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Background: Animals with polyploid, hybrid nuclei offer a challenge for models of gene expression and regulation
during embryogenesis. To understand how such organisms proceed through development, we examined the
timing and prevalence of mortality among embryos of unisexual salamanders in the genus Ambystoma.

Results: Our regional field surveys suggested that heightened rates of embryo mortality among unisexual
salamanders begin in the earliest stages of embryogenesis. Although we expected elevated mortality after zygotic
genome activation in the blastula stage, this is not what we found among embryos which we reared in the
laboratory. Once embryos entered the first cleavage stage, we found no difference in mortality rates between
unisexual salamanders and their bisexual hosts. Our results are consistent with previous studies showing high rates
of unisexual mortality, but counter to reports that heightened embryo mortality continues throughout embryo

Conclusions: Possible causes of embryonic mortality in early embryogenesis suggested by our results include
abnormal maternal loading of RNA during meiosis and barriers to insemination. The surprising survival rates of
embryos post-cleavage invites further study of how genes are regulated during development in such polyploid
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Background

The typical diploid eukaryote has two alleles for each
autosomal locus that are expressed at levels necessary
for proper development and genome function. The dy-
namics of this two-allele system are especially important
for transcription factors that bind to cis regulatory re-
gions and protein macromolecular complexes, in which
proper stoichiometry is needed for binding and for
proper complex assembly. The impact of abnormal dos-
age and reaction kinetics remain difficult to study be-
cause divergent gene sequences and abnormal copy
number are normally deleterious [10]. Organisms with
polyploid genomes derived from highly divergent species
challenge traditional models of cis and trans regulation
and present novel systems for studying the impact of
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these factors on early development [11]. Understanding
how polyploid organisms successfully complete oogen-
esis, fertilization, and embryonic development should
provide valuable insights into the impacts of abnormal
chromosome/gene dosage and regulatory reaction kinet-
ics on embryonic development [65].

An exemplary system for understanding the challenges of
polyploid reproduction is the unisexual salamander com-
plex of eastern North America. This complex consists of
five bisexual host species (A. barbouri, A. jeffersonianum, A.
laterale, A. texanum, A. tigrinum) and a suite of unisexual
associates of varying ploidy (diploid to pentaploid) and gen-
ome composition [14, 20, 21]. In our study region of New
England, the host species are A. jeffersonianum and A.
laterale. Regardless of context, the mitochondria of all uni-
sexuals can be traced back to a single origin. Despite the
theoretical challenges of hybrid polyploid genomes, and
despite evolutionary expectations that unisexual vertebrates
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should be short-lived, this lineage has been thriving for five
million years [6].

Reproduction among unisexual salamanders differs from
other known modes of biological reproduction, which in-
clude: normal sexual reproduction, where males and fe-
males contribute equal amounts of nuclear DNA to
offspring; parthenogenesis, where females clonally repro-
duce in the absence of males; gynogenesis, where paternal
sperm is used only to activate embryo development and
none of the paternal nuclear DNA is incorporated into the
offspring; and hybridogenesis, where the paternal nuclear
DNA is expressed in the offspring, but is not transmitted to
subsequent generations [50]. Unisexual salamander
reproduction often takes a gynogenetic pathway, where
sperm is used only to stimulate embryo development, es-
sentially resulting in cloning of the unisexual ([28, 32, 46];
but see [7]). However, some of the time, sperm nuclei are
incorporated, elevating the ploidy of offspring and transmit-
ting whole sets of paternal genomes to future generations,
similar to normal sexual reproduction [15, 20, 32, 56, 60].

Although unisexual salamanders typically dominate
populations where they co-occur with the bisexual sala-
mander hosts [24], very high rates of embryo mortality
occur in populations where unisexuals are present and
this phenomenon is well-documented throughout their
range [20, 26, 41, 49, 53, 66]. Within these ponds, some
researchers [19, 43, 55] have reported that the rates of
mortality are higher among unisexual salamanders than
their bisexual hosts, while others have not [18, 40].
There is some evidence that tetraploid and pentaploid
unisexuals are more prone to developmental defects and
larval mortality than are triploids [45, 55, 63]. High rates
of embryonic mortality suggest that there are substantial
costs associated with this life history strategy, and that
these costs arise in the course of embryogenesis — dur-
ing oogenesis, fertilization, or embryonic development.

During egg development, genomes of unisexual organisms
such as the unisexual salamanders are thought to undergo a
doubling event, known as pre-meiotic endomitosis [5, 46].
Because these nuclei begin with polyploid genomes, this
meiotic pathway entails stages with very high numbers of
genome copies. For example, in a tetraploid (n =4) unisex-
ual, after the doubling phase associated with meiosis, the nu-
clei may contain 16 homologous chromosome sets prior to
division. Meiosis is further complicated by the fact that uni-
sexual salamanders carry genome sets that are hybrid com-
binations of other species’ distinct genomes. Due to these
complexities, unisexual meiosis is prone to errors, such as
improper chromosome segregation [3, 22], intergenomic re-
combination, and translocations, all of which can lead to
embryonic mortality ([4, 7-9, 20].

When amphibian eggs are inseminated, the sperm in-
duces an increase in intracellular Ca** concentration in
the egg, which is both necessary and sufficient for egg
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activation [35]. To activate development of their eggs, uni-
sexual Ambystoma females use sperm from males of nor-
mally bisexual species [20]. When reproduction follows a
gynogenetic pathway, the sperm nucleus is then discarded,
as observed in most of the samples examined by Elinson
et al. [32]. During the first cleavage following fertilization,
Elinson et al. [32] observed an uncondensed clump of
chromatin which they interpreted as the sperm nucleus.
This clump remained at the metaphase plate — which sub-
sequently became the site of furrow formation — while the
other chromosomes retreated to separate nuclei.

The early stages of embryonic development rely on
RNAs deposited into the egg by the mother during oo-
genesis [62]. During the maternal-to-zygotic transition
(MZT), transcription of genes in the zygotic nucleus be-
gins, and expression of maternal transcripts declines.
The successful MZT is essential for embryonic develop-
ment and requires large-scale zygotic genome activation
(ZGA), which occurs during the mid-blastula transition
(MBT [39, 47, 62];). Findings from studies with amphib-
ian and fish embryos suggest that there is a developmen-
tal checkpoint activated at the MBT that eliminates
abnormal cells by apoptosis [1, 31, 37, 61]. Several differ-
ent, but not mutually exclusive models for the mecha-
nisms underlying the timing of ZGA have been
proposed [29, 36, 37, 39, 51, 52, 68]. Early embryogen-
esis, and each of the hypothesized mechanisms for ZGA
timing could potentially be compromised in embryos
with multispecies hybrid polyploid genomes, possibly
resulting in developmental abnormalities, death of cells
by apoptosis, and embryonic mortality.

In addition to the aforementioned challenges for unisex-
uals in meiosis and ZGA, proposed explanations for ob-
served embryonic mortality in the unisexual salamander
complex have included low water temperature, poly-
spermy, “over ripeness of eggs” resulting from delayed
reproduction, and poor rates of egg fertilization or activa-
tion [26, 40, 54]. Because different mechanisms are en-
gaged in successive stages of development, understanding
the timing at which embryos die will go a long way to-
wards a full understanding of how these polyploid organ-
isms ultimately persist despite the theoretical challenges.

In this study, we investigated the timing and preva-
lence of unisexual embryo mortality. Field biologists typ-
ically associate the presence of high rates of visibly dead
embryos as a characteristic feature of ponds where uni-
sexual salamanders are present. By contrast, in ponds
where unisexual salamanders are not present and in egg
masses of other Ambystoma species, such high mortality
rates are only occasionally observed, and may be attrib-
uted to environmental stressors such as freezing or road
salt in ponds. Given our understanding that genetic er-
rors in the developing embryos contribute to unisexual
embryo mortality, we expected that elevated rates of
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unisexual salamander embryo mortality will begin during
or after the blastula stage, when zygotic genes take over
control of development, with high rates of mortality con-
tinuing through subsequent developmental stages.

