Stable Drosophila buzzatii-
Drosophila koepferae
Hybrids

. Marin and A. Fontdevila

Previous experiments discovered high
rates of chromosomal rearrangements in
the progeny of males containing a telo-
meric segment of Drosophila koepferae in
a D. buzzatii genetic background (seg-
mental males). We have performed similar
experiments, designed to test whether this
chromosomal instability could be ex-
plained by a phenomenon similar to P-M
hybrid dysgenesis or, alternatively, by a
generalized telomeric effect. However, the
results obtained have not allowed us to ful-
ly characterize this process, because we
have not observed chromosomal rear-
rangements in the progeny of the putative
unstable males. Our results suggest that
chromosomal instability is independent of
the introgressed fragment. A reasonable
hypothesis to explain these results is that
mutator factors are occasionally intro-
duced by the hybridization. The effect of
sampling, caused by the fact that only a
small region is introgressed in a particular
line, may explain why only some hybridi-
zations lead to instability.

The impact of repetitive sequences, and
especially mobile elements, on evolution-
ary processes is still poorly understood.
The discovery of hybrid dysgenesis at-
tracted the attention of evolutionary biol-
ogists because of the effects of high rates
of transposition on the “hybrid” organ-
isms obtained in crosses between stocks
containing and those lacking certain mo-
bile elements (see reviews in Berg and
Howe 1989). The most interesting of these
effects is sterility, caused by chromosomal
breakage in the germ line of the hybrids
(Engels 1989). These results lead to the
hypothesis that similar processes might
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happen in interspecific hybrids, resulting
in a “genomic disease” (Rose and Doolit-
tle 1983). There are suggestive evidences
indicating that interspecific hybrids are
suffering, at least occasionally, these type
of processes (reviewed in Fontdevila 1987,
1992). Among them, one of the most com-
pelling was described by Naveira and
Fontdevila (1985) in interspecific hybrids
obtained between the pair of species Dro-
sophila buzzatii and D. koepferae (this last
species was then known as D. serido “from
Argentina,” see Fontdevila et al. 1988). In
that work, a very high rate of chromosom-
al rearrangements (with an average of 2%
aberrations per gamete and generation)
was observed in the offspring of males
carrying in heterozygosis a telomeric frag-
ment of chromosome 5 of D. koepferae in
an otherwise D. buzzatii background.
These results, highly suggestive of a dys-
genic phenomenon, stimulated our work
on the repetitive component of these two
species (Marin and Fontdevila 1996; Marin
et al. 1992). So far, our group has charac-
terized five different transposable ele-
ments, at least three of them active in one
or both of these species (Francino et al.
1994; Labrador and Fontdevila 1994; Marin
and Fontdevila 1995, 1996). In one case we
have directly demonstrated substantial
rates of transposition of a newly described
retrotransposon, Osvaldo, in D. buzzatii-D.
koepferae hybrids (Labrador and Fontdev-
ila 1994).

To further study the phenomena that
occur in these hybrids, a testable hypoth-
esis of why instability occurs is required.
The simplest explanation for Naveira and
Fontdevila’s (1985) results would be a phe-
nomenon similar to P-M hybrid dysgenesis
(reviewed in Engels 1989). Their experi-
mental protocol began with the produc-
tion of a hybrid F, by crossing D. buzzatii
males with D. koepferae females. F, fe-
males are fertile. Individuals with small
chromosome fragments of D. koepferae in
a D. buzzatii background (called “segmen-

tal” flies) can then be obtained by per-
forming successive backcrosses of hybrid
females against D. buzzatii males. The par-
allelism with the P-M system would be as
follows. D. koepferae elements present in
the introgressed fragments would remain
stable while the cytoplasm of the cross is
of koepferae type. Because the crosses are
established always in the direction D. buz-
zatii males X D. buzzatii-D. koepferae hy-
brid females, the instability would remain
suppressed. However, the production of
fertile hybrid males allows the crosses to
be performed in the reciprocal direction
(hybrid males X D. buzzatii females). This
situation would be equivalent to a cross
of males P X females M, with the conse-
quent production of offspring with a dys-
genic germ line. The main difference with
the P-M system is that only male buzzatii-
koepferae hybrids are unstable, while in P-
M dysgenesis both sexes are affected.
However, Naveira and Fontdevila’s
(1985) experiments did not completely
characterize the phenomenon. First, as
suggested by the authors themselves,
their results could be explained alterna-
tively by mechanisms related with the in-
trogressed fragment itself and indepen-
dent of mobile element transpositions.
Particularly, the experiments were per-
formed with males introgressed for the
telomeric tip of chromosome 5 (region 5A-
B1ld). The inclusion of a foreign telomere
could be significant. In Nicotiana hybrids
a chromosome breakage syndrome has
been found that seems to be caused by
differences in telomeric heterochromatin
(Burns and Gerstel 1969; Gerstel and
Burns 1967). A second important difficulty
concerns the experimental design used.
All the unstable lines came from a single
introgressed segment that was kept intact,
being transmitted from father to son for
no less than five generations before test-
ing for instability. If, as suggested before,
the hybrid males suffer from a P-M-like
dysgenic syndrome, transposition would



Table 1.

Number of larvae examined and rearrangements observed in the offspring of second

generation flies (sons and daughters of first generation segmental males)

Parental individuals

Segmental Segmental No segmental No segmental New re-
Introgressed males females males females arrange-
Line segment (N = 33) N =14) N=17) N =13 ments
6.3 5A-C1 70 42 29 20 0
53.39 5A-B4 33 9 0 10 9
11.8 5A-B1 86 30 26 17 0
51.4 5A-A5 103 16 33 5 0
51.5 5A-A5 81 20 18 16 0
Total 373 117 106 68 9«

N = number of second generation parental flies tested in each class.

< This nine exceptional larvae descended from a segmental male. They all carried the same inversion in chromosome
2. As explained in the text, the parental male himself was mutant.

be happening at high rates in these indi-
viduals. This situation creates the possi-
bility of accumulation of active factors
during the generations of maintenance
previous to the experiment, especially in
the chromosome that contains the hybrid
segment, which—because of the lack of re-
combination in males and the fact that in-
dividuals that carry this chromosome are
selected as progenitors—is transmitted in-
tact along all these generations. The effect
would be an artificial increase of the mu-
tation rate in the experimental hybrids,
unrelated with the mutator power of the
original introgression.

In this work we have designed experi-
ments to test directly whether these hy-
brids are suffering from a syndrome simi-
lar to P-M dysgenesis. We have followed
procedures to avoid the potential problem
of accumulation of mutator activity. By
testing for rearrangements in the first pu-
tative dysgenic generation, we have ruled
out the possibility of accumulation of mu-
tator factors. However, the results ob-
tained have been negative: we have not
found the high rates of chromosomal re-
arrangements observed by Naveira and
Fontdevila (1985). The production of a sin-
gle new inversion has allowed us to test
directly for possible cumulative effects.
Again, we have not observed new rear-
rangements in the progeny of individuals
where the inversion was segregating.
Therefore our results (1) establish that
not all the buzzatii-koepferae hybrid lines
show instability, and (2) do not support an
accumulation of mutator power in the
progeny of males carrying the introgres-
sed fragments. Moreover, because we also
tested telomeric fragments of chromo-
some 5, they argue against the possibility
of a generalized telomeric effect on chro-
mosomal instability. The implications of
these results are discussed.

Materials and Methods

The stocks used are called BSL (D. buz-
zatii) and KO2 (D. koepferae). Both stocks
originated from San Luis, Argentina, where
these two species live sympatrically. Flies
from these two stocks interbreed easily in
the laboratory, producing abundant F,. Hy-
brid F, females are partially fertile and can
be backcrossed against D. buzzatii males.
In this experiment, 60 virgin KO2 females
were crossed with about the same number
of BSL males. To avoid genetic heteroge-
neity, out of the offspring of the F, females,
a single female was chosen as a starting
point for the experiments. It was deter-
mined that this female carried a fragment
of chromosome 5 of D. koepferae, includ-
ing its telomere (5A-C1; cytology refers to
the maps by Ruiz et al. 1982). This frag-
ment includes the region introgressed by
Naveira and Fontdevila (1985), allowing di-
rect comparisons with their experiments.
All the cytological characterizations were
performed according to Naveira et al.
(1986). Larvae, offspring of the individuals
to be characterized, were examined for
the presence of asynaptic, and hence hy-
brid, fragments in the polytene chromo-
somes of their salivary glands. At least five
larvae are examined per cross, establish-
ing a proper characterization of the parent
as carrier or not of a hybrid segment in at
least 96.9% of the cases (assuming Men-
delian segregation; probability of error =
1 — (0.5)", where n is the number of larvae
examined).

So far the protocol is identical to that
used by Naveira and Fontdevila (1985).
From now on, however, they diverge. In
our experiments, successive backcrosses
of hybrid females with D. buzzatii males
were established. In these backcrosses we
used females that carried introgressed
telomeric segments (containing either the

intact 5A-C1 fragment, as the founder fe-
male, or smaller fragments produced by
recombination, never smaller than 5A-A5).
Because hybrid females are not unstable
(Naveira and Fontdevila 1985), the succes-
sive female backcrosses should not re-
lease the mutator activity of these strains.
If we call the founder female B, (backcross
1), the successive experiments were per-
formed with the progeny of B, to B, fe-
males. From these females, a limited num-
ber of fertile males were obtained that car-
ried the introgressed fragments. We will
call them “first generation” males (first
generation refers to the fact that it is the
first time fertile hybrid males are obtained
in the crosses). As we explained in the in-
troduction to this work, supposing a P-M
dysgenic system, these males would be
equivalent to P males. They should not be
unstable (they still carry koepferae cyto-
plasm). Once these first generation males
were obtained, we did not establish main-
tenance lines for several generations, as in
Naveira and Fontdevila’s experiments. In-
stead, we crossed them with BSL females
to obtain what we have called “second
generation” males and females. If the anal-
ogy with the P-M system holds, the second
generation hybrid males are expected to
be unstable. Second generation males and
females were then crossed individually
with BSL females and their progeny ana-
lyzed by scoring their chromosomal com-
plement. Only those larvae where all the
chromosomes were analyzed for rear-
rangements have been included in this
study.

The rescue of a single segregating chro-
mosomal inversion in chromosome 2 (see
Results) allowed us to look for cumulative
effects. Males carrying both a 5A-B4 intro-
gressed segment [that includes the region
studied by Naveira and Fontdevila (1985)]
and this chromosome 2 inversion were
crossed with either sister females or BSL
flies for up to eight generations. These
crosses allow the possibility of accumula-
tion of mutator transposable elements in
the two marked chromosomes, 2 and 5.
Again, dissections of the progeny of these
males were performed to test for in-
creased chromosomal instability, and only
those larvae where all the chromosomes
were analyzed have been included.

Results

Table 1 summarizes the results obtained
when the progeny of second generation in-
dividuals from five different introgressed
lines were checked for new chromosomal
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Table 2. Test for rearrangements in the lines
(derived from 53.39) where flies carrying both
the second chromosome inversion and the
introgressed fragment 5A-B4 were selected as
progenitors through several generations

Number of
Number of rear-
Maintenance ~ Number of larvae exam- range-
regime generations ined ments
Exo 3 30 0
Exo 4 9 0
Exo 8 181 0
Endo 5 47 0
Total 267 0

Exo: maintenance by crossing segmental-inversion car-
rier males with BSL females. Endo: maintenance by
crosses of these males with non-hybrid sisters. Num-
ber of generations: the number of maintenance gener-
ations before the test.

rearrangements. Two hundred ninety-one
of the examined larvae were obtained
from nonhybrid males or from hybrid and
nonhybrid females. According to Naveira
and Fontdevila (1985), all these individu-
als do not show chromosomal instability
and can be considered controls. As ex-
pected, none of these larvae presented
new rearrangements. From the progeny of
second generation hybrid males, 373 lar-
vae were obtained. All except nine of them
were normal. The nine exceptional larvae
carried the same mutation (a paracentric
inversion in chromosome 2) and they
were all descendant from a single hybrid
male of the line known as 53.39. To deter-
mine whether in fact this male was mutant
himself or whether a cluster of mutant ga-
metes were produced in his germ line, the
male was crossed with other D. buzzatii
females. In the new offspring, the rear-
rangement was also observed. We con-
clude that the male carried the mutation.
This segregating rearrangement was used
to test for accumulation of mutator poten-
tial (see Materials and Methods). Results
are detailed in Table 2. None of the 267
larvae examined carried new chromosom-
al mutations.

Discussion

The interpretation of our results depends
on two expectations: (1) the basal rate of
chromosomal rearrangements in these
crosses, and (2) the expected rate under
dysgenic conditions. The available litera-
ture on basal rates of chromosomal mu-
tation in natural populations of Drosophila
species is very fragmentary and it is com-
plicated by the occurrence of hybrid dys-
genesis (Yamaguchi 1976; Yamaguchi et al.
1976; Yamaguchi and Mukai 1974; see
Woodruff et al. 1983). Apparently even
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closely related species may have substan-
tial differences in this basal rate. Inoue
(1988) found that the number of rear-
rangements found only a single time in
populations of D. melanogaster was about
8 X 1073 (all rates from now on refer to
rearrangements per genome and genera-
tion), while in its sibling D. simulans it was
about 4 X 10-%. It is therefore fortunate
that we have direct data concerning one
of our species: the extensive survey of the
chromosomal variability present in D. buz-
zatii populations by Ruiz et al. (1984). In
this work six exceptional rearrangements
were found out of 5,103 genomes exam-
ined. Assuming that these larvae corre-
spond to new mutations, the basal rate in
this species would be 1.2 X 1073. We can
suppose this is also the basal rate in our
hybrids because 95% of their genomes
originate from D. buzzatii. Contrasting
with this low basal rate, Naveira and Font-
devila (1985) found rates in the offspring
of segmental hybrid males ranging from
8.2 X 103to9 X 10-2 (average 2.1 X 10-2),
that is 7 to 75 (average 18) times larger
than the basal rate. With this data in mind,
we can easily conclude that our experi-
ments did not show any sign of instability.
A total of 640 larvae descendant of puta-
tive unstable segmental males (373 in the
first set of experiments and 267 in the sec-
ond set) were examined without finding
(once the segregating inversion is exclud-
ed, see below) any chromosomal rear-
rangement. With this sample size and ac-
cording to a Poisson distribution, there is
a probability higher than 95% of obtaining
at least one rearrangement if the rate is
higher than 4.4 X 10-3. This demonstrates
that the rate of production of new rear-
rangement in our lines is much lower than
the minimum rate obtained by Naveira
and Fontdevila (1985). In fact, the possi-
bility of accumulation of segregating rear-
rangements through the generations
means that we are underestimating the
number of genomes characterized, further
strengthening the conclusion of lack of in-
stability. The single rearrangement found
in the first generation male carrier of a
new inversion is irrelevant to the conclu-
sion of lack of instability in our lines. This
mutation was produced in the father
(BSL) or in the mother (hybrid segmental
female), neither of which are expected to
be unstable. With our total sample size
(931 individuals; see Tables 1 and 2), and
according to the results described in Ruiz
et al. (1984), about one spontaneous re-
arrangement is expected.

Thus, we have been unable to replicate

Naveira and Fontdevila’s results. The lack
of instability has made it impossible to
check the hypothesis that a P-M hybrid
dysgenesis syndrome was acting in these
hybrids. However, our experiments con-
tribute to a better understanding of those
previous results. First, we have deter-
mined that a generalized mutator effect as-
sociated to the introgression of the distal
end of chromosome 5 does not occur. Our
results show that the introgression of telo-
meric fragments very similar to that ob-
tained by Naveira and Fontdevila (1985)
may not cause instability. The process is
therefore restricted to particular lines in a
way that seems to be independent of the
introgressed fragment. A second interest-
ing aspect is that our results do not sup-
port an accumulation of mutator factors
during the maintenance generations as a
likely explanation of Naveira and Fontdev-
ila’s results. Even when two chromosomes
(instead of one as in Naveira and Fontdev-
ila 1985) were selected in each generation,
no rearrangements were found. However,
because of the limited number of larvae
examined, it is still possible for a low de-
gree of instability (lower than 1.1 X 10-2
rearrangements/gamete/generation) to be
present in our maintenance lines.

The conditions that determine chromo-
somal instability in these hybrids remain
unexplained. Two different problems com-
plicate substantially experiments in dys-
genic conditions. First, transpositions and
rearrangements are visualized in the off-
spring of dysgenic individuals. If male fer-
tility is severely affected by these process-
es, as it happens in P-M dysgenic individ-
uals, it may preclude the production of the
appropriate material to test our hypothe-
sis. In Naveira and Fontdevila (1985) and
this study, this problem was avoided by
analyzing the progeny of segmental males.
Some of these males have an apparently
normal fertility. However, this procedure
introduces a second problem. If, in fact, a
limited number of mutator factors are in-
volved, the effect of the introgression of
small segments is expected to be much
less severe than the introgression of larger
portions of the genome (up to 50% in the
F)), because of the lower number of fac-
tors introduced. All the available infor-
mation suggests that the number of active
families of transposable elements—the
best candidates to act as mutator fac-
tors—in these species is low (see Marin
and Fontdevila 1996 for a discussion). This
fact, together with likely differences in ac-
tivity of different introgressed elements
may contribute to an important effect of



sampling. On the other hand, if in fact
transposable elements are involved, their
distribution in the genome will be different
among strains. Therefore fragments able
to cause instability in some cases will not
produce it in others. In what certainly is
an a posteriori recapitulation, we con-
clude that negative results are not alto-
gether unexpected [see also Coyne (1989)
and Hey (1989) for similar negative results
in other Drosophila species]. Only new ex-
periments, designed to test in parallel dif-
ferent chromosomal fragments in inbred
stocks, can shed light on the important
question of whether instability is pro-
duced often or only exceptionally in these
hybrids.
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The Molecular Basis of a
Microsatellite Null Allele
From the White Sands
Pupfish

A. G. Jones, C. A. Stockwell, D.
Walker, and J. C. Avise

Microsatellite loci were cloned and char-
acterized from the White Sands pupfish
(Cyprinodon tularosa), a New Mexico
state-listed endangered species. One lo-
cus exhibited a high-frequency nonampli-
fying allele localized to a single popula-
tion. This null allele was PCR amplified by
redesign of one of the original primers and
multiple individuals homozygous for null
as well as for nonnull alleles were se-
quenced using the new primer. These mo-
lecular dissections revealed that the orig-
inal failure to amplify some alleles from this

microsatellite locus was due to a 4 bp de-
letion in one of the original PCR priming
sites. Furthermore, the reamplifications re-
vealed five distinct size classes of alleles
that had been masquerading as the orig-
inal null. These null alleles did not overlap
in length with the nonnull alleles, and they
also differed consistently by a linked nu-
cleotide substitution. Results suggest that
the original null allele (as well as the non-
null class) has diversified considerably
since its origin and has not recombined
frequently with the nonnull class of alleles.

Microsatellite markers have become valu-
able tools for studies involving population
genetics, kinship, and parentage assess-
ment (Bruford and Wayne 1993; Queller et
al. 1993), but a potential complication aris-
es from the presence of nonamplifying or
null alleles (Pemberton et al. 1995). Null
alleles can produce serious problems for
population-level studies by creating an ap-
parent excess of homozygotes, resulting in
incorrect allele frequency estimates and
overestimates of inbreeding. In parentage
studies they can result in false exclusions.
Null alleles have been encountered in
studies of numerous organisms, including
mammals (Hulme et al. 1994; Phillips et al.
1993), birds (Primmer et al. 1995), fish
(Jones and Avise 1997), insects (Cooper et
al. 1996; Oldroyd et al. 1996), and crusta-
ceans (Tam and Kornfield 1996). Despite
the pervasiveness of microsatellite null al-
leles and the difficulties associated with
their assay, little is known about their mo-
lecular basis (but see below), and even
less is known about the evolutionary his-
tories of the null alleles relative to their
nonnull allele counterparts.

The statelisted endangered White
Sands pupfish (Cyprinodon tularosa) is
known from only four locations (Salt
Creek, Lost River, Malpais Spring, and
Mound Spring), all of which are in New
Mexico. During the cloning and character-
ization of microsatellites from this species
we encountered a null allele at high fre-
quency in the Malpais Spring population.
Here we investigate the molecular basis of
this null allele and assess its evolutionary
relationships to the nonnull alleles by re-
designing PCR primers and sequencing
multiple alleles at the region surrounding
the microsatellite locus.

Materials and Methods

Microsatellite Cloning
Total genomic DNA was extracted from a
single C. tularosa specimen (from the Salt
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Creek population) by a standard phenol/
chloroform procedure. The DNA was di-
gested with Ndell and size selected by ex-
cising the 300-700 bp fragments from a 2%
agarose gel after electrophoresis. Frag-
ments were purified using the Prep-A-Gene
DNA Purification System (BioRad) and li-
gated into BamHI-digested, dephosphory-
lated pBluescript phagemid (Stratagene).
Ligations were heat-shock transformed
into competent XL1-Blue E. coli (Stratage-
ne). The transformation was spread on LB
plates containing ampicillin and X-gal. Ap-
proximately 1000 white colonies were
picked to four patch plates for screening.
Colonies were transferred to Hybond-N ny-
lon membranes (Amersham International)
following the manufacturer’s recommen-
dations and probed twice at 42°C (in 6X
SSC, 0.1% SDS, 5X Denhardt’s reagent)
with two different cocktails of end-labeled
oligonucleotides. Each hybridization was
followed by two 30 min washes at 42°C in
6Xx SSC, 0.1% SDS. First, the oligonucleo-
tides (GT),,, (GGAT),, (GACA),, and (TAG),
were used, followed by stripping and re-
probing with (GA),,, (GATA),, (TTAGGG),,
and (TTC),. Phagemid DNA was prepared
from the 12 colonies that hybridized to the
probes (Qiagen QIAprep spin plasmid min-
iprep kit). The inserts were sequenced us-
ing the fmol DNA sequencing system (Pro-
mega) and primers were designed for mi-
crosatellite-containing loci.

The PCR was performed in 10 pl reac-
tion volumes containing 1X Promega Taq
buffer, 1.5 mM MgCl,, 0.15 uM of each
primer, 0.1 mM of each dNTP, and 0.5 units
of Promega Taqg polymerase. The thermal
cycling consisted of 30 cycles of denatur-
ation at 94°C for 1 min, annealing at 55°C
for 1 min, and extension at 72°C for 1 min,
preceded by 2 min of denaturation at 94°C
and followed by an additional 4 min exten-
sion at 72°C. Microsatellite polymorphisms
were detected by labeling one primer with
1 pnCi y-*?P ATP per 5 pmol of primer and
electrophoretically resolving fragments on
standard 6% polyacrylamide denaturing
sequencing gels.

Null Allele Analysis

A high-frequency null allele was suspected
for locus WSP11 in the Malpais Spring
population of pupfish because many indi-
viduals failed to amplify from the original
PCR primer pair (WSP11UP, 5’-AACAA-
ATCCAATAATGTATTAGAA-3’; and WSP11LO,
5'-GATGAACGAGGAGAAAGAATAG-3"), de-
spite the fact that they amplified success-
fully for other loci. To solve this problem
a new PCR primer (WSP11LO-A; 5'-CCC-
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CTGCTGCCTCAAAG-3") external to
WSP11LO was designed from the original
cloned sequence. When used in conjunc-
tion with WSP11UP, the new flanking prim-
er (WSP11LO-A) produced excellent am-
plification of the WSP11 locus from all as-
sayed individuals from all four popula-
tions.

To determine the molecular basis of the
original null allele, several individuals (V
= 5) that yielded no PCR product from the
original primers, and that were homozy-
gous when assayed with the new primer
set (WSP11UP and WSP11LO-A), were se-
quenced using the fmol kit (Promega). We
also sequenced 10 individuals that were
recorded as homozygotes with both the
original and new primer pairs, and thus
did not contain the null allele.

