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THE RELATION OF MYCORRHIZAE TO CONIFER
SEEDLINGS '
By RICHARD E. MCARDLE
Associate Silviculturisty Pacific Northwest Forest Experiment Station, Forest
Service, United States Department of Agriculture
INTRODUCTION

Foresters are becoming more and more interested in the physiological relationships between forest trees and soil-inhabiting fungi.
Certain soil fungi have long been known to be detrimental to tree
seedlings as, for example, species of Pythium and Fusarium which
cause damping off of succulent young seedlings. But the belief that
all soil-inhabiting fungi are injurious to seedlings is no longer tenable.
It is now believed that certain failures in forest nurseries and certain of
the indifferent results sometimes encountered in planting out nursery
stock are not due to the presence of a fungus but on the contrary
should be attributed to the absence of some particular fungus.
Many pathologists believe that the association of certain fungi
with the young root tips of trees and other plants to form mycorrhizae
constitutes a definite case of parasitism on the part of the fungus.
Other investigators are equally convinced that this association of
two dissimilar organisms is distinctly beneficial to both participants.
In any event, it is inconceivable that the formation of mycorrhizae
should have no effect whatever on the health of the higher plants when
all, or nearly all, of their rapidly growing root tips are invaded by
fungous mycelium, with consequent swelling and forking of the roots.
The occurrence of mycorrhizae on an astonishingly large number of
plant species makes this question of the physiological rôle of mycorrhizae unusually important.
HISTORICAL DATA

