;
and ovule fertility (Ramage 1960, Tsuchiya
1960). Certain of the trisomies can be readily
and accurately identified by their phenotype.
Tsuchiya (1960) has shown that the trisomies
from H. spontaneum have greater fertility
than those derived from the cultivated barleys.
Trisomies are a useful tool for cytogenetic and
genetic investigations, including the production
of pollen-carrying recessive lethal (e.g., albino) or sterile (male sterile) genes in a homozygous condition (Ramage and Tuleen 196Í),
Reciprocal translocations or interchanges between nonhomologous chromosomes occur
spontaneously in barley but are most frequently
found in the progeny of plants or seeds subjected to irradiation or chemical mutagens.
The cytological behavior of homozygous translocations is similar to that of normal diploids.
In the heterozygous condition, abnormal pairing and chromosome movement are observed at
meiosis, giving ring or chain configurations,
depending on the number of chromosomes in-
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volved. As a result of disturbed meiosis, ovule
and pollen abortion occurs, resulting in partial
seed set. See Burnham (1956, 1962) for further
details.
A summary of the translocations identified
as to the specific chromosomes involved is
given by Ramage, Burnham, and Hagberg
(1961). Translocations are useful for locating
genes on specific chromosomes ; for positioning
genes and the centromeres on chromosomes;
for studies on chromosome behavior such as
crossing over, segregation, and chiasmata positions; for moving genes into desirable linkage
relationship ; and as a source of trisomies, both
tertiary and primary. A summary of the linkage values betw^een a select group of genes and
the breakpoints for a series of translocations is
given by Ramage, Burnham, and Hagberg
(1961).
Translocations in barley have been used to
associate linkage groups w^ith each of the chromosomes, to orient these groups on each chromosome, to locate and position genes on specific
chromosomes, and to position the centromere
for each chromosome (Ramage, Burnham, and
Hagberg 1961; Hanson and Kramer 191^9,
1950; Hanson 1952; Kramer, Veyl, and Hanson
195Jf; Tjio and Levan 1950; Tjio and Hagberg
1951; Hagberg and Tjio 1950, 1952; and Hagberg 195Jf). A reviev^ of these uses and other
special uses of translocations is given by Ramage (196i). This includes studies on the
suppression of crossing over in the interstitial
regions of the chromosome ; the creation of duplicated segments ; the selection of homozygous
lines in the F. from complete ring forms; and
the production of pollen homozygous for lethal
or male sterile genes, as a scheme for hybrid
barley; and for studies on chromosome disjunction and the time of crossing over in genetic
recombination.

Sources of Genetic Variations
There are tv^o main sources of genetic variations—those that occur spontaneously in
nature and those induced by man using radiation or chemical mutagens. The underlying
causes producing the mutations are the same in
both cases since similar and often apparently
identical mutants arise in both instances. A
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summary of recent studies using chemical mutagens shows that mutation can be looked upon
as a chemical process (Freese 1963). The mode
of action of radiation is less v^ell understood,
but, from the similarity of the results obtained,
one would surmise that this, too, is a chemical
event (Nilan 196Í).
Spontaneous mutants occur wherever barley
is grown. Types without number have arisen
over an enormous area. Many that have survived have been gathered into world collections
maintained by government agencies in a number of countries. These constitute the world's
priceless reservoir of germplasm. Approximately 8,000 entries are in the collection maintained by the U.S. Department of Agriculture.
Here, for the breeder, lie the building blocks
that have survived the anvil of natural selection.
The morphologic variants are easily seen and
studied (Ward 1962), but more concealed He
the genes that control physiological processes,
biochemical reactions, developmental patterns,
and functional processes.
The mutations induced by radiation or by
chemical mutagens are similar in broad spectrum to those handed us by natural means. The
number of mutants produced by radiation or
chemical mutagens is greater per unit of time,
however, because the intensity of the mutagenic agent is stepped up over that occurring
in nature.
Nearly all mutants are deleterious. One cannot say, however, that the ratio of good to
bad mutants for the man-induced method is
different from the ratio that occurs in nature.
The two methods are difficult to compare. In
nature, the rate is low and the plants are scattered over a large area; and since most of the
deleterious variants are eliminated quickly by
natural selection, they are not included in the
sample for evaluation. Under man's control, on
the other hand, the rate is high and the entire
sample comes under purview of the investigator. For a comprehensive review of the subject
on radiation and chemically induced mutations,
the reader is referred to the work of Nilan
(196Jf).
Evidence that the various mutagenic agents
used differ in their effect is accumulating over
a wide range of biological organisms subjected
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to artificial mutation. Some agents tend to
produce structural changes in chromosomes,
whereas others tend to produce mutations. A
greater degree of specificity seems to be emerging from the work with chemical mutation as
compared to radiation. In some instances, the
chemical used is specific for one of the four
nucleotides in the DNA molecule. Since mutations occur largely as random events, it is the
ardent hope of every mutationist to bring this
process under precise control and directed toward specific ends. Barley is well suited to play
a major role in defining the basic steps underlying the mutation process.

Kinds of Genetic Characters
The kind of character most easily dealt with
in barley genetic studies is one that can be
readily classified by eye, such as black and
white kernel color. The science of genetics was
established by the extensive use of easily classified characters, and the history of barley
genetics is no exception. Examples of the earliest or most frequently studied characters are
six-rowed versus two-rowed, hoods versus
awns, hulled versus naked kernels, black versus
white kernels, and rough versus smooth awns.
Many characters, however, cannot be observed
so readily. For these, special techniques are required, such as metric measurement, a chemical test like the iodine test for waxy starch, a
chemical analysis to determine the quantity of
a compound, a disease test to determine the
presence or absence of a resistant gene, and an
outcross to a tester stock to determine the
genotype of the plant to be classified.
The barley characters studied so far can be
grouped in various ways, and no single system
is satisfactory in all respects. The grouping
used by Nilan (196U) and Smith (1951) is
adequate for the situation as it exists now, and
the reader is referred to these two comprehensive reviews for details on each character. Additional descriptive information and illustrations on most of the characters are given in the
section "Botany,'^ page 79. A natural grouping
system is to place the characters into seven
groups corresponding to the chromosome in
which each gene is located. Such a grouping is

meaningful for the barley breeder where linkage is a factor. This method does not, however,
give logical grouping with respect to other criteria, such as chlorophyll and quantitative
characters. A gene map for each of the seven
chromosomes is shown in figure 54. The locus
for a gene is given only where this has been
determined by a three-point linkage test or
where a gene is very closely linked with another. The number of loci shown represents
only a small part of the total characters known
in barley. The chromosome for many of these
characters is known, but additional studies
1. t = stem rust reaction; un — loose smut reaction;
br = brachytic plant; fc = chlorine seedling; wx
= waxy starch; yc = virescent seedling; ac2 =:
albino seedling; rs = green stem; (Rs = red
stem); bl2 = white aleurone; (B12 = blue aleurone) ; n = naked seed; lk2 = awn length.
2. or = orange seedling; Ig = light-green seedling;
ms3 = male sterility; y = virescent seedling; f =
chlorine seedling; e = awned glume; ms2 =: male
sterility; h = plant height; pau — normal auricle;
(Pau = purple auricle); re2 = white pericarp;
(Re2 = red pericarp) ; rin = rachis internode
number; pr = white straw; (Pr = purple straw);
V — six-rowed spike; Ir = reduced lateral lemma
appendage; Ik = awn length; pc = white-veined
lemma; (Pc = purple-veined lemma); li = liguleless ; tr = triple-awned lemma.
3. als = absent lower lateral spikelets; uz = uzu
(dwarf plant); ys = yellow-striped leaf; zb = zebra-striped leaf; Xc = xantha seedling; a« = albino
seedling; al = albino lemma; Ic = spike density; an
= albino seedling; complementary genes bt, bt2 —
Bt, bt2 — bt, Bt2 = tough rachis; (Bt, Bt2 =
brittle rachis) ; Xs = xantha seedling.
4. i, I^ = fertility of lateral floret; k — awned lemma; (K =: hoods); lg4 = light-green seedling; Zc
= zoned leaf; lg3 = light-green seedling; gl =
glossy seedling; lb = long weak basal spike internode; lb2 = long weak basal spike internode; gl2
= glossy seedling; ml-g = mildew reaction; min =
minute plant; bl = white aleurone; (Bl = blue
aleurone).
5. trd = third glume; b = white lemma and pericarp; (B := black lemma and pericarp); at = albino seedling; ms = male sterility.
6. ec = early heading; uc2 = uniculm; o = orange
lemma; Xn = xantha seedling.
7. fs = fragile stem; mt2 = mottled leaf; s = short
haired rachilla; va3 = white stripes on leaves and
stem; cm = cream seedling; r = smooth awn; va
= white stripes on leaves and stem; sh2 = winter
habit of growth.
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need to be made to determine its exact location. A most probable range is shown for the
location of the centromere on each chromosome
except the fifth. The gene order on chromosome
5 is arbitrary. At this time there is no information on which way these genes are oriented
or on which arm each should be placed.

