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23 Abstract

24

25  Mercury can be very toxic at low environmental concentrations by impairing immunological,
26 neurological, and other vital pathways in humans and animals. Aquatic ecosystems are
27  heavily impacted by mercury pollution, with evidence of biomagnification through the food
28  web. We examined the effect of mercury toxicity on the spleen, one of the primary immune
29  organs in fish, in natural populations of the three-spined stickleback (Gasterosteus acul eatus
30 Linnaeus, 1758). Our aim was to better understand adaptation to high mercury environments
31 by investigating transcriptomic changes in the spleen. Three stickleback populations with
32 mean Hg muscle concentrations above and three populations with mean Hg muscle
33  concentrations below the European Biota Quality Standard of 20 ng/g wet weight were
34  selected from the Scheldt and Meuse basin in Belgium. We then conducted RNA sequencing
35 of the spleen tissue of 22 females from these populations. We identified 136 differentially
36 expressed genes between individuals from populations with high and low mean mercury
37 content. The 129 genes that were upregulated were related to the neurological system,
38 immunological activity, hormonal regulation, and inorganic cation transporter activity. Seven
39 genes were downregulated and were all involved in pre-mRNA splicing. The results are
40 indicative of our ability to detect molecular alterations in natural populations that exceed an
41 important environmental quality standard. This allows us to assess the biological relevance of
42 such standards, offering an opportunity to better describe and manage mercury-associated
43 environmental health risks in aquatic populations.

44

45 Keywords: ecotoxicology, gene expression, mercury, neurotransmitter, pollution, river,

46  spleen tissue
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47 Introduction

48  Chemical pollution has rapidly changed aquatic ecosystems worldwide (Hooper et al., 2012).

49  Metals, including mercury (Hg), are of particular concern because of their omnipresence and
50 availability for uptake in biota, in addition to their high potential for interference with the

51  functioning of vital cellular components (Okereafor et al., 2020). Mercury is released into the

52  atmosphere from natural and anthropogenic sources and deposited globally. It may
53 accumulate in the food chain in its organic form, methylmercury (MeHg). Once accumulated,
54  mercury may exert toxic effects on various biological pathways and alter immune responses,

55  neuronal signalling, and osmoregulation, leading to organ failure (Yang et al.,2020, Balali-

56  Mood et al., 2021). In fish, mercury concentrates in organs such as the liver, muscle tissue,
57  gills, kidney and brain through exposure to contaminated water or food (Morcillo et al., 2017,
58  Zulkipli et al., 2021).

59

60 Some fish populations thrive at sites with contaminant concentrations that elicit toxic

61 responses in naive populations (Durrant et al., 2011). Such resistance may involve

62  intragenerational physiological acclimation and intergenerational genetic adaptation (Reid et

63 al., 2016). Individual organisms may cope with toxicity through regulatory or epigenetic

64 modes of adaptation (Hu & Barrett 2017). Yet, adaptation does not always occur where

65 expected, as populations are often rapidly extirpated at contaminated sites (Coffin et al.

66  2022). The study of adaptation to contaminants is thus crucial for adequate environmental
67  risk assessment. Many studies on experimental as well as wild populations have improved
68 our understanding of how mercuric toxicity disrupts metabolic, endocrine and cellular
69  pathways, and have provided a basis for the development of biomarkers for mercury pollution
70  (Driscoll et al., 2013, Branco et al., 2017, Vasconcellos et al., 2021, Olsvik et al., 2021,

71 Trivedi et al., 2022). In contrast, relatively few studies have investigated how genetic

72 adaptation shapes the biological responses to mercury pollution and, therefore, how
73 populations under pollution stress ultimately manage to persist (Belfiore and Anderson, 2001,
74  Budnik and Casteleyn, 2019, Yang et al., 2020). Such studies require the comparison of these
75  responses between natural populations with a history of high versus low mercury
76  contamination.

77 In this study, we investigate the effects of MeHg in natural three-spined stickleback
78  (Gasterosteus aculeatus Linnaeus, 1758; Gasterosteidae) populations in Flanders (Belgium).

79  The three-spined stickleback is increasingly used as a model species in ecotoxicological
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80 studies (Katsiadaki et al., 2002, Willacker et al., 2013, Webster et al., 2017, Calboli et al.
81  2021). Flanders has experienced a significant degree of metal pollution from industrial
82  activities since the 19th century, with very local though scattered signatures of mercury

83 contamination in soils and sediments (Tack et al., 2005; Van Steertegem, 2011, Brosens et

84 al., 2015). Accordingly, mercury concentrations in the muscle tissue of stickleback

85  populations are highly variable, ranging from 21.5 to 327 ng/g dry weight (Calboli et al.

86  2021). Calboli et al. (2021) further revealed that Hg accumulation is associated with specific
87  genomic regions, suggesting a genetic basis for adaptation to mercury-polluted environments
88 inthree-spined sticklebacks in Flanders.

89

90 Here, we further investigate the effects of mercury on these three-spined stickleback
91  populations by means of a gene expression study in the spleen tissue. The analysis of
92 genome-wide variation in gene expression is particularly relevant, as it facilitates the
93 interpretation of an organism’s basic molecular mechanisms and phenotypic plasticity in

94  response to toxicity (Reid et al., 2016). The spleen, crucial in fish immune defense and blood

95 filtration, is known to be affected by mercury pollution (Tjahjaningsih et. al., 2017). For
96 instance, exposure of carp to mercury chloride led to a notable increase in macrophage
97 accumulation in the spleen tissue, suggesting that spleen tissue may serve as a sensitive
98  bioindicator for environmental pollution (Kaewamatawong et.al., 2013; Tjahjaningsih et. al.,
99  2017). Mercury exposure may also impair the functioning of the spleen’s white pulp tissue
100 (Roales and Perlmutter 1980). However, the details of these impairments are not fully
101 understood. We therefore investigated the spleen’s functions at the transcriptome level to
102  better understand adaptation to high mercury environments. Specifically, we hypothesise that
103  the spleen's immune functions are linked with pathways underlying mercury-associated stress
104  responses. By comparing transcriptomic profiles among three-spined sticklebacks from
105  populations with high and low mercury accumulation, we explore molecular targets and
106  identify genes and pathways of environmental mercury exposure. By focusing on populations
107  with mean Hg concentration above and below the European Biota Quality Standard of 20
108  ng/g wet weight, we aim to better understand the biological relevance of such standards.

