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How many genetic changes control the evolution of new traits in natural populations? Are the same genetic changes 
seen in cases of parallel evolution? Despite long-standing interest in these questions, they have been difficult to 
address, particularly in vertebrates. We have analyzed the genetic basis of natural variation in three different aspects 
of the skeletal armor of threespine sticklebacks (Gasterosteus aculeatus): the pattern, number, and size of the bony 
lateral plates. A few chromosomal regions can account for variation in all three aspects of the lateral plates, with one 
major locus contributing to  most of the variation in lateral plate pattern and number. Genetic mapping and allelic 
complementation experiments show that the same major locus is responsible for the parallel evolution of armor plate 
reduction in two widely separated populations. These results suggest that a small number of genetic changes can 
produce major skeletal alterations in natural populations and that the same major locus is used repeatedly when 
similar traits evolve in different locations.

Introduction

The number and type of genetic changes that control 
morphological and physiological changes during vertebrate 
evolution are not yet known. The evolutionary history of 
threespine sticklebacks (Gasterosteus aculeatus) provides an 
unusual opportunity to directly study the genetic architec
ture of adaptive divergence in natural populations. At the 
end of the last ice age, marine sticklebacks colonized newly 
formed freshwater environments throughout the Northern 
Hemisphere. Over the last 10,000 to 15,000 years, these fish 
have adapted to a wide range of new ecological conditions, 
giving rise to diverse populations with striking differences in 
morphology, physiology, and behavior (Bell and Foster 1994). 
Major changes in the bony armor have evolved repeatedly in 
different locations, and several hypotheses have been 
proposed to explain this morphological transformation, 
including response to changes in calcium availability (Giles 
1983), stream gradients (Baumgartner and Bell 1984), or 
temperature, salinity, or other factors that may vary in 
parallel with climate (Heuts 1947; Hagen and Moodie 1982); 
or exposure to different types of predators (Hagen and 
Gilbertson 1973a; Moodie et al. 1973; Reimchen 1992; 
Reimchen 1995).

Three distinctive patterns of body armor, now known as 
the “lateral plate morphs,” have been recognized as one of 
the most distinguishing characteristics in sticklebacks since at 
least the early 1800s (Cuvier and Valenciennes 1829). Most 
marine sticklebacks have a continuous row of bony plates that 
covers the lateral side of the body from head to tail (the 
“complete morph”; see marine fish in Figure 1). In contrast, 
many freshwater sticklebacks show substantial reductions in 
total plate number, developing either as “partial morphs,” 
which lose plates in the middle of the row (not shown), or as 
“low morphs,” which retain only a few plates at the anterior

end (see Paxton benthic and Friant California [lower animal] 
fish in Figure 1). The anterior plates present in low morphs 
are the first to form during larval development. In contrast, 
the middle plates absent in partial morphs are the last to 
form during normal development (Igarashi 1964; Igarashi 
1970; Bell 1981). Thus, the adult plate patterns of low and 
partial morphs resemble early developmental stages of plate 
patterns in complete morphs, and paedomorphosis has been 
proposed as a possible explanation for the repeated evolution 
of low and partial morphs from completely plated ancestors 
(Bell 1981).

This dramatic variation in lateral plate patterning has led 
to repeated efforts to determine the genetic basis of the 
major plate morphs. Previous studies have shown that plate 
morphs are reproducibly inherited in the laboratory and that 
crosses between different morphs generate relatively simple 
ratios of the three major phenotypes among the progeny. 
Based on these qualitative results, at least six different genetic 
models have been proposed for lateral plate patterns in 
sticklebacks. The simplest models proposed a single major 
locus with alternative alleles (A and a) (Munzing 1959; Avise 
1976). The A allele was first proposed to be incompletely
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Figure 1. Mapping the Genetic Basis of 
Lateral Plate Reduction in Different Natural 
Populations of Threespine Sticklebacks
Crossing a completely plated Japanese 
marine lish with a low-plated lish l'rom 
Paxton Lake, British Columbia, p ro
duced a mixture ol complete, partial, 
and low morph phenol) pes in F2 prog
eny animals (Cross 1). In contrast, cross
ing a completely plated lish and a low- 
plated lish l'rom an inland Ireshwater 
stream in Friant, California, produced 
only complete and low-plated progeny 
(Cross 2). Red dots show the geographic 
origins of the populations studied. Scale 
bars equal 1 cm. ,4,4, ,4«, and <ui reler to 
genotypes al (',tu4174 (a microsalellile 
marker) near ihe major plate locus on 
I,G 1. The genotype al C/u4174 is missing 
in ten ol the 360 F2s in Cross 1. All lish 
were stained with alizarin red to reveal 
bony structures.
DOI: 10.1371/journal.pbio.00201 OH.gOOl

