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Chromosomes from all 17 species of native Jamaican Eleutherodacry/w as well as introduced 
E.johnstonei were subjected to computer-assisted analyses. Diploid chromosome numbers of 24, 
26, 28. 30 and 32 were found and no two species had identicallcaryotypes. Karyotypic data were 
superimposed on a phylogeny derived from allozyme and immunological data in order to assess 
karyotypic changes that occurred in lineages of Jamaican Eleutherodacrylw. Chromosome 
number changes have occurred at least nine times on the island and have involved both fission 
and fusion mutational events. C-bands and the sites of secondary constrictions varied and 
provide very little phylogenetic information. In most instances. karyotypically determined 
interspecific evolutionary relationships corresponded with the molecular data. The combination 
of karyological analyses and molecular data clarified lineages which involved convergent 
chromosome numbers or extremely divergent Icaryotypes. Karyotypic changes in Jamaican 
Elelltherodactylw are best explained by chromosome fission. fusion. translocations and inver­
sions which arose in isolated demes and have been fixed through inbreeding and genetic drift. 
Rates of karyotypic evolution among Jamaican Elelltherodactylw are much faster than previous 
published rates for frogs. Karyotypic evolution appears to be dictated by behavioural factors and 
effective population sizes irrespective of taxonomic groupings. 
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Introduction 

Eieutherodactyius, with more than 500 described species, (Duellman, 1993), is the largest 
vertebrate genus. These terrestrial-breeding frogs range from Argentina to Texas and have 
speciated extensively in the Antilles where they may be the only amphibians on some islands and 
the dominant amphibian genus on most islands (Schwartz & Henderson, 1991). Most genera of 
anurans are reported to be karyologically conservative (Bogart, 1972; Morescalachi, 1973; 
Bogart & Tandy, 1981) but Eleutherodactyius demonstrates considerable variation in chromo­
some numbers and chromosome morphology (Bogart, 1970, 1973, 1981a, 1991; DeWeese, 1976; 
Savage & DeWeese, 1981; King, 1990). Chromosome analyses of Cuban and Puerto Rican 
species of Eleutherodactyius (Bogart, 1981a) demonstrated distinct chromosomal ~roupings 
which were based on chromosome number and morphology. For the most part, the chromoso­
mally derived species groupings on these two islands conformed to morphologically derived 
groups (Schwartz, 1969, 1976; Lynch, 1976). However, based on karyotype, Bogart (1981a) 
suggested a few changes in species group affiliations and found Sminthi/Jus limbatus to be a 
morphologically specialized member of a West Indian group of Eieutherodactylus (the genus 
Sminthillus was recently synonymized with Eieutherodactylus; Hedges, 1989a). 

Eieutherodactylus is an obvious exception to the generalization that frogs have a very slow rate 
of chromosomal evolution. When all the number variations in Eleutherodactylus are considered, 
this genus would certainly predate the earliest knoWn frog fossil (Triassic) if the chromosome 
number in frogs only changes ,once in 70 million years (Wilson, Sarich & Maxson, 1974). Based 
on the criteria used by Wilson et al. (1974) and Bush et al. (1977) to calculate' ·rate of 
chromosomal evolution (number of chromosomes and number of chromosome arms), there 
are other documented exceptions in frogs, mostly known since 1974. Chromosome number 
variation and telocentric chromosomes are found iIi various genera included in'Several families 
(Dendrobatidae,Hylidae, Leptodactylidae~ Ranidae) (Bogart, 1972, 1973,01981a; Bloritrilers-
Schlosser, 1978; Bogart & Tandy, 1981; King, 1990; Kuramoto, 1990). "', ",' 

The present study isa continuation of chromosome analyses of eleutherodactyline anurans.' and 
is part of a much larger . study' which attempts to outline the evolutionary history and 
zoogeography of the Antillean herpetofauna using molecular techniques (Hedges;" HaS's & 
Maxson, 1992). Starch-gel electrophoresis (Hedges, 1989b) and immunology' (Hass & HC£dges, 
1991), using frogs from the same popUlations as those from which chromosomes were obtain<:d, 
provide an opportunity to compare the rates of karyotypic evolution and allozyme and 
immunological data in Eleutherodactylus. 

Materials and methods 

Frogs were collected on Jamaica over a period of 3 years and were either carried to the University of 
Maryland, where they were processed for chromosomes, or shipped onward from Maryland to Guelph for 
processing. Chromosome methodology was as described by Bogart (1981a) but additional chromosomal 
information was obtained from squashing intestinal epithelium, which was prepared and fixed in the field 
following the procedure of Kezer & Sessions (1979). 

The C-banding protocol was a modification of Sumner's (1972) method as outlined by Kezer & Sessions 
(1979) and Sessions (1982). The best results were obtained if the cover slip was removed within, 1 day of the 
squash, the slides baked for 48 h at 60°C, and the BaOH treatment elevated to' 50°C for' 5 min. 
Chromosomes were analysed using CHROMPAC. which is a computer package similar to that described 
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by Green et at. (1980) but modified for the IBM PC and embellished with a plotting program which utilizes a 
Hewlett Packard 7470A plotter. 

Metaphase spreads were observed, photographed, and the chromosomes were counted. Only those 
spreads that had well separated chromosomes in the same stage of contraction were considered suitable for . 
intraspecific and interspecific karyotypic comparisons because overlapped or stretched chromosomes 
provided standard deviations which were unrealistically high. Idiograms were plotted from the averaged 
results of m~asuring all arms of homologous chromosomes from 1-6 chromosome spreads. 

Karyotype evolution in the Jamaican E/eutherodacty/us was examined by comparing interspeqific 
similarities and differences in chromosome number, secondary constriction sites, C·bands, arm length 
ratios, and chromosome size. Karyotypes of Jamaican E/eutherodacty/us were also compared with 
previously analysed Cuban and Puerto Rican E/eutherodactylus karyotypes (Bogart, 1981a) in an attempt . 
to determine inter·island relationships. The rate of chromosomal evolution in Jamaican E/eutherodactylus 
was estimated by comparing the chromosome number changes believed to have ocCurred with the estimated 
time of arrival of the first E/eutherodacty/us on Jamaica. This timing was based on biochemical and 
immunological data (Hedges, 1989b) and the emergence of the island in the late Oligocene/early Miocene-, 
which is the earliest possible time for the arrival of terrestrial fauna on Jamaica. . 

