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Abstract

Background Energy allocation between growth and reproduction determines puberty onset and fertility. In mam-
mals, peripheral hormones such as leptin, insulin and ghrelin signal metabolic information to the higher centres
controlling gonadotrophin-releasing hormone neurone activity. However, these observations could not be confirmed
in lower vertebrates, suggesting that other factors may mediate the energetic trade-off between growth and repro-
duction. A bioinformatic and experimental study suggested co-regulation of the circadian clock, reproductive axis
and growth-regulating genes in zebrafish. While loss-of-function of most of the identified co-regulated genes had

no effect or only had mild effects on reproduction, no such information existed about the co-regulated somatostatin,
well-known for its actions on growth and metabolism.

Results We show that somatostatin signalling is pivotal in regulating fecundity and metabolism. Knock-out

of zebrafish somatostatin 1.7 (sst1.1) and somatostatin 1.2 (sst1.2) caused a 20-30% increase in embryonic primordial
germ cells, and sst7.27~ adults laid 40% more eggs than their wild-type siblings. The sst7.77~ and sst7.2”~ mutants
had divergent metabolic phenotypes: the former had 25% more pancreatic a-cells, were hyperglycaemic and glucose
intolerant, and had increased adipocyte mass; the latter had 25% more pancreatic 3-cells, improved glucose clearance
and reduced adipocyte mass.

Conclusions We conclude that somatostatin signalling regulates energy metabolism and fecundity through anti-
proliferative and modulatory actions on primordial germ cells, pancreatic insulin and glucagon cells and the hypothal-
amus. The ancient origin of the somatostatin system suggests it could act as a switch linking metabolism and repro-
duction across vertebrates. The results raise the possibility of applications in human and animal fertility.
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Background

The activation of the reproductive axis at puberty
results from an interplay between hormonal regulation
and energy metabolism [1, 2] and understanding the
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kisspeptins [4, 5]. Insulin can have stimulatory and per-
missive actions on the HPG partly through leptin stim-
ulation [6, 7]. Ghrelin has direct inhibitory activities
on the HPG, and a critical level of leptin needs to be
reached in circulation for puberty to proceed and fer-
tility to be maintained [4, 5, 8]. However, although the
core function of leptin regulation of appetite appears to
be shared between mammals and teleost fish, the pri-
mary structure of leptin is poorly conserved and does
not seem to be involved in lipid metabolism in fish or to
play an essential role in reproduction [9, 10].

In our search for candidates regulating the growth/
reproduction metabolic trade-off, we found clock genes
circadian locomotor regulator, neuronal PAS domain pro-
tein 2, basic helix-loop-helix ARNT like 1 and the HPG
genes gonadotrophin-releasing hormone, KiSS metas-
tasis suppressor (kiss) and kiss receptor share conserved
transcription factor frameworks in their promoters in
zebrafish, suggesting co-regulation [11]. Additionally,
we found co-regulation of the circadian clock and appe-
tite and growth-regulating genes, e.g., galanin recep-
tor, glucagon receptor 1, growth hormone receptor (ghr),
leptin, agouti signalling protein and somatostatin. Fur-
thermore, experimental photoperiod manipulations and
transcriptomics confirmed co-regulation and differential
responses of these genes among putative puberal and
non-puberal fish [11]. This suggests one or more of these
genes as candidates to regulate the metabolic trade-off
between and reproduction. Since knockouts and trans-
genics (from zebrafish, medaka) of most of these gene
candidates have normal reproduction or have only mild
effects [12—-17], we hypothesised somatostatin (SST) as a
candidate to regulate the growth-reproduction metabolic
trade-off. SST, first discovered in 1973 in sheep hypo-
thalami by Brazeau and Guillemin, regulates growth by
inhibiting growth hormone (GH), modulates metabolism
by influencing the secretion of pancreatic hormones, and
modulates the HPG by inhibiting gonadotrophin-releas-
ing hormone-stimulated luteinising hormone secretion
and gonad steroid production [18-21]. Furthermore, in
Drosophila, allatostatin C, an SST ortholog, induces the
secretion of the glucagon-like adipokinetic hormone to
coordinate food intake, energy mobilisation, and the pro-
gression of oogenesis [22, 23]. However, although SST’s
growth and metabolism regulation functions appear
somewhat conserved [24, 25], a direct role in reproduc-
tive function has yet to be demonstrated in vertebrates.
To investigate the role of SST in the regulation of metabo-
lism and fecundity, we developed CRISPR/Cas9 zebrafish
knockout mutants of sst1.1 and sstl.2, two orthologs of
the mammalian SST1 gene [26, 27] and analysed their
metabolic and reproductive phenotype. We found signifi-
cant metabolic changes associated with pancreatic cell
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proliferation and fecundity related to germ cell prolifera-
tion and metabolic status.

Results

Effect of SST deficiency on growth

Under normal feeding conditions (i.e., feeding twice a
day for 10 min), both sst1.1 and sst1.2 deficient zebrafish
(Additional file: Fig. S1) developed without any vis-
ible morphological abnormalities and were slightly
longer than their wild type (WT, sstl.1**) siblings
before reaching reproductive maturity, around 55-60
dpf, but not after that stage (Fig. la and b; two-way
analysis of variance (ANOVA), standard length, sst1.1
genotype [F(1,175)= 9.523, P=0.002], age [F(3,175)=
643.3, P<0.001] and genotype x age [F(3,175)=3.581,
P=0.015]; sst1.2 genotype [F(4,256)=390.5, P<0.001] and
genotype*age [F(4,256)=3.044, P=0.018]). The differential
growth between WT and SST mutants was not associ-
ated with the amount of food consumed, even though the
loss of the sst1.1 gene caused a slightly attenuated appe-
tite (Additional file: Fig. S2).

