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Abstract

The soil mycobiome is a major biological component involved in environmental and host functioning. Despite fungi fundamen-
tal role in ecosystem processes there is a lack of data on their distribution and biogeography in Subsaharian Africa. This study
investigated the soil mycobiome composition within two ecoregion of Benin using the ITS region and 185-V9 sequences ex-
tracted from the Global Soil Mycobiome Consortium (GSMc) open database (https://doi.org/10.15156/BI0/2263453). A beta
diversity analysis followed by NMDS was applied to determine the similarities and differences between the climatic zones in
terms of soil mycobiome composition. The multipatt function followed by a redundancy analysis (RDA) was applied to identify
the species confined to each climatic zone and the drivers that govern the composition of the soil mycobiome. A total of 18
phyla were identified at the sampled sites with a dominance of Ascomycota in the Sudanian zone (53.34%) and Basidiomycota
in the Sudano-Guinean zone (57.98%). The functional guilds were dominated by saprotrophs (21.52%) followed by ectomycor-
rhizae (10. 51%), arbuscular mycorrhizal fungi (10.16%) and plant pathogens (6.49%). The diversity indices and similarity anal-
ysis indicate a difference with some overlap (R = 0.3854), but not significant (p = 0.0566) in terms of soil mycobiome composi-
tion between the two areas. However, Aspergillus niger is confined (p = 0.0302) to the Sudan zone, while Fuscoporia senex (p
= 0.0302) and Conocybe dunensis (p = 0.0302) are indicative of the Sudan-Guinea zone. This specificity of mycobiome compo-
sition is influenced by climate (temperature; p = 0.008). This study is among the pioneer works on soil mycobiomes according
to climatic zones and environmental factors responsible for their distribution in Benin and also highlights the need for future
research.
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Résumé

Le mycobiome du sol est un composant biologique majeur impliqué dans le fonctionnement de I'environnement et de I'héte.
Malgré le role fondamental des champignons dans les processus écosystémiques, il existe un manque de données sur leur
distribution et leur biogéographie en Afrique subsaharienne. Cette étude a examiné la composition du mycobiome du sol dans
deux écorégions du Bénin en utilisant les séquences de la région ITS et 185-V9 extraites de la base de données ouverte du Glo-
bal Soil Mycobiome Consortium (GSMc) (https://doi.org/10.15156/BI0/2263453). Une analyse de la diversité béta suivie par
NMDS a été appliquée pour déterminer les différences entre les zones climatiques en termes de composition du mycobiome
du sol. Une analyse de redondance (RDA) a été appliquée pour identifier les espéces confinées a chaque zone climatique et les
drivers qui gouvernent la composition du mycobiome. Au total, 18 phyla ont été identifiés sur les sites échantillonnés avec une
dominance d'Ascomycota en zone soudanienne (53,34%) et de Basidiomycota en zone soudano-guinéenne (57,98%). Les
guildes fonctionnelles sont dominées par les saprotrophes (21,52 %) suivis des ectomycorrhizes (10,51 %), des champignons
mycorrhiziens a arbuscules (10,16 %) et des phytopathogenes (6,49 %). Les résultats des indices de diversité et de I'analyse de
similarité indiquent une différence avec quelques chevauchement (R = 0,3854), mais non significative (p = 0,0566) en terme de
composition du mycobiome entre les zones. Cependant, Aspergillus niger est confiné (p = 0,0302) a la zone soudanienne, tan-
dis que Fuscoporia senex (p = 0,0302) et Conocybe dunensis (p = 0,0302) sont des especes indicatrices de la zone soudano-
guinéenne. Cette spécificité de la composition du mycobiome est influencée par le climat (température ; p = 0,008). Cette
étude, faisant partie des travaux pionniers sur les mycobiomes du sol met en évidence les possibilités de recherches futures.

