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Abstract

We describe the results of a breeding programme for Nile tilapia Oreochromis
niloticus, incorporating estrogen induced sex reversal of mae to female and progeny testing, to
generate nove ‘Y'Y’ mae genotypes. ‘Y'Y’ male genotypes proved to be as viable and fertile
asnorma XY males, and to Sre amean progeny sex ratio of 95.6 % mae. While these results
confirm the hypothesis of predominantly monofactorial sex determination, there appearsto be a
genetic basis for the occurrence of occasond femaesin the progeny of ‘YY’ mades. Itislikey
that these arise through the action of several autosoma sex modifying genes. We report the first
ingdance of feminization of Y'Y genotypesin tilapia and the mass production of ‘Y'Y’ mdes
through YY x Y'Y matings, obviating the need for time consuming progeny testing to
discriminate XY and YY mae genotypes. This enablesthe production of Y'Y’ maes and their
al mae progeny, known as genetically mae tilgpia (GMT), to be mass produced on a
commercia scae. We concludethat the “Y'Y mae technology” provides arobust and reliable
solution to the serious and widespread problem of early sexua maturation, unwanted
reproduction and overpopulation in tilgpia culture.

I ntroduction

The Niletilgpia, Oreochromis niloticusiswidely used in tropica aquaculture and is
becoming an increasingly popular speciesfor culture in environmentaly controlled conditionsin
temperate countries. Aquaculture statistics for 1993 place annua world production for this
gpecies a > 365,000 metric tonnes (FAO 1995) which islikely to be an underestimate.
Production is presently expanding rapidly, especidly in Southeast Asa, and the Niletilapiais
now the principa species of choice in freshwater aguaculture in many tropica countries.

This species has been the focus of consderable biologica research with genetics
receiving much emphasis (Pullin and Maclean 1992). Many studies have concentrated on the
genetic basis of sex determination in O. niloticus and other Oreochromis species, as reviewed
by Mair et d. (1991a and b), and Trombka and Avtaion (1993). The interest in the genetics
of sex determination in tilgpiais mativated by the practical and commercia implications of the
production of monosex progeny for use in aquaculture in addition to fundamentd scientific
curiosty.

Culture of monosex progeny, preferably males, which, in tilapia species, grow faster
and to alarger gze than females, has long been recognised as the most effective solution to the
widespread problem of early sexua maturation and uncontrolled reproduction in tilapia culture.
To date, this has been achieved ether through manua sexing, direct hormona sex reversal or
hybridization, the relative merits of which are reviewed by Mair and Little (1991) and
Wohifarth (1994). All of these techniques have significant disadvantages in their gpplication
and none has become widely used in aquaculture, especidly in developing countries. Thisisin
contrast to the widespread culture of monosex female salmonids produced through genetic
manipulation of sex determination (Bye and Lincoln 1986).



Although much studied, the precise mechanisms by which sex is determined in tilgpia,
gpecificdly O. niloticus, are not fully understood. Early hypotheses were based on the sex
ratios observed in hybrid crosses of different species, the most comprehensive of these
hypotheses being that based on a theory of autosoma influence (Hammerman and Avtdion
1979). However, s0 far, no theory based on hybrid sex ratios successfully explains all
observed sex ratios, which may be highly variable in some crosses such as those between O.
niloticus and O. aureus. Recent research has concentrated on intra-specific sex ratios.
Severd authors have presented evidence which indicates that O. niloticus has a predominantly
monofactorid mechanism of sex determination with heterogametic XY maes and homogametic
XX femdes(Mair et d. 1991a; Trombka and Avtdion 1993). However, thissmple
monofactoria hypothesisfailsto explain some deviations from predicted sex ratios based on
gudiesinvolving sex reversa and chromosome set menipulation. Hussain et a. (1994)
hypothesised the exigtence of an autosoma sex modifying locus (with dldes SRand sr)
epidtatic to the gonosoma |ocus and which induces femade to mae sex reversal when s is
homozygous. This hypothesis was developed to explain the occurrence of varying proportions
of maes in heterozygous and homozygous meiotic and mitotic gynogenetic progeny (Mair et d
1991aand Hussain et d., 1994). However, this hypothesis dtill fails to explain some of the
aberrant sex ratios observed in crosses of hormonaly sex reversed fish, and it has been
concluded that these arise through additiond autosomd influences and/or environmenta
influences (Mair et d. 1990; Trombka and Avtalion 1993). Barailler et d. (1995) presented
evidence for atemperature effect on sex differentiation. In putetive dl-femae progeny from
androgen sex reversed males (XX) crossed with norma femaes, they observed significantly
higher proportions of aberrant males in progeny reared at high temperatures (36°C ) during the
period of sex differentiation. Similar results have been obtained in our laboratory using different
grainsof O. niloticus (J.S. Abucay, FAC, CLSU, N. Ecija, unpubl. data). The hypothes's of
atemperature effect on sex determination still does not explain the occurrence of asmall
percentage of malesin the putative monosex female progeny reared at ambient temperatures.
Thus, currently available dataindicate that sex determination in O. niloticus, while influenced
by severd factors, is best described as “predominantly monofactorid”, with an underlying
mechanism of mae heterogamety playing the mgor role.

