
Vol.:(0123456789)1 3

Molecular Genetics and Genomics (2019) 294:849–859 
https://doi.org/10.1007/s00438-019-01534-2

ORIGINAL ARTICLE

Optimization of a 2A self-cleaving peptide-based multigene 
expression system for efficient expression of upstream 
and downstream genes in silkworm

Yuancheng Wang1,2 · Feng Wang1,2,3 · Sheng Xu1,2 · Riyuan Wang1,2 · Wenjing Chen1,2 · Kai Hou1,2 · Chi Tian1,2 · 
Fan Wang3 · Ping Zhao1,2 · Qingyou Xia1,2

Received: 2 April 2018 / Accepted: 31 January 2019 / Published online: 20 March 2019 
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
The multigene expression system is highly attractive to co-express multiple genes or multi-subunit complex-based genes 
for their functional studies, and in gene therapy and visual tracking of expressed proteins. However, the current multiple 
gene co-expression strategies usually suffer from severe inefficiency and unbalanced expression of multiple genes. Here, 
we report on an improved 2A self-cleaving peptide (2A)-based multigene expression system (2A-MGES), by introducing 
an optimized Kozak region (Ck) and altering the gene arrangement, both of which contributed to the efficient expression 
of two fluorescent protein genes in silkworm. By co-expressing DsRed and EGFP genes in insect cells and silkworms, the 
potent Ck was first found to improve the translation efficiency of downstream genes, and the expression of the flanking 
genes of 2A were improved by altering the gene arrangement in 2A-MGES. Moreover, we showed that combining Ck and 
an optimized gene arrangement in 2A-MGES could synergistically improve the expression of genes in the cell. Further, these 
two flanking genes, regulated by modified 2A-MGES, were further co-expressed in the middle silk gland and secreted into 
the cocoon, and both achieved efficient expression in the transgenic silkworms and their cocoons. These results suggested 
that the modified Ck-2A-MGES will be a potent tool for multiple gene expression, for studies of their functions, and their 
applications in insect species.
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Introduction

The efficient co-expression of multiple genes is a highly 
attractive system for studying their function and interaction 
relationships in gene function research, co-expression of 
multi-subunit protein complexes in gene therapy, and visual 
tracking target proteins of interest by fluorescent protein 
fusion co-expression in cells and tissues (Foti et al. 2009; 
Tang et al. 2009; Kim et al. 2013). However, an efficient 
strategy for multiple gene expression in cells and individu-
als is lacking. Commonly, in insect and mammalian cells 
and individuals, the strategy for multigene co-expression 
includes genetic hybridization (Iizuka et al. 2009), using 
multiple promoters in a single vector (Baron et al. 1995), 
introducing a post-translational proteolysis site between 
two genes (Kunes et al. 2009), and using a multicistronic 
expression vector, mediated by internal ribosomal entry sites 
(Ye et al. 2013) or a 2A self-cleaving peptide (2A) (Bieni-
ossek et al. 2012). Up to now, many multi-subunit proteins 
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or multiple target proteins including the recombinant mouse 
mAb light-chain plus heavy-chain proteins, human type IV 
collagen plus Bombyx mori prolyl 4-hydroxylase a subunit 
proteins (Adachi et al. 2005) and human anti-CD21 antibody 
(Tada et al. 2015b) were successfully expressed in silkworm 
and cocoon. Moreover, many studies attempted to express 
more than two target proteins at the same time (AL et al. 
2004; Deng et al. 2011a; Hurh et al. 2013). Comparatively, 
2A has a shorter length (usually 19–22 amino acids), higher 
cleavage efficiency, and, theoretically, equivalently co-
expresses its two flanking genes in the same cassette via a 
non-proteolytic self-cleavage incident, known as the putative 
STOP–GO mechanism, during the translation process (Ryan 
et al. 1991; Donnelly et al. 2001; Atkins et al. 2007). Thus, 
the 2A-based multigene expression system (2A-MGES) was 
widely studied and developed in different cells (Szymczak 
et al. 2004; Fang et al. 2005; Simmons et al. 2008), insects 
(Daniels et al. 2014; Wang et al. 2015c), plants (Ha et al. 
2010; Mikkelsen et al. 2010), and animals (Trichas et al. 
2008; Deng et al. 2011b; Dempsey et al. 2012; Tian et al. 
2013). The cleavage site of 2A is highly conserved, and is 
located between the last glycine of its C-terminal and the 
first proline of the downstream protein (–EXNPG↓P–) (Don-
nelly et al. 2001; Atkins et al. 2007).