Results

The Null Alleles

Amplification of a sample of 30 individuals
from the Malpais Spring population with
the original WSP11 PCR primers resulted
in eight apparent homozygotes for a frag-
ment 177 bp in length. The other 22 indi-
viduals yielded no product whatsoever.
Other populations (Salt Creek, Lost River,
and Mound Spring) assayed displayed ap-
parently normal genotypes: all individuals
amplified and the samples did not deviate
significantly from Hardy-Weinberg expec-
tations (Stockwell et al., in preparation).
Thus the null allele appears to occur only
in the Malpais Spring population.

The redesigned primer WSP11LO-A, ex-
ternal to the original primer, permitted
amplification of all individuals from the
Malpais Spring sample (Figure 1). For the
three additional populations, amplification
by the new primer pair left the microsa-
tellite genotypes unchanged with the fol-
lowing exception: the resulting fragments
were larger than the original products
since they were being amplified using a
primer external to one of the original
primers (e.g., amplification of the original
177 bp allele, for example, now yielded a
product of 202 bp). The nonnull alleles
corresponded to 194, 196, 198, 200, and
202 bp with the new primer pair. The null
class of alleles, endemic to the Malpais
Spring population, included fragments of
size 173, 179, 181, 187, and 189 bp. So an
entire class of previously undetected al-
leles, distinct and nonoverlapping in size
compared to the nonnull alleles, had been
hidden within the single null allele in the
original assays (Figure 1).

Sequence data were generated for 38 nu-
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Figure 1. Autoradiographs of sequencing gels resolv-
ing the amplified products from 15 pupfish from the
Malpais Spring population. (A) Amplification using the
original WSP11 primers (WSP11UP and WSP11LO). (B)
Amplification of the same templates using the alterna-
tive primers (WSP11UP and WSP11LO-A). Note in (B)
that the alternative primers revealed a host of different
alleles that had appeared as a null in the original as-
says (A). The allele 177 amplified with the original
primers in (A) corresponds to the 202 bp fragment pro-
duced by the new primers in (B).

cleotides flanking the microsatellite, in-
cluding the original lower priming site. A
total of 15 sequences were analyzed, in-
cluding null alleles of size 179 (N = 1), 181
(N = 2), and 187 (N = 2), as well as non-
null alleles of size 194 (N = 4), 200 (N =
4), and 202 (N = 2). All nonnull alleles
were identical in flanking sequence to one
another and to the original sequence
cloned from the C. tularosa library (Figure
2). The five sequenced null alleles were
also identical to one another and differed
from the cloned sequence by a 4 bp dele-
tion within one of the original priming
sites. Thus this deletion was the cause of
the original null condition. The null alleles
also differed consistently from the nonnull
alleles by a single G to A transition at a
nucleotide position 1 bp removed from
the start of the microsatellite array (Fig-
ure 2).

Discussion

Null alleles have been reported in a num-
ber of studies employing microsatellite
loci. In our case the null allele was readily
apparent because it occurred with suffi-
ciently high frequency as to be present in
homozygotes. Null alleles usually are more
difficult to document. For example, had
the null allele been infrequent in our pop-
ulation, it would have occurred primarily
in heterozygotes and likely would have re-
mained undetected. Null heterozygotes
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Figure 2.

(Above) The sequence of the microsatellite WSP11 nonnull allele compared to the sequence retrieved

from null alleles amplified from the Malpais Spring population of pupfish. The original primer WSP11LO is under-
lined. The second AGAA motif is shown as the site of the deletion (relative to the nonnull allele), but in reality
any 4 bp segment of the AGAAAGAA sequence could have been the cause of the lesion. The asterisk denotes a
point mutation that was perfectly linked to the 4 bp deletion. (Below) A graphical representation of the mutational
distinctions in the 38 bp flanking sequence among the total of 15 haplotypes sequenced from the null and nonnull
allelic classes. Numbers indicate the sizes (in bp) of the alleles sequenced.

would appear as nonnull homozygotes,
and the blank gel profiles in the few true
null homozygotes might have been attrib-
uted to sample degradation or failed PCR.
Furthermore, rare null alleles would be un-
likely to cause statistically significant de-
viations from Hardy-Weinberg equilibrium
with the sample sizes employed in most
population genetic surveys. Given these
detection difficulties, null alleles probably
are even more commonplace than indicat-
ed by reports in the literature.

In our case the high frequency of the
pupfish null allele offered the advantage
that null alleles often occurred in homo-
zygous form such that direct sequencing
of alternative alleles could be accom-
plished without the added difficulty of
physically isolating haplotypes from het-
erozygous diploid tissues (e.g., Orti et al.
1997). Although the microsatellite haplo-
types in each such homozygote are not
necessarily identical by descent, and
hence might in principle retain some se-
quence variety whose phase (cis or trans)
would remain unspecified, such compli-
cations did not arise in our assays. Thus
sequences for three different size classes
of null alleles (as well as three size classes

of nonnull alleles) were obtained without
ambiguity.

Few studies have examined the molec-
ular basis of null alleles at microsatellite
loci. Three studies conducted previously
have documented point mutations that
disrupt the problematic priming site (Ish-
ibashi et al. 1996; Lehmann et al. 1996;
Paetkau and Strobeck 1995). Two other
studies identified short deletions in the
priming site with similar effects: Callen et
al. (1993) found an 8 bp deletion of one
GGTG and one of the TCTG motifs from the
sequence CCTC TCTG GGTG TCTG TGTC,
and Ede and Crawford (1995) found the le-
sion to be a 12 bp deletion of a TAA-
GTTGCGTCC sequence that was preceded
directly by an almost perfect tandem re-
peat, TCAGTTGCGTCC.

In our study a deletion was also found,
in this case involving one of a pair of tan-
demly repeated AGAA sequence motifs
(Figure 2) (of course, the evolutionary
event could have been an insertion that
converted an ancestral null allele into a
non-null as assayed by the original prim-
ers). Interestingly, in both this study and
that by Ede and Crawford (1995), the in-
dels producing null alleles involved repet-

itive DNA. Though it is difficult to gener-
alize from these few observations, it
seems reasonable that tandem repeats
should be avoided as PCR priming sites
when possible.

In this study the original null allele ac-
tually concealed a class of five different
microsatellite alleles distinct in size from
the various nonnull alleles. This suggests
that the 4 bp indel responsible for the null
allele arose long enough ago to have ac-
cumulated a number of microsatellite
length mutations. This suspicion is sup-
ported further by the nucleotide substi-
tution that also cleanly distinguished all of
the null alleles from the nonnulls.

Another conceivable way that the null
alleles could have acquired microsatellite
variation would be through recombination
with the nonnull alleles. If this were the
case the null alleles might be expected to
mirror the variation of the original nonnull
alleles, but to be shifted downward in
length by 4 bp. This scenario is not con-
sistent with our observations: The nonnull
alleles were of size 194, 196, 198, 200, and
202 bp, whereas the null alleles were 173,
179, 181, 187, and 189 bp in length.

The two prior reports of null-producing
deletions at microsatellite loci (Callen et
al. 1993; Ede and Crawford 1995) entailed
a situation similar to the present in which
null alleles represented distinct size class-
es relative to the nonnulls. Conversely, for
microsatellite nulls caused by point mu-
tations, the allelic size variants appeared
to be similar to those of the nonnull alleles
(Lehmann et al. 1996; Paetkau and Stro-
beck 1995).
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Cream Fur: A New Mouse
Mutation That May Cause
Unusual Lipid Metabolism

J. Hayakawa, H. Nikaido, T.
Ohkawa, and J. Kitoh

In 1986 an albino mouse with cream yel-
low coat color was discovered in a breed-
ing colony of strain CAL20, which is an
IgH-C congenic strain of BALB/c mice,
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supported by the Institute for Experimental
Animals, Faculty of Medicine, Kanazawa
University. Genetic analysis revealed that
the cream yellow coat color phenotype
was controlled by a single recessive mu-
tant gene on chromosome 13. A prelimi-
nary study with biochemical and histologic
examinations showed that cream yellow
hair contained more fatty acid than unaf-
fected normal hair and a large number of
lipid droplets accumulated in parenchyma
cells of the liver in mutant mice, as early
as the age of 32 days old, suggesting that
the cream yellow coat color was due to
unusual lipid metabolism. The locus was
designated cream fur locus and was given
the gene symbol crf. In addition, it was
found that recombination frequencies in
the vicinity of the region of the crf locus
were markedly different between male and
female meiosis.

Metabolite deposit due to abnormal me-
tabolism, such as excess of bilirubin in
jaundice, is easily recognized in albino
mice because of the lack of pigment in
skin and fur. Several mutations have been
discovered which tint unpigmented coat
of albino mice (Hetherington 1977; Oba et
al., personal communication; Tusk et al.,
personal communication). However, few
describe the origin of the substance caus-
ing the tint in the coat of albino mice.

In this article we describe a cream yel-
low coat color that was found in a colony
of albino mice maintained at the animal
facility of our institute. The mutant is in-
herited in an autosomal recessive fashion.
Homozygotes are recognizable at 10 days
after birth by cream yellow coat color. The
cream fur contains a larger quantity of me-
dium size fatty acids compared with the
fur from unaffected siblings. Although the
mutation does not affect the viability and
fertility of either male or female mice, a
large number of lipid droplets is found in
the hepatic cells as early as 32 days of age.
We designate this new mutant locus cream
fur (crf).

Materials and Methods

Mice

Mice were maintained under standard
conditions in the Institute for Experimen-
tal Animals, Faculty of Medicine, Kanaza-
wa University. The original mutant mouse
was discovered in a colony of mice origi-
nally obtained from the National Institutes
of Health (Bethesda, Maryland) in Novem-
ber 1986. It was propagated by mating, fol-
lowed by submitting, and two lines have

been established: one line has been main-
tained as a segregating inbred strain
(CRH) and the other as fixed homozygous
for cream yellow fur mutation (CRF). In
further biochemical and histopathological
experiments CRH strain mice were used
and unaffected littermates were used as
normal controls. Hereafter the affected
cream yellow mice are designated CRF
mice. C57BL/6-c¥/c* mice used for genetic
analysis were kindly supplied by Dr. Yone-
kawa from the Tokyo Metropolitan Insti-
tute of Medical Science. Dr. Oba (School
of Medicine, Tohoku University) kindly
supplied ICR-ly (ICR-light yellow) mice
that have phenotypically similar coat col-
or to CRF mice found in an ICR colony of
Tohoku University. Other inbred mice
used in this study were maintained in our
animal facility.

Test for Allelism of the Albino Locus
and Complementation of Known Loci
To test whether the cream yellow color
derives from a mutant allele at the albino
locus of CRF mice, CRF mice were mated
to C57BL/6 and the backcross progeny be-
tween CRF and F, mice were produced.
The resulting backcross progeny with al-
bino phenotype and nonalbino phenotype
were examined for coat color. Complemen-
tation between light yellow phenotype and
CRF phenotype was examined in F, hybrid
mice between ICR-ly and CRF mice.

Biochemical Analysis of Clipped Hair
Approximately 0.5 g of clipped hair was
suspended in 1 N NaOH (50 ml) and heat-
ed at 100°C for 4-5 h. The completely re-
solved hair solution was neutralized with
1 N HCL. After cooling at room temperature
the solution was evaporated at 50°C. The
lipid component of the residue was ex-
tracted with chloroform and methanol
mixture (3:1) and then extracted with
ether. The extraction procedures were re-
peated twice and the extracts were com-
bined. The combined extract was dried by
evaporation and analyzed by gas chroma-
tography and mass spectrometry. The pre-
cipitate remaining after lipid extraction
was subjected to phenylthio hydration re-
action (PTH). The resultant PTH amino
acid derivatives were analyzed by high-
performance liquid chromatography.

Histopathology

Males and females of either CRF and con-
trol mice at 32, 52, 100, 360, 480, and 540
days of age were used for light and elec-
tron microscopic examination. Under
deep ether anesthesia, mice were perfused



through the left ventricle with 10% buf-
fered formalin or glutar- and paraformal-
dehyde/phosphate  buffer  containing
0.05% picric acid fixative. Tissue blocks of
liver and skin were processed with routine
paraffin embedding or epoxy resin embed-
ding procedures. Some tissue sections
fixed with phosphate-buffered formalin
were cut on a freezing microtome and
stained by Sudan black B to confirm lipid
accumulation. Paraffin sections were cut
and stained by hematoxylin and eosin.
About 0.5 pm epon sections were cut and
stained by 0.1% toluidine blue for light mi-
croscopic observation. Ultrathin sections
were stained with uranyl acetate and lead
citrate, then observed on a JEOL-100CX
electron microscope.

Linkage Analysis

CRF mice were mated with C57BL/6-c¥/c
albino mice. The F, hybrids were recipro-
cally backcrossed to CRF mice. DNA was
extracted using ordinary phenol and the
chloroform method from liver. Polymerase
chain reactions for microsatellite markers
(SSLP loci) were carried out and size dif-
ferences of the products were detected as
previously described (Nikaido et al. 1995).
The sequences of primer pairs for micro-
satellite amplification and simple se-
quence length polymorphism between
strains were sought using the database
provided by the Whitehead Institute/MIT
Center for Genome Research. The primer
pairs of SSLP loci DI3Mit3 and DI13Mitl3
were kindly prepared by Dr. S. Murakami
at the Laboratory of Molecular Biology,
Cancer Research Institute, Kanazawa Uni-
versity. The primer pairs for other SSLP
loci were purchased from Funakoshi Co.
(Tokyo, Japan). Gene order and recombi-
nation frequencies were calculated with
the Map Manager computer program
(Manly 1993).

Results

Gross Appearance and Histological
Findings

Mutant mice with cream yellow fur could
be easily recognized at 8 to 10 days old
when their hair had completely grown
(Figure 1). They were healthy and grew
normally like the unaffected control mice.
After weaning no growth retardation was
noted and both males and females were
completely fertile. In adulthood CRF mice
became neither obese nor slender. At au-
topsy no gross morphological abnormality
in viscera was found. Although in naked
eye observations the liver of CRF mice

showed no remarkable differences of col-
or, size, or solidity compared with the nor-
mal control mice, in light and electron mi-
croscopic observations histopathologic
changes were found at 32 days of age as a
kind of fatty change in both male and fe-
male CRF (Figure 2). Many small lipid
droplets appeared in the cytoplasm of the
liver parenchyma cells, especially in and/
or around the glycogen areas, but no drop-
lets were found in the Kupffer cells. Ac-
cumulation of the lipid droplets showed
no tendency to begin from a central site
nor from the periphery of lobules. As age
advanced the lipid droplets increased
markedly in number but little in size. Lipid
droplets accumulated in the glycogen ar-
eas, then an increase of the lipid droplets
appeared to be accompanied by a de-
crease of glycogen content. Eccentricity of
nuclei and transformation of mitochondria
and other cell organellae under pressure
of lipid accumulation were not shown. De-
generating cells or cells with necrotic
changes were not found in liver. At over
100 days of age, very big lipid droplets ap-
peared in the Kupffer cells. However, the
accumulation of big lipid droplets in the
Kupffer cells was also observed in the nor-
mal control mice of advanced age. It
seemed that the above-mentioned lipid ac-
cumulation in the liver parenchyma cells
differed from the pathological changes ob-
served in the fatty degeneration or the fat-
ty liver.

Accumulation of the adipose cells or of
cells that engulfed fat was not found in the
dermis, although the surface of the epi-

dermis and fur and the sebaceous glands
were stained strongly with Sudan black B
in the CRF mice. However, the morpholog-
ical changes of skin and hair were not dis-
tinct.

Biochemical Analysis of the Clipped
Hair

Biochemical analysis revealed that the
concentration of lipid in hair from the CRF
mice was significantly higher than that
from the normal control mice. Mass spec-
trometer analysis indicated that the ex-
tract with organic solvent from the CRF
hair contained three to four times more
fatty acids with carbon numbers 12, 14, 16,
and 18 than those from normal control
hair. HPLC analysis of PTH derivatives of
amino acids showed that the amino acid
composition and its quantity in hair did
not differ between the CRF mice and nor-
mal controls.

Genetics and Linkage Analysis
Complementation with previously known
light-yellow phenotype. No F, mice between
cream yellow and light-yellow mice
showed cream or light-yellow coat color,
suggesting two similar phenotypes are
caused by genes at different loci.

Among backcross progeny of CRF mated
to F, mice between CRF and C57BL/6 mice,
only one-half of albino progeny showed
cream yellow fur, unless all albino progeny
carry albino alleles from CRF mice, while
the coat color of nonalbino mice carrying
nonalbino allele from C57BL/6 could not
be classified. This indicates that cream
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Figure 2. Electron micrographs of the hepatic cell in (A) a normal control 100-day-old male; (B) the CRF 32-day-old male; and (C) the CRF 300-day-old male. Scale bars
indicate 10 pm. g = glycogen area, | = lipid droplet, n = nucleus of the hepatic cell, s = sinusoidal cavity.

yellow coat color is genetically indepen-
dent of albino locus and it can be pheno-
typically distinguished only in albino
mice.

Mode of inheritance and linkage analysis.
Breeding records and early mating exper-
iments with albino strains of AKR/J and A/
J mice indicated that the CRF phenotype
was inherited in a single recessive manner.
However, we could not detect a close link-
age between several biochemical markers
and the crflocus. As a result of the recent
development of microsatellite markers, we
could attempt to detect linkage between
SSLP loci on all autosomes. In this experi-
ment CRF mice were mated to coisogenic
albino mice of C57BL/6 mice. A total of 223
backcross progeny of F, mice crossed with
CRF mice were screened for cosegregation
with SSLP loci on each autosome. Finally,
close linkage between CRF phenotype and
SSLP loci on chromosome 13 was found.
The genetic distances estimated from
combined recombination frequencies of
male and female meiosis among SSLP loci
and the crf locus are depicted in Figure 3.
The nearest distal or proximal SSLP locus
to crflocus was DI3Mit231 and D13Mit142,
respectively. The observed gene order
SSLP loci and the crflocus were D13Mit3—
18.8 cM—D13Mit13—4.0 cM—D13Mit142—
76 cM—crf—4.0 cM—DI3Mit231—12.6
cM—DI3Mit107—21.5 cM—DI13Mit151. The
gene order and the distance intervals of
these SSLP loci were consistent with those
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previously compiled in the Mouse Genome
Database except the distance interval be-
tween DI13Mit142 and D13Mit231. However,
there were significant sex-specific differ-
ences in recombination frequencies in the
proximal region to DI3Mit231, for exam-
ple, the recombination frequency between
D13Mit13 and the crflocus in male meiosis
was 0.065 (7/107), whereas that in female
meiosis was 0.161 (19/118). The recombi-
nation frequency between crf and the
DI13Mit151 locus that is mapped to the dis-
tal region of the chromosome was rather
greater in male meiosis than in female mei-
osis (Figure 4).

Discussion

In this study we mapped a mutation that
tints the coat color of albino mice cream
yellow. The map distance of the mutant lo-
cus crf was estimated to be approximately
7.6 cM distal to DI3Mit142 and 4.0 cM
proximal to DI3Mit231. The SSLP loci
D13Mit142 and D13Mit231 were mapped 37
cM and 39 cM from the top of chromo-
some 13, respectively (Mouse Genome Da-
tabase).

The mutation is different from previous-
ly found mutations that produce similar
coat color; for example, the Crm (cream)
mutation discovered by Hetherington
(1977) is X-linked (Beechey and Searle
1979) and causes fluorescence of the coat
in long-wave UV light (Peters and Searle

1979). A similar pale yellow coat color in
albino IVCS mouse is controlled by a gene
on the X chromosome (Tsuji et al., per-
sonal communication). Another light yel-
low coat color discovered by Oba et al.
(personal communication) in ICR mice is
inherited as autosomal recessive. The
present complementation test showed
that the light-yellow coat color and cream
fur in CRF mice were not allelic. Thus the
cream yellow coat color described in this
study is caused by a mutation which has
not been described previously. The sub-
stance causing the cream yellow hair has
not been identified. It is speculated that
the color is probably due to abnormal me-
tabolite, since biochemical analysis and
histopathologic examination indicated in-
creased fatty acid in clipped hair and ac-
cumulation of lipid droplets in the liver pa-
renchyma cells, while no morphological
changes were found in dermis or hair tex-
ture. The metabolic system disrupted by
this mutation is unknown at present. It is
interesting that unlike the degenerated liv-
er cells, lipid droplets localize in the gly-
cogen area of the cells. This lipid droplet
accumulation in CRF mice occurs as early
as 32 days of age.

Recently, genetic factors responsible for
lipoprotein and cholesterol metabolism
have been extensively mapped in mice.
The region in chromosome 13 at which the
crf locus mapped includes a rate-limiting
enzyme in cholesterol synthesis, HMG-



cM
D13Mit3 (9.0)
18.842.6
it13(33.0
D13Mit13(33.0) 40413
D13Miti42 (37.0)
7.6+1.8
crf
4.0%1.3
D13Mit231 (39.0)
12.612.2
D13Mit107 (47.0)
215428
D13Mit151 (69.5)

D1 3Mit3
D13Mitl 3
D13Mit142
CRF
D13Mit231
D13Mit107
D13Mitl51

4 I N I N
) |
g | | |
N I I O [
o o (] | |
T T 1T 1 [emlew
w T ) -
oo NN 1O I I 1 1
oo I O O 111
5 1 I - -
~ O
5 [ I . -
S EE I
T T T Jemjom]
ST | ewlewi-]
T [ ]|
Semmm] | 1 | |mm
N | ||
Sem] | 1 1 | |mm
T el
o1 1 [wml 1 1
~ I -
~ I ] I .
|
~ I I ) O [
-~ eI .
I ) I -

Figure 3. Linkage map of crf locus. (Top) Distances between loci are shown as centiMorgans * standard error to the right of the map (recombinants/total progeny). The
distances are calculated from combined recombination frequencies in a total of 223 backcross progeny derived from 118 female meiosis and 105 male meiosis. The centiMorgan
position of each SSLP locus retrieved from the Mouse Genome Database at The Jackson Laboratory is indicated in parentheses. (Bottom) Haplotype figure from the backcross.
Black and white boxes represent loci typed as homozygous and heterozygous, respectively. The number of animals with each haplotype is given at the bottom of each column

of boxes.

CoA (3-hydroxy-3-methylglutaryl coen-
zyme A) reductase, HMG-CoA synthase,
and some quantitative trait loci for plasma
low density lipoprotein/very low-density
lipoprotein (Welch et al. 1996). However,
preliminary biochemical examination of
the plasma indicated that there was no
significant difference between the CRF

mice and normal controls in plasma cho-
lesterol and triglyceride levels as well as
plasma glucose level. In this region on
chromosome 13 several enzyme-related
loci such as steroid 5 alpha-reductase 1,
arylsulfatase complex, etc. are mapped,
but we have no rational reason to predict
that one of these loci may be identical to

the crf locus. It is necessary to clarify the
factors related to the cream yellow coat
color and also to generate a high-resolu-
tion map in the region of chromosome 13.

Concerning a fine mapping, it is note-
worthy that there is a marked difference
in recombination frequencies in the vicin-
ity of the crf locus between male and fe-
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Figure 4. Sex-specific linkage map in proximal region of mouse chromosome 13. The distances between loci are

shown as centiMorgans = standard error. The distances are separately calculated from recombination frequencies
in 105 backcross progeny from male F, hybrids mated to CRF females and in 118 backcross progeny from female
F, hybrids mated to CRF males (recombinants/total progeny).

male meiosis. It is well documented that
in mice as well as other animals there are
sex-specific differences in recombination
frequency, and in general recombination
occurs less frequently during male meiosis
than during female meiosis (Silver 1995).
Therefore, to construct a high-resolution
map for positional cloning of the crf gene,
female F, should be chosen to produce
backcross progeny.

Aside from the map position of the crf
locus, it is intriguing that sex-specific dif-
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ferences in recombination frequencies
were found in the proximal region be-
tween DI3Mit3 and DI13Mit231, but in the
distal region from D13Mit231 to D13Mit151
the recombination frequencies between
sex were not different (Figure 4). The rea-
son why some regions in the genome un-
dergo recombination more frequently in
the germ cells of one sex than the other is
not fully understood. Recently it has been
assumed that the genomic imprinted
regions in which two parental alleles are

differentially expressed in embryo genesis
may be identical to the regions which un-
dergo sex-specific recombination (Padli et
al. 1995; Thomas and Rothstein 1991).