To understand mortality during unisexual develop-
ment, we examined three different data sets, which of-
fered tradeoffs between precision and generalizability.
To characterize embryo mortality associated with the
unisexual salamander complex at the broadest level, we
analyzed mortality in field photos of egg masses from
137 ponds. Based on previous work [24], it is assumed
that the majority of these eggs were from unisexual sala-
manders. These data allow inference to regional patterns
of mortality, providing a link between our more-detailed
laboratory studies and the observations of widespread
embryo mortality typically reported by field biologists.
However, without genetic data, we cannot use this broad
data set to discriminate mortality rates between unisex-
ual and A. jeffersonianum. From a set of 10 ponds, we
also collected genetic data allowing us to discriminate
mortality between the two maternal lineages. For the
most granular perspective on the timing of mortality
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11 developing egg masses collected from 3 ponds and
reared in the laboratory.

Results

Field observations - maternal lineage known

To characterize the phenomenon of elevated embryo
mortality in populations where unisexual salamanders
occur, we observed 94 egg masses with genetically iden-
tified maternal lineages in the field during 2017. These
consisted of 23 A. jeffersonianum and 71 unisexual
masses, with 56 and 15 of the unisexual masses associ-
ated with populations of A. jeffersonianum and A. later-
ale, respectively [25]. Despite including ponds where A.
laterale was the host, we did not observe any A. laterale
eggs, largely because the eggs are typically laid singly
and difficult to detect [25]. The percent dead embryos
were significantly greater (p<0.001) in unisexual
(mean =29%, sd=32%) than in A. jeffersonianum
(mean = 10%, sd =16%) masses, even after controlling
for site and developmental stage (Fig. 1). The average
observed developmental stages were slightly earlier in
unisexual (mean =26, sd=14) than A. jeffersonianum

from the cleavage stage forward, we tracked mortality in  (mean=32, sd=6), but this difference was not
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significant after controlling for site (p =0.06). The uni-
sexual salamanders in our study included four different
nuclear genome combinations, LJJJ, LJ], L], and LL], spe-
cified by the number of copies of A. laterale (L), and A.
jeffersonianum (J) genome sets. Among unisexuals, the
rates of mortality were similar across nuclear genome
combinations (Fig. 2). High rates of mortality were ob-
served beginning early in development (defined here as
the stages up through the beginning of neurula): for 23%
(5 out of 22) of the unisexual egg masses in early devel-
opmental stages, we observed that more than half of the
embryos in each mass had already turned white or were
showing other outward signs of decay. Early-stage uni-
sexual egg masses had on average 27% (sd =35%) dead
embryos.

Field observations - maternal lineage unknown

For a broader-scale characterization of embryo mortality
in unisexual populations, we examined field photos col-
lected from 137 ponds during regional surveys. After ex-
cluding 109 images that were of low quality, we counted
embryos in a total of 663 distinct sets, representing un-
known ratios of Jefferson and unisexual salamanders.
Overall, the mean percent of dead eggs in these egg
masses was 18% (sd=27%). Among early-stage egg
masses, 15% (78 out of 506) already displayed mortality in
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more than half of the embryos in each mass. The average
mortality across early stage embryos was 19% (sd = 29%).

Laboratory reared specimens

For a fine-grained look at embryo mortality after develop-
ment is initiated, we tracked 321 developing eggs in 11
masses in the laboratory, consisting of 152 eggs in 3 A. jef-
fersonianum masses (B, G, and H; Table 1) and 169 eggs
in 8 unisexual masses (A, C—F, and I-K). The mean mor-
tality rate among the 11 masses was 25% (sd = 28%), with
no significant difference (p = 0.4) in mortality rate between
A. jeffersonianum (mean =24%, sd =22%) and unisexual
(mean = 25%, sd = 31%) embryos (Table 1, Fig. 3). Pooling
the embryos across all egg masses from each maternal
lineage, and excluding both embryos sampled for genetic
analysis and those not entering the first cleavage stage, we
observed mortality in 19% (29 out of 152) and 17% (25
out of 149) of developing A. jeffersonianum and unisexual
embryos, respectively (Table 1).

The patterns of embryo death differed between egg
masses, with causes that could varyingly be attributed to
pre-cleavage factors, environmental factors, and genetic
factors (Fig. 4; Supplemental Results). In embryos that
died, development terminated at various stages, ranging
from early to late development (Fig. 3). Once develop-
ment was terminated, the embryos typically did not
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Table 1 Hatching outcome of embryos among 11 salamander egg masses collected from western Massachusetts during early
stages of development and tracked in the lab, 2016

Lineage Town Mass ID Initial Stage Embryo Count® Hatch Count Hatch Fraction
Jefferson Sunderland B 4 69 52 0.75
Jefferson W. Springfield G 1 59 58 0.98
Jefferson Lenox H 2 24 13 054
Jefferson Subtotal 152 123 081
Unisexual Sunderland A 6 35 27 0.77
Unisexual W. Springfield @ 8 15 14 093
Unisexual W. Springfield D 6 23 20 0.87
Unisexual W. Springfield E 1 24 19 0.79
Unisexual W. Springfield Fb 1 20 0 0
Unisexual Lenox | 2 18 15 0.83
Unisexual Lenox J 3 12 12 1
Unisexual Lenox K 3 22 17 0.77
Unisexual Subtotal 169 124 073
#Counts do not include embryos excised for genetic analysis
PNo embryos in mass F entered first cleavage stage
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Fig. 3 Survival of lab-reared Jefferson and unisexual salamander embryos, excluding those sacrificed for further laboratory testing. a Survival
curves of all embryos that entered cleavage (stage 2). Solid lines track survival until development stopped advancing. Dotted lines track survival
until embryos turned white across expected developmental stage, which is based on the stage of neighboring embryos in the egg mass when
the focal embryo turned white. The horizontal space between solid and dotted lines represents the approximate delay between embryo death
and the outward appearance of decay. The letters on the x-axis represent the blastula stage ("B"), the beginning of the neurulation (“N"), the
beginning of the tail-bud (“T"), and the beginning of the heartbeat (“H"). b Hatching success, where each point represents one egg mass. The
area of the circles reflect the relative number of embryos (ranging from 12 to 69) in each mass. None of the embryos in the one egg mass with
complete mortality entered the cleavage stage, and so this egg mass is not represented in the survival curves to the left. All embryos in all other
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Fig. 4 Differing pathways of embryo failure. a Blebbing and mold filaments on right embryo of unisexual mass E, b ballooning abdomen in left
embryo of unisexual mass A, ¢ bacterial bloom on unisexual mass K, d aborted development of many embryos of Jefferson mass B, e non-
spherical membranes in non-developing embryos of unisexual mass F, and f varying stages of decay among these same embryos in mass F

exhibit outward signs of decay until the other embryos
in the mass had advanced through later stages of devel-
opment. Only unisexual mass ] experienced no mortality,
with all 12 embryos hatching successfully. All embryos in
all egg masses entered cleavage, except for the embryos in
unisexual mass F, which suffered complete embryo mor-
tality with none of the eggs entering the first stage of div-
ision (see animation supplement archived on Dryad,
https://doi.org/10.5061/dryad.rxwdbrv40).

While most of our study is based on observations of
embryo death, abnormal development may not be im-
mediately lethal to embryos. Abnormalities in processes
such as chromosome replication and ZGA may induce
apoptosis or necrotic death at the cellular level early in
development, although death of the entire organism may
be delayed until a later stage of embryo development or
until after hatching. To examine cellular-level develop-
mental abnormalities, we fixed, sectioned and imaged a
subset of embryos using phase contrast and fluorescence
microscopy. We also used the TUNEL assay to detect
apoptotic cell death. Comparison of the unisexual em-
bryos with the Jefferson embryos revealed no detectable
major differences in morphology (Fig. 5). The tissues did
suffer some mechanical damage during our experimental
procedures, so it is impossible to say that they were all

completely normal. We saw no TUNEL-positive staining
in any of the developing Jefferson or unisexual embryos
we examined, indicating that the embryos were not
undergoing aberrant cell death at the developmental
stages assayed (stages 8+ through 25) (Fig. 5). The posi-
tive control, in which nuclear DNA is cleaved artificially
with TACS-Nuclease™ (Trevigen), a proprietary endo-
nuclease, had strong TUNEL-positive FITC signal that
corresponds to the location of nuclei.

