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Abstract

Juvenile rainbow trout develop social hierarchies when held in dyads, and the development

of socially subordinate (SS) and social dominance (SD) phenotypes in this context has been

linked to specific changes in the hepatic energy metabolism of all major macronutrients. Fol-

lowing our recently reported finding that transcript abundance of drosha, a key component

of the microRNA (miRNA) biogenesis pathway, is increased in paired juvenile rainbow trout

irrespective of social status compared to socially isolated (SI) controls, we here determined

global changes of the hepatic miRNA pathway genes in detail at the transcript and protein

level. Both socially SD and SS rainbow trout exhibited increased Ago2 protein abundance

compared to SI rainbow trout, suggesting that hepatic miRNA function is increased in rain-

bow trout maintained in dyads. Given the well-described differences in hepatic intermediary

metabolism between socially SD and SS rainbow trout, and the important role of miRNAs in

the posttranscriptional regulation of metabolic pathways, we also identified changes in

hepatic miRNA abundance between socially SS and SD rainbow trout using small RNA next

generation sequencing. We identified a total of 24 differentially regulated miRNAs, with 15

miRNAs that exhibited increased expression, and 9 miRNAs that exhibited decreased

expression in the liver of socially SS trout compared to socially SD trout. To identify potential

miRNA-dependent posttranscriptional regulatory pathways important for social status-

dependent regulation of hepatic metabolism in rainbow trout, we used an in silico miRNA tar-

get prediction and pathway enrichment approach. We identified enrichment for pathways

related to metabolism of carbohydrates, lipids and proteins in addition to organelle-specific

processes involved in energy metabolism, especially mitochondrial fusion and fission.

Select predicted miRNA-mRNA target pairs within these categories were quantitatively ana-

lyzed by real-time RT-PCR to validate candidates for future studies that will probe the func-

tional metabolic roles of specific hepatic miRNAs in the development of socially SD and SS

metabolic phenotypes.
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1. Introduction

Juvenile salmonid fish establish linear dominance hierarchies as a result of competition for

shelter and feeding territories [1–3]. Socially dominant (SD) fish within these hierarchies

monopolize preferred territories, displaying high levels of aggression towards their socially

subordinate (SS) counterparts [1,3]. These differences in behaviour are accompanied by a

range of physiological responses, including changes in energy metabolism [4–7]. Previous

studies revealed an increased potential for hepatic glucose liberation in SS compared to SD

fish. SS trout displayed increased mobilization of stored glycogen compared to SD trout, as evi-

denced by lower hepatic glycogen concentrations and higher glycogen phosphorylase activity

[6]. Furthermore, SS trout displayed enhanced gluconeogenic and decreased glycolytic poten-

tial [4], supported by increased hepatic phosphoenolpyruvate carboxykinase (Pck) activity and

decreased pyruvate kinase (Pk) activity [4]. These changes are in part dependent on the gluco-

corticoid stress hormone cortisol [4–10], with chronically elevated cortisol levels in SS trout

leading to increased circulating glucose concentrations [10]. However, although circulating

glucose represents an important fuel source for specific rainbow trout tissues, such as the brain

[11], glucose utilization for global energy metabolism in most other tissues is limited in rain-

bow trout [12]. In contrast, lipid metabolism is a key player in global energy metabolism in

trout [7], and SS trout exhibit increased reliance on free fatty acids, as indicated by elevated cir-

culating free fatty acid concentrations at the organismal level, and by increased expression of

the mitochondrial free fatty acid transporter carnitine palmitoyltransferase (cpt1a) which is

rate limiting to mitochondrial β-oxidation [7]. Conversely, SD trout reveal increased capacity

for hepatic de novo lipogenesis, as indicated by increased abundance of the transcription factor

sterol regulatory element binding protein 1c (srebp1c) and the enzyme fatty acid synthase

(fasn) mRNA, which coincide with increased circulating levels of triglycerides [7]. Finally,

recent circumstantial evidence suggests that hepatic protein metabolism may be affected by

social status, because increased activated ribosomal protein S6, which is associated with

increased protein translation, was observed in the liver of SS fish [7].

Over the last decade, posttranscriptional regulation has emerged as an important mechanism

for control of hepatic energy metabolism largely in mammalian models [13], but also in teleost

fishes, especially rainbow trout, where hepatic miRNAs have been shown to regulate carbohydrate

and lipid metabolism [14,15]. In a recent study, we determined that the transcript abundance of

drosha, a key component in canonical miRNA biogenesis [16], is upregulated in liver of both SD

and SS trout relative to socially isolated (SI) fish, which were handled similarly but housed without

a conspecific [7]. Here we investigated the expression of several key canonical miRNA biogenesis

pathway components, including ago2 and xpo5 paralogues, in more detail. Following additional

evidence that key components of the canonical miRNA biogenesis pathway were increased in

both SD and SS rainbow trout compared to SI rainbow trout strongly suggesting a social status

dependent function of hepatic miRNAs, we measured differential hepatic miRNA expression

between SS and SD rainbow trout using a next generation sequencing (NGS) approach. By means

of an in silico pipeline, we identified several metabolic pathways that potentially are post-transcrip-

tionally regulated by the differentially expressed miRNAs, and measured expression of specific

miRNAs-mRNA pairs to prioritize targets for future functional analysis.

2. Materials and methods

2.1 Experimental animals

All experimental animals used in the current study have been previously described [7]. Care

was taken to use the same initial weight between SI fish (100.14 g ± 5.10 g) and paired fish
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groups (100.92 g± 3.46 g). Briefly, juvenile rainbow trout, Oncorhynchus mykiss, were pur-

chased from Linwood Acres Trout Farm (Campbellcroft, ON, Canada) and maintained in

1275 L fibreglass tanks at the University of Ottawa Aquatic Facility. All tanks were connected

to flowing, aerated and dechloraminated 13˚C city of Ottawa tap water. Trout were held under

a 12L:12D photoperiod and acclimated to these holding conditions for a minimum of 2 weeks

prior to experimentation. All fish were fed a ration equivalent to 0.5% body mass daily by dis-

tributing commercial trout pellets (Zeigler Finfish Silver, Gardners, PA, USA) in the tank. The

holding of large groups (>20 trout), as well as animal care procedures (e.g. use of scatter feed-

ing, homogenous tanks with a mild current) were employed to minimize hierarchy formation

prior to experimentation. To establish social status, fish were lightly anaesthetized in a solution

of benzocaine (0.05 g L-1 ethyl-p-aminobenzoate; Sigma-Aldrich, Oakville, ON, Canada) and

mass and fork length and fin damage were quantified as previously described [4–7,10]. In

cases where morphological differences did not allow for identification of individual fish, a pec-

toral fin clip was used for identification. Fish dyads were then established taking care not to

exceed 5% of fork length differences between fish in a pair. After the initial assessment, pairs

were placed in a 40 L flow-through Plexiglas observation tank, in which individuals were sepa-

rated by an opaque, perforated divider. Tanks were maintained with flowing aerated and

dechloraminated 13˚C city of Ottawa tap water. The next morning, dividers were removed

and fish were allowed to interact for a period of 4 d. At the end of the first day, a shelter in the

form of a T-shaped PVC tube (11 x 13 cm long, 6 cm diameter) was added to the tanks. Beha-

vioural observations were carried out twice per day between 9:00–11:00 h and 15:00–17:00 h,

respectively. Each individual observation period within these time periods consisted of 5 min.

The group of SI rainbow trout was subjected to the same handling and treatment proce-

dures as paired fish, but were housed individually in the Plexiglas observation tanks. All fish

were offered 0.5% fish mass per tank daily following the final observation period (except on

the initial day of interaction), and the mass of food consumed as well as the fish that consumed

the food were noted. A summary of the experimental design is shown in Fig 1. Social status

was assessed as previously described (4–7,10) by assigning points to each fish for position

within the tank, food acquisition, aggressive acts, and fin damage acquired during the 4 d

interaction period. The applied scoring system awards more points for more SD behaviours,

specifically patrolling the water column in the tank, acts of aggressive behaviour, being the first

to feed and absence of fin damage. A principle components analysis (SigmaPlot v13.0; Systat

software, San Jose, CA, USA) was used to calculate behaviour scores for each fish based on the

mean scores across observation periods of each parameter. Within a pair, the fish with the

higher score was assigned SD status, while the fish with the lower score was SS.

