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ABSTRACT

Within the same species, individuals exhibiting faster growth tend to have shorter lifespans, even if their fast
growth arises from early-life pharmacological interventions. However, in vertebrates, the impact of the early-
life environment on the growth rate and lifespan has not been fully elucidated. In this study, by utilizing the
short-lived African turquoise Kkillifish, which is suitable for a comprehensive life-stage analysis in a brief
timeframe, we explored the effects of housing density during the juvenile stage on holistic life traits. As a
result, we found that lower housing densities resulted in faster growth, but led to longer adult lifespan, which
was contrary to the common notion. Furthermore, the single-housed adult fish displayed a longer egg-laying
period than did their group-housed counterparts. Our transcriptome analysis also demonstrated that, in terms
of internal transcriptional programs, the life stage progression and aging process of single-housed fish were
slower than those of group-housed fish. Collectively, our results suggest that sharing housing with others in
early life might influence whole-life attributes, potentially leading to specific life history traits beyond the
typical relationship between the growth rate and lifespan.

INTRODUCTION

Fast postnatal growth is linked to short lifespans [1-4].
Correlation studies have shown this inverse relationship
between the postnatal growth rate and lifespan among
mammalian species [5] and within the same species in
rats, mice, and dogs [2, 6, 7]. This relationship is often
explained from various perspectives, including trade-
offs in resource allocation among life history traits [8]
and decreased accuracy in DNA synthesis due to the

high rate of cell proliferation during growth [2]. In
addition, the relationship has been observed not only in
wild-type animals but also in mutant and transgenic
animals. For example, growth hormone-deficient dwarf
mice exhibit slower growth and a longer lifespan [9,
10]. These phenotypes can be partially rescued by early-
life growth hormone replacement, indicating that early-
life interventions can alter lifespan [11-13]. Even in
these rescue experiments, the inverse relationship
between the growth rate and lifespan does not change.
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To our knowledge, an exception to the general negative
relationship between the growth rate and lifespan has
not been previously reported in vertebrates.

Unlike those of early-life pharmacological interventions,
the impacts of early-life environmental conditions, such
as housing density, on the relationship between the
growth rate and lifespan in vertebrates remain poorly
understood. The median lifespan of African turquoise
killifish (Nothobranchius furzeri) is 4-6 months, which
facilitates a comprehensive life-stage analysis in a brief
timeframe compared to the longer lifespans (more than
two years) of canonical vertebrate model organisms
such as mice [14-16]. Here, we explored the effects of
housing density in the juvenile stage on whole-life
traits, including growth, fecundity, and lifespan, in
African turquoise Killifish.

RESULTS
Juveniles housed at lower densities grow faster

In many studies using African turquoise Killifish, newly
hatched fish are initially kept in groups of 4-200
individuals per tank [16-21]. To investigate the effect
of housing density on juvenile growth, we reared newly
hatched fish at densities of 1, 2, 4, 10, and 40 fish per S-
tank (15 x 9 x 10 cm, 0.65 L water) (Figure 1A),
according to the protocol described by Dodzian et al.
[18] with minor modifications. Because food
availability affects growth, all the fish were fed in
sufficient amounts until their abdomens turned orange, a
sign of full satiation [18]. At three weeks posthatching
(wph), we investigated body weight, and found that
lower housing densities resulted in faster growth
(Figure 1B). The average weight in single housing (one
fish per tank) was 5.4 times greater than the average
weight in group housing at the highest density (40 fish
per tank). The average weight in single housing was
also 1.7 times greater than the average weight in group
housing at the second-lowest density (two fish per
tank). In addition, at three wph, single-housed juveniles
reached the onset of sexual maturity stage, where male
fin coloration was observed (Figure 1C, black arrows in
pictures). On the other hand, group-housed fish at the
highest density (40 fish per tank) had just reached the
middle stage of juvenile growth (Figure 1C). These
results suggest that in the juvenile stage, lower housing
densities lead to faster growth.

We focused on the two conditions with the largest
difference in growth: group housing (40 fish per tank)
and single-housing (one fish per tank). In general,
group-housed fish are separated individually before
reaching the onset of sexual maturity stage because
males become more aggressive upon their maturation

[18]. Therefore, we reared all the fish at a density of one
fish per L-tank (25 x 9 x 15 cm, 2 L water) from three
wph onward to death (Supplementary Figure 1). These
two housing conditions (40 fish per tank and 1 fish per
tank) are hereafter denoted simply as “group housing”
and “single housing”.

After three wph, the group-housed fish reached the
onset of sexual maturity stage at five wph, two weeks
later than did the single-housed fish (Figures 1D, 2A).
The appearance of the group-housed fish at this onset of
sexual maturity stage was very similar to that of the
single-housed fish at the same stage, with no obvious
defects (Figure 2A). To compare the growth rate of
juveniles in more detail, we examined the temporary
changes in body weight from the early juvenile growth
stage to the onset of sexual maturity stage in group- and
single-housed fish, and then defined weight-based
juvenile growth stages 1-6 (Figure 1D, see method
section). Sex was confirmed on the basis of the
expression level of a female-specific gene, zona
pellucida sperm-binding protein 3 (XM_015945764.2).
Regardless of sex, it took 22 days for group-housed fish
and 12 days for single-housed fish to grow from stage 2
to stage 6, indicating that the growth rate of single-
housed juveniles in stages 2-6 was 1.8 times faster than
that of group-housed juveniles. All the fish were kept
individually after stage 4 in the middle stage. However,
regardless of sex, it took 14 days for group-housed fish
and 10 days for single-housed fish to grow from stage 4
to stage 6, indicating that the growth rate of single-
housed juveniles even in the stages 4-6 was 1.4 times
faster than that of group-housed juveniles. These results
suggest that single-housed juveniles consistently grow
faster than group-housed juveniles until the onset of
sexual maturity stage.

Next, to examine whether group or single housing in the
juvenile stage affected the body growth during sexual
maturation, we observed the temporal growth from the
onset of sexual maturity stage (group-housed fish, five
wph; single-housed fish, three wph) in group- and
single-housed fish (Figure 2A). As sexual maturation
progressed, the body coloration of males spread from
the fin to the entire body, and the abdomen of females
became rounded, in both group- and single-housed fish
(Figure 2A). The young adult fish are fully sexually
mature and capable of breeding. The group- and single-
housed fish reached the young adult stage at seven and
five wph, respectively (Figure 2A). The timing of
reaching this stage was within the range of the
previously reported timings in captivity (4-8 wph) [18,
20-26]. The comparison of group- and single-housed
fish at the same life stage from the onset of sexual
maturity to middle age indicated that whether group
housing or single housing in the juvenile stage had no
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Figure 1. Lower housing densities in the juvenile stage accelerate body growth. (A) Schematic diagram showing the housing
conditions. The hatched fish were kept at five different densities until three wph: 1, 2, 4, 10, and 40 fish per tank. (B) The graph shows their
body weight at 3 wph under the housing conditions represented in (A). Each point represents an individual fish. The data were obtained for
13-28 fish at each density from a single experiment. The data are shown as the mean = S.D. **, p < 0.01 by Tukey test. (C) Images are
representative images of three-week-old fish under the group housing (40 fish per tank) and single housing (one fish per tank). The lower
panels show higher magnification images of the boxed areas in the middle panels. The black arrows indicate fin coloration. The black lines in
the images are drawn at 1 cm intervals. Blue scale bars, 1 cm. (D) Body weights at six different juvenile growth stages from 9 days
posthatching (dph) to the onset of sexual maturity (group-housed fish; 35 dph, single-housed fish; 21 dph). The data were obtained from four
samples at each stage. The data are shown as the mean + S.D. Each point represents an individual fish. The blue and pink italic numbers
represent the six weight-based stages of body growth in group- and single-housed fish, respectively (see methods section for detail).
Representative images of fish at each weight-based growth stage under group housing (40 fish per tank) and single housing (one fish per
tank). The black lines in the images are drawn at 1 cm intervals. Blue scale bars, 1 cm. Sex was confirmed by the expression level of a female-
specific gene, zona pellucida sperm-binding protein 3 (XM_015945764.2). (A-D) G: group-housed fish, S: single-housed fish.
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Figure 2. Body growth from the onset of sexual maturity to the old stage. (A) Representative images of male and female fish at the
following four different life stages are shown: onset of sexual maturity, young adult, mature adult, and middle-aged adult. The numbers in
the lower right corner of the images indicate the body length of the fish observed at each life stage. The arrows indicate fin coloration. The
black lines in the images are drawn at 1 cm intervals. Blue scale bars, 1 cm. (B) Body length and body weight at each age after the onset of
sexual maturity to the old stage (20 wph). The blue points indicate group-housed fish; the pink points indicate single-housed fish. Each point
represents an individual fish. The data were obtained for 9-20 fish at each age from pooled data from one (group housing) and four (single
housing) independent experiments. The data are shown as the mean + S.D. *, p < 0.05; **, p < 0.01; ns, not significant by the Tukey test. (A,
B) G: group-housed fish, S: single-housed fish.
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effect on the change in appearance of fish during sexual
maturations (Figure 2A).

Because both the group- and single-housed fish
continued to grow until middle-aged adult regardless of
sex (Figure 2A), we next examined the temporal
changes in body length and weight from the onset of
sexual maturity stage until the aged stage (20 wph)
(Figure 2B). Regardless of the housing conditions, the
rate of increase in body length after sexual maturity
slowed, and the differences in body length between
group- and single-housed fish of the same age were not
significant for both males and females in old adults (20
wph). However, regardless of the housing conditions,
the rate of increase in body weight after sexual maturity
did not slow, and the differences in body weight
between group- and single-housed fish of the same age
persisted into old adults. Collectively, these results
showed that in old adults, the group- and single-housed
fish had similar body lengths but different body
weights. This suggests the possibility of differences in
body composition, such as in body fat percentage,
muscle mass, and bone mass, between group- and
single-housed fish in old age. Because the balance of fat
mass, muscle mass, and bone mass is associated with
health status in old age [27], the health status might
differ between old group- and single-housed fish.

Juveniles housed at lower densities have longer adult
lifespan

Single housing in the juvenile stage accelerated the rate
of body growth (Figure 1). In general, the growth rate is
inversely correlated with lifespan [2]. Thus, we
expected that the single-housed fish (fast-growing fish)
would live for shorter periods than the group-housed
fish (slow-growing fish). Unexpectedly, the mean adult
lifespan in single-housed fish was longer than that in
group-housed fish in both sexes (Figure 3A, male, 32%;
female, 17%; male and female, 24%; Supplementary
Figure 2A). Because juvenile growth was dependent on
juvenile housing density (Figure 1A, 1B), we suspected
whether the adult lifespan also exhibited a dependence
on juvenile housing density. To test this hypothesis, we
reared newly hatched fish at densities of 1, 2, and 10
fish per S-tank, and then, reared all the fish at a density
of one fish per L-tank from three wph onward, and
measured the adult lifespan (Figure 3B, upper schematic
diagram). Both fish housed at a density of one or two
fish per tank exhibited a longer mean adult lifespan than
fish housed at a density of 10 fish per tank in both sexes
(Figure 3B and Supplementary Figure 2B). These
results suggest that lower housing densities in the
juvenile stage extend adult lifespan despite fast body
growth, which is contrary to the commonly held idea
that growth rate and lifespan are inversely correlated.

Single-housed fish have a longer egg-laying period
compared to group-housed fish

Adult lifespan of single-housed fish was longer than
that of group-housed fish (Figure 3A). Therefore, we
suspected that the egg-laying period of single-housed
fish was also longer than that of group-housed fish. To
test this possibility, we conducted weekly monitoring of
temporal changes in the number of eggs laid until the
old adult stage (Figure 4A). In group-housed fish, the
number of eggs laid was high for the first two weeks,
medium for the subsequent five weeks and low
thereafter, whereas, in single-housed fish, it was
medium for the first nine weeks and low thereafter
(Figure 4A). The cumulative number of live embryos in
single-housed fish was less than that in group-housed
fish (Figure 4B). These results suggest that the egg-
laying period of single-housed fish is longer than that of
group-housed fish, although the number of eggs laid is
not very high.

