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ABSTRACT The anaerobic gut fungi (AGF) inhabit the alimentary tracts of herbivores.
In contrast to placental mammals, information regarding the identity, diversity, and
community structure of AGF in marsupials is extremely sparse. Here, we characterized
AGF communities in 61 fecal samples from 10 marsupial species belonging to four
families in the order Diprotodontia: Vombatidae (wombats), Phascolarctidae (koalas),
Phalangeridae (possums), and Macropodidae (kangaroos, wallabies, and pademelons).
An amplicon-based diversity survey using the D2 region of the large ribosomal subunit
as a phylogenetic marker indicated that marsupial AGF communities were dominated by
eight genera commonly encountered in placental herbivores (Neocallimastix, Caecomy-
ces, Cyllamyces, Anaeromyces, Orpinomyces, Piromyces, Pecoramyces, and Khoyollomyces).
Community structure analysis revealed a high level of stochasticity, and ordination
approaches did not reveal a significant role for the animal host, gut type, dietary
preferences, or lifestyle in structuring marsupial AGF communities. Marsupial foregut and
hindgut communities displayed diversity and community structure patterns comparable
to AGF communities typically encountered in placental foregut hosts while exhibiting
a higher level of diversity and a distinct community structure compared to placental
hindgut communities. Quantification of AGF load using quantitative PCR indicated a
significantly smaller load in marsupial hosts compared to their placental counterparts.
Isolation efforts were only successful from a single red kangaroo fecal sample and
yielded a Khoyollomyces ramosus isolate closely related to strains previously isolated
from placental hosts. Our results suggest that AGF communities in marsupials are in
low abundance and show little signs of selection based on ecological and evolutionary
factors.

IMPORTANCE The AGF are integral part of the microbiome of herbivores. They play
a crucial role in breaking down plant biomass in hindgut and foregut fermenters.
The majority of research has been conducted on the AGF community in placental
mammalian hosts. However, it is important to note that many marsupial mammals
are also herbivores and employ a hindgut or foregut fermentation strategy for break-
ing down plant biomass. So far, very little is known regarding the AGF diversity and
community structure in marsupial mammals. To fill this knowledge gap, we conducted
an amplicon-based diversity survey targeting AGF in 61 fecal samples from 10 marsupial
species. We hypothesize that, given the distinct evolutionary history and alimentary tract
architecture, novel and unique AGF communities would be encountered in marsupials.
Our results indicate that marsupial AGF communities are highly stochastic, present
in relatively low loads, and display community structure patterns comparable to AGF
communities typically encountered in placental foregut hosts. Our results indicate that
marsupial hosts harbor AGF communities; however, in contrast to the strong pattern of
phylosymbiosis typically observed between AGF and placental herbivores, the identity
and gut architecture appear to play a minor role in structuring AGF communities in
marsupials.
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M arsupials (infraclass Marsupialia) are mammals characterized by giving birth to
undeveloped offspring and caring for them in pouches. Marsupials represent the
only extant group of metatherian mammals and are endemic to Australia and North and
South America. Extant marsupials include herbivores (order Diprotodontia), carnivores
(order Dasyuromorphia), and omnivores (orders Didelphimorphia and Peramelemor-
phia). The majority of marsupial herbivores, with rare exceptions such as the woolly
opossum (genus Caluromys), are native to Australia and belong to the order Diprotodon-
tia. Marsupial herbivores display a wide range of dietary preferences including browsers
(feeding on trees and shrubs of high-growing plants, some of which can display high
preference for leaves, i.e., folivores, or fruits, i.e., frugivores), grazers (feeding on grass and
low-growing vegetation), and mixed feeders (1-3) (Table 1).

Similar to placental mammals (infraclass Placentalia), marsupial herbivores rely on
microorganisms in their gastrointestinal tract for plant digestion and conversion to
absorbable fermentation end products (2, 4). In both groups, fermentation occurs
in specialized chambers with extended food retention times to enable colonization,
plant polymer mobilization and breakdown, and monomer/oligomer fermentation to
soluble end products by the resident microbiota. However, herbivorous marsupial and
placental guts are structurally distinct. Marsupial foregut fermenters (members of the
family Macropodidae, e.g., kangaroos, wallabies, wallaroos, and pademelons) possess an
enlarged forestomach region divided into an anterior sacciform and posterior tubiform,
with fermentation processes occurring in both regions (4). In contrast, the majority of
fermentation processes in placental foregut fermenters occurs in the rumen, a pregastric
chamber that represents part of a complex four-chambered stomach. Hindgut marsupial
fermenters have an enlargement of a variety of intestinal region(s), with some possessing
an enlarged colon (e.g., wombats), caecum (e.g., possums), or both colon and caecum
(e.g., koalas). Furthermore, marsupial herbivores in general have a relatively lower basal
metabolic rate and display an ability to forage on poor nutritional diets compared to
placental mammals; adaptations seen as necessary for survival in poorly productive and
arid habitats and a highly variable climate (5).

Multiple studies have investigated microbial communities in various marsupials using
culture-based (6-8), amplicon-based (9-11), and omics-based approaches (12-16). These
studies have identified prevalent bacterial lineages in the gut of various herbivorous
marsupial taxa and yielded valuable insights into the impact of ecological and evolution-
ary factors in shaping marsupial gut bacterial communities. However, while we have
a baseline of knowledge concerning the bacterial and archaeal components of the
marsupial gut, the prevalence, identity, and community structure of anaerobic gut fungi
(AGF) are currently unclear.

