SCIENCE CHINA
Life Sciences

* RESEARCH PAPER -

May 2013 Vol.56 No.5: 440-452
doi: 10.1007/511427-013-4474-4

Mitochondrial genome sequences of Artemia tibetiana and Artemia
urmiana: assessing molecular changes for high plateau adaptation

ZHANG HangXiao'?, LUO QiBin’, SUN Jing'? LIU Fei'*, WU Gang'?, YU Jun'"
& WANG WeiWei' "

'CAS Key Laboratory of Genome Sciences and Information, Beijing Institute of Genomics, Chinese Academy of Sciences, Beijing 101300,
China;
*University of Chinese Academy of Sciences, Beijing 100094, China;
*Department of Genome Oriented Bioinformatics, Technische Universitdit Miinchen, Wissenschaftszentrum Weihenstephan, Freising 85350,
Germany
*Division of Gastroenterology, Department of Medicine, University of Alberta, Edmonton T6G 2V2, Alberta, Canada

Received November 29, 2012; accepted March 19, 2013

Brine shrimps, Artemia (Crustacea, Anostraca), inhabit hypersaline environments and have a broad geographical distribution
from sea level to high plateaus. Artemia therefore possess significant genetic diversity, which gives them their outstanding
adaptability. To understand this remarkable plasticity, we sequenced the mitochondrial genomes of two Artemia tibetiana iso-
lates from the Tibetan Plateau in China and one Artemia urmiana isolate from Lake Urmia in Iran and compared them with the
genome of a low-altitude Artemia, A. franciscana. We compared the ratio of the rate of nonsynonymous (Ka) and synonymous
(Ks) substitutions (Ka/Ks ratio) in the mitochondrial protein-coding gene sequences and found that afp8 had the highest Ka/Ks
ratios in comparisons of A. franciscana with either A. tibetiana or A. urmiana and that atp6 had the highest Ka/Ks ratio be-
tween A. tibetiana and A. urmiana. Atp6 may have experienced strong selective pressure for high-altitude adaptation because
although A. tibetiana and A. urmiana are closely related they live at different altitudes. We identified two extended termina-
tion-associated sequences and three conserved sequence blocks in the D-loop region of the mitochondrial genomes. We pro-
pose that sequence variations in the D-loop region and in the subunits of the respiratory chain complexes independently or col-
lectively contribute to the adaptation of Artemia to different altitudes.
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Brine shrimps, Artemia (Crustacea, Anostraca), have a
broad geographical distribution and inhabit hypersaline en-
vironments that vary considerably in their anionic composi-
tion, climate, and altitude. The major anions that contribute
to anionic composition include chloride, sulfate, carbonate,
or combinations of up to all three [1]. Artemia species can
be found in altitudes from sea level to over 4000 m above
sea level; for example, in Tibet (4000 m) and in the East
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African Plateau (over 5000 m). Artemia can survive in harsh
environments other than in high salinity, including low at-
mospheric pressure, rarefied air, cold temperature, and long
winters, as well as in climatological conditions that range
from humid to arid [2]. Artemia species are capable of
switching their reproduction strategies between sexual and
parthenogenetic forms in a single life cycle [1,3,4], and
populations can survive through cold winters by producing
diapause cysts [5—7]. Because of their distinct features, Ar-
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temia draw significant scientific interest from several areas
including ecology, aquaculture, physiology, ecotoxicology,
and genetics [8—12].

Animal mitochondrial (mt) genomes are circular DNA
molecules ~17 kb in length that encode the major enzymes
for oxidative metabolism and ATP production. Mitochon-
drial genome sequences have been used to determine phy-
logenetic relationships among animals of different taxa be-
cause of the conservation of the protein-coding sequences
and the variability of the non-coding portion [13—15]. The
mt genome in animals typically contains 37 genes (13 pro-
tein-coding, two ribosomal, and 22 transfer RNA genes) and
one major non-coding region, the displacement loop or
D-loop. The D-loop is the control region with a number of
regulatory elements, such as extended termination-associ-
ated sequences (ETASs) and conserved sequence blocks
(CSBs) that are responsible for replication and transcription
of the mtDNA [16-22]. Although, overall, animal mt ge-
nomes are highly conserved in size and protein-coding
components, substantial variations, including substitutions
and indels [22,23], do exist, providing clues for functional
differentiation. In addition, frequent loss of tRNA genes has
been observed in arthropod mtDNAs [24].

Previous phylogenetic studies demonstrated that Artemia
tibetiana and Artemia urmiana were indistinguishable based
on markers derived from mt gene sequences such as 165
rRNA and coxI; therefore, it was proposed that these two
species might share a close ancestry [4,25,26]. However,
how and when they evolved into two species remains to be
discovered. Geographic isolation may have led to or accel-
erated the speciation process of A. tibetiana and A. urmiana
[27]. A. tibetiana is a highland species, distributed in the
Tibetan Plateau, which has evolved to tolerate the hypoxia
and low temperatures that are typical for high altitude envi-
ronments. Over the past decade, it has been reported (in
Ochotona curzoniae and Pantholops hodgsoni) that com-
plexes I and IV of the mt electron transport system, such as
the cytochrome ¢ oxidase (COX) complexes, harbor amino
acid (AA) variations which are considered to be related to
high altitude adaptation [28,29]. The results from both these
studies suggested that, in the hypoxia environment, se-
quence variations may be selected and eventually fixed in
the mt genomes.

