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Abstract. Evidence from a variety of sources indicates Introduction

that selection has influenced synonymous codon usage in

Drosophila. It has generally been difficult, however, to

distinguish selection that acted in the distant past from>€everal studies have suggested that synonymous codon
ongoing selection. However, under a neutral modelusage inDrosophila reflects, in part, the influence of
p0|ym0rphisms usua”y reflect more recent mutationsnatural selection. Shields et al. (1988) first presented
than fixed differences between species and may, thereevidence for this, perhaps most notably that the dis-
fore, be useful for inferring recent selection. If the an- proportionally used codons end in either C or G, though
cestral state is preferred, selection should shift the frethe apparent mutational bias iD. melanogasteris
quency distribution of derived states/site toward lowertoward A and T. Divergence betweéh melanogaster
values; if the ancestral is unpreferred, selection should@nd D. pseudoobscurat synonymous sites was found
increase the number of derived states/site. Polymorto correlate negatively with codon bias (Shields et al.
phisms were classified as ancestrally preferred or unprel988; Sharp and Li 1989; Moriyama and Gojobori 1992),
ferred for several genes @f. simulansandD. melano- as would be expected if most silent mutations produced
gaster. A computer simulation of coalescence wasan unpreferred codon. Various population genetics
emp|0yed to derive the expected frequency distributionéﬂOde'S predict that natural selection will be less effec-
of derived states/site under various modifications of thetive in regions of low recombination (Hill and Robert-
Wright—Fisher neutral model, and distributions of testSon 1966; Felsenstein 1974; Charlesworth et al. 1993),
statistics { and Mann—WhitneyJ) were derived by ap- and codon bias is significantly lower in regions
propriate sampling. One-tailed tests were applied tdPresumed to have little or no recombinationDnmela-
transformed frequency data to assess whether the twidogaster (Kliman and Hey 1993a). Akashi (1995)
frequency distributions deviated from neutral expecta-has found patterns of synonymous substitutiorDio-
tions in the direction predicted by selection on codonSOph”a consistent with directional selection on codon
usage. Several genes frdn simulansappear to be sub- usage.

ject to recent selection on synonymous codons, including In several unicellular organisms, codon bias is clearly

one gene with low codon biassterase-6Selection may ~correlated with level of gene expression [e.Bsch-
also be acting irD. melanogaster. erichia coli (Gouy and Gauthier 19828accharomyces

cerevisiagBennetzen and Hall 1982), amdctyostelium
Key words:  Codon bias —Drosophila— Natural se- ~ discoideum(Sharp and Devine 1989)]. Defining “high
lection — Esterase-6 expression” in a multicellular organism is difficult,
though anecdotal evidence suggests that codon bias cor-
relates with expression levels of paralogous members of
* Present addressDepartment of Biology, Kean University, 1000 Mor- m_UItlgene fam'“es (Shlglds et al. 198.8)‘ CO‘?‘O”, bias
ris Ave., Union, NJ 07083, USA might also, or instead, arise from selection on fidelity of
e-mail: rkliman@turbo.kean.edu translation (Akashi 1994).
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Little of the evidence that supports a selective basis tdo apply a test comparing frequency distributions of two
codon bias irD. melanogasteand its close relatives can classes of mutations (synonymous and nonsynonymous),
be used to infer recent selection on this character (but seand Akashi and Schaeffer (1997) first used such an ap-
Akashi and Schaeffer 1997). High codon bias mightproach to compare distributions of ancestrally preferred
mainly reflect past selection, allowing the possibility that and unpreferred synonymous mutations.
selection no longer has much effect. For example, it is In this paper, a parametric test is used to compare
possible that extarb. melanogastearose from an an- observed frequency distributions of synonymous muta-
cestor with a substantially higher effective populationtions to those expected under a Wright-Fisher neutral
size; if selection coefficients for differential codon usagemodel. Evidence is found for recent selection having
are sufficiently low, it is possible that genetic drift sub- acted on codon usage of individual gene®irsimulans;
sequently overwhelmed the effect of selection (e.g., sehat is, selection on codon usage seems to have influ-
Akashi 1995). On the other hand, if selection is still €nced codon usage subsequent to the most recent com-
acting on synonymous codon usage, selective neutralit{’0n ancestor of the gene copies sampled. However,
may be rejected by appropriate analyses. there is little evidence supporting recent selectioin

When comparing orthologous DNA sequences, it ismeélanogaster.
customary to distinguish fixed differences sampled
among .populati(_)ns aqd polymorphisms sampled Withinl\/laterials and Methods
populations. A fixed difference will be sampled when a
derived character state rises to sufficiently high fre-
quency (if not to fixation) in one population, such that all
orthologous sites in gene copies sampled from one popu-

