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Mangrove microbiomes play an essential role in the fate of mangroves in our changing
planet, but the factors regulating the biogeographical distribution of mangrove microbial
communities remain essentially vague. This paper contributes to our understanding
of mangrove microbiomes distributed along three biogeographical provinces and
ecoregions, covering the exuberant mangroves of Amazonia ecoregion (North Brazil
Shelf) as well as mangroves located in the southern limit of distribution (Southeastern
ecoregion, Warm Temperate Southwestern Atlantic) and mangroves localized on the
drier semi-arid coast (Northeastern ecoregion, Tropical Southwestern Atlantic), two
important ecotones where poleward and landward shifts, respectively, are expected
to occur related to climate change. This study compared the microbiomes associated
with the conspicuous red mangrove (Rhizophora mangle) root soils encompassing soil
properties, latitudinal factors, and amplicon sequence variants of 105 samples. We
demonstrated that, although the northern and southern sites are over 4,000 km apart,
and despite R. mangle genetic divergences between north and south populations, their
microbiomes resemble each other more than the northern and northeastern neighbors.
In addition, the northeastern semi-arid microbiomes were more diverse and displayed
a higher level of complexity than the northern and southern ones. This finding may
reflect the endurance of the northeast microbial communities tailored to deal with the
stressful conditions of semi-aridity and may play a role in the resistance and growing
landward expansion observed in such mangroves. Minimum temperature, precipitation,
organic carbon, and potential evapotranspiration were the main microbiota variation
drivers and should be considered in mangrove conservation and recovery strategies
in the Anthropocene. In the face of changes in climate, land cover, biodiversity, and
chemical composition, the richness and complexity harbored by semi-arid mangrove
microbiomes may hold the key to mangrove adaptability in our changing planet.

Keywords: soil microbial community, Rhizophora mangle, red mangrove, blue carbon, amplicon sequence
variants, network co-occurrence analysis
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INTRODUCTION

Mangroves cover 75% of tropical and subtropical coastlines (Giri
etal, 2011), comprising 137,600 km? distributed throughout 118
countries. Due to their high primary productivity (218 £ 72 Tg
C yr~!) (Bouillon et al, 2008) and high carbon-storage
capacity (24 Tg C yr~!) (Alongi, 2014), mangroves can play
a crucial role as blue-carbon sinks (Mcleod et al., 2011),
provide valuable ecosystems services (Barbier et al., 2011) and
support adaptation to climate change (Lovelock and Duarte,
2019). However, when disturbed through land-use changes,
mangroves can become a source of large quantities of greenhouse
gases (GHG) (Kauffman et al.,, 2020). For instance, mangrove
conversion to agriculture or aquaculture can result in greenhouse
gas emissions of 1,067-3,003 Mg COze ha~!, most of this
emissions originated from soil carbon pool losses (Kauffman
et al., 2018a,b). Indeed, under “business as usual” scenario rates
of mangrove loss, emissions could reach 3,394 Tg CO,.4 when
considering foregone soil carbon sequestration (Adame et al.,
2021). Microbes are the main players that contribute to these
and other mangrove ecosystem services (Allard et al., 2020).
They constitute the mangrove microbiome, which comprises
taxonomically and functionally diverse microorganisms that
participate in element cycling, organic matter decomposition and
mineralization (Ochoa-Gémez et al., 2019), and promote plant
growth (Tong et al., 2019), being directly or indirectly related to
mangrove ecosystems services.

Forces shaping soil microbial dynamics have become recently
well understood (Fierer, 2017). However, this knowledge can
be helpful to understand how microbes mediate ecosystem

functioning and improve mangrove conservation and
management (Tong et al, 2019). Several factors have been
reported as drivers of the distribution and structure of bacterial
communities of mangrove soils, such as the presence or absence
of vegetation (Jiang et al., 2013; Gomes et al., 2014; Prakash et al.,
2015; Chen et al.,, 2016; Liu et al., 2017), depth (Taketani et al.,
2010; Andrade et al., 2012; Otero et al., 2014; Basak et al., 2016;
Luis et al., 2019), human activities (Dias et al., 2011; Peixoto
et al,, 2011; Fernandes et al., 2014; Nogueira et al., 2015; Basak
et al, 2016; Erazo and Bowman, 2021), tidal cycles (Zhang
et al., 2018), and physicochemical properties (Mendes et al.,
2012; Colares and Melo, 2013; Mendes and Tsai, 2014, 2018;
Chen et al,, 2016; Zhu et al., 2018). However, many of them
cover different areas of a certain mangrove or compare pristine
versus impacted ecosystems, demonstrating microbial shifts
associated with preservation status in a local scale. In contrast,
few researchers have considered microbial communities on a
latitudinal scale (Li et al., 2021; Zhang et al., 2021). Consequently,
the factors regulating the biogeographical distribution of
mangrove microbial communities remain understudied.

In Brazil, mangroves cover 9,900 km? (Diniz et al., 2019),
the third-largest worldwide mangrove area in a single country
(8.5% of the global mangrove area) (Giri et al, 2011), but
also face the fourth highest potential annual CO; emission
due to deforestation (Atwood et al., 2017). Brazilian mangroves
extend from the far-northern Brazilian coast (04°20'N) to
the southern coast (28°30'S) (Schaeffer-Novelli et al., 2000)
in a patchy distribution (Pil et al., 2011) where mangrove
tree species, such as the conspicuous Rhizophora mangle (red
mangrove), display a genetic subdivision between northern and
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southern populations, linked to climatic and oceanographic
characteristics (Francisco et al., 2018). In general, mangroves are
more abundant, diverse, and productive in humid climates, while
freezing temperatures can lead to mortality, loss of above-ground
biomass, and reduced productivity and reproduction. Mangrove
forests are also sensitive to hypersaline conditions; prevalent
in low precipitation areas displaying reduced freshwater inputs
(Lovelock et al., 2016), which can limit the distribution and
diversity of mangroves on arid and semi-arid coasts (Osland et al.,
2018). Still, ecosystem carbon stocks of wet Amazon mangroves
and dry semi-arid Brazilian Northeast were not significantly
different, with soils and roots comprising ~69% of the total
ecosystem carbon stocks (Kauffman et al., 2018b). Microbial
communities play crucial roles in mangrove biogeochemistry,
nutrient cycling, and plant productivity (Allard et al., 2020),
however, knowledge on how mangrove microbiota act in
contrasting conditions remains sparse. In addition, there are
no studies on the role of microorganisms on the processes of
expansion or retraction of mangrove forests linked to sea level
rise (Ward and Lacerda, 2021). Thus, considering mangroves as
climate change sentinels (Alongi, 2015), understanding the role of
microorganisms in their stability can provide crucial information
to protect and restore them in such a changing world.

In this study, we examined the biogeographical distribution
of the prokaryotic community associated with the roots of
R. mangle populations, a widespread dominant mangrove tree
species in the Atlantic and Eastern Pacific biogeographic regions,
whose forests display high soil carbon stocks (Atwood et al.,
2017). We hypothesized that such microbial communities would
differ along the latitudinal transect, with increasing differences
upon distance. We tested this hypothesis on soil samples
collected from R. mangle root zones from seven Brazilian
mangroves concentrated in three regions: north (Amazonia
ecoregion), northeast (northeastern Brazil ecoregion), and south
(southeastern Brazil ecoregion) (Spalding et al., 2007). We
evaluated the diversity and composition of these microbial
communities, explored the influence of soil physical and chemical
properties as well as latitudinal factors, and examined co-
occurrence patterns in the microbial communities based on
16S rDNA amplicons. Considering the vast extent of Brazilian
mangroves, their potential value for climate mitigation, the
role of microbial processes, and the possibilities of developing
microbial-based interventions for monitoring and ecosystem
rehabilitation, this study is a timely opportunity to advance in
the understanding of the responses of mangroves and associated
microbiomes to climate change.

MATERIALS AND METHODS
Study Sites and Sampling

The dataset consisted of 105 soil samples collected across
northern, northeastern and southern Brazil: two northern
(Braganca-BRA-N,  00°50'28.1”S  46°38'24.4"W;  and
Salindpolis-SAL-N,  00°37'56.1”S ~ 47°21'44.8"W),  three
northeastern (Coc6-COC-NE, 03°46'44.2”S 38°26/22.9"W;

Jaguaribe-JAG-NE, 04°26/50.3”S 37°46'53.2"W; and Icapui-
ICA-NE, 04°41'31.0”S 37°21’11.2"W), and two southern
(Paranagua-PAR-S,  25°32/55.3"S  48°28'17.6"W;  and
Guaratuba-GUA-S, 25°52/29.2”S 48°37'39.1”W) mangroves
(Figure 1). The physiographic characteristics of Brazilian
mangroves (Schaeffer-Novelli et al, 1990, 2000) and the
regionalization of Brazilian coastline regarding bioclimatic
factors (Ximenes et al, 2016) were considered in the soil
sampling delineation in order to cover different habitats
for R. mangle.

Five triplicate samples were obtained at each mangrove
from R. mangle-vegetated root zones, totaling 15 samples per
mangrove. Each of the five points was between 10 to 50 m
apart. Soil samples were collected from the top 20 cm, with the
uppermost 1 mm eliminated, using a soil core sampler of 10 cm in
diameter and 1.5 L of volume. Sampling was done during low tide
(max. tidal amplitude of 0.2 m) between August and November
2013. From the collected samples, an equivalent of 50 mg of soil
were destined to DNA extraction, which were kept on ice during
transport and stored at —20°C until processing. The remaining
soil was destined to physical and chemical characterizations and
was maintained at room temperature until analysis. All the 105
soil samples were used for physical and chemical characterization
as well as for DNA sequencing.

Physical and Chemical Characterization

Soil physical and chemical properties were determined in
triplicate for all samples, using standard laboratory protocols,
except for salinity, which was measured in situ. Soil pH was
determined in a 1:2.5 soil/water extract. Particle size was analyzed
using the pipette method (Teixeira et al., 2017). Organic-matter
and organic-carbon contents were determined by the loss-by-
ignition method (Wright et al, 2008; Schulte and Hopkins,
2015). Total nitrogen was measured by the micro-Kjeldahl
method with adaptations (Baethgen and Alley, 1989). Data
on annual accumulated precipitation, average annual potential
evapotranspiration, average annual maximum and minimum
temperatures, and average annual humidity were obtained from
the HidroWeb and INMET (Brazilian National Institute of
Meteorology) databases.

DNA Extraction and Library Preparation

Total DNA was extracted using the PowerLyzer PowerSoil
DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA,
United States), following the manufacturer’s instructions.
DNA quality was verified with a NanoDrop ND-1000
spectrophotometer  (Thermo  Scientific, Waltham, MA,
United States). The V4 region of 16S rRNA gene was targeted
and amplified using the 515F/806R primer set (Caporaso
et al, 2011), with barcodes in the forward primer using the
following program: 95°C for 4 min, 60°C for 1 min, 72°C
for 2 min, followed by 25 cycles at 94°C for 1 min, 60°C for
1 min, and 72°C for 2 min. PCR products were purified using
calibrated AMPure XP beads (Beckman Coulter, Indianapolis,
IN, United States), and paired-end sequenced using an Illumina
MiSeq Reagent Kit v2 (500 cycles, 2 x 250 bp) on an Illumina
MiSeq sequencer (Illumina, San Diego, CA, United States) at the

Frontiers in Microbiology | www.frontiersin.org

August 2021 | Volume 12 | Article 715991


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Tavares et al.

Semi-Arid Mangroves on the Edge of Changing

50°00"W 45°00'W 40°00'W 35°00'W 30°00°W 48°300'W  48°00'W
L L L N 1

0°300'S

1°00's

1°300"S

39°00'W 38°30'0'W

3°300"S

4°00"S

0
(=]
S
o
<

500"

49°20'0'W 49°0'0'W

25°100'S

25°300'S

1.750 3.500 7.000

Km

Icapuf (ICA); and in the South: Paranagua (PAR) and Guaratuba (GUA).

