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ABSTRACT. Using genetic hybridization and phylogenetic analyses, the genetic relationship of terres-
trial and aquatic species of the ascomycetous yeast genus Kluyveromyces was investigated. The results
obtained allow us to conclude that aquatic (K. aestuarii, K. nonfermentans, and K. siamensis) and ter-
restrial (K. lactis, K. marxianus, K. dobzhanskii, K. starmeri, K. wickerhamii) species belong to different

genetic genera.
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1. Introduction

The genus Kluyveromyces includes eight species:
terrestrial K. lactis, K. marxianus, K. dobzhanskii, K. star-
meri and K. wickerhamii, as well as aquatic K. aestua-
rii, K. nonfermentans and K. siamensis (Lachance, 2011,
Freitas et al., 2020). Terrestrial species are cosmopol-
itan and are found in different regions of the world,
while aquatic species have a limited habitat and are
isolated primarily from mangrove forests in Taiwan,
China, Thailand and Brazil, as well as from seawater
in the United States. We have previously shown that
the terrestrial species K. lactis and K. marxianus have
a common system of mating types and can be crossed
(Naumov and Naumova, 2002; Naumova et al., 2004).
Aquatic species have not been studied using genetic
methods. The purpose of this work was to study inter-
specific hybridization of terrestrial and aquatic species
of the genus Kluyveromyces.

2. Materials and methods

We investigated the type cultures of the spe-
cies K. lactis CBS 683 (cheese, UK), K. dobzhanskii CBS
2104, (Drosophila pseudoobscura, USA), K. marxianus
CBS 712 (Europe), K. wickerhamii CBS 2745 (Drosophila
sp., USA), K. aestuarii CBS 4438 (estuary, USA), K. non-
fermentans CBS 8778 (seawater, Japan) and K. siamensis
CBS 10860 (mangrove water, Thailand). In addition,
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natural strains of K. lactis UCDFST 71-45 and CBS 6169,
isolated from a swamp in Louisiana (USA) were also
used (Naumova et al., 2004). Conditions for yeast cul-
tivation, nutrient media, and primers used for amplifi-
cation of the D1/D2 domain of 26S rDNA, ITS region,
translation elongation factor EF-1a, and the ACT1 gene
were published previously (Lyutova et al., 2022). The
polymerase chain reaction was carried out using a Bio-
Rad DNA amplifier (USA). The nucleotide sequence
of two-strand PCR products was determined by direct
sequencing using the Sanger method on an Applied
Biosystems 3730 automatic sequencer (USA). A search
for similarities with known nucleotide sequences of the
corresponding genes and rDNA was carried out using
the BLAST program in GenBank. Phylogenetic trees
were constructed using the neighbor joining method in
the MEGA 7 software.

3. Results and discussion

To study the genetic relationship of terres-
trial and aquatic species of Kluyveromyces, a selective
hybridization method developed in our laboratory
was used (Naumov and Naumova, 2002). Auxotrophic
mutations were induced in K. lactis, K. dobzhanskii, K.
marxianus, and K. wickerhamii strains using UV irra-
diation. K. lactis strain CBS 683, marked by the lysI
mutation, was used as a terrestrial tester. This strain
is also able to grow on maltose. Additionally, an aux-
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Fig.1. Hybridization of auxotrophic mutants of Kluyveromyces species in accordance with prototrophic growth on minimal
medium at the sites of intersection of parental strains. Yeast replica: 1 — K. lactis UCDFST 71-45 (ade4); 2 — K. dobzhanskii CBS
2104 (ura3); 3 — K. marxianus CBS 712 (trp2); 4 — K. wickerhamii CBS 2745 (ura3); 5 — K. aestuarii CBS 4438 (mal); 6 — K. siamensis
CBS 10860 (mal). The auxotrophic mutants used are given in parentheses. K. lactis type strain CBS 683 (lys1) was used as a tester.

otrophic mutant of the aquatic strain K. lactis UCDFST
71-45 ade4 was employed. Strains of K. dobzhanskii, K.
marxianus, and K. wickerhamii were marked by ura3,
trp2, and ura3 auxotrophic mutations, respectively. For
genetic hybridization, we used prototrophic cultures
of K. aestuarii and K. siamensis, which do not utilize
maltose and, accordingly, cannot grow on a minimal
medium with maltose.