The rate of change in the gonadal gene expression
profile during sexual maturity in single-housed fish
is slower than that in group-housed fish of the same
life stage

We suspected that the reduction in offspring number
and increase in the egg-laying period in single-housed
fish may be related to transcriptomic differences
in the gonads. Therefore, we performed RNA
sequencing analysis of testes or ovaries at four life
stages: I, the onset of sexual maturity (G, 5 wph; S, 3
wph); Il, young adult (G, 8 wph; S, 5 wph); HlI,
mature adult (G, 10 wph; S, 8 wph); and IV, middle-
aged adult (G, 11 wph; S, 11 wph) (Figure 2A).
Interestingly, hierarchical clustering showed that
single-housed fish tended to exhibit higher similarity
to group-housed fish at earlier life stages than to
group-housed fish at the same life stage in both the
testes and ovaries (Figure 5A). For example, in the
testes, single-housed fish at stage Il exhibited the
highest similarity to group-housed fish at stage I; in
the ovaries, single-housed fish at stage Il and Il
exhibited higher similarity to group-housed fish at
stage |. These results suggest that the rate of gonadal
transcriptional change with life stage progression in
single-housed fish is slower than that in group-housed
fish.

The samples were plotted along the PC1 axis in a
manner reflecting the life stages regardless of housing
type in both testes and ovaries in the PCA plots (Figure
5B). We next identified the DEGs between stage | and
stage IV in group- and single-housed fish. The
ribosome-related genes and the cilium-related genes
were also highly enriched in 233 common DEGs with
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higher expression in the stage | than in the stage IV
between group- and single-housed fish, and in 425
common DEGs with higher expression in the stage IV
than in the stage | between group- and single-housed
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fish, respectively (Supplementary Figure 3). These
ribosomal biogenesis and cilium organization are
associated with the early and final spermatogenesis
stages in zebrafish [28, 29], suggesting a link between
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Figure 3. Lower housing densities in the juvenile stage extend adult lifespan. (A, B) The schemes for measuring the adult lifespan
from reaching the young adult stage are shown at the top. The hatched fish were reared at a density of 1 or 40 fish per tank (A) or 1, 2, or 10
fish per tank (B) until 3 wph. After 3 wph, all the fish were reared individually. The age at which the fish reached the young adult stage was
defined as zero weeks of adult age. The Kaplan—Meier survival curves (three independent experiments were pooled) of adult males (upper
panel), females (middle panel), and both males and females (lower panel) are shown. The percentage indicates the rate of increase in the
average lifespan. *, p < 0.05; **, p < 0.01 by log-rank test. The three lowest graphs show the mean lifespan. Each point represents the mean
lifespan in each independent experiment. The data are shown as the mean = S.D. *, p < 0.05; **, p < 0.01; ns, not significant by the log-rank
test. G: group-housed fish, S: single-housed fish, N: number of fish analyzed.
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life stage progression of testes and the progression of
spermatogenesis. In the ovaries, the growth-related
genes and the translation-related genes were highly
enriched in 569 common DEGs with higher expression
in the stage | than in the stage IV between group- and
single-housed fish, and in 434 common DEGs with
higher expression in the stage IV than in the stage I
between group- and single-housed fish, respectively
(Supplementary Figure 4). These processes are
associated with the early oogenesis stage in zebrafish
[30] and the aging of oocytes in mice [31], suggesting a
link between the life-stage progression of ovaries and
the progression of oogenesis and aging. Considering the
differences in PC1 values between group- and single-
housed fish at several stages (testes; Il, ovaries; IlI,
Figure 5B), these results imply that compared to group-
housed fish, single-housed fish exhibited a slower
progression of gametogenesis and gonadal maturation
relative to the progression of life stage.

To verify this speculation, we focused on spermatogenic
differentiation marker genes (piwill, dazl, sycp3, and
odf3b) [32-35], a gene highly expressed in earlier
stages of oocyte development (piwill) [36, 37], oocyte
construction-related genes (tdrdl, tdrd7a, tdrd6, tdrd15,
dctn2, pld6, buc, puml, and tdrkn) and female gonad
development-related genes (figla, ythdf2, lhcgr, cyp19a,
pla2gdab, fshr, ythdf3, and pgrmcl), and examined
their changes in expression with life stage progression.

In the testes and ovaries, the rate of change in the
expression of these genes with life stage progression in
single-housed fish tended to be lower than that in
group-housed fish (Figure 5C). These results suggest
that compared to group-housed fish at the same life
stage, single-housed fish might have slower progression
rates of gametogenesis and gonadal maturation,
resulting in a lower proportion of mature sperm and
oocytes in gonads. Collectively, from the perspective of
the internal transcriptional programs, the results show
that the progression of gonadal maturation and ovarian
aging in single-housed fish might be slower than that in
group-housed fish. This slow progression might explain
the medium fecundity observed when we began to count
the number of eggs laid and the extended egg-laying
period observed in single-housed fish.

Comparison of liver gene expression profiles
between group-housed and single-housed fish in
early and late adulthood

As single-housed adult fish lived longer than group-
housed fish, we suspected that the rate of the aging
process in single-housed fish was slower than that in
group-housed fish. Organismal metabolism changes
with age [3], and the liver plays a central role in the
organismal metabolic processes. Therefore, we
compared the gene expression profiles of livers from
group- and single-housed fish at two different ages: 7
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Figure 4. Single-housed fish have a longer egg-laying period than group-housed fish. (A) Temporal changes in the number of eggs
laid by group- and single-housed fish. Six breeding tanks were prepared one week after the fish reached the young adult stage, and the
number of embryos was counted once a week. The left vertical axis represents the number of viable embryos. The thick lines represent the
average number of embryos in the six experimental tanks; the thin lines represent the number of embryos in each tank. The thick, blue or
pink horizontal lines labeled “H” represent a high fecundity period; the medium lines marked “M” represent a medium fecundity period; and
the thin lines labeled “L” represent a low fecundity period. The right vertical axis and black dashed line represent the survival rate and the
Kaplan—Meier survival curves of all the fish used in this experiment, respectively. (B) Cumulative number of live embryos obtained at high and
medium fecundity levels. *, p < 0.05 by t-test. Each point represents an individual tank. (A, B) G: group-housed fish, S: single-housed fish.
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onset of sexual maturity, young adult, mature adult, and middle-aged adult. The data were obtained from two or three samples at each life
stage. (A) The dendrograms represent the hierarchical clustering of the samples based on the similarity of the changes in the average
expression at each life stage for gene sets with TPM > 10 in at least one sample. (B) PCA plots prepared using VST values of the genes with
TPM > 10 in at least one sample. Each number represents an individual sample at each growth stage. The black arrows in the left plot of the
testis show the group- and single-housed fish at the young adult stage. *, p < 0.05 by t-test and Kruskal-Wallis test. (C) Changes in the
individual expression of germ cell marker genes at each stage of spermatogenesis, early-oogenesis-related genes, oocyte-construction-
related genes and female-gonad-development-related genes. piwill, piwi-like RNA-mediated gene silencing 1; dazl, deleted in azoospermia-
like; sycp3, synaptonemal complex protein 3; odf3b, outer dense fiber of sperm tails 3B; tdrd1, tudor domain containing 1; tdrd7a, tudor
domain containing 7a; tdrd6, tudor domain containing 6; tdrd15, tudor domain containing 15; dctn2, dynactin 2; pld6, phospholipase D
family, member 6; buc, bucky ball; pum1, pumilio RNA-binding family member 1; tdrkn, tudor and KH domain containing; figla, folliculogenesis
specific bHLH transcription factor; ythdf2, YTH N6-methyladenosine RNA binding protein F2; lhcgr, luteinizing hormone/choriogonadotropin
receptor; cypl9ala, cytochrome P450, family 19, subfamily A, polypeptide la; pla2g4ab, phospholipase A2, group IVAb; fshr, follicle
stimulating hormone receptor; ythdf3, YTH N6-methyladenosine RNA binding protein F3; pgrmcl, progesterone receptor membrane

component 1. (A—C) G: group-housed fish, S: single-housed fish.

wph (early adulthood) and 14 wph (late adulthood)
(Figure 6A). Interestingly, the correlation coefficients
between all samples showed that group- and single-
housed fish at 14 wph were very similar to each other
(Figure 6B), despite the 2-week difference in adult age
between group- and single-housed fish (Figures 2A,
6A). We identified 1588 age-related differentially
expressed genes (DEGs) between 7 wph and 14 wph in
either group- or single-housed fish. The hierarchical
clustering of all samples based on the similarity of
changes in the expression of the 1588 age-related genes
also indicated that the expression profiles of the group-
and single-housed fish were similar at 14 wph (Figure
6C, lower).

GO enrichment analysis revealed that the most enriched
GO term among the 274 common age-related genes
between group- and single-housed fish was “alpha amino
acid metabolic process” (Figure 6C, wupper, and
Supplementary Table 1), consistent with previous studies
showing GO terms enriched among aging-related genes in
mouse livers [38]. The most enriched GO terms among
the 213 single-housed fish-specific age-related genes and
the 1101 group-housed fish-specific age-related genes
were “steroid metabolic process” and “ribosome
biogenesis”, respectively (Figure 6C, upper, and
Supplementary Table 1). This difference in enriched GO
terms among age-related genes (Supplementary Table 1)
could be attributed to the difference in life stage between
group- and single-housed fish at 7 wph. The single-
housed fish at 7 wph were in the mature adult stage during
which large amounts of reproductive steroid hormones
were likely produced; the group-housed fish were in the
young adult stage, during which the fish were likely still
actively translating for body growth. These results
indicated that the differences in gene expression profiles
between group- and single-housed fish at 7 wph decreased
by 14 wph, suggesting the possibility that the rate of aging
is slower in single-housed fish than in group-housed fish,
and the group-housed fish caught up to single-housed fish
in terms of the aging process at 14 wph.

Then, we analyzed marker genes for cellular senescence
because the senescent cell burden increases with age,
and found that the expression of the cell senescence
marker p21 (Figure 6D) and SASP factors tfa [39] and
il-8 [40-43] (Figure 6E) was upregulated in group-
housed fish at 14 wph compared to other samples. This
result suggests the possibility that group-housed fish at
14 wph had more senescent cells than single-housed
fish at 14 wph, although the group-housed fish at 14
wph were two weeks younger in terms of adult age
compared to the single-housed fish at 14 wph (Figures
2A, 6A). These results raise the possibility that the
aging process in single-housed fish may be slower than
that in group-housed fish.

The rate of change in the gene expression profile of
whole body during juvenile growth in single-housed
fish is slightly slower than that in group-housed fish
of the same growth stage

Analysis of the internal transcriptional programs in the
gonads and liver suggested that single-housed fish have
a slower rate of life-stage progression and aging process
than group-housed fish. We wondered whether the rate
of change in the gene expression profile of juveniles
with growth in single-housed fish might also be slower
than that in group-housed fish. To address this question,
we conducted time-series sampling across growth stages
1-6 for both males and females (Figure 1D). Then, we
compared transcriptomes between group- and single-
housed juveniles at the same growth stages. The
correlation coefficients between samples showed that
the gene expression profiles were quite similar between
group- and single-housed juveniles at the same growth
stages in both sexes (Figure 7A).