Specific behaviour scores as well as additional endocrine parameters associated with social

status (plasma cortisol concentrations) allowed to clearly distinguish SD and SS fish in dyads,

and detailed measurements of these parameters can be consulted in a previous publication [7].

For the purpose of the current study, it is important to note that two factors with particular

importance to the social status-dependent metabolic phenotype exhibited clear differences.

Firstly, while all fish nominally received 0.5% food rations, SD fish generally monopolized all

food offered in a dyad, resulting in 1% food ratio for the SD individual, and de facto fasting for

the SS individual over the 4 day period. Secondly, SS fish displayed a chronic activation of the

endocrine stress axis, as evidenced by significantly increased cortisol concentrations compared

to SD and SI fish [7].

Following the 4 d observation period, all fish in a pair were rapidly euthanized via terminal

anesthesia (0.5 g L-1 ethyl-p-aminobenzoate; Sigma-Aldrich). Final mass and fork length were

measured, fin damage scored, and blood samples collected via caudal venipuncture into hepa-

rin-coated syringes (2500 IU mL-1 heparin sodium salt; Sigma-Aldrich). All blood samples
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were centrifuged (10,000 g for 2 min) and plasma samples were flash frozen in liquid nitrogen

before being stored at -80˚C. Liver tissue was collected, freeze clamped, and stored at -80˚C for

subsequent analysis. All experimental protocols complied with the guidelines of the Canadian

Council on Animal Care (CCAC) for the use of animals in research and teaching and were

approved by the University of Ottawa’s Animal Care Committee under protocol number BL-

2118.

2.2. Real-time RT-PCR assays for mRNA and miRNA

2.2.1. Relative abundance mRNA quantification. Following the manufacturer’s proto-

col, total RNA was extracted from 20 to 100 mg of liver using TRIzol reagent (Invitrogen, Bur-

lington, ON, Canada). To homogenize the tissues, the solution of TRIzol and tissue was forced

through 18-G and 23-G needles using a syringe until the solution passed easily through the

needle. Extracted RNA was quantified using a NanoDrop 2000c UV-Vis Spectrophotometer

(Thermo-Fisher Scientific, Mississauga, ON, Canada) and RNA integrity was assessed using a

Bioanalyzer (model 2100, Agilent Technologies, Mississauga, ON, Canada). Next, cDNA was

generated using a QuantiTech Reverse Transcription Kit (Qiagen, Toronto, ON, Canada) fol-

lowing the manufacturer’s protocol which includes a DNA wipeout step before reverse tran-

scription occurs. A noRT negative control sample containing water in place of the RT enzyme

was also generated. Two-step relative abundance real-time RT-PCR assays were performed on

a BioRad CFX96 instrument (Bio-Rad, Mississauga, ON, Canada) to quantify fold-changes in

Fig 1. Schematic representation of the experimental design used to investigate the role of hepatic miRNAs in social status-dependent intermediary metabolism in

juvenile rainbow trout, Oncorhynchus mykiss. bw, body weight; NGS, next generation sequencing.

https://doi.org/10.1371/journal.pone.0217978.g001
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relative hepatic mRNA abundances of key transcripts involved in canonical miRNA biogenesis

(xpo5a, ago2a, ago2b) and metabolic target genes (pck1, pck2, g6pca, g6pcb1a, g6pcb1b,

g6pcb2a, g6pcb2b,pygl, pygb, hsl, mfn1, mfn2, fis1) as well as two reference genes (ef1a and 18s).
A standard curve consisting of serial dilutions of pooled cDNA, as well as a negative no-RT

control consisting of cDNA generated in a reaction that did not include reverse transcriptase,

and individual samples were run in duplicate for each experiment. The total volume was 20 μl,

which consisted of 4 μl of diluted cDNA template, 0.5 μl of 10 nM specific forward and 0.5 μl

of 10 nM specific reverse primer (Table 1), 10 μl of SsoAdvanced Universal Inhibitor-Tolerant

SYBR Green Supermix (Bio-Rad), and 5 μl of H2O for each individual reaction. Real-time

RT-PCR cycling parameters were a 5 min activation step at 95˚C, followed by 40 cycles consist-

ing of a 20 s denaturation step at 95˚C and a 30 s annealing and extension step at a primer-spe-

cific temperature (Table 1). After each run, melting curves were produced and monitored for

single peaks to confirm the specificity of the reaction and the absence of primer dimers. In

cases where primers were newly designed (Table 1), purified and pooled PCR products were

sent for sequencing (Ottawa Hospital Research Institute, Ottawa, ON, Canada), and a BLAST

search (National Center for Biotechnology Information, Bethesda, MD, USA) was used to con-

firm amplicon specificity. All amplification efficiencies calculated from serially diluted 7-point

standard curves were between 90–110%, with R2 values > 0.98. Relative transcript abundance

derived from standard curves was normalized using the NORMA-Gene approach as described

by Heckman et al. [17]. Afterwards, mRNA fold changes were calculated relative to the SI

group and data were analyzed and plotted using Prism Version 7 (GraphPad Software, San

Diego, CA, USA) and transformed to fit a normal distribution. Grubb’s outlier test was used to

identify and remove single outliers in a treatment group. Data were subsequently analyzed

using one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test.

2.2.2. Relative abundance miRNA quantification. miRNA cDNA was synthesized using

TaqMan MicroRNA Reverse Transcription Kit (Life Technologies Inc., Burlington, ON, Can-

ada) with 10 ng of total RNA per 15 μl RT reaction containing 0.15 μl 100mM dNTPs (with

dTTP), 1.00 μl MultiScribe Reverse Transcriptase 50 U/μl, 1.50ul 10X Reverse Transcription

Buffer, 0.19 μl RNAse Inhibitor 20U/μl, 4.16ul nuclease free water, 5ul total RNA and 3ul

miRNA specific 5X RT primer following the manufacturer’s protocol. Two step real-time

RT-PCR was used to validate the abundance of fru-miRNA-21-5p, dre-miRNA-722, dre-
miRNA-26a-5p, dre-let-7a, fru-miRNA-152 using the CFX96-Real-Time System- C1000 Ther-

mal Cycler machine (BioRad, Mississauga, ON, Canada). Real-time RT-PCR reactions were

prepared in a total volume of 20 μL per reaction, containing 1.00 μL Taqman Small RNA

Assay 20X, 1.33 μL Product from RT reaction, 10.00 μL Taqman Universal PCR Master Mix

(2X) with UNG and 7.67 μL nuclease free water. A no reverse transcriptase (noRT), where the

RT was replaced with nuclease free water, and a no template (noTemp), where product from

RT reaction was replaced with nuclease free water, were included during cDNA synthesis as

controls for DNA contamination. Following an activation step at 50˚C (2 min) to activate

UNG and another activation step at 95˚C (10 min) to activate the polymerase in the qPCR

mix, two steps were repeated for 40 cycles including the denaturation at 95˚C (15 s) and a

combined annealing and extending step at 60˚C (60 s). Assays were subsequently normalized

using the NORMA-Gene approach as described by Heckman et al. [17] miRNA fold changes

were calculated relative to the fasted group. Data were analyzed using Prism Version 7 (Graph-

Pad Software, San Diego, CA, USA), and transformed to fit normal distribution when neces-

sary. In normally distributed data, Grubb’s outlier test was used to identify and remove

possible single outliers in a treatment group. Data were subsequently analyzed using a one-

tailed Welch’s t-test. Significance was determined at a p<0.05 level.
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Table 1. Real-time RT-PCR primer sequences and reaction parameters.

