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Olfactory recognition of solanaceous host plants by Tuta absoluta
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Abstract [Aim] To identify and analyze the odorant-binding proteins (OBPs) of Tuta absoluta, and elucidate the olfactory
recognition mechanism it uses to locate hosts, thereby providing a theoretical basis for the environmentally friendly control of
this pest. [Methods] Based on published genome data for T. absoluta, OBP genes were screened and identified, and
bioinformatics analysis and homologous modeling was performed to obtain the genes’ three-dimensional structure. Autodock
software was used to simulate molecular docking between PabsOBPs and three volatile ligands, and the genes’ binding
characteristics were analyzed. [Results] BLAST analysis showed that 15 OBP genes of T. absoluta had high homology with
OBPs of other lepidopteran insects. Multiple sequence alignment of PaOBPs classified all OBPs into three types: Minus-C
type OBPs (OBP9), Plus-C type OBPs (OBP3/4/7/6/8/10/15), and Classic OBPs type (OBP1/2/5/11-14). A phylogenetic tree
indicated a credible, homologous, evolutionary relationship between the OBP genes of T. absoluta and those of other
lepidopteran insects. The results of molecular docking indicate that PabsOBPs have strong binding ability for three volatiles of
solanaceous hosts. PabsOBP2 has strong binding affinity for the tomato volatile 2-carene, whereas PabsOBP8 and PabsOBP9

bind to the solanaceous host plant volatiles 2-pentylfuran and (e)-2-hexenal, respectively. PabsOBPs bind to these three host
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volatiles mainly by hydrophobic force and hydrogen bonding. [Conclusion] 15 OBP genes of T. absoluta were identified and

analyzed, and the interaction between 15 PabsOBPs and 3 host volatiles was elucidated. PabsOBP2 could accurately identify

2-carene, a volatile specific to tomato plants. These results provide a theoretical basis for the development of behavior-based,

environmentally-friendly methods of controlling T. absoluta.

Key words Tuta absoluta; odorant-binding proteins; volatile compounds in solanaceae plants; olfactory recognition;

molecular docking

Ty Tuta absoluta J§1™ 15 25 Yl Rk
&, HESRKERIERE S, T20174E8 AE
YR AE TR L s O A b DX b e e nh b kB, B
CAEFRE PG . PR . fedbAifeh py 2 IX 2
K, HAmICTSEr g (REIFAE, 2022 ),
TGV I s AR . B AR AR HLIX S, X
T RN B A ) A 7 s B T ™ U, B e
80%-100% ( Guedes et al., 2019 ), F& FEI{E Ky 7
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LR MY L, AR KT RE (IREESY
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ke, #it 5SS SEASSTERE S
Y, Pz i8S 3Z 4K ( Odorant receptors, ORs )
LEEHES ORs 456, slRfFSHS, HhA
R 5 ARG A 8 AR SR U R AN R
DAL R G (Rihani et al., 2021), #F5EE,
RHEATEET OBPs X5 &M HR A3 725 8
fif . WA K 4= Monochamus alternatus i1/,
551 MaltOBPl 525 F A4 F 24 kMK
I (H)-o-JR M A B-TR M S5 A = BE R AIPE ( Zhang
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OBP J¥%1), i1 Blastx ( https://blast.ncbi.nlm.nih.
gov/Blast.cgi ) X 5L K #4704, Fr A <
45 A8 H IR EEHE ( Open reading frames,
ORFs ) ¥R A ORF Finder ( https://www.ncbi.
nlm.nih.gov/orffinder/ ) #4777, # it SignalP-
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5.0 M55k (http://www.cbs.dtu.dk/services/
SignalP/, Almagro Armenteros et al., 2019 ), #
F Clustal X 2.0.40 ( Larkin et al., 2007 ) X} OBPs
HEAT P AR LY o I MEGA7.0 SRIFABALAR
%7 ( Neighbor-joining method ) F4) 8 25 ih vEk - ik
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et al., 2018), DI RS ZMICH M EAHIEN
B H, AR AR AR A 5 H B 8 AT
e CRIEPE> 30% ), ik EmRE A,
PRATE A =450 . (i trRosetta ( https://
yanglab.nankai.edu.cn/ trRosetta ) A& B[R] Y514 <
30%FH9 OBPs. S PREAE R H BTy B,
SAVES 6.0 {4 ( https:// saves.mbi.ucla.edu/ )
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e e PDB M 3CF o SR AT Autodock 4.2.6
BAEXS PabsOBPs 545 & WIBCAR HEAT 701 % &
B, R4 AR, R LigPlot+v.2.2.8 #17
fi k- A EAEH 2D 4308 ( Laskowski and
Swindells, 2011 ), i1 PyMol 2.3.0 #4% ( PyMOL
Molecular Graphics System, Schrodinger, LLC)
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Fig. 1 Venn diagram of four solanaceous host volatiles
A 2-JHENRI s B: -2-CAME; C: 2-E¢44; D: 1-
HE-3-B0; B +\BE; F: #9860 G: 1-LM-3-Fd;
H: R-B-fifis 1o oD J: 3-(1-H AR H) 3Ry
Jis Ko 1808 L: 1-Cl; M: BEOR; N: 3-FIE TR
0. ZMRCMg; P: R, Q: X _HI; R: %,

