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WINTER INJURY OF ALFALFA'
By FRED REUEL JONES ^
Senior Pathologist, Office of Vegetable and Forage Diseases, Bureau of Plant Industry,
United States Department of Agriculture
INTRODUCTION

In the spring of 1925 L. E. Melchers showed the writer a serious
injury of the crowns and taproots of 1-year-old alfalfa plants grown
in Kansas. The injury, which he later described,^ was characterized
chiefly by browning and decay of the outer part of the taproot beneath the crown. (PI. 1, A and B.) The circumstances accompanying the occurrence of the injury suggested as its probable cause some
adverse climatic condition during the winter months. It was found
occasionally in several other States in the spring and summer of 1925.
In the spring of 1926 similar injury was found by the writer to be
widespread and often severe in southern Wisconsin. Here it occurred
in plants of all ages and was always present in some of the surviving
plants in fields where more or less of the stand had died from winterkilling. In the spring of 1926 J. L. Weimer found in Kansas much
root injury, which, upon examination, appeared to be exactly like
that in Wisconsin. A detailed description of the outward appearance
of these injured plants has been published by Weimer (7),^ who suggested that the origin of the lesions might be winter injury. This
term appears well chosen and will be used here inclusively to designate all injuries that appear to be due at least in part to cold during
the winter season.
During 1926 Weimer and the writer collected as widely as possible
alfalfa plants showing evidences of winter injury in all degrees of
intensity, and the writer began an examination of this material to
determine as far as possible by histological methods which tissues
first show injury and how the later conspicuous lesions develop.
Before this work was completed winter injury appeared again in
the spring of 1927, not only in southern Wisconsin, where it was
discovered and material collected earlier than in 1926, but also in
Kansas, Iowa, and other States, where further collections were made
and examined. Thus the following description is based on material
collected in both 1926 and 1927 in the central Mississippi Valley.
1 Received for publication June 1, 1928; issued October, 1928. This study was carried on in cooperation
with the Wisconsin Agricultural Experiment Station.
2 The writer is indebted to many persons for aid in the execution of work presented in part in this paperespecially to Dr. J. L. Weimer, of the Office of Vegetable and Forage Diseases, for many collections of material; to Prof. E. J. Kraus, of the University of Wisconsin, for suggestions in histological studies; to Dr.
G. H. Conant for aid in the study of seedling anatomy; and to Dr. Valdimer Skoric for aid in the preparation of the drawings.
3 MELCHERS, L. E. CROWN AND ROOT ROT OF ALFALFA (UNDET.). U. S. Dept. Agr., Bur. Plant Indus.
Plant Disease Rptr. 9:54. 1925. [Mimeographed.]
* Reference is made by number (italic) to " Literature cited," p. 211.
Journal of Agricultural Research,
Washington, D. C.
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The work has been done not only for the purpose of facilitating the
early recognition of the injury in experimental demonstrations of
its cause, but also for the purpose of determining its relation to
bacterial wilt, which often destroys winter-injured plants.
Before describing in detail winter injury in the crown and taproot
of the alfalfa plant, it is necessary to trace the development of the
tissues in which the injury occurs.
DEVELOPMENT OF THE ALFALFA PLANT
GROWTH CHARACTERISTICS

The general appearance of the alfalfa seedling has been so well
described by Compton (1) and others that no new description is
needed here except in so far as this seedling forms a part of or gives
rise to the perennial part of the plant with which we are especially
concerned. The seedling root is surmounted by a hypocotyl about
1 cm. long, distinguished from the root by the absence of root hairs.
After secondary growth begins and the root hairs on the taproot are
lost it is no longer possible to distinguish the hypocotyl readily, and
in this paper it will be considered as a part of the upper end of the
taproot. The upper end of the hypocotyl is marked by the bases
of the cotyledonary leaves, which, together with the first unifoliolate
leaf, are the first foliage of the seedling. With the development of
the single seedling stem, the first trifoliolate leaf arises above and
nearly opposite to the unifoliolate leaf, and other leaves arise in characteristic order.
The branching from the primary axis of the plant, leading to the
formation of the characteristic crown, usually proceeds in the following manner: The first stems from the primary axis are usually three
in number developing almost simultaneously from the axils of the
cotyledonary leaves (pi. 1, C, 6 and 6') and of the imifoliolate leaf
(pi. 1, C, c). In addition to these a stem may develop fronà the axil
of the lowest trifoliolate leaf (pi. 1, C, d). The bases of these three
or four stems usually constitute the largest branches of the crowns
of old plants.
In addition to these stems from axils of leaves, in vigorous plants
other stems may arise from buds that are not axillary in origin and
form a part of the crown or perennial portion of the stem structure
of the plant. The first nonaxillary bud usually arises between the
bases of the stems that have arisen from axils of the cotyledons and
in a position opposite to that of the first imifoliolate leaf. (PL
1, C, e.) In fact, if the plant is very vigorous several buds may arise
almost simultaneously in this region, and later from any point in
the circumference of the plant at or a little above this level. The
numerous small stems of which large crowns are so largely composed
arise either in an apparently adventitious manner in this region or
from the axils of scales and leaves on the bases of stems. The number
and habit of growth of these stems vary greatly in different varieties
of alfalfa, and within a variety the number is largely dependent on
the vigor of individual plants.
As might be expected, young alfalfa plants in thickly seeded fields
rarely show the symmetrical development described in the preceding
paragraphs. In less vigorous plants some of the first buds are often
suppressed and die, leaving the crown one-sided and irregular. If a
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Plate 1