47°300'W

38°00"W

FIGURE 1 | Map indicating the geographical locations of the sampling sites. Five sampling points were sampled at each mangrove, each comprising three
subsamples. A total of seven mangroves were studied; in the North: Salinopolis (SAL) and Braganca (BRA); in the Northeast: Cocé (COC), Jaguaribe (JAG), and

47°00'W  46°30'0'W AT2V4BW 4T°2145'W 47°2142'W 46°3827'W 46°3824'W 46°3821'W 46°3818'W
1 1 1

0°5024"S

03754

0°37'57'S
0°5027"S

0°50'30"S

0°380'S

37°30'0"'W

34645'S  34642'S
42651"S  4°2648'S

3°4648'S
4°26'54"S

37°2112'W 37°216'W

a4127'S

o
E
3
b
B

48°40'0'W 48°20'0'W

48°2818'W 48°2815'W 48°3742'W 48°3739W

25°32'54"S
25°5227"S

25°5230°"S

25°32'57"S

Genomic and Bioinformatic Facility (CEGENBIO) of the Drug
Research and Development Center (NPDM), belonging to the
Federal University of Ceard.

Sequence Data Processing

After sequencing, Illumina adapter sequences were trimmed
from already-demultiplexed raw fastq files using Cutadapt v1.8
(Martin, 2011) in paired-end mode, and the reads quality
was assessed using FastQC v.0.11.8 (Andrews, 2012) and
vsearch v2.10.4 (Rognes et al., 2016). Subsequent analyses were
performed in the R v3.5.3 environment (R Core Team, 2016),
following the DADA2 v1.11.1 package (Callahan et al., 2016)
pipeline for obtaining a table of non-chimeric amplicon sequence
variants (ASVs) free of low-quality and non-prokaryotic
sequences (ASVs; sequences differing by as little as one
nucleotide) (Callahan et al, 2017). Taxonomy assignment and
removal of non-prokaryotic sequences was performed against the
SILVA reference database (release 132) (Yilmaz et al., 2014). The
16S rRNA data were deposited in the NCBI Bioproject database
with accession no. PRJNA283936'.

Thttps://www.ncbi.nlm.nih.gov/bioproject/PRJNA283936

Data Analyses

Environmental data were analyzed by a principal component
analysis (PCA), with measurements transformed to log (x + 1),
except for pH. Alpha-diversity estimators were calculated and
tested for normality by the Shapiro-Wilk test. As the Shannon
diversity and Simpson evenness were parametric, a one-way
analysis of variance and Tukey’s honestly significant difference
(HSD) post hoc tests were used for multiple comparisons of
means at a 95% confidence interval. For Chaol and Observed
ASVs, we used the Kruskal-Wallis non-parametric test.

The response patterns of alpha-diversity to the abiotic driving
factors were evaluated using simple linear models. Linear
regressions, coefficients of determination (R?), and significance
(P) were calculated in R environment using R base stats package.
Indicator analysis was performed using the package indicspecies
(de Caceres et al., 2011).

Canonical correspondence analysis (CCA) was used to
visualize the differences in community structure among
the different mangroves and determine its correlation with
environmental  parameters, using Hellinger-transformed
abundance matrix at ASV level and rarefied data. For this,
biotic and abiotic matrices were previously analyzed using
the detrended correspondence analysis (DCA) to evaluate
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the gradient size of ASV distribution, which indicated both
linear and unimodal methods as suitable (length of Axis
1 = 3.0064). Subsequently, a preliminary CCA was performed
with all available physical and chemical parameters. For variable
reduction and creation of an efficient model from the most
significant explanatory variables, forward selection of constraints
using the VEGAN ordistep function (Oksanen et al, 2019)
was performed, and only significant variables (P < 0.05) were
retained in the second CCA. In order to avoid the horseshoe and
arch effects, detrending (DCA) was initially used. It was followed
by external linear constraints (CCA), which are suitable for
preserving true arches (Palmer, 1993). The SIMPER (similarity
percentage) analysis was used to identify the taxa primarily
responsible for the differences observed in the ordination using
seq-scripts release v. 1.0. (Steinberger, 2020). All plots were
generated using the R v3.5.3 environment (R Core Team, 2016).

Functional analysis was performed using predict metagenomic
functional content on PICRUSt2 (Phylogenetic Investigation
of Communities by Reconstruction of Unobserved States,
version 2.3.0.) with default settings (Douglas et al., 2020). The
predicted genes were classified by alignment to KEGG Orthology
(KO) database. The obtained gene predicted abundances were
normalized by 16S rRNA gene copy number, and then used to
predict the metagenomic functional content.

Network Co-occurrence Analysis

A network analysis was performed to assess the complexity of
interactions among microbial taxa. Non-random co-occurrence
analyses were performed using FastSpar (Watts et al.,, 2019).
For each network, P-values were obtained by 99 permutations
of random selections of the data table, subjected to the same
analytical pipeline. Statistically significant (P < 0.01) FastSpar
correlations with a magnitude of 0.7 or —0.7 were included
into the network analyses. The nodes in the reconstructed
network represent taxa at the ASV level, whereas the edges
represent significantly positive or negative correlations between
nodes. Network graphs were constructed based on a set of
measurements, including the number of nodes, number of edges,
modularity, number of communities, mean node connectivity,
mean path length, diameter, and cumulative degree distribution.
Visualization and property measurements were performed with
the Gephi interactive platform (Bastian et al., 2009).

RESULTS

Characterization of Abiotic Driving

Factors
We analyzed 105 mangrove soil samples distributed along
~4,000 km spanning three climatic zones: tropical rainforest
(Af); hot semi-arid (BSh); and humid subtropical (Cfa) according
to Koppen (1936). The mangroves were separated based on
principal components into groups characterized by different
environmental conditions.

Northeastern mangroves were correlated with elevated
salinity, evapotranspiration, and minimum temperature as
well as low sulfur, precipitation, and humidity. Elevated

precipitation, pH, humidity, and sulfur content were the
main components for northern mangroves, while southern
samples were correlated with elevated precipitation, humidity,
organic carbon, nitrogen, iron, sulfur, and silt-clay contents.
Principal components 1 and 2 explained 82.4% of the dataset
variability and provided a clear separation of Northeastern
samples (Figure 2).

Richness and Diversity Estimations

The 105-mangrove soil 16S rRNA libraries analyzed in the
present work generated a total of 13,230,772 sequences, with
4,791,858 sequences remaining after processing (Supplementary
Table 1). The dataset was rarefied to 47,707 based on the
minimal sequence count per sample (Supplementary Figure 1),
resulting in a normalized dataset comprising 16,104 ASVs, of
which 14,992 and 1,112 were identified as Bacteria and Archaea,
respectively. All samples reached Goods coverage above 99%
and rarefaction curves for the observed ASVs were very close
to reaching the asymptotes, confirming that sequencing and
sampling efforts sufficiently captured the diversity of taxa within
samples (Supplementary Figure 2).

The alpha diversity was highest in northeastern mangroves,
as indicated by both the Shannon index and Simpson evenness,
regardless of the dataset size. Interestingly, the southern
mangrove PAR-S, which resulted in the highest number of
sequences (Supplementary Figures 1, 2 and Supplementary
Table 2), displayed the lowest Shannon and inverted Simpson
indices, indicating that this microbial community is the least
diverse, followed by southern GUA-S and northern BRA-N.
COC-NE and ICA-NE displayed higher evenness, while JAG-NE
did not possess as even a distribution as its counterparts in the
northeast. Also, BRA-N and PAR-S exhibited a high dominance
level (Figure 3).

Furthermore, we explored the response patterns of alpha-
diversity to the abiotic driving factors and found significant linear
regressions with a potential tendency of higher alpha-diversity
along with increased salinity, potential evapotranspiration, and
minimum temperature as well as decreased alpha-diversity
with increased precipitation (Figure 4). This contributed
to separate northeastern mangrove samples from northern
and southern ones.

Microbial Community Composition

High-resolution community profiles were generated by
processing reads using a denoised pipeline to resolve 16S
rRNA gene ASV at the single-nucleotide level. Microbiomes’
members were classified into 63 phyla, 16 of which displaying
abundances above 1%. Bacterial sequences were predominant in
most samples (52-86%), while Archaea was present in elevated
abundances (13-48%) only in some mangroves. The distribution
of the dominant members displayed Deltaproteobacteria as
the most prevalent class in most samples (30-40% in COC-NE
and JAG-NE; 40-60% in BRA-N and SAL-N; and 55% in
PAR-S), except for GUA-S and ICA-NE, where Thermoplasmata
(Phylum Euryarchaeota) was dominant (~40-50%). In all
northern mangroves and PAR-S, Deltaproteobacteria still
predominated but was followed by Thermoplasmata (20-25%).
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In northeastern mangroves, Gammaproteobacteria was the
second more prevalent class in COC-NE and JAG-NE. Another
notable composition feature was the presence of ~7% of
Campylobacteria (Phylum Epsilonbacteraeota) in northern
mangroves. Other dominant phyla comprised Planctomycetes,
Acidobacteria, Bacteroidetes, and Chloroflexi in all mangroves
(Supplementary Figure 3).

Then, the indicator analysis revealed 33 out of 499 genera
as the main responsible for differences among groups of
samples reunited in three geographical regions: nine of
them were associated with northern mangroves, 22 with
northeastern mangroves, and two with southern ones
(Supplementary Table 3). Most indicator genera were part
of the rare biosphere, with abundance below 0.01%, and
some of them were moderately halophilic groups and almost
exclusive of mangroves from northeastern Brazil, such as
Pontibacillus, Halomonas, Magnetovibrio, Roseimarinus, and
Modicisalibacter (Figure 5).

Main Environmental Drivers of R. mangle

Microbial Community

Permutational multivariate analysis of variance (PERMANOVA)
with 1,000 permutations was used to test for significant effects
of geographical distance. We detected significant differences
between north x northeast (F = 4.2028; P = 0.002),
north x south (F = 6.0065; P = 0.001), and northeast x south

(F = 6.4463; P = 0.001), which evidenced the greater differences
between northeastern and southern mangroves. In order to
consider the influence of the plant genotype on the microbial
communities, we also tested the genetic differences between
northern, northeastern, and southern R. mangle populations.
Therefore, we used data on the number of effective alleles and
observed heterozygosity extracted from Francisco et al. (2018).
The PERMANOVA detected a significant relationship between
the associated soil bacterial communities and both the number
of effective alleles (F = 4.9676; P < 0.001) and the observed
heterozygosity (F = 5.9111; P < 0.001).

Along the assessed latitudinal transect, minimum
temperature, precipitation, organic carbon, and potential
evapotranspiration were the main variation drivers of the
root-associated microbiome of R. mangle (F = 2.2378;
df = 4; P = 0.001). The root-associated communities from
northern mangroves were closer to those in the south than
those in the northeast. In the ordination, there was possible
to separate a group containing samples from northern
and southern mangroves, mostly correlated with higher
precipitation and organic carbon, as well as lower minimum
temperature and potential evapotranspiration. On the other side,
northeastern microbiomes were characterized by high potential
evapotranspiration and minimum temperature, as well as low
precipitation and organic carbon. Axis 1 and 2 explained 62.85%
of the dataset variability (Figure 6).
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The SIMPER (similarity percentage) analysis displayed that
the dissimilarity observed in the ordination was mainly due
to variations in the abundance of the orders archaean Marine
Benthic Group D and DHVEG, bacteria Desulfobacterales
and Campylobacterales, and the genus Thiofractor, the latter
associated with northern mangroves.

