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ABSTRACT. We report here the complete chloroplast genome sequence of the strain BAC9706 of green
microalga Chlorella vulgaris isolated from Lake Baikal. The chloroplast genome is a circular DNA molecule
of 161,721 bp and contains 78 protein-coding genes, 33 tRNA genes, and 3 rRNA genes. Comparative
analysis revealed a high level of conservation of gene content and gene order among other C. vulgaris
strains with minor differences mainly associated with introns and non-coding regions. Phylogenetic
analysis based on concatenated chloroplast protein-coding genes showed that strain BAC9706 clusters
within the C. vulgaris clade with high bootstrap support. These results indicate that strain BAC9706
represents a Baikal ecotype of C. vulgaris rather than a new species.
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1. Introduction

Lake Baikal is a unique ancient oligotrophic
freshwater lake characterized by exceptional biodiver-
sity and a high level of endemism. It is the deepest and
one of the oldest freshwater lakes in the world, contain-
ing about 20% of the global freshwater reserves (Gao
et al.,, 1994; Martens, 1997; Timoshkin, 2011). The
long geological history of Lake Baikal, combined with
its specific climatic and hydrological conditions, has
resulted in the formation of highly specialized aquatic
communities.

Autotrophic picoplankton plays a significant
role in primary production in Lake Baikal ecosystems.
During the summer period, picoplankton contributes
up to 60-90% of total primary production in the lake
(Votintsev et al., 1975; Bondarenko and Guselnikova,
1989; Nagata et al., 1994). The main contribution to
phytoplankton biomass is typically made by diatoms
and chrysophytes (Bondarenko et al., 2020), whereas
green algae of the phylum Chlorophyta are generally
considered rare and are represented by a limited num-
ber of taxa.

Chlorella-like green algae in Lake Baikal were
first described based on microscopic observations and
were reported sporadically, including under-ice phy-
toplankton development (Kozhova, 1959; Kozhova,

1987; Nagata et al., 1994). More recent studies have
demonstrated notable changes in phytoplankton com-
position in Baikal and adjacent water bodies. In partic-
ular, Chlorella vulgaris was detected at all investigated
stations of the Irkutsk Reservoir, which is indirectly
connected to Lake Baikal, and was shown to dominate
in under-ice and near-ice phytoplankton communities
during certain periods (Bashenkhaeva et al., 2020;
Firsova et al., 2023).

These observations raise questions about the
origin, persistence, and ecological characteristics of
Chlorella strains occurring in cold freshwater environ-
ments of the Baikal region. It remains unclear whether
these strains represent transient populations introduced
from surrounding water bodies or locally adapted eco-
types capable of surviving and reproducing under
low-temperature conditions.

Previously, a draft nuclear genome sequence of
Chlorella sp. strain BAC9706 isolated from Lake Baikal
was published (Petrushin et al., 2020), followed by a
detailed analysis of its mitochondrial genome (Panova
et al., 2024). These studies provided important insights
into the genomic features and phylogenetic position of
this strain, indicating its affiliation with the C. vulgaris
lineage and suggesting that strain BAC9706 represents
a Baikal ecotype of this species.

*Corresponding author. E-mail address: sergeibelikov47 @gmail.com (S.I. Belikov)

Received: November 12, 2025;
Accepted after revised: December 20, 2025;
Avadilable online: December 25, 2025

© Author(s) 2025. This work is distributed
under the Creative Commons Attribution- BY NG

NonCommercial 4.0 International License.


https://www.doi.org/10.31951/2658-3518-2025-A-6-1380
https://orcid.org/0000-0002-1619-6429
https://orcid.org/0000-0002-9702-306X
https://orcid.org/0000-0001-7206-8299

Panova Yu.A. et al. / Limnology and Freshwater Biology 2025 (6): 1380-1389

To further expand our understanding of the
genomic organization of this Baikal strain and to enable
comparative analyses with other representatives of the
genus Chlorella, we assembled and analyzed the com-
plete chloroplast genome of C. vulgaris strain BAC9706
isolated from Lake Baikal.

2. Materials and Methods
2.1. DNA sequencing and genome
assembly

The genomic DNA was isolated as previously
described (Petrushin et al., 2020), and sequenced using
the Illumina MiSeq platform. A draft assembly was built
using SPAdes v. 3.15.4 (Bankevich et al., 2012). This
draft assembly contained 5,837 contigs with an N50
value of 44,654 bp, and the largest contig was 317,606
bp long.

The obtained whole-genome assembly contigs
were aligned against reference chloroplast genomes of
C. vulgaris available in NCBI using BLASTn to identify
chloroplast contigs.

2.2. Genome annotation and visualization

For genome annotation we used the GeSeq tool
(Tillich et al., 2017) with default parameters for pro-
tein-coding genes, tRNAs, and rRNAs, using the C.
vulgaris strain NJ-7 (GenBank accession MK948100)
chloroplast genome as reference. OGDRAW was used
for chloroplast genome map visualization (Greiner et
al., 2019), to prepare files for GB2sequin (Lehwark and
Greiner, 2019).