Previous studies into high altitude adaptation have fo-
cused on mammalian species because of their medical rele-
vance; however, we propose that by investigating sequence
variations among the protein-coding genes of animal mito-
chondria, especially across diverse animal species, some of
the secrets of high-altitude adaptation may be revealed. In
this study, we report three full-length mt genome sequences;
two from A. tibetiana isolates (ARC 1609 and ARC 1610)
and one from A. urmiana (ARC 1227). We also used the
publicly available mt genome sequence of A. franciscana in
a comparative analysis to identify sequence variations that
may be the result of environmental adaptation. In addition,
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we acquired some sequences from an A. franciscana isolate
(ARC 1590) collected from Huangnigou near the Bohai Bay
in China to validate high-altitude specificity.

1 Materials and methods
1.1 Sample collection

All the strains used in this study were stored as cysts at the
Laboratory of Aquaculture & Artemia Reference Center
(ARC), Ghent University, Belgium. All the strains were
assigned ARC code numbers, including four populations
which were collected from salt lakes. Two lakes are in Tibet;
one is in Nima (ARC 1609; accession number: JQ975177;
~4555 m above mean sea level (amsl); 31°55'0.00"N/
87°52'59.88"E) and one is in Yangnapeng Co (ARC 1610;
accession number: JQ975178; ~4800 m amsl; 32°18'59.91"N/
89°45'59.93"E). The third lake is Lake Urmia (ARC 1227,
accession number: JQ975176; ~1275 m amsl; 37°20'N/
45°40'E) in West Azerbaijan in Iran. The fourth lake is in
Huangnigou, Shangdong Province, northern China (ARC
1590; ~100 m amsl; 37°31'17.51"N/ 120°39'12.80"E) where
the samples (representative of A. franciscana in China)
were collected in 2002 (data not show) [26]. The reference
genome sequence is from an isolate of A. franciscana (~10
m amsl) collected in San Francisco Bay Salterns, California,
USA, and retrieved from Genbank (accession number:
NC_001620) [30,31].

1.2 DNA isolation

To obtain genomic DNA, we ground 0.25 g of the cysts to
fine powder in the presence of liquid nitrogen and then im-
mediately added 1 mL of 2x CTAB buffer (2% CTAB, 0.1
mol L™ Tris-HCI at pH 8.0, 20 mmol L™ EDTA, and 1.4
mol L™ NaCl). For the adult samples, we homogenized the
entire animal in 200 pL. 2x CTAB buffer. The mixture was
incubated at 65°C for 2 h, then centrifuged at 13000 rpm for
10 min. The viscous aqueous supernatant was carefully col-
lected into a fresh microcentrifuge. DNA was extracted
from the supernatant with chloroform/iso-amylalcohol (24: 1),
precipitated with ice-cold isopropanol, washed with 75%
ethanol, and re-suspended in double-distilled water con-
taining 20 ug mL~' RNase.

1.3 PCR amplification

We designed 24 pairs of primers based on the A. francisca-
na mt genome sequence from Genbank (accession number:
NC_001620) (Table S1). PCR amplifications were carried
out in a final reaction volume of 25 pL containing 2.5 pL
10x PCR buffer, 2 uL dNTP, 10 pmol L™ of each primer,
and 0.25 unit EasyTag DNA polymerase (QIAGEN, Ger-
many). The thermo-cycling program was set as holding on
5 min at 94°C, 35 cycles of 30 s at 94°C, 30 s at 55°C, and
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1 min at 72°C, followed by a final extension of 10 min at
72°C. The PCR products were analyzed by electrophoresis
in 1.0% agarose gel.

1.4 Sequencing the PCR products

We sequenced the PCR amplified DNA using a capillary
sequencer (ABI 3730 XL, ABI, Foster City, USA). The
sequencing reaction was started with 3 uLL (about 50 ng) of
the PCR products purified on a Millipore 96-well clean-up
plate. We obtained DNA sequences from both the 5" and 3’
directions using the 24 PCR primer pairs. The sequencing
amplification protocol was set up as one cycle of 15 s at
95°C, 35 cycles of 15 s at 95°C, followed by an annealing
step of 15 s at 50°C, and a final extension of 1.5 min at
60°C.

