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ABSTRACT

Allozyme and inversion data from natural populations of Drosophila mel-
anogaster from the eastern United States were analyzed to determine whether
the clines at allozyme loci are due to nonrandom associations with common
cosmopolitan inversions, All inversions show strong clines. Clines were large
and significant for half of the eight allozyme loci. An analysis of the contribu-
tion of inversions to clines of allozyme genes revealed three outcomes: the
inversion cline (1) enhanced the allozyme cline, but was only partly respon-
sible, (2) reduced the allozyme cline, and (3) had no effect. The allozyme
clines were mainly determined by the pattern of allele frequencies within the
chromosomal arrangements. Consequently, it was concluded that allozyme
clines would exist in the absence of inversion clines.

STUDIES of natural populations of Drosophila melanogaster from the eastern

United States have revealed the existence of north-south clines, both for
allozyme loci and for polymorphic inversions. Linkage disequilibria between
inversions and allozyme loci located in the same chromosome arm were found,
in which cases the inversion, the allozyme locus, or both, exhibited clines. These
findings suggest that the inversions might be a major factor in maintaining
clines at allozyme loci.

In this paper the results from a number of studies are brought together in an
attempt to determine whether the clines at allozyme loci are being influenced
or maintained by clines exhibited by inversions in the same chromosome arm.

THEORY

As background for analyses of the data, consider at first a sample from a
single population. Letting N index the normal chromosome, I the inversion
chromosome, F the fast allozyme allele, and S the slow allozyme allele, the rela-
tive frequencies, P’s, may be summarized in the following 2 X 2 table:
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Chromosome
I N
F p FI P FN p F
Allozyme
pSI p SN p S
P 1 P N 1

where the rows sum to the allozyme frequencies and the columns to the chromo-
somal frequencies.
The usual measure of linkage disequilibrium is Dg; = Prr — PrP;, which when
formulated as a correlation becomes
D FI
V PePsPrPr

FL —

With linkage disequilibrium within populations, one is suspicious that it may
account for the correlation of chromosomal and allozyme frequencies over popu-
lations or of the correlations of both with some other factor such as latitude.
Since chromosomal polymorphisms are known to be subject to selection, it is
reasonable to accept that clines in their frequencies are a result of selection. The
question then arises as to whether clines at the allozyme loci simply result from
their associations with the chromosomal polymorphisms.

To dissect the situation further, consider the conditional frequencies of the
allozyme alleles given the gene arrangement, i.e., the allozyme frequency in
each of the inverted and standard sequences

— pFI :pFN
P D, ’ q Py

The allozyme allele frequency is related to these conditional frequencies as
Pr=pPi+qPx=(p—q)Pitq (1
and the linkage disequilibrium is now of the form

Der = (p—q) PiPx
with a correlation of

PyDP
R = (p—q) —i,i—PIS .

With frquencies from several populations, it is difficult to relate exactly cor-
relations of frequencies among populations to that within populations. Some
notion of the relationship can be formed from breaking down the covariance,
Cryr,, between Py and Pr over populations, into constituent parts. An approxi-
mation to this covariance is constructed utilizing the rightmost form of equation
(1). Assuming third order mixed moments about the mean to be zero, the approx-
imated covariance (a A means that it is constructed) is

Crpry= (p— §) V2 + PiCpp, + PxCop, (2)
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where bars indicate means, V2 is variance and C is covariance of the subscripted
variables. Using the same procedure and assuming in addition fourth moments
about the mean to be negligible, the variance, which is more complicated, is
found to be

Vii= (p—§)* Ve + P2 V2 + PLV2+ 9D PyCoq+ 2(p— ) (PCop, + PrCPy).
(3)

First note that if the conditional frequencies p,q are constant, but p 5 ¢, over all
populations, then the C’s and V’s involving these frequencies are zero, and the
correlation between P; and Py is *+1 regardless of how small in absolute value the
linkage disequilibrium, D or R, is. If the conditional frequencies varied but were
not correlated with P;, then the correlation between P; and Pr would have the
same sign as that for the average linkage disequilibrium, but could be small
depending on the variation in the conditional frequencies. Various outcomes are
possible. The frequency of inversions, P;, is often much less than Py, so that what
happens to ¢ in the standard arrangement has a large influence on the overall
correlation. Also, sometimes inversions carry only one or almost only one
allozyme allele, so that covariances involving p are zero or small, and ¢ is a very
important factor.