The presence of fungus hyphae in the root cells of plants was
described by numerous investigators diu-ing the first half of the nineteenth century. There were many speculations concerning the origin
of these mycelial threads but no evidence of value until Reese (26) ^ in
1880 noted the apparent connection between a spruce rootlet and a
truffle fungus, Elaphomyces granulatus.
In 1885 Frank (3) coined the word ''mycorrhiza,'' and in a series of
papers beginning in April of that year developed the hypothesis that
a beneficial relationship might exist between the higher plant and the
1 Received for publication Aug. 12, 1931; issued April, 1932. This contribution represents a dissertation submitted in partial fulfilment of the requirements for the degree of doctor of philosophy from the
University of Michigan. The results here presented were obtained at the University of Michigan durmg
the years 1927 to 1930. The work was started at the suggestion of C. H. Kauffman, to whom the writer
is indebted for many helpful suggestions and much stimulating criticism.
2 Reference is made by number (italic) to Literature Cited, p. 316.
Journal of Agricultural Research,
Washington, D. C.
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fungus. It is now generally considered that knowledge of mycorrhizae begins with the publication of Frank's researches. Frank,
however, was not the first to advance the concept of a beneficial
relationship between fungi and the roots of higher plants, for Pfeffer
(24-) in 1877 ascribed to the orchid fungi a physiological rôle analogous
to that of root hairs, and Kamienski XO) in 1882 published a memoir
on Mono tropa in which he fully recognized the existence of a reciprocal
relationship between flowering plants and fungi. These works have
been overshadowed considerably by Frank's publications.
The interest in mycorrhizae that was aroused by Frank's papers
has persisted and increased. More than 300 persons have written a
total of approximately 600 papers dealing directly or indirectly with
this subject.
It is now generally accepted that root infection of the mycorrhizal
type is a widespread phenomenon among vascular plants. Mycorrhizae have been found among tHè Pteridophytes on ferns and on
Equisetum; they have been found on the roots of orchids, violets,
heaths, and a host of other small plants; also, on the roots of a great
many species of forest trees, both hardwoods and conifers, and of fruit
trees.
Several types of mycorrhizae have been pictured and described.
The three types usually mentioned are ectotrophic, endotrophic, and
ectendotrophic. The terms ''ectotrophic" and ''endotrophic" were
first used by Frank; Melin (17, 18j 19j 21) originated the term
"ectendotrophic." Ectotrophic mycorrhizae are common on forest
trees, expecially conifers. They are characterized by a fungous mantle around the root tip and the presence of mycelium between the cells
of the root. In endotrophic mycorrhizae the hyphae are found inside
the root cells and the hyphal strands pass through the cell walls from
one cell to another; this type of mycorrhiza is found most often on
herbaceous plants and hardwood trees. The characteristics of the
endotrophic and ectotrophic mycorrhizae are combined in the ectendotrophic form. McDougall's {14) term "he tero trophic" is perhaps
comparable to ectendo trophic. Rayner {25) believes that the type
of mycorrhiza formed depends upon the degree of infection of the root
by the fungus and intimates that a given fungus might form ectotrophic mycorrhizae on one plant and endotrophic mycorrhizae on
another. Melin considers that the different types of mycorrhizae
(ectotrophic, endotrophic, and ectendotrophic) represent phases in
development. He believes that the ectotrophic condition is the final
stage in a gradual "squeezing out" process due to enzyme activity in
the root cells. The endotrophic mycorrhiza with its intracellular
mycelium may, therefore, be transitional to the ectendotrophic type
and this may be followed by the true ectotrophic type. Melin also
states that the type finally developed probably depends on the "virulence" of the fungus. According to Melin, these intracellular filaments eventually disappear, and he assumes that they are digested
and utilized by the root cells. Masui {15,16) describes this digestive
process as consisting solely of a degeneration of the filaments due to
the gradual granulation of the cell membrane of the hyphae until at
last it refuses to take the stain and hence no longer can be seen.
The seasonal occurrence of mycorrhizae has been studied by both
McDougall and Masui. These investigators found that mycorrhiza
formation reaches a maximum in late summer or early fall and
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thereafter steadily declines to a minimum during the winter months.
An imposing number of fungous species are reported as being
mycorrhiza formers. Approximately 50 species representing 16
genera are in this list, and practically all are Basidiomycetes, chiefly
agarics.^ The genera mentioned most frequently are : Amanita, Boletus, Cortinarius, Cantherellus, Inocybe, Russula, and Tricholoma.
Unfortunately, very few of those who have reported certain fungi as
mycorrhiza formers have based their opinions on experimental evidence. The writer can suggest at least a dozen species not yet reported as mycorrhiza formers that careful field examination discloses
to be closely associated with Norway spruce {Picea excelsa) and northern white pine (Pinus strohus). It is evident that many statements
encountered in the literature must be accepted with reservation until
verified by laboratory experiments.
Two methods have been used to determine whether a certain fungus
is a mycorrhiza former. By one method strands of mycelium from
a fimgous fruit body are followed through the soil to a mycorrhiza;
by the other mycorrhizae are formed in pure culture by inoculating
the roots of seedlings with fungous mycelium.
The chief objection to the first method is the great difficulty in
following the strands of mycelium through the soil without breaking
the filaments. Moreover, there is no assurance whatever that the
mycelium followed to the root is the mycelium which is responsible
for the formation of the mycorrhiza. As will be brought out later,
even the presence of a fruit body directly on a root and apparently in
the most intimate contact with it does not necessarily signify that the
fungus forms mycorrhizae.
In the second method the mycelium designed for inoculation purposes
is obtained either from cultures of known fungi or from cultures originating with a mycorrhiza. Inoculations are made on the roots of
seedlings that presumably are sterile, or on the roots of seedlings
germinating from disinfected seeds sown within a flask or other closed
vessel. A few of the investigators—Fuchs (4), for example—who
obtained mycelium from the fruit bodies, did so by germination of the
spores, but usually this mycelium has been obtained directly from the
fruit body by culturing tissue taken from the interior of the fruit body.
To obtain a pure culture of mycelium from a mycorrhiza is a difficult
task and can not always be accomplished. Melin has developed a
method for culturing mycorrhizae which he asserts is successful in
sterilizing the external parts of the root and thus excluding those
species (e. g., of Pénicillium, Fusarium, and Mucor) which would be
likely to outgrow the fungus causing the mycorrhiza. Fresh mycorrhizae are washed several times in sterile distilled water and then
treated for 15 to 30 seconds with a 0.1 per cent solution of mercuric
chloride, after which they are again washed in sterile distilled water
and placed on the culture medium. Masui also has used this method
with success. Möller {22) extracted mycelium from a spruce mycorrhiza and reinfected spruce rootlets with this mycelium. He inoculated with nonseptate mycelium which he thought might be a Mucor,
but the mycelium which he later found inside the roots was septate.
MöUer's method of obtaining sterile rootlets for inoculation purposes
3 According to Melin, certain incompletely identified species of Rhizoctonia may form "false" mycorrhizae. A few species of Ascomycetes have been reported as being mycorrhiza formers.
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was to make a column of three pots of sterile sand and start the seedlings in the highest pot; when the roots had grown downward through
two pots and had entered the third, they were inoculated by smearing
mycelium on them.
Peklo {23) obtained a fungous culture from beech mycorrhizae by
making a decoction of the mycorrhizae. Sections of beech roots
which had been rinsed in water were dropped into this decoction and
on these bits of roots he obtained a fungous mantle composed of several
species of Pénicillium. Peklo's results are of questionable value because he used seedlings which were grown for two years in unsterilized
humus and may have been infected. Furthermore, Peklo and some
of the other investigators failed to take into account the possibility
that several species of fungi might be associated with the roots and
none of them be able to form mycorrhizae. A few years later, in
1911, Fuchs found this to be true, and he declares that the fungous
mantle sometimes developed by certain species of fungi is no sure evidence of mycorrhiza formation because the hyphae do not penetrate
even the outer cells of the root, and the mantle is easily washed off.
He cites Pénicillium as an example of a fungus that forms a mantle
which does not penetrate the root and hence is not mycorrhizal.
When mycelium is extracted from a mycorrhiza there is no assurance
that only one fungous species has been obtained, and unless the cultivated mycelium can be made to form a fruit body there is no way to
know what fungus is being cultured. Finally, there is the possibility
that the fungus really responsible for the formation of the mycorrhiza
can not be extracted from the mycorrhiza; certain species (e. g., of
Amanita and Cortinarius), which are strongly suspected of being
mycorrhiza formers, grow very slowly or not at all in artificial culture.
Most of the recent investigators have begun their experiments with
the seed, either raising seedlings under sterile conditions and transplanting these at the time of inoculation, or raising one or a few seedlings in a flask or test tube and inserting the inocula into these vessels.
The latter method was used by Melin and Fuchs. Masui has used
both methods, sometimes inoculating the seedlings when transplanted
and at other times several months after transplanting.
Some investigators disinfected the seeds before planting, but others
have not taken this precaution. Seed disinfection methods have
varied, but solutions of mercuric chloride appear to meet with most
favor. Masui tried several methods and settled on one involving
the washing of green cones (containing germinable seeds) in 50 per
cent alcohol, then in a 0.1 per cent solution of mercuric chloride.
The seeds were removed while the cones were in the mercuric chloride
solution and were then washed in sterile distilled water. Fuchs'
method was much more elaborate. The seeds were shaken in 50 per
cent alcohol, then in concentrated sulphuric acid for 5 to 10 minutes.
They were then washed in a suspension of calcium carbonate to neutralize the acid, were rinsed in water, immersed for five minutes in 1.0
per cent mercuric chloride solution, and again rinsed in water.
In the first experiments with mycorrhizae, Frank used earthen
flowerpots and Möller also used pots. Most of the latest experimentation have been done in Erlenmyer flasks. Melin has used a double
flask made of one Erlenmyer flask and one Florence flask connected
by a glass tube. The culture is grown in the Erlenmyer flask and a
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reserve supply of nutrient solution is kept in the other flask. The
object in using flasks is to make certain that the cultures remain absolutely sterile. Melin candidly admits, however, that in spite of all
precautions at least 25 per cent of his flask cultures were contaminated by the end of the third growing season.
Nearly every experimenter has remarked upon the difliculty of
obtaining a culture medium that is suitable for both seedling and
fungus. Sand has been used chiefly because it is easy to sterilize and
is inert. The latter characteristic is important when the effect of
various nutrient substances on plant and fungus development is
being tested. Although sand is suitable for the seedlings, some difficulty is usually experienced in getting the fungi to grow through it
unless it is in very coarse particles. Humus and forest soils containtaining humus have been used, but these media are dif&cult to sterilize without seriously changing their chemical composition ; often substances toxic to both seedlings and fungi are produced when humus
is steam sterilized; chemical sterilization is considered impractical.
Various attempts have been made to increase the porosity of sand
used as a culture medium. Among the substances which have been
mixed with it to make it more porous are glass beads and moss.
Melin placed sand in flasks and sterilized these for 25 minutes in a
steam sterilizer on each of three days. Fuchs also used sand in
flasks and autoclaved these for 2 hours at 150*^ C; he then mixed the
treated sand with the nutrient solution and again sterilized the filled
flasks for one-half hour. Masui used sand, and also a mixture of
sand, humus, and sphagnum moss. These media were autoclaved in
flasks for 30 minutes at 150° C.
So far as is known, Melin's 3-year experiments are the only ones
lasting more than one year. The shortest experiments probably are
some of those performed by Fuchs; these lasted but eight days.
Masui's experiments were ended two or three months after the inoculations. Von Tubeuf ißl) made experiments continuing for one year.
The effect of the association of a root and a fungus is one phase of
this subject which has had a great deal of attention and about which
there is yet very little definite information. Since Frank first raised
the question as to the probable value of the fungus to the higher
plant, our knowledge of this phase has gone very little beyond the
theoretical stage. Nearly every conceivable hypothesis has been
advanced as to the rôle of mycorrhizae in plant nutrition. The investigators who hold that the formation of mycorrhizae is injurious to
the host plants include Sarauw {29), MöUer, {22), Fuchs (4), Masui
{15, 16), and McDougall (i^). Frank {S), Stahl {30),'Noii Tubeuf
{31), Rexhausen {28), and a number of others think the formation of
mycorrhizae is beneficial or even necessary to the best development
of the associated higher plant.
For about 30 years there was little compromise between these
diametrically opposed ideas. But in 1909, Bernard {2) suggested
that there might be a ''balance of benefit between the associated
organisms, and that under certain conditions the association was
beneficial to both participants, whereas under other conditions evidence of parasitism would appear. Since 1917 Melin has further
developed the ''balance of benefit'' idea and has attempted to show
that whether or not a mutual benefit is derived from the mycorrhizae
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association depends very largely on the activity of the fungus. He
points out that the various species of fungi which form mycorrhizae
are not equal in their ability to form this union, but that some species
are exceptionally vigorous while others are much less so. Furthermore, the external conditions which influence the health of the higher
plant also have a part in determining in which direction the reacting
organisms will proceed. Melin thinks that if a sickly plant effects
an association with a particularly vigorous fungus, the plant may be
injured and derive no benefit from the association; in a word, the
fungus is parasitic upon the other plant. In short, the modern point
of view is not that the formation of mycorrhizae must be either helpful or harmful to the participants of the association but that the effect
of this association varies from absolute parasitism to complete symbiosis, depending upon the vitality of the fungus and the health of
the higher plant.
The contradictory results obtained in investigations of the physiological significance of mycorrhizae probably are due to the methods
used. In general, four methods have been employed to determine
the effect on the plant of the fungus-root association. (1) Conclusions
have been drawn from field observations. This admittedly is an
inaccurate method, because allowance can not be made for all the
many factors which simultaneously are influencing the development
of the plant. (2) Conclusions have been based on the anatomical
structure of mycorrhizae; but mycorrhizae are difiicidt to section and
stain and even in a perfectly prepared slide it is easy to overlook
important details. Many of the conclusions on the physiological
rôle of mycorrhizae deduced from microscopic examinations should
be verified by experiments with living plants. (3) Microchemical
analyses have been made of infected and (supposedly) uninfected
roots. Weyland {SS) used these methods in studying the distribution
of inorganic nutrient substances in root cells, and Masui has recently
contributed an extensive paper on the subject {16). (4) There is
the experimental method in which plant roots are brought into contact with the mycelium of a fungus suspected of forming mycorrhizae,
By varying the conditions under which the plants are grown (as, for
example, by supplying organic nitrogenous compounds to some plants
and inorganic nitrogenous compounds to others), and by measurement of seedling height and needle length, observation of foliage
color, and the like, direct evidence is obtained on the effect of mycorrhiza formation. In this field Melin is the outstanding investigator.
The investigators who have used the microchemical methods agree
that the mycorrhizal fungi are parasitic upon the associated higher
plants, and that there is no evidence of a symbiotic relationship.
Masui, for example, found that the fungi remove from the root all of
the amino acids, most of the carbohydrates, tannins, and nitrates,
and some of the phosphorous, potassium, and ammonium. He
found that young fruit bodies of the suspected fungi contained large
amounts of these substances. Inasmuch as most of the important
food substances were removed from the seedling by the fungus and
no return of nutritive material was made, Masui was forced to conclude that the mycorrhizal fungus must be considered a parasite
upon the seedling.
The evidence obtained by the experimental method is almost the
exact opposite of that obtained by microchemical analyses. If the

Peb. 15,1932

293

Relation oj Mycorrhizae to Conifer Seedlings

experimental evidence does not always indicate a beneficial effect,
it at least shows no parasitism on the part of the fungus. A full
discussion of this phase of the subject is given in later paragraphs.
FIELD EXAMINATIONS
In order that laboratory experimentation might be tempered by a
knowledge of mycorrhizal conditions as they obtain in nature^ a
systematic study was made in several forest plantations. These were
located on the Saginaw Forest of the School of Forestry and Conservation, University of Michigan. After a preliminary examination in
1927 and 1928, when every conifer plantation was visited regularly
several times each week over a period of about three months in the fall
and again in the spring, it was decided to restrict the study to the plantations of Norway spruce and northern white pine.
Mycorrhizae were moderately plentiful in the white pine plantation
and were truly abimdant in the spruce plantation. The abundance of
spruce rootlets in the top 6 inches of soil and the moist conditions
prevailing in this stand undoubtedly provide a more favorable environment for the formation of mycorrhizae than the rather dry soil
of the pine plantation. An estimate of the total amount of mycorrhizal infestation in each plantation was made periodically by digging
up a number of small roots about 3 feet long in the top 6 inches of soil.
At least 98 per cent of the rootlets on the better quality sites of the
spruce plantation, and probably 75 per cent of the rootlets in the white
pine plantation, were estimated to bear mycorrhizae. In neither
stand were mycorrhizae found very far below the surface; only to a
depth of perhaps 6 inches in the pine and to about 8 inches in the
spruce. No mycorrhizae were found in that part of the spruce stand
where raw humus is absent and the soil bakes hard and dry.
The pH values for soil and humus were determined in these two
plantations in the fall of 1928, the spring of 1929, and again in the fall
of 1929. Samples from different parts of the stands were tested
promptly with the quinhydrone electrode. In Table 1 are given the
average pH values for soil and humus in these two stands.
TABLE