TABLE 1 Marsupials sampled in this study, with a description of their families, species, gut type, nutritional type, and habitat

mBio

Animal Family Species Gut type

Nutritional type Habitat

Number of
animals/habitat

Eastern gray kangaroo Macropodidae Macropus giganteus Foregut Grazer

Red kangaroo Osphranter rufus Foregut Grazer

Red-legged pademelon Thylogale stigmatica Foregut

Red-necked wallaby Notamacropus Foregut

rufogriseus

Common brushtail Phalangeridae Trichosurus vulpecula  Hindgut

possum

Koala Phascolarctidae Phascolarctos cinereus  Hindgut Folivore

Common wombat Vombatidae Vombatus ursinus Hindgut Grazer

Southern hairy-nosed Lasiorhinus latifrons Hindgut Grazer

wombat

Mixed feeder
Mixed feeder

Mixed feeder

Sanctuary, Australia
Zoo, USA

Sanctuary, Australia
Sanctuary, Australia
Zoo, USA

Sanctuary, Australia
Sanctuary, Australia

Sanctuary, Australia
Zo0, Australia
Sanctuary, Australia
Zo0, Australia
Sanctuary, Australia
Zo0, Australia

4
2
7
1
3
3
1
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The AGF belong to a distinct basal fungal phylum (Neocallimastigomycota) (17) and
were discovered in the rumen of sheep in 1975 (18). They were subsequently shown to
be key constituents of the gut microbiomes of a wide range of placental mammalian
herbivores (19). As previously noted (19), establishment of AGF in the gut of a herbivo-
rous host requires long retention times and a dedicated digestive chamber (e.g., rumen,
forestomach, or caecum), criteria that are satisfied in herbivorous marsupials. However,
our current knowledge regarding AGF communities in marsupial herbivores is extremely
sparse. An earlier review alluded to unpublished efforts pertaining to the isolation of
AGF from a red kangaroo (Macropus rufus) (20). The isolates were putatively identified
as Piromyces species based on microscopic observations, although diagnostic features
of the genus (monocentric thalli, filamentous hyphae, and monoflagellated zoospores)
have since been observed in 13 additional genera (21-24). Another review also reported
on unpublished efforts where AGF rhizoidal growth was observed on plant fragments
from the stomachs of four macropod species: gray kangaroo (Macropus giganticus),
red-necked wallaby (Macropus rufogriseus), wallaroo (Macropus robustus), and swamp
wallaby (Wallabia bicolor) (25). In addition, two previous culture-independent amplicon
surveys examined AGF communities in zoo-housed red kangaroo and white-fronted
wallaby (Osphranter rufus and Macropus parma) and reported a diverse community
affiliated with the genera Piromyces, Anaeromyces, Khoyollomyces, as well as multiple
yet uncultured genera representing the most abundant AGF genera (26).

Here we sought to characterize AGF in marsupial herbivores (order Diprotodontia)
using culture-independent diversity surveys, quantitative PCR (qPCR) quantification, and
enrichment and isolation procedures. We hypothesized that the distinct gut architecture
and dietary preferences of marsupial herbivores, as well as their unique evolutionary
history and geographic range restriction, could select for an AGF community charac-
terized by a high proportion of novel taxa or distinct community structure patterns
compared to those of placental mammals. Surprisingly, our results suggest that the
AGF communities in marsupials are neither novel nor unique. Rather, AGF appear to
be present in relatively small loads or absent in marsupial gut, in contrast to their
ubiquity and higher loads in placental herbivores. Furthermore, AGF communities in
marsupials appear to exhibit diversity and community structure patterns similar to those
encountered in placental foregut fermenters. The ecological and evolutionary factors
underpinning such observed patterns are discussed.

MATERIALS AND METHODS
Samples

Marsupial fecal samples included representatives of 6 different families (Macropodi-
dae, Phascolarctidae, Phalangeridae, Petauridae, Pseudocheiridae, and Vombatidae), 15
different genera, and 20 different species in the order Diprotodontia (Table S1). These
hosts encompass multiple different gut types (foregut fermenters, hindgut fermenters
with an enlarged colon, caecum, or both), dietary classifications (browsers, grazers, and
mixed feeders), and lifestyles (zoo housed and sanctuary housed). Of the 184 marsupial
samples examined, only 61 yielded AGF amplicons despite repeated attempts (Table
S1). Individual samples originated from a single animal and were not adulterated during
sampling with dust, dirt, or feces from other subjects.

To compare marsupial AGF communities generated in this study to AGF communities
from placental mammals, a data set of placental mammals comprising 25 cattle, 25 goats,
25 sheep, 20 horses, 7 elephants, 3 rhinoceroses, and 3 zebras was used (Table S2). These
samples represent a fraction of samples included in a recent study of the placental AGF
mycobiome (27). The data set was combined with the 61 marsupial samples reported
here, and the mixed data set was analyzed for AGF alpha diversity and community
structure as described below.
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DNA extraction and amplification

DNA extraction was conducted using a DNeasy Plant Pro kit (Qiagen, Germantown, MD,
USA) according to manufacturer’s instructions. The kit has previously been evaluated
and utilized by multiple laboratories in prior AGF diversity surveys (27-29). Amplification
of the D2 region of the large ribosomal subunit (D2 LSU) was achieved using primer
pair AGF-LSU-EnvS primer pair (AGF-LSU-EnvS for: 5-GCGTTTRRCACCASTGTTGTT-3’,
AGF-LSU-EnvS rev: 5-GTCAACATCCTAAGYGTAGGTA-3") (27, 29) modified to include the
lllumina overhang adaptors. The large ribosomal subunit has been shown to be superior
to ITS1, commonly used for diversity surveys of other fungal lineages, as it exhibits
a much lower level of length and sequence divergence heterogeneity (28, 30) and is
currently the standard phylomarker in diversity surveys of AGF (27-29). PCR reactions
contained 2 pL of DNA, 25 uL of the DreamTaq 2x Master Mix (Life Technologies,
Carlsbad, CA, USA), and 2 pL of each primer (10 uM) in a 50-pL reaction mix. The PCR
protocol consisted of an initial denaturation for 5 min at 95°C followed by 40 cycles
of denaturation at 95°C for 1 min, annealing at 55°C for 1 min and elongation at 72°C
for 1 min, and a final extension of 72°C for 10 min. For samples showing negative PCR
amplification in initial attempts, additional efforts were conducted (varying the DNA
concentrations), and samples were only deemed negative after four attempts. Negative
(reagents only) controls were included with all PCR amplifications to detect possible
cross-contamination.

