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Abstract 

Background  The Antarctic krill (Euphausia superba) is a keystone species in the Southern Ocean ecosystem, influenc-
ing food web dynamics and ecosystem functionality. Despite its ecological importance, further exploration is essential 
to understand their population dynamics.

Results  In this study, we present the complete mitogenome of the Antarctic krill. The assembly is 18,926 bp, includ-
ing a notably large 3,952 bp control region (CR). The CR features a satellite repeat spanning 2,289 bp, showcasing 
the effectiveness of long-read sequencing in resolving complex genomic regions. Additionally, we identified 900 
nuclear-mitochondrial segments (NUMTs) totaling 2.79 Mb, shedding light on the dynamic integration of mitochon-
drial DNA (mtDNA) into the nuclear genomes. By establishing a dataset comprising 80 krill mitogenomes, we unveil 
substantial mitochondrial diversity, particularly within the ND4 gene. While our analysis reveals no significant differ-
entiation among four geographically distinct groups, we identify at least four maternal genetic clusters. Haplotype 
network analysis and demographic reconstructions suggest a recent population expansion, likely driven by favorable 
environmental conditions during the late Pleistocene. Furthermore, our investigation into selection pressures on mito-
chondrial genes reveals evidence of purifying selection across all 13 protein-coding genes, underscoring the pivotal 
role of mtDNA conservation in maintaining mitochondrial function under extreme environments.

Conclusions  This study provides a repository of Antarctic krill mitogenomes and insights into the population genet-
ics and evolutionary history of this ecologically important species from a mitogenomic perspective, with implications 
for krill conservation and management in the Southern Ocean.
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Introduction
The Antarctic krill (Euphausia superba), hereafter 
referred to as krill, is a polar stenothermic species found 
exclusively in the Southern Ocean that plays a critical 
role in the delicate balance of this ecosystem [1, 2]. With 
an estimated biomass of 379 million tons [3, 4], krill 
represents the dominant epipelagic zooplankton, serv-
ing as the cornerstone of the Antarctic food web. They 
connect primary producers, such as phytoplankton, to 
higher trophic levels and support marine life, including 
fish, seabirds, and marine mammals [5, 6]. Beyond their 
role as the food source, krill are vital drivers of biogeo-
chemical cycles and influence the distribution of carbon, 
nitrogen, and iron [7]. The commercial fishery of krill in 
the last five decades has provided a rich source of prod-
ucts for animal feed and human health supplements [8, 
9]. This economic importance further highlights the need 
to understand the genetic resources of krill for effective 
species protection and sustainable fisheries management.

Mitochondria are important for energy metabolism, 
stress tolerance, and cell apoptosis – processes vital for 
krill survival in the challenging polar environment [10, 
11]. Although the massive krill nuclear genome, span-
ning approximately 48 gigabases (Gb), has recently been 
sequenced and assembled [12], a high-quality mitog-
enome is still required. Previous studies primarily relied 
on polymerase chain reaction (PCR) amplification of spe-
cific regions or short-read sequencing, yielding incom-
plete mitogenomes [13–16]. Advances in high-quality 
long-read sequencing technology now allow for the 
acquisition of complete and accurate mitogenomes, par-
ticularly for resolving long repeat regions [17, 18].

Genetic differentiation across temporal and spa-
tial  scales provides insights into the genetic heteroge-
neity and unique adaptations to local environments, 
which are essential for krill conservation and manage-
ment [19, 20]. Studies based on nuclear DNA (nuDNA) 
markers, such as restriction site-associated DNA (RAD) 
markers and whole-genome single nucleotide polymor-
phisms (SNPs), have indicated limited geographic dif-
ferentiation in krill populations [12, 21]. Mitochondrial 

DNA (mtDNA) remains a valuable population genomics 
resource because of its small size, maternal inheritance, 
and higher mutation rate than nuDNA, meaning that it 
can be often used to resolve population structure and 
dynamics [22–25]. Although previous studies employ-
ing mtDNA have also reported limited genetic differen-
tiation between krill populations, they had technical and 
methodological limitations due to small sample numbers, 
restricted geographic sampling, or few cloned mitochon-
drial genes (i.e., COX1, ND1) [13–16, 19, 26, 27].

In this study, we present the assembly and analysis of a 
complete krill mitogenome. We then construct a mitog-
enome dataset comprising 80 high-quality mitogenomes, 
carefully curated to eliminate potential contamination 
from nuclear mitochondrial DNA segments (NUMTs). 
Using this dataset, we investigated population diver-
sity, structure, and historical dynamics, providing new 
insights into the mitochondrial genomic landscape of 
krill.

Results
The architecture of Antarctic krill complete mitogenome
We assembled a complete, circularized Antarctic krill 
mitogenome reference using 128.4 Gb of PacBio circu-
lar consensus sequencing (CCS) reads (Table  S1). This 
mitogenome spans 18,926 bp, with a GC content of 
30.61%. Our assembly contains 37 genes encoding 13 
proteins, two ribosomal RNAs (rRNAs), and 22 transfer 
RNAs (tRNAs) (Fig.  1a and Table  S2). The major cod-
ing strand of the mitogenome encodes nine protein-
coding genes (PCGs) and 14 tRNAs (Fig.  1a). Notably, 
we obtained a complete 3,952 bp control region (CR) 
sequence. Within this region, we identified a 2,289 bp 
satellite repeat composed of 13.8 repeat units of 166 
bp each, accounting for 57.92% of the CR (Fig. 1a,b). In 
contrast, the previously published 16,591 bp assem-
bly (NC_040987.1) [16] contains only 2.1 repeats in the 
CR (Fig.  1a,c), likely due to the limitations of PCR and 
Sanger sequencing. This highlights the advantage of long-
read sequencing technologies for accurate and complete 

