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Lizárraga-Partida ML (2022)
Metagenomic analysis among
water masses and sediments
from the Southern Gulf of Mexico.
Front. Mar. Sci. 9:1020136.
doi: 10.3389/fmars.2022.1020136

COPYRIGHT

© 2022 Guerrero, Licea and Lizárraga-
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and M. L. Lizárraga-Partida2*†

1Consejo Nacional de Ciencia y Tecnología (CONACyT)- Centro de Investigación en Alimentación
y Desarrollo (CIAD), Centro de Investigación en Alimentación y Desarrollo, A.C. Unidad Mazatlaı́n,
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Selected water masses and sediment samples from the Southern Gulf of Mexico,

were studied by bacterial sequencing the 16S rRNA to establish their community

structure and discuss the results in relation to those reported by other authors

using deep water masses or sediment samples. Forty-five water and 21 sediment

samples were collected at selected sampling localities. Proteobacteria was the

most abundant phylum of the bacterial community in both environments as well

as the class Gammaproteobacteria and the order Alteromonadales. Concerning

the family taxonomic category, Alteromonadaceaewas themost abundant in the

water masses, showing an increase in the deepest water masses. Woeseiaceae

and Kiloniellaceae were the most abundant families in the sediments. The

statistical pairwise comparison among the water masses showed significant

differences between the maximum fluorescence (maxF), the minimum oxygen

(minO), the Antarctic Intermediate Water (AAIW), and the North Atlantic Deep

Water (NADW) water masses. Also, significant differences were observed

between the maxF, minO, AAIW, NADW water masses, and the sediment

environment. It was concluded that the maxF water mass showed significant

differences in the deepest water masses and that the sediment environment

presented a different structure of families from the water environment.

KEYWORDS

Southern Gulf of Mexico, 16S rRNA bacterial communities, deep sea water bacteria,
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1 Introduction

Water mass characteristics in the Gulf of Mexico (GoMex),

have been recorded by Nowlin and McLellan since 1967 (Nowlin

and McLellan 1967). Rivas et al. (2005), indicated that the water

masses registered in the GoMex mainly entered through the

Yucatan Channel. They describe the subsurface water, which

always shows a maximum fluorescence water mass (maxF; 50 to

100 m), and the Tropical Atlantic Central Water (TACW; 400-

600 m) is characterized by a minimum of dissolved oxygen water

mass (minO). The next described water mass is the Antarctic

Intermediate Water (AAIW; 600 -900 m), which is identified by

its minimum salinity, and finally, there is the North Atlantic

Deep water (NADW; 1000 m to maximum registered depth),

presenting low temperatures (4°C), a salinity lower than surface

waters (~35%o), and high dissolved oxygen (>5 mL/L). These

water masses have been detected with CTD equipment onboard

an oceanographic vessel (Figure 1). Therefore, water samples can

be assessed with high accuracy at those specific water masses.

Different studies have identified specific bacterial

communities in water masses and sediments. Agogué et al.

(2011) studied the bacterial communities in the North Atlantic

Ocean transect, concluding that deep water masses hosted

specific bacterial communities. In addition, their results

indicated sharp differences in the bacterial communities’

composition, between water and sediment environments.
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Walsh et al. (2015) also indicated notorious differences in

bacterial communities between the water samples and surface

sediments (0-10 cm), at the Equatorial Pacific Ocean and the

North Pacific gyre.

Therefore, the objective of this study was to characterize the

bacterial communities by sequencing the 16S rRNA from four

water masses and sediment samples located in the Southern

GoMex (SGoMex) collected during three oceanographic cruises,

running between 2015 to 2017, to corroborate differences or

similarities between bacterial communities structure among

water masses, that present different physicochemical

characteristics, but also among water masses and sediments, as

have been reported by other authors using deep water masses or

sediment samples (Agogué et al., 2011; Walsh et al., 2015).
2 Material and methods

