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ABSTRACT
The within-chromosome distribution of gametic disequilibrium (GD) between protein loci, and the under-

lying evolutionary factors of this distribution, are still largely unknown. Here, we report a detailed study
of GD between a large number of protein loci (15) spanning 87% of the total length of the third chromosome
of Drosophila melanogaster in a large sample of haplotypes (600) drawn from a single natural population.
We used a sign-based GD estimation method recently developed for multiallelic systems, which considerably
increases both the statistical power and the accuracy of estimation of the intensity of GD. We found that
strong GD between pairs of protein loci was widespread throughout the chromosome. In total, 22% of
both the pairs of alleles and pairs of loci were in significant GD, with mean intensities (as measured by
D� coefficients) of 0.43 and 0.31, respectively. In addition, strong GD often occurs between loci that are far
apart. By way of illustration, 32% of the allele pairs in significant GD occurred within pairs of loci separated
by effective frequencies of recombination (EFRs) of 15–20 cM, the mean D� value being 0.49. These observa-
tions are in sharp contrast with previous studies showing that GD between protein loci is rarely found in
natural populations of outcrossing species, even between very closely linked loci. Interestingly, we found
that most instances of significant interallelic GD (68%) involved functionally related protein loci. Specifi-
cally, GD was markedly more frequent between protein loci related by the functions of hormonal control,
molybdenum control, antioxidant defense system, and reproduction than between loci without known
functional relationship, which is indicative of epistatic selection. Furthermore, long-distance GD between
functionally related loci (mean EFR 9 cM) suggests that epistatic interactions must be very strong along
the chromosome. This evidence is hardly compatible with the neutral theory and has far-reaching implica-
tions for understanding the multilocus architecture of the functional genome. Our findings also suggest
that GD may be a useful tool for discovering networks of functionally interacting proteins.

KNOWLEDGE about gametic disequilibrium (GD), ture of chromosomes are still poorly understood, includ-
the nonrandom association of alleles at different ing (1) frequency and intensity of GD, (2) distribution

loci, remains limited for loci forming part of the func- of GD along chromosomes and its relationship with
tional genome. Nevertheless, knowledge on the amount recombination frequency, and (3) the amount of GD
and distribution of GD among protein loci along chro- among protein loci subject to selection.
mosomes and of the underlying evolutionary factors is Extensive empirical work has been carried out in the
fundamental to unraveling the multilocus architecture past with the aim of assessing the amount of GD between
of the functional genome and its evolutionary dynamics. protein loci in natural populations, particularly in Dro-
The theory of multilocus genetic systems suggests that sophila species. It has been found that there is very little
epistatic (i.e., nonadditive) interactions in fitness are able GD in random-mating populations, even between closely
to generate GD if linkage among loci is tighter than the linked protein loci (Hedrick et al. 1978; Barker 1979;
value required by the magnitude of the epistasis. If this Lewontin 1985; Hartl and Clark 1997; Mitton 1997;
were so, the study of individual loci would have insufficient Powell 1997; Hedrick 2000). This apparent scarcity
dimensionality to explain the empirical observations, of GD suggested that multilocus genetics was of minor
because multilocus systems have additional properties importance for understanding the evolution of protein
over and above those of individual loci (Franklin and variation (Lewontin 1985). Nevertheless, Zapata and
Lewontin 1970; Slatkin 1972; Lewontin 1974). Un- Alvarez (1992) demonstrated that the failure to detect
doubtedly, more information is needed to ascertain the abundant GD between protein loci was in great measure
most appropriate levels of analysis. In this connection, due to the exceedingly low statistical powers resulting
many basic aspects of the functional multilocus architec- from small sample sizes. A metaanalysis of a number of

individual studies of GD in Drosophila species showed
that, despite the lack of significance in most individual
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of loci analyzed were in significant GD, and the average what evolutionary forces are responsible for the ob-
served GD. This is a very difficult question because, be-effective frequency of recombination was 9 cM (Zapata

and Alvarez 1992). sides natural selection, a number of other forces can
generate GD in populations, such as genetic drift or bot-The common practice of using only a few (two to six)

protein loci per chromosome (see Zapata and Alvarez tlenecks (Hill and Robertson 1968; Avery and Hill
1979), stratification or admixture (Nei and Li 1973;1992) does not provide a systematic picture of the

within-chromosome distribution of GD. It is certainly Chakraborty and Weiss 1988), and recent mutations
(Zapata et al. 2001); thus alternative explanations can-paradoxical that the within-chromosome distribution of

GD for first-generation molecular genetic markers or not usually be ruled out. The idea that epistatic inter-
actions are more likely to occur between loci codingprotein loci is to date much less well known than for

last-generation markers. The past few years have wit- for proteins having a functional relationship provides
one of the best ways to relate GD to selection. However,nessed an extraordinary surge of information concern-

ing the distribution of GD between DNA markers over the experimental evidence on the occurrence of GD be-
tween functionally related protein loci is to date scarceextensive regions of human chromosomes. This research

has been based on the analysis of single-nucleotide poly- (Mitton and Koehn 1973; Zouros and Krimbas 1973;
Zouros and Johnson 1976; Fontdevila et al. 1983;morphisms (SNPs; Taillon-Miller et al. 2000; Gold-

stein 2001) and microsatellites (Peterson et al. 1995; Zapata et al. 2000) and sometimes contradictory (Zou-
ros and Krimbas 1973; Loukas et al. 1979).Zapata et al. 2001) and has been fueled by the use-

fulness of GD for locating genes that underlie suscepti- Unraveling the forces generating GD among protein
loci has acquired new relevance with the emerging fieldbility to common diseases. Unfortunately, estimates of

GD from DNA markers such as SNPs and microsatellites widely referred to as “proteomics.” As is well known, a
major challenge over the coming years will be to inter-cannot be used as reliable indicators of background

GD over chromosomes, because of the occurrence of pret the functional significance of the DNA sequences
that are currently being revealed by genome research.marker-dependent GD (Zapata et al. 2001). Each type

of genetic marker is endowed with particular character- The goal of proteomics is not only to catalog the pro-
teins of a given cell, but also to identify their functionsistics that influence its evolutionary dynamics, and thus

reliable information on GD among protein loci can be and interactions, and thus to understand the biology of
the cell (Dove 1999; Williams 1999; Eisenberg et al.obtained only from the study of the loci themselves.

