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Gut microbiota variations

in wild yellow baboons (Papio
cynocephalus) are associated
with sex and habitat disturbance

Marina Bambi'?, Giulio Galla?, Claudio Donati3, Francesco Rovero?, Heidi C. Hauffe?* &
Claudia Barelli%**

Although male and female mammals differ in biological traits and functional needs, the contribution
of this sexual dimorphism to variations in gut bacteria and fungi (qut microbiota) in relation to habitat
type has not been fully examined. To understand whether the combination of sex and habitat affects
gut microbiota variation, we analyzed 40 fecal samples of wild yellow baboons (Papio cynocephalus)
living in contrasting habitat types (intact, well-protected vs. fragmented, less protected forests) in
the Udzungwa Mountains of Tanzania. Sex determination was performed using the marker genes SRY
(Sex-determining RegionY) and DDX3X-DDX3Y (DEAD-Box Helicase 3). Samples were attributed to
34 individuals (19 females and 15 males) belonging to five social groups. Combining the results of sex
determination with two amplicon sequencing datasets on bacterial (V1-V3 region of the 16S rRNA
gene) and fungal (ITS2) gut communities, we found that overall, baboon females had a significantly
higher gut bacterial richness compared to males. Beta diversity estimates indicated that bacterial
composition was significantly different between males and females, and this was true for individuals
from both well- and less protected forests. Our results highlight the combined role of sex and habitat
type in shaping variation in gut microbial communities in wild non-human primates.

Bacterial and, more recently, fungal communities are among the most frequently investigated microorganisms
colonizing the mammalian gastrointestinal tract (gut microbiota)'~>. Recognized as vital host symbionts, compo-
nents of the gut microbiota may influence nutrient absorption, development, growth, and overall health (e.g., by
stimulating the host immune system)*~’. There is now strong evidence that both extrinsic (e.g., diet, geographi-
cal location, habits®!') and intrinsic (e.g., genetic background, age'*' or sex'®) host factors trigger individual
short- and long-term changes'® in gut microbiota diversities and their metabolic functions.

Microbiota research has advanced rapidly, and multiple factors have been assessed using multivariate
approaches. However, data on the combined effect of sex and habitat on variation in both bacteria and fungi in
wild animal species are still limited. Male and female mammals may differ in size and appearance, with diet often
contributing to such sexual dimorphism', as well as in physiological traits such as sex-hormone levels and metab-
olism. Differences in diet and physiology appear to drive the main biological mechanisms explaining observed
sex-specific variations in gut microbiota'®. In fact, females have different nutritional needs than males, especially
during pregnancy and lactation, adopting dietary strategies that promote an increase in energy and food intake
during these phases of reproduction'®-*! which may also lead to variation in gut microbiota (e.g., howler monkey
Alouatta pigra®). Previous studies conducted on both humans*-* and non-human primates?>?-* have revealed
sex-based differences in bacterial taxa, bacterial richness (i.e., number of taxa, or alpha diversity) or composi-
tion (i.e., relative abundance of taxa, or beta diversity), generally reporting a higher bacterial richness in females
compared to males?”?, or a different composition in each sex?>*>?”. However, whether environmental parameters
also contribute to the differentiation in gut microbiota richness and composition of males and females for both
bacteria and fungi has not yet been investigated.

To address this question, here we analyzed bacterial and fungal communities in field-collected fecal pellets
and compared results obtained for female and male baboons (Papio cynocephalus) foraging either in a large,
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intact, and well-protected forest or a small, less protected forest fragment in the Udzungwa Mountains, a global
biodiversity hotspot in Tanzania. A collection of samples previously investigated with amplicon-sequencing
(i.e., metataxonomy'?) using Illumina MiSeq technology were sexed and re-analyzed to compare gut microbiota
richness and composition between males and females across these two distinct and contrasting habitat types.

Yellow baboons are a sexually dimorphic species with females being half the size of males (male body mass
and length: 25.8 kg and 1200 mm, respectively; female: 11 kg, 976 mm?’). Interestingly, greater size dimorphism
was confirmed in wild-feeding vs. waste-feeding conditions, where females appear to gain more weight and fat
compared to males in the latter habitat®. Previous investigations on this and other primate species have revealed
that deforestation and habitat fragmentation (resulting in a reduction of tree diversity), as well as vicinity to
human settlement, may contribute to variation in gut microbiota diversity and metabolic function!®!121-3031,
Indeed, in the Udzungwas, yellow baboons foraging in fragmented forests had a higher bacterial richness and
distinct compositions of both bacteria and fungi compared to those living in intact habitats; however, baboons
from the fragmented forests also showed an enrichment of bacterial taxa potentially implicated in gut inflamma-
tory conditions and diseases'’. Hence, investigating yellow baboons foraging in these contrasting forests offers an
excellent opportunity to test whether sex-based differences contribute to variations in gut bacterial and fungal
communities in different habitats.

