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Abstract

Copepods are dominant members of the zooplankton and the most abundant forms of life. Studying the bacterial diversity

associated with copepods will helps in understanding the impact of global climate change on these organisms. It is important

to address the core microbiome of copepods which has a key role in their host health and ocean biogeochemical cycle. Early

studies have identified few bacterial phyla and orders as core microbiome. So to predict the important Operational taxonomic

units (OTUs), we used meta-analysis, and machine learning (RandomForest Classifier) approaches. Also, we explore the

biogeochemical potential of copepods associated bacteriobiome (CAB). Overall, 50 important s-OTUs were predicted by machine

learning; among them, 38 s-OTUs were specific to Calanus spp. and 17 s-OTUs were specific to Acartia spp. Six bacterial

genera were identified as important core sub-OTUs in copepods for the first time, i.e. Micrococcus luteus, Krokinobacter

eikastus, Vibrio shilonii, Acinetobacter johnsonii Burkholderia and Sphingobium. From the PICRUST2 analysis, the potential

genes responsible for methanogenesis (aerobic and anaerobic), methanotrophy and iron fertilization were high in the CAB of

Pleuromamma spp.. The potential nitrogen-fixing genes were relatively high in the CAB of Pleuromamma spp.. Whereas the

potential genes for denitrification were relatively high in the CAB of Temora spp., and the potential Dissimilatory Nitrate

Reduction (DRNA) genes were relatively high in Acartia spp.. All the CAB of the copepod genera investigated in the present

study has potential genes for cobalamin synthesis.
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Abstract 18 

Copepods are dominant members of the zooplankton and the most abundant forms of 19 
life. Studying the bacterial diversity associated with copepods will helps in understanding the 20 
impact of global climate change on these organisms. It is important to address the core 21 
microbiome of copepods which has a key role in their host health and ocean biogeochemical 22 
cycle. Early studies have identified few bacterial phyla and orders as core microbiome. So to 23 
predict the important Operational taxonomic units (OTUs), we used meta-analysis, and 24 
machine learning (RandomForest Classifier) approaches. Also, we explore the 25 
biogeochemical potential of copepods associated bacteriobiome (CAB). Overall, 50 26 
important s-OTUs were predicted by machine learning; among them, 38 s-OTUs were 27 
specific to Calanus spp. and 17 s-OTUs were specific to Acartia spp. Six bacterial genera 28 
were identified as important core sub-OTUs in copepods for the first time, i.e. Micrococcus 29 
luteus, Krokinobacter eikastus, Vibrio shilonii, Acinetobacter johnsonii  Burkholderia and 30 
Sphingobium. From the PICRUST2 analysis, the potential genes responsible for 31 
methanogenesis (aerobic and anaerobic), methanotrophy and iron fertilization were high in 32 
the CAB of Pleuromamma spp.. The potential nitrogen-fixing genes were relatively high in 33 
the CAB of Pleuromamma spp.. Whereas the potential genes for denitrification were 34 
relatively high in the CAB of Temora spp., and the potential Dissimilatory Nitrate Reduction 35 
(DRNA) genes were relatively high in Acartia spp.. All the CAB of the copepod genera 36 
investigated in the present study has potential genes for cobalamin synthesis.   37 
 38 
 39 
 40 
 41 
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Pleuromamma spp., Centropages spp., Calanus spp., methanogenesis, cyanocobalamine. 43 
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1. Introduction  45 
Copepods (Subphylum Crustacea; Class Maxillopoda; Subclass Copepoda) are an 46 

abundant and diverse group of zooplankton in the ocean (Datta et al., 2018; Shoemaker and 47 
Moisander, 2017). They play a key role in the energy transfer within the pelagic food web 48 
(Steinberg et al., 2000). They are also well-known for their wide-ranging and flexible feeding 49 
approaches (Mianrun Chen et al., 2018). Copepods, usually not more than a millimetre in 50 
length, supports a wide range of bacterial associations, due to the release of organic and 51 
inorganic nutrients during feeding and excretion (Shoemaker and Moisander, 2017; Datta et 52 
al., 2018). Exchange of bacterial community between the copepods and water-column is a  53 
well-established fact (De Corte et al., 2014). Moreover, the bacterial association with 54 
copepods differ within the body parts of a copepod, also during the vertical migration and the 55 
life stages (Datta et al., 2018; Moller et al., 2007; Tang et al., 2010). Understanding the 56 
relationship between copepods and its bacterial community could predict the impacts of 57 
future oceanic conditions on copepods. 58 

Next-generation DNA sequencers such as Illumina platforms are known for massive data 59 
generation for understanding CAB. Through sequencing the V3-V4 hypervariable regions of 60 
16S rDNA genes, it was observed that the percentage of Gammaproteobacteria was more 61 
copious in starved Centropages sp. And Acartia sp. than their full gut counterparts 62 
(Moisander et al., 2015). Likewise, Gammaproteobacteria was observed to be abundant in 63 
Pleuromamma sp. (Cregeen, 2016). Also, eight bacterial orders such as Lactobacillales, 64 
Bacillales, Actinomycetales, Rhizobiales, Vibrionales, Pseudomonadales and 65 
Flavobacteriales were found as core members in Pleuromamma spp. (Shoemaker and 66 
Moisander, 2017). The phylum Proteobacteria was identified as core OTUs along with 67 
Actinobacteria and Bacteroidetes in Calanus finmarchicus (Datta et al., 2018). Datta et al. 68 
(2018) found the distinct bacterial communities between the diapause phase and actively 69 
feeding Calanus finmarchicus. The bacterial family, Flavobacteriaceae, was meagre in 70 
copepods during diapause and abundant in actively feeding counterparts. Datta et al. (2018) 71 
reported that Marinimicrobium (Alteromonadaceae) was relatively abundant in deep-72 
dwelling copepods than its shallow counterparts and concluded that the copepods have inter-73 
individual microbiome variations and the factors driving these variations are still unknown. 74 

Moreover, the gut of Calanus species has low pH and different oxygen gradient from the 75 
anal opening to the metasome region. It may selectively have certain groups of bacteria 76 
which could be specialized in iron dissolution, anaerobic methanogenesis (Tang et al., 2011) 77 
and dinitrogen (N2) –fixation (Proctor, 1997). If we assume one copepod per litre of 78 
seawater, the relative contribution of CAB to the total bacteria in seawater would be less than 79 
2–3 orders, but the contribution of CAB to the marine biogeochemical cycles will be 80 
significant (Shoemaker and Moisander, 2017). Already various studies have shown that CAB 81 
has a potential role in biogeochemical processes, such as nitrogen-fixation, (Proctor, 1997; 82 
Scavotto et al., 2015), denitrification (De Corte et al., 2018), carbon, sulfur (Dong et al., 83 
2013) and iron mineralization processes (Tang et al., 2011). It is important to address the core 84 
microbiota of copepods which has a key role in their host health and ocean biogeochemical 85 
cycle. 86 