A procedure that has been used almost routinely in 2000; Pandey and Mann 2000). Various methodologi-
cal approaches have been used to identify the functionsGD studies is the pooling of rarer alleles at each locus

into a single class to avoid the statistical problem of small of unknown proteins and their interactions, including
their similarity in structure, sequence, or activity to pre-expected frequencies, thereby reducing multiallelic loci

to diallelic systems. Such a procedure may be criticized viously characterized proteins; their phylogenetic pro-
files; and yeast two-hybrid systems (Eisenberg et al. 2000;for several reasons. First, a considerable amount of infor-

mation of value for elucidating the evolutionary forces Pandey and Mann 2000). In addition, we suggest that
GD analysis may be a useful approach for detecting net-that generate GD could eventually be lost by the pooling

of alleles (Hedrick and Thomson 1986; Klitz and works of functionally interacting proteins, if it is demon-
strated that GD is more likely to occur among loci cod-Thomson 1987; Zapata et al. 2001). Second, GD may be

underestimated because pooling of alleles often reduces ing for functionally related proteins.
In this article we report the amount (frequency andthe statistical power of the statistical tests used (Weir

and Cockerham 1978; Sham and Curtis 1995). Third, intensity) and distribution of overall and interallelic GD
between pairs of 15 protein loci distributed along thethe pooling of alleles prevents proper quantification of

the amount of GD and reliable detection of the possible third chromosome of Drosophila melanogaster. We used
a considerably larger sample size than in previous stud-occurrence of allele-dependent GD patterns (Zapata

et al. 2001). Last, the manner in which the alleles are ies and a sign-based GD estimation method for multi-
allelic loci, thus improving statistical power. Analysispooled can have important and unknown effects on

the inferences drawn, because the allelic combinations of existing information on the functional relationships
probably have different GD levels. However, the theory among the protein loci studied provided a basis for iden-
of estimation of GD for multiallelic systems is nowadays tification of evolutionary factors underlying the distribu-
sufficiently developed to make it both unnecessary and tion of GD along the chromosome and for assessment
undesirable to pool alleles. In addition, the problem of of the potential usefulness of GD analysis in proteomics.
false positives associated with small expectations can be
evaluated by comparing the results from conservative

MATERIALS AND METHODSand nonconservative statistical tests, taking into account
that statistical tests should be used only as tools for the

Sampling and extraction of the third chromosomes: Adult
exploration of the hypotheses that need to be substanti- flies of D. melanogaster were collected over a 3-day period in
ated on the basis of other lines of evidence. October 1998 by net-sweeping over conventional fermented

banana baits placed in a large extension of fruit trees in SantaA long-standing question at the interpretative level is
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recombination (EFRs) between all possible pairs of the 15 loci
were obtained from map distances (http://flybase.bio.india-
na.edu), using Kosambi’s map function (Kosambi 1944) and
assuming no recombination in males of Drosophila (Table 1).
The resulting values ranged from 0.1 cM (Est-C � Go, Me �
Xdh, and Po � Ao-1) to 24 cM (Lsp-1c � Lap-D) and averaged
8.7 � 0.7 cM.

An exhaustive analysis of the available information about
the functional relationships of the loci studied (http://flybase.
bio.indiana.edu) led us to group them under five major func-
tional categories: hormonal control (Hewitt 1974; O’Brien
and MacIntyre 1978; Cox-Foster et al. 1990; Karotam and
Oakeshott 1993; Antoniewski et al. 1995; Farkas and Knopp
1998; Burmester et al. 1999), molybdenum control (Hanly
1980; Warner and Finnerty 1981), antioxidant defense sys-
tem (Hilliker et al. 1992; Humphreys et al. 1996), glucose
metabolism (Cavener 1980; Metzler 2001), and reproduc-
tion (Cavener and MacIntyre 1983; Phillips et al. 1989;
Richmond et al. 1990; Massey et al. 1997). The distribution
of the protein loci according to these categories is shown in
Table 2. It can be seen that all the loci studied, except Aph,
Est-C, and Lap-D, are related by at least one of these functional
categories.

Cytological and electrophoretic analyses: Lines were screened
Figure 1.—Location of the 15 protein loci studied on the for inversions by crossing males derived from each line with

left (3L) and right (3R) arms of the third chromosome of virgin Oregon-R (Or-R) females homozygous for the standard
D. melanogaster. Map distance (in centimorgans) is shown for gene arrangement (Lindsley and Grell 1968). Larval salivary
each locus. glands from the F1 progeny were dissected and squashes were

examined after staining the chromosomes with lactic acetic
orcein. Break points of the inversions were determined byCruz de Rivadulla (A Coruña, northwest Spain). Homozygous
comparison with standard maps (Lefevre 1976).lines for independent third chromosomes were established

The 15 protein loci in the third chromosome were studiedfrom males by standard crosses to TM6B/MKRS balancer stock
using starch gel electrophoresis except Lsp-1c and Lsp-2, which(Lindsley and Zimm 1992). Each wild male was mated to sev-
were analyzed by acrylamide gel electrophoresis. Electropho-eral virgin TM6B/MKRS females. A single F1 male of each cross,
resis and histochemical staining methods were essentially asgenotype III�/TM6B, was backcrossed to the balancer stock.
described previously (Ayala et al. 1972; Loukas et al. 1974;Males and females from these matings, genotypes III�/TM6B,
Loukas and Krimbas 1979, 1980; Cavener 1980; Cypher etwere mated to initiate the homozygous lines (III�/III�), which
al. 1982). Chromosomes in balance with TM6B were assayedwere maintained in mass cultures. Less viable or lethal wild third
for the enzymes described above, using a TM6B/MKRS bal-chromosomes were maintained balanced (no recombination)
ancer stock derived by us from a single TM6B chromosomewith TM6B. A total of 605 lines were eventually obtained and
with known allelic constitution at the 15 protein loci.characterized by karyotype and allozyme analyses.