With regards to differences in diet, baboon females (which are reproductively receptive year-round) that
regularly supplement their diet with crops regardless of season, have been shown to double their energy intake
rates, supporting the idea that crop-raiding behaviors provide energetic benefits*?. We predict that these differ-
ences in foraging behavior between the sexes translate into variation in gut microbiota richness and composition
of bacterial and fungal communities. Since yellow baboon females living in a forest fragment (hereafter FF) of
the Udzungwa Mountains also supplement their diet with human crops and waste food, we also hypothesize
they will have higher gut microbiota richness compared to females from an intact and well-protected forest
(hereafter IF); in addition, they may also be more exposed to environmental pathogens and human microbiota.

Our results will provide insights to the potential impact that humans and human-derived activities may exert
on the microbiota of wild populations, with possible implications for animal health and conservation.

Results

Of 40 available fecal samples, 34 were successfully sexed with the following primer combinations: SRY (Sex-deter-
mining Region Y) and DDX3X-DDX3Y (DEAD-Box Helicase 3), identifying 19 females (11 from IF, and 8 from
FF), and 15 males (9 from IF and 6 from FF) for which previous amplicon sequencing datasets for both bacteria
and fungi were available. The sequencing of the two amplicons for these 34 samples yielded a total number of
336,629 raw reads for the V1-V3 region of the 16S rRNA gene (per individual: mean=9901, range =6356-14,774)
and 615,278 reads for the ITS2 region (mean = 18,096, range = 6798-28,690).

Classification of gut bacterial and fungal taxa between sexes
The taxonomic classification of all 1316 amplicon sequence variants (ASVs) identified 11 phyla, 60 families and
110 bacterial genera. The 9 most abundant bacterial (Fig. 1, panels a) and fungal (Fig. 1, panels b) ASVs were
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Figure 1. Mean relative abundance of gut microbiota in yellow baboons. Comparison of the 10 most abundant
bacterial (panels a) and fungal (panels b) Phyla, Families and genera identified in female (pink, left) and male

(blue, right) yellow baboons (Papio cynocephalus) living in the Udzungwa Mountains of Tanzania.
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calculated as the mean ASV relative abundances identified in the female (in pink) and male (in blue) samples.
Qualitatively, we observed that males had a higher relative abundance of the phylum Proteobacteria, family
Succinivibrionaceae and genus Succinivibrio compared with females (Fig. 1, panels a; Tables S1 and S2). Among
the fungal ASVs, we identified 2 phyla, 14 families and 126 genera, although more than 40% of fungal ASVs
could not be taxonomically classified (Fig. 1, panels b). Among the 9 most abundant ASVs, the most represented
phylum, family and genus in both males and females were Ascomycota, Saccharomycetaceae and Kazachstania,
respectively (Fig. 1, panels b; Tables S3 and S4).

Gut bacterial and fungal richness

To estimate bacterial and fungal alpha diversity, we chose three indices that differ in the weight given to rare or
dominant taxa. Specifically, species richness (S), calculated as the number of observed ASVs, gives more weight
to rare taxa than Shannon entropy (H), which considers the number as well as the abundance of taxa, and the
logarithm of Inverse Simpson log(D,), which gives more weight to the most common taxa and therefore, is used
as an indicator of dominant taxa. For bacterial communities, estimates for the three indices of alpha diversity
were considered in generalized linear models (GLM) to test for variation in sex and forest variables (Table 1).
The interaction term between sex and forest was significant for S (GLM: t=2.227, p=0.03), but not for H or
log(D2) (GLM: t=0.192, p=0.848 and t=—0.333, p=0.742, respectively). Removing the interaction term when
not significant, we observed that all three indices differed significantly between the two sexes (19 females, 15
males), with all three being significantly higher in females compared to males (GLM, S: t=-3.538, p=0.001; H:
t=-3.142, p=0.004; log(D,): t=—2.704, p=0.011; Fig. S1, panels b). More specifically, between forest types, the
gut microbiota of females and males living in IF showed similar alpha diversities for all three indices (Tukey, S:
p=0.867; H: p=0.108; log(D,): p=0.726), but FF females had a significantly higher S (but not H or log(D,)) when
compared with FF males (Tukey, S: p=0.002; H: p=0.143; log(D,): p=0.148) (Fig. 2). In addition, FF females
had a higher S (but not H or log(D,)) than IF females, (Tukey, S: p=0.001; H: p=0.417; log(D,): p=0.622; Fig. 2,
panels b), while the same was not confirmed for males (Tukey, S: p=0.991; H: p=0.692; log(D,): p =0.991; Fig. 2,
panels b).

