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SUMMARY

Genome and cell size are strongly correlated across species'™ and influence physiological traits like devel-
opmental rate.”'2 Although size scaling features such as the nuclear-cytoplasmic (N/C) ratio are precisely
maintained in adult tissues,'? it is unclear when during embryonic development size scaling relationships
are established. Frogs of the genus Xenopus provide a model to investigate this question, since 29 extant
Xenopus species vary in ploidy from 2 to 12 copies (N) of the ancestral frog genome, ranging from 20 to
108 chromosomes.'*'® The most widely studied species, X. laevis (4N = 36) and X. tropicalis (2N = 20), scale
at all levels, from body size to cellular and subcellular levels.'® Paradoxically, the rare, critically endangered
dodecaploid (12N = 108) Xenopus longipes (X. longipes) is a small frog.>'” We observed that despite some
morphological differences, X. longipes and X. laevis embryogenesis occurred with similar timing, with
genome to cell size scaling emerging at the swimming tadpole stage. Across the three species, cell size
was determined primarily by egg size, whereas nuclear size correlated with genome size during embryogen-
esis, resulting in different N/C ratios in blastulae prior to gastrulation. At the subcellular level, nuclear size
correlated more strongly with genome size, whereas mitotic spindle size scaled with cell size. Our cross-spe-
cies study indicates that scaling of cell size to ploidy is not due to abrupt changes in cell division timing, that
different size scaling regimes occur during embryogenesis, and that the developmental program of Xenopus

is remarkably consistent across a wide range of genome and egg sizes.

RESULTS AND DISCUSSION

Xenopus longipes provides a model to examine the
effects of large genome size

Interspecies comparisons of pipid frogs have provided a power-
ful approach to characterize scaling relationships and molecular
mechanisms of size control.'® Studies have focused mainly on
allotetraploid X. laevis (6.35 pg of DNA per nucleus) and diploid
X. tropicalis (3.6 pg of DNA per nucleus), which possess larger
and smaller genome, egg, tadpole, and adult body sizes, respec-
tively.'®"® However, other related species vary widely in morpho-
metrics and genome content, providing a means to investigate
the influence of different size parameters on embryogenesis
and potential evolutionary constraints. At one extreme is Xeno-
pus longipes (X. longipes), a small frog endemic to a single
high-altitude lake in Cameroon, Africa (Figure 1A), that possesses
a dodecaploid genome (16 pg of DNA per nucleus), the largest in
the Xenopus genus.'>'"° Its large feet, relative to body size, dis-
tinguishes it from other Xenopus species'>?° (Figures 1B, S1A,
and S2A). Despite its large genome, X. longipes eggs are slightly
smaller than those of X. laevis at 1.1 mm in diameter (Figure 1C).
We used recently developed husbandry techniques'” to generate
X. longipes embryos via natural matings (Figure 1A) and
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documented their development compared with X. laevis side-
by-side at the same temperature (Figure 1D). Early development
in X. laevis has been extensively characterized through metamor-
phosis, as 12 rapid and synchronous cleavage divisions generate
thousands of individual blastomeres up to the midblastula transi-
tion (MBT) at Nieuwkoop-Faber stages 8-9, 5-7 h post fertiliza-
tion (hpf).>'">° X. longipes early development proceeded almost
indistinguishably through the MBT but slowed down at neurula-
tion (stage 13, ~16 hpf). Whereas X. laevis embryos assumed a
tail-bud shape with a clear head, a tail, and eye protrusions by
~25 hpf, X. longipes embryos remained round, with a closed neu-
ral tube but notable lack of anatomical structures (Figure 1D;
Video S1). Previous work has documented an inverse correlation
between genome size and developmental rate in many organ-
isms,”'° and studies in frogs indicated longer larval periods in
species with larger genomes,®®"'"?* in some cases with a direct
relationship between amphibian genome size and duration of
mitotic and meiotic cell cycles.”?>?° However, our analysis re-
vealed only minor changes in cell-cycle timing of early cleavage
divisions (Figure 1E), and despite variation in morphology at the
late neurula stage 21 (22.5 hpf), cell proliferation was not signifi-
cantly different between the species (Figure S1C). Furthermore,
the timing of blastopore closure, which signifies the end of
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gastrulation,”” was not delayed in X. longipes compared with
X. laevis (Video S2). During later tail-bud stages 35-38 (~50-60
hpf), the delay was much less evident (Figures 1F and 1G), and
by the swimming tadpole stage (stage 48, 7 days post fertiliza-
tion), there was little discernible difference between the species
except for tadpole size (Figure 1H). Thus, while distinct morpho-
logical differences were clearly evident at certain developmental
time points in X. longipes, the overall early developmental rate as
compared with that of X. Jaevis was similar despite a nearly 3-fold
difference in genome size.

