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fungal hyphae which penetrate between the root cells, and spoke of a
pical symbiosis. McDougal {1899} established the occurrence of haustoria
f penetrated into the outer roet cells, and considered that the fungus, via
s threads, mediated nutrients from the humus to the host plant. In his
nion Monotropa was to be regarded as a typical mmuao@rﬁm, which view
been generally recognized by subsequent workers, including Francke
934), who has made the most important contribution thus far to our know-
ge of its biology.

According to Peklo (1908) an exchange of nutrients occurs via the fungal
title, the hyphae of which absorb from the soil nutrients which are then
nsported to the epidermal cells of the roots. On the other hand the inter-
lular hyphae of the fungus — still according to Peklo — absorb from the
oot cells, by osmolic means, dissolved carbohydrates and other substances
ssary for the fungus. Neger (1913) held that Monotropa is able, via its
‘ fungus, to assimilate organic substance from the humus, while the
msm receives water and carbohydrates from the root. In Rexhausen’s
20) view nutrient salts are, as in the ectotrophic mycorrhiza of conifers,
ctly absorbed by the fungus and diffuse to the root cells. Christoph ( 1921)
‘considered that the fungal hyphae absorb nutrients from the soil.

Due to the presence of intercellular hyphae, the E%ooﬁrﬁm of Monotropa
t be described as ectotrophic; but in view of the concomitant haustoria
‘the hyphal mantle that penetrate into the outer root cells, an endo-
ic mycorrhiza must also be considered to have been formed. Hence it
Jd probably be most correct to describe the Monotropa mycorrhiza as
u&oﬂowgo {¢f. Melin 1925).

ince the achlorophyllous host plant cannot readily supply its root fungus
th carbohydrates, as is normally the case in a typical mycorrhiza of green
ants, the question of what the fungus stands to gain from the symbiosis
been a matter of pure conjecture. In the opinion of Kamiensky (188182}
ungus merely utilizes the Monotropa root as a substrate {a “base com-
") and receives nothing from it; and even Francke (1934}, who studied
ontents of root and fungus tissues in detail, observed that the fungus
unlikely to obtain from the host plant appreciable amounts of nutrient
Emwmmf though Monotropa is not, in his view, a parasite on its mycorrhizal
mﬂmu but rather a typical symbiosis exists, since the development of the
s Is: nevertheless stimulated by the host plant.

ncke (1934) made a special study of the haustorium-like hyphae which
rate from the mantle into the root cells (one’in each cell) and there dis-
ge their contents. Via these hyphae the root cells are accordingly sup-
with nutrients, which were found to consist mainly of proteins and
cogen that are immediately dealt with by the intracellular enzymes. After
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Monotropa Hypopitys L. has long been an enigmatic plant. Both p
physiologists and, in particular, specialists in mycorrhizal research, have
voted considerable attention to it, and widely varying views have been ]
regarding its biology. Since it is devoid chlorophyll, it was originally Hmmm.&
as a root parasite. This theory was refuted by Graves, Curtis and Hook
{1826), among others, who showed that Monotropa roots were quite free fro
the tree roots although intermixed with them in the soil. The first to obs
that Monotropa roots are normally enveloped by fungal hyphae was Eli

Fries (1832), who also gave the fungus a separate name — Tubure
Monotropa. L

In 1840, however, also Unger regarded Monotropa as a parasite — a'v.
that was not directly contradicted by the large number of researchers’
in the ensuing decades, treated the problem with special reference to
association of the roots with soil fungi. In 1873, Drude spoke of adventi
roots from Monotropa that penetrated into the roots of both beech and s
It was not until 1881-—82 that Kamiensky established definitely that Mo
tropa lives quite independently of the tree roots. He also elucidated and)
drawings of the structure of the roots, and called attention to their m.:...._..
similarity with tree roots, which probably accounted for the anatomical
takes which had earlier been made by Drude, among others. He demonstra
too, that both tree roots and the roots ! of Monotropa are normally mqumo@,

! According to Velenovsky (1907) the underground organs of Monolropa are 1
stem parts nor frue roots, and he therefore terms them “procaulomes”. For the sak
simplcity, however, they will here be called roots. g
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restricted through competition with various types of micro-organism
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discharging its contents into the cell the haustorial hypha is completely cu
off, and no further penetration of hyphae takes place. Such an organizatio
has been termed ptyophagy and occurs in certain forms of endotropl
mycorrhizae. Probably these haustorial hyphae originally have a more or I
parasitic function but, due to the host’s reaction, reverse their role and wEu.E
their nutrient contents to the root cells, as in many orchids.