The specimens used in the present study are catalogued in the U.S. National Museum of Natural History 
(USNM) collection and include (F = females, M = males, J = juveniles): E. a/tico/a, USNM 266342-46 
(5M); E. andrewsi, USNM 266347·51 (IF, 4M); E. cavernico/a, USNM 266353-4 (2M); E. cunda//i, USNM 
266360·1 (IF, 1M); E.fuscus, USNM 266381·2 (2M); E. gossei, USNM 266388~90 (3M); E. g/aucoreius, 
USNM 266370-1, USNM 266374-5 (4M); E. grabhami, USNM 266396-400 (3F, 2M); E. griphus, USNM 
266406-11 (4F, 1M, 11); E.jamaicensis, USNM 266412·3 (2M); E.johnstonei, USNM 266415·20 (3F; 3M); 
E.junori, USNM 269239 (1M); E. /uteo/us, USNM 266421·5 (3M, 2J); E. nubico/a, USNM 266431·5 (3F: 
2M); E. orcutti, USNM 266436-45 (10M); E. pan toni, USNM 269249·53 (5M); E. pentasyringos, USNM 
266456-60 (5M); E. p/anirostris, USNM 266465 (1M); and E. sisyphodemus, USNM 266468 (1M).' 

Results 

Five diploid chromosome numbers (24, 26, 28, 30 and 32) were found among the 17 endemic 
Jamaican species. Eleutherodactylus p/anirostris is considered to be a Cuban species which has 
been introduced widely through the Antilles and into Florida (Goin, 1947). Jamaican popula­
tions of this species have 32-chromosomekaryotypes which are similar to the Cuban populations 
analysed earlier (Bogart, 1981a) but the quality of the chromosome spreads obtained for 
Jamaican E. p/anirostris were not sufficient to make a detailed comparison with the Cuban 
and Florida members of this species, and it was therefore not considered further in the analysis of 
the Jamaican species. However, Hass & Hedges (1991) found that the Cuban and Jamaican 
popUlations of E. planirostris are nearly identical in albumin immunological distance. Eleuther­
odactylus johnstone; is a Lesser Antillean species that was introduced to Jamaica in 1890 from 
Barbados (Lynn & Dent, 1943). It is included with the analyses of Jamaican species because it has 
not been previously subjected to detailed chromosomal analysis. Chromosome analyses (Table I)· 
are derived from averaged digitized measurements and these data were used to construct 
idiograms. 

24.26 and 28-chromosome species 
(plate I, Figs 1, 2) 

The two 26-chromosome species, E. gossei and E. pan toni, have several similar chromosome 
pairs (1-3, 6, 7, 9, 12) but the secondary constriction site is on different chromosomes and they do . 



TABLE 1 N 
Haploid karyotypic analyses of Jamaican species of Eleuillerodtlctylus derived from computer assisted measurements and calculations. The normalized lenglh (% 
Length) is Ihe length that each chromosome pair represents in relation to Ihe total genome length (TL in I'm). Ratio is the centromeric ratio derivedfrom dividing the 
long arm by the short arm. Type refers to the cI(lss!/ication derivedfrom the centromeril; ratio: m~tacentric chromosomes (m) have centrameric ralios of roo 10 J'69: 
submetacentric chromosomes (sm) have ratios of J. 70 to 2'99: subtelocentric chromosomes (st) have ratios of J·oo to 6'99: and telOcentric chromosomes (I) have ra/ios 

7'OO to infinity (00). The species are presented in alphabetical order 

Chromosome Number 

2 3 '4 5 6. 7 8 9 .. io II 12 13 14 IS 16 

E. altieola (TL = 129'2) 
% Length 11·09 10'14 9'57 '8·81 7·96 6'83 6'29 6·06 5·76 5-42 4·83 4·36 3-95 3-44 3-18 2-33 
Ratio 00 00 19-00 00 00 00 1·50 00 1·33 19·00 19-00 19-00_ 00 00 00 00 

Type t t t t t m t ' m t t t t ..... 
E. andrewsi (TL = 120· 3) :-c 

% Length 11-17 10'02 8·61 8·07 7·93 7-72 6·99 5'78 ' 4'94._ 4'}7 4-47 HI 4·24 .' 4-10 3-61 3-15 to 
Ratio 00 00 00 '00 00 00 00 00 1-10 00 00 00 1-04 00· 00 00 0 
Type t t t t t t t t m t t t m t t t 0 

> 
E. cavernicola (TL = 112'8) , :0 

% Length 12'17 10·29 9·83 8'70. 8·06 ,6·90 6·28 6·13 5·61 5-46 4-81 4·45 3-94 3-89 3-44 --i 

Ratio 2·57 13·29 24'00 00' 00 '00 00 1·78 1·56 00 00 00 11·50 00 00 > 
Z 

Type sm t t t t t sm m t t t t t 0 
E. cundalli (TL = 115· 3) ~ 

% Length 12·89 9·58 8·97 7·65 7-33 6·7'! 6'78 6·71 6·51, 5·74 5'H! 4·53 4-22 3·90 3-25 !:D 
Ratio 3·50 00 00 00 1·69 00 1,20 00 00 15-48 00 19-38 00 00 00 ::c 
Type st t I t m t m t I t t t t ITl 

E. fuscus (TL = 136'0) 0 
0 

% Length 15·24 10·70 9·94 8·52 7-70 -7-60 6·81 6·58 5·39 5·04 4·65 4·27 4·01 3-53 ITl 

Ratio 1'17 00 00 00 00 1-78 00 1·50 00 1·44 00 00 1·22 00 
til 

Type m t t t t ,sm t m I m I t 'm t 

E. glaucoreius (TL = 134'4) 
.)-69 % Length 11·85 ll'O4 8·99 8'74 8'22 7·15 6·80 5,,69 5'57 5-21. - 4-91 4:40 4·12 3-65 

R!ltio 00 4·00 24·00 00 00 .. 00 24-00 1·78 24·00 1'13 19·00 19·00 15·67 1900 00 

Type t, 51 I t t sm. m t, I 

T. gOSsei (TL = 156'0) 
" 

% Length 18·47 16·98 11-23 8·74 7·09, 6·67 5·83 5·06 ;-5'05 _ 4-17 4'11 3'36 H5 
Ratio 1·22 1·17 00 00 15·67 +·03 2·03 1-17 -' .19-00 00 4-00 10.11 ' 00 