Embryo cell size scales with egg size, not genome size,
until late in development

In contrast to X. laevis and X. tropicalis, whose egg and adult
body size scales with genome size, the large genome size yet
relatively small egg and body size of X. longipes provides an
extreme counterpoint. Across the tree of life, genome size corre-
lates strongly and linearly with cell and nuclear size.'® We
confirmed this conserved relationship in adult frogs ranging
nearly 5-fold in DNA content by measuring two cell types in
four Xenopus species as well as Hymenochirus boettgeri, a
related pipid frog. Both erythrocytes (which are nucleated in am-
phibians) and skin epithelial cells showed a strong, positive, and
linear correlation among genome, cell, and nuclear sizes (Fig-
ures 2 and S2). Thus, despite their small size, relative to other
Xenopus species, X. longipes adults possess large cells corre-
sponding to their high ploidy.

Since X. longipes frogs possess fewer and larger cells than
other Xenopus species, we hypothesized that genome to cell
size scaling relationships were established during embryogen-
esis. However, consistent with the observation that cleavage di-
vision timing is similar across species, despite egg size and
ploidy differences (Figure 1E), measurements over the course
of development (Figures 3A-3C, S3A, and S3B) revealed no cor-
relation between cell area and DNA content across species at
stage 8. A weak correlation was observed at stages 21 and 36,
and a linear relationship only at tadpole stage 48, 7 days post
fertilization, when the unfed tadpoles were swimming and
possessed well-developed organ and sensory systems®®
(Figures 3D and S3C). Instead, cell size varied with egg size
throughout development and was strongly and linearly corre-
lated from stages 21 through 36 and persisted through stage
48 (Figures 3E and S3D). By contrast, nuclear size correlated
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with genome size throughout development (Figures 3A, 3C, 3F,
S3E, and S3F). Thus, egg size, rather than genome size, sets em-
bryo cell size across these species, and genome to cell size
scaling does not emerge until quite late in Xenopus develop-
ment, while nuclear size continuously reflects genome size,
consistent with a biophysical effect of DNA content on nuclear
size.?? Altogether, these results show that cell-cycle duration is
not altered during embryogenesis to adjust to DNA amount,
and they indicate that developmental timing is paramount to
cell size scaling.

Embryogenesis is characterized by distinct size scaling
regimes

Another way to evaluate changing size relationships across
embryos of different Xenopus species is to characterize the nu-
clear-cytoplasmic (N/C) ratio, which is precisely maintained
across eukaryotic organisms and cell types.'® During develop-
ment, a threshold N/C value is thought to contribute to the
MBT when rapid cleavages abruptly cease; cycles of slow, asyn-
chronous divisions begin; transcription of the zygotic genome
ramps up dramatically; and when gastrulation and cell differen-
tiation initiate.?>**> MBT timing is influenced by both ploidy and
cell size within a species.??***® However, measurements
comparing embryos from the three different frogs around the
time of MBT onset at stage 8 revealed that X. /aevis cells possess
a significantly lower N/C ratio than either X. tropicalis or
X. longipes (Figures 3H and S3H). At this point in development,
there was no correlation between genome size and cell size
(Figure 3D). These findings suggest that the MBT occurs at
different N/C ratios in different Xenopus species. Although
RNA sequencing analysis during development has not yet
been performed in X. longipes, zygotic genome activation
(ZGA) appears to occur similarly in X. tropicalis and X. laevis em-
bryos, with comparable expression patterns of key genes
including beta catenin, Nodal2, Wnt3, Wnt4, BMP4, and
BMP5, despite very different N/C ratios.***” Current models
suggest that titration of nuclear or chromatin factors,***° as
well as lengthened cell cycles,”' and the capacity for nuclear
import*® can contribute to MBT and ZGA onset. Future experi-
ments will elucidate whether maternal supplies are tuned ac-
cording to egg and genome sizes so that a similar number of
cleavage divisions lead to comparable MBT and zygotic tran-
scription timing despite very different size metrics.

Figure 1. X. longipes morphometrics and development compared with other Xenopus species
(A) Map?® and photograph'® of Lake Oku in Cameroon, Africa, and images of X. longipes frog and blastula stage embryos. Scale bars, 1 mm.
(B) Phylogeny of X. longipes compared with X. laevis and X. tropicalis, with chromosome number and nuclear DNA content. See also Figure S1A for frog body

length comparison.

