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Topbareie xuthl (Megaptera novaeangliae) coepmiator | Humpback whales (Megaptera novaeangliae) migrate
©)KEToIHbIC CE30HHBIC MUTPALUM, JIETOM OTKoueBbIBasi B | seasonally from the higher latitudes, where they feed
Ooree BBICOKME IIMPOTHI JJIsL HATyNa, a Ha 3UMy BO3Bpa- | in the summer, to warm waters of the lower latitudes,
IIasiCh B TEIUIbIE BOJBI HU3KUX INUPOT JUIsl pa3MHOXeHHs | where they mate and give birth in winter. There are
(clapuBaHus M poXkIeHMs AeTeHbIel). B ceBepHoli wa- | several breeding grounds in the North Pacific: Asian
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Fig. 1. Frequencies of mitochondrial DNA haplotypes for humpback whales in the feeding and breeding regions of
the North Pacific. The circle size is proportional to the number of individuals sampled.

ctu Tuxoro okeaHa U3BECTHO HECKOJIBKO pallOHOB pa3MHO-
sxeHust: asuarckuii (OracaBapa, OknHaBa U OUINNITUHEI),
raBaiicKuii M MeKCHUKaHCKHH (ocTpoBa PeBmibsxuxeno,
paiion y nobepexuii Kamudopruiickoro noiyocrposa u
MaTepukoBOl MeKCHKM) W LeHTpalbHOAMEPHUKaHCKHN
(Calambokidis et al., 2008; cm. Pucynok 1). PaiioHsl Haryna
TIpe/ICTaBIIeHBI OoJIee WK MEeHee TMCKPETHBIMH HaryJIbHbI-
MH CKOIUICHUSIMH 110 Bcell ceBepHoit [lanmduke: or Kanu-
(hopHUM Ha IOTO-BOCTOKE M CeBEepHBIX KypHibckux ocTpo-
BOB Ha roro-3amaze 10 Yykorku Ha ceBepe. [l ropbaduei,
KaKk M Ul MHOTHX JAPYTHMX KHTOOOpa3HbBIX, XapaKTepHa
MIPUBSA3aHHOCTH K ONpPENEIEHHBIM MECTaM Pa3MHOXKEHUS U
Haryna: TO €CTb OUH M TOT K€ KUT Yallle BCETO €XKEroHO
MHUTPUPYET MEXIY OIHUMH M TEeMH K& palloHaMH Harysa
1 pa3MHOXKEHUS (XOTsS OBIBAIOT M HMCKIIIOYEHHS, OCOOCHHO
cpemu camuoB). [Ipu 3TOM >KMBOTHBIE M3 OJHOTO paiioHa
Pa3MHOXEHHUs] MOTYT MUIPHPOBAaTh B pa3HbIE pailoHbI Ha-
ryaa 1 Ha000poT. Bee 3To co3maer 10cTaTouHo CIIOKHYIO U
3aIyTaHHYO MOMYJSIIMOHHY0 cTpyKTypy (Calambokidis et
al., 2008). Llenpto naHHOM pabOTHI OBLIO MPOSICHUTH C T10-
MOIIBIO TEHETUYECKUX METOJI0B OTHOIIECHUS MEXIY TpEMs
HATyIbHBIMHU CKOIUIEHMSAMH B poccHiickux Bopax: Koman-
Jopckue octpoBa, Kaparmnckuil 3anuB u BoctouHas Yy-
KOTKa — M CPaBHHUTh UX C IPyTHMMH HaryJbHBIMH CKOIUICHH-
sIMU CEBEpPHOM yacTH THXOro okeaHa, a TakXke ¢ pailoHaMu
Pa3MHOXEHUS KUTOB.

(Ogasawara, Okinawa, and the Philippines), Hawaiian,
Mexican (Revillagigedo Islands, Baja California,
and mainland Mexico), and Central American
(Calambokidis et al. 2008; see Figure 1). These feeding
grounds are represented by more or less discrete feeding
aggregations across the entire North Pacific, from
California in the southeast to Chukotka in the north and
the northern Kuril Islands in the southwest. Humpback
whales, as well as many other cetaceans, have high
site fidelity to feeding and breeding regions, i.e. a
whale most likely migrates annually between the same
feeding and breeding grounds (with some exceptions
such as males, being less constant). Whales from the
same breeding ground migrate to different feeding
grounds, and vice versa. This creates a complicated
and intricate population structure (Calambokidis et
al. 2008). In this study we aimed to clarify, through
a genetic analysis, the relationships between three
feeding grounds in Russian waters (the Commander
Islands, Karaginsky Gulf, and eastern Chukotka) and
compare them to the other North Pacific feeding and
breeding grounds.