Until now, although 2A-MGES (F2A, T2A, P2A, etc.) has 
been widely applied to co-express multiple genes (Szymczak 
et al. 2004; Luke et al. 2008), it still suffers from the expres-
sion imbalance of both flanking genes to some degree, which 
severely hinders the application of 2A-MGES. For exam-
ple, Hurh et al. (Hurh et al. 2013) found that the expression 
of the downstream EGFP gene of T2A was gradually and 
dramatically decreased when the expression efficiency of 
its upstream genes was reduced (HO1, hTBM, and hCD46) 
in porcine fibroblasts. Moreover, expression of the anti-rat 
CD4 scFv protein, upstream of F2A, was significantly higher 
than its downstream gene in the culture supernatant of HEK-
293A cells (Appleby et al. 2013). In addition, the imbal-
anced expression phenomenon of 2A was also confirmed in 
the lentiviral shuttle plasmid and other expression vectors 
in HeLa cells (Appleby et al. 2013; Minskaia et al. 2013; 
Liu et al. 2017).

The Kozak region is a consensus nucleotide sequence 
(GCCA/GCC​AUG​G) near the start codon AUG, which was 
first identified in eukaryotic mRNA in 1981 (Kozak 1981) 
and vertebrate mRNA in 1987 (Kozak 1987), and the most 
efficient context contains purine in position − 3 (three nucleo-
tides upstream from the AUG codon) and G in the + 4 position 
(Kozak 1986). Up to now, a large number of studies confirm 
that the Kozak region efficiently improves the translation ini-
tiation efficiency and increases gene expression. In 2014, a 
study found that WNT16 expression was increased 3.7-fold 
when substituting the native regulatory sequence (GCA​CCC​
) (Hendrickx et al. 2014) with the optimized Kozak sequence 

(GCC​ACC​), and GATA4 expression was severely decreased 
by a mutation in its Kozak sequence (G to C in position − 6) 
(Mohan et al. 2014). Since the reason for the low expression 
level of the gene downstream of 2A is the relatively low trans-
lation efficiency according to the putative “STOP–GO” 2A 
cleavage mechanism (Donnelly et al. 2001; Atkins et al. 2007), 
we predict that introducing the Kozak sequence into 2A-MGES 
may efficiently increase the downstream gene expression of 
2A. Moreover, according to previous studies, gene arrange-
ment may also be an important factor for efficient co-expres-
sion of both flanking genes in 2A-MGES. For example, Ho 
et al. (2013) reported that monoclonal antibody expression 
level and quality, by the L-chain + F2A + H-chain order vector, 
was obviously better than that by the H-chain + F2A + L-chain 
order vector in CHO cells. Recently, Liu et al. (2017) also 
showed that downstream 2A gene expression efficiency in bi-, 
tri-, or quad-cistronic constructs was obviously affected by 
varying the gene position and 2A.

Since simultaneous expression of multiple genes in spe-
cific tissues of silkworm will also accelerate both funda-
mental and applied research in silkworms, we focused upon 
multiple-gene expression strategies in silkworms. Com-
monly, there are two strategies to express two or more genes 
in silkworms. For example, when expressing multiple genes 
in the silk gland of silkworms, the first strategy is to express 
them as fusion protein, such as the human type-III procolla-
gen and EGFP fusion protein in posterior silk gland (Tomita 
et al. 2003). The other strategy is to genetically cross two 
or more transgenic target gene silkworms, such as the com-
bination of the human type-III collagen gene and Bombyx 
mori prolyl-hydroxylase α-subunit gene in posterior silk 
gland (Adachi et al. 2006), mouse IgG monoclonal antibody 
(Iizuka et al. 2009), and anti-CD20 monoclonal antibody 
in the middle silk gland (Tada et al. 2015a). Recently, two 
fluorescent protein genes, DsRed and EGFP, were simply 
co-expressed using our previously constructed 2A-MGES 
in the middle silk gland of silkworms (Wang et al. 2015c); 
however, upstream DsRed gene expression was more effi-
cient than downstream EGFP gene expression in silkworms.

In this study, we aimed to construct a modified 2A-MGES 
by combining the Kozak sequence and an optimized gene 
arrangement for efficient expression of multiple genes in 
silkworms. Our results suggested that the modified Ck-
2A-MGES will be a potent multiple-gene expression tool 
for functional and application studies in insect species.