That the absorption of water and nutrients in Monotropa proceeds
the fungal hyphae is unquestionable, for the roots are invariably enshroude
completely by a fairly thick hyphal mantle (Figure 1}; but none of ﬁ
hypotheses as to the nature of the symbiosis have been able to account safi
factorily for the kernel of this enigmatic behavior of Mcnotropa: How ca
a plant possessing no putritional store of its own and no possibility of @Ho@.
ing one, grow so rapidly during late summer (northern Europe) that, fre
insignificant underground germs, it reaches its full development in a wee
or s0? Much greater attention should be given to the energy problem inhere
in the biology of Monotropa. The substantial amount of energy that has to be
mobilized swiftly for development of the plant-can scarcely be acquired fr
the meager and rapidly decreasing supply of solukle carbohydrates availab
in the soil. ,

Since the investigalions of Francke (1934) may safely be said to have ol
firmed that the entire intake of nutrients proceeds via the mycorrh)
fungus, the identity of that fungus will be of very great interest, for fi
differ considerably, especially with regard to their carbohydrate sour
While some fungi are able to assimilate nutrients from complex carbi
hydrates as for example cellulose, others can utilize only soluble carb
hydrates, notably glucose. If we are here concerned with a fungus of the 1
type, it seems quite inconceivable that the host could obtain from the sg
carbohydrate supply as great as that which it demonstrably requires
not only because the fungus itself needs abundant energy for its own m.woé
but also because the supply of soluble carbohydrates in the soil Hm.mu.m“

Figure 2.

1. Longitudinal section through a root of Monotropa Hypopitys L. with the hyphal
© mantle to the extreme right. The fungus has penetrated only into the outermost
= root cells. 450

re 2, Roots of Monotropa Hypopitys L. with ectendotrophic mycorrhiza and roots of
7 Picea Abies L. with typical ectotrophic mycorrhiza. The Monotropa-roets are
. invariably enveloped by masses of fungal mycelia in which there are always tree
© roots bearing mycorrhizae. 1.

‘is able in some degree even to utilize cellulose {cf. Lindeberg 1948) —
1 the main the Boletus genus assuredly constitute very typical “sugar
myu.

ﬁoﬁ interesting consideration is that species of this genus are extremely
mon mycorrhizal fungi of forest trees. The characteristic “nodule” mycor-
a.{“type C” of Melin 1927) of Pinus is composed of Boletus species
o_o#:m luteus, B. bovinus, B. variegatus, etc.; ¢f. Melin 1925, 1936, Hatch
Modess 1941).

ording to the theory propounded by Bjérkman (1942, 1944, 1949) re-
ing the conditions for the formation of mycorrhizae on forest irees (not-
pine and spruce}, mycorrhizae are formed when the host has ample light
well as under ecological conditions associated with some deficiency of, above
itrogen or phosphorus in the soil; the result being that the tree or plant is
ble by itself to utilize all of the' formed sugar, but rather, a surplus of
le carbohydrates collects in the roots and can be utilized by the mycor-
7al fungi. These fungi thus obtain, according to the theory, soluble carbo-
rates from the bost plant, which under certain conditions produces an
ss of them in the assimilation of carbon dioxide. According to this view,
in principle was already held by Frank (1885) and was verified by
lin and Nilsson {1957) using the isotope techmique, the fact that mycor-
al fungi can satisfy their energy requirements in the tree roots is the
H.m@Emnm for the formation of mycorrhizae. The fungal mycelia are

&

for instanece fast-growing mould fungi

Francke in his paper of 1934 demonstrated that the mycorrhizal fungus
Monotropa Hypopitys — his investigations suggested that only a single fu
was implicated — is dependent on soluble carbohydrates and is :dmu.p
break down starch or cellulose. The fungus that he cultivated and 1
demonstrably formed mycorrhiza on Monotropa, was probably, in hisio
ion, a Boletus species. From the investigations of Melin and others we'
that fungi of this genus are usually able to utilize only soluble carbohydr
chiefly glucose. True, it has been shown that this genus does include. tra
tional types with respect to carbohydrates —- for Boletus subtomentosus
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{1949, 1956}, however, has doubted the validity of this contention on|

~ known hehavior of other achlorophyllous plants, as for example cerfa

.some achlorophylious orchids, therefore, even cellulose- or lignin-decompa

100, the carbohydrates are supplied via the mycorrhizal fungus before ch
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t plant has acquired chlorophyll and hence the ability to assimilate carbon
dioxide, the carbohydrate flow changes direction so that the fungus instead
ains nutrition from the host plant (Burgeff 1936).

