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22 Abstract: The low expression activity and specificity of natural promoters limit the
23 applications of genetic engineering. To construct a highly efficient synthetic inducible
24  promoter in the Bombyx mori (Lepidoptera), we analyzed the regulatory elements and
25  functional regions of the B. mori nucleopolyhedrovirus (BmNPV) 39K promoter. The
26  results of truncated mutation analysis of the 39K promoter showed that the
27  transcriptional regulatory region spanning positions -573 to -274 and +1 to +62 is
28  essential for virus-inducible promoter activity. Further investigation using
29  electrophoretic mobility shift assay (EMSA) revealed that the baculovirus IE-1
30 protein binds to the 39K promoter at the -310 to -355 region, and transcription
31  activates the expression of 39K promoter assay. Finally, we successfully constructed a
32 synthetic inducible promoter that increase the virus-inducing activity of other
33 promoters using the baculovirus-inducible transcriptional activation region that binds
34  to specific core elements of 39K (i.e., spanning the region -310 to -355) . In summary,
35 we describes a novel, synthetic, and highly efficient biological tool, namely, a
36  virus-inducible 39K promoter, which provides endless possibilities for future gene
37  function research, gene therapy, and pest control in genetic engineering.

38
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42 Important

43 Silkworm genetic engineering is widely used in gene function, silk engineering
44  and disease-resistant engineering in most applied in Asia. However, some of the
45  earliest promoter elements are still used to control the development of silkworm
46  transgenic expression and gene therapy. To develop effective genetic engineering
47  technologies for silkworm and baculovirus expression system, we constructed a
48  highly efficiently synthetic baculovirus-inducible 39K promoter in insects. Which
49  successfully constructed and optimized a synthetic inducible promoter 39K that can
50 be effectively applied CRISPR/Cas9 gene editing and transgenic technology to
51  construct transgene material of silkworm and provides an efficient tool for synthetic
52  biology and gene therapy. The synthesized inducible promoters also provides new
53  insights to improve strategies for insect genetic engineering, pest control and gene

54  function research.

55
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s6 Introduction

57 The inducible promoter, known as the inducible regulation sequence or the
58 inducible enhancer, is a group of promoters that can enhance the expression of
59  exogenous genes under the stimulation of specific physical, chemical, or pathogen
60 signals (1, 2). In general, the inducible promoter, similar to the transcriptional
61  activator, exists in an inactive form and can be directly or indirectly activated by the
62  corresponding signal. Currently, several technical methods supported by inducible
63  promoters (se.g., Cre-loxp, Tet-On/Tet-Off, and ecdysone and pathogen inducible
64  systems), are widely used in the field of animal and plant genetic engineering,
65 including gene function identification or variety improvements (3-6). Insects are the
66  largest group of organisms on earth. Some insects such as silkworms and bees are of
67  important economic value. However, a highly efficient inducible system that could be
68  extensively used in insect genetic engineering research has not been established to
69 date, and thus it is of utmost significance to construct a pathogenic inducible promoter
70  in disease resistance breeding and gene therapy (7, 8).

71 The synthetic promoter is a promoter that constructs stronger expression levels
72 by combining a unique combination of different promoter elements and replacing or
73 redesigning sequences with various combinations of promoters (9-11). Previous
74  studies on synthetic promoters in plants have mainly focused on synthetic inducible
75  promoters (12). Synthetic promoters are mainly constructed using cis-regulatory
76  elements that bind to fuse core promoters (13). The construction of different
77  pathogen-inducible promoters could effectively improve the spectrum of transgenic
78  disease resistance in plant disease resistance breeding (12, 14). Alternatively,
79  constructing an inducible promoter in combination with a tissue-specific promoter
80 (e.g., root, stem, leaf) and an inducible promoter contributes to specific tissue-induced
81  expression to improve crop quality, crop robustness, and disease resistance (15).
82  Synthetic promoters have also been reported in animals (11). The construction of
83  these synthetic promoters mainly involves the same direction assembly of different