S: 3-EeMf; T: ke U: 1-9006-3-B%.

A: 2-Pentylfuran; B: (E)-2-Hexenal; C: 2-Carene;

D: 1-Penten-3-one; E: Octadecane; F: Limonene;

G: 1-Nonen-3-one; H: (E)-B-Caryophyllene; I: a-Sabinene;
J: 3-(1-Methylethenyl)cyclooctene; K: 1-Pentanol; L:
1-Hexanol; M: Biphenyl; N: 3-Methyl-1-butanol;

O: Hexyl acetate; P: Benzyl alcohol; Q: P-xylene;

R: Naphthalene; S: 3-Norbornene; T: Cyclooctane;
U: 1-Octen-3-ol.

2.2 TEMEHEE OBPsHEES

iid BLAST Hexfrffr, b T 15 4
PabsOBP J3#51], H 2% OBP ¥4I 5 44 2 ki
Phthorimaea operculella {4144 H Pectinophora
gossypiella ) OBP [A]JEPE4 R o 15 /1> OBP ¥I4E7E
SR FFLEHE (ORF ); Bk OBP2, OBP4 il
OBPI11 4, Hsr OBP MfFFE(F S RFS (£ 1),
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*1 EinEME OBP EEM BLASTX FRMEELETF
Tablel Characterization and BLASTx matches of OBP genesidentified in Tuta absoluta

e Rk [ Pt
HHELFE (bp) (aa) BLASTx 8 IrE EfH (%)
Gene name Open reading Signal peptide BLASTx annotation Score E-value Identity
frame (bp) (aa) (%)
OBP1 160 1-19 gb|KAI5644744.1/PBP/GOBP family domain- 292 gx10 % 84.00
containing protein [P. operculella]
OBP2 128 ND gblKAI5646339.1PBP/GOBP family domain- 162 319 4  89.62
containing protein [P. operculella]
OBP3 149 1-20 gb|[KAI5646340.1|PBP/GOBP family domain- 233 gy 1077 71.81
containing protein [P. operculella]
OBP4 131 ND reflXP_028038616.1|general odorant-binding 208 5 1o 66 73.28
protein 72-like [Bombyx mandarinal
OBP5 140 1-19 ref{ XP_049875574.1|general odorant-binding 189  7x10°% 65.00
protein 19a-like [Pectinophora gossypiella]
OBP6 135 1-15 reflXP_049874887.1|general odorant-binding 184  ¢x 1077 76.86
protein 19a-like [P. gossypiella]
OBP7 140 1-19 gb/KAI5646350.1 PBP/GOBP family domain- 243 5% 10 %0 91.34
containing protein|[P. operculella]
OBP8 149 1-19 ref|XP_049874871.1|general odorant-binding 193 310790 65.15
protein 19d-like isoform X3 [P. gossypiella]
OBP9 133 1-15 gblKAI5639777.1 PBP/GOBP family domain- 249 |y (o % 93.23
containing protein [P. operculella]
OBP10 184 1-20 gblKAI5644061.1|general odorant-binding protein 374 35 o9 13  97.83
70 precursor [P. operculella)
OBP11 195 ND gb|KAI5635238.1[PBP/GOBP family domain- 356  8x 102  91.71
containing protein [P. operculella]
OBP12 133 1-16 gb|WKR38901.1|odorant  binding  protein 191 2%x10 % 66.67
20 [Spodoptera frugiperda]
OBP13 149 1-15 gb[KOB73304.1|Odorant  binding  protein 230 5y 174 84.92
[Operophtera brumata]
OBP14 193 1-18 gb/KAI5640218.1PBP/GOBP family domain- 343 gy 1o '8 9115
containing protein [P. operculella]
OBP15 152 1-24 ref|XP_026755199.2|general odorant-binding 154 7% 10 4 60.36