Skin biopsy samples were collected from humpback
whales on the feeding grounds near the Commander
Islands (N = 25), in Karaginsky Gulf (N = 12), and in
the Senyavin Strait (N =31) from 2014 to 2017. During

Mopckue mnekonutatowwme onapktuku. 2019. Tom 1.

361



Filatova et al. Genetic analysis of humpback whales on the feeding grounds in the western North Pacific

OO0pas1pl KOXXH KNTOB OBUTH COOpaHbI METOAOM AWCTAHIIN-
OHHOM OHMOIICHM B HAaryJIbHBIX CKOIUICHMSIX Bozine Koman-
nmopckux octpoBoB (N = 25), B Kaparuackom 3amuBe (N =
12) u B mpormuBe CeHsiBrHA B BozaX BocTouHOM YykoTku (N
= 31) B mepuon ¢ 2014 mo 2017 rr. Ilpu B3sITHHN OHOTICHU
MBI (hoTorpadmpoBaIy KaXJOro KWTa IS HOCIEAyIOmen
WHIUBUTYAIbHOW MACHTU(HUKAIMN U 9TOOBI M30eXkaTh I10-
BTOPHOTO B3STHS TTPOOHI.

I'eHeTnyeckuii aHaIN3 IPOBOIICS B KAOWHETE METOJIOB MO-
JEKyJISIpHOI inarHocTiky VIHCTHTYTA ITPOOIIeM SKOJIOTHH U
spomior UM A.H. CeBeprioa PAH Ha aBTOMarmueckom
anam3arope Applied Biosystems 3500 ¢ ucmosbp3oBaHueM
METO/IOB CEKBEHHPOBaHMs (TEPMHUHHpYIOLIAs peakuus —
BigDye Terminator v.3.1) u ¢parmenTHOrO ananuza. B ka-
YeCTBE TeHETUUECKHX MapKepOB ObUIM BBIOPAHBI: y4acTOK
KOHTPOJIBHOTO perroHa murtoxouapuansaor JJHK (mt/l-
HK) — ¢parment anuHo# 667 1H, TPaAUILIMOHHO HCIIOJb3Y-
eMbIil B HccllenoBaHusx ropoaroro kura (Baker et al., 2013,
nparimepel  MT4 [5°cctecctaagactcaaggaag 3’1 u H00034
[5° taccaaatgtatgaaacctcag 3°]) u 11 MUKpOCaTEIUIUTHBIX JIO-
kycoB saeproit JIHK: Ev14, Ev37, Ev96 (Valsecchi, Amos,
1996), GATA417, GATA28, GATAS3 (Palsbell et al., 1997),
GT211, GT23, GT575 (Berube et al., 2000), rw4-10, rw48
(Waldick et al., 1999).

YpoBeHb pazINYMii 10 YacTOTaM OTMEUYEHHBIX B BHIOOPKaxX
ramorunoB MTJHK Mex 1y ncciienoBaHHbIMY pETUOHAMU U
JPYTUMH HaryJIbHBIMH CKOTUICHHSAMH M PailOHAMH pa3MHO-
JKeHHUS B CeBepHOI yacTu Tuxoro okeaHa (manHsie Baker et
al., 2013) onernBany Ha ocHOBE Fst-KpuTepus ¢ MOMOIIBIO
naketa strataG (Archer et al. 2016) B R (R core team 2017).
JlaHHBIE 00 aMIENEHOM COCTaBE MUKPOCATEIUIUTHBIX JIOKY-
COB B HCCIIECZOBAaHHBIX paliOHaX aHAIN3MPOBAIH METOAOM
KJactepm3anuu (mporpamma Structure v.2.3.4, Pritchard et
al., 2000) ¢ ucromp30BaHUEM MOJIENN «admixturey.

