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Momusayus u yeno. OTICHUHBI — KIIOYEBOH 3J€MEHT 3peHus W (oropenenuuu y
0O0JIBIIMHCTBA MHOTI'OKJIECTOYHBIX OpraHu3MoB. OHH IpeacTaBIIsIOT coboii G-0emok
cBs3bIBaole TpaHcmeMOpannble petentopel (GPCR), conepkamme peTuHanb B
KayecTBE CBETOUYBCTBUTEIBHOTO XpoModopa. ITH (OTOpenenTopHble OClKH
HOSBIJIMCH Ha PaHHHUX 3Tarax 3BOJIIOLIHM MHOTOKIETOYHBIX >KMBOTHHIX (Metazoa). B
XO0Jle JalbHEHIIEW 5BOJIOLMH CEMEHCTBO OIICHHOB IIPETEPIENIO 3HAYUTENBHYIO
JTUBEPCU(PHKALINIO U PaCIIUPEHHE B PA3IMYHBIX TAKCOHAX JKUBOTHBIX. PaHHME STaIlbl
SBOITIOLIMN OTICHHOB OCTAIOTCS Majon3ydeHHbIMH [1]. OcoOBIii HHTEpEC MpeCcTaBIseT
uccienoBaHus (Goropenenuuy y rpeOHEBHKOB, MOCKOIBKY y 9TOH JPEBHEH TpyIIIBI
MHOTOKJIETOYHBIX KUBOTHBIX COXPAaHWINCH MPEIKOBbIE KOMIIOHEHTHI 3peHus [2, 3]. o
HEJTaBHEr0 BPEMEHH 3HaHMS 00 ONCHHAX TPeOHEBUKOB OBUTH BeChbMa OTpaHHMYCHHBIMU:
ObutH OOHAPY)KEHBI TONBKO TPW Tapajnora ONCHHOB Y JBYX BHIIOB TPeOHEBUKOB -
Mnemiopsis leidyi u Pleurobrachia bachei [3]. B renomax u Tpanckpuntomax Beroe mMor
OOHAPYKUIIM TPH OTICHHA, TOMOJIOrHYHBIX oricuHaM M. leidyi u P. bachei [4]. Onnako
3TUX JAaHHBIX HEZOCTATOYHO JUIS OJHO3HAYHOTO OIPEICICHHS MOJIOKEHUS OICHHOB
IpeOHEBUKOB Ha 0OIIEM 3BOJIIOLIMOHHOM JIEPEBE.

B nanHOM HccieIoBaHUH MBI IPOBENY aHAIN3 TPAHCKPUITOMHBIX TAHHBIX, JOCTYITHBIX
B 6aze NCBI, mns pasnuunbsix BugoB rpebHeBukoB orpsima Cydippida. omHoro us
HIMPOKO PACIIPOCTPAHEHHBIX OTPSIOB TpeOHEBUKOB. Llenbio aHanm3a ObLIO BBISBICHUE
U ulieHTUUKAIHS OeTOK-KOJUPYIOIINX MOCIe0BaTeIbHOCTEH, KOTOPBIE MOTYT OBITh
CBSI3aHBI C BOCIIPUSATHEM CBETA M (POTOPEIETIIHEH Y ITUX MOPCKUX KUBOTHBIX.
Memoovl u ancopummut. Mpl ipoaHann3upoBain qanHble SRA 11st 24 TpaHCKPUTIITOMOB
Cydippida, naiinennsix B NCBI: Cydippida sp. LM-2017 (SRR6074511), Cydippida sp.
UF-2017 (SRR5892578), Callianira antarctica (SRR5892575), Pleurobrachia pileus
(SRR6074514, SRR789901), Pleurobrachia sp. (SRR6074519, SRR6074520,
SRR6074517, SRR5892573), Pukia falcata (SRR5892572), Dryodora glandiformis
(SRR3048699, SRR777788), Mertensiidae sp. (SRR786492), Euplokamis dunlapae
(SRR777663, SRR3048351), Hormiphora californensis (SRR10237136, SRR1992642),
Hormiphora palmata (SRR6074513), Lampea pancerina (SRR3407163), Lampea
lacteal (SRR3048349), Bathyctena chuni (SRR3048487), Haeckelia rubra
(SRR3048520), Haeckelia beehleri (SRR3048894), Aulacoctena acuminata
(SRR3049024), a Takke coOCTBeHHbIE JaHHbIe TpaHckpunroma Pleurobrachia pileus
(SRR26700624). TIpensaputenbHyto 00pabOTKy TaHHBIX, COOPKY TpaHCKpuiToma de
NOVo, mpejicka3zaHne OETKOBBIX MOCIE0BATEILHOCTEH U aBTOMATUIECKYIO aHHOTAIIHIO
MPOBOJIMIIM C TOMOIIBIO CIENYIOMMX HporpaMMHbIx cpeacts: fastP v0.23.2, Trinity
v2.13.2, TransDecoder v5.5.0, BLAST v.2.12.0, HMMER 3.2.1. SwisProt (11/17/2021)
u Pfam-A (11/15/2021). Habop maHHbIX, TOIy4IeHHEIH 110 3ampocy «Opsiny» ot SwisProt