1.—Average pH values for soil and raw humus from the northern white pine
and Norway spruce plantations on the Saginaw Forest
Northern white pine
Soil

Raw humus
Soil at a depth of 4 inches

—

_ ___

_

Norway spruce

pH value

Samples

pH value

Samples

6.4±0.03
6.0± . 03

Number
12
18

ft. 3±0.19
5.3± .02

Number
15
19

Hesselman (7, 8) and Melin (20) obtained pH values of about 4 in the
humus layers of conifer forests in northern and central Europe and
Gl0mme (a) reports essentially the same values for conifer woods in
Norway. According to Melin, Brenner found that soils in the conifer
forests of Finland had pH values ranging from 3.5 to 4.8. In Sweden,
Melin states, the best mycorrhizae and the most prolific occurrence of
mycorrhizae are in forests where the raw humus has a pH value of
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about 4. He also states that usually there is an abundance of mycorrhizae in spruce woods having pH values of about 5 for the soil,
but that where the pH value is 6 or 7 the development of mycorrhizae
is very weak. Mehn's experiments lead him to beheve that vigorous
formation of mycorrhizae will not take place on neutral or on alkaline
soils or in extremely acid soils (e. g., with a pH of about 3.5 or less).
Lohman (12) has made a large number of collections of mycorrhizae
from a wide variety of plants in Iowa and has determined the pH
values for the soil surrounding each collection. These values ranged
from 4.9 to 8.2 but were 6.5 or over in the case of more than 70 per
cent of his collections. He concludes that mycorrhizae occur in acid,
neutral, and alkahne soils but probably develop better and are more
common in soils having pH values below 6.5.
The ''glass plate" method of studying the seasonal development of
mycorrhizae—^first mentioned by McDougall—was tried in the spruce
stand but was not entirely satisfactory for this purpose. Judging,
however, from a large number of individual collections, the maximum
development of mycorrhizae in these plantations occurs from early
September to late November; during three successive years the best
collections were had in October. The development of mycorrhizae
apparently depends on abundant rainfall and warm weather; after a
hot, dry summer a considerable fall of rain is needed to start a vigorous
growth of the fungous mycelium. Excellent mycorrhizae were obtained two weeks before the appearance of fruit bodies in these areas.
New mycorrhizae probably do not develop after the advent of cold
weather and frozen soil, but those already formed may remain alive
for several months; a number were dug from frozen soil in December,
January, and February. By spring nearly all those formed during the
previous year have turned brown, are more or less shriveled, and appear
to be dead. Only a few mycorrhizae are formed during the spring
and summer months.
In the Norway spruce stand were found seven 1-year-old spruce
seedlings which apparently had originated naturally from seeds cast
by the trees of this stand. No mycorrhizae were found on the roots
of these seedlings.
In both the Norway spruce and northern white pine stands a great
many attempts were made to verify the apparent connection between
fungous fruit bodies and mycorrhizal roots. Many fruit bodies were
found in actual contact with roots; others were directly over large
mycorrhizal clusters and separated from the roots by only a centimeter or so. This apparently intimate association is no positive
assurance that the mycelium which formed the fruit body also is
responsible for the near-by mycorrhizae, but these associations do
furnish a clue as to which fungi might well be tested experimentally to
determine their mycorrhiza-forming ability. In the following list are
given the names of species^ which careful and repeated examination
disclosed to be nearly always associated with tree roots in these two
stands. The list also indicates the fungi suspected of forming mycorrhizae of the different types found in the microscopic examinations
of specimens from the two plantations. These species represent only
a part of the large number of fungous species collected in the two
areas.
< The identification of these fungi, without regard to the mycorrhizal types they may form, has been
checked by C. H. Kauflman.
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Ectotrophic mycorrhizae :
On Norway spruce—
Amanita muscaria Fr.
Ly coper don pulcherrimum B. and C.
Inocyhe eutheloides Pk.
Clitocyhe rivulosa Fr. var. angustifolia Kauif.
Clitocype diatreta Fr.
Calvatia saccata Vahl.
Boletus piperatus Bull.
On white pine—
Cortinarius sp.^
Calvatia saccata Vahl.
Ly coper don gemmatum Batsch.
Collybia hutryacea Fr.
Inocyhe eutheloides Pk.
Clitocyhe rivulosa Fr. var. angustifolia Kauff.
Clitocyhe diatreta Fr.
Ectendotrophic mycorrhizae:
On Norway spruce—
Cortinarius argentatus Fr.
Cortinarius cinnamomeus Fr.
Tricholoma personatum Fr.
Lepiota naucina Fr. (or ectotrophic only?)
Lycoper don gemmatum Batsch. (or ectotrophic only?)
On white pine—
Ly coperdon gemmatum Batsch. (or ectotrophic only?)

Of these species, Amanita muscaria has been reported by Melin to
form mycorrhizae on Betula, Larix, Pinus sylvestris, and Picea excelsa; Cortinarius cinnamomeus has been reported by Masui to form
mycorrhizae on Pinus densiflora and Populus trémula; the rest, so far
as is known, are mentioned for the first time in this connection.
It has been the common practice of investigators to consider the
attachment of fruit bodies to tree roots as definite proof of the ability
of these fungi to form mycorrhizae. It is realized that circumstantial
evidence of attachment is often very strong, but the apparent attachment of fruit bodies to tree roots can not be taken as proof that
the fungus forming the fruit body likewise formed the mycorrhizae.
The writer has made a microscopic examination of 28 fruit bodies of
Lycoperdon gemmatum, Amanita muscaria, Calvatia saccata, Inocyhe
eutheloides, Lycoperdon pulcherrimum, and Cortinarius sp., each with
tree rootlets attached. In spite of careful sectioning, staining, and
examination, in none of over 100 slides could the mycelium of the
fruit body be followed to the interior of the root (18).
One hundred and eight individual collections of mycorrhizae from
the white pine and Norway spruce plantations were embedded in
paraffin, sectioned, and stained. There was sectioned also one collection from each of the following species: Austrian pine {Pinus
nigra Arnold), Scotch pine (P. sylvestris L.), ponderosa pine (P.
ponderosa Laws.), Douglas fir (Pseudotsuga taxijolia Britt.), and eastern
hemlock (Tsuga canxidensis (L.) Carr).
The mycorrhizae found in the spruce plantation were simple or
coralloid. The simple form is doubtless an early stage of the coralloid
form; the root is unbranched and the mantle is very thin. The coralloid form (the ''Gabelmykorrhiza'' of Melin) is characterized by a
corallike branching of the rootlets and the presence of well-developed
hyphal mantles.
6 An undescribed species which Doctor Kauflman has had under observation for several years.
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The mycorrhizae of spruce, which presumably are formed by
Amanita muscaria, are markedly coralloid in form. At maturity they
are invested with a mantle of pure white mycelium which turns brown
with age and eventually sloughs off as the mycorrhizae die and begin
to shrivel. The mycorrhizae are about medium size, from 3 to 5 mm
long. Microtomic sections show the hyphal mantle to be comparatively thick, from 15^ to SO/A, and composed of a tangle of hyphal
filaments which lie closely appressed to the rootlet. The mycelium
penetrates between the cortical cells of the root as far, usually, as the
central cylinder.
The mycorrhizae of Norway spruce, which probably are formed by
Cortinarius argentatus, are coralloid and have a yellowish-white mantle.
Numerous short hyphal projections give these mycorrhizae a hairy
appearance. The mycelium of the mantle soon turns brown, then
blackish, and finally disappears as the mycorrhizae die. Microscopically, these mycorrhizae are noteworthy because of the presence of
mycelium within the cells as well as between the cells. (PL 1, A and
B.) Until recently it was not believed that ectotrophic mycorrhizae
might contain intracellular hyphae, but as Melin has pointed out, this
frequently occurs; the proper staining is necessary to make the filaments visible. In this particular mycorrhiza, thought to be formed
by C. argentatus, no evidence of digestion of the hyphae could be found.
The mycorrhizae of Norway spruce which Lycoperdon gemmatum is
suspected of forming are coralloid, but less so than those apparently
produced by Amanita muscaria. They are about 5 mm long and
have a cream-colored mantle with numerous projecting hyphal filaments. The mycelium is intercellular, but numerous short, stubby,
haustorialike branches of hyphae apparently penetrate the cell walls.
It could not be determined whether actual penetration of the walls
took place or whether the walls were distended inward without penetration. The hyphae were everywhere between the cell walls of the
cortex but did not enter the central cylinder of the root.
Tricholoma personatum is suspected of forming pale-yellow mycorrhizae on Norway spruce. These mycorrhizae are distinctly coralloid and are characteristically bulbous at the tips. The swollen tip
is sometimes twice the diameter of the rest of the mycorrhiza. The
mycorrhizae are rather long, from 5 to 7 mm, and the mantle is
smooth, from lO/i to 20/z in thickness, and composed of closely appressed filaments. The mycelium is both intracellidar and intercellular, thus placing this mycorrhiza in the ectendotrophic class.
The mycorrhizae of spruce thought to be formed by Clitocybe
rivulosa var. angustifolia are sparsely coralloid and were the least
branched of all the mycorrhizae studied. When fresh, the mycelium
of the mantle is grayish white and slightly fluffy; the mantle turns
brown with age and appears to loosen and slip from the root as the
mycorrhiza dies. The mantle is from S/x to 15ß in thickness. These
mycorrhizae are short, from 2 to 4 mm long, and the mycelium is
exclusively intercellular, penetrating the root as far as the central
cylinder.
Some of the mycorrhizae found in the northern white pine plantation were fully as coralloid as the Amanita muscaria (Norway spruce)
mycorrhizae, but others found in this stand were almost tuberculate
(the KnoUenmykorrhiza of Melin). In no instance, however, were
these tuberlike mycorrhizae joined together, as often occurs with the
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Longitudinal sections through mycorrhizae on Norway spruce, suspected of being formed by
Cortinarions argentatus, showiuK mycelium within cells of the root. A, magniüed 700 times;
B, 260 times
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KnoUenmykorrhiza type. Where the same (suspected) species of
fungi were present as appeared in the spruce areas, the white pine
mycorrhizae had much less conspicuous mantles, although microscopic examination showed that the mantles often were just as thick.
The mycorrhizae of white pine supposedly formed by Collyhia
butryacea were rather short (about 3 mm) and were invested with a
grayish mycelial mantle from which numerous short filaments protruded. The mycelium penetrated between the cells of the cortex
occasionally as far as the central cylinder; no intracellular hyphae
were found. The mycelium inside the root was distinctly darker
than the mycelium composing the mantle.
The mycorrhizae of white pine suspected of being formed by
Calvatia saccata were tuberculate with occasional corralloid forms.
These mycorrhizae were 4 or 5 mm long and had a thick mantle of
cream-colored mycelium which appeared to darken with age; the
mantle was not found on old (apparently dead) mycorrhizae. This
mantle was from 12/x to 20^* in thickness and was composed of very
closely interwoven filaments. The mycelium was exclusively intercellular and penetrated the root as far as the central cylinder. It
was much darker inside the root than outside.
FORMATION OF MYCORRHIZAE UNDER CONTROLLED
CONDITIONS
GROWING SEEDLINGS IN THE LABORATORY