1.5 Sequence analysis

The sequences were assembled using the Phred-Phrap-
Consed package (phred: 0.020425.c; phrap: 1.080812;
consed: 19.0) [32,33]. NVR (nucleotide variation rate) was
calculated as the number of mutated nucleotides divided by
the length of the gene and AAVR (amino acid variation rate)
was calculated as the number of mutated residues divided
by the AA length of the gene. The calculations were based
on the results of a CLUSTALW 2.0 pairwise sequence
alignment [34]. The ratios of the rate of nonsynonymous
(Ka) and synonymous (Ks) substitutions (Ka/Ks ratios) were
generated using the KaKs_Calculator (v1.2) based on the
GY-HKY model [35]. Circular mt physical maps were
drawn using DNAMAN 6.0.40 (http://www.lynnon.com/)
and the tRNAs and protein domains were annotated using
tRNAscan-SE 1.23 [36] and InterProScan (version 4.8) [37]
respectively. DAMBE with the default parameter settings
(version 5.3.00) was used to analyze codon usage bias and
to calculate the relative synonymous codon usage (RSCU)
values [38]. Three-dimensional structures of the encoded
proteins were predicted by SWISS MODEL (default pa-
rameters) [39] and conserved elements (ETASs and CSBs)
were identified using the EDIALIGN and PRETTYPLOT
programs in the EMBOSS package [40]. The neigh-
bor-joining trees were built with MEGA 3.1 (1000 bootstrap
replicates) [41]. We calculated the divergence time of A.
tibetiana and A. urmiana using the D-loop sequences with
MEGA 3.1 based on the time point (5.5 million years ago,
Mya) when Artemia began to diverge from a common an-
cestor distributed in the Mediterranean area into eight spe-
cies [42].

2 Results
2.1 General features of the Artemia genomes

In this study, we sequenced and assembled three Artemia mt
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genomes; two from A. tibetiana isolates (collected from two
separate lakes in Tibet) and one from A. urmiana using a
piecemeal strategy: first, to PCR amplify the mt genome
into 24 amplicons that overlap the entire mt genome, and
then to sequence each amplicon to obtain a final complete
assembly. As the Artemia mt genomes are typical animal mt
genome [22] with 37 genes: 13 protein-coding genes (cyzb,
nd5, nd4, nd4l, ndl, nd2, coxl, cox2, atp8, atp6, cox3, nd3,
nd6), 22 tRNA genes, and 2 rRNA (/2S5 rRNA, 16S rRNA)
genes, and a major non-coding region called the D-loop.
The two A. tibetiana mt genomes are 15826 bp (ARC 1609)
and 15743 bp (ARC 1610) long and the A. urmiana mt ge-
nome is 15945 bp (ARC 1227). The A. franciscana refer-
ence genome (NC_001620) is 15822 bp [30,31] long. The
length variations are mainly confined to the D-loop region
(Figure 1, Table S2).

The GC content of the mt genomes from A. tibetiana and
A. urmiana was relatively low around 37%, which is char-
acteristic of animal mt genomes [43—46]. However, the GC
content of mt genes varies regardless of whether they are
protein-coding or RNA genes. In general, we found rela-
tively higher GC content in both the A. tibetiana and A. ur-
miana genomes compared with in A. franciscana (37% vs.
36%), and the higher GC content was observed mainly in
the protein-coding rather than the tRNA genes. Among the
13 protein-coding genes, the GC content of three genes in
particular was higher by at least 10% in A. tibetiana and A.
urmiana compared with in A. franciscana (atp6: ~16%;
atp8: ~12%; nd6: ~12%); and the GC content of nd4l was
higher by nearly 11% in A. tibetiana compared with in both
A. urmiana and A. franciscana. Among the tRNA genes, the
GC content of tRNA"™ was higher by almost 8% in A. ti-
betiana compared with in A. urmiana and A. franciscana. It
was reported that biased base composition of mtDNAs ac-
cumulated during replication and is related to spontaneous
deamination of the C and A bases on the heavy strand [47].
The three protein-coding genes (atp6, atp8, nd6) that show
the most fluctuations in their GC content may be involved
in environmental adaptation; however, further studies are
required to investigate this proposal in more detail.

Among the 13 protein-coding genes in the mt genomes,
in A. tibetiana, eight of them use ATG as the start codon
(nd2, coxl, cox2, atp6, cox3, nd5, cytb, and ndl), three use
ATT (atp8, nd3, and nd4l), one uses ATA (nd4), and one
uses GTG (nd6). In A. urmiana, most of the genes use the
same start codons as the corresponding genes in A. tibetiana,
two genes (afp8 and nd4l) that use ATC as the start codon
are the only exceptions. There are more differences in start
codon usage between the more phylogenetically distant
species A. franciscana and A. tibetiana. In A. franciscana
six genes (nd2, cox2, nd5, nd4l, nd6, and cytb) use different
start codons from A. tibetiana; two of them (nd2 and nd5)
use ATT and the four others use GTG (cox2), ATC (nd6),
ATA (nd4l), and ATA (cytb). Similarly, variations in stop
codon usage were observed. In A. urmiana, nd2 (TAA),
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Figure 1 Circular physical map of the A. fibetiana mitochondrial genome. The A. tibetiana mt genome is ~16 kb long and has 37 genes. Thirteen of them
are protein-coding genes that code for the subunits of the complexes of the mt electron transport system. Complex I encoding genes (nd5, nd4, nd4l, ndl, nd2,
nd3, and nd6) are shown in blue; Complex III encoding gene (cy#b) is in purple; Complex IV encoding genes (cox!, cox2, and cox3) are in brown; Complex
V encoding genes (atp8 and atp6) are in green. The other genes are RNA genes: 22 are tRNA genes and two are rRNA genes (/2S5 rRNA and 16S rRNA)
shown in dark green. The major non-coding region (D-loop) is shown in yellow. The clockwise and counter-clockwise arrows indicate genes on the heavy

and light strands, respectively.

