
 

 

 

INTRODUCTION 

 

Insects, as all other eukaryotic organisms, use sterols as the 

structural component to provide fluidity and rigidity in the 

membrane (Behmer and Nes, 2003; Behmer, 2017). Sterols 

also serve as the precursors to molting hormones such as 

ecdysone, 20-hydroxyecdysone, makisterone A, etc. (Lafont 

et al., 2005; Lavrynenko et al., 2015). Cholesterol is the 

common sterol found in most insects (Behmer and Nes, 

2003). However, unlike plants and mammals, insects cannot 

synthesize sterols and they must acquire this nutrient from 

their food or, occasionally, yeast-like symbionts (Douglas, 

2009; Xue et al., 2014). Therefore, dietary sterol absorption 

is essential for most insects to survive. 

NPC1b and NPC1a, belonging to Niemann-Pick Type C 

genes, have proven to be critical in the absorption of dietary 

sterols in Drosophila melanogaster (Voght et al., 2007). This 

type of genes was originally discovered and described in 

mammals (Gong et al., 2016). The human homolog, NPC1L1, 

is expressed at the apical membrane of enterocytes, 

responsible for dietary sterol absorption through the gut 

tissue. Knockout of NPC1b can reduce dietary sterol 

absorption in Drosophila larvae. Interestingly, Zheng et al. 

(2018) surveyed NPC1b among 39 insect species and found 

that it is missing in the genomes/transcriptomes of 

sternorrhynchan and auchenorrhynchan insects. Therefore, 

these insects may have different sterol absorption mechanism 

from others. Aphids, as one member of sternorrhynchan 

insects, contain sterols but the concentration is much lower 

than that in grasshoppers and caterpillars (Behmer et al., 

1999; Bouvaine et al., 2012; Jing et al., 2012; Bouvaine et al., 

2014). Seven spotted lady beetles (Coccinella 

septempunctata) cannot reproduce by feeding only on aphids 

because dietary sterol is not enough to support 

spermatogenesis (Ugine et al., 2019). Interestingly, insects 

lacking both NPC1a and NPC1b genes can significantly 

absorb more sterols than the single-gene mutants, i.e. insects 

lacking either NPC1a and NPC1b, so other factors can 

provide alternative pathway for sterol absorption (Voght et 

al., 2007). 

Studies have shown that sterol carrier proteins (SCP-2, also 

termed as nonspecific intracellular lipid carrier) plays 

important role in transporting cholesterol in rat, human and 

Caenorhabditis elegant (Hazarika et al., 2004). SCP-2, which 
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Insects cannot synthesize sterols and have to acquire them from food. Studies show that NPC1b and SCP-2 play important 

roles in dietary sterol absorption in insects. Our previous research indicates that NPC1b gene exists in most insects but is 

missing in sternorrhynchan and auchenorrhynchan insects. In this study, we focus on SCP-2 proteins. We identify SCP2 

domain-containing proteins in insects using HMMER which can detect remote homologs. In total, 41 sequences were identified 

in 10 insect species with the well-annotated genome. These proteins can be divided into four groups, MFE2, SCP-2l, SCP-X 

and HSDL2. This is the first comprehensive genome-wide analysis on SCP2 domain-containing proteins in insects. All insects 

possess one gene for MFE2, SCP-X and HSDL2 respectively. SCP-2l gene only exists in Lepidopteran and Dipteran insects. 

SCP-2l is a single domain protein and the other three SCP2 domain-containing proteins, i.e., MFE2, SCP-X and HSDL2 are 

multidomain contain proteins. The function of SCP-X in sterol transportation was extensively studied in insects and one study 

showed that one of mosquito SCP-2l was also involved in sterol transportation. The peroxisome targeting sequence (PTS) is 

found in all SCP-X/SCP2 and MFE2/SCP2 but not in any SCP-2l/SCP2. PTS exists in some HSDL2/SCP2 like Lepidopterans 

and Hemipterans but is absent in HSDL2/SCP2 of other species. Using Helicoverpa armigera as a model, we find that SCP-X 

gene is enriched in the gut of H. armigera, but SCP-2l is not. The genes identified here can be further investigated for their 

sterol-transporting functions in insects. 