Seedlings of Norway spruce and white pine were grown in pots of
sand supplied with nutrient solutions. The seeds were first disinfected by covering them with a 0.25 per cent solution of mercuric
chloride and shaking vigorously for a few moments to insure perfect
contact of the solution with every seed. After 45 minutes the solution was poured off and the seeds were rinsed in three changes of
sterile distilled water. The disinfected seeds were planted in quartz
sand. The sand and the new earthen pots containing it had been
sterilized by autoclaving for 3^ hours at 15 pounds pressure (121° C).
Northern white pine seeds, especially when fresh, were extremely
erratic in germinating, but alternate wetting and drying greatly
hastened their germination. For the spruce the germination averaged about 65 per cent and for the white pine about 50 per cent.
The age of the seedlings has been computed from the time when
germination began to show a marked decrease.
The nutrient solution used was that developed by Reid (27).^
When a solution without nitrogen was required, the nitrates of the
Reid solution were omitted. For solutions having nitrogen from an
organic source, the nitrates were replaced by asparagine, glycine,
uric acid, or peptone. These solutions were applied to the seedlings
every 10 days. The plants were watered with distilled water.
Various experiments were made to determine approximately the
requirements of the seedlings for light. Direct sunlight was kept
from the seedlings because of the considerable increase in temperature accompanying sunlight. Artificial light (supplied by 50 w
electric lamps) was used to supplement the indirect sunlight reaching
6 The chemical composition of the solution is as follows: Solution A—MgS04, 2 per cent; KH2PO4, 2 per
cent; KNO3,2 per cent. Solution B—CaCh, 3 per cent; CaSOi, 2 per cent; Ga(N03)2, 4 per cent. Equal
quantities of the solution are mixed and then diluted 20 times. A few drops of 1 per cent ferric citrate
solution is added to the diluted solution.
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the seedlings. It was found by experiment that continuous Hght—
at least, over a period of one month—was not harmful to the seedlings;
on the contrary, continuous illumination stimulated the development
of new foliage.
Experiments were made to learn at what air temperature and relative humidity the best development of the seedlings takes place and
at what point the seedlings begin to suffer from the influence of
these two factors. It was found that rapid growth occurred with
temperatures approximating 18° to 22° C. and a relative humidity
above 35 per cent. The seedhngs suffered when the temperature
was above 24° and also when the relative humidity was below 20 per
cent. The harmful effect of heat was offset by a high relative humidity, the maximum safe temperature being about 30° in a saturated
atmosphere. It was observed also that a moist atmosphere encourages the development of new foliage and that dry air retards it.
Because of this, the air temperature of the laboratory was kept as
near 20° as possible, the lights were not used when the temperature
unavoidably rose above 22°, and the air was kept moist by sprinkHng
water on the floor. Unless these precautions are taken it is hkely
that seedhngs will die, and in some instances their death might erroneously be attributed to the action of a fungus if culture experiments
are in progress.
In an experiment to determine the effect of the nitrogen source
on the development of the seedlings, one set of seedlings was supplied
with inorganic nitrogenous compounds, another set was furnished
nitrogen in organic compounds (asparagine, peptone, glycine, and
uric acid), and a third set was supplied with a nutrient solution
containing no nitrogenous compounds. The seedlings with nitrates
developed normally; at the end of the experiment (six months) they
had comparatively short but many-branched roots, foliage of a darkgreen color, and had increased about 1)^ inches in height. The
seedlings without nitrogen had a sickly appearance; their roots were
long and sparsely branched, the foHage was yellow with many
needles dropping, and they had grown scarcely half an inch in height.
The seedlings suppHed with nitrogen from organic compounds likewise
exhibited signs of nitrogen starvation.
GROWING FUNGI IN PURE CULTURES

A number of fungi were cultured by placing fragments of clean
tissue from the interior of fruit bodies on nutrient agar in Petri dishes.
When sufficient mycehum had developed in these initial cultures,
subcultures were made in other dishes and in test tubes. The best
cultures were obtained from fresh, young fruit bodies collected during
the period of maximum fruit-body production (in October) ; mycelium
obtained from fruit bodies collected much earlier or later grew very
slowly. The following fungi were cultured:^
Clitocybe rivulosa Fr. var angustifolia Kauff.
Clitocybe diatreta Fr.
Tricholoma personatum Fr.
7 There was no reason to expect variations in the cultures of any fungus due solely to the location from
which the fruit body was obtained. As a matter of record, the inoculation experiments to be described were
made with cultures of fruit bodies obtained from the white pine and Norway spruce plantations, as follows:
Ly coper don gemmatum Batsch., from spruce stand, Nov. 8, 1928; Tricholoma personatum Fr., from spruce
stand, Oct. 17,1928; Clitocybe diatreta Fr., from pine stand, Nov. 4,1928; Calvatia saccata Vahl., from spruce
stand, Nov. 8,1928; Clitocybe rivulosa Fr. var. angustifolia Kauif., from pine stand, Oct. 4,1928.
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Calvatia saccata Vahl.
Cortinarius sp.
Lycoperdon gemmatum Batsch.
Amanita muscaria Fr.
Boletus piperatus Bull.
Cortinarius cinnamomeus Fr.
Collybia butryacea Fr.