2.1 Sample collection

Samples were collected at defined geographic localities

(Figure 2) during three oceanographic cruises (XIXIMI’s; XIX)

onboard the research vessel Justo Sierra (Universidad Nacional

Autónoma de México, UNAM), XIX-4 in September 2015, XIX-

5 in June 2016 and XIX-6 in August-September 2017. Forty-five

water samples were taken from the sampling localities (Figure 2)
FIGURE 1

CTD data of temperature in °C, salinity in PSU, dissolved oxygen in mL/L and fluorescence, registered at sampling localities from the northern
region of the SGoMex. Color dots correspond to color lines.
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at each of the selected water masses: maximum fluorescence

(maxF), minimum oxygen (minO), Antarctic Intermediate

Water (AAIW), and North Atlantic Deep Water (NADW). A

60L sample was collected using three 20-L Niskin bottles fixed in

on oceanographic rosette system, which were closed remotely at

select depths according to data from the Seabird™ CTD,

recording the conductivity, depth, temperature, fluorescence,

and dissolved oxygen onboard. The select depths were related

to the water masses that have been reported for the GoMex

(Rivas et al., 2005). The subsurface water was where the maxF

water mass (50-100 m) was located, the Tropical Atlantic

Central Water (TACW) was where the minO water mass was

recorded (~ 400 m), the next sampling depth correspond to the

AAIW (~1000m), and finally, the deepest water mass

corresponded to the NADW (1200 – maximum sampling

deep), a water mass that originates in the North Atlantic Ocean.

As a sampling strategy, the 20 L Niskin bottles were always

the same for each depth at the sampling localities. Sampling was

performed during the recovery of the rosette and a 5 min

stabilization time elapsed at each sampling depth before the

bottles were closed. According to Bernáldez-Sarabia et al. (2021),

the use of specific bottles for each depth, the 20L Niskin bottles,

as well as the sampling procedure, reduce the risk of

bacterial contamination.
Frontiers in Marine Science 03
Sixty liters of each water layer were passed through a 0.22-

mm Sterivex™ filter (EMD Millipore, Burlington, MA, USA)

after collection. The filters were transported in a liquid nitrogen

container at 4°C to the CICESE laboratory (Ensenada BC,

Mexico) and were stored at -20°C until DNA extraction.

A total of 21 sediment samples distributed in the SGoMex

were collected at select 16 localities during the XIX-4 and XIX-5

cruises (Figure 2) using a Reineck box corer. A subsample from

the surface sediment layer (~10 cm depth) was taken using a

sterile 10 cc cut-off syringe. The samples were immediately

frozen in liquid nitrogen and transported at 4°C to CICESE,

Ensenada BC, Mexico, where they were stored at -20°C until

DNA extraction.
2.2 16S ribosomal RNA extraction,
amplification, and sequencing

DNA from the water samples was extracted using the Wizard

Genomic DNA Purification Kit (Promega, Madison, WI, USA).

For the sediment samples, DNA was extracted using the MoBio

DNA Power Soil kit (MoBio, Carlsbad, CA). The DNA was

extracted according to the manufacturer’s instructions and was

kept at -20°C until use. The quality and quantity of the obtained
FIGURE 2

Water and sediment sampling localities in the SGoMex, for the XIX-4, XIX-5 and XIX-6 oceanographic cruises. Black dots indicate the locaties
were only water was collected and red dots where water and/or sediment were collected.
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DNA were estimated using a NanoDrop Lite spectrophotometer

(Thermo Fisher Scientific, Waltham, MA). The amplified target

was the hypervariable region from V2 to V4 and V6 to V9 of the

16S rRNA gene. The product was sequenced with an Ion Personal

Genome Machine (PGM) system (Thermo Fisher Scientific).

