
Temperature and Sperm Incorporation in Polyploid metamorphosis and fed 

Salamanders and crickets. Tissue samples were compared 
by using horizontal starch gel electrophore- 

Although most animals reproduce sexually, a number of all-female groups exist. 
Triploid hybrid salamanders appear to maintain themselves by using a male's sperm to 
activate their eggs, after which the sperm nucleus is eliminated (gynogenesis). The 
incidence of sperm nuclear incorporation in eggs of these salamanders depends on 
temperature. Triploid offspring derived gynogenetically are more frequent at lower 
temperature, whereas tetraploid offspring derived sexually are far more frequent at 
higher temperatures. Temperature-dependent variability in sperm nuclear incorpo- 
ration helps explain the variability in reproductive modes reported for hybrid salaman- 
ders. 

T HREE BASIC MECHANISMS HAVE 

been proposed for the perpetuation 
of unisexual vertebrates: (i) females 

reproduce by parthenogenesis (no sperm); 
(ii) females reproduce by gynogenesis 
(sperm from a sympatric male initiate devel- 
opment of the eggs without incorporation 
of the paternal genome); (iii) a hybrid state 
is maintained through hybridogenesis (the 
maturing egg eliminates an entire genome, 
which is retrieved in fertilization by a sym- 
patric male's sperm). Parthenogenesis has 
evolved independently in several genera of 
lizards (I), gynogenesis has been found in 
fish (Z), and hybridogenesis exists in fish (3) 
and frogs of the European Rana esculenta 
complex (4). 

Mole salamanders of the genus Ambystoma 
occur in hybrid complexes throughout east- 
em North America and involve combina- 
tions of four species (A. jeffersonianum, A. 
laterale, A. texahum, and A. tigvinum). The 
hybrids are usually triploid females that are 
thought to reproduce gynogenetically by 
using sperm from sympatric diploid males 
(5). In some populations of hybrids, howev- 
er, offspring contain alleles that were not 
present in the genotype of their mothers (6), 
and clutches contain offspring of mixed ploi- 
dy (7, 8). This observation refutes a strict 
gynogenetic or parthenogenetic mechanism. 
In order to clarify and critically test the 
mode of reproduction in these salamanders, 
we inseminated eggs from triploid hybrid 
females in vitro with sperm from genetically 
distinct males and found that temperature 
influenced the mode of reproduction. 

We collected salamanders in the spring 
before breeding began, transported them to 
the laboratory in coolers containing snow, 
and held them in an incubator at 6°C. 

Triploid females with one complement of 
A. laterale and two complements of A. 

je&sonianum, defined as A,  latevale-(2)jef- 
fersonianum (LJJ) (9), were collected near 
Ancaster, Ontario, as were A. jeffersonianum 
and A. maculatum males. Ambystoma texanum 
males were from Pelee Island, Lake Erie; A. 
tigrinum males from Illinois; and A. laterale 
males from both localities. Females were 
examined for the presence of sperm, and all 
those used in the crosses were sperm-nega- 
tive (10). Females were induced to ovulate 
by hormone injections, and eggs were in- 
seminated with sperm from the vas deferens 
(11). Hatchlings were kept in pond water 
and fed brine shrimp and tubifex worms. 
Most were raised for 3 to 4 months post- 

Table 1. Sunliving offspring from cross combina 
females and males of A. tigrinurn, A. latevale, and A 

sis (12) and chromosomes were counted 
(13). 
' only eggs that were inseminated began 
development, ruling out the possibility of 
parthenogenesis.   he crosses -involved 20 
triploid LJJ females with males of all known 
hybrid complexes of Ambystoma. Out of 
1288 inseminated eggs from 31 crosses, 
48% cleaved and 21% developed to hatched 
larvae (Harrison stage 40). This high em- 
brvonic mortalitv is consistent with the oat- 
tein observed i; hybrid salamander cim- 
plexes (6, 14), where both field and labora- 
tory mortality is much higher than among 
diploid salamander species. 

In our first series of crosses, almost all of 
the offspring (78 out of 87) were tetraploids 
derived sexually (15) (Fig. 1). The relative 
proportion of electromorphs suggested that 
the tetraoloids resulted from incorooration 
of haploid sperm nuclei into unreduced 
triploid eggs. Use of males with identifiable 
electromorphs, for example, LJJ female 
crossed with A. texanum male, confirmed 
the presence of the paternal genome. Given 
the low incidence of tetraoloids in natural 
populations (16), the high frequency of tet- 
raploids in our crosses was unexpected. 

