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Abstract

Fungi are among key actors in the biogeochemical processes occurring in mangrove eco-
systems. In this study, we investigated the changes of fungal communities in selected man-
grove species by exploring differences in diversity, structure and the degree of ecological
rearrangement occurring within the rhizospheres of four mangrove species (Sonneratia
alba, Rhizophora mucronata, Ceriops tagal and Avicennia marina) at Gazi Bay and Mida
Creek in Kenya. Alpha diversity investigation revealed that there were no significant differ-
ences in species diversity between the same mangrove species in the different sites.
Rather, significant differences were observed in fungal richness for some of the mangrove
species. Chemical parameters of the mangrove sediment significantly correlated with fungal
alpha diversity and inversely with richness. The fungal community structure was significantly
differentiated by mangrove species, geographical location and chemical parameters. Taxo-
nomic analysis revealed that 96% of the amplicon sequence variants belonged to the Phy-
lum Ascomycota, followed by Basidiomycota (3%). Predictive FUNGuild and co-occurrence
network analysis revealed that the fungal communities in Gazi Bay were metabolically more
diverse compared to those of Mida Creek. Overall, our results demonstrate that anthropo-
genic activities influenced fungal richness, community assembly and their potential ecologi-
cal functions in the mangrove ecosystems investigated.

Introduction

Mangrove forests are regarded as blue carbon reservoir because they contribute approximately
10-15% of global carbon storage [1, 2]. In tropical and subtropical regions, mangroves are
widespread and occupy more than a quarter of the global tropical coastline, where they serve
as a barrier from strong waves and storms [2, 3]. Microorganisms are a major component of
mangrove biodiversity, and the characteristic high levels of salinity, organic matter content
and redox potential within mangroves provide an opportunity for the proliferation of
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specialized group of microorganisms involved in critical biogeochemical processes. Consider-
ing the ecological importance of mangroves and the role played by microorganisms thereof, it
is important to understand the pattern of microbial community assembly in the face of
increasing climate change. The mangrove ecosystem was chosen for this study because it is
constantly affected by fluctuating events in terms of tidal variations, pH, temperature, salinity
and nutrient availability [4]. Also, it uniquely lies at the land-water interface and thus is com-
posed of microbiota from terrestrial soil, freshwater and the marine environment [5]. This
makes the mangrove ecosystem an excellent habitat for study in terms of microbial diversity
and their different functional roles.

Fungi are a diverse group of organisms composed of seven phyla which include Basidiomy-
cota, Ascomycota, Glomeromycota, Microsporidia, Blastocladiomycota, Neocallimastigomycota
and Chytridiomycota [6]. Fungal communities have been known to colonize diverse habitats
such as tropical regions, extreme environments such as deserts, areas with high salt concentra-
tions, ionizing radiation, deep-sea sediments and ocean hydrothermal areas [7]. Most fungi
grow in terrestrial environments, though several species live partly or solely in aquatic habitats
[8]. In most ecosystems, fungi are the major decomposers, playing an essential role in nutrient
cycling as saprotrophs and symbionts that degrade organic matter into inorganic molecules,
thereby contributing in ecological and biogeochemical processes [9]. In mangroves, fungi and
bacteria alone constitute approximately 91% of the total biomass [10] and are known to signifi-
cantly contribute to the breakdown of mangrove derived organic matter, therefore represent-
ing important food source for benthic fauna [11]. Also, fungal communities are known to co-
evolve with mangrove plant species and contribute to nutrient uptake, productivity and resis-
tance to environmental stressors [6]. Additionally, fungi play a role in microbial network inter-
actions in various ecosystems including the mangrove sediments as portrayed by Booth and
some others [12]. They are also thought to play a significant role in the ecology of mangrove
forests and can be bio indicators of pollutants [13].

Significant efforts have been made to understand the mechanisms of microbiome assembly
in mangroves but mainly focused on bacterial communities [2, 4, 14, 15]. Also, studies on fun-
gal diversity in the mangrove ecosystem have mainly focused on taxonomic diversity of sapro-
phytic fungi retrieved from intertidal, floating or immersed, pieces of trees and wood debris
[3]. Information on fungal diversity in mangroves especially in the Kenyan mangroves is lim-
ited and poorly investigated. Mostly, it is based on culture-dependent assessments [16], which
only accounts for a small percentage of fungi present in the environment [17]. Culture-inde-
pendent techniques are therefore emerging as potential tools to ensure holistic insight into
environmental systems, hence leading to an in-depth understanding of the complex mecha-
nisms in an ecosystem [18]. For instance, studies employing high-throughput sequencing has
revealed that the assembly of microorganisms can be explained by either niche theory (consid-
ers that microbial community assembly is determined by abiotic and biotic factors) or neutral
theory which considers that stochastic factors including dispersal events control microbiome
assembly in different environments [2, 19]. Also, microbial co-occurrence has been deter-
mined using high-throughput sequencing data in different environments [19-21].

Human activities through anthropogenic degradation of mangrove forests and introduction
of contaminants like hydrocarbons, human wastewater, sewage, micro plastics and others have
also led to the accumulation of artificially introduced nutrients in the mangrove ecosystems.
These have altered the mangrove ecosystem equilibrium of the microbial community and its
mangrove host [22].