d o m in an t to the a allele, genera ting  e ith e r  com p lete  (AA), 
p a n ia l (An), o r  low -plated (nn) fish (M unzing 1959). In o th e r  
popu la tions, the A allele m ay be com pletely  do m in an t to th e  n 
allele, p ro d u c in g  e ith e r  com p lete  (AA, An) o r  low -plated (nn) 
fish, bu t no partia ls  (Avise 197fi). M ore com plica ted  m odels 
have p ro p o sed  two m ajo r loci co n tro llin g  p la te  in heritance  
(with a lte rna tive  alleles A, n and  B, b). In one  o f  these m odels, 
b o th  m ajo r loci co n tr ib u te  equally to  p la te  pheno type, and  
th e  to tal n u m b e r o f  A and  B  alleles d e term ines w hether fish 
develop as com plete  (th ree  o r  m ore  A o r  B  alleles), partia l 
(two A o r  B  alleles), o r  low -plated fish (one o r  less A o r  B 
allele) (H agen and  G ilbertson  1973b). A dditional m odels have 
p ro p o sed  e ith e r  ep is ta tic  in te rac tions betw een a single m ajo r 
locus and  one  m odifier locus, o r  the  p resence  o f m ore  than 
two a lte rna tive  alleles at the m a jo r locus to  accoun t fo r 
varian t results in som e p o p u la tions (Ziuganov 1983: B anbura 
1994). All o f  these  m odels w ere p ro p o se d  b e fo re  th e  
developm ent o f  genom ew ide genetic m arkers fo r sticklebacks 
(Peichel et al. 2001) and  have never been  tested  by linkage 
m apping . In this study, we take advantage o f these recen tly  
developed tools to  exam ine the  genetic basis o f  varia tion  in 
la teral p la te  pheno types in na tu ra l p o p u la tions o f stickle
backs.

Results

To directly  analyze th e  n u m b er and  location  o f genetic loci 
th a t con tro l p la te  phenotypes, we crossed a com pletely  p la ted  
m arin e  fish w ith a low -plated ben th ic  fish from  Paxton  Lake, 
British C olum bia. T h ree  h u n d red  sixty p rogeny  from  a single 
F2 fam ily (Cross I) w ere exam ined  in detail fo r th e  p a tte rn , 
num ber, and  size o f  lateral p lates and  th en  geno typed  fo r the 
in h e ritan ce  o f  d iffe ren t alleles at 160 po lym orph ic  loci 
d is trib u ted  across all linkage groups. T he segregation  o f 
p la te  pheno types was com pared  to the segregation  o f  all

genetic m arkers using q uan tita tive  tra it loci (OTL) analysis 
(M apOTL: van O oijen  et al. 2002). S ignificance th resho lds fo r 
d e tec ting  linkage w ere chosen using conservative c rite ria  fo r 
genom ew ide linkage m app ing  in n o n in b red  p o p u la tions (log 
likelihood ra tio  [LOD] score >  4.5: van O oijen  1999).

W hen p la te  m o rp h  was scored  as a qualita tive tra it, a highly 
significant O TL  on linkage g roup  (LG) 4 was de tec ted  (LOD 
= 117: T able 1 and  F igure 2). T he genotype o f the O TL on LG 
4 was highly pred ic tive  o f th e  m ajo r p la te  m o rp h  tha t 
developed in a fish. A lm ost all fish th a t ca rried  two alleles 
from  th e  com plete  m orph  g ran d p a ren t in the  LG 4 region 
(he rea fte r re fe rred  to as “,4,4” anim als) show ed the  com plete  
p a tte rn , w hereas fish tha t ca rried  two alleles from  the low 
m o rp h  g ran d p a ren t in this region (hereafte r re fe rred  to as 
“nn" anim als) show ed th e  low p a tte rn . In con trast, m ost fish 
w ith one allele from  th e  com plete  g ran d p a ren t and  one  allele 
from  th e  low g ran d p a ren t (hereafte r re fe rred  to as "An" 
anim als) developed  as e ith e r  com p lete  o r  partia l fish (see 
F igure 1).

W hen to tal p la te  n u m b er was scored, the sam e m ajo r LG 4 
ch rom osom e reg ion  accoun ted  fo r m ore  than  75% o f the 
total variance in p la te  n u m b er o f  F2 fish. T h ree  add itional 
O TL w ere de tec ted  th a t had  significant effects on p la te  
n u m b er in An anim als (Table 1; see F igure 2). Increasing  the 
n u m b er o f ben th ic  alleles at any o f  the  individual m odifiers 
led to a reduc tion  in m ean  total p la te  num ber, even in the 
heterozygous s ta te  (Table 1). Increasing  th e  n u m b e r o f 
ben th ic  alleles a t th e  th ree  m odifiers considered  to g e th e r 
caused a m ore  than  2-fold reduc tion  in m ean p la te  n u m b er o f 
An anim als, largely accoun ting  fo r w hether An fish developed 
as e ith e r  com plete , partia l, o r  low m orphs (Figure 3A and  3D). 
Increasing  th e  n u m b e r o f ben th ic  alleles a t the sam e m odifier 
loci also led to a 2-fold red u c tio n  in th e  m ean  p la te  n u m b er 
o f  na anim als b u t had relatively little  effect on the p la te  
n u m b er o f  ,4,4 anim als (Figure 3B and  3C). T aken together.

