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Abstract 

 

Mechanisms of Size Control in Pipid Frogs 
by 

Kelly E. Miller  
Doctor of Philosophy in Molecular and Cell Biology 

University of California, Berkeley 
Professor Rebecca Heald, Chair  

 

Size is a fundamental feature of biology that affects physio logy at al l  
levels, from the organism to organs and tissues to cells and subcellular 
structures. How size is determined at these different levels,  and how 
biological structures scale to f it together and function properly are 
important open questions. Historically, amphibian systems have been 
extremely valuable to describe scaling phenomena, as they occupy some 
of the extremes in biological size and are amenable to manipulations that 
alter genome and cell  size. More recently, the appl ication of  biochemical,  
biophysical, and embryological techniques to amphibians has provided 
insight into the molecular mechanisms underlying scaling of subcellular  
structures to cell size, as well as how perturbation of normal size scaling 
impacts other aspects of cell and organism physiology. This thesis is 
comprised of three projects which examine mechanisms of size scaling in 
Pipid frogs at the subcellular, cellular, and organismal levels. We find that  
molecular mechanisms for  spindle size scaling in eggs of the small  frog 
Hymenochirus boettgeri are not conserved with those of Xenopus species.  
Instead, a novel mechanism operates involving post-translational  
modification of microtubule depolymerizing motor protein kif2a to modulate 
spindle size. We also characterize s ize scaling in v iable Xenopus laevis/  
Xenopus tropicalis hybrids and use this system to establish a novel 
screening method for candidate genes involved in s ize control. Final ly, we 
characterize size scaling in the rare dodecaploid Xenopus longipes  to 
examine how genome size impacts cell size and other traits such as 
developmental rate. The well-documented correlation between genome size 
and cell size is conserved in somatic cells but not in early development, 
which proceeds more slowly in Xenopus longipes than in Xenopus laevis ,  
thus highlighting an important correlation between genome size and 
developmental rate. 
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Chapter 1  
 
Introduction 
 

Absolute and relative size of bio logical  entit ies varies widely at a ll 
levels above the atomic/molecular. A fundamental question in biology is 
how organisms control size, from the dimensions of an organism down to 
its component cells and subcellular structures. How does scal ing occur so 
that everything fits and funct ions properly? What mechanisms operate to 
build subcellu lar structures, cells, and organisms with a diverse range of 
sizes optimized for funct ion? 
 
1.1 Historical scaling observations made in amphibians lead to 
molecular questions   
 

It has long been observed that genome size correlates strongly and 
linearly with cell s ize [1–3]. This principle was first noted in organisms 
including plants and arthropods, in which increases in genome copy 
number (ploidy) led to increased cell s ize, sometimes accompanied by an 
increase in organism size [4–6].  Amphibians present a unique opportunity 
to study these phenomena in vertebrates, as deviations in ploidy without 
immediate organism lethality occur spontaneously in nature and can be 
induced experimentally. Additional ly, compared to other model organisms, 
amphibians lay abundant quantit ies of  large eggs and produce embryos 
that can easily be manipulated. Some of the earliest known studies in 
vertebrate size scaling were performed by cell biologist and embryologist 
Gerhard Fankhauser in the 1930s-1940s using the small newt Triturus 
vir idescens, which naturally produces haploid and tr iploid individuals 
under certain environmental conditions. By replicat ing these conditions in 
the lab, Fankhauser was able to generate embryos of different ploidies 
and monitor the effects of genome content on cell and organism size. He 
found that haploid embryos possessed smaller cells and nuclei than 
diploid embryos, had short and stunted body lengths, and died by 
metamorphosis [7]. In contrast, tr iploid embryos were viable and 
possessed larger cells and nuclei, with a similar or only sl ightly increased 
body size relative to d iploids [8]. In the 1950s-60s, similar methods 
applied to Xenopus embryos revealed comparable trends [9,10]. 
Remarkably, Fankhauser noted that cell number was altered in tr iplo ids, 
so that embryonic t issues had fewer cells than diplo ids, but organ size 
remained constant in terms of total cell  mass [11]. A simi lar compensatory 
mechanism for maintenance of organ size was also observed in tr iploid 
Xenopus embryos that contain cel ls ~1.5x normal size. In this system, 
tactile sense organs in the lateral l ine system grew normally and attained 
normal size through a decrease in cell number [12]. Based on these 
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studies, it was hypothesized that one limitation on body size arises from 
functional constraints on t issues, which are under homeostatic pressure to 
maintain their characteristic sizes to preserve proper organ function. 
 

By the 1970s and 1980s, it was noted that the linear relationship 
between genome size and cell s ize was conserved among many different 
species of urodeles [13] and anurans [14], with an inverse correlation 
between amphibian cell s ize and cell  number [15]. At the cellular level, 
other studies suggested a direct relationship between amphibian genome 
size and duration of meiotic and mitot ic cell cycles [2,16,17] and an 
inverse relationship between cell size and metabolic rate [18–20], thus 
suggesting possible molecular l inks between genome size, cell size, and 
whole organism physiology. Taken together, these observations predicted 
that amphibians with large genome and cell sizes would exhib it lower 
metabolic rates, slower growth rates, and possess relatively fewer cells.  
They also suggested that, if whole-body metabolic rate could be 
considered as the sum of the indiv idual metabolic rates of its component 
cells, then an individual composed of smaller cells should have a higher 
metabolic rate than a similarly-s ized individual comprised of larger cel ls.  

These early observations not only established experimental 
frameworks for testing the effects of ploidy alteration on vertebrate size 
and physiology, but also out lined the fundamental principle that whi le 
genome and cell size are clearly l inked, the connection between cel l size 
and cell or whole-body metabolic rates is more complex and likely subject 
to regulation by other factors in addition to genome size [21]. The issue is 
confounded by the fact that organism size rarely scales with cel l size. For 
instance, despite their tremendous genome and cell sizes, Necturus 
salamanders do not grow to be very large [22]. Some of the world’s 
smallest reported salamander species from the genus Thorius contain 
relatively large genomes at 25 pg DNA/haploid nucleus, but are 
characterized by tiny body lengths of less than 2 cm [23,24]. Thus, abrupt 
changes in ploidy induced experimentally usually do not have dramatic 
effects on organism size. Rather, var iation in organism size on 
evolutionary t ime scales is thought to be driven by habitat special ization 
in which larger or smaller animals are better adapted to distinct 
environmental conditions [25].  

What are the molecular mechanisms that operate to alter size and 
scaling relationships? A number of studies in a variety of other systems 
including yeast, Drosophila , and cultured mammalian cells have identif ied 
a plethora of signaling pathways and molecular factors that influence cell 
size [26–29]. However, the s ize control  mechanisms that operate in vivo, 
for example in response to changes in DNA content across species or 
within an individual organism, remain very poorly understood, particularly 
in vertebrate systems. As discussed below, anuran systems spanning a 
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wide range of size parameters provide a unique opportunity to explore the 
molecular basis of different scaling behaviors. Experiments described in 
Chapters 3 and 4 set out to characterize live anuran systems more 
specif ical ly for size control  studies.  

1.2 Frog species exhibit extremes in body and genome size 

Anurans are the largest amphibian clade of 7204 extant species, 
[30]. They exhibit extreme ranges of size from the tiny frog Paedophryne 
amauensis, the smallest known vertebrate at 7 mm long weighing 0.02 
grams [31], to the 33 cm, 3250 gram Goliath frog (Conraua goliath)[32]. 
Intr iguingly, they exhib it large variabi l i ty in genome size among 
vertebrates, with genome sizes occupying both ends of the size spectrum. 
In contrast to mammalian species that exhibit relatively low variation in 
DNA content (1-4 pg/haploid nucleus) [33], anuran genome sizes vary 
from 0.95-13.4 pg DNA/nucleus [24]. even among species belonging to the 
same genus [14]. Xenopus tropical is for instance contains ~1.7 
pg/nucleus  while Xenopus longipes contains ~8 pg/nucleus [34].  Among 
anurans, the wide variation in genome content may be attr ibuted to 
interspecif ic hybrid ization and whole genome duplication leading to 
polyploidizat ion, common in frogs and a driver of their evolution and 
speciation [35]. Independent of whether the size or number of 
chromosomes differs across species, somatic cell size correlates linearly 
with genome size, for example in amphibian neuronal cells [36] and 
erythrocytes [15]. In contrast to somatic cells, amphibian egg sizes do not 
necessarily scale with genome size,  nor do cells in cleaving embryos. 
Anuran eggs are quite large and variable, ranging from ~0.7 mm in the 
small Pip id frog Hymenochirus boettgeri to ~6.5 mm in the Peruvian frog 
Gastrotheca antoniiochoai [37].  
 
1.3  Xenopus  species reveal molecular mechanisms of intracellular 
scaling 
 

Perhaps the best known family of frogs util ized most commonly in 
laboratory settings today are the Pipid frogs, a group of tongueless 
aquatic frogs including the Xenopus species, such as Xenopus laevis and 
tropicalis. Xenopus eggs and embryos possess unique biological features 
which pose interesting quest ions about size scal ing of subcellu lar 
structures. During early development, cleavage divis ions without 
intervening growth phases spli t the fert i l ized Xenopus  zygote from one 
large cell to thousands of smal ler ones without any net growth of the 
embryo itself. The size of subcellular structures must therefore scale 
concomitantly with the size of the cells themselves to best adapt their 
function. But how is this accomplished? Is it via compositional changes in 
cellular components as development proceeds or via a physical 
mechanism such as changing cel l volume or shape? Furthermore, how 
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specifical ly do subcel lular structures modify their organization in order to 
best adapt to changes in cell  size?  
 

Answers to these quest ions have recently emerged owing largely to 
in vitro experiments in frog egg extracts focusing on the nucleus and the 
spindle, the dynamic microtubule-based apparatus responsible for faithful 
segregation of sister chromatids during cell division. Cytoplasmic extracts 
from metaphase-arrested Xenopus eggs were historically used to 
elucidate fundamental principles of cel l cycle control and meiot ic spindle 
assembly [38]. This system provides large volumes of concentrated 
cytoplasm which can be arrested in specif ic stages of the cell cycle. With 
the addition of sperm nuclei as a source of DNA, cell-cycle specif ic 
structures such as meiotic spindles [39][40] and interphase nuclei [41] can 
be formed in vitro, and processes such as DNA repl ication [42], 
chromosome condensation [43] and segregation [44–46] monitored. In a 
similar manner, large amounts of synchronized Xenopus embryos can be 
generated through in vitro ferti l ization,  and cytoplasmic “embryo extracts” 
generated from specif ic developmental  stages [47].  
 
1.4 Volume-dependent size scaling of organelles in Xenopus egg and embryo 
extracts 
 

Using Xenopus extract  systems, a number of studies over the past 
decade have revealed that both physical and biochemical mechanisms 
operate in concert to adapt the size of subcellular structures to cell size 
during development, and that size control operates primarily through 
differences in the amount or composition of the cytoplasm [48]. With 
respect to cell geometry, cell  size has been directly l inked to organel le 
size through cytoplasmic volume, which has been suggested to be a 
universal regulator of organelle growth [49–51]. This theory is supported 
by experiments encapsulating Xenopus  egg extracts inside microflu idic 
droplets to form cell- l ike compartments of different dimensions [52,53]. 
Meiotic spindle s ize was observed to decrease in droplets of decreasing 
volume at a specif ic size threshold, s imilar to what occurs during early 
cleavage divis ions in embryogenesis. Interestingly, spindle size did not 
differ in spherical droplets compared to compressed droplets of equal 
volume but differing droplet diameter, indicating that the scal ing trend was 
dependent on cell volume rather than shape [52]. In similar experiments 
examining the effects of confinement on nuclear size, increasing the 
concentration of sperm per unit volume of X. laevis egg extract was 
sufficient to shrink the result ing interphase nuclei [54]. Additionally, 
confinement of pre-assembled nuclei in engineered microchannels of 
decreasing size was sufficient to shrink nuclei as channel size was 
reduced. As with meiot ic spindles, this trend was not due to physical 
confinement or boundary sensing of nuclei, since altering the volume, but 
not the aspect ratio of the channel, affected nuclear size. Taken together, 
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these results suggest that cytoplasmic volume plays an important role in 
regulating the size of subcellular structures independent of a cell 
boundary.  

In addition to volume-dependent mechanisms, specif ic  biochemical 
mechanisms due to changes in cytoplasmic composition have also been 
shown to regulate the size of subcellular structures during development. 
In both cleaving Xenopus embryos and egg extracts encapsulated in 
droplets, spindle length has been observed to scale l inearly with 
cytoplasmic volume at a threshold size, above which spindle size reaches 
a maximum that is uncoupled from volume [52], [67]. However, spindles 
and nuclei in extracts prepared from stage 8 (~4000 cell) X. laevis 
embryos were smaller than spindles from stage 3 (4 cell) embryos, even 
when encapsulated in similar volumes [52,55]. Similar trends are noted in 
later-stage embryo extracts. Therefore, cytoplasmic factors a lso influence 
intracellular scal ing [56]. One mechanism is thought to derive from 
limiting components as cell or compartment volume decreases, reducing 
the maternal supplies necessary for organelle assembly, such as the 
concentration of tubulin required to form a spindle of a specif ic size  [50].  
With respect to nuclear s ize scal ing, the histone chaperone nucleoplasmin 
(Npm2) was recently identif ied by fract ionation of Xenopus egg extracts 
as a key effector.  Cytoplasmic levels of Npm2 decrease throughout 
development and microinjection of Npm2 into stage 10 embryos was 
sufficient to increase nuclear size [66].  Therefore, factors that become 
limiting as cell volumes decrease contr ibute to subcellular scaling[53–57],  

1.5 Sensing the cell surface area to volume ratio coordinately 
mediates spindle and nuclear scaling in vivo 

While l imiting amounts of cytoplasmic components provide a simple 
physical explanat ion for spindle and nuclear scaling, the underly ing 
molecular mechanisms have proven to be more complex. A major player 
has emerged as the nuclear transport receptor importin a , which by 
binding to cargoes and regulating their  localization and/or act ivity can 
modulate both nuclear and spindle size [47] [55]. Interestingly, as early 
development proceeds in the cleaving Xenopus embryo, an increasing 
fraction of maternal importin a  was found to be associated with the 
plasma membrane [47]. The result ing decrease in cytoplasmic importin a  
correlated with decreased import of cargos known to mediate nuclear 
growth, such as lamin B3 [55], [57]. A similar importin a-based 
mechanism that modulates spindle s ize during development was also 
discovered. Importin a  binds and inhibi ts kif2a, a microtubule 
depolymerizing motor protein of the Kinesin-13 family, via k if2a’s nuclear 
localization sequence (NLS). These observations led to a model in which 
progressive titration of importin a  to the plasma membrane as cell size 
decreases reduces inhibit ion of kif2a in the cytoplasm, allowing it to bind 
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and depolymerize spindle microtubules and decrease spindle size [47], 
[57]. These findings suggested that in addition to cell volume, cell surface 
area is a second physical  parameter that could function to regulate 
subcellular scal ing.  

