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INTRODUCTIQN

Mycorrhizae are necessary for survival and good growth of
ectotrophic host trees under most field conditicns. Yet virtually
nothing is known about the fate of mycorrhizae on nursery stock during
and after outplanting. To insure best survival and rapid development .
of ocutplanted seedlings.'their mycorrhizae theoretically should function
immediately after planting. The mycorrhizal fungi should vigorously
grow out into the soil so that a pervading absorption system is
established before the onset of summer drought.

In the Pacific Northwest as in much of North America, tree
seedlings are grown in a relatively few centralized nurseries for
outplanting in a gamut of sites ranging from warm and humid to cold
and wet to hot and dry. The seedlings, nurtured in fertilized and
irrigated soils, are expeéted to survive when planted on till, pumice,
serpentine, old fields, and any variety‘of other soils and situations.
Seed sources suitable to outplanting sites are recognized as necessary
for survival and subsequent develoﬁment of trees. But little information
has been developed on whether their mycorrhizal fungi are equipped to
survive when transplanted from their native nursery environment to a
radically different one.

The studies reported in this'paper were undertaken as one
step ih clériﬁying the role of mycorrhizae in success or failure of
tree outplanting. Their primary objective was to examine features
of inherent variation of in vitro morphology, temperature response,

and adaptability of selected provenances of a common mycorrhizal fungus,



Cenococcur graniforme (Sow.) Ferd. & Wingel/. To provide a satisfactory

foundation on which to build and interpret experiments, the taxonomy,

ecology, and distribution of the fungus were studied, with particular

reference to the Pacific Northwest. Genetics per se of Cenococcum are
not within the scope of this paper.

As is inevitably the case with studies of complex biological
phenomena, more questions are raised than are answered. Results are
intended to lay groundwork for additional research on the extent to
which feresters mu§; ta concerned with proper provenance of fungi on

nursery stock.

1/ Cenococcum being a monotypic form-genus, the species will

be referred to simply as #Cenococcum" in the rest of this paper.



CENOCOCCUL AS A STUDY OBJECT

Cenococcum offers several advantages for a study of a mycor=-
rhizal fungus., It is ubiquitous in natural forest areas of the Pacific
Northwest and is easy to identify. Isolates c¢an be obtained from sclerotia
plucked from soil at any time of year. Considerable knowledge on its
physiology and ecology has been developed, so ithat little effort was
needed to devise culture methods, and its habits in the Northwest
could be related to those in other areas.

Cenococcum does have disadvantages as an object of a study of
éhis type. First, its taxonomic position is in question. Known only
as a sterile‘mycelium, its relation to other mycorrhizal fungi is hard

to assess. However, its behavior in mycorrhiza formation lies generally
within the realm of variation shown by the mycorrhizal fungi as a group.
Secorid, the mechanics of Cenococcum!s inheritance are completely unknown.

'Because we are studying expressed genotypes rather than genetics, however,

this offers no major problem,



TAXONOMY AND DISTRIBITION OF CENOCOCCUM

NQMENCLATURE

The establishment of Cenococcum as a new gemus by Fries
(Ferdinandsen & Winge, 1925) seems more an accident of history than
a logicai separatior in view of its close affinity to the genus
Sclerotium (Ferdinandsen & Winge, 1925; Buchwald, 1939). But the
taxonomy of Mycelia Sterilia, to which both Cenococcum and Sclerotium
' belong, presents an impossible situation in any event, so little can
be gained by belaboring the issue.

Cenococcum was first isolated by Hatch (193%) who, not knowing

the identity of the organism, provisicnally termed it Mycelium radicis

nigrostirigosum. This name still appears occasionally in current publica=-

tions, even though Lihnell (1939) conclusively identified the fungus as
the Cenococcum of mycological literature.

Pachlewski (1953 & 1954) suggests that Rhizoctonia silvestris

Melin is synonymous with Cenococcum. While R. silvestris hyphae somewhat
resemble Cenococcum in pube culture, the former grows much faster and
does not produce the typical structure of Cenococcum mycorrhizae in
laboratory syntheses (Hatch, 1934%). Further, R. silvestris, as befits

a Rhizoctonia by definition, tends to encrust host roots with a mass of
fused sclerotia (as illustrated by Doak, 1955, fig. 18). While Cenococcum
~ sclerotia ﬁay sametimes be fused to a mycorrhiza mantle as individuals

or small groups (fig. 1), a massive encrustation has not been reported.
Lihnell (1942) observed a similarity betweeen the unusual arrangement of
cells in Cenococcum mycorrhiza mantles (Melin, 1927; Hatch, 193%; and



Figure 1: Cenoccoccum sclerctiia attacked to root freagments (2 ~ower

gioups) and as grown in soil uaatiachad to a soot. x3.

others) and that of perithccizl walls of the Ascc.ycete jinus Ceohaloitheca

Fuckel. But the stractures differ tet..en the two gencra in developzent
and anatomical detail. The thread ¢f relatuonship Is tenacus ot oest.
Dominik (1958c¢) believes that there mzy ba more thar cnc species <r at
least more than cae Jorm of Ce.czocern becaus s of the sreat variedy of
hyphae that the funzuc presents in nature. Indeed, several forms were
separated by early m;éil;;ists (Ferdinandsen & Winge, .925). L.ouwever,
as revealed by Mikola (1943b) and later in this study, 2 pure culture

of a single isclate may nanifest all forms fournd in ratarc
/
Kl

Despite rnor ~e than a ceantury and & hall of study, no one
has discovered a perfect stage of Cenccexcra.  Ferdinandsen and Winge
(1925, p. 380) considerad it "alteogether isprocable that Cenococcum
graniforme shéuld form any kinl of spercs or cuaidia.” Thus there
appears little hope that its phylogenetic position will be clarified.

Although not sirictly relatgd to taxonomic nomenclature, it
seems useful at this poin. to mention specicl terminclory used to
designate mycorrhizae foraed by Cenococcrm. In his original broad,

morphologicel clussification of mycorrhizae, Melin (1927) termed
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dark-brown to black individuals "Mycorrhiza D." Bjdérkman (1937) sub-
divided Melin's type D, terming Cenococcum mycorrhizae "Dn'" to separate
them from other dark-colored mycorrhizae. Recently Dominik (1959)
published a new system of morphological classification of rycorrhizae.
This system, much more detailed than previous ones, designates mycorrhizae
formed by Cenococcum alone as "Ga'" and those in which Cenococcum forms a
secondary mantle over another fungus =s "Rb". In the literature, designa-

tions Dn, Ga, and Kb all denote participation by Cenococcum in dycorrhiza

formation, whether or not the name of the fungus is specifically mentioned.
MORPHOLOGY

Although Cenococcum is not known to form a perfect stage
and although there are myriad other species of dark fungi, identification
of Cenococcum is rather straightforward. Referring to reports of fossil
sclerotia of Cenococcum, Ferdinandsen and Winge (1925, P. 357) state,
"The fossil Cenococcum is so characteristic that the records of its
appearance in extant palaeontological literature may doubtless be
taken as correct in allicases; it is hardly possible to make any
nistake here." Hyphae, too, are readily identifiable when found in
association with plant roots.

Although Cenococcum has been Irequently deseribed in myco-
logical and mycorrhiza literature, the complete range of variation ~

of hyphae and occurrence of chlamydospores has not been included in

h .
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e :
any one description. Consequently, a redescription seems useful he :

fyphae without clamps, septate, monokaryon, yellowish when

young but soon turning brownish black to black. Under compound
magnification they vory from nearly hyaline to rearly opaque
purplish black, most a light burgurdy to deep rurple. Eyphae

are straight to sinuate, often branching and occasionally fusing,
often aggregating into short, loosely-organized strands but

never forming true rhizomcrphs., Hyphal diameters 1.5 to 8.2,
mostly 3.5 to 6.5p, the larger usually light colored new

growth. Cells are cylindrical, 2.5 to 132p long, mostly 30 to 70p.
Cell walls 0.2p thick on young hyphae to 0.7p on old. Cell surfaces
bare to enclosed in a gelatinous to dry sheath which appears like
a second wall up to 0.7p thick and which often breaks up into bands,
papillae, or granulations. Chlamydospores infrequent, usually
intercalary or rarely terminal on setose hyphae, elliptical to
globose to pyriform, 8 to 12.8 x 6 to &p. Walls 0.7p thick

at maturity.

Sclerotia spherical to irregularly lobed, the larger with a

single navel-like hollow. Surface shiny-smooth and black to dull-
roughened and brownish black. OQutgrowing hyphae sparse to
abundant, often absent on old or dead specimens, Diameters of
sclerotia range from 0.05mm. to 7.0, most being 0.5mm.to 3.0.
Interiors firm and 'solid at youth, black and moist from exuded

o0il when cut., @d specimens hollow, the cavity containing dark,.
gramlated hyphae; hard and brittle, shattering when cut, the
inner tissue dry and granular reddish-brown. Sclerotia composed of
pseudoparenchyma, the inner cells polygonal, with dlameters 3.2

to 16.3p, mostly 5 to 1l2p. Cell walls thin when young, soon darkening
and thickening. Cells with pores, each pore surrounded by a
detachable platelet that appears like a tiny spore when fallen

off. Cuter 2 to é layers of cells oblong rectangular, 4 to 8u

by 8 to 15p, with hard, dark walls and filled with a homogeneous
dark material. These elongate surface cells on young specimens are
clustered in groups aligned alternately radially and tangentially.

2/ This redescription includes data both from published
descriptions and from new observations of western North American material.

These sources are discussed in detail following the redescription.
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Usually the whole range of hyphal variation is found in a
single collection, although predominance 6f particular forms may differ
from one area to another. Hyphal colors hLave been variously reported
as "dark brown" (Melin, 1927), "brownish black" (Lihnell, 1939), "viclet-
brown" (Aleskovsky, 1954), or as is more correctly the case, "light
yellow to bronze to dark violet" (Pachlewski, 1953). Ferdinandsen &
Winge (1925) consider darkening of color to be a matter of ageing.

It is true that growing hyphal tips are hyaline to light yellow, while
old cells are darker. But in my:collections, the color on oider hyphce
sometimes switches abiruptly from light bronze older cells to deep
tacgundy or purple younger cells (fig.2). Some csllections have mostly
light bronze to burgundy hyphae, with only a few darker. Others are
mostly dark.

The extremes in size reported in the redescription above
are from my examination of North American material. Both extremes
occurrcd in hyaline to light bronze hyphae. Hyphal tips occasionally
taper down to 1y, tut usually are blunter. Predominant hyphal cell
dimensions differ from one collection to another--diameters have been
reported 2 to 3p (Melin, 1927), 3.5 to 5.2p (Lihnell, 1939; Pachlewski
& Pachlewska, 1960), 4 to &.3p (Aleskovsky, 1954), & to 5 (Ferreira
dos Santos, 1951), 4.5 to 6.0p (Pachlewski & Pachlewska, 1960), 4.6
to 7.8p (Masui, 1926). |

The overall impression of a group of Censccccum hyphae
is one of stiffness and straighiness. But close examination reveals

many lengths of hyphae to be simiate, sometimes strongly so. It is
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Figure 2: Abrapt color change of a Cer>cccoun kypha. Light

colored cell is older than the dark cae. x720.

tempting to suggest that [rowih arcand small soll goains zoccounts for
most of tha sinuosity. Th.s is indeed truc to a limit.? exteat, but
Cenococcum exhibits sinzular abiliiy to force a s.raishi hypha tirough

a soil mass that to ell =sppacrances weal.l pre.ent any swraightncss

[}

whatever. I have been unable o sce any consisternt difference in
provortion of sinuate to straight I phkie betwesi colleciions from
coarse candy soil and ccllecticns Iiom silty cloys.

The three forms of hyohal fusicn descrided by Buller (1933)--
excluding the fourth, clamp conneciions--cceur betwoen Cenococcum
hyphae. Most common zre pe;-to-reg fusicns, but hypha-to-peg and
hypha-to-hypha izy scretimes be found (fig. 3).

The gelatinous to dry sheathinz of hyphae apparently crizinates
25 an exudation through cell walls. It may be founc on hyphae of any
size, coler, or age. As with hyphal size and color, the predominant
form assumed bv hyphal sheaths varies between collections. When initially
formed, the slieeil. apnears as a hyaline gelatinous pellicle enveloping a

hysha (fig. 4). If the hyphal cells are actively erlarging, thc pellicle



Figure 3: Fusilons between Carnect 2
collection); centzr, hypha-to-pzg (in substrzie of pure
culturc--note zclatianocus exudote around hyphae); right,

hypha-to-Lypha. x134%0.

is scparated into regular o lrregular pepillce (JiZ. 5 & 6) which

Y

]

sometimes harden into surface gre .alations. Papillation s a result

of cell growth rather i-an a micro-organi:mal ceccmposition of ta

pellicle, as attested by its common occuricnce in pure cultures of

Cenccoccum. If hyphil cells do ot enforge at time of exudation, the

pellicle hardeas into a dark-colorcd, rizid encaseueat about tac Lyphe,

a feature that hypoiaeticzlly could te useful Ior drcught resistonce.

If hyphal cells elongate after the pellicie hardens, it ruptures circum-

ferentially. Somctimes it then seems to slide along the elongating

cell, leaving.two separated halves. At other times it seams to adhere

to the-cell wall, breaking into a series of narrow ccacentric bands

(fig. 7). Cells sometimes grow both diametrically and longitudinally,

in which case the dried sheath breaks into neat, rectangular granulations.
Fyphae frequently aggregate into loose st:ands of a few to

forty or fifty hyphae (fgs. 8 and 9), particularly near growth centers

such as vigorous mycorrhizag. This seems a matier of chance grouping.



Figure &: Cenoccccunm ha with gelatincus pellicle overlying
e —————————— - - [ =)

dark cell walls. x720.

Figure 5: Papillae on Cerococc.n hyphae, showiri plane view on horizontal

Figure 6: Cerococcum hypha with gelatinous pellicle grading into .

pepillae. x1340.
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Figure 7: Cenoccccum hypha with pe.licle broken into a series of

concentric bards. x:240.

When thase strands are dry, the adjcinirz hiphescchere tighdly. Eot
if a dry stirand is moistersd, hyphae roadiiy scrarats. The gelalinous
sheaths evidently serve as adhesive (fiz. 10,. Gy rarely do these
‘structures exceed a centimzier in longth before individ .al hyphae
diverge. In the North Americaa r.atusial exauined ro true rhizcmorphs
s:ch as deseribed by Siren and Berpzen (1951) a-d Levicohn (2955)

have bzen found. Their absernce has been specifically ..oted by several

European observers (Ferdinandsen & Winge, 1925; Fachlewski, 1953;

Meskovsky, 1954; Ffitsch, 1956).

Chiamvdospores

Chlz:iydospores, though common in pure cultures of Cenococcum,
have been reported only cnce on a fieid collection (Dominik & Pachlewski,
1956). These were described as terminal chlamydcspores, 2-celled, ovate-
pyriform, arising on dark setose hyphae with swollen bases. Although

Dominik and Pachlewski equeted these specialized cells with thcse reported
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Figure 8: Loose strand of Cenoccccum hyphae ncar mycorraiza tip. x150.

Figure 9: Strand of Cenococcum Lyphae ia pure culture., x150.

Figure 10: Strand of Cenococcum hyphae in pure cu.ture. Gelatinous
pellicles of adjacent hyphae fuse, gluing hyphae together

when dried. x1340.
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in pure cultures by Mikola (1948b), their description suggests conidia
and conidiophores such as found in the Moniliales. Unfortunately they
were unable to preserve the material fo. detailed study.

No such growth has been fond in the North American material,
but intercalary chlamydospores occur occasionally (fig. 11). These
usually occur on dark hyphae, but sometimes on young, light-colored
hyphae as well. Very often hyphae terminate in a trumpet shape suggestive
of a chlamydospore base, but whether or not these are indeed points of
chlamydospore detachment has not been established.

The power of broken hyphae to regenerate, characteristic
of Cenococcum, is particularly noticeable on hyphae kept damp and
examined several days after being broken. A new hyphal tip, usually
hyaline, grows from the first septum behind the break, emerging with
the same diamster as the inside of the biroken cell (fig. 12) but soon
(within a few microns as a rule) emlarging. Regrowth of this type is
common on old, thick-walled hyphas..

Sclerotia

Sclerotium formation begins with one cell or a few adjacent
cells on a hypha growing several lﬁteral branches which rapidly become
septate. Once a cell is walled off, it swells arnd produces additional
branches (fig. 13), each forming more swelling cells. This continues
until the’sclerotium is fully formed and compact, the press of the
mass of cells one on another resulting in the polygonal shape to which
the walls finally harden (fig. 14). Surface cells of young specimens

are elongate and irregulaiiy_arranged into clusters aligned alternately



Figure 11: Naturally occurring cilamydospore on Csnococcum hypha. x1340.,

tangentially or radially. The result is a meszic of raciate gfowths
(fig. 15) similar to that of rycorrhizal nartles fcrmed by Cenococcun
(Melin, 1927; Hatch, 1934; Likaedl, 2937).

Saveral sclerotie may iritiate close to each othcr on the
same or on adjacext nsphae. 4s they enlarze o the point of contact,
tiey fuse togetaer; dcable or triple fusions are common where sclerotium
for.ation is especially active (£iz. 1). At the planc of coatact
several layecrs of dark elongzte cells, similar to those on tue outer
surfaces, are laid down, separating the central polygonal cells of one
from the other,

Live sclerotia have a very high content of ethznol-soluble
0il, up to 35 percent of total dry weight. Sclerotia filled with
this oil sink in water once all air bubbles hcove been removed from
their outer cells. The dull-sheened to very shiny appearance of most
young sclerotia is likely due to a high oil content of the outer cells.
Live sclerotia are very firm but can be sliced readily with a sharp
blzde. When sliced in the air, their cexte:r has a moist, black appearance

from oil exudation. If sliced mnder water, the cut surface appears
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Figure 12: Regrowth from intine of broken Cenczccoum hypha. Xx720.

ailky blve from the esulsion formed ty exuded oil with water.
s t

If sclerotia resi for some tir : before germinating, the

[ (/]

urface roﬁghens ard the sihezn dicappears, probebly a result of the
death of peripherel layers of cells, Tals uay extond imward as much

as a third of the sclercti:zl diaxzeter, _ecving only the center third
alive. In this case the weathered norticn p.eils olf as a ausk. A

few spccimens were fcund from which part of this "husk” had sloughed
off; new hyphae were actively grc ing from the inner portica. Germina-
tion is accompanied by breakdowa of the center tissue of a sclerctium,
leaving it hollow.

Sclerotia that die withcut germinating remain solid but
become very dry, hard, and brittle. As aptly described by erdinardsen
& Winge (1925, p. 372), they 'burst like bits of coal' when punched by
a needle. Dead sclerotia can persist intact for sever:l years in coil,
hence their inclusion in the foregoing redescription of Cenococcum.