Hybrid Ambystoma breed early in the 
spring, as soon as most of the ice has melted 
in the breeding ponds. In most years, breed- 

ltions between triploid A,  latevale-(2)jeJenonianutn 
. maculatum. 

Parents* Offspring, at 6"Cf Offspring, at 15°C 

3n 3n 
Fe- Male male G H 4n G H 4n 

A. tigvinum males 
13451 X 13881 1 1 1 1 2 4 
13459 x 13881 1 1 0 3 0 3 
13461 X 13879 1 0 0 
13458 X 13879 1 0 0 1 0 3 
13453 x 13887 2 0 0 

Total 3 2 1 8 2 10 
A. laterale males 

13452 x 13880 3 0 0 2 0 2 
13453 x 13885 7 0 4 3 1 1 
13454 x 13885 14 3 0 0 4 10 

Total 24 3 4 5 5 13 
A. latevale and 

A. tigvinum 
Combined total* 27 (73) 5 (14) 5 (14) 13 (30) 7 (16) 23 (53) 

A, maculatum male 
13451 X 13487 5 0 0 2 0 0 
13455 X 13487 9 0 0 2 1 0 

Total 14 0 0 4 1 0 

J. P. Bogaa, Department of Zoology, College of Biolog- 
ical Science, University of Guelph, Guelph, Ontario, 
Canada N1G 2W1. 
R. P. Elinson, Department of Z o o l o y  University of 
Toronto, Toronto, Ontario, Canada M S 1Al 
L. E. Licht, Department of Biology, Yk University, 
Downsview, Ontario, Canada M3J P3 

*All females were A .  laterale-(2)jefferjonranum. Numbers (for example, 13451) are catalos numbers of one of the 
authors (J.P.B.). The specimens will be deposited in the herpetology collection of the National  museum of Canada, 
Ottawa. ?The offspring were mostly transformed juven~les, but some larvae were also used. The triploids were 
determined to be the product of gynogenesis (G) or h bridogenesis (H) on the basis of the electrophoretic genotype. 
The total number of triploid and tetra loid offspring (J9) does not equal the total number of larvae (1  16 at about stage 
40). Some larvae were abnormal anldied before chromosomes or electrophoretic information could be obtained. 
$Rounded percentages of each reproductive mode are in parentheses. 
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Fig. 1. Chromosomes from a tetraploid larva 
(4n = 56), which was an ofspring from a mploid 
A. laterale-(2~efmonianum female. Scale bar, 20  
P"'. 

ing occurs at water temperatures as low as 
6°C. Our initial crosses were done in the 
laboratory at 15"C, higher than usual in 
nand ponds. We hypothesized that tem- 
perature affects the reproductive mode of 
the hybrids, resulting in the high proportion 
of tetraploid offspring. Consequently, we 
tested the effect of temperature on reproduc- 
tive mode. Procedures for the new crosses 
were the same as those initially used, except 
that eggs were inseminated and maintained 
at either 6" or 15°C to at least the four-cell 
stage. 

When sperm from A .  laterale and A .  ti- 
gn'num males were used at 15"C, a large 
number of teaaploids with paternal ge- 
nomes were obtained (Table l and Fig. 2). 
When eggs were inseminated and kept at 
6"C, the number of tetraploids was si@- 
cantly fewer and the number of gynogens 

greater. Offspring were 53% (23 of 43) 
tetraploids at 15"C, but only 14% (5 of 37) 
tetraploids at 6°C (X2, P < 0.005). 

Triploids arose by either gynogenesis or 
hybridogenesis (Table 1). The hybridogens 
resulted from diploid eggs formed by the 
elimination of an A .  jefwsonianum genome, 
then incorporation of a male genome. A 
similar mechanism occurs in other hybrido- 
genetic organisms (3, 4). It would appear 
that sperm nuclear incorporation is required 
for reproduction of reduced diploid eggs 
because we did not detect diploid gynogens. 
Tetraploids and hybridogens both represent 
offspring with haploid sperm nudear incor- 
poration. Grouping them together, sperm 
nudear incorporation occurred in 70% (30 
of 43) of eggs inseminated at 15"C, but onl Y in 27% (10 of 37) inseminated at 6°C ( X  , 
P < 0.005). 

