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ABSTRACT 

 Across animals, embryos regulate hatching timing in response to environmental 

cues. This is well-documented in frogs, where some species accelerate hatching to escape 

threats such as egg-predators, pathogens, flooding, and dehydration, while others delay 

hatching until cues indicate favorable conditions for larvae. The diversity of reproductive 

modes and cued hatching responses make anurans excellent subjects for the study of 

environmentally cued hatching (ECH). Nonetheless, the mechanisms by which frogs alter 

hatching timing were unknown. The hatching process has been described for only a few 

aquatic-breeding species: hatching gland cells (HGCs) secrete hatching enzyme (HE) that 

gradually digests the vitelline membrane. I investigated hatching mechanisms and their 

regulation in two anurans with well-documented hatching plasticity.  

 Obligately terrestrial embryos of Agalychnis callidryas hatch early to escape 

flooding, drying, and fungus, and within seconds in predator attacks. I discovered that 

their hatching mechanism is novel: two types of HGCs mediate hatching at different 

developmental stages and differ in their distribution, morphology, and timing of 

appearance and regression, but produce the same HE, storing it for acute release. The 

vitelline membrane is digested locally at hatching, with no prior degradation. 
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Facultatively terrestrial Dendropsophus ebraccatus embryos hatch early to escape drying 

and ant attacks. We found that HGC abundance and HE gene expression peak early, then 

decline before hatching, and that vitelline membranes degrade gradually, as described in 

aquatic eggs. Drying-induced acceleration of hatching is not mediated by changes in 

HGC development, HE gene expression, or embryo behavior. However, in simulated 

attacks, rapid enzyme release leads to local vitelline membrane rupture and embryos 

escape. Thus, both species use acute HE release to escape acute threats, despite other 

differences in hatching mechanisms. Agalychnis callidryas shows greater control of the 

timing of HE-release and a novel HGC type that extends the developmental period when 

hatching is possible.  

 Mechanisms that enable and regulate hatching shape embryos’ capacities for 

adaptive shifts in hatching timing. Ancestral flexibility may be elaborated or further 

modified in species with more dynamic plastic responses. The diversity of anuran 

hatching mechanisms revealed here will facilitate comparative work to understand the 

evolutionary diversity of hatching strategies. 
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CHAPTER ONE: INTRODUCTION AND BACKGROUND 

OVERVIEW 

 Most animals begin life inside an egg capsule or shell, which protects but also 

constrains developing embryos, limiting their resources and movement. Thus, for most 

animals, hatching is their first critical life-history transition, an ontogenetic niche shift 

when hatchlings encounter new risks and opportunities (Sih and Moore, 1993; 

Warkentin, 1995). However, in heterogeneous environments, the optimal time to hatch 

can vary, favoring plasticity in hatching timing if a predictive cue is present. Growing 

evidence demonstrates that diverse animals can adaptively alter their hatching timing, a 

phenomenon known as environmentally cued hatching (ECH) (Warkentin, 2011a). ECH 

has been well documented in amphibians, where factors such as flooding, drying, 

predators, pathogens, and parental behavior can affect hatching timing, with responses 

ranging from a 67% reduction to a 600% extension of the embryonic period (Warkentin, 

2011b). Some elements of these responses appear conserved and ancestral, while others 

likely represent repeated evolution of novel underlying mechanisms and abilities. 

Instances of ECH are currently known from at least 14 amphibian families, 10 of which 

are frogs (Order: Anura). Anurans exhibit a great diversity in their reproductive 

strategies, with over 30 described reproductive modes, ranging from production of 

aquatic eggs and larvae to production of terrestrial eggs that undergo direct development 

and hatch as froglets (Reviewed in Haddad and Sawaya, 2000). Despite this, we know 

relatively little about how frogs hatch, particularly in species with terrestrial eggs, and no 

prior work has investigated how the timing of hatching is regulated. This dissertation 
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investigates the mechanisms of hatching and its regulation in two anurans with robust, 

well-documented hatching plasticity. 

  

BACKGROUND  

 Anurans are an excellent group in which to study the regulation of hatching. 

Environmentally cued hatching (ECH) is well-documented in the group, and occurs in 

response to a wide range of biotic and abiotic factors, including flooding, pathogens, 

predators, and parental behavior (Reviewed in Warkentin, 2011b). Examples of ECH 

span at least 10 anuran families and range from a 67% acceleration to over a 600% delay 

in hatching timing (Warkentin, 2011b). Frogs are notably diverse in reproductive modes 

(Reviewed in Haddad and Prado, 2005) as well as in egg and clutch structure (Reviewed 

in Altig and McDiarmid, 2007). For species with terrestrial eggs and aquatic larvae, the 

physical separation of embryonic and larval environments leads to particularly clear 

trade-offs between stage-specific threats. As a result, multiple lineages have 

independently evolved hatching responses to common triggers, such as hypoxia due to 

flooding and physical disturbance in predator attacks (Warkentin, 2011b). However, our 

mechanistic understanding of anuran hatching comes predominantly from a small number 

of species with aquatic eggs (Table 1.1) and work has not yet addressed how hatching 

timing is adaptively regulated (but see Cohen et al., 2016). Thus, our general 

understanding of anuran hatching reflects neither the diversity of their reproductive 

strategies nor the mechanisms underlying the regulation of hatching timing, which is 

widespread within the group.  
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 Frogs that hatch as tadpoles (i.e. excluding direct developers that hatch as 

froglets) share certain core elements of hatching mechanisms. They all develop hatching 

gland cells (HGCs) that secrete a homologous proteolytic hatching enzyme that digests 

components of the vitelline membrane (Altig and McDiarmid, 1999). Early studies on 

hatching focused on demonstrating that embryos produce an enzymatic secretion, usually 

by removing embryos from their egg capsules, culturing them, and using an extract of the 

culture medium to digest the egg jelly or vitelline membranes of the same or different 

species (see Table 1.1). HGCs were later identified and characterized using scanning and 

transmission electron microscopy (Table 1.1). HGCs are distributed among epithelial 

cells on the surface of the head, and often extend along the dorsal midline, with some 

variation in morphology and distribution between species (Nokhbatolfoghahai and 

Downie, 2007). Detailed comparison of HGC development across species is difficult as 

few studies document HGC morphology, pattern, and abundance across the entire 

developmental period for which HGCs are present.  

 The hatching enzyme (HE) in frogs was characterized first using biochemical 

assays and was later genetically sequenced (Table 1.1). Hatching enzymes belong to the 

astacin family of zinc-dependent metalloproteases, and there is evidence of a highly 

conserved active site across vertebrates [fish (Yamagami, 1996), salamanders (Nagasawa 

et al., 2016), anurans (Hong and Saint-Jeannet, 2014; Katagiri et al., 1997; Kitamura and 

Katagiri, 1998), quail (Elaroussi and DeLuca, 1994)], with the consensus amino acid 

sequence HExxHxxGFxHE. Even sea urchin (Lepage and Gache, 1990) and nematode 

(Hishida et al., 1996) hatching enzymes contain the HExxH portion of the motif. While 
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much is known about hatching enzymes in fishes (Kawaguchi et al., 2015), Xenopus 

laevis is the only anuran for which the hatching enzyme genes have been directly cloned 

and sequenced (Hong and Saint-Jeannet, 2014; Katagiri et al., 1997; Nagasawa et al., 

2016; Sato and Sargent, 1990).  

  The model species, X. laevis is the anuran in which components of the hatching 

mechanism have been most comprehensively studied (20 of 36 studies; Table 1.1). In X. 

laevis, HGCs appear on the epidermis at Nieuwkoop & Faber stage 20 (Nieuwkoop and 

Faber, 1994; Yoshizaki, 1991), but HE gene expression begins substantially earlier (stage 

14: neural plate; Hong and Saint-Jeannet, 2007). Visible evidence of the secretion of 

granules from HGCs occurs between stages 24–34 (Yoshizaki, 1973) and proteolytic 

activity in HGCs begins at stage 24 (Yoshizaki, 1991), well before hatching. However, 

filament bundles in the vitelline membrane are gradually broken down during stages 19 

to 36 (Yoshizaki and Yamasaki, 1991), indicating that enzymatic activity begins earlier 

than deduced by examination of cellular ultrastructures. Yoshizaki (1991) and 

Nieuwkoop & Faber (1994) report hatching to occur at stage 35/36, but Carroll & 

Hedrick (1974) report hatching at stage 29/30. Because embryos hatch at different stages 

in different studies and no one study reports all of the hatching-related parameters 

(vitelline membrane breakdown, HGC abundance, hatching enzyme production and 

secretion), it is difficult to synthesize a complete picture of the timing and sequence of 

these traits in relation to hatching. Thus it is challenging to interpret the ontogeny of HE 

secretion and HGC development to assess the extent to which the HE breaks down the 

vitelline membrane prior to hatching and how gradual this process is. Nevertheless, the 
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limited evidence does suggest that hatching enzyme secretion and vitelline membrane 

breakdown occur over several stages prior to hatching in X. laevis.    

 Breakdown of the vitelline membrane is also gradual in three species of ranids 

and bufonids (Yamasaki et al., 1990; Yoshizaki, 1978; Yoshizaki and Katagiri, 1975). In 

Bufo japonicus, as the vitelline membrane breaks down, the number of secretory granules 

in the HGCs stays constant, indicating that hatching enzyme is released as it is being 

synthesized (Yamasaki et al., 1990). In Rana pirica ( = R. chensinensis), hatching 

enzyme secretion begins several stages before hatching, and ultrastructural examination 

of secretory granules containing hatching enzyme suggests that they are secreted shortly 

after they are synthesized (Yoshizaki and Katagiri, 1975). In Rana japonica, partial 

degradation of the vitelline membrane, measured in dry weight and through examination 

of protein components using SDS-PAGE, is evident as early as three days before 

hatching occurs (Yoshizaki, 1978). Two other species exhibit HGC ontogeny that 

suggests gradual vitelline membrane breakdown; in Engystomops (= Physalaemus) 

pustulosus and Dendropsophus microcephalu, HGCs peak in abundance and begin 

regression before hatching occurs (Nokhbatolfoghahai and Downie, 2007).  

 The only work on hatching regulation has shown that two cell-regulatory 

elements localized in HGCs inhibit normal hatching when blocked in Xenopus laevis. 

These are the gap junction protein Connexin 30 (Levin and Mercola, 2000) and XCRISP, 

a cysteine-rich secretory protein (Schambony et al., 2003). Nonetheless, while these 

elements are necessary for proper HGC function, it is not known whether they play a role 

in the normal environmental modulation of hatching timing – or indeed if, or in what 
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context X. laevis exhibits environmentally cued hatching timing. When HE gene 

expression was compared between X. laevis and the closely related X. tropicalis, HE 

expression peaked earlier in both developmental stage and time in X. tropicalis, which 

develop faster and hatch earlier (in both time and developmental stage) than X. laevis 

(Showell and Conlon, 2009). Thus the timing of HE gene expression may represent a 

mechanism for the modulation of hatching timing in species for which hatching involves 

gradual breakdown of the vitelline membrane.  

 This survey of the literature illuminates the paucity of research on anuran 

hatching mechanisms and its focus on frogs with a single reproductive mode. Other than 

the research reported in this dissertation, the only anurans for which hatching 

mechanisms have been investigated are species that lay aquatic eggs and, to our 

knowledge, have not been tested for adaptive plasticity in hatching timing. Moreover, as 

molecular techniques such as ISH and genetic studies became available, work on 

hatching was restricted to the model species X. laevis and X. tropicalis. The lack of 

genetic tools available for non-model species and overall trend toward molecular work 

likely explain the decline in the diversity of species used in studies of anuran hatching 

over time (Table 1.1).  

AIM AND SCOPE 

 The goal of this dissertation is to investigate and compare the hatching process 

and its regulation in two anurans with robust, well-documented plasticity in hatching 

timing. Red-eyed treefrogs, Agalychnis callidryas, can hatch early to escape egg-stage 

threats, including predators (Warkentin, 2000), fungus (Warkentin et al., 2001), 
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dehydration (Salica et al., 2017), and flooding (Warkentin, 2002). When attacked by 

snakes, they hatch within seconds, up to 30% prematurely (Warkentin, 1995; Warkentin 

et al., 2007). Hourglass treefrogs, Dendropsophus ebraccatus, have reproductive mode 

plasticity, laying aquatic or terrestrial eggs that hatch early in multiple contexts (Touchon 

and Warkentin, 2008). Terrestrial eggs that are drying hatch earlier and more 

synchronously than do well-hydrated clutches (Touchon and Warkentin, 2010), while 

well-hydrated egg clutches can hatch 33% early to escape ant attacks (Touchon et al., 

2011). For D. ebraccatus, dehydration presents a chronic threat whereas ant attacks are 

an acute threat, which allows us to compare mechanisms and regulation of hatching 

within one species in different environmental contexts. I used an integrative framework 

to investigate and compare components of the hatching mechanisms of these two species 

from developmental, physiological, and behavioral perspectives.  

 In chapter 2, I describe a novel hatching process involving characteristic embryo 

behaviors and rapid, acute enzyme release from highly localized hatching gland cells, 

which we propose allows A. callidryas to hatch quickly during snake attacks. In chapter 

3, I show that A. callidryas has two distinct types of hatching gland cells, which differ in 

morphology, appear at different developmental stages, and mediate cued hatching 

responses in different developmental stages and contexts. In chapter 4, I show that in D. 

ebraccatus the perivitelline chamber expands gradually over time, with hatching gland 

cell abundance and hatching enzyme mRNA expression peaking long before the stage 

when hatching occurs, but that changes in hatching timing are not associated with 

changes in hatching gland development or hatching enzyme expression. Finally, in 
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chapter 5, I show that despite the fact that embryos in drying clutches change position 

less often than do those in well-hydrated clutches, D. ebraccatus, embryos do not use 

biased positioning within the egg capsule to concentrate enzyme release and accelerate 

digestion of the vitelline membrane at one location. However, in response to simulated 

ant attacks they appear to acutely release hatching enzyme, and therefore they may utilize 

this strategy in other contexts as well. 

 This work reveals previously unknown diversity in anuran hatching mechanisms. 

The hatching process of A. callidryas suggests a capacity for rapid, acute enzyme release 

that may be utilized by other terrestrial-breeding species in which the egg remains robust 

until the moment of hatching. The hatching process of D. ebraccatus is similar to aquatic-

breeding species whose eggs exhibit gradual digestion of the vitelline membrane, yet D. 

ebraccatus can release hatching enzyme acutely when attacked, as is the case in A. 

callidryas. This could either represent convergent evolution of rapid hatching enzyme 

release in an independent origin of terrestrial eggs, or an ancestral capacity shared with 

an aquatic-breeding ancestor. The molecular techniques developed for this work will 

facilitate future molecular investigations of hatching mechanisms in other species, thus 

enabling a better understanding of the evolution of adaptive hatching strategies in 

anurans.  
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TABLE 

Table 1.1: Summary of studies on anuran hatching mechanisms.  

Observational studies are limited to those focused on the hatching process (breakdown of 

the vitelline membrane). Studies of head ectodermal patterning that used HGCs as a 

marker, but were not focused on HGC development or function, are excluded. 

 

Type of study In Xenopus laevis In other species Taxonomic 
distribution by 

genus 
Observations of 
hatching process 

Bles, 1905; Carroll and 
Hedrick, 1974 

Cohen et al., 2016; 
Yoshizaki, 1978 

Xenopus: 2/4 
Agalychnis: 1/4 
Rana: 1/4 
 

Embryo exudates 
tested on eggs, jelly, 
or gelatin 

Fan and Katagiri, 1997; Fan 
and Katagiri, 2001 

Cooper, 1936; Kalland, 
1965; Katagiri, 1973; 
Katagiri, 1975; Kobayashi, 
1954 

Rana: 4/7 
Xenopus: 2/7 
Bufo: 1/7 
 

Histology Yoshizaki, 1973 Kobayashi, 1954; Yoshizaki 
and Katagiri, 1975 

Bufo: 1/3 
Rana: 1/3 
Xenopus: 1/3 

Drug treatment 
(using chemicals 
that inhibit or induce 
HE release) 

Cheng et al., 2002; Drysdale 
and Elinson, 1993; Levin 
and Mercola, 2000; 
Schambony et al., 2003 

Kobayashi, 1954 Xenopus: 4/5 
Bufo: 1/5 

Egg measurements Carroll and Hedrick, 1974 Salthe, 1965; Yoshizaki, 
1978 

Rana: 2/3 
Xenopus: 1/3 

Explants – embryo 
tissues removed and 
cultured 

Drysdale and Elinson, 1991, 
1993; Schambony et al., 
2003; Tamori et al., 2000 

Kalland, 1965 Xenopus: 4/5 
Rana: 1/5 

Electron Microscopy 
(TEM, STEM, 
SEM) 

Yoshizaki, 1973, 1991; 
Yoshizaki and Yamasaki, 
1991 

Cohen et al., 2016; Downie 
et al., 2013; 
Nokhbatolfoghahai and 
Downie, 2007; 
Nokhbatolfoghahai et al., 
2015; Yamasaki et al., 1990; 
Yoshizaki, 1978; Yoshizaki 
and Katagiri, 1975 

Xenopus: 3/10 
Rana: 2/10 
Agalychnis: 1/10 
Bufo: 1/10 
Comparative: 1/10 
Phyllomedusa: 1/10 
Hyalinobatrachium: 
1/10 
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Biochemical Carroll and Hedrick, 1974; 
Dunson and Connell, 1982; 
Fan and Katagiri, 1997; Fan 
and Katagiri, 2001; Lindsay 
et al., 2001; Urch and 
Hedrick, 1981; Yoshizaki, 
1991 

Yoshizaki and Katagiri, 
1975 

Xenopus: 7/8 
Rana: 1/8 

SDS-PAGE Fan and Katagiri, 2001; 
Lindsay et al., 2001; 
Schambony et al., 2003; 
Yoshizaki and Yamasaki, 
1991 

Kitamura and Katagiri, 
1998; Yamasaki et al., 1990; 
Yoshizaki, 1978 

Xenopus: 4/7 
Rana: 2/7 
Bufo: 1/7 

ISH/antibody Cheng et al., 2002; Drysdale 
and Elinson, 1991; Fan and 
Katagiri, 1997; Fan and 
Katagiri, 2001; Katagiri et 
al., 1997; Levin and 
Mercola, 2000; Lindsay et 
al., 2001; Sato and Sargent, 
1990; Schambony et al., 
2003; Tamori et al., 2000 

Kitamura and Katagiri, 1998 Xenopus: 10/11 
Rana: 1/11 

Sequencing Hong and Saint-Jeannet, 
2014; Katagiri et al., 1997; 
Lindsay et al., 2001; Sato 
and Sargent, 1990 

 Xenopus: 4/4 

qPCR/microarrays Yanai et al., 2011  Xenopus: 1/1 
 

!
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CHAPTER TWO: HOW EMBRYOS ESCAPE FROM DANGER: THE 

MECHANISM OF RAPID, PLASTIC HATCHING IN RED-EYED TREEFROGS 

  

This chapter is published as: 

Cohen KL, Seid MA, Warkentin KM. 2016. How embryos escape from danger: the 

mechanism of rapid, plastic hatching in red-eyed treefrogs. Journal of Experimental 

Biology 219:1875-1883. 

 

ABSTRACT 

Environmentally cued hatching allows embryos to escape dangers and exploit new 

opportunities. Such adaptive responses require a flexibly regulated hatching mechanism 

sufficiently fast to meet relevant challenges. Anurans show widespread, diverse cued 

hatching responses, but their described hatching mechanisms are slow, and regulation of 

timing is unknown. Arboreal embryos of red-eyed treefrogs, Agalychnis callidryas, 

escape from snake attacks and other threats by very rapid premature hatching. We used 

videography, manipulation of hatching embryos, and electron microscopy to investigate 

their hatching mechanism. High-speed video revealed three stages of the hatching 

process: pre-rupture shaking and gaping, vitelline membrane rupture near the snout, and 

muscular thrashing to exit through the hole. Hatching took 6.5–49 s. We hypothesized 

membrane rupture to be enzymatic, with hatching enzyme released from the snout during 

shaking. To test this, we displaced hatching embryos to move their snout from its location 

during shaking. The membrane ruptured at the original snout position and embryos 
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became trapped in collapsed egg capsules; they. They then either moved repeatedly to 

relocate the hole or shook again and made a second hole to exit. Electron microscopy 

revealed that hatching gland cells are densely concentrated on the snout and absent 

elsewhere. They are full of vesicles in embryos and most of their contents are rapidly 

released at hatching. Agalychnis callidryas’ hatching mechanism contrasts with the slow 

process described in anurans to date and exemplifies one way embryos can achieve rapid, 

flexibly timed hatching to escape from acute threats. Other amphibians with cued 

hatching may also have novel hatching mechanisms. 

 

INTRODUCTION 

Hatching is an essential event in animal development and a critical transition between 

two distinct environments, within and outside the egg capsule. Its timing may be crucial 

to balance selective costs and benefits across life stages, and if either environment varies 

so will the optimal time to hatch (Warkentin, 1995; Werner and Gilliam, 1984). Many 

animals, from all three major clades of Bilateria, negotiate this challenge by adaptively 

altering their timing of hatching in response to environmental factors, a phenomenon 

known as environmentally cued hatching that is particularly well documented in frogs 

(Warkentin, 2011a, b). Frogs exhibit remarkable diversity in reproductive modes; e.g., 

eggs can be laid in the water, on land, in foam nests, or carried by a parent, and can hatch 

as larvae or froglets (Reviewed in Haddad and Prado, 2005). Across this diversity, in at 

least 10 anuran families, embryos show adaptive accelerations, delays, and in some cases 

remarkably precise and rapid hatching responses to diverse environmental factors, 
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including hypoxia, dehydration, pathogens, predators, and parental behavior (Delia et al., 

2014; Warkentin, 2011b). Such responses require that embryos perceive and respond 

appropriately to environmental stimuli (Warkentin and Caldwell, 2009). They also 

require a mechanism to regulate the process of hatching. 

The red-eyed treefrog, Agalychnis callidryas (Hylidae, Phyllomedusinae) is an 

excellent example of environmentally cued hatching. It lays eggs on vegetation over 

ponds; undisturbed eggs hatch after 6 or 7 days, and the tadpoles drop into the water. 

These embryos can, however, hatch up to 30% early to escape from numerous threats, 

including pathogenic fungus (Warkentin et al., 2001), flooding (Warkentin, 2002), 

dehydration (Salica et al., 2017), and predators such as egg-eating snakes and wasps 

(Warkentin, 1995; Warkentin, 2000). Hatching early incurs a trade-off; early hatchings 

are less developed and more vulnerable to aquatic predators, compared to older 

hatchlings , (Touchon et al., 2013; Warkentin, 1995; Warkentin, 1999a, b; Willink et al., 

2014). During snake attacks, embryos must hatch rapidly to escape being eaten 

(Warkentin, 2005). They begin hatching, on average, 16 seconds after first contact with 

the snake (Warkentin et al., 2007), with about 80% escape success through most of the 

plastic hatching period (Gomez-Mestre et al., 2008b; Warkentin, 1995). Fine-tuned, 

flexibly timed hatching would not be possible without a proximate mechanism of 

regulation. However, a rapid mechanism of hatching has not been described for anurans. 

Thus, we sought to understand the hatching mechanism that enables these embryos to 

escape such acute threats.  
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Anuran hatching has not been previously described as a rapid event. In Xenopus 

laevis, hatching is divided into two phases that span over half of the embryonic period. In 

Phase 1, the 3 jelly coats surrounding the egg are shed and/or dissolved. In Phase 2, 

which takes about 3-6 hours, an evagination in the weakening membrane, called a bleb, 

forms near the embryo’s head, and embryos use movement to rupture the egg membrane 

at this locally weakened site (Carroll and Hedrick, 1974). In Rana japonica, examination 

of ultrastructural and biochemical changes in the egg membrane over development 

revealed that breakdown of the vitelline membrane begins about halfway (~55%) through 

the embryonic period, then continues gradually until hatching (Yoshizaki, 1978). 

Blebbing occurred in the final stages, and embryos took 25–45 minutes to exit the 

vitelline membrane and jelly layers. Timing is similar in Alytes obstetricans, for which 

exit from a localized rupture in the membrane takes 25–30 minutes (Noble, 1926). Hyla 

avivoca are in the same family as A. callidryas, but lay eggs in shallow water and hatch 

slowly. The inner jelly coat ruptures early in development and at the time of hatching, 

blebbing occurs near the head, and embryos glide out gently (Volpe et al., 1961). Volpe 

et al. (1961) suggested this occurs by ciliary motion, with little or no pressure exerted by 

the vitelline fluid, but noted that embryo movements could rupture the membrane in some 

cases. This may indicate a general membrane weakening prior to the moment of hatching.  

 The mechanism of hatching has been investigated in detail for only a few anuran 

species, all of which lay aquatic eggs [Xenopus (Drysdale and Elinson, 1991), Bufo 

(Yamasaki et al., 1990), Rana (Yoshizaki and Katagiri, 1975)]. Hatching gland cells 

(HGCs) on the surface of the head secrete a proteolytic hatching enzyme that digests 
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components of the vitelline membrane (Altig and McDiarmid, 1999). Enzyme secretion 

and membrane degradation are usually gradual and begin several developmental stages 

prior to hatching (Yamasaki et al., 1990; Yoshizaki, 1978; Yoshizaki and Katagiri, 1975). 

A comparative study of 20 anuran species, spanning 6 families, identified hatching gland 

cells in all but one, Phyllomedusa trinitatis (Nokhbatolfoghahai and Downie, 2007), 

which was the only phyllomedusine examined. Phyllomedusa trinitatus wrap their egg 

clutches in leaves, with jelly plugs above and below the eggs (Faivovich et al., 2010; 

Kenny, 1966). Downie et al. (2013) later found hatching gland cells in this species, and 

suggested their primary role is to break down the jelly plugs, facilitating tadpole 

emergence from the nest, and that the hatching of individual embryos from their capsules 

occurs largely by wriggling behavior and osmotic stretching of the membrane.  

 Agalychnis callidryas has also been hypothesized to hatch by mechanically, rather 

than enzymatically, rupturing the vitelline membrane (Rogge and Warkentin, 2008). 

