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Understanding how biological communities are assembled is central to many
ecological studies. The semi-confined nature of the Red Sea, with limited
exchange of waters with other seas and strong environmental gradients, is an
ideal ecosystem to investigate assembly processes of biological communities.
Sampling through the water column (surface, deep chlorophyll maximum (DCM),
oxygen minimum zone (OMZ), and bottom) along the latitudinal axis of the Red
Sea was undertaken during cruises in 2015/2016. The composition and assembly
of eukaryotic communities were assessed using high-throughput sequencing of
the 18S rRNA gene. Distinct differences were noted in the composition of the
eukaryotic community across the different depth layers. Dinophyceae were more
prevalent in the euphotic zone (surface = 35.3%; DCM = 18.1%), while Syndiniales
had the highest relative abundances in the OMZ (45.9%) and the bottom waters
(52.6%). We showed that the assembly of eukaryotic communities through the
water column was primarily determined by deterministic processes, especially
variable selection due to different environmental conditions. The exception was
between the OMZ and the bottom, where deterministic and stochastic processes
were balanced with homogeneous selection and homogenizing dispersal
dominating, indicating similar environmental conditions and high levels of
dispersal between the layers. Across the latitudinal gradient, environmental
variable selection was predominant in the euphotic zone, most likely driven by
the strong environmental gradients present in the Red Sea. In the aphotic zones,
homogenizing dispersal was more prevalent, especially in the OMZ. Our study
highlights the contrasting assembly mechanisms governing the distribution of
eukaryotic planktonic communities through the water column.
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Introduction

Understanding how biological communities are assembled is
central to many ecological studies. It is generally recognized that a
combination of deterministic and stochastic processes drives the
structure of biological communities, but the relative importance
varies across spatial and temporal scales (Chase, 2010; Chase and
Myers, 2011; Zhou and Ning, 2017). Deterministic processes are
based on the principle of selection imposed on a taxon by
antagonistic and synergistic species interactions and the abiotic
environment (Vellend, 2010; Stegen et al, 2012). Deterministic
processes can be split into two classes. When environmental
conditions are spatially and/or temporally variable, this can drive
high variation in community structures and is referred to as variable
selection (Zhou and Ning, 2017). In contrast, when environmental
conditions do not vary, little variation in community structures are
expected, and this is known as homogenous selection (Zhou and
Ning, 2017). In contrast, stochastic processes are driven by chance
effects such as dispersal and ecological drift, the random fluctuation
of communities (Sloan et al., 2006). Stochastic processes can be
divided into two groups namely homogenizing dispersal and
dispersal limitation. The combination of ecological drift and
limited dispersal can lead to increases in community variation
(Stegen et al,, 2015). In contrast, homogenizing dispersal results
in a more homogeneous community because of high levels of
dispersal (Zhou and Ning, 2017). These ecological theories were
originally developed for terrestrial ecosystems but have been
utilized in the marine environment (Wu et al., 2017; Wu et al,
2018; Pearman et al., 2019; Liu et al., 2020; Hardoim et al., 2021; Li
et al,, 2021; Skouroliakou et al., 2022). The community assembly of
planktonic eukaryotic organisms in the marine environment has
received relatively little attention. However, in a comparison of the
distribution of bacteria and protists through the water column, it
was found that protists were governed by deterministic factors to a
greater extent than bacteria, while the latter presented a wider niche
breadth than protists (Wu et al., 2018). In the East and South China
Sea Wu et al. (Wu et al., 2017) also showed that abundant taxa at the
surface were driven by dispersal limitation, while the rare taxa were
influenced by deterministic processes. In sub-surface layers,
dispersal limitation was the dominant driver for both
sub-communities.

The semi-confined nature of the Red Sea, with limited exchange
of waters with other seas and strong latitudinal environmental
gradients (e.g. salinity, nutrients and temperature), is an ideal
ecosystem to investigate assembly processes. Over the
approximately 2000km extent of the Red Sea, the surface water
salinity rises from 36 in the south to nearly 41 in the north due to
evaporative losses of approximately 2m/year and little to no
freshwater input from either precipitation or terrestrial runoff
(Patzert, 1974; Tragou et al., 1999; Yao et al,, 2014). Temperature
follows the opposite pattern where the 35-year temperature average
in the north-western Red Sea is about 24°C and is 29.5-30°C in the
southern Red Sea (Karnauskas and Jones, 2018). During winter, SE
winds prevail over the Red Sea, driving surface water into the Red
Sea through the Gulf of Aden and increasing mixing in the northern
Red Sea allowing Red Sea Outflow Water and Red Sea Deep Water
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to form in the northern reaches of the Red Sea, sinking to
intermediate depths or to the near-bottom, where they flow
southward and exiting through the Gulf of Aden (Yao et al,
2014; Papadopoulos et al., 2015; Asfahani et al., 2020). In
summer, the prevailing winds are from the NW resulting in
surface water flowing out into the Gulf of Aden alongside the Red
Sea Deep Water (Murray and Johns, 1997).

The eukaryotic planktonic diversity of the Red Sea has been
investigated using fingerprinting techniques (Kiirten et al., 2014),
microscopy, and HPLC (Al-Najjar and El-Sherbiny, 2008;
Touliabah et al., 2010; Kheireddine et al., 2017), as well as
molecular techniques (de Vargas et al., 2015; Pearman and
Irigoien, 2015; Pearman et al., 2016; Pearman et al., 2017; Cordier
et al,, 2022). However, these investigations have drawbacks, with
the studies limited either spatially or temporally. For example,
some studies have a wide spatial coverage but are limited to a
single temporal period (Kiirten et al., 2014; de Vargas et al., 2015;
Pearman et al.,, 2016; Kheireddine et al., 2017), while others
investigate seasonal effects but in a restricted geographic
range (Al-Najjar and El-Sherbiny, 2008; Touliabah et al., 2010).
Further, the majority of the studies focus more on coastal areas
with limited investigations of offshore dynamics (but see
Kheireddine et al., 2017).