Genotypes at nine protein loci active in the adult stageA sample of adults was collected in September 1998 for
(To-1, Est-6, Pgm, Est-C, Go, Odh, Me, Po, and Ao-1) were also de-analyzing the genetic structure of the natural population of
termined in the sample of adults collected in September 1998.Santa Cruz de Rivadulla.

Measures of variability and deviations from Hardy-Wein-Selection, denomination, recombination frequencies, and
berg proportions: Unbiased expected heterozygosities at sin-functional relationships of the protein loci studied: To charac-
gle loci were calculated as h � N(1 � �k

i�1p 2
i )/N � 1, whereterize GD we considered all previously described protein loci

p i is the relative frequency of the allele i in a sample of Non the third chromosome, with only two basic requirements.
haplotypes (Nei 1987). The genetic structure of the naturalFirst, the map positions of the loci were known; second, the
population was examined by analysis of deviations of observedprotein loci were polymorphic according to previous screen-
genotype frequencies from those expected under Hardy-Wein-ings of variability in the natural population of Santa Cruz de
berg. Estimates of departures from Hardy-Weinberg propor-Rivadulla. Fifteen protein loci distributed along the left and
tions at each locus, in terms of homozygote excess, along withright arms of the third chromosome eventually satisfied those
their standard errors, were obtained with the f -statistic. Teststwo requirements (Figure 1). The following 15 protein loci
of significance for f � 0 were performed using the square ofin the third chromosome, ordered from left-arm telomere
the ratio of the estimate to its standard error for f � 0, whichto right-arm telomere, were studied: larval serum protein 1
approximates a chi-square (�2) distribution with 1 d.f. (Curie-(Lsp-1c), isocitrate dehydrogenase (E.C. 1.1.1.42; Idh), tetrazo-
Cohen 1982; Robertson and Hill 1984).lium oxidase-1 (E.C. 1.15.1.1; To-1), esterase-6 (E.C. 3.1.1.1;

Estimation of gametic disequilibrium: Inversion-carryingEst-6), larval serum protein 2 (Lsp-2), phosphoglucomutase
chromosomes and singletons were excluded from the analysis(E.C. 5.4.2.2; Pgm), alkaline phosphatase (E.C. 3.1.3.1; Aph),
of GD, and so the number of haplotypes across pairs of lociesterase-C (E.C. 3.1.1.1; Est-C), glucose oxidase (E.C. 1.1.99.10;
ranged from 557 to 600. We used a sign-based GD estimationGo), octanol dehydrogenase (E.C. 1.2.1.1; Odh), malic enzyme
method recently proposed for multiallelic systems (Zapata et(E.C. 1.1.1.40; Me), xanthine dehydrogenase (E.C. 1.1.1.204;
al. 2001). Briefly, let p i and qj be the relative frequencies ofXdh), pyridoxal oxidase (E.C. 1.2.3.8; Po), aldehyde oxidase-1
alleles A i (i � 1, . . . , k) and Bj ( j � 1, . . . , l) at the loci A(E.C. 1.2.1.3; Ao-1), and leucine aminopeptidase-D (E.C.
and B, respectively, and X ij be the relative frequency of the3.4.11.1; Lap-D) (http://flybase.bio.indiana.edu).
haplotype A i Bj in N haplotypes sampled from a population.The 15 loci studied span �87% (96.9 cM, from 1.4 to
The array of possible two-locus haplotypes can be ordered in98.3 cM) of the total length (110.9 cM) of the third chromo-

some (Lindsley and Zimm 1992). Effective frequencies of a k � l contingency table and subsequently partitioned into
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TABLE 1

Effective frequencies of recombination (in centimorgans) between the pairs of protein loci studied

Lsp-1c Idh To-1 Est-6 Lsp-2 Pgm Aph Est-C Go Odh Me Xdh Po Ao-1 Lap-D

Lsp-1c —
Idh 11.8 —
To-1 13.8 2.7 —
Est-6 14.9 4.3 1.7 —
Lsp-2 15.3 4.9 2.2 0.5 —
Pgm 17.1 7.9 5.4 3.7 3.2 —
Aph 18.1 9.6 7.2 5.6 5.1 1.9 —
Est-C 18.2 9.7 7.4 5.8 5.3 2.1 0.2 —
Go 18.3 9.9 7.5 5.9 5.4 2.3 0.3 0.1 —
Odh 18.6 10.4 8.0 6.5 6.0 2.9 0.9 0.7 0.6 —
Me 19.1 11.4 9.2 7.7 7.2 4.1 2.2 2.0 1.9 1.3 —
Xdh 19.2 11.5 9.3 7.8 7.3 4.3 2.3 2.1 2.0 1.4 0.1 —
Po 20.1 13.4 11.4 10.0 9.5 6.7 4.8 4.6 4.5 3.9 2.7 2.5 —
Ao-1 20.1 13.5 11.4 10.0 9.6 6.7 4.9 4.7 4.5 4.0 2.7 2.6 0.1 —
Lap-D 24.0 22.3 21.6 21.2 21.0 20.0 19.2 19.2 19.1 18.8 18.3 18.2 16.9 16.9 —

k � l separate 2 � 2 contingency tables, the frequency in each alleles (D ij � 0) vs. the alternative hypothesis (D ij � 0) was
tested by the one-sided �2

ij (�) � ND 2
ij (�)/pi (1 � pi)qj (1 �cell being X ij , p i � X ij , qj � X ij , and 1 � p i � qj � X ij . We

