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ABSTRACT 

 

 

GENOME SIZE DIVERSITY AND EVOLUTION IN THE CRUSTACEA 

 

 

Nicholas W. Jeffery                                                                           Advisor: Dr. T. Ryan Gregory 

University of Guelph, 2015 

 

 
The study of genome size, also known as the C-value in diploid organisms, began in the late 

1940’s and has become increasingly efficient and prevalent in the current world of molecular 

biology and whole-genome sequencing. As of the start of this thesis, genome size estimates were 

available for a mere 318 crustaceans, representing less than 1% of the known species diversity 

(and certainly a much smaller fraction of the true species diversity). Even with this limited 

sample size, some patterns began to emerge when comparing genome size to various biological 

and ecological parameters within the Crustacea. This thesis first reviews the genome size 

literature, then develops methodologies for estimating genome size specifically in crustaceans 

using two common methods and different preservation techniques. I also undertook a large 

genome size survey of 401 species of Crustacea and how this relates to their overall life history, 

including body size, developmental mode, climate and habitat, and overall diversity. Finally I 

take an in-depth look at genome size diversity in the amphipod genus Hyalella from both North 

and South America, and investigate how genome size may have contributed to lineage 

proliferation within these groups. This study more than doubles the number of crustacean 

genome size estimates generated over the past 60 years, and will help shed light on the C-value 

enigma, which aims to determine why genome size is so variable among organisms. 
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Abstract 

 Crustaceans are a highly diverse group of invertebrates, with some of the greatest 

variation in body size, morphology, and life history in the animal world. There are approximately 

67,000 described species split into six classes. Here, I review the literature on past studies of 

genome size diversity within crustaceans and examine the relationships that have been 

established between genome size and other biological parameters in the Crustacea. Prior to the 

work contained within this dissertation, there were 318 genome size estimates for crustaceans 

published over the past six decades, and no estimates exist for two of the classes—Cephalocarida 

and Remipedia. I also establish my objectives for the following three thesis chapters, including 

developing methods for estimating genome size in crustaceans (Chapter 2), conducting a broad-

scale survey of genome size diversity in over 400 species of crustaceans from five of the six 

classes (Chapter 3), and performing a targeted study on genome size variation within North and 

South American Hyalella amphipods (Chapter 4). 
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General Crustacean Biology  

 Crustaceans are an interesting group of invertebrates to study for many reasons, not least 

of which is their evolutionary and ecological diversity. There are between 67,000 and 68,000 

described species (Martin and Davis 2006, Ahyong et al. 2011), split into six classes as discussed 

by Martin and Davis (2001)—Branchiopoda, Cephalocarida, Maxillopoda, Malacostraca, 

Ostracoda, and Remipedia. There is evidence for monophyly of each crustacean class, except for 

Maxillopoda which is largely based on morphology (Martin and Davis 2006, Oakley et al. 2013). 

Crustaceans originated at least 520mya in the early Cambrian and contain a remarkable fossil 

record (Chen et al. 2001). Crustaceans live in a wide variety of habitats, from the deep ocean 

abyss to temporary freshwater pools in temperate, tropical, and polar regions. Some crustaceans 

are terrestrial, including the well-known terrestrial isopods known as pillbugs and woodlice 

(Broly et al. 2013), as well as some terrestrial amphipods (Friend and Richardson 1986), 

decapods (Welch and Eversole 2006; Lavery et al. 1996), and even semi-terrestrial species of 

ostracods (Martens et al. 2008). Some crustaceans inhabit interstitial habitats and most live in the 

benthic and pelagic zones of any aquatic habitat. While most crustaceans are free-living, many 

are parasitic, with the most common hosts being other crustaceans, fishes, and cnidarians (Poulin 

1996, Kuris et al. 2007).  

Crustaceans exhibit an enormous range in size and morphological disparity. They vary in 

size from 0.1 mm in the ectoparasitic species Stygotantulus stocki to >3m (leg width) in the 

Japanese spider crab or 46cm (carapace width) in the Tasmanian giant crab. They also differ 

widely in types of body segmentation and numbers of appendages (McClain and Boyer 2009). 