84  expression control sequences, the application to targeted therapy diseases, and
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85  specific tissue expression of foreign genes (16-18). Synthetic promoters have recently
86  Dbeen initiated in insect research, particularly for insect disease breeding.
87 We previously screened for the B. mori nucleopolyhedrovirus (BmNPV)-induced
88  promoter (VP1054, P33, Bm21, Bm122, 39K, P143 and P6.9) activity and found that
89  the 39K promoter had the highest BmNPV-induced transcriptional activity (19). The
90 virus-inducing activity of the BmNPV 39K promoter could be further increased using
91  enhancers such asHr3, Hr5, Polh and PU (19). Simultaneously, the overexpression of
92  an exogenous hycu-ep32 gene controlled by an inducible 39K promoter shows high
93 antiviral capacity in transgenic lines (20). Furthermore, we constructed a
94  baculovirus-inducible RNA interference system that could inhibits BmNPV
95 replication, is tightly controlled by viral infection, and is not toxic to host cells (21).
96  Moreover, a highly efficient CRISPR/Cas9 gene editing system was constructed with
97  reduced potential off-target effects and high editing efficiency using virus-inducible
98 39K promoter, which enhances the antiviral ability of B. mori cells (22). Therefore, to
99 improve the efficiency of the virus-inducible 39K promoter for gene function studies,
100  silkworm resistance breeding, and pest control, it is imperative to construct a synthetic
101  promoter in insects.
102 Therefore, in the present study, we constructed a synthetic inducible promoter by
103 identifying the 39K promoter regulatory regions and binding sites. First, we verified
104  the key functional domains (spanning regions -573 to -274 and +1 to +62) of the 39K
105  promoter by gradually introducing truncating deletions at the 5' end, 3' end, and
106 intermediate regions based on the characteristics of the 39K promoter regulatory
107  region as indicated by the dual luciferase report system assay. Then, we constructed a
108  promoter with a shorter promoter sequence and better induction activity by analyzing
109 the regulatory elements of the 39K promoter and associated point mutations.
110  Furthermore, we identified the binding site of baculovirus IE-1 transcriptional
111 activation 39K promoter to the -310 to -355 region. Finally, we analyzed that the 39K
112 promoter-inducing active region combined with specific promoters to construct
113 inducible promoters that can efficiently and specifically activate promoter expression.

114  The results show that we successfully constructed a synthetic inducible promoter 39K
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115  that can be effectively applied to insect gene function research, disease resistance

116  breeding, and pest control.

117
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118 Methods
119  Cells and Viruses
120 The B. mori ovary cell line BmN-SWU1 was cultured at 27 °C in TC-100

121 medium (United States Biological, USA) supplemented with 10% (V/V) fetal bovine
122 serum (FBS) (Gibco, USA) and 10% (V/V) penicillin/streptomycin (23).
123 Recombinant BmNPV (VA4”™-EGFP) containing an EGFP marker gene driven by the
124 B. mori actin A4 promoter was created from the bacmid bMON7214, which contains
125 the BmNPV genome (21, 24). The BmN-SWUL1 cells were transfected with the
126  VA4""M-EGFP construct, and viral titers were determined using the 50% tissue culture
127  infective doses (TCIDsp) assay (24).

128  Plasmid Construction

129 Previous studies have shown that the -773 bp upstream and +134 bp downstream
130  motifs of the 39K promoter transcription initiation site are critical regions for 39K
131 promoter activity (19). To analyze the structural features of the 39K promoter, we
132 performed a stepwise truncation analysis of the 39K promoter. Truncated fragments of
133 39K promoters were cloned into a pGL3-basic vector (Promega, USA) to construct
134  the Firefly luciferase (FLUC) expression vector. The 5' truncated plasmids fragment
135  included P-723 (-773~-724 deletion), P-673 (-773~-674 deletion), P-623 (-773~-624
136  deletion), P-573 (-773~-574 deletion), P-523 (-773~-524 deletion), P-473 (-773~-474
137  deletion), P-423 (-773~-424 deletion), P-373 (-773~-374 deletion), P-323 (-773~-324
138  deletion), P-273 (-773~-274 deletion), P-223 (-773~-224 deletion), P-173 (-773~-174
139 deletion), P-123 (-773~-124 deletion), P-73 (-773~-74 deletion), and P-23 (-773~-24
140  deletion) (Figure 1B). The 3' truncated fragment plasmids included P+116
141 (+117~+134 deletion), P+96 (+97~+134 deletion), P+76 (+77~+134 deletion), P+62
142 (+63~+134 deletion), and P+1 (+2~+134 deletion) (Figure 1D). The intermediate
143 segment deletion plasmids included AP-1~-223 (-1~-223 deletion), AP-1~-273
144 (-1~-273 deletion), AP-1~-373 (-1~-373 deletion), AP-1~-473 (-1~-473 deletion),
145  AP-223~-273 (-223~-273 deletion), AP-223~-373 (-223~-373 deletion), and
146  AP-373~-473 (-373~-473 deletion) (Figure 1C). Then, the sequence of the IE1
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147  promoter and the Renilla luciferase (RLUC) reporter gene were linked to the pGL3
148  vector, named as pGL3-1E1-Rluc and used as internal reference plasmid.