^^rf-V

A.—Crown and portion of taproot of an uninjured tilfiilfa plant from a 4-year-old field at
Madison, Wis. (October, l!)2ß).
B.—Crown and portion of taproot of a plant similar to that shown in A except that it
suffered severe injury in the preceding winter. The blackened condition of the crown and
upper part of the taproot and the absence of buds from the base of the crown are evidences
of this injury.
C—Symmetrical crown of a hardy alfalfa plant at the end of its first winter: a, The first
seedling stem; öand b', stems froni the axils of cotyledons; c, stern from theaxi] of the unifoliolate leaf; d, stem from the axil of the first trifoliolate leaf; a, first bud from the base of the crown
arising between the stems from the axils of the cotyledons and opposite the stem from the
lowest seedling bud.
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seedling becomes too deeply buried by soil or even by a mass of
foliage close to the ground, the first crown branches may develop
from buds higher up on the seedling stem. The position of the crown
seems to be determined largely with reference to the soil level. If at
any time a plant is buried, buds near the new ground level will form
a new crown above the first one; but if soil is washed away from
around the plant, buds do not arise from the exposed root to form a
new crown at a lower level.
It should be noted that the term ''crown '' is used here as it has been
used by Stewart (6) to designate the perennial part of the alfalfa
plant derived from stems. It will be shown later that the term thus
restricted applies to a region with distinctive histological and
morphological characteristics.
ANATOMICAL STRUCTURE OF THE TAPROOT

As a further background for the description of the injuries found
in the taproot and the crown of the alfalfa plant, the development of
the tissues involved will be briefly traced. The anatomy of the
primary structures of the seedling has been studied by Compton (i),
who was chiefly interested in tracing the transition from the triarch
root to the stem structure in the upper part of the hypocotyl. With
the details of this transition the present study is not concerned, but
it is important to note that in the hypocotyl the xylem groups are
separated by parenchyma, which at the upper end sometimes forms
a pithlike center of the structure. This central parenchyma is separated from the true pith of the stem by a node at the base of the first
•mifoliolate leaf where the vascular elements are closely packed at
the center of the stem, and the interfascicular cells near the center
are elongated axially with pointed ends. The pointed cells usually
become lignified, separating the pith of the stem from parenchyma
in the center of the root with a woody plate. The extent of lignified
tissue at the center of the axis varies greatly. In a Peruvian alfalfa
seedling with its crown above the soil the lignification may extend for
some distance down into the hypocotyl, but usually it appears to be
confined to the node.
With the addition of secondary xylem to the vascular cylinder,
the cells of the central parenchyma of the hypocotyl and possibly
of the upper part of the root, which can hardly be distinguished
from the hypocotyl, begin to enlarge. At first they are round with
intercellular spaces, but later they become irregular in shape and
more crowded. Parenchyma of the early secondary growth expands
like that of the primary structure. Cells contiguous to vessels may
divide with walls tangential to the proximate vessel or group of
vessels. In vigorous plants more or less expansion of the central
parenchyma seems to continue during the first summer of the plantas
growth.
In consequence of this expansion of the central parenchyma, the
primary vascular strands and the earlier vessels with accompanying
fibers of the secondary growth are pushed into more or less sinuous
courses, weaving back and forth and anastomosing in the pithlike
center of the root. This change in position of the vascular tissue
suggests comparison with an apparently similar distortion described
by Gravis (2) in the vascular tissue of Crinum capense. In Crinum
the leafy crown of the plant is drawn down into the soil^by^a con-
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spicuous shortening of the hypocotyl. Gravis found the shortening
to be due to the radial expansion and axial shortening of the parenchymatous cells composing the cortex. Now, in fact Rimbach (4)
has described a marked shortening of that part of the alfalfa root
derived from the hypocotyl, which seems from his account to have
taken place during the time when this expansion of the central
parenchyma was in progress. A comparison of the figures given by
Gravis with longitudinal sections of alfalfa roots suggests that if
these roots have shortened as described by Rinibach, the mechanism
that brought it about may well have been the radial expansion of the
central parenchymatous cells, similar to though less in amount than
the radial expansion of cortical cells in Crinum. However this may
be, the fact that concerns us here is that the upper part of the taproot, especially that derived from the hypocotyl, is distinguished from
the rest of he taproot by having at the center abundant parenchyma
interspersed between groups of vessels and fibers, which are irregular
in course and anastomose freely.
A feature of the primary structure of the hypocotyl that has not
been mentioned in the literature is the presence of four bundles of
fibers opposite the phloem groups. These fibers are better developed
at the upper end of the hypocotyl and usually do not begin to lignify until after secondary growth is laid down, though they are distinguishable by size and position very early. These may be the
characteristic pericyclic fibers found in many species of the Leguminosae (5).
ANNUAL RINGS OF GROWTH IN THE TAPROOT