Interspecific hybrids were obtained on minimal
maltose medium (Fig. 1). Hybrids were recorded only
between the terrestrial species K. lactis, K. dobzhanskii,
K. marxianus and K. wickerhamii (Fig. 1, lanes 1-4).
On the other hand, K. aestuarii and K. siamensis did
not form hybrids with the K. lactis CBS 683 lys1 tester
(lanes 5 and 6).

To establish the phylogenetic relationship of the
strains studied, we conducted a comparative analysis
of the nucleotide sequences of the D1/D2 domain, ITS
region, EF-1a and ACT1 genes, which are universal
molecular markers for yeast DNA barcoding (Fig. 2).

On the phylogenetic tree, the eight species of
the genus Kluyveromyces formed a separate cluster with
100% bootstrap support, which, in turn, is divided into
two subclusters. The first includes the terrestrial spe-
cies K. lactis, K. marxianus, K. dobzhanskii, K. wicker-
hamii and K. starmeri. Strains UCDFST 71-45 and CBS
6169 differed significantly from the type culture CBS
683 in the nucleotide sequences of the ITS region (7

substitutions), as well as the EF-1a (4) and ACT1 (13)
genes. Although the UCDFST 71-45 x CBS 683 hybrid
had low ascospore viability (6%), meiotic segregation
of control markers was regular. On the other hand,
hybrids between the CBS 683 tester and the type cul-
tures of K. dobzhanskii, K. marxianus and K. wickerhamii
were completely sterile.

The second subcluster consists of aquatic species
K. aestuarii, K.nonfermentas and K. siamensis, which did
not form hybrids with the type culture K. lactis CBS
683.

4. Conclusion

The results of genetic hybridization and phylo-
genetic analyses indicate that aquatic and terrestrial
Kluyveromyces species belong to different genetic gen-
era. Species of the same genetic genus of ascomycet-
ous fungi have a common system of mating types that
allows them to ctoss in any combination (Naumov,
1979). Genetic genera include biological species that
have postzygotic isolation and form nonviable mei-
otic products (ascospores) of hybrids with each other.
According to the results, the strains isolated from a
swamp in Louisiana represent a divergent population
of the yeast K. lactis.
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L_{
100

Kluyveromyces lactis «ognas» CBS 6169
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Kluyveromyces starmeri UFMG-CM-Y-3682T

Kluyveromyces nonfermentans CBS 87787

100 { Kluyveromyces aestuarii CBS 4438*
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Fig.2. Multigene phylogenetic analysis of the genetic relationship of terrestrial and aquatic species of the genus Kluyveromyces.
Bootstrap values >50% are given. The tree is scaled to the number of substitutions. The type cultures of Debaryomyces hansenii
CBS 767 and Scheffersomyces stipitis CBS 6054 were used as outgroup. T, type culture.
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CKO€e POJICTBO Ha3eMHBIX U BOAHBIX BIUAOB aCKOMUIIETOBOTO poa Apoxckelt Kluyveromyces. IloaydeHHbIE
pe3yJIbTaThl MO3BOJIAIOT CAEJIaTh BRIBOJ, 4TO BogHble (K. aestuarii, K. nonfermentans, u K. siamensis) u
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1. BBeaenue

Pox Kluyveromyces BKJIIOUAeT BOCEMb BUJIOB:
Hasemuble K. lactis, K. marxianus, K. dobzhanskii, K.
starmeri n K. wickerhamii, a Taxxe Bogusle K. aestuarii,
K. nonfermentans u K. siamensis (Lachance, 2011;
Freitas et al., 2020). HazemHble BUAbI KOCMOIIOJIMTHBI
¥ BCTPEYAKTCS B Pa3HbIX PETMOHAX MUpPa, TOTAA Kak
BOJTHBIE BHbl UMEIOT OI'PAaHUYEHHBIN apeajl 0OUTaHUs
U BBIJIEJISAIOTCSA PEUMYIIIECTBEHHO U3 MAHT'POBBIX 3apPO-
cieii Ha TatiBaHe, B Kutae, Tailtange u bpaswmuu, a
Taxke u3 Mopckoil Bomel B CIITA. Panee Hamu ObLIO
rmokasaHo, uTo HaseMHsble Buabl K. lactis u K. marxianus
UMeT OOy CHUCTEMY TUIOB CIAPUBAHUS U MOTYT
ckpemuBaTthes Mexay (Naumov and Naumova, 2002;
Naumova et al., 2004). BogHble BHbl T€HETUYECKIMIU
MeToJaMU He u3y4yaauck. Lleapo faHHOU paboThl OBLIO
U3y4eHre MEeXBUAOBOM TMOPUAU3ANNU HA3eMHBIX U
BOOHBIX BUMIOB pofa Kluyveromyces.