Based on this hypothesis of predominantly monofactoria sex determination, severa
authors have proposed a breeding programme through which novel *YY’ maes could be
generated in O. mossambicus (Yang et d. 1980; Varadarg and Pandian 1989) andin O.
niloticus (Mair 1988; Baroiller and Jaabert 1989; Scott et d. 1989). These authors
demondrated the viahility of very smdl numbersof ‘Y'Y’ maes, but none demondtrated that
these could be produced and spawned on the large scale that would be necessary for the
technology, termed the“ Y'Y mae technology”, to be applied to aquacultura practice. Our
objectives in this study were to further investigate sex determination in O. niloticus, to
determine the viability of, and the progeny sex ratios produced by, ‘YY’ mdes, and to test the
feadbility of large scae production of al-mde tilgpia through genetic manipulation of sexud

phenotype.



Materialsand M ethods
Genetic origins of stocks and genetic nomenclature

Thedran of O. niloticus used in these investigations, known in the Philippines as
“Egypt-Swansed’, originates from L. Manzala, Egypt, where it was collected and transferred
to the University of Stirling, Scotland in 1979 (Hussain 1992). Severd introductions of this
drain were made to the University of Waes Swanseain the 1980s. Severa hundred fish,
including a number of estrogen treated phenotypic femaes, representing more than ten families,
were transferred in 1989 to the Philippines where our experiments were carried out.

In this paper the genetic nomenclature for the description of hormone treated fish
described by Mair et d. (1987) is used: the sex symbol refersto the functiona reproductive
phenotype, with a delta (D) prefix denoting functiona sex reversa. Thus, agenetic mde
reversed to female by estrogen trestment is denoted as D #.

The breeding programme

The breeding programme adopted (Fig. 1) has a number of distinct steps:

1. Feminization of sexudly undifferentiated progeny from normal crosses. this has been
successfully achieved in this strain (Mair 1988 and Scott et d. 1989) and by severd
authorsin anumber of other Oreochromis species (Scott et al. 1989; Varadarg) 1989;
Rosengtein and Hulata 1994).

2. Identification of sex reversed femaes (D2 # - XY) by progeny testing: the morphology,
behaviour and karyotypes of sex reversed femaes isindigtinguishable from that of their
gendticdly femae sblings and thus they can only be identified by progeny testing themin
crosses with normal XY maes. Progeny sex ratios gpproximating 3:1 are indicative of a
materna XY genotype. Identification by progeny testing of hormonally induced and one
neturally occurring D¢ 2 (XY) was reported by Mair et d. (19914). Five further estrogen
treated D2 2 were identified from among fish transferred to the Philippines.

3. Crossng of theD# ¢ (XY) identified in step 2, with norma maes (XY): thisshould
generate progeny including gpproximately 25% ‘Y'Y’ maes. Each of the five identified D
2 ¢ (XY) was crossed to norma males and the progeny reared for use in progeny testing.

4. Progeny tegting of malesto identify Y'Y genotypes atota of 54 maes from these five
crosses were progeny tested with norma femaes. 1t was hypothesised that *YY™ maes
would sre only male offspring. Mair et d. (1991a) previoudy reported the identification of
four ‘YY" maesin the progeny of asingle naturaly occurring D#. Although it is possble
to identify *YY’ maes at this stage investment of time and resources in progeny testing
would beimpractical on alarge scale. It isfor thisreason that it was necessary to
complete the succeeding stages of the programme.