For fungi, no significant differences were observed in the interaction term between sex and forest for any of
the three indices (GLM, S: t=0.969, p=0.340; H: t=-0.525, p=0.603; log(D,): t=—0.628, p=0.534). Remov-
ing the interaction term when not significant, we observed no significant differences in alpha diversity indices
either between the sexes overall (GLM, S: t=-0.477, p=0.637; H: t=0.680, p =0.502; log(D,): t=0.691, p=0.494;
Fig. S1, panels b; Table 2), or within sexes across forests (Tukey, S: p=0.340; H: p=0.603; log(D,): p=0.633;
Fig. 2, panels b).

Gut bacterial and fungal composition

To estimate bacterial and fungal beta diversity, we used two indices that account for the phylogenetic relation-
ships between taxa in a community. While weighted UniFrac distance weights the phylogenetic proximity of taxa,
the Bray—Curtis dissimilarity index is estimated without prior information on taxa phylogeny. For both indices
no significant differences were observed in the interaction term between sex and forest for bacterial communi-
ties (permutational ANOVA analysis, weighted UniFrac: F=1.654, R2=0.045, p=0.128; Bray—Curtis: F=1.242,
R2=0.035, p=0.147). Removing the interaction term, weighted UniFrac confirmed that the bacterial composition
of female baboon gut microbiota was significantly different from that of males (permutational ANOVA analysis:
F=3.179,R2=0.04, p=0.013; Fig. 3, panels a), although this result was not verified by Bray-Curtis (permutational
ANOVA analysis: F=1.170, R2=0.03, p=0.214; Fig. S2. Moreover, no statistical differences in the dispersion of
data points were detected between the sexes for both weighted UniFrac (betadisper p=0.919) and Bray-Curtis
(betadisper p=0.854). Finally, the pairwise adonis tests across the two forests and sexes showed a significant dif-
ference between females and males living in IF (Fig. 3, panels b) (pairwise adonis, weighted UniFrac: p=0.030,
R2=0.17), which was not confirmed by Bray-Curtis (pairwise adonis, p=0.732, R2=0.12). Also, when compar-
ing sexes between forest types, significant differences were found for Bray—Curtis, but not weighted UniFrac
(pairwise adonis, Bray—-Curtis between IF and FF males: p=0.042, R2=0.14; weighted UniFrac between IF and
FF males: p=0.066, R2=0.13; Bray-Curtis between IF and FF females: p=0.024, R2=0.10; weighted UniFrac
between IF and FF females: p=0.054, R2 =0.07; Fig. S3).

For fungal communities, the interaction term between sexes and forests was significant for Bray-Curtis
(permutational ANOVA analysis: F=1.668, R2 =0.048, p=0.047) but not for weighted UniFrac (permutational
ANOVA analysis: F=0.571, R2=0.048, p=0.129) (Fig. S5). Removing the interaction term when not signifi-
cant, no significant differences were found between sexes (permutational ANOVA analysis, weighted UniFrac:
p=0.146, R2=0.01; Bray-Curtis: p=0.424, R2=0.02; Fig. S4). Moreover, homogenous dispersions across data

S H log(D)
Predictors Estimates | Std. error | CI Estimates | Std. error | CI P Estimates | Std. error | CI P
Sex -99.38 28.09 —154.4t0 —44.33| <0.001 | -0.75 0.24 ~121t0-0.28 |0.004 |-0.78 0.29 ~135t0-0.22 |0.011
Forestblock | -89.42 | 24.16 I AR <0.001 | —0.46 0.24 ~093t00.01 | 0.066 | -0.54 0.29 “L11t0003 | 0074
Sexx Forest 81.36 36.54 9.75-152.98 0.03
block

Table 1. Results of multivariate modeling in bacterial communities. Significant values are in [bold].
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Figure 2. Alpha diversity indices of gut microbiota in yellow baboons in two forest types. Comparison of
bacterial (panels a) and fungal (panels b) communities in male (light and dark blue) and female (light and
dark red) yellow baboons (Papio cynocephalus) living in intact forest (IF) or fragmented forest (FF) within the
Udzungwa Mountains of Tanzania. Estimates of alpha diversity indices Richness (S), Shannon entropy (H) and
the log of Inverse Simpson diversity (D,) are represented.

Predictors

S

H log(D;)

Estimates

std. Error | CI P Estimates | std. Error | CI P Estimates | std. Error | CI P

Sex

-2.75

5.76

—14.04-8.54 0.637 0.20 0.29 -0.37-0.77 0.502 0.19 0.28 -0.35-0.73 0.494

Forest block

1.89

5.81

-9.50-13.28 | 0.747 -0.04 0.29 -0.61-0.53 0.895 -0.03 0.28 —-0.58-0.51 0.908

Table 2. Results of multivariate modeling in fungal communities.

points were found for the Bray-Curtis (betadisper p=0.813). Finally, the pairwise adonis tests across the two
forests and sexes showed a significant difference between IF and FF females (pairwise adonis test, Bray-Curtis:
p=0.006, R2=0.12 Fig. 4; although not for weighted UniFrac: p=0.139, R2=0.07) and no significant differences
were noted between IF and FF males (pairwise adonis test, Bray—Curtis: p=1.00, R2=0.07; weighted UniFrac:
p=1.00,R2=0.08).