109

110 Material and Methods

111

112  Sitesdection, sampling and sample preparation
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The biological materials for this study were collected in parallel with the study by Calboli et
al. (2021), who described the variation in mercury concentrations in the muscle tissue among
523 sticklebacks from 21 locations and performed a genome-wide association study on the
accumulated levels of mercury in these individuals, based on 28,450 SNPs. The 21
populations originated from rivers and streams within three drainage basins in Flanders
(Belgium), namely the river Meuse basin, the eastern basin of the Scheldt River (Scheldt-E),
and the western basin of the Scheldt River (Scheldt-W) (Figure 1A).
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Figure 1. (A) Map of the sampling region with indication of the locations of the 21 study
populations. Locations in red and grey mark the subset of populations with high and low
mean mercury concentrations in muscle tissue, respectively. (B) Log-transformed total
muscle Hg concentrations across the six focal stickleback populations. (C) Hg concentration

in the sediment of the six focal locations.

An overview of sampling sites, sample collection, sample preparation, sex determination, and
measurement of mercury content in muscle tissue and in the sediment is available in Calboli
et al. (2021). Here, we provide a summary of these methods, and describe additional
procedures relevant for our study. About 25 individual sticklebacks per location were
collected using dip nets. Fish were then transferred to an oxygenated bucket filled with 25L

of water collected on site, and transported to the University of Antwerp (Antwerp, Belgium).
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134  The fish were kept overnight and were then euthanized using an overdose of buffered
135  Tricaine mesylate (MS-222) according to the guidelines of the Ethical Commission for
136  Animal Experiments of the KU Leuven. Individual fish were weighed (Wg; mg) and
137 measured for standard length (SL; mm). Fish were dissected on a glass plate kept on ice to
138  maximize tissue preservation. In case the gonads were mature, the sex of the sample was
139  recorded. The liver was extracted and weighed (Wy; mg). The spleen (range: 0.1-3.2 mg) was
140  collected and stored in RNA later (Thermo Fisher Scientific — Invitrogen, Waltham, MA,
141 United States). For mercury analysis, muscle tissue on both flanks was dissected and snap-
142 frozen in liquid nitrogen and temporarily stored at —80°C. For the measurement of mercury
143  content in muscle tissue as well as in the sediment, we refer to the procedures described in
144  Calboli et al. (2021).

145

146  For the present study, a subset of six populations was selected for the analysis of gene
147  expression. This subset included three populations with low mean mercury concentrations in
148 muscle tissue (Figure 1A; Abeek [abe]: 22.0 + 13.9 ng.g™; Molenaarsdreefbeek [mdb]: 49.9
149+ 20.9 ng.g™"; Mombeek [mom]: 102 + 128 ng.g™), and three populations with high mean
150  mercury concentrations in muscle tissue (Lede [led]: 322 + 180 ng.g™; Molenbeek [mib]: 326
151 + 77.8 ng.g”'; Motebeek [mot]: 224 + 70.0 ng.g™") (all values measured as dry weight
152 concentrations). We further refer to the two sets of populations as the “high Hg” and “low
153  Hg” group. Assuming a typical moisture content of 80 % in fish tissue, these mean dry
154  weight concentrations correspond to 4 to 65 ng/g wet weight, and all three populations of the
155  high Hg group exceed the European Biota Quality Standard of 20 ng/g wet weight (Ribeiro et
156  al., 2015, European Commission, 2013).

157

158  Mercury concentrations of the six focal populations differed significantly between the high
159  and low Hg groups after correction for standard length (Figure 1B; Fs, 141 = 59.1; p-value <
160  0.0001). Yet, there was no correlation between the mean mercury concentration in muscle
161  tissue and the mercury concentration measured in the sediment (Figure 1C; Spearman rho =
162  0.54, p-value = 0.30), as already indicated for the complete set of populations (Calboli et al.
163 2021). Furthermore, with three locations from Scheldt-E (mot, led and mdb), two locations
164  from Scheldt-W (mlb and mom), and one location from the Meuse basin (abe), we ensured
165  that there was no geographic clustering between populations of the high Hg and low Hg
166  group.

167
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168  RNA extraction, library preparation, sequencing and bioinformatic analysis

169

170  RNA extraction - Total RNA was extracted from the spleen tissue of 24 females from the six
171 focal populations, with three to five individuals per location. The individual whole spleen
172 tissues were thoroughly homogenised with 500 ml of TRI reagent (Zymoresearch, USA)
173 using 1.4 mm ceramic beads (Genaxxon Bioscience, Germany) at 6,500 rpm for 2 x 20 s in a
174  Precellys 24 homogenizer (Bertin Instruments, Montigny-le-Bretonneux, France). The RNA
175 was extracted from the supernatant of the tissue homogenate using Direct-zol™ RNA
176  MiniPrep (Zymoresearch, USA), following the manufacturer's instructions. RNA purity and
177  quality were assessed using NanoDrop™ ] 1,000 (Thermo Fisher Scientific) and TapeStation
178  (Agilent Technologies, USA). The RNA quantification was performed with a Qubit
179  fluorometer (Thermo Fisher Scientific). The RNA integrity number (RIN value) was > 8 in
180  all samples.

181

182  Library preparation and sequencing - Twenty-four individual RNA libraries were
183  constructed with the NEBNext® Ultra™ Il Directional RNA Library preparation kit (NE
184  Biolabs, USA) and poly(A) mRNA magnetic isolation module (NE Biolabs) with the given
185  procedure. The library preparation started with 1 pg of total RNA, and after Poly(A)
186  enrichment, mMRNA was fragmented (the samples were heated at 65 °C for 5 min) to obtain
187  100-200 bp fragments. Then, the first and second strands of cDNA were synthesised and
188  purified. The next steps, adaptor ligation and barcoding, were performed with NEBNext®
189  Multiplex Oligos (NE Biolabs), followed by PCR enrichment with 9 cycles. Amplified
190 libraries were purified utilising Mag-Bind TotalPure NGS (Omega Bio-tek, United States). In
191  the last step, libraries were pooled according to barcodes and loaded at 1.4 pM on the
192  Hlumina NextSeq 500 sequencer (lllumina) with the NextSeq 500/550 High Output Kit (v2.5,
193 75 cycles) for 75 bp single-end sequencing at the genomics platform of Nord University
194  (Bodg, Norway). On average, about 41 million single-end raw reads were obtained for each
195 sample. Yet, two samples from location mot were of insufficient quality after library
196  preparation or sequencing and were therefore excluded from further analyses.

