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A Population Genetic Test of Selection 
at the Molecular Level 

M. F. J. Taylor," Y. Shen, M. E. Kreitman 

The role of natural selection in molecular evolution has been inferred primarily by rejection 
of null hypotheses based on neutral theory, rather than by acceptance of specific pre- 
dictions based on selection. In this report, a population genetic test of a specific prediction 
for selection on DNA polymorphism is presented. Pyrethroid insecticide use constitutes 
an experiment for which form of selection and molecular target (voltage-gated sodium 
channels) are both known. As predicted, differential pyrethroid selection on tobacco 
budworm populations generated significant geographic heterogeneity in sodium channel 
marker allele frequencies, compared with arbitrary loci. 

M a n y  s tud~es  have sought to test the  null 
hv~o thes i s  of neutral evo lu t~on  of D N A  

, A  

sequence variation in populations. Howev- 
er, the lack of specific prior predictions 
based o n  selection has weakened such tests. 
Even for the  most well-studied case of the  
high-to-low latitudinal clines in the  Adh 
fast-slow polymorphism in Drosophila mela- 
i~ogaster, the  form of selection presumed to  
maintain this polymorphism remains elu- 
sive, although patterns of polymorphism are 
consistent with a model of balancing selec- 
t ion 11 ). ~, 

If a specific form of selection is expected 
at a particular locus, then a prediction may 
be developed o n  the  basis of selection rath- 
er than neutrality, which may be tested 
wlth the  use of appropriate statistics. Differ- 
entiation in allele frequencies among pop- 
ulations can be estimated by FSr, the  be- 
tween population component of standard- 
ized genetic variance. Populatlon structure 
and historical contingencies (range expan- 
sions or contractions) have genome-wide 
effects o n  gene frecluency variation between 
populations, whereas selection affects vari- 
ation only a t  target loci. Differentiation in 
the  form of clines of allele frequency for 
some allozyme loci, and not for others, has 
been taken as evidence that spatially vari- 
able selection has been actlng at such loci, 
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whereas gene flow has homogenized fre- 
quencies at other unselected loci (2 ) .  How- 
ever, clinal patterns for some loci may result 
from historical patterns of colonization and 
subsequent admixture, whereas nonclinal 
loci are homogenized by selection, acting 
~lniformly in space and causing convergence 
of freauencies over a wide area ( 3 ) .  T h e  , , 

study of nucleotide variation has permitted 
some resolution of this dilemma for the  Adh 
cline in D .  melanogaster (4). Such studies 
highlight the  difficulties of testing for selec- 
tion at the  molecular level in natural pop- 
ulations, in the  absence of prior expecta- 
tions about the  strength, duration, or loci of 
action of selection. 

T h e  widespread use of insecticides In 
agriculture has resulted in the  rapid evolu- 
tion of resistance for many pest species. 
Such natural "experiments" can enable ex- 
plicit prediction of the  outcome of selection 
at the  molecular level. Pyrethroid insecti- 
cides act o n  voltage-gated sodi~lin channels 
in nerve membranes (5). Resistance to the  
pyrethroid permethrin ~n a field-derived 
strain of the  tobacco budworm (Heliothis 
~~irescei~s) ,  a major cotton pest, is linked to  a 
D N A  marker for a sodium channel locus 
hscp, homologous to  the  para locus of D. 
melm~ogaster (6) .  Levels of resistance are 
known to vary considerably among popula- 
tions, and resistance has arisen In response 
to selection in just the  last 10 years (7) .  
Populatlon genetic surveys in North  Amer- 
ica, ranging from Texas to  Georgia for 13 
allozvme loci 18). and from Sonora. Mexico. , , ,  

to ~ k o r ~ i a  for mitochondria1 DNA markers 
(9), have shown that tobacco budworm 
populations are llttle differentiated, which 
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is consistent with high rates of gene flow 
across large distances. u 