The initial cultures and the subcultures in test tubes were made on
a nutrient agar.^ Tests were made to determine the effect of various
nutrient substances on the growth rate of the fungi.^ Among the
media used in these experiments were the following: Sugar agars
which contained only matóse, glucose, or sucrose and agar and water;
an agar containing the compounds included in the Reid nutrient
solution for seedlings; humus agars containing a decoction made by
boiling raw humus from the spruce plantation; asparagine agar, in
which the nitrogenous compounds of the regular nutrient agar were
replaced by asparagine; Leonian agar;^^ malt extract agar; and
several ^'tannin'' agars made by adding to the media mentioned a
little concentrated solution (of tannin and probably other substances)
extracted from cork by boihng it in water.
Sucrose appeared to be less adapted to the needs of these fungi than
either maltose or glucose, but no appreciable growth of mycelium was
obtained unless a sugar was included in the culture medium. Most
of the fungi made an extensive growth of mycelium on agar containing
only sugar, but satisfactory development over a long period was not
obtained unless mineral salts also were available. Although these
fungi thrive in humus soil, none of them lived on the agar containing
humus decoction; it is possible that boiling the humus may have
produced substances toxic to the fungi. The addition of a little
concentrated cork extract (probably consisting chiefly of tannin) to
the culture medium materially aided the mycelial development of all
fungi. The regular nutrient agar (see footnote 8) and this agar with
cork extract produced the most rapid development of mycelium.
The individual fungi varied greatly in rate of mycelial growth.
Clitocybe rivulosa made the most rapid spread of mycelium; this
fungus grew rapidly from the time that cultures were started. Other
species—e. g., Calvatia saccata—spread very slowly for several days
and then grew vigorously. Boletus piperatusj Amanita muscaria, and
Cortinarius sp. made no appreciable growth on any of these media.
The mycelium developed most rapidly at temperatures approximating 22° C. At 15° all fungi grew very slowly, and mycehal spread
likewise decreased very markedly when the cultures were kept at 30°.
At 36° there was almost no increase in spread of the mycelium.
These results are for fungi in artificial culture and may not represent
the actual development of the fungi when growing in their native
habitats. Amanita muscaria, for example, normally may be a slowgrowing species, but it undoubtedly grows much faster in nature than
8 This agar had the following composition: Agar,« 15 g; maltose, 5 g; peptone, 0.1 g; MgSOi, 0.5 g;
Ca(N03)2, 0.5 g; KH2PO4, 0.25 g: distilled water, « 950 cm3.
8 The cultures were kept at a uniform temperature of 22° C. and the mean radial growth of the mycelium
was measured every day. For about half of the cultures an additional measurement was made by tracing
the daily spread of the mycelium with wax pencil on the bottom of the Petri dish; these impressions subsequently were transferred to sheets of paper and the area of each "ring" obtained with a planimeter; this
indicated the daily spread of mycelium in square inches. The results thus obtained agreed very closely
with those obtained by measuring the mean radial growth.
10 Leonian agar has the following composition: Agar, 15 g; malt extract, 6.25 g; maltose, 6.25 g; MgSOi,
.62 g; KH2PO4,1.25 g; distilled water, 1,000 cm^.
» g and cm3 are the abbreviations recently adopted by the Government Printing Office for grams and
cubic centimeters, respectively.
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in these cultures. A year after these experiments were made they
were repeated with approximately the same results.
FORMATION OF MYCORRmZAE IN PURE CULTURES

Several investigators have produced mycorrhizae in pure cultures,
though not always in abundance. A résumé of the methods used has
already been given. In the experiments now to be described a variety
of media and several types of containers were used with the object of
finding the culture medium and type of container best suited to longtime experiments of this character. The media employed were agar,
sand, sawdust, cork, and combinations of these. Test tubes, flasks,
and earthen flowerpots were used as containers for the fungus-seedling
cultures.
CULTURES IN TEST TUBES

Two types of cultures were made in test tubes. In one, disinfected
seeds were placed on slanted nutrient agar and inocula added as the
seeds germinated. In the other, a vigorous growth of mycehum first
was obtained on slanted agar; then against this the roots of a sterile
seedling were held in place either with sand or with sawdust.^^ When
seeds were planted the tube was kept closed with a cotton stopper;
when seedlings were used, the tube was filled to the top with the sand
or sawdust and the top and most of the stem of the seedling protruded
from the tube.
In these experiments with test tubes, mycorrhizae were formed on
the roots of white pine and Norway spruce seedlings with Tricholoma
personatuTYij Clitocybe diatreta, C. rivulosa var. angustifolia, and
Lycoperdon gemmatum, none of which had been reported as a mycorrhiza former. The experiments gave no indication as to the
physiological effect of mycorrhizae on the seedhngs, for one set of
seedlings (in sand) died while another set (in sawdust) lived when
exposed to exactly the same species of fungi.
The experiments also revealed certain undesirable features in the
use of test tubes. Kaising seedlings from the seed within stoppered
test tubes was not successful because aerial growth of the mycelium
covered the foliage of the seedling. If sand is used as a restraining
medium it must be used in larger quantity than can be contained in
test tubes of the size employed (20 by 175 mm); unless this is done
the sand will dry out and the seedlings will die. The indications are
that sawdust is a better medium, physically, than sand for these
experiments; it holds water better and, being more porous, permits a
much better development of the mycelium than sand. In spite of
these advantages, however, sawdust probably can not be used because
of the difläculty of sterilizing it.
CULTURES IN FLASKS

The first flask cultures were continuations of the attempt to form
mycorrhizae in wholly inclosed cultures, Erlenmyer flasks of 500
to 1,000 cm^ capacity were used. One of the following culture media
was used in each flask: (1) A layer of sand about 2 inches deep, (2) a
11 Subsequent mention of "sterile" seedlings implies that the seedlings were grown from disinfected seeds
under sterile conditions in sterilized sand and before transplanting to cultures were washed quickly in 95
per cent alcohol and rinsed in sterile distilled water.
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layer of granulated cork, (3) a layer of cork mixed with sand, or (4)
a cork and sand mixture over a thin layer of agar bearing a vigorous
growth of mycelium.^^ Disinfected seeds were planted in some of
the flasks; sterile seedlings were transplanted to others.
The same species of fungi and seedlings were used as in the testtube cultures to form mycorrhizae in these flasks. It was impossible,
however, to continue the experiments for more than a few months
because the humidity of the air within the flasks so promoted the
aerial growth of the mycelium that the seedlings were smothered.
Another difficulty was lack of drainage; seedlings and fungi died from
excess moisture in the culture medium. A third difiiculty was the
rapid development of Pénicillium and other contaminating organisms
within the flasks—these pests did not appear in open cultures.
Finally, it was impossible to maintain a large number of cultures.
An attempt was made to improve the moisture conditions within
these flasks. For drainage, a short piece of glass tubing was fused
into the side of the flask about half an inch above the bottom. To
decrease the moisture content of the air within the flask an inverted
U-shaped tube was inserted in the cotton stopper with one end of
the tube inside the flask and the other end outside. These improvements overcame the excessively moist condition of the medium but
did not materially reduce the atmospheric moisture within the flasks.
Simultaneous with these wholly inclosed cultures, another experiment was made using small (125 cm^) Erlenmyer flasks and leaving
the foliage and most of the stem of the seedling protruding from the
flask. One hundred and four of these flasks were used, filled to the
top with sand or with the cork and sand mixture. Half of the flasks
were treated with a nutrient solution containing nitrogen in inorganic
compounds (nitrates), and the others were given a solution containing nitrogen in an organic compound (asparagine). By leaving the
foliage of the seedlings outside the flasks the aerial growth of mycelium
was prevented. The experiment lasted two months and was discontinued because of the excessive mortality of the seedlings. Mycorrhizae were formed on the seedlings (pine and spruce) by the four
species of fungi previously mentioned, but it was found by experiment
that the seedlings died not because of the formation of mycorrhizae
but because of the moist condition of the media in the flasks. In
most of the flasks the medium was either very dry or was soggy with
moisture. The living seedlings were in the few flasks containing
media that were moderately moist. These results again demonstrated that drainage is a most important factor, and seedlings later
were successfully grown in flasks having drainage holes in their
bottoms.
CuLTUKEs IN POTS