2. MaTtepunanbl 1 MeTOAbI

OOBeKTOM  HCCIIe[JOBaHUA CJIyXWIW  THIO-
Bhle KyabTyphl BumoB K. lactis CBS 683 (cwip,
Benuko6putanus), K. dobzhanskii CBS 2104, (Drosophila
pseudoobscura, CIITA), K. marxianus CBS 712 (Espoma),
K. wickerhamii CBS 2745 (Drosophila sp., CIIIA), K.
aestuarii CBS 4438 (actyapuii, CIIIA), K. nonfermentans
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CBS 8778 (mopckas Boaa, fAnonus) u K. siamensis CBS
10860 (Boma manrpoBoro Jieca, Taiumaug). [Tomumo
TUMOBOU KyJIbTyphl K. lactis, GBUTM TaKXe HKCIO0JIb30-
BaHbl npupoansle mramMsel UCDFST 71-45 u CBS 6169,
BhIZleJieHHbIe 13 6ostoTa B Jlynzuane (CIIA) (Naumova
et al., 2004). YcioBus KyJIbTUBUPOBAHUA IPOXIKEN,
nuTaTesIbHble Cpelbl W HCIO0JIb30BaHHBIE I aMILIU-
puxanmu gomena D1/D2 26S pJHK, ITS-yuactka,
daxropa snonranuu tpanciaanuu EF-1la u rena ACTI
mpaliMepsl omyOsinkoBaHbl paHee (JliotoBa u [p.,
2022). TlosmMepasHYI IEMHYI0 PeaKIMi0 OCYIIeCT-
Bisum Ha JJHK-ammmdukarope “Bio-Rad” (CIIIA).
Hyxkneotuauyro nocienosaresibHOCTh [IIP-npoaykToB
[0 JIBYM I[ellAM OIpefesisuIi NPAMBIM CeKBEHUPOBa-
HHeM o Metrofy CsHrepa Ha aBTOMaTH4YeCKOM CeKBe-
Hatope “Applied Biosystems 3730” (CIIA). Ilomck
CXOJICTBA C M3BECTHBIMM HYKJICOTUAHBIMU IIOCJIeIOBa-
TEJIbHOCTAMM COOTBeTCcTByoIuX reHoB u pJHK mpo-
BOAWIN ¢ momouipio nporpammMbl BLAST B GenBank.
dusioreHeTu4ecKre AepeBbsA CTPOMJIM MeTOJOM O0be-
J[uHeHus coceneil B mporpamme MEGA 7.

3. Pe3ynbTaTthbl H 06Cy)kAeHHue

JnA u3yueHus reHeTUYECKOTO pOACTBA HaszeM-
HBIX U BOJOHBIX BUIOB Kluyveromyces ObL1 mpUMeHEH
pa3paboTaHHbII B Hallell j1abopaTOpUM CeJIeKTUBHBIN
Meton rubpuauzaiuu (Naumov and Naumova, 2002).

