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Several specimens of a new fungal reproductive unit, Halifaxia taylorii nov. gen. et spec., occur within the
tracheids of a structurally preserved fern axis from the Lower Pennsylvanian of Great Britain. The reproductive
units, which appear to be lateral outgrowths of tubular hyphae, consist of a mantled sphere (80-90 um in
diameter) borne terminally on an inflated subtending structure, which may also be mantled. A smaller element
clasps the proximal portion of the subtending structure; one arm of this element extends further up along and
appears to eventually fuse laterally with the subtending structure. The reproductive units are interpreted as
zygosporangium-apposed gametangia complexes of a zygomycetous fungus. Although several structural
features of H. taylorii resemble features seen in the zygosporangium-gametangia complexes of certain modern
zygomycetes, the precise systematic affinities of the fossils remain unresolved. Nevertheless, the discovery is
important because it provides new information on the morphology and evolutionary history of the
zygomycetous fungi, which are poorly resolved on the basis of fossils.
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Introduction

The zygomycetous fungi (formerly Zygomycota) are an
ecologically heterogeneous, paraphyletic or polyphyletic as-
semblage of predominantly terrestrial organisms (White et al.
2006; Liu et al. 2009; Liu and Voigt 2010). They reproduce
asexually via nonmotile endospores formed in sporangia,
sporangiola, or merosporangia or by the formation of
chlamydospores, arthrospores, and yeast cells, and they re-
produce sexually (where documented) by the formation of
zygospores following gametangial fusion or azygospores
without prior gametangial conjugation (Benjamin 1979;
Benny et al. 2001). Most zygomycetous fungi thrive as sapro-
trophs, others as parasites of plants, animals, and other fungi
(White et al. 2006; Richardson 2009); still others enter into
mutualistic associations (mycorrhizae) with plants (Fassi
et al. 1969; Walker 1985).

Molecular clock estimates suggest that the first zygomycetous
fungi occurred on Earth during the Precambrian, ~1.2-1.4 Ga
ago (Heckman et al. 2001; Blair 2009); more conservative es-
timates place the divergence at ~800 Ma (Berbee and Taylor
2001). If these estimates are accurate, zygomycetous fungi
might have been important elements in ancient terrestrial
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ecosystems. Nevertheless, documented fossil evidence is mea-
ger. The scarcity of reports on fossil zygomycetes appears to
be related to the nature of the fossil record of fungi that typi-
cally results in the preservation of isolated parts or stages of
the life cycle. Most structures formed during the zygomycetous
life cycle are nondiagnostic at the level of resolution available
with light microscopy. Mature zygosporangia/zygospores
with attached gametangia and suspensors (see Benjamin
1979) appear to be the only component of the life cycle that
can be used to positively identify a fossil zygomycete (Krings
and Taylor 2012a).

The oldest fossil evidence of zygomycetous fungi occurs in
the form of reproductive units interpreted as zygosporangia
with apposed gametangia from the Lower Pennsylvanian
(Carboniferous) of Great Britain (Krings and Taylor 20124,
2012b). Another Pennsylvanian fossil believed to represent
a zygomycete is Protoascon missouriensis LR Batra et al.
(Batra et al. 1964; Baxter 1975), a structure consisting of a
bulb-like suspensor with appendages arising in a whorl from
one end and forming a basket-like structure around an orna-
mented azygo- or zygosporangium (Taylor et al. 20035). Per-
haps the most convincing fossil zygomycete to date is Jinuvhitea
circumtecta M Krings et TN Taylor, a zygosporangium-apposed
gametangia complex from the Triassic of Antarctica that is strik-
ingly similar to the zygosporangium-gametangia complexes seen
in certain extant species of Endogone Link: Fr. (Krings et al.
2012). Other fossils of putatively zygomycetous sexual repro-
ductive structures from the Triassic of Antarctica include several
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intact sporocarps containing spores, in part sheathed by a hyphal
mantle, also suggested as belonging to the Endogonales (White
and Taylor 1989, 1991). Although these fossils indicate that
zygomycetous fungi have existed at least since the Carbonifer-
ous, many additional specimens are needed in order to accu-
rately assess the fossil record, evolutionary history, and role(s) in
paleoecology of this phylogenetically difficult group of fungi.