To improve the spatial and temporal understanding of the
eukaryotic planktonic community in the offshore waters of the
Red Sea we undertook sampling in four distinct depth layers along
the central latitudinal axis of the Red Sea across five cruises in the
summer and winter of 2015 and 2016. We used 18S rRNA gene
metabarcoding to understand the structure and composition of the
eukaryotic planktonic community through the water column and
along the latitudinal axis of the Red Sea. Using ecological modelling
frameworks, we aim to investigate the roles of deterministic and
stochastic processes on driving the assembly of eukaryotic plankton
communities. Due to the strong environmental gradients through
the water column and along the latitudinal axis of the Red Sea, we
hypothesized: 1) That deterministic processes and especially
variable selection would dominate the assembly processes through
the water column; and 2) that the strong gradients along the
latitudinal axis of the Red Sea would result in variable selection
being the predominant process in assembling the eukaryotic
plankton community in the upper layers of the water column but
the contribution of variable selection would be lower in the deeper
layers as environmental conditions are more homogenous (e.g.
Sofianos and Johns, 2007).

Methods
Sample collection

Samples were collected from ten stations during five cruises in
2015 and 2016 (Supplementary Table 1 for details). Samples were
collected from four distinct layers (surface, deep chlorophyll
maximum (DCM), oxygen minimum zone (OMZ), and the
bottom) through the water column. Surface samples were
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collected at a depth of 5 m. The (DCM) and the oxygen minimum
zones were determined during the downcast of the CTD/rosette
profiler. The DCM ranged from 50 to 95m while the OMZ ranged
from 325 to 570m. Bottom samples were sampled just above the
sediment (~ 5m) with depths ranging between 850m and 2700m,
depending on the station. Water was collected in 10 L Niskin bottles
at the desired depths during the upcast.

For DNA, filtration of 5 L of water (with no prefiltration) was
undertaken through 0.22 pm membrane filters (Millipore) in
triplicate for each depth at each sampling station. The individual
filters were stored in ~ 5 mL of ATL lysis buffer within 15mL tubes
and stored at -20°C until analysis.

For the assessment of nutrient concentrations, 50 mL of water
was filtered through 0.22 pm membrane filters (Millipore) and
frozen until analysis at -20°C. Samples were analyzed for phosphate,
nitrite, nitrate and silicate using a Continuous Flow Analyzer from
(SEAL AutoAnalyser 3 with XY2/3 Sampler).

DNA extraction and sequencing

DNA was extracted from the filters using a bead beating and
phenol:chloroform methodology. Briefly, 540 pL ATL buffer
(Qiagen) and 60 uL proteinase K (20 mg mL™") was added to a
2 mL Eppendorf containing the filter. These tubes were incubated at
55°C for 30 min after which 15 mg of 0.1 mm zirconia/silica beads
were added. An equal volume (600 UL) of phenol:chloroform:iso
amyl alcohol (IAA; ratio 25:24:1) was added to the samples, and
cells were lysed using Qiagen’s Tissue Lyser IT machine for 3 min at
30 shakes per second. A single round of chloroform:IAA (ratio of
24:1) was undertaken after the aqueous layer was removed and
DNA was precipitated using 0.6 vol. isopropanol. Precipitated DNA
was resuspended in DNase-free water after being washed using
70% ethanol.

Polymerase chain reactions (PCRs) were undertaken using 5 ng
of DNA and targeted the 18S rRNA gene (v4 region) using the
primers (TAReuk454Fwdl: CCAGCASCYGCGGTAATTCC;
TAReukRev3: ACTTTCGTTCTTGATYRA) designed by Stoeck
et al. (2010). PCR conditions were as described in the Stoeck
protocol, except that the second round of amplification did not
use varying temperatures but a steady 49°C. PCR reactions for each
sample were undertaken in duplicate and pooled together. A no-
addition negative was included during each PCR run and an agarose
gel was used to check that amplification had not occurred in the
negative. No sequencing of the negatives was undertaken.

Samples were cleaned and normalized with a SequalPrep
Normalization Kit (Thermo Fisher) and MiSeq library
preparation was undertaken following the Illumina 16S
metagenomic sequencing library preparation protocol (https://
support.illumina.com/documents/documentation/
chemistry_documentation/16s/16s-metagenomic-library-prep-
guide-15044223-b.pdf) except for the second round clean-up, which
was again performed using the SequalPrep Normalization Kit.
Sequencing was performed on a MiSeq sequencing platform (2 x
300 bp paired end sequencing) at the King Abdullah University of
Science and Technology (KAUST) Core Laboratory. Raw reads
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were submitted to the NCBI Single Read Archive (SRA) under the
accession: PRJNA955000.

Bioinformatics

To remove the primer sequences, raw reads were processed with
cutadapt (Martin, 2011) with a maximum mismatch of one allowed.
Subsequent to the removal of the primers, processing was
undertaken with DADA?2 (Callahan et al., 2016) within R (version
4.2.2; R Core Team, 2022). Reads were trimmed to 230 and 228 bp
(maximum number of expected errors (maxEE): forward = 4,
reverse = 6). Reads that failed to reach the set thresholds were
removed from the analysis. The first 10° bp of the remaining reads
were used to construct a parametric error matrix which was
subsequently used for the inference of Amplicon Sequence
Variants (ASVs). Subsequently paired-end reads were merged
(maximum mismatch of 1 bp; minimum overlap of 10 bp) and
the resulting ASVs were then checked for chimeras using the
removeBimeraDenovo script within the dada2 v 1.26 package.
The quality checked ASVs were assigned a taxonomy against the
PR2 database (v4.14; Guillou et al., 2013) using the rdp classifier
(Wang et al,, 2007) with a bootstrap threshold of 70 to enable
classifications at higher taxonomic levels.