Discussion

Many previous studies have described elevated rates of
egg mortality in populations where unisexual salaman-
ders are present, but there is still little understanding of
the underlying mechanisms. Our findings suggest that,
within our region of the unisexual complex, the charac-
teristic elevated embryo mortality occurs in the earliest
stages of embryogenesis. This is counter to our expecta-
tions that high mortality would set in after the blastula
stage, but is supported by all aspects of our study.

In the field, we observed high rates of mortality among
early stage embryos. In the controlled laboratory experi-
ment, once the embryos entered cleavage, the unisexual
and A. jeffersonianum embryos survived to hatching at
approximately the same rate, and in our microscopic
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Nuclei stain/ Hoechst

Unisexual Positive Control
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and TUNEL labeling merged with phase contrast microscopy
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Fig. 5 Microscopic analysis and apoptosis assay in a representative Stage 22 unisexual Ambystoma embryo. a and d Hoechst stain (blue
fluorescence) indicates locations of cell nuclei. b Unisexual positive control, treated with TACS-NucleaseTM (Trevigen), a proprietary endonuclease,
exhibits positive TUNEL staining as is evident by green fluorescence indicating the presence of DNA damage. e Experimental unisexual sample
exhibits negative TUNEL staining (no green fluorescence), indicating absence of DNA damage characteristic of apoptosis. ¢ and f Hoechst stain

Hoechst/Fluorescein/Phase merge

and TUNEL staining analyses we saw no signs of gross
developmental abnormalities or cell death among devel-
oping embryos. The only catastrophic failure observed in
the lab was in unisexual mass F, in which no embryos
entered cleavage.

Previous studies showing high mortality among
laboratory-reared unisexual embryos did not offer con-
trolled side-by-side comparisons with bisexual hosts (e.g.
[19, 32]). For instance, Elinson et al. [32] found that
“only 75% of cleaved eggs developed to hatching,” and
they later suggest that genetic factors may be one cause
for low survival rates among unisexuals. Our survival
rate post-cleavage in the laboratory was similar (83%),
however we do not interpret this as low, because we saw
similar survival rates of A. jeffersonianum reared in the
same experiment (81%). Elinson et al. [32] also found
that only 50% of embryos successfully cleaved, which is
consistent with our interpretation that the bulk of mor-
tality among unisexual eggs occurs prior to cleavage.

That we don’t see higher levels of mortality once de-
velopment begins is surprising. The unisexual salaman-
ders in our region are primarily triploid, with nuclei that
are hybrid combinations of two different host species (A.
laterale and A. jeffersonianum; the dominant nuclear
genotype in our study was LJJ), and mitochondria that
are more closely related to a third species (A. barbouri)
than either of the two host species [57].

Although the unisexual mitochondria form a 5-million
year old monophyletic lineage, there has been continual
turnover in nuclear genes over this time, with one-
directional flow of genes from the local host species to
the unisexuals [23]. Because the host species do not re-
ceive genes from unisexuals and genomic combinations
arise de-novo based on local host species, natural selec-
tion has had limited opportunity to eliminate incompati-
bilities within the combinations of nuclear genomes
carried by unisexuals. The two genomes that co-occur in
unisexuals are widely divergent and, therefore, numerous
between-species genetic incompatibilities should be
present. The extent of these incompatibilities normally
would lead to changes in gene regulation and produce
abnormal development after MBT, as well as nuclear/
mitochondrial incompatibilities that would affect cellular
respiration. Indeed, in other parts of the unisexual range,
authors have reported very low survival, with hatching
rates around 20% [19, 20]. However, the salamanders in
the regions covered by those studies have nuclear ge-
nomes that combine even more divergent species than
A. jeffersonianum and A. laterale, which are more closely
related to each other than to any other member of the
unisexual complex. In other regions of the unisexual
complex, A. laterale genomes can be found in a myriad
of hybrid combinations with the more distantly related
A. tigrinum, A. texanum, and A. barbouri nuclear
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genomes [21, 67], and so higher rates of mortality may
be expected.

Death in early embryogenesis suggests a few possible
mechanisms. Recent literature suggests that embryo
mortality may be linked to genetic errors stemming from
meiosis [20]. Unisexual reproduction is complex, and in-
volves very large numbers of copies of genome sets in
the lead up to meiosis [5, 6]. This can result in aneu-
ploidy or other alignment failures [8], as well as errors
due to recombinations between A. jeffersonianum and A.
laterale genomes which constitute their nuclei [4, 7].

However, if genetic errors in the nucleus are the cause of
mortality and mortality occurs prior to cleavage, this presents
a potential paradox given our understanding of development.
In animals, the first few stages of development are controlled
by the maternal genome via cytoplasmic elements. The zyg-
otic genome does not begin to exert control on development
until the initiation of the major ZGA [39, 47, 62, 68]. This
occurs during the blastula stage, which corresponds approxi-
mately to stage 8 in the numbering system we use here [58].
This raises the question as to how genetic errors within the
zygote nucleus stemming from meiosis could cause death
prior to cleavage.

One potential explanation for how genetic errors con-
tribute to pre-ZGA embryonic failure could be abnormal
maternal loading of RNA and proteins during oogenesis
in unisexuals compared to bisexual species. Given the
large degree of sequence divergence between alleles, mis-
regulation of gene expression could change the levels of
maternally loaded transcripts from what is normally re-
quired to initiate early development after insemination.
Improper levels could cause failure of development prior
to ZGA. Future measurements of gene expression from
unfertilized eggs of unisexuals compared to bisexual spe-
cies (see [48]) will reveal whether any differences exist in
the initial factors needed for development.

As an alternative to failures stemming from meiosis, our
results are consistent with unsuccesful insemination as the
primary source of embryo mortality in unisexual salaman-
ders. For instance, lack of sperm due to low numbers of
males in the ponds could result in high rates of un-activated
eggs [26]. Our study did not attempt to estimate relative
abundance of pure A. jeffersonianum vs. unisexuals in the
ponds we examined, but the latter appear to greatly out-
number the former at most sites examined in Massachusetts
([16, 17, 24] JEK unpublished data). In our field observations
where maternal lineage was known, unisexuals averaged
70% (range 38—100%) of the egg-mass sample among the 8
A. jeffersonianum ponds studied, suggesting a possibility that
unisexuals outnumbered pure A. jeffersonianum females.
However, pure A. jeffersonianum had lower rates of dead
embryos; if sperm is the limiting factor for unisexual sala-
manders, such a problem does not appear to impact pure A.
jeffersonianum females breeding in the same pond.
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Differential access to sperm between unisexuals and female
A. jeffersonianum could be explained by mate selection. Fe-
male A. jeffersonianum are more closely related to male A.
jeffersonianum than are unisexuals, which also carry a set of
A. laterale nuclear genes. Thus, environmental cues trigger-
ing their breeding migration, microsite preferences during
the breeding aggregation, and the pheromones they exude
during courtship could put unisexuals at a disadvantage
when competing for males against A. jeffersonianum females
[27, 43, 64].

Alternatively, insemination could be impeded by locally-
evolved incompatibility between host sperm and unisex-
uals. There may be an evolutionary incentive for males to
adapt mechanisms to kill off any unisexual eggs which
their sperm encounter. The resulting offspring would
likely not incorporate paternal DNA while competing
against offspring more genetically-related to the father.
On the other hand, any genes that were incorporated into
this mostly-clonal system would be subject to less gener-
ational loss, and so perhaps the long-run benefit is equal.
Whether any pre-zygotic isolating mechanisms have
evolved is an interesting question, particularly in light of
the presence of a few populations in southeast Massachu-
setts completely lacking in unisexuals. Other than those
populations, all A. jeffersonianum and A. laterale popula-
tions that have been examined in the state, including all
sites used in this present study, also have unisexual sala-
manders present ([24]; JEK unpublished data).