. - Synonymous polymorphic nucleotide sites were identified in aligned
lation differ from all those Sampled from the other popu- sequences for each of sevebabsophilagenes. The genes were cho-

lation. A polymorphism will be sampled when a newly sen because several gene copies had been sequenced . bogita-
derived character state rises to a frequency high enougipgasterand D. simulans.Only polymorphic sites segregating two
to be sampled, but not so high as to present itself as gharacter states, one associated with a preferred codon and one asso-

fixed difference. Under a neutral model. polvmor hismsciated with an unpreferred codon [based on Akashi’'s (1995) identifi-
’ » POy P cation of preferred codons iDrosophild, were used in the analyses.

are thought to be due, on average, to more recent Mutgme ancestral state for eath melanogastesite was inferred from the
tions, with the expectation that either the ancestral or th@haracter state i. simulans,and vice versa; each site was then
derived state will ultimately be fixed. Thus, analysis of classified as being presumed ancestrally preferred or ancestrally un-
patterns of polymorphism may be used to infer generauy)referred. BecaudB. melanogasteis generally less polymorphic than

t Iuti th Ivsis of fi 5 simulans,and because codon bias limits the potential number of
more recent evolutionary processes than analysis of tixe ncestrally unpreferred polymorphic sites, some ofDhmelanogaster

differences. genes lack ancestrally unpreferred sites and can not be used in the
A number of statistical methods have been devised t@nalyses.

compare observed patterns of DNA sequence polymor— For n h_omplogous sequences, the number of derived s_tates at a
phism to those expected under neutral evolutionary mod?OIVmorph'c. site can range from 1 to- 1. Tables 1 and 2 give the

. . requency distributions of ancestral:derived states for ancestrally pre-
els (Tajima 1989; Hudson et al. 1987; Fu and Li 1993).ferreqd and ancestrally unpreferred polymorphic siteBimelanogas-
The test statistic devised by Tajima (1989) compareserandD. simulansyespectively. The number of gene copies analyzed
average number of pairwise sequence differences amorignged from fourgst-6in D. simulang to 33 Zwin D. melanogastgr
gene copies per site to the value expected under a neutral
model given the number of alleles sampled (WattersorStatistical Tests
1975). If most mutations are deleterious, then purifying
selection should result in fewer average pairwise differ-If selection has not been influencing the frequencies of derived char-

ences per site than expected for the number of genécter states in a population, then one should expect the same frequency
copies sampled. distributions of derived states for sites classified in advance as either

. . . ancestrally preferred or ancestrally unpreferred. Frequency distribu-
A test of neutrality will be more powerful if polymor-  igns of ancestrally preferred and unpreferred character states were
phic sites can be classified, a priori, as ancestrally precompared using a parametric test (thest) and a nonparametric test
ferred or unpreferred_ In other words, the test is morethe Mann-Whitney test). To calculate the numerator of thetatistic
powerful if it is known that selection should either in- (Sokal and Rohlf 198_51, p. 226), the mean for data points from ances-
. trally preferred sites is subtracted from that for ancestrally unpreferred
crease or decrease the frequency of derived CharaCtgﬁes, i.e., the value of is expected to be positive. Thus, statistical
states. If the common ancestor for all sampled gene copsignificance is always based on a one-tailed test.
ies had the preferred character state, then sites in the Because the expected frequency distribution of derived states is not
unpreferred state should be removed by purifying Se|ecnor_mally_ distributed, dat_a points_fdrtests were transformgd as de-
tion. If, on the other hand, the common ancestor had thécnbed in the next section and in Table 3. The test statistic can be

f d stat it howi th f d st tdirectly compared to the Studentlistribution. However, because one
unpreterred state, sités showing € preierred sSta 8f the assumptions of this test is equal variance in the two samples, it

should be found in a frequency greater than expec_te@ useful to comparé, as well asu, to the distributions of these test
under a neutral model. Sawyer et al. (1987) were the firsstatistics derived from simulated data sets; the simulated data sets, of

Data Used in Analyses



345

Table 1. Synonymous polymorphic sites . melanogastér

Ratio of Ancestrally Ancestrally
ancestral:derived preferred unpreferred
Locus Source of data states sites sites
Adh Laurie et al. (1991) 10:1 2 0
9:2 3 1
8:3 1 0
6:5 2 0
5:6 3 0
4.7 0 1
2:9 0 1
Zw Eanes et al. (1993) 32:1 6 0
31:2 2 0
30:3 0 1
28:5 1 0
26:7 2 0
22:11 1 0
21:12 2 0
15:18 1 0
12:21 0 1
10:23 1 0
5:28 1 0
1:32 0 1
est-6 Cooke & Oakeshott (1989) 12:1 9 2
11:2 2 0
10:3 1 1
9:4 0 1
7:6 1 0
6:7 1 0
5:8 1 0
4:9 2 0
3:10 2 0
2:11 1 0