Unlike in other anurans, A. callidryas eggs remain turgid and do not visibly degrade prior 

to hatching (K. Warkentin & K. Cohen pers. obs.). Moreover, the gradual enzyme 

secretion and membrane degradation described in other anurans is too slow to enable 

escape from snake and wasp attacks. However, rapid, predator-induced hatching is not 

unique to A. callidryas. Two other Agalychnis species and the closely related 

Pachymedusa dacnicolor also have high escape success in snake attacks, and a more 

distantly related phyllomedusine, Cruziohyla calcarifer, hatches rapidly in response to 

mechanically simulated attack, suggesting that this ability may be ancestral or common in 

the group (Gomez-Mestre et al., 2008b). The glassfrogs, Centrolenidae, evolved 
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terrestrial eggs independently of phyllomedusines (Gomez-Mestre et al., 2012), and some 

species can also hatch rapidly, to escape from predators, with no prior degradation of the 

membrane (Jesse Delia, personal communication). Myobatrachid anurans from multiple 

genera lay terrestrial eggs that are “ready and waiting” (Martin, 1999) to hatch when 

flooded (Reviewed in Warkentin, 2011b). For example, the Australian frog, 

Pseudophryne bibroni can hatch after 36 days of development, but can wait up to 120 

days for inundation before hatching (Bradford and Seymour, 1985). Our current 

mechanistic understanding of anuran hatching does not include such species with 

terrestrial eggs that hatch rapidly, nor can the known mechanisms explain the diverse 

cued hatching patterns observed across amphibians (Warkentin, 2011b). Agalychnis 

callidryas offers a robust, tractable, and well-documented example for mechanistic 

investigation of rapid, flexibly timed, environmentally responsive hatching. 

 In the first part of this study, we used high-speed video recordings of individual 

embryos hatching to characterize the hatching process in A. callidryas. We identified 

distinctive pre-rupture behavior and observed the context of egg membrane rupture and 

process of exiting the egg capsule. Based on these results, we hypothesized (i) that 

membrane rupture is enzymatic, not mechanical or muscular, and (ii) that embryos 

release hatching enzymes rapidly and locally from their snout. If hatching is mediated by 

local, acute enzyme release from the snout, we predicted that the membrane would 

rupture where the snout was located when the pre-rupture behavior was initiated, even if 

the embryo was subsequently displaced from this position. Moreover, if localized 

enzymatic digestion is required for embryos to exit the egg, displacing the embryo from 
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the position where it initiated hatching should delay its exit. To test these predictions, we 

experimentally spun embryos within their egg capsule after the apparent initiation of 

hatching and recorded the location and timing of membrane rupture and exit from the 

egg. To understand the role of hatching glands in this process, we used scanning electron 

microscopy to locate and characterize hatching glands in A. callidryas and scanning 

transmission electron microscopy to examine the contents of hatching gland cells before 

and just after hatching.  

 

METHODS 

Egg collection and care 

Agalychnis callidryas eggs are laid in masses of, on average, 40 eggs (Gomez-Mestre et 

al., 2008b) that are attached to a substrate by a layer of jelly. Egg masses on leaves were 

collected from Ocelot Pond (9°6'8.62"N, 79°40'56.96"W), Bridge Pond (9°6'50.26"N, 

79°41'48.13"W), and Experimental Pond (9°7'14.77"N, 79°42'12.03"W) near and in 

Gamboa, Panamá, under permits from the Panamanian Autoridad Nacional del Ambiente 

(SE/A-41-08, SE/A-13-11, SC/A-19-11, & SC/A-16-12). Eggs were collected prior to 

hatching competence, based on embryo morphology (Warkentin, 2002), and brought to 

an open-air laboratory at the Smithsonian Tropical Research Institute in Gamboa. 

Clutches on leaves were attached to plastic support cards, suspended over aged tap water 

to catch hatchlings, and misted frequently to maintain hydration. Videos were recorded in 

an air-conditioned room adjacent to the ambient-conditions laboratory. Each clutch was 

individually carried to the camera location just prior to recording to minimize its time in 
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cooler, drier air, taking care to limit physical disturbance so eggs did not hatch before 

recording. All embryos used were morphologically normal, developmentally in 

synchrony with their siblings in the clutch, and in intact, turgid, eggs. Other than 

individual embryos preserved for electron microscopy, all tadpoles were returned to their 

egg collection site after hatching. The Smithsonian Tropical Research Institute IACUC 

approved all work. 

 

High-speed video analysis of hatching 

We used a Redlake MotionPro X3 camera (DEL Imaging Systems, Cheshire, CT) to 

record high-speed macro video of embryos hatching in October–November 2008. We 

mounted a petri dish at a 30° angle from vertical, adhered a small plasticene shelf in the 

camera field of view, and illuminated it with two high-intensity fiberoptic gooseneck 

lights at an angle from behind, for darkfield, and two small LED lamps at an angle from 

the front. Individual eggs were carefully removed from their clutch with moistened blunt 

forceps and placed on the shelf for recording. If they did not begin hatching shortly, they 

were gently rubbed or prodded with a blunt probe. We used 5- and 6-day-old embryos 

that hatch readily in response to physical disturbance and tried to provide a minimal 

hatching stimulus in order to record the entire hatching process without obstructing the 

view. We recorded at 200 Hz to capture potential pre-rupture behavior plus exit from the 

egg. We analyzed only videos in which the egg membrane was intact at the start, the 

embryo’s body was fully outside the egg by the end, and nothing suggested that probe 

contact after the initiation of hatching may have altered the process (N=62 embryos, 44 at 



!

!

19!

5 d and 18 at 6 d, from 19 clutches; 3.3±2.1 embryos per clutch; mean±s.d. here and 

throughout unless noted). Recording durations were 27.9±13.9 s (range 8.2–63.5 s) at f8 

or f11 with a shutter speed of 1.9 ms. In 20 cases, part of the embryo’s tail remained 

within the egg at the end of the recording. 

 We used ImageJ v1.49 (Schneider et al., 2012) to analyze embryo behavior and 

the hatching process, quantifying timing from video frame numbers. Based on initial 

review of recordings, we identified a set of events and behaviors during the hatching 

process (see Results). We then reviewed all recordings at multiple speeds, including 

frame-by-frame as needed, to quantify their incidence and timing. We distinguished 

events that occurred before, and thus may have contributed to, membrane rupture, 

whether the initial evidence of rupture was protrusion of the embryo’s snout or leaking 

fluid, and the post-rupture process by which the embryo exited from its membrane. We 

then calculated the durations of various periods during the hatching process. None 

differed significantly between 5-d and 6-d embryos (Wilcoxon tests, all P>0.11); thus we 

present data pooled across ages.  

 

Embryo displacement experiment  

In July 2011 we manipulated embryo position within the egg capsule after hatching was 

initiated to determine the timing and location of enzyme release. We tested embryos in 

their clutches, with eggs naturally adhered to the jelly, which prevented the capsules from 

rotating during manipulation, and minimized disturbance that could induce hatching 

during setup. Embryos were tested between 15:00–24:00 h at age 5 days. We laid each 
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clutch horizontally on a platform within a shallow dish of aged tap water, to catch 

hatchlings, and viewed it through a dissecting microscope. We manipulated a series of 

embryos sequentially, haphazardly interspersing individuals assigned to displacement and 

rotation control treatments within each clutch. We recorded all embryo manipulation and 

subsequent events until hatching through the microscope using a Nikon D7000 camera at 

24 Hz. For each focal embryo (N=62), we used a moistened blunt probe to gently prod 

and rub the embryo through its egg membrane until it began low amplitude shaking, a 

behavior associated with hatching (see Results; 4.79±2.37 s of stimulation, range 1.13–

14.5 s). In a small number of pilot trials to determine approximate timing of hatching 

events and how long to wait before rotating embryos, we allowed the embryos to hatch 

with no further manipulation after initial stimulation. During experimental trials, we 

waited for 7.22±0.465 s seconds of shaking (range 0.46–20.5 s), before applying one of 

two treatments. For the displacement treatment, we swiftly rotated the embryo so that the 

snout faced a different part of the vitelline membrane, whereas in the rotation control 

treatment, we rotated the embryo away and then back to its original position (Movie 1).  

 We performed 245 trials but analyzed only those that met the following criteria: 

i) experimental manipulation was performed without error: membrane rupture did not 

occur while the probe was in contact with the membrane, rotation controls were returned 

to the correct position, and embryo rotation was complete before membrane rupture 

occurred; ii) the entire egg and embryo were visible throughout the video; 

iii) spontaneous position changes did not prevent implementation of the rotation protocol, 

and iv) if neighboring embryos hatched during the video, neither their bodies nor fluid 
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from their egg capsules came in physical contact with the focal egg. Due to the greater 

time and precision required for success, a lower fraction of rotation control trials (N=26) 

met the criteria than did displacement trials (N=36). Displacement trials included 

embryos from 12 clutches; rotation controls included embryos from 11 of those.   

We analyzed recordings in ImageJ v1.43u (Schneider et al., 2012). Event timing, 

including start and end of behaviors, was quantified from frame numbers. We defined 

shaking duration prior to displacement as the summed duration of all shaking bouts 

before the first frame when the embryo’s snout left its original position. For membrane 

rupture time, we used the first frame in which fluid was visible outside the capsule 

(Movie 1). Displaced embryos sometimes became trapped in the collapsed membrane. 

Time spent trapped was measured from the last frame of membrane collapse to the first 

frame where the snout protruded through the membrane. To compare how long embryos 

took to begin their exit from the egg capsule, we measured the interval from the first 

frame of embryo shaking to the first frame where the snout protruded through the 

membrane. Because data were not normally distributed, we used nonparametric 

Wilcoxon rank-sum tests to compare the distribution of mean ranks between treatment 

groups. Using the Bonferroni correction for multiple comparisons we adjusted the P-

value for significance to 0.0125. All analyses were performed using R version 3.0.1 (R 

Development Core Team, 2013). 

 

Electron microscopy 
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We examined A. callidryas’ surface hatching gland morphology at age 5 d, and compared 

HGC cellular ultrastructures between embryos and hatchlings at age 6 d. To obtain 

specimens of unhatched embryos, we chilled eggs on ice until embryos were 

unresponsive, then manually decapsulated them. Others from the same clutches were 

manually stimulated to hatch, as above, and placed immediately in buffered MS-222 for 

anesthesia. We preserved embryos in 5% gluteraldehyde plus 2% paraformaldehyde in 

phosphate-buffered saline (PBS) for 16–24 h at 4°C. To observe hatching gland 

morphology and distribution, specimens were washed in PBS, dehydrated in an ethanol 

series, critical point dried, sputter coated in gold/palladium, and imaged on a Zeiss EVO 

40vp scanning electron microscope (N=5 embryos spanning 4 clutches). To examine 

hatching gland cell contents and changes associated with hatching, specimens preserved 

before and immediately after hatching were post-fixed in osmium tetroxide for 1 h, 

embedded in Spurr’s medium, sectioned at ~100 nm on a Leica ultra-microtome, and the 

sections mounted on Formvar/Carbon grids. We stained for contrast with uranyl acetate 

and lead citrate prior to imaging on the Zeiss EVO 40vp using a STEM detector. 

 

RESULTS 

High-speed video analysis of hatching 

Our 200 Hz video recordings revealed three sequential stages in the hatching process of 

A. callidryas. First, most embryos performed distinctive behaviors within the egg, that 

have not been observed in non-hatching contexts; second, a hole formed in the egg 

membrane; and third, the embryo exited the egg (Fig. 2.1). The hatching process was 
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rapid, taking just 20.6 s, on average, from the first identifiable pre-rupture behavior to 

complete exit from the egg membrane (Table 2.1). 

 In most recordings (82%), embryos exhibited axial muscle contractions that 

generated low amplitude lateral shaking (Fig. 2.1, Movies 2, 3). Shaking was strongest at, 

and sometimes restricted to, the base of the tail but often more extensive, sometimes 

including the entire body and tail. This did not displace embryos from their position in 

the egg, and in some cases pushed the embryo’s snout against the membrane (Movie 3). 

Shaking often continued through rupture (Fig. 2.1, Movie 3), and in one case the embryo 

only shook after rupture. In some recordings, embryos gaped open their mouths shortly 

before hatching (30% of cases where embryo position allowed visibility). This behavior 

differed from buccal pumping in the larger amplitude and longer duration of the gape 

(Movies 2, 3). Nine embryos performed similar behavior post-rupture; three of these 

visibly filled their lungs upon gaping. Seven embryos (six with visible mouths) neither 

shook nor mouth-gaped before rupture.  

 Membrane rupture was identified by protrusion of the embryo’s snout or leaking 

perivitelline fluid (26 and 33 cases, respectively, plus 3 in which both occurred 

simultaneously; Fig. 2.1, Movies 2, 3). Fluid always leaked from a single location on the 

egg surface, near the embryo’s snout. In one case, where the embryo slid forward during 

shaking, the leak formed at the snout’s position earlier in the process. In a few cases fluid 

began leaking without visible contact between the embryo and the membrane at the 

rupture site (Fig. 2.1, Movie 2).  
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As an embryo’s snout moved into the rupture site, it often prevented fluid from 

leaking. Instead, turgor pressure within the elastic egg membrane or small, shaking 

contractions of axial musculature slowly forced the embryo forward, sometimes with a 

ring of body constriction marking its progression through the membrane (Fig. 2.1, Movie 

3). Almost all embryos also performed thrashing motions – high amplitude body 

undulations traveling from snout to tail, as in swimming (Fig. 2.1, Movies 2, 3). Embryos 

began thrashing soon after rupture, often with their snout already protruding; only two 

embryos began thrashing before rupture was evident (Table 2.1). In most cases, thrashing 

rapidly propelled embryos from the egg but in 8 cases the exit took much longer (Table 

2.1); in all slow exits, thrashing was discontinuous. 

 

Embryo displacement experiment  

Timing and location of membrane rupture 

The timing of membrane rupture, whether measured from the start of shaking or the start 

of spinning, did not differ between treatments (From shaking: Wilcoxon rank sum test 

W=404, P=0.365, Fig. 2.2A, From spinning: Wilcoxon rank sum test W=487.5, P=0.786, 

Fig 2.2B). Of 36 embryos displaced from their original position, all but two showed 

evidence of membrane degradation at the original snout location (Table 2.2). In 29 

displaced embryos, the leaking of perivitelline fluid was clearly visible as evidence of 

membrane rupture (Movie 1). In 4 cases a bleb (evagination of the membrane) was 

visible at the original site, indicating weakening of the membrane, and in 1 case the tail 

poked through at the original site, indicating rupture. In all 26 rotation controls, rupture 
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occurred at the original site; a fluid leak was clearly visible in 14 of these, and in all cases 

embryos exited from the original site, indicating location of rupture.  

 

Timing and location of exit 

Displaced embryos took longer to begin exiting the egg capsule, from the onset of 

shaking to snout protrusion (Wilcoxon rank sum test W=43, P=3.5e-12, Fig. 2.2C). Of the 

29 displaced eggs that had a visible fluid leak at the original snout location, 24 

experienced membrane collapse due to leaking of perivitelline fluid from the rupture site. 

In the cases where collapse did not occur, either the tail or the egg jelly appeared to be 

blocking the rupture site. Displaced embryos spent 40.79±8.27 s (mean±s.e.m.) in the 

collapsed membrane before snout protrusion. Only 3 of the 26 rotation control embryos 

experienced membrane collapse and, overall, rotation controls spent less time trapped in a 

collapsed membrane than did displaced embryos (Wilcoxon rank sum test: W=159, 

P=1.793e-06, Fig. 2.2D).  

 Once embryos became trapped in the collapsed membrane, many used large 

undulations to change position, often multiple times, until their snout encountered the 

original hole in the membrane. Displaced embryos performed more position changes than 

did rotation controls (Wilcoxon rank sum test: W=304, P=0.0055); in one case a 

displaced embryo changed position 14 times before exiting the membrane. Among 

rotation controls, all 26 embryos exited through the original rupture site. Among 

displaced embryos, 13 of 36 found and exited through their original hole, while 23 

formed a second rupture site in the membrane and exited through it (Movie 1). All but 
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two displaced embryos resumed shaking after they were spun. Of the two that did not 

shake, one found and exited through the original rupture and the other formed a second 

rupture and exited through that.   

 

Electron microscopy 

We found hatching gland cells (HGCs) highly concentrated on the snout of 5-day-old 

embryos (Fig. 2.3A,B). HGCs cells have short microvilli and appear recessed among 

common epithelial cells (Fig. 2.3C,D). HGCs were most abundant in the area between the 

nares, above the mouth, but also extended around the nares and above the eyes. We did 

not observe HGCs on the dorsal surface of the head, along the dorsal midline, or on the 

tail.  Prior to hatching, the HGCs were full of secretory vesicles close to the surface of the 

cell (Fig. 3E). In embryos anaesthetized seconds after hatching and preserved within 

minutes, the hatching glands had few secretory vesicles (Fig. 2.3F). We did not observe 

any unhatched samples with HGCs that appeared to have already secreted a portion of 

their vesicles, nor did we observe any full, intact HGCs in hatchlings. Ciliated and 

epithelial cells did not differ in morphology between individuals preserved before and 

after hatching (not shown).  

 

DISCUSSION 

Hatching in A. callidryas is a very rapid, flexibly regulated process. At any point during 

the last third of the typical undisturbed embryonic period, embryos can hatch within 

seconds in response to a physical disturbance, enabling them to escape from predator 
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attacks. We found hatching to be a three-stage process including stereotyped pre-rupture 

behavior, rapid enzyme release and localized membrane rupture, and muscular exit 

through the rupture site. Rapid hatching appears to be enabled by a novel hatching gland 

cell distribution, highly concentrated on the snout, and by rapid, bulk release of hatching 

enzyme.  

 

Pre-rupture behavior 

We observed two common behaviors shortly before membrane rupture; the most 

frequently expressed and distinctive was low-amplitude lateral shaking. Shaking was 

visible at all video speeds, and in most hatching embryos, but has not been observed in 

videos of non-hatching embryos (Hughey et al., 2015; Rogge and Warkentin, 2008). Our 

data do not address the incidence of shaking behavior in spontaneous hatching. However, 

in the context of cued hatching, our displacement experiment showed that shaking was a 

reliable indicator of initiation of the hatching process and temporally associated with 

enzyme release. Thus, we can use shaking behavior as an indicator of the decision to 

hatch, or start of the hatching process. Mouth gaping behavior was also common, but not 

essential for hatching. Although shaking did not occur in all cases, and thus is not 

essential for hatching to occur, this behavior could function to press the snout against the 

membrane, thereby reducing dispersal of released hatching enzyme through the egg. 

Since hatching glands are densely concentrated on the snout, mouth gaping might 

facilitate enzyme release by squeezing or stretching the epithelial layer of cells. 

Alternatively, because some hatchlings gape to fill their lungs with air as soon as their 
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snout penetrates the egg capsule, mouth gaping may simply be an air-breathing behavior 

that is also expressed, without function, at earlier stages of the hatching process.  

Hatching-related behaviors have also been observed in other frogs. Just prior to 

hatching, Bufo vulgaris formosus embryos stop moving and adhere to the already 

softened membrane, pressing against it. As they are not yet capable of muscular 

movement, their ciliary currents play an important role in hatching (Kobayashi, 1954). 

Xenopus laevis embryos sink to the bottom of the egg and rotate every 10–15 minutes, 

which Bles (1905) hypothesized to spread hatching enzyme on the membrane. Some 

teleost fish embryos have a period of rapid, intense movement as they approach hatching, 

but stop moving just prior to hatching, during release of hatching enzyme and localized 

digestion of the egg envelope In contrast, California grunion embryos increase their 

activity after receiving a hatching stimulus (Speer-Blank and Martin, 2004). This 

behavior may function to distribute hatching enzyme along the inside of the egg, since 

this species has hatching glands along the lateral surface of the body. In all of these cases, 

the behavior of the embryo has been hypothesized to either spread or concentrate 

hatching enzyme on the membrane. 

 

Localized, enzymatic rupture of the membrane 

Our prior hypothesis that A. callidryas use vigorous movement to rupture the egg 

membrane (Rogge and Warkentin, 2008) is incorrect, as may be the similar hypothesis 

for P. trinitatus (Downie et al., 2013; Nokhbatolfoghahai and Downie, 2007). Our high-

speed video revealed that most A. callidryas form a small, localized rupture in the 
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membrane before beginning the vigorous movements that propel them from the egg 

(Table 2.1, Fig. 2.1). Indeed, in a few videos the rupture formed apparently without 

contact between embryo and membrane at the rupture site. In our high-speed videos, we 

observed some embryos thrashing when they lost the rupture site. While thrashing visibly 

stretched the membrane, it was not sufficient to cause additional rupture. We conclude 

that embryos do not rupture the membrane through physical force; they must do so 

chemically. Our embryo displacement experiment supports that enzyme release occurs 

locally at the snout during shaking behavior. When embryos were displaced from their 

original position seconds after shaking began, fluid subsequently leaked from where their 

snout was located during the initial shaking.  

In fishes, contact between the hatching glands and egg envelope facilitates 

hatching; examination of eggs has shown rupture at locally digested sites, and digestion 

occurs faster with direct contact than when enzyme is diluted in perivitelline fluid 

(Reviewed in Korwin-Kossakowski, 2012). The same comparison has not been made in a 

frog, and the few species investigated vary in their need for contact with the membrane. 

In two ranid species, culture media containing secretions from decapsulated embryos are 

capable of digesting vitelline membranes of other eggs (Cooper, 1936; Katagiri, 1973). 

However, in X. laevis, contact between the embryo and the vitelline membrane is 

important for hatching; Bles (1905) found that when eggs were rotated so embryos lost 

contact with the membrane, their hatching was delayed for hours until they were returned 

to their normal position. Although direct contact between A. callidryas embryos and the 

membrane does not appear essential for rupture, it is usual. Moreover, the orientation of 
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the embryo, and its ability to maintain a consistent position through the hatching process, 

is clearly important for the speed of escape from the egg. In high-speed videos, some 

embryos turned within the capsule after initiating hatching and were therefore not 

positioned properly to exit through their rupture site. Experimental displacements also 

resulted in membrane collapse, with embryos becoming trapped for several minutes (Fig. 

2.2). Indeed, even slight displacements of the snout, in failed displacement control trials, 

could result in membrane collapse and slower hatching. Nonetheless, embryos still had 

enzyme remaining to secrete; most displaced embryos formed a second rupture in the 

membrane, through which they exited. Together, these observations support the 

hypothesis of rapid and highly localized membrane degradation, and suggest that it 

depends on acute release of enzyme from the snout.  

 

Hatching gland distribution and function 

Our electron microscopy revealed a dense concentration of hatching glands in a very 

small area on the snout (Fig. 2.3A, B), and an absence of such cells elsewhere on the 

head and body. Such tight packing of hatching gland cells enables highly localized 

enzyme release, concentrating membrane degradation in a very small area. We observed 

hatching glands to be acutely, but only partially, emptied of their contents when embryos 

were stimulated to hatch (Fig. 2.3E, F). The rapid release of enzyme is likely critical for 

rapid membrane rupture and escape. However, the small reserve of enzyme that remained 

in cells could be available for the formation of a second rupture, should the initial 

hatching attempt fail. It is also possible that not all the hatching glands empty at once. We 
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did not observe full hatching glands remaining in hatched individuals; however, the 

proportion of cells we could image with STEM was small.  

While the precise distribution of HGCs varies among previously studied anurans, 

a comparative examination of 20 species described hatching glands to be primarily on the 

dorsal anterior of the head and in most cases extending some distance along the dorsal 

midline (Nokhbatolfoghahai and Downie, 2007). The extreme concentration of hatching 

glands on the snout in A. callidryas contrasts notably with this pattern and appears 

functionally important for their rapid hatching process. Additionally, the acute timing of 

enzyme release contrasts with other anurans for which the hatching mechanism has been 

investigated in detail. Xenopus laevis and B. japonicus both secrete hatching enzyme 

gradually, as it is synthesized (Yamasaki et al., 1990; Yoshizaki, 1991), but both species 

hatch slowly and lack documented adaptive plasticity in hatching timing. Nonetheless, 

slower hatching mechanisms can also be regulated in response to chronic threats, such as 

dehydration or pathogens, or cues to predation risk level (Warkentin, 2011b). For 

instance American toads, Anaxyrus americanus, accelerate hatching to escape water mold 

before they are capable of muscular movement (Gomez-Mestre et al., 2008a; Touchon et 

al., 2006); this species likely shares a hatching mechanism with better-studied bufonids. 

Other phyllomedusines can also hatch rapidly from their terrestrial eggs [e.g. Agalychnis 

annae, A. moreletti, Pachymedusa dacnicolor, Cruziohyla calcarifer (Gomez-Mestre et 

al., 2008b)] and may share the rapid hatching mechanism of A. callidryas. Clades that 

have independently evolved terrestrial eggs and rapid escape-hatching [e.g., glassfrogs, 

Centrolenidae (Jesse Delia pers. comm.), or Limnocetes arathooni (Brown and Iskandar, 
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2000)] may also have densely localized hatching glands and acute enzyme release, or 

they may have evolved alternative mechanisms with similar function. Indeed, the 

mechanism of hatching in most anurans remains to be investigated. 

 

Exit from the capsule 

From our videos, it was clear that when an embryo maintained its position in the egg, its 

snout moved into the membrane rupture as or soon after it formed, blocking the release of 

perivitelline fluid. Turgor pressure was thus maintained inside the egg as the embryo 

squeezed its body through the tiny rupture site. Xenopus laevis also appear to use turgor 

pressure to exit the egg (Bles, 1905), but A. callidryas contrasts with observations in 

some other hylids [H. avivoca, Volpe et al (1961); Dendropsophus ebraccatus, Cohen & 

Warkentin, unpubl. data] whose embryos slide out through relatively large holes under 

little or no pressure. In A. callidryas, maintaining position to immediately plug the 

rupture with the snout seems important for the timing of exit; even a minor displacement 

of the embryo prevents this and leads to membrane collapse, which delays escape from 

the egg. A 40-second hatching delay (Fig. 2.2D), although trivial in many contexts, can 

be lethal while a snake is consuming an egg mass. Thus, the embryo’s behavior and 

position in the egg are crucial for rapid hatching to escape from predators. As early as the 

neural tube stage, A. callidryas orient their head toward the air-exposed side of their egg 

capsule, rather than the side attached to the leaf (Rogge and Warkentin, 2008). This 

behavior aids oxygen uptake and, at later stages, facilitates rapid escape from egg 

capsules under attack. Unlike anurans, some fishes hatch tail-first instead of head-first; 
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the orientation of exit usually depends on the location of hatching glands on the embryo, 

and hatching head-first generally enables faster exit from the egg capsule (Reviewed in 

Korwin-Kossakowski, 2012). However, the importance of embryo positioning may vary, 

depending on the time-course of hatching enzyme release, the distribution of hatching 

glands, embryo behavior, and egg structure or environment.  