 
1.6 Interspecies comparison of Pipid frogs provides molecular insight 
into scaling and architecture of the meiotic spindle 
 

In addition to revealing mechanisms that contribute to the 
subcellular scal ing that occurs during embryogenesis, in vitro systems 
have also been applied to study scaling across frog species with eggs and 
genomes of different sizes (Figure 1.1). Interestingly, the spindles of even 
closely related species differ not only in size but also in architecture and 
morphology. ~35 µm long meiotic spindles in X. laevis egg extracts 
possess a high microtubule density in the spindle center, with bundled 
microtubule arrays extending continuously from pole to pole. In contrast, 
smaller ~22 µm long spindles in X. tropicalis egg extracts have higher 
microtubule density at the spindle poles and more prominent astral 
microtubule arrays with a signif icant lack of microtubule density in the 
spindle midzone [58,59]. The size d ifference is not due to the difference 
in the DNA content of each species spindle, as using X. laevis sperm 
nuclei as a DNA source in X. tropical is  extract or vice versa only exerted 
a minimal effect on spindle size [48]. Therefore, differences in cytoplasm 
components such as microtubule-associated proteins were proposed to 
modulate spindle size. Computational modeling of microtubule dynamics 
within the spindle predicted that spindle length could be determined by a 
balance of forces within the spindle that contribute to bipolarity, such as 
the microtubule-based motor proteins Eg5 and dynein that function to 
slide microtubules relat ive to one another, as well as the modulation of 
spindle microtubule l i fetimes controlled by factors that regulate 
microtubule depolymerization [60,61]. Interestingly, mixing of X. laevis 
and X. tropicalis extracts revealed dose-dependent effects on spindle size 
and morphology indicating that cytoplasmic factors are sufficient  to scale 
subcellular structures, and that the extract provided a unique approach to 
identify them [48].  
 

Using this interspecies system, it was determined that the differing 
sizes and architectures of the X. laevis  and X. tropicalis spindles were 
largely due to differences in microtubule stabil ity and forces within the 
spindle, as the computational models predicted. Microtubule severing 
rates were higher in X. tropicalis egg extracts compared to X. laevis due 
to increased activity of the microtubule severing enzyme katanin, a AAA-
ATPase that destabi l izes microtubules by severing them along their 
length, as well as by promoting kinesin-13 driven depolymerization of 
newly exposed microtubule ends [62,63]. The increased activity of X. 
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tropicalis katanin was found to be due to loss of an inhib itory Aurora B 
kinase phosphorylation s ite in its catalytic p60 subunit, a serine residue at 
amino acid posit ion 131, which is present in X. laevis. Adding a 
recombinant version of katanin harboring a mutation of this serine to 
alanine increased  severing act ivity and decreased spindle size in X. 
laevis egg extracts [58]. A second spindle scaling factor was identif ied as 
TPX2, a microtubule-associated protein that modulates microtubule 
nucleation and organization [64]. The concentration of TPX2 is ~3-fold 
higher in X. tropical is extracts compared to X. laevis. By increasing 
recruitment of the Eg5 motor to spindle poles, TPX2 was shown to locally 
increase microtubule density and paral lel bundling, further reducing 
spindle size in X. tropicalis relat ive to X. laevis [59]. Interestingly, 
analysis of a third Xenopus species, Xenopus borealis, revealed meiotic 
spindles that possess morphological and molecular features of both X. 
laevis and X. tropicalis, result ing in a spindle size and architecture 
intermediate between the other two species [65].  
 

Interspecies studies in Xenopus egg extracts have thus allowed for 
identif ication of precise molecular scal ing mechanisms of subcellu lar 
structures. However, these studies have narrowly focused on species 
within the Xenopus genus only. How conserved are these scaling 
mechanisms among different species? And are there evolutionary 
constraints on what mechanisms a part icular species can ut il ize? The 
following chapter explores answers to these questions in detai l.  
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Chapter 2 
 

Regulation of meiotic spindle size in the 
small frog Hymenochirus boettgeri 
 
The following chapter contains materia l from a publication on which I am 
the first author [66]. This article is distr ibuted under the terms of the 
Creative Commons Attr ibut ion License (CC BY 4.0), which permits 
unrestricted use and redistr ibution provided that the original author and 
source are credited. 
 
2. 1 Introduction 
 

Xenopus frog species possess a variety of egg and meiotic spindle 
sizes, and differences in activit ies or levels of microtubule-associated 
proteins in the egg cytoplasm between Xenopus laevis and Xenopus 
tropicalis have been shown to account for spindle scaling [48].  Increased 
activity of the microtubule severing protein katanin scales the X. tropicalis 
spindle smaller compared to X. laevis [67], as do elevated levels of TPX2, 
a protein that enriches the cross-linking kinesin-5 motor Eg5 at spindle 
poles [59]. However, it is unknown whether these same mechanisms 
operate in other frog species over a diverse range of sizes. To this end, 
we util ized the t iny, distant ly related Pipid frog Hymenochirus boettgeri, 
which to date has been poorly studied relative to its Xenopus counterparts 
and is best known in the pet trade. The Hymenochirus and Xenopus 
genera diverged over 110 MYA [68,69] . The body weight of H. boettgeri 
averages only 2 grams- about 1/15th the average weight of X. tropicalis, 
and 1/45th that of the larger X. laevis (Fig 2.1). In this work, we find that 
egg extracts from H. boettgeri form meiotic spindles similar in size to X. 
tropicalis, but that TPX2 and katanin-mediated scaling is not conserved. 
Instead, the microtubule depolymerizing motor protein kif2a functions to 
modulate spindle size. H. boettgeri kif2a possesses an activat ing 
phosphorylation site that is absent from X. laevis. Comparison of katanin 
and kif2a phosphorylation sites across a variety of species revealed 
strong evolutionary conservation, with X. laevis and X. tropicalis 
possessing dist inct and unique alterations. 
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Figure 2.1  
 

 
 

Figure 2.1: Morphometrics and genome content of Pipid frogs. Pipid frogs display a 
diverse range of egg, body, and genome sizes, from the large allotetraploid Xenopus 
laevis and Xenopus borealis to the tiny diploid Hymenochirus boettgeri. Despite the 
large genome of the dodecaploid Xenopus longipes, egg and body size are relatively 
small.  
 
2.2 Results 
 
H. boettgeri egg extracts recapitulate spindle assembly in vitro 
 

H. boettgeri eggs average ~684 µm in diameter, compared to X. 
tropicalis at 800 µm, and X. laevis at 1189 µm, corresponding to an 
overall ~5-fold difference in volume (Fig 2.1). Interestingly, although H. 
boettgeri eggs are signif icantly smaller  than those of X. tropical is, spindle 
lengths are similar in both species, wi th averages of 23 and 24 µm, 
respectively (Fig 2.2 A,B). To determine whether mechanisms of spindle 
size control previously identif ied in Xenopus are conserved in H. 
boettgeri, we developed an egg extract  system similar to that of Xenopus 
that is subject to cell cycle control and amenable to biochemical 
manipulation. Although extract preparation was challenging due to the 
small size of the eggs and required the ovulation of at least 8-12 frogs per 
extract, the system robustly recapitu lated events of the cell cycle such as 
meiotic spindle assembly (Fig 2.2C) and formation of interphase nuclei 
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(unpublished data). The architecture of spindle microtubules in H. 
boettgeri eggs and extracts appeared slightly dif ferent from that of the  
Xenopus species, with increased microtubule density at the poles relat ive 
to the central spindle (Fig 2.2B, 2.2C).  Spindles formed in H. boettgeri 
extracts were statistically similar in length to meiotic spindles in the egg, 
indicating that extract conditions faithfully reproduced in vivo spindle size 
(Fig 2.2 D). 
 
Figure 2.2 
 

 
 
 
    Continued on next page 
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Figure 2.2: Comparison of meiotic spindle length in Pipid frog species  
A. Immunofluorescence images and egg diameter quantification of fixed eggs of each 
frog species. Box plot shows all individual egg diameters. n³20 egg diameters 
measured for each species. B. Comparison of meiotic spindle length of X. laevis, X. 
tropicalis, and H. boettgeri, measured by immunofluorescence in fixed eggs. n>30 
spindles for each species. Box plot shows all individual spindle lengths. C. 
Representative images of spindles assembled in X. laevis, X. tropicalis, and H. boettgeri 
egg extracts. D. Spindle length measured in either fixed H. boettgeri eggs in vivo or H. 
boettgeri egg extracts in vitro. n=30 egg spindles, n=38 extract spindles from 3 separate 
H. boettgeri extracts. Box plot shows all individual spindle lengths. p= 0.426. For all box 
plots, thick line inside box= average length, upper and lower box boundaries= +/- std 
dev. ***p<0.0001, NS= not significant. All scale bars = 10 µm.  
 
Spindle size scaling in H. boettgeri egg extracts 
 

Addition of H. boettgeri egg extracts to X. laevis  egg extracts 
reduced spindle length in a dose-dependent manner (Fig 2.3A), 
suggesting that not only are egg extracts from two entirely different frog 
genera compatible enough to assemble spindles, but also that cytoplasmic 
factors are responsible for controll ing spindle size.  
  

To determine whether mechanisms of spindle size control  previously 
identif ied in Xenopus are conserved in H. boettgeri, we examined TPX2 
and katanin as candidate spindle scaling factors. In X. tropical is egg 
extracts, TPX2 is present at 2-3-fold higher levels than in X. laevis egg 
extracts and is highly enriched on spindle microtubules. Increased TPX2-
mediated recruitment of Eg5 is thought to increase parallel microtubule 
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cross-linking at spindle poles, thereby decreasing spindle length [59]. In 
comparison, TPX2 did not localize as intensely to spindle microtubules in 
X. laevis and H. boettgeri egg extracts (Fig 2.3B). By immunoblot TPX2 
levels in H. boettgeri egg extracts were similar to those in X. laevis (Fig 
2.3C) and Eg5 was not enriched at spindle poles as observed in X. 
tropicalis egg extracts ([59], unpubl ished data), indicating that TPX2 does 
not function to reduce meiotic spindle size in H. boettgeri.  
A second spindle scaling mechanism operating in Xenopus is a ltered 
microtubule depolymerization rates, which were shown to be higher in X. 
tropicalis egg extracts due to d ifferential regulation of the microtubule 
severing enzyme katanin. Katanin concentrates at spindle poles in X. 
tropicalis where it is thought to promote depolymerization by severing 
microtubules along their length, as wel l as by promoting kinesin-13 driven 
depolymerization of newly exposed microtubule ends  [47 ,63] . The X. 
laevis homolog of katanin contains a serine reside at amino acid 131 of its 
catalytic p60 subunit , which is phosphorylated and inhibited by Aurora B 
kinase. In contrast, the X. tropicalis homolog of p60 katanin possesses a 
glycine residue at this posit ion, thereby blocking phosphorylat ion and 
increasing microtubule severing rates [67]. Interestingly, although the H. 
boettgeri homolog of p60 katanin is 88% identical to that of X. tropicalis  
and 89% identical  to X. laevis, (Supplemental Figs 2.5), it possesses the 
predicted Aurora B phosphorylation site at serine 131 (Fig 2.3D), and 
microtubule severing rates in H. boettgeri egg extracts were qualitatively 
similar to those in X. laevis (Fig 2.3E).  Therefore, it is unlikely that 
katanin is responsible for the reduced spindle size in H. boettgeri egg 
extracts.  
 
 
Figure 2.3 
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Figure 2.3: Cytoplasmic factors scale spindle length in H. boettgeri egg extracts 
through a mechanism distinct from that of Xenopus species 
A. Quantification of spindle length in X. laevis extract mixed with increasing amounts of 
H. boettgeri extract. n>25 spindles each condition from 3 separate mixing experiments 
using 3 separate X. laevis egg extracts and 3 separate H. boettgeri extracts. Error bars= 
+/- std dev. There was a significant decrease in spindle length at 10% H. boettgeri egg 
extract added, ***p=0.0059.  B. Top Panel: Representative immunofluorescence images 
of TPX2-stained spindles in X. laevis, X. tropicalis, and H. boettgeri egg extracts. 
Bottom Panel: Line scan quantification of the average ratio of TPX2 to tubulin 
fluorescence intensity across the spindle length in each species egg extract. n>50 
spindles each extract from at least 3 extracts per species. Error bars= +/- std dev. 
AU=arbitrary units. C. Top Panel: Western blot of X. laevis, X. tropicalis, and H. 
boettgeri extracts, probed for TPX2. Bottom Panel: Quantification of 3 separate blots for 
each species. Band intensities were normalized to the integrated density of the 
corresponding Ran loading control. AU=arbitrary units. D. Alignment of sequences 
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around serine 131 in X. laevis, X. tropicalis, and H. boettgeri katanin p60. E. Top Panel: 
Representative images of fluorescently-labeled microtubule severing over time in each 
species egg extract. Bottom Panel: Quantification of integrated fluorescence intensity of 
representative images shown over time in each species egg extract. Similar effects 
were observed in n≥3 egg extracts per species; one representative assay is quantified 
here. All scale bars= 10 µm. 
 