Library construction and sequencing were carried out according

to the Ion 16S Metagenomics Kit protocol (A26216; manual

MAN0010799, Thermo Fisher Scientific).
2.3 Data processing

Raw reads were trimmed with the fastx tools V0.0.14 (http://

hannonlab.cshl.edu/fastx_toolkit/; accessed September 2021),

and then the sequences were filtered at 200 to 400 bp and

quality ≥27 (QC). The obtained sequences were used in the

analyses. Chimeric sequences were removed with Vsearch

V2.15.2 (Rognes et al., 2016), using the Gold database (http://

drive5.com/uchime/uchime_download.html). The chimeric free

sequences were classified into operational taxonomic units

(OTU), implemented with QIIME V1.9 (Caporaso et al., 2010)

using the close reference model implemented at 97% similarity

with the Silva database release 132 (Quast et al., 2013).
2.4 Community structure analysis

The community structure analysis was performed by

processing the OTUs table with Phyloseq V1.30 (McMurdie and

Holmes, 2013) and Vegan V2.5.6 (Oksanen et al., 2017) packages
Frontiers in Marine Science 04
in R V3.6.3 using RStudio. The OTUs table was evaluated to

eliminate Eukaryotic sequences and singletons. The relative

abundance was analyzed with the 25 most abundant families.

The Shannon index was used to calculate diversity and was

implemented using the Microbiome V1.8 package (Lahti and

Shetty, 2017; https://github.com/microbiome/microbiome).

Differences among Shannon diversity index were evaluated by

two-way analysis of variance (ANOVA) followed by Tukey’s

multiple comparison of means (p<0.05), among the water

masses (maxF, minO, AAIW, and NADW) and sediment

samples collected during the XIX-4, XIX-5, and XIX-6 cruises.

Registered values are show in Figure 3 and Table 1.

The community structure was explored with the registered OUTs

with non-metric multidimensional scaling (NMDS) ordination based

on Bray-Curtis distance (999 permutations) implemented in Phyloseq.

The differences in the community structure and samples from the

different water masses and sediments were evaluated with the

Permutational Multivariate Analysis of Variance (PERMANOVA),

accomplish with ADONIS (vegdist, 999 permutes, Bray-Curtis

distance) using pairwiseAdonis V0.4 (Martinez Arbizu, 2017).

Raw reads of 16S rRNA genes sequences analyzed for this

study were deposited in the NCBI’s Sequence Read Archive

(SRA) database under the BioProject (PRJNA831849) and

accession numbers SRR18919396 to SRR18919461.
3 Results

Figure 1 shows the representative physical-chemical data

registered in the water column during the XIXIMI cruises, which
FIGURE 3

Violin representation of the Shannon diversity Index for water and sediment environments. The results are presented according to water
masses: maxF, minO, AAIW, NADW and sediments. The upper lines show the differences between water masses and sediment, based on two-
way ANOVA followed by Tukey’s multiple comparison of means (p <0.05).
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is indicative of the historically reported water masses in the

GoMex. Differences between those water masses were defined by

the CTD recorded parameters. Figure 1 also shows the

homogeneity of the CTD data at the different sampling

localities in the northern region of the SGoMex. The water

masses presented similar profiles for the southern region of the

SGoMex (data not shown). In the localities, A10 and B18 were

registered until 1200 m, with different profiles for temperature,

salinity, and dissolved oxygen, since they are located within the

loop current, in precedence from the Caribbean Sea.
3.1 Microbial community composition
among the water and sediment samples

The microbial community compositions were characterized

based on the hypervariable region V2 to V4 and V6 to V9 from

the 16S rRNA sequencing obtained from 66 water and sediment

samples. From the obtained reads (8,416,840), a low percentage

(~6.4%) were chimeric sequences. The OTUs clustering and

taxonomy assignments were implemented with 7,873,068 (~257

bp) chimeric-free sequences and clustered into 13,784 OTUs.

From those, the OTUs assigned to Eukaryota (~2.9%) and

singletons (~22.5%) were eliminated. Therefore, the analyses

were implemented with 10,269 OTUs. Most of them were

assigned to bacteria (99.25%), and a small percentage were

assigned to archaea (~0.75%).

