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Dynamic of active microbial diversity
in rhizosphere sediments of halophytes used
for bioremediation of earthen shrimp ponds
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Abstract

Background In New-Caledonia, at the end of each shrimp production cycle, earthen ponds are drained and dried
to enhance microbial decomposition of nutrient-rich waste trapped in the sediment during the rearing. However,
excessive ponds drying may not be suitable for the decomposition activities of microorganisms. Halophytes, salt
tolerant plants, naturally grow at vicinity of shrimp ponds; due to their specificity, we explored whether halophytes
cultivation during the pond drying period may be suitable for pond bioremediation. In addition, plants are closely
associated with microorganisms, which may play a significant role in organic matter decomposition and therefore
in bioremediation. Thus, in this study we aimed to determine the impact of 3 halophyte species (Suaeda australis,
Sarcocornia quinqueflora and Atriplex jubata) on active sediment microbial communities and their implications on
organic matter degradation.

Results Drying significantly decreased the microbial diversity index compared to those of wet sediment or sediment
with halophytes. Microbial profiles varied significantly over time and according to the experimental conditions

(wet, dry sediment or sediment with halophyte species). Halophytes species seemed to promote putative microbial
metabolism activities in the sediment. Taxa related to nitrogen removal, carbon mineralisation, sulphur reduction

and sulphide oxidation were significant biomarkers in sediment harbouring halophytes and may be relevant for
bioremediation. Whereas microbial communities of dry sediment were marked by soil limited-moisture taxa with no
identification of microbial metabolic functions. Nitrogen reduction in sediments was evidenced in wet sediment and
in sediments with halophytes cultures, along with putative microbial denitrification activities. The greatest nitrogen
reduction was observed in halophytes culture.

Conclusion The efficiency of sediment bioremediation by halophytes appears to be the result of both rhizosphere
microbial communities and plant nutrition. Their cultures during the pond drying period may be used as aquaculture
diversification by being a sustainable system.

Keywords Halophytes, Bioremediation, Shrimp farming, Sediment microbiota, Specific microbiota, Metabarcoding
16s RNA, Denitrification
.
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Introduction

In many shrimp farms, drainage and drying of shrimp
earthen ponds at the end of each production cycle allow
aeration of pond bottom sediment in order to enhance
microbial decomposition of accumulated organic matter
[1]. Indeed, in shrimp farming, as in many other aquacul-
ture systems, feed pellets are daily distributed but are not
totally assimilated by farmed species. They therefore tend
to accumulate in pond bottom sediments, along with fae-
ces and dead plankton [2-4]. Excessive organic matter
accumulation at the pond bottom can exceed the micro-
bial mineralization capacity of the system, resulting in
anaerobic conditions and in the release of toxic metabo-
lites (ammonia, nitrite and hydrogen sulphide) that could
affect the health and survival of farmed species [2-4].
However, complete pond drying at the end of the rearing
may not be suitable for microbial communities as water
stress could lead to a decrease in bacterial decomposition
activity [2, 5]. In addition pond drying consume time that
could be used to produce shrimp along with economic
profits [2].

Since the last decade, integrated aquaculture farming
systems emerge as a more sustainable way to produce by
reducing nutrient excess and organic matter generated
from aquaculture activities [6, 7]. These systems rely on
resources optimization (i.e.: space, water, feed and man-
agement), and the waste from one system may be used as
input to another [6]. Aquaculture wastes typically contain
ammonia, nitrate, and phosphorus, which are essential
nutrients for plant growth. Incorporation of agriculture
to aquaculture is an integrated system where aquacul-
ture wastes are used to produce plant biomass thereby
reducing the wastes concentrations in the farming system
(e.g. water or sediment) [8-10]. However, plant toler-
ance to salt is a key limiting factor for their integration
into marine or brackish aquaculture systems, as salt is the
main stressor for plants. Marine and brackish aquacul-
ture systems are therefore limited to the use of salt toler-
ant plants, known as halophytic [11]. Due to their salinity
tolerance, the integration of halophytes in marine aqua-
culture systems with the aim of remediating nutrient-rich
waste products, has received growing attention in the
past few years [12—14]. The efficiency of halophyte biore-
mediation has been proven in aquaponics and sand-sub-
strate systems, with significant removal of aquaculture
wastes [14, 15]. Integrated shrimp-plant culture is a topic
of recent interest and shrimp-vegetable rotational farm-
ing system with vegetable culture in tidal ponds during
the idle period may be an efficient way to reduce nutrient
accumulation in ponds sediments during shrimp rearing
[11, 16, 17]. In the soil, most nutrients, such as N, P and
S, are bound to organic molecules and are minimally bio-
available to plants. Thus, soil microbial transformation
is crucial for plant nutrition as microorganisms possess
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metabolic pathways to break down organic matter and to
convert it into inorganic forms available for plant nutri-
tion [18, 19]. Thus, the significant influence of micro-
organisms on soil nutrient cycling should be taken into
account in sediment nutrient removal efficiency from
shrimp-vegetable rotational farming systems. However,
little is known about the dynamics of microbial com-
munities in sediment hosting shrimp-vegetable rota-
tional farming systems [20]. The development of modern
genomic tools has accelerated the study of microbial
community structure which was earlier dependent on
culture technologies; as indeed, less than 1% of the
microorganisms are cultivable [21, 22].

In soil, microbial communities are significantly influ-
enced by plant roots as they provide adhesion sites for
microbial attachment and energy source for most het-
erotrophic microorganisms through the release of car-
bon compounds [18]. It was estimated that 10 to 44%
of the photosynthetic carbon fixed by plants could be
transferred to the rhizosphere. Hiltner defined the rhi-
zosphere as the soil volume under the influence of roots
[23]. Indeed, roots exudates [24], dead plant material and
residues represent significant sources of energy for soil
heterotrophs growth [18]. Thus, the rhizosphere is often
reported as an hot spot of microbial activities [25-27].
Therefore, understanding how plants shape their sur-
rounding microbial diversity may provide fundamental
information on rhizosphere soil processes such as nutri-
ent cycling.

In New Caledonia shrimp farming is principally semi-
intensive and takes place in earthen-ponds excavated
into bare saltpans upstream of mangrove forests [28].
Shrimp-farming has an important economic impact as it
represents the second largest export sector of the island
and contributes to economic development in remote
areas [29]. However, since few years, shrimp farming face
important production decrease, from a peak at 2500 t in
2004 to less than 1500 t nowadays leading to a negative
economic impact (FAO data base “Fisheries and Aqua-
culture). This production drop is due to both seasonal
vibriosis affecting adults reared in pond, and post-larvae
deficits due to larvae mortalities in hatcheries [30, 31].
Poor pond bottom conditions (anaerobic conditions,
sludge) are favourable factors to the occurrence of Vibrio
species and to their development in the sediment. Thus,
shrimp farmers are looking for solutions to restore the
production capacity of the ponds (shrimp farmers, per-
sonal communication) [29]. In New Caledonia, most of
the upper parts of the shrimp pond, and particularly the
internal dikes, are colonised by halophyte species able to
grow in environments with extreme salinity. Therefore
these species may appear as a solution for bioremediation
of accumulated organic matter in shrimp pond sediments
[16].
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In our study, we explored the bioremediation poten-
tial of halophyte culture and their microbiota in shrimp
earthen pond sediments during the idle period. For
that, we have conducted an experimental greenhouse
study where three halophyte species with high economic
potential: Sarcocornia quinqueflora, Suaeda australis
and Atriplex jubata, were separately grown in pots filled
with shrimp earthen pond sediment. As bioremediation
may involve microorganisms of the earthen pond soil, we
aim to answer (1) what are the differences in the removal
efficiency of accumulated organic matters and nutrients
between different treatments (dry, wet, and plant cul-
tivation), and (2) whether these differences are related
with the sediment microbes. For this last question, we
explored the active microbial diversity present at a spe-
cific time in sediments colonized or not by halophyte
species, through ¢cDNA sequencing of the V4 region of
the 16 S RNA gene. We first explored the alpha diversity
indexes and evidenced significant lower values in dry
sediment compare to wet sediment and sediment with
halophytes. The hierarchical clustering dendrogram evi-
denced dissimilarities among the different microbiotas
related to experimental conditions: wet, dry or with halo-
phytes, and according to the experiment time. Then, we
focused on the microbiotas of each experimental condi-
tions and associated them with ecological soil functions.

Materials and methods

Greenhouse experiment

The study took place in an experimental greenhouse
located at the Aigue Marine shrimp farm at Boulouparis,
New Caledonia, bordered by the Saint Vincent Bay. The
greenhouse was equipped with a shade house. The exper-
iment extended from September (2021) the inter-season
period, to February (2022) the hot season. Atmospheric
parameters were recorded every hour by a weather sta-
tion (HOBO 0664 H21-USB, ONSET®, Cape Cod, MA,
USA) [32]. The mean daily temperature in September
was 25 °C during the daytime (am) and 21 °C the night
time (pm), the mean relative humidity was 68% the am to
82% the pm. In October to November the daily tempera-
ture was higher with 28 °C the am and 23 °C the pm, and
the mean relative humidity was 60% the am and 77% the
pm. In December to January the daily temperature was
29 °C the am and 25 °C the pm with relative humidity at
69% am and 84% the pm.

Sediments from the shrimp ponds were collected on
the 18th August 2020 with a mid-size excavator at the
end of the rearing period during the pond-drying period.
The collected sediments were transported to the green-
house and stored for a few days until they were poured
into the 42 L pots. The seedlings were obtained from the
germination of seeds from mother plants of three differ-
ent halophyte species; Sarcocornia quinqueflora (SarQ),

Page 3 of 20

Suaeda australis (SuaA) and Atriplex jubata (Atr]).
Mothers’ plants were grown in another experimental
greenhouse located in New-Caledonia. The seeds were
cultivated in a greenhouse, in a mixture of sand and pot-
ting soil during two months. Then, the 2 months old
seedlings were separately transplanted into the 42 L pots
previously filled with shrimp pond sediment, and 9 pots
per halophyte species were used for their cultivation. To
ensure minimum survival, 3 to 4 young seedlings per pot
were planted. In addition, young seedlings were trans-
planted with a part of their initial growth substrate to
avoid drastic change. The old seedlings were grown for 6
months in a greenhouse and exposed were irrigated daily
with an automatic watering. The seawater of the lagoon
was pumped the day before each watering directly into
the bay of Saint-Vincent, where the farm is located, and
stored in a tank of about 500 L. Then, twice a week, all
the halophytes were watered with the lagoon seawater.
The same natural water is used for the shrimp farm and
the plant watering. The control treatments consisted
of pots with pond sediment only, maintained under dry
or wet conditions (same watering conditions as for the
plants). Each control treatment was made in triplicate
using 3 pots of 42 L. The dry conditions consisted of
placing the pots outside the greenhouse to remain dry
alike the pond sediment during the drying period of the
pond. During the drying period, the bottom of the emp-
tied ponds is dried in the sun [28, 33]. By placing the pots
outside the greenhouse, sediments were exposed to the
same meteorological conditions (e.g.: raining event, hot,
sun) than the emptied pond sediment.