Although we did not see different mortality rates be-
tween unisexual salamanders and A. jeffersonianum in the
laboratory, we did see differences in the field. This dis-
crepancy between field and laboratory results supports
our conclusion that mortality among unisexual salaman-
ders arises very early in development. In interpreting these
results, it is important to recognize that the laboratory-
reared embryos in our study do not represent random
samples of the populations, as we specifically selected egg
masses in the field that had not already begun to display
mortality. Thus, for our laboratory study, we likely under-
sampled egg masses with early-stage death. This is likely
why the overall rate of dead embryos appears lower for
unisexuals in the laboratory than in the field — because
the laboratory study was focused on the portion of the
population that survived past early embryogenesis.

Taken in isolation, we can infer from our laboratory
results that egg masses that do not display elevated em-
bryo mortality early in embryogenesis also do not display
elevated mortality later in development. This leaves open
the possibility that egg masses with elevated mortality
during early embryogenesis did have a substantial num-
ber of embryos that died later in development. However,
our field observations capturing representative samples
from across the state support the finding that death at
the early stages of embryogenesis is the primary driver
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of embryo mortality at the population level. In both the
unisexual masses that were genetically identified and the
masses of unknown maternal origin, we observed sub-
stantial percentages of dead embryos in early develop-
ment, on par with the overall percent of dead eggs
observed across all stages.

These field observations only count eggs as dead when
the decay had advanced to the characteristic white ap-
pearance, which, as seen in our laboratory results, is sub-
stantially delayed from the time when development
stops (Fig. 3). Thus, embryos that are already visibly
decayed in any of these early stages likely died at or be-
fore the earliest stage of development. When analyzing
field images, we observed that visibly dead embryos typ-
ically appeared as simple spheres indicating that they
died in the early stages of embryogenesis, even in the
egg masses with very developed embryos. However,
many images were excluded from this analysis because
they contained a mix of two apparently intact develop-
mental stages: some embryos in mid- to late- stage de-
velopment, and other embryos that were still in early
development, but did not yet show outward signs of
decay. We would not have counted such embryos as
dead based strictly on the protocols in this study. While
the mix of developmental stages might have indicated
that there were multiple egg masses in the image, it is
also very likely that they were not from a different mass,
but, rather, delayed and therefore dying embryos. Devel-
opment of viable embryos within an egg mass is nor-
mally synchronous [13, 42], and our observations of egg
masses in the lab support the interpretation that delayed
development generally leads to an eventual decay of the
embryo. Thus, the true number of dead eggs at early
stages of development is likely even greater than what
we estimated.

In regional field surveys, the percent dead eggs ob-
served in the earliest stages of development were actually
slightly higher than the overall mean across all stages of
development. This is a counter-intuitive result, as we
would expect the number of dead embryos to only in-
crease as additional ones die in each successive stage
and dead embryos accumulate. It may be that embryos
that died early in development decayed so much that
they were unrecognizable, and thus not counted in the
later stages. There may also be some other structural
bias in the timing of our field surveys with respect to
species distributions in the field, or recognizability of
egg masses in the field. Although these field surveys are
observational and therefore subject to many such biases,
they offer validation for the laboratory findings that uni-
sexual embryo mortality is not primarily driven by
massive die-offs in mid or late stage development.

As we continue to pinpoint the causes of embryo mor-
tality among unisexual salamanders, a full understanding
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of the processes holds the potential to inform manage-
ment of these species of conservation concern, while of-
fering insights into the evolution of sex, gene regulation,
and development.

Conclusions

We found that the phenomenon of high rates of mortality
among unisexual embryos within our study region is re-
stricted to the earliest stages of embryogenesis. Once em-
bryos entered cleavage, we saw no difference in survival
between unisexual and Jefferson salamander embryos
through hatching. This suggests that embryo mortality
stems from errors during oogenesis or activation. Our
findings raise question about how these polyploid hybrid
embryos successfully regulate development, and open the
door to more studies in this fascinating system.

Methods
Field observations - maternal lineage known
We photographed and collected genetic data from 94
distinct egg masses in the unisexual salamander complex
distributed among 10 ponds across Massachusetts dur-
ing spring 2017 (Fig. 6), with a total of 5-11 egg masses
sampled from each pond. A single observer (J.E. Kubel)
conducted all surveys, photographing each egg mass in
situ from multiple angles and then excising an embryo
for genetic analysis. Through haphazard sampling, the
goal for egg mass selection in this portion of the study
was to obtain representative samples of the populations.
The observer attempted to maximize independence of
samples (i.e., egg masses deposited by different salaman-
ders) to the extent that conditions (i.e., pond size and
egg-mass distribution) allowed. For example, upon sam-
pling an egg mass, he typically exited the pond and re-
entered at a different location, or moved to another area
within the pond at least 5 m away, before resuming sam-
pling. To determine maternal lineage for each egg mass,
we sequenced the mitochondrial D-Loop of the embryo
that had been collected from the mass. We also
attempted to determine a nuclear genotype (e.g., L], LJ],
LJ]] [44];) for each unisexual embryo sampled. For full
laboratory techniques, see the supplemental methods.

For our analysis, we examined the photographs of each
egg mass to identify the developmental stage(s) [58] of
viable embryos. We then grouped egg masses into four
stage categories: early (stages 1-19, blastula, gastrula,
and the beginning of the neurula); middle (stages 20-25,
end neurula and the beginning of tail bud); late (stages
26—-34, gill bulge formation, nervous system lengthen-
ing); and very late (stages 35—40, gill, fin, and full larva),
representing our ability to discern distinct embryo
morphologies from field photographs.

We counted the number of dead embryos per mass, as ev-
idenced by white clouds or other clumps of deteriorated
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embryonic matter contained within the embryonic mem-
branes. Embryos also frequently display arrested develop-
ment relative to advanced development of other embryos in
the mass (i.e., other embryos having advanced to a later
stage category). These likely represent embryos that have
died but not yet decayed, because development of viable em-
bryos within an egg mass is normally synchronous [13, 42].
However, we did not include these in our counts of dead
embryos, because such determinations are often hard to
make in a field setting due to the potential overlap of mul-
tiple egg clutches and the low-quality viewing environment.

We calculated the percentage of total dead embryos in
each mass, then analyzed patterns of mortality by calcu-
lating mean percent dead embryos by stage category and
by maternal lineage (i.e., A. jeffersonianum vs. unisexual).
To test for differences in percent dead embryos among
stage categories and species, we conducted mixed-effect
ANOVAs, with site as a random factor, using the nlme
package in R.

Field observations - maternal lineage unknown

We also examined embryo mortality in field photo-
graphs of egg masses from 137 ponds surveyed across
western Massachusetts (Fig. 6) in 2013. The surveys had
previously been conducted during a separate study in-
vestigating the state distribution of A. jeffersonianum
(Massachusetts Division of Fisheries and Wildlife — Nat-
ural Heritage and Endangered Species Program, unpub-
lished data). Egg masses were evaluated critically both in
the field (by J.E. Kubel and/or another experienced
biologist) and by each photo (J.E. Kubel) during that
study to assure correct identification to the A. jefferso-
nianum complex, based on morphological characteristics
such as width of the interstitial space between embry-
onic membranes and firmness of the surrounding gelat-
inous matrix [12]. The only other mass-depositing

ambystomatid salamander in the region is A. macula-
tum, whose egg masses are easily differentiated from
those of A. jeffersonianum and its unisexual associates
on those bases.

Our analysis of the photographic data followed that
described in the previous section, except that genetic
data were not available, and so we did not compare em-
bryonic mortality between A. jeffersonianum and unisex-
uals. Furthermore, photographs from the 2013 surveys
often showed multiple egg masses simultaneously.
Therefore, in this data set, we pooled all embryos within
an image that were sufficiently visible to characterize.
We used only those photographs in which all apparently
viable embryos were of the same stage category, except
in the case of 9 photos where the egg masses could
clearly be divided into distinct sections of two different
categories. After excluding 109 photographs that were of
low quality, we analyzed 663 distinct embryo sets, with a
total of approximately 25,000 individual embryos.