'he essenlial factor for an understanding of the mycorrhiza formation of
notropa seems to be, in any circumstances, the energy problem. As early
worker as Kamiensky (1881—82), and subsequently Romell (1939) as
”mm".__mm Bjorkman (1949, 1956, 1659} have considered it not unlikely that
fungus which constitutes the mycorrhiza of Monotropa may be identical
ith' ihat of the tree (pine, spruce, beech, and others) with which it is asso-
ted in some way as vet unexplained (Figure 2). If so, then the obscure
gy problem of Monotropa would be resolved.

n order to test this hypothesis certain preliminary experimental ecological
d physiological investigations were conducted between 1953 and 1958, the
ults of which are reported here.

ww@.mgmim are also going on with the American species Monotropa uni-
-and mycelia isolated from the roots of this plant.

attracted to the surface of the roots by various root exudates, for examp
carbohydrates, amino acids and vitamins, which have approximately t
same action whether they have been discharged from, say, pine roots
tomato roots {Melin 1954). To all appearances the vitamin requirements of
the trees’ mycorrhizal fungi can scarcely be primary and specific just for
those fungi, since a similar effect on the growth may also be observed in no;
mycorrhiza-forming soil fungi that are able to attack cellulose and lignin
the litter decomposing fungi. The characteristic which has proved to be co
mon to those soil fungi that form typical ectotrophic mycorrhizae on irées
is, however, precisely their dependence upon soluble carbohydrates, although
no sharp distinction can be made between mycorrhizal and litter Qmooﬁﬁa
ing fungi (c¢f. Norkrans 1950).

The mycorrhiza of Monotropa, which in its typical ectotrophic part ex
bits very great anatomical similarities to the ectotrophic mycorrhiza of tree
is, in the light of these considerations, difficult to explain physiologically.
the same way. For the achlorophyllous Monotropa cannot offer the mycor-
rhizal fungi any carbohydrates; on the contrary, the situation here must
such that the host plant itself receives large amounts of energy materials:
the mycorrhizal fungus.

Does this, then, constitute two incompatible antitheses? Some workers h
asserted that such is indeed the case, and that the mycorrhiza formaticn
Monotropa and that of trees cannot have a single explanation. Bjdrkms

olation of Monotropa from Tree Roots at Natural Habitats

.._odm ago as 1823 an experiment was conducted at Glasgow Botanical
Jens with the view to investigate the dependence of other plants upon
bmgoﬁmv for which purpose M. uniflora specimens were transferred to the
‘dens, where they grew “in a box of earth which was sent containing other
1es from the neighborhood of Montreal” (Hooker 1825). The identity
the other plants was not mentioned, nor did Hooker state how long the
imens lived. Graves (Curtis and Hooker 1826) transferred large groups
Monotropa plants from a forest habitat to another site, and observed that
ﬁw.uomuoé for six or seven years. This result was ambiguous, however,
e fresh communications with trees may have developed rapidly at the
site. :

th the aim of studying the question on a more satisfactory basis, a num-
f root isolation experiments with groups of Monotropa were conducted
pruce forest at Bjurfors, central Sweden, and in pine forests at Soder-
ind Osterdker, near Stockholm. For this purpose circles of sheet metal
‘in depth and 35 cm. in radius were carefully forced 70 cm. into the
as to enclose groups of vigorous Monotropa specimens. Every pre-
n was taken to ensure that the Monotropa roots were not disturbed and
“tree rools were totally isolated from them.

investigation the following year, some regrowth of weakly plants was
éd in a few of the rool-isolated areas, whereas untreated groups had

grounds that the vitamin production of Monotropa may be the prineip
explanation of the mycorrhiza formation, provided that the plant’s ener,
problem is resolved in some other way. Reference has been made here to.