Data from the A .  maculatum male were 
considered separately (Table 1) because this 
species is not part of the hybrid complex and 
may not form viable hybrids with species of 
the complex (17). Of 19 ofipring, only one 
expressed paternal alleles, and this larva 
grew slowly and died at 9 weeks. If incorpo- 
ration of an A .  maculatum genome into an 
LJJ egg is lethal, then survival of this cross is 
expected to be better at 6"C, where sperm 
nuclear incorporation is less likely to occur, 
than at 15°C. Suggestive of this pattern is 
the result that 44% (16 of 36) of cleaved 
eggs at 6°C reached stage 40 compared to 
11% (5 of 46) at 15°C (xZ, P < 0.005). 

Our experiments demonstrate that sperm 

Origin - 
1 2  

.., -L .- 
bars, w 
dimer i! 
and is c 

- J ( M  hydrogenase (Mdh) elemo- 
t t~lu~cuc plrcuucyps of parents and offspring. 

- LandT (Mdh-1) Lanes 2 to 10 are transformed offspring (F,) of 
- J and L ( M ~ ~ - ~ )  a cross between an A.  tnacrrlatutn male (lane 1) 

and a triploid A. la tera lc(2) j~~rsonianunr  (LJJ) 
female (lane 11). Sole expression of the female's 
phenotype in the offspring indicated gynogenet- - TI (t"' ic development for this cross. No activity is 
present in lane 5 as this specimen died before 

processing. Sperm nuclear incorporation is demonstrated in offspring 

5 from a cross between a male A. r(crinum (Ti) (lane 12) and a female LJ J 
.= c (lane 16). Some offspring were gynogenetic, as in lane 13, with a 
5 9 pattern identical t o  their LJJ mother. Other offspring (lanes 14 and 15) ' were tetraploids derived sexually, with staining patterns indicative of ' a two genomes of A. jejinonianum (J), one genome of A. l~teralr (L), and 

one genome of A ,  r&rinum (Ti). The zymogram below the gel illustrates 
our interpretation of Mdh-1 and Mdh-2 allozymes in this cross: 1 
represents lane 12; 2, lane 13; 3, lanes 14 and 15; and 4, lane 16. The 
ht~&-~ (heterodimeric) bands for both loci are represented by open 

ith the open bar closer to the origin being Mdh-2. This hybrid 
s a combination of a Ti subunit plus either a J or an L subunit 
liagnostic for the presence of the paternal (Ti) nucleus. 

nudear incorporation in eggs of mploid 
salamanders varies with temperature. High- 
er temperature favors incorporation (hybri- 
dogenesis or ploidy elevation), whereas low- 
er temperature favors gynogenesis. Treat- 
ment of urodele eggs with low temperature 
had previously been used to produce mp- 
loid ofipring from diploid females in several 
species, including A. mexicanum (18). Cold 
suppressed second polar body formation but 
did not inhibit sperm nuclear incorporation 
in these cases. Low temperature, however, 
prevented sperm nuclear incorporation in a 
few laboratory-produced frog and toad hy- 
brids, resulting in gynogenetic development 
(19). This suggests that suppression of 
sperm nuclear incorporation in triploid sala- 
manders results from a fortuitous combina- 
tion of hybrid development and breeding at 
low temperatures. 

In hybrid Ambystoma, temperature has 
ecological and evolutionary importance. At 
reduced temperatures, a mploid female 
would be expected to reproduce mainly by 
gynogenesis. At higher temperatures, the 
frequency of sperm nuclear incorporation 
and subsequently hybridogenesis would in- 
crease, or elevated ploidy level would in- 
crease among the unreduced eggs. Genetic 
variability and ploidy might be dictated by 
water temperature, which can vary with 
locality, from one year to the next, or during 
the breeding season in any particular year. 
During a given season, females breeding 
early may differ in reproductive mode from 
those breeding later. Such variation may 
have significant bearing on the genetic com- 
position of hybrid populations and may 
account for the variability in reproductive 
mode in hybrid Ambystoma. 
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Similarity Between the Transcriptional Silencer 
Binding Proteins ABFl and RAPl 