As yet, I have not found a North American sclerotium larger:
then 4 mm. in diameter (fig. 16), although specimeas up to 7 mm. have

been found in northern Eurcpe (Ferdinandsen & Winge, 1725; Kreisel,

1957a)., Not reported heretoforé are the tiny (as small as O.Q!me.
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Figure 13: Init.al cells of a Cenccoctrm sclerctium., [Eyphal cells have

rounded and are beginning to produce brarches. x1340.

Figure 14: Iatecrior cells of a malure Cerococcum sclerotium. The press
of original rourded cells one on anothker result in polygonal

cell shape. x600.

Fijure 15: Arangement of cells on surface of young Cenococcua sclerotium

(tangential section). x330.
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Figure 16: Matuwze Cenococcru sclerotia collected from soil in tue

Pacific Northwest (sccale in millimeters). Xx2%w..

in diameter), mature sclerotia that arc really rather common. They
often may be fcand as tiny black specks floating on the surface of a
slurry of Cenococcum-containing coil. Occasionally they are nested

among hyphae growing from a mycorraiza mantlc.

DISTRIEJTICN

Cenococcun is circumpolar in the ngéthern henisphere and
occurs in the tropics and in Scuth Africa as»well (figs. 17 and 18).
Field siudies plus examinations of soil-and-root samples provided by:/
cooperctors from Korca, India, Turkey, South Africa, and many parts
of North America have greatly extended its range beyond that known
Trom the literature. Seventy-four representatives of several hundred
new locations are listéa in appendix I together with litecrature citations
for previous reports.

As to its northern'extension, Cenococcum was found in several

samples from above the Arctic Circle in Alaska. The northernmost
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Figure 17: New and previcusly reported locations of Cenococcum in

North America.
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Figure 18: New and previously reported locaticns of Cenococcum in

the world.
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sample came from the Firth River at 68°45' N. lat. Ferdinandsen &
Winge (1925) found it at Tromsd, Norway at 69°39' N. lat. Its great
abundance in my collections from the Firth River, from tundra at §otzabue
Sound, .and from high elevations in the Cascade Mountains indicate its
adaptability o the arctic-alpine environment. In all likelihood it
is common throughout the Arctic where suitable host plants grow. 2
Heretofore there have been no reports of Cenococcum Scuth of
35° N. lat. But samples from the southern United States revealed it to
abound as far as 26° N. lgt. in subtropical Florida. Moreover, it was
found thriving in samples from 18° N. lat. in Puerto Rico, where it was
probably introduced with humus imported from North Carolina in 1955.
Probably it occurs within the tropics in the mountain ranges of Mexico
as well. |
The first discsvery of Cenococcum in the southern hemisphere
came from Samples from Stellenboécﬁ, South Africa, at 33050' S. lat.
These samples showed a great abundance of Cenococcum,’whether native
or exotiécbeing unknown. It has not been encountered in Australia or
New Zealand by researchers'working with mycorrhizaez/ but would probably
thrive there if introduced with suitable hosts. Apparently no one h;§
locked for it in South America as yet, so its presence there is problem-
atiecal.
from Cenococcum’s known distribution and from ocur knowledge of
its habits (discussed in detail under "autecology"), it is safe to

-—hypothesize that Cenococcum eventually.uill be fouhd in most areas

3/ Correspondence from G. B. Rawlings, G. D. Wade,
B. C. Amold, aﬁd M. R. Jacobs,
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of the northern hemisphere that support its hosts. Information from
the southern hemisphere is  too scanty as yet to give any basis for

generalization.



JISOLATION AND IN VITRO MORPHCLOGY OF CENOCOCCUM

TECENIQUES

Cenococcum has been isolated from mycorrhizae, mycelial
strands, and sclerotia. Attempts to isolate it from mycorrhizae,
however, generally yield a low proportion of success in the experience
of Eatch (1934), Mikola (1948a), and myself. Suitable mycelial strands
as described by Levisohn (1955) are not easily found. t sclerotia
are readily available and lend themselves well to surface sterilization.

To obtain scleréti# cdonveniently, small soil samples frcm
under ectotrophic host trees are moistened to form a slurry, which
is examined under a low-powsr stereomicroscope, With a little sloshing
and breaking up of aggregétes in the slurry, sclerotia can-be easily
detected, plucked out with tweezers, and transferted to a dish of
water, They are then carefully cleaned of surface soil with a fine
brush, the ones that float being discarded as probabl*‘non-viable.

After washing, they are ready for surface sterilization.

The apparatus and technique devised by Slankis (1958) for surface
sterilization of root tips serve admirably for this purpese (fig. 19).
Tissue of healthy Cenococcum sclerotia is véry compact and only slowly

pervious. Consequently, a quite rigorous application of sterilant



Figura 19: The Slankis apparatus usad for surface sterilization of
Cenococcum sclerotiz. A sclerotiua is being inserted through
an eatry port onto a gauze-bottomed platform. The platform
will then be turned upright and sterilant followed by a sterile

wzter rinse will be dripped through. Photo by Wallace Guy.

can bz applied. To obtzin the Oregon isolatesgf 0.1 percent mercuric

chloride was dripped on sclerotia through the Slankis apparatus Ior

Q/ “Oregon isolates" refers to those I obtained, to differentiate them

from literature reports woven into the discussions in this paper.



50 to 110 seconds, then washed off by dripping sterile water for 2
minuies. Applicaticn of mercuric chloride for 40 seconds or less often
did not kill 211 surface contaminants, especially when outer cell layers
¢f a sclerotium were weathered.

nce surface sterilized, sclerotia were transferred to test

tube slant cultures. The medium uscd, based on studies by Melin and

Mikela (19%3), was:

Distilled H,0 il

&-glucose . 20 gm.
KIL,PG, 1 ge.
%-15504'7320 " 0.5 g
Ferric ammonium citrateﬂzl percent solution) 0.5 ml.
Zn;QQ n 0.5 ml.
MnSQu'4EéO " 0.5 ml.
CaC12 " 5.0 ml.
(35,)56,, 3,0 0.3 g
Caseir hydrolysate (13 percent N) 2.0 gm.
Thiamin 50 mgm.
Biotin _ 1.0 mgm.

This formulz served for all studies on the Oregon isolates, either
alone, thickened with 2 gms. of agar, or gelled with 15 gms. of
agar. All media were autoclaved at 115 pounds steam preséure for

15 minutes.
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CEEMINATION OF SCLEROTIA AND SUBSEQUENT GRCOWTH

At lcast 20 days elapsed befcre the first hyphal tips emerged from
scierotia. Most began detectable growtha within 30 days, but three sat’
or. the agar for 75 dcys before showing any signs of growth. Ca all iso-
lates the first hyphae emerged at the sclerotium-azar ir’ .rface. These
ryphze had hyaline tips, but older cells soon darkensd., 4 few days later
white hyphze emerged from the aerial side of the sclerotium, at first
apdearinc Lo be contaminants because of their complete lack of colcr.
Afﬁer crowth of several dzys, however, these,too, darkened. Initizl
growth of all culivres was generally slow--on some, 2 nonths were re-
cuired to produce a colony large enrough to subculture.. By & or 5 moaths
aficr germination, grorih rates of most isolates had increased substan-
ti2lly and hed stabilized.

Curtain isolates produced sclerotia in pare culture, either regu-
larly or sporadically. These were identical in all respects to those
found in nature. Sclerotium formation usually occurred on hyphae at
or below the surface of agar slants. It was also frequent in cultures
in verﬁiculite noistened with rutrient solutions. EBEut no sclerotia were
preduced by any isolates when growing in a liquid culture.

Furthermore, sclerotia never formed on ycung cultures. Initiation
usually began more than a month after inoculation. Attemptis to inducé
earlier sclerotium formation by varying amounts and combinations of
agar, glucose, and thiamin all failed. These experiments were on a small
scale and cannot be considered conclusive, but left the impressicn that

initiation and formation of sclerotia in pure culture is controlled by

fungus<preduced biochemicals that were not supplied by the nutrient mecdium.



Figure 20: Hyphae and sclerotia of Cenccoccum in vermiculite culture.

These look identical to Cenococcum in situ. x10.

Cnly in vermiculite culture did byrhes lcok exactly like Cenococcum
in nature, with Qe:y dark, stilf, thick-walled cells having sheaths,
papillae, or granulations (fiz. 20). Eccause the rnuirient solutica was
the same in vermiculite as in agar, the prysical structure of vermiculite
(which more clcsely approaches that of soil than other cubstrates used)
could pessibly be a detengining factor in "naturel" hyphal development.
Leration and water molecules available to individual hyphae are undoubtedly
important--even in liquid cultures the aerial hyphae more closely resemble
natural Cenoccccum than substrate hyphae do;

A1 of the COregon isolates produccd abundant chlamydospores, espe-
cially on substrate hyphac but occasionally on aerial hyphae as well.
Chlamydospores varied in size.and shape and were often produced at hyphal
} tips (fig. 21). But in generalhthe terainal chlamydospores sprouted, and
hyphal growth contimued from them. Chlamydospores were also noted in pure
cultures of Cenococcum by Fatch(19.4), Lirdquist (1939), and Mko.a (1948b).

Substrate hyphae in liquid or agar cultures differed frem natural
hyphae primarily in color, the nzture of the sheat, and production of

chlamydospores. n the average, cell wall color is much less intense in
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Figure 21: Various types of chlamydospores formed by Cenccoccum in

pure culture. x1340.
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pure celture then in nature, especially on substrate hyphae. Aeriel
hvphee in pure culture form sheaths, papillae, and sometimes granulations.
C: s:bstrate hyphae, in contrast, the exudate that normally forms these

» cmactures ¢iffuses into the substrate. In agar this resulis in a

dispersed £ilm surrou.ding the hypha (fig. 3, cenier). In liguid culture

}..'

t produces a clouad of the exudzte, concentrated about the substrate mass
of the colony.

Eyphae of the Oregom iscolates in pure culture geterally resembled
descriptions by earlier authors {Hatch, 193%; Lihnecll, 1939; Lindquist,
1939; Mikola, 1948b). But the gross morphology of colonies
varied considerably between isolates, both in color and form. Taese
cifferences will be discussed later in connection with the studies on

inherent variation.



PHYSICLOGY CF CENOCOCCUM IN VITRO

N

Mony facets of Cenococcum's physiology have been studied in wvitro,
but the results are difficult tc equate with its life history. Inherent
vowiztion within the species is proncunced, as demonstrated by Mikola
{1v\3b) and by ;iperiments rer rted Later in this paper. Consequently,
generalization from studies of one or a few isolates can be hazardous.
¥any cther features of study in vitwo, e.g., composi;iog qf the nutrient
s:luticn (Kurtz, 1938), may induce response by an isolé£e to an imposed
veriable that is quite different from response in situ.-

The a.vailable data on Cenccoccum's physioclogy in vitro aive brielly
presented here with little attempt at interpretation. Where possible,
opplication of this inforamation te the biology of Cenococcum is elaoorated
in the charter on autecolozy. All mention of growih of Cepococcum in
puie culture refers to dry weight incremént; colony dimensions beoar

no censistant relation to weight in this species.
TEMPERATURE

Two isclates of Cencnoccum examined by Mikola (1948b) grew best at

25°C. In 25 days, neither grew at 5°C. and only one showed slight growth at

Q
50°¢.
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AEPATION

isolet.s. Some grow nearly as well submerged as on the surface, while

others grow hardly «t all when sutmerged. Several have grown well for

3 wonths in tightly capped culture bottles. These same cultures, after
3 ncnths in the bottles, commenced rapid regrowth when subcul%ured.

There is no evidence to link ability of isolates to grow under
limitirz oxygen supply to their provenance., For example, 8 isolates were
obtairned from sclerctia plucked frez a single shovelful of soil at the
pondcrosa pine-desert ecotone of eastern Oregon., This soil, a puaice,
is woll aerated ard receives less than 15 inches of precipitation a year.
Cae of the 8 isolaies, PPn, barely grew when submerged wiaile the otler
7 gre well. 3Surfacc colonies of PPh, in contrasi, far outdistanced the

othier 7 in growth.
MOISTURE

Cumpared to other mycorrhizal fungi, Cenococcum has a remariable
ability to retrain life in old, dry cultures. As cultures age, drying
proceeds inexcraoly unless the container is sealed, the total supply of
nutrients available for new growth diminishes, and the concentration of
metabolic wastes increases. The 22 isolates from Oregon withstood these
environmental handicaps for unusually long periods. All suoccultures were
saved for a good many months and allowed to air-dry. After varying periods,

pieces of each air-dried subculture were inocculated on fresh medium;
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moisture content wes determined for the remainder. All of those
reinoculated in less than 6 months regrew on new medium. Aging bgycnd,
¢ months resulted in ircreasing proportion of failure to regrow., Beyond
11 months ard 10 days no reinocuiants resured growth., Tabulatcd below'

D> several isolatcs that resumed growinz are age and moisture content

(percent of cven dry weight) of subcultures at tims of reincculation:

Isolate Age (days) Moisture Coatent (%)
LPo 193 3.1
LPc 193 | 3.5
KD | 193 6.5
Mk 193 8.7
PFa 193 2.6
PPd 193 3.2
LPa 224 8.4
LPd 224 3.5
LPg 224 3.2
¥ha 224 6.2
PPc 224 6.5
MHe 275 5.2
MHe 287 3.8
MHe 345 6.0

Old subcultures, dry and brittle, shattered into fragments when
inocula were extracted. Regrowth on fresh medium emerged usually from
fragments larger than a millimeter in diameter, but occasionally firom
smaller pileces or even from individual hyphal fragments. Small sclerotia

included in some reinoculations sprouted readily.
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Cenococcum’s urusual reteation of life afier extreme drying and the
other changes attendant to aging of cultures is illustrated by ccmpariscn

<

with other mycorrhizal fragi similarly treated., Neither ‘Zma2nita pantherina

(D.C. ex Fr.)Szcr., Lactarius sanmuifluus (Paulet ex)Fr,, Raizopogen sﬁ.,

Poletims lalei(Marr.)Singer, £:illus gramlatus(L. ex 7r.)0. Kuntze,

ner ferccernus zelleri(Murr, )Sncll regrew when cultured on fresh media

after the age of the preceeding subculture exceeded 3 months.

C.XBCILONATES
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VITAMINS AND OTHER GROWTH REGULATORS

(f a considarable rumber of vitamins tested on 6 isolates of Cenococ-
¢um, only thiamin censistently demonstrated a growth-promoting effcct
(Mikola, 1748b). Pyrimidin, one ccnpénent of thiamin, stimulated growth
of one isoclate as much as cemplete thiamirn did; but the other component,
thiazol, produced no effect (Melin & Norkrans, 1942), Cenococcun responded
nildly or rot at all to other vitanins such as biotin, choline, nicotinic
acid, and pantotienic acid, and response has varied betwecn iseclates
Felin & Nyman, 19%0; Mikola, 1948b). Similamly, isolates have differeqd
substantizlly in response to leaf extracts, scme isolates being stimlated

aid others inhibited at given ccnceatrations (ikola, 1648b).

&3

s Cenococcum in vitro appears avtotrophic for a good many biochemi-

cals and, irdeced, produces some in excess. Bioe-assays indicated that one
isclate secretes paniothenic aciz (Saemakhanova, 1957). And,; although
Shemaxhanovats studies failed to detect heterozuxin secretion by Cenccoccum
end other mycorrhizal fungi, subseguent work reveals thath3noccccum. some
of the other funzi studied by Shemakhanova, and many add;gional mycorrhizal
furzi can produce detectable amouats of heterozuxin and other indole com-
pounds (Moser, 1959a and persoral ceumnication; Ulrich, 19460). That
Cenoccceun can induce root forkinrz on pine without acuwually forming mycor-
rhizae (Slankis, 1943; Levisohn, 1950) and can stimulate germinaiion of
certain furgus spores (Fries, 1943) further confiras its preduction of

growth regulators.

Cenocecceun has shown no antagonism to other organisms. Confrontations

of several Cregon isolates with Amanita pantherina, Boletinus lakei, and

S2ilius gramlatus produced no reactions. Al isclates of Cenococcunm
21 zefiococcun

&>
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veed grew freely among hyphae of the other fungi. Alternaria teruis,

thich antagonizes many mycorrhizal fungi, did not so affect Canococcun
(lLavisohn end Parry, 1980). Blo-ussays fcor antibiotic secretion by
Cenosoccum {Santoro & Casida, 19592) gave negative resulis zgainst several
bactesia and yeasts. It also ras been found more resistant to the anti-

v -

ictic cyclohexamide than several cther mycorrhizal fungi (Hacskaylo, 1961).
ACIDITY

Experiments izdicate that one strain of Ccnococcum is strongly acido-

weli-defined optimum pH of &, This isolate grew ‘n a i

»

renge ol atout 2.5 to 7.0, mut greowth was very slow outside of pHZ2.5 to
6.0 (Mikola, 1943b). The isolate studici by Keller (1952) grew rciatively
w¢ll at a pH even less than 3, however, so lonz as 2 good carbchydrate

source wos available.



CENCCOCCUM AS A MYCORRHIZAL ASSOCIATE

M ler (1879) first described the root inhabiting character of a
unique but unidentified black fungus, later known to be Cenococcum.
Bat until he read Frank's (1885) first paper on mycorrhizae, he did not
}ecognize the tr:e_signi:icance of thke Ifungus-root association he had
observed (Miller, 1888). Frank (1835, 1887) also discovered black aycor-
rihizae charécterized bj a dense outgrowth of black hyphae. Furtaer reference
to the phenomcrnon was scattered (Mdller, 1903; Masui, 1926; Melin, 1927)
urtil Hatch (193%4) isolated the still unidentified causal fungus. Meanwhile
Ferdinardsen and Winge (1925) had suzgested that Cenococcum might form
rmycorraizee. Lihnell (1939, 1942) rosolved both questicns by syntiesis
experiments between-Cenccoceunm and several species o hosts: the same

kind of black mycorrhiza as describked by Miller and the others was formed.
HOST SPECIES

Cenccoccum may well be the least specialized mycorrhizal fungus in
respect to host species. It forms mycorrhizae with all krown ectotrophic
hosts withia its range. Known hosts, listed in appendix II, comprise
56 species and varieties of gymnosperms, 97 of angiosperms, and 1 in the
Filicineee, for a total of 154, Of these, 92 arc reported for the first
time here and 23 previously reported by others are confirmed. These facts
strongly suggest that Cenccoccum can form mycorrhizae with practically all
ectotrophic hostS, other condifions being suitable.

In further emphasis of Cer-coccun’s remarkable adaptability, it
occasionally forns ectotrophic mycorrhizae on hosts thought otherwise to

be completely endotrophic: Acer pseudonlatan:s in Aceraceae (Dominik and
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Pachlewski, 1955 & 1956), Lactuca muralis in Compositeze (Boullard and

Deminik, 1960), Vicia sylvatica in Leguminoseae (Dominik, 1957), Galiun

cohriltesii and G. rotundifolium in Rubiaceae (Dominik and Pachlewski, 1955).

Morcover, the only report of ai ectotrophic mycorrhiza in the cntire order

r
Pteridophyta involves Cenccoccum or Dryopteris filixmas (Dominik and

achlewski, 1956). Equaily unusual is an endotrophic mycorrhiza formed

by Cenccoccum with Stellaria holosteca (Dominik, 1957).