In principal component analysis (PCA), with the PC1
axis explaining over 45% of the variance, the samples
were plotted in a manner reflecting the growth stages
regardless of housing type for both sexes (Figure 7B).
For the common DEGs between stage 1/2 and stage 6 in
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Figure 6. Comparison of liver gene expression profiles between group- and single-housed fish in early and late adulthood. (A)
Schematic diagram showing the sampling for RNA sequencing of livers at 7 and 14 wph. At each age, 9-10 fish were sampled. (B) Correlation
coefficients between samples in the gene sets with TPM > 10 in at least one sample. (C) The upper panel shows a Venn diagram of the DEGs
(> 1.5-fold change, padj < 0.01) between 7 wph and 14 wph in either group- or single-housed fish (1588 genes). The lower panel shows
hierarchical clustering of the samples based on the similarity of the changes in expression of the 1588 age-related genes. (D, E) TPM values of
cell senescence markers (D) and SASP factors (E). Each circle represents an individual sample. **, padj < 0.01 by DESeq2. p21, cyclin
dependent kinase inhibitor 1A; p53, tumor protein p53; p16, cyclin dependent kinase inhibitor 2A; tfa, transferrin-a; serpingl, serpin family G
member 1; tmem176, transmembrane protein 176; g0s2, GO/G1 switch 2; serpinal, serpin family A member 1; apoeb, apolipoprotein Eb;
cd302, CD302 molecule; cst3, cystatin C; psap, prosaposin; cxcl12a, chemokine (C-X-C motif) ligand 12a; fcerlg, Fc epsilon receptor IgFc
epsilon receptor Ig; ctss2.1, cathepsin S, ortholog2, tandem duplicate 1; aifl, allograft inflammatory factor 1-like; il-8, interleukin-8; il-10,
interleukin-10. (A—E) G: group-housed fish, S: single-housed fish.

www.aging-us.com 12452 AGING



>
sy

Male
Male
® 8
Lr)- ~—
To
| [Ie]
o
8 o 4 . .
i 4 4 .
8 il J’; 2 ,(J fﬁ
IG: 234546 e ré
777777 0.80 I 1
1 234356 D B
-100 0 100 ©
Female PC1_48.4%
1.00
- Female
095 =}
2
o &g 5
085 .| s
N © I
O ,F 0
loso O g & ’ 6 [
I ! o !
: ¥
Gi23456 Y
- 1
i i
. - 'l‘
-100 0 100
PC1_46.1%
D E Male
| Male Male
mhc2dgb cd74b b2ml .G 19788 |64 |71 (5 [0
80 . . . 140 56 32 |35 | 5 | 14
oo : 233 30 15 13|15 98 154
60 . 60 4
§4O i3 jgf b ggg ) 40| 5 15|24 73135
20! T 2 =¥ 200 ! 12 54 56|65 121 207 0.70 0.27 0.17
- 01 100] =~
OGT’?J'f; DG";zw'r Si23456
R Jaae B 1 2 3 4 5 6
G ’ 1234356
Female Female Female
mhc2dgb cd74b bzml . g 17185 64| &7 A4 1.0
80 1 136/ 62 [43 |52 | 7 | 26 0.8
80 f 500 41 4115 7 | 14 102 149 0.6
= 60 L, L 6o 400 {
& 40 a0 300 . 55| 5|9 |25 81 133 0.4
" ¥ py 200 r 17|36 |50 60 137203 02
200 .~ 201 %% 100{ .. °
Sr123456 %iz23756 Giz34ss

Figure 7. The rate of whole-body transcriptional change with the progression of the juvenile growth stage in single-housed
fish is slightly slower than that in group-housed fish. RNA sequencing of the whole bodies of the juveniles (stages 1-6) shown in Figure
1D. The data were obtained from four samples at each stage. (A) Heatmaps showing the correlation coefficients between all samples for
genes with TPM > 10 in at least one sample. The dashed squares show the correlation coefficients between group- and single-housed fish at
the same growth stage. (B) PCA plots using VST values of the genes with TPM > 10 in at least one sample. Each italicized number represents
an individual sample at each growth stage. Each circle represents a value of PC1/2 in an individual sample. (C) Heatmaps showing changes in
the average expression at each growth stage for the common DEGs (stage 1/2 vs. stage 6) between group- and single-housed juveniles (see
Venn diagrams in Supplementary Figures 5-6; males, 714 DEGs; females, 706 DEGs). The right dendrograms represent the hierarchical
clustering of the samples based on the similarity of changes in expression. (D) Examples of the expression of the immune response-related
genes that were enriched among the common DEGs (stage 1/2 vs. stage 6) between group- and single-housed juveniles (see Venn diagrams
in Supplementary Figures 5-6). The TPM values are shown. Each circle represents an individual sample. mhc2dgb, major histocompatibility
complex class Il DGB gene; cd74b, CD74 molecule; b2ml, beta-2-microglobulin, like. (E) Number of DEGs with > 4-fold (padj < 0.01) differences
in at least one of the two-group comparisons among the genes with TPM > 50 in at least one sample. (F) Heatmaps showing the correlation
coefficients between samples in genes whose expression changed substantially with body growth. (A-F) G: group-housed fish, S: single-
housed fish. The blue and pink italic numbers represent the six weight-based stages of body growth in group- and single-housed fish,
respectively.
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group- and single-housed fish (Supplementary Figures 5,
6), the temporal changes in expression with body growth
were roughly similar between the group- and single-
housed fish of both sexes (Figure 7C, heatmaps). For
example, cellular anatomical entity morphogenesis-related
genes and regulation of RNA splicing-related genes,
which were enriched in the common DEGs with higher
expression in the stage 1/2 than in the stage 6 between
group- and single-housed fish (Supplementary Figures 5,
6), also showed similar decreases in expression with body
growth (Supplementary Figure 7A). It has been reported
that during mouse embryonic development, the frequency
of alternative splicing increases to allow the expression of
specific gene isoforms at different developmental stages
[44]. Based on our results, the frequency of alternative
splicing may be high at the embryonic stage and decrease
with growth after hatching regardless of housing
conditions. In the GO terms enriched among the DEGs
with higher expression in the single-housed fish than in
the group-housed fish in stages 1-4, during which housing
conditions (group or single) differed, several terms were
likely associated with the body growth rate in the juvenile
stage (Supplementary Tables 2, 3). For example, the
expression of muscle structure development/pyruvate
metabolic process-related gene in stages 2-4 in single-
housed fish tended to be higher than that in stages 1-4 in
group-housed fish of both sexes (Supplementary Figure
7B). Higher expression of these genes in single-housed
fish might lead to increased energy production, resulting
in a higher growth rate. Collectively, these results suggest
that although there are the DEGs between group- and
single-housed fish during stages 1-4, the gene expression
profiles at each weight-based growth stage until the onset
of sexual maturity were roughly similar between group-
and single-housed juveniles. Therefore, both group- and
single-housed juveniles would undergo roughly similar
growth processes, despite having different growth rates.

However, the analysis of the similarity between samples
using hierarchical clustering of the common DEGs (stage
1/2 vs. stage 6) between group- and single-housed fish
(Figure 7C, right dendrograms) showed that in both sexes,
single-housed fish tended to exhibit higher similarity to
group-housed fish at the earlier growth stage than to
group-housed fish at the same growth stage. In zebrafish,
the immune system develops both morphologically and
functionally after hatching [45]. Our results showed
that the expression of immune response-related genes
increased more gradually in single-housed fish than in
group-housed fish in both sexes (Figure 7D). In addition,
the analysis of both the number of DEGs between samples
(Figure 7E) and the correlation coefficient between
samples for the DEGs (Figure 7F) indicated that single-
housed fish tended to exhibit higher similarity to group-
housed fish at the earlier life-stage than to group-housed
fish at the same life-stage in both sexes. Taken together,

these results suggest that from the perspective of internal
transcriptional programs, single-housed juveniles have a
slightly slower rate of growth stage progression than
group-housed juveniles in both sexes, consistent with our
hypothesis. Notably, at 17 and 21 dph, in the comparisons
of group-housed and single-housed fish of the same age,
the single-housed fish were more advanced in terms of
both growth stage and progression of the gene expression
profile compared to group-housed fish.

DISCUSSION

Our studies suggest that lower housing densities result in
faster growth and longer adult lifespans, contrary to the
common notion that faster growth is linked to shorter
lifespans. There are two conceivable speculations for this
phenomenon. In general, juvenile growth and
development are presumed to be enhanced by cell
proliferation and expansion [46]. Thus, cell proliferation
and cell expansion may be more accelerated in lower-
density housed juveniles than in higher-density housed
juveniles of the same age. High cell proliferation rates due
to rapid growth increase DNA replication stress and DNA
replication errors, the accumulation of which is thought to
shorten lifespan [2]. However, lower housing densities
lead to faster growth but longer lifespan. Lower housing
densities may have benefits that outweigh the negative
effects of increased DNA replication stress due to rapid
growth. For example, higher housing densities may result
in decreased oxygen, increased contamination, and
increased chronic stress from interactions with other
individuals than lower housing densities. Therefore,
lower housing densities may be a healthier environment
compared to higher housing densities, leading to fast
growth and longer lifespan. If only the growth of
juveniles housed at lower densities could be artificially
restricted without changing the housing environment by
some methods such as genetic engineering, it may
become clear how much the low-density environments
contribute to lifespan extension. The other conceivable
explanation is based on evolutionary adaptations to thrive
in their respective environments. Under more
unfavorable environments for African turquoise killifish,
each individual might need to enhance their survival
advantages. Because unfavorable environments generally
have lower population densities, our single-housing
scenario  might mimic unfavorable environments.
Therefore, single housing of juveniles might enhance
survival advantages in adults, resulting in fast growth and
a long lifespan.

Although single-housed fish produced offspring for a
longer period than group-housed fish, the total number
of eggs laid in the single-housed fish was lower than
that in the group-housed fish. In terms of increasing the
number of offspring, the single-housing condition may
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not provide significant advantages compared to the
group-housing condition. African turquoise Killifish
inhabit ephemeral ponds where water is present only
during the short rainy season in southeast Africa [47—
50], and appear to live at low population densities [51].
In this specific wild environment, African turquoise
killifish might have been evolutionarily driven to grow
faster, begin spawning earlier, and continue to live and
spawn as long as possible until the pond dries out, even
at the expense of the number of offspring.

We also show that lower housing densities during only the
juvenile stage lead to a longer egg-laying period, a longer
lifespan, and a slower life stage progression rate in terms
of internal transcriptional programs. Based on our
findings, it is speculated that the life traits and the
progression rate of internal transcriptional programs over
the whole lifespan are influenced, at least in part, by
housing density during early life. Studies of
developmental origins of health and disease (DOHaD)
have shown that prenatal and early postnatal
environmental conditions are associated with health and
disease risk in later life stages through epigenetic
modification [52, 53]. However, there has been a lack of
research reporting the relationship between early-life
environmental conditions and lifespan in vertebrates to
date [4]. Our study broadens the horizons of the DOHaD
research field. By our juvenile RNA sequencing analysis,
we detected the DEGs between group- and single-housed
fish in weight-based growth stages 1-4, during which
housing conditions (group or single) differed. These genes
might be key to understanding the differences in growth
rate, fecundity, and lifespan between group- and single-
housed fish. Further analyses of DEGs between group-
and single-housed juveniles and epigenetic modifications
to elucidate the underlying molecular mechanisms will
provide a deeper understanding of the impact of early-life
environmental conditions on whole life.

In summary, juvenile single housing leads to faster
growth, longer egg laying periods, and longer lifespan
compared to group housing, which is contrary to the
common notion regarding the relationship between
growth and lifespan. The whole-life history traits might
be influenced by the degree of early-life cohabitation
with others. Our findings provide new insights for a
better understanding of aging and the DOHaD theory
and contribute to the further advancement of various
research fields, including aging.

MATERIALS AND METHODS
Fish maintenance

All experiments were performed using the GRZ strain of
African turquoise Killifish, which was a gift from Dr.

Adam Antebi. Fish care protocols were based on the
protocol described by Dodzian et al. [18] with minor
modifications. The fish were housed at 28° C with a 12/12
h light/dark cycle. For hatching, the embryos were put
into a 50 ml tube containing 20 ml of 1 g/L humic acid
solution (#53680, Sigma-Aldrich, USA) and shaken
vigorously for 1 min. The embryos and solution were
transferred to a 90-mm plastic petri dish and kept under
optical illumination for 2-3 hours without a lid. Healthy
hatched fish were selected and transferred to an S-tank
(15 x 9 x 10 cm) filled with 1 g/L humic acid solution to
a depth of approximately 2 cm. When reared for mating,
the hatched fish were kept at a density of 30-40 fish per
S-tank. The solution was diluted to half its concentration
with autoclaved fish breeding system water every day,
maintaining a depth of 2 cm. After 7 dph, the fish were
reared in an S-tank (15 x 9 x 10 cm, 0.65 L water) with a
water recirculation system (IWAKI, Japan). The
conductivity and pH of the water in the system were
maintained at 6,000-7,500 puS/cm and 6.0-7.5,
respectively. From and after 21 days posthatching (dph),
all the fish were individually housed in an L-tank (25 x 9
x 15 cm, 2 L water) because the males showed more
aggressive behaviors as they grew. The hatched fish were
fed freshly hatched brine shrimp (Great Salt Lake Brine
Shrimp EGGS-90, Kitamura & Co. Ltd., Japan) twice a
day. All juveniles were fed in sufficient amounts until
their abdomens turned orange, a sign of full satiation
[18], at all housing densities. When the colored males
reached 3 cm in body length, they were considered young
adults. After reaching the young adult stage, the fish were
fed freshly hatched brine shrimp and frozen bloodworms
(Kyorin, Japan) twice a day. For mating, one young adult
male and two young adult females were kept in a
breeding tank (23 x 16 x 20 cm, 5 L water). After 3 days,
sand trays were placed in the breeding tanks as spawning
sites. The embryos collected weekly were cultured in
Yamamoto’s Ringer solution (128 mM NaCl, 2.7 mM
KCl, 25 mM CaCl;, 0.02 mM NaHCO.) [54]
supplemented with 0.01% methylene blue at 28° C.
Every day, dead embryos were removed, and the medium
was replaced. The developed embryos with black eyes
were transferred to sterile dry peat moss (Antonio, Japan)
and incubated at 28° C. Within one month after egg
collection, most of the eggs were ready to hatch.