2.3. Phylogenetic analysis

The evolutionary analysis was conducted using
the Maximum Likelihood method implemented in
MEGA11 (Tamura et al., 2021). The best-fit substitution
model was selected automatically and branch support
was assessed using 1000 bootstrap replicates. All cur-
rently available sequences of complete well-annotated
chloroplast genomes belonging to the Chlorellales order
were selected from NCBI. From these, we extracted all
protein-coding sequences, performed alignments, and
concatenated them. To improve alignment quality,
poorly aligned regions were removed.

The final phylogenetic tree is based on 73 con-
catenated protein-coding chloroplast genes from 16
taxa (5 of the annotated ycf genes were excluded from
this analysis).

3. Results
3.1. Chloroplast genome features

The complete chloroplast genome of C. vulgaris
strain BAC9706 is a circular double-stranded DNA mol-
ecule with a length of 161,721 bp. The genome con-
tains a total of 114 genes, including 78 protein-coding
genes, 33 tRNA genes, and 3 rRNA genes (Fig. 1).

The protein-coding genes include 1 accD gene,
6 genes for ATP synthases (atpA, atpB, atpE, atpF,
atpH, atpl), 1 for cell envelope (cemA), 3 protochlo-
rophyllide reductase genes (chlB, chlL, chIN) and 1
Mg-protoporphyrin IX chelatase (chll), 2 genes related
to sulfate transport (cysA and cysT), 2 genes related to
cell division and protein quality control (ftsH, minD),
2 hydrolases (I-Cvul and clpP), 1 translation initiation
factor (infA), 6 cytochrome-related genes (ccsA, petA,
petB, petD, petG, petL), 22 involved in photosynthesis
(rbcL, psaA, psaB, psaC, psal, psaJ, psaM, psbA, psbB,
psbC, psbD, psbE, psbF, psbH, psbl, psbJ, psbK, psbL,
psbM, psbN, psbT, psbZ), 21 for ribosomal proteins
(rpl12, rpll4, rpll6, rpll9, rpl2, rpl20, rpl23, rpl32,
rpl36, rpl5, rpsll, rpsl2, rpsl4, rpsl8, rpsl9, rps2,
rps3, rps4, rps7, rps8, rps9), 4 for RNA synthesis (rpoA,
rpoB, rpoCl, and rpoC2), 1 for elongation factor Tu
(tufA), 5 ycf genes (ycf3, ycf4, ycf62, ycf12, ycf78). The
33 tRNA genes cover the transfer of all 20 amino acids,
in which 3 are tRNA-Gly, 2 tRNA-Ile, 4 tRNA-Leu, 3
tRNA-Arg, 3 tRNA-Ser, 2 tRNA-Thr, 2 tRNA-Val genes.

The complete chloroplast genome sequence of C.
vulgaris BAC9706 has been deposited in the GenBank
database under the accession number PQ037191.1.

3.2. Comparative analysis with other C.
vulgaris strains

Currently published complete chloroplast
genomes of C. vulgaris vary in genome size and gene
content, reflecting differences in annotation approaches
and assembly completeness (Table 1). Differences in
the reported numbers of protein-coding genes among

Table 1. General features of currently published chloroplast genomes of C. vulgaris

Accession Strain Genome size, |Protein- coding| tRNA/rRNA Reference
bp genes genes

PQ037191.1 C. vulgaris BAC9706 161721 78 33/3 Present study
MW900257.1 C. vulgaris 156202 73 32/3 Unpublished
NC_001865.1 C. vulgaris C-27 150613 174 33/3 Wakasugi et al., 1997
CMO041649.1 C. vulgaris 211/11P 165504 70 NA Cecchin et al., 2019
MT577052.1 C. vulgaris 165412 78 33/3 Wen and Wan, 2020
MT920676.1 C. vulgaris ITBBA3-12 168369 111 29/3 Han et al., 2021
MK948102.1 C. vulgaris UTEX259 176851 79 33/3 Unpublished
MK948100.1 C. vulgaris NJ-7 154201 79 33/3 Unpublished
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Fig.1. Chloroplast genomic map of C. vulgaris BAC9706.

published genomes are largely attributable to different
annotation strategies and inclusion criteria.

Comparative analysis revealed a high degree of
sequence similarity between the chloroplast genomes.
Gene content and gene order were highly conserved
among the analyzed genomes, and no large-scale
rearrangements affecting genome organization were
detected.

A notable difference was observed in the intron
of the psbA gene. In strain BAC9706, this intron encodes
a putative site-specific DNA endonuclease of 234 amino
acids, whereas a truncated version is present in strain
NJ-7. This difference is caused by several nucleotide
substitutions and a single-nucleotide insertion, result-
ing in a longer open reading frame in strain BAC9706.

Overall, most nucleotide substitutions between
BAC9706 and other C. vulgaris strains were located in
non-coding intergenic regions, while protein-coding
genes were highly conserved. In particular, no amino
acid substitutions were detected in the rbcL gene, indi-
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cating strong functional constraints on core photosyn-
thetic proteins.