Type m m t t sm' sm m t t st I 

E. grabhami (TL = 108'8) J!, 

·'4'29 4'14 % Length 12·00 11·93 9-92 8·88 8,69'·, 7·92 .,' 7-74 5·19 -5'18 3-81, -)-76 " 3·29 )'25 
Rillio 1·56 10·11 '8·09 4·26 5·25 ' '(d4:, 3·55 ~;~5, 1,27 ) 3'00,1'50 4-26 2·23 3-00 \·44 ' 

Type m t - st st -,:' st, st sm -' m st m ' 51 sm 51" m 

,·To 
::,: 

H 

L 
-, 



E. griphus (TL = 111'3) 
% Length 11·67 10·33 
Ratio 00 24·00 
Type~ . tt 

E. )amaicens~ (TL = \38'2) 
% LCngth 12·04 . 10·90 
Ratio' 7·33· 4·26 
Type t cst 

E. johnstonei (TL'= 172-5) 
% Length .11'22 9·67 
Ratio 1·18 \3·89 
Type m 

E. junori (TL = 11 0'0) 

9·63 
00 

t 

9·91 
10·11 -
A 

9·52 
00 

t 

% Length 18'77 16·41 ... 1)-66 
Ratio 1-17 1·13' 1·27 
Type m m 

E. luteolus (TL = 101,6) 
% Length 12-21' l(l·94 
Ratio 00. 00 

Type t t . 

E. nubico(a (TL = 96·9) 
% Length 10·31 9·47 
Ratio' 00 00 

Type t t 
E. orcutti (TL =: 111'2) 

% Length 10·44 9·27 
Ratio 00 00 

Type t t 
E. pa'itoni(TL 121'3) 

m 

9·19 
fX) 

I 

8·50 
00 

t 

8'73 
00 

I 

% Length. 18·19 15·01 11·21' 
Ratio 1·08 1·13 15067 
Type m m 

E. pentasyringos (TL = .110,1) 
% Length 18·86 11·70 10'36 
Ratio . 1'\7' '3-35 
Type m .. st 

E. si;yphodefT/us (TL 111·9) 
% Length 11·67 10·83 
Ratio. \3-05 10'74 
Type 

00 

t 

9-42 
00 

I 

8·68 
00 

t 

9-14 
II-50 

8·95 
1·21 
m 

10·91 
00 

t 

8'75 
00 

I 

8'21 
00 

I 

8·40 
00 

I 

10-96 
3'76 
51 

8·52 
00 

I 

8·60 
7·73 

7·51 7-33 
00 00 

t., l' 

8·12 '7·86 
~:6'69 
t· st 

7-97 7-95 
7'91 26·38 
t t 

8·75 ,6'40 
49'00 2·13 

sm 

8,24 7-98 
00 00 

t t 

7-81 7-33 
00 00 

I t 

7·92 7·68 
24'00 00 

I 

9'31 6:33 
9-00 '·94 

sm 

7'75,.. 6·67 
00 1·94 
L sm 

8-50' 8·06 
6·82 . 20-60 
sl 

6·78 5062 
00 00 

I t 

7·79 7·23 
1·08 7-33 
m 

7-42 6·46 
00 10'51 
t 

5·35 4·29 
2-13 2-45 
sm sm 

7-76 7-33 
00' 00 

t t 

6·46 6'41 
00 1·13 
I'm 
'~ 

NI. 5'94 
00' 00 

t t 

(',02 5-45 
2·57 15-li7 
sm 

6-57 6·35 
2·45 00 

sm 

6·43 5·23 
00 1'46 
t m 

4·86 4-59 
00 1-33 
t m 

4·77 4·26 
1·\7 19·00 
m 

6·40 5·39 
00 1'52 
t m 

4'27 3-95 
00 10-11 
t 

5063 4·99 
00 00 

t t 

5-46 5'44 
1·13 00 
m I 

5-80 5·29 
1·18 00 

sm I 

4-47 3-99 
19'00 00 

I 

5-02 4·57 
00 00 

~n 4~ 
00 3·m 
I d 

4-34 
24-00 

4·13 
1·38 
m 

5·30 
11-28 

3·51 
10·11 

4·54 
00 

I 

4-88 
00 

I 

• 4·92 
,24·00 

r 

HO 
00 

I 

3-94 
00 

I 

4-23 
00 

4-17 
00 

I 

3-89 
24·00 

4·97 
00 

I 

H9 
3-76 
sl 

4-33 
00 

4-47 
19-00 

4'34 
19·00 

3-36 
9'00 

3-75 
10-11 

3-86 
3060 
Sl 

3·94 
1-38 
m 

H7 
6·69 
st 

4·63 
1-07 
m 

4·\3 
1-78 
sm 

4-11 
00 

I 

4·12 
1·13 
m 

2·32 
15·67 

HI 
00 

I 

3-78 
26·86 

3-84 
00 

H6 
00 

I 

4'14 
27-51 

3-98 
00 

I 

3-96 
00 

J 

3-94 
""00 

" 

2·54 
00 

I 

3-71 
1-62 
m 

3·57 
00 

I 

3·09 
15067 

3·75 
00 

t 

"H2 
00 
t 

3·50 
1·72 
sm 

3·14 
00 

() 

:I: 
~ 
o 
3:: 
o 
VI 
o 
3:: 
It1 
It1 
<: 
o 
r 
c: 

H8 ::! 
o 
z 00 

I Z .... 
2-52 » 
00 3:: 

" I » 

3-20 
5·04 
sl 

() 

» 
z 
." 
~ 
o 
Cl 
VI 
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E. junori 

15-

.t: 10-

111111111 

c;, 
c:: 

.9l 
:.!! 5-0 

0-
3 5 7'- 9 11 

15-
E. gosse; 

.t: 10-

lililUnu 
c;, 
c:: 

.9l 
ae 5-

0-
3 5 7 9 11 13 

15-
E. panton; 

.t: 10-

IIIUlUIi. 
c;, 
c:: 
.9! 
?fl' 5-

0-
3 5 7 9 1113 

Flo. I. Idiograms of 24 an<i'26"chromo$oine species of Jamaican ElevtherodDctylils. Each bar repr~nts<the ~eraged~ 
measurementS of each arm from both homologous chromosomes. The length of the bar representS the percentage length 
of the total genome length for the particular chromosome. The position of the centromere is indicated by a constriction 
which is detennined by dividing the long anns by the short anns.Positions of secondary constriction are indicated by gaps 
in the bar. The data used to plot the idiograms are proVided in Table 1.< , . , 