Gene target Primer pair (5’ to 3’) Annealing

temperature

(˚C)

Efficiency

(%)

R2 Reference

Canonical microRNA biogenesis pathway
xpo5a
GSONMT00065065001

F: AGTCAACTGGGTGGGGATTC
R: TCCCACCTCAGACATGCTCA

59 104.1 0.98

xpo5b
GSONMT00007401001

F ACTCTCGAACACGGCTGATG
R: CACACATATCAGCCACCGGT

59 103.6 0.98

ago2a
GSONMT00060791001

F: GTGGTGGGGTGGACTCATTT
R: AAACCTTCAATCGGGCCCTT

59 107.5 0.99

ago2b
GSONMT00025973001

F : TGTCGCACGGTGTTAACATG
R: AGCAATGCCGAGAAGAGCTA

58 99.3 0.98

microRNAs
fru-miR-21a-5p F: TAGCTTATCAGACTGGTGTTGGC

R: Taqman Universal Reverse Primer
60 95.7 0.98

fru-miR-722 F: TTTTTTGCAGAAACGTTTCAGATT
R: Taqman Universal Reverse Primer

60 98.1 0.99

ssa-miR-26a-5p F : TTCAAGTAATCCAGGATAGGCT
R : Taqman Universal Reverse Primer

60 103.2 0.98

fru-miR-let-7a F: TGAGGTAGTAGGTTGTATAGTT
R: Taqman Universal Reverse Primer

60 99.3 0.98

fru-miR-152 F: TCAGTGCATAACAGAACTTTGT
R: Taqman Universal Reverse Primer

60 107.9 0.99

Hepatic glucose metabolism
pck1
GSONMG00082468001

F: ACAGGGTGAGGCAGATGTAGG
R: CTAGTCTGTGGAGGTCTAAGGGC

55 104.1 0.99

pck2
GSONMG00059643001

F: ACAATGAGATGATGTGACTGCA
R: TGCTCCATCACCTACAACCT

56 105.1 0.99

g6pca
GSONMG00076843001

F: GATGGCTTGACGTTCTCCT
R: AGATCCAGGAGAGTCCTCC

55 91.0 0.98 [33]

g6pcb1a
GSONMG00076841001

F: GCAAGGTCCAAAGATCAGGC
R: GCCAATGTGAGATGTGATGGG

59 108.1 0.99 [33]

g6pcb1b
GSONMG00066036001

F: GCTACAGTGCTCTCCTTCTG
R: TCACCCCATAGCCCTGAAA

55 95.0 0.98 [33]

g6pcb2a
GSONMG00013076001

F: ATCGGACAATACACACAGAACT
R: CAACTGATCTATAGCTGCTGCCT

55 93.4 0.99 [33]

g6pcb2b
GSONMG00014864001

F: CCTCTGCTCTTCTGACGTAG
R: TGTCCATGGCTGCTCTCTAG

56 103.7 0.98 [33]

pygl
GSONMT00046884001

F : TCAAGAACATCGCTGCGTCT
R : TAACTTCACCCTGGTCACGC

59 100.3 0.99

pygb
GSONMT00041162001

F : GTGATCCCTGCAGCTGACTT
R : TCCTCTACCCTCATGCCGAA

55 100.4 0.98

Hepatic lipid metabolism
hsl
GSONMT00023441001

F : TGCCTTCCTGTACTCGCAAG
R : GCAAGAAAGGCAAGGGTGTT

55 101.1 0.99

Mitochondrial dynamics
mfn1
GSONMT00027395001

F: AGGGAGCTGGAGGGAGAAAT
R: CCAAGACAGGCTCCAGTGAA

55 106.4 0.99

mfn2
GSONMT00004526001

F :ACTGCTCCGGAATAAGGCTG
R: GTGGTCTTTTCGCGGTCAAC

55 106.5 0.99

fis1
GSONMT00039888001

F : GGTTTGGTTGGCATGGCAAT
R: TTCTCATCTTGGGGAACGGC

55 95.1 0.99

Reference genes

(Continued)
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2.3. Protein extraction and Ago2 protein quantification

Fractions (~100mg) of frozen livers (n = 6 per treatment group) were weighted into 1 mL of

lysis buffer 150mM NaCl, 10 mM Tris HCl, 1 mM EGTA, 1mM EDTA (pH 7.4), 100 mM

sodium fluoride, 4mM sodium pyrophosphate, 2mM sodium orthovanadate, 1% Triton X-

100, 0.5% NP-40-IGEPAL (all Sigma-Aldrich), and a protease inhibitor cocktail (Roche, Basel,

Switzerland) and homogenized using a sonicator model 100 (Thermo-Fisher Scientific, Missis-

sauga, ON, Canada). Homogenates were centrifuged at 15000 g for 30 min at 4˚C, and the

recovered supernatant stored at -80˚C. Protein concentrations were determined using the Bio-

Rad protein assay kit (Bio-Rad) with BSA (bovine serum albumin) as the standard. Lysates

(20 μg of the total protein) were subjected to SDS-PAGE and wet-transfer Blotting. Mem-

branes were incubated with a rabbit polyclonal antibody raised against a human AGO2 epitope

(Proteintech, Chicago, IL, USA) at 4˚C overnight. The next day, following blocking and wash-

ing steps, membranes were incubated with an IRDye infrared secondary anti-rabbit antibody

(LI-COR Biosciences, Lincoln, NE, USA). The bands were visualized by infrared fluorescence

using the Odyssey Imaging System (LI-COR Biosciences) and quantified by Odyssey infrared

Imaging System software (version 3.0, LI-COR biosciences) using total protein stain as nor-

malization method. A single band of expected size was detected and data were analyzed using

Prism Version 7 following transformation to fit a normal distribution. Grubb’s outlier test was

used to identify and remove possible single outliers in a treatment group. Data were subse-

quently analyzed using a one-way ANOVA followed by Tukey’s post-hoc test. Significance was

determined at a p<0.05 level.

2.4. Small RNA next generation sequencing and differential expression

analysis

The quality of Trizol-extracted total RNA was confirmed by RNA Integrity Numbers between

8.3 and 9.6, using an Agilent Technologies 2100 Bioanalyzer. Small RNA sequencing was per-

formed by LC Sciences (Houston, TX, USA) using three randomly selected samples from each

treatment group. Nucleotide fractions (15–50 nt) of small RNAs were isolated from the total

RNA using polyacrylamide gel electrophoresis and were ligated to a 30 nt adapter followed by

a 50 nt adapter (Illumina, San Diego, CA, USA). The small RNA ligated to the adaptors was

reverse transcribed to cDNA, PCR amplified, and gel purified. The gel-extracted cDNA was

used for library preparation, followed by cluster generation on Illumina’s Cluster Station

before sequencing using Illumina GAIIx. Raw sequence data were obtained from image data

using Illumina’s Sequencing Control Studio software version 2.8 following real-time sequenc-

ing image analysis and base-calling by Illumina’s Real-Time Analysis version 1.8.70, and were

deposited in the NCBI Gene expression Omnibus (GEO) under accession number GSE112815

with specific files (n = 3) for SS (GSM3084233-GSM3084235) and SD (GSM3084236-

GSM3084238) rainbow trout liver samples.

Table 1. (Continued)

Gene target Primer pair (5’ to 3’) Annealing

temperature

(˚C)

Efficiency

(%)

R2 Reference

ef1a F: CATTGACAAGAGAACCATTGA
R: CCTTCAGCTTGTCCAGCAC

56 91.9 0.99 [7]

snoRNA-U23 F :GCCCATGTCTGCTGTGAAACAAT
R : Taqman Universal Primer

61 105.6 0.98 [7]

https://doi.org/10.1371/journal.pone.0217978.t001

Social status dependent regulation of hepatic miRNAs in rainbow trout

PLOS ONE | https://doi.org/10.1371/journal.pone.0217978 June 13, 2019 7 / 27

https://doi.org/10.1371/journal.pone.0217978.t001
https://doi.org/10.1371/journal.pone.0217978


Briefly, sequences were initially filtered with the proprietary LC Science ACGT10-miR v4.2

pipeline to remove low quality sequences, low complexity sequences, and sequences corre-

sponding to common RNA families (mRNA, RFam, Repbase, piRNA), as described by Ma and

colleagues [18]. Retained high quality sequences were then submitted to a bowtie search

against all fish miRNA gene sequences deposited in miRbase v21.0 (1 mismatch allowed in the

first 16 nt) and compared to published miRNAs from rainbow trout [19–21]. In cases where

unique sequences mapped to the miRbase-deposited fish miRNA genes, the obtained miRbase

hits were subsequently mapped to the rainbow trout genome to determine genomic locations

(S1 Table). Any alignment that had already previously been characterized as a genomic loca-

tion for this specific microRNA in the rainbow trout genome (Table 2) was identified as

known rainbow trout miRNA (gp1a). All miRNAs that were successfully aligned to miRbase

deposited fish species miRNA genes, and had not been described in the rainbow trout miRNA

repertoire, but mapped to the rainbow trout genome, were retained as trout microRNAs

(gp1b). The remaining miRbase hits from both gp1a and gp1b that in addition to known

miRNA loci also mapped to other rainbow trout genome loci were designated as gp1c.