3.3. Phylogenetic analysis

Phylogenetic analysis demonstrated that strain
BAC9706 clusters with other C. vulgaris strains forming
a well-supported clade with 100% bootstrap support
(Fig. 2). This result is consistent with previous mito-
chondrial genome-based analyses and confirms the tax-
onomic assignment of BAC9706 to C. vulgaris.

4. Discussion

The complete chloroplast genome of C. vulgaris
strain BAC9706 isolated from Lake Baikal complements
previously published mitochondrial genome data for
this strain. Comparative analysis revealed a high level
of conservation in gene content, gene order, and over-
all genome organization relative to other C. vulgaris
strains, with no evidence of large-scale rearrangements.



Panova Yu.A. et al. / Limnology and Freshwater Biology 2025 (6): 1380-1389

100

100

Chlorella vulgaris BAC9706

Chlorella vulgaris MT577052

Chlorella vulgaris KNUA0OO7 MW900257
Chlorella vulgaris C-27 NC_001865
Chlorella vulgaris ITBBA3-12 MT920676

100

100 100

99
100
69
100
100

100

43

Chlorella variabilis K3718922

Chlorella sp. ArM0029B KF554427
Micractinium simplicissimum NC_071969
Micractinium pusillum MN649872
Micractinium sp. LBA 32 MH983006
Chlorella sorokiniana KJ742376

Binuclearia lauterbornii NC_025541
Pseudochlorella signiensis NC_025529
Auxenochlorella protothecoides NC_023775

— Dicloster acuatus NC_025546
L Marvania geminata NC_025549

Fig.2. Phylogenetic tree of C. vulgaris BAC9706 based on chloroplast concatenated protein-coding genes from Chlorellales taxa.

Most sequence variation was confined to intronic
and intergenic regions, whereas protein-coding genes
remained highly conserved. In particular, differences
observed in the psbA intron, including variation in
the length of the intron-encoded endonuclease, likely
reflect intraspecific variability of mobile introns rather
than functional divergence of photosynthetic genes.

Phylogenetic analysis based on complete chloro-
plast genome sequences placed strain BAC9706 firmly
within the C. vulgaris clade, consistent with previous
mitochondrial genome-based results (Panova et al.,
2024). Together, these data indicate that BAC9706
represents a Baikal ecotype of C. vulgaris rather than
a distinct species and provide an additional organellar
reference for future comparative studies.

5. Conclusions

The complete chloroplast genome of C. vul-
garis strain BAC9706 isolated from Lake Baikal was
assembled and analyzed. The genome exhibits a high
level of conservation in gene content and organiza-
tion compared to other C. vulgaris strains, with dif-
ferences mainly confined to intronic and intergenic
regions. Phylogenetic analysis confirms that BAC9706
represents a Baikal ecotype of C. vulgaris rather than
a distinct species. These data provide a genomic basis
for future studies of Chlorella strains in cold freshwater
environments.
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AHHOTALIUA. B mnacrosmeli paboTe MpefcTaBjeHa IIOJHAsA IIOCJIEHOBATEIbHOCTh XJIOPOILJIACT-
HOTO TeHOMa 3eJ1€HOoM MuKpoBogopocau Chlorella vulgaris mravmma BAC9706, BEIOEIEHHOTO U3 03€epa
Barikas. XJIOpOIJIAaCTHBIN T€HOM IpeJicTaBJisieT cO00H KoJibleByo Mojekyay JHK mgmuxon 161 721
II.H. U COJiepXuUT 78 Gesiok-koAaupyomux reHoB, 33 reHa TPHK u 3 rena pPHK. CpaBHUTEJIbHBIN aHAJIN3
BBIAIBIJI BEICOKUH YPOBEHb KOHCEPBATHUBHOCTH M'€HHOI'O COCTaBa U IOPsAAKA MeHOB II0 CPaBHEHUIO C ApY-
rumu mrammamu C. vulgaris, npyu 5TOM He3HAUUTeJIbHbIE PA3JINYKSA B OCHOBHOM CBSI3aHBI C MHTPOHAMU
1 HeKoAupyomuMu obiacTamu. duaoreHeTHYecKUil aHaIN3, OCHOBAHHBIN Ha KOHKAaTEHHPOBAHHBIX
0eJIOK-KOAUPYIIMX I'eHAaX XJIOPOILIACTHOrO reHoMa, IoKasas, yTo mraMMm BAC9706 rpynmnupyercs
BHyTpHU Kytaasl C. vulgaris ¢ BEICOKOI OyTCTpen-moamepxKoi. [ToyueHHbIe pe3yIbTaThl YKA3bIBAIOT HA
TO, uT0 BAC9706 mpencrasiisieT coboit 6atikaabckuii skotun C. vulgaris, a He HOBBII BU/I.
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1. BBeapenue

Ozepo batikan — yHHKajJbHOe ApeBHee OJIU-
rorpoHOe NpPecHOBOJHOE 03epo, XapaKTepusyolle-
ecs MCKJIIUUTEeJIbHEIM Oropa3HooOpa3reM U BBICOKUM
YpPOBHEM 3HJeMu3Ma. JTO caMoe TJiyOokoe UM OOHO
U3 JPEeBHEHIINX MPECHOBOIHBIX O3EpP B MEHpeE, COfep-
kamfee okosio 20 % MHPOBBIX 3alacoB NMPECHON BOABI
(Gao et al., 1994; Martens, 1997; Timoshkin, 2011).
JlnuTenbHasa reosioruyeckas HWCToOpuA o3epa baiikan
B COYETAHUU CO cHerupUUEeCKUMU KJINMaTUYeCKUMU
U TUIPOJIOTMYECKMMH YCJIOBUSAMM IMpuBejia K dop-
MHUPOBAHUID  BBICOKOCTEIUAJIM3UPOBAHHBIX  BOJHBIX
COOOIIEeCTB.

