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ABSTRACT OF THE DISSERTATION 

 

Ecological genomics of an intertidal marine snail: Population structure and local adaptation to 

heat stress in Chlorostoma (formerly Tegula) funebralis 

by 

	  

Lani Uriarte Gleason 

	  

Doctor of Philosophy in Marine Biology 

University of California, San Diego, 2015 

Professor Ronald Burton, Chair 

 

The intertidal marine snail Chlorostoma (formerly Tegula) funebralis has a wide 

geographic distribution, and across this range populations are exposed to large variations in 

temperature. Southern California (USA) populations generally occupy warmer climates and are 

presumably exposed to high air temperatures during low tides more often than northern 

California populations.  C. funebralis’ broad, thermally heterogeneous geographic range could 

promote local adaptation, or the fine-tuning of individuals to their local habitat via natural 

selection.  However, this species also has pelagic larvae, and available genetic data have found 

no evidence for population structure, suggesting there may be extensive gene flow that could 

preclude local adaptation.  Overall, the potential for adaptive differentiation in C. funebralis is
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unclear because the balance between selection for local adaptation and the rate of 

interpopulation gene flow is largely unknown. To address this issue phenotypic assays were 

used to identify initial evidence for local adaptation to heat stress in three northern and three 

southern California C. funebralis populations, and subsequently mRNA and DNA were 

sampled from these populations to examine transcriptome and genome-wide signatures of local 

adaptation.  In the field, temperature data loggers were also deployed to explicitly quantify 

regional differences in thermal stress exposure among populations. The cumulative results of 

this work uncovered: (i) phenotypic evidence for local adaptation to heat stress between 

northern and southern California populations, with southern populations being more thermally 

tolerant than northern ones, (ii) region-specific transcriptomic responses to heat stress in 

northern and southern California, including unique gene expression strategies in southern 

populations that potentially confer higher thermal tolerance, (iii) differences in the frequency 

and magnitude of extreme thermal stress events in northern and southern California, and (iv) 

genomic evidence for ecological adaptation against a background of homogeneity in northern 

and southern California populations. Not only do these findings provide unique insights into 

region-specific responses of thermal stress response, but they also suggest that adaptation to 

local environmental differences can evolve despite a pelagic larval phase in C. funebralis.  

Accounting for intraspecific population variation in thermal tolerance may provide important 

insights for predicting how species distributions will respond to global warming.    
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INTRODUCTION 

 

Climate change and the rocky intertidal 

	  

The rocky intertidal is the ecosystem between the high and low tide lines of coastlines, 

located on the edge of both aquatic and terrestrial habitats (Raffaelli 1996).  Residents of the 

rocky intertidal are very amenable study systems for investigating organisms’ responses to 

environmental stress because they encounter extremes on a daily basis.  In fact, some of the 

most extreme physical conditions in the world occur in the rocky intertidal (Menge & Branch, 

2001).  Organisms living in the intertidal must be adapted to a wide range of environmental 

conditions because they are emersed (exposed to air) during low tide, and they are submerged 

(underwater) during high tide. For instance they must be able to tolerate many abiotic and 

biotic stresses such as heat, desiccation, hypoxia, high wave action, competition, and predation 

(Raffaelli 1996).  Since environmental stressors can cause reduced fitness and even death 

(Menge & Branch 2001), tolerance to environmental extremes plays an important role in 

limiting species’ intertidal distributions.  Numerous previous studies have shown that several 

limpet species, crabs, and gastropods are limited in their upper distribution in the intertidal by 

their ability to cope with severe abiotic conditions (Jensen 1991; Tomanek & Somero 1999, 

2000; Tomanek 2001; Dong et al. 2008; Miller et al. 2009). 

In addition to the natural variability in the rocky intertidal, these habitats and other 

coastal ecosystems are threatened by anthropogenic climate change (IPCC 2001).  In the face 

of global warming, rocky intertidal habitats are likely to experience even higher environmental 

temperature extremes.  It has been shown that many intertidal inhabitants already live near the 

upper edge of their thermal limits (Stillman 2003; Somero 2010; Tomanek 2010), and thus 

intertidal marine organisms are particularly vulnerable to rising temperatures worldwide.  
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Studies in rocky intertidal ecosystems have led to a disproportionate number of 

conceptual advances in community and coastal ecosystem dynamics (Menge & Branch 2001); 

thus, these ecosystems are of vital importance to the scientific community and need to be 

conserved.  Consequently scientists want to be able to predict how organisms in the rocky 

intertidal will respond to future climate change.  However, in order to do this we must know if 

the stress tolerances in different populations within each species are equal; we must know if 

populations are locally adapted to their unique environments.  

 

Chlorostoma funebralis as a study system for local adaptation in the sea 

	  

The geographic ranges of many marine organisms span from hundreds to thousands of 

kilometers.  Across these ranges, populations frequently experience significant variation in 

both biotic and abiotic environments.  Persistent variation can promote genetic divergence 

among conspecific populations as natural selection acts to favor locally adapted phenotypes.  

However, evolution of local adaptation may be impeded if high rates of migration homogenize 

the gene pool among populations (Mayr 1963; Lewontin 1974; Slatkin 1985; Lenormand 

2002).  In many marine invertebrates with planktonic larvae, the potential for local adaptation 

is unclear because the balance between selection for local adaptation and the rate of 

interpopulation gene flow is largely unknown. Although numerous studies suggest marine 

populations are not as connected as might be presumed (Burton 1983; Kyle & Boulding 2000; 

Levin 2006; Marshall et al. 2010) and that adaptive differentiation often occurs in species with 

planktonic dispersal (Sanford & Kelly 2010), local adaptation in the sea remains understudied. 

The intertidal snail Chlorostoma (formerly Tegula) funebralis (Figure 0-1), one such 

invertebrate with planktonic larvae, is an excellent system to lend insight into this balance 

between selection and gene flow because it is influenced by several factors that alternately 
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encourage and deter local adaptation.  C. funebralis has the widest distribution of any species 

in its genus; it can be found all along the Pacific coast of North America from Vancouver 

Island, British Columbia to Baja California, Mexico (Abbott & Haderlie 1980; Sagarin & 

Gaines 2002).  Across this range populations experience wide variations in climate; for 

instance populations in Monterey (central California) and La Jolla (southern California) can 

theoretically see maximum temperature differences of roughly 8 °C (National Oceanographic 

Data Center, NOAA Satellite and Information Service). Chlorostoma funebralis’ broad, 

environmentally diverse geographic range makes adaptive differentiation of populations 

feasible in this species.  

However, despite this potential for local adaptation, previous genetic work has found 

no differentiation among populations sampled from Oregon to Santa Barbara (Kelly & 

Palumbi 2010; Kelly et al. 2010), suggesting this species has extensive dispersal and is 

panmictic across its range. C. funebralis has a pelagic larval stage with a duration of roughly 

five to thirteen days (Moran 1997).  These planktonic larvae could facilitate dispersal between 

populations (Shanks et al. 2003), causing gene flow that could impede local adaptation.  

Ultimately, because of these conflicting factors that both promote and constrain ecological 

differentiation, whether or not C. funebralis populations are locally adapted to unique 

temperature regimes remains unclear. 

While reciprocal transplant experiments have shown that northern and southern C. 

funebralis populations display adaptive differences in habitat selection and predator avoidance 

(Fawcett 1984), to date no work has investigated genetically based differences in thermal 

tolerance in C. funebralis.  Chlorostoma funebralis is an important herbivore in the mid-

intertidal of many rocky shores on the west coast of North America, feeding on a wide variety 

of algae including macroscopic green, red, and brown algae, as well as the larger kelps such as 

Macrocystis spp. and Nereocystis leutkeana (Best 1964; Fawcett 1984).  C. funebralis is the 
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dominant molluskan grazer in many of these communities, both in number and biomass 

(Fawcett 1984).  In fact, densities often exceed 500 snails per m2 (Wara & Wright 1964; Paine 

1969; Frank 1975; Fawcett 1984).  Hence this species can have a large effect on algal 

producer assemblages and community structure in the intertidal (Duran & Castilla 1989; 

Nielson 2001; Thornber et al. 2008), and it is important to understand how different 

populations will respond to climate change.   

This dissertation has the general objective of investigating the potential for local 

adaptation to unique thermal environments in C. funebralis. In this thesis, phenotypic, genetic, 

and field analyses were applied to hundreds of C. funebralis individuals, including samples 

from three sites in northern California and three in southern California, in order to describe 

population specific responses to heat stress in C. funebralis and the mechanisms underlying 

these unique tolerances. Chapter 1 addresses the hypothesis that the three southern California 

populations are more tolerant of heat stress than the three northern California populations. In 

Chapter 2, region-specific transcriptomic responses to heat stress are investigated for two 

northern and two southern California populations, with the goal of understanding how gene 

expression changes may contribute to regional differences in thermal tolerance. Chapter 3 uses 

biomimetic loggers to quantify the actual thermal extremes each of the six populations 

experiences in the intertidal. Finally, Chapter 4 tests for the presence of ecological divergence 

against a background of genetic homogeneity by examining genome-wide single nucleotide 

polymorphisms, or SNPs, across the six populations. The results of each chapter were 

interpreted based on intraspecific regional differences, and furthermore, were considered in 

the broader context of investigating the factors that affect local adaptation in the sea.  This 

work provides invaluable insight regarding thermal tolerance, gene expression, population 

structure, and adaptive nucleotide variation in C. funebralis.  These results can ultimately be 

combined with current temperature data and climate change projections to predict which C. 
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funebralis populations might be most resistant or most vulnerable to future change.  More 

generally, this work addresses several major questions in the field of marine ecological 

genetics by investigating the spatial scale of local adaptation and what factors promote and 

constrain this adaptive differentiation.  The findings of the proposed research also have 

broader impacts on the fields of ecological genomics, molecular ecology, and population 

genetics.  	  
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Figure 0-1: Black turban snails, Chlorostoma funebralis, during low tide in La Jolla, 
California.  Photo credit: Lani Gleason. 
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CHAPTER 1: Phenotypic evidence for local adaptation to heat stress in the marine snail 

Chlorostoma (formerly Tegula) funebralis 
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ABSTRACT 

 

	   Southern California (USA) populations of the intertidal marine snail Chlorostoma 

(formerly Tegula) funebralis generally occupy warmer climates and are exposed to high air 

temperatures during low tides more often than northern California populations. Available 

genetic data suggest there is extensive gene flow across a broad range of C. funebralis 

populations, so it is unclear if populations can adapt to differences in local environments. To 

test for population-specific responses to heat stress, three phenotypic assays were performed 

on three northern and on three southern populations of C. funebralis, after acclimation to 

common-garden conditions in the laboratory. Thermal drop-down, heat stress mortality, and 

heat stress reattachment assays were designed to evaluate ecologically relevant phenotypic 

responses to heat stress; these assays assessed tolerance during, mortality following, and speed 

of recovery following heat stress. The latter two tests indicate that southern populations 

consistently suffer significantly lower mortality and recover significantly more quickly 

following heat stress compared to northern populations. Hierarchical cluster analysis of stress 

response data clearly identified northern California and southern California regional groupings 

of populations. Thus, these results indicate that southern populations have higher tolerance to 

heat stress than northern populations and suggest that adaptation to local environmental 

differences can evolve despite moderate potential for larval dispersal in this species. 

Accounting for intraspecific population variation in thermal tolerance may provide important 

insights for predicting how species distributions will respond to global warming. 
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INTRODUCTION 

 

	   The geographic ranges of many marine organisms span from hundreds to thousands of 

kilometers. Across these ranges, populations frequently experience significant variation in 

both biotic and abiotic environments. Persistent variation can promote genetic divergence 

among conspecific populations as natural selection acts to favor locally adapted phenotypes. 

However, evolution of local adaptation may be impeded if high rates of migration homogenize 

the gene pool among populations (Lenormand 2002; Lewontin 1974; Mayr 1963; Slatkin 

1985). In many marine invertebrates with planktonic larvae, the potential for local adaptation 

is unclear because the balance between selection for local adaptation and the rate of 

interpopulation gene flow is largely unknown. Although numerous studies suggest that marine 

populations are not as connected as might be presumed (Burton 1983; Kyle & Boulding 2000; 

Levin 2006; Marshall et al. 2010) and that adaptive differentiation often occurs in species with 

planktonic dispersal (Sanford & Kelly 2010), local adaptation in the sea remains understudied. 

As rates of environmental change are accelerating due to stressors such as global warming and 

ocean acidification, predicting future distributions of marine organisms requires increased 

understanding of the balance of local adaptation and gene flow among populations. 

One such marine invertebrate with planktonic larvae, the intertidal snail Chlorostoma 

funebralis, has the widest distribution of the five species in its genus (Bouchet 2013). C. 

funebralis can be found along the Pacific coast of North America from Vancouver Island, 

British Columbia to Baja California, Mexico (Abbott & Haderlie 1980; Sagarin & Gaines 

2002). Previous genetic work using the mitochondrial marker cytochrome oxidase subunit I 

(COI) found no evidence of differentiation among populations sampled from Oregon to Santa 

Barbara (Kelly & Palumbi 2010; Kelly et al. 2010), suggesting that this species has extensive 

dispersal and may be panmictic across its range. However, C. funebralis has a relatively short 
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larval duration of roughly five days (Moran 1997) and high temperatures, common in the 

southern portion of the species range, can further reduce developmental times (Hahn 1989). 

Hence, C. funebralis' short larval duration and broad, environmentally diverse geographic 

range combine to make adaptive differentiation of populations feasible in this species. 

Previous experimental studies have shown that local adaptation often occurs in marine 

invertebrates in response to strong gradients in selective forces such as wave action, 

temperature, and predation (Sanford & Kelly 2010). For instance, Kuo and Sanford (2009) 

found evidence for genetically based differences in upper thermal limits in various geographic 

populations of the intertidal snail Nucella canaliculata. We hypothesize that C. funebralis may 

also be locally adapted to the unique temperature environment each population experiences. 

The climate across the latitudinal range of C. funebralis differs significantly; the 

maximum, minimum, and average air temperatures along the Pacific coast of North America 

vary widely (National Oceanographic Data Center (NODC), National Oceanic and 

Atmospheric Administration and United States Department of Commerce). For instance the 

maximum air temperature C. funebralis experience in the intertidal at Hopkins Marine Station 

in Monterey (central California) is ~35 °C (Tomanek & Somero 1999), while the maximum 

temperature of other intertidal mollusks such as mytilids and littorinids in southern California 

(i.e. La Jolla) can reach 40 °C (Helmuth et al. 2006; Miller & Denny 2011). Thus, different 

populations of C. funebralis along the coast likely cope with considerably different 

temperature maxima. 

In this study, we quantified thermally dependent phenotypes to test the hypothesis that 

northern and southern populations of C. funebralis show evidence for local adaptation to 

emersion-associated heat stress. Such tests elucidate the balance between the selective forces 

favoring population differentiation versus the homogenizing effects of larval dispersal. We 

first acclimate individuals from each of six populations to common-garden laboratory 
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conditions and then employ three phenotypic assays to test for differences in thermal 

tolerance, heat stress mortality, and recovery following heat stress. Our findings suggest that 

local adaptation can occur despite moderate potential for pelagic larval dispersal. These results 

help inform predictions regarding potential local extinctions and geographic range shifts 

resulting from climate change for C. funebralis. 

 

MATERIALS AND METHODS 

 

Collection, animal maintenance, and assay preparation 

	  

	   Small to medium sized C. funebralis adults (15–20 mm in shell diameter) were 

collected in the winter of 2011 and the spring of 2012 from three northern California sites: 

Slide Ranch, Marin Co. (37°52′N, 122°35′W); Pescadero (37°15′N, 122°24′W) and Pigeon 

Point (37°11′ N, 122°23′W), San Mateo Co. and from three southern California sites: Aliso 

Beach, Orange Co. (33°30′N, 117°45′W); La Jolla (32°52′N, 117°15′W) and Bird Rock 

(32°48′N, 117°15′W), San Diego Co. (Figure 1-1). Snails were transported to Scripps 

Institution of Oceanography (SIO) within 24 h of collection.   

Once at SIO, snails were regularly fed freshly collected Macrocystis pyrifera. To 

eliminate confounding effects due to previous environmental differences, snails were 

common-garden acclimated for 3–20 weeks in ambient temperature seawater (~15 °C). The 

entire range of acclimation times was equally represented in all three phenotypic assays. 

Preliminary trials indicated that variation in acclimation time within this range did not affect 

population differences in heat stress response (data not shown), so a narrower acclimation 

time period was not necessary. Acclimation periods did not differ among populations in a 
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single phenotypic assay, and an equal number of individuals from each population collected in 

both the winter and the spring was used for each of the three assays. Twenty-four hours prior 

to all assays, individuals from each population were put in weighted “underwater cages” and 

kept constantly immersed in seawater without food to normalize aerial exposure and feeding 

status. (Animals in the laboratory feed roughly every day; therefore, a twenty-four hour period 

is sufficient to normalize feeding status.) 

 

Heat stress conditions 

	  

	   Because C. funebralis inhabit the low to mid intertidal zone (Riedman et al. 1981), 

they can potentially experience both elevated water temperatures during immersion at high 

tide and elevated air temperatures during emersion at low tide. However, air temperature 

varies much more than water temperature (Raffaelli & Hawkins 1996), and thus severe 

thermal stress primarily affects C. funebralis in the rocky intertidal during emersion, when 

body temperatures can significantly increase (Sharp et al. 1994). Therefore all heat stress 

assays were performed in air to mimic the conditions animals experience during low tide in 

the field.	  

	  

Drop-down assay 

 

	   A modified knock-down assay (Huey et al. 1992) was developed that could be 

performed on marine mollusks such as C. funebralis (see also Lee & Boulding 2010). 

Immediately before experimentation, C. funebralis individuals were taken out of their 

underwater holding cages and at room temperature the foot of each animal was briefly blotted 
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dry with a paper towel. Each individual was then placed on an 8 × 10 cm glass plate until it 

extended its foot and securely attached to the horizontal glass plate substrate. Excess seawater 

was blotted dry to prevent individuals from sliding off the glass plates. Each plate with the 

individual snail attached was then vertically suspended in a Fisher Scientific Isotemp 

Incubator using large binder clips. Snails were exposed to an air temperature of 35 °C in the 

incubator, and the time it took for each individual to detach from the suspended glass plate and 

fall to the bottom of the incubator was recorded. The inability to remain attached to the glass 

plate suggests that the animal has entered into heat coma (McMahon 1990); thus, time until 

“drop-down” was used as a putative measure of thermal tolerance. This phenotype is 

ecologically relevant because the ability to stay attached to the substrate at a high temperature 

reduces the chances of a snail falling down into the water, where numerous predators such as 

starfish, crabs, and/or octopi reside (Fawcett 1984). For this particular assay 35 °C was chosen 

as the target temperature since this is the maximum temperature recorded in the field at 

Hopkins Marine Station (Tomanek 2002), a site whose climate is representative of the three 

northern collection sites. Snails that dropped from the glass plates before a minute had elapsed 

were excluded from the analysis, since this short drop-down time could indicate that the 

individual did not have a secure initial attachment to the plate. Groups of 10 snails were used 

in each drop-down assay, and each assay was replicated four times (n = 40).	   

 

Heat stress mortality 

 

	   Dry Petri dishes were equilibrated to 15 °C for 30 min in a temperature-programmable 

incubator (Thermo Precision Model 818) prior to the start of the assay; high humidity was 

maintained throughout the test by including a small seawater-saturated sponge in each dish. 
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Snails were removed from their underwater holding cages and a single individual was placed 

in each Petri dish. At the start of each experiment, air temperature was gradually increased by 

3 °C every half hour (starting at 15 °C) to simulate a natural rate of heating snails would 

experience in the intertidal (Tomanek & Somero 1999). This gradual increase was continued 

until the target temperature of 37, 38, 39, 40, or 41 °C was reached, and then the incubator 

remained at this target temperature for the duration of the experiment. Different individuals 

from each population were tested at the various target temperatures; no single individual was 

exposed to multiple heat stresses. The temperature during each experiment was monitored 

with a HOBO Pendant Water-Resistant Temperature and Light Data Logger (Onset HOBO 

Data Loggers, Massachusetts). Each heat stress trial lasted a total of 5.5 h (including the ramp 

time), which is an estimate of a typical low tide period for C. funebralis in the intertidal. 

Because the total ramp time varied for individual trials due to the different target temperatures, 

the exposure time to each target temperature also varied, with animals in the 37 °C trials 

experiencing the longest total time at the target temperature, and animals in the 41 °C trials 

experiencing the shortest total time at the target temperature.  

At the end of each heat stress exposure, each dish was filled with 15 °C seawater and 

dishes were maintained in a 15 °C incubator. Survivorship of each C. funebralis individual 

was assessed six days following the heat stress. Individuals that were not attached to the 

substrate and that did not retract their foot in response to poking and/or pulling their foot with 

tweezers were considered dead. Groups of 10 snails were used in each mortality assay, and 

each assay was replicated two (37, 40 and 41 °C, n = 20) or three (38, 39 °C, n = 30) times. 
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Reattachment during recovery following heat stress 

	  
	   When a C. funebralis individual experiences extreme heat stress, it curls the lateral 

edges of its foot and detaches from the substrate (McMahon 1990). The time it took each snail 

to reattach to the Petri dish substrate following heat stress was used as a proxy for recovery 

time (all individuals were detached from the substrate following heat stress trials). After each 

5.5 h heat stress at each temperature described above (37–41 °C), the seawater-saturated 

sponge was removed from each Petri dish and 15 °C seawater was added, taking care to 

disturb each animal as little as possible. Animals were kept in these same Petri dishes, and all 

surviving snails from each experiment were scored as either attached or detached from the 

Petri dish substrate at 20 min, at 1, 4, 18, 21, and 24 h, and then every 24 h thereafter during 

recovery. Groups of 10 snails were used in each recovery assay, and each assay was replicated 

twice. Due to differential mortality following heat stress, between 17 and 20 individuals were 

monitored for reattachment from each population (n = 18 for Slide Ranch, n = 17 for 

Pescadero, n = 19 for Pigeon Point, n = 20 for Aliso Beach, n = 19 for La Jolla, and n = 20 for 

Bird Rock). 

 

Statistical analyses 

	  

	   All statistical analyses were conducted in R (R Development Core Team 2008) using 

a significance value of 0.05. A Shapiro–Wilk normality test revealed that the drop-down data 

were not normally distributed. Therefore a nonparametric test and associated post hoc analyses 

were used to compare the northern group of populations (Slide Ranch, Pescadero, and Pigeon 

Point) to the southern group of populations (Aliso Beach, La Jolla, and Bird Rock) and to 

examine pairwise differences among the six individual populations, respectively. For the 
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mortality assays, data at each temperature were examined separately, with the northern group 

of populations and the southern group of populations compared to each other using a Pearson's 

Chi-square test. To test for differences among the six individual populations at each 

temperature, a contingency table was used. The Marascuilo procedure, a multiple comparisons 

approach that is conceptually similar to a Tukey–Kramer posthoc test (Levine et al. 2013), 

was then employed to test for pairwise differences in the proportion of surviving animals 

among populations. Like the drop-down assay, the data from the heat stress recovery assay 

were not normally distributed (Shapiro–Wilk normality test). The data from each temperature 

trial were treated independently, and a nonparametric test and associated post hoc analyses 

were used to test for significance between the northern group of populations and the southern 

group of populations and among the six populations, respectively. 

We also performed a cluster analysis using the data from all three phenotypic assays 

combined (including all target temperatures tested for the survival and reattachment assays) 

for all six populations. With the pvclust library in R (Suzuki & Shimodaira 2006), the average 

linkage method was used to perform bottom-up hierarchical clustering to identify groups in 

the data. One thousand bootstrap replications were then used to construct a dendrogram, and 

groups that were strongly supported (based on approximately unbiased (au) p-values greater 

than 95) were identified. The au p-value, which is calculated by multiscale bootstrap re-

sampling, is a better approximation to unbiased p-value than the bootstrap probability value 

calculated by ordinary bootstrap re-sampling (Suzuki & Shimodaira 2006). 
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RESULTS 

 

Drop-down assay 

	  

	   Although snails from the La Jolla site have the highest median knock-down time of all 

populations (8.7 min), data from this assay do not differentiate northern (Slide Ranch, 

Pescadero, and Pigeon Point) and southern (Aliso Beach, La Jolla, and Bird Rock) populations 

(Wilcoxon rank sum test, p = 0.162). Individuals from La Jolla had a significantly higher 

drop-down time than individuals from neighboring Bird Rock (median 4.8 min, Studentized 

range Kruskal–Wallis post hoc test, p = 0.0003) as well as from the distant Slide Ranch 

(median 5.7 min, p = 0.019), and Pigeon Point (median 4.0 min, p = 0.005) sites. Pescadero 

(median 5.2 min) and Aliso Beach (median 4.9 min) individuals were not statistically different 

from any of the other populations (Figure 1-2). 

 

Heat stress mortality 

 

	   Southern populations show significantly higher survival than northern populations at 

38, 39, and 40 °C (Pearson's Chi-squared test, p = 0.005, p < 0.001, p = 0.008, respectively). 

The largest differences between northern and southern populations occurred at 39 °C (Figure 

1-3). Following this heat stress the southern populations show 90% survival, while the 

northern populations only show 61% survival. Furthermore, although all populations show a 

dramatic decline in survival when the heat stress temperature is increased from 39 to 40 °C, 

the decline for the southern populations is less severe. While survivorship drops to an average 

of 1.7% for the northern populations at 40 °C, that for the southern populations is only 
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reduced to 15% survival. Significant differences among all six populations were only found at 

39 °C (2 × 6 contingency table using the Chi-square distribution, p < 0.001). Significant 

pairwise differences exist between Pigeon Point (50% survival) and Aliso Beach (90% 

survival, Chi-square test statistic = 0.4, critical value = 0.35) and between Pigeon Point and 

Bird Rock (97% survival, Chi-square test statistic = 0.47, critical value 0.32).	  

 

Heat stress reattachment during recovery 

	  

	   Although there were no significant differences in reattachment between northern and 

southern populations at 37 or 40 °C, individuals from northern and southern populations did 

significantly differ in their recovery times following 38 and 39 °C heat stress (Wilcoxon rank 

sum test, p < 0.001, p = 0.003 respectively). This difference was most pronounced after a 38 

°C heat stress (Figure 1-4). Under these conditions northern populations took significantly 

longer to reattach (median 21 h) than southern populations (median 4 h). There were also 

significant differences among all six individual populations at 38 and 39 °C (Kruskal–Wallis 

test, p = < 0.001, p = 0.02, respectively). At 38 °C eight significant pairwise differences were 

observed (Table 1-1); Slide Ranch and Pigeon Point were both significantly different from 

each of the three southern populations. No northern populations were significantly different 

from each other, and neither were any southern populations. At 39 °C Slide Ranch animals 

took significantly longer to reattach than Bird Rock animals (Studentized range Kruskal–

Wallis post hoc test, p = 0.001) and Aliso Beach and Bird Rock animals also showed 

significant differences in reattachment times (p = 0.04). 
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Cluster analysis 

	  

The six populations group into two distinct clusters, with one group containing the 

three northern populations and the other group containing the three southern populations 

(Figure 1-5). Within these two groups, Slide Ranch and Pigeon Point formed an additional 

subgroup, as did Aliso Beach and Bird Rock. Two out of the four approximately unbiased (au) 

p-values for the cluster analysis were greater than 90; the au value for the general northern 

clade was 91, and the au value for the northern clade subgroup was 94. 

 

DISCUSSION 

 

	   Two of three experimental tests of thermal response showed clear evidence for 

enhanced thermal tolerance in southern versus northern populations. Following common 

garden acclimation, southern populations show significantly higher survival and reattach to 

the substrate following heat stress significantly faster than northern populations. These results 

suggest that southern populations possess genetic adaptations to tolerate the extreme heat 

stress they experience, whereas northern populations are less adapted to such severe 

conditions.  

It is worth noting a fundamental assumption of our common-garden approach is that 

the different phenotypic responses to heat stress among C. funebralis populations are 

genetically based (Ballentine & Greenberg 2010; Franssen et al. 2011). We have utilized a 

relatively long acclimation period comparable to previous marine mollusk local adaptation 

studies (Daka & Hawkins 2004; Sokolova & Pörtner 2001; Yee & Murray 2004) to minimize 

the chances that our common-garden design identifies residual effects from the previous 
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environments of the animals. However, developmental plasticity, persistent acclimation, and 

other environmental and epigenetic influences during the lifespan of the experimental animals 

cannot be completely ruled out (Kawecki & Ebert 2004; Kinne 1962; Zamer & Mangum 

1979). 

In addition to our observations of differential responses to heat stress in northern and 

southern C. funebralis populations, previous work suggests that other differences between 

northern and southern populations are also genetically based. Frank (1975) found that warm 

and cold-water populations of C. funebralis display differences in shell growth rates. 

Moreover, Fawcett (1984) concluded that northern and southern populations of C. funebralis 

are genetically differentiated after observing that in order to avoid predation, transplanted 

southern snails climb to higher shores more quickly and ultimately reach higher heights 

compared to transplanted northern snails. More recently, Yee and Murray reported that 

northern and southern C. funebralis populations separated by more than 300 km display 

differences in both activity and feeding response to temperature (Yee & Murray 2004). These 

different temperature responses of northern and southern snails led Yee and Murray (2004) to 

suggest that C. funebralis populations are locally adapted to regional conditions. Overall these 

results, combined with our data in this current study, suggest that widely separated 

populations of C. funebralis experience varying habitats and environmental stresses, and they 

may genetically adapt to these different environments in multiple ways. 

Although we expected the drop-down assay would also show a distinction between 

northern and southern populations, patterns between the geographic regions were unclear. At 

least two confounding factors may have influenced this assay. First, since individuals of 

northern populations have been suggested to occur lower in the vertical intertidal zonation 

(Fawcett 1984) and hence experience more wave action, they could have unknown adaptations 

for stronger substrate attachment than southern populations. This has been observed in other 
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marine mollusks such as Littorina saxatilis (Martínez-Fernández et al. 2010). Although 

preliminary results showed no difference in drop-down time between Pigeon Point and La 

Jolla snails at room temperature, this could be investigated further. Second, C. funebralis 

individuals, like other marine gastropods, may use mucous threads to help them adhere to 

substrates (Denny 1984; Grenon & Walker 1981; Smith et al. 1999). If this were the case, the 

ability of a single animal to stay attached to a substrate during heat stress would not be solely 

dependent on the individual's physical status.	  	  

	  

Thermal stress in the Chlorostoma genus 

 

	   Although prior work has demonstrated differences in thermal tolerances in 

Chlorostoma congeners found at varying tidal heights, this study is the first to investigate 

differences in thermal tolerance, mortality, and recovery following heat stress across a 

geographic range of C. funebralis populations. Tomanek and Somero (1999, 2000) have 

shown that Chlorostoma brunnea occupying lower regions of the intertidal exhibit lower 

thermal tolerance and suffer higher mortality than species such as C. funebralis that occupy 

higher intertidal zones. The current work, which finds that southern populations are more 

thermally tolerant than northern populations, adds valuable information to the growing body 

of empirical knowledge about the varying thermal tolerances in the genus Chlorostoma. 
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Local adaptation and gene flow 

 

Previous work found no genetic structure in the mtDNA marker cytochrome oxidase 

subunit I (COI) in C. funebralis populations along the Pacific coastline (Kelly & Palumbi 

2010; Kelly et al. 2010), presumably due to gene flow via larval dispersal. Our data suggest 

that local adaptation has evolved in C. funebralis despite this apparent lack of genetic 

differentiation. Several possible explanations (not necessarily mutually exclusive) can be 

offered to reconcile the current study with previous findings. First, the genetic loci responsible 

for thermal tolerance in C. funebralis may be under selective pressures that do not affect the 

marker COI. If this were the case, some loci may show little geographic variation while others 

can show extreme differentiation (Slatkin 1985). Provided that habitat-specific selection is 

strong enough to overcome migration, apparent gene flow at one locus such as COI does not 

preclude differentiation at other regions of the C. funebralis genome that are relevant to local 

ecology (Brown et al. 2001). 

Significant self-recruitment combined with high levels of effective selection could 

also facilitate local adaptation in C. funebralis despite gene flow. Only a few migrants per 

generation are necessary to maintain genetic homogeneity among populations (Wright 1931); 

thus, a lack of population structure as indicated by COI does not necessarily indicate a lack of 

local recruitment. Self-recruitment could increase the chances for local adaptation at alleles 

with habitat-specific fitness by reducing genetic exchange among populations at these loci 

(Strathmann et al. 2002). However, local recruitment can only facilitate adaptive 

differentiation if selection provides a barrier to gene flow at ecologically relevant loci; 

effective selection, Nes, must be greater than effective migration, Nem (Brown et al. 2001; 

Slatkin 1985). As described in the hypothetical example above, for C. funebralis substantial 
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local recruitment could allow selection to act on local populations, adapting each to better 

cope with its unique environmental stressors, such as heat, and causing ecotypic genetic 

differentiation. 

Another explanation for apparent local adaptation amidst a lack of genetic structure is 

differential post-settlement survival, or immigrant inviability (Hendry 2004; Marshall et al. 

2010; Nosil et al. 2005; Strathmann et al. 2002). This scenario could result in no genetic 

difference in genes such as COI, but genes that may confer survival advantages, such as heat 

shock proteins, could show habitat-specific differences in alleles over time. This has been seen 

in terrestrial organisms such as the California serpentine sunflower (Sambatti & Rice 2006), 

and also in marine invertebrates such as the blue mussel (Hilbish 1985; Koehn et al. 1980) and 

the northern acorn barnacle, Semibalanus balanoides (Schmidt & Rand 1999, 2001). For 

example in S. balanoides, certain genotypes of the Mpi locus, which metabolizes the mannose 

found in the barnacles' algal food, experience a pulse of genotype-specific mortality before the 

larvae metamorphose (Schmidt & Rand 2001). To address this hypothesis of low immigrant 

survival in C. funebralis, thermal tolerance assays (and genetic studies) could be performed on 

new recruits and not just on sexually mature adults such as those used in the current study. 

 

Coping with climate change 

 

	   Our finding that populations of C. funebralis show different thermal tolerances is 

important to consider in the context of global warming (Sorte et al. 2011). Previous work has 

demonstrated that, somewhat unexpectedly, more warm-adapted animals may be less able to 

respond to climate change than more cold-adapted animals because the warm-adapted animals 

are already close to their upper thermal limit (Somero 2010; Stillman 2003; Tomanek, 2010). 
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Our study compares thermal tolerances of northern California C. funebralis populations that 

experience maximum temperatures of 35 °C upon emergence from the intertidal and of 

southern California populations that can experience maximum temperatures around 40 °C. 

Our data demonstrate that northern California populations have a relatively large thermal 

buffer. At least 50% of individuals can survive at 39 °C, 4 °C higher than the maximum 

temperature that they are likely to experience in the field. Conversely, the southern 

populations already appear to be at their upper thermal limit; they demonstrated 100% 

mortality at 41 °C, a temperature they could experience in the field. This result is consistent 

with a previous study that investigated the thermal limits of heart function in Chlorostoma 

congeners; Stenseng et al. (2005) found that C. funebralis can encounter body temperatures in 

the field in southern California that exceed its flatline temperature, the temperature at which 

the heart stops beating upon heating. Thus, although southern populations show higher 

survival than northern populations at 38–40 °C, it appears that southern populations will not 

be able to cope with temperature increases without suffering complete mortality. These 

population-specific responses to thermal stress could have a large effect on future local 

extinctions and geographic range shifts for C. funebralis. 