This article describes Halifaxia taylorii nov. gen. et spec.,
a newly discovered fungal reproductive unit that occurs
within the tracheids of a permineralized fern axis from the
Lower Coal Measures (Lower Pennsylvanian) of Great Brit-
ain. The fossils are interpreted as mantled zygosporangia
subtended by a large gametangium. Attached laterally to the
subtending structure is a small gametangium. Although the
fossils are somewhat reminiscent of the zygosporangium-
apposed gametangia complexes in certain modern Endogona-
ceae (Endogonales), their precise systematic affinities cannot
be determined. Nevertheless, the discovery is important be-
cause it provides new information on the evolutionary his-
tory of the zygomycetous fungi.

Material and Methods

The fossils described in this study come from a single thin
section that was prepared from a coal ball collected in the
Lower Coal Measures of Great Britain. The coal ball comes
from the Halifax Hard Seam at Halifax (Yorkshire), which
is Westphalian A or Langsettian (Bashkirian/Lower Pennsyl-
vanian) in age (Galtier 1997). The section was prepared
according to standard procedures, in which a piece of the
coal ball was cemented to a glass slide and subsequently
ground with abrasive until it was thin enough to be exam-
ined with transmitted light. The slide is part of the William-
son collection that is housed in the Natural History
Museum in London; the slide has accession number 1929
(drawer 54). The fossils were analyzed using normal trans-
mitted light microscopy equipment. Digital images were
captured with a Leica DFC-480 camera and processed in
Adobe Photoshop.

Systematic Paleomycology

Zygomycetous Fungi
Subphylum—Incertae sedis

Genus—Halifaxia M Krings, JF White,
Dotzler et CJ Harper nov. gen.

MycoBank MB 564544

Type—Halifaxia taylorii M Krings, JF White,
Dotzler et CJ] Harper (This Article)

Generic diagnosis. Fossil zygomycetous sexual reproduc-
tive structure (zygosporangium-gametangia complex), pro-
duced singly (not in unstructured masses or sporocarps);
zygosporangium with hyphal mantle; gametangia apposed,
differentiated (macrogametangium [see “Remarks” for speci-
fication on usage of term] larger than microgametangium);
microgametangial branch may arise from distinctive parental

element; microgametangium fusing laterally with macrogametan-
gium; zygosporangium arising from tip of macrogametangium.

Etymology. The generic name Halifaxia indicates that
the coal ball containing the fungus has been collected from
the Halifax Hard Seam at Halifax in Yorkshire, Great
Britain.

Species—Halifaxia taylorii M Krings, JF White, Dotzler
et CJ Harper nov. spec. (Figs. 1A-1D, 1F-1L, 2)

MycoBank MB 564545

Diagnosis. Zygosporangium spherical, 80-90 um in di-
ameter (including mantle); mantle up to 10 wm thick, com-
posed of irregularly swollen, interlaced, aseptate hyphae and
peripheral tubular hyphae extending along circumference of
zygosporangium; gametangia arising from tubular running
hyphae; macrogametangium inflated, elongate, sac-like or coni-
cal, usually (but not always) sheathed by loosely interwoven
hyphae; microgametangium considerably smaller than mac-
rogametangium, borne on stout branch (microgametangial
branch) extending up along outer surface of macrogametan-
gium; microgametangial branch may be subtended by irregu-
larly lobed or branched aseptate element clasping around
proximal portion of macrogametangium; microgametangial
branch and its subtending element not sheathed by hyphae.

Holotype (bic designatus). Specimen illustrated in figure
1F (details in figs. 1J-1L, 2A, 2B).

Repository. Williamson collection slide 1929 (in drawer
54), Natural History Museum, London.

Etymology. The epithet is proposed in honor of Thomas
N. Taylor, University of Kansas, Lawrence, Kansas, for his
preeminent contributions to our understanding of the biodi-
versity of fossil fungi and the biological roles of fungi in
paleoecosystems.

Stratigraphic occurrence.
Yorkshire, Great Britain.

Age. Westphalian A or Langsettian (Bashkirian, Lower
Pennsylvanian, Carboniferous), according to Galtier (1997).