Laboratory-reared embryos

For laboratory rearing, we collected egg masses from
local populations shortly after deposition. Our goal in
this portion of the study was to track embryo mortality
through the stages of development after cleavage. To en-
sure that we captured the early stages of development,
we visited ponds soon after rains in the region triggered
breeding migrations. We then selected egg masses that
appeared to be freshly deposited and that had not yet
begun to display visible embryo mortality.

We obtained 11 egg masses from 3 populations in de-
velopmental stages ranging from 1 to 8 ([58]; Table 1).
We collected two egg masses from Sunderland on
March 11, 2016, five egg masses from West Springfield
on March 12, and four egg masses from Lenox on
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March 15 (Fig. 6). The total number of individual eggs
collected was 356, with egg masses containing between
13 and 75 eggs each (mean = 32), and after discounting
embryos killed for further analyses, the final sample sizes
for each mass ranged from 12 to 69 (mean = 29).

We transferred egg masses to 5.5-gal glass tanks, with
each tank containing eggs from a single population.
Tanks were housed in a basement level space in North-
field, Massachusetts, and water levels were maintained
by adding water collected from the source ponds. Water
temperatures in the tanks over the duration of the study
ranged from 11 °C to 16 °C. We aerated water and main-
tained tanks with separate equipment to minimize po-
tential for disease transfer between source populations.
We maintained natural light cycles using 6500 K full
spectrum fluorescent lights on natural daylight timers.

From each egg mass, we extracted a single egg for
genotyping, and transferred the embryos to ethanol. We
then sequenced the D-loop portion of the mitochondria
to assign maternal species lineage as either A. jeffersonia-
num or unisexual salamander. We assumed that every
egg within a given mass came from the same individual
salamander and, therefore, had the same maternal spe-
cies lineage. We tracked embryo development with pho-
tographs of the side, bottom, and top of egg masses, as
well as close up photographs of selected embryos. Upon
hatching, larvae were released back in the appropriate
source ponds.

To detect DNA fragmentation associated with apoptotic
death of individual cells in developing embryos, we per-
formed terminal deoxynucleotidyl transferase (TdT) deox-
yuridine triphosphate (dUTP) nick end labeling (TUNEL)
assays [33, 34, 38]. A modification of the procedure de-
scribed in Fayzullina and Martin [33] was used. TUNEL
sample specimens included 15 unisexual embryos and seven
A. jeffersonianum embryos at various stages of development
(stages 8+ through 25) taken from the lab-reared egg masses.
We selected embryos that still appeared to be alive and ac-
tively developing, aiming to evenly distribute our sampling
across egg masses and developmental stages. Because some
egg masses had very few overall eggs, we sampled fewer eggs
from these masses so as not to compromise other portions
of our experiment. The number of eggs sampled per mass
varied between 1 and 4 (Table 2). Ambystoma egg masses
are surrounded by thick gelatinous membranes that hold
all the eggs together within each mass. To minimize dis-
turbance to other developing embryos when extracting
embryos for TUNEL staining, we selected embryos to-
wards the periphery of the egg masses. The samples were
stored in 4% paraformaldehyde in Phosphate Buffered Sa-
line (PBS). The samples were embedded in Fisher Health-
care™ Tissue-Plus O.C.T. Compound (OCT), and frozen
on a block of dry ice. They were stored at —80°C until
sectioning and TUNEL staining (Supplemental Methods).
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Table 2 Stages of embryos sampled for TUNEL assays and

microscopy

Lineage Town Mass ID Stage
Jefferson Sunderland B 25
Jefferson Sunderland B 8+
Jefferson West Springfield G 9
Jefferson West Springfield G 9
Jefferson West Springfield G 23
Jefferson Lenox H 10
Jefferson Lenox H 25
Unisexual Sunderland A 8+
Unisexual Sunderland A 11
Unisexual Sunderland A 16
Unisexual Sunderland A 22
Unisexual West Springfield C 14
Unisexual West Springfield C 26
Unisexual West Springfield D 14
Unisexual West Springfield D 22
Unisexual West Springfield D 8+
Unisexual West Springfield E 25
Unisexual Lenox | 10
Unisexual Lenox I 25
Unisexual Lenox J 25
Unisexual Lenox K 10
Unisexual Lenox K 24

Supplemental methods

Genetic techniques

DNA preparation

Prior to using a DNeasy Blood and Tissue kit (QIAGEN,
Germany), we lacerated samples into smaller pieces with
a sterile razor blade, placed them into lysis solution
along with proteinase K, and digested them overnight at
56 °C in a shaker incubator. We inactivated digested re-
actions with buffer, treated them with 4 pl (100 mg/ml)
RNase A, and purified and ethanol-washed them using
silica column purification. We eluted DNA from the col-
umn two times using 100 pl hot elution buffer. We then
assessed DNA quality and concentration by gel electro-
phoresis and Qubit™ fluorometry (Life Technologies,
Carlsbad, California).

Specific PCR conditions

For the lab-reared egg samples, we amplified the D-loop
from 1pl of extracted egg DNA using Phusion DNA
polymerase (Thermo Scientific) and 2 pl of mixed 10 uM
DL1/007 primer pair [59] in 25 pl total reaction volumes.
We cycled each reaction on a Perkin Elmer 9600 ther-
mocycler as follows: initial denaturation at 98 °C for 120
s, followed by 35cycles of 98°C:10s; 55°C:155s; and
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72°C:30s. We confirmed clean amplification by agarose
gel electrophoresis and purified the PCR products by Pro-
mega (Madison, Wisconsin) Wizard SV Gel and PCR
Cleanup System according to manufacturer’s protocol.
We submitted samples to the University of Massachusetts
Ambherst Genomics and Bioinformatics Facility for se-
quencing from the DL1 primer.

For the field samples, we performed each reaction in
10 ul volumes using the following protocol: 2 ul GoTaq
5X Buffer; 0.8 ul 1 mM dNTP Mix; 0.4 pl of mixed 10 uM
primers THR and 651 (Shaffer and McKnight 1996);
0.08 ul GoTaq® Polymerase (Promega, Madison, Wiscon-
sin); 5.72 pl water, and 1 pl of DNA. We cycled each reac-
tion on a BioRad T100 thermocycler (BioRad, Hercules,
California) as follows: initial denaturation at 94 °C for 120
s, followed by 24 cycles of 94 °C:60 s; 48 °C:60 s; and 72 °C:
60s. We used a ramp transition rate of 0.5°C/s for the
first five cycles and did not ramp subsequent cycles. We
held reactions for a final elongation step at 72 °C for 600 .
To confirm amplification, we loaded PCR reactions into a
1% agarose gel, ran them at 100 V for 25 min in 1X TAE
buffer, stained them with SYBR® Safe (Life Technologies,
Carlsbad, California), and visualized them under UV fluor-
escence. We removed unincorporated dNTPs and primers
using ExoSapIT (Affymetrix, Santa Clara, California). We
conducted single-strand terminator sequencing reactions
in 5 pl volumes using: 1 ul GoTaq 5X Buffer; 0.5 pl BigDye
v3.1 (Life Technologies, Carlsbad, California); 0.25 ul THR
or 651 10 uM primer; 2.25 pl water; and 1.0 pl clean D-
loop PCR product. We cycled reactions on a BioRad T100
thermocycler at 96 °C:120 s, followed by 30 cycles of 96 °C:
10s; 50°C:0:05 s, and 60 °C:240s. We cleaned sequencing
reactions with Sephadex size exclusion media (GE Health-
care Life Sciences, Pittsburgh, Pennsylvania), suspended
them in 15 pl HiDi formamide, and electrophoresed them
on an ABI 3130 (Life Technologies, Carlsbad, California)
capillary sequencer to generate sequence reads.