© ABrop(s1) 2024. DTa paboTa pacnpocTpaHsi-
eTcs o MexIyHapoJHo! jiutieH3uel Creative
Commons Attribution-NonCommercial 4.0.
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CBS 683

Puc.1. T'ubpuausanusa aykcoTpoHBIX MyTaHTOB BUAOB popa Kluyveromyces corjiacHo NpoTOTpPOGHOMY POCTY Ha MHUHU-
MaJIBHOH cpejie ¢ MaJIbTO30! B MecCTax IepecedeHNs poJUTesIbCKUX MTaMMoB. OtneuaTku Aposxokedi: 1 — K. lactis UCDFST 71-45
(ade4); 2 - K. dobzhanskii CBS 2104 (ura3); 3 — K. marxianus CBS 712 (trp2); 4 — K. wickerhamii CBS 2745 (ura3); 5 - K. aestuarii
CBS 4438 (mal); 6 — K. siamensis CBS 10860 (mal). B ckobkax NpuBOAATCA UCIOJIb30BaHHBIE ayKCOTPOdHbIe MyTaHTHL. Tunosas
kynbTypa K. lactis CBS 683 (lys1) Obljia MCIIOJIb30BaHA B KauecTBe TecTepa.

C nomompio Y®-06myueHus y mrammoB K. lactis,
K. dobzhanskii, K. marxianus n K. wickerhamii ObLin
WHAYIUPOBaHH aykcoTpodHble MyTamuu. [ltamm
K. lactis CBS 683, mMapKupOBaHHBI MyTainueil lysl,
OBUT KCIIOJIb30BaH B KayecTBe HA3eMHOIO TecTepa.
OTOT mTaMM TakXe CIOocO0eH pacTH Ha MaJibTo3e.
JlonosmHUTENbHO OB KCIOJIB30BaH ayKCOTPO(HBIN
MyTaHT BoAHoro mraMmma K. lactis UCDFST 71-45 ade4.
IItammer K. dobzhanskii, K. marxianus, v K. wickerhamii
ObUTM MapKUPOBAHBl ayKCOTPOGHBIMHM MYyTaLUsAMHU,
COOTBETCTBEHHO, ura3, trp2 u ura3. J{yia rubpuausanuu
OBUTM KCIIOJIb30BaHbl MPOTOTPO(MHbIE KYJIbTYPhI JPOX-
kel K. aestuarii u K. siamensis, KOTOpble He YTUINA3U-
PYIOT MaJIbTO3y U, COOTBETCTBEHHO, HE MOTYT PacTH Ha
MHUHUMAaJIBHOU cpejie C MaJIbTO301.

MeXBUIOBBIE TUOPU/IBI TOJTYYaIN HA MUHUMAJTh-
HOU MaJibTo3HOU cpefie (Puc. 1). TubGpuabl 661U 3ape-
TUCTPUPOBAHBl TOJIBKO MeXIy Ha3eMHBIMU BHUAAMU
K. lactis, K. dobzhanskii, K. marxianus n K. wickerhamii
(Puc. 1, nopoxku 1-4). C aopyroii CTOPOHHI, APOXKHU K.
aestuarii u K. siamensis He 00pa30BBIBATIA TUOPUIOB C
tectepoM K. lactis CBS 683 lys1 (mopoxku 5 u 6).

Jiia ycraHoBJleHUsA (GUJIOreHeTUYecKoro pop-
CTBa M3YYEHHHIX IITAMMOB MBI NIPOBEJM CPaBHUTEJIb-

HBIIl aHa/JM3 HYKJIEOTUAHBIX IIOCJieoBaTeIbHOCTEeN
nomena D1/D2;, ITS-yuactka, reHoB EF-la u ACTI,
KOTOpBI€ SIBJIAITCSA YHUBEPCATBHBIMU MOJIEKYJIAPHEIMU
Mapkepamu i 6apkoaunra JJHK gpoxoketi (Puc. 2).

Ha ¢unorenetnueckoM JApeBe BUABI poJa
Kluyveromyces co 100%-HOI IOOCTOBEPHOCTBHIO COp-
MHpPOBaJIU OTJEeJIbHBIN KJlacTep, KOTOPHIH, B CBOIO
ouepellb, pasfiesieH Ha J[ABa cyOkiacrepa. IlepBriit
BKJIIOYaeT HaszeMmHble Bunbl K. lactis, K. marxianus, K.
dobzhanskii, K. wickerhamii u K. starmeri. IITamMMBbI
UCDFST 71-45 u CBS 6169 cymecTBeHHO OTJIM4a-
JIMCh OT TUNOBOU KyabTypel CBS 683 mo HykJjeoTuA-
HBIM mocjiefoBaTesibHOCTAM ITS-yuacTtka (7 3ameH), a
takxe reHoB EF-1a (4) u ACT1 (13). HecmoTps Ha To,
yro rubpug UCDFST 71-45 X CBS 683 uMesn HU3KYIO
BBDKMBAeMOCTh ackocnop (6%), MeloTrvecKas cerpe-
ranus KOHTPOJIBHBIX MapKepoB Obuia peryJsisipHoii. C
Jpyrou CTOpPOHBI, THOpuABl Mexay Tectrepom CBS 683
u TUnoBbIMU KyJibTypamu K. dobzhanskii, K. marxianus
u K. wickerhamii 651JTM TOJTHOCTBIO CTEPUJIBHBIMU.