In conclusion, the crf mutation appears
to increase lipid content in hair and lipid
droplets in liver parenchyma cells, al-
though the primary cause of the increase
of lipid in these tissues remains unexplai-
ned, and an increased storage of the lipid
material in hair tints the coat color in al-
bino mice.

From the Institute for Experimental Animals (Hayaka-
wa and Nikaido) and the Department of Biochemistry
(Ohkawa), Kanazawa University, 13-1 Takara-machi,
Kanazawa 920, Japan, and the Institute for Laboratory
Animal Research, Nagoya University School of Medi-
cine, Nagoya, Japan (Kitoh). T. Ohkawa is currently at
the Japanese Red Cross Ishikawa Blood Center, Kana-
zawa, Japan. Address correspondence to Jun-ichiro Ha-
yakawa at the address above or e-mail: hayaka-
wa@med.kanazawa-u.ac.jp. We would like to thank Ms.
Nobuko Saito for her excellent assistance with the gen-
otyping SSLP and the staff of the Institute for Experi-
mental Animals for their care of animals. This research
was supported in part by a grant-in-aid for scientific
research on priority areas (no. 06279101) and a grant-
in-aid for scientific research (no. 08458274) from the
Ministry of Education, Science, Sports and Culture, Ja-
pan.

© 1998 The American Genetic Association

References

Beechey CV and Searle AG, 1979. Crm at distal end of
X. Mouse News Lett 60:47.

Hetherington CM, 1977. Recent spontaneous mutants.
Mouse News Lett 56:35.

Manly KF, 1993. A Macintosh program for storage and
analysis of experimental genetic mapping data. Mam-
mal Genome 4:303-313.

Nikaido H, Horiuchi M, Hashimoto N, Saheki T, and Ha-
yakawa J, 1995. Mapping of jus (juvenile visceral stea-
tosis) gene, which causes systemic carnitine deficiency
in mice, on chromosome 11. Mammal Genome 6:369-
370.

Paldi A, Gyapay G, and Jami J, 1995. Imprinted chro-
mosomal regions of the human genome display sex-
specific meiotic recombination frequencies. Curr Biol
5:1030-1035.

Peters J and Searle AG, 1979. Fluorescence of sex-linked
cream Crm. Mouse News Lett 61:37.

Silver LM, 1995. Mapping in the mouse: an overview.
In: Mouse genetics. New York: Oxford University Press;
133-155.

Thomas BJ and Rothstein R, 1991. Sex, map, and im-
printing. Cell 64:1-3.

Welch CL, Xia Y-R, Shechter I, Farese R, Mehrabian M,
Mehdizadeh S, Warden CH, and Lusi AJ, 1996. Genetic
regulation of cholesterol homeostasis: chromosomal
organization of candidate genes. J Lipid Res 37:1406-
1421.

Received May 13, 1997
Accepted October 20, 1997

Corresponding Editor: Neal Copeland



Clench: A New Autosomal
Recessive Mutation in
Japanese Quail

Y. Nakane and M. Tsudzuki

The clench (CL) is a new morphological
mutation in Japanese quail (Coturnix ja-
ponica). The CL mutants rigidly clench
their toes in both legs, which gives rise to
a human fistlike appearance in the distal
ends of the legs. Other parts of the CL
body are quite normal. In spite of the se-
vere toe abnormality, the CL mutants are
normal in fertility, hatchability, and post-
natal viability. Genetic analysis revealed
that the CL mutation is an autosomal re-
cessive with 100% penetrance. The pro-
posed gene symbol is cl.

In September 1995, among the progeny
from a pair of wild-type Japanese quail
(Coturnix japonica) maintained at the De-
partment of Laboratory Animal Science,
College of Agriculture, Osaka Prefecture
University, Sakai, Osaka, Japan, we found
unusual chicks that exhibited permanent-
ly clenched toes. The same pair continued
to produce similarly abnormal progeny.
We separated the male and female of the
original pair and 2 weeks later mated each
of them to wild-type controls to obtain F;s.
Subsequently we mated the F, birds
among themselves avoiding sib matings.
Some of these matings segregated abnor-
mal individuals, as did the original pair.
Thus this abnormality was thought to be
a hereditary trait. We named the trait
clench (CL) and started genetic analysis.
This article describes the clench trait and
its mode of inheritance.

Materials and Methods

General care of quail is described else-
where (Tsudzuki 1995). We reciprocally
mated the CL mutants to control birds
(UOP-WT line; Ito and Tsudzuki 1994) to
obtain F, progeny. Subsequently we pro-
duced F, and backcross generations. Fur-
thermore, to examine the penetrance of
the mutant gene, we mated the CL mutant
birds inter se. Segregation ratios of the
normal and mutant were investigated at
hatching. The data were analyzed by the
chi-square test.

Results and Discussion

The abnormality in the CL mutant was lim-
ited to the toes. The other parts of the

body were quite normal. The CL chicks
rigidly clenched their toes in both legs,
which gave rise to a human fistlike ap-
pearance in the distal ends of the legs
(Figure 1). The CL adults more rigidly
clenched their toes than the chicks. Both
chicks and adults could stand and walk us-
ing the region around the first phalanx of
the third and fourth toes. Furthermore, in
spite of the severe abnormality in the toes,
the CL mutant showed normal mating abil-
ity (Table 1).

Table 2 shows the incidence of the CL
mutant in mating experiments between
the CL and control birds. All F, progeny
from reciprocal matings were normal,
which suggested autosomal recessive in-
heritance. Of F, progeny, 174 were normal
and 66 were CL. This segregation ratio was
in agreement with the expected 3:1 ratio
(x? = 0.800, .30 < P < .50) based on the
hypothesis that the CL trait is controlled
by an autosomal recessive gene. At the
backcross generation, normal and CL in-
dividuals segregated in a ratio of 275:266.
This segregation ratio was in agreement
with the expected 1:1 ratio (x> = 0.150, .50
< P < .70) on the basis of our hypothesis
mentioned. Moreover, in the F, and back-
cross progeny, sex ratio was normal in
both normal and CL individuals. These
data apparently indicate that the CL trait
is controlled by an autosomal recessive
gene. We propose the gene symbol c/ for
the mutant gene controlling the CL trait.
The penetrance of the c/ gene seemed to
be 100%, because all progeny from CL X
CL matings were CLs.

In Japanese quail, approximately 50

Table 1. Fertility and hatchability in clench and
normal quail

Matings® Fertility Hatchability

CL x CL 182/188> 133/182
(96.8%) (73.1%)

NOR X NOR 451/458° 341/451
(98.5%) (75.6%)

«CL and NOR mean clench and normal individuals, re-
spectively.
> Total number of eggs set.

morphological mutants have so far been
reported in the literature (Cheng and Ki-
mura 1990; Tsudzuki et al. 1998). Among
them, however, there is no mutation that
shows clenched toes. On the other hand,
in chickens, there is a somewhat similar
mutation known as crooked or curly toes
(Fisher 1956; Hicks and Lerner 1949). Al-
though some of the chicken crooked toes
mutants mildly clench their toes inward,
the majority show abnormal toes that are
curled (crooked) laterally, which is obvi-
ously different from the quail CL mutants
in all of which the toes are rigidly
clenched inward. Hicks and Lerner (1949)
did not describe a mode of inheritance of
the trait, but Fisher (1956) showed that in
the Kedu breed the crooked toes mutation
is controlled by an autosomal recessive
gene. Later Somes (1980) assigned the
gene symbol crt to the gene. The pene-
trance of the crt gene is incomplete, which
also differs from the quail c/ gene that has
100% penetrance. The chickens showing
hereditary arthrogryposis syndrome (Rig-
don et al. 1965) also have abnormal toes
that were curled laterally, as in the case of

Figure 1.
clench their toes, resulting in a shape like a human fist.

Comparison of the toes of newly hatched normal (left) and mutant (right) chicks. The mutants rigidly
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Table 2. Incidence of the clench mutant at F, F,, and backcross generations in mating experiments between the clench and control birds®

Matings® No. of f*
atings No. of progeny O- of progeny © Expected ratio?
Male X Female No. of matings observed NOR CL NOR:CL x> P
NOR x CL 4 177 177 0 1:0 — —
CL X NOR 4 108 108 0 1:0 — —
Total 8 285 285 0 1:0 — —
F, X F, 3 240 174 66 31 0.800 .50 > P> .30
F, X CL 8 343 175 168 1:1 0.143 .80 > P> .70
CL X F 6 198 100 98 1:1 0.020 .90 > P> 80
Total 14 541 275 266 1:1 0.150 .70 > P> 50
CL X CL 4 167 0 167 0:1 — —

< Observation was performed at hatching. There was no increased mortality noted among clench embryos.

»NOR and CL mean normal and clench individuals, respectively.
¢ Involving both newly hatched chicks and late dead embryos.

9Based on simple autosomal recessive inheritance.

Fisher (1956) and Hicks and Lerner (1949).
This chicken mutation is also easily distin-
guishable from the quail CL mutation, be-
cause many of the chickens hatch with a
normal external appearance and develop
curled toes and/or spastic legs within 24—
72 h. The quail CL mutants already have
abnormal toes in embryonic stages and
never show spastic legs. The quail CL mu-
tation may be the first of this type of mu-
tation in poultry. The arthrogryposis syn-
drome of chickens is histologically char-
acterized by muscle necrosis in the legs.
The cause of the quail CL mutant condi-
tion is unlikely to be muscle necrosis, be-
cause the two mutants show large differ-
ences in external phenotypes. Further-
more, the CL leg skeleton is quite normal
involving phalanges. Thus, in the quail CL
mutant, some abnormality might reside in
the tendons controlling the toes.
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Replication Banding and
Sister-Chromatid Exchange
of Chromosomes of Channel
Catfish (Ictalurus punctatus)

Q. Zhang, W. R. Wolters, and T. R.
Tiersch

A replication banding procedure using flu-
orouracil (FU) and bromodeoxyuridine
(BrdU) was developed for use with cul-
tured leukocytes of channel catfish (/cta-
lurus punctatus). Analyzable banding pat-
terns were produced on chromosomes
stained with a fluorochrome plus Giemsa
(FPG) method. The consistency of the
chromosomal bands was evaluated by
computer-assisted image analysis. Band-
ing patterns of representative chromo-
somes including those bearing nucleolus
organizer regions (NOR) were reproduc-
ible. A standard RBG-banded karyotype
(R bands by BrdU and Giemsa) was es-
tablished with idiograms of each chromo-
some. We also developed procedures to
study sister-chromatid exchange (SCE)
and sister-chromatid differentiation (SCD)
in cultured leukocytes, without addition of
mutagenic substances. The average oc-
currence of SCEs in the absence of mu-

tagens was 3.0 = 1.0 (n = 60) chromo-
somes per cell and was not significantly
different among fish (P = .26).

Studies of fish chromosomes have not
been as successful or widespread as those
in other vertebrate groups (Gold et al.
1990). A limiting factor has been technical
difficulty in obtaining good chromosome
spreads, because most species have a
large number of small chromosomes. Be-
cause of this and minimal compartmental-
ization of the fish genome by base com-
position (Medrano et al. 1988), techniques
for linear structural banding (e.g., quina-
crine, Giemsa, and reverse bands) devel-
oped for higher vertebrates (Verma and
Babu 1989) have succeeded rarely with
fish chromosomes.

Dynamic methods using mitotically ac-
tive cells, such as replication banding, are
an alternative to structural banding. Tech-
niques including RBG (replication bands
by bromodeoxyuridine using Giemsa) pro-
cedures rely on the incorporation of a
base analogue during DNA replication and
postfixation modification of chromosome
structure in the substituted regions (Ron-
ne 1992). Therefore difficulties that relate
to the structure or base composition of
fish chromosomes can be bypassed with
replication (R) banding. Replication band-
ing of fish chromosomes has been report-
ed in Carassius auratus (Zhang and Wu
1985); Rutilus rutilus and Scardinius erythro-
phthalmus (Hellmer et al. 1991); Oncorhyn-
chus mykiss (Delany and Bloom 1984); Sal-
mo salar (Pendas et al. 1993), and Scor-
paena procus and Scorpaena notata (Giles
et al. 1988) through intraperitoneal injec-
tion of bromodeoxyuridine (BrdU) into
living fish. However, banding patterns
have been better controlled with the use
of cultured cells (Ronne 1992).



Sister-chromatid exchange (SCE) in-
volves the breakage and reunion of chro-
mosomal DNA (presumably between com-
plementary regions) detectable after two
or more rounds of replication in the pres-
ence of BrdU (Wolff 1982). Analysis of SCE
is of interest because there appears to be
a correlation between the frequency of
SCE and exposure to mutagenic agents
such as radiation or chemicals. Therefore
SCE analysis can be valuable for the study
of mutagenesis and environmental toxicol-
ogy in fish (Kligerman 1979). Similar to the
procedure used in replication banding, the
presence of BrdU in cultures of cells for
two consecutive generations yields sister
chromatids that can be stained differen-
tially [i.e., sister-chromatid differentiation
(SCD)] to identify exchanged segments.
Chromatids containing DNA strands with
more BrdU incorporation will stain less in-
tensely than chromatids with less incor-
poration because of the quenching action
of BrdU (Verma and Babu 1989).

Computer-assisted chromosome analy-
sis was first reported in fish in the mid-
1980s (e.g., Gold et al. 1986). The intro-
duction of newer technology has enabled
handling of chromosome images imported
directly from the light microscope by vid-
eo camera (Bauchan and Campbell 1994).
Computer-assisted analysis yields objec-
tive and quantitative estimates of banded
areas of chromosomes (Drets et al. 1992).
This technique remains unstudied for ap-
plication in analysis of the weak bands
that have been found in the chromosomes
of most fish species.

Channel catfish is the most important
food fish cultured in the United States, and
genetic study of the species is generating
wide interest (Wolters 1993). However, lit-
tle information is available about chro-
mosome structure, hindering basic re-
search such as gene mapping in this spe-
cies. The objectives of this study were to
(1) develop a replication banding proce-
dure for use with channel catfish chro-
mosomes, (2) evaluate the consistency of
the R-banding technique, (3) establish a
standard RBG-banded karyotype and idi-
ogram, and (4) estimate baseline frequen-
cy of SCD and SCE in cultured cells.

Material and Methods

Animals

The channel catfish used in this study
were from a population maintained at LSU
and spawned artificially in indoor systems
(Tiersch et al. 1994). Eight fish (mean *
SD = 210 + 55 g) were used for isolation

of leukocytes and preparation of chromo-
somes for replication banding. Another
five fish (500 = 45 g) were used for inves-
tigation of SCD and SCE.

Leukocyte Culture

Leukocytes were isolated by the density
centrifugation method (Zhang and Tiersch
1995). Culture media and incubation con-
ditions were described previously (Zhang
and Tiersch 1995). Mitotic activity of cul-
tured cells was induced by incubating
with final concentrations of 0.05 pg/ml
phorbol 12-myristate 13-acetate (PMA)
(Sigma Chemical Company, St. Louis, Mis-
souri) and 0.5 pg/ml calcium ionophore
A23187 (Sigma) (Lin et al. 1992), or with 5
pg/ml concanavalin A (Con A). After 24 h
the media with PMA and A23187 were re-
placed with fresh media containing no mi-
togens; the cultures with Con A did not
require a change of media at this step.
Cells were incubated for another 48-72 h
until the first round of mitotic activity oc-
curred. Cultures were processed with the
following procedures for replication band-
ing and SCE and SCD analysis.

Replication Banding
DNA synthesis of cultured leukocytes was
blocked with 5’-fluorouracil (FU; Sigma) at
a final concentration 1.0 X 10 -7 M. After
17 h the cells were pelleted and rinsed
twice with Ca?*- and Mg?*-free phosphate
buffered saline (CMF-PBS). The cells were
cultured for another 5.5 h in fresh Leibov-
itz L15 medium (Gibco BRL, Life Technol-
ogies Inc., Gaithersburg, Maryland) with a
mixture of 10-* M BrdU, 6 X 10-¢ M uridine
(Sigma), and 4 X 10-7 M 5'-fluoro-2'-deoxy-
uridine (FrdU; Sigma). Twenty microliters
of colchicine solution (100 pg/ml) was
added to each culture at 30 min to 1 h be-
fore harvest. The cells were processed by
a hypotonic treatment with 0.075 M KCl,
followed by cold fixation in a mixture of
methanol and acetic acid (3:1).
Chromosome staining was based on the
fluorochrome plus Giemsa (FPG) method
of Perry and Wolff (1974). After staining
with Hoechst 33258 (150 p.g/ml) for 25 min
at room temperature, slides were placed
on a styrofoam board, floated in a 60°C wa-
ter bath, and irradiated with a long-wave
(365 nm) ultraviolet (UV) light (115 'V, 60
Hz, 0.3 A; Spectronic Corp., Westbury, New
York) for 2 h from a distance of 10 cm. The
slides were treated with 2X SSC for 4 h at
60°C, rinsed with distilled water (dH,0),
and dehydrated through a series of etha-
nol solutions (70%, 85%, 95%, and 100%).
The slides were stained finally with 2%

Giemsa in 0.01 M phosphate buffer (pH
6.8) for 10 min.

Evaluation of Replication Banding on
Marker Chromosomes

Three distinctive chromosomes—1 (the
largest chromosome), 6 (the largest meta-
centric chromosome), and 11 (the chro-
mosome bearing the NOR) (Zhang 1996)—
were used as representatives of each
spread. The banding patterns of these
chromosomes from different cells were
compared to examine consistency of the
technique. Slides were treated by the FPG
procedure, and images of chromosomes
were recorded as described below. The
slides were destained with the mixture of
methanol and acetic acid (3:1), rinsed
with distilled water, dehydrated through
the series of ethanol solutions, and air
dried. The NOR were located using the sil-
ver staining procedure of Howell and
Black (1980).

Computer-Assisted Chromosome
Analysis
The process of karyotyping was assisted
by the Optimas® (Bioscan, Inc., Edmonds,
Washington) and Kary® (Pro Data, Oslo,
Norway) computer software packages.
Chromosome images were captured and
recorded with an image analysis system
(Zhang and Tiersch 1997) directly from a
light microscope (Microphot-SA, Nikon
Inc., Garden City, New York). For compar-
ison, chromosomes were photographed
with Kodak Technical Pan film 2415, the
negatives were digitized using a slide
scanner (SprintScan 35, Polaroid scanner
model CS-2700, Needham Heights, Massa-
chusetts), and the digitized images were
stored on a 486 IBM compatible PC with a
1.2 GB hard drive, 8 Mbyte RAM, 2 Mbyte
VRAM, and 66 MHz processor. Total
lengths and arm lengths of chromosomes
were measured by the “line measurement”
function of the Optimas® software. The
dark and light banding patterns of chro-
mosomes were identified by densitometry
and expressed with a luminance plot. The
x-axis of the plot represented segments of
chromosomes, and the y-axis represented
the corresponding grayscale value ranging
from 0 (black) to 255 (white). Images of
metaphase spreads were imported into
the Kary® software, which arranged chro-
mosomes in descending order of size by
automatic cutting and pasting to a tem-
plate.

A standard karyotype was prepared by
rearranging the chromosomes into groups
based on relative length (%TCL) and cen-
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Figure 1.

Computer-assisted analysis of replication banding patterns of representative chromosomes. Compari-

son of the luminance patterns of chromosome 1, 6, and 11 (the NOR-bearing chromosome) from cells of different
fish. Arabic numbers indicated on the luminance plots correspond to the specific regions of the chromosome

diagrammed within the idiograms.

tromeric index (CI) (Zhang 1996), which
were calculated by the following formulas:

%TCL = (total length of each chromosome
pair/total length of all chromosomes)
X100

CI (%) = (short-arm length/total length of
chromosome) Xx100.

An idiogram was prepared for each chro-
mosome using the Microsoft PowerPoint®
software (version 4.0).

Sister Chromatid Differentiation and
Exchange

Bromodeoxyuridine (1.6 X 10~* M final
concentration) was added to cultured leu-
kocytes incubated for 20 h before harvest.
The method for preparation of chromo-
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somes was the same as described above.
Slides were treated with 5% Ba(OH), for 7
min at 50°C and incubated overnight with
2X SSC buffer and 0.05% Triton X-100
(Mallinckrodt Specialty Chemicals Co.,
Paris, Kentucky) at 60°C. Prolonged stain-
ing in 5% Giemsa was required to reveal
SCD and SCE. Twelve to fifteen spreads
from each of five specimens were counted
for SCE and SCD. One-way analysis of vari-
ance was used to analyze the frequency of
occurrence of SCD or SCE among individ-
ual fish at a significance level of P < .05.

Results

Chromosomes prepared by FU/BrdU rep-
lication banding and stained with the FPG
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Figure 2. A standard RBG-banded karyotype (R bands by bromodeoxyuridine using Giemsa) of channel catfish.
Abbreviations: A, large submetacentric; B, large subtelocentric; C, large and medium metacentric; D, medium sub-
metacentric; E, medium subtelocentric; F, telocentric; G, small metacentric, and H, small submetacentric chromo-

somes. Bar = 10 pm.
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method exhibited serial bands with ana-
lyzable patterns (Figure 1). Each chromo-
some pair had a characteristic replication
banding pattern and could be identified re-
gardless of the state of contraction (Figure
1). Chromosome 1, the largest in the com-
plement, had one dark band on the short
arm and four well-defined dark bands on
the long arm. Chromosome 6, the largest
metacentric chromosome, had two dark
bands on the short arm and two to three
on the long arm. Chromosome 11, the
NOR-bearing chromosome, possessed one
minor dark band on the short arm and one
or two dark bands on the long arm, with
the major dark band adjacent to the cen-
tromere.

Individual chromosomes were identified
based on an objective procedure: (1) di-
viding chromosomes into groups designat-
ed as A, B, C, D, E, F, G, or H based on
%TCL and CI, and (2) pairing chromo-
somes within a group according to repli-
cation banding patterns (Zhang 1996).
The final karyotype (Figure 2) was based
on the analysis of 12 spreads and was
summarized with an idiogram (Figure 3).

Sister-chromatid differentiation was
found on most chromosomes (Figure 4a).
However, SCE was observed only on one
to five chromosomes per cell (Figure 4a—
¢). The occurrence of SCD (P = .07) was
not significantly different among the five
fish examined, nor was that of SCE (P =
.26) (Table 1).

Discussion

In this study replication banding proce-
dures were developed for channel catfish
using an in vitro culture technique. Three
factors were critical for the success of the
replication banding procedure: rapid
growth of cultured cells, efficient arrest
and release of the cell cycle, and control
of intensity of the postlabeling treatment.
The dynamic R bands were generated by
differential incorporation of BrdU into rep-
licating DNA segments. The uptake of
BrdU is related to the replication status of
cultured cells. The number of analyzable
spreads was increased by addition of mi-
togens. Although Con A, pokeweed mito-
gen, and phytohemagglutinin M all have
proliferative effects on in vitro culture of
channel catfish leukocytes (Faulmann et
al. 1983), a mixture of phorbol ester and
calcium ionophore was found to be con-
sistently mitogenic for catfish leukocytes
(Lin et al. 1992). Consistent replication
banding patterns rely on temporal and
spatial control of BrdU incorporation, and
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Figure 3. An ideogram of RBG-banded karyotype (R bands by bromodeoxyuridine using Giemsa) of channel catfish. The measurements were taken from chromosomes of
12 different spreads. Abbreviations: %TCL = percentage of total complement length, or relative length; CI = centromeric index.

Figure 4. Sister-chromatid differentiation (SCD) and exchange (SCE) of channel catfish chromosomes.
Arrows indicate representative SCE chromosomes; lines indicate position of centromeres. Bars = 10 pwm.

this can be achieved by synchronization
of cell populations. Several treatments
were evaluated in this study, including use
of the reversible S-phase inhibitors meth-
otrexate (MTX) and FU, and high doses of
thymidine and BrdU (data not shown). Al-
though MTX has worked effectively in
higher animals (Ronne 1992) and in some
fishes such as eel (Liu 1988), it did not
block mitosis in cultured channel catfish
leukocytes. We also found that the addi-
tion of 0.3 mg/ml of thymidine did not syn-
chronize cells effectively, and a similar re-
sult was found in cultures treated with
high doses (70 pg/ml) of BrdU. In con-
trast, FU was able to block cultures and
was easily released by the BrdU-based
mixture. The resultant spreads were ar-
rested mostly in prometaphase.