Finally, it is worth noting that the assays employed here identify clear differences 

between populations, but only over a relatively narrow range of temperatures. We suspect that 

this is partly an artifact of the crude nature of the assays themselves (end points of mortality or 

recovery time). The extent to which populations differ in unmeasured and potentially more 

subtle responses remains to be determined. For example, although all populations survived the 

37 °C stress, we do not know if they incurred similar costs in terms of cellular damage and 

potentially reduced future fecundity; such tests represent important challenges for future work. 
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Conclusions 

	  

This study found phenotypic evidence for local adaptation to heat stress in C. 

funebralis, a marine gastropod with planktonic larvae and no previously identified population 

structure. Two of the three phenotype assays performed indicate that southern California 

populations have a higher thermal tolerance than northern California populations. Our results 

suggest different C. funebralis populations possess unique adaptations to tolerate emersion-

associated heat stress, and hence will allow more informed predictions of how populations 

will respond to future environmental changes. Further studies are needed to uncover the 

genetic basis of this local adaptation to heat stress in C. funebralis.	   	  
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Table 1-1: 38 °C heat stress recovery assay p-value results from Studentized range Kruskal–
Wallis post hoc pairwise comparisons. Values in bold are significant (p < 0.05). 
 

	  
	   	  

3.3. Heat stress reattachment during recovery

Although there were no significant differences in reattachment be-
tween northern and southern populations at 37 or 40 °C, individuals
from northern and southern populations did significantly differ in
their recovery times following 38 and 39 °C heat stress (Wilcoxon
rank sum test, p b 0.001, p = 0.003 respectively). This difference was
most pronounced after a 38 °C heat stress (Fig. 4). Under these condi-
tions northern populations took significantly longer to reattach (median
21 h) than southern populations (median 4 h). There were also signifi-
cant differences among all six individual populations at 38 and 39 °C
(Kruskal–Wallis test, p = b 0.001, p = 0.02, respectively). At 38 °C
eight significant pairwise differences were observed (Table 1); Slide
Ranch and Pigeon Point were both significantly different from each of
the three southern populations. No northern populations were sig-
nificantly different from each other, and neither were any southern

populations. At 39 °C Slide Ranch animals took significantly longer to
reattach than Bird Rock animals (Studentized range Kruskal–Wallis
post hoc test, p = 0.001) and Aliso Beach and Bird Rock animals also
showed significant differences in reattachment times (p = 0.04).

3.4. Cluster analysis

The six populations group into two distinct clusters, with one group
containing the three northern populations and the other group contain-
ing the three southern populations (Fig. 5). Within these two groups,
Slide Ranch and Pigeon Point formed an additional subgroup, as did
Aliso Beach and Bird Rock. Two out of the four approximately unbiased
(au) p-values for the cluster analysis were greater than 90; the au value
for the general northern cladewas 91, and the au value for the northern
clade subgroup was 94.

4. Discussion

Two of three experimental tests of thermal response showed clear
evidence for enhanced thermal tolerance in southern versus northern
populations. Following common garden acclimation, southern popula-
tions show significantly higher survival and reattach to the substrate
following heat stress significantly faster than northern populations.
These results suggest that southern populations possess genetic adapta-
tions to tolerate the extreme heat stress they experience, whereas
northern populations are less adapted to such severe conditions.
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Fig. 2. Boxplot showing median drop-down times of each population. Boxes filled with
dotted lines indicate northern populations, and open boxes indicate southern populations.
La Jolla individuals have a significantly higher drop down time than individuals from Slide
Ranch, Pigeon Point, and BirdRock. The solid black linewithin eachbox represents theme-
dian, the upper and lower limits of each box indicate the third and first quartiles respec-
tively, the lines above and below each box represent the high and low values of each
dataset respectively, and small circles represent outliers (n = 40 for each population).
Different letters over each bar indicate significant differences (p b 0.05).
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Fig. 3. Percent survival for each population following 37–41 °C heat stress. Open symbols
indicate northern populations, and filled symbols indicate southern populations. Data are
means ± 1 SE (n = 20 for each 37, 40 and 41 °C data point, and n = 30 for all other data
points). Asterisks indicate a significant difference in survival between the three northern
populations as a group compared to the three southern populations as a group at a given
temperature. ** = p b 0.01; *** = p b 0.001.
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Fig. 4. Boxplot showing median time until reattachment at 38 °C. Boxes filled with dotted
lines indicate northern populations, and open boxes indicate southern populations. The
three northern populations as a group take significantly longer to recover and reattach to
the substrate compared to the three southern populations as a group (*** = p b 0.01).
The solid black line within each box represents the median, the upper and lower limits of
each box indicate the third and first quartiles respectively, the lines above and below
each box represent the high and low values of each dataset respectively, and small circles
represent outliers (n = 18 for Slide Ranch, n = 17 for Pescadero, n = 19 for Pigeon
Point, n = 20 for Aliso Beach, n = 19 for La Jolla, and n = 20 for Bird Rock. Even sample
sizes were difficult to obtain due to differential mortality following heat stress, see
Section 2.5).

Table 1
38 °C heat stress recovery assay p-value results from Studentized range Kruskal–Wallis
post hoc pairwise comparisons. Values in bold are significant (p b 0.05).

Slide
Ranch

Pescadero Pigeon
Point

Aliso
Beach

La
Jolla

Bird
Rock

Slide Ranch
Pescadero 0.351
Pigeon Point 0.876 0.862
Aliso Beach b0.001 b0.001 b0.001
La Jolla 0.007 0.337 0.038 0.115
Bird Rock b0.001 b0.001 b0.001 0.074 0.100
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Figure 1-1: C. funebralis collecting sites along the California coastline. 
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Figure 1-2: Boxplot showing median drop-down times of each population. Boxes filled with 
dotted lines indicate northern populations, and open boxes indicate southern populations. La 
Jolla individuals have a significantly higher drop down time than individuals from Slide 
Ranch, Pigeon Point, and Bird Rock. The solid black line within each box represents the 
median, the upper and lower limits of each box indicate the third and first quartiles 
respectively, the lines above and below each box represent the high and low values of each 
dataset respectively, and small circles represent outliers (n = 40 for each population). Different 
letters over each bar indicate significant differences (p < 0.05). 

3.3. Heat stress reattachment during recovery

Although there were no significant differences in reattachment be-
tween northern and southern populations at 37 or 40 °C, individuals
from northern and southern populations did significantly differ in
their recovery times following 38 and 39 °C heat stress (Wilcoxon
rank sum test, p b 0.001, p = 0.003 respectively). This difference was
most pronounced after a 38 °C heat stress (Fig. 4). Under these condi-
tions northern populations took significantly longer to reattach (median
21 h) than southern populations (median 4 h). There were also signifi-
cant differences among all six individual populations at 38 and 39 °C
(Kruskal–Wallis test, p = b 0.001, p = 0.02, respectively). At 38 °C
eight significant pairwise differences were observed (Table 1); Slide
Ranch and Pigeon Point were both significantly different from each of
the three southern populations. No northern populations were sig-
nificantly different from each other, and neither were any southern

populations. At 39 °C Slide Ranch animals took significantly longer to
reattach than Bird Rock animals (Studentized range Kruskal–Wallis
post hoc test, p = 0.001) and Aliso Beach and Bird Rock animals also
showed significant differences in reattachment times (p = 0.04).

3.4. Cluster analysis

The six populations group into two distinct clusters, with one group
containing the three northern populations and the other group contain-
ing the three southern populations (Fig. 5). Within these two groups,
Slide Ranch and Pigeon Point formed an additional subgroup, as did
Aliso Beach and Bird Rock. Two out of the four approximately unbiased
(au) p-values for the cluster analysis were greater than 90; the au value
for the general northern cladewas 91, and the au value for the northern
clade subgroup was 94.

4. Discussion

Two of three experimental tests of thermal response showed clear
evidence for enhanced thermal tolerance in southern versus northern
populations. Following common garden acclimation, southern popula-
tions show significantly higher survival and reattach to the substrate
following heat stress significantly faster than northern populations.
These results suggest that southern populations possess genetic adapta-
tions to tolerate the extreme heat stress they experience, whereas
northern populations are less adapted to such severe conditions.
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Fig. 2. Boxplot showing median drop-down times of each population. Boxes filled with
dotted lines indicate northern populations, and open boxes indicate southern populations.
La Jolla individuals have a significantly higher drop down time than individuals from Slide
Ranch, Pigeon Point, and BirdRock. The solid black linewithin eachbox represents theme-
dian, the upper and lower limits of each box indicate the third and first quartiles respec-
tively, the lines above and below each box represent the high and low values of each
dataset respectively, and small circles represent outliers (n = 40 for each population).
Different letters over each bar indicate significant differences (p b 0.05).
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Fig. 3. Percent survival for each population following 37–41 °C heat stress. Open symbols
indicate northern populations, and filled symbols indicate southern populations. Data are
means ± 1 SE (n = 20 for each 37, 40 and 41 °C data point, and n = 30 for all other data
points). Asterisks indicate a significant difference in survival between the three northern
populations as a group compared to the three southern populations as a group at a given
temperature. ** = p b 0.01; *** = p b 0.001.
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Fig. 4. Boxplot showing median time until reattachment at 38 °C. Boxes filled with dotted
lines indicate northern populations, and open boxes indicate southern populations. The
three northern populations as a group take significantly longer to recover and reattach to
the substrate compared to the three southern populations as a group (*** = p b 0.01).
The solid black line within each box represents the median, the upper and lower limits of
each box indicate the third and first quartiles respectively, the lines above and below
each box represent the high and low values of each dataset respectively, and small circles
represent outliers (n = 18 for Slide Ranch, n = 17 for Pescadero, n = 19 for Pigeon
Point, n = 20 for Aliso Beach, n = 19 for La Jolla, and n = 20 for Bird Rock. Even sample
sizes were difficult to obtain due to differential mortality following heat stress, see
Section 2.5).

Table 1
38 °C heat stress recovery assay p-value results from Studentized range Kruskal–Wallis
post hoc pairwise comparisons. Values in bold are significant (p b 0.05).

Slide
Ranch

Pescadero Pigeon
Point

Aliso
Beach

La
Jolla

Bird
Rock

Slide Ranch
Pescadero 0.351
Pigeon Point 0.876 0.862
Aliso Beach b0.001 b0.001 b0.001
La Jolla 0.007 0.337 0.038 0.115
Bird Rock b0.001 b0.001 b0.001 0.074 0.100
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Figure 1-3: Percent survival for each population following 37–41 °C heat stress. Open 
symbols indicate northern populations, and filled symbols indicate southern populations. Data 
are means ± 1 SE (n = 20 for each 37, 40 and 41 °C data point, and n = 30 for all other data 
points). Asterisks indicate a significant difference in survival between the three northern 
populations as a group compared to the three southern populations as a group at a given 
temperature. ** = p < 0.01; *** = p < 0.001.

3.3. Heat stress reattachment during recovery

Although there were no significant differences in reattachment be-
tween northern and southern populations at 37 or 40 °C, individuals
from northern and southern populations did significantly differ in
their recovery times following 38 and 39 °C heat stress (Wilcoxon
rank sum test, p b 0.001, p = 0.003 respectively). This difference was
most pronounced after a 38 °C heat stress (Fig. 4). Under these condi-
tions northern populations took significantly longer to reattach (median
21 h) than southern populations (median 4 h). There were also signifi-
cant differences among all six individual populations at 38 and 39 °C
(Kruskal–Wallis test, p = b 0.001, p = 0.02, respectively). At 38 °C
eight significant pairwise differences were observed (Table 1); Slide
Ranch and Pigeon Point were both significantly different from each of
the three southern populations. No northern populations were sig-
nificantly different from each other, and neither were any southern

populations. At 39 °C Slide Ranch animals took significantly longer to
reattach than Bird Rock animals (Studentized range Kruskal–Wallis
post hoc test, p = 0.001) and Aliso Beach and Bird Rock animals also
showed significant differences in reattachment times (p = 0.04).

3.4. Cluster analysis

The six populations group into two distinct clusters, with one group
containing the three northern populations and the other group contain-
ing the three southern populations (Fig. 5). Within these two groups,
Slide Ranch and Pigeon Point formed an additional subgroup, as did
Aliso Beach and Bird Rock. Two out of the four approximately unbiased
(au) p-values for the cluster analysis were greater than 90; the au value
for the general northern cladewas 91, and the au value for the northern
clade subgroup was 94.

4. Discussion

Two of three experimental tests of thermal response showed clear
evidence for enhanced thermal tolerance in southern versus northern
populations. Following common garden acclimation, southern popula-
tions show significantly higher survival and reattach to the substrate
following heat stress significantly faster than northern populations.
These results suggest that southern populations possess genetic adapta-
tions to tolerate the extreme heat stress they experience, whereas
northern populations are less adapted to such severe conditions.
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Fig. 2. Boxplot showing median drop-down times of each population. Boxes filled with
dotted lines indicate northern populations, and open boxes indicate southern populations.
La Jolla individuals have a significantly higher drop down time than individuals from Slide
Ranch, Pigeon Point, and BirdRock. The solid black linewithin eachbox represents theme-
dian, the upper and lower limits of each box indicate the third and first quartiles respec-
tively, the lines above and below each box represent the high and low values of each
dataset respectively, and small circles represent outliers (n = 40 for each population).
Different letters over each bar indicate significant differences (p b 0.05).
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Fig. 3. Percent survival for each population following 37–41 °C heat stress. Open symbols
indicate northern populations, and filled symbols indicate southern populations. Data are
means ± 1 SE (n = 20 for each 37, 40 and 41 °C data point, and n = 30 for all other data
points). Asterisks indicate a significant difference in survival between the three northern
populations as a group compared to the three southern populations as a group at a given
temperature. ** = p b 0.01; *** = p b 0.001.
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Fig. 4. Boxplot showing median time until reattachment at 38 °C. Boxes filled with dotted
lines indicate northern populations, and open boxes indicate southern populations. The
three northern populations as a group take significantly longer to recover and reattach to
the substrate compared to the three southern populations as a group (*** = p b 0.01).
The solid black line within each box represents the median, the upper and lower limits of
each box indicate the third and first quartiles respectively, the lines above and below
each box represent the high and low values of each dataset respectively, and small circles
represent outliers (n = 18 for Slide Ranch, n = 17 for Pescadero, n = 19 for Pigeon
Point, n = 20 for Aliso Beach, n = 19 for La Jolla, and n = 20 for Bird Rock. Even sample
sizes were difficult to obtain due to differential mortality following heat stress, see
Section 2.5).

Table 1
38 °C heat stress recovery assay p-value results from Studentized range Kruskal–Wallis
post hoc pairwise comparisons. Values in bold are significant (p b 0.05).

Slide
Ranch

Pescadero Pigeon
Point

Aliso
Beach

La
Jolla

Bird
Rock

Slide Ranch
Pescadero 0.351
Pigeon Point 0.876 0.862
Aliso Beach b0.001 b0.001 b0.001
La Jolla 0.007 0.337 0.038 0.115
Bird Rock b0.001 b0.001 b0.001 0.074 0.100
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Figure 1-4: Boxplot showing median time until reattachment at 38 °C. Boxes filled with 
dotted lines indicate northern populations, and open boxes indicate southern populations. The 
three northern populations as a group take significantly longer to recover and reattach to the 
substrate compared to the three southern populations as a group (*** = p < 0.01). The solid 
black line within each box represents the median, the upper and lower limits of each box 
indicate the third and first quartiles respectively, the lines above and below each box represent 
the high and low values of each dataset respectively, and small circles represent outliers (n = 
18 for Slide Ranch, n = 17 for Pescadero, n = 19 for Pigeon Point, n = 20 for Aliso Beach, n = 
19 for La Jolla, and n = 20 for Bird Rock. Even sample sizes were difficult to obtain due to 
differential mortality following heat stress). 

3.3. Heat stress reattachment during recovery

Although there were no significant differences in reattachment be-
tween northern and southern populations at 37 or 40 °C, individuals
from northern and southern populations did significantly differ in
their recovery times following 38 and 39 °C heat stress (Wilcoxon
rank sum test, p b 0.001, p = 0.003 respectively). This difference was
most pronounced after a 38 °C heat stress (Fig. 4). Under these condi-
tions northern populations took significantly longer to reattach (median
21 h) than southern populations (median 4 h). There were also signifi-
cant differences among all six individual populations at 38 and 39 °C
(Kruskal–Wallis test, p = b 0.001, p = 0.02, respectively). At 38 °C
eight significant pairwise differences were observed (Table 1); Slide
Ranch and Pigeon Point were both significantly different from each of
the three southern populations. No northern populations were sig-
nificantly different from each other, and neither were any southern

populations. At 39 °C Slide Ranch animals took significantly longer to
reattach than Bird Rock animals (Studentized range Kruskal–Wallis
post hoc test, p = 0.001) and Aliso Beach and Bird Rock animals also
showed significant differences in reattachment times (p = 0.04).

3.4. Cluster analysis

The six populations group into two distinct clusters, with one group
containing the three northern populations and the other group contain-
ing the three southern populations (Fig. 5). Within these two groups,
Slide Ranch and Pigeon Point formed an additional subgroup, as did
Aliso Beach and Bird Rock. Two out of the four approximately unbiased
(au) p-values for the cluster analysis were greater than 90; the au value
for the general northern cladewas 91, and the au value for the northern
clade subgroup was 94.

4. Discussion

Two of three experimental tests of thermal response showed clear
evidence for enhanced thermal tolerance in southern versus northern
populations. Following common garden acclimation, southern popula-
tions show significantly higher survival and reattach to the substrate
following heat stress significantly faster than northern populations.
These results suggest that southern populations possess genetic adapta-
tions to tolerate the extreme heat stress they experience, whereas
northern populations are less adapted to such severe conditions.
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Fig. 2. Boxplot showing median drop-down times of each population. Boxes filled with
dotted lines indicate northern populations, and open boxes indicate southern populations.
La Jolla individuals have a significantly higher drop down time than individuals from Slide
Ranch, Pigeon Point, and BirdRock. The solid black linewithin eachbox represents theme-
dian, the upper and lower limits of each box indicate the third and first quartiles respec-
tively, the lines above and below each box represent the high and low values of each
dataset respectively, and small circles represent outliers (n = 40 for each population).
Different letters over each bar indicate significant differences (p b 0.05).
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Fig. 3. Percent survival for each population following 37–41 °C heat stress. Open symbols
indicate northern populations, and filled symbols indicate southern populations. Data are
means ± 1 SE (n = 20 for each 37, 40 and 41 °C data point, and n = 30 for all other data
points). Asterisks indicate a significant difference in survival between the three northern
populations as a group compared to the three southern populations as a group at a given
temperature. ** = p b 0.01; *** = p b 0.001.
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Fig. 4. Boxplot showing median time until reattachment at 38 °C. Boxes filled with dotted
lines indicate northern populations, and open boxes indicate southern populations. The
three northern populations as a group take significantly longer to recover and reattach to
the substrate compared to the three southern populations as a group (*** = p b 0.01).
The solid black line within each box represents the median, the upper and lower limits of
each box indicate the third and first quartiles respectively, the lines above and below
each box represent the high and low values of each dataset respectively, and small circles
represent outliers (n = 18 for Slide Ranch, n = 17 for Pescadero, n = 19 for Pigeon
Point, n = 20 for Aliso Beach, n = 19 for La Jolla, and n = 20 for Bird Rock. Even sample
sizes were difficult to obtain due to differential mortality following heat stress, see
Section 2.5).

Table 1
38 °C heat stress recovery assay p-value results from Studentized range Kruskal–Wallis
post hoc pairwise comparisons. Values in bold are significant (p b 0.05).

Slide
Ranch

Pescadero Pigeon
Point

Aliso
Beach

La
Jolla

Bird
Rock

Slide Ranch
Pescadero 0.351
Pigeon Point 0.876 0.862
Aliso Beach b0.001 b0.001 b0.001
La Jolla 0.007 0.337 0.038 0.115
Bird Rock b0.001 b0.001 b0.001 0.074 0.100
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Figure 1-5: Cluster dendrogram showing a northern and a southern clade based on the 
combined data from the phenotypic assays. Values on the left side of each node are the 
approximately unbiased (au) p-values, and values on the right side are the bootstrap 
probability (bp) values. The vertical height axis refers to a distance measure between the 
clusters, which was calculated during the hierarchical clustering procedure used to construct 
the dendrogram.

It is worth noting a fundamental assumption of our common-garden
approach is that the different phenotypic responses to heat stress
among C. funebralis populations are genetically based (Ballentine and
Greenberg, 2010; Franssen et al., 2011). We have utilized a relatively
longacclimation period comparable to previousmarinemollusk local ad-
aptation studies (Daka and Hawkins, 2004; Sokolova and Pörtner, 2001;
Yee and Murray, 2004) to minimize the chances that our common-
garden design identifies residual effects from the previous environments
of the animals. However, developmental plasticity, persistent acclima-
tion, and other environmental and epigenetic influences during the
lifespan of the experimental animals cannot be completely ruled out
(Kawecki and Ebert, 2004; Kinne, 1962; Zamer and Mangum, 1979).

In addition to our observations of differential responses to heat
stress in northern and southern C. funebralis populations, previous
work suggests that other differences between northern and southern
populations are also genetically based. Frank (1975) found that warm
and cold-water populations of C. funebralis display differences in shell
growth rates. Moreover, Fawcett (1984) concluded that northern and
southern populations of C. funebralis are genetically differentiated
after observing that in order to avoid predation, transplanted southern
snails climb to higher shores more quickly and ultimately reach higher
heights compared to transplanted northern snails. More recently, Yee
and Murray reported that northern and southern C. funebralis popula-
tions separated by more than 300 km display differences in both activ-
ity and feeding response to temperature (Yee andMurray, 2004). These
different temperature responses of northern and southern snails led Yee
and Murray (2004) to suggest that C. funebralis populations are locally
adapted to regional conditions. Overall these results, combined with
our data in this current study, suggest that widely separated popula-
tions of C. funebralis experience varying habitats and environmental
stresses, and they may genetically adapt to these different environ-
ments in multiple ways.

Although we expected the drop-down assay would also show a dis-
tinction between northern and southern populations, patterns between
the geographic regions were unclear. At least two confounding factors
may have influenced this assay. First, since individuals of northern pop-
ulations have been suggested to occur lower in the vertical intertidal zo-
nation (Fawcett, 1984) and hence experience more wave action, they
could have unknown adaptations for stronger substrate attachment
than southern populations. This has been observed in othermarinemol-
lusks such as Littorina saxatilis (Martínez-Fernández et al., 2010). Al-
though preliminary results showed no difference in drop-down time

between Pigeon Point and La Jolla snails at room temperature, this
could be investigated further. Second, C. funebralis individuals, like
other marine gastropods, may use mucous threads to help them adhere
to substrates (Denny, 1984; Grenon and Walker, 1981; Smith et al.,
1999). If thiswere the case, the ability of a single animal to stay attached
to a substrate during heat stress would not be solely dependent on the
individual's physical status.

4.1. Thermal stress in the Chlorostoma genus

Although prior work has demonstrated differences in thermal toler-
ances in Chlorostoma congeners found at varying tidal heights, this
study is the first to investigate differences in thermal tolerance, mortali-
ty, and recovery following heat stress across a geographic range of
C. funebralis populations. Tomanek and Somero (1999, 2000) have
shown thatChlorostoma brunneaoccupying lower regions of the intertid-
al exhibit lower thermal tolerance and suffer higher mortality than spe-
cies such as C. funebralis that occupy higher intertidal zones. The current
work,whichfinds that southern populations aremore thermally tolerant
than northern populations, adds valuable information to the growing
body of empirical knowledge about the varying thermal tolerances in
the genus Chlorostoma.

4.2. Local adaptation and gene flow

Previous work found no genetic structure in the mtDNA marker cy-
tochrome oxidase subunit I (COI) in C. funebralis populations along the
Pacific coastline (Kelly and Palumbi, 2010; Kelly et al., 2010), presum-
ably due to gene flow via larval dispersal. Our data suggest that local ad-
aptation has evolved in C. funebralis despite this apparent lack of genetic
differentiation. Several possible explanations (not necessarily mutually
exclusive) can be offered to reconcile the current study with previous
findings. First, the genetic loci responsible for thermal tolerance in
C. funebralis may be under selective pressures that do not affect the
marker COI. If this were the case, some loci may show little geographic
variationwhile others can show extreme differentiation (Slatkin, 1985).
Provided that habitat-specific selection is strong enough to overcome
migration, apparent gene flow at one locus such as COI does not pre-
clude differentiation at other regions of the C. funebralis genome that
are relevant to local ecology (Brown et al., 2001).

Significant self-recruitment combined with high levels of effective
selection could also facilitate local adaptation in C. funebralis despite
gene flow. Only a few migrants per generation are necessary to main-
tain genetic homogeneity among populations (Wright, 1931); thus, a
lack of population structure as indicated by COI does not necessarily in-
dicate a lack of local recruitment. Self-recruitment could increase the
chances for local adaptation at alleles with habitat-specific fitness by re-
ducing genetic exchange among populations at these loci (Strathmann
et al., 2002). However, local recruitment can only facilitate adaptive dif-
ferentiation if selection provides a barrier to gene flow at ecologically
relevant loci; effective selection, Nes, must be greater than effective mi-
gration, Nem (Brown et al., 2001; Slatkin, 1985). As described in the hy-
pothetical example above, for C. funebralis substantial local recruitment
could allow selection to act on local populations, adapting each to better
cope with its unique environmental stressors, such as heat, and causing
ecotypic genetic differentiation.

Another explanation for apparent local adaptation amidst a lack of ge-
netic structure is differential post-settlement survival, or immigrant invi-
ability (Hendry, 2004;Marshall et al., 2010;Nosil et al., 2005; Strathmann
et al., 2002). This scenario could result in no genetic difference in genes
such as COI, but genes that may confer survival advantages, such as heat
shock proteins, could show habitat-specific differences in alleles over
time. This has been seen in terrestrial organisms such as the California ser-
pentine sunflower (Sambatti and Rice, 2006), and also in marine inverte-
brates such as the bluemussel (Hilbish, 1985; Koehn et al., 1980) and the
northern acorn barnacle, Semibalanus balanoides (Schmidt and Rand,

P
es

ca
de

ro

S
lid

e 
R

an
ch

P
ig

eo
n 

P
oi

nt

La
 J

ol
la

A
lis

o 
B

ea
ch

B
ird

 R
oc

k

Cluster method: average
Distance:  euclidean

H
ei

gh
t

94

84

91

84

au

79

77

74

69

bp

1

2

3

4

edge #

0 

5 

10 

15 

20 

25 

Fig. 5. Cluster dendrogram showing a northern and a southern clade based on the com-
bined data from thephenotypic assays. Values on the left side of each node are the approx-
imately unbiased (au) p-values, and values on the right side are the bootstrap probability
(bp) values. The vertical height axis refers to a distance measure between the clusters,
which was calculated during the hierarchical clustering procedure used to construct the
dendrogram.

364 L.U. Gleason, R.S. Burton / Journal of Experimental Marine Biology and Ecology 448 (2013) 360–366



    

	  

	  

37	  

REFERENCES 
 
Abbott DP, Haderlie EC (1980) Prosobranchia: Marine snails. Intertidal Invertebrates of 
California, 230-307. 
 
Ballentine B, Greenberg R (2010) Common garden experiment reveals genetic control of 
phenotypic divergence between swamp sparrow subspecies that lack divergence in neutral 
genotypes. Plos One 5. 
 
Bouchet, P, 2013. Chlorostoma Swainson, 1840. Accessed through: World Register of Marine 
Species at http://www.marinespecies.org/aphia.php?p=taxdetails&id=413474 (on 2013-07-
17). 
 
Brown AF, Kann LM, Rand DM (2001) Gene flow versus local adaptation in the northern 
acorn barnacle, Semibalanus balanoides: Insights from mitochondrial DNA variation. 
Evolution 55, 1972-1979. 
 
Burton RS (1983) Protein polymorphisms and genetic differentiation of marine invertebrate 
populations. Marine Biology Letters 4, 193-206. 
 
Daka ER, Hawkins SJ (2004) Tolerance to heavy metals in Littorina saxatilis from a metal 
contaminated estuary in the Isle of Man. Journal of the Marine Biological Association of the 
United Kingdom 84, 393-400. 
 
Denny MW (1984) Mechanical properties of pedal mucus and their consequences for 
gastropod structure and performance. American Zoologist 24, 23-36. 
 
Fawcett MH (1984) Local and latitudinal variation in predation on an herbivorous marine 
snail. Ecology 65, 1214-1230. 
 
Frank PW (1975) Latitudinal variation in life history features of the black turban snail Tegula 
funebralis (Prosobranchia-Trochidae). Marine Biology 31, 181-192. 
 
Franssen SU, Gu J, Bergmann N, Winters G, Klostermeier UC, Rosenstiel P, Bornberg-Bauer 
E, Reusch TBH (2011) Transcriptomic resilience to global warming in the seagrass Zostera 
marina, a marine foundation species. Proceedings of the National Academy of Sciences of the 
United States of America 108, 19276-19281. 
 
Grenon JF, Walker G (1981) The tenacity of the limpet, Patella vulgata L. : An experimental 
approach. Journal of Experimental Marine Biology and Ecology 54, 277-308. 
 
Hahn KO (1989) CRC handbook of culture of abalone and other marine gastropods. 1-348. 
 
Helmuth B, Broitman BR, Blanchette CA, Gilman S, Halpin P, Harley CDG, O’Donnell MJ, 
Hofmann GE, Menge B, Strickland D (2006) Mosaic patterns of thermal stress in the rocky 
intertidal zone: Implications for climate change. Ecological Monographs 76, 461-479. 
 
Hendry AP (2004) Selection against migrants contributes to the rapid evolution of 
ecologically dependent reproductive isolation. Evolutionary Ecology Research 6, 1219-1236. 



    

	  

	  

38	  

 
Hilbish TJ (1985) Demographic and temporal structure of an allele frequency cline in the 
mussel Mytilus edulis. Marine Biology 86, 163-171. 
 
Huey RB, Crill WD, Kingsolver JG, Weber KE (1992) A method for rapid measurement of 
heat or cold resistance of small insects. Functional Ecology 6, 489-494. 
 
Kawecki TJ, Ebert D (2004) Conceptual issues in local adaptation. Ecology Letters 7, 1225-
1241. 
 
Kelly RP, Oliver TA, Sivasundar A, Palumbi SR (2010) A method for detecting population 
genetic structure in diverse, high gene-flow species. Journal of Heredity 101, 423-436. 
 
Kelly RP, Palumbi SR (2010) Genetic structure among 50 species of the northeastern Pacific 
rocky intertidal community. Plos One 5. 
 
Kinne O (1962) Irreversible nongenetic adaptation. Comparative Biochemistry and 
Physiology 5, 265-282. 
 
Koehn RK, Newell RIE, Immermann F (1980) Maintenance of an aminopeptidase allele 
frequency cline by natural selection. Proceedings of the National Academy of Sciences of the 
United States of America-Biological Sciences 77, 5385-5389. 
 
Kuo ESL, Sanford E (2009) Geographic variation in the upper thermal limits of an intertidal 
snail: Implications for climate envelope models. Marine Ecology Progress Series 388, 137-
146. 
 
Kyle CJ, Boulding EG (2000) Comparative population genetic structure of marine gastropods 
(Littorina spp.) with and without pelagic larval dispersal. Marine Biology 137, 835-845. 
 
Lee HJ, Boulding EG (2010) Latitudinal clines in body size, but not in thermal tolerance or 
heat-shock cognate 70 (HSC70), in the highly-dispersing intertidal gastropod Littorina keenae 
(Gastropoda: Littorinidae). Biological Journal of the Linnean Society 100, 494-505. 
 
Lenormand T (2002) Gene flow and the limits to natural selection. Trends in Ecology & 
Evolution 17, 183-189. 
 
Levin LA (2006) Recent progress in understanding larval dispersal: New directions and 
digressions. Integrative and Comparative Biology 46, 282-297. 
 
Levine DM, Stephan DF, Szabat KA (2013) Statistics for managers using Microsoft Excel 
plus MyStatLab, 7th ed. Pearson, New Jersey.  
 
Lewontin RC (1974) Analysis of variance and analysis of causes. American Journal of Human 
Genetics 26, 400-411. 
 
Marshall DJ, Monro K, Bode M, Keough MJ, Swearer S (2010) Phenotype-environment 
mismatches reduce connectivity in the sea. Ecology Letters 13, 128-140. 
 



    

	  

	  

39	  

Martínez-Fernández M, Bernatchez L, Rolan-Alvarez E, Quesada H (2010) Insights into the 
role of differential gene expression on the ecological adaptation of the snail Littorina saxatilis. 
BMC Evolutionary Biology 10. 
 
Mayr E (1963) Animal Species and Evolution. Harvard University Press Cambridge. xiv + 
797 pp. 
 
Miller LP, Denny MW (2011) Importance of behavior and morphological traits for controlling 
body temperature in Littorinid snails. Biological Bulletin 220, 209-223. 
 
Moran AL (1997) Spawning and larval development of the black turban snail Tegula 
funebralis (Prosobranchia: Trochidae). Marine Biology 128, 107-114. 
 
National Oceanographic Data Center (NODC), National Oceanic and Atmospheric 
Administration, United States Department of Commerce, A. Accessed 12 December 2012 at 
http://www.nodc.noaa.gov. 
 
Nosil P, Vines TH, Funk DJ (2005) Perspective: Reproductive isolation caused by natural 
selection against immigrants from divergent habitats. Evolution 59, 705-719. 
 
R Development Core Team (2008) R: A language and environment for statistical computing. 
R Foundation for Statistical Computing, Vienna, Austria 3-900051-07-0 (http://www.R-
project.org).  
 
Raffaelli D, Hawkins S (1996) Intertidal ecology. i-xi, 1-356. 
 
Riedman ML, Hines AH, Pearse JS (1981) Spatial segregation of 4 species of turban snails 
(Gastropoda: Tegula) in central California. Veliger 24, 97-102. 
 
Sagarin RD, Gaines SD (2002) Geographical abundance distributions of coastal invertebrates: 
Using one-dimensional ranges to test biogeographic hypotheses. Journal of Biogeography 29, 
985-997. 
 
Sambatti JBM, Rice KJ (2006) Local adaptation, patterns of selection, and gene flow in the 
Californian serpentine sunflower (Helianthus exilis). Evolution 60, 696-710. 
 
Sanford E, Kelly MW (2011) Local adaptation in marine invertebrates. Annual Review of 
Marine Science Vol 3, 509-535. 
 
Schmidt PS, Rand DM (1999) Intertidal microhabitat and selection at Mpi: Interlocus 
contrasts in the northern acorn barnacle, Semibalanus balanoides. Evolution 53, 135-146. 
 
Schmidt PS, Rand DM (2001) Adaptive maintenance of genetic polymorphism in an intertidal 
barnacle: Habitat- and life-stage-specific survivorship of Mpi genotypes. Evolution 55, 1336-
1344. 
 
Sharp VA, Miller D, Bythell JC, Brown BE (1994) Expression of low molecular weight 
Hsp70 related polypeptides from the symbiotic sea anemone Anemonia viridis forskall in 
response to heat shock. Journal of Experimental Marine Biology and Ecology 179, 179-193. 



    

	  

	  

40	  

Slatkin M (1985) Gene flow in natural populations. Annual Review of Ecology and 
Systematics 16, 393-430. 
 
Smith AM, Quick TJ, Peter RLS (1999) Differences in the composition of adhesive and non-
adhesive mucus from the limpet Lottia limatula. Biological Bulletin 196, 34-44. 
 
Sokolova IM, Portner HO (2001) Temperature effects on key metabolic enzymes in Littorina 
saxatilis and L. obtusata from different latitudes and shore levels. Marine Biology 139, 113-
126. 
 
Somero GN (2010) The physiology of climate change: How potentials for acclimatization and 
genetic adaptation will determine 'winners' and 'losers'. Journal of Experimental Biology 213, 
912-920. 
 
Sorte CJB, Jones SJ, Miller LP (2011) Geographic variation in temperature tolerance as an 
indicator of potential population responses to climate change. Journal of Experimental Marine 
Biology and Ecology 400, 209-217. 
 
Stenseng E, Braby CE, Somero GN (2005) Evolutionary and acclimation-induced variation in 
the thermal limits of heart function in congeneric marine snails (Genus Tegula): Implications 
for vertical zonation. Biological Bulletin 208, 138-144. 
 