5. Crosang of identified ‘Y'Y’ madeswith previoudy identified D# ¢: sx D# ¢ (five were
second generation D2 ¢ produced by estrogen treatment of progeny from theinitia XY x
XY crosses, progeny tested asin step 2) and Six ‘Y'Y’ males were used in nine crosses to
generate familieswitha L:1 ratio of YY and XY genotypes. The progeny from these




crosses were each divided into two batches, one of which was treated with estrogens for
feminization.

6. Progeny testing of estrogen trested femdes (D# - XY and D# - YY) and non-treated
maes for identification of Y'Y genotypes. it was hypothesised that 50% of all sex reversed
femaes would be of the Y'Y -genotype, assuming no differentid feminization of XY and YY
genotypes. In the progeny testing of these sex reversed femaeswith norma XY maes,
XY femaes would be expected to produce 3:1 sex ratios, whilst ‘Y'Y’ femdeswould give
dl- or nearly dl-made progeny. In practiceit isdifficult to discriminate between these two
progeny sex ratios satisticaly for YY x XY crosses which produce some femae offspring.
Thus femdes from dl but one of these families were progeny tested using previoudy
identified androgen sex reversed maes (XXD«'). Usng thesemaes XY and ‘Y'Y’
femaeswould produce 1:1 and 1:0 sex ratios respectively, which are easily separated
datigticaly. A tota of 113 sex reversed females were progeny tested in thisway.

A tota of 158, non-treated males were progeny tested, as a control to test the hypothesis
that 50% of genotypeswould be YY.

7. Crossng of identified ‘' YY’ maeswith identified ' YY’ femdes(D#): in order to produce
‘YY’ maesin large numbers without the need for each to be progeny tested, it was
necessary to demondrate that ‘' YY’ maesand ‘Y'Y’ females could be bred together and
would generate sufficient numbers of viable YY made progeny.

8. Progeny testing of maesfrom YY x YY matingsto verify their YY genotype atota of 61
malesfrom severd YY x Y'Y crosses were reared and progeny tested. 1n addition some
progeny from severd YY x YY crosses were feminized to produce future YY mde
producing broodstock. Twelve of these females were progeny tested using XX D&,

In anticipation of the future production of large numbersof *YY’ maes and for the
provison of sex reversed maes (D & - XX) to be used in progeny testing, we aso devel oped
dl-femdelinesin the same grain of O. niloticus. In this programme, progeny from normal
crosses were masculinised by ord agpplication of the androgen 17a - methyltestosterone. These
males were progeny tested with normal females and sex reversed D" & (X X), and identified
based on the hypothesis that they should produce only female progeny. A second generation
of masculinization enabled the production of large numbers of D& & (XX) obviating the need
for time consuming progeny testing. The Da & (XX) were viable and produced mean sex
ratios of approximately 95% femae (G.C. Mair, Universty of Waes Swansea, unpubl. data).

Sex reversa by ora application of estrogens and androgens.

Functiond sex reversd ismost easily achieved through orad application of estrogens
and androgens incorporated into the feed and administered during the period of sex
differentiation which is known to be fixed by between 14 (Srisakultiew 1993) and 30
(Alvendia- Casauay and Carino 1988) days post- hatch.

Firg feeding fry were collected from incubetors following artificia incubation. Fry
were trandferred at a dengity of gpproximately 1,000 per m?, to fine mesh net cages (1 x 1 X

1m) suspended in fertilized earthen ponds and fed with a hormone treated feed,
Figure 1. Schematic diagram of the breeding programmefor thelarge scale production of YY-male
broodstock.
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ad libitum, four times daily. Adaptations of protocols for feminization optimized by Rosengtein
and Hulata (1994) and Mair and Santiago (1994) were applied asfollows. fry were fed with a
powdered feed containing 1,000 mg.kg'1 of Diethylgtilbestrol (DES) for 20 days. Adaptations
of commercia protocols were gpplied for masculinization (Guerrero I11 and Guerrero 1988

and VeraCruz and Mair 1994). Fry were fed afeed containing 17a-methyltestosterone a 40

mgkg™ for 25 days. Following hormone trestment, fry were transferred to net cages for
rearing to sexua maturity.

