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ABSTRACT Six restriction fragment length polymor-
phisms (RFLPs) detected in the human growth hormone-hu-
man chorionic somatomammotropin (hGH-hCS) gene duster
were studied in Mediterraneans, Northern Europeans, and
American Blacks; the polymorphisms showed that, on the av-
erage, one of 500 bases in this cluster is variant. Haplotypes
constructed for four of these RFLPs display strong nonrandom
associations. However, the strongest associations were be-
tween RFLPs that are in homologous DNAs rather than be-
tween the physically closest RFLPs. From this and other evi-
dence we argue that duplication of an ancestral hCS gene oc-
curred at least twice, the second event being relatively recent.
In other words, duplication of the hCS-L gene to produce the
hCS-A gene occurred twice, so that hCS-A genes in humans
may have independent origins. Our results imply that chromo-
somes with absent hCS genes (leading to hCS deficiency) may
represent the nonduplicated ancestral unit rather than gene
deletions.

The human growth hormone gene cluster located on chromo-
some 17 (1, 2) spans about 50 kilobase pairs (kb) ofDNA and
contains the genes encoding growth hormone (hGH) and
chorionic somatomammotropin (hCS). Recently, the order
and arrangement of the five loci [5'-hGH-N-hCS-L-hCS-A-
hGH-V-hCS-B-3' (Fig. 1)] composing this cluster has been
elucidated by using cosmid clones (3). The highly homolo-
gous coding sequences of these genes are thought to have
arisen by repeated duplications of an ancestral gene (3-6).
Barsh et al. (3) have recently shown that the 5' flanking
DNA is homologous for all five loci, while the 3' flanking
sequences are homologous for hGH-N and hGH-V or the
hCS-L, hCS-A, and hCS-B loci (3).
By using 32P-labeled cDNA probes for hGH genes, six re-

striction fragment length polymorphisms (RFLPs) have been
discovered in DNA samples from Blacks, Mediterraneans,
and North Europeans (7). Of these six RFLPs, five (two Bgl
II, two Msp I, and one HincII) were common to all three
populations. The sixth, a BamHI polymorphism, was detect-
ed only in U.S. Blacks. All of these RFLPs are tightly
linked, in agreement with the expectation that only about
0.05% recombination should occur over 50 kb of DNA (8).
This situation is thus similar to that observed in the human ,&
globin cluster (9).

Analysis of these RFLPs in the hGH cluster enabled us to
study the nucleotide variability, nonrandom association, and
evolution of the gene cluster. From the patterns of nonran-
dom associations between the RFLPs we have obtained evi-
dence that duplication of an ancestral hCS gene creating the
hCS-A gene occurred on two different chromosomes. The
second duplication event leading to hCS-A is relatively re-

cent. This implies that hCS deficiency due to absent hCS
genes (10, 11) may not be due to hCS gene deletions per se
but rather represents the nonduplicated ancestral unit.

METHODS
Subjects. The individuals studied were broadly grouped

into three classes (U.S. Black, Mediterranean, and North
European). The first two groups included couples who de-
sired prenatal diagnosis for sickle cell anemia or ,f3thalasse-
mia among their offspring. All such Greek and Italian fam-
ilies were grouped as Mediterraneans. The North Europeans
included individuals of Northern European descent who had
isolated growth hormone deficiency (IGHD) type 1 segregat-
ing among their offspring but were themselves unaffected. In
these families, the IGHD type 1 phenotype was previously
shown by linkage analysis not to involve the hGH gene clus-
ter (7).
The sampling unit in our study was a nuclear family in

which all parents and their offspring were typed for the Bgl
II, HincII, and Msp I RFLPs. Studies of the inheritance pat-
terns of the RFLPs usually enabled a complete description of
parental haplotypes (7). Since none of the parents were relat-
ed, we could obtain at most four independent haplotypes
from each family studied.

Nuclear DNA Preparation. High molecular weight DNA
was prepared from cultured amniotic fluid cells or from leu-
kocytes in 10-15 ml of peripheral blood as described (12).