Description. Halifaxia taylorii occurs in the xylem of a
structurally preserved (permineralized) pinna axis (~2 mm
wide) of a fern of unknown affinity that appears in longitudi-
nal section (fig. 1A); the assemblage of fungal remains con-
sists of variously sized hyphae and five reproductive units,
four of which occur in linear arrangement within one tra-
cheid (fig. 1A [bracketed area], 1B), while the fifth is located
at some distance from the others in an adjacent tracheid (fig.
1A [arrow], 1F). Similar reproductive units have not been
detected in any other plant tissue preserved in this or other
thin sections from the British Coal Measures kept in the Wil-
liamson or any other collection, nor have they been found in
the matrix of these coal ball sections. However, on the outer
surface of the fern axis containing H. taylorii occurs a cluster
of small (45-80 wm in diameter) spheres surrounded by a hy-
phal investment (fig. 1E) that might represent partially de-
graded reproductive units of H. taylorii but could as well
belong to some other fungus.

Tubular running hyphae in the tracheids are thin walled,
up to 6 wm wide, and aseptate; they typically extend along

Halifax Hard Seam at Halifax,
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the long axis of the host cells (fig. 1B, 1D, 1G, 1H). Branch-
ing is infrequent. If branching occurs, the hyphal branch may
be as wide as the parental hypha and also extend along the
long axis of the tracheids or slightly wider and directed more
or less perpendicularly to the parental hypha. Perpendicularly
oriented branch hyphae may be aseptate or contain irregu-
larly spaced right-angled septa (fig. 1C, arrows) and usually
produce second-order branches 2-2.5(—4) uwm wide (fig. 1B,
1C). Although it is likely that the reproductive units were
produced on lateral branches of the running hyphae (or as
lateral outgrowths of the running hyphae), direct evidence of
a physical connection has not been found, with one possible
exception (figs. 1G [bracketed area], 2G [arrow]).

Reproductive units occur singly, albeit four of the individ-
uals are located in close proximity to one another within one
host cell. They consist of a sphere (fig. 1]) subtended by an
inflated structure, informally termed “subtending structure”
in this study (fig. 1/, ss), which is present in four of the speci-
mens. An irregularly shaped element, termed “smaller ele-
ment” in this report (fig. 1], se), is found attached to the
proximal portion of the subtending structure in three of the
specimens. The sphere is 85-90 um in diameter and com-
posed of a central cavity, ~70 um in diameter, surrounded
by a hyphal investment or mantle. The investment/mantle is
7-10 wm thick and constructed of a system of interlaced hy-
phae that are irregularly swollen and 1-4(-5) um wide (figs.
1H, 11, 2D-2F). Tubular hyphae (up to 2 um wide) extend-
ing around the circumference of the sphere occur in the pe-
riphery (fig. 2D, 2E). All hyphae are relatively thin walled;
septa have not been observed, but hyphal constrictions fre-
quently occur (fig. 2E). In several instances, hyphae extend
from the investment into the surrounding matrix (figs. 1H
[arrows], 2F [arrow]).

The subtending structure (figs. 1F, 1G, 11, 1] [ss], 2A, 2B,
2D, 2G-2I) is elongate, sac like, or chiefly conical, up to
60 wm long and 30 um wide, and in most (but not all; fig.
2A, 2B) specimens sheathed by a one-layered meshwork of
loosely interwoven hyphae (fig. 2G, 2H). The hyphae sheath-
ing the subtending structure are similar in size and morphol-
ogy to the hyphae investing the sphere. The proximal portion
of the subtending structure is tapering; one specimen (fig.
2A) indicates that the subtending structure arises from a tubu-
lar hypha (phss) and may produce branches (br) proximally.