protein 84a [Galleria mellonella]

ND: £KJF], ND: Not detected.

MY IR 2 TP 4 LUXT A5 2R (/] 2), ARFEIR
SPPEPEE R AR ISR, B 15 45 OBPs J¥4150 k3
A2 . Minus-C %! OBPs ( OBP9 ) Fil Plus-C %Y
OBPs ( OBP3/4/7/6/8/10/15 ), HiAt OBPs ¥J/& T+
Classic #4,

JF OBPs @R T FIE N R G K EW i
7N, 15 > PabsOBPs 7pJjl] 5 HAW®EH H (4
Bombyx mori, HLHE SR M Spodoptera littoralis,
/NI Plutella xylostella, #7144 HL Helicoverpa
armigera) I OBPs B4 2 [HIE R
FH 15 4~ PabsOBPs 5 H A HEL 4L OBPs
EAT A5 W ARSI OC R o AR & B BT B ok

KBl PabsOBPs 5 HiAth B R % 1l TR A5 5 2 H
(General odorant-binding proteins, GOBPs)Fl{55 B,
% %454 5 1 (Pheromone-binding proteins, PBPs)
B (K3),

23 SFIEER

B A% OBP J:K7E SWISS-MODEL
PEATRAR I &G, R R e e AR, BR
OBP1/3/8/13/15 4b, HAx OBP #A &3k i [ I
AR ([FIEIE> 30% ), BT iZpbr 17 A I
AR i H trRosetta A B[R] < 30%[1) OBPs,
ik ProCheck F2J¥430#T PabsOBPs =4k Y )
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* 20 * 40 * 80 * 100 *
PabsOBP1 YIIRTvEA TRDHPVEMSEH§FS--LEKMIPPRDYGTK: ABAYRLHGSE : 71
PabsOBP2 : [eMRDHPVDPTEMMD--LOKLIPPRKKEAK - LMABAYRRKEGTY : 56
PabsOBP3 : ---MLRIIZSVFCVCF (6 SORFPVSQDE}#AM-~VRENQQL! VRK—{SMFASTFRRIGIM : 76
PabsOBP4 : v v )R-~ -NSARMLKKQSLGKTGVAEDKSISN -~ IEKGQFVEEKEVM—{& IYQLTN-} : 65
PabsOBP5 : ----MRLELEVY: YIYGMTRPQM I IMEK JRRIAK--ISEGDFREDPEVE—{sWAGVYRTIO-N : 74
PabsOBP6 : MIVTLCILTL VEGMTRQQWK———NSGKMMKKSeMPRNDVTEDQYGN—-IEQGKFLEERNVM IYGMMOY = 70
PabsOBP7 : —---MVLLIVVJJRELVE! TYCDAMTMKQGHR -~ ~NTGKMIRKT[®L PKTNVEEERMDK~~ITEGVEIEEKEVM-{ T : 74
PabsOBP8 : —---MFMVLKIMICLCLV LSYAKSEAERR——-NYFIGIALESNRETPISAENSMT -~ LHQHKIPDNETAR 8 VFRKAKWY : 75
FabsOBP9 : LILEMFEVAA YAHNAELSQSCK---NMVRTYTAHSVKETGVKPEVMAE--AKKGHFADDEALK-KFTLSFFRKSGIH = 74
PabsOBP10 : —--MVRKISAL{{CCLYVFGISLSDSAISAESERRCRNPPTAPQRIERVITLCODEIR—~-LSILREALDVIKEEHTMPTDRRRNKREVPETHDEKRIAGSIHCEVYRRVEAY : 106
PabsOBP11 : -MTLETKEYTIMMFLVEAS—————=========] AFYLVMAETPMTKEDQIASYNKYNEQVEPFRENISHSARQVKASMVIYEN-~FLKRIPQSSMQGK—SF\YAS ILKRNS-} = 93
PabsOBP12 : --MERLLIFAANVSE. YAHERLSDMARKQCYNEMYPK---GRTVIIQESDEP FEVLERIGIE : 67
PabsOBP13 : —-MLVLSILSI{{LTVESF KQFSSNPEPS#S——-ILYARDKKSDIITNDCLMEMYPRNLYKYPLHIDRNDVP—e INHOVLEKFGIY : 79
PabsOBP14 : MQFLILLMSSIHMTASTS——————=========== KSNRHHPVSYGTQVDFEDPRQGHLDALVRVAQSSV IKVRATPKI|RA-~YFTNSPPVTRSGQ-{$ FAASMLEQSD)] : 9]
PabsOBP15 : -MRQFACTITRYIFITL VAGTNAEDK VEVVNV[e] RIEMAYQEALDTSGSFPDETDRTPKEFRSLLETSGVA = 86
c c C