In the upper part of the taproot that part of both the wood and
the phloem produced by the cambium in the autumn of each year is
so different in character from that produced in the summer that
annual rings of growth can be discerned similar in character to those
in the wood of trees. The autumn growth of wood is distinguished
by having vessels of smaller diameter and by the presence of small
regular parenchymatous cells with few or no interspersed fibers
between the vessels. (Figs. 1 and 2.) These growth rings might
be observed by the unaided eye as readily as those in wood if it were
not for the fact that the fibers in each year's growth are usually in
distinct groups separated by vessels that break the wood into several
apparent layers each of wluch may easily be mistaken for an annual
ring.
The annual ring of growth in the phloem is usually as well defined
as that in the xylem, though its annual increase in thickness is comparatively small. In the spring and early summer fibers more or
less grouped or massed together are laid down opposite each vascular
bundle as though to form a new bundle cap. Later a group of sieve
tubes and phloem parenchyma with few or no interspersed fibers is
laid down beneath the bundle of fibers. When a bundle of fibers is
produced in the spring of the following year, the sieve tubes of the
preceding year gelatinize and collapse under a pressure that sometimes also crushes interspersed parenchyma. Thus the annual
increment in the phloem consists of a bundle of fibers and a group of
sieve tubes and parenchyma, which may be somewhat crushed if
new fibers have been deposited between it and the cambium. Thus
annual rings of growth can often be seen and counted in the phloem
of the root as readily as in the wood. Because of these annual rings-
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the year and season in which any portion of the root was laid down by
the cambium can usually be determined.
It may be added here that the wood and the phloem of the first
year, and sometimes the phloem of the second year, have peculiarities
that when recognized facilitate the determination of the age of
roots and that are also important in the discussion of the pathological
morphology that follows. The wood laid down by the cambium in
the first year contains relatively fewer and more scattered fibers than
the later growth. The same condition obtains in the phloem where
very early in its activity the cambium often lays down a few scattered
fibers separated by parenchyma from a later and usually larger group
of fibers. When several, years of added growth have compressed the
early tissue, the fibers of the first year may appear aggregated into two
distinct groups. These two groups are usually not completely
separated by crushed tissue, or are separated by a zone so narrow and
irregular in comparison with the zone of thin-walled tissue in the
phloem of subsequent years that no difíiculty in determining age need
be occasioned by this peculiarity. The same tendency toward the
production of two groups of fibers in the phloem of the second year
has also been observed, though rarely. It has not been seen in the
phloem of later years.
It should be noted here that alfalfa roots from certain regions
offer great or even insuperable difficulties in age determination. In
roots over 10 years of age from the dry land of western Kansas the
annual increment in diameter is often small and uniform in character.
Collections from southern California, where the plants do not become
dormant in the winter, also fail to show easily distinguishable bands
of autumn growth. With these exceptions, however, among 40 collections of known age in the Mississippi Valley from Alabama to
Minnesota only 1 collection failed to show internal evidence of age
corresponding to the known age of the plants. In this 1 exceptional
collection from Manhattan, Kans., two distinct annual rings were
deposited in the second year.
ANATOMICAL STRUCTURE OF THE CROWN

The alfalfa crown is here described as that part of the stem structure that is perennial. The ability of the crown to withstand the
winter may be due in part to its protected position, but it also seems
to be associated with certain peculiarities in secondary growth that
should be noted. Even in its primary structure the stem base suggests in some characteristics a transition between root and stem. At
the base there is usually a well-defined endodermis (fig. 3), which is
less easily distinguished and finally disappears at higher levels. The
fascicular and interfascicular cells become heavily lignified, forming a
cylinder of strong supporting tissue.
The cambium is very active in the stem bases, especially in the
first axillary stems, which will form the large crown branches. When
the cambium begins to produce secondary growth the endodermis
becomes a phellogen. The portions of the endodermal cell walls
inside the thickenings, if any have been laid down, expand conspicuously, and almost simultaneously two or three cross walls are laid
down interior to these thickenings. Hereupon the epidermis dies,
separates from the cortex, and forms the brown membranous covering often seen on yoimg stem bases early in spring. The phellem
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3.—Portion of the cross section of a young alfalfa crown stem or stolon showing
winter injury. Collected at Madison, Wis., Apr. 6, 1927. Injury occurs: In pericycle, shown by rifts between cells and by discolored cell walls; in the phloem, a
black mass in the central bundle; in the vascular rays, extending as black masses
of dead cells separating bundles, except at the cambium; in the pith, as broken
places surrounded by blackened remains of cells near the primary xylem, and^by
rifts in the tissue extending radially from^the center

