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Abstract  27 

Nutrient levels in coastal environments have been increasing globally due to elevated 28 

inputs of sewage and terrigenous sediments carrying fertilizers. Yet, despite their 29 

immense filtering capacities, marine sponges appear to be less affected by elevated 30 

nutrients than sympatric benthic organisms, such as corals. While the molecular-level 31 

stress response of sponges to elevated seawater temperatures and other toxicants has 32 

been defined, this study represents the first global gene expression analysis of how 33 

sponges respond to elevated nitrogen. Gene correlation network analysis revealed that 34 

sponge gene modules, coded by colors, became either highly upregulated (Blue) or 35 

downregulated (Turquoise, Black, Brown) as nitrogen treatment levels increased. GO 36 

enrichment analysis of the different modules revealed genes involved in cell 37 

signaling, immune response and flagella motility were affected by increasing nitrogen 38 

levels.  Notably, a decrease in the regulation of NF-kappaB signalling and an increase 39 

in protein degradation was identified, which is comparable to metabolic pathways 40 

associated with the sponge thermal stress response. These results highlight that 41 

Cymbastela stipitata can rapidly respond to changes in the external environment and 42 

identifies pathways that likely contribute to the ability of C. stipitata to tolerate short-43 

term nutrient pulses.  44 

 45 

Keywords  46 

sponge, transcriptomics, Tag-Seq, nutrients 47 

 48 

Introduction 49 

Sponges are the oldest extant Metazoans, with fossils dating back to the Precambrian 50 

(Li et al., 2014) and recent work supporting sponges as sister to all other animals 51 
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(Feuda et al., 2017). They form an abundant and diverse component of benthic 52 

communities, with 8,866 formally described species (20,000 estimated species), that 53 

occupy both marine and freshwater habitats from the poles to the tropics (Van Soest et 54 

al., 2017). Sponges also play integral roles in ecosystem processes such as bioerosion 55 

and consolidation, benthic-pelagic coupling through their immense filtering 56 

capabilities, as well as nutrient cycling through their complex symbiosis with 57 

microorganisms (de Goeij et al., 2013, Diaz & Ruetzler 2002, Bell 2008). Sponges 58 

undertake this nutrient cycling using exceptionally diverse microbial communities, 59 

with over 40 microbial phyla (including candidate phyla) known to associate with 60 

sponges (Thomas et al., 2016).     61 

 Nutrient levels in coastal areas have been increasing due to inputs from both 62 

point (e.g. sewage effluent) and non-point (e.g. agricultural and urban run-off) sources 63 

(Carpenter et al., 1998), and this has contributed to the degradation of reef ecosystems 64 

worldwide (D’Angelo & Wiedenmann, 2014; Fabricius et al., 2011). Various aspects 65 

of coral physiology (e.g. reproductive success, calcification rates and growth) are 66 

negatively impacted by elevated nutrients (Dunn et al., 2012; Fabricius, 2005; Koop 67 

et al., 2001; Loya et al., 2004). The balance of nutrients is also important, with 68 

elevated nitrogen in combination with low phosphorous contributing to coral 69 

starvation (D’Angelo & Wiedenmann, 2014). Corals exposed to high nutrients show 70 

an upregulation of antioxidant genes indicative of an oxidative stress response (Rosic 71 

et al., 2011), as well as genes associated with cell apoptosis and innate immunity (Lin 72 

et al., 2016). Despite their immense filtering capabilities, which should increase their 73 

exposure to contaminants in the water column, sponges seem comparatively less 74 

affected by high nutrient levels. For instance, both Rhopaloeides odorabile and 75 

Cymbastela stipitata were visually unaffected and maintained stable symbiont 76 
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communities at the highest nitrogen treatments, 10 and 240 µM respectively (Luter et 77 

al., 2014; Simister et al., 2012). Similarly, nutrient enrichment did not alter the 78 

microbial community or increase disease lesion progression in Aplysina cauliformis 79 