cox3 (TAA) and nd3 (TAG) use different stop codons than
the corresponding A. tibetiana genes which use TAG, TAG,
and TAA for nd2, cox3, and nd3, respectively. Four of the
protein coding genes in A. franciscana have incomplete
termination codons (cox!, cox2, nd5, and atp6), whereas, in
A. tibetiana and A. urmiana, only nd4 and nd5 have incom-
plete termination signals (T).

2.2 Sequence variations among the Artemia species and
ecotypes

We observed only a limited number of nucleotide variations
between the mt genomes of the two A. tibetiana isolates,
ARC 1609 and ARC 1610 (Table S3), from different salt
lakes in Tibet. The variations were mainly in four genes
with relatively low NVRs (at least five times lower than at
the interspecies level): 125 rRNA (0.014), nd4 (0.003), ndl
(0.002), and nd5 (0.001). Because the variations were few,
we selected ARC 1609 as the representative of A. tibetiana
in our comparative analysis of interspecies variations.
Among the 37 mt protein-coding genes of the three Ar-
temia species, the NVR was higher when A. urmiana and A.
tibetiana were compared with A. franciscana, and lower

between A. tibetiana and A. urmiana (Figure 2, Table S3).
We found many single nucleotide indels in the pro-
tein-coding genes of A. tibetiana and A. urmiana compared
with A. franciscana. For example, in A. tibetiana and A.
urmiana, nd5 had four deletions and one insertion, nd4 had
a single nucleotide insertion and two deletions, cox2 had a
single nucleotide insertion and a single nucleotide deletion,
and cox3 had a single nucleotide deletion and an 8-bp inser-
tion (in total there were 13-bp insertions in cox3) (Figure
S1A-D). Interestingly, the indels in these genes did not lead
to any frameshifts nor did they create non-sense transcripts
because each indel either was accompanied by a compen-
sating indel nearby or the indels were in multiples of three;
however, the indels did cause variations in the AA se-
quences. For example, in cox2, several 2-bp indels led to
five AA variations (Leu-142, Pro-143, Val-144, Tyr-146,
and Asn-147) and 14 indels in cox3 resulted in 16 AA vari-
ations (Leu-47, Ile-48, Thr-49, Ile-50/Val-50, Met-51,
[le-52, Val-53, Ser-54, Tyr-55, Asn-125, Pro-126, Phe-127,
GIn-128, Val-129, Pro-130, and Pro-229). To confirm some
of these variations experimentally, we re-sequenced these
four genes (nd5, nd4, cox2, cox3) in a local A. franciscana
sample collected in China, and found that some of the indels
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Figure 2 Nucleotide variation rates (NVRs) for the 37 mt genes among
the reference A. franciscana (F), A. tibetiana (T), and A. urmiana (U).

that we found in these genes did not exist in the mt genome
of the local A. franciscana population. Assuming that se-
quencing errors are relatively random, it seems unlikely that
so many consecutive indel pairs would be nearby by se-
quencing errors.

Nucleotide variations in protein-coding genes often lead
to AA changes in the proteins that they encode. When A.
urmiana and A. tibetiana were compared with the reference
A. franciscana, atp8 had the highest AAVRs, 0.47 and 0.43,
respectively. Between A. tibetiana and A. urmiana, nd6 had
the highest AAVR (0.14), followed by atp8 (0.11). CoxI
had the lowest AAVRs: 0.02 between A. franciscana and A.
urmiana, 0.02 between A. franciscana and A. tibetiana, and
0.01 between A. tibetiana and A. urmiana (Figure 3, Table
S4). Overall the NADH dehydrogenases (Complex I) and
ATP synthase (Complex V) showed higher diversity com-
pared with other complexes, including Complex III and IV.
The commonest variations involved the aliphatic AAs, Val,
Ile, and Leu, which are all chemically similar (Figure S2).

The Ka/Ks ratio is of significance in phylogeny recon-
struction and is especially useful for understanding evolu-
tionary relations between protein-coding genes in closely
related (recently diverged) species [48,49]. Between A.
franciscana and A. urmianalA. tibetiana, atp8 had the high-
est Ka/Ks ratio (0.324 and 0.191, respectively) when com-
pared with other genes; between A. urmiana and A. tibetia-
na, atp6 had the highest Ka/Ks ratio (0.371) followed by
nd6 (0.247; Figure 4, Table S5). The Ka/Ks ratios of nd2,
atp6, cytb, coxl, nd4l, ndl, and nd6 were higher between A.
urmiana and A. tibetiana compared with between A. fran-

Protein

Figure 3 Amino acid variation rates (AAVRs) for the proteins encoded
by the 13 mt protein-coding genes among the reference A. franciscana (F),
A. tibetiana (T), and A. urmiana (U).

