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Significance

 Speciation is often driven by 
climatic fluctuations. Recent 
studies using whole genome data 
are shedding light on the process 
of speciation and the occurrence 
of postspeciation gene flow in 
mammalian taxa. Here, we 
present a genome assembly and 
whole genome data for the 
Norwegian lemming (Lemmus 
lemmus ), and some of its 
relatives. We confirm that the 
Norwegian lemming has a young 
divergence time for a 
mammalian species. Unlike other 
taxa with such recent speciation 
times, the Norwegian lemming 
does not show any indication of 
postspeciation gene flow with 
other Lemmus  species. We 
further identify unique mutations 
in the Norwegian lemming 
genome that are likely related to 
coat coloration and fat transport.
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The Norwegian lemming (Lemmus lemmus) is a small rodent distributed across the 
Fennoscandian mountain tundra and the Kola Peninsula. The Norwegian lemming likely 
evolved during the Late Pleistocene and inhabited Fennoscandia shortly prior to the Last 
Glacial Maximum. However, the exact timing and origins of the species, and its phyloge-
netic position relative to the closely related Siberian lemming (Lemmus sibiricus) remain 
disputed. Moreover, the presence of ancient or contemporary gene flow between both 
species is largely untested. The Norwegian lemming displays characteristic phenotypic 
and behavioral adaptations (e.g., coat color, aggression) that are not present in other 
Lemmus species. We generated a de novo genome assembly for the Norwegian lemming 
and resequenced nine modern and two ancient Lemmus spp. genomes. We show that all 
Lemmus species form distinct monophyletic clades, with concordant topology between 
the mitochondrial and nuclear genome phylogenies. The Siberian lemming is divided 
into two distinct but paraphyletic clades, one in the east and one in the west, where the 
western clade represents a sister taxon to the Norwegian lemming. We estimate that 
the Norwegian and western Siberian lemming diverged shortly before the Last Glacial 
Maximum, making the Norwegian lemming one of the youngest known mammalian 
species. We did not find any indication of gene flow between L. lemmus and L. sibiricus, 
suggesting postglacial isolation of L. lemmus. Furthermore, we identify species-specific 
genomic differences in genes related to coat color and fat transport, which are likely 
associated with the distinctive coloration and overwintering behavior observed in the 
Norwegian lemming.

genomes | evolution | gene flow | Last Glacial Maximum

 Climatic fluctuations were a driver of speciation during the Pleistocene ( 1 ). Consequently, 
several taxa, such as lions, bears, voles, and boreal birds, have relatively young speciation 
times ( 2       – 6 ). In fact, isolation in interglacial refugia has been suggested as the mechanism 
for speciation in a range of Arctic taxa ( 7 ). However, glacial periods also provided condi-
tions for divergence in cold-adapted taxa through the colonization of previously unoccu-
pied areas and vicariance driven by glacial ice sheets ( 8 ,  9 ).

 With the rise of high-throughput sequencing technologies in the last decade, the 
number of studies using whole-genome data to investigate the evolutionary history of 
wild species has increased dramatically ( 10   – 12 ). In these studies, the presence of post-
speciation gene flow among species emerges as a prevalent evolutionary component of 
the speciation process for many taxa. For example, gene flow among bear species has 
been common throughout the Late Pleistocene, including gene flow between polar and 
brown bears ( 12 ), cave and brown bears ( 13 ), as well as between short-faced and spec-
tacled bears ( 14 ). Similarly, complex patterns of interspecific hybridization seem to have 
played an important role in the adaptive evolution process of big cats ( 11 ) and birds 
( 15 ). Climatic fluctuations leading to range expansions likely facilitated gene flow in 
these species.

 One taxon that underwent large range expansions and contractions during the 
Pleistocene are true lemmings (genus: Lemmus ), a group that consists of several species 
distributed across Eurasia and North America. The current phylogenetic knowledge of 
﻿Lemmus , based on short mtDNA, suggests that there are at least four different species: the 
Norwegian lemming (Lemmus lemmus ), the Siberian brown lemming (Lemmus sibiricus ), 
the Amur lemming (Lemmus amurensis ), and the Nearctic brown lemming (Lemmus 
trimucronatus ) which spans both sides of Beringia ( 16       – 20 ). The Siberian lemming is further 
divided into two unique lineages—the western lineage hereafter referred to as L. sibiricus  
West and the eastern lineage hereafter referred to as L. sibiricus  East ( 20 ). It is unclear 
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whether these two lineages represent distinct species. Divergence 
estimates based on fossil-calibrated mitochondrial data indicate 
that the diversification of Lemmus  into different species took place 
during the Early to Middle Pleistocene ( 20 ).

 The Norwegian lemming is the only endemic mammal in 
Fennoscandia. It has been suggested to have one of the youngest 
divergence times among mammals based on short mtDNA esti-
mates, diverging from its sister taxon, L. sibiricus  West, prior to 
the Last Glacial Maximum (LGM) ( 17 ,  21 ,  22 ). L. lemmus  dis-
plays unique phenotypic adaptations relative to other lemmings, 
including conspicuous antipredatory behavior as well as bright 
coat color, which have been hypothesized to be aposematic traits 
( 23 ,  24 ). Given these and other morphological differences,   
L. lemmus  and L. sibiricus  West are considered to be distinct 
species despite their close genetic relationship. Further conflicting 
the species delimitation is the possibility of gene flow between   
L. lemmus  and L. sibiricus  West. For example, in ref.  21  mito-
chondrial analyses identified a L. sibiricus  West haplotype in 
Sirijorda Cave, Norway ~8,000 y ago (ka BP), suggesting that 
gene flow might have occurred between these two species during 
the Holocene.

