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Inheritance and Variation of Genome Size in
Half-Sib Families of Hybrid Catfishes

T. R. Tiersch and C. A. Goudie

We used high-resolution flow cytometry to study variation in genome size within half-
sibling families of hybrid catfishes produced from parents representing three genera
of the family Ictaluridae. Genome size of hybrid offspring was exactly intermediate
to the genome sizes of parental stocks, indicating that nuclear DNA segregates as
a function of haploid DNA content and is stable within intergeneric hybrids. Thus,
measuring genome size could provide a useful method for identifying hybrids within
natural populations of fish or other organisms. Within-group variation in genome size
was less than 2.5% for all groups studied, including outbred parental stocks. These
values may represent the minimal level of genome size variation detectable within
populations by analysis of interphase nuclei. The variationin genome size of ictalurid
catfishes is small compared to variation observed in other vertebrates, and may be
due to evolutionary conservatism within the catfish genome or to the appearance in

other taxa of mechanisms that generate variation in DNA mass.

Genome size (nuclear DNA content) has
been estimated for hundreds of plant and
animal species. Large variation has been
reported withintaxa, for example, from less
than 1 to more than 125 pg per diploid
nucleus among angiosperms (Price 1988),
and from less than | to more than 200 pg
among vertebrates (Olmo et al. 1989).
Greatest attention has been given to vari-
ation found above the species level. With-
in-species variation in genome size has
been studiedin plants, butis not well stud-
ied in vertebrates, a group for which the
variation among sibiings and the inheri-
tance of genome size are virtually unex-
plored.

Catfishes of the family Ictaluridae are
native to North America and include the
channel catfish (fctalurus punctatus), which
has become a leading species in the Amer-
ican aquaculture industry and is the only
species in the family for which intraspe-
cific variation in genome size has been
studied (Tiersch et al. 1990). Hybridiza-
tion of channel catfish with other catfish
species can be accomplished in the lab-
oratory by artificial fertilization. By using
several fathers or mothers of different spe-
cies. half-sib families of different hybrid
crosses can be produced, providing unique
opportunities for the study of inheritance.

In the study reported here, we evaluated
genome size in one intraspecific cross and
three interspecific hybrid crosses pro-

duced by fertilizing eggs from channel cat-
fish with sperm from males of four species:
channel catfish, blue catfish (/. furcatus),
black bullhead catfish (Ameiurus melas),
and flathead catfish ( Pylodictis olivaris). We
sought to (a) examine the inheritance of
genome size in hybrid catfish produced
from parents of different species and ge-
nome sizes and (b) evaluate variation of
genome size within and among groups of
hybrid half-siblings and representative
parental stocks. Inheritance of genome size
was surprisingly precise; the genome size
of hybrid offspring was identical to the
sum of the haploid DNA content of the
parental species. Variation among half-
siblings of any particular cross was mini-
mal, and, overall, these values represent
the lowest levels of within-population vari-
ation reported for any vertebrate group.

Materials and Methods

Spawning and Verification of
Parentage

Half-sib hybrid families were produced by
standard spawning procedures described
in Goudie et al. (1992). We injected female
channel catfish (from a commercial sup-
plier in Mississippi) with human chorionic
gonadotropin (1100 i.u./kg) to stimulate
ovulation, then paired them with male
channel catfish in 80-L aquaria supplied
with aerated flow-through well water. Fish



behavior was monitored, and, following
initiation of spawning, females were re-
moved from aquaria and anesthetized in
0.02% tricaine methanesulfonate. We
stripped eggs by applying gentle pressure
along the abdomen and fertilized them by
continuously adding a mixture of sperm
obtained from a male of each of the four
catfish species (described in Goudie et al,,
in press). We incubated developing em-
bryos in 8-L hatching troughs and then
moved them to 80-L tanks after yolk-sac
absorption and initiation of feeding. When
two half-sibling groups (from unrelated
mothers) were 4 months old, we classified
them by external morphology as being
channel catfish or one of the three pos-
sible hybrid combinations. Protein elec-
trophoresis, performed according to the
methods of Liu et al. (1992) was used to
verify the morphological classifications.

Flow Cytometry

The two families, consisting of half-sib-
lings and corresponding parental stocks,
were analyzed separately. We collected
blood samples in sodium citrate (Becton-
Dickinson vacutainer 4606), then refrig-
erated, coded, and interspersed them sys-
tematically (Hurlbert 1984), and analyzed
them as described previously (Tiersch et
al. 1989). Blood cells of the catfish under
study and blood cells of triploid hybrid (1
punctatus x I furcatus) catfish (used as an
internal reference) were suspended as a
mixture in 0.5 m] of lysis-staining buffer
containing 25 ug buffered RNase, 0.1% so-
dium citrate, 0.1% Triton X100, and 25 ug
propidium iodide.