Some species, especially parasitic ones, show extreme morphological specialization to the point 

that they barely resemble a crustacean except in larval form, as well as showing sexual 

dimorphism where the male parasitizes the female (Poulin 1995a). The plesiomorphic larval 
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stage in crustaceans is thought to be the nauplius, which is present in the Cephalocarida, some 

Branchiopoda, some Ostracoda, most maxillopods, and some Malacostraca including 

euphausiids (krill) and penaeids (prawns), but absent in most other Malacostraca (Dahms 2000). 

Crustaceans also undergo a variety of developmental modes, including direct and indirect 

development, and may brood young that develop directly into miniature versions of the mature 

forms or indirectly through a variety of larval stages, such as in the Decapoda. 

Several crustaceans are well-known invasive species with the potential to disrupt 

fisheries and impact native biodiversity. For example, the European green crab (Carcinus 

maenas), Pacific shore crab (Hemigrapsus sanguineus), and Chinese mitten crab (Eriocheir 

sinensis) have all established themselves in various localities in Canada and the United States, 

among other global locations, and are able to survive fluctuations in temperature and salinity 

(Jamieson et al. 1998). Green crabs in particular are intrusive as they outcompete local species, 

have a generalist feeding strategy, and have been known to devastate important shellfish 

industries, such as the softshell clam (Jamieson et al. 1998). Similarly, spiny cladocerans have 

invaded the Great Lakes, causing a decline in local planktonic crustacean populations (Barbiero 

and Tuchman 2004).  Other species, such as salmon lice, are infamous as fisheries pests. 

Crustaceans also make up valuable components of aquatic and terrestrial food webs. 

Common freshwater plankton, like copepods and cladocerans, are the basis of many food webs 

as they serve as food for fish, macroinvertebrates, and even other water fleas. Krill are a critical 

component of polar and temperate marine food webs as they make up the majority of food for 

many types of fish and sea mammals, as well as being harvested for human consumption (Tou et 

al. 2007).  



5 
 

Because they are important both socioeconomically and biologically, several crustaceans 

have been the target of complete genome sequencing projects. This has been useful for studying 

disease resistance and growth patterns,  as well as understanding crustacean phylogeny as a 

whole (Alcivar-Warren et al. 2007, Clark et al. 2011, Parchem et al. 2010, Zeng et al. 2011). 

Crustacean Phylogeny and Diversity 

The crustacean phylogeny is still poorly resolved, with very few published species-level 

or family-level phylogenies, and even the positioning of Crustacea within the phylum 

Arthropoda is somewhat unclear. Typically, crustaceans are considered the sister taxon to insects 

(Shultz and Regier 2000) but are paraphyletic due to the crustacean class Remipedia being more 

closely related to hexapods than to any other crustaceans based on hemocyanin amino acid 

sequence similarity, meaning the term “crustacean” is not taxonomically valid, or that insects 

should themselves be called crustaceans, which unsurprisingly has met with staunch resistance 

from insect biologists (Ertas et al. 2009, Regier et al. 2005, 2010). Alternatively, crustaceans plus 

hexapods are known as Pancrustacea, or Tetraconata (due to anatomical similarities of the eye 

structure), eliminating the need for a paraphyletic Crustacea (Regier et al. 2005, 2008). The 

Pancrustacea then separated from the other arthropod classes Chelicerata and Myriapoda at least 

601mya (Pisani et al. 2004, Regier et al. 2005).  

Even if the Pancrustacea is accepted as the valid monophyletic term for crustaceans 

(though traditional Crustacea will be used throughout the thesis), even within this group the 

relationships of the classes and orders of crustaceans are not well resolved. Remipedia, 

Malacostraca, Copepoda + Branchiopoda, or a clade of Remipedia + Cephalocarida (Regier et al. 

2010) have all been suggested as the sister taxon to the hexapods, and in some proposed 
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topologies there are crustaceans nested within hexapods (i.e. Cephalocarida, von Reumont et al. 

2009, 2012, Oakley et al. 2013).  

 The deep-level relationships tend to differ depending on the method of phylogeny 

reconstruction, as well as which molecular markers or morphological features are used in the 

study. For example, members of the class Remipedia contain the protein hemocyanin, and 

analysis of the cDNA that makes this protein showed that Remipedia was sister to Hexapoda, 

which again either suggests crustaceans are paraphyletic or should include insects (Ertas 2009). 