BGRS/SB-2024 857



u TrEMBL, Obl1 Bcronbp30BaH 1Jisl MOUCKA OSITKOB, YYaCTBYIOMIMX B (DOTOpELENINH Y
Cydippida. BeipaBHuBaHME MOCIIEIOBATEIBHOCTEH M (DUIIOTCHETUYCCKHI aHAIN3 MBI
IIPOBOAMIH ¢ roMoIipro mporpamm MAFFT v.7.48, 1Q-TREE 1.6.12 ¢ ucronb3oBanuemM
Habopa TIOCJIeI0BaTeNbHOCTE OINCHHOB, IPEACTaBICHHBIX B pabore Shettigar u
coaBTopoB B 2021 r. [5].

Pesynomamsi. Mbl MAeHTUGHUIPOBAIIA TPH TOMOJIoTa O€llka CeMeicTBa OICHHOB
(o603mavennsix kak Opsinl, 2, 3) B 13 u3 16 npoaHaaM3MPOBaHHBIX TPAHCKPUIITOMOB
otaenbHbiX BuoB Cydippida. B Tpanckpunrome Cydippida sp. UF-2017 oOnapyxen
ToJpko romosor Opsinl. B TpanckpunTomax riy6okoBoaHbIX BHIoB Bathyctena chuni
u Aulacoctena acuminata, obutarorux Ha rayouHax g0 5000 MeTpoB, 0OHAPYKEHBI
TOJIBKO TOMOJIOTH ONICHHA TPETheH Tpymiibl. VIIEHTHYHOCTD BHIPOBHEHHBIX ()ParMEHTOB
oncuHoB Cydippida kaxmoil rpymmbl, TpH CPaBHEHHMH C TOMOJOTHYHOMN
mociexoBaTensHOCTEI0 Mnemiopsis leidyi u Pleurobrachia bachei, mo manusiv BlastP
BapsupoBana ot 21 10 99% npu mokpsiTuu oT 47 10 99%.

Ha ocHoBe Habopa gaHHBIX paOoTHI [5], JOMOTHEHHBIX TOCen0oBaTeIbHOCTIMU Beroida
u Cydippida, MBI peKOHCTpYHPOBaAIH (BHUITOTCHETHYECKOE IEPEBO OTICHHOB YKUBOTHBIX C
UCTIONIb30BAaHUEM METO/1a MAKCUMAIBHOTO MPaBaonoao0us. beum naeHTruInpoBaHs!
JIB€ MOHO(UIIETHYECKHE TPYIIIBI OTICHHOB TPEOHEBUKOB (MM KTEHOIICHHOB).

OpnHa 13 MOHO(MIIETHYECKHUX TPYTII BKIIIOYAET JBE CECTPUHCKHUE Kiaasl: Krenoncunl n
Krenoncun2. Ilo-BuammMoMmy, OHM pa3oLUIMCh IOCHIE AYIUIMKALlMA I'€Ha OICHHA,
NpUCyTCTBOBaBIIero y obiiero npeaka Lobata, Cydippida u Beroida. B nacrosiiee
BpeMsI HET CBUJICTENBCTB JAalbHEHIEro pacIIMpeHHsi CEeMEHCTBa T'eHOB OICHMHA B
IBOMIOIMH TpeOHeBUKOB. COrlacHO HamieMy (HIOTeHEeTHYECKOMY aHau3y, TpyIa,
BKJIIOYAIOLIast KTCHOIICUHBI | U 2, MOXXET OBITh CECTPUHCKOW 110 OTHOLICHUIO KO BCEM
JPYTUM OIICMHaM MHOTOKJIETOYHBIX >KUBOTHBIX, 32 HCKJIIOUYEHHEM TaK Ha3bIBa€MbIX
ormcuuoB  Anthozoanll. Krenomcuu3 o00pasyer MOHOGHIETHYSCKYIO Kiaay BHE
OCHOBHBIX I'PYII ONCHHOB )KHBOTHBIX, KOTOPAasi MOTJIa TIEPBOI OTAEIUTHCS OT 00IIEro
JiepeBa 3BOIIONMH dTHX OenkoB y Metazoa.