Effect of SST deficiency on adult fecundity

We compared the sst1.17~ and sst1.27~~ mutants with
their WT siblings at two levels of feeding to determine
if there was any effect of genotype on fecundity (i.e., the
number of eggs released per clutch) and breeding effi-
ciency (i.e., percentage of successful mating). We found
no significant differences in fecundity and breeding effi-
ciency between sst1.1”/~ mutants and their WT siblings
under normal feeding conditions (Fig. 1c). However,
under ad libitum feeding, the breeding efficiency and
fecundity increased in the WT but had little effect on
the sst1.17~ mutant. This resulted in 40% lower fecun-
dity and 60% lower breeding efficiency of the sstl.17/~
mutant compared to WT under ad libitum feeding
(Fig. 1c; two-way ANOVA, fecundity, effect of genotype
[F(1,92)= 3.975, P=0.049] and feeding level [F(1,92)=
6.298, P=0.014]; WT n=44, sstl.1”~ n=10, ad libitum
fecundity effect size Cohen’s d Hedges correction g,
=-0.74, confidence interval CI [-1.44,—0.04]; breeding
efficiency, effect of genotype [F(1,29)= 14.865, P<0.001],
feeding level [F(1,29)= 4.597, P=0.014], interaction
genotype*feeding [F(1,29)=10.190, P=0.003]; ad libitum
breeding efficiency effect size WT n=7, sst1.17/~ n=7, g,
=—2.44, CI [-3.82,—1.05]). In contrast, sst1.2~/~ mutants
had higher fecundity (40% higher for normal feeding and
30% for ad libitum) and breeding efficiency (60% higher
for normal feeding and 30% for ad libitum) compared
to WT (Fig. 1d; two-way ANOVA, fecundity, effect of
genotype [F(1,217)=19.007, P<0.001] and feeding level
[F(1,217)=45.574, P<0.001]; fecundity normal feed-
ing effect size WT n=43, sst1.2”~ n=80, g=0.55, CI



Chen et al. BMC Biology (2024) 22:163

Page 3 of 14

a b
+/+ -/~
40 Sst.17" W sst1.1 0.41 40 sst1.2 mmsst1.2” 0.4
€ ns ns o ns
£ [l
ns
E 30 1 ns ,E| [ S 03] m |_| £E30 ns Ds ,'EI 503 . ns
%’ M = ns %., [ |_| %'-, |—‘ ml
S 20 H=0.000 © ’—I q:) A=0.001 ns 2
3 |_| 2 0.2 320 = 202
'E ©
: 5 P g | .
S 101 m 0.1 %10 m0.1 h
b 3
0 0.0 0.0
C 60 90 135 190 90 135 190 ¢ 55 80 140 170 215 80 140 170 215
500 - 500+ —
a 100 Y L4100 : .
5 400+ :)>: g ) _ 400~ E i > - ab =
= C | |
3 3 754 - g b 2754 ¢
23004 b b b © b 53004 L n
g s . 5 . b B (] 2 C
200 - = o 504 = S200- 2 504
(o)) | S )] he]
o ] mm O 8
100+ ﬁ Fl1 g 254 1004 5 254
0 0 i 04—

T T T T T T— %
normal feeding ad libitum normal feeding ad libitum

- 1 MLl
normal feeding ad libitum normal feeding ad libitum

Fig. 1 Growth, fecundity and breeding efficiency of sst1.7 and sst1.2 deficient zebrafish and their wild-type siblings. a sst1.7** and sst1.77~ linear
and ponderal growth (n=23 to 32 per time point) under normal feeding showing the mutants significantly longer than wild-type only at 60 days.
b sst1.2*/* and sst1.27" linear and ponderal growth (n=22 to 34 per time point) under normal feeding showing the mutants significantly longer
than wild-type only at 55 days. c Left, the number of eggs per clutch spawned every 3-5 days by sst1.7** and sst1.77~ zebrafish under normal
and ad libitum feeding, with mutants fed ad libitum spawning significantly fewer eggs than wild type; Right, Breeding efficiency of sst7.7*/*

and sst1.17~ zebrafish under normal and ad libitum feeding, with mutants fed ad libitum having significantly lower breeding efficiency than wild
type. d Left, number of eggs per clutch spawned every 3-5 days by sst1.2*/* and sst1.27~ zebrafish under normal and ad libitum feeding,

with mutants under normal and ad libitum feeding spawning significantly more eggs than wild type; Right, Breeding efficiency under normal

and ad libitum feeding with mutants under normal and ad libitum feeding having significantly higher breeding efficiency than wild type. Data are

shown as mean + standard error of the mean

[0.17,0.92]; fecundity ad libitum effect size WT n=46,
sst1.27~ n=53, g=0.64, CI [0.24,1.05]; two-way ANOVA,
breeding efficiency, effect of genotype [F(1,59)=12.040,
P<0.001] and feeding level [F(1,59)=12.304, P<0.001];
normal feeding breeding efficiency effect size WT n=21,
sstl.27~ n=21, 2,=0.99, CI [0.35,1.63], ad libitum feeding
breeding efficiency effect size WT n=11, sstl.2”" n=11,
£,=0.86, CI [-0.01,1.73]).

Effect of SST deficiency on primordial germ cell
proliferation

To determine if the hyper-fecundity phenotype observed
in sst1.2”~ mutants could be related to PGC prolifera-
tion, firstly, we performed whole mount in situ hybridisa-
tion using a vasa probe in 4 hpf embryos (sphere stage)
when germ plasma specification was completed, and four
subcellular clumps were formed [28]. We observed that
the germ plasma of some of the sst1.17/~ and sst1.27/~
embryos exhibited smaller and more disorganised (scat-
tered) clumps compared to WT embryos (Additional
file: Fig. S3a and b). We observed PGC over-prolifer-
ation in the sst1.1~~ mutant compared to WT, while