FIG.
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originating from the endodermis becomes the effective outer covering,
both in the large crown branches from axillary buds and in the small
stems. The cambium, which in the beginning may have made some
addition to the heavily lignified central cylinder of the stem, begins
sooner or later to lay down tissue that is indistinguishable from that
which is being produced in the root. The lignified interfascicular
cells give way to wood rays, which may store starch, and the structure
appears to function in all ways like a root except that it seems able to
give rise to buds. The manner in which these buds arise has not
been studied. The transition from stem to root structure may occur
suddenly, or gradually, or irregularly about the stem. After the
change from stem to root structure has been made, the cambium
rarely reverses the transition and produces stem structure again,
though occasionally small islands of lignified tissue occur in the root
structure. Thus occasionally large crown branches buried in the soil
for several years become so rootlike in character that their origin is
revealed only by the presence of pith and the lignified stem structure
at the center.
METHOD OF STUDY
COLLECTION OF MATERIAL

A large part of the plants examined in the beginning of this study
was collected in the course of an investigation of bacterial wilt with
which some of them were infected. When in the spring of 1926
lesions that are here interpreted as winter injury began to become
visible in wilt-infected plants, it was not always possible to distinguish with certainty some of the discolorations caused by winter
injury from those caused by the parasitic bacteria. It was soon
evident thao a thorough knowledge of the character of winter-injury
lesions must be gained before the two pathological conditions could
be always distinguished. In the last days of April, 1926, the collection of plants showing what was regarded as winter injury was begun.
á.t this time plants were beginning to grow and lesions were not only
discolored and easily visible but the injured tissue when sectioned
stained in a characteristic manner by the method described below.
From this time onward the development of the injuries and the
growth response of injured plants were followed through the growing
season.
In 1927 it was possible to follow the development of lesions from
the time frost left the ground through the spring. Fortunately for
this work, heavy ice sheets formed in late winter in some alfalfa fields
in southern Wisconsin, killing a large part of the stand. When the
ice began to melt, plants that had been buried in ice so long that their
death or injury was anticipated were chopped from the frozen ground
and examined. In this way winterkilling and winter injury were
traced from the time the plants thawed until early summer.
In the following pages the characteristic location of injury of different degrees of intensity and in plants of different ages will be traced.
Finally, the evidences of injury as they may be seen with the aid of
razor sections will be traced from the beginning to the appearance of
characteristic discolored lesions.
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PREPARATION OF MICROSCOPIC SECTIONS

From the very beginning of this work it was necessary to make
and stain microscopic sections from many plants. A method suggested by E. J. Kraus gave the most satisfactory results. The segments of roots were embedded in parowax in the usual manner. If
the material could not be sectioned at once without tearing the sections, the cut ends of the embedded roots were placed in water until
they were sufficiently softened to cut easily. A soaking varying from
6 to 24 hours was usually enough. A well-sharpened microtome
knife of excellent quality was used, but even with this it was not
often possible to cut more than a dozen sections at one place on the
blade before the edge was dull and the sections began to tear. With
proper care, however, it was possible to get such perfect sections of
almost any root that any mechanical injuries produced in roots by
freezing were not confused with disarrangement of tissue in the
preparation of the-sections.
It is fortunate indeed that the method used in staining the parasitic
bacteria served to differentiate injured tissue. The method of differential staining used was as follows : The segments of roots were usually
fixed in formal-acetic alcohol. The sections were first stained in
dilute safranine long enough to give a red color to vessel walls but not
to walls of parenchymatous cells. Overstaining in safranine prevented the desired action of the stains that followed it. After standing in water a few minutes, the sections were stained according to
Gram's method as described in manuals of bacteriology, except that
each slide was dipped in water after immersion in the iodine solution
to prevent the appearance of iodine crystals after dehydration in
alcohol. It should be noted that the gentian violet and the iodine
solutions as usually prepared for this method are at least three times
as concentrated as necessary, and that dilutions can be used with
equal success, and even to great advantage if the sections contain
much starch, which will be blackened by the strong iodine. Diluted
stains do not keep and are useless after a few days. Instead of
diluting the aniline gentian violet and iodine it is often possible to
reduce the time in them to 10 seconds with satisfactory results. Following immersion in the iodine solution, the slides were dipped in
absolute alcohol until the stain no longer appeared to run from the
sections when the slide was lifted. They were then flooded with a
saturated solution of Orange G in clove oil to which about 20 per
cent of absolute alcohol had been added. This solution stained the
walls of the parenchyma a deep yellow and also removed surplus
gentian violet left by the alcohol. If the gentian violet was not
removed sufficiently by the clove oil in one or two minutes, the slide
was returned to the absolute alcohol for a few seconds for further
clearing, and again flooded by clove oil. It was then cleared in xylol
and mounted in the usual manner. In sections treated in this way
the parasitic bacteria (Aplanoiacter [Phytomonas] insidiosum L. McC)
stained a deep blue, while the walls of parenchyma that had been
winter injured appeared black, slate gray, or even red, depending on
the time that had elapsed since freezing, as will be explained later.
This method appears to be adequate for differentiating the pathological conditions resulting from winter injury from those resulting
from bacterial wilt, even when both occur together in the same part
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of the plant. It has been used exclusively in the preparation of
sections from which drawings have been made.
MICROSCOPIC APPEARANCE OF INJURED TISSUE IN ROOTS AND
CROWNS
In microscopic sections of injured plants the presence of injury is
disclosed by the disarrangement of cells and by the way in which
they stain. The position of the injury is definitely characteristic, as
will be shown later. Two types of cells, parenchyma and vessels,
are chiefly involved.
INJURY IN PARENCHYMATOUS TISSUE