2For each gene, data are provided only for those sites that (i) could be categorized as ancestrally preferred or ancestrally unpreferred on the ba:
of comparison to an outgroup and (ii) were segregating one preferred and one unpreferred character state.

the same size as the actual data set, were constructed by sampling wiktution of derived states under a Wright—Fisher neutral model, assuming
replacement from the expected frequency distribution (see below). Irconstant population size. Let be the number of homologous gene
general P values obtained from the two methods are in close agreementopies from which polymorphisms are identified. A rooted, bifurcating
(see Table 4), though the Monte Carlo approach should be more a@enealogy fom homologous nucleotide positions can be described by
curate. n-1 coalescent events (i.e lineages descending @1 ancestral lin-

An alternative to estimating statistical significance involves using aeagesn-1 lineages then descendingne? lineages, . ., 2 remaining
bootstrapping approach. Data from ancesetrally preferred and unprefineages descending to a single ancestor). Under a Wright—Fisher neu-
fered sites were pooled to give the probability of obtaining each pos-ral model with a constant population sike(of gene copies), iN is
sible number of derived states; for example, the probability of observ-substantially larger tham, the probability that no two gene copies share
ing two derived states at a site Adhin D. melanogastewould be (3 a common ancestor in the previous generation is very yidatl [n(n
+ 1)/14 (see Table 1). Simulated data sets, of the same size as the actuall)/2N] (Hudson 1983). The topology of the rooted genealogy is
data set, were produced by sampling with replacement using this probindependent of the timing of coalescent events.
ability distribution. Thet, statistics for the actual data and simulated For any number of sequences, the probability of a site havihg
data were calculated following data transformation, and statistical sig-derived states (where can range from 1 tm-1) under a constarit
nificance fort tests andJ tests were estimated as described above. Wright—Fisher model is given by

It should be noted that, by sampling with replacement to produce all
simulated data sets, tests using a Monte Carlo approach implicitly
assume independent assortment of polymorphic sites. The tests are 1

P(d)=|d Zl T
i=

automatically conservative to tests that assume linkage, as linkage @
would lead to covariance between the number of derived states per site

of ancestrally preferred and that of unpreferred sites without changing

the mean. [see Eq. 22 of Fu (1995)], as long as mutations are Poisson-distributed
and appear at a rate proportional to the total branch length of the
genealogy.

Alternatively, if it assumed that every polymorphic site is produced
by a single forward mutation and no back mutation, then the expected
frequency distribution of new mutations can be derived by simulation.
The statistical tests described here (other than those using a bootrapVhen simulating coalescence, the frequency of the derived state de-
ping approach) takes into consideration the expected frequency distripends on the location of the mutation on the genealogy for the nucleo-

Expected Frequency Distribution of Derived Character
States Under a Neutral Model
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Table 2. Synonymous polymorphic sites . simulan§

Ratio of

ancestral: Ancestrally Ancestrally

derived preferred unpreferred
Locus Source of data states sites sites

per Kliman & Hey (1993b) 5:1 18 1
4:2
33
2:4
15
Adh McDonald & Kreitman (1991) 5:1 6 0
4:2
33
Pgi McDonald & Kreitmar? 5:1
2:4
Zw Eanes et al. (1993) 11:1 1 0
10:2
8:4
75
6:6
4:8
boss Ayala & Hartl (1993) 4:1
3:2
2:3
1:4
est-6 Karotam et al. (1995) 31
2:2
1:3
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2See Table 1, footnote a, for details.
b UnpublishedPgi sequences can be found in GenBank (accession numbers L27547-127552).

Table 3. Example of data transformatidn considering the values &%(d) for n gene copies under a given model.

Hastings (1955, p. 192) provides a formula that estimates quite well the
-1 Transformedd area under the normal distributioR(x), covered by the range=-to X,

d° P(d)° ;l P(i) P(x) [x from Eq. (2)] wherex is measured in units of standard deviation from the mean:

1 0.4379562 0.0000000 0.2189781 -0.7754292
2 0.2189781 0.4379562 0.5474453 0.1189394 Co +Cia+C,a°
3 0.1459854 0.6569343 0.7299270 0.6122469 X= m -a @
1 2 3
4 0.1094891 0.8029197 0.8576643 1.0699090
5 0.0875912 0.9124088 0.9562044 1.7086217
where

2The transformation for analyses involving six gene copies is shown.
b The variabled represents the number of derived states.
¢ P(d) is the expected frequency dfbased on Eq. (1). a= i