Sampling

All the equipment used for sediment sampling was cau-
tiously cleaned with ethanol. The first 2-3 c¢m of sedi-
ment were collected aseptically using RNA/DNA free
gloves and spatula and transferred into RNA/DNA free
50 ml tubes. In addition, in order to avoid sediment con-
tamination due to the coring, care was taken to collect
only the inside fraction of the sediment (meaning the
fraction that was not in contact with the push-core).

For each modality, we have sampling sediment in trip-
licates from the same 42 L pots. In order to ensure sam-
pling homogeneity, each sediment sample taken was
made up of a pool of 3 to 4 samples per pot. Sampling
was carried out during the 6 months of cultivation on day
0 (D0), day 30 (D30) and day 150 (D150) for all condi-
tions (dry, wet, halophytes). We chose 6 months period
for our experimentation as it is the duration of pond sedi-
ment drying practiced by shrimp farmers in New Caledo-
nia. In New Caledonia, the shrimp production is seasonal
and reaches its peak from March to June. This season-
ality leads some farmers to realize only one production
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cycle in the year and to leave the pond empty for several
months [34].

For the halophyte Suaeda australis solely, sediment
samples were also collected after 60 days (D60) and 90
days (D90) of cultivation. After collection, samples were
stored at 4 °C during transport to the laboratory and fro-
zen at —80 °C until further processing.

RNA extractions, retro transcription and sequencing

For each sediment sample, RNA was extracted using
RNA PowerSoil Total RNA Isolation Kit (MoBio Labo-
ratories, Inc.) according to the manufacturer’s instruc-
tions. Total RNAs were first reverse-transcripted into
complementary DNA (cDNAs) as described in Callac et
al., (2022) [35]. Then, 20 pL of these first strand cDNAs
were directly used to perform the second strand cDNA
synthesis using the Second Strand cDNA Synthesis Kit
(Invitrogen) following the manufacturer’s protocol. All
cDNAs were sent to MrDNA (Shallowater, Texas, United
States) where PCR using the 515f-806R primers [36],
barcode indexing and sequencing of the V4 hypervari-
able region of the reverse-transcripted procaryotic 16 S
ribosomal RNA molecule were conducted. We chose to
amplify the V4 hypervariable region as recommended by
the Earth Microbiome Project (https://earthmicrobiome.
org/protocols-and-standards/16s) to detect both Archaea
and Bacteria and because this region is widely used to
study soil microbiomes [37]. In addition, the prokaryotic
primer pair 515 F-806R was reported to provide a great
depth and taxa coverage for frameworks emphasizing
ecological relationships between soil, plant, animal and
human health [37].

The sequencing was done with an average of 20
k raw reads per sample. The raw 16 S RNA data are
available in the NCBI SRA repository under the Bio-
Project ID PRJNA925577: HALOREMED  (submis-
sion: SUB12696467, SRA accession numbers from
SAMN32802582 to SAMN32802610).

Data analysis and preparation

Amplicon analysis

The raw reads were processed using the DADA2 [38]
package available in the Rstudio software, where all the
sequences with a quality score above 30 were kept. The
sequences were filtered and trimmed with the following
parameters: a maximum excepted error (maxEE) at 2, a
maximum N (maxN) at 0, a truncation based on qual-
ity scores (truncQ) at 2, trimLeft at 19 pb and 20 pb to
remove the primers and truncLen set at 240 pb for the
forward reads and 180 pb for the reverse reads to remove
low quality tails. The chimeras were removed using the
consensus method, and the taxonomy was assigned using
the Silva 138 SSU Ref NR99 database [39]. Prior to fur-
ther analysis, sequences with no affiliation or affiliated
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to the Eukaryota, Mitochondria or Chloroplasts were
removed from the ASV table.

Alpha diversity

The alpha diversity was estimated using the richness indi-
ces of ACE (Abundance-based coverage estimator) and
Observed ASV calculated on RStudio software with the
microeco package. Definition of this different indices
can be found in Hughert and Anderson 2017 [40]. The
observed ASV represent the number of different ASVs
in a sample. Whereas, the ACE index (Abundance-based
Coverage Estimator) estimate the richness of a sample by
taking account the number of singletons, doubleton and
rare OTUs (generally less than 10 sequences) [40, 41]. We
also used the Inverse Simpson and Exponential Shannon
indices from Hill numbers (g=1 and g=2) with function
renyi from vegan package. The Hill numbers was recom-
mended to a reliable estimation of the microbial rich-
ness and diversity [42, 43]. Then a non-parametric test of
Kruskal-Wallis followed by a Dunn test was performed
with RStudio (dunn.test package) to show significant
differences between experimental conditions (dry, wet,
halophyte species) and sampling time (DO and D150
only). Prior to downstream microbial analysis, data were
then normalized with the Counts Per Million (CPM)
method using the cpm function available in the edgeR
package under RSudio, allowing to normalized all the
libraries to 1.000.000 reads as described in Giraud et al.,
(2021;2022) and Callac et al., (2022;2023) [30, 35, 44]. We
used the CPM normalization, method to normalize gene
expression, as we have extracted RNA and then used
cDNA to sequence the V4 region of the 16 S RNA gene to
investigate the active microbiota of the sediments.

Beta diversity

The beta-diversity was investigated by building a den-
drogram based on a Bray-Curtis dissimilarity matrix and
Ward method [30, 35]. It was performed on Microbio-
meAnalyst to clustered sediment samples following dis-
similarity in their microbial profiles [45]. Then, stacked
bar plots of relative abundance of microbial communities
were done to evidence the microbial profiles of the sedi-
ment samples. Stacked bar plot and relative abundance
values were obtained on MicrobiomeAnalyst web tool.

Venn diagram

Following the clustering results from the dendrogram
(see results section), only the core microbiota of each
replicate collected at D150 were kept to construct a Venn
diagram. Venn diagrams were made using the open-
source component for web environment Jvenn (http://
jvenn.toulouse.inra.fr). The specific microbiotas of dry,
wet and halophytes (SarQ, SuaA, Atr]) sediments were
represented with stacked bar plots the family level.
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LEfSe

A Linear discriminant analysis (LDA) Effect size (LEfSe)
analysis [34] was performed to identify discriminative
features at the genus levels using the specific sediment
microbiota of the dry and wet sediment and sediment
harboring halophytes species. LEfSe was performed
with a threshold set at 3.75 using microeco R package on
RStudio [47].

Sediment functional community profiling

Relevant biomarkers of sediment specific microbiomes
were used to make functional annotation of 16 S ribo-
somal RNA bacterial gene sequences from the SILVA
database. The microeco R package was used to assign
putative ecological function of the previously evidenced
taxa from the LEfSe. We used Tax4fun R package [48]
to determine the metabolic pathway prediction of the
microbial communities and FAPTROAX v1.2.4 database
[49] to make a Functional Annotation of Prokaryotic
Taxa. Tax4Fun predict microbial communities func-
tion as phenotypes of gene families or enzymes activi-
ties based on gene content, whereas FAPROTAX predict
metabolic phenotypes and ecologically relevant func-
tions based on the literature of cultured taxa [49, 50].
FAPROTAX was reported as a helpful tool to highlight
functions related to biogeochemical dynamics especially
on N and C cycles [50]. It was, for instance used in Ji et
al. (2022), to predict bacterial functions in Korean pine
root tips and rhizosphere soil [51]. Tax4fun is suitable to
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target changes in gene expressions or in potential enzy-
matic activities. Although these tools cannot replace the
functional assessment via metagenomic or metatran-
scriptomic shotgun sequencing, as they provide insights
into functional capabilities of prokaryotic communities
in diverse habitats [52].

Soil chemistry analysis

Total organic carbon of the sediment was determined
using the Walkley and Black method [53] with hot sulph-
uric acid and potassium dichromate. Nitrate and ammo-
niums were extracted from the sediment with KCl 1 N
solution. Nitrate concentration (NO;~) was evaluated by
colorimetric method based on the Griess reaction and
Ammonium concentration in the sediment was deter-
mined using the Nessler method (ISO 14256-2:2005).
Sediment analyses were performed by the Laboratory
of Analytics Means (LAMA/ISO 9001, Noumea, New
Caledonia). A non-parametric test of Kruskal-Wallis fol-
lowed by a Dunn test was performed with RStudio (dunn.
test package) to show statistically significant differences
between the experimental conditions.

Result

Alpha diversity

Compared with the start of the experiment (DO), the
mean values of the richness indices (ACE and ASV
observed) decreased significantly in the dry sediment
(Fig. 1). Inversely, sediments kept wet or with halophytes,

Sediment } Do

[ | Dry
Wet
Atrd D150
| sarQ
SuaA
600 -
ab
ab
4001
2001
0 0

ACE Observed ASV

Inv.Simpson Exp.Shannon

Fig. 1 Sediment alpha diversity index at the beginning (D0) and at the end of experiment (D150) in dry, wet and halophytes (Suaeda australis: SuaA,
Atriplex jubata: Atr), Sarcocornia quinqueflora: SarQ) conditions. Significant differences (p <0.05) between conditions shown with letters at the top of the

bar plot
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displayed an increase of the average richness indices
compared to DO. On D150, richness indices varied sig-
nificantly between halophyte species and SuaA had sig-
nificantly higher values than SarQ (Fig. 1). The average
of exponential Shannon index increased with halophytes
compared to DO, and this was statistically significant for
SuaA (Fig. 1). However, for dry sediments, the exponen-
tial Shannon index remained similar to DO. The inverse
Simpson index varied between the experimental con-
ditions, but the standard deviation was too large to
highlight statistical differences. The average of inverse
Simpson index had increased in SuaA and Atr] compared
to DO and also in dry sediment. Whereas, for SarQ and
wet sediment, the average of inverse Simpson index was
similar to DO.