Physically connected to the subtending structure in three
of the reproductive units is a smaller element, which lacks
a hyphal investment (figs. 1] [se]-1L, 2B, 2D, 2H [arrow], 21
[arrow]). The three-dimensional configuration of and rela-
tionship between the subtending structure and this element is
best recognizable from the specimen illustrated in different
magnifications and focal planes in figures 1J-1L, 2A, and
2B. The smaller element develops from a tubular hypha or
hyphal branch (fig. 1], 1K [phse]) by irregular inflation, loba-
tion, and the formation of branches (fig. 1K, br). The
element, which apparently is entirely aseptate, clasps the
proximal portion of the subtending structure (figs. 1L, 2B)
and then produces one stout branch (up to 12 um wide) that
extends further up along the outer surface of the subtending
structure. The tip of this branch appears to fuse laterally
with the subtending structure (fig. 2D, 2I). A transverse sep-
tum separates the distal portion of the branch from the rest

(fig. 2B, black arrow). In the other two reproductive units
evidencing the presence of the smaller element (1: fig. 2D,
2H; 2: figs. 11, 21), only the tubular branch extending along
the subtending structure appears in the thin section. One of
these specimens also documents the septum separating the
distal portion of the branch from the rest (fig. 2D, arrow).

An interesting fossil (fig. 2B, top) co-occurring with one of
the H. taylorii reproductive units consists of a distal spheroid
(~16 pum in diameter) and a cylindrical element, which is
40 pm long, up to 18 wm wide, and characterized by a trans-
verse wall separating the distal third from the rest (fig. 2C,,
white arrow). A second distinctive transverse wall is visible
at the tip of the cylindrical element (fig. 2B, 2C, [black ar-
row]). Behind the cylindrical element occurs a thin-walled,
slightly inflated structure (~20 um wide) that appears to be
tapering proximally (fig. 2B, white arrows). It remains un-
clear whether the spheroid is subtended by the cylindrical ele-
ment or by the slightly inflated structure. Several tubular
hyphae (2.5-4 um wide) approach the complex from the out-
side (fig. 2Cy, arrow).

Remarks. A septum demarcating the macrogametangium
is not recognizable in the fossils. In the diagnoses, we have
used the term “macrogametangium” for the entire structure
subtending the zygosporangium, notwithstanding that this struc-
ture might represent the macrogametangium, or the macrogam-
etangium and macrosuspensor (see “Discussion”). We assign the
fossils to the zygomycetous fungi on the basis of morphological
features of what are interpreted as zygosporangium-gametangia
complexes. It is currently impossible to further delimit the affini-
ties of the fossils within the zygomycetous fungi; therefore, we
do not resolve the ranks of subphylum and below.

Discussion

The occurrence of well-preserved fungi and fungus-like or-
ganisms in coal balls from the Lower Coal Measures of Great
Britain has been known for more than 130 yr (Cash and
Hick 1879; Williamson 1880, 1881, 1883). However, these
fossils are just now beginning to be more fully appreciated
as a source of new information on fungal diversity, biology,
and role(s) in ecosystems in the Carboniferous (Krings et al.
2010a, 2011a, 2011b; Strullu-Derrien et al. 2011). Halifaxia
taylorii represents an excellent example of the high preserva-
tional quality of some of the fungal fossils from the British
coal balls. Although the specimens depict only one stage in
the life history of this fungus, the complement of structural
features exhibited is sufficient enough to be used to compare
the fossils with modern fungi and advance hypotheses on the
systematic affinities of the fossils.

Assignment to the Zygomycetous Fungi

The fungal reproductive unit H. taylorii consists of a sphere
surrounded by a hyphal investment (fig. 2D-2F) and two
prominent and elaborate associated structures (informally
termed “subtending structure” and “smaller element” in the
description) that are interconnected (figs. 1/-1L, 2A, 2B,
2G-2I). Hyphal investments (or mantles) similar to that seen
in the fossils are known to occur on the spores of several ex-
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Fig. 1 Halifaxia taylorii nov. gen. et spec. from the Lower Pennsylvanian of Great Britain. All images from slide 1929, Williamson collection,
Natural History Museum London, Great Britain. A, Fern axis in longitudinal section containing hyphae and reproductive units (bracketed area
and arrow); bracketed area magnified in B. B, Reproductive units in linear arrangement; bracketed area magnified in C. C, Branch hypha with
septa (arrows). D, Reproductive unit and tubular running hyphae. E, Mantled reproductive units on outer axis surface. F, Holotype specimen:
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tant representatives of the Glomeromycota (INVAM 2012)
as well as around the zygosporangia of certain zygomycetous
fungi (Bucholtz 1912; Linnemann 1941). Moreover, the cleis-
tothecium walls in certain Ascomycota (see Giumann 1926)
may also be somewhat similar structurally to the hyphal in-
vestment of H. taylorii. On the other hand, prominent and
persistent paired associated structures such as those of H.
taylorii are not known in Glomeromycota or in ascomycete
cleistothecia.

