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Abstract.—The conditions under which Nei’s (1972) genetic identity measure (1) yields results
which are discordant with changes recorded in the gene identities at single loci are defined. We
noticed that upon reassessment of allele frequencies, the value of I can in some cases change in
the opposite direction of changes recorded in single locus gene identities. This anomaly may
affect phylogenetic reconstructions especially when closely related populations and/or rare
alleles are involved. We illustrate this problem using two examples, one based on real electro-
phoretic data from two Macaca species, the other based on
propose to use instead of Nei’s I, an alternative measure, which we call Nei’s modified genetic
based on the arithmetic mean of single locus gene identities. Nei's
modified distance (D) is derived analogically to Nei’s D. We present the sampling variances of
these modified estimates. [Nei’s distance; allele frequencies; philogeny; electrophoresis.]

identity (I). This measure is

The most widely used genetic distance
estimate is Nei’s (1972) D. Its popularity
stems from its simplicity and facility of ap-
plication (Hedrick, 1983; Kimura, 1983).
Nei’s D has also been shown to have an
approximate linear relationship with time
of divergence (Nei, 1987). However, dur-
ing a reassessment of data on the gene di-
versity at the amylase and hemoglobin loci
in two. species of macaques (Tomiuk, un-
publ.), we noticed that it is possible to re-
cord a decrease in the single locus gene
identity at one or several loci, and concom-
itantly record an increase in the overall
gene identity across all loci between the

two species. This means that despite of a_

larger divergence at single loci, the total
genetic identity may in some cases assume
higher values, thus indicating undue ge-
netic similarity.

In this note we assess the conditions un-
der which this type of anomaly may occur.
Furthermore, we propose modified ver-
sions of Nei’s genetic identity and Nei’s
genetic distance, as suggested but not rec-
ommended by Nei in his 1972 paper, and

* Dedicated to Prof. K. Wehrmann on his sixtieth
birthday.
3 To whom all correspondence should be addressed.
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NEI'S MODIFIED GENETIC IDENTITY AND DISTANCE
MEASURES AND THEIR SAMPLING VARIANCES*

hypothetical allele frequencies. We

sl

presented again in Hillis (1984).In thisnote *
we also calculate the sampling variances
of the modified formulae.

DEFINITION

populations is defined as:

I=T,/0J)%

where
Il = (E 2 szi>/
I.= (2 2 szi)'

Jo= (2 2 X,';in>r

j i

r is the number of loci analysed in both
populations, L is the number of alleles ak
the j-th locus, and x; and y; represent the
frequencies of the i-th allele at the j-th log
cus in populations 1 and 2, respectively-
Note that in formula (1), J,, J, and J;, are
defined as sums of allele frequencies, an
not as averages over all loci as in Nei (1972F
However, this difference is immaterial ;é}
i

»
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the present context since r cancels out in
the formula.

THE PROBLEM

In the following we shall consider the
reassessment problem. Namely, we shall
consider two sets of data: an old set and a
new one. The new set may be generated,
forinstance, by introducing improvements
in the resolving power of the electropho-
retic techniques involved, and thus usually
it is expected that the new set will show
more polymorphism than the old one
(Graur, 1986). Alternatively, the new set
may be generated by increasing the sample
size in one of both populations, and in this
case the degree of polymorphism may
change in either direction. For the sake of
simplicity we shall assume in the follow-
ing that only the data pertaining to one
locus are reassessed at a time, and that in
each population, at the reassessed locus,
there can be a maximum of only two alleles
segregating.

Let a,, be the old frequency of allele A
in population 1, and let a, be the old fre-
quency of this allele in population 2. The
old frequency of the alternate alleles in
populations 1 and 2 are a,;; = 1 — a; and
a, = 1 — a,,, respectively. The alternate
alleles may or may not be the same in both
populations.

Let us now assume that upon reassess-
ment the new frequencies of allele A in
populations 1 and 2 turn out to be X, and
Xy, respectively. Obviously, the frequen-
cies of the alternate alleles are now x,; =
1 = x,, in population 1 and x =1 — Xz
in population 2.