120 * 140 * 160 * 180 * 200 * 220
FabsOBP1 : TRI{ELYDMNHVREMADMMSNGK---ETRKONILKLGEI[SSKVNEVEVSDG-ERGSERRAMIFKEV. VRHV' : 143
PabsOBP2 : TAKELYDKEHAYQIAELGENGD---EKRLENGERKVADISAKVNDVEVSDG-ERGe] IFKSVAENAPRYGFKI : 128
PabsOBP3 : NQHEFLSVDSVYAISEKYLSHD---ATKLEKAKKFAEASRHVNFVDLSEQSDSHeERAGLIFKeSVDKASQFDFIL = 149
PabsOBP4 : VENNKISFEASIKQIDIMYP-----PDVKEPAKKSAENEKDV----SKKY-KDISEASYRTAKSMYEDDPANFIF: : 131
PabsOBP5 : TRNDKLNKDMVNKQVDILYP-———— PEMKADTRERHIEHSLPI-———-QNNY-KDFeDRVFYAAKSLYEKNPPNF IF : 140
PabsOBP6 : VRNEKVSPEAVMKTVDLME' MKEPV. (s KR--KDISEARFYSSKSMYEA FF = 135
PabsOBP7 : FENEKFNYESAMKQADMLLP-———— DEIKEPARVVLTT®KKV——--PDAY-KDHeEGSFHLAKSLOKENPATFFEP = 140
PabsOBP8 : DAKEMFDVDAVHGFLEKEHFDD---ATKQESSEKLIEIEKKVNEETVSDG-EKGEQRGALLTMSLTENAPKVGLNLV = 149
PabsOBP9 : SSHEKLNSEAALSKLPAGVD—-——————-] KARVAKVLEEKKK—————-' TG-KTQADTAFEIFKS YHKGTPVHVI = 133
PabsOBP10 : DSY[EFPTLEGLVGLYSDGVNERGYFMAVLEASRECLMRN SRTVEMDNGRNSDVSFDIFE[e ISDRIGEYCGNAGL : 184
FabsOBP11 : IKYNKIVLDNLIEINRAVYEDD---GEVLSRLETAGTHELKV————— VDNIFEISEYASMENI LLDKL LG WIEEDDELLKLVKDEL : 195
PabsOBP12 : TSNEFINLDVFRKRVQTAHQ-----LDQRAVSSDYGSSEVES-AESTQHK-QD' THLYRMLLT : 133
PabsOBP13 : SNDECINIKNYYRRVOAIHR-———— YDPRILISDVAET{SEQN-INAMNLD-HD TQLYAITFRDSD) : 149
PabsOBP14 : ISHEKVNRDLLIHLASLVNGKNSRVVRKLSSVSRICMETIEGLSDKKHRSNVD] LNENMLEFAFPLDIAEEAVREMPFHLIQPNLPSNYRHN-——————— : 193
PabsOBP15 : SED§IYDPKMAAKVFAGKRG—————| GKVMNDLEDLAKSEAPR——————-] DEQC] LMEKEIEEYEKPEE : 152