149 The baculovirus immediate early genes ie-0, ie-1, ie2, pe38 and me53 from the
150 BmNPV genome were cloned into a plZ/\VV5-His (Invitrogen, USA) vector to generate
151  plZ-IEO, plZ-IEL, plZ-IE2, plZ-PE38 and plZ-ME53. Baculovirus-inducible
152 promoter 39K was cloned into plZ-DsRed to replace the OplE2 promoter. The
153  resulting p39K-DsRed plasmid was used as vector backbone for
154  baculovirus-inducible expression of DsRed. All clones were verified by sequencing.
155  All primers used in this study are presented in Table S1.

156  Dual Luciferase Reporter Assays

157 The dual luciferase expression plasmids pGL3-39K-Fluc (450 ng) and
158  pGL3-IE1-Rluc (50 ng) were co-transfected into the BmN-SWUL1 cells.
159  Approximately 24 h later, these were then infected with BmNPV at MOI=10. At 72
160  hours post infection (h p.i.), the cells were collected, and luciferase activities were
161  measured with using Dual-Glo luciferase Assay kit (Promega) using ultra-high
162  sensitivity fluorescence chemiluminescence detector. Relative luciferase activity
163  (FLUC/RLUC) was normalized to the values obtained using pGL3-39K-Fluc as
164  control plasmid. Each experiment analysis was repeated thrice.

165  Transfection and Fluorescence Analysis

166 The BmN-SWUL1 cells were cultured in 24-well plates (Corning, USA). After the
167  cells had stabilized, BmNPV immediate early gene expression plasmids plZ-1EQ,
168 plZ-1E1, plZ-1E2, plZ-PE38 and plZ-ME53 (0.4 pg) with the p39K-DsRed (0.4 pg)
169  plasmid were co-transfected into the cells using the X-tremeGENE HP DNA
170  Transfection Reagent (Roche, Switzerland). At 48 h post-transfection (h p.t.), all cells
171 were visualized on an Olympus inverted fluorescence microscope with the same

172 parameter settings.

173 Reverse Transcription- quantitative PCR (RT-gPCR)
174 After the BmNPV immediate early gene expression plasmid plZ-1EQ, plZ-1EL,
175 plZ-IE2, plZ-PE38 or plZ-ME53 with the p39K-DsRed plasmid were co-transfected
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176 into the cells, total RNA was isolated using the TRIzol RNA extraction Kit
177 (ThermoFisher Scientific, USA), following the manufacturer’s instructions. RT-PCR
178  were performed with an iTagTM Universal SYBR® Green Supermix and CFX
179  Connect Real-Time PCR Detection System (Bio-Rad, USA) using primers specific for
180 DsRed (Table S1). The Bombyx mori sw22934 gene was used as the reference. The
181  reaction conditions of RT-PCR were as follows: 95 °C for 30 s; followed by 40 cycles
182 at 95 °C for 5 s and 60 °C for 20 s with 1 M of each primer. All experiments were
183  repeated three times.

184  Recombinant Expression and Protein Purification

185 The coding region of IE-1 was amplified with specific primers IE1-F/IE1-R and
186  cloned into the pCold-I vector and the pGX-4T-1 vector. Positive plasmids were
187  transformed into E. coli strain BL21 competent cells and induced with 0.3 mM, 0.5
188 mM and 1.0 mM, of IPTG to express the IE1-His recombinant protein. The IE1-His
189  protein was purified using a His-Trap HP column (GE Healthcare, Germany),
190  according to the manufacturer’s recommendations.

191  Electrophoretic Mobility Shift Assay (EMSA) Analysis

192 To analyze the potential binding sites of the 39K promoter, two different
193  transcription factor binding site prediction programs, namely, Neural Network

194  Promoter Prediction (http://www.fruitfly.org/seqg tools/nnppHelp.html) and JASPAR

195 CORE (http://jaspar.genereg.net/) were used. A total of four potential transcription

196  factor binding sites were identified, which were located at positions -486 to -532, -386
197  to-431, -310to -355 and +2 to +47 of the 39K promoter. For EMSA, the probes were
198  5’-labeled with biotin (Thermo Fisher Scientific, USA), and then the labeled
199  oligonucleotides were annealed to produce a double-stranded probe. All probe used in
200 this study are presented in Table S2.