Mots clés : Mycobiome du sol, facteur environnemental, Bénin, zone climatique, espéces indicatrices, diversité.
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Introduction

Soil fungi play a central role in the functioning of
terrestrial ecosystems through decomposition
and carbon recycling (Bahram et al. 2018; Bach et
al. 2020), and interact with plants and animals by
mutualistic, pathogenic and commensal rela-
tionships (Delgado-Baquerizo et al. 2017). As
such, the composition of soil fungal communities
is intimately linked with their ecological functions
and thus their ability to intervene in key life sup-
port processes. Until recently, studies on soil fun-
gi were very limited in tropical Africa due to lack
of technology and specialists. However, with the
next generation sequencing and the global myco-
biome data initiative (Tedersoo et al. 2021; Davi-
son et al. 2021; Rincon et al. 2021; Touré et al.
2021), West Africa now has important sequences
datasets on soil fungal diversity, opening up new
opportunities to test interesting hypotheses and
deepen our knowledge of the ecology of this glo-
bally poorly understood group of organisms.
Whether at a global or regional scale, abiotic fac-
tors such as climate (precipitation and tempera-
ture) and soil physicochemical properties are
identified among the main predictors of soil my-
cobiome diversity and composition (Tedersoo et
al. 2014; Bahram et al. 2018; Cowan et al. 2022).
In this respect, several studies have highlighted
the pivotal role of pH in structuring fungal com-
munities by determining the availability of other
nutrients such as phosphorus, nitrogen and po-
tassium (Zhang et al. 2016; Tedersoo et al. 2020).
In alpine and temperate regions, nitrogen, the
main nutrient deficiency, has a significant in-
fluence on soil fungal assemblage (Li et al. 2019).
However, in the tropics and particularly in West
Africa it is rather phosphorus that is the primary
limiting nutrient (Verde et al. 2014), suggesting
that it could be a key driver in fungal community
assembly through modulation of vegetation and
promotion of certain ecological groups (Schappe
et al. 2017). However, we lack small-scale evi-
dence to support this claim.

Benin is located in West Africa. It is covered by
three ecoregions (Sudanian, Sudano-Guinean,
and Guinean), each with homogeneous climatic
conditions (Withe 1983). Soil types and vege-
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tation vary between the ecoregions, with specific
plant species in each (Adomou et al. 2006).
Consequently, the area is a valuable study system
for understanding the influence of abiotic va-
riables in the structuring of soil fungal communi-
ties.

In this study, we extracted DNA sequences for
two climatic zones from the global mycobiome
database of which Benin contributed to study the
soil mycobiome and its relationship with environ-
mental and edaphic variables in Benin. We tested
the following hypotheses: (1) with the difference
of precipitation and temperature between the
Sudano-Guinean ecoregion and sudanian zone,
there is a significant difference within the myco-
biome composition of both climatic zones; (2) in
line with the biological market theory
(Konvalinkov et al. 2017), the amount of avai-
lable phosphorus is the factor that best predicts
the diversity and composition of soil fungal com-
munities; (3) the specificities of the ecoregions
led to the existence of typical species, confined to
each of them.

Materials and Methods

Molecular data and metadata acquisition

For this study, DNA sequences were extracted from the
Global Soil Mycobiome Consortium (GSMc) open dataset
(Tedersoo et al. 2021). For more details on the global data-
set, please consult the following link https://
doi.org/10.15156/B10/2263453 . Data on DNA sequences
from Benin sampling (OTU; total_reads;
best_match_accession; sequence_similarity; metadata...)
extracted from the global database.

Using geographic coordinates taken at the different sam-
pling sites (Figue 1), data on the original vegetation descrip-
tion (fire history) were assigned to biomes (Olson et al.
2001) and land cover types.

We obtained climate data (Table 1) specifically for variables
such as precipitation, minimum and maximum tempera-
ture, and humidity, using the AFRICLIM spatial database
(Platts et al. 2015 a; b).

Statistical analysis

We computed OTUs richness, Shannon diversity, and Phylo-
genetic diversity (PD) to measure the fungal community
within the climatic zones. To determine whether or not
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Figure 1: Study area and the sampling site

there is a difference in the soil mycobiome communities,
the phylogenetic distance (“Phyloseq” package in R) be-
tween sets of taxa was estimated using the unifrac meth-
od. A non-metric multidimensional scaling (NMDS) ordi-
nation was then performed to examine the variation be-
tween the fungal communities based on the phylogenetic
distance and the ANOSIM similarity analysis (“Vegan”
package in R) was run to test the significance.

To assess the influence of environmental factors
(maximum and minimum monthly temperature, precipi-
tation, air moisture) on the diversity and composition of
the soil mycobiome, we first downloaded high resolution
global climate projections (“raster” and “sp” package in
R). A redundancy analysis (“Vegan” package in R) was
conducted to extract and summarize the variation in spe-
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cies abundance that can be explained by climatic varia-
bles and soil nutrients (deltal5N, and the amount of ni-
trogen, and phosphorus). The absolute values of pairwise
correlations were considered. When two drivers have a
high correlation, the one with the highest mean absolute
correlation was deleted.