 In this study, we investigate the origins and phylogenomic 
relationships among the Norwegian and Siberian lemmings, 
examine the presence and extent of gene flow among species, and 
identify how specific genomic mutations may be related to the 
unique Norwegian lemming phenotype. To do this, we generated 
a de novo reference genome assembly for L. lemmus , and rese-
quenced nine high-coverage genomes from four different Lemmus  
species/lineages, as well as low-coverage genomic and mitochon-
drial data for two ancient lemming specimens dating from the 
Late Pleistocene. 

Results

Genome Assembly and Resequencing Data. We generated a de 
novo assembly for the Norwegian lemming, which had a final size 
of 2.42 Gb and was composed of 11,293 scaffolds. The scaffold 
N50 was 1.2 Mb with 95% of the genome in scaffolds >144 kb 
long (SI Appendix, Fig. S1). BUSCO showed that the assembly 
contains 3,867 (94.2%) single-copy genes, 100 (2.4%) missing, 
106 (2.6%) fragmented, and 31 (0.8%) duplicated single-copy 
orthologs of the 4,104 in the mammalian database. Using their 
relative coverage in males and females, we identified 140 scaffolds 
linked to chromosome X (SI Appendix, Fig. S2). These represent a 
total size of 28.8 Mb or ~1.2% of the size of the assembly.

 We then reconstructed nuclear genomes of nine individuals 
across four lemming species from Fennoscandia and the Holarctic 
[L. lemmus  (n = 5), L. sibiricus  West (n = 2), L. sibiricus  East (n = 
1), and L. trimucronatus  (n = 1) to an average of 18.4× depth 
( Fig. 1  and SI Appendix, Table S1 )]. We additionally recovered 
low-coverage genomic data from two ancient specimens: one from 
Bridged Pot Cave (England) dated to 12,573 BP (0.11×), and 
another one from Pymva Shor (Russia) dated to 9,655 BP (0.03×). 
We also reconstructed complete mitogenomes from the nine mod-
ern lemming samples (average depth of 143.3×) as well as the two 
ancient samples (average depth 53.1×). Finally, we obtained short 
mitochondrial data (522 bp) from 55 additional ancient lemming 
specimens from across their Late Pleistocene range (SI Appendix ).          
Phylogenetic Relationships, Divergence Times, and Demography. 
We examined phylogenetic relationships among our Lemmus 
samples at three levels: short mitochondrial DNA data (n = 131), 
complete mitogenomes (n = 11), and genomic nuclear data (n = 
11). We found that all three phylogenies show concordant trees with 

Fig. 1.   Geographical sampling locations. Only samples for which we obtained genomic data are shown: the Norwegian lemming (L. lemmus; light green), ancient 
Lemmus (dark green), Western Siberian lemming (L. sibiricus West; pink), Eastern Siberian lemming (L. sibiricus East; purple), and the Nearctic Brown lemming  
(L. trimucronatus; blue). Sample locations (A to K) are based on geographic coordinates listed in SI Appendix, Table S1, or approximate locations.D
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well-supported monophyletic groups for each species/lineage (Fig. 2 
and SI Appendix, Fig. S3). Interestingly, all phylogenies confirm 
the separation of L. sibiricus East and L. sibiricus West as distinct 
monophyletic lineages with L. lemmus samples forming a sister clade 
to L. sibiricus West. We also found this topology was consistent 
across the whole genome using nonoverlapping 1 Mb windows, with 
99.95% of the trees showing the monophyletic structure observed 
in the mitochondrial and nuclear phylogenies (Fig. 3).

 In both the full mitogenome and nuclear phylogenies, the 
ancient samples from Pymva Shor (PS10k) and Bridged Pot Cave 
(BP13k) are basal to and form a monophyletic clade with the 
modern L. lemmus  samples ( Fig. 2 ). This is consistent with the 
short mtDNA phylogeny which included a much more extensive 
sampling of ancient individuals (SI Appendix, Fig. S3 ). Within L. 
lemmus , principal component analyses separate the samples 
according to sampling location: Central Sweden, North Sweden, 
and Kola peninsula (SI Appendix, Fig. S4 ).

 The species divergence estimates based on the full mitogenome 
phylogeny and pseudodiploid X chromosome coalescence are 
largely congruent ( Table 1  and  Fig. 4 , and SI Appendix, Table S2 ). 
﻿L. trimucronatus  diverged from the other Lemmus  species ~308 to 
247 ka BP. Following this, L. sibiricus  East diverged from the lineage 
leading to L. sibiricus  West and L. lemmus  around ~149 to 124 ka 
BP. Finally, we estimated a very shallow divergence time between L. 
lemmu s and L. sibiricus  West, occurring ~36.4 to 34 ka BP, just prior 
to the LGM. The time of the most recent common ancestor for the 
modern L. lemmus  was ~6.4 ka BP based on our mitogenome esti-
mates. However, when exploring other available mutation rates for 
rodents (mouse and microtine vole) the divergence times are younger, 
suggesting that the results presented here are likely an upper limit for 
the divergence times (SI Appendix, Fig. S5 and Table S3 ).        

 Finally, all species showed similar demographic trajectories with 
PSMC (SI Appendix, Fig. S6 ). The effective population size for all 
species peaked during the beginning of the Last Glacial Period, 
and decreased up to the onset of the Holocene, then remained 
stable until present day.  