0.4+ F-U
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Figure 4 Ka/Ks ratios for the 13 mt protein-coding genes among the
reference A. franciscana (F), A. tibetiana (T), and A. urmiana (U).

ciscana and A. urmianalA. tibetiana. This result suggested
that these seven genes might play some role in high-altitude
adaptation in this species. The variance analyses (NVR,
AAVR, and GC content) also suggested that azp8 and azp6
may be under strong mutational pressure because they had
higher values in all three measures than the other proteins.

2.3 tRNAs and codon usage

Most animal mt genomes encode 22 tRNAs [24]. We found
many tRNA-related variations among the three Artemia
species, including transitions, transversions, and indels. For
example, in tRNAS™ A% RNA®® TGO RNAMS A0
tRNAP© €Y and (RNA"CTA)all three types of variations
were observed and some secondary structures, such as the
TeC-loop and anticodon loop of tRNA™* A% and the ami-
no acid arm of tRNA" €AY were affected (Figure S3).

We calculated the RSCU value to estimate codon usage
bias (Table S6). In A. franciscana, the RSCU value for the
CCU codon was found to be greater than 1, indicating that A.
franciscana preferentially used CCU for Pro; on the other
hand, A. urmiana and A. tibetiana preferentially used both
CCC and CCU for Pro (RSCU>1). A similar situation was
found in GGU codon usage for Gly and ACA for Thr. A.
franciscana tended to use codons with relatively lower GC



Zhang H X, et al.

content than A. urmiana and A. tibetiana and this may be
related to replication-associated mutational pressure and
natural selection [50].

2.4 Protein-coding genes

The Artemia mtDNA encodes 13 polypeptides and they are
usually highly conserved to ensure the precision of ATP
production. However, substantial variations, including SNPs
and indels, do exist (Figure S1A-D). In both A. tibetiana
and A. urmiana, the five AA variations in COX2 are in a
B-sheet on the inner-membrane space side of the mitochon-
dria that contains adenylate kinase [51] and the 16 AA vari-
ations in COX3 all caused changes in the 3D structure of
the protein. In A. tibetiana, nine of the AA variations in
COX3 were in helix II (Box A, Figure 5), six were in helix
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IV (Box B, Figure 5), and one AA insertion was between
helixes VI and VII (Box C, Figure 5). The variations in Box
B extended the length of helix IV and the insertion in Box C
changed the conformation of the loop region between he-
lixes VI and VII (Figure 5B). The AA variation patterns in
Boxes A—C are similar in A. tibetiana, A. urmiana, and the
A. franciscana collected in China, but different in the refer-
ence A. franciscana sequence. These variations in the
COX3 protein may be candidate for species-specific muta-
tions in Asian Artemia species. Further population-based
studies are needed to confirm this observation.

ATPS8 is an intrinsic membrane protein that is 53 AA
long [52]. It was predicted to have three conserved regions:
an N-terminal signal-peptide (1-25), a transmembrane stem
(10-30), and a C-terminal positively charged region that
was proposed to face the matrix space (30-53) (Figure 6A).