BTtopoi1 cybOknactep cdopmMupoBaiu BOAHBIE
Bunel K. aestuarii, K. nonfermentas u K. siamensis, KOTo-
phble He CKpeIMBaJIMCh C TUIOBOM KyabTypoii K. lactis
CBS 683.

loo[Kluyvemmyces lactis «soxnasp» UCD FST 71-45
100

Kluyveromyces lactis «ognas» CBS 6169

83 —— Kluyveromyces lactis CBS 683"
61

Kluyveromyces dobzhanskii CBS 21047

Kluyveromyces marxianus CBS 7127
94

Kluyveromyces wickerhamii CBS 27457

100 Kluyveromyces starmeri UFMG-CM-Y-3682T

Kluyveromyces nonfermentans CBS 87787

100 { Kluyveromyces aestuarii CBS 4438*
100

Kluyveromyces siamensis CBS 108607

| Debaryomyces hansenii CBS 7677

100 | Scheffersomyces stipitis CBS 60547

Puc.2. MyibTUTe€HHBIN HUIOreHETUYEeCKUE aHaIN3 TeHETUYECKOT0 POJICTBA HA3eMHBIX M BOAHBIX BUAOB poAa Kluyveromyces.
IIpuBogATcsa 3HaueHus 6yrcrpena >50%. JepeBo MacmTabpoBaHO [0 KOJUYECTBY HYKJIEOTHIHBIX 3aMeH. B kauecTBe BHell-
HeW TPYIIIB NCIO0JIb30BaJIN TUIIOBBIE KyJIbTYPHl Debaryomyces hansenii CBS 767 u Scheffersomyces stipitis CBS 6054. T — Tunosas
KyJIbTypa.
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4. 3aknioueHue

PesynbpTaThl rubOpUAOJIOTUYECKOrO U (GujoreHe-
TUYeCKOro aHaJM30B yKa3blBalOT Ha TO, YTO BOIHEIE
u HazeMmHBle BUnbl Kluyveromyces oTHOcATCA K pas-
HBIM TeHeTHMYecKMM pojaM. Bujbl ofHOro reHeruue-
CKOT'0 poJja aCKOMMUIIETOBBIX I'puOOB 06s1aai0T 0OIIen
CHCTEMOU TUIIOB CIIAPUBAHUS, MTO3BOJIAIONIEN UM CKpe-
mmBaTbess B Jiiobort komOuHaruu (Haymos, 1978).
l'eneTnyeckue poJbl BKIIIOYAIOT OMOJIOTHYECKUe BUJBL,
KOTOpBle 00JIaZIaf0T MOCT3UTOTUYECKON H30JIALMeN U
06pa3yoT Mex1y coO0M HEXXU3HECTIOCOOHbIE TTPOAYKTHI
Melio3a (ackocnopbl) ru6pufoB. CorjacHO IOJIy4eH-
HBIM pe3yJibTaTaM, BblieJieHHble 13 6oJioTa B JIyn3zuaHe
HITaMMBI IIPeICTaBJIAI0T cOO0M AUBEpreHTHYIO MOy JIA-
nuio apoxoked K. lactis.

BbAaaropapHoCTH
Hccneqosanue MpoOBEAEHO B paMKaxX BHIIIOJIHE-

HUA rocyaapcrBeHHoro 3aganus HULL «KypuaToBckuii
UHCTUTYT».

KoHpAUKT UHTEpecoB

ABTOpBI 3asABAIOT 00 OTCYTCTBUM KOH(MIIUKTA
WHTEpecoB.
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