Keywords: Evolution, HSDL2, MFE2, SCP2, SCP-X, SCP-2l, Sterol transportation. 
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is encoded by a part of a fusion gene encoding SCP-X (sterol 

carrier protein 2/3-oxoacyl-CoA thiolase) in many species, is 

involved in the newly synthesized cholesterol transfer from 

the endoplasmic reticulum to the plasma membrane of the 

mammal cells (Ikonen, 2008; Zhang et al., 2014; Ma et al., 

2015). This protein also carries cholesterol intracellularly 

from the luminal side to the basal side of enterocytes in insects 

(Dyer et al., 2003; Schroeder et al., 2007; Gregory G et al., 

2008; Kim and Lan, 2010). The reduced expression of SCP-

X/SCP-2 gene decreases the dietary sterol absorption while 

over-expression increases the uptake of cholesterol into 

cultured cells. Therefore, SCP-2 is likely one of the key 

factors in the alternative pathway. In insects, all SCP-X 

proteins have the peroxisome targeting sequence (AKL or 

SKL) in C-terminal so their function is likely involved in 

transferring sterol in peroxisome (Schroeder et al., 2000; 

Gallegos et al., 2001). 

SCP2 domain is the feature of sterol carrier proteins. 

Interestingly, SCP2 domain is not just encoded by SCP-X and 

it exists in various gene models (Edqvist and Blomqvist, 

2006). More and more insect genomes are sequenced in these 

days, which provides us a great opportunity to explore gene 

diversity among insects. In this study, we use comparative 

genomics and gene expression analyses to profile SCP2 

domain-containing proteins in insects. To achieve this goal, 

we use HMMER to conduct genome-wide search for proteins 

containing SCP2 domain. HMMER, using profile hidden 

Markov models, can detect remote homologs using multiple 

sequence alignments (MSA) of a sequence family known as a 

profile database, mostly Pfam (Eddy, 2011; Jing et al., 2016). 

We discuss the diversity and potential roles of the genes 

identified in dietary sterol absorption. 

 

MATERIALS AND METHODS 

 

Insect rearing and tissue collection: Eggs of Helicoverpa 

armigera were purchased from Henan Jiyuan Baiyun Industry 

Co., Ltd. and the hatchlings were reared on the diet containing 

1 mg/g cholesterol (cholest-5-en-3β-ol, ≥99%; Sigma 

Chemical) at 27/25 °C [light/dark (L/D)] and 16L: 8D 

photoperiod (Jing et al., 2014; Zheng et al., 2018). Insects 

were dissected two days after they reached the 3rd instar, and 

whole bodies, gut tissue and carcass (whole body minus gut) 

were stored in RNAlater (QIAGEN, Austin, Texas, USA) 

immediately. 

Identification of SCP2 domain-containing proteins by 

HMMER and phylogenetic analysis: Genomic information 

was retrieved from National Center for Biotechnology 

Information database (NCBI) (Table S1). The candidate 

genes containing SCP2 domain (PF02036) were identified 

using HMMER v3.0 (E ≤ 0.001) (Eddy, 2011; Finn et al., 

2011). 

To conduct phylogenetic analysis, all protein sequences were 

aligned by MAFFT v7.313 with default parameters (Katoh et 

al., 2002). The alignment was trimmed by TrimAL v1.2 

(Capella-Gutierrez et al., 2009) with gap threshold set as 0.25. 