Since cultivated barley is a diploid, the inheritance of most characters is controlled by a
single gene and normal 3:1 or 1:2:1 ratios are
obtained. Complete dominance is the rule, but
intermediate expressions for the hétérozygote
are found. Complementary gene action exists
for some characters like for blue aleurone color
in certain crosses (Myler and Stanford 191^2)
and a seedling lethal expression (Wiebe 193Í).
Multiple gene action is indicated for a number
of quantitative characters such as plant height,
straw strength, and yield. Examples of xenia
expression are the waxy endosperm and the
blue aleurone color of the kernel. Maternally
inherited characters exist ; of these the best example is the one reported for a chlorophyll
color variant by Robertson (1937).
Linkage between characters is common and
the literature on this subject is extensive. For
details, the reader is referred to summary reports by Nilan (196J,) ; Robertson, Wiebe, and
Immer (19Jfl)\ Robertson, Wiebe, and Shands
(19^7, 1955); Robertson, Wiebe, Shands, and
Hagberg (1965) \ and Smith (1951),
A complementary host gene-pathogen gene
system operating between the barley plant and
the mildew pathogen has been investigated.
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BARLEY FOR MALTING AND FOOD
By A. D. DICKSON

Malting Barley
Introduction

The second largest use of barley is for malting. The largest is for animal feed. In the 10
years from 1952 to 1961, from 85 to 92 million
bushels of barley were used annually for malting. This represented more than one-third of
the annual production for 1952 and 1953, but
less than one-fourth since that time because of
the large increase in the total barley produced
but no proportionate increase in the amount
used for malting. Malting barley is produced
in relatively limited areas and a high percentage of the crop from these areas is used for
malting.
The use of barley for making fermented
beverages is indicated in the first records of
agriculture of the ancients, but it is not known
when germinated grains were first used as a
source of starch-splitting enzymes. The first
barley that was brought to the Atlantic seaboard by the earliest settlers in the early 1600's
was for malting and for producing beer. The
European varieties were not well adapted to
the east coast and barley production soon
moved into western New York. According to
Weaver (1950),^ the westward spread of barley
production was again associated with its use
for malting and developed around the population centers, Detroit, Cincinnati, St. Louis,
and Chicago. The great increase in barley production in the Upper Mississippi Valley was
stimulated by the introduction, improvement,
and distribution of the Manchuria-type sixrowed barleys in the late 1800's and early
1900's. Older varieties, probably mostly tworowed, were rapidly replaced by the higher
^ References to Literature Cited, p. 145, are herein indicated by the name of the author or authors followed
by the year of publication in italics.
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yielding new varieties, and the malting and
brewing industries adjusted processing to their
use. The dominance of the Red River Valley
for barley production was becoming evident as
early as 1909, and production has intensified
since that time. Since the early 1940's, production of six-rowed malting barley has been concentrated in this area.
The introduction of the six-rowed Coast varieties into California before 1771 and the development of Atlas (1924) resulted in a thriving export of barley for malting to Great
Britain. This exportation continued until
World War II, but was not economically possible after the war. Since that time, much
smaller quantities of the six-rowed Coast varieties have been used for malting in the Western
States.
The choice of barley over other cereal grains
for malting and brewing originally may have
been influenced by availability. However, there
are several other sound reasons for its use :
(1) Barley, wheat, and rye produce two enzymes, alpha-amylase and beta-amylase, when
germinated. Combinations of the two enzymes
are much more efficient than with either alone
in hydrolysis of starch to dextrins and fermentable sugars.
(2) Of these three grains, only barley has
the glumes or hulls cemented to the kernel and
remaining attached after threshing. This hull
protects the coleoptile or acrospire from damage during processing as it grows and elongates under the hull. More uniform germination of all kernels results.
(3) In the processing of malt for brewing,
malt sirups, and many other uses, the hulls are
a filtration aid in the separation of soluble materials.
(4) The kernel texture of steeped barley is
somewhat firmer than that of wheat and rye,
and can be handled with less danger of damage
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graded into two or three sizes by width separation over rotating cylindrical or vibrating
screens. Size grading is required for uniform
steeping.
Steeping.—The cleaned barley is weighed
and dropped into large cylindrical steep tanks
previously filled with cold water. The tanks are
equipped with water supply, overflow facilities,
and compressed air inlets to permit vigorous
aerating and stirring of barley in the water.
Devices for moving the grain and water from
one tank to another by gravity or otherwise
are used in some plants. After steeping is completed, in some plants the grain and water are
allowed to flow to the germinating equipment;
in other plants the water is drained off and the
steeped grain conveyed to a drum or compartment.
Barley is steeped at temperatures ranging
from 50° to 60° F, depending on the temperature of the water supply and the time of year.
Often a small amount of lime is added to the
first steep water to extract coloring materials
and tannins from the hulls of the barley. The
barley is washed and dirt, loose hulls, and foreign materials are removed by the thorough
mixing of barley and the overflowing of water.
.Water is drained off and replaced with fresh
water every 8 to 10 hours. A period of ''couching'' the barley between water changes and

at high moisture contents. The discussion in
this handbook will be limited to the malting of
barley.
Malting Process

Malting is a controlled, limited germination
process, designed primarily to produce or activate enzyme systems. The process was discussed
by Dickson and Kneen (1952), by Hester and
Ladish (195i) for a commercial operation, and
more recently and in greater detail by Witt
(1959). Six chapters in a recent book, ''Barley
and Malt," edited by Cook (1962) cover the
biochemistry and technology of malting in detail. Because processing equipment was emphasized in the last two references, more emphasis
will be placed here on the process and biochemical changes. A diagrammatic flow sheet of
the process is given in figure 55.
Preparing the barley.—Since most of the
malt produced goes into products for human
consumption, the barley must be separated
from dirt, weed seeds, foreign material, and
thin barley by running the grain over a scalper
before it goes to storage. Storing new crop barley for at least 3 months before processing is
desirable for uniform, high germination. Before steeping, the barley is separated from
broken kernels, wild oats, and seed of other
grains by indent cylinders or disks and then
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aeration supplies the necessary oxygen for
normal respiration. Barley can also be either
intermittently or constantly aerated during
steeping.
The rate of water absorption and time of
steeping are influenced by temperature, size of
kernel, type and variety of barley, and physical
texture of the kernel. As the moisture content
of the grain increases, the respiration of the
grain increases very rapidly. Oxygen is absorbed from the steep water or the air, and
carbon dioxide is given off.
The rate of respiration and start of germination can be controlled by temperature,
availability of oxygen, and concentration of
carbon dioxide. Recent studies of steeping reviewed by Macey (1960) show that longer periods of couching and shorter periods under
water result in more rapid start of germination. Spray steeping of barley, either intermittently or continuously, also reduces the time
necessary for steeping and permits germination to start more rapidly. These procedures
and continuous aeration accelerate the steeping
and germination processes and shorten the
time. Careful control is required to prevent
loosening of hulls as a result of too rapid
absorption of water and uncontrolled, uneven
growth during subsequent germination. At the
other extreme, low oxygen and high carbon
dioxide concentrations can result in anaerobic
respiration leading to byproducts that inhibit
normal germination.
GerTYiination.—The steeped barley is conveyed to compartments or drums for the germination step of the malting process. The older
floor malting is still used with refinements in
Europe. Pneumatic-type malting, where conditioned air is forced through the germinating
grain to control temperature and remove carbon dioxide, is used exclusively in the United
States. Air at controlled temperature and saturated with water vapor is produced in attemperating rooms equipped with cold water
sprays. Fans force the air through a complicated system of ducts to the malting equipment.
Compartments are large rectangular concrete boxes with perforated metal floors and a
row of spiral helices that stir the malt as it
travels the length of the box. Conditioned air is

