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targets of this kind of selection are still poorly understood. We conducted a quantitative trait locus 
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(84.89 cM) were significantly associated with variation in the left side, right side, and total plate number counts 
with PVEs ≥ 8.00% (Table 1). QTL significant at the genome-wide level were also found for the left (but not right) 
side plate numbers on LG8 (65.63 cM) and LG12 (76.76 cM, Table 1; Fig. 5). However, when mapping was per-
formed for each chromosome independently, a suggestive QTL for right side and total plate number was detected 
on LG8 (65.63 cM), together with a suggestive QTL for total plate number on LG12 (76.76 cM). A small but 
evident LOD-score peak for right side plate number was observed on LG12 (76.76 cM) though it did not pass the 
significance threshold (Supplementary Fig. 3). Genotypes of the marker 12832 for the QTL on LG8 were missing 
in both of the grandparents, and thus origin of the alleles could not be identified. The F2 progeny with different 
QTL genotypes in the remaining three loci differed in their mean plate number values (Fig. 7): individuals with 
CC genotype (pond allele) on marker 22134 had fewer plates (ANOVA-LSD, left plate number: P <  0.05; right 
plate number: P >  0.05; total plate number: P <  0.05) than TT-homozygotes (marine allele); on marker 11482, 
individuals with TT genotype (pond allele) had significantly fewer plates (ANOVA-LSD, left plate number, right 
plate number, and total plate number: P <  0.01) than CC-homozygotes (marine allele); on marker 18769, indi-
viduals with CC genotype (pond allele) had significantly fewer plates (ANOVA-LSD, left plate number, right plate 
number, and total plate number: P <  0.01) than AA-homozygotes (marine allele; Fig. 7). Although several QTL 
were detected for lateral plate number variation, none of these were found on LG4, which contains the Eda-gene 
known to be the major gene controlling lateral plate variation in the three-spined stickleback24,57.

Candidate genes for morphological divergence. All of the QTL regions identified in the fine-mapping 
could be annotated with the aid of the three-spined stickleback genome (Table 1). These regions contained several 
genes with functions related to, for example, RNA or protein binding, and cellular protein catabolic processes 
(Table 1). Most of the detected QTL markers were located outside of these genes; only one QTL for PC6 and PC11 
was located within the Ccdc90b-gene (Table 1). In total, 92 genes were identified within the (1.5) confidence inter-
val for a given QTL for shape variation, and 49 genes were identified for lateral plate number variation (Table 1). 
Pathway identification with the KEGG database showed that these 49 genes participate in several pathways, but 
none of them is involved in the Eda-pathway (cytokine-cytokine receptor interaction pathway) controlling for 
lateral plate number variation in the three-spined stickleback24,57.

Figure 4. Significant QTL identified for anatomical morphological traits variance with fine-mapping. 
Significant QTL are marked by red color. The QTL bars represent 1.5 unit confidence intervals. The graphs on 
the right side (Y-axis) of each linkage group show LOD score distribution, with dotted threshold line.
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Discussion
The most important findings of this study include identification of several fairly large-effect QTL for phenotypic 
traits of ecological, evolutionary and systematic importance. Hence, the results can advance our understanding 
of the genetics and evolution of traits of major adaptive and systematic significance. Furthermore, by identifying 
three novel QTL (located on LG8, LG20 and LG21 respectively) associated with variation in lateral plate numbers 
which differ from those detected in earlier study of this58 and related species23,24, the results suggest a heterogene-
ous genomic basis for a trait of major evolutionary and systematic significance. Lateral plate number is an impor-
tant diagnostic trait in taxonomy and systematics in the genus Pungitius59,60, and hence, our findings are relevant 
for determining the utility of this trait for systematic inference. Apart from these findings and considerations, 
the results serve to illustrate the possibilities and challenges associated with QTL-mapping with large number 
of markers as generated by RAD-seq. In the following paragraphs, we will discuss each of the above mentioned 
points in light of our findings and related issues.