FJRE CULTURE SYNTHESIS OF CENOCOCCUM MYCCRRHIZAE

Aprnaratus

The usual pure culture syuthasis method, first used by Fuchs (1911)
cnd improved by Melin (1939) and Hacskaylo (1953), entails growing both
furzvs end host eatirely enclosed within a cotton-stopped f}ask (fig. 22).
Lir circulation is minimized. As a result, the humidity and oxygen-carbon
diciide ratio around the seedling top are qu:ite different than in nature,
erd a hothouse effect is-hard to avoid. The various other techniques
cevised for mycorrhiza synthesis (Hatqh, 1937; Shemakhanova, 1959;
Lurdebergz, 1960; and others) arc either unduly cemplicated or are designred
for special purposes.

The ideal system for synthesizing mycorriizae in pure culture should
approach the physical environment in nzture as closely as possible. -To
do so, seedling tops should be in the open., Reasonably good substrate
aeration is also desirable. Other important qonsiderations include minimi-
zingz chance of contamination and providing an aseptic method of watering.
To meet these requirements, I tried a number of different approaches in
apparatus design and finally winnowed the choices down to s simple, inex-

peasive one, illusirated in figures 22 and 23.
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Figure 22: New (left) and old (right) methods for pure culturs synthesis
of mycorrhizae.
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Figure 23: Diagram of new technigue for pure culture synthesis of mycor-

rhizae., Seedling tops are in the open, roots in aseptic jar.
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iny container of satisfaciory size can be'used--quart frait Jjars
serve ideally. Jars are fillcd to within &4 ca. of the rim with suitable
substrate, vermiculite or expanded perlite being idcal (perlite is prefer-
abdle if roots are to be secticned on a microtome). A 3-cm.~decp cup of
2luminun ﬁoil, Tormed by pressing the foil over a beaker zbocut 2 cm,
sraller in diameter than the jar cpening, is also filled with the substrate.

v

The cpen cnd of the foil cup is then ccvered with 2z single thickness of

cheesecloth fastened by a rubber band. Nﬁtrient solution is addad to
the jar until the Bottom 2 to 5 cm, of i%s depth are saturated. Substrate
in the £0il cup is &also moistened with nmutrient solution to near satura-
ticn. The foil cup is then inverited onto the surface of thz jar substxate
and pressed down firmly to form goed contact between jar and cup substrates.
The solid end of the cup is now about 1 cm. below the jar rim. The space
tetween cup and jar rim is stuffed with cotton, care being taken that
the cotton does not tcuch the substrate. The jar 1id is then put on, and
the unit is autoclaved.

To prepare the fungus incculum, techniques developed by Wikén et al
(1951) or Santoro and Casida (1959b) serve well. The mycelium is grown
in iquid culture with glass beads. Just before incculation, the culture
is shaken so that the mycelium is fragmented by the beads to procvide a hyphal

suspension.

To inoculate a jar, 5 or more cc. hyphal suspension are drawm
irto a sterile, 135 cc. syringe, us%ﬂé a long needle with a 1 mm. bore.
The 1id of the jar is lifted and thke needle inserted full length into
the nedium, punching it through the top of the foil cup (fig. 24). It is
seful to insert the needle at an angle so that the first ejection of

hyphae occurs against the jar wall., These hyphae can then be observe

pericdically to check how well they grow. As the remaining inoculum
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is ejected, the syringe is clowly withdrawn. A long zone of inoculation
resclis. The surface of the foil cup is then swabbed with ethanol and
the 1id repleced. ’

Seeds, surfoce sterilized with 30% H202 (Trappe, 1961), are then
germinated on agar. ce seeds have germirated aseptically and their
radicles have grovn to about 1 cm. in length, they may be transferred
T0 the culture jar. The jar 1id is 1ifted and the radicle inserte& into
the hole in the foil cup. The 1id is then replaced. In 2 or 3 days tae
radicle grows into thz substrate ard the hypocotyl beccmes ersct. AL

1

nis point, latex cemunt (sterile by virtue of its solvent, usually

-

5

benzene) is used to seal the hcle around tie seedling stem (fig. 25).
The solveat soon evapora’es, rot harming the szedlinz and leaving a resili-
ent seal arcund the stem. After this, the jar lid is left off per.sanently.

If jars are subsequently kept on 'slcping racks, resting on the side
against which initial inoculum was ejected, the tree roots tend to grow
down tiirough the inoculaticn zorne. Mycorriizae will form against the
giass, and tiaeir development can te followed nicely{

The seedling can be left more or less to its own devices for as ruch
as 6 months, depending. on size of jar and rapidity of transpiration.
Amoﬁﬁt‘of water in.the jar at an& time can be readily estimated by weighing
(tre incrcase of weight of the growing seedling is negligible compared to
total weight of solution and jar). Vhen water content in the jar oveccmes
low, more can be added conveniently from a sterilized supply in a larze
stock jar fitted with a clamped sinhon hose that has a hypgdennic needle
sezled into its cutlet. The foil cup is swabbed with ethanol; the siphon
reecle is flamed and punched through the foil. Nutrient solution may be

added in the same way. The hole is sealed with latex cement.



Figure 24: Inoculating hyphal suspension into suistrate of new apraratus

for pure culture synthesis of mycorrhizae. Fhoto by Wallace Guy.

Figure 25: Applying seal of latex cement around stem of seedling growing
from aseptic mediﬁm in jar for pure culture synthesis of

mycorrhizae. Photo by Wallace Guy.
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Seperheating frem radiction can be a proodlem in cultures itept under
arctificial 1lizght or in a greenhouse. Moreover, ambient air temperature
is communly higher than scil {temperatures at which mycorrhizae normally
Jorm., To minimize radiation heating, the jars can be covered with alﬁmimm
roil, shiny side cut. If ai tomperature is high, cubsirate temperature
can te kept dewa a Jaw dagrecs by covering jars with cheesecloth and
keeping them in a shallow pzan of water. Cf course, controlled teuperature
bathe provide the surest mcans of suétaining a desired sudstratc temperature.

. i
(ne or more of the following features of this fechnicue is advanta-

>

geous over any other methed of purs culture reported heretofore:
(1) Seedling tops are in the open. There is no spatial linitation to
tep growth, no hothouse effect, arnd neither air moisture nor other air

constituents are held at artificial levels,

(2) Substirate zeration is adeguate for normal growth of roots and funsi.

~

[

(3) Several secedlings can be grown in a single jar.

(4) The possibility of contamination is mirimized. A 1 mm. hole is
the only cperning, and that is sealed for all tut a few days.

(5) Seedlings can be grown for long periods. Large jars can be used
for long-term studies. The elastic seal around stems permits expansion.

(6) A large area of substrate is inoculated, inducing faster contact
tetween inoculum and rcots.

(7) VWater and nutrients can be addsd easily with little contamination

(8) Roots can be grown along a glass wall for ready observation.
} (9) Techniques are simple; no umisual or expensive equirent is needed.
(10)¥utriert change cor continucus flow can be used by modifying the

container to provide inlets and cutlets below the cotton pliz.
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Matrient Solutich and Eavironment

Frem study of nutrient soiutions ranging frem 0.25 to 20.0 gas. of

gluccese per liter, Shemakheanova (L960) found tae Snitlus luteus formed

the most mycorrhizae on pirns in lowr lizht intensity when the nutrient
sclution contaited 5.0 gms./l. of glucose, rcgardless of nitrozen and
phospheras leveis. She further determined that levels of N and P best
for mycorrhiza Ifcormation varied with light intensity. At a relatively low

light intensity, S2illus Iutcus formed the most mycorrhizze on pine when

b

P

v and P levels were maintained at about 2 1:1 ratio. Comparable data are
=

not available for Cenococcum, but it was decided to modify Melin's (1939)

solution according to Shemakhanove's experience with Suillus luteus.

rasulis were gratifying. The formmla was:

Glucose 5;0 CEmS.

¥ _HP *

“2"‘Q4 0.25 gus,

<NHQ)2HPQ4 0.125 gms.

CaC12 0.05 grs,

1350, *7H,0 0.15 gms.

Fe-NH, citrate (1% colution) 1.2 ml.
. Thiamin 50 ngm.

&4

‘.20 1 1.

Solution was adjusied to pi4 as recommended by Hacskaylo (1953), -
the pH of vermiculite + nutrient soluticn rising to about 5 during
auntoclaving.

After the hole in the foil cup of a cultur:s jar had been sealed around
the seedling stem with latex ceument, the jar was wrapped in aluminum

foil ard put into a controlled environmeat chamber on racks at a 450
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slopc. The chamber was programued on a cycle of 12 hours of light and
/

: . [0 . A
12 of darirness. Temperature was maintained at 65 F. Light siriking

seedling tops was abcut 700 foot-candles.

Microtechnicus

N~

¥ycorrhizae wefe cleaned with a camel-acir biush and fixed in a nixe-
~ture of chremic acid, glacial acetic zeid, formelin, and ethanol, as
described by Lanslet (1948). Specimens were emoeddsd in paraffin and
sectioned to thicknesses of 4 1o 81. Sections were steired either in
Pieneze III-B (Vaughn, 191%) or 2¢ ferric citrate saturated with orseillin
BB foilowed by 1% crystzl violet in clove oil (Dozk, 1955). The second

rocedure was particularly successful and was used for most slides.

C

Mycorrhiza Formacion

Pinus radizta and Pseudotsuga menziesii var, glauca were used for

synthesls experiments with three different isolates of Cenococcum:

(1) MHe, from above timbexline at 2,000m. clevation on Mt. Eood; (2) LPa,

from a 1,200 m. elevation on Mt. Hood; ard (3) PPb, from a 1,220 m. eleva-
ticn in the pine-desert ecotone of eastern Cregon. The synthesis cultures

were grown for 7 months without addition of water or nutrieats.. Seedlings
rew very well for the first 6 months, after which symptoms of rutrient

deficiency appeared. Mycorrhiza formation against sides of jars. became

o

evident in 4 to 5 months for Pinus and 6 to 7 for Pseudotsuga {fig. 26).

The course of mycorrhiza formation was observed at 120x magnification

of roots adjacent to sides of culiure jars, and by detailed exarination of



Figure 26: Mycorrhiza formed by Conoscccum with Pinus radiata in pure

culture. x6.
L0 sets of serizl sections of mycorrhizae at all stages of develcpment.
The time sequence of formation began with contact between hyphal tips
and noncutinized root.ep:'_Ldemis. Hyphae then penetrated the epiderais.
Concurrent develop:nentl oi‘- Hartig ret, intracellulsar infecticon, and mantle
followed. All isolatcs performed the szme om both host specics.

-

Initial Infection

" Cenococcum infécted noncutinized distal portions of both long and
shoft roots whether or not root hairs were present., When hyphae contacted
noncutinized epidermis of roots, their growth habit changed abruptly i“rom
straight and black to nearly coliorless and ramifying (figure 27). Having

thus changed, hyphal tips soon penetrated the epidermis.'

—~
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Development of Hartig Net

Development of the Hartig net proceeded promplly once the epidermis
was pierced by hyphae. .As the net of one entry court grew, it soon
coale;ced with nets from adjacent points of entry. Meanwhile, radial
growth of the net continued to the endodermis in all mycorrhizae sectioned.

Hartig net hyphae were interwoven and much branched, usually hyaline,
and very thin walled (figs. 28 & 29). They averaged about 21 in diameter,
the individual cells reaching up to 10u in length. Occasionally a limited
portion of some Hartig nets developed hyphae as wide as 5u with fhick. dark
walls. These structures seldom ccatirued beyond the outermost layer of
cortical cells and were usually associated with a massive growth of large,
pseudoparenchymatic cells that filled a space vacated by demise of an
outer cortical cell (fig. 30).

Hartig nets in Several'mjcorrhizae grew a millimeter or more below -
the proximal end of the fungus mantle, scmetimes reaching into the cortex
of the parent long root. This extension was generally confined to the
innermost two layers of cortical cells and was always accompanied by
vigo S intracellular infection (fig. 31). But on cne pine mycorrhiza
it pro&uéed large masses of pseudoparenchyma that grew out to the epidennis.
A1l cortical cells wefe filled and the epidermis was surrounded in some
places, sloughed off in others. 4 ﬁypicai Cenococcum mantle theﬁ formed
on the surface. Judging from the degre; of lignification of the stele of
this :root, it was relatively old. The significance of this type of

formation is not clear.



Figure 27: Initial infection by Cenococcum on root of Pimus radiata. Tips

of the light.colored, ramifying hyphae have peneirated the

noncutinized epidermis. x30.

Figure 28: Cross section through Pscudotsuga mycorrhiza formed by Cenococ-
cum. Hyphae of Hartig net form small cells separat;ngiiarge

- ¢cells of root cortex. x600.

P > 3 .
Figure 29: Plane view of a Cenococcunm Hartig nel separating walls of

two cortical cells. x1340;
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Intracellular Hyphae

Intracellular infection of cortical cells by Cenococcum ?péurred in
all mycorrhizae sectioned. Root cells were penetrated gt sev;ral poihts
from the Eartig net, or, in a few cases, from adjacent infected cells
without an intervening Hartig net. Intracellular hyphae, hyaline and up
to 2.5p in diameter, grew at first adjacent to the imner wall of the
cortical cells. Density of these inner hyphae varied ffumvsparse to
campletely lining the inside of the cell. Growing along the cell wall,
they intermittantly sent piump. knobby, haustg;ium-like hyphae into the
host cell cytoplgsm énd around the nucleus (fig. 32). The greater the
number of "haustoria" within a cell, the smaller was their average diameter.
In cells densely packed with these structures, hyphal diameter averaged
only about 0.8p in diameter. The smaller the diameter of "haustoria,"
the more deeply they stained with crystal violet,

In a few cortical cells these small, densely packed "haustoria"
were in various stages of disintegration, leaving in their wake a deeply
staiging granular mass. The gramlar mass in turn was replaced by an
eveni; opaque material (fig. 33), orange to brown when unstained and deep
violet when stained with crystal violet. This homogeneocus material is
similar to that which Rexhausen (1920) determined by histochemistry to be
tannin(s). An identical granulation followed by formation of hamogeneous
opaque material also occurred in noninfected short and long roots, so
it cannot be ascribed to action of hypﬁae. Moreover, the process is most
advanced in older portions of roots, regardless of degree of infection. It
would therefore seem to be:na normal agihg ﬁfocess that affects intracellular

hyphae as well as the root cell itself,



Figure 30: Cross section of Pinus radiata short root with usnusual infection

by Cenococcum. Quter cells are filled by lafge-celled hyphae,

A typical fungus mantle is missing.

i

x150. .
)2

section below the mantle that covers the root tip. Epidermis

at upper lefi, endodermis at right. x600.

e

i LY { ‘ . ,‘" K. ' » " Sl
o e 4
Figure 32: "Haustoria" growing from hyphal lining of ‘cortex cell. (The

lining hypha rulled away from the cell wall during sectioning.
| x1340, /. ‘
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Figure 33: Cenococcum mycorrhiza. From 1eft‘£o right: fungus mantle,

opaque outer cortex, granulated cortex cell, and cortex

penetrated by hyphae. x330.

Cenococcum, showing radiate growth centers. Compare with

tangential sectiey of fg%frotigm, fig. lé. x330.

‘J‘ : ".

Figure 35: Young Cenococcﬁm"myéorrhiza cross section). Hartig net and

intracellular infection well advanced. Irregular periphery of

mantle indicates it to be incomplete, x150.
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Mantle

Mantle formation began with ramified ’growth of the .first light-colored
hyphze to penetrate the epidenmis_(fig. 27). These were in turn overlain by
dark, thick-walled hyphae, resulting in an unorganized mantle two or three
hyphae thick. Growth centers then appearéd seemingly at random, the hyphae
of one_radiating out over the mantle surface to merge tip-to-tip with
hyphae from another. The resultant mantle tissue forms a distinctive
pattern that in tangeniial section appears as a mosaic of radiate growths
(fig. 34). In cross sectics it presgnts irregularly alternating groups
of hyphae, some sliced transversely,\;fhers longitudinally, and still
others obliquely (fig. 33).

Terms used to describe this pattern have been singularly inappro-
priaté. Melin (192?) described its tangential appearance as "nitformige
strgligheten" (net-form radiations), conveying to the mind!s eye a picture
that is confﬁsing at best. Hatch (1934) termed the cross-sectional
appearance a'palisade" arrénéément, which by classic égfinition it certainly
is not. In a nunbexr of more recent papers it is called pseudoparenchyma, |
apparentl& referring to those hyphal groups that are transversely cut in
sectioning. Agein, this term is inaccurate. Careful study of sections
clearly reveals the hyphal elements, so the marile tissue is prosenchyma.

- Both Hartig nets and intracellular infections had developed extensively
before mantles were completed (fig. 35). But Mikola and Persidsky (1951)
‘ described the course of mycorrhiza formation by Cenococcum to be just the
reverse, i.e., the mantle well formed before the Hartig net started. Their
material was collected fiom seedlings grown in the nursery, so they could

not actually observe the process as was done in my study. Possibly their



55
collections included mantled but uninfected roots as have been reported

by Lindquist (1939) and Pachlewski and Gagalska (1953). Or perhaps Ceno-
coccum mycorrhizae can be formed by more than one sequence of external and

internal kyphal development.

Results Compared with Other Synthesis Experiments

The strong intracellular infection developed in this expe:iment prbves
that Cenococcurp forms ectendotrophic mycorrhizae és well as ectotrophic. .
No synthesis experiments previously reported, either with Cenococcum
(Hatch, 1934; Lihnell, 1942; Mikola, 1948b) or with other fungi (e.g.,
Melin, 1925; Hatch & Hatch, 1934; Modess, 1940) resulted in more than rudi-
mentary intracellular infeétion. Because a new technique was used here,
the reason(s) for this difference cannot be isolated without further experi-
mentation. It is pleasing to note, however, that the synthesized mycor<::
rhizae are identical with many Cenococcum mycorrhizae found in nature in

" the Northwest. . ’
CENCCOCCUM MYCORRHIZAE IN NATURE

In the course of this study, thousands of Cenococcum mycorrhizae have
been observed on the known hosts in Oregoh and Washington. The many samples
received from other parts of North America, Burope and Asia provided supple=
mentary data,

Other fungi form black mycorrhizae, but the only ones similar enough

to Cenococcum to cause confusion are Mmeli@ radicis atrovirens and similar
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fungi. A little experiénce with both types, however, obviates any possi=-
bility of mistake by a perceptive observer. Cenococcum hyphae emerge from
the mycorrhiza at right angles in orderly array, giving an impression of
stiffress and straightness. In contrast, M. r. atrovirens emerges at all
angles, winding about in tangled disarray. FMurthermore, Cenococcum hyphae
always average 4:or more microns in diameter and under high magnification
(x100 or more) with transmitted light are warmly colored in tones of bronze,
Eurgundy, and.pmzxﬂe. M. r. atrovirens, on the other hand, never averages
more than 3.5 in diameter and under high magnification is colored in

pallid grays or browns.