197

198  Bioinformatics analysis - The adaptor sequences were trimmed using the fastp software

199  (Chen et al., 2018) with default parameters. Phred quality score (Q > 30) was used for
200 filtering raw reads, and the quality of the filtered reads was checked using the FastQC

201  software. Cleaned reads were aligned to the reference genome (Peichel et al., 2020, Nath et

7
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202 al.,, 2021) of the three-spined stickleback (stickleback v5 assembly.fa.gz, retrieved directly
203  from the Stickleback Genome Browser hosted by the University of Georgia) using HISAT2,
204  version 2.2.1 (Kim et al., 2019). Subsequently, the feature Counts tool (Liao, Smyth and Shi,

205  2014) was used to find the read counts that belong to each transcript using the transcriptome
206  (stickleback _v4 _ensembl_lifted.gtf). Genes were filtered to read counts > 10 in each sample
207  prior to further analysis.

208

209 Dataanalysis

210

211 Phenotypic traits - To assess the relative condition of the individual fish of the six focal
212 populations, two condition factors were used: (1) Fulton’s condition index (Cl) was
213 calculated as 1000 x (Wg/SL®); and (2) the hepato-somatic index (HSI; a proxy of energy
214  reserves) was calculated as HSI = (W /Wg) x 100, where W and W5 represent the wet liver
215 weight and wet body weight, respectively. Body size (measured as SL), body weight, and
216  relative condition (Cl and HSI) were compared using a nested ANOVA with mercury group
217  (high Hg vs. low Hg) as a fixed factor and sampling location (nested in mercury group) as a
218  random factor.

219

220 Population genetic structure — To correct differences in gene expression for genetic
221 background (see below), we quantified the population genetic structure of the 21 populations
222 using a Principal Component Analysis (PCA). Data from 512 individuals and 28,450 SNPs
223 were retrieved from Calboli et al. (2021). SNPs identified to be under selection, associated

224 with variation in Hg concentration in muscle tissue (c.f._Calboli et al., 2021), linked to sex

225  chromosome XIX (Peichel et al., 2004), or having any missing values across the 512

226 individuals were excluded from the analysis. The PCA() function from the FactoMineR
227  (version 2.4) R package was used to perform the PCA analysis.

228

229 Differential gene expression - We compared gene expression between individuals from the
230  high mercury environment with individuals from the low mercury environment. A negative
231 binomial distribution model was fitted with six predictors, including one covariate associated
232 with high vs. low Hg, and five covariates associated with genetic background. The genetic
233 background predictors consisted of the five first principal components of the PCA performed
234 to assess population genetic structure (see above and Supplementary Figure 1). The

235  projection was scaled to avoid overdispersion with the scale() function. The DESeq2 package

8
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236  (version 4.1) (Love, Huber and Anders, 2014) was used to fit an additive model (AM) as G; ~
237  M; + PC1; + PC2; + PC3; + PC4; + PC5;, with G; being the gene investigated; M; the Hg
238 group (high vs. low Hg in muscle tissue), and PC1; to PC5; the loadings of each individual on

239  each principal component. Differential gene expression was assessed with IfcShrink(). Genes
240  with a cut-off value of |Log2(fold change)| > 1 and an adjusted s-value of < 0.1 (local false
241  sign rate) were considered differentially expressed. To visualise the differentially expressed
242 genes, we used an MA plot (log2 fold change versus log2 expression). Finally, to visualise
243  the expression differences between the 22 individuals, we used the PCA() function from the
244  FactoMineR package.

245

246 Enrichment analysis, Netwok Analysis and Pathways - we used the differentially expressed
247 genes  for gene  ontology analysis using  g:Profiler's  g:GOSt  tool
248 (https://biit.cs.ut.ee/gprofiler/gost), targeting the Ensembl three-spined stickleback database.
249  We focused on the list of differentially expressed genes, setting our statistical domain against
250 all known genes. The significance threshold was established using g:SCS at a user-defined
251 level of 0.05 and for identification purposes, numeric IDs were treated as
252 ENTREZGENE_ACC.

253

254  We used Cytoscape (version 3.9.1) to make a canonical protein-protein interaction (PPI)
255  network by utilising the STRING web-based database (version 11.5) to evaluate the
256  relationship among the 129 upregulated genes. In this analysis, we used the background
257  database from zebrafish Danio rerio. We performed pathway enrichment analysis by
258 applying Gene Set Enrichment Analysis (GSEA) with 1000 permutations and FDR
259  parameters set to less than 0.05. In order to identify gene (co)regulatory dysregulation, we
260 carried a Delta network analysis by first calculating the Pearson correlation among
261  differentially expressed genes within the high and the low mercury group. Then we
262  subtracted the high and the low mercury correlation matrices to compute the delta matrix.
263  Using the r.test() from the psych package (version 2.2.9), we computed the p-values
264  associated with the dysregulation of the gene network (delta net) and used an FDR of < 0.01
265  to consider the hub (i.e., a node interconnecting a gene with other genes) to be differentially
266  regulated. For presentation, only the dysregulatory hubs with ten connections or more were
267 included.

268
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269 Results

270

271 Population characteristics and genetic structure

272

273 Neither body size, body weight, condition index, nor HSI differed between the populations of
274  the high Hg and the low Hg group (all p-values > 0.05) (Figure 2A-D). As previously
275  observed by Calboli et al. (2021), the population genetic structure of the 21 populations
276  reflected watershed and sampling location, rather than Hg levels (Figure 2E). The 22
277 individuals used for gene expression analyses also clustered by population, rather than by

278  high vs. low Hg group (Figure 2F).

279
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281  Figure 2. Population characteristics and genetic structure. (A) Standard length, (B) body
282  weight, (C) condition index, (D) hepatosomatic index. (E-F) SNP-based PCA plot
283  representing the genetic relationship among (E) all 21 populations and (F) the 22 individuals
284  from the six focal populations selected for gene expression analysis.

285

286  RNA sequencing output

287
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288  About 922 million raw reads were obtained from the 22 spleen samples (Supplementary
289  Table 1). About 2 % of reads were lost during filtering for read quality, resulting in 904
290  million reads. The average percentage of bases with a Phred quality score of Q > 30 was
291 95.02 %. The average mapping percentage of filtered reads and GC content was 90.7 % and
292 51.3 %, respectively.

293

294  Differential gene expression reveals common signatures

295

296 A total of 136 genes were differentially expressed between the individuals from the high vs.
297  low Hg group. The MA plot (Supplementary Figure 2 and Supplementary Table 2) indicated
298 that a total of 129 genes were upregulated in the high Hg group, while seven genes were
299  downregulated. A heatmap of the 136 genes combined with hierarchical clustering revealed
300 one cluster comprising two individuals of the high Hg group (population led; Led03_H and
301  Led04_H), and two mixed clusters with individuals of both groups (Figure 3A).