Preparation of Probes and Restriction Endonuclease Analy-
ses. The recombinant plasmid chGH800/pBR322 contains
nearly full-length complementary DNA (cDNA) to hGH
mRNA (13). The 800-base-pair (bp) hGH cDNA insert was
isolated and labeled with 32p as described (7). Samples of
nuclear DNA were digested to completion with various re-
striction endonucleases and the resulting DNA fragments
were subjected to electrophoresis in 1% (wt/vol) agarose
gels. The DNA fragments were then transferred to nitrocel-
lulose filters and hybridized to the hGH probe. The filters
were then washed and autoradiographed as previously de-
scribed (7).
RFLPs. The six RFLPs examined in the three populations

were termed Bgl II A and B (13/10.5 kb or 8.1/3.0 kb), Hin-
cII (6.7/4.5 kb), Msp I A and B (4.3/3.6 kb or 3.9/3.3 kb) (7),
and BamHI (6.7/3.8 kb); the latter was a private RFLP de-
tected only in U.S. Blacks. For the description of each poly-
morphism, the longer fragment is denoted by a - and the
shorter fragment by a +, which correspond to the absence or
presence of a restriction site at a particular DNA location.
The relative positions of the six different polymorphic sites
with respect to the genes in the hGH cluster are shown in
Fig. 1 (7, 10, 11). In the case of the BamHI, Bgl II, and Msp I

Abbreviations: hGH, human growth hormone; hCS, human chorion-
ic somatomammotropin; RFLPs, restriction fragment length poly-
morphisms; kb, kilobase pair(s); bp, base pair(s).
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FIG. 1. Physical arrangement of the hGH gene cluster, showing the location of the six polymorphic restriction sites detected with hGH
cDNA as a probe (3, 7, 10, 11). The relative locations of two flanking homologous sequence elements (C and D) are shown below the line (3).
Note that the HincIH, Bgl II A, and Msp I A and B sites lie within homologous C or D regions, respectively.

RFLPs, the structural locus adjacent to the polymorphic re-
striction site was determined by digesting large genomic Hin-
dIII fragments with each endonuclease (7). The distance of
the polymorphic site from its adjacent locus was deduced by
comparing the fragment lengths observed with the DNA se-
quence of each hGH or hCS locus and the physical map of
the cluster (refs. 3, 7, 10, and 11 and unpublished data). The
location of the HincII RFLP was known from prior experi-
ments (7).

RESULTS
We were able to construct haplotypes for most couples in
our study by examining the markers in their offspring or oth-
er relatives. In situations in which both parents and offspring
were heterozygous at a site and no other relatives were avail-
able, the haplotype phase was ambiguous. In some cases,
not all markers could be studied. The Bgl II B RFLP was not
used because of our inability to distinguish between + - and
+ + genotypes. The BamHI RFLP was also not included be-
cause it occurred only in U.S. Blacks. Given these limita-
tions, the distribution of observed haplotypes for four
RFLPs in these populations is shown in Table 1, with the
first eight rows giving the frequency data for complete haplo-
types. These are the basic data on which our analyses are
performed.

Variation in Restriction Sites. The data in Table 1 were
used to compute the frequency of each site in each popula-
tion. If n chromosomes are examined of which r are +, then
the estimate of the frequency p of the + site is p = r/n, with
binomial variance V(p) = p(l - p)/n. is a maximum-likeli-
hood estimate and is identical to that obtained by gene
counting among genotypes (14). In Table 2 we present values
of n, j, and its standard error [V( )]1/2. The frequency of the
BamHI RFLP was determined by examining 86 chromo-
somes of U.S. Blacks, 70 of which had the restriction site
(i.e., +), and 30 chromosomes of Northern Europeans, of
which all were of type +. This RFLP was not studied in the
Mediterraneans. The data in Table 2 demonstrate that while
all sites are highly polymorphic and that the frequencies of
the Bgl II A and HincII sites are similar in all populations,
the frequencies of the Msp I and BamHI sites differ between
populations.
The extent of polymorphism was evaluated by computing

the gene diversity (heterozygosity h) for all three groups. For
each group hit = 2p,{l - pi) is the estimate of heterozygosity
for the ith site, with the average over m restriction sites be-
ing given by h = l/il/m. In Table 2 we present the hi, values
for each RFLP in each population. These values range from
0.20 to =0.50, with the average heterozygosities over poly-
morphic sites being 0.30, 0.45, and 0.45, in the U.S. Black,
Mediterranean, and Northern European groups, respective-
ly.
Nonrandom Association Between Sites. Since the hGH clus-