The masking effect of the abundant bacterial community associated with copepod diet, 87 
copepod life stage, and environmental conditions was considered the main hindrance in 88 
defining core bacterial operational taxonomic units (OUTs; equivalent to species) specific to 89 
copepod genera (example; Wage et al., 2019, Moisander et al., 2015; De Corte et al., 2018), 90 
which we aimed to overcome by using meta-analysis cum machine learning approaches. 91 
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The meta-analysis, a set of methods used to organize and combine “the results of several 92 
reports to create a single, and more precise results” (Ferrer, 1998). It is a powerful approach 93 
(Rocca et al., 2018; Wirbel et al., 2019) to understand the relationship between the copepods 94 
and its associated bacterial community. We analyzed 16S rDNA gene sequences (V3-V4 & 95 
V4-V5 regions; ~16.5 million reads) of CAB belonging to 5 different copepod genera using 96 
Quantitative Insights Into Microbial Ecology (QIIME2) software package (Bolyen et al., 97 
2019). We hypothesized that if copepod genera have specific OTUs then different copepod 98 
has a differential CAB, and the biogeochemical potential of the CAB will differ. We used 99 
Random Forest classifier, a machine learning approach and Phylogenetic Investigation of 100 
Communities by Reconstruction of Unobserved States (PICRUSt2) (Douglas et al., 2020) 101 
analysis to test this hypothesis. 102 
 103 
2. Methodology 104 
2.1 Data collection 105 

We systematically reviewed the studies related to copepod associated microbiome. The 106 
relevant published research articles were searched and retrieved from PubMed, Google 107 
scholar, and SCOPUS using keywords such as copepods gut microbiome, copepod associated 108 
microbiome, copepods gut flora, copepod microbiome and zooplankton associated 109 
microbiome on the Jan 30th, 2020. Apart from the article search, we also searched in public 110 
databases (for published and unpublished ion torrent, pyro and Illumina sequence data) such 111 
as the NCBI-SRA, ENA and figshare using the above-mentioned keywords.  112 

Herein, the terminology 'bacteriobiome' means the total bacterial composition inhabiting 113 
in a specific biological niche (example; copepods), including their genomic content and 114 
metabolic products (Marchesi &Ravel, 2015). It is a well-known fact that host-associated 115 
microbial communities remain essential for maintaining any ecosystems, and any variation in 116 
these communities can be unfavorable, i.e. the human microbiome plays an import role in 117 
development, immunity, and even behavior of their hosts (Gilbert et al., 2018).  118 

Overall of 11 study data were retrieved for meta-analysis (Table S1) containing 549 next-119 
generation sequence libraries. We separately pre-processed every individual file within the 120 
study and prepared the quality control (QC) report (Table 1).  121 

 122 
2.2. Pre-processing 123 

The sequence quality was checked with FastQC tool (Joseph Brown et al., 2017) and the 124 
minimum base per quality for future analysis was fixed as PHRED >25. Based on the QC 125 
high rates of erroneous sequences form Illumina, 454 and ion torrent files (Table 1) were 126 
removed from the further meta-analysis. The two major reasons for the exclusion are 1) 127 
erroneous sequences (of PHRED <25) and 2) Short reads (<200 bps) screened by DADA2 128 
(Callahan et al., 2016) while picking sub-Operational Taxonomic Units (s-OUT). Overall, 129 
Illumina sequences contained better quality than the Ion-torrent and Pyrosequence (Table 1). 130 
Finally, we did meta-analysis with 453 files of copepods associated microbiome to test the 131 
proposed hypothesis.  132 

 133 
2.3. Meta-analysis 134 
2.3.1. Sequence screening and preparations for meta-analysis 135 
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We used Quantitative Insights Into Microbial Ecology (QIIME2) version 2019.10 136 
(Bolyen et al., 2019), for the meta-analysis. QIIME2 pipeline provides a start-to-finish 137 
workflow, beginning with demultiplexing sequence reads and finishing with taxonomic and 138 
phylogenetic profiles. The sequences from the individual study were imported to QIIME2 139 
using CasavaOneEight format, and the quality of the sequences was checked by the default 140 
settings in QIIME2. Based on the sequence quality, the sequence was trimmed, denoised, 141 
aligned and checked for chimera using DADA2 (single and paired-ends sequence were 142 
trimmed based on the length of primer used) (Callahan et al., 2016). The feature table and 143 
representative sequence of each file were merged using QIIME2 feature merge table and 144 
merge representative sequences.  145 
 146 
2.3.2. Taxonomic classification 147 

The merged files were aligned to phylogeny against the Greengene reference sequence 148 
sepp-refs-gg-13-8 using q2-fragment-insertion (Janssen et al., 2018). Incorrect taxonomic and 149 
phylogenetic assignments due to differences in 16S rDNA hypervariable regions and merging 150 
the variable lengths during analysis were solved with q2-fragment insertion technique (SATe-151 
enabled phylogenetic placement in QIIME2 plugin) (Janssen et al., 2018). The core diversity 152 
was calculated before (to calculate the impact on diversity) and after removing mitochondria 153 
(mtDNA) and chloroplast (clDNA) sequence from the dataset. The mtDNA and clDNA 154 
filtered dataset was further used for calculating diversity, taxonomy, important (core) s-OTUs 155 
and the difference in composition estimation using QIIME2 and the diversity graph was 156 
plotted using R phyloseq (McMurdie & Holmes, 2013). We used Unweighted, Weighted 157 
Unifrac and Jaccard distance matrix to compute the beta diversity, and the outcomes were 158 
envisaged using Principal Coordinates Analysis (PCoA) in QIIME2. A Permutational 159 
Multivariate Analysis Of Variance (PERMANOVA) (Anderson, 2017) thru the Unweighted, 160 
Weighted unifrac along with Jaccord distance-based beta-diversity was calculated within 161 
QIIME2. 162 

We also, implement the Analysis Of the Composition of Microbiome (ANCOM) (Mandal 163 
et al., 2015) in QIIME2 plugin to identify the significantly different s-OTUs between the 164 
copepod genera. ANCOM uses F-statistics and W-statistics to determine the difference, 165 
where W represents the vigor of the ANCOM test for the tested number of species and F 166 
represents the measure of the effect size difference for a particular species between the 167 
groups (Copepods). To Predict the important bacteria associated with the copepods, we used 168 
sophisticated supervised machine learning classifier; RandomForest Classifier (Breiman, 169 
2001) in build-in QIIME2. 170 

The mtDNA and clDNA filtered table and representative sequence were also used as an 171 
input for predicting CAB potential metabolic function using Phylogenetic Investigation of 172 
Communities by Reconstruction of Unobserved States (PICRUSt2) (Douglas et al., 2020). 173 
The output abundance KEGG data were analyzed in Statistical Analysis of Taxonomic and 174 
Functional Profiles (STAMP) which includes Principle Component Analysis (PCA) (Parks et 175 
al., 2014) to find the significant difference in potential functions of CAB between the 176 
copepods genera using Kruskal–Wallis H-test (Kruskal & Wallis, 1952) with Tukey–Kramer 177 
parameter (Tukey–Kramer, 2013).  178 

 179 
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2.4. Copepod phylogeny 180 
Cytochrome Oxidase Subunit 1 (COI) gene (mined from Genbank) of 5 copepod genera 181 