High quality sequences that could be matched to fish species miRNA genes in miRbase,

which in turn could not be mapped to the rainbow trout genome, were further analyzed as fol-

lows: The high quality short sequence was directly mapped onto the rainbow trout genome,

and the locus further analyzed for its possibility to generate hairpin transcripts. This was

achieved by retrieving 80 nt flanking sequences of mapped high quality sequences. Retrieved

sequence were then analyzed for their propensity to form hairpin structures using RNA-fold

software (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi) with the following criteria: (1)� 12

nt in one bulge in stem; (2)� 16 bp in the stem region of the predicted hairpin; (3)� -15

kCal/mol cutoff of ΔG; (4)� 50 hairpin length which contains up- and down stems and hair-

pin loop; (5) a� 200 nt hairpin loop length; (6)�4 nt in one bulge in the mature miRNA

region; (7)�2 errors in one bulge in mature region; (8)�2 biased bulges in mature region; (9)

�4 errors in the mature miRNA region;(10)� 12 bp in the mature region of the predicted

hairpin; (11)>80% of mature miRNA is in located in the stem. Sequences in located in loci

predicted to form hairpins were grouped as gp2a, and sequences mapped to loci not predicted

to form hairpins were designated as gp2b. High quality sequences mapped to fish miRNA

genes deposited in miRbase, which did neither map to the rainbow trout genome as fish miR-

base gene hit, nor as mature sequence, but had been identified as mature miRNA in rainbow

trout were designated gp3a. Conversely, high quality sequences mapped to fish miRNA genes

deposited in miRbase, which did neither map to the rainbow trout genome as fish miRbase

gene hit, nor as mature sequence, and had not been identified as mature miRNA in rainbow

trout were designated gp3b. Finally, remaining sequences that could not be matched to miR-

base fish species, but could be mapped to the rainbow trout genome, were again tested for the

Table 2. Reference databases used for rainbow trout miRNA annotation.

Reference databases WEBlink and Information Version or Built

Date

miRNA (miRs)

database

ftp://mirbase.org/pub/mirbase/CURRENT/; Specific species: dre; Selected

species: fru, ola, tni, ccr, hhi, ipu, pol, ssa

v21

Pre-miRNA (mirs)

database

ftp://miRbase.org/pub/mirbase/CURRENT/; Specific species: dre; Selected

species fru, ola, tni, ccr, hhi, ipu, pol, ssa

v21

Genome database http://www.genoscope.cns.fr/trout/data/Oncorhynchus_mykiss_chr.fa.gz 04/28/2014

mRNA database http://www.genoscope.cns.fr/trout/data/Oncorhynchus_mykiss_mRNA.

fa.gz

04/28/2014

https://doi.org/10.1371/journal.pone.0217978.t002
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potential to form hairpin structures with flanking sequences. Sequences predicted to be able to

form hairpins were designated as gp4a, sequences predicted to be unable to form hairpins

were designated as gp4b. Details of the miRNAs and their respective groups are presented in

S2 Table. Differentially expressed miRNAs were identified using the statistical software R

(Version 3.2.2) package DESeq2 for t-test comparisons of SD versus SS groups.

2.5. In silico miRNA-target analysis

To predict rainbow trout specific mRNA targets of differentially regulated miRNAs, we uti-

lized the miRanda package initially developed in the Enright lab [22]. The miRanda algorithm

places emphasis on seed match and free energy of the duplex structure, two of the most rele-

vant aspects in miRNA-target interaction [23–24]. Among the available miRNA target predic-

tion algorithms [25–26], we chose the miRanda algorithm based on its increased sensitivity

compared to other predictive algorithms [27], as well as its previous application across several

rainbow trout transcriptome level miRNA target prediction studies [28,29], in an effort to

facilitate comparison among studies. Because increased sensitivity occurs at the cost of an

increased rate of false positive predictions, we used a stringent cut-off with a miRanda pairing

score S> 140, and a free-energy score ΔG cut-off < -20, where S is the sum of single residue-

pair match scores over the alignment trace, and ΔG is the free energy of duplex formation cal-

culated by the Vienna package [30]. Annotated 3’UTRs were taken from the microTrout data-

base [21].

2.6. Gene ontology enrichment, pathway, and sub-network enrichment

analysis

Gene ontology enrichment of transcripts predicted to be targeted by differentially regulated

miRNAs is a widely used approach to infer biological responses at the genome regulation level

in rainbow trout and mammalian models [28,29,31]. We performed gene ontology enrichment

in JMP Genomics V8.1. Parametric analysis of gene expression (PAGE) was conducted to

determine which gene ontologies were significantly enriched in the dataset based upon pre-

dicted targets of miRNAs. The rainbow trout genome was used as a background list for com-

parison. Genes were considered to be miRNA targets if transcript-miRNA was predicted by

the miRanda algorithm with cut-off values of S> 140 and ΔG < -20. The p-value for each

gene ontology was corrected using the false discovery rate. To build pathways for gene targets,

we imported the short list of genes within a group of gene ontology categories (i.e. those

related to “glucose metabolism”) into Pathway Studio 11.4 (Elsevier, Amsterdam, Nether-

lands). The software uses known relationships (i.e. based on expression, binding, common

pathways) between genes to create networks focused around a cell process. The miRNA targets

were imported into the program using “Name + Alias” and rainbow trout genes were mapped

to their mammalian homologues. Lastly, the miRNA targets were subjected to a subnetwork

enrichment analysis in Pathway Studio for “Cell Process”. This approach was used to achieve a

general overview of what cell processes were those most relevant to hepatic regulation of glu-

cose and intermediary metabolism based on the miRNA targets. These biological functions are

those most likely controlled post-transcriptionally by the regulated miRNA network.

2.7. Correlative analysis of miRNA-mRNA targets

Specific mRNA targets belonging to enriched pathways that were predicted to be regulated by

differentially expressed miRNAs were quantified to elucidate a potential involvement in the

physiological consequences of social interactions in the liver of rainbow trout, and to deter-

mine correlations between expression of miRNA and targeted mRNA transcripts. Although
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this approach does not indicate a functional relationship, such correlations act to prioritize

specific miRNA-mRNA target pairs for future functional studies. The strength of correlations

between differentially expressed miRNAs and the expression of their predicted specific targets

was assessed using the Pearson correlation coefficient computed in Prism Version 7 (Graph-

Pad Software, San Diego, CA, USA).

2.8. Glucose assay

Plasma glucose concentration in SD and SS fish were measured indirectly using a Spectra Max

Plus384 Absorbance Microplate reader (Molecular Devices, Sunnyvale, CA, USA). Briefly,

G6P-DH, NAD+ and ATP (all Sigma-Aldrich) were added to each undiluted plasma sample

and a background measurement was taken. Hexokinase (Sigma-Aldrich) is then added, and

the solution was incubated at room temperature for 30 min before measurement. Collectively,

D-Glucose is converted to G-6-P by hexokinase and then to 6-phosphogluconate by G6P-DH

and the resulting NADH allows for the indirect colorimetric measurement of glucose concen-

tration. All spectrophotometric measurements were taken at 340nm. Data were normally dis-

tributed, but not homoscedastic, and were analyzed by Welch’s t-test using Prism Version 7

(GraphPad Software, San Diego, CA, USA).

3. Results

3.1. Induction of hepatic canonical miRNA biogenesis pathway

components in a trout social hierarchy

Responsiveness of the hepatic canonical miRNA biogenesis pathway to social interaction was

probed at the mRNA abundance and protein levels in SI, SD, and SS rainbow trout (Fig 2).