Sequencing and sequence processing

PCR products were individually cleaned using PureLink gel extraction kit (Life Technolo-
gies) and indexed using Nextera XT index kit v2 (lllumina Inc., San Diego, CA, USA).
Libraries were pooled using the Illumina library pooling calculator (https://support.illu-
mina.com/help/pooling-calculator/pooling-calculator.htm), and pooled libraries were
sequenced at the University of Oklahoma Clinical Genomics Facility (Oklahoma City,
OK, USA) using the MiSeq platform and the 300-bp PE reagent kit. Forward and
reverse lllumina reads were assembled using the make.contigs command in mothur
(31), followed by removing sequences with ambiguous bases, homopolymer stretches
longer than eight bases, and sequences that were shorter than 200 bp or longer than
380 bp. A two-tier approach, as detailed before (27, 28), was used to confidently assign
sequences to previously described genera and candidate genera or to novel candidate
genera. These genus-level assignments were used to build a shared file using the mothur
commands phylotype and make.shared, and the shared file was subsequently utilized as
an input for downstream analysis.

Alpha-diversity measures

Alpha-diversity estimates (Shannon, Simpson, and Inverse Simpson diversity indices)
were calculated using the command estimate richness in the phyloseq R package
(32). To evaluate the importance of various factors in shaping alpha-diversity patterns,
only samples with at least four replicates of the factors listed below were included.
Comparisons were conducted between Macropodidae, Phascolarctidae, and Vombatidae
(for host family comparison); red kangaroo, eastern gray kangaroo, koala, red-necked
wallaby, southern hairy-nosed wombat, and common wombat (for the animal species
comparison); foregut and hindgut (for the gut type factor comparison); sanctuary and
zoo (for habitat comparison); and grazer, foliovore, and mixed-feeder (for nutritional
preferences comparisons). Nonparametric analysis of variance (ANOVA) (calculated using
the kruskal.test command in R) followed by post hoc Dunn tests [when significant,
using dunnTest command in the FSA R package (33)] were used for multiple compari-
sons of means to identify the pairs of groups that are significantly different for each
host factor. In addition, the same alpha-diversity estimates were compared to AGF
alpha-diversity patterns in a subset of placental counterparts [25 cattle, 25 goats, 25
sheep, 20 horses, 7 elephants, 3 rhinoceroses, and 3 zebras was used (Table S2)]. These
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placental samples represent a fraction of samples included in a recent study of the
placental AGF mycobiome (27). Nonparametric ANOVA (calculated using the kruskal.test
command in R) followed by post hoc Dunn tests (when significant, using dunnTest
command in the FSA R package) were used to identify the the pairs of gut type/infraclass
combinations that are significantly different (foregut marsupial versus foregut placental,
foregut marsupial versus hindgut placental, hindgut marsupial versus foregut placental,
and hindgut marsupial versus hindgut placental).

Community assembly and stochasticity

Assembly and structuring of microbial communities could be governed by determin-
istic (niche theory-based) or stochastic (null theory-based) processes (34-36). Two
approaches were utilized to examine the contribution of various deterministic and
stochastic processes in shaping community assembly: the normalized stochasticity
ratio (NST) (34), and the null-model-based quantitative framework [implemented by
references (35, 36)]. The normalized stochasticity ratio was calculated using the NST
package in R (34) based on two taxonomic beta-diversity dissimilarity metrics: the
incidence-based Jaccard index and the abundance-based Bray-Curtis index. The function
nst.boot in the NST package in R was then used to randomly draw samples within
each comparison group, followed by bootstrapping of NST values. The values obtained
after bootstrapping were then compared using Wilcoxon test with Benjamini-Hochberg
adjustment. The iCAMP R package (37) was used to calculate values of beta net
relatedness index (BNRI) and modified Raup-Crick metric based on Bray-Curtis metric
(RCgray) using the function bNRIn.p. Values of BNRI and RCgy were used to parti-
tion selective processes into homogenous and heterogenous selection and stochastic
processes into dispersal and drift as detailed before (27). The percentages of pairwise
comparisons falling into each category were used as a proxy for the contribution of
each of these processes (homogenous selection, heterogenous selection, homogenizing
dispersal, and drift) to the total AGF community assembly.

Community structure

The phylogenetic similarity-based weighted Unifrac index was calculated using the
ordinate command in the phyloseq R package and the pairwise values were used
to construct principal coordinate analysis (PCoA) ordination plots using the function
plot_ordination in the phyloseq R package. Permutational multivariate analysis of
variance (PERMANOVA) tests were run using the command adonis in the vegan R
package (38). Host factors (family, species, gut type, and nutritional preference), as well
as habitat, were tested individually (with no interaction terms). The F-statistics P values
were compared to identify factors that significantly affect the AGF community structure.
The percentage variance explained by each factor was calculated as the percentage of
the sum of squares of each factor to the total sum of squares.