Considering that mangrove species, human activities and environmental factors can influ-
ence the diversity and assembly of microbes in an ecosystem, we designed this study to investi-
gate the following: (1) the overall fungal diversity associated with the rhizosphere of four
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mangrove species at Gazi Bay (a pristine mangrove site) and Mida Creek (a polluted mangrove
site) in Kenya (2) the influence of differences in physicochemical parameters on mycobiome
assembly in both geolocations and (3) the degree of ecological rearrangement and potential
functional response of the fungal communities as a result of the pollution event at Mida Creek.

Materials and methods
Ethical statement

The National Commission for Science, Technology and Innovation of Kenya (NACOSTI)
approved this study, the National Environmental Management Authority of Kenya (NEMA)
provided the access permit (for field sampling), Kenya Wildlife Services (KWS) and Kenya
Plant Health Inspectorate Services (KEPHIS) provided permits that facilitated the shipment of
samples to Canada for physicochemical and environmental DNA analyses. The field study nei-
ther involved endangered nor protected species [15].

Description of study site

We investigated two study sites: Mida Creek and Gazi Bay in Kenya. Mida Creek (03°34’S,
039°96'E), located in Kilifi County is about 88 Km North of Mombasa and approximately 25
km South of Malindi town in a planigraphic area of 32 km? [23]. It has an average annual tem-
perature of 27°C and characterized by a hot and humid tropical climate. Humidity is high
throughout the year, up to 90% relative humidity during the rainy season [23]. In addition, the
Creek is affected by anthropogenic degradation such as overharvesting of mangroves for fire-
wood, timber and fish traps, pollution from plastics, faeces and oil spills, clearing of mangrove
and conversion to other land uses such as aquaculture, urban development and tourism [24].

Gazi Bay is in Kwale County (4°44’S, 39°51'E), approximately 55Km from Mombasa, South
Coast of Kenya. The Bay is sheltered from strong waves by the presence of the Chale peninsula
to the East and a fringing coral reef to the South. The climate is hot and humid, and the average
annual temperature and humidity are about 28°C and up to 95%, respectively [23]. The man-
grove forests in the two studied sites display almost same zonation pattern among the domi-
nant species (contribute over 80% of the mangrove formation in the sites with the estimated
species contribution being; A. marina (30%), R. mucronata (25%), S. alba (15%) and C. tagal
(10%)): S. alba (about 6-10 m tall) forms the outermost zone (seaward side) towards the open
water followed by pure stands of R. mucronata (about 8-12 m tall) or mixed stands of R.
mucronata and Bruguiera gymnorrhiza (about 10-20 m tall) and in turn these stands are fol-
lowed by pure stands of C. tagal (about 3-5 m tall) and A. marina (about 12-18 m tall) along
the Creek, as described by Matthijs et al. [25] and others [26, 27]. R. mucronata has well-devel-
oped prop roots that accumulate large stocks of debris, perhaps contributing to some accretion
that supports the extensive tidal flats seen in the area [26].

Collection of samples

Sampling was conducted according to the described methods by Wu and some others [28].
Four species of mangrove trees namely S. alba, R. mucronata, C. tagal and A. marina common
to the two sites were selected. Four mangrove trees of each species at intervals of 10 m were
chosen. For each individual mangrove species, the sediments (~100 g) were sampled vertically
along the base of the plant at two depths (1-5 cm and 10-15 cm), using a standardized core
sampler [29]. Eight samples (Four samples from each of the two sampling depths) were col-
lected from each of the four-mangrove species in Gazi Bay and Mida Creek (making a total of
64 samples all together). The samples were transferred to Pwani University, Kenya, and
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maintained at -20°C, before their subsequent transfer to Université Laval, Canada, for further
processing and analysis. All transfer of the samples was done using dry ice.

Physicochemical analyses of soil samples

Analyses of soil samples for nitrogen, carbon, phosphorus, potassium, calcium, magnesium
and sodium were conducted according to standard methods as described by Brupbacher et al.
[30]. Determination of pH and electrical conductivity was done using the calcium chloride
method at a ratio of 1:2 using a digital pH meter (Corning pH meter 140, Corning, New York)
and electrical conductivity meter (Conductivity meter type CDM 2d radiometer Copenhagen)
respectively.

Total community DNA extraction, PCR protocol and Illumina MiSeq
sequencing

Total genomic DNA was extracted directly from 0.25 g of soil using Power Soil DNA isolation
kit (DNeasy PowerSoil Kit, Qiagen, Germany) in accordance with the manufacturer’s protocol.
The extracted DNA was quantified using NanoDrop™ 2000 spectrophotometer (Thermo
Fisher Scientific, MA, USA). Amplification of the fungal ITS2 gene, equimolar pooling and
sequencing was performed at IBIS/Université Laval Plate-forme d’Analyses Génomiques
(Québec, Canada). Briefly, amplification of the ITS regions was performed using the ITS3 mix
primers and ITS4ngs sequence specific regions described by Tedersoo et al. [31] using a two-
step dual-indexed PCR approach specifically designed for Illumina instruments.