o Box A
4 gresesmarsain ioe
U_COX3 MNQLNHPYHL UNUSPWPLAT CHMGAFUMTSG LUKWFHSFDS ULFITGLITI MIUSYOQWWRD USREATFQGM HSSKUGFGLR WGMILFIISE UFFFUSFFWA FFHSSLSPHI EUGALWPPIG
T_COX3 MNQLNHPYHL UNUSPWPLAT GMGAFUMTSG LUKWFHSFDS ULFLT@.ITU H!USthRD USREATFQGM HSSKUGFGLR WGMILFIISE IFFFUSFFWA FFHSSLSPNI EUGALWPPIG
NF_COX3 MNOQLNHPYHL UNISPWPLAT GMGAFAMTSG LUKWFHSFDS KFFT@HH MFUSYQUWRD USREATFQGM HSTKUGFGLR WGMILFIISE UFFFUSFFWA FFHSSLSPNI EUGALWPPIG
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U_COX3 UESI‘“’I’FQUPE LLNTSILLAS GUTUTWAHHA LMENNFDQCL QGLLLTULLG UYFSLLQGLE YVEASFTIAD SIYGSTFFLA TGFHGLHULI GTUFLMUCAM RHRKCV@PUE HHFGFEARAW
T_COX3 UESQ’PFQUP: LLNTSILLAS GUTUTWAHHA LMENNFDQCL QGLLUTVULLG UYFSLLQGLE YMEASFTIAD SIYGSTFFLA TGFHGLHULI GTUFLMUCAM RHAKCYPSPQ: HHFGFEARAW
NF_COX3 UESP.H’FQUPE LLNTSILLAS GUTUTWAHHA LMENNFDQCL QGLLLTULLG UYFSLLQGLE YMEASFTIAD SIYGSTFFLA TGFHGLHULI GTUFLTUCUM RHRKG\’ESPIJE HHFGFEAAAW
F_COX3 UESF_—--I.SRE LLNTSILLAS GUTUTWAHHA LMENNFDQCL QGLLFTULLG LYFSFLOQGLE YMEASFTIAD SIYGSTFFLA TGFHGLHULI GTIFLMICIL RHAKCYPS-0Q: HHFGFEARAW
w8 L N T T n.-n---:- -E EETE Ty
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Figure 5 Sequence variations in COX3 and their distribution in its 3D structure. A, Partial alignment of the COX3 sequences from the reference A. fran-
ciscana (F), A. tibetiana (T), A. urmiana (U), and the local A. franciscana (NF). The three highly variable regions in which single nucleotide indels were
found are shown (Boxes A, B, and C). B, Predicted 3D structure of COX3 in the reference A. franciscana (F, red) and A. tibetiana (T, yellow). The variable
regions are enlarged in the surrounding panels. The helix numbers are marked in blue.
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Figure 6 Amino acid sequence alignments and the putative secondary structure of ATP8 and ATP6 from the reference A. franciscana (F), A. tibetiana (T),
A. urmiana (U), and the local A. franciscana (NF). * indicates positions where the amino acid residues (AAs) are identical in all four sequences. : indicates
positions where the AAs are highly conserved (very similar). . indicates positions where the AAs are somewhat similar. Blank indicates positions were the
AAs are either dissimilar or there are gaps. NT, N-terminal signal-peptide; TS, transmembrane stem; CT, C-terminal positively charged region.
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Figure 7 The AA variation counts for ATP6 (in a 20-AA window and 1-AA step in a total length of 219 AAs) for comparisons between the reference A.
franciscana (F), A. tibetiana (T), and A. urmiana (U). All the AA variations are the result of substitutions in the gene sequences because no indels were
found in the afp6 mt genes in the Artemia species in this study. Indeed, until now, no indels have been reported in azp6 mt genes in other animals.

ATPS had the highest AAVR (Figure 3, Table S4) and
Ka/Ks ratio among the 13 encoded proteins from A. fran-
ciscana compared with those from A. urmianalA. tibetiana
(Figure 4, Table S5). In A. tibetiana and A. urmiana, we
identified 17 AA changes in ATPS8; eight were in the trans-
membrane stem and nine were in the C-terminal (Table
S7A). These changes may be related to the early divergence
of the major Artemia species. Interestingly, between the two
recently diverged species, A. tibetiana and A. urmiana, we
identified six AA changes; in A. tibetiana, four of them
(AAs at positions 45, 46, 47, and 50) were different from
the AA changes identified in A. urmiana and A. franciscana.
These species-specific variations in the ATP8 from A. fi-
betiana are likely candidates as high-altitude adaptation
related.

ATP6 has five predicted transmembrane helixes in its
219 AA long sequence. In A. urmiana and A. tibetiana,
ATP6 had the highest Ka/Ks ratio among the 13 highly
conserved protein-coding genes (Figure 4, Table S5). The
five transmembrane helixes were denoted as hl (57-79), h2
(85-116), h3 (126-146), h4 (152-172), and h5 (187-209;
Table S7B). The hl and h2 domains had no substitutions
and h3 had only one. There were also seven substitutions in
the non-functional domains; four of them were between the
two well-conserved h4 and hS domains that lie towards the
C-termini. The h4 and h5 helixes are amphiphilic a-helixes
in which the charged/polar residues lie along one face of the
helix. It has been proposed that these helixes may be in-
volved in proton translocation [53,54]. We identified five
substitutions, including two AA changes between Val and
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Ala and three between Ile and Val in these two TMH do-
mains (Figure 6B). We also found that there were more AA
variations in the N-termini between A. franciscana and A.
urmiana/A. tibetiana, while, between A. urmiana and A.
tibetiana, the AA variations were concentrated in the
C-termini (Figure 7).

2.5 The D-loop region

To determine the similarities among the Artemia species,
we performed clustering analyses using the neigh-
bor-joining (NJ) method and the D-loop sequences with the
Daphnia sequence as the outgroup [44] (Figure 8A). The
sequences grouped into three major clades, and the tree to-
pology was consistent with phylogenetic trees that were
built previously based on DNA barcoding and restriction
fragment length polymorphism (RFLP) [4,26]. Based on the
D-loop sequences, we calculated the divergence time of A.
tibetiana and A. urmiana as ~3.47 Mya (Figure 8A), and
based on the whole mt genome sequences, as ~2.06 Mya
(Figure S4).

