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Qi Zhang,1 Shaoyang Sun,2,3,4 Yinglan Zhang,1 Xu Wang,2,3,4,* and Qiang Li1,5,*

SUMMARY

Ectopic deposition of visceral adipose tissue (VAT) in abdomen is usually accom-
panied with systematic chaos of energy metabolism, a higher risk of cardiovascu-
lar diseases and type II diabetes. Here, we identified a previously unexplored
gene Scd5 as amaster regulator of fat distribution, which alone plays a significant
role in determining the VAT accumulation. Firstly, zebrafish scd5 had the highest
homology with human SCD5 compared to other SCDs in mouse and rat. We then
observed that scd5-homozygous mutant zebrafish displayed a puffy, short and
rounded apple-shaped figure.Whole-mountmicro-CT scan showed that excessive
VAT deposition and short spine are responsible for the abnormal body ratio. And
the supplementation of u3-polyunsaturated fatty acid (u3-PUFA) in dietary
significantly decreased VAT accumulation in scd5�/� zebrafish. Lastly, transcrip-
tional analyses revealed that the Wnt, PPAR, C/EBP, and fat synthesis signaling
pathways are significantly affected in the VAT of scd5�/� mutant and restored
by u3-PUFA.

INTRODUCTION

Obesity is a global epidemic and a primary risky factor for multiple metabolic diseases, and it also harms

body shape fitness and self-confidence in physical appearance (González-Muniesa et al., 2017; Shungin

et al., 2015). The overall mass and distribution of body fat are two primary aspects for analyzing obesity

phenotypes, and both of which are of clinical and aesthetic medical interests (Elagizi et al., 2018; Rask-An-

dersen et al., 2019; Schleinitz et al., 2014; Tchernof and Després, 2013). Ectopic distribution of body fat,

especially the ‘‘centralized adiposity’’, is typically associated with the unfavorable ‘‘apple-shaped stature’’.

It is represented by excess visceral fat deposition in abdomen, with significantly higher level of serum lipids

and chronic inflammatory factors, hence lead to higher risks of dyslipidemia, cardiovascular disease, and

type 2 diabetes (T2D), even compared with the similar level of ‘‘total adiposity’’ (Canoy et al., 2007; Lotta

et al., 2018; Oliveira et al., 2011; Wang et al., 2005).

Fat accumulation and distribution are regulated by both genetic and environmental factors, and shows sig-

nificant heritability (González-Muniesa et al., 2017; Li and Lu, 2019). In genetics, obesity is commonly re-

garded as a complex polygenic phenotype, and a few master regulators were identified to be able to exert

significant effects on fatty content and distribution (Cohen et al., 2014; Fathzadeh et al., 2020; Minchin et al.,

2015). Currently, genome-wide association analysis (GWAS) have uncovered more than 300 single-nucleo-

tide polymorphisms (SNPs) which are associated with BMI, WHR, or other adiposity traits (Goodarzi 2018;

Shungin et al., 2015; Yılmaz and Gezmen Karada�g, 2020). Some of the locus is at or near the classic obesity-

relevant genes, such as LEP, FTO, MC4R etc. However, the majority of the genes harboring or near those

predicted locus are not investigated for their functions yet (Pigeyre et al., 2016). Among these, SCD5 is an

interesting candidate of fat distribution regulators.

SCD5 is one of two stearoyl-CoA desaturases (SCDs) family members in human. SCDs are evolutionarily

conserved endoplasmic reticulum (ER) enzymes in vertebrates which catalyzes the D9-cis desaturation of

palmitoyl- and stearoyl-CoA, and converts them into palmitoleoyl- and oleoyl-CoA, respectively (Igal

and Sinner, 2020; Paton and Ntambi, 2009). SCDs are critical intersections in lipid metabolism. SCD5,

only conserved in several model animals, is rarely studied. All functional studies of SCD5 conducted so

far were carried out on in vitro cultured cell models (Angelucci et al., 2018; Burhans et al., 2015; Lu et al.,
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2020). The other SCDs family member, SCD, has been extensively investigated for its roles in metabolism

and several disease progression, including cancer in diverse mammalian organisms and cultured cells (Y. Li

et al., 2017; Sampath et al., 2007).

Rodents are traditionally utilized to investigate obesity, and currently, zebrafish begins to rise as a novel

model system. Zebrafish have highly similarity in lipid metabolism with mammals, and the small size of

zebrafish facilitates the whole-body investigation and fast-track screening (Den Broeder et al., 2015; Sal-

merón 2018). Previously, we and other groups employed zebrafish to identify several fat distribution reg-

ulators of obesity, hepatic steatosis, and fat distribution, and showed that zebrafish are a feasible and

convenient tools for genetic modification, phenotype observation, and drug screening (Fei et al., 2017,

2020; Loh et al., 2020; McMenamin et al., 2013; Minchin et al., 2015; Yao et al., 2018).

Here, we analyzed the homology of SCDs in zebrafish, mice, rat, and human, and zebrafish scd had the

highest homology with human SCD5. Tissue expression profile of scd in zebrafish also had high similarity

with SCD5 in human. Therefore, we generated the homozygous mutant zebrafish of scd (to prevent confu-

sion with human SCD, referred to as scd5 in this study), which displayed significantly ectopic visceral fat

accumulation at adult stages. Spines and body length of which are significantly shorter, BMI and the zWHtR

are significantly increased. Further study indicates that mutation of scd5 inhibited the canonical Wnt-b-cat-

enin signal and induced PPAR, C/EBP, and fat synthesis signaling pathways to promote visceral fat accu-

mulation; the VAT accumulation also promotes fatty acid oxidative metabolism and gluconeogenesis.