Stillman JH (2003) Acclimation capacity underlies susceptibility to climate change. Science 
301, 65-65. 
 
Strathmann RR, Hughes TP, Kuris AM, Lindeman KC, Morgan SG, Pandolfi JM, Warner RR 
(2002) Evolution of local recruitment and its consequences for marine populations. Bulletin of 
Marine Science 70, 377-396. 
 
Suzuki R, Shimodaira H (2006) Pvclust: An R package for assessing the uncertainty in 
hierarchical clustering. Bioinformatics 22, 1540-1542. 
 
Tomanek L (2002) The heat-shock response: Its variation, regulation and ecological 
importance in intertidal gastropods (Genus Tegula). Integrative and Comparative Biology 42, 
797-807. 
 
Tomanek L (2010) Variation in the heat shock response and its implication for predicting the 
effect of global climate change on species' biogeographical distribution ranges and metabolic 
costs. Journal of Experimental Biology 213, 971-979. 
 
Tomanek L, Somero GN (1999) Evolutionary and acclimation-induced variation in the heat-
shock responses of congeneric marine snails (Genus Tegula) from different thermal habitats: 
Implications for limits of thermotolerance and biogeography. Journal of Experimental Biology 
202, 2925-2936. 
 
Tomanek L, Somero GN (2000) Time course and magnitude of synthesis of heat-shock 
proteins in congeneric marine snails (Genus Tegula) from different tidal heights. Physiological 
and Biochemical Zoology 73, 249-256. 
 



    

	  

	  

41	  

Wright S (1931) Evolution in Mendelian populations. Genetics 16, 97-159. 
 
Yee EH, Murray SN (2004) Effects of temperature on activity, food consumption rates, and 
gut passage times of seaweed-eating Tegula species (Trochidae) from California. Marine 
Biology 145, 895-903. 
 
Zamer WE, Mangum CP (1979) Irreversible non-genetic temperature adaptation of oxygen 
uptake in clones of the sea anemone Haliplanella luciae (Verrill). Biological Bulletin 157, 
536-547. 
 

 



    

	   42 

	  

	  

 

 

CHAPTER 2: RNA-seq reveals regional differences in transcriptome response to heat 

stress in the marine snail Chlorostoma funebralis 
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ABSTRACT 

	  

To investigate the role of gene expression in adaptation of marine ectotherms to 

different temperatures, we examined the transcriptome-wide thermal stress response in 

geographically separated populations of the intertidal snail Chlorostoma funebralis.  Snails 

from two southern (heat tolerant) and two northern (heat sensitive) populations were 

acclimated to a common thermal environment, exposed to an environmentally relevant 

thermal stress, and analyzed using RNA-seq.  Pooling across all populations revealed 306 

genes with differential expression between control and heat-stressed samples, including 163 

significantly up-regulated and 143 significantly down-regulated genes. When considered 

separately, regional differences in response were widely apparent.  Heat shock proteins (Hsps) 

were up-regulated in both regions, but the magnitude of response was significantly greater in 

northern populations for most Hsp70s, while the southern populations showed greater up-

regulation for roughly half of the Hsp40s.  Of 177 stress-responsive genes in northern 

populations, 55 responded to heat stress only in northern populations.  Several molecular 

chaperones and antioxidant genes that were not differentially expressed in southern 

populations showed higher expression under control conditions compared to northern 

populations.  This suggests that evolution of elevated expression of these genes under benign 

conditions pre-adapts the southern populations to frequent heat stress and contributes to their 

higher thermal tolerance.  These results indicate that evolution has resulted in different 

transcriptome responses across populations, including up-regulation of genes in response to 

stress and pre-adaptation of genes in anticipation of stress (based on evolutionary history of 

frequent heat exposure).  The relative importance of the two mechanisms differs among gene 

families and among populations. 
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INTRODUCTION 

 

Latitudinal gradients in environmental stressors (Helmuth et al. 2002, 2006; Schoch et 

al. 2006; Lathlean et al. 2014) may result in adaptive divergence among populations.  

Consequently, when assessing the potential impact of global climate change, it is important to 

determine if geographically distinct conspecific populations vary in thermal tolerance.  Where 

such differences occur, insight into the underlying mechanisms is key to better predict how 

species will respond to global warming; whether plasticity or local adaptation is responsible 

for population-specific thermal tolerances will affect populations’ vulnerability to local 

extinction (Sanford & Kelly 2011).  Although numerous studies have examined the role of 

transcriptional phenotypic plasticity on temperature response in marine organisms (Sorte & 

Hofmann 2004; Zippay & Hofmann 2010; Massamba-N’Siala et al. 2012; Jimenez-Melero et 

al. 2012; Smith et al. 2013), few have investigated genetically based population differences in 

thermal tolerance (but see Kuo & Sanford 2009; Willett 2010; Schoville et al. 2012; Gleason 

& Burton 2013).   

Within marine environments, some of the most challenging physical conditions occur 

in the rocky intertidal (Raffaelli 1996; Menge & Branch 2001).  Recent studies have found 

that many intertidal species already live near the upper edge of their thermal limits (Tomanek 

& Somero 1999; Stillman 2003; Somero 2010; Tomanek & Zuzow 2010) and thus are 

particularly susceptible to rising temperatures worldwide.  Here, we focus on conspecific 

populations experiencing a latitudinal gradient in thermal environments and assess the 

potential role of population differences in gene expression in local adaptation to thermal 

stress.  
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Changes in gene expression play an important role in physiological resilience to 

thermal stress (Hofmann 2005; Teranishi & Stillman 2007; Gracey et al. 2008; Place et al. 

2008; Dutton & Hofmann 2009; Lockwood et al. 2010).  Recent evidence in intertidal limpets, 

mussels, and periwinkle snails suggests that concentration increases of molecular chaperones 

such as heat shock proteins (Hsps) can repair heat-induced cellular damage (Lesser et al. 

2010; Bedulina et al. 2010; Dong et al. 2010; Wang et al. 2014).  Thermal tolerance in other 

marine mollusks such as abalone has been linked to the up-regulation of antioxidant genes 

(Abele et al. 1998; de Zoysa et al. 2009).  Alternatively, some organisms use a preemptive 

strategy.  Tomanek and Somero (1999) and Dong et al. (2008) found that high intertidal 

species of the snail genus Chlorostoma and the limpet genus Lottia, respectively, employ such 

a “preparative defense”, having higher constitutive levels of Hsp70 than low intertidal 

congeners; conversely, the low intertidal species showed induction of Hsp70 expression when 

exposed to modest elevation of temperatures that did not elicit response from the high 

intertidal forms.  Barshis et al. (2013) suggested higher expression of Hsps and antioxidants 

under control conditions, or “frontloading,” is what enables corals to maintain physiological 

resilience.  While this strategy may contribute to thermal tolerance, it also incurs potential 

costs (Sanchez et al. 1992; Heckathorn et al. 1996).   For instance due to greater energy 

expenditure, this approach could ultimately reduce the organism’s fecundity, growth, and 

survival, especially if these “frontloaded,” or pre-adapted, genes are overexpressed when 

they’re not needed (Sokolova et al. 2012; Gao et al. 2014).  Although it is understood that 

these processes of up-regulation and pre-adaptation are not necessarily mutually exclusive, 

whether both pathways are involved in the evolution of population adaptations to local thermal 

environments remains largely unexplored.  

We focus on the effects of emersion-associated heat stress on the mid-intertidal snail 

Chlorostoma (formerly Tegula) funebralis.  C. funebralis is found in rocky habitat along the 
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Pacific coast of North America from Vancouver Island, British Columbia to Baja California, 

Mexico (Abbott & Haderlie 1980; Sagarin & Gaines 2002).  Across this large latitudinal 

range, populations experience significantly different maximum, minimum, and average air and 

water temperatures (National Oceanographic Data Center, NOAA Satellite and Information 

Service).  Gleason and Burton (2013) demonstrated that northern and southern California 

populations differ significantly in thermal tolerance, with three southern populations 

consistently suffering significantly lower mortality and recovering significantly more quickly 

following heat stress compared to three northern populations.  However, the molecular 

mechanisms underlying these differential tolerances have not been investigated. 

This study’s objective is to assess the role of differential gene expression on the 

ecological and evolutionary adaptation of C. funebralis to regional differences in thermal 

environments.  Following common-garden acclimation we exposed two southern and two 

northern California populations of C. funebralis to a heat stress simulating low tide conditions 

and then performed RNA-seq to gain a detailed snapshot of transcriptome-wide gene 

expression before and after thermal stress.   

	  

MATERIALS AND METHODS 

 

Collection, animal maintenance, and assay preparation 

 

	   Small to medium sized C. funebralis adults (15-20 mm in shell diameter) were 

collected in the winter of 2013 from two northern California sites: Slide Ranch (SR), Marin 

Co.	   (37º52’N, 122º35’W) and Pigeon Point (PP), San Mateo Co. (37º11’N, 122º23’W) and 

from two southern California sites: Aliso Beach (AB), Orange Co. (33º30’N, 117º45’W) and 
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La Jolla (LJ), San Diego Co. (32º52’N, 117º15’W; Figure 2-1).  Snails were transported to 

Scripps Institution of Oceanography (SIO) within 24 hours of collection.  

At SIO snails were maintained in flow-through running seawater aquaria and regularly 

fed freshly collected kelp, Macrocytis pyrifera.  To eliminate confounding effects due to 

previous environmental differences, snails were common-garden acclimated for 3 weeks in 

ambient temperature seawater (~15 °C) in a constant environment (i.e. there was no simulated 

tidal cycling).  All aquaria were filled with water to within a couple inches of the top of the 

tank, so snails were able to choose whether they were submerged or emersed in the small 

space above the water line.  Twenty-four hours prior to all treatments, individuals were put in 

weighted “underwater cages” and kept constantly immersed in seawater without kelp to 

normalize aerial exposure and feeding status.  

 

Heat stress experiment 

 

Animals and equipment were prepared for each experiment per methods in Gleason 

and Burton (2013).  At the start of each experiment, treatment animals were placed in a 

temperature-programmable incubator (Thermo Precision Model 818) and air temperature was 

increased by 3 °C every half hour (starting at 15 °C) to simulate a natural rate of heating in the 

intertidal (Tomanek & Somero 1999).  This gradual increase was continued until the target 

temperature of 34 °C was reached; the incubator stayed at this target temperature for the 

remaining 2 hours and 20 min of the experiment.  Each heat stress lasted a total of 5.5 hours, 

which is an estimate of a typical low tide period for C. funebralis in the intertidal (Pentcheff, 

WWW Tide and Current Predictor).  Control animals were exposed to 15 °C in air in the same 

incubator for 5.5 hours.  The temperature inside the incubator during all experiments was 



48 

	  

	  

monitored with a HOBO Pendant Temperature Data Logger (Onset Computer Corporation, 

Cape Cod, Massachusetts; Gleason & Burton 2013).  Immediately after heat stress or control 

exposure, all individuals were frozen in liquid nitrogen and stored at -80 °C.  Two biological 

replicates of both heat stress and control conditions were performed for each population.	   

 

RNA preparation and sequencing 

 

The shell of each frozen animal was cracked with a vise and removed.  Animals were 

sexed via visual examination of the gonads (Ortíz-Ordoñez et al. 2009), and each individual 

was ground to a fine powder with a mortar and pestle.  Liquid nitrogen was poured on the 

powder intermittently to ensure it did not thaw.  For each animal, total RNA was extracted 

from 0.5 g of whole animal frozen tissue powder with TRIzol reagent (Sigma) using the 

manufacturer’s protocol modified for samples with high protein, fat, polysaccharide, and 

proteoglycan content.  Since tissue from the whole animal was used rather than a single organ 

or tissue, it is worth noting that possible weight differences in individual organs and/or tissues 

could potentially affect the number of transcripts ultimately obtained.  Total RNA from 8 

individuals for each treatment (4 males and 4 females) was quantified by UV-Vis 

spectroscopy (Nanodrop) and a pooled sample (8 µg from each animal) was DNase treated 

and cleaned with the Qiagen RNAeasy Mini Kit (Qiagen, Maryland).  In total, we prepared 16 

different pooled samples (four populations x two treatments x two replicates).  An Agilent 

2100 BioAnalyzer was used for final RNA quantification before the samples were sent to the 

sequencing facility.  Small fragment cDNA library construction (including barcoding) and 100 

bp paired-end Illumina HiSeq 2000 sequencing was performed by Cofactor Genomics (St. 

Louis, MO; one LJ control and treatment, one PP control and treatment) or BGI (Hong Kong, 
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China; all other samples).  One microgram of total RNA was used to construct each RNA-Seq 

library with average insert sizes of 250-300 bp using the Truseq RNA Sample Prep Kit 

(Illumina, San Diego, CA, USA) following manufacturer’s recommendations.  The four 

Cofactor Genomics samples were run in a single lane (along with samples for other projects).  

The twelve BGI samples were sequenced across two lanes (six populations per lane).  All 

sequencing generated unstranded data.  

 

de novo transcriptome assembly and annotation 

	  

Sequences were trimmed for ambiguity (a maximum of two ambiguous nucleotides 

were allowed) and quality (low quality bases were removed, using a quality cut-off of 20) and 

reads shorter than 60 bp were discarded.  Cleaned sequences were assembled using CLC 

Genomics Workbench version 5.1 (CLC Bio) with a minimal read length fraction of 0.5 and a 

similarity parameter of 0.9.   Separate de novo transcriptome assemblies constructed for each 

of the four populations, pooling the data from control and treatment samples, had higher N50 

values and mean contig (transcript sequences assembled from overlapping reads) lengths than 

an assembly constructed from all populations.  These higher quality (Kumar & Blaxter 2010; 

Schliesky et al. 2012; O’Neil & Emrich 2013) population-specific assemblies were used for 

subsequent analyses.  Only contigs with a minimum length of 100 bp and supported by at least 

10x coverage were retained in the assemblies.  CAP3, a sequence assembly program, was run 

twice on each assembly to reduce redundancy (Huang & Madan 1999).   

Before annotation, a four-way reciprocal blast was performed to ensure the 

population-specific assemblies were comparable.  To assess orthology among contigs of the 

four populations, we used NCBI’s scripts to create BLAST-searchable databases with each set 
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of contigs and then performed BLASTN searches between each possible pair of data sets.  We 

only kept pairs of sequences that were each other’s best hit, using the criteria E ≤10-20 

(Schoville et al. 2012), generating 1:1:1:1 orthologous sets.  In addition, to ensure contigs 

were the same length in all assemblies, the four sequences for each ortholog were aligned 

using Clustal Omega v1.2.0 (Sievers et al. 2011) and trimmed to the shortest sequence length 

using trimAl v1.4 (Capella-Gutierrez et al. 2009). 

Blast2GO was then used to annotate each contig of the assemblies.  Each assembly 

was blasted (BLASTX) to NCBI’s non-redundant (nr) database and Swiss Prot and blasted 

(BLASTN) to NCBI’s nr database and EST_others database with a set e-value of 1.0E-3.  The 

highest scoring blast hit was used to assign a gene name to each contig.  Gene Ontology (GO) 

(Ashburner et al. 2000) terms were retrieved at an e-value threshold of 1.0E-6 for contigs with 

a positive BLAST hit. 

 

Mapping and identification of differentially expressed genes 

 

CLC Genomics Workbench version 6.0.4 was used to map trimmed reads to the 

assembly of each respective population (read mapping parameters: minimum fraction length 

of read overlap = 0.8, minimum sequence similarity = 0.95).  Only uniquely mapped reads 

were retained for further analysis.  Read counts were analyzed using the package DESeq 

(Anders & Huber 2010) in the statistical environment R (www.CRAN.R-project.org; R 

Development Core Team 2008).  Reads were normalized for library size, and low expression 

(average normalized expression < 5) contigs were excluded from analyses to avoid potential 

artifacts caused by sequencing and/or assembly errors.  The FDR was controlled at 5% 

according to the method of Benjamini and Hochberg (Benjamini & Hochberg 1995; p.adjust 

in R).  Previous phenotypic work has shown that southern populations (including AB and LJ) 
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have higher thermal tolerance than northern populations (including SR and PP), but there is no 

significant difference among the populations within each region (Gleason & Burton 2013).  

Thus, to test for regional differences in gene expression, the data from SR and PP were treated 

as biological replicates for the northern region and AB and LJ were treated as replicates for 

the southern region.  Four pairwise comparisons were performed to examine differences in 

gene expression in response to temperature: (i) all control vs. all thermal stress samples, (ii) 

northern control vs. northern thermal stress samples, (iii) southern control vs. southern thermal 

stress samples, and (iv) northern controls vs. southern controls.  These respective analyses 

examine genes (i) differentially expressed (DE) as part of a general heat stress response in C. 

funebralis, (ii) DE after heat stress in the north, (iii) DE after heat stress in the south, and (iv) 

DE between north and south under control (unstressed) conditions. 

 

Fisher’s tests and multivariate analysis 

	  

After identifying which genes were DE between control and treatment conditions in 

the respective northern and southern populations, Fisher’s exact tests were performed on 

normalized read counts in R to determine whether specific genes were significantly 

differentially expressed (SDE) between the two regions following heat stress (i.e., does the 

magnitude of change in expression in response to stress differ between regions?). 

To identify multivariate patterns in the RNA-seq data, the package FactoMine (Le et 

al. 2008) in R was used to perform principal component analyses (PCA) on the normalized 

expression values of all samples.  FactoMine was also used to identify individual genes whose 

expression was significantly positively or negatively correlated with the dimensions of the 

PCA.  Enrichment analyses were then performed in Blast2GO to detect any functional GO 
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categories that were overrepresented in the significantly correlated genes.  Statistical 

significance for any enriched GO terms was assessed using Fisher’s exact tests.  

 

Constitutive gene expression 

	  

We tested for regional differences in baseline expression (“frontloading” as discussed 

in Barshis et al. 2013, here termed “pre-adaption”) that might contribute to differences in 

thermal tolerance.  Genes were classified as pre-adapted if they showed reduced magnitude of 

response in one region compared to the other (measured as the ratio of fold change following 

heat stress) and showed higher constitutive expression in this same region (measured as the 

ratio of control expression).  

 

RESULTS 

	  

Illumina sequencing, de novo assembly, and RNA-seq mapping 

 

RNA sequence data from this study have been submitted to the NCBI Gene 

Expression Omnibus under accession no. GSE57142.  Paired-end 100 bp Illumina sequencing 

resulted in ~49 to 72 million reads per sample (Table 2-1).  Following de novo transcriptome 

assembly, 15,903 contigs were identified as orthologs based on reciprocal BLAST among 

population-specific transcriptomes.  These contigs formed the reference transcriptomes used in 

all analyses.    
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Shared response to thermal stress 

 

	   Following the 5.5-hour heat stress, changes in gene expression were observed in both 

geographic regions, as visible in the PCA in Figure 2-2A & 2-2B.  Comparing control and 

thermal stress treatments, 306, 177, and 143 DE genes were found for all samples (pooled 

across populations), for northern populations, and for southern populations respectively (5% 

false discovery rate (FDR) correction; Figure 2-3).  GO term classification of the genes 

significantly DE after heat stress for all samples pooled across populations identified the 

highest number of genes relating to (i) apoptotic process and signaling (16 contigs), (ii) 

response to unfolded proteins (13 contigs), (iii) ubiquitination and catabolism (11 contigs), (iv) 

the inflammatory response (5 contigs), and (v) oxidoreductase activity (5 contigs).  

The genes DE after heat stress in the northern populations were compared to those DE 

in the southern populations, and we identified 122 overlapping genes (Figure 2-3).  Eighty-six 

were up-regulated and 36 were down-regulated.  Among these 122 genes, the three most 

highly up-regulated were all heat shock proteins. The most significantly down-regulated gene 

in control-stress animal comparisons was not annotated, but the fifth (~33 fold reduction) was 

a receptor-type tyrosine-protein phosphatase t with putative roles in regulating cellular 

processes such as cell growth, differentiation, and the mitotic cycle (Walton & Dixon 1993).  

However, although these 122 genes were significantly DE in both regions, the magnitude of 

up and down-regulation was often different between regions (see Region Specific Response to 

Temperature below).  Moreover, the northern populations showed 23.8% more DE genes than 

the southern populations (177 vs. 143, Figure 2-3).  
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Region-specific response to temperature 

 

	   PC1 of the PCA (Figure 2-2A) clearly separates the replicates that were sequenced by 

different commercial facilities (see Study Limitations: Replication and Variance below).  

Correlation analysis between PC1 and expression of each contig in the PCA revealed two 

mitochondrial respiratory chain genes, cytochrome c oxidase subunit VIIa polypeptide 2 and 

mitochondrial ATP synthase f chain, show a highly significant (p < 0.0001) positive 

correlation of 0.99.  Why this difference occurred is unknown, but it can be considered a 

“batch effect” and removed from further consideration by focusing on the other components of 

the PCA.  The patterns of gene expression projected on PC2 and PC3 are consistent among 

replicates and reveal that the northern and southern populations’ responses to heat stress differ 

in multivariate space (Figure 2-2B; Table A2-2 Appendix 2).  While northern treatment 

samples showed the most positive loadings on PC3, southern treatment samples showed the 

most negative loadings on PC2.  Genes significantly positively correlated with PC3 were 

functionally enriched in responses to unfolded proteins and response to stress, suggesting 

northern treatment samples are most highly correlated with these stress response GO 

categories.  Conversely, genes whose expression was significantly negatively correlated with 

PC2 were enriched in ATP binding and DNA-dependent regulation of transcription; southern 

treatment samples are most highly correlated with the expression of genes with these unique 

GO terms.  Moreover, seven of the 42 genes significantly negatively correlated with PC2 

function in cell cycle progression.       

Because the PCA revealed that four samples suffered from batch effects, preliminary 

differential expression analyses were performed with both the full data set and with the batch 

effect samples removed.  Removing these four samples increased the number of DE genes (by 

reducing the variance in the data set), but did not substantially affect the conclusions of the 
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analysis.  We have chosen to be conservative and all subsequent results and discussion refer to 

the full data set.  Twenty-one genes responded to heat stress in southern populations but not in 

northern ones (Figure 2-3, Table A2-1 Appendix 2).  One of these 21 genes is a dnaj-class 

molecular chaperone.  Another gene, mitosis inhibitor protein kinase wee1, which is a 

negative regulator of the G2 to M transition (Rhind & Russell 2001), was only significantly 

down-regulated in southern populations.  In northern populations, 55 genes significantly 

responded to heat stress but did not change expression levels in southern populations (Figure 

2-3, Table A2-1 Appendix 2).  These genes include an Hsp60 and an Hsp of unknown 

molecular weight.  Although both regions use Hsps as a defense against thermal damage, the 

particular genes that respond appear to be region specific (Table 2-2).   

Even those genes that significantly responded to treatment in both regions did not 

always change expression levels to the same magnitude.  Of 122 genes that changed 

expression in both regions, 40 (32.8%) were significantly differentially expressed (SDE), 

meaning they were significantly more up or down-regulated in one region compared to the 

other (Fisher’s exact test, Table A2-1 Appendix 2).  Genes that were significantly more up-

regulated in northern populations compared to southern populations included ten heat shock 

proteins (Table 2-2), four regulators of apoptosis, and dual specificity protein phosphatase 10, 

which negatively regulates MAPK proteins associated with cellular proliferation and 

differentiation (Patterson et al. 2009).  Notably, there were no genes significantly more up-

regulated in southern populations compared to northern ones.   
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Region-specific response to temperature: Hsps 

 

	   The expression of seventeen Hsps (and 5 of the 6 annotated Hsp70s) was significantly 

positively correlated with PC3 of the PCA, and northern treatment samples showed the most 

positive loadings on PC3 (Figure 2-2B).  Nineteen of the 33 annotated Hsps (60.6%) were 

SDE in northern compared to southern populations (Table 2-2).  Moreover, the direction of 

these significant differences (i.e. more up-regulated in northern or southern populations) was 

unique to the particular Hsp gene family.  For instance, four of the six (66.7%) annotated 

Hsp70s showed a significantly higher fold change after heat stress in northern vs. southern 

populations.  In contrast, nine of the fifteen (60%) dnaj (Hsp40) genes were more highly 

expressed in the southern populations.   

 

Hsp paralog gene expression 

 

	   Hsp paralogs show markedly varied expression patterns, even within a single region 

(Table 2-2).  Not only do these genes show different levels of expression under control 

conditions, but they are also up-regulated to varying degrees following thermal stress.  Six 

genes annotated as Hsp70 paralogs showed highly variable responses to heat stress, with up-

regulation ranging from 1.4 fold (Hsp70 #6) to 2243 fold (Hsp70 #1) in northern populations, 

and from 1.5 fold (Hsp70 #6) to 68 fold (Hsp70 #3) in southern populations.  Dnaj genes also 

show a wide range of expression.  The fold change of these genes following heat stress ranges 

from 0.9 (dnaj homolog subfamily c member 13) to 162 (dnaj class molecular chaperone) in 

the northern populations and from 0.98 (dnaj homolog subfamily c member 13) to 800 (dnaj 

class molecular chaperone) in the southern populations.  
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Region-specific constitutive expression 

	  

Unstressed control snails from the northern and southern populations differed 

significantly in gene expression across 20 genes (11 higher in northern populations and 9 

higher in southern populations, Figure 2-3, Table 2-3).  Northern control samples had higher 

transcript abundances in 31 GO categories, including proteolysis.  Southern control samples 

had higher transcript abundances in 5 GO categories, including metal ion binding and 

endodeoxyribonuclease activity.  

Overall, there were 2024 genes with a lower magnitude of up-regulation (measured as 

fold change following heat stress) in northern populations compared to southern populations, 

and 1082 of these (53.5%; Chi-squared test; NS) also showed higher expression in northern 

versus southern control samples.  Eight hundred thirty-one out of 1856 genes (44.8%; Chi-

squared test; NS) with a lesser magnitude of down-regulation in northern populations also 

show lower control expression compared to southern controls.  Conversely, there were 2697 

genes with a reduced magnitude of up-regulation in southern populations compared to 

northern populations, and 1683 of these (62.4%; Chi-squared test; p < 0.0001) showed higher 

expression in southern versus northern control samples (Figure 2-4).  Similarly, 1762 out of 

2639 genes (66.8%; Chi-squared test; p < 0.0001) with a reduced magnitude of down-

regulation in southern populations show lower control expression levels for these genes 

compared to northern controls.  In sum, for genes with reduced stress response in southern 

populations, it often appears that control expression has evolved to levels that pre-adapt the 

animals to the frequent heat stress they experience and therefore reduce the required 

magnitude of the acute stress response.  We note that although these results clearly implicate 

“pre-adaptation” in the southern populations, the null expectation of 50% of genes with 

reduced up- (or down-) regulation in southern populations also showing higher (or lower) 
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constitutive expression in the south puts large numbers of genes in this category, so the 

analysis does not directly determine which genes are pre-adapted.  

Contigs with higher constitutive expression under control conditions and lower 

response to heat stress in southern populations include Hsp 60, Hsp70 #2 and #4, Hsp90, and 

heat shock factor-binding protein 1-like.  It is worth noting that no Hsps showed lower 

constitutive expression under control conditions and a lower response to heat stress in 

southern compared to northern populations.  Contigs with lower constitutive expression and 

reduced response to heat stress in southern populations include several cytochrome p450s and 

multiple ankyrin repeat containing proteins (involved in the initiation of the immune 

response). 

	  

DISCUSSION 

	  

	   We utilized RNA-seq to investigate the potential contribution of differential gene 

expression to varying thermal tolerance across geographically distinct populations of the 

marine ectotherm C. funebralis.  Our main finding is that thermally tolerant southern 

California C. funebralis individuals appear to utilize both pre-adaptation of gene expression 

levels prior to thermal stress exposure and up-regulation of genes after exposure to cope with 

heat stress.  

 

Constitutive expression 

	  

Higher constitutive expression for some genes in southern vs. northern populations 

may represent a degree of “pre-adaptation” that could serve as a preparative defense against 
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frequent heat stress events, conferring higher thermal tolerance to the southern populations.  In 

this study, thirteen of the 29 genes that were significantly up-regulated only in northern 

populations following heat stress were apparently pre-adapted in the southern populations 

(Table 2-4).  Rather than utilizing acute responsiveness, we propose that because of this pre-

adaptation, these thirteen genes did not need to be significantly up-regulated by the southern 

populations following heat stress.  One of these pre-adapted genes is Hsp60; Hsps are 

discussed in further detail below (see Differential Up-Regulation of Hsps).   

Concordant with other studies (e.g., Barshis et al. 2013), several genes besides Hsps 

were also pre-adapted.  Notably, of the 1683 total pre-adapted genes, 16 (7 e3 ubiquitin 

ligases, 3 ubiquitin carboxyl-terminal hydrolases, 2 poly-ubiquitin proteins, 2 ubiquitin-like 

proteins, a ubiquitin domain containing protein, and a ubiquitin conjugating enzyme) function 

in the ubiquitin stress response pathway, in which proteins irreversibly damaged by heat stress 

are degraded (Parag et al. 1987).  For example e3 ubiquitin protein ligases transfer ubiquitin to 

damaged proteins and hence target them for degradation by the proteasome (Ardley & 

Robinson 2005).  

We also found southern populations show higher constitutive expression and less up-

regulation following heat stress of several antioxidant genes.  Increased temperature can result 

in oxidative stress (Abele et al. 2002; Heise et al. 2003; Abele & Puntarulo 2004; Yang et al. 

2010; Cui et al. 2011); thus, mitigating oxidative stress by increasing synthesis of antioxidants 

can increase thermal tolerance (Dilly et al. 2012).  For instance, pre-adaptation of the 

antioxidant gene peroxidasin has been suggested to confer thermal tolerance in the coral 

Acropora hyacinthus (Barshis et al. 2013).  In this study we found evidence that southern 

populations of C. funebralis may also utilize this strategy: four components of the antioxidant 

defense system (Cadenas 1989; Cox et al. 2009; Murphy et al. 2012; Mailloux et al. 2013), 

superoxide dismutase (SOD), glutathione peroxidase (GPx), thioredoxin, and peroxiredoxin 6 
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(Prdx6), showed higher constitutive expression in southern populations and less up-regulation 

following heat stress compared to northern populations (see supplemental Table S3 for exact 

expression values).  SOD catalyzes the dismutation of superoxide into oxygen and hydrogen 

peroxide (McCord & Fridovich 1988), while GPx catalyzes the reduction of hydroperoxides 

(Meister & Anderson 1983).  The expression of GPx is an indicator of intracellular H2O2 

levels (de Zoysa et al. 2009).  Thus, the higher constitutive expression of this gene in southern 

populations suggests these individuals experience oxidative stress more often during 

“baseline” conditions, while the higher up-regulation of this gene in northern populations 

indicates these individuals possess more reactive oxygen species and potentially more 

oxidative damage following heat stress compared to southern populations.  The thioredoxin-

peroxiredoxin system has been suggested to scavenge up to 90% of the hydrogen peroxide in 

mitochondria (Cox et al. 2009).  Thioredoxins are antioxidants that facilitate the reductions of 

other proteins by cysteine thiol-disulfide exchange (Holmgren 1989), and Prdx6 reduces 

hydrogen peroxide and short chain organic, fatty acid, and phospholipid hydroperoxides.  

Studies in mice suggest Prdx6 may protect against oxidative injury; overexpression of Prdx6 

protects against oxidative stress and the toxicity of hyperoxia, whereas knockout mice showed 

increased oxidative stress, apoptosis, lipopolysaccharide-induced acute lung injury, and an 

increased sensitivity to hyperoxia (Manevich & Fisher 2005; Yang et al. 2011).  Similarly, 

higher constitutive expression of Prdx6 in southern vs. northern populations could provide 

increased protection against thermally-induced oxidative stress in southern populations.  

Moreover, previous proteomic work in Mytilus suggests oxidative stress is a co-stressor of 

environmental stresses besides heat, such as osmotic and pH (Tomanek 2012).  Further work 

is needed to determine if the population-specific expression of oxidative stress genes such as 

SOD, GPx, thioredoxin, and Prdx6 observed under thermal stress in this study may also play a 

role in differential tolerance of C. funebralis populations to other abiotic stressors.   
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Differential gene expression as a result of thermal tolerance 

	  

Differential gene expression may result in regional differences in thermal tolerance.  

Alternatively, the unique transcriptome response to heat stress in southern populations may 

reflect that these more thermally tolerant individuals experience lower levels of physiological 

stress than northern populations given the same thermal event (Barshis et al. 2013); the unique 

transcriptome response may be a consequence of the southern population’s higher heat 

tolerance.  Some of these uniquely expressed genes with reduced up-regulation following heat 

stress in southern populations include Hsp70 #4, von Willebrand factor, an apoptosis inhibitor, 

and a gene involved in activation of the MEK/ERK signaling pathway during the innate 

immune response and in apoptosis regulation.  Previous work has also shown that expression 

of von Willebrand factor, a multimeric glycoprotein, correlates with levels of thermally-

induced intracellular stress in heat tolerant and heat sensitive populations of the coral 

Acropora hyacinthus (Barshis et al. 2013).  Further work is needed to determine if expression 

of these genes with higher response following heat stress in the less thermally tolerant 

northern populations might indicate levels of physiological damage following heat stress in 

other marine invertebrates as well.     

Several negative regulators of entry into the cell cycle are either significantly more 

highly up-regulated in northern vs. southern populations (dual specificity protein phosphatase 

10) or are only significantly down-regulated in southern populations (mitosis inhibitor protein 

kinase wee1).  Moreover, seven of the 42 genes significantly negatively correlated with PC2 

(southern treatment samples are most highly correlated with the expression of these genes; see 

Table S2) are involved in normal progression through the cell cycle.  In stressful conditions, 

cells must prevent the initiation of DNA replication and cell division in favor of cytoprotective 

functions (Jonas et al. 2013), and cells with damaged DNA must be prevented from entering 
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the next cell cycle (Lee et al. 2009).  We thus hypothesize that the expression pattern of these 

genes indicates that as a result of their higher thermal tolerance, cells of southern populations 

are able to continue normal progression through the cell cycle, while the cells of the less 

thermally tolerant northern populations undergo some degree of cell cycle arrest as a result of 

stressful conditions and the higher up-regulation of Hsps.  For instance in bacteria, a heat 

shock-induced depletion of available Hsp70 or merely the presence of unfolded proteins leads 

to cell cycle arrest (Jonas et al. 2013), and up-regulation of Hsps in insects is thought to play a 

functional role in maintaining the cell-cycle arrest characteristic of diapause (Tammariello & 

Denlinger 1998; Storey & Storey 2000).   How these expression differences in cell cycle 

regulation genes might affect cell proliferation and growth in populations of C. funebralis with 

varying thermal tolerance merits further study.   

 

Differential up-regulation of Hsps 

 

More than half of the Hsps identified in this study were SDE in northern compared to 

southern animals following heat stress.  However, whether these expression differences were a 

consequence or a cause of higher thermal tolerance in the southern populations appears to 

depend on the Hsp family.  All but one of the annotated Hsp70s were more highly up-

regulated in northern compared to southern populations.  The expression of these same five 

Hsp70s was also significantly positively correlated with PC3 of the PCA, and northern 

treatment samples show the most positive loadings on PC3.  This could likely be a result of 

southern populations having a higher thermal tolerance, indicating they don’t incur as much 

damage following heat stress.  The observed differences in Hsp expression between C. 

funebralis populations appear to parallel the differences in response among different 

Chlorostoma and Lottia species (Tomanek & Somero 1999; Dong et al. 2008), with the north-
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south geographic cline in thermal stress seen in Chlorostoma populations replacing the low to 

high intertidal thermal gradient in Chlorostoma and Lottia species.  This Hsp expression 

pattern has been observed in corals as well; Barshis et al. (2013) found that less heat tolerant 

Acropora populations showed a higher fold change in several small Hsps compared to more 

heat tolerant corals following heat stress.  However, this pattern contrasts with that observed 

in the tide pool copepod Tigriopus californicus, where a more thermally tolerant population 

up-regulated several Hsp70 paralogs to a greater extent than a less tolerant population 

(Schoville et al. 2012).   