(Gochfeld et al., 2012). These studies all focused on microbial community dynamics 80 

rather than exploring impacts on host gene expression. The molecular level stress 81 

response of sponges has been assessed in samples exposed to elevated temperature 82 

(Guzman & Conaco, 2016b; Koziol et al., 1997; López-Legentil et al., 2008; Müller et 83 

al., 1995; Pantile & Webster, 2011; Webster et al., 2013) and toxicants, such as 84 

polychlorinated biphenyls (PCBs) (Wiens et al., 1998) and heavy metals (Müller et 85 

al., 1998; Schröder et al., 2006; Schröder et al., 1999), although only one study 86 

utilised a transcriptome wide approach (see Guzman & Conaco, 2016b).   87 

Here we measured the sponge gene expression response to short-term elevated 88 

nitrogen exposure, typical of sewage effluent and flood plumes, to understand the 89 

potential cause-effect pathway of elevated nutrients. We employed Tag-based RNA-90 

Seq, a cost-effective method to measure expression in eukaryotic protein coding genes 91 

(Lohman et al., 2016; Meyer et al., 2011), combined with gene coexpression network 92 

analysis (Langfelder & Horvath, 2008) to evaluate global gene expression responses 93 

to eight levels of nitrogen in a time-course experimental design.  94 

 95 

Materials and Methods 96 

Experimental samples 97 

Individuals of Cymbastela stipitata (n=24) were collected from Channel Island, 98 

Northern Territory and exposed to four different nitrogen treatment levels (n=3 tanks 99 

per treatment), ranging from 2 to 240 µM dissolved inorganic nitrogen (DIN) (Table 100 

S1, supplemental information), using Thrive® water soluble fertilizer as previously 101 
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described (Luter et al., 2014). Nitrogen levels were manipulated to reflect a short-term 102 

sewage discharge event (48 h), followed by reduced nitrogen levels simulating a 103 

flood-plume event (7 d). Three replicate samples were collected from each treatment 104 

at both timepoints (e.g. 2, 120, 160, 240 µM DIN at 48 h and 2, 7, 10, 27 µM DIN at 105 

7 d) yielding a total of 24 samples which were snap frozen in liquid nitrogen and 106 

stored at -80°C for further analysis. 107 

 108 

Reference transcriptome: extraction, sequencing & processing 109 

Total RNA was extracted from three biological replicates in both the ambient (2 µM) 110 

and high treatment (240 µM) using the PowerPlant® RNA Isolation Kit (MoBio 111 

Laboratories) following the manufacturer’s protocol.  RNA was immediately treated 112 

to remove contaminating DNA using TURBO DNA-freeTM Kit (Ambion) following 113 

the manufacturer’s protocol.  To concentrate and improve the quality of the RNA, 114 

DNase treated samples were processed with RNA Clean & ConcentratorTM (Zymo 115 

Research).  RNA quantity and purity were determined using gel electrophoresis (1.1% 116 

(w/v)) agarose gel containing GelRed (Biotium) and a NanoDrop 2000 117 

spectrophotometer (Thermo Scientific).  High quality RNA (260/280 nm ratio of 2.0) 118 

from the six individual samples was sent to the Australian Genome Research Facility 119 

(AGRF) for cDNA library construction with the TruSeq RNA Library Prep Kit v2 and 120 

downstream paired end (2 x 250 bp) sequencing on the Illumina MiSeq platform.   121 

Sequence adapters were removed from the raw reads using fastx_toolkit 122 

(http://hannonlab.cshl.edu/fastx toolkit). Reads with <50 bp or with a homopolymer 123 

run of ‘A’ ≥ 9 were discarded, and reads with a PHRED quality of at least 20 over 124 