The final consideration of replication
banding was the postlabeling treatment.
The FPG is a popular staining procedure
to reveal BrdU-labeled regions. Various
modifications have been developed from
the original methods for use in different
species. In this study a prolonged incuba-
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Table 1. The occurrence of sister-chromatid
differentiation (SCD) and exchange (SCE) in
chromosomes of channel catfish 2N = 58)

Number of chromosomes per

spread
Fish SCD SCE
1 56 + 1 3+1
2 55 + 1 2+1
3 56 + 2 21
4 58 + 1 4+1
5 57 =1 2+1
Mean * SD 57+ 2 3+1

The number of chromosomes per cell (mean *= SD)
bearing SCD (P = .07) or SCE (P = .26) were not sig-
nificantly different among the five individuals exam-
ined.

tion with 2X SSC was utilized to generate
differentiated bands. The double-staining
method using Hoechst 33258 and actino-
mycin D was developed originally to iden-
tify structural bands on human chromo-
somes. This direct method was not effec-
tive for channel catfish chromosomes,
while a similar method using Hoechst
staining was able to produce replication
bands on rainbow trout chromosomes
(Delany and Bloom 1984). Other direct
methods such as staining with acridine or-
ange revealed replication bands in cypri-
nid fishes (Hellmer et al. 1991), but did
not produce reproducible bands in this
study, presumably resulting from a differ-
ent packaging of DNA and associated pro-
tein molecules.

Establishment of an effective evaluation
method for replication R-banded chromo-
somes was another important considera-
tion of this study. Unlike structural bands,
most replication bands, especially on fish
chromosomes, are continuous and do not
have clear borders. Computer-assisted
processing of replication-banded chromo-
somes was efficient and reproducible, and
the results were more informative than
those of subjective methods. Comparisons
among different spreads were enabled by
use of marker chromosomes, which were
identified by distinctive morphology and
banding patterns. The chromosomes bear-
ing the NOR of channel catfish were con-
sistently located on short arms of a pair
of medium-sized submetacentrics (Zhang
1996) and could be used as an internal ref-
erence to gauge the contraction level of
metaphase spreads. The variation found
among individual karyotypes was not due
to differences in banding pattern but was
mostly due to the difficulty in identifying
centromeric regions of chromosomes.

In this study the SCE of channel catfish
chromosomes were produced by alkaline
treatment followed by prolonged exposure
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to 2X SSC buffer. The incorporation of
atomic Br derived from BrdU enhances the
binding of DNA with nonhistone proteins
by formation of additional hydrogen
bonds and makes the BrdU-incorporated
chromosomal region more compact and
less degradable by alkali treatment (Zhou
et al. 1989). Based on this principle, a
modified C-banding method that produces
highly resolved centromeric C bands on
channel catfish chromosomes (Zhang
1996) was used in this study. Our method
(designed after failure to reveal SCE or
SCD with routine FPG staining techniques)
was found to be effective for use in ana-
lyzing chromosomes incorporated with
low levels of BrdU.

To our knowledge, this is the first report
of a cytogenetic map of channel catfish
providing a foundation for physical map-
ping in this species. Fluorescence in situ
hybridization (FISH) is a common tech-
nique for identification of chromosomal lo-
cation of DNA sequences. Simultaneous
recognition of hybridization signal and
identification of individual chromosomes
has been reported in mammalian species
with techniques combining replication
banding and FISH (Larramendy et al.
1993). Techniques allowing use of in situ
polymerase chain reaction for detection of
a single-locus gene have been developed
for channel catfish (Zhang et al. 1997), al-
though individual identification of chro-
mosomes remains problematic. Further
studies are required to standardize these
techniques for physical mapping in this
species. The development of an in vitro
BrdU incorporation technique for produc-
ing replication banding and SCE could al-
low analysis of phylogenetic relationships
or identification of catfish sex chromo-
somes as reported in amphibians
(Schempp and Schmid 1981).
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Genetic Differences in Male
Development Time Among
Populations of the
Endangered Gila Topminnow

T. N. Cardwell, R. J. Sheffer, and
P. W. Hedrick

Timing of male sexual maturity was com-
pared in a common laboratory environ-
ment for populations from the four water-
sheds in which the Gila topminnow (Poe-
ciliopsis o. occidentalis) still remains in Ar-
izona. One population, Monkey Spring,
was found to have an approximately 50%
later development of male sexual maturity.
Monkey Spring is the only population of
the four whose natural habitat has both a
constant and warm, year-round tempera-
ture and year-round reproduction. Year-
round reproduction is a common strategy
in tropical fish species in warm constant
environments. Our findings are consistent
with the hypothesis that the other three
populations—Bylas  Springs, Cienega
Creek, and Sharp Spring—have adapted
to temporally variable environments and
seasonally limited reproduction with earlier
male maturation. This genetic difference in
a fitness-related trait lends support to the

recommendation that Gila topminnows
from different watersheds be managed
and conserved separately.

The Gila topminnow (Poeciliopsis o. occi-
dentalis) is a small, live-bearing fish (Poe-
ciliidae) once common throughout lower
elevations of the Gila River drainage in Ar-
izona and New Mexico, and in Sonora,
Mexico (Hubbs and Miller 1941), but now
endangered and limited to a small fraction
of its former range (U.S. Fish and Wildlife
Service 1993). The Gila topminnow has
been the subject of an ongoing series of
investigations to determine the pattern
and amount of molecular genetic variation
over the few existing, and now quite iso-
lated, populations and the possible asso-
ciation of genetic variation and fitness
over these populations.

Published molecular genetic surveys
have reported little or no variation among
or within few extant natural Gila topmin-
now populations. For example, of 25 allo-
zyme loci surveyed, only two were vari-
able and only one population, Sharp
Spring, was polymorphic for these loci
while three other populations, Bylas
Spring, Cienega Creek, and Monkey Spring,
were monomorphic (Vrijenhoek et al.
1985). Recently Quattro et al. (1996) found
that these four populations all had the
same mitochondrial DNA haplotype using
low-resolution six-cutter restriction en-
Zymes.

Quattro and Vrijenhoek (1989) found dif-
ferences in fitness measures between
Sharp Spring and Monkey Spring, with
Monkey Spring appearing to have lower
fitness for all traits examined and suggest-
ed that there was a positive correlation of
allozyme variation and fitness. However,
their overall survival values were quite
low, indicating that their laboratory envi-
ronment was highly stressful to the fish
and probably influenced the other fitness
measures as well. In contrast, when the
same fitness measures were examined by
Sheffer et al. (1997), also in laboratory-
reared fish, they showed a very high over-
all survival and no significant difference in
survival among populations. Sheffer et al.
(1997) also found that Monkey Spring
males were significantly larger at 12 weeks
than fish from three other populations.

Observations during the research re-
ported in Sheffer et al. (1997) suggested
that there may be differences in timing of
male sexual maturity among the popula-
tions, a trait with potentially important fit-
ness consequences. The present experi-
ment was set up to quantify any differ-

ences among populations in the develop-
ment of male secondary sex characteristics
in a common, controlled environment. If
differences are observed in a common en-
vironment, this indicates that there are ge-
netic differences for this fitness trait
among the populations.

Fish stocks were initiated in 1994 (Shef-
fer et al. 1997) from 20 pregnant females
from four locations in Arizona—Bylas
Spring, Cienega Creek, Sharp Spring, and
Monkey Spring (Figure 1)—representing
the four major watersheds in which natu-
ral populations of Gila topminnows are
still extant. The first three locations are
subject to large summer-winter tempera-
ture fluctuations. In contrast, Monkey
Spring at its outflow is a warm spring and
is chemically and thermally (27.4 = 0.6°C)
invariant (Schoenherr 1974). Monkey
Spring is separated from other surface
drainages by a 10 m high, natural traver-
tine dam and modern diversion into an ir-
rigation system.

Since summer 1994, stocks of approxi-
mately 1000 adults from each of these
populations have been maintained in
large, circular raceways under constant
conditions. Seven gravid females were re-
moved at random from each stock in July
1995 (after approximately three genera-
tions in captivity) and placed, one fish
each, in 10 gal aquaria with the intent of
obtaining five or more tanks of fish from
each population. Broods of four or more
juveniles were used in the study, making
it likely that there would be one or more
males in the brood. All the aquaria were
maintained at the same light cycle (14 h
of daylight), temperature (26°C), and wa-
ter quality. Pregnant females from differ-
ent populations were randomly placed in
aquaria.

After birth of a brood, the female was
removed and offspring were kept in sibling
groups of four to nine individuals. They
were observed daily until the start of gon-
opodial development (which is an external
signal of the initiation of male sexual de-
velopment), termed initiation age (defined
by elongation of anterior anal fin rays 3-5
in males). Once development started,
male fish were observed (by T.N.C.) in a
petri dish held upright against the side of
the tank, every 4 days until gonopodial de-
velopment was completed. Completion
age is indicated by a fully fused and clear
gonopodial tip which signals male sexual
maturity. Initiation and completion age
were analyzed for significant differences
among populations with ANOVA and Tu-
key multiple-comparisons tests.
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Results for individual tanks from the dif-
ferent populations are given in Table 1.
The first tank initiated development at
19.5 days (Cienega Creek tank D) and the
first tanks completed development at 47
days (Cienega Creek tanks D and E). Mon-
key Spring tanks A-D were last to initiate
development and were the last to com-
plete development. Of the 22 tanks, the
five Monkey Spring tanks had the four lat-
est initiation ages and completion ages
and the four longest durations of devel-
opment. On average, mean initiation age,
mean completion age, and duration of de-
velopment were 53%, 48%, and 45% longer,
respectively, in Monkey Spring than the
average of the other three populations.

Overall differences among populations
in age of initiation and completion were
highly statistically significant (P < .001).
There were no significant differences in ei-
ther initiation or completion age among
Bylas Spring, Cienega Creek, and Sharp
Spring, but Monkey Spring fish differed
significantly from the other three popula-
tions (P < .001 for each comparison). Vari-
ation within populations among tanks was
not a significant source of variation in ini-
tiation of maturation, but it was significant
among tanks within populations for com-
pletion ages (P < .05). Regression of du-
ration of development on initiation age
was significant (P < .01), explaining 29%
of the variance in duration.

The highly significant difference be-
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tween the Monkey Spring population and
the other populations in time to male sex-
ual maturity, when raised in a common en-
vironment, indicates that there are genetic
differences for this fitness-related trait be-
tween Monkey Spring fish and those from
the other populations. This difference cor-
responds with the interpopulation fitness
study by Sheffer et al. (1997) which found
that 12-week-old, laboratory-reared Mon-
key Spring males were significantly larger
than male offspring from the other three
populations (male growth ceases after
sexual maturity, so late male development
is consistent with larger size).

The most obvious explanation for the
large genetic difference in male sexual de-
velopment between Monkey Spring and
other populations is that they have been
under different selection pressures.
Southern Arizona is the northernmost ex-
tent of the geographic range of P. occiden-
talis (Rosen and Bailey 1963). Tropical
derivation (tendency to breed year-round)
of the Gila topminnow, along with a natu-
ral barrier separating warm Monkey
Spring from the other populations in con-
trast with selection against year-round
breeding in seasonally variable tempera-
ture habitats, could account for the genet-
ic differences in male sexual maturation
between Monkey Spring and other natural
populations.

Although spring and summer surges in
reproduction exist in all natural popula-

Table 1. Mean initiation and completion ages
and duration of development for each tank

Dura-
tion of

Mean Mean devel-
initiation completion op-

Population Tank age (N) age (N) ment
Bylas Spring A 21.0 (2) 570 (2) 36.0
B 26.0 (1) 54.0 (1) 28.0
C 26.0 (1) 54.0 (1) 28.0
D 25.0 () 51.0 (49 26.0
E 25.0 (1) 69.0 (1) 44.0
F 29.8 (4) 58.0 (3) 283
G 32.0 (2) 66.0 (2) 34.0
Mean 26.8 (1.0) 57.2(1.7) 304
Cienega Creek A 24.8 (5) 64.6 (5) 39.8
B 26.0 (2) 59.0 (2) 33.0
C 23.8 (4) 64.0 (4) 40.3
D 19.5 (2) 470 (2) 275
E 21.0 4 4704 26.0
Mean 23.3(0.9) 57.6(3.0) 344
Sharp Spring A 21.0 (1) 52.0 () 31.0
B 313 (4) 54.0 (4) 228
C 22.0 (2) 55.0 (2) 33.0
D 283 (4) 720 (4) 438
E 29.3 (3) 59.7.(3) 303
Mean 279 (1.4) 60.6 (3.8) 32.7
Monkey Spring A 34.0 (D) 82.0 (1) 48.0
B 35.4 (1) 91.3(6) 559
C 36.0 (2) 92.0 (2) 56.0
D 56.0 (5) 104.0 (2) 48.0
E 27.7(3) 64.3(3) 36.7
Mean 39.8 (3.0) 86.8 (4.6) 47.0

The number of males N at each stage and the standard
error of the means are also given. Age is given in days.

tions, the constant-temperature habitat of
Monkey Spring supports year-round repro-
duction while the seasonally variable tem-
perature habitats, such as Bylas Spring,
Cienega Creek, and Sharp Spring, do not
(Schoenherr 1974). Because of the year-
round reproduction at Monkey Spring,
some females are available for mating all
year, which reduces selection against later
starting, slower developing, and conse-
quently larger males. On the other hand,
male fish at temperature-variable sites are
under selection pressure against late de-
velopment because reproduction ceases
from late fall to spring. This also imposes
a trade-off in these locations between ear-
lier development with potentially lower
mating success because of smaller size or
completion of development next spring
with more mating success as a larger
male. However, overwintering in cold tem-
peratures poses survival risks and may in-
crease potential costs of delayed male de-
velopment. In other words, the slower
male development time in Monkey Spring
fish is consistent with predictions from
life-history and sexual competition consid-
erations.

We should note that the influence of en-
vironment on sexual development is well
documented in fishes. Day length, temper-
ature (Conover and Kynard 1981), and so-



cial interactions (Borowsky 1973, 1978,
1987; Braddock 1945) are all possible mod-
ifiers of developmental timing in the sec-
ondary sex characteristics. Some studies
have found significant effects of the pres-
ence of other males on timing of devel-
opment (Borowsky 1973, 1978, 1987). In
this experiment, temperature, day length,
and water quality were controlled. Per
aquarium density and the numbers of
male siblings in the same aquarium were
kept as constant as possible but are two
other possible sources of variation in de-
velopmental timing. Although we do not
have enough observations per population
and a wide enough range of values to sta-
tistically examine this effect, it does not
appear to be significant.

Our observation of a large genetic dif-
ference in a fitness-related trait between
Monkey Spring fish and those from the
other populations supports the sugges-
tion of Simons et al. (1989) that “at least
one representative lineage is preserved
from each of the four geographic areas in
Arizona.” It is also consistent with the rec-
ommendation (Sheffer et al. 1997; U.S. Fish
and Wildlife Service 1993) that Gila top-
minnows from different watersheds be
managed and conserved separately.
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A Genetic Marker in the
Growth Hormone Receptor
Gene Associated With Body
Weight in Chickens

X. P. Feng, U. Kuhnlein, R. W.
Fairfull, S. E. Aggrey, J. Yao, and
D. Zadworny

A genomic clone spanning 16 kb of the
GH receptor gene was mapped and used
as a probe for identifying restriction frag-
ment length polymorphisms (RFLPs) in
chickens. Several strains of meat-type and
egg laying chickens were found to seg-
regate for an Hindlll RFLP located in the
intron preceding exon 4. The polymorphic
Hindlll site overlapped with a poly(A) sig-
nal. Association of the Hindlll RFLP with
traits was analyzed in a random-bred
White Leghorn strain in three generations
using either selective or random genotyp-
ing. Both methods revealed significant as-
sociation of the Hindlll* allele (presence of
the poly(A) signal) with an increased ju-
venile body weight (130 days of age). In
two meat-type strains divergently selected
for size of the abdominal fat pad, the
Hindlll= allele was coselected with lean-
ness. The results indicate the presence of
a genetic variant of the GH receptor gene
which affects growth and abdominal fat
deposition and which is relatively frequent
in egg laying as well as in meat-type
chickens.

The growth hormone (GH) axis affects
many metabolic processes such as repro-
duction, growth, aging and immune re-

sponsiveness. In poultry it has been
shown that GH levels are associated with
the rate of growth, mature body weight,
fatness and egg production (Anthony et al.
1990; Burke and Marks 1982; Picaper et al.
1986; Scanes et al. 1984). It has also been
reported that the number of hepatic GH
receptors (GHR) is affected by selection
for growth or feed efficiency (Vanderpoo-
ten et al. 1993).

Whether these differences in GH or GHR
levels are due to genetic variations in ei-
ther one of the two genes or in other reg-
ulatory genes of the GH axis is not known.
However, in some sex-linked dwarf chick-
ens, stunted growth and reduced immune
responsiveness appear to be the conse-
quences of mutations in the GHR gene
(Agarwal et al. 1994; Burnside et al. 1991;
Duriez et al. 1993; Huang et al. 1993; Pinard
and Monvoisin 1994). This observation
and the hypothesis by Robertson (1985)
that genes which segregate for alleles with
major effects are likely to also segregate
for alleles with minor effects prompted us
to search for genetic markers in the GHR
gene which are associated with growth.

Materials and Methods

Isolation and Characterization of a
Cosmid Clone of the GHR Gene

A cosmid library constructed from geno-
mic DNA of a Cornish White Rock chicken
was purchased from Stratagene (Strata-
gene, La Jolla, California). The genomic
DNA had been partially digested with
Sau3Al and inserted into the BamHI site of
the cosmid vector pWEL5. Screening of 5
X 10* colonies with the radiolabeled full-
length chicken GHR cDNA as a probe
(Burnside et al. 1991) yielded one positive
clone.

A restriction map of the cosmid clone
was constructed by analyzing the restric-
tion fragment lengths and the hybridiza-
tion signals obtained with probes for the
T3 and T7 promoters which flank the vec-
tor and with individual subfragments (Fig-
ure 1A). The clone contained two vector
segments interspersed with two chicken
genomic DNA fragments. One of these
(16.3 kb) hybridized to the GHR cDNA,
while the other (10.5 kb) presumably rep-
resented an unrelated genomic DNA frag-
ment.

The smallest contiguous segment of the
cosmid clone which hybridized to the
cDNA clone consisted of two adjacent
Hindlll fragments. The segment was 5.1 kb
in length and located near one of the ends
of the cosmid vectors (Figure 1B).
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Figure 1. (A) Restriction map of the cosmid clone
established by hybridizing partial digests and double
digests with the T3 and T7 promoter sequences and/
or selected restriction fragments. (B) Location of the
restriction sites HindIll (H), BamHI (B), and EcoRI (E)
in the insert containing part of the GHR gene. Arrows
indicate the restriction fragments which hybridized
with the GHR cDNA. The black bars indicate the loca-
tions of exon 4, exon 5, and the Hindlll fragment which
revealed the Hindlll RFLP. The polymorphic Hindlll site
(present in the cosmid clone) is marked with an aster-
isk ().

Southern blots with the two EcoRI subfrag-
ments of the GHR cDNA isolated by Burn-
side et al. (1991) revealed that the cosmid
clone only hybridized with the 5’ fragment
(nucleotide position 0-1400), but not with
the 3’ fragment (nucleotide position 1400~
2030). Thus the cosmid clone encom-
passed 5° portions of the GHR gene. Se-
quence analysis of the two hybridizing
Hindlll fragments revealed that they con-
tained exon 4 and exon 5 of the chicken
cDNA (Burnside et al. 1991). Exon 2 (the
exon preceding exon 4, since the human
equivalent of the human exon 3 is not
present in the chicken) appeared to be ab-
sent, since an oligonucleotide probe cor-
responding to exon 2 did not hybridize to
the cosmid clone. It indicates that the in-
tron between exon 2 and exon 4 is larger
than reported by Agarwal et al.(1994).
Large introns are present in the human
GHR gene between exons 2 and 3 (=14 kb)
and between exons 3 and 4 (27 kb) (Go-
dowski et al. 1989). Thus the cosmid clone
appeared to contain 16 kb of the GHR
gene, spanning exons 4 and 5 and includ-
ing 12 kb of the intron up-stream of exon 4.
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Figure 2. (A) Strategy for developing a PCR assay for
the HindlIll RFLP. A Pstl fragment which contained the
polymorphic HindIll fragment was subcloned from the
cosmid clone and mapped. Restriction sites are Pstl
(P), Hindlll (H), and Sall (S). The fragment H which
revealed the HindIIl RFLP in Southern blots is encom-
passed by H3 and H4. Primer sequences for the three
candidate polymorphic sites H2, H3, and H4 were ob-
tained by sequencing the 3’ end of the Psd clone and
the 3’ end and the 5’ end of the fragment H3-H4. The
sequence of primer D was determined by directional
cloning of the fragment HI-S into pUC18 and sequenc-
ing of the 3’ end. (B) Hindlll digests of the PCR prod-
ucts obtained with the primer pairs A/B and C/D using
the Pstl subclone (lanes 1 and 5) or genomic DNA from
female chickens with genotype H- (lanes 2 and 6) or
H* (lanes 3 and 8). Lane 4 is a molecular weight mark-
er. The HindIll RFLP is located in the fragment ampli-
fied by primers C and D.
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Southern Blotting

DNA was extracted from blood as de-
scribed by Jeffreys and Morton (1987) and
dissolved in 5 mM Tris-HCL, 0.1 mM EDTA
(pH 7.5). Five micrograms of DNA was di-
gested overnight with 25 units of restric-
tion enzyme. DNA fragments were sepa-
rated by electrophoresis in a 1% agarose
gel for 20 h at 1 V/cm and transferred onto
Zeta probe membrane (Bio-Rad) by alkali
blotting (Reed and Mann 1985). Hybridiza-
tion was carried out with the 3?P-labeled
fragments of the GHR genomic clone fol-
lowed by autoradiography. Prehybridiza-
tion, hybridization, and washing were per-
formed according to Kuhnlein et al. (1989).

PCR Assays

The primer sequences used to locate the
Hindlll RFLP (Figure 2) were as follows: A:
5'-CCACTGAATTTGAAGCAGCAG-3'; B: 5'-
TTTCCTTTGTTGCACATGCCC-3'; C: 5'-GG-
CTCTCCATGGGTATTAGGA-3'; and D: 5'-G-
CTGGTGAACCAATCTCGGTT-3'. About 125
ng of DNA was used as template in 50 pl
of a reaction mixture containing 1.25 pM
of each primer, 5 pl of 10X reaction buffer
(10 mM Tris-HCL, pH 9.0, 1.5 mM MgCL,,
50 mM KCL), 5 mM of each dNTP, 5% for-
mamide, and 1.25 units of Tth DNA poly-
merase (Pharmacia). Amplification was

carried out for 35 cycles in a thermal cy-
cler (Perkin Elmer Cetus Corp, Norwalk,
Connecticut). Each cycle consisted of 30 s
at 92°C, 80 s at 59°C, and 90 s at 72°C. Prim-
ers C and D revealed the HindlIll RFLP.

Results

Characterization of a HindIIl RFLP in
the GHR Gene and Development of a
PCR Assay

Pooled or individual Hindlll fragments of
the GHR cosmid insert were used in an ini-
tial search for polymorphisms at Mspl,
Tagl, Pstl, and Hindlll restriction sites.
White Leghorn strains derived from five
different genetic origins and meat-type
birds from two genetic origins all segre-
gated for a polymorphism at a Hindlll site,
indicating that this RFLP is quite common.
No polymorphisms were observed with
any of the three other restriction enzymes.