The dnaj, or Hsp40, gene family showed the opposite pattern.  Nine of the 15 

annotated dnaj contigs were more highly expressed in the southern compared to the northern 

populations following heat stress.  We hypothesize that in contrast to the Hsp70 expression 

pattern, which may be a result of the southern populations’ higher thermal tolerance, this 

Hsp40 expression pattern is actually contributing to the southern population’s higher thermal 

tolerance.  The primary function of dnaj is to act as a co-chaperone for Hsp70.  Not only does 

dnaj increase Hsp70’s hydrolysis rate of ATP (Malyshev 2013), but because dnaj has several 

variable domains that can interact with different substrate proteins, its binding to Hsp70 

allows Hsp70 itself to bind to a broader spectrum of protein substrates than it could on its own 

(Misselwitz et al. 1998).  In other words, Hsp40 substantially expands the field of activity of 

Hsp70 (Genevaux et al. 2007).  As a result of this interaction, it has been proposed that Hsp70 

and Hsp40 might contribute to the increase in protein thermostability and to the accelerated 

recovery from protein damage in thermotolerant cells (Gebauer et al. 1997; Bimston et al. 

1998; Terada et al. 1997).  Because Hsp40 seems to enhance the overall chaperone efficiency 

and ability of Hsp70, the higher dnaj expression in southern populations could be partially 

responsible for their higher thermal tolerance.  This higher Hsp40 expression combined with a 

reasonable level of constitutive Hsp70 expression (Table 2-2) could also negate the need for 
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southern populations to up-regulate Hsp70s as drastically as northern populations do.  Similar 

findings have been reported in other thermally tolerant populations of mice, silk worms, and 

Drosophila as well, with dnaj expression being higher in the heat tolerant individuals (Islam et 

al. 2013; Velu et al. 2008; Carmel et al. 2011).  

Finally, it is worth noting that previous work on Chlorostoma congeners presents 

evidence that C. funebralis might be at the edge of its thermal limits: the temperature range of 

Hsp synthesis is close to the upper body temperature of the animals (Tomanek & Somero 

1999).  Our results indicate that thermal stress is indeed an important force driving local 

adaptation in gene expression.  For instance, the fact that the expression of molecular 

chaperones such as Hsps differs between northern and southern populations suggests that 

environmental stress (and heat stress in particular) plays a significant role in how these 

populations evolve.  

 

Hsp paralogs and their unique responses to heat stress 

 

One important advantage of RNA-seq over microarrays (and most protein-based 

analysis) is the ability to distinguish paralogs among a gene family.  In this study we identified 

15 dnaj (Hsp40) paralogs, 2 small heat shock proteins, 2 “heat shock proteins,” and 6 Hsp70s.  

Expression patterns even within a particular Hsp family vary widely, indicating different 

members of the same gene family have unique functions (or no function) in the heat shock 

response.  This is important to keep in mind when comparing this study to previous work 

examining Hsp protein expression.  Our data generally agree with previous results that found 

less thermally tolerant Chlorostoma congeners occupying lower tidal habitats show higher 

Hsp protein expression following heat stress than congeners found higher in the intertidal zone 

(Tomanek & Somero 1999, 2000; Tomanek 2001, 2002; Tomanek & Sanford 2003).  
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However, these previous studies failed to distinguish the expression patterns of several of the 

paralogs we now know exist in C. funebralis.  

 

Best practices for RNA-seq: Sequencing depth and methodology reporting 

	  

	   The Encyclopedia of DNA Elements (ENCODE) Project has put together a list of best 

practices for RNA-seq that seeks to provide the community with standards and guidelines for 

constructing “reference quality” transcriptome measurements (The ENCODE Consortium).  

However, it is important to note that different study aims will require appropriate adjustments 

to these standards.  For instance, the goal of this study was to evaluate the similarity and 

differences between the transcriptional profiles of our heat stress and control samples of each 

population; therefore, extensive sequencing was not necessary, and only modest depths of 

sequencing were required. ENCODE’s recommendation for this modest sequencing depth is 

30M paired-end reads of length > 30NT, of which 20-25M are mappable to the known 

transcriptome.  Each of our samples had between 50 and 72M paired-end reads of 100 bp 

length, and roughly 20M or more for each sample were mapped.  Thus, our sequencing depth 

was adequate given our study’s unique goals.  (For the exact number of raw reads and reads 

mapped for each sample, please see Table 2-1.)   

In addition, many variations in RNA-seq methodology are used (in transcriptome 

assembly, read mapping, etc.), and thus it is important to report the details of such analyses.  

Along these lines, we compared our methods to recent RNAseq papers in Molecular Ecology 

(Burke & Strand 2014, Petek et al. 2014, Westram et al. 2014, and Mojib et al. 2014) and both 

our methodology itself and the reporting of our methods in the manuscript reaches, and in 

some instances exceeds, the standards set by these recent publications. 
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Study limitations: Replication and variance 

 

The original experimental design of this study was intended to assess patterns of gene 

expression both within and between geographic regions, with replicated control and 

experimental treatments for two northern and two southern populations.  Unfortunately, data 

analyses revealed unexpectedly high variance between biological replicates analyzed by 

different commercial vendors.  The replicates for the northern PP and the southern LJ 

populations were obtained from separate experiments and sequenced by two different 

sequencing facilities, while the replicates for the northern SR and the southern AB populations 

were obtained from the same experiment and sequenced by the same facility.  Library 

preparation for RNA-seq can be bias prone and is the main cause of discrepancy in repeated 

gene expression measurements (Cai et al. 2012; van Dijk et al. 2014); batch effects from day-

to-day sample processing can further contribute to variance between replicates (Taub et al. 

2010; Leek et al. 2010; Lauss et al. 2013; Head et al. 2014).  The PCA clearly resolved the 

differences between sequencing facilities on the PC1 axis, and subsequent correlation analysis 

indicated the expression of two mitochondrial respiratory chain genes appears to contribute to 

the batch effects.  Once this variance is accounted for, the patterns of gene expression 

projected on PC2 and PC3 show remarkable consistency among replicates.  Furthermore, 

removal of these four “batch effect” samples did not substantially affect the region-specific 

differential or constitutive expression analyses (data not shown).  Although examination of 

population differences within geographic regions remains an important goal, here we opt for a 

more conservative regionally based analysis consistent with the known phenotypic differences 

between geographic regions (Gleason & Burton 2013). 
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Conclusions 

	  

This study suggests thermally tolerant populations of ectothermic marine organisms, 

such as southern California C. funebralis individuals, may employ at least two different gene 

regulation strategies to cope with heat stress: up-regulation of genes in response to stress and 

pre-adaptation of genes in anticipation of stress (based on evolutionary history of frequent 

heat exposure).  The relative importance of the two mechanisms differs among gene families 

and among populations, presumably reflecting the cost/benefit of the two strategies given the 

physiological role of the specific genes and the ecological differences among populations.  

Overall, our results provide further insight into the transcriptomic mechanisms that may 

contribute to heat tolerance in organisms frequently exposed to thermal extremes.   
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Table 2-1: Number of total raw reads obtained following Illumina Hi-Seq 2000 100 bp paired-
end sequencing and number of reads mapped to the respective de novo transcriptome assembly 
for each of the 16 control and heat stressed samples used in this study. 

 

 

showed higher constitutive expression in this same
region (measured as the ratio of control expression).

Results

Illumina sequencing, de novo assembly and RNA-seq
mapping

RNA sequence data from this study have been submit-
ted to the NCBI Gene Expression Omnibus under
Accession no. GSE57142. Paired-end 100 bp Illumina
sequencing resulted in ~49–72 million reads per sample
(Table 1). Following de novo transcriptome assembly,
15 903 contigs were identified as orthologs based on
reciprocal BLAST among population-specific transcripto-
mes. These contigs formed the reference transcriptomes
used in all analyses.

Shared response to thermal stress

Following the 5.5-h heat stress, changes in gene expres-
sion were observed in both geographic regions, as visi-
ble in the PCA in Fig. 2A,B. Comparing control and
thermal stress treatments, 306, 177 and 143 DE genes
were found for all samples (pooled across populations),
for northern populations, and for southern populations,
respectively (5% FDR correction; Fig. 3). GO term classi-

fication of the genes significantly DE after heat stress
for all samples pooled across populations identified the
highest number of genes relating to (i) apoptotic pro-
cess and signalling (16 contigs), (ii) response to
unfolded proteins (13 contigs), (iii) ubiquitination and
catabolism (11 contigs), (iv) the inflammatory response
(five contigs) and (v) oxidoreductase activity (five con-
tigs).
The genes DE after heat stress in the northern popu-

lations were compared to those DE in the southern pop-
ulations, and we identified 122 overlapping genes
(Fig. 3). Eighty-six were upregulated, and 36 were
downregulated. Among these 122 genes, the three most
highly upregulated were all heat shock proteins. The
most significantly downregulated gene in control-stress
animal comparisons was not annotated, but the fifth
(~33 fold reduction) was a receptor-type tyrosine-pro-
tein phosphatase T with putative roles in regulating cel-
lular processes such as cell growth, differentiation and
the mitotic cycle (Walton & Dixon 1993). However,
although these 122 genes were significantly DE in both
regions, the magnitude of upregulation and downregu-
lation was often different between regions (see Region-
specific response to temperature below). Moreover, the
northern populations showed 23.8% more DE genes
than the southern populations (177 vs. 143, Fig. 3).

Region-specific response to temperature

PC1 of the PCA (Fig. 2A) clearly separates the replicates
that were sequenced by different commercial facilities
(see Study limitations: replication and variance below).
Correlation analysis between PC1 and expression of
each contig in the PCA revealed two mitochondrial
respiratory chain genes, cytochrome c oxidase subunit
VIIa polypeptide 2 and mitochondrial ATP synthase f
chain, show a highly significant (P < 0.0001) positive
correlation of 0.99. Why this difference occurred is
unknown, but it can be considered a ‘batch effect’ and
removed from further consideration by focusing on the
other components of the PCA. The patterns of gene
expression projected on PC2 and PC3 are consistent
among replicates and reveal that the northern and
southern populations’ responses to heat stress differ in
multivariate space (Fig. 2B; Table S2, Supporting infor-
mation). While northern treatment samples showed the
most positive loadings on PC3, southern treatment sam-
ples showed the most negative loadings on PC2. Genes
significantly positively correlated with PC3 were func-
tionally enriched in responses to unfolded proteins and
response to stress, suggesting northern treatment sam-
ples are most highly correlated with these stress
response GO categories. Conversely, genes whose
expression was significantly negatively correlated with

Table 1 Number of total raw reads obtained following Illu-
mina Hi-Seq 2000 100 bp paired-end sequencing and number
of reads mapped to the respective de novo transcriptome
assembly for each of the 16 control and heat stressed samples
used in this study

Sample Number raw reads

Number
mapped
reads

SR Control 1 49 965 768 18 237 160
SR Control 2 58 730 072 20 958 377
PP Control 1 51 564 472 21 096 946
PP Control 2 60 115 720 17 594 009
AB Control 1 63 272 810 22 447 739
AB Control 2 54 233 246 19 259 255
LJ Control 1 61 727 292 18 291 063
LJ Control 2 50 127 096 23 320 565
SR Treatment 1 66 764 680 23 443 519
SR Treatment 2 57 004 890 20 037 374
PP Treatment 1 56 612 840 20 266 641
PP Treatment 2 56 735 442 19 767 039
AB Treatment 1 72 598 522 25 814 068
AB Treatment 2 51 246 952 18 484 362
LJ Treatment 1 58 309 644 26 103 215
LJ Treatment 2 71 534 982 24 080 728

AB, Aliso Beach; LJ, La Jolla; PP, Pigeon Point; SR, Slide
Ranch.
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Table 2-2: The average normalized expression values of all 33 heat shock proteins identified 
in the reference assemblies, divided into four categories: (i) differentially expressed (DE) 
following heat stress in both regions, (ii) DE only in the north, (iii) DE only in the south and 
(iv) DE in neither region. Fisher’s P-values in bold indicate genes showing significantly 
different expression following heat stress in northern vs. southern populations. Values in 
categories (ii) and (iii) are averages ±1 SEM. 
	  

the required magnitude of the acute stress response.
We note that although these results clearly implicate
‘preadaptation’ in the southern populations, the null
expectation of 50% of genes with reduced up- (or
down-) regulation in southern populations also showing
higher (or lower) constitutive expression in the south
puts large numbers of genes in this category, so the
analysis does not directly determine which genes are
preadapted.

Contigs with higher constitutive expression under
control conditions and lower response to heat stress in
southern populations include Hsp 60, Hsp70 #2 and #4,
Hsp90 and heat shock factor-binding protein 1 like. It is
worth noting that no Hsps showed lower constitutive
expression under control conditions and a lower
response to heat stress in southern compared with
northern populations. Contigs with lower constitutive
expression and reduced response to heat stress in

Table 2 The average normalized expression values of all 33 heat shock proteins identified in the reference assemblies, divided into
four categories: (i) differentially expressed (DE) following heat stress in both regions, (ii) DE only in the north, (iii) DE only in the
south and (iv) DE in neither region. Fisher’s P-values in bold indicate genes showing significantly different expression following heat
stress in northern vs. southern populations. Values in categories (ii) and (iii) are averages !1 SEM

Contig ID North control North treatment South control South treatment
Fisher’s
P-value

DE in both
Small heat shock protein #1 1261 49 857 899 36 864 0.42
Small heat shock protein #2 10 846 218 533 10 456 181 527 <2.2e-16
Small heat shock protein 26 144 81 074 134 38 487 3.52E-08
Heat shock protein #1 155 212 458 159 139 741 1.04E-04
Dnak protein 0 92.5 0 36.6 1
Heat shock protein 70 #1 203 456 072 536 361 842 <2.2e-16
Heat shock protein 70 #2 43 980 196 794 44 706 178 039 <2.2e-16
Heat shock protein 70 #3 904 78 530 864 58 692 3.24E-07
Heat shock protein 70 #4 1275 11 388 1306 8521 7.66E-14
Heat shock protein 70 #5 243 158 050 208 118 989 0.18
Heat shock protein 90 6886 109 494 7436 74 370 <2.2e-16
Dnaj homolog subfamily a member 1 539 11 248 586 8763 6.36E-08
Dnaj homolog subfamily b member 1 1449 270 952 1459 225 394 <2.2e-16
HSPa (heat shock 70 kDa) binding
cytoplasmic cochaperone 1

201 24 051 278 17 867 2.21E-11

Stress-induced phosphoprotein 1
(Hsc70/Hsp90 organizing protein)

4.4 96 2.5 100 0.72

DE in N only
Heat shock protein 60 777 ! 181 2737 ! 460 1154 ! 141 2623 ! 373 3.18E-16
Heat shock protein #2 1176 ! 109 3175 ! 470 1291 ! 76.6 2741 ! 469 6.02E-07
Dnaj homolog subfamily a member 2 2545 ! 449 6508 ! 1022 2344 ! 253 5895 ! 1204 0.62

DE in S only
Dnaj class molecular chaperone 7.4 ! 7.1 865 ! 538 0 ! 0 172 ! 79.9 0.37

DE in neither
Heat shock factor-binding protein 1-like 2818 3611 2943 3222 1.17E-05
Heat shock protein 70 #6 423 596 528 827 0.22
Activator of 90 kDa heat shock
protein ATPase homolog 1-like

74.1 1380 94.5 1086 2.96E-03

Dnaj homolog subfamily b member 706 646 476 613 3.22E-05
Dnaj homolog subfamily b member 11-like 291 298 392 350 0.23
Dnaj homolog subfamily b member 13-like 446 424 451 431 0.96
Dnaj homolog subfamily c member
2 isoform 2

536 612 844 1130 0.033

Dnaj homolog subfamily c member 3-like 229 316 180 276 0.44
Dnaj homolog subfamily c member 5 233 189 229 223 0.2
Dnaj homolog subfamily c member 9 439 440 644 878 3.47E-04
Dnaj homolog subfamily c member 11-like 196 203 248 275 0.64
Dnaj homolog subfamily c member 13 1141 999 1304 1031 0.092
Dnaj-like protein subfamily c member 14 1039 889 963 1033 4.42E-04
Dnaj homolog subfamily c member 16-like 52.1 121 48.5 131 0.64
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Table 2-3: The average normalized expression values and Gene Ontology (GO) category or 
categories of the 20 genes that differed significantly in expression between northern and 
southern populations under control conditions. The ‘Type’ column indicates the three domains 
of the GO categories, where C = cellular component (the parts of a cell or its extracellular 
environment), F = molecular function (the elemental activities of a gene at the molecular level) 
and P = biological process (operations or sets of molecular events). If a gene did not have any 
GO categories available, this column was left blank. 

 

Table 3 The average normalized expression values and Gene Ontology (GO) category or categories of the 20 genes that differed sig-
nificantly in expression between northern and southern populations under control conditions. The ‘Type’ column indicates the three
domains of the GO categories, where C = cellular component (the parts of a cell or its extracellular environment), F = molecular
function (the elemental activities of a gene at the molecular level) and P = biological process (operations or sets of molecular events).
If a gene did not have any GO categories available, this column was left blank

Contig ID GO category Type North control South control
Fisher’s
P-value

Higher in N Control
NA 145 4 1.60E-04
NA 53 6 2.80E-02
Failed axon connections
homolog isoform x2

184 25 5.10E-04

NA 140 23 2.20E-02
Hypothetical protein
BRAFLDRAFT 120079

Proteolysis P 211 40 1.80E-04
Peptidase activity;
aminopeptidase
activity

F

NA 103 20 1.80E-03
NA 82 18 8.40E-03
Hypothetical protein
BRAFLDRAFT 110510

159 39 4.00E-03

Fibroblast growth
factor receptor 2

Exocrine system development;
protein autophosphorylation;
branching involved in prostate
gland morphogenesis; embryonic
cranial skeleton morphogenesis;
regulation of cell differentiation;
immune system process; positive
regulation of cell proliferation;
lung development; developmental
growth; forebrain development;
muscle structure development;
negative regulation of cellular
process; positive regulation of
phospholipase activity; regulation
of multicellular organismal process;
heart development; anatomical
structure formation involved
in morphogenesis;
peptidyl-tyrosine phosphorylation;
positive regulation of MAPK
cascade; fibroblast growth
factor receptor signalling pathway;
cell development

P 106 27 2.00E-02

NA Fibroblast growth factor binding;
protein homodimerization activity;
fibroblast growth factor-activated
receptor activity

F 817 291 1.50E-02

NA Cell cortex; cell surface; nucleus;
extracellular matrix; integral to
plasma membrane

C 890 354 2.10E-02

Higher in S control
mynd finger Metal ion binding F 259 384 2.20E-02
NA 64 192 2.00E-02
Deoxyribonuclease tatdn2-like Endodeoxyribonuclease activity,

producing 50-phosphomonoesters
F 64 196 1.60E-02

Nucleic acid phosphodiester bond
hydrolysis

P

Cellular component C
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Table 2-3: The average normalized expression values and Gene Ontology (GO) category or 
categories of the 20 genes that differed significantly in expression between northern and 
southern populations under control conditions, continued 
	  

southern populations include several cytochrome p450s
and multiple ankyrin repeat containing proteins
(involved in the initiation of the immune response).

Discussion

We utilized RNA-seq to investigate the potential contri-
bution of differential gene expression to varying ther-
mal tolerance across geographically distinct populations
of the marine ectotherm Chlorostoma funebralis. Our
main finding is that thermally tolerant southern Califor-
nia C. funebralis individuals appear to utilize both pre-
adaptation of gene expression levels prior to thermal
stress exposure and upregulation of genes after expo-
sure to cope with heat stress.

Constitutive expression

Higher constitutive expression for some genes in south-
ern vs. northern populations may represent a degree of

‘preadaptation’ that could serve as a preparative
defence against frequent heat stress events, conferring
higher thermal tolerance to the southern populations. In
this study, 13 of the 29 genes that were significantly up-
regulated only in northern populations following heat
stress were apparently preadapted in the southern pop-
ulations (Table 4). Rather than utilizing acute respon-
siveness, we propose that because of this preadaptation,
these 13 genes did not need to be significantly upregu-
lated by the southern populations following heat stress.
One of these preadapted genes is Hsp60; Hsps are dis-
cussed in further detail below (see Differential upregu-
lation of Hsps).
Concordant with other studies (e.g. Barshis et al.

2013), several genes besides Hsps were also preadapted.
Notably, of the 1683 total preadapted genes, 16 (seven
e3 ubiquitin ligases, three ubiquitin carboxyl-terminal
hydrolases, two poly-ubiquitin proteins, two ubiquitin-
like proteins, a ubiquitin domain containing protein,
and a ubiquitin conjugating enzyme) function in the

Table 3 Continued

Contig ID GO category Type North control South control
Fisher’s
P-value

Sialate o-acetylesterase 2235 6956 6.50E-04
NA 67 231 2.10E-03
PREDICTED: uncharacterized
protein LOC101847681 isoform X2

1345 5492 5.50E-05

RNA-binding protein musashi
like protein 1

32 131 1.40E-02

Vitellogenin 7246 48 039 2.30E-02
fp1 mytga ame: adhesive plaque
matrix protein ame; foot
protein 1 ame

Extracellular region C 7 63 1.40E-02
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Fig. 4 Scatterplot of the 2697 genes with lower upregulation after heat stress in southern vs. northern populations. One thousand six
hundred and eighty-three genes above the diagonal 1:1 line have higher control expression in southern populations, and 1014 genes
below the 1:1 line have higher control expression in northern populations. Expression values are normalized for library size and con-
tig length and are log-transformed. Closed coloured circles represent specific groups of classified genes (seven ubiquitin-associated,
one oxidative stress, and 0 heat shock proteins below the 1:1 line, and 16 ubiquitin-associated, five oxidative stress, and six heat-
shock proteins above the 1:1 line).
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Table 2-4: The average normalized expression values and Gene Ontology (GO) category or 
categories of the 29 genes that were up-regulated following heat stress only in northern 
populations. Rows in bold indicate genes that were more highly expressed under control 
conditions in southern populations compared with northern populations. The ‘Type’ column 
indicates the three domains of the GO categories, where C = cellular component (the parts of a 
cell or its extracellular environment), F = molecular function (the elemental activities of a gene 
at the molecular level) and P = biological process (operations or sets of molecular events). If a 
gene did not have any GO categories available, this column was left blank. 

 

Table 4 The average normalized expression values and Gene Ontology (GO) category or categories of the 29 genes that were upreg-
ulated following heat stress only in northern populations. Rows in bold indicate genes that were more highly expressed under con-
trol conditions in southern populations compared with northern populations. The ‘Type’ column indicates the three domains of the
GO categories, where C = cellular component (the parts of a cell or its extracellular environment), F = molecular function (the ele-
mental activities of a gene at the molecular level) and P = biological process (operations or sets of molecular events). If a gene did
not have any GO categories available, this column was left blank

Contig ID GO category Type
North
control

North
treatment

South
control

South
treatment

NA 120 356.1 92.2 176.5
Tyrosine recombinase-like 314.1 1332.6 300.4 870
Hypothetical protein
CGI 10012932

27 89.9 21.9 50.1

NA 1633.9 4773.1 1472.9 3080.6
NA 77.8 602.3 87.7 490.4
NA 54.1 189.2 52 131.2
Transcription intermediary
factor 1-alpha-like

Metal ion binding; zinc
ion binding

F 591.1 1474 673 1301.1

Intracellular C
Heat shock protein #2 M band; striated muscle

dense body
C 1176.3 3175.3 1290.7 2741.4

NA 10.3 103.2 12 94.8
Unknown, partial 12899.8 36453.3 11983.6 27532.5
klf534-like protein Metal ion binding; nucleic

acid binding
F 7648.9 19466.9 8861.5 18918.4

Biological process P
Protein fam46c-like isoform x1 1641.3 3765.7 1926.9 3726.2
e3 ubiquitin-protein ligase topors-like 93.3 296.5 104.8 285.2
Suppressor of g2 allele of skp1 homolog Intracellular part C 475 1351.7 483.8 1186.9
NA 2891.3 7527.8 2540.9 5738.1
Zinc finger protein c3h1 type-like 1 Metal ion binding F 6364.8 16230.1 6316.5 14087.2
vwka dicdi ame: alpha-protein
kinase vwka ame: von willebrand
factor a alpha-kinase

285.4 1304.5 211.7 858.3

dnaj homolog subfamily a member 2 Protein binding;
ion binding

F 2544.9 6508.4 2344.1 5895

Protein btg2 Negative regulation
of translation;
protein binding;
neuron projection
development;
negative regulation
of cell proliferation;
positive regulation
of nuclear-transcribed
mRNA poly(A) tail
shortening;
DNA repair

P 37328.6 162068.5 35348.7 151987.5

Multiple epidermal growth
factor-like domains 11

163.2 4418.4 124.4 4059.7

NA 42.4 147.5 18.8 80.3
Perlucin 5 130.6 312.4 91.8 279.6
NA 1.3 180.1 0.7 195.4
NA 3.4 43.9 2.5 75.5
NA 0.6 72.7 2.3 49.3
Tyrosine recombinase DNA integration;

DNA recombination
P 49.4 178.9 77.2 122.6

DNA binding F
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Table 2-4: The average normalized expression values and Gene Ontology (GO) category or 
categories of the 29 genes that were up-regulated following heat stress only in northern 
populations, continued 

  

ubiquitin stress response pathway, in which proteins
irreversibly damaged by heat stress are degraded
(Parag et al. 1987). For example, e3 ubiquitin protein lig-
ases transfer ubiquitin to damaged proteins and hence
target them for degradation by the proteasome (Ardley
& Robinson 2005).
We also found southern populations show higher

constitutive expression and less upregulation following
heat stress of several antioxidant genes. Increased tem-
perature can result in oxidative stress (Abele et al. 2002;
Heise et al. 2003; Abele & Puntarulo 2004; Yang et al.
2010; Cui et al. 2011); thus, mitigating oxidative stress
by increasing synthesis of antioxidants can increase
thermal tolerance (Dilly et al. 2012). For instance, pread-
aptation of the antioxidant gene peroxidasin has been
suggested to confer thermal tolerance in the coral Acro-
pora hyacinthus (Barshis et al. 2013). In this study, we
found evidence that southern populations of C. funebral-
is may also utilize this strategy: four components of the
antioxidant defence system (Cadenas 1989; Cox et al.
2009; Murphy 2012; Mailloux et al. 2013), superoxide
dismutase (SOD), glutathione peroxidase (GPx), thiore-
doxin and peroxiredoxin 6 (Prdx6), showed higher con-
stitutive expression in southern populations and less
upregulation following heat stress compared with
northern populations (see Table S3, Supporting informa-
tion for exact expression values). SOD catalyses the dis-
mutation of superoxide into oxygen and hydrogen
peroxide (McCord & Fridovich 1988), while GPx cataly-
ses the reduction of hydroperoxides (Meister & Ander-
son 1983). The expression of GPx is an indicator of
intracellular H2O2 levels (De Zoysa et al. 2009). Thus,
the higher constitutive expression of this gene in south-
ern populations suggests these individuals experience
oxidative stress more often during ‘baseline’ conditions,
while the higher upregulation of this gene in northern
populations indicates these individuals possess more
reactive oxygen species and potentially more oxidative
damage following heat stress compared with southern
populations. The thioredoxin–peroxiredoxin system has
been suggested to scavenge up to 90% of the hydrogen
peroxide in mitochondria (Cox et al. 2009). Thioredoxins

are antioxidants that facilitate the reductions of other
proteins by cysteine thiol-disulphide exchange (Holm-
gren 1989), and Prdx6 reduces hydrogen peroxide and
short chain organic, fatty acid and phospholipid hydro-
peroxides. Studies in mice suggest Prdx6 may protect
against oxidative injury; overexpression of Prdx6 pro-
tects against oxidative stress and the toxicity of hyper-
oxia, whereas knockout mice showed increased
oxidative stress, apoptosis, lipopolysaccharide-induced
acute lung injury and an increased sensitivity to hyper-
oxia (Manevich & Fisher 2005; Yang et al. 2011). Simi-
larly, higher constitutive expression of Prdx6 in
southern vs. northern populations could provide
increased protection against thermally induced oxida-
tive stress in southern populations. Moreover, previous
proteomic work in Mytilus suggests oxidative stress is a
costressor of environmental stresses besides heat, such
as osmotic and pH (Tomanek 2012). Further work is
needed to determine whether the population-specific
expression of oxidative stress genes such as SOD, GPx,
thioredoxin and Prdx6 observed under thermal stress in
this study may also play a role in differential tolerance
of C. funebralis populations to other abiotic stressors.

Differential gene expression as a result of thermal
tolerance

Differential gene expression may result in regional dif-
ferences in thermal tolerance. Alternatively, the unique
transcriptome response to heat stress in southern popu-
lations may reflect that these more thermally tolerant
individuals experience lower levels of physiological
stress than northern populations given the same ther-
mal event (Barshis et al. 2013); the unique transcriptome
response may be a consequence of the southern popula-
tions’ higher heat tolerance. Some of these uniquely
expressed genes with reduced upregulation following
heat stress in southern populations include Hsp70 #4,
von Willebrand factor, an apoptosis inhibitor and a
gene involved in activation of the MEK/ERK signalling
pathway during the innate immune response and in
apoptosis regulation. Previous work has also shown

Table 4 Continued

Contig ID GO category Type
North
control

North
treatment

South
control

South
treatment

NA 10.7 51.4 13.5 29
Hypothetical protein
TcasGA2 TC005055

50 263.6 55.1 176

Heat shock protein 60 Cytoplasm C 776.7 2737.4 1154.2 2622.9
ATP binding F
Protein refolding P
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Figure 2-1: C. funebralis collecting sites for RNA-seq along the California coastline. 
  



 

	  

	  

76 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-2: Principal component analyses (PCA) dimensions 1 and 2 (A) and 2 and 3 (B) of 
expression values for all 15,903 contigs in each population’s reference assembly. The numbers 
in parentheses indicate the proportion of variance explained by that PCA dimension. Open 
symbols denote control samples and filled symbols denote treatments. Grey symbols (both 
open and filled) represent northern populations (SR, Slide Ranch; PP, Pigeon Point), and black 
symbols represent southern populations (AB, Aliso Beach; LJ, La Jolla). Arrows show the 
trajectory from control to thermal stress for each replicate and are added for clarity. Red 
arrows indicate southern populations, and blue arrows indicate northern populations. PCA was 
computed in R using the FACTOMINE package. 

PC2 were enriched in ATP binding and DNA-depen-
dent regulation of transcription; southern treatment
samples are most highly correlated with the expression
of genes with these unique GO terms. Moreover, seven
of the 42 genes significantly negatively correlated with
PC2 function in cell cycle progression.
Because the PCA revealed that four samples suffered

from batch effects, preliminary differential expression
analyses were performed with both the full data set
and with the batch effect samples removed. Removing
these four samples increased the number of DE genes
(by reducing the variance in the data set), but did not
substantially affect the conclusions of the analysis. We
have chosen to be conservative, and all subsequent
results and discussion refer to the full data set.
Twenty-one genes responded to heat stress in southern

populations but not in northern ones (Fig. 3, Table S1,
Supporting information). One of these 21 genes is a
dnaj class molecular chaperone. Another gene, mitosis
inhibitor protein kinase wee1, which is a negative regu-
lator of the G2 to M transition (Rhind & Russell 2001),
was only significantly downregulated in southern popu-
lations. In northern populations, 55 genes significantly
responded to heat stress but did not change expression
levels in southern populations (Fig. 3, Table S1, Sup-
porting information). These genes include an Hsp60
and an Hsp of unknown molecular weight. Although
both regions use Hsps as a defence against thermal
damage, the particular genes that respond appear to be
region specific (Table 2).
Even those genes that significantly responded to

treatment in both regions did not always change
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Fig. 2 Principal component analyses
(PCA) dimensions 1 and 2 (A) and 2 and
3 (B) of expression values for all 15 903
contigs in each population’s reference
assembly. The numbers in parentheses
indicate the proportion of variance
explained by that PCA dimension. Open
symbols denote control samples and
filled symbols denote treatments. Grey
symbols (both open and filled) represent
northern populations (SR, Slide Ranch;
PP, Pigeon Point), and black symbols
represent southern populations (AB, Al-
iso Beach; LJ, La Jolla). Arrows show the
trajectory from control to thermal stress
for each replicate and are added for
clarity. Red arrows indicate southern
populations, and blue arrows indicate
northern populations. PCA was com-
puted in R using the FACTOMINE package.
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Figure 2-3: Venn diagram showing the number of differentially expressed genes identified 
during analysis based on temperature, within-region temperature response, and between-
region constitutive differences. Bold numbers indicate totals and respective shades of grey 
indicate up-regulated vs. down-regulated or higher expression in southern (S) vs. northern (N) 
regions, respectively. 
 

 
 
 
 
 
 
 
 
 
 

 
 

expression levels to the same magnitude. Of 122 genes
that changed expression in both regions, 40 (32.8%)
were SDE, meaning they were significantly more upreg-
ulated or downregulated in one region compared with
the other (Fisher’s exact test, Table S1, Supporting infor-
mation). Genes that were significantly more upregulat-
ed in northern populations compared with southern
populations included ten heat shock proteins (Table 2),
four regulators of apoptosis and dual specificity protein
phosphatase 10, which negatively regulates MAPK pro-
teins associated with cellular proliferation and differen-
tiation (Patterson et al. 2009). Notably, there were no
genes significantly more upregulated in southern popu-
lations compared with northern ones.

Region-specific response to temperature: Hsps

The expression of 17 Hsps (and five of the six annotated
Hsp70s) was significantly positively correlated with
PC3 of the PCA, and northern treatment samples
showed the most positive loadings on PC3 (Fig. 2B).
Nineteen of the 33 annotated Hsps (60.6%) were SDE
in northern compared with southern populations
(Table 2). Moreover, the direction of these significant
differences (i.e. more upregulated in northern or south-
ern populations) was unique to the particular Hsp gene
family. For instance, four of the six (66.7%) annotated
Hsp70s showed a significantly higher fold change after
heat stress in northern vs. southern populations. In con-
trast, nine of the 15 (60%) dnaj (Hsp40) genes were
more highly expressed in the southern populations.

Hsp paralog gene expression

Hsp paralogs show markedly varied expression pat-
terns, even within a single region (Table 2). Not only
do these genes show different levels of expression
under control conditions, but they are also upregulated
to varying degrees following thermal stress. Six genes
annotated as Hsp70 paralogs showed highly variable
responses to heat stress, with upregulation ranging
from 1.4-fold (Hsp70 #6) to 2243-fold (Hsp70 #1) in
northern populations, and from 1.5-fold (Hsp70 #6) to
68-fold (Hsp70 #3) in southern populations. Dnaj genes
also show a wide range of expression. The fold change
of these genes following heat stress ranges from 0.9
(dnaj homolog subfamily c member 13) to 162 (dnaj
class molecular chaperone) in the northern populations
and from 0.98 (dnaj homolog subfamily c member 13)
to 800 (dnaj class molecular chaperone) in the southern
populations.