. ---
not have the same number of telocentric chromosomes. This suggests that the katy6types of 
E. gosse; and E. panton; have 26 chromosomes by convergence and have been derived through the 
fusion of different telocentric chromosomes' in a 28-chromosomeancestral karyotype< (Fig. 3). 
None of the 28-chromosome species (Fig. 2) has two pairs of large metacentric chromosomes 
which would be expected in an ancestral lineage, assuming that these chromosomes were not. 
involved in fission events. The large metacentric chromosome (1) in E. pentasyringos is most 
similar to the largest metacentric chromosome in the 26-chromosome species, while chromosome I 
in E. fuscUs is mos(similar to chromosome 2 in 26-chromosome E.pantoni. Eleutheroaactylus 
luteolus, with 13 telocentric pairs and only one submetacentric chromosome pair (13) whlch bears 
a secondary constriction, is very different from all Jamaican species. Most of the chromosomes in 
E. johnstonei are proportionally larger than found in the native Jamaican species. No disti~ctly:. 
similar chromosomes were found that could relate the karyotype of E.joh1istonei to any Jamalca:qr< 
species. 
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E. pentasyringos E./uteo/us 
15-

t:~ 1IIIIIIIIuUl 
.c. 
0. ,,:. 

c: 

IIUUhllih 
.c. 

~ 10- 0. c: 
~ ~ 0 

~ 
5- 0 

O~ 
15- 1 3 5' 7 ,9 11 13 

1 3 5 7 9 11 13 E.· fuscus 

.c. 

t:~ JlJllliliiUu 
10-

tUIlUiUtu 
0. ~ c: c: 
~ ~ 5- , 
~ t!-o 

0-1 3 5 7 9 11 13 1 3 5 7 9 11 13 

FIG. 2. Idiograms of 28-chromosome species of Jamaican EleutherodDctylus derived from t~e data in Table 1. 

E. gossei fission (8) 
15-

~ 10-

Ihll~lnu lililinuoo 
c: 
~ 
~ 5~ 0 

0-
1 3 5 7 9 11 13 1 ·3 5 7 -9 11 13 

15- E. pantoni fission (4) 

.c. 

l~hllUlh . 11~lIiUlhO 
0. 10-
c: 
~ 

t!- 5-

0-
1 3 5 7 9 11 13 1 3 5 7 9 11 13 

26 • 28 

FIG. 3. Postulated fusion events that may have led to the independent origiliofthe 26-chromosome species £. gossei 
and E. pantonj from a 28-chromosome ancestral lineage. The chromosomes that arc most dissimilar in the 26-chromosomc 
species (8 in E. gossei and 4 in E. pantoni) may have resulted from fusions of different chromosomes in similar 
28-chromosome ancestors (13 and 14 to produce chromosome 8 in E. gossei; 5 and 14 to produce chromosome 4 in 
E.pantoni). 
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The allozyme (Hedges, 1989b) and immunological (Hass & Hedges, 1991) information provide 
important clues which help to resolve the path and mode of karyotype evolution~ The 28-
chromosome species (E. pentasyringos and E. fuscus) are not sister species. However; they are 
included along with the 24- and 26-chromosome species in the gossei group (Hedges, 1989a). 
Eleutherodactylus luteolus cluste~s with. 30-chromosome E. grabhami and 32-chromosome 
E. sisyphodemus. These three species are placed in the luteo/us"group (Hedges; 1989a). The 
molecular data clearly place E. johnstonei outside of the Jamaican: radiation~; . 

The karyotype in 28-chromosome E. fuscus apparently was aerived from a 260chromosome 
gossei-like karyotype through a fission of chromosome I (Fig. 4). The.karyotype in 24-
chromosome E.junori appears to have been derived from a 26-chromosome g6ssei-like karyotype 
through a fusion of chromosomes Sand 9. Eleutherodactylus penlasyringoiappatentiy obtained a 
28-chromosome karyotype from a pantoni-Iike 26-chromosome lineage through a fission of 
chromosome 2 (Fig. 5); These postulated events would expl~in the 'size difference in chromosome I 

E.junori 

2 3 
E. gossei , 
'II ", II If II Ii Il·nl •• ~ ••••• 

:.::, 
E. pantoni 

~t3' I!~, .-', -.. "-.-..•• ~. ~~~~~:¥ 
II •• It '.1 . • !~~>:: •• :'... ... •• 

E. ilJteo;us 

DO an no:;: 
.'.' na "n 

, 
E. pe;,~~Siring<JS 

PO fa BD ~a 
1, 2 :f .:4' 5 

PLATE I. Karyotypes ~f24, 26 and 28-chromosome species of Jamaican EleutherodDctylu.s.lb~ scale r~resents 10 /-1m' 
and is the same for all seven karyotypes. 
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0-

15-
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0-
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E. gossei 

lillllluu~ 
3 5 7 9 11 13 

fission (1) 

l~i~lIlIiuu ~ 
3 5 7 91113 

. E. fuscus 

1~I~UIUttu 
3 5 7 9 11 13 

15-

.c 10-
~ 
.l! 
r/. 5-

0-

15-

.c 
~,10-
.l! 

5-

0-

15-

~ 10-
c 
.l! 
r/. 5-

0-

E. gossei 

'i~lmUif re 
3 5 7 9 11 13 

fusion (5 & 9) 

~'hUmt 
3 5 J 9 11 

E. juno'; 

.1,35, ]9 11 

17 

FIG. 4. Postulated fission and fusion of a 26-chromosome karyotype, sirililar to that ofE. gossei: that ~~uld produce', 
similar idiograms to those observed in 28-chromosome E. /uscus and 24-chromosome E. junori. ' , . " 

in E. fuscus and E. pentasyringos and the similar chromosomes 4 in E. pantoni and 2 in .. 
E. perltasyringos. This later chromosome probably arose in conjunctioriwith the 26=chromo'~ , 
some pantoni-like karyotype (Fig. 3). " '., 

30-chromosome species 
,(plate II! Fig .. 6) 