ABTOTpO(DHBI MNHKOIJIAHKTOH WrpaeT 3Ha4u-
MY POJIb B TEPBUYHON MPOJYKIIMU IKOCUCTEM O3epa
Batikan. B sieTHMil mepuoji BKJIA[ NHUKOILUIAHKTOHA
MoxeT gocturatb 60-90 % ot o61mieli mepBUYHON IPO-
nyknuu oszepa (Votintsev et al., 1975; Bondarenko and
Guselnikova, 1989; Nagata et al., 1994). OcHOBHOI
BKJIaJ] B GrioMaccy (pUTOILIAaHKTOHA, KAaK IIPaBUJIO, BHO-
CAT JUAaTOMOBBIE U 30JI0THCThIe Bogopociu (Bondarenko
et al., 2020), Torga Kak 3eJIéHble BOJOPOCJM OTHAesa

Chlorophyta 0OBIYHO CUUTAIOTCA PEIKUMU U IPEICTAaB-
JIEHBI OTPAHUYEHHBIM YHCJIOM TaKCOHOB.

XsopeionoJoOHbIE 3eI€HBIE BOJOPOCIN B 03€epe
Batikas ObLTY BIIEPBBIE OMMCAHBI HA OCHOBE MHUKPOCKO-
MUYECKUX HAOJIOAEHUA U OTMEeYasIiCh SITHU30JMYECKH,
B TOM YHCJIe B COCTaBe MNOAJIEAHOr0 (HPUTOMIAHKTOHA
(Kozhova, 1959; Kozhova, 1987; Nagata et al., 1994).
Bosiee mo3gHME ucCCIENOBAaHUA TOKAa3ajid 3aMeTHHIE
“3MeHeHUs B cocTaBe (PUTOIIAaHKTOHA Bakikasia u npu-
Jieraromux BoAoéMoB. B wactHoctu, Chlorella vulgaris
Opla OOHapyXeHa Ha BCeX HCCJIeJOBAHHBIX CTaH-
usax MpKyTCKOTO BOAOXPAaHMJIUINA, KOTOpPOEe OIocpe-
JIOBaHHO CBfA3aHO C o3epoM bBaiikajy, u B OTJieJIbHbIe
MEepPUOb IOMUHHPOBAJIA B MOJJIEMHBIX U ITPUMIANHBIX
duTomaHKTOHHBIX coobiiecTBax (Bashenkhaeva et al.,
2020; Firsova et al., 2023).

OTu HAOIIOAEeHUA TOAHUMAKT BOIIPOCH O ITPOUC-
XOXIeHUU, YCTOMYMBOCTH UM DKOJIOTMYECKUX XapaKTe-
puctukax mrammMoB Chlorella, 06UTaOIMUX B XOJIO0HBIX
MPECHOBOJHBIX 3KOCHCTEMAaX BailKkaJIbCKOTO pervoHa.
OcTaértca HeACHBIM, IPEICTaBJIAT JIUM TaKye MTaMMBbI
TPAH3UTOPHEIE TIOMYJIANNN, 3aHECEHHBIE M3 OKPYXalo-
MUX BOJOEMOB, WJIM Xe JIOKAJbHO afalTUPOBAaHHBIE
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SKOTHIIBI, CIIOCOOHBIE K BBXKMBAHUIO 1 Pa3MHOXEHHIO B
YCJIOBUAX HU3KUX TeMIlepaTyp.

Panee Oblyia ony6JsMKOBaHa YepHOBas IOCJIEAO-
BaTEJIbHOCTh sAnepHoro reHoma Chlorella sp. mramma
BAC9706, BrimesieHHoro u3 o3epa bBaiikan (Petrushin
et al.,, 2020), a 3aTeM BBIIOJIHEH JeTaJbHBIN aHAJIN3
ero MUTOXOHApUasibHoro reHoma (Panova et al., 2024).
ODTH HCCIIeJOBaHUA NpeJOoCTaBUIN BakHyI0 MHMOpMa-
L[1I0 O TeHOMHBIX 0COOEHHOCTAX U (PUIoreHeTHYecKoM
[IOJIO’KEHWM JaHHOTrO IITaMMa, yKa3aB Ha ero npuHai-
JexHocts K suauu C. vulgaris ¥ no3BoJIMB IpeIoJio-
XUTh, uTo BAC9706 npencrasseT cob60ii 6alikaibCKUI
SKOTHUII 3TOr0 BUAA.