We estimated DNA content of the cells
with a PROFILE flow cytometer (Coulter
Electronics, Hialeah, Florida), with the ar-
gon-ion laser operated at a wavelength of
488 nm. Fluorescence values of at least
40,000 propidium-iodide-stained nuclei
were digitized individually and used to cal-
culate DNA content in relation to a value
of 7 pg DNA assigned for fresh human leu-
kocytes. In each test the value of the in-
ternal reference was canceled during the
calculation of DNA content, according to
the following formula: nuclear DNA (pg)
=7 x C/R x R/H, where C, R, and H are,
respectively, the fluorescence values for
the nuclei of catfish, internal reference, and
human.

Nuclear Volume

We measured nuclear volume for two pa-
rental species and the hybrid offspring.
Blood samples from I punctatus, A. melus,
and [ punctatus x A. melus hybrids were

collected in heparinized capillary tubes,
and cells were suspended in 10 ml of buff-
ered saline containing 1 drop of lysing re-
agent (Baxter B3157-15). We estimated nu-
clear volume using a Coulter Multisizer
(Coulter Electronics, Hialeah, Florida)
equipped with a 70-um orifice, and cali-
brated with five sizes of latex micro-
spheres ranging from 2.02 to 42.16 um in
diameter. We used volume estimates of at
least 20,000 nuclei from each animal to
generate frequency histograms that sup-
plied mode (peak channel) values.

Data Analysis

The offspring of the channel catfish x
channe! catfish cross represented their
parents in comparisons with their half-sib-
lings. Wild-caught flathead catfish (from
the Mississippi River), and laboratory
stocks of blue catfish (from the Mississippi
River) and black bullhead catfish (from
Spirit Lake, lowa) were the sources of the
males that provided sperm, and were used
to represent the parental species in com-
parisons with hybrids.

We compared values of genome size for
members of each family and for represen-
tative parental stocks by one-way analysis
of variance (StatView 512+, software for
Macintosh, Brainpower Inc.) and Schefie's
multiple range test; P < .05 was chosen as
the level for statistical significance. The
same procedures were used for compari-
sons of nuclear volume.

Results

The grand mean of all values of genome
size observed in this study (V= 204) was
2.112 % 0.047 (+£5SD) pg DNA (Table 1).
The range hetween the lowest (2.027 pg)
and highest (2.233 pg) values was 0.206
pg, or 9.75% of the mean. Values for Family
1 and parental stocks (2.119 + 0.047 pg)
were significantly larger (ANOVA, Fyy =
4.47, P= 0358) than the values for Family
2 and parental stocks (2.105 * 0.046).
Comparison of the DNA values of six flat-
head catfish included in both analyses re-
vealed that, on average, values from the
first analysis were 0.008 pg (0.37%) greater
than the values obtained for the same fish
in the second analysis, which suggests a
small but systematic difference between
the values of the two analyses.

Values for genome size were tightly clus-
tered for each hybrid or parental group
and were significantly different within each
family (ANOVA, F, ,, > 359.53, P ~ .001
for each). The range of values was less
than 0.2 pg per group within each analysis,

allowing all groups within an analysis to
be differentiated from each other iTal)le
1) with only one exception: in Family 1,
values for flathead catfish were not differ-
ent from those of the channel x black bull-
head hybrids.

The genome size of offspring of the three
hybrid combinations in each family was
intermediate to the genome sizes of the
parental stocks (Table 2). The mean dif-
ference (£ 5D) between predicted genome
size of the hybrids, calculated as the sum
of the mean parental values divided by
two, and the actual genome size of the hy-
brids was 0.002 pg, or about 0.1% for all
groups.

Variation in genome size for the hybrid
and parental groups of each family ranged
from 1.16% to 2.32%, in relation to the mean
(Table 3). The difference between the
smallest range (0.024 pg) of genome size
values for a group and the largest range
(0.051 pg) was 0.027 pg.

With respect to nuclear volume, the nu-
clei of blood cells of black bullhead catfish
were 12.4% larger than those of channel
catfish (Table 4). The nuclear volume of
hybrids was intermediate to the nuclear
volumes of the parental stocks, and within
0.06 um?® (0.56%) of the predicted value.
Values for genome size were more precise
than values for nuclear volume, in which
within-group variation ranged from 21.7%
of the mean (black bullheads) to 24.2%
(channel! catfish).