then considered the haplotype classes in coupling to be those qj ) test, which approximates a �2 distribution with 1 d.f. The
intensity of positive overall GD was measured as D �(�) �involving the most or the least frequent alleles, and only in-

stances of interallelic GD with a positive sign were included �i� j p i qj (�) D �ij (�)/�i�j pi qj (�). The range of D � (�) varies
from 0 to a maximum value close to or equal to 1.0 (Zapatain the analyses. This strategy increases both statistical power

and the accuracy of estimation of the intensity of GD between 2000; Zapata et al. 2001). The null hypothesis of overall gametic
equilibrium was tested by individual one-sided �2

ij (�) testspairs of alleles.
The intensity of GD between pairs of alleles at the two loci with Bonferroni correction. Estimation of sign-based GD for

the simple case of pairs of loci with two alleles each was carriedwas measured by D�ij (�) � Dij (�)/Dmax, where Dij (�) � Xij �
piqj (�) and Dmax � min[pi (1 � qj), (1 � pi)qj], and p i qj (�) out as described by Zapata and Alvarez (1993).

The relationship between the magnitude of GD and theare the expected frequencies of the haplotypes with positive
[D ij (�)] deviations from random association. The D �ij (�) EFR between locus pairs was investigated by calculation of

the Pearson product-moment correlation coefficient (r) andcoefficient potentially ranges from 0 to 1.0 (Zapata 2000).
The null hypothesis of gametic equilibrium for each pair of Kendall’s nonparametric coefficient of rank correlation (	;

TABLE 2

Functional relationships among the 15 protein loci studied

Hormonal Molybdenum Antioxidant Glucose
Locus control control defense system metabolism Reproduction

Lsp-1
 � � � � �
Idh � � � � �
To-1 � � � � �
Est-6 � � � � �
Lsp-2 � � � � �
Pgm � � � � �
Aph � � � � �
Est-C � � � � �
Go � � � � �
Odh � � � � �
Me � � � � �
Xdh � � � � �
Po � � � � �
Ao-1 � � � � �
Lap-D � � � � �

The signs plus (�) and minus (�) indicate whether the loci are related or not related by the function
specified.
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TABLE 3

Deviations from Hardy-Weinberg proportions

Observed Expected
Locus N heterozygosity heterozygosity f � SE P value

To-1 113 0.292 0.341 0.145 � 0.103 0.123
Est-6 206 0.257 0.273 0.070 � 0.066 0.153
Pgm 400 0.332 0.350 0.038 � 0.061 0.185
Est-C 413 0.109 0.115 0.018 � 0.052 0.598
Go 263 0.232 0.234 0.009 � 0.063 0.888
Odh 181 0.011 0.011 �0.000 � 0.003 1.000
Me 272 0.000 0.000 — —
Po 259 0.069 0.067 �0.034 � 0.008 0.583
Ao-1 147 0.272 0.291 0.015 � 0.072 0.752
Mean � SE 250 � 35 0.175 � 0.043 0.187 � 0.047 0.033 � 0.019

Unbiased expected heterozygosities were calculated as h � 2N(1 � �k
i�1p 2

i )/2N � 1, where pi is the frequency
of the allele i in a sample of N genotypes drawn from the population (Nei 1987).

Sokal and Rohlf 1995), with assessment of significance by comparisons (105) of the 15 loci studied. Only 329 al-
one-sided Mantel’s matrix-comparison test (Mantel 1967). lelic combinations with positive deviations from random

association were eventually considered in the analyses.
The 329 allelic combinations distributed at 79 pairs ofRESULTS
loci. The frequency and the mean intensity of significant

Variability and deviations from Hardy-Weinberg pro- interallelic GD within each locus pair are shown in Fig-
portions: The 15 protein loci studied were slightly to ure 2. It was found that 72 (22%) of the 329 allelic com-
highly polymorphic. A total of 49 alleles were detected binations were in significant GD (P � 0.05), with a mean
in the sample of haplotypes, and 22 (45%) of 49 had a intensity as measured by D�ij (�) of 0.43 � 0.04. All 15 loci
frequency �3%. Rare alleles (frequency �3%) were dis- were involved in at least one significant effect but cases
tributed across all loci with the exception of To-1, Go, of significant interallelic GD distributed across 30 (38%)
and Lap-D. The number of alleles varied between 2 (To-1, of the 79 pairs of loci. The percentage and the inten-
Lsp-2, Go, and Me) and 6 (Xdh), with the mean (�SE) sity of significant interallelic GD fluctuated markedly
being 3.3 � 0.3. Unbiased estimates of the expected al- among the pairs of loci studied: specifically, the percentage
lelic diversity ranged from 0.01 (Me) to 0.66 (Xdh). The ranged from a minimum of 13% (Xdh � Ao-1) to a maxi-
15 markers had an average estimated heterozygosity of mum of 100% (Lsp-1
 � Lsp-2, Lsp-1
 � Me, Lsp-1
 �
0.24 � 0.06. Such levels of variability are in agreement Po, Idh � Est6, To-1 � Go, Est6 � Me, Lsp-2 � Me, Lsp-
with those expected for these loci in west European pop- 2 � Po, Pgm � Me, Pgm � Ao-1, and Po � Ao-1), while
ulations of D. melanogaster (Girard et al. 1977; Cabrera mean D �ij (�) ranged from 0.10 (To-1 � Xdh) to 1.00
et al. 1982; David 1982; Singh et al. 1982). There is no (Lsp-1
 � Lsp-2, Est-6 � Me, and Odh � Xdh). Note that
evidence of recent founder effects, which could induce in only two pairs of loci (Lsp-1
 � Lsp-2 and Est-6 �
GD in the natural population of Santa Cruz de Rivadulla. Me) were all the allele combinations in significant GD