(of the present study) constituting 42 COI sequences (28th, Dec 2019) were aligned, and five 182 
consensus sequences, representing from each copepod genera were synthesized using Bio-183 
edit (Hall, 1999). The phylogenetic Neighbor-joining tree was constructed using MEGA ver. 184 
10 (Tamura et al., 2007).   185 

 186 
3. Result and discussion  187 

New bioinformatics tools have been created to cope up with data generated by the next-188 
generation sequencers (Siegwald et al., 2019). To overcome the bias in the tools we used 189 
standard, well-recognized pipelines such as FastQC and QIIME2 demultiplexing statistics for 190 
reading the quality of sequence, DADA2 algorithm for clustering, aligning and filtering of 191 
chimaeric sequences, (Callahan et al., 2016). About, 12% (n=62), i.e. 35 Roche, 6 ion torrent 192 
and 21 Illumina generated sequence files) of the files failed during the QC were removed 193 
from the further analysis. Finally, 453 raw files belonging to 5 different copepod genera were 194 
subjected to downstream sequence analysis. 195 

 196 
3.1. DNA sequence data analysis 197 

We analyzed 16.5 million V3-V4 regions, (except 13 files of V4-V5 archaea specific 198 
primer files of Wage et al., (2019), Table 1) of bacterial-16S rDNA gene sequences that 199 
belongs to 5 copepod genera, i.e. Acartia spp., Calanus spp., Centropages spp., 200 
Pleuromamma spp., Temora spp. After quality filtering through DADA2 package, an average 201 
of 0.1 to 7.8% of sequences was removed (Table 1), and a total of 1, 39, 87, 186 sequences 202 
were used for downstream analysis. The present study represents one of the biggest CAB 203 
related DNA sequence data analyzed to date.  204 

 205 
3.2. CAB diversity (Alpha & Beta) 206 

We found the bacterial diversity Shannon ('H') index for the 5 copepod genera and 207 
Calanus spp. showed the maximum (5.36±1.29), followed by Centropages spp. 208 
('H'=5.029±0.60). Furthermore, the least was observed in Temora spp. 2.78±1.30 (Figure 1). 209 
However, H indices were 2-3 order higher in the ambient seawater than in copepods guts 210 
(Shoemaker and Moisanders, 2017). 211 
 212 
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  213 
Figure.1: Alpha diversity index (Observed PD, Choa1 and Shannon) correspond to CAB 214 

in 5 different copepod genera. 215 
 216 

The Kruskal-Wallis analysis revealed that the H index of Acartia spp. CAB was 217 
significantly different from the Calanus spp., Centropages spp. and Pleuromamma spp.  with 218 
p-value in range from 0.0000002 to 0.0019 (Figure S1a). The differences may be due to their 219 
feeding habit, as Acartia spp. are primarily omnivores, feeds on phytoplankton and 220 
occasionally on ciliates, and rotifers (Saiz et al., 2007). Whereas, some genus in Calanus spp. 221 
like C. finmarchicus is known as filter feeders, and during energy shortfall and reproduction, 222 
they feed on ciliates and other heterotrophic protists (Ohman & Runge, 1994; Nejstgaard et 223 
al., 2001). The H index of Temora spp. was significantly different from Centropages spp. 224 
(p=0.0003) and Pleuromamma spp. (p=0.00006). One should note, Temora spp. frequently 225 
switches its feeding behavior between omnivore and herbivore based on food availability and 226 
season (Dam and Lopes, 2003).  227 
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The Kruskal-Wallis analysis with evenness index of CAB showed that all the copepods 228 
genera have significantly different evenness (p-value: 0.0003 to 0.03) except Centropages 229 
spp. and Pleuromamma spp. (p>0.97) (Figure S1b). Note that, different genera of the 230 
copepods carry an uneven number of CAB species, as different copepod genera have 231 
different body volume (Datta et al., 2018). We also observed maximum faith phylogenetic 232 
genetic diversity (Faith_PD) index (52.00±35.66) in Pleuromamma spp. Both the Calanus 233 
spp. and Centropages spp. showed very less Faith_PD (19.9±6.3 and 13.3±3.02, respectively) 234 
(Figure S2). The gradient of the micro-environment (pH and O2 gradients) within the 235 
Pleuromamma spp. and its range of distribution in the water column may be reasoned for the 236 
observed maximum CAB phylogenetic diversity.  All known 11 species of Pleuromamma 237 
(Goswami et al., 1994; Beaugrand et al., 2002) are well-known vertical migrators and have an 238 
important role in nutrient and carbon export from the shallow to innate mesopelagic waters 239 
(Steinberg et al., 2000).  240 

The variation in faith_PD of CAB was assessed by Kruskal-Wallis test, which revealed 241 
that different copepod genera have highly significant and phylogenetically distinct 242 
bacteriobiome (Figure S2). Datta et al. (2018) identified 14% of OTUs (n=34) as core OTUs 243 
in 90% of individual Calanus spp. analyzed. Hence, defining copepod genera specific core 244 
OTUs would be an important task in understanding the phylogenetic distinctness of CAB. 245 

 246 
3.4. Beta-Diversity  247 

We hypothesize that if bacteriobiome were copepod type-specific, does phylogenetically 248 
closer copepod genera harbor phylogenetically close bacterial species diversity? To test this 249 
hypothesis, a consensus phylogram of 5 copepod genera was constructed and compared with 250 
the Unweighted, Weighted UniFrac and Jaccard distance matrix of CAB using PCoA plot.  251 
Phylogenetic relationships among the order Calanoida remains problematic mainly due to the 252 
wide range of morphological characteristics, widespread and overlapping geographical ranges 253 
and a sizeable magnitude of cryptic species complexity (Blanco-Bercial et al., 2014). We 254 
extracted 19 different Acartia spp., 9 different Calanus spp., 5 different Centropages spp., 6 255 
different Pleuromamma spp., and 3 different Temora spp., sequences (Figure S3) for 256 
phylogram construction.  The consensus phylogram revealed that Calanus spp. were 257 
phylogenetically closer to Pleuromamma spp. and form two distinct clusters. Whereas, rest of 258 
the genera were clustered into one cluster.  259 

In the present study, beta-diversity (P-value 0.001) patterns and PERMANOVA analyses 260 
support the hypothesis that the CAB composition differed between and within copepod 261 
genera. As we closely investigate, Unweighted Unifrac distance matrix showed the CAB of 262 
Pleuromamma spp. and Calanus spp. separated into two different clusters (Figure 2a, b), 263 
whereas, the CAB of Calanus spp. was clustered into a single large cluster in a weighted 264 
distance matrix (Figure 2b). But in Jaccard distance matrix PCoA revealed Calanus spp. had 265 
three phylogenetic distinct CAB clusters (Figure 2c). Unweighted unifrac PCoA reveals that, 266 
Pleuromamma spp. and Calanus spp. has phylogenetically distinct CAB (Figure 2a and S3) 267 
with a variation of 6.318% in axis 1. This difference of CAB may be attributed to the 268 
difference in vertical migration and feeding behavior between the two genera. Pleuromamma 269 
spp. are known as omnivorous feeders (including phytoplankton, microzooplankton and 270 
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detritus) (Teuber et al., 2014; Cregene, 2016), and migrate vertically up to 1000m (Goswami 271 
et al., 1992; Beaugrand et al., 2002).  Whereas, Calanus sp. are mostly herbivores feeders, 272 
but feeds on ciliates and other heterotrophic protists during lack of food availability and egg 273 
production (Nejstgaard et al., 2001) and adult Calanus spp. could migrate up to 600m 274 
(Irigoien, 1999). Calanus carinatus are known to tolerate low oxygen concentrations (<1ml l-275 
1), and Pleuromamma robusta withstands hypoxic conditions (<0.8 ml l-1) in the Atlantic 276 
OMZ (Auel and Verheye, 2007). 277 
 278 