Abundances of amplicon sequence variants
Differential abundance testing was used to define which ASV's were driving the differentiation in bacterial and
fungal composition between sexes and within sexes across contrasting forests using DESeq2. There were no differ-
entially abundant ASV's between sexes overall, but within sexes across forests, DESeq2 identified 23 differentially
abundant bacterial ASV's that were enriched in IF females compared with FF females, including DENOVO7
(genus: Ruminobacter), DENOVO792 (genus: Christensenellaceae_R-7_grp), DENOVO1092 (genus: Oscillospi-
rales_ge), DENOVO124, DENOVO134, DENOVO174 and DENOVO28 (genus: Clostridium_sensu_strictu_I).
On the other hand, ASVs DENOVOS (genus: Treponema), DENOVO96 (genus: Prevotella_9), DENOVO3111
(genus: Rinkenellaceae_RC9_gut_grp), DENOVO81, DENOVO561, DENOVO333 and DENOVO0247 (genus:
Faecalibacterium) were enriched in females living in FF compared to females from IF (Fig. 5, panel b). Among
the classified ASVs for males, those driving differences between forests were due to DENOVO?7 (genus: Rum-
inobacter) enriched in IF males, and DENOVO62 (genus: Clostridia_vadinBB60_grp) enriched in FF males
(Fig. 5, panel ¢).

DESeq2 also identified differentially abundant fungal ASVs between females living in the two forest
types. Specifically, among those ASV's that were enriched in IF females compared to FF females, we observed
ASVs DENOVO102, DENOVO338, DENOVO11, DENOVO49 belonging to genera Ascomycota_unid,
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Figure 3. Beta diversity of gut bacterial communities of male and female yellow baboons. Principal coordinate
analysis (PCoA) using weighted UniFrac distance estimates across bacterial communities of male (blue) and
female (pink) yellow baboons (Papio cynocephalus). In the upper panels (a) libraries are colored according to
the individual’s sex regardless of their forest of origin. In the bottom panels (b) only males (blue) and females
(pink) from intact forest (IF) within the Udzungwa Mountains of Tanzania are shown. Left panels: axes: 1 and 2;
middle panels: axes 2 and 3; right panels: axes 1 and 3.
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Figure 4. Beta diversity of gut fungal communities of female yellow baboons across forest types. Principal
coordinate analysis (PCoA) using Bray-Curtis dissimilarity estimates across fungal communities of female
yellow baboons (Papio cynocephalus) living in intact forest (IF) or fragmented forest (FF) within the Udzungwa
Mountains of Tanzania. Left panel: axes: 1 and 2; middle panel: axes 2 and 3; right panel: axes 1 and 3.
Candida, Fungi_unid and Sordariomycetes_unid respectively, whereas among the ASVs enriched in FF females,
DENOVO31 (genus: Lasodiplodia), DENOVO1881 (genus: Incertae_sedis_26_unid) and DENOVO53 (genus:
Sordariomycetes_unid) were enriched in females living in FF (Fig. 5, panel d).
Discussion
This study is among the very few investigating sex-associated gut bacterial and fungal variations in non-human
primates in natural settings. Based on previous findings on yellow baboons from the Udzungwas'' and known
sex-related morphological, physiological and behavioral differences in non-human primates®-*?, we hypothe-
sized that both bacterial and fungal communities would differ between the two sexes, and that habitat type would
contribute differently to male and female disparities across forests. Our results indicate that there are significant
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Figure 5. Differentially abundant gut microbiota in yellow baboons. Significantly differentially abundant ASV's
grouped by bacterial (panels a, b) and fungal (c) genera. (a) Bacterial genera of yellow baboon females belonging
to fragmented forest (FF) are represented above, while those of females from intact forest (IF) are shown below;
(b) bacterial genera of yellow baboon males belonging to FF are shown above, while those of males from IF

are shown below; (c) Fungal genera of yellow baboon females belonging to FF are shown above, while those of
females from IF are shown below.

differences between male and female baboons in bacterial community richness and composition. Moreover,
the interaction term between sex and forest was significant for the composition of fungal communities. These
results confirm that females have a higher gut bacterial richness than males, and that females contribute more
than males to shaping the differences across forest types for both bacterial and fungal components. Our results,
showing a higher number of bacterial taxa in female samples, are consistent with other studies on gut bacteria
in non-human primates (e.g., Ethiopian geladas: Theropithecus gelada®, rhesus macaques: Macaca mulatta®” and
western lowland gorillas: Gorilla gorilla gorilla*®) and humans*-*°. Indeed, a greater gut bacterial diversity, gener-
ally considered an indication of a greater diversity in metabolic functions, has also been associated with a greater
number of ingested food types*, purportedly linked to the need for females to satisfy their higher nutritional
needs, especially during reproduction® (but see results from Ethiopian geladas®). However, we could not test
direct associations between observed changes in microbiota and feeding activities or female reproductive stage
due to the lack of specific data regarding these processes at this time.