Jna panpHelimiero pacliMpeHUs IpeAcTabJie-
HUI 0 FeHOMHOW opraHu3anuy JaHHoro 6aiiKkaabCKoro
mTaMMa U IpOBeJleHUs CPaBHUTEJIBHOIO aHaju3a C
apyrumu mpefcrtaButesiamu poaa Chlorella B HacTos-
meli paboTe ObLa BHINMOJIHEHA cOOpKa U aHAJIM3 MOJI-
HOro xJIopoIlacTHOro reHoma C. vulgaris mramma
BAC9706, BeiiesieHHOTr0 U3 o3epa barikas.

2. MaTepuanbl U MeTOADI
2.1. CexBenunpoBanue AHK u c6opka
reHoma

l'enomHas JJHK Oblna BbiJjesieHa paHee ONKCAH-
HbeIM MeTozoM (Petrushin et al., 2020) u cekBeHUpO-
BaHa ¢ ucnoJsib3oBanueM miardopmel [llumina MiSeq.
YepHoBas cOopka Obljia BBIIOJHEHA C IIOMOIIBI0 MPO-
rpamMbl SPAdes v. 3.15.4 (Bankevich et al., 2012).
[TosrydyenHas c6opka BkIo4asa 5837 KOHTUTOB €O 3Ha-
yeHneM N50 44654 m.H., Ipu 3TOM AJMHA HaUOOJIb-
1Iero KOHTura cocrasJisia 317606 mn.H.

[TosiydeHHBIE KOHTUTH [TOJIHOT€HOMHOH COOpPKHU
OBLIM BBIDOBHEHHI II0 pedepeHCHBIM XJIOPOIJIACTHHIM
reHomMawm C. vulgaris, JocTymHbIM B 6a3e mqaHHbex NCBI,
¢ ucnoJsb3oBanneM BLASTn gia nageHTudukaniy KOH-
TUT'OB XJIOPOILJIACTHOI'O IIPOUCXOXAEHUS.

2.2. AHHOTauMA reHOMa ¥ BU3yaAu3auuna

Jyia aHHOTaI[UM TeHOMa UCIOJIb30BaJil UHCTPY-
MeHT GeSeq (Tillich et al., 2017) ¢ mapamerpamu 1o
yMOJIYaHUI0 Ay Oenok-komupylomux reHo, TPHK u
PPHK, ucmosbs3ysa xJyiopomtacTHeii reHom C. vulgaris
mramma NJ-7 (Homep moctyma GenBank MK948100)
B KauecTBe pedepeHca. Busyanuzanuio TIeHOMHBIX
kapt BBIOJHAMU ¢ mnoMmoulpio OGDRAW (Greiner
et al., 2019), a Takke MOATOTABJIMBAIN (GAMNJIBl AJIA
GB2sequin (Lehwark and Greiner, 2019).

2.3. dunoreHeTMuecKum aHanus

ODBOJIIOLIMOHHBIN aHaiu3 OblI MPOBEEH MeTo-
JOM MAaKCHMMaJIbHOTO MpaBAoNofo0Hs C HCIIOJIb30-
BaHueM nporpamMmbl MEGA11l (Tamura et al., 2021).
OntuMaibHas MoOJeJib HYKJIeOTHAHBIX 3aMeH IoAd-
6upajsacb aBTOMaTHU4ecK{, HaJEXHOCTb BeTBell olle-
HuBaju Ha ocHoBe 1000 OyTcrpen-periuk. 13 6a3bl
naHHeix NCBI 6puTi 0oTOOpaHBI BCe JOCTYyNHBIE Ha
MOMEHT HCCJIe[JOBaHHA IOJHOCTbI0 aHHOTHPOBAHHBIE
XJIOpOIJIaCTHEIE TeHOMEI IpeJicTaBUTesIell Iopsaka
Chlorellales. 3 Hux GbUIM M3BJIEYEHBI BCe OEJIOK-KO-
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JUpylolire IocJeAoBaTeIbHOCTH, BBIIIOJIHEHEl BHIPaB-
HUBaHWA U IpoBefleHAa MX KOHKaTeHauu:A. (1A MOBHI-
IIeHNs KadecTBa BbIpAaBHUBAHUA IIJIOXO BHIPOBHEHHBIE
y4acTK{ ObLIN yJaJIeHHL.

HTtorosoe pusoreHeTrnieckoe JepeBo OCTPOEHO
Ha OCHOBe 73 KOHKaTE€HHPOBAHHBIX OeJIOK-KOANPYIO-
KX FeHOB XJIOPOIJIAaCTHOTO FreHOMa, IOJIy4eHHBIX AJ1A
16 TakcOHOB (TATH AHHOTHPOBAHHBIX T'€HOB Ycf OBLIU
HCKJII0UEHHI U3 aHaJIn3a).

3. Pe3yAbTatbl M 06Cy)XACHMUA
3.1. XapakTtepucTUKa XAOpPONAACTHOro
reHoma

IMosHBINT  XxJTOpOIJIACTHBRIE reHoM C. vulgaris
mrTamMMa BAC9706 mnpefcrassisieT co60il KOJIbLIEBYIO
JByllenioueyHyto MoJiekysy JHK amunHoit 161721 m.H.
F'eHoMm copepxuT B oOmiell ciaoxHocTu 114 reHOB,
BKJTIOYas 78 Gesiok-koaupylomux reHos, 33 reHa TPHK
u 3 rena pPHK (Puc. 1).