a c c
B2 EmEMHE OBPsWRERSERFTILEXY
Fig. 2 Amino acid multiple sequences alignment of Tuta absoluta OBPs
~p Mzl A= TR R ) — 3
TRSF Y24 Db 2 R AR LA SR (A FIR (R T
Conserved cysteine residues are highlighted in black and gray scale.
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Bootstrap Lo
. .
® <40 R
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B3 HMEBEHEEEMSSHBRER OBPSHRZLE S

Fig. 3 Phylogenetic analysis of OBPs from Tuta absoluta and other lepidopteran species

Pabs: FhiEM ik T. absoluta; Bmor: ZZ 4% B. mori; Slitu: B I% S littoralis;

Pxyl: /NI P. xylostella; Harm: #34% H H. armigera.
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SRR B, PSR G R BT A AR T
FEAHLIX A Z IERRIAE 90%L) b, TF B[R] PR i A
SERA I SR AT R T OBPs
5 3 FMELYEIKRSSEE S, BT,
PabsOBPs 5 & ilifr A &Y 2- BRI 45 G he )
sk FMPHMED A LY 2- Ik A -2-C
SRS, 455 R, PabsOBP2 5 2-BEIR 454 15
ZEAHEN - 5.53 kI/mol; PabsOBPS 5 2-J%Jtik
T ELAA AL SRS, 45ATEN - 4.1 kJ/mol;
PabsOBP9 5 J-2-CUiE B BORMEE & 71, 4
AREN - 3.7kI/mol (% 2),

PabsOBP2 5 2-E 5145 & F 2 i 52
MR 5k 8 1 0 B K AE L O, JEEVEIE
PabsOBP2 5 2-d = £ i KV F Z JE R ik AL 8
AN, 43514 Leu28 ., Thrll, Vall4, GIn23. Phel0.
Leu3l. Leu34 1 Phell4 (& 4),

PabsOBP9 5 J -2- I X 1) 45 A F- 223 i
55 SR 5% IL IV 18 5 /K A FH 0 Fn S B AR
5 2 -2- OV Y B B KA 1 0 2 S R ik
FEA Tyr109. Val86. Thrl13. Val83. Proll4,
Val78 il Valll5; R-2-C#EEH N JRT5
PabsOBP9 & IERIESE Asp79 TEAL 1 MK N
295 A s (ES5).

2-IR I I 5 PabsOBP8 1Y 5 M43 JL R 7%
3 Met47. Phe29. Leu50, Leu8 Fil Vall49 £
W KAER 71 BRitbZ 4, PabsOBPS 5 2-J&

Leuz;_(r% Thell (A)

GlIn32 ’(:‘LE Cs

Leu3l (A)

g ’_Clo

 § %;helo (A)
P: C4

2-Carene

Leu34 (A)

FL IR 9 25 A A Tl o SV R, 2- 13k
I 5 PabsOBP8 1Y His51 Fl His53 4 Ik 2
RN 2.96 F12.86 A 1y EGE, 2 DNEEERYIE
BA AT H G586 IR 6, R e 45
(&l 6),

x2 HEAMEMHE OBPs 5 3MEMAS FHIXHEER
Table2 Tuta absoluta OBPs docking
results with threeligand molecules

HHEZFR 454668 (kJ/mol) Binding energy (kJ/mol)