Gene Flow Among Species. We performed formal gene flow 
tests and did not detect evidence of excess allele sharing among 
any of the Lemmus species analyzed (Fig. 5). D-statistics for all 

comparisons involving L. lemmus as H1 and H2, and L. sibiricus 
West or East as H3, were not statistically different from zero (i.e., 
|Z|-score < 3), suggesting that no recent gene flow has occurred 
between L. lemmus and either of the L. sibiricus. In addition, 
all D-statistics were not significantly different from zero for the 
comparisons where H1 was L. lemmus, H2 was L. sibiricus West 
and H3 was L. sibiricus East, indicating no excess allele sharing 
between L. sibiricus West and L. sibiricus East.

Unique Gene Variants in L. lemmus. We investigated mutations 
unique to the L. lemmus lineage by identifying sites that are fixed 
for the derived allele in all five L. lemmus samples and fixed for 
the ancestral allele in all other Lemmus genomes, the collared 
lemming (Dicrostonyx torquatus), and the prairie vole (Microtus 
ochrogaster). We found 571 fixed-derived missense mutations 
and eight fixed-derived loss-of-function (LoF) mutations in our 
modern L. lemmus genomes. Both missense and LoF mutations are 
predicted to cause changes to protein structure and function. These 
mutations affected a total of 490 different genes (Dataset S1). Gene 
ontology enrichment analyses indicated an overrepresentation of 
genes involved in actomyosin structure organization, actin-filament 
processes, and cytoskeleton structure organization (SI Appendix, 
Table S4). We further explored the 17 genes with three or more 
nonsynonymous fixed-derived mutations in L. lemmus as well as all 
those containing LoF mutations (n = 8, Dataset S1 and SI Appendix, 
Fig. S7). These included genes involved in pigmentation (LYST), 
eye development and vision (ATF6, NES), fat transport (APOB, 
BCO1, RELCH), reproduction (FSIP2, SPAG17, AOC1L3, ATF6), 
neurological development (NES, PIGN, SSPO, EPB41L3, AKNA), 
and DNA repair (TEX15, TREX1, TNKS1BP1). Of all the fixed-
derived nonsynonymous mutations in L. lemmus, only 57 sites in 
BP13k and nine sites in PS10k were covered by at least one read 
(SI Appendix, Table S5). We found that 12 (21%) and two (22%) 
sites in BP13k and PS10k, respectively, were also fixed for the  
L. lemmus derived allele.

 We also investigated the presence of recent or ongoing selective 
sweeps across the L. lemmus  genome using RAiSD ( 25 ). We iden-
tified 434 genes with evidence for a selective sweep (SI Appendix, 
Table S6 and Fig. S8 ). From the 255 genes that had IDs recog-
nizable by gene ontology analysis with DAVID ( 26 ), we found 

Fig. 2.   Mitochondrial and nuclear phylogenetic trees for Lemmus. The mitochondrial tree (Left) is based on the complete mitogenomes of the 11 samples and 
obtained using BEAST. The nuclear phylogenetic tree (Right) was built using balanced minimum evolution (ME) based on Identity-By-State (IBS) matrices from 
the genomic data. Samples are as follows: L. lemmus (LEM01-05; light green), ancient Lemmus (PS10k, BP13k; dark green), L. sibiricus West (SIW08-09; pink),  
L. sibiricus East (SIE10; purple), L. trimucronatus (TRI11; blue). PS10k is represented by a dashed line in the nuclear phylogeny as there were not enough overlapping 
sites between the two ancient samples to include them in the same nuclear phylogeny.D
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two main clusters of positively enriched genes, including olfactory 
processes (15 genes) and olfactory receptors (OR) (13 genes).

 Finally, we compared the number of fixed-derived coding muta-
tions in each species to determine whether L. lemmus  displays an excess 
of nonsynonymous mutations. Our results indicate that L. lemmus  
has a similar rate of accumulation of nonsynonymous fixed-derived 
variants compared to the other three species (SI Appendix, Fig. S9 ).   

Discussion

Origin and Isolation of the Norwegian Lemming. The Norwegian 
lemming has a distinct coloration and behavioral patterns compared 
to the other Lemmus species, and has long been regarded as a distinct 
species from its Siberian counterpart. Our results from both the 
complete mitogenome and nuclear phylogenies are highly concordant 
and place L. lemmus and L. sibiricus West as two independent, 
monophyletic sister taxa (Figs. 2 and 3 and SI Appendix, Fig. S3). This 
is in agreement with previous studies based on short mitochondrial 
regions (17, 20, 21).

 The divergence estimates for these two species (36.4 and 34 ka 
BP, based on the X chromosome and mitochondrial analyses, 
respectively;  Table 1 ) suggest that the origin of L. lemmus  

happened just prior to the LGM, thus confirming that the 
Norwegian lemming has one of the most recent speciation times 
in mammals. Although we note that due to differences in the 
available mutation rates for rodents, the X chromosome estimate 
may represent an upper limit to the divergence time. Furthermore, 
as our analyses are based on mitochondrial and X chromosomes, 
future studies on the autosomal divergence times may differ due 
to sex-biased demographic factors ( 27 ), thus this will be important 
to test with a more extensive genomic dataset. As Norwegian lem-
mings can have one or two generations per year, depending on 
the length of the breeding season ( 28 ,  29 ), this results in a diver-
gence time of ~34 to 68,000 generations ago. Other taxa suggested 
to be recently speciated include polar and brown bears, and 
Himalayan and Chinese takins, diverging ~34 to 48,000 and 
~25,000 generations ago, respectively ( 7 ,  30 ,  31 ). Thus, L. lemmus  
are among the most recently speciated mammals. Even though 
our divergence estimates are younger than those suggested previ-
ously from short mitochondrial data (~75 ka BP) ( 21 ), all studies 
thus far confirm a divergence prior to the LGM (i.e., in Marine 
Isotope Stage 3) of L. lemmus  and L. sibiricus  West, suggesting the 
Last Glacial period and/or the LGM itself impacted the evolu-
tionary history of L. lemmus . Importantly, this divergence estimate 

A B

Fig. 3.   Phylogenetic topology testing across the genome using 1 Mb windows. (A) Densitree representation of all trees, with the consensus tree drawn in blue. 
Samples are as follows: L. lemmus (LEM01-05; light green), L. sibiricus West (SIW08-09; pink), L. sibiricus East (SIE10; purple), L. trimucronatus (TRI11; blue). (B) 
Topology weighting for the top four topologies. Each bar represents the proportion of the given topology (drawn above) supported by the dataset. Each topology 
is drawn above the weighting, with coloration following A.