orchids that are able to produce substances essential for, and having a mark
stimulating effect on, the growth of other organisms which cannot themsel
synthesize them but which nevertheless have access 1o sources of energ

ing fungi of the genera Marasmius, Fomes, and Armillaria can form myi
rhizae (Kusano 1911, Hamada 1940), whereby the supply of energy to
host plant may be assumed to proceed via these fungi, which, in the de
position of wood, liberate simple carbohydrates. It may just as safel
assumed that the same fungi seek contact with orchid roots (and also:
the roots of other plants) because they are stimulated by certain substa
given off by those roots {cf. Melin 1954, Melin and Das 1954). In green or

phyll has had time to form — which process, as for instance in Goot
repens, may take several years (Montfort and Kiisters 1940) — but when
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in the absence of communications with tree roots, but that developmen
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m.m.o» Monotropa were chosen for the experiment. Group 1 was composed of
eenl younger, still growing specimens at a distance of 1.1 m. from an approx-
tely 45-year-old spruce and 3.8 m. from the next nearest tree. Group 2 com-
éd eleven almost fully developed specimens at a distance of 0.9 m. from an
proximately 60-year-old spruce and 3.5 m. from the next nearest tree. Group 3,
y, consisted of thirteen old, almost fully developed speeimens situated at a dis-
1ce’of 1.6 m. from a 50-year-old spruce and 3.2 m. from the next nearest tree.
H.H.MHOH group of Monotropa was selected at a distance of 35 m. from the nearest
érimental group.

& C14 was supplied in the form of labelled glucose (D-glucose-G*) by the Radio-
emical Centre, Amersham, England. It was dissolved in water to give a concentra-
of 0.1 mC per 10 ml. This solution was portioned between three trees.

In:the bark of each iree a shallow hole was bored as far as the phloem, after
chan angulated glass tube was inserted and the joint well scaled with vaseline.
the tube was then dropped with a pipet about 8.5 ml. of the water solution,
¢h had been absorbed after an hour or so. The tube was left in its position. All
iotropa specimens selected for the experiment as well as the control group were
ected after five days. The material was broken into small pieces and divided into
1e1 samples, each with a dry weight averaging 3—4 g.

oriconversion of C!* in organic form to COy; and BaCQOg, the following method
used, ad modum van Slyke and Folch (1940), Claycomb, Hutchens and van
goen (1950), Evan and Huston (1952) and Comar (1955). The material was first
at 40°C for 12 hours to remove all water. The samples were thereafter placed
flask and a mixture of HsS50,, HyPQ, and Cr0O3 added in vacuo, whereby all
on was oxidized to CO,. The formed gas was conducted into another flask con-
ng 0.5 M NaQH, whereafter formed carbonate was precipitated with BaCly and
/NH,Cl as BaCQy. This precipitate was then tested for radioactivity in a Geiger-
er counter (LKB).

Figure 3. Figure 4.

Figure 8. Typical group of Monotropa planits that regularly return at the sume site e
year after developing rapidly in about one week.
Figure 4. Growinyg specimens of Monotropa in a group whose original appearance:i
as in Figure 3 but which, the previous year, had been isolated from all tree 1o
by sheet metal sunk to a depth of 70 em. arcund the group.

shot up normal vigorous specimens from the same “stems” as the precedi
vear (Figure 3). A few such weakly plants are illusirated in Figure 4.
results accordingly suggest that some growth of new individuals may oct

normal Monotropa plants requires some form of contact with trees.

B. Injection of Radioactive Isotopes into Tree Stems Adjacen . n Table 2 are condensed the results of an analysis of variance (Bonnier
Monotropa Plants

edin 1957} for the total material with respect to the difference in radio-
ivity between samples from Monotropa plants adjacent to treated trees and

To test the hypothesis that Monotropa recei it . .
0 test The MYPOess onotropa receives its energy from the ples from plants situated some distance therefrom.

via a mycorrhizal fungus common to both, experiments were conducted
radioactive carbon in the form of G4, which was injected into the phloe
spruce and pine trees which had groups of Monotropa at varying dista
from the stems. The experiments were carried out in August 1957
August—September 1958. .

e 1. Radioactivity per gram dry weight in samples of Monotropa Hypopitys collected
rijing distances from mature sprucesinjected wifh €, The determinafions are the
ns- of six duplicate tests of each kind. The samples were collected five days after
injection of Y. Experiment conducted 5th—-10th August 1957.

S Distance from treated | Counts per minute Actual CPM ]
1. Experiments of 1957 onotropa group iree in m. (CPM). {CPM - background) A
_
These experiments were confined to spruce trees with undergrowing Morot 1.1 33.4 7 3.7
The trees selected for the purpose were in a closed spruce stand with a moss co mm WWM WW
principally composed of Hylocomium &imzmw:w and Pleurozium Schreberi. 350 313 18 i
located at Bammarboda, in the parish of Osterker, north of Stockholm 29.7
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sional Vaccinium myrtillus in the field layer. The experimental trees we
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Table 2. Analysis of variance between the radicactivity in Monotropa plants adjacent

ble 4. Analysis of variance between the radicactivity in Monotropa plants adjacent to
spruce frees injected with C* and in plants at some distance from freafed frees. Gf. Table:

ritce trees injected with C'* and in plants at some distance from treated frees. Cf. Table 3.