We predicted that tobacco hudworm pop- 
ulations would be highly differentiated at the 
target sodium channel locus as a result of 
geographically varying levels of selection by 
pyrethroids, while rema~ning essentially un- 
differentiated at other arbitrarily chosen l o c ~  
as a result of gene flow. To  test this hypoth- 
esis, we collected 660 adult male tobacco 
budworms in five samples from four widely 
separated U.S. locations [Georgia, Texas, 
Arizona, and Louisiana' (two different 
times)]. Individuals were tested for a pheno- 
type of "knockdown" at one of two doses of 
the pyrethroid cypermethrin (10). Resist- 
ance to the paralytic knockdown effect of 
these insecticides, rather than survival, was 
the phenotype definition chosen for compar- 
ison to other field studies 17). , , 

We then examined variation in a small 
DNA marker Hpy for the sodium channel 
locus hscp (1 1)  and another similar sized 
marker Hejs in the juvenile hormone (JH) 
esterase locus, which is unlinked to hscb and 
has no known role In p7rethrold resistance 

(12). V a r ~ a t ~ o n  n7a5 scored by denatur~ng 

gradlent gel electrophoresis that, under suit- 
able conditions. can detect nearlv all nucle- 
otide polytnorphistns in a region'of interest 
(1 3) .  We assumed that the uniformly low 
FSt estimates observed for allozyme loci 
(ranging from near zero to 0.005) at all 
scales of spatial sampl~ng reliably reflect 
high gene flow between tobacco budworm 
populations (8). There is no evidence that 
any of these allozyme loci are involved in 
insecticide resistance in Insect species. 
Thus, we could make a swecific wrediction 
for the relative magnitudes of the F,, estl- 
mates for the marker loci in this study. 

The value of Fb, for the arbitrary Hejs 
marker was pred~cted to be small and not 
sign~ficantly different from the allozyme F,, 
estimates. The Fst for the sodiutn channel 
Hpy marker was predicted to be significant- 
ly greater than either allozyme or Hejs F,, 
estimates as a result of close genetic linkage 
to one or more unknown mutations in the 
sodium channel that had been favored by 
recent, intense pyrethroid selection in some 
populations. We decided, in advance, to 
accept the hypothesis that selection had 
been actlng at the sodium channel locus 

Table 1. Differentiation among samples as measured by F,, and alelic diversities H for sodium channel 
Hpy and JH esterase Hejs marker o c  and for allozyme O C I .  Values for F,, were calculated with the sample 
sze correcton of Ne and Chesser (19). Mean and standard errors were estimated by the jackknfe over 
~ndviduals (21). Hypothesis tests were performed by derlving a n u  sampling distribution for F,, by 
repeatedly (1 000 times) reallocating genes randomly among a ndivduals and recalcuatng F,,. The "tall" 
proporiion of such resampled null F,, estimates that equaled or exceeded the observed value of F,, IS an 
estmate of the probabity (Pr.) of obtanng the observed value of F,, under the null hypothess (F,, = 0). 
For values of H,  see Fig. 10. 

Fig. 1. (A) Proportion of adult male tobacco budworms A 0 5  ,kg. 10 ,ug 
dead or knocked-down ("knockdown"), w~th 95% con- 
fidence intervals, in bioassays wlth 5 or 10 ~g of cyper- $ 80 
methrn per val for each sample (70). The samples, or- 8 60 
dered by Hpy alelic diversities, were as follows: GA, 
Sparks, Georgia, August 1990; LA1, Winnsboro, LOUISI-  
ana, August 1990, and LA2, same location, October Y 0 
1990; TX, College Staton, Texas, September 1990; AZ, n =88 82 72 92 76 80 ND 92 78 ND 

Yuma, Arizona, October 1990, The numbers below the 8 3.4 = 

Locus F,, ? SE Pr (F,, = 0) H ? SE 

bars are sample sizes; ND,  no data. Withn each dose, = 3.2: 
knockdown proporiions for samples w~th the same let- ,- 3 .0-  
ters were not significantly different at the 5% level in x2 ,2 22.8 

$2 2.6. 
tests. (B) Means and standard errors of H,  alelic diversty $ 2.4 
ndlces, for sodium channel Hpy and JH esterase Hejs 5 2 2  

markers, for each sample (20). Means and standard er- $ :::. 

