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THE symbiotic associations so frequently met with in 
plants present one of the most interesting phenomena 
with which the biologist has to deal. While these a.sso- 
ciations are often not easily distinguishable from true 
parasitism, in many instances there is a genuine symbi- 
otic relation and, although there may be a certain degree 
of parasitism, there is no question that these associations 
are for the most part beneficial to both of the forms con- 
cerned. Indeed, the very existence of one or both of the 
symbionts may depend upon it. 

In most cases of symbiosis, one of the symbionts is a 
fungus, but this is not always so. Certain of the Schizo- 
phyceoe or blue green algae are very commonly associated 
with higher plants in what appears to be a. symbiotic re- 
lation, although the nature of the association in this case 
is still very obscure. The Anthocerotacea and several 
of the liverworts, like Blasia, always have within their 
tissues colonies of a Nostoe, and the little water fern 
Azolla invariably harbors in each leaf a colony of the 
Nostoc-like Anabw'na Azolle. Nostoc has been found to 
occur in the roots of Cycas revoluta and Gunnera among 
the seed plants, and the Schizophyceae also frequently 
constitute the "gonidia" of many lichens. The associa- 
tion of the nitrogen-fixing bacteria with the root nodules 
of the Leguminosve is also a well-known case of symbiosis. 
Of the true algm there are a number of species recorded, 
e. g., Chlorochytriumn Lernnce, which live within the tis- 
sues of higher plants, but it is doubtful whether the host 
is in any way affected by the presence of the alga, which 
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presumably secures lodging, but not board, from its 
host. 

The symbiotic association of fungi with green plants 
was first demonstrated in the lichens, but it is now known 
that many of the higher plants are regularly associated 
with fungi in what is undoubtedly a symbiotic relation. 
The best known cases of these are the mycorhizal. fungi 
connected with the roots of many trees, especially the 
CupuliferaT, and those which occur in the tissues of sapro- 
phytes growing in humus. These humus saprophytes 
are especially numerous among the Orchidaceve, e. g., 
Neotti-a, Corallorhiza, Cephalanthera, etc., and in certain 
forms of the Ericales. The well-known Indian pipe, 
Monotropa uniflora, and the snow plant of' the Sierra 
Nevada, Sarcodes sanguinea, are well known examples 
of these saprophytic Ericales. Many OrchidaceT and 
Ericacem which possess chlorophyll are also to a greater 
or less extent saprophytic and show a well-developed 
milycorhiza.. In the case of chlorophylless plants, there 
can be little doubt that the fungus enables them in some 
way to utilize carbonaceous compounds from humus. In 
the case of plants such as the trees referred to, where 
there is ample chlorophyll tissue, it is more likely that 
the role of the mycorhiza is rather to supply nitrogen 
than carbon, and it is highly probable that in the case 
of chlorophylless saprophytes as well, the fungus pro- 
vides nitrogen. This has recently been demonstrated 
for the mycorhiza found in the roots of various Ericacev, 
e. g., species of Erica, Vaccinium, Calluna and Oxycoccus' 
In all of these it wa-s shown that the fungus concerned, 
which seemed to be a. species of Phomna, was able to as- 
similate free nitrogen in much the same way as is done 
by such nitrogen bacteria as Azotobacter. 

A very complete study of the endophytic fungi of roots 
has been made by Janse.2 He examined a very large 

1 Dr. Charlotte Ternetz. Uber die Assimilation des atmosphdrischeh 
Stickstoffes durch Pilze. Pringsheim's Jahrbiicher, XLIV, July, 1907. 

2 Les Endophytes Radicaux de quelques Plantes Javanaises. Ann. du 
Jardin Botanique de Buitenzorg, XIV, 54-201, 1895. 
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number of plants, mostly phanerogams, but also a num- 
ber of liverworts and pteridophytes. His researches 
showed the presence of an endophytic mycorhiza in a 
surprisingly large number of plants belonging to the most 
diverse families, from Zoopsis, one of the Hepatice, to 
Vernonia., a genus of Compositc. 