Microsatellite amplification

We generated two 10X primer mixes for microsatellite ex-
periments. Mix 1 contained AjeD94, AjeD75, AjeD346,
and AjeD422, and Mix 2 contained AjeD283 and
AjeD378. Each primer was 2 uM concentration. We per-
formed each multiplex PCR reaction in 10 pl volumes
using 5pl QIAGEN multiplex solution (QIAGEN,
Germany); 1pl Q-solution; 1pl 10X primer Mix; 1pl
water, and 2 pul of DNA. We cycled each reaction on a
BioRad T100 thermocycler using the following conditions:
initial denaturation at 95°C for 900 s, followed by 35 cy-
cles of 94°C:30s; 57 °C (Mix1) or 58°C (Mix2):90s; and
72°C:60 s, then a final elongation step at 72 °C for 1800s.
We diluted each microsatellite reaction five-fold and com-
bined 1 pl diluted PCR product with 10.65 ul HiDi form-
amide and 0.35 pl GeneScan 500-LIZ™ size standard (Life
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Technologies, Carlsbad, California). We ran each reaction
on an ABI 3500 automated sequencer to generate .fsa files
for subsequent analysis.

TUNEL assays

Samples embedded in OCT were removed from — 80 °C
and allowed to equilibrate to — 20 °C in a cryostat for at
least 1 h, then mounted on the cryostat chuck with
OCT. 8 um sections were cut, and each was mounted
onto the charged side of a Superfrost slide, one section
per slide. The sections were designated as follows: nega-
tive control, positive control, and TUNEL. The slides
with sections were dried over 1-2 days in an empty pip-
ette box slightly ajar.

The Trevigen® TACS® In situ Apoptosis Detection Kit
was used. Staining and fluorescent labeling of mounted
specimens were done per kit instructions, with the fol-
lowing modifications. In order to reduce background au-
tofluorescence, the tissue sections were immersed in
0.1% Sudan Black B (SBB) and 70% ethanol for 20 min at
room temperature. In order to remove the excess SBB,
the slides were then washed three times for 5 min each
in a PBS solution with 0.02% TWEEN 20.

The sections were then stained with 50 pl of Hoechst
(1:2000 dilution of 10 mg/ml Hoechst stock solution in
1x PBS) for 5 min. The slides were washed three times
in PBS for 1 min each, then covered with a cover slip
with about 40-50pl of ProLong Diamond Antifade
Mountant (Life Technologies), wicking away excess.

Fluorescence and bright-field images were taken on a
Nikon Eclipse TE2000-U Inverted Epifluorescence Micro-
scope (Tokyo, Japan) running NIS Elements Imaging Soft-
ware Version 4.30.02, equipped with an X-Cite fluorescence
lamp (Lumen Dynamics) Photometrics CoolSNAP HQ
camera (Roper Scientific), and Plan Fluor Phl DL 10X (NA
0.30) objective. Excitation and emission filters (Chroma,
Rockingham, VT) in separate LEP motorized filter wheels
were controlled by a MAC5000 controller (Ludl, Haw-
thorne, NY). LUTs adjustments were made in NIS-Elements
to enhance signal and reduce background fluorescence. Ima-
geJ plugin Scientifig was used to create the figure.

Supplemental results

Unisexual egg mass F suffered complete embryo mortal-
ity (see animation supplement archived on Dryad,
https://doi.org/10.5061/dryad.rxwdbrv40). None of the
20 eggs in mass F entered the first stage of division. The
membranes surrounding the eggs remained irregular
and lacked rigidity, unlike the firmly spherical appear-
ance of egg membranes in other masses.

In unisexual egg mass E, the only mortality among the
24 embryos were six embryos all clustered together on
the end nearest mass F, which was housed in the same
tank. None of these six embryos progressed beyond
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stage 9. In some of these embryos, beginning in stage 2,
we noticed fine mold-like filaments on the outside of the
egg membranes, but we are unable to identify the mold
species involved [2, 30]. In four of these embryos from
mass E, we observed blebbing and cratering during early
development (Stages 2-5). It is possible that a pathogen
transferred from mass F to mass E; however, the em-
bryos in mass E displayed abnormal development long
before mass F displayed any mold or other signs of decay
— so what the pathogen would be is not entirely clear.
Conversely, the abnormal membrane morphology sug-
gests that mass F was apparently already failing to de-
velop before we collected it, and mortality was likely not
related to pathogens transferred from mass E.

In unisexual egg mass A, in six of the 35 embryos, we
observed a ballooning structure emerging from the ab-
domen in mid-development stages (stages 23—25), which
continued developing until later stages (stages 26—33)
prior to death. Two other embryos in mass A aborted
development at stage 9 and were engulfed by mold when
neighboring embryos were in stages 25 and 26.

In A. jeffersonianum egg mass B, 11 of the embryos
aborted development at stages 21 through 23, and were
consumed by mold when the other embryos in the mass
were in very late development (stages 35-40). Another
embryo from mass B showed a streak of mold inside the
egg membrane in stage 4, and failed to progress past stage
8. One other embryo in mass B caved inward at stage 9.

In unisexual egg mass K, two of 22 embryos were
engulfed by blooms of iron bacteria associated with the
brackets anchoring the masses. Blooms of these bacteria
were observed in the source pond. In mass K, there was
also abnormal development in two embryos that died in
stages 10 and 24, and three other embryos that died in
stages 12, 14, and 35.

Masses H and I were also surrounded by iron bacteria
blooms. In Jefferson egg mass H, 10 of the 24 embryos
died in stages 18 through 38. In unisexual mass I, one of
the 18 embryos died at stage 12 and one died between
stage 35 and 39. The membranes of two other embryos
in mass I were entirely engulfed in the iron bacteria, but
the larvae hatched nonetheless.

In unisexual mass C, one of 15 embryos was engulfed
by mold at stage 23, and one other embryo showed signs
of mold in the membrane in stage 30, but the larva ad-
vanced to stage 40 and then remained within the mem-
brane alive for longer than any other larva.

In unisexual mass D, four of 23 embryos aborted de-
velopment at stages 9, 12, 18, and 39.

Out of 59 embryos in A. jeffersonianum mass G, one
embryo was engulfed in white mold when neighboring
embryos were at stage 31, but it was obscured by the
surrounding embryos, so we did not observe prior stages
of development in this embryo.

Page 13 of 15

Abbreviations

B: Blastula staged; dUTP: deoxyuridine triphosphate; H: Heartbeat; MBT: Mid-
blastula transition; MZT: Maternal-to-zygotic transition; N: Neurulation;

OCT: Fisher Healthcare™; PBS: Phosphate buffered saline; SBB: Sudan black B;
T: Tail-bud; TdT: Terminal deoxynucleotidyl transferase; Tissue-Plus: O.CT.
Compound; TUNEL: TdT dUTP nick end labeling; UTP: Deoxyuridine
triphosphate; ZGA: Zygotic genome activation

Acknowledgements

Joe Rogers assisted with field work. Pedro Cuc-Saenz, Elizabeth Pflugradt,
and Hannah Ralicki assisted with lab work and sequence analysis. Sarah
Kiemle helped prepare the fluorescence micrographs.

Authors’ contributions

NDC designed studies, collected egg masses, assisted with embryo rearing,
analyzed data, and led the writing. JEK planned study, conducted field
surveys, collected eggs, and assisted with writing. JHM & JC conducted
genetic analyses and assisted with writing. CTW, BIC-G & SA conducted em-
bryo sectioning, microscopy and TUNEL assays and assisted in writing. JAB &
CSE conducted embryo-rearing study and assisted with writing. All authors
have read and approved this manuscript.