Dietary intervention of u3-PUFA supplement on scd5�/� could significantly decrease visceral fat accumu-

lation and restore these key genes.

RESULTS

SCD5 is a candidate of fat distribution regulator

The waist-to-hip ratio adjusted for body mass index (WHRadjBMI) is an important indicator to describe

centralized obesity. According to a meta-analysis conducted on 700,000 individuals of European ancestry

(Pulit et al., 2019), three SNPs (rs10007189, rs17006523, and rs7682394) were significantly associated with

WHRadjBMI (Table 1). The positions of the three SNPs are close to SCD5 (chr4: 82,629,539–82,798,796)

at the chromosome, and eQTL data from GTEx demonstrating that the three SNPs affect the expression

of SCD5 in brain and visceral adipose, respectively (GTEx Consortium, 2013) (Table 2). Given that SCD5

is predominantly expressed in brain, visceral fat, and pancreas (Figure 1A), this suggests that SCD5 plays

an important role on fat distribution, and it is necessary to conduct functional studies on it.

Zebrafish scd is highly homologous to human SCD5

Owing to a series of evolutionary events, the number of homologs of SCDs varies among species. Human

have two SCD family members, SCD and SCD5. One of the commonly used model animals, the mouse, has

four Scd family members, Scd1–Scd4, which have different tissue specificity (Cohen et al., 2002; Paton and

Ntambi, 2009). Rat has two orthologs, Scd and Scd2. Zebrafish also has two orthologs, scd and scdb (Castro

et al., 2011). Comparison of the amino acid sequences of these homologs with human SCD5 revealed that

zebrafish Scd has the highest sequence identity, 65.63% (Figure 1C). And the orthologs’ C-termini are more

conserved compared to their N-termini (Figure S1). Protein evolution analysis of these homologs revealed

higher homology between human SCD5 and zebrafish scds, especially scd, than that between mouse and

rat scds (Figure 1D).

Further, we analyzed the expression levels of scd in major organs and tissues of zebrafish. Results showed

that the relative expression of scd was at highest in zebrafish brain and significantly higher in pancreas and

Table 1. Detailed information of three locus associated with WHRadjBMI

CHR

POS SNP Tested Allele Other Allele Freq_Tested Beta P N

4: 84078182 rs10007189 A G 0.0423 0.0131 0.005472 626896

4: 84074997 rs17006523 T C 0.0392 0.0123 0.01157 615055

4: 83645606 rs7682394 C A 0.5536 0.0036 0.04949 626725
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VAT than in colon, SAT, spleen, muscle, heart, and liver. The expression pattern was highly similar to that of

SCD5 in human (Figures 1A and 1B). Therefore, zebrafish scd is a better match of homolog to human SCD5.

scd5-deficient zebrafish showed an apple-shaped body with visceral fat deposits and short

spines

To investigate the function and molecular mechanism of scd5, we generated scd5 knockout zebrafish to

carry out a series of analyses. As we previously reported, the scd5 mutant zebrafish with a 10bp deletion

in the third exon were generated via CRISPR/Cas9 technique and the translation was early terminated at

exon 4 (Figures 2A and S2) (Yao et al., 2018). The heterozygous mutant zebrafish displayed no apparent

appearance changes in entire life, while homozygous mutant exhibited significant differences in body

shape and body size after about 1mpf (Figure 2B).

Considering the known gender differences in body shape between male and female zebrafish, we used

leaner and relatively uniformed male zebrafish for morphological observation and quantitative analyses

(Löhr and Hammerschmidt 2011). Under pair-feeding conditions, four mpf scd5 homozygous knockout

(scd5�/�) male adult zebrafish had puffy abdomen and significantly shorter body length than wild type

(n = 10) (Figures 2C and 2D). BMI was calculated with weight and body length, and scd5�/�males displayed

significantly increased BMI (Figure 2E). To better characterize the phenotype of body shape and fat distri-

bution in zebrafish, we defined a zebrafish version of waist-height ratio to describe the degree of apple-

shape: zWHtR (zebrafish version of WHtR, body circumference at the pelvic fin position-body length ratio),

and scd5�/� zebrafish showed significantly increased zWHtR (Figure 2F). These results indicate that scd5�/�

had an apple-shaped obese figure.

To directly observe the fat distribution and skeletal conditions in scd5 knockout zebrafish, we performed

whole-mount noninvasive micro-CT to investigate abdominal adipose tissue and skeletal structure. Recon-

struction of the 3D model showed increased abdominal visceral adipose tissue (VAT) in the scd5 deficiency

model. Statistics of VAT volume showed significant increase, while SAT volume showed no change (Figures

2C, 2G and S3). In addition, spines of scd5�/� zebrafish were significantly short (Figure 2H), while measure-

ments of the skull and tailfin showed no significant differences. These results indicate that the increase of

abdomen circumference in scd5�/� was caused by ectopic visceral fat accumulation, while the shortened

body length was attributed to the shorten spine.

u3-PUFA significantly rescued the ectopic adipose deposition of scd5 mutant

To investigate whether the apple-shaped obese figure caused by scd5 deficiency can be reversed, we per-

formed a dietary intervention experiment. Four groups of 1-month-old male scd5+/+ and scd5�/� zebrafish

were fed separately for three months (n = 10 in each group). The control group were fed on the standard

diet (SD) and the experimental group was supplemented with different types of fatty acids in addition to SD

Three combinations of fatty acids with different degrees of unsaturation were used in experimental group,

saturated fatty acids (SFA) stearic acid and palmitic acid (SP), mono unsaturated fatty acids (MUFA) oleic

acid and palmitoleic acid (OP), and u3-PUFA DHA and EPA (DE) (see Table S2 for details of diet compo-

sition). After the treatment, micro-CT was performed to investigate fat distribution and skeletal condition

(Figures 3A–3D). To compare the effects of the four different dietary, we measured body length, spine

length, and VAT, calculated BMI and zWHtR, and performed two-way ANOVA analysis (Figures 3E–3G).