In a first step, the gene specific sequence was fused to the Illumina TruSeq sequencing
primers and PCR was carried out in a total volume of 25 uL that contains 1X Q5 buffer (NEB),
0.25 uM of each primer, 200 uM of each dNTPs, 1 U of Q5 High-Fidelity DNA polymerase
(NEB) and 1 pL of template cDNA. The PCR started with an initial denaturation at 98°C for
30 s followed by 35 cycles of denaturation at 98°C for 10 s, annealing at 55°C for 10 s, exten-
sion at 72°C for 30s and a final extension at 72°C for 2 min. The PCR reaction was purified
using the Axygen PCR cleanup kit (Axygen, Corning, Arizona, USA). Quality of the purified
PCR products was checked on a 1% agarose gel. Fifty to 100-fold dilution of this purified prod-
uct was used as a template for a second PCR step with the goal of adding barcodes (dual-
indexed) and missing sequence required for Illumina sequencing. Cycling for the second PCR
were identical to the first PCR but with 12 cycles. PCR reactions were purified as above,
checked for quality on a DNA7500 Bioanlayzer chip (Agilent Technologies) and then quanti-
fied spectrophotometrically with the NanoDrop ND-1000 spectrophotometer (Marshall Scien-
tific). Barcoded Amplicons were pooled in equimolar concentration for sequencing on the
illumina Miseq. The following oligonucleotide sequences were used for amplification:

ITS3tagmix1: ACACTCTTTCCCTACACGACGCTCTTCCGATCTTAGACTCGTCATCGATG
AAGAACGCAG

ITS3tagmix2: ACACTCTTTCCCTACACGACGCTCTTCCGATCTTAGACTCGTCAACGATGA
AGAACGCAG

ITS3tagmix3: ACACTCTTTCCCTACACGACGCTCTTCCGATCTTAGACTCGTCACCGATGA
AGAACGCAG

ITS3tagmix4: ACACTCTTTCCCTACACGACGCTCTTCCGATCTTAGACTCGTCATCGATGA
AGAACGTAG

ITS3tagmix5: ACACTCTTTCCCTACACGACGCTCTTCCGATCTTAGACTCGTCATCG
ATGAAGAACGTGG

ITS4ngs: GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTTCCTSCGCTTATTGATATG
generic forward second-PCR primer AATGATACGGCGACCACCGAGATCTACAC [index1]
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ACACTCTTTCCCTACACGC and generic reverse second-PCR primer CAAGCAGAAGACGGCA
TACGAGAT [index2] GTGACTGGAGTTCAGACGTGT . The primers used in this work con-
tain Illumina specific sequences protected by intellectual property (Oligonucleotide sequences
© 2007-2013 Ilumina, Inc. (All rights reserved).

Sequence processing

Demultiplexed paired-end sequences obtained from the sequencing centre were processed
using QIIME2 [32]. Sequences were first quality checked and the information derived thereof
was used to trim low quality ends of the sequence reads. The filtering of marginal sequencing
errors, chimeric sequences and clustering of high-quality reads into amplicon sequence vari-
ants (ASVs) was achieved using DADA?2 [33]. Classification of the representative sequences
for each ASV was done against the UNITE database using VSEARCH consensus classifier. The
ASV count table was rarefied to an even sampling depth and singletons removed prior to
diversity analyses.

Statistical analyses

All statistical analyses were performed using R v3.6.3 [34]. The non-parametric Kruskal-Wallis
H test and Fisher’s least significance difference (LSD) post hoc analysis in the agricolae package
v1.3-2 [35] was used to determine significant differences in soil physicochemical properties.

Linear discriminate analysis (LDA) effect size (LEfSe) [36] and Random Forest analysis [37]
as implemented in MicrobiomeAnalyst [38], was used to test for differences in taxonomic com-
position across sites and mangrove species. Fungal phylotypes having an LDA score >3 and
adjusted p-value <0.05 were differentially abundant. Alpha diversity was based on richness
(observed ASVs), Shannon entropy and Pielou’s evenness. Determination of fungal commu-
nity compositional and structural differences across sites, mangrove species and sampling
depth was based on Bray-Curtis distance. Permutational multivariate analysis of variance
(PERMANOVA) was used to test for differences across sites and mangrove species. All diver-
sity analyses were performed using QIIME2. The influence of some environmental factors on
community level differentiation was determined by constrained redundancy analysis (RDA).
RDA was performed on Hellinger transformed ASV-abundance table using the “amp_ordi-
nate()” function in ampvis2 R package. The significance of the RDA model was tested using
the vegan function “anova.cca”. To determine the potential functions of the fungal communi-
ties, their functional guilds were predicted using FUNGuild [39].