PLoS Biology | http://biology.plosjournals.org May 2004 | Volume 2 | Issue 5 | Page 0636

http://biology.plosjournals.org


Genetics of Parallel Armor Evolution

Table 1. Summary of QTL Affecting Lateral Plate Phenotypes in Cross 1

Trait Linkage Group Linked Marker LOD PVE MM

Phenotypic Means 
MB BB

Plate patterning
Plate morph 4 Gac4174 116.9 77.6 n/a n/a n/a

Plate number
Plate number in all F2s 4 Gac4174 112.7 76.9 62.8 ± 0.4 50.2 ± 1.2** 11.7 ± 0.4**##
(n = 350) 7 Stn71 2.9 3.7 47.5 ± 2.3 44.4 ± 1.6 35.0 ± 2.7*#

1 0 Stn 124 4.9 6.5 50.9 ± 2.4 44.8 ± 1.8* 36.1 ± 2 .6 **
26 Stn219 3.5 4.5 48.4 ± 2.4 45.3 ± 1.7 36.2 ± 2.3*#

Plate number in AA F2s 7 Stn 71 0.5 3.1 63.8 ± 0.4 62.5 ± 0.6 61.7 ± 1.1

(n = 82) 1 0 Stn211 0 .2 1.3 62.3 ± 0 .8 63.0 ± 0.6 63.0 ± 0.4
26 Stn219 2 .8 15.8 64.4 ± 0.4 63.3 ± 0.2 59.8 ± 1.5**#

Plate number in Aa F2s 7 Stn 71 4.6 11.3 58.4 ± 1.1 49.0 ± 1.6* 45.2 ± 2 .8 **
(n = 176) 1 0 Stn211 8.7 20.3 58.7 ± 1 .0 51.7 ± 1.4* 39.6 ± 2.7**##

26 Stn219 1 2 .8 28.6 58.8 ± 1.3 53.4 ± 1.3** 39.2 ± 2.4**#

Plate number in aa F2s 7 Stn 71 2.4 11.4 11.7 ± 0.4 11.8 ± 0.3 10.3 ± 0.4*#
(n = 92) 1 0 Stn211 1 .8 8 .8 1 2 .1  ± 0.4 11.4 ± 0.3 10.7 ± 0.4*

26 Stn218 5.2 23.2 12.4 ± 0.3 11.5 ± 0.3 1 0 .0  ± 0.3**
Plate size
Adjusted plate width 4 Gac4174 10.7 12.9 0.046 ± 0.001 0.044 ± 0.0004** 0.042 ± 0.001**#

7 Stn 71 9.2 1 1 .1 0.046 ± 0.001 0.044 ± 0.0003* 0.041 ± 0.001**##
25 Gael 125 26.3 28.9 0.045 ± 0.0005 0.044 ± 0.0004 0.042 ± 0.001**#

Adjusted plate height 4 Stn39 7.4 11.5 0.94 ± 0 .0 1 0.87 ± 0.009** 0.85 ± 0 .0 1 **
7 Stn 76 6.1 10.3 0.94 ± 0 .0 2 0.87 ± 0.01 0.83 ± 0 .0 2 *#

25 Gael 125 10.9 17.9 0.91 ± 0 .0 2 0.88 ± 0.009 0.85 ± 0 .0 2 *#

All QTL that exceed the genomewide significance threshold (LOD > 4.5) are shown with their respective LG, maximum LOD score, and PVE at the most closely linked 
microsatellite marker. Each trait was initially mapped in the large panel of F2 animals. Because plate number is dominated by the phenotypic effect of the major locus on LG 
4, we have separately listed the phenotypic effects of the plate number modifier QTL within all major genotypic classes near the major locus (44, Aa, and aa animals). These 
results are shown even when they do not exceed the LOD > 4.5 threshold, in order to facilitate comparison of the effects of significant modifiers in different genetic 
backgrounds. Mean plate number and size measurements were calculated for progeny that inherited either two marine alleles (MM), one marine and one benthic allele (MB), 
or two benthic alleles (BB) at the microsatellite most closely linked to each QTL. Plate number is the sum of plate counts on both sides of the body. Plate width and plate 
height were measured in millimeters at the positions indicated in Figure 2, summed for both sides of the body, and standardized by overall body length and body depth, 
respectively. Statistical analysis was done using one-way ANOVA. ‘ significantly different from MM mean (p < 0.05), “ highly significantly different from MM mean (p < 
0.0001), 'significantly different from MB mean (p < 0.05), ## highly significantly different from MB mean (p < 0.0001), “n/a” indicates “not applicable.”
DOI: 10.1371/journal.pbio.0020109.t001

these results suggest that at least four different loci influence 
lateral plate phenotypes in this cross. Homozygosity at the 
major locus largely determines whether fish develop as low 
(aa) or complete (AA) morphs, while the modifier loci affect 
the actual number of plates, particularly in Aa and aa animals.