Functional characterization using PICRUSt2 displayed
that despite the environmental differences among northern,
northeastern, and southern mangroves, in general, they did not
differ on predicted functionality (Supplementary Figure 4).
Nevertheless, differences in conventional anaerobic ammonium
oxidation (Anamox) plus sulfate-reduction with ammonium
oxidation (SRAO) and Nitrification, pre-eminent in JAG-NE
and COC-NE (northeastern mangroves), should be highlighted
(Supplementary Figure 5).

Network Co-occurrence Patterns

When exploring the complexity of connections within the
R. mangle root-soil microbiomes, the northeastern mangroves
displayed the highest level of complexity and modular structure,
whereas the southern mangroves were less complex and
displayed the fewest modular networks. Furthermore,

southern networks showed lower negative: positive link
ratios when compared to northeastern networks (Table 1 and
Figure 7).

Co-occurrence networks captured 131 (number of edges in
GUA-S) to 1,402 (number of edges in COC-NE) associations
among 39 (number of nodes in GUA-S) to 120 (number of nodes
in ICA-NE) ASVs. The mean degree (node connectivity) was
highest in the northeastern samples (NE mean value = 11.588;
N mean value = 7.128; and S mean value = 5.399), indicating
higher connectivity among northeastern mangrove populations.
GUA-S samples displayed a low mean degree compared with
other mangroves, even with PAR-S, indicating a poorly connected
community. Besides, modularity, a topology feature that indicates
compartmentalization, reached higher values in the northeastern
samples, along with BRA-N. GUA-S stood out for the lowest
modularity. The mean path length between all pairs of nodes of
northeastern mangroves did not differ from the other mangroves,
and their diameters were comparable with the mangroves from
the north, despite exhibiting higher numbers of nodes and
edges. The clustering coefficient, which indicates how nodes
are embedded in their neighborhood and, thus, the degree to
which they tend to cluster together, was higher in northeastern
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samples (NE mean value = 0.351; N mean value = 0.254; S mean
value = 0.222), indicating highly connected networks.

The diversity of taxa present in each network and their
respective importance in the communities connections, i.e.,
their degree, demonstrated that northeastern mangroves
networks contained taxa with higher degrees, while the
northern and southern networks displayed lower degrees. The
number of phyla in each network ranged from 12 (PAR-S
and GUA-S) to 20 (COC-NE and SAL-N), but nine phyla
were responsible for the highest degrees in these networks,
namely Proteobacteria and Epsilonbacteracota in BRA-N;
Planctomycetes, Euryarchaeota and Proteobacteria in SAL-
N; Proteobacteria, Entotheonellacota, and Dependentiae in
COC-NE; Proteobacteria and Epsilonbacteraeota in JAG-NE;
Planctomycetes and Proteobacteria in ICA-NE and PAR-S; and
Epsilonbacteraeota, Spirochaeta, Proteobacteria, Calditrichaeota,
and Verrucomicrobia in GUA-S. Some non-dominant

phyla proved to be important based on the co-occurrence
networks, such as Entotheonellaeota, Dependentiae, Spirochaeta,
Calditrichaeota, and Verrucomicrobia.

DISCUSSION

The soil microbial communities under R. mangle root zones
were analyzed herein using a metabarcoding approach in
three geographical regions: north and south (extremes of
distribution), and northeastern Brazil. We demonstrated that
precipitation and organic carbon were the strongest selection
factors for the north and south, while high evapotranspiration
and temperature were the main drivers in the northeast
(Figure 6). Accordingly, although we analyzed the root zone of
the same species of plant (R. mangle), the assessed microbial
communities exhibited different richness and compositions.
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Also, the co-occurrence networks from southern-mangroves
were less-complex compared to northeastern ones. This finding
may reflect the endurance of microbial communities tailored to
deal with the more stressful conditions of semi-aridity in the
Brazilian northeast.

Herein, we worked with ASVs, which allows for the
discrimination of only one nucleotide in a sequence, resulting
in higher taxonomic resolution, which may reveal the
distribution of ecotypes across environments and aid in
revealing overlooked ecological patterns (Chafee et al., 2018;
Garcia-Garcia et al., 2019).

Microbial Communities From
Northeastern Mangroves Displayed
Higher Alpha Diversity

Soil microbiomes associated to R. mangle of northeastern
mangroves were more diverse than the northern and
southern ones, even though the southern mangrove PAR-
S displayed the highest total number of sequences. This is
in line with previous studies that have been showing site
specific differences in bacterial richness and composition
(Fernandes et al., 2014; Gomes et al., 2014; Basak et al., 2016;
Liu et al, 2017; Ullah et al, 2017; Yun et al, 2017; Zhou
et al, 2017; Zhu et al, 2018; Tong et al,, 2019; Erazo and
Bowman, 2021) and indicate that soil or site conditions
should be considered along with geographical distance
to understand microbial community patterns. Northern
and southern mangroves, for instance, displayed more

similar microbial diversity than expected considering their
geographical distance.

Most datasets were dominated by Proteobacteria, mainly by
Deltaproteobacteria and Gammaproteobacteria, which are part of
the core microbiome of mangroves worldwide (Dias et al., 2011;
Andreote et al., 2012; Zhu et al., 2018; Cotta et al., 2019; Luis et al.,
2019; Sadaiappan et al.,, 2019). Other abundant phyla comprise
Planctomycetes, Acidobacteria, Bacteroidetes, and Chloroflexi,
in line with the literature on mangrove microbiomes (Marcos
et al., 2018; Zhang et al., 2018; Zhu et al, 2018; Cotta et al,
2019; Luis et al., 2019; Sadaiappan et al., 2019; Tong et al., 2019).
Desulfobacterales was the most abundant order, as commonly
observed in mangrove surface soils (Mendes and Tsai, 2014;
Zhang et al., 2018; Zhu et al., 2018; Luis et al., 2019; Sadaiappan
et al, 2019), and was highlighted by SIMPER analysis as
one of the main responsible for the differences between the
studied mangroves. This order comprises anaerobic members
involved in sulfur and carbon cycling (Mendes and Tsai, 2014;
Zhu et al., 2018) as well as in the transformation of methane
and nitrogen, which indicates their importance for mangrove
ecosystems (Andreote et al., 2012).

Another important group was Euryarchaeota, especially in
ICA-NE and GUA-S. Observing this phylum in such high
amounts is a novel finding, since it has been reported in
mangroves, but in lower abundances (Andreote et al., 2012;
Mendes and Tsai, 2014; Basak et al., 2016). Nevertheless, it
is important to highlight that those studies utilized different
methodological approaches and primers, which can affect the
ratio of retrieved sequences. Euryarchaeota comprises members
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mangrove) containing only significant explanatory variables (P < 0.05) and prokaryotic ASV composition for samples from the seven studied mangroves

[BRA = Braganga (N); SAL = Salinépolis (N); COC = Coc6 (NE); JAG = Jaguaribe (NE); ICA = Icapui (NE); GUA = Guaratuba (S); and PAR = Paranagua (S)]. CCA 1
(F = 3.0563, P = 0.001) and CCA 2 (F = 2.5695, P = 0.001) axes were significant and explained 62.85% of the data. Abbreviated abiotic variables: Tmin (Minimum
Temperature); PCT (Precipitation); Evapotrans (Potential Evapotranspiration); and OC (Organic Carbon).

related to active carbon transformation through methanogenesis,
which occurs in the anaerobic sediments found in mangroves
(Taketani et al., 2010).

Thermoplasmata class dominated Euryarchaeota sequences
from R. mangle roots in Florida (United States) mangroves under
neutral pH and high sulfur content (Marcos et al.,, 2018), in
pH neutral upper soil layers in a mangrove creek in Cardoso
Island (SP, Brazil) (Dias et al., 2011; Otero et al., 2014), and in
surface neutral to slightly acidic and rich in iron mangrove soils in
New Caledonia (Luis et al., 2019). This preference for acidic and
sulfur- or iron-enriched soils may explain the high amounts of
Thermoplasmata in GUA-S, but its enrichment in ICA-NE needs
to be further investigated (Supplementary Figure 3). Herein,
most Euryarchaeota were assigned to the Marine Benthic Group
D order (MBG-D), long recognized from 16S rRNA gene surveys
in benthic environments (Zhou et al., 2019), and also highlighted
by SIMPER analysis.

The phylum Epsilonbacteraeota (phyl. nov.) (Waite et al.,
2017), which was noteworthy in northern mangroves, emerged
after recent studies reassigned the Epsilonproteobacteria class
to a new phylum for constituting a monophyletic unit. Despite
possessing autotrophic and thermophilic ancestors, this phylum
also comprises heterotrophic and mesophilic members from

the Campylobacterales order, involved in carbon and nitrogen
fixation, assimilatory nitrate and nitrite reduction, thiosulfate
oxidation, and polysulfide reduction (Waite et al., 2017), which
explains their detection in mangroves. Also, Campylobacterales
was one of the orders highlighted by SIMPER for the effects of its
abundance on the ordination.

Rare Biosphere Comprises Most of the

Indicator Genera

The indicator analysis displayed that of the 33 genera selected
as indicators, most of them were associated with northeastern
mangroves and comprise rare members of the community. The
main genera were assigned to representatives from non-common
phyla, such as Elusimicrobia and Deinococcus-Thermus, as
well as Proteobacteria (Modicisalibacter). These genera comprise
bacteria capable of reducing nitrate or sulfur compounds,
some of them with particular features, such as Blastocatella
(Elusimicrobia), previously isolated from semi-arid savanna
soil; Truepera (Deinococcus-Thermus), resistant to ionizing
radiation; Algiphilus (Proteobacteria), aromatic hydrocarbon-
degrading; and Thiovulum (Proteobacteria), rapid swimming
bacteria. On the other side, southern mangroves were associated
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TABLE 1 | Topological measures of Rhizophora mangle root-zone microbiome co-occurrence networks in seven Brazilian mangroves [BRA = Braganca (N);
SAL = Salindpolis (N); COC = Cocé (NE); JAG = Jaguaribe (NE); ICA = Icapui (NE); GUA = Guaratuba (S); and PAR = Paranagua (S)].

Network properties BRA SAL cocC JAG ICA PAR GUA
Number of nodes? 104 56 95 94 120 91 39
Number of edges® 529 369 1,402 958 638 357 131
Positive edges® 331 247 791 561 393 237 103
Negative edges® 198 122 611 397 245 120 28
Negative: Positive links ratio® 0.60 0.49 0.77 0.71 0.62 0.51 0.27
Modularity’ 1.833 1.280 3.438 2.617 1.673 1.425 0.704
Number of communities? 41 9 6 11 6 47 3
Network diameter” 6 5 6 6 4 3 4
Mean path length! 1.885 1.805 1.714 1.823 1.695 1.562 1.806
Mean degree! 7.667 6.589 14.758 10.191 9.815 7.438 3.359
Mean clustering coefficient® 0.206 0.301 0.381 0.324 0.348 0.198 0.246

aMicrobial taxon (at ASV level) with at least one significant (P < 0.01) and strong correlation (FastSpar >0.7 or <—0.7).

bNumber of connections/correlations obtained by FastSpar analysis.
CFastSpar positive correlation (>0.7 with P < 0.01).

9FastSpar negative correlation (<—0.7 with P < 0.01).

®Ratio between the number of negative and positive edges.

fThe capability of the nodes to form highly connected communities, that is, a structure with high density of between node connections (inferred by Gephi).

9A community is defined as a group of nodes densely connected internally (Gephi).

hThe longest distance between nodes in the network, measured in number of edges (Gephi).

'Mean network distance between all pairs of nodes or the mean length of all edges in the network (Gephi).
IThe mean number of connections per node in the network, that is, the node connectivity (Gephi).

