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Sex control can solve the problem of stunted black crappie populations in small impoundments. The main objectives of the
present study were (1) to identify sex-reversed males of black crappie from a previously obtained androgen-treated group
using test crosses, and (2) to develop broodstock of sex-reversed males by masculinization of fish from those crosses. An
additional objective of the study was to try to identify sex-specific RAPD markers, which might be used for identification
of sex-reversed males. The progenies resulting from test crosses were divided into two groups: Group I (control) fish were
raised without hormonal treatment, while Group 11 fish were subjected 10 androgen (MT) treatment. Seven progenies were
obtained from the cross of preliminary androgen-treated males with normal females. Six of seven progenies had sex ratio
in Groups I close 10 1:1, and one progeny consisted of females only. This shows that only one male, which generated this
progeny, was a sex-reversed homogametic fish (XX) while the other males were heterogametic normal (XY) fish. In Group
11 the androgen 17a-methyltestosterone (MT) was orally administered to crappie with an artificial diet (30 mg/kg) for 40
days beginning 35 days post hatching: androgen-treated groups consisted of 95-100% males. Sex-specific random-amplified
polymorphic DNA markers were not identified in black crappie.
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INTRODUCTION

The black crappie Pomoxis nigromaculatus is a popular
sportfish in the United States and has potential as an aqua-
culture species. One of the main obstacles to successful man-
agement of their populations in ponds or small impoundments
is their high rate of reproduction, which leads to overcrowding
and subsequent stunting (USDA, 1983; Mitzner, 1984; Martin,
1988; Hooe, 1991). Rearing of monosex progenies obtained by
genetic sex regulation, including the crossing of normal and
sex-reversed fish, might solve this problem. This method of
genetic sex regulation allows the production of monosex pop-
ulations on a large scale by a simple breeding process, elimi-
nates the need for continued use of hormones, and ensures that
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hormone-treated fish will not be consumed by humans (Hunter
and Donaldson, 1983; Devlin and Nagahama, 2002).
Gomelsky et al. (2002) successfully induced hormonal sex-
reversal in black crappie and demonstrated female homogamety
(females XX, males XY) in this species. For species with female
homogamety, the most practical way of genetic sex regulation
is crossing sex-reversed (XX) males (neomales) with normal
females (XX) for the production of all-female progeny.
Previous attempts to produce monosex male black crappie
populations through direct hormonal sex reversal yielded vari-
able results. Al-Ablani (1997) achieved up to 79% masculin-
ization by oral administration of trenbolone acetate (TBA). Al-
Ablani and Phelps (1997) obtained 90% masculinization by
feeding fish with feed containing 17a-methyltestosterone (MT).
Gomelsky et al. (2002) achieved 95% masculinization by oral
administration of MT. Finally, Arslan and Phelps (2004) ac-
complished 100% masculinization by immersing fry in TBA
and MT solutions. One objective of this present investigation
was to further develop the masculinization technique in black
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crappie with special attention on identifying proper size and age
as critical factors to the initiation of androgen treatment.

After the masculinization of the normal progeny, the sec-
ond step for genetic sex regulation is to distinguish the sex-
reversed males XX from genotypic males XY. Test crossing of
males from the androgen-treated groups is usually used for this
purpose (Hunter and Donaldson, 1983; Purdom, 1993). Sex-
reversed males (XX), when crossed with normal females (XX),
produce all-female progenies, while normal males (XY) give
mix-sex progenies. Another objective of the present study was
to identify sex-reversed males of black crappie in a previously
obtained androgen-treated group and to develop broodstock of
sex-reversed males by masculinization of the XX progenies ob-
tained in test crosses.

Progeny testing to identify sex-reversed males can be tedious
and requires extensive facilities. Another approach to identify
sex-reversed males is to develop sex-specific DNA markers.
Segments of the Y chromosome may have distinctive DNA
sequences that differ from those found in the X chromosome
(Dunham, 1990). If a molecular marker is located in the sex
chromosomes, it can be used for the identification of genetic
sex. One of the first systems to identify genetic sex in fish
was elaborated by Devlin et al. (1994) for Chinook salmon
Oncorhynchus tshawytscha. Since this study, additional species
have had sex genetic markers identified, including rainbow trout
Oncorhynchus mykiss (Iturra et al., 1998) and African catfish
Clarias gariepinus (Kovécs et al., 2001) using random am-
plified polymorphic DNA (RAPD). Amplified fragment length
polymorphism (AFLP) was used for DNA sex identification in
the three-spined stickleback Gasterosteus aculeatus (Griffiths et
al., 2000), the white shrimp Litopenaeus vannamei (Pérez et al.,
2004), and the puffer fish Takifugu rubripes (Cui et al., 2006).
The application of the RAPD assay (Welsh and McClellan,
1990; Williams et al., 1990) together with bulked segregant anal-
ysis (Michelmore et al., 1991) has created an efficient approach
to identify genetic markers associated with specific regions of
the genome. Thus, the third objective of the present study was
to attempt to identify sex-specific RAPD markers, which might
be used for identification of sex-reversed males.