90% of the read were subjected to assembly.  125 
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A reference transcriptome for downstream Tag RNA-Seq analysis combined 126 

reads from the six individual samples and was assembled using Trinity v2.0.6 127 

(Grabherr et al., 2011) using default parameters for de novo assembly and in silico 128 

normalisation (Haas et al., 2013). Assembled contigs (>400 bp) were assigned 129 

putative gene names and gene ontologies based on BLASTX pairwise sequence 130 

homology searches against the UniProt Knowlegebase Swis-Prot database (Uniprot, 131 

2015). BLASTX comparisons to the CEGMA core eukaryotic gene set (Parra et al., 132 

2007) and Web-MGA server (http://weizhong-lab.ucsd.edu/webMGA/server/kog/) 133 

(Wu et al., 2011) was used to assign EuKaryotic Orthologous Groups (KOG) 134 

annotations (orthologous or paralogous proteins).  The KAAS server was used to 135 

assign the Kyoto Encyclopedia of Genes and Genomes (KEGG) identifications 136 

(http://www.genome.jp/kegg/kaas/) (Moriya et al., 2007). The BBmap package 137 

(Bushnell, 2015) was used to calculate GC content and transcriptome completeness 138 

was assessed using BUSCO (Simão et al., 2015) with the metazoan_odb9 dataset and 139 

default settings.  140 

 141 

Tag RNA-Seq: extraction, sequencing & processing 142 

Total RNA was extracted from 24 experimental samples using the same procedures 143 

and kits described for the reference transcriptome. One µg of RNA per sample was 144 

prepared for tag-based RNA-seq as in (Meyer et al., 2011), with modifications for 145 

sequencing on the Illumina HiSeq2500 platform at the University of Texas at Austin 146 

Genome Sequencing and Analysis Facility (full protocols can be obtained from: 147 

https://github.com/ckenkel/tag-based_RNAseq). Briefly, tag-based RNA-seq 148 

quantifies gene expression by sequencing random fragments obtained from the 3’ end of 149 

polyadenylated transcripts, generating more accurate estimates of protein-coding 150 

http://www.genome.jp/kegg/kaas/
https://github.com/ckenkel/tag-based_RNAseq
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transcript abundances than standard RNA-seq, at a fraction of the cost (Lohman et al. 151 

2016). 152 

The full bioinformatic pipeline used in this study can be found at 153 

(https://github.com/ckenkel/tag-based_RNAseq). Briefly, 142 million raw reads 154 

were generated, with individual counts ranging from 1.5 to 12 million reads per 155 

sample. Of these, reads without the 5’-Illumina leader sequence and PCR duplicates 156 

(defined as reads mapping to the same starting position in the reference and aligning 157 

with 100% identity along the length of the shorter read) were discarded, and this 158 

leader was trimmed from remaining reads. The fastx_toolkit (version 0.0.13; 159 

http://hannonlab.cshl.edu/fastx_toolkit) was then used to trim the reads after a 160 

homopolymer run of ‘A’ ≥ 8 bases was encountered, retain reads with minimum 161 

sequence length of 20 bases, and quality filter them requiring PHRED quality of at 162 

least 20 over 90% of the sequence. The remaining 17 million filtered reads were 163 

mapped to the reference transcriptome by sample using Bowtie 2 (version 2.2.6) 164 

(Langmead & Salzberg, 2012) and read counts were assembled for each contig (Table 165 

S1, supplemental information).  On average, 593,554 reads per library (range: 166 

240,568–1,024,347; 77-87%) were mapped to 21,675 unique contigs (Table S2, 167 

supplemental information). Raw Illumina sequence data was deposited to NCBI’s 168 

SRA under the BioProject ID PRJNA383089. 169 

 170 

Statistical Analyses 171 

All statistical analyses were carried out in the R (v3.1.2) statistical environment (R, 172 

2017). Count data were normalized using the package DESeq as follows (version 173 