K unciy 6e10K-KOAUPYIOMNX IeHOB OTHOCATCH:
onuH reH aceD; mecTb reHOB cyOobeauHUL AT®-cruHTa3b!
(atpA, atpB, atpE, atpF, atpH, atpl); oquH reH, cBA3aH-
HBIH ¢ popMUpOBaHUEM KJIETOUHOU 000J104kU (cemA);
TpU reHa nportoxyiopobunuapenykrassl (chlB, chiL,
chIN) u ogun ren Mg-nporonopdupun IX-xemaTassl
(chll); nBa rena, cBsA3aHHbIE C TPAHCIIOPTOM CYJIb(ATOB
(cysA u cysT); nBa reHa, ydyacTByiomye B KJI€TOYHOM
JleJIeHUU M KOHTpoJie kadyecTBa GesikoB (ftsH, minD);
nBe rugposiassl (I-Cvul u clpP); oquH GakTop UHUIM-
anuu tpaHcaanuu (infA); mecTs reHoB, CBA3AHHBIX C
nquroxpoMamu (ccsA, petA, petB, petD, petG, petL);
22 reHa, ydyactBymwomue B potocuHTe3e (rbel, psaA,
psaB, psaC, psal, psaJ, psaM, psbA, psbB, psbC,
psbD, psbE, psbF, psbH, psbl, psbJ, psbK, psbL,
psbM, psbN, psbT, psbZ); 21 ren pub6ocoMHBIX GEJTKOB
(rpl12, rpl14, rpll6, rpll9, rpl2, rpl20, rpl23, rpl32,
rpl36, rpl5, rpsll, rpsl2, rpsl4, rpsl8, rpsl9, rps2,
rps3, rps4, rps7, rps8, rps9); ueThipe reHa, y4acTBYIo-
mue B cuHte3e PHK (rpoA, rpoB, rpoCl, rpoC2); oauH
reH dakropa astoHrauuu Tu (tufA); a Taxxe nATh TeHOB
cemerictBa ycf (yef3, ycf4, ycf62, ycfl2, ycf78).

Tpuauate Tpu resa TPHK obecneuuBaoT nepe-
Hoc Bcex 20 aMHMHOKHCJIOT; IPU 3TOM IIpefCTaBJIeHbI
Tpu rera TPHK-Gly, nBa TPHK-Ile, yethipe TPHK-Leu,
tpu TPHK-Arg, Tpu TPHK-Ser, npa TPHK-Thr u aBa
TPHK-Val.

[losiHaA mocsenoBaTeIbHOCTh XJIOPOILJIACTHOIO
reHoMma C. vulgaris BAC9706 nenoHupoBaHa B 6a3e JaH-
Hbix GenBank mog Homepowm goctyma PQ037191.1.

3.2. CpaBHMTEAbHbIW aHaAAU3 C APYTUMH
wrammanmu C. vulgaris

OnyGIMKOBaHHbIE HA HACTOSIUA MOMEHT TOJI-
HBIE XJIOPOILTACTHBIE TeHOMBI C. vulgaris pasynyawTcs
o pa3Mepy TreHoMa U TeHHOM HACHIIEHHOCTH, YTO
OTpaXxaeT pa3jNyMA B MOAX0JaxX K aHHOTAI[UU U TOJI-
HoTe c6opok (Tabauna 1). Paznuuus B unciae aHHOTU-
POBaHHBIX 6€JIOK-KOUPYIONIUX T€HOB B 3HAYMTEJIbHOM
cTerneHn O6YCIIOBJIEHB HCIOJIb3YEMBIMUA CTPaTEruAMU
AHHOTAIMU U KPUTEPUSAMHU BKJIIOUEHUS TE€HOB.
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Il photosystem |
[l photosystem I

[E cytochrome b/f complex 7

[0 ATP synthase

B RubisCO large subunit

B RNA polymerase

[ ribosomal proteins (SSU)

[ ribosomal proteins (LSU)

[l transfer RNAs

M ribosomal RNAs

[ clpP, matK

[ other genes o

[ hypothetical chloroplast %,
reading frames (ycf)

Chilorella vulgaris BAC9706
chloroplast genome
161,721 bp

o
Puc.1. 'eHomHas kapra xjopomiacta C. vulgaris BAC9706.

CpaBHUTEJIbHBIN aHAJIN3 BBIABUJI BBHICOKYIO CTe-
TeHb CXOCTBA IMOCJIeJOBATEIbHOCTEN XJIOPOIJIACTHBIX
reHOMOB. ['@HHBII COCTaB U MOPSJOK T€HOB OKA3aJIUCh
BBICOKO KOHCEPBAaTUBHBIMU BO BCe€X AaHAJIM3UPYEMBIX
reHoMax, Ipu 3TOM KPYMHOMACIHITaOHBIX IepecTpOoek,
3aTparuBarluXx OpPraHu3alii0 TeHOMa, BHIABJIEHO He
OBLIIO.