The Shannon diversity index was 5.33 on average for both

environments. The index for maxF was 4.86, minO was 5.09,

AAIW was 5.02, NADW was 5.18, and sediments was 5.97. The

statistical analysis accomplished with the Shannon diversity

index among the studied environments showed significant

differences between sediments and water masses (Figure 3),

based on two-way ANOVA followed by Tukey’s multiple

comparison of means
Frontiers in Marine Science 05
3.2 SGoMex bacterial community and
relative abundance

3.2.1 Phylum and classes relative abundance in
water and sediment environments

Proteobacteria were the most abundant phylum of the

bacteria community in both environments, representing

~61.99% of the detected bacteria. The other phyla were

Marinimicrobia (SAR406 clade) ~7.82%, Actinobacteria ~6.59,

Acidobacteria ~5.31%, and Bacteroidetes ~4.80%. Forty-three

phyla were detected with <3% relative abundance.

For the water environment, the most abundant phylum was

Proteobacteria (63.39%), followed by Marinimicrobia (SAR406

clade, 11.46%), Actinobacteria (7.48%), Bacteroidetes (6.07%),

Planctomycetes (2.22%), Cyanobacteria (1.72%), Verrucomicrobia

(1.33%), Euryarchaeota (1.25%), Gemmatimonadetes (1.24%), and

Acidobacteria (1.01%). The remaining phyla detected presented

<1% relative abundance. In sediment, the most abundant phyla

were Proteobacteria (59.0%), Acidobacteria (14.52%),

Gemmatimonadetes (5.23%), Actinobacteria (4.68%),

Planctomycetes (3.82%), Rokubacteria (2.32%), Nitrospirae

(2.21%), Bacteroidetes (2.07%), Chloroflexi (1.41%). Other phyla

presented <1% of relative abundance.

At the class taxonomic category, the most abundant classes in

both environments were Gammaproteobacteria (38.72%),

Alphaproteobacteria (16.98%), Deltaproteobacteria (12.28%),

Acidimicrobiia (6.0%), and Bacteroidia (4.74%). The remaining

classes (122) represented <2% of the relative abundance.

For the water environment, the most abundant classes were

Gammaproteobacteria (42.55%), Alphaproteobacteria (18.31%),

Deltaproteobacteria (11.16%), Acidimicrobiia (7.20%),

Bacteroidia (6.41%), Oxyphotobacteria (1.80%), and

Verrucomicrobiae (1.53%). The other classes identified

represented <1.5% of the relative abundance. In the sediment

e n v i r o nmen t , t h e mo s t a b und an t c l a s s e s w e r e
frontiersin.or
TABLE 1 Shannon diversity index among water masses and sediment were evaluated by two-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparison of means (p<0.05).

group1 group2 null.value estimate conf.low conf.high p p sig.

maxF minO 0 0.225 -0.218 0.668 0.613 ns

maxF AAIW 0 0.155 -0.310 0.620 0.881 ns

maxF NADW 0 0.322 -0.131 0.775 0.279 ns

maxF Sediment 0 1.104 0.712 1.497 6.66E-10 *

minO AAIW 0 -0.070 -0.535 0.395 0.993 ns

minO NADW 0 0.097 -0.356 0.550 0.974 ns

minO Sediment 0 0.879 0.486 1.272 3.71E-07 *

AAIW NADW 0 0.167 -0.307 0.642 0.859 ns

AAIW Sediment 0 0.949 0.532 1.367 2.44E-07 *

NADW Sediment 0 0.782 0.378 1.186 9.60E-06 *
The (*), indicates significant statistical differences and the (ns) indicates no significant statistical differences.
g
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Gammaproteobacteria (30.53%), Deltaproteobacteria (14.67%),

Alphaproteobacteria (14.12%), Acidimicrobiia (3.43%), and

Thermoanaerobaculia (2.48%). The other classes identified

represented <2.4% of the relative abundance.

3.2.2 Bacterial orders structure in water and
sediment environments of the SGoMex

At the order taxonomic category, the most abundant orders

in the water and sediment environments were Alteromonadales

(8.71%), SAR86 clade (8.18%), SAR324 clade (Marine group B,

5 .81%) , NB1- j (5 .39%) , Rhodospir i l l a l e s (5 .17%) ,

Actinomarinales (4.77%), and Flavobacteriales (3.8188). The

remaining identified (339) represented <3.5% of the

relative abundance.