Community succession

Hierarchical clustering: dendrogram of sediment microbiota
The agglomerative Hierarchical clustering of sediment
microbiota displayed two main clusters: cluster A gath-
ered samples collected from DO to D90, and cluster B
encompassed only D150 samples (Fig. 2). According to
the dendrogram, the active microbiota inhabiting the wet
soil and the soil with halophytes was different between
D30 and D150 (Fig. 2).

Cluster A was divided into three sub-clusters (Al to
A3). Cluster Al gathered the active microbiota of the
sediment with Suaeda australis collected on D60, D90
and one sample collected on D150; and was mostly made
by members affiliated to the Rhodobacterales and Pseu-
domonadales (Fig. 2). The Cluster A2 encompassed the
microbiota of sediment collected on DO and was mostly
made by members affiliated to the Halothiobacillales.
Cluster A3, was composed by all the sediment microbiota
collected on D30. This sub-clustering indicated a change
of sediment microbiota compared to the beginning of
experiment at DO and D30.

Inside the cluster B, the active microbiota was sepa-
rated in three sub-clusters (Bl to B3) distinguishing
the microbial communities inhabiting the dry sediment
(Cluster B1) from those living in wet and in the soil with
halophytes (Cluster B2 and B3 respectively) (Fig. 2). Clus-
ter B1 had greater proportion of Burkholderiales and
Polyangiales whereas cluster B2 and B3 had higher pro-
portion of Cyanobacteriales and NB1_j, a group gather-
ing uncultured related sequences retrieved in marine
microbial community [38].

Sediment microbiota dissimilarities between dry, wet and
halophytes conditions

Dry, wet and halophytes specific microbiota

The Venn diagram showed that at the end of the experi-
ment 62 ASVs were common between the microbiota of
the dry, wet, Atr], SarQ and SuaA sediments (Fig. 3A).
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Dry sediment shared 202 ASVs with wet sediment but
few ASVs with sediment colonized by halophytes (15
ASVs, 2 and 0 with SuaA, SarQ and Atr] respectively).
Whereas wet sediment shared 188 ASVs with SuaA, 131
with SarQ and 53 with Atr]. Wet and dry sediments had
more specific ASVs than the sediment colonized with
halophytes (e.g., 1191 ASVs for wet sediment versus 115
ASVs for Atr]) (Fig. 3A).

Specific microbiota of dry sediment was mainly com-
posed of Cyanobacteria (14%), Polyangia (13%), Gam-
maproteobacteria (10%) and Alphaproteobacteria (9%)
classes (Supplementary Table 2 A and Additional File 1).
Whereas specific microbiota of wet sediment was mainly
composed of Gammaproteobacteria (45%) and Polyangia
(11%). At family level, Phormidiaceae (13%), Longimicro-
biaceae (13%) were specific to the dry sediment micro-
biota (Fig. 4A) while Xanthomonadaceae families were
specific to wet sediment (31%).

In sediment colonized with SuaA, the specific micro-
biota was overpowered by the Cyanobacteria class (62%)
(Supplementary Table 2 A, Additional File 1). Cyano-
bacteria were also present in the specific microbiota of
sediment of SarQ, however in a lesser extent, with 27%
of the abundance. The specific microbiota of SarQ was
also compose of Alphaproteobacteria (14%), Gamma-
proteobacteria (13%) and Polyangia (8%). Contrary to
the two other halophyte species, Cyanobacteria was not
present in the specific microbiota of sediment harboring
Atr] (Supplementary Table 2 A, Additional File 1). Gam-
maproteobacteria (31%), Alphaproteobacteria (27%) and
Polyangia (21%) mainly represented the specific micro-
biota of the Atr] rhizosphere sediments.

At the order level, Phormidesmiales (17.1%) were
specific to SarQ and Moraxellaceae to Atr] (24%) (Sup-
plementary Table 2B, Additional File 1). The specific
microbiota of SuaA rhizosphere was dominated by Nodo-
silineaceae (58%) whereas this family was absent in Atr]
sediments and only found at about 4% in sediment with
SarQ (Fig. 3A). Rhodobacteraceae family represented
about 5 to 10% of the specific microbiota composition of
the three halophytes species but was about less than 1%
in dry and wet sediments.

Sediment specific microbiotas were also composed of a
great proportion of “Others” families (Fig. 3A). This was
particularly the case of SarQ and dry sediment for which
the “Others” families represented half of relative abun-
dance. The microbiota of the rhizosphere hosting SuaA
had the less abundance of « Others » families (about 25%)
(Fig. 3A).

Sediment microbiome biomarkers

The LeFSe analysis identified 295 statistically signifi-
cant biomarkers at the genus level across all samples
with p<0.05 (Kruskal-Wallis test). We have chosen to
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Fig. 4 A; Relative abundance of functional categories found in the sediment assigned by Tax4fun tool and grouped into level 2 of KEGG Orthologues.
Sediment functional categories were assigned using biomarker taxa found in Fig. 5. B; LDA score of significant functional categories found in the sedi-

ment following experimental conditions (dry, wet, halophyte culture)

display only the genera with a minimal LDA score of 3.75
(Fig. 3B) to exhibit the more significant biomarkers.

Among specific biomarkers of wet sediment, Lyso-
bacter (Xanthomonadaceae family), Azoarcus (Rhodocy-
claceae family), Enhygromyxa (Nannocystaceae family of
Polyangia class) and Tolypothrix (Nostocaceae family of
Cyanobacteria class) genera had the higher LDA score
(>4) (Fig. 3B). In dry sediment, biomarkers Phaselicystis
(Polyangiales order), Gemmatimonas (Gemmatimonade-
tes phylum), Sphingomonas (Sphingomonadaceae fam-
ily) and Ramlibacter (Gammaproteobacteria class) had a
LDA score>4.

For sediment with SarQ, the most significant biomark-
ers were Geoalkalibacter (Desulfuromonadia class),
Verruc-01 (Puniceicoccaceae family) and P30OB-42
(Myxococcaceae family) with all a LDA score>4 (Fig. 3B).
In sediment with SuaA, the main biomarkers were

ESCE-1 (Cyanobacteria) and Defluviimonas (Rhodobac-
teraceae). With a lower LDA score, Nostoc genus was
another significant biomarker from Cyanobacteria class
(Fig. 3B). In Atr] colonized sediment, highest LDA score
were found for Kangiella (Gammaproteobacteria), Deni-
tromonas (Rhodocyclaceae family, Gammaproteobacteria
class), and Marinoscillum (Cyclobacteriaceae family, Bac-
teroidia class).

Putative microbial metabolic profile associated to
biomarkers at the genus level with TAX4FUN in the
sediments

The relative abundance of the putative functional cat-
egories varied with the experimental conditions (Fig. 4A)
and significant variation between groups were observed
(Supplementary Tables 4, Additional File 1). The most
abundant putative functional categories belonged to the
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“metabolism” module, which accounted for at least 50%
in each kind of sediments (dry, wet or according to the
halophyte species growing in the rhizosphere).

The LefSe analysis (Fig. 4B) shown the significantly
enriched functional categories in the sediment accord-
ing to the experimental conditions. Based on a minimum
LDA score of 3, the highest number of significant func-
tional categories was found in wet sediment (7), followed
by SuaA (5), SarQ (3), then Atr] (2) and dry sediments
2).

Putative functional activities in the sediment with SuaA
were significantly enriched in amino acid metabolism,
xenobiotic biodegradation and lipid metabolism (Fig. 4B).
All functions found in sediment with SuaA belonged to
the “Metabolism” category (Fig. 4B and the KO database).
Putative microbial functions in the sediment with SarQ
were enriched in carbohydrate and energy metabolism
as well as in cell motility. Putative microbial functions
in the sediment hosting Atr] were enriched in nucleo-
tide metabolism and membrane transport (Fig. 4B). In
the wet sediment, the putative microbial functions were
linked to signal transduction, replication and repair, fold-
ing, sorting and degradation. Those related functions
belong to the Environmental and Genetic Information
Processing categories (Following Fig. 4B and the KO
database). In the wet sediment, only one function was
related to Metabolism category; the glycan biosynthesis
and metabolism. The putative microbial functions found
in dry sediment were related to cellular processes (cell

Atrl) SarQ

SuaA Wet
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growth and death) and genetic information processing
(translation). However, there was no biomarkers related
to the Metabolism category (Fig. 4B).

Putative soil function associated to taxa genus levels
biomarkers with FAPROTAX

Wet sediment exhibited significant correlations with
nitrogen respiration, dark hydrogen oxidation and soil
chitinolysis function (Fig. 5). The rhizosphere micro-
biota of SuaA was significantly positively correlated with
nitrogen fixation, photo-autotrophy and photosynthetic
Cyanobacteria. The microbiota of the sediment with
SarQ exhibited significant positive correlation with sul-
fur and iron respiration functions. Whereas the micro-
bial composition of the sediment colonized with Atr] was
positively and significantly correlated with fermentation
(Fig. 5). Dry sediment showed a moderate positive cor-
relation (Pearson correlation coefficient about 0.5) with
aerobic chemoheterotrophic and chitinolytic functions,
but the correlations were not significant (Fig. 5).

Focus on suaeda australis (SuaA) microbiota succession
through sampling date

Specific microbiota changes through time

Venn diagram evidenced that 443 ASVs were common
between the four sampling dates (Fig. 6). When compar-
ing samples by date, the Venn diagram showed that D60
and D90 shared the higher ASV number (350), and D150
and D30 the lower (24). D150 shared the highest ASV

predatory_or_exoparasitic
- 05

anoxygenic_photoautotrophy_S_oxidizing

nitrogen_fixation
photosynthetic_cyanobacteria
- fermentation
iron_respiration
sulfur_respiration
- aerobic_chemoheterotrophy
chitinolysis
dark_hydrogen_oxidation

nitrate_respiration

Dry

Fig. 5 Correlogram of putative ecological functions assigned with FAPROTAX to biomarker taxa found in the rhizosphere of the halophyte species (Atr),
SuaA, SarQ) and in wet and dry sediment. Heatmap colour gradient is link to Pearson correlation coefficient intensity with in red positive correlation and
blue negative correlation. Significant correlations are indicated by an asterix (*)
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Fig.6 Venn diagram of shared and specific ASV from sediment with Suaeda australis (SuaA) through the sampling date: D30, D60, D90 and D150. Stacked
bar plots represent relative abundance of specific microbiota at the family levels

number with D90 (78 ASVs) compared to D60 and D30
(32 and 24 ASVs respectively), highlighting a microbial
succession through the experiment and so through plant
establishment (Fig. 6). That also evidenced a selection of
the microbial community by the plant as only few ASVs
shared between D30 and D150 (Fig. 6).