Statistical analysis

Principal Component Analysis (PCA) was undertaken using
base R on the environmental data to give an indication of the
environmental gradients sampled. Numeric data (nutrients and
depth) was scaled and centered in vegan and season was a factor
(2015 winter, 2016 summer and 2016 winter). The PCA was
visualized with ggfortify v0.4.14 (Horikoshi et al., 2022) and
ggplot2 v3.3.6 (Wickham, 2016).

Further processing of the ASV data was undertaken using the R
package phyloseq (version 1.44; McMurdie and Holmes, 2013). To
minimize the possibility of spurious ASVs in the data set, for an
ASV to be present in a sample, it had to occur in at least two of the
three biological replicates of that sample. If the ASV only had reads
in a single replicate, then the abundance of that ASV in that sample
was converted to zero. For the comparison of samples, replicates
were merged (summed), and samples were subsampled to an even
depth of 27900 reads. This resulted in a total of 7274 ASVs across
the rarefied dataset. A microbial subset was constructed which had a
total of 6592 ASVs at an even depth of 23911 reads while a non-
microbial metazoan dataset had 361 ASVs at a depth of 2030 reads,
removing 18 samples (see Supplementary Table 1 for details of
those samples missing) due to low read abundance of this group.

Analysis was undertaken down the water column (vertical) in
winter 2015 (DS17, DS1, NR3, NR2, NR1, SR3, SR4, SR5; Figure 1)
and 2016 (DS17 summer, DS1 summer, NR3 summer, NR2
summer, NR1 summer, SR1 winter, SR2 winter and summer, SR3
winter and summer, SR4 winter, SR5 summer; Figure 1) and
latitudinally for the winter 2015 (DS1, DS1, NR3, NR2, NR1, SR3,
SR4, SR5; Figure 1) subset of the data as this sampling effort had the
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FIGURE 1
Map of the stations sampled during the investigation.

most complete transect in a single season. Sites used for each
analysis are further detailed in Supplementary Table 1.

Alpha diversity was calculated as the number of ASVs per
sample using estimate_richness in R’s phyloseq and differences
amongst depths were tested using the Kruskal Wallis test as the
data were not normally distributed. Pairwise comparisons were
undertaken using the pairwise Wilcox text with p values adjusted
for multiple comparisons using the Benjamini-Hochberg algorithm.
The numbers of shared and unique ASVs per depth layer were
visualized using ggvenn v0.1.10 (Yan, 2021). Gamma diversity was
measured as the number of ASVs across all samples.

Permutational analysis of variance (PERMANOVA; Anderson,
2017) was used to assess multivariate differences in the community
structure with the factors Depth Layer (4 levels: Surface, DCM,
OMZ, Bottom) and Season (3 levels: 2015 winter, 2016 summer,
2016 winter). Bray-Curtis distance matrices constructed with the
vegan v2.6-4 library (Oksanen et al., 2007) were used for the
multivariate analysis. Figures were visualized with ggplot2.

Frontiers in Marine Science

Variation partitioning based on distance based redundancy
analysis was undertaken using the environmental variables
measured and spatial distance calculated between the sampling
stations. Environmental variables consisted of temperature, salinity,
silicate, nitrate, nitrite and phosphate and the values were centered
and scaled prior to inclusion in the variation partitioning. Distance
based Moran’s eigenvector maps ((bMEM) were calculated from a
geographic distance matrix in adespatial v0.3-21 and used as spatial
variables. Bray-Curtis distance matrices were used as the response
variable in the variation partitioning using the function varpart in
the package vegan.

Ecological modelling frameworks developed and adapted by
Stegen and colleagues (Stegen et al., 2013; Stegen et al.,, 2015) were
used to assess the processes that contributed to the assembly of the
eukaryotic communities. These processes were assessed on a
microbial subset and a non-microbial metazoan subset of the
community as well as the total community at the ASV level. For
the vertical dataset pairwise comparisons were calculated amongst
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for each sampling point (station/season) individually (there were no
between station/season pairwise comparisons). For the latitudinal
analysis pairwise comparisons were undertaken amongst those
stations sampled in winter 2015 at each depth layer). A schematic
representation of the process for identifying the assembly process is
shown in Figure 2 and described below. Phylogenetic turnover
between pairs of samples was assessed by calculating the mean
nearest-taxon-distance (SBMNTD; Fine and Kembel, 2011) with the
msa v1.30.1 (Bodenhofer et al., 2015) and phangorn v2.11.1 (Schliep,
2011) packages. This was achieved by calculating the phylogenetic
distance between each ASV in a community and its nearest relative
in the pairwise community. Assuming that ecological selection was
not the primary cause of differences in pairs of samples a null
distribution of SMNTD was calculated using the R packages picante
(Kembel et al., 2010) and iCAMP v1.5.12 (repetitions = 999, Ning
et al., 2020). The beta-nearest-taxon-index (SMNTI) was calculated
from differences between the null model and the observed SMNTD
values, normalized by the standard deviation. Deviations away from
the null model indicated the prevalence of deterministic processes.
MNTT values < -2 are attributed to homogeneous selection, which
is a result of environmental conditions being similar, leading to
consistent selective pressures and leading to low levels of change in
the community. Conversely, the second deterministic processes,
variable selection, is when higher than expected pairwise differences
in community are observed (SMNTI > 2) due to environmental
differences being sufficient to assert selective pressures on the fitness
differences amongst taxa. If deterministic processes were weak and
did not deviate from the null model, stochastic processes were
evaluated. Based on the Raup-Crick metric adapted to account for
species relative abundances (RCpyay), a stochastic null model was

10.3389/fmars.2023.1295997

calculated. Observed values were evaluated against the null model
and standardized to between -1 and 1 (Stegen et al., 2015).
Deviations away from the null model when combined with weak
deterministic processes were indications that stochastic processes
dominated. Large differences in the community between the
pairwise samples, as indicated by RCpy > 0.95, were suggestive
of dispersal limitation and subsequent compositional drift of the
communities. Higher than expected similarities in the communities
(RCpray values < -0.95) suggested that homogenizing dispersal, here
high rates of dispersal led to similar communities, was the
predominant process. No dominant process were observed if
there were no deviations away from the null model for either the
deterministic or stochastic processes.