The yeast ARS binding factor 1 (ABF1)-where ARS is an autonomously replicating 
sequence-and repressor/activator protein 1 ( W l )  have been implicated in DNA 
replication, transcriptional activation, and transcriptional silencing. The ABFl gene 
was cloned and sequenced and shown to be essential for viability. The predicted amino 
acid sequence contains a novel sequence motif related to the zinc finger, and the ABFl 
protein requires zinc and unmodified cysteine residues for sequence-specific DNA 
binding. Interestingly, ABFl is extensively related to its counterpart, W l ,  and both 
proteins share a region of similarity with SAN1, a suppressor of certain SIR4 
mutations, suggesting that this region may be involved in mediating SIR function at 
the silent mating type loci. 

A CRITICAL FEATURE IN THE LIFE CY- 

cle of the yeast Sacchavornyces cevevisi- 
ae is that two loci, HML and HMR, 

which contain mating type information and - . -  
the cis elements required for expression, 
must be maintained-in a transcriptionally 
silent state (I) .  Silencing involves the bind- 
ing sites for two sequence-specific DNA 
binding proteins, ABFl and RAP1, located 
within regulatory regions (silencers) flank- 
ing these silent loci (2-4). Four genes, SIR1 
to SIR4, are also required for silencing (5) 
and appear to act, at least in part, through 
ABFl and RAPl ( 6 ) .  ABFl and RAPl are , , 
multifunctional proteins implicated not only 
in transcriptional repression, but also in 
transcriptional activation (both proteins), 
telomere function (RAP l ) ,  and initiation of 
DNA replication (ABFl) (2, 3, 7, 8 ) .  

Eukaryotic cells are capable of regulating 

the amount of transcription of a given gene 
over eight to nine orders of magnitude. Of 
this range, five to six orders of magnitude 
have been attributed to transcriptional re- 
pression (9). An important group of cis- 
acting sequences involved in repressing tran- 
scription of specific genes, often in a devel- 
opmentally regulated manner, has been de- 
lineated (7, 10, l l ) .  These sequences can 
repress transcription in an orientation- and 
distance-independent manner and, by analo- 
gy to transcriptional enhancers, have been 
termed "silencers" (7). Understanding how 
these silencers function may be important 
for understanding the full breadth of tran- 
scriptional control in eukaryotes. 

Cell type in the yeast S .  cevevisiae is deter- 
mined by the expression of either one of two 
alleles, u or a from the MAT locus near the 
centromere of chromosome 111. Mating type 
information is also contained at two other 

Cold Spring Harbor Laboratory, Cold Spring Harbor, loci, HML and HMR, which are found near 
NY 11724. the telomeres of chromosome 111 and which 

serve as stores of u and a mating type 
information, respectively, during mating 
type switching. HML and HMR are actively 
maintained in an inert state by four short 
sequences flanking each silent locus (12). 
Each of these sequences can function as an 
autonomously replicating sequence (ARS), 
implicating the initiation of DNA replica- 
tion in silencing. It is within these sequences 
that ABFl or RAP1, or both, binds and 
appears to act in silencing with the products 
of the four SIR genes. 

Like general transcriptional repression 
(9), the repressed state of HML and HMR is 
stably propagated during DNA replication 
and, in fact, requires passage through S 
phase for its establishment (13). Further- 
more, silencing involves the generation of a 
chromatin structure reminiscent of hetero- 
chromatin (14). Since most cellular hetero- 
chromatin is located at the periphery of the 
nucleus, subjacent to the nuclear lamina, the 
recent observation that a functional domain 
of the SIR4 protein is closely related to the 
human nuclear lamins in a region involved 
in lamin-lamin interactions may provide a 
link between transcriptional silencing, het- 
erochromatin formation, and subnuclear lo- 
calization of cis-acting sequences (15). The 
role of transcriptional activators like ABFl 
and RAPl in the establishment and mainte- 
nance of the repressed state is important, 
and analysis of the genes encoding these 
proteins is likely to offer insights into this 
mechanism. 

We have previously described the purifi- 
cation of ABFl to homogeneity as a poly- 
peptide with an apparent molecular mass of 
135 kD (3). A polyclonal rabbit antiserum 
to purified ABFl protein was affinity-puri- 
fied (Fig. lA, lane 1) and used to screen 
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