Progeny testing

For progeny testing sexudly mature fish (150 - 200 days) were stocked in 1m? fine
mesh cages immersed in earthen ponds to a depth of 60cm, for spawning, either as Single pairs
or with one male to three femaes. Cages were checked every seven days and eggs or fry
removed from incubating femaes. Spawned maes or femaes were then individualy tagged
using Passive Integrated Trangponder (PIT) dectronic tags and stocked communaly in
concrete tanks. Eggs and fry were incubated artificialy up to the completion of yolk sac
absorption whereafter they were stocked as sib groupsin fine mesh cages, for rearing. Fry
were reared for gpproximately three months until they attained a mean mass of 3g, before being
killed and sexed using the gonad squash technique of Guerrero and Shelton (1974). In larger
families where it was not deemed necessary to sacrifice the entire family, aminimum sub-
sample of 100 fish was taken a random, avoiding sSize bias, which may have favoured the
sdection of larger males,

All s ratios were tested againgt a 1:1 sex ratio (or 3:1 when testing for XY D#
crosed with norma XY maes) using the chi-squared test. A dringent statistical criterion was
adopted for the designation of parental genotypes when progeny testing for ‘Y'Y’ maesor
females, hypothesised to produce dl- or nearly al-mae progeny. A 5% leve of probability
was not deemed sufficiently stringent to permit the confident designation of genotypes. Thus
potentia Y'Y genotypes producing sex ratios, in crosses with XX genotypes, that were not
sgnificantly different from 1:1 or only significant a the 5% leve (0.01< P < 0.05) were
designated as XY. Only those producing mae-skewed sex ratios different from 1.1 at a
probability level of 0.1% (P < 0.001) were designated YY. This procedure dso helped to
minimize the chance of making atype | error in the identification of ‘Y'Y’ maes. No genotype
was designated for parents of families faling between these two criteria (0.05 > P < 0.01).

Proportionsof ' Y'Y’ maesidentified in progeny of XY x XY and XY X YY crosses
were tested againgt the 1:1 expectation using the chi-sguared test.

Results

Five sex reversed femaes (D# ) had previoudy been identified anong DES trested
fish and were used in seven crosses with norma maes (XYD# x XY ) to produce families
including 25% Y'Y genotypes for progeny testing (Mair et d. 1991a and unpublished data).



Progeny testing of maesfrom XYD# x XY & crosses

A totd of 54 maesfrom saven XY x XY matings were progeny tested in crossesto
randomly sdected norma femaes. More than 3,500 fry were sexed with an average of 69.5
fry per family (Table 1). Thiswas deemed an adequate sample size to gain an accurate
estimate of family sex ratio. Using pre-defined criteriafor allocation of genotypes, 50% of
these maleswere classed as XY, 38.9% as YY and 11.1% were not classified because their
progeny sex ratio was different from 1:1 at P < 0.01 but not at P < 0.001.

The frequency digtribution of family sex ratio is dearly bimodd, those from XY maes
being normally distributed around a 1:1 sex ratio and a peak a 100% male representing the
modal sex ratio for progeny of designated ‘' YY' maes (Fig. 2a).

The heterogeneity chi-squared (based on the difference from 1:1 ratios) for the sex
ratios of designated XY maeswas not sgnificant (C?z6 = 36.33). However, the sex ratios
produced by designated ‘Y'Y’ maes were significantly heterogeneous (C2zq = 50.21) due to
one outlying sex ratio of 67.0% mae. If thisoutlier is removed the c2 vaue becomes non-
sgnificant (%19 = 15.80). When dl sex ratios are considered together, they are highly
heterogeneous (C3sq = 775.64; P < 0.001).

Progeny testing of maesfrom XYD# x YY & crosses

The results from the progeny testing of males from the later crossesof XYD# x YY &
follow asmilar trend. Of 158 maestested in crosses with norma females, 41.8% were
designated as XY, 54.4% as YY and only 3.8% were unclassified (Table 1). The proportion
of ‘Y'Y’ maeswas not Sgnificantly grester than the predicted 1:1 ratio. Similar range (71.7 -
100%) and mean (96.4%) proportions of males were observed as with the previoudy
identified *YY’ maes. Dedgnated XY maes produced sex ratios dightly skewed to mae
(56.6% mde) in this set of progeny tests. The family sex ratio frequency digtributions (Fig. 2b)
shows a pattern Smilar to that from testing progeny of XY x XY crosses dthough, as
hypothesised, there was ardatively higher proportion of ‘Y'Y’ males.