Measurements of body length and weight

All measurements were performed before feeding in the
morning. The fish were anesthetized with 0.1% 2-
phenoxyethanol in the system water or on crushed ice for
15-60 seconds, and transferred to a 90 mm plastic petri
dish containing cooled system water. The dish was placed
on graph paper, and pictures were taken with a mirrorless
interchangeable lens camera (EOS M100/200 EF-M15-45
IS STM lens kit) to measure body length. The fish were
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transferred to a paper towel to remove the water and
weighed quickly. For Figure 1A, 1B, we prepared 13
tanks with one fish, eight tanks with two fish, four tanks
with four fish, three tanks with ten fish, and one tank with
40 fish each. The data were obtained for 13-28 fish at
each density from a single experiment. The images in
Figure 1C are representative images obtained from two
independent experiments. For Figure 1D, we prepared 100
tanks with one fish each and five tanks with 40 fish each.
For group-housed fish up to 21 dph, one tank was
randomly selected on each measurement day (9, 13, 17,
and 21 dph), and all fish in that tank were weighed and
euthanized after the measurement. In the group-housed
fish at 28/35 dph and all single-housed fish at 9, 10, 11, 17
and 21 dph, 16-18 tanks were randomly selected on each
measurement day, and all the fish in that tank were
weighed and euthanized after the measurement. To
confirm the sex by the expression level of the female-
specific gene, zona pellucida sperm-binding protein 3
(XM_015945764.2), total RNA was extracted from each
fish, and cDNA was synthesized. Real-time quantitative
RT-PCR analyses were subsequently performed with a
QuantStudio 3 real-time PCR system (Applied
Biosystems, USA), PowerUp SYBR Green Master Mix
(Applied Biosystems), and a primer set (5-
GTATGGGACCAGGAGGCAAC-3’ (forward) and 5’-
TCCTCTGCAGGTAGAGGTCC-3’ (reverse)). In group-
housed juveniles, we selected four juveniles which were
close to the average weight on each sampling date.
Juvenile stages 1-6 were defined based on the weight of
these four juveniles. Sampling of single-housed juveniles
was conducted at the age when they reached each of the
stages 2 through 6 in average body weight in the
preliminary experiment. We selected four juveniles which
were close to the average weight on each sampling date in
single-housed juveniles. The weights of these selected
juveniles are shown in Figure 1D. These samples shown
in Figure 1D were used for whole body RNA sequencing
of the juveniles (Figure 7). The data were obtained from a
single experiment. For Figure 2A, we randomly selected
four fish at each life stage, and measured their body
length, and then sampled their gonads for RNA
sequencing (Figure 5). The images in Figure 2A are
representative images obtained in a single experiment. In
Figure 2B, after the measurements, we returned the fish to
the tank, confirmed that they were swimming vigorously
within a few minutes, and continued rearing them. The
data were obtained from 9-20 fish at each age from one
(group housing) and four (single housing) pooled
independent experiments.

Sample preparation and data processing for RNA
sequencing

Sampling was always performed before feeding in the
morning. The fish were euthanized with 0.1% 2-

phenoxyethanol in the system water. The fish were
dissected on ice under a stereomicroscope (Leica M80).
For whole liver sampling, RNA later (#R0901, Sigma-
Aldrich) was used. The liver data (Figure 6) were
obtained from 9-10 fish at each age from a single
experiment. The harvested whole juveniles, testes,
ovaries, and whole livers were quickly washed with PBS
and immediately frozen in liquid nitrogen. Total RNA
was isolated with TRIzol reagent (Thermo Fisher
Scientific, USA) and subjected to DNase treatment with a
TURBO DNA-free kit (#AM1907, Invitrogen, USA)
according to the manufacturer’s instructions. The quality
of the total RNA was assessed using an Agilent
Bioanalyzer 2100 and Agilent RNA 6000 nano kit. For
the analysis of ovaries and testes, both library preparation
using the TruSeq stranded mRNA Library (Illumina,
USA) and sequencing using NovaSeq 6000 with 100 bp
paired-end reads (R1, ~20 million; R2, ~20 million) were
performed by Macrogen (Japan). For analysis of whole
juvenile fish and livers, library preparation using the
NEBNext Poly(A) mRNA Magnetic Isolation Module
(E7490), NEBNext Ultra Il Directional RNA Library
Prep Kit (E7760), NEBNext Multiplex Oligos for
lllumina (96 Unique Dual Index Primer Pairs) (E6440),
Biomek i5 Automated Workstation (Beckman Coulter,
USA) and sequencing using the NovaSeq 6000 S4
Reagent Kit v1.5 (1 lane) with 150 bp paired-end reads
(juvenile fish: R1, ~40 million; R2, ~40 million; liver:
R1,~20 million; R2, ~20 million) were performed by
WPI-ASHBI SignAC (Japan). The quality check of the
raw sequencing data was performed using FastQC
v0.11.8 [55]. The raw data were processed using Trim-
Galore v0.6.4 [56]. The processed reads were mapped to
the N. furzeri reference genome Nfu_20140520 using
HISAT2 2.1.0 [57]. The mapped reads were counted
using featurecounts v.1.5.3 [58]. Transcripts per million
(TPM) values were calculated using R (ver. 4.0.2). The
subsequent analysis used genes with TPM > 10 in at least
one sample. Principal component analysis (PCA) was
performed using the VST values and the R package
prcomp. The value obtained by taking the base 2
logarithm of the ratio of TPM+1 to the mean of all
samples for each gene was used to assess the similarity of
changes in gene expression with growth/life stage
progression. The enrichment analysis was performed
with the Danio rerio (zebrafish) source in the gene
ontology (GO) biological processes (BP) gene sets by
using Metascape (https://metascape.org/). For the
expression analysis in Figure 5C, we used African
turquoise Killifish homologs of zebrafish spermatogenic
differentiation marker genes, an oogenesis-related gene,
and GO-term-related genes (GO: 0007308, oocyte
construction; GO:0008585, female gonad development).
Differentially expressed genes (DEGs) were identified
using DESeq2 1.28.1 [59]. The corresponding data are
available in GEO under accession number GSE245483.

WWWw.aging-us.com

12456 AGING


https://metascape.org/

We described all the scripts and text files in

Supplementary Materials 1-3.
Lifespan measurements

Every day, fish survival was checked at the time of
feeding, dead fish were removed from the tanks, and the
date of death was recorded. Lifespan analyses were
performed using the Kaplan—Meier estimator (three
independent experiments were pooled in Figure 3). The
log-rank test was used to compare survival curves
between different housing conditions.

Counting the number of eggs laid

For this experiment, we prepared six breeding tanks. We
applied the same breeding protocol to both group- and
single-housed fish. One young adult male and two young
adult females were kept in a 5 L breeding tank (23 x 16 x
20 cm). After 3 days, the sand trays used as spawning
sites were placed in the breeding tank. We collected the
eggs in the sand trays once a week. Embryo collection in
each tank was terminated when one of the three fish died
of old age. The mean number of live embryos collected
from each of the six tanks per condition was evaluated at
three levels: low (0-20 embryos), medium (20-100
embryos), and high (> 100 embryos). The data were
obtained from a single experiment.

Statistical analysis

In order to determine whether the means of two
independent groups are significantly different, we used
SPSS (IBM, USA). We first assessed the data
normality using the Shapiro-Wilkes test. If data is non-
normality, Kruskal Wallis tests were performed;
otherwise, the homogeneous variance was assessed
using Levene-tests. If data is homogeneous variance, t-
test was performed; otherwise, Welch test was
performed. The values of significance probability in
the results of their tests were shown in Supplementary
Table 4. Tukey tests were performed using SPSS
(IBM). The results were considered significant when p
was < 0.05. The log-rank test was performed using
Oasis 2 [60].

Data availability

The corresponding data are available in GEO under
accession number GSE245483.
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transcription factor; ythdf2: YTH N6-methyladenosine
RNA binding protein F2; lhcgr: luteinizing
hormone/choriogonadotropin  receptor;  cypl9ala:
cytochrome P450, family 19, subfamily A, polypeptide
la; pla2gdab, phospholipase A2, group IVAD; fshr:
follicle stimulating hormone receptor; ythdf3: YTH N6-
methyladenosine RNA binding protein F3; pgrmcl:
progesterone receptor membrane component 1; il-8:
interleukin 8; tfa: transferrin-a.
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SUPPLEMENTARY MATERIALS

Supplementary Figures

Hatch

40 fish/S-tank

3 wph

1 fish/L-tank

Gl

N

Supplementary Figure 1. The schematic diagram of group- and single-housing conditions. G: group-housed fish, S: single-housed
fish. The hatched fish were kept at two different densities until three wph: 1 and 40 fish per S-tank. After three wph, all the fish were kept

individually in L-tank.
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Supplementary Figure 2. Kaplan—Meier survival curves for each of the three independent lifespan measurements. The
hatched fish were reared at a density of 1 or 40 fish per tank (A) or 1, 2, or 10 fish per tank (B) until 3 wph. After 3 wph, all the fish were
reared individually. The age at which the fish reached the young adult stage was defined as zero weeks of adult age. The percentage indicates
the rate of increase in the average lifespan. *, p < 0.05; **, p < 0.01 by log-rank test. G: group-housed fish, S: single-housed fish, N: the
number of fish analyzed.
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Testis

Down

(I>IV, FC1.5, padj < 0.01)

261
| 233

G 513./

233 common down-regulated genes

Term

GO:0042273

GO:0061061

G0:0031099

GO:0051146
GO:0044770
GO:0048729
G0:0060216
G0:0030198

G0:0048568

G0:0031102
G0:0035118

G0:0051338

GO:0006631

GO:0006694
GO:0009116
GO:0031647

GO:1901532

Description

ribosomal large subunit biogenesis
muscle structure development

regeneration

striated muscle cell differentiation
cell cycle phase transition

tissue morphogenesis

definitive hemopoiesis
extracellular matrix organization

embryonic organ development

neuron projection regeneration
embryonic pectoral fin morphogenesis

regulation of transferase activity

fatty acid metabolic process

steroid biosynthetic process
nucleoside metabolic process
regulation of protein stability

regulation of hematopoietic progenitor cell
differentiation

425 common up-regulated genes

Term

G0:0007017

GO:0007018

GO:0001539

G0:0032474

GO:0070647

G0:0018107
GO:0002093
GO:0003352
GO:0018200
GO:0038127
GO:0042461

GO:0009896

G0:0070646

G0:0015849

GO:0048870

Description

microtubule-based process

microtubule-based movement

cilium or flagellum-dependent cell motility

otolith morphogenesis

protein modification by small protein
conjugation or removal

peptidyl-threonine phosphorylation
auditory receptor cell morphogenesis
regulation of cilum movement
peptidyl-glutamic acid modification
ERBB signaling pathway
photoreceptor cell development

positive regulation of catabolic process

protein modification by small protein
removal

organic acid transport

cell motility

LogP
-7.90

-5.56

-4.35

-4.07
-3.70
-3.38

-3.34
-3.32
-2.87

-2.67
-2.62

-2.57

-247

-2.36
-2.28
-2.18

-2.06

LogP

-11.68

-10.50

-7.83

-5.33

-4.60

-3.06
-2.98
-2.79
-2.79
-2.70
-2.57

-2.50
-2.29
-2.03

-2.02

Counts

14

16

(&)

w w s~ ©

Counts

47

23

21

31

o 0w w w s

Up
(I<1V, FC1.5, padj < 0.01)

-

/
703 425 91

——

Symbols
rplp0,npm1a,snu13b,fisj3,rrp15,heatr3,rom34,rsl1d1,ddx28,utp25,t
sr1,dkc1,thumpd1 farsa
dag1,mybphb,postnb,csrp1a,csrp2,pxna,fhlia,itgaba,vcla,fermt2,p
gmb,smarcd3b,coléa2,0gg1,jam2a,myom1b
cdh2,serpinh1b,hmgb1a,tgif1,csrp1a,mycb,vdac3,dpys|2b,bmpr2b
,kdm6bb,utp25,col4as,rpl2211
dag1,mybphb,csrp1a,csrp2,vcla,pgm5,smarcd3b,ogg1,jam2a,my
om1b,col6az,epb41a,cnnib,cdh2,etvbb,coldab,semara,apdsi,isir
2,dpysl|2b,rplp0,ddx28

meis1b,ccnp,skp2,cdk21,cdké
cdh2,sox9a,meis1b,fabp3,dag1,quo,apoa2,acta2,sdc3,fyna,csrp1
a,pdgfra,fermt2, bmpr2b,ezrb,rpl2211,fhl1a,cldn5a,vcla,smarcd3b,k
dmébb,seraf,ogg1