302

303 APCAnplot based on the set of 136 differentially expressed genes separated two individuals
304 from population led (Led03_H and Led04_H) from all other individuals along PC1, while
305 PC2 showed a cline from mostly low Hg individuals (negative PC2 values) to more high Hg
306 individuals (positive PC2 values) (Figure 3B). Gene expression levels for selected genes with
307  neuronal functions (SYT7A in Figure 3C; RIMS2 and CHRNB2 in Supplementary Figure 3)
308 were consistently high for population led, but were more variable for the two other

309  populations of the high Hg group, mib and mot.

11
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311 Figure 3. Differentially expressed genes are associated with the neuronal and transport
312 system. (A) Hierarchical clustering of transcriptome-based differences between individuals
313  of the high Hg and low Hg group. The heatmap was built with DeSeq2 based on variance
314 normalised read counts. The heatmap shows the differentially expressed genes with an
315  adjusted s-value below 0.1 and |Log2 fold change| >1. (B) PCA plots (PC1 vs. PC2 and PC2
316  vs. PC3) visualising the variation in expression for the 136 genes that are differentially
317  expressed between individuals from the two Hg groups. (C) Boxplots of differential
318  expression by location for SYT7, agene involved in neuronal functions. (D) Pathway
319  enrichment analysis of the 129 upregulated genes, as identified through the STRING database
320 and analysed in Cytoscape, using FDR values for significance determination. The enrichment
321 data, originating from Reactome Pathways, involved biological functions. The fold
322  enrichment of pathways is depicted on a log-transformed scale. Circles within the figure vary
323  insize proportionally to the count of genes associated with each pathway. The color intensity

324  of each circle represents the associated p-value.

325

326 Differential expression levels between the high and low Hg group reveal an activation of
327  neuronal-like functional pathways and rewiring of gene regulatory networks

328
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329  Enrichment analysis on 129 upregulated genes using Reactome pathways revealed that the
330 neuronal function including potation channels regulation are significantly enriched,
331  representing 4 out of 7 enriched pathways (Figure 3D). This is supported by a hierarchical
332 enrichment term examination using a GO-terms-based analysis (Supplementary Figure 4).
333  We identified 3/3 biological processes associated with the regulation of localization and
334  transport function activity. At the cellular component level, 6/6 terms were related to cell
335 membrane and secretory activities. Finally, at the molecular functions level 8/12 terms were
336 involved in channel transport regulation. Further at the gene level, by annotating a canonical
337  protein-protein interaction network with Cytoscape for biological networks we found out of
338 79 gene proteins that 33 (51 %) were associated with the neuronal systems (axon and
339  synapse), 13 (20 %) with plasma membrane proteins, 12 (18 %) with inorganic transporter
340 activity, 11 with secretory vesicles, 8 (12 %) with functions related to potassium, and 4

341  functions related to calcium ion transport (Figure 4A).

342  The canonical protein-protein network of upregulated genes in the high Hg environment
343  reveals that the protein hub associated with the nervous system and plasma membrane are
344  central in the network with maximal edges interactions, while other functions are peripheral
345  (Figure 4A). Furthermore, we tested which gene and gene interactions are more likely to be
346  dysregulated by Hg intoxication by using a delta analysis between the gene interaction
347  networks of the high Hg vs. low Hg group by subtracting the corresponding gene expression
348  correlation matrices (Supplementary Figure 5). This delta network indicated significant
349  regulatory rewiring of central gene hubs (Figure 4B; Supplementary Figure 5). Genes with
350  extreme breakdown of coordinated expression were associated with the nervous system (e.qg.,
351  GCGA, GCGB, PDX1) and plasma membrane (e.g., RET) (Figure 4A).
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353 Figure 4. Regulatory networks of differentially expressed genes. (A) Protein-protein
354 interaction (PPI) network based on the 129 upregulated genes. The PPI enrichment score was
355 1.0 E-16, with a confidence score of 0.5 (fdr < 0.05), underlying 206 functional associations
356  between 65 genes (nodes). These nodes are involved in the nervous system (yellow), plasma
357  membrane (orange), Immunoglobulin (blue), and inorganic transporter activity (red). Nodes
358  with a green circle mark genes with a pancreatic b cell function. The confidence score of each
359 interaction is proportional to the edge thickness and opacity. (B) Delta network, depicting the
360  significantly dysregulated hubs genes between individuals from the high Hg and low Hg
361  group (FDR < 0.01). Only the significant hubs of at least ten interactions are represented.

362

363 Discussion

364

365 We compared the transcriptional responses between three-spined stickleback populations
366  with Hg levels above (high Hg group) and below (low Hg group) the European Biota Quality
367  Standard of 20 ng/g wet weight. We hypothesised that the toxic effects of Hg above this
368  standard affect the immunity of individuals assessed by the transcriptional repertoire of the
369  spleen, an important lymphoid organ. We found 136 differentially expressed genes between
370 the individuals from the two groups, not only confirming our ability to associate
371 transcriptomic alterations with metal exposure in natural vertebrate populations (Maes et al.

372 2013), but also indicating that there is a measurable biological response when an important
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373 environmental quality standard is exceeded. Furthermore, we showed that these alterations
374 involved not only genes associated with the cell membrane's physiological systems and
375  various immunological functions but also the neurological system. Indeed, both the analysis
376  of differential gene expression and the enrichment and network analysis revealed functions
377  associated with neuron projection, axon activity, and synapse functioning. This suggests that
378 gene expression in the spleen involving cell communication, calcium transport, and
379  neurotransmitter release are interconnected, and the homeostatic regulation of the neuronal-
380 immune crosstalk is affected upon mercury intoxication. Finally, we found that gene
381  expression was rather variable within the high Hg group, suggesting that exposure to high Hg
382  can lead to diverse biological signals.