Regier et al. (2005) used nuclear gene DNA sequences and showed that the Branchiopoda are 

sister to the hexapods, with Remipedia + Cephalocarida as the sister to this clade. In their 

analysis, maxillopods were sister to the Malacostraca, while Ostracoda was the outgroup to the 

remainder of the Pancrustacea (Figure 1.1). These are just a few of the competing phylogenetic 

hypotheses, and clearly more work is needed to elucidate the relationships among the crustacean 

higher-level taxa.  

Despite the lack of a consensus on crustacean class, order, and family-level phylogenetic 

relationships, the six classes of crustacean sensu Martin and Davis (2001) comprise the most 

commonly accepted taxonomic hierarchy (Table 1.1). The class Malacostraca, which includes 

the more familiar crabs, shrimps, and lobsters, among other groups, is the most diverse 

crustacean class with more than 40,000 species (Poore 2002). This class contains many diverse 

orders that will be discussed in more detail in Chapter 3. Maxillopoda and Ostracoda are the next 

most diverse classes, with at least 13,000 and 20,000 species each, respectively (Humes 1994, 

Horne et al. 2002). The class Branchiopoda, which includes the water fleas and fairy shrimp, has 

approximately 1,180 described species, which is thought to represent only about half of the 

actual species diversity of the group (Adamowicz and Purvis 2005). The other two classes, 
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Cephalocarida and Remipedia, are far less diverse, with around 12 and 24 described species, 

respectively (Sanders 1955, Yager 1981, World Remipedia Database 2015).  

An Introduction to Genome Size 

The importance of DNA, as both the source of hereditary information and as a bulk 

cellular parameter whose mass can affect an organism’s lifestyle regardless of the informational 

content, been recognized since the 1950s. Even before the characteristic double-helix structure of 

DNA was elucidated in 1953, Vendrely and Vendrely (1948) commented on the “remarkable 

constancy” of the DNA content among cells of various animals. A landmark study by Mirsky 

and Ris (1951) over six decades ago described differences in DNA content between species and 

phyla and noted that genome size (GS) did not appear to correspond to overall organism 

complexity. This was later termed the “C-value paradox” by Thomas (1971). It was later 

determined that some (and in some cases the vast majority) of the genome was composed of 

noncoding DNA and that different species had vastly different amounts of noncoding DNA, 

leading to differences in overall genome size. Thus, the paradox was resolved, but this led to new 

questions, including why some species, sometimes including closely-related sister species, have 

different amounts of this noncoding DNA, how noncoding DNA originates, and what effects this 

may have on the lifestyle of the organism. These questions make up the complex puzzle known 

as the C-value enigma (Gregory 2001).  

Genome size is defined as the total DNA content contained within a single chromosome 

set. In diploid organisms, genome size is interchangeable with the term “C-value”, which refers 

to constancy and reflects the amount of DNA in a haploid (e.g., gametic) nucleus. In polyploid 

organisms, a gamete contains more than one genome, and therefore “genome size” and “C-

value” are distinct. Additional terminology has been developed to clarify this: ‘monoploid 
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genome size’ and ‘Cx-value’ are terms suggested for reporting genome sizes of polyploid 

organisms (Greilhuber 1979, Greilhuber et al. 2005). Genome size is typically measured in 

picograms (1pg = 10
-12 

g) or megabase pairs (Mbp) where 1 pg = 978Mbp of DNA (Doležel et 

al. 2003). Reported genome sizes range from 0.02 pg to 132.83 pg in animals, and still larger 

genomes can be observed within plants (Pellicer et al. 2010).  

Knowledge of genome size diversity is not only important for genome sequencing 

projects as an indicator of cost and difficulty of sequencing and assembly but also as an evolving 

character in its own right (Gregory 2005a). While there is no correlation between genome size 

and organismal complexity (which, in itself, is difficult to define), several biological parameters 

have well-established links with genome size. The best studied of these is cell size, which 

correlates positively with genome size (Cavalier-Smith 1978, Gregory 1999, 2001). A number of 

other parameters correlate with genome size, including metabolic rate (Gregory 2002a, 

Kozlowski et al. 2003), developmental rate (Gregory 2002b), body size (Finston et al. 1995), as 

well as latitude (Rayburn et al. 1985) and altitude in plants (Reeves et al. 1998).  Though none of 

these organism-level correlates are universal across all taxa, each of them relates to the links 

between genome size, cell size, and cell division rate.  