The size of individual lateral plates varies significantly 
between different stickleback populations (Miller and Hubbs 
1969; Avise 1976). Although this trait has not been system
atically analyzed in previous stickleback crosses, studies of 
meristic characters in other vertebrates suggest that the size 
and number of repeating skeletal elements can be controlled 
separately (Christians et al. 2003). When height and width of 
specific plates were analyzed, we detected three QTL that 
accounted for a significant percentage of plate size variability 
in the cross (Table 1; see Figure 2). Increasing the number of 
benthic alleles at these loci led to a progressive reduction in 
plate size (Figure 3E). Two of the three plate size QTL 
mapped to the same chromosome regions that also affected 
plate morph or plate number, suggesting that the pattern, 
number, and size of plates may be controlled by the same or

linked genes on LGs 4 and 7 (see Figure 2). In contrast, the 
QTL affecting lateral plate size mapped to different locations 
than most QTL controlling the size of dorsal spine and pelvic 
structures (Peichel et al. 2001; Shapiro et al. 2004), suggesting 
that the size of different bones are controlled separately in 
the stickleback skeleton.

Some of the differences in previously published models of 
stickleback plate genetics could be due to different genetic 
mechanisms operating in different populations. To compare 
the genetic architecture of armor plate patterning in a 
separate population located over 1300 km from Paxton Lake, 
we crossed fish from an unusual stickleback population in 
Friant, California, which is largely dimorphic for complete 
and low fish with very few partials. A cross between a Friant 
complete and a Friant low-plated fish resulted in nearly equal 
numbers of complete and low progeny (see Figure 1, Cross 2), 
consistent with previous crosses from this population (Avise 
1976). Genotyping studies with microsatellite markers linked 
to the major and minor QTL defined above showed very tight 
concordance between lateral plate phenotype and genotype
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Figure 2. Comparison of QTL Positions for Different Traits
1,01) scores are shown as a 1 line lion ol'genetic distance along dilTerent stickleback linkage groups. QTI, ali'ecting qualitative plate pattern (red 
line), total plate number (black lines), or plate size (blue lines) show similar shapes on several linkage groups, suggesting that the same or linked 
genes control multiple aspects of plate phenotype. Points in 1,01) plots correspond lo the following microsatellite markers from left lo right 
along each linkage group: (A) I,G -1: I’itx2 (Stn22U), Stn3S, Cai62, Stn42, Car4174, Sln45, StnlS3, Sln46, Sln47, Stnl84, Stn39; (B) I,G 7: Strut), Stn72, 
S(n76, Sin 71, Stn7S, Stn79, Stn75, SlnSl, StnS0StnS2, l ’ilxl;(C ) 1,0 10: Slnl 19, Sin 120, Stn2U, Stnl21, Slnl 24, Stn23, Stnl25; (D) 1,6 25: Sln212, Stn213, 
Sln214, Stn215, Sln216, Gai l 125, Stn217; (E) 1,0 26: Sln218, Stn219, Bmpb, Stn.222, Sln223. Note that markers StnlS3 and StnlS4 from 1,0 18 in tile 
Priest I.ake cross (Peichel el al. 2001) map together with 1,0 1 markers in the larger Cross 1.
1)01: 10.137 l/journal.pbio.0020109.g002

n e a r  the sam e m ajo r locus on  LG 4 th a t was seen in  Cross 1 
(LOD = 11.1). All fish w ith  an  in fe rred  Aa  genotype at the 
m a jo r locus o n  LG 4 w ere com pletely  p la ted  in  this cross, 
suggesting th a t Aa  fish develop m ore  p lates in  Cross 2 th an  in 
Cross 1. This could be due to  d ifferences in  the dom inance  
re la tio n sh ip  o f the p a rtic u la r alleles at the LG 4 locus in  the 
F ria n t p o p u la t io n  (Avise 1976), o r  to  m o d ifica tio n  o f 
d om inance  by the d iffe ren t genetic backgrounds in the two 
crosses. A lthough  the n u m b er o f  anim als in  Cross 2 was small, 
significant d ifferences in  the m ean  to ta l p la te  co u n t o f low 
fish could also be d e tec ted  in  anim als th a t in h e rited  d iffe ren t 
alleles at m icrosatellites linked to  two o f  the m odifier Q TL 
d e tec ted  in  Cross 1 (alternative alleles at Sln210 on  LG 7: 
m ean  to ta l p la te  coun ts 14.?) ±  0.31 vs. 14.0 ±  0.23, p = 
0.0204; a lternative  alleles at Sln219  on  LG 26: 14.8 ±  0.26 vs. 
13.?) ±  0.31 plates, p = 0.0352). O verall, these results suggest 
th a t b o th  p la te  m o rp h  and  p la te  n u m b er are  con tro lled  by 
sim ilar chrom osom e reg ions in  d iffe ren t popu la tions.