As in this study, past observations have shown that habitat type also has an effect on gut microbiota in non-
human primates, including the Udzungwa red colobus (Procolobus gordonorum)'®****, black howler monkey'?,
olive baboon (P. anubis)* as well as the yellow baboon!®”. Interestingly, in contrast to the two predominantly foli-
vorous species (Udzungwa red colobus in Tanzania and black howler monkey in Mexico), and the olive baboon
in Rwanda’s Akagera National Park?, the gut microbiota of the yellow baboons in the Udzungwas studied here
had a higher bacterial diversity in areas where human presence was greater'". Barelli and colleagues hypothesized
that these observations were a result of a more varied diet in FF, since FF is surrounded by agricultural land where
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crops and human food waste were available for consumption!?. Here we have shown that it is females rather than
males that drive the significant difference in bacterial richness and fungal composition between the two forest
types. Specifically, regarding gut bacteria, the effect of forest type on males and females appears to be determined
by rare (since the S index was significantly different between sexes) rather than dominant (as indicated by non-
significant H and D, indices) taxa. Rarity could be a result of stochastic events, allowing the emergence of rare
species at the expense of dominant ones with both negative and positive outcomes for the hosts®. For example,
the presence of rare taxa may indicate either dysbiosis and a state of inflammation® or resilience under changing
conditions, that is a change in microbiota composition to maintain necessary metabolic functions and services
for the host™. However, the gut bacterial ASVs that significantly differed between females suggest that these
differences are the result of female foraging strategies. For example, the ASV Prevotella, involved in chitinolytic/
protein-degrading functions and consumption of fiber and sugar-rich diet in Tibetan macaques (M. thibetana)*,
was also found here to be significantly higher in FF female baboons. In addition, the ASV belonging to the genus
Treponema, implicated in the digestion of complex polysaccharides, as observed in the gut of ruminants* and
termites*?, was also significantly enriched in FF female baboons. Interestingly, since this genus is also a typical
component of the termite gut and is a facilitator of lignin and xylan digestion*>**, this result may also confirm the
importance of arthropods in the baboon diet***¢, as reported for other non-human primates®® as well as Burkina
Faso children®. Moreover, considering that the family Prevotellacea and the genus Treponema are associated with
human diets rich in fiber and sugar8’47’5°, the enrichment observed in FF females could be attributed to their
foraging in or around villages (i.e., from organic waste food), as also shown in baboons living in close contact
with Bedouins and eating their leftovers®'. On the other hand, the Treponema spp. found in baboon feces could
also derive from T. pallidum, a pathogen known to affect baboons in Tanzania™. Identification of the species and
strain of Treponema is necessary to clarify its origin.

A higher microbiota richness in FF female baboons could also result from a higher number of other poten-
tially pathogenic bacteria, especially if they are feeding on more diverse and/or human-derived food items and
water sources. For example, Amato et al. (2014) suggested that the tendency for black howler monkey females to
harbor more potentially pathogenic gut bacterial genera than males may be a result of a greater diversity of food
items in their diet. A similar conclusion was suggested to explain the higher gut diversity of polar bears feeding
on bone piles left by indigenous hunters rather than on their usual diet of freshly killed prey>. The possibility that
non-human mammals are acquiring potentially pathogenic (or indeed pathogenic) taxa from humans has serious
conservation as well as public health implications (i.e., zoonotic spillovers®**®), and deserves further attention.

Interestingly, the bacterial ASV belonging to the genus Succinivibrio, involved in the digestion of cellulose or
hemicellulose, and already noted as enriched in non-human primates with a plant-based diet*® was significantly
higher in male baboons, but not enriched in females from the two forests in our study area, further confirming
male reliance on plant-based (and perhaps less diverse) diet.

Although evidence for an idiosyncratic rather than synchronized gut microbiome among wild baboons™® is
available, it is likely that social networks and physical interactions predict gut microbiome composition®” and
bacterial correlation patterns®®-%". However, since the 34 successfully sexed samples of this study are unevenly
distributed across social groups, it is difficult to perform appropriate analyses that consider group-specific dif-
ferences. On the other hand, we cannot exclude that the observed differences between males and females may be
influenced by the age of the individuals sampled, or by the dispersal of males between the two forests?*%. While
age is unlikely to affect our results because focal animals were all adults, the contribution of male dispersal is
possible. However, although longitudinal data are currently unavailable to test this hypothesis, the greater chal-
lenges between the two habitats (including vast monocultures and frequent clusters of human habitation) may
act as deterrent to dispersal, especially considering that safer alternatives are available on both sites (e.g., east
of Magombera or along the edge of the Mwanihana forest where forest connectivity is greater). In addition, the
release of stressors (such as glucocorticoid) has already been associated with gut microbiota variation in both
black howler monkey®! and eastern lowland gorilla (G. beringei graueri)®?, respectively, and could also be a con-
tributing factor. In any case, additional surveys would be useful for the Udzungwa populations to obtain more
information about genetic and ecological dissimilarities between the two habitats (e.g., in diet, stressors, male
dispersal) and those associated with age and sex-related physiology (e.g., hormone production, metabolism).