Variation source Degree of freedom | Sum of squares Mean sguare’

Variation source ﬁbomﬂmw of freedom | Sum of squares _ Mean sguare 7

,
Between treatments ......... 1 5.685 8.683 Between treatments 1 31.930 - 31.930 _
‘Within vr eeeeenaes 22 5.571 253 in . 10 3549 835
Total cevireiiniiirii e 23 | 11.2586 . 1 40.479 i
Variance ratio 22.47 0.001 > pres Variance ratio 37.35 0.001 > Pk

With a view to checking these results, a further experiment of the samég
type was conducted at the end of August 1957 in the experimental areas
the School of Forestry at Stensingen, Bogesund. The experimental site he
was an approximately 50-year-old spruce stand with ground vegetation co
sisting of Hylocominm splendens and Pleurozinm Schreberi as well as occa

lants apparently had not been able to absorb these small actual amounts of
luble carbohydrates in competition with all sugar-demanding fast-growing
oil organisms.

2. Experiments of 1958

treated as before with a similar radioactive solution injected into the phlog
Monotropa group 5, which comprised fourteen fully developed mﬁmﬁﬂwﬂm
was situated at a distance of 1.1 m. from a treated tree; group 6, compose
of eleven specimens, at a distance of 0.8 m. from another treated tree. Thig
time, samples of Monotropa were collected four days after the injection. T
results are presented in Table 3. :

As will be seen in Table 3, the actual CPM amounted to 1.1 and 5.5 respec
tively per gram dry weight for the Monotropa plants from beneath the trea
irees, but zero for the controls. An analysis of variation between the rad
activity readings for all Monotropa samples from groups beneath C!'-trea
trees, and the readings for samples from the control plants, showed the'fol:
lowing values (Table 4). :

The experiments accordingly demonstrated that carbohydrate derivini
from the trees had been absorbed by the Monotropa planis beneath the
If that had not taken place via a common mycorrhiza fungus, the Monot)

- C' experiments. — Corresponding experiments with injection of C'* were con-
ucted in 1958, though on pine instead of spruce trees. Some were carried out at
Bogesund and others at Bammarboda in the parish of Osteriker. At Bogesund the
xperimental area consisted of a mixed stand of pine and spruce with Hylocomium
plendens and Pleurozium Schreberi in the bottom layer and chiefly a sparse growth
of Vaccinium myriillus and Calluna valgaris in the field Iayer. At the Bammarboda
there was no Vaecinium but patches of Cladonia rangiferina and C. silvatica.
Three groups of Monotropa were selected at each site for the experiments, as
wwwn in Table 5. ‘Group 8’ comprised seven plants at a distance of 1.2 m. from
“treated pine, which was about 90 vears old; ‘group 9°, six plants at a distance
4 m. from the same tree. Control group ‘10, consisting of thirteen specimens,
s at a distance of 22 m. from the experimental tree. ‘Group 11’ numbering eigh-
1 specimens, and ‘group 12, composed of nine plants, were growing at a distance
nly 0.5 m. from the treated tree, an approximately 50-year-old pine. Conirol
1p ‘18’ (fourteen plants} was 17.5 m. away from the experiimental tree. Samples
L groups 8 and 11 consisted of younger plants; those from groups 9 and 12,
er plants. The latter showed signs of wilting -— that is, darkening of stems and
DWers,
he injections were as in the preceding experiments, and the plants were collected
rifour days. The samples were also prepared as before. The time required for
000 impulses was determined in the Geiger-Miiller counter: hence variations in
¢adings could be ignored and only one sample of each type needed to be tested.
¢ results are condensed in Table 5.