Gross Morphology

After a good many Cenococcum mycorrhizae from a wide variety of hosts
had been examined, a broad morphological pattern was discernable. Hosts
fell into three rather distinct groups based on configuration of their
Cenococcum mycorrhizae (fig. 36):

(1) Mycorrhizae mcnopédial or occasionally branched. Often the mantle
covers 6n1y the tip of the root. Hos%s have both ectotrophic and endo-
trophic mycorrhizae, the latter often predominating. Short-root diameters
average around 0.25 mm. Species in the Salicaceae, Betulaceze (except
Corylus spp.), and ectotrophic genera of Rosaceae comprise this group.

(2) Mycbrrhizae monopodial, dichotomous, or occasionally irregularly
branched. Mantles usually cover all the short root. Hosts rarely form
endotrophic mycorrhizae. Short-root diameters range from about 0.35 to

1.0 mm., averaging around 0.5 mm. All species of Pinus fall in this group.
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(3) Mycorrhizée various~-monopcdial, racemose, irregularly branched,
long or shoft. Mantles usually cover all or most of the short root. Some
species form endotrophic mycorrhizae, but ectotrophic ones usually prevail.
Deperding on host species, short-root diameters range from 0.2 to 1.0 mm,
and average from 0.3 to 0.6 mnm. Ihis'group contains all species in the
thaceaé and Pinaceae (except Pirus spp.) plus the gemus Corylus.

One can do little more than state that these groups of species differ
in configuration of their Cenococcum mycorrhizae, bepause virtually no
knowledge on comparative physiology of mycorrhiza formation has been
developed. Environment and concomitznt physiological effects on the host
may also influence the form assumed by mycorrhizae. Pachlewski and Pach-
lewska (1961) found that Cenococcum mycorrhizae of pine were either simple
or dichotomous in two biotypes but showed a great variety of forms in the
third.

Anatomy

Series of sections of 95 Cenococcum mycorrhizae were studied in detail
to deternine the range of variability. Host species, according to the
three morphological groups previously defined, were:

Group 1l: Populus trichocarpa, Cercocarpus ledifolius.

Group 2: Pimus contorta, P. ponderosa, P. albicaulis, P. lambertiana,

~ P. monticola.

Group-3: Abies amabilis, A. grandis, A. lasiocarpa, Picea sitchensis.

N ' Pscudotsuga menziesii vars. menziesii and glauca, Tsuga

heteropgylla, T, mertensiana, Castanorsis chrysophylla,

Quercus garrayana.
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Figure 36: Morphological forms of Cenococcum mycorrhizae.
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Figure 37: Cenococcum mycorrhiza of Cercocarpus ledifolius {cross section).

Hartig nct extends only to the third outer tier of coxrtical

cells and intracellular penetration is nil. x2150.

The Cenococcra mycorrhizae of gre.p 1 specigs showed oty faxr the least
subepidermal infection (fig. 37). Their mantles avercged only i5 p in
thickness, much thinner than in groups 2 and 3. The Hartig net was never
deeper than the taird le; > of cortical cslls. Intracellular penetration
was sparse ard only in occasional cells. This agrees well with observa-

tions by cthers of Cenococcum mycorrhizae on hosts that have pronounced

endciie dhic tendency-~Sortus, Porulus, ard Ribes species (Dominik and
_ —_— . ‘
Pachlewski, 1955; Lominik, 1957 ard 1958b). NMoreover, Cenococcum infection

is wezk on hosts that normally are completely encoirophic--Galiwi, Dryop-

teris, and Lactuca species (Dominik and Pachlewski, 1956; Boullard and
Poninik, 1960). Apparently, the physiological factors that permit endo-
trophic infection of a host also erect or zre acccmpanied by erection of
barriers to strong penetration by Cenococcun.

Mycorrhiza anatormy of hosts in groun 2 is similar to that of group
3 (fizs. 3B and 39). Mantles range in thickness from 8 to 60p, most averae

ging between 20 and 30. Mantle thickness at a single cross seciion varies

substantially: a specimen ¢f Pinus larkertiana ranged from 15 to 4<u.
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These observations@ére comparable to previous experience (Hatch, 1934;
Mikola, 1948a; Ferreira dos Santos, 1951; Pachlewski, 1553; and others).
Regardless c¢f the time of collection, most of my material from groups 2
and 3 showed a Hartig net extending to the innermost layer of cortical
cells and stroné intracellular infection thrcughcut the cortex., Structure
was identical to that forme& in bure culture synthesis--ectendotrophic.
Often all tut the inner- 2 or 3 layers cgf cortical cells had become
filled-with opaque material, and in a few cases all cortical cells were
filled (fig. 40).

In 2 Cenococcunm mycorrhizae of Piaus lambertiana, hyphae penetrated

between endocdermal cells and formed "haustoria' inside pholem cells.

In both cases the xylem was strongly liznified, suggesting that the
roots were relatively old. Intracellular infection was rife throughout
the cortex, and ocuter cortical cells wé!% crushed and dead. Pallid

hyphae of the Mycelium radicis atrovirens type wound sparsely over the

surface of the Cenococcum mantle in both cases. Melin (1927) noted a

similar infection on long roots of Pirus sylvestris. Pachlewski (1953),

too, noted steles of Cenococcum mycorrhizae on Larix sp. to be infected,

though rarely.

Regrowth of Mycorrhiza Tips

Tips of Cenccoccum mycorrhizae frequently break dormancy and resume
growth (fig. 41). As meristematic cells divide and expand, the new tip
bursts through the fungus mantle, which splits cleanly and is pushed -aside
in flaps. The young root tip is infected anew with a mycorrhizal fungus,

most often Cenococcum. This infection comes from outside rather than up
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Figure 38: Ceaococcum rycorrkiza of Piaus contcrta (cross section).

Hartig net extends to the endcdermis arnd most cells kave scme

intracellular infection in the cortex. x150.

Figure 39: Cenococcum mycorrhiza of Pinus ccntorta (cross-section).
Similar infection as shown in fig, 38 but on larger short

root and with thicker mantle, x150.

Figure 40: Canc.occum myycorrhiza of Pinus lambertiana (cro:zs section).

Muter cells of cortex cruched and cpaque. Inner cells a1l

with some hyrhal penetration. x150.
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Figure 41: Cenoccccum riycorrhiza of Pinus contertta thet has burst its

mantle 3 times and been agaia covered afier regrowth. Cortex

of older pert has oeea crushed. x25.

thrcugh the cortex of the older p riion of the mycorrhizz, because he
cortex is discentiruous. New cortcx is separated frem old by several layers
of crushed, dead rootcap cells between which no hyphee ray be seen. At the
junctars of old tip and new, the mycorrhiza is constricted. This stricture
iz usually covered subscquently by fungal rantlc. Regrowth may happen six
or more times‘on a single myccrrhiza, giving it an elongate "necklace!

appearaice.

Tre Net Effect of Cznococcrm on its Hosts

Farasitism cy Cenococcum

Certein forms of Cznococcum infection have been‘interpréted as para-
sitic by Lindquist (1937, 1939), Mikola (1943a), and Dominik and Pachlewski
(1955). In each case the conclusion was based on anatamy of infection.
Cenococcum mzay indeed override the bcunds of symbiosis on occasien,

tat those authors have nct established that the anatcay observed indeed



Figure 42: Intracellular infection by 2 fungi in a Cenccoccum mycorrhiza.
Cenocccecum hyphae in lower cells, larger and darker iyphae of

another fungus in upper.cell. x€00.

irdicates arasitism. Nor is it surc whetl.er the fungzus causcd the condi-
tion or just followed some othor disturtance to the root.

Several things musi be ruremvered when one enccanters a Cenococcun
mycerrniza in which, judging fros its auctomy, the fungus aprears to be
parasitic. First, Qgpocoécum is often accompanied by other fungi (fig.

42). Foremost among the associate fungi is Mycelium radicis atrevirens,

kaown from pure culture synthesis to have parasitic ability (Melin, 1923).
In my attempts to isolate Cenococcun from mycorrhizae, over half the
cultures yielded . r. atrovirens. Hatch (1934) ard }BEEQ and Truszkowska
(1958) had similar results. Rayner and Neilson-Jones (1944) report an

attack by M. r. atrovirens on Cerucoccum mycorrhizas which were thereby

transforned into pseudomycorrhizae. Some of the "parasitic" records of
Cenococcum, therefore, may actually be attacks by other fungi.

Second, the Cenococcum mantle is exceedingly resistant to ~ecay.
I have found Cenococcum myco-rhizae on roots of Pseudotsuza stumps .hat had

—————

begn cut 3 years before. IPantles and outgrown hyphae were intact, tut a
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light squeeze collapsed thé structure. Root tissue inside was completely
disintegrated. Tas, Cenococcum mycorrhizae which are dying from completely
normal causes may contain necrotic tissue.. Conceivably, the fungus could
invade moritind tissue as a saprophyte.

Third, Cenococcum is capaole of strong intracellular infection
suggestive of parasitism. Indeed, the term "haustorium® is by definition
an absoroing organ of a parasite (Snell and Dick, 1957). ZEut there is no
evidence whatever that intracellular infection in this case is detrimental
to the hose. Bjbrkman (194%%, p. 10) candidly recognizes the lack of
evidence by stating that a parasitic tendency "may well be imagined" for
a mycorrhizal fungus that penetrates cortical celis. 'Strong intracellular
infection in mycorrhizae could just as well be a structure that results
in more efficient mutual exchange between host and fungus.

Late in the 19th century a debate raged on whether ectotrophism was a
pathogenic or'symbioﬁiq‘phenomenon. At that time the aréuments hinged on
anatomy. Not until host response to ectotrophic infeciion was conclusively
demonstrated to be beneficial was the questioq/answered. We now face the
same question atout Cenococcum in respect to intracellular infections.
Until the host response is unequivocally demonstrated, no solution cén be
offered. Meanwhile, the evidence at hand indicates that Cenococcum infec-

tion is on the whole very favorable to the host.



sitchensis, Censcoccum forms rearly all thelr mycorrhizae.

1

Benafits to FEosts from Tenococcunm

*9

Perhaps the mest impressive evideace that Cenncecccum favorably

% . . .
affects growth and survival ol its hests Lo seen in the Pinus contorti--

Picez sitchensis stands grewing on sand dunes along the Oregon coast (fig.

43). Thaese dunes are very low in fertility and water-holdinz capacity.
Trees coul@ hardly survive there if the Ceaoccccum that forms nearly all
their mycérrhizae in the dunes were not benefizial. ominik (1957, 1953b,
1961) records several analogous circumstances in whicﬁ he telieves that
the host survives only by virtue of its Cenococcun infecticn.

" Cenococcum can stimmlate seedling growth comparably to other mycor-

‘rhizal furgi (Shemakhanove, 1961). Pure cultures of it, Suillus bovinus,

nd Suillns luteus were added to soils in which seedlings of Pirus sylves-

vestris and Quercus roour were planted at five widely scperated locations

in the Soviet Union. Growth of seedlings trzated with Cenoccccum cullures
g xehosc.cun



Fimure 44: Cenococcunm hypha, growing cut frem mycorrhiza mantie, connecte

soil with mycorrhiza's translocation system. x€030.

was enhcnced over controls as much or more as with the twe Suilli, parti-

cularly ¢

3

sanly soils.

The specific reasors for erhancement of host growta and wellbeing
by Cenococcunm have recelved little study, but sore goud hypctheses can be
made. Assuming the’ the hyphae absord auirients and water that are trans-
located %o the hest (as deionstrated for ¢.ner fungi by Mzlin and Nilsson,
1958 and c:rlger p-oers), Cenococcun infoction greatly increases absorbing
surfece of -the host (fiz. Lg&. I have traced hyphae from myccrrhizae in pure
culture syntheses as far as 6 em. thrcugh the substrate. Many of these
2use with other Cenoccccur hyohae not direcil’ coanected with the IiyCOr=
rhiza. Thus the entirs hyphal system becomes interconnected. Morecver,
sample counts show that fron 200 to cver 2,000 hyphae emerge from most
Cenocnccum mycorrhizae. Even if oaly a part of the length of these hyphae
actively absorbs material from soil, the exficiency of the absorbirgsystem

is increased by astonishing amcunis. A large soil mass can be topped

instead of just that part actually contacting the root.
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C;nococcum-produced biochemicals undoubtedly affect growth of hosts.
Extracts from Csnococcum cultures stimulated height growth, needle growth,
long root lenzth, number of short roots, ard total root weight of Picea
abies seedlings (Lindéuist, 1939), and seed germination and seedling top

growth of Pimus sylvestris (Shemaiianova, 1957). On. of the active growth

promoters produced by one isolate of Cenccoccum: was panﬁothenic acid
(Shemakhanova, 1957), a vitamin believed to stimuiafe growth of host
plants in legume~-Rhizobium symbiosis (McBurney et al, 1935; Ratner and
Dobrokhotova, 1958).

Summiﬁg up, two areas of evidence speak for a general ‘bereficence to
the host by Cenococcum infection. First, it commonly predominates on hosts
that are healthy even though growing in adverse coﬁditions. Second, the
experinental work to date has always resulted in a positive host respons;
to Cenococcum or its extracts. The possibility stil;?exists that mycor-

rhizal fungi, including Cenococcum, can be deleterious to hosts in certain

¢ircumstances. In the casé of Cenococcum this has yet to be demonstrated.



AUTECOLCGY OF CENOCOCCUM

PIONEERING ABILITY

Cenococcum is not only widespread but also is common in iscolated
areas, o;g.. islands, mountains surrocunded by desexrts, and cinder pockets
in large lava fiélds. Furthermore, it often is among the first nycorrhizal
fungi to invade newly formed soils on which ectotrophic hosts beccae estab-
lished. Many new sdils--sand duncc; glacial moraines; volcanic ash, cinders
and pumice--are initially devoid of organic matter and present an inhos-
pitable habitat for mycorrhizal fungi. Indeed, most mycorrhizal fungi
would seem unable to survive ia these environments until a Suitable host
provides a root system to sustain their carbohydrate wantis.

In ccases like this, Cenococcum is often the first ectotrophic fungus
to form mycorrhizae with the host and sometimes retains full possession of
its mycorrhizal system for many years. OQregoa and Washington provide many

examples of pioneering by Cenococcum. Pinus contorta iS often the first

conifer to invade sand flats and dunes along the Oregon seacoast (fig. 43).
Nearly all the mycorrhizae on these trees are formed initially by Cenococw
cum, which predeminates thereafter for an indefinitely long period. A}
contrasting site, above timberline in the northern Cascade Mountainslsf
Washington, presents an analogous situation. Receding élaciers have exposed
many acres of soil newly ground from bedrock. Ectotrophic hosts invade
these moraines within a decade or so after retreat of the ice overburden.

In some cases, e.g., on moraine of a glacial remnant on the south slope of

North Star Mountain in Chelan County, Cenococcum predominates on roots of

the scattered, dwarfed Larix lyalli and Pinus albicaulis.

Piorneering by Cenococcum has been noted in other severe habitats.

Dominik (1961) observed it to prevail initially on roots of Pinus sylvestris
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and other species growing in crannies on sun-scorched cliffs. After a
tree became well established and accumulated some humus around its base,
other fungi followed to form mycorrhizae. Wright and Tarrant (1958)

- reported Cenococcum mycorrhizae to predominate on Pseudotsuga menziesii

seedlings established on patches of severely turned soil of slash-bumedh
clearcuts. An unusual example of pioneering by Cenococcum is recorded
by Frydman (1957), who found it forming mycorrhizae along with other

fungi on Befula #ermcosa, B. alba, Populus tremula, and P. nigra which

had invaded "soil" formed from brick and mortar rubble of World War II.
Cenococcum can also invade field soils rapidly (Dominik,‘l958b).

That Cenococcum invades not only by growth through soil is clear
from its ready ability to jump barriers. The coastal dunes exemplify this,
but even more strikingly do the ash-and-cinder pockets in lava fiows of the
Cascade Mountains and eastern Oregon (fig. 45). Many of these flows are
less than 2 millennia old (e.g., at McKenzie Pass, Lava Butte, and Mount
St. Helens). The cinder pockets may be separated by several hundred feet
of bére basalt; yet the plants growing on them often have Cenococcum

mycorrhizae.
MEANS QF DISPERSAL

The ability of Cenococcum hyphae to resist drought plus the common
occurrance of viakle fragnents of similar hyphae in the air (Pady and
Kramer, 1961) point to wind trans;:"ort of hyphae as probably the most usual
. ineanis of disbersal. Hyphae may be exposed to wind pickup by any soil dis-
turbance--earth sl.‘ude', erosion, animal burrowing, windthrowing of trees.

But a more unique and dependable means of exposure is also utilized by

4



Figure 45: Cinder cone and lava beds of eastern Oregoa. C.nococcum has

jumped long stretches of bare basalt to beccie a mycor-hiza

former in the tree islands. U. S. Forest Service photo.
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Cenococcum: every spring and autumn masses of its hyphae and sclerotia are
lifted by ccuntless numbersvon caps of mushrooms}l It most often is lifted
on mushrooms with rough or viscid caps, such as species of Suillus,

Corphidius, Amanita, and Cantharellns. But even smooth and dry-capped

species such as Mycera expose Cznococcum to air transport by overturning
clurps of humus.

Other agents, though iess pervading than air movement, may also be
effective. wﬁter flow undoubtedly serves to distribute Cenccecenm., Small
mammals are known to eat variocus soil fungi (Whitaker, 1962); and Cenococcum,
with a high fat content, could well be palatagle to some., Miller (1879)
found Cenococcum in guts and excrement of earthworms and larvae of insects,

the hyphae seemingly unharmed by the digestive process.

SAPROPHYTIC ABILITY

The nost obvious evidence of saprophytism by Cenococcum is its growth
in pufe culture. It dbes grow, though slowly, on some of the camplex
carbohydrates found in humus, and it utilizes nitrogen in a variety of
forms. Further, it is relatively resistant -to many antagonistic and anti-
biotic compounds (cf. pp. 35 to 37). PBut it has never been reported in
nac.re in 2 situation where it was unaﬁbiguously saprophytic. Ferdinandsen
and Winge (1925) found it growing amongst stems and rhizoids of mosses in(?
location that precluded ectotrophic symbiosis. It even here a 'rhizoid- |
osphere" effect and even some type of symbiosis with the moss was possikle.
Domar’ski and Dzigciolowski (1955) believed they had isolated.Cenococcum

sp." frem advanced heart rot of roots and trunks of Pimus sylvestris., But

this is highly questionable, because Cenococcum's slow growth.in culture
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precludes its detection in wood block, soil plate, or dilution mecthods;
other fungi generally overrun a culture before Cenococcum starts growth.

at present, its occurrence in nature as a pure saprophyte remains prob-

laratical.
SOIL MOISTURE

Cenccocium has gained particular renown for drought resistance.
Eatch (19375 and Mikola (1955) found that thorough air-drying eliminated
nearly all mycorrhizal fungi except Ceaococcum from soil and hurus. More-
over, Cenococcum can actively grow and form mycorrhizae better than many
fungi under relatively dry conditions (Worley and Hacskaylo, 1959).