383

384  The detected differences in gene expression between the high Hg and low Hg group represent
385  contrasts between natural populations, and therefore do not allow us to infer causality. By
386  statistically correcting for neutral genetic background, we ensured that the results do not
387  merely represent random population-level differences that evolved over time. Yet, other
388  potential differences were not accounted for. Specifically, although the six populations
389  originate from fairly similar lowland rivers and streams, the difference in Hg content between
390 the two groups may reflect environmental features that could also affect gene expression
391  patterns. Nevertheless, our findings are in line with a diverse set of experimental and field-
392 based studies highlighting the complex and varied impacts of Hg exposure in fish. In nature,
393 it has been observed that fish living in high Hg environments have altered gene expression
394  profiles in detoxification and oxidative stress pathways compared to those living in low Hg
395  environments (Carvalho, 1993, Brady et al., 2017, Adrian-Kalchhauser et al., 2020, Burke et

396 al., 2020, Olsvik et al., 2021). Experimental exposure studies have primarily investigated the

397  effect of MeHg on gene expression in the liver, muscle, and brain tissue of zebrafish. In the
398 liver, the genes affected by Hg exposure were enriched in pathways related to xenobiotic

399  metabolism, oxidative stress, and inflammation (Zhang et al., 2020, Song et al., 2022). In

400 muscle, genes associated with muscle development and function were affected by Hg
401  exposure, while in the brain, Hg exposure was found to impact genes involved in neuronal
402  development, synaptic transmission, neurotransmitter metabolism, and calcium transporters
403  (Gonzalez et al., 2005, Cambier et al., 2009, Cambier et al., 2010, Ung et al., 2010., Zhang et
404  al., 2016, Zhang et al., 2020). One study in zebrafish also identified genes encoding calcium

405  transporters that trigger immune response activation (Cambier et al., 2012) and the effects of

406  various factors on calcium signalling pathways, nuclear receptors, and ion channels (Ung et
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407 al., 2010, Rico et al., 2011, Biswas and Bellare, 2021). At the proteomic level, Hg exposure
408  has been found to be associated with gap junction signalling, oxidative phosphorylation, and

409  mitochondrial dysfunction (Rasinger et al., 2017). In brief, exposure to mercury (Hg) affects

410  both neuronal signalling and immune responses, all consistent with our findings.

411

412 An important aspect of the study of the consequences of pollution is to understand whether
413  biological changes are adaptive and if such adaptation is the result of natural selection or
414  phenotypic plasticity (Maes et al., 2005; Reid et al., 2016). Using the same populations and
415  individuals as this study, a genome-wide association study by Calboli et al. (2021) identified
416  various candidate genes, including cellular metal binding processes and zinc ion binding, that
417  may play a role in mitigating the effects of Hg accumulation in muscle tissue. The data
418  suggests that there is a genetic basis of adaptation to Hg pollution. None of the genes
419 identified in the present study overlapped with the genes suggested by Calboli et al. (2021).
420  Such overlapping genes were not expected, given our focus on gene expression in the spleen,
421  rather than in muscle tissue. Yet, a lack of overlap may also indicate other adaptive or non-
422  adaptive mechanisms underlying the biological responses to Hg pollution, or that the
423  physiological plasticity in gene expression partially offsets the effect of long-term Hg-
424  induced selection in sticklebacks. Wild populations of fish exhibit gene plasticity in response

425  to ecotoxicological factors such as tolerance and adaptation in selection (Reid et al., 2017).

426  Understanding how organisms respond to environmental stressors can also help us develop
427  strategies to mitigate the negative effects of pollution on ecosystems and protect biodiversity

428  (Hamilton et al., 2016). For instance, genetic diversity may have provided enough standing

429  genetic variation to killifish populations in polluted environments, enabling them to adapt

430 quickly to changing environmental conditions (Reid et al., 2017). In contrast, populations

431 with lower genetic diversity may be less able to adapt and are at greater risk of extinction
432  (Reid et al., 2016).
433

434  Governmental agencies monitor Hg concentration in fish to assess health risks, as they often
435 exceed the reference concentrations of the FAO/WHO and European Commission
436  (Capodiferro et al., 2022, Baeyens et al., 2003, Kerambrun et al., 2013). The average Hg

437  concentration in muscle tissue of the stickleback individuals selected for this study ranged

438  from 22.0 to 326 ng g dry weight (Calboli et al., 2021). Assuming a typical moisture

439  content of 80 % in fish tissue, these values correspond to 4 to 65 ng/g wet weight. While none

440  of the populations in this study exceeded the FAO/WHO guidelines for human consumption
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441 (500ng/g wet weight; Condiniet et al., 2023), the three populations with high mean mercury
442  accumulation did exceed the European Biota Quality Standard 20 ng/g wet weight (Ribeiro et

443  al., 2015, European Commission, 2013). So, while three-spined stickleback is not consumed

444 by humans, the high values at some locations likely biomagnify in its predators like pike Esox
445  lucius and brown trout Salmo trutta, which are popular among anglers, as well as piscivorous
446  birds such as kingfisher Alcedo atthis and spoonbill Platalea leucorodia. Our study,
447  therefore, characterises a molecular response between populations to an environmental threat
448  which can cascade into the food chain.

449

450  Conclusion

451

452  RNA sequencing of the spleen tissue revealed 136 differentially expressed genes among
453  three-spined stickleback populations with high and low mean mercury content. The majority
454  of the genes were upregulated in the high mercury group. The detection of differentially
455  expressed genes and their involvement in neuronal signalling and immune responses opens
456  the opportunity for a better understanding of the genetic and biological characteristics of
457  organisms living in mercury-polluted environments. Such knowledge contributes to the
458  management of aquatic ecosystems and the protection of biodiversity for current and future
459  generations. Strategies for further research encompass controlled experiments allowing to
460  determine biological responses specific to mercury exposure, as well as field studies linking
461  gene expression to a broader range of multiple environmental stressors.
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739  Supplementary Figure 4. Gene ontology analysis of candidate genes based on their
740  associated biological processes (BP), molecular functions (MF), and cellular components
741 (CC). The significance of each GO term is represented through the -Log;o transformation of
742 the g:SCS adjusted p-values, with a higher -Logio(Pg:scs) indicating a smaller adjusted p-
743  value and thus greater significance.
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748  correlation matrix. Only significantly dysregulated hub genes at an FDR < 0.01 are shown
749  (non-zero values).
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769  Figure 1. Scree plot of the Principal Component Analysis (PCA) on 28,450 SNP genotypes
770 across 512 individuals.
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788  Hg (left) and low Hg (right) group. Lower panel: difference (delta) between the high and low
789  correlation matrix. Only significantly dysregulated hub genes at an FDR < 0.01 are shown
790  (non-zero values).
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799  Supplementary Table 1. Detailed sequencing output of the spleen transcriptome of the 22 three-
800  spined sticklebacks. 1D’s with suffix “H” and “L” mark individuals from the high (N = 10) and low
801  Hg group (N =12), respectively.