We detected two ETASs (ETAS1 and ETAS2) and three
CSBs (CSB1, CSB2, and CSB3) with long conserved se-
quences, and a central region between the ETASs and CSBs
(Figure 8B) in the D-loops of the Artemia species. We
found that there were more variations at the interspecies
level (among A. tibetiana, A. urmiana, and A. franciscana)
than at the intraspecies level (between the two A. tibetiana
isolates). We also observed obvious variations between A.
tibetiana and A. urmiana; for example, in CSB1 in A. ur-
miana, there was a TTTT in place of a CCG in A. tibetiana,
and, between ETAS1 and ETAS2, a long insertion (90 bp)
was found only in A. tibetiana and not in A. urmiana (Fig-
ure 8C). Similarly, an 80-bp spacer between CSB2 and
CSB3 was found in the D-loop of the two A. franciscana
isolates, but not in either A. tibetiana or A. urmiana (Figure
8D).

3 Discussion

In this study, we sequenced three Artemia mt genomes, and
conducted comparative analysis and 3D structure modeling
to assess the potential implications of the sequence varia-
tions in the protein-coding and non-coding (the D-loop)
regions of the genome. Consistent differences between the
variations in A. tibetiana, A. urmiana, and the local A. fran-
ciscana (China isolate) compared with the reference A.
franciscana (USA isolate) were observed in the pro-
tein-coding genes and these differences were interpreted as
Asian species-specific. Variations in the protein-coding
genes between A. tibetiana and A. urmiana were regarded as
high-altitude adaptations.
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3.1 Protein-coding genes

In general, when comparing the reference A. franciscana
with A. tibetiana and A. urmiana, we observed that the
NVR and AAVR were high. Afp8 had the highest variation
rate among the 13 highly conserved coding-genes. Some of
the variations, such as those in cox2 and cox3, appeared to
be Asian-specific, while others between A. tibetiana and A.
urmiana, such as those in atp6, appeared to be related to the
species’ high-altitude adaptation.

Of the 13 mt proteins, COX1 and COX2, the core subu-
nits of Complex IV, are directly involved in electron trans-
fer and proton translocation processes, whereas COX3, a
member of the catalytic core of Complex IV, is thought to
be a regulator [55,56]. Because lipid binding plays im-
portant roles in the assembly, structure, and activity of these
proteins [51], mutations in the highly conserved residues
that are involved in the interaction between the COX pro-
teins and lipid molecules may lead to functionally defective
complexes [51,57]. We found indels and variations in cox2
and some of them led to AA variations within the functional
domains of the COX2 protein. Five of the variations were in
the B-sheet regions that are known to be involved in the
interaction between the lipid bilayer and COX. More inter-
estingly, we found COX3-specific AA changes in A. tibeti-
ana which were predicted to lead to conformational changes
in the 3D structure of the protein, which might affect the
activity or assembling efficiency of Complex IV. Moreover,
recent research indicated that COX induced the expression
of nuclear hypoxia genes, possibly via a pathway that in-
volves protein nitration [58]. Luo et al. [28] suggested that
COX may play an important role in hypoxia adaptation,
based on an analysis of the mt genome of Ochotona cur-
zoniae. It has also been reported that mt COX1 may be re-
lated to plateau adaptation in Tibetan antelope [29]. Oxygen
is the ultimate electron acceptor, in a process that is cata-
lyzed by COX; therefore, modifications in COX might be
expected to increase its ability to cope with reduced oxygen
supply. Here, we propose that some of the AA variations in
COX2 and COX3 may be related to hypoxia adaptation.

The F,Fo-type ATP synthase (ATPase) complex consists
of a membrane-embedded domain (F,) as the proton chan-
nel (allowing conversion of the proton gradient) and a
transmembrane segment (F;, generating ATP by the phos-
phorylation of ADP) [59-61]. ATP6 and ATPS8 are the two
mtDNA-encoded subunits that are incorporate into Complex
V where they play essential roles in the final assembly of
ATPase [52,62]. Studies in yeast demonstrated that the
N-terminal signal-peptide domain of ATP8 is responsible
for its function [63], whereas the C-terminal domain is re-
quired for the assembly of Fy [64] and the transmembrane
stem accommodates charged AA residues [65]. The Artemia
ATPS proteins shares a common four-residue sequence mo-
tif (IPQM) at their N-termini, which is similar to the
ATPS8-specific motif (MPQM) identified previously in other
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Figure 8 Analyses of the non-coding D-loop region of the Artemia mt genomes. A, Phylogeny of the Artemia D-loop region. B, Schematic diagram of the
putative conserved elements in the Artemia D-loop region. The two ETASs (ETAS1 and ETAS2) and three CSBs (CSB1, CSB2, and CSB3) with the long
conserved sequence (Central) are shown. C, Sequence alignment of the ETAS region from the reference A. franciscana (F), A. tibetiana (T), A. urmiana (U),
and the local A. franciscana (NF). D, Sequence alignment of the CSB region from the reference A. franciscana (F), A. tibetiana (T), A. urmiana (U), and the
local A. franciscana (NF).
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animals [66]. In the present study, we detected AA changes
in both the transmembrane stem and C-terminal domains of
ATPS, and importantly, based on the physiochemical prop-
erties of the variable AA, we determined that these changes
may affect the hydrophobicity, charge, and conformation of
the entire complex. Therefore, we propose that variations in
the transmembrane stem and C-terminal domains of ATP8
may influence the assembly and functioning of Complex V,
causing differences in its ability to produce ATP efficiently.
How these variations might affect its ATPase activity needs
further investigation. Because atp8 showed the highest
adaptive variations in both A. tibetiana and A. urmiana
compared with in A. franciscana, we propose that it may
have evolved faster and was exposed to stronger natural
selection than the other mt genes.