Results

Principal component analysis showed a distinct separation in
environmental characteristics along the depth gradient especially
between the photic and aphotic zones, with the samples in the
oxygen minimum zone and bottom depth layers being colder and in
general more nutrient-rich while those at the surface and DCM
were warmer with lower concentrations of nutrients (Figure 3;
Supplementary Figure 1). Temperature was more variable
temporally in the surface and DCM than the aphotic zone
(Supplementary Figure 1).

Variation partitioning showed that environmental variables
accounted for the highest proportion of explained variation
(Total:19.4%; Microbial: 25.3%; Non-microbial metazoans: 8.1%)
compared with depth (Total 5.7%; Microbial: 5.2%; Non-microbial

RMNTI
BMNTI < -2 BMNTI > 2
Homogeneous Variable
Selection Raup-Crick Selection
RCypray< -0.95 RCpray > 0.95

Homogenizing
Dispersal

FIGURE 2
Schematic of the pipeline for the Stegen framework [7, 43].
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FIGURE 3

Principal Component plot of environmental variables of sampling stations and layers in the Red Sea. Points are colored by depth layer. The green
colors represent the depth layers in the photic zone while the blues are from the aphotic zone. DCM, Deep Chlorophyll Maximum; OMZ, Oxygen
Minimum. Si02, Silicate; NO2, Nitrite; NO3, Nitrate; PO4, Phosphate; Dep, Depth; Temp, Temperature; Sal, Salinity.

metazoans: 2.5%) and horizontal distance (Total 1.9%; Microbial:
2.1%; Non-microbial metazoans: 4.4%; Figure 4; Supplementary
Figure 2). There was also a high proportion (Total 9.6%; Microbial:
20.6%; Non-microbial metazoans: 5.7%) that was explained by a
combination of environmental variables and depth. However, a
large proportion of the variation was not explained in the

variation partitioning.

Residuals = 0.471

Values <0 not shown

FIGURE 4

Multivariate analysis showed a significant interaction in the
community structure with depth layer and season for both the
microbes (PERMANOVA: F = 2.3, p = 0.001; Figure 5A) and the
total community (PERMANOVA: F 2.0, p 0.001;
Supplementary Figure 3).

For the non-microbial metazoans there was no significant
interaction (PERMANOVA: F = 1.2, p = 0.23; Figure 5B) but

Residuals = 0.758

Values <0 not shown

Variation partitioning of the microbial community (A) and non-microbial metazoans (B) by environmental variables (Env), Depth, and spatial distance
between stations (Dist). Community dissimilarity was based on Bray-Curtis.
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FIGURE 5

Principal Coordinate Analysis (PCoA) plot showing the distribution of samples for the microbial subset (A) and non-microbial metazoans (B) based on
Bray-Curtis dissimilarity with points colored by depth layer and shaped by season. The green colors represent the depth layers in the photic zone

while the blues are from the aphotic zone

depth (PERMANOVA: F = 5.6, p = 0.001) and season
(PERMANOVA: F = 2.2, p = 0.009) were independently significant.

Vertical patterns in species distribution

Considering that the principal component analysis indicated
substantial differences in the environmental variables across the
vertical profile, we first investigated changes in the community
patterns across the depth layers.

There were significant differences in the number of ASVs
observed in the depth layers in the microbial (Kruskal-Wallis:
chi-squared = 20.9; p< 0.001; Figure 6A), and total community
(Kruskal-Wallis: chi-squared = 20.8; p< 0.001, Supplementary
Figure 4A) however not in the non-microbial metazoans
(Kruskal-Wallis: chi-squared = 2.11; p=0.55). The DCM had the
highest mean alpha diversity (827 + 434 ASVs) overall as well as in
the microbial (778 + 410 ASVs) and non-microbial metazoan (34 +
20 ASVs) subsets. For the total community pair wise tests indicated
that there was no significant difference between the DCM and the
surface (492 + 401 ASVs; Pairwise Wilcox: p = 0.08) with the DCM
being significantly different from the other layers in the microbial
component. The lowest average diversity was observed in the
bottom layer for the total community (230 + 186 ASVs) as well
as the microbes (206 + 162 ASVs) while the OMZ had the lowest
values for the non-microbial metazoans (24 + 10 ASVs). The
bottom layer had significantly lower diversity compared to the
other layers for the total community (Pairwise Wilcox: Surface p =
0.019; DCM p = 0.001; OMZ p = 0.008) and microbes (Pairwise
Wilcox: Surface p = 0.024; DCM p < 0.001; OMZ p = 0.006) but for
the non-microbial metazoans there was no significant difference
with other layers. A total of 312 ASVs (4.3% of the gamma diversity)
were shared amongst the depth layers with 4,164 ASVs (57%) being
observed in only a single depth layer (Supplementary Figure 4B).
The ASVs shared across depths accounted for 51.2% of the total
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reads in the dataset. A similar pattern was observed for the microbes
with 256 ASVs (3.8% of gamma diversity) shared amongst all depth
layers and 3772 ASVs (57%) being unique to a single depth layer
(Figure 6B). For the non-microbial metazoans 47 ASVs (13.0%)
were shared amongst all layers and 192 ASVs (52.6%) were unique
to a single layer (Figure 6B).