V P(x)

tide site. Each random genealogy is constructed by first establishing the
times (in units of N generations) separating successive coalescent
events (Hudson 1990). Pairs of lineages are randomly chosen at each
coalescent event to establish the branching pattern (i.e., topology) of d, =1.432788, d,=0.189269, d;=0.001308

the genealogy. Once the genealogy is constructed, a mutation is ran-

domly placed onto it, the probability of it appearing on a particular S ) ) )
branch being proportional to its length. In all of the analyses describedHere the normal distribution is divided vertically intel sections
107 iterations of the simulation were performed to estimate the ex-€duivalentin size t&(d), the expected frequency df The transformed

C,=2.515517, ¢,=0.802853, c¢,=0.010328

pected frequency distribution of derived states. value ofd, f(d), is calculated from Eq. (2) bf(d) = x, where
. o P(d)
Data Transformation PO = >, P(i) -

i=1

From Eg. (1), it should be clear that the different numbers of derived

states at a site are not equally likely; the probability decreaseégass An example of this transformation for six gene copies is given in Table
from 1 ton-1. The same is true when no back mutation is assumed. Td. For values ofP(x) greater than 0.5, the value ofFx) is used in
perform at test on the distributions af, values ofd are normalized by  place ofP(x) and the resulting value is multiplied by -1.



347

Table 4. Proportion of test statistic values exceeding critical values

4 df 20 df

Simulated 3 Simulated 4 Simulated 11 Simulated 20

anecestrally anecestrally ancestrally ancestrally

preferred: preferred: preferred: preferred:
Critical t 3 ancestrally 2 ancestrally Critical t 11 ancestrally 2 ancestrally
value distribution unpreferred unpreferred value distribution unpreferred unpreferred
7.173 0.001 0.0042 0.0089 3.552 0.001 0.0013 0.0022
3.747 0.01 0.0149 0.0199 2.528 0.01 0.0106 0.0163
2.132 0.05 0.0401 0.0562 1.725 0.05 0.0501 0.0635
1.533 0.1 0.1023 0.1199 1.325 0.1 0.0992 0.1126
0.941 0.2 0.2127 0.1989 0.860 0.2 0.1989 0.2019
0.000 0.5 0.5341 0.5014 0.000 0.5 0.5026 0.4740

2For unequal sample sizes, the simulated distribution is based on the larger sample having the larger mean. At higher (i.e., more significant) critica
values, the percentage exceeding the critical value is lower when the larger sample has the smaller mean.

Results mutation and tests using the bootstrapping approach); the
least significant combined test used theests for simu-

The results of tests are given in Table 5. The analysegated data sets based on Eq. ({j & 36.862, 12 dfp

> 4 i
indicate that selection has influenced codon usage in the 2:36 x 107). Thus, theD. simulansdata, overall,

relatively recent past, especiallydh simulansThe one- Indicate strong departure from the neutral model em-

tailed significance values were below 0.05 in four of six plo%fﬁd't data set ous| iled by Akashi and
D. simulanggenes ffer, Adh, est-6andZw) regardless of € Iwo data SELs previously compiied by Akashi an

the test statistic used or method of estimating statistica?Chae]cfer (1997) were also analyzed, and results of the

significance. The one-tailed tests based on expected fréd-esttS ar:e g}]l;/_en in Table 5 (?ne of terlglse_ IS Ia cgmposne
quency distributions were significant for th@v locus, ata set ot five gene copies for severalsimulansioc

but not for the other two loci, iD. melanogasterthe (111 polymorphic sites in .aII-). C.onsistent. with their
Mann—Whitney U test [as employed by Akashi and analyses, the null hypo.theS|s |s.rejected usingt theest,
Schaeffer (1997)] was not significant for. melanogas- regardless of thg sampling algorithm. The second data set
ter Zw. There is little effect, in general, of changing the used by Akashi and Schaeffer was composed of poly-

assumption regarding back mutation on significance Olmorphlc dsnes from 939 colples ofr:'bped htand_AdrlllrIo: Of.
the t tests. In some cases, statistical significance Wa?' pseudoobscurg93 polymorphic sites in all). Again,

greater using the bootstrapping approach (particularly fo het test is consistent with their findings, as the neutral

theU tests); however, the findings were not qualitatively ypothesis is r_eje_c_ted by tistest. _For both data sets,
different. however, the significant Mann—Whitnéy tests reported

It is possible that a significant test for any of these by A](ashl and Schagffer may be .m|s|ead|ng. Wherihe :
genes (i.e., a test that gives< 0.05) is spurious, espe- distribution was derived using simulated data sets, nei-
cially given the fact that multiple tests were performed.ther test wlas sllgn_|ff.|cantt a_:_trﬁ< 050: Iev;létgough they
The probability that one or more of nine tests would pe'VEre nearly signitican ( anles an ): owever,
significant, by chance alone, is 0.299. There is a 0.063Ihe U tests on both cpmposne data sets were significant
chance of performing two or more spuriously significant when the bootstrapping approach was used (Table 5C).