Phylogenetic analysis was performed by maximum likelihood 

method (ML) and Bayesian method respectively (Nguyen et 

al., 2015). ML phylogeny was built with the UFBoot 

(Ultrafast bootstrap) set as 1000 and the best protein model 

estimated as LG + G4 in IQTREE. Bayesian inference of 

phylogeny was conducted by Bayesian Markov chain Monte 

Carlo analysis (MCMC) in MrBayes v3.2.6 MPI (parallel) 

(Ronquist et al., 2012). LG+G was predicted as the best 

protein model in ProtTest v3.4.2 (Abascal et al., 2005). 

MCMC analysis was set with two independent runs and four 

chains per run. The program ran until the standard deviation 

of the split frequencies among the independent runs was 

below 0.01, and trees were sampled every 1000 generations. 

The output parameter estimates were plotted using Tracer 

v1.7 (Rambaut et al., 2018). The first 10% generations were 

excluded. A consensus phylogeny was then used and posterior 

probabilities were estimated with the “sumt” command 

(contype = allcompat). Phylogenetic tree was illustrated in 

FigTree v1.4.3. 

Domain prediction were performed by Pfam v32.0 

(http://pfam.xfam.org/) and illustrated by a free software 

TBtools (Chen et al., 2018). The non-

synonymous/synonymous (dN/dS) ratio was calculated using 

Single Likelihood Ancestor Counting method (SLAC) in the 

HyPhy software package (Pond et al., 2005). Codon-based 

test of neutrality was conducted through the Z-test of 

selection, using the Li-Wu-Luo methods in MEGA. 

RNA extraction and cDNA preparation: Total RNA was 

extracted by M5 Universal RNA Mini Kit (Mei5 

Biotechnology, Beijing, China) and genomic DNA was 

removed subsequently. RNA quality was checked by using 

1.2% agarose gel electrophoresis, and the amount of RNA 

was measured by NanoDrop™ 2000 (Thermo Scientific, 

Waltham, USA). The complementary DNAs (cDNA) were 

then reverse transcribed from 1 μg RNA using reverse-

transcriptase system of PrimeScript™ RT reagent Kit with 

gDNA Eraser (TaKaRa, DaLian, China). All steps above 

followed the manufacturer's instructions and cDNA was kept 

at −20 °C for the following experiments. 

Primers design and Sanger sequencing: Primers were 

designed in Premier v6.0 (Premier Biosoft Interpairs, Palo 

Alto, CA) and all primers used in this study were listed in 

Table S2. PCR products were verified by agarose gel 

electrophoresis and sequenced by Sanger sequencing. 

Transcriptome assembly, different gene expression 

analysis: The raw reads data of Aedes aegypti were 

downloaded from NCBI for analyzing the relative gene 

expression in different tissues (Vogel et al., 2017). The raw 

data information was showed in Table S3. The raw reads were 

cleaned using Trimmomatic v0.33 (Bolger et al., 2014). 

Briefly, any bases with the quality of 3’ and 5’ being lower 

than 20 were cut and any reads were dropped when the length 

http://pfam.xfam.org/
http://pfam.xfam.org/
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was shorter than 50. The clean reads were used for 

downstream analyses. 

The Hisat2 v2.1 was used to map the clean reads to reference 

genome (Kim et al., 2015). We used the Cufflinks suite to 

calculate the different expression genes (Wang et al., 2012). 

Briefly, Cufflinks v2.2.1 was used to analysis the reads 

mapped on genome. Cuffmerge v1.0.0 was used to get a 

unified annotation for further analysis. The DEG calculation 

were performed by Cuffdiff v2.2.1 under Cuffdiff’s statistical 

model (Trapnell et al., 2012). 