1.20) (Anders & Huber, 2010). Contigs with zero counts in more than 50% of samples 174 

were removed, leaving 12,875 contigs across 24 samples in the dataset. Dispersion 175 

https://github.com/ckenkel/tag-based_RNAseq
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estimates of raw counts were obtained by maximizing a Cox-Reid adjusted profile 176 

likelihood of a model specifying treatment and time point for each sample and the 177 

empirical dispersion value was retained for each gene. Count data were rlog-178 

transformed using DESeq2 (version 1.8.2) (Love et al., 2014) and used in subsequent 179 

Weighted Gene Co-expression Network Analyses (WGCNA; version 5.1).  180 

R scripts for network construction were modelled after tutorials for undirected 181 

WGCNA (Langfelder & Horvath, 2008). Construction of co-expression networks 182 

consisted of four steps: (1) Pearson correlations for all genes across all treatments 183 

were used to construct a similarity matrix of gene expression, retaining the sign of the 184 

expression change (“signed networks”); (2) Expression similarities were transformed 185 

into connection strengths (connectivities) through a power adjacency function, using a 186 

soft thresholding power of 9, which best satisfied the assumption of a scale free 187 

network topology; (3) Linkage hierarchical clustering was coupled with a topological 188 

overlap matrix to identify groups of genes (network modules) whose expression was 189 

highly positively correlated, retaining only modules with at least 30 genes and 190 

merging modules with ≥75% similar expression profiles (Figure S1, supplemental 191 

information); and (4) Network properties (e.g. module eigengenes), were related to 192 

experimental conditions and sampling time-points. 193 

Functional enrichment analyses were conducted to identify over-194 

representation of particular functional groups within modules, based on Gene 195 

Ontology (GO) classification (Ashburner et al., 2000). For each GO term, the number 196 

of annotations assigned to genes within a module was compared to the number of 197 

annotations assigned to the rest of the dataset to evaluate whether any ontologies were 198 

more highly represented within the module than expected by chance using the 199 

package GO-MWU (Fisher’s exact test, FDR < 0.05) as per (Wright et al., 2015). The 200 
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GO categories were hierarchically clustered based on the number of shared genes 201 

within the dataset to identify categories likely driven by the same genes.  202 

 203 

Results and Discussion  204 

Visual inspection of sponges between treatments  205 

Sponge tissue appeared visibly healthy over the entire duration of the seven day 206 

experiment, with individuals in the highest nitrogen treatment visibly 207 

indistinguishable from those in the ambient controls (Figure 1; (Luter et al., 2014)). 208 

This is consistent with reports for other sponge species subjected to elevated nitrogen 209 

levels, such as the Great Barrier Reef sponge, Rhopaloeides odorabile (Simister et al., 210 

2012), and the Caribbean sponge Aplysina cauliformis (Gochfeld et al., 2012). 211 

 212 

Reference transcriptome assembly  213 

The reference transcriptome, built from pooling reads from three ambient samples and 214 

three samples from the 240 µM treatment, produced a total of 45,639 contigs, or 215 

isogroups, with an average length of 708 bp, a N50 of 1,172 bp and a mean GC 216 

content of 50% (Table S3, supplemental information). Gene ontology (GO) 217 

annotations based on sequence homology comparisons to the Swiss-Prot database 218 

were made for 14,146 isogroups (31%). KEGG pathway annotations were assigned to 219 

19,426 isogroups, comprising 4,356 unique KEGG annotations. Analysis of the core 220 

eukaryotic gene set using the CEGMA pipeline identified that 98.8% of eukaryotic 221 