forced either up or down through the grain.
Modern drums have a capacity of 600 to 700
bushels and are rotated slowly to stir the
grain. They are equipped with devices for distributing conditioned air through the grain
mass and with openings for loading and unloading.
In both systems, the green malt is conveyed
to the kiln. Compartment malting is gradually
replacing drums, and the trend is to smaller
compartments of 1,500- to 2,000-bushel capacity, equipped with individual controls.
Optimum temperature and moisture and
adequate oxygen supply and tim.e are essential
for germination. Germination is initiated at
moisture levels of about 25 percent, but higher
steep moistures of 44 to 46 percent result in
more uniform germination. In the United
States and Canada, a temperature range of 60°
to 70° F and a germination time range of 5 to
7 days are commonly used.
Oxygen is required by the germinating grain
for respiration, and carbon dioxide is emitted.
Energy is required for the enzymatic transformations of respiration and growth, and this
must be supplied by the kernel with a resulting
loss of dry material. Rootlets and acrospire are
also produced at the expense of materials in
the barley and the rootlets are later removed
from the dry malt. Total losses in dry material
are about 8 to 10 percent under favorable conditions. Energy in excess of that required for
respiration and growth is given off as heat.
Efficient malting is adjusting the variables
of moisture, oxygen supply, temperature, and
time to produce the desired physical and chemical changes with a minimum loss of dry material. In practice, these depend on the type or
variety of barley, the specific equipment available, and the desired characteristics of the malt.
For vigorous barleys, steeping to intermediate
moisture levels of about 44 percent, allowing
the temperature to increase gradually by limited aeration during the first day or two of
germination, and then gradually lowering the
temperature and holding it at about 60° F for
the last 4 or 5 days will give a satisfactory yield
of a well-modified malt. Many other manipulations of conditions are possible and are used
in specific cases.
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Barley is malted primarily to produce or
activate enzyme systems (mainly amylases),
which are important in subsequent uses. It was
earlier thought that the scutellar layer between
the germ and the endosperm was the major
site of enzyme production, but recent research
indicates that the aleurone cells are much more
active in enzyme synthesis than previously
thought. Briggs (1964) has shown that the endosperm contributes 85 to 87 percent of alphaamylase production of the kernel. Recent studies (Mac Leod 1962, Paleg 1960, Paleg and
Sparrow 1962) have shown that synthesis of
alpha-amylase and other enzymes can take
place without the germ in the presence of gibberellic acid. The germ is important primarily
as a source of growth substances; these hormones stimulate enzyme synthesis. These important new discoveries have minor implications to conventional commercial malting, but
may modify the process greatly in the future
(Cook and Harris 196i, Laufer 196Í).
Probably the first enzyme systems activated
in the malting process are the oxidative systems associated with respiration and initiation
of growth. These are not well understood in
the barely kernel. A second group of enzymes,
the cytases, is important in modification of the
kernel and distribution of all enzymes in the
kernel. According to Preece (195^), the cytoclastic enzymes that exist in barley increase
solubility and reduce viscosity of substrate
material, whereas the cytolytic enzymes that
develop after germination starts are saccharifying enzymes.
Early in germination, proteolytic enzymes
are elaborated and distributed throughout the
kernel (Dickson and Burkhart 191^2). These
enzymes can be important in the release of
other enzymes from inactive combinations with
proteins. They attack proteins in all parts of
the kernel, and as a result of this action, from
30 to 40 percent of the total protein in finished
malt is soluble in water or dilute salt solutions.
Some of the soluble nitrogen compounds, probably amino acids, are used in the nutrition of
the developing plant and transformed into
higher molecular weight materials in the acrospire and rootlets. Soluble nitrogen compounds

retained in the kernel are important in subsequent uses of malt, especially in brewing.
The enzymic constituents of malt that are
most important in subsequent uses are the
starch-splitting enzymes (amylases). Betaamylase exists in barley, partly in a bound
state ; most of this is freed during germination
(Dax and Graesser 19J,6; Glick 19Í1; Kneen
19Í3,19H). Alpha-amylase exists in sound ungerminated barley in very small amounts but is
produced during germination. Recent studies
of barley endosperms confirm rather conclusively the de novo synthesis of alpha-amylase
by aleurone cells (Paleg 1961, Srivastava and
Meredith 1962, Verner 196J^).
Other enzymes are likely also synthesized.
The amylases diffuse from the cite of production into the adjoining endosperm cells and hydrolyze part of the starch to soluble sugars.
The sugars diffuse into the germ and serve as
sources of energy and building material for
growth. In the controlled germination of malting, only about 10 percent of the starch is converted. Comparative ranges in composition of
barley and malt are given in table 5. Unhydrolyzed starch is modified physically and chemically by malting and is readily converted to
dextrins and fermentable sugars when ground
and mixed with water at 60° to 70° F.

TABLE

5.—Comparative ranges in composition
of barley and malt

'

'
Property

Kernel weight
milligrams^.,
Moisture
percent
Starch
do
Sugars
do
Total nitrogen
do
Soluble nitrogen
percent of total _
Diastatic power
degrees^
Alpha-amylase
20° units^_
Proteolytic activity
arbitrary units _

Malt,
brewer's
and
distiller's

Barley
32
10
55
0.5
1.8

to
to
to
to
to

36
14
60
1.0
2.3

29 to 33
4 to 6
50 to 55
8 to 10
1.8 to 2.3

10 to 12
50 to 60
C)

35 to 50
100 to 250
30 to 60

O

15 to 30

^ Degrees, a unit of amylase activity.
-20° C dextrinizing units, a unit of alpha-amylase
activity.
" Trace.
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The synthesis of alpha-amylase appears to
be more closely related to growth than that of
many other enzymes (Dickson 1959, Luers
1936). Its production and concomitant growth
of the acrospire are presented in figure 56.
Malting conditions influence the rate of production and quantities of the several enzyme
systems developed (Dickson and Kneen 1952;
Dickson, Olson, and Shands 19^7; Kneen 19U;
Shands, Dickson, and Dickson 19A2). Higher
malting moistures and longer germination
times generally result in higher enzymatic activity. Because they also increase respiration
and growth, they result in lower yields of malt
from barley. Higher temperatures within the
limits of 60° to 70° F result in more rapid
growth and initial development of enzymes,
but longer germination at a moderately low
temperature usually produces higher total enzymatic activity. Different types of barley and
different varieties within the same type respond differently to malting conditions (Anderson 19JÍ5, Dickson and Kneen 1952, Shellenberger and Bailey 1936). Some varieties within
each type are unsatisfactory for malting because of resistance to modification, poor development of one or more enzyme systems, or an
abnormal chemical composition that can give
difficulty in future processing or products. The

environment under which the barley is grown
affects the composition and also the value of
the barley for malting (Dax and Graesser
19Jt6, Harris and Banasik 1952). It is important to control malting conditions for the barleys selected to give the desired quality of the
product and a profitable yield of malt.
Kilning, cleaning, and storing.—Kilns for
drying malt are similar in construction to germination compartments, but perforated bottoms
in kilns are designed in hinged sections that
are tipped to dump the malt into hoppers.
Most kilns have two or three floors, but a few
more recent designs have only one. Air, heated
most commonly by natural gas, is forced
through the malt by large fans above the top
level. Facilities for recirculating, bypassing,
and introducing outside air are provided to
help obtain the desired temperature and relative humidity at each floor.
When germination has progressed to the
proper stage, the malt is transferred to the top
floor of a kiln. Drying is started at about 90°
F, and the temperature is gradually raised as
moisture is removed. As drying proceeds in a
multiple-floor kiln, the malt is dropped to the
level below and finally given the finishing hightemperature treatment on the lowest level. For
brewer's malt this would be from 175° to 185°