Quantitative real-time PCR (qRT-PCR): The qRT-PCR was 

performed using Real-Time PCR Super mix (Mei5Bio, 

Beijing, China) with 3 technical replicates. The 

QuantStudioTM 3 Real-Time PCR System (Thermo Fisher 

Scientific Inc. Carlsbad, CA, USA) was used to carry out 

qRT-PCR. PCR cycling were conducted as following: initial 

incubation at 95 °C for 1 min followed by 40 cycles of 95 °C 

for 15 s, then 60 °C for 15 s and 72 °C for 15 s. The 

dissociation step was added with 0.5 °C for 1 s from 65 °C to 

95 °C to confirm single gene-specific peak. RPL13 

(AY846882.1) were used as housekeeping gene (Zhang et al., 

2015). Gene expression was calculated by the comparative 

ΔΔCt method. A nonparametric statistical analysis, Mann-

Whitney test, incorporated in SPSS v22.0 was used to 

compare the expression between samples. 

 

RESULTS 

 
SCP2 domain-containing proteins in insects: In total, the 

genomes of 10 insect species were used here including 3 

Dipteran insects (e.g., Aedes aegypti, Anopheles gambiae and 

Drosophila melanogaster), 3 Lepidopteran insects (e.g., 

Bombyx mori, Helicoverpa armigera and Spodoptera litura), 

2 Coleopteran insects (e.g., Agrilus planipennis and 

Tribolium castaneum), 1 Hemipteran insect (e.g., 

Acyrthosiphon pisum) and one Hymenopteran insect (e.g., 

Apis mellifera) (Table S1). We identified 41 sequences that 

contain SCP2 domain (PF02036) in these insects (Table 1). 

Subsequently, phylogenetic analyses were conducted by both 

Bayesian and maximum likelihood methods, and the topology 

of two methods were generally congruent. The topology 

generated by Bayesian method was presented here and 

domain structures were also illustrated (Fig.1). Among them, 

29 genes encode fusion proteins with SCP2 domain 

downstream of another protein domain and the other 12 genes 

encode unfused SCP proteins. 

Based on the number and type of domains in the protein, we 

can divide these genes into four groups (Fig. 1). Both the first 

group (baby blue shaded) and the third one (green shaded) 

contain three domains. Except for SCP2 domain, proteins in 

the first group contain short-chain dehydrogenase (PF00106) 

and enoyl-CoA hydratase (PF01575) while those in the third 

have the domains for thiolase_N (PF00108) and thiolase_C 

(PF02803). Thiolase_N and thiolase_C consist the complete 

3-ketoacyl-CoA thiolase, which catalyzes the reversible 

cleavage of 3-ketoacyl-CoA into acyl-CoA and acetyl-CoA, 

an important step for the β-oxidation of pristanic acid in 

mammals (Wang and He, 2019). The second (pink shaded) 

only has SCP2 domain. The last (grey shaded) has two 

domains: short-chain dehydrogenase (PF00106) and SCP2 

domain. According to the annotation in NCBI, these four 

groups belong to different families such as Peroxisomal 

multifunctional enzyme type 2 proteins (MFE2), SCP-2-like 

proteins (SCP-2l), Sterol carrier protein X (SCP-X) and 

Hydroxysteroid dehydrogenase-like protein 2 (HSDL2) 

respectively. MFE2, SCP-X and HSDL2 proteins are found in 

all species and only one sequence from each protein family is 

identified in each species. In contrast, SCP-2l which has the 

unfused SCP2 domain encoded by a stand-alone gene only 

exists in the order of Lepidoptera and Diptera but not in the 

other three orders. Interestingly, there is gene expansion in 

mosquitos but not in D. melanogaster. SCP-2l in A. aegypti, 

XP_021712970.1, XP_021712969.1, XP_001662808.1 and 

XP_001662809.2, are adjacent to each other in the same 

scaffold (NC_035107.1) in the genome (Table 1). Similarly, 

three SCP-2l locate in one scaffold (NT_078266.2) in A. 

gambiae genome with two of them (XP_312965.3 and 

XP_562596.1) being adjacent (Table 1). For convenience, we 

refer MFE2/SCP2, SCP-2l/SCP2, SCP-X/SCP2 and 

HSDL2/SCP2 as the SCP2 domain in each group of proteins 

respectively. 