EleutMrodactylus glaucoreius appears most similar to E. cavernicola based on the,itwo 
metacentric or submetacentric chromosomes (8, and 9 or 10), a secondary constriction on 
chromosome 12 or 13, and 12 telocentric pairs of chromosomes. Eleutherodactylus cundalli also' 
has 12 telocentric chromosome pairs and a large submetacentric to subtelocentric chromosome 
(1) which could be homologous to a similar chromosome (1) in E. cavernicola. Together, these 
three species are placed in the cundalli group by Hedges (1989a). Eleutherodactylus jamaicensis 
has three fewer telocentric pairs and only two pairs of chromosomes in E. grabhami are 
telocentric. Chromosome pairs 2, 3 and 9 in E. grabhami might be homologous to respeCtive' 
chromosome pairs 1,3 and 9 in E.jamaicensis.The latter species is placed in its own1group,the 
jamaicensis group (Crombie, 1977; Hedges, 1989a). ' ',<' 
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FIG. 5. Postulated fission of chromosome 2in 26-chromosome E. panloni and chromosome I in 3O-chromosome 
E. grabhami that would produce idiograms similar to those of 28-chromosome E. penlasyringos. ~dJ2~hrQmosome 
E. sisyphodemus. respectively. ,,' ," .', • " ", ,'" ", ,',,':-',' :'_" 

The aHozYme' analyses (Hedges, 1989a, b) group~he 30-chromosome species whicbhave the 
most simihir karyotypes (E. cavernicola, E. glaucoreius and E. cundalli), whereas &jamaicensis 
has electrophoretic similarities with some 32-chromosome species (especially E. orcutti of the 
nubicola group). Hypothetical fusion events from the 32-chromosome species or a fission of the 
metacentric chromosome (7) in E. jamaicensis doe$ not provide a reasonable match with 
E. orcutti. Eleutherodactylus grabhami clusters with 28-chromosome E. luteo/us and 32-chromo­
some E.sisyphodemus (Hedges, 1989b). A postulated fission of the distinctive chromosome (1) in' 
E.grdbham{produces a karyotype which has ,a number of similarities with E. sisyphodemus 
(Fig.S). ' ',', 

'.,' . 
32-chromosome species 

(plate III, Fig. 7) 

EJeut~e;'odactylus alticola, E. nubicola, E. o~cutti, E. griphus and E. andrewsi all have 14 pairs of 
telocentnc' chromosomes and two pairs of meta centric or submetacentric chromosomes and are' 
placed by H:~dges (1989a) in the nubieola group. E/eutherodactylus altieo/a, and E. nubicola.share a '," 



CHROMOSOME EVOLUTION IN JAMAICAN FROGS 19 

E. cavemicola 

ai on V4 UI) R) a(l -,'1,' 

ao II 1ft II 
" ft' 00 •• ftg •• 

E. ci.Jndalii 

il~ no no un ; .. ' Iln xx un ." t'I Gt' .. -",. ,.,.., . . , " An 

E. glaucof9ius 

u» Un o. o.a oo·n~·'·QQ ;, •• :% .. ',' .If 
,cn' •• .0 

E. grabhami 

\1 )) II Ii at Ii •• II 'J I. I. .1 >1' ,. 
" 

E. jamaicensis 

D~ un ~a tf aa 6Q .,., 
A' 11 16 •• ,0 %1 I" I. 6' 

• 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

PLA TE II. Karyotypes of 3O-chromosome species of Jamaican Eleutherodactylus. The scale represents \0 Jml and is, the. 
same for all five species. 

'1-, ~ .. 7 ~ 

unique metacentric chromosome (9) which has a secondary constriction on each arm and their: 
two metacentric chromosomes are similar in size (7 or 8, and 9). Eleutherodactylus orcutti, 
E. andrewsi and,E. griphushave a sirnilarmetacentric chromosome (13) but'this chrQmosome . 
bears a secondary constriction in E. andrewsi. Eleutherodactyius sisyphodemus has a very different 
karyotype containing four subtelocentric chromosome pairs (none in the other 32-chromosome 
species), only nine telocentric chromosome pairs, and three metacentric or sub~etacentric 
chromosome pairs~~ The 32-chromosome karyotype in E. sisyphodemus was apparently derived 
from a 28-chromosome grabhami-like karyotype (Fig. 5 and discussed above) and is therefor.e 
convergent in chromosome number with the other 32-chromosome species. ' 

C-bands 
(Plates IV and V) 

'. -,' ,.. '. ~: ',~<~ .~;. -'".;::~'). --', 
We were successful in obtaining C-banded karyotypes for most of the Jamaican species. 

C-banded idiograms (Fig. 8) were constructed by incorporating bands, observed from: the 
karyotypes (Plates IV and V) and from other C;:-banded metapha,se spreadsobseryed directly 
through the microscope. The locations of the C-bands varied con~iderably between species ,and 
provided little information which could be used to determine the relationships of species. 

In some cases, the C-bands might serve as evidence to disprove homologies. The C-banded 
karyotypes show the secondary constrictions ori pair 12in E. glaucoreius and pair 13 in 
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FIG. 6. Idiograms of 30-chromosome species of Jamaican Eleutherodactylus derived from the data in Table L 
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FIG, 7, Idiograms of 32-chromosome species of Jamaican Eleutherodactylus derived from the data in Table 1. 

E. cavernicola to be fundamentally different. None of the three C-banded 28-chromosome species 
demonstrated similar bands. The different banding patterns of chromosome 1 in E. fuscus and 
E. pentasyringos support the contention (above) that these chromosomes relate to respective 
chromosomes 2 and 1 in a putative 26-chromosome ancestor. _. 

The position of the nucleolus organizing region (NOR) is at C-band associated secondary. 
constrictions in a number of anuran species (Schmid, 1982). Eleutherodactylus fuscus was the only 
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PLATE IV. C-banded karyotypes of three 28-chromosome species of Jamaican Eleutherodactylus. The C-banded 
karyotype of E, luteD/us does not represent a complete chromosome complement. Only one homologue for chromosome 
pairs 6 and 7 was found in this particular metaphase spread. The scale represents IO/.lm for the three karyotypes. 
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species which did not have a C-band associated secondary constriction and some species had two 
such constrictions (E. griphus, E. luteolus and E. grabhami). Interstitial 'dot-like' C-bands are 
present in all the C-banded 32-chromosome species and all the C-banded 30-chromosome species 
except E. grabhami. Both E. griphus and E. alticola have similar chromosomes 11 and 12 and the 
secondary constriction ion chromosome I4 is associated with C~bands. The interstitial dot-like 
C-bands are found among the 30- and 32~chromosome species which are considered to be most 
closely related, but they vary in position and quantity. 