ter contains duplicated genes and, moreover, since the poly-

morphic restriction sites are in regions (Fig. 1) previously
shown to have homology (3), it was of interest to study the
nonrandom associations (linkage disequilibrium) between
them. For this purpose, we used the haplotype data present-
ed in Table 1 and considered only the HincII, Msp I A and B,
and Bgl II A sites. Since linkage disequilibrium can be stud-
ied for any pair of RFLPs there are six measurable associa-
tions in any population.
The association between a pair of polymorphic sites is

measured by the A value, defined as,

=
P11 PoPoo

(pjoqjopoj qO1)"2

Table 1. Distribution of haplotypes in the hGH cluster in

[1]

three populations
Haplotype No. of occurrences in

Msp Msp Bgl U.S. Mediter- N. Euro-
HincII I A I B II A Black ranean pean
+ + + + 4 1
+ + + - 3 7 6
+ - - + 1 1
- + + + 12 2 4
_ + - + 3
- + + - 1 1
- - + + 1 1
- - - + 2 7 13

Total 24 16 30

(+) + + + 2
+ + (+) - 1
(-) + + - 1
(-) - - + 1
- - (-) + 1
+ + + 2

2
+ + + 1 2
+ + - 1 1
_

- + 1
+ + 1 1
+ - 3 2

+ 12 6 5
_- 2

+ + 3
1

2
+ 2 2

Total 48 28 52
A parenthesis implies that the assignment of + or - with respect

to the rest of the haplotype is ambiguous (see Results). However, it
is still useful for computing the frequency of + at an individual
RFLP.
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Table 2. Estimates of frequencies, standard errors, and
heterozygosities of RFLPs in the hGH gene cluster

RFLP Value of U.S. Black Mediterranean N. European

HincII p 0.273 ± 0.067
n 44
h 0.397

Msp I A p 0.846 ± 0.071
n 26
h 0.260

Msp I B p 0.885 ± 0.063
n 26
h 0.204

Bgl II A p 0.783 ± 0.061
n 46
h 0.340

BamHI p 0.814 ± 0.042
n 86
h 0.303

h (above sites)
h (al 98 sites)
% polymorphic sites

0.301
0.016
0.054

0.218 ± 0.099
22

0.434
0.600 ± 0.110

20
0.480

0.600 ± 0.110
20

0.480
0.714 ± 0.085

28
0.408

0.451
0.020
0.043

0.333 ± 0.068
48

0.444
0.546 ± 0.075

44
0.496

0.500 ± 0.075
44

0.500
0.750 ± 0.065

44
0.375

1.000 ± 0.000
30

0.000

0.454
0.025
0.043

For each RFLP, line 1 gives the frequency ± standard error of the
+ site; line 2 is the number of chromosomes sampled; and line 3 is
the heterozygosity.

where Pii P12, P21, and P22 are the frequencies of + +, + -,
- +, and - - haplotypes and Pio = Pi, + P12, q10 = 1 - Plo,
Po1 = P11 + P21, and q01 = 1 - Pol. Since A is a correlation
coefficient the hypothesis of linkage equilibrium (A = 0) can
be tested using the statistic z = tanh-'A. Then, (n - 3)112z is
a unit normal deviate under the null hypothesis A = 0 (ref.
15).
Table 3 presents the calculated A values for pairwise com-

parisons of the four RFLPs in the three groups. All pairs are
highly significant at the 1% level in the Mediterranean and
Northern European groups but the disequilibrium is lower in
the Blacks. In the Blacks, only the pairs HincII-Bgl II A and
Msp I A-Msp I B are significantly associated.

Nucleotide Variability in the hGH Gene Cluster. Of the 16
enzymes used, only 4 detected RFLPs. Since no abnormal
hybridizing fragments were detected, the RFLPs studied are
probably all due to base substitutions rather than large inser-
tions or deletions (9, 16). Assuming that all RFLPs are base
substititions and selectively neutral, it is possible to estimate
the nucleotide diversity r (heterozygosity at a nucleotide
site) in the hGH cluster by using the procedure of Ewens et
al. (17). In this method, if the ith restriction endonuclease
used had a recognition site of ri bp, and if in a sample of ni
chromosomes, mi cleavage sites were observed of which ki
were polymorphic, then the estimate of nucleotide diversity
is

*= where 6 = rk1 , [2]
1 + 0 21rimi In ni

Table 3. Standardized pairwise linkage disequilibrium values (A)
in three populations
Site 1 Site 2 U.S. Black Mediterranean N. European