201 To evaluate the interactions between IE-1 proteins and 39K regulatory elements,
202 EMSA was conducted according to the guidelines of the Light Shift
203 Chemiluminescent EMSA kit (Thermo Fisher Scientific). After a 30 min incubation at
204  25°C, reaction mixtures were loaded onto 6% (w/v) native polyacrylamide gels and

205 resolved by electrophoresis electrophoresed in TBE buffer (89 mM Tris, 89 mM boric
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206 acid, 2mM EDTA, pH 8.3) for approximately 1 h at 100V on ice. The proteins were
207  transferred onto a PVDF membrane (Roche). Bound HRP-conjugated bands were
208  visualized using the LightShift Chemiluminescent EMSA Kit according to the

209  manufacturer's protocol.

210 Construction of the Artificial Inducible 39k Promoter

211 Based on the results of 39K promoter truncation analysis, three synthetic
212 inducible promoters were constructed, namely, p39K-1 (contains the +1~+62 and
213 -273~-573 fragments), p39K-5 (contains the +1 ~+134 and -273~-573 fragments) and
214  p39K-9(contains the +1~+134 and -273~-773 fragments). To improve the promoter
215 activity of 39K, point mutations of the CAAT box to CGGT at position of -329, -399,
216  or -329 and -399 were created. A total of 12 synthetic inducible promoters were
217  constructed in combination with truncated and point mutation vectors and designated
218 as p39K-1to p39K-12, respectively. All artificially inducible promoters were

219  synthesized by Genscript (Nanjing, China) and cloned into a pGL3-basic vector.

220  Statistical analysis

221 All data were expressed as the mean + SD of three independent biological
222 experiments. Statistical analyses were performed with student’s t tests using

223 GraphPad Prism6. Differences with P < 0.01 were considered statistically significant.
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224  Results
225  Structural and Functional Analysis of the 39K Promoter
226 To generate optimized virus-inducible specific promoters, a truncation and

227  mutation strategy was employed to gradually remove the 39K promoter core region,
228 followed by analysis for change in 39K promoter activity. After the 39K
229  promoter-controlled  Firely luciferase and the reference plasmid IE1
230  promoter-controlled Renilla luciferase were co-transfected into the BmN-SWUL1 cells,
231  promoter activity was assessed by detecting changes in Firely luciferase activity
232 relative to that of Renilla luciferase (Figure 1A). To identify the core areas required
233 for highly expression, deletion mutants were created. Using -773~+134 as the original
234 sequence of the 39K promoter, each truncation was reduced by 50 bp relative to the
235  original sequence (Figure 1B). Fifteen 5'-truncated luciferase assay plasmids of the
236 39K promoter and the reference pGL3-1E1-Rluc plasmid were co-transfected into the
237  BmMN-SWUL cells. At 48 h p.t., the luciferase activity was evaluated by adding
238  BmNPV or the culture medium and incubating for 48 h. The results indicated a
239  gradual decrease in promoter activity with shorter promoter lengths. The length of the
240  P573 promoter was shorter by 200-bp relative to the 39K promoter, but t promoter
241 activity only showed a 14.5% decrease (Figure 1B). Fragment -773~-573 exhibited
242 little effect on 39K promoter activity. However, the activity of the P-323 promoter
243 decreased by 97.21% relative to the 39K promoter. These findings suggest that the
244  -323~-573 fragment harbors an important regulatory element of the 39K inducible
245  promoter. The plasmids P273, P323, and P373 showed strong constitutive promoter
246 activity, and that of the P273 promoter was 12.27-fold higher than P223, indicating
247  that the -223-273 fragment was related to the constitutive promoter activity of the
248 39K promoter (Figure 1B).

249 To further analyze the 39K promoter regulatory motif, an intermediate deletion
250 fragment of the 39K promoter was created. The results showed that AP-1~-273,
251  AP-223~-273, and AP-373~-473 had no significant effect on 39K promoter activity
252 (Figure 1C). Further promoter deletion fragment of AP-1~-223, AP-1~-373, and
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253  AP-1~-473, led to a rapid decrease in promoter activity (Figure 1C). Therefore,
254  combined with the 5'-end deletion results and the principle of selecting optimal
255  promoters, the -1 to -273 fragment of 39K promoter could be delete to construction of
256 artificial inducible 39K promoter. The +1~+134 fragment of the 39K promoter is the
257  core region, and the 3' end was gradually truncated and the promoter activity was
258 analyzed. The results showed that the promoter activities of P+116 and P+62
259 increased by 35.4% and 97.00% compared to 39K, respectively. These results indicate
260 that the deletion of +134~+116 and +76~+62 increases the activity of the 39K
261  promoter (Figure 1D). These two fragments impart inhibitory effects on promoter
262 activity. Therefore, the optimal promoter would have the +136 to +62 fragments
263  deleted from the 3' end based.