3ameTHOoe pasauune ObJIO OOHApyXeHO B
nHTpoHe reHa psbA. YV mramma BAC9706 nmaHHBIN
WHTPOH KOJUpYyeT MpejlojaraeMylo cauT-crernuduy-
"y JJHK-3ng0HYyKII€a3y JIMHON 234 aMUHOKUCJIIOTHI,
Torja Kak y mraMmma NJ-7 npucyTcTByeT YKOpOUeHHBIH
BapuaHT. JTO pasyinuve OOyCJIOBJIEHO HECKOJIbKAMU
HYKJIEOTMAHBIMM 3aMeHaMM U OJHOU OAHOHYKJIEOTH-

Ta6smmma 1. Obire XxapaKTEpPHUCTUKY ONyOJINKOBaHHBIX XJI0POIIACTHHEIX TeHoMoB C. vulgaris

Homep nocryna IIItamm Pasmep
reHoMma, I.H.
PQ037191.1 C. vulgaris BAC9706 161721
MW900257.1 C. vulgaris 156202
NC_001865.1 C. vulgaris C-27 150613
CM041649.1 C. vulgaris 211/11P 165504
MT577052.1 C. vulgaris 165412
MT920676.1 C. vulgaris ITBBA3-12 168369
MK948102.1 C. vulgaris UTEX259 176851
MK948100.1 C. vulgaris NJ-7 154201

Besok- I'ensl TPHK/ HcTouyHuK
KOAUPYIOLIMe TeHbl pPHK

78 33/3 JlanHOe HcciieJoBaHUe
73 32/3 He ony6inkoBaHoO
174 33/3 (Wakasugi et al., 1997)
70 NA (Cecchin et al., 2019)
78 33/3 (Wen and Wan, 2020)
111 29/3 (Han et al., 2021)

79 33/3 He ony6smkoBaHo
79 33/3 He ony6sinkoBaHO
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HOH BCTaBKOM, 4TO NMPUBOAUT K GOPMHUPOBaHUIO OoJiee
JJMHHOM OTKPBITOU paMKu cuuThiBaHus y BAC9706.

B nesoMm GOJIBHIMHCTBO HYKJIEOTUAHBIX 3aMeH
Mexay BAC9706 u mpyrumu mrtammvamu C. vulgaris
JIOKaJIN30BaHBl B HEKOJUPYIOUMX MeXTeHHBIX o0Ja-
CTAX, TOrAa Kak 06eJI0K-KOAUPYIoI[re FeHbl OTJINYaloTCsA
BBICOKOI CTeleHbl0 KOHCepBaTHMBHOCTU. B uacTHoOCTH,
B reHe rbcL He ObUIO BBHIABJIEHO HU OJJHOIN aMHHOKFC-
JIOTHOY 3aMeHBl, YTO yKa3blBaeT Ha XK€cTkue QyHKIU-
OHaJIbHBIE OIPaHUYEHUs, XapaKTepHble JIS KIII0UYeBBIX
6es1K0B (POTOCHMHTETUYECKOIO anmnapara.

3.3. dunoreHeTHUECKUH aHAAU3

dusioreHeTUYeCKUl aHaIW3 [OKasaja, dYTO
mraMm BAC9706 rpynnupyeTtcsa ¢ APpyruMHU LTaMMaMu
C. vulgaris, o6pa3ys XOpolIo MOoJ/iepKUBAEMYI0 KJIaay
co 100% OGyTcTrpen-noaaepxkoii (Puc. 2). ITosyyeHHBIN
pe3yJibTaT corJjlacyeTcs ¢ paHee BHIIOJIHEHHBIMM aHa-
JM3aM{d Ha OCHOBe MHUTOXOHJIpHAJIbHOTO TeHoMa U
MOATBEpXJaeT TaKCOHOMUYECKYI0 IpHUHAAJIeKHOCTD
BAC9706 k Buay C. vulgaris.

4. 06cyxpeHue

[TonmHBIET  XJIOPOILUIACTHBIA TeHOM  IITaMMa
BAC9706, BrifjesieHHOr0 U3 o3epa batikas, fgomnoJiHsAeT
paHee omny0JMKOBaHHblE AaHHbIE O MHUTOXOHpHAJIb-
HOM reHome JaHHoro mramma. CpaBHUTEJIbHBIN aHa-
au3 BesABUA Yy C. vulgaris BRICOKHMIT ypOBEHb KOHCEPBA-
TUBHOCTH T'€HHOTI'0 COCTaBa, MOpsAKa reHOB U obIeil
OopraHu3alry reHoMa 1o CpaBHEHMIO C APYTUMU HITaM-
MaMu, IpY 3TOM IPHU3HAKOB KPYITHOMAaCIITaOHbBIX Ilepe-
cTpoek obHapyXeHO He ObLIO.