With regards to gut fungal variability, as already suggested in previous studies conducted on four different
non-human primate species (i.e., western lowland gorillas; agile mangabeys: Cercocebus agilis; eastern chimpan-
zee: Pan troglodytes schweinfurthii; mountain gorilla: G. beringei beringei)®, this appears to be better defined by
ecological, behavioral or individual factors®. Therefore, the discrepancy observed here in gut fungal composition
between FF and IF females could be explained by FF baboon females including human food items in their diet.
Our finding that fungal dissimilarities were detected by the beta diversity calculated with Bray-Curtis (which
does not account for phylogenetic proximity) may not exclude the possibility that alteration in fungal abundance
or composition are due to changes in gut bacterial richness, in response to extrinsic factors (i.e., habitat type).
This suggests that gut components could be closely associated and interact directly with each other, as already
suggested in other studies®. Unfortunately, since the differences noted in the fungal taxonomic structure con-
sist of many unknown fungal genera, biological interpretation of the results is not possible at this time. Further
studies of the same samples using untargeted metagenomics would allow strains to be categorized and improve
our understanding of the source and the pathogenic potential of diet- and human-derived gut components.

Significantly different gut bacterial community compositions were noted for both males and females overall
and for males and females living in IF. These differences may be attributed to a contribution of both physi-
ological and ecological factors as previously described'’. Past studies that noted unique bacterial compositions
between the two sexes in semi-provisioned populations of rhesus macaques?, but not in captive ones®, or in
Yunnan snub-nosed monkeys (Rhinopithecus bieti) from different social groups?®, attributed these discrepancies
to the nutritional requirements, hormone levels production?” or sexual differences in social interactions?. These
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multiple explanations could also be valid for our model species as well, but unfortunately, we lack appropriate
physiological and behavioral data to specifically address this. Moreover, immature gorillas showed some dif-
ference in gut microbial richness and no differences at the compositional level between males and females, but
this was not confirmed in adult individuals®, nor it was detected in natural populations of Verreaux’s sifakas
(Propithecus verrauxi)®. As significant compositional differences here were only detected by weighted UniFrac
distance and not by the Bray-Curtis dissimilarity index, it is also plausible that our finding may be attributed
not only to a difference in relative abundance, but also to a more pronounced phylogenetic distance among
the gut bacterial communities of the two sexes. This suggests that sex-related differences may be attributed to
sex-specific physiology, nutritional requirements, or behavioral traits between the sexes. However, as suggested
above, further investigations on specific behavioral traits (e.g., male and female foraging strategies) as well as on
ecological adaptations (e.g., male dispersal) and the contribution of additional environmental parameters (i.e.,
soil and water microbiota) are required to define which of these variables has the greatest impact and potential
consequences on gut microbiota communities at the species and functional levels.

Opverall, our results add to the growing number of studies showing that habitat disturbance is associated with
gut microbiota variations in non-human primates, and, in addition, that the impact of such disturbance also
depends on sex, although the multiple factors potentially causing the sex differences need further investigation.
We emphasize the need to take both ecological and physiological sex-related differences into consideration when
estimating the impact of human activities on host micro-biodiversity, and how this relates to species conserva-
tion status.

Materials and methods

Study site and animal sampling

The Udzungwa Mountains, which belong to the Eastern Afromontane biodiversity hotspot (www.conservation.
org), extend over 19,000 km?*® and are characterized by both large tracts of pristine forests as well as forest frag-
ments, isolated from the main blocks as a result of natural events (i.e., geology, climate) and human activities (i.e.,
subsistence and commercial logging, pole cutting agriculture, bushfires””). These two forest types differ in habitat
structure, vegetation types and protection status, which affect the ecology of the primate populations living in
and around the forested areas®”~%. In this study we targeted two highly contrasting forests: (1) Mwanihana, a
large, protected forest block (180 km?) located within the boundaries of the Udzungwa Mountains National Park;
and (2) Magombera, a flat, groundwater forest fragment (12 km?) surrounded by 4 villages with approximately
10,000 inhabitants (unpubl. data) and sugarcane plantations (Fig. 6, Table S1). This forest, approximately 6 km
east of Mwanihana, was unprotected until 2019 when it was formally declared a Nature Reserve.