From an examination of Figures 1 and 2 it is readily seen that the
pithlike cells at the center of the root and the wood and phloem rays
together with abundant phloem parenchyma form a continuous mass
of similar cells broken only by the cambium, which is not always
visibly different from the tissue that it has produced. In this cell
mass is found the larger part of the injury that gives rise to the visible
lesions on the plant.
In plants injured during their first winter the cells that show injury first are usually located in the phloem and the phloem rays. The
injury may occur wholly in the large cells exterior to the bundle or
groups of fibers. (Fig. 4.) Oftentimes the dead cells form a sheath
surrounding the root, whereupon all cells exterior to it die and slough
off, after which the root has a roughened surface. Injury in the
phloem is usually accompanied by more or less necrosis of the large
cells at the center of the root and also by lesser injury in the wood
rays. (Fig. 5.) Plants injured during their first winter may survive
even when little root tissue besides the cambium and the outer portion
of the vascular bundles (fig. 6) is left alive below the crown.
In plants injured during their second or any subsequent year the
injury usually appears first in the parenchymatous cells of the phloem
and phloem rays, as in 1-year-old plants, but the characteristic position
of the dead cells is somewhat different, being inside rather than outside
the last group of fibers in the phloem (fig. 7); and while the necrotic
ring may cross the phloem rays, as described previously, it usually
follows inward through the cambium along the wood rays to a depth
not exceeding the last annual increment in growth. Thus the cambium is broken at frequent intervals, but the injury does not extend
all the way to the center of the root so frequently as in younger plants.
The pithlike center is injured as in younger plants, though perhaps
not quite so abundantly with increasing age. Accompanying the
injury already described and sometimes independent of it, there may
be a narrow more or less continuous zone of necrotic cells beneath the
phellogen close to the characteristic layer of cells containing crystals.
Since the inner walls of the cells containing crystals stain much like
those of injured cells, it is sometimes difficult to distinguish true
injury in this region. (Fig. 8.)
In the crown stems injury is altogether similar to that in the roots.
(Fig. 3.) The large cells beneath the phellogen derived from the
endodermis and the large central pith show injury first. The ray
cells are easily destroyed and the bundles become separated by dead
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cells as in the root, though they may be .held firmly together mechanically by ihe inner band of primary xylem. Phloem parenchyma
may be injured as in the root. When the crown has begun to be
rootlike in character it suffers injury like that of roots.
The precise nature of the action of frost upon the alfalfa root,
which gives rise to the injuries described here, can not be determined

i^sse/s

-v^^^
4.—Cross section of the outer portion of one vascular bundle of an alfalfa root showing char
acteristic injury inflicted during the first winter. Grimm alfalfa planted in Doniphan County,
Kans., in 1925, and collected Apr. 17,1926, after it had begun vigorous spring growth that had
crushed the phloem produced in 1926. The injury occurred in the phloem exterior to the graup
of fibers, not only in the bundle, as shown here, but also in the phloem rays, resulting in afmg
of dead cells all around the outside of the root. (Dells exterior to the mjured ring died and collapsed.
Meristematic activity of cells below the injured ring was forming a new phellogen layer that
would protect the root when the dead tissue decayed

FIG.

merely from observation of the injury. It appears, however, that
the injury is always found where cells have been separated by rifts
along the middle lamellae. These rifts when extensive may result
in the physiological isolation and death of tissue. Usually, however,
it appears that the rifts are only incidental to injury of a very different
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5.—Sector of the cross section of a small alfalfa root of a nonhardy variety showing injury incurred during its first winter. Planted Aug., 1925, at Madison,
Wis.; collected May 14, 1926, after growth had begun at the cambium. Injury
occurred in the phloem like that shown in Figure 4, but no meristematic growth
of the cells beneath the injury had begun in this case. Winter injury is shown also
tm the vascular bundles, in the wood rays, and in the central parenchymatous
tiissiie. Tbe vessels at the center of the root around which abundant cell division
toad takea place were injured during the previous summer. Such seedling injury is yej7 common