MATERIALS AND METHODS

The experiments were conducted at the Aquaculture Re-
search Center, Kentucky State University, Frankfort, in 2004
and 2005. Mature males obtained from a preliminary androgen-
treated group in 2002 (Gomelsky, unpublished) were test crossed
with normal females. The males represented 56% of this
androgen-treated group as compared with 24% in the control
group. The general scheme of the experiment was the following
(Figure 1): males from the 2002 preliminary androgen-treated
group were individually crossed with normal females to iden-
tify neomales. To move toward development of neomale brood-
fish and establish sex reversal efficiency, the resulting proge-
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nies were divided into two groups. Group I (control) fish were
raised without any hormonal treatment while the fish in Group
IT were subjected to androgen (MT) treatment to achieve fish
masculinization. The final step was the investigation of fish sex
ratios in control and androgen-treated groups. The sex ratio in
Group I would indicate whether the male genotype of XX or
XY was used for production of given progeny. The sex ratio
in the androgen-treated group would show the effectiveness of
hormonal sex reversal.

Average weights of males used in test crosses were 120+ 34 g
(mean £ SD) and 162 & 38 g in 2004 and 2005, respectively. Av-
erage weights of females were 1053-39 gand 143 £ 40 gin 2004
and 2005, respectively. For induction of spawning, fish were
injected intramuscularly with human chorionic gonadotropin
(HCG) at a dosage level of 1,000 IU/kg BW. Injected breed-
ers were paired (one male:one female) and placed into separate
115-L aquaria for natural spawning. After spawning, brooders
were removed from the aquaria. In 2004, the males used in test
crosses were sacrificed after spawning, and the testes were ob-
served macroscopically and fixed in a 10% solution of buffered
formalin for further histological examination. After transition to
active feeding (beginning 6 days post hatching), the larvae were
subsequently stocked to nursery ponds or tanks.

A total of seven progenies were produced in 2004 and 2005
(Table 1). Survival of progeny 1-2004 was low, and therefore it
was not split into two groups and MT treatment was not applied.
The other six progenies (one from 2004 and five from 2005)
were divided, as planned, into control (Group I) and MT-treated
(GroupII) groups. For MT treatment, fish collected from nursery
ponds or tanks were placed into round 0.8-m? tanks. During the
40-day treatment period, fish were fed with an automatic belt
feeder (Fiap Fish Technik, Hohenburg, Germany), continuously
releasing a prepared diet (INVE Aquaculture, Dendermonde,
Belgium) containing 30 mg/kg of | 7a-methyltestosterone (MT).
The MT-containing diet was prepared according to a technique
used in experiments on hormonal sex-reversal of striped bass,
Morone saxatilis, and their hybrids (Gomelsky et al., 1999).
The 17a-methyltestosterone (Sigma, St. Louis, MO, USA) was
suspended in a small quantity of edible vegetable oil (2-3% of
the weight of the diet) and mixed with the prepared diet. The
water temperature during MT treatment was 26-28°C. After
hormonal treatment, fish were stocked in earthen ponds and
raised on natural foods.

The fish of Group I from progeny 2-2004 were fed an
androgen-free diet in a 0.8-m? tank over the 40-day period and
later stocked into an earthen pond. In other progenies, the con-
trol groups of fish were stocked directly to ponds from nursing
tanks or ponds.