HincII Msp I A +0.08 (24) +0.78* (16) +0.54* (36)
HincIl Msp I B +0.00 (24) +0.78* (16) +0.60* (34)
HincII Bgl II A -0.44* (42) -1.00* (22) -0.75* (40)
Msp I A Msp I B +0.85* (26) +1.00* (20) +0.81* (42)
Msp I A Bgl II A -0.21 (26) -0.67* (20) -0.55* (36)
Msp I B Bgl II A -0.18 (26) -0.67* (20) -0.59* (34)

Figures in parenthesis are number of haplotypes.
*Significant at 1% level.

Table 4. Restriction enzymes used for detecting polymorphisms

U.S. Black N. European
Enzyme r f k n k n

Dde I 4 3 - - 0 16
Hae III 4 1 0 12
Msp I 4 7 2 26 2 54
Sau3A I 4 5 0 34
Ava II 5 2 0 16
HincII 5 4 1 59 1 58
BamHI 6 6 1 86 0 30
Bgl I 6 5 0 36
Bg III 6 6 2 61 2 60
EcoRI 6 6 0 6 0 16
HindIII 6 3 0 2 0 20
Hpa I 6 1 0 6
Pst I 6 3 0 2 0 16
Pvu II 6 2 0 6 0 36
Sst I 6 4 0 14
Xba I 6 3 0 16

where 6 = 4Neu, Ne is the effective population size, and u is
the average mutation rate per bp (16). Usually, m cannot be
directly observed, but if f fragments were consistently
scored then m has upper limit 2f (none of the cut sites are
contiguous) and lower limit f + 1 (all cut sites are contigu-
ous). We use m as the average (3f + 1)/2. The 16 enzymes
studied in Northern Europeans and the 8 studied in U.S.
Blacks together with the m, k, and n values are presented in
Table 4. The data on the Mediterraneans were too sparse to
be included in this analysis. Since several endonucleases
used to screen the U.S. Blacks were chosen because they
were discovered to yield RFLPs in Northern Europeans, the
data on the Blacks are biased. In any case, Eq. 2 gives * =
0.0014 for Northern Europeans and *' = 0.0032 for U.S.
Blacks. Both of these values are of the same order as the * =
0.0017 calculated for the human ,B-globin cluster (9, 18). Fi-
nally, for comparative purposes we selected only those en-
donucleases studied in Northern Europeans that were also
studied in the Blacks. This analysis gave *i = 0.0022, a value
closer to the U.S. Black sample.

DISCUSSION
Polymorphism in the hGH Cluster. The frequency data on

individual RFLPs in the three groups or the heterozygosities
at these RFLPs (Table 2) show that considerable variation
exists within the hGH cluster. Table 2 also demonstrates that
despite the occurrence of a private polymorphism in the
U.S. Black sample, the Mediterraneans and Northern Euro-
peans have higher average heterozygosities. One should
note that in our study an estimated total of 98 restriction sites
(Table 4) were screened, using 16 restriction endonucleases,
and 5 sites were found to be polymorphic. Since the majority
of these restriction sites were monomorphic, it is more real-
istic to compute the average heterozygosity (h) over all 98
sites. Then h is approximately 1.6-2.5%, a figure far below
the 10% average heterozygosity found for protein and blood
group loci in humans (19). Furthermore, the percentage of
polymorphic sites was only 4.3-5.4%, which is also lower
than the corresponding figure of 31-40o obtained for protein
and blood group loci (19). These comparisons are valid since
both polymorphic and monomorphic RFLPs and proteins/
blood groups were compared. Nevertheless, the RFLPs all
occurred in noncoding DNA, whereas the classical markers
represent polymorphisms in coding sequences. However,
the values for the hGH cluster are similar to those obtained
for the human /-globin cluster, as were the calculations of
the nucleotide diversity (ir 0.002) (9, 18). This implies that
approximately 1 in 500 nucleotides is variant, so that the

Genetics: Chakravarti et aL
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hGH cluster should contain about 100 such variants. Since
the chance is low that any of these variants would yield an
RFLP (16, 17) it follows that a large number of restriction
enzymes have to be screened to detect an RFLP. In con-
trast, the increased efficiency of electrophoretic/immunolo-
gical detection of heterozygosity of proteins/blood groups
probably accounts for the greater variability at the latter loci.