Specifically, transcript abundances of the two salmonid paralogues of exportin 5, xpo5a (Fig

2A) and argonaute 2, ago2a and ago2b (Fig 2B and 2C), were quantified, and Ago2 was also

assessed at the protein level (Fig 2D). The hepatic mRNA abundance of xpo5a (F2,15 = 0.24,

p = 0.7885; Fig 2A) did not change significantly compared to the SI in SD and SS fish, but

xpo5b abundance was too low to be reliably quantified. Although the hepatic abundance of

ago2a mRNA did not change significantly among groups (F2,16 = 0.22, p = 0.2215; Fig 2B), sig-

nificant changes were observed in ago2b (F2,16 = 10.58, p = 0.0012; Fig 2C), which increased

significantly in SS trout compared to SD or SI trout (p< 0.05). At the protein level, Ago2

quantification (F2,16 = 16.13, p = 0.0001; Fig 2D) revealed significant increases between SI and

both SD and SS groups (p< 0.05 in both cases).

3.2. Small RNA next generation sequencing and identification of social

status dependent regulation of hepatic miRNAs in rainbow trout

Of the overall ~55.18 M raw reads, 36.26 M reads (56.5%) were excluded firstly owing to a lack

of 3’adaptor or 3’ADT (~25.01 M or 45.3%), and secondly because of nucleotide size outside

the targeted range of 15–32 nt (~6.20 M or 11.2%) after 3’ADT sequence screening, resulting

in ~40.60 M mappable reads (Fig 3A), of which 78% exhibited a size between 19 and 23 nt (Fig

3B). The Phred Score distribution of reads was larger than 30 (Fig 3C), indicating a probability

of incorrect base calls of less than 1 in 1000 reads (or 99.9% accuracy). With regard to individ-

ual sample sequencing depth, a range between ~2.42 M and ~6.06 M mappable reads per sam-

ple was obtained (S3 Table). Following quality assurance of small RNA sequencing, the total

of ~23.95 M mappable reads (Fig 3A) was annotated into specific groups according to the

described pipeline (S1 Table). In this process, ~14.73 M or 61.5% of reads were annotated as

591 known miRNAs (Group 1), whereas ~2.42 M or 10.1% of reads were annotated as 983
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predicted miRNAs (Groups 2–4). A total of ~7.53 M or 31.4% of mappable reads was anno-

tated as other RNA species or did not yield a hit (Table 3 and Table 4). Thus, we identified a

total of 1574 unique miRNAs, the specific sequences of which are available in S2 Table.

Fig 2. Relative steady-state mRNA abundance (+S.E.M.) of hepatic canonical miRNA biogenesis components exportin 5a (A), and argonaute 2a and argonaute 2b

(B-C), as well as representative bands of argonaute protein abundance (D) in SI, SD and SS rainbow trout, Oncorhynchus mykiss. The mRNA abundance data were

initially normalized using the Normagene approach, and protein data were initially normalized to total protein. Both mRNA abundance and protein data were then

normalized to the SI group values to visualize relative fold-changes in SS and SD trout. Filled circles representing individual datapoints are additionally plotted for each

group. A one-way ANOVAs followed by Tukey’s test was used for analysis. A p-value of p< 0.05 was used as cut-off for significant effects.

https://doi.org/10.1371/journal.pone.0217978.g002

Fig 3. Number of raw reads, removed reads and mappable reads used in the small RNA next generation sequencing analysis (A), length distribution of reads (B), and

Phred Score (C), an indicator of base call accuracy. A Phred score> 30 indicates 99.9% accuracy, or a 1:1000 probability of a false base call.

https://doi.org/10.1371/journal.pone.0217978.g003
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Analysis by t-tests (p< 0.05), revealed a total of 24 differentially expressed miRNAs

between SD and SS trout, with 9 miRNAs that were expressed more abundantly in the liver of

SD rainbow trout, and, conversely, 15 miRNAs that exhibited significantly higher abundance

in SS trout (Fig 4). A detailed list of the differential expression analysis can be found in S3

Table. To validate miRNA abundance identified by small RNA next generation sequencing, we

quantified the most abundant differentially regulated miRNA, miRNA-21-5p (S3 Table), by a

Taqman based real-time RT-PCR, and found significantly higher hepatic miRNA-21-5p abun-

dance (One-tailed Welch’s t test: df = 5.229, t = 4.184, p = 0.0039, Fig 5A) in SS rainbow trout

Table 3. Number of annotated small RNA sequences by group as defined in the bioinformatics analysis pipeline

flow chart in Fig 2.

Group # Sequences % Mappable Sequences

Raw 55,183,800

Total mappable reads 23,949,468 100

Group 1a 9,747,348 40.7

Group 1b 4,977,912 20.8

Group 2a 235,217 1

Group 2b 92,526 0.4

Group 3a 3,393 0

Group 3b 4,573 0

Group 4a 32,125 0.1

Group 4b 1,844,196 8.6

Mapped to mRNA 3,374,845 7.7

Mapped to other RNAs (RFam: rRNA, tRNA, snRNA, snoRNA and others) 3,380,212 14.1

Mapped to Repbase 165,394 0.7

Nohit 2,141,579 8.9

https://doi.org/10.1371/journal.pone.0217978.t003

Table 4. Number of annotated mature miRNA sequences by group as defined in the flow chart depicted in Fig 2.

miRNAs Group # Unique miRs

Known miRs

of specific species1 Group 1a 150

of selected species, but

novel to specific species2
Group 1b 441

Predicted miRs

Mapped to known miRs of

selected species and

genome; with hairpins

Group 2a 251

Mapped to known miRs of

selected species and

genome; no hairpins

Group 2b 130

Mapped to known miRs and

miRs of selected species

but not mapped to genome

Group 3a 83

Mapped to known miRs of

selected species, but

not mapped to genome

Group 3b 313

Not mapped to known miRs

but mapped to genome and

with hairpins

Group 4a 582

Overall (Unique miRs) 1574

https://doi.org/10.1371/journal.pone.0217978.t004
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compared to SD animals. Additionally, we measured relative transcript abundance of miRNA-
722, miRNA-26a-5p, miRNA-let-7a, and miRNA-152 (Fig 5B–5E). Similarly, to miRNA-21-5p,

we found significantly increased expression of miRNA-722 in SSs relative to SD fish (One-tailed

Welch’s t test: df = 9.363, t = 1.873, p = 0.0463, Fig 5B). Further validating the NGS data,

miRNA-26a-5p (One-tailed Welch’s t test: df = 7.203, t = 2.959, p = 0.0102, Fig 5C) and miRNA-
let-7a (One-tailed Welch’s t test: df = 5.608, t = 1.953, p = 0.0510 Fig 5D) demonstrated signifi-

cantly and marginally significantly lower expression respectively in SS fish relative to SD fish.

miRNA-152 (One-tailed Welch’s t test: df = 7.451, t = 0.4882, p = 0.3197 Fig 5E) did not show a

significant difference in relative miRNA abundance between SS and SD rainbow trout.

3.3. In silico analysis of differentially regulated miRNA targets predicts

glucose, lipid, and protein metabolic pathways as being post

transcriptionally regulated

To gain initial insight into genome-wide consequences of differentially regulated hepatic miR-

NAs between SS and SD rainbow trout, targets were predicted based on their theoretical

3’UTR capacity to bind the 24 differentially regulated miRNAs (S4 Table). Based on annotated

GO terms of the targets compared to whole genome GO terms, we identified several pathways

that were predicted to be regulated by these differentially regulated miRNAs (S5 Table). The

pathways most relevant to the differential regulation of hepatic metabolic pathways were

related to glucose [4, 6], lipid [7] and to some extent, protein metabolism [7] in SD and SS

Fig 4. Heatmap showing hierarchical clustering of differentially regulated hepatic miRNAs between SS (SUB1-3)

and SD (DOM1-3) rainbow trout, analyzed by t-tests. See text for explanation.

https://doi.org/10.1371/journal.pone.0217978.g004

Fig 5. Relative steady-state abundance (+S.E.M.) of the most abundant differentially regulated hepatic miRNA, miRNA-21-5p, as well as miRNA-722, miRNA-
26a-5p, miRNA-let-7a and miRNA-152 in liver of SD and SS rainbow trout, Oncorhynchus mykiss. A one-tailed Welch’s t-test was used for analysis, and a p-value of

p<0.05 was used as cut-off for significant effects.

https://doi.org/10.1371/journal.pone.0217978.g005
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rainbow trout liver. Additionally, pathways related to mitochondrial dynamics were predicted

to be targeted by differentially regulated miRNAs between SS and SD fish. Results of the analy-

sis are summarized in Table 5. In the case of glucose metabolism, we visualized individual

genes and pathways predicted to be post-transcriptionally regulated by differentially regulated

miRNAs using sub-network enrichment (SNEA) analysis (Fig 6, S1 Fig).