To fu r th e r  test w h eth er the sam e m ajo r locus on LG 4 
con tro ls a rm o r p la te  red u c tio n  in  b o th  popu la tions, we

carried  o u t genetic com p lem en ta tio n  crosses betw een two 
low fem ale fish from  F rian t and  one  low m ale fish from  
Paxton  Lake. All 84 p rogeny  developed  as low m orphs, 
suggesting tha t the low -plated  ph en o ty p e  in  bo th  popu la tions 
is likely to be due to the sam e m ajo r locus on  LG  4.

D iscussion

QTL Architecture
This study rep o rts  the first genom ew ide linkage m app ing  o f 

la tera l p la te  pheno types in  crosses betw een m ajo r stickleback 
p la te  m orphs. O u r results confirm  prev ious suggestions tha t 
d ram atic  changes in la tera l p la te  p a tte rn in g  can be co n 
tro lled  by one locus o f  m ajo r effect (M unzing 1?)5?); Avise 
1?)76). This m ajo r locus on  LG 4 can cause a g rea te r th an  5
fold change in  to ta l p la te  n u m b er and  is sufficient to switch 
the overall m orpho logy  o f a fish betw een the com plete, 
partia l, and  low -plated  states. The d ram atic  pheno typ ic  
effects o f  th is locus likely exp la in  why th re e  types o f 
sticklebacks have long been  recognized in  n a tu ra l popula-
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Figure 3. Cumulative Effects of Freshwater 
Alleles on the Number, Pattern, and Size of 
Lateral Plates in Cross 1
increasing ihc lolal number ol Paxton 
benlhic l'reshwaler alleles al modifier 
O I [ 011 I,Gs 7, 10, and 2Ei signilicanlly 
reduces plale number in animals wilh 
one marine (complete morph) and one 
Paxton benlhic (low morph) allele near 
the major QTI, on I ,G *1 (Aa progeny) (A). 
The same modifier Q'I’I, have lillle ellecl 
on lish wilh two marine alleles near the 
major Q TI, (,4,4 animals) (B) and smallei' 
phenolypic ellecls on animals wilh Iwo 
benlhic alleles near ihe major O 11 («« 
animals) (C). Increasing ihe number ol 
benlhic alleles also signilicanlly increases 
ihe proportion ol ,4« lish whose overall 
plale pallern  is classilied as partial 
instead ol complete (D). (E-F) show plale 
size ellecls. increasing ihe number ol 
benlhic alleles al plale size O l I. on I ,Gs 
•I, 7, and 25 signilicanlly reduces mean 
plale widlh ol F2 progeny (E). (F) shows 
ihe schema ol plale size measurements. 
I ,moral plates are shown numbered from 
anlerior lo posterior. Error bars in (A-E) 
represent standard error.
DOi: 10.mi/journal.pbio.00201(>9.g0<«

tions (C uvier and  V alenciennes 1829). F u rth e r  m olecu lar 
studies will be req u ired  to d e te rm in e  w h eth er th e re  a re  one 
o r  m ultip le  m u ta tions in  the I,G 4 reg ion  th a t accoun t fo r the 
m ajo r QTI,.

P late n u m b e r w ith in  the com plete , partia l, and  low m orphs 
also varies betw een fish from  d iffe ren t locations. Previous 
studies suggest tha t sticklebacks w ith  sm all changes in  p la te  
n u m b e r show d iffe ren tia l survival w hen exposed to  p reda to rs, 
suggesting th a t selection  may fine tu n e  the exact n u m b e r o f 
p lates in  d iffe ren t env ironm ents (H agen and  G ilbertson  
1973a; M oodie et al. 1973; R e im chen  1992). We have 
iden tified  th ree  m od ifier Q TL th a t cause changes in  p la te  
n u m b e r w ith in  all m orphs bu t are  un linked  to  the m ajo r 
locus. T he ind iv idual pheno typ ic  effects o f  these Q TL  can be 
as sm all as a single p la te  p e r  side (Table 1), w hile the 
com bined  m ean  effects o f  the Q TL can be as large as 15 plates 
p e r  side (see F igure 3A). T he n u m b e r o f  m od ifier Q TL is 
la rg e r than  p red ic ted  in  prev ious m odels. We suspect th a t this 
is because o f  the genera l difficulty o f  p red ic tin g  genetic 
a rch itec tu re  from  sim ple pheno typ ic  ratios o f  p rogeny  in 
crosses th a t a re  segregating  m ore  than  one o r  two genes. T he 
m agn itude  o f  the pheno typ ic  effects o f  the m odifiers, th e ir  
linkage relationsh ips, and  in te rac tio n s w ith  the m ajo r locus