♦
4
GERMINATION

6
TlHe fN D,AV$

PN-2478

FIGURE

56.—The production of alpha-amylase and concomitant growth of acrospire during germination.
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or higher, and the final moisture would be 3.5
to 4.0 percent.
Removal of moisture during kilning gradually stops germination, but some growth and
development of enzymes continue during the
withering process. Further drying before high
temperatures are applied results primarily in
loss of moisture. Chemical reactions between
sugars and amino acids take place at high temperatures and produce compounds that impart
the characteristic aroma and flavor to kilned
malt. Considerable enzyme destruction takes
place at the high temperatures. Most of the
peptidases and cytases and substantial quantities of other proteolytic enzymes and of betaamylase are destroyed. The development of
flavor must be balanced against destruction of
enzymes and development of color.
Finished malt may be held in hoppers after
cooling; then conveyed to malt cleaners to remove rootlets, loose hulls, and dust ; and finally
conveyed into storage in large concrete silos.
Malt may be stored without cleaning and
cleaned before shipping. Systems of elevating
and conveying facilities permit efficient blending and handling of malt.
Finished brewer's malt is stored for 6 weeks
to several months before blending and shipping.
Small differences in moisture of individual
kernels or areas disappear, and other changes,
not well understood, also take place during
storage. Malts from several sizes of different
barley types and varieties, areas of production,
or specific malting procedures are stored individually and blended to meet the purchasers'
specifications.

Relatively small quantities of the amylases are
destroyed under these conditions, and distiller's
malts are high in amylase activity, low in malt
flavor and aroma, and not necessarilly well
modified.
Small quantities of special malts, such as
high-dried, dextrin, caramel, and roasted or
black malts, are prepared for specific uses (De
Clerck 1957). In the production of high-dried
malts, high kilning temperatures are applied at
moisture levels that result in increased color
and malt flavor. The other special malts are
treated to convert more of the starch to sugars
and to hydrolyze more of the proteins to amino
acids. This is followed by kilning or roasting at
high moisture levels and temperatures to produce varying degrees of color and aroma. Most
of these products retain little or no enzymatic
activity.

Distiller's and Special Malts

Recent Developments in Commercial Malting

The quantity of distiller's malts used justifies the production of malts for this purpose.
The smaller kernels of higher nitrogen barleys
with high enzymatic potential are generally
used. Higher germination moistures (46 to
48 percent) and somewhat higher germination
temperatures than for brewer's malt can be
used. High enzymatic development with less
concern for recovery of malt and flavor is
desired. Kilning is carried out at low temperatures, with final drying at or near 120° F and
final moisture contents of 5.5 to 6.0 percent.

Modernization of commercial malting facilities incorporating electronic controls has been
accelerated since about 1955 to reduce labor
and power costs and to give better control of
processing. In 1956, Albert Schwill and Company put into operation a new plant incorporating a modified steep tank, germinating and
kilning in the same compartment, and a moving floor for unloading the finished malt, all
electronically controlled from a main panel. A
vertical malting apparatus and a rotary malting unit, with marked departures from conven-

Byproducts of Malting

The only true byproduct of malting is ''malt
sprouts," which are primarily rootlets. From 3
to 5 percent of the weight of barley is produced as rootlets and separated from kilned
malt. This material is high in readily available
forms of nitrogen and in growth-promoting
factors and is used to a limited extent as a
nutrient in vinegar, lactic acid, and yeast manufacture. Malt sprouts average about 27 percent
protein, 2.5 percent fat, and 12 percent fiber
and are commonly used as a constituent of
dairy feeds.
Barley kernels too small for malting and
screenings from steeping are sold as feed.
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tional equipment, were described by Graff
(1960) and Graff, Juergens, and Berkenbilt
(1960), The rotary drum is a complete unit in
which steeping, germinating, and kilning can
be carried out.
The Frauenheim process for continuous
gravity malting (Frauenheim 1959) moves the
barley by gravity through steeping, germinating, and kilning in a tall, circular building.
Movement of ^'pieces'' every 24 hours and maintenance of malting conditions are automatically
controlled.
A continuous flow malting plant has recently
been put in operation in Toronto and has been
described by Stoddart, Graesser, and Wesson
(1961). Spray steeping, germinating, and kilning are all carried out on perforated moving
aprons moving through zones to accomplish the
several steps of the process. Marked reduction
in the time required for malting and no sacrifice in quality of the produce are claimed.
These American developments and international improvements in malt house design have
recently been reviewed by Kellett (1965).
Uses of Malt

The most important uses of malt and byproducts (Dickson 1969) are as follows:
Brewer^s Malt
Beverages—^beer, ale, malt extracts
Export
Brewer's grains for dairy feeds
Brewer's yeast for animal feed, human food, and
fine chemicals
Distiller's Malt
Alcohol
Distilled spirits and whiskey
Export
Distiller's grains )
Distiller's solubles \ for livestock and poultry feeds
Specialty Malts
High dried 1
Dextrin
^^^ breakfast cereals, sugar colorCaramel
r ^^^^' dark beers, and coffee substi-

Black

J

^^^^s

Malt-Enriched Food Products
Malted milk concentrates, malted milk beverages,
and infant foods
Malt flour for wheat flour supplements and for
human and animal food products
Malt sirups for medicinal, textile, baking, breakfast cereals, and candies
Malt sprouts for dairy feeds, vinegar manufacture, and industrial fermentations

Malt is primarily an intermediate product
and requires further processing or incorporating in preparing the finished products. The
major uses of malt for food and beverage products are based on enzyme activity, starch content, and flavor, or combinations of these properties.
In the manufacture of beer and ale, enzyme
activity, starch content, and flavor are all important. In brewing, malt makes up from 50 to
70 percent of the total quantity of material
used. Therefore, a very high percentage, possibly about 85 percent, of the total malt production is used for beer production. For this use,
suflScient amylase activity is required to convert the starch in the malt and in the adjunct
to dextrins and fermentable sugars. The flavor
of malt also contributes to beer flavor. The total
amounts and proportions of soluble proteins
and degradation products are important for
yeast growth, physical properties, and flavor of
the beer or ale.
Industrial alcohol and whiskey manufacture
use approximately 10 percent of the malt production. For these uses, only 10 to 15 percent
of malt is used to convert large quantities of
starch to fermentable sugars, which are then
fermented to alcohol. For alcohol production,
enzyme content is of major importance, but in
whiskey manufacture, flavor and other malt
constituents are more significant.
Other uses of malt, while large in number,
consume only 5 to 7 percent of total production, and brewer's or distiller's types can be
used. Many different types of malt sirups are
made and the choice of malt depends on the
desired product. Distiller's malts can be used
for high-diastatic sirups used in desizing textiles and in most pharmaceutical products. In
sirups for baking, candies, or breakfast cereals,
the sugar and dextrin contents and flavor are
more important.
In the use of barley malt flour for supplementing wheat flour, the alpha-amylase activity
is the most important property. Special malts
are used primarily to impart flavor and color
to beers or other food products, although sugar
and dextrin contents can be important.