In the Pacific Northwest Cenccoccum predcminates on a variety of
droughty sites (figs. 43 to 46). Coastal dunes in Oregon have only minute

water-holding capacity. “Mycorrhizae of the Pinus contorta and Picea

sitchensis growing on them are nearly all formed by Cenococcum; dunes on
the Baltic coast gre similar in this respect (Dominik and Pachlewski, 1955).
Shallow cinder pockets on lava beds in eastern Oregon--for example, at

Lava Butte, where precipitation is less than 20 in. per year--support

stunted Pinus contorta, Pinus ponderosa, and Populus tremuloides whose

mycorrhizae are formed predominantly with Cenococcun.,
Abrupt microsite changes provide striking illustrations of the rela-
tion between soil moisture and frequency of Cenococcum mycorrhizae.

Mycorrhizae of three old-growth Pinus ponderosa were sampled in an open

stand in eastern Oregon about 5 miles from the pine-desert ecotone, west
of Fort Rock. Precipitation at this site averages less than 20 in. per

year. Samples were taken at intervals of 1 meter along each of thres
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Figure 46: Pinus ponderosa at edge of eastern Oregon's desert. Over

hal? of the mycorrhizae sampled frcm this tree were formed

by Cenococcun.

transects, beginning at the stem of each tree and extending 3 meters beyond
the crown drip line. Samples included Ao ;gq A1 soil horizons and contained
from 25 to 75 mycorrhizae each. Percentage of Cenococcum mycorrhizae was
determined by exemination with a low-power stereomicroscope in the field.
Although sampling was done early in Mzy, 1959, soil undexr the trees crouns
wes dry (it was moist in the open). Dryness under crcwns was probably due
both tc interception of precipitation by crowns and to intensi.ied absorp-
tica of soil moisture by the concantration of roots near the stems. The
abrupt decrease in proportion of Cenococcun mycdrrhizae from under the
crovn to out in the open, as shown in table 1, is undoubtedly dve in large
part to differences in moisture regime,

In contrast to droughty sites, Cznccoccum generally forms a low pro-

portion of the mycorrhizae in moist sites so long as other environmental
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factors are nct extreme. High quality sites for Tsuga heterophylla and

Picea sitchensis, whose soil rarely dries, are located within a mile of

'the sanﬁ dunes previouély mentioned. Yet, less than one percent of the
mycorrhizae examined there were formed by Cenccoccum. Similarly, most of
tha better sites examine! in tkz lower Willamette Valley and the Puget
Sound rogion have & relatively low proportion of Cenococcum mycorrhizae.
Cenococcun mycorrhizae sometimes predcminéte in soils that are satu-
rated much of thc year. The Wickiup soil series of eastern Cregon, on

which Pinus contoria is climex (Youngberg and Dyrness, 1959), exemplifies

this. Its'water table, permanent in many places at a depth of 60 cm. or
less, often rises to within 30 cm. of the surface after the onset of
autumn rains. Many places become ponded durii.g spring srouwmelt. Cenccoc=-
cum mycorrhizae were common in all of many samples of this soil examined
in the ficld. Sclerotia were often found in late summer at the low water
table line.

Cenococcum was discovered to form. typiczl mycorrhizae in severai
other wet soils. In each caze, mycorrhizac were sectioned to determine if
Cenococcun was indeed the fungus involved and if the mycorrhizae were normal.
(1) At Bagle Springs near Pringle Falls E:pcrimental Forest, several Ceno-

coccum mycorrhizae were found on Populus tremuloides growing in a creek

channel, the soil being saturated as—a rule for at least 3 months of the

year. (2) A sample of Tsuga heterophylla roots from a half-bog soil on

Baranof Island, Alaska, contained mycorrhizae, about half of which were

formed by Cenococcum. (3) A sample of Pinus elliottii roots from a Florida

pond site, dry at time of collection but usually covered by about 6 inches
of water, had 25 percent Cenococcum mycorrhizae. In addition, Cenococcunm

hyphae were noted on short roots of Taxodium ascendens included with the
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sample. Mikola (1948) found a birch seedling in a swampy forest that had
30 percent of its sheort roots mycorrhizal by Cenococcum, the rest pseudomy=-
corrhizal. It is pertinent to note that normal ectotrophic mycorrhizae
can occur below the permanent water table. Tais was proven by McQuilken
(1935) and reaffimmed by Wojciechewska (1960). |

In summation, Cenococcum has been found over the gamut of moisture
regimes that support suitable hosts. It becomes prédominant where low
soil moisturce is limiting all or a gocd part of the ;ear and sczetimes
where drainage is poor. Eetween these exiremes it may be abundant or

scarce,
SOIL AERATION

The ability of Cenococcum to grow and form mycorrhizae in both dry and
wet soils suggests a wide tolerance to conditions of aeration. That some
isolates ygrow well submergec or in tigatly capped cultures confirms this.
Additional evidence is provided by data on the depth of its occurrence.

Mycorrhizae are concentrzted in the uppermost soil layers. Because
of this, as well as the difficulty of studying roots deep in the soil, few
data are available for depths greater than a few decimeters. To date,
Cenococcum mycorrhizae have been reported from depths of 1.8 m. (Werlich
and Lyr, 1957) and 1.25 m. (Sirén and Bergman, 1951). In the latter case,
10 out of 14 successful isclutions of :ycorirhizal fungi yielded Cenococcum.
These, however, by no meazns indicate the greatest depth at which Cenococcum
can grow. Study of roots in a borrow pit in coarse pumice soil in Crater

Lake National Park revealed Pimus contcrtia mycorrhizae (albeit few) at a

depth of 4 meters. Four of these were formed by Cenococcum. At a depth of

3 meters, Cenococcum mycorrhizae were common. This soil, being coarse in
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texture, is no doubt exceptional. By way of contrast, Pseudotsuga roots
were examined in excavations on a hillside above the Tualatin Valley near
Portland, Oregen. This soil was a mottled clay with iron concretions,
derived from basalt. The deepest long roots wers fourd at 3 meters; the
deepest mycorrhizae at about 1% meters; (ne of atout 20 myceorrhizae found
at this depth was formed by Cenococcum, About a fourth of the mycorrhizae
in the Ao horizon were Cenococcum-formed.

No doubt Cerococcum generally flourishes best in well-aerated soil,
Bat it can occupy peorly aerated locaticons and successfully form normal

mycorrhizae.
SOIL TEMPERATURE

As pointed out above, Cenoccccun frequently predominates on hot, dry
sites, c.g., the pine-desart ecotone and cincdcr pockets in lava beds of
eastern Oregon. To succeed on such sites it must withstend unusually hizh
soil temperatures as well as drouczhz.

In contrast, it also prevails in relatively cold soils. Several scouples
supplied from above thne Arctic Circle in central Alaska all contained an
atundance of Cenococcum mycorrhizae and sclerotia, The sample from farthest
North was collected from over permafrost at N. 68045' latitude along the ﬂ
Firth River at an elevation of 600 m. It included many mycorrhiz:.e of

Picea glauca, about half of which were fommed by Cenococcum. The soil of

this sample cortained an estimated 50 scierotia poer ml.! Lindquist (1937)
found- Cenococcum to be common in northern Sweden where soil remained frozea
into midsummer and rarely reached 20°c.

Cenococcum frequently predominates on mycorrhizae of alpine hosts in

the Cascade Mountains of Washington and Oregon (fig. 47). 4n extreme
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example of this was found on the upper southwest slope of Mount Scott

in Crater Leke Naticnasl Park. A stand of "krummholz! Pirus albicaulis,

Abies lasiocarna, and Tsuga mertensiant occupy the coarse, pumice soil of

this slope. Betwcen the 2,500 m. level and the surmit at 2,724 m. root

samples from 40 Pims, 10 Abies, and 10 Tsuga trees were exanined. Ninety-

five pexrcent of the mycorrhizae were formed by Cenococcum on all three
species. .A hundred meters lower in more sheltered areas, the proportion of
Cenococcunm mycorrhizae was lcss than half. This slope, facing prevailing
storm winds, p:obably is swept free of sncw during much freezing weather,
It would be subject both to unusual cooling and, at least in same summers,
drcughz;

As was the case with soil moisture, Cenccoccum 1is most common wiere
soil temperatures reach the extiremes. If other factors are not limiting,
the proportion of Cenococcum mycorrhizae is lower, the more moderate the

site.

SOIL ACIDITY

Bzcause of its common occurience in mor humus, especially that of

Fagus and Picea, Cenococcum has gained a reputation as an acidephile

(Ferdinandsen and Winge, 1925; Mikola, 1948b; Xreisel, 1957; and others).
In truth, it frequents very acid soils, and isclates tested in pure culture
grow best in acid media (Mikola, 1948b). But, as obtains for most envi-
ronmental factors, it possesses wide amplitude of tolerance and can be
found r.ear both extremes. Here are some examples of pH's of soil samples
containing an atundance of Cenococcum hyphae, sclerotia, and mycorrhizae
(Numbers refer to locations listied in appeadix I): 3.4 (#66), 4.4 (#64),

4.6 (#42), 5.2 (#45), 5.7 (#26), 6.0 (#65), 6.1 (#50), 7.0 (#23), 7.3 (#52),
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Figure 47: The highest shrubs of Pinus albicaulis, straggling up the

ridges above timberline on Mt. Hood, have a majcrity of their

mycorrhizae formed by Cenococcum., U. S. Forest Service photo.
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and 7.5 (#11). Xreisel (1957z2) failed to find Cenococcum on several cal-
caresus soils in Germany, but its absence there must be att;ibuted to other
featurss than alkzliunity per se--Dominil:, Nespiak and Pach1:§§§5 (1954b)
discovered Cerococcum mycorrhizae on several hosts species growing on
limesteone soils in Poland, and the brick and mortar rubble on which it

was found by Frydmar (1957) had a pH between 6 ard 7.
HOST FACTORS

Cenococcum apparently can form mycorrhizae with all ectotrophic hests,
but it is more frequent cn some species than others. Available data are
completely iradequate to explain cauces for this. It could relate to
piysiology of hosts, microsite differences asscciated with hosts, dif-
ferences in numders and kinds ¢f ddapeting rhizosphere organisms between
hests, etc. From extensive, cbservations in the Pacific Northwest, a
generalized impression of frequency of Cenccoccun infection can be summed

up for sevcral genera.of hosts, other things being equal: Abies = Pic:ca =

Pseudotsuga = Touga ) Pinus = Larix = Quercus = Corylus = Lithocarpus =

Castancpsis = Betula ) Populu: = Salix ) Rosa % flnus.

Experiments have shown that Cenococcum forms mycorrhizae more readily
than various other fungi when the host is subjected to factors that reduce
root carbohydrate reserves--low light intensity, adequate nitrogen and phos-
phorus (Bjbrkman, 1942; Mikola, 1948b; Harley and Waid, 1955). Presumably,
then, shading of the host would give Cenococcum an advantage in infecting
the root system, other things being equal. Eut other things rarely seem to
be egual in the Pacific Northwest, for no striking examples of heavily

shaded trees having a markedly higher proportion of Cenococcum mycorrhizae



82

than their well-lighted neighbors have beén seen. Literature reports of
shade influeneing proportion of Cenocecccum mycorrhizae (e.g., Lindquist,
1637; Aleskovsky, 195%; Dominik and Pachlewski, 1955) are counterbalanced
by instances whefe it does not (e.g., Pachlewski, 1953; Dominik, 1957 aad
1958). Cemprehensive studies in Poland provide stirong evidence that many
factors in the biocoenose combing to affect aggressiveness of infection
by Cenococcum and that effects of light on the host are often overriddeg
by other factors (see references by Deminik, Pachlewski, etc.).

No doubt physiological activity of the hest other than carboh&drate
production and translocation plcys an important role in mycorrhiza forma-
tion by Cenogoccum. The fungus does, for example, give positive response
to thiamin in pure culture (Mikcla, 1948b). Melin (1953) demonstrafed
that it weculd form mycorrhizae on excised roots even though abundant carbo-
hydrate was available to it from the medium, suggesting that a root;produced

growth substance induced infection. it at present the various host-

originated stimli to mycorrhiza infection are little understood.
DISCISSION

So little is known about the soil m;croenvironment and the intricate
bioclogical battles waged therein, that fine details of Cenococcui's auteco-
lozy are blurred. 2Zut two clear facts have encrged. First, altaough Cenoc-
cum occurs on virtually all sites inhabited by its hosts in the Northwest,
frequency of its mycorrhizae increases as one or more site factors become
increasingly limiting. Only when such limitction becomes extreme does
Cerococcum dominate mycorrhiza formation of a site. The conclusion is

inescapable that because Ccnococcum oucreaches other mycorrhizal fungi in
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tolcrance to extremes of heat, cold, or drought it dominates in such envi-
ronments by default. Second, Cenccoccum does occur on extremely good

sites with moderate physical'environments and forams mycorrhizae there,
2lbeit relatively infrequently compared to other fungi. EBecause thereis no
reason to believe that Cenccoccum cannot do relatively better ia good envi-
romments than in pcor, &ad because there is no evidence that it is inhibi-
ted by other organisms, its languid participaticn in mycorrhizal systems

on the betier sites apparently results from relatively low aggressiveness.



INHERENT VARIATICN IN CENOCCOCUI

Cenococern's remarkable tclerance to site conditions and the diversity
of iis ectotrophic Losts raises a most interasting question: is the species
separated into a largs number of genotypes, each adapnted tp rather specific
environment,'of'do its genotypes possiss broad adaptability? 7This point
bears on use of Cernccoccum as inoculum in nurseries, If its genotypes are
narrow in environmentzl tolerance or in ability to infect diverse hosts, it
holds no advantage over many otiaer ectotrophic fungi.

To gain insight into physiologic variation of Cenococcum, isolates
were obtaincd fraom three widely differing habitats: (1) a "krummholz" island

of Tsuga mertensiana above timberline on Mount Hood-~the seven isolates are

designated "MHa" thiough “Mig"; (2) a aixed stard of Pinus conterta, Ables

amabilis, and Psaudotsusa menziecil at mid-elevation on Mount Hood--the
seven isolates are designated YLPa® through "LPg"; (3) an open stand of

Pims ponderosa growing on the dry pumice plains of centiral Oregon-~the

eight isolates are desiznated “PPa" thro:gh "PPh." An additional source,

the cozstal fog belt, was orig%gflly planned for inclusion in the study,

o,
am o gl "r\;'.

but isolaticn attempts yielded only ohe sttcess out of Zobffies;' This
single isoclate was included in all experiments, t careful study of its
morpaology in culture, meanwhile, lead ©to the conclusion that it was not
Cer.ccoccun., Coﬁsequently, it will not be d;scussed further. Scoil samples
collected for analysis and for obtzining sclerotia were from the A° hori-

zon at eacn habitat.
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DESCRIPTICN OF ISCLATE PROVEJANCES
Alpine Habitat (MH)

The 2lpine habitet is situated at 45°21' N. lat., 121°42'W. lcng. on
the sout slope of Mouat Heod at an elevation of 2,000 m., about 70 m. in
eievation above tirderline. Thiriecen-year records fram a U. S. Weather
Bureau station at Timberline Lod;e, about a half mile distant frcm the site
of collection, show an everage anmual temperatire of about 4°C, Tae high
temperature of the year averages 289 1ow -18% There are no frosi-froce
pericds, but monthly average temperatures exceed freezing from April through
November. Precipitetion records are incecaplete, tut annual total is esti-
rated at well over 250 cm. The larger portion of this is snow.

The soil from which sclerotia were collected was a 6-inch layer of
volecanic ash overlain by raw humis. Tais ash was probably deposited about
1800 A. D. (Lawrence, 1948) and is now permeated with roots, alive and
dead. 4Analysis showed it to be deficient in potassium but otherwise
reasonably fertile (see tuble 2). Cenococzum formed about 75% of the

mycorraizae in the spots samplcd.

Mid-elevation, Mount Hood (LP) .

" This habitat is located at an elevation of 1,220 m., abcut 3 miles
southwest of the alpine habitat and 7380m. lower in elevation, at N. 450
18' lat., 121°45' W. long. ‘The aspect is southwest. Seveneyear U. S.
Weather Bureau measurements taken a half mile away (CGovernment Camp Station)

show armial texperatures’ to average about 6°C., with an avérage high of the
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year of 32° and a lov of -18°, July and August are usually frost free.
Precipitation averazes about 225 cm. annualiy, with an average of 2.5 cri.
in July, 5 in fAuzust, and more than 10 in all cther meaths. Over half of
this is prebadly in sznow.

Tre stand of Pimus contciil, Psevdotsuga menziesil, ard Abies emabilis

frem which sclerotia wers collected is growinz on a soil of volcanic

origixn, prortably alluvium frem a large mud flow thought to have nlunzed from
neér the summit of Mount Hood some 1,700 years ago (Lawrence & lawrence,
1959). Soil from this habitat was nct analyzed, because the isolates were
not driginally inteaded for inclusica in the cxperimentis. Zi:e pH was

4.8. About 50¢ of the mycorrhizae collected here were formed by Cenococcum.

Diy Pumice Plains, Centrel Oregon (PP)

Situated at 43°20' N. lat., 121°10' W. long. and an elevation of 1,500
m;, this habitat is sudject %o a dry, continental climatc, U. S. Veather
Bureau records (Framont Station) from 4 miles to the east show an average
temperature of abcut 6°C., based on 21 yeurs" data, with an average high of
the year of 36° and a low of -28°., There are no frost-free pericds. Forty-
six years of precipitation measurements average to an annual fall of 26 cm.
Over half of this is usually snow between November and February. Seven
months of the year average less than 2.5 cm. in precipitation.

Soil in this habitat is gumice, showered over the area several thousand
years ago from the great Cascade volcanoes to the West., It has a relatively
high content of exchangeable cations tut is extrcmely low in nitrogen and
organic matter (table 2). Soil moisture is limiting--this habitat is near
the desert edge of the ponderosa pine-desert ecotoae. Canococcum formed

about half of the mycorrhizae exanined.
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HOST SPzCIFICITY IN CENCCCCCUM

To deterine whetheir host specificiiy existed in the iso.at:s, cue of
exch provesance was chosen for pure culture syatheses, as described earlier.

Pseudotsr=a meaziesii var. glonca and Pimus radiata served as hosts, giving

2 total of six ceombirations:

(1) P. menzliesii x Cenococcum MEe from alpine habitat about 70C m.

higher then the highest native Pseudotsuga,

() 2. menziesii x Cenococcun PPb frem dry plains habitat, separated

from the nearest Pseuldctsuga by about 20 miles of low rainfall belt.

(3) P. monziecii x Cenccoccum LPa frem native Psoudotsuga habitat

although collected from under Pinus cortorta.

) 2. radiata x Cenccoccum MHe frem alpine habitat containing Pinus

g

albicanlis but collected from under Tsago.

(3) P. radiate x Cenococcum PFo from hiigh plains habitat supporting

Finus ponderocsa.