could n o t be p red ic ted  accurately  from  previous studies, 
h igh ligh ting  the value o f  genom ew ide linkage m app ing  for- 
studying the genetic a rch ite c tu re  o f m ajo r m orphological 
varia tion  in  n a tu ra l popu la tions.

Postglacial freshw ater stickleback p o p u la tions a re  though t 
to  be derived  from  com pletely  p la ted  m arine  ancestors (Bell 
and  F oste r 1994). A t all o f  the p la te  Q TL d e tec ted  in  Cross 1, 
the n e t effect o f  the freshw ater alleles from  the Paxton 
ben th ic  g ran d p a ren t is to  cause a progressive red u c tio n  in  
the size o r  n u m b er o f  a rm o r p lates (Table 1). All o f  the Q TL 
th a t affect p la te  m o rp h  o r  p la te  n u m b e r also have significant 
effects in  the heterozygous state, show ing th a t p la te  red u c tio n  
is likely to evolve th ro u g h  sem iadditive genetic changes, 
ra th e r  than  th rough  purely  recessive o r  pu rely  do m in an t 
m u ta tions. T h eo re tica l stud ies suggest th a t sem iadditive 
m u ta tions can be fixed m ore  quickly th an  purely  recessive 
o r  do m in an t m u ta tions w hen they begin  a t low frequency, 
a lthough  the overall p robab ility  o f  fixation  also depends on 
w h eth er the m u ta tions arise de novo o r  a re  originally  p resen t 
in a fo u n d e r p o p u la tio n  (Crow and  K im ura 1970; O rr  and  
B etan co u rt 2001). S trong  selection  on  a sm all n u m b e r o f 
ch rom osom e regions th a t have large, sem iadditive effects may 
help  explain  how  d ram atic  changes in  la tera l p la te  p a tte rn s
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have evolved relatively quickly in  postglacial stickleback 
popu la tions.

Parallel Evolution
O u r m app ing  and  com p lem en ta tio n  results suggest th a t the 

sam e m ajo r locus on  LG 4 causes m ajo r changes in  p la te  
p a tte rn  in  b o th  the Pax ton  ben th ic  an d  F rian t popu lations. 
P h eno typ ic  re d u c tio n  o f  la te ra l p la tes a lm ost ce rta in ly  
evolved separately  in  these d iffe ren t locations, given the 
geograph ic  d is tance  betw een  them  (over 1300 km), the 
p resence  o f  com pletely  p la ted  fish in the m arine  en v ironm en t 
sep a ra tin g  the sites, an d  prev ious stud ies show ing th a t 
sticklebacks in  nearby  lakes have in d ep en d e n t m itochond ria l 
haplo types (Taylor and  M cPhail 1999). A dd itional com ple
m en ta tio n  crosses betw’een  low’-p la ted  fish from  F rian t and  
o th e r  C aliforn ia  p o p u la tions (Avise 1976; u npub lished  data), 
P ax ton  b en th ic  fish and  pelv ic-reduced  fish from  Iceland 
(Shapiro e t al. 2004), and  low’-p la ted  p o p u la tions from  B ritish 
C olum bia and  Ja p a n  (Schluter e t al. 2004) also p ro d u ce  low- 
p la ted  progeny. T hus genetic changes a t the sam e m ajo r locus 
may un d erlie  low’-p la ted  pheno types a t num erous locations 
a ro u n d  the w’orld.

T he p re sen t study prov ides the first genetic m app ing  
evidence th a t som e o f  the ch rom osom e reg ions con tro lling  
sm aller q u an tita tive  varia tion  in  p la te  n u m b er m ay also be 
used repeated ly  in  d iffe ren t popu la tions. T he Q TL on LG 26 
in  Cross 1 m aps to a sim ilar position  as a Q TL influencing 
p la te  n u m b er w’ith in  low’ m o rp h  fish from  P riest Lake, B ritish 
C olum bia (Peichel e t al. 2001). This Q TL is also associated 
w ith significant varia tion  in p la te  n u m b e r o f low’ m orphs o f 
the F rian t p o p u la tio n  (Cross 2), suggesting th a t th is ch ro m o 
som al reg ion  on  LG 26 con trib u tes  to p la te  n u m b er varia tion  
in  a t least th ree  d iffe ren t popu lations: Pax ton , P riest, and  
F rian t sticklebacks.