Firstly, we compared every groups to the scd5+/+ control diet (scd5+/+SD); the results showed that the

scd5+/+ experimental groups (scd5+/+SPyOPyDE) displayed no significantly differences for all parame-

ters. Regardless of the dietary formulation, scd5�/� had significantly higher BMI, zWHtR, and VAT values

Table 2. eQTL data of three locus associated with SCD5 expression

Gene Symbol SNP Tested Allele Other Allele P NES Tissue

SCD5 rs10007189 A G 0.0000054 -0.75 Brain - Hypothalamus

SCD5 rs17006523 T C 0.0000054 -0.75 Brain - Hypothalamus

SCD5 rs7682394 C A 0.0000019 -0.16 Adipose - Visceral

(Omentum)
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than scd5+/+SD, shorter body length and spine length, and unaffected SAT (Figures 3E–3G and S4A–S4C),

which is consistent with former result.

Although the degree of obesity was heavier in scd5�/� than in scd5+/+, the degree of VAT deposition was

different in dietary-intervened scd5�/� zebrafish. Considering the biochemical function of scd5, we hypoth-

esized that MUFA would have stronger rescue effect. But in fact, surprisingly, it was u3-PUFA. Two-way

ANOVA showed significant interaction between genotype and dietary in zWHtR and VAT volumes, and

multiple comparisons on scd5+/+ vs scd5�/� for each diet suggesting that u3-PUFA supplementation

reduced BMI, zWHtR, and VAT volumes (Figures 3H–3J and S4D–S4F). Another multiple comparison on

simple effects within same genotype samples showed the same results; scd5�/�DE group showed

decreased BMI, zWHtR, and VAT compared to the scd5�/�SD, while the scd5+/+ showed no differences be-

tween four dietaries (Figures 3E–3G). Given that the body length of scd5�/�was not significantly different in

three FA treatment groups, u3-PUFA mainly reduced the VAT accumulation, and the FA addition had no

rescue effect on shortened spine due to scd5 deficiency.

Figure 1. Zebrafish Scd is a better match of homolog to human SCD5

(A) Tissue expression profile of SCD5 in human from GTEx.

(B) Tissue expression profile of Scd in zebrafish.

(C) Amino acid similarity between hSCD5 and Scd homologs in several model animals.

(D) Phylogenetic tree of SCDs based on amino acid sequences alignment. Zebrafish scd displayed highest homolog with

human SCD5. The data are represented as mean G SD
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Figure 2. scd5-deficient zebrafish showed an apple-shaped body with visceral fat deposits and short spines

(A) Diagram of target site on exon three of zebrafish scd5 genomic DNA, representative sequencing results of scd5+/+ and

scd5�/� at six dpf larvae, red letter indicates N20 sequence, blue letter indicates NGG.

(B) scd5�/� zebrafish exhibited differences in body length and body shape at around 30 dpf compared to scd5+/+ (n = 20).

(C) Phenotype, the 3D reconstruction and section view of micro-CT scans on 4mpf scd5�/� zebrafish and their wild-type

siblings. Black dotted lines indicate sectional position, red dotted line indicates body length, and yellow dotted curve

indicates the outline of zebrafish. Blue area in section view indicates visceral adipose tissue. White scale bar = 5mm, Black

scale bar = 2mm. D-H. 4mpf scd5�/� had significant decrease in body

(D) and spine (H) length, significant increases in BMI

(E), zWHtR (F) and VAT (G) (n = 10).

The data are represented as meanG SD ***p < 0.001 represents statistical significance compared with wild-type controls

(unpaired t test).
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Though the two-way ANOVA analysis showed no significance compared to SD control group, SP group

showed a consistent increasing trend in the BMI, zWHtR, and VAT, while the OP group showed a

decreasing trend in the three parameters (Table 3).

Four DEG sets were screened from RNA-seq analysis

To explore the underlying molecular mechanisms beneath the phenotype change, we performed RNA-seq

analysis. Differentially expressed genes (DEGs) were detected in VAT sample and SAT sample from three

strains (scd5+/+, scd5�/�, and scd5�/�with dietary supplement of u3-PUFA, referred to as scd5�/�DE) (Fig-

ure 4A) (Table S1. Detailed information of DEGs. Reference to Figure 4A).

Results showed comparative analysis of VAT in scd5+/+ vs scd5�/� and scd5�/� vs scd5�/�DE both yielded

more than 12,000 DEGs, and the former analysis detected a large proportion of downregulated genes in

scd5�/�, while the latter analysis detected a larger proportion of upregulated genes in scd5�/�DE versus

scd5�/�. The total number of DEGs for scd5�/�DE compared to scd5+/+ was reduced to less than 5,000, and

the proportion of up-regulated genes to downregulated genes was equal (Figure 4A). DEGs of three

comparative analysis of SAT sample also exhibit quantitative differences, although not as large as for

VAT. Therefore, we cross-referenced up- and downregulated genes under different analyses to screen

for meaningful sets of genes.