The AGF community structure in marsupial hosts was also compared to the placen-
tal AGF community structure in the same placental data set used for alpha-diversity
comparisons (see above). PERMANOVA tests (run using the command adonis in the
vegan R package) were used to partition the dissimilarity among the host infraclass
(Marsupialia versus Placentalia) and gut type (foregut versus hindgut), with the addition
of interaction terms (to test for gut type-specific differences in the host infraclass).

Quantitative PCR

AGF loads were quantified in 43 samples (10 kangaroos, 18 koalas, 5 wallabies, 9
wombats, and 1 pademelon) (samples color coded in red in Table S1) using qPCR
targeting the D2 region of the LSU rRNA (29). The 25-uL PCR reaction volume con-
tained 2 pL of extracted DNA, 0.3 uM of primers AGF-LSU-EnvS primer pair (AGF-LSU-
EnvS for: 5-GCGTTTRRCACCASTGTTGTT-3" and AGF-LSU-EnvS rev: 5-GTCAACATCCTAA
GYGTAGGTA-3") (29), and SYBR GreenER gPCR SuperMix for iCycler (Thermo Fisher,
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Waltham, MA, USA), and were run on a MyiQ thermocycler (Bio-Rad Laboratories,
Hercules, CA, USA). The amplification protocol was composed of heating at 95°C for
8.5 min, followed by 40 cycles, with one cycle consisting of 15 s at 95°C and 1 min at
55°C. AGF were quantified in fecal samples as the number of LSU rRNA copies/g sample.
The number of copies was calculated from the standard curve obtained from running
pCR 4-TOPO or pCR-XL-2-TOPO plasmid (Thermo Fisher) containing an insert spanning
ITS1-5.8S rRNA-ITS2-D1/D2 region of 28S rRNA from a pure culture strain.

In addition to marsupial samples, AGF loads were also quantified in the feces of
40 placental mammalian AGF hosts (10 cattle, 10 goats, 10 sheep, and 10 horses) for
comparative purposes. Wilcoxon t-test (calculated using wilcox_test in the R package
stats) was used to test the significance of difference between marsupial versus placental
AGF loads, while nonparametric ANOVA (calculated using the kruskal.test command in R)
was used to test the significance of difference of AGF load between different marsupial
families, gut types, and species.

Isolation of AGF from the marsupial gut

Isolation procedures were conducted as previously described (24). Isolation efforts were
conducted at 35°C and 39°C using switchgrass, cellulose, or both as a substrate. In total,
40 different enrichments were set up using 18 different marsupial fecal samples. Isolation
attempts were undertaken for enrichments showing positive growth using the roll tube
method as described earlier (39). Isolates from the one successful enrichment were
maintained at 39°C and identified using PCR and sequencing of the D1/D2 LSU using
NL1 and NL4 primers as previously described (40). To assess the phylogenetic position
of the newly obtained isolates, we used D1/D2 LSU as phylogenetic markers. Sequences
were aligned to reference AGF sequences using mafft (41), and the alignment was used
to construct a maximum likelihood phylogenetic tree in FastTree (42).

Sequence and data deposition

lllumina reads were deposited in GenBank under BioProject accession number
PRINA978249. Sequences of the D1/D2 region of the 28S rRNA from the five iso-
lates were submitted to GenBank under accession numbers OR072728-0OR075732. All
codes used to create figures and calculate statistics are available at https://github.com/
nohayoussef/AGF_MArsupials.

RESULTS
Amplicon-based diversity survey overview

PCR amplification was successful from all or some samples belonging to eight dif-
ferent marsupial species and genera: red kangaroo (Osphranter rufus), eastern gray
kangaroo (Macropus giganteus), koala (Phascolarctos cinereus subspecies adustus),
red-legged pademelon (Thylogale stigmatica), common brushtail possum (Trichosu-
rus vulpecula), red-necked wallaby (Notamacropus rufogriseus), southern hairy-nosed
wombat (Lasiorhinus latifrons), and common wombat (Vombatus ursinus) (Table S1). AGF
amplification failed from all samples belonging to 11 marsupial species: northern-tail
wallaby (Onychogalea unguifera, n = 4), agile wallaby (Notamacropus agilis, n = 3),
Bennet's wallaby (Macropus rufogriseus, n = 2), swamp wallaby (Wallabia bicolor, n =
2), tammar wallaby (Notamacropus eugenii, n = 5), parma wallaby (Notamacropus parma,
n = 1), common ringtail possum (Pseudocheirus peregrinus, n = 3), short-eared possum
(Trichosurus caninus, n = 3), Lumholtz's tree kangaroo (Dendrolagus lumholtzi, n = 4),
squirrel glider (Petaurus norfolcensis, n = 1), and greater glider (Petauroides armillatus, n =
1) (Table S1).

Community overview

A total of 174,959 lllumina sequences of the D2 LSU region were obtained (aver-
age 2,868 * 4,397 per sample; Table S3). Phylogenetic analysis of the entire data
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set demonstrated that, collectively, marsupials harbor a phylogenetically diverse AGF
community. Representatives of 85 of the 87 currently reported AGF genera and
candidate genera (27) were encountered (Fig. 1T and 2; Table S4). Only one additional
novel genus (NY57) was identified as a ubiquitous (40 out of 61 samples), albeit
minor (relative abundance 0.03%-1.27%, Table S4), component of the AGF community
in marsupials. Within individual samples, a diverse, multigenus AGF community was
observed, with an average number of genera ranging between 12 and 78 (1-20 if only
considering genera present in >1% relative abundance) (Fig. 2B).