On D30, D60 and D90, Gammaproteobacteria rep-
resented the class with the highest relative abundance
(around 20%) in the specific microbiota of SuaA (Supple-
mentary Table 3 A, Additional File 1). On D150 Cyano-
bacteria were the main class (39%) but represented less
than 0.6% in the others sampling date (Supplementary
Table 3 A, Additional File 1). Following the sampling
date, Bdellovibriona, Polyangia and Halobacteria were

the other bacterial classes with the highest relative abun-
dance. Bdellovibriona was approximately 16% on D30
but was less than 3% for the other sampling dates. Poly-
angia was approximately 20% on D60 and Halobacteria
was approximately 13% at D90 but represented less than
5 and 0.2% for the other dates. At the family level, Bdello-
vibrionaceae had the highest relative abundance on D30
(14%) (Fig. 6, Supplementary Table 3B, Additional File 1);
while Haliangiaceae (12%), Pseudomonadales (7%) and
Rhodobacteraceae (10%) were the main families on D60.
On D150, the specific microbiota was dominated by Nos-
tocaceae family (25%). Halomonadaceae was specific to
D90 (6%). There was also a great abundance of “Others”
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families in the specific microbiota as it represented more
than half of relative abundance in D30 and D90 (Fig. 6).

Biomarkers and soil putative ecological function through
time

The biomarker tool (LEfSe) identified a total of 200 sta-
tistically significant biomarkers at the genus level across
all samples with p-value<0.05 (test Kruskal-Wallis rank

A

g_Phormidium

MBIC10003 :D150
g_Cyanothece : D30
ATCC 51142(UCYN-C) : D60
g_Nostoc BDU-40302" : D90

g_Marinoscillum -
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sum). Only biomarkers with a minimal LDA score of 3.75
were displayed (Fig. 7A) as they were the most significant.

On D30, Fluviicola and Idiomarina genera had the
higher LDA score (>4) (Fig. 7A). The specific microbiota
on D30 was significantly positively (Pearson correlation
coefficient around 1) correlated with fermentation soil
function (Fig. 7B) but negatively correlated with aero-
bic chemoheterotrophy. Haliangium and Limnobacter
had the higher LDA score on D60 (LDA >4) and on D90,

g_Defluviimonas -
g_Paracoccus
g_Fluviicola -
g_ldiomarina -
g_Oceanococcus *
g_Peredibacter -
g_Oleiphilus
g_Aestuariibacter -
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Fig. 7 A; LDA score of significant sediment biomarkers found in sediment with Suaeda australis through the sampling time: D30, D60, D90 and D150. B;
Correlation heatmap of putative ecological function associated with the identified biomarkers. Heatmap colour gradient is linked to Pearson correlation
coefficient intensity with in red positive correlation and blue negative correlation. Significant correlations between ecological function and sampling time

are indicated by an asterix (*)
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Natromonas, Halovibrio and Haloarechaeobius were the
main biomarkers (Fig. 7A). Sediment microbiota col-
lected on D60 and D90 were positively correlated with
predatory or exoparasitic, and with anoxygenic photoau-
totrophy sulphur oxidizing functions respectively; how-
ever, these correlations were not significant (Fig. 7B).

On D150, three families of Cyanobacteria showed the
highest LDA score (LDA>4): Phormidium, Cyanothece
and Nostoc (Fig. 7A). On D150, the sediment biomark-
ers were correlated with functions related to the nitrogen
cycle (e.g., nitrogen fixation, nitrate denitrification) and
methanol oxidation (Fig. 7B).

Evolution of the sediment content in nitrogen and organic
carbon

The average NH,* concentrations in the sediment
decreased significantly at the end of the experi-
ment. However, the final concentrations differed
slightly between the modalities wet, dry and in sedi-
ment with SuaA; they were varied between 2.12 and
2.86 mg.kg™' (Table 1). After six months, NO,~ con-
centrations decreased from 14.65 to 12.18 mgkg ™’
(approximately 17%) in dry sediment and from 14.65
to 6.11 mg.kg™! (approximately 59%) in wet sediment
(Table 1). The lowest NO;~ concentration was found in
the rhizosphere of SuaA with a decrease of approximately
91% compared to DO (from 14.65 to 1.3 mg.kg™!). Con-
sidering the influence of sediment humidity on NO;~
concentrations, we can deduce that halophyte culture
was responsible of about 32% of sediment NO;~ con-
centrations decrease (halophyte 91%, wet 59%). At the
end of the experiment, organic carbon has significantly
increased to 10.90 mg.g™! and 9.91 mg.g~! in wet sedi-
ment and in the rhizosphere of SuaA respectively com-
pared to the beginning of the experiment (8.61 mg.g™’;
Table 1). In contrast, the dry sediment concentration of
organic carbon (8.60 mg.g™!) was not different from the
beginning of the experiment.
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Discussion

Influences of the sediment humidity and halophytes
growth on the microbiota inhabiting the rhizosphere

In this study we choose to investigate active microbiota
of the rhizosphere. In this aim, to access to the metaboli-
cally active lineages, we extracted the total RNA from our
samples. Indeed, microbial diversity can be studied using
either DNA or RNA, but RNA allows us to recover recent
populations and living assemblages in an ecosystem [55]
due to the short lifetime of RNA molecules in environ-
ment, estimated from days to weeks in soil depending
on biogeochemical parameters (pH, water, temperature)
[56, 57]. In addition, the high turnover rate of RNA
molecules in the environment might reflect metaboli-
cally active assemblage of microbial communities at the
sampling time; while microbial DNA cannot distinguish
between the living and dead fraction of the microbiome.
DNA therefore carries the risk to detect microorgan-
isms that were not active or dead in the sample [55, 57].
Using alpha diversity indices, we first observed that both
the growth of the halophytes and maintaining moisture
favoured microbial diversity in sediment compared to
sediment kept dry for the 150 days of the experiment.
This is consistent with previous studies, as it is well
known that humidity has a strong impact on sediment
microbiota. Inversely, soil dryness can impose osmotic
stress on microorganisms [5, 27, 58], and a long drought
period can lead to the death of sensitive microorgan-
isms unable to thrive in waterless conditions, resulting
in a decrease in microbial diversity as highlighted by
the alpha diversity indexes. Loss of microbial diversity
has been demonstrated in our study as well as in others
[58-60]. We also noted that the composition of micro-
bial communities inhabiting the sediment varied sig-
nificantly throughout the experiment. Indeed, based on
their microbiota, there was a clear clusterization of the
sediment according to the sampling period (e.g., DO, D30,
D150) (Fig. 2). In addition, on D150, dry sediments are
subclustered separately from wet sediment and sediment
with halophytes cultivation (Fig. 2). We however did not
evidence a distinct hierarchical clusterization between
the wet sediment and sediments with halophyte species.
Nevertheless, if considering only the specific microbiota,

Table 1 Sediment nitrogen (NO; and NH,*) £ SD and organic carbon content found at the beginning of the experiment and in dry,
wet and Suaeda australis (SuaA) conditions at the end of the experiment (D150). Statistically significant differences (p value <0.05)

between conditions are indicated by letters

Day of [NO;7] [NH,*1 Organic
experiment (mg.kg™") (mg.kg™") Carbon
(mg.g™")
Sediment 0 14.65+2.522 503+2.78° 861+0.83?
Dry 150 12.18+1.07% 2.12+0.24% 860+0.382
Wet 150 6.11+1.50% 2.04+0.222 10.90+0.342
SuaA 150 13+021P 286+031% 9.91+1.022
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the Venn diagram revealed clear dissimilarities of micro-
biota between sediment maintaining wet, dry and with
halophyte species (Fig. 3A).

The specific microbiota of Suaeda australis was domi-
nated by the photoautotroph nitrogen-fixing Cyanobac-
teria bacteria with notably bacteria from Nodosilineaceae
family (Fig. 3A). In plant-Cyanobacteria symbiosis,
Cyanobacteria are reported to excrete substances (e.g.
growth-promoting regulators, vitamins, amino acids)
that influence plant development but also provide nitro-
gen sources through their abilities to fix N, [61]. The
prevalence of Cyanobacteria in the sediment with Suaeda
australis may suggest beneficial interactions between the
halophyte and the Cyanobacteria. This hypothesis was
reinforced as Nostoc genus was a biomarker of this con-
dition and is the most common Cyanobacteria found in
plant-symbiosis [62]. The specific microbiota of Sarco-
cornia quinqueflora was also composed of Cyanobacte-
ria but in lower proportions (27% compared to 62% with
Suaeda australis) (Fig. 3A). Cyanobacteria was almost
totally absent from Atriplex jubata specific microbiota
that was dominated by Alphaproteobacteria and Gam-
maproteobacteria classes with notably Moraxellaceae
family. This family was reported has heterotrophic bac-
teria found in soil and water [63]. Heterotrophic bacte-
ria used soil organic matter, plant or animal residues as
sources of energy and carbon [18]. The heterotrophic
capabilities of prokaryotes may thus be relevant for deg-
radation of accumulated organic matter in the sediment.

For the three halophytes species, we found the presence
of Rhodobacteraceae family in their specific microbiota.
This bacteria family is involved in sulphur and carbon
cycles [64]. However, members of the Rhodobacteraceae
were almost absent, with a relative abundance lower than
1%, from the specific microbiotas of the wet and dry sedi-
ments (Fig. 3A).