KHow nodes are embedded in their neighborhood and the degree to which they tend to cluster together.

with only two indicator genera, which were Planktotalea
(Proteobacteria) and SEEP-SRB1 (Sulfate-reducing bacteria
cluster). The former was previously isolated from seawater or
marine organisms from cold regions (Parte et al., 2020).

Rare species can have a preponderant role for local
biodiversity and species turnover, being keystone species
for regulating the functioning of ecosystems. In addition,

Many factors have been identified as change drivers
concerning the structure and distribution of mangrove microbial
communities, but all consisted of local factors, such as the
presence/absence of plants and plant species (Jiang et al., 2013;
Gomes et al., 2014; Prakash et al., 2015; Chen et al.,, 2016; Liu
et al,, 2017; Tong et al., 2019), soil or sediment depth (Taketani
et al,, 2010; Otero et al., 2014; Basak et al., 2016; Luis et al., 2019),

rare species that are considered non-relevant under a anthropogenic activities (Dias et al., 2011; Fernandes et al., 2014;
given environmental condition may become important Nogueira et al, 2015; Erazo and Bowman, 2021), tidal cycles
under changing situations, offering a pool of genetic (Zhang et al, 2018), organic carbon and nitrogen (Chen et al.,

resources that may be activated under appropriate conditions
(Jousset et al., 2017).

Microbial Community’s Abiotic Drivers
Differed Along the Latitudinal Transect

At a global scale, no single biotic or abiotic feature has
consistently emerged as the most important determinant
of mangrove soil microbial community. Mangrove forests
exist in a very broad range of environmental conditions
(Kauffman et al, 2020), and the sampled mangrove sites
reflected the broad precipitation, salinity, temperature, and
evapotranspiration gradients in which they exist and their
influence on the associated microbiomes. Traditionally, the main
forcing functions over mangrove forests along the Brazilian coast
are tides, rainfall, evapotranspiration, and temperature, which
vary widely over more than 8,000 Km of coastline (Schaeffer-
Novelli et al., 1990). Most factors, such as temperature, rainfall,
and evapotranspiration, are related to latitude and have influence
on biogeographical distributions (Prosser et al., 2007) with
important consequences on the microbial activity at upper soil
layers (Gomez et al., 2020).

2016), ammonia nitrogen (Zhu et al., 2018), and silt-clay content
(Colares and Melo, 2013). Herein, examining the microbiota
below R. mangle along a latitudinal transect, regional factors
(temperature, precipitation, and evapotranspiration) were
identified as the main drivers of the prokaryotic community,
with only organic carbon considered a local factor. Another
important factor, the tidal cycle, was not analyzed in this study.
However, tidal regimen differs widely between the northern,
northeastern, and southern coastal systems with a macrotidal
regimen in the north, mesotidal regimen in the northeast, and
microtidal regimen in the south (Knoppers et al., 1999).

The mangroves from northern and southern Brazil represent
extremes in R. mangle distribution, but are not extremes in
terms of temperature, precipitation, potential evapotranspiration,
and organic matter. Although all mangroves grow in fluctuating
environmental conditions, such as tidal cycles, high salinity,
high temperatures, and anaerobic muddy soils (Jacotot et al.,
2019), among the analyzed mangroves, northeastern mangroves
are the ones that inhabit the most extreme conditions.
Located on the semi-arid coast of Brazil (Fernandez et al.,
2019), these mangroves are subjected to the highest minimum
temperatures and potential evapotranspiration, as well as the
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lowest precipitation and organic-matter contents. Based on the
physical and chemical variables alone (Figure 2), northern
and southern mangroves already displayed a certain degree
of similarity, which was reinforced by adding the biological
information on the ASVs through CCA ordination (Figure 6).
Thus, through the CCA it is possible to display the effect of the
biotic interactions on the distribution of the study areas.

The drivers identified in this study strongly influence
the ecology and life history of almost all life forms, from
macro-organisms to microbes. Changes in temperature and

precipitation can lead to variations in mangrove species
composition and growth (Alongi, 2008). Indeed, the temperature
is one of the main ecological drivers worldwide, and the low
annual mean air temperature is one of the main Neotropical
mangrove structure and productivity limiters (Ochoa-Gémez
et al, 2019). Minimum temperature was one of the main
factors for the proximity of northern and southern mangrove
microbiomes and the separation from northeastern samples. The
semi-arid coast (Northeast Brazil) displays dominant features
that help to differentiate it from others, such as water deficit
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caused by the low rainfall, water impoundment by dams, and high
evapotranspiration rates, which contribute to increased saline
intrusion and the expansion or landward migration of mangroves
(Godoy and Lacerda, 2015).

Precipitation is another pivotal factor, especially important for
mangrove trees, which develop better in areas with precipitation
above 1,500 mm yr—! and reach their maximum in areas
receiving more than 2,500 mm yr~! (Schaeffer-Novelli et al.,
1990). Nevertheless, southern mangroves are usually composed
of shorter trees and less structurally complex mangrove swamps
(Lanaetal., 2001), due to lower sea surface temperature (Ximenes
et al., 2018). Our data indicate that the microbial community
responded similarly, as samples from the south (PAR-S and GUA-
S) consisted in less diverse and complex microbial communities.

Northeast Mangroves Are Inhabited by
Rich and Complex Microbial

Communities

Herein, we started from a hypothesis that northern and
northeastern mangroves would exhibit more similar microbial
communities as R. mangle propagules dispersion had originated
in the north and was constrained by temperature decreases
southward in South America (Francisco et al.,, 2018), which
resulted in genetic divergence between north and south R. mangle
populations. However, we observed a greater similarity between
northern and southern red-mangrove microbiomes and higher
diversity in northeastern mangroves.

It is well known that the diversity of the plant community and
the genotypes of individual plants can influence the composition
of associated microbial communities. This happens because
microorganisms that live in the rhizosphere are attracted by
and feed on rhizodeposits, such as nutrients, exudates, border
cells, and mucilage released by the plant root, factors related
to the plant genotype. Also, differences in root architecture
as well as in the amount and type of rhizodeposits influence
greatly the composition of associated microbiota (Craig et al.,
2020). Another factor to be considered is plant physiological
activity as specific metabolites released into the rhizosphere can
trigger multiple responses by different soil microorganisms, such
as germination, branching, quorum sensing, or metabolization,
which will lead to the establishment of symbiosis or to ward
oftf pathogens and pests (Philippot et al., 2013). R. mangle
populations from the South of Brazil have been previously
reported for showing a low genetic diversity (Francisco et al.,
2018), which is alarming considering the structural role
Rhizophora spp. have in the species-pool of Neotropical (AEP)
mangroves. R. mangle populations from the South of Brazil
were reported to possess insignificant heterozygosity related to
dispersion limitation (Francisco et al., 2018), a process that can
also affect associated microbial community assembly. However,
these southern populations possess an important role in the
southward expansion of mangrove forests in the face of climate
change and this low genetic diversity can result in less chance
to have the necessary traits to deal with environmental changes.
When we combine such low genetic diversity with the less diverse
and complex associated soil microbial communities observed

herein, we have indicators that the ecosystem biodiversity and
functioning may be threatened. Soil microbial diversity is usually
not considered in conservation efforts, although they are key
to soil functionality and provide many important ecosystem
functions and services, such as biogeochemical cycling, plant
growth, and carbon sequestration for and beyond the whole
ecosystem (Dubey et al., 2019).

Reduced microbial diversity and less complex networks,
observed in the southern mangroves, are thought to lead to
lower levels of soil functioning due to fewer taxa to support
functional redundancy and/or different functions (Wagg et al.,
2019). However, when analyzing data from PICRUSt2, we did
not observe functional differences among all studied mangroves,
which can indicate that functional redundancy is still maintained.
Nevertheless, one could question if this is enough to guarantee
ecosystem resistance to ongoing and future environmental
changes. Considering the limitations of this approach, which is
based on potential or predicted pathways, and the importance of
southern mangroves in the southward migration of mangroves,
more attention should be dedicated to this aspect using functional
approaches, such as metatranscriptomics and metabolomics.

When we change the focus to mangroves of the Northeast,
we have an opposite situation in which, possibly, the harsh
environmental conditions of the semi-arid coast have made
unique niches available, in which microbial populations interact
differently from their northern and southern counterparts. In
the northeast, only ICA-NE differed from the other northeastern
samples. This could be due to its lagoon estuarine system, in
which a channel directs waters from a coastal lagoon and aquifers
toward the mangrove throughout the year (Meireles et al., 2017),
maintaining freshwater input despite low rainfall. This system
does not operate in the other two northeastern mangroves, which
may indicate water deficit as a strong selection force for microbial
communities. Nevertheless, as with its northeastern counterparts,
ICA-NE is subject to regional climatic factors, such as low
rainfall as well as elevated temperature, evapotranspiration, and
salinity, which could explain its difference from northern and
southern mangroves.

Despite rainfall decreases may limit seed germination due
to higher soil salinities (McKee et al,, 2012), mangroves in
northeastern Brazil appear to be expanding landward, in
the opposite direction to the observed global trend (Godoy
and Lacerda, 2015). Considering the important role soil
microbiomes play in nutrient cycling and plant fitness, detecting
more-complex microbial networks in northeastern samples
suggests that microbes may play a role in the resistance and
successful expansion of such mangroves, which should be
further investigated.

Thus, the divergence of northeastern mangroves was
confirmed by microbial co-occurrence networks, which
revealed more complex and intricate networks in northeastern
microbiomes and very simplified networks in southern samples.
Beyond the information provided by standard taxonomic
approaches and how environmental properties shape microbial
communities, co-occurrence networks provide insights on
community stability, ecosystem functioning, and biotic
factors (Barberdn et al., 2012). Northeastern networks display
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highly connected ASVs, structured among densely connected
groups of nodes, forming a clustering topology. Modularity
(indicative of compartmentalization) reached higher levels in the
northeastern samples.

Biotic Interactions Respond to Stress or
Perturbation Gradient

The study of connectivity is essential for providing recruitment
sources for the whole community. Also, the ratios of
negative:positive association among taxa were lower in samples
of the south, which are indicative of lower stability in those
communities (Hernandez et al., 2021), in accordance with
the Stress Gradient Hypothesis. According to this hypothesis,
the frequency of competitive interactions (negative edges in the
network) decreases with the intensification of stress. On the other
side, facilitative interactions (positive edges) increases along
with stress increases. Positive relationships, such as mutualism,
represent higher niche overlap, while negative relationships,
such as parasitism and competition, indicate divergent niches.
As environmental stress increases, there can be a substitution
of competitive taxa by slow-growing stress-tolerant species
(Bertness and Callaway, 1994). Also, when considering the
community stability to disturbances, positive connections can
destabilize microbial communities by positive feedback loops
in which decreases in one taxon led to decreases also in reliant
taxa. More stable communities have more limited shifts in
composition in response to environmental perturbations and/or
are more likely to return to their equilibrium after a perturbation
(Hernandez et al., 2021).

On the other hand, network co-occurrence analyses of
microbial communities from other soil ecosystems have reported
increasing complexity related to more-disturbed areas, such as
Cd-contaminated soils (Wang et al., 2019), arid soil under grazing
(Marcos et al., 2019), PAH-contaminated riverine sediments (Yan
et al,, 2019), and soils undergoing nutrient loss (Liu et al.,
2019). This greater co-occurrence pattern can be explained
by modifications in prevalent conditions that remove limits
on other taxa and introduce additional niches, similar to that
proposed by the Intermediate Disturbance Theory (Padisak
et al, 1993). According to this theory, higher diversity is
reached at an intermediate frequency or intensity of disturbances.
Thus, mangrove soil bacteria in the northeast may form more-
complex networks as a result of disturbances caused by water
deficit. Protection status also corroborates in demonstrating how
exposed northeastern mangroves are to disturbance, as only
23.09% of them are located in coastal protected areas, while 87.98
and 69.38% are protected in northern and southern mangroves
areas, respectively. In addition to this lower degree of legal
protection, northeastern Brazil mangroves are threatened by
extensive shrimp farming, the greatest cause of mangrove loss
worldwide (Pelage et al., 2019).