sst1.2”~ embryos did not show over-proliferation. How-
ever, a few individuals seemed to have abundant PGCs
(Additional file: Fig. S3). Secondly, we labelled PGCs with
GFP-nos1 3'UTR capped messenger RNA (mRNA) [29]
and utilised laser confocal microscopy to count PGCs
in 24 hpf embryos, a time when the PGCs have reached
the genital region, completed the initial stage of mitotic
proliferation, and their numbers have stabilised [30]. We
observed 26.7% over-proliferation of PGCs in sstl.17/~
(Fig. 2a) and 41.5% in sst1.2~/~ (Fig. 2b) embryos com-
pared to WT. The over-proliferation phenotypes were
eliminated, and PGC numbers were restored to WT
levels when the SST mRNAs were injected to rescue the
sst1.17~ (Fig. 2a; one-way ANOVA of effect of genotype
and sstl.l rescue F(2,43)=17.885, P<0.001; effect size
WT n=16, sstl.1”~ n=17, g~=1.20, CI [0.45,1.94]; effect
size sstl.17/~ n=17, sstl.17’" rescue n=13, g, =-1.96, CI
[—2.84,—1.09]) and sst1.277~ mutants (Fig. 2b; one-way
ANOVA of effect of genotype and sst1.2 rescue F(2,37)=
35.578, P<0.001; effect size WT n= 15, sstl.27/~=13 g
=2.77, CI [1.73,3.81]; effect size sst1.27/~ n=13 sst1.27/~
rescue n=12, g. =—2.54, CI [-3.59,—1.49]). Knockdown
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Fig. 2 Visualisation and counting of PGCs in the gonad of 24 hpf zebrafish embryos. a Left visualisation of PGCs in embryos injected with GFP-nos1
3'UTR capped mRNA in (top) sst1.77*, (middle) sst1.77~, and (bottom) in sst1.77~ rescued by co-injection with sst7.7 mRNA. Right, histograms show
that sst1.17/~ developed 26.7% more PGCs than sst1. 1** and the rescue brought PGC numbers down to sst1. 1** levels. b Left, visualisation of PGCs
in embryos injected with GFP-nos1 3'UTR capped mRNA in (top) WT (sst1.2%%), (middle) sst1.27~, and (bottom) in sst1.27~ rescued by co-injection
with sst7.2 mRNA. Right, sst7.2”~ developed 45% more PGCs than sst1.2"/*, and the rescue brought PGC numbers down to sst1.2** level. ¢
Fluorescence in situ hybridisation of PGCs showing diffuse expression of sstr2a and sstr5 and their co-expression with vasa in germ cells (column
merge). In the bottom panels, RNA sense probes have no staining. d Number of PGCs in WT embryos injected with GFP-nos1 3'UTR capped mRNA
(control) and MO of SST (sstr) or insulin (insr) receptors showing significantly increased PGC numbers only in the sstr2a-MO. Data are shown as mean

+ standard error of the mean

of sstl.1 and sstl1.2 using morpholino oligonucleotides
(MO) in WT zebrafish replicated the hyper-proliferation
phenotype observed in the mutants. However, co-injec-
tion of the MO-treated fish with ss¢£1.1 and ssz1.2 mRNA
abolished this phenotype (Additional file: Fig. S4). While
our AB strain showed a strong bias towards males, only
the sst1.2~/~ mutant partly reversed this bias (Additional
file: Fig. S2).

PGC proliferation is mediated by somatostatin receptor 2a

Next, we aimed to determine the signalling mechanism
underlying PGC proliferation mediated by SST. The
actions of SST can be either direct through its receptors

(SSTR) or indirect through insulin and insulin-like
growth factor (IGF) signalling pathways [31]. We first
established that igf2a, igf3, igfira and igflrb were upreg-
ulated compared to WT in the 24 hpf sst1.2~/~ mutants
(Additional file: Fig. S5c, Table S1). To determine if
blocking igfIrb signalling could reverse the observed
PGC over-proliferation, we co-injected igflrb-MO and
GFP-nosl 3'UTR capped mRNA into one-cell stage
sst1.2”~ mutants and WT (Additional file: Fig. S5a and
b) and found that igfirb-MO caused mis-migration and
ectopic localisation of PGC in both sst1.2~/~ mutants and
WT. However, it did not prevent PGC over-proliferation
in the sst1.2~~ mutants (Additional file: Fig. S5a and b).
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We conducted fluorescence in situ hybridisation (FISH)
to determine if mRNA for any of the Insr and SSTR co-
localised with vasa on the PGCs. Our results revealed
sstr2a and sstrS, but none of the other receptors co-local-
ised with vasa on the PGCs (Fig. 2c; Additional file: Fig.
S6). To further investigate the role of these receptors,
we injected sstr2a-MO and sstr5-MO in WT zebrafish
to silence the corresponding receptors and counted
the number of PGCs in each morphant. We found that
silencing sstr2a but not sstr5 replicated the PGC over-
proliferation phenotype observed in SST mutants
(Fig. 2d; Kruskal-Wallis one-way ANOVA on ranks fol-
lowed by Dunn’s multiple comparisons against WT
control H(5)=14.280, P=0.014; effect size of the sstr2a-
MO n=16, WT control n=16 g=0.99, CI [0.25,1.72]).
However, experiments using insra-MO, insrb-MO and
sstr2b-MO did not show any change in PGC proliferation
compared to the WT control (Fig. 2d).

