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ABSTRACT

Fossil endogonaceous chlamydospores are described from the aerial axes and roots of
several Paleozoic plants preserved in calcilutite nodules and calcareous coal balls. Specimens
come from six Paleozoic localities extending from the uppermost Lower Devonian through
the Upper Pennsylvanian. Although fossil chlamydospores are markedly similar to the mod-
ern Endogonaceae in transmitted light, ultrastructural comparisons have not previously been
made. The fine structure of the walls of these spores is consistent with past interpretations
which relate them to the modern Endogonaceae, but thorough comparisons cannot be made
due to the lack of comparable ultrastructural information from extant VA mycorrhizae. The
evidence from mycorrhizal associations in the fossil record is evaluated.
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The presence of fungal chlamydospores in permineralized Paleozoic plants
has been noted repeatedly since the early 1900s. Such structures are probably best
known from the Devonian Rhynie Chert (Kidston and Lang, 1921), and have
aroused considerable interest because of their resemblance to extant vesicular-
arbuscular (VA) mycorrhizal fungi. Butler (1939) was perhaps the first to suggest
that such bodies were fossil representatives of the modern Endogonaceae, while
others have reported similar fungi and considered the possibility of endomycor-
rhizal relationships in the Paleozoic (Weiss, 1904; Lignier, 1906; Osborn, 1909;
Halket, 1930; Zimmermann, 1933; Andrews and Lenz, 1943; Wolf and Wolf,
1947; Kelly, 1950; Boullard and Lemoigne, 1971). More recently, Pirozynski and
Malloch (1975) have argued for the presence of VA mycorrhizae associated with
plants in the Paleozoic, and have suggested that the establishment of mycorrhizal
relationships was a major factor in the development of the vascular land flora.
We can evaluate this suggestion only insofar as it is possible to recognize fossil
mycorrhizae and distinguish them from other root endophytes (Berch and Ken-
drick, 1982). In the past, comparisons have been made primarily through light
microscopy and have centered on gross morphological detail. The use of scanning
and transmission electron microscopy provides an opportunity to make ultra-
structural comparisons as well, particularly with respect to the wall structure of
chlamydospores.

The relevance of wall structure to questions of fungal phylogeny and the

' Deceased July 15, 1984.
83



84 MYCOLOGIA

systematics of the Endogonaceae has been recognized by various authors (Bart-
nicki-Garcia, 1970; Mosse, 1970c; Walker, 1983). Recently, fossil Glomus-like
chlamydospores from three Pennsylvanian age localities were studied by Wagner
and Taylor (1981, 1982) using both transmitted light and scanning electron mi-
croscopy. The similarity between the fossil and extant chlamydospores with re-
spect to wall structure and hyphal attachment was substantial, and indicated that
the Pennsylvanian specimens probably represent endogonaceous chlamydospores
most similar to the extant genus, Glomus (Wagner and Taylor, 1982). Our analysis
was undertaken to extend these comparisons to the ultrastructural level, and to
include material from a wider geological and geographical range. This type of
study provides the opportunity to document the structure of fossil endogonaceous
chlamydospores from the early Devonian throughout most of the Pennsylvanian,
and to evaluate the relationship between these fossils and modern VA mycor-

rhizae.

MATERIALS AND METHODS

Fossil chlamydospores were obtained from a calcilutite cobble from the Ca-
nadian Gaspe Peninsula, and from coal balls collected at Lewis Creek, Kentucky;
West Mineral, Kansas; Berryville and Calhoun, Illinois; and Steubenville, Ohio.
The Gaspe material is found high in the Battery Point Formation which lies near
the top of Emsian strata (late early Devonian) (McGregor, 1977; Stubblefield and
Banks, 1983). The Lewis Creek locality is one of the oldest in North America and
is either uppermost Lower Pennsylvanian (Good and Taylor, 1970), or lowermost
Middle Pennsylvanian (Westphalian B equivalent) (Phillips, 1980). West Mineral
is somewhat higher in the Middle Pennsylvanian (Westphalian C equivalent)
(Good, 1975), while Berryville (Mamay, 1957) and New Calhoun (Phillips, 1980)
are both Upper Pennsylvanian (Stephanian equivalent). The youngest material
examined in this study comes from the Upper Pennsylvanian (Stephanian equiv-
alent) Steubenville locality (Rothwell, 1976). These localities span approximately
70 million years.