The effectiveness of the androgen treatment was determined
by inspection of 5-month-old fish, except for the progeny from
2-2004, which were sexed at 13 months (Table 1). The gonads
were sexed by examination of their morphological structure and
color under a microscope using the “squash” method (Guerrero
and Shelton, 1974). Further, histological preparation and exam-
ination were performed. Gonad samples were fixed in a 10%
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Table 1 Fish lengths (mean £+ SD) and survival (%) during the period of treatment with 17 a-methyltestosterone (MT) and sex distribution
in control (Group 1) and MT-treated (Group 1) groups of progenies obtained in test crosses

X Lengths (mm) during
Initial period of MT treatment Length Number Sex (%)
Progeny Number of fish of fish Genotype
Year Group of fish Initial Final Survival analyzed analyzed Males Females of male

1-2004 Control 75 60.0 155.7+ 0.7 40 — 100.0 XX
2-2004 MT-treated 81 212+ 1.3 28.1+02 88.9 1492 £ 10 27 100.0 —

Control 82 212+ 13 339404 95.1 1226 £2.9 23 54.5 45.5 XY
1-2005 MT-treated 40 160+ 1.5 33 67.5 104.1 £0.7 8 100.0 —

Control 35 N/R 157.8 £ 0.6 13 539 46.1 XY
2-2005 MT-treated 450 202+18 26.1+3.9 46.0 100 + 0.4 21 95.2 4.8

Control 600 N/R 1263+ 0.5 49 449 55.1 XY
3-2005 MT-treated 400 206+ 14 299+ 4.1 41.3 1162+ 0.6 18 100.0 —

Control 300 N/R 140.3+ 0.5 75 573 427 XY
4-2005 MT-treated 100 17.1 £ 1.1 354+ 4.1 89.0 106.6 £ 0.7 20 950 5.0

Control 65 N/R 129.3+ 0.9 44 38.6 61.4 XY
5-2005 MT-treated 600 21.1+02 295+0.5 62.2 97.5+0.8 31 100.0 —

Control 500 N/R 1258 +£ 0.4 77 51.9 48.1 XY
4Data for one fish.
N/R = not recorded.

IXY x §XX
MT
treatment
Androgen-treated Expected ratio of
group 6\6\XY and 6\R6\RXX normal and sex-
reversed males is 1:1
If Test If
IXY x XX crosses JrXX x XX

MT
treatment

Then
50% 9 XX 50%3rSrXX
50% 33XY 50%33XY
Group I Group I1
(control) (androgen-treated)

MT
treatment

Group 1

(control)

Then
100%22XX 100%J3Rr3rXX

Group 11
(androgen-treated)

Figure 1 Schematic diagram of the protocol used to identify sex-reversed males (J'r) that are capable of producing all-female progenies.
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Figure 2 Normal testis of the sex-reversed male, which produced all-female progeny. The gonad showed various stages of spermatogenesis (sc: spermatocytes;
sd: spermatids; sz: spermatozoa).

solution of buffered formalin and embedded in paraffin; cross
sections (7 wm) were stained with hematoxylin and eosin. De-
viations of the sex ratios from 1:1 were assessed by means of a
chi-square test.

DNA extraction and the RAPD marker system used were
conducted using previously published protocols (Lowe, 2005).
For identification of sex-specific DNA markers, the normal mix-
sex progeny obtained in a study on inheritance of predorsal
black stripe in black crappie (Gomelsky et al., 2005; progeny
group 3) were used. Samples (i.e., fin clips) were collected from
5-month-old fish; fish mean length was 10.58 + 0.5 cm. The
sex of each fish was identified. The fin clips were preserved
into 95% ethanol until processed. DNA was extracted from
the samples with the Promega Wizard® Genomic DNA Purifi-
cation Kit (Promega Corporation, Madison, WI, USA) using
the protocol for mouse tail extraction with the exception that
the tissue was initially incubated at 65°C instead of 55°C. Ap-
proximately 18-39 mg of tissue was used for each extraction.
Following extraction, the DNA concentration was determined
using a Pharmacia Biotech GeneQuant Pro Spectrophotome-
ter (Amersham Biosciences, Piscataway, NJ, USA). Following
quantification, portions of the DNA stocks were diluted to a
concentration of 1 ng/ul and held at 4°C until used as a tem-
plate source for all PCR reactions. Conditions for PCR reactions
were 1X PCR buffer, 0.02 mmol dNTPs, 0.195 pmol/ul primer,
0.1 U/ul Taq polymerase, 2.5 mmol MgCl,, 1 ng/ul DNA tem-
plate, and 10.8 ul H,O, for a total volume of 20 ul. Two pairs
of pools (males vs. females) were generated from individual
DNA samples; the number of individuals per pool was six and
contained an equal amount of DNA from each individual. These
resulting two pools were screened against the father and mother
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(i.e., parents which produced this progeny). A total of 47 RAPD
primers from Operon and University of British Columbia (UBC)
primers sets were screened against two pools of full sibs of six
females (daughters), six males (sons), and their parents (father
and mother). All PCR reactions were performed in a Gene Ame
System 9700 thermal cycler (Applied Biosystems, Foster City,
CA, USA) using the same program, which consisted of an ini-
tial period of 94°C for 5 min, followed by 45 cycles of 1 min
at 95°C, 1 min 30 sec at 36°C, 30 sec at 54°C, and 2 min at
72°C, with a final extension period of 15 min at 72°C. Follow-
ing amplification, PCR reactions were electrophoresed on 300
ml 1.4% agarose gels in 1/2X TBE buffer at 120 V for approx-
imately 4 hr to separate PCR products. After electrophoresis,
gels were stained using ethidium bromide and visualized on
a UV transilluminator. A digital photo using a Kodak DC120
digital camera (Kodak, Rochester, NY, USA) was taken for sub-
sequent gel analysis. Gels were scored based on the presence or
absence of specific products for each primer. Promising primers
that amplified a band shared only by either the pool of sons and
the father, or by the pool of daughters and the mother, were
examined in individual males and females.