Chi-sguared heterogeneity valuesfor sex ratios from males designated as XY and as
YY were not sgnificant (C3es) = 90.89 and c?7g = 103.90 respectively). All sex retios
consdered together were highly heterogeneous (c?1s7 = 2,168.58; P < 0.001).

Progeny testing of DES treated femdesfrom XYD2 x YY & crosses

Femaes were sdected for progeny testing at random from nine DES treated families of
XYD# X YYd crosses (see Table 2). A tota of 113 females were tested, the mgjority (105)
in crosses with sex reversed XX D« to facilitate Satistical discrimination of XY and YY
genotypes. No ‘Y'Y’ maes were designated from the eight progeny tests of females from
family 1, which were tested with XY mades. Thisislower (P < 0.01) than the expected
proportion and is possibly a consequence of the difficulty in designating genotypes associated
with the 3:1 sex ratios expected from tests of XYD#. Overall 50.4% of the 113 femaes were
classed as XY, 45.1% as Y'Y, and only 4.5% were unclassified. Other than family 1, no
families had proportions of ‘Y'Y’ femaes differing (P > 0.05) from the expected 1:1 dthough it
should be noted that only a smal number of femaes were tested in each family. The overdl




range (74.0 - 100.0% mae) and mean (97.3% mae) of the sex ratios produced by ‘Y'Y’
femaes was in accordance with those produced by ‘Y'Y’ maes.

The sex ratio frequency digtribution for the progeny testing of DES treated femaes
(Fig. 2c) dosdly resembles that for the males (Fig. 2b).

Progeny testing of maes and femdesfromYYD# x YY & crosses

Following successful identification of both ‘Y'Y’ maesand ‘Y'Y’ femaes, anumber of
YY XYY crosses were attempted. Several spawnings were obtained and progeny were
divided into two, with one group receiving DES treatment. Table 3 shows the summary of the
results from the progeny testing of 61 maes (with norma XX ¢ ) from four such crosses and
12 sex reversed femaes (with sex reversed XX D4 &) from three crosses. Following the
sexing of over 4,300 progeny, dl tested maes and femaleswere designated as Y'Y genotypes.
All 12 females produced 100% male progeny (Fig. 2e) and the ‘Y'Y’ males produced a mean
sex ratio of 98.9% male (Fig. 2d). Sex raiosfrom these' Y'Y’ maeswere highly
homogeneous (CZsq = 11.27; P> 0.99).

Summary of sex ratios produced by XY and YY genotypes

In the progeny testing of malesfrom XY x XY and XY X YY crosses, designated XY
males produced ratios dightly skewed to made. Thetotd sex ratio from dl 93 XY mdeswas
52.4% madle, highly sgnificantly grester than the predicted 1:1 ratio (c?y = 13.14; p < 0.001).

Over dl progeny tests, excluding those malesfrom YY x YY crosses, fish designated
as Y'Y genotypes produced sex ratios ranging from 67.0 to 100% male with a mean of 95.63
+ 7.87 % mde. It wasnoted that the'YY’ maesfromtheYY x YY cross gave ahigher mean
sex ratio of 98.90 + 3.1 % mae. The'YY’ maesand femaesusedinthese YY X YY crosses
were selected based on the sex ratio of their initid progeny tests (dl had produced 100% mde
progeny). These results therefore indicate a possible response to selection against the
occurrence of smal proportions of females.

Based on the hypothesis of a genetic basis for the occurrence of smal proportions of
femdesin the putative dl-male progeny of ‘Y'Y’ maes, anumber of males were sdlected for
repeat progeny tests. Twenty-six males which had produced initid progeny test sex ratios of
>95% male (mean =99.67%) were selected and repeat mated one or more times (sex ratios
were pooled for males repeat mated). The mean sex ratio of these repeat progeny tests was
99.66% male, higher than the 95.63 mean sex ratio for dl * Y'Y’ mdes, this difference being
amogt sgnificant (P = 0.0502) as determined by a Mann-Whitney non-parametric test.




Tablel. Summary of progeny testing for potentid ‘Y'Y’ maes (crossed to norma XX femaes)
in progeny from XYD¢# x XY & and XYD# X YY & Crosses.