Funding

Mitigation accounts associated with project permitting under the
Massachusetts Endangered Species Act were the primary sources of funding.
The Natural Heritage and Endangered Species Program (NHESP) of the
Massachusetts Division of Fisheries and Wildlife utilizes mitigation monies
acquired in association with regulatory permitting under the Massachusetts
Endangered Species Act, and such monies may be managed by the
Manomet Center for Conservation Sciences via a contractual relationship
with the NHESP. The NHESP used such monies to fund a formal proposal by
NDC to conduct, in part, the research described in this study. JEK of the
NHESP administered the research contract, collected field data used in the
study, and assisted with writing the manuscript. The role of the NHESP in
design of the study and in analysis and interpretation of data was negligible.
Additional funding for genetic analysis was provided by UConn Startup
funds awarded to JHM.

Availability of data and materials

Associated data tables, images, and R Scripts are archived in Dryad: https:.//
doi.org/10.5061/dryad.rxwdbrv40. Associated genetic sequences are archived
at NCBI GenBank under accession numbers MK185107 - MK185211.

Ethics approval and consent to participate

Research was conducted under a Class B Division Employee Permit and
Scientific Collection Permit #152.16SCRA issued by the Massachusetts
Division of Fisheries & Wildlife, which reviewed the methods of this study. All
work involving live animals was conducted through unaffiliated independent
researchers and the Massachusetts Division of Fisheries & Wildlife and was
completed prior to the involvement of any other institutions. These research
agents do not meet the definition of “research facility” under US.C. 2131-
2159 (“Animal Welfare Act”) and associated regulations, and are thus exempt
from requirements that research be reviewed by an Institutional Animal Care
and Use Committee as specified under the law.

Consent for publication
Not Applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

"Harvard Forest, Harvard University, Petersham, MA, USA. “Natural Heritage &
Endangered Species Program, Massachusetts Division of Fisheries and
Wildlife, Westborough, MA, USA. 3Mount Holyoke College, South Hadley, MA,
USA. “*Maria Mitchell Association, Nantucket, MA, USA. °Northfield, MA, USA.
SHampshire College, Amherst, MA, USA. “Department of Molecular and Cell
Biology, University of Connecticut, Storrs, USA.


https://doi.org/10.5061/dryad.rxwdbrv40
https://doi.org/10.5061/dryad.rxwdbrv40

Charney et al. BMC Developmental Biology

(2019) 19:21

Received: 6 February 2019 Accepted: 22 October 2019
Published online: 12 November 2019

References

1.

20.

21.

22.

23.

24.

25.

Anderson JA, Lewellyn AL, Maller JL. lonizing radiation induces apoptosis
and elevates cyclin A1-Cdk2 activity before but not after the midblastula
transition in Xenopus. Mol Biol Cell. 1997,8:1195-206.

Ault KK, Johnson JE, Pinkart HC, Wagner RS. Genetic comparison of water
molds from embryos of amphibians Rana cascadae, Bufo boreas and
Pseudacris regilla. Dis Aquat Org. 2012,99:127-37.

Bhattacharyya T, Gregorova S, Mihola O, Anger M, Sebestova J, Denny P,
Simecek P, Forejt J. Mechanistic basis of infertility of mouse intersubspecific
hybrids. Proc Natl Acad Sci U S A. 2013;110:E468-77.

Bi K, Bogart JP. Identification of intergenomic recombinations in unisexual
salamanders of the genus Ambystoma by genomic in situ hybridization
(GISH). Cytogenet Genome Res. 2006;112:307-12.

Bi K, Bogart JP. Probing the meiotic mechanism of intergenomic exchanges
by genomic in situ hybridization on lampbrush chromosomes of unisexual
Ambystoma (Amphibia: Caudata). Chromosom Res. 2010a;18:371-82.

Bi K, Bogart JP. Time and time again: unisexual salamanders (genus
Ambystoma) are the oldest unisexual vertebrates. BMC Biol. 2010b;10:238-51.
Bi K, Bogart JP, Fu J. Intergenomic translocations in unisexual salamanders
of the genus Ambystoma (Amphibia, Caudata). Cytogenet Genome Res.
2007a;116:289-97.

Bi K, Bogart JP, Fu J. Two rare aneutriploids in the unisexual Ambystoma
(Amphibia, Caudata) identified by GISH indicating two different types of
meiotic errors. Cytogenet Genome Res. 2007b;119:127-30.

Bi K, Bogart JP, Fu J. The prevalence of genome replacement in unisexual
salamanders of the genus Ambystoma (Amphibia, Caudata) revealed by
nuclear gene genealogy. BMC Evol Biol. 2008;8:158-66.

Birchler JA, Veiti RA. Gene balance hypothesis: connecting issues of dosage
sensitivity across biological disciplines. PNAS. 2012;109:14746-53.

Birchler JA, Veitia RA. Genomic balance and speciation. Epigenetic Insights.
2019;12:1-3.

Bishop SC. The salamanders of New York. NY State Mus Bull. 1941;324:1-365.
Bogart JP. Ploidy and genetic diversity in Ontario salamanders of the
Ambystoma jeffersonianum complex revealed through an electrophoretic
examination of larvae. Can J Zool. 1982;60:848-55.

Bogart JP. Genetics and systematics of hybrid species. In: Sever DM, editor.
Reproductive biology and phylogeny of Urodela volume 1. Enfield: M/s
Science; 2003. p. 109-34.

Bogart JP. A family study to examine clonal diversity in unisexual
salamanders (genus Ambystoma). Genome. 2019,62:549-61.

Bogart JP, Klemens MW. Hybrids and genetic interactions of mole
salamanders (Ambystoma jeffersonianum and A. laterale) (Amphibia: Caudata)
in New York and New England. Am Mus Novit. 1997,3218:1-78.

Bogart JP, Klemens MW. Additional distributional records of Ambystoma
laterale, A. jeffersonianum (Amphibia: Caudata) and their unisexual
kleptogens in northeastern North America. Am Mus Novit. 2008;3627:1-58.
Bogart JP, Licht LE. Reproduction and the origin of polyploids in hybrid
salamanders of the genus Ambystoma. Can J Genet Cytol. 1986;28:605-17.
Bogart JP, Lowcock LA, Zeyl CW, Mable BK. Genome constitution and
reproductive biology of hybrid salamanders, genus Ambystoma, on Kelleys
Island in Lake Erie. Can J Zool. 1987,65:2188-201.

Bogart JP, Bartoszek J, Noble DWA, Bi K. Sex in unisexual salamanders:
discovery of a new sperm donor with ancient affinities. Heredity. 2009;
103:483-93.

Bogart JP, Bi K, Fu J, Noble DWA, Niedzwiecki J. Unisexual salamanders
(genus Ambystoma) present a new reproductive mode for eukaryotes.
Genome. 2007;50:119-36.

Boynton PJ, Janzen T, Greig D. Modeling the contributions of chromosome
segregation errors and aneuploidy to Saccharomyces hybrid sterility. Yeast.
2018;35:85-98.

Charney ND. Relating hybrid advantage and genome replacement in
unisexual salamanders. Evolution. 2012,66:1387-97.

Charney ND, Ireland AT, BR Bettencourt BR. Mapping genotype distributions
in unisexual Ambystoma complex. J Herpetol. 2014;48:210-9.

Charney ND, Kubel JE, Eiseman CS, Blyth JA, Castorino J, Malone JH.
Distinguishing egg masses of unisexual and Jefferson salamanders. Herpetol
Conserv Biol. 2019;14:250-60.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Page 14 of 15

Clanton W. An unusual situation in the salamander Ambystoma
Jeffersonianum (Green). Occas Pap Mus Zool Univ Mich. 1934;290:1-14.
Dawley EM, Dawley RM. Discrimination by chemical cues in a unisexual-
bisexual complex of salamanders. J Herpetol. 1986;20:114-6.

Dawley RM. An introduction to unisexual vertebrates. In: Dawley RM, Bogart
JP, editors. Evolution and ecology of unisexual vertebrates. New York State
Museum Bulletin 466; 1989. p. 1-18.

Dekens MPS, Pelegri FJ, Maischein HM, Nisslein-Volhard C. The
maternal-effect gene futile cycle is essential for pronuclear congression
and mitotic spindle assembly in the zebrafish zygote. Development.
2003;130:3907-16.