Materials and methods

Cell lines

The Sf9 cell line (Invitrogen, USA), derived from the ovary 
of Spodoptera frugiperda, and BmE cell line, derived from 



851Molecular Genetics and Genomics (2019) 294:849–859	

1 3

the embryo of Bombyx mori, were all maintained in our 
laboratory and cultured in Grace’s medium (Gibco, USA) 
supplemented with 10% fetal bovine serum (Gibco, USA).

Vector construction

The method of constructing the expression vector was 
according to our previous reports (Wang et al. 2013, 2015c). 
The DsRed and EGFP genes were commercially synthesized 
by Genscript. The DsRed-BmCPV2A(30)-EGFP, DsRed-
BmCPV2A(30)-CkEGFP, DsRed-BmCPV2A(30)-SkEGFP, 
DsRed-GSG_P2A-EGFP, EGFP-GSG_P2A-CkDsRed, 
EGFP-GSG_P2A-CkDsRed, and CkEGFP-GSG_P2A-
CkDsRed fragments with BamHI or NotI restriction endo-
nuclease sites were amplified and assembled by overlapping 
PCR, with the primers detailed in Supplementary Table 1. 
Then all PCR fragments were cloned into the commer-
cial Peasy-T5 Zero Vector (TransGen Biotech, China) and 
sequenced. Next, the appropriate gene fragments digested 
with BamHI and NotI from the respective cloning vec-
tor were subcloned into the transient expression vector 
pSL1180[hr3A4DsRedSer1PA], which was under the con-
trol of the nuclear polyhedrosis virus enhancer (hr3), the 
actin4 gene promoter from silkworm genomic DNA (A4), 
and the 3′-UTR of the sericin1 gene (Ser1PA) to gain tran-
sient expression vectors in cells.

The EGFP-GSG-P2A-DsRed (G-R) and CkEGFP-
GSG-P2A-CkDsRed (CkG-CkR) gene fragments 
digested with BamHI and NotI were subcloned into the 
pSL1180[hr3Ser1DsRedSer1PA] vector, which consisted 
of hr3, silkworm Ser1 gene promoter (Ser1), and Ser1PA. 
Finally, the whole transcriptional regulatory cassette was 
subcloned into the pBac(3xp3DsRedaf) transgenic vector 
(Wang et al. 2015c), and were, respectively, designated as 
pG-R and pCkG-CkR.

Transient expression in cells

The transfection method in BmE cells was performed 
according to our previous report (Wang et al. 2015a). After 
BmE, cells were seeded in six-well plates overnight; plas-
mids that were prepared using Plasmid Miniprep Kits (Qia-
gen, Germany) were mixed with X-tremeGENE HP DNA 
Transfection Reagent (Roche, Switzerland) at a ratio of 1 
µg:3 µL in 500 µL antibiotic-free serum-free medium. After 
6 h of culture, the antibiotic-free serum-free medium was 
replaced with the DEME medium with 10% FBS for 3 days.

Generation of transgenic silkworm

The method to generate transgenic silkworm was accord-
ing to our previous reports (Wang et al. 2015c). The pG-R 
and pCkG-CkR transgenic expression vectors, prepared with 

Plasmid Miniprep Kits (Qiagen, Germany), were separately 
mixed with the hsp70-PIG helper vector at a ratio of 1:1, and 
microinjected into the D9L non-diapause eggs. The injected 
embryos were incubated at 25 °C and 90% relative humid-
ity for 11 days to hatch, and the hatched silkworm larvae 
were carefully fed with fresh mulberry leaves. The G0 moths 
were sibling crossed and screened when the embryos were 
at 6 days post-fertilization, in the G1 generation, using the 
DsRed maker gene expressed in the eyes and nerve, and the 
positive broods were named pG-R and pCkG-CkR.

Real‑time reverse transcription PCR

The method to measure target gene expression by quantifi-
cation of mRNA levels was also according to our previous 
report (Wang et al. 2015c). First, total RNA was carefully 
extracted from the middle silk gland (MSG) of transgenic 
silkworms on the seventh day of the fifth instar, using Total 
RNA Extraction Kit (Promega, USA). Then 3 µg of each 
RNA was used to synthesize cDNA by M-MLV reverse 
transcriptase (Promega, USA), and all cDNAs were diluted 
with sterile water twofold, for use as RT-PCR templates. The 
relative expression based on mRNA levels of the DsRed-
BmCPV2A(30)-EGFP gene, DsRed-BmCPV2A(30)-
CkEGFP gene, DsRed-BmCPV2A(30)-SkEGFP gene, 
DsRed-GSG_P2A-CkEGFP gene, EGFP-GSG_P2A-DsRed 
gene, CkEGFP-GSG_P2A-CkDsRed gene, endogenous Ser1 
gene, and SW22934 gene was, respectively, quantified on 
an ABI Prism 7000 Sequence Detection System (Applied 
Biosystems, USA) using the primers detailed in Supple-
mentary Table 2, and an SYBR Premix exTaq Kit (Takara, 
Japan). The silkworm Ser1 and SW22934 genes were used 
as controls.