Summary Parameter XY x XY XY xYY
No of families from which maes were tested 7 3
Number of potentia ‘Y'Y’ maestested 54 158

Number of progeny sexed (mean per family)
Number of males classed as XY (%)

Number of males not classfied (%)

Number of malesclassed asYY (%)

Expected number of ‘Y'Y’ males (%)

c2 for observed vs. expected number of ‘Y'Y’ mdes
Range of sex ratios from XY males

Mean of sex ratios from XY males (+ sd)
Heterogenaty Chi-squared for XY maes (df)
Range of sex ratiosfrom ‘YY’ maes

Mean of sex ratiosfrom ‘Y'Y’ maes (+ sd)
Heterogeneity Chi-squared for ‘Y'Y’ maes (df)

Totd heterogeneity chi-squared for al maes (df)

3,753 (69.5) 10,842 (68.6)

27 (50.0) 66 (41.8)
6 (11.1) 6 (3.8)

21 (38.9) 86 (54.4%)
18 (33.3) 79 (50.0)
0.75ns 124 ns
37.2-70.0 34.2-70.0
52.9 (+ 8.1) 56.6 (+ 7.9)
36.33 (26)ns 90.89 (65)ns
67.0-100.0 71.7 - 100.0
95.31 (+ 8.4) 96.4 (+ 7.1)

50.21 (20)* 103.90 (78)ns

775.64 (53)***  2,168.58 (157)***

ns=not Sgnificant; * - P<0.05; ** - P<0.01; *** - P<0.001
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Table 2. Results from progeny testing of femaes resulting from feminization of progeny from XY x YY matings

Family number ® 1 2 3 4 5 6 7 8 9 Total
Source cross (D 2 XY x & YY)? 1x1 1x4 2x2 2x3 3x3 4x2 5x3 5x5 6Xx6 6D % xo6d
Sex ratio following DES tregtment 16:24 16:15 5:27 011 0:14 2:3 164 -- - 40:158
Male genotype used in progeny test XY XX XX XX XX XX XX XX XX --
Number of femaes tested 8 15 10 4 5 3 50 12 6 113
Number of progeny sexed 420 732 423 242 238 124 2,450 589 373 5,591
Number of females dassad as XY 8 8 7 1 0 2 23 3 5 57
Number of females not classified 0 1 0 0 0 1 1 1 1 5
Number of femaesdessfiedasYY 0 6 3 3 5 0 26 8 0 51
Expected proportionof YY D 2° 4 75 5 2 25 15 25 6 3 56.5
Exact probability for binomial test 0.008 *** 0.790"™ 0.344™ 0.625"™ 0.063"™ 0.500™ 0.775™ 0.228™ 0.062"™ 0.54
Range of s ratiosfron XYD#® % ° 63.6-850 350650 37.0610 n\a n\a 395489 424650 444547 270660 35.0-85.0
Mean sex ratiofrom XYD ¥ # 75.1 504 50.9 480 na 442 53.6 504 47.3 525
Range of sex ratiosfromYYD# #°¢ na 92.0-1000 97.4-1000 85.0-100.0 na na 740-1000 805-100.0 na 74.0-100.0
Mean sexraiofromYYD# # na 9.7 9.2 A4 100.0 na 4.0 974 na 97.3

a Number represent different individual males and females
b - Expected proportion based on hypothesis of 1.1 ratio of XY to Y'Y genotypes, with equa feminization retes.

C - Sex ratios given as percentage maes



Table 3. Summary of progeny testing for putative ‘Y'Y’ males (crossed to norma XX ¢ #) and
‘YY’ females (crossed to sex reversed XXDd &) in progeny fromYYD# x XY &,

Summary Parameter ‘YY’ maes ‘YY’ femdes
No of families from which males were tested 4 3
Number of putative YY genotypes tested 61 12
Number of progeny sexed (mean per family) 3,723 (61.0) 652 (54.3)
Number of malesclassed as YY (%) 61 (100.0) 12 (100.0)
Expected number of ‘Y'Y’ males (%) 61 (100.0) 12 (100.0)
c2 vaue of observed vs. expected number of ‘Y'Y’ maes 0.0 0.0
Range of sex ratiosfrom ‘YY' maes 79.5-100.0 100.0
Mean of sex raiosfrom ‘YY’ maes (+ sd) 98.9(+ 3.1) 100 (£ 0)

12



Figure 2. Histograms showing frequency distributionsfor family sex ratio in the progeny testing for
‘YY' malesfrom XYD # x XY, XYD # xYYd,and YYD ¥ xYY& crossesand for ‘YY’
femalesfrom XYD # xYYd and YYD # xYY& crosses(10% classintervalswereused
except that the rightmost column represents only 100% males).
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Discussion