264  Construction of an Artificial Inducible 39K Promoter

265 Deletion analysis of the 39K promoter identified the regions that have an effect
266 on promoter activity. In addition, we analyzed the key regulatory elements in the core
267  region of the promoter using a promoter prediction program. Online analysis showed
268 that the 39K promoter contains core components such as two enhancer-like
269  components CGTGCGC, six CAAT loci, two transcription inhibitors TGAC, two
270  cis-regulatory originals CACT, and two TATA boxes (Figure 2A). In combination with
271  the position of the 39K promoter core element and key regulatory regions, we first
272 constructed three artificial inducible promoters, which included P39K-1 (-573~-273
273  and +1~+62 fragments), P39K-5 (-573~-273 and +1~+134), and P39K-9 (-773~-273
274  and +1~+134). The activities of the P39K-1, P39K-5 and P39K-9 promoters were
275  87.24%, 75.94%, and 112.34% of that of the 39K promoter, respectively (Figure 2B).
276  The promoter lengths of the P39K-1, P39K-5, and P39K-9 promoters were 362 bp,
277 436 bp, and 636 bp, respectively. The purpose of constructing an artificial promoter
278  was to minimize the length of the promoter without affecting its activity. Therefore,
279  the length of the P39K-1 promoter was only 39.91% of the 39K promoter sequence,
280  Dbut the promoter activity still reached the original 87.24%, which is the better
281 artificially induced promoter. Previous studies have shown that mutations involving of

282 the CAAT site to CGGT significantly increases the promoter activity (25). Therefore,
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283  we constructed nine artificial inducible promoters with -326 loci, -399 loci, and two
284  simultaneous mutations in the P39K-1, P39K-5, and P39K-9 promoters, respectively.
285  Dual luciferase reporter assays showed that the promoters of these nine point
286  mutations did not significantly increase promoter activity relative to the P39K-1,
287 P39K-5 and P39K-9 promoters (Figure 2B). The P39K-1 artificially inducible
288  promoter still contains enhancers such as component CGTGCGC, the CAAT locus,
289 and the transcription inhibitor TGAC. After the previous two TATA boxes were
290  deleted, a new TATA box appeared at the -70 bp position of the transcription initiation
291  site of the artificially inducible promoter P39K-1 (Figure 2A). These results indicate
292 that P39K-1 still possesses the original promoter regulatory mechanism and thus an
293 optimized artificial inducible promoter.

294  ldentification of Inducible Promoter 39K-regulated Genes

295 The expression of the baculovirus gene is regulated by the cascade, and
296  subsequent phase gene expression is dependent on the previous phase (26). The
297  baculovirus 39K gene is a delayed early expression gene (27). To identify the 39K
298  promoter transcriptional control gene, we first screened the transcriptional regulation
299  of the 39K promoter by analyzing five immediate-early genes (i.e., ie-0, ie-1, ie-2,
300 pe38 and me53). We co-transfected plZ-1EQ, plZ-1E1, plZ-1E2, plZ-PE38 and
301  plZ-ME53 with p39K-DsRed and then detected DsRed at the transcriptional levels.
302 The results indicated the expression of the DsRed protein only in the viral-infected
303 and plZ-IE1 transfected BmN-SWUL1 cells, but not in the plZ-1E1, plZ-IE2, plZ-PE38,
304 plZ-ME53, and non-infected cells (Figure 3A). These results indicate that the DsRed
305  protein is rapidly activated by viral infection and IE-1 protein expression. Moreover,
306  to detect the sensitivity of the inducible promoter, we investigated the transcription of
307 DsRed as induced by viral protein and BmNPV. The results showed that the virus and
308  IE-1 protein induced large-scale transcription of DsRed (Figure 3B). No changes in
309  DsRed transcription levels in the plZ-1EQ, plZ-1E2, plZ-PE38, plZ-ME53 transfected
310 and non-infected cells were observed. The luciferase assay also showed that only the
311 IE-1 protein could effectively induce 39K promoter activity. In addition, the other

312 early genes were not transcriptionally regulated by the 39K promoter.
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313  EMSA Analysis of I1E-1 Binding to the 39K Promoter Region