(See figure on next page.)
Fig. 1  Landscape of the complete Antarctic krill mitogenome. a Circular map of the Antarctic krill mitogenome. The inner circle represents GC 
content (%), while the middle circle represents the percentage identity between our assembly and the published mitogenome (NC_040987.1) 
using non-overlapping 100 bp sliding windows. Boxes inside and outside the outer circle represent genes on the major coding and minor 
coding strands, respectively, with colors indicating gene functions. The directions of the arrows show the transcribed orientation from 5’ to 3’. b 
Self-alignment synteny of our assembled mitogenome. Green and red lines represent forward and reverse alignments, respectively. A tandem 
repeat of 13.8 repeats with 166 bp repeat units was observed in the CR (control region). c Synteny between our assembly and the published 
mitogenome. Green and red lines represent forward and reverse alignments, respectively. d Comparative analysis of mitogenomes among krill 
and the closely related species. The left panel shows the phylogenetic tree, and the right panel illustrates the organization of mitochondrial genes. 
Saropogon luteus is used as an outgroup, representing the ancestral mitochondrial gene order. Translocations are represented by green lines, 
and inverted translocations in red lines
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Fig. 1  (See legend on previous page.)
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assembly of complex genomic regions, particularly in 
non-coding regions like the CR.

Compared to the ancestral mitochondrial organiza-
tions of Pancrustacea (represented by Saropogon luteus 
in the subphylum Hexapoda) (Table S3), the krill mitog-
enome was almost identical except for two differences – 
the transposition of tRNALeu(CUN) (L1) and tRNALeu(UUR) 
(L2); and the translocation of tRNATrp (W) to the down-
stream of tRNACys (C) and tRNATyr (Y) (Fig. 1d) – align-
ing with a previous study [14]. Additionally, comparing 
the mitochondrial gene order of closely related species 
revealed that these two gene arrangements were con-
sistently observed in all five species belonging to the 

Euphausiidae family (Fig. 1d). This observation suggested 
that these gene order arrangements probably occurred in 
the early stages of Euphausiidae speciation.

Dynamic integration of mtDNA into the nuclear genome 
of krill
The integration of mitochondrial DNA (mtDNA) 
into the nuclear genome is a continuous and dynamic 
process that occurs both during and after speciation 
events [28–31]. In the krill nuclear genome [12], we 
identified 900 nuclear mitochondrial DNA segments 
(NUMTs) with a total length of 2.79 Mb, averaging 3.1 
kb in length, and the longest segment reaching 36.9 Kb 

Fig. 2  Characteristics of NUMTs detected in the krill nuclear genome. a Locations of detected NUMTs plotted against their positions 
on the mitogenome. Each horizontal line represents one NUMT, with colors indicating the length of the NUMTs. b NUMT composition is illustrated 
by coverage depth on the mitogenome. The red line indicates the average coverage depth. The linear diagram above represents the mitochondrial 
genes, where 13 PCGs and 2 rRNAs are shown in blue and other regions in grey. c Distribution of percentage identity between NUMT and our 
mitogenome. The black line indicates the number of NUMTs, while the red line corresponds to the length of NUMTs. d Scatterplot showing 
the correlation of NUMT length and percentage identity. A simple linear regression line is shown as a red line with the grey shaded region showing 
the 95% confidence interval
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(Fig.  2a and Table  S4). Out of these NUMTs, 12 were 
found to be inserted within gene introns, while the 
majority were flanked by transposon elements (TEs) 
(Table  S4). Interestingly, 75.33% of the NUMTs were 
flanked by long terminal repeat sequences (LTRs), 
despite LTRs accounting for only 13.14% of the entire 
nuclear genome (Table S5). This observation suggested 
that TEs, particularly LTRs, potentially affect the gener-
ation of NUMTs through mechanisms such as integra-
tion into unstable genomic regions or the subsequent 
post-insertion dynamics. The distribution of gene con-
tents within the NUMTs was uneven, with ND1 exhib-
iting the highest density (Fig.  2b), possibly indicating 
a higher susceptibility to insert into or spread in the 
nuclear genome.

The distribution of NUMT length revealed the distinct 
insertion pattern characterized by two prominent peaks 
(Fig.  2c). The first peak, centered at approximately 86% 
sequence identity, suggested that a substantial portion 
of NUMTs originated or  close to  krill speciation, given 
the average sequence identity of 87.14% between the 
mitogenomes of krill and its closely related species, the 
ice krill (Euphausia crystallorophias) (Table S6). The sec-
ond peak, with sequence identities ranging from approxi-
mately  95 to 99%, represents more recent insertion 
events after speciation. Furthermore, we observed a sig-
nificant positive correlation (Pearson’s r = 0.44, p-value 
< 2.2 × 10–16) between NUMT length and percentage 
identity between NUMTs and our reference mitogenome 
(Fig. 2d). The longer NUMTs exhibited higher percentage 

identity with the mitogenome, suggesting their more 
recent insertion. In contrast, ancient NUMTs may 
have undergone fragmentation or elimination from the 
nuclear genome due to evolutionary pressures.