Table 3. Radioactivity per gram dry weight in samples of Monotropa Hypopitys collect

injection of (', Experiments conducted 23th—27th August 1957,

m_.@moémum injection on August 18, there had been an appreciable uptake
* by younger Monotropa plants situated 1.2 m. from a treated iree, but
uch lesser uptake by older plants of the same group. Following injection

Distance from treated | Counts per minute Actazl Qu%..
Monotropa group tree inm. {CPM) {CPM - backgrowi

| 5. Younger plants...... w.w mw.m Hm.w ays later, when the individual Monotropa had reached its full devel-
i ! . - . s
m. Wﬁ”ﬂmm E.».w.n.m..m””..“ 28.0 33.8 0 ent and the older plants had already begun to wilt, only very slight traces
Background ............ 34.0

'*'or none at all were detectable in the latter plants; in the younger ones,
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etermined in a Geiger-Miiller counter. Samples of leaves of Vaccinium myr-
illus, V. vitis-idaea and Calluna vulgaris, growing at the same distance from
the tree, were collected and treated in the same way. In a parallel series, sim-
ar samples were collected from corresponding plants 60 m. away from the
jected tree. The results of the experiment are summarized in Table 6.

Table 5. Radioactivity per gram dry weight in samples of Monotropa Hypopitys collect
at varying distances from mature pines injected with 14, The samples were collected four
days after the injections, which had been made on August 18 (samples 8 and 9) and

September 3 (samples 11 and 12) 1938,

Monotrona €roup | Distance from treated | Counts per minute Actnal CPM
: pa grouj teee in m. {(CPM) {CPM - background) ‘Under these experimental conditions Monotropa was thus able even to
| s 0.0 99 sorb phosphate from the tree via its fungal hyphae, whereas the other
. lants ...i . . 2 o . . N .
> ﬁwwmmmwﬂwhm o it 38.0 59 experimental plants having no direct communication with the tree roots had
10. Control.. 22.0 31.2 0.4 done so only to a very slight extent or not at all.
11. Younger EmEm . 0.5 | 34.6 3.8 )
12. Mature plants .. 0.5 i 325 1.7
13. Control... U 17.5 i 31.5 0.7.
Background ............ i | 30.8

C. Laboratory Experiments with a Mycorrhizal Fungus of
Monotropa and with Some Other Fungi
on the other hand, the C* uptake was distinct though, in view of the sho
distance from the injected tree, fairly slight.
The experiments thus corroborated the previous year’s results, besid
throwing some light on the significance of the distance from the tree and
the development stage of the plants as well as their nutritional Hmmiamgmﬂwm
b. Experiments with P¥. — Since it has now been demonstrated (Colwi
1942, Biddulph and Markle 1944, and others} that not only organic mater
is transported in the phloem, but also salts that have entered the stem,
other run of experiments was conducted with injection of radioactive phos
phate (P*2), which was introduced into a pine stem exactly as had been do
with G4
The amouni of P32 was calculated to be 2.0 mC in a solution of 20 ml
ortophosphate in dilute hydrochloric acid two days before the solution
used. In the solution used for injection the concentration of P32 was 0.05 E.
In the experiment, which was conducted at Bogesund, P**-solution was:in
jected into a pine iree beneath which a vigorous Monotropa group was mu
ing at a distance of 2 m. from the stem. Samples of Monotropa were collecte
3 days after the treatment. Following incineration of the samples and pr
paration of the ashes (¢f. Tamin 1955, Oksbjerg 1958} the radioactivity w

‘A mycorrhizal fungus oceurring in Monotropa roots was cultured by the
chnique employed by Melin (1936), the same fungus obtained from six dif-
rént samples. The fungus produced a sterile white mycelium which, as
entioned above, Francke (1934) ascribed to a Boletus species. In synthesis
eriments using Melin’s method, this mycelium was found to be capable
of forming typical ectotrophic mycorrhizae in pine plants, and probably in
ruce plants too, though in these the Hartig network was not clearly distin-
guishable. Cf. Figure 6 demonsirating incipient mycorrhiza formation on pine
ants with the same fungus using Lundebergs (1960) inoculation method.
With this mycelium — nothing, however, contradict the occurrence of dif-
ent mycorrhiza fungi on different forms or species of Monotropa or at
.wﬂ.ma sites — a run of preliminary laboratory experiments was conducted
.r. the principal aim of studying its vitamin requirements in comparison
h those of some other fungi. The fungi thus investigated were Bolefus sub-
mentosus Fr., B. granulatus L. and B. variegatus Schwartz, which have
w.mmn. shown, or assumed, to be mycorrhiza producers in conifers (Melin 1936},
well as the typical litter decomposing fungus Psalliota arvensis Fr., and the
ell-known decay fungus Fomes annosus Fr.