Furthermore, the importance of fungal phylotypes and environmental factors on the assem-
bly of the different mycobiomes was determined by constructing co-occurrence networks
using Conet [40]. Prior to network generation, the dataset of fungal abundance was composi-
tionally corrected using the centred log-ratio (clr) approach. Also, to reduce the network com-
plexity, the dataset was filtered to remove phylotypes occurring in less than 50% of the samples
for each mangrove specie. The networks generated were thereafter visualized using Gephi
(https://gephi.org/). To identify potential fungal communities, the networks were clustered
into modules (communities of fungi and associated chemical properties) using a multi-level
modularity optimization algorithm [41]. To determine the importance of the fungal phylo-
types and environmental variables on the community assembly, the connectivity of each node
was determined by calculating the within module connectivity (Zi) and among module con-
nectivity (Pi). Thereafter, the nodes were sorted into four sub-categories (a) peripheral nodes,
(b) connectors, (c) module hubs and (d) network hubs, as described by Guimera and Amaral
[42].
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Results

Physicochemical factors across mangrove species and sites

Sediment physicochemical parameters revealed significant differences both across sites and
among mangrove species (Table 1). Mean values of the analysed physicochemical parameters
were generally higher in Mida Creek samples compared to samples obtained from Gazi Bay.
Calcium and pH were two physicochemical factors that were significantly higher (p < 0.001)
in all rhizospheres of Mida Creek mangrove species. Exceptions included potassium, magne-
sium, sodium, phosphorus, carbon, nitrogen, EC and salinity that were all significantly higher
in the rhizosphere of R. mucronata in Gazi Bay.

Overall comparison of physicochemical factors based on mangrove species across both
study sites revealed that potassium, magnesium, sodium, carbon, nitrogen (p < 0.001), EC,
salinity (p < 0.01) and phosphorus (p < 0.05) were all significantly higher in the rhizosphere
of R. mucronata. Also, overall site comparison revealed pH, calcium, magnesium (p < 0.001)
and phosphorus (p < 0.01) were all significantly higher in Mida Creek while EC and salinity
were significantly higher (p < 0.05) in Gazi Bay samples. Across depths (1-5 cm and 10-15
cm), the differences in physicochemical parameters were also significant on comparison of the
two sites (S1 Fig); however, within site comparisons revealed that vertical differences in physi-
cochemical parameters were not significant (p > 0.05), except for Calcium, which was signifi-

cantly higher at the surface than subsurface in Mida creek (52 and S3 Figs).

Alpha diversity of mangrove mycobiome

A total of 3,406,382 sequence reads from the 64 mangroves rhizosphere samples were quality-
filtered and 317,851 high-quality ITS sequence reads clustered into 1,022 fungal ASVs. Five
hundred and fifty-one ASV's were unique to Gazi Bay mangrove rhizospheres, 321 were unique

Table 1. Mean values of physicochemical parameters for the different mangrove species across both Mida Creek and Gazi Bay.

Physicochemical
Parameters

Site
Calcium (mg/kg)

Potassium (mg/kg)

Magnesium (mg/kg)

Sodium (mg/kg)

Phosphorus (mg/kg)

Total carbon (mg/kg)

Nitrogen (mg/kg)

Electrical conductivity

(S/m)
pH
Salinity (mg/kg)

A. marina

Gazi

325.75%
64.73

663.12+
192.89

379.125%
76.07

2369
+815.28

55+16.29

0.82+0.41
0.04+0.02
5.78+0.95

7.05+0.55
3.13+0.55

C. tagal R. mucronata S. alba
Mida Gazi Mida Gazi Mida Gazi Mida
14085.5+ 168.25+27.76 | 79312.88 2670.62 62731.12 477+ 52097+
3686.55"** +38869.51*** +544.23 +26956.45*** 147.65 18982.24***
494+182.67 178.25+ 40.78 | 464+ 111.51*** 1588.87 597.375 + 211.89 461.87+ 594.75 + 82.25*
+172.27*** 138.12
841.75+ 470.97* | 115.12 £ 21.66 | 1776+ 660.54*** 1856.12 1307.12 £ 665.24 406.87+ 1166.62+
+140.19* 68.52 345.31%**
4162+3483.99 155.87+40.50 | 3933.87 8472.25 3263.75+£1446.15 1978 2948.37
+1448.40*** +967.11%** +431.28 +471.96***
136.12 40+2.87 164.5+61.01*** 187.75+49.67** | 98.87+54.49 55.125 99.75+36.32**
+33.09*** +14.06
1.90+0.57*** 0.26+0.07 4.55+1.56*** 7.40+0.85*** 2.69£1.67 0.99+0.23 2.25+0.60***
0.16+0.03*** 0.01+0.01 0.18+0.04™*** 0.37+0.06*** 0.11£0.05 0.07£0.01 0.09+0.01*
4.56+1.39 3.37£1.31 6.51+2.98* 12.37£1.00*** | 4.05+1.36 4.88+0.88 5.22+1.34
8.17+0.21%** 6.21+0.10 7.93+0.07*** 6.09+0.15 8.08+0.28™** 6.08+0.08 7.91+0.16***
2.43+0.79 1.77+0.72 3.58+1.75* 7.08+0.61*** 2.15%0.78 2.61+0.50 2.81+0.77

Values represent mean and standard deviation. Superscripts beside values are significantly different measures (p < 0.05) based on Fisher’s least significance difference.

(Significance codes

Rk kO 0.001
% 0,01
% 0.05)

https://doi.org/10.1371/journal.pone.0298237.t001
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Observed ASVs

1

50

00

50

to Mida Creek, while 150 ASVs were found in both Gazi Bay and Mida Creek (54 Fig). Based
on mangrove species differentiation, C. tagal had the highest number of unique ASVs in Gazi
Bay, whereas A. marina had more unique ASVs than any other mangrove species in Mida
creek (S5 Fig). Both mangrove species were more distributed in the outermost section of the
two sites, away from the open water. Also, regardless of geographic and chemical differences,
ASVs ranging from 19-41 were present within the rhizosphere of similar mangrove species
found in both Gazi Bay and Mida creek (S6 Fig).