We therefore interpret H. taylorii as a sexual reproductive
structure (i.e., a zygosporangium-gametangia complex) of a
zygomycetous fungus. In this scenario, the sphere represents
a zygosporangium enveloped in a hyphal mantle. The origin
of the mantle hyphae cannot be determined. One possibility
is that mantle formation initiated from the perpendicularly
oriented branch hyphae, because these hyphae produce nar-
rower second-order branches (fig. 1C) that are similar in size
to the hyphae extending from the mantle into the surround-
ing matrix (fig. 1H). The inflated, elongate/conical structure
subtending the zygosporangium accordingly represents a large
gametangium (macrogametangium), or the macrogametan-
gium and large suspensor (macrosuspensor), while the tip re-
gion of the stout branch produced by the smaller element
would represent a small gametangium (microgametangium).
As to whether the organism was homothallic or heterothallic
cannot be determined. Moreover, the microgametangium is
clearly recognizable as a distinctive compartment separated
from its parental structure by a septum (fig. 2B), while a sep-
tum demarcating the macrogametangium has not been ob-
served. It is possible that this septum simply is not preserved.
On the other hand, perhaps the entire subtending structure
of H. taylorii represents the macrogametangium, while the ac-
tual suspensor is undifferentiated or diminutive (see Benjamin
1979).

The fossil illustrated in the upper half of figure 2B—as
well as in two different focal planes in figure 2C—is difficult
to assess because it is quite delicate. However, if our inter-
pretation of H. taylorii as a zygomycetous zygosporangium-
gametangia complex is correct, then this structure might
represent an early stage in zygosporangiogenesis, in which
the distal spheroid represents the developing zygosporan-
gium. Accordingly, the cylindrical element (fig. 2B, fore-
ground) might equate to the microgametangial branch seen
in some of the more mature specimens (fig. 2B, 2D). If this is
accurate, then the lower transverse wall (fig. 2C,, white ar-
row) would represent the septum between the microgametan-
gium and microsuspensor. The slightly inflated structure with
a tapering basis (background of fig. 2B, white arrows) in this
scenario would correspond to the subtending structure (i.e.,
macrogametangium, or macrogametangium and macrosus-
pensor) of the more mature specimens (fig. 2G). The fact
that this structure is smaller than the subtending structures

of the more fully developed specimens does not conflict with
this interpretation, since it is known from various extant
zygomycetes that the suspensors may increase considerably
in size during zygosporangium development (Bucholtz 1912;
Gams and Williams 1963; Kuhlman 1972; Edelmann and
Klomparens 1995). It is also possible, however, that the cy-
lindrical element represents the macrogametangium and mac-
rosuspensor (separated by a septum; see fig. 2C,, white
arrow), while the slightly inflated structure equates to the
smaller element of the more mature specimens. The hyphae
approaching the fossil structure from the surrounding matrix
(fig. 2C4, arrow) are interpreted as representing the initial
stage in the formation of the mantle.

Posing a challenge to the assignment of H. taylorii to the
zygomycetous fungi is the fact that zygosporangium and zy-
gospore walls are not recognizable in any of the spheres
interpreted as zygosporangia (fig. 2F). However, zygospores
are also not recognizable in the two previously described pu-
tative zygosporangium-gametangia complexes from the Brit-
ish Lower Coal Measures (Krings and Taylor 20124, 2012b),
nor have they been observed in the Triassic Jimwhitea cir-
cumtecta (Krings et al. 2012). Thus, it is possible that the zy-
gospores simply did not survive the fossilization process. As
to why the zygosporangium wall is not recognizable in
H. taylorii remains unknown. In the other putative fossil
zygomycetes mentioned above, this wall is consistently well
preserved. It is interesting to note, however, that the Carbon-
iferous microfossil Mycocarpon cinctum M Krings et al.
(2010b), an enigmatic spherical structure hypothesized to
represent an isolated mantled zygosporangium, is composed
of a central cavity bounded by a two-layered hyphal invest-
ment but with no evidence of an inner, nonhyphal zygospor-
angium wall and zygospore, precisely as in H. taylorii.
Krings et al. (2010b) suggest that the structure may have
been immature (i.e., still in the process of expansion) and the
walls not yet fully developed. The cavity may have contained
cytoplasm with nuclei and lipid droplets, but solid sporan-
gium and spore walls were perhaps not deposited until the
zygosporangium had reached maturity.