tests. However, while only the test @ simulans Adh

can be declared significant after correction using the se- .

quential Bonferroni method (Rice 1989), it is reasonableDiscussion

to suggest that at least three of the tests are nonspuriously

significant. The analyses reported here are consistent with a history
Applying Fisher’s test for combining probabilities of of natural selection on synonymous codon usage of mul-

independent tests (Sokal and Rohlf 1981, p. 780), théiple genes inD. simulans.There is also evidence for

data fromD. simulansstrongly reject the Wright—Fisher possible selection on codon usageZatin D. melano-

neutral model. Applying the test to one-tailed probabili- gaster.At polymorphic sites segregating a preferred and

ties from simulation tests using the expected frequencyn unpreferred codon, the average frequency of the de-

distribution based on Eq. (1}* = 43.289 (12 dfP = rived preferred codons is greater than that for derived

2.0 x 10°). Highly significant results were also obtained unpreferred codons. Because polymorphisms represent

using the probabilities based on the alternative tests (e.gmutations that have occurred since the time of the most

tests using frequency distributions in the absence of backecent common ancestor of gene copies sampled, the
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Table 5. Results of one-tailed tests

Mann-WhitneyU test t test
P P P P

Locus Species df (U distribution) (simulation) t (t distribution) (simulation)

A
per D. simulans 29 0.0132 0.0175 2.8144 0.0044 0.0069
Adh D. simulans 7 0.0072 0.0095 5.0210 0.0008 0.0030
pgi D. simulans 6 0.0984 0.2463 1.3693 0.1100 0.1132
est-6 D. simulans 32 0.0205 0.0233 2.0560 0.0240 0.0228
Zw D. simulans 7 0.0236 0.0221 2.3842 0.0243 0.0271
bos D. simulans 24 0.0992 0.4695 0.5838 0.2824 0.2773
Adh D. melanogaster 12 0.0769 0.0838 14311 0.0890 0.0941
est-6 D. melanogaster 22 0.7705 0.7764 —-0.7346 0.7352 0.7586
Zw D. melanogaster 18 0.0597 0.0671 1.9302 0.0348 0.0397
— D. pseudoobscufa 91 0.0429 0.0540 1.7373 0.0432 0.0438
— D. simulan® 109 0.0436 0.0540 2.0076 0.0236 0.0256

B
per D. simulans 29 0.0132 0.0160 2.7926 0.0005 0.0076
Adh D. simulans 7 0.0072 0.0092 4.9802 0.0008 0.0037
pgi D. simulans 6 0.0984 0.2447 1.3693 0.1110 0.1160
est-6 D. simulans 32 0.0205 0.0217 2.0639 0.0236 0.0224
Zw D. simulans 7 0.0236 0.0215 2.3749 0.0246 0.0274
bos D. simulans 24 0.0992 0.4690 0.5611 0.2900 0.2858
Adh D. melanogaster 12 0.0769 0.0830 1.4178 0.0909 0.0963
Est-6 D. melanogaster 22 0.7705 0.7756 -0.7260 0.7378 0.7554
Zw D. melanogaster 18 0.0597 0.0667 1.9172 0.0356 0.0408
— D. pseudoobscufa 91 0.0429 0.0540 1.7482 0.0419 0.0429
— D. simulang 109 0.0436 0.0520 1.9938 0.0244 0.0267

C
per D. simulans 29 0.0132 0.0087 2.7425 0.0052 0.0106
Adh D. simulans 7 0.0072 0.0062 5.2637 0.0006 0.0099
pgi D. simulans 6 0.0984 0.1332 1.3693 0.1100 0.1700
est-6 D. simulans 32 0.0205 0.0194 2.0831 0.0227 0.0211
Zw D. simulans 7 0.0236 0.0225 2.5368 0.0194 0.0210
bos D. simulans 24 0.0992 0.4673 0.4772 0.3188 0.3107
Adh D. melanogaster 12 0.0769 0.0843 1.8156 0.0472 0.0489
est-6 D. melanogaster 22 0.7705 0.7694 -0.6895 0.7511 0.7409
Zw D. melanogaster 18 0.0597 0.0658 1.8934 0.0372 0.0426
— D. pseudoobscufa 91 0.0429 0.0428 1.7368 0.0429 0.0454
— D. simulang 109 0.0436 0.0430 1.9727 0.0255 0.0289

2 A Expected frequency distribution from Eq. (B) Expected frequency distribution derived from 10,000,000 simulations of coalescence assuming
no opportunity for back mutatiol© Expected frequency distribution based on observed frequency distribution after combining ancestrally preferred
and unpreferred sites (i.e., bootstrapping).