FIG.
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character from the wounding of the tissue that these rifts occasion.
This injury expresses itself by a deposition of material in and outside
of cell walls. This material gives to these cells the staining characteristics previously described. The cells thus injured do not
divide in response to the injury, but when located near the exterior

Fifi. fi. -PhotomicroEraph of a portion of a section of the upper part of the taproot of an'alfalfa'seed"ÇB that had suffered severe winter injury during its first winter. Collected at JVIadison, Wis.,
Mar 3Ü, 1927. All tissue except fascicular cambium and adjacent immature cells appear to have been
kdled. The groups of livmg cells in the bundles had begun to expand and mature to furnish vascular
connection to the buds above. The dark-staining material characteristic of winter injury occurs more
or less abundantly at the margins of open spaces bordered by living or injured cells

of the plant are usually cut off eventually from the uninjured tissue
by the deposition of suberin in the walls of colls located between
them and the cambium. From this behavior the writer infers that
the injury is primarily a direct effect of freezing, and not primarily
or necessarily a consequence of the mechanical separation of cells,
which appears also to be caused by the cold.
.1,1-x è^i,i.
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YiG. 7.—Cross section of the outer portion of a vascular bundle of the root of an alfalfa plant injured
during its third winter. Grimm alfalfa collected at Monroe, Wis., May 6, 1926. The drawing includes nearly all the addition to the bundle in its third year. The injury represented chiefly by
heavy lines indicating cell walls in which dark-staining material is deposited is situated largely in
the parenchymatous cells of the phloem inside the innermost group of fibers and in the phloem and
the wood rays. Injury in the vascular bundle is shown by a group of disorganized parenchymatous
cells in the autumn growth and by two plugged vessels near the disorganized cells. This drawing
should be compared with Figure 4, which represents a similar characteristic injury in a 1-year-old
plant, and with Figure 9, which represents a less usual type of injury in a 3-year-old plant
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INJURY IN THE VASCULAR BUNDLES

Injury in the vascular bundles is limited almost exclusively to cells
produced during the previous growing season. It is first discerned
in early-spring collections by the presence, in the lumina of vessels,
of granules that stain like the walls of necrotic cells. Frequently
one or more contiguous parenchymatous cells stain like injured cells
in the phloem. If fibers are close to injured parenchyma, they are
usually shrunken and stain deeply with safranine. Later in the
summer injured vessels become plugged with a gumlike material
(fig. 9), unless perchance they are in the center of a necrotic area.
Tyloses sometimes appear, but they are always very small, never
reaching a diameter equal to one-half that of the lumen of the vessel.
Tyloses have been observed only in vessels of injured tissue. The
distribution of plugged vessels in the outermost ring of growth shows

YiG. 8.—Crystals in cells situated beneath the phellem. The inner walls of these crystal-containing
cells are much thickened and often stain like the walls of injured cells. Thus they are easily mistaken for injured cells, especially since the crystals are not often conspicuous

great variation in different plants. Sometimes plugging, is found
chiefly in the largest vessels, sometimes chiefly in vessels of autumn
growth, and at others in scattered vessels of different size and age.
In nearly all the collections from Wisconsin, but not in those from
Kansas, whenever there is injury in the last annual ring, a few small
vessels of autumn growth in each ring previous to the last have a
staining reaction like injured parenchymatous cells and may also be
shrunken and separated from adjoining cells.
In 1-year-old plants injury in vessels is associated almost always
in varying amount with injury in parenchyma. In older plants it is
on the whole less abundant and severe.
The origin and the composition of the material with which vessels
become plugged have not been examined. In appearance the material
resembles that formed in vessels of plants infected with bacterial
wilt. Similar material has been found in vessels of plants into which