KOGs were represented within the reference assembly distributed across 22,188 222 

isogroups. Out of the 978 genes present in the Metazoan BUSCO lineage, 93.4% of 223 

the C. stipitata isogroups were represented by complete transcripts, 3.2% were 224 

fragmented and 3.4% were missing.  This level of transcriptome completeness 225 
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exceeds a recent study that identified 77.9% of Halisarca caerulea contigs were 226 

represented by complete transcripts (Kenny et al., 2018).  227 

 228 

Gene correlation networks 229 

WGCNA was employed to examine differences in sponge gene expression between 230 

nitrogen treatment levels over the seven-day experiment.  The 12,875 isogroups 231 

included in the analysis were assigned to 13 coexpression modules, ranging in size 232 

from 119 to 4,075 genes, with seven significantly correlated with nitrogen treatment 233 

level. Each module was colour coded (Figure 2) and genes in the Magenta (n=347), 234 

Blue (n=3,131) and Tan (n=290) modules were all upregulated, while the Black 235 

(n=491), Green (n=637), Turquoise (n=4,075) and Brown (n=1,134) modules were 236 

downregulated with respect to nitrogen treatment level (Figure 2).  Two modules were 237 

increasingly up or downregulated (Blue and Turquoise, respectively) as nitrogen 238 

treatment levels increased, whereas the other two modules (Black and Brown) showed 239 

a slightly different pattern comprising an initial increase followed by a subsequent 240 

decrease at the highest nitrogen levels (Figure 2). The module eigengene (the first 241 

principal component of the expression matrix) expression patterns confirmed this 242 

trend, with highly upregulated genes in the Turquoise module being observed at 243 

ambient nitrogen levels (Figure 3a), whereas genes from the Blue module were all 244 

upregulated at the highest nitrogen level of 240 µM (Figure 3b). In contrast, the Black 245 

and Brown modules displayed more variable expression with observed gene 246 

expression increasing at the lowest nitrogen levels, while also being downregulated at 247 

the highest nitrogen level (Figure 3c-d). The WGCNA approach enabled the 248 

identification of genes responding to nitrogen treatment level directly, regardless of 249 

timepoint.  For example, while the lower nitrogen treatment levels (7, 10 and 27 µM) 250 
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were sampled from the later timepoint (7 d), the response to the nitrogen treatment 251 

level revealed a similar trend to the 48 h timepoint either increasing (Blue) or 252 

decreasing (Turquoise) in expression as nitrogen levels increased (Figure 3a-b).  253 

While clear patterns of expression existed between treatments, considerable variation 254 

between the three individual sample replicates was also apparent within all modules 255 

(Figure 4a-d).  This variation is likely attributable to the use of sponge individuals as 256 

biological replicates and is consistent with inter-individual variation in gene 257 

expression reported in other marine invertebrates (Császár et al., 2009; Souter et al., 258 

2011). It is also possible that three biological replicates per treatment was too low to 259 

explain the variation (Todd et al., 2016); however, despite the relatively low 260 

replication treatment effects were still identified. 261 

 262 

Functional enrichment of modules 263 

Genes in the WGCNA Turquoise module (e.g. genes highly upregulated in ambient 264 

and low nitrogen treatment levels) were enriched in functions associated with a 265 

change in the immune response (Figure 5a). In particular, genes with the assigned GO 266 

terms of “negative regulation of NIK/NF-kappaB signaling” and “negative regulation 267 

of defense response” (e.g. NLR family CARD domain-containing proteins) decreased 268 

as nitrogen levels increased, suggesting an overall increase in defense and immune 269 

response genes as nitrogen levels increase. Sponges are known to possess a well-270 

developed innate immune system (Hentschel et al., 2012; Pita et al., 2016; Srivastava 271 

et al., 2010), including NRL genes which may help to distinguish symbionts from 272 

food bacteria (Degnan, 2015).  Changes in innate immunity have also been identified 273 

in corals (DeSalvo et al., 2010) and sponges (Guzman & Conaco, 2016b) in response 274 

to increased temperature, as well as in oil-contaminated corals (DeLeo et al., 2018). 275 



12 
 

Most notable however, is a similar change in gene expression of immunity related 276 

factors in Galaxea fascicularis from eutrophic environments (Lin et al., 2016). 277 