The study of the mycorhizal fungi of the seed plants 
has called attention to the presence of similar fungi in 
the pteridophytes. The occurrence of a mycorhiza in the 
roots of the Ophioglossace p was first shown by Bussow.3 
In 1884 Treub described a similar fungus from the game- 
tophyte of Lycopodium. In his very important paper 
on the prothallia. of LycopodiuM 4 he pointed out the 
universal occurrence of this fungus in L. cernuwm, and 
in later papers he showed that this also occurred in L. 
phlegnaria, as well as in some other species, but it wa's 
apparently absent from the green prothallium of L. sala- 
kense. In 1895 I called attention to the presence of a 
similar endophytic fungus in the subterranean prothal- 
lium of Botrychiuni virginianumn. 

The past decade has been notable for the numerous 
important investigations upon the gametophytes of the 
Ophioglossacem and the LycopodiaceT and our knowl- 
edge of these is now quite complete, thanks to the labors 
of Bruchmann, Lang and Jeffrey. It is clear that in all 
prothallia of the subterranean, and hence purely sapro- 
phytic type, an endophytic fungus is invariably present. 
It has also been shown that a. similar form occurs in the 
green prothallium of some species, at least, of Lycopo- 
dium; but so far as I am aware its occurrence in the green 
prothallium of ferns has not hitherto been recorded. 

Some time ago, having occasion to look over slides of 
the prothallium and embryo of Osmunda cinnamnorea, it 
was noted that many of the prothallia contained an endo- 
phytic fungus very similar to that found in Botrychium 

3Vergleichende Untersuchungen der Leitbhindelkryptogamen. Alerm. de 
l'Akad. Imp. des Se. de Petersbourg, 1872, XIX, 107-118. 

' Etudes sur les Lycopodiackes. Ann. du Jardin Botanique de Buiten- 
zorg, IV, 1884. 
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and Ophioglossun. This suggested the possibility of its 
occurrence in other green protliallia, and the forms which 
seemed to promise best were the AMarattiacemn, which in 
many ways seem to be the nearest relatives of the Ophio- 
glossaceP, in whose subterra.nean prothallia the endophyte 
regularly occurs. I therefore made an effort to obtain 
prothallia of the AlarattiaceTr while collecting in Ceylon 
and Java., and procured prothallia of Angiopteris euecta 
lloffm, Kaulf/ssia esculifolia BL., and Marattia samlbGu- 
cina Bl. The two former were carefully studied, and as 
was expected, the endophyte was found in nearly every 
ca-se. The prothlallia of Mlcarattia santmbucina were not 
examined, but the examina-tion of a series of sections of 
111. Dofglasii Balker, made some years ago, showed that 
in this species the endophyte was also present and pre- 
sumiably it occurs also in. other species of Marattia. 

The other family of ferns in which it was thought the 
endophyte might occur was the GleicheniaceT,, a small 
family, mostly tropical and of wide distribution. The 
GleicheniaceT are considered to be related to the Os- 
nmundacem and it wNa~s thought that they also might show 
the presence of the endophyte. The prothallia have rarely 
been collected, but are not difficult to find if one looks 
for them carefully. Material of four species was secured, 
one being collected near Cape Town, the others in Ceylon 
and Java. In all cases the endophytic fungus was found 
in the older prothallia. 

These investigations show conclusively that an endo- 
phytic fungus is normally present in the green prothallia 
of several M\a.rattiacecP, Osmundaceme and Gleicheniaceve, 
and it is highly probable that further research will show 
similar fungal endophytes occurring in the prothallia of 
many other ferns. 

THE STRUCTURE OF THE ENDOPHYTE 

Since the discovery of the endophytic fungus in the 
gametophiyte of Botrychium, it has been found constantly 
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in all the investigated species of Ophioglossaceae, and it 
is safe to assume that it is invariably present and is 
essential to the growth of the gametophyte. 