 279 
Figure.2 a) Unweighted Unifra distance matrix showed Calanus spp. and Pleuromamma 280 

spp. harbors phylogenetically distinct CAB and the CAB of other copepods genera were 281 
scattered on the plot b) Weighted unifrac distance matrics plot shows the Pleurommama spp. 282 
harbors phylogenetically distinct and diverse bacterial assemblages within the genera (green 283 
dots distributed in the plot) whereas Calanus spp. harbors phylogenetically conserved 284 
(relatively) groups of bacteria (blue dots; the middle portion of the plot) c) Jaccord distance-285 
based beta-diversity reveals Calanus spp. and Pleuromamma spp. harbors distinct bacterial 286 
population. Nevertheless, they do share common bacterial groups with Acartia spp., 287 
Centropages spp., and Temora spp.  288 

 289 
 290 
 291 



9 
 

3.5. Differential abundance of CAB revealed through ANCOM 292 
ANCOM results showed that a total of 23 bacterial phyla, viz., Cyanobacteria, 293 

Spirochaetes, Crenarchaeota, Firmicutes, GN02, Bacteroidetes, Proteobacteria, 294 
Planctomycetes, Actinobacteria, Acidobacteria, Euryarchaeota, Verrucomicrobia, WPS-2, 295 
Parvarchaeota, Thermi, TM6, Elusimicrobia, Fusobacteria, Chlorobi, Gemmatimonadetes, 296 
SBR1093, Chlamydiae and OD1 were significantly different between the copepod genera 297 
with W and F statistics ranged between 40 to 30 and 53 to 2.7, respectively (Supplementary 298 
File S1). The 23-bacterial phylum consists of 39 classes, 78 Order, 146 Family and 242 299 
genera which were significantly different between the copepods (Supplementary File S2). We 300 
choose the top two percentile different genera (with W value of 809 and 808 and 301 
representative genera F-statistical value are given in supplementary File S2) to explain the 302 
percentile compositional difference of bacteriobiome between the copepod genera.  303 

Bacterial taxa’s like Pseudomonas, Anaerospora, Methylobacteriaceae, HTCC2207, 304 
Flavobacteriaceae, Acinetobacter, Bacteriovoracaceae and Ochrobactrum (F statistical value 305 
are given in supplementary File S2) were found high percentile in Calanus spp. (Figure 3). 306 
Prevalence of Pseudomonas and members of Methylobacteriaceae was also observed in 307 
Pleuromamma spp. (Cregene, 2016). Whereas Flavobacteriaceae was observed in low 308 
numbers in empty copepod guts, and its abundances increase with active feeding Calanus 309 
finmarchicus (Datta et al., 2018) and show the characteristic feature of surface dwellers. 310 
Also, Sedinimicola sp. (Flavobacteriaceae) was observed to be dominant in Acartia spp., 311 
Temora spp. and Centropages spp. (Moisander et al., 2015). Members of Bacteriovoracaceae 312 
known as a predatory bacterial group that regulate the populations of other bacteria in 313 
estuarine environments (Davidov & Jurkevitch, 2004). 314 

In the present study, ANCOM showed that bacterial genera like Paulinella, RS62, 315 
Candidatus portiera, Planktotalea, Segetibacter, Octadecabacter and order Bacteroidales 316 
were found in high percentile in Acartia spp. (Figure 3). The copepod type and type of food 317 
ingested were known to influence the cultivable bacterial load in Acartia spp. (Tang 2005). In 318 
the case of Centropages spp. the bacterial genus like Alteromonas, Pseudoalteromonas, 319 
Fluviicola, Oleispira, Ralstonia and order Colwelliaceae and Cryomorphaceae percentile was 320 
found to be in high. Members of Oceanospirillales like Pseudoalteromonas sp. and 321 
Aletromonadaceae (Colwellia sp.) were known to be dominantly abundant in Centropages 322 
spp. (Moisander et al., 2015). Furthermore, the dominance of Alteromonas was observed in 323 
Pleuromamma spp. (Cregene, 2016). Moisander et al., (2015) reported that Marinomonas sp. 324 
(Gammaproteobacteria) was predominantly observed in Centropages spp.  but it was not 325 
observed in our analysis.  Temora spp. showed to have high percentile of Comamonas, 326 
Planctomyces, Flavobacterium, Synechococcus, Chryseobacterium and Nitrosopumilus.  327 
Only four genera like Bradyrhizobium, Marinobacter, Photobacterium and Variovorax were 328 
significantly high in Pleuromamma spp. (Figure 3). 329 

 330 
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 331 
Figure 3: Top two genera with high percentile abundance observed in the 5 copepod 332 

genera using ANCOM. 333 
 334 
3.6.  Machine learning (RandomForest classifier) to predict important s-OTUs 335 

The masking effect of the abundant bacterial community associated with copepod diet 336 
and ambient water column should not hinder the detection of core-OUTs, as evidenced from 337 
previous studies (Moisander et al., 2015: DeCorte et al., 2018; Wage et al., 2019; Datta et al., 338 
2019). QIIME2 core_abundance algorithms used in the present study did not predict single 339 
bacterial s-OTUs (Data not presented). Hence, we use the machine learning Random Forest 340 
Classifier approaches to detect important core sub-OTUs specific to copepod genera.   341 

Overall, the accuracy of the model was 0.956 and with the accuracy ratio of 1.69, 342 
indicating high reliability of the RandomForest classifier result. The accuracy of predicting 343 
important bacterial s-OTUs in copepod genera (Figure 4a) were in the range of 1 to 0.16 344 
(Figure 4b). The graphical representation of machine learning model Receiver Operating 345 
Characteristic (ROC) curve (Figure 4c) was in ranging of 0.98 to 1, and it showed the high 346 
positive prediction rate and low rates of the false prediction. The prediction accuracy was 347 
found high in Calanus spp. and Pleuromamma spp. (AUC=1.00) (Figure 4c). 348 
 349 
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 350 
Figure.4: a) RandomForest classifier heatmap representing important microbial s-OTUs 351 

in five copepods genera, the colour scale indicates log10 frequency (“0” black to “5” pale). b) 352 
The overall prediction accuracy of RandomForest method represented in the confusion 353 
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matrix. c) Receiver Operating Characteristic (ROC) curves represent the classification 354 
accuracy of a machine-learning model.  d) The area under the curve (AUC) indicates the 355 
better performance of RandomForest classifier.  356 
 357 