314 To further strengthen the argument that IE-1 is a direct transcriptional target of
315  the 39K promoter, we performed a gel-shift competition assay using a biotin-labeled
316  oligonucleotide spanning the potential IE1-binding sequence as probe. Through online
317  program prediction, we designed a total of four probes containing multiple potential
318  binding sites. These probes were named probe 1 (-486~-532), probe 2 (-386~-431),
319  probe 3 (-310~-355), and probe 4 (+2~+47), which were incubated with purified IE-1
320 derived from prokaryotic expression. The incubation of the biotin with the IE-1
321  protein. The incubation of biotin labelled probe 3 (-310~-355) with IE-1 protein
322 resulted in a distinct band shift in the EMSA, which disappeared with the addition of
323  competitive unlabeled DNA probes (Figure 4A). In contrast, no significant band shift
324 was detected in the EMSA after incubation with probe 1 (-486~-532), probe 2
325  (-386~-431) and probe 4 (+2~+47) (Figure 4A).

326 To further examine the binding activity of probe 3 with the IE-1 proteins, we
327  analyzed the effect of the biotin labelled probe and unlabeled DNA on band shifting.
328  The results showed that the incubation of probe 3 with the IE-1 protein resulted in a
329  band shift, which increased with greater biotin labelled probe 3 concentrations and
330 reduced with increasing concentrations of competitive unlabeled DNA probes (Figure
331 4B). No significant band shift was detected in the probe without incubation with the
332 IE-1 proteins. There results indicate indicating that IE-1 specifically binds to 39K
333  promoter probe 3 (-310 to -355) during the transcriptional activation of the BmNPV
334  IE-1 protein-inducible 39K promoter.

335  Application of Artificial Inducible 39K Promoter

336  To expand the potential use of artificially-inducible 39K promoters in insect genetic
337  engineering, we synthesized new promoters P33+39K(-310~-355) by combining
338  baculovirus P33 promoters and 39K(-310~-355) binding sequences. Dual luciferase
339 assays indicated that the P33+39K(-310~-355) promoters exhibited a significant
340 increase in activity compared to the original sequence after binding to the 39K
341  sequence (Figure 5A). The promoter activity of P33+39K(-310~-355) increased by

342  4.46 fold after viral infection, which was 1.48-fold higher than the original sequence
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343  (Figure 5A). These results demonstrate that the 39K promoter fragment can be
344  utilized in the construction of an artificially inducible promoter to increase induction
345  activity in genetic engineering.

346

347


https://doi.org/10.1101/403279
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/403279; this version posted August 29, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Page 16 of 25

348  Discussion

349 Naturally occurring promoters are currently used in protein production and gene
350 therapy (28, 29). However, natural promoters are not always capable of driving high
351  levels of gene expression and may also lack the required specificity depending on the
352  promoter and the specific application (28, 30). As genetic engineering goals become
353  more elaborate and targeted, more precise gene expression tools will be needed (31,
354  32). Synthetic promoters contain fragments of natural promoters to form new DNA
355  sequence fragments that are not found in nature and are more powerful and specific
356  than naturally occurring promoters (11, 32). Considering that scientists have been
357  engineering silkworms for more than 20 years and that silkworm genetic engineering
358 has been widely used in gene function, silk engineering, and disease resistance
359  breeding in most applied in Asia, it is surprising that we are still using some of the
360 earliest-developed tools to control transgene expression in silkworms (33-36). To
361  more effectively and specifically apply silkworm genetic engineering, we constructed
362  a highly efficient synthetic baculovirus-inducible39K promoter. The 39K (-310~-355)
363  sequence widely used to enhance other promoter activities to construct synthetic
364 inducible promoters provides an efficient tool for synthetic biology and genetic
365  engineering.

366 In our previous studies, we have shown that the P-44 (—44 to +133) and
367  (from—420 to —611) are important regions for the transcriptional activation of the 39K
368  promoter, although the activity of the 39K promoter induced by the transcriptional
369  regulatory region was not studied in detail (19). To obtain a synthetically inducible
370 promoter with a shorter sequence and better induction activity, we performed a
371 stepwise analysis of the 39K promoter transcriptional regulatory region to identify the
372 influence of different regions on 39K promoter and induction activity. In combination
373 with the above promoter activity analysis, we constructed three artificially inducible
374  promoters P39K-1 (-573~-273 and +1~+62 fragments), P39K-1 (-573~-273 and
375  +1~+134), and P39K-9 (-773~-273 and +1~+134). Previous studies have shown that
376  mutation of the Autographa californica multiple nucleopolyhedrovirus (AcCMNPV)

377  ubiquitin promoter CAAT into CGGT increases inducible promoter activity (25). In


https://doi.org/10.1101/403279
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/403279; this version posted August 29, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Page 17 of 25

378  the present study, we compared mutations in the CAAT site of each artificially
379  inducible promoter, which did not exhibit a significant increase compared to the
380 original promoter (Figure 2). Therefore, the optimal synthetic inducible promoter for
381  P39K-1 was constructed in this study. The promoter length of P39K-1 was only 33%
382  of the P39K promoter, without a significant decrease in promoter activity relative to
383 the P39K promoter. The reduction of such long promoter fragments provides
384  significant improvement to the field of genetic engineering.