 
Serine 252 of kif2a modulates spindle size in H. boettgeri 
 

Kif2a, a microtubule depolymerizing motor protein of the kinesin 13 
family, was previously identif ied as a spindle scaling factor that operates 
during early X. laevis development, when rapid cell cleavages give rise to 
smaller and smaller cells [47]. We therefore investigated a potential role 
for kif2a in spindle s ize scaling in H. boettgeri. Kif2a antibodies stained H. 
boettgeri spindles more intensely compared to X. laevis and X. tropical is 
(Fig 2.4A), although levels of kif2a were similar in egg extracts of a ll three 
species (Fig 2.4B). Whereas inhibit ion of kif2a in X. laevis eggs and early 
embryos was not observed to affect spindle length ([47] and unpublished 
data), addition of an inhibitory ant i-kif2a antibody to H. boettgeri egg 
extracts caused an increase in spindle size as wel l as spindle microtubule 
density (Fig 2.4C). These observations indicated a role for kif2a as a 
scaling factor in an interspecies rather  than a developmental context.  

 
Figure 2.4 
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Figure 2.4: Kif2a is enriched on spindles in H. boettgeri egg extracts, and 
inhibition of kif2a increases spindle length. Top Panel: Representative 
immunofluorescence images of kif2a-stained spindles in X. laevis, X. tropicalis, and H. 
boettgeri egg extracts. Bottom Panel: Line scan quantification of the average ratio of 
kif2a to tubulin fluorescence intensity across the spindle length in each species egg 
extract. n>50 spindles each extract from at least 3 extracts per species. Error bars= +/- 
std dev. B. Top Right Panel: Western blot of X. laevis, X. tropicalis, and H. boettgeri 
extracts, probed for kif2a. Bottom Panel: Quantification of 3 separate blots for each 
species. Band intensities were normalized to the integrated density of the corresponding 
Ran loading control. AU=arbitrary units. C. Top Left Panel: Representative spindle 
images in H. boettgeri egg extracts upon addition of a kif2a antibody or control IgG. Top 
Right Panel: Line scan quantification of the average tubulin fluorescence intensity along 
the long axis of spindles in control- and kif2a-inhibited H. boettgeri egg extracts. 
AU=arbitrary units. Error bars= +/- std dev. Bottom Left Panel: Quantification of spindle 
length in kif2a inhibited H. boettgeri egg extracts. n≥19 spindles each from 2 extracts. 
Thick line inside box= average length, upper and lower box boundaries= +/- std dev. 
Kif2a antibody or control IgG were added to a final concentration of 0.7 mg/ml. Scale 
bars= 10 µm.  
 

To determine whether the H. boettgeri homolog of kif2a contributed 
to spindle length scaling, we added purif ied recombinant kif2a proteins to  
X. laevis egg extracts. Whereas addit ion of H. boettgeri kif2a decreased 
spindle length by ~25%, addit ion of an equal amount of X. laevis kif2a had 
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a much lesser effect (Fig 2.5A). The ki f2a protein is comprised of a 
conserved central catalytic domain flanked by N and C terminal regions 
that mediate dimerization and subcellu lar targeting [70,71]. Sequence 
alignment of the H. boettgeri and X. laevis kif2a homologs revealed 93.6% 
identity (Supplemental Figs 2.5). To test whether minor sequence 
variations contributed directly to differences in microtubule 
depolymerization by the kif2a homologs, we compared activity of  the 
recombinant proteins in a microtubule pelleting assay (Fig 2.5B). H. 
boettgeri and X. laevis  kif2a possessed very similar activ it ies in shift ing 
tubulin subunits to the supernatant, implicating a post-translat ional 
modification in their di fferential activity regulating spindle length.  
 

Close inspect ion of kif2a sequences revealed a potential regulatory 
site at serine 252 with in the catalyt ic domain of H. boettgeri kif2a. In 
human cells this residue was previously implicated as a s ite 
phosphorylated by Polo-l ike-kinase 1 (Plk1), a kinase shown to activate 
the microtubule depolymerizing activity of kif2a [72]. However, the X. 
laevis kif2a homolog contains an isoleucine residue at posit ion 252 (I252), 
which cannot be phosphorylated (Fig 2.5C, Supplemental Figs 2.5). 
Addition of a mutant version of the X. laevis kif2a contain ing a serine 
residue at this site (Kif2a I252S) to X. laevis egg extracts caused a 
dramatic reduction in spindle length,  similar to that observed when an 
equal concentration of recombinant wild type H. boettgeri kif2a was added 
(Fig 2.5D). A similar effect  was observed when a phosphomimetic mutant 
version of the X. laevis kif2a containing a glutamic acid residue at th is 
site (Kif2a I252E) was added to extracts. Interestingly, this mutant did not 
show increased intensity at spindle poles compared to wild type X. laevis 
kif2a, indicating that increased kif2a activity rather than concentration 
leads to the reduction in spindle length (Fig 2.5E,F). Conversely, addition 
of H. boettgeri kif2a in which the serine was substituted with an isoleucine 
at posit ion 252 (Kif2a S252I) reduced spindle length to a lesser degree, 
which was similar to the activity of wild type X. laevis kif2a (Fig 2.5D). 
These results identify k if2a phosphorylation and activation as the likely 
mechanism scaling spindles smaller in H. boettgeri compared to X. laevis. 
Interestingly, the phosphomimetic version of kif2a did not possess greater 
microtubule depolymerizing activity towards pure microtubules than the 
wild-type version, suggest ing that phosphorylation of serine 252 on its 
own is not suffic ient to activate kif2a (data not shown). Future 
experiments will address whether other modifications or interacting 
factors act to modulate kif2a act ivity in vivo.  
 
 
 
 
 
 



 17 

Figure 2.5 
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Figure 2.5: Serine 252 of kif2a regulates its activity A. Left Panel: Spindle length in 
X. laevis egg extracts with 0.5 µM exogenous recombinant X. laevis or H. boettgeri 
proteins added. Right Panel: Representative images of spindles in (A). n³137 spindles 
from 3 separate extracts. B. Top Panel: Increasing amounts of recombinant X. laevis or 
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H. boettgeri kif2a proteins were added to taxol-stabilized microtubules and microtubules 
sedimented through a sucrose cushion. Amounts of soluble tubulin in the supernatant 
(S) and pellet (P) were quantified by SDS-PAGE and Coomassie staining. Bottom 
Panel: Ratio of pellet to supernatant gel band intensities in the microtubule 
sedimentation assay with 200 nM H. boettgeri or X. laevis kif2a added. Bands from 3 
separate gels quantified, p=0.2768. NS= Not Significant. Error bars= +/- std dev. C. 
Schematic of kif2a domain organization and sequence alignment of the area around 
amino acid 252 in H. boettgeri (H.b.), and X. laevis (X.l.). D. Left Panel: Spindle length 
in X. laevis egg extracts with 0.5 µM exogenous recombinant wildtype X. laevis, H. 
boettgeri, and mutant Kif2a I252S or Kif2a S252I proteins added. Right Panel: 
Representative images of spindles in (D). n³138 spindles from 3 separate extracts. E. 
Top panel: Representative images of spindles in X. laevis egg extracts with 0.5 µM 
recombinant wild type X. laevis or an X. laevis phosphomimetic mutant (Kif2a I252E) 
added. Bottom panel: Line scan quantification of the average ratio of kif2a to tubulin 
fluorescence intensity across the spindle length of spindles described above. F. Spindle 
length quantification of experiments described in (E). n³161 spindles from 3 separate 
extracts. All box plots show all individual spindle lengths. Thick line inside box= average 
length, upper and lower box boundaries= +/- std dev. ***p<0.0001, NS=Not Significant.  
Scale bars=10 µm.  
 
 
Conserved constellations of spindle scaling factors operate across 
species 
 

Taken together, our results suggest that mechanisms of interspecies 
spindle scaling identif ied in Xenopus are not conserved at the level of the 
genus in the more distantly related frog Hymenochirus boettgeri. However, 
commonalit ies exist among spindle scaling mechanisms across frog 
species that involve microtubule destabil izing factors and their regulation 
by mitotic kinases. To examine the evolutionary conservation of spindle 
scaling activ it ies by microtubule depolymerizing factors, we compared the 
regulatory phosphorylation sites of k if2a and katanin across a variety of 
species (Fig 2.6, see Supplemental Figs 2.5 for full sequences).  
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Figure 2.6 
 

 

 
Figure 2.6: Phylogenetic prediction of spindle size scaling mechanisms by 
comparing microtubule depolymerizing proteins across species. A. Sequence 
alignment of kif2a in vertebrates around amino acid 252. B. Sequence alignment of 
katanin in vertebrates around amino acid 131. 
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 Interestingly, all species examined except for X. laevis contained 
the activating serine at residue 252 of kif2a, suggesting that reduced 
activity of k if2a is unique to X. laevis. Moreover, only X. tropicalis katanin 
possessed the inhibitory serine at posi t ion 131. These observations 
suggest that spindle size control mechanisms are overall evolutionari ly 
conserved, but that some species are “outliers” that possess distinct 
mechanisms setting meiotic spindle length.  
 
 
2.3 Discussion 
 

Our study reveals that distinct mechanisms operate across frog 
species to set meiotic spindle length. Whereas high levels of TPX2 and 
the absence of an inhibitory phosphorylation site on katanin scales the X. 
tropicalis spindle smaller than that of X. laevis,  an activating 
phosphorylation site on H. boettgeri  kif2a appears to be crucial for setting 
meiotic spindle s ize in this t iny species.  
 

Thus, to date, three meiotic spindle scaling factors including TPX2, 
katanin, and kif2a have been identi f ied. Previous computational 
simulations evaluat ing the microtubule dynamic parameters that set 
meiotic spindle length indicated that the activity of depolymerizers such 
as kif2a or microtubule severing enzymes such as katanin could operate 
primarily at microtubule minus ends, which are enriched at spindle poles 
[61].  Although our study impl icates k if2a phosphorylation in regulating its 
activity, di fferences in localization may also play a role. In addit ion to 
modulating spindle length, variat ion among spindle factors and their 
regulators l ikely contributes to differences in spindle archi tecture across 
species [65].  
 

Interestingly, with respect to phosphoregulatory sites on katanin and 
kif2a, there is not a clear correlation between their presence or absence 
and spindle size. For example, Xenopus borealis, which is simi lar to X. 
laevis in terms of genome and egg size, forms meiotic spindles of similar 
length to X. laevis, yet possesses both the inhibitory phosphorylation site 
of X. laevis katanin and the activating phosphorylation site found in X. 
tropicalis and H. boettgeri kif2a (Fig 2.6, [65]). This suggests that other 
factors or regulatory mechanisms operate, which could dif ferentially set 
the activity of mitot ic kinases Aurora B and Polo, or affect the smal l 
GTPase Ran, which functions through importins to regulate a number of 
spindle assembly factors. Observed dif ferences in meiotic spindle 
morphology and microtubule distr ibution along the length of the spindle of 
multiple frog species, as well as sensit ivity to Ran disruption, highl ight 
many possible variations in spindle architecture and assembly 
mechanisms. Furthermore, other factors such as the microtubule 
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polymerase XMAP215 and microtubule cross-linking motors have also 
been shown to regulate spindle length [73],[74]. Future studies wil l shed 
light on how the col lective act ivit ies and regulation of a suite of factors 
can generate spindles with d istinct architectures and sizes.  
 

An important open question is the importance of spindle size for 
chromosome segregation. Experiments decreasing mitotic spindle length 
through manipulation of kif2a in X. laevis embryos caused defects in 
metaphase spindle alignment, but spindle orientation defects were 
corrected in anaphase and cleavage divisions were not disrupted [47], 
suggesting that astral microtubule growth rather than metaphase spindle 
length plays a crucial  role. Of note, while X. laevis, X. tropicalis, and H. 
boettgeri scale in size at the level of  the organism, egg, and genome, the 
H. boettgeri meiotic spindle size is very similar to that of X. tropicalis. 
Furthermore, a comparison of meiotic spindle morphometrics across many 
species did not reveal a strong correlation between egg size and spindle 
length, which possesses a narrow range compared to mitotic spindle s ize 
[75]. One possibil ity is that there is a lower l imit to meiotic spindle s ize in 
amphibian eggs, and has this been reached in frogs as small as X. 
tropicalis and H. boettgeri. Manipulation of meiotic spindle s ize in v ivo wi ll 
be required to address this question.  
 

Why have rare variations in spindle scaling factor sequences 
evolved in X. laevis katanin and X. tropicalis k if2a? Did these changes 
provide a fitness advantage, or did other changes compensate for them? 
It is interesting that the X. borealis kif2a sequence resembles that of the 
ancestral, X. tropicalis- l ike species prior to polyploidization,  while the 
sequence in X. laevis, which is much more closely related to X. boreal is, 
has diverged. Yet uncharacterized changes in spindle size control 
mechanisms in X. borealis may accommodate the increase in genome size 
in this species. Surveying sequence and expression levels of spindle s ize 
control factors over a diverse range of amphibian species promises to 
reveal whether additional mechanisms have evolved together with 
changes in ploidy to mediate spindle scaling.      
 