AHanM3 4acToT rarioTHIOB KOHTPOJIBHOTO PETHOHA MHTO-
xoHapuansHoil JIHK BBISBUI 3HaYMMBIE pa3snu4us MEXKAY
BCEMH TPEMsI HCCIIEJIOBAHHBIMU PETMOHAMH, TIPH 3TOM Hau-
Oornee BBIpXKCHHBIM OBLIO OTJIMYME JIBYX Treorpaduuecku
ONM3KMX HaryJabHBIX CKoIieHMH — Komanmopcknx ocrtpo-
BoB 1 Kaparnnckoro 3anmusa (Fst=0.277, p<0.001), B MeHb-
1Ieii creneny ckoruienne KaparuHckoro 3aiiBa OTIn4anoch
ot nposnuBa Censuna (Fst = 0.173, p< 0.01) u HanmeHee
Pa3IMYHBIMH OKA3aJIHCh CKOIUICHUS KOMaHJOPCKUX OCTpo-
BoB U nponuBa CensiBuna (Fst = 0.078, p< 0.01). ITpu sTom
HaryiabpHOe cKoruleHne y KoMaHZopCcKHX OCTPOBOB JIOCTO-
BEpHO HE OTIIMYAJIIOCH 10 YacTOTE IMPHUCYTCTBYIOLINX 3/€Ch
TaIruIOTHIIOB OT IBYX Onm3iexaiux — B bepuHroBom Mope n
y 3amaaHbIX AjneyTckux octpoBoB (Tabmuna 1, Pucynoxk 1).
OTH paifoHBI HKOJOTHYECKU TTOX0KH M BIIOJIHE BO3MOXKHO,
YTO OHH, BCE TPH, COCTABIISIIOT IMHYIO HAT'yIbHYIO aKBATO-

each biopsy, photographs were taken for subsequent
individual identification and to avoid re-sampling of
the same animals.

Genetic analysis was performed in the Molecular
Diagnostics Laboratory, Severtsov Institute of Ecology
and Evolution, RAS, using an Applied Biosystems
3500 genetic analyzer, based on the sequencing
(terminating reaction, on a BigDye Terminator v.3.1)
and fragment analysis methods. We used the fragment
of mtDNA control region of 667 bp, which is a
popular marker in humpback whale research (Baker
et al., 2013, primers MT4 [5’cctccctaagactcaaggaag
3’] and H00034 [5° taccaaatgtatgaaacctcag 3°]), and
11 microsatellite loci of nuclear DNA: Ev14, Ev37,
Ev96 (Valsecchi, Amos, 1996), GATA417, GATA2S,
GATAS53 (Palsbell et al., 1997), GT211, GT23, GT575
(Berube et al., 2000), rw4-10, and rw48 (Waldick et
al., 1999).

We estimated the level of difference between the study
regions, the other feeding aggregations and breeding
grounds in the North Pacific (data of Baker etal.,2013)
in terms of frequency of mtDNA haplotypes found
in the samples using F-statistics (Fst) in the strataG
package (Archer et al. 2016) of the R environment (R
Core Team 2017). Allele composition of microsatellite
loci in the study regions was analyzed by clustering
in Structure v.2.3.4 (Pritchard et al., 2000), using the
“admixture” model.

The analysis of haplotype frequency of the mtDNA
control region showed significant differences
between all three study regions. Two geographically
close feeding grounds—the Commander Islands and
Karaginsky Gulf—proved to be most different from
one another (Fst = 0.277, p < 0.001). The differences
were less pronounced between Karaginsky Gulf
and the Senyavin Strait (Fst = 0.173, p < 0.01) and
between the Commander Islands and the Senyavin
Strait (Fst =0.078, p <0.01). The feeding grounds off
the Commander Islands had no significant differences
from two feeding regions nearby, in Bering Sea and
off the western Aleutians, in terms of the frequency
of haplotypes present here (Table 1, Fig. 1). These
regions are ecologically similar and all three are likely
to comprise a single feeding ground. Senyavin Strait
had no significant differences from the three feeding
regions: the eastern and the western Aleutians, and
in western Gulf of Alaska. The rest of comparisons
of these two regions with the other feeding grounds
and all the comparisons for Karaginsky Gulf showed
significant differences.
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Tabmuma 1. YpoBeHB pa3niymii B 9aCTOTE FAIUIOTUIIOB MUTOXOHApHanbHOM JJHK MexIy nccieJoBaHHBIMU PerHOHAMHA
¥ IpyTUMH HATYIBHBIMHU U PETIPONYKTUBHBIMHE paiioHaMu ceBepHoit [Tammdukn, Fst-kpurepuii (*p < 0.05, **p <0.01,
**%p <0.001).