Protein analysis

Recombinant RFP and EGFP proteins in BmE cells and 
transgenic cocoons were analyzed using the methods 
described in our previous report (Wang et al. 2015c). Total 
protein in BmE cells was extracted with RIPA lysis buffer 
(Beyotime, China) containing EDTA-free protease inhibitor 
cocktail (Sigma, USA), according to the instruction manual, 
and total cocoon protein was extracted from 20 mg trans-
genic cocoon powder using 1 mL Tris–HCl extraction buffer 
(135 mM NaCl, 2.7 mM KCl, 1.5 mM KH2PO4, and 8 mM 
K2HPO4, pH 7.2) at 80 °C (Wang et al. 2015c). Prior to 
SDS-PAGE, the protein content of all samples was meas-
ured using the Enhanced BCA Protein Assay Kit (Beyo-
time, China) and an equal amount of protein was analyzed 
by 12% SDS-PAGE with Coomassie Brilliant Blue stain-
ing and Western blotting. For Western blotting, the primary 
antibodies used were anti-EGFP (Genscript, China), anti-
RFP (Biovisi, USA), and β-tubulin (Genscript, China), and 
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the secondary antibody was rabbit IgG (Beyotime, China). 
Bands on membranes were visualized using an ECL Western 
Blotting Detection System (Amersham Biosciences, USA). 
Images were recorded by autoexposure for a few seconds 
using a Chemiscope Series (Clinx science instruments, 
China). For quantitative analysis of DsRed and EGFP gene 
expression, the band intensities from Western blots were 
measured using ImageJ software. The relative expression 
of DsRed and EGFP genes in BmE cells was the ratio of 
their expression to β-tubulin expression. p values were deter-
mined using two-tailed Student’s t test (n = 3).

Image

The detailed method for imaging the fluorescence signals of 
BmE cells, MSGs, and cocoons of silkworms was accord-
ing to our previous report (Wang et al. 2015c). The cul-
tured BmE cells, the middle silk gland on the 7th day in the 
fifth stage larva of silkworms, and its cocoon were directly 
photographed with an Olympus SZX12 fluorescent stere-
omicroscope (Olympus, Japan). For imaging BmE cells, the 
exposure times were 15 ms for DsRed and 100 ms for EGFP 
following excitation; and for imaging the middle silk gland 
and cocoon of silkworms, the exposure times were 30 ms for 
DsRed and 80 ms for EGFP following excitation.

Results

Kozak improved the EGFP expression downstream 
of 2A by enhancing its translation efficiency

To examine whether the Kozak sequence could efficiently 
increase the 2A downstream gene expression, the native 
2A self-cleaving peptide from the silkworm cytoplas-
mic polyhedrosis virus BmCPV2A(30) was used to link 
both RFP and EGFP genes. This sequence was chosen as 
BmCPV2A(30) does not allow an efficient expression of 
the downstream EGFP gene in the DsRed-BmCPV2A(30)-
EGFP fusion gene expression vector (Wang et al. 2015c). 
To potentially discover a better Kozak sequence, both the 
classic Kozak sequence (Ck), which was designed accord-
ing to the Kozak principle (Kozak 1981), and the endog-
enous ser1 Kozak region of silkworm (Sk) were separately 
fused to the N terminus of the downstream EGFP gene 
in the DsRed-BmCPV2A(30)-EGFP fusion gene expres-
sion vector (Fig. 1a). Transfection of these vectors into the 
BmE cells showed that no obvious difference in the tran-
scription levels of DsRed and EGFP genes was observed 
among the BmCPV2A(30), BmCPV2A(30) + Ck, and 
BmCPV2A(30) + Sk groups (Fig. 1b). Fluorescence inten-
sities and protein production in western blotting also showed 
that there was no difference in the upstream DsRed gene 