Phylogenetically, eight AGF genera represented the majority (79.33%) of the
marsupial AGF communities in the entire data set: Orpinomyces (19.66% * 16.1%),
Neocallimastix (17.23% =+ 28.4%), Piromyces (10.04% * 10.9%), Caecomyces (8.75% =+
14.77%), Cyllamyces (8.18% + 11.66%), Anaeromyces (5.47% =+ 8.05%), Pecoramyces (5.24%
+ 14.2%), and Khoyollomyces (4.23% =+ 12.72%) (Fig. 2A). The predominance of these
genera was observed across the marsupial families Macropodidae (75.55%), Phascolarc-
tidae (85.6%), and Vombatidae (84.65%). In addition to their high relative abundance,
these eight genera were also ubiquitous across the three families (Fig. 2C, red boxes),
with a positive correlation observed between relative abundance and prevalence.

Alpha-diversity estimates

AGF alpha-diversity patterns were assessed using three different indices: Shannon (Fig.
3), Simpson, and inverse Simpson (Fig. S1). Nonparametric ANOVA (Kruskal-Wallis) results
showed a comparable level of alpha-diversity between all families and species examined,
as well as between foregut and hindgut fermenters, zoo- and sanctuary-housed animals,
and nutritional types (Fig. 3A; Fig. S1a; Table S5).

In addition to comparing alpha-diversity patterns among various marsupial hosts, we
also compared marsupial AGF alpha-diversity patterns to their placental counterparts.
The results indicated that all marsupial species (regardless of their gut type) harbor an
AGF community with a comparable alpha diversity (Kruskal-Wallis followed by Dunn post
hoc test, P value = 1) to placental foregut fermenters (Fig. 3B; Fig. S1b and ¢; Table S6) and
a significantly higher alpha-diversity than placental hindgut fermenters (Kruskal-Wallis
followed by Dunn post hoc test, P value < 3.2x107) (Fig. 3B; Fig. S1b and ¢; Table S7).

Stochastic processes play an important role in shaping AGF community in
marsupials

NSTs indicate that, regardless of the -diversity index used (abundance-based Bray-Cur-
tis index, and incidence-based Jaccard index), stochastic, rather than deterministic,
processes are the major contributors to AGF community assembly in marsupials (NST
values of 70-75.7% for families, 51.4-90% for species, 72.5-76% for gut type, 69.9-76.4%
for habitat, and 69.4-78.5% for nutritional type) (Fig. 4A). AGF community assembly in
the different marsupial species significantly differed in their stochasticity, with values
increasing in the order: red kangaroo <southern hairy-nosed wombat <koala < common
wombat <red-necked wallaby <eastern gray kangaroo (Wilcoxon test P-value < 0.05) (Fig.
4A; Table S8).

To quantify the contribution of specific stochastic (homogenizing dispersal, dispersal
limitation, and drift) processes in shaping the AGF community assembly in marsu-
pials, we employed the previously suggested two-step null-model-based quantitative
framework (35, 36). Results (Fig. 4B) broadly confirmed the patterns observed with
NST values, where the AGF community assembly is mostly stochastic. The majority of
stochasticity is caused by drift across all host species, families, gut types, habitats, and
nutritional types examined (Fig. 4B).

Community structure patterns

AGF community structure in marsupials was assessed using PCoA based on the
phylogenetic similarity-based beta-diversity index weighted Unifrac. The first two axes
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Southern hairy-nosed wombat (Lasiorhinus latifrons) D Foregut

Red-necked wallaby (Notamacropus rufogriseus) . Mixed feeder

Red kangaroo (Osphranter rufus)

Koala (Phascolarctos cinereus subspecies adustus)
Red-legged pademelon (Thylogale stigmatica)
Common brushtail possum (7richosurus vulpecula)

Common wombat (Vombatus ursinus)

LI e E

FIG 1 AGF community composition in the samples studied. The phylogenetic tree showing the relationship between animals was downloaded from
timetree.org and modified to include very short branch length between samples from the same animal species. Branches are color coded by family as shown in
the figure legend. Tracks to the right of the tree depict the species, gut type, habitat, and nutritional type of the animals studied as shown in the figure legend.

AGF genera percentage of abundances is shown to the right of the tracks, with genera with <1% relative abundance grouped in “others.”

February 2024 Volume 15 Issue 2 10.1128/mbi0.03370-23 8


https://doi.org/10.1128/mbio.03370-23

Research Article

mBio

Number of genera
I IS
o S S
——
———
———

@

Number of genera with >1% abundance
3

————————————————————

————1

A 10 Family Species Gut type Habitat Nutritional type
AGF genera
3 80 = =NY9 =Others
£ | | u AL4/MN4 w Buwchfawromyces
E:’ . “ Pecoramyces ® Agriosomyces
5 60 I " Anaeromyces ~ mNY43
2 I ® Khoyollomyces ™ Liebetanzomyces
s Piromyces ERHI
= 40
3 | = Cyllamyces ®RH4
3 - Caecomyces ~ WNY44
20 ® Orpinomyces ~ ®WNY8
= Neocallimastix  w Capellomyces
0
= o N N N =g 2% » ss B2 =2 5 5 > v 5 ©
S 2§ ¢ & £2 g £ 25 2% & £ g & © 3
] 5 s 3 Oz 25 % 2 3E 3 3 3
s =2 5 3 E ER R 3 ®E & z 2
2 S g g 3e & s
& = s £ “g
B s -
n Family |:| Macropodidae || Phalangeridae || Phascolarctidae Vombatidae avg 0
60 15

84 ST———1

oo — oo
EXeE e e v s
PR A PR AR AN
2358 gege £E8zz
Sg wééa?ni’a“‘ e I
SEsEes £S5
MM MMM 22