Patterns of Polymorphism and Linkage Disequilibrium. An
essential feature of the hGH RFLPs is that the HincII and
Bgl II A sites are 5' to hGH-N and -V, respectively, while the
Msp I A and Msp I B sites are 3' to hCS-L and hCS-A (Fig.
1). Barsh et al. (3) have recently shown that the 5' DNA
sequences adjacent to hGH-N and -V are highly homolo-
gous, as are the 3' flanking regions adjacent to the hCS
genes. Thus, the HincII and Bgl II A RFLPs are in homolo-
gous 5' DNA regions, while the two Msp I RFLPs are in
homologous 3' regions. Interestingly, the frequency of Hin-
cII + is similar to the frequency of Bgl II A - in all three
groups, as are the frequencies of + sites for Msp I A and B
(Table 2). Thus, the frequency changes for the above pairs of
RFLPs seem to be occurring in concert. Furthermore, the
strongest associations are between those RFLPs that are in
regions that share homology (HincII and Bgl II A, or Msp I
A and B) rather than between RFLPs that are physically the
closest. Finally, the direction (sign) and relative magnitude
of linkage disequilibrium are similar in all three groups, sug-
gesting that the RFLPs are sufficiently ancient to predate the
divergence of the major races of man.
Linkage Disequilibrium and Duplication Events. Having a

set of closely linked markers, it was not surprising to ob-
serve strong linkage disequilibria between all sites in the
Caucasian populations (20). In contrast, a marked reduction
of associations was found in the U.S. Blacks. This is possi-
bly due to recent admixture (21), as also observed for RFLPs
in the 3-globin cluster (18). As explained above, the two
strongest associations were between sites that are physically
separated but evolutionarily related by virtue of gene dupli-
cation (HincII-Bgl II A and Msp I A-B) (3). The recent stud-
ies of Barsh et al. (3) suggest that an ancestral duplication of
an hGH-hCS unit initially created the cluster 5'-hGH-N,
hCS-L, hGH-V, hCS-B-3'. Subsequently, the hCS-A gene
appeared by unequal crossing over between repeated Alu el-
ements in the hGH cluster. This led us to ask the question: If
the Msp I sites are related and presumably homologous due
to the duplication process, is there a high frequency of + +
or - - chromosomes (depending on whether the duplication
occurred on an Msp I + or - chromosome)?

In spite of the limited sample of haplotypes that were
available, our data provide interesting answers to this ques-
tion. First, we computed the frequency of Msp I A-B + +
and - - chromosomes from Table 1 and found them to be
96%, 100%, and 90% of all chromosomes in the U.S. Black,
Mediterranean, and Northern European groups. If this con-
cordance resulted from a single rightward duplication of an
ancestral hCS gene (hCS-L) then either the + + or - - chro-
mosomes would predominate. The data in Table 1 show that

nearly 85% of U.S. Black chromosomes are + +, with only
12% being - -. On the other hand, in the Mediterraneans
60% are + +, 40% are - -, whereas the Northern Europeans
show 48% + + and 43% - -. These findings suggest that
there were at least two independent duplications of the hCS-
L gene leading to the hCS-A genes. The low frequency of
- - chromosomes in the U.S. Black population suggests that
the - - chromosome may have arisen later in Blacks than in
Caucasians or arose in a Caucasian population after the di-
vergence of the major races of man and was introduced into
the Black population by recent gene admixture.
To test the concept of multiple independent origins of the

hCS-A gene we next compared the distribution of the HincII
and Bgl II A sites on Msp I A-B + + and - - chromosomes.
These data, derived from Table 1, are shown in Table 5. In-
terestingly, the Bgl II A site is polymorphic only on Msp I A-
B + + chromosomes; on other chromosomes Bgl II A is al-
ways +. Furthermore, an excess of repulsion (+ - and - +)
types for the variant HincII and Bgl II A sites is seen on Msp
I A-B + + chromosomes. In the Blacks, the nonrandom as-
sociation between these HincII and Bgl II A sites is not sig-
nificant (X2 = 3.52, 1 df, 0.05 < P < 0.10), but in the Cauca-
sians (Northern Europeans and Mediterraneans) it is highly
significant (X2 = 12.96, 1 df, P < 0.0005). Thus, the distribu-
tions of the HincII and Bgl II A sites are very different on the
Msp I A-B + + and - - chromosomes. These findings pro-
vide additional evidence for independent origins of the hCS-
A gene and thus the hGH cluster.
Note from Table 5 that nearly all individuals (22/24) who