Krill genetic diversity revealed by mitogenomes
Utilizing whole-genome sequencing data from three 
newly added samples (Table  S7) and previously 
sequenced samples [12], we assembled 78 additional krill 
mitogenomes. All mitogenomes assembled into a single 
contig, with an average length of 17,397 bp (Fig. S1a and 
Table S8). This size is slightly shorter than the complete 
krill mitogenome, primarily due to the expected dif-
ficulty in assembling the complete long tandem repeats 
within the CR from short-read data. Gene prediction in 
these 78 mitogenomes identified 37 genes, with the 13 
PCGs exhibiting identical lengths to those in our com-
plete mitogenome reference (Table  S8). By integrating 
our assembled mitogenome reference and the previously 
published mitogenome (NC_040987.1) [16], we con-
structed a dataset of 80 high-quality krill mitogenomes, 
including 21 samples from South Shetland Island (SSI), 
19 samples from South Georgia (SG), 20 samples from 
Prydz Bay (PB), and 20 samples from the Ross Sea (RS) 
(Fig. 3a).

Analysis of the 80 mitogenomes revealed no rearrange-
ments among the 37 mitochondrial genes (Table S8). We 
examined various genetic variations, including single 
nucleotide polymorphisms (SNPs), short insertions and 
deletions (InDels), and structural variations (SVs). To 

Fig. 3  Characteristics of 80 krill mitogenomes and intra-species variations. a Map of Antarctica illustrates the sampling locations for four distinct 
krill groups, denoted by colored points. Numbers in parentheses indicate the sample size for each group. c Distribution of SNP density (measured 
as the number of SNPs per 100 bp) is shown for the 13 PCGs, rRNA regions, tRNA regions, and non-coding regions. Blue bars represent the density 
of detected SNPs, while orange bars represent the density of common SNPs
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minimize potential errors arising from the complexity of 
the CR, variations located in this region were excluded 
from the analysis. A total of 1,186 SNPs and 17 InDels 
were identified, with no SVs detected (Table S9). Among 
the InDels, 12 were in non-coding regions, four in tRNAs, 
one in the rRNAs, and none in the 13 PCGs (Table S9). 
SNP density was highest in non-coding regions, fol-
lowed by the 13 PCGs, and lowest in the rRNAs and 
tRNAs (Table  S9). Among the 13 PCGs, ND4 exhibited 
the highest nucleotide variability at 12.41% (calculated 
as the SNP number per 100 bp, also referred to as SNP 
density), while ATP8 showed the lowest at 4.40% (Fig. 3b 
and Table S9). This contrasts with a previous study that 
reported that ATP8 had the highest variability, likely due 
to the limited sample size of only five individuals [13]. 
Furthermore, most SNPs (57.25%) were specific to a 
single individual, while common SNPs (minor allele fre-
quency > 0.05) accounted for only 20.49% (Fig. S1b and 
Table  S10), and ND4 still displayed the highest density 
of common SNPs (Fig.  3b). These findings highlight the 
dynamic nature of krill mitogenomic variation, revealing 
a high level of genetic diversity within the species, par-
ticularly in the ND4 gene.

To assess the adaptive evolution and ecosystem resil-
ience of krill in the face of environmental changes [20], 
we analyzed their mitogenome diversity. Excluding 
the CR, we calculated a nucleotide diversity (π) of 8.07 
× 10–3 and haplotype diversity (Hd) of 1.00 (Table  1). 
These values adhere to the most parsimonious model 
(π = 0.0081 × Hd

2), confirming the absence of potential 

methodological artifacts [32]. Notably, the observed 
genetic diversity is consistent with previous findings 
based on the COX1 gene from 504 samples in the Sco-
tia Sea, Southern Ocean [26]. Among the 13 PCGs and 
two rRNAs, ND4 exhibited the highest nucleotide diver-
sity (π = 1.42 × 10–2), whereas the 16S displayed the low-
est (π = 6.20 × 10–4) (Table 1). The Hd ranged from 0.705 
(ATP8) to 1.000 (ND5) among the 13 PCGs, while it 
was lower for the 12S (0.474) and 16S (0.596) (Table 1). 
Overall, the krill population demonstrated a high level of 
mitochondrial genetic diversity, as indicated by the val-
ues defining the level of nucleotide diversity (π = 0.005) 
and haplotype diversity (Hd = 0.5) [33].

Krill population structure revealed by mitogenomes
Understanding genetic variation is essential for the effec-
tive management and conservation of threatened species, 
as it underlays the ability of populations to adapt, survive, 
and thrive in response to environmental challenges [34]. 
We observed low population pairwise differentiation 
(ФST), with a maximum of 0.0185, none of which were 
statistically significant (Fig. 4a and Table S11). This find-
ing aligned with earlier results based on the mitochon-
drial ND1 gene [27]. Furthermore, the genetic diversity 
across the four studied groups was comparable, with π 
ranging from 7.93 × 10–3 to 8.37 × 10–3 (Fig. 4a), suggest-
ing consistent levels of genetic diversity across the broad 
geographic distribution of the Southern Ocean. To fur-
ther assess population structure, we employed discrimi-
nant analysis of principal components (DAPC) [35] and 

Table 1  The genetic diversity indices of mitogenome, 13 protein-coding genes (PCGs), and 2 ribosomal RNAs (rRNAs)

a The control region (CR) is excluded to prevent any potential errors that may arise from incomplete assembly of this complex region using WGS data

Region Start (bp) End (bp) Length (bp) Nucleotide 
diversity (π)

Nucleotide 
diversity (θw)

Number of 
haplotypes (H)

Haplotype 
diversity (Hd)