The experiments thus far performed demonstrated that certain
fungi form mycorrhizae on northern white pine and Norway spruce.
12 An effort was made to find some material which would make the sand more porous. Among the substances were glass beads, glass wool, a mixture of agar and sand stirred together while hot and allowed to
cool, granulated cork, and a mixture of cork and sand. The mixture of cork and sand was found to be very
satisfactory. The cork was boiled in small quantities for 10 minutes in each of three changes of water to
remove most of the tannin and other soluble substances. A test showed that 21 changes of water did not
entirely remove the tannin but 3 changes of v/ater removed a very large part of it. As the experiments
with fungous cultures demonstrated, cork extract, probably consisting mainly of tannin, does not inhibit
the development of the fungi used in these experiments; on the contrary, it promotes the growth of the
mycelium. After boiling, the cork was placed in flasks and autoclaved for one hour, then rinsed in two
changes of sterile distilled water and dried at 105° C. for about four hours, or until dry. The mixture consisted of 1 part gaii(J to 4 parts of granulated cork, by volume.
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The results gave several equally important clues as to the requirements for a method which could be used in extended experiments.
Not only must this method be adapted to cultures lasting two or
three years, but the method must be so devised that, the physical
conditions existing in the cultures being kept as constant as possible,
any observed change in the condition of the seedlings could be attributed to some other cause. A mixture of cork and sand had proved
to be a suitable porous culture medium; drainage was found to be
absolutely essential to avoid impossible growth conditions for the seedling; also, aerial growth of mycelium could apparently be prevented
by permitting the foliage of the seedlings to grow in the open.
The use of earthen flowerpots as containers for the cultures was
suggested very early by the results obtained in the experiments with
test tubes and flasks. Preliminary tests with flowerpots were started
as soon as difficulties were encountered in the use of flasks and the
necessary foundation in experience was thus laid in time to take full
advantage of the conclusions finally drawn from the flask experiments.
Sixty 5-inch pots were prepared in a uniform manner. A shallow,
V-shaped groove (for drainage) was cut in a new cork along the entire
length of one side and the cork inserted in the large drainage hole of a
new clay flowerpot. The pot \y^as autoclaved for 3K hours at 15
pounds pressure. Sand was autoclaved in flasks for 3K hours and
then heated at 105° C. for about 6 hours, or until dry. New granulated cork was boiled in three changes of water, autoclaved, rinsed,
and dried in the manner already described. Subsequent operations
were performed as rapidly as possible and under sterile conditions.
The sand and cork were mixed in the pot in the proportion of 1 part
of sand to 4 parts of cork by volume. Sterile nutrient solution was
added until the cork and sand mixture was thoroughly moistened.
Mycelium from cultures made on agar containing only maltose was
stirred into the cork and sand mixture. Séedüngs raised under sterile
conditions from disinfected seeds were washed in 95 per cent alcohol,
rinsed in sterile distilled water, and transplanted to the pots. A
layer of sterihzed dry sand was poured over the top of the cork and
sand mixture in each pot and moistened with distilled water.
Seven seedlings were placed in each pot : 3 spruce seedlings 3 weeks
old, 3 spruce seedUngs 5 months old, and 1 seedling of white pine 6
months old. The fungi used were Tricholoma personaturUj Clitocybe
rivulosa, and Lycoperdon gemmatum.
Nutrient solutions were appUed in three forms : (1) With inorganic
nitrogenous compounds (nitrates), (2) with organic nitrogenous compounds (asparagine, uric acid, peptone, or glycine), and (3) without
nitrogenous compounds. Each nutrient solution contained 0.5 per
cent maltose.
For the series with inorganic nitrogenous compounds there were
4 pots for each fungus species and a check of 4 pots without fungi, a
total of 16 pots and 112 seedlings. For the asparagine series there
were 4 pots for each fungus and a check of 4 pots without fungi, a
total of 16 pots and 112 seedlings. For each of the uric acid, glycine,
and peptone groups there were 2 pots for each fungus and a check of
2 pots without fungi, a total of 8 pots and 56 seedlings for each of the
three groups. For the nitrogen-free series there was 1 pot for each
fungus and a check of 1 pot, a total of 4 pots and 28 seedlings. In
all, 420 seedlings were used.
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Another experiment was started in which single seedlings were
planted in 2K-inch and 3-inch pots instead of 5-inch pots. In this
series only spruce seedlings and Tricholoma personatum were used.
It was decided as a result of this experiment that the smaller pots for
single plants are best, since, if a seedling dies during the course of the
experiment, it may then be removed for examination without disturbing other seedlings. The results of this experiment are included with
those obtained with the larger pots.
Artificial light was supplied to the seedlings for about eight hours
each day. Distilled water was sprinkled over the pots daily in sufiicient quantity to keep the sand layer moist. The small groove in the
cork stopper allowed surplus water to drain away gradually but prevented water and nutrients from passing too rapidly through the
pot. Nutrients were applied every 10 days by making a small hole
in the sand layer and pouring the solution directly into the substratum
through a funnel. In previous experiments it had been found that
any of the nutrient solutions used in this experiment could be poured
over pots of sand without danger of having such a common laboratory
pest as Pénicillium appear on the surface of the sand. These contaminations did appear, however, on the sides of the pots just above
the sand layer where nutrient solutions had fallen in sprinkling them
over the pots. By applying the solutions directly to the substratum
the tops of the pots were kept clean throughout the course of the
experiment.
The intrusion of Pénicillium of other contaminating organisms was
guarded against as much as possible, but there was no assurance that
they would not reach the interior of these cultures, nor any reason to
believe that these organisms would not grow in the cork and sand
layer. At close of the experiment, however, not one instance of such
contamination was found in these pots. Furthermore there is no
known instance of Pénicillium or like pests forming mycorrhizae.
Fuchs made a number of attempts to form mycorrhizae with several
species of PenicilHum which he had extracted from roots bearing
mycorrhizae but was unsuccessful. He reports that the mycelium of
these fungi did not penetrate the roots and even if a hyphal mantle
was formed it could be washed from the root.
To check Fuchs' results, 7 pots of seedlings were prepared as for
the regular experimental work and were inoculated with cultures of
fungi as follows: (1) 2 pots with PenicilHum sp. from an agar plate
exposed in the laboratory, (2) 1 pot with PenicilHum sp. cultured from
undisinfected Norway spruce seeds, (3) 1 pot with Rhizopus sp.
cultured from undisinfected Norway spruce seeds, (4) 1 pot with
Rhizopus sp. from an agar plate exposed in the laboratory, and (5) 2
pots with the only Mucors available, M. lamprospora and M. spinescens. The pots were examined four months later and in no instance
was there any evidence of mycorrhiza formation. Except for one
pine seedling, the plants were all living in a healthy, vigorous condition. Microscopic examination of the roots of these seedlings,
including the dead pine, disclosed no mycelium within the roots, and
on only three seedlings was there an appreciable amount of mycelium
on the exterior of the roots. As will be described shortly, mycorrhizae
were formed in every pot inoculated with Basidiomycete fungi. It
appears, therefore, that the ordinary contaminations likely to reach
111164^32
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cultures in this particular laboratory may be disregarded in so far
as mycorrhiza formation is concerned.
The experiment with the large pots lasted four and one-half months.
Mycorrhizae were formed on the roots of both pine and spruce seedlings in every inoculated pot. A few seedlings had less than 50 per
cent of their rootlets infected, but on most of the seedlings all, or
practically all, of the rootlets were infected with the fungous mycelium.
The experiment again demonstrated that Tricholoma 'personatum,
Lycoperdon gemmatunij and Clitocybe rivulosa var. angustifolia form
mycorrhizae on white pine and Norway spruce seedlings.
The experiment gave no indication that the nitrogen source (i. e.,
whether from organic or from inorganic compounds) has any marked
influence on the rapidity of mycorrhiza formation or the abundance
of mycorrhizae. Mycorrhizae were formed just as rapidly and in as
large numbers in the cultures with peptone as a nitrogen source as in
the cultures with nitrates. In the cultures where nitrogen was
omitted from the nutrient solution, mycorrhizae were formed with no
less rapidity but in somewhat less abundance than in the cultures
with nitrogen.
In the series in which no nitrogen (except, perhaps, from the cork)
was given to the cultures, the seedlings developed normally for nearly
two months and then in both the inoculated and check pots the
foliage began to fade and there was a slight decrease in the development of the needles. Two pine seedlings of the inoculated pots and
one pine and one spruce seedling of the check pots were dead at the
end of the experiment. Irrespective of the presence of mycorrhizae,
these seedlings without nitrogen had a sickly appearance.
In the nitrate series the seedlings in both check and inoculated
pots were in excellent condition at the end of the experiment. Their
foliage was a fresh, green color and new needles were developing
rapidly. Absolutely no difference could be seen between the infected
seedlings and the uninfected seedlings. One pine seedling died at the
age of six weeks in a pot inoculated with Lycoperdon gemmatum.
The other seedlings, including those in the check pots, were alive at
the end of the experiment.
In the asparagine, uric acid, and glycine series the results were
almost the same as with the nitrate series. No difference could be
detected between the appearance of the infected and the uninfected
seedlings. The foliage of these seedlings was dark green and the
needle development was vigorous. One pine seedling with asparagine and Clitocybe rivulosa^ and one spruce seedling with uric acid
and Tricholoma personatum were dead one month after the start of
the experiment.
In the peptone series the results obtained were similar to those of
the nitrogen-free series. The foliage was yellowish green and the
needles appeared to be somewhat shorter than in the other series.
Except for the color of the foliage, these differences were not pronounced. As nearly as could be determined, there was no appreciable difference in the condition of the infected and the uninfected
seedlings. One pine of the check set and one young spruce with
Tricholoma personatum were dead one month after the start of the
experiment.
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The excellent seedling survival in these experiments with pots is
noteworthy when compared with the results obtained in the experiments with flasks and test tubes. The survival with pots was over
98 per cent, and this includes the nitrogen-free cultures. Only two
seedlings died in check pots, and these were in the peptone and the
nitrogen-free series.
These experiments yielded no absolute proof that the presence of
mycorrhizae is either detrimental or beneficial to the seedlings. Nor
did the results support or refute the hypothesis that mycorrhizae
aid seedlings to obtain nitrogen from complex organic compoimds.
The experiments did substantiate previous investigations which indicated that seedlings suffer from lack of nitrogen when this element is
present only in complex organic compounds such as peptone.
DEVELOPMENT OF THE MYCORRHIZAL MANTLE
The development of the fungous mantle on seedling roots was
studied in cultures made in glass-sided boxes. The most successful
type of box was made of galvanized sheet iron and was 10}^ inches
tall, 8 inches wide, and 2 inches thick, with a sheet of plate glass in
one of the larger faces. The glass surface was covered with black
paper, except when an examination was being made. Difficulties in
proper placement of seedlings were overcome as follows : A box was
filled with sand and moistened thoroughly with nutrient solution; the
box was then placed so that the glass side was uppermost and the
glass was withdrawn from the box; the seedlings and inocula were
placed as desired on the surface of the sand, and the glass plate carefully pushed back into the box. This box would be greatly improved
if the sides were so hinged that the glass plate could be lifted directly
from the sand and replaced without sliding.
In the tests made in these boxes mycelium on the roots grew very
slowly unless in contact with the actively growing part of the root
tip, when a pronounced increase in development promptly occurred.
In most of the mycorrhizae the mycelium apparently reached the
root at the tip, uniformly enveloped the tip, and then spread back
over the root in a thin mantle at the rate of 2 or 3 mm a week. How
rapidly the mantle increased in thickness is not known, nor has sufficient study been made to show how soon the mycelium begins to
penetrate between the outermost cells of the root. In two months
mycorrhizae were produced that were comparable to those of the
regular pot cultures.
The location of the infected root tips was marked with wax pencil
on the glass side, and in this way it was determined that the infected
roots made no appreciable increase in length after the formation of
the fungous mantle. The initial presence of the mycelium did not
entirely stop the elongation of the root, but its rate of elongation
suddenly decreased upon the formation of a rudimentary hyphal
mantle.
Microscopic examination of older roots to which strands of hyphae
apparently were attached disclosed no penetration of mycelium into
the root cells. This indicates that mycorrhiza formation depends
upon the presence of an actively growing root tip. Masui asserts
that he found mycelium within older roots, but Melin was unable to
verify this finding.
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The mycorrhizae produced in pure cultures were killed and fixed
in weak chromo-acetic acid solution; after washing, dehydrating,
and embedding in paraffin, these mycorrhizae were sectioned on a