2.4 Methods 
 

Whole mount immunofluorescence of X. laevis , X. tropicalis , and H. 
boettgeri eggs 
 
Dejell ied eggs were fixed for one hour using MAD fixative (2 
parts  methanol [Thermo Fisher Scientif ic], 2 parts acetone [ThermoFisher 
Scientif ic], 1 part DMSO [Sigma]). After f ixation, eggs were dehydrated in 
methanol  and stored at  -20°C. Eggs were then processed as previously 
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described [76] with  modifications. Following gradual rehydration in 0.5X 
SSC (1X SSC: 150 mM NaCl, 15 mM Na  citrate, pH 7.0), eggs were 
bleached with 1-2% H2O2 (ThermoFisher Scientif ic) in 0.5X SSC 
containing 5% formamide (Sigma) for 2-3 h under l ight, then washed in 
PBT  (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 0.1% Triton X-100 
[Thermo Fisher Scientif ic]) and 2 mg/mL bovine serum albumin (BSA). 
Eggs were blocked in PBT  supplemented with 10% goat serum (Gibco  –
Thermo Fisher Scientif ic) 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 and DNA, 
respectively:  1:500 mouse anti-beta tubulin (E7; Developmental Studies 
Hybridoma Bank), and  1:500 rabbit anti-histone H3 (ab1791; Abcam). 
Eggs were then washed 4×2  hours 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 (Invitrogen  –
ThermoFisher  Scientif ic). Eggs were then washed 4×2 hours in PBT and 
gradually dehydrated  in  methanol. Eggs were cleared in Murray's clearing 
medium (2 parts Benzyl Benzoate,  1 part Benzyl Alcohol; Sigma). Cleared 
eggs were then mounted on a microscope slide, squashed under a 
coverslip, and imaged by epif luorescence microscopy.  
 
Xenopus  egg extract preparation 
Xenopus laevis and Xenopus tropical is  egg extracts were prepared as 
previously described [48,77]. Briefly, eggs in metaphase of meiosis II 
were collected, dejel l ied and fractionated by centrifugation. The 
cytoplasmic layer was isolated, supplemented with 10 mg/mL each of the 
protease inhibitors leupeptin, pepstat in and chymostatin (LPC), 20 mM 
cytochalasin D, and a creatine phosphate and ATP energy regeneration 
mix, and stored on ice (X. laevis)  or at  room temp (X. tropicalis) for up to 
6 hours. Typical spindle reactions contained 25 µL CSF extract, X. laevis  
or X. tropicalis sperm at a f inal concentration of 500 nuclei per µl, and 
rhodamine-labeled porcine brain tubulin at a f inal concentration of 50 
µg/ml.  
 
H. boettgeri egg extract preparation 
Methods for working with H. boettgeri were generally based on those 
described in [78,79]. 8-12 H. boettgeri females were injected in the dorsal 
lymph sac with 200 units HCG (Sigma, in a l imited volume of 100 µL) 16 
hours before egg collection. Frogs were housed overnight at room 
temperature in disti l led deionized water (ddW). Eggs were dejell ied using 
a solution of 2% cysteine and 0.1% bovine serum albumin (BSA) in ddW 
adjusted to pH 7.8. Eggs were then washed extensively in CSF-XB buffer 
(5 mM EGTA, 100 mM KCl, 3 mM MgCl2, 0.1 mM CaCl2, 50 mM sucrose, 
and 10 mM HEPES pH 7.7) plus protease inhibitors ( leupeptin, pepstat in, 
and chymostatin, 10 µg/ml each) and cytochalasin D (20 µg/ml), then 
packed by centrifugation in a 1.5 -ml microfuge tube at 1000×g  for 1 min 
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followed by 2000×g  for 10 s. All buffer was removed, and eggs were 
crushed by centrifugation at 17,000×g  for 15 min  in a swinging bucket 
rotor (Sorvall HB-6, Thermo Fisher Scientif ic). Concentrated cytoplasm 
was removed from the tube and immediately placed at room temperature. 
Additional protease inhibitors, cytochlasin D, and energy mix were added 
as for Xenopus egg extracts. Typical spindle reactions contained 25 µL 
CSF extract, H. boettgeri sperm at a f inal concentration of 500 nuclei per 
µl, and rhodamine-labeled porcine brain tubulin at a f inal concentration of 
50 µg/ml.  
 
Immunofluorescence of spindles in egg extracts 
Spindle reactions were processed as described in [77]. Brief ly, 25 µl egg 
extract reactions were fixed by addition to 1 ml of dilution buffer (80 mM 
Pipes, 1 mM MgCl2, 1 mM EGTA, 30% glycerol, 0.5% Triton X-100, and 
2.5% formaldehyde). After incubat ing for 10 min at 23°C, samples were 
spun onto coverslips through a 5-ml cushion (BRB80 + 40% glycerol) at 
10,200 rpm for 15 min using a swinging bucket rotor (Sorvall HB-6). 
Coverslips were postf ixed for 5 min in 100% methanol, r insed with PBS-
0.1%NP40,  b locked with PBS–1% BSA for 45 min, and incubated with 
primary antibody against TPX2 (di luted 1: 2500 in PBS–1% BSA) or kif2a 
(diluted 1: 5,000  in PBS–1% BSA) overnight in a humidif ied container at 
4°C. Coverslips were rinsed 3x with PBS-0.1%NP40, then incubated for 45 
min at room temp with secondary antibody (Invitrogen; Goat anti-rabbit or 
mouse anti-human IGG conjugated to Alexa Fluor 488, used at a 1:1000 
dilution). Coversl ips were then stained with 5 µg/ml Hoechst 33258 
(Sigma), and mounted on microscope slides using Vectashield (Vector 
Laboratories). 
 
Microscopy, image processing, and spindle measurement  
Images were obtained on a fluorescence microscope (BX51; Olympus) 
with TRITC, DAPI, and FITC fi lters (Chroma Technology Corp.) and a 20 
or 40x objective (0.75 NA; UPlanFl N; Olympus) controlled by μManager 
software  (http://www.micro-manager.org/) with an Orca-ER cooled 
charge-coupled device camera (Hamamatsu Photonics). Spindle length 
was measured using pole-to-pole distance with the line tool in Fij i [80]. 
Fluorescence intensity l ine scans were generated using an automated 
Java ImageJ plugin developed by X. Zhou 
(https://github.com/XiaoMutt/AiSpindle) [81]. 
 
Western blots 
Egg extract protein concentrations were measured by Bradford assay 
(Biorad). Decreasing volumes of X. laevis, X. tropicalis, or H. boettgeri 
egg extracts (corresponding to 50, 25, and 12.5 µg total protein per lane) 
were separated by SDS-PAGE and wet transferred to nitrocellulose 
membrane (BioRad). Blots were blocked with PBS-0.1%Tween+ 5% milk 
for 45 min, probed with primary antibodies diluted in PBS-0.1%Tween+ 
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5% milk overnight at  4°C, r insed 3x over a 10 minute period at room temp 
with  PBS-0.1%Tween, then probed with secondary antibodies diluted in 
PBS-0.1%Tween (Rockland Immunochemicals ; goat anti–rabbit DyLight 
800, goat anti-human DyLight 800, or donkey anti–mouse DyLight 680, al l 
used at a 1:10,000 dilution). Blots were scanned on an Odyssey Infrared 
Imaging System (LI-COR Biosciences).  Band intensit ies were quantif ied 
using Fij i.    
 
Antibody inhibition of Kif2a in H. boettgeri egg extracts  
An antibody raised against an N-terminal sequence of human kif2a (Novus 
Biologicals) was added to H. boettgeri egg extracts at a f inal 
concentration of 0.7 mg/ml. Rabbit IGG was added to control reactions at 
a f inal concentration of 0.7 mg/ml. Egg extract reactions were then fixed 
and sedimented onto coverslips as described for immunofluorescence 
above.  
 
RNA Isolation and Sequencing 
To isolate RNA, H. boettgeri eggs and embryos at stage 14 were 
homogenized mechanically in TRIzol® (Thermo Fisher Scientif ic) using a 
30-gauge needle and processed according to manufacturer instructions. 
After resuspension in nuclease-free H2O, RNAs were isolated using a 
RNeasy kit (Qiagen Inc.) according to manufacturer instructions. Libraries 
were prepared using the manufacturer's non-standard specif ic RNA-seq 
library protocol with poly-A capturing mRNA enrichment method (I l lumina, 
CA, USA). The paired-end 2 × 100 bp reads were generated by the QB3 
Functional Genomics Laboratory at the University of California, Berkeley 
using Il lumina HiSeq 2000.   

 

H. boettgeri transcriptome assembly 
H. boettgeri RNAseq reads from each l ibrary were assembled using Trinity 
[82] with default parameters for a denovo assembly. The complete 
transcriptome was aligned to X. tropicalis v9 proteome via BLASTX [83]. 
For each X. tropicalis protein, the h ighest scoring (based on BLAST bit 
score), transcript that aligned across the full- length (90% of the CDS) was 
chosen as the representative homolog for H. boettgeri. The raw RNA-seq 
data and init ial Trinity assemblies were deposited at NCBI under 
BioProject PRJNA306175 [35].  

 
Vertebrate sequence alignments 
Vertebrate sequences for katanin and kif2a were aligned using Dialign-TX 
[84].  X. tropical is and X. laevis cDNA and peptide sequences were 
obtained from Xenbase (version 9 genomes). Human, chicken, and lizard 
peptides were obtained from Ensembl (version 96; [85]. Nanorana  parkeri 
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sequences were obtained from Sun et al [86].  Rana pipiens sequences 
were obtained from Christenson et al. [87].  X. borealis cDNA sequences 
were kindly provided by Austin Mudd (UC Berkeley).  

 
Cloning of H. boettgeri kif2a   
Total RNA was isolated from H. boettgeri  eggs as described above in 
“RNA isolation and sequencing,” and cDNA was synthesized from RNA 
using the SuperScript  III First Strand Synthesis system (Thermo Fisher 
Scientif ic) according to the manufacturer’s instructions. The H. boettgeri 
kif2a sequence was then PCR-amplif ied from the cDNA using the following 
primer sequences (written 5′-3′):  
FWD: ATGGCCGTCAATAGCTTTG 
REV: TTAAAGAGCACGTGGCCTTT 
The amplif ied sequence was then subcloned into a pMal-c5x vector (New 
England BioLabs) using In-Fusion cloning (Takara). The construct was 
then amplif ied using XL1-Blue competent E. coli (Agilent).  
 
Expression and purification of recombinant kif2a  
Recombinant N-terminally MBP-tagged full length X. laevis and H. 
boettgeri kif2a and point mutants (all in a pMal- c5x vector from New 
England BioLabs, X. laevis construct is further described in [47])  was 
expressed in One Shot BL21 Star E. coli (Thermo Fisher Scientif ic) 
overnight with shaking at 16°C in the presence of 1 mM IPTG. Purif icat ion 
of X. laevis kif2a was originally described in [47] and purif ication of H. 
boettgeri kif2a and point mutants proceeded similarly.  Bacteria were 
pelleted and lysed in Kif2a Purif icat ion Buffer containing 20 mM Hepes, 
250mM NaCl, 1 mM DTT, pH7.2. To reduce viscosity of lysate and to l imit 
proteolysis, Lysonase Bioprocessing Reagent (EMD Mill ipore) and 
Complete EDTA-free Protease Inhibitor Tablets (Roche) were added to the 
lysis buffer according to the manufacturer’s instructions. Bacteria were 
lysed using sonication, then the clarif ied lysate incubated with amylose 
resin (New England Biolabs) for 40 min with rotation at 4°C.  The amylose 
resin was then thoroughly r insed with Kif2a Purif ication Buffer and the 
recombinant kif2a eluted with Kif2a Purif ication Buffer + 10 mM maltose. 
The most concentrated fractions were pooled and then buffer-exchanged 
into Kif2a Purif icat ion Buffer using Amicon Ultra Centrifugal f i l ters, 15 ml, 
30K MWCO (EMD Millpore) according to the manufacturer’s instructions.  
 
Time lapse microtubule depolymerization assay in frog egg extracts 
Microtubules were polymerized from unlabeled + Alexa488-labeled 
porcine brain tubulin at a ratio of 20:1 unlabeled:labeled tubulin using 
taxol (Pacli taxel, Sigma) as described [88]. Flow cells were constructed 
with an 18 × 18 glass coverslip and double-sided Scotch tape for a 
volume of ∼10 μl. A mutant r igor kinesin [89] in KAB (20 mM HEPES pH 
7.5, 25 mM K-glutamate, 2 mM MgCl2, 1 mg/ml BSA, 10% glycerol, 0.02% 
Triton X-100) with 1 mM ATP [90] was incubated in the flow cell. The cell  
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was washed with KAB, incubated with microtubuless in KAB with ATP, and 
washed with BRB80 (80 mM PIPES [pH 6.8], 1 mM MgCl2, 1 mM EGTA). 
Finally, 18–20 μl of crude egg extract was flowed in and immediately 
imaged at 15 s intervals with a 60× oi l objective. Percent microtubule 
intensity was quant if ied by measuring the total integrated fluorescence 
intensity of each image per unit t ime using Fij i software. 
 
Microtubule sedimentation assay using recombinant kif2a  
5 µM Taxol- stabil ized microtubules were generated as described in [88]. 
Microtubules were then incubated at room temp for 20 min with 200-400 
nM recombinant X. laevis or H. boettgeri kif2a + 1.5 mM MgATP, or 200-
400 nM Kif2a Purif ication Buffer (control) containing 20 mM Hepes, 
250mM NaCl, 1 mM DTT, pH7.2. Total reaction volume was 25 µl. 
Reactions were layered onto 200 μl of a 40% sucrose/1× BRB80 cushion 
and sedimented at 23°C at 40,000 rpm for 20 min in a TL-100 rotor. 
Samples were taken of the supernatant (30 μl), the supernatant aspirated, 
the interface between the supernatant and the cushion washed with 100 μl 
dH2O, the cushion aspirated and the pellet resuspended in 30 μl Laemmli 
sample buffer. Samples were then run on a 4-20% SDS-PAGE gradient gel 
(Biorad) and stained with Coomassie Blue.  
 