For the water environment, the most abundant orders were

the SAR86 clade (12.0%), Alteromonadales (11.36%), SAR324

clade (Marine group B, 8.18%), and Rhodospirillales (7.07%),

The other orders identified represented <5.5% of the relative

abundance. In the sediment, the most abundant orders were

NB1-j (14.70%), Steroidobacterales (7.35%), Rhodovibrionales

(6.81%), AT-s2-59 (5.87%), MBMPE27 (5.02%), and

Actinomarinales (4.03%). The others identified represented

<3.3% of the relative abundance.
Frontiers in Marine Science 06
3.2.3 Relative abundance among families in
water and sediment environments

Concerning the family taxonomic category (Table 2), a total

of 566 families were detected in the water and sediment samples.

The most abundant families in both environments, were

Alteromonadaceae (9.52%), AEGEAN-169 marine group

(5.38%), Thioglobaceae (5.36%), Actinomarinaceae (4.82%),

Woeseiaceae (4.47%), Kiloniellaceae (3.85%), Flavobacteriaceae

(3.66%), and Rhodobacteraceae (3.23%), The other 558 families

represented <2.2% of the relative abundance.

Concerning the water masses, the most abundant families

(Table 2) in the maxF layer were Actinomarinaceae (22.64%),

Flavobacteriaceae (11.40%) Cyanobiaceae (7.38%), AEGEAN-

169 marine group (6.71%) and Rhodobacteraceae (6.70%). At

the minO layer, the most abundant were Thioglobaceae

(14.38%), Alteromonadaceae (11.68%), AEGEAN-169 marine

group (9.59%), Rhodobacteraceae (5.30%), SS1-B-06-26 (5.22%),

and Flavobacteriaceae (4.55%). At the AAIW layer, the most

abundant were Alteromonadaceae (18.10%), Thioglobaceae

(13 .66%) , AEGEAN-169 mar ine group (10 .06%) ,

Alcanivoracaceae (5.85%), and Magnetospiraceae (3.38%). At

the deepest water layer (NADW), the most abundant were

Alteromonadaceae (26.28%), AEGEAN-169 marine group
TABLE 2 Relative abundance (%) of the 25 most abundant families registered in the water masses (maxF, minO, AAIW, and NADW) and sediment.

Family maxF minO AAIW NADW Sediment

Alteromonadaceae 1.421 11.6875 18.1003 26.2866 0.0418

Thioglobaceae 0.2229 14.3822 13.6636 3.788 0.0106

AEGEAN-169 marine group 6.7197 9.5967 10.0657 5.3171 0.0134

Actinomarinaceae 22.6433 2.6474 0.959 0.4731 0.0029

Flavobacteriaceae 11.4013 4.5544 1.8228 1.8034 0.594

Rhodobacteraceae 6.7035 5.3012 1.0583 2.775 1.3582

Woeseiaceae 0.7802 0.7153 0.1607 0.0996 13.0846

Kiloniellaceae 8.00E-04 0.0174 0.0302 0.0616 12.049

Magnetospiraceae 0.3268 1.2744 3.3897 4.5548 1.8459

Microtrichaceae 4.6284 3.3483 1.8513 0.8638 0.4338

Alcanivoracaceae 0.7436 1.3421 5.8565 1.6312 0.0397

Cyanobiaceae 7.382 0.851 0.524 0.3834 0.0038

Clade I 1.6084 1.9555 3.0111 2.0065 0.0041

Methylomonaceae 0.617 0.6377 2.1623 4.8284 0.0073

SS1-B-06-26 0.0979 5.2295 0.0821 1.3362 0.0026

P3OB-42 0.3138 0.6704 2.2961 3.2062 0.152

Bacillaceae 0.2578 2.1915 2.8552 1.1305 0.0679

NS9 marine group 1.9863 1.6926 1.6041 0.6432 0.1178

S25-593 1.4792 0.9416 1.4892 1.8431 0.0019

Hyphomonadaceae 0.5199 1.1929 1.8869 2.1198 0.0035

Cyclobacteriaceae 1.3979 1.2362 0.8459 0.7621 1.441

Colwelliaceae 0.0187 0.0534 0.0786 0.5647 4.9032

uncultured marine archaeon 1.00E-04 1.1748 3.2883 1.1491 0.0016

Methylomirabilaceae 0.001 8.00E-04 0.0042 0.0036 5.2453

Nitrospiraceae 6.00E-04 0.1294 0.0229 0.0298 4.9718
fro
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(5.31%), Methylomonaceae (4.82%), and Magnetospiraceae