(C) Calculated egg volume in X. tropicalis, X. laevis, and X. longipes. n > 23 eggs measured in each species. Scale bars, 0.5 mm.
(D) Images of development in X. longipes versus X. laevis at 23°C. hpf, hours post fertilization. Scale bars, 1 mm.

(E) Comparison of cell-cycle timing in animal pole cells of X. longipes versus X. laevis through the first 14 cleavage divisions. Each point represents the average
timing for 3 individual cells. Thick line inside box indicates average time, and upper and lower box boundaries indicate +SD. n = 3 cells from 10 total embryos
analyzed per species from 3 separate clutches. p > 0.5 between species in each cell cycle, determined by two-tailed t test.

(F) Developmental time course in X. longipes versus X. laevis at 23°C, 0-62 hpf. n = 3 clutches analyzed for X. laevis, n = 2 for X. longipes, 1-3 replicates for each
clutch. See also Videos S1 and S2 and Figure S1B for individual time points.

(G) Body length quantification of stage 36 tail-bud embryos in X. tropicalis, X. laevis, and X. longipes. n > 20 tadpoles from 3 clutches measured for each species.
Scale bars, 1 mm.

(H) Body length quantification of stage 48 tadpoles in X. tropicalis, X. laevis, and X. longipes. n > 20 tadpoles from 3 separate clutches measured for each species.
Scale bars, 1 mm.

For all boxplots, thick line inside box indicates average length, and upper and lower box boundaries indicate +SD. ***p < 0.001, determined by two-tailed t test.
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(A) Images of erythrocytes from 5 adult pipid frog species of varying ploidies. See Figure S2A for details about species, including DNA content. Scale bars, 20 um.
(B) Images of adult epithelial cells from X. tropicalis, X. laevis, and X. longipes. Scale bars, 50 pm.

(C) Average cell cross-sectional area in adult erythrocytes and epithelia as a function of genome size for each frog species. Five pipid frog species are plotted for
erythrocytes; X. tropicalis, X. laevis, and X. longipes are plotted for epithelial cells. R? > 0.9980 for both erythrocytes and epithelia. See Figures S2B and S2C for
distributions and Figure S3C for correlation and slope coefficients of each trend line.

(D) Average nucleus cross-sectional area in adult erythrocytes and epithelia as a function of genome size for each frog species. Five pipid frog species are plotted
for erythrocytes; X. tropicalis, X. laevis, and X. longipes are plotted for epithelial cells. R? > 0.9852 for both erythrocytes and epithelia. See Figures S2D and S2E
for distributions and Figure S3F for correlation and slope coefficients of each trend line. For plots in (C) and (D), error bars indicate +SD.

Beyond the MBT, between stages 21 and 36 of development
that includes neurulation, the N/C ratio was similar in epithelial
cells of all three Xenopus species (Figures 3H and S3H). During
this period, rapid cell divisions ceased, and cell and nuclear sizes
remained relatively constant (Figures 3B and 3C). Between
stages 36 and 48, cell sizes again decreased, but now correlated
with genome size, with X. tropicalis cells becoming smaller than
X. laevis cells, which in turn were smaller than X. longipes cells,
reflecting the emergence of genome to cell size scaling
(Figures 3B and 3C). Nuclear sizes also decreased during this
phase so that N/C ratios remained similar. However, embryo
epithelial cells at stage 48 were smaller than adult skin cells
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across all three species, while nuclear sizes between adults
and tadpoles were similar, leading to a significantly lower N/C
ratio in adult epithelia, which was similar to that of adult erythro-
cytes (Figures 3B, 3C, 3H, and S3F). Therefore, whereas cell size
and N/C ratio do not correlate with adult dimensions in swim-
ming tadpoles, nuclear size does.