Sodum channel Hpy marker. 50 alleles 0.041 -t 0.005 <0.001 2.86 = 0.04 
Hpy, poong alleles 1 to 4 0.031 ? 0.006 <0.001 2.07 ? 0.06 
JH esterase Hejs marker, 41 alleles 0.001 = 0.003 0.16 2.09 = 0.06 
Thirteen allozyme O C I *  0.002 ? 0.001 <0.0001 

, Y ,  
JH ,sterase Hejs 

-Date are from a larger collection at 60 pheromone trap ocatons between Georga and east Texas n 1989 (8). Only total 
F,, IS shown The F,, for between traps, w t h n  stes, and wthin regions had the largest contribution to total F,, Between 
regions F,, was very low Mean and standard errors were estimated by the jackknfe over loc~. Allel~c dversty IS not 
shown as no comparson was needed. 

rors were estimated by the jackknife over indivduals (21). 1.6. GA 
Kendai's rank correlation coefficient between Hpy diver- TX AZ LA1 LA2 

sity and knockdown w~th 5 kg of pesticide was signifcant at the 5% level. Correatlons between Hpy 
diversity and knockdown with 10 ~g of pestcide, and between Hejs dversity and knockdown In ether 
bioassay, were not significant at the 5% level. 

only for this outcome of the study. Out- 
comes In whlch F5, for Hpy was indistin- 
guishable from that for Hejs, or in which F,, 
for Hejs was significantly greater than allo- 
zyme F>, estimates, both entailed rejection 
of this hypothesis. 

The f ~ v e  samples varied significantly in 
c7pertnethrln knockdo\vn, bhou71ng that py- 
rethro~d selectLon had been e e o e r a ~ h ~ c a l l ~  

" - L  

variable, resulting in heterogeneous levels 
of resistance (Fig. 1A).  It would be desirable 
to be able to reconstruct treatment histories 
to give some estimate of selection intensity 
in each of the regions sampled, as has been 
done for more restricted populations (14). 
Although the local abundance and rate of 
insecticide treattnent for both bollu~orms 
and budu~orms on  cotton had been similar 
in Georgia and Louisiana before this collec- 
tion, the incidence of wvrethroid resistance 

L ,  

was consistently much lower in Georgia 
(15). This may be attributed to a much 
larger untreated reservoir population on al- 
ternative wild host plants in the southeast- 
ern United States, and thus a much lower 
net selection intensity averaged over the 
local population (16). 

A total of 50 alleles for Hpy and 41 
alleles for Hejs were distinguishable on the 
basis of gel-mobility d~fferences. The Hpy 
allelic diversities of samples were signifi- 
cantly correlated with knockdown at pesti- 
cide concentrations of 5 pg (Fig. 1B). How- 
ever, no such correlation was observed for 
Hejs allelic diversltles (Fig. 1B). This pat- 
tern 1s consistent with a vrocess of selective 
removal of uncommon Hpy alleles in the 
more heavily selected populations, especial- 
ly In Louisiana. 

Analysis of the Fq, statistics for the two 
tnarker loci confirmed our prediction exact- 

Fig. 2. Frequencies of sodium channel Hpy mark- 
er alleles 1 through 6, and all other alleles pooled, 
in each sample (each of the alleles that went into 
the pool was less than 5% of the total sample: 43 
for GA, 33 for TX, 34 for AZ, 19 for LA1 , and 15 for 
LA2). 