Antibodies 
Anti-TPX2:  A rabbit polyclonal antibody against a 242 amino acid 
sequence in the N-terminus of X. laevis TPX2 was raised by Covance and 
affinity purif ied from total serum on a HiTrap  N-hydroxysuccinimide–
activated HP column (GE Healthcare) coupled with recombinant ful l length 
X. laevis TPX2. Antibodies were eluted with Gentle Ag/Ab Elution Buffer 
(Thermo Fisher Scientif ic) and dialyzed into 50 mM Hepes. The 242 amino 
acid sequence is highly conserved between X. laevis and X. tropicalis 
(87% identical) and X. laevis and H. boettgeri (86% identical), and was 
used at a 1:5,000 dilution for Western blot, and a 1:5,000 dilution for 
immunofluorescence.  
Anti-kif2a:  A rabbit polyclonal antibody raised against an N-terminal 
sequence of human kif2a (Novus Biologicals; 91% identical to X. laevis 
and H. boettgeri kif2a, 93% identical to X. tropicalis kif2a). Used at  a 
1:10,000 dilution for Western blot, and a 1:5,000 dilution for 
immunofluorescence.  
Anti-Ran:  A mouse polyclonal antibody (BD Biosciences) raised against 
amino acids 7-171 of human Ran. With in this region the X. laevis, X. 
tropicalis, and  H. boettgeri sequences are identical. Used at a 1:2,000 
dilution for Western blot.  
Anti-beta-tubulin:  A mouse monoclonal antibody (E7; Developmental 
Studies Hybridoma Bank, Iowa City, IA) raised against full length 
chlamydomonas tubulin. Used at a 1:500 dilution for whole-mount 
immunofluorescence. 
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Anti-histone H3:  A rabbit polyclonal antibody (ab1791; Abcam) raised 
against amino acids 100-136  of human histone H3. Used at a 1:500 
dilution for whole-mount immunofluorescence. 
Anti-katanin:  A rabbit polyclonal antibody raised against full length p60 
subunit of X. tropicalis katanin [58]. Used at a 1:1000 dilution for Western 
blot.  
 

2.5 Supplemental Figures 
 
p60 katanin alignment in Xenopus laevis , Xenopus tropicalis , and H.  
boettgeri 
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Kif2a alignment in Xenopus laevis , Xenopus tropicalis , and H.  
boettgeri 
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Chapter 3 
 
Xenopus Hybrids Provide Insight Into 
Cell and Organism Size Control 
 
 
The following chapter contains materia l from a publication on which I am a 
co-first author [91]. This article is distr ibuted under the terms of the 
Creative Commons Attr ibut ion License (CC BY 4.0), which permits 
unrestricted use and redistr ibution provided that the original author and 
source are credited. 
 
3.1 Introduction 
 

Cell size correlates strongly and l inearly with genome size in a myriad 
of different organisms [2,33,92]  and increases in genome copy number 
through polyploidy have been shown to increase cell size within t issues or  
cell types [93,94]. However, the molecular l ink between genome size and 
cell size remains an open question.  Although increases in ploidy may 
globally affect gene expression, work in unicellular organisms such as yeast  
suggests that the maintenance of scaling between genome size and cel l  
size does not simply reflect gene dosage [27,49,95]. Furthermore, the 
correlation between genome size and cell size is independent of the 
proportion of the genome that codes for genes [2,21,96]. A number of  
factors involved in many different processes, such as growth, metabol ism 
and protein synthesis, development, differentiation, and cell cycle 
regulation can influence cell  size in a variety of organisms [26,27]. Many of  
these genes are conserved and contribute to t issue and organ size in a 
variety of multicellular organisms, however, how they influence organism 
size, and how organism size feeds back to organ/tissue/cell size to attain 
homeostasis remains unclear.  

Interestingly, in the related frog species Xenopus laevis and Xenopus 
tropicalis, the size of the genome, cells,  and component subcel lular  
structures scale with body size [48,55]. Furthermore, the larger 
allotetraploid Xenopus laevis (6.2 x 109 base pairs,  N = 36 chromosomes, 
average body length 10 cm) and smaller diploid Xenopus tropicalis  (3.4 x 
109 base pairs, N = 20 chromosomes, 4 cm in length) can hybridize. While 
ferti l ization of an X. tropicalis egg with a X. laevis sperm produces an 
inviable hybrid embryo that dies as a late blastula, ferti l ization of an X. 
laevis egg with a X. tropicalis sperm ( le×ts) produces a viable adult frog 
intermediate in genome size (N = 28 chromosomes) and body length 
between the two species [97]. This viable hybrid thus provides a unique in  
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vivo  vertebrate model for investigat ing biological s ize control at the 
organismal, cellular, and subcellular levels.  

In this study, we characterized size scaling in viable le×ts hybrids and 
used this system to establish a novel screening method for candidate genes 
involved in s ize control to identify factors that affect the body size of the 
frog, as well as the scaling of its  component cells and subcellular  
structures. 
 
3.2 Results 
 
Reduced size in viable le×ts hybrids 
 

Whereas cross-ferti l izat ion of X. tropicalis eggs with X. laevis sperm 
produces hybrid embryos that die during zygotic genome activation (ZGA), 
the reverse cross of X. laevis eggs and X. tropical is sperm ( le×ts) results in 
viable hybrid embryos that possess genetic features of both X. laevis and 
X. tropicalis parents [81,97–100]. Hybrid embryos progressed through 
tadpole, froglet, and adult stages (Fig 3.1A, B), although with s ignif icant  
morbidity. Early development in the le×ts hybrid proceeded normally 
according to Nieuwkoop and Faber staging [101] until the end of  
neurulation, and at a similar rate compared to wild type X. laevis embryos 
(Fig 3.1C). However, by the tailbud stage, body length was signi f icantly 
decreased in le×ts hybrids (Fig 3.1D). Relative shortening of body length 
continued, although development remained similar to X. laevis,  and both 
hybrid and control animals init iated metamorphosis with the same timing 
(Fig 3.1E). As soon as metamorphosis was complete, size scaling stopped 
and the body length of both the le×ts hybrid and X. laevis  froglets increased 
at the same rate, retaining the difference in size (Fig 3.1F). Strik ingly, in  
adult hybrid frogs,  both cell  and nuclear size of  erythrocytes was reduced 
(Fig 3.1G). Since the hybrid genome (28 chromosomes) is smaller than the 
X. laevis genome (36 chromosomes),  these observations are consistent  
with genome size-dependent scal ing at the organism, cellular and 
subcellular levels.  
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Figure 3.1 
 

 
 
 
 



 33 

 
Figure 3.1: Growth and development of Xenopus le×ts viable hybrids. 
A. Schematic of developmental outcomes of Xenopus laevis and Xenopus tropicalis 
cross-fertilization. B. Agarose gel electrophoresis showing PCR amplification of 2 
genomic loci in X. laevis (X. l, on chromosomes 5L and 5S) and one locus in X. tropicalis 
(X. t, chromosome 5). H1-10 indicates 10 randomly chosen hybrid tadpoles tested, 
confirming the consistent presence of all 3 subgenomes in hybrids. C. Developmental 
timing in X. laevis and le×ts hybrid embryos. Average is plotted for each time point. Error 
bars show standard deviation. D. Body length of tailbud stage X. laevis and le×ts hybrids. 
Box plots show all individual body lengths. Thick line inside box = average length, upper 
and lower box boundaries = +/- standard deviation (SD). P-value was determined by two-
tailed heteroscedastic t-test. Representative images of tailbuds at identical scale are 
shown on the right. E. Body length of tadpoles throughout metamorphosis for X. laevis 
and le×ts hybrids. Average is plotted for each time point. Error bars show standard 
deviation. F. Body length of X. laevis and le×ts hybrid froglets. Average is plotted for each 
time point. Error bars show standard deviation. Representative images of froglets at 
identical scale are shown on the right. G. Size of erythrocyte cells and nuclei in X. laevis 
and le×ts hybrid adult frogs. Box plots show all individual cell or nuclear areas. Thick line 
inside box = average area, upper and lower box boundaries = +/- SD. P-values were 
determined by two-tailed heteroscedastic t-test. Representative images of erythrocytes 
at identical scale are shown on the right. 
 
Nuclear to cell size scaling in  le×ts hybrids is more similar to that of X. 
laevis  haploids, despite a larger genome size 
 

We wondered whether  the scaling observed in hybrid embryos was 
due to the decrease in genome size, or  if the paternal X. tropicalis genome 
also influenced size scaling.  To examine the effect of  altering genome size 
alone, we util ized haploid X. laevis embryos produced by ferti l izing wild 
type X. laevis  eggs with irradiated X. laevis sperm. While the sperm DNA is 
inactivated and does not  contribute to the genome of the offspring,  the 
sperm centrosome induces embryonic development yielding haploid 
embryos containing only the N=18 maternal genome [102]. Haploid embryos 
developed normally to the tai lbud stage, and at a similar developmental rate 
to wild type X. laevis  embryos (Fig 3.2B). However,  by the tai lbud stage, 
body length was signi f icantly reduced in X. laevis haploids (Fig 3.2C).  
Haploid embryos never reach metamorphosis and stop developing as 
stunted tadpoles [10].  

We then evaluated nuclear to cell size scaling relationships before 
and after ZGA, comparing X. laevis, le×ts hybrids and haplo id X. laevis 
embryos (Fig 3.2D-G). Interestingly, no difference in the nuclear to cell size 
ratio was observed at early stages (6 and 8) among the 3 embryo types (Fig 
3.2E). However, we found that , from stage 10 , haploid embryos possessed 
reduced nuclear sizes at similar cell sizes compared to X. laevis (Fig 3.2F). 
Consistent with their intermediate genome size (36 > 28 > 18 
chromosomes), the scaling curve of hybrids fell between that of X. laevis  
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and haploids. Strikingly however,  by stage 21, nuclear to cell  size scaling 
in hybrids was more similar to that of haploids than to wild type X. laevis  
(Fig 3.2G). Therefore, we hypothesized that upon ZGA, gene expression of  
the X. tropicalis paternal  genome, rather than bulk genome size alone, 
contributes to the reduced size of le× ts hybrids. 
 
Figure 3.2 
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Figure 3.2: Nuclear to cell size relationships pre- and post-zygotic genome 
activation in le×ts hybrids compared to X. laevis diploids and haploids. A Schematic 
of generation of haploid X. laevis tadpoles via UV irradiation of sperm. B. Developmental 
timing in X. laevis and haploid X. laevis embryos. Average is plotted for each time point. 
Error bars show standard deviation. C. Body length of tailbud stage X. laevis and haploid 
X. laevis. Box plots show all individual body lengths. Thick line inside box = average 
length, upper and lower box boundaries = +/- SD. P-value was determined by two-tailed 
heteroscedastic t-test. D. Nuclear diameter versus cell diameter in X. laevis, X. laevis 
haploid, and le×ts hybrid embryos. E. Nuclear diameter versus cell diameter in X. laevis, 
X. laevis haploid, and le×ts hybrid embryos at developmental stages 6 and 8. F. Nuclear 
diameter versus cell diameter in X. laevis, X. laevis haploid, and le×ts hybrid embryos at 
developmental stage 10. G. Nuclear diameter versus cell diameter in X. laevis, X. laevis 
haploid, and le×ts hybrid embryos at developmental stage 21. 
 
Transcriptome analysis identifies 12 X. tropicalis  transcription factors 
expressed in hybrids 
 

To identify paternal X. tropicalis genes that could contribute to size 
control in hybrid embryos at ZGA, we performed RNA sequencing and 
transcriptome analysis of embryos at stage 9. We detected many tropicalis-
derived paternally expressed genes in hybrid embryos. Differentia l  
expression analysis revealed one maternally expressed  X. laevis gene that  
was signif icantly less abundant in the le×ts hybrid (Fig 3.3A, Supplemental  
Fig 3.5), and 41 paternally expressed X. tropicalis  genes that were 
signif icantly more abundant in le×ts hybrid, compared to X. laevis  embryos 
(Fig 3.3B, Supplemental Fig 3.5). Gene ontology (GO) term analysis of  
differentially  expressed paternal  genes revealed signif icant  
overrepresentation of the molecular function ‘DNA binding’  (GO:0003677; 
4.38 fold enrichment, with a 2.90e-3 false discovery rate), and of the 
biological process ‘transcription, DNA-templated’ (GO:0006351; 4.65 fold 
enrichment, with a 3.93e-04 false discovery rate). Therefore, we concluded 
that transcriptional  regulators with DNA binding functions are signif icantly 
enriched in paternally expressed genes in hybrid embryos. To finalize our 
l ist of candidates, we used Xenbase [103,104] to validate the transcription 
factor function of the candidate genes. From this, we set out to screen the 
following 12 transcription factors, Ers10, Hes7, Mix1, Ventx2, Foxi4, Sox3, 
Tgif2, Klf17,  Sia2, Id3, Not and Oct25, as potential  paternal scaling factors.  
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Figure 3.3  

 
Figure 3.3: Transcriptome analysis of le×ts hybrid embryos at the onset of zygotic 
genome activation. A. Differential expression analysis of X. laevis maternal genes in 
stage 9 le×ts hybrid vs. X. laevis embryos.  B. Differential expression analysis of X. 
tropicalis paternal genes in stage 9 le×ts hybrid vs. X. laevis embryos. For both figures, 
RNA-seq reads are mapped to a database of combined X. laevis and X. tropicalis 
transcriptomes and significantly differentially expressed genes (DE; fold-change > 2 and 
false discovery rate < 0.05) are marked in orange (see Methods for more information). 
 