Historical data indicate that mangrove forests are considerably
resilient, displaying a significant ability to adapt to changing
conditions (Alongi, 2008). The northeastern mangroves assessed
herein, subject to high temperatures and low rainfall, seem to
possess an associated microbiota adapted to respond to these

harsh conditions, as demonstrated by the present results, i..,
high diversity and more-complex networks. Moreover, while
some changes can lead to mangrove mortality and loss, others
can lead to mangrove expansion. Mangroves are expected to
be sensitive to hypersalinity, most prevalent in arid and semi-
arid areas (Lovelock et al., 2016), such as northeastern Brazil.
Nevertheless, the mangroves in this region display a trend toward
landward expansion, related to low rainfall and consequent
saline intrusion (Godoy et al., 2018). This trend along with the
southward expansion at the southern limit are adaptations to
climate change (Godoy and Lacerda, 2015). For instance, Coc6
(COC-NE) and Jaguaribe (JAG-NE) mangroves have expanded,
respectively, 22.8 and 4.1% in the last 20 years (Godoy et al,
2018). Considering the differences observed in the northeastern
microbial communities, one might consider what role they
have in this process. Although ecologists have long known that
precipitation and salinity regimes govern the global distribution,
abundance, and species richness of mangrove forests (Spalding
et al., 2010), the microbial communities in northeastern Brazil
were shown to be adapted and possibly responsible for mediating
the persistence and expansion of mangrove forests.

Rainfall variability and droughts are among the most
important harbingers of climate change for mangroves (Sippo
etal,, 2018). Reductions in freshwater supply induce hydrological
droughts, reinforcing evapotranspiration effects and increasing
water and sediment salinity. These factors are thought to
weaken the competitive ability of mangroves relative to adjacent
communities, reducing their spatial area, productivity, and
health. Reduced precipitation may be responsible for 11% of
the global reduction in the spatial extent of mangroves (Mafi-
Gholami et al., 2019). Mangroves from the semi-arid coast of
Brazil have historically experienced these conditions and have
adapted to persist in such harsh circumstances. Our study
provides support for the role of microbes in this adaptability.

On the other hand, cold southern temperatures, which can
lead to mangrove mortality, loss of above-ground biomass,
lower productivity, and decreased reproduction (Lovelock
et al, 2016), also affect their less diverse and complex
root-associated microbial communities. These findings are
important, as a positive relationship between biodiversity
and marine ecosystems functioning is noted, which means
that biodiversity loss could result in impaired microbial
ecosystem functioning through reduced functional redundancy
and interaction networks (Konopka et al, 2015). This is
particularly important considering the poleward shifts in
mangrove distributions expected to occur due to global climate
change (Whitt et al., 2020). Here, semi-arid mangroves stand out
as important pools of microbial diversity and complexity, which
are pivotal to mangrove adaptation in the Anthropocene.

CONCLUSION

Considering the findings reported herein, it seems that
northeastern and southern Brazilian mangroves, as important
centers of mangrove dispersion in the Anthropocene, are
going in opposite directions. While we are concerned with
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global warming, the colder temperatures of the south are limiting
mangrove-associated microbial communities’ richness and
complexity while elevated temperatures and evapotranspiration,
as well as reduced precipitation, lead to saline intrusion and
the harboring of a diverse and complex pool of microorganisms
in the northeast.

Microorganisms could be used for ecosystem recovery from
anthropogenic disturbances or assisted ecological restoration
based on the role of microbial diversity in maintaining
the dynamic balance and functional equilibrium essential for
mangrove sustainability. Considering the differences among the
bacterial profiles of the mangroves studied herein, the impact
on or of this unseen diversity should be addressed in ecosystem
management as well as in the development of evidence-based
microbial interventions and the exploration of biotechnological
tools. The adaptive power provided by microorganisms may be
the answer to adaptability in our changing world.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.ncbi.nlm.
nih.gov/bioproject/PRJNA283936.

AUTHOR CONTRIBUTIONS

WB and VM contributed to the conception and design of
the study and acquired the samples and data. WB, LN, and

REFERENCES

Adame, M. F., Connolly, R. M., Turschwell, M. P., Lovelock, C. E., Fatoyinbo, T.,
Lagomasino, D., et al. (2021). Future carbon emissions from global mangrove
forest loss. Glob. Chang. Biol. 2021, 1-11. doi: 10.1111/gcb.15571

Allard, S. M., Costa, M. T., Bulseco, A. N., Helfer, V., Wilkins, L. G. E., Hassenriick,
C., et al. (2020). Introducing the Mangrove Microbiome Initiative: Identifying
Microbial Research Priorities and Approaches To Better Understand, Protect,
and Rehabilitate Mangrove Ecosystems. mSystems 5:20. doi: 10.1128/mSystems.
00658-20

Alongi, D. M. (2008). Mangrove forests: Resilience, protection from tsunamis,
and responses to global climate change. Estuar. Coast. Shelf Sci. 76, 1-13.
doi: 10.1016/j.ecss.2007.08.024

Alongi, D. M. (2014). Carbon Cycling and Storage in Mangrove Forests. Ann. Rev.
Mar. Sci. 6,195-219. doi: 10.1146/annurev- marine-010213-135020

Alongi, D. M. (2015). The Impact of Climate Change on Mangrove Forests. Curr.
Clim. Chang. Rep. 1, 30-39. doi: 10.1007/s40641-015-0002-x

Andrade, L. L., Leite, D. C. A,, Ferreira, E. M, Ferreira, L. Q., Paula, G. R., Maguire,
M. ], et al. (2012). Microbial diversity and anaerobic hydrocarbon degradation
potential in an oil-contaminated mangrove sediment. BMC Microbiol. 12:186.
doi: 10.1186/1471-2180-12-186

Andreote, F. D., Jiménez, D. J., Chaves, D., Dias, A. C. F., Luvizotto, D. M., Dini-
Andreote, F., et al. (2012). The microbiome of Brazilian mangrove sediments
as revealed by metagenomics. PLoS One 7:¢38600. doi: 10.1371/journal.pone.
0038600

Andrews, S. (2012). Babraham Bioinformatics - FastQC A Quality Control
tool for High Throughput Sequence Data. Available online at: http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed May 29, 2020)

TT performed the data analysis and interpretation. TT, AR,
and VM wrote the first draft of the manuscript. All authors
contributed to the manuscript revision, read, and approved the
submitted version.

FUNDING

The National Council for Scientific and Technological
Development (CNPq; Grant Numbers 407754/2013-0 and
434823/2018-0) and KAUST (Grant Number BAS/1/1096-01-01)
supported this research.

ACKNOWLEDGMENTS

We would like to thank Walderly Melgaco, Alysson Angelim,
and Samantha Costa for their valuable assistance with the soils
collection. We also thank the Genomic and Bioinformatics
Facility (CeGenBio) of the Federal University of Ceard, Brazil.
TT, AR, and VM are members of the Mangrove Microbiome
Initiative (MMI) international network.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2021.715991/full#supplementary- material

Atwood, T. B, Connolly, R. M., Almahasheer, H., Carnell, P. E., Duarte, C. M.,
Lewis, C. J. E., et al. (2017). Global patterns in mangrove soil carbon stocks and
losses. Nat. Clim. Chang. 7, 523-528. doi: 10.1038/nclimate3326

Baethgen, W. E., and Alley, M. M. (1989). A manual colorimetric procedure for
measuring ammonium nitrogen in soil and plant kjeldahl digests. Commun. Soil
Sci. Plant Anal. 20, 961-969. doi: 10.1080/00103628909368129

Barberan, A., Bates, S. T., Casamayor, E. O., and Fierer, N. (2012). Using network
analysis to explore co-occurrence patterns in soil microbial communities. ISME
J. 6,343-351. doi: 10.1038/ismej.2011.119

Barbier, E. B., Hacker, S. D., Kennedy, C., Koch, E. W, Stier, A. C., and Silliman,
B. R. (2011). The value of estuarine and coastal ecosystem services. Ecol.
Monogr. 81, 169-193. doi: 10.1890/10-1510.1

Basak, P., Pramanik, A., Sengupta, S., Nag, S., Bhattacharyya, A., Roy, D.,
et al. (2016). Bacterial diversity assessment of pristine mangrove microbial
community from Dhulibhashani, Sundarbans using 16S rRNA gene tag
sequencing. Genomics Data 7, 76-78. doi: 10.1016/j.gdata.2015.11.030

Bastian, M., Heymann, S., and Jacomy, M. (2009). Gephi: An Open Source Software
for Exploring and Manipulating Networks. Third Int. AAAI Conf. Weblogs Soc.
Media 2009, 361-362. doi: 10.1136/qshc.2004.010033

Bertness, M. D., and Callaway, R. (1994). Positive interactions in communities.
Trends Ecol. Evol. 9,191-193. doi: 10.1016/0169-5347(94)90088-4

Bouillon, S., Borges, A. V., Castaieda-Moya, E., Diele, K., Dittmar, T., Duke,
N. C,, et al. (2008). Mangrove production and carbon sinks: A revision of
global budget estimates. Glob. Biogeochem. Cycles 22:GB2013. doi: 10.1029/
2007GB003052

Callahan, B. J., McMurdie, P. J., and Holmes, S. P. (2017). Exact sequence variants
should replace operational taxonomic units in marker-gene data analysis. ISME
J. 11, 2639-2643. doi: 10.1038/isme;j.2017.119

Frontiers in Microbiology | www.frontiersin.org

August 2021 | Volume 12 | Article 715991


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA283936
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA283936
https://www.frontiersin.org/articles/10.3389/fmicb.2021.715991/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.715991/full#supplementary-material
https://doi.org/10.1111/gcb.15571
https://doi.org/10.1128/mSystems.00658-20
https://doi.org/10.1128/mSystems.00658-20
https://doi.org/10.1016/j.ecss.2007.08.024
https://doi.org/10.1146/annurev-marine-010213-135020
https://doi.org/10.1007/s40641-015-0002-x
https://doi.org/10.1186/1471-2180-12-186
https://doi.org/10.1371/journal.pone.0038600
https://doi.org/10.1371/journal.pone.0038600
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1038/nclimate3326
https://doi.org/10.1080/00103628909368129
https://doi.org/10.1038/ismej.2011.119
https://doi.org/10.1890/10-1510.1
https://doi.org/10.1016/j.gdata.2015.11.030
https://doi.org/10.1136/qshc.2004.010033
https://doi.org/10.1016/0169-5347(94)90088-4
https://doi.org/10.1029/2007GB003052
https://doi.org/10.1029/2007GB003052
https://doi.org/10.1038/ismej.2017.119
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Tavares et al.