Venn analysis is shown in Figure 4B; four important gene sets were screened. We focused on those genes

whose expression was significantly altered in VAT and SAT of scd5-deficient zebrafish and restored to

normal levels by u3-PUFA, named VAT-up-scd5�/�, VAT-down-scd5�/�, SAT-up-scd5�/�, and SAT-

down-scd5�/�.

Clustering analysis indicates fat anabolism-associated pathways are important effector

pathway of scd5 knockout

Clustering analysis of DEGs was conducted in the four gene sets. Gene Ontology (GO) clustering analysis

regarding the biological processes (BP) was performed. Figure 5A shows significant GO terms on the VAT-

up-scd5�/� gene sets, mainly clustered in lipid catabolism and metabolism-related processes. VAT-down-

scd5�/� genes were mainly associated with RNA transcription and translation processes, SAT-up-scd5�/�

clustering analysis showed no significant results, and SAT-down-scd5�/� clustering analysis was associated

with chemotaxis and immune response (Figure S2).

The latter three gene-sets-related pathways were indirectly correlated with VAT accumulation phenotype.

We performed KEGG pathway enrichment analysis of the VAT-up-scd5�/� gene sets to screen for affected

signaling pathways (Figure 5B). Results showed that the PPAR pathway, which plays an important role in fat

differentiation (Janani and Ranjitha Kumari, 2015; Tang and Lane 2012; Y.-X. Wang 2010), was the most sig-

nificant. Besides, fatty acid degradation, gluconeogenesis, insulin resistance, and non-alcoholic fatty liver

disease (NAFLD) were also significantly affected in the scd5�/� mutant (Figure 5B).

The Wnt, PPAR, C/EBP, fat synthesis and fatty acid oxidation, and gluconeogenesis signaling

pathways are significantly affected in the scd5�/� mutant and restored by u3-PUFA

Analysis of the KEGG pathway yielded distinct differentially enriched pathways, including cellular signaling

pathways such as the PPAR pathway and disease-related pathways such as insulin sensitivity, NAFLD, etc.

In-depth analysis of these pathways will further reveal the cellular signaling networks acted upon by scd5.

For instance, the insulin resistance pathway and its key node gene srebp-1c, fas, and acc which are closely

related to adipogenesis and fatty acid biosynthesis were affected (Kim et al., 1998; Payne et al., 2009). In the

NAFLD pathway, srebp-1c, PPARs, and C/EBPs were significantly affected. Our previous work suggested a

Figure 3. u3-PUFA significantly rescued the ectopic adipose deposition of scd5 mutant

(A–D) Appearance view, the 3D reconstruction, and section view of micro-CT scans on four different dietary supplementations fed scd5+/+ and scd5�/�

zebrafish. White dotted vertical line indicates sectional position, blue area indicates adipose tissues. Scale bar = 2mm.

(E–G) Data statistics on BMI, zWHtR, and VAT volumes of standard diet (SD), SD plus SFA (SP), SD plus MUFA (OP), and SD plus u3-PUFA (DE) groups. Data

are represented as mean G SD two-way ANOVA results of every groups compared to scd5+/+ -SD were shown, and the simple effects within the same

genotypes were also shown. H-J, two-way ANOVA results of three diets vs control for scd5+/+ and scd5�/�. *p < 0.05, **p < 0.01, ***p < 0.001 represents

statistical significance of interaction between genotype and dietary. n = 10 for each group.
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potential relationship between the Wnt signaling pathway and SCD (Yao et al., 2018). SCD5 shares the

same biochemical functions as SCD, which gives us a hint that SCD5 might also be associated with Wnt

signaling pathways. Results showed that canonical Wnt signal directly affected the upstream of PPARg

(Cristancho and Lazar 2011; Tang and Lane 2012). All these affected genes were restored in VAT sample

of u3-PUFA fed zebrafish.

We performed qPCR assays for key nodes in these signaling pathways. Results showed that the expression

of wnt10b, which regulates Wnt signaling, was suppressed in VAT sample of scd5�/�, and its inhibitor sfrp5

was upregulated, as were PPAR, C/EBP signaling, and fatty acid synthesis-related genes srebp-1c, fas, acc,

etc (Figures 6A–6D). The expression of these genes was restored in scd5�/�DE. All these genes were un-

affected in SAT sample.

The GO-enriched lipolytic and metabolic pathway effector genes were largely overlapped, and we

analyzed expression levels of several key node genes using qPCR. These genes include fatty acid beta-

oxidation pathway-related acox1, acadl, and acaa1, alpha-oxidation of 3-methyl branched fatty acids

pathway-related phyh, and gluconeogenesis regulates associated pck1, and lpin1, which encodes enzyme

that catalyzes the penultimate step in triglyceride synthesis including the dephosphorylation of phospha-

tidic acid to yield diacylglycerol ((Fang et al., 2021; He et al., 2020; Schofield and McDonough 2007; Wang

et al., 2021; Xu et al., 2020). Results showed that all these genes were significantly upregulated in VAT of

scd5�/�, and restored by u3-PUFA (Figures 6E–6F).

These results indicate that scd5 knockout leads to suppression of canonical Wnt signaling, activation of

PPAR, C/EBP, fat synthesis, fatty acid oxidation, triglyceride synthesis, and gluconeogenesis in VAT, and

that u3-PUFA supplementation rescued the abnormalities at the genetic level.