Several genes upregulated in G. fascicularis in response to coastal eutrophication 278 

were also upregulated in this study, including Ras related proteins, Apoptosis 279 

regulators, Tumor necrosis factor receptor proteins, and NF-kappaB signalling (File 1, 280 

supplemental information, Lin et al., 2016). Conversely, several upregulated genes 281 

associated with G. fascicularis exposure to eutrophic environments, including heat 282 

shock proteins, were not present in any of the significant modules from the current 283 

study. Investigation of gene expression in the coral Acropora tenuis collected from a 284 

site characterised by high turbidity and dissolved nutrients also identified an 285 

enrichment of immunity genes, compared to control samples (Rocker et al., 2019).  286 

Genes that were upregulated at the higher nitrogen treatment levels (Blue 287 

module) were enriched in functions related to intracellular transport and cell signaling 288 

(Figure 5b). In particular, an increase in exocytosis of membrane bound proteins and 289 

genes associated with cell to cell signalling was evident, as well as genes involved in 290 

protein degradation (File 1, supplemental information). The Blue module also 291 

displayed an enrichment of genes within the GO term “anion transport”, which 292 

included ABC transporters known for their role in transporting metal ions, inorganic 293 

ions, amino acids and metabolites across intracellular membranes (Vasiliou et al., 294 

2009). NPK fertilizers as used in this study, generally contain low amounts of trace 295 

elements such as zinc, copper, manganese and molybdenum (Senesi & Polemio, 296 

1981), and in order to maintain the dissolved inorganic nitrogen (DIN) concentrations 297 

required for the high treatment levels, a large amount of Thrive® fertilizer was 298 

required. Samples exposed to the highest treatment level received >100 times more 299 

trace elements than ambient controls which may have contributed to an imbalance of 300 
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metals within the cells and led to an upregulation of ABC transporter genes to 301 

establish homeostasis.  302 

 The Black module, containing genes downregulated at the highest nitrogen 303 

levels, was enriched in functions relating to cilia and flagella motility (Figure 5c). 304 

Sponges possess flagellated cells called choanocytes that are responsible for pumping 305 

water which is essential for capturing food, eliminating waste and gas exchange 306 

(Berquist, 1978). Most studies reporting a reduction or arrests in pumping have been 307 

in response to suspended sediments (Grant et al. 2019; Strehlow et al., 2016; 308 

Tompkins et al., 2008); however, a downregulation of genes in this module suggests 309 

C. stipitata is responding in a similar way to elevated nutrients. Investigations into 310 

pumping rates in sponges have shown that tissue anoxia is a direct function of 311 

pumping behaviour (Hoffmann et al., 2008). Although not directly assessing the 312 

impacts of dissolved inorganic nitrogen on the sponge host, a chaser experiment 313 

found  no significant difference in pumping rates between control and dissolved 314 

inorganic nitrogen-treated Xestospongia muta individuals (Fiore et al., 2013); 315 

however, there is potential for the formation of microhabitats in sponge tissue where 316 

anaerobic and aerobic nitrogen transformation can occur (Fiore et al., 2010). It 317 

remains to be seen whether the formation of these microhabitats changes the 318 

abundance or composition of choanocyte chambers, but our results suggest a 319 

connection between increased nitrogen and a decrease in genes that may be involved 320 

in choanocyte chamber function.    321 

Similar to the Turquoise and Black modules, genes within the Brown module 322 

were also downregulated in the highest nitrogen treatment and were enriched in 323 

functions relating to DNA metabolic processes and DNA recombination (Figure 5d). 324 

