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ABSTRACT

NADH-cytochrome-bs reductase (CbR) was a flavoprotein and multi-functional redox enzyme, purportedly shuttled
electron to the substrate-complex for various physiological reaction, such as the P450s metabolism reaction,
desaturation and elongation of fatty acyl-CoA etc., and was potentially used in food industry, biosensor and
diagnostic areas. In this work, two full-length cDNAs of SeCbR genes, with the different N- terminal nucleotide
seguence, were isolated and partially characterized. The cloned SeCbR1 (SeCbR-like3) and SeCbR2 (SeCbR-like2)
had complete open reading frame, were predicted to encode 324 and 311 amino acids respectively, and shared high
identities with CbRs of several other species. For disclosing more information of SeCbR1 and SeCbR2, both genes
were analyzed by bio-information software and detected with RT-qgPCR method. Both genes had the trans-membrane
segment at the N- terminus. And the phylogenetic tree result showed that both genes are belong to the CbR family
and had closest relationship to the CbR of Helicoverpa armigera. The RT-gPCR results signified that SeCbR1 and
SeCbR2 expressed in most devel opmental stages of S. exigua except egg, as well as in tissues of cuticle, fatbody and
midgut. It is anticipated that our initial finding of SeCbR1 and SeCbR2 genes could generate the basement for
further studies of them at the molecular level. (words 204; limitation 250)
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INTRODUCTION

NADH-cytochrome-b5 reductase (EC.1.6.6.2, CbR) &lsown as flavoprotein, is a multi-functional redenzyme,
which is responsible to shuttle electron to othezyenes and could affect the progress of the P45&sbolism
reaction [1, 2], desaturation and elongation ofyfaicyl-CoA [3], biosynthesis of cholesterol [4lydroxylamine
reduction [5] , plant correct pollen and seed n&ttan [6] and so on. CbR have been isolated froerfihgus, plant,
insect and mammal [7-14] and deeper studies hage benducted on the fungudldrtierella alpina 1S-4), plant
[cotton Gossypium hirsutum L.), bean Phaseolus vulgaris L.) and tung Yernicia fordii)] and mammal (human,
known as methemoglobin reductase, and rat). Howawgra little information is currently availablerfthe insect’s
CbR except irCeratitis capitata, Helicoverpa armigera andMusca domestica [15-18].

The beet armywormSpodoptera exigua (Hlbner) (Lepidoptera: Noctuidae) as one polyphagasect, has led to
severe damage to various crops, such as corn,al#getand other economic crops for a long timeZ1p-due to
the failure of chemical control. Therefore, reshaabout its resistance to insecticide should beedorreduce the
loss of farmer. As well-known, P450 enzyme is thestdetoxification enzyme of insect resistance, @tdchrome
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bs system, including CbR and cytochromgals electron transfer, could affect the activityPdb0 detoxification [2,
22]. In current study, the full-length cDNAs 8€CbR were firstly cloned and characterized fr&@rexigua and the
MRNA expression level dCbR1 and SeCbR2 in tissue-distribution and devetogal stages were examined by
reverse transcription polymerase chain reaction-qRTR) analysis. These investigations would provale
foundation for further study on the function 8CbR and the interactions @&CbR with other components of
P450s inS. exigua, and promote the study of CbR in insects.

EXPERIMENTAL SECTION

I nsect cultures
TheS. exigua were reared on artificial diets in an air-condito room at 27+1°C, 75-80% relative humidity, vath
16:8 (Light: Dark) photoperiod and without exposto@ny insecticides.