Finally, a species indicator analysis (“indicspecies” pack-
age in R) was conducted to examine the species confined
to each climatic zone.
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Tablel: Characteristics of sampling sites
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Climate Site Biome deltal5N N_conc_g_kg P_conc_mg_kg
zone
Bangoun 1 forest: tropical broadleaf forest 4,1104024838022 0,88924829 11,08128079
biome
Bangoun 2 woodland: tropical woodland 3,5339153237581 1,87149424 9,58566871
Sudanian biome
zone Kota 1 woodland: tropical woodland 1,74277760008724 0,944842484 5,761483146
biome
Kota 2 forest: tropical broadleaf forest  1,95985461022555 2,797122267 1,19459364
biome
Kpassa woodland: tropical woodland 2,83954434447662 1,6418806660056 3,678797106966
biome
12
Papane woodland: tropical woodland 2,82033143130701 0,68367594569977 0,805773857257
biome
Su<':lano— 3 418
g;’g:‘:“ Kilibo woodland: tropical woodland ~ 2,58091944582593  1,32733047102389  3,698637236084
biome
45
Dassa- woodland: tropical woodland 3,50188548187783  3,60304649731623 113,2171401059
biome
Zoume 22
Results genera (Kpassa) were recorded at sites in the

General taxonomy of soil mycobiomes accord-
ing to climatic zones

Results from bioinformatics analyses of the
different forests provided a total of 8257 Opera-
tional Taxonomic Units (OTUs). The OTU diversi-
ty was reduced to 5915 after random sub-
sampling. 18 phyla were found in the sampled
soils, including the unclassified group that rep-
resents 0.09% of the total for the Sudanian zone
and 1.69% for the Sudano-Guinean zone. The
relative abundance of phyla between the two
zones was almost similar (Figure 2). The Asco-
mycota group was more abundant in the Suda-
nian zone (53.34%) than in the Sudano-Guinean
zone (33.23%). Conversely, we observed a dom-
inance of Basidiomycota in the Sudano-Guinean
zone (57.98%) than in the Sudanian zone
(34.36%). The Mucoromycota, Zoopagomycota
and Kickxellomycota phyla were rare at all sites
except Kota 1, Dassa-Zoume and Bangounl, re-
spectively. The highest values of phyla (Dassa-
Zoume), classes and orders (Kilibo), families and

203

Sudano-Guinean zone, with the exception of
species richness, which has the highest value at
the Bangou 2 site in the Sudanian zone (Table
2).

Primary functions of soil mycobiomes

Based on the taxonomic and functional annota-
tions of the different operational taxonomic
units, we recorded a total of 20 different prima-
ry functions or lifestyles of belowground fungal
communities (Figure 3). Saprotrophs: soil, litter,
nectar, pollen and dung (1694 OTUs; 21.52%)
were predominant followed by ectomycorrhi-
zae (868 OTUs; 10. 51%), arbuscular mycorrhizal
fungi (AMF) (839 OTUs; 10.16%), and plant
pathogens (536 OTUs; 6.49%). However,
40.64% of all OTUs could not be assigned to any
of the primary functions.

Composition of soil mycobiomes according to
climatic zones

The different diversity indices calculated
(observed diversity index, Shannon index,

TCHAN et al 2022
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Figure 2: Relative abundance of phyla by climatic zone. Colors represent each phylum and the height of each bar represents

the relative abundances in the sampled soils

Table 2: Diversity of different mycobiome taxonomic groups by sampling sites

Climate zone Website Phylum Class Order Family Genera Species

Sudano-Guinean Dassa- 15 36 73 158 203 123
Zoume
Kilibo 14 41 76 162 207 129
Papane 13 40 67 142 171 112
Kpassa 13 35 68 170 224 136