Effect of SST deficiency on carbohydrate and lipid
metabolism

To explore possible connections between SST, metabo-
lism and reproduction, we investigated the metabolic
characteristics of the SST mutants. Firstly, we measured
the glucose levels in 6 dpf larvae (when the yolk sac had
been consumed) and adult blood plasma (Figs. 3a and
4a; Additional file: Table S2). We observed that ss¢1.17/~
mutant larvae and adults exhibited hyperglycaemia com-
pared to WT (two-tailed Student’s unpaired ¢-test, n=6
pools of 20 larvae each genotype, effect size g, =3.83,
CI [1.92,5.73]; adults n=17 each genotype, g=1.21, CI
[0.48,1.94]), whereas sst1.2~/~ mutant larvae were hypo-
glycaemic (two-tailed Student’s unpaired ¢-test, n=14
pools of 20 larvae, effect size g, =—1.24, CI [-2.05,—0.43])
and adult mutants had euglycemic levels. Additionally,
sst1.1”/~ mutants demonstrated poor glucose tolerance
and reduced glucose clearance ability (Fig. 3a; two-way
ANOVA, effect of glucose treatment F(1,24)=59.166
P<0.001, time F(3,24) P<0.001, glucose X time
F(3,24)=3.242 P=0.04, n=4 at each time point, g,(30 min)
=2.14 CI[0.31,3.70], g,(90 min) =14.04 CI[7.02,21.06],
g,(150 min) =2.85 CI[0.88,4.82]), while sst1.27/~ mutants
displayed improved glucose tolerance and clearance abil-
ity compared to WT (Fig. 4a; two-way ANOVA, effect of
glucose treatment F(1,16)=51.497 P<0.001, time F(3,16)=
26.685 P<0.001, glucose x time F(4.797) P=0.014, n=3
at each time point, g(30 min)=-5.51 CI[-9.02, —2.01],
£,(90 min) =—2.46 CI[—4.58,—0.34]).

We evaluated the effect of sst1.1 and sstl.2 muta-
tions on lipid metabolism by comparing the fluores-
cent intensity of 28 dpf fish stained with Nile red. We
found that the sst1.1”~ mutant accumulated more
visceral fat than the WT (Fig. 3b; two-tailed Student’s
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unpaired ¢-test, n=12, g, =1.43, CI [0.54,2.33]), while
the reverse was observed with the sst1.27~ mutant
(Fig. 4b; two-tailed Student’s unpaired ¢-test, n=6,
g, =-134, CI [-2.59,-0.08]). The sstl.I”~ mutant
exhibited significantly higher total cholesterol (TC)
and triglyceride (TG) than WT in blood plasma after
48 h of fasting (Fig. 3c), whereas the sst1.2~~ mutant
had lower TC and TG (Fig. 4c; two-tailed Student’s
unpaired ¢-test, total cholesterol n=8, g, =—1.32, CI
[-2.40, —0.24], triglyceride t(1%)= -3.783, P=0.002,
sst1.27~ n=9, WT n=8 g, =—1.75, CI [~2.87,-0.63]).
Furthermore, both sst1.17~ and sst1.2~~ mutant larvae
and adult livers showed altered expression of carbohy-
drate and lipid metabolism genes (Additional file: Fig.
S7 and S8, Tables S3 and S4), with the pattern suggest-
ing increased lipid synthesis in the sst1.1™/~ mutant and
more active glucose metabolism and fatty acid oxida-
tion in the sst1.2~/~ mutant.

We then investigated whether the differences in car-
bohydrate and lipid metabolism were reflected in alter-
ations in pancreatic glucagon and insulin-producing
cells. We crossed each SST mutant with Tg(gcg:GFP)
[32] and Tg(-1.2ins:GFP) [33] transgenic zebrafish
and found that the sst1.I”~ mutant had 33% more
a-cells than their WT siblings (Fig. 3d) while there
was no change in a-cell number in the ss¢1.27/~ mutant
(Fig. 4d). Conversely, the sst1.27/~ mutant had 30%
more p-cells than their WT siblings (Fig. 4e; two-tailed
Student’s unpaired t-test, £(21)=3.898, sst1.27/~ n=11,
WT n=12, g, =1.57 CI [0.63,2.50]), while there was
no alteration in B-cell number in the sst1.1~~ mutant
(Fig. 3e). However, despite the excess of glucagon-
producing a-cells, glucagon genes gcga and gcgb were
downregulated (Additional file: Fig. S7). In contrast,
insulin genes insa and insb were upregulated, and gcga
and gcgb were downregulated in the sst1.27/~ mutant
(Additional file: Fig. S8).

Discussion

This study established SST as a key factor regulating the
simultaneous proliferation of primordial germ cells and
pancreatic cells and, consequently, fecundity and metab-
olism in zebrafish. This supports the hypothesis of SST
as a critical regulator of the metabolic partition between
growth and reproduction.

Under normal feeding conditions, both sst1.1 and sst1.2
deficient zebrafish were slightly longer than their wild-
type (WT) siblings before reaching reproductive matu-
rity, consistent with the known role of SST in growth
regulation [34, 35]. However, this difference disappeared
as growth plateaued after they reached sexual maturity,
and energy was diverted from growth to reproduction.
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Fig. 3 Metabolic characteristics of the sst7.77~ mutant under normal feeding. a The sst7.77~ mutant had higher glucose levels than sst1.7*/*

in both (left) whole larvae and (centre) adult blood, as well as (right) decreased glucose clearance; Additional file: Table S2; *** P<0.001. b Left,

Nile red staining fluorescence and (right) the corresponding histogram of fluorescence optical density showing the sst7.77~ mutant had more
visceral fat than WT. ¢ The sst1.77~ mutant had lower blood total cholesterol and higher triglyceride than WT. d Crossing the sst1.77~ mutant

with a Tg(gcg:GFP) zebrafish line allowed (left) visualisation and (right) counting of a-cells to establish that Sst1.1 deficiency caused a-cell
proliferation. e Crossing the sst1. 17/~ mutant with a Tg(-1.2ins:GFP) zebrafish line (left) allowed visualisation and (right) counting of 3-cells to establish
that there was no effect of Sst1.1 deficiency on the 3-cell number. Data are shown as mean + standard error of the mean

Somatostatins regulate adult fecundity

Increasing brine shrimp intake increases fecundity in
zebrafish [36], as confirmed in the present study for the
two wild-type controls. Interestingly, the ss¢1.2~/~ mutant
had a significantly increased fecundity and breeding effi-
ciency phenotype compared to the wild-type at the two
feeding levels. This contrasted with the ss¢1.1~~ mutant,
which had a similar fecundity and breeding efficiency to
the wild-type at normal feeding levels but much lower
fecundity and breeding efficiency at ad libitum feeding.