Investigation of species distribution (Pielou’s evenness) and Shannon’s entropy revealed
that there were no significant differences (p > 0.05) in fungal species diversity between similar
mangrove species in Gazi Bay and Mida Creek (Fig 1). However, fungal richness (Observed
ASVs) was significantly higher in Gazi Bay than Mida Creek, for C. tagal mangrove species.
Further mangrove species-based comparison in the individual sites revealed that, in Gazi Bay,
fungal richness was significantly higher in the rhizosphere of both C. tagal and R. mucronata,
while in Mida creek, the differences among mangrove species were not significant (p > 0.05).
Similar observations were made for Shannon’s entropy and Pielou’s evenness, with slight dif-
ferences in the level of significance, as presented in S1 Table.

Spearman’s rank correlation analysis revealed that Shannon’s entropy correlated with phos-
phorus (r = 0.27, p = 0.05); Pielou’s evenness correlated with nitrogen (r = 0.29, p = 0.04), car-
bon (r = 0.32, p = 0.02) and phosphorus (r = 0.30, p = 0.03), while observed ASVs inversely
correlated with potassium (r = -0.28, p = 0.05).

Community differentiation and influence of environmental factors

Structural differentiation based on Bray-Curtis distance revealed appreciable fungal composi-
tional differences between sites and among mangrove species (Fig 2). Close associations were

Site E Gazi Bay [E5 Mida Creek

q=0.297

q=0.054*

q=0.325

q=0.860 q=0534 q=0.237 q=0534 q=0.825 12| q=0781 q=0.445 q=0.781 q=0.796

N
Evenness Pielou

Shannon entropy

A. marina

C. tagal

-0.4
R. mucronata  S. alba A. marina C.tagal R. mucronata S.alba A. marina C.tagal  R.mucronata S.alba

Species

Fig 1. Alpha diversity comparison based on mangrove species and site differentiation.

https://doi.org/10.1371/journal.pone.0298237.9001
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PCo2 [9.3%]

0.5+

o
o
L

-0.54

Species

=& Avicennia marina
=& Ceriops tagal

== Rhizophora mucronata

~+—— Sonneratia alba

® Gaz
A wvica

PCo1 [14.7%]

Fig 2. Fungal community composition and structure in the mangrove rhizosphere sediments based on Bray-Curtis dissimilarities.

https://doi.org/10.1371/journal.pone.0298237.9002

observed between the fungal communities in the rhizosphere of R. mucronata and S. alba,
while the fungal community composition and structure in the rhizosphere of A. marina were
observed to be distinct. Overall, samples mostly separated according to mangrove species, fol-
lowed by site differences. Accordingly, permutational multivariate analysis of variance (PER-
MANOVA), which was based on a nested or hierarchical model, where mangrove species was
nested under sites, revealed that a higher proportion of the observed variation (~35%) was
explained by the differences in mangrove species (PERMANOVA R” = 0.348, p < 0.001),
while site differences explained only ~5% of the observed variation (PERMANOVA R* =
0.048, p < 0.001). Further pair-wise comparison revealed that the fungal community composi-
tions were significantly different for similar mangrove species in different sites, and among dif-
ferent mangrove species of the same site, except for R. mucronata and S. alba, which had
similar communities in Mida creek (S2 Table).

The RDA model presented in Fig 3 was significant in explaining the influence of environ-
mental variables on the fungal communities. Total variation explained by both mangrove spe-
cies and site differences was 34% (variance = 0.345; F = 4.92; p = 0.001). More details on the
variance explained by the constrained variables are presented in S3 Table. The significance of
environmental factors that fitted into the RDA model revealed that calcium, magnesium, pH,
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Fig 3. Constrained redundancy analysis showing contributions of environmental terms to fungal community composition.

Species

E] Avicennia marina
E] Ceriops tagal

IZ‘ Rhizophora mucronata

Sonneratia alba

Site
® Gazi

A Mida

https://doi.org/10.1371/journal.pone.0298237.9003

Table 2. Goodness-of-fit statistics (R?) for environmental terms fitted into the constrained RDA model.

phosphorus and carbon, were among the many chemical factors that significantly influenced
the fungal community composition (Table 2) and contributed to the separation of the commu-
nities from both sites (Fig 3).

Physicochemical parameters RDA1 RDA2 r Pr(>r)
Calcium 0.73525 0.6778 0.2774 0.002**
Potassium 0.34799 0.9375 0.2258 0.002
Magnesium 0.55708 0.83046 0.616 0.001**
Sodium 0.2224 0.97495 0.3472 0.001
Phosphorus 0.36256 0.93196 0.5209 0.001
Carbon 0.59217 0.80581 0.622 0.001*
Nitrogen 0.43809 0.89893 0.4975 0.001
Electrical conductivity 0.44102 0.8975 0.3026 0.001
pH -0.58133 0.81367 0.1515 0.008***
Salinity 0.45111 0.89247 0.3015 0.001