(6) P. radiata x Cenococcum LPa frcm mid-elevation habitat supporting

Pirus contorta,

Thus Psendotsuga was paired with isolates of two provenances substan-

tially removed from the nearest Pseudotsuga habitat by either elevation or

distance and ecologically vastly differeat. The Pinus rediata was paired

with isolates of three provenances containing pines of different species

but ecologically very different from the r.tive habitat of Pinus radiata.

Results of the syntheses were positive in all cases, typiccl ectendotrophic
mycorrhizae foiming abundantly®in each.
Certainly, no host specificity appeared, but conclusions cannot be

induced bgyond the isolates and hosts uced without further evidence.
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Sich vidznce is provided abundant.y oy arvoreti in the Pacific Nurt'urest:

Porilaid City Park Arboretunt, University of Vashirgton Pack Forest Arbore-

tun, U. S. Forest Scrvice Wind dver aand Institute of Forasst Genetics
{Placerville) 4Arboreta., Xach of these contains an abundance of ex:uic
hosts that have formed mycerraizae with the rative Cenccocoum, A striling

xeaole is the Tilia americana at Wind River. Tl.ic ncarest native memt.r of

[}

ct

e Tiliaceze grows hzlf a continent away, yet the representatives raised
from seed at Wind River have formad mycorrhizae with Cenococcum profusely.
Thus all evidence pointis to & lack of inherent specificity for Lost in

Cenocrccur,
VARIATICN iﬂ MORPHCLOGY CF ISCLATES IN VITRO

Sclerotia that yielded the ssveral Cenococcum isolates fica each

(4]

provenarnce were in each case plucked froa a small velume of soil -- about

LY. o

at, thercicre, origiratcd within & few

o

250 cc. A1l isolotes within a mabi

3

ceut~ﬁe:cr= of each other, No phenotypic differences showsd betwveen Caac--

. F-4
- . . o 2 D 0]
coccum of the thres haol,ats as growing in sith. But in pure culture on

2ger, proncunced sitfercnces in coleny morpholezy developed belvcen prove-

o]

ances aad betueen isolates within proverances. These differ s have
continued through threc years of successive subculinring. It is, of course,

impossible relate most

120

(6]
fud
&
c‘.
[}
3
[}
[

eatures of colonies grown in viiwTo to the life
history of the fuangus in situ. The follcwing discussion rather servss to

indicate the irherent variation of the population sampled.

o]
[0
3]

[€

Differences tetween isolate colonies on agar are most prominent in

thezse characteristics (see tadble 3): :

i

/ ‘
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(%) Het forn develovmd i o distinet ways as a result of diiferont

growth habits. In cne, hyphal tips fcrmed at the intexface between inocu-

lum and subsirate and grew down into the medium; cells at the perimeter of

o

¢ interfzce elongated, raising older tissue off the stbsirate. Cells 1n

-

this clevated tis_ue also continued g owth, resuliing in a hellow, strongly
convoluted,-r;u ghly henispherczcal met. Crowth of hyphal tips acro:s.the
surface of the agar wes very limited; radial spread gf thz exl.ay resulied
largely =om a gradual rollingwout of periferal mai convolutions. In the
second grovth hebit, hychae grew cut ecyrese e ager curface in the more
usuai vay, forming an aprressed nat.

(2) Tissve color of mats (underncath erect aeriel hyphae) was either

blacl: or gray with scatieraed em2ll inciusicns of darker cclor., There

sesmed to be no gradicat of color betwsen light and darl: types.

(3) Censity of erect hyphae on matc varied from uniform pubescence to

scatterad tufts cr individuzl erect hyphae.
Q

LN
t

(%) Coior of erect hvohae was usvally light 2t emergence from mat tis-

sac, but than darkened with age. Scme hyphace emerged with a nearly black
color, however, and others emerged white and sc remzined. In most cases
there was a mixture of light and dark, but one tyoe strongly'prado;:ﬁatcd.

(5) Langth of eruet kyphae arising from mat tissue varied substenticlly

on most colonies, but either long or zhort (less then % mm.) hyphaespredomi-
nated. When longer hyphze predcairated, they were always quite mari-edly
longer than % mm.

{(6) Growinz edgza in the substrate was manifested in <{wo distinct

patterns. In one, the edge advanced uvniformly with thickly growing hyphae
hat branched and intertwined to form a dense mass a millimeter or so behind

the tips. In the other, the edge advanced in rotably irregular fashion,
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Al
with individual hyphae growing rers anu there severcl rnillimeters Cﬁyona
the main colonv. Tiese "runner" hyphae Dranched profusely, the branches
cxtending leterally to rerze with breanch systems of adjacent'”rUnneﬂ’
hyphae. The main coleny was thus extanded razgedly by filling of gaps

3

(7) Sub tretz zrowth varied substaniially betwezn isolates, but in

Al

most it was relatively vigerous. 4 fow isolates grew hardly =t zll in the

uostrate, penetrating telow the surface only 2 millimeter or two at tre

in many. wne isclate produced mzture sclerotia only below the agar sur-

ormed thenm both in the ager and at & e eige of the surface mat.
o - .

-
fu
o
[¢)
.
i
23
2
1

A fow formed them on the surface of the mat as well as at the cther loca-

(9) Edation rafers neither %o water nor io the gelatinous hyphal
v of which vere exuded in quantity ty all isolates), mi to
2 darlk, cloudy liguid. Exuded into the agar, this material formed a
brovmisn cloud arourd the colony. ‘In three cases it was exuded as larg:
droplets on thes suiface of the mat tissue as well,

. -

Comparison of iscletes in respect to thaese characissistics (Lable 3)
1
s some intcrestifhig patierns. First, most of the characteristics are

shared by at least o provenances. For example, light colorsd met tissue
was prciuced by isolates LPg and Prq.' 231 others were dark, Sscond, in
some charactcristics one haSitat scur.e differs substantially frca the
Oothers. for example, all HH and LP isolates nave & raised, convoluted met,
while zix ocut of eight PP _uolates have an eppicssed, spreading mat, 423

MH znd LP isclates have an even, denses substrate growing edge while seven

e
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out ¢ eighi PP isolates have an irregular one., T1.ird, ¥ isclates genera.
1y s .r. mere ci.racteristics wita LP isolates “har either shares with the
2P gioup. Fourta, the qp)russe“ rat and lcng, erect, zerial hyphas deve-
loped only on P2 isolates.

.Ch;?auteristics commen to 2ll isolate: ware mo.tly riclascupl The
nyphae, chlamydospores, and sclorotizl initials were much the same in tota
& and stracture. PP isolates terdcd to form more chlimydcocspores

size rang

e
ag!
S

than LP or YH isolales in fresh culturss. tut cld culiures showed ro such

These merpholegicsl differences and similarities between isolates,
having boen retzined through three years of culturiag, are uncuesticnaply

innereat. They indicete a brcad spectram of vardation in the cpeclies that

a
is apperent cnly on agar or li 2 id culture. In general, themis groater

similarity between MH and LP isclates thia between elther and PP,

CHANCES OF ISOLATZS IN CULTURE

¥utations

" During three years' culture of 22 isolates, % noticeable rmiaris

sectored cut-~ one each on MEA, LPe, LPf, and PPo, Each of the four wes
covious tecause of a marked color change I{rcm derk hyphae and black mat

tissue to beige nyphee ufd light crenge-ticun mat tissue (fizs. &8 to 5C).

Colcr change was cue to loss or change of pigment in cell walls. In o:e

case, LPI, color change was accampanied by e change in mat form from reissad

and convcluted to appressed and spreading. In LPe, the dense ercct hyphae

cn the parent mat were completely, abseat on the mutant. With these two

exceptions, other observed featurcs of ihe mutants remzined the same as the

parent solate. Growth rates, though not measured, showed no obvicus change



Figure 48: Cerococcum isolate LPe--parent colony with erect, black hyphae

and bare, light orange-brown mutant. x2.

Figure 49: Cenococcum isolate LPe. Parent colony with original mutation in

center, mutant alone on left, parent alone on right. x3/4.

Figure 50: Erown sclerotia formed in pure culture by light~colored mutant

of Cenococcum isolate LPe. Note dark parent hyphae intermixed

with light mutant hyphae in substrate. x10.
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The parent LPe wis produciang sclerotia 2t the time the mutant appeared.
Tme LPe mutant predaced s:lerotic thrt were structurally identicel tut

orange-brovn rether than black (Jiz. 50). As yat, the muuan ts have ot

been testel for nycor: n foraming abllity. Jone of them have shown ény
tendeney to revert after 2 years ia culture.

F ' aney of rmtation a"4 mutant survivel in noture is unknowmn.
It s rceoting to note that several times brown c¢r orange-trown sclerotia
nave ¢ found nestled amongst Ceaccoccun qycorrhizae.

Adaptaticn to Culture

daptation to the culture snvironment by Ceaococer: was evident soon
after isolaticn, Initizl grouth Trom sclerotia was extrenely slow ia all-
cases, particularly with the PP ceries ard k“d. These rsgaired about 2
menthe to reach & colony dizmeter of 1 cm. During successive monthly sub-
culturing, sample weighing of isolates showed that “hey g;adually zrew faster
until about six months after isolation. By this time, growth seemdd to
stabilize for 2l but the FP seriss, which were faster growing than at ihe
start tut still slower than zgll other isolates excent MHg. rowtn rate of
the PP series ccatinued to increase qu;; they stabilized at about 11 nonths
after isolation. By this time, growth rate oF the,P? series averaged sube

A

sugnulally more than the other two provenaaces.
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RELATION OF ISCLATE TEMPERATURE RESPONSE TO HABIfATE SCURCE
s

Temperature is cne of the more importanf of many variables that affect
growth of mycorrhizal funzi. XJungi in general are quite sensitive to‘
temperature, and mycorrhizel funzi are no exception (Mikolz, 1948b;
Nericrans, 1939; Moser, 1958). Moreover, seadlings growi in nurseries have
nycorrhizee formed by fungi adapted to temperature rezimes often entirely.
different from those of cvtplanting arses. Determining Cenococoun's
responses to different temperaiures is.a step in evaluating the importznce
of radicel chznges of soil temperatures brought_apcut oy transpleating on
the functioning of Cenococcum mycorrhizae. The experinment described below
was designed to provide information on the extent to which different

provenances of Cenococcum very in response to three temperatures.

Exporimentud Desien and Analysis

4 split plot experiment with whole plots co*nplex.ely randonized was
designed to test effects of temperature on growth of selected isolates of
Cenoccccuni. Tne experiment was conducted in a darkened Nationzl Appl iance
Company growth chamber, in waich temperatures could be malnvalned within
+1°% C. of those desired. Humidity wes held at 80 <10 %.

The three whole "plots"--temperature treatments.of l5°C., 22.5? and

‘

~

) . . s cm
28~ -~were replicated twice. Cily one growth chamter was available, so

V5 s . . 0 1.0 00 55 O O e, o
replications were run in this random order: 28, 15, 28, 22.5, 22.5,' and 15.
An additional temperature, 7? was originally planned as well. 3But during
-1cs first run no 1solates grew during the allotted period, so it was not

repeated.
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Nine isolete. of Cenccoccun formed one set of "subplots.! Three of
tﬁ?se were the fasiest growing, dark-cclored isolates from each provanance.
(ﬁéc, LPc, and PPu) and three tae slowsst (Hz, LPa, and 2PPd), as detérs’
ni—ed by woighing six 30-Cay-old colornies of all 22 isolates just prio§ to
the eperiment. In addition, the two light-colored isolates (LPg and PPh)
end the one isolcte frem the ccasiel nrovenance (later determired to be a

different species) were included. F.sbest and slowest growing isolates
were use. to give an idea of the range of variation within provenances with-
cut hgving to deal with the inordinately large number of culiures requirea
if all 22 isclates were to be studied Vl th adequate repllcatlo“.

—

Tha second sst of “subplois” was comprised of seven periods of four
day; 2ach., Seven flasks of ecch isolate were put :Lnto the chamber at the
beginning of ezch temperature run., Every fourth day a flask of each isclate
was randomly selected and removed frem the chamber. The colenies were

mnedistely extracted, oven dried, and weighed. Thus welzhts were obtained
for each isolaie in each temperature mun at 4, 8, 12, 16, 20, 24, and 28
days.

)

A1l isolate replicates were grown in 250 ml. Erleimeyer flasks con-

taining 50 mls. of the nutrient solution described on p. 27, thickened

with 2 gms. of agar/l. to facilitate floating ¢f inocula on the surface of -
o

the medium. Stendarcizing inocula was important to achieve reproducible

results. Differences in age or amount of incculum can markedly afiect

growth rates of fungi (Ward and Colotelo, 1960). Standard-sized plugs of

colony growing edge are unsatisfactory for Cenococcum, because growing

er/zges of this species var;;y in mycelial density from isolate to isolate.

Moreovér, subculturing from colony edges increases the possibility of

selecting inherently faster growing hyphce., To avoid these problems,
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onz-cit.mn. pieces were cut from the surface of the center of each mat witn
a sharp inoculation spade. With practice, these pieces could be cut by
visuel estimation to consistently weigh 0.1+0.025 mg. ovea dr'.  Thrae

such pieces were inoculated in each replicate flask. Frequent checking of

\
X

practice cuttings revealed that overn diy weight of such trio inocula

2lways toteled batween 0.30 ard (.35 mz.

Statistical Analysis -

L&garithmic transformaticn was necessary to equalize variances in the
enalysis, but even then the variance ¢f the 28° whole pig¥ differed frea
the other fwo. Corsequently, veriance was analyzed in two ways: (1) in-
cluding only the 15° and 22.5°whole plots, and (2) including ail three
lwﬁbie‘blots. Tae results of both analyses were idehtical, i.e., the
inferences to be drawn from one paralleled those from the ofher. Moreover,
growth of 21l isolates at 28° was clearly different from that at other
temperatures (see fig. 51). Therefore, it was deemed justifiable to draw

inferences from the analysis that included all three terperaturss.

Tables for both analyses of variance are given in appendix III.

Experimental Results

Results of the experiment clearly demonstfate that the population of
Cenccoccum sampled is comprised of a complex of different genotypes. ~
These génotypes tend to resemble each other‘within more than between pro-
venances. Eut even between isolates within provenances there exist: sub-

stantial differences in growth patteras and reactions to given temperatures.

.\\'.
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Tae complexity of variaticn between isolates in reacticn to temperature
is shown by the mean weights (zatileogerithms) of all colonies of each iso-
late grown ‘at each temperature (fig. 51). Four colonies averaged markedly
hzavier at 22.J C. thaa at 13 or 20.'1ne other four averaged as heavy or
heavier at 150 as at 22.5. Alpine {ME) 1so’ates did not grow at all at :
28? and the others did poorly.

The rankingvof isolates by mean weight changed from one temperaturae
to another (fig. 51), e.g., in many cases one isoiatz averaged heaviar
than another at 15° wnile the reverse was true at 22.50. In other cases,
tiro isolates that aVu*aﬁed close to the same weigh 't at 15 and ~8 differad
appreciobly at 22.5. The test of the temperature-by-isolate interaciion
was si ignificant at the 99% confidence level, so a few examples were
tested by the Duncan multiple range test (appendix III)., Thus isclate
LPa weighed significantly more than PPb or PPd at 1co but at 22.5° and)28°
the reverse was true. Mic did not differ f}gn ﬁlcantly from IPa at 15,
but at 22.50 it averagaed heavier and at 28° 13 ghter. Compared with PPb,
Mic vas significantly heavier at 15°, ot different at 22.5° and lighter
at 287 The evidence here for a great complexity of genotypic variatign'is .‘
strong. |

Comparing patiterns of growih of isolates at the three témperatnres
illustrates further this physiological diversity (figs. 52, 53, &nd 54 --
note tﬁat different ordinaie scalés were required to adequafely spread
curves in fizg. 54 and to ccapress fig. 53 to page sizc). Degree of con-
cavity of these growth curves is particularly important because it indi-
cates the abil&ty of an isolate to alternate enzyme pathways and other

)

temperature dependent processes to cope with a new temperature. Of the

isolates that grew at 28? only PPb shows sign of marked steepening. Shoulid
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these curves countirune at the same tread that shows'in 28 days, PPb would
before long bz mach the hoaviest of the isolates., At 15? in contrast,
the curve of PFa is much more concave than any other, showing a substantial
superiority of ‘teai icolate's ability to engage biochemical sysiems
éppropriate fer thah temperztura. At 22.5? curves of all PP isolates
stecpen sharply, =S to a lesser extint do those of Mic, LPa, ard LPc,
Neither lHg nor LPg produced concave curves at any temberature tested,
suggesting that better grouw:h occurs at other temperatures.

Isolates do sort out broadly by provenances. For exampie, neither
alpine (MH) isolate was able-to adept sufficiently to & 28° temperature to
grow in a 28 days' run. (o the other hand, at ?° (not replicated, so not
included 2 the statistical analysis or illustrated) only the &lpine iso-
lates grew in 40 days, though btut slightly. The temperat:res at which they
can function thus range lower than those of either mid-elevation (LP)
or dry piains (PP) isolates. Moreover if one averages growth of isolates,
combining &1l teaperatures (fig. 55), the alpine isolate MHg shows up
poorest and dry plains isolate PPh bestc. Between these extremés, the
others sorted into a series in which the mid-clevation (LP) isolates bridged
a gap between fast-growing dry plains (PP) isolates and slow.-growing alpine
(MH) ones. In a multiple range test averaging out days and temperatures,
they line upllikethis (isolatcs sharing any underiine are not siznificantly
different at the 95% confidence level--numerical data in appeniix III):

Slowest —_— Fastest
MHg 1Pz !¢ LPa LPe FPFPd PPo PPh
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. . . ~ . . A0
Figure 51: iverage weizhts of Cenococcum isolates grown at 15.0°C.,

rn 0 8 o s .
z2.5, ard 28.0. Isolates e and g are frem an alpine

habitat; LPa, ¢, and g from a mid-elevation habitat; and

PPe, d, arnd h from a dry v aice plains habitat.
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Figure 52: Average weights of Cenococecum isolates grouwa at 150 C. for
28 days. Isolates MHc and g are from an alpine habitat;
LPa, ¢, and g from a_mid-elevation habitat; and PPb, d,

axd h from a dry pumice plains habitat.

.
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Figure 53: Average weights of Cenococcum isolates grown at 22.5°C. fer
28 days. Isolates Mc end g are from an alpine habitat;
LPz, ¢, and g from a mid-elevation habitat; and PFo, d,

and h from a dry pumice plains habitet.
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Figere 54: Average weights of Cenoccccum isolates growm at 28°¢c, for
- 28 days. Isolates iHc and g are from an alpine habita®;
LP2, ¢, and g from & mid-elevation habitat; and PPo, d,

and h from a dry pumice plains habitat.
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Figure 55: Average waights of 8 Cencceccum isclates combined for three
temperatures, grown for 28 days. Isolates Mlc and g are
_from an alpine habitat; LPz, ¢, and g from a mid-elevation
habitat; and PPb, d, and h. from z dry punice plains
habitat.
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DISCUSSICH

EYPRESSICN AND SIGNIFICANCE OF GENOTYPIC VARIATION IN CENOCOCCUM

Besulis of these studies reveal substantial physiological variation
between genotynes of Cenococcum, eVven though differences are not readily
avident in field collecticns. Tomnerature response is only part of the
sto:yf-ability to zdapt to drought, extremes of pH, ltirited asration, cid
narny other cavirormental Ffactors may also vary between genotypes. Conse-
quently it cannot bz said that one isoclate irnherently grows better or is
nore able to acdapt tharn another, except in reference to the particular
envirormental factors siudied. Even then, we do not know at present if an

isolate weald resoond in the same way tq a given variable wher other envi-
renmental factcrs cre changed. For example, addition of a2 limiting meta-
bolite to the substrate can change response of a plant to a given tempera-
‘ure. (Kurtz, 1958).