Table 1.   Divergence estimates among lemming species/lineages
Mitogenome Pseudodiploid X chromosome

Node Median node age (ka BP) 95% HPD Median node age (ka BP) Range

 A  247  343 to 175  308  335 to 280

 B  124  172 to 89  149  163 to 143

 C  34  45 to 25  36.4  47 to 31

 D  19  24 to 16 ﻿ ﻿

 E  16  20 to 13 ﻿ ﻿

 F  6.4  8.1 to 4.4 ﻿ ﻿

﻿Mutation rate﻿   2.75 × 10−7﻿
 mutations/site/y 

  3.63 × 10−7﻿
 1.85 × 10−7﻿

  2.63 × 10−9 mutations/site/generation ﻿

Node labels correspond to those from the mitogenomic phylogenetic tree in Fig. 2. For the mitogenome divergence, the median node age and 95% highest posterior density (HPD) were 
estimated in BEAST. The pseudodiploid X chromosome median node ages were estimated using the pairwise sequential Markovian coalescent (PSMC). The range for the pseudodiploid 
X chromosome divergence is taken as the minimum and maximum across all comparisons. Analyses were conducted using a generation time of two generations per year and the X 
chromosome scaled mutation rate (2.63 × 10−9 mutations/site/generation).
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between L. lemmus  and L. sibiricus  West is considerably younger 
than species-level splits in other small rodents, that occur in 
Marine Isotope Stage 5 ( 32 ).

 Lemmings are known for migrating during population peaks 
( 33 ), and they can travel long distances across ice with ease ( 34 ). 
It is thus possible that postspeciation gene flow could have occurred 
in areas where the distribution of L. lemmus  and L. sibiricus  West 
overlaps or comes in close contact. In fact, gene flow between these 
species was proposed to explain the occurrence of a specimen from 
Sirijorda Cave in Norway dating from 8 ka BP and having a L. 
sibiricus  West mitochondrial haplotype ( 21 ). Currently, the regions 

where these species are in close contact are the Kola and Kanin 
peninsulas, where we sampled both L. lemmus  and L. sibiricus  West 
specimens for this study. However, none of our results, either using 
mitochondrial or nuclear phylogenies or explicit gene flow analyses 
(D-statistics), suggests the existence of gene flow between L. sibiri-
cus  West and L. lemmus  ( Figs. 2  and  4 ). This is surprising since 
gene flow between species with shallow divergence times is rela-
tively common ( 11     – 14 ) and given the fact that L . lemmus  and L. 
sibiricus  West are known to be able to produce fertile offspring 
( 35 ,  36 ).

 The short mtDNA phylogeny indicates that ancient Lemmus  
samples from the Urals (Pymva Shor, 26 to 9 ka BP) are distributed 
between L. sibiricus  West and clades basal to modern L. lemmus  
(SI Appendix, Fig. S3 ). This suggests that both species coexisted in 
the same area for a large portion of the Last Pleistocene, which might 
have provided opportunities for gene flow. However, these ancient 
﻿Lemmus  lineages seem to have not left descendants in the modern-day 
﻿L. lemmus  populations analyzed here. Additionally, we note that due 
to a lack of overlapping regions in the low coverage ancient samples, 
our D-statistic tests cannot rule out the possibility of gene flow 
between L. sibiricus  West and the ancestral lineage of all the L. 
lemmus  samples of this study. Since the most recent common ances-
tor of our L. lemmus  samples estimated from the mitogenomic phy-
logeny was dated to 6.4 ka BP, we cannot exclude the possibility of 
gene flow prior to this time. The retrieval of higher coverage ancient 
DNA data, especially from areas where the species’ ranges may have 
overlapped in the Late Pleistocene (e.g., in the Pymva Shor region) 
will be key to further testing postspeciation gene flow.  

Unique Gene Variants in the Norwegian Lemming. To investigate 
the genomic basis of the unique phenotypic traits of L. lemmus, 
we identified genes containing nonsynonymous mutations fixed 
for the derived allele in all our L. lemmus samples but fixed for the 
ancestral allele in all the other lemmings, the collared lemming, 
and the prairie vole (Dataset  S1). We caution that the gene 
functions discussed below are based on model organisms alone 
and note that functional validation would be needed to confirm 
the specific role of such mutations in lemmings.

 We found fixed nonsynonymous mutations in one gene linked 
to coat color, LYST  ( 37 ,  38 ), which may be involved in the distinct 
black and yellow coloration in L. lemmus  compared to the other 
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Fig. 4.   Divergence estimates based on pseudodiploid X chromosomes and the PSMC. The divergence time of each pair of individuals is taken where the PSMC 
curve trends toward infinity (i.e., where the coalescence rate becomes zero). We estimated the divergence time between three sets of taxa: L. lemmus and L. 
sibiricus West (green), L. sibiricus East and L. lemmus or L. sibiricus West (pink), and L. trimucronatus and each of the other Lemmus lineages (purple). The lower 
x-axis shows time scaled by the mutation rate in generations, and generation time, with present to the left. The median and range for each set of the three 
estimated divergences are indicated on the upper x-axis and in Table 1. The y-axis shows the effective population scaled by the mutation rate.