 
X. tropicalis  t ranscription factors Hes7 and Ventx2 reduce body length 
in tailbud stage X. laevis  embryos 
 

To test whether identif ied candidate transcription factors were 
responsible for reducing the size of hybrid  embryos, we mimicked 
overexpression of each transcription factor (as in the le×ts hybrid) by 
microinjecting mRNA encoding each X. tropicalis candidate gene into 
ferti l ized one-cell X. laevis embryos. Cell and nuclear size were assessed 
in embryos fixed for immunofluorescence around the time of ZGA (10 hours 
post-ferti l ization,  ~ stage 10) and several hours post ZGA (24 hours post-
ferti l ization, ~ stage 21). Head to tail  body length was measured at late 
tailbud stage, 48 hours post-ferti l ization (Fig 3.4A). Two candidate 
transcription factors, Hes7 and Ventx2, signif icantly reduced overall body 
length (Fig 3.4B, C). Interestingly, the body length of embryos injected with 
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Hes7 or Ventx2 was not s ignif icant ly d ifferent from the body length in the 
le×ts hybrid (p  = 0.64 and p  = 0.48, respectively; two-tai led heteroscedastic  
 
 
Figure 3.4 
 

 
 
Figure 3.4: Organismal size in X. laevis embryos upon overexpression of candidate 
X. tropicalis transcription factors. A. Workflow of candidate scaling factor screen. B. 
Body length of tailbud stage injected X. laevis embryos. Thick line inside box = average 
length, upper and lower box boundaries = +/- SD. Stars indicated overall (results of 3 
experiments pooled) significance of p < 0.05 (two-tailed heteroscedastic t-test). Red 
coloring indicates significance of each 3 individual technical replicates with p < 0.05 (two-
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tailed heteroscedastic t-test). Reduced number of measured embryos in Not is due to the 
fact that, overall, 67.5% of injected-embryos exogastrulated, indicating a developmental 
defect. C. Representative images of injected X. laevis embryos 48 hours post-fertilization. 
Hes7- (left) and Ventx2-injected (right) are shown (top) with corresponding controls 
(bottom). Images are at identical scale. 
 
t-test). The reduction in body length was however not accompanied by a 
change in nuclear to cell size scaling relationships as observed in the le×ts  
hybrid (Fig 3.5A,B). To test  whether co-expression of both genes had an 
additive or synergistic effect,  Hes7 and Ventx2 were co-injected. This 
caused embryo death (27.39 ± 9.25 % lethality on average) with v iable 
embryos more similar in size distr ibution to Ventx2 than to Hes7-injected 
embryos (Fig 3.5C; p  = 0.18 and p  = 0.04, respectively, two-tailed 
heteroscedastic t-test). We also observed signif icant embryo death in Sia2-
injected embryos (to 100% by 48 hours post-ferti l ization), preventing 
measurement at tailbud stage, but  nuclear to cell s ize scaling at stage 10 
or 21 was not altered as in hybrid embryos (Fig 3.5D). Altogether, while the 
screen did not reveal factors that signif icantly affected cel l and nuclear  
size, overexpression of either X. tropicalis Hes7 and Ventx2 resulted in a 
decrease in embryo size that could potentially contribute to organism size 
scaling in le× ts hybrids.  
 
Figure 3.5 
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Figure 3.5: Nuclear to cell size relationships post-zygotic genome activation in 
injected X. laevis embryos. A. Nuclear diameter versus cell diameter in Ventx2-injected 
X. laevis embryos at stage 10 and 21. B. Nuclear diameter versus cell diameter in Hes7-
injected X. laevis embryos at stage 10 and 21. C. Normalized body length of tailbud stage 
X. laevis embryos co-injected with Ventx2 and Hes7 (top). Percent fatality in Ventx2 and 
Hes7 co-injected embryos (bottom). Embryos were injected with 375 pg mRNA of each 
factor for a total injection of 750 pg. Thick line inside box = average length, upper and 
lower box boundaries = +/- SD. D. Nuclear diameter versus cell diameter in Sia2 injected 
X. laevis embryos at stages 10 and 21. 
 
3.3 Discussion 
 

Litt le is known about how organisms scale in size and how size 
scaling is coordinated at the organismal, cellular, and subcellu lar levels.  
Uniquely, between the frogs X. laevis and X. tropicalis, l inear  size scaling 
is observed at the level of the genome, subcellular structures, cell, and 
organism. The specif ic factors that influence this phenomenon are 
unknown. 

Generating viable le×ts hybrids intermediate in genome size, cel l size,  
and body size between X. laevis and X. tropical is allowed us to examine 
whether size scaling in Xenopus resul ts from differences in genome size 
alone, or whether gene expression plays a role. Whi le genome size clear ly 
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correlates with cell and organism size in le×ts  hybrids, other factors l ikely 
influence these parameters. Even though the genome size of the le×ts hybrid 
is closer to that of a wild type X. laevis embryo, the nuclear to cell s ize 
scaling curve tracked more closely with that of haploid X. laevis embryos.  
Moreover, changes in nuclear to cell size ratios in le×ts hybrids began at  
zygotic genome activation,  rather than in the early cleaving embryo, which 
lacks transcript ion and growth phases. It is therefore l ikely that size scal ing 
in hybrids is at least  in part a consequence of X. tropicalis  paternal gene 
expression rather than from reduced genome size alone.   

Two transcription factors from our screen, Ventx2 and Hes7, caused 
a signif icant decrease in body length, but did not cause a change in nuclear  
to cell size scaling as observed in the hybrid. One possible explanation for  
this result is that both factors are transcriptional repressors known to 
regulate developmental processes that influence tissue growth, but may not  
affect cell or subcellular size. For example, Ventx transcription factors have 
been observed to maintain pluriopotency and inhibit cell different iation 
during  Xenopus embryogenesis [105]. Hes7 is essential for regulating 
somite segmentation in Xenopus and mice, and mutation of Hes7 is 
implicated in miniaturization of  dogs [106]. It is also involved in human 
diseases such as spondylocostal dysostosis, which causes abnormal fusion 
of the bones of the ribs and spine, leading to a type of dwarfism 
characterized by a short trunk with normal-length arms and legs [107].  

What then precisely regulates cell and subcellular scaling in le×ts  
hybrids, and how can gene expression influence these parameters? We 
propose a model whereby cell size in Xenopus is largely dictated by genome 
size, but can be “f ine-tuned” by d ifferential gene expression.  Such 
differential gene expression can also influence organism size,  which may 
be uncoupled from cell s ize.  Our study il lustrates an example of both a 
unique model system and a screening approach to study biological size 
control and scaling. Future experiments will take advantage of the 
improving Xenopus genome assembl ies to identify and screen other  
candidate genes, particularly those involved in other biological processes 
such as growth factor signal ing and cell proliferation.  

 
3.4 Methods 
 
Generation of viable Xenopus le×ts hybrid embryos 
X. laevis females were primed with 100 IU of pregnant mare serum 
gonadotropin (PMSG, National Hormone and Peptide Program, Torrance, 
CA) at least 48 h before use and boosted with 500 IU of  HCG (Human 
Chorionic Gonadotropin CG10, Sigma) 14-16 hours before experiments. X. 
tropicalis males were primed with 250 IU of HGC 24 hours before 
dissection. To obtain testes, X. tropicalis males were euthanized by 
anesthesia through immersion in double-disti l led (dd)H2O containing 0.15% 
MS222 (tr icaine) neutralized with 5 mM sodium bicarbonate before 
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dissection. Testes were collected in Leibovitz L-15 media (Gibco – Thermo 
Fisher Scientif ic, Waltham, MA) supplemented with 10% Fetal Bovine 
Serum (FBS; Gibco), and stored at room temperature until ferti l ization. To 
prepare the sperm solution, one testis was added to 1 mL of ddH2O in a 1.5 
mL microcentrifuge tube, and homogenized using scissors and a pestle. X. 
laevis females were squeezed gently to deposit eggs onto petr i dishes 
coated with 1.5% agarose in 1/10X MMR. Any l iquid in the petri dishes was 
removed and the eggs were ferti l ized with 1 mL of sperm solution per dish. 
Ferti l ized embryos were swirled in the solution to form a monolayer on the 
bottom of the petri d ish and incubated for 10 min with the dish s lanted 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 Solut ion (2% L-
cysteine in ddH2O-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, ferti l ized embryos were sorted and placed in fresh 
1/10X MMR in new petri dishes coated with 1.5% agarose in 1/10X MMR.  
 
Confirmation of presence of both X. laevis  and X. tropicalis  genomes 
in le×ts hybrids 
Genomic DNA was extracted from  le×ts hybrid embryos by incubat ing 
overnight in lysis buffer (50 mM Tris-HCl, 5 mM EDTA, 100 mM NaCl, 0.5% 
SDS) containing 250 µg/mL Proteinase K (Roche, Basel, Switzerland). DNA 
was isolated using Phenol-Chloroform extraction and ethanol precipi tation.  
The genomic DNA was used as a PCR template for a single pair of primers 
that amplify a specif ic locus that dif fers ~100bp in size between all 3 
(sub)genomes. In X. tropicalis, the locus is on chromosome 5 and PCR 
product size is 510 bp. In X. laevis,  one locus is on chromosome 5L for  
which PCR product  size is 408 bp and another one is on chromosome 5S 
for which PCR product s ize is 305 bp. The sequences of the primer pair are 
fwd GTACTCTTCCCCAGCTTGCTG and 
 rev GCCTGTATGGCTCCTAGGTTTTC.  
 
Generation of wild type X. laevis  embryos for microinjection  
Ovulations, euthanasias, dissect ions, and ferti l izations were carried out as 
described above for le×ts hybrids above, with the fo llowing modif ications:   
X. laevis males were primed by injecting 500 IU of HCG 24 hours before 
dissection. Dissected testes were collected in 1X Modified Ringer (MR) (100 
mM NaCl, 1.8 mM KCl, 1 mM MgCl2, 5 mM HEPES-NaOH pH 7.6 in ddH2O),  
and stored at room temp for short  periods, or at  4°C for up to 5 days. To 
make sperm solution, 1/3-1/2 of a testis was added to 1 mL of ddH2O in a 
1.5 mL microcentrifuge tube.  
 
Generation of haploid  X. laevis embryos   
Euthanasia of males and dissection/collection of  testes proceeded as 
described for X. laevis males above. 1/3-1/2 of a testis was added to 1.1 
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mL of ddH2O in a 1.5 mL microcentrifuge tube and homogenized with 
scissors and a pestle. The tube was briefly centrifuged using a benchtop 
microcentrifuge for several seconds to pellet large pieces of t issue. One 
mL of supernatant was removed, avoiding pieces of t issue, and transferred 
to a non-coated glass petri  dish.  The open dish was placed into a UV-
Crosslinker (Strata linker, Stratagene) and the sperm solution irradiated 
twice using 30,000 microjoules. The solution was swirled between the two 
irradiations. The irradiated sperm solut ion was then retr ieved and used for  
ferti l ization by deposit ing at  least 0.5 mL solution on top of freshly 
squeezed X. laevis eggs in a petri dish coated with 1.5% agarose in 1/10x 
MMR. Ferti l ization, dejelly, and embryo storage then proceeded as 
described for le×ts hybrid embryos above. 
 
Embryo video imaging 
Imaging dishes were prepared using a homemade PDMS mold designed to 
print a pattern of  1 mm large wells in agarose that allowed us to image 4 
embryos simultaneously within the 3×4 mm camera field of view for each 
type of embryo. Embryos were imaged from stage 2. X. laevis and le×ts  
hybrid or haploid videos were taken simultaneously using two AmScope 
MD200 USB cameras, (AmScope, Irvine, CA) each mounted on an AmScope 
SE305R stereoscope. Time lapse movies were acquired at a frequency of  
1 frame every 10 s for 20 h and saved as Motion JPEG using a MATLAB 
(The MathWorks, Inc., Natick, MA) script. Movie post-processing (cropping, 
concatenation, resizing, addit ion of scale bar) was done using MATLAB and 
Fij i [108]. All  MATLAB scr ipts writ ten for this study are available upon 
request. Two of the scripts used here were obtained through the MATLAB 
Central File Exchange: “videoMult iCrop” and “concatVideo2D” by Nikolay 
S.  
 
Imaging and measurement of tailbud, tadpole and frog body size 
Tailbud stage embryos were placed in an ice-cold agarose-coated imaging 
chamber and imaged at 12x magnification using a Wild Heerbrugg M7A 
StereoZoom microscope coupled to a Leica MC170HD camera and Leica 
LAS X software.  Tadpoles were imaged by placing in a petri d ish fi l led with 
a l imited amount of water to prevent depth-biased measurements. Images 
were taken with an iphone camera, including a ruler in the fie ld of view.  
Tadpole measurements were stopped when the tail began to recede at the 
end of metamorphosis. Froglets were placed in a transparent-bottom 
container placed on a ruler and fi l l  with a minimal amount of water, and 
imaged with an iphone camera. Images were analyzed and length measured 
head to tail for tadpoles, or head to cloaca for froglets. Length 
measurements were done using the line tool in Fij i.   
 
Erythrocyte preparation and measurements 
A small drop of blood was collected from the frog foot with a sterile needle, 
and the drop was smeared on a slide. The smear was then fixed with 
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methanol and stained with Giemsa stain (Sigma GS). Cell were imaged in 
brightfield using micromanager software [109] with an Olympus BX51 
microscope equipped with an ORCA-II camera (Hamamatsu Photonics,  
Hamamatsu city, Japan).  
 
RNA isolation and sequencing 
To isolate RNA, embryos at stage 9 were homogenized mechanically in 
TRIzol® (Thermo Fisher Scientif ic, Waltham, MA) using up to a 30-gauge 
needle and processed according to manufacturer instructions. After  
resuspension in nuclease-free H2O, RNAs were cleaned using a RNeasy 
kit (Qiagen Inc.) according to manufacturer instructions. Libraries were 
prepared using manufacturer’s non-standard specif ic RNA-seq library 
protocol with poly-A capturing mRNA enrichment method (I l lumina, CA, 
USA). The paired-end 2 x 100 bp reads were generated by the Genome 
Sequencing and Analysis Facil ity (GSAF) at  the University of Texas at  
Austin using Il lumina HiSeq 2000. Transcriptome data generated in this 
study are available from NCBI Gene Expression Omnibus (Series record 
GSE118382).  
 