We found no consistent evidence of deviations from and with maximal association [D �ij (�) � 1].
Hardy-Weinberg proportions in the natural population Further evidence discussed below argues against the
of Santa Cruz de Rivadulla (i.e., in the sample of geno- possibility that most of the observed interallelic GD may
types collected in September 1998; Table 3). Except at have arisen as a consequence of type I errors. In fact,
the To-1 locus, the magnitude of the deviation was in all however, it is more likely that our estimate of the fre-
cases very small and not statistically significant (Table 3). quency of GD is an underestimate because the statisti-
In six of the eight loci, the deviation was positive (i.e., cal power of the chi-square test to detect significant de-
fewer observed homozygotes than expected), but this viations from random association is low, even with the
apparent trend was likewise not statistically significant large sample sizes used in this study (see Zapata and
(sign-test, P � 0.05). The natural population of Santa Alvarez 1992).
Cruz de Rivadulla thus seems to behave as a panmictic Relationship of interallelic GD with recombination:
unit with no indication of population subheterogeneity Analysis of the relationship between GD and EFR re-
(which might cause GD). Evidence of fit to Hardy-Wein- vealed several interesting observations. First, GD was
berg proportions is also a quality control of genotyping more frequent between more closely linked locus pairs:
(Gomes et al. 1999). the frequency of significant GD was 33% (14/42) for

Interallelic GD: A total of 800 different two-locus hap- locus pairs separated by EFRs between 0 and 2 cM and
20% (58/287) for locus pairs separated by �2 cM. Thislotypes were detected across all the possible pairwise
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Figure 2.—Distribution of interal-
lelic GD between pairs of loci along
the third chromosome of D. melano-
gaster. Frequency (hatched bars) and
mean intensity (solid bars) of signifi-
cant interallelic GD within each locus
pair are given as percentages. Data for
pairs of loci with negative deviations
from random association are not
shown.

difference was statistically significant based on the one- of between-locus distance (Figure 3). Indeed, there is
no significant decrease in the values of D �ij (�) as EFRsided chi-square test for 2 � 2 contingency tables with

1 d.f. (�2 � 3.69, P � 0.03). However, strong GD often increases (r � 0.021, 	 � �0.039, P � 0.45, n � 72).
Interallelic GD dependent on the functional relation-extends over considerable chromosomal distances. The

EFR between pairs of alleles in GD ranged from 0.1 cM ship among loci: Table 4 shows that GD was about two
times more frequent among functionally related locus(Est-C � Go, Me � Xdh, and Po � Ao-1) to 20.1 cM

(Lsp-1
 � Po and Lsp-1
 � Ao-1), with a mean value of pairs than among locus pairs without known functional
relationships. Specifically, the percentage of significant9.2 � 0.8 cM. We observed that 32% (23/72) of the

significant cases were separated by EFRs within 15–20 interallelic GD was 36% (32/90) for related locus pairs
and 17% (40/239) for unrelated pairs. This differencecM, while mean D �ij (�) was 0.49 � 0.07. These EFRs

for pairs of loci in GD are remarkably high, since the was highly significant (P � 0.001, one-sided chi-square
test for 2 � 2 contingency tables). The intensity valuestheoretical maximum value is only 25 cM (assuming no

recombination in males of Drosophila). Last, there is are also consistent with this pattern: considering allele
pairs showing significant GD, the mean D �ij (�) valueno evidence to suggest that GD is a monotonic function
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reproduction functions do not overlap with that of the
mean D �ij (�) between unrelated pairs.

Allele frequency-dependent GD: We next investigated
whether GD depends on allele frequency. Following
the same arbitrary criterion used in a previous study
(Zapata et al. 2001), we subdivided the sample of two-
locus haplotypes (329) into RR, RC, and CC, where R
and C indicate rarer (frequency �3%) and more com-
mon (frequency �3%) alleles. Table 5 shows that GD
is significantly more frequent in RR haplotypes (89%)
than in RC (22%) or CC (18%) haplotypes (P  0.001),
with no significant difference between RC and CC (P �
0.37). An increase in type I errors when one or more
expectations in 2 � 2 contingency tables are small may
be a source of spurious allele frequency-dependent pat-
terns. In this case, however, the same allele frequency-

Figure 3.—Plot of D �ij (�) values against effective frequency
dependent pattern was maintained when we consideredof recombination (EFR) for significant comparisons.
only interallelic GD shown to be significant by the chi-
square test with Yates’s correction (Table 5). The ex-
tremely conservative behavior of this test for small ex-
pectations (i.e., it maintains the null hypothesis toowas 0.50 � 0.06 for functionally related pairs, vs. 0.37 �
frequently; Zapata et al. 2001) makes it very unlikely0.04 for unrelated pairs. The difference in mean EFR
the pattern observed is attributable to type I error.between related and unrelated pairs is too small to ac-

In addition, the pattern cannot be explained by varia-count for the substantial difference observed in the fre-
tions in the amount of recombination, since mean EFRquency of GD (9.1 � 1.2 cM vs. 9.3 � 1.2 cM).
values were even higher for RR haplotypes (10.2 � 2.7The above-mentioned general trend was also evident
cM) than for RC (8.4 � 1.2 cM) and CC (9.9 � 1.3 cM)when each particular functional category was consid-
haplotypes.ered separately: significant differences in the frequency

Overall two-locus GD: The relative contributions ofof GD were detected between unrelated loci and those
allelic combinations in GD within each locus pair as aloci related by the functions of hormonal control (P �
whole were evaluated by estimating overall two-locus0.001), molybdenum control (P � 0.001), antioxidant
GD (Table 6). Significant overall GD was detected indefense system (P � 0.01), and reproduction (P � 0.05),
17 (22%) of the 79 pairs of loci studied, despite applica-with the only exception being glucose metabolism (P �
tion of the highly conservative Bonferroni correction.0.14). In addition, the mean of D �ij (�) for each particu-
All loci studied were involved in at least 1 locus pair inlar functional category ranged from 0.40 � 0.09 (antiox-
significant overall GD, except Aph and Lap-D. It is worthidant defense system) to 0.82 � 0.18 (reproduction),
noting that Aph and Lap-D are two loci without apparentwhereas that of unrelated pairs was 0.37 � 0.04. Note
functional relationships with any of the other loci stud-that 95% bootstrap confidence intervals of the means

of D �ij (�) between loci related by hormonal control and ied (see Table 2). The loci involved in the highest rela-