0.6 HPY 1 
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lv. T h e  value of F . estimated for the sodium 
channel Hpy marker was an  order of magni- 
tude greater than for that of Hejs or the  
allosvme loci (Table 1 ) .  This was evident in 
the lleterogeneity a&ng samples in Hpy 
allele frequencies (Fig. 2) .  T h e  Hpyl allele, 
which previously had heen linked to  per- 
methrin resistance in a field-derived strain 
16). was the most comtnon in the entire , , ,  

collection and was generally more frequent 
in the tnore resistant samples (Fig. 2).  Some 
Hpy marker alleles are expected to "hitch- 
hike" along with linked resistance-confer- 
ring lnutations in or near the sodium chan- 
nel locus. However, this linkage disequilib- 
rium is continually broken down by recom- 
bination, and no  single Hpy allele is 
necessarily expected to be uniquely associat- 
ed with resistant phenotypes. 

Also as predicted, the estimated value of 
F,, for the arbitrary marker Hejs was low and 
not sienificantlv different from zero or from 
the  lo; F,, estikates for the allozyme loci 
(Table 1). Hejs allele frequencies were 
markedly homogeneous across samples, 
which is consistent with the low value of FIE 
(Fig. 3). It is possible that Hejs was in fact as 
heterogeneous among samples as was Hpy 
but that this was undetectable because of 
the  skewed allelic distribution of Hejs, with 
one very common allele (Fig. 3). T o  test 
this possibil.it7, we pooled the  four most 
common Hpy alleles to construct an  allelic 
distribution for Hpy with a n  allelic diversity 
index similar to  that of Hejs for the  entire 
collection (Table 1) .  T h e  pooled F,, esti- 
mate for Hpy was only slightly different, 
which indicates that the  difference in Fbt 
estimates was not a n  artifact of different 
allelic distributions nor attributable to a 
single allele (Table 1 ) .  T h e  Fs, estimate for 
the Hpy tnarker was therefore quite robust. 

Any  contrast atnong loci in  estimates 

A ~ e ; s 2  
Hels3 

* 7 All others 

: u 0 31  -w~ 
2 

I 

O '  GA TX AZ LA1 LA2 

Fig. 3. Frequences of JH esterase Hejs marker 
alleles 1 to 3, and a other alleles pooled, n each 
sample (each of the alleles that went Into the pool 
was less than 590 of the total sample: 30 for GA, 
31 for TX, 32 for AZ, 23 for LA1 , and 24 for LA2), 

of F,,, as a test of the  null hypothesis of 
neutral molecular evolution, is weak be- 
cause many outcomes are as consistent 
with neutral theory as with any number of 
unspecified models of selection ( 1  7) .  In  
this case, however, only one  outcome was 
predicted for pyrethroid selection, and this 
therefore formed a null hypothesis of se- 
lection. T h e  expectation frorn neutral the- 
ory, in the  absence of evident population 
subdivision, was that  F5, estimates for any 
allozyme and D N A  markers should all be 
small and statistically indistinguishable. 
Outcomes in  which one  or  more loci have 
unusually large values of Fst could arise 
frorn stochastic neutral processes, but 
should be uncommon (1 7) .  A neutral out- 
come in which precisely the  locus of in- 
terest, and n o  other locus, has a large 
value of FI, must, correspondingly, be rare. 

Here, we have attempted to bring to- 
gether two scientific programs that histori- 
cally have been isolated: the study of mo- 
lecular evolution and the study of insecti- 
cide resistance in  pest populations. In  our 
test for selection a t  the molecular level, the 
specific outcome of selection could be pre- 
dicted for a particular locus and then tested. 
Despite tnuch evidence for the involvement 
of particular mutations in insecticide resist- 
ance and for persistence or spread of these 
mutations in populations ( l a ) ,  we have 
shown that molecular mutations at the 
known target locus are under strong, recent 
selection in field populations. 