143

BARLEY: UTILIZATION

Malting Varieties

Three distinct types of barley are grown and
used for malting in the United States. Somewhat more than 90 percent of malt is made
from the midwestern six-rowed Manchuriantype barley and the center of its production
is the Red River Valley. Larker and Trophy
are the most commonly grown varieties of this
type that are used for malting. Much smaller
quantities of Traill, Kindred, Parkland, and
Montcalm are used. The two new varieties,
Larker and Trophy, from North Dakota are
better than Kindred in yield and straw strength
and better than Traill in kernel size. The better
samples of these varieties are intermediate in
kernel size and protein, are vigorous in germination, and produce high enzymatic activities
when malted. These barleys are used for both
brewer's and distiller's malts, the higher protein
lots being selected for the latter.
The western two-rowed barley is typified by
the commonly grown varieties Hannchen, Hanna, and Betzes. The first two are grown in the
Northwestern States, Washington, Oregon, and
Idaho, and in northern California, and most of
the Betzes is grown in Montana. Desirable
samples of this type are relatively low in protein and high in kernel size and have thm
hulls. They are vigorous in germination and
produce malts intermediate in enzymatic activity and high in extractable materials, primarily
starch. Two-rowed malts are blended with midwestern six-rowed malts for brewing, primarily
to increase extract yield.
The third type of barley used for malting is
the western (California) six-rowed Coast or
Bay Brewing barleys, well adapted to and
grown in the central valleys of California.
Atlas, Atlas 46, Atlas 57, and Winter Tennessee
are commonly grown varieties of this type.
Large, bright kernels; thick husks; medium
protein content; rather slow physical and
chemical modification; and low enzymatic activities upon malting are typical of these varieties. At present, relatively small quantities of
these barleys are malted and used for brewing
in the intermountain and west coast areas as
blends with the more active midwestern-type
malts.

Typical proximate composition and properties of the three types of barley are in table 6
and typical analyses of malts from the three
types are in table 7.
In times of severe shortages of preferred
malting barleys, other types of barleys from
other producing areas can be used. In normal
times, malting varieties grown in the most
favorable areas are selected and bring a substantial premium over feed barleys.
Barleys for malting should be plump, well
matured, and intermediate to low in protein.
They should be free from disease, discoloration, and damage from weathering, threshing,
or storing. Any damage that reduces germination makes the barley useless for malting. Special growing, harvesting, and handling care is
required for the successful production of malting barley.
Evaluating New Varieties and Selections

The malting quality of hybrid selections can
be predicted with adequate accuracy for screening large numbers by determining kernel
weight, kernel size assortment over standard
screens, protein, barley extract, and barley
diastatic power. A more reliable evaluation
requires experimental malting. Rate and uniformity of water absorption in the steep and of
germination and percentage losses during processing can be obtained. Analysis of the malt
gives a more reliable measure of total extract.
TABLE

6.—Typical proximate composition and
properties of 3 types of barley

Property

Midwestern
6-rowed

Kernel weight
milligrams _
36.0
Hull
__
percent12.0
Protein
do____
12.0
Fat
___ do,___
2.0
Starch
do__-_
58.0
Fiber
do
5.7
Ash
do__^2.7
Enzyme potential
after malting
High.
Type of malt
Brewer's,
distiller's,
and food.

Western California
2-rowed
6-rowed
40.0
10.0
10.0
2.0
60.0
5.2
2.5
Medium.
Brewer's.

44.0
14.0
11.0
2.0
58.0
6.6
3.0
Low.
Brewer's.
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TABLE

7.—Typical analyses of malts from S
types of barley

Property

Midwestern
6-rowed

Kernel weight (dry
basis) --milligramsGrowth of malt:
0 to M
percent-.

32.0

37.0

41.0

2.0
3.0
9.0
83.0
3.0

2.0
4.0
10.0
83.0
1.0

3,0
4.0
17.0
76.0
0.0

25.0
56.0
17.0

85.0
10.0
1.0

72.0
24.0
4.0

2.0
4.5

0.0
4.5

0.0
4.7

76.5
74.5

80.5
79.0

77.0
74.8

2.0

1.5

2.2

1.5

1.0

1.3

12.0

10.0

11.0

38.0

38.0

33.0

125.0

90.0

60.0

40.0

25.0

30.0

Vé to 1/2

do___.

V2 to %
do___.
% toi
do____
Overgrown
do
Kernel size assortment:
On %4 screen __do
On %4 screen __do
On %4 screen __do
Through %4 screen
do____
Moisture
do
Extract (dry basis) :
Fine grind
do
Coarse grind __do
Difference

do

Color, laboratory wort
°L^__
Protein (dry basis) :
Total
percentSoluble
percent of total _
Diastatic power
degrees--_
Alpha-amylase
20° units'^—

proved valuable in cooperative programs involving State and Federal laboratories and
industry groups.

Western California
2-rowed 6-rowed

Barley for Food

' Degrees Lovibond, a unit of wort color.
' Degrees, a unit of amylase activity.
'20° C dextrinizing units, a unit of alpha-amylase
activity.

the amount of soluble nitrogen materials existing in the filtered extract or wort and a measure
of both beta-amylase and alpha-amylase (table
7). Standard procedures for barley and malt
analysis have been developed by the American
Society of Brev^ing Chemists (1958). Until
more complete information on the biochemistry
of the malting and brewing processes is available, final quality evaluation requires experimental malting and pilot plant brewing of the
malt. Satisfactory equipment and reproducible
procedures have been developed and have

Food uses of unmalted barley are few and
require less than 5 million bushels annually.
Two major uses and the byproducts (Dickson
1959) are as follows:
Pearling
Pot barley
)
Pearled barley \
Flour
Feed
Milling
Flour
Grits
Feed

for soups and dressings

-for baby foods and other
specialties

Pearling
An estimated 3 million bushels of barley is
used for pearling, the largest food requirement. In this process, described by Geddes
(1951), abrasive disks revolving within a perforated cylinder grind off the hulls and outer
layers of the kernel. The disks are coated with
carborundum or emery and revolve at about
450 revolutions per minute. The cylinder is designed to keep the barley turning and to give
uniform removal of material. This is commonly
a batch process and can be controlled automatically. The grain is pearled for a few minutes,
transferred to a screen for sifting out the hulls
and other material, aspirated to remove fine
particles, and finally cooled. The process is repeated on the cooled grain.
After three pearlings, all of the hull and
most of the kernel coating have been removed,
and the processed grain can be graded for size
and sold as pot barley. After five or six pearlings, all of the kernel coating, practically all of
the embryo, and part of the outer layers of the
starchy endosperm are removed and the product is marketed as pearled barley. One hundred
pounds of barley yields approximately 65
pounds of pot barley or 35 pounds of pearled
barley. Barley flour is separated from the
ground material from the pearling process.
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The rest of the ground material from the
pearling process is used for animal feeds. Barleys with moderately large, uniform-sized kernels are preferred for pearling and whitealeurone, two-rowed varieties are most commonly used.
M/»ing for Flour

Relatively small amounts of barley flour are
used in the United States as a constituent of
baby foods and other food specialties. As indicated in ^Tearling," barley flour is an important byproduct of that process. A high-grade
patent flour is produced by conventional roller
milling pearled or pot barley. Barley flour can
also be produced from unprocessed barley, but
the hulls are often removed before milling.
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PHYSIOLOGY OF WINTER HARDINESS IN BARLEY
By C. R. OLIEN