R ecent studies suggest th a t the sam e genes are  also used 
repea ted ly  w hen p ig m en ta tio n  and  larval cutic le  pheno types 
have evolved in  paralle l in  d iffe ren t fly p o p u la tions (C om pel 
and  C arro ll 2003; Sucena e t al. 2003) o r  w hen m elanism  has 
evolved in d ependen tly  in  b irds and  m am m als (reviewed in  
M ajerus and  M undy 2003). R epeated  use o f  p a rticu la r genes 
may thus be a com m on them e in paralle l evo lu tion  o f  m ajo r 
m o rp h o lo g ica l changes in  n a tu ra l p o p u la tio n s  o f  b o th  
inverteb ra tes and  vertebrates.

Why m ight som e genes be used p re fe ren tia lly  w hen sim ilar 
pheno types evolve in  paralle l in  w’ild  popu lations? Alleles th a t 
cause p la te  re d u c t io n  m ay a lready  be  p re s e n t a t low’ 
frequency  in m arin e  pop u la tio n s . In th a t case, paralle l 
p heno typ ic  evolu tion  could  o ccu r by rep ea ted  selection  fo r 
the sam e p reex isting  alleles in  d iffe ren t freshw ater locations. 
A lternatively, som e genes may be particu larly  susceptib le to 
de novo m uta tions, e ith e r  because o f  the size o r  s tru c tu re  o f 
cod ing  and  regu la to ry  regions, o r  the p resence  o f  ho tspo ts 
fo r recom bina tion , in sertion , o r  de letion . Finally, only a 
lim ited  n u m b er o f  e ith e r old o r  new’ m u ta tions may actually 
be capable o f  p ro d u c in g  a specific p h eno type  w ithou t also 
causing  dele terious effects o n  fitness. M utations w ith the 
largest positive se lection  coefficients will be fixed m ost 
rap id ly  in  evolving popu la tions, and  this may lead  to parallel 
selection  fo r  m u ta tio n s in the sam e genes in  d iffe ren t 
popu la tions.

A m ajo r goal fo r fu tu re  w ork will be to  iden tify  the actual 
genes and  m u ta tions th a t cause paralle l evo lu tion  o f  adaptive

tra its  in  wild sticklebacks. T his study iden tifies specific 
m arkers th a t a re  closely linked to chrom osom e reg ions th a t 
con tro l the p a tte rn , num ber, and  size o f  la tera l plates. W ith 
the recen t developm ent o f  BAG lib raries and  physical m aps o f  
the stickleback genom e, it should  be  possible to  use forw ard  
genetic app roaches to iden tify  the genes responsib le  fo r the 
rep ea ted  evo lu tion  o f  m ajo r m orphological tran sfo rm ations 
in stickleback a rm o r (Kingsley e t al. 2004). C loning and  
sequencing  o f  such genes will m ake it possible to de te rm in e  
the m olecu lar m echanism s th a t u nderlie  parallel evo lu tion  in 
na tu ra l p o p u la tions and  should  prov ide  new’ insigh t in to  the 
n a tu re  o f  genetic, genom ic, developm ental, and  ecological 
constra in ts  th a t o p e ra te  as new’ characteristics ap p e a r  d u ring  
the adaptive evolu tion  o f  vertebrates.

M aterials an d  M ethods
Fish crosses and husbandry. For Cross 1, a wild-caught, completely 

plated m arine female from O nneehikappu stream  on  the east coast o f 
Hokkaido Island, Japan, was crossed to a wild-caught, low-plated 
benthic male from Paxton Lake, British Columbia. Both parents 
showed morphologies typical o f  the m arine and benthic populations 
at their respective collecting sites. The specific populations were 
chosen because the large average body size o f both parents and the 
estimated divergence between eastern and western Pacific Ocean fish 
(Orti et al. 1994) were expected to help maximize the size o f the 
progeny, the num ber o f offspring per clutch, and the informativeness 
o f m icrosatellites and o th er m arkers for genetic mapping. FI progeny 
were raised to m aturity in 30-gallon aquaria and were mated in pairs. 
Approximately 2600 F2 progeny were raised to a standard length o f 
greater than 28 mm under the same conditions (30-gallon aquaria in 
a single 18°C room  with 16 hours o f light and eight hours o f  dark per 
day and twice daily feeding o f brine shrim p or frozen blood worms). 
A lthough lim ited phenotypic plasticity has been reported  for 
developm ent o f some trophic characters in sticklebacks (Day et al. 
1994), previous studies have shown that differences in plate num ber 
o f wild-caught sticklebacks are stable and reproducible when fish are 
raised under laboratory conditions (see, for example, Hagen 1967). A 
total o f 360 full siblings from  a single F2 family were used for 
genotypic and phenotypic analysis in this study. For Cross 2, one wild- 
caught, completely plated female from Friant, California, was crossed 
to one wild-caught, low-plated male from Friant, California. A total o f 
58 FI progeny were raised to a standard length o f g reater than 28 mm 
in a ZMOD (Marine Biotech, Beverly, Massachusetts, United States). 
For the com plem entation cross, two wild-caught, low-plated females 
from Friant were crossed to one wild-caught, low-plated benthic male 
from Paxton Lake, British Columbia. At total o f 84 FI progeny were 
raised to a standard length o f greater than 28 mm in 30-gallon 
aquaria.