REFERENCES AND NOTES 

1. M. Kreitman and R. R. Hudson, Genetics 127, 565 
(1991). 

2. F. B. Christiansen and 0. Frydenberg, ibid. 77, 765 
(1 974). 

3. S. A. Karl and J. C. Avse, Science 256, 100 (1 992). 
4. A. Berry and M. Kretman, Genetics 134,869 (1 993) 
5. T. Narahashl, in Neuropharmacology and Pesticide 

Action, M .  G Ford, G .  G. Lunt, R. C Reay P. N R 
Ushervi~ood, Eds. (Howood, Weinhelm, Germany, 
1986), pp. 37-60, D B. Satteie and D. Yamamoto, 
Adv. insect Physiol 20, 145 11988) 

6. M. F J. Taylor, D G. Heckei, T M Brown, M. E. 
Kreitman, B Black, insect Biochem. Moi. Bioi. 23, 
763 (1 993) 

7. C. A. Staetz, J. Econ. Entomol. 78, 535 (1 985); F. W. 
J Piapp eta/. ,  ibid 83, 335 (1 990); A. R. McCaffery 
eta/., Southwest Entomoi. Suppi. 15, 143 (1 991). 

8. A Korman et ai.. Ann. Entomol. Soc. Am 86, 182 
(1 993). 

9. R. L Roehrdanz, J. D Lopez, J. Loera, D E Hen- 
dricks, ibid, 87, 856 (1 994) 

10 Inner surfaces of 20-m glass scntiiiaton vals were 
coated w~ th  either 5 k g  or 10 k g  of cypermethrin n 
acetone and allowed to dry by rolling. Adult male 
tobacco budworms were captured in pheromone 
ba t  traps and placed ind~v~dually in vials and held at 
-25°C. After 24 hours, they were scored as dead or 
knocked down, or alive and active, and all were fro- 
zen at -80°C for genotype analysis. Knockdown 
was defined as the inabiity to turn upright after being 
turned upside-down. 

11. Genom~c DNA was prepared by homogenizing 
moths in 750 k i  of grinding buffer [0.1 M trs-HCI (pH 
8 O), 0.1 M NaCi, 50 mM EDTA, 6 8% w!v sucrose, 
and 0.5% ;;,!IV SDS]. The aqueous phase was ex- 
tracted three tmes with 750 k l  of phenol (pH 8) and 
once with 750 PI of chloroform Nucelc acids were 

recovered afrer a 30-mn ncubat~on w ~ t h  1 M potas- 
sum acetate and 50% sopropanoi by centr~fugation 
at 12 OOOg for 15 min Pellets were washed w~ th  
70% ethanol dred and resuspended In 20 kl of TE 
[ I 0  mM trs-HCi (pH 81 and 100 k M  EDTA]. Poiy- 
merase cha r  reactons conssted of 0 1 to 0 5 k g  of 
genomc DNA 30 mM tricne-HC (pH 8 4), 5 mM 
P-mercaptoethanol 0.01 % geiatn. 0 2 mM for each 
of the four deoxynuceotde trphosphates 4.5 mM 
MgCi,, 0.4 U of Taq DNA polymerase, 0.2 p M  primer 
CUHp4399 (5'-GCCCGCCGCCGCGCCCCGCC- 
GCCACCGCGCCGCCCGCCCCCGCGTCGTTCA- 
TGATCTGTATCCA), and 0.2 k M  primer Hp427 7 + 
(5'-CTGATCTTCGCCATCATGGG), with a final voi- 
ume of 20 p i  Reactions were Incubated for 20 
cycles of 94'C for 35 s, 56°C for 1 m n  30 s, and 
72°C for 30 s: then for 14 cycles of 94°C for 35 s, 
56'C for 1 min 30 s, and 72°C for 1 m n :  and finally 
for one cycle of 94'C for 35 s, 56'C for 15 m n ,  and 
72'C for 1 m n .  Reactons were precipitated, resus- 
pended n 5 k i  of dye-loading buffer, and separated 
on a vertca poiyacq/lamide gel (25 cm by 15 cm by 
0 5 mm) rangng from 35 to 45% denaturant concen- 
tratlon, at 73 V for 14 hours at 60'C. DNA was 
detected by uitravoet fluorescence after a 15-min 
staining in e thdum bromide (0.5 kg!ml). Gel, buffer, 
and denaturant soutons were as descrbed [R. M 
Myers, T. Maniatis, L. S. Lerman, ivlethods Enzymoi. 
155, 501 (1987)l. Primers were based on the pub- 
s h e d  sequence (6). 