The peroxisome targeting sequence (PTS) (AKL or SKL) 

exists in all SCP-X/SCP2 and MFE2/SCP2, but it is missing 

in SCP-2l/SCP2. Interestingly, no PTS is found in 

Lepidopteran and Hemipteran HSDL2/SCP2, but it exists in 

other HSDL2 sequences. 

The numbers adjacent to branch nodes are posterior 

probability and ultrafast bootstrap support respectively. 

Branches are color-coded for each order: baby blue for 

Lepidoptera, pink for Hymenoptera, green for Hemiptera, red 

for Diptera, and yellow for Coleoptera. The domain structures 

are illustrated on the right and different domains are also 

color-coded: green for SCP2 domain (PF02036), dark green 

for MaoC_dehydratas (PF01575), red for adh_short 

(PF00106), orange for Thiolase_N (PF00108), purple for 

Thiolase_C (PF02803). The pink vertical lines strand for 

peroxisome targeting sequence (PTS) at the C-terminal of 

domain structure. Different protein groups are highlighted by 

background colors: baby blue for Peroxisomal 

multifunctional enzyme type 2 proteins (MFE2), pink for 

SCP-2-like proteins (SCP-2l), green for Sterol carrier protein 

X (SCP-X), and gray for Hydroxysteroid dehydrogenase-like 

protein 2 (HSDL2). 

Comparison of SCP2 domains and the potential ligand-

binding sites: We compared SCP2 domains within and 

between different groups of proteins. SCP2 domain is 

generally conserved within each protein group but shares 

relatively low identity between protein groups. The identity 
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of SCP2 domain is 50 - 89% for MFE2, 16 - 78% for SCP-2l, 

56 - 93% for SCP-X and 43 - 98% for HSDL2. SCP-2l/SCP2 

is evolutionarily closer to MFE2/SCP2, e.g., 24 to 36% 

identity, than to SCP2 in SCP-X, e.g., 11 to 29%, or HSDL2, 

14 to 29%. 

Previous research discovered the potential cholesterol-

binging sites in SCP2 domain of SCP-X for both H. armigera 

and S. litura (Zhang et al., 2014; Ma et al., 2015;). The two 

proteins share 4 key amino acid residues, F53, F89, F110, and 

Q131, that are critical for cholesterol-binding activity. By 

aligning SCP2 domain across all SCP-X, we found that the 

sites F53, F110 and Q131 are exactly same across the 10 

Table 1. All proteins used in this study and their genomic locations. 