 In the final stage of hatching, A. callidryas embryos used thrashing movements, 

similar to swimming, to propel themselves from the egg capsule. In most cases, this took 

only a fraction of a second; however the delay between rupture formation and the start of 

thrashing or, in some cases, temporary cessations of thrashing contributed substantially to 

the total duration of hatching (Table 2.1, Fig. 2.1). Thus overall hatching speed depends 

strongly on embryo behavior, which may vary across hatching stimuli. In addition, our 

analysis focused on 5-day old embryos, which are premature but quite well developed. 

However, the effectiveness of thrashing for rapid exit from a ruptured capsule might vary 

with embryo size and axial muscle development; younger embryos might take longer or 

rely more on turgor pressure.  

 Hatching of A. callidryas took from 6 to 50 seconds (Table 2.1), consistent with 

the speed of hatching during snake attacks (Warkentin et al., 2007). This is substantially 

faster than in previously studied amphibians, which take from 25 min (Noble, 1926), to 

six hours (Carroll and Hedrick, 1974), to half their embryonic period (Yoshizaki, 1978, 

see Introduction). For video recordings, we tried to provide a minimal disturbance cue to 

induce hatching without obscuring our view, but under more intense stimulation in 

attacks, A. callidryas probably achieve even faster hatching. In particular, the delay 
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between membrane rupture and the onset of thrashing motions, which propel embryos 

from their capsule, accounted for about half the measured duration and need not occur at 

all (Table 1). Rapid, cued hatching exists in other anurans (see Introduction and above), 

but fast hatching in other anuran species has not been measured or investigated in the 

detail presented in our study.  

Remarkable examples of cued hatching have also been described in some fishes 

and invertebrates. For instance, the California grunion, Leuresthes tenuis, is a beach-

spawning fish with terrestrially incubated embryos that hatch in response to inundation 

and wave action. In contrast to most other fishes, which take 30–60 minutes to hatch after 

releasing enzyme (Reviewed in Martin et al., 2011), grunion embryos hatch in under a 

minute after receiving the environmental cue, and following rupture, 90% of embryos 

emerge from the egg in under 2 s (Griem and Martin, 2000; Speer-Blank and Martin, 

2004). The hatching process in grunion is in some ways similar to what we have observed 

in A. callidryas; a fluid leak initially occurs at a small rupture site. However in contrast to 

A. callidryas, the chorion then rips open more broadly as the grunion embryos push at it 

(Speer-Blank and Martin, 2004). Some parasitic marine flatworms also hatch extremely 

rapidly, in about 2 s, in response to cues from their highly mobile hosts (Whittington and 

Kearn, 2011). Thus, across taxa, rapid hatching mechanisms enable embryos to deploy 

effective cued-hatching responses both to escape from sudden-onset, severe threats and to 

take advantage of transient abiotic and biotic opportunities.   

 

Conclusions 
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The general model of anuran hatching is a fundamentally developmental process, with 

gradual degradation of the membrane beginning long before membrane rupture and the 

embryo’s exit from the egg (e.g. Altig and McDiarmid, 1999; Carroll and Hedrick, 1974; 

Nokhbatolfoghahai and Downie, 2007). The hatching process in A. callidryas is different, 

and its distinctive features enable embryos to remain within or rapidly escape from the 

egg, and its predators, over a broad developmental period. This species illustrates that the 

effective performance and precise timing of anuran hatching can depend critically on 

embryo behavior, and behavior combines with hatching gland distribution and function to 

affect the speed of hatching. Moreover synchronized release of stored hatching enzyme 

must also require coordination of hatching gland cell physiology. Our new understanding 

of A. callidryas’ hatching mechanism suggests that hatching performance and the risk of 

potential hatching complications may change developmentally, for instance as enzyme 

reserves accumulate or musculature develops. It could also vary contextually, for instance 

if physical disturbance of eggs impairs the place-holding ability of embryos. Moreover, 

both factors might alter optimal embryo hatching decisions if risk cues are ambiguous 

(Warkentin and Caldwell, 2009). Thus this species offers an opportunity to examine how 

the ability to hatch and the cost of early hatching change and interact over development.  

 The mechanisms regulating hatching timing in fishes have been relatively well 

studied, partially due to the importance of hatching synchronization in commercial 

hatcheries (Korwin-Kossakowski, 2012). However, prior mechanistic investigations of 

hatching in anurans have not examined what enables embryos to alter its timing in 

response to environmental cues. Environmentally cued hatching responses have been 
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documented across 10 anuran families, in response to diverse environmental factors, such 

as hypoxia, drying, predators, pathogens, and parents (Warkentin, 2011b). It seems likely 

that different anuran lineages have also evolved diverse mechanisms of hatching and its 

regulation, adapted to their reproductive mode and the ecological threats and 

opportunities facing embryos and larvae.  
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TABLES AND FIGURES 

Component of the hatching process Mean (s) SD N Range 

Entire hatching process * 20.59 11.31 38 6.52–49.08 

Pre-rupture behavior to rupture 9.99 6.45 55 0.50–31.77 

Pre-rupture behavior to body out 21.11 10.90 55 6.48–49.04 

Total duration of shaking 15.71 5.85 52 4.76–34.30 

Rupture to snout protrusion 5.22 8.35 62 0–32.52 

Snout protrusion to body out 6.97 7.92 62 0.02–32.99 

Snout protrusion to fully out 7.96 8.40 42 0.13–33.04 

Rupture to start of thrashing 10.52 9.35 60 -0.12–44.94 

Snout protrusion to start thrashing 5.31 6.87 60 -0.21–32.89 

Start thrashing to body out (fast) 0.22 0.14 52 0.05–0.66 

Start thrashing to body out (slow) 7.74 9.65 8 1.4–30.11 

 

Table 2.1. Duration of the hatching process of Agalychnis callidryas and some 

components and periods within it, from analysis of video recorded at 200 Hz. 

* From first pre-rupture behavior, shaking or gaping, to complete exit from egg 

membrane. In two cases the embryo changed position and the rupture formed at the 

second snout position; in those cases time is measured from the behavior in the second 

position. One embryo changed position after gaping, then shook. The other began 

shaking, turned, and continued shaking. 
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Table 2.2. Evidence and location of membrane rupture after experimental rotation of 

Agalychnis callidryas embryos during hatching.  

Embryos were moved on average 7 s after they began shaking, displacing their snout 

from its original site. 

Treatment Outcome Number (percent) of 

embryos 

Fluid leak at original site 29 (80.6%) 

Bleb at original site 4 (11%) 

Tail emerges through original site 1 (2.8%) 

Displaced 

N=36 

No membrane rupture at original site 

(Rupture at new location of snout) 

2 (5.6%) 

Fluid leak at original site 14 (54%) Rotation Controls 

N=26 No fluid leak visible; exit at original 

site 

12 (46%) 
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Figure 2.1. Timing of events in the hatching process of Agalychnis callidryas.  

Hatching was analyzed from 200 Hz video recordings of 62 embryos, but not all 

individuals showed every behavior; N for each event type is indicated in parentheses. 

Event timing is shown relative to membrane rupture, evidenced by snout protrusion or 

leaking of perivitelline fluid, in proportions shown. Data are means and 95% CI 

(diamonds), mode, interquartile range, and extent of data to ± 1.5!IQR (box and 

whiskers), and outliers.  
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Figure 2.2. Effect of experimental rotation of Agalychnis callidryas embryos on timing of 

events during hatching.  

The lag from (A) initiation of shaking to membrane rupture, and (B) start of the spinning 

manipulation to rupture, did not differ significantly between treatments. Displaced 

embryos (C) spent more time trapped in the collapsed membrane, and (D) took longer to 

exit the egg capsule. Wilcoxon rank-sum tests with Bonferroni correction for multiple 

comparisons; N = 26 rotation controls, N = 36 displaced. Data are means±s.e.m. 
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Figure 2.3. Hatching gland cells in Agalychnis callidryas.  

Distribution of hatching glands (HGCs) on the snout of a 5-d embryo in (A) schematic 

representation, as black dots and (B) the corresponding scanning electron micrograph 

(N=nares, M=mouth). (C) HGCs appear recessed between common epithelial cells 
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(NM=neuromast, CC=ciliated cell). (D) Close-up of HGC (arrows) among common 

epithelial cells. Cross-sections of HGCs (E) full of secretory vesicles in an unhatched 6-d 

embryo, and (F) largely emptied of vesicles in a 6-d hatching preserved seconds after 

hatching.  
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CHAPTER THREE: TWO TYPES OF HATCHING GLAND CELLS 

FACILITATE ESCAPE HATCHING AT DIFFERENT DEVELOPMENTAL 

STAGES IN RED-EYED TREEFROGS, AGALYCHNIS CALLIDRYAS (ANURA: 

PHYLLOMEDUSIDAE) 

 

ABSTRACT 

Embryos of the red-eyed treefrog, Agalychnis callidryas, hatch early and rapidly to 

escape pathogens, predators, deadly flooding, and dehydration. While undisturbed 

embryos hatch spontaneously at age 6–7 d, starting at 4 d embryos hatch rapidly to 

escape from predator attacks. We recently discovered that, in response to strong hypoxia, 

embryos can hatch even earlier, at just 3 d. We investigated the ontogeny of vitelline 

membrane expansion and hatching gland cell development in A. callidryas. They hatch 

by acutely releasing hatching enzyme from hatching gland cells (HGCs) that are densely 

concentrated on their snout. We found that in contrast to other frog eggs that expand 

gradually over development, after an initial period of hydration, the diameter of the 

vitelline chamber remains constant through the plastic hatching period. Using scanning 

electron microscopy, we found two morphologically distinct types of HGCs that appear, 

function, and regress at different stages of development. Small HGCs with medium-

length microvilli appear at 3 d, scattered on the snout and dorsal head surface. Regardless 

of the timing of hatching, these cells begin regressing at 4 d and are scarce by 5 d. Large 

HGCs with short microvilli first appear at 4 d, becoming densely concentrated on the 

snout of embryos, and regress only after embryos hatch. We used in situ hybridization to 
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visualize expression patterns of hatching enzyme mRNA across development. HE gene 

expression first appears in a T-shape pattern across the snout and along the dorsal 

midline, well before HGCs appear at the epithelial surface. At later stages when HGCs 

are visible at the surface, HE gene expression matches the distribution of both types of 

HGCs, and diminishes over time as large HGCs become more abundant in surface view. 

Agalychnis callidryas is the first anuran documented to have two types of HGCs, and 

both cell types perform rapid, regulated enzyme release. Small HGCs likely mediate the 

earliest hypoxia-cued hatching but often regress before most hatching occurs. 

Spontaneous hatching and most environmentally cued hatching appear to be mediated by 

large HGCs. Because A. callidryas’ small HGCs resemble the HGCs described in other 

treefrogs (Arboranae), both morphologically and in the timing of their appearance and 

regression, we hypothesize that these are the ancestral type of HGC and large HGCs are 

derived, probably after the evolution of terrestrial eggs changed selective trade-offs 

across the hatching transition. 

INTRODUCTION 

Most animals begin life inside an egg capsule or shell. Hatching is their first critical life-

history transition, an ontogenetic niche shift where they enter a new environment with 

new risks and opportunities (Sih and Moore, 1993; Warkentin, 1995; Werner and 

Gilliam, 1984). The optimal time to hatch balances trade-offs of risks and rewards across 

embryonic and hatchling stages. However, in heterogeneous environments, the best time 

to hatch can vary, favoring plasticity in hatching timing if a predictive cue is present. 

Environmentally cued hatching (ECH) is a widespread phenomenon wherein embryos 
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adaptively alter the timing of hatching in response to environmental factors affecting egg 

or post-hatching survival (Warkentin, 2011a). Some embryos can facultatively arrest or 

slow development to hatch at a similar developmental stage but different ages, while 

others can hatch at different stages across a period of continuous development (Reviewed 

in Warkentin, 2011a). Both forms of plasticity require mechanisms to regulate the 

hatching process and control its timing. For those cases where embryos hatch at different 

developmental stages, hatching-related traits must persist for an extended developmental 

period, while other traits change. Thus, both the ontogeny of hatching-related traits and 

the manner in which they are regulated are core elements of hatching plasticity that 

determine how embryos will be able to respond to environmental variation. 

 ECH has been particularly well studied in frogs (Order: Anura), a group known 

for its diversity in reproductive modes. Eggs are laid on water, below ground, in trees, 

and in foam nests (Reviewed in Haddad and Prado, 2005), where they are subjected to a 

wide variety of environmental threats and variables. Across anurans, embryos are able to 

adaptively regulate the timing of their hatching in response to flooding, drying, predators, 

pathogens, and parental behavior (Reviewed in Warkentin, 2011b). Despite this, our 

knowledge of the mechanisms of hatching in anurans comes from work on just a few, 

aquatic-breeding species (see Dissertation Introduction), and does not explain how the 

timing of hatching is regulated.  

 The described mechanism of hatching in aquatic-breeding anurans involves 

hatching gland cells (HGCs), unicellular glands that secrete a proteolytic hatching 

enzyme (HE) that digests the vitelline membrane (Altig and McDiarmid, 1999). HGCs 
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can be identified morphologically by their dense microvilli on the apical surface (Fox, 

1986; Yoshizaki, 1991; Yoshizaki and Yamamoto, 1979). In the few species previously 

examined in detail, breakdown of the vitelline membrane is gradual, beginning days 

before hatching occurs (Yamasaki et al., 1990; Yoshizaki, 1978; Yoshizaki and Katagiri, 

1975), and in some species, HGCs begin regression well before the stage when embryos 

hatch (Nokhbatolfoghahai and Downie, 2007). Our research on Dendropsophus 

ebraccatus, a treefrog with facultatively terrestrial or aquatic eggs (Touchon and 

Warkentin, 2008), found a similar pattern, with HGC abundance and HE gene expression 

peaking well before hatching occurs and the pattern of vitelline membrane expansion 

suggesting gradual digestion (Chapter 4) . Nonetheless, there are multiple anuran lineages 

in which terrestrial eggs have extended periods when egg capsules or vitelline 

membranes remain robust but embryos hatch rapidly in response to cues [e.g. 

Pseudophryne (Bradford and Seymour, 1985); Centrolenidae (Delia et al., 2014, J. Delia 

pers. comm.); Phyllomedusidae (Gomez-Mestre et al., 2008b)]. Clearly, some elements 

of hatching and its regulation in such taxa must differ from the described, potentially 

more general or ancestral, pattern. 

 The phyllomedusid red-eyed treefrog, Agalychnis callidryas (Cope 1862), is a 

well-studied example of environmentally cued hatching. Adults lay eggs on leaves 

overhanging ponds, and undisturbed eggs usually hatch 6–7 d after they are laid at our 

study site in Panama. Development is continuous, so hatchlings that emerge later are 

larger and more developed than those that hatch earlier, which improves tadpole survival 

(Touchon et al., 2013; Warkentin, 1995; Warkentin, 1999b; Willink et al., 2014; Wojdak 
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et al., 2014). However, embryos can hatch up to 30% early (4 d) to escape pathogenic 

fungus (Warkentin et al., 2001), flooding (Warkentin, 2002), dehydration (Salica et al., 

2017), and predators such as egg-eating snakes and wasps (Warkentin, 1995; Warkentin, 

2000). Strikingly, snake-attack-induced hatching can occur within seconds (Warkentin et 

al., 2007). We recently described how the hatching process in A. callidryas facilitates 

such rapid escape (Cohen et al., 2016). Rather than gradually breaking down the vitelline 

membrane over development, A. callidryas digest only a small exit hole seconds before 

their escape (Cohen et al., 2016). Localized digestion of the vitelline membrane is 

potentially explained by A. callidryas’ unusual distribution of hatching gland cells, highly 

concentrated on the snout, and the rapid, acute release of HGC contents (Cohen et al., 

2016). This process clearly contrasts with the hatching mechanisms previously described 

in other anurans. Considering the diversity in anuran reproductive modes (Haddad and 

Sawaya, 2000) and cued hatching strategies (Warkentin, 2011b), and the presumably 

independent origin of rapid, regulated HE release in fishes (Korwin-Kossakowski, 2012; 

Martin, 1999), other anuran embryos may share such capacities. 

 We recently discovered that A. callidryas can hatch as early as 3 d in response to 

a strong hypoxia cue, well before the onset of hatching responses to predator attacks and 

artificial mechanosensory cues at 4 d (Warkentin et al., 2017). This extends their plastic 

hatching period to over half of the typical undisturbed embryonic period. We hypothesize 

that elements of the hatching mechanism change over this dynamic developmental 

period, which could affect hatching performance and potentially alter the value of 

hatching as an antipredator defense. In addition, because the onset of hypoxia-cued 
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hatching precedes that of mechanosensory-cued hatching (Warkentin et al., 2017) we 

hypothesize that insufficient mechanosensory development at 3 d might impede hatching-

competent embryos from responding to attacks.  

 We examined the ontogeny of hatching-related traits in A. callidryas to assess 

how they vary with the ability to adaptively hatch in response to different threats at 

different developmental stages. We measured the diameter of the vitelline chamber over 

development, as an indicator of breakdown of the vitelline membrane, to infer whether 

HE is released in advance of hatching. We used scanning electron microscopy to examine 

HGC morphology, distribution, and abundance over embryonic development, and the 

timing of HGC regression in embryos and hatchlings. We also used SEM to observe 

lateral line neuromasts, as candidate mechanosensors whose development might limit the 

onset of vibration-cued hatching. In examining HGC ontogeny, we found two 

morphologically distinct HGC types. Since no other anurans are described to have more 

than one type of HGC, we used in situ hybridization to visualize the ontogeny and 

distribution of hatching enzyme gene expression, and assess if both cell types produce the 

same hatching enzyme.  

 

METHODS 

Egg collection and care 

A. callidryas egg masses on leaves were collected from Experimental Pond (9°7'14.77"N, 

79°42'12.03"W) in Gamboa, Panamá, under permits from the Panamanian Autoridad 

Nacional del Ambiente (SC/A-16-10, SC/A-19-11, SC/A-16-12, SC/A-16-13, SC/A-14-
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14, SC/A-19-15, SE/A-59-16). Most clutches are laid between 22–02 h, so we estimate 

midnight as the oviposition time. We collected young (0–1 d old) clutches, transported 

them to an open-air laboratory, and suspended them on plastic support cards over water 

to collect hatchlings. We frequently misted clutches with rainwater, either manually or 

using an automated misting system. All hatchlings not preserved as specimens were 

returned to the pond within a few days after hatching. All work was approved by the 

Smithsonian Tropical Research Institute IACUC committee (protocols 2011-0329-2014-

03 and 2014-0601-2017-3). 

  

Quantification of vitelline membrane expansion 

We measured the diameter of the vitelline chamber for 11 egg clutches every 8 h from 14 

h (0 d, 2 pm) until hatching. Clutches were maintained using an automatic misting system 

that sprayed rainwater for 30 s each hour. We initially measured eggs using an ocular 

micrometer under a dissecting microscope at 32X, to ensure we could clearly see the 

vitelline membrane. As embryos developed and the perivitelline space swelled, we 

decreased magnification to 8X. Starting at 3 d, 2 pm, we digitally photographed clutches 

beside a scale using a Canon EOS 5Diii and 100 mm macro lens, to avoid moving 

hatching-competent embryos, then measured vitelline chamber diameters from the 

images using Image J (Schneider et al., 2012). We measured one diameter for each of 

five clearly visible eggs per clutch per time-point; initial tests indicated that eggs were 

spherical as there was little variance between measurements taken across different axes.  
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We calculated mean vitelline chamber diameter for each clutch at each time then 

modeled egg size across age, with clutch included as a random factor. We hypothesized 

that egg size in A. callidryas would fit a logistic model, with size initially increasing due 

to hydration then stabilizing due to a vitelline membrane of constant strength resisting 

further swelling. We compared this with a linear model of vitelline chamber expansion, 

associated with gradual enzyme release and extended periods of vitelline membrane 

weakening in Dendropsophus ebraccatus (Chapter 4) and Rana japonica (Yoshizaki, 

1978), and a third order polynomial model. We used AIC for model selection. We 

performed all statistical analyses in R (version 3.0.1) in RStudio (version 0.99.489) (R 

Development Core Team, 2013; RStudio Team, 2015). We used SSlogis() function in 

nls() to fit the logistic model (R Development Core Team, 2013). For the polynomial 

model we used the lmer() function in the lme4 package (Bates et al., 2015). 

 

Specimen collection  

To examine HGC appearance and regression, we followed egg clutches through 

development, inducing early hatching of a subset of embryos and allowing them to 

develop as tadpoles in water for comparison with their age-matched siblings developing 

in the egg. The data presented come from multiple developmental series performed over 

the course of several years. Each developmental series followed 2"3 clutches of eggs 

through development and specimens were collected at 4-, 8-, 12-, or 24-hour intervals 

beginning at 2 or 3 d and ending at 6 or 7 d. Eggs collected in 2015 were subjected to 
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warmer ambient temperatures, due to El Niño, and development in that year was slightly 

accelerated compared to other years (Warkentin et al., 2017).  

 We induced early hatching using two cue types at two developmental stages. The 

earliest hatching in A. callidryas occurs in response to hypoxia at 3 d, while the onset of 

predator-induced, mechanosensory-cued hatching occurs later, usually at 4 d (Warkentin 

et al., 2017). To induce early hatching in 3 d embryos, we used boiled, degassed water. In 

one developmental series we tested all clutches for hatching competence at 3 d, 18:00 h 

(90 h) submerging three eggs per clutch in hypoxic water in sealed glass vials. We 

removed tadpoles as soon as they hatched; eggs that did not hatch after 45 minutes were 

considered “not hatching competent” and returned to air. We induced hatching in 4 d 

embryos using mechanosensory cues delivered by jiggling embryos with a moistened 

blunt probe. As in the hypoxia-induced hatching protocol, a subset of each clutch was 

induced to hatch at 4 days and followed through development for comparison with 

siblings that remained in the egg.  

 For specimen collection, tadpoles were euthanized with an overdose of buffered 

MS-222, before fixation. To prevent hatching of embryos during specimen collection, we 

chilled them on ice until they were unresponsive, then manually decapsulated them with 

forceps prior to preservation in ice-cold fixative. 

 

Electron microscopy 

Over four years we examined a total of 66 specimens across 10 sibships using SEM. 

Ages of specimens examined ranged from 2 d 0:00 h (48 h) to 7 d 10:30 h (178.5 h). 
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Age-matched embryos and hatchlings were compared at 5, 6, and 7 d for groups induced 

to hatch at 4 d (mechanosensory cue), and at 4, 5, and 6 d for groups induced to hatch at 3 

d (hypoxia cue). For different series, we collected specimens every 2, 4, 8, or 24 hours. 

Specimens were preserved in 2% paraformaledehyde/5% glutaraldehyde for 12–24 hours 

and washed 6 times in phosphate buffered saline (PBS). One day prior to imaging, they 

were dehydrated gradually in an ethanol series (25%, 50%, 70%, 80%, 90%, 95%, 100% 

! 3) and left overnight in either 70% ethanol (stopping dehydration midway) or 100% 

ethanol. After complete dehydration in ethanol, specimens were transferred to amyl 

acetate for 1–2 hours, then critical point dried and gold/palladium sputter coated. We 

examined and imaged embryos and hatchings on a Zeiss EVO40VP. We focused our 

imaging on areas of HGC abundance. Almost all animals were imaged in frontal view, as 

HGCs are typically concentrated on the snout. After the discovery of HGCs on the dorsal 

surface of the head, we included that region in our 2015 developmental series. To 

examine neuromast development, used frontal view images and additionally imaged the 

area above the eye. We examined the tails of specimens in our initial exploratory work 

but never observed any HGCs on the tail, so we focused our imaging on the head and 

snout. 

 

Cloning, sequence analysis, and probe synthesis 

To identify the sequence of the hatching enzyme in A. callidryas, we created a BLAST® 

database of the assembled transcriptome of hatching competent, 5 d A. callidryas 

embryos (data available upon request). We searched the database using the Xenopus 
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laevis hatching enzyme transcript (“XHE” or “UVS.2”; GenBank D89632.1) and found 

one homologous contig. We then used gene specific primers (forward primer: 5’-ACA 

ACA TGG GCG AGA AGA TTT A-3’, reverse primer: 5’-TGA AGT TTC CTT GTG 

GTG TGA TA-3’) to amplify the transcript from reverse-transcribed cDNA from 

hatching-competent A. callidryas embryos. The product was transformed into XL-1 E. 

coli for amplification and plasmids were purified for sequencing and probe synthesis 

using Qiagen miniprep and maxiprep kits. The A. callidryas hatching enzyme (“AcHE”, 

GenBank accession number KY924327) sequence is reported in Chapter 4. Following 

linearization with SacII, 2µL of the plasmid was used to synthesize a digoxigenin-labeled 

anti-sense RNA probe from the Sp6 RNA polymerase start site. Our probe encompassed 

1124bp of sequence complementary to the target mRNA flanked by ~50bp of vector 

sequence. Amphibian hatching enzyme sequences all share a zinc metalloprotease active 

site and two repeats of a conserved CUB domain (Nagasawa et al., 2016). Our probe 

sequence covered both the zinc metalloprotease active site as well as one of the CUB 

domain repeats. Nucleotide BLAST analysis on the probe sequence returned only the X. 

laevis hatching enzyme and no other protein or enzyme. We are therefore confident that 

our probe hybridizes with hatching enzyme mRNA and does not exhibit nonspecific 

binding. 

 

In situ hybridization 

We examined a total of 51 specimens from 9 clutches using ISH. Of these, 22 comprised 

a developmental series of embryos and hatchlings (hatched at 3 d 18:00 h) collected 
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every 8 hours from 2 d 0:00 h (48 h) through 4 d 16:00 h (112 h) and every 24 h through 

6 d. We compared staining results from our probe to a no-probe and sense probe controls 

for verification that our staining was not due to non-specific binding of BM Purple. 