Gene Expression Analysis 
We mapped RNA-seq reads to the database of combined X. laevis and X. 
tropicalistranscriptome (available at  
http://genome.taejoonlab.org/pub/xenopus/annotation/; WorldCup_201407 
version), using Bowt ie1 (version 1.0). To prevent misalignment to other 
species, we appl ied str ingent criteria, allowing no mismatches (-v 0), and 
ignoring a read mapped more than one target (-m 1). We estimated 
relative transcript abundance with ‘transcripts per mill ion reads (TPM)’ 
calculated by RSEM (version 1.2.19), and differential expression analysis 
was conducted using edgeR (version 3.36.1), with greater than two-fold 
changes and false discovery rate (FDR) less than 0.05 cutoff to determine 
the signif icance. 
 
Gene Ontology Analysis 
We conducted Gene Ontology analysis with Panther DB (version 13.1). For  
statistical analysis for overrepresented terms, we used Fischer’s exact test 
and FDR adjustment, and applied FDR less than 0.05 as a signif icance 
cutoff. To validate our l ist of candidates, we searched Xenbase 
(http://www.xenbase.org/) using the gene name as the query. 
 
Cloning and mRNA synthesis of candidate transcription factors 
Total RNA was isolated from X. tropicalis embryos as described above in 
“RNA isolat ion and sequencing”, and cDNA was synthesized from RNA 
using the SuperScript I II First Strand Synthesis system (Invitrogen- Thermo 
Fisher Scientif ic, Waltham, MA) according to manufacturer instructions. 
Transcription factor sequences were then PCR-amplif ied from the cDNA 
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using the following primer sequences (all are written 5 ’-3’) concatenated 
with ~30 bp plasmid-homologous sequences:  
Esr10, fwd ATGGCTCCTTACAGCGCTAC, rev TTCTCTGGAGACCCTGGAAC;  
Sox3, fwd ATGTATAGCATGTTGGACAC, rev CTGTACCGCTCACTCACATA;  
Foxi4.2, fwd ATGAACCCAGTCCAGCAACC, rev CTTTGTACCAGGGAAGGTAC; 
Hes7.1, fwd ATGAAGGGAGCGAGTGAAGT, rev AGACCTGGAGACCTTGGGTA;  
Mix1, fwd ATGGACTCATTCAGCCAACA, rev TCTGTGTGCTCCTCCACCTT;  
Tgif2, fwd ATGATGAATTCGACTTTTGA, rev TCACGACAAGCACCCCCAAT;  
Ventx2.1, fwd ATGAACACAAGGACTACTAC, rev TTGGGCAGCCTCTGGCCTAC; 
Klf17, fwd ATGAGTGTGGCTTTCTCAAC, rev CATGTGTCTCTTCATGTGCAG;  
Not, fwd ATGTTACACAGCCCTGTCTTTC, rev CAGTTCAACATCCACATCATC;  
Oct25 fwd ATGTACAGCCAACAGCCCTTC, rev ACCAATATGGCCGCCCATGG;  
Sia2 fwd ATGACTTGTGACTCTGAGCTTG, rev GCCCCACATATCCGGATATTG;  
Id3 fwd ATGAAAGCCATCAGCCCAGTG, rev GTGGCAGACACTGGCGTCCC. These 
amplif ied sequences were then subcloned using Gibson assembly (New 
England Biolabs, Ipswich, MA) into a PCS2 expression vector obtained at  
the 2013 Advanced Imaging in Xenopus Workshop from the Wal lingford lab 
(UT Austin, USA). mRNAs were synthetized from these expression 
constructs using mMessage mMachine SP6 Transcription Kit (Ambion – 
Thermo Fisher Scientif ic, Waltham, MA) following the manufacturer  
protocol. The mRNAs were then purif ied using Phenol-Chloroform 
extraction, resuspended in ddH2O, aliquoted and stored at -80°C. 
 
Microinjection of candidate transcription factors into Xenopus  
embryos 
Stage 1 (one-cell)  embryos about 30 minutes post-ferti l ization were 
transferred into a mesh-bottom dish containing 1/9X MMR 3% Ficoll  for  
microinjection. Injections were done using a Picospritzer III microinjection 
system (Parker, Hollis, NH) equipped with a MM-3 micromanipulator 
(Narishige, Amityvil le, NY). To mimic overexpression of each transcription 
factor, each embryo was injected with 750 picograms of mRNA, a dose we 
determined was large enough to see phenotypes, but was not  associated 
with embryo toxic ity. Injected embryos were transferred to a new dish 
coated with 1.5% agarose in 1/10x MMR, and incubated at 23°C in 1/9X 
MMR 3% Ficoll for at least 6 hours. The embryos were then transferred to 
fresh 1/10x MMR in a new agarose-coated dish, and incubated at 23°C with 
buffer changes into fresh 1/10x MMR several t imes daily unti l ready for  
f ixation or imaging.  
 
Embryo whole mount immunofluorescence  
Embryos at the desired developmental stage were fixed for one hour using 
MAD fixative (2 parts methanol [Thermo Fisher Scientif ic, Waltham, MA], 2 
parts acetone [Thermo Fisher Scientif ic, Waltham, MA]), 1 part DMSO 
[Sigma]). After  f ixation,  embryos were dehydrated in methanol and stored 
at -20°C. Embryos were then processed as previously described [76] with 
modifications. Following gradual rehydration in 0.5X SSC (1X SSC: 150 mM 
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NaCl, 15 mM Na citrate, pH 7.0), embryos were bleached with 1-2% H2O2 
(Thermo Fisher Scientif ic,  Waltham, MA) in 0.5X SSC contain ing 5% 
formamide (Sigma) for 2-3 h under l ight, then washed in PBT (137 mM NaCl,  
2.7 mM KCl, 10 mM Na2HPO4, 0.1% Triton X-100 [Thermo Fisher Scientif ic ,  
Waltham, MA]) and 2 mg/mL bovine serum albumin (BSA).  Embryos were 
blocked in PBT supplemented with 10% goat serum (Gibco – Thermo Fisher  
Scientif ic, Waltham, MA) 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 and DNA, respectively:  
1:500 mouse anti-beta tubulin (E7; Developmental Studies Hybridoma 
Bank, Iowa City, IA), and 1:500 rabbit anti-histone H3 (ab1791; Abcam, 
Cambridge, MA). Embryos were then washed 4× 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 
(Invitrogen – Thermo Fisher Scient if ic,  Waltham, MA).  Embryos were then 
washed 4× 2 h in PBT and gradually dehydrated in methanol. Embryos were 
cleared in Murray's clearing medium (2 parts of Benzyl  Benzoate, 1 part of  
Benzyl Alcohol).  
 
Confocal imaging and measurement of embryos, cells and nuclei after 
whole mount immunofluorescence  
 
Embryos were placed in a chamber made using a f lat nylon washer 
(Grainger, Lake Forest, IL) attached with nail  polish (Sal ly Hansen, New 
York, NY) to a slide, f i l led with Murray’s clearing medium, and covered by 
a coverslip (Beckman coulter, Brea, CA) for confocal microscopy. Confocal  
microscopy was performed on a Zeiss LSM 780 NLO AxioExaminer running 
the Zeiss Zen Software. Embryos were imaged using a Plan-Apochromat 
20x/1.0 water objective and laser power of 12%, on mult iple 1024x1024 
pixel plans spaced 0.68 μm apart in Z.  
Nuclear area was measured in Fij i using the ell ipse tool. From this, we 
calculated the diameter of  a circ le of  the same area, a value that  we could 
directly compare the cell size determined through the measurement of the 
cell diameter at the nucleus central  plane.     
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3.5 Supplemental figure 
 
Significantly differentially expressed transcripts in le×ts hybrid, 
compared to X. laevis  embryos 
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Chapter 4  

 
Investigating size scaling in the 
dodecaploid Xenopus longipes 
 
4.1 Introduction 
 

As we have seen previously, genome size correlates with somat ic 
cell size (Chapter 3, [2,3,33]) and molecular size scal ing mechanisms 
differ among even closely related Pipid frogs (Chapter 1, [59,65–67]). But 
how does genome size influence scaling mechanisms? Furthermore, what 
are the functional consequences of extreme genome size on growth and 
development?  

Taking a similar comparative approach, we characterized Xenopus 
longipes, a rare dodecaploid Xenopus, at the cellular level and throughout 
development, to begin to answer these questions. X. longipes, or the Lake 
Oku clawed frog, is a crit ical ly endangered Xenopus species found in 
Lake Oku, a small crater lake in Cameroon, Africa, which has only 
recently begun to be bred in captivity [110]. Based on measurements done 
in comparison to Xenopus ruwensoriensis which has a similarly sized 
genome, the X. longipes genome contains 8 pg of DNA per haploid 
nucleus, one of the largest Xenopus  genomes, and has an estimated 
12n=108n chromosomes [111]. 

We found that as expected, somatic cells size scales l inearly with 
genome size in X. longipes compared to other Pipid frog species.  
However, during early development, cell, spindle and nuclear size do not 
scale with genome size, since cell size is determined by the size of the 
egg and the number of reductive cell d ivisions. Interest ingly, we found 
that development of X. longipes may proceed more slowly than that of X. 
laevis starting at neurulat ion, an effect  that continues through 
metamorphosis.  

While this work is unpubl ished and does not yet tell a complete 
story, we hope it can be used as a foundation for future work. 

 
4.2 Results 
 
 In 2016, we obtained several wi ld-caught X. longipes from California 
Academy of Sciences, which we successfully mated to generate embryos 
for analysis and to establ ish our own colony (see Methods). We found that 
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cell size in Pip id erythrocytes scale l inearly with genome size, including 
X. longipes (Fig 4.1A,B). However, in both early cleaving blastu lae (stage 
8), and neurula (stage 21), cell size does not scale with genome size. In 
fact, by stage 21, X. longipes cel ls are smaller than  
 
Figure 4.1  
 
A 

 
B 
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Figure 4.1: Measurement of erythrocytes in Pipid frogs. A. Representative images 
of Giemsa-stained erythrocytes from frog blood smears. Purple=DNA. B. Correlation 
between erythrocyte diameter and genomic DNA content in cells measured in (A). 
n=100 erythrocytes for each species. 
 
X. laevis cells (Fig 4.2 A,B), even though  X. laevis contains less than half 
the genome content at 3.2 pg DNA per  haploid nucleus (Fig 2.1). 
Therefore the nuclear:cell size ratio is greater in X. longipes (Fig 4.2C). 
While these 2D measurements did not show that nuclear diameter was 
signif icantly different between the two species at either stage (Fig 4.2 
A,B), we took measurements using Imaris software, which calculated the 
area and volume of nuclei in 3D and increased the sample size ~10fold. 
From this we found that by stage 21, nuclear area and volume in X. 
longipes is s ignif icant ly larger than that in X. laevis (Fig 4.3 A,B). From 
these measurements, we can conclude that the ratio of nuclear size to cell 
size is s ignif icant ly larger in X. longipes compared to X. laevis.  We also 
found that by stage 21, nuclei in X. longipes were more irregularly shaped 
and less spherical than X. laevis (Fig 4.2D, 4.3C) .   
 
Figure 4.2 
 
A 
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B 

 
 
C 

 
 
 
    Continued on next paqe 
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D 

 
Figure 4.2: Comparison of cell and nuclear size in X. laevis and X. longipes 
embryos. A. Diameter of stage 8 cells and nuclei. p<0.0001 for cells, p=0.097 for 
nuclei. B. Diameter of stage 21 cells and nuclei. p<0.0001 for cells, p=0.516 for nuclei. 
C. Ratio of nucleus diameter: cell diameter of cells measured in (A) and (B). D. 
Representative images of cells and nuclei from (A) and (B). p<0.0001 for both stages. 
Scale bars=20 µm. For all box plots, thick line inside box = average length, upper and 
lower box boundaries = +/- SD. n≥100 cells or nuclei. 
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Figure 4.3 
 

A.         B.     C. 

 
 
Figure 4.3: Comparison of area (A), volume (B), and sphericity (C) of nuclei in X. 
laevis and X. longipes embryos at stage 21. For all box plots, thick line inside box= 
mean, upper and lower box boundaries =+/- SD. Whiskers=minimum and maximum. 
n≥1152 nuclei from 2 separate clutches. p≤ 0.001 in A, B, and C. 
 *Adapted from C. Cadart 
 

Interestingly, whi le early cleavages in X. longipes and X. laevis 
displayed simi lar t iming at early stages, development in X. longipes 
appeared to proceed more slowly than that of X. laevis starting at around 
stage 13 (Fig 4.4, movies, K. Mi ller), with embryos showing reduced body 
lengthening and slower neural tube closure. By early tai lbud stage (48 
hpf), the X. longipes tadpoles were considerably smaller than X. laevis 
(Fig 4.5, 4.6). This size difference cont inues through the early tadpole 
stage before feeding. Timing to metamorphosis is also longer in X. 
longipes than in other Xenopus species[110].   

Like the embryos and tadpoles, X. longipes eggs are signif icant ly 
smaller than those of X. laevis. Meiotic spindles are also s ignif icantly 
smaller than the X. laevis meiotic spindle (~35 µm, [75][66]) concomitant 
with egg size (Fig 4.7). By stage 21, morphological differences between 
X. laevis and  X. longipes spindles can be observed, with the spindle 
appearing more rounded rather than oblong, perhaps in response to the 
increased amount of chromatin at the metaphase plate (Fig 4.8). 
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Figure 4.4 

  
 
Figure 4.4: Comparison of development in X. laevis and X. longipes embryos 
through neurulation. X. laevis embryos are staged according to Nieuwkoop and 
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Faber. Red box indicates where X. longipes embryos appear to slow in development. 
Scale bars= 1mm. 
 
Figure 4.5  
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Figure 4.5: Comparison of development in X. laevis and X. longipes embryos 
through tadpole stage. X. laevis embryos are staged according to Nieuwkoop and 
Faber. hpf=hours post fertilization. Scale bars= 1mm. 
 