Halophyte and humidity influences on sediment microbial
community functions

Sediment metabolic profile

Plant root system provided a unique ecological niche
for soil microbiota through the release of various com-
pounds: enzyme and a wide range of molecules such
as carbohydrates, amino acids or vitamins [25, 65]. The
composition, diversity and abundance of roots exudates
are highly plant specific; and plant species growing in a
similar soil environment can recruit significantly dif-
ferent microbial communities [24, 66] as demonstrated
previously through sediment microbial communities
compositions of others halophytes species [67]. Based on
KEGG orthologs, the microbial metabolic profiles found
in sediment with Suaeda australis and Sarcocornia quin-
queflora, were putatively linked to microbial metabolism
functions related to amino acids, vitamins, carbohydrates
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and energy (Fig. 4B). Since plants can typically release
these compounds, our results suggested that the rhizo-
sphere microbiota of these halophytes could potentially
use these substrates excreted by the plant roots. The cell
motility function was also found in the sediment with
Sarcocornia quinqueflora suggesting that microorganisms
may move toward the plant root exudates. This might be
important in our study as motility toward roots exudates
represent the first step in rhizosphere colonization. The
putative xenobiotics biodegradation metabolism found in
sediment with Suaeda australis was previously reported
as significantly enriched function in the rhizosphere of
the wild blueberry and soybean [68, 69]. The enrichment
of xenobiotic biodegradation metabolism in soil rhizo-
sphere could be attributed to the release of plant-derived
complex molecules [69]. Thus, the metabolic functional
profiles of sediments colonized by Suaeda australis and
Sarcocornia quinqueflora evidenced either a putative
plant-microbe interactions or a plant attraction to select
specific microbial guilds or microorganisms as shown in
the first part of this discussion with the Venn diagram
(Fig. 3A). In the case of sediment colonized by Atriplex
jubata, microbial metabolic profile was putatively com-
posed by functions related to nucletotide metabolism
and membrane transport function (Fig. 4B). The puta-
tive metabolic profiles of the wet and dry sediments
were mainly characterized by cellular, genetic and envi-
ronmental information processing (such as replication
and repair, folding, sorting and degradation) that may
be vital for the proliferation and growth of microorgan-
isms (Fig. 4B). However, contrary to the rhizospheres of
Suaeda australis and Sarocornia quinqueflora, there was
no evidence of functions related to metabolism except
the “glycan biosynthesis and metabolisms” only for the
wet sediment. Thus, the higher number of significant
functions related to microbial metabolism in sediments
with Suaeda australis and Sarcocornia quinqueflora may
be attributed to root exudates released from plant, pro-
viding carbon and energy for microbial community activ-
ities. In the context of sediment bioremediation, this may
promote organic matter decomposition activities by the
microbial communities.

Putative sediment functional profile linked to significant
biomarkers

Considering the putative functional profile of sedi-
ment based on FAPROTAX annotation, we evidenced
that sediment with Suaeda australis was significantly
linked to nitrogen fixation function (Fig. 5). This might
explain the significant occurrence of phototrophic Cya-
nobacteria in sediment hosting this halophyte, includ-
ing the enrichment of the Nostoc genus as a biomarker.
Anoxygenic phototrophy sulphur oxidation was another
important putative function found in the sediment with
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Suaeda australis (Fig. 5). Anoxygenic phototrophy sul-
phur oxidation is known to be performed by photo-
trophic bacteria that grow under anaerobic conditions
[70]. These bacteria differ from oxygenic phototrophic
bacteria by using sulphide, hydrogen or similar electron
donors as the reducing power for photosynthesis rather
than oxygen [70]. This function in the rhizosphere of
Suaeda australis may be attributed to the evidence of
biomarker Halofilum, purple sulphur bacteria, belong-
ing to the Ectothiorhodospiraceae family [71]. In the con-
text of sediment bioremediation, the hydrogen sulphide
(H,S) oxidation by Ectothiorhodospiraceae family is of
great interest because this compound is one of the big-
gest threats to aquaculture production due to its extreme
toxicity to aquatic species such as shrimp [72]. Hydrogen
sulphide is frequently produced in pond sediment dur-
ing the sulphate reduction process using accumulated
organic matter as electron donor in anaerobic condition.
Thus, occurrence of the biomarker Halofilum in sedi-
ment with Suaeda australis might be relevant for sedi-
ment bioremediation. In addition, mass culture of purple
and also green sulphur bacteria families as probiotics are
considered as a solution to bioremediate H,S and main-
tain a favourable environment in aquaculture ponds
[73-75]. Functions of the sulphur cycling had also been
underlined in the sediment hosting Sarcocornia quinque-
flora. The cultivation of this halophyte was also positively
correlated with microbial sulphur and iron respiration.
Sulphur respiration involves the reduction of sulphur
using H, or an organic substrate as electron donors [76].
This function in sediment with Sarcocornia quinqueflora
can be explained by biomarkers enrichment related to
the genera Geoalkalibacter and Desulfuromonas both
belonging to the family Desulfuromonaceae. Geoalkali-
bacter and Desulfuromonas genera are known to reduce
sulphate, and to use sulphur and metals (iron and manga-
nese) as electron acceptors to oxidize organic compounds
[60]. Sulphate-reducing microorganisms also play a rel-
evant function as they may account for more than 50% of
the organic carbon mineralization in marine sediments
[77, 78]. Thus, sulphate reducers may play significant
roles in both sulphur and carbon cycles during sediment
bioremediation. However, as mentioned before draw-
back of the sulphate reducers is their production of toxic
hydrogen sulphide. Although sulphur oxidation was not
a significant function in sediment with Sarcocornia quin-
queflora. The sulphate-reducers are anaerobic microor-
ganisms that are widely spread in anoxic habitat [78]. In
our experiment, the pots were sometimes waterlogged
due to the low permeability of the clay sediment, which
may have promoted the creation of anoxic niches in the
sediment. It might also be possible that the shallow root
system of Sarcocornia quinqueflora [16] did not enhance
oxygen penetration into the sediment, and may have
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maintained anoxic conditions. However, the presence of
sulphate-reducers such as members of the genus Desulfo-
bacterales in the sediment with Sarcocornia quinqueflora
might be due to a direct recruitment by the plant, as this
genus has been previously reported being abundant in
the endophytic community of another Sarcocornia genus
growing under aquaponics conditions [13].

Contrary to the two other halophyte species, functions
related to sulphur cycle were not evidenced in sediment
with Atriplex jubata. The putative functional profile
of the microbiota in the sediment with Atriplex jubata
was significantly related to fermentation process where
organic compounds are rather used as terminal electron
acceptors than oxygen. The presence of this function
can be explained by the biomarker Celerinatantimonas
genus, able to use a wide variety of carbohydrates and to
perform glucose fermentation. This genus also has the
ability to fix N, and forms apparent associations with
the roots of salt marsh grasses (Spartina alterniflora and
Juncus roemerianus) [79]. Biomarkers in Atriplex jubata,
sediment are particularly marked by many chemohetero-
trophic bacteria such as members of the Kangellia, Mari-
noscillium, Amariccocus and Saccharospirillum genera
which obtained their energy through oxidation of organic
compounds [18, 80]. This is the case of (i) the biomarker
belonging to the genus Kangellia (Gammaproteobac-
teria) reported to use lignocellulose or lignocellulose-
derived compounds [81], (ii) the biomarker related to the
genus Marinoscillium (Cytophagales) found in decaying
plant material able to degrade bio-macromolecules [82];
or (iii) the Amariccocus (Rhodobacteraceae) biomarker, a
chemoheterotrophic taxon able to use a wide variety of
carbohydrates and organic acids as a substrate. The sig-
nificant presence of chemoheterotroph lineages in sedi-
ment colonized by Atriplex jubata might be related to
break down organic waste (e.g., uneaten feed, faeces and
dead matter) accumulated in the sediment. In addition,
heterotroph lineages were also largely reported as active
microbiota in shrimp pond sediment during the rearing
period due to the great quantity of accumulated organic
matter that was a nutrient source for bacteria [83—-86].

The putative function in the wet sediment was related
to chitinolysis activity, probably attributed to the
detected biomarker Lysobacter genus (Xanthomonada-
ceae family) (Figs. 3B and 5) which has enzymatic and
lytic abilities. Indeed, this genus is able to lyse several
organisms such as cyanobacteria, fungi, nematodes and
is also involved in the biodegradation of complex com-
pounds as chitin [82, 87]. The detection of the chitino-
lytic functions was interested in our sediment as chitin
is the main component of shrimp exoskeletons, which
can accumulate in pond sediments after shrimp molt or
dying. Indeed, in New Caledonia, when reared in earthen
ponds, Penaeus stylirostris molt every day to every 12
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days [28]. The detected putative nitrate respiration func-
tion in wet sediment can be linked to the biomarkers
from the genus Algoriphagus (Cytophagales order) and
the genus Hydrogenophaga (Comamonadaceae family).
Members of Algoriphagus genus are known to be able to
perform nitrate reduction (NO;~ to N,) [48] while taxa
belonging to the genus Hydrogenophaga are involved in
nitrate reduction through anaerobic DNRA (dissimila-
tory reduction of nitrate to ammonium) [88]. The nitrate
reduction process in an interesting function detected
here, as in New-Caledonia, shrimps are reared in semi-
intensive farming; where feed pellet are distributed
daily and represents the major nitrogen source in the
pond. During the semi-intensive shrimp production, the
shrimps assimilate solely a minor part of the pellet (about
46.7% in semi-intensive farming) [4], leading to a large
accumulation of nitrogen in the sediment from uneaten
feed pellet but also from faeces and dead phytoplankton.
Then, denitrification process is considering as a loss of
nitrogen in the environment occurrence of this function
may thereby reduce nitrogen levels in wet sediment [89].

Considering the dry sediment, there is no signifi-
cant putative microbial function evidenced. Its most
significant biomarker was the Gemmatimonas genus
(Gemmatimonadetes class) reported to be adapted to
moisture-limited conditions [90]. Among the other
biomarkers we evidenced the Phaselicystis genus that
belongs to the Polyangia class. Polyangia class belongs to
the Myxococotta phylum are well-known as micropreda-
tors able to lyse bacteria and eukaryotic organisms as well
as to degrade complex macromolecules [91]. Myxococotta
have also the particularity to form both fruiting bodies
induced by nutrients deficiencies and myxospores resis-
tant to dryness [92, 93]. Thus, dry sediment biomarkers
were composed of bacteria with tolerance mechanisms
to thrive under prolonged drought but no evidenced of
significant taxa involved in carbon, nitrogen nor sulphur
biogeochemical cycles. In accordance with Boyd and
Pippopinyo (1994) [2], our results showed that at some
point, drying the ponds can be detrimental to microbial
activities and counterproductive to enhancing microbial
decomposition of accumulated organic matter. Pond bot-
tom should rather be dried until moisture concentrations
are within the optimum range to maintain bacterial activ-
ities in the sediments. This suggestion is also reinforced
by the lower values of alpha diversity index found in dry
sediment compare to the others treatments.