Overall (all stations combined), the eukaryotic planktonic
community in the euphotic zone (surface and DCM) pre-
dominantly comprised the classes Dinophyceae (surface = 35.3% -
51.4% of microbial; DCM = 18.1%; 24.2% of microbial; Figure 7),
Syndiniales (surface = 23.9%; 34.5% of microbial; DCM =35.7%;
44.9% of microbial; Figure 7) and Hexanauplia (surface = 25.5%;
85.5% of non-microbial metazoa; DCM =17.0%; 85.7% of non-
microbial metazoa; Figure 7). The Paracalanidae family (class
Hexanauplia) had the highest relative abundance (13.6%; 41.5%
of non-microbial metazoa) in the surface layer, followed by the
Dinophyceae family Gymnodiniaceae (10.7%; 16.1% of microbial;
Figure 7). Group I clades 1 and 4 also had high relative abundances
at the surface (6.1%; 9.0% of microbial and 5.0%; 7.4% of microbial
respectively). The Polycystinea family Astrosphaeridae had the
highest relative abundance (7.4%) in the DCM (Figure 7).
Syndiniales families Group II clade 10 + 11 (5.7%; 7.2% of
microbial), Group I clades 1 (5.1%; 6.8% of microbial) and 4
(5.1%; 6.8% of microbial) and Group I clade 5 (5.3%; 6.4% of
microbial) were also prevalent at the DCM. Mamiellophyceae
(3.0%), and especially the family Bathycoccace peaked at the
DCM. Syndiniales became the dominant group in the oxygen
minimum and bottom layers, where they accounted for 45.9%
(47.0% of microbial) and 52.6% (56.4% of microbial) of reads,
respectively (Figure 7). Compared to the photic zone, there was a
different composition of Syndiniales, with Group II clade 7 being
dominant in both layers [OMZ: 26.7% (27.2% of microbial);
Bottom: 16.9% (17.8% of microbial)]. Acantharea also contributed
substantially to the community in these layers accounting for 32.2%
(33.0% of microbial) and 25.8% (27.2% of microbial) of reads,
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respectively. Polycystinea were prevalent (12.0% (12.7% of
microbial); predominantly of the family Astrosphaeridae) in the
OMZ layer, while the radiolarian class RAD-B (8.4%; 9.7% of
microbial) and Hydrozoa (4.6% (67.9% of non-microbial
metazoans); predominantly Diphyidae) were most abundant in
the bottom layer (Figure 7).

Investigation of the assembly processes of all ASVs across the
depth profiles within stations showed that for the microbial
community deterministic processes and especially variable
selection were dominant when comparing the surface and DCM
(photic) with the other depths (aphotic) (Figure 8; Supplementary
Table 2). Homogenizing dispersal (76%) was the dominant
assembly processes between the oxygen minimum zone and
the bottom.

For the non-microbial metazoans assembly processes were
different with no dominant process being the predominant
classification for most comparisons. Consequently, variable
selection comprised a smaller proportion although still accounted
for a substantial amount of the pairwise comparisons between the
photic and aphotic zones (Supplementary Figure 5).

As the majority of the ASVs belonged to the microbial
component the assembly processes for the total community closely
matched those of the microbial subset (Supplementary Figure 6).

Frontiers in Marine Science

Latitudinal patterns in species distribution

Using the 2015 subset of the data, as it was the most complete
transect in a single season, we investigated latitudinal patterns along
the transect. In total, 282 microbial ASV's (5.9%) were present in all
the stations, with 1731 ASV's (36.1%) only present in a single station
(irrespective of depth). When separated by depth, the highest
proportion of ASVs shared amongst all stations was in the
bottom layer (5.6%), followed by the oxygen minimum layer
(5.0%). The surface and DCM layers had a lower proportion of
shared ASVs, accounting for 2.7% and 2.7%, respectively. Similar
overall patterns were observed for the non-microbial metazoans
with only 6 (2%) of ASV's being shared amongst all stations. When
separated by depth only one or two ASV's were shared amongst the
stations except for in the OMZ where six (6.5%) were shared.

At the family level, there were some differences in the
distribution of taxa (Figure 9). In the surface, the dinoflagellate,
Gymnodiniaceae had higher relative abundances in the northern
and central Red Sea (DS17, DS1 and NR1-3) compared with the
southern Red Sea stations (SR3-SR5; Figure 9A). The opposite trend
was observed for the zooplankton family Paracalanidae, which
reached a maximum relative abundance in the surface of 58% of
non-microbial metazoans (Figure 9B). A similar trend in the
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distribution of Gymnodiniaceae and Paracalanidae was also
observed at the DCM, with Astrosphaeridae having higher
relative abundance in the northern half of the Red Sea and
especially NR2 (35% of microbial). In the oxygen minimum layer
(Figure 9), Astrosphaeridae was more predominant in the southern
Red Sea (max: SR3 - 40%), although it still accounted for 20% in
NR2. Acantharea 1 and Dino-Group II Clade 7 showed a relatively
even abundance throughout the transect in the oxygen minimum
layer, although a decrease in relative proportion was seen in the
most southerly station sampled (SR5; 8.5% and 8.6%, respectively).
In the bottom layer, Acantharea 1 and Dino-Group II Clade 7 were
the dominant taxa throughout the transect, although there was a
decrease in the relative abundance of Dino-Group II Clade 7 in the
more southerly stations (Figure 9).

The Stegen modeling framework inferred that variable selection
was the dominant assembly process amongst stations for the
microbial community in the surface and DCM layers accounting
for 82% and 76% of pairwise comparisons, respectively (Figure 10;
Supplementary Table 3) with homogenizing dispersal accounting
for the remainder (except for one homogeneous selection
comparison in the DCM). In contrast, at the oxygen minimum
zone, homogenizing dispersal was the predominant assembly
process (75%), with variable selection (14%) and homogeneous
selection (11%) accounting for small proportions (Figure 10). In the
bottom layer, homogenizing dispersal (53% of pairwise
comparisons) is predominant with variable selection accounting
for 43%, with a small contribution from homogenous selection (4%)
amongst the stations in the northern Red Sea (Figure 10). In the
bottom layer, pairwise comparisons that were inferred to have
variable selection as the dominant assembly process generally
involved stations in the southern Red Sea (Figure 10).
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For the macro-metazoans no dominant process was the
dominant component in all layers. In the surface variable
selection was also prevalent (Supplementary Table 3;
Supplementary Figure 7) however dispersal limitation was a
substantial component of assembly processes in the DCM (19%)
especially between the stations at the extreme ends of the Red Sea.