Machine learning approach predicted 26 bacterial and one archaeal taxon in 5 copepod 358 
genera as important s-OTUs with differential hierarchical resolutions ranging from family to 359 
sub-OTUs (equivalent to subspecies or strains) level. It was evident that copepod genera had 360 
specific bacteria, not only at the species level but also in sub-species or strain level. A similar 361 
observation has made in phyla Nematoda and Annelida, i.e. their symbiotic sulfur-oxidizing 362 
bacteria (Candidatus Thiosymbion), showed coupled evolution along with their host 363 
(Zimmermann et al., 2016). Only Calanus spp. and Pleuromamma spp. found to have specific 364 
important s-OTUs, i.e. all s-OTUs of Photobacterium, Micrococcus luteus, three s-OTUs of 365 
Vibrio shilonii and all s-OTUs of Acinetobacter johnsonii were specific to Calanus spp. and 366 
one s-OTUs of Bradyrhizobium was predicted in Pleuromamma spp.. The unclassified genera 367 
of Bradyrhizobiaceae were significantly higher in Centropages sp. with full gut (Moisander 368 
et al., 2015). The Bradyrhizobium was known to have nifH gene, and this genus can be ruled 369 
out from core s-OTUs because they usually occur in seawater (Jayakumar & Ward, 2020). 370 
Specific important s-OTUs for other 3 genera of copepods was not evident. The 371 
Synechococcus (a free-living Cyanobacteria) genera abundance was influenced by the diet 372 
and even found after 24 hours in starved copepod gut. So, this OTUs can be ruled from the 373 
important s-OTUs (Moisander et al., 2015). Even though HTCC2207 (Gammaproteobacteria) 374 
was the most frequent predicted s-OTUs, their association as core OTUs could be ruled out. 375 
Because of their known proteorhodopsin gene and being free water living bacteria (Stingl et 376 
al., 2007), and hence the probability of detecting this bacteria in the copepod gut was highly 377 
due to food ingestion.  378 

Among the 27 taxa detected by machine learning approach, 10 taxa’s relative percentile 379 
was low in ANCOM analysis, which may be due to the masking effect of other abundant 380 
dominant taxa's. So, the machine learning approach adopted here was successful in picking 381 
rare but important s-OTUs. The 10-important s-OTUs belonged to Microccocus luteus, 382 
Sediminibacterium, Krokinobacter eikastus, Pelomonas, Vibrio shilonii, Acinetobacter 383 
johnsonii, Burkholderia, Sphingobium, Halomonas and Nitrosopumilus.  384 

Among that 10 s-OTUS, 5 OTUs were previously reported as important s-OTUs by 385 
earlier studies. Example; the present study observed Sediminibacterium as important s-OTUs 386 
in Temora spp. and Acartia spp. rather than Pleuromamma spp. However, even with low 387 
abundance of Sediminibacterium was regularly present in Pleuromamma spp. (Cargeen, 388 
2016). Halomonas and Pelomonas were ruled out from core OTUs in Calanus spp. because it 389 
was also found in non-calanoid copepods (Datta et al., 2018). However, in the present 390 
analysis, the Proteobacterial genus Pelomonas was found to be an important s-OTUs in 391 
Acartia spp., Calanus spp., and Centropages spp.. Earlier, studies showed that the genus 392 
Photobacterium (Phylum: Proteobacteria) was abundant in Pleuromamma spp. (Cargeen, 393 
2016), Centropages spp. (Moisander et al., 2015), Calanus spp., and non-calanoid species 394 
(Datta et al., 2018). Nevertheless, machine learning predicts the 2 s-OTUs of Photobacterium 395 
as an important s-OTUs only in Calanus spp. Even though the bacterial primers used rarely 396 
capture archaeal sequences, machine learning algorithm used here detected archaeal 397 
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sequences (Nitrosopumilus) as important s-OTUs in Acratia spp. and Temora spp. and this 398 
genus Nitrosopumilus was also reported to contribute 89 and 99 percentage on the overall 399 
community composition in Acartia spp. and Temora spp. (Wage et al., 2019). The 400 
Pseudoalteromonas was reported as a constant and stable OTU in Acartia sp., Calanus sp. 401 
and Centropages spp. (Wage et al., 2019), and the present RandomForest classification 402 
predict the same as important core s-OTUs in the same Acartia spp., Calanus spp. and 403 
Centropages spp. 404 

Based on the present analysis the 6 s-OTUs viz., 1) Microccocus luteus, 2) 405 
Krokinobacter eikastus, 3) Vibrio shilonii, 4) Acinetobacter johnsonii and 5) Burkholderia 406 
and 6) Sphingobium were detected for the first time as important s-OTUs in copepods.   407 

 408 
3.7. Principle component analysis reveals that copepod genera do host functionally 409 
distinct bacterial diversity. 410 

The functional PCA plot clearly showed that the phylogenetic relationships among the 411 
CAB were grouped into four clusters (Figure 5). Calanus spp. was separated from the rest of 412 
the copepods genera with Principle Component (PC) value of 28.4% in axis 1 and 9.2% in 413 
axis 3, whereas, Pleuromamma spp. showed a variation of 28.4% in axis PC1 and 16.7% in 414 
PC2. Centropages spp. did not have unique CAB functional diversity, whereas, Acartia spp. 415 
and Temora spp. shared the common functional CABs. 416 
 417 
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 418 
Figure 5: Overall functional diversity pattern observed among the copepod associated 419 

bacteria PCA. 420 
 421 

3.8. Biogeochemical potentials of CAB 422 
Bacterial communities exploit copepods as microhabitat by colonizing copepods’ internal 423 

and external surfaces and mediate marine biogeochemical processes (De Corte et al., 2018). 424 
CAB also metabolize the complex organic compounds such as, chitin, taurine and other 425 
complex molecules in and around the copepod which could be a hot spot for the 426 
biogeochemical process (De Corte et al., 2018).  427 
 428 
3.8.1. Potential methanogenesis by CAB: Evidence of interlinking methanogenesis, DMSP 429 
degradation and phosphate utilization  430 

We observed methyl phosphonate, acetate, carbon dioxide, methylamine, and methanol, 431 
i.e. five major compounds that act as a substrate for methanogenesis (Yao et al.,2016; Evans 432 
et al., 2019). In the present analysis, we found that CAB has a complete set of aerobic 433 
methanogenesis genes (PhnL, M, J, H, G and mpnS) (Yao et al., 2016) which converts 434 
methylphosphonate (MPn) to methane (CH4). Among the copepods, the CAB of 435 
Pleuromamma spp. and Calanus spp. had a relatively high proportion of MPn genes (Figure 436 
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S4), and the relative proportion significantly differ between the copepod genera (p values 437 
between 1.03e-08 to 1.78e-08), except for the gene mpnS (p=0.726) (Figure S4).  Some 438 
copepods like Acartia sp. and Temora sp. were reported to have associate bacteria that 439 
involves in CH4 production from MPn (Wage et al., 2019). CAB of Pleuromamma spp. could 440 
be a key player in potential MPn methanogenesis (Figure S4). Also, based on the present 441 
analysis Pleuromamma spp. CAB found to have a high relative proportion of genes (mtbC, 442 
mtbA, mttB) involve in the oxidation of Trimethylamine (TMA) to methyl-CoM (Figure S4) 443 
and mcrA gene (Figure S4). De Corte et al., (2018) suggested that different copepods species 444 
have different CAB, and only some copepods have specific CAB for methanogenesis and 445 
other biogeochemical cycles. 446 