b Combined data for multiple genes (Akashi and Schaeffer 1997).

results indicate (on an evolutionary time scale) fairlytion inferred from overall codon usage bias. Second, as
recent selection. One should not conclude that selectioAkashi (1999) has shown, the power of various tests,
is only recent (i.e., that selection was not in effect beforeincluding the Mann-Whitney test, to detect selection
the time of the common ancestor). The tests provide nancreases as preferred codon usage increases (i.e., until
information regarding the influence of selection prior to about 90% major codon usage is reache&djh shows
the time of the common ancestor of gene copies sampledhigh codon bias in th®. melanogastespecies complex,
There are two main reasons that one might expect thaand theZw and per loci show moderately high codon
those genes with high codon bias (i.e., with high usage obias. Howevergst-6,for which theD. simulanstest is
preferred codons) would be those for which the statisticakignificant, is one of the least biased genes (Kliman and
tests would reject the neutral model. First, one mightHey 1993a). Of the genes analyzed, it is the only one
assume that recent selection on codon usage, inferradith more ancestrally unpreferred sites than ancestrally
from these statistical analyses, might mirror past selecpreferred sites. In fact, because of its lower usage of
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preferred codons, the power to detect selectioesti6 In general, while rejection of the neutral model is
might, from Akashi’'s (1999) analyses, be lower than thatconsistent with selection, alternative neutral models
for the other genes analyzed. might conceivably explain some of the findings pre-

It is possible, of course, that the test eat-6in D.  sented here. In particular, changing population size will
simulansis spuriously significant. In general, though, affect the expected frequency distributions of derived
there does seem to be more evidence for selection ostates and, by extension, the distribution of the test sta
codon usage irD. simulansthan in D. melanogaster. tistics employed. In a population of gene copies of con-
One possibility is that selection for preferred codon us-stant sizeN, the most recent common ancestor for all
age has become strongerlin simulanssince its diver-  extant copies of a given site is expected to be found
gence fromD. melanogasterThe est-6gene product is, approximately ® generations into the past. For
in fact, found at higher levels iD. simulanshomog- sampled copies, this value will generally be less than,
enates at certain stages of the life cycle (Karotam andhough still close to, B (Kliman and Hey 1993b). If the
Oakeshott 1992). However, this may not reflect an in-history of a population is such that it has relatively re-
crease in expression . simulans;it could also reflect  cently expanded to sizd, the common ancestor is ex-

a decrease iD. melanogasterAlternatively, if selection  pected to have existed more recently. This is because the
failed to produce codon bias iest-6 before the diver- lengths of the deepest branches in the genealogy of the
gence ofD. simulansandD. melanogasterit might sug-  sampled gene copies will be shortened relative to the
gest thatN, for this locus was previously low and has lengths expected in a population of constant size, since
since increased, at leastIh simulanslt is improbable coalescent times will decrease sdecreases. Genetic
that ancestraN, was low for all loci (i.e., for the popu- hitchhiking will produce a similar effect on the geneal-
lation in general), since this would be expected to dimin-ogy of sites closely linked to the target of strong, positive
ish codon bias across the genome. Thus, if selection hagelection. For a derived state to be common, it needs to
been influencing codon usage ést-6,another explana- result from a mutation on an internal branch of the ge-
tion for its low usage of preferred codons is required. nealogy, and any change in genealogical patterns that

The effectiveness of selection on codon usagesté6 ~ decreases internal branch length relative to external
in the more distant past may have been reduced by bBranch length will decrease the frequency of derived
temporary decrease in recombination in the vicinity ofstates.
this gene. As predicted by various population genetic In contrast, derived states will generally be more com-
models, codon bias is significantly lower in regions of mon if the population size was greater in the relevant
the D. melanogastegenome characterized by very low past, such that deeper branches of the genealogy are dis-
or zero recombination (Kliman and Hey 1993a). In thatproportionately long. While there is no reason to assume
analysis of 38. melanogasteloci, the average value that such a population model is applicableDo simu-
of the Codon Adaptation Index [CAIl (Sharp and Li lans,such a population history has been suggeste®for
1986)] was 0.439 for genes outside suspected regions ahelanogaste(Akashi 1995). Long branches deep in the
low recombination (i.e., the tip of the X chromosome, genealogy are also associated with population subdivi-
centromeres, telomeres, and chromosome 4). All of thesion and with balancing selection maintaining a poly-
genes in the vicinity ofest-6 (polytene map position morphism.
69A) have values of CAIl below this mean, indicating At this time, there is no reason to suspect a recent
lower usage of preferred codons. With the exception ofincrease (gradual or sudden) in the effective population
arf (CAl = 0.470), all genes located between polytenesize of eitherD. simulansor D. melanogasterRegard-
map positions 68C and 73D have values of CAIl belowless, if there has increaselhover time, then a test based
that mean. While this is an a posteriori analysis, it mighton the assumption of constaNtshould be conservative;
be noteworthy that the average CAI for genes in thisbecause deep branches are shortened, the mean and vari-
interval is 0.3351¢ = 16), lower than the average value ance of derived states per site should decrease. This was
for genes in the presumed hitchhiking regions (0.354)confirmed for the case adst-6by modifying the simu-
though not as low as the value for genes in hitchhikinglation to include a severe bottleneck ON®.5N, N, and
regions after excluding genes near autosomal telomere2N generations in the past, whexés the population size
(0.258) (Kliman and Hey 1993a). of gene copies. When simulating the timing to successive