Sex datermination in O. niloticus

Our results provide unequivoca evidence for an underlying basic monofactoria
mechaniam of sex determination in thisgrain of O. niloticus and dso for the viahility of nove
‘YY’ maes. Theresultsfrom the progeny testing for ‘Y'Y’ maesfrom XY x XY crosss, in
which ‘YY" maes were present in expected proportions, indicates that the ‘Y'Y’ males have
viability and fertility equivaent to norma maes. A smilar pattern was observed with the
progeny testing of malesfrom the XY x Y'Y crosses, with the number of *YY’ maes not
differing sgnificantly from that expected based on atheory of segregation of asingle mae
determining factor (gene or supergene).

The digtinct bimodd sex retio digtribution of the families from these two sets of progeny
tests, and the relatively low proportion of unassigned genotypes, supports the validity of the
arbitrary criterion used in the designation of genotype. Thisis further supported by the highly
ggnificant heterogenety of the sex ratios of al families, considered together, compared to the
relative homogeneity of sex ratios from the groups of maes designated separately as XY and
Y'Y genotypes. Progeny sex ratios of males designated as norma XY males varied from 34.2
to 70.0% but with amean close to 50% mae, with adight but significant overall excess of
males. These sex ratios, thus, gppear to be normally distributed about the expected 1:1 ratio of
maesto femdes. Thisdidributionissmilar to, but dightly more heterogeneous than that
observed for the same Egyptian strain of O. niloticus by Mair et d. (1991a) and dightly more
homogenous than those observed by Shelton et a. (1983) in an Ivory Coast gtrain of O.
niloticus. Lester et d. (1989) observed considerably more heterogeneity in the sex ratios of
families collected from amix of strains, some of which were known to be introgressed with O.
mossambicus (Macaranas, et al. 1986). The authors interpreted these high levels of
heterogeneity for sex ratio as evidence for polyfactorid sex determination in this speciesand it is
possible that some strains of “O. niloticus” may have such polyfactorial mechanisms, especidly
when introgressed with other species.

The sex ratios produced by the males that were designated as Y'Y genotypes were not
quite in accordance with those predicted by the hypothesis of smple monofactoria sex
determination, many of them being somewhat lower than the expected 100% mde. This
observation is in accordance with the results of Mair et d. (1991a) who observed asingle
femaein the progeny of one of four Y'Y’ males progeny tested. Scott et d. (1989), on the
other hand observed no females, in the sexing of 285 progeny of asingle YY male crossed to
ten separate femaes. Smilarly, Varadarg) and Pandian (1989) observed no femaes among the
progeny of eight ‘Y'Y’ femdesin O. mossambicus. It is probable that the greater sample sizes
and the larger number of fish tested are responsible for the more numerous observations of
femdesin progeny of ‘YY’ maesinthissudy. The overdl sex raio from ‘Y'Y’ maeswas
greater than 95 % mae with the mgority of ratios being 100%. There was no gpparent trend in
the occurrence of these aberrant sex ratios that would indicate the segregation of asingle
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autosoma sex modifying locus as postulated for O. niloticus by Hussain et d. (1994) and
demondtrated for O. aureus by Mair et a. (1991b).

The increase in the overd| proportions of maesin the progeny testing of Y'Y genotypes
derived from crosses of sdlected (on the basis of the 100% male sex raiosin initia progeny
tests) ‘Y'Y’ mdesindicates some form of response to this selection and thus a genetic basisto
the occurrence of these aberrant femaes. Similarly the higher than average proportions of maes
in repeat matings of “selected” (i.e. produced >96% male sex ratios in initia progeny tests)
‘YY’ maes provides further support for this hypothesis of a genetic basis. It cannot be
discounted however, that the mean sex ratios of al fish designated as Y'Y was lower than that
from the repeated matings of ‘selected’ * Y'Y’ males due to the erroneous inclusion of one or
more sex ratios from XY males, incorrectly desgnated as Y'YY.