9.—Cross section of the outer part of a vascular bundle of the root of an alfalfa plant injured
during its third winter, Grimm alfalfa collected at Monroe, Wis., May 6, 1926. The drawing
includes all of the addition to the bundle during its third year. This root and that shown in
Figure 7 were collected from the same field. The injury represented here is less common than
that illustrated in Figure 7. It occurs almost wholly in the bundle, and is shown by the plugging of vessels and the deep-staining walls of some of the adjoining parenchymatous cells represented by heavy lines. A small group of dead cells occurs near the center of the cambium of the
bundle as in Figure 7, with which this drawing should be compared
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dilute acids have been introduced through cut stems. Presumably
the material is the product of living <îells contiguous to vessels, and
since in some cases it is evident that some of these have been injured,
it is not unlikely that some product from them is the inciting cause of
the deposition.
DEVELOPMENT OF WINTER INJURY IN RELATION TO WINTERKILLING
Now that the character and position of winter injury in surviving
plants have been described, it is of interest to trace the development
of evidence of winter injury in several Wisconsin fields in the spring
of 1927, On February 24 one collection was made from a 4-year-old
field of Grimm alfalfa on which large ice sheets had remained for
weeks. At that time the last of the largest ice areas was melting,
and inasmuch as no severe freeze followed during the spring, it is
assumed that all or nearly all of the damage found later had been
done previous to that date. A number of plants were cut from
frozen ground beneath the ice where winterkilling or severe injury
was anticipated. When the plants were thawed the upper parts of
the taproots looked more or less water-soaked, but none of them was
conspicuously softened. These roots were embedded and sectioned.
Sections of some of the plants showed tissue almost completely
disorganized; rifts extended the entire length of the rays, the larger
groups of parenchymatous cells had separated into loose aggregations,
and the cells of the cambium region were collapsed, though coherent.
In some plants nearly all of the tissue except the cambium was disorganized, while in others rifts were found only along the rays. No
unusual staining reaction of injured cells was foimd.
On March 9, when the frost was out of the groimd on southern
slopes, most of the dead roots in the field previously mentioned were
so much softened that they could be recognized. Many roots were
much water-soaked in appearance, though fairly firm. Such roots
when sectioned showed disorganization of tissue of greater or less
extent although most of the cambium was apparently turgid and living. When turgid cells were situated along the margins of rifts
they often gave a faint staining reaction characteristic of winter
injury. The dead and injured tissue did not at this time show
visible discoloration by which it could be recognized in the fields
On March 30, roots of alfalfa at Madison had begxm to grow, and
injured tissue in roots was usually so much discolored that it could be
seen from examination of plants in the field. The condition of the
root of a small seedling that barely survived its first winter is shown in
Figure 6. Here only small islands of cells with the fascicular cambium at their center had survived, and new conducting elements to
support the living buds above were beginning to mature. The islands
of living cells were more or less surrounded with the material that
takes the characteristic winter-injury stain.
By the end of April all the dead and injured tissue was visibly
discolored, and sometimes a stain diffused from it into the uninjured
tissue. In one field taproots completely black, almost like ink when
cut across below the crown lost most of this color if soaked in water,
and when sectioned showed a vigorous living cambium. After the
plants had begun to grow vigorously the precise limits of injury were
easily discovered by cutting the root across with a knife, though
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several months might elapse before the outer phloem decayed sufficiently to produce the roughened appearance shown in Plate 1, B.
The characteristic appearance of cross sections of injured roots after
growth has started vigorously is shown in Plate 2. In Plate 2, A,
the injury is largely confined to the phloem, which is beginning to
blacken. Black dots in the wood indicate groups of vessels that are
showing the presence of injury by gum deposit and discoloration of
a few surrounding parenchymatous cells. A greater degree of injury
is shown in Plate 2, B. The death of tissue at the center of the root
and along the wood rays had led to extensive cracking of the wood and
opening of the center from the pressure of the vigorous new growth.
Although the limits of the new growth can be seen clearly almost all
the way around the periphery, a stain from the decaying tissue obscures the healthy tissue in one small sector. In spite of this injury,
the growth of this plant seemed scarcely less vigorous than that of
uninjured plants. At this stage the exact limits of the injury are best
seen in stained microscopic sections. At all the small isolated places
where cells seem to have been separated, the characteristic staining
material has been deposited on the cell walls along the rift. So long
as the plant lives it retains these evidences of injury—evidences that
will usually reveal upon examination the year in which they occurred.
Thus it is possible by the examination of a number of plants to discover the years in which any old field suffered especially severe injury.
An instance in point may be cited. One of the disastrous winters for
alfalfa in southern Wisconsin was that of 1921-22. Among the collections of wilt-infected plants from the southern part of the State
made in 1925 and 1926 were two from fields that were sown in 1921
and that had therefore survived this winter. An examination of
sections from these collections showed that almost every plant had
in its first year's wood plugged vessels characteristic of winter injury
as well as phloem injury when the phloem was present. It may be
added here that the examination of other collections of wilt-infected
plants from Kansas showed that w]!iile there was extensive winter
injury in 1924-25 and 1925-26 in eastern Kansas, little of such injury
originated in the two preceding years.
GROWTH RESPONSE OF INJURED PLANTS
The growth response of plants to climatic injury appears to be
similar to their response to mechanical wounds. AH of the parenchymatous tissue in which the larger part of the iç^jury takes place seems
to be able in varying degree to become a meristem capable of laying
down a cork layer except perhaps the wood ray cells that have become
considerably elongated axially. Injury in the phloem and in the
central pithlike parenchyma meets the quickest response in the
surrounding cells. In the phloem parenchymatous cells beneath those
injured quickly begin to divide (fig. 4) and a new corky covering is
produced like the original phelloderm. If the new cork arises in
immature cells near the cambium it is usually unbroken and effectual.
If it arises in mature phloem parenchyma it is usually interrupted
by groups of fibers, which pursue a sinuous course through this
tissue, and through these fibers decay traverses the cork layer into the
underlying cells. These cells usually are able to divide rapidly enough
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to prevent the decay from progressing far, but in so doing the outer
bark is sometimes ruptured by the new growth beneath and new repairs must be made until the outer appearance of the root becomes
very rough and irregular.
Healing in the central pith takes place in a similar manner. Small
wounds in the first yearns wood are usually healed quickly and
effectually (fig. 10) if no fibers are involved. Groups of fibers cause
difliculty here as in the phloem.