Order Insect species (Reference) Protein  Accession Genome sequence From To 

Diptera Aedes aegypti  SCP-X XP_001662127.2 NC_035108.1 464912257 464945947 

  MFE2 XP_001652466.1 NC_035108.1 241998564 242048141 

  SCP-2l XP_001662808.1 NC_035107.1 203014500 203016092 

  SCP-2l XP_001662809.2 NC_035107.1 203026799 203028328 

  SCP-2l XP_021712969.1  NC_035107.1 202960744 202967640 

  SCP-2l XP_021712970.1 NC_035107.1 203006548 203009420 

  HSDL2 XP_001655211.2 NC_035107.1 176718405 176727227 

 Anopheles gambiae  MFE2 XP_314766.4 NT_078268.4 14637858 14642903 

  SCP-2l XP_312965.3 NT_078266.2  49717597 49718384 

  SCP-2l XP_562596.1 NT_078266.2  49715361 49715751 

  SCP-2l XP_312778.3  NT_078266.2  32394207 32395229 

  SCP-X XP_317563.2 NT_078268.4  2822568 2826000 

  HSDL2 XP_307644.2 NW_045632.1 43317 45196 

 Drosophila melanogaster  MFE2 NP_001259531.1 NC_004354.4 13739744 13741952 

  SCP-2l NP_001247188.1 NT_033777.3 18978273 18978809 

  SCP-X NP_524715.2 NT_033779.5 18831229 18833630 

  HSDL2 NP_651578.1 NT_033777.3 27677684 27678922 

Lepidoptera Bombyx mori  MFE2 XP_004933409.1 NW_004582035.1 1463694 1484980 

  FABP XP_012544056.1 NW_004581706.1 1706143 1712088 

  SCP-X NP_001037378.1 NW_004581712.1 1284008 1292544 

  HSDL2 XP_012551203.1 NW_004582028.1 4365980 4380246 

 Helicoverpa armigera  FABP XP_021184949.1  NW_018395433.1 237310 243326 

  MFE2 XP_021182131.1  NW_018395412.1 1064467 1076788 

  SCP-X XP_021186028.1  NW_018395442.1 760146 768539 

  HSDL2 XP_021184231.1 NW_018395427.1 886635 896743 

 Spodoptera litura  MFE2 XP_022816535.1 NC_036187.1 5927911 5950431 

  FABP XP_022817848.1 NC_036197.1 1680540 1682498 

  SCP-X ACZ54371.1 NC_036203.1 2052492 2063279 

  HSDL2 XP_022830756.1 NC_036215.1 3129185 3141925 

Coleoptera Agrilus planipennis  MFE2 XP_018324313.1 NW_020438906.1 357491 362588  

  SCP-X XP_018322669.1 NW_020438871.1  1476682 1478999 

  HSDL2 XP_018322196.1 NW_020439025.1 1235045 1238789 

 Tribolium castaneum  MFE2 XP_974784.1 NC_007422.5 281433 285652  

  SCP-X NP_001107796.2 NC_007416.3  2139502 2143073 

  HSDL2 XP_971106.1 NW_015450184.1 382723 385447 

Hemiptera Acyrthosiphon pisum  MFE2 XP_003244558.1 NW_003383785.1  83972 90527 

  SCP-X XP_001946100.1 NW_003383504.1 3215 15677 

  HSDL2 XP_016657440.1 NW_003383593.1 787143 792440 

Hymenoptera Apis mellifera  MFE2 XP_006571052.1 NC_037643.1 17020698 17025858 

  SCP-X XP_006569482.1 NC_037644.1 13735023 13737518 

  HSDL2 XP_006558715.1 NC_037645.1 1570079 1573419 
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species (Fig. 2). One variation is identified at F89 and F is 

replaced by I at this site. Moreover, we found no conserved 

sites when aligning all SCP2 domains. 

Gene verification and SCP-X and SCP-2l expression profile 

in H. armigera: To confirm the genes identified is not 

chimera, we used H. armigera as a model. Primers for SCP-

X and SCP-2l were designed to amply a region of 566bp or 

635bp and the corresponding PCR products were sent for 

Sanger sequencing (Table S2). The gene sequences were 

verified to be same as the genomic information. Then, a pair 

of primers for each gene was designed to quantify gene 

expression between tissues (Table S2). 

H. armigera SCP-X gene was highly expressed in the gut 

compared to the carcass and whole body in the 2-day-old third 

instar larvae (Mann-Whitney test: P = 0.009 for Carcass vs. 

Whole body; P = 0.0002 for Carcass vs. Gut; P = 0.001 for 

Whole body vs. Gut) (Figure 3A). In contrast, SCP-2l 

expression was similar among these three tissues (Mann-

Whitney test: P = 0.45 for Carcass vs. Whole body; P = 0.87 

for Carcass vs Gut; P = 0.28 for Whole body vs Gut) 

(Figure 3B). 

 
Figure 1. Phylogenic analysis of SCP2 domain-containing proteins. 

 



Zheng, Rehman, Yue, Kuang, Liu & Jing 

 1070 

 
Figure 3. The relative expression of SCP-X and SCP-2l in 

H. armigera with carcass tissue as control. A) 

Gene expression of SCP-X among different 

tissues. B) Gene expression of SCP-2l among 

different tissues. (*, P < 0.01; **, P < 0.001) 

 

DISCUSSION 

 

In this study, we provided the first comprehensive genome-

wide analysis on SCP2 domain-containing proteins in insects. 