Altogether, these results indicate that distinct scaling regimes
exist during development that may reflect the physiology of the
embryo. In a first regime, embryos initially undergo rapid
cleavage divisions that increase cell number and decrease
cell size exponentially. Genome size during this regime
appears to be irrelevant as cell-cycle timing of X. longipes was
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Figure 3. Scaling of cells and nuclei in Xenopus embryos
(A) Images of cells and nuclei in X. tropicalis, X. laevis, and X. longipes embryos, stages 8-48. Scale bars, 15 pm. Histone H3 staining indicates DNA.
(B) Average cross-sectional cell area during embryogenesis, y axis plotted in logqo. See Figure S3B for distributions.
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indistinguishable from that of X. laevis (Figure 1E). A second
regime appears once a more consistent N/C ratio is established
by neurulation at stage 21. During this period, complex cell
movements are coordinated with differentiation, and cell divi-
sions occur at a much lower frequency.*® In a third regime,
N/C ratios remain constant, but genome to cell size scaling is es-
tablished by stage 48. Finally, larger, adult cell sizes and corre-
spondingly lower N/C ratios emerge, which coincide with termi-
nation of the maternal program and the onset of tadpole feeding.

Embryo nuclei and spindle length scale with genome
and cell size, respectively

Scaling of subcellular structures including the nucleus and the
spindle to cell size has been characterized across Xenopus spe-
cies and during early development, and molecular mechanisms
were identified that coordinately scale both structures according
to cell surface-to-volume ratio.** Although nuclear and spindle
size has been documented extensively in Xenopus and other or-
ganisms in early cleaving embryos, prior to the MBT,3032:44:4
much less is known about subcellular scaling later in embryonic
development, following the onset of zygotic transcription and
morphogenesis. Our analysis revealed that although nuclear
size correlated with cell size, as widely reported across species
and cell types, ' it was more highly correlated with genome size
throughout development, starting as early as stage 8 (Figures 4A,
4B, S4A, and S4B). By contrast, we found that spindle length was
only moderately correlated with genome size between stages 8
and 36, consistent with previous findings®>*° (Figures 4C, 4D,
S4B, and S4C). Instead, spindle length was strongly and linearly
correlated with egg volume and cell size (Figures 4E-4G and
S4D). Interestingly, spindle width (measured by the length of
the metaphase plate) between stages 8 and 36 scaled similarly
to nuclei, reaching a minimum length at stage 21 in all species
and then remaining relatively constant (Figure S4E). Thus, nuclei
and spindles possess distinct scaling properties through devel-
opment, with nuclear size and spindle width influenced more by
DNA content and spindle length by cell size.

In conclusion, the gradual emergence of genome to cell size
scaling we observed in different Xenopus species during devel-
opment reveals that the cell division cycle does not acutely adapt
to genome size and that the transition to adult size scaling rela-
tionships (at least in skin epithelia) occurs after tadpoles begin
feeding. Instead, egg size strongly influences cell size scaling

Current Biology

during embryogenesis, highlighting the key role of maternally
contributed components to the developmental program.“® Inter-
estingly, across Xenopus species, MBT and ZGA appear to
occur with similar timing despite very different size metrics.
Thus, over tens of millions of years of evolution, the basic devel-
opmental program in Xenopus frogs has remained robust to a
6-fold change in ploidy. Whether the observed developmental
delay at neurulation and differences in X. longipes embryo
morphogenesis result from its large genome is an open question,
since cell sizes during this period are very similar to X. laevis,
although nuclear sizes and N/C ratios were slightly greater in sur-
face epithelia. Interestingly, a comparison of development in ten
frog species showed a correlation between egg size and mode of
gastrulation.*” Further characterization of X. longipes embryo-
genesis and gene expression patterns will be informative in un-
derstanding the variation in morphogenesis with genome and
cell size.

Our interspecies analysis provides an interesting comparison
with classic work by Fankhauser showing that pentaploid sala-
manders are similar in size, possessing fewer and larger cells.*®
Additionally, X. laevis has been used for decades as a system in
which ploidy can be manipulated to elucidate mechanisms un-
derlying MBT and ZGA timing.?"?>“° An important distinction
is that previous work has focused primarily on acute ploidy
changes within a species and not on comparing polyploid spe-
cies that evolved and diverged tens of millions of years ago.
Furthermore, until recently, evaluation of the impact of ploidy
changes has largely been limited to early development.*® Under-
standing mechanistic differences in acute vs. ancient ploidy
alterations and overall effects of polyploidy on vertebrate physi-
ology and development is a fascinating direction for future
research.

Importantly, our analysis reveals that different scaling regimes
operate during development across species. While the molecu-
lar mechanisms that underlie cell size scaling remain mysterious,
future work will reveal how different size-dependent modalities
emerge based on maternal resource allocation and temporal
activation of growth signaling pathways, which in turn promise
to shed light on when and how single-cell metabolic and biosyn-
thesis properties, correlating with genome size,*° > affect tissue
and whole-organism physiology. In addition to serving as an
extreme case for investigating genome size effects on develop-
ment and physiology, X. longipes also provides a powerful model

(C) Average cross-sectional nucleus area during embryogenesis. See Figure S3E for distributions.