Whether SST affected germ cells and fertility in null mice
models is unclear since litter size or pregnancy altera-
tions have not been reported [37]. However, an anti-
somatostatin vaccine and antagonist in mice increased
litter size and pregnancy rate [38]. In contrast, although
in SST-immunised ewes, pregnancy rates were also
higher, litter size was not affected, and in pigs, neither
was affected [39].

The effect of SST deficiency in the two mutants could
be observed as early as 4 hpf in the smaller and more
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Fig. 4 Metabolic characteristics of the sst7.2”~ mutant under normal feeding. a Left, the sst7.27~ mutant larvae had lower glucose content

than WT, but there were no differences in adult mutant and WT blood glucose. Right, Adult sst7.27~ mutant had greater glucose clearance than WT;
Additional file: Table S2, *** P<0.001, ** P<0.01. b Left, Nile red staining fluorescence and (right) the corresponding histogram of fluorescence optical
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error of the mean

disorganised PGCs, which could indicate an early start
of migration, which usually happens around 5 hpf [40],
consistent with the removal of the inhibitory role of SST
on cell migration observed in other cell types [31]. At
that stage, PGC over-proliferation could be observed in
the sst1.17/~ mutant embryos, and by 24 hpf, PGC over-
proliferation occurred in both sst1.17~ and sst1.27/~
embryos could be rescued by injection of the missing
SST mRNAs and was confirmed using MO knockdown.
Differences in PGC proliferation are a feature of male
and female sex differentiation, with males undergoing

germ cell proliferation arrest [41, 42]. While our AB
strain showed a bias towards males, a significant reduc-
tion in males in the sst1.27/~ but not in the sstl.17/~
mutant suggests a possible role of somatostatin
signalling, with the differences between the gene prod-
ucts of the two paralogs [43]. This contrasts the zebrafish
gnrh3~~ phenotype, which exhibited reduced PGC num-
bers and increased masculinisation [44], suggesting SST
and Gnrh3 could work in concert to regulate PGC num-
bers. However, unlike our sst1.27~ mutant, the reduced
PGC phenotype observed in gnrh3~~ mutants at 24 hpf
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appears transient, as adults exhibited average fecun-
dity [44, 45]. Other factors shown to regulate germ cell
number (but not fecundity) include Dead end, which is
required for PGC migration and survival [46], and anti-
mullerian hormone/anti-mullerian hormone receptor
II, which mutations result in excessive germ cell prolif-
eration, premature meiosis in males homozygotes, hyper-
trophic ovaries and arrested follicular development in
female homozygotes leading to lower fertility [47-50].

PGC proliferation is mediated by somatostatin receptor 2a
The actions of SST on PGC proliferation and migration
can be either direct through its receptors (SSTR) or indi-
rect through insulin and insulin-like growth factor (IGF)
signalling pathways [31]. Knocking down any of the insu-
lin receptors, insra and insrb, co-expressed with vasa,
did not affect PGC numbers, excluding them as possible
mediators of PGC proliferation. Although upregulated
in the 24 hpf sst1.27/~ mutants, igf2a and igflrb overex-
pression or loss-of-function caused PGC mis-migration
and ectopic localisation but did not affect their number
(as confirmed by our igf1rb morpholino), while for igflra
there were no noticeable effects on germ cells [51, 52].
In addition, knockout of igf3 caused loss of germ cells
by apoptosis, but only detectable at 20 dpf [53]. These
results indicate that the SST effect on PGC proliferation
is independent of Igf signalling.

Of the zebrafish SSTR, only sstr2a and sstr5 co-local-
ised with vasa on the PGCs, and only sstr2a silencing rep-
licated the PGC over-proliferation phenotype observed
in SST mutants. These findings collectively demonstrate
that Sstr2a mediates PGC proliferation regulated by SST.
Although we could not find any references in the litera-
ture regarding SSTR expression associated with germ
cells during early development, SSTR2 and SSTR5 have
been reported as the primary mediators of the cell cycle
and the anti-proliferative role of SST in other cell types
[54], indicating evolutionary conservation of function for
these receptors.

Somatostatin regulates carbohydrate and lipid metabolism
The two mutants had a different metabolic profile.
Since the preprosomatostatin (pss) produced by the
sstl.1 and sst1.2 genes yield different peptides, they
provide a clue as to the cause of the differential effects.
The sst1.1 pss-1 expresses in multiple tissues, including
the pancreas [55], and vyields a fully conserved SST-14
among vertebrates and the extended peptide SST-26,
which can vary in length and sequence with species
[43, 56]. The teleost sst1.2 pss-1I expresses in the pan-
creatic islets [55] and contains a not generally secreted
SST-14, differing at positions 7 (Tyr for Phe) and 10
(Gly for Thr) of pss-I SST-14, and the secreted peptide
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encompassing 25 to 28 amino acid residues (28 in
zebrafish) [27, 57]. Therefore, the sst1.1™/~ mutant pro-
duces mainly pss-II SST-28, while the sst1.27/~ mutant
produces mainly pss-1 SST-14, which may explain the
different phenotypes of the two mutants. In rainbow
trout, pss-I and pss-II SST have diverse effects. Injec-
tions of salmon pss-I SST-14 and the specific pss-1I
SST-25 caused hyperglycaemia and increased plasma
fatty acid levels and lipase activity while reducing
plasma glucagon without affecting insulin levels (SST-
14) or reducing both hormones (SST-25) [58, 59]. Neu-
tralisation of SST-25 with antibody decreased lipase
activity and elevated insulin levels [60].

The sst1.1”/~ mutant glucose intolerance phenotype
likely results from SST-28 suppressed insulin secre-
tion [61] and high glucagon levels secreted by their
larger a-cell mass compensating for the downregula-
tion of glucagon genes resulting from elevated glucose
levels [62]. In contrast, the sst1.27~ mutant likely has
high insulin levels derived from the upregulation of both
the insulin genes (insa and insb) and an excess of B-cell
mass, also resulting in a suppressive effect on a-cells to
downregulate gcga and gegb [63, 64]. The high insulin and
low glucagon levels explain the lipid mobilisation and
improved glucose tolerance of the sst1.2™~ mutant, and
the reverse for sst1.1~/~ mutant with high visceral fat and
plasma lipid and a reduced capacity to tolerate glucose
[65].