(4.55%). In the sediments, the most abundant families were

Woes e i a c e a e ( 13 . 08%) , K i l on i e l l a c e a e ( 12 . 04%) ,

Methylomirabilaceae (5.24%), Nitrospiraceae (4.97%), and

Colwelliaceae (4.90%).

Figure 4 shows bacterial community differences in relative

abundance between the studied environments. The four water

masses present a different family structure, especially the maxF

with the other three. Actinomarinaceae was the most abundant

family at the maxF layer, in contrast to the Alteromonadaceae

family, which showed a progressive increase from the minO level

to the deepest waters.
3.3. Bacterial community structure

Comparative analyses of the microbial communities based

on non-metric multidimensional scaling (NMDS) ordination are

shown in Figure 5 (axes A, B, and C), where is clear the

separation among bacterial communities into three clusters. In

the water column, the maxF samples were grouped in one cluster

and separated from the other water masses (minO, AAIW, and

NADW). The sediment samples were grouped in a cluster that

was separate from the four water samples. In the three axes, the

microbial communities of deep water masses are grouped in one

cluster separated from the maxF and sediment.
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3.4. Comparison between water and
sediment samples from the SGoMex

Based on the statistical differences from PERMANOVA

(p<0.05) test, the pairwise comparison among the OTUs

identified in the water masses (Table 3), showed significant

differences (p=0.001), between the maxF layer with the minO,

AAIW, and NADW water masses, and sediments, also

between the minO layer and the NADW. Non-significant

differences were identified between the AAIW with minO and

AAIW with NADW. Significant differences were registered

among the maxF, minO, AAIW, NADW water masses, and

the sediment environment.
4. Discussion

The water masses of the GoMex have been extensively

described by their physical/chemical characteristics, but

limited information exists about their bacterial communities.

Metagenomics 16S rRNA has opened the possibility to such

characterization, as well as the opportunity to make comparisons

with other water masses from different geographic areas, due to

the standardization of bacterial sequencing analyses. The water

masses described in the GoMex present an stratification

according to their origin that can be detected using the
FIGURE 4

Taxonomic composition and relative abundance of the 25 most abundant families, based on the16S rRNA analysis. Labels on the bottom
indicate cruise, sample, and water mass (ex: XIX-4.A5.maxF).
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dissolved oxygen content, salinity, or temperature onboard an

oceanographic vessel. Therefore, bacteriological sampling was

accomplished accurately at selected water depths.

Water masses show differences between the sub-surface

water mass (photic zone) and the deepest ones. In the photic

zone, there is major phytoplankton and zooplankton

productivity in marine waters, through a complex cycle of

dissolved organic matter, where bacteria play an important

role in the so-called microbial loop (Azam, 1998). Therefore,

is not surprising to find the existence of a particular bacterial

community, where fluorescence is registered at its maximum
Frontiers in Marine Science 08
level, far different from deep water bacteria, where they depend,

mainly, on the organic matter produced at the photic zone.

Nevertheless, statistical analysis show in Table 1, indicate

significant differences in bacterial diversity between water

masses and the sediment, as has been reported by Walsh et al.

(2015). In addition, the diversity of the water column

community, did not display statistically differences among the

studied water masses, indicating that bacterial diversity

presented similar characteristics in the water column.