TABLE 4

Interallelic GD dependent on the functional relationships among protein loci

Functional relationships No. of pairwise % of significant
among loci comparisons comparisons �2 valuea P valueb Mean D �ij (�) (95% C.I.)c

Any function 90 35.6 13.5 0.0001 0.504 � 0.062 (0.383, 0.631)
Hormonal control 47 40.4 13.5 0.0001 0.592 � 0.082 (0.442, 0.750)
Molybdenum control 21 47.6 11.9 0.0003 0.457 � 0.098 (0.299, 0.665)
Antioxidant defense system 29 41.3 8.5 0.0018 0.397 � 0.091 (0.242, 0.578)
Glucose metabolism 10 0 1.2 0.1369 —
Reproduction 12 41.7 4.8 0.0140 0.824 � 0.176 (0.473, 1.000)
Functionally unrelated loci 239 16.7 0.366 � 0.038 (0.293, 0.435)

a Chi-square tests for 2 � 2 contingency tables with the numbers of significant and nonsignificant pairwise comparisons for
unrelated loci and for loci related by the function indicated.

b One-tailed probability.
c Each 95% confidence interval was obtained from the distribution of 1000 bootstrap means of significant D �ij (�).
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TABLE 5

Interallelic GD depending on allele frequency

Interallelic GD

Significant Nonsignificant
Haplotype data set No. haplotypes (P � 0.05) (P � 0.05) % significant

RR [Set 1] 9 8 (7) 1 (2) 89 (78)
RC [Set 2] 149 33 (15) 116 (134) 22 (10)
CC [Set 3] 171 31 (21) 140 (150) 18 (12)

Total 329 72 (43) 257 (286)

�2
1 [Set 1 vs. Set 2] � 19.7 (32.5); P  0.001 (0.001)

�2
1 [Set 1 vs. Set 3] � 25.2 (27.9); P  0.001 (0.001)

�2
1 [Set 2 vs. Set 3] � 0.80 (0.39); P � 0.37 (� 0.53)

R, rare allele (frequency �3%); C, common allele (frequency �3%). Results of analysis by the chi-square
test with Yates’s correction are shown in parentheses.

tive number of comparisons in significant overall GD six) carrying rare alleles in strong GD [D �ij (�) � 0.5].
These rare alleles show nonrandom significant associa-(�44%) were Lsp-1
, Lsp-2, and Me.

The intensity of significant overall GD between pairs tion but contribute very little to the increase in the
intensity of overall GD, since D �(�) is calculated usingof loci extends practically over the possible range of

variation of D �(�). In this case, the possible range of the values of D �ij (�) weighted by the frequencies of the
haplotypes expected at gametic equilibrium.D �(�) varies from 0 to 1, because the most common

allele at each locus studied had a frequency �0.5 (see Overall GD showed similar patterns of dependence
on EFR and the functional relationships among loci toZapata 2000). Observed D �(�) values ranged from

0.017 (Est-C � Xdh) to 1.0 (Lsp-1
 � Lsp-2 and Est-6 � those detected for interallelic GD, although statistically
this dependence was less consistent (analyses not shown).Me) and averaged 0.31 � 0.07. Note that overall GD

between Est-C and Xdh was significant although its inten- Naturally, overall GD analyses are less informative, be-
cause all the associations within a given locus pair aresity was very weak. This is readily explained, because the

pair Est-C � Xdh includes some haplotypes (two out of included in a single intensity measure and significance

TABLE 6

Pairs of protein loci in significant overall GD

Locus pair cM D �(�) ��a P valueb

Lsp-1
 � Lsp-2 15.3 1.000 0.0125 0.000000
Lsp-1
 � Me 19.1 0.321 0.0125 0.000006
Lsp-1
 � Po 20.1 0.223 0.0125 0.006115
Lsp-1
 � Ao-1 20.1 0.114 0.0083 0.000006
Idh � Est-6 4.3 0.105 0.0250 0.007799
To-1 � Go 7.5 0.121 0.0500 0.010797
Est-6 � Me 7.7 1.000 0.0125 0.000741
Est-6 � Xdh 7.8 0.198 0.0083 0.000790
Est-6 � Po 10.0 0.044 0.0062 0.000070
Lsp-2 � Me 7.2 0.322 0.0500 0.000006
Lsp-2 � Po 9.5 0.260 0.0125 0.006115
Lsp-2 � Ao-1 9.6 0.137 0.0083 0.000006
Pgm � Ao-1 6.7 0.588 0.0250 0.013208
Est-C � Odh 0.7 0.129 0.0125 0.000024
Est-C � Xdh 2.1 0.017 0.0083 0.000038
Odh � Xdh 1.4 0.317 0.0125 0.009198
Po � Ao-1 0.1 0.381 0.0083 0.000000
Mean � SE 8.8 � 1.6 0.310 � 0.072

a Level of significance of 0.05, after Bonferroni correction for multiple comparisons.
b The smallest probability from �2

ij (�) values within each locus pair, which was used to reject the null
hypothesis of overall gametic equilibrium.
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test, and significant and nonsignificant associations are selection, genetic drift or bottlenecks, admixture or strat-
ification, and recent mutations) is broken down eachconsidered jointly.
generation by recombination during gametogenesis in
doubly heterozygous individuals, at a rate determined