The writer has recently had occasion to study the be- 
havior of this endophyte in the gametophyte of several 
species of Ophioglossum and has described and figured 
this somewhat at length.5 The fungus consists of non- 
septate, large, branched hyphm, which are strictly intra- 
cellular, passing from cell to cell through the cell walls, 
and they may often be traced for long distances. In all 
of the forms that have been investigated the fungus is 
confined to the older parts of the gametophyte, and never 
invades the meristematic tissues nor the tissues in the 
neighborhood of the young reproductive organs. There 
is in the cylindrical branches of the gametophyte of Ophi- 
oglossum a more or less definite infected zone inside the 
superficial tissues, while the central region remains al- 
most entirely free from the endophyte. Sometimes frag- 
ments of mycelium are found upon the outside of the 
gametophyte, and these may occasionally be found to 
penetrate into the rhizoids and thus gain entrance to the 
inner tissues. The infection, however, probably in all 
cases takes place first while the gametophyte is still 
composed of very few cells. This was positively demon- 
strated in the germinating spores of 0. pendulum, where 
only those young prothallia which succeeded in establish- 
ing a connection with the fungus developed beyond a 
three or four-celled stage. Otherwise they died after 
the nutrient matter in the spore was exhausted. Second- 
ary infections, however, doubtless take place frequently. 
The form of the fungus growing outside of the prothal- 
lium is quite different from that within its tissues. The 
hyphae in the former case are more slender and some- 
times septa may be formed, while these seem to be quite 
absent from the endophytic hyphaT. 

In material fixed with chromic acid, the structure of 
5Campbell. Studies on the Ophioglossacece. Ann. dn Jardin Botanique 

de Buitenzorg, XXVI, 1907. 
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the hyphma is well shown. The walls, which in the ordi- 
nary hyphm are moderately thick, stain well with gentian 
violet, while in the finer granular cytoplasm there are 
more or less numerous small bodies which stain strongly 
with safranin and are with little question nuclei. Some 
of the cells of the host contain unmodified hyphoe, which 
may be so numerous as to fill the cell cavity with a dense 
coil of filaments. In other cells the hypham form masses 
of irregular swollen vesicles with much more delicate 
walls than the ordi- 
nary hyphme, and 
sometimes quite fill- 
ing the cell. Besides t 
the irregular vesicu- 
lar swellings of the 
1iyphm described H' 

above, there may 
occur large oval or 4 
round structures 
(Fig. 1) which re- 
semble the young 
oogonia of Pythiumn FIG. 1. A, Cell from the gametophyte of 

or Albugo. These Ophioglossumi, pendulum., showing the mycelium 
of the endophyte, and a young conidium (?); st, may have a diameter masses of disintegrating starch granules; B, 

of nearly 50 ,u, but large conidium ( ?) of the same; C, fully de- 

a-re usually smaller. veloped conidium (?), showing the numerous 

The nuclei in these enlarged nuclei; all x 350. 

bodies are more numerous than in the vegetative hyphoe, 
and finally may be very conspicuous (Fig. 1, C). 
This multiplication of the nuclei resembles the pre- 
liminaries of zoospore formation in the sporangia of 
Saprolegnia or Pythium, and occasionally there were 
seen free in the host cells small bodies that looked as if 
they might have been discharged from these large oogo- 
nium-like bodies. The latter are probably identical6 with 

6Jeffrey. The Gametophyte of Botrychium Virginianurn. Proc. Canad. 
Institute, V, 1898. 
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the "'oiiiclia" described by Jeffrey in Botryclhium, but 
do not show the thick walls of these conidia. Like these 
coniclia of Botrychuium they are not, usually at least, 
separated from the filament by a septum. The young 
cells of the gamietophyte contain starch in the form of 
rather small and very distinct granules. As the endo- 
phyte invades these cells, the starch granules soon show 
evidences of disintegration, swelling up and losing their 
sharp contour and finally becoming aggregated in irregm- 
lar masses of considerable size (Fig. 1, A, st). These 
finally are more or less completely digested by the 
fungus, but the nucleus of the host cell is in no way 
affected, and even where the cell is completely filled with 
the crowded hyphoe, the nucleus remains quite nor mal 
in appearance. 

The endophyte of Botrychium)n virginianumiii (Fig. 2) 
closely resembles that of Ophioglossumr, but is somewhat 
smaller in all its parts and occupies the whole central 
region of the massive gametophyte. The two sorts of 

B p C- 

U 
Con-..X 

FIG. 2. A, two cells from the gametophyte of BotrychitanL virgialiafllumlL, 
showing the two forms of the endophyte; B, a "digestive" cell, showing the 
degenerating varicose mycelium of the endophyte; it, the nucleus of the host 
cell; C, cell containing a conidium, con; D, fragment of one of the largest 
hyphm; E, young conidiurn. All figures x 350. 
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cells, i. e., those with the filamentous liyphle (Fig. 2, A, 
x) and those containing the irregular vesicular mycelium, 
(y), are well differentiated, but are more or less irregu- 
larly mingled. The conidiaia." (Fig. 2', C, con) are 
smaller and less numerous than in the endophyte of 
Ophioglossumn, but have a inuch firmner membrane, as 
Jeffrey' has described. These conidia. were observed by 
Jeffrey to germinate by sending out a tube, and they\ 
are supposed to be special organs of propagation. 