3.4. SS status induces pck1 transcript in rainbow trout liver

Given the enrichment of intermediary metabolic pathways predicted to be post-transcription-

ally regulated by differentially regulated miRNAs in SD and SS rainbow trout liver, and the

well-described effects of social status on hepatic glucose metabolism, particularly gluconeogen-

esis and glycogen metabolism, we quantified mRNA abundances of gluconeogenic enzyme

paralogues of phosphoenolcarboxykinase (pck1 and pck2, Fig 7A and 7B), glucose-6-phospha-

tase (g6pca, g6pcb1a, g6pcb1b, g6pcb2a, and g6pcb2b, Fig 7C–7G), and glycogen phosphorylase

(liver pygl and brain pygb forms, Fig 7H and 7I). The mRNA abundance of cytoplasmic pck1
(F2,15 = 132.10, p = 0.0001), but not mitochondrial pck2 (F2,16 = 2.84, p = 0.0880), was signifi-

cantly higher in SS trout compared to both SI and SD rainbow trout (p< 0.0001). No changes

were found in mRNA expression of g6cpca (F2,16 = 1.04, p = 0.9414), g6pcb1a (F2,16 = 0.7042,

Table 5. Significant metabolism-related GO-term enrichment of in silico predicted target mRNAs of miRNAs

that were differentially regulated between dominant and subordinate rainbow trout. The full list of enriched GO

terms can be consulted in S4 Table.

Targeted metabolic pathway or

process

GO term Fisher raw p-

value

General intermediary

metabolism

0.036

GO:0097009 energy homeostasis

Glucose metabolism

GO:0042149 cellular response to glucose starvation 0.019

GO:0006094 gluconeogenesis 0.005

GO:0006108 malate metabolic process 0.001

GO:0004471 malate dehydrogenase (decarboxylating) (NAD

+) activity

0.006

GO:0006096 glycolytic process 0.031

GO:0044262 cellular carbohydrate metabolic process 0.035

Lipid metabolism

GO:0034379 very-low-density lipoprotein particle assembly 0.001

Protein/AA metabolism

GO:0002181 cytoplasmic translation 0.001

GO:0042274 ribosomal small subunit biogenesis 0.006

GO:0006415 translational termination 0.009

GO:0006622 protein targeting to lysosome 0.045

Mitochondria

GO:0008053 mitochondrial fusion 0.014

GO:0042407 cristae formation 0.006

GO:0060263 regulation of respiratory burst 0.006

GO:0009055 electron carrier activity 0.009

GO:0070469 respiratory chain 0.010

GO:0008121 ubiquinol-cytochrome-c reductase activity 0.001

GO:0005744 mitochondrial inner membrane presequence

translocase complex

0.017

https://doi.org/10.1371/journal.pone.0217978.t005
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p = 0.5092) and g6pcb1b (F2,16 = 0.2664, p = 0.7694).However, hepatic g6pcb2a (F2,16 = 6.091,

p = 0.0108) and g6pc2b (F2,16 = 4.904, p = 0.0218) mRNA abundances were significantly higher

in SD trout compared to SS trout (p = 0.0121 and p = 0.0290, respectively) and significantly or

marginally higher than in SI trout (p = 0.0391 and p = 0.0502, respectively). The hepatic

mRNA abundances of both pygl (F2,16 = 18.59, p = 0.0001) and pygb (F2,16 = 3.695, p = 0.0480)

were lower in SS trout compared to SD trout (p = 0.0001 and p = 0.0469, respectively). In the

case of pygl, the hepatic mRNA abundance in SS was also significantly reduced compared to SI

animals (p = 0.0036).

3.5. Lipolytic and mitochondrial fission markers are elevated in SS rainbow

trout

Hepatic expression of hormone sensitive lipase hsl (F2,16 = 18.59, p = 0.0001, Fig 8A) was sig-

nificantly higher in SS fish compared to SD (p = 0.005) and SI fish (p = 0.001). With regard to

hepatic mRNA abundance of mitochondrial fusion proteins, mfn1 (F2,16 = 2,095 p = 0.1556,

Fig 8B) did not differ among treatment groups, whereas mfn2 (F2,16 = 4.753, p = 0.0240, Fig

8C) was lower in SS trout compared to SD trout (p = 0.0194). Conversely, hepatic mRNA

abundance of the mitochondrial fission protein, fis1 (F2,16 = 5.606, p = 0.0143, Fig 8D) was

higher in SS trout compared to SD (p = 0.0417) and SI trout (p = 0.0175).

3.6. SS trout exhibit significantly increased circulating glucose concentration

To completely assess the SS phenotype at the metabolite level, we quantified circulating glucose

concentrations to complement previously reported plasma lipid metabolite changes,

Fig 6. A gene network schematic depicting key predicted targets for miRNAs for gene ontology terms related to the theme of glucose regulation. Pathways were

constructed in Pathway Studio. Each target in the pathway is predicted to be regulated by a hepatic miRNA that is differentially regulated between SS and SD rainbow

trout.

https://doi.org/10.1371/journal.pone.0217978.g006
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specifically increases in triglyceride in SD rainbow trout and increases in free fatty acids in SS

rainbow trout (7). SS trout exhibited significantly higher circulating glucose concentrations

than SD rainbow trout (t12 = 3.251, p< 0.01; Fig 9).

3.7. miRNA-target gene relationships

Using correlative analysis of miRNA and predicted target gene expression, we identified sev-

eral miRNA-mRNA expression pairs exhibiting significant correlation coefficients (Table 6).

With regard to glucose metabolism, significant negative correlations between miR-27d-5p and

pck1, and miR-21-3p and pygb were detected. With regard to lipid metabolism, the majority of

miRNAs predicted to target hsl exhibited positive correlations with the hsl transcript, which

was significant in the case of miR-21-3p. Exclusively negative relationships were identified for

miRNAs predicted to target mitofusins, reaching significance for miR-18b-5p. Conversely,

miRNA-21-3p and its predicted target fis1 exhibit a significant positive correlation.

Fig 7. Steady state mRNA abundance (+S.E.M.) of genes involved in hepatic glucose metabolism, including gluconeogenic enzyme isoforms cytoplasmic

phosphoenolpyruvate carboxykinase pck1 (A), mitochondrial phosphoenolpyruvate carboxykinase pck2 (B), gluconeogenic enzyme paralogues of glucose-

6-phosphatase (C-G), and liver (H) and brain (I) isoforms of the glycogenolytic enzyme, glycogen phosphorylase. Data for SI, SD and SS rainbow trout (Oncorhynchus
muykiss) were normalized using the Normagene algorithm, and then expressed relative to values for SI fish. A one-way ANOVAs followed by Tukey’s post-hoc was used

for analysis. A p-value of p<0.05 was used as cut-off for significant effects.

https://doi.org/10.1371/journal.pone.0217978.g007
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4. Discussion

The current study reveals that the hepatic miRNA biogenesis pathway is induced in interacting

SD and SS juvenile rainbow trout compared to SI-treated trout that did not experience social

Fig 8. Steady state mRNA abundance (+S.E.M.) of genes involved in hepatic lipid metabolism, hormone sensitive lipase, hsl (A), and those involved in the

regulation of mitochondrial dynamics including mitofusin 1, mfn1 (B) mitofusin2, mfn2 (C) and mitochondrial fission protein, fis1 (D). Data for SI, SD and SS

rainbow trout (Oncorhynchus mykiss) were normalized using the Normagene algorithm, and then expressed relative to values for SI fish. A one-way ANOVAs

followed by Tukey’s post-hoc was used for analysis. A p-value of p<0.05 was used as cut-off for significant effects.

https://doi.org/10.1371/journal.pone.0217978.g008
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interactions. In addition to the previously reported increase in drosha mRNA abundance [7],

which is responsible for a crucial step in miRNA biogenesis [16, 32], we here report the eleva-

tion of Ago2 protein abundance in both SS and SD rainbow trout compared to individually

housed SI trout, further supporting the notion of increased hepatic miRNA biogenesis and

function in response to agonistic social interactions indicative of an enhanced functional role

for miRNAs in post-transcriptional regulation of hepatic gene expression in socially antagonis-

tic conditions.