Winter hardiness is a complex property of a
plant. It involves the ability to escape, modify,
or v^ithstand many different types of stress.
An important aspect is frost hardiness, v^hich
involves the direct effects of freezing. The literature on frost hardiness has been reviev^ed
by Dexter (1956),^ Levitt (1956, pp, 5-137),
Luyet and Gehenio (19i0), Olien (1967), and
VasiFyev (1961), An investigation of hardiness
in cereals is complicated by the fact that the
crown, which is the most critical region, is encased in leaf sheaths and buried below the soil
surface. This makes observations of the condition of the tissues difficult, especially when
large populations are being studied. The condition of leaf tissue in the spring can be misleading since some of the more tender varieties
have quite hardy leaves. However, the condition
of the crown in the spring or following a freezing test can be partly evaluated from observations of tissues above the ground. The percentage of growing points that survive can be
evaluated since new leaves will elongate only
from tissues that have not been destroyed. The
condition of the lower part of the crown can
also be evaluated. If the base of the crown has
been severely injured and the original root system killed, new root formation will be inhibited
and the leaves will become chlorotic and die
back.
The cause of freezing injury is basically
physical and results from effects of crystallization rather than changes in metabolism. Chill
injury, which involves other upsets associated
with low temperature, does not occur in winter
cereals unless the plants are held just above
the freezing point for several months. Several
distinctly different types of freezing injury
have been described by Levitt {1956), Luyet
^ References to Literature Cited, p. 147, are herein indicated by the name of the author or authors followed
by the year of publication in italics.

and Gehenio (1940), Meryman (1956), and Siminovitch and Scarth (1938), Ice will form
within or grow through the protoplasts of
tender plants, especially if dehydration of the
tissue during freezing is prevented. The resulting laceration kills the protoplast. In hardy
plants, ice nuclei form first in the moisture located between the living protoplasts. The vapor
pressure is reduced and the water is withdrawn from the cells.
The degree of hardiness with respect to cell
contraction has been studied by Levitt. Several
physiological properties of plant tissues are involved. He classifies these properties as being
either protoplasmic, i.e., permit survival of severe contraction, or nonprotoplasmic. The nonprotoplasmic properties, such as cell sap concentration, affect the rate of contraction and
determine the severity of stress occurring at a
particular temperature.
The protoplasmic properties of plant tissues
have been studied biochemically by Siminovitch and Briggs (1953). They postulated that
hydrophylic proteins would help stabilize and
protect the colloidal structure of protoplasm
against injury from cell contraction. They
found that changes in the resistance of the
bark of black locust to plasmolysis, desiccation,
or freezing were dependent principally on the
content of water-soluble proteins with respect
to both natural seasonal variations in protein
content and those induced by manipulation of
the environment. Similar results were obtained
by Pauli, Kolp, and Stickler (1961) in studies
of hardiness in wheat. However, the degree of
contraction resulting in death depends on the
method of causing contraction. Indications
based on some data suggest that injury occurs
from crystallization in the contracted protoplasts when cell contraction is caused by freezing.
Rapid freezing causes supercooling until nu147
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clei develop, and then ice is likely to form in
the protoplasts of even the hardy plants. Rapid
thawing can also kill hardy plants that would
survive a more gradual change in temperature.
When ice melts rapidly, the contracted cells
suddenly are immersed in excess free water.
The elasticity of the cell wall causes it to assume its normal shape when the surface tension is released and the wall tears away from
the contracted protoplast. These types of injury require a much more rapid change in temperature than the crowns of cereals are normally exposed to.

Evaluation of Hardiness
The effect of freezing, as any unfavorable
condition, can be considered to have three
phases—stress, strain, and recovery. Stress is
the physical or chemical force that tends to disrupt the system. Strain is the abnormality or
injury that results from the stress. Recovery
involves the ability to return to a normal condition after the stress has been relieved.
The literature on winter hardiness is based
mainly on evaluation of strain and recovery
since most methods of studying stress (calorimetry, eudiometry, etc.) interfere with normal
freezing processes. Several of the more precise
methods of evaluating injury are based on the
principle that the permeability of protoplasts
increases when the protoplast is injured or
killed (Osterhout 1922), This principle has
been applied to specific winter hardiness evaluations by many people (Dexter 1956, Levitt
1956, Siminovitch and Briggs 1953, Siminovitch and Scarth 1938).
Perhaps the most direct application of this
principle is the plasmolysis technique. The osmotic activity of a hypertonic calcium chloride
solution causes living cells to plasmolyze. Dead
cells do not collapse since the solute diffuses
into them, equalizing the osmotic pressure. The
vital staining technique used by Siminovitch
and Briggs is based on the same principle.
Neutral red is a weak acid that is in the associated form at pH 7. In this form, neutral red
is not an electrolyte and enters both living and
dead cells. It ionizes in living cells because of
the lower pH and is retained as an electrolyte.
Subsequent washing of the tissue removes the

dye more readily from dead than from living
cells. A conductivity method applied by Dexter
to evaluate winter hardiness involves another
application of this principle. The amount of
electrolyte that diffuses from tissue in a standard leaching process applied after thawing is
evaluated by measuring the electrical conductivity of the leach water. Again, the electrolytes diffuse much more freely from dead than
from living protoplasts. Several variations of
this method have been used.
Other less quantitative methods that have
been used to study freezing injury in winter
barley involve various histological techniques.
Microscopic examination of free-hand sections
is the simplest method. Similar plants are sectioned at regular intervals, and notes are taken
on degeneration and recovery of injured regions. These processes can be accelerated for
plants in field plots by transplanting those to
be examined to a warm greenhouse. Injury,
which is difficult to detect immediately after
thawing and before degeneration has occurred,
can be observed by using various special methods. The usual methods of embedding and sectioning tissue with a microtome and then applying various combinations of stains often are
used to examine specific areas in more detail.
Recovery is studied by observing the development of new tissue after the stress has been
relieved and the plants are again in an environment suitable for growth. Field notes often are
taken on the percentage of plants or culms that
develop new leaves in the spring. The field
plots contain differential varieties representative of various types of barley. A good set
of differential varieties should help to determine the principal types of stress that affect a
nursery and also serve as a point of reference
for comparing results from different nurseries.
Plants of a representative variety should be
taken from the nursery at regular intervals
during the winter and analyzed to determine
the minimum temperature at which the plants
can survive and the freezing processes that
limit survival most as the winter progresses.
These varieties should be transplanted to a
greenhouse following each period of severe
stress in the field to evaluate their condition by

BARLEY: WINTER HARDINESS

histological examination during the period of
degeneration and recovery.