Discussion

In contrast to the situation described for
hybridization of some plants and animals,
there seems to be strong fidelity in the
inheritance of DNA content in hybrid cat-
fish. Price et al. (1983) reported that val-
ues for genome size of offspring were scat-
tered and did not cluster around the
midpoint of the values of the parental spe-
cies in crosses between two plant species
of the genus Microseris. [n similar fashion,
increased within-individual variation in
cellular DNA content, as measured by the
percentage coefficient of variation (%CV),
was reported for intraspecific hybrids col-
lected from a contact zone between two
populations of the white-footed mouse
( Peromyscus leucopus) (Baker et al. 1991).
It was suggested in the above studies that
when parental genomes are combined in
a hybrid, rearrangements such as ampli-
fication, deletion, or translocation of cer-
tain (perhaps transposable) DNA se-
quences could be triggered. We found no
evidence for this in our study. Genome size
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Table 1. Genome size (diploid nuclear DNA content, or pg DNA) of half-sibling hybrid catfish and parental stocks

Family | Family 2
Group N Mean + SD Min. -Max.” N Mean t SD Min.-Max."
Parental species
Channel catfish 16 2092 £ 0.008a 2.080-2.113 15 2.083 & 0.008a 2.073-2.099
Blue catfish 15 2.057 + 0.012b 2.043-2.088 15 2.041 + 0.006b 2.027-2.053
Black bullhead catftish 15 2200 £ 0.012¢ 2.182-2.233 15 2.180 £ 0.007¢ 2.164-2.193
Flathead catfish 12 2.148 + 0.009d 2.132-2.166 12 2.141 £ 0.010d 2.125-2.164
Hybhrids
Channel catfish x blue catfish 14 2.076 * 0.007e 2.061-2.085 15 2.060 + 0.008e 2.048-2.073
Channel catfish x black bullhead catfish 15 2.146 £ 0.009d 2.132-2.167 15 2.127 = 0.011f 2.110-2.140
Channel catfish x flathead catfish 15 2.118 £ 0.011f 2.096-2.144 15 2110 £ 0.011g 2.096~2.130
Mean 2.119 * 0.047 2.105 + 0.046
Grand mean 2.112 + 0.047

Homogeneous groupings were made by Scheffe’s multiple range test; values sharing a letter within a family were not significantly different.

* Minimum and maximum values observed for sample.

Table 2. Predicted and actual values of genome size (pg DNA) for half-sibling hybrid catfish

Family 1 Family 2
Group Predicted”  Actual Predicteds  Actual
Channel catfish x blue catfish 2.074 2.076 2.062 2.060
Channel catfish x black bulthead catfish 2.147 2.146 2132 2127
Channel catfish x flathead catfish 2.120 2.118 2.112 2110

< Predicted values were obtained by dividing by two the sum of the mean values of the parental species.

Table 3. Varlation in genome size (pg) observed among half-sibling hybrid catfish and parental stocks

Farmily 1 Family 2
Range Differ- Range Differ-

Group N (pg) ence (%)* N (pg) ence (%)
Parental species

Channel catfish 16 0.033 1.58 15 0.026 1.25

Blue catfish 15 0.045 2.19 15 0.026 1.27

Black bullhead catfish 15 0.051 2.32 15 0.029 1.33

Flathead catfish 12 0.034 1.58 12 0.039 1.82
Hybrids

Channel catfish x blue catfish 14 0.024 1.16 15 0.025 1.21

Channel catfish x black bullhead catfish 15 0.035 1.63 15 0.030 1.41

Channel catfish x flathead catfish 15 0.048 2.27 15 0.034 1.61
Mean + SD* 0.039 1.83 0.030 1.42

< Percentage of difference was calculated by dividing the range by the mean value of the sample.
®Mean + SD for combined families was 0.034 = 0.009 pg and 1.62% + 0.40% difference.

variation of hybrid populations was not
different from the variation of parental
populations, and the values for %CV were
low (mean *+ SD, 2.52 + 0.49; range, 1.82~
3.91) and not different between hybrids
and parental stocks.