Before specimens were prepared for scanning electron microscopy several
cellulose acetate peels were made of each cluster of chlamydospores and mounted
in Harleco Synthetic Resin for examination in transmitted light. The Devonian
peels were treated as described by Stubblefield and Banks (1983). Pennsylvanian
age specimens were etched in dilute (2%) hydrochloric acid, dehydrated in a graded
series of ethanol, dried with an Autosamdri critical point drier, coated with gold,
and mounted on standard SEM stubs. After the specimens were examined, gold
was removed in a 10% solution of sodium cyanide (Sela and Boyde, 1977). The
same specimens were then prepared for transmission electron microscopy.

Specimens were freed from the matrix for TEM examination in several ways
depending upon the delicacy of the chlamydospore walls. In some instances it
was possible to remove entire spores, or large fragments of them, by slowly
dissolving the rock matrix with dilute hydrochloric acid. This was particularly
effective with material from Steubenville and West Mineral. In most cases, how-
ever, the spores were too delicate to be removed whole (Wagner and Taylor, 1982).
More fragile specimens were etched gently with HC1, dehydrated in acetone and
peeled with cellulose acetate. Appropriate areas of the peel were placed on a
cellulose Millipore filter and embedded in 2% agar under suction. Material from
Lewis Creek was particularly fragile and did not withstand deep etching and
peeling. To isolate intact chlamydospores from this locality a small block of coal
ball was removed and etched as deeply as possible without destroying the spores.
The entire block was then encased in agar and dehydrated in ethanol. The agar,



STUBBLEFIELD ET AL.: PALEOZOIC FUNGI 85

toughened by dehydration, was then cut from the surface of the block and the
appropriate areas were excised. Once encased in agar, all samples were stained in
2% uranyl acetate for 4 h at room temperature (75 F). They were then dehydrated
and embedded in Spurr low viscosity plastic following standard procedures. Dur-
ing infiltration both the cellulose filter and the cellulose acetate peel usually dis-
solved. When a thin remnant of either persisted it did not interfere with ultra-
microtomy, and was sometimes beneficial in maintaining the structural integrity
and three-dimensional organization of the chlamydospores. The techniques used
in freeing and embedding the present material are similar to those described by
Daghlian and Taylor (1979) for pollen grains and spores. However, the peel is
not dissolved until the material is embedded in agar. This is accomplished on a
cellulose Millipore filter which will later dissolve as the sample is passed through
acetone. These modifications increase the likelihood of retaining the original three-
dimensional orientation of'the fossil tissues. Sectioned chlamydospores were ex-
amined at 75 kV.

DESCRIPTION

Chlamydospores occur in small groups in the cortical regions of Pennsylvanian
stigmarian rootlets and Psaronius roots, and in the inner cortex of several aerial
axes of the Devonian trimerophyte, Psilophyton dawsonii. Specimens from each
locality are similar in organization and wall structure. They are typically spherical
and lack pre-formed openings. Walls are consistently unornamented and internal
contents are absent. Although it was not always possible to characterize fully each
of the walls of every type of chlamydospore due to imperfect preservation and
the difficulties of preparing specimens, two different types of wall components are
clearly visible at the ultrastructural level. The first is an electron-dense, homo-
geneous unit with no apparent structural detail (FIG. 3). This is the sole component
of walls of the Devonian material and is a part of the wall of every other chla-
mydospore examined. The second component consists of more loosely organized
material which forms one to several spongy layers (FIG. 26). Although the fossil
spores are consistent in the general pattern of wall organization, spores from
different localities differ in the precise number, thickness, and order of these layers.
Specimens from each locality will be discussed individually.

Gaspe (F1GS. 1-3).—A detailed description of fungal chlamydospores from this
locality as seen in transmitted light and scanning electron microscopy is provided
by Stubblefield and Banks (1983). Specimens are up to 175 “m in diam and
possess two walls, each approximately 2-3 /im thick. Each separates into a variable
number of layers which are visible when specimens are scanned (FIG. 2), but are
not apparent in transmitted light (FIG. 1). At the ultrastructural level, three discrete
layers composed of an electron-dense, homogeneous material are seen which
together constitute a portion of the thick outer wall (FIG. 3). The outer layer visible
in FIG. 3 is approximately 0.3 finl, while the inner two layers are each approxi-
mately 0.1 /ini. Each layer is composed of an amorphous, electron-dense, solid
material.

Lewis Creek (F1GS. 4-9).—Chlamydospores from Lewis Creek reach 260 iim in
diam and typically have a thick outer wall approximately 3 ixm thick and a thinner,
more delicate inner wall of approximately 0.5 nnl. While most specimens are two-
walled, a third wall is sometimes present (FIG. 5). A similar wall was occasionally
observed by Wagner and Taylor (1982), and may be either an additional wall or
a torn fragment of the second wall. In a two-walled spore a portion of each wall
is composed of an amorphous, electron-dense material similar to that comprising
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the entire wall ofa Gaspe chlamydospore (FIGS. 7-9). Adjacent to these layers is
a zone of more loosely arranged wall material. Considerable tearing and disruption
is visible in the walls of these spores at the ultrastructural level.