Hawing thus circumscribed the application of data from experiments in

vitro, how can responses of the‘Oregon isolates of Cenccoccun be interpreted
in terms of Cenccccecun's behavior in Egﬁg? First, its success in colonizing
a remarkably broad range of habitats can be attributed in large part to its
genetic diversity. Variation between isolates fr&m each of the three habi-
tats sampled was great enough that a large gene pool can be presumed.
Moreover, the compléxity of different'characteristics and temperature re-
sponses within each of the habitats implies a means of geine recombination.
Though Cenococcum is presently known only as an asexual, monokaryon organism,
in all-probability it can and does indulge in some type of sexual or para-
sexual process. Oanc expression of gene recombination in organisms whose
dhwwmmnncmﬁmmswwawﬂemmeﬁh@ﬁﬂsBchminﬁ&

tion. Intergradation betweeén the provenances of Cenococcum studied in

\
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viiro shows clearly ia temas of morphologzy and terperature response, the
general trend being a gradaticn of character from dry plains isclatec
through mid-elevation to slpine. Therc are no indications of distinct
ecotypas as wozld be expected for a completely asexual, monokarycn organism.
The wmeaning >f this plus other available knowlege about Cenococcum

in respect to rursery inoculaticn is clarified by recalling the prime
cbjeetivre in inoculating mirsery soil with selected isolates cf mycorrhizal
funzi: to preduce ca the seedlings mycorrhizae that will fun;;icn as
absorbif:g organs immediately after cutplanting and quickly extiend the seed~
lings' absorbing system. To achieve thils purpose efficiently, the ide2l
fungus for inoculaticn shculd be able to form an unequivocally beneficial
symb;osis on all hosts raisecd in the mursery aand should be adle to adapt to
211 sites in which hest sesdlings will be planted. reofér, as Moser
(1958) poin%ts oat, the fungus must grew.rapidly so that nursery inoculum
czn be readily raised in cuantity. No single isclate of any fungus will
likely be able ta neet all of these criteria. But Cenococcun, growing n
a tremendcus varisty of environments aﬁd possessing a potentially large
rumber of génotypes, offers good poséibilities for finding isolates with
msually broad ability to adapt to environment., Its record as a pioneer
fungus in new soils demonstrates that there are many genotypes able to
adapt to severe habitats. Moreover, it meets other of the criteria well.
It doubtless can form mycorrhizae with all ectotrophic hosts likely to be
growvn in mrscries. Techniques for growing it rapidly have been developed
(personal communication frem Dr. L. E. Casida, Jr.). And the non-speculz-
tive evidence to date indicates that it benefits the host trees as much

or more than other mycorrhizal funzi with which it has been compared.

Mich more research is reeded, however, before particular isclates of

Cenococcum can be consideréd unusually good for rnursery inoculation.
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Taroagicat iis paper, gaps in knowledge aboutl the phencmenondof mycor-
rhiizae have besn voth stated and implied.' Most of these gaps can be filled
cnly by experimentation. Some of the more pressing questions are:

(1) Is intraceilular infection in the cortex of a mycorrhize a rani-
festatira of strong purasitism by the fungus, or is it a structure pro-
moting more ¢fficient exchange betiueen both symbionts?

(2) Do hyshae ragrow vigercusLy from a uycorrhiza afier they have
bcen broken off vhen the host is transplanted?

(%) Fow Coes Censcoccrn ccmpar. with other mycorrhizal fungi in

]

\

benefitting the host?

(b

A
(]

ces symtiotic associztion with a host change ability of a fungus
to adapt to environmental changes?
These few auestions offer real chellenge to rescarch. Until they are

satisfactorily answered, the phenomencn cannot be put to work intelligently

to improve survival and growth of planted seedlings.
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Cenococcum graniforme (Sow.)Ferd. & Winge is an important soil fungus

because of its ability to form ectotrophic mycorrhizae on a wide number of
hests in a great variety of eavironments. Theugh known only as a sterile
mycelium, its distinctive black h;:phae on mycorrhizae and smzll, black
scle:otia in soil are readily identifiable. Gnly one species is thought
to exist in the genus.

Cenccoccum hgs br 2 reported to occur throughout most of Europe.
but knowledge abcut its distribution from other parts of the world has
'been scanty or lacking. Field observations made in the Northwest duﬁ?ng
this study plus examination of soil and root samples supplied from many
otirer parts of the world have resulted in an extension of its known range
to Turkey, India, Korea, Puerto Rico, S:uth.ifrica, and over most of the
United States plus scuthwestern Canad:.. Its occurrence in the scuthern
hemisphere is reported here for the first time.

In the Northwest, - Cenococcum grovws over a remarkable -ange of habi-
tats. It is very common and often predominant on mycorrhizae of hosts

growing above the Arctic Circle in £laska or zbove timberline in the

4

Cascade Range of VWashingion and.Oregon. In contrast, it thrives as far
south as subiropical Florida and even in tropical Puerto Rico. Ubigquitous
on hosts in soils at the edge of the desert east of the Cascade Range, it
also abounds along the Pacific coastal fog belt and in various soils that
are ponded much of the year. It seens able to foirm mycorrhizae on nearly
all ectotrophic hosts, and can occur wherever a host will grow. Ninetp=
two new hosts were discovered during the course of these studies.

Yycorrhiza formation by Cenococcum on Pinus radiata and Pseucotsuga

menziesil var. glauca was observed in pure culture, using a simple,
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inexpensive, new technigue. This technique was designed to grow fungus
and roots together in azseptic culture, while permitting seedling teps o
grow in the open. Xoots and fungus could be observed tarough the glass
wall of thz culture jar.

The course of mycorrhiza formation, as observed in tne jar and by
r..croscopic examination c¢f sections of sample roots, began with penetra-
tion of hyphzl tips through noncutinized root epidermis, This was followed
by =oncur—ent development of the furgus mantle around the root, the Hartig
net, and strong intracellular infection of the cortex. Tne rssultiﬁg
ectendotrophic mycorrhiza was identical to many collected from a variety
of sites in Oregon.

AMthough in the pust there has been speculation that strong intra-
cellular infecticn by a m-corrhizal fungus incicates parasiticv tendencies,
this has not beca supported by any evideﬁce. Cenococeum behaves this way
on trees in manj hatitats so severs that the host could hardly survive if
" the net effect of infection were not beneficial. It can be hypothésized
. that intraceliular -nfcstion is & structure promoting betier exchange
betwesn host and fungus with equél or more juStification than that the
fungus is "more perasitic.”

Because Cenococcum is found on such a variety of host§ and habitats,
it has potentiel as a fungus for nursery'inoculation. Eﬁt since nursery
inoculation entails use of one or a few isolates of a fungus, individual
genotyves rather than the species as a whole must be considersd.. Torgain
insight into the patterns of variation within Cenococcum, isolates were
obtained from three different habitats: above timbarline on Mount Hood,
mid-elevation on Mount Hood, and dry pumice plains of eastern Oregoa.

These isolates were compared in vitro for inherent differences in colony
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morphology exd growth at415?C., 22.5? and 289 Results showed that in-
herent variation in Cenococeunm is very complex. Isclates varied substan-
tially one from another within each provenance, although a geneial trend
of clinzl variaticn frem one provenance to another was discernible. That
is, types of colony merpholegy ard tomperature response tended to grade
from the alpine thirough mid-elevation to dry pumice nlains provenances.
Tals coverlepping complex of zenotypes implies th%t Cenococcum some means

of gene recombination, even though such has not yet been observed.

Because Cenococcum potentially is cemposed of a large number of

‘genotypes and adapts' to so diverse a range of enviromments, there is

good chance to obtsin isolates that will come relatively close to mzeting
the criteria for an ideel inoculum for murseries. Howsver, its effects
cn survival and grewth of outplant.d hcst scediings rust be compared with
those of other mycorrhizal fungi befcre it can be recommended. Indeec,
research in many espects of the relation of nursery-formed mycorrhizae to

seedling survival after ocutplanting must be thoroughly investizated before

rursery inoculation can be intelligently applied in the Northwest.

S
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APPENDIX I

NEWLY DISCOVERED LOCATIONS AND HABITATS OF CENCCOCCUM

Mycorrhizae and soils frcm well over a thousand sites were examinec
for Cenococcuﬁ,,resulting in substantial extension of its known range.
Most of this was field study, particularly in western North America; but
about 250 samples were_supplied by various expcriment stations of the U. S.
Fores: Service and by other agencies and individuals cited in the acknow-

~—

ledgenents,
-

The hzbitats in which Cenococcum was found, as listed below, repre-
sent only a fraction of the total number. They were selected to indicate
both the geographical range and ecological amplitude of Cenococcum. Tree

species listed, unless otherwise indiczcted, had mycorrhizae with unmis-

takeable Cenococcum mantlec.
Canada

(1) Alberta, N. 53%1at., W. 119° long. Jaspr, elev. 1,070 m.; podzol

cn glacizl till; on Picea engelmanni.

(2) British Columbia, N. 51%lat., W. 119°long. }t. Revelstoke, elev.

1,980 m.; cn Apies lasiocarpa.

(3) British Columbia, N. 50° lai., W. 118%long. Kaslo, elev. 550m.; on

Pseudotsuga menziesii var. glauca.

(4) British Columbia, N. 50%at., W. 126°1ong. Kelsey Bay, Vancouver

Island, elev. 15 m.; on Picea sitchensis.

ey
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Korea

(5) N. 37045' lat., E. 127010' lonz. Kwang-noong Experimentgl Fgrest,

(6)

(7)

(8)

Inst. of Forest Genetics, Suwan, Elev. 220m.; sandy loam on graniie
s '?J"-L

«rnd gneiss; on Pinus koraiensis, Eetula platyphylla“var. japonica,

and Fagus multinervis (samples collected bty Dr. S. Y. Shin).

India

N. 30%22' 1zt., E. 77°58' long. New Forest, Dehra Dun, elev. 700m.;

in soil under Pinus roxburghii, but no Cenococcum mycorrhizac noted

(samples collected by Dr. B. K. Bakshi).

South Africa

s. 33°501 1lat., E. 19°7' long. 150-yr.-old plantation, elev. 405m.;

on Quercus robur (samples collected by Mr. D. G. M. Donald).

S. 33050’ lat., E. 19°?' long. 5-yr.-old windbreak, elev. 395m.;

 on Salix babylonica (sample collected by Mr. D. G. !{. Donald).

(9)

s. 33°56' lat., E. 18°50' long. Municipal forest, at least 100 yrs.

old, elev. 180m.; in soil under Pinus pinea, but no Cenococcum

mycorrhizae noted (sample collected by Mr. D. G. M. Donald).
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(10) N. 41°11" 1at., E. 28°59' long. Belgrad Forest, Elev, 100m.; on’

Fagus orientalis, Quercus sessiliflora, Castanea sativa, Carpinus’

betulus, Pinus sylvestris, Pinus pinea, and Pinus pinaster (samples

collected by Prof. Dr. H. Kayacik).

United States

L
’

(11) Alaska, N. 68°%s5? lat., W. 104°0' long. Firth River, elev. 610m.;
young a2zonal soil derived from limestone, pH 7.2-7.5; near norithern

limit of iree growth; on Piceu glauca and Salix sp.

(12) Alaska, N. 67° lat., W. 163° long. Kotzebue Scund, elev. 8 m.;
_ arctic tundra; on Salix sp.
(13) Alaska, N. 67° lat., W. 127° long. Chandler River, elev. 270 m.;

on Populus trichocarpa.

(i4) Alaska, N. 65° lat.,‘w. 142° long. Washington River, elev. 490 m.;

'

on Betula papyrifera,

(15) Alaéka, N. 530.1a£;}'w. 142° long. Ladue River, elev. 910m.; on
- Salix sp.
(16) Alaska, N. 66° lat., W. 148° iong. Purgatory, elev. 300m.; on

Populus treruloides.

(17) Maska, N. 63° lat., W. 142° long. Northway, elev. 53Cm.; on-
Selix sp.
(18) Alaska, N. 61° lat., W. 1510 long. Kenai, elev. 45m.; on

Betula papyrifera and Populus tremuloidés.
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(19) Aleska, N. 58° lat., W. 135° long. Admiralty Island, elev. 230 m.;

lithosol on sedimentary pafent material; on Picea sitchensis.

(20) slaska, N. 57° lat., W. 135° long. Baranof Island, elev. 40 m.; half

bog on glacial till; on Tsuga heterophylla,

(21) Alaska, N. 56° lat., W. 133° long. Hollis, Prince of Wales Island,

" elev. 320 m.; lithosol on argiliite parent material; on Tsuga hetero-

phylla,
(22) Alaska, N. 56° lat., W. 133° long. Salmon Lake, Prince of Wales

Island, elev. 80m.; pedzol on glacial till; on Tsuga heterophylla.

(23) Arizona, N. 35° lat., W. 112° long. Fort Valley, elev. 2,290 m.;

volcanic cinder soil, pH 7.0; on Populus tremuloides.

(24) Arizona, N. 32% 1at., W. 111° long. Madern Canyon, Santa Ritz

Mountains, elev. 1,830 m.; on Quevrcus obtlengifolia.

(25) Arkansas, N. 33° lat., W. 92o longz. Crossett, elev. 55 m.; Grenada

silt loam, pH &4.7; on Quercus falcata.

(26) California, N. 42° lat., W. 120° long. Lassen National Park, elev.

1,615 m.; soil pH 5.7; on Abies concelor.

L— '

-~
(27) California, K. #1° lat., W. 122° long. Mineral, elev. 1,620 m.;

soil pH 5.6; on=Pinus lambertiana.

(28) California, N. 8% 1at., W. 121° long. South Fork, American River,

elev. 975 m.; on Chamaebatia foliclosa.

(29) Colorado, N. 40° lat., W. 106° long. Front Range, elev. 2,740 m.;

on Picea pungens.

(30) Florida, N. 30°‘lat., W. 92° long. Osceola Nationzl Forest, elev. 45 m.;

flcod plain of small stream; on Pinus glabra, Carpinus caroliniana,

and Quercus prinus, 2lso in rhizosphere of Liguidambar styraciflua

and Ilex opaca. -
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(31) Florida, N. 30° lat., W. 92° long. Osczola National Forest, elev.

45m,; Plummer fine saad; on Pinus serotina.

(32) Florida, N. 30° lat., W. 920 long. Osceola National Forest, elev. 45m.;
pond site, dry at time of colliection tut usually covered with 6 in,

of water; on Pirus elliottii and in rhizosphere of Texodium ascendens.

(33) Florida, N. 26° iat., W. g2° long. Coriscrew Ixperimental Forest,

¢lev. 8 m.; sand over organic pan; on Pinus elliottii var. densa.

(34%) Georgia, N. 3;0 lat., W. 82° long. Wayne County, elev. 30 m.; Leon

fine sand, soft orgaric pan phase; cn Pinus palustris.

- (35) Ceorgia, N. 31° lat., W. 82° long. Pierce County, elev. 15 m.; flood

plain of Santilla River; on Betula nigra.
(36) Georgia, N. 31° lat., W. 82° long. Charlton County, elev. 30 m.;

on Quercus laevis.

(37) Idzho, N. 49° lat., W. 117° long. Bonners Ferry, elev. 550 m.; on
i !

Larix occidentalis, Pinus contorta, and Pinus monticola.

(38) idaho, N. 44° 1at., W, 116° long. Idaho City, elev. 1,220 m.; on

Pinas ponderosza. «

(39) Indiana, N. 38° lat., W. 87° long. Pacli, elev. 240 m.; in soil

under Pinus echinata btut no Cenocpccum mycorrhizae noted.

(40) Kentucky, N. 37° lat., W. 84° long. Baldrock Experimental Forest,
elev. 400 m.; soil pH 4.9; on Quercus alba. |

(41) Louisiana, N. 71° lat., W. 92° long. Near Alexandria, elev. 35 m.;

on Pinus palustris eznd P. elliottii,

w

(42) Maine, N. h5° lat., W. 69° long. Bradley, elev. 40 m.;

on Thorndike stoney silt loam, pH 4.6; on Pinus strobus, Quercus

rubra, and Abies balsamea, also in rhizosphere of Accr rubrum.

-
el
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(43) Massachusetts, N. 52° 1at., W. ?3° long. Hopkins Experimental Forest,
elev. 305 m.; poor, stoney till soil on steep slope, pH 3.5; on

Betuia,lutea, B. lenta, and B. papyrifera.

0

(44) Michigan, N. 43° lat.,'W. S0° long. Calhoun County, elev. 250 m.; "

on Bellefontzine Series, gray-brown podzol; on Pinus banksiana,

—-—

P. strobus, and P. resincsa.

(45) Minnesota, N. 47° lat., w. 94° long. Itasca County, elev. 400 m.;uff

glacial outwash, pH 5.2; on Abies balsamea, Quercus rubra, Corylus

cornuta, and Salix humlis.

(46) Mississippi, N. 33° lat., W. 91° long. Benoit, elev. 30 m.; Dundee
silty clay loam, river alluvium; on Quercus sp.
(#7) Mississippi, N. 32° lat., W. 91° long. Vicksburz, elev. 90 m.;

Memphis silt loam, loess; on Fagus grandifolia and Quercus sp.

(48) Misscuri, N. 28° lat., W. o1° loag. Dent County, elev. 90 m,;

soil pH 4.8; on Pirus echinata,.

(49) Montana, N. 48° lat., W. 113° long. Kiowa, elev. 1,370 m.; aspen

groves at prairie ecotone; on Populus tremuloides.

50) Montana, N. 450 lat., W. 111° long. Hegben Lak2, elev. 2,080 m.;

soil pH 6.1; on Pims contorta.

(51) Nevada, N. 39° lat., W. 120° long. Dog Valley, elev. 1,770 m.;

on Pinmus jeffreyi.

(52) Oregon, N. 45° lat., W. 124° long. Sand lake, elev. 5 m.; stabilized
“beach dunes, Cenococcum the sole mycorrhizal fungus; on stunted Picea

sitchenslis and Pimus contorta.

(53) North Dakota, N. 49° 1at., W. 101° long. Turtle Mountain, elev. 670 m.;

soil pH 7.3; on Quercus macrocarpa.
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(54) Oregon, N.L5° 1at., U. 124° long. Aloha, elev. 120 m.; 55-year-old

The ja-Pseudotsuga stand; on Pseudotsuga menziesii var. menziesii

and Corylus cormuta var, californica.

(55) Oregen, N. 45° lat., W. 123° long. Timberline, Mount Hood, elev.