In a very important study of the endophytic mycorlhiza 
of the saprophytic orchid, Neottia., W. Magnus 7 has 
shown that two types of mycelium exhibited by the endo- 
phytes are of very different nature. The slender cylin- 
drical hyphoe constitute the active portion of the fungus, 
which behaves like a, parasite toward the cell which it 
invades, destroying the starch and probably other con- 
stituents of the cell, but not attacking the nucleus. The 
latter becomes much hypertrophied, a phenomenon that 
is not seen in the endophyte of the OphioglossaceaP. The 
swollen vesicular mycelium, however, is a degenerating 
structure and is itself destroyed by the cells of the host, 
which actually digest'these fungus niyc.elia in much the 
same way. that the cells of Drosera digest their prey. 
Some interesting similarities in the behavior of the con- 
tents of the digestive cells of Drosera and those of these 
humus saprophytes have been demonstrated. Figs. 2, 
A and B, show some of these cells in Botrychium; the 
varicose my, celium has very delicate walls, and in the 
older cells (Fig. 2, B) they seem to be disintegrating until 
finally the structure is completely destroyed and only 
a structureless lumip is left. In Neottia, this undigested 
mass is ejected into a central vacuole and becomes sur- 
rounded with a more or less evident cellulose membrane, 
separating it entirely from the protoplast after diges- 
tioon is complete. 

A comparison of tlme endophytes found in the green 
7Studien an der Endotrophen Mycorhiza von Neottia Nidus Avis L. 

P'iLngsh. Jahrb., XXXV, 1900. 
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prothallia of the various ferns referred to shows some 
differences which are probably not without significance. 
The structure of the mycelium and its general behavior 
are so much like those of the endophyte occurring in the 
strictly saprophytic gam-ietophyte of the Ophioglossacem 
as to leave little doubt that the endophyte in each case 

COI 

FIG. 3. Cells from the green gametophytes of several ferns, showing the 
character of the enclophyte. All figures x 350. 

A, Angiopteris evecta; B, Osmunda cinainoonzea; C, D, Gleichen?.ia pectinata. 

is the same, or at any rate closely related. The conidia 
(Fig. 3, A, C) are perhaps less frequent, but in form 
and structure are very like those of Botrychium. The 
most noticeable difference is the apparently complete 
absence of the "digestive" cells, i. e., those that contain 
the varicose swollen mycelium. No indications were 
noted of the destruction of the fungus by the cells of the 
host and the former is evidently much more nearly a 
true parasite than is the case in the saprophytic gameto- 
phytes. In the infested cells of the green gametophyte 
the starch and chromatophores are destroyed evidently 
by the action of the endophyte, but the nucleus remains 
intact. 
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Of the ferns with green prothallia, the endophyte has 
been found, almost without exception, in the following: 
Marattia Douglasii Baker, Kaqulfussia escidifolita Bl., 
Angiopteris evecta Hoffm., Gleichenia (Et gleichenia) 
polypodioides Sm., G. (Mertenrsia) dichotomna Willd. 
(=: G. linearis (Burm.) Bedd), G. (Mlertensia) lcevigata 
Hooker, G. (Merteansia) pectinqata Presl. In Osiniunda 
citnnamomea it appears to be commonly but not always 
present, and in 0. Claytoniana it could not be found. 
The number of slides of the last species examined was 
not very large and it is possible that further study of 
this species, as well as of 0. regalis, will show its further 
occurrence in the Osmnunda.cem. 

Of the forms that were examined, that occurring in 
Osmunda and Gleichenia was the largest (Fig. 3, B, C) 
and equal in size to the endophyte of OphioglossuLm. The 
form in Angiopteris was the smallest that was seen. 