In this note we investigate only two pos-
sible cases: (a) only one allelle is shared by
both populations, and (b) both alleles exist
in the two populations. In the following
we shall treat these two cases separately.
Table 1 shows a schematic representation
of the allele frequencies at the reassessed
locus for the two cases, before and after
feassessment.

(a) One Allele is Shared by Both Populations

Upon reassessment of the allele fre-
quencies at one locus, the new genetic

identity between the two populations Iy
derived from formula (1) becomes:
— Jio — apay + XXy
(J, — 2a}, + 23, + 2x} — 2xy)*
(J, — 2a% + 2a, + 2x3, — 2xy)*
(2)
Differentiating formula (2) with respect to
x,, we obtain:
xu(J; — 22}, + 2a,) + Ji2
_CE\_ _ anay — Xu(2] — 2ap3y t Xa1)
ox,; (J,— 2ah + 2a; + 2x§, — 2x,,)*?
(J, — 2a}, + 2a,; + 2x3, — 2xy)*
(3)
Therefore, the maximum value of I, is
reached when
— Xo1(J; — 2a} + 2a,;) + Jip — anay
2], — 2apay t+ Xy

I,

X1
(4)

Let us now assume that population 1 was
considered monomorphic at the reassessed
locus (a;, = 1), and that upon reassessment
polymorphism was detected (x,, # 1 and
Xz =1 — x;;). We further assume that the
allele frequencies at this locus are un-
changed in population 2 (a;, = Xy ). If the
new allele found in population 1 is not
present in population 2 (Table 1, case a),
we obtain:

L = Jiz — @y + anXn
tJA (0 2 — 2x)"

I, will reach its maximum value when d(1,)/
d(x,;) = 0, and we can easily see that

&)

ay); —ay + Jo

Xy = —— 6
" 2, — ay (©)
Since 0 < x,; < 1, it follows that a,J; — a5
+ Ji2= 2]y — 3y 0ray); —an + Jiu Z 0.
This results in (1) a5 < J;2/J, or (2) an =
Ji2/(1 — J,) because in general J, > 1. In
other words, we see that for the biologi-
cally meaningful range of 0 =x, =1,1,
reaches an absolute maximum value for Xy,
< 1when 0 < a, < J,/J;- When ay > Jip/
],, a relative maximum is obtained at x;; =
1, and the absolute maximum is obtained
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when x,, is greater than 1. Since gene fre-
quencies cannot exceed 1, I, will always
increase monotonically with x;, from 0
to 1.

The single locus identity at the j-th locus
between two populations (I;) is defined as

n n n ‘h
L= E risi/(z 7 2 5%)
i=1 i=1

i=1

7)

where n is the total number of different
alleles detected in both populations, and
r, and s; are the frequencies of the corre-
sponding alleles at the j-th locus in each
population.

Let us now consider the new single locus
gene identity (I,) at the reassessed locus.
For simplicity the subscript for the locus
is omitted. Using the same values as above,
ie,a;=1,a,=0a,, =xyanda,, =1 —
Xa1, Iy equals:

A1 Xy1
I, = 8
K (2a3, - 2a,, + 1)# ®)

(2x3, — 2x,, + 1)*#

Differentiating, and setting 9d1;/dx,, = 0,
we obtain x,;; = 1. This means that the max-
imum value for I, is always obtained at the
point where the reassessed locus in pop-
ulation 1 is monomorphic. Thus, when a, =
Ji2/Ty, I, and I are not always positively
correlated with each other, and it is pos-
sible for I; to decrease while I, increases.
Since the reassessment process involves one
locus at the time, an unbiased estimator of
genetic divergence should reflect the mag-
nitude and the direction of the changes in
the single locus gene identity in the reas-
sessed locus. Because in the calculation of
Nei’s genetic identity, a mean other than
the arithmetic mean was used; I, does not
behave properly in this respect.

Figure 1 illustrates the problem. We see
that while the single locus identity in-
creases with the frequency of the allele
that is common to both populations over
the entire range, the total identity in-
creases only in the range from 0 to J;,/J,
and decreases after this point. The highest

TABLE 1. Schematic representation of allele fre-
quencies at the reassessed locus for the two cases, (a)
one allele is shared by the two populations, and (b)
both alleles are present in the two populations, before
and after reassessment.