To begin to delineate qualitative consequences of hepatic miRNA expression between SS

and SD rainbow trout, we utilized a small miRNA next generation sequencing approach to

identify 24 differentially regulated miRNAs, with 15 that exhibited increased expression, and 9

miRNAs that exhibited decreased expression in the liver of SS trout compared to SD trout. Dif-

ferences in miRNA expression with social status may be mediated by differential biogenesis

and/or turnover mechanisms [14,32]. While our experiment does not allow to resolve the rela-

tive contribution of each mechanism, the previously reported increase in drosha mRNA abun-

dance in both SS and SD rainbow trout compared to individually housed SI controls [7] is

indicative of at least a partial contribution of biogenesis to this differential expression. In order

to explore the possible functional relevance of differentially expressed miRNAs, we used a

genome-wide in silico approach [21] to predict specific targets and their enrichment by GO-

term function. Because miRNAs play important roles in the regulation of (hepatic) energy

metabolism not only in mammals (13,31), but also in fish, and in trout in particular [14,15]

and social status-dependent regulation of hepatic glucose [4,6], lipid [7], and possibly protein

Fig 9. Circulating glucose concentrations in SD and SS rainbow trout (Oncorhynchus mykiss). Data were analyzed using Welch’s t-test. A

p<0.05 was used as cut-off for significant effect.

https://doi.org/10.1371/journal.pone.0217978.g009
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Table 6. Correlation of expression of differentially regulated miRNAs and predicted targets involved in pathways relevant to hepatic regulation of glucose

metabolism.

Metabolic pathway

and target gene

miRNA Pearson correlation coefficient Significance

Glucose metabolism

pck1
GSONMT00082468001

ssa-miR-27d-5p -0.75 p<0.05

pck2
GSONMT00059643001

ssa-miR-128-3-5p 0.19 n.s.

g6pca
GSONMT00076843001

ipu-miR-338_R-1 -0.14 n.s.

g6pcb1.a
GSONMT00076841001

none none none

g6pcb1.b
GSNOMT00066036001

ssa-miR-181b-5p_R-1 0.13 n.s.

g6pcb2.a
GSNOMT00013076001

dre-miR-92a-3p_R+1 0.62 n.s.

g6pcb2.b
GSNOMT00014864001

none none n.s.

pygb
GSNOMT00009821001

pol-miR-21-3p_R-1_1ss14AT -0.84 p<0.05

Lipid metabolism

hsl
GSNOMT00023441001

fru-miR-21 0.58 n.s.

hsl
GSNOMT00023441001

pol-miR-21-3p_R-1_1ss14AT 0.83 p<0.05

hsl
GSNOMT00023441001

fru-miR-152 0.71 n.s.

hsl
GSNOMT00023441001

ssa-miR-93a-5p 0.69 n.s.

hsl
GSNOMT00023441001

dre-miR-18b-5p_1ss11TC 0.70 n.s.

hsl
GSNOMT00023441001

ipu-miR-338_R-1 0.61 n.s.

hsl
GSNOMT00023441001

dre-miR-30e-3p -0.71 n.s.

Mitochondrial dynamics

mfn1
GSNOMT00027395001

dre-miR-let-7a -0.71 n.s.

mfn1
GSNOMT00027395001

dre-miR-let7c-5p_1ss19GC -0.62 n.s.

mfn1
GSNOMT00027395001

ssa-miR-27d-5p -0.62 n.s.

mfn2
GSNOMT00004526001

dre-miR-18b-5p_1ss11TC -0.75 p<0.05

mfn2
GSNOMT00004526001

fru-miR-152 -0.44 n.s.

mfn2
GSNOMT00004526001

pol-miR-21-3p_R-1_1ss14AT -0.73 n.s.

mfn2
GSNOMT00004526001

ssa-miR-29b-2-5p_L-2 -0.61 n.s.

fis1
GSNOMT00039888001

pol-miR-21-3p_R-1_1ss14AT 0.75 p<0.05

https://doi.org/10.1371/journal.pone.0217978.t006
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metabolism [7] has been well described in SD versus SS rainbow trout, we focused our analysis

of pathways predicted to be targeted by differentially regulated miRNAs on those relevant to

hepatic glucose production, especially gluconeogenesis and glycogenolysis, lipolytic pathways,

and pathways involved in protein synthesis. Additionally, pathways related to mitochondrial

dynamics were examined because they were identified as being enriched targets of differen-

tially regulated miRNAs in our in silico analysis, and have recently been linked to differential

fuel utilization in response to nutrient availability and stress, at least in mammals [33–36].

With regard to gluconeogenesis target genes, we identified a very strong induction of pck1,

the cytosolic form of phosphoenolpyruvate in SS fish, with no changes in the reported mito-

chondrial form of the enzyme, pck2. These results strongly suggest that the previously observed

significant increase in global hepatic Pck activity in SS trout [4] is regulated at least in part, at

the transcriptional and/or post-transcriptional level of the pck1 gene. It is well documented

that the SS trout phenotype is characterized by chronically elevated cortisol, as well as short

term fasting [7], and both factors have been shown to contribute to increased pck1 transcrip-

tion in mammals. Indeed, cytosolic pck1 is considered to be the principal target of endocrine

and nutritional regulation [37]. This finding is in line with earlier studies investigating unspec-

ified pck mRNA abundance before the publication of the rainbow trout genome facilitated

paralogue specific pck transcript amplification. Our study clearly assigns this transcriptional

response to the cytosolic pck1 in rainbow trout, and the ability to distinguish between paralo-

gues may have contributed to the much stronger fold-induction compared to pre-genome

studies [38]. Additionally, the higher fold-induction may be explained by the fact that the cur-

rent study investigated SS fish, which in addition to chronically elevated cortisol concentra-

tions experienced a de facto short-term fast because of the monopolization of food by SD fish

in the dyad [7]. Since it is well-described that cortisol interacts synergistically with glucagon in

the regulation of pck1 transcript abundance [37] future studies should investigate the role of

fasting, glucagon and cortisol on the hepatic pck1 transcript. Such synergism may also explain

why both higher fold pck1 mRNA abundance and global Pck activity are observed in SS trout,

while cortisol injected trout reveal increased pck mRNA abundance but not activity [39].

Within the gluconeogenic pathway, we additionally probed g6pc paralogues and found no

change in mRNA abundance of g6pca and g6pcb1 paralogues. Unexpectedly, we identified a

paradoxical increase in g6pcb2 paralogues in SD fish, confirming an atypical regulation of

these recently described novel members of the teleost g6pc family [40]. Because overall circu-

lating glucose concentration was increased in SS fish compared to SD fish in our current study

(Fig 9), our data suggest a functional contribution of gluconeogenesis, likely via transcriptional

regulation of pck1 in particular, to this phenotype. We found that g6pcb2b mRNA abundance

is increased in SD, normoglycemic trout that monopolize food during social interactions,

thereby acquiring a double ration. A similar, differential regulation of g6pcb2b paralogue

mRNA abundance was reported previously in response to refeeding, especially with diets rich

in carbohydrates [40]. With regard to glycogen phosphorylase paralogues, we identified low-

ered hepatic mRNA abundance of the liver and brain isoforms, pygl and pygb, in SS rainbow

trout. SS rainbow trout exhibit significantly reduced hepatic glycogen content compared to

both control and SD fish, with SS fish reaching concentrations of as low as 16% of hepatic gly-

cogen content measured in SD fish [6]. This coincides with significant reductions in basal

hepatic Gp activity, which is, however, likely limited by the decreased amount of glycogen, as

total GP activity and GPα specific activity (assessed by adding additional glycogen or glycogen

and caffeine, respectively) is lower in SSs compared to controls, but exhibits the lowest values

in SD fish [6]. This reported lowered GP activity compared to control fish has been interpreted

to protect already depleted hepatic glycogen storage in SS fish from further glycogenolysis in

the face of low food intake and chronic stress, and our current results indicate that this process
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in SS fish is, at least in part, regulated at the mRNA abundance level of the hepatically

expressed paralogues pygl and pygb. Conversely, the reported lowest total and GPα activity in

SD trout interpreted to be reflective of rapid restocking of hepatic glycogen reserves following

the initial acute stress of social hierarchy establishment do not appear to be linked to transcrip-

tional regulation of these transcripts, as indicated by similar transcript abundances between

control and SD fish. It is possible that chronically elevated cortisol levels are responsible for a

mRNA based regulation as opposed to well described posttranslational regulation of glycogen

phosphorylase activities. Indeed, conflicting results of cortisol on hepatic glycogen in rainbow

trout have been reported [39], likely pointing to different baseline conditions, duration of the

cortisol signaling and/or interaction between different regulating factors as mechanisms in the

regulation of hepatic glycogen content in response to cortisol.