Focus on suaeda australis microbiota changes through
time and comparison of sediment chemistry with wet and
dry conditions

Sediment microbiota succession

The second part of this study focused on the micro-
bial communities inhabiting the rhizosphere of Suaeda
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australis and the change of their functions through the
experiment. This focus was made, as in our previous
study we have demonstrated that this deep-rooted spe-
cie was efficient to perform nitrogen assimilation using
compounds-derived from shrimp farming effluent [16],
and because Suaeda australis has a greatest potential
to recolonize pond bottoms during long dry periods or
abandoned pond (personal observation). In addition,
investigating the rhizosphere microbiota of Suaeda aus-
tralis and its metabolic activities, was also of great inter-
est as in New-Caledonia, this species could bring another
source of economical input for the farmers. Indeed, cul-
tivation of this halophyte during the drying period could
bioremediate the pond and the leaves could also after
harvest be used in shrimp feed formulation and/or in
human food seasoning, as it is already done in several
countries.

Then, looking at the microbiota changes in sediment
harbouring Suaeda australis, we evidenced its dynamic
through the experiment (Figs. 6 and 7A and B). This
microbial shift therefore resulted in different ecological
function. Thus, on D30 the microbial community was
significantly correlated to fermentation function that may
attributed to chemoheterotroph biomarkers Fluviicola
(Cryomorphaceae family), Idiomarina (Idiomarinaceae
family) and Aestuariibacter (Alteromonadaceae family)
genera [94]. On D90 the microbial community was corre-
lated to S-oxidation functions explained by the presence
of the two biomarkers affiliated to the genera Halofilum
(Ectothiorhodospiraceae family) and Thiohalorhabdus
(Chromatiales order), bacteria capable of sulphide oxi-
dation. On D150, microbial community was significantly
correlated to nitrogen fixation and nitrate denitrification.
Nitrogen fixation was related to photo-autotrophs Cya-
nobacteria (Phormidium, Cyanothece and Nostoc genera)
and the nitrate denitrification to genera Paraccocus and
Defluviimonas reported to reduce nitrate to N, [64]. The
success of sediment bioremediation is not the result of
a single microbial species but must involve a microbial
consortium that combined various guilds with various
metabolic functions [74]. Thus, the changes of the micro-
bial activities over time showed the implication of diverse
microbial guilds that may (1) reduce the accumulated
organic matter in the sediment with chemoheterotrophic
bacteria activities, (2) reduce hydrogen sulphur content
through sulphur oxidation and (3) reduce nitrogen level
through denitrification process.

Sediment chemistry

Regarding sediment chemistry at the end of the experi-
mentation, the greatest nitrate reduction in sediment was
observed with Suaeda australis compared to wet and dry
sediments. In the sediment with Suaeda australis, the
NO;~ concentration was reduced by 91% compared to
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the beginning of the experiment (14.56 to 1.3 mg.kg™?).
We could have attributed this significant NO;™ reduction
solely to a plant nutrition effect; however, this hypothe-
sis is disproven as sediments kept wet and without plant
culture show a non-negligible reduction in NO;~ con-
centration by about 59% (14.56 to 6.11 mg.kg™!). These
results showed that microbial communities also have
a significant role in reducing the nitrate concentration
in sediment. This is coherent with the presence of taxa
involved in denitrification functions in the wet sediment
(Algoriphagus genus) and in the sediment with Suaeda
australis (Paraccocus and Defluviimonas genus). Thus,
the reduction of NO,™ in sediment by Suaeda austra-
lis seemed to be the result of both the plant nutrition
and its rhizosphere microbiota through denitrification
process. In dry sediment, the NO;~ concentration had
slightly decreased about 17% compare to the beginning
of the experiment. Again, this result may reflect the nega-
tive impact of sediment drying on the microbial activities
compared to wet sediment or with halophyte culture.

Reducing nitrogen level in sediment through plant-
microbiota associations such as Suaeda australis and its
rhizosphere microbiota may be a relevant way of shrimp
pond sediment bioremediation. Indeed, high levels of
nitrogen accumulated in pond bottom are mostly due to
uneaten feed, shrimp molt and faeces during the rearing
[4]. In addition, accumulation of nitrogenous compounds
ammonia and nitrite are toxics to the shrimps [95].

The significant reduction of NO;™ and its low resid-
ual concentrations (1.3 mg.kg™') in sediment at the end
of the experiment, may explain the high abundance of
active Cyanobacteria. This could be linked in particu-
lar to the specific microbiota inhabiting the rhizosphere
with Suaeda australis and to the evidenced of Cyano-
bacteria as biomarkers. The Cyanobacteria, are oxygenic
photoautotrophs with low nutritional requirement, able
to fix atmospheric N,, conferring them a competitive
advantage to colonize nutrient-poor environment [62],
and then to be the main lineages at D150 in these sedi-
ments. However, Cyanobacteria occurrence in the sedi-
ment contributes towards in situ primary production by
providing nitrogen sources and increasing the availabil-
ity of natural food resources, which is another important
process in aquaculture bioremediation [74]. However,
it is also important to not totally removed the nitrogen
from the sediment, as it is essential for development of
phytoplankton involved in the primary production of the
shrimp pond [1]. Shrimp pond bioremediation needs the
appropriate combination of plant-microbiota association
as well as sufficient sediment humidity as suggested by
Boyd and Pippopinyo (1994) [2].
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Conclusion and perspectives

To conclude, we evidenced that each halophyte condition
has favour both specific microbiota and putative micro-
bial metabolism functions. This can be explained by the
occurrence of plant-microorganisms’ interactions that
evidenced microbial metabolisms linked to plant roots
exudates compounds. In sediment kept wet, with Tax-
4fun we found less functions related to the category of
microbial metabolisms (Fig. 6B), while in dry sediment
microbial functions were only related to cellular pro-
cesses and genetic information and the alpha diversity
was the lowest.

In the rhizosphere of Suaeda australis we found func-
tions related to denitrification and also sulphide oxida-
tion, whereas Sarcocornia quinqueflora rhizosphere was
related to sulphate reduction and Atriplex jubata to fer-
mentation. Thus, microbial communities related to the
rhizosphere of the 3 halophytes species are differently
related to nitrogen, carbon and sulphur biogeochemical
cycles. We can then underline that Ectothiorhodospira-
ceae family was involved in sulphide oxidation, Geoalkal-
ibacter and Desulfuromonas genera to sulphur reduction,
Paracoccus and Defluviimonas genera to denitrification,
and Celerinatantimonas to fermentation. All these high-
lighted functions are relevant to the bioremediation of
hydrogen sulphide, nitrogen and organic matter accumu-
lated in shrimp ponds.

In wet sediment, microbial communities have
decreased nitrogen level through denitrification func-
tions but in sediment with Suaeda australis the nitrogen
reduction was more important. Thus, efficiency of halo-
phyte bioremediation is a result of both rhizosphere com-
munities and plant nutrition. In sediment kept wet, the
functions of chitinolysis and denitrification highlighted
were relevant for chitin degradation and nitrogen reduc-
tion in sediment. Whereas, for dry sediment, we found a
loss of microbial diversity and no microbial function link
to metabolism or sediment biogeochemical cycle (using
both Tax4fun and FAPROTAX). Thus, the excessive dry-
ing period of shrimp pond sediment practise by shrimp
farmers may not be reliable to maintain sediment micro-
bial decomposition activities. Therefore, the culture of
halophytes in sediments seemed to be more efficient for
bioremediation than dry and wet sediment, by promot-
ing microbial activities. To go further in the analyses, it
would be interesting to increase the scale and scope of
this study by testing halophyte culture directly inside
shrimp earthen ponds coupled to sediment geochemical
and microbial metatranscriptomic analysis.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/540793-023-00512-x.


https://doi.org/10.1186/s40793-023-00512-x
https://doi.org/10.1186/s40793-023-00512-x

Colette et al. Environmental Microbiome (2023) 18:58

[ Supplementary Material 1

Acknowledgements

The authors thank M. BULL Michel from Aigue Marine aquaculture farm for
his support for the project. Thanks go to LAMA Plateform (IRD), Noumea,
New-Caledonia (France) for sediment nitrogen and organic carbon analysis
and MrDNA lab, Shallowater (Texas), for sequencing analysis. Authors would
also thank Ifremer unit from the Department of Biological Resources and
Environment (RBE) and ISEA laboratory (Institute of Exact and Applied
Sciences) for their financial contributions. Thanks also to Valérie Perez to her
help with bioinformatics data. To end, we gratefully acknowledge the referees
for their constructive advices to improve this paper.

Authors’ contributions

L.DP. project funding acquisition. M.C,, LDP. conceptualize and design the
study, perform sediment sampling collection. M.C. perform RNA extraction.
N.C, M.C, D.A, perform PCR amplification and Reverse Transcription. N.C.
provide field metatadata, refine it and supervise bioinformatics analysis. M.C,,
N.C. bioinformatics and statistical analysis, data visualization. M.C. perform
figure, wrote the original manuscript draft. N.C, L.G,, L.DP. reviewed the draft.
All authors read and approved the final manuscript.

Funding

This work was supported by Agence Rurale of New Caledonia and by the
Government of New Caledonia (PhD. research grant). Funding for sequencing
analysis were entirely supported by Ifremer unit from the Department of
Biological Resources and Environment (RBE).

Data Availability
The raw sequencing reads for this study are deposited on NCBI SRA repository
available in: https://www.ncbinlm.nih.gov/sra/PRINA925577.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 11 February 2023 / Accepted: 2 July 2023
Published online: 12 July 2023

References

1. Yang P, Lai DYF, Jin B, Bastviken D, Tan L, Tong C. Dynamics of dissolved
nutrients in the aquaculture shrimp ponds of the Min River estuary,

China: concentrations, fluxes and environmental loads. Sci Total Environ.
2017,603-604:256-67.

2. Boyd CE, Pippopinyo S. Factors affecting respiration in dry pond bottom soils.
Aquaculture. 1994;120:283-93.

3. Funge-Smith SJ, Briggs MRP. Nutrient budgets in intensive shrimp ponds:
implications for sustainability. Aquaculture. 1998;164:117-33.

4. Paez-Osuna F, Guerrero-Galvan SR, Ruiz-Ferndndez AC, Espinoza-Angulo R.
Fluxes and mass balances of nutrients in a semi-intensive shrimp farm in
north-western Mexico. Mar Pollut Bull. 1997,34:290-7.

5. Schimel JP. Life in Dry Soils: Effects of Drought on Soil Microbial Communities
and processes. Annu Rev Ecol Evol Syst. 2018,49:409-32.