DISCUSSION
by the recombination rate. Therefore, GD should tend
to decay in proportion to the between-locus recombina-This study provides the first comprehensive data on

the distribution of gametic disequilibrium (GD) between tion rate if the processes generating GD are acting uni-
formly along the chromosome. Nevertheless, in this study,pairs of protein loci along a single chromosome. A first

striking result of the study is that GD is frequent between we did not find any indication that the strength of GD
decreases monotonously with increasing between-locusprotein loci on the third chromosome of D. melanogaster,

since 22% of both allele pairs (72/329) and locus pairs recombination rate. This observation indicates that the
evolutionary factor(s) causing the observed GD operate(17/79) were in significant GD. In addition, GD often

extends over considerable chromosomal distances: 32% nonuniformly along the chromosome and with sufficient
intensity to impose the high recombination frequenciesof the interallelic associations involved pairs of loci sepa-

rated by EFRs of 15–20 cM. This incidence of GD be- existing between very distant loci. A common problem
in GD studies is that the observed GD can be accountedtween pairs of protein loci is substantially larger than

that previously reported for the same chromosome in for by a number of causes besides natural selection, and
alternative explanations cannot be totally excluded. Never-other natural populations: for example, 10% of 20 pairs

in a population in the United Kingdom (Charles- theless, our data set strongly supports the view that epi-
static interactions in fitness are of primary importanceworth and Charlesworth 1973), 10% of 20 pairs in

a population in North Carolina (Langley et al. 1977), in determining the amount and distribution patterns of
gametic disequilibrium along the third chromosome of20% of 15 pairs in a population in Japan, and none of

15 pairs in a population in Texas (Langley et al. 1974), D. melanogaster. We found that GD was significantly higher
between protein loci related by the functions of hor-with an average EFR for significant pairwise compari-

sons generally �4 cM. A number of factors may have monal control, molybdenum control, antioxidant de-
fense system, and reproduction than between loci with-contributed to the higher frequency of significant GD

detected in this study, such as the larger number of out any known functional relationship. This evidence
is strongly suggestive of epistatic interactions betweenhaplotypes sampled. However, the use of the sign-based

GD estimation method seems to have been the most functionally related protein loci. An interpretation of our
results based on selection operating on other linked fitnessimportant factor, since the percentage of significant

interallelic associations decreased in our study from genes—hitchhiking (Thomson 1977), background se-
lection (Charlesworth et al. 1993), or associative over-22% to only 8% when both positive and negative interal-

lelic associations were considered. In addition, our re- dominance (Ohta and Kimura 1970)—and not on the
protein loci themselves can scarcely explain why the re-sults are similar to those obtained by Zapata and Alva-

rez (1992) in a metaanalysis of a large number of GD lated loci are more prone to be in GD: it would be
unreasonable to assume a scenario in which only func-studies between pairs of protein loci on the second chro-

mosome of D. melanogaster and the O chromosome of tionally related protein loci have linked fitness genes.
Recent migration events could potentially explain GDD. subobscura (see Introduction). Taken together, these

observations argue against the long-standing paradigm between very distant loci with different allelic frequen-
cies among populations, even if genotype frequenciesthat GD between protein loci is a rare phenomenon,

even between very closely linked loci. conform to HW proportions (Zapata et al. 2001). How-
ever, an interpretation of the observed GD based onThe relatively large number of protein loci consid-

ered in this study has allowed us to identify the specific migration would also require us to assume that function-
ally related loci are more differentiated among popula-factors that primarily determine the distribution of GD

along the third chromosome of D. melanogaster. Both tions and this brings us back to epistasis, because ge-
netic differentiation among populations for functionallyinterallelic and overall GD were distributed all along the

chromosome, involving closely and loosely linked loci related loci is very unlikely without epistatic interactions
within each population.on the same arm and on different arms. In addition, the

amount (frequency and intensity) of interallelic and over- It should be noted that in the past there have been
many studies that have found no evidence of epistaticall GD varies markedly among pairs of alleles and pairs

of loci. These observations suggest that the factors gov- interactions generating GD between loci that are func-
tionally related (e.g., Charlesworth and Charleswortherning the distribution of GD cannot be described in

terms of simple rules. It should be noted that the distri- 1973; Langley et al. 1974, 1977; Charlesworth et al.
1979; Loukas et al. 1979; Ward and McAndrew 1985).bution of GD between rather loosely linked loci along

a chromosome always depends on the relative magnitude GD between related protein loci has been reported only
occasionally for particular locus pairs in some naturalof two antagonistic forces. Specifically, the GD gener-

ated between two loci by some evolutionary force (i.e., population of species such as Mytilus edulis (Mitton
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and Koehn 1973), D. mojavensis (Zouros and Johnson two-allele case, assuming constant selection, sex-inde-
pendent selection, and particular fitness parameter sets1976), and D. subobscura (Zouros and Krimbas 1973;

Fontdevila et al. 1983; Zapata et al. 2000). In contrast, (often symmetric selection models), which considerably
simplifies the algebra but results in clearly unrealisticour results provide the first evidence showing that exten-

sive GD occurs between functionally related loci along models (Bodmer and Felsenstein 1967; Li 1967; Frank-
lin and Lewontin 1970; Hartl and Clark 1997).a chromosome. Two-thirds of the alleles in significant

GD corresponded to pairs of loci between which func- Multilocus models incorporating sex-dependent vari-
able selection, fertility, and total fitness components, astional relationships exist. It is also interesting to note

that the pair Lsp-1
 � Lsp-2 is one of the two locus pairs well as loci with multiple alleles, need to be explored
for more realistic interpretations. Clearly, though, theshowing the greatest amount of GD in our study, despite

being separated by as much as 15.3 cM. In accordance development and implementation of realistic multi-
locus models poses mathematical and computationalwith this result, the Lsp-1
 and Lsp-2 loci code for the

most closely related proteins. The functional relation- problems that at present are effectively intractable.
One intriguing finding of our study is that a smallships between Lsp-1
 and Lsp-2 are well documented in