Fig. 5.   D-statistic tests for excess allele sharing in Lemmus. The Y-axis 
shows the three sets of comparisons performed following the configuration 
D(O,H3;H2,H1). The red arrows indicate excess allele sharing between two 
samples in the test, i.e., a negative D-statistic indicates allele sharing between 
H1 and H3, whereas a positive D-statistic indicates allele sharing between H2 
and H3. D-statistics of 0 indicate no excess of allele sharing.D
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﻿Lemmus  species. Mutations in the gene LYST  are related to the 
truncation of melanosome and lysosome function, causing the 
expression of beige or pale colors in both mice and mink ( 37 ). It 
is possible that these changes in fur color phenotype differentiated 
﻿L. lemmus  from their conspecifics, perhaps contributing to avoid-
ing hybridization with L. sibiricus  West.

 We found that all L. lemmus  have four nonsynonymous muta-
tions in ATF6 , which is a transcription factor that is involved in 
the unfolded protein response to endoplasmic reticulum stress 
( 39 ). In humans, ATF6  is associated with cone photoreceptor 
development, and mutations in this gene can lead to color blind-
ness ( 40 ). However, ATF6  can also be involved in response to stress 
( 41 ) and reducing spermatogenesis ( 42 ). Through its many differ-
ent functions, this transcription factor is undoubtedly important 
for lemmings, with possible roles in altering color vision, respond-
ing to stressful environmental conditions, and male fertility.

 We also identified mutations in several genes related to fat trans-
port (APOB , RELCH , BCO1 ). In mice, BCO1  knockout leads to 
a higher incidence of nonalcoholic fatty liver disease and upreg-
ulation of cholesterol transport markers ( 43 ). Interestingly, lem-
mings that have been exposed to stress (i.e., higher temperatures, 
a lack of proper nutrition, or too high population density) have 
increased levels of fatty liver disease ( 44 ,  45 ), suggesting that the 
fat metabolism of lemmings may be affected by stress. Moreover, 
energy production from fat likely aids in winter survival, as L. 
lemmus  stays active throughout the winter.

 The gene variants we observe in L. lemmus  may have become 
fixed immediately after the divergence from L. sibiricus  West some 
36.4 to 34 ka BP, during the subsequent hypothesized isolation 
in the LGM ( 21 ), or following postglacial expansion. The two 
ancient samples predominantly have the ancestral allele at the 
positions where modern L. lemmus  are fixed for the derived allele 
(SI Appendix, Table S5 ). This suggests that the majority of muta-
tions that gave rise to the unique characteristics of L. lemmus , such 
as coat color, have evolved more recently, e.g., during isolation in 
a small refugium during the LGM or during the Holocene. Either 
of these scenarios would represent a very short time period for 
such a suite of variations to become fixed. This may also be 
explained by a regional rather than temporal effect and therefore 
genomic data from additional ancient Lemmus  samples would be 
required to test these hypotheses more robustly.

 Finally, although preliminary, our results suggest that there 
may be selective sweeps occurring in genes related to OR and 
olfactory processes in L. lemmus . OR are used to detect odorants 
in the environment ( 46 ) and represent the largest gene super-
family in vertebrates ( 47 ). Orthologous gene families have been 
found in most species, but rodents seem to be among the taxa 
with larger numbers ( 48 ). Since OR genes are an example of a 
fast evolving gene group in mammals ( 49 ), it is not surprising 
to find evidence of selective sweeps in such genes in lemmings 
as they are known to use olfactory clues for multiple social behav-
iors, such as discriminating between different species, social sta-
tus, identifying sex, and determining the reproductive stage of 
other lemmings ( 50 ). However, we do note that the low sample 
size could affect the robustness of calculating the site frequency 
spectrum and linkage disequilibrium ( 51   – 53 ), and the demo-
graphic history of L. lemmus  may confound the signal of a sweep, 
thus affecting our inferences. Nevertheless, our results may pro-
vide a starting point for evaluating the presence of selective 
sweeps in lemmings.  

Taxonomical Uncertainties of L. sibiricus. Both the mitochondrial 
and nuclear phylogenetic analyses confirm that L. lemmus and 
L. sibiricus West are monophyletic sister taxa to the exclusion of 

L. sibiricus East. This has implications for the taxonomic status 
of L. sibiricus. Previous studies have suggested that L. sibiricus 
encompasses two distinct lineages (17), or alternatively that these 
lineages represent distinct species—L. sibiricus, Lemmus bungei 
(16), and Lemmus ognevi (20). A study on cytochrome B data 
suggested that L. sibiricus East is a sister taxon to Lemmus amurensis 
(unsampled in this study), and paraphyletic to L. sibiricus West 
(20). Our results confirm the paraphyly of L. sibiricus West and L. 
sibiricus East, suggesting they diverged ~130 ka BP, over fourfold 
older than the divergence between L. sibiricus West and L. lemmus. 
Moreover, we find no evidence for gene flow between L. sibiricus 
West and L. sibiricus East. Overall, the phylogenetic placement 
and divergence between the two L. sibiricus lineages supports the 
distinction of L. sibiricus East as a separate species, Lemmus paulus, 
Allen, 1914. We note that Lemmus paulus, Lemmus portenkoi, L. 
bungei, and L. ognevi are all synonyms previously used to refer to 
Siberian lemmings found in the eastern part of their range, though 
Allen (54) was the first to describe the central Siberian lemmings 
as distinct. Our L. sibiricus East sample, the first genomic data 
from the species, was collected on Wrangel Island, and it is possible 
that this genome represents an isolated, divergent lineage within 
L. sibiricus East. As previously suggested (17), further sampling 
along the geographic boundary between L. sibiricus West and East 
(e.g. the Verkhoyansk Range) can help determine whether these 
species remain genetically distinct also in areas where their range 
distributions overlap.