Among the 13 non-human primate species present in the Udzungwa Mountains, this study focuses on the
widely-distributed yellow baboon, categorized as ‘Least Concern’ by the IUCN", and frequently observed in
large social groups (up to 40 individuals*®) at forest edges, especially in the proximity of villages. This species is
terrestrial and omnivorous, with a preference for fruit, while also consuming seeds, leaves and arthropods. In
addition, opportunistic raiding of crops as well as human food waste is common among the social groups resid-
ing in FF*>*. In this study, 40 fresh fecal samples from five social groups from IF (N=3) and FF (N =2) were
collected in June-July 2016 during the same 4-week temporal window to avoid potential seasonal effects”! and
stored at —20 °C in tubes containing 96% ethanol. Fecal pellets were collected with disposable gloves by pairs of
experienced field assistants following an established non-invasive sampling method whereby one social group
at the time was followed unobtrusively on foot, using adult individuals as focal animals. Stools were collected
from each individual of the social group following a single defecation event without disturbing the group. When
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Figure 6. Map of the study area in the Udzungwa Mountains of Tanzania (a). Enlargement indicates the two
forests: the intact and well-protected Mwanihana forest (IF), and the less protected Magombera forest fragment
(FF) (b). Sampling sites for the five social groups of yellow baboons (Papio cynocephalus) sampled in both forest
types (each social group is indicated by MW for Mwanihana forest or MA for Magombera forest, and a number)
(c). The dashed line in panel (b) indicates the border of the Udzungwa Mountains National Park. Figure
modified from Barelli et al. 2020.

Scientific Reports |

(2024) 14:869 | https://doi.org/10.1038/s41598-023-50126-z nature portfolio


http://www.conservation.org
http://www.conservation.org

www.nature.com/scientificreports/

defecations happened simultaneously, fecal samples from each individual were labeled with colored flags to pre-
vent resampling the same individual (see ref. * for additional details). Field assistants mainly followed adult indi-
viduals who are larger in body size and from which samples are easier to collect than those of juveniles or infants.

Sex determination

To determine the sex of the individual that deposited each of 40 fecal pellets, whole DNA was extracted from
0.35 mg of each pellet using the NucleoSpin” Soil mini kit (Machery-Nagel, Germany), following the manufac-
turer’s instructions. Negative controls (amplification mix without DNA template) were included to control for
reagent contamination. Purity and quantity of extracted DNA were assessed by visual examination of the UV/
VIS spectra of each eluate using a Spark” multimode microplate reader (Tecan, Switzerland). Subsequently,
two marker genes, one identifying only males and another identifying both males and females were amplified.
Specifically, the Sex-determining Region Y (SRY) and DEAD-Box Helicase 3 (DDX3X-DDX3Y)”>”* were used,
both of which have been widely adopted for the sex-determination of a wide range of non-human primates,
including Papio spp. To decrease the number of degenerate positions in primer sequences, we used multiple
sequence alignments as reference sequences as follows: the primer sequences reported by the above authors were
used as queries to interrogate the non-redundant (nr) nucleic database of the NCBI using BLASTn with default
parameters. Papio RefSeq sequences for the two genes were downloaded and aligned with the corresponding
primer pairs using the MEGA-X software’. The final primer sequences and PCR conditions are reported in
Table 3, while the alignment is reported in the Supplementary Information (Fig. S6).

Amplification reactions were performed in a volume of 25 pl, 1X Green GoTaq® Flexi Buffer (Promega), 2 uM
MgCl,, forward and reverse primers to a final concentration of 0.5 uM each and 2 U of GoTaq' G2 Hot Start Taq
Polymerase (Promega). All PCR reactions were performed on Veriti™ 96-Well Fast Thermal Cyclers (Thermo
Fisher Scientific). The experimental conditions for PCR amplification were as follows: 3 min at 95 °C, followed
by 40 cycles of 30 s at 95 °C, 30 s at 57 °C for DDX3 or 62 °C for SRY, 30 s at 72 °C, and a single final extension
step of 5 min at 72 °C. Negative controls were included for contamination control. Amplicons were visualized
by high-resolution capillary electrophoresis using the QIAxcel Advanced System (QIAGEN). Only animals suc-
cessfully sexed with both markers were retained for bioinformatic analyses.