In arecent sudy Capili (1995) demondtrated that these “rare” femdes, aisngin
progenies of ‘Y'Y’ males, conform to the expected XY genotype in progeny tests with known
genotypes, in the same strain. In aseparate study Capili (1995) also noted the existence of
sgnificant paterna and materna effects on the occurrence of rare femaesin the progeny of
‘YY’ maes. It seemslikely that a series of autosoma sex modifying genes, acting asa
threshold trait, may be responsible for the occurrence of these rare femaes, and that these
autosomal genes could be selected againg to further increase the proportion of maesin the
progeny of ‘YY’ maes. Itisdso likely, however, that there is atemperature effect on sex
differentiation. This has been demongrated in the occurrence of maesin the putative dl femde
progeny of sex reversed XXDd & (Baroiller et d. 1995 and J. S. Abucay FAC, CLSU,
unpublished data) and may aso play arole in the occurrence of these rare femdes. The
seasonally higher temperatures encountered in the Philippines, which are more extreme than
those in the natura range of this gpecies, may dso be afactor in the dight excesses of maesin
the progeny of norma XY maes observed in this and other sudies.

Potentid for application in aquaculture

The successful feminization of the Y'Y genotypeisthefirgt to be reported in tilapia, and
isavitd gep in the development of the Y'Y technology on alarge scae, as it makes possible the
production of ‘Y'Y’ maes without the need for time consuming progeny testing. In their work
on O. mossambicusin the 1970s, Yang et d. (1980) produced up to 600 ‘Y'Y’ maesin XY x
YY matings, dthough it is not clear whether these were identified in progeny testing. There are
no reports of ‘Y'Y’ maes being used commercidly for the production of dl-mde O.
mossambicus and it seems likely that these* Y'Y’ maes were not produced on a commercia
scde, possbly dueto afalureto produce ‘' YY’ femaes by feminization. We hypothesised that
‘YY’ maes may be more resstant to feminization. Thiswasinvestigated in astudy by Abucay
and Mair (in press), in which feminized femaes and non-feminized maes from DES trested
progeny of XY x Y'Y crosses were progeny tested; evidence was presented for differentid
feminization of XY and Y'Y genotypesin one of three families from which maes were tested.
Our data do not support the hypothesis of differential feminisation of XY and Y'Y genotypes,
athough it is possible that this occurred in two of the nine families from which maeswere
tested.
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The successful mating of ‘YY’ madesand ‘Y'Y’ femdes (dl the progeny of which were
ma€) and the confirmation of the Y'Y genotype of the maes and DES trested femaes from
these crosses, establishes the potentid for development of this technology on a commercia
scde. ‘Y'Y’ maesand femaes can now be produced in large numbers for use as broodstock
to mass produce‘YY’ maes. In turn these can be crossed with femaes, which can aso be
mass produced from XXDd x XX ¢ crosses, to generate commercialy gpplicable numbers of
Gendticdly Mde Tilgpia (GMT) for culture.

The progeny of the*YY’ mdes (“GMT” digtinguishes them from sex reversed mae
tilgpia), have been comprenengvely evaluated in on-station and on-farm trids. Results from on-
dation tridsindicate that GMT have very consderable benefits under culture, significantly
increasing yields by up to 58%, compared to mixed sex tilapia of the same srain (Mair et d.,
1995). Yiddsof GMT are dso conggtently greater than those for sex reversed mdetilapia. In
addition to the negligible recruitment in GMT populations, they have the further advantages of
more uniform harvest size digtribution, higher surviva, and better food converson rtios.

There are severd important comparative advantages and disadvantages of the YY male
technology as a means for production of monosex mae tilapia, as compared to other commonly
used dternatives such as manua sexing, hybridisation and sex reversd. The technique can be
consdered environmentdly friendly as no hormones are gpplied to fish that are consumed and
overdl, hormone gpplication to broodstock is very low. Species\drain purity is maintained and
the fish produced for culture are norma genetic males. Although the development processis
time consuming and labour intensve, once developed the production of monosex maes can be
maintained through occasona feminisation of Y'Y genotypes. Provided that broodstock purity
can be maintained, the technology can be applied (at the level of spawning ‘Y'Y’ maeswith
norma femaes) in exigting hatchery systems without any specid facilities or labour requirements.
Discounting the initid development cogts, additiond costs for gpplication of this technology a
the hatchery level would be minimal, while the potentia economic advantages to growers have
been demondtrated to be very considerable.

Attempts are being mede to extend this technology to the tilgpia culture indugtry in the
Philippines, as a unique example of application of genetic manipulation technology in developing
country aguaculture.
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