Embryos were preserved in MEMFA (100mM MOPS buffer, 20mM EGTA, 1mM 

MgSO4, 37% Formaldehyde) or 4% paraformaldehyde for 2–3 hours, then dehydrated 

gradually into 100% methanol or 70% ethanol and stored and shipped frozen. Stored 

embryos were rehydrated in phosphate buffered saline w/ 20% Tween 20 (PBST, six 10-

minute washes at room temperature, rocking) and prehybridized in 50% formamide, 5X 

SSC (saline-sodium citrate buffer) pH 5, 50 µg/mL yeast tRNA, 50 µL/mL heparin, 0.1% 

Tween 20, 5% dextran sulfate for 30 minutes rocking at room temperature, then 3–4 

hours at 65°C. For hybridization we incubated samples overnight at 65°C in hybridization 

buffer with 0.75 ng/µL RNA probe labeled with digoxigenin. Samples were washed 2 

times in hybridization buffer, hybridization buffer + 2X SSCT (SSC w/ 20% Tween 20), 

2X SSCT, 0.2X SSCT, and 0.1X SSCT all at 65°C, then washed 3 times in TBST (tris-

buffered saline w/ 20% Tween 20) at room temperature. Samples were blocked in 2% 

heat-inactivated sheep serum/5% bovine serum albumin for 1 hour at room temperature, 

rocking. Samples were incubated overnight at 4°C in 1:2000 antidigoxigenin antibody in 

blocking solution. Samples were washed 6 times in TBST, 2 times in AP buffer, 2 times 

in AP buffer with 1M levamisole and 20% Tween 20. The antibody was developed in 

BM purple at room temperature in the dark for 1–3 hours. The reaction was stopped by 

washing in TBST + EDTA (50mM). Embryos were washed in TBST several times, and 
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stored in 50% glycerol in PBS at 4°C. Embryos were photographed in whole-mount on 

an Olympus SZX9 dissecting microscope using a Sony Handycam HD Exmor R.  

 

RESULTS 

Quantification of vitelline membrane expansion 

The perivitelline space of A. callidryas eggs expanded for about the first three days (~72 

h), then stabilized, with no further change until hatching (Fig. 3.1). Perivitelline chamber 

expansion was best fit by a logistic model (AIC = 335, R2 = 0.858), which was slightly 

better than a third order polynomial (AIC = 337.1, R2 = 0.855) and much better than a 

linear model (AIC = 532.4, R2 = 0.641).  

 

Hatching gland cell types and ontogeny – scanning electron microscopy 

We identified two distinct types of hatching gland cells in A. callidryas, which differ in 

size, morphology, and distribution on the body and are, for the most part, present through 

different stages of development, with only a brief period of overlap. We call them 

“small” and “large” HGCs based on their appearance in SEM (Fig. 3.2A, B). In surface 

view, small HGCs appeared much smaller than epithelial cells and had what appear to be 

protruding microvilli (Figs. 3.2A, 4D). They were typically located at the junction of 3 or 

4 epithelial cells. In contrast, large HGCs (Fig. 3.2B) had what appear to be short 

microvilli and appeared recessed among and only slightly smaller than epithelial cells. 

Neither HGC type was observed in contiguous clusters, although occasionally two HGCs 

of the same type were in contact. Small HGCs appeared first, and large HGCs remained 
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longer (Fig. 3.3), but for a period at 4 d both HGC types were present, with partial 

overlap in their spatial distribution on body (Fig. 3.2C"F).  

 We first observed small HGCs at 72 h (3 d, 0:00 h), and within 8 hours they were 

abundant on the snout (Fig. 3.4A, B). Small HGCs also appeared in a patch on top of the 

head (Fig. 3.4C) but were not present there for more than 16 h. Sibships that were laid on 

the same night varied in when this head-top patch of small HGCs was present (2 clutches 

from 3 d 8:00 h to 4 d 0:00 h, 2 clutches from 4 d 0:00 –16:00 h). Small HGCs on both 

the snout and top of head regressed over development regardless of when embryos 

hatched. Small HGCs were most abundant in 3 d embryos, then declined in abundance 

beginning at 4 d, as large HGCs began to appear. By 5 d, small HGCs were very sparse, 

but a few could still be observed on the snout, just above the large HGCs (Fig. 3.5 D). 

 Large HGCs (Fig. 3.2B) generally first appeared in the morning at 4 d (Fig. 3.5A, 

B), although in 2015, a warm year when development tended to be accelerated 

(Warkentin et al., 2017), we observed large HGCs as early as 3 d, 16:00 h (Fig. 3.2D). 

Large HGCs first appeared in the center of the snout, between the nares (Fig. 3.5A, B), 

and had spread approximately halfway over the area of their final distribution by 4 d, 

16:00 h. They reached their full distribution and were densely concentrated on the snouts 

of embryos at 5 and 6 days (Fig. 3.5C, D). Large HGCs never extended down the dorsal 

midline, nor appeared on top of the head, but were observed beside the lateral line in the 

area above the eye (not shown).  

 To determine the regression patterns of large HGCs, we compared embryos and 

their hatched siblings (hatched at 4 d by mechanosensory stiumulus) at ages 5 and 6 d (N 
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= 4 pairs). At 5 d, tadpoles that had hatched 24 h earlier had fewer hatching glands than 

their siblings in ovo, and these HGCs were smaller and appeared to be regressing. 

Comparing a 6-d embryo with a 6-d hatchling (hatched at 4 d), the hatchling had many 

fewer hatching glands than the embryo (Fig. 3.4 E, F). We also induced hatching of some 

embryos at 18:00, 3 d and compared them to their matched embryo siblings at 4 d (N = 2 

pairs at 0:00, 8:00, 16:00), 5 d (N = 2 pairs at 15:00) and 6 d (N = 1 pair at 12:00). These 

hatchlings still developed some large HGCs but they were less abundant than in un-

hatched siblings (not shown). 

 

Hatching enzyme sequence 

The hatching enzyme sequence we obtained was 1194 bp in length with two conserved 

protein domains (GenBank accession number KY924327). The active site of the enzyme 

is within a domain identified as an astacin-like protease in the zinc-dependent 

metalloprotease superfamily (cl00064, “ZnMc”), and also as a Zinc-dependent 

metalloprotease in the hatching enzyme-like subfamily (cd04283, 

“ZnMc_hatching_enzyme”) with the conserved motif, “HExxHxUGUxH” in the active 

site (Marchler-Bauer et al., 2015). The active site is followed by a conserved domain 

from the CUB superfamily (cd00041, “CUB”). We report this sequence, aligned with the 

hatching enzyme sequences from Xenopus laevis and Dendropsophus ebraccatus in 

Chapter 4.  

 

Patterns of hatching enzyme gene expression 
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In situ hybridization revealed that both hatching gland cell types express the hatching 

enzyme gene. Expression began before HGCs were visible on the epithelium in SEM. At 

our earliest sampling time, (48 h = 2 d, 0:00 h; Fig. 3.6A, B), embryos at Gosner Stage 18 

(Gosner, 1960) exhibited a T-shaped pattern of gene expression extending across the 

front of the head and along the dorsal midline (Fig. 3.6A, B). At 3 d and 4 d, the HE 

expression pattern became more spatially complex on the snout and was notably absent 

from neuromasts (Fig. 3.6C–H). By 5 d, when large HGCs were abundant on the snout, 

HE expression was faint (Fig. 3.6I, J). In 5 d tadpoles, hatched at 4 d, there was no visible 

expression of HE (Fig. 3.6K, L).  

 

Comparison of HE expression and HG development over ontogeny 

While HE gene expression was strong at 2 d, HGCs were not yet visible on the surface of 

2 d embryos (Fig. 3.7A, B). At 3 d, the HE gene expression pattern matched the 

distribution of small HGCs on the snout (Fig. 3.7C, D), as well as on the top of the head 

(Fig. 3.7C, Fig. 3.4C). By 4 d, HE gene expression was weaker, clearly confined to the 

area of HGCs visible on the surface, and clearly absent from neuromasts (Fig. 3.7E). Also 

at 4 d, small HGCs were less abundant while large HGCs were appearing (Fig. 3.7F). In 5 

d embryos, HGCs were abundant and HE expression matched their distribution but was 

much weaker than in 3–4 d embryos (Fig. 3.7G, H).  

 

Neuromast development 
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The lateral line system develops over the plastic hatching period. Well-developed 

neurmasts with a kinocilium and stereocilia are present in 3 d embryos (Fig. 3.8A) 

forming a row above the eye (Fig. 3.8B, C). The lateral line was visible on the snout by 4 

d (Fig. 3.8D).  By 5 d the lateral line was distinct on the snout and above the eyes (Fig. 

3.8E, F).  

DISCUSSION 

We found that A. callidryas have an unusual mechanism of hatching, previously 

unknown in anurans, with two types of hatching gland cells that facilitate hatching in 

different developmental stages and contexts. First, we showed that the vitelline 

membrane does not expand continuously over development, but rather plateaus, 

supporting a lack of gradual vitelline membrane digestion leading up to hatching (Fig. 

3.1). Our study of the ontogeny of hatching gland development and hatching enzyme 

gene expression in A. callidryas revealed that the two types of hatching gland cells 

appear at different developmental stages. Small HGCs appear first and regress even if 

embryos remain in the egg. Large HGCs appear later and only regress after hatching 

occurs. Neuromasts are present and morphologically appear functional prior to the onset 

of vibration-cued hatching.  

 We measured perivitelline chamber diameter to infer whether vitelline membrane 

digestion is acute and/or gradual in A. callidryas. Although we did not directly measure 

the breakdown of the vitelline membrane, evidence from several studies suggests that 

expansion of the vitelline membrane can be attributed to breakdown of its components by 

the hatching enzyme. In the most comprehensive study, Yoshizaki (1978) measured Rana 
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japonica eggs over development and found that the stage when the vitelline membrane 

expanded corresponded to the period when HE was synthesized and the vitelline 

membrane lost 1/3 of its dry weight. In the treefrog Dendropsophus ebraccatus, the 

vitelline chamber expands continuously during embryonic development with no plateau, 

and HE gene expression begins and peaks quite early in development (Chapter 4). 

Patterns of vitelline membrane expansion in R. japonica and D. ebraccatus are consistent 

with HE being secreted as it is synthesized. Although few species have been examined, 

evidence suggests that in other frogs HE is secreted as it is synthesized (Yamasaki et al., 

1990; Yoshizaki, 1973; Yoshizaki and Katagiri, 1975). The linear increase of perivitelline 

chamber diameter over time in D. ebraccatus contrasts with the pattern in A. callidryas, 

where the membrane stretches during an initial period of hydration, then perivitelline 

chamber size is stable through the plastic hatching period (Fig. 3.1). Although the 

polynomial model was nearly as good of a fit for our data, we believe that the logistic 

model more biologically accurate given that eggs are not likely to shrink over time unless 

they are drying out, and these eggs were maintained under hydrated conditions until 

hatching. The pattern of initial expansion then stabilization at a fixed diameter is 

consistent with our observation that A. callidryas hatch by digesting a small hole in the 

vitelline membrane, localized in front of the snout, and that cross-sections of HGCs show 

that secretory granules, presumably full of HE, are stored up and only released at the 

moment of hatching (Cohen et al., 2016). Also, a pilot biochemical study showed 

membrane glycoproteins do not change from 1"6 d (L. Lindsay & K. Warkentin, unpub. 

data). The timing of HE release in A. callidryas contrasts with patterns previously 
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described in other anurans. The pattern of vitelline membrane expansion we observed, 

combined with our earlier behavioral data and examination of HGC contents (Cohen et 

al., 2016) supports that A. callidryas stores HE for acute release, with no gradual release 

or continuous breakdown of the vitelline membrane in the days before hatching. Our 

finding that the perivitelline chambers are stable in diameter through the plastic hatching 

period also suggests that acute HE release is the mechanism for hatching regulation at 

different stages and in different contexts. This is also consistent with video-analysis of 

the hatching process across ages from 3–6 d (Warkentin et al., 2016). We propose that 

developmental series of perivitelline chamber size measurements, for well-hydrated eggs, 

could be an inexpensive and easy way to survey patterns of vitelline membrane 

breakdown across a variety of other species to inform our broader understanding of 

hatching mechanisms. 

 We previously reported the presence of large HGCs on the snout of A. callidryas 

embryos, based on examination of 5 and 6 d embryos (Cohen et al., 2016). Here we 

examined the ontogeny of HGCs and discovered that they have two morphologically 

distinct types of HGCs. Only small HGCs are present during the earliest hypoxia-cued 

hatching, which begins at 3 d (Warkentin et al., 2017). The small HGCs of A. callidryas 

are morphologically similar to the HGCs described in other Arborane that have been 

examined. Hyla crepitans, Hyla geographica, and Phyllomedusa trinitatis all have small 

HGCs with protruding medium-length microvilli (Downie et al., 2013; 

Nokhbatolfoghahai and Downie, 2007). In Dendropsophus ebraccatus and D. 

microcephalus HGCs change in morphology as they develop; they emerge as large cells 
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with short microvilli, then decrease in size and have protruding microvilli later, consistent 

with HGC morphology in other Arboranae (Nokhbatolfoghahai and Downie, 2007). None 

of these species have HGCs that appear recessed, as do the large HGCs in A. callidryas 

(Fig. 3.5). Small HGCs are also present on top of the head, similar to HGCs in other frogs 

which extend down the dorsal midline (Nokhbatolfoghahai and Downie, 2007, Chapter 

4). In contrast, large HGCs are never found on the top of the head and are only 

concentrated on the snout. 

 The ontogeny of A. callidryas’ small HGCs is also consistent with HGC ontogeny 

known from other species. Small HGCs appear and rapidly become abundant at 3 d, then 

decrease in abundance from 4 d onward. The patch of HGCs on the top of the head (Fig. 

3.4) appears and regresses over several hours. In D. ebraccatus, HGCs peak in abundance 

early in development (~32 h) and are well into regression before the stage when hatching 

occurs (Chapter 4). However these species differ in that the linear increase in perivitelline 

chamber size over time in D. ebraccatus suggests that their HGCs secrete hatching 

enzyme gradually, starting long prior to hatching, whereas A. callidryas HGCs apparently 

do not. Indeed, because undisturbed A. callidryas embryos typically hatch at 6–7 d, and 

even in predator attacks embryos do not hatch before 4 d, most small HGCs likely appear 

and then regress without ever being used. Nonetheless, these small, early appearing 

HGCs seem to be essential to enable the very earliest hatching, which occurs within tens 

of minutes in response to hypoxia. Such hypoxic conditions can occur when leaves fall 

into ponds, leaving egg clutches submerged in poorly oxygenated water. 
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 Large HGCs begin to appear at the surface among epithelial cells roughly 

concurrently with the onset of mechanosensory-cued hatching (Fig. 3.5, Warkentin et al., 

2017). Nokhbatolfoghahai and Downie (2007) examined HGCs in 20 anuran species and, 

although some are large with short microvilli, none appear recessed among the common 

epithelial cells like A. callidryas’ large HGCs. The distribution of large HGCs in A. 

callidryas also contrasts with other species, as large HGCs are concentrated on the snout 

and do not extend down the dorsal midline. Large HGCs increase in abundance until 

embryos hatch, with no sign of regression prior to hatching, although they regress quickly 

after embryos hatch (Fig. 3.4). This too contrasts with other species. In D. ebraccatus, 

which we have examined quantitatively, HGC regression began around 32"40 h, but 

embryos did not begin hatching until 72 h (Chapter 4). 

 The early T-shaped HE gene expression pattern in 48 h embryos (Fig. 3.6A) 

resembles the HE expression pattern in Xenopus laevis (Levin and Mercola, 2000). In 

both cases expression extends down the dorsal midline and widens across the snout. 

Although some of the staining in ISH images is from HGCs that may be developing 1–2 

cell layers below the surface, as in early stages, the distinctive pattern of expression in 

later stages and the presence of staining on the top of the head both support that our probe 

is indeed hybridizing with hatching enzyme in both cell types. The ontogeny of gene 

expression compared to the ontogeny of HGC abundance also supports that A. callidryas 

store HE for acute release; HE gene expression preceded appearance of HGCs and HE 

expression declined after 5 d when large HGCs were most abundant and full of secretory 
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granules. In X. laevis HE gene expression also begins substantially earlier than HGCs 

appear on the surface (Hong and Saint-Jeannet, 2014; Yoshizaki, 1991). 

 We examined neuromast development because of our recent finding that the onset 

of hypoxia-cued hatching precedes the onset of mechanosensory-cued hatching 

(Warkentin et al., 2017). Given that 3 d embryos have small HGCs and hatch readily in 

response to hypoxia, but nonetheless fail to hatch in response to strong mechanosensory 

threat stimuli, we hypothesized that the ontogenetic onset of mechanosensory-cued 

hatching is constrained by the development of motion or vibration-sensing ability 

(Warkentin et al., 2017). There are two candidate sensory structures that may be involved 

in sensing predator vibrations: the lateral line and the inner ear. We observed well-

developed neuromasts in 3 d embryos, and can infer that they are sensitive to direction 

based on the presence of the single kinocilium to the side of stereocilia (J. Webb. pers. 

comm.). Our evidence shows that the lateral line develops well before the onset of 

mechanosensory-cued hatching (Fig. 3.8), and thus it seems insufficient to cue predator-

induced hatching; the embryos’ neuromasts apparently do not function as the primary 

snake-vibration sensors.  

 The small and large HGCs in A. callidryas are two distinct cell types, and clearly 

not a change in cell morphology over time. We have examined HGC morphology in 

developmental series over two-hour intervals in both A. callidryas and D. ebraccatus and 

are confident that a change in morphology over time is clearly detectable in D. 

ebraccatus at this level of resolution and does not explain the two distinct HGC types 

observed in A. calllidryas. This is further supported by our evidence that 1) small HGCs 
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are the only HGCs that appear on top of the head, and 2) small and large HGCs appear 

concurrently and overlap in distribution at 4 d (Fig. 3.2). Fish show greater diversity in 

HGC distribution than is known from anurans (DiMichele and Taylor, 1981; Inohaya et 

al., 1999; Kawaguchi et al., 2005). One fish, Bichir (Polypterus senegalus), a basal ray-

finned fish (Class: Actinopterygii) is reported to have two types of HGCs derived from 

different germ layers; however, this was based on evidence of gene expression and 

surface morphology was not examined (Nagasawa et al., 2016). Agalychnis callidryas is 

the first fish or amphibian with two morphologically and functionally distinct HGC types. 

Because all other frogs examined to date only have one HGC type, presumably one of A. 

callidryas’ HGC types is ancestral, and the other is derived. Our evidence supports a 

working hypothesis that small HGCs are ancestral and large HGCs are derived, perhaps 

under selection for rapid escape from terrestrial threats, such as snakes, with little 

advance warning. Small HGCs are more similar in morphology to HGCs of other hylids 

(see above), and their distribution extends along the dorsal midline (on top of the head), 

which is common in other species (Nokhbatolfoghahai and Downie, 2007). In contrast, 

large HGCs were never observed along the dorsal midline and their morphology is not 

similar to HGCs in other hylids. The pattern of HGC regression also supports this; small 

HGCs regress prior to hatching, similar to other species, whereas large HGCs only 

regress after hatching has occurred. Moreover, hatching in response to flooding is 

conserved in the genus Agalychnis and ancestral in the family Phyllomedusidae (Gomez-

Mestre et al., 2008b). Hypoxia-cued hatching is widespread in amphibians, including in 

species with aquatic eggs, and hypoxia is potentially a general trigger for hatching in the 
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group (Petranka et al., 1982; Warkentin, 2011b). Small HGCs are the only type present 

during the earliest hypoxia-cued hatching responses in A. callidryas. It is possible that the 

second HGC type evolved with predator-induced hatching in A. callidryas or an ancestor, 

after the evolution of terrestrial eggs. This is not the only example of an anuran that 

maintains the ancestral HGC type after evolving a separate hatching mechanism to 

deploy at a later developmental stage. The direct-developing species,  Pristimantis 

(=Eleutherodactylus) urichi hatches by physically ripping the vitelline membrane with an 

egg tooth, yet hatching gland cells appear and regress at much earlier developmental 

stages, presumably without ever being used. Clearly, more comparative work will be 

necessary to phylogenetically test the hypothesis that large HGCs are derived and to 

understand broader patterns of HGC diversity.  

 The rapid hatching of A. callidryas on short notice over a broad developmental 

period requires multiple evolutionary changes relative to the better-known anuran 

hatching mechanism involving gradual release of HE as it is synthesized, which appears 

common in the ancestral state of aquatic eggs. First, HGCs must retain hatching enzyme 

to prevent degradation of the vitelline membrane prior to hatching, allowing egg capsules 

to maintain their integrity throughout the embryonic period. This may, in general, be 

more important for terrestrial than aquatic eggs, since terrestrial anuran embryos often 

have prolonged development, hatching at more advanced stages than aquatic ones 

(Bradford, 1990), and some species have extended periods of waiting for a cue that 

conditions are adequate for larval survival (Barker et al., 1995; Bradford and Seymour, 

1985). Second, once the hatching process begins, it happens quickly. This requires rapid 
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and controlled enzyme release. The fact that small HGCs possess this capacity means 

that, although their distribution and morphology is presumably ancestral, their function is 

not. Finally, it is clear that a second HGC type evolved in A. callidryas or, more likely, an 

ancestor, and we suspect that the large HGCs are the novel type. If this is the case, 

considering small HGCs are mostly gone before spontaneous hatching occurs, the later 

appearance and prolonged maintenance of large HGCs allows embryos to take advantage 

of more time in the egg to develop and hatch at a later stage. For embryos with 

constitutive hatching enzyme release, there may be a limit on how long the egg capsule 

can protect them as the vitelline membrane slowly degrades over development. With 

acute, cued release of enzyme and HGCs that do not release HE or regress until the 

moment of hatching, the factors limiting the upper end of the embryonic period may 

instead be yolk reserves, oxygen uptake, water availability, or waste disposal. It is 

estimated that the evolutionary transition from aquatic to terrestrial egg laying has 

occurred at least 48 times in frogs (Gomez-Mestre et al., 2012). It is possible that some of 

these lineages have convergently evolved similar modifications to their hatching 

mechanisms to facilitate developing for longer periods of time in an intact egg, which 

may be better suited for the terrestrial environment. 

 We have shown that A. callidryas have a novel hatching mechanism that is, to our 

knowledge, unlike any hatching mechanism previously described among anurans. Their 

two types of HGCs store up hatching enzyme for acute release and appear to mediate 

cued hatching responses at different developmental stages. Storing HE for cued release 

allows embryos to escape rapidly from acute threats over a broad developmental period, 



!

!

68!

and it enables undisturbed embryos to develop in ovo for twice the embryonic period they 

would have had if they had hatched at the onset of hatching competence. Perhaps it is not 

surprising that A. callidryas’ hatching process differs from what has been reported in 

other anurans, given that only a handful of aquatic-breeding species have been examined 

within a group that contains nearly 40 reproductive modes (Reviewed in Haddad and 

Prado, 2005). Our findings in A. callidryas demonstrate that anuran hatching mechanisms 

are more diverse than we knew. This raises the possibility that mechanistically similar, or 

different but functionally convergent, hatching mechanisms have evolved in other 

terrestrial frog eggs that hatch rapidly, such as Pseudophryne bribronii (Bradford and 

Seymour, 1985), and some species of glassfrogs from the family Centrolenidae (J. Delia 

pers. comm.). The novel hatching mechanism of A. callidryas expands our understanding 

of the regulation of hatching in frogs, and the capabilities of frog embryos. 
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TABLES & FIGURES 

 

Model Parameter estimates ± s.e.m. AIC R2 

2nd order polynomial 

Y = a + b(X) + c(X)2 

a = 1.254e+00 ± 1.256e-01 * 

b = 7.992e-02 ± 3.188e-03 * 

c = -3.106e-04 ± 1.724e-05 * 

335.5 0.856 

3rd order polynomial 

Y = a + b(X) + c(X)2 + 

d(X)3 

a = 1.151e+00 ± 2.047e-01 * 

b = 8.532e-02 ± 9.026e-03 * 

c = -3.810e-04 ± 1.115e-04 * 

d = 2.561e-07 ±  4.008e-07 

337.1 0.855 

4th order polynomial 

Y = a + b(X) + c(X)2 + 

d(X)3 + e(X)4 

a = 2.331e+00 ± 3.225e-01 * 

b = -2.609e-03 ± 2.096e-02 

c = 1.509e-03 ± 4.241e-04 * 

d = -1.494e-05 ± 3.322e-06 * 

e = 4.057e-08 ± 8.811e-09 * 

358.8 0.868 

Logistic  

Y=Asym/(1+e^((xmid-

X)/scal)) 

Asym = 6.31465 ± 0.07177 * 

xmid = 28.08412 ± 1.11587 * 

scal = 23.53738 ± 1.42416 * 

335 0.858 

 

"#$%&!'()*!Model comparison for relationship between perivitelline chamber diameter 

(Y) and age (X). * significant at alpha = 0.05
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Figure 3.1. Perivitelline chamber expansion over time in well-hydrated Agalychnis 

callidryas egg masses.  

Perivitelline chamber diameter increased substantially over the first ~ 72 h, then 

stabilized and maintained a consistent diameter until hatching. Points represent the mean 

diameter calculated from 5 eggs measured per clutch at each time. Line represents the 

logistic growth curve (Table 3.1). The shape of the logistic curve is sigmoidal but the 

plotted area contains only the upper portion of the fitted curve.  
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Figure 3.2. Two types of hatching gland cells in Agalychnis callidryas.  

A) Close-up view of small HGCs at 4 d, 0:00 h (yellow arrows).  B) Close-up view of 

large HGCs at 5 d, 15:00 h (blue arrows). C) A 4 d embryo with small (yellow arrows) 

and large (blue outline) HGCs overlapping in distribution on the snout. D) The earliest 
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we observed large HGCs was at 3 d, 16:00 h, (in 2015, an El Niño year), here first 

appearing among small HGCs, epithelial cells and ciliated cells. E) Large HGCs and F) 

small HGCs on the snout of the same embryo, at 4 d ,16:00.  
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Figure 3.3: Ontogeny of hatching gland cells (HGCs) in A. callidryas.  

Small HGCs appeared and were most abundant at 3 d. By 4 d small HGCs were 

decreasing in abundance while large HGCs began to appear. Large HGCs became more 

abundant until hatching, then regressed. Both HGC types were present in 4 d embryos 

and overlapped in distribution in some areas. Small HGCs had mostly regressed in 5 and 

6 d embryos, where large HGCs dominated, although a few small HGCs were still 

observed. Bars represent an approximation of normal ontogeny; a few small HGCs 

persist in 6 d specimens and HGCs appeared earlier in the warmer El Niño year. 
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Figure 3.4. Distribution and morphology of small hatching gland cells (HGCs) in 

Agalychnis callidryas.  