Early, T. longicornis fed with a high content of TMA/DMA phytoplankton's produce 447 
maximum amount of CH4 and suggested the production was due to the micro-niches inside 448 
the copepods (Angelis &Lee, 1994). Instead of analyzing fecal pellets (Tang, 2001) and 449 
anaerobic incubation experiments (Ploug et al., 1997), further research should consider CAB 450 
mediated aerobic methanogenesis as one of the factors to solve the "Ocean methane 451 
paradox".  452 

CAB of Acartia spp. and Centropages spp. contained high proportion of dmdA 453 
(Demethylation of DMSP) genes (p = <1e-15), whereas, Temora spp. holds the least (Figure. 454 
S5). But, the final step in CH4 production by mtsA and mtsB genes were found abundant in 455 
Pleuromamma spp. (Figure S4). The taxons detected in the present study, like Roseobacter 456 
clade, SAR11 and Gammaproteobacteria are known to have dmdA genes (Howard et 457 
al.,2011, Varaljay et al., 2010). A previous study hypothesized the bacteria other than CAB as 458 
responsible for the methane build-up in the sub-thermocline layers of the central Baltic Sea 459 
(Stawiarski et al., 2019). However, in the present analysis showed that the CAB had potential 460 
dmdA gene which involves in CH4 Production. Also, the methanogenic archeae like 461 
Methanogenium organophilum, Methanolobus vulcani like sequences and Methanogenium 462 
organophilum and Methanobacterium bryantii like sequences were noted in Acartia clausi 463 
and Temora longicornis fecal pellets (Ditchfield et al., 2012). Also, 14C labeled experiment 464 
observed high methane production in Temora longicornis (Stawiarski et al., 2019). But, in the 465 
present study, we observed that Pleuromamma spp. could be a potential candidate to carry 466 
out archaeal methanogenesis with a high proportion of mcrA gene (Figure. S4).  467 
 468 
3.8.2. Methanotrophic potential of CAB 469 

In the present investigation, we found that the relative abundances of methanol 470 
dehydrogenases; mxaF and maxI genes were relatively high in Pleuromamma spp. with 471 
respect to other copepods (Figure S4). Even though, there is a lack of evidence for complete 472 
CH4 utilization, CAB of Pleuromamma spp. have a high number of potential methanotrophic 473 
followed by CAB of Calanus spp.   474 

 475 

3.8.3. Assimilatory sulfate reduction (ASR) 476 

Based on our analysis, in all the copepod genera ASR pathway genes were predominant 477 
than the dissimilatory sulphate reduction (DSR) pathway genes. CAB of Temora spp. had a 478 
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higher number of sulfite reductase ferredoxin component (Figure S5a). Whereas, CAB of 479 
Centropages spp. has flavoprotein sulfite reductase gene in high proportions (Figure S5b). 480 
The relatively high abundance of genera like Synechococcus and Deltaproteobacterial family 481 
Desulfovibrionaceae (Supplementary File S3) in the CAB of Temora spp.  may be 482 
responsible for the ASR pathway, as these genera are known to have ferredoxin-sulfite 483 
reductase activity. 484 

 485 
3.9. Nitrogen fixation 486 

We investigated the N2-fixing potentiality of CAB by screening the abundances of nifH, 487 
nifD and nifK genes. Pleuromamma spp. had a higher proportion of nifH gene whereas 488 
Temora spp. had the least (Figure. S6). The abundance of nifH gene was found higher in full 489 
gut and starved Acartia spp. contributed by Vibrio parahaemolyticus, V. cincinnatiensis and 490 
unicellular cyanobacterium UCYN-A (Scavotto et al., 2015) and most bacteria with nifH 491 
gene are not genuine CAB (Scavotto et al. 2015). Also, the high abundance of 492 
Bradyrhizobium in Pleuromamma spp. (supplementary file) maybe the reason for the high 493 
percentile of nifH gene, which is present in the Bradyrhizobium genome. Vibrio attached to 494 
the exoskeleton, and gut lining of copepods (Rawlings et al., 2007) degrades chitin (Hirono et 495 
al., 1998; Meibom et al., 2004) and use this chitin as carbon and energy source for 496 
nitrogenase activity, which could give advantage for Vibrio spp. over non-cyanobacterial 497 
diazotrophs in nitrogen fixation (Moisander et al., 2012).  498 

The abundance of nifH gene in the CAB of Pleuromamma spp. may be due to the 499 
presence of genera like Synechococcus, Bradyrhizobium, Prochlorococcus, Microcystis, 500 
Trichodesmium and Chroococcidiopsis. The previous study had also shown that 501 
Pleuromamma-gut has stable symbiotic cyanobacteria and Deltaproteobacteria (Cargeen, 502 
2016).  503 

 504 
3.9.1. Denitrification 505 
3.9.1.1. Nitrate reductions; napA & napB 506 

Gene involving in all the 3 steps of denitrification (nitrate reductions (napA and napB), 507 
nitrite reduction (nirK and nirS) and nitric oxide reduction (norB, C, D, Q)) were observed in 508 
all 5 copepod genera, whereas the relative proportions varied between them. The CAB of 509 
Temora spp. found to have a high proportion of potential denitrification genes, especially 510 
napA and napB genes, followed by Pleuromamma spp., Acartia spp., Calanus spp., and 511 
Centropages spp. (Figure S6).  Moisander et al., (2018) reported the abundance of napA 512 
genes (similar to Vibrio harveyi and V. campbellii) in mixed copepods containing 513 
Pleuromamma sp., Undinula vulgaris and Sapphirina sp. The narG genes among the North 514 
Atlantic copepods were contributed by Hahella ganghwensis and Alteromonas macleodii.  515 
 516 
3.9.1.2. Nitrite reduction; nirK and nirS  517 

Among the nitrite reductase gene, we found the proportion of nirK gene to dominate nirS 518 
gene, in all the copepod genera (Figure S6). Furthermore, the proportion of nirK gene was 519 
high in Acartia spp. and Temora spp. Whereas, the proportion of nirS was high Calanus spp. 520 
and Pleuromamma spp..“Does feeding habit of copepods influence the denitrification 521 
process?” needs further investigation. Bacteria genera like Pseudoalteromonas and 522 
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Actinobacterium found in dead (sinking carcass) and live Calanus finmarchicus were 523 
reported to have nirS genes and known as a hotspot for denitrification (Glud et al., 2015).  524 
 525 
3.9.1.3. Nitric oxide reductase; nor (B, C, D, Q) 526 

The nor genes’ presence was high in Temora spp., next to Acratia spp., while Calanus 527 
spp. and Pleuromamma spp. has an equal proportion of this gene. Whereas, in Centropages 528 
spp. we observed the least number of nor sequences and this nor genes are responsible for 529 
microaerobic bacterial growth (Mesa et al., 2002). 530 
 531 
3.10. Anaerobic nitric oxide reduction  532 