An earlier study of morphometric divergence between pond and marine nine-spined sticklebacks–includ-
ing the two populations used in this study–has suggested this divergence has a genetic basis31. Among other 
things, marine nine-spined sticklebacks have narrower and longer caudal peduncles than the pond fish. The 
caudal peduncle is associated with maneuvering and locomotion performance in fish61–63. The elongate peduncle 
increases the amplitudes needed to drive the caudal fin and allows for the control over the angle of attack of the 
caudal fin64,65, and is likely adaptive for fish moving in open water environments and under high predation risk. 
There is also considerable activity in the caudal peduncle when a fish changes its direction of movement65. Here, 
we identified a significant QTL on LG15 for the variation of peduncle length between marine and pond popu-
lations, indicating that the allele from marine population contributes to elongation of the caudal peduncle. The 
results suggest that the detected QTL may provide a starting point to decipher the genetic underpinnings and 
molecular mechanisms of adaptive divergence in caudal peduncle length in sticklebacks. Given that the strength 
of predator-mediated selection on caudal peduncle length can be quantified easily in mesocosm settings in stick-
lebacks66, the discovery of fairly large effect QTL in caudal peduncle length might also provide an opportunity to 
study dynamics of genetic variation in QTL under directional selection.

Variation in the number of lateral armor plates in stickleback fishes has received considerable attention for at 
least two reasons. First, being a conspicuous, variable and easily studied trait, variation in plate numbers has been 
used as a diagnostic trait in stickleback systematics59,60. Second, at least in the three-spined stickleback, the adap-
tive value of variation in lateral plate numbers is fairly well understood67, and several studies have demonstrated 

Figure 5. Significant QTL identified for lateral plate number variance with fine-mapping. Significant QTL 
for left, right and total lateral plate numbers are marked by different colors. The QTL bars represent 1.5 unit 
confidence intervals. The graphs on the right side (Y-axis) of each linkage group show LOD score distribution, 
with dotted threshold line.
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the adaptive nature of temporal68,69 and spatial24,70–72 variation in plate numbers. While the genetic basis of lateral 
plate number variation in the three-spined stickleback is controlled by a major QTL in the locus close to the 
Eda-gene, together with several minor QTL24,57, different large effect QTL have been identified to control varia-
tion in lateral plate numbers in North American nine-spined sticklebacks58. In this study, we detected two large 
QTL (located on LG20 and LG21) for lateral plate numbers, which were different from those discovered in North 
American nine-spined sticklebacks (Table 2). None of the genes located near these two QTL are involved in the 
Eda-pathway (cytokine-cytokine receptor interaction pathway) according to current gene annotation informa-
tion, suggesting that the genetic mechanisms controlling for lateral plate variation may be even more variable 
than previously anticipated. To this end, our findings give support to the view that similar morphological changes 
might be commonly achievable through different QTL and/or genetic pathways73,74, albeit more interpopulation 
crosses and families would be needed to verify such a conclusion.

If the genetic basis of variation in armor traits in sticklebacks frequently differs from one population and 
species to another, and is subject to recurrent losses and gains over short evolutionary time scales69, lateral plate 
phenotypes may carry little information about systematic relationships among different taxa. Hence, the applica-
tion of this trait in Pungitius systematics (see: ref. 60 for a review) may not be warranted. We also note the QTL 
on LG8 that influences variation in lateral plate numbers on the left side of the body was near to the QTL region 
influencing body shape (Figs 3 and 5). Earlier quantitative genetic30 and QTL-mapping studies13,27 have observed 
genetic links between shape and armor traits. Such results might help to explain why body shape differentiation 
in sticklebacks is often accompanied by plate number differentiation during evolutionary adaptation to freshwater 
environments.

In this study, we identified ten significant QTL contributing to divergence in body shape, and an addi-
tional 12 QTL contributing to variation in anatomical morphological traits and lateral plate number. All of the 
detected QTL had fairly large PVE values (average PVE =  8.48%) and some can be considered as large effect 
QTL (PVE >  10%) according to conventional standards75–77. A notable feature of our results is that for most 
traits–with the exception of PC3 and lateral plate numbers–only one single QTL was detected for each trait. 
While such results could be interpreted to suggest that single genes with large effects, rather than many genes 
with small effects, contribute to the observed phenotypic variability, such a conclusion may not be warranted 
from our data. Namely, the possibility that many genes with small effects contribute to the shape variation cannot 
be dismissed, as QTL studies are biased towards detecting QTL with large effects78,79. For instance, although we 
used a large number of markers, the modest size of our experiment in terms of number of F2-progeny (from a 