A) Embryo at 3 d, 18:00 (90 h), in dorso-frontal view, showing areas with HGCs. Inset 

boxes are different shapes because B & C are taken at different magnifications and 

orientations. B) Distribution of small HGCs (white dots) on the snout of an embryo at 3 

d, 20:00 (92 h), in frontal view. C) Distribution of small HGCs (white dots) on the top of 

the head of an embryo at 3 d, 16:00 (88 h), in dorsal view. D) Closer view of small HGCs 

from B; small HGCs have protruding microvilli, and are located at the junction of the 
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much larger epithelial cells.  CC = ciliated cells, EG = external gills, M = mouth, N = 

naris, Y = yolk. 
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Figure 3.5. Distribution and morphology of large hatching gland cells (HGCs) in 

Agalychnis callidryas.  
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A) The snout of a 4-d embryo (morning, ~104 h), indicating where large HGCs first 

appear. B) Closer view of the same specimen, showing large HGCs (outlined) emerging 

to the surface among epithelial cells. C, D) The snout of a 6-d embryo with abundant 

HGCs. Yellow arrows indicate the location of the few small HGCs still present. E, F) A 

sibling of the embryo shown in C, preserved at the same age (6 d) after hatching at 4 d; 

large HGCs are mostly regressed. 
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Figure 3.6. In situ hybridization showing hatching enzyme gene expression over 

development in Agalychnis callidryas.  

Image pairs are dorsal and frontal views of the same embryo. Age of the specimen is 

indicated on the dorsal image.  
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Figure 3.7. Comparison of hatching enzyme expression and hatching gland cell 

development.  
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At 2 d A) HE expression was strong on the snout but B) HGCs were not yet visible on the 

surface of the embryo. In 3 d embryos, C) HE expression was strong on the snout and top 

of head, and D) small HGCs were abundant on the snout. In 4 d embryos, E) HE 

expression matched the distribution of HGCs and was absent from neuromasts; F) small 

HGCs are regressing and large HGCs are appearing on the snout. In a 5 d embryo, G) HE 

expression was diminished but still matched the distribution of HGCs, H) which were 

very abundant on the snout. 
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Fig. 3.8. Neuromast development in Agalychnis callidryas.  

A) Close-up and B) lateral line view of well-developed neuromasts with a kinocilium and 

stereocilia above the eye on a 3 d embryo at 22:00 h. C) Well-developed neuromast line 

above the eye of a 3 d, 08:00 h embryo (80 h) in 2015 (warm year). D) Embryo at 4 d, 

0:00 h (96 h) showing lines of neuromasts (dotted outline) on the snout. E) Frontal view 
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and F) dorsal view of 5 d embryos showing fully developed lateral lines (dotted outlines) 

on snout and above eyes.  

!
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CHAPTER FOUR: THE HATCHING PROCESS AND MECHANISMS OF 

ADAPTIVE HATCHING ACCELERATION IN HOURGLASS TREEFROGS 

 

ABSTRACT  

Environmentally cued hatching is well documented in anurans, enabling embryos to 

escape diverse threats. However, knowledge of anuran hatching mechanisms is limited 

and based largely on aquatic-breeding species without known plasticity in hatching 

timing. Generally, hatching gland cells produce a hatching enzyme that degrades the 

vitelline membrane. We investigated hatching and its regulation in terrestrial embryos of 

hourglass treefrogs, Dendropsophus ebraccatus, which accelerate hatching to escape 

dehydration. We specifically tested if changes in hatching gland cell development or 

hatching enzyme gene expression are associated with accelerated hatching. We measured 

perivitelline chamber size of well-hydrated eggs over development as an indicator of 

breakdown of the vitelline membrane and found that the size of the perivitelline chamber 

increased steadily until hatching, suggesting gradual hatching enzyme release and 

vitelline membrane degradation. Hatching gland cells peaked in abundance and began 

regression substantially prior to hatching, but we found no developmental differences in 

the abundance or surface area of hatching gland cells between dry and well-hydrated 

embryos. Hatching enzyme gene expression also peaked early in development then 

declined, with no difference between hydration treatments. In D. ebraccatus breakdown 

of the vitelline membrane appears gradual, mediated by hatching enzyme release starting 

long before hatching. However, hatching acceleration is not associated with ontogenetic 
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changes in hatching gland cell development or hatching enzyme gene expression. This 

hatching process contrasts with that of red-eyed treefrogs, Agalychnis callidryas, which 

appear to release enzyme acutely at hatching, yet both species are capable of hatching to 

escape acute threats.  

 

INTRODUCTION 

Hatching is an important developmental event, and represents the earliest ontogenetic 

niche shift (Warkentin, 1995; Werner and Gilliam, 1984) when an embryo leaves the 

protection and constraints of its egg capsule and enters a new environment. Thus, the 

timing of this transition can be critical for survival. In many species across all three major 

clades of Bilateria, hatching timing is plastic and adaptively regulated in response to 

environmental cues (Reviewed in Warkentin, 2011a). In order for plasticity in any trait to 

evolve, there must be a mechanism to regulate or modulate the expression of the trait. 

Without understanding how hatching timing is regulated, we cannot understand how 

widespread, adaptive plasticity in hatching timing has evolved across diverse groups – 

whether it is by shared underlying plastic mechanisms or by convergence of 

independently evolved responses with different underlying mechanisms.  

 Hatching is a process with developmental, physiological, and behavioral 

elements. Thus, in order to understand how embryos adaptively alter hatching timing, we 

must first understand how they hatch. Hatching timing could be regulated at one or 

multiple levels, depending on the mechanism by which a species hatches. For example, 

responses to slow, chronic threats may be more likely to involve developmental changes 
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in one or more traits, whereas fast responses to acute threats may rely more on behavior 

and/or acute release of enzyme. An integrative approach that includes multiple 

components of hatching mechanisms enables tests of alternative hypotheses for the 

regulation of hatching timing. Comparative studies are also necessary to elucidate how 

hatching regulation varies across contexts, among and within species, and if cued 

hatching responses in common contexts evolved independently across lineages. 

 Frogs (Order: Anura) are an excellent group in which to study the regulation of 

hatching. Environmentally cued hatching (ECH) is well-documented in the group in 

response to a wide range of biotic and abiotic factors, such as flooding, pathogens, 

predators, and parental behavior (Reviewed in Warkentin, 2011b). Examples of ECH 

span at least 10 anuran families and range from a 67% acceleration to over a 600% delay 

in hatching timing (Warkentin, 2011b). Frogs are notably diverse in reproductive modes 

(Reviewed in Haddad and Prado, 2005) as well as in egg and clutch structure (Reviewed 

in Altig and McDiarmid, 2007). For species with terrestrial eggs and aquatic larvae, the 

physical separation of egg and larval environments leads to particularly clear trade-offs 

between stage-specific threats. As a result, multiple such lineages show hatching 

responses to common triggers, such as hypoxia due to flooding and physical disturbance 

in predator attacks (Warkentin, 2011b). However, our limited knowledge of anuran 

hatching mechanisms comes predominantly from a small number of species with aquatic 

eggs and has not addressed how hatching timing is adaptively regulated (but see Cohen et 

al., 2016). Thus, our general understanding of anuran hatching reflects neither the 
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diversity of their reproductive strategies nor the regulation of hatching timing that is 

widespread within the group.  

 Frogs that hatch as tadpoles (i.e., excluding direct developers that hatch as 

froglets) share certain core elements of the hatching process. They all develop hatching 

gland cells (HGCs) which secrete a proteolytic hatching enzyme that digests components 

of the vitelline membrane (Altig and McDiarmid, 1999). HGCs are distributed among 

epithelial cells on the surface of the head, and often extend along the dorsal midline, with 

some variation in morphology and distribution between species (Nokhbatolfoghahai and 

Downie, 2007). Generalization of ontogenetic patterns across species is difficult as few 

studies document HGC morphology, pattern, and abundance across the entire 

developmental period for which HGCs are present.  

 Hatching enzymes belong to the astacin family of zinc-dependent 

metalloproteases, and the active site is conserved across vertebrates with the consensus 

amino acid sequence HExxHxxGFxHE [fish (Yamagami, 1996), salamanders (Nagasawa 

et al., 2016), anurans (Hong and Saint-Jeannet, 2014; Katagiri et al., 1997; Kitamura and 

Katagiri, 1998), and quail (Elaroussi and DeLuca, 1994)]. Even sea urchin (Lepage and 

Gache, 1990) and nematode (Hishida et al., 1996) hatching enzymes contain the HExxH 

portion of the motif. While much is known about hatching enzymes in fishes (Kawaguchi 

et al., 2015), Xenopus laevis is the only anuran for which the hatching enzyme genes have 

previously been cloned and sequenced (Hong and Saint-Jeannet, 2014; Katagiri et al., 

1997; Nagasawa et al., 2016; Sato and Sargent, 1990).  
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 In order to investigate how hatching is regulated, we must first deepen our 

understanding of how frogs hatch and whether there is variation among species. There are 

several challenges associated with constructing a theoretical model of anuran hatching 

and regulation. First, a majority of mechanistic studies have focused on X. laevis and a 

few species with aquatic eggs with no known plasticity in hatching timing. Second, many 

studies do not examine enough developmental stages to fully characterize the ontogeny of 

the components of the hatching mechanism. Finally, it is sometimes difficult to combine 

information from studies examining different aspects of hatching, even in a single 

species, because of discrepancies in the developmental stage at hatching, which may vary 

with environmental conditions. For example, in X. laevis Yoshizaki (1991) and 

Nieuwkoop & Faber (1994) report hatching to occur at Nieuwkoop & Faber stage 35/36, 

but Carroll & Hedrick (1974) report hatching at stage 29/30. Therefore, determining 

precisely how the ontogeny of HE production, HGC development, and proteolytic 

activity relate to hatching timing is difficult because studies assessing different elements 

also report different hatching stages.  

Although not many anuran species have been examined in detail, in most frogs 

the breakdown of the vitelline membrane appears to be gradual (Yamasaki et al., 1990; 

Yoshizaki, 1978; Yoshizaki and Katagiri, 1975; Yoshizaki and Yamasaki, 1991). In these 

cases, HGC abundance, HE expression, and/or HE activity peak several stages before 

hatching occurs (Hong and Saint-Jeannet, 2007; Nokhbatolfoghahai and Downie, 2007; 

Yoshizaki, 1973, 1991). We use the term “vitelline membrane” (rather than vitelline 

envelope or coat) to refer to the innermost layer of ovarian origin that surrounds the 



!

!

89!

ovum, following the standard terminology proposed by Altig and McDiarmid (2007) for 

descriptions of amphibian egg and clutch structure. We use the term “perivitelline 

chamber” to refer to the embryo and perivitelline fluid encased in the vitelline membrane, 

excluding the jelly layers (Salthe, 1965). Although it has rarely been examined in detail, 

several experiments suggest that the expansion of the perivitelline chamber prior to 

hatching is an indication of vitelline membrane weakening, due to breakdown of its 

components. As long as the egg clutch is not water limited, water generally moves into 

the perivitelline chamber by osmosis and this creates internal pressure on the vitelline 

membrane (Salthe, 1965). If the vitelline membrane does not stretch, it will limit water 

influx and the chamber will appear round, turgid, and stable in size. If vitelline chamber 

volume continues to increase, this likely indicates that the vitelline membrane is 

weakening.  

Experimental evidence supports that perivitelline chamber expansion involves 

breakdown or weakening of the vitelline membrane. Salthe (1965) found that the 

diameter of the perivitelline chamber in Rana pipiens began to increase in volume after 

the closure of the neural tube; in early stages, the pressure within the chamber is at its 

highest, as is the elastic modulus, a measure of force required to stretch the vitelline 

membrane. After stage 15, the elastic modulus drops and the vitelline membrane begins 

expanding as it is less able to withstand pressure without stretching (Salthe, 1965). In 

Xenopus laevis the pervitelline chamber increases in volume before the embryo hatches 

but this does not occur in unfertilized eggs, indicating that expansion of the vitelline 

membrane requires embryo secretions, presumably hatching enzyme (Carroll and 
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Hedrick, 1974). Also in X. laevis the vitelline membrane is composed of filament bundles 

that dissociate and disintegrate over several stages prior to hatching, concurrent with 

changes in protein composition; this indicates breakdown of components of the vitelline 

membrane during the period when the perivitelline chamber expands (Yoshizaki and 

Yamasaki, 1991). In Rana japonica, the period of perivitelline chamber expansion 

corresponds to the stages when HE is synthesized, and HE gene expression is correlated 

with disintegration of the vitelline membrane, measured using SEM and SDS-PAGE 

(Fig. 4.1, Yoshizaki, 1978). Perivitelline chamber expansion did not occur in hybrid eggs 

that arrest development at the early gastrula stage (Yoshizaki, 1978). Taken together, 

these three studies suggest that measuring changes in perivitelline chamber volume over 

development can provide an indication of when the vitelline membrane is broken down 

and whether that is a gradual process affecting the entire membrane or an acute localized 

process. We recently investigated the hatching process of Agalychnis callidryas, a species 

with terrestrial eggs that hatch rapidly and up to 30% early to escape snake attacks 

(Warkentin, 1995). In contrast to the gradual enzyme secretion documented in other 

frogs, A. callidryas secretes hatching enzyme acutely at the time of hatching, with no 

apparent prior breakdown of the vitelline membrane (Fig. 4.1, Chapter 3, Cohen et al., 

2016). However, this mechanism cannot explain how species that fit the more general 

model of gradual vitelline membrane expansion/degradation achieve adaptive shifts in 

hatching timing. 

 The only other work on hatching regulation in frogs has shown that the loss of 

either of two HGC-localized proteins inhibits normal hatching in Xenopus laevis; these 
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are the gap junction protein Connexin 30 (Levin and Mercola, 2000) and XCRISP, a 

cysteine-rich secretory protein (Schambony et al., 2003). While these proteins are 

necessary for proper HGC function, it is not known whether they play a role in the 

normal environmental modulation of hatching timing – or indeed if X. laevis exhibits 

environmentally cued hatching timing. However, when HE gene expression was 

compared between X. laevis and the closely related Xenopus (= Silurana) tropicalis, 

which develop faster and hatch earlier and less-developed, HE expression peaked earlier 

in both time and developmental stage in X. tropicalis than in X. laevis (Showell and 

Conlon, 2009). This heterochronic difference between closely related species suggests 

that shifts in the ontogeny of HE gene expression may also be a mechanism for the 

modulation of hatching timing within species that hatch gradually.   

 Here, we investigate the mechanism of hatching in hourglass treefrogs, 

Dendropsophus ebraccatus (Cope 1874, Faivovich et al., 2005) and test two hypotheses 

for how D. ebraccatus accelerate hatching in response to a common, chronic threat. This 

species is known to lay terrestrial eggs (Duellman, 2001; Wells, 2007) and can also lay 

aquatic eggs, depending on environmental conditions (Touchon and Warkentin, 2008). 

Terrestrially laid eggs hatch early to escape both egg dehydration (Touchon and 

Warkentin, 2010) and attacks by ants (Touchon et al., 2011). These are clear, robust, cued 

hatching responses that are well documented in nature and readily reproducible under 

controlled laboratory conditions. Drying presents a slow, chronic threat, whereas predator 

attack is acute. Thus D. ebraccatus provides an excellent opportunity to investigate how a 

single species regulates hatching in multiple contexts. Moreover, D. ebraccatus egg 
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capsules appear to degrade slowly prior to hatching (pers. obs., Fig. 1), and in a closely 

related species, Dendropsophus microcephalus, HGCs peak in abundance and begin 

regression before hatching occurs (Nokhbatolfoghahai and Downie, 2007). Thus, D. 

ebraccatus might serve as a tractable model to study how frogs with the more typical 

hatching process are able to regulate hatching timing.  

 First, we characterized hatching in D. ebraccatus. We quantified expansion of the 

perivitelline chamber in well-hydrated eggs over time to assess if the vitelline membranes 

continuously expand over development, which would suggest that weakening of the 

vitelline membrane is gradual. We used scanning electron microscopy to determine the 

ontogeny of hatching gland cell development in relation to hatching timing. Then, we 

tested two hypotheses for regulation of hatching in response to dehydration, which 

presents a slow, chronic threat. We tested whether early hatching in drying D. ebraccatus 

eggs is associated with increases in (i) hatching gland cell abundance and/or (ii) hatching 

enzyme gene expression. We compared HGC abundance and size between dry and well-

hydrated embryos using scanning electron microscopy. To enable quantification of gene 

expression, we cloned and sequenced a fragment of the D. ebraccatus hatching enzyme 

cDNA. We compared hatching enzyme gene expression between dry and well-hydrated 

embryos over development using qPCR.  

 

METHODS 

Egg collection and care 
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We worked at the Smithsonian Tropical Research Institute (STRI), in Gamboa, Panamá, 

with animals collected from the Experimental Pond (9°7'14.77"N, 79°42'12.03"W), under 

a permit from the Panamanian Autoridad Nacional del Ambiente (SC/A-14-14) and a 

protocol approved by the STRI IACUC (2014-0601-2017-3). We collected pairs of 

Dendropsophus ebraccatus in amplexus or during female approach to calling males 

between 2200–2400 h on nights in June–August 2014. We placed the pairs in inflated 1-

gallon plastic bags with a small amount (<100 mL) of water and hung the bags in a 

sheltered area in ambient conditions overnight. All pairs deposited eggs on the plastic, 

and the adults were released at their collection site early the next morning. We do not 

know exact oviposition times, which vary slightly between egg clutches, but Touchon et 

al. (2011) observed most clutches are laid between 11PM and 1AM. Therefore we use 

midnight on the night of collection as the estimated oviposition time (0 h). All eggs were 

maintained in an ambient-conditions laboratory in Gamboa, Panamá, subject to local 

temperature and humidity fluctuations.  

 

Quantification of vitelline membrane expansion 

To measure vitelline membrane expansion over development, we recorded time-lapse 

series of photographs of 5 well-hydrated egg clutches, using Canon EOS 70D and Rebel 

cameras with 100 mm macro lenses. Egg masses on clear plastic were attached to a flat, 

vertical surface, beside a ruler for scale, and provided with a slow, gravity-fed drip of 

aged tap water for hydration. Clutches were each illuminated with a gooseneck LCD 

light, and photographed at 1/60s, F8, at 1600ISO. We analyzed photographs taken every 
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4 hours from 20–80 h. At each time point, we measured 5 randomly selected eggs from 

each clutch using ImageJ v1.49 (Schneider et al., 2012). We measured projected area of 

the perivitelline chamber because D. ebraccatus eggs do not remain spherical throughout 

development. As embryos develop and the perivitelline chamber expands, the vitelline 

membrane distends irregularly; i.e., the chamber does not remain round and turgid. We 

used the polygon shape tool to measure the two-dimensional, projected area of the 

perivitelline chamber in mm2, from which we estimated each chamber’s average diameter 

based on spherical geometry. 

  

Experimental treatments 

To enable specimen collection without disturbing sibling embryos, we split each egg 

clutch into subsets of 10 eggs and placed each subset in a small weigh boat, allocating 

half of the groups to the dry treatment and half to the well-hydrated treatment. Initially, 

we added 100 µL of aged tap water to eggs in the dry treatment, and 300 µL to those in 

the well-hydrated treatment. After this initial hydration, we checked the eggs every 4–8 

hours. As the well-hydrated eggs absorbed water, reducing the amount of adjacent free 

water, we added water to ensure they were never water-limited. For dry eggs, we added 

just enough water to avoid desiccation mortality, although occasionally 1–2 embryos on 

the edges would desiccate.  

 

Electron microscopy 
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We initially sampled every 8 hours from 24 h post oviposition to hatching. We saw that 

between 24"36 h, HGCs dramatically increase in abundance, so we collected a second set 

of samples every 2 h during this 8 h period. For each time series (24"36 h and 24 h – 

hatching) we imaged specimens from two clutches split between the two treatments. We 

preserved intact eggs in 5% glutaraldehyde/2% paraformaldehyde in phosphate buffered 

saline (PBS) for 16–24 h at 4°C, then washed the embryos 6 times in PBS. Between post-

fixation washes we manually decapsulated the embryos using forceps and stored 

specimens in PBS at 4°C. One day prior to imaging, embryos were dehydrated gradually 

in an ethanol series (25%, 50%, 70%, 80%, 90%, 95%, 100% x 3) and left overnight in 

either 70% ethanol (stopping dehydration midway) or 100% ethanol. On the day of 

imaging, embryos were completely dehydrated in 100% ethanol, transferred to amyl 

acetate for 1–2 hours, then critical point dried and gold/palladium sputter coated. We 

imaged embryos on a Zeiss EVO40 VP scanning electron microscope.  

 Every embryo was imaged in frontal view at 730x, focusing on the area of 

greatest HGC abundance across the snout to facilitate quantification of HGCs.  For image 

analysis, two observers, blind to treatment, marked hatching gland cells and epithelial 

cells on the images. We superimposed a 7” x 4” rectangle on the images, which were 

8.778” x 6.583” at 350 ppi, positioning it so the area of greatest hatching gland density 

was centered and approximately horizontally oriented (Fig. 4.2). The two blind-to-

treatment observers then counted hatching glands and epithelial cells within the rectangle 

using ImageJ v1.49’s cell counter function (Schneider et al., 2012). We only counted 
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cells that were over 50% contained in the rectangle. The independent observers’ counts 

were compared and verified.  

 To measure cell surface area, we overlaid a grid within the rectangle, randomly 

generated coordinates to select grid boxes, and choose a hatching gland cell in the upper 

right that did not touch the lower left corner. Then, the blind observers measured the cell 

surface area using the polygon selections tool in ImageJ. We took the average surface 

area of 5 HGCs per specimen. 

 We identified HGCs by examining their morphology, distribution, and ontogeny, 

comparing candidate cell types to those reported in (Nokhbatolfoghahai and Downie, 

2007). Studies using electron microscopy have characterized HGCs as possessing apical 

microvilli, which vary in length between species and sometimes within species across 

developmental stages (Nokhbatolfoghahai and Downie, 2007; Yoshizaki, 1973; 

Yoshizaki and Yamamoto, 1979). Although no study we know of has examined the 

chemical structure of putative microvilli in anuran HGCs, we use the term “microvilli” 

because of the morphological resemblance to other HGCs examined and described as 

having microvilli.  

 

qPCR 

We designed degenerate primers (Table 1) for D. ebraccatus hatching enzyme based on 

alignment with Xenopus laevis HE (GenBank D89632.1) and partial A. callidryas HE 

cDNA (from unpublished transcriptome, GenBank KY924327). Partial D. ebraccatus 

cDNA (GenBank KY924328) was cloned by PCR from a reverse transcribed ca. 56 h 
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embryo cDNA library. The resulting product was fully sequenced and used to design 

qPCR primers. 

 Quantitative real-time PCR (qPCR) requires normalization of the gene of interest 

against a stably expressed reference gene to measure relative expression level (Bustin, 

2000). Because previous qPCR experiments found none of the typically used reference 

genes were stably expressed across development (Ma et al., 2015; #indelka et al., 2006; 

Skjaerven et al., 2011), we used an exogenous RNA spike-in for normalization, following 

Roberts et al (Roberts et al., 2014).  

 Embryos were collected and maintained in two hydration treatments as above. 

From 24 h to hatching, we collected embryos every 8 h. We preserved 5–10 embryos per 

clutch (N=3 clutches) per treatment at each time-point.  Specimens were preserved in 

RNAlater® (Invitrogen) at 4°C for ~24 h, then stored at -20°C except during shipping.   

 For RNA extraction, we pooled 5 embryos per sample, for 3 clutches (3 biological 

replicates) per time-point per treatment. RNA was extracted using RNeasy® Mini kits 

(Qiagen) including on-column DNase digestion (Qiagen). Just after the tissue 

homogenization step, 16.6 pg of in vitro transcribed eGFP mRNA was spiked-in for 

normalization. The quality and quantity of RNA was determined using a NanoDrop® ND-

1000. We then used TaqMan® reverse transcription kits (Applied Biosystems) for cDNA 

synthesis using random hexamers. Our qPCR primers are listed in Table 1. We used 

SYBR® Green Real-Time PCR Master Mix (Applied Biosystems) and carried out each 

PCR reaction in triplicate, including no-template controls for each treatment and primer 
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pair. The reaction was performed on an ABI 7900ht qPCR machine at Boston 

University’s Proteomics and Imaging Core Facility.   

 

Data analysis 

We used a linear mixed-effects model (LMM) to examine changes in egg size over time 

with clutch as a random factor, and a likelihood ratio test to evaluate significance. To 

compare hatching gland abundance and size between dry and well-hydrated embryos 

over time, we used an ANCOVA to test for the effects of treatment, age, and their 

interaction. Linear mixed-effects model and ANCOVA were performed in R (version 

3.0.1) in RStudio (version 0.99.489) (R Development Core Team, 2013; RStudio Team, 

2015). For the LMM we used the R package lme4. The qPCR results were analyzed in 

Microsoft Excel using the Comparative Ct method (Schmittgen and Livak, 2008). Mean 

Cts were compared using a two-tailed, unpaired t-test at each time-point. Because there 

were no significant differences between treatments we did not use any corrections for 

multiple comparisons.  

 

RESULTS 

1) Characterization of hatching 

Quantification of vitelline membrane expansion 

The diameter of the perivitelline chamber increased steadily over development in well-

hydrated conditions (Fig. 4.3A). We examined the relationship between time and 

perivitelline chamber diameter using a linear mixed-effects model that accounted for 
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clutch as a random factor (LMM; intercept: 1.045, slope: 0.0359). A likelihood ratio test 

showed that the relationship between age and diameter was significant ($2=524.96, P = 

2.2e-16). The vitelline membranes continued to expand until hatching and showed no 

evidence of stabilizing.  

  

Electron microscopy of hatching gland cells 

HGCs first appeared between 24–26 hours, at the tail bud stage (stage 17, Gosner, 1960) 

and increased in abundance rapidly. HGC abundance peaked early in development (~32 

h, stage 18: muscular response), then gradually declined prior to hatching, which 

occurred between 72–96 h (Fig. 4.3B). When HGCs were most abundant, their 

distribution was T-shaped (Fig. 4.4B) with a thick band extending across the snout 

horizontally (Fig. 4.4C, E), perpendicularly intersected by a sparse trail extending along 

the dorsal midline (Fig. 4.4D, F). At the peak of HGC abundance, cells were large with 

short microvilli, and often in direct contact with other HGCs (Fig. 4.4G). However, as 

development progressed, HGCs decreased in size, appeared to have longer microvilli, and 

became more dispersed among common epithelial cells (Fig. 4.4H).  !

2) Testing potential mechanisms of hatching regulation  

Induction of accelerated hatching 

We used dehydration to accelerate hatching of D. ebraccatus in the experimental 

treatment and maintained control embryos in well-hydrated conditions. We checked for 

hatching every 8 h during specimen collection time-points. We first observed hatching in 

the dry treatment at 72 h, at which point over half of the eggs had hatched. All dry eggs 
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hatched by 80 h. Well-hydrated eggs only began to hatch at 80 h, and were not all 

hatched until 88 or 96 h. Due to destructive sampling we were only able to collect data 

for the embryos preserved in the experiment, but this is at least an 8 h difference in onset 

of hatching, and an 8–16 h difference in the time at which all eggs were hatched (N=8 

clutches). Thus, dry conditions reproducibly accelerated hatching in the experimental 

group. 