These GO terms included several DNA repair proteins (including RAD51, DNA 325 
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endonucleases and Tonsoku-like) and multiple transcription elongation factors that 326 

suggest a decrease in both DNA replication and DNA repair capability at the highest 327 

two nitrogen levels (File 1, supplemental information). In corals, increased nitrogen 328 

availability results in an overall decrease in growth rate, while fostering an increased 329 

photosynthetic rate via their photosymbionts (Shantz & Burkepile, 2014), particularly 330 

when combined with low phosphorous levels (D’Angelo & Wiedenmann, 2014). Our 331 

gene expression results suggest that gene expression and DNA replication and repair 332 

is reduced as a result of elevated nitrogen exposure. An underrepresentation of genes 333 

involved in DNA synthesis and repair has also been identified in deep sea corals 334 

exposed to oil and dispersants (DeLeo et al. 2018).  335 

 Overall, a much higher number of modules were down regulated with respect 336 

to increasing nitrogen treatment level in this study (5 modules comprising 6362 genes 337 

vs. 3 modules comprising 3768 genes). Similarly, other transcriptome-wide studies of 338 

sponges (Guzman & Conaco, 2016b), corals (Moya et al., 2012) and oysters (Zhao et 339 

al., 2012) have reported a higher number of genes downregulated in response to 340 

temperature, acidification and salinity, respectively. The consistent downregulation of 341 

genes across taxa indicates a similar response to various environmental stressors.  342 

 343 
Conclusions 344 

Changes in C. stipitata gene expression following exposure to flood plume levels of 345 

nitrogen highlights the ability of sponges to sense and respond to fluctuating levels of 346 

nutrients in the environment. Specifically, sponges from the highest nitrogen 347 

treatment had differential expression of genes involved in cell signaling, changes to 348 

the immune response and decrease in flagella motility. The gene expression response 349 

in C. stipitata was comparable to thermal stress responses seen in other reef 350 
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invertebrates, including an increased immune response, a decrease in the regulation of 351 

NF-kappaB signalling and an increase in protein degradation. Additional experiments 352 

encompassing different sponge species and higher biological replication are needed to 353 

determine if sponge communities will respond to elevated nitrogen in similar ways 354 

and if the genes identified here could be use as markers of nitrogen stress and/or 355 

tolerance in other reef invertebrates. While nitrogen transformation in sponges is 356 

primarily attributed to their microbial symbionts, this study has shown that the host 357 

sponge cells also respond to elevated nitrogen associated with short-term nutrient 358 

pulses and these molecular changes may contribute to the apparent tolerance of 359 

sponges to eutrophication.  360 

 361 

Acknowledgements 362 

This study was supported by a NAMRA Postdoctoral Fellowship and a Charles 363 

Darwin University Faculty of Engineering, Health, Science and the Environment project 364 

grant awarded to HML. NSW was funded through an Australian Research Council Future 365 

Fellowship (FT120100480). The funding bodies played no role in the design of the 366 

study, analysis, interpretation of data and writing the manuscript. We 367 

acknowledge Derek Sarovich for his support accessing and using the high 368 

performance computer run by Genomics Northern Australia.  369 

 370 

Conflict of interest 371 

The authors declare that they have no competing interests. 372 

 373 

Data Availability  374 



16 
 

The raw sequence data generated during the current study are available in the NCBI’s 375 

SRA under the BioProject ID PRJNA383089 (Tag seq data) and PRJNA565855 376 

(reference transcriptome). The Transcriptome Shotgun Assembly project has been 377 

deposited at DDBJ/EMBL/GenBank under the accession GHWA00000000. The 378 

version described in this paper is the first version, GHWA01000000. The input files 379 

and scripts for WGCNA have been provided as supplementary data. 380 

 381 

Authors Contributions 382 

HML, KG and NSW designed the experiment. HML performed labwork, data 383 

analysis and drafted the manuscript. CDK, MT, TP, PWL contributed to data analysis. 384 

All authors read and approved the final manuscript. 385 

 386 

 387 

Figure 1. Photographic panel of C. stipitata from nitrogen exposure experiment. 388 