THE SIGNIFICANCE OF THE ENDOPHYTE 

That the presence of the endoplhyte is necessary to the 
existence of all strictly saprophytic gametophytes is in- 
dicated by the failure of the germinating spores to 
develop unless they become associated with the fungus. 
Moreover, the universal occurrence of a similar endo- 
phyte in all humus-saprophytes among the seed plants 
indicates that in all of these clhlorophylless plants the 
presence of the fungus is necessary for the existence of 
the host. Although it has not been directly proved, it 
is generally assumed that one role of the endophyte is 
the elaboration of some of the carbonaceous constituents 
of the humus. The infrequent communication between 
the external hyphoe and the internal mycelium makes it 
unlikely that the nutritive products are directly absorbed 
by the fungus, and it seems much more probable that the 
rhizoids of the gametophyte are the direct agents of 
absorption. How the humus constituents are changed 
by the action of the fungus so that they are available for 
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the cells of the host is not clear and it is by no means 
impossible that some at least of the necessary carbon 
may be derived from the fung-us itself in the digestive 
process to which it is subjected in the digestive cells. 
This seems plausible from the fact that in green pro- 
thallia, where presumably tbe plant is entirely able to 
supply its own. carbon compounds through photosynthesis, 
these digestive cells appear to be wanting; or at any rate 
they were not observed ill the several forms that I have 
studied. The experiments of Ternetz already referred 
to showing that certain fungi, including certain endo- 
phytic inyvcorhi.ze, have the ability to assimilate free 
nitrogen, confirms the assumption of earlier authors that 
the fungus is useful to the host in supplying to it nitro- 
gen coinpounds; but while tlis is probably a very imipor- 
taut part of its functions, it seems to me that it is not 

perhaps the only one, and that the necessary carbon is 
also supplied directly or indirectly through the agency 
of the fungus. 

As Magnus has very graphically shown, the relation 
of the two symbionts is mutually antagonistic, each one 
acting as a parasite on the other, but nevertheless the 
presence of the fungus is essential to the higher organ- 
ism so long as the latter is destitute of chlorophlyl; and 
the explanation of thewide-spread saprophytis sm exhibited 
by so many of the higher plants may be sought in this 
attempt to defend themselves against what was probably 
at first a strictly parasitic organisms. Having acquired 
the power to attack and feed upon the parasite, the photo- 
synthetic functions were more and more subordinated 
until a state of true parasitism (or saprophytism) re- 
sulted. The numerous seemi-saproplhytes like most of 
the green EricaceT and many green Orchidacem are good 
examples of transition stages, wbile the characteristic 
leafless humus saprophytes, such as the Monotropem and 
the chlorophylless Orchidacem, represent the fully de- 
veloped phase of this peculiar form of symbiosis. 
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That this symbiotic association may occur in still lower 
organisms than the ferns is shown in the familiar case of 
the lichens, which are most perfect examples of this. It 
has l)een shown also that a similar association of fungus 
and host occurs in a good many liverworts. Cavers s has 
studied this association with some care in the common 
liverwort Fegatella, a.s well as in other HepaticeT. Ele 
found in Fegatella. that the endophyte is beneficial to the 
growth of the host, the plant being more vigorous when 
the fungus was present. Ile assumed that this was due 
to the assistance given by the fungus in the assimilation 
of organic matter from humus or from other orgSa.mic 
substrata. 

This frequent occurrence of an endophyte in HepaticT 
makes the occurrence of this in the green prothallia of 
ferns quite readily understood. Whether in the latter it 
is an advantage to the host to have the endophyte present 
remains to be seen, but it is highly probable that such is 
the case. Once having acquired the ha-bit of associating 
itself with the fungus, the gradual developm-nent, of thle 
purely saprophytic subterranean gametophytes of the 
Ophioglossa-cee from green forms similar to those of the 
Marattiace, is readily conceivable. In thle genus Lyco- 
podium there is every degree from the strictly holophytic 
green prothal-lium of L. salakense to the subterranean 
chlorophylless gamnetophyte of L. claia['(tin or the still 
more specialized gametophyte of L. phlegm aria. 

Presumably in the Ophioglossacee the evolution of the 
gamietophyte has been very much the same as in LvCo- 
podium. 

8 Oll Saprophytisni and Mycorhiza in Hepaticca. New Phytoloyist, II, 
1903. 
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