Total RNA isolation and cDNA synthesis

Total RNA from the whole worm of different developntal stages {ito 5" instars larvae, pupae and adult) and
various tissues (cuticle, fatbody and midgut) Bfifstars larvae o8. exigua were individually extracted by the SV
Total RNA Isolation System (Promega, Madison, WBA) on three repetitive preparations, and were tifiech by
Nano Drop (Nano Drop Technologies, San Diego, C8A)

Cloning of full-length cDNA of SeCbR

The total RNA (2ug) was reverse transcribed to firgt-stranded cDNA withEasyScript Two-Step RT-PCR
SuperMix (TransGen Biotech, Beijing, China) and SRI&Rr™ RACE cDNA Amplification Kit (Clontech
Laboratories, Inc. Dalian, China) following the sifieation. The degenerate primers (DCbR1 and DCHRbPIe 1)
were designed according to the conserved partigh@macid residues (DCbR1: GLPIGQHI and DCbR2:
MIAGGTGIAPM) from other known species referring lyareport [16]. The partialSseCbR gene was cloned
following the procedure: 94 °C, 5 min; 35 cyclesfP@4 °C, 30 s; 58 °C, 30 s; 72 °C, 30s); and 721®min. The
PCR products were purified using Wiz&@8V Gel and PCR Clean-Up System (Promega), ins@rtedo pGEM-T
vector, and transformed int&scherichia coli XL10 cell (Vazyme Biotech Co., Ltd, Nanjing, China). The
transformants were screened with BBpicillin (60 pg/ mL) agar plates. The positive clones were vedlifand
sequenced by Invitrogen (Life Technologies, Beiji@hina). Subsequently, two specific primers f&RBCE
(TCbR2) and 3RACE (TCbR1) were designed on basic of the paalbR nucleotide sequence and thartd 3
parts of the corresponding cDNA were obtained \RACE technique. Finally, the full-length ORF $#CbRs were
cloned by specific primers.

Table 1 Primers used in this study

Primer name Primer sequence (5-3') Function
DCbR1 GGNYTNCCNRTYGGNCARCAYAT
DCbR2 CATNGGNGYRATNCCNGTTCCNCCNGCRATCAT
TCbR2 AGTGTTGAGACATCTTACCACCGTCAG RACE
CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT

RACE Degenerate primers

UPM & CTAATACGACTCACTATAGGGC Provided by kit
TCbR1 ATGTGCACCCTAAATTCCCTGACGG 'RACE

QCbR1 GGCGGCTGTGGTGGATTTTT

qCbR2 TGCCAAGTCCACAACATGTTCTAG RT-gPCR analysis

gCbR3 GCTTGTACTTCTTTCTTGGCTGGTT
B-actin 1 TCCTCCGTCTGGACTTGG!
B-actin 2 CCTTGATGTCACGCACGATTT

House-keeper gene

Sequence analysis

The full-length cDNAs ofSeCbR1 andSeCbR2 were assembled and the homology of deducedoamcid
sequences among various species CbhR were analyZ2dAMAN software package (Version 6.0, Lynnon Bifts
Canada) in terms of the sequence database fromnd&tCenter for Biotechnology Information (NCBIspectively.
The theoretical isoelectric point (pl) and molecukeeight (Mw) of putativeSeCbR1 andSeCbR2 were calculated
using the Compute pl/Mw (http://www.expasy.ch/tépistool.html). The signal peptide, trans-membrgné)
segment and functional domain of the these putgireéein were predicted by the Simple Modular Atetiure
Research Tool (SMART, http://smart.embl-heidelbdgg). [23]. The hydrophobicity scales were predictesihg
Hphob/ Kyte & Doolittle with ProtScale (http://welxpasy.org/protscale/) [24]. The phylogenetic treas
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constructed on MEGA 6.0, using the default settinijs the maximum likelihood method [25].