Evaluation of Freezing Stress
in Winter Cereals
Under normal conditions for growth, water
is distributed between the space inside and the
space outside of living protoplasts in a balanced relationship. The outer liquid forms a
continuous system where solutes can diffuse
freely. The outer liquid is located along cell
walls, in spaces between protoplasts, and in
dead cells such a mature xylem vessels. Freezing introduces a new phase affecting water distribution and causes redistribution of water
with respect to both location and state. The
pattern of redistribution during freezing determines the type and extent of stress.
The first objective of the barley winter hardiness project involved development of a
method for evaluating freezing stresses in
specific regions of intact plants while freezing
occurred in a normal manner. The method
developed is based on research in which regions
of living plants were used as an electrophoresis
medium (Olien 1961). In this study wheat
plants infected with stem rust were subjected
to an electric current so that toxins associated
with the disease could be displaced from the
sites invaded by the fungus. Before the disease
could be studied, the path of current and electrical limitations of plant tissues had to be determined. It was found that the path of current can be restricted to the space between
living protoplasts by using low voltage and
direct or very low frequency current and that
living plants make an electrophoresis medium
that is very sensitive to temperature and moisture. Since the weak current used did not affect
plant growth or disease development, since the
current path can be restricted, and since the
system is sensitive to the content of liquid
water, it seemed possible to develop a method
of studying redistribution of water in normal
living plants during freezing. The method developed was also based on the electrophoresis
principles of Helmholtz and Perrin and on a
study of the effects of moisture and temperature on resistance to electrophoretic displace-
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ment of charged substances in films of solutions on paper and other forms of cellulose.
Application of the method involves a derivation where, by continually evaluating temperature and direct or low-frequency current at a
series of low volfages, the relative content of
liquid water in the space between living protoplasts can be followed during freezing and
thawing of any region of an intact plant. This
can be done without interfering with the freezing processes or causing injury other than that
due to freezing. Several types of freezing
stress can be distinguished from the patterns
of redistribution of water. The method can also
be used to determine the temperature at which
ice begins to form and to detect early stages of
injury.
The type of pattern obtained has depended
on the types of tissues involved and their moisture content. Initial formation of ice in plant
tissues occurs suddenly even when the temperature is lowered very slowly. This creates a
new phase of water that affects distribution. In
tender plants initial ice formation results in
laceration of the protoplasts and release of
water and electrolytes. The electrophoretic pattern indicates an abrupt increase in liquid between living protoplasts when freezing occurs.
Resistance to low temperature in tender plants
such as potatoes or barley in a nonhardy condition depends on fhe ability of the plant to escape. In nonhardy wheat, essential regions supercool and freezing, when it occurs, is more
locaHzed in resistant plants (Single 196Jf). Cooperative studies of freezing processes in potatoes with N. R. Thompson in Michigan have
led to similar conclusions. Initiation of freezing is affected by heritable characters in barley
(Harlan and Shaw 1929),
In hardy plants the ice forms in spaces between living protoplasts in the vicinity of the
cell wall. Liquid water in bulk is oriented into
a short-range pattern of order because of its
dipole nature. Greater orientation is induced in
water closely associated with substances such
as cellulose because of fixed patterns of hydrophylic groups. The degree of orientation decreases with distance from the substance.
Physical properties of water such as freezing
point and viscosity are greatly affected by the
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degree and pattern of orientation. In some regions of hardy plants, freezing occurs as an
equilibrium process. Only a small amount of ice
forms at the freezing temperature. More ice
forms as the temperature drops. The proportion of ice to liquid water in the space between living protoplasts is always near the
equilibrium value, and this equilibrium value is
a smoothly shifting function of temperature.
In other regions of hardy plants, freezing occurs as a nonequilibrium process. When ice
first forms in these regions, the system is far
from equilibrium, resulting in an explosive
growth of ice crystals.
Different types of freezing processes usually
occur simultaneously in different regions of individual hardy plants (Olien 196J^). The critical freezing process is that which results in destruction of an essential region at the highest
temperature. Several distinctly different phases
of hardiness can be identified by evaluating
the nature of freezing processes occurring in
different regions of a plant. The killing temperature depends on the phase of hardiness induced before freezing.
Equilibrium processes typically occur in regions where the tissues are uniform and the
protoplasts capable of active growth, but equilibrium freezing will occur in all regions of a
very dry plant. The ice crystals are not directly
injurious in these regions. The amount of injury and the killing temperature are independent of the amount of ice or the structure of the
ice. In these regions hardiness apparently depends on internal properties of the protoplasts.
Nonequilibrium processes typically occur in
regions containing many different types of tissues with transitional boundaries and where
some of the cells are senile or dead as in mature vascular elements or other structural components. However, nonequilibrium processes
will occur in all regions of the plant if the
moisture content is high. The ice crystals are
extremely destructive in these regions. The extent of injury and killing temperature depends
on the amount of ice and crystal structure.
Masses of small or imperfect crystals cause
less initial injury than large perfect crystals.
However, the imperfect masses become more
perfect, solid, and destructive as the tempera-

ture drops and water from the protoplasts
adds to their size.
No level of protoplasmic stability is capable
of withstanding the stresses caused by the rapid
formation of massive crystals between the
protoplasts. The degree of hardiness depends
on factors that modify the stress itself. Crystal
size and structure in all varieties of winter cereals are highly variable. However, varieties
more resistant to injury from nonequilibrium
freezing have more imperfect crystal development in critical regions than do less hardy
varieties.
The structure of any crystal depends on the
energy-driving crystallization, competition between crystals, and diffusion rates. However,
the size and structure of crystals growing
among cell walls of plants also are affected by
substances that interfere with crystal growth
either by occupying sites in the crystal lattice
or by preventing addition of water. Although
the final structure of the crystal is important,
the principal interest involves mechanisms that
determined structure as the crystal formed.
Studies of freezing kinetics and equilibrium relationships between amount frozen and temperature characterize some of the mechanisms
involved (Olien 1965), A simple model, which
to some extent parallels freezing processes of
hardy plants, was made by freezing water solutions on cellulose. Known substances and fractions of plant extracts were included to evaluate their effect on equilibrium relationships.
Freezing kinetics was then studied by regulating the rate of temperature change in subsequent refreezing tests to provide known displacements from equilibrium. The usual procedures for obtaining water soluble cell wall
polysaccharides were used to extract crown
tissues of hardened plants (Smith and Montgomery 1961), These substances were chosen
for study since ice formation occurs in the
vicinity of the cell wall. Also, glycerol (a
polyglycol, as are polysaccharides) is commonly
used to protect tissues from injury during
freezing and was found to be produced as an
antifreeze in some insects by Smith. However,
the freezing point is not noticeably depressed
in crowns of winter cereals where crystal
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structure is highly irregular and imperfect, indicating that large molecules are involved.
To investigate interference with freezing,
crystallization was considered to be catalyzed
reaction in v^hich water was the substrate, ice
the product, and the ice-liquid interface the catalyst. The relationship between velocity and
displacement from equilibrium was derived in
a manner similar to that used in the Langmuir
adsorption isotherm or in Michaelis-Menten
theory of enzymatic action. With a few modifications, much of Eyring's activated complex theory of enzyme reactions and characterization of inhibitors could be used to interpret kinetic freezing data. However, the unique
aspects of freezing processes required some
special interpretation. Interference with freezing as evaluated from the relationship between
freezing rate and activity of water is made up
of two components. One component involves
the effect of the solute on orientation of the
liquid water molecules and is an equilibrium
factor. The other component involves the degree of interference with crystallization in the
ice-liquid interface and is a kinetic factor. A
polymer isolated from hardy rye crown tissues
interacted strongly with the ice-liquid interface
although it had little effect on the freezing
point or on organization of liquid water. Substances extracted by similar procedures from
less hardy barley varieties, and which actually
were obtained in larger amounts, had little
effect on equilibrium or on kinetic relationships
or on ice crystal structure. Results with the
model system correspond with results obtained
in studies of intact plants of the same varieties
and species. Carbohydrate metabolism seems
closely associated with the relative hardiness
of tissues in which freezing occurs as a nonequilibrium process.

Critical Regions
The crown is the most critical region of
winter cereals since destruction of these tissues
always kills the plant. If any other region is
destroyed, the plant is weakened but it will
survive in an environment suitable for growth.
The crown is the transitional zone between the
roots and the leaves and it contains the meri-
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stematic tissues capable of regenerating either.
The crown consists of three regions which are
distinguished on a basis of major differences
in the tissues and in the types of freezing
processes that occur in individual plants.
Equilibrium freezing occurs in the upper region
containing the growing points unless the moisture content is exceptionally high. Nonequilibrium freezing occurs in the region where the
large vascular elements of the mesocotyl and
roots enter the base of the crown and continue
toward the central transitional region unless
the moisture content of the tissues is very low.
Either type of freezing process occurs in the
lateral region where much finer vascular elements branch out from the central region to
the leaf sheaths. The type of process in the
lateral region depends on the moisture content
and the variety. The extent of injury in this
region is very important since the meristematic
tissues from which new roots arise are located
in the axils of the older leaf sheaths.