It would be interesting to see if tests reject neutrality coalescent events, the time to subsequent coalescent
atD. simulanggenes close test-6,and subsequent stud- events was set to zero generations once the bottleneck
ies on polymorphism in this species ought to includeperiod was reached. Rows 2-5 in Table 6 give the ex-
such loci. With such analyses, it may be possible topected frequency distributions of derived states for
assess whether or not the significant tesesit6is in-  simulated coalescence of four gene copies, incorporating
dicative of a relatively recent change in the effectivenessevere bottlenecks at 0I850.5N, 1.0N, and 2N genera-
of weak selection on this region of th& simulansge- tionsin the past. The last two columns in Table 6 give the
nome. P values fort tests andU tests, using the simulation
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Table 6. Expected frequency distributions of derived states with lanogaster Zwand the small effect on statistical signifi-
changing population siZe cance of a 10-fold larger past population size, the sig-
nificance of this test should not be simply dismissed as

Change in One-tailedP® .
population __  an artifact.
size Pd=1) Pd=2) Pd=3) ttest U test Finally, the analyses described here bring attention to

Nochangé  0.575657 0261477 0.162866 0.0224 0.0217 a more general problem associated with tests of neutral-

Ancestor small i.ty. Rejection of 'nl.,l|| hypotheses is inferred from the
0.2 0.828359 0.144713 0.026928 0.0132 0.0036 likelihood of obtaining a particular value or greater of a
0.5N 0.730025 0.203173 0.066802 0.0179 0.0104 test statistic deemed suitable for the analysis. Akashi and
N 0.636102 0.243233  0.120665 0.0204 0.0178 gchaeffer (1997) used the Mann—Whitrigyest to com-
2N 0.586349 0.258774 0.154877 0.0224 0.0211 f distributi ¢ derived preferred and

Ancestor large pare frequency distributions of derived preferred and un-
0.25N 0.483322 0.304136 0.212542 0.0240 0.0260 preferred codons in composite data setsDosimulans
0.5N 0.470077 0.301664 0.228259 0.0240 0.0265 andD. pseudoobscuran both cases, standard applica-
IN 0.505480 0.283062 0.211458 0.0236 0.0252 tjgn of theU test indicated significant departure from the
2N 0.555728 0.266928 0.177345 0.0226

0.0228 expectation of the null hypothesis. However, the findings
2 Al simulations of coalescence were performed tines. Simula-  Presented here indicate that the null distributions otthe
tions did not permit back mutation. andt statistics are affected by changing the basic popu-
" Tests were performed db. simulans est-@lata. lation genetic model employed. For that matter, the use
“P values for “no change” are taken from Table 58. of anymodel has an effect. By employing the commonly

. . ... .. used constant Wright—Fisher model to derive the ex-
method, based on the revised frequency distributions 9

. . ) fr n istribution n mpling from thi
The more recent bottlenecks are associated with ConS'd;ies,i:;at)?Jtioenqtjoeccc))rgs(tjrizzt%lgtg sse,ts{jl fririawh?chgzo ;erivte Z
erably lowerP values for both the test and theJ test,

and allP values are below those shown in Table 5b forgl;llrlligr ;jelzturlltbsu;tlsolrgszhe statistical significance of their
this data set. Thus, the significance of #&-6findings :

is not an artifact of there being a smaller ancestral popu-, As shown earlier foest-6in D. simulans the statis-
lation. tical significance of theU test (and thet test) is also

If the population size was greater in the past, then théaffectzdfbyg\ﬂanﬁ_lng EO‘S)ULa“Of? s,lze.l'gl'gg te'_sts \I/vere re-
ttest assuming a constadtends to be somewhat liberal. peated for Akashi and Schaeffer's ( ) simulans