ID Index Index Raw Filtered Mapping GC Q20(%) Q30 (%)
primer primer reads(M) reads(M) (%) (%)
sequence
Abe01_L 30 CACCGG 42825665 42360079 91.53 51.06 96.92986 95.30225
Abe02_L 37 CGGAAT 40397413 39937457 91.21 50.5 96.62279 94.89097
Abe03_L 38 CTAGCT 39048142 38709907 91.78 51.35 97.00484 95.40999
Abe04_L 39 CTATAC 45979389 45518051 91.28 50.15 96.56188 94.80398
Led0l_H 45 TCATTC 45198696 44815593 91.4 51.66 97.00784 95.41217
Led02_H 46 TCCCGA 34345693 34061907 914 51.92 96.4895 94.28936
Led03_H 19 GTGAAA 31531870 31250027 91.82 52  96.52412 94.73819
Led04_H 22 CGTACG 36925607 36045152 89.92 5043 95.82916 94.19607
Mdb01_L 27 ATTCCT 39603243 38747800 90.19 50.08 96.69208 94.98581
Mdb02_L 20 GTGGCC 43108912 42504108 89.76 50.87 96.70733 95.00799
Mdb03_L 21 GTTTCG 35718943 34803516 89.76 50.54 97.06682 95.50374
Mdb04_L 15 ATGTCA 56171996 55526972 91.63 5252 97.02004 95.43558
Mdb05_L 23 GAGTGG 86563360 78137298 83.35 50.95 96.53538 94.7651
MIb01_H 47 TCGAAG 37644451 37390443 91.16 50.87 97.08145 95.52809
MIb02_H 25 ACTGAT 36390645 35700641 90.55 5156 96.6429 94.91254
MIb03_H 48 TCGGCA 37266149 37021912 91.41 5149 96.90224 95.2697
MIb04_H 18 GTCCGC 38754637 38405741 91.21 52.73 96.37143 94.50921
Mot02_H 14 AGTTCC 49259291 48770664 91.14 5146 96.57665 94.81988
Mot03_H 13 AGTCAA 35015223 34725846 91.62 51.9 96.97891 95.3716
Mom02_L 43 TACAGC 38885949 38587548 91.38 51.75 96.90882 95.27934
MomO03_L 44 TATAAT 32380075 32045581 91.1 50.73 96.64552 94.9248
Mom04_L 16 CCGTCC 38901285 38574496 91.33 51.91 96.76113 95.05704
802
803
804
805
806
807
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808  Supplementary Table 2. The differentially expressed genes from the high and low Hg
809  environment with an adjusted s-value below 0.1 and |Log2 fold change| >1