Oncunsr Cydippida cooTBETCTBYIOT CTaHAAPTHOM 7-TpaHCMEMOPAaHHOW TOMOJOTHH
GPCR. AHanu3 ux CTpYKTYpbI OJATBEPIUIT OCOOEHHOCTH MX CTPYKTYPBI, BEISIBICHHBIC
paHee B oricuHax Beroe u Mnemiopsis. B yacTHOCTH, Bce KTEHOIICHHBI BTOPOTO THIIA
UMEIOT OOJIBIIYI0 BCTaBKY MEXAY MATOW M IIECTOH TpaHCMEMOpaHHBIMH albda-
cnupasiMd. B pesymprate B 00NacTM TpPEThEH LUTOINIA3MATHYECKOW IETIIN
(dopMupyeTcs 1B€ IOMOJHHUTEIbHBIE CIHPAIH, OTCYTCTBYIOIIME B OICHHAX APYTUX
KUBOTHBIX. DTa 00JacCTh MMEET pellaroliee 3HaueHHEe ISl B3aUMOJACHCTBHS MEXTY
orcuHOM U G-0enTkoM, U MOATOMY JOTOTHHUTENbHBIE IUTOIIA3MATHIECKUE CTPYKTYPHI
MOT'YT BJIHATh Ha OCOOCHHOCTH (pYHKIIMOHMPOBAHHUS perentopa. KTeHOICHHbI TpeTheit
TPYIITBI KIMEIOT YHUKAJIBbHYIO BCTaBKY U3 13 aMMHOKHCIIOTHBIX OCTaTKOB, CIIEIYIOIINX
cpasy 3a ocratkom Lys(K)296, gepe3 KOTOpBIi peTHHAITb CBI3BIBACTCS C AlTOMPOTEHHOM
y BCEX J)KUBOTHBIX OICHHOB. [I0CKOJIBKY 3TO MOKET BBI3BATH CYIIECTBEHHBIE H3MEHEHHS
B cTpyKkType 7-TM 1 HapymmaTh o01yto popMy XpoMO(pOPHOTro KapMaHa, ClIOCOOHOCTh
KrenoncnHoB3 cBA3BIBATH CBET MPEJICTABIAETCS MaJIO BEPOATHOM.

AMUHOKHCIIOTHBIE TIOCJIEZ0BATEIHHOCTH OTICHHOB TPEOHEBUKOB CPABHIIIH C JIPYTUMH
BU3YQJIbHBIMHA OTICHHAMH JKMBOTHBIX, YTOOBI OIIEHHTh BO3MOKHOCTH HMX YyYacTHs B
¢dotopeueniuu. B Krenorcune 1 u Krenoncune 2 Mbl HASHTHOUIIMPOBATIN KITFOUEBbIC
KOHCEPBATHUBHBIE OCTATKA U MOTHBBI, HEOOXOUMBIE JUIsI CBSI3bIBAHUS C PETUHANIEM U
cTa0WiM3au  KOH()OPMAIMOHHBIX ~ COCTOSIHUH  anonpoTeHHa. Y HHUKaJIbHBIC
KOHCEPBaTUBHBIC MOTHBBI OBUIM OOHAapyeHBbI B 00JACTIX, 00CCIICUMBAIOIINX CBSI3b
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onmcuHa ¢ G-Oenkom. B  mocnemoBarenbHocTsiXx KrteHorcmua3, oTCyTCTBOBANIM
KOHCEPBATHUBHBIE OCTaTKH, OTBEYAIOILINE 3a MOrjolleHHe (OToHa cBeTa B APYTHX
KUBOTHBIX OIICHHAX M IPUCYTCTBOBAIN HEKOTOPbIE KOHCEPBAaTHBHBIE MOTHUBHI,
CBsI3aHHBIC CO CBs3bIBaHNEeM G-0enKka, XapakTepHBIE JUIS IPYTUX ONICHHOB KUBOTHBIX U
otcyrcTBytonue B Krenoncunax 1 u 2.