FIGURE

1.—Mycorrhizae on Norway spruce, formed in syntliesis witti ClUocybe rivulosa
(asparagine series)

2.—.\, Mycorrliiza on Norway spruce, formed in syntliesis with ClUocybe rivulosa (asparagine
series); 15, mycorrhizae on Norway spruce, formed in synthesis with Clttocybe rip/dofta (nitrate series)

FIGURE

microtome and stained in Delafield's haematoxylon and sal'ranine or
with riancze 111 (3^)."
" The stain has the following composition: Malachite si'een, 0.5
0.01 g; water, 150 cm^ and alcohol (95 per cent), 50 ciu^.

K;

acid fuchsin, 0.1 a; napthol yellow,

.,■.«;:,***vi.-., '-"' 7,tr *•'
#■
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PLATE 2

A and B, Longitudinal sections through mycorrhizae formed on Norway spruce in syntheses with
Tricholoma personaium (peptone series)
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The mycorrhizae formed in the culture experiments closely resembled those collected in the field, except that the coralloid habit was
less pronounced and the fungous mantles were somewhat thinner.
The results so far ()l)taincd do not indicate any appreciable differonce in the external a])i)earance of the mycorrhizae which could be
attributed to the nitrogen source.
The mycorrhizae formed on Norway spruce by Clitocybe rivulosa
var. angustijolia were slightly coralloid, from 2 to 7 mm long, and
had grayish white mantles with numerous short projecting strands
of hyphae. (Figs. 1 and 2, A and B.) The mantle was only áfí to
9^1 in thickness and was composed of loosely interwoven filaments
about 3M in diameter, frequently septate, and with numerous clamp
connections. Within the root the mycelium was exclusively intercellular and penetrated the root in some mycorrhizae as far as the

FIGURE

3.—Mycorrhizae on Norway spruce, formed in Kyntiiesis with Trkhoioma peTsonatum
(nitrate series)

central cylinder; this intercellular mycelium was darker than that of
the mantle.
The mycorrhizae of Norway spruce and Tricholoma personatum
(figs. 3 and 4, and pi. 2, A and B) were much more coralloid than those
produced on spruce by Clitocybe rivulosa (figs. 1 and 2). The mantles
were yellowish white, with smooth outer surfaces, and were about
lOii or \2ß in thickness. The tightly interlaced hyphae of the mantles
were about 3^ in diameter, had numerous clamp connections, and
were frequently septate. Characteristic of these mycorrhizae were
their distinctly bulbous tips; those collected in the field and suspected
of being formed by this fungus also had bidbous tips. Except at the
very tips of the roots the mycelium penetrated the root as far as the
central cylinder and sometimes invaded that portion of the root.
In practically all of the mycorrhizae examined, the mycelium was
both intercellular and intracellular and was slightly darker inside
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the root than in the mantle. No trace of the "digestion" of the
intracelhilar hyphae could be found. The root cells in the cortical
tissue contained minute granular bodies similar to those described
by Masui, who expressed the opinion that these granules are com-

FiiiURE 4.—Myt'orrlu/.iie nti Norway spruce, formed in synthesis wii.ii Trichntoma perwiiatitm (asparagine series)

posed of a tannic substance. Melin describes essentially the same
condition in mycorrhizae of Pinus syhestris, but thinks that the
granular bodies are secreted by the fungus. Masui found them,
however, in normal, uninfected roots.
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The mycorrhizae of Norway spruce and Lycojjerdon gemmatum
(liji. 5) were simple, hut coralloid mycorrhizae occasionally were
found. Their maulles were white, often witli a pale-yellow tint, and
the many short hyphal strands projecting from the mantles gave
these mycorrhizae a hairy ai)pea,rauce. The mantles were approximately Ü mm long and from lOyu to 16^ thick. The mycelium was
3.5M or Aß in diameter, frequently septate but having only a few
clamp connections and penetrating the root intercellularly almost to
the central cylinder. In several instances an intracellular develop-

FiouRE 5.—Mycorrliiz.ae

OTI

Norway spruce, formed in synthesis with Lycoperdon gemmulnm
(nitrate series)

ment of the myceUum was suspected, but this could not bo established
deftnitely.
The mycorrhizae of Norway spruce and Clitocybe diatreta were
very similar to those formed on spruce with C. rivulofta, although
the mantles wore whiter. As with most of the mycorrhizae formed
in culture the roots wore but slightly coralloid. The mantles wore
composed of loosely interwoven hyphae about 3M or 3.5^ in diameter,
frequently septate, and with a great manj^ clamp connections;
numerous short filaments of hyphae projecting from the mantle
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gave these mycorrhizae a hairy appearance. The root was penetrated intercelhilarly by mycelium as far as the central cylinder,
and in a few instances mycelinm was found in the centrnl rep;ion
of the root.
With one exception, tlie mycorrhizae formed on northein white
pine by these four species of fungi were very similar to the corresponding mycorrhizae on Norway spruce, and require no separate
description. (Fig. 6, A and B.) Tricholoma personatum, however,
formed mycorrhizae with hairy mantles rather than the smooth
mantles characteristic of the mycorrhizae which it produced on
spruce. The bulbous tip of the spruce mycorrhizae also was less
evident in the pine mycorrhizae formed by T. personatum. On
white pine the mycorrhizal mantles developed by' all of these fungi
were thinner and less compact than those formed on spruce; the

J- i<;uKK ().—.V, J!,iiily stiigcs of mycürrliiza formation oii white pine, in synthesis with Lvcoperdon
gemmatum (nitrate serie.s); I), mycorrhizae on white pine, formed in synthesis with Tricholoma
personatum (nitrate series)