Conclusion

 In this study, we have generated a draft genome assembly for the 
Norwegian lemming, bringing true lemmings into the genomic 
era. Our data show that the Norwegian lemming forms a distinct 
monophyletic clade within the Lemmus  phylogeny, that it has 
unique gene variants likely involved in pigmentation and fat 
transport, and that there is a lack of gene flow with the western 
Siberian lemming. Future studies generating higher coverage 
ancient genomes from L. lemmus  across their Late Pleistocene 
range may determine whether any postspeciation gene flow 
occurred outside of Scandinavia in the Late Pleistocene, the geo-
graphic origin of the present-day L. lemmus  lineage, and define 
when the unique gene variants arose along the L. lemmus  lineage. 
Finally, the placement of L. lemmus  and L. sibiricus  West as sister 
species has important taxonomic implications for the distinction 
of the Eastern and Western Siberian lemmings as different 
species.  

Methods

Sampling. For whole genome analysis, nine tissue samples were collected from 
Lemmus specimens collected in Sweden, Russia, and the United States, corre-
sponding to four different species/lineages: L. lemmus, L. sibiricus West clade, 
L. sibiricus East clade, and L. trimucronatus (Fig. 1 and SI Appendix, Table S1). In 
addition, bones from two ancient lemming specimens were collected from Russia 
(Pymva Shor) and the United Kingdom (Bridged Pot Cave). The ancient samples 
were dated at the Oxford Radiocarbon Dating Unit and dates were calibrated 
using OxCal v4.3 (55) with the IntCal20 curve (56). All ancient laboratory work 
was performed following standard ancient DNA procedures in a dedicated facility 
at the Swedish Museum of Natural History, Stockholm.

For a broader view of the Lemmus phylogeny, we also analyzed an additional 
55 ancient samples for variation in a short mitochondrial DNA fragment. These 
samples were collected from across the Late Pleistocene range of Lemmus spp., 
namely from Trou Al’Wesse and Marie Jeanne Cave in Belgium as well as Pymva 
Shor in Russia. These samples were not directly radiocarbon dated and estimated 
ages were taken from the literature (SI Appendix, Table S7). Laboratory methods 
relating to these samples can be found in SI Appendix.D
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DNA Extraction and Sequencing. For the de novo assembly we extracted the 
DNA of a piece of muscle tissue from a sample (LEM05) collected in northernmost 
Sweden using a Thermo Scientific KingFisher Duo magnetic particle processor 
and the KingFisher Cell and Tissue DNA Kit (ThermoFisher Scientific, MA). We 
then constructed five different libraries: two libraries, one each with 180 and 650 
bp inserts, using a TruSeq DNA kit (Illumina, CA) on an Agilent NGS workstation 
(Agilent, CA) and three mate-pair libraries with the Nextera gel-plus protocol 
(Illumina, CA) using a Blue Pippin (Sage Science Inc., MA) for size selecting target 
fragments: two 3 to 5 kb mate-pair short (MPS) libraries and one 5 to 8 kb mate-
pair long (MPL) library using the 0.75% 1 to 10 kb Gel Cassette with Marker S1. 
We indexed these libraries and sequenced them on an Illumina HiSeq 2500 in 
high output mode with a paired-end 2x125 bp setup, with the exception of the 
MPL library which was run on an Illumina HiSeq X with a 2x150 bp setup. In total, 
the 180 bp and 650 bp insert libraries were sequenced on 1 lane each and the 
MPS and MPL libraries on 0.67 of a lane each. All sequencing was performed at 
the Swedish National Genomics Infrastructure (NGI Stockholm).

DNA extraction for the other eight modern samples was performed using the 
KingFisher Cell and Tissue DNA Kit on the Kingfisher DNA extraction robot (Thermo 
Fisher Scientific, MA). We then built TruSeq PCR-free libraries (Illumina, CA) and 
sequenced them on a total of four lanes of an Illumina HiSeqX v2.5 platform 
using a paired-end 2x150 bp setup at NGI Stockholm.

For two ancient samples (BP13k and PS10k), we first obtained ca. 50 mg of 
bone powder using a hand-held Dremel drill and then extracted the DNA using 
a silica-column method (57, 58). DNA extracts were treated with USER enzyme 
to cleave erroneous bases caused by postmortem damage (59, 60). We then 
built double-indexed genomic libraries (61) and sequenced them on two lanes 
of an Illumina HiSeqX v2.5 platform using paired-end 2x150bp setup at NGI 
Stockholm. All presequencing laboratory steps were carried out in a dedicated 
ancient DNA cleanroom laboratory.

Bioinformatic Processing of Mitochondrial DNA Data. We first reconstructed 
a reference mitogenome for Lemmus applying the iterative mapping process 
implemented in MITObim (62). We used the raw data from the sample used 
to generate the de novo genome assembly (LEM05), the mitogenome of a D. 
torquatus (NC_034646.1) as initial bait, and the -quick option with default values. 
The resulting mitogenome was used as reference to map the data from the rest 
of the samples.

For the nine modern samples, we first trimmed the sequencing adapters from 
the raw reads using Trimmomatic v0.32 and mapped them to the MITObim-
reconstructed mitogenome using BWA mem (63). We then generated consensus 
sequences in Geneious (64) using a majority rule and a minimum depth thresh-
old of 5. For the two ancient samples, we first trimmed sequencing adapters 
and merged paired-end reads using SeqPrep v1.1 (github.com/jstjohn/SeqPrep) 
with a minor modification to estimate the base qualities in the merged region 
(60). We subsequently mapped the merged reads to the MITObim-reconstructed 
mitogenome using BWA aln v0.7.17 (65) with settings specific for ancient DNA 
(66). We removed PCR duplicates using a python script that takes into account 
both the start and end coordinates of the alignments (github.com/pontussk/sam-
removedup). Finally, we generated consensus sequences in Geneious as above, 
but with a depth threshold of 3.