RESULTS

The data on fish survival during the period of hormonal
treatment and sex distributions in the control (Group I) and MT-
treated groups (Group II) are given in Table 1. In six of the seven
progenies, the sex ratios in the control (intact) groups did not
differ significantly from a 1:1 ratio (p > 0.05). In the progeny
1-2004, the control group consisted of all females (Table 1).
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Fry survival in Group II during MT treatment ranged from
41-89%. Investigation of fish sex ratio in the MT-treated groups
showed that the androgen treatment was highly effective. The
MT-treated groups in four progenies (2-2004, 1-2005, 3-2005,
and 5-2005) consisted of males only; in two progenies (2-2005
and 4-2005) the percentage of males in MT-treated groups was
95%.

Histological analysis confirmed sexing of fish in progenies
based on examination of morphological structure and color of
gonads and revealed a normal process of spermatogenesis in
the testes. The testes of the male, which produced all-female
progeny (1-2004), also had normal histological structure (Fig-
ure 2). Male sexual cells of different stages (spermatogonia,
spematocytes, and spermatids) were developed in cysts located
in the walls of seminiferous tubules; agglomerations of sperma-
tozoa were located in the lumens of seminiferous tubules.

A total of 47 different RAPD primers were tested. A total
of 324 bands were examined and each primer produced eight
bands on average. Several primers produced bands that were
observed only in the sons’ bulked and father’s DNA samples
but not in the daughters’ and mother’s DNA samples (Figure
3). Further analysis of individual fish samples showed that these
differences were not sex-specific but resulted from occasional
segregation of fish with and without bands among “female” and
“male” groups. Finally, it was concluded that none of the 47
tested primers produced sex-specific bands.

DISCUSSION

From the seven progenies obtained in test-crosses, six had
a sex ratio in control groups of approximately 1:1 and only
one (1-2004) consisted of females only. This demonstrates that
only the male, which generated this progeny, was a genotypic
sex-reversed fish (XX), while the other males were genotypi-
cally normal (XY). This is the first report of the ability of a
sex-reversed male black crappie to reproduce naturally and to
produce all-female progeny. In a previous study on sex rever-
sal in this species, the progenies from sex-reversed males were
obtained artificially by sacrificing the fish and macerating their
testes (Gomelsky et al., 2002). Unfortunately, the number of
fish in progeny 1-2004 was low and, supposedly, not sufficient
for androgen treatment. Therefore, we have not produced sex-
reversed males in larger quantity for further development of
sex-reversed broodstock. The reason for the observed low fre-
quency of sex-reversed males (one from seven) in the tested
group is not clear. As mentioned above, the tested androgen-
treated group had 56% males, while the control group had a sex
ratio shifted to the prevalence of females (24% males:76% fe-
males). Therefore we expected that the ratio of normal (XY) and
sex-reversed (XX) males in the tested androgen-treated group
should be close to 1:1. It is possible that sex-reversed males have
less profound secondary sexual traits (spawning color, etc.) and
therefore have not been chosen for spawning. This hypothesis
should be tested in further studies.

reviews in fisheries science

Figure 3 Agarose gel (1.4%) of RAPD-PCR amplification products using
primer OPJ1. The pooling of sons and daughters were screened against the
father and mother. The arrow indicates an amplification product which thought
to be specific to the male DNA.
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Table 2 Comparison of the different studies of masculinization of black crappie by oral administration of MT

Lengths (mm) during

MT Ageat period of MT treatment
dosage the start of % %

mg/kg  MT treatment duration®  MT treatment” Initial Final Survival Males References
30 30 40 23+22 28437 40 71 Al-Ablani and Phelps, 1997
60 30 40 23+22 27434 47 90 Al-Ablani and Phelps, 1997
60 30 60 24 +34 30+3.1 57 57 Al-Ablani and Phelps, 1997
30 30 37 35+03 55+0.8 94 95 Gomelsky et al. 2002
30 30 45 35+2.1 53405 73 56¢ Gomelsky unpublished data
60 45 45 20+ 1.4 38+40 60 49 Arslan and Phelps, 2004
60 45 45 26+20 40+ 35 64 50 Arslan and Phelps, 2004
30 40 35 20+ 25 29+ 46 55 95-100  Present Study
4Days.