..mm.ﬁmwwm used in the experiments had volumes of 100 ml. and contained 25 ml.
Table 6. Actual CPM per gram dry weight in samples of various plants collected at . e following nutrient solution ad modum Melin and Lindeberg (1939):

fance of 2 m. from an approzimately 70-year-old pine, into the phloem of which P ..mm i 10 g. MgS0, - 7TH0 ...... cen 0.5 g.
been injected. Experiments conducted 17th-—20th August 1958. Hytartrate . .............. 1., FeCly {1 %p solution) .... 10 drops

ﬁ 1210 VN e . 05 g Distilled water . ........ 1,000 ml.

|

i Actual CPM i
Plan : ctua pH after autoclaving 5.5

. Monotropa Hypopitys 5.5 :ach flask were placed small pieces of agar of wniform size which had been
Vaccinium Vitis-idaea 0.8 it of thin agar cultures of the respective fungi. The flasks — eight of each
Vaceinium Myrtillus......... 0.3 \ 50
Calluna vulgaris ............ 0 nation — were stored at +257C.

. Physiol. Plant., 13, 1960
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Table 7. Dry weight in milligrams of mycelia of various fungi culfured in nufrient solution

with addition of extract of Moncirope Hypopitys end of vitamin By,
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‘In order to test the influence of Monotropa, extracts were prepared from flowers,
om cntire plants minus the roots, and lastly from the roots alone, which were first
refully washed in distilled water, In preparing the extracts a Turmix apparatus
was used first; then followed leaching in distilled water for three days at --2°C. The
xiract was thereafter run through a Seitz filter, and added_to the nutrient solution
fter auntoclaving. In the preliminary experiments reported here only two concentra-

ions of the extracts were used — 0.4 per cent and 4.0 per cent — of which at Ieast
he first cannot have had any coincident nutritional effect.

The relevant mycelia were tested both in these substrates and in the same nutrient
olution with the addition of 1 pg. of vitamin By per flask; for it had earlier been
hown that not least Boletus species are markedly stimulated by vitamin B; (Melin
nd Lindeberg 1939, Melin and Nyman 1940, 1941, and others), even though various
rains of Boletus granulatus, for example, to all appearances may differ in their
bility to synthesize that substance {Melin and Nyman 1941). The results of the
xperiments are condensed in Table 7.

It is evident from Table 7 that the isolated mycorrhiza fungus of Mono-
pa was greatly stimulated by extracts of Monotrepa but not to any major
gree by addition of vitamin By On the other hand, all Boletus species that
re studied exhibited very: pronounced responses to vitamin By, but also to
. goqo@m extracts. The disparities in mycelial growth suggest that the Mono-
pa mycelium is not assignable to any of the Boletus species tested: yet at
he same time its similar reaction to the Monotropa extract points to a certain
elationship with those species. Each of the other two fungi, Psalliota arvensis
d Fomes annosus, was markedly stimulated by vitamin B;, though not so
uch as the mycorrhiza-forming Boletus species were by the Monotropa
ract.
Of great interest, of course, is the chemical character of the stimulatory
tor present in Monotropa. In analyses of Monotropa exiracts performed by
. Niels Nielsen, Kabi, Stockholm, the vitamin B: content was determined
th as free thiamine and following acid hydrolysis. In extracts from flowers
- total content was found to be 40 mug. per 1 ml., and the free amount to
mpg. per 1 ml; in stems the corresponding figures were 25 and 15 mug.
er 1'ml. respectively. These amounts must be considered minute and could
cely exert any stimulating effect on micro-organisms. It is possible, on
other hand, that the substance occurring in Monotropa may be identical
-or related to Melin’s “M factor” (Melin 1954, Melin and Das 1954),
ich shows little signs of being species specific.
1 the opinion of Melin the M factor may be one important cause not only
16 vigorous development of the hyphae of the mycorrhizal fungi around
fer roots, but also of their penetration into the roots — although this has
een demonstrated conclusively. In full accord with such a hypothesis is
the factor — here called “tuburcin” after the old name Tuburcinia —
attracts the fungus which forms mycorrhizae in Monotropa, also is
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gure 6. Incipient mycorrhiza formation on pine
ants by a fungus isolated from mycorrhizal roots
Monotropa Hypopitys. 40 days.

In the light of these facts it is probable that in nature ‘the mycorrhizal
ngus of Monotropa is identical with that of the tree or trees with which the
plant is associaled. Since Monotropa though achlorophyllous, nevertheless
aches its full development in a remarkably short space of time when the
main growth of tree shoots and leaves is ended, manifestly it must have access
arge amounts of energy in the form of soluble carbohydrates during that
. This will be possible if the accumulated energy material which is
'mally available in tree roots during late summer can be mobilized, as it
n'the development of the trees themselves. New growth of roots as well
the most vigorous mycorrhiza formation, both of which require large
mounts of energy food, normally occur in late summer in northern Europe.
Mediation of soluble carbohydrates to Monotropa via the common mycor-
izal fungus also provides a natural explanation of the apparently obscure,
t-development of that plant during late summer. Monotropa is accordingly
be regarded chiefly as an epiparasite on the roots of certain trees with
rophic mycorrhizae.