Genome Assembly and Bioinformatic Processing of Nuclear DNA Data. For 
the de novo genome assembly, we first used Trimmomatic (67) to remove adapt-
ers and low-quality sequences and then assembled the data using ALLPATHS-LG 
r.52485 (68) with the option “HAPLOIDIFY = True.” The quality of the assembly 
was evaluated with QUAST v4.5.4 (69) and BUSCO v3.0.2 (70) using the “mam-
malia_odb9” dataset.

We processed the resequencing data from all modern samples, including the 
data generated in the paired-end short-insert (180 bp) libraries of LEM05, using 
the “modern track” of an in-development version of the GenErode pipeline (71), 
with the following modifications: trimming was performed using Trimmomatic. 
Briefly, we first trimmed the raw reads as above and mapped them to the de novo 
reference genome using BWA mem. We then used samtools v1.8 (72) to sort and 
index the alignments as well as to remove duplicates and GATK IndelRealigner 
v3.4.0 (73) to realign the reads mapped around indels. We additionally mapped 
the raw reads of our samples, plus the collared lemming [D. torquatus; (74)] to 
the prairie vole reference genome (M. ochrogaster, GCA_000317375) in order 

to perform selection analyses. Finally, for the two ancient samples (PS10k and 
BP13k), we mapped the raw data to the de novo generated reference L. lemmus 
genome using the “historical track” of GenErode, where trimming was performed 
using a modified version of SeqPrep (https://github.com/jstjohn/SeqPrep).

Chromosome X Scaffolds. For the modern samples, we identified the scaf-
folds potentially linked to the chromosome X of the L. lemmus de novo refer-
ence genome using their difference in relative coverage in males and females 
(75), which in turn, can be used to reliably estimate the sex of each sample from 
the genomic data. Briefly, we estimated which scaffolds larger than 10 kb dis-
played approximately half of the coverage than the genomic average in the male 
Lemmus samples but ca. the average in the female ones (SI Appendix, Fig. S2). 
For all samples, we also compared the number of reads confidently mapping to 
chromosome X in the prairie vole genome with the number of reads mapping 
to chromosome 16, which has a similar length (66).

Repeat Content, Variant Calling, and Filtering. We first used RepeatMasker 
and RepeatModeler to identify repetitive regions in the de novo assembly of 
L. lemmus (76, 77). We then genotyped variants on all the modern genomes 
using bcftools v1.8 (78). Variant calls were subsequently filtered by excluding 
those within 5 bp of indels, with genotype quality < 30 and depth < 10, as well 
as those heterozygote variants for which the ratio of reads with the reference 
allele divided by depth was below 0.2 or above 0.8. We additionally excluded 
all variants allocated in the previously identified repetitive regions, and in the 
scaffolds identified as part of chromosome X.

Phylogenetic Analyses. We built phylogenetic trees based on three different 
sets of data and samples: short ancient mitochondrial sequences (n = 131; 
SI Appendix), complete mitogenomes of modern and ancient specimens (n = 
11), and nuclear genomic data from modern and ancient specimens (n = 11).

For the whole mitogenome phylogenetic analyses, we determined GTR+G as 
the best-fitting nucleotide substitution model using Jmodeltest v2.10.1 (79). We 
then constructed a mitochondrial phylogeny using BEAST v1.10.4 (80). Mean 
radiocarbon dates were specified as tip dates for the two ancient samples using 
a normal prior (3). We used a strict clock and a constant coalescent tree model. 
The analysis was run for 50 million generations, with sampling every 1,000 gen-
erations. The run was checked for convergence (ESS values > 200) in Tracer v1.7 
(81), and 10% burn-in was removed with TreeAnnotator. The consensus tree was 
visualized in Figtree v4.4.4 (82).

We constructed nuclear phylogenies based on the whole genome Identity-
By-State (IBS) matrices for all individuals with available genomic data. We used 
ANGSD -doIBS (83), which selects one allele per site for each sample based 
on a randomly sampled high-quality sequencing read. The phylogenetic trees 
were inferred using the balanced minimum evolution (ME) method in FastME 
v2 (84) and the robustness of each node was estimated from 100 resampling 
replicates based on 100,000 sites each. The two ancient samples for which there 
was genomic data available were run separately in the nuclear tree as there were 
not enough overlapping sites between them to include both at the same time.

We further investigated the robustness of the topology building phylogenetic 
trees based on 1 Mb genomic windows (85). Given the low number of overlapping 
sites in the ancient samples, these were excluded from this analysis. First, individ-
ual FASTA files were produced from the BAM file using ANGSD, with the following 
options: -dofasta 3, -docounts 1, -setmaxdepth 50. Each scaffold over 1 Mb in 
the reference genome was divided into 1 Mb nonoverlapping windows. We then 
used the getfasta -split option in Bedtools (86) to split the individual FASTA files 
into the 1 Mb windows. Next, the individual sample FASTA files for each window 
were merged and RAXML v8.2.12-gcc (87) was used to generate a tree for each 
window. All tree files were concatenated and visualized using Densitree (88). We 
used Twisst (89) to assess the fraction of the different topologies represented by 
the obtained trees. The analysis was repeated using 100 kb windows, with every 
10th window selected (SI Appendix, Fig. S10).