The norV (anaerobic nitric oxide reductase) and norW (flavorubredoxin reductase) genes 533 
sequences were high in CAB of Pleuromamma spp. compared to (of descending orders) 534 
Centropages spp., Calanus spp., Acartia spp. and least detected in Temora spp. (Figure S6). 535 
Interestingly, all the genes responsible for the anaerobic and microaerophilic biogeochemical 536 
process were found maximum in CAB of Pleuromamma spp.. which may play an important 537 
role in ocean anoxic biogeochemistry, and the membres of Pleuromamma genera are known 538 
to migrate hypoxic waters (Escribano et al., 2009; Teuber et al., 2013) contains a high 539 
abundance of norV and norW genes, the physiology (oxygen conditions) of the copepod gut 540 
condition may also favour the abundance of these genes. 541 
 542 
3.10.1. Dissimilatory nitrate reduction into ammonia (DNRA) 543 

In the previous analysis, the DNRA genes (narG, narI and narH) were observed in mixed 544 
copepod communities (De Corte et al., 2018). Whereas, the present analysis showed the high 545 
abundance of DNRA gene in Acartia spp. and Temora spp. followed by Pleuromamma spp. 546 
(Figure S6). The Calanus spp. and Centropages spp. had similar least relative proportions of 547 
DNRA genes.  548 
 549 
3.11. Carbon processes 550 

Phosphoenolpyruvate Carboxylase (PEPC) gene in CAB was related to its food intake 551 
(especially phytoplanktons). The PEPC gene was found to be equally distributed among the 5 552 
copepods (Figure. S7a). The chitinase producing bacteria's like Aeromonas, Erwinia, 553 
Chromobacterium, Flavobacterium, Arthrobacter, Serratia, Bacillus, Enterobacter, and 554 
Vibrio are known to carbon mineralization like degradation and utilization of chitin 555 
(Donderski et al., 2000). The presence of chitinase gene in CAB is not surprising as their diet 556 
includes marine diatoms, which are known to have cell walls containing chitin (Teuber et al., 557 
2014; Cregene, 2016). The CAB of Centropages spp. harbor high proportion of chitinase 558 
gene as compared to other copepods (Figure S7b) this may occur due to the feeding of ciliates 559 
or dinoflagellates by Centropages spp. (Calbet et al., 2007). The overall, outline of CAB 560 
mediated biogeochemical pathway is represented in Figure 6. 561 
 562 

 563 
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Figure.6. Overall representation of the biogeochemical potential of CAB. The circle and 564 
the color represent the copepod genera for that particular biogeochemical processes. Refer the 565 
text for the abbreviation of listed gene names. 566 
 567 
3.12. Role of CAB in Iron fertilization 568 

The key role of zooplankton, bacteria and viruses in supporting iron supply to the ocean 569 
biota is the emerging feature (Boyd et al., 2015). Several studies have documented regional 570 
and seasonal variation in the regeneration of iron in fueling phytoplankton carbon fixation 571 
(Boyd et al., 2015). 572 

The meta-analysis revealed that the abundances of potential ferrous iron transport gene A 573 
(FeoA) and ferrous iron transport protein B (FeoB) were similarly distributed among the five 574 
copepod genera. While, Temora spp. was found to hold the largest proportion of potential 575 
ferrous iron transport proteins coding CAB, while the least proportion was observed in 576 
Centropages spp. (Figure S8a). Concerning ferric reduction, Pleuromamma spp. carries the 577 
largest proportion of ferric iron reductase gene (fhhF) gene (Figure S8b). The presence of the 578 
largest proportion of ferric iron reductase gene fhuF in Pleuromamma spp. needs detailed. 579 
Fe(II) may enhance the reduction of an intermediate (for example, NO2−) which in turn 580 
enhance denitrification and DNRA processes (Michiels et al., 2017).  581 
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The acidic condition of zooplankton's digestive tract promotes iron recycling and 582 
solubilization by numerous microbial pathways (Tang et al., 2011; Schmidt et al., 2016). 583 
Thus increases the bioavailability of iron in the surrounding and promotes iron fertilization 584 
(Schmidt et al., 2016). The zooplankton-associated bacterial community (Bacteroidetes, 585 
Alphaproteobacteria and Gammaproteobacteria) are known to carry many genes involved in 586 
iron utilization, such as ferric reductase gene that encodes for an oxidoreductase to inter-587 
convert ferric (Fe3+) and to ferrous (Fe2+) ion in Calanus sp. and Paraeuchaeate spp.  (De 588 
Corte et al., 2018).  589 

However, the differential iron contributions of different copepod genera were unknown 590 
until now. We hypothesis the different copepod genera have different bacteriobiome, that 591 
contribute to the ocean iron cycle differently and CAB community variation are due to 592 
multiple factors. The Ferric iron (Fe3+) mechanism was found to be dominant in an 593 
oxygenated environment, whereas ferrous iron (Fe2+) dominates the anaerobic conditions or 594 
at low pH (Lau et al., 2015). For organisms that must combat oxygen limitation for their 595 
survival (Pleuromamma spp.), pathways for the uptake of ferrous iron are essential. Several 596 
bacterial ferrous iron transport systems have been described; however, only the Feo system 597 
appears to be widely distributed and exclusively dedicated to the transport of iron. With this 598 
regard, we found CAB of Pleuromamma spp. to be a most significant contributor for iron 599 
fertilization. It has been shown that lower levels of nitrogen fixation in the South Atlantic are 600 
due to reduced iron availability (Moore et al., 2009). The meta-analysis demonstrated here 601 
showed Pleuromamma spp. could be a significant contributor to both nitrogen fixation and 602 
iron bioavailability.   603 

 604 
3.13. CAB as a source of cyanocobalamine synthesizing prokaryotes 605 

Organisms within all domains of life require the cofactor cobalamin (vitamin B12), 606 
which is produced only by a subset of bacteria and archaea (Doxey et al., 2015). We found 607 
that CAB could be one of the potential sources of cyanocobalamine production in the sea. 608 
Among the five genera analyzed, following were the descending order of genera based on 609 
their relative proportion of potential cobalamin synthesizing gene; Temora spp., Acartia spp., 610 
Calanus spp., Pleuromamma spp., and Centropages spp. (Figure. S9).  611 

Previous studies reported that the cobalamin in ocean surface water is due to de nova 612 
synthesis by Thaumarchaeota and selective heterotrophic bacteria like Sulfitobacter sp. SA11 613 
and Ruegeria pomeroyi DSS-3, Methylophaga and Marinobacter (Doxey et al., 2015). But, in 614 
the present study, CAB of Temora spp. had high proportions of cobalamine synthesis gene 615 
and (Thaumarchaeota) genus Nitrosopumilus. About 94% of Alphaproteobacteria, 616 
Gammaproteobacteria and Thaumarchaeota genomes have the cobalamin synthesizing and 617 
activation gene (Doxey et al., 2015). 618 