Ipla,meis1b,mycb,dkc1,rpl2211
serpinh1b,col4a5,postnb,crtap,col4al,col18ala,col5a2a,col5al
nog3,cdh2,sox9a,meis 1b,fabp3,scarb2a,utp25,fstl1b,pdgfra,pacsi
n3,bmpr2b,cavin1b,kdmébb,pbx1b,0gg1,mfap5
hmgb1a,csrpia,dpysizb

cdh2,s0x9a,hoxc8a,etvbb
adcyap1b,fyna,pdgfra,prre1,dnmt3ab,ccnp,dbndd1,serpinhib,scar
b2a,fshr,tbc1d4,rangap1a,nfkbiaa,fxydsl
Ipla,echdc2,acaa2,pck2,olah,acot17,zgc: 158482, prifdc 1b,bhmt,na
gs,dnph1,gamt,fdxr,hibadhb,crtap
star,hsd3b1,cyp11c1,star2,fdxr,igf2bp3,fshr,cdk21,zglp1

prtfdc 1b,tk1,dnph1,bhmt

meis 1b,utp25,bag2
pdgfra,nfkbiaa,cdca7a

Symbols
gas8,ccdcé5,tubalb,poc1b,ssx2ipa,efhci,pafah1b1b,dzip1,cfap2
06,usp33,spagb,glel,Irrc23,spire2,0dad1 kif6,armc2,daw1,ttll9,ak9
rpgrb,mapre3a,tektd,claspia,ttll7 bbs1,kif26ba, kif21b,rfx3,Icas,cfa
p221,tbcelb,dnah3,kif16ba,ttcSc,cep89,clrn1,cep104,cep290,cfap
126,wdpcp.iqub,arhgefob,fxr1,agfg1a,si:ch211-260e23.9,smyd1b
gas8,poc1b,ssx2ipa,pafah1b1b,cfap206,spag6,gle1,Irrc23,0dad1,
kif6,armc2,ak9,rpgrb,tektd,bbs 1 kif26ba kif21b,rfx3,lcab,cfap221,d
nah3, kif16ba,cep290
gas8,ccdc65,efhc1,cfap206,spagb,armc2,daw1,tekt4,rfx3,dzip1,0
dad1,fxr1,agfg1a,buc,pafah1b1b,paqr5b,cfap221,spire2,spmap2,c
d9a,dio2
gas8,tic9c,Irrc23,daw1,cep290,wwc1,igfbp3,clrn1,ushiga,whrna,
poc1b,bcl6aa,dzank1,gle1,ubr3,rpgrb,ninl,dzip1,sec24d,sar1b,cep
104,bbs1

arih1,klhl17,rf41l josd2,desi1a,otud3,zgc:66427,ube2r2,peli2,zgc:
101783,ubr3,otud5a,sh3rf1,daw1,spsbda,rnf19a,socs5b,kbtbd8, pi
as1b,ankib1a,asb15b,vcpip1,rf25,rnf6,plaa,usp33,usp38,dis312,v
ps37c,ptpn23a,fzrib

hipk2,hipk3a,hipk3b,hipk1a

clrn1,ush1ga,whrna

ccde65,cfap206,daw1

19,7 10

cpne3,ptkZba,socs5b,sh3rf1,fzrib
dzank1,rpgrb,cep290,ninl,bbs1,lca5,poc1b,pafah1b1b
cth1,fxr1,upf1,sh3rf1,socs5b,dis312,fzr1b,pnpla2,tent5c,zc3h14,ap
ocl

Jjosd2,desi1a,otud3,otudba,vecpip1

slc6a19b,slc43ala,pla2g10,sic1al,fabpdb,sic1a3b,slc16a3a,slc3
8a2,slc16ad
gas8,ccdc65,efhc1,cfap206,usp33,spagé,rnd1b,armc2,sh3rf1,itgb
8,daw1,tekid, lpxn,wwe1,apoc,rfx3,ackrdb,zgc: 174863,ccl35.2

Supplementary Figure 3. Venn diagrams of the DEGs (> 1.5-fold change, padj < 0.01) between stage | and stage IV, and GO
terms enriched in the common up/down-regulated genes in testes. G: group-housed fish, S: single-housed fish.
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Ovary

4

Down-regulated genes

Term

(G0:1904888

G0:0098657
G0:0032869
G0:0050732

G0:0034248

G0:0051128

G0:0008610

G0:0051056
G0:0032924
G0:0043087
G0:0016579
G0:0022600
G0:0006468
G0:0003094
G0:0060627

G0:0034764

G0:0051254

G0:0015914
G0:0003002

G0:0040007

Description

cranial skeletal system development

import into cell

cellular response to insulin stimulus

negative regulation of peptidyl-
tyrosine phosphorylation
regulation of amide metabolic
process

regulation of cellular component
organization

lipid biosynthetic process

regulation of small GTPase
mediated signal transduction
activin receptor signaling pathway

regulation of GTPase activity

protein deubiquitination
digestive system process
protein phosphorylation

glomerular filtration
regulation of vesicle-mediated

transport
positive regulation of
transmembrane transport

positive regulation of RNA metabolic
process

phospholipid transport

regionalization

growth

Up-regulated genes

Term

G0:0006412

G0:0006119

G0:0000028

G0:0002376

G0:1901658

GO0:0030595

G0:0009145

G0:2000027

G0:0051336

G0:0010876
G0:0002181

GO:1901615
G0:0015671
G0:0002399

G0:0051014
G0:0000041
G0:0002521

Description

translation

oxidative phosphorylation

ribosomal small subunit assembly

immune system process

glycosyl compound catabolic
process

leukocyte chemotaxis

purine nucleoside triphosphate
biosynthetic process
regulation of animal organ
morphogenesis

regulation of hydrolase activity
lipid localization

cytoplasmic translation
organic hydroxy compound
metabolic process

oxygen transport

MHC class Il protein complex
assembly

actin filament severing
transition metal ion transport
leukocyte differentiation

Down
(I>1V, FC2, padj < 0.01)

Yy

569 228
LogP  Counts
-4.07 18
-4.06 23
-4.02 6
-3.63 3
-3.58 19
-3.48 37
-3.41 29
-3.18 25
-3.18 4
-2.90 25
-2.78 25
-2.61 4
-2.56 20
-2.49 5
-2.46 10
-2.43 4
-2.37 30
-2.35 6
-2.34 26
-2.26 15
LogP Counts
-12.8 38
-10.6 18

-54 21
-5.0 33
-3.76 5
-3.30 36
-3.26 15
-2.98 4
-2.59 13
-2.53 13
-2.51 8
-2.50 13
-2.46 3
-2.46 3
-2.32 10
-2.05 5
-2.00 6

Up
(l<IV FC2 padj <0.01)

Symbols

s1pr2,bptf,usp36,ptpn11a,ptpn11b,mapk3,nek1,tack2a,furina,hdac4,chd7, vcpip1,josd1,usp37 si:dke
y-88116.3 tack2b,mosmoa,map2k7
scarb2a,itsn1,necap1,sic12a2,gapvd1,sic7a3a,eeal,csnk1g1,slc27a4,dennd1a,dnm2a,epn2,sic38a
2,inpp5f,epn1b,sic9aba,epn3a,sic9atb,eps 15, si:dkey-88116.3,rab22a,nalf1a,pla2r1
cpeb1b,insig1,Ipin2,si:ch73-335121.1,pik3r3b,irs4a

cbl,cadm4,zfyve28

cpeb1b,igf2bp3,casc3,ormdi3 kbtbd8, larp4b,ddx6,stk35,pdik 11,ddx61,samd4a,larp4aa,tent5c,cnot3b
,pum1,rc3h1b,tnrcée1,celf2, rbfox2
notch3,axin2,abhd17aa,trim37,gna13a,man1a2 baiap2l1a,c2cd5,rhogd, mapk3,clasp2,exti3,arhgap1
7a,msnb,cttnbp2,tbc1d25,semabeb, bicd2,sptbn2,col15a1b,pik3ca,figni2,clasp1a,camsap2a,plekhg
2,cemip2,pld1b,dync11i2 limk1a,si:ch211-159i8 4 tgfa,plxnb2b,si:ch211-
176g13.8,ssh1a,slc12a2,nde1,myo5b

ticd3ba,insig1,elovi7a,abhd2a,ptdss 1a,serinc5,ormdI3,scdb,acer3, Ipcat1,selenoi,Ipin2,efr3bb,pik3ca
.gnpat,pld1b,agpat2,pik3r3b,cds 1,gal3st3 plcg1,sic7a3a,mtmr9,plce1,plpp5,sic27a4,fam 135a,mboat
1,sgpp1b
akap13,cadm4,arhgap17a,stard13a,dennd4c,ralgapb,sipa1i3,arhgef18b,sipa1l1,cdc42se1,il17rd, wa
ca,ptpn11a,tscia,prkcbb,gpr137c,taok2a,sh3rf1 rictora,uacab,dig5a,cds1,zdhhc 17 taok2b,tsc 1b
acvriba,smad2,prex1 tgfbrib

ralgps2,tbc1d16,tbc1d25,vav2, ralgapb,prex1,rab3gap1,ralgds,agap1,tbc 1d2b,plxnb2b,hdr,uacab,sc
arb2a,axin2,trim37 cbl,si:dkey-7n6.2,ccny,dot1l,crtc3,zfyve28,cenijl stac,bel10
usp36,mindy2,stambpl1,vcpip1,josd1,usp37,zbtb16a,trim37 kihi17 ube2h,cdc34a, prkcbb,wdr32,uhrf
1,rbbp6,cbl,rnf157,sh3rf1,dcun1d4,mf19a,rc3h1b,kbtbd8, herc56.1,smurf2,ube2g1b
uhrf1,dot1l,myoSb,chd7

acvriba,rpsékal,rps6ka3a,prkcbb,stk10,stk24b,csnk1g1,taok2a,wnk1b, prkacbb,hipk3a,Imtk2,cdc42
bpab,stk35,pdik11,tgfbr1b,tack2b,srms, mast3b,wnk2

myh9a,coldad,tbc1d8b farp1,plcet

notch3,c2cd5,syt11a,arhgap1,msnb,rims 1b,inpp5f,rab27a,rab8a,pld1b

c2cd5,wnk1b,stac,wnk2

srfa,smad2,tefa,ncoa2,ell2, waca,cnot3b,ccnt1,smarcc1a,thrap3b,znf296,zgc:110158,rc3h1b, Ipin2,t
nrc6e,tfeb,znf827, milit1a,mami1,arid 1b,crtc3,samdd4a,hmbox1b,atad2b, lef1,igf2bp3,zbtb16a,tent5c,
larp4b larp4aa

pitpnm3,atp11c,mfsd2ab,atp11a,pitpnc 1a,pitpnab

acvriba,nr6ala,smad2 lef1 hey1,axin2,il17rd,rbm14a,bptf ptpn11a,mania2 tsc1a tie5,pum1,rbm14
b,pnhd,Imo7b,frmd8,map2k7 rbpjb,furina,cemip2,chd7 ligi1,cdc42se1,ahcyl

acvriba,smad2 lef1,ticd3ba,ap1g1,gna13a,ptpn11a,plk4 kif1b,plcg1,coldab,myo9ab kdm6bb,myoSb,
mgat5

Symbols

eef1a1l1,rack1,rpl3,rpl10a,rpl23a,rplp2,eef1aia,rps 14,rpl9,rpl6,rps 15,rps27a,rpl13,faua,rps 19,rpsa,r
pl18a,rps24,rps2,rps11,rpl37,rpl39,rpl35a,rps6,rpl18,eif3ha,zgc:114188,rps27.1,rpl32,rps 16,rps8b,g
px1a,chac1,ece1,sptic2b,ticd3bb,galcb,acot17