‘Wombat_M57

o

Kangaroo_M84

§;§:a$ BTNIRSRRLEANTEESER 2325 2388 nSELNSas
==50= =3 N =00
AN 5P P L PP PP o
EEbckPekRET Bl PEERREECEEEERREERE L SERERRR P RRR e L T
b P R R LR R SRR Ee R e e S P HEY
BFEFFiaaraErs £22258
Z

———
—
—
]
_1
(3 S —

Total

8

i o
-
-I‘

°

01

°
E

Average percentage abundance (=
Average percentage abundance

10 20 30 40 50 60
Number of occurrences (number of samples)

Vombatidae

g

Average percentage abundance
Average percentage abundance

-]
w| 1
-]
1

0001
0

2 3 4 5 6 7 8 9
Number of occurrences (number of samples)

s 10 5 20 25 30
Number of occurrences (number of samples)

FIG 2 (A) AGF percentage of abundance shown for all samples studied, including families, species, gut type, habitat, and nutritional type. AGF genera with <1%

relative abundance are grouped in “others!” (B) Total number of AGF genera (left) and number of AGF genera with >1% relative abundance (right) identified

per sample. Samples names are shown on the X-axis (names match those in Fig. 1), and samples are grouped by the animal family as depicted in the figure

legend. (C) Relationship between occurrence (number of samples) and average relative abundance of each of the 85 genera encountered in this study. The

number of samples in which the genera was identified is shown on the X-axis. Average percentage of abundance across samples is plotted on the Y axis in

a logarithmic scale to show genera present below 1% abundance. The eight mostly abundant genera (Neocallimastix, Orpinomyces, Caecomyces, Cyllamyces,

Piromyces, Khoyollomyces, Anaeromyces, and Pecoramyces) are shown with a red border. Abundance-occurrence plots are shown for all samples studied, as well as

for each of the three families with >5 animals, as depicted above each figure.

explained 53.3% of the variance. The results demonstrated no clear role for marsupial
family (Fig. 5A; PERMANOVA F-statistic = 1.731, df = 3, sum of squares = 0.326, P value =
0.053); species (Fig. 5A, PERMANOVA F-statistic = 1.577, df = 7, sum of squares = 0.673, P
value = 0.08); gut type (Fig. 5A, PERMANOVA F-statistic = 1.15, df = 1, sum of squares =
0.075, P value = 0.33); habitat (Fig. 5A, PERMANOVA F-statistic = 2.201, df = 2, sum of
squares = 0.275, P value = 0.093); or nutritional type (Fig. 5A, PERMANOVA F-statistic =
1.41, df = 2, sum of squares = 0.181, P value = 0.167) in shaping AGF community structure

in marsupials.
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FIG 3 Alpha-diversity patterns. (A) Box and whisker plots showing the distribution of Shannon diversity index for different families, species, gut types,

habitats, and nutritional types of the animals studied. Results of the Kruskal-Wallis test are shown in the table to the right. (B) Box and whisker plots showing

the distribution of Shannon diversity index for animals species, color coded by their gut type, in comparison with foregut and hindgut placental animal

representatives. (C) Results of Dunn post hoc tests for pairwise infraclass gut-type comparisons. ****P < 0.0001. ns, not significant.

However, when marsupials’ AGF community structure was compared to that of
placental mammals, all marsupial samples showed a clear clustering pattern close to
foregut placental hosts, with hindgut placental host clustering separately (Fig. 5B). To
partition the dissimilarity among the sources of variation (host infraclass and gut type),
we ran PERMANOVA tests (43) with the addition of interaction terms (to test for gut type
specific differences in the host infraclass). Host infraclass, gut type, and the interaction of
both, all significantly influenced community structure (F-statistics = 59.39, 50.79, 59.17,
respectively; df = 1; sum of squares = 4.38, 3.74, and 4.36, respectively; P value = 0.001),
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FIG 4 AGF community assembly in marsupial hosts. (A) Box and whisker plots showing the distribution of the bootstrapping results (n = 1,000) for the levels
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of stochasticity in AGF community assembly calculated as NST. Results compare different animal families (top row), animal species (second row), gut type (third

row), habitat (fourth row), and nutritional type (fifth row). Two NSTs were calculated: the abundance-based Bray-Curtis index (left) and the incidence-based
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FIG 4 (Continued)

Jaccard index (right). Wilcoxon test, P value: **, 0.001< p < 0.01; **** p < 0.0001. Details about how these results were obtained are explained in Materials and
Methods. (B) The percentages of the various deterministic and stochastic processes shaping AGF community assembly of the total data set, and when subsetting
for different animal families, species, gut types, habitats, and nutritional types. ns, not significant; NST, normalized stochasticity ratio.

with the largest effect being the infraclass (18% of variance), and its interaction with gut
type (18% of variance).

AGF loads in marsupial hosts

AGF load was tested in 43 samples representing the 3 well-sampled marsupial families
Macropodidae, Phascolarctidae, and Vombatidae, as well as 7 of the 8 marsupial species
studied here [red kangaroo (n = 8), eastern gray kangaroo (n = 2), red-legged pademelon
(n=1), red-necked wallaby (n = 5), koala (n = 18), common wombat (n = 4), and southern
hairy-nosed wombat (n = 5)]. AGF load in all examined marsupials was low (1.19 x 10?
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FIG 5 Ordination plots based on AGF community structure in the studied hosts. (A) Principal coordinate analysis ordination plots based on AGF community
structure were constructed using the phylogenetic similarity-based weighted Unifrac index. Samples are color coded by animal family, species, nutritional type,
habitat, and gut type as shown in the legend on the right-hand side, while the shape depicts the gut type as shown in the figure legend on top. Ellipses
encompassing 95% of variance are shown for each of the factors and are color coded similar to the samples. Results of PERMANOVA test for partitioning the
dissimilarity among the sources of variation are shown in the table to the right. The F-statistic R* depicts the fraction of variance explained by each factor, while
the P value depicts the significance of the host factor in affecting the community structure. (B) AGF community structure in marsupial hosts in comparison to
placental mammals. Variance is shown for the four subcategories (foregut Marsupialia, foregut Placentalia, hindgut Marsupialia, and hindgut Placentalia). Results
of PERMANOVA test for partitioning the dissimilarity are shown in the table to the right.
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+ 3.6 x 10* copies/g feces). No significant differences were observed based on animal
family (Kruskal-Wallis test, P value = 0.67), species (Kruskal-Wallis test, P value = 0.86), or
gut type (Kruskal-Wallis test, P value = 0.67) (Fig. 6A through C; Table S9).