expression among the BmCPV2A(30), BmCPV2A(30) + Ck, 
and BmCPV2A(30) + Sk groups. By contrast, a stronger 
green f luorescence intensity and improved expres-
sion of the downstream EGFP gene were detected in 
BmCPV2A(30) + Ck and BmCPV2A(30) + Sk (Fig. 1c, 
d), suggesting both Ck and Sk significantly improved the 
protein yields of the downstream EGFP gene by improv-
ing the mRNA translation efficiency of downstream EGFP 
gene. Furthermore, band intensity analysis of EGFP protein 
showed that EGFP expression was, respectively, improved 
4.3-fold by Ck and 1.9-fold by Sk, respectively (Fig. 1e, f), 
which indicated that Ck was more powerful than Sk for the 
efficient expression of downstream genes in 2A-MGES. In 
addition, the transgenic DsRed-2A-CkEGFP silkworm (pR-
CkG) was also generated to confirm that the Ck modified 
2A-MGES (Ck-2A-MGES) could efficiently increase down-
stream 2A EGFP gene expression compared to the huge dif-
ference between expression of DsRed and EGFP genes (Sup-
plementary Fig. 1) in transgenic DsRed-2A-EGFP fusion 
gene silkworm (pR-G) (Wang et al. 2015c). These results 
showed that 2A downstream EGFP gene expression was 
significantly improved, and that there was no statistically 
significant difference between the expressed RFP and EGFP 
protein contents (0.18 ± 0.03%, 0.23 ± 0.04%) in the mid-
dle silk gland of pR-CkG silkworms (Supplementary Fig. 2 
and Table 1). Thus, we concluded that the Ck-optimized 
2A-MGES could efficiently co-express multiple genes in 
silkworms.

Gene expression was efficiently improved 
by altering their arrangement in 2A‑MGES

To investigate the effects of gene arrangement in the opti-
mized GSG-P2A expression system on their expressions, 
two vectors R-G and G-R, with different arrangements of 
DsRed and EGFP genes, were constructed and transfected 
into BmE cells (Fig. 2a). The results showed that there 
was an obvious expression difference between DsRed and 
EGFP genes according to protein levels, although both 
DsRed-2A-EGFP and EGFP-2A-DsRed fusion genes were 
normally transcribed because DsRed mRNA and EGFP 
mRNA were statistically identical in the cells of R-G and 
G-R groups (Fig. 2b, c). By analyzing the fluorescence 
intensity, we found that a stronger red fluorescent signal in 
the G-R group was observed, compared to that in the R-G 
group (Fig. 2d). In addition, the expressed RFP content in 
the G-R group was also significantly improved (Fig. 2e), 
which showed that the efficient expression of DsRed gene 
was dependent on its location, flanking GSG-P2A. Band 
intensity analysis showed that the expressed RFP content 
was improved 5.3-fold, while EGFP expression was not 
significantly improved in the G-R group (Fig. 2f, g). Fur-
thermore, transgenic EGFP-2A-DsRed silkworm (pG-R) 
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was also generated to confirm whether the optimized gene 
arrangement of EGFP gene located upstream and DsRed 
gene located downstream of GSG_P2A could efficiently 
co-express these two genes compared to pR-G silkworms 
(Supplementary Fig. 1), and the results showed that there 
was no obvious difference in the expressed RFP and EGFP 

contents (0.26 ± 0.02%, 0.19 ± 0.05%) in pG-R silkworm 
cocoon (Supplementary Fig. 3 and Table 1). These results 
strongly suggested that the expression of the analyzed 
genes could be efficiently improved by optimizing their 
arrangement in 2A-MGES.

Fig. 1   Kozak sequence improved the expression of 2A downstream 
gene by its enhanced translation efficiency. a Schematic diagram 
of BmCPV2A(30), BmCPV2A(30) + Ck and BmCPV2A(30) + Sk 
fusion gene expression vectors. The amino sequence of 
BmCPV2A(30) is TAFDFQQDVFRSNYDLLKLCGDIESNPGP. 
Ck was designed according to classic Kozak sequence principle and 
Sk was cloned from the endogenous Ser1 gene Kozak region of silk-
worm. The Hr3, A4 and Ser1PA, respectively, indicated the enhancer 
from the nuclear polyhedrosis virus, the promoter of the silkworm 
actin 4 gene and the 3′-UTR of the silkworm sericin 1 gene. b The 

transcription level of the DsRed and EGFP fusion genes. c The fluo-
rescent signal results after transfection in BmE cell. The white light, 
red light and green light, respectively, indicated the results in the 
white, red and green lights (the same below). Scale bar, 400 µm. d 
Protein analysis of samples from BmE cells. In western blotting, three 
primary antibodies (anti-RFP antibody, anti-GFP antibody and anti-β-
tubulin antibody) and two secondary antibodies (anti-mouse IgG anti-
body and anti-rabbit IgG antibody) were used (the same below). e, f 
The relative RFP and EGFP expression level in BmE cells