The RFLP was only revealed by one of
the Hindlll fragments (Figure 1B). It result-
ed in a single band shift, indicating that
the RFLP coincided with one of the ends
of the hybridizing fragment (data not
shown). In order to establish PCR assays
the sequences surrounding the two ends
were determined. For this purpose a clone
encompassing the entire Hindlll fragment
had to be isolated. Southern blotting of a
Pstl digest of the cosmid clone with the
Hindlll fragment as a probe revealed a sin-
gle band of 5.7 kb. It was subcloned, a re-
striction map established, and the se-
quences of the flanking regions deter-
mined as indicated in Figure 2A.

Primers of each end of the polymorphic
Hindlll fragment were designed and the
PCR products analyzed by gel electropho-
resis (Figure 2B). The PCR products ob-
tained with genomic DNA revealed that
the Hindlll RFLP coincided with the 5" end
of the Hindlll fragment. The analysis also
revealed an additional Hindlll site located
250 bp upstream of the polymorphic
Hindlll site. The proximity of the two sites
explains why the Hindlll RFLP was only de-
tected with a single rather than with two
fragments of the Hindlll digest of the cos-
mid clone.

Restriction mapping of the genomic
DNA using the 5.7 kb Pstl fragment P (Fig-
ure 2A) as a probe revealed that in the vi-
cinity of the Hindlll RFLP, the genomic
DNA from White Leghorns (strain 7) had
the same arrangement of Ps#l and Hindlll
sites as the cosmid clone originating from
Cornish hens (data not shown). Hence
there was no rearrangement within the 5.7
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Figure 3. Sequence comparison of two Hindlll* and two Hindlll- GHR alleles from strain 7 and strain S. Strain 7
is a White Leghorn strain established from four North American commercial strains in 1960 (Gowe et al. 1993).
Strain S is a White Leghorn strain developed at Cornell in 1939 and kept as a closed breeding population (Cole
and Hutt 1973). PCR products obtained with primers C and D were digested with Sall (see Figure 2), cloned in the
5’ to 3’ direction by ligating into pUC18 linearized with Sall and Smal and sequenced from the reverse primer. The
sequence shown is the reverse complementary sequence which coincides with the 5’ to 3’ direction of the GHR
gene. Alleles of the same RFLP genotype in both strains had identical sequences. The poly(A) site AATAAA which

overlaps with the Hindlll site AAGCTT is overlined.

kb Pstl fragment during cloning of the GHR
gene.

The PCR products obtained with DNA
from two chickens each of the White Leg-
horn strain 7 and strain S were direction-
ally cloned into pUC18 and sequenced
from the reverse primer. In both strains
the loss of the restriction site was caused
by an A to G transition. It resulted in the
loss of a poly(A) signal that overlapped
with the Hindlll site (Figure 3). In addition,
the transition at the Hindlll site was ac-
companied by a transition and a transver-
sion 60 bp downstream and a transition 60
bp upstream of the Hindlll site.

Influence of Selection for Meat Traits
and Egg Traits on the Incidence of the
GHR RFLP

Analysis of two meat strains derived from
a common genetic base, but divergently
selected for the size of the abdominal fat
pad (Leclercq 1988), revealed that the fre-
quency of the Hindlll* allele was signifi-
cantly higher in the lean line than the fat
line (Table 1). In two other meat-type
strains (strain 30 and 31; Sabour et al.
1992) derived from a common genetic
base, the HindlIll* allele occurred at a high
frequency in both strains. Nevertheless,
selection for body weight, feed efficiency,
and egg production over nine generations
appears to have led to a further increase
of the incidence of the HindlIIl* allele (Ta-
ble 1).

The influence of selection for egg pro-
duction traits in egg layers (White Leg-
horns) was analyzed in a set of three
strains consisting of a control strain and

two strains selected for several egg pro-
duction traits (Gowe et al. 1993). Although
there was a tendency for an increase in
the frequency of the HindIll* allele, the in-
crease was not significant (Table 1).

Trait Association of GHR Genotype in
White Leghorns

Changes in allele frequencies in selected
strains may be due to genetic drift rather
than response to selection. To gain more
evidence for variants in the GHR gene
which affect traits, an association study of
the GHR RFLP with traits was carried out
in the three White Leghorn strains (7, 8,
and 9). An initial screen was carried out
by selective genotyping in one or two gen-
erations for each strain (Table 2). It indi-
cated differences in the GHR RFLP fre-
quencies for juvenile body weight in strain
7 (P < .05) and strain 9 (P < .1). In both
of these strains the HindlIIl* allele was as-
sociated with a higher juvenile body
weight.

The association of the GHR RFLP with
body weight was reanalyzed by linear re-
gression in the next generation of strain 7
in a sample size of 285 females. It was sig-
nificant for juvenile body weight, confirm-
ing the result obtained by selective geno-
typing in the previous two generations
(Table 3).

Discussion

A marker located in an intron of the GHR
gene was found to be associated with
body weight in White Leghorn chickens.
This association does not appear to be

Table 1. Influence of selection on the frequency
of the GHR alleles

Frequency of

the HindIllI*
Strain® allele
Fat-line (N = 15) 0.27°
Lean-line (N = 15) 0.93°
Strain 30 (NV = 21) 0.91
Strain 31 (V = 23) 1.00
Strain 7 (N = 39) 0.36
Strain 8 (N = 44) 0.45
Strain 9 (V = 29) 0.52

The fat and lean lines were derived from a common
genetic base which included a large cross section of
founder birds. The two strains were divergently select-
ed for the size of the abdominal fat pad (Leclercq
1988). They were imported to McGill University in 1982
and maintained for five generations without selection
using between 60 and 70 sires and an equal number of
dams to propagate each strain (Fotouhi et al. 1993).
Strains 30 and 31 were derived from a strain developed
from seven different meat-type stocks and were main-
tained without selection (strain 30) or selection for
body weight at 28 days, feed efficiency, and egg pro-
duction (Chambers et al. 1984; Sabour et al. 1992).
Strains 7, 8, and 9 are White Leghorns (egg layers) de-
rived from a common genetic base and kept without
selection (strain 7) or selected for egg production
traits (Gowe et al. 1993). Strain 8 was selected for egg
production to 273 days per hen housed (hence there
was indirect selection pressure for low mortality and
early onset of egg laying), while strain 9 was selected
for the rate of egg production per day hens were alive
from the onset of egg laying to 273 days.

P < .05 (chi-square test).

due to spurious combinations of the mark-
er and other genes affecting growth, since
it was observed in three successive gen-
erations. However, close linkage with a
neighboring gene cannot be excluded.
Nevertheless, since several types of dwarf-
ism in chickens and other species are due
to defects in the GHR gene, such an alter-
native is less likely (Agarwal et al. 1994;
Duriez et al. 1993; Goossens et al. 1993;
Huang et al. 1993).

The human GHR gene is very large, en-
compassing at least 87 kb (Godowski et al.
1989). Much of this length stems from the
exceedingly large second intron (>14 kb)
and third intron (25 kb). Based on the
analysis of our GHR cosmid clone, the sec-
ond intron of the chicken GHR gene
(equivalent to human introns 2 and 3 since
exon 3 is absent in chickens) is also large,
exceeding 12 kb. Our HindIIl RFLP is locat-
ed 7 kb upstream of exon 3 and coincides
with a poly(A) signal. Three other poly(A)
signals have been reported in the GHR
gene, two located in the untranslated 3’
region of the GHR gene and one in exon 5,
giving rise to the three main GHR tran-
scripts of 4.3 kb, 3.2 kb, and 0.8 kb, re-
spectively (Agarwal et al. 1993; Oldham et
al. 1993). Whether this fourth poly(A) sig-
nal is functional remains to be deter-
mined. However, its potential effect on the
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Table 2. Selective genotyping of the GHR locus

Frequency of the

Table 3. Least square means of traits depending
on the GHR genotype

Hind* allele GHR RFLP

Trait Extremes Strain 7 Strain 8 Strain 9 Trait Hindlll* Hindlll- P¢
Age at first egg Early 0.35 0.67* 0.54# Age at first egg (days) 165.9 167.4 51
—. 0

ody weight at ig| . . .
130 days Low 029 078 029 b gzzz s E e
Body weight at High 035 nde 049 365 days 1786 1767 .65
365 days Low 023  nd. 052 Egg weight at 365 days (g) 594 605 .18
Egg weight at High 0.32 0.87* 0.31 Residual feed consumption
365 days Low 0.46 0.71 0.44 (g) 247-268 days 569 590 45
Rate of egg High n.d. n.d. 0.31
laying Low n.d. n.d. 0.44 Based on a sample size of 285.
Residual feed ~ High 0.42 0.80*  n.d. a Significance based on SAS General Linear Models pro-
consumption (g) Low 0.45 0.73 n.d. cedures.

Between 15 and 20 chickens which ranked at the ex-
tremes of the trait distribution were analyzed. The fre-
quencies given are from one hatch (*) or from two
hatches two generations apart (1989 and 1992). The
rate of egg laying was measured from age at first egg
and 457 days, adjusted for mortality (hen-day rate).
Residual feed consumption is the amount of feed which
could not be accounted for by body mass gain, body
mass, and egg mass. It was measured between day 247
and 268 days (Fairfull and Chambers 1984). The aver-
age female population sizes were 305 for strain 7, 970
for strain 8, and 1,050 for strain 9.

n.d. = no data.
P < .05; *P < .1 (chi-square test).

abundance or the size distribution of GHR
transcripts must be minor, since its abo-
lition has a relatively small effect on
growth. Alternatively, the effect on growth
may be due to linked mutations rather
than the mutation at the putative poly(A)
site. Analysis of Hindlll alleles from two ge-
netically very distant strains (strain S kept
as a closed breeding population since
1939 and strain 7 founded from commer-
cial leghorns in 1956) showed that in both
strains the Hindlll mutation was associat-
ed with three additional base changes
within a stretch of 240 nucleotides.

In analogy with the stunted growth in
chickens with a defective GHR gene, one
might speculate that the Hindlll~ allele is
associated with an increased GHR activity.
The coselection of the Hindlll* allele with
leanness in the experimental strains of Le-
clercq (1988) is compatible with such a
scenario (Vasilatos-Younken 1995). How-
ever, direct measurements of the kinetics
of GHR and other components of the GH
axis during development in different tis-
sues are required. Toward this end we
have started to select chickens on the ba-
sis of markers in the GHR and GH genes,
while maintaining diversity of the remain-
ing genetic background. These selection
experiments indicate that selection for the
Hindlll* allele indeed results in an in-
creased body weight of the magnitude pre-
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dicted by the linear regression analysis
(unpublished data).

Our results seem to bear out the pos-
tulate of Robertson (1985) that genes
which segregate for rare alleles that have
major effects on a trait (i.e., dwarfism) are
likely to also segregate for other more
common variants that have minor effects.
When searching for quantitative trait
genes it may therefore be expedient to
first identify genes responsible for ex-
treme phenotypes (outliers) and then
search for more frequent variants in such
genes in elite breeding populations.
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A Cosmid Specific for
Sequences Encoding a
Microtubule-Associated
Protein, MAP1B, Contains a
Polymorphic Microsatellite
and Maps to Bovine
Chromosome 20q14

A. Eggen, S. Solinas-Toldo, and R.
Fries

A clone for the bovine gene MAP1B was
isolated from a bovine cosmid library with
a probe obtained by cross-species PCR.
The single positive cosmid clone was lo-
calized by FISH to chromosome region
20914. Analysis of the cosmid revealed
the presence of a microsatellite motif with
a two-allele polymorphism detectable by
PCR amplification of genomic DNA. How-
ever, the analysis of this polymorphism in
a bovine family affected by SMA indicated
absence of very close linkage of the phe-
notype for bovine SMA with MAP1B.

Mapping of eukaryotic genomes includes
two types of loci: type I and type II
(O’Brien 1991). Type I represent con-
served coding sequences. They are often
not or only slightly polymorphic and
therefore uninformative for systematic
mapping of segregating loci. However,
type I loci are the basis for the construc-
tion of comparative genome maps. Such
maps, besides being of general biological
interest, will be useful in identifying mark-
er loci and candidate genes for economic
trait loci (ETL) in a given region of the ge-
nome through the delineation of con-
served synteny segments (Fries 1993;
Womack 1987). However, the mapping of
ETLs will be accomplished through link-
age analysis using type II marker loci.
These loci are highly polymorphic but do
not represent coding sequences. The high
degree of polymorphism, abundance, and
even distribution in the eukaryotic ge-

nomes make (CA)n repetitive segments
(so called microsatellites) the type II
markers of choice (Beckmann and Weber
1992; O’Brien et al. 1993; Stallings et al.
1991). The result from two types of marker
being used in the mapping process is two
types of maps. Mapping would be more ef-
ficient if it was possible to combine the
type I and type II characteristics in one
marker, for example, by identifying a high-
ly polymorphic microsatellite site in or
close to a coding sequence. We have re-
cently characterized a polymorphic micro-
satellite in the bovine gene for the p21ras
activator (RASA) (Eggen et al. 1992; Fries
et al. 1990). While this microsatellite mark-
er was identified via sequence database
search, we now present a more general ap-
proach consisting of the screening of a
cosmid library with a probe for a coding
gene and the subsequent search for a mi-
crosatellite in positive clones by screening
with the (CA)n microsatellite motif. Due to
the frequent occurrence of microsatellites
in eukaryotic genomes, it is hypothesized
that most cosmid inserts (encompassing
about 40 kb) contain at least one micro-
satellite, most often of the (CA), type. We
chose a probe for the gene encoding a mi-
crotubule-associated protein, MAP1B, to
demonstrate the feasibility of establishing
a marker with both type I and type Il char-
acteristics and to identify a candidate
marker for the bovine spinal muscular at-
rophy condition (El-Hamidi et al. 1989). It
maps to the long arm of human chromo-
some 5 in close proximity to the spinal
muscular atrophy (SMA) locus (Lien et al.
1991) Similar pathology between human
and bovine spinal muscular atrophy sug-
gests that homologous loci might be in-
volved in the pathogenesis of the bovine
and human form. Demonstration of link-
age of MAPIB to the bovine form would
corroborate the genetic homology of the
bovine and human myopathy, whereas ab-
sence of linkage would indicate genetic
heterogeneity. In this article we report the
cloning of a bovine cosmid containing
MAPI1B sequence, its assignment to a bo-
vine chromosome using fluorescence in
situ hybridization, identification of a
(CA)n microsatellite, and the analysis of
the polymorphism in a bovine family af-
fected by SMA.

Material and Methods

Construction of a Cosmid Library

High molecular weight bovine DNA was
extracted from a Holstein-Friesian bull ac-
cording to Dillela and Woo (1985). Partial-

ly digested (Sau3A) and dephosphorylat-
ed DNA was ligated into the BamHI site of
the SuperCos1 cloning vector (Stratagene;
Evans et al. 1989).

Cross-Species PCR

PCR reactions were performed on total bo-
vine genomic DNA using primers designed
to obtain MAPI1B-specific amplification
from human DNA. The primers MAP1B-P1
(5'CCG AAT TCG CCC TGC TGT TAT ATT
TTT C3") and MAP1B-P2 (5'CTA AAC AAA
TTG TCC ATG AAC TGC AGG G3") amplify
a 400 bp fragment from exon 1 of the hu-
man MAP1B gene (position 800-1,200 bp),
and the primer MAP1B-P3 (5'CCG AAT
CCC TTT CAG TGT CTG TTG TGC3") to-
gether with MAP1B-P4 (5'CCC TGC AGA
GGC CTC TAC CTG AGA TAC3") amplify an-
other 400 bp fragment from the same exon
(position 4,800-5,200 bp) (Lien LL, per-
sonal communication). A PCR reaction for
the amplification of bovine DNA consisted
of A 200 ng template DNA, the upper and
the lower primer at 250 nM, each dNTP at
200 wM, 2.5 U Tag DNA polymerase (Boeh-
ringer, Mannheim), and the reaction buffer
with 2.0, 1.75, 1.5, 1.25, 0.75, or 0.5 mM
MgCl,. The cycling profile was 94°C, 5 min;
30 cycles of 94°C, 30 s; 60°C, 30 s; 72°C, 30
s; followed by a final extension at 72°C, 10
min. One fourth of the product was ana-
lyzed on ethidium bromide stained 2%
agarose, 1X TBE gel.

Sequencing

The PCR product was electrophoresed
through a low gelling temperature agarose
gel (Sigma, type VII) and the gel slice con-
taining the specific amplification product
was removed. Sequencing was performed
directly in the low gelling temperature
agarose with a modified dideoxynucleo-
tide termination technique (Sanger et al.
1977; Steffen et al. 1991).

Isolation of a MAP1B-Specific Cosmid
Clone

The cosmid library was screened using
one of the MAP1B-specific PCR probes.
The PCR product was purified and isolat-
ed as described above then labeled using
the random priming kit of Boehringer
(Mannheim). Colony hybridization was
performed as described in Sambrook et al.
(1989). Prehybridization and hybridization
was performed in formamide (50%), SSC
(6X), and Blotto (0.05X) in the presence
of denatured salmon sperm DNA (100 g/
ml) at 40°C for 2-3 h and 24 h, respective-

ly.
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Figure 1.

Cross-species PCR of bovine and human genomic DNA with the primers MAP1B-P1 and MAP1B-P2

derived from the sequence of the human MAP1B gene. PCR reactions loaded in lanes 1-6 contained 2.0, 1.75, 1.5,
1.25, 0.75, and 0.5 mM MgCl,, respectively. A control PCR without DNA was loaded in lane 7 and the amplification

product of human genomic DNA in lane H.

In situ Hybridization

Chromosome spreads were prepared from
primary fibroblast cultures established
from male bovine fetuses. Q-banding of
the chromosomes was performed prior to
hybridization by dipping the slides in a so-
lution of 0.005% quinacrine mustard for 30
s at room temperature (QFQ-banding).
Well-spread metaphases with distinctive
banding pattern were photographed using
a Leitz Diaplan microscope equipped for
fluorescence and Kodak Technical Pan
films. The MAP1B-specific cosmid was la-
beled with biotin-16-dUTP (Boehringer
Mannheim) and hybridized as described
by Solinas-Toldo et al. (1993). The chro-
mosomes carrying label were identified
using the photographs taken earlier of the
QFQ-banded preparations. Assignment of
the hybridization site to a specific band
was based on measurement of the overall
length of the chromosome and the dis-
tance of the signal from the centromere.
Calculation of the average fractional
length of signal position from the centro-
mere (FL_,) and direct application of this
value to the corresponding chromosome
of the standard ideogram (ISCNDA 1989)
was described by Solinas-Toldo et al.
(1993).

Isolation of a Microsatellite

In order to detect the presence of a micro-
satellite motif, 2 ng of MAP1B-specific cos-
mid DNA was digested individually with
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different restriction enzymes (Pstl, EcoRI,
Sacl, Hinfl, Sau3A, Pvull, Mspl, Haelll, Xhol,
Hindlll, and Tagl), electrophoresed on a
1% agarose gel, blotted onto a nylon mem-
brane, and hybridized overnight in a so-
lution containing Na,PO, (0.5 M, pH 7.2),
BSA (1%), SDS (7%), and a (GT),, oligo-
nucleotide labeled by nick translation us-
ing the kit of Boehringer, Mannheim. After
autoradiography, the positive Psfl band
was subcloned: 1 pg of the cosmid was
digested with Ps{, run on a 1% low gelling
temperature agarose gel. The band of in-
terest was cut out of the gel and ligated
into the pBluescript Il SK+ vector digest-
ed with Psfl and dephosphorylated. To
confirm the presence of inserts, some re-
combinants were tested as follows: a few
cells from each colony were lysed in boil-
ing water (100 wl) and 5 pl were used as
substrate for PCR with primers comple-
mentary to the T3 and T7 promoter se-
quences of pBluescript II in a 100 pl re-
action. Thirty cycles of the PCR were car-
ried out under standard conditions at 94°C
(15 s), 45°C (15 s), and at 72°C (30 s), fol-
lowed by a final incubation at 72°C for 10
min. The amplified product was cut out of
the gel and sequenced as previously de-
scribed.

PCR Visualization of the Polymorphism
For amplification of the MAP1B microsa-
tellites, an upper, MAP1B-P5 (5'TAC TGA
TTC TGA CTG ATT ATG TCT3'), and a low-

er primer, MAP1B-P6 (5'GGC TGT GCC
TCG ATA GAT GGT GCG3") were designed
from the obtained sequence. The PCR was
carried out as described by Fries et al.
(1990) with the following modification: the
30 amplification cycles were performed
with denaturation at 94°C (30 s), annealing
at 60°C (30 s), and polymerization at 72°C
(30 s). The amplified DNA fragments were
resolved on a polyacrylamide gel (6%, 7 M
urea) at a constant power of 45 W for 2 h
30 min.

SMA Diagnosis

The SMA condition was diagnosed by H.
Stocker and P. Ossent (Klinik fiir Geburt-
shilfe, Jungtier- und Eutererkrankungen,
and Institut fiir Veterindrpathologie der
Universitdt Ziirich) as described in Stock-
er et al. (1992). Parentage was verified by
blood group testing.

Cloning of a MAP1B-Specific Cosmid

To obtain bovine MAP1B-specific sequenc-
es, PCR was carried out on bovine DNA
using two primer pairs derived from hu-
man sequences. Each of these cross-spe-
cies PCR systems yielded amplification
products of about 400 bp at an optimized
MgCl2 concentration (Figure 1). This size
was expected based on the human se-
quence and was a first indication of
MAPIB specificity of the amplified frag-
ments. However, both fragments were se-
quenced to determine their identity. Com-
parison of the resulting sequences (EMBL
accession numbers Z29519 and Z29520)
with the corresponding mouse sequence
(X51396) revealed homologies of 88% and
86%, respectively. The more homologous
fragment was used to screen 350,000 re-
combinant cosmids. A single positive col-
ony was isolated. The two PCR systems
derived from human sequences encoding
MAP1B were applied on DNA isolated from
this clone and yielded fragments of the ex-
pected size, indicating that this cosmid
most likely contained bovine sequences
encoding MAP1B. EcoRI digestion of this
cosmid revealed 10 fragments amounting
to a total insert size of 38 kb.

Chromosomal Localization of the
MAP1B-Specific Cosmid

After hybridization and two rounds of sig-
nal amplification, 27 metaphases were
scored. Twenty metaphase spreads
showed a signal on both homologous
chromosomes 20 as, for example, shown
in Figure 2. In seven metaphases only one
of the two homologous chromosomes was
labeled. The FL., value amounted to 0.32



Figure 2.
propidium iodide staining after hybridization (B). The arrows indicate the specific hybridization signal.

(+0.042) and assigned the hybridization
site to band 20ql4. The mapping of
MAPI1B to chromosome 20 represents the
first assignment to this chromosome.

Identification of a (CA), Microsatellite
in the MAP1B-Specific Cosmid

Southern blotting and hybridization of
DNA from the MAP1B-specific DNA with a
(CA)n-specific probe identified a distinct

Bovine metaphase showing QFQ-banding of the chromosomes prior to in situ hybridization (A) and

450 bp Pstl fragment. This fragment was
subcloned, and its partial sequencing re-
vealed the presence of a (CA),, microsa-
tellite (Figure 3). The PCR with primers
designed from flanking sequences was car-
ried out using DNA samples of 20 unrelat-
ed bovine animals (Brown Swiss). Two
fragments, encompassing 277 and 279 nu-
cleotides, respectively, corresponding to
two alleles with frequencies of 82% and

S-TTTTTTTAATIACTGATTCTGACTGATTATGTCTTTTAAGGATGGGCTGCTTCAGTGGTTTGCATTTGACTA
TATCCAGGTGATGCTGAAATCTTTGAAAGCAAAATGTCATTTTCTAGATATATAATTTTTTAGGATGCTTATAG
GGTCTCGTCTCCACAGAACTAATACTCATCTAAAGACACATACACACACACACACACACACACACAGGCTCT
CTCCTGATTTCAGAAAGGGCCGACTATGGCTAAATTTAAAAACACACGCACCATCTATCGAGGCACAGCCAT
TACCAAGCCCCATAAAACCCGAGAGCCCTTTACACCTGCACACAGCTGGCCCTTCTCGCTCACACACCTGA

ATGTGGCCCAAACAGCGGCCTAGG-3

Figure 3. MAPI1B microsatellite and flanking sequences. The sequences corresponding to the two primers
MAP1B-P5 and MAP1B-P6 are underlined. The microsatellite sequence is in boldface.