Most of the studied OTUs, in both environments, were

assigned to bacteria (99.25%), and a small percentage to
TABLE 3 Pairwise comparisons among water masses and sediment environments.

pairs Df Sums Sq F Model R2 p-value p-adjusted p sig

maxF vs minO 1 1.533 4.919 0.182 0.001 0.01 *

maxF vs AAIW 1 1.832 6.175 0.235 0.001 0.01 *

maxF vs NADW 1 2.045 6.943 0.248 0.001 0.01 *

minO vs AAIW 1 0.358 1.235 0.058 0.275 1 ns

minO vs NADW 1 0.721 2.503 0.106 0.04 0.4 ns

NADW vs AAIW 1 0.363 1.345 0.066 0.196 1 ns

maxF vs Sediment 1 3.549 12.914 0.294 0.001 0.01 *

minO vs Sediment 1 3.503 12.948 0.294 0.001 0.01 *

AAIW vs Sediment 1 3.285 12.758 0.305 0.001 0.01 *

NADW vs Sediment 1 3.414 13.268 0.306 0.001 0.01 *
frontiers
The (ns) indicates no significant statistical differences and (*) indicates significant statistical differences, based on PERMANOVA (p<0.05) test.
A B

C

FIGURE 5

Comparative analyses of microbial communities based on non-metric multidimensional scaling (NMDS) ordination axis: (A) 1 vs 2, (B) 1 vs 3, and
(C) 2 vs 3). The sediment samples are represented by a triangle (▴) and water samples by a circle (•) according to water masses (maxF, minO,
AAIW, NADW).
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archaea (~0.75%). Similar results were reported for oil impacted

sediment samples from the Northern GoMex (Kimes et al.,

2013), where the bacteria domain represented 95 to 97% and

archaea 2.2 to 4.2% of the microbial community. Those results

indicate that the Bacteria domain is predominant in different

marine environments, even at oil impacted areas.

The results indicated that Proteobacteria was the dominant

phylum in water and sediment environments in the SGoMex,

as has been reported in different metagenomic studies in

the oceans worldwide. The classes Gammaproteobacteria and

Alphaproteobacterial were dominant, as is also frequently

reported in other studies (Agogué et al., 2011; Biddle et al., 2011;

Rakowski et al., 2015; Walsh et al., 2015, among others).

Particular to the present study, it was found that the family

Alteromonadaceae, was the most abundant in the water masses,

showing an increase in the deepest waters.

Walsh et al. (2015) reported differences in compositional

bacterial communities (based on Bray-Curtis similarity) between

the photic zone (at the deep chlorophyll maximum; DCM), the sub-

photic (below the DCM), and the superficial sediment (0-10 cm) at

the Equatorial Pacific Ocean and the North Pacific gyre. They found

that Cyanobacteria, Flavobacteria, and Alphaproteabacteria were

dominant in the photic-zone samples, instead of in the aphotic

zone, where Alphaproteobacteria, Gammaproteobacteria,

Deltaproteobacteria, and Deferribacteres were dominant. For the

superficial sediments (1-10 cm), Alphaproteobacteria,

Gammaproteobacteria, Deltaproteobacteria, Nitrospira, and

Pnactomycetes were dominant within the bacterial community.

In the present study, the sediment environment displayed a very

different structure of families from the water samples, with a clear

dominance of the families Woeseiaceae and Kiloniellaceae.

According to Rodrıǵuez-Salazar et al. (2021), significant

differences between deep sediments (2800 to 3700 m) and

shallow sediments (20 to 600 m) from the SGoMex were

observed. In this region, taxonomic diversity in the sediments

was found for members of the classes Deltaproteobacteria (12–

35%), Gammaproteobacteria (2–24%), Alphaproteobacteria (1–

20%), and Dehalococcoidia (0.3–17%). In water samples, these

authors reported Alteromonas as the most abundant genus at the

maxF level. In the present study, it was found that the family

Alteromonadaceae have been detected at the maxF, increasing in

abundance towards deepest waters.

Differences among the water masses and sediments are

shown in Table 3, where it is indicated that the maxF samples

registered significant differences for the deepest water masses

and between those water masses with the sediment environment.

These differences are also shown in Figure 5, where all the maxF

samples are grouped in a separate cluster from the deepest

waters and all the sediment samples are grouped in a cluster

separate from the water samples.
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This study revealed that water masses and sediments from

the SGoMex show a dominance of the phylum Proteobacteria,

which has been reported in other metagenomic studies from the

GoMex and from the Pacific and Atlantic oceans. The Class

Gammaproteobacteria is also frequently reported as dominant,

as reported in this study. The reported data worldwide indicate

that the predominance of the phylum Proteobacteria, is a

common trend in di fferent marine environments .