Figure 4.6 
 
 

 
Figure 4.6: Body size in X. laevis and X. longipes tailbuds and tadpoles. Tailbuds 
are 45 hours post fertilization, swimming tadpoles are 7 days post fertilization. Scale 
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bars= 1mm. For box plots, thick line inside box = average length, upper and lower box 
boundaries = +/- SD. p<0.0001 for both tailbud and tadpole stage. n≥20 individuals in 
each condition. 
 
Figure 4.7 
 

A.        B.  
 

 
 
Figure 4.7: Egg and meiotic spindle size in X. laevis and X. longipes. A. Egg 
diameter quantification of each frog species. n≥20 eggs for each species. B. Meiotic 
spindle length in fixed eggs of each frog species. n≥12 spindles for each species. For 
box plots, thick line inside box = average length, upper and lower box boundaries = +/- 
SD. For egg diameters, p<0.0001, for meiotic spindles p=0.016.  
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Figure 4.8 
 

 
 
Figure 4.8: Meiotic and mitotic spindles in X. longipes and X. laevis. Purple=DNA, 
green=tubulin. Scale bars=20 µm.   

 
4.3 Discussion 
 

These basic observations bring up several questions for future 
mechanistic exploration. First ly, although cell size correlates with genome 
size in somatic cells of many organisms including Xenopus, our f indings 
demonstrate that this relationship does not apply in early development. 
This makes intuit ive sense as cells of early embryos derive solely from 
maternal components and init ially their  size is determined by egg size. 
When then does cell s ize start to scale with genome size? Zygotic 
genome activation, which occurs at around stage 8-9 in Xenopus, does 
not appear relevant, as smaller cells persist in X. longipes stage 21 
neurula, well after ZGA. Measuring X. longipes cells at later 
developmental stages such as swimming tadpole may be informative. 
Interestingly, X. longipes tadpoles eventually attain a larger size than X. 
laevis just before metamorphosis. Is this a consequence of slower 
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development and metabolism or a consequence of large somatic cell size? 
And what is the mechanism by which genome to cell size scaling occurs? 
Recent studies in unicellular organisms use resource allocation models to 
l ink biomass properties such as RNA, proteins, l ipids, and ribosomes to 
cellular features, such as cell and genome size [112][113].  One 
possibil ity is that resource al location varies depending on ploidy. This 
hypothesis can be tested by measuring the amount of raw materials such 
as RNA, proteins, l ipids, and ribosomes in embryos of varying ploid ies, 
either through interspecies comparisons or by altering ploidy within a 
single species, and using correlations between these and genome size to 
inform models for cell size. Whole-embryo metabolic rate at different cell 
sizes may be examined as well.   
 

Another fascinating observat ion is the apparent developmental 
slowdown starting at neurulat ion in X. longipes. It is known that  larger 
cells take longer to prol iferate [114], which is thought to contribute to 
slower embryonic development in amphibians [115]. However, by stage 
21, long after we observed the slowing, X. longipes cells are st i l l  smal ler 
and do not scale with genome size. Could this phenomenon instead be a 
scaling issue- perhaps a consequence of the large nuclear size compared 
to cell size? The maintenance of a constant nuclear-to-cytoplasmic (N/C) 
volume ratio is a conserved cel lular property [116–118]. However, this 
ratio changes during development in Xenopus [119]. Developmental 
consequences of this phenomenon are poorly understood, but one study 
observed that artif icial ly increasing the size of the nucleus by 
microinjecting scaling factors such as importin proteins, lamins, and 
reticulons into cleaving Xenopus embryos resulted in a lengthening of cell 
cycle t iming [120]. Future experiments will involve characteriz ing this 
developmental feature in X. longipes, starting with identi fying whether 
development is indeed slower by examining the timing of zygot ic genes 
known to turn on at precise developmental t imepoints.     
 

Another interesting follow up question regards the impact of large 
genome size on meiotic and mitotic spindle architecture. Does chromatin 
compaction proceed similarly to other Xenopus species? How is 
microtubule nucleation and organization impacted by the presence of a 
large amount of DNA within the spindle? We might anticipate for instance 
that chromatin-mediated microtubule nucleation may play a larger role in 
spindle assembly, which would influence spindle architecture. These 
questions may be addressed by taking similar approaches outlined in 
Chapter 1 and using X. longipes egg and embryo extracts to examine the 
architectural features of spindles.  
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4.4 Methods 
 
Erythrocyte preparation and measurements 
A small drop of blood was collected from the frog foot 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 GS). Cell were imaged in 
brightfield using micromanager software [109] with an Olympus BX51 
microscope equipped with an ORCA-II camera (Hamamatsu Photonics,  
Hamamatsu city, Japan).  

 
Natural mating of X. longipes   
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 col lected in 
batches for f ixation and live imaging.  
 
 
In vitro fertilization of X. laevis  
 
X. laevis females were primed with 100 IU of pregnant mare serum 
gonadotropin (PMSG, National Hormone and Peptide Program, Torrance, 
CA) 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-disti l led (dd)H2O containing 0.15% MS222 (tr icaine) neutralized 
with 5 mM sodium bicarbonate before dissection. Testes were collected in 
1X Modified Ringer (MR) (100 mM NaCl, 1.8 mM KCl, 1 mM MgCl2, 5 mM 
HEPES-NaOH pH 7.6 in ddH2O) and stored at 4°C until ferti l ization. To 
prepare the sperm solution, 1/3 testis was added to 1 mL of ddH2O in a 1.5 
mL microcentrifuge tube, and homogenized using scissors and a pestle. X. 
laevis females were squeezed gently to deposit eggs onto petr i dishes 
coated with 1.5% agarose in 1/10X MMR. Any l iquid in the petri dishes was 
removed and the eggs were ferti l ized with 1 mL of sperm solution per dish. 
Ferti l ized embryos were swirled in the solution to form a monolayer on the 
bottom of the petri d ish and incubated for 10 min with the dish s lanted 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 Solut ion (2% L-
cysteine in ddH2O-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, ferti l ized 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 X. laevis  and X longipes  embryos 
Embryos were raised side by side in 1.5% agarose in 1/10X MMR -coated 
petri dishes covered in 1/10X MMR in a 20 °C incubator. The MMR was 
changed and dead/lysed embryos removed frequently to prevent 
contamination.  

 
Live imaging and measurement of egg diameters, developing 
embryos, and tadpoles  
Eggs and embryos were placed in an agarose-coated imaging chamber 
f i l led with 1/10X MMR and imaged at 12x-31x magnification using a Wild 
Heerbrugg M7A StereoZoom microscope coupled to a Leica MC170HD 
camera and Leica LAS X software. Tadpoles were imaged by placing in a 
petri dish fi l led with a l imited amount of water to prevent depth-biased 
measurements, at 6x magnification.  
 
Embryo whole mount immunofluorescence  
Embryos at the desired developmental stage were fixed for one hour using 
MAD fixative (2 parts methanol [Thermo Fisher Scientif ic, Waltham, MA], 2 
parts acetone [Thermo Fisher Scientif ic, Waltham, MA]), 1 part DMSO 
[Sigma]). After  f ixation,  embryos were dehydrated in methanol and stored 
at -20°C. Embryos were then processed as previously described [76] 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% H2O2 
(Thermo Fisher Scientif ic,  Waltham, MA) in 0.5X SSC contain ing 5% 
formamide (Sigma) for 2-3 h under l ight, then washed in PBT (137 mM NaCl,  
2.7 mM KCl, 10 mM Na2HPO4, 0.1% Triton X-100 [Thermo Fisher Scientif ic ,  
Waltham, MA]) and 2 mg/mL bovine serum albumin (BSA).  Embryos were 
blocked in PBT supplemented with 10% goat serum (Gibco – Thermo Fisher  
Scientif ic, Waltham, MA) 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 and DNA, respectively:  
1:250 mouse anti-beta tubulin (E7; Developmental Studies Hybridoma 
Bank, Iowa City, IA), and 1:250 rabbit anti-histone H3 (ab1791; Abcam, 
Cambridge, MA). Embryos were then washed 4× 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 
(Invitrogen – Thermo Fisher Scient if ic,  Waltham, MA).  Embryos were then 
washed 4× 2 h in PBT and gradually dehydrated in methanol. Embryos were 
cleared in Murray's clearing medium (2 parts of Benzyl  Benzoate, 1 part of  
Benzyl Alcohol).  
 
Confocal imaging and measurement of embryos, cells and nuclei after 
whole mount immunofluorescence  
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Embryos were placed in a chamber made using a f lat nylon washer 
(Grainger, Lake Forest, IL) attached with nail  polish (Sal ly Hansen, New 
York, NY) to a slide, f i l led with Murray’s clearing medium, and covered by 
a coverslip (Beckman coulter, Brea, CA) for confocal microscopy. Confocal  
microscopy was performed on a Zeiss LSM 800 confocal running the Zeiss 
Zen Software. Embryos were imaged using a Plan-Apochromat 20x/1.0 air  
objective and laser power of  12%, on multiple 1024x1024 pixel  plans 
spaced 0.68 μm apart in Z. Nuclear area was measured in Fij i using the 
ell ipse tool. From this, we calculated the diameter of a circle of the same 
area, a value that we could direct ly compare the cell s ize determined 
through the measurement of the cell  diameter at the nucleus central  plane.     
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Chapter 5 
 
 
Conclusions 
 
 Due to wide-ranging sizes d ifferences at the organismal, genome, 
cell, and subcel lular levels,  combined with the ease of embryo and ploidy 
manipulation, Pip id frogs stand out as a unique vertebrate system 
particularly wel l-suited to study size re lationships. Frog embryos have 
provided a platform for basic observations about the contribution of 
genome and cell size to organism physiology. These observations coupled 
with current molecular tools provide a powerful approach to the ongoing 
study of these topics. Frog egg and embryo extracts, both of Xenopus and 
other genera, recapitulate complex physiological processes in vi tro and 
can be used in multiple capacit ies to identify precise physical and 
molecular mechanisms governing the size of organelles and subcel lular 
structures. 
 

Through this work, we have seen that molecular mechanisms of 
scaling are not conserved even at the level of the genus, with d ifferent 
mechanisms operating to construct conserved and fundamental structures 
like the meiotic spindle (Chapter 2). Why have H. boettgeri and X. 
tropicalis evolved different molecular mechanisms for generating similarly 
sized meiotic spindles? Do these changes provide a fitness advantage by 
optimizing spindle function? As we have seen, from the standpoint of 
spindle architecture, it is not surprising that differences in molecular 
components alter spindle morphology. One particularly excit ing prospect 
would be to compare spindles in more frog species to try to make 
predictions about spindle s ize and morphology as it relates to frog 
phylogeny – a “phylogenetic spindle zoo”. Examining sequence and 
expression levels of known spindle size control factors across a diverse 
range of amphibian species-from X. longipes and beyond may reveal 
whether additional mechanisms have evolved together with changes in 
ploidy to influence spindle architecture and mediate scaling.  
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How does genome size contribute to the size of cells and subcellu lar 
structures?  Our results indicate that genome size may not impact cell 
size as strongly during development as it does in somatic cells. In 
Xenopus egg extracts, increasing DNA content only results in a minimal 
increase in spindle s ize [48]. Furthermore, while we documented a robust 
correlation between genome size and erythrocyte size, we could not 
detect this in developing Xenopus embryos. By stage 21, nuclear and cell 
size scaling in X. tropicalis and X. laevis hybrids is not intermediate 
between the two species but more simi lar to that of haploid X. laevis 
embryos (18 chromosomes) at the same stage (Chapter 3).  Therefore, it 
appears unlikely that bulk genome content alone is responsible for 
scaling, at least during embryogenesis. These results were similar in X. 
longipes at stage 21, with embryos having cells even smaller than those 
of X. laevis. X. longipes spindles are also smaller than those of X. laevis  
(Chapter 4). When precisely then does cell size begin to scale with 
genome size? Further experiments focusing on later developmental 
t imepoints may be necessary to answer this question.  A good t imepoint to 
start with may be the early swimming tadpole stage before environmental 
factors introduce other variables such as feeding and housing density. As 
discussed in Chapter 4, correlat ions exist in animals between single-cel l 
properties, such as genome or cell size [121,122], with metabolic rate and 
availabil ity of resources such as RNA, proteins, l ipids, and ribosomes 
within cel ls [121,123]. Precise measurements of these resources 
combined with the ease of plo idy manipulation in frogs may inform 
mathematical models of resource allocation to describe how genome size 
may be linked to biosynthet ic mechanisms of size control at a systems 
level.  

 
The apparent slowing of X. longipes development compared to X. 

laevis starting at neurulat ion was an intr iguing observation. Could th is 
developmental slowing be related to large genome size? One potential 
experiment would be to compare the developmental rates of frogs with 
experimentally induced changes in ploidy, such as viable Xenopus 
hybrids. Results of these experiments may help to explain other aspects 
of amphibian biology. It may be excit ing, for example, to apply similar 
methods to other amphibians such as salamanders, as scaling phenomena 
may relate to their unique physiology. Future studies could shed new light  
on how extremely large genome sizes in salamanders correlate with large 
cell sizes, low metabolic rates, and decreased rates of growth and 
development [1,115]. These traits may allow them to retain juveni le or 
larval features in a neotenic state throughout their l ifespan, and also 
enforce ecological constraints such as the need for some species to l ive 
in permanent aquatic habitats [124]. Salamanders additionally possess an 
incredible capacity for regeneration; the Mexican axolotl Ambystoma 
mexicanum regenerates entire lost l imbs and large pieces of organs at 
any age, a feat impossible for most organisms including frogs, which lose 
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the abil ity to regrow l imbs after metamorphosis [125–127]. Whether and 
how large genome and cell size may play a role in this unique trait  is 
another fascinating question. The recent sequencing of the axolotl 
genome [128] will aid in the identif ication of molecular factors that govern 
size and development in these unique organisms. Thus, amphibian 
systems promise to continue revealing novel insights into biological size 
control. 
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