Discussion 

The variation in chromosome number and morphology found among theiJam~ican species of 
Eleutherodactylus provides additional evidence that karyotypic variation is characteristic of the 
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PLATE V. C-banded karyotypcs of three 16-chromosome species and four IS-chromosome species of Jamaican 
Eleutherodactylus. Variation in staining intensity and the presence of interstitial C-bands are most easily observed 'in 
E. cavernicola. The scale represents 10 !-1m for all seven karyotypes. '. 
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Flo. 8. C-banded idiograms of 28. 30 and 32-chromosome species of: Jamaican Eleutherodactylus.The positions of the . ,,' 
C-bands were determined directly from the C"banded karyotype5 (Figs 3 and 4). Secon~ constrictions may 01' may not 
be associated with C-bands. Only one of the three E. alticola seCondary constriCtiobS bas associated C~bands (14). 'j, , , 

Telomeres may be intensely stained (E.jamaicensis. 1-4) or weakly stained (E. grabhami. 5-7). Interstitial C-blinds often. 
have a 'dot .. like' appearance (E. caw:rn;cola, 10-12) or appear asa bar across allchro~atids'·(E."grabnaini,;·2)."· ,:-
Considerable variation is observed in the position of C-bands. ~ ,":' , ' 

genus aI;ld is not restricted to a few species or a particular geographical range. Karyotypic 
variation has been encountered among species of this genus inhabiting other islands in the 
Caribbean (Bogart, 1981a), and on the mainland in Central and South America (Bogart, 1973; 
DeWeese,.1976~ Savage & DeWeese, 1981). 

Karyotypic similarities and differences may be used to infer phylogeny if chromosome 
numbers, C-bands, sites of secondary constrictions or other 'markers' can be traced to a 
common ancestral karyotype in a monophyletic lineage (King, 1990). In the cosmopolitan 
toad genus Bufo, the 2O-chromosome African toads appear to be a monophyletic group (Bogart, 
1972) which would include the tetraploid 4O-chromosome B. asrnarae (Tandy et al., 1982). All 
other species in the family Bufonidae that have been karyotyped have 22 chromosomes 
(Kuramoto, 1990). 

Green (1986) constructed a phylogenetic tree of western North American Rana based,on13 
karyotypic character states. Compared to Eleutherodactylus, the karyotypic variation in Rana 
involves rather subtle differences. Six of Green's characters were considered to have no polarity, 
which indicated that the derived condition was not obvious when compared with the karyotype 
in the outgroup species (R. pipiens). 

Generally, species with the lowest numbers of chromosomes have mostly metacentric 
chromosomes and those with high numbers have mostly telocentric chromosomes. It has been 
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assumed, based on this observation, that centric fusion and fission are common mutational 
events in many genera that demons tate chromosome number variation (King, 1990). Finding 
Eleutherodactylus species with 18 metacentric chromosomes (n = 9), as well as species with 36 
telocentric chromosomes (n = 18; Bogart, 1970,.1973), supports this assumption. However, it is 
also apparent that other chromosomal mutational events have taken place in Eleutherodactylus. 
Pericentric inversions can move the centromere either away from the middle (metacentric) or 
towards the middle such that this mutation could convert telocentric chromosomes to subtelo­
centric, submetacentric, or even metacentric chromosomes. Translocations, insertions, and 
deletions must all be invoked to explain the chromosome variation which is evident in 
Eleutherodactylus. 

Unlike most frog genera, Eleutherodactylus demonstrates chromosome variability, and therefore, 
it was expected that a comparison of karyotypes among the species would provide phylogenetic 
information. As evolutionary markers (King, 1990), closely related species should have more similar 
karyotypes than distantly related species if the mutational events resulting in karyotypic alterations 
accumulated slowly over time. Chromosome number has been used as a primary difference between 
taxa in anuran systematic studies (Lynch, 1971; Heyer, 1975; King, 1990); the number of 
chromosome arms also has been used by DeWeese (1976) in Eleutherodactylus. 

It is not known whether certain types of chromosome mutation are more frequent, qr less 
lethal, than other types which could provide useful information and some possible polarity-'to 
karyotypic changes. If centric fusions are more common than centric fissions, karyotypic 
evolution should progress from a large number of telocentric chromosomes to a small number 
of metacentric chromosomes, but if fusion and fission phenomena are equally likely,the same . 
chromosome number could easily be derived by convergence in separate linc:ages; I(fe,focentric/'!" . 
and metaceritricchromosomes are the oniychrOmosomes which can participate iJlceritricfu~loI(',·'. ,,' 
or fission phenomena, the number of chromosome arms could be a very .tisefulp~i~e~er. to ,: 
compare karyotypes (DeWeese, 1976; King, 1990). However, iftelocentricchromosomes·canbe· .... 
derived from a break distal to the centromere, the number of arms would be expected to vary in a 
lineage that demonstrates number variation. If it could be established that pericentric inversions 
were frequent events. among telocentric chromosomes, then karyotypes possessing· telocentric 
chromosomes might be the product of recent fission mutations. By comparing closely related, 
chromosomally distinctive populations of Eleutherodactylus; knowledge concerning the rates of 
certain types of mutations should be obtained. No other frog genus has:demonstrated such a 
diversity of chromosome alterations. 

Jamaican Eleutherodactylus are monophyletic (Hedges, 1989a, b) and therefore the observed 
karyotypic variation must have been derived from some ancestor that inhabited Jamaica only 
since the late Oligocene or early Miocene (25 Mya) when the island emerged (Robinson, Lewis & 
Cant, 1970; Horsfield, 1973; Comer, 1974; Arden, 1975; Buskirk, 1985). The initial colonization 
of modern J~maica by Eleutherodactylus was probably from Cuba soon after Jamaica became 
emergent (Hedges, 1989a). 

The ancestral chromosome number for Jamaican Eleutherodactylus is not directly apparent. 
Because of the observed chromosomal variation, outgroup comparisons are probably not very 
meaningful' without additional information concerning inter-island relationships. Cuban' and 
Hispaniolan members of the subgenus Euhyas are closest to the Jamaican radiation of' 
Eleutherodactylus based on immunological (Hass & Hedges, 1991) and allozyme data (Hedges, 
1989a, b). Cuban 32-chromosome members of tqe subgenus Euhyas (Bogart,· 1981a) have 
karyotypes most similar to Jamaican species. 
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A possible chromosomal phylogeny of Jamaican Eleutherodactylus (Fig. 9) includes postulated 
karyotypic changes. This tree (see also Hedges 1989b; fig. 4) represents the best estimate of the 
relationships of Jamaican Eleutherodactylus showing congruence of allozymes, immunology, 
chromosomes, morphology and geography. From this figure, chromosome number change 
occurred at least nine times. Assuming Fig. 9 is a realistic representation of evolution among 
Jamaican Eleutherodactylus, observed karyotypic changes help to establish the types of mutation 
which are significant in evolutionary terms by comparing karyotypes in the monophyletic 
lineages. 