This is also expected, since the mean and variance of tHe?MPosite data set, after deriving expected frequency

number of derived states per site will increase as deepéfiStributions of derived states when the population is
branches in the genealogy are lengthened. The simula-0-fold larger in the past. Whil® = 0.0520 with the
tion of coalescence was modified such that the populaMonte Carlo approach using a constahtmodel (see
tion size was increased 10-fold 0X250.5N, N, and N Table 5B),P > 0.057 when the expected frequency dis-
generations in the past, and frequency distributions adribution was derived assuming a population size 10-fold
sociated with each of these models are given in the lad@rger 0.2, 0.5\ and IN generations back, arld =
four rows in Table 6. The results of tests based on thes8-0536 when the increase waldl generations back. Sta-
revised frequency distributions are shown fr simu- tistical significance was actually slightly greater, relative
lans est-6as before, in the last two columns in Table 6. to that from the test based on a constidmodel, for the
P values were slightly elevated when the change in poput tests under the same conditions.
lation size occurs 0.28, 0.5N, or N generations back. ~ As an alternative, a boostrapping approach was used.
However, the effect is minimal. It might be noted that theIn effect, the method assumes an implicit model that
effect was greater on thg test than on thé test. How-  perfectly explains the frequency distribution obtained by
ever, there is no evidence that an ancestrally larger popusombining ancestrally preferred and unpreferred sites.
lation could explain the significant departure from neu- This removes certain confounding influences, such as
tral expectations agst-6in D. simulans. changing population size, that would drive both fre-
Still, for cases of borderline statistical significance, quency distributions away from that expected by a given
one needs to consider the possibility that the currenheutral model. For example, if the population is growing,
population size is less than the past population size. Akawe expect both frequency distributions to shift toward
shi (1995) has suggested that apparent loss of selectidewer derived states; if simulated data sets used to pro-
on codon usage iD. melanogastesupports a model of duce a test statistic distribution are sampled from the
decreased effective population size of this species sinceonstantN frequency distributionP values might be
its divergence fronD. simulans.The nearly significant misleading. However, even if one finds a neutral model
test onD. melanogaster Adineeds to be considered in for which the expected mean number of derived states
light of evidence for balancing selection acting at thisper site equals that of the combined observed data, one
locus (Hudson et al. 1987; Kreitman and Hudson 1991)can still be criticized for using a model that does not give
However, given the lowP value for the test olD. me-  the samedistribution. On the other hand, it is hard to
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rationalize a model that predicts only polymorphic sitesFelsenstein J (1974) The evolutionary advantage of recombination.
of the 5:1 and 2:4 type and none of the 4:2 and 3:3 type  Genetics 78:737-756

. .. . . Fu Y-X (1995) Statistical properties of segregating sites. Theor Popul
(as seen withpgi in D. simulans;see Table 2). Thus, Biol 48172197

while bootstrapping may have certain advantages, it igy v-x, Li w-H (1993) Statistical tests of neutrality of mutations.
not the ultimate solution to the problem of choosing an  Genetics 133:693-709
appropriate neutral model. Gouy M, Gauthier C (1982) Codon usage in bacteria: correlation with

As a general rule, tests of selective neutrality based on 9ene expressivity. Nucleic Acids Res 10:7055-7074

; L . . . Hastin rd Approximations for digital computers. Princeton
comparison of frequency distributions, while clearly in- HaStings C Jr (1955) Approximations for digital computers. Princeto
University Press, Princeton, NJ

fO_rmatiVG‘_, should be _Used with appropriqte caution. Ceryjj wa, Robertson A (1966) The effect of linkage on limits to arti-
tainly, blind comparison of test statistics to standard ficial selection. Genet Res 8:269—294

probability tables is riskyP values from Monte Carlo Hudson RR (1983) Testing the constant-rate neutral allele model with
approaches are probably more accurate. Nevertheless, Protein sequence data. Evolution 37:203-217

. PRI Hudson RR (1990) Gene genealogies and the coalescent process. In:
comparison of frequency distributions of ancestrally pre Futuyma D, Antonovics J (eds) Oxford surveys in evolutionary

ferred a_nd Unprefe_”tEd Synoymous codons, rggardless of piology, Vol 7. Oxford University Press, Oxford, pp 1-44

the choice of specific test statistic or population model,Hudson RR, Kreitman M, Aguddd (1987) A test of neutral molecular
indicates significant departure from neutral expectations evolution based on nucleotide data. Genetics 116:153-159

for genes ofD. simulans.The findings are parsimoni- Karotam K, Oakeshott, JG (1992) Regulatory aspects of esterase 6

. . . . activity variation in siblingDrosophilaspecies. Heredity 71:41-50
ously explained by recent, if not ongoing, selection onKarotam J, Boyce TM, Oakeshott JG (1995) Nucleotide variation at the

codon usage. hypervariable esterase 6 isozyme locusDwbsophila simulans.
Mol Biol Evol 12:113-122
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