1,980m,; azonal pumice; on Pinus alcicavlis, Abies lasiccarpa,

-

and Tsuga mexrtensiznc.

(56) Oregon, N. 45° lat., w} 118° lorg. Starkey, Blue Moﬁgfains, elev.

1,680m.; Tolo Series; on Pimus.contorta, Larix occidentalis, and

Pseudotsuga menziesii var. glauca.

(57) Oregon, N. 435° 1at., W. 117° long. Wallowa Mountains, elev. 2,290m.;

on Ables Lasiocarpa. ,

(s8) Oregon, N. 44° lat., W. 123° long. Crater Lake National Park,
Mount Scott, eley. 2,680m.; Cenococccum ﬁhe~sole mycorrhizal fungus;

on Pinus albicaulis and Tsuga mertensiana,

(59) Oregon, N. 44° 1at., W. 121° long. Fort Rock, elev. 1,520m.; on

-

Cexconarpus lzdifolliue and Pimus pordercsa.

4 o \ ,,_,O L -7 4 Jv’) T e P = 2 e
60) Orezen, ¥. 437 lat., W. 124" Zirg. Bandon, elev. 15m.; on Pirs
I8
- -~ ~m ~ P PRI WL K] I R
coriTL g, N 2 s:'ﬁh\';., ard Pi.on o ! NP

R e . I R 5oy IV T -
(32) Peansylvania, H. 427 lat. W. 797 Loag. Ivving, elsve 3385 m.; on

2 ymye -, S~ ~71 g e e TS e
Pimis gtrobus, Crorous alba, and Quoscts b.oroalis,

(63) Puczto Rico, N. 18° 1zt., W. 677 lozz. Mericas Insalor Forezt; on
Fimus sD.

(64) Sout:a Carolina, N. 33° lat., W. 80° long. irencic Merisn Jdetionsl
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(65) South Dakota, N. 45° lat., W. 103° long. Black Hills, elev. 1,710 m.;

soil derived from quartzite and shist, pH 6.0; on Betula papyrifera.
(66) Vermont, N. 44° lat., W. 73° long. Univ. of Vermont Research Forest,
Jerico, elev, 180 m.; dry, shalloi«-éoiled ridge, soil pH 3.4; on

Fagus grandifolia,

v (67) Virginia, N. 38° lat., W. ?8° long. Near Charlottesville, elev, 170 m.;

on Pinus virginiana and P. echinata.

(68) Virginia, N. 37° lat., W. 80° long. Chatham, elev. 210 m.; cn

Pimus virginiana and P. echinata.

(69) Washington, N. 48° lat., W. 123° long. Whidbey Island, elev. 45 m.:

On Pseudotsuga menziesii var. menziesii,

(70) Washington, N. 48° lat., W. 121° long. North Star Mtn., elev. 2,410 m.;

azon2l colluvium, 450 m. above timberline; on Larix lyalli.

(71) Washington, N. 47° lat., W, 118° long. Sprague, elev. 610 m.; basalt
| 'scabland at ecotone of ponderosa pine savannah and Artemesia semidesert;

Cn Pinus ponderosa and Porulus tremuloides (the latter in a moist swale.)

(72) Washington, N. 47° lat., W. 122° long. Mt. Rainier, Yakima Park, elev.
2,440 m.; azonal pumice at 450 m. above timberline; on low, shrubby

Abies lasiocarpa, 40 meters from any other vegetation.

(73) Washington, N. 47° lat., W. 124° long. Hoquiam, elev. 60 m.; on Pinus

nonticola, Pimis contorta, Picea sitchensis, P:sudotsuga menziesii

var. ménziesii, Tsuga heterophylla, Abies grandis.

(74) Vashington, N. 46° 1at., W. 122° long. Wind River Experimental Forest,
elev. 760 m.; on all of a great many sites and soils examined; on

all native and exotic hosts examined.
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LOCATICNS OF CENCCOCCUM REPCRTED IN THE LITERATURE

Te following literature citations accoun® probably Ifor all loca-
tions of Cenococcum published heretofore, as shown in figures 17 and 18.
Reports in which the identity of Cenococcum is clear frem descriptions or

illustrations, but the fungus is not specifically named, are asterisked.

Austria: Ferdinandsen and Winge (1925)

Belgium: Ferdinandsen and Winge (1925), Levisohn (1957)

Canada: Rayner and Neilson-Jdones (1944), McMinn (1954 and 1955)*

Czechoslovakia: Ferdinandsen and Winge (1925), Sen (1961)

Denmark: ¥iller (1878 and 1886)% Ferdinandsen and Winge (1925), Lihnell
(1942)

Finland: Ferdinandsen and Winge (1925), Mikola (1948a and 1948b), Siren
and Bergman (i951), Héikuraizen (1957)*

" France: Ferdinandsen and Winge (1925), Boullard and Dominik (1958),
Boullard (195%9a and 195%b)

Germany: Koert and Weber (1899), Miller {1903)*, Fardinandsecn and Winge
(1925), Fritsch (1956)*, Werlich and Lyr (1957), Kreisel (1957a
and 19570) |

Great Britain and Ireland: Ferdinandsen znd Winge (1925), Rayner and
Levisohn (1941), Rayner and Neilson-Jones (1944), Harley and Waid
(1955)

Italy: Ferdinandsen and Winge (1925)

Japan: Masui (1926)*

. Netherlands: Oudemans (1904)

Norway: Ferdinandsen and Winge (1925)
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Dominik (1957 to 1961b), Dominik and Nespiak (1953), Dominik, Nespiak
and Pachlewski (19542 and 1954b), Dominil and Pachlewski (1955 and
1956), Dominik and Ferchau (1956), Pachlewski (1953 to 1955), Pach-
lewski and Gagalska.(1953),.Eachiewski and fachlewska.(l960), Trusz-
kowska (1953), Manka and Truszkouska (1958), Frydman (1957), Boullard
and Dominik (1958 and 1960), Wojciechowska (1960)

Portugal: Ferreira dos Santos (1951 and 1957), Ferreira dos Santos arnd

Clotilde dos Santos (1951)

Soviet.Union: Ferdinandsen and Winge (1925), Aleskovsky (1954)% Chastukhin

"(1954)*, Gorbunova (1955), Shcherbakova (1955), Viasov (1955)*,

Sweden:

United

Trubetskova and Mikhalevskaya (1955)%, Shemakhanova (1957 and 1961),
Lobanov (1957)

Sernander (1918), Ferdinandsen and Winge (1925), Melin (1927)%,
Hatch and Hatch (1933), Hatch (193%), Lindquist (1937), Lihnell
(1939 and 1942), Arnborg (1940), Bjbrkman (1942), Mikgl%.(léﬁBb)
States: | |
Maryland:y?almer (1954), Hacskaylo and Snow (1959), Worley and

Hacskaylo (1959) -
New Jersey: Ferdinandsen and Winge (1925), Hatch (193%)
New York: Hatch (193% and 1937), Kelley (1960)
North Carolina: Dominik and Ferchau (1958)
Oregon: VWright and Tarrant (1958), Lavender and Wright (1960)
Washington: Wright and Tarrant (1958)

Wisconsin: Mikola and Persidsky (1951), Mikola (1955)



APPENDI: II
ECOTROPHIC MYCORRHIZAL EOSTS OF CENOCOCCUM

The ectotrophic hosts of Cenococcum I%ublished'previously plus
those I observed (asterisked).are l.isted below. Species not accompanied
by author citations are rgported for the first time here. Most such
species not native to the western states were examined from root samples
identified and sent by cooperators previously acknowledged,..ﬂthmgh

some were observed in the Wind river Arboretum.
Gymncspermae

Pinaceae
*Abies alba (Pachlewski, 1955; Fritsch, 1956; and others)

*A. amabilis

"“_é. balsamea

*A. concolor

*g. grandis

*A. lasiocarpa

"*;A;- magnifica var. shastensis

*A. sachalinensis

*Larix decidua (Rayner and Levisohn, 1941)

*L. decidua var. Eolonica (Pachlewski, 1953)
*1,, decidua var. sudetica (Pachlewski, 1953)
*L. laricina

*L. lyalli

*L. occidentalis




137
%Picea abies (Lihnell, 1942; Wojciechowska, 1960; Daminik, 1961a;
and others)

*P. b reweriana

*P, engelmanni
*P, glauca

*P, mariana

*P, orientalis

*P, pungens
*P, sitchensis (Rayner and Levisohn, 1941)

*¥Pinus albicaulis

*P, banksiana (Mikola and Persidsky, 1951; Mikolz, 1955;
Dominik, 1958b)

*P, contorta

*P, coulteri

*;'2. echirata

*P, elliotii var. elliotii (Zak, 1962)

*P, elliotii var. densa

«p. glabra

*P, jeffreyi

*P, koraiensis
*P, lambertiana

*P, monophyllia

*
s

monticola (McMinn, 1955)
*P. mugo (Dominik, Nespiak and Pachlewski, 1954a; Dominik and
Pachlewski, 1956)

*P. nigra var. poiretiana (Rayner and Neilson-dJones, 1944)



138
*P, palusiris
*P, pinaster
*E. pinea

I~

#*
o

. ponderosa

s
I*o
[
H
o
Q.
}.J.
™
‘-’.
)

3
I'u

. resinosa (Hatch, 193%)

.rigida (Dominik and Ferchau, 1958)

I

3*+
Irg
.

serotina

strobus (Hatch, 1934; Boullard ani Dominik, 1958;

: #
o

Dominik and Ferchau, 1953; Boullard, 1959;
and others) |
#P. sylvestris (Limnell, 19%42; Bjbrkman, 1942; Dominik, 1958;
Pachlewski and Pachlewska, 1961; and 6thers)
*P, taeda (Hacskaylo and Snow, 1959)
*P, virginiana (Bacskaylo and Snow, 1959, Worley and
Hacskaylo, 1959) ",

*Pseudotsuga menziesii var. menziesii (Ferreira dos Santos and

Clotilde dos Santos, 1951; Wright and Tarrant,
1958; Lavender and Wright, 1960; and others)

*P. renziesii var. glauca

*2, macrocarpa

*Tsugs canadensis (Dominik and Ferchau, 1958)

*T. heterophylla

*T, mertensiana
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Cupressaceae

Juniperus commnis (Lihzell, 1939)

Angiospermae

Aceraceae

Acer pseudoplatanus (Dominik and‘Pachlewski, 1955 and 1956)
Betulaceze ‘
Mnus firma (Masui, 1926)
A. glutinosa (Lihnell, 1942; Truszkowska, 1953)
*A. mabra |
*A. sinuata
*A, tenuifolia
*Betula fontinalis

— ~
*B. glandulosa

*B, lenta

*B. lutea

*g; papyrifera

B. pendula (Mikola, 1948a;Gorbunova, 1955; Dominik, 1961;
| and others)

*B, plat 1la var. japonica

B. pubescens (Mikola, 1948aand 1948b)

*B. pumila
%Carpimis betulus (Truszkowska, 1953; Dominik, 1961a)

*C. caroliniana

JAEY

—
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- - -

Corylus avellana (Gorbunova, 1955; Truszkowska, 1253;

R Dominik, 1957; Wojciechowska, l960)
*Q. cornuta var. cormuta {Hatch, ]934)
*C. cornuta var. californica

Compositae

Lactuca muralis (Boullard and Dominik, 1960)

Fagaceae

*Castanea dentata

*C, sativa

*Castanopsis chrysophylla

*C. sempervirens

*Fzous grandifolia (Kelley, 1960)

*F. multinervis

*E. orientalis

F. sylvatica (Miller, 1886; Dominik, 1957; Boullard and
‘Dominik, 1960; and others)

*Lithocarpus densiflora

*Quercus agrifolia ' \

*Q. alba

*Q. boreszlis . @
*Q. breveri

*Q. chrysolepis

Q. faginea (Ferreira dos Santos, 1957)

*

1©

. falcata

%

1o

. garryana

oy

f“A
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*Q. kelloggii

*Q. lacvis
" *Q. macrocarpa
*Q. oblongifolia
¥Q. petraea (Dominik, 1957; Wojciechowslka, 1960)
#Q. prinus
49. robur (Pachlewski and Gagalska, 1953; Aleskovsky, 1954;

Shcherbakova, 1955; and others)

3
1©
L]

sadleriana

o
[ ]

suber (Ferreira dos Santos, 1951 and 1957)

#Q. vaccinifolia

I

e
£

i©

. Virginiana

Juglandaceze
Carya spp. (Hatch, 192%)
Leguminosae

Vicia sylvatica (Dominik, 1957)

Rhamnaceae

Rhammus franguls (Truszkowska, 1953; Dominik and Pachlewski,

1955)

Rosaceae

*Cercocarpus ledifolius

*Chamaebatia foliolosa

Crataegus monogyna (Deninik, 1957)

, Dryas octopetala (Dominik, Nespiak and Pachlewski, 1954a)
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Rosa pendulina (Dominik, Nespiak and Pachlewski, 1954b;

Dominik, 1961b)
*R. gymnocarpa
Sortus aria (Dominik, 1961b)
*S. sitchensis
‘S. aucuparia (fruszkowska, 1953; Dominik, Nes.piak ard
Pachlewski, 1954a; Douiinik, 1957; and others)

Rubilaceae

Galivm schultesii (Dominik and Pachlewski, 1956)

G. rotundifolium (Dominik and Pachlewski, 1956)

Salicaceae

Populus alba (Dominik, 19:8c)

*P, angustifolia

;'52. balsamifera (Dominik, 1958¢)

. canadensis (Dominik, 1958c)

P. canescens (Dominik, 1958¢)

*P, deltoides |

P. nigra (Frydman, 1957; Dominik, 1958¢c)

P. robusta (Dominik, 1958¢)

P. tremla (Lihnell, 1942; Siren and Bergman, 1951;
Dominik, 1958¢; and others) |

*P. treuloides

4_13. trichocarpa

*Salix bebbiana i

*3. bella
| S. caprea (Dominik, Nespiak and Pachlewski, 1954 and
s
1954b; Dominik, 1961b)
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*S. coulterd
*S. geyeriana
*S. hookeriana
*S. hunmilis

S. kitaibeliana (Dominik ard Nespiak, 1953)

*S. lasiandra

S. myrsinites (Dominik, Nespiak and Pachlewski, 1954a)

*S. petrophila

. repens (Dominik and Pachlewski, 1955)

S. reticulatz (Dominik, Nespiak and Pachlewski, 1954a)

*§. scculgriana

S. silesiaca (Dominik ard Nespiak, 1953; Dominik, Nespiak and
Pachlewski, 195%a; Dominik and Pachlewski, 1956)

Saxifragaceae

Ribes alpim:a (Dominik, 1957)
Tiliacea&' .+ *

*Tilia americana

»T. cordata (Lihrell, 1942; Gorbunova, 1955; Wojciechowska,
1960; Dominik, 1961b)

~T. europaea (Sen, 1951)

Filicineaze

Polypcdiaceae

Oryopteris filixr s (Domi“k and Pachlewski, 1956)
] .



APPENDIX IIT

ANALYSIS OF VARIANCE TAELES

Split Flot with 15° and 22.5°C. ¥hole Flots

Source
Total
Whole Plot
Temperatures (T)
Error a
Subplot
Isolates (I)
Days (D)
Linear
Quadratic
Cubic
Quartic
- Residual
IxD
Tx I
TxD
TxIxD

Error b

5 n e

& o o

124

SS
60.2333
(.4169)
RIED
1054
(59.2134)
5.4562
(47.8117)
47,6794
.0298
L0790
0534
.000058
2,6130
.1.8727
.7887
.6097
6614

MS

L064

.0053

.5820
(7.9686)
47 6794

0298 .

0390

063

.000029

L0544

2341

O34

0127

.0053

77.1 %
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Split Plot with 15°, 22.5°. and 28°C. Whole Flots

Source
Total
Whole plot

Tezperature (T)

Eiror a
Subplot

Isoletes (I)

Days (D)
Linear
Quadratic
Cubic
Quartic
Residual

IxD

?x I

T x D

TxDx I

 Zrror B&/

377
(5)

(372)

(6)

|

(S

n

16
12
96
186

1/ Error b is not homogeneous.

-

SS
88.81.6
(25.9325)
25.9212

01126
(62.8791)
4.8015
(40.0828)
40.0025
.0175
.0207
.0418
.00017
2.4375
55634
9.9340
1.3498
.7095

MS F
12.9606 3,452  *x
003
.6002 157.3 **
'6[%@5§*~- TR
£0.0025 10,485  **
0176 &.62%
.0207 5.3
0418 10.96%*
00008~ n.s
.0508 13.3 **
.2227 58,3 **
.8278 217.0 **
.014C6 3.68%%
.0038

*®
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MILTIPLE RANGE TESTS

Isolates, Temperatures, and Days Combined

SSL/ LpPg
J761 1.037 1.084 1,132 1.177 1.223 1.226 1.501

IHg LPa LPe PPd PFb PPh -’

604

MHe

Antilogs:

Comparisons of Individual Isolates

LPz2 vs. MHe
28.0°:
22.5°%;
15.00:

LPa vs. PPb
28.0°:
22.5%;
15.00:

MEc vs. PPD
28.0°:
22.5%;
15.0%;

LPc vs. MHg
28.0%:
22.5%:
15.0%

LPa
LPa

LPa

LPa
MHe
MHc

MHc

LPc

LPc

LPc

(0.42 mg.) > Mic
(1.87 mg.) € Mic

(1.85:mg.) = M

(0.42 mg.) < PFb
(1.87 mg.) < PPb
(1.85 mg.) ¥ PFb

(0.31 mg.) < PPb
(2.16 mg.) = PPb
(.67 mg.) » PPb

(0.50 mg.) > Mg
(1.67 mg.) > MHg
(.96 mg.) > Mg

1/ Not Cenococcum.

(0.31 mg.)
(2.26 mg.)
(1.67 mg.)

(0.56 mg.)
(2.38 rg.)
(1.28 mg.)

(0.56 mg.)
(2.38 mg.)
(1.38 mg.)

(0.3 mg.)
(0.63 mg.)
(1.12 mg.)
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LPc vs. PPd
" 28.0% LPc (0.50 mg.) = PPd (0.54 mg.)
22.5%: LPc (1.67 mg.) < PPd (2.81:mg.)
15.0°: LPc (1.96;mg.) > PPd (1.38 mg.)

Mg vs. PRd
28.0°: Mg (0.31 mg.) < PPd {0.54 mg.)
22.5°: ¥Hg (0.63.mg.) < PP2 (2.8 mg.)
15.0°: Mig (1.12:mg.) = Pd (.38 mg.)
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James Martin Trappe was born in Spokape, Washington, on fugust 16,
1931, of Esther Louise Koss (Trappe) ari Martin C. Trappe. He attended
grade school and high school in Spokane, graduatiing from Lewis and Clark
High School in June, 1949. He entered the University of Washington in
September, 1949. Work for a Bachclor of Science in Forestry was completed
in June, 1953. In June, 1955, he received a degree of Master of Forestry
from New York State University, College of Forestry, at Syracuse.

Since graduation in 1953 he has been.employed by the U. S. Forest

Service.,