Region-specific constitutive expression

Unstressed control snails from the northern and south-
ern populations differed significantly in gene expression
across 20 genes (11 higher in northern populations and
nine higher in southern populations, Fig. 3, Table 3).
Northern control samples had higher transcript abun-
dances in 31 GO categories, including proteolysis.
Southern control samples had higher transcript abun-
dances in five GO categories, including metal ion bind-
ing and endodeoxyribonuclease activity.
Overall, there were 2024 genes with a lower magni-

tude of upregulation (measured as fold change follow-
ing heat stress) in northern populations compared with
southern populations, and 1082 of these (53.5%; Chi-
squared test; NS) also showed higher expression in
northern vs. southern control samples. Eight hundred
and thirty-one of 1856 genes (44.8%; Chi-squared test;
NS) with a lesser magnitude of downregulation in
northern populations also show lower control expres-
sion compared with southern controls. Conversely,
there were 2697 genes with a reduced magnitude of
upregulation in southern populations compared with
northern populations, and 1683 of these (62.4%; Chi-
squared test; P < 0.0001) showed higher expression in
southern vs. northern control samples (Fig. 4). Similarly,
1762 of 2639 genes (66.8%; Chi-squared test; P < 0.0001)
with a reduced magnitude of downregulation in south-
ern populations show lower control expression levels
for these genes compared with northern controls. In
sum, for genes with reduced stress response in southern
populations, it often appears that control expression has
evolved to levels that preadapt the animals to the fre-
quent heat stress they experience and therefore reduce

All Control
vs.
All Heated

Heated

Fig. 3 Venn diagram showing the number of differentially
expressed genes identified during analysis based on tempera-
ture, within-region temperature response, and between-region
constitutive differences. Bold numbers indicate totals and
respective shades of grey indicate upregulated vs. downregu-
lated or higher expression in southern (S) vs. northern (N)
regions, respectively.
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Figure 2-4: Scatterplot of the 2697 genes with lower up-regulation after heat stress in southern 
vs. northern populations. One thousand six hundred and eighty-three genes above the diagonal 
1:1 line have higher control expression in southern populations, and 1014 genes below the 1:1 
line have higher control expression in northern populations. Expression values are normalized 
for library size and contig length and are log-transformed. Closed colored circles represent 
specific groups of classified genes (seven ubiquitin-associated, one oxidative stress, and 0 heat 
shock proteins below the 1:1 line, and 16 ubiquitin-associated, five oxidative stress, and six 
heat shock proteins above the 1:1 line). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

southern populations include several cytochrome p450s
and multiple ankyrin repeat containing proteins
(involved in the initiation of the immune response).

Discussion

We utilized RNA-seq to investigate the potential contri-
bution of differential gene expression to varying ther-
mal tolerance across geographically distinct populations
of the marine ectotherm Chlorostoma funebralis. Our
main finding is that thermally tolerant southern Califor-
nia C. funebralis individuals appear to utilize both pre-
adaptation of gene expression levels prior to thermal
stress exposure and upregulation of genes after expo-
sure to cope with heat stress.

Constitutive expression

Higher constitutive expression for some genes in south-
ern vs. northern populations may represent a degree of

‘preadaptation’ that could serve as a preparative
defence against frequent heat stress events, conferring
higher thermal tolerance to the southern populations. In
this study, 13 of the 29 genes that were significantly up-
regulated only in northern populations following heat
stress were apparently preadapted in the southern pop-
ulations (Table 4). Rather than utilizing acute respon-
siveness, we propose that because of this preadaptation,
these 13 genes did not need to be significantly upregu-
lated by the southern populations following heat stress.
One of these preadapted genes is Hsp60; Hsps are dis-
cussed in further detail below (see Differential upregu-
lation of Hsps).
Concordant with other studies (e.g. Barshis et al.

2013), several genes besides Hsps were also preadapted.
Notably, of the 1683 total preadapted genes, 16 (seven
e3 ubiquitin ligases, three ubiquitin carboxyl-terminal
hydrolases, two poly-ubiquitin proteins, two ubiquitin-
like proteins, a ubiquitin domain containing protein,
and a ubiquitin conjugating enzyme) function in the

Table 3 Continued

Contig ID GO category Type North control South control
Fisher’s
P-value

Sialate o-acetylesterase 2235 6956 6.50E-04
NA 67 231 2.10E-03
PREDICTED: uncharacterized
protein LOC101847681 isoform X2

1345 5492 5.50E-05

RNA-binding protein musashi
like protein 1

32 131 1.40E-02

Vitellogenin 7246 48 039 2.30E-02
fp1 mytga ame: adhesive plaque
matrix protein ame; foot
protein 1 ame

Extracellular region C 7 63 1.40E-02

—1 0 1 2 3 4 5

0
1

2
3

4
5

Log Expression North Control

Lo
g 

Ex
pr

es
si

on
 S

ou
th

 C
on

tro
l

Heat shock proteins
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Ubiquitin associated genes

Fig. 4 Scatterplot of the 2697 genes with lower upregulation after heat stress in southern vs. northern populations. One thousand six
hundred and eighty-three genes above the diagonal 1:1 line have higher control expression in southern populations, and 1014 genes
below the 1:1 line have higher control expression in northern populations. Expression values are normalized for library size and con-
tig length and are log-transformed. Closed coloured circles represent specific groups of classified genes (seven ubiquitin-associated,
one oxidative stress, and 0 heat shock proteins below the 1:1 line, and 16 ubiquitin-associated, five oxidative stress, and six heat-
shock proteins above the 1:1 line).
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APPENDIX 2-1 
 

Table A2-1: The normalized expression values of genes differentially expressed between 
control and heat stress conditions, divided into three categories: (i) differentially expressed 
(DE) following heat stress in both regions, (ii) DE only in the north, and (iii) DE only in the 
south. Fisher’s P-values are provided for genes DE in both regions, with values in bold 
indicating genes whose magnitude of expression change in response to stress significantly 
differs between northern and southern populations.   NA = not annotated. 
 

Contig ID 
North 
control 

North 
treatment 

South 
control 

South 
treatment 

Fisher's 
P-value 

DE in both           
heat shock protein 70 #2 43980 196794 44706 178038 < 2.2e-16 
apoptosis regulator r1 like 9248 80881 10534 78521 < 2.2e-16 
heat shock protein 90 6886 109493 7436 74370 < 2.2e-16 
small heat shock protein #2 10846 218533 10456 181527 < 2.2e-16 
heat shock protein 70 #1 203 456072 536 361842 < 2.2e-16 
baculoviral iap repeat containing 753 11423 977 9865 5.11E-16 
nf-kappa-b inhibitor cactus like 95.7 42948 191 34100 4.00E-14 
heat shock 70 #4 1275 11388 1306 8521 7.66E-14 
dual specificity protein phosphatase 
10 1049 5295 1125 4015 4.38E-13 
hspa (heat shock 70kda) binding 
cytoplasmic cochaperone 1 201 24051 278 17866 2.21E-11 
otu domain-containing protein 3 like 438 56499 518 44437 3.67E-10 
bag family molecular chaperone 
regulator 3 like 504 89753 567 71634 2.61E-08 
transcription factor ap 1 3752 12021 3026 11305 3.01E-08 
small heat shock protein 26 144 81074 134 38486 3.52E-08 
dnaj homolog subfamily a member 
1 539 11248 586 8763 6.36E-08 
dnaj homolog subfamily b member 
1 1449 270952 1459 225394 3.04E-07 
heat shock protein 70 #3 904 78530 864 58692 3.24E-07 
NA 255 1237 353 1075 4.02E-07 
inhibitor of apoptosis protein 1 237 3172 182 1450 8.30E-07 
ruvb like 1 336 1263 474 1226 4.76E-06 
NA 575 141 548 66.8 1.03E-05 
cell wall protein awa1 like 763 6237 686 4407 2.07E-05 
heat shock protein #1 155 212458 159 139741 0.0001 
protein kintoun like 922 2988 924 2427 0.00011 
unknown protein 11 962 256 828 145 0.00024 
NA 240 4492 240 3211 0.0005 
transcription factor ap 4 815 227 764 301 0.00063 
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Table A2-1: The normalized expression values of genes differentially expressed between 
control and heat stress conditions, divided into three categories: (i) differentially expressed 
(DE) following heat stress in both regions, (ii) DE only in the north, and (iii) DE only in the 
south, continued 
 

Contig ID 
North 
control 

North 
treatment 

South 
control 

South 
treatment 

Fisher's 
P-value 

DE in both           
klf2 like transcription factor 3043 650 3015 524 0.0013 
erythroid differentiation related 
factor 1 280 1842 264 1305 0.0023 
baculoviral iap repeat containing 
protein 2 54.9 892 59.4 526 0.0025 
NA 469 28.3 263 33.6 0.004 
tnfaip3 interacting protein 2 969 5412 798 3851 0.0049 
transcription factor kayak 2668 15151 2327 12135 0.0059 
hypothetical protein CGI 10008799 889 256 804 174 0.0093 
tumor necrosis factor alpha 72.2 9.9 76.4 1.2 0.0095 
NA 139 2641 66.6 1847 0.014 
fas ligand 326 60.6 292 86.1 0.017 
upf0672 protein c3orf58 376 85.6 227 76.6 0.03 
egf like domain containing protein 446 48.1 360 22.5 0.033 
phosducin like protein 3 like 676 2152 637 1773 0.038 
NA 2.7 1092 8.1 786 0.062 
multiple epidermal growth factor 
like domains 6 275 84.1 216 44.7 0.071 
NA 185 37.6 198 23.6 0.075 
stress induced phosphoprotein 1 490 1364 523 1274 0.076 
NA 33 218 19.5 222 0.078 
timeless protein 230 44.1 168 49.4 0.082 
n acetyltransferase gcn5 2.4 124 7.2 109 0.091 
NA 340 96.3 311 65.2 0.094 
NA 6 4448 8.4 2402 0.096 
NA 311 2834 264 2087 0.11 
NA 554 6940 490 5551 0.12 
baculoviral iap repeat containing 
protein 3 like 457 51804 400 40931 0.14 
NA 320 31.8 217 12.8 0.15 
NA 4 30.9 1.3 44.4 0.16 
protein phosphatase 1 regulatory 
subunit 15a 679 3801 601 3092 0.17 
heat shock protein 70 #5 243 158050 208 118989 0.18 
leucine rich repeat extensin like 
protein 5 like isoform x1 184 830 155 595 0.2 
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Table A2-1: The normalized expression values of genes differentially expressed between 
control and heat stress conditions, divided into three categories: (i) differentially expressed 
(DE) following heat stress in both regions, (ii) DE only in the north, and (iii) DE only in the 
south, continued 
 

Contig ID 
North 
control 

North 
treatment 

South 
control 

South 
treatment 

Fisher's 
P-value 

DE in both           
NA 57.3 1.2 22.4 2.2 0.2 
protein unc 45 homolog b like 250 1507 191 1008 0.21 
NA 228 1450 204 1137 0.21 
NA 5.1 62.1 15 94.8 0.23 
eukaryotic translation initiation 
factor 2 alpha kinase 3 like 182 1344 181 1158 0.24 
NA 148 3055 106 2540 0.27 
n acetylserotonin o methyltransferase 
like protein 474 1910 290 1281 0.28 
endonuclease v like 98.8 366 79.8 245 0.3 
ubiquitin protein ligase e3c 163 500 167 447 0.31 
bip luminal binding protein probable 1.7 830 1.5 322 0.31 
NA 743 3760 585 3146 0.32 
zygote defective: embryonic lethal 
family member (zyg 1) like 606 138 569 148 0.32 
hypothetical protein CGI 10005191 120 701 124 636 0.33 
NA 1 5194 3 4639 0.35 
NA 24.3 116 11.2 80.1 0.35 
NA 2.4 50.2 2.7 31.4 0.38 
NA 9 116 4.2 93.6 0.4 
sequestosome 1 295 1864 251 1713 0.41 
small heat shock protein #1 1261 49856 899 36864 0.42 
centrosomal protein 164kda like 210 43.1 189 47.2 0.42 
egf like domain containing protein 300 27.2 229 14.8 0.42 
NA 328 1189 216 722 0.42 
transforming protein 129 699 104 507 0.43 
NA 60.8 1936 49.2 1313 0.43 
NA 10.5 263 5.3 219 0.44 
nf kappa b inhibitor cactus like 330 22159 294 18522 0.44 
NA 35.1 0.5 26.9 1.2 0.44 
NA 25.3 1.6 17.9 0.3 0.51 
zinc finger mynd domain containing 
protein 10 like 65.4 372 78.5 396 0.52 
inhibitor of apoptosis protein 94.8 18.2 71.6 10.5 0.54 
patatin family 707 2379 568 1834 0.54 
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Table A2-1: The normalized expression values of genes differentially expressed between 
control and heat stress conditions, divided into three categories: (i) differentially expressed 
(DE) following heat stress in both regions, (ii) DE only in the north, and (iii) DE only in the 
south, continued 
 

Contig ID 
North 
control 

North 
treatment 

South 
control 

South 
treatment 

Fisher's 
P-value 

DE in both           
NA 105 305 88 282 0.56 
NA 25.2 1028 26.4 910 0.57 
NA 8.3 68.1 8.1 44.5 0.59 
NA 55.7 1.9 67.4 1.5 0.59 
phytanoyl hydroxylase interacting 
protein 22.4 89.2 9.8 52.3 0.68 
apoptosis regulator bax like 112 441 95 352 0.7 
NA 4.6 157 2.4 96.6 0.71 
stress induced phosphoprotein 1 4.4 96 2.5 100 0.72 
NA 4.9 43.4 5.2 31.7 0.74 
sequestosome 1 like 2043 20636 1467 14650 0.76 
multiple epidermal growth factor like 
domains 6 517 125 464 117 0.77 
NA 8.9 157 8.4 112 0.8 
NA 654 130 329 67.8 0.81 
NA 82.9 13.6 49.3 7.4 0.81 
sequestosome partial 337 3109 242 2278 0.83 
NA 134 17.6 99 15.1 0.85 
receptor type tyrosine protein 
phosphatase t 571 17.5 482 16.6 0.86 
NA 26.8 150 16.2 83.6 0.86 
NA 26.3 0 27.9 0 1 
NA 20.7 0.5 33.4 0.84 1 
NA 18.8 0.7 20 0 1 
fas ligand like protein 93.4 17.5 43.7 8.6 1 
multiple epidermal growth factor like 
domains 6 166 32.6 149 29.6 1 
tumor necrosis factor ligand 
superfamily member 10 like 1142 377 848 280 1 
NA 7.6 65.2 5.6 55.8 1 
NA 4.4 43.4 5.2 58.3 1 
NA 58 972 41.5 703 1 
si:dkey protein 35.4 733 31 660 1 
NA 1.8 46.5 2 38.3 1 
NA 0.7 37.2 0.5 20.2 1 
dnak protein 0 92.5 0 36.6 1 
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Table A2-1: The normalized expression values of genes differentially expressed between 
control and heat stress conditions, divided into three categories: (i) differentially expressed 
(DE) following heat stress in both regions, (ii) DE only in the north, and (iii) DE only in the 
south, continued 
 

Contig ID 
North 
control 

North 
treatment 

South 
control 

South 
treatment 

Fisher's 
P-value 

DE in both      
NA 0 19.4 0 13.5 1 
NA 24.5 2.1 19.8 1.1 1 
NA 51.4 5.1 46.2 5.4 1 
DE in N only           
NA 1.3 180 0.7 195   
NA 44.7 8.3 33 3.9   
NA 26.1 2.1 34.1 1.9   
hypothetical protein TcasGA2 
TC005055 49.9 263 55.1 176   
NA 10.3 103 12.04 94.8   
NA 368 51.3 213 40.4   
protein btg2 37328 162068 35349 151987   
tyrosine recombinase like 314 1333 300 870   
vwka dicdi ame: full alpha protein 
kinase vwka ame: full von willebrand 
factor a alpha kinase short vwf kinase 285 1304 212 858   
NA 3.4 43.9 2.5 75.5   
leukocyte cell derived chemotaxin 1 
like protein 588 134 425 623   
multiple epidermal growth factor like 
domains 11 163 4418 124 4060   
NA 77.8 602 87.7 490   
NA 5315 1124 2488 2492   
tumor necrosis factor alpha 56 7.4 20.8 2.1   
NA 0.5 72.7 2.3 49.3   
e3 ubiquitin protein ligase topors like 93.3 296 105 285   
suppressor of g2 allele of skp1 
homolog 475 1352 484 1187   
klf534 like protein 7649 19467 8862 18918   
heat shock protein 60 777 2737 1154 2623   
NA 10.7 51.4 13.4 29   
transcription intermediary factor 1 
alpha like 591 1474 673 1301   
protein fam46c like isoform x1 1641 3766 1927 3726   
NA 38.3 4.6 32.9 9.1   
serpin b3 164 45.6 138 72.7   
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Table A2-1: The normalized expression values of genes differentially expressed between 
control and heat stress conditions, divided into three categories: (i) differentially expressed 
(DE) following heat stress in both regions, (ii) DE only in the north, and (iii) DE only in the 
south, continued 
 

Contig ID 
North 
control 

North 
treatment 

South 
control 

South 
treatment 

Fisher's 
P-value 

DE in N only           
NA 72.6 16.4 57.3 25.2   
hypothetical protein CGI 10020458 177 51.5 96.9 36.6   
NA 36.2 4.9 25.4 7.8   
NA 62.6 16.3 48.3 15.5   
serine threonine protein kinase tbk1 
like 576 217 367 163   
protein isoform a 3436 1335 2882 1157   
innexin unc 9 83.1 23.6 39.8 20.2   
NA 2422 900 2047 858   
histone h1 3303 1258 2615 986   
tigger transposable element derived 
protein 6 like 103 32.1 68.5 30.6   
NA 32.9 5.6 28.8 11.7   
hypothetical protein CGI 10012932 27 89.9 21.9 50.1   
NA 2891 7528 2541 5738   
zinc finger protein c3h1 type like 1 6365 16230 6316 14087   
NA 1634 4773 1473 3080   
NA 120 356 92.2 176   
NA 54.2 189 52 131   
tyrosine recombinase 49.4 179 77.2 122   
perlucin 5 131 312 91.8 280   
unknown, partial 12900 36453 11984 27532   
NA 104 27.9 108 39.6   
heat shock protein #2 1176 3175 1291 2741   
NA 26.9 2.2 15.5 15.4   
NA 108 19.9 45.2 15.5   
dnaj homolog subfamily a member 2 2545 6508 2344 5895   
NA 42.4 147 18.8 80.3   
major prion isoform x1 37.8 5.1 19.6 9.7   
NA 392 137 293 87.7   
NA 593 239 483 220   
probable helicase with zinc finger 
domain like 1462 561 1374 585   

 
 



 

	  

	  

85 

Table A2-1: The normalized expression values of genes differentially expressed between 
control and heat stress conditions, divided into three categories: (i) differentially expressed 
(DE) following heat stress in both regions, (ii) DE only in the north, and (iii) DE only in the 
south, continued 
 

Contig ID 
North 
control 

North 
treatment 

South 
control 

South 
treatment 

Fisher's 
P-value 

DE in S only           
NA 254 66.7 352 72.7   
NA 91.6 15.7 155 15.8   
NA 25.8 6.1 30.9 2.1   
NA 32 162 28.6 190   
dnaj class molecular chaperone 7.9 865 0 172   
NA 84.9 487 72.7 537   
NA 25.5 5.5 30.8 1.7   
kda glucose regulated protein 5679 24494 4606 17779   
NA 12.7 62.6 4.9 32.1   
achain crystal structure of 
engineered northeast structural 
genomics consortium target 835 382 563 192   
hypothetical protein CGI 
10026640 142 56.5 146.2 38.9   
NA 83.1 27.8 64.7 9.4   
NA 0.4 25.8 0.5 13.8   
NA 35.8 11.9 34.7 5.5   
NA 342 172 306 104   
mitosis inhibitor protein kinase 
wee1 208 104 176 46   
NA 22 8.5 32.9 5.7   
NA 25.8 0.9 15.4 0.6   
NA 813 942 542 1620   
serrano protein 277 123 244 85.8   
transient receptor potential cation 
channel subfamily v member 4 25.2 15.8 29.5 4.2   
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Table A2-2: The contig identity and Gene Ontology (GO) category or categories of all genes 
with a significant correlation of greater than 0.9 or less than -0.9 between their normalized 
expression values and Dimension 2 or 3 of the PCA in Figure 2-2B. The “Type” column 
indicates the three domains of the GO categories, where C = cellular component (the parts of a 
cell or its extracellular environment), F = molecular function (the elemental activities of a 
gene at the molecular level), and P = biological process (operations or sets of molecular 
events).  If a gene did not have any GO categories available, this column was left blank.  
Contigs in bold are involved in regulation of the cell cycle (see Discussion section Differential 
Gene Expression as a Result of Thermal Tolerance).  NA = not annotated. 
 

Contig ID GO Category Type Correlation p-value 
Dimension 2         
n-acetylated alpha 
linked acidic 
dipeptidase 2 

integral to membrane; intracellular 
part; plasma membrane C 0.9630691 2.28E-09 

  exopeptidase activity F     

  
proteolysis; cellular metabolic 
process P     

loc100135354 protein 
intracellular membrane-bounded 
organelle; cytoplasmic part C 0.9219504 3.84E-07 

monocarboxylate 
transporter 13 integral to membrane  C 0.9175132 5.59E-07 
  transmembrane transport P     
arylacetamide 
deacetylase-like 4-like     0.913374 7.79E-07 
transmembrane 
protease serine 13 serine-type endopeptidase activity F 0.9039503 1.56E-06 
  proteolysis  P     

lim domain only 4 
transcription cofactor activity; zinc 
ion binding  F -0.9006066 1.97E-06 

  

mesoderm development; 
gastrulation; forebrain development; 
embryonic camera-type eye 
development; positive regulation of 
transcription from RNA polymerase 
II promoter; negative regulation of 
neuron differentiation P     

tbcc domain-
containing protein 1     -0.9017982 1.82E-06 
trifunctional enzyme 
subunit mitochondrial-
like 

transferase activity, transferring acyl 
groups other than amino-acyl groups F -0.9032618 1.64E-06 

 metabolic process P     
lupus la protein 
homolog ribonucleoprotein complex; nucleus C -0.903317 1.63E-06 

 
RNA binding; nucleic acid binding; 
nucleotide binding  F     
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Table A2-2: The contig identity and Gene Ontology (GO) category or categories of all genes 
with a significant correlation of greater than 0.9 or less than -0.9 between their normalized 
expression values and Dimension 2 or 3 of the PCA in Figure 2-2B, continued 
 

Contig ID GO Category Type Correlation p-value 
Dimension 2         
lupus la protein 
homolog RNA processing  P     
beta-catenin cytoskeleton; cytoplasm  C -0.9045423 1.50E-06 

transcription activator 
brg1 isoform x6  

WINAC complex; SWI/SNF complex; 
heterochromatin; perichromatin 
fibrils; npBAF complex; nuclear 
euchromatin; nBAF complex C -0.9049969 1.45E-06 

  

protein N-terminus binding; p53 
binding; RNA polymerase II 
transcription coactivator activity; 
transcription corepressor activity; 
androgen receptor binding;  ATP 
binding; chromatin binding; helicase 
activity; histone acetyl-lysine binding; 
Tat protein binding; DNA-dependent 
ATPase activity; RNA polymerase II 
regulatory region sequence-specific 
DNA binding  F     

  

cell morphogenesis; methylation-
dependent chromatin silencing; DNA 
methylation on cytosine within a CG 
sequence; embryonic organ 
morphogenesis; positive regulation of 
sequence-specific DNA binding 
transcription factor activity; heart 
trabecula formation; histone H3 
acetylation; nucleosome disassembly; 
forebrain development; liver 
development; positive regulation by 
host of viral transcription; glial cell 
fate determination; negative regulation 
of androgen receptor signaling 
pathway; negative regulation of 
transcription from RNA polymerase II 
promoter during mitosis; negative 
regulation of G1/S transition of 
mitotic cell cycle; positive regulation 
of transcription from RNA polymerase 
II promoter; epidermis 
morphogenesis; definitive erythrocyte 
differentiation; keratinocyte 
differentiation; blastocyst hatching; 
extracellular matrix organization; 
vasculogenesis aortic smooth muscle 
cell differentiation P     
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Table A2-2: The contig identity and Gene Ontology (GO) category or categories of all genes 
with a significant correlation of greater than 0.9 or less than -0.9 between their normalized 
expression values and Dimension 2 or 3 of the PCA in Figure 2-2B, continued 
 

Contig ID GO Category Type Correlation p-value 
Dimension 2         

transcription activator 
brg1 isoform x6  

chromatin remodeling; hindbrain 
development; embryonic hindlimb 
morphogenesis; blastocyst growth; 
negative regulation of cell growth; 
stem cell maintenance; neural retina 
development; positive regulation of 
DNA binding P     

proteasome assembly 
chaperone 2-like proteasome complex C -0.905039 1.45E-06 
ribosome biogenesis 
protein bop1 nucleoplasm; PeBoW complex C -0.9051721 1.43E-06 

  

maturation of LSU-rRNA from 
tricistronic rRNA transcript (SSU-
rRNA, 5.8S rRNA, LSU-rRNA); 
regulation of cell cycle P     

nad mitochondrial integral to membrane C -0.9062072 1.33E-06 

  
NAD(P)+ transhydrogenase (AB-
specific) activity; NADP binding F     

  
proton transport; oxidation-reduction 
process P     

u3 small nucleolar rna-
associated protein 6 
homolog intracellular; nucleolus C -0.9064099 1.31E-06 
  RNA processing P     
transforming growth 
factor-beta-induced 
protein ig.h3     -0.9093634 1.06E-06 
lipoxygenase 
homology domain-
containing protein 1 stereocilium C -0.9098008 1.02E-06 
 sensory perception of sound P   
eukaryotic translation 
initiation factor 4e 
transporter     -0.9102045 9.93E-07 
dna-directed rna 
polymerase iii subunit 
rpc5 isoform x1 nucleus C -0.9110556 9.31E-07 

 
molecular function; DNA-directed 
RNA polymerase activity F   

 

DNA-dependent transcription; virus 
defense response; innate immune 
response P   
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Table A2-2: The contig identity and Gene Ontology (GO) category or categories of all genes 
with a significant correlation of greater than 0.9 or less than -0.9 between their normalized 
expression values and Dimension 2 or 3 of the PCA in Figure 2-2B, continued 
 

Contig ID GO Category Type Correlation p-value 
Dimension 2         
basic leucine zipper 
and w2 domain-
containing protein 1 
isoform 3 cytoplasm C -0.9127053 8.20E-07 
  transcription, DNA-dependent P     
soss complex subunit 
b2 SOSS complex C -0.9141694 7.32E-07 
  single-stranded DNA binding F     

  

cell cycle checkpoint; double-strand 
break repair via homologous 
recombination; response to ionizing 
radiation P     

heat repeat-containing 
protein 1 

intracellular membrane-bounded 
organelle C -0.9148314 6.94E-07 

cyclin t2 isoform 2 
positive transcription elongation factor 
complex b C -0.9152973 6.69E-07 

  

transcription regulatory region DNA 
binding; protein kinase binding; 
chromatin binding; snRNA binding F     

  

modulation by virus of host 
morphology or physiology; regulation 
of transcription, DNA-dependent; 
regulation of cyclin-dependent protein 
serine/threonine kinase activity; cell 
division P     

26s proteasome non-
atpase regulatory 
subunit 2 proteasome complex C -0.9157216 6.47E-07 
  enzyme regulator activity F     

 
regulation of protein catabolic 
process; regulation of catalytic activity P   

kat8 regulatory nsl 
complex subunit 3 
isoform x6 histone acetyltransferase complex C -0.9170399 5.81E-07 

 

histone acetyltransferase activity (H4-
K5 specific); histone acetyltransferase 
activity (H4-K8 specific); histone 
acetyltransferase activity (H4-K16 
specific) F 

 
 

 

histone H4-K5 acetylation; histone 
H4-K8 acetylation; histone H4-K16 
acetylation P   
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Table A2-2: The contig identity and Gene Ontology (GO) category or categories of all genes 
with a significant correlation of greater than 0.9 or less than -0.9 between their normalized 
expression values and Dimension 2 or 3 of the PCA in Figure 2-2B, continued 
 

Contig ID GO Category Type Correlation p-value 
Dimension 2         
phenylalanyl trna 
synthetase beta chain cytoplasm C -0.9170744 5.79E-07 

  

RNA binding; ATP binding; 
phenylalanine-tRNA ligase activity; 
magnesium ion binding F     

  phenylalanyl-tRNA aminoacylation P     
fatty acid synthase-
like isoform x1     -0.9179417 5.40E-07 
integrator complex 
subunit 6-like     -0.9193047 4.82E-07 
serine threonine 
protein kinase plk1 

midbody; centrosome; kinetochore; 
spindle; cytoplasm; nucleus C -0.9199696 4.55E-07 

  
protein serine/threonine kinase 
activity; ATP binding F     

  

protein phosphorylation; G2 DNA 
damage checkpoint; cell division; 
protein localization to chromatin; 
mitosis P     

d-3 phosphoglycerate 
dehydrogenase  

single-organism cellular process; 
nervous system development; alpha-
amino acid metabolic process P -0.9200753 4.51E-07 

serine threonine 
protein kinase haspin     -0.9206214 4.31E-07 
NA     -0.9207846 4.25E-07 
origin recognition 
complex subunit 3 
isoform x1 origin recognition complex C -0.9242681 3.13E-07 
vitelline envelope 
zona pellucida domain 
6     -0.9257089 2.75E-07 
u2 small nuclear 
ribonucleoprotein b-
like nucleic acid binding F -0.9273904 2.35E-07 
mki67 fha domain-
interacting nucleolar 
phospho 

heterocyclic compound binding; 
organic cyclic compound binding F -0.9277303 2.28E-07 

  
negative regulation of phosphatase 
activity P     

transcriptional 
repressor protein yy1-
like isoform 1 

metal ion binding; nucleic acid 
binding F -0.9285673 2.10E-07 
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Table A2-2: The contig identity and Gene Ontology (GO) category or categories of all genes 
with a significant correlation of greater than 0.9 or less than -0.9 between their normalized 
expression values and Dimension 2 or 3 of the PCA in Figure 2-2B, continued 
 

Contig ID GO Category Type Correlation p-value 
Dimension 2         

atp-binding sub-family 
e member 1 mitochondrion C -0.9312537 1.62E-07 

 

ribonuclease inhibitor activity; 4 iron, 
4 sulfur cluster binding; electron 
carrier activity; metal ion binding; 
ATPase activity; ATP binding F   

 

response to virus; RNA catabolic 
process; modulation by virus of host 
morphology or physiology; ATP 
catabolic process P     

ribosomal protein s7     -0.9360396 9.90E-08 
nuclear pore complex 
protein nup205     -0.938197 7.84E-08 
atp-binding cassette 
sub-family f member 
2-like     -0.9402258 6.24E-08 
stathmin-like protein     -0.9410199 5.69E-08 
spermatogenesis and 
oogenesis-specific 
basic helix loop helix-
containing protein 2 protein dimerization activity F -0.9413257 5.49E-08 
cyclin b cell cycle P -0.9459467 3.13E-08 
protein angel homolog 
2-like     -0.9488393 2.15E-08 

protocadherin 15 
integral to membrane; membrane; 
plasma membrane C -0.9507494 1.65E-08 

  calcium ion binding F     

  
homophilic cell adhesion; cell 
adhesion P     

vitellogenin receptor integral to membrane; membrane C -0.9567535 6.76E-09 
 calcium ion binding F   
Dimension 3         
t box transcription 
factor tbx2 transcription factor complex; nucleus C 0.9651136 1.54E-09 

  

sequence-specific DNA binding 
transcription factor activity; RNA 
polymerase II activating transcription 
factor binding; sequence-specific 
DNA binding F     

 
 



 

	  

	  

92 

Table A2-2: The contig identity and Gene Ontology (GO) category or categories of all genes 
with a significant correlation of greater than 0.9 or less than -0.9 between their normalized 
expression values and Dimension 2 or 3 of the PCA in Figure 2-2B, continued 
 

Contig ID GO Category Type Correlation p-value 
Dimension 3         

t box transcription 
factor tbx2 

cardiac muscle cell fate commitment; 
anterior/posterior axis specification, 
embryo; follicle-stimulating hormone 
secretion; in utero embryonic 
development; luteinizing hormone 
secretion; skeletal system 
development; positive regulation of 
stem cell proliferation; sinoatrial node 
cell development; atrioventricular 
bundle cell differentiation; limbic 
system development; heart looping;  
outflow tract morphogenesis; negative 
regulation of epithelial cell 
differentiation; embryonic digit 
morphogenesis; male genitalia 
development; female genitalia 
development; negative regulation of 
myoblast differentiation; negative 
regulation of transcription from RNA 
polymerase II promoter; mammary 
placode formation; positive regulation 
of transcription, DNA-dependent; 
positive regulation of cell cycle; palate 
development; cellular senescence; 
negative regulation of apoptotic 
process; specification of organ 
position; blood vessel development; 
stem cell maintenance; mesoderm 
morphogenesis; ventricular septum 
morphogenesis; branching involved in 
mammary gland duct morphogenesis; 
embryonic forelimb morphogenesis P   

n-oct 3 octamer dna 
binding protein with 
brn-2 pou DNA binding F 0.9259551 2.69E-07 

 
transcription, DNA-dependent; 
multicellular organismal development P     

cdc42 homolog 

spindle; cell projection; neuron part; 
cell cortex; recycling endosome; 
plasma membrane; cytosol; 
centrosome; secretory granule; 
perinuclear region of cytoplasm; Golgi 
membrane; integral to membrane C 0.9116125 8.92E-07 
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Table A2-2: The contig identity and Gene Ontology (GO) category or categories of all genes 
with a significant correlation of greater than 0.9 or less than -0.9 between their normalized 
expression values and Dimension 2 or 3 of the PCA in Figure 2-2B, continued 
 

Contig ID GO Category Type Correlation p-value 
Dimension 3         

 cdc42 homolog 

GTP binding; mitogen-activated 
protein kinase kinase kinase binding; 
GTPase activity F     

 

positive regulation of neuron apoptotic 
process; protein catabolic process; 
positive regulation of JNK cascade; 
positive regulation of protein 
phosphorylation; GTP catabolic 
process; regulation of actin filament-
based process; regulation of organelle 
organization; embryo development 
ending in birth or egg hatching; 
nucleus localization; hair follicle 
development; inductive cell migration; 
cell-cell adhesion; positive regulation 
of intracellular protein transport; 
regulation of gene expression; 
filopodium assembly; keratinocyte 
differentiation; organelle transport 
along microtubule; regulation of cell 
projection assembly; actin filament 
branching; establishment of mitotic 
spindle orientation; positive regulation 
of synapse structural plasticity; 
submandibular salivary gland 
formation; epidermis morphogenesis; 
sprouting angiogenesis; regulation of 
cell cycle process; body 
morphogenesis; positive regulation of 
DNA replication; cytokinesis; growth; 
regulation of exocytosis; positive 
regulation of metalloenzyme activity; 
receptor-mediated endocytosis; 
negative regulation of vulval 
development; establishment of Golgi 
localization; regulation of kinase 
activity; Golgi organization; 
hermaphrodite genitalia development; 
cell development; response to glucose 
stimulus; collagen and cuticulin-based 
cuticle development P     
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Table A2-2: The contig identity and Gene Ontology (GO) category or categories of all genes 
with a significant correlation of greater than 0.9 or less than -0.9 between their normalized 
expression values and Dimension 2 or 3 of the PCA in Figure 2-2B, continued 
 

Contig ID GO Category Type Correlation p-value 
Dimension 3         
udp n-
acetylglucosamine 
peptide n-
acetylglucosaminyltra
nsferase 110 kda 
subunit isoform x2 

histone acetyltransferase complex; 
cytosol; plasma membrane; MLL5-L 
complex; centrosome C 0.9074811 1.21E-06 

 

histone acetyltransferase activity (H4-
K5 specific); histone acetyltransferase 
activity (H4-K8 specific); protein N-
acetylglucosaminyltransferase activity; 
phosphatidylinositol-3,4,5-
trisphosphate binding; histone 
acetyltransferase activity (H4-K16 
specific); enzyme activator activity F     

  

positive regulation of proteolysis; 
histone H3-K4 trimethylation; positive 
regulation of granulocyte 
differentiation; phosphatidylinositol-
mediated signaling; positive regulation 
of transcription from RNA polymerase 
II promoter; cellular response to 
retinoic acid; protein O-linked 
glycosylation; regulation of Rac 
protein signal transduction; regulation 
of insulin receptor signaling pathway; 
regulation of glycolysis; induction of 
apoptosis; positive regulation of 
histone H3-K4 methylation P     

tripartite motif-
containing protein 45     0.9055057 1.40E-06 
ankyrin repeat protein ubiquitin ligase complex C 0.9051798 1.43E-06 
  ubiquitin-protein ligase activity F     
  protein ubiquitination  P     
ubiquitin fusion 
degradation protein 1 
homolog 

ubiquitin-dependent protein catabolic 
process P -0.9278474 2.25E-07 

 
 
 
 
 
 
 



 

	  

	  

95 

 
Table A2-3: The normalized expression values of the four oxidative stress genes that showed 
higher constitutive expression and less up-regulation after heat stress in southern populations 
compared to northern populations. 
 