CYTB,ND1,ND2,ND3,ND6,COX1,COX2,COX3,cox4i2,ndufb6,coxSba,cox8a,sdhaf2,atp5f1e,ugp2b,
aldocb,hk2,rpl37

rps14,rps15,rps19,rpsa,rps27.1,rpl23a,rpl6,rps 16,rps8b,rpl10a,rpl7a,rpl35a,gatad,csfira,sparc,arpc
1b,rpl18,ada2b,slc7a7 eif3ha,rac2
psmb8a,stat1a,pycard,csfira,psmb13a,sparc,ctsla,rpl10a,arpc1b,ifi30a,rps 14,ctss2.2,mhc2dgb,rps
19,irf9,rac2,rpl35a,ada,ccr10,rpl18,c1qc,ch25h,c1qa,rps27.1,cfp,mhc2d8.46a,cd276,b2mi tnfsf14,c
cl38.6,ninj1,ccl34a.4,ccl19a.2

ada,fuca2,ada2b,gusb,aprt

csfira,rac2,ch25h,ccl38.6,ninj1,ccl34a.4,ccl19a.2 pycard,sgk1,fn1b,gmfb,ccr10,Irrc15,c5ar1,stat1a,
anxa1a,il12bb,nfe2l2a,cpne3,cyp7al,sh3bp4a,akriaia,grb10b,ifngr2,crfb2,cd276,hmox1a,asip1,nup
rib,serp2,rbp4,COX1,dio2,gadd45ba,chac1,si:ch1073-406110.2

nme2b.1,nme7,ATP6,COX1,atp5f1e,aldocb,hk2,aprt,ada,adss2,ada2b,ugp2b,uap1l1,rbks,acot17

csfira,kif2b,churc1,rspo3
pycard,scarb2a,ctsla,ctss2.2,mcl1bkng1,serpinb1l1,arhgef19,si:ch211-
247i9.1,apoc1,ccl38.6,ccl34a.4,ccl19a.2
rbp4,apoeb,fabp7a,fabp6,apoada,sic5a8l,esyt1a,spns3,pla2g1b,plin2,gitpd2a,npc111,aqp7
rplp2,rpl6,rpsa,rpl35a,eif3ha,rpl10a,rpl23a,rpl7a

apoeb,aldh1a2,dio2,rdh1,dhcr7,cyp7a1 tpk1,ch25h,apoada,sptic2b,comtb,ece,hsd17b14
si:ch211-5k11.8,cygb2,hbbe1.3

mhc2dgb,mhc2d8.46a,b2m|
gsna,capgb,gmfb,pfn2b,sptan1,hcls1,si:ch73-95115.5,2gc:154093,arhgef19,rhof
slc39a13,ten2,fthl27,slc31a2,hephl1b

csfira,rpl10a,arpc1b,rac2,ada2b,slc7a7

Supplementary Figure 4. Venn diagrams of the DEGs (> 2-fold change, padj < 0.01) between stage | and stage IV, and GO
terms enriched in the common up/down-regulated genes in ovaries. G: group-housed fish, S: single-housed fish.
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Male Down
(G1>G6, S2>S6, FC3, padj < 0.01) (GI1<Go, S2<S6; FC3, padj < 0.01)

common down-regulated genes
Term Description

G0:0007420  brain development

cellular anatomical entity

G0:0032989 )
morphogenesis

GO:0071698  olfactory placode development
G0:0007626  locomotory behavior

G0:0031034  myosin filament assembly
GO:0050767  regulation of neurogenesis
G0:0042391  regulation of membrane potential
G0:0007268  chemical synaptic transmission

positive regulation of transcription by

GO:0045944 RNA polymerase Il

GO:0008836  neurotransmitter transport
G0:0021772  olfactory bulb development

G0:0007423  sensory organ development

wentral spinal cord interneuron
differentiation

GO:0008016  regulation of heart contraction
GO:0006865 amino acid transport

GO:1901888  regulation of cell junction assembly
G0:0030902  hindbrain development

GO:0048488  synaptic vesicle endocytosis
G0:0043484  regulation of RNA splicing
GO:0034762  regulation of transmembrane transport

GO:0021514

common up-regulated genes
Term Description

G0:0006956  complement activation

GO:0050878  regulation of body fluid levels

biological process involved in
G0:0044419  interspecies interaction between
organisms

G0:0042632  cholesterol homeostasis

G0:0019752  carboxylic acid metabolic process

GO:0015669 gas transport
GO:0170033  L-amino acid metabolic process

G0:0019882  antigen processing and presentation

GO:0006641  triglyceride metabolic process
cellular medified amine acid metabolic
process

GO0:0000302  response to reactive oxygen species
G0:0048251  elastic fiber assembly

GO:0006575

G0:0070887  cellular response to chemical stimulus

G0:0044283  small molecule biosynthetic process
GO0:0050994  regulation of lipid catabolic process
GO:0002697  regulation of immune effector process
GO:0052547  regulation of peptidase activity
G0:0042445  hormone metabolic process
GO0:0016042  lipid catabolic process

LogP

-7.96

-7.86
-6.73
-6.21
-5.76

-5.60
-5.46

-4.81
-4.70

-4.41
435
387

-3.82

-3.63
-3.48
-3.24
-3.07
-3.06
-2.97
-2.93

LogP

-10.75

-7.47

-6.71

-6.04

-4.86
-4.20
-4.06
-3.86
-3.47
-3.41
-3.40
-3.38
-3.21
-3.14
-2.85
-2.83
=277
-2.63

Counts

27

32

Counts

42

19

35

27

55

Up

Symbols

dla,dib,neurog1,pou3f3b,poudf3a,poulf1,eyal,asclia,ascl1b,otx2b,sox11a,robo2,paxéb,sox19b tfap2a,
ptprsa,meis2a,neurod4,tal2,poudf2, her12,Ihx9,Ihx2b,notch 1b,foxn4,ncanb,chd?
desma,mef2d,hsp90aa1.1 elavid,scn8aa,robo2,ttn.2,tnika,lamb2, tardbpa, Ihx9,myo18ab, kifsaa,wfs 1a,pl
xna3,chd7.fincb,col19a1,lhx2b,si:ch211-

159i8.4,notch1b,ttn.1,cyfip2,ptprdb,neurog1,ascl1a,neurod4 fryb,map4l,cdh15,cdh26.1,sox11a
neurog1,tfap2a,neurod4 tfap2c,Irrn1,chd7,eyal,wfs1a,dla,paxéb,sox19b
desma,scn8aa,slc1a2b,tardbpa,slc6a,wfs1a,sv2a fincb,gabra1 finca,chata,chd7, lhx2b
mef2d,hsp90aa. 1 ttn.2 ttn.1,desma lamb2 tardbpa,mymk,mylpfb,itga6a,myo18ab,popdc2, mat2aa,finc
b,si:dkeyp-69b9.3 limch1a,xirp2a,scndba,finca,xirp2b,kifc1
neurog1,asclia,asclib,elavi3,robo2,neurod4,hes6,her12,ncanb,plxna3,chd7,mymk,thrab,apc2,igf2bp3
scn8aa,slc6a9,gabrg2,gnatia,scndba,sv2a,grin1a,gabrai, gira2,popdc2,ank3a
gria2b,gria3b,syt1a,slc6a9,gabrg2, syt2a,sv2a,slc12a5a,grin1a,gabra1,glra2,slc 17a6b,chata,gjc4b,gja2,
giela,dot1l,apc2

neurog1,foxnd,asclia,ascl1b,mef2d,sox11a,paxbb,s0x19b,meis2a neurod4,abraa, thrab kmt2cb,si.dkey
p-69b9.3,hsp90aa1.1,igf2bp3,celf3a,scamp5a,eyal
syt1a,slcBalb,slcbad,syt2a,sv2a,slc6ala,slc17a6b,scnBaa,gabrg2,sic8a3,cacna2diakcnmala,sic12a
5a,grin1a,gabra1,glra2,Irrc38b,cacng6b, trpm4a,gria2b,gria3b,scndba
neurog1,robo2,ptprsa,lhx2b,Irrn1,chd7,notch1b, tfap2a
dla,neurog1,foxnd,eyal,asclia,ascl1b,otx2b,sox11a,paxéb,tfap2a,meis2a,neurod4 lamb2,rab11fip4a,tf
ap2c,igf2bp1,wnk1b,wfs 1a,chd7 Ihx2b,cyfip2

dla,foxn4 tal2 notch1b,dlb,her12,otud7b,neurog1,robo2,otx2b

desma,foxn4,ank2b,sorbs2a,popdc2,trdn,mymk
slc1a2b,slcbalb,slc6ad,sicbala,slc7a5,slc17a6b,slc38a3b
robo2,limch1a,macf1a,si:ch211-159i8.4
neurog1,asclia,asclib,otx2b,pax6b,tfap2a,notch1b,neurod4

syt1a,si:ch211-200p22.4,syt2a,dnm1a kif5aa,slc17a6b,scampba,sle1a2b,cpneba
celf3a,hmgata,nova2,ahnak,znf638,prx
desma,scn8aa,slc1a2b,wnk1b,cacna2dia,scndba,kcnmata,cacngbb,ank3a,scampba,syt1a,syt2a

Symbols

cfb,c8g,c8a,c1qc,c1qa,c7a,c7b,c4b,cd74b,cd74a,mhe2dgb,fadd,mhc2d8.46a,b2ml, rac2,cxcr3.2, mmp
9,gata’ta, lgals9I3,wasb,grnb,cxcl8a,gapdh,f2,ctss2.2 fga,gh1,ctsl. 1,tm4sf21b,ccl25b,c5ar1,ccl38.6,ccl3
5.2,psmbB8a,psmb13a,alas2,ifid4f1,zgc: 174904, casp3b,pglyrp6,mhc1uka,si:ch1073-280e3.1
cel.1,f2,fgb,serpind1,fga,fgg,prozb,cel.2,fAb,serpina10b,f7l,mmp9,rac2,cxcl8a,cd74b,cd74a,zp2l1,cxcr
3.2,spire2

cfb,ncf1,Idlira,mmp9,rac2,c8a mogat2,.c7a,zgc: 174904 lect2.1,¢7b,marco,pglyrp6,cxcr3.2,¢cl25b,cxcl8
a,c1gl4l,ccl38.6,ccl35.2,asgr1a,f2, wasb,chad,gh1,gcga tcap, bglap,c5ar1,cd74b,cd74a,si:ch1073-
280e3.1,si:ch211-160b11.4,si:ch1073-406110.2,si:dkey-9i23.4,si:dkey-2i23.4

fabp2 Idira,lipca,cyp7a1,cetp,abcg5,abcg8,apoata,apoea,dhrs9,cyp27al.1,cyp8b1.1,srd5a2a,cahz fth1
a,hpxa,slc34a2b,fthl27 slc34a1a,adh8a,dio2,miox,crym,gatala,alas2 rac2,casp3b
agxtb,gpib,gapdh,aldob,bhmt,aldoaa,aloxbap,eno3,acad11,lipca,hpda,cyp7al,amdhd1,agxta,zgc: 92040
.pkmb,aldh8a1,haao,cbsa,scdb,zgc: 153372 hal,si:ch211-

217a12.1,aldh111,cyp2x8,cel. 1,adh8a,gpx1a,dnasel hbba2,neu3.2,si:ch211-

5k11.8,cel.2,nme2b.1,nme4 psmb8a,psmb13a,psmabl,ctss2.2 ctsc,ctsba,chia.3,ctsl. 1,pglyrp6,ugp2b,
amy2al1,fbp2,slc3a1,gyg2,si,chst6,cox4i2,tcap,cox8b,cox7al
hbba1,cahz,mb,hbba2,si:ch211-5k11.8,gpx1a,ncf1

agxtb,bhmt hpda,amdhd1,agxta,zgc:92040,aldh8a1,chsa,hal,si.ch211-
217a12.1,haao,adh8a,acad11,cyp7al,miox,aldh1l1
cd74b,cd74a,mhc2dgb,mhc2d8.46a,b2ml,gapdh,f2,grnb,fga,acanb,mep1a.2,agrp
lipca,mogat2,cetp,agpat9l,apoc1

bhmt,ckmt2a,gpx1a,dio2,gstt1a,crym,chdh,aldh 11

gpx1a,mb,apoda.1,apoda.2,adh8a,ldlra,cyp7al,gh1,scdb sult2st3,bglap,cxcl8a
mfap4.1,mfap4.12,mfap4 6,loxa,mmp9 papinb,dpt,col10alb

agxtb,ucp1,cpb1,adh8a hpxa,wasb Idira,amy2al1,mb,cyp7al slc13a2,nrba5,gh1 rac2,cyp2x8,zg¢: 1533
72,crfb2,cxcrd.2,ccl25b,cxcl8a,ccl38.6,agrp,ccl35.2,serp2 fabp2,dio2 lipca,scdb,sult2st3,bglap
apoala,agxtb,gpib,bhmt,alox5ap,lipca,cyp7al,cyp27al.1,agxta,fop2,haac,cbsa,scdb

gh1,apoc1,si:ch1073-406110.2

cd74b,cd74a,mmp9,cxcl8a,cxcr3.2,gh1
psme2,ctss2.2,serpind1,ctsl.1,serpinb1,serpina?,serping,apoc1,ccl25b,ccl38.6,cc135.2
dhrs9,dio2,aldh8a1,srd5a2a,crym,nmbb

cel.1,plala,acad11 lipca,cyp7al,pla2g10,neu3.2 cel.2,pla2g1b

Supplementary Figure 5. Venn diagrams of the DEGs (> 3-fold change, padj < 0.01) between stage 1/2 and stage 6, and GO
terms enriched in the common up/down-regulated genes in male juveniles. G: group-housed fish, S: single-housed.
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Female Down