Table 1. Level of difference in frequency of mtDNA haplotypes between the studied regions and the other feeding and
breeding grounds in the North Pacific, Fst (*p < 0.05, **p <0.01, ***p <0.001).

Komannopsr /

Kaparunckwii / CensiBuHa /

N Commanders, N=25 Karaginsky, N=12 Senyavin, N=31
Paiions! Haryna / Feeding grounds
3anasHble AJ‘ICyTCK.I/Ie o-Ba / Western 3 0.053 0.120* 0.000
Aleutians
Bepunroso mope / Bering Sea 114 0.025 0.230*** 0.032*
BocTounsie Anech.KI/Ie o-Ba/ Eastern 36 0.039% 02285 0.008
Aleutians
3amaz 3anuBa Amsicka Western / Gulf of 96 0.049% 0. 147%%* 0014
Alaska
Cesep 3anuBa Assicka / Northern Gulf of 233 0.069%* 02725 0.058%*
Alaska
IOro-Bocrounast Amsicka / Southeast Alaska 183 0.283*** 0.514*** 0.277%**
Cesep BpHTaH(fIfOH KOHyMG.I/II/I / Northern 104 0.194%%* 045355 0.207%%*
British Columbia
IOr Bpuranckoit Komym6un, Bamuarron " . .
Southern British / Columbia, Washington 31 0.036 0.218 0.054
Kanudopuus, Operown / California, Oregon 123 0.152%** 0.1827%** 0.035%*
Pations! pasmHOokenus / Breeding grounds
Oracagapa / Ogasawara 159 0.074%** 0.107%* 0.006
Oxwunaga / Okinawa 72 0.199%** 0.005 0.113***
Oumunmune! / Philippines 13 0.207%** 0.000 0.108%%*
TaBaiin / Hawaii 227 0.084** 0.331%** 0.088***
0-5a Pepmmaxuxeno / Mexico — 106 0.042%* 0.155%%* 0.016
Revillagigedo
Kanmbopﬂnncmu.n—og/ Mexico - Baja 110 0.067%%* 0. 140%%% 0015
California
Mexkcuka MaTepUKOBas / Mexico — 62 0.030% 0.170%%* 0.002
mainland
Hentpansaas Amepuka / Central America 36 0.212%** 0.141%* 0.057*

puto. [{ns ckorutenust B mposuBe CeHsBUHA CTaTUCTUYECKU
JIOCTOBEPHBIX OTIIUYUI HEe ObLIIO OOHAPYKEHO MPU CPaBHE-
HUM C HarylbHBIMHU pailoHaMH Y BOCTOYHBIX W 3alaJHbIX
AneyT ¥ B 3anajHol yacTu 3anuBa Assicka. Bce octanbHble
OTIMYMSI IBYX JAHHBIX CKOIUIEHUM OT APYIHX HarylbHBIX
paiioHoB 1 Bce — st KaparnHckoro 3aiuBa — ObUIM CTaTHU-
CTUYECKHU 3HAYMMBIMU.

CpaBHeHMe paclpeaesIeH s YacTOT AaIJIOTHIIOB B HCCIIE0-
BAHHBIX HAryJIbHBIX CKOIUICHHUAX C JaHHBIMH 110 Pa3HBIM
palioHaM pa3MHOXKEHHS [10Ka3aJ0, YTO KUTHI U3 TIPOJIMBA
CeHsBHHA UMEIH HAHOOJNbIIIee CXOACTBO (OTCYTCTBHE CTa-
THCTUYECKH 3HAYUMBIX Pa3iIH4Uii) ¢ TpeMs MEKCHKAaHCKHMHU