Position of Halifaxia taylorii within
the Zygomycetous Fungi

If our interpretation of H. taylorii as a zygosporangium-
apposed gametangia complex is correct, then the question
arises as to whether the fossil can be more precisely placed
within the zygomycetous fungi on the basis of the morpho-
logical features available. Zygosporangia entirely enveloped
in a prominent investment (mantle) constructed of one to
several layers of interlaced hyphae similar to that seen in
H. taylorii (fig. 2D-2F) are known to occur in the Endo-

reproductive unit composed of mantled sphere, subtending structure, and smaller element. G, Tubular running hyphae and reproductive units, one
with elongate subtending structure; bracketed area magnified in fig. 2G. H, Hyphal mantle with narrow hyphae extending into surrounding
matrix (arrows). I, Mantled sphere in cross section off center; subtending structure magnified in fig. 2I. J, Holotype specimen in higher
magnification, focusing on subtending structure (ss) and smaller element (se). K, Proximal (hyphal) portion of smaller element (phse). L, Distal
(irregularly lobed and branched) portion of smaller element; br = branch. Scale bars = 500 um (A), 100 um (B, D, E), 20 um (C, H, I), 50 um

(E G), 30 pm (]), 10 um (K, L).
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Fig. 2 Halifaxia taylorii nov. gen. et spec. from the Lower Pennsylvanian of Great Britain. All images from slide 1929, Williamson collection,
Natural History Museum London, Great Britain. A, Holotype specimen, focal plane on proximal half of subtending structure and its parental
hypha (phss); br = branch. B, Same as in A, different focal plane. Bottom, subtending structure in surface view and microgametangial branch
(septum indicated by black arrow) arising from smaller element. Top, putative immature reproductive unit; arrows indicate slightly inflated
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gonaceae (Bucholtz 1912; Trappe and Gerdemann 1972;
Btaszkowski et al. 1998). Moreover, in certain members of
the Endogonaceae (especially in Endogone), the zygosporan-
gium does not develop in the fusion area between the two
gametangia but rather buds from one, usually the larger, of
the apposed gametangia, which is subtended by a large sus-
pensor. The large gametangium (macrogametangium), sepa-
rated from its suspensor (macrosuspensor) by a septum, is
fused laterally with a smaller microgametangium, which is
separated from its suspensor (microsuspensor) by a septum
(Bucholtz 1912; Thaxter 1922). If the configuration exhibited
by H. taylorii in fact corresponds to that seen in Endogone,
then the subtending structure in the fossil represents a very
large macrogametangium, or the macrogametangium plus
the macrosuspensor (with the septum between the two struc-
tures not preserved or not recognizable). Arguing against af-
finities of H. taylorii with the Endogonaceae is perhaps the
fact that the majority of extant Endogonaceae produce zygo-
sporangia clustered in unstructured masses or in structured
sporocarps (Yao et al. 1996). There is, however, one genus in
the Endogonaceae—that is, Peridiospora CG Wu et Suh ]
Lin—for which the production of unisporic zygosporocarps
is characteristic (Wu and Lin 1997). These zygosporocarps
are similar in size and overall morphology to the reproduc-
tive units of H. taylorii. Moreover, the apposed gametangia
of Peridiospora are sheathed (at least in part) by a meshwork
of interwoven hyphae, precisely as the subtending structure
in some of the H. taylorii reproductive units (cf. fig. 2 in Wu
and Lin 1997 and fig. 2G).