(GI>G6, S2>S6: FC3, padj < 0.01)

common down-regulated genes

Term Description

GO:0061061  muscle structure development

GO0:0032989  cellular anatomical entity morphogenesis

GO:0071698  olfactory placode development

GO:0007420  brain development

GO:0007626 locomotory behavior

G0O:0043484  regulation of RNA splicing

GO:0045944 positive regulation of transcription by RNA
polymerase Il

G0:0021536  diencephalon development

G0:0048738  cardiac muscle tissue development

GO:0034765 regulation of monoatomic ion transmembrane
transport

G0O:0008016  regulation of heart contraction

GO:0048934  peripheral nervous system neuron differentiation

GO:0110020  regulation of actomyosin structure organization

G0:0042391  regulation of membrane potential

G0:0034330  cell junction organization

G0:0006936  muscle contraction

GO:1902476  chloride transmembrane transport

GO:0030198  extracellular matrix organization

common up-regulated genes

Term Description

GO:0010876  lipid localization

GO0O:0071391  cellular response to estrogen stimulus

GO:0006956 complement activation

G0:0055088 lipid homeostasis

G0:0044248  cellular catabolic process

G0:0044282  small molecule catabolic process

G0:0042632  cholesterol homeostasis

GO:0 19 p\olog\cgl process invalveq ininterspecies
interaction between organisms

GO:0015669  gas transport

G0:0006575  cellular modified amino acid metabolic process

GO:0050878  regulation of body fluid levels

G0O:0030199  collagen fibril organization

G0:0009410  response to xenobiotic stimulus

G0:0052547  regulation of peplidase activity

GO:0006641  triglyceride metabolic process

GO:0006880  intracellular sequestering of iron ion

GO:0046348  amino sugar catabolic process

GO:0001775  cell activation

G0:0030388  fructose 1,6-bisphosphate metabolic process

G0:0019882  antigen processing and presentation

LogP
-8.69

-7.79
-7.69

-5.04

-5.04
-5.01

-4.60

-4.42
-4.03

-3.82

-3.61
-3.37
-3.20
-2.83

-2.82

-2.15
-2.1
-2.09

LogP

-11.05

-9.61

-8.27

-7.74

-7.13

-4.69
-4.65

-4.35

-4.34
-4.12
-3.78
-3.63
-3.56
-3.51
-3.36
-3.23
-3.08
-2.86
-2.73
-2.56

Up
(GI<G6, S2<S6: FC3, padj < 0.01)
,,/ - -
346 481 46

Counts Symbols
desma,myog,mef2d,hsp90aa1.1,ttn.2, mat2aa lamb2 tardbpa,rbfox 11, mylpfb,itgaéa, fincb,si

2 :dkeyp-69b9.3 nrap,popdc2,mef2cb,ttn. 1,limch1a xirp2a,scndba, finca xirp2b

24 desma,mef2d,hsp90aa1.1,elavi4,scn8aa,ttn.2,lamb2 tardbpa,lhx9,wfs 1a,plxna3,fincb,coll
9a1,nrap Ihx2b,notch1b,ttn. 1, ptprdb, herd.2,cdh15,cdh26.1,neurog1 neurodd, sox11a

16 neurog1,tfap2a,neurodd,tfap2c,Irrm1,eyal wfs 1a,sox11a,meis2a,col27a1b,plxna3,popdc2,
mef2cb,grhi2b,pax6b,rab11fipda

20 neurog1,pou3f1,eyal,asclib,otx2b,sox11a,pax6b tfap2a,ptprsa,meis 2a,neurod4, |hx9,Ihx2

b,notch1b,grhi2b,lamb2,rab11fip4a tfap2c,igf2zbp1.wfs1a
g desma,scnBaa,tardbpa,wfs 1a,finch,nrap,finca,chata Ihx2b

7 celf3a,hmga1a,rbfox1l,nova2,ahnak,znf638,prx
myog,neurog1,ascl1b,mef2d,sox11a,paxBb,meis2a,neurod4, thrab, si:dkeyp-

69b9.3, mef2cb elavi3,hes6,pixna3,herd.2,hsp90aa.1,celf3a larpdb,eyal

8  nheurogl.eyal pax6b,neurod4,ihx9, lhx2b, ptprsa,lrrn1

13 ltn.2,mat2aa,rbfox1l,nrap,mef2ch,ttn.1,mef2d,dnmt3ba,thrab,kdmébb,plxna3,fincb,popdc2
desma,scnB8aa,cacna2dia,scndba kcnmata,cacng1b,scndaa,cacngéb,anola,slcéalb,ga
brg2,glra2 gria2b,gria3b

5 desma,ank2b,sorbs2a,popdc2,trdn

4 neuroglnotchib,herd.2 tfap2a

3 thrab,limch1a,nrap

6  scnBaa,gabrg2,scndba,scndaa,gira2,popdc2

ptprsa tardbpa,gabrg2,cdh15,cdh26.1,ppfia4, ptprdb,notch 1b,si:ch73-
74h11.1,lamb2,itgaba,frem3,col28a2a

4 desma,gja2,scnd4ba,myhb

19

14

3 anola,gabrg2,glra2
5 lamb2,col27a1b,adamts 12,col28a2a,colq

Counts Symbols
apoaa,fabp2,fabp10a,ldira,pla2g12b,fabp6,pla2g10,cd36,fabpda,celp,apoada,apoea,abc
28 g5.vig6,vig2,Idah,rbp2a,afp4,apoc2,rbp7b,apoa4db.2,pla2g1b,apol,abcg8,apoda. 2, star2,slc
13a2,slc25a5
ucpl,esr1,fbp1b,ssr1,amy2al1,aqp12,vig6,vtg2,nuprib,fam20cl,cpb1,adn8a,wasb,rhogb,|
33  dlra,mb,slc13a2 ltadh,nr5a5,cyp2x8,nt5c211,cyp2n13,cyp2x9,crib2, prdx2, hmox1a,cxcr3.2,
ccl25b,ccl38.6,ccl35.2 serp2,dio2,cd36
cfb,c8g,c8a,c1qc,c1qa,c7a,c4b,gatala,cd74b,psmb8a,psmb13a,alas2,alas1,wasb,arpc
b,ifi30a,ctss2.2,mhc2dgb,vinb,ltadh,cd36,ctsl. 1,ada,zgc: 110239,ifid4f1, widc2,slc15a2,zge
:174904,casp3b,mhc2d8.46a,pglyrp6,mhc1uka,prdx2 b2ml,cxcr3.2,irf1b,ccl25b,ccl38.6,c
cl35.2,1gl1,lgals9I3,grnb,mmp9,hmox1a,gapdh,i2,tm4sf21b,prl,c5ar1,si:ch211-5k11.8
apoa‘a,fabp2,ldira,pla2g12b,pnpla3,cetp,apoada,apoea,abcg5,apoadb.2 tm6sf2b,abcg8.h
40  sd17b1,faxdc2,cyp8b1.1,hsd3b1,apof,star2 cahz,fth1a,nherf1a,fthi27 fthi31,prl,slc34ala,f
ah,adh8a,dio2, tpi1b,crym,gatala,alas2,alas1,casp3b,prdx4,prdx2,afp4,apoc2,apoc,apol
pklr,gpib,gapdh,aldob,bhmt,fah,cel.1,adh8a,aldoaa,gpx1a,eno3,upp2 hpda,amdhd1,hao1,a
mdhd2,hoga1,Itadh,uox pnpla3,cd36,ada,dnase1,hbba2 pkmb,aldh8a1,rfesd,urad,tpi1b,tat
.cel.2 prdx4,prdx2, hmox1a,aldh1l1,psmb8a,psmb13a,psmabl,ctss2.2 ctsc,lgmn,ctsba,chi
83  a.3ctsl.1,ctsz,zge:110239,apoc2, pglyrp6,papss2b,alox5ap,cyp2x8,agxta,cyp2n13,scdb.a
cot17,cyp2x9,ugp2b,cox4i2 tcap,gyg2,cox8b,cox7al,cené,nme2b. 1,fbp1b,amy2al1,b3gat
1a,si,uap1,pnp4b,ckmt1,ckmt2a,pla2g12b,pla2g10,gpat3,cetp,pla2g1ib,rarres3,plaatil itih3
a.1,ogal,fut9a,si:ch211-5k11.8
15  fah,adh8a,upp2,hpda,amdhd1,hao1,amdhd2 hogal,uox,ada,aldhBal,urad,tpi1b,tat,aldh1i1
6 fabp2,|dira,pla2g12b,cetp,abcg5,abcg8
cfb,rhogb, Idira,mmp8, ltadh,cd36,c8a,mogat2 wide2 slc15a2,c7a,zge: 174904, palyrp6,cxer
34  3.2,if1b,ccl25b,c1qldl,ccl38.6,ccl35.2,asgr1a,dap,wasb,chad,gcga,tcap,prl,bglap,nuprib,
c5ar1,f2,si:ch1073-406110.2,si:dkey-9i23.4,si:dkey-9i23 4,si:ch1073-280e3.1
hbba1,cahz,mb,hbba2,gpx1a,prdx4,prdx2,gpxda,msrb2,hmox1a,apoda.2,adh8a,si:ch211-
5k11.8
10 ckmt1,bhmt,ckmt2a,gpx1a,dio2,gstt1a,crym,aldhSata.1,chdh,aldh1l1
11 7i,cel.1,i2,cel. 2,f9b,cpb2 fgl1,f7l,mmp9,lgmn,b3gatia
loxa,mmp8,dpt,col2ala, loxl4,mibp2,mfap4.1,papinb,col10a1b,mfap4.12,lcp1,wasb,arpc1b
.rhogb,evib scinlb,spire2 tcap,smyd1b,nanog
8 esr1,cpb1,adh8a,cyp2x8,nt5c2l1,cyp2n13,cyp2x9,hmox1a
psme2 ctss2.2 ctsl.1,serpinb1,zgc:110239,serpina? serping1,si:ch211-
262h13.5,apoc1,ccl25b,ccl38.6,cc135.2,si:ch211-5k11.8
10  pnpla3,gpat3 mogat2, cetp,apoc1,si:ch1073-406110.2,cd36 IdIra thrsp,tm6sf2b
6 fth1afthi27 fthi31,cd36,Idah meltf
4 amdhd2,hoga1,chia.3,uap1
10  zp2.5,cd74b f2,arpcib,ada,zp2i1, prdx2,cxcr3.2,fgl1,zp3a.2
3 fbp1b,aldob,aldoaa
4 cd74b,mhc2dgb, mhc2d8.46a,b2ml

Supplementary Figure 6. Venn diagrams of the DEGs (> 3-fold change, padj < 0.01) between stage 1/2 and stage 6, and GO
terms enriched in the common up/down-regulated genes in female juveniles. G: group-housed fish, S: single-housed.
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Supplementary Figure 7. Changes in the expression of genes associated with GO terms that are enriched in the DEGs
between group- and single-housed fish. (A) Example of expression of the cellular anatomical entity morphogenesis/regulation of RNA
splicing-associated genes that were enriched among the common DEGs (stage 1/2 vs. stage 6) between group- and single-housed fish. TPM
values are shown. tardbpa, TAR DNA binding protein a; sox11, SRY-box transcription factor 11; celf3a, Elav-like family member 3a; nova2,
NOVA alternative splicing regulator 2 (B) Example of the expression of muscle structure development/pyruvate metabolic process-associated
genes that were enriched among the DEGs with higher expression in the single-housed fish than in the group-housed fish in stages 1-4. TPM
values are shown. chrnal, cholinergic receptor, nicotinic, alpha 1; myog, myogenin; tnnt2e, troponin T2e; pygma, phosphorylase, glycogen,
muscle A; gck, glucokinase; gatm, glycine amidinotransferase; tecra, trans-2,3-enoyl-CoA reductase a. (A, B) G: group-housed fish, S: single-
housed fish.
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Supplementary Tables

Please browse Full Text version to see the data of Supplementary Table 1.

Supplementary Table 1. GO term enrichment analysis of age-related genes in livers.

Supplementary Table 2. GO term analysis for DEGs (> 1.5-fold change, padj < 0.01) between group- and single-

housed juveniles during stages 1-4 in males.