The same formulation for Py is used to approximate the covariance with
latitude, L.

éPFL (p—q) CPIL + I'_)ICIJL + pNCqL . (4)

Only the first term, Q1 = (p — §) Cp 1, may be attributed to the association of the
inversion with latitude and the remainder, Q; = EC,,L + PyC,., is attributable
to the associations of the conditional frequencies with latitude in determining the
cline. When of the same sign, we may utilize Q:/(Q; - Qi) to measure the rela-
tive contribution of the inversion to the cline for allozyme gene frequency, even
though our measure of the cline is the correlation, 7s,., between allozyme allele
frequency and latitude,

,‘.PFL = _QI_'I.‘_QL . (5)
Ve, Vi

When Q; and Qs are of different signs, the sign of the covariance or correlation
is that of the larger of Q; and Q; in absolute magnitude and the clinal contri-
butions are in opposite directions.

The strategy then is to look at conditional frequencies and their correlations
with latitude as clinal measures in addition to that for chromosomes.

Unfortunately, for most of the locations we have estimates of only the chromo-
somal and allozyme allele frequencies and not of the joint frequencies. However,
in some cases from considerable data on joint frequencies, it turns out that one
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of the conditional frequencies, p say, tends to be constant from one population to
another. In this case we can estimate the other conditional frequency as

_ Pe—pP;
A F

for further analysis.
The most common allozyme allele is studied. If it is S rather than F, one
simply substitutes S for F in the foregoing formulations.

RESULTS

The approximate cytogenetic locations in the salivary gland chromosomes of
the common cosmopolitan inversions and allozyme loci in the same arm are
illustrated in Figure 1. The separate allozyme and inversion frequencies on
which most of the analyses are based are given in Table 1. As has been previously
reported (MEeTTLER, VOELKER and Mukar 1977), the four common cosmopolitan
inversions [In(2L)t, In(2R)NS, In(3L)P and In(3R)P] are highly correlated
with latitude, having their respective highest frequencies in populations in the
southern United States and being relatively infrequent or absent in northern
populations. For one of the inversions, In(2R)NS, too few localities have been
sampled for allozyme loci (e.g., a-Amy and Hez-C) in the same arm for inclu-
sion in this study. The correlation of this inversion frequency with latitude is

SECOND CHROMOSOME

In(2L) t In(2R)NS
22D ¥ 34A 52A¥56F

— = —— 3
w

T e —

«Gpdh Mdh Adh Hex-C Amy
(205)(372) (501) (745) (773)

THIRD CHROMOSOME

In(3L) P In(3R)P
63C | T72E 89C ]96A
Ces— — ————)

—tt, ottt

Est-6 Pgm Est-C Odh Acph
(36.8) (43.4) (49) (492) (I0L1)

Ficure 1.—Cytogenetic locations in the salivary gland chromosomes of the common cosmo-
politan inversions and allozyme loci.
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—0.90***. Likewise, the common alleles at four (a-Gpdh, Adh, Est-C, and Odh)
of eight allozyme loci show significant correlations with latitude (Vicue and
Jornson 1973; Jounson and ScHAFFER 1973; ScHAFFER and JounsonN 1974).

A number of populations have been analyzed for linkage disequilibria between
allozyme loci and inversions, The correlation values (R) from all studies in
which the allozyme loci and inversions being considered here have been analyzed
are included in Table 2.

We consider first the allozyme alleles associated with In(2L )t. It is for these
loci that we have the most information on linkage disequilibrium. One allele,
Mdh8, did not show a significant cline. The correlation with the inversion
In(2L )t was of about the same absolute magnitude, 0.35, as that with latitude,
|—0.32|. The two correlations are of opposite signs as they should be if the inver-
sion were contributing to the cline in MdA?3. In Table 2 the linkage disequilibrium
correlations for Mdh® are all small and nonsignificant, but are all of the same
sign since all In(2L )t inversions observed for the allozyme allele have contained
MdhS. Consequently, the correlations are the maximum possible under the con-
straints imposed by the inversion and allele frequencies, and are no doubt real.
It seems safe to assume that p = 1 for this allele in the inversion to proceed with
the analyses. For the 19 populations for which data are available on both Mdh®
and In(2L)t in Table 1, the following estimates were obtained in order to com-
pute the approximations at (3), (4) and (5).

p=1, §=0972, P;=0.095, Cp,=—0.37293
Cqr =—0.00885, Cupr = 0.00016, V2=0.00013
5 =000591,  V,=528379, V:=Cp, =0 .