3axnouenue. PUnOreHeTUYECKUH aHAIN3 OKa3aJl, YTO y TPEOHEBUKOB CYLLIECTBYET TPH
Tuna omncuHoB. Ilo-BuaMMOMy, TOJBKO JBa M3 HHX CIIOCOOHBI y4JacTBOBAaTb B
(doTopenenym, NOCKOJIBKY COIEpkKaT Bce HEOOXOMMbIE MOJIEKYJISIPHBIE KOMITOHEHTHI
JUI CBSI3BIBAHUSL C PETHHANIEM M CIIOCOOHOCTh MOJJIEPKUBATH KOH(OpMAIMOHHBIE
W3MEHEHUS B  DPA3IUYHBIX CBETOBBIX YCJOBUAX. OTH  OICHHBI  00pasyroT
MOHO(HIIETUYECKYIO TPYIINY, U Pa3oLUINCh MOCJIe AYIUIMKAIMY TeHa ONCHHA, 00IIero
quis npenkoB Lobata, Cydippida u Beroida. Her Hukakux CBHICTENBCTB JalibHEHIIIETO
pacLIMpeHns: CeMeNCcTBa T€HOB OIICHHA B 3BOJIIOLIUY TPEOHEBUKOB.

Qunancuposanue: Pabota BemoaHeHa B pamkax [ocymapctBenHoro 3amanms DULL
NuBIOM «buopaznoobpasrie Kak OCHOBa YCTOHYMBOIO (PYHKIIHOHHUPOBAHUSI MOPCKUX
9KOCUCTEM, KPUTEPUH U HAay4YHbBIE IPHHIUITEI ero coxpaneHus» Ne 124022400148-4.
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Motivation and Aim: Motivation and Aim: Opsins form the basis of vision in most
multicellular animals. Opsins are G-protein-coupled receptors (GPCRs) that contain a
retinal chromophore. The opsin family originated early in animal evolution and
expanded significantly across many different animal lineages. The early evolution of
opsins remains poorly understood [1]. In this regard, light reception of ctenophores is
important, as ancestral components of vision may have been conserved during the
evolution of this ancient animal group [2, 3]. Until recently, knowledge of ctenophore
opsins was limited to three paralogs in the Mnemiopsis leidyi and Pleurobrachia bachei
[3]. Additionally, in the genomic and transcriptomic data from Beroe, we found three
opsins that are homologous to those in M. leidyi and P. bachei [4]. However, the
available data do not provide enough information to unambiguously determine the
position of ctenophore opsins on the metazoan evolutionary tree or classify them into
any known opsin group. In this study, we conducted an analysis of transcriptomic data
available in the NCBI for various species of cydippid ctenophores, one of the most
widespread orders of ctenophores. The aim of the analysis was to identify and
characterize protein-coding sequences that may be associated with light perception and
photoreception in these marine animals.

Methods and Algorithms We analyzed 24 samples of Cydippida SRA transcriptome data
available at NCBI: Cydippida sp. LM-2017 (SRR6074511), Cydippida sp. UF-2017
(SRR5892578), Callianira antarctica (SRR5892575), Pleurobrachia pileus
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(SRR6074514, SRR789901), Pleurobrachia sp. (SRR6074519, SRR6074520,
SRR6074517, SRR5892573), Pukia falcata (SRR5892572), Dryodora glandiformis
(SRR3048699, SRR777788), Mertensiidae sp. (SRR786492), Euplokamis dunlapae
(SRR777663, SRR3048351), Hormiphora californensis (SRR10237136, SRR1992642),
Hormiphora palmata (SRR6074513), Lampea pancerina (SRR3407163), Lampea
lacteal (SRR3048349), Bathyctena chuni (SRR3048487), Haeckelia rubra
(SRR3048520), Haeckelia beehleri (SRR3048894), Aulacoctena acuminata
(SRR3049024), as well as own transcriptome data on Pleurobrachia pileus
(SRR26700624). Data pre-preprocessing, de novo transcriptome assembling, prediction
of protein sequences, and automatic annotation were carried out using the following
programs: fastP v0.23.2, Trinity v2.13.2, TransDecoder v5.5.0, BLAST v.2.12.0,
HMMER 3.2.1. SwisProt (11/17/2021) and Pfam-A (11/15/2021). The dataset
established by the "Opsin" query from SwisProt and TrEMBL was used to search for
proteins involved in photoreception in cydippids. We performed sequence alignment and
phylogenetic analysis using programs MAFFT v.7.48, 1Q-TREE 1.6.12 using a set of
opsin sequences analyzed by Shettigar and co-authors in 2021 [5].