Sudanian Bangoun_1 14 40 72 141 186 104
Bangoun_2 13 33 63 153 213 137
Kota_1 11 33 66 142 187 108
Kota_2 12 32 61 141 178 98
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phylogenetic diversity) showed a slightly lower median alpha diversity in soils from the Sudanian zone

compared to the Sudano-Guinean zone (Figure 4).
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Figure 3: Primary functions of soil mycobiomes
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Figure 4: Observed, Shannon and Phylogenetic diversity indices within and between climatic zones.
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However, the variation in alpha diversity bet-

ween zones did not overlap (p. valueosserved=
0.8852, p. wvaluespanon= 0.8857and p. wvaluepp=

0.8857) and we therefore accepted the null hy-
pothesis of no difference between zones. Al-
pha diversity was relatively high in the below-
ground fungal communities of Kilibo and Kpas-
sa (in the Sudano-Guinean zone) and Bangoun
2 (in the Sudanian zone) (Figure 5). As for beta

Microbiol. Nat.

ween climatic zones, it showed some separa-
tion between the Sudano-Guinean and the Su-
danian zone. There were also some overlaps
between these two types of community
groups, suggesting a pooling of OTUs. The simi-
larity analysis showed a difference with some
overlap (R = 0.3854), not significant (p =
0.0566) between the Sudano-Guinean and Su-
danian zones in term of abundance (Figure 6).
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Figure 5: Alpha diversity index by soil mycobiome community (collection site). The orange sides represent soil mycobiome
communities from the Sudan-Guinean zone and the purple sides represents soil mycobiome communities from the Sudanian
zone.
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Figure 6: Beta diversity by climate zone

Species associated with each climate zone

Species indicator analysis was conducted to de-
termine the fungal species associated with a
particular climatic zone given the edapho-
climatic conditions of the region. Among 506
species actually present on at least one site, 03
species were detected as confined to the clima-
tic zones; one (01) species for the Sudanian
zone and two (02) for the Sudano-Guinean
zone (Table 3). Aspergillus niger Tiegh was the
species confined to the Sudanian zone (stat va-
lue = 1; p = 0.0302). The probability that the
sampled site belongs to this climatic zone given
that it was found (specificity or positive predic-
tive value) and the probability of finding the
species in sites belonging to this climatic zone
(fidelity or sensitivity) was 1 and 1 respectively.
Fuscoporia senex (Nees & Mont.) Ghob, Nejh
was the species that appeared in all sites belon-
ging to the Sudano-Guinean zone and was limi-
ted to the zone. As for Conocybe dunensis T.J.
Wallace, it can serve as an indicator species of
the Sudano-Guinean climatic zone because it
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occurred at all sites belonging to this zone
(fidelity = 1) and was largely (but not com-
pletely) restricted to this zone (specificity =
0.9917).

Effect of environmental variables on the abun-
dance of soil mycobiomes

The absolute values of pairwise correlations
were considered. Minimal temperature (°C) and
phosphorus (mg/kg) were the uncorrelated fac-
tors. 31.72 % of the amount of variance was
explained by these drivers. Overall, the effect of
the drivers was not significant (p= 0.067).
However, the effect of temperature on the
abundance of species was highly significant (p =
0.008) in contrast to phosphorus whose effect
was not significant (p = 0.168). The figure 7
shows that temperature was loaded on RDA 1
indicating that this driver explains a large part
of the variance associated with axis 1, while
phosphorus explains a large part of the va-
riance associated with axis 2.
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Table 3: Species diversity associated with each climate zone

Species Specificity Fidelity Stat p-value

Sudanian zone
Aspergillus niger 1 1 1 0.0302 *
Sudano-Guinean zone
Fuscoporia senex 1 1 1 0.0302 *

Conocybe dunensis 0.9917 1 0.996 0.0302 *

* v indicator value is statistically significant (p-value < 0.05)

1.0 [Phosphorus (mg/kg)]
. ) . & % ) *
0.51 tL e : o K [Temperature min (°C)]
1
w
'.<
<
<
=]
(24
0.01

-1.0 0.5 0.0 0.5 1.0
RDA axe 1

Figure 7: Redundancy analysis biplot. Species are shown as gray dots and environmental variables (explanatory variables)
are the purple text. The arrows indicate the loading of these variables on axes 1 and 2
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Discussion