For plots in (B) and (C), error bars indicate +SD.

(D) To test the relationship between genome and cell size during development across species, we plotted average skin epithelial cell cross-sectional area in
embryos and adults as a function of genome size in X. tropicalis, X. laevis, and X. longipes to generate regression lines. See Figure S3C for correlation and slope
coefficients of each trend line.

(E) To test the relationship between egg volume and cell size during development across species, we plotted average skin epithelial cell cross-sectional cell area
in X. tropicalis, X. laevis, and X. longipes through embryogenesis as function of egg volume to generate regression lines. See Figure S3D for correlation and slope
coefficients of each trend line.

(F) To test the relationship between genome and nuclear size during development across species, we plotted average nucleus cross-sectional area in embryos
and adults as a function of genome size in X. tropicalis, X. laevis, and X. longipes to generate regression lines. See Figure S3E for distributions and Figure S3F for
correlation and slope coefficients of each trend line.

(G) Summary of correlation coefficients of cell or nucleus area vs. genome size or egg volume in embryos and adults from (D)—(F), plotted by developmental stage.
(H) To calculate N/C ratios through development across species, skin epithelial cell nuclear and cell volumes in embryos and adults of each species were
extrapolated from cross-sectional area measurements,*’? and the ratio of nuclear to cell (N/C) volume was expressed as a percentage. Average values are
plotted, y axis plotted in logo. Error bars indicate +SD. See Figure S3G for validation that cross-sectional area measurements are not significantly different than
volume measurements for calculating N/C ratios and Figure S3H for distribution of N/C ratios across species and developmental stages.
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to study adaptations at the subcellular level. Whether and how
108 chromosomes impact nuclear and spindle organization, as
well as the process of cell division, can be investigated in em-
bryos, along with using powerful in vitro systems unique to
Xenopus.'®

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE
® RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Chemicals
O Frog care
o METHOD DETAILS
Erythrocyte preparation and measurements
Epithelial cell preparation and measurements
Natural mating of X. longipes
In vitro fertilization of X. laevis
Maintenance of Xenopus embryos
Imaging and measurement of egg diameters, devel-
oping embryos, and tadpoles
Live imaging
Cell Cycle Duration measurement
Embryo whole mount immunofluorescence
Confocal imaging and measurement of embryos, cells
and nuclei after whole mount immunofluorescence
O Egg volume and N/C ratio calculations
® QUANTIFICATION AND STATISTICAL ANALYSIS
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(C) Images of meiotic and mitotic spindles in X. tropicalis, X. laevis, and X. longipes embryos, stage 1 (unfertilized meiotic) through stage 36. Scale bars, 20 um.

Histone H3 staining indicates DNA.

(D) Average spindle length plotted as a function of genome size in X. tropicalis, X. laevis, and X. longipes embryos. See Figure S4B for correlation and slope

coefficients of each trend line and Figure S4C for distributions.

(E) Average egg spindle length (stage 1, meiotic) plotted as a function of egg volume. See Figure S4C for distribution.
(F) Average spindle length plotted as a function of cell area in X. tropicalis, X. laevis, and X. longipes embryos. See Figure S4C for distribution and Figure S4D for

correlation and slope coefficients of each trend line.

(G) Summary of correlation coefficients of spindle length vs. genome size or cell area through development from (D)—(F).

For all plots, error bars indicate +SD.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-Histone H3 Abcam Cat#: ab1791; RRID: AB_302613

Mouse anti-Beta-tubulin E7

Mouse anti-ZO-1 (ZO-1A12)

Rabbit anti-Phospho-Histone H3 [pSer10]
Alexa Fluor 488

Alexa Fluor 568

Developmental Studies Hybridoma Bank
Thermo Fisher

Millipore Sigma

Invitrogen

Invitrogen

Cat#: E7; RRID: AB_2315513

Cat # 33-9100; RRID: AB_2533147
Product # 06-570; RRID: AB_310177
Cat#: A-11008; RRID: AB_143165
Cat#: A-11011; RRID: AB_143157

Biological samples

Adult Xenopus paratropicalis blood smears

Ben Evans, McMaster University

N/A

Chemicals, peptides, and recombinant proteins

Pregnant mare serum gonadotrophin Calbiochem Cati#: 367222
Human chorionic gonadotrophin Sigma Aldrich Cat#: CG10
Giemsa stain Sigma Aldrich Product # R03055
Experimental models: Organisms/strains