Figure 6. Median (bold line) lower jaw length, caudal peduncle length, body depth and snout length of 
nine-spined stickleback F2 progeny (n = 283) in different genotype classes for four QTL markers (a: 27323, 
b: 13320, c: 11319 and d: 21583). In each figure, genotype in left refers to pond genotype and that on right to 
marine genotype. Box indicates the lower and upper quartile values and whiskers represent the extreme values. 
Outliers are displayed by circles.
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single family) may not have allowed the detection of many small effect QTL80,81. Furthermore, our decision to 
use stringent genome-wide significance as a criterion for calling QTL lead to the exclusion of many (n =  95) QTL 
which reached significance only at a chromosome-wide level. We believe that their exclusion from further consid-
erations was justified given the statistical, and thereby also biological, uncertainty associated with them. It should 
also be pointed out that variation in shape is a cumulative effect of variation in multiple principal components, 
and hence of multiple QTL, even if variation along each individual principal component axis would be coded by 
a single or few QTL. Considering all these points, our results are not at odds with the view that complex morpho-
logical traits, such as shape, are likely to often have a polygenic basis82–84.

Figure 7. Median (bold line) of lateral plate numbers in the nine-spined stickleback F2 progeny (n = 283) in 
different genotype classes for three QTL markers (22314, 11482, and 18769). In each figure, genotype in left 
refers to pond genotype and that on right to marine genotype. Box indicates the lower and upper quartile values 
and whiskers represent the extreme values. Outliers are displayed by circles.

This study Other studies

Trait Nine-spined LG Nine-spined LG Three-spined LG References

Shape

4,5,7,8,14,15,17 1,2,4,7,9,11-14,16-21 Rogers et al.29

1-5,7-9,12,13,15-21 Albert et al.13

1,5,10,12,13,15-17,19-21 Liu et al.34

Lower jaw length 19 12 Shapiro et al.58

Caudal peduncle length 15

Snout length 20 7 Rogers et al.29

Body depth 4 1,12,16,18 Rogers et al.29

Lateral-plate number

8,12,20,21 12 Shapiro et al.58

4,7,10,21 Colosimo et al.25

4,13,18,21 Cresko et al.71

4,9,21 Liu et al.27

13,21 Peichel et al.23

Table 2.  Comparison of QTL for shape and morphometric traits in nine-spined and three-spined 
sticklebacks.
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Previous studies have shown that different aspects of shape and morphology, such as lateral plate numbers, 
have evolved in similar directions in different freshwater populations of sticklebacks11,13,31,58,85. Such parallel evo-
lution of trait complexes would not be likely if there were strong antagonistic genetic correlations among traits 
selected to change in a parallel fashion. However, quantitative genetic studies of sticklebacks suggest positive 
genetic correlations among, for instance, lateral plate numbers and several shape traits30. The ultimate source of 
these genetic correlations is pleiotropy and physical linkage among loci influencing variation in different traits. In 
this study, we found that one QTL region on LG7 (6.79–6.98 cM) affected two (by definition independent) princi-
pal component scores (PC6 and PC11; Table 1). This observation suggests that the same genes or genetic regions 
can control different components of shape variation, a characteristic that might facilitate rapid population diver-
gence in shape. Likewise, a short genomic region on LG20 (46.61–53.97 cM) was associated with variance in both 
lateral plate numbers and snout length, indicating that the same genetic factor(s) may govern (part of) the vari-
ability in these two traits. However, whether a single pleiotropic gene or multiple linked genes control variation 
in both traits cannot be assessed from our data. The same applies to the interpretation of QTL for each individual 
PC-axis: since the shape variation captured by each PC-axis captures variance in multiple landmark coordinate 
positions, a QTL for a given PC-axis can be inferred to have pleiotropic effects on multiple landmark positions.