Phases of Hardiness
Environmental conditions during growth and
hardening largely determine which critical
region of the plant will be destroyed first and
the type of freezing process that will occur in
the region. A number of phases of hardiness
are distinguished by the nature of the critical
region, the type of critical freezing process, the
lowest temperature that plants can survive in a
standard freezing test, and the relative hardiness of a series of varieties.
Four phases of hardiness depend only on the
moisture content of young established vegetative plants in a uniform physiological condition. At a low moisture content, below 65 percent, the equilibrium freezing process occurs in
all regions of the crown. The killing temperature for dehydrated plants is very low, below
0°F, for many varieties of winter barley. The
level of hardiness for plants with slightly
higher moisture contents depends on factors
affecting the structure of crystals. At a moisture content of about 70 percent, the equilibrium process occurs in the upper and lateral
regions of the crown of most varieties but
nonequilibrium freezing occurs in the base. As
the temperature is lowered to the killing point
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(0° to 5°), the roots are destroyed and injury
extends from the base of the crown into the
lateral region containing the meristematic tissues from which new roots could be formed.
Plants that have been frozen in a chamber
where the temperature is gradually lowered
just to the killing temperature and where the
relative humidity is kept high so that the
tissues do not lose water during freezing appear
normal after they are returned to an environment suitable for growth. New leaves elongate
from the crown. The leaves slowly become
chlorotic and die back since the root system
and regenerative tissues have been destroyed
and no new roots can develop. Plants in which
the freezing processes are stopped at a slightly
higher temperature frequently recover very
slowly since, although the meristems in the lateral region of the crown have not been destroyed, new root formation is retarded while
adjacent regions in the base of the crown deteriorate. The deteriorating tissue is in the shape
of a cone with the point high in the center of
the crown and the base of the cone at the bottom of the crown. At a higher moisture content,
75 percent, nonequilibrium freezing occurs directly in the lateral regions of the crov^m as
well as in the base. The pattern of degeneration and recovery is smiliar to that occurring
at a slightly lower moisture content, but the
killing temperature is higher (about 10° F)
and differences in the relative hardiness of varieties have been found. At the highest moisture content, 80 percent, nonequilibrium freezing occurs in all regions of the crown. All the
meristematic tissues are destroyed near the
freezing point of the liquid between protoplasts, and the killing temperature is very
high.
The microclimate of the plant must be accurately evaluated to relate environmental conditions with hardiness (Kinbacher and Jensen
1959, Torssell 1959).
Several physiological conditions are distinguished on a basis of stage of development
(Suneson and Peltier 19SU, Dantuma and Andrews 1960), The dry caryopsis is capable of
withstanding extremely low temperatures. The
embryo becomes sensitive to freezing during
germination. Young plants still nutritionally

dependent on the endosperm can be hardened.
During the period of transition between dependence on the endosperm and dependence on
their roots and leaves for nutrition, the plants
usually will not harden as well as established
plants. The plants again become sensitive to
freezing following the transition from the
vegetative to the reproductive stage of development.

Normal Environmental Events
and Sequences
Survival of winter barley is determined by
the ability of established vegetative plants to
harden and withstand a number of different
types of stress. Degree of hardiness involves
environmental conditions other than just exposure to low temperature (Suneson and Peltier
1938), Barley plants start to harden early in
the fall. After 2 to 4 weeks of temperatures
near freezing in an environment supplying
adequate light and nutrients to healthy barley
plants, physiological changes permit the protoplasts to withstand freezing. The new leaves
that develop during this period are darker and
more appressed. Longer periods with the temperature just above freezing cause the plants
to lose hardiness.
In growth chambers kept at 33° F new tissue develops slowly and pigments frequently
accumulate in older leaves. The plants are
more readily attacked by root-rotting organisms, and after 2 to 3 months evidence of
physiological degeneration has been observed.
The plants retain their hardiness and do not
degenerate in other respects if the temperature
is dropped slightly below freezing following the
hardening period. Partial frost dehydration apparently is important in retarding metabolic
processes that are harmful to winter cereals
under prolonged periods of mild, low-temperature stress.
The temperature required to kill plants that
are in an optimum physiological state of hardiness depends on a number of physical conditions. The moisture content of the tissue is the
most important consideration within the normal range of environmental conditions and
where the rate of temperature change in the
crown does not exceed 2° F per hour. The
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moisture content depends on the availability of
liquid water ; on factors such as relative humidity that affect the transpiration rate; and on
the condition of the plant. Weathering and injury generally increase the tendency to take up
water. The plants become dehydrated in frozen
soil because of the low vapor pressure and
transpiration loss. Winter barley frequently
approaches a maximum level of physiological
hardiness and an optimum moisture content
during the early part of the v^inter and can
survive very lov^ air temperatures since the
crown is protected by soil and often by snov^.
Severe stress, either before appreciable dehydration has occurred or after midwinter thaws,
more frequently causes injury. The moisture
content of plants increases greatly during
short, warm periods in the v^inter. Changes in
phase of hardiness as the moisture content increases are accompanied by corresponding increases in the killing temperature. The plants
are also predisposed to injury by loss of insulation. The killing temperature of v\^inter barley
crowns in the optimum physiological state of
hardiness varies from minus 5° F to just below 30°, depending on the moisture content. It
is not surprising that the relative hardiness of
a group of varieties shifts as the moisture content changes since hardiness in a dehydrated
state seems related to events in the protoplast
and protein metabolism, whereas hardiness in
a moist state seems dependent on factors
affecting crystallization and carbohydrate metabolism.
Melting snow or flooding can result in another type of injury. Ice forming between the
tillers causes cavities of necrotic tissue to develop in the crown and repeated freezing and
thawing can separate the crown into many
fragments. Injury of this type occurs in early
planted barley with many tillers; it destroys
much of the crown and provides access for
root-rotting organisms.
The moisture content of any region of a
plant can be affected by the way the plant is
frozen. Temperature gradients normally occur,
and freezing boundaries advance through the
tissue as the temperature drops. Expansion
during freezing can create hydrostatic pressure when the moisture content is very high.
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and the water moves ahead of the boundary.
For example, water congestion between the
leaf sheaths does not occur commonly, but
under certain conditions enough pressure develops during freezing of flooded plants to
force water down the whorl of leaf sheaths to
the crown, increasing the moisture content of
this region. Convergence of freezing boundaries at the crown, as might occur following a
midwinter thaw when the frostline has receded
and a second frostline then descends, is the
most injurious method tested in freezing
chambers. Any system that causes excess free
water to move into the crown decreases hardiness. The movement of freezing boundaries has
little effect on the moisture content of tissues
in partly dehydrated plants.
The content of water in various forms in the
environment surrounding a plant greatly affects
the minimum temperature to which critical
regions of the plant are exposed. Heat is conducted upward from the soil during cold periods. Reducing thermal conduction in the region
above the crown helps the plant escape stress.
The insulation value of snow cover depends
on the thickness and degree of compaction.
Torssell (1959) has found that the upper vegetation of the plant affects the structure of
snow cover and can result in critical regions of
different types of related plants being exposed
to different temperatures in a supposedly uniform environment. The insulation value decreases rapidly during periods when the snow
cover compacts or melts. Midwinter thawing
not only changes the phase of hardiness and
increases the killing temperature, but also results in a loss of snow cover and increases the
thermal conductivity of the soil.
Repeated freezing and thawing occur during
the winter throughout much of the central
winter barley region of the United States. Ice
forms in the upper layers of soil during cold
periods, expanding the structure and causing
the plants to be heaved. The low vapor pressure in the frozen zone causes water to move
from deeper unfrozen regions, expanding the
ice masses. Thawing results in collapse of the
structure. Varietal differences in resistance to
heaving seem to be based on the effectiveness
of the root system in anchoring the plant and
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the ease with which different parts of the
plants can be broken mechanically (Lamb and
Grady 1963).
Flooding frequently occurs during warm
periods in the winter or early spring. It can be
an important factor in determining survival of
winter barley since the upper parts of the
plant are not adapted to submersion. Substances
diffuse from the submerged leaves and growing
points, and the plants die after several weeks
at a temperature just above freezing. At higher
temperatures, injury occurs much faster because of the higher rate of metabolism and
interference with gas exchange. The plants are
not killed when the temperature drops slightly
below the freezing point if the crown does not
become congested. Winter barley plants can
survive much longer periods in the resulting
ice sheet than in liquid water since both diffusion and metabolic activity are reduced.
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