Semi-Arid Mangroves on the Edge of Changing

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and
Holmes, S. P. (2016). DADA2: High-resolution sample inference from Illumina
amplicon data. Nat. Methods 13, 581-583. doi: 10.1038/nmeth.3869

Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Lozupone, C. A,
Turnbaugh, P. J., et al. (2011). Global patterns of 16S rRNA diversity at a
depth of millions of sequences per sample. Proc. Natl. Acad. Sci. U S A. 108,
4516-4522. doi: 10.1073/pnas.1000080107

Chafee, M., Fernandez-Guerra, A., Buttigieg, P. L., Gerdts, G., Eren, A. M,
Teeling, H., et al. (2018). Recurrent patterns of microdiversity in a temperate
coastal marine environment. ISME J. 12, 237-252. doi: 10.1038/isme;.
2017.165

Chen, Q., Zhao, Q,, Li, J., Jian, S., and Ren, H. (2016). Mangrove succession
enriches the sediment microbial community in South China. Sci. Rep. 6, 1-9.
doi: 10.1038/srep27468

Colares, G. B., and Melo, V. M. M. (2013). Relating microbial community structure
and environmental variables in mangrove sediments inside Rhizophora mangle
L. habitats. Appl. Soil Ecol. 64, 171-177. doi: 10.1016/j.aps0il.2012.12.004

Cotta, S. R., Cadete, L. L., van Elsas, J. D., Andreote, F. D., and Dias, A. C. F. (2019).
Exploring bacterial functionality in mangrove sediments and its capability to
overcome anthropogenic activity. Mar. Pollut. Bull. 141, 586-594. doi: 10.1016/
j.marpolbul.2019.03.001

Craig, H., Kennedy, J. P., Devlin, D. J., Bardgett, R. D., and Rowntree, J. K.
(2020). Effects of maternal genotypic identity and genetic diversity of the
red mangrove Rhizophora mangle on associated soil bacterial communities:
A field-based experiment. Ecol. Evol. 10, 13957-13967. doi: 10.1002/ece3.
6989

de Caceres, M., Sol, D., Lapiedra, O., and Legendre, P. (2011). A framework for
estimating niche metrics using the resemblance between qualitative resources.
Oikos 120, 1341-1350. doi: 10.1111/j.1600-0706.2011.19679.x

Dias, A. C. F., Dini-Andreote, F., Taketani, R. G., Tsai, S. M., Azevedo, J. L., Melo,
L. S, et al. (2011). Archaeal communities in the sediments of three contrasting
mangroves. J. Soils Sediments 11, 1466-1476. doi: 10.1007/s11368-011-
0423-7

Diniz, C., Cortinhas, L., Nerino, G., Rodrigues, J., Sadeck, L., Adami, M., et al.
(2019). Brazilian mangrove status: Three decades of satellite data analysis.
Remote Sens. 11:rs11070808. doi: 10.3390/rs11070808

Douglas, G. M., Maffei, V. J., Zaneveld, J. R., Yurgel, S. N., Brown, J. R., Taylor,
C. M, et al. (2020). PICRUSt2 for prediction of metagenome functions. Nat.
Biotechnol. 38, 685-688. doi: 10.1038/541587-020-0548-6

Dubey, A., Malla, M. A, Khan, F., Chowdhary, K., Yadav, S., Kumar, A., et al.
(2019). Soil microbiome: a key player for conservation of soil health under
changing climate. Biodivers. Conserv. 28, 2405-2429. doi: 10.1007/s10531-019-
01760-5

Erazo, N. G., and Bowman, J. S. (2021). Sensitivity of the mangrove-estuarine
microbial community to aquaculture effluent. iScience 24:102204. doi: 10.1016/
j.isci.2021.102204

Fernandes, S. O., Kirchman, D. L., Michotey, V. D., Bonin, P. C., and Lokabharathi,
P. A. (2014). Bacterial diversity in relatively pristine and anthropogenically-
influenced mangrove ecosystems (Goa, India). Brazil. J. Microbiol. 45, 1161-
1171. doi: 10.1590/S1517-83822014000400006

Fernandez, G. B., da Rocha, T. B, Barboza, E. G., Dillenburg, S. R., da Camara,
Rosa, M. L. C,, et al. (2019). Natural Landscapes Along Brazilian Coastline.
Cham: Springer, 199-218. doi: 10.1007/978-3-030-04333-9_10

Fierer, N. (2017). Embracing the unknown: Disentangling the complexities of
the soil microbiome. Nat. Rev. Microbiol. 15, 579-590. doi: 10.1038/nrmicro.
2017.87

Francisco, P. M., Mori, G. M., Alves, F. M., Tambarussi, E. V., and de Souza,
A. P. (2018). Population genetic structure, introgression, and hybridization
in the genus Rhizophora along the Brazilian coast. Ecol. Evol. 8, 3491-3504.
doi: 10.1002/ece3.3900

Garcia-Garcia, N., Tamames, J., Linz, A. M., Pedros-Alio, C., and Puente-Sanchez,
F. (2019). Intra-species diversity ensures the maintenance of functional
microbial communities under changing environmental conditions. bioRxiv
2019:530022. doi: 10.1038/s41396-019-0487-8

Giri, C., Ochieng, E., Tieszen, L. L., Zhu, Z., Singh, A., Loveland, T., et al. (2011).
Status and distribution of mangrove forests of the world using earth observation
satellite data. Glob. Ecol. Biogeogr. 20, 154-159. doi: 10.1111/j.1466-8238.2010.
00584.x

Godoy, M. D. P, and Lacerda, L. D. (2015). Mangroves response to climate change:
A review of recent findings on mangrove extension and distribution. An. Acad.
Bras. Cienc. 87, 651-667. doi: 10.1590/0001-3765201520150055

Godoy, M. D. P, Meireles, A.J. A., and Lacerda, L. D. (2018). Mangrove Response
to Land Use Change in Estuaries along the Semiarid Coast of Ceard, Brazil.
J. Coast. Res. 34, 524-533. doi: 10.2112/JCOASTRES-D-16-00138.1

Gomes, N. C. M., Cleary, D. F. R, Pires, A. C. C., Almeida, A., Cunha, A.,
Mendonga-Hagler, L. C. S., et al. (2014). Assessing variation in bacterial
composition between the rhizospheres of two mangrove tree species. Estuar.
Coast. Shelf Sci. 139, 40-45. doi: 10.1016/j.ecss.2013.12.022

Gomez, E. J., Delgado, J. A., and Gonzalez, J. M. (2020). Environmental factors
affect the response of microbial extracellular enzyme activity in soils when
determined as a function of water availability and temperature. Ecol. Evol. 10,
10105-10115. doi: 10.1002/ece3.6672

Hernandez, D. J., David, A. S., Menges, E. S., Searcy, C. A., and Afkhami,
M. E. (2021). Environmental stress destabilizes microbial networks. ISME J.
2021:882-x. doi: 10.1038/s41396-020-00882-x

Jacotot, A., Marchand, C., and Allenbach, M. (2019). Biofilm and temperature
controls on greenhouse gas (CO2 and CH4) emissions from a Rhizophora
mangrove soil (New Caledonia). Sci. Total Environ. 650, 1019-1028. doi: 10.
1016/j.scitotenv.2018.09.093

Jiang, X. T., Peng, X., Deng, G. H., Sheng, H. F., Wang, Y., Zhou, H. W,, et al.
(2013). Illumina Sequencing of 16S rRNA Tag Revealed Spatial Variations of
Bacterial Communities in a Mangrove Wetland. Microb. Ecol. 66, 96-104. doi:
10.1007/500248-013-0238-8

Jousset, A., Bienhold, C., Chatzinotas, A., Gallien, L., Gobet, A., Kurm, V., et al.
(2017). Where less may be more: How the rare biosphere pulls ecosystems
strings. ISME J. 11, 853-862. doi: 10.1038/ismej.2016.174

Kauffman, J. B., Adame, M. F., Arifanti, V. B., Schile-Beers, L. M., Bernardino, A. F.,
Bhomia, R. K., et al. (2020). Total ecosystem carbon stocks of mangroves across
broad global environmental and physical gradients. Ecol. Monogr. 90:1405.
doi: 10.1002/ecm.1405

Kauffman, J. B., Bernardino, A. F., Ferreira, T. O., Bolton, N. W., Gomes, L. E.,
de, O., et al. (2018a). Shrimp ponds lead to massive loss of soil carbon and
greenhouse gas emissions in northeastern Brazilian mangroves. Ecol. Evol. 8,
5530-5540. doi: 10.1002/ece3.4079

Kauffman, J. B., Bernardino, A. F., Ferreira, T. O., Giovannoni, L. R., De Gomes,
L. E. O,, Romero, D. J., et al. (2018b). Carbon stocks of mangroves and salt
marshes of the Amazon region, Brazil. Biol. Lett. 14:0208. doi: 10.1098/rsbl.
2018.0208

Knoppers, B., Ekau, W, and Figueiredo, A. (1999). The coast and shelf of east and
northeast Brazil and material transport. Geo-Mar. Lett. 19, 171-178.

Konopka, A., Lindemann, S., and Fredrickson, J. (2015). Dynamics in microbial
communities: Unraveling mechanisms to identify principles. ISME J. 9, 1488-
1495. doi: 10.1038/isme;j.2014.251

Koppen, W. (1936). “Das geographische system der klimate,” in Handbuch der
Klimatologie, Part C, Vol. 1, eds W. Képpem and R. Geiger (Berlin: Gebriider
Borntriger), 1-44.

Lana, P. C., Marone, E., Lopes, R. M., and Machado, E. C. (2001). The Subtropical
Estuarine Complex of Paranagud Bay, Brazil. Berlin: Springer, 131-145. doi:
10.1007/978-3-662-04482-7_11

Li, M., Mi, T., He, H., Chen, Y., Zhen, Y., and Yu, Z. (2021). Active bacterial and
archaeal communities in coastal sediments: Biogeography pattern, assembly
process and co-occurrence relationship. Sci. Total Environ. 750:142252. doi:
10.1016/j.scitotenv.2020.142252

Liu, M., Yu, Z, Yu, X,, Xue, Y., Huang, B., and Yang, J. (2017). Invasion by
Cordgrass Increases Microbial Diversity and Alters Community Composition
in a Mangrove Nature Reserve. Front. Microbiol. 8:2503. doi: 10.3389/fmicb.
2017.02503

Liu, Y., Wang, S., Wang, Z., Zhang, Z., Qin, H., Wei, Z., et al. (2019). Soil
microbiome mediated nutrients decline during forest degradation process. Soil
Ecol. Lett. 1,59-71. doi: 10.1007/s42832-019-0009-7

Lovelock, C. E., and Duarte, C. M. (2019). Dimensions of blue carbon and
emerging perspectives. Biol. Lett. 15, 23955-26900. doi: 10.1098/rsbl.2018.
0781

Lovelock, C. E., Krauss, K. W., Osland, M. J., Reef, R., and Ball, M. C. (2016). The
Physiology of Mangrove Trees with Changing Climate. Cham: Springer, 149-179.
doi: 10.1007/978-3-319-27422-5_7

Frontiers in Microbiology | www.frontiersin.org

August 2021 | Volume 12 | Article 715991


https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1073/pnas.1000080107
https://doi.org/10.1038/ismej.2017.165
https://doi.org/10.1038/ismej.2017.165
https://doi.org/10.1038/srep27468
https://doi.org/10.1016/j.apsoil.2012.12.004
https://doi.org/10.1016/j.marpolbul.2019.03.001
https://doi.org/10.1016/j.marpolbul.2019.03.001
https://doi.org/10.1002/ece3.6989
https://doi.org/10.1002/ece3.6989
https://doi.org/10.1111/j.1600-0706.2011.19679.x
https://doi.org/10.1007/s11368-011-0423-7
https://doi.org/10.1007/s11368-011-0423-7
https://doi.org/10.3390/rs11070808
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1007/s10531-019-01760-5
https://doi.org/10.1007/s10531-019-01760-5
https://doi.org/10.1016/j.isci.2021.102204
https://doi.org/10.1016/j.isci.2021.102204
https://doi.org/10.1590/S1517-83822014000400006
https://doi.org/10.1007/978-3-030-04333-9_10
https://doi.org/10.1038/nrmicro.2017.87
https://doi.org/10.1038/nrmicro.2017.87
https://doi.org/10.1002/ece3.3900
https://doi.org/10.1038/s41396-019-0487-8
https://doi.org/10.1111/j.1466-8238.2010.00584.x
https://doi.org/10.1111/j.1466-8238.2010.00584.x
https://doi.org/10.1590/0001-3765201520150055
https://doi.org/10.2112/JCOASTRES-D-16-00138.1
https://doi.org/10.1016/j.ecss.2013.12.022
https://doi.org/10.1002/ece3.6672
https://doi.org/10.1038/s41396-020-00882-x
https://doi.org/10.1016/j.scitotenv.2018.09.093
https://doi.org/10.1016/j.scitotenv.2018.09.093
https://doi.org/10.1007/s00248-013-0238-8
https://doi.org/10.1007/s00248-013-0238-8
https://doi.org/10.1038/ismej.2016.174
https://doi.org/10.1002/ecm.1405
https://doi.org/10.1002/ece3.4079
https://doi.org/10.1098/rsbl.2018.0208
https://doi.org/10.1098/rsbl.2018.0208
https://doi.org/10.1038/ismej.2014.251
https://doi.org/10.1007/978-3-662-04482-7_11
https://doi.org/10.1007/978-3-662-04482-7_11
https://doi.org/10.1016/j.scitotenv.2020.142252
https://doi.org/10.1016/j.scitotenv.2020.142252
https://doi.org/10.3389/fmicb.2017.02503
https://doi.org/10.3389/fmicb.2017.02503
https://doi.org/10.1007/s42832-019-0009-7
https://doi.org/10.1098/rsbl.2018.0781
https://doi.org/10.1098/rsbl.2018.0781
https://doi.org/10.1007/978-3-319-27422-5_7
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Tavares et al.