Comparisons of the haplotype frequencies in the
studied feeding regions with the data from the
breeding grounds showed that the Senyavin Strait had
the highest similarity with (no significant differences
from) four breeding grounds: Ogasawara and all three
Mexican regions. Karaginsky Gulf did not differ
significantly from Okinawa and the Philippines in
composition of mitochondrial lineages. Whales from
the Commander Islands differed significantly from all
the known breeding grounds in haplotype composition.
However, the lowest level of difference was also found
in comparison between whales from the Commander
Islands and the three Mexican (Fst = 0.030-0.067)
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paiioHaMH, HO, OMHOBPEMEHHO, H ¢ paifoHOM OracaBapsbl.
CocTaB MHUTOXOHIIpHATBHBIX JHHAN KATOB W3 Kaparwn-
CKOTO 3ajIiBa MEHBIIE BCETO OTIMYAIICA OT H3BECTHOTO
JUIA TBYX paifoHOB B 3amamnoil [lamuduke — OKuHABB U
OumunmuH. /711 KATOB K€ W3 HATyIBHOTO CKOIUICHHS Y
KoMaHIOpCKHX OCTPOBOB CXONICTBA IO COCTABY TallIOTH-
MOB C KAKUMHU-INOO palflOHaMHU pa3sMHOKCHUS HAWTH HE
yIanoch — BCE OTIWYMSA OBUIM CTAaTUCTHYCCKU 3HAYMMEI
(Tabnvma 1, Pucysok 1). OmHako ¥ B 3TOM ciydae Hau-
MEHBIIUI YPOBEHb paziIuuuii ObLT OTMEUEH IpPHU CpaBHE-
HUU C TpeMs MEKCHKaHCKUMH PaliOHaMHU Pa3MHOKCHHS
(Fst=0.030-0.067), a Takxe ¢ patitonom OracaBapa (Fst =
0.074, Tabmuma 1, Pucynox 1). [Ipu 3ToM caMn MEKCHKaH-
CKHE paifloHBI pa3MHOXKEHHS OTIIMYAIOTCS OT paiiona Ora-
capapsl Ha BenmnuuHy Fst = 0.020-0.032, xoTopas sBnseTcs
crarucTruecku nocrosepHoit (Baker et al., 2013). B o xe
BpeMsl OTIIMYHS IIEHTPaTbHOAMEPHUKAHCKOTO paiioHa pas-
MHOKCHHS KaK OT OM3KOPACIION0KEHHBIX MEKCHKAHCKAX,
Tak M OT paifona OracaBapbl 3HaYUTENHHO Oombiie (Fst =
0.071-0.096, Tam xe).

[TonyueHHbIe pe3yNnbTaThl AOMIOIHSIIOT KapTHHY, CHOPMHU-
POBaHHYIO paHee Ha OCHOBE CpaBHEHHsI (DOTOKATAIOrOB
KUTOB U3 pa3Hbix paiioHos (Titova et al., 2018). ITo atum
JTAaHHBIM, HanOoJiee 000COONICHHBIM POCCUHCKUM HAryIlb-
HBIM CKOIIJICHUEM SBJIACTCS KapaFl/IHCKI/Iﬂ 3aJIiB, B HEM
MOMABJISOIIEe OONBITMHCTBO COCTABISIOT KUTHI U3 a3HaT-
CKHX PENPONYKTUBHBIX CKOILIEHUH, YTO U IIOATBEPKAACT-
cs reHetTnyeckumu nanaeiMu. Ha Komannopckue octposa
MPUXOAAT HAryJanMBaTbCsA KUTBI U3 BCEX paﬁOHOB pasMHO-
JKEHUsI, KpoMe LieHTpaibHoaMepukanckoro (Titova et al.,
2018), mosTOoMy KOMaHIOPCKOE CKOILUICHHE, SIBIISISICh CMe-
HIAHHBIM, 3HAYUMO OTJIIMYACTCA OT KaXXA0ro H3 paﬂOHOB
PasMHOXCEHUA B OTACIbHOCTH.

W3 xakux pailloHOB pa3MHOMKEHUSI KUThI MPUXOAAT B MPO-
muB CeHsBMHA, MOKAa HEU3BECTHO, HO OTCYTCTBHE pa3-
IUMYUA C ONHUM a3WaTCKUM M TPeMs MEKCHKaHCKUMH
paliOHaMH YKa3bIBa€T HA CMEIIAHHOE IPOHMCXOXKICHUE.
OTcyTcTBHE OTIMYNH MEXKIY CKOIUICHHEM mponusa CeHs-
BUHA W HAaryJIbHBIMHU paifoHaMH Ha AJieyTax U B 3alaJgHON
YJacTH 3a1uBa AJACKa, BO3MOXKHO, YKa3bIBae€T Ha TO, YTO
nponuB CeHsBHHA (B KOTOPOM ropOadyl Hadalld perysspHO
mosABIATHCs Uk mociie 2010 roma) ObUT KOJTOHU3UPOBAH
KHTaMH, paHee MPOBOJUBIIMMH JIETO B 3THX PETHOHAX.