The phenotypes in our zebrafish mutants differ from
the SST1 deficient mice, which experience loss of a- and
B-cell mass [66]. However, the zebrafish phenotypes are
consistent with the increased a- and p-cell proliferation
after specific ablation of SST-expressing 6-cells in mice
[67], and with &-cells contributing to the neogenesis of
INS-producing cells during regeneration [68].

Although both mutants produce an excess of germ cells
in the embryo, only the adult sst1.2 deficient mutants
were hyper-fecund. This indicates that the two main
SST isoforms encoded by sst1.1 and sst1.2, SST-14 and
SST-28, have antiproliferative actions on germ cells.
Adult fecundity is energy-demanding, and it appears
that the sst1.1~/~ metabolic profile is incompatible with
the requirements associated with gametogenesis, as sug-
gested by the decreased fecundity under ad libitum feed-
ing. Previous studies in mice and humans have suggested
a possible association between diabetes and lower fecun-
dity [69, 70], suggesting the diabetic phenotype observed
in the sst1.17/~ mutant may explain its reduced fecundity
compared to the wild-type under conditions of increased
feeding. In contrast, the hyper-fecund phenotype of the
adult sst1.27~ mutant may be due to its more efficient
carbohydrate metabolism and lipid mobilisation medi-
ated by SST-14.
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The question arises as to how the coordination between
metabolism, germ cell proliferation and fecundity may
be achieved through SST, in particular since the role
of leptin as an adipose mass sensor is not conserved
between mammals and fish [9]. SST can have endocrine
or paracrine actions and is expressed in multiple tissues,
including the zebrafish testis and ovary [55, 71, 72], with
inhibitory or stimulatory effects depending on bind-
ing to a particular receptor or receptor combinations
[73-76]. We speculate that direct and indirect effects
of plasma nutrients (e.g., lipids, carbohydrates) on SST
secretion [77] could account for tissue-specific effects of
SST, including cellular and metabolic effects in the pan-
creas, germ cell proliferation in the gonads and on the
complex regulatory networks that integrate the hypotha-
lamic-pituitary-somatotrophic and HPG axes [78-80].
However, more research is needed to elucidate the spe-
cific regulation of the different SST gene products, their
effects on target tissues, and the multiple interactions
that regulate growth and fecundity.

Conclusions

While it is well established that somatostatins have many
functions, often inhibitory and antiproliferative, our find-
ings with sst1.1 and sst1.2 deficient zebrafish demonstrate
novel roles regulating PGC proliferation and fecundity,
as well as pancreatic a- and [-cells proliferation and
metabolism. The sst1.1 and sst1.2 deficient zebrafish phe-
notypes contrast with the zebrafish knockouts of GnRH,
leptin and other genes traditionally associated with
reproduction and metabolic sensing that showed mild
or no reproductive alterations [9, 44, 45, 81] suggesting
somatostatins as candidate key players in the mechanism
of energy allocation for growth and reproductive activi-
ties. As the sst1.1/sst1.2 paralogs were already present in
the gnathostome ancestor it is likely that these functions
are conserved among fishes. However, more studies are
needed to understand how the antiproliferative actions
of SST are relaxed to allow cell proliferation and interac-
tions with target tissues and other factors to modulate
fecundity and energy allocation.

With the loss of the sst1.2 ortholog in the sarcoptery-
gian/tetrapod lineages [82], and the lack of detailed data
on reproductive phenotypes of knockout mice [83], it is
not clear whether similar functions are maintained in
mammals through the sst1.1 ortholog. However, the rev-
elation that immunity against SST resulted in larger mice
litter sizes [38] suggests potential implications in human
fertility treatments, as it may be possible to locally inhibit
SST signalling and induce the proliferation of a small
number of PGCs and PGC-derived undifferentiated
cells with stem cell characteristics found in the human
ovary [84]. Additionally, we foresee opportunities to use
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SST-based technologies in PGC manipulation for animal
production and conservation biology.

Methods

Fish general maintenance

Zebrafish of the AB strain were bred and maintained
in an Aquatic Habitats Z-Hab aquarium system under
controlled conditions. The fish were subjected to a 14-h
light and 10-h dark cycle, with a water temperature main-
tained at 28+0.5°C. Standard zebrafish husbandry prac-
tices were followed, including spawning, weaning and
maintenance procedures [85]. Mature males and females
were paired before the lights were turned off, and the
collected embryos were obtained the following morning
after the lights were turned on. The developmental stages
of the embryos were determined as previously described
[86]. The embryos were transferred to Petri dishes with
50 per dish and incubated at 28.5°C for 5 days. After
hatching, the larvae were transferred to 1.8-L tanks with
manual water renewal and fed Paramecium spp twice to
thrice daily. Between days 14 and 28, a mixture of Para-
mecium spp. and live Artemia spp. was provided as their
diet. At 28 days post-fertilisation (dpf), the fish were
transferred to 1.8-L tanks and fed live Artemia from that
point onward.

Generation of sst1.1 and sst1.2 CRISPR/Cas9 mutants

CRISPR/Cas9 gene-edited zebrafish carrying mutations
in exon 1 of the ssz1.1 and sst1.2 genes were generated as
previously described [87]. Sets of specific primers con-
taining the selected target sites (Additional file: Table S5)
were used to amplify the genomic regions (GRCzll,
sst1.1:chr15:36299017-36300882; sst1.2: chr15:36115955-
36120277). The gene-specific gRNA was produced by
polymerase chain reaction (PCR) amplification of a
pUC19-scaffold plasmid (kindly provided by Profes-
sor Jingwei Xiong, Peking University) using the target
site-specific forward primer and the common reverse
primer (additional file: Table S1). The gRNA was syn-
thesised using the MAXIscriptt® T7 in vitro transcrip-
tion Kit. Cas9 protein (300 pg), purchased from Nanjing
Kingsley Biotechnology Co., LTD (Nanjing, China) and
gRNA (100 pg) were mixed and injected into the animal
pole of zebrafish embryo at 1-cell stage to generate the
founders (F0). The founders carrying the mutations were
backcrossed with the wild-type zebrafish to generate het-
erozygous F, having 7 bp or 10 bp gene deletions in the
case of sst1.1 mutants and 1 bp insertion or 7 bp gene
deletion in the case of sst1.2 mutants. In each case, pep-
tides lacking the somatostatin function were produced:
the 10 bp and 7 bp deletions in exon 1 in the sst1.17/~
mutants caused frame-shift mutations and originated 87
and 88 mature peptides. The sst1.2~/~ mutants carried a
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7-bp deletion or 1-bp insertion, forming truncated pep-
tides of 24 or 25 amino acids (additional file: Fig. S1).