ATP6 was predicted to have five hydrophobic trans-
membrane a-helices, an N-terminus that protruded into the
inner membrane space, and a C-terminus that projected into
the matrix. Together with other membrane integral proteoli-
pid subunits, ATP6 forms the proton channel of mt ATPase
[53,61,67]. Atp6 had a higher Ka/Ks ratio between the two
geographic species, A. tibetiana and A. urmiana, even
though they are closely related, compared with the Ka/Ks
ratios among phylogenetically distant species. The AA vari-
ations suggested that azp6 was under a strong selection as a
result of environmental pressure and geographic isolation;
15 AA changes, concentrated at the C-terminal region, were
detected between A. urmiana and A. tibetiana. Although the
h4 and h5 helixes were highly-conserved and are known to
be involved in proton translocation, they also harbored five
substitutions including two AA alterations between Val and
Ala and three AA alterations between Ile and Val. These
variations in h4 and hS5 may affect proton translocation that
could change the balance of ATP and energy production
[68,69]. Atp6 has been reported to be highly variable in the
mtDNA of humans who live in the arctic zones [69—72] and
atp6 has been found to be under enhanced adaptive selec-
tion in Tibetans living at the higher altitudes [68]. Therefore,
we propose that the afp6 mutations in the A. tibetiana mt
genome are candidates for Artemia adaptation to extreme
cold and hypoxia.

3.2 Non-coding regions

The Artemia D-loop is similar to the D-loops in other ani-
mal mt genomes. It is rich in repetitive sequences and con-
tains most of the sequence variations that have been found
in mt genomes. However, the D-loop contains major regu-
latory elements for replication and transcription (ETASs
and CSBs) and both these regions are conserved among
mammals. ETASs, located at the 5’ end of the control region,
contain cis elements for the regulation of DNA synthesis of
the heavy strand [73]. CSBs are located at the 3’ end of the
control region and contain major regulatory elements: two
promoters (HSP and LSP) and the replication origin of the
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heavy strand (Og). It was reported that this domain has a
stable cloverleaf-like secondary structure [74]. CSBI1 is the
only essential element that is common to all mammalian mt
genomes, whereas CSB2 and CSB3 are functionally differ-
ent and species-specific [75,76]. It has been proposed that
related species may develop different regulatory elements
for gene expression and DNA replication [75,77].

Mutations in the non-coding region are also known to
play functional roles, such as altering mt energy production.
D-loop mutants, for example, may not generate defective
mtDNA gene products but they may alter the ratio of the mt
and nuclear gene products [71]. We detected many varia-
tions and large indels in the D-loop regions among the three
Artemia species. In general, these differences were found
mainly between A. franciscana and A. tibetianalA. urmiana.
We also identified variations within the ETAS1 and CSB1
domains between A. tibetiana and A. urmiana which are
phylogenetically close. Because of the changes that we ob-
served in the regulatory elements between the two geo-
graphical isolates, we propose that sequence variations in
the non-coding region may contribute to high-altitude adap-
tation. Pinar et al reviewed the known variants in the control
region of human mtDNA and pointed out their associations
with longevity and climatic adaptation [71].

Based on our phylogenetic analysis, we determined the
divergence time between A. tibetiana and A. urmiana as
3.47 Mya (based on the D-loop sequences). This estimation
is consistent with the formation of the Tibetan Plateau (~3
Mya) [78-80], suggesting that a geographic speciation pro-
cess between A. tibetiana and A. urmiana may have coin-
cided with high-altitude adaptation. Moreover, given its
limited ability to migrate, Artemia may serve as an excellent
model to validate the hypothesis that high-altitude adapta-
tion and speciation are related to geographic isolation as the
Himalayas were created and rose up.
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Figure S1 Alignment of the nd5 (A), nd4 (B), cox2 (C), and cox3 (D) genes. Indels are highlighted in red.

Figure S2 Heatmap of amino acid variations among the reference A. franciscana (F), A. tibetiana (T), and A. urmiana (U). The heatmap shows a full view
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Figure_S3 Putative secondary structures of tDNA, tDNA" tDNA™*, tDNA"™", and tDNA". The putative secondary structures of tDNA®*, tDNA",
tDNAMS (DNA™" | and tDNAP® are predicted by tRNAscan-SE 1.23 [36]. The red boxes indicate different regions of tDNA.

Figure S4 Phylogeny of the Artemia species based on the whole mitochondrial genome sequences.
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