Figure 5. Mycelia of different fungi cultured in flasks containing, from left to right, P
nutrient solution; the same plus extract of Monotropa flowers; the same plus extract
Monotropa roots; and the same plus vitaemmin By (cf. Table 7). a. A mycorrhizal mnn.w:
of Monotropa. b. Bolefus sublomentosus. c¢. Boletus granulatus. d. Boletus variegal

responsible for its penetration into the roots. This penetration is not, hiow
ever, fully comparable with that of the hyphae in the typical ectotrophi
mycorrhiza of, for example, pine and spruce, since the fungus of Monotr
penetrates only to the outermost cell layer (Figure 1). In a complete
typical ectotrophic mycorrhiza the fungal hyphae often penetrate all the:
to the endodermis and envelop all cells of the primary cortex, where exchang
of nutrients occurs by diffusion. But if such a ooE.EmS ectotrophic my
rhiza is to be formed, an excess of soluble carbohydrates will have 10
available in the cells of the host plant, as demonstrated by Bjorkman (19
And since no such surplus can be found in Monotropa roots, the fact that
mycorrhizal fungus of Monotropa affects only the outermost cell layer, whe
the “tuburcin™ is presumably given off from the roots to the rhizosp
is fully consistent with the hypothesis. Mycelia, incidentally, occur in abu
ance round Monotropa roots, whether the plants are growing in humus:ri
soil or in sand; and normal concomitanis are fine tree roots surrounded:
to all appearances, identical hyphae, in great part transformed into typ
mycorrhizae. .

his interpretention is in full confermity with the fact that Monotropa will
lop vigorously without abundance of humus, which it would need if it
a typical saprophyte, obiaining its principal nutriment directly from
nic substances in the soil. Monotropa has indeed been found in pure
"30ils south of Stockholm, and on a previous driftsand site with young
es (Almquist 1929, cf. Romell 1939), and even in pure sanddunes together
th Saliz and other shrubs (Darbishire 1924).

his interpretation of Monotropa as an epiparasite attaching chiefly to
‘trees through its mycorrhizal fungus also explains the apparently
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strange circumstances under which it thrives. The chief interest, however;
lies in the principle of the mycorrhiza of Monotropa which, despite its special
character, and out of the complicated puzzle presented by a symbiosis vm.
tween such different organisms as fungi and trees or fungi and Monotrop :
fits well into the general ecological picture.

7ith the “M factor” of Melin. In Monotropa the mycorrhiza is confined to
he outermost cell layer of the roots, whereas in the typical ectotrophic mycor-
hiza of conifers the fungus usually penetrates deeper.

+9. The investigations suggest that Monotropa has its mycorrhizal fungus
n common with the tree with which it is associateds that this fungus is
..mEEm.nmm by a substance occurring in Monotropa, whereby mycorrhiza
ormation occurs; and that nutrient material passes from the trees to Mono-
ropa via their common mycorrhizal fungus. The rapid development of
Monotropa in late summer occurs at a time when the production of mycor-
hizae reaches its optimum.

10. Monotropa Hypopitys is therefore to be regarded chiefly as an epi-
arasite on the rools of certain trees with ectotrophic mycorrhizae.

Summary

1. The ectendotrophic mycorrhiza of Monotropa has long been enigmatic
in regard to its sources of energy. The fungus cannot obtain sugar from the

host plant, rdther, the host has to obtain such material via its E%ooﬁ&ﬁ.m
fungus.

.HEm investigation has been supported by a grant from Fonden f. skoglig forskning,
fockholm. The author is indebted to Dr. G. Lundeberg, Dr. N. Nielsen and Miss
Beyer for valuable assistance.

2. Monotropa roots are normally enveloped by masses of fungal mycelia
in which there are tree roots bearing mycorrhizae.

3. Some experiments were conducted to test a hypothesis that Monotropa
and the trees with which it is associated have a common mycorrhizal fungu
In this way Monotropa might receive nutrients from the trees via that fungus
which in turn might be stimulated in its development by some substanc
present in Monotropa and given off by its roots.
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