https://doi.org/10.1371/journal.pone.0298237.t1002
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For the fungal phylotypes, Pearson’s correlation analysis indicated that calcium correlated
with Nectriopsis (r = 0.41, p < 0.001); Magnesium correlated with Aspergillus (r = -0.31,
p = 0.01), Corollospora (r = -0.24, p = 0.05), Lasiodiplodia (r = -0.26, p = 0.04), Scedosporium
(r =0.25, p = 0.05) and Nectriopsis (r = 0.32, p < 0.01); carbon correlated with Ceriosporopsis
(r=0.26, p = 0.04), Trichoderma (r = 0.24, p = 0.05) and Scedosporium (r = 0.38, p < 0.01),
while pH correlated with Lasiodiplodia (r = -0.24, p = 0.05), Penicillium (r = 0.29, p = 0.02),
Trichoderma (r = -0.31, p = 0.01), Scedosporium (r = -0.29, p = 0.02) and Pseudopyricularia (r
=-0.24, p = 0.05).

Fungal taxonomic composition

The most abundant fungal phyla across both study sites were Ascomycota (96%) and Basidio-
mycota (3%). Others less than 1% included, Chytridiomycota, Entomophthoromycota and
Blastocladiomycota (S7 Fig). At the class level, Sordariomycetes (42%) was the most abundant
across both sites, and this was followed by Dothideomycetes (31%), Eurotiomycetes (12%), Rhi-
zophydiomycetes (2%) and Agaricomycetes (2%). The most abundant fungal families were
Aspergillaceae (10%), Halosphaeriaceae (10%), Cordycipitaceae (6%) and Lulworthiaceae (3%).
Details on other fungal classes and families can be found in S4 Table.

At the genus level taxonomic rank, 44% of the ASV's were successfully classified and those
with relative abundance >1% in any of the mangrove species are presented in Fig 4. Penicil-
lium, Aspergillus, Corollospora, Scedosporium, Moleospora, Lasiodiplodia, Talaromyces and
Nectriopsis were among the dominant classified genera. The mangrove species with the most
consistent taxonomic profile, regardless of site differences, were R. mucronata and S. alba,
which saw a high abundance of Scedosporium and Aspergillus, whereas the taxonomic profile
of C. tagal was particularly distinct, with Nectriopsis, dominating in Mida creek, while Corollos-
pora, Aspergillus and Lasiodiplodia were dominant in Gazi bay. Determination of differentially
abundant (p adjusted < 0.05; LDA > 3.0) fungal genera based on mangrove species differenti-
ation revealed that Nectriopsis was differentially abundant in the rhizosphere of C. tagal in
Mida Creek; Moleospora was differentially abundant in the rhizosphere of A. marina in Gazi
Bay; Penicillium was differentially abundant in the rhizosphere of A. marina in Mida Creek;
Aspergillus, Scedosporium and Malassezia were differentially abundant in the rhizosphere of S.
alba in Gazi Bay; Cladophialophora was differentially abundant in the rhizosphere of R. mucro-
nata in Gazi Bay, while Hypoxylon was differentially abundant in the rhizosphere of R. mucro-
nata in Mida Creek (S8A Fig). Overall, Nectriopsis, Hypoxylon and Penicillium were among
the differentially enriched genera in Mida Creek compared to Gazi Bay (S8B Fig).

Community interaction and potential function

Fungal community interaction, including niche partitioning and the influence of chemical
parameters was investigated using co-occurrence networks. Two networks, respectively repre-
senting potential interactions within mangrove rhizospheres in Gazi Bay and Mida Creek were
constructed (Fig 5). Multiple network topological properties indicated that the co-occurrence
pattern of the fungal communities in Gazi Bay differed markedly from those of Mida Creek
(S5 Table). The main differences are the clustering coefficient, the average weighted degree
and the proportions of positive and negative associations. Also, the network was more complex
(connections between phylotypes and the total number of connected phylotypes) in Gazi Bay
compared to Mida Creek.

To identify fungal assemblages that potentially share a niche within the mangrove rhizo-
spheres, the networks were clustered into modules (fungal communities or ecological clusters).
Five modules were detected in Gazi Bay and 3 in Mida Creek. The module distribution pattern
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Fig 4. Fungal composition in the rhizosphere of mangrove species in both Gazi Bay and Mida Creek.
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reflected fungal niche separation that appears to be based on the influence of the different
mangrove species. For example, in Gazi Bay, Corollospora and Moleospora, which were domi-
nant in the rhizosphere of A. marina were also part of the same ecological niche; Scedosporium
and Aspergillus, which were dominant in the rhizosphere of both R. mucronata and S. alba also
shared the same ecological niche. Agaricomycetes, Sordariomycetes and Dothideomycetes domi-
nated most of the modules in both geographic locations. Also, some fungal phylotypes were
associated with the sediment physicochemical parameters both in Gazi Bay and Mida Creek.
While the species—physicochemical associations were mostly positive in Gazi Bay, this was not
the case in Mida Creek, where several associations between fungal phylotypes and mangrove
physicochemical parameters were antagonistic. Furthermore, in Gazi bay, only connectors
belonging to the Ascomycota phylum were detected; there were no module hubs or network
hubs, while in Mida Creek, an unidentified Capnodiales ASV was detected as a module hub.
Also, chemical parameters, including phosphorus, magnesium and some phylotypes belonging
to the Ascomycota phylum were detected as connectors (Fig 6).