For comparison, AGF load quantified in 40 placental samples (representing 10 cattle,
10 goat, 10 sheep, and 10 horses) was significantly higher (average = 1.01 x 10° + 1.82 X
10° copies/g feces) compared to marsupial mammals (Wilcoxon test, P value = 0.0012)
(Fig. 6D and E; Table S10).

Isolation

Attempts were made to obtain AGF isolates from freshly collected marsupial fecal
samples. Despite our best efforts, isolation was only successful from 1 red kangaroo
sample out of 40 different enrichment attempts (purple text in Table S1). Five isolates
were obtained from a single red kangaroo sample (Table S1). The five isolates were
identified as Khoyollomyces ramosus (Fig. 7), and their D1/D2 LSU markers were 0.95%-
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FIG 6 AGF load in the 43 marsupial samples examined using quantitative PCR. Boxplots showing the distribution of AGF load in the three marsupial families

(A) seven marsupial species (B) and two gut types (C). (D) Comparison to AGF load in the 43 marsupial hosts to 40 placental counterparts. Boxplots in panel

E show the distribution of AGF load in the 43 marsupial hosts (infraclass Marsupialia) versus the 40 placental hosts (infraclass Placentalia). **Wilcoxon t-test, P

value = 0.0012.
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FIG 7 Assessment of the phylogenetic position of the newly obtained isolates from a kangaroo using D1/D2 LSU as a phylogenetic marker. The tree was

constructed using the maximum likelihood approach implemented in FastTree. Scale bar indicates the number of substitutions per site. Bootstrap values are

shown for nodes with >70% support as gray spheres, where the size of the sphere is proportional to the bootstrap value. The four previously suggested

Neocallimastigomycota families are color coded as shown in the figure legend. New isolates are identified as Khoyollomyces ramosus and are shown in red text.

3.6% divergent from the Khoyollomyces ramosus type strain ZS33 (GenBank accession
number MT085710).

DISCUSSION

In this study, we investigated the AGF community in marsupial hosts. AGF occurrence
was identified in 61 of 184 samples. The AGF communities in marsupials were dominated
by genera previously identified as predominant members of the placental mammalian
gut mycobiome (Fig. 1 and 2) (27). Diversity and community structure patterns were
comparable across all marsupial samples (Fig. 3 and 5) regardless of the animal host
family, species, gut type, habitat, or nutritional classification. Assembly of AGF communi-
ties is predicted to be largely shaped by stochastic (mostly drift) rather than deterministic
processes (Fig. 4). Furthermore, marsupial AGF communities were highly similar to those
encountered in foregut, but not hindgut, placental herbivores (Fig. 5). Repeated attempts
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to isolate AGF from marsupials yielded only five closely related isolates that were <3.6%
divergent from the type strain of Khoyollomyces ramosus previously isolated from a zebra
(24) (Fig. 7). These results collectively indicate that the AGF communities in marsupials
are neither novel nor unique and show little signs of selection based on ecological and
evolutionary factors.

As described above, we hypothesized that, given their unique gastrointestinal
tract structures, dietary preferences, and geographic range restriction, marsupials’ AGF
communities could exhibit significant differences in diversity and community structure
when compared to their placental counterparts. However, our results indicate that
marsupial AGF communities were neither novel nor unique, but rather dominated by
well-characterized genera and candidate genera previously identified as predominant
taxa in the placental gut (27). Furthermore, given the differences in gut type (sacciform
and tubiform enlarged foregut, enlarged caecum, enlarged colon, or enlarged caecum
and colon) and dietary preferences (browsers, grazers, and mixed feeders) between
various marsupial species examined, we expected AGF communities to display clear
distinctions based on ecological or host-associated factors. Surprisingly, we found
comparative levels of alpha diversity and highly similar community structure patterns
encountered across all marsupial samples. Such lack of clear differences in AGF diversity
and community structure between marsupials is in stark contrast to the clear host-driven
stratification of AGF communities in placental mammals (27).

Our results demonstrate that the AGF community structure in marsupial and foregut
mammalian hosts is highly similar. This failure to identify distinct AGF community in
marsupials, as well as the failure to identify novel marsupial-specific AGF genera, strongly
suggests that marsupial host evolution was not associated with a parallel process
of evolution of marsupial-specific AGF lineages. The reason for the failure of AGF to
co-evolve with marsupial herbivores, similar to what has been observed in mammalian
herbivores (27), is currently unclear. One possible reason is the difference in the digestive
tract architecture, specifically the development of a true rumen chamber in foregut
placental mammals and the lack of a similar process in marsupials. Another possibility
could be the marsupials’ ability to forage on poor nutritional diets with lower proportion
of cellulose and arabinoxylan hemicellulose, the preferred substrates for AGF. A third
possibility would be the historic paucity and absence of land tortoises in Australia,
recently shown as harboring novel ancient genera of AGF that could possibly represent
the seed ancestors of AGF in placental mammals (44). However, we could not conclu-
sively rule out the potential occurrence of such a process in extinct marsupials or in
hosts not sampled in this study. Furthermore, the lack of clear AGF community struc-
ture differences between various marsupial hosts based on ecological and evolutionary
factors suggests a passive acquisition from foregut placentals. The reason behind the
exclusive acquisition of AGF community in all marsupials, regardless of their gut type,
from placental foregut donors remains unclear but could possibly be attributed to the
higher number of placental foregut animals (e.g., cattle, goat, and sheep) compared
to hindgut fermenters (e.g., horses), hence allowing higher incidences of contact and
transmission through fecal exposure.