Table 1   Microinjection analysis 
of the pR-CkG, pG-R and 
pCkG-CkR silkworms

Strain Injected eggs Hatched eggs (%) G1 brood Positive brood (%)

pR-CkG 400 35 (8.8) 5 2 (40)
pG-R 400 28 (7) 12 3 (25)
pCkG-CkR 400 115 (28.7) 35 15 (42.9)
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Combining Ck and optimized gene arrangement 
further improved the gene expression efficiency 
in 2A‑MGES

Since both Ck and an optimized gene arrangement in 
2A-MGES could efficiently improve the expression of genes 
flanking 2A, two transient expression vectors, G-CkR and 
CkG-CkR (Fig. 3a), were also constructed and transfected 
into BmE cells to examine whether combining Ck and a 
modified gene arrangement in 2A-MGES could further syn-
ergistically improve gene expression. The results showed 
that the expression of downstream DsRed gene in G-CkR 
was only slightly improved compared to that in G-R (Fig. 3b, 
c), most probably because the optimized gene arrangement, 
with the EGFP gene located upstream and the DsRed gene 
located downstream of GSG_P2A, could already efficiently 
co-express the DsRed and EGFP genes (Fig. 2 and Supple-
mentary Fig. 3). However, when Ck was introduced to both 
upstream EGFP gene and downstream DsRed gene in CkG-
CkR, both red and green fluorescent signals in the CkG-
CkR group were significantly improved and stronger than 
those in the G-R and G-CkR groups (Fig. 3b). Furthermore, 
the improved expressions of DsRed and EGFP genes in the 

CkG-CkR group, when considering protein levels, were 
also confirmed by Western blot (Fig. 3c). Grey intensity 
calculation indicated that expression of DsRed and EGFP 
genes in the CkG-CkR group were 2.1- and 1.6-fold higher, 
respectively, than in the G-R group (Fig. 3d, e). The results 
suggested that gene expression could be systematically 
improved by combining Ck and optimized gene arrange-
ment in 2A-MGES.

Modified 2A‑MGES achieved efficient and consistent 
expression of DsRed and EGFP genes in the silk 
gland and cocoon of transgenic silkworms

Finally, the optimized CkEGFP-GSG_P2A-CkDsRed 
fusion gene (CkG-CkR), which theoretically has the best 
expression efficiency for both DsRed and EGFP genes, 
was used to construct a transgenic expression vector and 
generate the transgenic silkworm, pCkG-CkR (Fig. 4a, 
b and Table 1). Transcription levels of the CkG-CkR 
fusion gene in the pCkG-CkR transgenic silkworm was 
~ 56% of the endogenous Ser1 gene (Fig. 4c, d). The silk 
gland and cocoon from pCkG-CkR transgenic silkworm 
exhibited both strong red and green fluorescent signals 

Fig. 2   Gene efficient expression 
was affected by their arrange-
ment in 2A-MGES. a Schematic 
diagram of R-G and G-R fusion 
gene expression vectors. The 
GSG-P2A was an optimized 
2A, which is derived from the 
porcine teschovirus-1 2A by 
adding a glycine–serine–glycine 
spacer (GSG) at its N termi-
nus and its amino sequence 
is GSGATNFSLLKQAGD-
VEENPGP. b, c The transcrip-
tion levels of DsRed gene and 
EGFP gene in the R-G and G-R 
groups, respectively. d The 
fluorescent signal results after 
transfection in BmE cell. Scale 
bar, 400 µm. e Protein analysis 
of samples from BmE cells. f, 
g The relative RFP and EGFP 
expression levels in BmE cells, 
respectively
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(Fig. 4e), and Western blot showed the specified immu-
noblot bands of cleaved EGFP-P2A (~ 36 kDa) and RFP 
(~ 27 kDa) from the total pCkG-CkR cocoon proteins 
(Fig. 4f and Supplementary Fig. 4), which indicated that 
DsRed and EGFP genes were successfully co-expressed 
in the pCkG-CkR silkworm, and that the cleaved RFP and 
EGFP proteins were secreted into the silk thread used to 
make the cocoon. Most importantly, there was no signifi-
cant difference between RFP and EGFP protein contents 
in the pCkG-CkR silkworm (0.36 ± 0.03%, 0.28 ± 0.07%) 
(Fig. 4g). Moreover, both stronger red and green fluores-
cent signals and higher RFP and EGFP protein contents 
(improved 1.4- and 1.5-fold, respectively) were observed 
in the pCkG-CkR silkworm, compared to that in the 
pG-R silkworm. All in all, we conclude that the modi-
fied 2A-MGES with Ck and optimized gene arrangement 
could efficiently co-express multiple genes in silkworms.