446 down-regulated genes (GI1-4 > S2-4, FC1.5, padj < 0.01)

Term Description LogP Counts Symbols
GO:0007601 visual perception  -34.62 68 opnllwl,opnlsw2,0pnlswl,prph2a,crybbl,gnatl,gnat2,opnlmw2,pdca,pde6ha,rom1
a,pde6e,rom1b,cryba2b,crygn2,crygmS5,crygnl,crygm3,crygsl,cryballl rgra,crygs3,c
rybad,crybb2,crybb3,crybbl11,crybgx,crygm?2b,crygm6,crygmxll,crygmxI2,crygm?2f,
prph2b,grkla,crygm2e,unc119b,arr3b,cryaa,slc17a6b,penka,lhfpl3,ppef2a,scn8aa,glrb
b,slc6a9,gabrg2,sv2a,gabral,glra2,vip,plaatl,mipa,adcyap1b,rbp4l,ppm1na,cdk5rib,c
dhrla,cdk5r2a,ankrd33aa,igf2bp1,cadmla,lbhl,impdhla,rabl1fip4a,cd74b,aldh111,si:
dkey-57a22.15,si:ch73-167i17.6
GO:0099536 synaptic signaling ~ -7.53 43 snap25a,dlgla,gria2b,penka,gria3b,sytla,glrbb,slc6a9,gabrg2,cplx2b,dtnbb,syt2a,sv2a
,slc12a5a,syn2b,grinla,cplx4a,gabral,glra2,slc17a6b,chata,ptprna,ptpm?2,gabbrla,gje
la,vip,scn8aa,slcoldl,slcSal,slc13a2,slc6alb,atp2b2,atp2b3b,slc39a4,scn3b,kenmala
,atpl3a2,slc4a7,slc6ala,slcd4al Oa,lrre38b,si:ch211-117¢9.5,si:ch211-251b21.1
GO:0006836 neurotransmitter -6.47 28 snap25a,sytla,slc6alb,slc6a9,cplx2b,syt2a,sv2a,syn2b,slcbala,cplx4a,sicl7a6b,ptprn
transport a,ptprn2,vip,scamp5Sa,scgS,chga,stx1b,dnm2a,scn8aa,slc1a2b,pacsinla,flotla,scn3b,k
cnmala,unc119b,dpp6a,adcyaplb
GO:0009583  detection of light -4.97 19 opnllwl,opnlsw2,0pnlswl,gnatl,gnat2,opnlmw?2,rgra,rcvrn2,grk1b,scn8aa,ucpl,igf
stimulus bpla,ddit4,kcnmala,cryaa,si:dkey-1k23.3,cadmla,ppef2a,si:ch73-167i17.6
GO:0006030 chitin metabolic -4.24 3 chsl,chia.2,chia.3
process
GO0:0071248 cellular response to ~ -4.11 9 slc13a2,sytla,cpneda,syt2a,cpneSa,atp13a2,tap2a,slcla2b,chga
metal ion
GO0:1990778 protein localization  -3.90 10 stx1b,prph2a,dlgla,romla,romlb,ank2b,prph2b,flotla,arl13a,sgtb
to cell periphery
GO:0008277  regulation of G -3.81 6 pdca,pde6ha,grkla,rgs9a,saga,arr3b
protein-coupled
receptor signaling
pathway
GO:0019882 antigen processing  -3.73 8 cd74b,mhc2dgb,mhc2d8.46a,b2ml,marchfl,flotla,zgc:123297,1gals913
and presentation
GO:0007626 locomotory -3.49 13 snap25a,scn8aa,slcla2b,camk1gb,slc6a9,sv2a,atpl3a2,thnsl2,gabral ,chata,serpinil,b
behavior merbl,vip
GO:0010817 regulation of -3.41 9 ptprna,ptprn2,dio2,scg5,chga,lratb.2,vip,pcsk2,slcoldl
hormone levels
GO0:0046394  carboxylic acid -3.22 12 agxtb,alox5ap,gadlb,elovl5,gotl,agxta,asah2,gad2,abhd2b,thnsl2,hpda,prodha
biosynthetic
process
GO:0015849 organic acid -3.16 16 fabp2,slcoldl,slcla2b,slc13a2,slc6alb,slc6a9,slc3al,slcbala,slc7as,slcl 7abb,si:ch21
transport 1-117¢9.5,slc16ala,scn8aa,slc5al,scn3b,slc2ala
GO:0007254  JNK cascade -3.06 3 mapk8ip2,si:ch211-45¢16.2,mapk10
GO0:0035970 peptidyl-threonine  -3.06 3 ppmlna,ppm1kb,ppmInb
dephosphorylation
GO:0050908 detection of light -2.94 3 gnatl,gnat2,si:ch73-167i17.6
stimulus involved
in visual perception
GO:0060078 regulation of -2.87 15 slc6a9,gabrg2,gabral glra2,clstn3,glrbb,slc4a7,slc12a5a,slc4al0a,slc17a6b,gabbrla,sc

postsynaptic
membrane potential

n8aa,scn3b,sv2a,grinla
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GO:0002455 humoral immune -2.73 8 cfb,c9,si:ch1073-280¢e3.1,cd74b,mhc2dgb,cadm1a,mhc2d8.46a,b2ml
response mediated
by circulating
immunoglobulin

G0:0035249 synaptic -2.45 4 gria2b,gria3b,si:ch211-251b21.1,slc17a6b

transmission,

glutamatergic
GO:1901890 positive regulation  -2.27 3 clstn3, flotla,lrrc4bb

of cell junction

assembly
117 up-regulated genes (GI1-4 <S2-4, FC1.5, padj < 0.01)
Term Description LogP Counts Symbols
GO:0030198 extracellular matrix -10.73 15 serpinhlb,colla2,collala,loxa,lum,colllalb,coll0ala,col5a2a,p3h4,adamts12,col5a3
organization a,coll6al,hsp90aal.l ttn.2,igfnl.4

GO:0061061 muscle structure -5.92 11 myog,hsp90aal.l,chrnal,ttn.2,loxa,mymk,pygma,synpo2la,pgam2,myl2b,igfnl.4

development
GO0:0006457  protein folding -5.24 7 hsp90aal.1,fkbp10b,hsc70,fkbp9,ppill,ptges3L,hspb9
GO:0006090 pyruvate metabolic ~ -3.93 6 ldha,bpgm,pgam?2,gck,pygma,gatm

process

G0:0031099 regeneration -2.69 7 myog,serpinhlb,collala,coll0ala,gck,chrnal,dio2
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Supplementary Table 3. GO term analysis for DEGs (> 1.5-fold change, padj < 0.01) between group- and single-
housed juveniles during stages 1-4 in females.

276 down-regulated genes (GI-4 > S2-4, FC1.5, padj < 0.01)

Term Description  LogP Counts Symbols
G0:0007601 visual -27.07 47 opnllwl,opnlsw2,opnlswl,prph2a,crybbl,gnatl,gnat2 pde6ha,romla,cryb
perception a2b,crygn2,crygmS,crygnl,crygm3,crygsl,cryballl,crygs3,crybad,crybb3,c
rybbl11,crybgx,crygm2b,crygm6,crygmxl1,si:ch73-
167i17.6,grkla,crygm?2e,si:dkey-
57a22.15,slc17a6b,scn8aa,glrbb,slc6a9,gabrg2,sv2a,gabral ,adcyap1b,ppml
na,cdhrla,cdk5r2a,ankrd33aa,igf2bp1,cadmla,ndrl,lbhl,pax10,impdhla,rab
11fip4a
GO:0048477  oogenesis -5.47 10 zp3b,buc,zarl,zp3a.l,zp3a.2,zarll,zglp1,fkbp6,dio2,cadmla
GO:0006836 neurotransmitt  -4.59 15 snap25a,sytla,slc6a9,syt2a,sv2a,syn2b,slc17a6b,gria2b,glrbb,gabrg2,slc12a
er transport Sa,gabral ,ptprna,ptprn2,scn8aa
GO:0009583  detection of  -4.50 11 opnllwl,opnlsw2,0opnlswl,gnatl,gnat2,rcvrn2,scn8aa,ucpl,ucp3,cadmla,s
light stimulus i:ch73-167i17.6
GO:0008345 larval -4.33 8 scn8aa,slcla2b,thnsl2,gabral snap25a,camk1gb,slc6a9,sv2a
locomotory
behavior
GO:0032940 secretion by  -4.08 10 snap25a,stx1b,scamp5a,ptprna,ptprn2,sytla,syt2a,syn2b,ndrl,slc1a2b
cell
GO:0001678  intracellular  -3.77 4 ptprna,ptprn2,hk2,ndr1l
glucose
homeostasis
G0O:0099003 vesicle- -3.37 7 snap25a,sytla,dnm?2a,si:ch211-200p22.4,syt2a,slc17a6b kif5aa
mediated
transport in
synapse
GO:0031175 neuron -2.75 15 elavl4,scn8aa,ncamlb,adcyaplb,gpm6baa,nrnla,stmn4l,b3gatla,cdk5r2a,pac
projection sinla,si:ch211-113g11.6,kif5aa,si:ch211-195b13.1,map41,ndrg4
development
GO:1990778 protein -2.33 5 stx1b,prph2a,romla,ank2b,arl13a
localization to
cell periphery
GO:0003333  amino acid -2.16 4 slcla2b,slc6a9,slc7a5,slc17a6b
transmembran
€ transport
115 up-regulated genes (GI-4 < S2-4, FC1.5, padj < 0.01)
Term Description  LogP Counts Symbols
GO:0030198 extracellular -13.47 17 serpinhlb,colla2,collala,postnb,postna,loxa,lum,zgc:113232,dpt,col10ala,
matrix p3h4,adamts12,col5a3a,coll6al,ttn.2 tnnt2e,igfnl.4
organization
GO:0006090 pyruvate -6.76 14 ldha,gapdh,aldoaa,bpgm,pgam?2,gck,pygma,gpd1b,ppplr3ca,slc25a55b,gbgt
metabolic 111,gatm,tecra,rfesd
process
GO:0061061 muscle -4.28 10 myog,ttn.2,postnb,loxa,pygma,tnnt2e,pgam2,myl2b,igfn1.4,tnni4b.2
structure
development
GO:0071391 cellular -3.46 3 hpxa,vtg6,vtg2
response to
estrogen
stimulus
GO:0031099  regeneration  -2.71 5 myog,serpinhlb,collala,coll0ala,gck
GO:0007517 muscle organ  -2.71 5 myog,ttn.2,postnb,loxa,pygma
development
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Supplementary Table 4. Results of statistical analysis.

Significance
probability
Figure Data Shapiro-
Wilk-test
Figure 4B Group-housed fish 0.346
Single-housed fish 0.190
Figure ;
5B, Testis Group-housed fish_Stage 11 0.404
Group-housed fish_Stage 111 0.249
Group-housed fish_Stage IV 0.837
Single-housed fish_Stage I1 0.656
Single-housed fish_Stage 111 0.767
Single-housed fish_Stage IV 0.210
Figure .
5B_Ovary Group-housed fish_Stage | 0.323
Group-housed fish_Stage Il 0.976
Group-housed fish_Stage 111 0.976
Group-housed fish_Stage IV 0.915
Single-housed fish_Stage | 0.415
Single-housed fish_Stage 11 0.931
Single-housed fish_Stage 111 0.034
Single-housed fish_Stage IV 0.754
Significance probability
. . Kruskal- ttest Welch-test
Figure Comparison : Levene-test (homogeneous ;
Wallis test . (unequal variance)
variance)
Figure 4B Group—h(_)used fish vs Single- i 0.970 0.035 i
housed fish
Figure Stage |_Group-housed fish vs i )
5B_Testis Single-housed fish 0.850 0.289
Stage Il_Group-housed fish vs
Single-housed fish i 0.845 0.011 i
Stage I11_Group-housed fish vs
Single-housed fish i 0.605 0.077 i
Stage IV_Group-housed fish vs i i
Single-housed fish 0.233 0.340
Figure Stage |_Group-housed fish vs i i
5B_Ovary Single-housed fish 0.025 0.168
Stage 11_Group-housed fish vs i i
Single-housed fish 0.213 0.886
Stage I11_Group-housed fish vs i i i
Single-housed fish 0.014
Stage IV_Group-housed fish vs i 0.123 0.109 i

Single-housed fish
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Supplementary Materials
Please browse Full Text version to see the data of Supplementary Materials 1-3.

Supplementary Material 1. Script for gonads analysis (Figure 5).
Supplementary Material 2. Script for livers analysis (Figure 6).

Supplementary Material 3. Script for juveniles analysis (Figure 7).
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