Mitogenomea 1 14,974 14,974 8.07 × 10–3 1.59 × 10–2 80 1.000

ND2 199 1,200 1,002 6.11 × 10–3 1.43 × 10–2 58 0.959

COX1 1,430 2,968 1,539 9.70 × 10–3 1.64 × 10–2 76 0.998

COX2 3,048 3,735 688 1.14 × 10–2 1.76 × 10–2 54 0.962

ATP8 3,873 4,031 159 1.15 × 10–2 8.89 × 10–3 14 0.705

ATP6 4,025 4,699 675 6.11 × 10–3 2.03 × 10–2 54 0.947

COX3 4,699 5,491 793 9.18 × 10–3 1.76 × 10–2 62 0.973

ND3 5,559 5,912 354 5.42 × 10–3 1.83 × 10–2 35 0.797

ND5 6,415 8,145 1,731 1.24 × 10–2 2.27 × 10–2 79 1.000

ND4 8,212 9,549 1,338 1.42 × 10–2 2.51 × 10–2 78 0.999

ND4L 9,543 9,842 300 8.93 × 10–3 2.22 × 10–2 37 0.877

ND6 9,982 10,503 522 1.37 × 10–2 2.24 × 10–2 55 0.978

CYTB 10,503 11,639 1,137 7.76 × 10–3 1.78 × 10–2 67 0.978

ND1 11,748 12,686 939 1.02 × 10–2 2.00 × 10–2 70 0.995

16S 12,769 14,094 1,326 6.20 × 10–4 4.42 × 10–3 27 0.596

12S 14,167 14,974 808 7.00 × 10–4 4.00 × 10–3 18 0.474
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constructed Bayesian phylogenetic trees using the 80 
mitogenomes. Both analyses revealed almost complete 
genetic mixture among the individuals from the four 
geographic locations (Fig.  4b,c). These results indicated 
extensive genetic connectivity within the krill population 
distributed across the Southern Ocean, consistent with 
the findings from nuclear whole-genome SNPs [12].

Although no significant differentiation was detected 
among the geographic groups, four major maternal 
genetic clusters (M1-M4) were identified at the popula-
tion level, as evident in both the DAPC and phyloge-
netic trees results. Furthermore, the pairwise ФST values 
between the maternal genetic clusters ranged from 0.41 
to 0.72 (Table S12). The ФST values among the maternal 
genetic clusters were notably higher than those among 
the geographic groups. For instance, the highest differen-
tial loci (ФST = 1.0) displayed a distinct pattern of nucleo-
tide composition (Fig. S2). Additionally, the nucleotide 
sites with high ФST among the maternal genetic clusters 
were not concentrated in a specific region but rather dis-
persed throughout the mitogenome (Fig. 4d).

Krill population demography revealed by mitogenomes
Haplotype networks of the 13 PCGs exhibited complex 
reticulated networks observed in COX1 (Fig.  5a), ND4 
(Fig. S3), and ND5 (Fig. S3), or star-like networks in oth-
ers, such as ND3 and ND4L (Fig. S3). These networks 
exhibited no clear geographical partitioning among the 
geographic groups, and the presence of numerous rare 
haplotypes further indicated high genetic connectiv-
ity and a past population expansion. The unimodal or 
bimodal distributions of mismatches observed in the 13 
PCGs, along with large differences in population sizes 
before (θ0) and after expansion (θ1) and non-significant 
values (p-value > 0.05) for the sum of squared deviations 
(SSD) and Harpending’s raggedness index, support the 
sudden expansion model (Fig. S3 and Table S13). Signifi-
cant negative values of Tajima’s D and Fu’s FS neutrality 
tests were detected for almost all genes except ATP8 (Fig. 
S4 and Table S13), reinforcing the signal of recent popu-
lation expansion. Demographic reconstructions using 
extended Bayesian skyline plot (EBSP) analysis further 
revealed an increase in the effective population size (Ne) 

that occurred approximately over 100 thousand years 
ago (kya) (Fig. 5c). This expansion could be attributed to 
the colder climate during the late Pleistocene with larger 
areas of the sea ice serving as a habitat for larval krill, 
coinciding with previous findings [12, 27].

In summary, these findings suggested that krill in 
the Southern Ocean represented a single popula-
tion with high levels of genetic connectivity. They have 
also undergone a recent population expansion, likely 
driven by favorable environmental conditions during 
the late Pleistocene. This genetic homogeneity under-
scores the importance of managing krill populations as 
a single, interconnected unit to ensure their long-term 
conservation.

Strong signals of purifying selection on krill mitochondrial 
genes
Mitochondrial genes are often subject to selection pres-
sures that drive species adaptations to diverse envi-
ronments [10, 11]. To further explore signals of natural 
selection, we employed the mixed effects model of evo-
lution (MEME) and fast unconstrained Bayesian approxi-
mation (FUBAR) methods [36–38]. Only three amino 
acid sites exhibited evidence of either episodic or perva-
sive positive selection (Fig. 6a and Table S14). In contrast, 
we detected a significant number of 734 amino acid sites 
under purifying selection across the 13 PCGs (Fig. 6a and 
Table S14), indicating that krill mitogenome evolution is 
constrained at many codons to preserve essential func-
tions. For comparison, we collected additional popula-
tions of four crustacea species and found similar patterns, 
with purifying selection being the dominant selective 
force across mitogenome (Fig.  6b,c and Table  S15 - 16). 
This conservation of mtDNA is likely pivotal to maintain-
ing mitochondrial function, as observed in a wide range 
of species, such as fishes and birds [39–42].