It is evident, from the distinctively different karyotypes and the lineages defined by molecular 
data involving species with the same chromosome number, that chromosome numbers or 
chromosome ami numbers by themselves cannot be used to define Eleutherodactylus lineages 
without additional infonnation. This was attempted by Savage (1987) for the genus Eleuthero-

type group 

st sm m 

14 0 0 2 a/tico/a 

14 0 0 2 nub/co/a 

14 0 0 2 andrewsi nubico/a 

14 0 0 2 griphus 

14 0 orcutti. 

9 3 0 3 jamaicensis jamaicens;s 

12 0 2 cavemico/a 

12 1 1 g/aucoreius-
.•• :?lO 12 0 2 cundalli 

cundalli 

3 3 junori 

1 2 3 gossei 

0 1 4 fuscus gossei 
2 2 pantoni 

2 1 pentasyringos 

0 1 o /uteo/us 

7 2 4grabharni luteo/us 

4 2 sisyphoeJemus 

FlO. 9. Phylogenetic relationships of 17 native species of Jamaican Eleutherodactylus based largely on aUozyme and 
albumin immunological data (Hedges. 1989b; Hass & Hedges, 1991). Hypothesized chromosomal number changes are 
mapped on the phylogeny, and karyotypic information is given for each species. This phylogeny suggests· thar' nine 
independent chromosome number changes occurred in Jamaica since the mid-Miocene. Additional chromosome features­
that may provide supporting evidence for certain clades are indicated (A to L) on the tree. They are: ~A) 14-telocentrics, 
(B) metacentric No.9 (No. 10 in E. griphus), (C) two secondary constrictions on No.9, (D) a larger metacentric (No.7 or 
No.8), (E) two small metacentrics; No.9 (No. 10 in E. griphus) and No. 13, (F) 12 telocentrics, (G) metacentric No. I -
(= telocentrics No. 3 and. No. 5 in E. /uscus through fission), (H) submetacentric No.6, (I) submetacentric No. 7 
(= metacentric No.8 in E.juscus). (1) metacentric or submetacentric No.8 (== No. 10 in E.juscus), (K) Nos. 5 and 8 in 
E. pentasyringos derived from No. 8 in E. pantoni, (L) Nos. 7 and 9 in E. sisyphodemus derived from No. I in E. grabhami. 
Types (arm length ratio abbreviations) are: t .. telocentric. st = subtelocentric, sm == submetacentric, m .. metacentric. 
Species group names are from Hedges (1989a). 
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FIG. 10. Hypothesized sequcnce of events leading to speciation in the gossei group. Eleutherodactyhu gosser and' 
E. pantoni are widely distributed during. equable. climate. (A) Possibly late Miocene or early Pliocene (5 Mya)· based on 
molecular data (Hedges, 1989b; Hass & Hedges, 1991). (B) Ranges contract during cooler and drier climate (possibly mid~ . 
Pliocene) forming at least four- refuges: Dolphin Head Mountain, the Cockpit Country, the central highlands (in 
E. gossei), and the NE slopes of the Blue and John Crow Mountains (from west to east). Fixation of a chromosome fission 
in the Dolphin Head isolate of E. gossei and the eastern isolate of E.pantoni, and a fusion in the central highlands isolate 
of E. gossei occurs. (C) Present. Equable climates during Holocene promote range expansion and eventual contact of 
previously isolated populations. The subspecies E. g. oligaulax andE. p. amiontu.s probably represent the eastern and .­
western isolates (respectively) which did not attain reproductive isolation and therefore intergrade' (indicated by black) 
with the nominate subspecies (E. g. gossei and E. p. pantoni). Chromosome data are not available for E:p. amitintu.s; 
Distributional data are from Schwartz & Henderson (1991) . 
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dactylus (additional infonnation on jaw musculature was used for one subgenus, Craugastor). 
Aside from difficulties in drawing conclusions from such a limited data set (karyotypes were 
available for only 65 of 500 species), the relationships obtained by Savage (1987) showed only 
poor agreement with other types of infonnation, such as morphology, aUozymes, immunology 
and geography (see also discussion in Hedges, 1989a). The rate of karyotypic change in any given 
lineage appears to be as variable in frogs as it has been shown to be in some other vertebrates 
(Fredga, 1977; Baker & Bickham, 1980). 

Speciation and chromosome evolution 
", 

In contrast to the five species in the nubicola group (2N = 32) and the three species in, the 
cunda//i group (2N = 30),. speciation in the gossei and luteolus groups was accompanied by 
fissions and fusions resulting in number changes. The three species in the luteolus group are 
broadly sympatric and therefore it is difficult to infer the sequence of events that led to their 
origin. However, the karyotypic and distributional data suggest that speciation in the gossei 
group of five species involved fixation of chromosome variants in isolated populations (Fig. 10). 

Both E. pentasyringos and E. gossei o/igaulax are confined to extreme eastern Jamaica and are. 
only slightly sympatric or parapatric ,with their closest relatives (E. pantoni and, E.gossei, 
respectively). This distributional pattern is also seen in E. glaucoreius of the cunda/Ugroup as well ' 
as some reptile taxa (Schwartz & Henderson,1991)"suggesting that fonnerly continuous ranges" 
became, disrupted in, eastern Jamaica; resulting in isolation· and differentiation. The isolating. 
,mechanism may ,have been the uplift of the Blue Mountains during the late Miocene and Pliocene ' 
sea level changes(Haq~ Hardenbol & Vail, 1987), or the cooler. and drier climate during the: 
Pleistocene (Pregill & Olson, 1981) resulting in forest refugia. The distributions of E.:fuscusand. " 
E. pantoni amiantus in western Jamaica also suggest allopatric isolation and differentia'tion:, 
because their closest relatives (E. gossei and E. p.pantoni, respectively) are allopatricoronl;y'<,. 
partially sympatric. However~ the isolation of those taxa is not readily explained by a geological' 
event; forest refugia seem a more likely mechanism. "" 