Frequency in Frequency in
population 1 population 2
Case Allele Before After Before After
(a) A ay, Xyt Ay X2,
B a;; X12
C a, Xz
(b) A aq X1 ay X2t
B A X2 A X22

discrepancies are for low frequency values
of the allele shared by the two populations
and for high values of J;,. Thus, the prob-
lem will be more pronounced in closely
related populations than in distantly re-
lated ones, and in cases when the shared
allele has a lower frequency of occurrence
in one of the populations.

(b) Both Alleles are present in the
Two Populations

Let us consider briefly the case where
both alleles are present in both popula-
tions. Their frequency in each of the pop-
ulations is different (Table 1, case b). As-
suming x,; = a,;, or in other words assuming
that the gene frequencies in population 2
remain unchanged after reassessment and
the frequencies change in population 1
only, we obtain:

- Jio — 2aja, + a, + 2a5x,;, — Xy
" (J27(J, — 2a}, + 2a,; + 2xi;, — 2xyy)*
9

In this case, I, reaches its maximum when

2ay]; = ] + Ji» — 4alay
_ + zauazl + 23%1 - an
2], — 4aj@, + 2a;,, + 2a,, — 1
(10

while I reaches its maximum when x;; =
a,,. Both I, and [; will reach their maximum
values at the same point in only two cases:
(1) when a,, = 05 or 2) when J, =], +
2a,,a,; — 2a} + a,, — a,;. The same dis-
cordance between I, and the single locus
genetic identity is observed for most allele
frequencies.

I

X11

i
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FIG. 1. Changes in single locus gene identity (I,..) and total genetic identity (I.,) with frequency of

reassessed allele (x;,). ], and ], were set in all cases to 5. The lines in the lower figures represent, in ascending
order, values of J,, of 1, 2, 3, 4, 4.5, and 4.7, respectively (maximum value for J,, with the given values for J,
and J; is 5). Circles denote the x,; value at which L. and I, reach their respective maxima (see text for

details, and Table 1, case a).

NUMERICAL EXAMPLES

We shall provide two numerical exam-
ples, one based on empirical data, the
other one hypothetical, to illustrate those
instances when problems with the appli-

TABLE 2. Genetic variation at the amylase (Amy)
and hemoglobin (Hb) loci in two Macaca species.

Allele frequencies

Source Locus M. fascicularis M. mulatta
Nozawa et al. - Hb 0.508 1.000
0.492 0.000
Tomiuk 0.518 0.658
0.000 0.342
0.482 0.000
Nozawa et al. Amy 1.000 1.000
Tomiuk 0.298 0.000
0.336 0.000
0.143 0.000
0.026 0.000
0.056 0.000
0.141 0.000
0.000 0.690
0.000 0.310

cation of Nei’s genetic identity estimate
may arise.

The first example is based on the data of
Nozawa et al. (1977), who studied the ge-
netic variation in several Macaca species.
With respect to the amylase locus (Amy),
Nozawa et al. found complete lack of vari-
ation in both Macaca fascicularis and M. mu-
latta, either within or between the species.
With respect to hemoglobin (Hb), they
found lack of variation in all populations
of M. mulatta, and two alleles in all pop-
ulations of M. fascicularis, one of which,
Hb*, was present in both species. One of us
(Tomiuk, unpubl.) reinvestigated the gene
frequencies for both the Amy and the Hb
loci in both these species. The relevant gene
frequency data from Nozawa et al’s and
Tomiuk’s studies are given in Table 2. Data
from different geographical populations
belonging to the same species from the
study of Nozawa et al. were pooled.

The genetic identity calculated from the
original set of 29 enzyme and protein loci
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TaBLE 3. Total (I) and single locus (I,) gene iden-
tities before and after reassessment of two loci, Amy
and Hb, between two Macaca species. For data see
Nozawa et al. (1977) and Table 1.