Growth, breeding efficiency and fecundity

To measure length and weight, zebrafish were fasted for
24 h and anaesthetised with tricaine (300 mg/L). The
body length (mm) was measured from the anterior-most
region of the mouth to the tail end. Fish were quickly
blotted with dust-free paper to remove surface moisture
and weighed to the nearest 0.01 mg.

To estimate breeding efficiency (% pairs that suc-
cessfully mated), breeding pairs were established in the
afternoon and maintained separated through a partition
in the middle of the breeding tank. The partition was
removed the following day, and 1 h later, the number of
eggs at the bottom of the tank was counted to determine
the fecundity (number of eggs spawned).

The fish were fed freshly hatched brine shrimp (Arte-
mia spp). For normal feeding, fish were fed twice a day (at
9:00 and 16:00 h) for 15 min. For ad libitum feeding, fish
were fed with excess brine shrimp throughout the day
(from 9:00 to 17:00) with the aquarium outlet closed to
keep the brine shrimp.

Visualising and counting of PGCs

GFP-nosl 3'UTR capped mRNA was produced from
the linearised plasmid pCS2pf-nosl 3'UTR (provided
by Prof. Mingyou Li, Shanghai Ocean University) using
the mMessage Machine kit (Ambion, USA) and stored
at —80 °C until use. One-cell stage embryos from both
wild-type and homozygous mutant zebrafish produced
by incrossing the F2 generation were used for the experi-
ments. Embryos were injected with 100 ng of GFP-nosl
3'UTR capped mRNA. To facilitate the PGC counting,
embryos were depigmented by immersion in 0.225% w/v
phenylthiourea (PTU) between approximately 8 and 10
hpf. At 24 hpf, image stacks consisting of 50 slices were
acquired at 488 nm excitation from the lateral side of the
embryo using a X10 lens on the Leica TCS SP8 confocal
microscope (Leica Microsystems, Germany). The PGCs,
identified by their GFP-positive nuclei, were manually
counted.

Visualising and counting of pancreatic a- and B-cells

To visualise and count - and B-cells, transgenic zebrafish
lines Tg(ins:GFP) [33] and Tg(gcga:GFP) [32] expressing
GFP were obtained from the China Zebrafish Resource
Center in Wuhan, China. These lines were crossed with
the mutant lines generated in this study. The F, heterozy-
gous offspring were then incrossed, and the resulting F,
embryos carrying GFP fluorescence were incubated until
5 days post-fertilisation (dpf) for B-cell analysis and 7 dpf
for a-cell analysis.
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The larvae were deeply anesthetised and briefly fixed
in 4% paraformaldehyde. They were then washed with 1x
PBST (phosphate-buffered saline with 0.1% Tween-20)
and flat-mounted in Aqua-Mount (Fisher Scientific). The
larvae were oriented with their right side facing the cov-
erslip. The larvae were flattened to a sufficient extent to
slightly disrupt the islets while allowing for precise reso-
lution of individual cell nuclei.

Using the Leica TCS SP8 confocal microscope, GFP-
positive nuclei were manually counted under 488 nm
excitation using a X20 objective. To avoid any observa-
tion bias, the genotyping of the fish was performed only
after the cell counting procedure was completed.

Morpholino antisense oligonucleotides and rescue mRNA
The morpholino antisense oligonucleotides (Additional
file: Table S6) were synthesised by Genetools LLC (OR,
USA). One-cell stage WT embryos were co-injected (1
nL) with MO and GFP-nosl 3'UTR capped mRNA (100
ng). The following optimised concentrations of MO
were used to ensure normal zebrafish development: 3 ng
sstl.1-MO; 3 ng sstl.2-MO; 3 ng sstr2a-MO; 3 ng sstr5-
MO; 3 ng sstr2b-MO; 1.5 ng insra-MO; 1.5 ng insrb-
MO; 2.5 ng igflrb-MO. The insra-MO and insrb-MO
were previously used by Toyoshima et al. [88], and the
igflrb-MO by Schlueter et al. [89]. The control group was
injected with the zebrafish standard-MO control.

To rescue the mutant phenotypes, sstl.1 or sstl.2
mRNA was co-injected with GFP-nosl 3'UTR capped
mRNA (100 ng) into mutant and WT siblings (control)
one-cell stage embryos. To synthesise sst1.I or sstl.2
mRNA, the sst1.1 and sst1.2 coding regions were ampli-
fied by RT-PCR and cloned into pGEMT (Promega,
USA). The oriented inserts were amplified by RT-PCR,
capped with the mMessage Machine kit (Ambion, USA),
the poly(A) tail added with the Poly(A) Tailing kit (Invit-
rogen, Thermo Fisher Scientific, USA) followed by stor-
age at —80 °C until use.