R-2-CmE 2R 2-E5 A

(E)-2-Hexenal = 2-Pentylfuran  2-Carene
OBP1 -3.16 -2.89 - 4.51
OBP2 - 3.05 - 3.56 -5.53
OBP3 - 3.04 -3.21 -4.80
OBP4 -3.44 -3.56 -5.08
OBP5 -341 -3.53 -4.79
OBP6 -3.59 -3.89 -5.06
OBP7 - 3.56 -4.03 - 5.47
OBP8 -3.54 -4.10 - 4.98
OBP9 -3.70 - 4.02 -4.96
OBP10 -3.12 -3.26 - 4.46
OBP11 -3.02 -2.90 - 4.06
OBP12 - 3.49 -3.35 -5.20
OBP13 -3.21 -3.31 - 4.86
OBP14 -3.53 - 341 - 4.81
OBP15 -3.10 -2.96 -4.00

£
PHE114(A) ﬂ‘m 1E10(A)
4 L&

=
VAL14(A)

THRll(A)ﬁ JA

LEU34(A)

4 PaOBP2 5 2-EEHIHEEER

Fig. 4
& P ARic i 2 SRR 5% A b S A i i) IR e R R 5

The amino acid residues marked in the figure are non-ligand residues involved in hydrophobic contacts.

Interaction between PaOBP2 and 2-Carene
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Thr113 (A)
Valg6 (A)
PR0114(
VAL115(A)
Tyr109 (A) o Va183 (A) ' ‘ "' \
(E) 2- Hexenal
iﬁr‘olm A)

CG

Asp79 (A)
a178 (A)

Vall 15 (A)

5 PabsOBP9 5k-2-2 HEERIHEEE A
Fig. 5 Interaction between PabsOBP9 and (E)-2-Hexenal

P bR T ) e R ke 5 DAy e S SR AH A A S S AR ke R R Rt K 2 ok ) B A ke 2
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The amino acid residues marked in the figure are amino acid residues interacting through hydrogen
bonding and non-ligand residues involved in hydrophobic contacts.
The distances of the hydrogen bonds are indicated by numbers. The same for Fig.6.
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Fig. 6 Interaction between PabsOBP8 and 2-Pentylfuran
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X IATAVRN SR BE R B 52 0 A T2 A5 B BE ( ZE e 2 55,
2023 ). BB T AnvER I X S AR B 1R LB 1R
BILT AT LA Sy 7 it vk I i £ 375 700 1 O % B AL B i
RPE AL

OBPs [ EZ I RE R VUNELS A I s MR
SRS, B R SRR L O L
T B b A ke T EE . dESEIRHR ¥ Bradysia
odoriphaga M4, & & M 0] FH U Fiaz i
FFEYIERY (Zhao et al., 2018 ); Fh/NILik
Bactrocera dorsalis 1% A& 1 BdorOBP2
A /NSRRI LB R B 3 T A ) O
#F (Liuetal., 2020), FFLAEIfEN: OBPs nfff
Shy i o R HL 75 35 7] i IR sl ) A A AR ( Tk T 4,
2021 ), AWFFERHE . L8 HEAHT T 25 0 vk ol ik
(/) 15 4~ OBP #:H, KK/ OBP 5 L4455
PRk ARG LT 48 Ui OBP [RIJAPE R, H 5 H:
flu iR H B A ) OBPs HA A 1y [R) kA ¢
R WK EW P& LM PabsOBPs 5 HA
FH K GOBPs il PBPs %%, PabsOBPs fil 3
Pl EMEYIE & WA Bk a5 AR, b
A TE R Y 2- 85I (25 A B T o, HOOR i
BHED LA LY 2- LW S5 -2- AT
OBPs ST 1Ay A % 4s A WM R 5 0 2 L R
BRILFELAATE A BAE R ), Bk sy 22 S
SIRGS G EAEREUKER J7, Hr PabsOBP9
5z -2-C Kk L M PabsOBP8/9 5 2- 1 LR 2
ISR F O R 45 A R E .

AHGERIE T Homi ik OBP SEHEY)
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FRIEFFPISFINOL B, AR RIS AR B E T 3
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