Amy Hb Total
Iy Is [
Nozawa et al. 1.000 0.718 0.933
Reassessment:
1 0.000 0.718 0.916
2 0.000 0.650 0.918

is 0.933. In the first step of the reassessment
process, we substituted the data for the Amy
locus, and kept all the other loci un-
changed. The single locus identity, I, de-
creased from 1 to 0, and as expected the
total genetic identity, I, decreased too from
0.933 to 0.916. In the next step of the reas-
sessment, we substituted the hemoglobin
data. Again, the single locus identity de-
creased from 0.718 to 0.650, a decrease of
about 10%. However, we now observe an
increase in the total gene identity across
loci of about 0.2% (from I = 0916 to I =
0.918). The single locus and total gene
identities before and after reassessment are
given in Table 3.

Let us now consider the implications of
this sort of effect on the construction of
phylogenetic trees. In the following we
shall use a hypothetical case to make a
point. Consider species A, B, and C. The
allele frequencies at six polymorphic loci
are given in Table 4. From this table we
calculate the gene identities prior to reas-
sessment. These are designated “old” I’s in
Table 5. Because of identical values of I, it
cannot be determined whether species A
and B or species A and C are genetically
more similar. Table 5 also gives the single
locus gene identity for locus 6 (“old” I,).
We now proceed to either collect more data
or to refine the resolution of the technique.
The new “findings” in regard to locus 6 are
also listed in Table 4 (“new” 1,). After re-
calculation we find out that the total gene
identity for the two pairs of species (I,
and I,.) changed exactly in the opposite
direction from the changes recorded in the
single locus gene identities (Table 5).

The described phenomenon occurs be-

—

TaBLE 4. Hypothetical genetic variation at six
polymorphic loci in three species.

Locus Species A Species B Species C
1 0.60 - -
0.40 0.35 0.45
- 0.65 0.55
2 0.50 - -
0.50 0.50 0.50
— 0.50 0.50
3 0.20 - -
0.80 1.00 1.00
4 0.40 - -
0.60 0.55 0.55
- 0.45 0.45
5 0.60 - —
0.40 0.45 0.35
- 0.55 0.65
6 “old” 0.90 — -
0.10 0.70 0.70
- 0.30 0.30
6 “new” 0.90 - -
0.10 0.65 0.90 )
—_ 0.35 0.10

cause of the assumptions in Nei’s (1972)
model. Nei assumed that the effective sizes
of the two populations are equal, and that
they are in a state of equilibrium between
mutation, selection and random genetic
drift. The probability of substitution is fur-
ther assumed to be constant either per year
or per generation. Thus, the denominator
terms, J, and J,, estimate the equilibrium
amount of homozygosity under this mod-
el. The cross-product, J,,, is scaled down
relative to J; and J,. The expected degree
of homozygosity at particular loci can vary
from time to time, but its expectation re- -
mains constant. On the other hand, the -
expectation of gene identity between two .
populations decreases as time goes on. If

&

7%,

i

TABLE 5. Total (I) and single locus (I,) gene iden-"¥
tities before and after reassessment between three
hypothetical species. For data see Table 4.

W

Parameter Old value New value % Change
PR 0.102 0.097 —-4.9
Tuac, 0.102 0.110 +7.8
Lose: 1.000 0.927 -7.3
Las) 0.492 0.493 +0.2
Lo 0.492 0.482 —-2.0
Lscy 0.994 0.979 -1.5

N T R
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the number of investigated loci is limited,
a reassessed locus may decrease the de-
nominator, (J,J,)% by more than it decreases
the nominator. The net effect will be to
increase I, even though the gene frequen-
cies have become further apart.

NEI'S MODIFIED GENETIC IDENTITY

Nei (1972) chose the mean values J,, IR
and J,, as the basis for his calculation of
the total gene identity. Nei and Roychou-

dhury (1974) recognized the fact that the

estimate of I is only “asymptotically un-
biased”, however, they chose it for its
mathematical simplicity. Nei (1972) stated
that it is also possible to compute the arith-
metic mean of the single locus gene iden-
tities rather than I. Hillis (1984) discussed
the properties of both these estimates, and
stated that the normalized genetic identity
defined by Nei is distorted by shared and
unshared polymorphisms. In this note we
identified an additional problem with I.
Hillis (1984) suggested the use of the arith-
metic mean of the single locus identities
(I) defined as:

l

. 2 XY

I=1 2 3 | 7
]

<2 X 2 Yﬁ)

i

(11)

where the parameters are the same as in
formula (1).