West Mineral (F1GS. 10-14, 18).—Chlamydospores from West Mineral are up to
200 um in diam and possess two or three walls. The outer layer is 5-8 /xm thick,
while the inner two walls reach only approximately 1-2 /im. The most notable
feature of the outer wall is its loose construction and spongy appearance (FIGS.
12-14). The middle wall is also apparently somewhat porous (FIG. 11), although
it is not clear whether this reflects the actual organization of the wall, or is a result
of preservation or changes caused by preparation. Ultrastructural examination of
a portion of the outer wall reveals a complex structure which includes both solid,
homogeneous regions and more loosely arranged areas (FIG. 18).

Berryville F16s. 15-17). —Chlamydospores from Berryville reach 320 “m in diam
and are customarily two-walled (FIG. 16). Both walls are approximately the same
thickness and range from 2-3 ixm. Evidence of degradation is present even in
transmitted light (FIG. 16). Ultrathin sections reveal portions of this organization
including an outer spongy region which was often not preserved, a solid, homo-
geneous layer, and an inner, loosely organized area bounded by a thin, solid unit
(FIG. 15). The thickness of the sectioned unit suggests that both the outer and
inner wall of a spore are represented. However, both walls were not apparent
when the spore was examined in transmitted light, although they may have been
closely appressed. Alternatively, this unit may represent only one wall and be
unnaturally wide due to separation during preservation or preparation.

New Calhoun (F1GS. 19-23).—Specimens from New Calhoun are poorly preserved
due to the growth of pyrite crystals (FIG. 19). Chlamydospores reach 440 /xm in
diam and exhibit two walls when viewed in transmitted light. When specimens
are scanned, considerable layering is observed in both walls, and is particularly

FIGS. 1-3.  Lower Devonian chlamydospores from the Gaspe (Cornell University Paleobotanical
Collection Type 198). 1. Several chlamydospores in inner cortex of Psilophyton dawsonii, x 105. 2.
Chlamydospores showing nature of double walls. Note separation of walls into several layers, x 300.
3. Section through portion of outer wall. Arrow indicates outer surface, x 10,000. FI1Gs. 4-9. Lower/
Middle Pennsylvanian chlamydospores from Lewis Creek (C. B. 1746 D). 4. Chlamydospores showing
thick outer and thinner inner walls, x 120. 5. Detail of chlamydospore walls, x200. 6. Broken chla-
mydospore showing inner surface of outer wall and both surfaces of inner wall, x300. 7. Section
through outer and inner wall of chlamydospore. Note compact layers (arrows) and loosely arranged
layers, x3000. 8. Detail of outer wall, x 10,000. 9. Detail of inner wall, x 10,000.

FIGS. 10-14, 18. Middle Pennsylvanian chlamydospores from West Mineral (C. B. 7854 B).
10. Chlamydospore with subtending hypha. Arrow indicates inner of three walls, x 200. 11. Detail of
middle wall, x500. 12. Chlamydospore with three walls. Note thickness of outer wall, x500. 13.
Detail of spongy outer wall, x2500. 14. Multiple layers of outer wall, x 10,000. FiGs. 15-17. Upper
Pennsylvanian chlamydospores from Berryville (C. B. 6495 C). 15. Thick outer wall illustrating fibrillar
organization. Note smooth, fragmented surface, x200. 16. Two-walled chlamydospore, x200. 17.
Outer surface of outer wall of chlamydospore, x800. 18. Section through layered wall of chlamydo-
spore. Note organization of solid and spongy layers, x 4000.

FIGS. 19-23. Upper Pennsylvanian chlamydospores from New Calhoun (C. B. 6311 B). 19.
Two-walled chlamydospore containing dark pyrite crystals, x 110. 20. Detail of separating wall layers,
x 450. 21. Chlamydospore walls illustrating extensive separation, x250. 22. Chlamydospore with
smooth inner wall and relatively little separation of wall layers, x 200. 23. Section through portion of
outer wall. Note compact and loosely arranged areas, x 5000. FIGs. 24-26. Upper Pennsylvanian
chlamydospores from Steubenville (C. B. 9773 F). 24. Chlamydospore with two walls, x130. 25.
Outer and inner walls of chlamydospore with some separation of wall layers, x 200. 26. Section through
outer and inner wall. Note marginal compact regions and inner spongy areas, x 5000.
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