 

Hatching gland cell development 

To test the hypothesis that drying embryos accelerate hatching through changes in HGC 

development we compared HGC abundance and surface area between well-hydrated and 

dry treatment groups. The rapid increase in HGC abundance occurred between 24 h and 

32 h in both conditions (Fig. 4.5A). During this period, HGC abundance was positively 

correlated with age (ANCOVA: F1,19=59.6, P=2.84x10-7), but there was no effect of 

hydration treatment nor any age ! treatment interaction (Treatment: F1,19=0.353, P 

=0.559, Interaction: F1,19=0.650, P=0.430). Also in both treatments, HGCs declined in 

abundance after 32 h (Fig. 4.5B). Over this period HGC abundance was negatively 

correlated with age (ANCOVA: F1,28=29.2, P=9.27x10-6), but there was no effect of 

treatment (F1,28=0.0156, P=0.901) or age ! treatment interaction (F1,28=0.737, P=0.398).  

Next, we examined HGC surface area. HGCs are largest when they first appear 

(Fig. 4.4E), and over time the visible surface area of individual HGCs decreased (Figs. 

4.4F, 4.6). Restricting our analysis to embryos, we found that only age had a significant 

effect on HGC surface area (ANCOVA, log-transformed: F1,36=70.3, P=5.45x10-10); 
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neither treatment (F1,36=0.102, P=0.752) nor age ! treatment interaction (F1,36=0.256, 

P=0.616) had a significant effect. Including data from hatchlings, common at later ages in 

the dry treatment, revealed an age ! treatment interaction (F1,50=4.67, P=0.0356)) in 

which HGC size declined faster in the dry treatment (Age: F1,50=205, P=2x10-16, 

Treatment: F1,50=0.285, P=0.210).  

 

Sequence of hatching enzyme transcript 

Assessing hatching enzyme gene expression in D. ebraccatus required that we first obtain 

a sequence for HE mRNA. We used degenerate and gene-specific primers (Table 4.1) to 

clone a 664 bp fragment of the D. ebraccatus HE coding sequence (GenBank accession 

number KY924327). Hatching enzyme genes contain a conserved zinc-dependent 

metalloprotease domain and two C-terminal CUB domains (Katagiri et al., 1997; 

Nagasawa et al., 2016). Analysis of the D. ebraccatus clone indicates that it contains the 

metalloprotease domain and extends into the first CUB domain (Fig. 4.7). In addition, 

high-scoring alignments from a nucleotide BLAST analysis represent amphibian hatching 

enzyme transcripts including the X. laevis embryonic protein UVS.2 L homeolog (71% 

identity; NM_001087752.1), the predicted X. tropicalis embryonic protein UVS.2-like 

(73% identity; CU075807.1), the predicted Nanorana parkeri astacin-like 

metalloendopeptidase (75% identity; XM_018575734.1), and the salamander Ambystoma 

mexicanum hatching enzyme (67% identity; LC085442.1). While the partial D. 

ebraccatus peptide sequence is 74.7% similar to X. laevis HE and 81.4% similar to A. 

callidryas HE, the active astacin-family catalytic motif is 91.7% similar between all three 
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species. Together these data suggest that this cloned sequence is indeed from the D. 

ebraccatus hatching enzyme gene. 

  

qPCR 

To test the hypothesis that drying embryos hatch early via increased or accelerated 

hatching enzyme gene expression we assayed relative HE expression by qPCR. In both 

hydration treatments, HE gene expression relative to supplemented eGFP mRNA 

increased rapidly between 24–32 h, peaked at 48 h, then declined after 56 h (Fig. 4.8). 

Hatching occurred between 72–96 h, well after the peak in gene expression. There was no 

significant difference in hatching enzyme gene expression between the two hydration 

treatments (two-tailed, unpaired t-test comparing between treatments at each time point; 

P-values range 0.45–0.94).  

DISCUSSION 

We characterized the hatching process in D. ebraccatus and conclude that hatching 

involves gradual weakening of the vitelline membrane over development. Well-hydrated 

D. ebraccatus eggs showed a continuous, steady increase in perivitelline chamber size 

over time (Fig. 4.3A). HGCs peaked in abundance early in development (~32 h, Gosner 

stage 18), then declined substantially before hatching occurred (Fig. 4.3B). The peak of 

HGC abundance slightly preceded the peak in hatching enzyme gene expression (~48 h, 

Gosner stage 20), and gene expression declined similarly thereafter, long before hatching 

(Fig. 4.8). Taken together, these results suggest that D. ebraccatus embryos secrete 

hatching enzyme gradually as they develop, and that degradation of the vitelline 
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membrane begins well before hatching occurs. It is thus surprising that, when we 

compared early-hatching dry eggs to later-hatching well-hydrated eggs, we found neither 

a difference in the overall abundance or developmental timing of HGCs, nor a difference 

in the level or pattern of hatching enzyme gene expression (Figs. 4.5, 4.6, 4.8).  These 

results suggest that some other mechanism, such as embryo behavior, facilitates early 

hatching of drying D. ebraccatus eggs. 

  

Characterization of the hatching process 

Dendropsophus ebraccatus’ perivitelline chamber swells continuously as embryos 

develop and does not plateau in size. This suggests that degradation of the vitelline 

membrane is also gradual and continuous over development. In Rana japonica, after a 

period of egg size stability, the volume enclosed by the vitelline membrane increases 

during the stage when the vitelline membrane loses 1/3 of its dry weight (Yoshizaki, 

1978). This period of volume increase coincides with the developmental stage when 

embryos begin enzyme secretion from HGCs (Yoshizaki, 1978). In X. laevis, the period 

prior to hatching when the perivitelline chamber expands is associated with the 

dissociation and degradation of the filament bundles in the fertilization coat as well as 

gradual decomposition of protein components as measured by SDS-PAGE (Yoshizaki 

and Yamasaki, 1991). If expansion of the vitelline membrane is an indication of enzyme 

secretion – or at least of the presence of active enzyme degrading the membrane – then 

D. ebraccatus appear to secrete hatching enzyme continuously during development. From 

perivitelline chamber measurements alone we cannot determine the precise initiation of 
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vitelline membrane breakdown in this species. Because D. ebraccatus eggs are poorly 

hydrated when laid, their initial water uptake may begin the process of perivitelline 

chamber expansion, prior to any breakdown of vitelline membrane components; unlike in 

some species (e.g., Rana japonica (Yoshizaki, 1978)) we found no initial or intervening 

size plateau. However, the early peak in hatching gland abundance and hatching enzyme 

gene expression suggest that vitelline membrane breakdown could begin as early as 32 h.  

HGCs first appear around 24–26 h and reach their peak in abundance within 8 h 

(Figs. 4.3B, 4.5A). Embryos go from having no visible HGCs to reaching their maximum 

(>150 HGCs on the snout alone) in a period representing at most 12.5% of their 

embryonic development time (calculated based on first hatching occurring after 64 h). 

HGC abundance then declines gradually prior to hatching and continues to decline after 

hatching (Figs. 4.3B, 4.5B). As they decline in abundance, individual HGCs decrease in 

visible surface area (Fig. 4.6) and change in appearance, from large cells with small 

microvilli to small cells with longer microvilli (Fig. 4.4E, F). This is consistent with the 

morphological changes observed in the congener D. microcephalus (Nokhbatolfoghahai 

and Downie, 2007) and in R. japonica (Yoshizaki and Yamamoto, 1979).  

We did not measure HE secretion or directly measure breakdown of the vitelline 

membrane. However, by considering together measurements of HGC abundance and 

size, HE expression, and vitelline membrane expansion over development, we infer that 

degradation of the vitelline membrane is gradual over several stages prior to hatching. 

Overall, hatching of the terrestrial eggs of D. ebraccatus appears similar to the gradual 

vitelline membrane degradation described in the aquatic-breeding Rana japonica, where 
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HGCs exhibit a similar ontogeny and morphological changes and HE expression occurs 

well before hatching (Yoshizaki and Yamamoto, 1979). In R. japonica the vitelline 

membrane was examined using SEM, SDS-PAGE, and mass/volume measurements, and 

HE expression was directly correlated with disintegration of the vitelline membrane 

(Yoshizaki, 1978). Because vitelline membrane breakdown also appears gradual in D. 

ebraccatus, we suspect that HE is released as it is synthesized. This differs substantially 

from the process of hatching described for A. callidryas, whose embryos accumulate 

hatching enzyme for acute release (Cohen et al., 2016). These two species are, to date, the 

only anurans with terrestrial eggs and aquatic tadpoles in which hatching mechanisms 

have been examined in detail. Thus, it is unclear which hatching mechanism is more 

common for terrestrial frog eggs. 

 

Hypothesized mechanism of hatching acceleration: HGC development 

Our hydration treatments induced hatching acceleration of at least comparable magnitude 

to what has been reported previously (Touchon and Warkentin, 2010). Dry clutches 

began hatching at least 8 h earlier, and completed hatching 8–16 h earlier, compared to 

well-hydrated clutches (N=8 clutches). This difference in hatching timing is slightly 

greater than that found by Touchon & Warkentin (2010), who reported hatching times of 

dry and well-hydrated embryos to be 80.3 ± 0.5 h and 85.9 ± 1.4 h (mean ± SE), 

respectively, with more synchronous hatching in the dry treatment. Nevertheless, we 

found no difference in HGC abundance between dry and well-hydrated eggs (Fig. 4.5). 

The rate of decrease in HGC surface area of embryos also did not differ between 
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treatments (Fig. 4.6). However, if we include hatchlings in the analysis the dry treatment 

had a significantly steeper slope, indicating that HGCs decreased in size at a faster rate. 

Because the faster regression of HGCs occurred only after hatching, it presumably 

reflects an effect of hatching timing, rather than a difference that could contribute to early 

hatching.  

 

Hypothesized mechanism of hatching acceleration: gene expression 

Hatching enzyme sequence 

The partial hatching enzyme sequence we found in D. ebraccatus contained the 

functional groups typical of other hatching enzymes: the zinc metalloprotease active site, 

and a CUB domain. Sequence and peptide domain analysis suggest that this D. 

ebraccatus hatching enzyme sequence is homologous to other amphibian hatching 

enzymes (Fig. 4.7). While zinc-dependent metalloprotease activity has been characterized 

biochemically in Rana pirica HE (Kitamura and Katagiri, 1998), prior to our work the 

only hatching enzyme directly sequenced in anurans is that of X. laevis (Katagiri et al., 

1997; Sato and Sargent, 1990). Recently, a second transcript was identified, Xhe2, which 

appears to be involved in hatching and shares the common active site with other hatching 

enzymes (Hong and Saint-Jeannet, 2014), but it did not return in the BLAST search of 

our D. ebraccatus partial sequence. In euteleost fishes, two hatching enzymes (HCE and 

LCE in Oryzias latipes) work cooperatively to digest different protein subunits of the 

chorion (Kawaguchi et al., 2010). Other fish lineages only contain one hatching enzyme 

(homologous to HCE) and the second likely evolved due to a duplication event in an 
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ancestor of the acanthopterygians (Kawaguchi et al., 2007). We cannot rule out the 

possibility that D. ebraccatus have more than one hatching-associated enzyme. However 

another treefrog, Agalychnis callidryas, appears to have only one hatching enzyme 

sequence based on transcriptome assembly (Cohen, Piacentino & Warkentin, unpublished 

data). Since A. callidryas is more closely related to D. ebraccatus (Family: Hylidae) than 

either are to X. laevis (Family: Pipidae; Frost et al., 2006; Roelants et al., 2007), it is 

probable that D. ebraccatus only has one hatching enzyme.  

 

qPCR 

Yanai et al. (2011) used microarrays to compare gene expression over development 

between X. laevis and X. tropicalis. HE gene expression peaked chronologically and 

developmentally earlier in X. tropicalis and this was attributed to differences in hatching 

stage between the species. X. tropicalis have been reported to hatch at Nieuwkoop & 

Faber stage 26/27 (Showell and Conlon, 2009). X. laevis have been reported to hatch at 

stage 29/30 (Carroll and Hedrick, 1974) or at stage 35/36 (Nieuwkoop and Faber, 1994; 

Yoshizaki, 1991). Our results suggest that accelerated hatching in D. ebraccatus is not 

mediated by a change in hatching enzyme gene expression (Fig. 4.8). However, we 

cannot rule out the possibility that post-transcriptional regulation may modulate hatching 

enzyme production, as gene expression is not always directly correlated to protein 

expression or enzyme activity (Glanemann et al., 2003; Greenbaum et al., 2003). 

 Since D. ebraccatus appear not to regulate hatching timing through changes in 

either HGC development or hatching enzyme gene expression, the mechanism that 
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enables them to hatch early remains undiscovered. Altered HE gene expression was a 

likely candidate mechanism, but other regulatory elements could affect HE production 

and secretion after transcription occurs. Connexin 30 (Levin and Mercola, 2000), and 

XCRISP, a cysteine-rich secretory protein (Schambony et al., 2003) have both been 

shown to be essential for HE release in X. laevis, but whether they are involved in the 

regulation of hatching timing in X. laevis or in D. ebraccatus remains unknown. It is also 

possible that embryo behavior may alter hatching timing; we will test this elsewhere 

using time-lapse video of dry and well-hydrated egg clutches. Moreover, as well as 

responding to the threat of dehydration, D. ebraccatus accelerate hatching to escape from 

ant attacks (Touchon et al., 2011). Escaping from predators may require a different, and 

faster, hatching mechanism that does escape from a drying clutch. Given that embryos of 

another treefrog, Agalychnis callidryas, acutely release hatching enzyme to escape from 

predator attacks (Cohen et al., 2016), it is possible that other frogs, including D. 

ebraccatus, also have this ability.    

 

Conclusions 

Our investigations of anuran hatching mechanisms in species with environmentally cued 

hatching have revealed previously unknown diversity and have begun to provide insight 

into how anurans regulate hatching timing. In the terrestrial embryos of A. callidryas, 

acute release of enzyme at the moment of hatching allows rapid escape from predator 

attacks (Cohen et al., 2016). In contrast, the hatching of terrestrial D. ebraccatus embryos 

is consistent with what has been described in aquatic-breeding species; HGCs peak in 
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abundance early, corresponding with HE gene expression, and the vitelline membrane 

expands gradually and continuously. We predicted that hatching acceleration in response 

to drying, a chronic threat, would be associated with accelerated HGC development or 

HE gene expression, but our evidence rejects these hypotheses. More work is needed to 

understand how D. ebraccatus alter their hatching timing. Nonetheless, our work 

demonstrates that a hatching process involving gradual degradation of the vitelline 

membrane, like that previously described in aquatic anuran eggs, can be modulated to 

enable risk-cued early hatching. 

 Phenotypic plasticity can have clear adaptive benefits; when there is a trade-off 

across environments, organisms can improve their fitness by expressing phenotypes 

appropriately matched to their environments. In the case of D. ebraccatus, this means 

staying in well-hydrated eggs longer, to develop more before hatching into a predator-

filled pond, but hatching earlier when threatened with lethal desiccation. However, 

environment-phenotype matching can be limited by a variety of constraints (DeWitt et 

al., 1998). Of particular relevance to the evolution of adaptive plasticity in hatching, the 

lag-time required to respond to an environmental cue, after sensing it, can limit the value 

of a plastic response (reviewed in DeWitt et al., 1998). This is the context in which 

hatching mechanisms may constrain the evolution of plasticity. For example, a hatching 

process with gradual secretion of hatching enzyme over several developmental stages 

may limit an embryo’s ability to respond effectively to acute threats, whereas a hatching 

process that takes just seconds, such as in A. callidryas, enables embryos to escape 

rapidly once a threat is detected. Across animals, environmentally cued hatching has 



!

!

110!

evolved in many different contexts and in response to diverse cues. To understand this 

diversity, it is necessary to examine underlying variation or conservation of the 

components of the hatching mechanism that enable the response.  
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TABLES AND FIGURES 

 

Primer Primer sequence  Use 
D. ebraccatus hatching 
enzyme forward (A. 
callidryas & X. laevis 
consensus) 

CTGAACCATGCCCTGGGCTTCTATCATGA cloning 

D. ebraccatus degenerate 
hatching enzyme forward 

CACTTAACYTGTGTGAGRTT cloning 

D. ebraccatus degenerate 
hatching enzyme reverse 

ATCARCCAARCACAGTTGGMATTAT cloning 

D. ebraccatus degenerate 
hatching enzyme reverse  

CTTAGWAGGACCATCATARATC  
 

cloning 

D. ebraccatus gene specific 
hatching enzyme reverse 

GTCATCCCGGTCACTCCTCATG  
 

cloning  

D. ebraccatus gene specific 
hatching enzyme reverse 

TGTTCATGATAGAAGCCCAG  cloning  

D. ebraccatus hatching 
enzyme forward 

GGACAAAGGGATGGACTAAGC qPCR 

D. ebraccatus hatching 
enzyme reverse 

TGATGGGTAGTTGGCTGAGG  qPCR 

eGFP forward CCGACAACCACTACCTGAGC qPCR 
eGFP reverse CTTGTACAGCTCGTCCATGC qPCR 
 

Table 4.1: qPCR primers 

!

!
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Figure 4.1. Patterns of egg expansion across species.  

In Rana japonica the period when the volume encompassed by the vitelline membrane 

increases corresponds to stages when hatching enzyme is synthesized (Yoshizaki, 1978). 

In A. callidryas, the perivitelline chamber expands early in development, but then 
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stabilizes at a relatively fixed size through the period of hatching competence, and the 

turgid vitelline membrane is ruptured acutely at the moment of hatching (K. Cohen & K. 

Warkentin unpub.). Based on personal observations, we hypothesize that in D. 

ebraccatus, the vitelline membrane undergoes gradual, continuous degradation and 

thereby expands over development. 
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Figure 4.2. Method for counting HGCs and epithelial cells from scanning electron 

micrographs.   

All images were taken such that the wide band of HG abundance was centered in the 

micrograph. Epithelial cells (yellow) and HGCs (red) were marked by blind observers 

prior to the overlay of the standardized rectangle. All cells >50% within the rectangle 

were counted. For surface area, 5 randomly selected HGCs were measured in each image. 
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!
Figure 4.3. Ontogeny of hatching-related traits in D. ebraccatus.  

A) Perivitelline chamber expansion. In well-hydrated Dendropsophus ebraccatus egg 

masses, the vitelline membrane expands continuously until hatching. Data are average 

diameters calculated from measuring the projected area of the perivitelline chamber of 

individual eggs (5 per clutch, 5 clutches) measured every 4 h. Points are jittered for 

visibility; colors indicate different clutches. Dotted lines represent 95% confidence 

intervals for the slope of the regression equation predicted using a linear mixed-effects 

model. B) Hatching gland cell abundance. Hatching glands first appear around 24 h 

(stage 17: tail bud), increase in abundance rapidly between 24 h and 32 h (stage 18: 

muscular response), then gradually decrease in abundance over the rest of development. 

Stages according to Gosner (1960) are indicated for the first specimen-collection time-

point when embryos reached each stage 
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Figure 4.4. Hatching gland cell distribution and surface morphology in D. ebraccatus.  

(A) Embryo at 61 h, Gosner stage 21 (B) Schematic of same embryo with HGCs (shaded) 

distributed in an inverted T shape on the snout (C) HGCs (overlaid white dots in E) are 

concentrated on the snout of the embryo in a thick, horizontal band in a ~40 h embryo 
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(stage 19). (D) HGCs (overlaid white dots in F) extend down the dorsal midline of the 

same ~40 h embryo. (G) At 40 h HGCs are large and often contiguous. (H) By 88 h 

HGCs are sparse and smaller, with longer microvilli.  
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+,-./&!0(1(!234/#5,67!46&8!765!#99&:5!;#5:;,7-!-%#74!:&%%!#$.74#7:&(!

(A) During the period of rapid HGC increase from 24–32 h the only predictor variable 

was age; neither treatment nor age ! treatment interaction had an effect on HGC 

abundance. (B) During the period of decline in hatching gland abundance, from 40–104 h 

there was similarly no significant treatment effect, only age was a predictor of HGC 

abundance.  
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Figure 4.6. Hydration does not affect hatching gland cell surface area in embryos.  
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Figure 4.7. Hatching enzyme sequences.  

Amino acid sequence alignment of hatching enzyme transcripts from Xenopus laevis 

(GenBank accession number D89632.1), Agalychnis callidryas (GenBank accession 

number KY924327), and Dendropsophus ebraccatus (GenBank accession number 

KY924328). 
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Figure 4.8. Hatching enzyme gene expression over development.  

Delta Ct values were calculated as the difference between HE and supplemented eGFP 

spike-in values. Error bars represent SEM. There was no significant difference in HE 

gene expression between dry and well-hydrated treatments. 
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CHAPTER FIVE: HOW DO HOURGLASS TREEFROGS HATCH EARLY TO 

ESCAPE DRYING AND ATTACKED EGGS? ACUTE ENZYME RELEASE 

COMPLEMENTS GRADUAL BREAKDOWN OF THE VITELLINE 

MEMBRANE 

 

ABSTRACT 

Many frogs adaptively regulate the timing of hatching, but our mechanistic understanding 

of hatching is limited, based on a few aquatic-breeding species, and does not address 

regulation. The hourglass treefrog, Dendropsophus ebraccatus, hatches early to escape 

the chronic threat of dehydration and the acute threat of predation by ants. This species 

fits the described mechanism of hatching in other anurans; hatching gland cells (HGCs) 

gradually secrete hatching enzyme (HE) that digests the vitelline membrane. Both HGC 

abundance and HE gene expression peak early in development, then decline prior to 

hatching, and hatching acceleration is not associated with changes in either process. 

Because HGCs are concentrated on the snout, we hypothesized that D. ebraccatus 

embryos could accelerate hatching behaviorally by maintaining their snout in one 

location on the vitelline membrane to locally weaken it. We predicted that earlier-

hatching embryos in drying clutches might move less or spend more time in a single 

position compared to those in well-hydrated clutches. We used time-lapse photography to 

track embryo position over time. We found that embryo movement rate peaks early, then 

the rate decreases slightly to a plateau, and that drying embryos that hatch early move 

less than do well-hydrated embryos. However embryos did not hatch from the position in 
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which they spent the most time, and treatment groups did not differ in either which 

position they preferred or the strength of that preference. Micropipette aspiration revealed 

that the vitelline membranes of dry eggs were stronger than those of well-hydrated eggs. 

Together these findings reject our behavioral enzyme-concentration hypothesis. We then 

used simulated ant attacks to examine the hatching process in response to an acute threat. 

Video analysis revealed that embryos exit through a rapidly formed, locally digested 

rupture in the vitelline membrane that appears after disturbance. We used scanning 

transmission electron microscopy to examine HGCs in cross-section before and after 

hatching in response to simulated attack. The HGCs were full of secretory granules in 

embryos, but were partially emptied of their contents in siblings preserved just seconds 

after hatching. These results suggest that immediate hatching in response to an acute 

threat involves rapid HE secretion during attacks. Because rapid HE secretion is possible 

in D. ebraccatus, we suspect it may play a role in hatching acceleration in other contexts 

as well. Overall, the mechanism of hatching in D. ebraccatus includes both slow, gradual 

HE release and degradation of the vitelline membrane over development, and acute, 

localized HE release at the moment of hatching. These processes are, therefore, not 

incompatible and might be combined by other anurans to enable adaptive regulation of 

hatching timing 

 

INTRODUCTION 

Hatching is an important life-history transition in an animal’s life, the timing of which 

can be critical for embryo survival. The optimal time to hatch is that which balances 
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trade-offs across the embryonic and larval environments. However, the optimal time to 

hatch can vary with environmental conditions. In many species, hatching timing can be 

flexibly regulated in response to environmental factors (Warkentin, 2011a). 

Environmentally cued hatching (ECH) has been documented in all three clades of 

Bilateria (Warkentin, 2011a), and has been particularly well-studied in amphibians, 

where responses range from a >60% reduction of the undisturbed embryonic period to a 

>600% extension of the obligate embryonic period (Warkentin, 2011b). Frogs (Anura) 

are an excellent system for studying ECH. Within this taxon there is variation in 

reproductive modes, with eggs that develop in water, on land, in foam nests, in trees, and 

on parents’ bodies (Reviewed in Haddad and Prado, 2005). Also, examples of ECH in 

anurans range from accelerations of hatching in response to predators, pathogens, and 

abiotic threats to species that slow their development to wait for a trigger to hatch 

(Warkentin, 2011b). In species with terrestrial eggs and aquatic larvae, egg- and larval-

stage threats are distinct, leading to a strong trade-off that can favor both plasticity in 

hatching timing and a rapid mechanism for escaping acute risks (Warkentin, 2011b). 

Anurans with different egg environments adaptively modulate hatching timing in 

response to threats that vary in both cue type and lag time between cue and threat. 

However, we know relatively little about the mechanisms that underlie cued hatching 

responses, or how hatching mechanisms facilitate or constrain an embryo’s ability to 

respond to acute or chronic threats.  

 In frogs that hatch as tadpoles, the mechanism of hatching involves hatching 

gland cells (HGCs) that secrete a proteolytic hatching enzyme (HE) that gradually breaks 
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down components of the vitelline membrane. HGCs vary in morphology and distribution 

across species, but they are typically microvillated, unicellular glands that are distributed 

on the surface of the head and often extend down the dorsal midline (Nokhbatolfoghahai 

and Downie, 2007). In most frogs examined, the process of breakdown of the vitelline 

membrane appears to be gradual (Yamasaki et al., 1990; Yoshizaki, 1978; Yoshizaki and 

Katagiri, 1975; Yoshizaki and Yamasaki, 1991). This has been associated with HGC 

abundance, HE gene expression, and/or HE activity that peak several developmental 

stages before hatching occurs and HE that is secreted as it is synthesized (Hong and 

Saint-Jeannet, 2007; Nokhbatolfoghahai and Downie, 2007; Yamasaki et al., 1990; 

Yoshizaki, 1973, 1991; Yoshizaki and Katagiri, 1975). The arboreal eggs of red-eyed 

treefrogs, Agalychnis callidryas, are an exception to this pattern of gradual breakdown of 

the vitelline membrane. They hatch rapidly and up to 30% early to escape snake attacks 

(Warkentin, 1995), and can also hatch early to escape flooding (Warkentin, 2002), wasp 

predation (Warkentin, 2000), drying (Salica et al., 2017), and pathogenic fungus 

(Warkentin et al., 2001). Agalychnis callidryas eggs remain robust and turgid until the 

moment of hatching; embryos secrete enzyme acutely, digest a localized hole in the 

vitelline membrane, and exit using vigorous swimming motions (Cohen et al., 2016). 