BosbIIMHCTBO pas3jiuuuii B MOCJieJoBaTeIbHO-
CTAX OBLJIO OTpaHUYEHO WHTPOHHBIMU U MeXTeHHBIMU
obiacTsaMu, Toraa kak 6eJIoK-KoAUpYIol[re TeHbl 0CTa-
BaJIUCh BBICOKO KOHCEpBaTUBHBIMU. B yacTHOCTH, pas-
JINYUSA, BBIABJIEHHBIE B MHTPOHE TeHa pSbA, BKJIOYaA
Bapuanuu AJIUHBL WHTPOH-KOAUPYEMOU 3HJIIOHYKJIe-
a3bl, BEPOSITHO, OTPaXXal0T BHYTPUBUIOBYIO HU3MeEHYU-
BOCTh MOOWJIBHBIX UHTPOHOB, a He (PYHKINOHAIbHYIO
JVBepreHIio (OTOCMHTETUYECKUX I'eHOB.

100

100

— 1

L

duoreHeTUYECKU aHaJIM3, OCHOBAHHBIN Ha
MOJIHBIX IOCJIEIOBATEIbHOCTAX XJIOPOILJIACTHBIX I'€HO-
MOB, yBepeHHO nomemlaetr mramMMm BAC9706 B kiagy
C. vulgaris, 4TO corjacyeTcsi ¢ paHee MOJYYEHHBIMU
pe3yJibTaTaM{ Ha OCHOBE MUTOXOH/IPUAJIbHOTO TreHoMa
(Panova et al., 2024). B COBOKYITHOCTH 3TU AaHHbIE yKa-
3BIBAIOT Ha TO, uTo BAC9706 npenacrasiseT coboit Oaii-
KaJibckui axotun C. vulgaris, a He HOBBIY BU]I, U obecre-
YMBAIOT JONOJHUTEJIbHBIN OpraHesUIApHBII pedepeHc
11 Oy AYLIMX CPaBHUTEJIbHBIX UCCJIeIOBAaHUM.

5. 3akniouenue

B Hacrtosimeli paboTte 6b171 coOpaH U MpoaHaU-
3UpOBaH IOJIHBIN XJIOpOIUIacTHHIE reHom C. vulgaris
mramMMa BAC9706, BelmeneHHoro u3 o3sepa batika.
l'enoM xapakTepusyeTcsd BBICOKMM YpPOBHEM KOH-
CEepBAaTUBHOCTM T€HHOIO COCTaBa W OpraHU3anuu
0 cpaBHeHUIO ¢ ApyruMu mrammamu C. vulgaris,
IIPU 5TOM BBIABJIEHHblE Pa3jiMiyusA B OCHOBHOM OrIpa-
HUYeHB MHTPOHHBIMH M MEXIeHHBIMU O0JIacTAMU.
QdusioreHeTUYeCKUl aHauW3 IMOATBepXAaeT, 4TO
BAC9706 mpefncraBiisier co60il GaiikajIbCKUIl 3KOTHUIL
C. vulgaris, a He oTAenbHBIN BUf. [losyyeHHBIe NaH-
Hble (QOpMUPYIOT I'€HOMHYI0 OCHOBY [JI HaJjibHeM-
IINX HccjieoBaHni mramMMoB Chlorella, obuTaionx B
XOJIOJHBIX IIPECHOBOJJHBIX 3KOCHUCTEMaXx.

BbaaropapHocTH

Pabora BbINoJIHEHA B paMKaX I'oCylapCcTBEHHOTO
3amaHus JluMHosornyeckoro UHCTUTyTa CHOUPCKOTO
oTheneHus Poccutickoii akafnemun Hayk No 0279-2021-
0011. UccnegoBaHue Takxe nojiepxaHo Poccuiickum
HayuHsiM ¢donHaoMm (mpoekt Noe 19-14-00088) u
PoccuiickuMm ¢oHOoM ¢yHOaMeHTaJbHBIX MCCIIeI0-
BaHuil (mpoektel No 16-04-00065, 16-54-150007,
18-04-00224).

KoHpAUKT UHTEpecoB

ABTOpHBI 3aABJIAIOT 06 OTCYTCTBUM KOH(IIMKTa
VHTEPECOB.

Chlorella vulgaris BAC9706

Chlorella vulgaris MT577052

Chlorella vulgaris KNUA0OO7 MW900257
Chlorella vulgaris C-27 NC_001865
Chlorella vulgaris ITBBA3-12 MT920676

100

100 100

T —

43

100
69
100
100
100

Chlorella variabilis K3718922

Chlorella sp. ArM0029B KF554427
Micractinium simplicissimum NC_071969
Micractinium pusillum MN649872
\——————— Micractinium sp. LBA 32 MH983006
Chlorella sorokiniana KJ742376
Binuclearia lauterbornii NC_025541
Pseudochlorella signiensis NC_025529
Auxenochlorella protothecoides NC_023775
— Dicloster acuatus NC_025546

L Marvania geminata NC_025549

Puc.2. ®duioreHetuyeckoe AepeBo C. vulgaris BAC9706, mOCTpOEHHOE Ha OCHOBE KOHKATEHHUPOBAHHBIX O€JIOK-KOIUPYOIIIX
reHOB XJIOPOILUIACTHOTO reHoMa TpecraBuTesen nopsagka Chlorellales.
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