Contig ID 
North 
control 

South 
control 

North 
treatment 

South 
treatment 

thioredoxin-like protein 4b 224.3 277 252.4 297.9 
superoxide dismutase 251.4 328.7 310.7 423.3 
selenium-dependent glutathione 
peroxidase 3123 3245.6 3864.4 3846.7 
peroxiredoxin 6 2873.3 3558.7 3648.9 4474.8 

 

 

 

 

 

 

 

 

 

	  
	  

 

	  
	  
	  
	  
	  
	  
	  
	  



 

	  

	  

96 

REFERENCES 
 
Abbott DP, Haderlie EC (1980) Prosobranchia: Marine snails. Intertidal Invertebrates of 
California, 230-307. 
 
Abele D, Burlando B, Viarengo A, Portner HO (1998) Exposure to elevated temperatures and 
hydrogen peroxide elicits oxidative stress and antioxidant response in the Antarctic intertidal 
limpet Nacella concinna. Comparative Biochemistry and Physiology B-Biochemistry & 
Molecular Biology 120, 425-435. 
 
Abele D, Heise K, Portner HO, Puntarulo S (2002) Temperature-dependence of mitochondrial 
function and production of reactive oxygen species in the intertidal mud clam Mya arenaria.  
Journal of Experimental Biology 205, 1831-1841. 
 
Abele D, Puntarulo S (2004) Formation of reactive species and induction of antioxidant 
defense systems in polar and temperate marine invertebrates and fish.  Comparative 
Biochemistry and Physiology Part A: Molecular & Integrative Physiology 138, 405-415. 
 
Anders S, Huber W (2010) Differential expression analysis for sequence count data. Genome 
Biology 11. 
 
Ardley HC, Robinson PA (2005) E3 ubiquitin ligases.  Essays in Biochemistry 41, 15-30. 
 
Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, Davis AP, Dolinski K, 
Dwight SS, Eppig JT, Harris MA, Hill DP, Issel-Tarver L, Kasarskis A, Lewis S, Matese JC, 
Richardson JE, Ringwald M, Rubin GM, Sherlock G (2000) Gene Ontology: Tool for the 
unification of biology. Nature Genetics 25, 25-29. 
 
Barshis DJ, Ladner JT, Oliver TA, Seneca FO, Traylor-Knowles N, Palumbi SR (2013) 
Genomic basis for coral resilience to climate change. Proceedings of the National Academy of 
Sciences of the United States of America 110, 1387-1392. 
 
Bedulina DS, Zimmer M, Timofeyev MA (2010) Sub-littoral and supra-littoral amphipods 
respond differently to acute thermal stress. Comparative Biochemistry and Physiology B-
Biochemistry & Molecular Biology 155, 413-418. 
 
Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate - a practical and 
powerful approach to multiple testing. Journal of the Royal Statistical Society Series B-
Methodological 57, 289-300. 
 
Bimston D, Song J, Winchester D, Takayama S, Reed JC, Morimoto RI (1998) BAG-1, a 
negative regulator of Hsp70 chaperone activity, uncouples nucleotide hydrolysis from 
substrate release.  The EMBO Journal 17, 6871-6878.  
 
Burke GR, Strand MR (2014) Systematic analysis of a wasp parasitism arsenal.  Molecular 
Ecology 23, 890-901. 
 



 

	  

	  

97 

Cadenas E (1989) Biochemistry of oxygen toxicity. Richardson, C. C. (Ed.). Annual Review 
of Biochemistry, Vol. 58. Xii+1167p. Annual Reviews Inc.: Palo Alto, California, USA. Illus, 
79-110. 
 
Cai GS, Li H, Lu Y, Huang X, Lee J, Müller P, Ji Y, Liang S (2012) Accuracy of RNA-Seq 
and its dependence on sequencing depth. BMC Bioinformatics 13, 13. 
 
Capella-Gutierrez S, Silla-Martinez JM, Gabaldon T (2009) trimAl: A tool for automated 
alignment trimming in large-scale phylogenetic analyses. Bioinformatics 25, 1972-1973. 
 
Carmel J, Rashkovetsky E, Nevo E, Korol A (2011) Differential expression of small heat 
shock protein genes Hsp23 and Hsp40, and heat shock gene Hsr-omega in fruit flies 
(Drosophila melanogaster) along a microclimatic gradient. Journal of Heredity 102, 593-603. 
 
Cox AG, Winterbourn CC, Hampton MB (2009) Mitochondrial peroxiredoxin involvement in 
antioxidant defense and redox signaling. Biochemical Journal 425, 313-325. 
 
Cui YD, Du YZ, Lu MX, Qiang CK (2011) Antioxidant responses of Chilo suppressalis 
(Lepidoptera: Pyralidae) larvae exposed to thermal stress. Journal of Thermal Biology 36, 
292-297. 
 
De Zoysa M, Whang I, Lee Y, Lee S, Lee JS, Lee J (2009) Transcriptional analysis of 
antioxidant and immune defense genes in disk abalone (Haliotis discus discus) during thermal, 
low-salinity and hypoxic stress. Comparative Biochemistry and Physiology B-Biochemistry & 
Molecular Biology 154, 387-395. 
 
Dilly GF, Young CR, Lane WS, Pangilinan J, Girguis PR (2012) Exploring the limit of 
metazoan thermal tolerance via comparative proteomics: Thermally induced changes in 
protein abundance by two hydrothermal vent polychaetes. Proceedings of the Royal Society 
B-Biological Sciences 279, 3347-3356. 
 
Dong Y, Miller LP, Sanders JG, Somero GN (2008) Heat-shock protein 70 (Hsp70) 
expression in four limpets of the genus Lottia: Interspecific variation in constitutive and 
inducible synthesis correlates with in situ exposure to heat stress. Biological Bulletin 215, 
173-181. 
 
Dong Y-W, Ji T-T, Meng X-L, Dong S-L, Sun W-M (2010) Difference in thermotolerance 
between green and red color variants of the Japanese sea cucumber, Apostichopus japonicus 
Selenka: Hsp70 and heat-hardening effect. Biological Bulletin 218, 87-94. 
 
Dutton JM, Hofmann GE (2009) Biogeographic variation in Mytilus galloprovincialis heat 
shock gene expression across the eastern Pacific range. Journal of Experimental Marine 
Biology and Ecology 376, 37-42. 
 
Gao J, Zhang W, Dang W, Mou Y, Gao Y, Sun B-J, Du W-G (2014) Heat shock protein 
expression enhances heat tolerance of reptile embryos. Proceedings of the Royal Society B 
281, 20141135. 
 



 

	  

	  

98 

Genevaux P, Georgopoulos C, Kelley WL (2007) The Hsp70 chaperone machines of 
Escherichia coli: A paradigm for the repartition of chaperone functions. Molecular 
Microbiology 66, 840-857. 
 
Gleason LU, Burton RS (2013) Phenotypic evidence for local adaptation to heat stress in the 
marine snail Chlorostoma (formerly Tegula) funebralis. Journal of Experimental Marine 
Biology and Ecology 448, 360-366. 
 
Gracey AY, Chaney ML, Boomhower JP, Tyburczy WR, Connor K, Somero GN (2008) 
Rhythms of gene expression in a fluctuating intertidal environment. Current Biology 18, 1501-
1507. 
 
Head SR, Komori HK, LaMere SA, Whisenant T, Van Nieuwerburgh F, Salomon DR, 
Ordoukhanian P (2014) Library construction for next-generation sequencing: Overviews and 
challenges. Biotechniques 56, 61-77. 
 
Heckathorn SA, Poeller GJ, Coleman JS, Hallberg RL (1996) Nitrogen availability alters the 
patterns of accumulation of heat stress-induced proteins in plants. Oecologia 105, 413-418. 
 
Heise K, Puntarulo S, Portner HO, Abele D (2003) Production of reactive oxygen species by 
isolated mitochondria of the Antarctic bivalve Laternula elliptica (King and Broderip) under 
heat stress.  Comparative Biochemistry and Physiology Part C: Toxicology & Pharmacology 
134, 79-90. 
 
Helmuth B, Broitman BR, Blanchette CA, Gilman S, Halpin P, Harley CDG, O’Donnell MJ, 
Hofmann GE, Menge B, Strickland D (2006) Mosaic patterns of thermal stress in the rocky 
intertidal zone: Implications for climate change. Ecological Monographs 76, 461-479. 
 
Helmuth B, Harley CDG, Halpin PM, O’Donnell M, Hofmann GE, Blanchette CA (2002) 
Climate change and latitudinal patterns of intertidal thermal stress. Science 298, 1015-1017. 
 
Hofmann GE (2005) Patterns of Hsp gene expression in ectothermic marine organisms on 
small to large biogeographic scales. Integrative and Comparative Biology 45, 247-255. 
 
Holmgren A (1989) Thioredoxin and glutaredoxin systems. Journal of Biological Chemistry 
24, 13963-13966. 
 
Huang XQ, Madan A (1999) CAP3: A DNA sequence assembly program. Genome Research 
9, 868-877. 
 
Islam A, Deuster PA, Devaney JM, Ghimbovschi S, Chen YF (2013) An exploration of heat 
tolerance in mice utilizing mRNA and microRNA expression analysis. Plos One 8, 10. 
 
Jimenez-Melero R, Parra G, Guerrero F (2012) Effect of temperature, food and individual 
variability on the embryonic development time and fecundity of Arctodiaptomus salinus 
(Copepoda: Calanoida) from a shallow saline pond. Hydrobiologia 686, 241-256. 
 
Jonas K, Liu J, Chien P, Laub MT (2013) Proteotoxic stress induces a cell cycle arrest by 
stimulating Lon to degrade the replication initiator DnaA.  Cell 154, 623-636. 



 

	  

	  

99 

Kumar S, Blaxter ML (2010) Comparing de novo assemblers for 454 transcriptome data. 
BMC Genomics 11, 571. 
 
Kuo ESL, Sanford E (2009) Geographic variation in the upper thermal limits of an intertidal 
snail: Implications for climate envelope models. Marine Ecology Progress Series 388, 137-
146. 
 
Lathlean JA, Ayre DJ, Minchinton TE (2014) Estimating latitudinal variability in extreme heat 
stress on rocky intertidal shores.  Journal of Biogeography DOI: 10.1111/jbi.12311. 
 
Lauss M, Visne I, Kriegner A, Ringnér M, Jönsson G, Höglund M (2013) Monitoring of 
technical variation in quantitative high-throughput datasets. Cancer Informatics 12, 193-201. 
 
Le S, Josse J, Husson F (2008) FactoMineR: An R package for multivariate analysis. Journal 
of Statistical Software 25, 1-18. 
 
Lee EW, Lee MS, Camus S, Ghim J, Yang MR, Oh W, Ha NC, Lane DP, Song J (2009) 
Differential regulation of p53 and p21 by MKRN1 E3 ligase controls cell cycle arrest and 
apoptosis. The EMBO Journal 28, 2100-2113. 
 
Leek JT, Scharpf RB, Bravo HC, Simcha D, Langmead B, Johnson WE, Geman D, Baggerly 
K, Irizarry RA (2010) Tackling the widespread and critical impact of batch effects in high-
throughput data. Nature Reviews Genetics 11, 733-739. 
 
Lesser MP, Bailey MA, Merselis DG, Morrison JR (2010) Physiological response of the blue 
mussel Mytilus edulis to differences in food and temperature in the Gulf of Maine. 
Comparative Biochemistry and Physiology A-Molecular & Integrative Physiology 156, 541-
551. 
 
Lockwood BL, Sanders JG, Somero GN (2010) Transcriptomic responses to heat stress in 
invasive and native blue mussels (Genus Mytilus): Molecular correlates of invasive success. 
Journal of Experimental Biology 213, 3548-3558. 
 
Manevich Y, Fisher AB (2005) Peroxiredoxin 6, a 1-Cys peroxiredoxin, functions in 
antioxidant defense and lung phospholipid metabolism. Free Radical Biology and Medicine 
38, 1422-1432. 
 
Massamba-N'Siala G, Calosi P, Bilton DT, Prevedelli D, Simonini R (2012) Life-history and 
thermal tolerance traits display different thermal plasticities and relationships with 
temperature in the marine polychaete Ophryotrocha labronica La Greca and Bacci 
(Dorvilleidae). Journal of Experimental Marine Biology and Ecology 438, 109-117. 
 
McCord JM, Fridovich I (1988) Superoxide-dismutase - the 1st 20 years (1968-1988). Free 
Radical Biology and Medicine 5, 363-369. 
 
Meister A, Anderson ME (1983) Glutathione. Annual Review of Biochemistry 52, 711-760. 
 
Menge BA, Branch GM (2001) Rocky intertidal communities. Marine Community Ecology, 
221-251. 



 

	  

	  

100 

Misselwitz B, Staeck O, Rapoport TA (1998) J proteins catalytically activate hsp70 molecules 
to trap a wide range of peptide sequences. Molecular Cell 2, 593-603. 
 
Mojib N, Amad M, Thimma M, Aldanondo N, Kumaran M, Irigoien X (2014) Carotenoid 
metabolic profiling and transcriptome-genome mining reveal functional equivalence among 
blue-pigmented copepods and appendicularia.  Molecular Ecology 23, 2740-2756. 
 
O’Neil ST, Emrich SJ (2013) Assessing de novo transcriptome assembly metrics for 
consistency and utility.  BMC Genomics 14, 465. 
 
Ortíz-Ordoñez E, Mendoza-Santana EL, Belmar-Perez J, Jesus Padilla-Benavides TdN (2009) 
Histological description of the male and female gonads in Tegula eiseni, T. funebralis, T. 
aureotincta, T. gallina and T. regina from Bahia Tortugas, BCS, Mexico. International Journal 
of Morphology 27, 691-697. 
 
Parag HA, Raboy B, Kulka RG (1987) Effect of heat shock on protein degradation in 
mammalian cells: Involvement of the ubiquitin system.  The EMBO Journal 6, 55-61. 
 
Patterson KI, Brummer T, O’Brien PM, Daly RJ (2009) Dual-specificity phosphatases: 
Critical regulators with diverse cellular targets.  Biochemical Journal 418, 475-489. 
 
Pentcheff, Dean.  WWW Tide and Current Predictor.  Biological Sciences, University of 
South Carolina, n.d. Web. 11 Jan. 2014. <http://tbone.biol.sc.edu/tide/.> 
 
Petek M, Rotter A, Kogovsek P, Baebler S, Mithöfer A, Gruden K (2014) Potato virus Y 
infection hinders potato defense response and renders plants more vulnerable to Colorado 
potato beetle attack. Molecular Ecology 23, 5378-5391. 
 
Place SP, O'Donnell MJ, Hofmann GE (2008) Gene expression in the intertidal mussel 
Mytilus californianus: Physiological response to environmental factors on a biogeographic 
scale. Marine Ecology Progress Series 356, 1-14. 
 
R Development Core Team (2008). R: A language and environment for statistical computing. 
R Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL 
http://www.R-project.org. 
  
Raffaelli D, Hawkins S (1996) Intertidal Ecology. i-xi, 1-356. 
 
Sagarin RD, Gaines SD (2002) Geographical abundance distributions of coastal invertebrates: 
Using one-dimensional ranges to test biogeographic hypotheses. Journal of Biogeography 29, 
985-997. 
 
Sanchez Y, Taulien J, Borkovich KA, Lindquist S (1992) Hsp104 is required for tolerance to 
many forms of stress.  The EMBO Journal 11, 2357-2364. 
 
Sanford E, Kelly MW (2011) Local adaptation in marine invertebrates. Annual Review of 
Marine Science Vol 3, 509-535. 
 



 

	  

	  

101 

Schliesky S, Gowik U, Weber APM, Braeutigam A (2012) RNA-seq assembly - are we there 
yet? Frontiers in Plant Science 3. 
 
Schoch GC, Menge BA, Allison G, Kavanaugh M, Thompson SA, Wood SA (2006) Fifteen 
degrees of separation: Latitudinal gradients of rocky intertidal biota along the California 
Current. Limnology and Oceanography 51, 2564-2585. 
 
Schoville SD, Barreto FS, Moy GW, Wolff A, Burton RS (2012) Investigating the molecular 
basis of local adaptation to thermal stress: Population differences in gene expression across the 
transcriptome of the copepod Tigriopus californicus. BMC Evolutionary Biology 12, 17. 
 
Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, Lopez R, McWilliam H, Remmert 
M, Söding J, Thompson JD, Higgins DG (2011) Fast, scalable generation of high-quality 
protein multiple sequence alignments using Clustal Omega. Molecular Systems Biology 7, 
539. 
 
Smith KE, Thatje S, Hauton C (2013) Thermal tolerance during early ontogeny in the 
common whelk Buccinum undatum (Linnaeus 1785): Bioenergetics, nurse egg partitioning 
and developmental success. Journal of Sea Research 79, 32-39. 
 
Sokolova IM, Frederich M, Bagwe R, Lannig G, Sukhotin AA (2012) Energy homeostasis as 
an integrative tool for assessing limits of environmental stress tolerance in aquatic 
invertebrates. Marine Environmental Research 79, 1-15. 
 
Somero GN (2010) The physiology of climate change: How potentials for acclimatization and 
genetic adaptation will determine 'winners' and 'losers'. Journal of Experimental Biology 213, 
912-920. 
 
Sorte CJB, Hofmann GE (2004) Changes in latitudes, changes in aptitudes: Nucella 
canaliculata (Mollusca : Gastropoda) is more stressed at its range edge. Marine Ecology 
Progress Series 274, 263-268. 
 
Stillman JH (2003) Acclimation capacity underlies susceptibility to climate change. Science 
301, 65-65. 
 
Storey JM, Storey KB (2000) Environmental Stressors and Gene Responses.  Amsterdam: 
Elsevier Science B.V. 303 pp. 
 
Tammariello SP, Denlinger DL (1998) G0/G1 cell cycle arrest in the brain of Sarcophaga 
crassipalpis during pupal diapause and the expression pattern of the cell cycle regulator, 
proliferating cell nuclear antigen.  Insect Biochemistry and Molecular Biology 28, 83-89. 
 
Taub MA, Bravo HC, Irizarry RA (2010) Overcoming bias and systematic errors in next 
generation sequencing data. Genome Medicine 2, 5. 
 
Terada K, Kanazawa M, Bukau B, Mori M (1997) The human DnaJ homologue dj2 facilitates 
mitochondrial protein import and luciferase refolding. Journal of Cell Biology 139, 1089-
1095. 
 



 

	  

	  

102 

Teranishi KS, Stillman JH (2007) A cDNA microarray analysis of the response to heat stress 
in hepatopancreas tissue of the porcelain crab Petrolisthes cinctipes. Comparative 
Biochemistry and Physiology D-Genomics & Proteomics 2, 53-62. 
 
The ENCODE Consortium (2011) Standards, guidelines, and best practices for RNA-seq. 
V1.0, 1-7. 
 
Tomanek L (2001) The heat-shock response and patterns of vertical zonation in intertidal 
Tegula congeners. American Zoologist 41, 1608-1608. 
 
Tomanek L (2002) The heat-shock response: Its variation, regulation and ecological 
importance in intertidal gastropods (Genus Tegula). Integrative and Comparative Biology 42, 
797-807. 
 
Tomanek L, Sanford E (2003) Heat-shock protein 70 (Hsp70) as a biochemical stress 
indicator: An experimental field test in two congeneric intertidal gastropods (Genus Tegula). 
Biological Bulletin 205, 276-284. 
 
Tomanek L, Somero GN (1999) Evolutionary and acclimation-induced variation in the heat-
shock responses of congeneric marine snails (Genus Tegula) from different thermal habitats: 
Implications for limits of thermotolerance and biogeography. Journal of Experimental Biology 
202, 2925-2936. 
 
Tomanek L, Somero GN (2000) Time course and magnitude of synthesis of heat-shock 
proteins in congeneric marine snails (Genus Tegula) from different tidal heights. Physiological 
and Biochemical Zoology 73, 249-256. 
 
Tomanek L, Zuzow MJ (2010) The proteomic response of the mussel congeners Mytilus 
galloprovincialis and M. trossulus to acute heat stress: Implications for thermal tolerance 
limits and metabolic costs of thermal stress. Journal of Experimental Biology 213, 3559-3574. 
 
van Dijk EL, Jaszczyszyn Y, Thermes C (2014) Library preparation methods for next-
generation sequencing: Tone down the bias. Experimental Cell Research 322, 12-20. 
 
Velu D, Ponnuvel KM, Qadri SMH (2008) Expression of the heat shock protein genes in 
response to thermal stress in the silkworm Bombyx mori. International Journal of Industrial 
Entomology 16, 21-27. 
 
Walton KM, Dixon JE (1993) Protein tyrosine phosphatases. Annual Review of Biochemistry 
62,101-20.  
 
Wang W, Hui JHL, Chan TF, Chu KH (2014) De novo transcriptome sequencing of the snail 
Echinolittorina malaccana: Identification of genes responsive to thermal stress and 
development of genetic markers for population studies.  Marine Biotechnology DOI: 
10.1007/s10126-014-9573-0. 
 
Westram AM, Galindo J, Rosenblad MA, Grahame JW, Panova M, Butlin RK (2014).  Do the 
same genes underlie parallel phenotypic divergence in different Littorina saxatilis 
populations? Molecular Ecology 23, 4603-4616. 



 

	  

	  

103 

Willett CS (2010) Potential fitness trade-offs for thermal tolerance in the intertidal copepod 
Tigriopus californicus. Evolution 64, 2521–2534. 
 
Yang D, Bai CX, Wang X, An XJ, Tong L, Bi J (2011) Roles of peroxiredoxin 6 in the 
regulation of oxidative stress to lipopolysaccharide-induced acute lung injury.  Zhonghua Jie 
He He Hu Xi Za Zhi 34, 679-683. 
 
Yang LH, Huang H, Wang JJ (2010) Antioxidant responses of citrus red mite, Panonychus 
citri (McGregor) (Acari Tetranychidae), exposed to thermal stress. Journal of Insect 
Physiology 56, 1871-1876. 
 
Zippay ML, Hofmann GE (2010) Physiological tolerances across latitudes: Thermal 
sensitivity of larval marine snails (Nucella spp.). Marine Biology 157, 707-714. 
 
 
	  



 

104 

	  

 

 

 

 

CHAPTER 3: Regional patterns of intertidal thermal stress in the marine snail 

Chlorostoma funebralis in northern and southern California 
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ABSTRACT 

 

Southern California (USA) populations of the intertidal marine snail Chlorostoma 

funebralis generally occupy warmer climates and therefore presumably experience increased 

exposure to high air temperatures during low tides relative to northern California populations.  

Previous work has shown that southern California populations are more thermally tolerant and 

display unique patterns of transcriptomic response following heat stress compared to northern 

populations.  However, to date the actual body temperatures different populations experience 

in the field have not been explicitly quantified.  To investigate how climate translates into 

patterns of body temperature for C. funebralis, iButton temperature loggers encased in empty 

C. funebralis shells (robosnails) were deployed at three northern and three southern California 

sites for roughly one and a half months in the late summer and early fall of 2014, typically 

when maximum annual temperatures are reached.  Measurements reveal that the southern, 

more thermally tolerant populations experience higher average daily maximum (chronic stress 

exposure), and absolute maximum (acute stress exposure) temperatures than northern, less 

tolerant populations.   Moreover, during the time period of this study, southern populations 

exceeded temperatures that cause mortality on several occasions, while northern populations 

did not.  Similarly, the probability of a site reaching 27 °C, the temperature at which induction 

of the heat shock response first occurs, is roughly three times higher at the southern sites 

compared to the northern sites.  Lastly, temperature extremes, in particular chronic high 

temperature exposures, are significantly negatively correlated with latitude at these six study 

sites.  Our results demonstrate the importance of examining measures of body temperature at 

spatial and temporal scales relevant to intertidal organisms, and furthermore emphasize how in 

situ temperature data can better inform predictions regarding the impact of future climate 

change.	   	  
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INTRODUCTION 

 

Temperature affects almost all aspects of organismal physiology, from survival and 

physiological performance to species’ geographic distributions (Orton 1929; Hutchins 1947; 

Vernberg 1962; Somero 2005).  Temperature plays an especially important role in the rocky 

intertidal zone, the dynamic interface between marine and terrestrial environments.  In these 

habitats, temperature affects species distributions in two different dimensions: both across 

horizontal latitudinal gradients, and also across vertical tidal heights (Davenport & Davenport 

2005).  For instance upper zonation limits are often set by thermal stress related to aerial 

exposure during low tide (Connell 1972).  Moreover, intertidal habitats are often used as a 

model for how temperature affects geographic ranges, and it is increasingly thought that the 

intertidal can also serve as a model for effects of climate change on species distributions 

(Fields et al. 1993; Southward et al. 1995; Sagarin et al. 1999; Helmuth et al. 2006).   

However, despite temperature’s overarching effects on organismal physiology and its 

relevance to climate change, we often know very little about how “climate” translates into 

patterns of body temperature for organisms (Helmuth & Hofmann 2001; Helmuth et al. 2006).  

While we have a basic understanding of how climate changes over large geographic scales 

(Stenseth et al. 2003), it is known that body temperatures are often very different from the 

surrounding air or substrate (Porter & Gates 1969; Stevenson 1985; Huey et al. 1989; Gilman 

et al. 2006).  Consequently, two organisms exposed to the same climate can experience very 

different body temperatures and levels of physiological stress (Helmuth et al. 2006).  Thus, 

relying on climate for estimates of thermal exposure is inadequate (Lathlean et al. 2011). 
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As an alternative to climate approximations, previous work has shown that using 

biomimetic devices gives good estimates of actual body temperatures animals experience in 

the field.  For instance waterproof loggers, named robolimpets, were deployed to 

autonomously measure temperatures of intertidal limpets (Tectura persona) at Friday Harbor, 

Washington, USA.  These measurements were found to closely match the temperature 

trajectories, warming and cooling rates, and also the daily temperature maxima and minima of 

live limpets at the same intertidal locations (Lima & Wethey 2009).  Moreover, the authors 

note that the same method they used to build robolimpets can be used to create a variety of 

loggers mimicking different intertidal animals such as dogwhelks, topshells, and other marine 

mollusks. 

In this study we focus on quantifying body temperature in the intertidal snail 

Chlorostoma (formerly Tegula) funebralis using biomimetic loggers (robosnails).  

Chlorostoma funebralis has the widest distribution of the five species in its genus (Bouchet 

2013) and can be found along the Pacific coast of North America from Vancouver Island, 

British Columbia to Baja California, Mexico (Abbott & Haderlie 1980; Sagarin & Gaines 

2002).  Across this range, previous phenotypic and genetic work has shown that northern and 

southern California C. funebralis populations are locally adapted to heat stress (Gleason & 

Burton 2013; 2015).  For instance, southern populations show higher levels of constitutive 

transcript expression for genes related to stress response, such as molecular chaperone heat 

shock proteins, oxidative stress genes, and ubiquitin associated genes (Gleason & Burton 

2015).  This preadaptation of gene expression suggests that southern populations experience 

heat stress more frequently than northern populations, and hence have evolved a frontloading 

strategy (Barshis et al. 2013).  However, to validate this hypothesis, more rigorous 

quantification of C. funebralis body temperatures and the selective forces driving local 

adaptation to heat stress are necessary.  Previous work done by Tomanek and Somero (1999) 
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has examined patterns of body temperature for C. funebralis and its congener C. brunnea, but 

only at a single site in Monterey, California.  To date, body temperatures of C. funebralis have 

not been examined at different sites along the coast.   

This study’s objective is to determine how variations in climate across latitude 

translate into spatial and temporal patterns of body temperature in the intertidal mollusk 

Chlorostoma funebralis.  We deployed two robosnails (iButton temperature loggers inside 

empty C. funebralis shells) at each of three northern California and three southern California 

sites and then quantified the magnitude and frequency of heat stress events at each of these 

sites to examine how the environmental selective forces driving local adaptation to heat stress 

differ in northern and southern California C. funebralis populations.   

 

MATERIALS AND METHODS 

 

Temperature instrumentation and deployment 

 

To create robosnails, iButton data loggers (Maxim Integrated, San Jose, California) 

set to record the temperature once every hour were placed inside empty C. funebralis shells 

and sealed with silicon aquarium sealant (Marineland, Blacksburg, Virginia).  Two robosnail 

loggers were then deployed at each of six field sites, three in northern California: Slide Ranch, 

SR, Marin Co. (37°52′N, 122°35′W), and Pescadero, PES (37°15′N, 122°24′W), and Pigeon 

Point, PP (37°11′ N, 122°23′W), San Mateo Co., and three in southern California: Aliso 

Beach, AB, Orange Co. (33°30′N, 117°45′W), and La Jolla, LJ (32°52′N, 117°15′W), and 

Bird Rock, BR (32°48′N, 117°15′W), San Diego Co. (Figure 3-1).   To deploy temperature 

data loggers, C. funebralis shells housing the iButtons were attached to the horizontal surface 
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of rocks next to live C. funebralis individuals in the intertidal using Z-spar epoxy (A-788 

Splash Zone Compound; Lima & Wethey 2009).  At each site, one logger was placed at ~ 

+1.0m above mean lower low water (MLLW) and one was placed at ~ +1.5m; both heights are 

well within the vertical zonation limits of C. funebralis at both northern and southern 

California sites (unpublished data).  Loggers were deployed for 42-48 days during August to 

October, 2014.  This time period was chosen for deployment because it generally encompasses 

the warmest time of the year for both northern and southern California (National 

Oceanographic Data Center (NODC), National Oceanic and Atmospheric Administration and 

United States Department of Commerce). 

 

Temporal patterns: Data summary 

 

Daily data across the two iButtons at each site were used to calculate the maximal 

changes in body temperature during a tidal cycle, the overall average, and the average daily 

maxima and minima for the entire recording period at each site.  From these data we identified 

the absolute highest and lowest temperatures recorded at each site during the recording period.  

We also calculated the percentage of time spent at or above 27, 38 and 41 °C.  27 °C was 

chosen as a cutoff because it is the temperature sufficient to induce production of heat shock 

proteins in C. funebralis (Tomanek and Somero 1999).  In addition, based on previous 

phenotypic data (Gleason & Burton 2013), 38 °C is the threshold at which mortality following 

five and a half hours of heat stress first occurs for northern and southern populations, (on 

average 15 and 2% mortality, respectively) and 41 °C is the threshold at which there is 100% 

mortality for both northern and southern populations following heat stress.  As discussed in 

the Introduction, previous studies have documented differences in thermal tolerance and 



 

	  

110	  

transcriptomic responses to heat stress between northern and southern California populations 

(Gleason and Burton 2013, 2015).  For this study although we are also interested in site-

specific differences, in general we focus on regional differences between northern and 

southern California to gain further insight into the patterns of in situ body temperature that 

could be contributing to these already established differences.  For these regional 

comparisons, SR, PES, and PP were grouped together and analyzed as sites within northern 

California and AB, LJ, and BR were grouped together and analyzed as sites within southern 

California.   

 

Temporal patterns: Survival distribution functions 

 

As mentioned above, previous data indicate that exposure to temperatures above 27 

°C is sufficient to induce production of heat shock proteins in C. funebralis (Tomanek & 

Somero 1999), so we used this temperature as a basis for comparing the potential for thermal 

stress among sites.  Using the HistogramTools package (Stokely 2013) in R (R Development 

Core Team 2008), we calculated a survival distribution function (1-F(x), where F(x) is the 

cumulative distribution function), from which we derived the probability of observing a daily 

maximum above 27 °C. 

 

Spatial patterns: Thermal stress and latitude 

 

To determine if there is a significant relationship between thermal extremes 

experienced at each site and that site’s geographic location, linear regressions were run in R 

comparing measurements of chronic and acute stress to latitude.  Chronic stress was calculated 
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as the average daily maximum (ADM, the average of all daily peaks) at each site.  Acute stress 

was calculated as the 99th percentile of all temperatures recorded at each site.  The geographic 

coordinates for each site were obtained from Google Earth.  

	  

RESULTS 

 

Summarizing temporal patterns in extreme temperatures 

 

	   Study sites in southern California reached higher temperatures than those in the north 

(Figure 3-2).  Estimated body temperatures for both populations varied with the daily tidal 

rhythm, with maximal changes in body temperature during a tidal cycle being only slightly 

higher (although not significantly so) for the southern populations (average 24.3 °C) compared 

to the northern populations (average 21 °C; p-value = 0.45, Welch two sample t-test).  

Southern California populations had a significantly higher average daily maximum (average 

31.0 °C) than northern populations (average 22.6 °C; p-value = 0.024, Welch two sample t-

test).  In terms of individual populations, La Jolla in the south had the highest average daily 

maximum (32.5 °C) and absolute maximum (44 °C), while Pigeon Point in the north had the 

lowest average daily maximum (19.5°C) and absolute maximum (27 °C; Table 3-1).  

Moreover, it is worth noting that no northern populations spent any amount of time at or 

above 38 °C.  In contrast, all southern populations spent at least some fraction of time at or 

above 38 °C, with La Jolla spending 2.2% of the recorded time at or above 38 °C, and 1.1% of 

the recorded time at or above 41 °C.  These measures of absolute maximum temperature 

reached are especially noteworthy, given that acute thermal tolerance may be more relevant to 

survival in natural environments than responses to chronic exposures (Angilletta 2009). 
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Temporal patterns: Survival distribution functions 

 

	   The probability of exposure to a temperature above 27 °C, at which induction of the 

heat-shock response is likely, showed a clear latitudinal pattern (Figure 3-3).  Northern 

California sites had an average probability of 0.038 of reaching this temperature (Slide Ranch 

P = 0.032, Pescadero P = 0.077, Pigeon Point P = 0.005), while southern California sites had 

an average probability of 0.120 (Aliso Beach P = 0.118, La Jolla P = 0.126, Bird Rock P = 

0.114), which is more than three times higher than in the north.  In terms of individual sites, 

La Jolla had the highest probability of reaching 27 °C (P = 0.126), and Pigeon Point had the 

lowest probability (P = 0.005). 

 

Spatial patterns: Thermal stress and latitude 

 

	   As with the summary extreme temperatures calculated above, chronic temperature 

exposures were significantly higher in southern (average = 31 °C) than in northern (average = 

22.6 °C) California sites (p-value = 0.024, Welch two sample t-test), while acute temperature 

exposures were also higher in southern (average = 38.1 °C) than in northern (average = 29.0 

°C) sites, although this difference was not statistically significant (p-value = 0.082, Welch two 

sample t-test; Figure 3-4).   Moreover, these thermal extremes in chronic stress temperature 

measurements, and to a lesser extent acute stress temperature measurements, showed a 

latitudinal pattern.  Chronic stress significantly negatively correlated with latitude, with an 

adjusted r2 of 0.78 and a p-value of 0.013 (Figure 3-5).  Acute stress showed a marginally 

significant negative relationship with latitude, with an adjusted r2 of 0.56 and a p-value of 

0.054 (Figure 3-6).   



 

	  

113	  

DISCUSSION 

 

	   We utilized iButton temperature loggers imbedded in snail shells to record estimates 

of body temperature for C. funebralis individuals in northern and southern California.  