Discussion

Simultaneous co-expression of multiple genes is a good 
strategy to study the relationship among more than two 
target genes, express complete multi-subunit protein 
complexes by, respectively, co-expressing their multi-
ple subunit units, visually track target protein distribu-
tion and movement in tissues using a fluorescent protein 
fusion, and even study the continuous and programmed 
processes of some biological phenomena with multiple 
targets. However, the common strategy of co-expressing 
multiple genes in individuals is by genetic hybridization, 
which is a complicated process (van den Akker et al. 2002; 
Adachi et al. 2006; Iizuka et al. 2009; Tada et al. 2015a). 
In the silkworm, B. mori, there is also an increasing need 
for co-expression of multiple genes for functional and 

Fig. 3   Combination of Kozak 
sequence and optimized gene 
arrangement further improved 
the expressions of upstream 
and downstream genes in 
2A-MGES. a Schematic 
diagram of G-R, G-CkR and 
CkG-CkR fusion gene expres-
sion vectors. b The fluorescent 
signal results after transfection 
in BmE cell. Scale bar, 400 µm. 
c Protein analysis of samples 
from transfected BmE cells. d, 
e The relative RFP and EGFP 
expression level in the trans-
fected BmE cells
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applied research (Xia et al. 2004, 2009, 2014). Thus, we 
previously constructed 2A-MGES, which achieved the co-
expression of multiple genes in silk glands and cocoons 
of transgenic silkworms (Wang et al. 2015c), while these 
two genes can not be expressed in the same amount in 
silkworms.

In this study, we further improved 2A-MGES to achieve 
the efficient co-expression of DsRed and EGFP genes in 
the silk gland and cocoon of transgenic silkworm, by intro-
ducing the Kozak sequence and altering the arrangement 
of genes flanking 2A. To the best of our knowledge, the 
Kozak sequence was, for the first time, introduced into 
2A-MGES to improve the expression of genes flanking 2A, 
in particular, the downstream gene expression. We found 
that the designed Ck was more efficient than the endoge-
nous Sk in improving BmCPV2A downstream EGFP gene 

expression by enhancing the EGFP translation efficiency, 
in vitro and in vivo. Moreover, our results also confirmed 
that gene arrangement flanking 2A would affect their effi-
cient expression, which was the same with previous reports 
(Appleby et al. 2013; Hurh et al. 2013; Minskaia et al. 2013; 
Liu et al. 2017). With the EGFP gene located upstream and 
the DsRed gene located downstream of 2A, there was an 
obvious improvement in their co-expression by 2A-MGES, 
suggesting it was a more optimized gene arrangement. These 
observations were also confirmed in pCkG-CkR silk gland 
and cocoon, and most importantly, compared to that in the 
pR-G silkworm (Wang et al. 2015c), their expressions in this 
modified 2A-MGES with Ck and optimized gene arrange-
ment were more efficient and were statistically equal, which 
suggested that our modified 2A-MGES efficiently and con-
sistently co-expressed DsRed and EGFP genes in silkworm.

Fig. 4   The modified 2A-MGES achieved the efficient co-expressions 
of DsRed and EGFP genes in the transgenic silkworms. a Schematic 
diagram of the transgenic CkG-CkR fusion gene expression vectors. 
3xp3DsRedSV40, pBacL and pBacR, respectively, indicate the fluo-
rescent maker gene transcription regulatory cassette, the left and right 
arms of piggyBac transposon (Wang et  al. 2015a). The DsRed and 
EGFP genes were linked by the GSG-P2A, in which a furin cleavage 
site RAKR was added at the front of GSG-P2A and it can remove the 
GSG-P2A peptide. The red arrows represented the RT-PCR primers. 
b Screen for positive transgenic silkworm. c, d The transcription of 
the CkG-CkR fusion gene in the wild type and pCkG-CkR silkworms 
by RT-PCR. Ser1 is the endogenous gene, as a control. e Fluorescent 