For the total community similar patterns were observed as to
the microbial community (Supplementary Table 3;
Supplementary Figure 8).

Temporal patterns

Stations SR2 and SR3 had samples taken in the summer and
winter of 2016 and the dominant assembly processes between
seasons was homogeneous selection in the surface and bottom
while in the DCM there was variable selection for the microbial
component. No dominant process was the main process for the
non-microbial metazoans. No comparisons were available for the
oxygen minimum. A number of stations (DS17. DS1, NR3, NR2,
NR1, SR3, SR5) were sampled in the winter of 2015 and summer of
2016 allowing seasonal patterns between years to be assessed and
consistent patterns for a number of taxa were observed. In the
surface Gymodiniaceae had an average relative abundance of 9.2%
in winter 2015 and 23.7% in summer 2016. A similar increase in
relative abundance was observed for Dino-Group-1-Clade 1 going
from 4.7% to 9.0%, while Dino-Group II were in general more
abundance in the winter samples in the surface (Supplementary
Figure 9B). In the OMZ, Acantherea 1 had a higher relative
abundance in the summer (44.6%) than the winter (23.3%).
Assembly processes showed that variable selection was
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Assembly patterns for the microbial community along a latitudinal gradient based derived from the Stegen framework [7, 43]

predominant in the surface and DCM while homogenizing
dispersal was prevalent in the comparisons at the OMZ and
bottom for the microbes (Supplementary Table 4). No dominant
process was the main assembly process for the non-microbial
metazoans. Inter-annual comparisons between the winter of 2015
and 2016 were available for SR3 and SR4 showed that variable
selection was the dominant assembly process for the microbial
component in the surface and the DCM. Differences in the relative
abundance of Dinophyceae were noted for both stations that
followed those observed for the seasonal patterns between years
(Supplementary Figure 9) with 2016 having higher relative
abundances for Dino-Group-I-Clade 4 and Gymodiniaceae
compared to 2015 at the surface. The opposite pattern was
observed for Dino-Group-I-Clade 1 and Dino-Group-II-Clade 10
and 11 especially in the DCM (Supplementary Figure 9A).
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Homogenizing dispersal was predominant in the oxygen
minimum and bottom (Supplementary Table 4). Again, no
dominant process was the main assembly process for the non-
microbial metazoans.

Discussion

Eukaryotic diversity and assembly patterns
through the water column

The majority of the ~7300 eukaryotic ASVs were only found in
a single depth zone, with only 4% (312 ASVs) being observed in all
depth layers. However, the latter accounted for over 50% of the
reads. This finding agrees with the global trend observed from the
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surface to the deep-ocean sediment reported by Cordier et al.
(2022). Those shared taxa still showed distinct distribution
patterns through the water column with classes, such as
Dinophyceae and Mamiellophyceae, having high relative
abundances in the photic zone and low relative abundances in the
deeper depth layers. The observed distribution is likely to reflect
that phototrophic organisms are abundant in the photic zone before
dying or being consumed and a proportion sinking through the
water column, where their DNA is still detected. Indeed, Cordier
et al. (2022) calculated that almost half of eukaryotic DNA reads in
deep sea sediments could belong to sinking planktonic organisms.
Care should thus be taken on deriving habitats of species based on
the detection of DNA signatures and future work could incorporate
RNA analysis to better distinguish living organisms through the
water column. Kheireddine et al. (2020) demonstrated that
significant vertical fluxes could occur following winter time
blooms in the northern Red Sea. However, multivariate analysis
of the eukaryotic planktonic community indicated a significant
segregation in the vertical distribution in the open sea. Various
studies across the globe have shown vertical patterns through the
water column for a variety of eukaryotic organisms (Not et al., 2007;
Xu et al., 2018; Giner et al., 2020; Cordier et al., 2022), as well as for
specific groups, including ciliates (Zhao et al., 2017; Canals et al.,
2020) and zooplankton (Pearman and Irigoien, 2015). A significant
difference in the eukaryotic community within the photic zone has
previously been reported in more coastal stations in the Red Sea
(Pearman et al,, 2016; Pearman et al.,, 2017), in agreement with
current findings.

Investigations of assembly processes through the water column
indicated that overall, in agreement with our hypothesis,
deterministic processes and especially variable selection was the
predominant processes driving the differences in the community
compositions. This was especially true for the microbial community
with the non-microbial metazoans having a higher contribution
from no dominant process.

For the microbial community, the prevalence of variable
selection between the photic zone (Surface and DCM) and the
aphotic (OMZ and Bottom) zone would be expected due to the
strong environmental gradients (e.g., light availability, temperature,
salinity, nutrient concentrations) between these layers of the water
column as well as the presence of stratification within the water
column. Indeed, variation partitioning showed that environmental
variables accounted for the highest proportion of the explained
variance in the community. However, there was a high amount of
unexplained variance and further work would need to be
undertaken to explain this. This could include the analysis of
further environmental variables, such as iron or light, likely to
have an effect. But other factors such as non-linear water flow
patterns and biological interactions could also be considered to
improve the explanation of the community variation.