log2Fold
Gene Base Mean Change  IfcSE stat Pvalue padj svalue

ENSGACG00000018777  1598.598488 1.175082  0.233124 6.073304 1.25E-09 2.01E-06 0.085024
ENSGACG00000018320  1563.248388 1.258017 0.307678 5.608033  2.05E-08 1.40E-05 0.067414
ENSGACG00000006652  171.7830593 1.282635 0.397668 5.042395  4.60E-07 9.82E-05  0.094091
ENSGACG00000001102  1658.030045 1.283399  0.352539 5.345558  9.01E-08 3.24E-05 0.077979
ENSGACG00000020744  937.5561925 1.285785 0.355063 5.337021 9.45E-08 3.24E-05 0.076839
ENSGACG00000008640  87.24856782 1.302322 0.427863 4946276  7.56E-07 0.000143  0.099719
ENSGACG00000007780  189.2586169  1.309249  0.391882 517996  2.22E-07 5.61E-05 0.079158
ENSGACG00000003442  131.4051013 1.330358 0.390387 5.270832 1.36E-07 4.08E-05 0.066192
ENSGACG00000004033  174.6537391 1.354336  0.264267 6.658571  2.77E-11 7.59E-08  0.022983
ENSGACG00000018916  154.5813408 1.364566 0.469668 4937438  7.92E-07 0.000146 0.087302
ENSGACG00000003549  99.4106373 1.406545 0.530072 4.783408 1.72E-06  0.000232 0.09178
ENSGACG00000006635 224.9209508  1.44476  0.504828 4.994697 5.89E-07 0.000121 0.062421
ENSGACG00000013971  47.21814222 1.473701  0.520752 4993209  5.94E-07 0.000121  0.058514
ENSGACG00000007160  140.197999 1.476929  0.455553 53475  8.92E-08 3.24E-05 0.048351
ENSGACG00000008026 ~ 1453.755298 1.538774  0.64585 4640828  3.47E-06 0.000346 0.086171
ENSGACG00000006650  94.13332468 1.548976  0.504899 5.252459 1.50E-07 4.33E-05 0.046312
ENSGACG00000010446  530.4765272 1.645919 0.780901 4.419982 9.87E-06 0.000622  0.097499
ENSGACG00000020735 21.78574158 1.651377 0.550128 5.230172 1.69E-07 4.59E-05 0.039345
ENSGACG00000019764  147.9592947  1.68184 0.674786 4.774204 1.80E-06 0.000241 0.057221
ENSGACG00000010280 32.97084812 1.731176  0.754542 4595985  4.31E-06 0.000391 0.064949
ENSGACG00000015354  149.8855329 1.738665 0.776145 454671  5.45E-06 0.000444 0.073317
ENSGACG00000008029  179.8232731 1.744454 0.541762 5426104  5.76E-08 2.64E-05 0.026416
ENSGACG00000010470  252.9786915  1.74496 0.817665 4.450247 8.58E-06 0.000579  0.081518
ENSGACG00000017117  1170.137925 1.814717 0.579618 5331595  9.74E-08 3.28E-05  0.025561
ENSGACG00000004889  119.499039 1.835389 0.719699 4.815605 1.47E-06 0.000209  0.049374
ENSGACG00000015386  278.3130049  1.84307 0.483433 5910524  3.41E-09 4.10E-06  0.009544
ENSGACG00000019783  453.9422288 1.854047 0.527864 5.64724 1.63E-08 1.16E-05 0.017505
ENSGACG00000005437  458.8205716 1.866875  0.95784 4276938  1.89E-05 0.000849  0.092929
ENSGACG00000005468  18.64559399  1.955722  0.588338 5433522  5.53E-08 2.59E-05 0.018859
ENSGACG00000007500  461.1530284 2.025713  0.975203 4.366849 1.26E-05 0.000683  0.068615
ENSGACG00000014239  35.1004975 2.052961 0.892129 4548391  5.41E-06 0.000442  0.052545
ENSGACG00000009330  106.9284037 2.078342 0.815326 474337  2.10E-06  0.000269 0.04033
ENSGACG00000013992  40.61288098 2.1071 1.033338 4.319584 1.56E-05 0.000785  0.069797
ENSGACG00000009821  74.12007343 2.111804  0.756643 4.922442 8.55E-07 0.000154  0.029942
ENSGACG00000013381  39.27278844 2.112969 1.106526 4.211607 2.54E-05 0.001033 0.082696
ENSGACG00000016702  74.30878851 2.170785 0.926554 4548594  5.40E-06 0.000442 0.05038
ENSGACG00000012478  195.1699649 2.196964 1.011212 4.407554 1.05E-05 0.000638  0.054856
ENSGACG00000004079  433.2180028 2.223655 0.801742 4.858073 1.19E-06 0.000179  0.028194
ENSGACG00000007668  183.272655 2.300641 0.805559 4.882229 1.05E-06 0.000171  0.024691
ENSGACG00000001926 ~ 73.94107825 2.406371 1.011343 450468  6.65E-06 0.000506 0.043326
ENSGACG00000018906  146.3266759 2.467295  0.814403 4.919447 8.68E-07 0.000154  0.019583
ENSGACG00000003031  24.09774908 2.508984 1.028112 4516185  6.30E-06 0.000492  0.038369
ENSGACG00000001829  149.3977941 2.563215  0.97554 4621631  3.81E-06 0.000357 0.030816
ENSGACG00000015122  492.3041943 2.603598  0.634659 5492309  3.97E-08 2.18E-05 0.003852
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ENSGACG00000013068  135.9940596 2.713649  1.17665 4377096  1.20E-05  0.00067 0.04429
ENSGACG00000014247  6.904767866 2.758894  1.478557 4.090122  4.31E-05 0.001417 0.070968
ENSGACG00000010444  29.68314349 2.820582 0.873284 4.881646 1.05E-06 0.000171  0.012818
ENSGACG00000018911  13.16649442  2.859222  1.673833 3.982671  6.81E-05 0.001891  0.090644
ENSGACG00000007995  30.11959165 2.884 0.861565 4920199  8.65E-07 0.000154 0.010812
ENSGACG00000019690  11.57327947 2919115 1.058106 4591255  4.41E-06 0.000395 0.022096
ENSGACG00000006322  26.39213051 2.972413 1.146014 4487754  7.20E-06 0.000534  0.029059
ENSGACG00000010807  277.4297227 3.012464  0.490739 6.529096  6.62E-11 1.59E-07  9.06E-05
ENSGACG00000017918  166.3295948 3.016318  1.228499 4.403008 1.07E-05 0.000647  0.033569
ENSGACG00000015542  133.5954636 3.110021 1.009182 4708756  2.49E-06 0.000284  0.015563
ENSGACG00000016758 334.4170112 3.134799  1.396043 4.270662 1.95E-05 0.000865 0.042344
ENSGACG00000011707  31.3794184  3.13578 0.956735 4.799068 1.59E-06  0.00022 0.011442
ENSGACG00000013708  31.41504928  3.14755 1.136752 4542039  557E-06  0.00045 0.021233
ENSGACG00000003537  102.1314157 3.177836  0.484704 6.818955  9.17E-12 3.53E-08  2.09E-05
ENSGACG00000003955  14.90493412  3.240255 2.022533 3.91744  8.95E-05 0.002243  0.096375
ENSGACG00000010824  22.19521475 3.248988 1.397915 4.298271 1.72E-05 0.000817 0.036421
ENSGACG00000013039  8.806303412 3.281891 1.682096 4100889  4.12E-05 0.001375 0.056024
ENSGACG00000012041  7.617242963 3.296093  1.367057 4.336761 1.45E-05 0.000745 0.034482
ENSGACG00000004848 150.0688599 3.329706  2.080963 3.919005  8.89E-05 0.002237  0.095236
ENSGACG00000013887  9.640450244  3.470339 1.510146 4263518  2.01E-05 0.000881 0.037401
ENSGACG00000004808 44.05802104 3.473145  1.15054 4599935  4.23E-06 0.000387 0.016868
ENSGACG00000020602  40.24313556  3.520419  1.786242 4102781  4.08E-05  0.00137  0.053683
ENSGACG00000011652  8.718470227 3.598111 1.764883 4133434  3.57E-05 0.001256 0.051434
ENSGACG00000006279  7.459144864 3.603931 2.047479 4003591  6.24E-05 0.001804 0.072141