This study aimed at highlighting the diversity
and composition of soil mycobiomes in two
ecozones of Benin and the drivers responsible
for their distribution patterns within these re-
gions. Through random sub-sampling, a total of
5915 operational taxonomic units (OTUs) were
retained for statistical analysis. The taxonomic
profile at the phylum level showed 18 phyla
with a codominance of Ascomycota and Basidi-
omycota. Ascomycota group was more repre-
sented in the Sudanian zone (53.34%) in con-
trast to the Basidiomycota that were more
abundant in the Sudano-Guinean zone
(57.98%). These results are consistentfrom pre-
vious studies that confirmed the codominance
of Ascomycota and Basidiomycota in global
ecosystems (Vetrovsky et al. 2019; Tedersoo et
al. 2021; Baldrian et al. 2022). A study in five
climatic zones in Asia also confirmed the domi-
nance of Ascomycota (73.7%) in the soils sam-
pled (Ma et al. 2016). The codominance of
these two phyla could be explained by the fact
that both (Ascomycota and Basidiomycota) are
the main decomposers of dead wood and
woody debris within forests ecosystems (Egger
1986; Binder et al. 2013; Riley et al. 2014). For
the functional guilds or primary functions of
soil mycobiomes, we found that the study are-
as are dominated by saprotrophs followed by
Ectomycorrhizae, arbuscular mycorrhizal, and
plant pathogens fungi, consistent with the find-
ings of Fernandes et al. (2022) and Tedersoo et
al. (2014).

However, we found no significant differences in
a-diversity indices at the OTU level

and we therefore rejected the hypothesis of
difference in mycobiome diversity between the
zones. As for beta diversity, it showed some
separation between the Sudan-Guinean zone
and the Sudanian zone but not significant (p =
0.0566) in terms of mycobiome composition.
These results could be explained not only by
the fact that the two zones share some climatic
features but also by the close proximity of the
sites, as the sampled sites were not very far
from each other, especially in the Sudano-
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Guinean zone. Indeed, Yang et al. (2020) em-
phasized that the proximity between sampled
sites would result in an insignificant change in
soil mycobiome composition. Liu et al. (2015)
demonstrated that geographic distance would
contribute to 20% of the variation in the fungal
community. Furthermore, the number of re-
plications performed in this study could also
explain the similarity observed. However, the
species indicator analysis revealed some
species specific to each region. The Sudanian
zone appeared to offer optimal ecological con-
ditions (climate, soil and vegetation) for the
proliferation of Aspergillus niger. On the other
hand, Fuscoporia senex is the species that ap-
peared in all sites belonging to the Sudano-
Guinean zone and was completely limited to
this ecoregion. As for Conocybe dunensis, it
indicative to the Sudano-Guinean climatic zone
because it occurred at all sites belonging to this
zone (fidelity = 1) and was largely (but not com-
pletely) restricted to this zone (specificity =
0.9917). These different observations could be
explained not only by the preference or specifi-
city but also by differences in climate, vege-
tation, and soil factors within both ecoregions
(Peay et al. 2013; Shi et al. 2014; Pei et al.
2016; Vétrovsky et al. 2019; Rincon et al. 2021).
Indeed, of these three factors (climate, soil,
and vegetation), climate emerged as the most
important (temperature; p = 0.008) through
the results of redundancy analyses (RDA). Seve-
ral studies focusing on the global distribution of
fungi have also identified climate as an impor-
tant factor influencing the composition and glo-
bal distribution of soil mycobiomes (Tedersoo
et al. 2014, Vétrovsky et al. 2019, Cowan et al.
2022). Fernades et al. (2022) provided evi-
dence that soil mycobiome diversity is strongly
correlated by temperature. Also, other studies
demonstrated the correlation between soil mi-
crobiome diversity and temperature (Yergeau
et al. 2007; Fuhrman et al. 2008; Ladau et al.
2013; Davison et al. 2021) and indicated that
higher temperatures increase soil microbial ac-
tivity and differentiation, resulting in decreased
soil microbial diversity (Liu et al. 2014).
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Conclusion

This study aimed to elucidate the variation wi-
thin the soil fungi community according to su-
danian and sudano-guinean ecoregions in Be-
nin. However, due to the under sampling wi-
thin the country and the repetition require-
ment for statistical analysis, the study focused
on two out of three ecoregions. The findings
show that the abundance and composition of
soil fungal communities is almost similar in the
different forests investigated, with some speci-
ficity with the indicator species of the climatic
zones. These confined species, influenced by
climate, highlight the need to include the third
ecoregion (guinean zone) in future work to as-
sess the diversity and overall composition of
soil mycobiomes.
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