In addition to glucose metabolism, lipid metabolism exhibits pronounced differences between

SD and SS rainbow trout [7]. Increased circulating triglycerides in SD rainbow trout correlate

with increased hepatic indices of de novo lipogenesis, whereas elevated circulating free fatty acids

correlate with indices of fatty acid β-oxidation in SS rainbow trout [7]. These results suggest that

SD trout, which monopolize food use the energetically costly process of de novo lipogenesis to

contribute to storage of lipid reserves, whereas SS fish rely on lipolytic processes to fuel metabo-

lism, including hepatic metabolism [7]. Here, we report a significant increase in hepatic mRNA

abundance of a paralogue of hormone sensitive lipase (hsl), providing further evidence for lipo-

lytic activity in SS fish. In rainbow trout, hepatic hsl has been shown to be strongly regulated by

nutritional and endocrine stimuli [41–42], and our finding of hsl upregulation in SS fish, which

experience little or no food intake during social interactions, is consistent with data previously

reported for hsl paralogues observed in trout in a comparable fasted state [41–42].

Because pathways linked to mitochondrial dynamics were predicted as being targeted by

miRNA and are, at least in mammals, regulated by stress and nutritional status and function-

ally linked to oxidative glucose and lipid metabolism [33–36], we profiled markers of mito-

chondrial fusion and fission. We identified a decrease in mRNA abundance of mfn2 in the

liver of SS fish and, conversely, an increase in fis1 transcript abundance, consistent with the

opposing regulation often observed in these markers to coordinate mitochondrial dynamics

[34]. Cortisol, the end-product of the stress axis, has been shown to increase mitochondrial fis-

sion, which, in turn, is functionally linked to increased gluconeogenesis in hepatoma cells [35].

Interestingly, liver-specific ablation of mfn2 also contributes to increased gluconeogenesis

[36], suggesting that in our model system, glucose liberation in SS fish may, at least in part,

also mediated at the level of mitochondrial dynamics. Functional studies at the cellular level

clearly are needed to support these gene expression findings.

Collectively, our findings at the gene expression level for paralogues involved in glucose

metabolism, lipid metabolism and mitochondrial dynamics are consistent with previously

reported metabolic changes [4,6,7], and suggest an important role for transcriptional and/or

post-transcriptional regulation of gene expression in eliciting SD versus SS metabolic pheno-

types. Because the specific transcript targets examined in this study were components of meta-

bolic pathways identified as being regulated by differentially expressed miRNAs, and indeed

predicted to be specifically targeted by differentially regulated miRNAs (Table 5), we investi-

gated whether specific miRNA-mRNA target abundances were correlated (Table 6). Although

significant correlations do not provide proof of functional interactions, the significant rela-

tionships in miRNA-target mRNA abundances that we observed prioritize these components

for future functional studies.

A recent study has linked miRNA-27 family members to the regulation of hepatic gluconeo-

genic enzymes, including PCK, suggesting that the predicted miRNA-27d-5p-pck1 interaction

in our study may be linked to evolutionarily deeply conserved roles of miRNA-27 family
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members in the regulation of gluconeogenesis [43]. Through predictions and significant

inverse relationships in abundance, we identified miRNA-27d-5p, miRNA-21-3p and miRNA-
18b-5p as potential regulators of glucose liberation, lipolysis and mitochondrial dynamics. In

rodent models, functional roles for miR-21-3p in hepatic carbohydrate and lipid metabolism

in response to nutritional stress have been described [44]. However, these effects are mediated

via different primary targets compared to those predicted in rainbow trout, likely reflecting the

low degree of deeply conserved miRNA-mRNA relationships, which have undergone extensive

rewiring between fish and mammals [45]. With regard to protein metabolism, our current

study predicts a convergent regulation on different paralogues of S6 kinase, a translational reg-

ulator, by multiple miRNAs (let-7a, let-7b, let-7c, miRNA-92a-3p, miRNA-181-5p) that are

downregulated in the liver of SS trout compared to SD trout (S4 Table). This situation is sug-

gestive of a post-transcriptionally-regulated increase in S6K. Consistent with this scenario,

ribosomal S6 phosphorylation, an indicator of translational activity, was strongly induced in

the liver of SS trout in our experimental animals [7], in line with the unexpected measurement

of elevated rates of protein synthesis in the liver of SS rainbow trout (R.J. Saulnier, C. Best, D.J.

Kostyniuk, K.M. Gilmour and S.G. Lamarre, unpublished results).

5. Conclusions, limitations and future perspectives

Overall, our study identifies increased protein abundance of Ago2 in dyad paired trout, suggesting

that the miRNA pathway is important in the mediating posttranscriptional control of hepatic

gene expression in both SS and SD rainbow trout. The nature of posttranscriptional regulation is

differential between SS and SD rainbow trout, and differentially regulated miRNAs are predicted

to target specific transcripts of important intermediary metabolic pathways of glucose, lipid and

protein metabolism previously shown to be social status dependent in rainbow trout. Concerning

the SI group, it is important to mention that a negative growth rate was observed, which, while

not significantly different from growth rate observed in SD as is the case in SS, might be linked to

catabolic reactions in this group, thereby affecting endpoints assessed in this group. Because the

SS phenotype is associated with fasting, a chronic stress response and negative somatic growth,

while the SD phenotype is associated with increased feed intake as it monopolizes food in dyads,

the specific contribution of each of these factors to the observed hepatic miRNA regulation and

their functional roles in mediating metabolic changes warrant further study.

Our framework therefore defines testable hypothesis for the involvement of specific

miRNA-target mRNA pairs in the well-established metabolic differences in hepatic macronu-

trients metabolism, and identifies rainbow trout mitochondrial dynamics as a potential

miRNA-regulated system that may contribute to differences in hepatic metabolism between SS

and SD rainbow trout. Future studies are needed to functionally assess the role of specific

miRNA-mRNA target pairs identified in our current study in the regulation of hepatic metab-

olism in rainbow trout. Specifically, the use of rainbow trout primary hepatocytes or cell lines

transfected with plasmids containing 3’UTR and luciferase assays will allow to investigate

physical interaction of miRNA and 3’UTR, while miRNA modulation approaches in the same

systems allow to probe metabolic function, respectively (14). These assays are a necessary next

step to validate identified candidates functionally, especially since in silico predictions suffer

from false positives [25], and negative and positive correlations at a single sampling time only

point towards possible modes of miRNA-mRNA interaction across time [46,47].
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S1 Table. Flowchart representing the bioinformatics pipeline used to annotate and group

miRNAs identified from small RNA next generation sequencing results. See text for
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explanation.

(XLSX)

S2 Table. Next generation sequencing read summary, sequences and normalized counts.

(XLSX)

S3 Table. Differential hepatic miRNA expression between SS and SD trout (n = 3 per

group) as determined by t-test.

(XLSX)

S4 Table. miRanda based annotated 3’UTR target prediction of differentially expressed

miRNAs identified as being differentially expressed between SS and SD rainbow trout.

Colours match heatmap designation in Fig 4, with green indicating predicted targets of miR-

NAs that have higher expression in SS rainbow trout liver, and red indicating predicted targets

of miRNAs with higher expression in SD trout liver.

(XLSX)

S5 Table. GO-term enrichment analysis of target genes predicted to be targeted by differ-

entially expressed miRNAs between treatment groups and Pathway Studio Sub-Network

Enrichment Analysis (SNEA) results.

(XLSX)

S1 Fig. Detailed Pathway Studio Sub-Network Enrichment Analysis (SNEA) results for

over-represented GO-term processes related to glucose metabolism, as results visualized

in Fig 7.

(PDF)
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