are Msp I A-B - - are HincII-Bgl II A - +, while these sites
vary on Msp I A-B + + chromosomes. This suggests that the
duplication events yielded HincII, Msp I A, Msp I B, Bgl II
A ---+ and ±++± chromosomes.
The ages of these two types of ancestral duplications can

be estimated from the frequency of the HincII + site on Msp
I A-B + + (0.70) and - - (0.23) chromosomes. By the meth-
od of Kimura and Ohta (22), the average age of the HincII
polymorphism is 2.8 Ne for the ± + + ± duplication and 0.9
Ne for the - - - + duplication, where Ne is the effective pop-
ulation size. This suggests that the younger duplication that
yielded - - - + is only 1/3 as old as the original duplication
that produced the ± + + ± haplotype. Since the frequency of
the HincII RFLP is significantly different on these two types
of chromosomes, it is unlikely that gene conversion was re-
sponsible. In this case, the frequency of the HincII site
would be expected to be the same.
From the above, several testable predictions can be made.

First, the Msp I A-B + - or - + chromosomes arose through
recombination. Recombinations between ancestral chromo-
somes yielding Msp I A-B + - chromosomes could be either
+ + - + or - + - +, of which only - + - + has been ob-
served. However, those yielding Msp I A-B - + chromo-
somes would be of the type - - + ±, of which both - - + +
and - - + - have been observed. Second, since the predomi-
nant ancestral chromosome was Msp I A-B + +, we should
observe this chromosome in all human populations. The six

Table 5. Distribution of HincII and BgI II A sites on Msp I A and B + +, + -, -
and - - chromosomes

Msp I A and B sites

HincII, U.S. Black Mediterranean N. European
Bg1 II A ++ -- +- -+ ++ -- +- -+ ++ -- +- -+

++ 4 1 0 0 0 0 0 0 1 1 0 0
+- 3 0 0 0 7 0 0 0 6 0 0 0
-+ 12 2 0 1 2 7 0 0 4 13 3 1
-- 1 0 0 0 0 0 0 0 1 0 0 0

Totals 20 3 0 1 9 7 0 0 12 14 3 1

Proc. Natl. Acad Sci. USA 81 (1984)
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chromosomes we studied in the Japanese were four of the
type + + + - and one each of - + + - and - - - +, while two
Asian Indian chromosomes we studied were - +++ and
+ + + +. Third, and perhaps the most crucial prediction, we
posit that since one of the duplications occurred relatively
recently, unduplicated chromosomes may still exist. These
chromosomes should lack the hCS-A gene and probably be
on a HincII-Msp I A + + chromosome (Table 5). Wurzel et
al. (10) described a family with deletion of hCS genes in the
3' end of the cluster having a + + HincII-Msp I A haplotype.
This suggests that such cases of "hCS gene deletions" may
not represent deletions per se but may represent remnants of
chromosomes that have yet to obtain the duplicated hCS-A
gene segment de novo or by recombination. The presence of
over 20 Alu sequences in the hGH cluster may be a factor
promoting such repeated duplications (3).

Deletions of the hGH-N gene are, of course, another mat-
ter. We presume that most of them occurred de novo as evi-
denced by the fact that hGH-N gene deletions may be associ-
ated with either the Msp I A-B + + or - - chromosomes in
Europe; in Japan, however, it is associated with a + + chro-
mosome (23). Such spontaneous deletions may also be pro-
moted by the numerous Alu sequences present in the hGH
gene cluster (3).
A final conclusion of our study is that the heterogeneity

observed is caused by multiple independent origins of the
hGH cluster. This is the probable cause of the greater non-
random associations observed in Caucasians as compared to
U.S. Blacks. Furthermore, our finding that the Msp I A-B
- - haplotype is generally restricted to Caucasians suggests
that it arose after the divergence of the major races of man,
that is, within the last 115,000 years (19). These questions
can be more thoroughly answered by DNA sequencing to
give precise information regarding the extent of the duplica-
tion units and the origin of the hGH and hCS genes and to
more completely examine the heterogeneity within the dupli-
cated segments.
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