Furthermore, data generated by other authors seems to

indicate that phylum Proteobacteria and the classes

Gammaproteobacteria and Alphaproteobacteria are

predominant in open ocean marine environments.

In the present study, the maxF layer presented a dominance

of Actinomarinaceae family, compared to the deep water

communities, which showed a dominance of the family

Alteromonadaceae (Class Gammaproteobacteria) that

increased progressively to the deepest waters, from the minO

until the NADW. These results confirm that the photic zone

where is registered the maxF water mass, harbor a particular

bacterial community that could be related to the carbon cycle

that take place at surface waters.

Concerning the bacterial community in the water masses,

the maxF water mass and the deepest water masses were

significantly different. In contrast, no significant differences

were found between the minO and the AAIW and with this

water mass and the NADW, suggesting a mix of bacterial

communities within the SGoMex, unlike to results reported by

Agogué et al. (2011). These authors have reported a cluster for

maxF, a second cluster for the AAIW and a third cluster for the

NADW, indicating that separation of those clusters are best

defined at the North of the Atlantic than in the South, reflecting

the importance of the water masses origin, concerning the deep

water bacterial community. According to Rivas et al. (2005), a

renewal of deep water (NADW) take place in the Caribbean Sea,

in a complex process they called “ventilation”; they pointed out

that a similar process could take place in the Gulf of Mexico,

which could explain the mix of bacterial communities among

minO, AAIW and NADW water masses, reported in this study.

Based on PERMANOVA (Table 3) and the NMDS (Figure 5)

analyzes, this study registered a separate cluster for maxF water

mass, as was also reported by Agogué et al. (2011).

The sediment environment revealed a vastly different

bacterial community structure from the water samples,

confirming results reported by other authors (Agogué et al.,

2011; Walsh et al., 2015), probably as result of the higher

concentration and complexity of the organic carbon present in

marine sediments, as a consequence of the marine snow event, as

has been reported by other authors.
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versatile open source tool for metagenomics. PeerJ 4, e2584. doi: 10.7717/peerj.2584

Walsh, E. A., Kirkpatrick, J. B., Rutherford, S., Smith, D. C., Sogin, M., and
D’Hondt, S. (2015). Bacterial diversity and community composition from
seasurface to subseafloor. ISME J. doi: 10.1038/ismej.2015.175
frontiersin.org

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
http://www.bluepencilscience.com/
https://doi.org/10.1111/j.1365-294X.2010.04932.x
https://doi.org/10.1126/science.280.5364.694
https://doi.org/10.1016/j.marpolbul.2021.113116
https://doi.org/10.1038/ismej.2010.199
https://doi.org/10.1038/ismej.2010.199
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.3389/fmicb.2013.00050
https://github.com/microbiome/microbiome/
https://github.com/pmartinezarbizu/pairwiseAdonis
https://doi.org/10.1371/journal.pone.0061217
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.3389/fmars.2015.00069
https://doi.org/10.3389/fmars.2021.625477
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1038/ismej.2015.175
https://doi.org/10.3389/fmars.2022.1020136
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

	Metagenomic analysis among water masses and sediments from the Southern Gulf of Mexico
	1 Introduction
	2 Material and methods
	2.1 Sample collection
	2.2 16S ribosomal RNA extraction, amplification, and sequencing
	2.3 Data processing
	2.4 Community structure analysis

	3 Results
	3.1 Microbial community composition among the water and sediment samples
	3.2 SGoMex bacterial community and relative abundance
	3.2.1 Phylum and classes relative abundance in water and sediment environments
	3.2.2 Bacterial orders structure in water and sediment environments of the SGoMex
	3.2.3 Relative abundance among families in water and sediment environments

	3.3. Bacterial community structure
	3.4. Comparison between water and sediment samples from the SGoMex

	4. Discussion
	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