Their HGC ontogeny is also atypical: two types of HGCs, present at different 

developmental stages, store HE for acute release. Smaller HGCs appear first and then, in 

undisturbed embryos, regress before spontaneous hatching; larger HGCs appear later and 

increase in abundance until hatching, regressing only after tadpoles have entered the 

water (Chapter 3). Thus, the hatching process in A. callidryas contrasts with what was 
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previously described in anurans, and their ability to acutely release HE at the moment of 

hatching likely facilitates their ability to hatch quickly with very little warning, as they do 

in response to snake attacks. While we suspect that other anurans with terrestrial eggs 

may share this ability with A. callidryas, this hatching mechanism does not explain how 

anurans that hatch more typically, with gradual HE release, adaptively regulate hatching 

timing in response to environmental factors.  

 Some species with a gradual process of vitelline membrane degradation, 

beginning several developmental stages before embryos leave their egg capsule, 

accelerate the timing of hatching in response to chronic threats. Specifically, they respond 

to declines in the quality of the embryonic environment that are likely to be detectable 

long before they become lethal. In such cases, embryos could hatch early by accelerating 

some process that occurs well before the final vitelline membrane rupture and embryo 

exit, such as by producing or releasing more hatching enzyme. The hourglass treefrog, 

Dendropsophus ebraccatus offers a good opportunity to test hypotheses about hatching 

regulation in a species that appear to fit the more common hatching process previously 

described in aquatic-breeding species. Their vitelline chambers expand continuously over 

time, and their HGC abundance and HE gene expression peak early in development and 

decline prior to hatching (Chapter 4). Hourglass treefrogs have reproductive mode 

plasticity, laying aquatic or terrestrial eggs depending on environmental conditions 

(Touchon and Warkentin, 2008), and their terrestrial embryos can hatch early to escape 

both chronic dehydration (Touchon and Warkentin, 2010) and acute predation by ants 

(Touchon et al., 2011). We initially hypothesized that they accelerate hatching in 
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response to dehydration by altering HGC abundance and/or HE gene expression; 

however, our results rejected both of these hypotheses (Chapter 4). Here, we test two 

alternative hypotheses about the regulation of hatching in D. ebraccatus with the aim of 

understanding how a species with gradual breakdown of the vitelline membrane is able to 

escape both chronic and acute threats.  

 The regulation of hatching may involve specific embryo behaviors that directly or 

indirectly affect the timing of hatching or the hatching process. This not been well 

investigated; however, there is evidence that embryo behavior, specifically orientation or 

positioning within the egg, can affect hatching timing. In A. callidryas, HE is released 

acutely to locally digest the vitelline membrane just seconds prior to hatching (Cohen et 

al., 2016). We found that exit from the egg capsule was delayed if we rotated an 

embryo’s head away from the part of the vitelline membrane where it was positioned 

during behavior associated with enzyme release (Cohen et al., 2016). Embryo position is 

also important for some frogs with a slower hatching process. For example, Bufo vulgaris 

formosus embryos stop moving at the tailbud stage and keep their heads (location of 

HGCs) pressed against the softening vitelline membrane, which eventually ruptures at the 

point where the head remains in contact (Kobayashi, 1954). Similarly, Xenopus laevis 

embryos sink to the bottom of the egg capsule and maintain their head in one spot in their 

final hours before hatching; experimentally disrupting their position can delay hatching 

for several hours (Bles, 1905).  

 We first hypothesized that, without changes in HGC abundance or HE gene 

expression, D. ebraccatus embryos could accelerate hatching by concentrating enzyme in 
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one location. Since D. ebraccatus HGCs are most abundant on the snout, with scattered 

cells on the top of the head along the dorsal midline (Chapter 4), we assume that the most 

HE is released from the anterior portion of the embryo. If embryo orientation is important 

to the hatching process and embryos accelerate hatching by concentrating enzyme, we 

predict that 1) embryos do not orient randomly within the egg, 2) drying embryos show a 

stronger bias toward one position compared to well-hydrated embryos, 3) embryos exit 

from their preferred position and 4) drying embryos change positions less often than do 

well-hydrated embryos. If embryos accelerate the process of vitelline membrane 

breakdown chronically in response to drying we also predict that, in the period after HE 

secretion has begun but before hatching occurs, the vitelline membranes of dry eggs will 

be weaker than those of well-hydrated eggs.  

 Second, we considered an alternative hypothesis based on the fact that D. 

ebraccatus are able to escape acute attack by ants; D. ebraccatus embryos, like A. 

callidryas, may be capable of releasing hatching enzyme acutely to rapidly and locally 

digest an exit hole. If D. ebraccatus release HE acutely during ant attacks, this raises the 

possibility that they employ this strategy in other contexts as well.  

 To test these hypotheses, we first used time-lapse photography of 

clutches split between hydration treatments, recording embryo position every 2 minutes 

from the stage when the antero-posterior axis was discernable through hatching. This 

allowed us to compare movement rates and orientation behavior between embryos in dry 

and well-hydrated egg masses to test our behavioral predictions. Second, to assay the 

strength of the vitelline membrane, we adapted a micropipette aspiration technique used 
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for measuring the cortical tension of cell membranes. Third, to assess if embryos can 

rapidly digest an escape hole in response to ant attacks, we recorded video of simulated 

predator attacks and observed embryo hatching responses. Finally, we used scanning 

transmission electron microscopy (STEM) to compare ultrastructural morphology of 

HGCs before and just after hatching in simulated attacks to infer whether cellular 

structures indicate acute release of enzyme. 

 

MATERIALS & METHODS 

Egg collection and care 

We collected pairs of Dendropsophus ebraccatus in amplexus or during female 

approach/male calling between 22:00–24:00 h. We placed the pairs in inflated 1-gallon 

plastic bags with a small amount (<100 mL) of water in the bottom. The inflated bags 

were suspended on a clothesline in a shaded area overnight. All pairs deposited eggs on 

the plastic, and the adults were released at their collection site the following morning. All 

animals were collected from Experimental Pond (9°7'14.77"N, 79°42'12.03"W) in 

Gamboa, Panamá, under permits from the Panamanian Autoridad Nacional del Ambiente 

(Permits SC/A-14-14 and SC/A-19-15). All work was approved by the Smithsonian 

Tropical Research Institute IACUC committee (Protocol 2014-0601-2017-3). 

 In previous experiments, we found that eggs that were not provided with some 

initial hydration would dry out during the first night. This is also true in the field, where 

lack of rain early in development is associated with high levels of egg mortality (Touchon 

and Warkentin, 2009). Thus, in the morning, we hydrated all newly laid egg masses by 
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spraying them with an excess of aged tap water and laying them horizontally for 20"60 

minutes to absorb water. Eggs were then allocated to experimental hydration treatments. 

We did not observe exact oviposition times but use midnight as the estimated oviposition 

time, based on Touchon et al.’s (2011) observation that most clutches are laid from 

23:00–01:00 h. All eggs were maintained in an ambient-conditions laboratory in 

Gamboa, Panama, subject to local temperature and humidity fluctuations. Aside from a 

small subset of individuals that were preserved for electron microscopy, all tadpoles were 

returned to their site of collection after the behavioral observations were completed. 

Embryo stages are reported according to Gosner (1960).  

 

Time-lapse photography 

Egg clutches were hydrated for 1 h (as described above), then allocated to wet and dry 

treatments in a split-clutch design. We cut the plastic bag on which eggs were laid to 

make two groups of eggs that were roughly equal-sized, and as large and contiguous as 

possible, since small groups of eggs tend to desiccate quickly. We mounted the two 

clutch portions vertically on plastic support boxes placed side by side on a grating over a 

water reservoir to catch hatchlings. For the dry treatment, we manually misted the eggs 

just frequently enough to avoid mortality due to complete desiccation. For the wet 

treatment, we provided continuous hydration with a slow, gravity-fed drip of aged tap 

water, siphoned through thin aquarium tubing from a higher bucket. We used clothespins 

to pinch the tubing and regulate water flow to a drip or slow drizzle. One clutch, split 
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between the two treatments, was photographed at a time, from the afternoon after 

oviposition until all eggs had hatched.  

 We used two Canon DSLR cameras with 100 mm macro lenses to take 

photographs every 2 minutes, illuminating egg masses with 4 LED gooseneck lights. We 

standardized the start time for image analysis to 18:00 h (although embryo positions were 

not assigned until the developing head was identifiable, ~20:00, see below) and ended 

image collection once all eggs had hatched. We set up 9 split clutches for time-lapse, but 

analyzed the 5 in which the entire period of development and hatching was photographed 

continuously without technical issues (i.e. with batteries, focus, or lighting) and with little 

to no in ovo mortality due to desiccation in the dry clutch (< 10 embryos). Over the 

recording period for all trials, the temperature ranged from 26.2–28°C, and the relative 

humidity ranged from 70–82%. 

 We used Time Lapse Assembler (version 1.5.3 Dan Bridges, 2012, 

http://www.dayofthenewdan.com) to assemble the photos into 30 fps time-lapse movies, 

in which each second of video corresponded to 1 hour of development. We then used The 

Observer® XT software (Noldus) to track embryo movements for 5 focal embryos per 

clutch per treatment. We selected focal embryos from those that were visible through the 

whole time-lapse video and selected 1–2 embryos per clutch that represented the earliest, 

middle, and latest hatching within their sub-clutch. Later, we added additional samples to 

increase the number of individuals for which we could determine their orientation at 

hatching. We followed each focal embryo from the stage where we could identify the 

developing head (Gosner stage 14, neural folds, ~ 20:00 h) through hatching and assigned 
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a position at every frame (every 2 minutes). Embryos were scored as oriented toward 1 of 

8 positions: facing up, up/right, right, down/right, down, down/left, left, and up/left. As 

they develop, D. ebraccatus eggs tend to flatten on the oviposition substrate (leaf or 

plastic) so that once embryos elongate they rarely orient perpendicular to the substrate. 

Thus cardinal directions in the plane of the plastic substrate were sufficient to describe 

embryo orientation. 

 To verify that our hydration treatments produced differences in hatching timing, 

we compared mean hatching times between treatments using a mixed model with a 

likelihood ratio test, with clutch as a random factor.   

 We calculated the proportion of frames in which each embryo appeared in each of 

the cardinal positions to assess any position bias, and then compared their most frequent 

position to their orientation at hatching, using circular statistics. We used Rao’s test of 

uniformity to test whether embryos showed a position bias (preferred or 

disproportionately occupied position). We compared the frequency distributions of 

preferred position and position at hatching between treatments using a Watson-Wheeler 

test in the R package, “circular” (Agostinelli and Lund, 2013). We calculated the 

proportion of time each embryo spent in its most frequent position and compared this 

across treatments using a mixed model (clutch as random factor) using the lmer() 

function in the R package “lme4” (Bates et al., 2015) and tested for significance using a 

likelihood ratio test. Not all embryos’ hatching positions could be inferred from the time-

lapse photos (taken every 2 minutes), therefore our samples size for orientation data was 

restricted to embryos we could see hatch, resulting in N = 21 embryos per treatment. 
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To analyze movement rates over time we calculated the number of position 

changes for each embryo in each hour of development. We then calculated the average 

movement rate for the dry and the wet treatments for each hour and plotted means and 

standard errors. As embryos hatched, the sample sizes for embryo behavior decreased, 

increasing error and variability. To control the effect of this variability on our analysis, 

we compared movement rates only until 50% of the embryos had hatched (Hatching 

range: 56.09 – 91.81 h; 50% hatched at 72 h). The movement rates over development 

were fit with third order polynomial functions and compared using a linear mixed-effects 

model in the R package “lme4” (Bates et al., 2015). We modeled treatment and time as 

fixed effects, and individual and clutch as nested random effects to account for 

differences between individuals or sibships respectively. The full model was a 3rd order 

polynomial: movement rate ~ time + I(time^2) + I(time^3) + treatment + 

(1|clutch/embryo). To determine whether treatment had a significant effect on the 

polynomial function, we compared the full model to a null model containing all effects 

except treatment using a likelihood ratio test. 

 

Micropipette aspiration 

We split 3 egg clutches into subsets of 10–15 eggs and placed each subset in a small 

weigh boat, allocating half of the groups to the dry treatment and half to the well-

hydrated treatment. Initially, we added 100 µL of aged tap water to eggs in the dry 

treatment, and 300 µL to those in the well-hydrated treatment. After this initial hydration, 

the amount of water added to dry vs. well-hydrated treatment groups could not be 
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standardized because of fluctuations in relative humidity in the ambient conditions. We 

checked the eggs every 4"8 hours and added water as needed to maintain their condition. 

As the well-hydrated eggs absorbed water, reducing the amount of adjacent free water, 

we added water to ensure they were never water-limited, evidenced by a substantial (~3–

5 mm diameter) droplet of water visible outside the jelly. For dry eggs, we added just 

enough water to avoid desiccation mortality, although occasionally 1–2 embryos on the 

edges would desiccate. There was never a visible excess of water in the dry treatment. 

Each weigh boat was used for one aspiration trial only, as each aspiration trial used 3"5 

eggs. We tested individual eggs at 43–50 h post-oviposition because older eggs were too 

easily broken or induced to hatch by the assay.  

 To compare the vitelline membranes of dry versus well-hydrated eggs, we 

adapted a method used to measure the cortical tension of cell membranes (Hochmuth, 

2000). In micropipette aspiration, a glass tube with a known diameter is brought into 

contact with a cell, or in our case an egg. A known suction pressure is applied using the 

pipette, which draws in a portion of the cell or egg (Fig. 5.1). By measuring the volume 

aspirated into the pipette, we can calculate mechanical properties such as cortical tension 

of the cell or vitelline membrane, or shear elastic force, which is a measure of the amount 

of force required to stretch the membrane a given distance.  

 To construct the aspiration apparatus, we attached a glass capillary tube (1 mm 

outer diameter, 0.75 mm inner diameter) to thin tubing and connected it to a 0.1"10 µL 

pipette via a 10 µL tip. Each egg was manually de-jellied using forceps and placed on a 

glass microscope slide. We used LED gooseneck lights to illuminate from the side and 
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beneath the embryo. We video recorded each trial on a Canon DSLR with MP-E 65 mm 

macro lens at 30 fps. Each egg could only be aspirated once because the disturbance 

sometimes induced rapid hatching, raising the possibility that it caused embryos to 

rapidly secrete HE. Therefore, we tested 3"5 eggs per trial, applying 3 different pressures 

by changing the volume on the pipette. Across the 3 clutches, we obtained 19 well-

hydrated and 20 dry trials, with each trial representing the average calculated by 

aspirating 3"5 eggs from the same weigh boat (a subset of one clutch in one treatment) at 

different volumes. Volumes aspirated ranged from 4–10 µL. We used Image J (Schneider 

et al., 2012) to measure the length of the vitelline membrane that was aspirated into the 

tube (Fig. 5.1) and calculated the shear elastic modulus (µ [N/m]) using an equation from 

Chien et al. (1978): 

 

Where: 

!P p – Change in pressure inside pipette after suction is applied 

Rp – Inside radius of capillary tube 

Lp – Length of bleb aspirated into the capillary tube 

 

We chose to use this equation because it describes the relationship between extension of 

the vitelline membrane in the pipette and the tension for cases in which Lp>Rp. 
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By applying this mechanical model to the egg, we are assuming there is a roughly linear 

relationship between force (applied through a pressure) and membrane extension. This is 

the definition of elastic, where deformation is reversible and linear.  

 

To calculate Pp we used Boyle’s Law: 

P1 V1 = P2 V2 

Where P1 is atmospheric pressure (Patm), and V1 is the volume before aspiration. 

P2 is the pressure after suction (Pp), and V2 is the volume after aspiration.  

Rearranging the terms: 

 

 

Where: 

Vp = Volume suctioned  

To calculate Pp , V1 is still required. The volume V1 is measured by adding the volume of 

the different components of the experimental suction device: 

V1 = (Vpipette " Vp) + Vtip + Vtube + Vcapillary 

 

Vpipette = 10µL 
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Vtip = 50µL 

Vtube = %r2 ! L = %Rtube
2 ! (386 mm) 

Rtube =1.02mm 

Vcapillary = %r2 ! L = (%0.3752 ! 100)mm3 

 

We only consider the change in volume Vp. The assumption here is that this is the change 

that causes the instantaneous decrease in pressure. The equation only takes into account 

this change in pressure that is compensated by the pressure provided by the egg going 

into the pipette (see Figure above). Hence the change in volume due to the egg moving 

into the capillary tube is not considered in the calculation of the pressure after suction 

(Pp). 

 

Videos of simulated ant attacks 

To determine how D. ebraccatus embryos can hatch rapidly enough to escape from ant 

attacks and assess the potential for rapid enzyme release, we recorded video of embryos 

hatching. Our attempts to capture actual escapes from ant predation on video were 

unsuccessful. Therefore, based on our observations of ant attacks, we used forceps to 

gently pluck at the clutch jelly while taking care not to directly rupture the vitelline 

membranes, which allowed us to simulate ant attacks in a more controlled manner.  

Clutches were all well-hydrated and were collected on plastic bags. They were mounted 

on a clear glass surface and we used a Canon EOS 7D camera with a 100 mm macro lens 

to record video. We recorded video of sub-clutches, therefore our stimulus was not 
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restricted to one egg at a time. We took video of a total of 55 embryos from two clutches 

at 3 d (12:00) and one clutch at 2 d (15:00). We observed whether embryos escaped 

through a localized hole in the vitelline membrane and observed pre-hatching behaviors. 

We observed 18 embryos where hatching was clearly visible, not obscured by other 

tadpoles, and where the forceps did not affect the rupture of the vitelline membrane.  

 

Electron microscopy 

To compare ultrastructural morphology of HGCs before and after hatching, we used 

scanning transmission electron microscopy (STEM). We preserved siblings from the 

same clutch (3 embryos and 3 hatchlings per clutch across 2 clutches) immediately 

before, and just seconds after inducing hatching at 63 h (Gosner stage 21/22). To preserve 

unhatched embryos, we anaesthetized a subset of eggs on ice, manually de-capsulated the 

embryos using fine forceps, and placed them in ice-cold fixative. We manually stimulated 

siblings from the same clutches to hatch by rubbing eggs with a moistened blunt probe 

and tugging at egg jelly with blunt forceps. Hatchlings were immediately anaesthetized in 

buffered MS-222 and placed into ice-cold fixative. We preserved all specimens in 5% 

glutaraldehyde/2% paraformaldehyde in phosphate buffered saline (PBS), and then post-

fixed in osmium tetroxide for 1 h before embedding in Spurr’s medium. We sectioned at 

! 100 nm on a Leica ultra-microtome and mounted the sections on Formvar/Carbon grids. 

We stained for contrast with uranyl acetate and lead citrate prior to imaging on the Zeiss 

EVO 40vp using a STEM detector. 
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All statistical analyses were performed in R (version 3.0.1) in RStudio (version 0.99.489) 

(R Development Core Team, 2013; RStudio Team, 2015). 

 

RESULTS 

Induction of accelerated hatching 

Our hydration treatments were effective in inducing differences in hatching timing; 

drying eggs hatched earlier than well-hydrated eggs (mixed model with clutch as a 

random factor, LRT: $2 = 43.2, P = 4.9 x 10-11, N = 50). Dry embryos hatched at 67.14 ± 

1.15 h (mean ± s.e.m. here and throughout), whereas well-hydrated embryos hatched at 

77.61 ± 1.29 h. This equates to a 13.5% acceleration of hatching in the dry treatment 

compared to the well-hydrated treatment.  

 

Embryo orientation in the vitelline chamber 

We first tested whether individual embryos have a position bias. If embryos have no bias, 

we would expect them to spend 12.5% of their time in each of the eight cardinal 

positions. However, individual embryos spent 36.6 ± 1.4% of time in their most frequent 

position, and the average percentage of time spent in their most frequent position did not 

differ between treatments (Mixed model with clutch as random factor, LRT: $2 = 0.441, P 

= 0.50, N = 61). Therefore embryos tended to favor one position but this bias was not 

stronger for embryos in the dry treatment.  

 We next tested whether there were patterns in most frequent position within or 

across groups. We used circular statistics to examine the frequency distributions of the 
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most frequent positions and direction of hatching using Rao’s spacing test of uniformity. 

We found that both frequent positions and direction of hatching were non-uniform (Rao’s 

spacing test of uniformity: frequent positions U = 297, P < 0.01; direction of hatching U 

= 259, P < 0.01) indicating modality or multi-modality. Therefore the position embryos 

favor during development or at hatching is not random or uniformly distributed. Embryos 

spent most time in upward-facing positions but usually hatched from downward-facing 

positions (Fig. 5.2). There was no difference between treatments in either most frequent 

position (Watson-Williams test: F = 3.5752, df = 41, P= 0.0654) or in direction of 

hatching (F = 0.2989, df = 41, P= 0.5874). Embryos do not hatch from the position they 

spend the most time in (Fig. 5.2).  

 

Movement rates 

Embryo movement rates were low in the beginning of our observations, increased rapidly 

between 30"40 h (Gosner stages 18"19), peaked around 38"40 h, then dropped slightly 

and remained relatively consistent for the rest of development (Fig. 5.3). Treatment had a 

significant effect on our model, indicating that movement rates differed between 

treatments (Linear Mixed Effects Model w/ Polynomial transformation: $2(1)=8.16, P= 

0.0043). Dry embryos moved less than well-hydrated embryos. This difference is most 

apparent prior to 40 h, when embryos in the dry treatment did not reach as high a peak 

movement rate as those in the well-hydrated treatment, and is evident again late in 

development (Fig. 5.3).  

 



!

!

141!

Micropipette aspiration 

We found that the vitelline membranes of dry eggs had higher average shear force (i.e. 

required greater force to stretch) compared to well-hydrated eggs (Fig. 5.4, W= 308, P 

=6.18!10-4). The data were not normally distributed (Shapiro-Wilk normality test; W = 

0.63707, P = 1.383!10-8) so we used a non-parametric Wilcoxon rank sum test to 

compare the shear force of the vitelline membranes between treatments.  

 

Video of simulated ant attacks 

During the hatching process, embryos exited headfirst through a localized rupture in the 

vitelline membrane with little movement or thrashing. Embryos oriented (Fig. 5.5A) and 

then pressed their snout against the vitelline membrane (Fig. 5.5B). They gently slid out 

through a localized rupture that formed (Fig 5.5B"E); from first snout protrusion to exit 

took 47.8 ± 13.9 s. Embryos thrashed or shook 3.56 ± 0.487 times during their exit, 

however their thrashing did not appear to be the cause of vitelline membrane rupture 

(Fig. 5.5).  

 

Ultrastructural analysis of hatching gland cells 

We examined HGCs in siblings preserved at 63 h as embryos or seconds after hatching. 

In ultra-thin sections we viewed a total of 8 HGCs in embryos and 7 HGCs in hatchlings. 

HGCs were flask shaped with secretory granules concentrated in the apical region of the 

cells (Fig. 5.6). In embryos, HGCs appeared full of secretory granules (Fig. 5.6A, C). 

After acute hatching, however, secretory granules were noticeably absent from the upper 
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part of the cell, as evidenced by empty spaces (Fig. 5.6B, D, yellow). Ciliated cells and 

common epithelial cells remained intact (not shown). All 8 HGCs in embryos appeared 

full of secretory granules. HGCs in hatchlings exhibited more variation; some appeared 

to have only a few spaces among the secretory granules, two HGCs had a considerable 

number of empty spaces in the apical region of the cell and few secretory granules 

present (as in Fig. 5.6B, D). Three of the HGCs in hatchlings were not in contact with the 

epithelial surface; there was a layer of epithelial mucus granules covering them at the 

surface.  

 

DISCUSSION 

Dendropsophus ebraccatus embryos hatch via gradual breakdown of the vitelline 

membrane, with HGC abundance and HE gene expression peaking well before hatching 

(Chapter 4). Here, we hypothesized that D. ebraccatus embryos in dry conditions 

accelerate hatching by concentrating HE secretion in one location on the vitelline 

membrane. Because their HGCs are most densely concentrated on the snout and head, we 

predicted that embryos would spend the most time facing the portion of the vitelline 

membrane through which they later exit, and that embryos in drying eggs would exhibit a 

stronger positional bias than do well-hydrated embryos. Embryos did show positional 

biases, but the strength and direction of this bias was similar across egg hydration 

treatments. In the dry treatment, embryos changed position less often, which might 

reduce perivitelline fluid mixing and thereby increase the periods for which HE released 

near the vitelline membrane remains active near its release site. However, embryos do not 
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exit their egg capsule from the position in which they spend the most time. This simple 

observation rejects the hypothesis that embryos concentrate enzyme release in one 

location, or keep released enzyme near the vitelline membrane by limiting their 

movement, thereby speeding localized breakdown of the vitelline membrane to accelerate 

hatching. Indeed, contrary to predictions, we found the vitelline membranes of drying 

eggs to be stronger than those of well-hydrated eggs. Nonetheless, we found that under 

the acute threat of simulated predator attacks, D. ebraccatus embryos can hatch rapidly 

by acutely releasing enzyme.  

 Dendropsophus ebraccatus show a consistent, readily inducible acceleration of 

hatching in response to egg dehydration, and our treatments were effective in eliciting 

this response. In our time-lapse analysis, embryos in the dry treatment hatched ~ 10 h 

earlier than those in the well-hydrated treatment, a 13.5% acceleration in hatching time 

(dry: 67.14 ± 1.15 h; well-hydrated: 77.61 ± 1.29 h). This is a larger treatment effect and 

overall earlier hatching compared to the results of Touchon & Warkentin (2010), who 

reported hatching times of dry and well-hydrated embryos to be 80.3 ± 0.5 h and 85.9 ± 

1.4 h (mean ± SE), respectively. The overall earlier hatching times in our experiment 

could be due to variation in ambient temperature affecting development rate. However, 

accelerated development might be expected to reduce the difference in the timing of 

hatching between hydration treatments, not increase it. Thus, whatever mechanism D. 

ebraccatus use to accelerate hatching, they must have deployed it in the dry treatment of 

our experiment. 
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It is not surprising that embryos hatch facing downward (Fig. 5.2), as presumably 

gravity helps them slide out of the egg capsule. However it is surprising that they spend 

relatively little time in this position prior to hatching. We found no evidence that, over 

development prior to hatching, embryos preferentially orient toward the position from 

which they will hatch. Embryos behaviorally favored upward-facing positions, then 

hatched downward. This pattern contrasts with other species where embryos’ prior 

orientation toward the vitelline membrane is important in the hatching process. 