DISCUSSION

Characterization of Scd5 as a novel master regulator of VAT accumulation and fat distribution

Data from the GIANT and UK Biobank WHRadjBMI meta-analysis and the GTEx database suggest that hu-

man Scd5 is a strong candidate for fat distribution regulator (Tables 1 and 2). Interestingly, Scd5 is evolu-

tionally conserved in humans, zebrafish, chimpanzees, and cattle except the most popular rodent model

mouse and rat (Castro et al., 2011) (Figure 1). In addition, expression analysis in various major tissues

also showed that the expression pattern of zebrafish scd is similar to that of human Scd5. Therefore, in

this study, to prevent confusion, we refer to zebrafish scd as scd5. This research conducted the first func-

tional study of scd5 using zebrafish and it turns out that scd5 monogenic mutation resulted in a very pro-

nounced VAT accumulation effect and shorter spine length, while SAT volume was unaffected (Figure S3).

Validation of scd5 as another master regulator of fat accumulation and distribution added a new piece of

jigsaw to comprehensive understanding of the mechanism. Also, identification of such master regulators

will benefit both the accurate diagnosis and intervention of obesity-relevant diseases.

The regulatory mechanism and functional differences between SCD5 and SCD in fatty tissue

accumulation and distribution

Humans have two SCDs, SCD5 and SCD, both of which play rate-limiting enzymes in the biosynthesis of

MUFA, only the mechanism and location of expression are very different.

In scd5�/� zebrafish VAT, the ligand wnt10b of the canonical Wnt pathway was significantly downregulated

compared to wild type, whereas the repressor protein sfrp5 was upregulated (Figure 6A). Inhibition of the

wnt10b-mediated canonical pathwaywas clinically observed tobeassociatedwith theobesity phenotype (Chris-

todoulides et al., 2006; R. Wang et al., 2014) because the wnt10b-mediated pathway inhibits the expression of

Table 3. Percentage increase of scd5�/� over means of scd5+/+

SD SP OP DE

BMI 26.2% 27.0% 16.79% 11.8%

zWHtR 27% 33.4% 24.4% 20.2%

VAT 171.5% 196.4% 139.5% 126.4%
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PPARg andC/EBPa, keeping adipocyte progenitors in anundifferentiated state (Ross et al., 2000).Once the lipo-

genesis process begins, the PPARg andC/EBPa promote the expression of srebp-1c as well as downstream fas,

acc, and lipin1 (Hu et al., 2012; Kim et al., 1998; Lu et al., 2018). This regulatory process is represented in figure

abstract in a concise flowchart to show how these genes are affected and interacted. Therefore, scd5 deficiency

may promote differentiation of visceral adipose progenitor cells and adipose tissue accumulation by inhibiting

the canonicalWnt pathway, and thus affecting the expression of PPAR, C/EBP, and fat synthesis pathway in VAT.

In addition, fatty acid oxidation andgluconeogenesis pathway also induced in VAT sample of scd5�/�, indicated
enhanced fat synthesis/metabolism flux.

Figure 4. Transcriptome analysis of VAT of scd5�/� and scd5�/� DE

(A) Histogram of number of DEGs obtained from the comparative analysis between the six samples. Pink square indicates

upregulated, green square indicates downregulated (n = 2).

(B) Venn analysis of DEGs. Each elliptical box represents different gene groups. Four genes sets were obtained by

intersection. VAT-up-scd5�/� (2017 genes which were upregulated in VAT sample of scd5�/� compared to scd5+/+,

restored in VAT sample of scd5�/� DE, and not significantly different in SAT samples of all three strains) , VAT-down-

scd5�/� (7,776 genes which were downregulated in the VAT of scd5�/� compared to scd5+/+, restored in the VAT of

scd5�/�DE, and have no significantly difference in the SAT of scd5�/� and scd5�/�DE), SAT-up-scd5�/� (862 genes which

were upregulated in the SAT of scd5�/� compared to scd5+/+ and restored in the SAT of scd5�/� DE, and have no

significantly difference in the VAT of all three strains), and SAT-down-scd5�/� (497 genes which were downregulated in

the SAT of scd5�/� compared to scd5+/+, restored in the SAT of scd5�/� DE, and have no significantly difference in the

VAT of scd5�/� and scd5�/� DE).
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SCD is widely expressed almost everywhere, while SCD5 is mainly expressed in visceral fat, brain, and

pancreas (Igal and Sinner, 2020; Paton and Ntambi, 2009; Wang et al., 2005) (Figure 1A). Previous studies

identified two SNPs associatedwith SCD5 expression in hypothalamus, which is themain center to integrate

appetite signals (Yengo et al., 2018) (Table 2). AMPKandmTOR signaling pathwaywere two complementary

mechanisms of central energy-sensing regulation (Hardie et al. 2012). In hypothalamus, activation of AMPK

promotes neuropeptide Y (NPY) and leads to increased food intake, while it inhibits the anorexigenic neu-

ropeptide proopiomelanocortin (POMC), which suppresses food intake under satiety conditions. In addi-

tion, mTOR, which is inhibited by AMPK activation, reduces feeding behavior in response to leptin (Huynh

et al., 2016).We analyzed relative expression level of these important signals; results showed the prkaa1 and

npy were significantly activated, while the pomca and mtor were significantly inhibited (Figure S7). This in-

dicates that AMPK signaling pathway in hypothalamus might be the potential candidates of scd5 effect.