12. T. N. Hanzk, A. 1 Yehia, L G. Harshman, B.  D. 
Hammock, J. Bioi. Chem. 264 1241 9 (1 989): L G .  
Harshman et a/., /nsec:Biochem. Moi. Biol. 24, 671 
(1994). Hejs matches the pubi~shed sequence be- 
tween bases 487 and 553 exclusive of primers and 
includes a -225-bp ntron prevlousiy unrepo-ied. 
Prlmers were as follows: CUHej486+ (5'-GCCCG- 
CCGCCCCCCGCCGCCTCCGCGCCGCCCGCCC- 
CGGACCTACACGGACCAGAATA-3') and Hel554- 
(5'-GGGATTTTGTTGTGTTCAT-3'). Reaction 
cond~tions were the same as those for Hpy except 
that gels had 20 to 50% denaturant. 

13. E. P. Lessa and G Appiebaum. Mol. Ecoi 2, 119 
(1 993). 

14 J. A Rosenhem and M. A. Hoy, J. Econ. Entomoi 
79,1161 (1986); B. E Tabashnk, N. L. Cushng M. 
V,/ Johnson, ibid 80, 1091 (1987). 

15 E. G. King and G A. Herzog, Proc Beitwide Cotton 
Prod. Res. Conf (1 990), p 140, R. B. Head, ibid.. 
p.157. 

16 H. H. Neunzig J. Econ. Entomol. 56, 135 (1 963): E. 
A. Stadebacher, M L Laster T. R Pfr~mmer, Envi- 
ron. Entomol. 1 ,  31 8 (1 972). 

17. R. C. Lewontn and J. Krakauer, Genetics 74, 175 
(1973); M .  Nei and T. Maruyama, ibid. 80, 395 
(1 975); A Robertson. ibid., p.  396 

18 R. H, ffrench-Constant, J. C. Steichen, T A. Roch- 
eieau, K. Aronsten. R. T. Roush, Proc Nati. Acad 
Sci. US.A 90, 1957 (1993); M .  Raymond, A. Cal- 
aghan, P Fort, N. Pasteur, Nature 350. 151 (1991). 

19 M .  N e  and R K. Chesser, Ann. Hum. Genet. 47, 
253 11 983). 

20. The aieiic dversty Index, H is represented by 

where p is the frequency of allele I = 1 to k. 
21. R R Soka and F J. Rohif, Biomet~/(Freeman, New 

York ed. 2, 1981), chap. 18 
22. This study would not have been possible without 

the generosity of those who made the collections 
and tested knockdown. C Staetz and D. Pltts 
FMC Corporation; J. Graves, Lousana State Uni- 
versity: B Piapp, Texas A&M University: and T 
Vslatson and T Teilez, University of Arizona. The 
advice of B Balard, A Berry, R. Feyeresen, R. C.  
Lewontin, B. Tabashnik, and anonymous reviewers 
and the assistance of K. Vick, S Messmer. J. Ti- 
son, and G .  Sworn' are gratefully ackriowedged 
Th~s  work was funded by compet~tive grant 
9301 875 from the U S. Department of Agrcuture 
Cooperatve State Researcn Service 

13 July 1995: accepted 5 October 1995 

SCIENCE VOL 270 I DECEIfBER 1995 