Speciation in the gosse; group probably began with the independent derivation of2~ 
chromosome E. gosse; and E. panton; from a 28-chromosome ancestor by the fusion' of. 
chromosomes 13 and 14 (in E. gossei) and 5 and 14 (in E. panton;). This probably occurred in 
the Late Miocene (5-7 Mya) based on the molecular data. Subsequently, both species became 
sympatric and widely distributed (Fig. 10: A). In the Pliocene' or Pleistocene, ranges contracted 
and at least three isolates fonned: (1) western (Dolphin Head mountain), (2) west-central, 
(Cockpit Country), and (3) eastern (John Crow mountains/Rio Grande valley). These three 
areas presently have the highest rainfall in Jamaica (Lack, 1976: fig. 4), and if historical rainfall 
patterns were similar, they would have been likely places for forest refugia during dry periods. 
The present distribution of E. junori in the central highlands suggests a fourth possiblerefugium . 
for ancestral E. gosse; populations. 

The fixation of chromosome variants in these isolates appears to have been associated with the, 
speciation events leading to E. fuscus and E. junori (from E. gossei). and E. pentasyr;ngos' (from 
E. pantoni). All three daughter species have different chromosome numbers and different 
advertisement calls from their putative parental species. Eleutherodactylus. junori is completely, 
sympatric and E. fuscus is partially sympatric with E. gosse;; E. pentasyringos is only slightly 
sympatric with E. pantoni (Hedges & Thomas, 1989). There is no evidence of hybridization 
between any of these species. Althoughthe eastern isolate of E. gossei and the western isolate of 
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E. pantoni underwent morphological differentiation, there was little or no accompanying vocal 
differentiation and both subspecies (E. gossei oligaulax and E. pantoniamiantus) presently 
intergrade with the nominate subspecies (Schwartz & Fowler, 1973). No chromosome data are 
available for E. p. amiantus but E. g. oligaulax has 26 chromosomes as in E.g; gossei. The above 
scenario assumes allopatric speciation based on present distributions (Hedges, 1989b; fig. 6), with 
the exception of E. junori (sympatric with E. gossel)~" . 

Futuyma & Mayer (1980) and Coyne (1984) argue that chromosome: rearrangements are 
probably not responsible for conferring reproductive isolation during speciation. However, the 
association between chromosome number change and vocal differen~iation in the gossei group is 
intriguing: perhaps gene rearrangements associated with the chromosome changes alter the 
advertisement call of a species, thus leading to reproductive isolation. Alternatively, both" 
chromosome and call differences may be. the result of a population bottleneck and are otherwise 
unrelated. 

Rates of chromosome evolution 

Using the timescale for Jamaican Eleutherodactylus evolution (Hedges, 1989b: fig. 4); our data 
suggest that chromosome numbers changed at least nine times during the last 13milliOIfyears 
since those species had a common ancestor. Wilson et aL (1974) and Bush eral. (1977) 
acknowledged that chromosome evolution also involves mutational events which do not result 
in a chromosome number: change but, for their calculations of rates of chromosome evolution" . 
these authors only used chromosome number changes and" the number of chromosome arms. 
These m~tational changes were considered to be the most obvious changes' and the' only 
consistent data forthe many genera which they compared. Our findings suggest that Jamaican·' 
Eleutherodactylus karyotypes undergo a number change at a rate of one pee:, 6"8' MY ,of'· 
divergence. Our value was obtained by using the 'phylogenetic' method of rate calculation·· . 
(Wilson,Carlspn &. White, 1977; Maxson & Wilson, 1979); The number of karYotypic:chailges' 
(chromosome number) that have occurred during the radiation otJamaican Eleutlierodactylus(9)' 
was divided by the. total time elapsed in all lineages (123/MY; Hedges, .1989b;~ fig~ 4) to obtain:a 
rate of 0·073 number changes per MY. This rate was multiplied by two to obtain a rate ofO~ 15 
number changes p'=r MY divergence between two lineages (one number change every 6'8MY of 
divergence). This figure is about six times faster than Wilson et al.'s 70 MY estimate for frogs and 
0·5 times· as fast as.the average mammalian rate (3'5 MY). 

The actual"mechanisms for chromosome change are of more evolutionary significance than 
correlations based on an unequal sampling of genera. Bush (1975) clearly distinguished attributes 
which would be expected to give rise to chromosome rearrangements during speciation but he 
categorized frogs as sharing similar biological attributes with the large mammals (Bush's Type 
la). Many frog species, and especially species of Eleutherodactylus would be more appropriately 
classified as Type 1 b or Type II and would be expected to undergo speciation in a manner similar . 
to small rodents; foxes or horses which have considerable chromosomal variation. According to' 
Lande (1979), such; variation is predictable when populations are fragmented into small demes 
which tolerate heterozygote disadvantage of chromosomal rearrangements. There is a direct 
positive correlation linking anuran species which have small clutch size, terrestrial reproduction, 
and territoriality with inter-specific chromosome variation (Bogart, 1981b, 1991). 

Coyne (1984) correlated electrophoretically determined heterozygosity values. against the taxa .. 
used by Wilson et al. (1974) and Bush et al. (1977) to calculate rates of chromosome evolution. 
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With only one exception (carnivorous mammals), he found a strong negative correlation: taxa 
with the lowest rates of chromosome evolution had the highest heterozygosity. Inbreeding and 
drift in small, isolated populations were considered by Coyne to be factors which could account 
for both low electrophoretically determined heterozygosity and high karyotypic variability, 
Coyne stated that his conclusions were preliminary owing to inadequate fossil data and the 
unequal compilation of chromosomal and electrophoretic data from various sources, "more 
correct analysis awaits acquisitions of such data from the same species in monophyletic groups." .. 

Eleutherodactylus is a rapidly speciating genus which has demonstrated morechromos()me . 
variation than any other amphibian genus. A comparison of species which. have different 
population or clutch sizes and reproductive modes should provide answers to questions relating 
to how rates of chromosomal.and molecular evolution are influenced by these parameters. Such 
information also may help distinguish between models of speciation, and test the effectsof 
parapatric versus allopatric demes, effective population sizes, and time required for fixation of 
different types of chromosome mutations. . . 
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(Department of Zoology, University of Maryland) for providing facilities, advice and encouragement. 
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