PDays post hatch.

“Sex ratio in the control group was significantly different (P < 0.025) from a 1:1 ratio.

Oral administration of 30 mg 17a-methyltestosterone per kg
of feed for 40 days, starting with 35-day-old black crappie, is a
feasible technique for masculinization. Four of the six trials in
this study resulted in 100% masculinization. The other two trials
resulted in 95% males. Overall, this method resulted in 98.7%
male progeny. This method generates the highest percentage of
males compared with previous studies that used oral adminis-
tration of MT in black crappie (Table 2). Al-Ablani and Phelps
(1997) achieved 90% males starting with an older fry (40 days
old), higher dosage (60 mg MT/kg), and shorter MT duration
(30 days). Gomelsky et al. (2002) used the same dosage as the
present study, but in an older fry (37 days old) and produced 95%
males. In a second attempt, Gomelsky (unpublished data) tried
to achieve sex reversal in older fry (45 days old) but attained
only 56% males (vs. 24% males in control). Finally, Arslan and
Phelps (2004) decided to prolong the treatment for 45 days us-
ing 60 mg MT/kg diet to 45-day-old crappies without success
(50% males). Thus, the labile period, during which endocrine
sex reversal is possible, appears to be between 35 to 40 days
post-hatch for black crappie. It is important to mention that,
in this study, the feeding of fish was done by automatic feed-
ers. Crappie fry only eat artificial feed when pellets are falling,
but do not eat from the bottom. With the use of an automatic
feeder, the fish were exposed to the hormone constantly, which
ensured a sufficient dosage. This differs from Al-Ablani and
Phelps (1997) and Arslan and Phelps (2004), who fed fish four
times a day.

One possible disadvantage of the current method is overall
low survival of the MT-treated groups (from 41 to 89%). Pandian
and Kirankumar (2003) stated that hormonally sex-reversed fish
suffered from low survival and functional deficiencies. However,
in these experiments, all dead fish were weak and thin, indicating
that the probable cause of mortality was starvation. Treated
crappie presented normal gonadal development, and no intersex
fish were found. The present data suggest that the age of the fish
(rather than their size) may be used as a practical criterion for
determining the appropriate period of androgen treatment.
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A promising method for distinguishing sex-reversed males
(XX) from normal males (XY) is the development of DNA sex-
specific markers. These markers have been identified in guppy
Poecilia reticulata (Nanda et al., 1990), Chinook salmon On-
corhynchus tshawytscha (Devlin et al., 1991), jackdaw Corvus
monedula, zebra finch Taenopygia guttata (Griffiths and Tiwari,
1993), rainbow trout Oncorhynchus mykiss (Iturra et al., 1998),
platyfish Xiphophorus maculatus (Coughlan et al., 1999), and
several other species. It should be noted that the attempts to
detect a molecular marker for the identification of sex in several
fish species such as Nile tilapia Oreochromis niloticus (Mc-
Connell et al., 1996; Bardakci, 2000), Atlantic salmon Salmo
salar (McGowan and Davidson, 1998), the green spotted puffer-
fish Tetraodon nigroviridis (Li et al., 2002), and sturgeons
Acipenser spp. (Wuertz et al., 2006) failed. In the present study,
we screened only 47 RAPD primers and, despite observed DNA
marker polymorphisms, did not identify any sex-related mark-
ers. Screening of additional primers may still result in the iden-
tification of sex-related RAPD markers in crappie.

In summary, these studies clearly demonstrated the potential
to achieve high rates of masculinization in black crappie when
androgens are applied by oral administration to 35-day-old fry.
The dosage and duration of treatment within a particular age are
critical to treatment effectiveness. The results of this study show
the promising possibility for producing all-female progenies
in black crappie by naturally crossing sex-reversed males with
normal females. The data obtained will be used in further studies
on the development of a genetic sex regulation technique for this
species.
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