Amnanus JaHHBIX O yacToTax ajenei MUKPOCATCIIITUTHBIX
JIOKYCOB B TPCX MCCICAOBAHHLIX HAr'yJIbHBIX CKOIIJICHH-
AX MCETOAOM KJIaCTECpU3alluM IMOKa3bIBACT TCHCTUYCCKOC
CANHCTBO BCECX TPEX BI)I60pOK — Hanbonee BCPOATHBIM pE-
3YJIBTATOM ABJIACTCA NPUHAIICIKHOCTDH oco0eii Bcex TpEX
pOCCHﬁCKHX HaryJibHBIX CKOIICHHH K OIHOMY O6H1€My
KJ1acTepy. OTCYTCTBI/IC BBIpa)KCHHOﬁ noApasaACICHHOCTH

and Ogasawara (Fst = 0.074) regions (Table 1, Fig. 1).
Herewith, the Mexican regions differ from Ogasawara
by statistically significant values of Fst = 0.020-0.032
(Baker et al., 2013). At the same time, the difference of
the Central American breeding ground both from the
closely located Mexican regions and from Ogasawara
is much greater (Fst = 0.071-0.096, ibid.).

Our results complement the pattern obtained earlier
through comparison of the photo-catalogs across
the regions (Titova et al. 2018). The most Russian
feeding ground with the most uniform composition
is Karaginsky Gulf. The majority of whales found
there were from the Asian breeding grounds, which is
confirmed by genetic data. The Commander Islands
host feeding whales from all the breeding regions,
except Central America (Titova et al., 2018), and, thus,
the mixed Commander feeding aggregation differs
significantly from each of the breeding grounds.

The breeding grounds of whales arriving in the
Senyavin Strait are unknown, but the lack of genetic
differences from one Asian and three Mexican regions
indicates a mixed origin. The lack of differences
between the Senyavin aggregation and the feeding
grounds in the Aleutians and in the western Gulf of
Alaska suggests that the Senyavin Strait (regularly
visited by humpbacks only since 2010) was probably
colonized by whales that had previously summered in
those regions.

The analysis of the number of possible genetic
clusters by microsatellite markers showed the genetic
similarity of all the three samples: most likely all the
three Russian feeding grounds belong to the same
single genetic cluster. The lack of evident structuring
by microsatellite markers is typical not only for
humpback whale feeding grounds, but also for breeding
grounds (Baker et al. 2013). This is likely explained
by the higher mobility of males between the breeding
grounds, which leads to more homogenous distribution
of nuclear markers across the regions as compared to
mitochondrial markers that are inherited only through
the maternal ancestry (Baker et al. 2013).

This work was supported by the Russian Foundation
for Basic Research (grant no. 18-04-00462).
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dunartosa u ap. FeHemuyeckas XxapakmepucmuKa HaeylbHbIX cKkornneHud eop6amb/x KUmos ...

MIPY aHAJIM3E [10 MUKPOCATEIUIUTHBIM MapKepaM XxapakTep-
HO HE TOJIBKO JJIsl HATYJIbHBIX, HO U JJISI PETTPOYKTHBHBIX
ckorureHui ropbaueit (Baker et al. 2013). Dto cs3aHo,
BEPOSTHO, ¢ 60JIee aKTUBHBIM MEPEMEIICHHEM CaMIIOB (110
CPaBHEHUIO C CAMKaMH) MEX/y palloHaMU pa3MHOXCHUSI,
YTO MPHUBOAUT K OOJIee TOMOTEHHOMY PpaCHpeeICHUIO
SICPHBIX MAapKEPOB IO CPAaBHEHUIO C MHUTOXOHPUAb-
HBIMH, TIEPEIAIONIMMHUCS TOJIBKO 10 MAaTEPUHCKON JTMHUU
(Baker et al. 2013).

Pabora BeinonueHa npu nopjepxke PODU (rpant 18-04-
00462).
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