Mouse Scd1were homologous to human Scd. Quite the opposite of scd5�/� zebrafish, Scd1 knockoutmice ex-

hibited a lipid-reducing, weight-losing phenotype (Ntambi et al., 2002) downregulated adipogenesis-related

genes serbp-1c, fas, and acc may be directly responsible (Paton and Ntambi, 2009). Scd1 functioned in Wnt-

YAP pathway activation loop, different from scd5 in zebrafish (Kikuchi and Tsukamoto 2020; Torres et al. 2019).

SCD-associated SNP analysis was also consistent with animal experiments. A cohort study showed decreased

BMI and waist circumference and improved insulin sensitivity in homozygous for rare alleles of four SNP loci of

SCD (Warensjö et al., 2007).

Figure 5. Significantly enriched pathways in VAT-up-scd5�/� gene sets

(A) GO enrichment analysis showed genes enriched in lipid anabolism-associated pathways.

(B) KEGG enrichment pathways include PPAR, C/EBP, fat synthesis, and fatty acid degradation/elongation pathways.
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Supplementation of u3-PUFA could significantly intervene apple-shaped figure; refined and

personalized dietary need to be further investigated

Based on our research and clinical data, scd5 is certainly a potentially interesting therapeutic target, and

dietary supplementation with a combination of both types of u3-PUFA, EPA and DHA could substantially

reduce VAT accumulation. For non-fatal but long-lasting health effects of apple-shaped body, dietary sup-

plementation seems to be more appropriate than drastic measures such as gene therapy.

Figure 6. Relative expression of key nodes from main enriched pathways

(A–F). Main enriched pathways includeWnt, PPAR, C/EBP, fat synthesis, fatty acid oxidation, triglyceride synthesis, and gluconeogenesis signaling pathways.

n = 4. The data are represented as mean G SD ***p < 0.001 represents statistical significance compared with wild-type controls (one-way ANOVA).
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However, because SCD has the same biochemical function as SCD5, with opposite effects in fat accumu-

lation and distribution, and its expression is widely distributed, it may be a hindrance to precise u3-PUFA

supplementation and intervention in apple-shaped body. In the dietary intervention experiment, supple-

mentation with MUFA, the direct product of SCDs, had no significant rescue effect, probably because di-

etary intake of MUFA was distributed throughout the body, restoring the pathway of widely expressed

SCD. Only a small fraction of MUFA acting on visceral fat, brain, and pancreas restored the pathway of

scd5 action. In contrast, PUFA tends to act more in the brain (Lauritzen et al., 2016; Sun et al., 2018);

thus, dietary intake of u3-PUFA is more effective in rescuing scd5 mutations. Nevertheless, dietary supple-

mentation of u3-PUFA can also compensate for both SCD and SCD5, making it difficult to distinguish the

desaturation function of both SCDs in the same compartment. In future, tissue-specific supplementation of

u3-PUFA may serve as a practical intervention for patients with apple-shaped stature due to SCD5 expres-

sion deficiency or decline.

Limitations of the study

Our article identifies scd5 as a novel regulator of visceral fat deposition, which has therapeutic and

cosmetic value. Several immediate questions arise from our study. For example, scd5 deficiency in zebra-

fish leads to a short spine, suggesting that scd5 also plays an important role in spine development. Further-

more, considering that scd5 is a fatty acid desaturase, analysis of saturated/unsaturated fatty acid fluxes

within the VAT following scd5 deficiency will provide insights into the mechanism of it.
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Hu, F.B., Després, J.P., Matsuzawa, Y., Loos,
R.J.F., Moreno, L.A., Bray, G.A., and Martinez,
J.A. (2017). Obesity. Nat. Rev. Dis. primers 3,
17034.

Goodarzi, M.O. (2018). Genetics of obesity: what
genetic association studies have taught us about
the biology of obesity and its complications.
Lancet. Diabetes Endocrinology 6, 223–236.

Hardie, D.G., Ross, F.A., and Hawley, S.A. (2012).
AMPK: a nutrient and energy sensor that
maintains energy homeostasis. Nat. Rev. Mol.
Cel. Biol. 13, 251–262.

He, A., Chen, X., Tan, M., Chen, Y., Lu, D., Zhang,
X., Dean, J.M., Razani, B., and Lodhi, I.J. (2020).
Acetyl-CoA derived from hepatic peroxisomal
b-oxidation inhibits autophagy and promotes

steatosis via MTORC1 activation. Mol. Cell 79,
30–42.e4.

Hu, M., Wang, F., Li, X., Rogers, C.Q., Liang, X.,
Finck, B.N., Mitra, M.S., Zhang, R., Mitchell, D.A.,
and You, M. (2012). Regulation of hepatic lipin-1
by ethanol: role of AMP-activated protein kinase/
sterol regulatory element-binding protein 1
signaling in mice. Hepatol. (Baltimore, Md.) 55,
437–446.

Huynh, M.K., Kinyua, A.W., Yang, D.J., and Kim,
K.W. (2016). Hypothalamic AMPK as a regulator of
energy homeostasis. Neural plasticity 2016,
2754078.

Igal, R.A., and Sinner, D.I. (2020). Stearoyl-CoA
desaturase 5 (SCD5), aD-9 fatty acyl desaturase in
search of a function. Biochim. Biophys. Acta Mol.
Cel. Biol. Lipids 1866, 158840.

Janani, C., and Ranjitha Kumari, B.D. (2015). PPAR
gamma gene–a review. DiabetesMetab. Syndr. 9,
46–50.