Each insect species has one but only one MFE2, SCP-2l, and 

HSDL2 gene respectively. In contrast, not all insect species 

have SCP-2l gene and it is only found in Lepidopteran and 

Dipteran insects. In consistence, the previous studies found 

that the yellow fever mosquito A. aegypti expressed both the 

fused SCP-X/SCP-2 and the unfused SCP-2 (Krebs and Lan, 

2003; Lan and Wessely, 2004). Similar types of genes are also 

identified in mammals, but mammals have another SCP2 

domain-containing protein, STOML1 (Edqvist and 

Blomqvist, 2006). SCP2 domains in each gene group are 

under high selective pressure because the dN/dS ratios are 

significantly lower than 1 (Table 2), indicating they have 

important functions in biological process. 

Among these genes, the role of SCP-X/SCP2 in cholesterol 

transportation has been relatively well characterized in 

insects. SCP-X/SCP2 can bind to multiple lipids with the 

strongest affinity for cholesterol (Schroeder et al., 2000; Dyer 

et al., 2003; Dyer et al., 2009). We confirmed that each insect 

species only has one SCP-X in the genome. In Lepidopteran 

insects such as S. littoralis, B. mori, S. litura, Manduca sexta 

and H. armigera, a single SCP-X gene produces 2 types of 

transcripts encoding both SCP-2 and a fused protein 
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Figure 2. The C-terminal of SCP-X in this research. Grey solid boxes covered sites are key functional sites for 

binding cholesterol. 

 

Table 2. Estimated non-synonymous/synonymous (dN/dS) ratio 

         Gene 

Group 

SCP-2-like 

(number of 

species) 

SCP-X 

(number of species) 

MFE2 

(number of species) 

HSDL2 

(number of 

species) 

SCP-2-like group 0.283 (6) *    

SCP-X group  0.131 (10) *   

MFE2 group   0.175 (10) *  

HSDL2 group    0.139 (10) * 

Statistic confidence of H0: dN/dS=1 is shown as follow: * P < 0.001. 
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containing thiolase and SCP-2. This transcription pattern is 

also confirmed by a transcriptome analysis for H. armigera 

(Zheng et al., 2018). In this transcriptome, we found two 

transcripts encoding the fused protein and the SCP-2 

respectively (Table S3). The fused protein can then be 

proteolytically cleaved into thiolase and SCP-2. This is 

similar to the fused SCP-X in vertebrates (Takeuchi et al., 

2004; Gong et al., 2006; Guo et al., 2009; Kim and Lan, 2010; 

Du et al., 2012; Ma et al., 2015). SCP-X/SCP2 is very 

conserved with the similarity higher than 94% across 

Lepidopteran insects. In contrast, A. aegypti SCP-X gene can 

only produce one transcript coding the fused SCP-X. SCP-2 

protein is proteolytically cleaved from the fused protein (Lan 

and Wessely, 2004;Dyer et al., 2009; Peng et al., 2011). All 

SCP-X/SCP2 studied so far has cholesterol transporting 

function. It is enriched in the gut, fat body and epidermis 

where cholesterol transportation is actively involved. 

We found SCP-2l had gene expansion in A. aegypti and A. 

gambiae but not in another Dipteran insect, D. melanogaster. 

The gene extension in the mosquitos is likely achieved 

through gene duplication event during which the duplicated 

genes can diverge for different functions (Rastogi and 

Liberles, 2005). Gene duplication is important for 

evolutionary innovation in insects (Duncan et al., 2016). In 

consistence, studies showed that, in A. aegypti, only one SCP-

2l (XP_021712969.1) was responsible for sterol transporting 

while, the other 3 genes were involved in the uptake of free 

fatty acids (Krebs and Lan, 2003; Vyazunova et al., 2007; 

Dyer et al., 2009). Gene expansion of SCP-2l may have 

particular meaning in these insects feeding on blood. 