RT-gPCR analysis

After 2ug RNase-treated total RNA was reverse tnabbed to cDNA, the RT-gPCR assay was performefinial
volume of 20 pL including 10 pL 2xUltra SYBR Mixei(with ROX) solution (CWBiotech, Beijing, China),uL
each of forward and reverse primer (1 pM) (qCbRd @B8bR3 forSeCbR1, and qCbR2 and qCbR3 f8&CbhR2),
0.5 puL cDNA template and 1.5 pL RNase-free watbe Teaction was started at 95°C for 10 min, folldviey 40
cycles of 95°C for 15 s and 60°C for 1min. The RPIGR was repeated three times for each gene and the
dissociation curve analysis of amplified producsswroceeded at PCR reaction end to verify theifyeand
unique of the PCR product. The cycle threshold @tyies ofSeCbR1, SeCbR2 andp-actin (as keeping genejere
determined, respectively. At last, the the RT-gP@Ra were analyzed on the SDS 1.4 software plappli@d
Biosystems, CA, USA) by comparative Ct method [ZBhe statistical analysis herein were conductedgusi
one-way ANOVA and the results were represented aanmt standard error (SE). Tipg0.05 was considered
statistically significant differences.

RESULTS AND DISCUSSION

Cloning and sequence analysis of SeCbR

Following on the RT-PCR and RACE manipulation, f@lDNA fragments, including 1200 bp’'(RACE), 450bp
(degenerate PCR), and 700 and 450 BgR@&CE) were obtained (Fig. 1). Subsequently, twibl&ngth cDNAs of
SeCbR were obtained after assembling the PCR fragmériis. nucleotide sequence analysis revealed that the
complete cDNA 0fSeCbR1 andSeCbR2 contained a 252 bp and 39 bpubtranslated region (&) TR) and a 544 bp
and 545 bp AUTR with a poly-A tail, respectively. The ORFs d¢¢h of SeCbR1 andSeCbR2 was 972 bp and 933 bp,
and encoded 323 and 310 amino acids with the geztlimolecular mass of 36.5KDa (pl, 7.15) and 352aKpl,
8.57), respectively. Th&CbR1 and SeCbR2 were deposited in the GenBank database with acressimbers
HQ852050.1 $CbR1) and JX5697563CbR2), respectively.

1 2 Ml

Fig. 1 The PCR products 0fSeCbR1 and SeCbR2 by 3’ and 5 RACE amplification detected on 1% agarose gel falwing electrophoresis
and visualized with ethidium bromide (10 pg/lane)Lane M1, 100bp Plus DNA marker; M2, D2000 DNA marke; Lane 1 and 2, products
of 3’ RACE and 5 RACE; Lane 3, PCR product from the degenerate olignucleotide primer, respectively

The putativeSeCbR1 andSeCbR2 protein possess the characteristic featur&h& protein family, including the
FAD- and NADH-binding domains (Fig. S1).
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Fig. S1 Analysis of nucleotide sequence 86CbR1 (A) and SeCbR2 (B). The related amino acid sequences accordjno the degenerate
primers was boxed in A and B. The difference betw&eSeCbR1 and SeCbR2 was shown in C. The single underline was theAP binding
domain and the bold underline was the NADH bindingdomain in A and B, respectively. The pentagon in And B was for the flavin
binding domain. The stop codon is in asterisk

No signal peptide was found in the secondary airest of these two proteins following the SMART sbéang,
however, a typical N-terminal TM domain was foun®eCbR1 andSeCbR2 protein (Fig. S2).
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Fig. S2 Prediction of TM segments of th&CbR1 and SeCbR2 by SMART (Simple Modular Architecture ResearchTool,
http://smart.embl-heidelberg.de/)

The hydrophobic index results, from ProtScale pratiin, evoked that thil-terminal domain ofSeCbR1 and
SeCbR2 were observed to be highly hydrophobic (Fi@), Ssuggesting that these protein might be the

membrane-bound protein, which may anchor to the lonenge through thdl-terminus. Both predicted results from
SMART and ProtScale could authenticate each other.