Genotyping. Genotyping o f microsatellite m arkers was perform ed 
and analyzed essentially as described in Peichel et al. (2001). Some 
PCR products were analyzed on  a 48-capillary array on an ABI3730xl 
with GeneM apper v3.0 software and GeneScan 500 LIZ (Applied 
Biosystems, Foster City, California, United States) used as an internal 
size standard. A total o f  160 markers were analyzed in Cross 1, 
including 144 previously described microsatellite m arkers (Peichel et 
al. 2001), the genes P itx l, Pitx2 (Stn220), and Tbx4 (Stn22l), (Shapiro et 
al. 2004) and 13 new markers: Bmp6 gene and 12 additional 
m icrosatellites (Stn2l()-219, 222-223). A polymorphism within the 
3' UTR o f the Ihnp6 gene was genotyped using single strand 
conform ation polymorphism analysis with MDE Gel Solution (Bio- 
W hittaker Molecular Applications, Rockland, Maine, United States). 
PCR bands were visualized using autoradiography. PCR conditions 
were the same as for the microsatellite markers except 2.5 mM MgCl2 

and 10% DMSO were used. Prim ers for Bmp6 genotyping are: 
Bmp6 Fl: 5 ' CCCGGTTTAAATCCTCATCC and Bmp6 Rl: 5' AG- 
GAGGTGATTGACAGCTCG.

Morphological analysis and QTL mapping. Fish were stained with 
alizarin red to detect skeletal structures as described in Peichel et al. 
(2001). Lateral plates were counted on bo th  sides o f  each fish. For 
QTL m apping, the total plate num ber o f both sides was used. Plate 
width was measured on the first lateral plate located under the first 
dorsal spine and above the ascending process o f  the pelvis. Plate 
height was measured on  the lateral plate posterior to the last plate 
that is under the second dorsal spine and touching the ascending
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process. These correspond to plate positions 5 and 8  in previous 
nom enclature (Reimchen 1983). All m easurem ents were done with 
V ernier calipers accurate to 0.02 mm and had repeatabilities o f 1.1% 
±  0.9% (SD)(plate width) and 3.9% ±  2.9% (SD)(plate height). Plate 
width and height m easurem ents on both sides o f the body were 
summed and standardized by body length and depth, respectively. 
Similar QTL were detected when residuals from regressions of plate 
width and height on standard body length and depth  were mapped. 
W hen raw plate width and height m easurements were used, we also 
detected one additional significant QTL on LG 19 (plate width: LG 
19, LOD = 5.42, 7.3 percent variance explained [PVE]; plate height: 
LG 19, LOD = 7.3, 11.6 PVE). S tandard body length itself maps to LG 
19 (LOD = 10, 13 PVE). The LG 19 effect on plate size is not 
significant when plate m easurem ents are norm alized by standard 
body length, suggesting that the LG 19 QTL is a general body size 
QTL, while the o ther size QTLs (Table 1; see Figure 2) act on plate 
size separately from  total body size.

All m orphological traits in Cross 1 were analyzed with MapQTL 4.0 
(van Ooijen e t al. 2002) using the same param eters as described by 
Peichel et al. (2001). Microsatellite markers that were closely linked to 
QTL detected in Cross 1 were genotyped in all Cross 2 animals 
(Gac4l74, StnAO, and Stn.47 on LG 4; Stn.210, Stn.7l, and Stn.76 on LG 7; 
S tn 2 ll  and S tn l2 l  on  LG 10; and Stn.218, Stn.219, and Stn.222 on LG 
26). LOD scores between LG 4 markers and the m ajor plate locus in 
Cross 2 were calculated using Map Manager v2.6.6 (Manly 1993). Mean 
total plate num bers in low-plated fish that inherited different alleles 
at m icrosatellite loci on LGs 4, 7, 10, and 26 were com pared using 
one-way ANOVA (Statview v5.0.1, SAS Institute Inc., Cary, North 
Carolina, United States).

S upporting  Inform ation
The GenBank accession num bers for the Bmp6 gene is AY547294 and 
for the 12 additional new m icrosatellites Stn 210-219 , 2 22-223  are 
BV102488-BV102499.
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