6.  Prein M. Integration of aquaculture into crop-animal systems in Asia. Agric
Syst. 2002;71:127-46.

7. FAQ, editor. Integrated mariculture: a global review. Rome: Food and Agricul-
ture Organization of the United Nations; 2009.

8. Ahmed N, Thompson S. The blue dimensions of aquaculture: a global synthe-
sis. Sci Total Environ. 2019;652:851-61.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32,

Page 18 of 20

Islam MA, Jahan N, Quadir QF, Haque SM. Assessment of fish pond sediments
for growth, yield and nutritional quality of indian spinach (Basella alba L). Arch
Agric Environ Sci. 2020;5:33-9.

Joesting HM, Blaylock R, Biber P, Ray A. The use of marine aquaculture solid
waste for nursery production of the salt marsh plants Spartina alterniflora and
Juncus roemerianus. Aquaculture Rep. 2016;3:108-14.

Fierro-Safiudo JF, Rodriguez-Montes de Oca GA, Péez-Osuna F. Co-culture

of shrimp with commercially important plants: a review. Rev Aquacult.
2020;12:2411-28.

Diaz MR, Araneda J, Osses A, Orellana J, Gallardo JA. Efficiency of Salicornia
neei to treat aquaculture effluent from a Hypersaline and Artificial Wetland.
Agriculture. 2020;10:621.

Oliveira V, Martins P, Marques B, Cleary DFR, Lillebg Al, Calado R. Aquaponics
using a fish farm effluent shifts bacterial communities profile in halophytes
rhizosphere and endosphere. Sci Rep. 2020;10:10023.

Webb JM, Quinté R, Papadimitriou S, Norman L, Rigby M, Thomas DN, et al.
The effect of halophyte planting density on the efficiency of constructed
wetlands for the treatment of wastewater from marine aquaculture. Ecol Eng.
2013;61:145-53.

Beyer CP, Gomez S, Lara G, Monsalve JP, Orellana J, Hurtado CF. Sarcocornia
neei: a novel halophyte species for bioremediation of marine aquaculture
wastewater and production diversification in integrated systems. Aquacul-
ture. 2021;543:736971.

Colette M, Guentas L, Gunkel-Grillon P, Callac N, Della Patrona L. Is halophyte
species growing in the vicinity of the shrimp ponds a promising agri-aqua-
culture system for shrimp ponds remediation in New Caledonia? Mar Pollut
Bull. 2022,177:113563.

Ni M, Yuan J, Hua J, Lian Q, Guo A, Liu M, et al. Shrimp-vegetable rotational
farming system: an innovation of shrimp aquaculture in the tidal flat ponds
of Hangzhou Bay, China. Aquaculture. 2020;518:734864.

Thies J, Grossman J. The Soil Habitat and Soil Ecology. In: Uphoff N, editor.
Biological Approaches to sustainable Soil Systems. CRC Press; 2006. pp.
59-78.

Jacoby R, Peukert M, Succurro A, Koprivova A, Kopriva S. The role of Soil
Microorganisms in Plant Mineral Nutrition—Current knowledge and future
directions. Front Plant Sci. 2017;8:1617.

Li K, Chen D, Huang Z, Fu J, Chen Y, Xue T, et al. Effects of shrimp-vegetable
rotation on Microbial Diversity and Community structure in Pond Sediment.
Pol J Environ Stud. 2022;31:2651-63.

Mishra M, Singh SK, Kumar A. Role of omics approaches in microbial biore-
mediation. Microbe mediated remediation of environmental contaminants.
Elsevier; 2021. 435-45.

Rincon-Florez V, Carvalhais L, Schenk P. Culture-Independent Molecular Tools
for Soil and Rhizosphere Microbiology. Diversity. 2013;5:581-612.

Hartmann A, Rothballer M, Schmid M. Lorenz Hiltner, a pioneer in rhizosphere
microbial ecology and soil bacteriology research. Plant Soil. 2008,312:7-14.
Berg G, Smalla K. Plant species and soil type cooperatively shape the struc-
ture and function of microbial communities in the rhizosphere: plant species,
soil type and rhizosphere communities. FEMS Microbiol Ecol. 2009,68:1-13.
Compant S, Samad A, Faist H, Sessitsch A. A review on the plant microbiome:
Ecology, functions, and emerging trends in microbial application. J Adv Res.
2019;19:29-37.

Fan K, Cardona C, LiY, ShiY, Xiang X, Shen C, et al. Rhizosphere-associated
bacterial network structure and spatial distribution differ significantly from
bulk soil in wheat crop fields. Soil Biol Biochem. 2017;113:275-84.

Hartman K, Tringe SG. Interactions between plants and soil shaping the root
microbiome under abiotic stress. Biochem J. 2019;476:2705-24.

Della Patrona L, Brun P. Elevage de la Crevette Bleue en Nouvelle-Calédonie.
Litopenaeus Stylirostris. Bases biologiques et zootechnie. 2009.

IEOM. La crevette bleue de Nouvelle-Calédonie: un produit de luxe bientot
rentable ? 2019.

Giraud C, Callac N, Beauvais M, Mailliez J-R, Ansquer D, Selmaoui-Folcher N,
et al. Potential lineage transmission within the active microbiota of the eggs
and the nauplii of the shrimp Litopenaeus stylirostris: possible influence of the
rearing water and more. PeerJ. 2021,9:¢12241.

Goarant C, Ansquer D, Herlin J, Domalain D, Imbert F, De Decker S. Sum-

mer Syndrome”in Litopenaeus stylirostris in New Caledonia: Pathology and
epidemiology of the etiological agent, Vibrio nigripulchritudo. Aquaculture.
2006;253:105-13.

Certain C, Della Patrona L, Gunkel-Grillon P, Léopold A, Soudant P, Le Grand

F. Effect of salinity and Nitrogen Form in Irrigation Water on Growth, Antioxi-
dants and fatty acids profiles in Halophytes Salsola australis, Suaeda maritima,


https://www.ncbi.nlm.nih.gov/sra/PRJNA925577

Colette et al. Environmental Microbiome

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.
54.

55.

56.

57.

(2023) 18:58

and Enchylaena tomentosa for a perspective of Biosaline Agriculture.
Agronomy. 2021;11:449.

Boyd CE. Bottom soils, sediment, and Pond Aquaculture. Boston, MA:
Springer US; 1995.

Goarant C, Harache Y, Herbland A, Mugnier C, Styli. 2003. Trente ans de
crevetticulture en Nouvelle-Calédonie. Nouméa-Koné; 2004.

Callac N, Boulo V, Giraud C, Beauvais M, Ansquer D, Ballan V et al. Microbiota
of the Rearing Water of Penaeus stylirostris Larvae influenced by lagoon
seawater and specific key microbial lineages of Larval Stage and Survival.
Microbiol Spectr. 2022;:e04241-22.

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA,
Turnbaugh PJ et al. Global patterns of 165 rRNA diversity at a depth of
millions of sequences per sample. Proc Natl Acad Sci USA. 2011;108
supplement_1:4516-22.

Wasimuddin SK, Ronchi F, Leib SL, Erb M, Ramette A. Evaluation of primer
pairs for microbiome profiling from soils to humans within the One Health
framework. Mol Ecol Resour. 2020,20:1558-71.

Callahan BJ, McMurdie PJ, Holmes SP. Exact sequence variants should
replace operational taxonomic units in marker-gene data analysis. ISME J.
2017;11:2639-43.

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA
ribosomal RNA gene database project: improved data processing and web-
based tools. Nucleic Acids Res. 2012;41:D590-6.

Hugerth LW, Andersson AF. Analysing Microbial Community Composition
through Amplicon sequencing: from sampling to Hypothesis Testing. Front
Microbiol. 2017;8:1561.

Cassol I, Ibariez M, Bustamante JP. Unraveling Key features of Microbial Alpha-
Diversity Metrics and their practical applications. Preprint. In Review; 2023.
Kang S, Rodrigues JLM, Ng JP, Gentry TJ. Hill number as a bacterial diversity
measure framework with high-throughput sequence data. Sci Rep.
2016,6:38263.

Chao A, Chiu C-H, Jost L. Unifying species diversity, phylogenetic diversity,
functional diversity, and related similarity and differentiation measures
through Hill numbers. Annu Rev Ecol Evol Syst. 2014;45:297-324.

Giraud C, Callac N, Boulo V, Lam J-S, Pham D, Selmaoui-Folcher N, et al. The
active microbiota of the Eggs and the Nauplii of the Pacific Blue shrimp Lito-
penaeus stylirostris partially shaped by a potential Vertical transmission. Front
Microbiol. 2022;13:886752.

Chong J, Liu P, Zhou G, Xia J. Using MicrobiomeAnalyst for comprehensive
statistical, functional, and meta-analysis of microbiome data. Nat Protoc.
2020;15:799-821.

Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, et al. Metage-
nomic biomarker discovery and explanation. Genome Biol. 2011;12:R60.

Liu C, Cui Y, Li X, Yao M. microeco: an R package for data mining in microbial
community ecology. FEMS Microbiol Ecol. 2021;97:fiaa255.

ABhauer KP Wemheuer B, Daniel R, Meinicke P. Tax4Fun: predicting functional
profiles from metagenomic 16S rRNA data. Bioinformatics. 2015;31:2882-4.
Louca S, Parfrey LW, Doebeli M. Decoupling function and taxonomy in the
global ocean microbiome. Science. 2016;353:1272-7.

Sansupa C, Wahdan SFM, Hossen S, Disayathanoowat T, Wubet T, Purahong
W. Can we use functional annotation of Prokaryotic Taxa (FAPROTAX) to
assign the ecological functions of soil Bacteria? Appl Sci. 2021;11:688.

JiR-Q, Xie M-L, Li G-L, Xu'Y, Gao T-T, Xing P-J, et al. Response of bacterial com-
munity structure to different ecological niches and their functions in korean
pine forests. Peer). 2022;10:e12978.

Wemheuer F, Taylor JA, Daniel R, Johnston E, Meinicke P, ThomasT, et al.
Tax4Fun2: prediction of habitat-specific functional profiles and functional
redundancy based on 16S rRNA gene sequences. Environ Microbiome.
2020;15:11.

Pétard J. Les méthodes d'analyse. Analyse de sols. 1993.

Coelho FIRC, Louvado A, Domingues PM, Cleary DFR, Ferreira M, Aimeida A,
et al. Integrated analysis of bacterial and microeukaryotic communities from
differentially active mud volcanoes in the Gulf of Cadiz. Sci Rep. 2016;6:35272.
Cristescu ME, Can Environmental RNA. Revolutionize Biodiversity Science?
Trends in Ecology & Evolution. 2019;34:694-7.