Kikuchi, K., and Tsukamoto, H. (2020). Stearoyl-
CoA desaturase and tumorigenesis. Chemico-
biological interactions 316, 108917.

Kim, J.B., Wright, H.M., Wright, M., and
Spiegelman, B.M. (1998). ADD1/SREBP1
activates PPARgamma through the production of
endogenous ligand. Proc. Natl. Acad. Sci. U S A
95, 4333–4337.

Lauritzen, L., Brambilla, P., Mazzocchi, A., Harsløf,
L.B., Ciappolino, V., and Agostoni, C. (2016). DHA
effects in brain development and function.
Nutrients 8, 6.

Li, X., and Lu, Q. (2019). Gene-environment
interactions on body fat distribution. Int. J. Mol.
Sci. 20, 3690.

Li, Y., Rong, Y., Bao, L., Nie, B., Ren, G., Zheng, C.,
Amin, R., Arnold, R.D., Jeganathan, R.B., and
Huggins, K.W. (2017). Suppression of adipocyte
differentiation and lipid accumulation by
stearidonic acid (SDA) in 3T3-L1 cells. Lipids
Health Dis. 16, 181.

Loh, N.Y., Minchin, J.E.N., Pinnick, K.E., Verma,
M., Todor�cevi�c, M., Denton, N., Moustafa, J.E.,
Kemp, J.P., Gregson, C.L., Evans, D.M., et al.
(2020). RSPO3 impacts body fat distribution and

ll
OPEN ACCESS

iScience 25, 103916, March 18, 2022 13

iScience
Article

http://refhub.elsevier.com/S2589-0042(22)00186-9/sref1
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref1
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref1
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref1
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref1
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref1
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref1
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref2
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref2
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref2
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref2
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref2
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref3
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref3
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref3
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref3
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref3
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref4
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref4
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref4
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref4
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref4
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref4
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref4
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref4
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref5
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref5
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref5
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref5
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref5
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref6
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref6
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref6
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref6
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref6
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref7
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref7
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref7
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref7
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref7
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref7
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref8
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref8
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref8
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref8
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref8
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref8
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref9
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref9
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref9
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref9
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref10
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref10
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref10
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref10
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref10
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref11
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref11
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref11
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref11
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref11
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref11
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref12
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref12
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref12
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref12
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref12
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref13
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref13
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref13
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref13
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref13
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref13
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref14
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref14
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref14
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref14
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref15
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref15
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref15
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref15
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref15
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref16
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref16
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref16
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref16
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref17
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref17
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref17
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref17
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref18
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref18
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref18
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref18
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref18
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref18
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref19
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref19
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref19
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref19
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref19
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref19
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref19
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref20
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref20
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref20
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref20
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref21
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref21
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref21
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref21
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref22
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref22
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref22
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref23
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref23
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref23
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref24
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref24
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref24
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref24
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref24
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref25
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref25
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref25
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref25
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref26
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref26
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref26
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref27
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref27
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref27
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref27
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref27
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref27
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref28
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref28
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref28
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref28
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref28
http://refhub.elsevier.com/S2589-0042(22)00186-9/sref28


regulates adipose cell biology in vitro. Nat.
Commun. 11, 2797.
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Kovacs, P. (2014). The genetics of fat distribution.
Diabetologia 57, 1276–1286.

Schneider, C.A., Wayne, S.R., and Eliceiri, K.W.
(2012). NIH image to ImageJ: 25 Years of image
analysis. Nat. Methods 9, 671–675.

Schofield, C.J., and McDonough, M.A. (2007).
Structural and mechanistic studies on the
peroxisomal oxygenase phytanoyl-CoA 2-
hydroxylase (PhyH). Biochem. Soc. Trans. 35,
870–875.

Shungin, D., Winkler, T.W., Croteau-Chonka,
D.C., Ferreira, T., Locke, A.E., Mägi, R.,
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This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENT MODEL AND SUBJECT DETAILS

Animals

3-month-oldmale AB strain andmutant Zebrafish weremaintained under standard conditions at 28.5�C in a

14 h/10 h light/dark cycle with approval by Animal Care Committee of Children’s hospital of Fudan

University.

METHOD DETAILS

Multiple alignment and phylogenetic trees analysis

Multiple alignments of SCDs homologs and phylogenetic trees analysis were performed using the CLUS-

TALW (https://www.genome.jp/tools-bin/clustalw).

CDS sequence accession number were as followed. human SCD5: NM_024906, human SCD: NM_005063,

zebrafish scd: NM_198815, zebrafish scdb: NM_001020705, mouse Scd1: AF509567.1, mouse Scd2:

NM_009128.2, mouse Scd3: NM_024450.2, mouse Scd4: NM_183216.3, rat Scd: NM_139192.2, rat Scd2:

NM_031841.2.

Generation of scd5-/- strain

Generation of scd5 heterozygous mutant have been described previously(Yao et al. 2018), heterozygous

mutants were incrossed to obtain homozygous mutants. Healthy, uniformly sized zebrafish were selected

for the follow-up experimental program.