385 The AcCMNPV 39K promoter is mainly expressed by immediate early genes
386  (37-39). To systematically analyze transcriptional activation of BmNPV, we analyzed
387 the expression of the 39K promoter as induced by different early transcriptional
388 activator factors. The results showed that only the IE-1 could induce 39K promoter
389 initiation activity, but that of IE-O and IE-2 did not, unlike the ACMNPV 39K
390 promoter (Figure 3) (27, 38, 39). The promoter-specific application could be
391  significantly improved by the expression of the promoter according to the inducible
392  promoter regulatory sequence binding specificity in plant genetic engineering and
393  mammalian gene therapy applications (6, 18, 32). Here, we demonstrate that the 39K
394  (-310~-355) sequence can be applied to the construction of artificially inducible
395  promoters (Figure 5B). Furthermore, we also could use the original sequence to
396 increase the induction activity of other weakly expressed promoters or increase the
397 inducible activity of a promoter by repeating this fragment several times. Meanwhile,
398 the combination of different promoter regulatory elements also could be used to
399  improve the activity of synthetic inducible promoters. In our previous studies, we
400  successfully applied the virus-inducible promoter 39K to transgenic overexpressing
401  foreign genes, RNAI, and gene editing, and the determination of this promoter
402  binding region may be more accurately applied to the regulation of genetic
403  engineering (20-22). These synthetic inducible promoters also allows more extensive
404  applications to biopharmaceutical and agricultural process and in novel gene therapies.
405  The successful construction of baculovirus synthetic inducible promoters provides a
406  new strategy for the research and application of insect genetic engineering, pest

407  control, baculovirus expression systems, and insect bioreactors. In our future research,
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we plan to use the following strategies to improve the scope of applications of
virus-inducible promoters: 1) incorporating inducible promoter regulatory sequences
and tissue-specific promoters to synthesize new promoters to induce expression of
specific proteins in specific tissues to avoid loss of host energy and cell cytotoxicity. 2)
combined with 39K promoter and IE1 protein binding sequence, a foreign protein
inducible expression system will be constructed and applied to insect gene function
research; and 3) a broad-spectrum pathogen induction system will be constructed to
cultivate genetic engineering varieties that could respond to different pathogens. In
addition, the optimization of synthesized promoters can further increase the
specificity and yield of foreign proteins expressed by baculovirus expression systems,
as well as the application of insect pest control, such as pathogen-inducible transgenic
cotton bollworm, Spodoptera exigua, and the other economic crop pests. In
conclusion, the successful construction of synthesized inducible promoters provides
new insights to improve strategies for insect genetic engineering, pest control and

gene function research.
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555  Figure legends

556  Figure 1. Structural and functional analysis of the 39K promoter (A) Schematic
557  of Firefly luciferase and Renilla luciferase expressed vectors to sustain the dual
558 luciferase reporter system. (B) Relative luciferase assay of the 5"-end truncated of the
559 39K promoter. Cells co-transfected with the Firely luciferase and Renilla luciferase
560  expression vector were infected or uninfected with BmNPV at 10 MOI. Cells were
561  examined under luciferase reporter system at 48 h p.i.. Black represents -773~-1
562  fragment, blue represents +1~+136 fragment and dashed line represents the missing
563  fragment of the 39K promoter. Red represents the Firely luciferase reporter gene. The
564 39K promoter luciferase activity represents 1 and the promoter activity of the other
565  truncated fragment is a ratio relative to 39K promoter. (C) Relative luciferase assay
566  deletion and truncated fragment of the 39K promoter. (D) Relative luciferase assay
567  3’-end truncated of the 39K promoter.