Results: We have identified three homologous opsin family proteins (noted as Opsinl,
2, 3) in the transcriptomes of 13 out of 16 species of Cydippida that were analyzed. In
the transcriptome of Cydippida sp. UF-2017, only a homolog of Opsinl was found. In
the transcriptomes of Bathyctena chuni and Aulacoctena acuminata, which inhabit
depths of 1,000 meters, homologs for Opsins 3 were only found. The identities of the
aligned fragments of Opsin 1, 2 and 3 from Cydippida with the similar sequence of
Mnemiopsis leidyi and Pleurobrachia bachei, according to BlastP, varied from 21% to
99%, with coverage ranging from 47 to 99%.

Based on the dataset from [5], expanded by Beroida and Cydippida sequences, we have
reconstructed a phylogenetic tree of animal opsins using the maximum likelihood
method. Two monophyletic groups of ctenophore opsins, or Ctenopsins, were identified.
One of the monophyletic groups includes two sister clades: Ctenopsinl and Ctenopsin2.
These appear to have diverged after the duplication of an opsin gene shared by the
common ancestor of Lobata, Cydippida, and Beroida. There is no evidence of further
expansion of the opsin gene family during the evolution of ctenophores nowadays.
According to our phylogenetic analysis, the Ctenopsins1-2 group may be a sister to all
other metazoan opsins, except for the so-called Anthozoanll opsins, whose position on
the phylogenetic tree of animal opsins needs clarification. Ctenopsin3 forms a
monophyletic group that may be a basal clade outside the main animal groups.
Cydippida opsins conform to the standard 7-transmembrane topology of GPCRs. The
analysis of their structure revealed specific features that had been identified in previous
studies of opsins in Beroe and Mnemiopsis. Particularly, all Ctenopsin2 have a large
insertion between the transmembrane alpha helices TM5 and TM6. It results in two
extracytoplasmic helices, absent in other animal opsins. This region is crucial for the
interaction between the opsin and the G-protein, and extra cytoplasmic structures may
therefore influence the specificity of photoreceptor function. Ctenopsin3 homologues
have a unique insertion of 13 amino acid residues just behind Lys(K)296, through which
retinal binds to apoprotein in all animal opsins. It can cause substantial changes to the 7-
TM structure and disrupt the overall shape of the chromophore pocket. This raises
guestions about the photoreceptor functionality of Ctenopsin3.

The amino acid sequences of three types of ctenophore opsins were compared to those
of other animal opsins to assess the possibility of their involvement in photoreception.
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In Ctenopsin 1 and Ctenopsin 2, we identified all the key conserved residues and motifs
essential for retinal binding and the stabilization of conformational changes in the
apoprotein. Unique conserved motifs were found in regions mediating opsin binding to
the G-protein. In contrast, the Ctenopsin3 sequences lack conserved residues responsible
for light absorption in other animal opsins. At the same time, there are some conserved
motifs associated with G-protein binding that are characteristic of other animal opsins
and absent in Ctenopsins 1 and 2.

Conclusion: A phylogenetic analysis revealed that there are three types of opsins shared
among different species of ctenophores. Apparently, only two of them are capable of
participating in photoreception, since they contain all the necessary molecular
components for binding to retinal and the ability to maintain conformational changes
under different light conditions. These opsins form a monophyletic group that diverged
after the duplication of an opsin gene shared by the ancestors of Lobata, Cydippida, and
Beroida. There is no evidence of further expansion of the opsin gene family during
ctenophore evolution.

Funding: The study is supported by IBSS GA (No. 124022400148-4).
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