With these we approximate Vg from (3) as IA/ps = 0.01092 and ;psL from (5) as

n_ QutQr _ —0.01044—0.00801 _ oo

Tpgr == - =
‘ A 0.01092) (5.28379
Vov, | (O01092)(528579)

which is the same as the actual correlation in Table 1 and only slightly different
from the actual correlation, —0.30, between Ps and L for the 19 populations on
which the above calculations were based. Taking the figures at face value, we
would conclude that Q;/(Q:+ Q) = 0.57 of the cline was due to an association
with the inversion chromosome.

The a-Gpdh™ allele has a larger negative correlation with latitude than Mdh®
and is highly correlated with In(2L)t over populations (Table 1). The linkage
disequilibrium correlations in Table 2 are all positive and some are significantly
different from zero. A breakdown of the joint frequencies for these studies is
seen in Table 3. The F allele frequency in the inversion is very large, with a mean
of p = 0.959 for the eight samples from the eastern United States. Because of the
near constancy of p, this value is used to compute the other conditional frequency
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TABLE 3

Conditional frequencies of fast allele, p and q, inversion frequency Py of In(2L)t, allele frequency
Py, of a-GpdhF and linkage disequilibrium correlation R for all studies
where joint frequencies have been determined

Population °N. Lat. P q P, P, n Ry
Lake Wales, Fla. 27.92 0.986 0.849 0.134 0.868 537 0.138
Orlando, Fla. 28.50 1.000 0.852 0.185 0.880 465 0.176
Jacksonville, Fla. 30.25 1.000 0.819 0.099 0.837 263 0.146
Raleigh, N.C., 1968 35.77 0917 0.814 0.076 0.822 315 0.071
Raleigh, N.C., 1969 35.77 1.000 0.783 0.021 0.788 146 0.075
Raleigh, N.C., 1970 35.77 0.900 0.787 0.057 0.794 698 0.065
Raleigh, N.C., 1974 35.77 0.953 0.868 0.070 0.874 617 0.066
Carpenter, N.C. 35.77 0.913 0.841 0.060 0.846 382 0.047
Brownsville, Texas _ 1.000 0.865 0.172 0.888 232 0.162
Eugene, Ore. - 1.000 0.769 0.014 0.773 211 0.065
Katsunuma, Japan, 1969 —_— 0.926 0.813 0.252 0.841 107 0.135
Katsunuma, Japan, 1970 —_ 0.891 0.818 0.177 0.831 260 0.075
Katsunuma, Japan, 1972 — 1.000 0.729 0.157 0.772 197 0.235
Ishigaki, Japan —_ 1.000 0.703 0.526 0.859 78 0.427

(n is sample size).

g for samples in Table 1, and the correlation of the F allele with latitude is
approximated just as was done for Mdh. There is more error in this case than for
Mdh, but the fact that the inversion frequency is generally small also tends to
reduce the error. The approximated correlation (5)

s QitQr _ —0.04774—0.09418 _ 0.69
T, ~7(0.03866) (5.28379)
by, (0:03866) (5.28379)
is almost the same as the actual correlation rp, = —0.68 for the 19 samples of

data in Table 1 on which the above computations were based and is slightly more
negative than the correlation in Table 1. We conclude that roughly Q./(Q: + Qr)
= 0.34 of the cline in Py is accounted for by association with the inversion and
the remainder due to a cline in the frequency of F in the Standard chromosome.

The situation for AdA® is very similar to that for «-Gpdh except that the cline
is greater (Table 1). The linkage disequilibrium correlations are all positive and
large (Table 2), and most are significant. The frequency of the S allele in the
inversion is almost one (Table 4) with a mean of 5 = 0.980 for the eight samples
from the eastern United States, which is used to compute the conditional fre-
quencies g for samples in Table 1. The frequency 7 may be even larger since
some of the rare cases may have been In(2L)Cy, a rare cosmopolitan inversion
that has breakpoints only slightly different from In(2L)¢ and is known to be
associated with AdA". The approximated correlation
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TABLE 4