Xenopus laevis Nasco Cat#: LM00535

Xenopus laevis
Xenopus tropicalis
Xenopus tropicalis
Xenopus borealis
Xenopus longipes

Hymenochirus boettgeri

National Xenopus Resource
Nasco
National Xenopus Resource
Nasco

California Academy of Sciences
(San Francisco, CA, USA)

Albany Aquarium (Albany, CA, USA)

Cat#: NXR_0031
Cat#: LM00822
Cat#: NXR_1018
Cat#: LM00698
N/A

N/A

Software and algorithms

FIJI
Matlab

GraphPad Prism

Cell and nuclear volume measurement macro for Fiji

Schindelin et al.*>®

N/A

N/A

N/A

https://imagej.net/software/fiji/
https://www.mathworks.com/
products/matlab.html
https://www.graphpad.com/
scientific-software/prism/
https://visikol.com/wp-content/
uploads/2019/02/Visikol-Measure-
Volume-Macro.ijm

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Rebecca

Heald (bheald@berkeley.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® Images and measurement data reported in this paper will be shared by the lead contact upon request.

@ This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

All frogs were used and maintained in accordance with standards established by the UC Berkeley Animal Care and Use Committee
and approved in our Animal Use Protocol. Mature Xenopus laevis, X. tropicalis, and X. borealis frogs were obtained from Nasco (Fort
Atkinson, WI) or the National Xenopus Resource (Woods Hole, MA). Mature X. longipes frogs were obtained from California Academy
of Sciences (San Francisco, CA). Mature H. boettgeri frogs were obtained from Albany Aquarium (Albany, CA).

All frogs were housed in a recirculating tank system with regularly monitored temperature and water quality (pH, conductivity, and
nitrate/nitrite levels). X. laevis and X. borealis were housed at 20-23°C, X. tropicalis were housed at 23-26°C, and X. longipes were
housed at 19-21°C. H. boettgeri were housed at 20-23°C. All animals were fed Nasco frog brittle. X. longipes were supplemented
twice weekly with frozen/thawed bloodworms (Chironomidae).

Chemicals
Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich, St. Louis, MO.

Frog care
X. laevis and X. tropicalis, and females were ovulated with no harm to the animals with a 6-and 3-month rest interval, respectively. To
obtain testes for in vitro fertlizations in X. laevis and X. tropicalis, males were euthanized by over-anesthesia through immersion in
ddH20 containing 0.15% MS222 (Tricaine; Sigma) neutralized with 5 mM sodium bicarbonate prior to dissection, and then frozen
at -20°C. Tadpoles used for experiments were euthanized similarly prior to fixation.

Natural matings were stimulated in X. longipes with no harm to males or females with a 4-6 month rest interval.

METHOD DETAILS

Erythrocyte preparation and measurements

A small drop of blood was collected from the frog foot of each species with a sterile needle, and the drop was smeared on a slide. The
smear was then fixed with methanol and stained with Giemsa stain (Sigma). Cells were imaged in brightfield using Micromanager
software®* with an upright Olympus BX51 microscope equipped with a Olympus UPlan 40x air objective and ORCA-Il camera (Ha-
mamatsu Photonics). Cross-sectional areas of cells and nuclei were measured in Fiji°® using the freehand tool. X. paratropicalis blood
smears were a kind gift from Ben Evans (McMaster University).

Epithelial cell preparation and measurements

Shed frog skin was collected from frog housing tanks and mounted carefully on a microscope slide by rolling the skin flat so that a
monolayer of cells could be imaged. Cells were imaged immediately after collection, unstained and without a coverslip, in brightfield
using Olympus cellSens Dimension 2 software on an upright Olympus BX51 microscope equipped with an ORCA-Il camera (Hama-
matsu Photonics) and an Olympus UPlan 20x air objective. Cross sectional areas of cells and nuclei were measured in Fiji using the
freehand tool.

Natural mating of X. longipes

X. longipes were a kind gift from California Academy of Sciences. Male and female X. longipes were injected with a priming dose of 75
IU HCG (Sigma) 48 hours before the desired mating day, and kept separately to avoid premature amplexus. On the day of ovulation,
males and females were injected with a boosting dose of 200 IU HCG. Amplexus began soon after injection with egg laying 6-8 hours
later. Embryos were collected in batches for fixation and live imaging.