Fig. S3 Analysis of the hydrophobicity ofSeCbR1 (A) and SeCbR2 (B)
Note. TM indicated the trans-membrane.
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The amino acid sequencesSCbR1 andSeCbR2 were aligned with those @bR in other organism by introducing
gaps to achieve maximum homology (Fig. 2). Theltesinowed that the CbR of thale creAsabidopsis thaliana,
AED92466.1), yeast Saccharomyces cerevisiae, CAA86908.1), nematode Céenorhabditis remane,
XP_003112622.1), fruit fly rosophila melanogaster, AHN58060.1), cotton bollwormHelicoverpa armigera,
ADOO08221.1 & ADY89570), beet armyworrgodoptera exigua, ADX95747.1 & AGL61416.1), zebrafisibéanio
rerio, AAQ97765.1), ratRattus norvegicus, EDM09729.1) and humamipmo sapiens, AAP97209.1) genes shared
32.41%, 29.39%, 53.54%, 54.41%, 83.69%, 81.85%7 784, 50.77% and 51.08% identities wiBaCbR1 and
possessed 33.76%, 29.86%, 55.13%, 55.59%, 81.23%4%, 56.09%, 52.25% and 52.85% identities with
SeChR2, respectively.

% 4% S0% 60%  T0%% B0 % 100%
L L 1 1 1 L L |

—— R norvegicnsgi (EDMO3725.1)

S2%

64% L H sapiens (AAPI7I059.1)

D. rerio (AAQSTTESL)

H. amigera {ADO0E2Z11)

L 0%

B85, H. amigera {ADYEISTO.L)

Lopay] S+ exigna (AGLE1416.1)

8. exigua  (ADX95747.1)

C. remanei  (XP_003112622.1)

D. melanogaster {AHN58060.1)

A, thalian (AEDSI4EE.1)

8. cerevisine (CAARGS08.1)

Fig. 2 Maximum likelihood homology tree obtained fom multiple sequence of several species. The orgamis’ names and GenBank
numbers were listed belowA. thalian (AED92466.1),C. remanei (XP_003112622.1)D. melanogaster (AHN58060.1) D. rerio
(AAQ97765.1),H. amigera (ADO08221.1 and ADY89570.1}1. sapiens (AAP97209.1) R. norvegicusgi (EDM09729.1),S. exigua
(AGL61416.1 and ADX95747.1) ané. cerevisiae (CAA86908.1)

Phylogenetic analysis of the SeCbR

Phylogenetic analysis and multiple sequence alignisnef SSCbR deduced amino acid sequences with ofingt
proteins from NCBI substantiated tf88CbR1 and SeCbR2 are the new members of tliBR family. To summarize,
four clans [, II, 11T andIV) were separated. It was noteworthy that the secegeeofHaCbR was the closest to that of
SeCbR (Fig. 3),

From the cluster group, there may be at leasttimes of CbRs in the organisms. However, Ha€bR1, HaCbR2,
SeCbR1 andSeCbR2 did not belong to separated cluster.
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1 gambiaestr-1l (XP_3093474)

Aaegypti- (EAT34552.1)
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G Bdorsali-2 (1aCs7551,1)
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4 (XP_004940464.1 r ) N 2

11205055,1)

Fig. 3 The maximum likelihood phylogenetic tree 08eCbR1 and SeCbR2 with those of other organisms. The deduced aminccil
sequences were aligned by Clustal Walgorithm. Th8eCbR1 and SeCbR2 are underlined. The regular roman letters I, II, IIT and 1V,
indicated the CbRs, that did not be defined the gnap of CbR by the submitter in the NCBI database. Tl bold roman letters represented
the cluster of CbR and the yellow, blue, pink, andgjreen indicated thel, II, III and IV cluster of CbR, respectively

Expression level of SeCbR1 and SeCbR2 mRNAin S. exigua

RT-gPCR results showed thHaeCbR1 andSeCbR2 mRNA were differently expressed in most life sgge&cept egg
(Fig. 4 A), and all test tissues (Fig. 4 B). Th@mssion levels 05eCbR1 andSeCbR2 mRNA were varied through
the different developmental stages, with the higheagl occurring in the®and %' instar larvae, respectively, and
the lowest expression level found iff tstar larvae. There were 6.40- and 5.49- foldhbigof SeCbR1 andSeCbR2
MRNA expression level in highest level comparinghtose in the lowest level, respectively.