Functional guilds prediction, to corroborate the observed differences in the co-occurrence
network revealed that the proportion of wood saprotrophs, soil saprotrophs, undefined sapro-
troph, litter saprotrophs and lichenized fungi were higher in Gazi Bay, while the proportion of
both mycoparasite and ectomycorrhizal saprotroph were higher in Mida Creek (Fig 7).

Discussion

Fungi are important in soil as decomposers, and they play essential roles in many aspects of
ecosystem development, function, and stability. Also, fungi are critical components of plant
rhizosphere, where they contribute to plant nutrient uptake, pathogen resistance and energy
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cycling. Hence, understanding their diversity, community structure, function and assembly
patterns is useful in underpinning the influence of anthropogenic activities on critical ecosys-
tem functions. Accordingly, we employed the Illunima MiSeq sequencing technology to deter-
mine the influence of nutrient influx on fungal diversity, community composition and co-
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occurrence patterns in the rhizosphere of four mangrove species (Sonneratia alba, Rhizophora
mucronata, Ceriops tagal and Avicennia marina), which are common along the Kenyan Coast-
line. Since plant tree species [28, 43] and geographic location [4, 44] also influence fungal com-
munities, these factors were also investigated in this study.

Alpha diversity investigation revealed that both species distribution and Shannon’s entropy
were not significantly different on comparison of the mangrove species in Gazi Bay and Mida
Creek, while species richness was found to be significantly higher in some of the mangrove
species in Gazi Bay (Fig 1). This observation is consistent with previous studies that investi-
gated the effect of nutrients [45] and seasonal variation [46] on fungal alpha diversity in man-
grove ecosystems. Both studies reported that fungal species diversity was relatively stable while
species richness was influenced by differences in physicochemical factors. In the present study,
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fungal richness inversely correlated with potassium thus, demonstrating that it is an important
determinant of fungal richness, within the rhizosphere of mangrove species, along the Kenyan
coast. Further investigation of ASV's shared between same mangrove species in the different
locations revealed that the outermost mangrove species (away from the open water) had a
higher percentage of unique ASVs (S5 Fig). This observation suggests an influence from the
surrounding watersheds, while the proportions of ASVs shared between same mangrove spe-
cies in the different locations demonstrates the influence of mangrove species differentiation
on the composition of associated ASVs. Collectively, these findings suggest that alpha diversity
in the mangrove ecosystems were co-influenced by both physicochemical parameters and the
selective pressure of host mangrove species. Though, our observation that there were no signif-
icant differences in alpha diversity among different mangrove species in Mida Creek, suggests
that nutrient influx reduced the influence of mangrove species on fungal species selection.

Investigation of the fungal community structure revealed that the different mangrove spe-
cies, site differences and physicochemical properties had a significant influence on the rhizo-
sphere fungal communities. Specifically, the RDA model, constrained to plant species and site
of sampling (Fig 3) was significant and respectively explained 20% and 5% of the total variation
in fungal community composition. This finding corresponds to our observation on the bacte-
rial communities of these mangrove species [15]. In both studies, the influence of plant selec-
tion mechanisms on the microbial communities was higher than site differences. Previous
studies have demonstrated that below-ground microbial communities contribute to plant
growth and survival through nutrient synthesis, mobilization and competition against soil-
borne pathogens [47]. Thus, these benefits appear to moderate the relationship between plants
and their associated microbial communities. Similarly, several studies have shown that geo-
graphic difference is an important factor that can influence plant-associated microbial com-
munities [31, 48]. However, the influence of this factor largely depends on distance and on the
differences in environmental parameters, including the soil texture, pH and available nutrients
[49]. Accordingly, the RDA model revealed that the mangrove sediment chemical parameters
contributed to the fungal community structure (Fig 3). The significance of environmental fac-
tors that fitted onto the RDA model revealed that calcium, magnesium, pH and carbon signifi-
cantly influenced the fungal community structure and composition in the two sites. This
finding is consistent with results from Purahong et al. [50], where they reported that physico-
chemical properties of the mangrove soil influenced the fungal community composition.
Overall, this demonstrates a strong inter-relationship among environmental properties and
fungal communities in the mangrove environment. However, the small proportion of the
observed variance explained by these factors implies that a large percentage of the fungal com-
munity dissimilarities may be attributable to unaccounted deterministic processes, or to sto-
chastic processes, including drift and species dispersal [49].

Taxonomic classification revealed five identified fungal phyla in both study sites (S7 Fig).
The phylum Ascomycota was the most abundant in the rhizosphere of all mangrove species in
the two sites, followed by the phylum Basidiomycota. The occurrence of the Dikarya as domi-
nant phyla in this study is consistent with previous studies on mangrove ecosystems that
pointed similarly to a prevalence of Ascomycota and Basidiomycota [6, 17]. Members of these
two phyla have been reported to play important ecological functions in mangrove environ-
ments, including the utilization and recycling of nutrients [9]. Ascomycetes from marine envi-
ronments are an important ecological assembly of saprophytic microbes occurring in different
substrata rich in lignin, cellulose, or chitin [51]. Other trophic levels are dependent on the lig-
nocellulose-cleaving capability of these fungi that allow this complex substrate to enter the
food web [51]. Among the Ascomycota, members of the classes Dothideomycetes, Sordariomy-
cetes and Eurotiomycetes were found to be dominant. On the other hand, members of
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Agaricomycetes and Tremellomycetes were found to be dominant among the Basidiomycota.
The study by Simoes et al. [6] also reported the same trend in their findings. Additionally,
these classes have also been frequently reported to be found in large proportions in deep-sea
sediments [52, 53], indicating that they are ubiquitous in the marine environment. The phyla
Chytridiomycota, Blastocladiomycota and Entomophthoromycota were among the least
observed in this study. Our findings are also consistent with those of Liu et al. [9] and Deva-
datha et al. [54], who found a smaller proportion of these phyla in their study.