Estimating Divergence Through Demography. In addition to divergence 
times estimated using the mitochondrial dataset, we assessed divergence 
between the nuclear genomes using pseudodiploid X chromosomes from the 
modern individuals (for both males and females) of each species, i.e., the five 
L. lemmus, the two L. sibiricus West, the one L. sibiricus East and the one L. trimu-
cronatus individual. We first generated haploidized X chromosome sequences for D
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each individual using samtools view, samtools mpileup, and the pu2fa script from 
Chrom-Compare (github.com/Paleogenomics/Chrom-Compare), and filtered for 
minimum mapping and base quality of 30 and sites with less than 5X and more 
than 100X coverage. Next, we merged each pair of haploid sequences from the 
different species into one pseudodiploid X chromosome sequence using seqtk 
mergefa (github.com/lh3/seqtk) (60, 90). We ran PSMC on the pseudodiploid X 
chromosomes with default parameters (64 discrete intervals: “4 + 25 * 2 + 4 
+ 6”) (27). We used a generation time of 0.5 y, as lemmings can produce two 
generations during the increasing phases of the population cycle (28, 29). We 
estimated the X chromosome mutation rate from the autosomal rate [2.96 × 
10−9 substitutions per site per generation, (91)], using the calculation outlined 
in ref. 27, where alpha = 2, giving a rate of 2.631 × 10−9 substitutions/site/
generation. To account for the different population size of the X chromosome, 
we scaled population size by 0.75. The divergence time is taken where the PSMC 
plot trends toward infinity (i.e., Ne = 1/coalescent rate, where the coalescence 
rate is zero). We repeated the analysis with X chromosome scaled mutation rates 
for the mouse (Mus musculus, X chromosome mutation rate = 4.79 × 10−9 
substitutions/site/y) (92) and common vole (Microtus arvalis, X chromosome 
mutation rate = 7.73 × 10−9 substitutions/site/generation) (93) (SI Appendix, 
Table S3).

Gene Flow. We investigated the presence of gene flow between the different 
species of lemmings using D-statistics, also known as ABBA-BABA tests (94, 95), 
using popstats (96). We performed tests of the form D(O, H3; H2, H1), where O 
is an outgroup sample (TRI11); H3, a possible donor sample; and H2 and H1 
two samples that could have received gene flow from H3. We tested all combi-
nations of samples for four different tests: 1) gene flow from L. sibiricus East into 
L. lemmus [D(TRI11, SIE10; LEM, LEM)], 2) from L. sibiricus West into L. lemmus 
[D(TRI11, SIW; LEM, LEM)], and 3) from L. sibiricus East into L. sibiricus West 
[D(TRI11, SIE10; SIW, LEM)]. All tests were performed in the filtered variants by 
sampling one random allele per site. Significant deviations from D = 0 were 
assessed using Z-scores based on a jackknife of 100 Kb of block size. The two 
ancient samples (BP13k and PS10k) were excluded from these analyses due to 
having too few sites to perform robust jackknifing.

Unique Gene Variants. To look at species-specific mutations in L. lemmus, we 
first identified all variants that were fixed for the derived variant in our modern L. 
lemmus samples (n = 5), and fixed for the ancestral allele all other Lemmus sam-
ples (n = 4), the collared lemming (n = 1), and the prairie vole reference genome, 
using a custom python script. We used SnpEff (97) to annotate all mutations in 
coding regions into different impact categories based on predicted changes to 
protein structure. We then used bedtools intersect to find all the fixed derived 
mutations in the annotated VCF and used SnpSift (97) to produce a text file with 
the position, predicted impact (high, moderate, low, or modifier), and gene name. 
We counted the number of fixed-derived mutations in each SnpEff impact class 
and focused on genes with three or more mutations in the moderate class (var-
iants that might change the protein function but are not disruptive [missense]), 
as well as all genes with mutations in the high impact class (variants that have 
disruptive effects on the protein causing truncation and loss of function [LoF], 
such as stop gain and frameshift variants). We assessed which functional gene 
ontology (GO) categories are enriched in these variants using GOrilla (98) and the 
annotation of Rattus norvegicus as a reference set. We then used bam-readcount 
(github.com/genome/bam-readcount) to determine the allele state in the two 
ancient samples (BP13k and PS10k) for each of the previously identified L. lem-
mus fixed-derived nonsynonymous mutations.

Finally, we evaluated whether any of the Lemmus species had an excess of 
nonsynonymous derived mutations relative to synonymous derived mutations 
and to the other species. We counted the number of homozygous nonsynony-
mous variants per sample which are homozygous for the ancestral allele in a 
random sample from each of the other three species and the prairie vole reference 
genome. We repeated this for all combinations of samples in the dataset (i.e., 10 

times per sample) and normalized the values using the number of homozygous 
derived synonymous mutations calculated in the same way.

Selective Sweep Analysis. We performed a preliminary analysis to detect 
genome regions under recent selective pressure using RAiSD (25). It is based 
on a composite likelihood rate test that relies on multiple signatures of a selective 
sweep, capturing multiple sweep signatures at once. It includes changes in the 
site frequency spectrum, linkage disequilibrium patterns, and the spatial distri-
bution of genetic diversity. This method is SNP-driven, and is performed over 50 
bp sliding-windows. We used a 99.95% threshold to determine regions under 
positive selection. We identified all gene Ensembl gene IDs in these regions, and 
submitted the ID list to DAVID’s Gene Functional Classification Tool (99). This tool 
generates a similarity matrix based on shared functional annotation. We ran the 
tool with a high stringency classification.

Data, Materials, and Software Availability. Data associated with this project 
is available on the European Nucleotide Archive Project: PRJEB87511 (100).
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