In vitro fertilization of X. laevis

X. laevis females were primed with 100 IU of pregnant mare serum gonadotropin (PMSG, Calbiochem) at least 48 h before use and
boosted with 500 IU of HCG (Human Chorionic Gonadotropin CG10, Sigma) 14-16 hours before experiments. To obtain testes, males
were euthanized by anesthesia through immersion in double-distilled (dd)H20 containing 0.15% MS222 (tricaine) neutralized with
5 mM sodium bicarbonate before dissection. Testes were collected in 1X Modified Ringer (MR) (100 mM NaCl, 1.8 mM KClI,
1 mM MgCI2, 5 mM HEPES-NaOH pH 7.6 in ddH20) and stored at 4°C until fertilization. To prepare the sperm solution, 1/3 testis
was added to 1 mL of ddH20 in a 1.5 mL microcentrifuge tube, and homogenized using scissors and a pestle. X. laevis females
were squeezed gently to deposit eggs onto petri dishes coated with 1.5% agarose in 1/10X MMR (1X MMR: 100 mM NaCl, 2 mM
KCI, 2 mM CaCl2, 1 mM MgS04, 0.1 mM EDTA, 5 mM HEPES-NaOH pH 7.6 in ddH20). Any liquid in the petri dishes was removed
and the eggs were fertilized with 1 mL of sperm solution per dish. Fertilized embryos were swirled in the solution to form a monolayer
on the bottom of the petri dish and incubated for 10 min with the dish slanted to ensure submersion of eggs. Dishes were then flooded
with 1/10X MMR, swirled and incubated for 10 min. To remove egg jelly coats, the 1/10X MMR was completely exchanged for freshly
prepared Dejellying Solution (2% L-cysteine in ddH20-NaOH, pH 7.8). After dejellying, eggs were washed extensively (>4X) with
1/10X MMR before incubation at 23°C. At Nieuwkoop and Faber stage 2-3, fertilized embryos were sorted and placed in fresh
1/10X MMR in new petri dishes coated with 1.5% agarose in 1/10X MMR.
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Maintenance of Xenopus embryos
X. laevis, tropicalis, and longipes embryos were raised side by side in 1.5% agarose in 1/10X MMR -coated petri dishes covered in
1/10X MMR in a 23 °C incubator. The MMR was changed and dead/lysed embryos removed frequently to prevent contamination.

Imaging and measurement of egg diameters, developing embryos, and tadpoles

For stillimages, eggs and embryos were placed in an agarose-coated imaging chamber filled with a limited amount of 1/10X MMR to
prevent depth-biased measurements and imaged at 12x-31x magnification using a Wild Heerbrugg M7A StereoZoom microscope
coupled to a Leica MC170HD camera and Leica LAS X software. Diameter of eggs was measured using the line tool in Fiji.

Live imaging

Movies of Xenopus embryo development were made by placing embryos in 1/10X MMR in imaging dishes prepared using an in-
house PDMS mold designed to create a pattern of 1.5 mm large wells in agarose that allowed us to image embryos of each species
simultaneously. Time-lapse movies of animal poles were acquired at 6-10x magnification using a Zeiss Discovery V8 stereoscope
coupled to a Leica DMC2900 camera and Leica LAS X software. Images were acquired either at a frequency of one frame every
10 s for 20 h, or one frame every 4 minutes for 15-30 hours. Movies are compressed to 15 frames per second.

Cell Cycle Duration measurement
Cell cycles were measured as described in Amodeo et al.”” Movies were started at ~2 h post-fertilization (after the first or second
cleavage). Embryos were allowed to develop in 1/10X MMR. Divisions were counted to determine the frame number of each cleav-
age. Then, ~3 individual cells were selected from the visible portion of each embryo after the eighth cleavage. The period between
cleavages was determined by manually tracking individual cells and noting the frame number at which the cleavage furrow visibly
transected the entire cell. When daughter cells did not divide concurrently, the division time of the earliest dividing daughter was al-
ways used, and that cell was followed for the remainder of the movie. When the cleavage could not be observed, as in cases where
the cleavage plane did not intersect the embryo surface, the cell was omitted from analysis.