Conditional frequencies of slow allele, p and q, inversion frequency Py of In(2L)t, allele frequency
P of AdhS and linkage disequilibrium correlation R for all studies
where joint frequencies have been determined

Population °N. Lat. P q p, Py n Ry
Lake Wales, Fla. 27.92 0.986 0.787 0.134 0.814 537 0.174
Orlando, Fla. 28.50 0.988 0.797 0.185 0.832 465 0.199
Jacksonville, Fla. 30.25 1.000 0.688 0.099 0.719 263 0.207
Raleigh, N.C., 1968 35.77 1.000 0.718 0.076 0.742 314 0.170
Raleigh, N.C., 1969 35.77 1.000 0.643 0.021 0.651 146 0.106
Raleigh, N.C., 1970 35.77 0.950 0.691 0.057 0.706 698 0.132
Raleigh, N.C., 1974 35.77 1.000 0.706 0.070 0.726 617 0.168
Carpenter, N.C. 35.77 0913 0.705 0.060 0.717 382 0.136
Brownsville, Texas _— 1.000 0.677 0.172 0.733 232 0276
Eugene, Ore. _— 1.000 0.202 0.014 0213 211 0.231
Katsunuma, Japan, 1969 —_— 0.966 0.309 0.236 0.463 123 0.559
Katsunuma, Japan, 1970 - 1.000 0.254 0.181 0.388 260 0.589
Katsunuma, Japan, 1972 —_— 1.000 0.311 0.152 0.416 197 0.502
Ishigaki, Japan _— 0.951 0.514 0.526 0.744 78 0.501

(n is sample size).

A Qi+ Qr _ —0.10703—0.36747

Tpgp = — = =-0.90
VeV (0.10027) (5.28379)
is the same as rpy, = —0.90 for the data on which the above computations were

based and almost the same as the one in Table 1. We conclude in this case that
only Q;/(Q:+ Q:) = 0.23 of the cline is due to association with the inversion.

We have much less information on the linkage disequilibrium between the
other allozyme genes and their linked inversion. Neither of the two loci linked
with In(3L)P shows a significant cline. All of the linkage disequilibrium cor-
relations involving Est-6° in Table 2 are negative and most of them significantly
so. The inversion carries both alleles in sufficiently high frequencies that one
cannot estimate the conditional frequencies. The negative correlation between
Est-6% and the linked inversion in Table 1 is in agreement with the negative
linkage disequilibrium, i.e., (p — §) < 0. However, this means that the inversion
contribution, Q1 = (p — §) Cp 1, to the clinal correlation of Ps will be pesitive
and Qs must be sufficiently negative to make the clinal correlation negative. Thus,
in this case, although the clinal correlation is not statistically significant, the
cline of the allele is in opposition to the inversion influence.

A positive linkage disequilibrium correlation is always found between Pgm®
and In(3L)P. The total number of inversions on which the linkage disequilib-
rium correlations with Pgm® are based in Table 2 is 146. Of these, 145 contain
Pgm?®. Consequently, p = 1 was used to find the ¢ values for samples in Table 1.



ALLOZYME AND INVERSION CLINES 525

There are only 11 samples in Table 1 with data on both the inversion and Pgm®
for computing the approximated correlation,

s Qu+Qr _ —0.03449 4+ 0.13260
Tpgr = "
VeV

which is the same as 75y, = 0.37 for the 11 samples on which the computations
were made and less than the correlation in Table 1. Nevertheless, it is clear that
the cline in ¢ is opposite to that for the association of the gene with the inversion.
The relationships also explain the near lack of, but negative, correlation between
the inversion and Ps in contrast to what is expected on the basis of a consistent
and positive linkage disequilibrium. From (2) the approximated covariance
between Pg and P; is

= ~0.03991) (6.62074) _ 7

Crgr, = (p— ) V3_+ PaCar, = 0.00031 — 0.00042 = —0.00011

which is opposite in sign to that expected on the basis of linkage disequilibrium,
ie, (p—4q) Vﬁl .

The results for Est-C* and Odh* are very similar and they will be discussed
together. Note that the linked inversion In(3R)P has much higher frequencies
than the previously considered inversions, particularly in Florida. The scanty
information on linkage disequilibrium, Table 2, suggests that it is inconsistent
among populations and that p — ¢ may well be near zero on the average. In such
a case, the inversion does not contribute to the large and significant clines for
these loci. The large negative correlations between the genes and the inversion
appear to be a consequence of the independent clines.