The changes in the microbial community with depth is
highlighted by the reduction in the relative abundance of
phototrophs, such as Dinophyceae and Mamiellophyceae, in the
aphotic zone compared with the surface and DCM. Dinophyceae
were especially prevalent in the photic, a common pattern in the
world ocean (Giner et al., 2020; Cordier et al., 2022), although this
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could partially be related to the high rRNA copy number in
dinoflagellates (Liu et al., 2021). Gyrodinium (family
Gymnodiniaceae) was the predominant genus of Dinophyceae
across the Red Sea basin. While the current study did not aim to
identify taxa to the species level, this genus contains species that are
mixotrophic, allowing them to meet inorganic nutrient
requirements and acquire essential organic nutrients via
bacterivory (Unrein et al, 2007; Hartmann et al, 2012), which
could suggest adaptations to the oligotrophic surface waters of the
Red Sea.

A distinct pattern in the distribution of the parasitic Syndiniales
was observed through the water column, as noted elsewhere
(Guillou et al., 2008). Syndiniales are prevalent through the water
column, but different groups have specificities on the taxa they can
parasitize. Syndiniales Group I clades 1 and 4 were found to be a
substantial component of the planktonic community in the photic
zone, with both declining in relative abundance in the aphotic zone.
Clade 1 has previously been shown to have a uniform distribution in
the water column (Guillou et al., 2008) and further work would be
required to understand the decline in relative abundance in the
current study. Syndiniales Group II clade 7 was prevalent in the
aphotic zones, aligning with previous studies (Guillou et al., 2008;
Duret et al., 2020) and this clade has been speculated to parasitize
deep planktonic taxa such as Radiolarians (Guillou et al., 2008).
Indeed, in the current study, Radiolarian classes such as
Acantharea, Polycystinea and RAD-B had high relative
abundances in the OMZ and bottom depth layers and thus could
be parasitized by the Syndiniales Group II clade 7, accounting for
the clades higher abundance in these depth layers. This highlights
that despite the distinct characteristics of the Red Sea, including
higher temperatures, even at depth, the taxa distributions are
generally conforming to global trends.

Within the photic zone, we showed that variable selection was
the dominant process in driving the assembly of planktonic
communities between the surface and DCM. This is in contrast to
the South Pacific Gyre where environmental conditions were
similar and homogeneous selection dominated (Allen et al,
2020). This indicates that at the stations sampled in this study, a
gradient in environmental conditions was strong enough for
variable selection to predominate. This difference is likely to be
driven by changes in light and nutrient levels, with Dinophyceae
declining in relative abundance in the DCM while the green algal
family Mamiellophyceae becomes more abundant. A similar pattern
was reported for coastal sites in the Red Sea (Pearman et al., 2016;
Pearman et al., 2017), as well as more generally through the world
oceans (Monier et al., 2016; Giner et al., 2020). Bathycoccus was the
dominant genera within the Mamiellophyceae and it has been
suggested that they are more abundant in areas of the photic
zones where nutrients are more prevalent (Choi et al, 2016;
Monier et al.,, 2016; Pearman et al., 2016) and can thus
outcompete mixotrophic genera.

In contrast to our hypothesis, between the oxygen minimum
and bottom layers, variable selection did not play a large role in
assembling the planktonic communities, with homogenizing
dispersal and homogeneous selection instead being important.
Homogenizing dispersal was more prevalent in the winter
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samples while homogeneous selection played an increasing role in
the summer sampling indicating seasonal shifts in the deep-water
column. In the winter sampling homogenizing dispersal was the
dominant process with the implication that there is no limitation in
dispersal between the two layers and a high amount of transfer,
possibly due to dead cells sinking, between the layers. The increased
prevalence of homogeneous selection in the summer samples agrees
with thermohaline characteristics of Red Sea water masses which
indicates that water below ~200m belongs to the Red Sea Deep
Water cell (Sofianos and Johns, 2015) - including both the oxygen
minimum and bottom samples in the current experiment.

Overall, the non-microbial metazoans had a similar general
trend to the microbial community through the water column
although no dominant process was the predominant assembly
process. This could highlight a limitation of this analysis for
multicellular organisms where a large proportion of reads can
belong to a single individual and care should be taken when
drawing conclusions from metabarcoding of macro-organisms.

Latitudinal assembly processes are depth
layer dependent across the sea basin

Assembly processes for the microbial community across the
latitudinal extent of the Red Sea showed differences between the
photic zone and the aphotic zone. In the photic zone, as we
hypothesized, the variable selection was the predominant assembly
process, although homogenizing dispersal was observed between
some stations. This is in agreement with results from the
Malaspina Expedition (Villarino et al., 2022) but contrasts with the
results for phytoplanktonic protists in East and South China Seas,
where stochastic processes were dominant (Wu et al., 2017), and in
the South Pacific Gyre where homogeneous selection was dominant
along a longitudinal gradient (Allen et al., 2020). The unique nature
of the Red Sea, which is a narrow, semi-enclosed body of water with
limited exchange with other seas may explain the strength of variable
selection in the photic zone. Water enters the Red Sea from the Gulf
of Aden through the strait of Bab-el Mandab (Sofianos and Johns,
2002) and then flows northward, resulting in distinct latitudinal
gradients in environmental variables, including temperature, salinity,
and nutrients. Salinity increases from less than 36.6 in the Gulf of
Aden to nearly 40.6 in the north due to significant evaporation.
Temperature is warmest in the south due to the latitudinal gradient in
solar insolation, and nutrients enter the Red Sea from the Gulf, some
already in organic form as phytoplankton biomass and some in
dissolved form in the Gulf of Aden Intermediate Water (Churchill
et al,, 2014; Wafar et al, 2016). In the surface layer, the family
Gymnodiniaceae (class Dinophyceae) is more prominent in the
northern part of the Red Sea. The mixotrophic nature of this
Dinoflagellate family may explain its distribution patterns with the
ability to access inorganic nutrient requirements and essential organic
nutrients in the nutrient poor northern regions giving them a
competitive advantage over phototrophs. However, in the more
nutrient rich southern region of the Red Sea, the mixotrophic
nature is less of an advantage, and the relative abundance of
Gymnodiniaceae declines. Similar patterns in the distribution of
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Dinophyceae have been shown in coastal stations along the
latitudinal extent of the Red Sea (Pearman et al., 2017).