To further quantify selective pressure on mitochondrial 
genes, we conducted calculations of the ratio of nonsyn-
onymous to synonymous polymorphisms (πa/πs) [43]. All 
13 PCGs exhibited πa/πs values considerably less than 
1 (Fig.  6d and Table  S17), indicating the prevalence of 
purifying selection [44]. We observed relatively stronger 
selective pressure on COX1, COX2, COX3, CYTB, ND1, 

Fig. 4  Genetic differentiation and population structure of four geographical krill groups. a The genetic diversity and differentiation among the four 
krill groups. Values within the circles represent the nucleotide diversity (π) at the group level, while values adjacent to the linked lines represent 
population differentiation (ФST), and the corresponding p-values are provided in parentheses. b Scatterplot showing the discriminant analysis 
of principal components (DAPC) of four groups from different geographical locations. The axes represent the first two linear discriminants. Each 
dot represents an individual, and each circle represents one cluster. c Bayesian phylogenetic tree depicting the relationships among the 80 
krill samples. Different groups are represented by different colors, and bootstrap values are shown at the nodes. d The ФST values, calculated 
across the mitogenome, reflect the genetic differentiation among the four maternal genetic clusters and four geographical groups, respectively

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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Fig. 5  Haplotype network, neutrality tests, and demography inference based on the mitochondrial PCGs. a The haplotype network of COX1 
is illustrated, where each cycle represents a haplotype, and the black dots represent inferred missing haplotypes. The size of the circles 
is proportional to the frequency of the haplotype, and different colors represent different geographical groups. The haplotype network of the other 
12 PCGs were shown in Figure S3. b Distribution of pairwise mismatches under a sudden expansion model. Neutrality tests, including Tajima’s D 
and Fu’s FS, are provided, along with the p-values of the sum of squared deviations (SSD) and Harpending’s raggedness index in the goodness-of-fit 
tests. The neutrality tests and distribution of pairwise mismatches of the other 12 PCGs are shown in Figure S4. b Extended Bayesian skyline 
plot (EBSP) displays the historical changes in the effective population size (Ne). The dashed line represents the mean estimated population size, 
and the 95% central posterior density (CPD) intervals are indicated by the orange-shaded area

Fig. 6  Detection of natural selection across the 13 PCG. a Selection signatures across amino acid sites of the 13 PCGs were analyzed using 
the FUBAR and MEME methods. Red and yellow lines represent amino acid sites under pervasive positive and purifying selection, respectively, 
as detected by FUBAR method. Blue line represents amino acid sites under episodic positive selection, as detected by MEME method. b Map 
of the native distribution of species based on the occurrence data obtained from the GBIF website. Each species is represented by a different 
color. c Doughnut charts of the relative percentage of loci under different types of natural selection in krill and four other crustacean species. 
d Distribution of πa/πs values for the 13 PCGs in krill and the four crustacean species provides insights into the patterns of selective pressure 
on mitochondrial genes. Dashed horizontal lines indicate mean values for each species. Green-shaded areas highlight similar selection pressure 
patterns, while blue-shaded areas highlight opposing trends in selection pressure between krill and the other four crustacean species

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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and ND4L across krill and four closely related species 
(Fig.  6d). Intriguingly, ND4 exhibited relatively relaxed 
selective pressure in krill but stronger pressure in other 
species, while ATP8 experienced stronger selective pres-
sure in krill but more relaxed in other species (Fig. 6d). 
This difference may play a significant role in krill’s adap-
tation to its extreme environments. Overall, our find-
ings emphasize the importance of purifying selection 
in mtDNA, preventing the accumulation of deleterious 
mutations over generations, especially considering the 
high mutation rate of mtDNA [45].

Discussion
Antarctic krill play a critical role in the Southern Ocean 
ecosystem, driving food web dynamics and influencing 
overall ecosystem functionality due to their vast biomass 
[3–6]. In this study, we successfully generate a complete 
krill mitogenome using high-quality long sequencing 
reads, allowing an in-depth exploration of the CR, which 
included a long satellite of 2,289 bp. Our assembly sur-
passes previously published krill mitogenomes assem-
bled from PCR or short sequencing reads [13–16]. The 
use of high-quality long reads shows great promise 
to reliably assemble the mitogenome, particularly for 
organisms with large and complex regions, such as mol-
lusks, nematodes, and insects [17, 46–49]. Additionally, 
we generate a krill mitogenome dataset comprising 80 
individuals widely distributed in the Southern Ocean. 
Although many of these mitogenomes lack the com-
plete CR sequence due to assembly challenges from short 
whole-genome sequencing (WGS) reads, they remain 
valuable for examining krill diversity, population struc-
ture, and evolution.

Genetic diversity is an essential resource for biodiver-
sity assessments and is increasingly important for guiding 
conservation and management programs [20, 34]. While 
the factors contributing to mitogenome diversity are 
complex and challenging to predict [50–52], our findings 
suggest that large effective population size, high levels of 
gene flow, and recent population expansion contribute to 
the high levels of genetic diversity observed in krill. These 
factors also result in the presence of numerous rare vari-
ants or haplotypes without fixation [19]. Furthermore, 
the pivotal role of mitochondrial genes in generating 
energy through oxidative phosphorylation (OXPHOS) 
leads to their high conservation under constrained evolu-
tionary pressure [53, 54]. The intense purifying selection 
acting on these genes further reduces genetic variation.

Our analysis revealed a lack of population structure 
among the four studied locations distributed across the 
Southern Ocean, suggesting a genetically homogene-
ous population. This finding is supported by the analysis 
of 364.57 million nuclear genome SNPs [12]. The lack of 

population differentiation is likely attributed to the strong 
Antarctic Circumpolar Current (ACC), which prevents 
relative isolation in krill habitat areas [2, 55]. However, 
future research should investigate population structure 
across temporal periods, such as seasonal fluctuations 
or comparisons between historical and contemporary 
populations. Additionally, studying genes responsible 
for adaptation to temperature changes and potential dif-
ferences in adaptation abilities among individuals or 
populations could provide insights into the evolutionary 
potential (EP) and species’  responses to climate change 
[56, 57].