12 345617

e A—

Figure 4. Representative autoradiogram showing the
two alleles identified at the MAP1B microsatellite lo-
cus. Animals 1, 2, 3, 5, 6, and 7 are homozygous for
allele 277 and animal 4 is heterozygous 277/279.

18%, respectively, were detected as shown
in Figure 4. The PIC (Botstein et al. 1980)
value was 0.25.

Analysis of the MAP1B-Specific
Microsatellite in a Bovine Family
Affected by SMA

All SMA affected animals were paternally
and maternally derived from the same car-
rier animal (Figure 5). A grandson of this
animal, an obligate carrier of the SMA de-
fect, was typed 277/277 at the MAP1B mi-
crosatellite locus. Under the hypothesis of
very close linkage of SMA with MAP1B (as
is the case in humans), all SMA affected
animals should have received allele “277”
together with the SMA defect from either
parent. However, due to the low PIC of the
microsatellite marker, only 3 of 10 SMA an-
imals were informative, that is, one of the
parents was heterozygous at the microsa-
tellite locus. Two of these animals were
homozygous having received allele “277”
from either parent, and one was hetero-
zygous (277/279), having received 277
from only one parent. This indicated ab-
sence of at least very close linkage of the
bovine SMA disorder with MAP1B.

Discussion

We have cloned a cosmid containing bo-
vine MAP1B-specific sequences using a
cross-species PCR approach and have as-
signed this cosmid to domestic cow chro-
mosome 20ql14 using FISH. Cross-species
PCR based on human sequences, cosmid
cloning, and FISH (requiring large insert
probes) may indeed be the method of
choice for the efficient regional mapping
of type I loci in cattle and other species.
The fact that a polymorphic microsatellite
could also be detected in this cosmid
demonstrates that by using cosmid clon-
ing it should often be possible to combine
the type I and type Il characteristics in one
marker. However, the low PIC value of the
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Figure 5. Pedigree with SMA affected and carrier animals and MAP1B microsatellite genotypes. Male family
members are represented by squares, females by circles; affected members are represented by solid symbols and

carriers by half-solid symbols.

observed microsatellite reduces the use-
fulness of this locus in linkage studies. In
any case, the microsatellite marker was
not sufficiently polymorphic to prove link-
age of MAP1B with SMA or to conclusively
demonstrate absence of linkage, respec-
tively. It will be necessary to apply other
approaches for the detection of polymor-
phic markers within the MAP1B-specific
cosmid, such as using other microsatellite
motifs, RFLP screening using the entire
cosmid as probe (Steele and Georges
1991; White and Lalouel 1988), or the gen-
eration of poly(A) markers in SINE-repeti-
tive elements (Economou et al. 1990).

If MAP1B is not closely linked to SMA in
cattle, a defect different from the one as-
signed to human chromosome 5ql1.2-
13.3, causing Werdnig-Hoffmann type SMA,
would have to be assumed to cause the
bovine form of SMA. Spinal muscular at-
rophies are caused by pathological
changes of the motor neurons, which can
have many possible primary causes (Bra-
dy 1993; Troyer et al. 1992). It is therefore
quite possible that human Werdnig-Hoff-
mann type SMA and bovine SMA, even
though very similar in appearance, may in-
deed be different diseases.

The mapping of MAP1B in cattle adds to
the comparative vertebrate genome map.
Previous comparative studies concerning
loci from human 5q13-14 have established
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homology with murine chromosome 13
and bovine chromosomes 10 and 7
(O’Brien et al. 1993). The result of this
study indicates yet another linkage disrup-
tion, as MAP1B was assigned to bovine
chromosome 20. Therefore, in spite of the
tendency of a higher degree of conserva-
tion between the human and bovine than
between the human and the murine ge-
nomes (Threadgill and Womack 1990a,b),
it will be important to use extrapolation of
synteny to the bovine genome cautiously,
and species-specific confirmation of ex-
trapolations is recommended in each in-
stance.

From the Swiss Federal Institute of Technology, ETH
Zentrum, Zurich, Switzerland. A. Eggen is currently at
the Laboratoire de Génétique Biochimique et de Cyto-
génétique, INRA, Jouy-en-Josas, France. We especially
thank Prof. G. Stranzinger for his continuous interest
and generous support in this work, Prof. L. Kunkel and
L. Lien for providing the sequences of the human
MAP1B primers, and H. Stocker and P. Ossent for the
SMA diagnosis. This work was made possible by grants
from the Swiss National Science Foundation (31-
27743.89) and the Swiss Federal Institute of Technology
(0-20-216-88). We are grateful to Dr. Michael Bishop
(USDA, Clay Center, Nebraska) for the critical reading
of the manuscript. Address correspondence to Dr. Eg-
gen at the address above.

© 1998 The American Genetic Association

References

Beckmann JS and Weber JL, 1992. Survey of human
and rat microsatellites. Genomics 12:627-631.

Botstein D, White RL, Skolnick M, and Davis RW,
1980. Construction of a genetic linkage map in man
using restriction fragment length polymorphisms.
Am J Hum Genet 32:314-331.

Brady ST, 1993. Motor neurons and neurofilaments
in sickness and in health. Cell 73:1-3.

Dillela AG and Woo SLC, 1985. Cosmid cloning of ge-
nomic DNA. Focus 7(2):1-5.

Economou EP, Bergen AW, Warren AC, and Antonar-
akis SE, 1990. The polydeoxyadenylate tract of Alu
repetitive elements is polymorphic in the human ge-
nome. Proc Natl Acad Sci USA 87:2951-2954.

Eggen A, Solinas-Toldo S, Dietz AB, Womack JE,
Stranzinger G, and Fries R, 1992. RASA contains a
polymorphic microsatellite and maps to bovine syn-
tenic group U22 on chromosome 7q2.4-qter. Mammal
Genome 3:559-563.

El-Hamidi M, Leipold HW, Vestweber JGE, and Sap-
erstein G, 1989. Spinal muscular atrophy in brown
Swiss calves. J Vet Med A 36:731-738.

Evans GA, Lewis K, and Rothenberg BE, 1989. High
efficiency vectors for cosmid microcloning and ge-
nomic analysis. Gene 79:9-20.

Fries R, 1993. Mapping the bovine genome: meth-
odological aspects and strategy, Anim Genet 24:111-
116.

Fries R, Eggen A, and Stranzinger G, 1990. The bo-
vine genome contains polymorphic microsatellites.
Genomics 8:403-406.

ISCNDA, 1989. International system for cytogenetic
nomenclature of domestic animals. Cytogenet Cell
Genet 53:65-79.

Lien LL, Boyce FM, Kleyn P, Brzustowicz LM, Men-
ninger J, Ward DC, Gilliam TC, and Kunkel LM, 1991.
Mapping of human microtubule-associated protein
1B in proximity to the spinal muscular atrophy locus
at 5q13. Proc Natl Acad Sci USA 88:7873-7876.

O’Brien SJ, 1991. Mammalian genome mapping: les-
sons and prospects. Curr Opin Genet Dev 1:105-111.

O’Brien SJ, Womack JE, Lyons LA, Moore KJ, Jenkins
NA, and Copeland NG, 1993. Anchored reference loci
for comparative genome mapping in mammals. Nat
Genet 3:103-112.

Sambrook J, Fritsch EF, and Maniatis T, 1989. Molec-
ular cloning: a laboratory manual, 2nd ed. Cold
Spring Harbor, New York: Cold Spring Harbor Labo-
ratory Press.

Sanger F, Nicklen S, and Coulson AR, 1977. DNA se-
quencing with chain-terminating inhibitors. Proc
Natl Acad Sci USA 74:5463-5467.

Solinas-Toldo S, Fries R, Steffen P, Neibergs HL, Bar-
endse W, Womack JE, Hetzel DJS, and Stranzinger G,
1993. Physically mapped, cosmid-derived microsa-
tellite markers as anchor loci on bovine chromo-
somes. Mammal Genome 4:720-727.

Stallings RL, Ford AF, Nelson D, Torney DC, Hilde-
brand CE, and Moysis RK, 1991. Evolution and dis-
tribution of (GT)n repetitive sequences in mamma-
lian genomes, Genomics 10:807-815.

Steele MR and Georges M, 1991. Generation of bo-
vine multisite haplotypes using random cosmid
clones. Genomics 10:889-904.

Steffen P, Eggen A, and Fries R, 1991. Method for iso-
lating microsatellites by the consequent use of PCR
[abstr]. Cytogenet Cell Genet 58:2153-2154.

Steffen P, Eggen A, Dietz A, Womack JE, Stranzinger
G, and Fries R, 1992. Isolation and mapping of poly-
morphic microsatellites in cattle. Anim Genet 24:
121-124.

Stocker H, Ossent P, Heckmann R, and Oertle C,
1992. Spinale muskelatrophie bei Braunvieh-Kal-
bern. Schweiz Arch Tierheilk 134:97-104.

Threadgill DW and Womack JE, 1990a. Syntenic con-
servation between humans and cattle. I. Human
chromosome 9. Genomics 8:22-28.



Threadgill DW and Womack JE, 1990b. Syntenic con-
servation between humans and cattle. II. Human
chromosome 12. Genomics 8:29-34.

Troyer D, Leipold HW, Cash W, and Vestweber J,
1992. Upper motor neurons and descending tract pa-
thology in bovine spinal muscular atrophy. J Comp
Pathol 107:305-317.

White R and Lalouel JM, 1988. Chromosome map-
ping with DNA markers. Sci Am 258:20-28.

Womack JE, 1987. Comparative gene mapping: a
valuable new tool for mammalian developmental
studies. Dev Genet 8:281-293.

Corresponding Editor: James Womack

Inheritance of a Disease
Lesion Mimic Mutant in
Soybean

J. Chung, P. E. Staswick, G. L.
Graef, D. S. Wysong, and J. E.
Specht

Disease lesion mimic mutants have been
identified in several plant species, includ-
ing one that affects the primary root in soy-
bean [Glycine max (L.) Merr.]. These mu-
tants display chlorotic and/or necrotic le-
sions despite the absence of any detect-
able pathogen. A soybean mutant
exhibiting this phenotype in its leaves was
observed as a single M, plant among the
bulked progeny of about 150,000 M,
plants grown from mutagenized (i.e., gam-
ma-irradiated) seed of the determinate
cultivar Hobbit 87. Leaves of the identified
mutant plant became more necrotic and
chlorotic as they aged, eventually under-
going an earlier than normal leaf senes-
cence. No pathogen was detectable in the
affected leaves. The selfed progeny of the
mutant bred true for this phenotype. Re-
ciprocal crosses were made between the
mutant and its Hobbit 87 parent. The mu-
tant also was crossed to a determinate is-
oline of the cultivar Harosoy. The F, phe-
notype and the F, and F,, segregation
data indicated that the mutant behaved as
a single recessive allele, designated dim
(an acronym for disease lesion mimic).
About two-thirds of the F, plants classified
as nonmutant displayed a faint freckling
on some of their leaves, but this was not
a reliable indicator of heterozygosity at the
DImlocus based on F, progeny tests. Dis-
ease lesion mimicry mutants may be use-
ful in basic research aimed at better un-
derstanding disease hypersensitive re-
sponse and programmed cell death in
plants.

In several plant species, mutants have

been identified whose leaves exhibit chlo-
rotic or necrotic symptoms generally as-
sociated with pathogen attack, yet no
pathogens can be detected in the affected
leaf tissue (Dietrich et al. 1994). The term
“disease lesion mimicry” was coined to
describe such mutants, primarily because
the leaf lesions produced by a mimicry
mutant frequently emulate the leaf lesions
produced in wild-type leaves infected by a
bacterial or fungal pathogen (Johal et al.
1995; Walbot et al. 1983).

Although little is known about the fun-
damental mechanisms involved in disease
lesion mimicry, or even the basic function
of the wild-type allele at each mutant mim-
icry locus, various models for lesion initi-
ation and propagation have been pro-
posed. The progression of lesion initiation
and expansion in most lesion mimic mu-
tants is developmentally regulated (Johal
et al. 1995). Generally the lesions first ap-
pear in the developmentally oldest leaves
and then appear in subsequent leaves as
these also reach a similar age. Dietrich et
al. (1994) delineated two classes of mim-
icry mutants. In the determinate type, le-
sion initiation occurred spontaneously at
some particular leaf age, but lesion expan-
sion was slow and was eventually
checked. However, in the indeterminate
type, lesion initiation was triggered by
some pathogenic, chemical, or develop-
mental signal, but once initiated, lesion ex-
pansion was rapid and unchecked, leading
to large chlorotic areas that eventually co-
alesced and resulted in premature leaf
death. Dietrich et al. (1994) suggested that
lesion mimic mutants of both classes were
defective in some molecular function or
biochemical pathway in hypersensitive
disease response and/or programmed cell
death.

While conducting mutagenesis in the
soybean (for the purpose of generating
new mutants for stem growth habit), a mu-
tant with an unusual phenotype was dis-
covered. That phenotype, which was ini-
tially thought to be a disease susceptibil-
ity, was subsequently recognized as dis-
ease lesion mimicry when no causal
organism could be found in the mutant’s
tissues. Kosslak et al. (1996) recently re-
ported a disease lesion mimicry mutant af-
fecting primary root tissue in the soybean
[Glycine max (L.) Merr.], but we could find
no reports in the literature of soybean mu-
tants displaying disease lesion mimicry in
the leaves. The objective of the research
described here was to determine the na-
ture of the inheritance of the soybean leaf
mutant.

Materials and Methods

All genetic studies were conducted in field
nurseries and greenhouses located on the
University of Nebraska East Campus. In
May 1991, seed of the determinate soy-
bean cultivar Hobbit 87 was exposed to 50
krad of gamma irradiation and immediate-
ly planted in the field. The resultant M,
plants (approximately 150,000) were har-
vested in bulk in the fall of 1991. The
bulked M, seed (approximately 1,000,000)
was planted in the field in May 1992. After
emergence, plants were inspected on a
weekly basis. M, plants that developed un-
usual phenotypes were tagged and a de-
scription of the phenotype recorded on
the tag. A single M, plant, bearing the
tagged notation “late-appearing, chloro-
phyll deficiency with brown spots,” was
gathered in the fall of 1992, along with
about 350 other tagged M, plants. All
tagged plants were threshed individually
and their M,,; seed progenies were planted
in the field in May 1993, with the “brown
spot” mutant planted in row 93-h1054. All
M, plants in row 93-h1054 displayed the
mutant phenotype and were individually
threshed to initiate the genetic studies.
Seed of M,, progenies were planted in a
greenhouse in October 1993, along with
seeds of Hobbit 87. Using physical emas-
culation, reciprocal crosses were made be-
tween an M, mutant plant and a Hobbit 87
plant. F, seeds derived from those recip-
rocal crosses were planted in May 1994 in
a campus field along with seed collected
from the two greenhouse-grown parents.
The F, plants were individually harvested
to collect F, seed. As part of an indepen-
dent study project, a student planted 24 F,
plants of the Hobbit 87 X M, mutant, 24 F,
plants of a reciprocal mating, and 4 plants
of each parent were grown to maturity in
the 1994-1995 winter greenhouse. A pho-
toperiod of 14 h day/10 h night was sup-
plied by an overhead panel of high-inten-
sity, 400 W metal halide lights. The ther-
moperiod was 25°C/15°C (day/night). After
reaching the R, reproductive stage (i.e.,
end of pod elongation), the leaves of the
F, plants and parents were examined, and
those with the mutant phenotype were
red-tagged. About two-thirds of the F,
plants classified as normal were observed
to have a barely discernible freckling in
some (but not all) of their leaves. These
F, plants were white-tagged to establish a
pedigree trace. All 48 F, plants and paren-
tal plants were harvested individually at
maturity. About 30 F, seed from each of
the 48 F, plants, and from each of the two
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parents, were planted in the field in May
1995. After the R, stage, the F,, plant rows
were classified as (1) true-breeding for the
normal phenotype, (2) segregating for the
mutant phenotype, and (3) true-breeding
for the mutant phenotype. The number of
normal and mutant F3 plants in the seg-
regating rows also was recorded.

The 93-h1054 mutant had also been mat-
ed with a determinate isoline of the cultivar
Harosoy in 1994, as part of a larger linkage
study. A single F, plant was grown and
phenotyped in the 1994-1995 winter green-
house. The 84 F, plants and their F,, prog-
enies were grown and phenotyped in the
summers of 1995 and 1996, respectively.

Results and Discussion

In early to mid-August 1993, older leaves
of all plants in the M, progeny of the orig-
inal M, plant began developing freckled
appearance (i.e., small necrotic spots,
each surrounded by a chlorotic halo). The
yellowish-green halo areas rapidly expand-
ed and eventually coalesced, such that by
late August nearly all leaves on each plant
turned yellow, then a dark brown. Prema-
ture leaf drop followed, resulting in the M,
progeny row 93-h1054 undergoing plant
senescence that was several days earlier
than that of a nearby row of Hobbit 87.

Because the freckled, chlorotic appear-
ance of the mutant leaves seemed to be a
reflection of pathogenicity, we initially pre-
sumed that this mutant was simply sus-
ceptible to some pathogen. To determine
what pathogen might be causal agent,
symptomatic leaves from several M; mu-
tant plants were taken to the University of
Nebraska Plant and Pest Diagnostic Clinic.
An exhaustive examination revealed no
histochemical evidence of pathogenicity.
Clinic personnel suggested that an abiotic
factor was perhaps the likely cause of the
phenotype.

Mutant plants were grown during the
winter of 1993-1994 in a greenhouse. As
the plants began flowering, aging leaves
began to exhibit, on their upper surfaces,
reddish-brown spots that were surround-
ed by a greenish-yellow halo (Figure 1).
On the lower surfaces, narrow but elon-
gated lesions formed along the veins.
Some of the larger lesions consisted of
concentric brown/yellow rings of dead tis-
sue. These lesions were typical of a soy-
bean disease commonly known as “target
spot,” caused by the fungus Corynespora
cassiicola (Athow 1987). However, neither
this nor any other pathogen was detect-
able in affected mutant leaves that were
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Figure 1.

Fully expanded leaves from the disease lesion mimicry mutant (top) and from its wild-type counterpart

(bottom). Leaves are ordered (left to right) based on a developmental age (young to old) reflecting stem node

position (upper to lower).

again submitted for a pathological analy-
sis. The absence of pathogenicity finally
led us to conclude that this soybean mu-
tant was exhibiting disease lesion mimicry
(Walbot et al. 1983).

F, plants from the matings between the
mutant and Hobbit 87 had a normal phe-
notype, irrespective of whether the mu-
tant served as the female or male parent
in the mating (Table 1). The observed F,
segregation of normal versus mutant in
the reciprocal crosses was 18:6 and 17:7,
both of which fit a monogenic 3:1 ratio.
Mutant F, plants produced only mutant F,
progeny, whereas normal F, plants pro-
duced all normal progeny, or progeny with
normal and mutant segregants. The 8:10
and 7:10 ratios of homozygous dominant
versus heterozygous F, plants in the recip-
rocal crosses fit a 1:2 ratio. Finally, the 172:
46 and 178:49 counts of normal and mu-
tant plants in the segregating F,; families
also fit a 3:1 ratio. The F, phenotype and
the F, and F,; segregation data indicated
that the mutant phenotype was condi-
tioned by a recessive nuclear allele. The F,
populations in the reciprocal matings with
Hobbit 87 were obviously small. However,
the proposed genetic model was verified
in a separate population derived from the
mating of the mutant with another parent.
In that mating (Table 1) the F, phenotype
was normal, the F, segregation fit a 3:1 ra-
tio, mutant F, plants bred true, and the

number of normal F, plants classified as
homozygotes and heterozygotes fit a 1:2
ratio.

About two-thirds of the normal F, plants
produced in the reciprocal matings involv-
ing Hobbit 87 exhibited a faint freckling on
one or more of their leaves, suggesting
that this might be indicative of heterozy-
gosity at the mutant locus. Of the 20 F,
plants in the Hobbit 87 matings (10 in each
cross) that were subsequently shown in
the F; generation to be heterozygotes for
the mutant gene, 17 (8 in one cross, 9 in
its reciprocal) exhibited faintly freckled
leaves (Table 1). However, faint freckling
was also observed in 7 (4 in one cross, 3
in its reciprocal) of the 18 normal F, ho-
mozygotes. Faint freckling was not easily
distinguishable from other forms of leaf
spotting, so even if faint leaf freckling did
characterize heterozygous F, plants, its
penetrance is too marginal to serve as a
reliable indicator of heterozygosity at the
mutant locus.

The gene symbol dim (disease lesion
mimicry) was chosen for the recessive
mutant allele and has been approved by
the Soybean Genetics Committee (Diers B,
personal communication). We are current-
ly attempting to position the Dim locus on
the soybean molecular linkage map (Shoe-
maker and Specht 1995). Researchers in-
terested in examining the mutant pheno-
type or in cloning the mutant gene need



Table 1. Inheritance of a soybean disease lesion mimic mutant phenotype in the F,, F,, and F; generations derived from reciprocal matings of the mutant
with the cultivar Hobbit 87 and from a mating of the mutant with the cultivar Harosoy

Plant or family phenotypes

Hypothesized Probability of

Mating and generation Normal Segregating Mutant phenotypic ratio  x? test value a greater x?
Hobbit 87 X mutant

F, plants 5 — — All — —

F, plants 18(12) — 6 31 0.000 1.000

F,., families from nonmutant F, plants 8(4) 10(8) — 1:2 0.999 0.317

F, plants in the segregating families 172 — 46 31 1.768 0.184
Mutant X Hobbit 87

F, plants 5 — — All — —

F, plants 17(12) — 7 31 0.222 0.637

F,, families from nonmutant F, plants 703 10(9) — 1:2 0.999 0.317

F, plants in the segregating families 178 — 49 31 1.403 0.238
Mutant X Harosoy

F, plants 1 — — All — —

F, plants 64 — 20 31 0.063 0.801

F,, families from nonmutant F, plants 22 42 — 1:2 0.008 0.929

Parentheses enclose the number of F, plants that were

only send a seed request to the corre-
sponding author. Seed of the mutant will
be deposited in the soybean genetic type
collection (Nelson RL, curator, USDA-ARS,
University of lllinois).
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Inheritance of a Rusty-Leaf
Trait in Peanut

W. D. Branch

A rusty-leaf mutant was found previously
in the cultivated peanut (Arachis hypo-
gaea L.). Crosses involving the rusty-leaf
genotype were made both between and
within subspecies of A. hypogaea to de-
termine its inheritance. The F,, F,, and F,
data indicated that two complementary re-
cessive genes, designated r/, and rl,, con-
trol the rusty-leaf characteristic. No mater-
nal or cytoplasmic effects were detected
among progenies from reciprocal hybrid-
ization.

Hammons (1973) first reported the occur-
rence of a spontaneous mutant peanut
(Arachis hypogaea L.) with a rusty-leaf
phenotype that he found to be inherited
as a recessive characteristic. Rusty-leaf
was discovered as an off-type plant in a
foundation seed increase field of Virginia
Bunch 67 (Hammons RO, personal com-
munication). Since its original discovery
in 1967, the rusty-leaf genotype has bred
true to type. Virginia Bunch 67 is an older

observed to have a faint freckling phenotype on one or more of their leaves.

peanut cultivar that was developed by
pure-line selection from a mixed sample of
small and large seed and released by the
Georgia Agricultural Experiment Stations
around 1945 (Higgins and Bailey 1955).

Plants of both rusty-leaf and Virginia
Bunch 67 have semi-erect or decumbent
growth habits, medium maturity, and pink
testa color. However, rusty-leaf plants
have a light- or pale-green color with
small, white speckled areas on the youn-
gest leaflets giving it a rusty appearance.
The most mature leaves conversely ap-
pear more normal green in color on the
same plant. The contrast between inside
and outside of the canopy can frequently
resemble early spider-mite damaged fo-
liage.