P-values were calculated using a two-tailed t-test with unequal variance between the indicated distributions. At least 3 cells were
counted for each embryo at each cell cycle using 10 total embryos from 3 separate clutches.

|.39

Embryo whole mount immunofluorescence

To label nuclei, cell borders, and mitotic/meiotic spindles, embryos at the desired developmental stage were fixed for one hour using
MAD fixative (2 parts methanol [Thermo Fisher Scientific], 2 parts acetone [Thermo Fisher Scientific]), 1 part DMSO [Sigma]). After
fixation, embryos were dehydrated in methanol and stored at -20°C. Embryos were then processed as previously described®
with modifications. Following gradual rehydration in 0.5X SSC (1X SSC: 150 mM NaCl, 15 mM Na citrate, pH 7.0), embryos were
bleached with 1-2% H202 (Thermo Fisher Scientific) in 0.5X SSC containing 5% formamide (Sigma) for 2-3 h under light, then
washed in PBT (137 mM NaCl, 2.7 mM KCI, 10 mM Na2HPO4, 0.1% Triton X-100 [Thermo Fisher Scientific]) and 2 mg/mL bovine
serum albumin (BSA). Embryos were blocked in PBT supplemented with 10% goat serum (Thermo Fisher Scientific) and 5%
DMSO for 1-3 h and incubated overnight at 4°C in PBT supplemented with 10% goat serum and primary antibodies. The following
antibodies were used to label tubulin, tight junctions, DNA, and Phospho-histone H3: 1:250 mouse anti-beta tubulin (E7; Develop-
mental Studies Hybridoma Bank, lowa City, 1A), 1:1000 mouse anti-ZO-1(ZO-1A12; Thermo Fisher Scientific), 1:250 rabbit anti-his-
tone H3 (ab1791; Abcam), 1:1000 Anti-phospho-Histone-H3(ser10) (06-570; Sigma). Embryos were then washed 4x 2 h in PBT and
incubated overnight in PBT supplemented with 1:500 goat anti-mouse or goat anti-rabbit secondary antibodies coupled either to
Alexa Fluor 488 or 568 (Thermo Fisher Scientific). Embryos were then washed 4x 2 h in PBT and gradually dehydrated in methanol.
Embryos were cleared in Murray’s clearing medium (2 parts of Benzyl Benzoate [Sigma], 1 part of Benzyl Alcohol [Sigma]).

Confocal imaging and measurement of embryos, cells and nuclei after whole mount immunofluorescence

Embryos were placed in a reusable AttoFluor Cell Chamber (Thermo Fisher Scientific A7816) in fresh Murray’s clearing medium for
confocal microscopy. Confocal microscopy was performed on a Zeiss LSM 800 confocal running the Zeiss Zen Software. Embryos
were imaged using a Plan-Achromat 20x/0.8 air objective and laser power of 0.5-2%, on multiple 1024x1024 pixel plans spaced
0.68-1.2 um apart in Z. In stage 8 embryos, before differentiation, we measured an equal distribution of both animal and vegetal cells
closest to the surface of the embryo, where staining was most penetrant. In stage 21, 36, and 48 embryos, we measured both ciliated
and unciliated cells of the surface epithelium. Cross-sectional areas of cells and nuclei were measured in Fiji at the central plane of the
cell or nucleus using the freehand tool.

Egg volume and N/C ratio calculations

Egg volume was calculated from 2D stereo images of eggs from each species as described above in “Imaging and measurement of
egg diameters, developing embryos, and tadpoles”. The diameter of each egg was measured using the line tool in Fiji and the volume
calculated using the formula for volume of a sphere (V = 4/3 7er’). N/C ratios in Figures 3H and S3H were extrapolated from 2D cross-
sectional area measurements using a method described and validated for embryos > stage 8.°°? The cross- sectional area of the
nucleus at its widest part was divided by the cross-sectional area of the cell at the same location in Z, then multiplied by 100 to ex-
press N/C volume ratio as a percent. This method closely approximated cell and nuclear volume measurements made using 3D
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reconstructions of our confocal Z-stacks (Figure S3G), analyzed by a macro for Fiji (available at https://visikol.com/wp-content/
uploads/2019/02/Visikol-Measure-Volume-Macro.ijm).

QUANTIFICATION AND STATISTICAL ANALYSIS

Box plots were generated in Matlab (Figures 1E, 1G, and 1H) or using GraphPad Prism software (all others) which plot the mean and
standard deviation for each condition. Statistical parameters for each experiment (ie exact value of n, what n represents, means and
standard deviations) are reported in the figure legends. P-values between pairwise averages were generated using a two-tailed stu-
dent’s t-test. Simple linear regression plots (i.e. In Figures 2C, 2D, and 3D-3F) were generated using GraphPad Prism software, which
calculated the Pearson’s Correlation Coefficient (R), trendline for regression (R?), and Slope Coefficient for each trendline.
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