Semi-Arid Mangroves on the Edge of Changing

Luis, P., Saint-Genis, G., Vallon, L., Bourgeois, C., Bruto, M., Marchand, C., et al.
(2019). Contrasted ecological niches shape fungal and prokaryotic community
structure in mangroves sediments. Environ. Microbiol. 21, 1407-1424. doi: 10.
1111/1462-2920.14571

Mafi-Gholami, D., Zenner, E. K,, Jaafari, A., and Ward, R. D. (2019). Modeling
multi-decadal mangrove leaf area index in response to drought along the semi-
arid southern coasts of Iran. Sci. Total Environ. 656, 1326-1336. doi: 10.1016/].
scitotenv.2018.11.462

Marcos, M. S., Barboza, A. D., Keijzer, R. M., and Laanbroek, H. J. (2018). Tide
as Steering Factor in Structuring Archaeal and Bacterial Ammonia-Oxidizing
Communities in Mangrove Forest Soils Dominated by Avicennia germinans
and Rhizophora mangle. Microb. Ecol. 75, 997-1008. doi: 10.1007/500248-017-
1091-y

Marcos, M. S., Bertiller, M. B., and Olivera, N. L. (2019). Microbial community
composition and network analyses in arid soils of the Patagonian Monte under
grazing disturbance reveal an important response of the community to soil
particle size. Appl. Soil Ecol. 138, 223-232. doi: 10.1016/j.aps0il.2019.03.001

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet.J. 17:10. doi: 10.14806/¢j.17.1.200

McKee, K., Rogers, K., and Saintilan, N. (2012). “Response of salt marsh
and mangrove wetlands to changes in atmospheric CO2, climate, and sea
level,” in Global Change and the Function and Distribution of Wetlands, ed.
B. A. Middleton (Netherlands: Springer), 63-96. doi: 10.1007/978-94-007-
4494-3_2

Mcleod, E., Chmura, G. L., Bouillon, S., Salm, R., Bjérk, M., Duarte, C. M., et al.
(2011). A blueprint for blue carbon: toward an improved understanding of the
role of vegetated coastal habitats in sequestering CO 2 In a nutshell. Front. Ecol.
Environ. 9:552-560. doi: 10.1890/110004

Meireles, A. J. A., Arimatea, da Silva, J., Souza, W. F., and de. (2017). Area de
Prote¢io Ambiental (APA) da Barra Grande em Icapui-CE: Caminhos para a
Sustentabilidade. Conex. Ciéncia Tecnol. 11:90. doi: 10.21439/conexoes.v11i5.
1352

Mendes, L. W., and Tsai, S. M. (2014). Variations of bacterial community structure
and composition in mangrove sediment at different depths in Southeastern
Brazil. Diversity 6, 827-843. doi: 10.3390/d6040827

Mendes, L. W., and Tsai, S. M. (2018). Distinct taxonomic and functional
composition of soil microbiomes along the gradient forest-restinga-mangrove
in southeastern Brazil. Antonie Van Leeuwenhoek Int. ]. Gen. Mol. Microbiol.
111, 101-114. doi: 10.1007/s10482-017-0931-6

Mendes, L. W., Taketani, R. G., Navarrete, A. A., and Tsai, S. M. (2012). Shifts
in phylogenetic diversity of archaeal communities in mangrove sediments at
different sites and depths in southeastern Brazil. Res. Microbiol. 163, 366-377.
doi: 10.1016/j.resmic.2012.05.005

Nogueira, V. L. R., Rocha, L. L., Colares, G. B., Angelim, A. L., Normando, L. R. O.,
Cantdo, M. E., et al. (2015). Microbiomes and potential metabolic pathways of
pristine and anthropized Brazilian mangroves. Reg. Stud. Mar. Sci. 2, 56-64.
doi: 10.1016/j.rsma.2015.08.008

Ochoa-Goémez, J. G., Lluch-Cota, S. E., Rivera-Monroy, V. H., Lluch-Cota, D. B.,
Troyo-Diéguez, E., Oechel, W., et al. (2019). Mangrove wetland productivity
and carbon stocks in an arid zone of the Gulf of California (La Paz Bay, Mexico).
For. Ecol. Manage. 442, 135-147. doi: 10.1016/j.foreco.2019.03.059

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., Mcglinn, D., et al.
(2019). Package “vegan” Title Community Ecology Package. Community Ecol.
Packag. 2, 1-297.

Osland, M. J., Feher, L. C., Lopez-Portillo, J., Day, R. H., Suman, D. O., Guzmén
Menéndez, J. M., et al. (2018). Mangrove forests in a rapidly changing world:
Global change impacts and conservation opportunities along the Gulf of
Mexico coast. Estuar. Coast. Shelf Sci. 214, 120-140. doi: 10.1016/j.ecss.2018.
09.006

Otero, X. L, Lucheta, A. R,, Ferreira, T. O., Huerta-Diaz, M. A., and Lambais, M. R.
(2014). Archaeal diversity and the extent of iron and manganese pyritization
in sediments from a tropical mangrove creek (Cardoso Island, Brazil). Estuar.
Coast. Shelf Sci. 146, 1-13. doi: 10.1016/j.ecss.2014.05.002

Padisak, J., Reynolds, C. S., and Sommer, U. (1993). Intermediate Disturbance
Hypothesis in Phytoplankton Ecology. Netherlands: Springer, doi: 10.1007/978-
94-017-1919-3

Palmer, M. W. (1993). Putting Things in Even Better Order: The Advantages of
Canonical Correspondence Analysis. Ecology 74, 2215-2230.

Parte, A. C., Carbasse, J. S., Meier-Kolthoff, J. P., Reimer, L. C., and Goker, M.
(2020). List of Prokaryotic names with Standing in Nomenclature (LPSN)
moves to the DSMZ. Int. ]. Syst. Evol. Microbiol 70, 5607-5612. doi: 10.1099/
ijsem.0.004332

Peixoto, R., Chaer, G. M., Carmo, F. L., Aratjo, F. V., Paes, ]. E., Volpon, A., et al.
(2011). Bacterial communities reflect the spatial variation in pollutant levels
in Brazilian mangrove sediment. Antonie van Leeuwenhoek Int. J. Gen. Mol.
Microbiol. 99, 341-354. doi: 10.1007/s10482-010-9499-0

Pelage, L., Domalain, G., Lira, A. S., Travassos, P., and Frédou, T. (2019).
Coastal Land Use in Northeast Brazil: Mangrove Coverage Evolution Over
Three Decades. Trop. Conserv. Sci. 12:194008291882241. doi: 10.1177/

1940082918822411

Philippot, L., Raaijmakers, J. M., Lemanceau, P., and Van Der Putten, W. H. (2013).
Going back to the roots: The microbial ecology of the rhizosphere. Nat. Rev.
Microbiol. 11, 789-799. doi: 10.1038/nrmicro3109

Pil, M. W., Boeger, M. R. T., Muschner, V. C., Pie, M. R,, Ostrensky, A., and Boeger,
W. A. (2011). Postglacial north-south expansion of populations of Rhizophora
mangle (Rhizophoraceae) along the Brazilian coast revealed by microsatellite
analysis. Am. J. Bot. 98, 1031-1039. doi: 10.3732/ajb.1000392

Prakash, S., Ramasubburayan, R., Iyapparaj, P., Ahila, N. K., Sri Ramkumar, V.,
Palavesam, A., et al. (2015). Influence of physicochemical and nutritional factors
on bacterial diversity in mangrove sediments along the southwest coast of
Tamilnadu, India. Environ. Monit. Assess. 187, 1-16. doi: 10.1007/s10661-015-
4713-1

Prosser, J. I, Bohannan, B. J. M., Curtis, T. P., Ellis, R. J., Firestone, M. K.,
Freckleton, R. P., etal. (2007). The role of ecological theory in microbial ecology.
Nat. Rev. Microbiol. 5, 384-392. doi: 10.1038/nrmicro1643

R Core Team. (2016). R: The R Project for Statistical Computing. Geneva: R core
team.

Rognes, T., Flouri, T., Nichols, B., Quince, C., and Mahé, F. (2016). VSEARCH:
A versatile open source tool for metagenomics. Peer] 2016:2584. doi: 10.7717/
peerj.2584

Sadaiappan, B., Prasannakumar, C., Subramanian, K., and Subramanian, M. (2019).
Metagenomic data of vertical distribution and abundance of bacterial diversity
in the hypersaline sediments of Mad Boon-mangrove ecosystem, Bay of Bengal.
Data Br. 22, 716-721. doi: 10.1016/j.dib.2018.12.028

Schaeffer-Novelli, Y., Cintrén-Molero, G., Adaime, R. R., and de Camargo, T. M.
(1990). Variability of mangrove ecosystems along the Brazilian coast. Estuaries
13, 204-218. doi: 10.2307/1351590

Schaeffer-Novelli, Y., Cintréon-Molero, G., Soares, M. L. G., and De-Rosa, T. (2000).
Brazilian mangroves. Aquat. Ecosyst. Heal. Manag. 3, 561-570. doi: 10.1080/
14634980008650693

Schulte, E. E., and Hopkins, B. G. (2015). Estimation of Soil Organic Matter by
Weight Loss-On-Ignition. New Jersey, NJ: John Wiley & Sons, Ltd, 21-31. doi:
10.2136/sssaspecpub46.c3

Sippo, J. Z., Lovelock, C. E., Santos, I. R,, Sanders, C. J., and Maher, D. T. (2018).
Mangrove mortality in a changing climate: An overview. Estuar. Coast. Shelf Sci.
215, 241-249. doi: 10.1016/j.ecss.2018.10.011

Spalding, M. D., Fox, H. E., Allen, G. R, Davidson, N., Ferdana, Z. A., Finlayson,
M., et al. (2007). Marine Ecoregions of the World: A Bioregionalization of
Coastal and Shelf Areas. Bioscience 57, 573-583. doi: 10.1641/b570707

Spalding, M., Collins, L., and Kainuma, M. (2010). World Atlas of Mangroves
(Google eBook). London: Earthscan.