Previously several different chlorophyll-
deficient and other abnormal leaf colors
have been evaluated extensively to further
knowledge of peanut genetics (Murthy
and Reddy 1993; Wynne and Coffelt 1982).
The objective of this genetic study was to
gain insight into the inheritance of anoth-
er unusual leaf trait, rusty-leaf.

Materials and Methods

Reciprocal crosses were made in the
greenhouse between rusty-leaf and two

Table 1. F, plant segregation for leaf color among four peanut cross combinations
No. of F, leaf color X2

Cross families Normal Rusty (15:1) P
Rusty-leaf X Georgia Browne 3 888 67 0.956 .25-.50
Georgia Browne X rusty-leaf 3 962 71 0.685 .25-.50
Rusty-leaf X Georgia Red 2 276 16 0.296 .50-.75
Georgia Red X rusty-leaf 2 274 13 1.450 .10-.25
Total 3.387 .25-.50
Pooled 10 2,400 167 0.286 .50-.75
Homogeneity 3.101 .25-.50
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Table 2. F,; progeny segregation for leaf color from F, normal leaf peanut plants

F,; leaf color progeny X
Cross Normal (15:1) (G))] (7:4:4) P
Rusty-Leaf X Georgia Browne 24 8 8 3.302 .10-.25
Rusty-Leaf X Georgia Red 23 9 8 1.933 .25-.50
Total 5.235 .25-.50
Pooled 47 17 16 4.716 .05-.10
Homogeneity 0.519 .75-.90

peanut cultivars, Georgia Browne (Branch
1994) and Georgia Red (Branch and Ham-
mons 1987), both of which have dark
green leaf color. The parental lines rusty-
leaf and Georgia Browne represent crosses
within A. hypogaea subsp. hypogaea;
whereas rusty-leaf and Georgia Red rep-
resent cross combinations between
subsps. hypogaea and fastigiata.

The F,, F,, and F, populations were
space-planted in field nursery plots during
1994, 1995, and 1996, respectively, at the
agronomy research farm near the Georgia
Coastal Plain Experiment Station, Tifton,
Georgia. Phenotypic classification was
based upon individual plants, and segre-
gation data were analyzed by the CHISQA
computer program (Hanna et al. 1978).

Results and Discussion

The leaf color of each F, plant for all cross
combinations was classified as normal, in-
dicating that rusty-leaf color is recessive
to normal green. These results agree with
the earlier observation by Hammons
(1973).

The F, segregation from each cross fit a
15 normal green:1 rusty-leaf color ratio
(Table 1). No significant differences were
detected among crosses or between recip-
rocal crosses, which suggest the absence
of cytoplasmic or maternal effects. Total,
pooled, and homogeneity chi-square val-
ues also fit a 15:1 ratio. These results sug-
gest that two complementary recessive
genes control the rusty-leaf trait. Similar
digenic inheritance has commonly been
found in the cultivated peanut (Murthy
and Reddy 1993; Wynne and Coffelt 1982).

Individual F, plant selections were made
within two cross combinations (rusty-leaf
X Georgia Browne and rusty-leaf X Geor-
gia Red) for subsequent progeny row test-
ing in the F, generation. F; progeny from
F, plants with rusty-leaf color bred true to
type. Segregation of F,, progeny from F,
plants with normal leaf color fit a 7 non-
segregating (all normal green):4 segregat-
ing (15 normal green:1 rusty):4 segregating
(3 normal green:1 rusty) expected ratio

366 The Journal of Heredity 1998:89(4)

(Table 2). These F; results verify the F,
findings for digenic inheritance.

The data from this genetic study indi-
cate that two recessive genes control the
rusty-leaf trait. The symbols rl, and ri, are
proposed for the genes conditioning the
rusty-leaf trait found in the cultivated pea-
nut.

From the Department of Crop and Soil Sciences, Uni-
versity of Georgia, Coastal Plain Experiment Station,
Tifton, GA 31793-0748. Contribution from the Univer-
sity of Georgia, College of Agricultural and Environ-
mental Sciences.
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In situ Hybridization Mapping
of Genes in Hordeum
vulgare L.

G. Butnaru, J. Chen, P.
Goicoechea, and J. P. Gustafson

Linkage maps of barley (Hordeum vulgare
L.) containing genomic and cDNA se-
quences and functional genes have been

constructed which cover a large genetic
distance throughout the entire genome. It
was decided to physically locate three
genes from the barley linkage map to sites
on chromosomes within the barley ge-
nome. In situ hybridization (ISH) with bio-
tin-labeled DNA probes was used to de-
termine the physical chromosome location
of the genes for nitrate reductase, car-
boxypeptidase, and a-amylase within the
barley genome. The results indicated all of
the genes studied hybridized to barley
chromosomes 5H and 6H, and that the
gene order on the physical map was sim-
ilar to that observed on the genetic map.
The major difference between the genetic
map location of nitrate reductase and car-
boxypeptidase on chromosome 5H was
the locations observed for each gene on
the 5H short and long arms. The hybrid-
ization site of nitrate reductase on the
short and long arms of chromosome 5H
and the hybridization site for carboxypep-
tidase on the short arm of 5H was not ob-
served on any genetic map. However,
these sites were observed by ISH in the
same location on different cultivars. The
additional hybridization sites are probably
due to the presence of silenced homolo-
gous sequences, or to unrelated sequenc-
es that show considerable homology. The
nitrate reductase hybridization sites were
also detected on the satellite, and the
short and long arms of chromosome 6H.

Understanding the genetic control and ma-
nipulation of economic traits in cereals
has always been a major goal of breeding
programs and has led to improved breed-
ing strategies, germplasm, and ultimately
higher yield. For the past several years it
has been the aim of many research pro-
grams to develop high-density linkage
maps using genes and a variety of codom-
inant and dominant molecular markers.
Maps are being used to establish linkages
between molecular markers and agricul-
turally important traits that are difficult to
evaluate using standard breeding meth-
odologies. The linkages between molecu-
lar markers and genes affecting valuable
traits give the breeder a powerful tool in
selecting for the desired agronomic trait.
Several RFLP maps of barley (Hordeum
vulgare L.) have been constructed which
cover a large genetic distance on all seven
barley chromosomes (Becker et al. 1995;
Giese et al. 1994; Graner et al. 1991; Heun
et al. 1991; Jensen 1987; Kasha et al. 1995;
Kleinhofs et al. 1993; Langridge et al. 1995;
Qi et al. 1996; Roder et al. 1993). The maps
and data can be found listed in the



Table 1. The detection of the physical location of the a-amylase gene on barley chromosome 6H

Gene location Distance from

Varieties Number of cells Arm ratio detections % centromere (%)
Long arm
Apex 758 1.22 = 0.03 35 (4.6%) 51.1 + 3.0
Steptoe 898 1.23 = 0.01 44 (4.9%) 489 + 0.5
Steptoe® 147 1.23 = 0.15 14 (9.5%) 56.2 + 10.8
Total 1,803 93 (5.2%) 52.1¢

< Percentage distance from the centromere to the telomere * standard deviation.

> Hybridization at 42°C while all others are at 37°C.
< Average gene location over all measurements.

GrainGenes barley database (http://
wheat.pw.usda.gov/ggpages/newggm-
aps.html#barley).

There are several possible techniques
for locating DNA sequences to physical
sites on chromosomes. First, the most in-
volved procedure would be “chromosome
walking” using DNA sequencing and pulse-
field gel electrophoresis (PFGE), or a com-
bination of both (Ganal et al. 1989; Siedler
and Graner 1991). Second would be to pro-
duce deletion or recombinant chromo-
some stocks for the markers of interest
and thus map specific markers to specific
deletions (Gill et al. 1993; Hohmann et al.
1995; Rogowsky et al. 1993; Werner et al.
1992). If the deletions involved are large
then markers can only be mapped in a rel-
ative sense. In addition, the markers can
only be mapped in the genetic background
used to create the deletion or recombi-
nant chromosome stocks. Third, low- and
single-copy DNA sequences can be physi-
cally mapped in relation to centromeres
by in situ hybridization (ISH) (Dong and
Quick 1995; Gustafson and Dillé 1992; Leh-
fer et al. 1993; Leitch and Heslop-Harrison
1993; Song and Gustafson 1995; Wang et al.
1995). In situ hybridization appears to rep-
resent an appropriate method to physical-
ly map DNA sequences because it can be
accomplished using any species or varie-
ty.

In situ hybridization of low- and single-
copy sequences has proven to be difficult
in plants and works best with large, single-
copy or multiple-copy probes (Ambros et
al. 1986; Busch et al. 1995; Chen and Gus-
tafson 1995; Clark et al. 1989; Dong and
Quick 1995; Gustafson and Dillé 1992; Gus-
tafson et al. 1990; Huang et al. 1988; Lehfer
et al. 1993; Leitch and Heslop-Harrison
1993; Song and Gustafson 1995; Wang et al.
1995). In order to fully exploit the benefits
of merging genetic maps, it is desirable
that an ISH procedure be able to physical-
ly map RFLP probes shorter than 1-2 kb.
Hybridization frequencies are very low
when mapping such small single-copy

markers. With ISH, only one DNA molecule
embedded into the cellular context is an-
alyzed in each chromatic; as compared to
millions of naked DNA copies hybridized
using Southern analysis. A major advan-
tage of ISH is that probe polymorphism is
not required for the location of a DNA se-
quence to a particular chromosome as it
is with linkage maps.

In situ hybridization techniques have al-
ready been used to ascertain the physical
location of repeated and low-copy se-
quences and functional genes in barley
(Clark et al. 1989; Lehfer et al. 1993; Leitch
and Heslop-Harrison 1993; Pedersen et al.
1995), wheat (Triticum aestivum L. em
Thell.) (Chen and Gustafson 1995; Mukai
and Gill 1991; Rayburn and Gill 1985), rye
(Secale cereale L.) (Busch et al. 1995; Gus-
tafson et al. 1988, 1990), rice (Oryza sativa
L.) (Gustafson and Dillé 1992; Song and
Gustafson 1995), and parsley (Petroselin-
um crispum L.) (Huang et al. 1988). In ad-
dition, ISH has been utilized for the iden-
tification of alien chromosome segments
in various species (Lapitan et al. 1986;
Nkongolo et al. 1993; Schwarzacher et al.
1992) ranging in size up to a wheat-rye
centric break and fusion translocation.
The use of ISH to determine the relative
physical location of genes or molecular
markers on chromosomes should lead to
a better understanding of the differences
between the genetic and physical chro-
mosome structure and genome organiza-
tion.

This study was designed to establish
the physical location within the barley ge-
nome of the a-amylase (a-Amy), carboxy-
peptidase (Cxp), and nitrate reductase
(Nar) genes, and to determine the location
of any secondary hybridization sites of ho-
mologous DNA sequences for the three
genes.

Materials and Methods

The barley varieties utilized were Steptoe,
a six-row barley (from T. Blake, Montana

State University) and Apex, a two-row bar-
ley (from M. Maluszynski, International
Atomic Energy Agency, Vienna, Austria).
The cDNA clones bNRp30a, pMISA, and
pMI8B for nitrate reductase, a-Amy! for a-
amylase, and Cxp for carboxypeptidase,
respectively, were supplied by A. Klien-
hofs, Washington State University.

The creation of protoplast slides, hy-
bridization, detection, and visualization of
biotinylated probes to chromosomes fol-
lowed the procedures of Gustafson and
Dillé (1992). The hybridization’s were car-
ried out at both 37°C and 42°C to deter-
mine whether temperature effects hybrid-
ization detection levels and/or hybridiza-
tion site location. The experiment was a
blind independent experiment, in that nei-
ther J. Chen and G. Butnaru had any prior
knowledge of either the chromosome or
genetic map location of any of the three
genes to be analyzed. The detection mea-
surements of the hybridized sites for all of
the gene complexes for a-amylase were
duplicated by G. Butnaru and J. Chen on
different in situ hybridized slides using
root tips from different seeds at the same
hybridization temperatures to establish if
there was any experimenter bias that af-
fected the measurements. The arm ratios
and detection location measurements
were made using phase-contrast micros-
copy and a Zeiss Photomicroscope III cou-
pled with a Hamamatsu image enhance-
ment system on all chromosomes showing
a hybridization site. The measurements
were taken directly from the monitor
screen using a set of electronic calipers.
The physical map localization was calcu-
lated as a percent of the arm length from
the centromere. Several detection’s were
measured for each probe at each physical
location and standard deviations were cal-
culated.

Results and Discussion

The a-amylase gene was physically locat-
ed on the long arm (L) of barley chromo-
some 5H (5HL) 52.1% from the centromere
(Table 1; Figures 1A and 2). This arm lo-
cation is in agreement with previous re-
ports derived from genetic mapping stud-
ies (Linde-Laursen 1982; Nielsen and Fry-
denberg 1974; Shin et al 1990). The phys-
ical location of the a-AmyI locus (51.1%
versus 48.9%) was slightly different when
the varieties Apex and Steptoe, respective-
ly, were compared at a 37°C hybridization
temperature. However, there were no sig-
nificant differences between the arm lo-
cation from variety to variety, or from sci-
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Figure 1. (A) In situ hybridized mitotic metaphase
chromosomes of Steptoe showing a-Amy!I hybridized
to sites on barley chromosome arms 6HL. (B) In situ
hybridized mitotic metaphase chromosomes of Apex
showing Narl hybridized to the three sites on barley
chromosome 6H.

entist to scientist analyzing the slides. In
addition, no differences were observed for
the a-Amyl hybridization site when the
hybridization temperature was raised
from 37°C to 42°C. The difference in the o-
Amyl location, as a percentage of the arm
distance from the centromere, on 5HL in
Steptoe when the hybridizations were car-
ried out at 37°C versus 42°C, 48.9 + 0.5%
versus 56.2 = 10.8%, respectively, might
be due to the 42°C hybridization temper-
ature (higher stringency level). The stan-
dard deviations for all probes studied at
42°C hybridization’s were higher than at
37°C (Tables 1, 2, 3, and 4), which could
be due to the effects of temperature alter-
ing the chromosome structure during the
period of hybridization. However, even
with the high standard deviations, a sig-
nificant difference was observed in the in-
crease in detection percentage when the
hybridization temperature was raised
from 37°C to 42°C, 4.9% versus 9.5%, re-
spectively.

The Cxp3 locus was detected on barley
chromosome 5H (Table 2; Figure 2). A de-
tection site was located 46.8% of the dis-
tance from the centromere on the short
arm (S), which agrees with the genetic
mapping of the Cxp3 locus in barley to 5HS
(Kleinhofs et al. 1988). In addition, a sec-
ond detection site was observed on the
5HS satellite 81.5% of the distance from
the centromere. However, the detection
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Figure 2. A comprehensive picture showing the physical location of RFLP markers for barley chromosomes 5H

and 6H.

levels observed on the satellite were ex-
tremely low.

The analysis of the Narl gene location
showed similar results to that observed
with the Cxp3 locus. Two nitrate reductase
genes have been genetically located on
the satellites of barley chromosome arms
6HS and 5HS (Kleinhofs et al. 1988; Melzer
et al. 1988). Surprisingly the present data
showed a higher percentage of detection
on chromosome arm 5HL (4.9%) versus
that observed on chromosome arm 5HS
(1.4%) (Table 3; Figures 1B and 2). Chro-
mosome arm 5HL is known to be the lo-

cation of a different nitrate reductase gene
(Nar7), therefore this study suggests that
the nitrate reductase cDNA clone
bNRp30a, under the stringency conditions
utilized, was capable of limited cross-hy-
bridizing with the Nar7 locus.

A detection site was also observed on
the 5H satellite very close to the observed
CxpJ3 site. The ISH data suggests that the
main site of nitrate reductase might be lo-
cated on chromosome arm 5HL approxi-
mately 50.0% of the distance from the cen-
tromere. This differs from the Southern
analysis data of Kleinhofs et al. (1988).

Table 2. The detection of the physical location of the carboxypeptidase gene on barley chromosome

6H
Gene location Distance from
Varieties Number of cells Arm ratio detections (%)” centromere (%)
Short arm
Apex 2170 1.22 £ 0.03 13 (4.8%) 427+ 6.2
Steptoe 1,716 1.23 + 0.03 31 (1.8%) 515 * 4.0
Steptoe” 433 1.23 + 0.14 24 (5.5%) 46.1 + 7.8
Total 2,419 68 (2.8%) 46.8
Satellite
Apex 2170 1.22 £ 0.03 2 (0.7%) 85.3 + 2.1
Steptoe 1,716 1.23 + 0.03 4 (0.2%) 841+ 1.6
Steptoe” 433 1.23 + 0.14 10 (2.3%) 75.1 = 8.2
Total 2,419 16 (0.6%) 81.5¢

< Percentage distance from the centromere to the telomere + standard deviation.
b Hybridization at 42°C while all others are at 37°C.
< Average gene location over all measurements.



Table 3. The detection of the physical location of the nitrate reductase gene on barley chromosome 6H

Gene location Distance from

Varieties Number of cells Arm ratio detections (%)” centromere (%)
Long arm
Apex 284 1.22 = 0.05 15 (5.3%) 49.4 = 6.6
Steptoe 854 1.23 + 0.02 42 (4.9%) 47.6 = 5.1
Steptoe® 300 1.18 = 0.11 14 (4.4%) 53.0 = 12,5
Total 1,438 71 (4.9%) 50.0¢
Short arm
Apex 284 1.22 = 0.05 5 (1.8%) 59.2 = 12.6
Steptoe 854 1.23 + 0.02 6 (0.7%) 36.1 = 1.1
Steptoe® 300 1.18 = 0.11 9 (3.0%) 46.0 = 11.2
Total 1,438 20 (1.4%) 47.1¢
Satellite
Apex 284 1.22 = 0.05 3 (1.1%) 86.7 = 6.1
Steptoe 854 0 0
Steptoe? 300 0 0
Total 1,438 3 (0.2%) 86.7¢

< Percentage distance from the centromere to the telomere * standard deviation.

> Hybridization at 42°C while all others are at 37°C.
< Average gene location over all measurements.

In the current barley genome, linkage
maps indicate the presence of one func-
tional gene location each for carboxypep-
tidase and nitrate reductase. The alterna-
tive site(s) observed in the present study
by ISH could be the result of several alter-
native events. First, totally unrelated DNA
sequences may be homologous enough to
show some level of detection at the rela-
tively low stringency level utilized in the
ISH technique. Second, relic genes that
have lost function may be present else-
where in the genome. Third, additional
sites may have been not mapped during
RFLP analysis because of a lack of poly-
morphisms. Finally, variation in copy num-
ber of any DNA sequence at a site could

also have a significant effect on the ISH
detection percentage for that particular
sequence. All of the above alternatives
could be true and suggest that a high ISH
detection percentage might not necessar-
ily locate the active site of the gene in
question, but could be detecting any one
of the above. In situ hybridization, at pres-
ent, is not an appropriate technique for
determining which of a number of sites
may represent an active member of a dis-
persed set of related sequences. Therefore
placing the physical location of an active
gene to a specific site could be subject to
error. Additional differences in the loca-
tion of Cxp3 and Narl from variety to va-
riety (Table 2) could also result from de-

Table 4. The detection of the physical location of a nitrate reductase site on barley chromosome 5H

Gene location Distance from

Varieties Number of cells Arm ratio detections (%)” centromere (%)
Long arm
Apex 273 1.85 = 0.04 5 (1.8%) 476 = 7.1
Steptoe 764 1.99 = 0.10 13 (1.7%) 50.2 = 11.6
Steptoe® 300 1.57 + 0.08 5 (1.7%) 48.0 = 16.0
Total 1,337 23 (1.7%) 48.6¢
Short arm
Apex 273 1.85 = 0.04 2 (0.7%) 285 *+ 3.0
Steptoe 764 1.99 = 0.10 12 (1.6%) 448 + 3.6
Steptoe® 300 1.57 + 0.08 7 (2.3%) 48.0 + 7.2
Total 1,337 21 (1.5%) 40.4¢
Satellite
Apex 273 1.85 = 0.04 2 (0.7%) 80.8 = 10.0
Steptoe 764 1.99 = 0.10 2 (0.3%) 82.6 = 10.6
Steptoe? 300 0 0
Total 1,337 4 (0.5%) 81.7¢

< Percentage distance from the centromere to the telomere * standard deviation.

 Hybridization at 42°C while all others are at 37°C.
< Average gene location over all measurements.

letions, duplications, inversions, and
translocations that have been observed
between barley varieties. It appears that
ISH combined with linkage mapping is the
best approach for locating a functional
gene.

The Narl detection levels observed on
chromosome 5H were lower than those on
6H, which is probably indicative of low
levels of homology of the nitrate reduc-
tase probe to the related DNA sequences
located on chromosome 5H (Table 4). It is
interesting to note that the detection sites
on both 6H and 5H for nitrate reductase
were in similar locations on each chro-
mosome with the sites on the satellites
showing the least homology.

When comparing the physical location
of DNA sequences between varieties, dif-
ferences can be seen. The physical differ-
ences are not large, but the Narl site on
5HS is in a slightly different physical lo-
cation depending on the barley cultivar
analyzed, that is, Apex or Steptoe (Table
3). In addition, the a-Amy]I site on 5HS in
Apex and Steptoe (Table 4) shows some
variation. All of these sites are ones of ex-
tremely low detection levels and could be
sites of DNA sequences showing some de-
gree of homology, or are relic silenced
gene sites that have evolved and have
changed part of their sequence as com-
pared to the active site.

From the Department of Genetics, Banat’s University of
Agricultural Sciences, Timisoara, Romania (Butnaru),
the College of Life Science, Wuhan University, Wuhan,
Hubei, People’s Republic of China (Chen), CIMA-Arkau-
te, Vitoria, Spain (Goicoechea), and the USDA Agricul-
tural Research Service, Plant Genetics Research Unit
and Plant Science Unit, University of Missouri, Colum-
bia, MO 65211 (Gustafson). This article reports the re-
sults of research only. Mention of a proprietary prod-
uct does not constitute an endorsement or a recom-
mendation for its use by the USDA or the University of
Missouri. This article is a contribution of the USDA,
Agricultural Research Service, and the Missouri Agri-
cultural Experiment Station, journal series no. 12,654.
J.P.G. would like to thank the North American Barley
Mapping Project (NABMP) for financial support. Ad-
dress correspondence to Dr. Gustafson at the address
above.

© 1998 The American Genetic Association

References

Ambros PF, Matzke MA, and Matzke AJM, 1986. Detec-
tion of a 17 kb unique sequence (T-DNA) in plant chro-
mosomes by in situ hybridization. Chromosoma 94:11-
18.

Becker J, Vos P, Kuiper M, Salamini F, and Heun M,
1995. Combined mapping of AFLP and RFLP markers in
barley. Mol Gen Genet 249:65-73.

Busch W, Herrmann RG, and Martin R, 1995. Refined
physical mapping of the Sec-1 locus on the satellite of
chromosome 1R of rye (Secale cereale) Genome 38:
889-893.

Clark M, Karp A, and Archer S, 1989. Physical mapping

Brief Communications 369



of the B-hordein loci on barley chromosome 5 by in
situ hybridization. Genome 32:925-929.

Chen JM, and Gustafson JP, 1995. Physical mapping of
genetically mapped RFLP clones in homoeologous
group 7 chromosomes of wheat by in situ hybridiza-
tion. Heredity 75:225-233.

Dong HA and Quick J, 1995. Detection of a 2.6 kb single/
low copy DNA sequence on chromosomes of wheat
(Triticum aestivum L.) and rye (Secale cereale L.) by
fluorescence in situ hybridization. Genome 38:246-249.

Ganal MW, Young ND, and Tanksley SD, 1989. Pulse field
gel electrophoresis and physical mapping of large DNA
in the TM-2a region of chromosome 9 in tomato. Mol
Gen Genet 215:395-400.

Giese H, Holm-Jensen AG, Mathiassen H, Kjaer B, Ras-
mussen SK, Bay H, and Jensen J, 1994. Distribution of
RAPD markers on a linkage map of barley. Hereditas
120:267-273.

Gill KS, Gill BS, and Endo TR, 1993. A chromosome re-
gion-specific mapping strategy reveals gene-rich telo-
meric ends in wheat. Chromosoma 102:374-381.