Whole mount and fluorescence in situ hybridisation
Whole-mount in situ hybridisation (ISH) was performed
in zebrafish embryos using either digoxigenin (DIG,
Roche - Fisher Scientific) or fluorescein isothiocyanate
(FITC) labelled probes for vasa, as well as DIG-labelled
fluorescence in situ hybridisation (FISH) for the soma-
tostatin and insulin receptors. The protocols were based
on previously published methods [90, 91]. Embryos were
fixed in 4% paraformaldehyde at 4 °C overnight and dehy-
drated with an alcohol gradient. After treatment with
proteinase K, the embryos were pre-incubated for 4 h at
65 °C. The probes labelled with DIG, or DIG and FITC,
were added into the buffer and incubated at 65°C for at
least 16 h.
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For ISH, after washing to remove excess probes, sam-
ples were incubated with phosphatase-conjugated anti-
body against DIG at 4 °C overnight and developed in
nitro  blue tetrazolium/5-bromo-4-chloro-3-indolyl-
phosphate (NBT/BCIP, Roche - Fisher Scientific). After
staining, embryos were transferred into 3% methylcellu-
lose (Sigma Aldrich) and photographed using an Imager
A1l microscope (Zeiss) equipped with a digital camera
(AxioCam MRc 5, Zeiss).

For FISH, after washing the excess probes, samples
were incubated with an anti-FLU POD antibody (Roche-
Fisher Scientific) and stained with the TSA® plus fluo-
rescein kit solution (Perkin Elmer). Samples were then
incubated with an anti-DIG POD (Roche-Fisher Scien-
tific) and stained using the TSA Plus Cy3 solution. After
staining, embryos were transferred into 1% low melting
point agarose and photographed using a Leica TCS SP8
confocal microscope.

Nile Red staining

Nile red (Invitrogen, Fisher Scientific) stain was dissolved
in acetone, added to the rearing tank water (0.5 pg/ mL)
and left in the dark for 30 min. The dyed zebrafish were
anesthetised with tricaine (300 mg/L) and photographed
with a Zeiss stereo microscope, and the fluorescence
density was analysed with Image] image analysis software
[92].

Free glucose and glucose tolerance test

Adult zebrafish were anesthetised with ice-cold water,
as chemical anaesthetics can interfere with measure-
ments [93]. The tail was severed to obtain a blood sample
using a heparinised capillary tube. D-glucose was meas-
ured with the Amplex Red glucose assay kit (Invitrogen-
Thermofisher Scientific) after diluting the samples 1/100,
according to the manufacturer’s protocol and measuring
the absorbance at 560 nm on a microplate reader. For
whole body measurements, pools of 15-20 zebrafish fry
were anesthetised with ice-cold water. They were placed
into 150 pL 1x reaction buffer, homogenised, kept on ice
for 2 h and centrifuged for 10 min at 2500¢ and 4 °C. The
glucose levels were measured in the supernatant.

The glucose tolerance test was performed as described
by Eames et al. [93]. In the glucose tolerance tests, adult
zebrafish were starved overnight and briefly anesthetised
with ice-cold water. D-glucose, dissolved in Hanks’ buft-
ered salt solution at a concentration of 0.5 mg/g body fish
weight, was injected intraperitoneally using a 5-pl micro
syringe. Blood samples were collected at 0, 30, 60, 90 and
150 min after injection using a heparinised capillary tube,
as described earlier. The fish were anesthetised in ice-
cold water, and their tails were severed before blood col-
lection. The collected blood samples were immediately
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diluted with assay buffer to measure blood glucose levels.
Notably, no fish mortalities occurred during the glucose
tolerance tests. There were no fish mortalities during the
glucose tolerance tests.

Triglycerides and total cholesterol

The blood samples collected for D-glucose measure-
ments were used for triglyceride (TG) and total choles-
terol (TC) measurements after dilution 1/100 in 1xPBS.
TG was measured using the Triglyceride Quantification
Colorimetric Kit and TC with the Total Cholesterol and
Cholesteryl Ester Colorimetric Assay Kit (purchased
from BioVision, Inc., USA) according to the manufactur-
er’s instructions.

Quantitative reverse transcription polymerase chain
reaction

Total RNA was extracted using the Eastep® Super entire
RNA extraction kit (Promega, USA) from homogenised
pools of 20 fry (6 dpf) or dissected liver fragments from
adult zebrafish fish. Nucleic acid quantification and con-
tamination were determined on Nanodrop One (Thermo
Scientific). cDNA was synthesised from 1 ug total RNA
using the PrimeScript RT reagent Kit with gDNA Eraser
(TaKaRa, Japan) and used to quantify gene expression
using primers from the additional file: Table S7 and S8.
Quantitative reverse transcription polymerase chain
reaction (RT-qPCR) reactions were prepared in a 25 pl
reaction volume containing 10 pM forward primer, 10
UM reverse primer and the Faststart Essential Green
Master (Roche, Fisher Scientific) according to the manu-
facturer’s protocol and analysed on a LightCycler® 480
(Roche, Fisher Scientific). qPCR specificity was deter-
mined by the melting curve method and BLAST of the
sequenced amplified fragment. qPCR efficiency was cal-
culated from the slope linear calibration curve and was
always >95%. B-actin was used as the internal reference.
At least four biological replicates and three technical rep-
licates were used in every case. The no template control
was always undetectable. Relative gene expression levels
were calculated using the 2722Ct method [94].

Statistics

Comparisons between mutants and wild-type body
weight and length at different times, fecundity and
breeding efficiency at two feeding levels and glucose
clearance over time were analysed by two-way analy-
sis of variance (ANOVA) followed by the Holm-Sidak
post hoc test. The effect of morpholinos was analysed
by one-way ANOVA followed by the Holm-Sidak. For
all other comparisons between each mutant and their
wild-type, the two-sided Student’s ¢ test was used. The
Shapiro-Wilk and Brown-Forsythe tests were used to
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verify the normality and homogeneity of variances
before parametric tests. When the two conditions were
not met, the Kruskal-Wallis one-way ANOVA on ranks
followed by Dunn’s multiple comparisons was used. The
effect size was calculated using Hedges’ g correction of
Cohen’s d with 95% confidence limits.

Data is presented as mean * standard error of the
mean. Statistical analysis and graphs were done using
SigmaPlot v14.0.3.192 (Systat Software Inc., Palo Alto,
USA).
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