10.—Small discolored spot at the center of a 6-year-old alfalfa plant of a hardy variety at Madison,
Wis. This spot may have originated from injury in the central parenchyma during the first winter.
It has been so well surrounded by the meristematic activity of parenchyma that further decay is prevented

FIG.

Repair of injury along the wood rays that are completely split
open takes place by division of smaller cells along the margin of
the bimdle which belong perhaps to the wood parenchyma. These
cells are not very active in division, especially when they are a year
or more old, and if they do divide extensively the mechanical push
in a tangential direction that results may break the interfascicular
cambium if it was previously intact at this point, or in any case may
cause an increase in diameter of the root or swelling that is characteristic of badly damaged plants that have grown rapidly afterwards.
Thus the swollen roots consist of a ring of isolated vascular bundles.
In Figure 11 is shown a section of one of the segments of such a ring.
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Plate 2

■Injury in phloem
Groi^fh
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/pjury

/ûjury m centra/
parenc/íy/7?a
a

Injury ¡n ra/s

Taproots of alfalfa plants showing winter injury, collected in Gutlirie County, Iowa,
May 17,1927, after considerable spring growth had been laid down; injury occurred in the
second winter that the plant passed through; cross sections of upper parts:
A.—Slight injury occurring chiefly in the phloem.
B.—Severe injury occurring in the phloem, the central parenchyma, the rays, and the
wood.
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11.—One vascular bundle from the upper part of the root of a hardy alfalfa plant
whose bundles had been separated by killing of intervening parenchyma. The
center of the root was hollow, surrounded by these separated bundles, each surrounded by meristematic tissue and separated from its neighbors by dead cells.
Even though healed thus effectually, the plant was not thrifty

FIG.

209

210

Journal of Agricultural Research

voi. 37, NO. 4

which may have been brought about by injury like that shown in
Figure 6. Sometimes small local rifts in rays or elsewhere in parenchyma become filled with a gumlike material and no cell division
follows.
In the mature wood there are two types of injury, the small brown
spots arranged in circles (pi. 2, A) and the central injury. So far as
the writer has been able to observe, the small spots are always surrounded sooner or later by thickened walls of the adjacent parenchyma or by the meristematic activity of such parenchyma so that
decay does not spread to cause heart rot, as suggested by Weimer
(7). Heart rot seems always to have its origin at the center of the
plant. When the central tissue is killed during the first winter in
the life of the plant, the necrotic cells can usually be completely
separated from the healthy tissue by activity of the wood parenchyma, which is very abimdant and is not interrupted by such large
fiber masses as those in older growth. In older plants healing may
be much more difficult. Not only do large fiber masses interrupt the
parenchyma and by their slow decay continually extend the hollow
center, but the mechanical action of swelling and shrinking of these
woody masses with wetting and drying tends to tear apart the wood
rays and expose new areas to fungous and bacterial invasion.
From the preceding it appears that the growth response to injury
is conditioned by the character of the cells adjoining the injured
tissue. If these cells are capable of prompt meristematic activity and
the conditions surrounding the plant are favorable for growth, decay
can not proceed far beyond the area originally killed. The loss of
vascular tissue in the root does not appear to be a permanent handicao,
and when new tissue has been produced abundantly, as shown in
Plate 2, B, the plant continues growth with imabated vigor.
WINTER INJURY IN RELATION TO BACTERIAL WILT

During the last two years, in which winter injury has been seen in
many fields in the central Mississippi Valley, much evidence has accumulated indicating that bacterial wilt (3) occurs in far greater abundance in such injured fields than in uninjured fields when sources of
infection are approximately equal. Inasmuch as these parasitic
bacteria require wounds through which to enter the plant, and
since winter injury produces wounds apparently favorable for infection in the spring, when infection seems to take place most abundantly,
it is highly probable that this injury is an important place of entry
for the bacteria.
SUMMARY

A pathological condition of alfalfa roots and crowns caused
apparently by adverse winter conditions has been described previously by Melchers and Weimer. The character of this injury is
discussed îà detail in this paper*
The development of the taproot and crown of alfalfa is traced and
certain of their histological characteristics are described.
The injury in the plant tissue is found originating in characteristic
locations in parenchyma of the phloem rays, in the central pithlike
structure of the upper part of the taproot, and in the xylem.
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In the spring of 1927 the injury appeared first as an apparent
mechanical disorganization of tissue in plants taken from beneath an
ice sheet. The healing of injuries in plants is traced through the
spring.
Winter injury when severe appears not only to shorten the life of
plants but to furnish a convenient point of entry for the parasitic
bacterium (Aplanoiacter insidiosum L. McC.) which causes bacterial
wilt.
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