The demographic history revealed from our study, in 
conjunction with previous investigations [12, 26, 27], 
suggests that krill populations are influenced by global 
climate at the species level. Despite the lack of popula-
tion differentiation and representative populations, effec-
tive population management, fisheries management, and 
real-time monitoring of species abundance remain nec-
essary [8, 27, 58]. Moreover, the consistent results from 
population genetic analysis based on both the mitog-
enome and the nuclear genome [12] demonstrate that 
primary research programs relying solely on the mitog-
enomes are feasible, particularly for species with large or 
complex nuclear genome sizes, as is the case for many 
other crustaceans of the Southern Ocean and North 
Atlantic [59].

Conclusions
In this study, we report the complete Antarctic krill 
mitogenome and a comprehensive analysis of 80 mitog-
enomes, offering valuable insights into genetic diver-
sity, population structure, and evolution. Our results 
highlight the necessity of managing krill populations as 
a single, interconnected unit to ensure their long-term 
conservation. Further research is needed to investigate 
the dynamics between krill mitogenomes and environ-
mental or climate change to further elucidate the spe-
cies’ adaptive potential.

Materials and methods
Samples, sequencing, and data resources
We obtained a total of 80 krill individuals with whole-
genome resequencing data, comprising 21 samples from 
South Shetland Island (SSI), 19 samples from South 
Georgia (SG), 20 samples from Prydz Bay (PB), and 
20 samples from Ross Sea (RS) (Fig.  3a). The sequenc-
ing data comprised the following: (1) one South Shet-
land Island sample with PacBio CCS reads [12]; (2) 75 
samples sequenced by short-read sequencing technol-
ogy on DNBSEQ platform (obtained from the China 
National GeneBank DataBase (CNGB) under acces-
sion CNP0001930); (3) one sample retrieved from the 
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National Center for Biotechnology Information (NCBI) 
under accession NC_040987.1 [16]; and (4) three newly 
sequenced samples using short-read technology on DNB-
SEQ-T1 platform, following the protocol described in a 
previous study [12].

Assembly and annotation of mitogenome using PacBio 
CCS reads
The complete mitogenome was assembled using Mito-
HiFi (v3.2.1) [17], with the published krill mitogenome 
(NC_040987.1) as a reference sequence and an iden-
tity threshold set to 90% (parameters “-o 5 -a animal -p 
90 -f NC_040987.1.fasta -g NC_040987.1.gb”). Follow-
ing assembly, minimap2 (v2.24-r1122) [60] was then 
used to align the CCS reads to the assembled genome, 
and potential errors were manually checked using the 
Integrative Genomics Viewer (v2.16.0) [61]. The assem-
bled mitogenome was rotated to initiate at tRNA-I using 
Rotate (accessed on 8 th May 2024) [62] with the parame-
ter “-s AAT​GGA​GTG​CCT​GAT​AAA​AGG​AAT​GTC​TTG​
”. Gene prediction was performed using GeSeq [63] with 
the published krill mitogenome (NC_040987.1). Tandem 
repeats within the control region were annotated using 
TRF (v4.07b) with default parameters [64]. Finally, the 
mitogenome structure was visualized using Chloroplot 
[65].

Comparative mitogenomes of krill and closely related 
species
The self-synteny of our assembly, as well as the synteny 
between our assembly and the published mitogenome 
(NC_040987.1), was assessed using YASS (accessed on 17 
th July 2024) [66] with an E-value threshold of 0.01.

To construct the phylogenetic tree of krill and the 
closely related species, the regions of 13 PCGs were 
extracted using “faidx” function in SAMtools (v1.6) 
[67]. Sequences for each gene were aligned using MUS-
CLE (v3.8.1551) [68] with default parameters. Gaps in 
the alignments were removed using trimAl (v1.4.rev22) 
[69] with the parameter “-nogaps”. The resulting align-
ments were then concatenated. The phylogenetic tree 
was reconstructed using IQ-TREE (v2.3.5) [70] with the 
parameters “-m MFP -b 1000 -o Saropogon_luteus”, with 
the outgroup Saropogon luteus for rooting the tree. The 
final phylogenetic tree, generated in NEWICK format, 
was visualized and modified using FigTree (v1.4.3).

Detection of NUMTs
We performed an alignment-based analysis combined 
with read-based validation to identify nuclear mito-
chondrial DNA segments (NUMTs) within the krill 
genome. First, we aligned the complete krill mitog-
enome against the published krill genome using NCBI 

BLAST + (v2.2.31 +) [71] with parameters optimized for 
NUMT detection (“-task blastn -gapopen 4 -gapextend 
1 -penalty − 1 -reward 1”). To establish a reliable cutoff 
for NUMT identification, we generated a reversed krill 
mitogenome using SeqKit (v2.2.0) [72] with the param-
eter “seq –reverse”), and then aligned it to the reference 
genome, mimicking the scenario of a ‘bogus’ alignment. 
As the krill mitogenome is circular, we linearized the krill 
mitogenome at the 9,000 bp near the middle position and 
then followed the previous procedure. The results from 
the alignments were merged using BEDTools (v2.29.2) 
[73, 74].

To further validate NUMTs, we utilized read evi-
dence from PacBio CCS reads. NUMTs within 300 Kb 
of each other were merged and extended by 100 Kb. We 
extracted the sequences of these NUMT regions using 
the “faidx” function in SAMTtools. Next, the PacBio CCS 
reads were aligned to the combined sequences of these 
NUMT regions and krill mitogenome using Minimap2 
with the parameter “-x map-hifi -a -Y”. We filtered out 
low-quality alignments with an identity of less than 98%. 
Reads spanning the junction of NUMT and no-NUMT 
regions were extracted, requiring an alignment length 
greater than 100 bp with NUMT regions and an align-
ment length greater than 1 kb with non-NUMT or non-
mitogenome regions. The segments of reads that belong 
to the non-NUMT and non-mitogenome were then 
extracted and realigned to the mitogenome again using 
the same approach as in the NUMT detection step. Reads 
containing an unaligned segment of more than 1 kb and 
with an E-value cutoff of 0.05 were considered to support 
the NUMTs. This multi-step approach ensured the accu-
rate identification and refinement of NUMTs in the krill 
nuclear genome.