The most abundant genera in both sites included Scedosporium, Ceriosporopsis, Penicillium,
Aspergillus and Talaromyces, that have been detected and recovered mostly from the mangrove
environment [50, 55, 56]. These genera have been demonstrated as a source of secondary
metabolites from the mangrove environment [55]. Determination of differentially abundant
phylotypes between the two sites and among the mangrove species revealed some significant
differences in both Gazi Bay and Mida Creek. Among the differentially abundant phylotypes
were Nectriopsis, Moleospora, Scedosporium, Penicillium, Aspergillus, Cladophialophora and
Hypoxylon. These differences among similar mangrove species can be attributed to the varia-
tion in auto-correlating environmental and chemical factors. The differential abundance of
Hypoxylon in the anthropogenically disturbed Mida creek is not surprising as some species of
these genera are important plant symbionts and produce organic compounds that are active
against several plant pathogens, including Botrytis cinerea, Phytophthora cinnamomi and Cer-
cospora beticola [57]. Similarly, several species of Penicillium isolated from mangroves are
important source of bioactive materials that are inhibitory to microbial pathogens [58]. Thus,
the observed differential abundance of these genera in Mida creek is likely to support plant sta-
bility in response to environmental changes resulting from human disturbance.

The co-occurrence network enabled an evaluation of the degree of ecological rearrange-
ment that occurred between fungal communities in Gazi Bay and Mida Creek as a result of
nutrient influx. We observed that fungal phylotypes mostly partitioned into different modules
in both Gazi Bay and Mida Creek (Fig 5). This observation implies that the fungal communi-
ties comprised several modules that perform different ecological functions while each module
is composed of diverse fungal species with similar adaptation and ecological function [19].
Niche partitioning within microbial communities promotes co-evolution and reduces negative
associations among microbial phylotypes [59]. Meanwhile, the observation that a higher num-
ber of modules were detected in Gazi Bay implies that in Gazi Bay, the fungal communities
were much more complex in terms of diversity of ecological functions and metabolic processes
since each module is a separate niche with species that are involved in unique ecological roles
[60]. This finding, in addition to the reported significantly higher fungal richness (Fig 1) and
abundance of saprotrophs (wood, litter, soil and undefined saprotrophs) in Gazi Bay (Fig 6)
demonstrate that the fungal communities in Gazi Bay were metabolically more diverse com-
pared to those of Mida Creek.

Agaricomycetes and Sordariomycetes dominated (27%) the modules in Gazi Bay and Mida
Creek. These fungal classes are both wood decay fungi [61, 62]; however, most Agaricomycetes
species are capable of decomposing both the cellulosic and lignin components of wood [61]
and are among the most enriched fungal classes in most unpolluted mangrove sediment [17,
63]. In both study sites, there were significant associations between fungal phylotypes and sev-
eral physicochemical parameters. This observation underlines the importance of environmen-
tal factors on the assembly of the mangrove mycobiome. However, of more relevance is the
observation that the mangrove chemical parameters played more important roles in the fungal
community assembly of Mida creek, where there were detected among the network connec-
tors. This, together with the higher percentage of negative associations in Mida creek may
imply that changes in nutrient concentration resulting from anthropogenic disturbances are
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important drivers of microbial network structures. This is particularly important because
mean values of the analysed physicochemical parameters were generally higher in Mida Creek
than Gazi Bay (Table 1). Similarly, Sun et al. [64] reported that nutrient fluxes due to seasonal
differences influenced the microbial network structures of a wastewater treatment plant. Over-
all, intercorrelating environmental factors and the mangrove species differentiation shaped the
assembly patterns of the fungal communities in Gazi Bay and Mida Creek.

Conclusion

In this study, we found that fungal community richness was lower in the anthropogenically
disturbed Mida Creek, while species diversity was relatively unaffected. The overall alpha
diversity was found to be co-influenced by differences in physicochemical parameters and
mangrove species. The pattern of fungal community assembly in both sites of study was deter-
mined by a combination of mangrove species differences, geographical differences and alter-
ations in physicochemical parameters. Nutrient increase in Mida Creek increased competition
among fungal phylotypes. Also, our investigation of functional diversity suggests that the fun-
gal communities in Gazi Bay were ecologically more diverse than the communities in Mida
Creek. The overall findings from this study are important in developing policy guidelines for
the protection of mangroves along the Kenya’s coast, particularly, considering the global cli-
mate change situation. Overall, the study objectives were achieved and we demonstrate that
anthropogenic activities influenced fungal richness, community assembly and their ecological
functions in the mangrove ecosystems investigated.
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