For all of the 22 QTL we detected, the precision of the QTL locations were very accurate, as judged from 
the narrow confidence intervals around the QTL positions. This high precision is also apparent if we compare 
the average width of the confidence region in this study with those of the earlier QTL studies of sticklebacks 
(Supplementary Fig. 4). The high precision of the QTL regions in this study is likely due to the higher density 
of markers than any of the earlier studies, as well as the fine-mapping approach, which narrowed the confi-
dence intervals for the QTL positions (compare CIs in Table 1 and Supplementary Table 4). Interestingly, the 
high precision of QTL locations allowed us to discover that most (21/22) of the QTL were located in non-genic 
regions. We can identify three possible explanations for this. First, it could be that the RAD-seq method is biased 
towards finding polymorphic SNPs adjacent to genes rather than within. For instance, if there are more restric-
tion sites outside than within genic regions, this would lead to a bias in detecting more non-genic than genic 
QTL. However, comparing the distribution of restrictions sites in the three-spined stickleback genome does not 
suggest such a bias: the number of PstI restriction sites on a given chromosome was significantly correlated with 
chromosome length (rs >  0.98, P <  1.71 ×  10−16), and about 63% of the restriction sites were located in the genic 
regions. Second, genic regions of a genome are known to evolve under more stringent constraints than non-genic 
ones86–90, and therefore, the likelihood of detecting polymorphic SNPs outside of genes may be increased. A third 
and mutually nonexclusive possibility is that the variation associated with the detected QTL is not controlled by 
a sequence polymorphism within the genes, but in the regulatory regions outside of the genes. Our data do not 
allow us to disentangle these alternatives. However, given the increasing evidence for the importance of non-genic 
regulatory elements in controlling phenotypic variation91–93, it is possible that the majority of the detected QTL 
represent regulatory polymorphisms.

Most of the genes identified in each QTL region were classified into broad GO categories and pathways. 
Unfortunately, the exact function of most of these genes is poorly known. For instance, the QTL for PC6 and 
PC7 were mapped within the Ccdc90b gene, whose function is still uncharacterized. However, Meis homeobox 
2a (Meis2a) and limb bud and heart homolog (Lbh) genes in the QTL region for PC1 are known to be primarily 
involved in the formation of the viscerocranium and craniofacial morphogenesis in zebrafish94 and cichlid fish95, 
respectively. Similarly, Fgf receptor-like 1a (Fgfrl1a) gene in the QTL region for PC14 was found to be necessary 
for cartilage formation in zebrafish96. The gene Fxr1 in the QTL region for PC3 is an RNA binding protein that 
plays a critical role in eye development and cranial cartilage derived from cranial neural crest cells97. Hence, 
Meis2a, Lbh, Fgfrl1a, and Fxr1 might be involved in adaptive evolution of stickleback by contributing to the 
regulation of cranial shape. In addition, since bone morphogenetic protein 4 (Bmp4) in the QTL region for PC1 
has been reported to play an important role in the formation of the dorsal-ventral pattern in zebrafish98,99, this 
gene might be responsible for shape variation in the nine-spined stickleback. Another gene, identified in the 
QTL region for lateral plate number variation, codes for tRNA methyltransferase 1 like (Trmt1l) protein and has 
a wide set of functions including metal ion and RNA binding. The Trmt1l gene has been reported as a significant 
regulator in motor coordination and exploratory behavior in murine studies100. However, although associations 
between lateral plate number and behavioural variation in sticklebacks are known, it is not immediately obvious 
how and why variation in Trmt1l gene is associated with plate number variability in our cross. In addition, we 
found that the QTL associated with caudal peduncle length was located close to thioredoxin-related transmem-
brane protein 1 (Tmx1) gene. Unfortunately, little is known about the precise function of these two genes: Tmx1 
gene is a member disulphide isomerase gene family regulating highly conserved enzyme-mediated disulphide 
bond formation affecting over one-third of all eukaryotic proteins101.

Most of the earlier QTL-mapping studies of sticklebacks have utilized low-density microsatellite marker-based 
linkage maps13,17,23,27,28,58,71,102–107. Here, we used a high-density SNP-based linkage map generated by RAD-seq 
technology, which allows genotyping a very large number of SNP markers for many individuals in a single 
step40,47,48. The RAD-seq approach has been utilized to construct linkage maps for QTL-mapping purposes in 
several other species38,50–52,108,109, including various teleost fishes14,110–116. However, most of these earlier studies 
have used a modest number of markers (range =  436–8,790; median =  2,011) compared to the linkage map used 
in our study. Using a high number of markers poses challenges for both linkage map construction and QTL map-
ping. As for the linkage map construction, many of the available software are not fully automated and require con-
siderable user involvement in map construction (but see: e.g. ref. 56). As for QTL mapping, we used a two-stage 
approach (cf. coarse +  fine mapping) to overcome the computational challenges associated with large marker 
numbers. Although this approach is not expected to improve neither the QTL detection power nor the proportion 
of explained phenotypic variance54, it allowed us to obtain narrow confidence intervals and hence increase the 
precision of QTL locations. This strategy in combination with the multiple QTL mapping approach allowed us 