The tissue-dependent expression results clearlyesthahat the midgut is the highest expression ¢issiBeCbR1

andSeCbR2 mRNA in test tissues. There were 7.75- and 5.18fdgher ofSeCbR1 and SeCbR2 mRNA expression
level in midgut than that in cuticle, respectively.
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Fig. 4 Spatial expression levels @eCbR1 and SeCbR2 mRNA in different developmental stages (A) and tisues of § instar larvae (B). L1,
L2, L3, L4 and L5 represented the ¥, 2, 3¢, 4" and 5" instar larvae of S. exigua, respectively. Different lowercase letters (a, brai c)
indicated significant difference <0.05) based on Duncan's new multiple range tests (DMRTYhe error bars represent the standard

errors (SE) of three replicates

DISCUSSION

The CbR is an archaic multi-functional redox enzynvhich is paid high attention due to its functionhuman
disease of recessive congenital methemoglobineRTM). And its activity always was used to diagnasifRCM.
Except that, the CbR could transfer the electrorth®s cytochrome $and be involved in important metabolic
process, such as cytochrome P450 metabolism red@ij, cholesterol biosysthesis and other reastineinsects
[15, 28, 29]. Syed et al. (2011) pointed that Cb&oonsible to shuttle electron to the substratepbmafor P450s as
an electron-transfer intermediate provider [2].

In current study, two SeChR genes were isolatedtlamdesults exhibited th&CbR1 and SeCbR2 have the same
nucleotide sequencei® C-terminus, but different inN-terminus, and interestingly similar phenomenon was
discovered in human, insect, plant and yeast ak[®@| 30, 31]. The length of these proteins wittl 3and 324
amino acid were consistent to the CbR gene featfiress 350 amino acids, and other typical featusesh
FAD-binding domain, NADH-binding domain, arfdsheet structure between FAD- and NADH-binding dimma
were found as well. The putative 8CbR was structurally related to those of other Eeiodicating that they may
posse similar functions with the known CbRs. Viaediction of SMART progranthe TM segment were foundéd

the N-terminus ofSeCbR1andSeCbR2, respectively. Therefore, two CbRs here mapbated on the cytosolic side
of the endoplasmic reticulum with its-terminus. The position of hydrophobicity of SeCibRerminus was
agreement with the TM position.

According to the polygenetic tree, four clans ofRC@, II, III andIV) were generated. Interestingly, CbR1 and
CbR3 only found in mammal, however, CbR2 and CbRdgted in mammal, insect, plant and nematode. Coimi
with the homology result, the SeCbR was closestticeiship with the CbR ofl. armigera, which belong to the
Noctuidae family as well &S exgua. And the diamondback moti®.(xylostella) belonging to the Plutellidae family
taken the second place to SeCbR. However,HREbR1, HaCbR2, SeCbR1 andSeCbR2 did not belong to
separated groups that may be due to the alterngpiieing or other reasons. Hence, more researstldltoe done
to clarify the CbR clusters.

The expression level @eCbR1 and SeCbR2 mMRNA were changed with the growth &fexigua, the highest level
was found in the @and % larval instars, respectively and the lowest ldngbupae Meanwhile, theSeCbR1 and
SeCbR2 mRNA transcripts in different tissues were diffeizeand the maximum level was observed in the ntidgu
general, the expression levels of certain proteitissues is related or affect its function. Suskue distribution
pattern of CbR was similar with that of not otlgCbR but also the P450 k. armiger [16, 32]. That phenomenon
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was agreement with fact that its involvement inftivection of P450s.
CONCLUSION

In brief, the current study provides the primarfpimation on molecular about nucleotide and amicid aequence,
putative structure and expression pattern of CbR. iexigua. However, for discovering specific pharmaceutical
function of SeCbR, further studies and more work still shouldubdertaken.
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