We find that this estimate, which we call
Nei’s modified genetic identity, changes
concomitantly with changes in the single
locus identities, and that if there is a local
Maximum in the single locus jdentity, there
will also be a maximum at the same point
in I In analogy with Nei’s (1972) genetic
distance, Hillis (1984) defined Nei’s mod-
ified genetic distance (D) as:

D=—-Inli (12)

In the Appendix we present the sampling
variances of I and D, including computa-
tional details. The sampling variance of D
'S given in formula (6) in_the Appendix.
The sampling variance of I is:

V(i) = v(D). (13)

We are now in the process of comparing
Nei’s genetic identity and Nei’s modified
genetic identity for a large set of allele fre-
quencies from natural populations (Graur
and Tomiuk, in prep.).
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APPENDIX

The procedures for deriving the sampling variances
if I and D are listed below.
Definitions
r Number of loci

1 Number of alleles at the k-th
locus

i Degree of homozygosity at
=2 x the k-th locus, k =
i=t (1,2,...,1),in species X

i Degree of homozygosity at
o= 2 v the k-th locus, k = .
=t (1.2,...,1), in species Y
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:
3
i

% Identity of two genes chosen

Xy, = Z X,y from species X and Y at
i=t the k-th locus
ixvy . o .
[, = —— Single locus genetic identity
XYt
il < I Modified Nei's genetic iden-
i tity
=1 -
I Nei’s (1972) genetic identity
D=-Inl Modified Nei's genetic dis-
tance
D Nei’s (1972) genetic distance
Assumptions

The degrees of homozygosity and gene identity in
populations X and Y are assumed to be mdependent
of the locus. That is:

covijx,, jy.) = 0ifk = s
cov(jx,, jxy,) = 0if k # s
cov(jy. jxy,) =0if k = s

where k and s are any two loci.

Derivation of Sampling Variance

Differentiating D with respect to jx,, jy. and jxyi

we obtain:

2.1:2. = _._..__Ik (1)
dix,  2rljx,

E]s) I

— = @)
diy. 2rljys

9D -1

— == €)
dixy.  rlixyy

The intra-locus variance of D is by analogy with Nei
and Roychoudhury (1974)

N r [/aDY
VD)= Ké;?) V(ix)
D
V.
(axy) iy
D\,
(o

Xy
+ 2(ilz ?D
3jx, Ijxyi

D 9D o
+ 2 cov(jy. jxyd |- (4)
0)Yk a)xYk

>c0v(jxk, Xy

( ) Vijyd)
(
XJXY

From (1), (2), (3) and (4), we obtain:
1 G[(LY
VD) = 2 K ) V(jx.)
) V(jxy.)
zcov(]xk, Xv.)
_ (21,)*cov(jy.. jxyk)]
¥ Xy '

Rearranging (5), we obtain:

r

v.0) = 5 PR
k=1
{V(ixk) L Vi)
X jyi
. 4V(jxy,) _ 4 cov(jx,, jX¥i)
jxyi XXy

_ 4 covijy. jxyk)jl
Xy :
Compare (6) to Nei and Roychoudhury’s (1974) for-"E=

mula for V(D) g
VD) = [wm vay) E
Ix? Jy* %
N 4V(xy) 4 cov(Jx, Jxy) k3
o Ixy? IxJxy
_ 4 cov(Jy, ny)] 73
JyIxy

Differentiating D with respect to [, we obtain analo
gously the total variance V(D):

- )
V(D) = §V(I)

3

> - ir

_ k=1
(r — DI

We can, hence, calculate the inter-locus variance of;
D as:

V(D) = v,(D) + V(D). 93
Rearranging formula (9), we obtain
v(i) = V(D). (10);