Alteio LV, Séneca J, Canarini A, Angel R, Jansa J, Guseva K, et al. A critical
perspective on interpreting amplicon sequencing data in soil ecological
research. Soil Biol Biochem. 2021;160:108357.

Wood SA, Biessy L, Latchford JL, Zaiko A, von Ammon U, Audrezet F, et al.
Release and degradation of environmental DNA and RNA in a marine system.
Sci Total Environ. 2020;704:135314.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

Page 19 of 20

Chen M-M, Zhu Y-G, Su Y-H, Chen B-D, Fu B-J, Marschner P. Effects of soil
moisture and plant interactions on the soil microbial community structure.
Eur J Soil Biol. 2007;43:31-8.

Bogati K, Walczak M. The impact of Drought stress on Soil Microbial Com-
munity, enzyme activities and plants. Agronomy. 2022;12:189.

Li H,Wang H, Jia B, Li D, Fang Q, Li R. Irrigation has a higher impact on soil
bacterial abundance, diversity and composition than nitrogen fertilization.
SciRep. 2021;11:16901.

Rai AN, Singh AK, Syiem MB. In: Cyanobacteria, editor. Plant Growth-Promot-
ing abilities in Cyanobacteria. Elsevier; 2019. pp. 459-76.

Severin |, Acinas SG, Stal LJ. Diversity of nitrogen-fixing bacteria in cyanobac-
terial mats: diversity of diazotrophs in microbial mats. FEMS Microbiol Ecol.
2010;:n0-no.

Teixeira LM, Merquior VLC. The Family Moraxellaceae. In: Rosenberg E, DeLong
EF, Lory S, Stackebrandt E, Thompson F, editors. The Prokaryotes. Berlin,
Heidelberg: Springer Berlin Heidelberg; 2014. pp. 443-76.

Pujalte MJ, Lucena T, Ruvira MA, Arahal DR, Macian MC. The Family Rhodo-
bacteraceae. In: Rosenberg E, DeLong EF, Lory S, Stackebrandt E, Thompson F,
editors. The Prokaryotes. Berlin, Heidelberg: Springer Berlin Heidelberg; 2014.
pp.439-512.

Tian G, Qiu H, Li D,Wang Y, Zhen B, Li H, et al. Little environmental adaptation
and high stability of bacterial communities in rhizosphere rather than bulk
soils in rice fields. Appl Soil Ecol. 2022;169:104183.

Somers E, Vanderleyden J, Srinivasan M. Rhizosphere bacterial signalling: a
love parade beneath our feet. Crit Rev Microbiol. 2004;30:205-40.
Chaudhary DR, Rathore AP, Kumar R, Jha B. Spatial and halophyte-associated
microbial communities in intertidal coastal region of India. Int J Phytoreme-
diation. 2017;19:478-89.

Liu F, Hewezi T, Lebeis SL, Pantalone V, Grewal PS, Staton ME. Soil indigenous
microbiome and plant genotypes cooperatively modify soybean rhizosphere
microbiome assembly. BMC Microbiol. 2019;19:201.

Yurgel SN, Nearing JT, Douglas GM, Langille MGI. Metagenomic func-

tional shifts to Plant Induced Environmental Changes. Front Microbiol.
2019;10:1682.

George DM, Vincent AS, Mackey HR. An overview of anoxygenic photo-
trophic bacteria and their applications in environmental biotechnology for
sustainable resource recovery. Biotechnol Rep. 2020,28:€00563.

Xia J, Zhao J-X, Sang J, Chen G-J, Du Z-J. Halofilum ochraceum gen. nov., sp.
nov., a gammaproteobacterium isolated from a marine solar saltern. Int J Syst
Evol MicroBiol. 2017:67:932-8.

Avnimelech Y, Ritvo G. Shrimp and fish pond soils: processes and manage-
ment. Aquaculture. 2003;220:549-67.

Barman D. Bioremediation of Waste Waters and Application in aquaculture -
A Mini Review. Res Biotica. 2020;2:20.

Robinson G, Caldwell GS, Wade MJ, Free A, Jones CLW, Stead SM. Profiling
bacterial communities associated with sediment-based aquaculture biore-
mediation systems under contrasting redox regimes. Sci Rep. 2016;6:38850.
Jasmin MY, Syukri F, Kamarudin MS, Karim M. Potential of bioremediation in
treating aquaculture sludge: review article. Aquaculture. 2020;519:734905.
Hedderich R, Klimmek O, Kroger A, Dirmeier R, Keller M, Stetter KO. Anaerobic
respiration with elemental sulfur and with disulfides. FEMS Microbiol Rev.
1998;22:353-81.

Jorgensen BB. Mineralization of organic matter in the sea bed—the role of
sulphate reduction. Nature. 1982,296:643-5.

Muyzer G, Stams AJM. The ecology and biotechnology of sulphate-reducing
bacteria. Nat Rev Microbiol. 2008;6:441-54.

Cramer MJ, Haghshenas N, Bagwell CE, Matsui GY, Lovell CR. Celerinatantimo-
nas diazotrophica gen. nov., sp. nov., a nitrogen-fixing bacterium representing
anew family in the Gammaproteobacteria, Celerinatantimonadaceae fam. nov.
Int J Syst Evol MicroBiol. 2011;61:1053-60.

Parker J. Bacteria. Encyclopedia of Genetics. Elsevier; 2001. 146-51.

Darjany LE, Whitcraft CR, Dillon JG. Lignocellulose-responsive bacteria in a
southern California salt marsh identified by stable isotope probing. Front
Microbiol. 2014;5.

Reichenbach H. The Genus Lysobacter. In: Dworkin M, Falkow S, Rosenberg E,
Schleifer K-H, Stackebrandt E, editors. The Prokaryotes. New York, NY: Springer
New York; 2006. pp. 939-57.

Zhou L, QuY, Qin JG, Chen L, Han F, Li E. Deep insight into bacterial commu-
nity characterization and relationship in the pond water, sediment and the
gut of shrimp (Penaeus japonicus). Aquaculture. 2021,539:736658.



Colette et al. Environmental Microbiome

84.

85.

86.

87.

88.

89.

90.

(2023) 18:58

Song M, Pan L, Zhang M, Huang F, Gao S, Tian C. Changes of water, sediment,
and intestinal bacterial communities in Penaeus japonicus cultivation and
theirimpacts on shrimp physiological health. Aquacult Int. 2020,28:1847-65.
Zhang H, Sun Z, Liu B, Xuan Y, Jiang M, Pan Y, et al. Dynamic changes of
microbial communities in Litopenaeus vannamei cultures and the effects of
environmental factors. Aquaculture. 2016;455:97-108.

Huang F, Pan L, Song M, Tian C, Gao S. Microbiota assemblages of water, sedi-
ment, and intestine and their associations with environmental factors and
shrimp physiological health. Appl Microbiol Biotechnol. 2018;102:8585-98.

Brescia F, Pertot |, Puopolo G. Lysobacter. Beneficial microbes in Agro-Ecology.

Elsevier; 2020.313-38.

Tang S, Liao Y, XuY, Dang Z, Zhu X, Ji G. Microbial coupling mechanisms

of nitrogen removal in constructed wetlands: a review. Bioresour Technol.
2020;314:123759.

Zhu J, He Y, Zhu Y, Huang M, Zhang Y. Biogeochemical sulfur cycling coupling
with dissimilatory nitrate reduction processes in freshwater sediments.
Environ Rev. 2018;26:121-32.

Mujakic I, Piwosz K, Koblizek M. Phylum Gemmatimonadota and its role in the
Environment. Microorganisms. 2022;10:151.

Page 20 of 20

91.  Mohr K. Diversity of Myxobacteria—We only see the tip of the Iceberg. Micro-
organisms. 2018;6:84.

92.  Garcia R, Muller R. The Family Polyangiaceae. In: Rosenberg E, DeLong EF, Lory
S, Stackebrandt E, Thompson F, editors. The Prokaryotes. Berlin, Heidelberg:
Springer Berlin Heidelberg; 2014. pp. 247-79.

93.  Dawid W. Biology and global distribution of myxobacteria in soils. FEMS
Microbiol Rev. 2000,24:403-27.

94.  Bowman JP.The Family Cryomorphaceae. In: Rosenberg E, DeLong EF, Lory
S, Stackebrandt E, Thompson F, editors. The Prokaryotes. Berlin, Heidelberg:
Springer Berlin Heidelberg; 2014. pp. 539-50.

95.  Philip R, Antony P. S. Bioremediation in Shrimp Culture Systems. NAGA, World-
Fish Center Quarterly. 2006;29.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Dynamic of active microbial diversity in rhizosphere sediments of halophytes used for bioremediation of earthen shrimp ponds
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Greenhouse experiment
	﻿Sampling
	﻿RNA extractions, retro transcription and sequencing
	﻿Data analysis and preparation
	﻿Amplicon analysis
	﻿Alpha diversity
	﻿Beta diversity
	﻿Venn diagram
	﻿LEfSe
	﻿Sediment functional community profiling


	﻿Soil chemistry analysis
	﻿Result
	﻿Community succession
	﻿Hierarchical clustering: dendrogram of sediment microbiota


	﻿Sediment microbiota dissimilarities between dry, wet and halophytes conditions
	﻿Dry, wet and halophytes specific microbiota

	﻿Sediment microbiome biomarkers
	﻿Putative microbial metabolic profile associated to biomarkers at the genus level with TAX4FUN in the sediments
	﻿Putative soil function associated to taxa genus levels biomarkers with FAPROTAX
	﻿Focus on suaeda australis (SuaA) microbiota succession through sampling date
	﻿Specific microbiota changes through time

	﻿Biomarkers and soil putative ecological function through time
	﻿Evolution of the sediment content in nitrogen and organic carbon

	﻿Discussion
	﻿Influences of the sediment humidity and halophytes growth on the microbiota inhabiting the rhizosphere
	﻿Halophyte and humidity influences on sediment microbial community functions
	﻿Sediment metabolic profile
	﻿Putative sediment functional profile linked to significant biomarkers


	﻿Focus on suaeda australis microbiota changes through time and comparison of sediment chemistry with wet and dry conditions
	﻿Sediment microbiota succession

	﻿Sediment chemistry
	﻿Conclusion and perspectives
	﻿References