A representative from the ambient treatment (a), 7 µM (b) and 240 µM (c), which 389 

signify the highest nitrogen treatment from mimicking the flood plume event (48 h) 390 

and sewage pulse (7 d), respectively. 391 

 392 

 393 

 394 

 395 

 396 
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397 

Figure 2. Heatmap of module-trait correlations. Each row corresponds to a module 398 

eigengene and each column corresponds to either time point, treatment, or specific 399 

nitrogen concentration.  The number of genes corresponding to each module is listed 400 

in parentheses.  In the heatmap matrix, red indicates a positive correlation, whereas 401 

blue indicates a negative correlation.  Correlations are based on Pearson’s R with only 402 

significant correlations depicted. Individual timepoints (e.g. 48 h and 7 d) and specific 403 

nitrogen treatment levels (e.g. 2 to 240 µM) were defined as categorical traits, coded 404 

in binary. 405 

  406 

 407 

 408 

 409 

 410 

 411 

 412 
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 413 

Figure 3. Module-specific boxplots of gene expression. Each box plot depicts the 414 

median and interquartile range of module eigengenes with respect to nitrogen 415 

treatment level for the Turquoise (a), Blue (b), Black (c) and Brown (d) modules. Box 416 

plot whiskers extend 1.5 times beyond the interquartile range. The ambient (2 µM) 417 

treatment from 48 h and 7 d was combined while 120, 160 and 240 µM correspond to 418 

48 h and 7, 10, 27 µM correspond to 7 d. 419 
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 420 

Figure 4. Module-specific heatmaps of gene expression. Columns represent 421 

individual samples, which are organised by increasing nitrogen treatment level, with 422 

the second three replicates (e.g. SM332, SM333 and SM334) of the 2 µM treatment 423 

corresponding to the 7 day timepoint: Turquoise (a), Blue (b), Black (c) and Brown 424 

(d) modules. 425 

 426 
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427 

Figure 5. Gene Ontology (GO) categories enriched for each module. GO terms are 428 

from the Biological Processes domain. Font size and boldness corresponds to the FDR 429 

adjusted p-value derived from the Fisher’s exact test. The dendrogram shows the 430 

sharing of genes between categories and the fractions correspond to the number of 431 

genes significant within that category of genes. Individual genes from each GO term / 432 

module are provided as supplemental information, File 1. 433 

 434 

 435 
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Supplementary Information 436 

Figure S1. Clustering dendrogram of expression data. Dissimilarities based on 437 

topological overlap are shown with module colors (Dynamic tree cut) and after 438 

merging modules whose expression profiles were 75% similar (Merged dynamic). 439 

Table S1. Nutrient levels analysed over the course of the experiment (n=3 samples 440 

per treatment). Grey shading represents the 48-h pulse reflecting a short-term sewage 441 

discharge event. Table modified from Luter et al. 2014. 442 

Table S2. Tag RNA-seq read statistics per sample.  443 

Table S3. Cymbastela stipitata reference transcriptome assembly statistics. 444 

Supplementary file 1. .xlsx file of Individual genes identified for each GO term / 445 
color module (separated in individual tabs). SuppData_EnrichedGOGenes.xlsx 446 
 447 
Supplementary file 2.  Annotated R script used to generate results for this study 448 
including normalization, WGCNA and GO enrichment. 449 
Supp_MolEcol_WGCNA_NExp.R 450 
 451 
Supplementary file 3. .txt file of raw expression counts for Cymbastela stipitata 452 
samples used as input for R-script. allcountsNExpt.txt 453 
 454 
Supplementary file 4. .csv file of treatments and timepoints used as input ‘traits’ for 455 
WGCNA analysis. CymbTraits3.csv  456 
 457 
Supplementary file 5. .tab file of gene names to isogroups in Cymbastela stipitata 458 
transcriptome. 08_genenames_iso2gene.tab 459 
 460 
Supplementary file 6. tab file of GO term annotations for isogroups in Cymbastela 461 
stipitata transcriptome. 09_GO__iso2go.tab 462 
 463 
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