Steinberger, A. J. (2020). seg-scripts release v. 1.1. San Francisco: GitHub, doi:
10.5281/zenodo.1458242

Taketani, R. G., Yoshiura, C. A, Dias, A. C. F., Andreote, F. D., and Tsai, S. M.
(2010). Diversity and identification of methanogenic archaea and sulphate-
reducing bacteria in sediments from a pristine tropical mangrove. Antonie van
Leeuwenhoek Int. ]. Gen. Mol. Microbiol. 97, 401-411. doi: 10.1007/s10482-010-
9422-8

Teixeira, P. C., Donagemma, K. G., Fontana, A., and Teixeira, W. G. (2017).
Manual de metodos de analise de solo. Brasilia, DF: Embrapa.

Tong, T, Li, R,, Wu, S, and Xie, S. (2019). The distribution of sediment bacterial
community in mangroves across China was governed by geographic location
and eutrophication. Mar. Pollut. Bull. 140, 198-203. doi: 10.1016/j.marpolbul.
2019.01.046

Ullah, R, Yasir, M., Khan, I, Bibi, F., Sohrab, S. S., Al-Ansari, A., et al.
(2017). Comparative bacterial community analysis in relatively pristine and

Frontiers in Microbiology | www.frontiersin.org

17

August 2021 | Volume 12 | Article 715991


https://doi.org/10.1111/1462-2920.14571
https://doi.org/10.1111/1462-2920.14571
https://doi.org/10.1016/j.scitotenv.2018.11.462
https://doi.org/10.1016/j.scitotenv.2018.11.462
https://doi.org/10.1007/s00248-017-1091-y
https://doi.org/10.1007/s00248-017-1091-y
https://doi.org/10.1016/j.apsoil.2019.03.001
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1007/978-94-007-4494-3_2
https://doi.org/10.1007/978-94-007-4494-3_2
https://doi.org/10.1890/110004
https://doi.org/10.21439/conexoes.v11i5.1352
https://doi.org/10.21439/conexoes.v11i5.1352
https://doi.org/10.3390/d6040827
https://doi.org/10.1007/s10482-017-0931-6
https://doi.org/10.1016/j.resmic.2012.05.005
https://doi.org/10.1016/j.rsma.2015.08.008
https://doi.org/10.1016/j.foreco.2019.03.059
https://doi.org/10.1016/j.ecss.2018.09.006
https://doi.org/10.1016/j.ecss.2018.09.006
https://doi.org/10.1016/j.ecss.2014.05.002
https://doi.org/10.1007/978-94-017-1919-3
https://doi.org/10.1007/978-94-017-1919-3
https://doi.org/10.1099/ijsem.0.004332
https://doi.org/10.1099/ijsem.0.004332
https://doi.org/10.1007/s10482-010-9499-0
https://doi.org/10.1177/1940082918822411
https://doi.org/10.1177/1940082918822411
https://doi.org/10.1038/nrmicro3109
https://doi.org/10.3732/ajb.1000392
https://doi.org/10.1007/s10661-015-4713-1
https://doi.org/10.1007/s10661-015-4713-1
https://doi.org/10.1038/nrmicro1643
https://doi.org/10.7717/peerj.2584
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1016/j.dib.2018.12.028
https://doi.org/10.2307/1351590
https://doi.org/10.1080/14634980008650693
https://doi.org/10.1080/14634980008650693
https://doi.org/10.2136/sssaspecpub46.c3
https://doi.org/10.2136/sssaspecpub46.c3
https://doi.org/10.1016/j.ecss.2018.10.011
https://doi.org/10.1641/b570707
https://doi.org/10.5281/zenodo.1458242
https://doi.org/10.5281/zenodo.1458242
https://doi.org/10.1007/s10482-010-9422-8
https://doi.org/10.1007/s10482-010-9422-8
https://doi.org/10.1016/j.marpolbul.2019.01.046
https://doi.org/10.1016/j.marpolbul.2019.01.046
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Tavares et al.

Semi-Arid Mangroves on the Edge of Changing

anthropogenically influenced mangrove ecosystems on the Red Sea. Can. J.
Microbiol. 63, 649-660. doi: 10.1139/cjm-2016-0587

Wagg, C., Schlaeppi, K., Banerjee, S., Kuramae, E. E,, and van der Heijden,
M. G. A. (2019). Fungal-bacterial diversity and microbiome complexity predict
ecosystem functioning. Nat. Commun. 10, 1-10. doi: 10.1038/s41467-019-
12798-y

Waite, D. W., Vanwonterghem, L, Rinke, C., Parks, D. H., Zhang, Y., Takai, K., et al.
(2017). Comparative genomic analysis of the class Epsilonproteobacteria and
proposed reclassification to epsilonbacteraeota (phyl. nov.). Front. Microbiol.
8:00682. doi: 10.3389/fmicb.2017.00682

Wang, M., Chen, S., Chen, L., and Wang, D. (2019). Responses of soil microbial
communities and their network interactions to saline-alkaline stress in Cd-
contaminated soils. Environ. Pollut. 252,1609-1621. doi: 10.1016/j.envpol.2019.
06.082

Ward, R. D., and Lacerda, L. D. (2021). “Responses of mangrove ecosystems to sea
level change,” in Dynamic Sedimentary Environments of Mangrove Coasts, eds
F. Sidik and D. A. Friess (Amsterdam: Elsevier), 652.

Watts, S. C., Ritchie, S. C., Inouye, M., and Holt, K. E. (2019). FastSpar: Rapid
and scalable correlation estimation for compositional data. Bioinformatics 35,
1064-1066. doi: 10.1093/bioinformatics/bty734

Whitt, A. A, Coleman, R, Lovelock, C. E. Gillies, C., Ierodiaconou, D.,
Liyanapathirana, M., et al. (2020). March of the mangroves: Drivers of
encroachment into southern temperate saltmarsh. Estuar. Coast. Shelf Sci.
240:106776. doi: 10.1016/j.ecss.2020.106776

Wright, A. L., Wang, Y., and Reddy, K. R. (2008). Loss-on-Ignition Method to
Assess Soil Organic Carbon in Calcareous Everglades Wetlands. Commun. Soil
Sci. Plant Anal. 39, 3074-3083. doi: 10.1080/00103620802432931

Ximenes, A. C., Maeda, E. E., Arcoverde, G. F. B,, and Dahdouh-Guebas, F.
(2016). Spatial assessment of the bioclimatic and environmental factors driving
mangrove tree species’ distribution along the Brazilian coastline. Remote Sens.
8:rs8060451. doi: 10.3390/rs8060451

Ximenes, A. C., Ponsoni, L., Lira, C. F., Koedam, N., and Dahdouh-Guebas, F.
(2018). Does Sea Surface Temperature contribute to determining range limits
and expansion of mangroves in Eastern South America (Brazil)? Remote Sens.
10:rs10111787. doi: 10.3390/rs10111787

Yan, Z., Hao, Z., Wu, H., Jiang, H., Yang, M., and Wang, C. (2019). Co-occurrence
patterns of the microbial community in polycyclic aromatic hydrocarbon-
contaminated riverine sediments. J. Hazard. Mater. 367, 99-108. doi: 10.1016/].
jhazmat.2018.12.071

Yilmaz, P., Parfrey, L. W., Yarza, P., Gerken, J., Pruesse, E., Quast, C., et al. (2014).
The SILVA and “all-species Living Tree Project (LTP)” taxonomic frameworks.
Nucleic Acids Res. 42:gkt1209. doi: 10.1093/nar/gkt1209

Yun, J., Deng, Y., and Zhang, H. (2017). Anthropogenic protection alters
the microbiome in intertidal mangrove wetlands in Hainan Island.
Appl.  Microbiol. Biotechnol. 101, 6241-6252. doi: 10.1007/s00253-017-
8342-1

Zhang, X., Hu, B. X,, Ren, H., and Zhang, J. (2018). Composition and functional
diversity of microbial community across a mangrove-inhabited mudflat as
revealed by 16S rDNA gene sequences. Sci. Total Environ. 633, 518-528. doi:
10.1016/j.scitotenv.2018.03.158

Zhang, Z.-F., Pan, J.,, Pan, Y.-P.,, and Li, M. (2021). Biogeography, Assembly
Patterns, Driving Factors, and Interactions of Archaeal Community
in Mangrove Sediments. mSystems 6:€0138120. doi: 10.1128/mSystems.
01381-20

Zhou, Z., Liu, Y., Lloyd, K. G, Pan, J., Yang, Y., Gu, J. D., et al. (2019). Genomic and
transcriptomic insights into the ecology and metabolism of benthic archaeal
cosmopolitan, Thermoprofundales (MBG-D archaea). ISME J. 13, 885-901.
doi: 10.1038/s41396-018-0321-8

Zhou, Z., Meng, H,, Liu, Y., Gu, J.-D., and Li, M. (2017). Stratified Bacterial and
Archaeal Community in Mangrove and Intertidal Wetland Mudflats Revealed
by High Throughput 16S rRNA Gene Sequencing. Front. Microbiol. 8:2148.
doi: 10.3389/fmicb.2017.02148

Zhu, P., Wang, Y., Shi, T., Zhang, X., Huang, G., and Gong, J. (2018). Intertidal
zonation affects diversity and functional potentials of bacteria in surface
sediments: A case study of the Golden Bay mangrove, China. Appl. Soil Ecol.
130, 159-168. doi: 10.1016/j.aps0il.2018.06.003

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Tavares, Bezerra, Normando, Rosado and Melo. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Microbiology | www.frontiersin.org

18

August 2021 | Volume 12 | Article 715991


https://doi.org/10.1139/cjm-2016-0587
https://doi.org/10.1038/s41467-019-12798-y
https://doi.org/10.1038/s41467-019-12798-y
https://doi.org/10.3389/fmicb.2017.00682
https://doi.org/10.1016/j.envpol.2019.06.082
https://doi.org/10.1016/j.envpol.2019.06.082
https://doi.org/10.1093/bioinformatics/bty734
https://doi.org/10.1016/j.ecss.2020.106776
https://doi.org/10.1080/00103620802432931
https://doi.org/10.3390/rs8060451
https://doi.org/10.3390/rs10111787
https://doi.org/10.1016/j.jhazmat.2018.12.071
https://doi.org/10.1016/j.jhazmat.2018.12.071
https://doi.org/10.1093/nar/gkt1209
https://doi.org/10.1007/s00253-017-8342-1
https://doi.org/10.1007/s00253-017-8342-1
https://doi.org/10.1016/j.scitotenv.2018.03.158
https://doi.org/10.1016/j.scitotenv.2018.03.158
https://doi.org/10.1128/mSystems.01381-20
https://doi.org/10.1128/mSystems.01381-20
https://doi.org/10.1038/s41396-018-0321-8
https://doi.org/10.3389/fmicb.2017.02148
https://doi.org/10.1016/j.apsoil.2018.06.003
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Brazilian Semi-Arid Mangroves-Associated Microbiome as Pools of Richness and Complexity in a Changing World
	Introduction
	Materials and Methods
	Study Sites and Sampling
	Physical and Chemical Characterization
	DNA Extraction and Library Preparation
	Sequence Data Processing
	Data Analyses
	Network Co-occurrence Analysis

	Results
	Characterization of Abiotic Driving Factors
	Richness and Diversity Estimations
	Microbial Community Composition
	Main Environmental Drivers of R. mangle Microbial Community
	Network Co-occurrence Patterns

	Discussion
	Microbial Communities From Northeastern Mangroves Displayed Higher Alpha Diversity
	Rare Biosphere Comprises Most of the Indicator Genera
	Microbial Community's Abiotic Drivers Differed Along the Latitudinal Transect
	Northeast Mangroves Are Inhabited by Rich and Complex Microbial Communities
	Biotic Interactions Respond to Stress or Perturbation Gradient

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