ENSGACG00000016784  8.579721922 3.643302  1.55473 4272726  1.93E-05 0.000861 0.035418
ENSGACG00000009910  30.49169687 3.658826  1.214996 4568687  4.91E-06 0.000419 0.01622
ENSGACG00000007747  45.21033504 3.697424  1.023009 4.82715 1.39E-06 0.0002  0.006199
ENSGACG00000008204  14.20592774 3.713975 1.193961 4604569  4.13E-06 0.000382 0.012144
ENSGACG00000005899  5.79157311 3.727538 1.762121 4166008  3.10E-05 0.001167 0.04731
ENSGACG00000015734  6.186327901 3.763982  2.245941 3.974377  7.06E-05 0.001921 0.08033
ENSGACG00000004083  15.71364934 3.823441 2.229139 3.994044  6.50E-05 0.001839  0.074505
ENSGACG00000003102  41.55247468 3.858558  0.722623 5738255  9.57E-09 8.36E-06  0.000334
ENSGACG00000019888  11.98803891  3.893164 2.3963 3.964449  7.36E-05  0.00197  0.088427
ENSGACG00000005980  32.24692776 3.907619  0.688296 5989988  2.10E-09 2.88E-06 0.00012
ENSGACG00000017939  22.89262143 3.988239 0.944838 5.060257  4.19E-07 9.25E-05  0.002214
ENSGACG00000016558 13.41533784 4.083542  2.532597 3.979427  6.91E-05 0.0019  0.089538
ENSGACG00000013515  11.24562734 4.148231 1.247314 464947  3.33E-06 0.000337 0.00888
ENSGACG00000020052  77.8199113 4.265807 1.041696 4969034  6.73E-07 0.000133  0.002812
ENSGACG00000011101  9.605984829 4.285265 2.797465 3.985339  6.74E-05 0.001886  0.098613
ENSGACG00000000246  15.76927374  4.29437  2.430745 4050128  5.12E-05 0.001597 0.05982
ENSGACG00000017173  16.99089284 4.324768  0.851397 5515091  3.49E-08 2.03E-05 0.000521
ENSGACG00000009909  13.11086953 4.374173  1.52525 4458766  8.24E-06 0.000575 0.018178
ENSGACG00000014032  21.56657823 4.531784  1.250844 4746899  2.07E-06 0.000267  0.005239
ENSGACG00000020312  57.06159392 4.611269 1.037248 5118403  3.08E-07 7.31E-05 0.001162
ENSGACG00000010669  20.35397479  4.62269 1.175098 4.873712 1.10E-06 0.000172  0.003453
ENSGACG00000015077  125.2289704 4.626788 1.059114 5.077822  3.82E-07 8.63E-05 0.001383
ENSGACG00000019353  14.48647424 4.636635 1.819811 4.342249 1.41E-05 0.000741 0.023849
ENSGACG00000011676  870.7034688 4.646333 1.468234 4566002  4.97E-06 0.000421 0.010185
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ENSGACG00000013183  88.49160345 4.679637  2.704508 4.085994  4.39E-05 0.001432 0.063689
ENSGACG00000011010  15.57566459 4.741979  1.355233 4691768  2.71E-06 0.000298  0.006681
ENSGACG00000011532  5.861756246 4.744818 1.937424 4.311995 1.62E-05 0.000796  0.027306
ENSGACG00000009291  42.47395267 4.864674  0.950569 5529833  3.21E-08 2.03E-05 0.000281
ENSGACG00000005996  14.91830319 4.883178 1.649816 4493511  7.01E-06 0.000522  0.013523
ENSGACG00000014773 30.189717 4.893986 0.998224 5380889  7.41E-08 2.99E-05 0.000643
ENSGACG00000012100  15.14146672  5.03746  0.762662 6.848954  7.44E-12 3.53E-08 1.55E-06
ENSGACG00000003099  14.57544716 5.049054 2.184293 4.287637 1.81E-05 0.000833  0.032642
ENSGACG00000000382 21.87068238 5.084995  1.74289 4485584  7.27E-06 0.000538  0.014885
ENSGACG00000009688  69.34055147 5.096502  1.263247 491031  9.09E-07 0.000159  0.002512
ENSGACG00000017947  20.07938315 5.180333  1.595617 4602681  4.17E-06 0.000384  0.008299
ENSGACG00000011042  12.30559172 5.224176  2.544429 4234763  2.29E-05 0.000958  0.045293
ENSGACG00000012074  9.058486873 5.283864 2.276293 4.312399 1.61E-05 0.000796  0.031725
ENSGACG00000006392  112.9477387  5.29505  1.539595 4675674  2.93E-06 0.000313 0.007152
ENSGACG00000004577  32.97198292 5.313256  1.490121 472308  2.32E-06 0.000283  0.004769
ENSGACG00000009118  6.541949211 5.444869 1.333303 493929  7.84E-07 0.000146 0.001925
ENSGACG00000004824  29.26616289  5.83414  0.893879 6.83138  8.41E-12 3.53E-08  6.94E-07
ENSGACG00000016281  44.94517015 5.836819 1.207228 5370763  7.84E-08 3.08E-05 0.000459
ENSGACG00000018601  77.95937642 5.867843  0.964343 6.419294 1.37E-10 2.63E-07 4.84E-06
ENSGACG00000003956 ~ 8.23266844 5.874523  1.510996 4.876302 1.08E-06 0.000172  0.003119
ENSGACG00000005969  51.99000179 5.886773 1.126978 5661455  1.50E-08 1.11E-05 0.000147
ENSGACG00000002720  22.45085923 6.088477  1.250285 5.413497 6.18E-08 2.76E-05  0.000392
ENSGACG00000003606  25.96322844  6.149529 2.378486 4484092  7.32E-06 0.000539  0.020398
ENSGACG00000003269 42.81028345 6.161111  1.41504 5109844  3.22E-07 7.56E-05 0.000961
ENSGACG00000011021  101.1571855 6.241808 1.522832 4993747  5.92E-07 0.000121  0.001638
ENSGACG00000016030  76.78814373 6.541975 1.082321 6.446904 1.14E-10 2.44E-07 3.11E-06
ENSGACG00000004420 216.1785313 6.627687  1.204083 5970894  2.36E-09 3.02E-06  3.01E-05
ENSGACG00000009947  54.23064918 6.766942  1.378417 5509509  3.60E-08 2.03E-05  0.000225
ENSGACG00000007699  233.8433139 7.028912 2.191448 4.76692 1.87E-06 0.000248  0.007697
ENSGACG00000013877  2201.31362 7.343361 2.629714 4718193  2.38E-06 0.000284 0.014201
ENSGACG00000020687  87.13869281  7.392423 2.112061 4907739  9.21E-07  0.00016  0.004281
ENSGACG00000005606  1949.835601 7.517725 1.471489 5762828  8.27E-09 7.95E-06  5.92E-05
ENSGACG00000007014  24.45505967 7.628755  1.652798 5435583  5.46E-08 2.59E-05 0.000578
ENSGACG00000014981  3457.759356  7.885948  1.425847 6.169502  6.85E-10 1.20E-06  1.03E-05
ENSGACG00000008926  283.8440746 8.073695 1.905874 5.310226 1.09E-07 3.48E-05 0.000784
ENSGACG00000009043  635.2069864 8.382572  1.37354 6.752788 1.45E-11 4.65E-08 1.08E-06
ENSGACG00000015182  9.748934341 29.10154  3.64297 8.11416  4.89E-16 4.70E-12  5.82E-10
ENSGACG00000022331  0.438001424  -28.3493  4.975501 -6.09656 1.08E-09 NA 0.000174
ENSGACG00000012901  230.0725313  -3.74805 0.462085 -8.26273 142E-16 2.74E-12  2.75E-08
ENSGACG00000008104  82.81553165 -3.39776  0.909175 -4.94745  7.52E-07 0.000143  0.005699
ENSGACG00000021179  30.27234402  -2.06571  0.819459 -4.72487 2.30E-06 0.000283  0.041342
ENSGACG00000010595 17.74017886  -1.94148  0.942159 -4.36684 1.26E-05 0.000683  0.075682
ENSGACG00000021554  28.07152558  -1.74582  0.824006 -4.43624  9.15E-06  0.000599  0.083867

ENSGACG00000015890  956.8142872  -1.23331 0.274311 -5.83632 5.34E-09 5.70E-06  0.061131
810
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