Kobayashi (1954) observed that Bufo vulgaris formosus tail-bud stage embryos stop 

rotating and adhere to the vitelline membrane, pressing their heads against the site that 

will soften and eventually rupture during hatching. Hours prior to hatching, X. laevis 

embryos sink to the bottom of the egg and lay horizontally, using the secretions from the 

cement gland to attach themselves to the vitelline membrane and rolling around their 

body axis while maintaining their head oriented toward the site where the vitelline 

membrane will rupture during hatching (Bles, 1905). When embryos were repositioned 

with their heads facing up, and no longer in close proximity to the vitelline membrane, 

hatching was delayed for several hours (Bles, 1905). In D. ebraccatus, embryos do not 

favor their hatching position, and although we truncated our analysis of movement rates 

at 72 h to reduce variability caused by decreasing sample sizes, we did not see a pattern 

of decreased moment rates in intervals preceding hatching (data not shown). The 

observation that embryos do not favor their hatching position supports a model whereby 

D. ebraccatus release HE gradually and generally weaken the vitelline membrane over 
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development, but the final escape from the egg involves acute release of enzyme to 

rupture the vitelline membrane and hatch from a specific location.  

 Embryo movement rates reached a sharp peak early in development (38–40 h, 

Gosner stage 19), then dropped and remained moderate, with some variation, until 

hatching (Fig. 5.3). This early peak corresponds with the pattern we observed in HGC 

development and HE gene expression, which both increase rapidly early in development, 

then decline prior to hatching (Chapter 4). HGC abundance peaks around 32 h (Gosner 

stage 18), and HE gene expression is highest from 32"48 h (Gosner stage 18"20) 

(Chapter 4). Therefore, the peak in rate of embryo movement occurs when HGCs are 

abundant and HE gene expression is high. Given that D. ebraccatus eggs expand 

gradually over time, it appears that HE is secreted continuously as it is synthesized, as 

observed in other frogs (Yamasaki et al., 1990; Yoshizaki and Katagiri, 1975). Frequent 

embryo movements during a period of high enzyme secretion would distribute HE 

throughout the egg, consistent with a model of gradual degradation of the entire vitelline 

membrane.  

 The difference in movement rates between hydration treatments may simply be a 

direct result of the constriction of embryos in a shrinking space and greater strength of 

less-stretched vitelline membranes, making movements more difficult, rather than part of 

a mechanism underlying the acceleration of hatching. This is consistent with the results 

of the micropipette aspiration assay, in which drying eggs required a greater shear force 

to pull the vitelline membrane into the pipette, indicating that they are stronger than well-

hydrated eggs (Fig. 5.4). It is also consistent with prior work that showed that D. 
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ebraccatus embryos in dehydrated clutches are less successful at escaping from ant 

attacks, compared to those in well-hydrated clutches (Touchon et al., 2011). This 

suggests that the mechanism of antipredator escape-hatching may be slowed by 

dehydration.  

 We did not find evidence to support that D. ebraccatus behaviorally regulate 

hatching by concentrating their enzymes in one location, despite their apparently gradual 

process of hatching. We alternatively hypothesized that embryos are capable of acute HE 

release, and our evidence supports this. We simulated predator attacks and saw that 

embryos exited headfirst though a localized, rapidly formed hole in the vitelline 

membrane (Fig. 5.5). This was surprising. Although we knew that D. ebraccatus were 

able to escape ant attacks, we did not know how they did it. Thus, it was possible that 

they exited their egg capsules through holes created by the predator, as appears to be the 

case when very young submerged embryos escape predation by older tadpoles (Touchon 

et al., 2011, Cohen pers. obs.). Dendropsophus ebraccatus are not as reliably responsive 

to mechanosensory stimuli as are A. callidryas (Cohen, pers. obs.); however, the 18 

embryos that hatched in our simulation of attacks demonstrate that they do have the 

capability to hatch rapidly in this context. In the field, 60% of embryos in well-hydrated 

clutches can escape from ant attacks (Touchon et al., 2011). Some embryos may escape 

through ruptures created by the predator, but our results show that acutely induced, rapid 

digestion of the vitelline membrane is a possible mechanism for escape.  

 We examined HGCs in cross-section using STEM (Fig. 5.6). The shape of HGCs 

in D. ebraccatus was most similar to the morphology of HGCs in X. laevis (Yoshizaki, 
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1973) and they had secretory granules concentrated in the apical portion the cell (Fig. 

5.6). Rana pirica (= chensinensis) and Bufo japonicus HGCs are more flask shaped, 

whereas Rana japonica HGCs appear less elongated, but in all three species their 

secretory granules are concentrated near the apical surface of the cell (Yamasaki et al., 

1990; Yoshizaki and Katagiri, 1975; Yoshizaki and Yamamoto, 1979). In A. callidryas, 

HGCs are not as elongated, but their secretory granules are also concentrated in the apical 

region of the cell; after hatching they appear mostly emptied of their contents (Cohen et 

al., 2016). The difference between pre- and post-hatching HGC morphology is much 

more pronounced in A. callidryas than it is in D. ebraccatus. Nonetheless, we observed 

ultrastructural changes in HGCs in D. ebraccatus; secretory granules filled the apical 

region in embryos, but in hatchlings, we observed empty spaces from which granules had 

presumably been secreted (Fig. 5.6B, D). This change in morphology is similar to the 

pre- and post- secretory morphologies of neutrophils, the most common type of 

leukocyte, which are packed with secretory granules that are rapidly released in response 

to infection (Sheshachalam et al., 2014). The empty spaces we observed in post-hatching 

D. ebraccatus are similar to the spaces identified as empty vesicles in neutrophils 

immediately after stimulated secretion of their contents (Sheshachalam et al., 2014).  

 In some cross sections, the HGCs were not in contact with the surface of the 

epithelium (not shown). This could be due to cutting through a section of the cell that was 

wider below the surface, sectioning angle, or could be due to HGC regression. Because 

the sections are extremely delicate, many are destroyed in the process of cutting, so it was 

not possible to examine serial sections to rule out either of these alternatives. Some 
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HGCs still appeared relatively full after hatching, only with only a few empty spaces near 

the apical portion of the cell. It is likely that some portion of HGCs release enzyme at 

different times and our sample size was too small to fully quantify this sort of variation. 

However, the clear evidence of spaces where granules are typically concentrated, 

combined with the video of rapid induced hatching, demonstrates that it is possible for a 

frog that hatches at least in part through a gradual process of overall vitelline membrane 

breakdown to also hatch quickly by acutely releasing hatching enzyme.  

 In comparing components of the hatching mechanism between A. callidryas and 

D. ebraccatus it is important to consider phylogenetic context. The genus Agalychnis 

consists of leaf-breeding frogs within an arboreal-breeding lineage (Phyllomedusidae), 

and adaptive hatching plasticity in response to flooding is conserved in the group, while 

predator-cued hatching is common but more evolutionarily labile (Gomez-Mestre et al., 

2008b). Thus A. callidryas come from a terrestrial-breeding lineage with a longer 

evolutionary history of experiencing strong trade-offs across distinct egg and larval 

environments and hatching plasticity is conserved across the genus. In contrast, the 

ancestral reproductive mode in Dendropsophus is aquatic, with terrestrial reproduction 

evolving at least four times within the genus (Touchon and Warkentin, 2008). While the 

hatching process in A. callidryas reveals how terrestrial frog eggs can hatch acutely 

without prior degradation of the vitelline membrane, the hatching process in D. 

ebraccatus shares features with both aquatic-breeding species and the more terrestrial A. 

callidryas. This echoes the plasticity of reproductive mode in D. ebraccatus; their eggs 

are considered to not be highly adapted for terrestrial development (Wells, 2007) and 
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they experience greater desiccation mortality than is reported for terrestrial-breeding 

frogs in other lineages (Touchon and Warkentin, 2008). The frog species reported to have 

typical, slow mechanisms of hatching with gradual breakdown of the vitelline membrane 

are all from ancestrally aquatic-breeding families: Bufonidae (Yamasaki et al., 1990), 

Ranidae (Yoshizaki, 1978; Yoshizaki and Katagiri, 1975), and Pipidae (Yoshizaki, 1973, 

1991; Yoshizaki and Yamasaki, 1991). Although D. ebraccatus share gradual breakdown 

of the vitelline membrane with aquatic-breeding species, they also appear capable of 

acute enzyme release, like A. callidryas. This finding suggests the possibility that other 

species of frogs that exhibit gradual degradation of the vitelline membrane may also 

utilize acute release of enzyme to accelerate hatching or rapidly escape from their egg 

under certain circumstances. It also raises the question of whether acute hatching enzyme 

release is a convergent, derived feature of terrestrial eggs, or if it is rooted in some 

ancestral capacity for regulated enzyme release that contributes to the hatching plasticity 

of aquatic lineages. In order to understand the evolution of environmentally cued 

hatching in anurans, we need a better understanding of hatching mechanisms and their 

regulation.  
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FIGURES 

 

Figure 5.1. Micropipette aspiration adapted to measure the shear force of vitelline 

membranes.  

A) Still frame from application of the method to a 2 d D. ebraccatus embryo. B) From 

video frames we measured Lp, the length of the vitelline membrane aspirated into the 

tube. Rp, the radius of the capillary tube, was known and was used to set the scale.  
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Figure 5.2. Frequency distributions of orientation of Dendropsophus ebraccatus embryos 

in vertically hanging egg masses.  

(A, C) Most frequent orientations during development and (B, D) orientations at 

hatching, for embryos in (A, B) drying eggs and (C, D) well-hydrated eggs. Position is 

based on the direction toward which the head pointed. Individual embryos spent on 

average 36.6 ± 1.4% of development in their most frequent position. Data presented are 

orientation distributions for N = 21 embryos per treatment.  
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Figure 5.3. Movement rates of Dendropsophus ebraccatus embryos over development, in 

drying and well-hydrated eggs.  

Points are mean values for each hour of development per treatment; error bars represent 

standard error. Embryo positions were recorded as ordinal position of the head in every 

frame of time-lapse series taken every 2 minutes (N=50 embryos across 5 clutches split 

between hydration treatments). Embryos in dry conditions changed position less 

frequently than did those in well-hydrated conditions. 
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Figure 5.4. Dry eggs are stronger than well-hydrated eggs.  

The shear elastic modulus calculated was significantly higher for eggs in the dry 

treatment (N = 20) compared to well-hydrated (N = 19), indicating that the vitelline 

membrane stretched less for a given amount of force.  
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Figure 5.5. Still images from video of simulated ant attacks.  

Images show the sequence of a focal embryo exiting its egg capsule, which is intact at the 

beginning (arrow). The embryo exits head first with little movement other than thrashing 

after most of its body has left the capsule in F. From the first frame when the snout 
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begins to push through the vitelline membrane to full body exit took 13.3s. The tadpole 

just above the focal embryo has already escaped from its egg capsule and is lying still on 

the clutch through E. The embryo to the right of the focal embryo in A is hatching, and 

gone by B. 
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Figure 5.6. Electron micrographs of 100 nm sections through hatching gland cells.  

A) Section through a 63 h embryo (Gosner stage 21/22) showing one complete HGC and 

2 partial HGCs highlighted in pink in C) below; yellow indicates empty spaces, HGC 

borders and secretory granules are highlighted in pink. Secretory granules are 

concentrated in the apical region of the cell. B) Section through a sibling of A, preserved 

seconds after hatching induced by simulated ant attack, showing few secretory granules, 

and more large spaces within the cell (yellow). 
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CHAPTER SIX: SUMMARY AND CONCLUSIONS 

Hatching has often been considered simply a developmental event and the ability of 

embryos to adaptively modulate their hatching timing has only recently been recognized 

as widespread among animals (Warkentin, 2011a). Amphibians, in particular anurans, are 

a group for which environmentally cued hatching is well-documented in response to a 

range of abiotic and biotic factors (Warkentin, 2011b). Moreover, they are notably 

diverse in reproductive mode, with embryos surrounded by different capsular, clutch, and 

nest structures within varied physical and biotic environments (Altig and McDiarmid, 

2007; Haddad and Prado, 2005). Despite this, knowledge of the mechanisms of hatching 

in frogs was largely based on a few, aquatic-breeding species whose potential for 

plasticity in hatching timing has not been investigated. In this dissertation, I investigated 

and compared the hatching process and its regulation in two anurans with robust, well-

documented plasticity in hatching timing. I found that despite variation in core 

components of their hatching mechanisms, both species can rapidly release hatching 

enzyme to digest a local rupture in the vitelline membrane when attacked.  

 

Summary 

 I showed that red-eyed treefrogs, Agalychnis callidryas hatch differently than 

aquatic-breeding species that have been studied. They hatch rapidly by digesting a 

localized rupture in the vitelline membrane and have two types of hatching gland cells 

(HGCs) that appear to mediate hatching in different developmental stages. Small HGCs 

are present during the earliest, hypoxia-cued hatching, but have mostly regressed by the 
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stages when spontaneous hatching occurs. Their morphology is similar to HGCs in other 

frogs in the family Arboranae (nee Hylidae) appearing at the junction of epithelial cells 

and possessing medium-length, protruding microvillar-like structures (Chapter 4, Downie 

et al., 2013; Nokhbatolfoghahai and Downie, 2007). Small HGCs also have a distribution 

that extends down the dorsal midline, as is common in other anurans (Nokhbatolfoghahai 

and Downie, 2007) and salamanders (Nagasawa et al., 2016).  Large HGCs appear later 

in development, around the onset of mechanosensory-cued hatching (Warkentin et al., 

2017). They are concentrated on the snout and appear recessed among the common 

epithelial cells and have short microvillar-like structures. In contrast to the small HGCs, 

large HGCs do not regress until after animals hatch. Both HGC types express the same 

hatching enzyme gene. Moreover, both only release the enzyme at hatching, evidenced 

by the fact that A. callidryas eggs, after an initial period of hydration, plateau in size over 

the plastic hatching period, indicating no breakdown of the vitelline membrane occurs 

prior to hatching.  

In contrast to A. callidryas, in the hourglass treefrog, Dendropsophus ebraccatus 

eggs show a linear increase in perivitelline chamber diameter, expanding continuously 

over development until hatching. Dendropsophus ebraccatus also fit the typical HGC 

ontogeny described in other anurans; their HGCs increase in abundance and begin 

regression prior to the stage when hatching occurs. These observations, combined with 

the fact that HE gene expression also peaks early in development then declines, suggest 

that vitelline membrane breakdown in D. ebraccatus is gradual and begins long before 

the stage when hatching occurs. I tested whether increased HGC abundance or HE gene 
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expression, which both peak early in development, mediate accelerated hatching in 

drying D. ebraccatus eggs, and my results rejected this hypothesis. Despite the 

apparently gradual process of vitelline membrane breakdown, and clearly accelerated 

hatching in drying clutches, both HGC development and HE gene expression were 

consistent across hydration treatments. I also tested whether changes in embryo 

movement rates or orientation behavior could mediate hatching acceleration. Embryo 

position relative to the vitelline membrane is important for hatching in other species 

(Bles, 1905; Cohen et al., 2016; Kobayashi, 1954) and the concentration of D. 

ebraccatus’ HGCs on the snout could enable embryos to concentrate HE at one location 

on the vitelline membrane by maintaining a consistent orientation. My data reject this; 

embryos have clear position biases but, surprisingly, do not exit from the position where 

they spend the most time. Finally, I showed that under acute attack, D. ebraccatus are 

able to quickly digest a hole in the vitelline membrane and escape, and their HGCs show 

morphological changes indicating that secretory granules are released acutely during this 

rapid hatching.  

Thus, although A. callidryas and D. ebraccatus differ in core components of their 

hatching mechanisms, both species appear to adaptively regulate hatching timing through 

acute release of HE.  

 

Hatching mechanisms and terrestrial eggs in anurans 

 Aquatic reproduction is ancestral in amphibians, but terrestrial reproduction has 

evolved at least 48 times (Gomez-Mestre et al., 2012). Species with terrestrial eggs 
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experience more discrete separation of their egg and larval environments, which may lead 

to higher payoffs for adaptive plasticity in hatching. For example, arboreal A. callidryas 

embryos that hatch to escape snakes and wasps drop into the water below, which 

provides an effective escape from their egg-stage predators. In contrast, for species with 

aquatic eggs, predators that attack eggs live in the water and may also eat larvae, 

diminishing the benefit of early hatching. However, our comparative understanding of 

ECH and the development of theory about its evolution necessitates understanding the 

mechanisms that enable or constrain embryos’ adaptive responses to threats. In order to 

do that, we need a better understanding of how anurans from diverse groups hatch and 

regulate hatching timing.  

 Nokhbatolfoghahai (2007) found that HGC morphology and distribution had 

some variation among anurans but this variation was not clearly related to taxonomy or 

reproductive mode. This study was focused on HGC surface morphology and did not take 

into account patterns of vitelline membrane degradation, embryo behaviors, or the 

hatching process. The findings presented in this dissertation suggest that there is 

phylogenetic diversity in hatching mechanisms and hints at the potential for either 

convergent or homologous origins of acute hatching enzyme release. Agalychnis 

callidryas are in the family Phyllomedusidae, a terrestrial-breeding lineage of treefrogs 

that diverged from their aquatic-breeding sister group approximately 35–75 mya 

(Duellman et al., 2016). Whereas the ability to escape predator attacks varies within the 

genus and is more evolutionary labile, early hypoxia-cued hatching is conserved in the 

genus Agalychnis and ancestral in the family Phyllomedusidae (Gomez-Mestre et al., 
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2008b). Our findings in A. callidryas suggest that other species with terrestrial eggs and 

similar rapid, acute hatching, such as Pseudophryne bibronii (Bradford and Seymour, 

1985), and some species of glassfrogs from the family Centrolenidae (J. Delia pers. 

comm.), may have evolved similar rapid mechanisms of enzyme release, either 

convergently or through shared ancestral plasticity. 

 In contrast to A. callidryas, the ancestral reproductive mode in the genus 

Dendropsophus is aquatic, with terrestrial reproduction evolving at least four times 

(Touchon and Warkentin, 2008). Dendropsophus ebraccatus lay aquatic or terrestrial 

eggs, and although these eggs have the flexibility to survive in both environments, they 

are not particularly well adapted to terrestrial development (Wells, 2007) and experience 

greater desiccation mortality than is reported for terrestrial-breeding frogs in other 

lineages (Touchon and Warkentin, 2008). This is echoed in their hatching process, which 

shares characteristics with both aquatic-breeding lineages and A. callidryas. 

Dendropsophus ebraccatus shows gradual breakdown of the vitelline membrane prior to 

hatching, similar to frogs from ancestrally aquatic-breeding families: Bufonidae 

(Yamasaki et al., 1990), Ranidae (Yoshizaki, 1978; Yoshizaki and Katagiri, 1975), and 

Pipidae (Yoshizaki, 1973, 1991; Yoshizaki and Yamasaki, 1991). Despite this, D. 

ebraccatus also appear capable of acute hatching enzyme release, like A. callidryas. This 

finding suggests the possibility that other species of frogs with a mechanism of hatching 

that involves gradual breakdown of the vitelline membrane may utilize acute release of 

enzyme to accelerate hatching or rapidly escape from their egg under certain 

circumstances. It also raises the question of whether acute hatching enzyme release is a 



!

!

163!

convergent, derived feature of terrestrial eggs, or if it is rooted in some ancestral capacity 

for regulated enzyme release that contributes to the hatching plasticity of aquatic 

lineages. In order to understand the evolution of environmentally cued hatching in 

anurans, we need a better understanding of hatching mechanisms and their regulation 

across a greater diversity of anuran lineages.  

 

Hatching mechanisms in fish and amphibians 

Agalychnis callidryas has two types of HGCs. To our knowledge, all other amphibians 

examined to date have only one type. Therefore, one type of HGC in A. callidryas is 

presumably derived. Our evidence suggests that small HGCs are ancestral; they are more 

similar in morphology and distribution to HGCs in other Arboranae (Chapter 4, Downie 

et al., 2013; Nokhbatolfoghahai and Downie, 2007) and begin regression prior to the 

stage when hatching occurs, similar to what we observed in D. ebraccatus (Chapter 4).  

 HGCs in fish have been much better studied compared to amphibians. Fish show 

greater diversity in HGC distribution than is known from anurans, with some species 

having HGCs in multiple locations (DiMichele and Taylor, 1981; Inohaya et al., 1999; 

Kawaguchi et al., 2005; Korwin-Kossakowski, 2012). However only one species of fish, 

Bichir (Polypterus senegalus), a basal ray-finned fish (Class: Actinopterygii), is reported 

to have two types of HGCs (Nagasawa et al., 2016).  The two types of HGCs in P. 

senegalus are described as having different distributions and being derived from different 

germ layers. This interpretation, however, is based on analysis of gene expression for the 

P. senegalus HE and three other genes expressed in HGCs; the HGCs were not examined 
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morphologically and only two developmental stages were reported. Both of the HGC 

types expressed the HE gene, but they expressed different combinations of the other HGC 

marker genes and were derived from different germ layers (Nagasawa et al., 2016). 

Agalychnis callidryas therefore represents the only known fish or amphibian with 

functionally and morphologically distinct HGCs.  

 Hatching enzyme active site sequences are conserved across vertebrates with the 

consensus amino acid sequence HExxHxxGFxHE [fish (Yamagami, 1996), salamanders 

(Nagasawa et al., 2016), anurans (Hong and Saint-Jeannet, 2014; Katagiri et al., 1997; 

Kitamura and Katagiri, 1998), and quail (Elaroussi and DeLuca, 1994)]. While much is 

known about hatching enzymes in fishes (Kawaguchi et al., 2015), prior to the work 

presented in this dissertation, Xenopus laevis was the only anuran for which the hatching 

enzyme genes had been directly sequenced (Hong and Saint-Jeannet, 2014; Katagiri et 

al., 1997; Nagasawa et al., 2016; Sato and Sargent, 1990) Across all amphibians, it is 

only recently that three urodele HE’s were cloned and sequenced (Nagasawa et al., 2016). 

This explains why other than one study that used the X. laevis antibody for HE to label 

HGCs in a Ranid (Kitamura and Katagiri, 1998), all of the studies on anuran hatching 

that used antibodies, ISH, or qPCR were previously performed in the genus Xenopus. 

Surely this has restricted researchers’ ability to assess and comprehend any functional 

diversity in anuran hatching mechanisms. Thus, the work presented in this dissertation 

has substantially augmented the molecular techniques available for the study of hatching 

in non-model frogs. I directly sequenced two HE transcripts, which can be used to locate 

or quantify HE gene expression. This can also facilitate the discovery of sequences in 
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other species. In addition, the integrative framework that shaped this research will enable 

broader, comparative investigations of hatching mechanisms in other frogs. 

 

How hatching mechanisms limit and/or facilitate adaptive plasticity 

An organism’s capacity for adaptive phenotypic plasticity can be limited by a variety of 

constraints (DeWitt et al., 1998). One such limit is the lag-time required to respond to an 

environmental cue, after sensing it, which can limit the value of a plastic response 

(reviewed in DeWitt et al., 1998). For example, hatching that involves slow, gradual 

degradation of the vitelline membrane could limit an embryo’s ability to respond 

effectively to acute threats, whereas a hatching process that takes just seconds enables 

embryos to escape rapidly once a threat is detected. We showed that despite a hatching 

process involving gradual breakdown of the vitelline membrane, D. ebraccatus embryos 

are not limited in their capacity to respond to acute threats; they can also acutely release 

enzyme if attacked. If this ability is shared among other species, then lag-time limits may 

be less of a constraint on adaptive hatching responses than we would predict based on the 

previously described mechanism of hatching, which has been considered to be general for 

frogs.  

 The developmental period over which embryos are capable of hatching is 

constrained by the timing of HGC development, HE gene expression, and HE release. 

While it is fairly obvious that embryos cannot hatch before they develop HGCs and make 

and secrete HE, it is also possible that the ontogeny of vitelline membrane breakdown 

may limit the capacity for embryos to remain protected in the egg for long periods of 
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time. In some terrestrial embryos, as demonstrated in A. callidryas, HGCs retain the 

hatching enzyme, preventing degradation of the vitelline membrane in advance of 

hatching and allowing eggs to maintain their integrity throughout an extended plastic 

embryonic period. Also, in A. callidryas, one type of HGC remains abundant until 

hatching; they do not regress constitutively. Therefore, some of the differences we see 

between A. callidryas and the typical ontogeny of HGC development and HE secretion 

seen in aquatic-breeding species may be changes that allow A. callidryas, and other 

species with terrestrial eggs, to stay in their egg capsule longer. In contrast, D. ebraccatus 

and other species with gradual vitelline membrane breakdown prior to hatching may be 

limited in their ability to remain unhatched, as the membrane loses its integrity and can 

no longer contain them. 

 

Hatching mechanisms and the adaptive evolution of embryo behavior 

Hatching is a coordinated developmental, physiological, and behavioral process. In order 

to understand how an organism hatches, and regulates its hatching timing, the process 

must be investigated at multiple levels. Prior to this research, little was known about 

anuran hatching mechanisms, and the existing model did not account for regulation 

(Introduction). My work revealed previously unknown diversity in hatching mechanisms 

and should facilitate and motivate the collection of further data on hatching mechanisms 

in anurans, within Phyllomedusidae and Arboranae as well as in other lineages that 

independently evolved terrestrial eggs and in species within ancestrally aquatic-breeding 

lineages (Ranidae and Bufonidae) that also exhibit ECH.      
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 Much of behavioral ecology focuses on adults, but embryos are also capable of 

responding adaptively to their environment with behaviors crucial to their survival. 

Hatching is the last behavior an embryo exhibits, and the timing of that behavior 

determines the timing of an ontogenetic niche shift. Tinbergen’s four questions define 

four major approaches to the study of animal behavior: mechanism (causation), 

development, function (adaptive significance), and evolution (Tinbergen, 1963). These 

levels of understanding are not discrete, but interact. By understanding the mechanisms 

and development of a trait, we can gain insight into its adaptive significance and 

evolution. This dissertation revealed previously unknown diversity in hatching 

mechanisms that have direct functional consequences for embryos’ ability to escape 

threats. We now know of two species that regulate hatching through acute release of 

enzyme, despite different underlying mechanisms. Given the diversity of cued hatching 

responses in anurans, it is likely that more diversity in mechanisms remains to be 

explored. !
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