Micro-CT

Zebrafish were fixed overnight in 8% PFA at 4�C and embedded in 1% agarose; The samples were then

scanned using the QuantumGX microCT Imaging System (PerkinElmer) with X-ray parameters set at 70

kV, 114 mA, 36 mm field diameter, and 72 mm resolution. Three-dimensional images were reconstructed us-

ing Analyze software (AnalyzeDirect Inc., Overland Park, USA), signals were processed in the grayscale

range of 1,880-2,050 for adipose tissue and 2,600-9,000 for bone. Volume of VAT and SAT were analyzed

with Amira software (Thermo Fisher, USA)

Dietary, feeding and measurement

FA supplemented diets were based on control diet (Larval AP100, Zeigler Bros, Inc. PA, USA), which formu-

lated to meet the nutritional requirements of zebrafish. 70g FA/kg body weight were supplemented to

control diet to make experimental diets, nutritional profile of each group sees Table S1. scd5+/+ and

scd5-/- were randomly selected to different group. Zebrafish were fed 6% of wild type’s mean body weight

control diet, and weighed every week to adjust feed quantity. 1g fat produce 9 kcal of calories, 70g FA sup-

plement increase 630 kcal caloric intake per kg body weight. 1g control diet produce 4.04 kcal of calories, to

ensure that the caloric intake of zebrafish in each group was consistent, an additional 155.9 g control diet

was added to the control group per kg body weight. At the end of the trial, zebrafish were anaesthetized to

measure weight and body length, spine length and body circumference at pelvic fin position were

measured after micro-CT with image J (Schneider et al. 2012). The VAT content was estimated by the

following method. Figure 2A shows longitudinal section of each fish at the pelvic fin position. With this slice

as the center, four more longitudinal sections were taken at 0.5 mm intervals anteriorly and posteriorly, for a

total of nine sections covering the most abundant area of visceral fat in zebrafish. The area of VAT in each

section was measured using Photoshop, and the summarized value was used as an indicator of the visceral

fat content in zebrafish and for comparison and analysis between experimental groups.

RNA isolation, library construction, and high-throughput sequencing

Zebrafish were euthanized on ice. VAT and SAT sample were isolated by dissection using forceps, adipose

tissues from 3 fish were pooled for one sample, and the total RNA was extracted using TRIzol� Reagent

according the manufacturer’s instructions (Invitrogen) and genomic DNA was removed using DNase I
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(TaKara). Then RNA quality was determined by 2100 Bioanalyser (Agilent) and quantified using the ND-

2000 (NanoDrop Technologies). Only high-quality RNA sample (OD260/280=1.8�2.2, OD260/230R2.0,

RINR6.5, 28S:18SR1.0, >10mg) was used to construct sequencing library.

RNA-seq transcriptome librariy was prepared following TruSeqTM RNA sample preparation Kit from Illu-

mina (San Diego, CA) using 5mg of total RNA. Shortly, messenger RNA was isolated according to polyA

selection method by oligo(dT) beads and then fragmented by fragmentation buffer firstly. Secondly dou-

ble-stranded cDNA was synthesized using a SuperScript double-stranded cDNA synthesis kit (Invitrogen,

CA) with random hexamer primers (Illumina). Then the synthesized cDNA was subjected to end-repair,

phosphorylation and ‘A’ base addition according to Illumina’s library construction protocol. Libraries

were size selected for cDNA target fragments of 200–300 bp on 2% Low Range Ultra Agarose followed

by PCR amplified using Phusion DNA polymerase (NEB) for 15 PCR cycles. After quantified by TBS380,

paired-end RNA-seq sequencing library was sequenced with the Illumina HiSeq 4000 (2 3 150bp read

length).

Bioinformatics analysis of RNA-Seq data

To identify DEGs between two different samples, the expression level of each transcript was calculated ac-

cording to the fragments per kilobase of exon per million mapped reads (FRKM) method. RSEM (http://

deweylab.biostat.wisc.edu/rsem/) was used to quantify gene abundances. R statistical package software

EdgeR (Empirical analysis of Digital Gene Expression in R, http://www.bioconductor.org/packages/2.12/

bioc/html/edgeR.html) was utilized for differential expression analysis, the screening threshold is: |log2FC|

>=1 & padjust <0.05. In addition, functional-enrichment analysis including GO and KEGG were performed

to identify which DEGs were significantly enriched in GO terms and metabolic pathways at Bonferroni-cor-

rected P-value%0.05 compared with the whole-transcriptome background. GO functional enrichment and

KEGG pathway analysis were carried out by Goatools and KOBAS.

Real-time quantitative polymerase chain reaction (RT-qPCR) analysis

RT-qPCR was performed in a CFX96 Real-Time System (BIO-RAD, USA). b-actin was employed as the inter-

nal standard. Real-time qPCR was performed using Power SYBR Green Master Mix (Applied Biosystems,

Foster City, CA, USA) according to themanufacturer’s instructions. The sequences of the primers are shown

in Table S3. For each sample, the test and control reactions were run in triplicate. After the reaction, we

used the threshold cycle (Ct) values of 2-DDCT to calculate the relative expression in different samples

by qRT software provided for the CFX96 Real-Time System.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using the Student’s t-test or one-way analysis of variance (ANOVA) with

the Bonferroni–Dunn multiple comparison test, depending on the number of comparisons, using Graph-

Pad Prism version 7 (GraphPad Software Inc., San Diego, CA, USA). A p-value less than 0.05 denoted a sta-

tistically significant difference.
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