A structural feature of H. taylorii that we are not aware
of occurring in Endogonaceae is the smaller element sub-
tending the microgametangial branch and clasping around
the proximal portion of the subtending structure in one of
the specimens (fig. 1L). It is interesting to note, however,
that a somewhat similar feature has been reported to occur
during sexual reproduction in a member of the genus Mor-
tierella Coem. (subphylum Mortierellomycotina; see Hoff-
mann et al. 2011). Zygosporangia in Mortierella are either
naked or variously sheathed by hyphal coverings arising
from the suspensors or initiated from hyphae at the base of
the suspensors (Brefeld 1881; Kuhlman 1972; Chien et al.
1974; Ansell and Young 1983). Most species produce zygo-
sporangia in the fusion area between opposed or apposed
gametangia (Linnemann 1941; Zycha et al. 1969; Kuhlman
1972), but in one heterothallic species, Mortierella capitata
Marchal, the microprogametangium initially develops
a branched structure that entwines densely around the elon-
gating, club-shaped macroprogametangium (Degawa and
Tokumaso 1997). The entwining of the macroprogametan-
gium by the branched microprogametangium in M. capitata

is reminiscent of the embracing of the subtending structure
by the smaller element in H. taylorii. Alternatively, the
smaller element in H. taylorii might also be comparable to
the progametangial coils found in numerous modern zygomy-
cetous fungi of different systematic affinities (see Zycha et al.
1969), for example, Blakeslea trispora Thaxt. (Cutter 1942,
figs. 37, 38), Phycomyces nitens (C Agardh) Kunze (Benja-
min and Hesseltine 1959, fig. 4), and Syncephalis nodosa
Tiegh. (Moller 1901, pl. I, fig. 18). As a result, we feel that
the fossils cannot be unequivocally linked with any extant
lineage within the zygomycetous fungi. We therefore have
refrained from including the fossils in any of the existing sub-
phyla but rather have left the ranks of subphylum and below
unresolved.

Conclusions

Although the occurrence of fossils of zygomycetous fungi
in great numbers in the coal beds of the Carboniferous had
been postulated already 100 yr ago by the British paleontolo-
gist RC McLean (1912), apart from Halifaxia taylorii de-
scribed in this article, only three putative Carboniferous
representatives of this group of fungi have been documented
to date (Taylor et al. 2005; Krings and Taylor 20124,
2012b). All records are based on structures interpreted as
zygosporangium-gametangia complexes; none provide evi-
dence of any other stages of the life history of these organ-
isms. All Carboniferous zygomycetes described to date
occur within the confines of plant parts such as ovules and
degraded wood. This is unusual since most modern zygo-
mycetes produce zygospores aerially, on or in the soil, or
on organic debris (Benny et al. 2001). As to whether the oc-
currence of the Carboniferous zygosporangium-gametangia
complexes within plant parts represents a preservation
bias, in which only those specimens protected by plant tis-
sue are preserved in a recognizable form, or reflects some
life-history strategy of zygomycetous fungi in the Carbonif-
erous cannot be determined. We anticipate that more com-
plete specimens of H. taylorii and the other, previously
described Carboniferous putative zygomycetes as well as
new forms will be discovered as work on the fungi pre-
served in coal balls and other matrices conducive to the
preservation of microorganisms (e.g., chert) continues. This
will hopefully lead to a more accurate understanding of the
organisms on which H. taylorii and the other putative
zygomycete fossils were produced and help to more com-
pletely gather the full extent of fungal biodiversity that
existed in Carboniferous terrestrial ecosystems. Moreover,
it will expand our understanding of the evolutionary his-

structure in background. C;, C,, Immature reproductive unit in different focal planes; arrow in C; indicates hypha approaching structure from
outside; arrows in C, indicate transverse lines in cylindrical element. D, Mantled sphere with subtending structure and microgametangial branch;
arrow indicates septum. E, Hyphal mantle with tubular hyphae extending along circumference. F, Detail of fig. 1H: inner mantle layer; arrow
indicates hypha extending from mantle. G, Interwoven hyphae on subtending structure; arrow indicates what appears to be attachment point
of subtending structure to parental hypha. H, Detail of D (different focal plane), subtending structure and microgametangial branch (arrow)
in oblique longitudinal section; note hyphal investment of subtending structure. I, Subtending structure in oblique cross section, with microgametangial
branch entering from side (arrow). Scale bars = 10 um (A, E-I), 20 um (B-D).
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tory of zygomycetous fungi, which to date are greatly un-
derrepresented in fossils.
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