Southern, more thermally tolerant populations (Gleason & Burton 2013), generally experience 

higher acute and chronic thermal stress exposures, are three times as likely as northern 

populations to reach temperatures that induce the heat shock response, and regularly are 

exposed to temperature extremes that are known to cause mortality in the laboratory.  These 

data suggest the environmental selective forces driving local adaptation to heat stress differ in 

northern and southern California C. funebralis populations, and the exposure to higher 

temperatures and thus stronger selection for thermal tolerance in the southern populations 

could be causing evolutionary change.   

	  

Evolutionary and physiological implications of geographic variation in thermal stress 

 

We observed clear differences between northern and southern California in the 

frequency and magnitude of extreme thermal stress events.  This variation likely creates a 

strong selective pressure for southern California populations to evolve mechanisms to tolerate 

these frequent heat stress events.  Previous transcriptomic work has shown that southern 

California populations often show high constitutive levels of expression of stress response 

genes such as heat shock proteins, oxidative stress genes, and ubiquitin associated genes 

(Gleason & Burton 2015).  This strategy of pre-adaptation (vs. up-regulation once the heat 

stress has already occurred) is likely beneficial in southern, but not northern, California 
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populations because individuals in southern California are three times as likely to reach body 

temperatures that induce the heat shock response.   

	   However, this induction of the heat shock response (HSR) is energetically costly 

(Sanchez et al. 1992; Heckathorn 1996).  Energy is required to make heat shock proteins 

(HSPs; Hochachka & Somero 2002), and HSPs require the hydrolysis of ATP to refold 

damaged proteins (Mayer & Bukau 2005).  Moreover, overexpression of HSPs can actually 

decrease fitness (Feder et al. 1992; Krebs & Loeschcke 1994), in part due to the preferential 

synthesis of HSPs over other proteins at high temperatures.  For these reasons, interpopulation 

differences in the frequency with which the HSR is induced could be associated with large 

differences in how temperature affects northern and southern California populations’ energy 

budgets (Tomanek & Somero 1999), with southern California populations incurring a much 

higher energy cost.  Similar patterns to those observed in northern and southern California 

populations of C. funebralis described in this study have also been observed in Chlorostoma 

congeners, with species that occupy higher intertidal heights and are thus exposed to higher 

temperatures inducing the heat shock response more often than congeners living lower in the 

intertidal.  In that study, as in ours, the temperature differences between Chlorostoma species 

were verified with in situ body temperature measurements.  Overall, the data suggest that 

differences in body temperature and thus in induction of the HSR between northern and 

southern California populations have consequences not just for evolutionary selective pressure 

for mechanisms of thermal tolerance, but also for physiological energy budgets.   
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Thermal extremes and mortality events 

   

	   Our data indicate that southern, but not northern, sites reached temperatures (38 ˚C 

and above) that cause mortality, at least in controlled laboratory experiments (Gleason & 

Burton 2013).  This finding suggests that southern, more thermally tolerant populations are 

more vulnerable to climate change, given that climate change will likely alter the probability 

of extreme events (Parmesan et al. 2000).  Previous work has demonstrated that, somewhat 

unexpectedly, more warm-adapted animals may be less able to respond to climate change than 

more cold-adapted animals because the warm-adapted animals are already closer to their 

upper thermal limits (Stillman 2003; Somero 2010; Tomanek 2010).  This study similarly 

demonstrates that northern populations on average can survive temperatures roughly 8 ˚C 

higher than the average acute stress exposure they experience in the field (29 ˚C; Gleason & 

Burton 2013).  Conversely, southern populations suffer 100% mortality at 41 ˚C, a 

temperature two of the southern California sites, La Jolla and Bird Rock, exceeded on several 

occasions throughout the data record.  This result is also consistent with a previous study that 

investigated the thermal limits of heart function in Chlorostoma congeners; Stenseng et al. 

(2005) found that C. funebralis can encounter body temperatures in the field in southern 

California that exceed its flatline temperature, the temperature at which the heart stops beating 

upon heating.  Thus, although southern populations have a higher baseline thermal tolerance 

than northern populations (Gleason & Burton 2013), it appears that southern populations will 

not be able to cope with temperature increases without suffering complete mortality.  These 

population-specific responses to thermal stress could have a large effect on future local 

extinctions and geographic range shifts for C. funebralis.  Ultimately, the significance of 

mortality events will depend on larval supply (Caley et al. 1996; Colson & Hughes 2004; Liu 
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et al. 2011), and whether the spatial extent of the mortality exceeds the maximum dispersal of 

C. funebralis larva.  Further work is needed to better understand the amount of larval 

dispersal, and hence gene flow, that is occurring among northern and southern California 

populations of C. funebralis. 

 

Thermal stress and latitude 

	  

	   This study found a significant relationship between chronic stress exposure and 

latitude along the California coast, in contrast to previous work done by Helmuth et al., in 

which they found a “mosaic” of thermal stress exposure and no correlations with latitude 

(Helmuth et al. 2002, 2006).  This discrepancy demonstrates it is important to consider the 

geographic scale being examined when performing such studies; while examining distance on 

the scale of 700 km, such as the distance between northern and southern California sites used 

in this study, thermal stress may correlate with latitude.  However, when looking at a broader 

scale, say from Oregon down to southern California as in Helmuth’s study, the pattern of 

thermal stress may be dominated by mosaic “hotspots” that do not correspond with latitude.   

 

Robosnail limitations and caveats 

	  

	   The approach of estimating in situ body temperatures from robosnail measurements 

used in this study has several limitations that are worth noting.  For instance, because we only 

had two loggers deployed at each of the six sites, we were not able to examine spatial 

variability among individuals in how they experience the environment.  However, studies have 

demonstrated that variation over very small scales can equal or even surpass mean differences 



 

	  

117	  

observed over much larger scales (e.g. Bartlett & Gates 1967; Denny et al. 2011; Elvin & 

Gonor 1979; Miller et al. 2009; Pincebourde & Woods 2012;  Seabra et al. 2011).  For 

example, in the rocky intertidal, the difference in body temperatures between the warmest and 

coldest mussels over an area of a few square meters (up to 15 °C on any given day) rivaled 

and sometimes greatly exceeded the expected difference in body temperatures along ∼1600 

km of the western coastline of North America (Denny et al. 2011).  Thus, it is important to 

keep in mind that our data provide only average temperature estimates for each site, without 

taking into account these large individual differences that can occur across different 

microhabitats within a site (Lima & Wethey 2009). 

Similarly, it is important to note that the body temperature patterns described here 

may be specific to both the organism and to the intertidal height at which they were measured.  

Because C. funebralis is a dark-shelled organism, the patterns of body temperature across 

latitude from this study may not apply to other species in this intertidal habitat that lack such a 

morphological feature, or whose shell color more closely matches that of the substrate 

(Helmuth 2002; Lima & Wethey 2009).  Moreover, because tidal height can modulate regional 

temperature patterns (Helmuth et al. 2006), the body temperatures obtained here from +1.0 

and +1.5 m above MLLW may be expected to differ greatly from similar measurements 

obtained from the upper and lower intertidal habitats. 

In addition, this approach also has some inherent limitations due to the fixed nature of 

the robosnails.  While we specifically deployed the temperature loggers at local sites right next 

to live C. funebralis individuals, the robosnails cannot capture any movement or heat stress 

avoidance behavior that live animals potentially exhibit.  For instance, a similar study using 

robolimpets found several of the live limpets neighboring the robolimpets moved up to 45 cm 

away from the loggers during the first tidal cycle period following deployment (Lima & 

Wethey 2009).  While deployment at northern California sites 700 km away from Scripps 



 

	  

118	  

Institution of Oceanography prevented such close monitoring of live C. funebralis across all 

sites in this study, it is known that some C. funebralis individuals exhibit a “cold-biased” 

behavioral response that may guide snails to refuges in shaded cracks and crevices (Tepler et 

al. 2011; Tomanek & Somero 1999), habitats in which they are somewhat buffered from 

desiccation (Marchetti & Geller 1987).  The robosnails used in this study were not mobile, and 

thus cannot capture any of the variation in body temperatures that such behavior would cause. 

 

Conclusions 

 

Thermal regimes differ between northern and southern populations in both the 

frequency and magnitude of extreme thermal stress events.  Southern, more thermally tolerant 

populations are three times as likely as northern populations to reach temperatures that induce 

the heat shock response in the field, and they even experience temperatures that cause 

mortality.  Thus, southern populations are under stronger selective pressure to cope with heat 

stress.  Overall, our results provide insight into why the gene expression strategy of pre-

adaptation is likely beneficial in southern, but not northern populations, while also 

demonstrating that thermal environment in the intertidal must be considered from the 

perspective of the organism’s interaction with its physical environment and its response to that 

environment.  Ultimately, the data obtained in this study can be used to inform future 

experiments to create more realistic stress profiles, to start to bridge the gap between actual 

field temperatures experienced and experimental protocols for rocky intertidal invertebrates 

such as C. funebralis.   
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Figure 3-1: C. funebralis iButton deployment sites along the California coast.
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Figure 3-2: Temperature profiles for the six study sites in northern and southern California, 
with northern populations in blue and southern populations in red. The line at 41 °C indicates 
the heat stress temperature that causes 100% mortality in the laboratory for snails collected 
from all six sites.  (SR = Slide Ranch, PES = Pescadero, PP = Pigeon Point, AB= Aliso Beach, 
LJ = La Jolla, BR = Bird Rock) 
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Figure 3-3: Frequency distributions (a) and survival functions (b) for daily maximum body 
temperature at all six sites ranging from northernmost to southernmost from top left panels to 
bottom right panels (northern sites in top row labeled in blue, southern sites in bottom row 
labeled in red).  Temperatures for all plots are arranged in 5 °C bins, and histograms in a) 
represent the number of occurrences of temperatures in those bins in the time period.  The P(t 
> 27) in each plot in b) represents the probability that any given temperature will exceed 27 
°C. 
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Figure 3-4: “Acute” (99th percentile of temperatures) and “chronic” high-temperature (peak 
average daily maximum) exposures calculated at each site.  Sites are arranged from north to 
south, with northern sites labeled in blue and southern sites labeled in red (Slide Ranch is the 
northernmost site). 
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Figure 3-5: Linear regression of chronic stress temperature measurements (in °C) and latitude, 
with northern populations labeled in blue and southern populations labeled in red. (SR = Slide 
Ranch, PES = Pescadero, PP = Pigeon Point, AB= Aliso Beach, LJ = La Jolla, BR = Bird 
Rock) 
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Figure 3-6: Linear regression of acute stress temperature measurements (in °C) and latitude, 
with northern populations labeled in blue and southern populations labeled in red. (SR = Slide 
Ranch, PES = Pescadero, PP = Pigeon Point, AB= Aliso Beach, LJ = La Jolla, BR = Bird 
Rock) 
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CHAPTER 4: Genomic evidence for ecological divergence against a background of 

population homogeneity in the marine snail Chlorostoma funebralis 
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ABSTRACT 

 

Natural selection favoring local adaptation can be opposed by gene flow and genetic 

drift.  The balance among these forces is difficult to resolve, especially in marine invertebrates 

that can have extensive dispersal and fluctuating population sizes.  The intertidal snail 

Chlorostoma (formerly Tegula) funebralis is an excellent system to lend insight into this topic 

because it is influenced by factors that both deter and encourage local adaptation.  Although C. 

funebralis has pelagic larvae and previous work using mtDNA polymorphism reported no 

genetic structure among populations, recent studies have documented differences in thermal 

tolerance and transcriptomic responses to heat stress between northern and southern California 

(CA), USA, populations.  To increase our understanding of the dynamics influencing adaptive 

divergence, we used double digest restriction site-associated DNA (ddRAD) sequencing to 

identify 2371 genome-wide, quality filtered single nucleotide polymorphism (SNP) loci for 90 

C. funebralis individuals collected from three northern and three southern CA populations (15 

individuals from each population).  When all SNP loci were considered together, there was no 

evidence for genetic differentiation among populations or regions (average FST = 0.0042).  

However, separate analysis of the top ten percentile of SNPs based on FST (164 loci, average 

FST = 0.11) shows a clear geographic pattern of differentiation between northern and southern 

CA.  This top ten percentile of SNPs includes several loci involved in the ubiquitin protein 

degradation system.  Furthermore, outlier tests revealed 34 loci putatively under divergent 

selection between northern and southern populations.  Seven outliers were annotated; three of 

these are known or hypothesized to be involved in cytoplasmic stress granule formation.  This 

study increases our understanding of the factors that constrain local adaptation in marine 

organisms, while nevertheless suggesting that ecologically driven, strong differentiation can 

occur at some relevant loci, even in a species with pelagic larvae. 
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INTRODUCTION 

 

Many marine organisms are distributed widely across heterogeneous landscapes, and 

across these ranges divergent natural selection can promote genetic differentiation and local 

adaptation.  However, evolution of ecological divergence may be impeded if high rates of 

migration homogenize the gene pool among populations (Mayr 1963; Lewontin 1974; Slatkin 

1985; Lenormand 2002).  In many species with planktonic larvae and possible long distance 

pelagic dispersal, the potential for local adaptation is unclear because the balance between 

selection for local adaptation and the rate of interpopulation gene flow is largely unknown.  

Nevertheless, numerous studies suggest that marine populations are not as connected as might 

be presumed (Burton 1983; Kyle & Boulding 2000; Levin 2006; Marshall et al. 2010), and 

adaptive differentiation has been observed in various marine invertebrates with planktonic 

larvae such as mussels, oysters, barnacles, sea urchins and abalone (Koehn et al. 1980; Karl & 

Avise 1992; Schmidt & Rand 1999, 2001; Pespeni et al. 2012; De Wit & Palumbi 2013). 

The advent and increasingly widespread use of high-throughput next generation 

sequencing, such as double digest restriction site-associated DNA (ddRAD) sequencing 

(Peterson et al. 2012), facilitates the identification of such local adaptation through genome-

wide scans (Davey et al. 2011).  Using these methods to investigate populations undergoing 

early stages of ecological divergence are particularly useful because they provide good 

opportunities to detect genomic loci under divergent selection (see Russello 2012 and Lemay 

& Russello 2015), with such loci expected to stand out with high FST estimates against a 

background of low genetic divergence (Pérez-Figueroa et al. 2010; Vilas et al. 2012).  

However, it is important to note that these genome scan approaches also have limitations; for 

instance, the high FST outlier loci identified can sometimes be due to chance or demographic 

processes rather than local adaptation (Bierne et al. 2011).  Nevertheless, such scans can serve 
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as a useful first pass (especially for nonmodel organisms) to identify candidate loci for 

ecological divergence that can then be subjected to further functional tests.  Overall, these 

types of genome-wide studies that examine both background levels of genetic divergence as 

well as locus-specific measures of population differentiation, especially in the sea, are 

valuable because the factors that promote or constrain local adaptation in marine organisms 

are still relatively unexplored.  

Chlorostoma funebralis, a mid-intertidal snail, is an excellent system to lend insight 

into the balance between local adaptation and gene flow because it is influenced by several 

factors that alternately encourage and deter local adaptation. C. funebralis has a wide 

latitudinal range: it is found in rocky habitat along the Pacific coast of North America from 

Vancouver Island, British Columbia to Baja California, Mexico (Abbott & Haderlie 1980; 

Sagarin & Gaines 2002).  Across this range individuals encounter highly heterogeneous 

environments, suggesting that natural selection might favor local adaptation; in fact, previous 

phenotypic and genetic work has shown that northern and southern California populations are 

locally adapted to heat stress (Gleason & Burton 2013, 2015).  However, C. funebralis also 

has pelagic larvae (Moran 1997) and no apparent genetic structure at cytochrome oxidase 

subunit I (COI; Kelly & Palumbi 2010; Kelly et al. 2010), which both suggest a high level of 

gene flow that could preclude local adaptation.   

This study’s objective is to lend insight into the balance between local adaptation and 

gene flow in geographically distinct C. funebralis populations.  We sampled 15 C. funebralis 

individuals from each of three northern and three southern California populations and then 

performed double digest restriction site-associated (ddRAD) DNA sequencing to examine 

genome-wide population structure and to test for genetic signatures of divergent selection.  
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MATERIALS AND METHODS	  

 

Collection and animal maintenance 

 

	   Small to medium sized C. funebralis adults (15-20 mm in shell diameter) were 

collected in the winter of 2014 from three northern California sites: Slide Ranch (SR), Marin 

Co. (37º52’N, 122º35’W); Pescadero (PES; 37º15’N, 122º24’W) and Pigeon Point (PP; 

37º11’N, 122º23’W), San Mateo Co. and from three southern California sites: Aliso Beach 

(AB), Orange Co. (33º30’N, 117º45’W) and La Jolla (LJ; 32º52’N, 117º15’W) and Bird Rock 

(BR; 32º48’N, 117º15’W), San Diego Co. (Figure 4-1).  Snails were transported to Scripps 

Institution of Oceanography (SIO) within 24 hours of collection.  Once at SIO, snails were 

maintained in flow-through running seawater aquaria and regularly fed freshly collected kelp, 

Macrocytis pyrifera, until sacrificed.   

  

DNA extraction, ddRAD library preparation, and sequencing 

 

	   Live animals (15 animals from each of the six populations) were placed in 95% 

ethanol for 24 hours, and then tweezers and scissors were used to take a tissue sample of each 

animal’s foot.  DNA was extracted using the Qiagen DNeasy kit (Qiagen, Maryland).  ddRAD 

libraries were constructed following a protocol adapted from Peterson et al. (2012).  Briefly, 

six ddRAD libraries were constructed using pools of 15 individually barcoded samples.  The 

barcodes used were seven nucleotides in length, and each differed by at least two bases.  The 

libraries were run on agarose gels and the 300-400 bp range was manually excised, purified, 

and enriched with 12 amplification cycles in six individual PCR reactions containing 4 µl of 
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Phusion High-Fidelity HF Buffer (NEB), 2 µl of each amplification primer (10µM), 1 µl of 

dNTP mix (10mM), 1 µl Phusion polymerase, and 10 µl of library (~30 ng/µl; total reaction 

volume 20 µl).  The six libraries (along with two libraries for another project) were sequenced 

across two lanes of an Illumina HiSeq2000 (paired end, 2 x 100 bp). 

 

Raw sequences filtering 

 

	   Raw sequences were filtered using the process_radtags pipeline in STACKS version 

1.21 (Catchen et al. 2011, 2013).  Low quality reads with a Phred quality score < 10 as well as 

any reads with an uncalled base were removed, and reads were trimmed to 90 bp in length.	  

 

Assembly 

 

	   There is no reference genome for C. funebralis, so reads were assembled de novo 

using the denovo_map.pl pipeline in Stacks.  The number of raw reads required to form a 

stack (stack depth parameter, m) was set to 5 and the number of allowed nucleotide 

mismatches between two stacks (mismatch parameter, M) was set to 2, following 

recommendation from Julian Catchen, the creator of STACKS (personal communication). 

After assembly and genotyping, the data were filtered further to ensure maximal 

quality. As indicated in Results below, generally similar genomic patterns were observed with 

more stringent filtering.  Previous studies have documented differences in thermal tolerance 

and transcriptomic responses to heat stress between northern and southern California 

populations (Gleason & Burton 2013, 2015).  For this study we also focus on regional 

differences between northern and southern California to gain further insight into the genome-
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wide patterns that could be contributing to these already established differences.  SR, PES, and 

PP were analyzed as sites within the northern region and AB, LJ, and BR were analyzed as 

sites within the southern region.  Samples were pooled by geographic region (n = 45 samples 

per region), and using the POPULATIONS module in STACKS, we kept only those loci that 

were genotyped in more than 50% of individuals from each region and had an overall minor 

allele frequency above 0.1 and a minimum coverage of 10x per allele for each individual. For 

population genetics analysis, if a RAD tag had more than one polymorphism, only one was 

retained (multiple SNPs on the same RAD tag would be physically linked and invalidate the 

assumptions of subsequent analyses).  For the outlier analysis, to ensure that no potential 

outlier SNPs were missed, analyses were rerun with different SNP subsets from the same 

stacks (Puebla et al. 2014).  Lastly, to exclude artifacts such as duplicated loci and loci with 

null alleles (Lynch & Milligan 1994), which are likely to be more frequent in ddRAD studies 

compared to the original RAD-seq method (DaCosta & Sorenson 2014), we removed all loci 

that displayed significant deviation from Hardy-Weinberg equilibrium (HWE) with the 

method of Guo and Thompson (1992) using GENEPOP version 4.2 (Raymond & Rousset 

1995; Rousset 2008).  This analysis examined HWE in each of the two geographic regions 

(northern and southern California); to be removed from the data a locus had to show 

significant HWE deviations in both regions.  

 

Population genetics statistics and isolation by distance 

 

The POPULATIONS module of STACKS was used to calculate pairwise FST for each 

locus between regions and also between each pair of populations using the method of Weir 

and Cockerham (1984).  Geographic distances between each site were calculated using Google 

Earth.  These measures of genetic and geographic distance between each of the six sites were 
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used to test for isolation by distance as implemented in IBDWS version 3.23 (Bohonak 2002).  

Following Slatkin’s recommendation (1993), the log of both genetic and geographic distance 

were used as input for the Mantel Test for matrix correlation between genetic and geographic 

distance.  Reduced major axis regression using 1000 randomizations to calculate the intercept 

and slope of the regression line of genetic distance vs. geographic distance was also 

performed.   

 

Clustering analysis 

 

We tested for population genetic structure with the Bayesian method of Pritchard et 

al. (2000) using STRUCTURE version 2.3.  The entire data set was first analyzed with a run 

length of 100,000 Markov chain Monte Carlo steps following a burn-in of 100,000 steps.  The 

analysis was carried out using the admixture model and incorporated location information 

(LOCPRIOR) in which the two geographic regions were provided as location data. We varied 

the number of clusters (K) from 1 to 10, with five replicates for each value of K.  Two 

different methods were used to infer the most likely number of clusters present in the data set.  

First, the number of clusters was determined by selecting the K value with the highest ln Pr(X | 

K), or the one after which the trend plateaus and that also provides consistent groupings across 

repeated runs (Pritchard et al. 2000).  We also employed the Delta K method of Evanno et al. 

(2005) as implemented in STRUCTURE HARVESTER (Earl & Vonholdt 2012).  

Membership coefficients for each individual were averaged across replicate values of K using 

CLUMPP version 1.1.2 (Jakobsson & Rosenberg 2007) as implemented in STRUCTURE 

HARVESTER.  It is important to note that the ad hoc ΔK statistic does not apply when K = 1.    

Genetic structure was also analyzed with different SNP subsets to estimate what 

proportion of the genome might be differentiated between the two geographic regions.  These 
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subsets were established according to global FST estimates among the six individual 

populations calculated following a standard ANOVA approach (Weir & Cockerham 1984) 

using GENEPOP version 4.2 (Rousset 2008), considering the interval above the 90th percentile 

(FST ≥ 0.068), between the 80th and 90th percentiles (0.043 ≤ FST < 0.068), between the 70th 

and 80th percentiles (0.024 ≤ FST < 0.043), between the 60th and 70th percentiles (0.011 ≤ FST < 

0.024), and below the 60th percentile (FST < 0.011). 

 

SNP trees 

 

Maximum likelihood trees were also generated from SNP data (i.e. sites variant 

among individuals, concatenated and exported using STACKS).  Because all sites are variable 

in this situation an ascertainment bias exists, which is problematic for branch length and 

topology inference (Lewis 2001).  To address this issue, we applied an ascertainment bias 

correction to the likelihood calculations (Lewis 2001; Puebla et al. 2014).  However, it should 

be noted that such trees should still be interpreted with caution. 

For the clustering analysis all stacks with coverage ≥ 10x in ≥ 23 individuals per 

geographic region were retained, keeping a single SNP per stack.  The data were analyzed 

with JMODELTEST version 2.1.7 (Darriba et al. 2012; Guindon & Gascuel 2003) and the 

Akaike information criterion, Bayesian information criterion, and decision theory all indicated 

that a GTR+G model of nucleotide substitution was appropriate.  RAXML version 8.1.17 

(Stamatakis 2014) was used for the SNP tree construction, using the GTR+G model with 

ascertainment bias correction as recommended by the author for SNP data requiring a model 

of rate heterogeneity (RAXML version 8.1.17 manual, February 2015; Puebla et al. 2014).  

The rapid bootstrap procedure was implemented (Stamatakis et al. 2008) with 100 replicates 
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per run.  Analyses were run with the entire SNP data set and then also repeated with the same 

SNP subsets considered for the STRUCTURE clustering analyses. 

 

FST outlier analysis 

 

Using 1825 SNPs (overall MAF greater than 0.1) and the 90 individuals, LOSITAN 

(Antao et al. 2008) was run using parameter settings of 50,000 simulations, confidence 

interval of 0.995, false discovery rate set to 0.1, subsample size of 50, simulated FST of 

0.0073, and an attempted FST of 0.014.  We considered loci candidates for positive selection 

above a probability level of 0.995.  We tested for linkage disequilibrium (LD) in each pair of 

loci that were identified as candidates for positive selection using GENEPOP version 4.2 

(Raymond & Rousset 1995).  

To test whether a similar number of outlier loci could have been detected by chance 

alone (i.e. false positives), the multilocus SNP genotypes of all individuals were shuffled 

using a random number generator to put each of the 90 C. funebralis individuals into two 

different groups.  Then we tested for the presence of outlier loci between these randomized 

groups using LOSITAN with the same parameters described above.  This randomization and 

outlier detection procedure was repeated three times.   

 

Annotating loci 

 

Each RAD tag that was identified as having an FST in the top tenth percentile or as a 

potential LOSITAN outlier was subject to both a BLASTX (default parameters) and a 

BLASTN (wordsize = 16; mismatch scores = 2, -3; maximum e-value = 10-15; Altschul et al. 

1997) search of all sequences in the NCBI nonredundant database.  To reduce annotations to 
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repetitive sequences in the database, we required either a unique Blast hit or a top hit with an 

e-value that was at least an order of magnitude lower than the next closest match.  

Furthermore, all RAD tags were also mapped back to the de novo transcriptome derived from 

RNA-seq data from four populations of C. funebralis (Gleason & Burton 2015; unpublished 

data) using CLC Genomics Workbench version 5.1 (read mapping parameters: minimum 

fraction length of read overlap = 0.8, minimum sequence similarity = 0.95).  Any contig in the 

assembly that a RAD tag uniquely mapped to was also subjected to BLASTX and BLASTN 

search (default parameters for both), and this annotation was retained for the RAD tag as well.  

 

RESULTS 

  

Sequencing produced ~3.8 million reads per individual; thus, on average we surveyed 

variation across ~2.2 million bp of the genome of each individual.  With samples pooled by 

region, a total of 876,188 stacks were obtained.  A total of 394,427 SNPs were identified, or 

0.45 SNPs per stack on average.  Number of sites, number and proportion of polymorphic 

sites, mean number of individuals sampled per site, nucleotide diversity (π), and expected 

heterozygosity for each region are presented in Table 4-1.  The two regions had very similar 

parameters, with marginally higher number of sites and number of polymorphic sites for 

southern California. 

 

Population genetics statistics 

 

	   Assembly and quality filtering (keeping only those loci that were genotyped in more 

than 50% of individuals from each region and had an overall minor allele frequency above 0.1 
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and a minimum coverage of 10x per allele for each individual) resulted in the identification of 

1861 RAD tags that contained a total of 2371 SNPs.  Average FST between the two regions 

(considering all SNPs) was estimated to 0.0042.  An estimate of 0.0021 was obtained when 

considering only one SNP per locus, and an estimate of 0.0027 was obtained when applying 

more stringent filtering (loci present in 75% of the individuals per region instead of 50%).  

The distribution of FST estimates was characterized by a sharp mode close to 0 and a long tail 

extending to a value of 0.59 (Figure 4-2).   

 

Isolation by distance 

 

	   For this and all subsequent population genetics analyses, we further filtered the full 

SNP dataset by retaining only a single SNP per RAD tag (the first one), resulting in 1861 

SNPs.  (410 tags had more than one SNP).  From this, 228 SNPs were removed that 

significantly deviated from HWE in both northern and southern populations, resulting in 1633 

high-quality SNPs.  Using these 1633 SNPs, a Mantel test for a significant relationship 

between the genetic and geographic distances between sampling sites found no evidence for 

matrix correlation, with a Z score of -75.516, an r value of 0.367, and a one sided p-value of 

0.203 (Figure A4-1 Appendix 4).  Reduced major axis regression estimated an R2 of 0.135 for 

the regression line of genetic vs. geographic distance. 

 

Clustering analysis 

 

	   Results of the clustering analysis are shown in Figure 4-3a-e and further detailed in 

Table A4-1 (Appendix 4).  Using the filtered dataset of 1633 SNPs (considering a single SNP 
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per stack), no consistent evidence for clustering was found.  For the five replicate runs, ln  

Pr(X | K) was marginally higher for K = 2, although K = 1 and K = 3 were only slightly less 

likely (Table A4-1 Appendix 4).  However, the SNP subsets from the 90th to 100th percentile 

showed some evidence of regional clustering; 71% of northern individuals were assigned to 

one cluster, and 56% of southern individuals were assigned to the other cluster when K = 2.  

The highest mean ln PR(X | K) corresponded to K = 7 (90th to 100th percentile), but the ΔK 

statistic presented a sharp peak at K = 3 (Table A4-1 Appendix 4).  The five replicate runs 

resulted in the same groupings.  For the 90th to 100th percentile, regional differentiation was 

also evident in the three clusters identified by the Evanno method.  While 70% of the northern 

Slide Ranch and Pescadero individuals were assigned to the first cluster, 75% of the 

individuals assigned to the third cluster were from the southern populations (including all 15 

Bird Rock individuals; Figure A4-2 Appendix 4).  No evidence of clustering was found with 

SNPs below the 90th percentile (Table A4-1 Appendix 4). 

 

SNP trees 

	  

As with the clustering analysis, for this analysis we further filtered the full SNP 

dataset by retaining only a single SNP per RAD tag and by removing loci that significantly 

deviated from HWE in both northern and southern populations, resulting in 1633 high-quality 

SNPs.  As observed with the clustering analysis, no phylogenetic or phylogeographic signal 

was identified when considering the whole data set, with individuals from different regions 

mixed throughout the tree (Figure 4-4a).  The SNPs in the 90th to 100th percentile however 

produced a tree in which individuals generally grouped by geographic regions, with some 

clades also grouping by individual populations (Figure 4-4b).  The SNP tree of the subset from 
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the 80th to 90th percentiles had one clade that contained more northern than southern animals 

and vice versa, but for the most part no strong population structure was evident (Figure A4-3 

Appendix 4).  The SNP subsets from the 70th to 80th percentile, 60th to 70th percentile, and 

below the 60th percentile showed no phylogenetic signal.  

 

Loci above the 90th percentile 

 

Of the 164 loci in the interval above the 90th percentile for global FST estimates, 27 

were assigned a meaningful annotation (Table A4-2 Appendix 4).  This set of genes includes 

three E3 ubiquitin protein ligases, which are associated with the ubiquitin stress response 

pathway (Ardley & Robinson 2005).   

	  

FST outlier analysis 

 

We think it is important to note that underlying population structure is a major 

limitation of FST outlier approaches (Excoffier & Lischer 2010); however, given that we found 

only slight population structure with the top ten percentile of differentiated SNPs (see 

Clustering Analysis and SNP Trees above), this is unlikely to be a confounding factor in this 

instance.  In other words, minimal population structure between northern and southern 

California provides a less noisy neutral background upon which adaptive markers can be more 

reliably distinguished as outliers (Pérez-Figueroa et al. 2010; Hess et al. 2013). 

The same 1633 RAD tag loci used in the clustering and SNP tree analyses were also 

used for the outlier analysis, but since multiple SNPs within the same stack were examined 

(see Methods above), a total of 1825 SNPs were analyzed.  (SNPs in the additional data set for 
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outlier analysis were also tested for HWE, and 0 were removed).  A total of 34 outliers were 

identified, representing 0.019% of the SNPs analyzed.  Six pairs of loci showed evidence for 

linkage disequilibrium and thus one of each pair was removed from all subsequent analyses.  

The 28 remaining potential outliers are detailed in Table 4-2.  Notably, one of these loci, 

23143, contained two outlier SNPs at bp positions 14 and 78 and thus is a particularly good 

candidate for being a target of divergence caused by natural selection (De Wit & Palumbi 

2013).  However, this locus was not annotated, and thus its identity and function remain 

unknown.   

   Three negative control LOSITAN runs (based on randomizing the data) identified a 

total of 9, 7, and 9 outliers (0.005, 0.004, and 0.005% of all SNPs examined) compared to 34 

(0.019%) outliers identified in the actual dataset (chi-square test comparing 9 vs. 34 outliers, 

p-value < 0.0001).  These results suggest that the genomic patterns reported in this study are 

not expected by chance alone.  

Within the outlier data set seven RAD tags matched sequences from the NCBI nr 

database (Table 4-2).  Three outlier loci, cytoplasmic dynein 2 heavy chain, MAP/microtubule 

affinity-regulating kinase 1 (MARK1), and poly [ADP-ribose] polymerase 14 (PARP14) were 

annotated to genes known or hypothesized to be involved in cytoplasmic stress granule 

formation.  In addition, one locus is a small conductance calcium-activated potassium channel 

and another, dipeptidyl-peptidase 6 (DPP6), has been reported to regulate potassium channel 

activity (Soh & Goldstein 2008); high differentiation at these two outliers could be a result of 

thermally-driven divergent selection between northern and southern California, since 

potassium channel activation has been suggested to be an early event in initiation of the heat 

shock response (Saad & Hahn 1992; Pell et al. 1997). Another outlier matched a 

mitochondrial gene, NADH dehydrogenase subunit 1.   
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DISCUSSION 

 

C. funebralis is an excellent system for studying the balance between local adaptation 

and gene flow in the sea.  We utilized ddRAD to examine genome-wide population structure 

and to gain insight into the dynamics influencing ecological divergence in northern and 

southern California C. funebralis populations.   We identified 164 loci in the interval above 

the 90th percentile based on global FST across the six populations; these loci show evidence for 

regional differentiation between northern and southern California.  In contrast, analysis based 

on all SNP loci showed no evidence for any genetic structuring.  We also identified 28 FST 

outlier loci as candidates for positive selection.  Three of these annotated outlier loci are 

involved in cytoplasmic stress granule formation, suggesting variation in abiotic stress along 

the California coast could be driving these differences in selective pressure between northern 

and southern populations.     

 

Causes of background genetic homogeneity: Dispersal of migrants? 

 

We found no evidence for population structure when FST's were averaged across all 

SNPs, but we did find evidence for population differentiation based on the SNPs above the 

90th percentile of global FST divergence.  Thus, it seems that the phylogeographic signal from 

the most highly differentiated SNPs is swamped out by the background genetic homogeneity 

at the majority of the SNPs.  This background genetic similarity can be due to gene flow 

(dispersal of migrants), lack of drift in large population sizes, or both.     

To investigate whether movement of larval migrants may be playing a role in 

producing this background genetic homogeneity, we performed a dispersal simulation. C. 

funebralis are broadcast spawners, meaning individuals release gametes into the water column 
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(Moran 1997).  San Diego C. funebralis are known to spawn at least twice a year, once in the 

winter in January-February and once in the summer in July-August (Cooper 2011).  (To date 

no one has investigated the frequency of spawning events in northern California populations.)  

In addition, the estimated pelagic duration of fertilized larvae ranges from ~five to thirteen 

days (Moran 1997).  Based on all of this information, a surface transport model available at 

http://west.rssoffice.com/CA/drifter.jsp was used to create particle drifter predictions as a 

proxy to estimate the path of C. funebralis pelagic larvae released from each of the six 

collecting sites used in this study.  This approximation relies on the assumption that larvae act 

as passive particles at the ocean surface.  In support of this assumption, Moran (1997) has 

shown that C. funebralis larvae swim to the water surface, at least in the lab.  The surface 

transport models were set for a duration of 13 days (the maximum larval duration estimated by 

Moran (1997)), with 15 total particles released at the water surface at each of the six sites on 

July 30 and August 17, 2014 to estimate summer dispersal patterns, and on January 1 and 

February 13, 2015 to estimate winter dispersal patterns.   