To explore the location relationship between NUMTs 
and other genomic elements such as transposable ele-
ments (TEs), introns, and exons, the following approach 
was employed. Initially, the NUMTs were extended by 
2  kb to encompass downstream and upstream regions. 
Subsequently, the overlaps between the extended 
NUMTs and the nuclear genome annotation GFF file, 
which included TEs, introns, and exons, were computed 
using BEDTools. The closest genomic elements to the 
NUMTs were extracted for further analysis.

To determine the identity and aligned positions 
between NUMTs and the krill mitogenome, a two-
step BLAST approach was employed. First, the refined 
NUMTs were aligned to the krill mitogenome using 
NCBI BLAST + with the parameters “-task blastn -gapo-
pen 4 -gapextend 1 -penalty -1 -reward 1”. The best align-
ment result was retained, and the remaining portion 
was then extracted and realigned against the krill mitog-
enome using NCBI BLAST + with the same parameters. 
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The two alignment results were merged, and the aver-
age identity of NUMTs was calculated and weighted by 
the alignment length. To assess the relationship between 
NUMT length and identity, we log2-transformed the 
NUMT length, and the relationship between length and 
percentage identity was plotted in R using the “geom_
point” function from “ggplot2” package [75], and a linear 
line was calculated using the “ggscatter” function from 
the “ggpubr” package (v0.6.0) [76].

Mitogenome assembly from WGS data
We assembled the mitogenomes of 78 samples from 
short-read whole genome sequencing data. Raw reads 
were filtered using fastp (v0.21.0) [77] with the parameter 
“–length_required 95” to obtain clean reads. These clean 
reads were then separately aligned to the krill mitog-
enome and a custom krill NUMTs database using BWA 
(0.7.17-r1188) [78] with the parameters “-A 2 -B 1 -O 4,4”. 
The custom NUMT database was created by removing 
sequences with identity > 90% and alignment length > 100 
bp against krill mitogenome. To avoid potential NUMT 
contamination reads likely originating from NUMTs were 
filtered out using Numt Parser (accessed on 9 th May 
2024) [79]. Subsequently, assembly was performed using 
GetOrganelle (v1.7.7.0) [80] with the parameters “-F ani-
mal_mt -k 41,61,81,91”. For samples with fragmented 
assemblies, an additional round of assembly was run with 
increased sequencing data using the parameters “-F ani-
mal_mt -k 41,61,81,91 –reduce-reads-for-coverage inf 
–max-reads inf”. Finally, all mitogenomes were rotated, 
starting at tRNA-I, using Rotate with the parameters “-s 
AAT​GGA​GTG​CCT​GAT​AAA​AGG​AAT​GTC​TTG​”.

Detection of mitochondrial sequence variations
To identify mitogenomic variations within the krill pop-
ulation, we aligned the assembled mitogenomes to our 
complete mitogenome reference, using minimap2 with 
the parameters “-a -x asm5 –cs”. Primary and supple-
mentary alignments were extracted and converted from 
SAM to PAF format using paftools.js (v2.24-r1122) [60] 
with the parameters “sam2paf -p -L”. Sequence varia-
tions, including SNPs, InDelS, and SVs, were detected for 
each sample using paftools.js with the parameters “call -l 
1000 -L 1000 -q 50”. Variations of each sample were sub-
sequently merged using BCFtools (v1.15) [81] with the 
parameters “merge − 0 -Ov”.

Genetic diversity analysis of mitogenomes
Genetic diversity was assessed for the 13 protein-cod-
ing genes (PCGs) and two rRNAs (12S and 16S) of the 
mitogenome. Sequences for each gene were aligned using 
MUSCLE (v3.8.1551) [68], and gaps were removed using 
trimAl (v1.4.rev22) [69] with the parameter “-nogaps”. 

The resulting alignments in FASTA format were con-
verted to NEXUS format using PGDSpider (v2.1.1.5) [82] 
with the parameters “-inputformat FASTA -outputformat 
NEXUS”. Genetic diversity metrics, including the number 
of haplotypes (H), haplotype diversity (Hd), and nucleo-
tide diversity (π and θw), were calculated using the “DNA 
Polymorphism” function in DnaSP (v5.1) [83]. These 
metrics were also calculated using the same approach for 
the entire mitogenome, excluding the control regions.

Population differentiation analysis based on mitogenomes
To investigate population differentiation, the whole 
mitogenome sequences, excluding control regions were 
aligned using MUSCLE with default parameters, and 
gaps were removed using trimAl with the parameter 
“-nogaps”. The alignments in FASTA format were con-
verted to Arlequin haplotype data format using the 
“Generate” function in DnaSP. Population pairwise com-
parisons of ФST were calculated using Arlequin (v3.5.2.2) 
[84]. Statistically significant pairwise comparisons were 
tested with 10,000 permutations, and the false discov-
ery rate (FDR) procedure was applied for multiple test-
ing correction at a significance level of 0.05 [85, 86]. The 
ФST value per site among the four genetic clusters and the 
four geographical groups was calculated using the func-
tion “diff_stats” in mmod packages (v1.3.3) [87] with the 
parameter “phi_st = TRUE”.