The important role played by AGF in plant biomass degradation in placental
mammals has long been recognized. AGF were shown to initiate plant biomass
colonization (45, 46) and produce a wide array of highly efficient lignocellulolytic
enzymes (19, 47-55). However, their role and relative contribution to plant biomass
degradation in marsupials remain unclear. Quantification of AGF load using gPCR
showed significantly lower levels (expressed as ribosomal operon copy number per
gram of feces) compared to placental mammals (Fig. 6). Also, PCR amplification failed
in 62.5% of the samples examined, and enrichment attempts were only successful
in 1 of 18 samples. These low AGF loads, especially when coupled to the observed
lack of host-selection patterns (Fig. 5), high level of stochasticity (Fig. 3), and apparent
passive acquisition patterns from placental hosts, collectively point to a minor role for
AGF in marsupial feed digestion. This could be a reflection of marsupial preference to
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a wider range of diets, many of which have a lower proportion of cellulose and arabi-
noxylan hemicellulose, the preferred substrates for AGF (19). Whether AGF abundance
in marsupial gut microbiomes and their relative importance in the digestive process
dynamically vary in individual subjects based on diet composition (e.g., increasing in
kangaroos fed fresh grass diet but decreasing when browsing on shrubs) remains to be
seen.

The role and relative contribution of vertical (mother to offspring) versus horizon-
tal (acquisition through direct contact or exposure to fecal matter of other animals)
transmission in maintaining communities are largely unknown. The observed low AGF
load could potentially hinder effective vertical transmission and render the commun-
ity more prone to loss under adverse conditions (e.g. scarcity of diet, changes in
diet composition, sickness, and dysbiosis). This could necessitate continuous horizontal
transmission (through direct animal-to-animal contact or exposure to fecal matter) from
other marsupial or placental subjects. Evidence of long-term survivability of AGF in dried
feces, possibly through the formation of long-term survival structures (19, 56, 57), has
previously been reported, a trait that can facilitate cross-subject horizontal transmission
in AGF. The proposed continuous need for horizontal transmission and the proposed
minor role for AGF in the marsupial gut could account for our inability to detect AGF
occurrence in 123 out of 184 samples examined. On the other hand, the high transmis-
sibility of AGF could also facilitate vertical transmission aided by the close proximity
associated with extended nurturing and caring of offspring in marsupials.

The geographic isolation of Australia from Gondwana occurred approximately 100
Mya, resulting in the complete separation of Australia from Antarctica (=45 Mya) and
South America (=30 Mya) (58). The dominance of marsupials throughout Australia’s
natural history post-separation from Gondwana, as well as the lack of native placental
mammals in Australia, has been well documented (59). As such, given the central role
played by placental mammalian evolution in shaping AGF evolution, maintenance,
and dissemination (27); the proposed lack of a parallel process in marsupials; and the
proposed role of placental hosts in seeding marsupial gut microbiomes with AGF, timing
the acquisition of AGF by marsupial hosts represents an interesting dilemma. The lack of
historic interaction between placental and marsupial herbivores in Australia represents
a bottleneck hindering AGF acquisition during the early stages of marsupial herbivores’
evolution (66 Mya) (60) and subsequent evolution of the order Diprotodontia (53 Mya)
(61, 62), the hindgut family Phalangeridae (mid-Eocene, ~45 Mya) (61, 62), the split
between Vombatidae and Phascolarctidae (split early Oligocene, ~30 Mya) (61, 62), and
the evolution of the foregut family Macropodidae (mid-Miocene, ~15 to 18 Mya) (61, 62).

The only recorded instances of placental mammals arriving in Australia prior to
human colonization are bats, rodents, and dugongs visiting the shores of the conti-
nents. The colonization of Australia by Aboriginal Australians (=50,000 years ago) could
represent another opportunity for placental mammalian introduction. Conversely, the
colonization by European settlers, commencing in the late 1780s, has certainly led to
the introduction of multiple placental mammals, including many herbivores, to Australia.
Given that timeline, an earlier AGF seeding of marsupials by placentals prior to human
colonization appears unlikely, given the lack of AGF in bats and rodent guts and the
extreme transient nature of potential interactions between the herbivorous hindgut
fermenting dugong with marsupials. As well, while we reason that Aboriginal Austral-
ians’ arrival to Australia has introduced some placental species (e.g., dingo), there is no
concrete evidence for the wide-scale introduction of AGF-harboring placental herbivores
during this earlier wave of human colonization. Therefore, we raise the intriguing
possibility that AGF occurrence in marsupial hosts represents a very recent phenomenon
enabled by the large-scale introduction of cattle and other large placental herbivores
into Australia, post-European colonization.

In conclusion, our study is the first to provide a detailed analysis of the marsupial AGF
community. We provide a thorough analysis of the patterns of occurrence, identity, loads,
diversity, and community structure of AGF in marsupial hosts and use these results to
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provide insights on the possible role of AGF in the marsupial gut microbiome, acquisition
and retention patterns of AGF in marsupials, co-evolutionary patterns, or lack thereof,
between marsupials and AGF, and potential timing of AGF colonization of the marsupial
qut.
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