Overall, the predicted dispersal trajectory for C. funebralis planktonic larvae suggest 

larvae only disperse between populations within a geographic region, at least on the specific 

dates in the two years investigated. Larval connectivity was observed among the three 

northern populations Slide Ranch, Pescadero, and Pigeon Point (Figure A4-4a Appendix 4), 

and among the three southern populations Aliso Beach, La Jolla, and Bird Rock (Figure A4-

4b, c Appendix 4).  However, this analysis revealed no evidence for direct gene flow between 

the three northern and the three southern populations.  The farthest south any larvae from 

northern California reached was Big Sur in San Luis Obispo County in central California, and 

the farthest north any larvae from southern California reached was Ventura County in southern 

California.  In sum, the particle drifter prediction analyses suggest larvae are dispersing within 
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but not across regions, thus opening up the potential for divergence between northern and 

southern California C. funebralis populations, as observed in this study.   

It is worth noting that the time period we used for the drifter simulations (13 days) is 

the longest available estimate of pelagic larval duration, but settlement can occur in as little as 

five days (Moran 1997).  It has also been suggested that high temperatures, which are common 

in the southern portion of C. funebralis’ range, can cause further reduced developmental times 

(Hahn 1989).  Thus, these larval dispersal simulations, which already found no evidence for 

larval migration between northern and southern California, are potentially overestimating 

dispersal.  Overall, C. funebralis’ relatively short pelagic larval duration could impede long 

distance dispersal and instead promote larval settlement close to natal grounds, similar to what 

has been observed in abalone larvae (Prince et al. 1987).  

The observed lack of dispersal in the larval migration simulation suggests the genomic 

patterns of background similarity between northern and southern California C. funebralis 

populations could be due to large population sizes, as previously hypothesized by Kelly and 

Palumbi (2010).  Populations of C. funebralis are extremely abundant in low intertidal 

habitats; historical estimates of population density have reported up to 500 individuals/m2 in 

central California sites such as Pacific Grove (Frank 1975).  Alternatively, populations might 

not be at drift-migration equilibrium (Slatkin 1993), with recent population shifts due to 

glacial cycles obscuring genetic differentiation and causing patterns that mimic high 

contemporary larval exchange (Kelly & Palumbi 2010).  Ultimately, more work is needed to 

definitively determine the cause of the background genetic homogeneity between northern and 

southern California populations, but the results of this drifter simulation suggest dispersal is 

not a large factor.  
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Molecular signatures of early stage divergent selection 

 

Adaptive differentiation is expected to have a heterogeneous effect on the genome, 

with divergence initially appearing in a relatively small number of functionally relevant genes 

(Turner et al. 2005; Wolf et al. 2010).  The distribution of FST values for all loci in this study 

(Figure 4-2) matches theoretical predictions for the earliest stages of divergence (Box 2 from 

Feder et al. 2012), in which population structure is only evident in the small number of loci 

under strong divergent selection.  Similar distributions of FST values have been observed in 

two reproductive ecotypes of kokanee salmon (Fig. 2 from Lemay & Russello 2015), in 

closely related species of hamlet coral reef fishes (Fig. 1a from Puebla et al. 2014), and in 

parapatric races of Heliconius butterflies (Fig. 1Ba from Seehausen et al. 2014), all of which 

are believed to be in the early stages of divergence.  Thus, combined with the data in Gleason 

and Burton 2013 and 2015, the data in this current study suggest northern and southern 

California populations of C. funebralis are also undergoing early adaptive divergence, and that 

this species may be an informative natural system for investigating the genomic mechanisms 

underlying such processes.                                                                                                                                           

  

Targets of divergent selection: Stress granules 

 

Remarkably, three of the seven annotated FST outliers under putative selection are 

known or hypothesized to be involved in stress granule (SG) formation.  These dynamic 

cytosolic aggregations comprised of RNAs and RNA-binding proteins form in response to 

cellular or environmental stress, and they facilitate cell survival in several different ways.  For 

instance under stressful conditions, the translation of control, “housekeeping” mRNAs are 

inhibited, and these untranslated mRNAs enter SGs (Kedersha & Anderson 2002).  The 
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granules function to sequester and preserve these untranslated control mRNAs, as part of a 

mechanism that adapts patterns of local RNA translation to facilitate the stress response, i.e. 

ensure the translation of mRNAs such as chaperones and enzymes immediately needed for the 

stress response.  Moreover, in addition to being critical for mRNA regulation during stress, 

SGs also prevent apoptosis by sequestering pro-apoptosis factors and silencing their activities 

(Kim et al. 2005; Arimoto et al. 2008; Buchan & Parker 2009); growing evidence suggests 

that SG assembly and apoptotic cell death are mutually exclusive (Shih & Lee 2014).  A 

recent study has reported that SGs also harbor antioxidant activity, and may thus act as rapidly 

inducible antioxidant machinery that protects cells from reactive oxygen species-induced 

apoptosis (Takahashi et al. 2013).  Lastly, SG formation also mediates recovery following 

exposure to environmental stress; once the stress passes, the granules dissociate and the 

preserved mRNAs that had been stored in the SG resume translation (Kedersha et al. 1999, 

2002), as evidenced by the highly active protein synthesis in close vicinity to heat shock 

granules during recovery (Nover et al. 1989).  SGs are hypothesized to play a role in anoxia 

response in the marine snail Littorina littorea (Larade & Storey 2009), and heat shock has also 

been shown to cause the appearance of SGs in trypanosomes, tomato cell cultures, plants, 

Caenorhabditis elegans nematodes, Drosophila fruit flies, Saccharomyces cervisiae yeast, and 

other various mammalian cells (Kramer et al. 2008; Nover et al. 1988; Kobayashi et al. 2007; 

Morton & Lamitina 2013; Farny et al. 2009; Grousl et al. 2009; Kedersha & Anderson 2007).   

We hypothesize that the formation of these granules is under divergent selection in 

northern and southern California C. funebralis populations in response to the differences in 

environmental thermal stress they encounter (Gleason & Burton 2015).  One of the identified 

FST outliers, microtubule affinity regulating kinase, regulates microtubule dynamics.  

Microtubules play a role in SG formation; once SGs begin to form as small foci, they are 

transported along microtubules by molecular motors, enabling coalescence of SGs into larger 
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foci (Bartoli et al. 2011).  Moreover, disruption of microtubules blocks the appearance of SGs 

(Ivanov et al. 2003).  Another outlier locus, cytoplasmic dynein 2 heavy chain, is also 

involved in motor activity.  Heavy chain dyneins have been localized to SGs and SG 

formation is severely impaired by inhibiting dynein function (Kwon et al. 2007; Loschi et al. 

2009).  Lastly, poly [ADP-ribose] polymerase 14, the third annotated outlier, is known to 

cooperate with RNA-binding poly [ADP-ribose] polymerases following activation of the 

stress response to form SGs (Vyas & Chang 2014).  The strong genetic differentiation 

between northern and southern C. funebralis populations in these outlier genes associated with 

SGs suggests that these granules could play an important role in this species’ thermal stress 

response, and that the higher exposure to thermal stress in southern populations could be 

imposing differential selective pressure on the formation and function of these SGs in 

geographically separated C. funebralis populations.   

   

Targets of divergent selection: Ubiquitin activity 

 

Three genes (E3 ubiquitin-protein ligase UBR5, E3 ubiquitin protein ligase SHPRH, 

and itchy E3 ubiquitin protein ligase (ITCH)) in the top ten percentile of differentiated SNPs 

across all six populations are associated with the ubiquitin stress response pathway (Hay-

Koren et al. 2011; Unk et al. 2006; Rossi et al. 2005) in which proteins irreversibly damaged 

by heat stress are degraded (Parag et al. 1987).  Notably, our previous transcriptomic work has 

shown that southern, heat tolerant C. funebralis populations show constitutive levels of 

ubiquitin gene expression that pre-adapt them to thermally stressful conditions (Gleason & 

Burton 2015).  The finding that several ubiquitin associated genes also show high levels of 

genetic divergence at the nucleotide level further indicates that the ubiquitin pathway plays an 
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important role in northern and southern California populations’ unique responses to thermal 

stress.   

 

Population differentiation and ecological divergence in marine mollusks 

 

Several previous studies have also used next generation sequencing techniques to 

examine gene flow and local adaptation in marine snails and their relatives.  Our results are 

generally in agreement with these studies conducted in other marine gastropods along the 

California coast.  For instance this study found no population differentiation based on 

averaged FST over all identified polymorphisms; similarly, Gruenthal et al. (2014) suggested 

the green abalone Haliotis fulgens is panmictic throughout southern California.  Moreover, De 

Wit and Palumbi (2012) found no genetic differentiation at most transcriptome-wide SNPs in 

the red abalone Haliotis rufescens, despite a short pelagic larval duration.  However, like our 

results, these authors also identified a small number of FST outlier loci that are candidates for 

spatial adaptation to geographic variation in abiotic stressors such as heat and hypoxia.  The 

general pattern of our results do contrast the findings of Chu and colleagues (2014), who 

found strong latitudinal population structure (based on all SNPs in the dataset) and many fixed 

SNPs in heat stress genes in different populations of the North Atlantic rocky intertidal snail 

Nucella lapillus.  However, one important distinction to note is that unlike C. funebralis and 

Haliotis spp., N. lapillus is a direct developer with no pelagic larval stage.  

 

Conclusions 

 

This study suggests northern and southern C. funebralis populations are undergoing 

the early stages of adaptive divergence, as evidenced by the presence of genome-wide 
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background similarity punctuated by strong genetic differentiation at several (potentially) 

ecologically relevant loci.  The functions of the FST outlier loci potentially under selection 

indicate that variation in thermal stress between northern and southern California could be 

driving the genetic differences observed between C. funebralis populations.  Overall, our 

results provide further insight into the factors that encourage and deter local adaptation in the 

sea and the molecular signatures of the early stages of ecological differentiation in a marine 

species with planktonic larvae.     
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Table 4-1: Number of sites, number and proportion of polymorphic sites, mean number of 
individuals sampled per site, nucleotide diversity (π), and expected heterozygosity of the two 
geographic regions considered in this study. 

	  
	  

Northern(California((n"=(45) Southern(California((n"=(45)
Number(of(sites 1119516 1119545
Number(of(polymorphic(sites 1906 1937
Proportion(of(polymorphic(sites((%) 0.1703 0.173
Mean(n"per(site 32.3 31.8
Nucleotide(diversity((π) 0.0006 0.0006
Expected(heterozygosity 0.0006 0.0006
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Table 4-2: Summary of outlier loci identified using LOSITAN (Antao et al. 2008) at false 
discovery rate (FDR) = 0.1.  NA = not annotated. 

 
	  

Locus Heterozygosity FST Abbreviated5description
42096_67 0.558 0.59 NA
38225_81 0.617 0.379 NA
7554_55 0.608 0.35 NA
30445_89 0.561 0.296 NA
90494_71 0.576 0.254 NA
4237_83 0.452 0.252 NA
34380_40 0.311 0.235 NA
16556_29 0.307 0.225 NA
23143_14 0.245 0.201 NA
23143_78 0.352 0.197 NA
68321_22 0.656 0.19 NA
113728_16 0.196 0.182 NA
50064_14 0.673 0.18 dipeptidyl6peptidase969(DPP6)
17773_41 0.19 0.175 NA
74273_38 0.389 0.167 NA
50588_47 0.22 0.167 NA
52740_81 0.477 0.166 NADH9dehydrogenase9subunit919(ND1)
87446_46 0.293 0.163 cytoplasmic9dynein929heavy9chain91
1540_30 0.248 0.161 small9conductance9calcium6activated9potassium9channel

79533_23 0.228 0.153 NA
22868_36 0.153 0.141 NA
51870_70 0.294 0.139 MAP/microtubule9affinity6regulating9kinase919(MARK1)
50845_30 0.149 0.137 NA
78140_52 0.297 0.131 RAB39GTPase9activating9protein9subunit929(non6catalytic)9(RAB3GAP2)
59705_55 0.138 0.123 NA
38893_23 0.129 0.115 poly[ADP6ribose]9polymerase9146like
87606_82 0.13 0.113 NA
17890_9 0.125 0.111 NA
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Figure 4-1:	  C. funebralis collecting sites along the California coastline. 
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Figure 4-2: Frequency distribution of FST values obtained across all loci (n = 2371; mean FST 
= 0.0042). 
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Figure 4-3: Clustering results for K = 2 for a) the entire data set (1 SNP per locus, 1633 
SNPs). b) For the SNP subset above the 90th percentile (FST ≥ 0.068, 1 SNP per locus, 164 
SNPs). c) For the SNP subset between the 80th and 90th percentile (0.043 ≤ FST < 0.068, 1 SNP 
per locus, 159 SNPs). d) For the SNP subset between the 70th and 80th percentile (0.024 ≤ FST 
< 0.043, 1 SNP per locus, 161 SNPs). e) For the SNP subset between the 60th and 70th 
percentile (0.011 ≤ FST < 0.024, 1 SNP per locus, 160 SNPs).  
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Figure 4-4: Maximum-likelihood SNP tree based on a) all the data, and b) the SNP subset 
above the 90th percentile.  Northern California individuals are highlighted with a blue box, and 
southern individuals are highlighted with a red box.  Bootstrap values within groups not 
shown. 
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Figure 4-5: Results from the LOSITAN FST outlier analysis for 1825 SNPs.  34 SNPs above 
the top line are above a 0.995 probability for being candidates of positive selection.   
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APPENDIX 4-1 
	  
Table A4-1: Results of the clustering analyses. Inferred number of clusters based on the 
Evanno method are highlighted in bold. 
	  

K Reps Mean LnP(K) Stdev LnP(K) Ln'(K) |Ln"(K)| Delta K 

Entire dataset (1,633 SNPs)     
1 5 -86079.72 7.236505 NA NA NA 

2 5 -85949.08 15.385285 130.64 212.48 13.810599 

3 5 -86030.92 97.074131 -81.84 214.1 2.205531 

4 5 -86326.86 140.577285 -295.94 128.98 0.917502 

5 5 -86493.82 193.001624 -166.96 15.54 0.080517 

6 5 -86645.24 207.742889 -151.42 345.127 1.661316 

7 5 -86451.53 126.07134 193.71 361.47 2.867213 

8 5 -86619.3 126.984855 -167.77 212.39 1.672588 

9 5 -86999.46 308.270203 -380.16 251.18 0.814805 

10 5 -87128.44 167.24752 -128.98 NA NA 

Above 90th percentile (164 SNPs) 
    1 5 -7652.8 1.017349 NA NA NA 

2 5 -7498.58 2.146392 154.22 20.62 9.606818 

3 5 -7364.98 3.182295 133.6 89.22 28.036372 

4 5 -7320.6 8.620905 44.38 18.34 2.127387 

5 5 -7257.88 12.989111 62.72 39.5 3.041009 

6 5 -7234.66 7.689148 23.22 7.23 0.939853 

7 5 -7218.67 16.592006 15.99 62.10 3.742867 

8 5 -7264.78 18.365979 -46.11 29.40 1.600967 

9 5 -7281.48 28.141198 -16.71 35.075 1.246393 

10 5 -7333.26 53.458938 -51.78 NA NA 

80th-90th percentile (159 SNPs)         
1 5 -8160.22 0.779102 NA NA NA 

2 5 -8108.1 2.167948 52.12 5.76 2.65689 

3 5 -8061.74 6.217958 46.36 95.24 15.316926 

4 5 -8110.62 34.037582 -48.88 37.3 1.095848 

5 5 -8122.2 24.411882 -11.58 39.44 1.615607 

6 5 -8173.22 47.112599 -51.02 32.17 0.682903 

7 5 -8192.067 36.134895 -18.85 136.39 3.774376 

8 5 -8347.3 176.377096 -155.23 120.093 0.68089 

9 5 -8382.44 49.246756 -35.14 148.26 3.010554 

10 5 -8565.84 67.346663 -183.4 NA NA 
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Table A4-1: Results of the clustering analyses. Inferred number of clusters based on the 
Evanno method are highlighted in bold, continued 
	  

K Reps Mean LnP(K) Stdev LnP(K) Ln'(K) |Ln"(K)| Delta K 

70th-80th percentile (161 SNPs)         
1 5 -8219.76 1.439792 NA NA NA 

2 5 -8283.8 12.368306 -64.04 94.48 7.638879 

3 5 -8442.32 95.813762 -158.52 166.18 1.734406 

4 5 -8434.66 43.122187 7.66 60.36 1.399743 

5 5 -8487.36 67.096296 -52.7 198.46 2.957838 

6 5 -8738.52 93.882783 -251.16 280.23 2.984892 

7 5 -8709.45 49.57575 29.07 153.27 3.091632 

8 5 -8833.65 115.945691 -124.2 119.99 1.034881 

9 5 -8837.86 85.405228 -4.21 143.07 1.67519 

10 5 -8985.14 157.739716 -147.28 NA NA 

60th-70th percentile (160 SNPs) 
    1 5 -8666.26 0.397492 NA NA NA 

2 5 -8797.08 24.286869 -130.82 0.66 0.027175 

3 5 -8927.24 104.445407 -130.16 13.98 0.13385 

4 5 -9043.42 95.432814 -116.18 60.34 0.632277 

5 5 -9099.26 113.924242 -55.84 8.36 0.073382 

6 5 -9163.46 61.593287 -64.2 67.36 1.093572 

7 5 -9295.017 109.07732 -131.56 186.70 1.711645 

8 5 -9613.28 166.511048 -318.26 378.35 2.272242 

9 5 -9553.18 122.17697 60.095 165.30 1.352915 

10 5 -9658.38 223.401705 -105.2 NA NA 

Below 60th percentile (989 SNPs) 
    1 5 -53348.54 2.590946 NA NA NA 

2 5 -53375.2 15.133902 -26.66 137.2 9.065738 

3 5 -53539.06 84.506201 -163.86 112.24 1.328187 

4 5 -53590.68 101.912791 -51.62 29.48 0.289267 

5 5 -53671.78 34.879536 -81.1 140.2 4.019549 

6 5 -53893.08 164.494003 -221.3 27.27 0.165781 

7 5 -54141.65 173.348225 -248.57 291.92 1.684009 

8 5 -54098.3 77.116319 43.35 218.51 2.833512 

9 5 -54273.46 179.330262 -175.16 138.58 0.772764 

10 5 -54587.2 164.02861 -313.74 NA NA 
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Table A4-2: Summary of the 164 loci in the interval above the 90th percentile for global FST 
estimates (calculated across all six populations).  Loci in bold are FST outliers as identified in 
LOSITAN.  NA = not annotated.  
 

Locus FST Abbreviated Description 
42096_67 0.528 NA 
23143_14 0.391 NA 
7554_55 0.385 NA 
35953_52 0.256 NA 
51870_70 0.245 MAP/microtubule affinity-regulating kinase 1 (MARK1) 
90494_71 0.238 NA 
113728_16 0.198 NA 
67839_85 0.195 NA 
70208_62 0.184 NA 
30445_89 0.183 NA 
14671_12 0.182 NA 
56331_29 0.173 NA 
87606_82 0.173 NA 
52192_25 0.171 NA 
82499_60 0.169 NA 
58637_8 0.168 NA 

78140_52 0.166 
RAB3 GTPase activating protein subunit 2 (non-catalytic) 
(RAB3GAP2) 

27502_38 0.16 E3 ubiquitin-protein ligase UBR5-like 
68625_20 0.157 NA 
61975_46 0.156 NA 
16556_29 0.154 NA 
14253_16 0.152 NA 
11261_17 0.15 NA 
25333_86 0.149 NA 
38225_81 0.142 NA 
41882_55 0.142 NA 
14405_13 0.141 NA 
67495_19 0.141 maf-like protein DDB G0281937 
33168_19 0.14 NA 

61854_31 0.139 
SNF2 histone linker PHD RING helicase, E3 ubiquitin protein ligase 
(SHPRH) 

109800_5 0.138 NA 
63695_44 0.138 NA 
89315_15 0.138 NA 
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Table A4-2: Summary of the 164 loci in the interval above the 90th percentile for global FST 
estimates (calculated across all six populations), continued 
 

Locus FST Abbreviated Description 
5273_65 0.137 NA 
25206_31 0.135 NA 
87446_46 0.135 cytoplasmic dynein 2 heavy chain 1 
99525_51 0.135 NA 
22740_43 0.133 NA 
17062_15 0.128 NA 
28804_7 0.126 NA 
48302_28 0.126 NA 
74273_38 0.125 NA 
104479_22 0.122 NA 
53274_40 0.122 NA 
15449_8 0.121 NA 
35769_16 0.121 NA 
13416_55 0.12 NA 
50588_47 0.119 NA 
60597_36 0.118 NA 
6382_67 0.118 NA 
17773_41 0.117 NA 
56114_51 0.116 NA 
3025_10 0.114 NA 
43134_36 0.114 NA 
47727_12 0.114 NA 
52740_81 0.113 NADH dehydrogenase subunit 1 (ND1) 
7740_4 0.113 NA 
8486_71 0.11 NA 
65626_13 0.109 NA 
75880_75 0.109 NA 
3018_21 0.108 NA 
57795_43 0.107 NA 
16212_39 0.106 NA 
63383_29 0.106 NA 
52291_58 0.105 NA 
47673_14 0.104 NA 
34808_56 0.103 NA 
82495_54 0.103 NA 
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Table A4-2: Summary of the 164 loci in the interval above the 90th percentile for global FST 
estimates (calculated across all six populations), continued 
	  

Locus FST Abbreviated Description 
42260_24 0.101 NA 
29700_92 0.1 NA 
62895_71 0.0993 NA 
72844_66 0.0982 NA 
104647_52 0.0981 NA 
9516_46 0.0978 NA 
63745_75 0.0976 NA 
22868_36 0.0973 NA 
93011_83 0.0966 NA 
58851_9 0.0963 NA 
40214_11 0.0944 NA 
63014_24 0.0929 NA 
29758_39 0.0927 NA 
39433_28 0.0925 NA 
66067_83 0.0904 NA 
10741_63 0.09 NA 
48785_28 0.09 NA 
22638_21 0.0897 NA 
23703_31 0.0892 NA 
59037_26 0.0889 NA 
49276_55 0.0879 NA 
35340_57 0.0877 NA 
86122_18 0.087 NA 
57543_43 0.0859 NA 
58280_11 0.0859 thymidine kinase 2, mitochondrial (TK2) 
3739_43 0.0853 NA 
22204_35 0.0851 NA 
3575_40 0.0851 NA 
27535_39 0.085 NA 
65016_38 0.0837 NA 
8015_18 0.0837 NA 
89005_44 0.0834 NA 
28931_58 0.0827 NA 
1122_17 0.0825 NA 
44864_13 0.0814 NA 
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Table A4-2: Summary of the 164 loci in the interval above the 90th percentile for global FST 
estimates (calculated across all six populations), continued 
	  

Locus FST Abbreviated Description 
102388_47 0.0813 NA 
62367_17 0.081 NA 
1540_30 0.0806 small conductance calcium-activated potassium channel 
2936_24 0.0806 NA 
15513_94 0.0805 NA 
16855_12 0.08 NA 
44492_55 0.0799 NA 
45216_51 0.0799 NA 
89477_29 0.0799 NA 
2357_52 0.0795 NA 
35712_38 0.0791 NA 
4607_33 0.0788 NA 
27939_69 0.0786 NA 
56818_31 0.0786 NA 
69007_18 0.0779 NA 
69296_45 0.0779 NA 
86805_44 0.0778 NA 
47295_54 0.0777 NA 
56532_36 0.0777 NA 
68685_38 0.0777 WD repeat domain 63 (WDR63) 
57340_75 0.0763 NA 
6185_38 0.0761 goose-type lysozyme gene 
3591_29 0.0756 NA 
40967_29 0.0753 Phosphatidylinositol 3- and 4-kinase family protein 
7991_65 0.0746 NA 
1808_13 0.074 NA 
5670_44 0.0736 NA 
47512_39 0.0732 NA 
47865_79 0.0732 NA 
58667_5 0.0731 NA 
57357_63 0.073 NA 
81432_63 0.073 NA 
43130_11 0.0728 itchy E3 ubiquitin protein ligase (ITCH) 
66487_17 0.0728 NA 
61707_7 0.0727 NA 
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Table A4-2: Summary of the 164 loci in the interval above the 90th percentile for global FST 
estimates (calculated across all six populations), continued 
	  

Locus FST Abbreviated Description 
785_23 0.0727 Pt-1C-BFP protein-L-isoaspartate(D-aspartate) O-methyltransferase 
46766_9 0.0725 NA 
66373_25 0.0724 NA 
2519_61 0.072 NA 
48700_29 0.072 NA 
13098_18 0.0718 NA 
18461_30 0.0715 NA 
58369_63 0.0715 voltage-dependent N-type calcium channel subunit alpha-1B-like 
1882_37 0.0714 NA 
4759_16 0.0711 NA 
39536_24 0.0709 NA 
23475_67 0.0708 NA 
47111_36 0.0707 NA 
29454_15 0.0706 NA 
40144_45 0.0704 homeodomain-interacting protein kinase 2 
59475_10 0.0704 NA 
70179_25 0.0704 NA 
50030_36 0.0701 NA 
69_47 0.0701 hippocampus abundant transcript 1 (HIAT1) 
67446_60 0.0698 NA 
67635_6 0.0697 NA 
38893_23 0.0692 poly[ADP-ribose] polymerase 14-like 
10587_47 0.0686 NA 
7826_25 0.0685 DNA topoisomerase 2 
23223_51 0.0683 MLX interacting protein (mlxip) 
19088_82 0.0682 NA 
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Figure A4-1: Isolation by distance results, plotting the log of geographic distance by the log 
of genetic distance. (Mantel test for correlation: r = 0.367, p = 0.203; regression line R2 = 
0.135) 
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Figure A4-2: STRUCTURE clustering results for K = 3 for the SNP subset above the 90th 
percentile (FST ≥ 0.068, 1 SNP per locus, 164 SNPs). 
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Figure A4-3: Maximum-likelihood SNP tree based on the SNP subset between the 80th and 
90th percentile for FST differentiation.  Northern California individuals are highlighted with a 
blue box, and southern individuals are highlighted with a red box.  Bootstrap values within 
groups not shown. 
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Figure A4-4:	  Drop-a-Drifter simulated larval trajectories released from a) Slide Ranch on July 
30, 2014, b) La Jolla on August 17, 2014, and c) La Jolla on February 13, 2015.  Larval 
dispersal movements were based on surface currents and a pelagic larval duration of 13 days.  
The path of each individual larva (5 shown in a. and b., 10 in c.) is indicated by a different 
colored line.   

Drop-a-Drifter Water Trajectories off the California Coast: The movement of a particle of water (the
trajectory) can be computed at selected depths of the upper 400 meters during the past two weeks and future
(72-hrs into the future).The release hour is set for the local time within the Pacific time zone, and PDT = GMT
-7 hours. This can be used to indicate where any floating substance (oil etc.) or object (buoy etc.) came from
or will go. Choose a starting point for a trajectory by "dropping" a virtual drifter marker inside the red box on
the map. Virtual drifter locations can also be entered by the exact latitude (from 27.8 to 44.9) and longitude
(from -134.6 to -116.6) values. A maximum number of ten (10) virtual drifters can be released each time,
mostly due to the computational considerations. The drifter path will be indicated by a colored line based on
the dates selected. Trajectories are determined using the velocity fields produced by the Regional Ocean
Modeling System (ROMS) over the California coastal ocean with a spatial resolution of 3 kilometers. Both the
satellite and in situ observations available in real-time are assimilated into ROMS using the 3-dimensional
variational (3DVAR) scheme. The ROMS 3DVAR real-time nowcast/forecast system is jointly funded by
CeNCOOS and SCCOOS, while the drop-a-drifter tool is funded by CeNCOOS. Note: although several data
sources are incorporated in ROMS, the performance of drifter trajectories has not yet been evaluated with
observational data.

Computer support is provided by Remote Sensing Solutions, Inc. and Joint Institute for Regional Earth System
Science and Engineering at UCLA. For questions or additional information, please contact the Principal
Investigator Dr. Yi Chao at ychao@jifresse.ucla.edu.

Firefox is the preferred web browser.

Choose Date/Time:
GMT: YYYY-MM-DD HH

From: 2014-07-30 03
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Location:  Add Drifter   
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Calculate & Display Trajectory

Clear Trajectory list & plot

Download Trajectory File
Imagery ©2015 NASA, TerraMetrics

Drop A Drifter http://west.rssoffice.com/CA/drifter.jsp
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Figure A4-4: Drop-a-Drifter simulated larval trajectories released from a) Slide Ranch on 
July 30, 2014, b) La Jolla on August 17, 2014, and c) La Jolla on February 13, 2015, 
continued 

 

Drop-a-Drifter Water Trajectories off the California Coast: The movement of a particle of water (the
trajectory) can be computed at selected depths of the upper 400 meters during the past two weeks and future
(72-hrs into the future).The release hour is set for the local time within the Pacific time zone, and PDT = GMT
-7 hours. This can be used to indicate where any floating substance (oil etc.) or object (buoy etc.) came from
or will go. Choose a starting point for a trajectory by "dropping" a virtual drifter marker inside the red box on
the map. Virtual drifter locations can also be entered by the exact latitude (from 27.8 to 44.9) and longitude
(from -134.6 to -116.6) values. A maximum number of ten (10) virtual drifters can be released each time,
mostly due to the computational considerations. The drifter path will be indicated by a colored line based on
the dates selected. Trajectories are determined using the velocity fields produced by the Regional Ocean
Modeling System (ROMS) over the California coastal ocean with a spatial resolution of 3 kilometers. Both the
satellite and in situ observations available in real-time are assimilated into ROMS using the 3-dimensional
variational (3DVAR) scheme. The ROMS 3DVAR real-time nowcast/forecast system is jointly funded by
CeNCOOS and SCCOOS, while the drop-a-drifter tool is funded by CeNCOOS. Note: although several data
sources are incorporated in ROMS, the performance of drifter trajectories has not yet been evaluated with
observational data.

Computer support is provided by Remote Sensing Solutions, Inc. and Joint Institute for Regional Earth System
Science and Engineering at UCLA. For questions or additional information, please contact the Principal
Investigator Dr. Yi Chao at ychao@jifresse.ucla.edu.

Firefox is the preferred web browser.
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Drop-a-Drifter Water Trajectories off the California Coast: The movement of a particle of water (the
trajectory) can be computed at selected depths of the upper 400 meters during the past two weeks and future
(72-hrs into the future).The release hour is set for the local time within the Pacific time zone, and PDT = GMT
-7 hours. This can be used to indicate where any floating substance (oil etc.) or object (buoy etc.) came from
or will go. Choose a starting point for a trajectory by "dropping" a virtual drifter marker inside the red box on
the map. Virtual drifter locations can also be entered by the exact latitude (from 27.8 to 44.9) and longitude
(from -134.6 to -116.6) values. A maximum number of ten (10) virtual drifters can be released each time,
mostly due to the computational considerations. The drifter path will be indicated by a colored line based on
the dates selected. Trajectories are determined using the velocity fields produced by the Regional Ocean
Modeling System (ROMS) over the California coastal ocean with a spatial resolution of 3 kilometers. Both the
satellite and in situ observations available in real-time are assimilated into ROMS using the 3-dimensional
variational (3DVAR) scheme. The ROMS 3DVAR real-time nowcast/forecast system is jointly funded by
CeNCOOS and SCCOOS, while the drop-a-drifter tool is funded by CeNCOOS. Note: although several data
sources are incorporated in ROMS, the performance of drifter trajectories has not yet been evaluated with
observational data.

Computer support is provided by Remote Sensing Solutions, Inc. and Joint Institute for Regional Earth System
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CONCLUSION 

	  

 Southern California (USA) populations of the intertidal marine snail Chlorostoma 

funebralis generally occupy warmer climates and therefore presumably experience increased 

exposure to high air temperatures during low tides relative to northern California populations.  

However, available genetic data suggest there could be extensive gene flow across a broad 

range of C. funebralis populations, so the potential for ecological divergence to differences in 

local thermal environments is unclear. With the main objective of determining if in fact local 

adaptation is occurring in C. funebralis, and if so what are the mechanisms and ecological and 

evolutionary factors influencing this local adaptation, this thesis: (i) identified phenotypic and 

genetic evidence for local adaptation to heat stress in northern and southern California 

populations and (ii) examined the environmental selective pressure driving this local 

adaptation and the homogenizing evolutionary processes potentially opposing this ecological 

differentiation.  Efforts to accomplish the research objectives of each chapter included the 

processing of hundreds of individuals from six populations across northern and southern 

California for phenotypic assays and transcriptome and genome-wide genetic analyses in the 

lab, as well as field work in the intertidal to estimate in situ body temperatures and heat stress 

exposure in the six study populations.  

 Regarding the phenotypic and genetic evidence for local adaptation to heat stress, 

results strongly support the hypothesis that southern California C. funebralis populations that 

are more frequently exposed to extreme temperatures are more thermally tolerant and possess 

unique gene expression patterns that contribute to this heat tolerance.  Phenotypic assays 

following common garden acclimation revealed that southern populations suffer lower 

mortality and recover more quickly following heat stress compared to northern California 

populations. This emphasizes the fact that local adaptation can occur in a marine invertebrate 
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with planktonic larvae, even in a species with no previously identified population structure.  

These results furthermore suggest C. funebralis populations possess unique adaptations to 

tolerate emersion-associated heat stress, and hence illustrate the importance of considering 

population-specific differences when predicting how marine species will respond to future 

environmental change. Regarding genetic evidence for local adaptation, transcriptome-wide 

gene expression analyses demonstrated that southern populations use several different gene 

regulation strategies to cope with thermal stress, including both up-regulation of genes such as 

Hsp40s following heat stress as well as pre-adaptation of certain genes such as ubiquitins, 

antioxidant genes, and heat shock proteins in anticipation of stress. Overall, these gene 

expression results provide further insight into the transcriptomic mechanisms that may 

underlie heat tolerance in organisms frequently exposed to thermal extremes.    

 Considering the evolutionary processes affecting local adaptation in C. funebralis, this 

research has provided some valuable insight into the environmental selective forces driving 

this local adaptation and the balance between adaptation and the homogenizing processes that 

determine whether local adaptation will occur. For example, through robosnail temperature 

measurements, large differences in the frequency and magnitude of thermal stress exposure 

between northern and southern California were observed, with mortality events predicted to 

occur in southern but not northern populations; this suggests that the pre-adaptation of gene 

expression observed in southern populations is likely due to strong selective pressure.  These 

in situ body temperature estimates demonstrate that the thermal environment in the intertidal 

must be considered from the perspective of the organism’s local interactions with its physical 

environment and its response to that environment.  Lastly, genome-wide SNP analysis 

revealed genomic evidence for ecological differentiation against a background of population 

homogeneity, with genes involved in cellular response to thermal stress identified as potential 

targets of divergent selection. These results provide further insight into the factors that 
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encourage and deter local adaptation in the sea and the molecular signatures of the early stages 

of ecological differentiation in a marine species with planktonic larvae.   

 In summary, the use of various approaches to investigate the mechanisms and 

evolutionary forces influencing local adaptation to heat stress in northern and southern 

California C. funebralis populations has provided valuable insight into the processes affecting 

adaptive differentiation in the sea.  These results suggest that early stages of adaptation to 

local environmental differences leave a signature of genome-wide background homogeneity 

punctuated by strong genetic differentiation at several (potentially) ecologically relevant loci. 

Moreover, this work has provided valuable information about intraspecific regional variation 

in thermal tolerance and response to heat stress that will aid predictions about how this species 

may respond to global warming. This dissertation points to some interesting future avenues of 

research including measuring nonlethal proxies of thermal stress such as oxidative stress 

damage to DNA, proteins, and lipids, examining intrapopulation individual-level differences 

in heat stress exposure and thermal tolerance, and investigating region-specific responses to 

other abiotic factors prevalent in the intertidal such as desiccation and hypoxia. 

 
 
 
 
 
 
 
 
 
 
 
 
 