Interestingly, A. aegypti SCP-2l is enriched in the gut but 

SCP-2l of H. armigera gene is not (Fig. S1 & 3B). This 

phenomenon suggests that SCP-2l has evolved differently 

between divergent species, e.g., mosquitos vs. caterpillars. 

MFE2 is the enzymes involved in the β-oxidation cycle of an 

acyl-CoA molecule in peroxisomes (Haataja et al., 2011). 

This multifunctional enzyme harbors both dehydrogenase and 

hydratase activities (the first two domains as described in 

Fig. 1). MFE2 also exists in mammals, fishes, worms and 

yeast. Notably, among the proteins in MFE2 clade, D. 

melanogaster only contains SCP2 domain but not the other 

two domains, i.e., short-chain dehydrogenase (PF00106) and 

enoyl-CoA hydratase (PF01575) (Fig. 1). This promotes us to 

search for the protein containing short-chain dehydrogenase 

and/or enoyl-CoA hydratase. We found an independent 

protein containing both dehydrogenase and hydratase in 

Drosophila genome. The gene (NP_573109.1) stays in an 

independent chromosome from the one in which MFE2/SCP2 

(NP_001259531.1) gene is (Fig. 4A). Interestingly, this 

phenomenon is only found in D. melanogaster but not in other 

insects including the other two Dipteran insects, i.e., A. 

gambiae and A. aegypti. There is another interesting 

phenomenon in beetles. MFE2 gene can produce two groups 

of transcripts, the complete one having all 3 domains and the 

other group containing only SCP2 domain (Fig. 4B & C). 

There are two transcripts for the independent SCP2 domain 

containing protein in A. planipennis while there is only one in 

T. castaneum. This pattern is similar to SCP-X as we 

discussed above. In mammals and fishes, MFE2 also has the 

fused SCP2 domain (Seedorf et al., 2000). In C. elegans, 

SCP2 domain is fused with dehydrogenase while hydratase is 

a separate protein (Bunya et al., 1997). Therefore, there is 

 
Figure 4. The schematic diagram of MFE2 gene in D. melanogaster, A. planipennis, and T. castaneum. The boxes 

stand for exons and the lines stand for introns. The green boxes represent the genomic regions encoding 

adh_short and Maoc_dehdratas domains. The blue boxes stand for the genomic region encoding SCP2 

domain. The vertical red lines at the C-terminal of each gene is for peroxisome targeting sequence (PTS). 
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substantial evolutionary variation for MFE2 among animals. 

However, the function of MFE2/SCP2 seems conserved 

among insects because the identity is pretty high, e.g., from 

50 to 89%. No study has been reported that MFE2 is involved 

in sterol transportation in insects. Moreover, HSDL2 is rarely 

studied in any functions. It would be interesting to examine 

whether MFE2/SCP2 and HSDL2/SCP2 can bind cholesterol 

and are involved in sterol transportation in future studies. 

 

Conclusion: In this study, four groups of proteins such as 

MFE2, SCP-2l, SCP-X, and HSDL2, are found to have SCP2 

domain in insects. All insects possess one gene for MFE2, 

SCP-X and HSDL2 in their genome respectively, but only 

Lepidopterans and Dipterans have the SCP-2l gene. SCP2 

domain in SCP-X proteins is the most conserved one among 

all four groups of proteins and four amino acid residues are 

exactly identical in SCP-X/SCP-2. These four residues are 

likely the cholesterol binding sites. Meantime, H. armigera 

SCP-X gene was highly expressed in the gut where dietary 

sterol is absorbed and transported. Gene expansion was only 

found in mosquito SCP-2. So, SCP-2l may play novel 

functions in these blood-feeding insects. The molecular 

function of these genes can be further explored in the future 

and the novel control strategies targeting these genes may be 

developed. 
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