images of the middle silk glands and cocoons of the wild type, pG-R 
and pCkG-CkR silkworms. Scale bar, 2 mm. f, g Protein analysis of 
samples from the pG-R and pCkG-CkR cocoons by Coomassie blue 
brilliant blue staining and western blotting. The pG-R-1,2,3 repre-
sented the transgenic cocoons of the pG-R silkworm without Ck opti-
mization and pCkG-CkR-1,2,3 represented the transgenic cocoons of 
the pCkG-CkR silkworm. Red star and green star meant the cleaved 
RFP and cleaved EGFP proteins. In western blotting, the content of 
RFP standard proteins was 25 ng, 50 ng, 100 ng and the content of 
EGFP standard proteins was 25 ng, 50 ng, 100 ng. h RFP and EGFP 
contents in the pCkG-CkR cocoon
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According to the modified version of the scanning mecha-
nism of the ribosome (Kozak 1981), when a migrating 40S 
ribosomal subunit scans the AUG triplet, it will stop and 
initiate the downstream gene translation irrespective of 
the flanking sequences at the AUG triplet, since it is like 
a “stop signal”. Meanwhile, if the Kozak region bordering 
the AUG codon is optimal, all 40S subunits will stop at that 
AUG, so the non-self-cleaving sequence (NCS) linked to 
the downstream EGFP gene, in which the Kozak region is 
optimal in the DsRed-NCS-CkEGFP or CkDsRed-NCS-
CkEGFP fusion gene expression vectors, should also be 
expressed in the transfected BmE cells. However, unfortu-
nately, there was no any ~ 27 kDa EGFP protein of NCS 
downstream to be detected, except the RFP-EGFP fusion 
protein (data not shown); thus, it is still unclear how the 2A 
downstream gene expression was significantly improved in 
the modified 2A-MGES. Based on the putative STOP–GO 
cleavage mechanism of 2A (Donnelly et al. 2001; Atkins 
et al. 2007), gene expression imbalance in the translation 
products linked by 2A was most probably caused by leaky 
scanning of the ribosome, because this translational com-
plex is prone to disintegration, terminating the downstream 
mRNA translation, since it suffered an abnormal course of 
protein synthesis when the upstream nascent peptide was 
hydrolyzed and released out of the ribosome complex. Con-
sidering there was no obvious difference between RFP and 
EGFP protein expression in the pCkG-CkR silkworm by the 
modified 2A-MGES, we thought that, when Ck was inserted 
at the N terminus of the target gene, most of these disinte-
grating and separating ingredients from ribosome complexes 
were re-recruited and reformed new ribosome complexes, 
because there were a large number of translation initiation 
factors in the Ck region. Then the newly formed ribosome 
complexes continued to translate the downstream gene, effi-
ciently avoiding the leaky scanning of the 2A downstream 
gene; thus, genes upstream and downstream of 2A were 
co-expressed in equal amounts. In addition, both the previ-
ous studies (Ho et al. 2013; Liu et al. 2017) and our results 
showed that expression of genes flanking 2A was highly 
dependent on their arrangement. We guessed that the down-
stream gene expression efficiency of 2A would be severely 
limited by the interaction degree among the upstream 
nascent peptide, 2A peptide, and ribosome complexes, or 
between their formed mRNA structure and ribosome com-
plexes. Altogether, our results suggested that gene expres-
sion flanking 2A was more efficient when EGFP gene locates 
the upstream of 2A rather than DsRed gene.

From the report in 2000, that piggyBac transposon was 
used to efficiently create a transgenic silkworm (Tamura 
et al. 2000), lots of transgenic overexpression systems in 
silkworm have been built, including in the middle and pos-
terior silk gland of silkworms (Tomita et al. 2003; Adachi 
et al. 2006). Previously, by overexpressing the human acidic 

fibroblast growth factor (aFGF) into the outer layer of silk 
using our constructed middle silk gland expression system, 
we successfully created aFGF-containing silk, which signifi-
cantly promoted NIH3T3 cell proliferation and wound heal-
ing (Wang et al. 2014, 2015b). Potentially, if multiple func-
tional genes (promoting wound healing plus antibacterial or 
anti-inflammatory activities, silkworm nuclear polyhedro-
sis virus resistant gene plus cytoplasmic polyhedrosis virus 
resistant gene (Jiang et al. 2012, 2017)) can be efficiently 
co-expressed by modified 2A-MGES, multi-functional silk, 
or multi-resistant silkworms could be created.

Conclusion

In summary, we successfully improved the 2A self-cleaving 
peptide-based multigene expression system by optimizing 
the Kozak sequence and altering gene arrangement, which 
resulted in efficient co-expression of two flanking genes in 
the middle silk gland of silkworms and cocoons. This system 
is a novel and useful tool to simultaneously express multiple 
genes in silkworms for research into their function and in 
functional silk material innovation. In addition, these results 
will also guide the construction of more efficient 2A-MGES 
for other Lepidopteran insects and species in the future.
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