568  Figure 2. Construction of an artificial inducible 39K promoter. (A) Analysis of
569 39K promoter regulatory element. Purple represents enhancer like components
570 CGTGCGC element, red represents CAAT locus, blue represents transcription
571  inhibitor TGAC box, green represents cis-regulatory original CACT element, and
572 pink represent TATA boxes. Artificially inducible 39K promoter sequences are
573  underlined. (B) Relative luciferase assay of the artificial inducible 39K promoter.
574  BmN-SWUL1 cells were co-transfected with the indicated Firely luciferase and Renilla
575 luciferase expression vector and infected with BmNPV at 10 MOI or uninfected. At
576 48 h p.i., cells were examined using a luciferase reporter system. Each data point was
577  determined from the mean of three independent replicates. The red location represents
578  the CAAT mutation to CGGT of 39K promoter -399 site. The blue location represents
579  the CAAT mutation to CGGT of 39K promoter -329 site.

580 Figure 3. Identification of inducible promoter 39K-regulated genes. (A)
581  Immunofluorescence analysis of 39K promoter activated foreign protein expression.
582  p39K-DsRed plasmid co-transfection with immediate early genes and examined under
583  a fluorescence microscope at 96 h p.i. Red represents DsRed protein expression, white

584  represents the number of cells. (B) Transcription of inducible p39K-DsRed system


https://doi.org/10.1101/403279
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/403279; this version posted August 29, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Page 25 of 25

585 with BmNPV immediate early genes. Transient co-expression of p39K-DsRed
586  plasmid and immediate early gene or infected with BmNPV at 10 MOI. At 48 h p.i.,
587 total RNA was isolated from each transfected cell and quantified by RT-PCR. Each
588  data point was determined from the mean of three independent replicates. (C) Relative
589 luciferase assay of inducible p39K-DsRed system with BmNPV immediate early
590 genes. Each data point was determined from the mean of three independent replicates.
591  ** represent statistically significant differences at the level of P < 0.01.

592  Figure 4. EMSA analysis of IE-1 binding to 39K promoter region. (A)
593  Electrophoretic mobility shift assay indicated that the 39K probes bind to the
594  recombinant IE-1 proteins. We used the competitive inhibitors unlabeled DNA probes
595 as control and without IE-1 proteins as negative control. The shift of the positive
596  control is indicated by a thick stripe. We detected probes 3 (-310~-355) with block
597  stripes. On the contrary, probe 1 (-486~-532), probe 2 (-386~-431), and probe 4
598  (+2~+47) were not associated with IE-1. (B) The EMAS detected that the probe 3
599  (-310~-355) binds to the recombinant IE-1 proteins. The probe 3 (-310~-355) probes
600  concentrations were 1, 2, and 6 pmol/L; the IE-1 protein concentration was 0.8 pg/L;
601  the concentrations of compete probes were 2, 20, and 100 pmol/L.

602  Figure 5. Application of the artificial inducible 39K promoter. (A) Relative
603 luciferase assay of the artificial inducible 39K promoter. BmN-SWUL1 cells were
604  co-transfected with indicated Firely luciferase and Renilla luciferase expression
605  vector and infected with BmNPV at 10 MOI or uninfected. At 48 h p.i., cells were
606  examined under luciferase reporter system. Each data point was determined from the
607 mean of three independent replicates. NS, not significant. ** represent statistically
608  significant differences at the level of P< 0.01. (C) Schematic plot of the synthetic
609 inducible promoter project.

610

611  Supplemental Table 1. Sequences of primers used in this study.

612  Supplemental Table 2. Sequences of probes used in this study.

613
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Figure 2A

-773 AAGGCTGTCTTGCTGTGTGCCCGTCGCGCGTACCGGAGCGCGAACGCGCCCGCCGCCGACATAAACGACACTTTTCTAGAAAAAATTTCCATACCACGAG
-673 GTCATCGCGATTGTTGCGACGCAAAAGTTTACGAAACTGCCGTGCGCGAGTTTGTGGAAGAAACTGGCCGGTTTTTTGACAGCGCGTTCATCTACAAGTT

-573 TCCATTTACGTTACAATGGAAAGACGACGGTGTCACTTACAAGTATTTGATATACGTAGGCGTCGTGCGCGGCAACTTGATTGACGTGAACGCCAAACCC

-473 AACACGTACACCGTGAAGTTGTTGCCGGGCACGTTTGGCAACGACTATCGTATAATGTTAAAACCGCGACGCTTCAATTGCGAAATAACGCGCAGCCTGG

-373 CCATCGTGCCGCTCAACAAATATTTTAATTATATGAACGACAAACAATTGATCACGTACGATTACAGCAATTACATTGAATTTTTTAGTTTTGTGCGCAG

-273 CATCAAGAAGCGTTTCGATAATAGGCAATTGCAAGACTTTTTCTACGCCACTCTAAAAAAGATAGACAACAACGATGCCCCCCAAAAATTGCACGCACTT
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Figure 4A
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