roots, however, were penetrated by the mycelium just as far in the
pine as in the spruce.
DISCUSSION
Despite the numerous investigations which have been jmide there
is very little known about the exact way in which mycorrhizae aid
or harni the associated higher plants. Experimental evidence of
unquestionable character is exceedingly sparse. Much evidence
which might be acceptable because of accurate and careful methods
must be taken with reservation because of insufficient data; conclusions of considerable importance have been based on experimentation with a very small number of seedlings, and in a few instances
pages have been written on the results obtained with only one
seedling. Especially when conclusions concerning the physiological
significance of mycorrhizae are based on measurement of seedling
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height growth, size of leaf, or similar characters which usually vary
widely, a large number of seedlings must be used in order to escape
errors due to random sampling and to offset the inherent differences
present in certain species of trees. Furthermore, there must be as
much infection on the roots of these seedlings as occurs in nature;
the formation of mycorrhizae on 5 or 10 per cent of the rootlets of
a seedling does not simulate natural conditions. Moreover, when
seedlings die it must be known without doubt whether death was
caused by the formation of mycorrhizae or other factors.
Although there is but little definite proof, there are excellent
indications as to the influence of mycorrhizae on seedling development.
There are indications, for example, that the fungus prepares complex
nitrogenous compounds for absorption by the plant. In an analysis
of seedlings having peptone (an organic nitrogenous compound) as a
source of nitrogen, Melin found that seedlings with mycorrhizae
contained 8 per cent more nitrogen at the end of three years than
uninfected seedlings in similar cultures. Just how this transfer of
nitrogen is effected has not yet been determined. According to
Hesselman (7), the detritus in a conifer forest (that is, in the '*raw
humus ^' type) decomposes very slowly, with the liberation of ammonia
from the organic compounds. Very little is known of the chemical
composition of humus, and it is difficult to discuss a reaction of this
sort without accurate knowledge of the organic compounds present
in humus. At all events, it is generally conceded that very little
aminania is produced in raw humus and that most of the ammonia
which is produced is captured by the various microorganisms present.
Melin states that in raw humus soils the nitrogen content is low in
proportion to the carbon and for this reason the microorganisms can
compete with the higher plants for nitrogen. He considers that
mycorrhizae act as absorbing organs for the tree and thus enable
the tree to obtain nitrogen in spite of the competition by the microorganisms. Frank (5), Hesselman (8)j and Von Tubeuf (31) also
assert that mycorrhizae aid the tree in absorbing organic nitrogen.
The experiments described in this paper suggest that seedlings
without mycorrhizae have difficulty in obtaining nitrogen when it is
present only in some complex organic compound. These experiments, however, do not prove that the presence of mycorrhizae
enables seedlings to obtain nitrogen from such compounds. Cultures
lasting for two or three years may modify this statement.
Melin, Stahl, and Rexhausen reported that inorganic compounds
were absorbed equally well by infected and uninfected roots. Stahl
and several other investigators have emphasized the importance of
the fungous sheath in facüitating the passage of water into the root.
As a matter of fact, Stahl considered that the formation of mycorrhizae
represented an ecological adaptation to soil conditions.
Melin has shown that neither seedlings without mycorrhizae nor
those with mycorrhizae can assimilate free nitrogen from the atmosphere. These results are at variance with those of P. E. Müller, who
held that his own experiments with Pinus montana indicated the
ability of the tree to assimilate nitrogen from the air if the tree had
mycorrhizae on its roots.
The fungi certainly benefit by association with the roots of seedlings. Hansteen-Cranner (6) states that the roots of higher plants
excrete various substances, and other investigators have found that
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the growth of fungi is accelerated when the fungi are in contact with
the roots of plants presumably possessing such excretions. According to Barthel (Í), Wilson found that the development of many
species of bacteria is stimulated when they are supplied with root
excretions. Melin discovered that the dry weight of fungous mycelium was from 40 to 56 times greater when grown in contact with
seeds or seedlings than when grown alone. Another possibility, hitherto unconsidered and as yet unproved, is that the fungi utilize the
large amount of organic material which is liberated from the root
caps of plants by abrasion. It is not necessary for the fungus to penetrate the root to secure this material. After entering the root, the
fungus undoubtedly obtains carbohydrates, especially glucose, and
many other substances from the higher plant. Masui found that
fungi obtain amino acids, carbohydrates, nitrates, phosphorus, potassium, ammonia, and tannin from the roots. Peklo also thought that
fungi might obtain tannin from the roots, whereas Melin declares
that the mycorrhizal fungi do not obtain tannin from the roots and
are unable to use tannin. The experiments described in this paper indicate that the development of certain mycorrhizal fungi is accelerated by adding to their nutrient media tannic substances extracted
from cork.
Irrespective of the precise manner in which the fungi or seedlings
individually are aided or harmed by their mutual association, the general effect of the mycorrhizal association .is of great importance. Particularly is this true with seedlings in forest nurseries. Kessell (11)
reports the failure of a number of nurseries recently started in Australia on new soil. The seedlings in these nurseries germinated but
soon turned yellow and were stunted in growth after reaching a
height of about 3.inches. Experiments made to determine the cause
of these failures failed to demonstrate that season of sowing, watering, shading, commercial fertilizers, pathological conditions, or hydrogen-ion concentration of the soil was responsible for the poor health
of these seedlings. At this point a quantity of soil from an old nursery was dressed into the topsoil of the new nursery. After this the
seedlings developed normally. The same results were obtained by
planting seedlings from an old nursery among the seed beds on the
new area. Kessell believes that the absence of the proper fungi to
form mycorrhizae is the factor chiefly responsible for the failure of
the sowings in the newly established nurseries. Kelley (10) reports
a strikingly similar condition in a nursery established on new soil in
Pennsylvania. The widespread occurrence of mycorrhizae on the
roots of nursery seedlings has been noted generally. In three nurseries
the present writer has found abundant mycorrhizae on the roots of
practically all seedlings examined. (Fig. 7.) In view of the abundance of mycorrhizae it may be pertinent to inquire if a ^'normaP'
seedling can possibly be one without mycorrhizae?
It is the writer's opinion that the presence of mycorrhizae is beneficial to seedlings and probably also to trees in most instances. Although only a part of the total root system of a large tree is in the
upper layer of soil where mycorrhizae are found, most of the small
roots are in this upper stratum, and in this horizon are also many of
the nutrient substances essential to plant life. Many species of trees
undoubtedly rely on the roots inhabiting this shallow layer to supply
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them with most of thoir mineral food substances. If mycorrhizae do
not aid the tree in se('ui-in<i these substances, they at least do not
appear to hinder the tree in obtaining them unaided.
As evidence of ])arasitism one may cite the cessation of growth in
length of the infected roots and their apparent death after a few
months. But if this argument is advanced, one must also be prepared to explain how it is that mycorrhizae can be so prevalent and

FIGURE

7.—Mycorrhizae on roots of 4-year-oI(l white pine seedling from a forest nursery

yet not visibly injm-e the plants. No experimental evidence so far
advanced proves beyond doubt that the presence of mycorrhizae is
detrimental to trees or seedlings. On the contrary there is considerable experimental and circumstantial evidence to show that the
formation of mycorrhizae either is not harmful to the trees, is beneficial to the trees, or is even necessary to the vigorous growth of the
plants. The "balance of benefit" theory may not always hold, for
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it seems illogical to attribute to a fungus ordinarily harmless the
death of a seedling or tree that is dying for want of the proper food
substances. The death of sickly seedlings has been reported as
being due chiefly to fungous activity, but it was not stated that
mycorrhizae actually were formed, and unless mycorrhizae were
formed it is difläcult to see how the presence of mycorrhizae could
result in the death of the seedlings.
Finally the writer wishes again to emphasize the importance of
basing conclusions on samples sufficiently large. A large number of
seedlings must be used in these syntheses in order to eliminate experimental error and to offset the inherent differences present in certain
species of trees. Furthermore, mycorrhizae must be preseiit in abundance. The writer believes that large samples can be used if pots,
instead of flasks, are employed for the cultures.
SUMMARY
Results of a field study of mycorrhizae made in several plantations
of conifers include the seasonal occurrence of mycorrhizae, the various
types found, the pH values for soil and humus, and a microscopic
examination of a very large number of mycorrhizae.
By means of a technic devised for successfully forming mycorrhizae
on the roots of seedlings grown under controlled conditions, such
formations have been brought about repeatedly on the roots of
northern white pine and Norway spruce seedlings in syntheses with
Tricholoma personatunij Lycoperdon gemmatum, Clitocybe rivulosa var.
angustijolia, and (7. diatreta, and these fungi have been definitely
established as mycorrhiza formers. Further, eight other species are
suspected of forming mycorrhizae on northern white pine and Norway
spruce.
Mycorrhizae have been formed in cultures where nitrogen was
supplied by inorganic compounds (nitrates) and in cultures where
nitrogen was supplied in organic compounds (asparagine, uric acid,
glycine, and peptone). Mycorrhizae also have been formed in
cultures where no nitrogen was included in the nutrient solution.
A small amount of evidence was obtained to show that nitrogen is
readily assimilated by seedlings without mycorrhizae if the nitrogen
is present in inorganic compounds, but that when the nitrogen is
present only in organic compounds, especially complex proteins, the
seedlings exhibit signs of nitrogen starvation. The presence of
mycorrhizae did nothing to alleviate this apparent starvation.
Indeed, no conclusive proof was obtained to show that the presence
of mycorrhizae on the roots of seedlings is either helpful or harmful
to the seedlings.
The formation of mycorrhizae depends on the contact of the right
species of fungous mycelium with a growing root tip. No penetration
of fungous hyphae was found in older roots. Elongation of a rootlet
ceased upon formation of a fungous mantle around its tip. The fungus
appeared to be immediately stimulated by contact with the root tip.
Attempts to form mycorrhizae with species of Pénicillium, Rhizopus,
and Mucor were unsuccessful.
Information was obtained concerning the nutrient and temperature
requirements of several fungi which form mycorrhizae.
Fungi held for more than a year in artificial culture did not lose
their ability to form mycorrhizae rapidly and in large numbers.
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