Graner A, Jahoor A, Schondelmaier J, Siedler H, Pillen
K, Fishbeck G, Wenzel G, and Herrmann RG, 1991. Con-
struction of a RFLP map of barley. Theor Appl Genet
83:250-256.

Gustafson JP, Butler E, and McIntyre CL, 1990. Physical
mapping of a low-copy DNA sequence in rye (Secale
cereale L.). Proc Natl Acad Sci USA 87:1899-1902.

Gustafson JP, Dera AR, and Petrovic S, 1988. Expression
of modified ribosomal RNA genes in wheat. Proc Natl
Acad Sci USA 85:3943.

Gustafson JP and Dillé JE, 1992. The chromosome lo-
cation of Oryza sativa recombination linkage groups.
Proc Natl Acad Sci USA 89:8646-8650.

Heun M, Kennedy AE, Anderson JA, Lapitan NLV, Sor-
rells ME, and Tanskley SD, 1991. Construction of a re-
striction fragment length polymorphism map for barley
(Hordeum vulgare). Genome 34:437-447.

Hohmann U, Graner A, Endo TR, Gill BS, and Herrmann
RG, 1995. Comparison of wheat physical maps with
barley linkage maps for group 7 chromosomes. Theor
Appl Genet 91:618-626.

Huang PL, Hahlbrock K, and Somseich IE, 1988. Detec-
tion of a single-copy gene on plant chromosome by in
situ hybridization. Mol Gen Genet 211:143-147.

Jensen J, 1987. Linkage map of barley chromosome 4.
In: Barley genetics (Yasuda S and Konishi T, eds). Na-
kasange Okayama: Sanyo Press; 189-199.

Kasha KJ, Kleinhofs A, Kilian A, Saghai Maroof M, Sco-
les GJ, Hayes PM, Chen FQ, Xia X, Li X-Z, Biyashev RM,
Hoffman D, Dahleen L, Blake TK, Rossnagel BG, Steffen-
son BJ, Thomas PL, Falk DE, Laroche A, Kim W, Molnar
SJ, and Sorrells ME, 1995. The North American barley
map on the cross HT and its comparison to the map
on cross SM. In: The plant genome and plastome: their
structure and evolution (Tsunewaki K, ed). Tokyo: Ko-
dansha Scientific Ltd.; 73-88.

Kleinhofs A, Chao S, and Sharp PJ, 1988. Mapping of
nitrate reductase genes in barley and wheat. Proceed-
ings of the Seventh International Wheat Genetics Sym-
posium, Cambridge, U.K.; 541-546.

Kleinhofs A, Killian A, Kudrna D, and NABGMP, 1993.
The NABGMP Steptoe X Morex mapping progress re-
port. Barley Genet Newslett 23:79-83.

Langridge P, Karakousis A, Collins N, Kretchmer J, and
Manning S, 1995. A consensus linkage map of barley.
Mol Breed 1:389-395.

Lapitan NLV, Sears RG, Rayburn AL, and Gill BS, 1986.
Wheat-rye translocations. Detection of chromosome
breakpoints by in situ hybridization with a biotin-la-
beled DNA probe. J Hered 77:415-419.

Lehfer H, Busch W, Martin R, and Herrmann RG, 1993.
Localization of the B-hordein locus on barley chromo-
somes using fluorescence in situ hybridization. Chro-
mosoma 102:428-432.

370 The Journal of Heredity 1998:89(4)

Leitch 1J and Heslop-Harrison IS, 1993. Physical map-
ping of the 185-5.85-26S rRNA genes in barley by in situ
hybridization. Genome 35:1013-1018.

Linde-Laursen I, 1982. Linkage map of the long arm of
barley chromosome 3 using C-bands and marker genes.
Heredity 49:27-35.

Melzer JM, Kleinhofs A, Kudrna DA, Warner RL, and
Blake TK, 1988. Genetic mapping of the barley nitrate
reductase-deficient nar 1 and nar 2 loci. Theor Appl
Genet 75:767-771.

Mukai Y, Endo TR, and Gill BS, 1990. Physical mapping
of 5S rRNA multigene family in common wheat. J Hered
81:290-295.

Mukai Y and Gill BS, 1991. Detection of barley chro-
matin added to wheat by genomic in situ hybridization.
Genome 34:448-452.

Nielsen G and Frydenberg O, 1974. Linkage between the
loci Amy 1 (a-amylase), o (orange lemma) and Xn (xan-
tha seedling). Barley Newslett 4:53-54.

Nkongolo KK, Lapitan NLV, Quick JS, and Muhlmann
MD, 1993. An optimized fluorescence in situ hybridiza-
tion procedure for detecting rye chromosomes in
wheat. Genome 36:701-705.

Pedersen C, Giese H, and Linde-Laursen I, 1995. To-
wards an integration of the physical and the genetic
chromosome maps of barley by in situ hybridization.
Hereditas 123:77-99.

Qi X, Stam P, Lindhout P, 1996. Comparison and inte-
gration of four barley genetic maps. Genome 39:379-
394.

Rayburn AL and Gill BS, 1985. Use of biotin-labeled
DNA probes to map specific DNA sequences on what
chromosomes. J Hered 76:78-81.

Roder MS, Lapitan NLV, Sorrells ME, and Tanskley SD,
1993. Genetic and physical mapping of barley telo-
meres. Mol Gen Genet 238:294-303.

Rogowsky PM, Sorrells ME, Shepherd KW, and Landrid-
ge P, 1993. Characterization of wheat-rye recombinants
with RFLP and PCR probes. Theor Appl Genet 85:1023—
1028.

Siedler H and Graner A, 1991. Construction of physical
maps of the HorI locus of two barley cultivars by pulse
field gel electrophoresis. Mol Gen Genet 226:177-181.

Shin JS, Chao S, Corpuz L, and Blake T, 1990. A partial
map of the barley genome incorporating restriction
fragment length polymorphism, polymerase chain re-
action, isozyme, and morphological marker loci. Ge-
nome 33:803-810.

Schwarzacher T, Anamthawat-Jonsson K, Harrison GE,
Islam AKMR, Jia JZ, King IP, Leitch AR, Miller TE, Read-
er SM, Rogers WJ, Shi M, and Heslop-Harrison JS, 1992.
Genomic in situ hybridization to identify alien chro-
mosomes and chromosome segments in wheat. Theor
Appl Genet 84:778-786.

Song YC and Gustafson JP, 1995. The physical location
of fourteen RFLP markers in rice (Oryza sativa L.).
Theor Appl Genet 90:113-119.

Wang ZX, Kurata N, Saji S, Katayose Y, and Minobe Y,
1995. A chromosome specific repetitive DNA sequence
in rice (Oryza sativa L.). Theor Appl Genet 90:907-913.
Werner JE, Endo TR, and Gill BS, 1992. Toward a cyto-
genetically based physical map of the wheat genome.
Proc Natl Acad Sci USA 89:11307-11311.

Received June 19, 1997
Accepted December 13, 1997

Corresponding Editor: Halina Skorupska

Comparison of Genetic
Diversity Between
Cunninghamia konishii and
C. lanceolata

T.-P. Lin, C.-T. Wang, and J.-C.
Yang

Genetic diversity within and genetic differ-
entiation among five geographic areas of
Cunninghamia konishii were investigated
using young shoots of 120 clones as ma-
terials. Nine loci, comprising six polymor-
phic loci (Pgm-2, Pgi-1, 6Pgd-2, Skdh-1,
Skdh-2, Aat-2) from five enzyme systems
were analyzed by starch-gel electropho-
resis. The average percentage of poly-
morphic loci per geographic area was
62.3% at the 99% criterion for polymor-
phism. Mean expected heterozygosity
ranged from 0.191 to 0.239 in the different
areas. On average there were 1.98 alleles
per locus; the effective number of alleles
per locus ranged from 1.39 to 1.54. Parti-
tioning the genetic variability into within-
and among-population components with F
statistics led to an estimate of within-pop-
ulation variation of 97.1% of the total vari-
ation. Treating C. konishii and C. lanceo-
lata as one panmistic population each, the
expected heterozygosity was 0.251 and
0.343, respectively. Other genetic param-
eters were also consistently lower in C.
konishii than those observed for C. lan-
ceolata. Genetic differentiation between
these two species (Fsr) was only 0.057,
thus 94% of the genetic variation resided
within species. In fact, the allozyme phe-
notypes found in C. konishii were within
the variation of C. lanceolata indicating
that C. konishiiis a variety of C. lanceolata
even though they have been separated for
a long period. Genetic drift was found to
be significant in populations of C. konishii.

Cunninghamia konishii Hay. (=C. lanceola-
ta (Lamb.) Hook. var. konishii (Hay.) Fuji-
ta) is an endemic conifer of Taiwan, and
closely related to C. lanceolata (Lamb.)
Hook., a species which only occurs in
mainland China. Old growth of C. konishii
represents a source of valuable timber in
Taiwan. It is usually found scattered with-
in forests of Chamaecyparis at elevations
of 1300-2800 m (Liu 1966), and is also in
association with Taiwania cryptomerioi-
des, Pseudotsuga wilsoniana, and Pinus
spp. C. konishii has been used in refores-
tation programs on national forest land
over the past 15 years and man-made
plantations of this species occupy about



10,000 ha. C. lanceolata was introduced
from China and has been widely cultivated
at low elevations, especially on private
forest land.

Genetic variation in seed samples of C.
lanceolata was found to be quite high
(Muller-Starck and Liu 1989). The number
of alleles per locus was 4.15, the percent-
age of polymorphic loci was 88%, and the
expected heterozygosity was 0.299. The
high level of genetic diversity observed in
C. lanceolata was further confirmed re-
cently by studying seed samples from 16
populations from mainland China (Yeh et
al. 1994). Since the studies mentioned
above were based on trees from man-
made plantations, it will be interesting to
investigate genetic variation of C. konishii
from natural forests.

In this study the population genetic
structure of C. konishii was investigated
using young leaf tissue. The relationship
between C. konishii and C. lanceolata is un-
clear, the comparison between these two
species will be welcomed by scientists
who wish to know how well they are re-
lated at the allozyme level despite the
high similarity in vegetative morphology.

Materials and Methods

Seed and Young Leaf Tissue Collection
In 1994 wind-pollinated seeds from 18 in-
dividual trees (families) were collected
from the seed orchard at Chuyuanshan,
Tungsyh, Taiwan, at an elevation of 700 m.
It was established between 1968 and 1974,
and is composed of 25 grafted clones
planted over 10 ha. Clones originated from
an old-growth forest of C. konishii in cen-
tral Taiwan.

In April 1996 and 1997 young leaf tissues
from 120 clones were collected from a
clonal garden established in June 1978 at
the Lienhuachih Station, Taiwan Forestry
Research Institute (TFRI). The original
clones (139) were collected from major
old-growth forests of C. konishii. The orig-
inal sites for these clones are shown in Fig-
ure 1. These locations were grouped into
five areas based on their separation by riv-
ers and/or high mountains. Area 1 is sep-
arated from areas 2 and 3 by mountains
over 3000 m, which decline at the north
ends. Areas 4 and 5 are also separated by
the central mountain range. Areas 2 and 3
are separated by valleys. However, the sig-
nificance of barrier to gene flow between
them is not clear. Also in 1996 and 1997,
young leaf tissues of 160 trees of C. lan-
ceolata, originating from 44 seed sources
in China, were collected from another gar-
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Figure 1. Map of Taiwan which showing the location of five geographic areas of Cunninghamia konishii.

den at the Lienhuachih Station, TFRI. This
garden was established in May 1981.

Electrophoresis

Horizontal starch-gel electrophoresis was
used for separating isozymes: IDH (isoci-
trate dehydrogenase, EC 1.1.1.42), 6PGD
(6-phosphogluconic dehydrogenase, EC
1.1.1.43), PGl (phosphogluco-isomerase,
EC 5.3.1.9), SKDH (shikimate 5-dehydro-
genase, EC 1.1.1.25), PGM (phosphoglu-
comutase, EC 5.4.2.2), FEST (fluorescent
esterase, EC 3.1.1.1), MDH (malate dehy-
drogenase, EC 1.1.1.37), G6PD (glucose-6-
phosphate dehydrogenase, EC 1.1.1.49),
and AAT (L-aspartate aminotransferase,
EC 2.6.1.1). Young leaf tissues and game-
tophytes were ground with extraction
buffer according to the procedures de-
scribed in Feret (1971). Electrophoresis
and staining followed the procedure de-

scribed in Cheliak and Pitel (1984). Aspar-
tate aminotransferase (Aaf) was resolved
by polyacrylamide vertical slab gel elec-
trophoresis (Davis 1964). The zone speci-
fying the most anodally migrating variants
was designated as 1, the next as 2, and so
on. Within each zone, the most anodally
migrating variants was designated as a,
the next as b, and so on.

Data Analysis

The inheritance of allozyme polymor-
phism in haploid tissue from heterozygous
trees was tested for confirmation with the
expected 1:1 ratio. Allozyme genotypes
from the young leaf tissue of individual
trees from each geographic area were
used in conjunction with the POPGENE
computer package (Yeh and Boyle 1996)
for estimates of allele frequencies, mean
number of alleles per locus, effective num-
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Table 1. Average number of alleles per locus, effective number of alleles per locus, percentage of
polymorphic loci, and expected and observed heterozygosities for each area of C. konishii

Geographic area“

1 2 3 4 5 Mean
Sample size 38 36 14 16 16
Avg. no. of alleles/locus 2.11 2.11 1.78 1.89 2.00 1.98
Effective no. of alleles/locus 1.54 1.46 1.39 1.51 1.50 1.48
% polymorphic loci? 66.7 66.7 55.6 55.6 66.7 62.3
Mean H, 0.214 0.231 0.191 0.239 0.219 0.219
Mean H, 0.174 0.190 0.187 0.227 0.174 0.190

< Area 1, Denta-Wangshiang; 2, Tasheueshan-Tajiann; 3, Mugua-Lintienshan; 4, Chilan-Syhjih; 5, Kuanwu-Bahsienshan.
® The frequency of the most common allele is less than 0.99.

ber of alleles per locus (IV,), percentage of
polymorphic loci, mean observed (H,) and
expected (H,) heterozygosities, and Wright’s
F coefficient for all loci.

Results

Nine enzyme systems tested could be re-
solved clearly enough for inheritance
studies. The 14 loci resolvable from the
megagametophyte tissues of C. konishii
were Idh-1, Pgi-1, Pgm-1, Pgm-2, Skdh-1,
Skdh-2, 6Pgd-1, 6Pgd-2, Aat-2, Mdh-1, Fest-1,
Fest-2, Fest-3, and G6pd-1. In summary, no
significant deviation from the expected 1:
1 segregation ratio was found, indicating
that most allozymes exhibited distinct, co-
dominant expression and simple Mende-
lian segregation in their mode of inheri-
tance.

Six of the nine enzyme systems from
young leaf tissue of C. konishii were re-
solved well enough for genetic diversity
analysis: Idh-1, Pgm-1, Pgm-2, Pgi-1, 6Pgd-1,
6Pgd-2, Skdh-1, Skdh-2, and Aat-2. Idh-1,
Pgm-1, and 6Pgd-1 were monomorphic,
while Pgm-2 a and c were rare alleles in C.
konishii.

Genetic Diversity

Measures of genetic diversity are listed in
Table 1. Of the six polymorphic loci of C.
konishii, Skdh-2 and 6Pgd-2 had a mean
heterozygosity greater than 0.5 over the
five geographic areas. Aat-2 had a mean H,
greater than 0.3. Pgi-1 and Skdh-1 had a
mean H, ranging from 0.1 to 0.2. The last
polymorphic locus, Pgm-2, had a mean H,
of less than 0.1. At the population level,
the five areas had similar H, values, and
the overall average heterozygosity was
0.219. The average number of alleles per
locus for the five areas ranged from 1.78
to 2.11, with an average of 1.98. Effective
numbers of alleles per locus varied from
1.39 to 1.54, with an average of 1.48. The
percentage of polymorphic loci per indi-
vidual varied from 55.6% to 66.7%, with an
average of 62.3%.
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Genetic Differentiation

In C. konishii the F,s values for all five en-
zyme systems were positive (0.107; data
not shown). This probably is not due to
inbreeding but a spatial Wahlund effect.
Each area is actually composite collec-
tions of genotypes from throughout rather
widespread locations. Any differences in
allele frequencies between the actual col-
lection sites within an area will produce
the appearance that there is a deficiency
of heterozygotes. The extent of genetic dif-
ferentiation among areas (Fg;) averaged
0.029. Thus more than 97% of the genetic
variation resided within areas. Unbiased
genetic distances between pairs of areas
were very small and ranged from 0 to 0.08
(data not shown). There was no significant
correlation between genetic and geo-
graphic distances for all pairs of areas.

Comparison of Genetic Diversity
Between C. konishii and C. lanceolata
at the Species Level

Eight loci in six enzyme systems of both
species were resolved well enough for ge-
netic diversity comparison (Table 2). Pgm-
1 did not consistently stain for young leaf
tissue of C. lanceolata. Major alleles within
each locus were the same for both spe-
cies. Idh-1a, Idh-1b, Pgi-la, Pgi-Ic, Pgi-le,
and Skdh-2d were rare alleles in C. lanceo-
lata and were all absent from C. konishii.
Pgm-2a was the only allele found in some
areas of C. konishii but not in C. lanceolata.
The frequency of Skdh-1a and Aat-2a were
much lower in C. konishii than in C. lan-
ceolata. Treating C. konishii and C. lanceo-
lata as one random mating population
each, mean heterozygosity and percent-
age of polymorphic loci per individual of
C. konishii was lower than that in C. lan-
ceolata (Table 3). The effective number of
alleles per locus was 1.57 for C. konishii
and 1.79 for C. lanceolata.

Discussion

Environmental heterogeneity, such as lofty
mountains and deep valleys, might poten-

Table 2. Allele frequencies and the expected
and observed heterozygosities for the eight loci
at the species level of Cunninghamia konishii and

C. lanceolata

C. lanceo-
C. konishii lata
Locus (n = 120) (n = 160)
Idh-1 a 0.000 0.019
b 0.000 0.009
c 1.000 0.972
H, 0.000 0.055
H, 0.000 0.056
Pgm-2 a 0.017 0.000
b 0.966 0.981
c 0.017 0.019
H, 0.050 0.038
H, 0.066 0.037
Pgi-1 a 0.000 0.031
b 0.104 0.183
c 0.000 0.017
d 0.896 0.752
e 0.000 0.017
H, 0.125 0.372
H, 0.187 0.401
Skdh-1 a 0.075 0.531
b 0.925 0.469
H, 0.117 0.512
H, 0.139 0.500
Skdh-2 a 0.108 0.213
b 0.400 0.147
c 0.492 0.622
d 0.000 0.019
H, 0.550 0.500
H, 0.589 0.548
6Pgd-1 a 1.000 1.000
6Pgd-2 a 0.085 0.070
b 0.440 0.325
c 0.201 0.281
d 0.274 0.325
H, 0.556 0.530
H, 0.687 0.708
Aat-2 a 0.213 0.561
b 0.787 0.439
H, 0.308 0.433
H, 0.336 0.494
Avg. H, 0.213 0.305
H, 0.251 0.343

tially be expected to favor genetic differ-
entiation in C. konishii in Taiwan. The cen-
tral mountain range runs north to south,
and consists of more than 100 peaks high-
er than 3000 m. Mountains are character-
ized by steep slopes (>45°), erosion, and
heavy rainfall during the summer season,
thus streams cut through forming deep
valleys. C. konishii can be found growing
erratically anywhere from the top of the
mountains to the valley from elevations of
1300 m to 2800 m. Physical barriers are
always possible between locations. Area 1
was separated from areas 2 and 3 by
mountains over 3000 m, which decline
gradually at the north end such that the
areas were not absolutely isolated. The
overall Fg, of 0.029 indicates the physical
barrier does not restrict gene flow be-
tween areas. This is consistent with data
from many other conifers, which indicates
relatively little interpopulational differen-
tiation (Hamrick et al. 1992). The lack of
population substructuring could be the re-



Table 3. Levels of allozyme variation within populations for several local gymnosperms

Species N« ad He Fa Fd As Reference
Amentotaxus

formosana 2 5 0.004 —0.099 0.047 1.00 Wang et al. 1996
Chamacyparis

taiwanensis 2 22 0.052 0.036 0.039 1.06 Lin et al. 1994

formosensis 3 21 0.087 0.109 0.046 1.10 Lin et al. 1994
Taiwania

cryptomerioides 4 52 0.145 —0.036 0.053 1.21 Lin et al. 1993
Cunninghamia

konishii 5 62.3 0.219 0.107 0.029 1.48 This study

konishii 5 75 0.251 — — 1.57 This study
Cunninghamia

lanceolata 16 88 0.394 — 0.057 >3 Yeh et al. 1994

lanceolata 2 100 0.299 — — >4.2 Muller-Stark and Liu 1989

lanceolata’ — 87.5 0.343 — — 1.79 This study
Gymnosperms 8.9 53.4 0.151 — 0.073 1.20 Hamrick et al. 1992
Gymnosperms’ 8.9 71.1 0.169 — — 1.22 Hamrick et al. 1992

« Number of studied populations.

> Percentage polymorphic loci.

< Expected heterozygosity.

4 Fixation indices.

¢ Number of effective alleles per locus.
" At species level.

sult of more or less continuous distribu-
tion of C. konishii (Liu 1966), and a high
level of gene flow, that is, pollen and seed
dispersal.

High genetic diversity was proven for C.
konishii in this study even though a rather
limited number of loci were used. The lev-
el of expected heterozygosity at the pop-
ulation level in C. konishii (0.219) is higher
than the values reported for many other
conifers (H, = 0.151) (Hamrick et al.
1992). In terms of percentage of polymor-
phic loci, number of alleles per locus, and
effective number of alleles per locus, C
konishii also has higher values than most
other conifers. Genetic diversity of C. kon-
ishii based on analysis using random am-
plified polymorphic DNA markers is also
quite high; 91% of polymorphic fragments
was found (Wang WY, unpublished re-
sults). Chamaecyparis, Taiwania, and Cun-
ninghamia have similar distribution rang-
es and growth habitats in Taiwan. Cha-
maecyparis and Taiwania, however, have
low genetic diversity (Table 3) and are
very limited in distribution in mainland
China. The explanation as to why every
parameter of genetic diversity of C. koni-
shii is considerably higher than those of
other local gymnosperms is probably re-
lated to the association between C. koni-
shii and C. lanceolata in geological ages
rather than the heterogeneity of environ-
mental factors. C. lanceolata is a long-lived

species originally inhabiting southern Chi-
na, and is one of the coniferous species
with the highest genetic diversity (Yeh et
al. 1994). It was reported that during the
late Pleistocene, C. konishii dominated in
the Tali glacial stage, from about 50,000 to
10,000 B.p. when Taiwan was part of main-
land China (Tsukada 1967). It is inferred
that gene flow from C. lanceolata went
freely into Taiwan without restriction.
Treating C. konishii and C. lanceolata as
separate taxa, the unbiased genetic dis-
tance between them was 0.070. This dis-
tance is slightly higher than that between
areas of C. konishii, suggesting limited dif-
ferentiation between these two taxa. How-
ever, the extent of genetic differentiation
between these two species (Fy;) is 0.057.
Thus about 94% of the genetic variation
resides within taxa. This result indicates
that C. konishii is probably a variety of C.
lanceolata and still maintains a high level
of genetic variation. Isolation between
these two taxa has not resulted in allo-
zyme differentiation in C. konishii; howev-
er, one site change in the rbcL gene was
found between these two species based
on RFLP analysis of six polymerase chain
reaction-amplified chloroplast genes (Tsu-
mura et al. 1995).

Genetic drift has occurred in C. konishii
through long isolation from its supposed
distribution center, resulting in a reduc-
tion in the number of alleles per locus and

the loss of rare alleles (Idh-1, Pgi-1, and
Skdh-2). Some alleles like Skdh-1 and Aat-2
are fixed in C. konishii. The observation of
much higher expected heterozygosities
and much higher measures of other genet-
ic parameters (Table 3) of C. lanceolata
than those of C. konishii indicates that ge-
netic drift may still prevail.
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