D. melanogaster. At the end of the third larval instar, the but important proportion (�30%) of the alleles in sig-
nificant GD are at pairs of loci without any known func-hormone 20-hydroxy-ecdysone triggers the incorpora-

tion of larval serum proteins 1 and 2 into the fat body. tional relationship. This suggests that some other factor
in addition to epistatic selection is generating GD inThese larval serum proteins are delivered to storage

granules and serve as an energy and amino acid pool the natural population of Santa Cruz de Rivadulla. Part
of this GD could be explained under the observationused during metamorphosis (Antoniewski et al. 1995;

Burmester et al. 1999). The two proteins serve as nutri- that two-locus haplotypes bearing rarer alleles are more
frequently in GD than the remaining haplotypes. Re-ent reserves to support metamorphosis and reproduc-

tion (Massey et al. 1997) and have similar biochemical cently, an allele frequency-dependent GD pattern was
reported between microsatellite loci located on the hu-properties (Akam et al. 1978). It has been suggested

that the two loci were generated through duplication man chromosome 11 (Zapata et al. 2001). This pattern
was attributed to the recent origin of the rarer allelesof a single ancestral gene after separation of the Diptera

from other insect orders, with subsequent independent due to the high rates of mutation at human microsatel-
lites (�10�3) and because time is required for new vari-evolution (Roberts and Evans-Roberts 1979; Mous-

seron-Grall et al. 1997). In addition, the fact that GD ants to increase their frequency in the population. How-
ever, protein loci show rates of mutation (�10�5,was detected between related protein loci separated by

very considerable recombination distances (EFR of 9 Powell 1997) about two orders of magnitude lower
than human microsatellites, so that other factors maycM on average) suggests that epistatic interactions along

chromosome 3 of D. melanogaster must be very strong. also contribute. Genetic drift cannot be ruled out, tak-
ing into account that haplotypes carrying low-frequencyThese observations are of considerable relevance to the

long-running neutralist-selectionist controversy (Nei 1987; alleles are subject to greater stochastic fluctuations due
to their relatively smaller effective size. In any case, itMitton 1997). Certainly, epistatic interactions involv-

ing a large number of protein loci are difficult to recon- should be pointed out that GD between rarer alleles
represents only a small fraction (11%) of the total ofcile with the neutral theory. The between-locus GD ex-

pected as a result of genetic drift depends only on significant cases. Interestingly, we have found that back-
ground selection (Charlesworth et al. 1993) can ex-effective population size and recombination frequency

(Hill and Robertson 1968); thus GD generated by plain most of these instances of GD between unrelated
loci (C. Núñez, T. Velasco and C. Zapata, unpublishedgenetic drift should tend to decrease with increasing

recombination. Therefore, genetic drift cannot explain results).
The results of our study suggest that epistatic inter-satisfactorily why GD is not mainly dependent on recom-

bination frequency, but rather on the functional relation- actions between functionally related protein loci have
a considerable impact on the multilocus architectureships among loci. Widespread GD among functionally

related protein loci points to the importance of multi- of the functional genome. Hence, elucidation of proteo-
mics presents us with the challenge of assessing thelocus genetics for understanding the evolution of pro-

tein variation. Unfortunately, little is yet known about number and location of related protein loci along chro-
mosomes and the strength of their functional relation-the behavior of multilocus systems under epistatic selec-

tion. The general equations describing the interaction ships. Genome-wide scans for the presence of GD be-
tween protein loci may be a useful approach for unravelingbetween selection and linkage do not have explicit solu-

tions at equilibrium even for the simplest two-locus, two- proteomics. One of the best ways to assess the utility of
GD for detecting relationships among uncharacterizedallele viability model, which imposes heuristic approaches

by examining particular selection cases. Analytic and sim- proteins is to determine whether GD is more likely to
occur among protein loci whose functional relation-ulated selection studies on two-locus and multilocus sys-

tems were traditionally based on viability models for the ships are known. Our findings suggest that GD is indeed
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disequilibrium in populations of Drosophila melanogaster. Geneticsmarkedly more frequent between functionally related
73: 351–359.loci than between unrelated loci. GD analyses may thus Charlesworth, B., D. Charlesworth and M. Loukas, 1979 A

be useful not only for tentative assignment of uncharac- study of linkage disequilibrium in British populations of Drosoph-
ila subobscura. Genetics 92: 983–994.terized polymorphic proteins to groups of functionally

Charlesworth, B., M. T. Morgan and D. Charlesworth,related proteins, but also for untangling the complex 1993 The effect of deleterious mutations on neutral molecular
among-protein interactions that surely govern the be- variation. Genetics 134: 1289–1303.

Cox-Foster, D. L., C. P. Schonbaum, M. T. Murtha and D. R.havior of the cell. Nevertheless, the use of GD in prote-
Cavener, 1990 Developmental expression of the glucose dehy-omics has two main intrinsic limitations. First, only poly- drogenase gene in Drosophila melanogaster. Genetics 124: 873–880.

morphic proteins can be analyzed. Second, evidence of Curie-Cohen, M., 1982 Estimates of inbreeding in a natural popula-
tion: a comparison of sampling properties. Genetics 100: 339–358.GD among protein loci is not necessarily a consequence

Cypher, J. J., J. L. Tedesco, J. B. Courtright and A. K. Kumaran,of their functional relationships. It follows that GD anal-
1982 Tissue-specific and substrate-specific detection of alde-

yses can offer only preliminary assessments of functions hyde and pyridoxal oxidase in larval and imaginal tissues of Dro-
sophila melanogaster. Biochem. Genet. 20: 315–331.and interactions, and these would then have to be con-

David, J. R., 1982 Latitudinal variability of Drosophila melanogaster:firmed by alternative methods. Certainly, further investi-
allozyme frequencies divergence between European and Afro-

gation is required to systematically evaluate the potential tropical populations. Biochem. Genet. 20: 747–761.
Dove, A., 1999 Proteomics: translating genomics into products? Nat.utility of GD analysis in proteomics.

Biotechnol. 17: 233–236.
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