The limitation of the present study could be related to the fact that all CAB sequences 619 
were from the Atlantic Ocean. Copepods genera from other different ocean may contain 620 
different CAB diversity (Datta et al., 2018).  In this regard, further studies on CAB diversity 621 
from different ocean realms would throw the actual potential of CAB in the global 622 
biogeochemical cycle. Also, since oxygen minimum zone is globally increasing (see 623 
Stramma et al., 2011) and few copepod species such as Pleuromamma robusta, Calanoides 624 
carinatus and Rhincalanus nasutus were known to navigate to OMZ (Auel & Verheye, 625 
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2007), exploring the CAB diversity in OMZ of the Arabian Sea and the Pacific Ocean could 626 
expand our understating of mechanisms behind OMZ-copepod survival and varying their 627 
biogeochemical processes in deep migrating copepods. 628 
 629 
Conclusion 630 

We predicted 27 bacterial taxa (+1 archea) in 5 copepod genera using Machine learning 631 
approach as important s-OTUs. Among the predicted bacterial genera Microccocus luteus, 632 
Krokinobacter eikastus, Vibrio shilonii, Acinetobacter johnsonii, Burkholderia, and 633 
Sphingobium were reported as important s-OTUs in copepods for the first time as per our 634 
knowledge.  It is evident that the specific bacterial s-OTUs do exists for copepod genera, not 635 
only at the species level but also in sub-species or strain level.  636 
  A meta-analysis revealed that CAB was capable of mediating methanogenesis (with 637 
evidence of interlinking the methane production, DMSP degradation and phosphate 638 
utilization) and methane oxidation. We also found that CAB had more potential assimilatory 639 
sulphur reducing microbial community than the dissimilatory sulfate reduction. Likewise, 640 
CAB found to have potential gene involving in nitrogen fixation, denitrification, anammox, 641 
dissimilatory nitrate reduction into ammonia. We also found CAB is also carrying potential 642 
genes that perform carbon fixation, carbon mineralization, iron fertilization and vitamin B12 643 
synthesis. Future studies should also consider the CAB as one of the factors in marine 644 
biogeochemical and climate modeling. 645 
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Table. 1: Details of number of Illumina files, sequences extracted, quality filtered (Phred 926 
score <25) analyzed was tabulated. RP indicate "relative proportion" 927 
 928 

Species No. 
of 
files 

RP 
of 
files 
(%) 

Gross 
Sequence
s 

RP of 
grs. 
seq. 
(%) 

Net. no. of 
sequences 
after QC 

RP 
afte
r 
QC 
(%) 

No. of 
OTUs 

RP of 
OUT 
(%) 

Number 
of seq 
lost in 
QC 

RP of loss 
(%) 

Acartia  30 6.6 2567759 15.6 2274402 16.
3 

1943032 16.5 293357 1.8 

Calanus  244 53.9 6564419 39.7 5911821 42.
2 

5255849 44.7 946562 4.1 

Pleuromam
ma 

143 32.8 4310670 26.1 3020608 21.
6 

2995684 25.5 129006
2 

7.8 

Centrophage
s  

13 2.8 886314 5.3 875987 6.3 837567 7.1 10327 0.1 

Temora  16 3.5 2498614 15.1 2223308 15.
8 

739971 6.3 275306 1.7 

Total 452  1650930
4 

 13987186  11747127  252211
8 
(15.3%) 

15.5 

 929 
 930 
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Table S1. List of sequence libraries representing the copepods associated bacteribiome. Out 931 
of these only 7 libraries (highlighted in red font) where analysed in this study. 932 

 933 

S. No NCBI 
BioProject No 

 

Species name  

 

16S rDNA 
region 

 

Sequencing 
platform 

 

Reference 

1 PRJNA383099 

 

Details not available 

 

 

Details not 
available 

Illumina 
MiSeq 

No 

2 PRJEB23400 

 

Pleuromamma sp. 

 

V3-V4 Illumina  No 

3  

PRJNA416766 

 

Acartica sp. and Temora 
sp. 

 

V3-V4 & V4-
V5 (archaea) 

Illumina 
MiSeq 

Wage et al., 
(2019) 

4 PRJNA341063 

 

 

Calanus sp. V3-V4  

 

Illumina 
MiSeq 

 

Shoemaker 
and 
Moisander, 
(2017) 

5 PRJNA285993 

 

 

Acartica sp. 
Centrophage sp. and 
Temora sp. 

V3-V4 

 

Illumina 
MiSeq 

 

Moisander 
et al., (2015) 

 

6 PRJEB8785 

 

Acartia tonsa and 
Centropages hamatus 

Details not 
available 

 

454/FLX-
based 

No 

7 PRJNA248671 

 

 

Undinula vulgaris,  
Pleuromamma spp.,  
Sapphirina metalina, 
Pseudocalanus spp. and 
Tigriopus sp.. 

V5–V9 

 

454 GS FLX 
Titanium 

 

 

De Corte et 
al., (2018) 

 

8 PRJEB14826 

 

 

Acartia tonsa and 
Temora longicornis 

 

V3-V4 Illumina 
MiSeq 

 

 

Moisander 
et al., (2018) 
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9 PRJNA322089 

 

 

C. fimaarchincus V4 

 

Illumina 
MiSeq 

 

No 

10 PRJDB5552 

  

 

Calanus sp., 
Paraeuchaeta sp., 
Themisto sp., Evadne 
sp., and Oncaea sp. 

V3-V4 

 

 

Illumina 
MiSeq 

 

No 

11 PRJNA433804 

 

Spaniomolgus sp. 

 

V4-V5 

 

Ion_Torrent 

 

No 

 934 

 935 



Supplementary figures 

 

Figure. S1 The Kruskal-Wallis analysis between the CAB with a) Shannon and b) evenness. 

Different copepods genera had significantly different alpha diversity and similar evenness values.  

 



 

Figure S2: Kruskal-Wallis test reveals Pleuromamma spp. to have maximum Faith 

phylogenetic diversity (Faith_PD) of microbiome (52.0±35.6).  

 

 

 
Figure S3: Phylogenetic tree of five copepod genera (Left) drawn from the actual tree (right) 

consisting of 19, 3, 9 and 6 species of Acartia spp., Temora spp., Calanus spp., Pleuromamma spp., 

and Centropages spp., respectively.  

 



 

 

 

 

 

Figure S4. The heatmap represents the relative proportion of methanogenesis and 

methanotrophic genes observed in CAB of five copepods genera with KEGG id and gene name. 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5 Relative abundance of a) Sulfite reductase (ferredoxin) b) Sulfite reductase 

(NADPH) flavoprotein alpha-component in  CAB of copepods genera. 



 

 

 

 

 

 

Figure S6. The heat map represents the relative proportion of nitrogen cycle gene observed 

in CAB of five copepods genera with KEGG id and gene name. 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S7. Relative abundances of a) PEPC genes, b). Bacterial chitinase genes observed in 

CAB of copepods genera. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S8 Relative proportions of  a) feoA protein b) fhuF genes observed in CAB of 

copepods genera. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S9. Relative proportions of Vitamin B12 synthesising prokaryotes associated with copepods 

genera. 

 

 

 

 