Population structure analysis based on mitogenomes
Discriminant Analysis of Principal Components (DAPC) 
was performed to examine genetic population structure 
among geographic locations, a method that does not 
rely on assumptions of Hardy–Weinberg Equilibrium 
and panmixia [35]. FASTA alignments were converted 
to the “genind” class object using the “read.FASTA” and 
“as.matrix” functions in the “ape” R package (v5.7–1) [88] 
and the “DNAbin2 genind” function in the “adegenet” R 
package (v2.1.10) [89]. The optimal number of principal 
components (PCs) was determined based on alpha-score 
optimization using the “dapc” function in the “adegenet” 
R package. Two PCs and three discriminant functions 
were retained for analysis, and the DAPC results were 
visualized using the “scatter” function in the “ade4” R 
package (v1.7–22) [90].

The DNA sequences of 13 protein-coding genes (PCGs) 
and two rRNAs were extracted and aligned using MUS-
CLE with default parameters. To determine the optimal 
partitioning scheme and substitution models, Partition-
Finder (v.2.1.1) [91] was employed using the Bayesian 
Information Criterion (BIC). The alignments of each gene 
were concatenated into a super-gene alignment. The phy-
logenetic tree was reconstructed using MrBayes (v3.2.7) 
[92] with the (TrN + I) model selected as the best-fit 
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model. Markov chains were run for 10,000,000 genera-
tions, sampling one tree every 1,000 generations, and 
allowing sufficient time for convergence using the param-
eters “mcmcp ngen = 10,000,000 samplefreq = 1000 diag-
nfreq = 1000”. The initial 25% trees were discarded as part 
of a burn-in procedure (determined by the likelihood of 
stationarity), and the remaining 7500 sampling trees were 
used to construct a 50% majority rule consensus tree. 
The resulting NEWICK tree was visualized and modified 
using FigTree.

To construct haplotype networks for each PCG, 
sequences were aligned using MUSCLE with default 
parameters. Gaps were removed using trimAl with the 
parameter “-nogaps”. The resulting alignments in FASTA 
format were converted to NEXUS haplotype data format 
using the “Generate” function in DnaSP. Haplotype net-
works were then calculated for each PCG using PopART 
(v1.7) [93], applying the Templeton, Crandall, and Sing 
(TCS) network algorithm [94] with 1 × 104 iterations.

Neutral tests, population demography inference, and natural 
selection detection
To investigate the evolutionary forces acting on the 
mitogenome, we conducted a series of analyses, includ-
ing neutrality tests, population demography inference, 
and natural selection detection.

First, to distinguish between neutral evolution, natural 
selection, and demographic expansion or contraction, we 
employed two neutrality tests: Tajima’s D [95] and Fu’s 
FS [96]. For each PCG, the DNA sequences were aligned 
using MUSCLE, and gaps were removed using trimAl 
with the parameter “-nogaps”. The resulting alignments 
in FASTA format were converted to Arlequin haplotype 
data format using the “Generate” function in DnaSP. Taji-
ma’s D and Fu’s FS were calculated in ARLEQUIN with 
10,000 permutations.

Next, we investigated changes in effective population 
size using the extended Bayesian skyline plot (EBSP) 
method [97] implemented in BEAST (v2.7.7) [98] based 
on the multi-locus datasets of 13 PCGs. We selected the 
general time reversible (GTR) nucleotide substitution 
model and strict clock model. Clock rates were set as fol-
lows: (1) COX1 clock rate (per-linage-rate) was set as 0.01 
by following the in the previous study of krill using COX1 
sequences with a pairwise rate of 2% per million [26]; (2) 
all other PCGs were set as 0.01 with estimation using a 
log normal prior. MCMC analyses were run for 2 × 10⁸ 
generations to achieve an adequate effective sample size 
(≥ 200), sampling every 1,000 generations and discard-
ing the first 10% as burn-in. A linked phylogenetic tree 
and site model were used, and all other operator settings 
were left as default. BEAST outputs were visualized using 

the “plotEBSP.R” function with parameters “useHPD 
= FALSE, plotPopFunctions = FALSE, log = “y”.

Species native distribution and natural selection detection
The occurrence data for the species were obtained 
from the GBIF website (Macrobrachium nipponense, 
https://​doi.​org/​10.​15468/​dl.​c6tgfk; Cherax destruc-
tor,  https://​doi.​org/​10.​15468/​dl.​43ycc4; Portunus arma-
tus,  https://​doi.​org/​10.​15468/​dl.​7m8cwp; Halocaridina 
rubra,  https://​doi.​org/​10.​15468/​dl.​atddr3; Euphausia 
superba,  https://​doi.​org/​10.​15468/​dl.​fcuskn). The map 
creation was performed using the “maps” R package 
(v3.4.1).

To identify codons potentially under selection, two 
methods were employed to detect selection: 1) FUBAR: 
The Fast Unconstrained Bayesian AppRoximation 
(FUBAR) method [37] in HyPhy [38] assigns each codon 
a posterior probability (PP) of belonging to one of three 
dN/dS (ω) classes: ω < 1, ω = 1, and ω > 1. Codons with PP 
> 0.9 and ω > 1 or ω < 1 were considered to have evolved 
under positive or purifying selection, respectively. 2) 
MEME: The Mixed Effects Model of Evolution (MEME) 
method [36] in HyPhy allows ω at each codon to vary 
across branches/lineages, facilitating the detection of epi-
sodic selection. Codons with P < 0.05 were considered to 
have experienced episodic positive selection. To further 
quantify selective pressure on mitochondrial genes, we 
calculated the ratio of non-synonymous to synonymous 
nucleotide diversity (πa/πs) of the 13 PCGs in the mitog-
enome using the function “Synonymous and NonSyn. 
Substitutions” in DnaSP.
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