The correlational cline for Acph” is the weakest of all the clines. The few
linkage disequilibrium correlations for Acph™ in Table 2 are all positive but some
of these are small in that they are less than 69 of the maximum. Also, the cor-
relation of Acph” with In(3R )P over populations is almost zero, and it is doubtful
that the inversion has had much influence on this insignificant cline.

DISCUSSION

Although we have no direct evidence on the matter, founder effect most likely
accounts for the associations of allozyme genes and linked inversions. For those
loci, Adh and Pgm, located near the breakpoints of the inversion, recombination
is probably extremely rare. Loci such as a-Gpdh, Mdh and Est-6, located in the
midportion of the inversion, will often be included in double crossovers. How-
ever, the frequency of double crossovers or effective recombination value is very
small. Tt was estimated to be 0.00011 in heterozygotes between Irn(2L)t and
Standard by Muxar and VoeLker (1977). Recombination increases as the loci
are further removed from the inversion and should be appreciable between Est-C,
Odh, Acph, and In(3R)P. Initially, there is a complete association between the
unique inversion and the allozyme. The association remains as the frequency of
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the inversion builds up when there is little recombination and is dispensed in
time very slowly. It is only between Est-C, Odh, Acph, and In(3R)P where
recombination is relatively large that no consistent association was found,
although the data are too few in many cases for one to draw reliable conclusions.

Clines in inversions, which were substantial in all cases, will contribute to
clines of associated genes. When all contributions are of the same sign, as in the
case of the three loci linked with In(2L )z, the inversion contribution was esti-
mated to be 57%, 34% and 239 for the gene clines of MdhS, a-Gpdh" and Adh®,
respectively. We would conclude, especially for Adh® and «-Gpdh®, that there
would be a gene cline without an association with the inversion.

For the two loci linked with In(3L )P, the gene cline is opposite to the contribu-
tion of the associated inversion, and we would expect the gene cline to be larger
without its association with the inversion. When there is no consistent linkage
disequilibrium between genes and inversion, as appears to be the case for Est-C¥,
Odh' and Acph”, the gene and inversion clines should be independent.

What are the forces that cause clines? Those that come quickly to mind are
drift and selection, with the possible involvement of migration and/or linkage
disequilibrium. Selective effects of inversions have been much documented, and
these are certainly candidates in the case of inversion clines. Inversions have
much higher frequencies in the southern part of the eastern seaboard. If the
inversions first came into prominence there, migration might be such that the
spread northward has been slow and insufficient time has elapsed for equaliza-
tion. However, they exist in nearly all populations and if selection pressure is
constant over the seaboard, then frequencies should equalize rapidly. It is diffi-
cult to avoid the conclusion that there is a trend with latitude in selective effects
for inversions. Also, the inversions would attain their highest frequencies where
their fitnesses are largest, and one would expect a reduction in fitness as one
moves away from this environment in a south to north direction. Migration
also may affect the cline, but probably only to a limited degree.

The foregoing picture, which is somewhat cloudy, becomes much worse for
allozyme genes. Few, if any, selective effects have been demonstrated for these
genes. They are much less consistent than inversions in showing clines, but some
show very strong clines. It is difficult to believe that these stem entirely from
drift. Scuarrer and Joawnsonw (1974) concluded from a canonical correlation
analysis of much of the allozyme data included here that the observed patterns
of variation are not consistent with a hypothesis of gene flow, as might be ex-
pected from genetic drift and migration. Linkage disequilibrium from founder
effect with other genes undergoing selection could be a partial explanation. (We
have suggested that linkage disequilibrium and the strong association of inver-
sions with particular allozyme alleles stem from founder effects.) Clines in the
allozyme genes are mainly determined by their frequencies in the Standard
chromosome. A mutation in the Standard chromosome to a favorable and tightly
linked gene with a cline in its selective effects would in time lead to a cline in
the allozyme gene. While the probability of such an occurrence for any partic-
ular linked locus is extremely small, it increases with an array of linked loci,
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and in conjunction with time the frequency of such occurrences may be appreci-
able for any short period in the evolution of a population.

Unfortunately, and as is usually the case, our analysis does not permit an
interpretation of the factors primarily responsible for allozyme clines. We have
been able to demonstrate, however, that an association with an inversion gen-
erally is not the primary factor.
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