In a study of minnows of the genus Phox-
inus (Dawley and Goddard 1988), genome
size of diploid hybrids (3.45 pg) was in-
termediate to the genome sizes of the pa-
rental species, P. eos (3.28 pg) and P. neo-
gaeus (3.65 pg). This, in connection with
the results reported in this article, would
suggest that in fishes genome size segre-
gates as a function of haploid DNA content
and is stable in hybrids, despite the un-
balanced condition that could result from
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intergeneric hybridization and chromo-
somal differences between parental spe-
cies. In the fishes studied, genome size of
offspring was unimodal and exactly inter-
mediate to the values of the parental spe-
cies, a finding that would be expected in
organisms that lack heteromorphic sex
chromosomes. Accordingly, inheritance of
genome size would be expected to be bi-
modal in organisms with heteromorphic
sex chromosomes (e.g., Tiersch and
Mumme, in press). This idea is supported
by the observation that spermatozoa can
be sorted by flow cytometry based on the
difference in DNA mass of the X and Y
chromosomes (Johnson et al. 1987; John-
son and Pinkel 1986).

Chromosome numbers have been re-
ported for channel (58), blue (58), black
bullhead (60), and flathead (56) catfish
(LeGrande 1981; LeGrande et al. 1984). In
general, genome size in the study reported
here seemed to be related to chromosome
number, although the species with the sec-
ond-largest genome (flathead catfish) had
the fewest chromosomes. Hybrid offspring
of the channel catfish x blue catfish cross
have 58 chromosomes (LeGrande et al.
1984). The number of chromosomes of the
other hybrid combinations in this study is
unknown, but it could be predicted, based
on the inheritance of genome size, that the
progeny of the channel catfish x flathead
catfish cross would have 57 chromosomes,
and the progeny of the channel catfish x
black bullhead catfish cross would have
59 chromosomes. It should be noted that
in crosses between channel catfish and A.
catus—the white catfish, which has 48
chromosomes-—the hybrid offspring had
53 chromosomes, a number intermediate
to the parental numbers (LeGrande et al.
1984).

Intraspecific variation in genome size of
ictalurid catfishes is low in comparison to
the variation observed in other verte-
brates. Variation was less than 2.5% for
over 100 fish representing 14 populations
of channel catfish (Tiersch et al. 1990),
and was less than 2.5% for all stocks ex-
amined in this study, which included out-
bred populations of blue, black bullhead,
and flathead catfish. Yet, intraspecific vari-
ation, as measured by microdensitometry
of Feulgen-stained nuclei, averaged 4.86%
for 49 species of minnows of the family
Cyprinidae (Gold et al. 1990), and varia-
tion averaged 10.6% for 19 populations of
17 species of fish of the family Salmonidae
(reviewed in Lockwood and Derr 1992).

Variation within eight species of neo-



Table 4.
catfish, and their hybrid progeny

Predicted and actual values for nuclear volume (um*) of channel catfish, black bullhead

Species N Mean « 8D Min.-Max.*
Chaunel catfish 15 9.92 + 0.66 917-11.57
Black bulthead catfish i5 132+ 071 10.12-12.58
Hybrid

Predicted” 10.62

Actual 15 10.68 + 0.66 9.43 £ 11.94

* Predicted values were obtained by dividing by two the sum of the mean values of the parental species.

*Minimum and maximum values observed.

tropical bats averaged 21.7% (Burton et al.
1989), and variation as large as 35% was
observed within species of pocket gophers
of the genus Thomomys (Sherwood and
Patton 1982). Moreover, the average vari-
ation in genome size attributable to sex
alone was greater than 2.5% between male
and female of 29 species of birds with het-
eromorphic sex chromosomes (Nakamura
et al. 1990). Conservatism during evolu-
tionary history could account for the low
variation in genome size observed for ic-
talurid catfishes in relation to other taxa.
Alternatively, mechanisms such as differ-
ential accumulation and loss of hetero-
chromatin (such as in minnows and pock-
et gophers), diploidization of a recently
duplicated, tetraploid genome (as in
salmonids), or development of hetero-
morphic sex chromosomes (as in birds)
could serve to generate variation in ge-
nome size higher than that observed in
catfishes.

Our use of half-sib families might have
contributed to the low level of variation
observed in this study. Based on obser-
vations of thousands of animals from hun-
dreds of species, we suggest that these
values represent the minimal level of ge-

nome size variation detectable within pop-
ulations by analysis of interphase nuclei
by flow cytometry. In addition, nuclear
volume, estimated by a technique with
markedly lower resolution than flow cy-
tometry, confirmed our observation of in-
termediate genome size in hybrids and
suggests a strong relationship, even in in-
tergeneric hybrids, between the size of the
genome and the volume of the nucleus.
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