Data processing and statistical analyses

The amplicon sequences of gut bacteria and fungi used for this study were previously generated by several co-
authors (CD, FR, HCH and CB)". Specifically, DNA extraction was performed from 0.25 g of each fecal sample
by using QIAamp PowerFecal DNA kit (Qiagen Group; Hilden; Germany). Library preparation for Illumina
Miseq sequencing was carried out using 28F 5-GAGTTTGATCNTGGCTCAG (forward primer) and 519R
5-GTNTTACNGCGGCKGCTG (reverse primer) for amplification of V1-V3 regions of 16S rRNA gene and
using 5'-GCATCGATGAAGAACGCAGC (forward) and 5'-TCCTCCGCTTATTGATATGC (reverse) for the
ITS2 region. High-throughput sequencing of the amplicon libraries using Illumina technology was performed
at the Roy J. Carver Biotechnology Center at the University of Illinois, Urbana-Champaign, IL, USA. The 34
amplicon libraries were sequenced on the Miseq v2 (500 cycle) flowcell. ASV's were identified using MICCA
software’®, and primer trimming, filtering sequencing and denoising method for both V1-V3 and ITS2 regions
were performed following'® with the following modification: the taxonomic classification of bacterial ASV's was
performed here using database SILVA v138.17, while fungal ASV's were classified using an updated version of the
UNITE database””. Multiple sequencing alignments (MSA) were performed by applying the Nearest Alignment
Space Termination algorithm (NAST)”%, and phylogenetic trees were generated using FastTree v2.1.87 for both
bacterial and fungal ASVs following'’. All downstream analyses were conducted using the R v4.1.3% with the
phyloseq and vegan packages®®; 16S data was rarefied at 2400 reads per sample, and the ITS data at 2160 reads
as in Barelli et al.’® to include a sufficient number of libraries for statistical analysis, and to make these results
directly comparable to those in the previous manuscript. This rarefaction strategy resulted in an overall loss of
about one third of observed ASV's (mean percent+SD =33% + 8% range per sample). The original rarefaction
curves are reported in Supplementary Information (Fig. S7).

To investigate whether gut bacterial and fungal diversity varied between sexes within forests and within
sexes across forests, we estimated three alpha diversity indices (S, H and D,) using the phyloseq package®'. The
normal distribution of alpha diversity estimates was tested with the Shapiro-Wilk test of normality®* included
in the R package stats. While H and S indexes showed a normal distribution, hence symmetrical (Shapiro-Wilk
p=0.3221, 0.2267 for H and S, respectively), the D, index was right skewed (i.e., decreasing exponential form);
therefore, we log transformed the D, index to reach a symmetric distribution.

Comparisons between forests and sexes were performed using generalized linear models (glm function of
the stats R package) with Gaussian distributions for all the three indices. Interaction between forest and sex was
initially considered in all models, and then removed if not significant to avoid overparameterizing the model and

Gene Forward primer Reverse primer Annealing temperature (°C) Number of PCR cycles
DDX3X GGACGRACTCTAGATCGGTA GTACAGATCTANGAGGAAGC 57 40
SRY AGTGAAGCGACCCATGAACG TGTGCCTCCTGGAAGAATGG 62 40

Table 3. Sequences of the primers redesigned here and used for sex determination of yellow baboons (Papio
cynocehalus); modified from da Ferreira da Silva et al., 2018, at positions N3A and N12R (in bold).

Scientific Reports |

(2024) 14:869 | https://doi.org/10.1038/s41598-023-50126-z nature portfolio



www.nature.com/scientificreports/

unnecessarily decreasing the degrees of freedom. We then computed Tukey’s pairwise comparisons test® using

the glht and mcp functions of the multcomp R package. Weighted UniFrac and Bray-Curtis beta diversity/dis-
similarity estimates were computed with the R package phyloseq®'. Permutational multivariate analyses of variance
(PERMANOVA) were performed using the function adonis2® available in the R package vegan by including the
interaction between sex and forest as predictors and removing the interaction term if not significant.

We also performed a permutation test for homogeneity of multivariate dispersion (betadisper)® to verify if
our samples have the same dispersion (homogeneity of dispersion among groups assumed by adonis2) to validate
the significant differences observed with the adonis2 function.

Finally, to identify which bacterial and fungal taxa differed significantly between forests and sexes, the R
package DESeq2% was run with nonrarefied data® by considering sex, forest and their interaction term in the
DEseq2 formula design.

Ethics statement

The authors confirm they and their collaborators had no direct interaction with or disrupted the primate spe-
cies in any way in line with international guidelines: fecal samples used for analyses were non-invasively col-
lected and fieldworkers strictly adhered to the ‘Code of Best Practices for Field Primatology’ published by the
International Primatological Society (IPS) as well as the ‘Principles for the Ethical Treatment of Primates’ of the
American Society of Primatologists (ASP). Data collection complied with legal requirements and laws governing
wildlife research in Tanzania. Research (2016-267-ER-2009-49) and export permits (No. 0013774) were obtained
through the Tanzania Commission for Science and Technology (COSTECH), Tanzania Wildlife Research Insti-
tute (TAWIRI) and Tanzania National Parks (TANAPA).
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The raw sequencing data have been deposited in the European Nucleotide Archive (ENA) under study accession
number PRJEB37770. 16S and ITS raw sequences generated for this study and metadata are publicly available
at https://doi.org/https://doi.org/10.5281/zenodo.3725526.
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