Densmore CL, Green DE. Diseases of amphibians. ILAR J. 2007;48:235-54.
Du Z Chen X, Li X, He K, Ji S, Shi W, Hao A. Protein palmitoylation activate
zygotic gene expression during the maternal-to-zygotic transition. Biochem
Biophys Res Commun. 2016;475:194-201.

Elinson RP, Bogart JP, Lich LE, Lowcock LA. Gynogenetic mechanisms in
polyploid hybrid salamanders. J Exp Biol. 1992;264:93-9.

Fayzullina S, Martin LJ. Detection and analysis of DNA damage in mouse
skeletal muscle in situ using the TUNEL method. J Vis Exp. 2014;94:e5221.
Gavrieli Y, Sherman Y, Ben-Sasson SA. Identification of programmed cell
death in situ via specific labeling of nuclear DNA fragmentation. J Cell Biol.
1992;119:493-501.

Iwao I. Mechanisms of egg activation and polyspermy block in amphibians
and comparative aspects with fertilization in other vertebrates. Zool Sci.
2000;17:699-709.

Jukam D, Shariati AM, Skotheim JM. Zygotic genome activation in
vertebrates. Dev Cell. 2017;42:316-32.

Kermi C, Ferno EL, Maiorano D. Regulation of DNA replication in early
embryonic cleavages. Genes. 2017,8:E42.

Labat-Moleur F, Guillermet C, Lorimier P, Robert C, Lantuejoul S, Brambilla E,
Negoescu A. TUNEL apoptotic cell detection in tissue sections: critical
evaluation and improvement. J Histochem Cytochem. 1998;46:327-34.
Langley AR, Smith JC, Stempl DL, Harvey SA. New insights into the maternal
to zygotic transition. Development. 2014;141:3834-41.

Licht LE. Reproductive parameters of unisexual Ambystoma on Pelee Island,
Ontario. In: Dawley RM, Bogart JP, editors. Evolution and ecology of unisexual
vertebrates. New York State Museum Bulletin 466; 1989. p. 209-17.

Licht LE, Bogart JP. Ploidy and developmental rate in a salamander hybrid
complex (genus Ambystoma). Evolution. 1987;41:918-20.

Licht LE, Bogart JP. Embryonic development and temperature tolerance in
diploid and polyploid salamanders (genus Ambystoma). Am Midl Nat. 1989;
122:401-7.

Lowcock LA, Griffith H, Murphy RW. The Ambystoma laterale-jeffersonianum
complex in Central Ontario: ploidy structure, sex ratio, and breeding
dynamics in a bisexual-unisexual community. Copeia. 1991;1991:87-105.
Lowcock LA, Licht LE, Bogart JP. Nomenclature in hybrid complexes of
Ambystoma (Urodela: Ambystomatidae): no case for the erection of hybrid
“species”. Syst Zool. 1987,36:328-36.

Lowcock LA, Murphy RW. Pentaploidy in hybrid salamanders demonstrates
enhanced tolerance of multiple chromosome sets. Experientia. 1991;47:490-3.
Macgregor HC, Uzzell TM. Gynogenesis in salamanders related to
Ambystoma jeffersonianum. Science. 1964;143:1043-5.

Marlow FL. Maternal control of development in vertebrates: my mother
made me do it! San Rafael: Morgan & Claypool Life Sciences; 2010. https//
www.nebi.nlm.nih.gov/books/NBK53189/. Accessed 20 June 2019

McElroy KE, Denton RD, Sharbrough J, Bankers L, Neiman M, Gibbs HL.
Genome expression balance in a triploid trihybrid vertebrate. Genome Biol
Evol. 2017,9:968-80.

Morris MA, Brandon RA. Gynogenesis and hybridization between Ambystoma
platineum and Ambystoma texanum in lllinois. Copeia. 1984;1984:324-37.
Neaves WB, Baumann P. Unisexual reproduction among vertebrates. Trends
Genet. 2011;27:81-8.

Newport J, Kirschner M. A major developmental transition in early Xenopus
embryos: |. characterization and timing of cellular changes at the
midblastula stage. Cell. 1982a;30:675-86.

Newport J, Kirschner M. A major developmental transition in early Xenopus
embryos: Il. Control of the onset of transcription. Cell. 1982b;30:687-96.
Piersol WH. Spawn and larva of Ambystoma jeffersonianum. Amer Nat.
1910;44:732-8.

Piersol WH. Pathological polyspermy in eggs of Ambystoma jeffersonianum
(Green). Trans R Can Inst. 1929;17:Part I1:57-74.


https://www.ncbi.nlm.nih.gov/books/NBK53189/
https://www.ncbi.nlm.nih.gov/books/NBK53189/

Charney et al. BMC Developmental Biology

55.

56.

57.
58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

(2019) 19:21

Phillips CA, Uzzell T, Spolsky CM, Serb JM, Szafoni RE, Pollowy TR. Persistent
high levels of tetraploidy in salamanders of the Ambystoma jeffersonianum
complex. J Herpetol. 1997,31:530-5.

Ramsden C. Population genetics of Ambystoma jeffersonianum and
sympatric unisexuals reveal signatures of both gynogenetic and sexual
reproduction. Copeia. 2008;2008:586-94.

Robertson AV, Ramsden C, Niedzwiecki J, Fu J, Bogart JP. An unexpected
recent ancestor of unisexual Ambystoma. Mol Ecol. 2006;15:3339-51.
Schreckenberg GM, Jacobson AG. Normal stages of development of the
axolotl, Ambystoma mexicanum. Develop Biol. 1975;42:391-400.

Shaffer HB, McKnight ML. The polytypic species revisited: genetic
differentiation and molecular phylogenetics of the tiger salamander
Ambystoma tigrinum (Amphibia: Caudata) complex. Evolution. 1996;50(1):
417-33.

Spolsky C, Phillips CA, Uzzell T. Gynogenetic reproduction in hybrid mole
salamanders (genus Ambystoma). Evolution. 1992;46:1935-44.

Sible JC, Anderson JA, Lewellyn AL, Maller JL. Zygotic transcription is
required to block a maternal program of apoptosis in Xenopus embryos.
Develop Biol. 1997;189:335-46.

Tadros W, Lipshitz HD. The maternal-to-zygotic transition: a play in two acts.
Development. 2009;136:3033-42.

Teltser C, Greenwald KR. Survivorship of ploidy-variable unisexual Ambystoma
salamanders across developmental stages. Herpetologica. 2015;71:81-7.

Uzzell TM Jr, Goldblatt SM. Serum proteins of salamanders of the
Ambystoma jeffersonianum complex, and the origin of the triploid species of
this group. Evolution. 1967;21:345-54.

Wertheim B, Beukeboom LW, van de Zande L. Polyploidy in animals: effects
of gene expression on sex determination, evolution and ecology. Cytogenet
Genome Res. 2013;140:256-69.

Wilbur HM. The ecological relationship of the salamander Ambystoma
laterale to its all-female, gynogenetic associate. Evolution. 1971,25:168-79.
Williams JS, Niedzwieckiv JH, Weisrock DW. Species tree reconstruction of a
poorly resolved clade of salamanders (Ambystomatidae) using multiple
nuclear loci. Mol Phylogenetics Evol. 2013;68:671-82.

Zhang M, Skirkanich J, Lampson MA, Klein PS. Cell cycle remodeling and
zygotic gene activation at the midblastula transition. In: Pelegri F, Danilchik
M, Sutherland A, editors. Vertebrate Development. Advances in
Experimental Medicine and Biology. Cham: Springer; 2017. p. 441-87.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 15 of 15

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Field observations – maternal lineage known
	Field observations – maternal lineage unknown
	Laboratory reared specimens

	Discussion
	Conclusions
	Methods
	Field observations – maternal lineage known
	Field observations – maternal lineage unknown
	Laboratory-reared embryos

	Supplemental methods
	Genetic techniques
	DNA preparation
	Specific PCR conditions
	Microsatellite amplification

	TUNEL assays

	Supplemental results
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