For the non-microbial metazoans, variable selection was the
predominant process in the surface although it was less prevalent in
the DCM where no dominant process and dispersal limitation
accounted for a higher proportion. Paracalanidae were one of the
dominant taxa of non-microbial metazoan in these layers and
showed distinct latitudinal patterns with higher relative
abundances in the southern Red Sea compared to the north. This
distribution may be related to the quantity and quality with
nutrition available to the group. Better quality nutrition has been
shown to affect the productivity of Paracalanidae (Camus et al,
2021) and the higher nutrients present in the southern Red Sea is
likely to improve the quantity of microalgae available for
consumption by copepods. In the DCM dispersal limitation is the
predominant process for the non-microbial metazoans in contrast
to the microbial community where variable selection was
predominant. Villarino et al. (2018) has previously show that
different size planktonic groups have different patterns of
community similarity over spatial distances with larger organisms
having shorter dispersal scales and this could explain the differences
in assembly processes between the two groups and the higher
contribution of distance in the variation partitioning for the non-
microbial metazoans.

In the aphotic zone, homogenizing dispersal played a larger role
in the assembly of microbial planktonic communities, especially at
the oxygen minimum zone. The increased predominance of
stochastic processes in community assembly in deeper waters is
in agreement with Villarino et al. (2022). The dominance in
stochastic processes in deeper water could be explained by a
relatively uniform body of deep water flowing along the basin.
The formation of Red Sea Deep Water and Red Sea Outflow Water
occurring in the northern Red Sea as wintertime cooling causes high
salinity water to sink and mix with deeper water before flowing
southward (Sofianos and Johns, 2015) allowing for homogenizing
dispersal to occur. The characteristics of this region of the water
column vary little along the length of the Red Sea, and thus could
justify how these communities are predominantly assembled by
homogenizing dispersal. The exception to the dominance of
homogenizing dispersal to assembling the planktonic
communities in the aphotic zone was between the northern and
southern Red Sea stations in the bottom layer. While further work
would have to be undertaken to explain these differences in this
study, the southern stations have a distinctly lower concentration of
nitrate in these bottom waters, which could be influencing the
community composition.

Temporal assembly patterns

The PCA and multivariate analysis showed that temporal issues
played a part in structuring the eukaryotic community in the Red
Sea. This is in agreement with previous work undertaken in more
coastal regions of the Red Sea (Pearman et al., 2017). However, due
to the configuration of the cruises, it was impossible to undertake a
detailed investigation of the assembly patterns across seasons and
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years and further work will be required. For two stations (SR2 and
SR3) samples were taken in both the winter and summer of 2016
with homogeneous selection being the dominant processes at the
surface and bottom suggesting that environmental conditions in
these layers did not vary substantially in the four months between
sampling. Two stations were sampled in the same season across the
two years with variable selection being prevalent in the photic zone
possibly linked to the changes in relative abundance in
Dinophyceae groups. Homogenizing dispersal was more prevalent
in the aphotic zone in agreement with the other results for this zone
reported in this study. Other stations were sampled in different
seasons but across the two sampling years making disentangling
seasonal vs annual influences complicated. This is highlighted by
the fact that Gymnodiniaceae and to a lesser extent Dino Group I
Clade 1 had a higher relative abundance in 2016 (both winter and
summer) compared to 2015 while Dino Group II Clade 6, 7, 10 and
11 showed the opposite pattern in the surface. This result makes it
hard to disentangle the contribution of annual and seasonal changes
to the community composition. However, like the within year
seasonal differences variable selection was predominant in the
surface as well as the DCM implying strong differences in photic
zone environmental conditions between seasons. In contrast in the
OMZ and bottom samples homogenizing selection and
homogenizing dispersal were more prevalent indicating high
dispersal and similar environmental conditions prevail even
between years and season. More work would be required to test
these temporal patterns ideally with the stations being sampled
multiple times in a year over a time frame of several years. In an era
of global climate change which is impact marine ecosystems
(Hoegh-Guldberg and Bruno, 2010), understanding temporal
patterns in the ecology patterns and how communities are
shifting in time is vital and further research should be undertaken
in this area.

Conclusion

This study demonstrates the use of environmental genomics in
understanding the assembly processes of eukaryotic plankton across
depth profiles along a latitudinal transect. Distinct differences were
noted in the eukaryotic community across the depth profile, with
deterministic processes predominant between layers except between
the oxygen minimum and bottom waters, where deterministic and
stochastic processes were balanced. Latitudinal assembly patterns of
the eukaryotic plankton were different for the depth layers, with
deterministic processes (especially variable selection) being more
predominant in the euphotic zone compared with the aphotic zone,
where stochastic processes and especially homogenizing dispersal
are more predominant.
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SUPPLEMENTARY FIGURE 1
Boxplots showing the variation in temperature, oxygen and nutrients
amongst the depth layers and temporally.

SUPPLEMENTARY FIGURE 2

Variation partitioning of the eukaryotic community by environmental
variables (Env), Depth, and spatial distance between stations (Dist).
Community dissimilarity was based on Bray-Curtis.

SUPPLEMENTARY FIGURE 3
Principal Coordinate Analysis (PCoA) plot showing the distribution of samples for the
total community based on Bray-Curtis dissimilarity with points colored by depth layer.

SUPPLEMENTARY FIGURE 4
The number of ASVs for the total community in each depth layer (A) and the
number of ASVs that are shared amongst depth layers (B).

SUPPLEMENTARY FIGURE 5
Assembly patterns for the non-microbial metazoan community through the
water column based derived from the Stegen framework [7, 43].
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