 

The Current State of Knowledge of Crustacean Genome Sizes 

 

History and Overview of Crustacean Genome Size Study 

 

The majority of genome size estimates contained within the Animal Genome Size 

Database (AGSD; www.genomesize.com) are for vertebrates (Gregory et al. 2007, Gregory 

2015), which make up a comparatively small fraction (<5%) of life on Earth (May 1988). The 

http://www.genomesize.com/
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AGSD is a comprehensive, publicly available database for all published animal genome size 

estimates. Data are far more limited for invertebrate groups, including hyperdiverse taxa. For 

example, there are 830 records for insects, 66 records for nematodes, and only 48, 11, and 7 

records for echinoderms, cnidarians, and sponges, respectively. There are only 318 recorded 

genome sizes for crustaceans prior to this thesis, and two of the six classes of crustaceans 

(Remipedia and Cephalocarida) advocated by Martin and Davis (2001) lack data entirely; 

genome size data for the other four classes are nearly as depauperate.  

Despite only a small fraction of crustaceans having available genome size estimates, it is 

already clear that the range is remarkable within this group. Estimated genome sizes range from 

0.14pg in the copepod Cyclops kolensis to 64.62 in the amphipod Ampelisca macrocephala, 

resulting in nearly 500-fold variation (Smith 1964, Deiana et al. 1998, Rees et al. 2007, Gregory 

2015). Chromosome numbers are also highly variable, ranging from haploid values of n = 3 in 

the copepod Acanthocyclops sp. to n = 188 in the crayfish Astacus astacus, though any 

relationship between genome size and chromosome number has yet to be investigated in 

crustaceans (Lécher et al. 1995).  

The 318 crustacean genome size estimates in the AGSD, though small in number, do 

provide a basic level of coverage of the four largest classes of crustaceans (Table 1.1). There are 

GS estimates for many of the more familiar groups of crustaceans, including ostracods, 

copepods, branchiopods, amphipods, and decapods. However, due to the sheer number of 

crustacean species, their interesting biology, along with the fact that the larger genome size 

surveys for this group are several decades old, merits a much greater exploration of genome sze 

diversity in this group.  
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In the 1970s, two important studies were published on crustacean genome size diversity. 

Bachmann and Rheinsmith (1973) and Rheinsmith et al. (1974) provided estimates for 70 species 

of crustaceans that ranged from 0.7 to 22.6 pg, with genome sizes generally being smaller than 

3pg. These studies were among the first to note the high degrees of somatic polyploidy 

(endopolyploidy), or doubling of the genome within a specific tissue (Korpelainen et al. 1997), 

within Crustacea, and also identified patterns such as high DNA content in caridean shrimps and 

mantis shrimps, small DNA content in barnacles, uniform genome size in portunid crabs, and 

variable genome size in grapsid and pagurid crabs—trends that, as will be shown, still hold up 

for the most part after more in-depth surveys. Bachmann and Rheinsmith (1973) also noted that 

with so-called morphological specialization DNA content is lower and that the lowest reported 

crustacean genome size they estimated in both their studies (Rheinsmith et al. 1974) was in the 

parasitic barnacle Sacculina sp., with a genome size of 0.7pg. However, they offer no 

explanation of why genome size should decrease with increased “specialization”, a term that is 

confusing in itself. Instead, this small genome size could be related to the parasitic lifestyle of 

this barnacle and is likely unrelated to the simplified morphology of Sacculina in any way. 

Rather, it is likely selective pressure for rapid development within a host that constrains genome 

size in parasitic species. These studies were also the first to study genome size across populations 

within species, noting that estimates between populations were within a few percent of each 

other and that differences in genome size due to the measurement technique itself likely accounts 

for most noticeable differences. While these remain the largest crustacean genome size studies in 

the literature, they have a notable bias towards the Malacostraca and do not include other large 

groups such as copepods, Branchiopoda (with one exception), Ostracoda, as well as many other 
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smaller groups. However, these studies did highlight the need for genome size surveys, 

particularly in large invertebrate groups like the Crustacea.  

Aside from these general surveys undertaken in the 1970’s, only a few recent studies 

have examined genome size within crustaceans on a broad scale. Dixon et al. (2001) examined 

chromosome spreads and genome size in several coastal, deep-water, and deep-water vent 

decapods and discovered that genome size and chromosome number did not differ significantly 

between vent and non-vent species. Bonnivard et al. (2009) expanded upon the small sample size 

of Dixon et al. (2001) by examining 28 hydrothermal vent species of invertebrates, including 9 

vent decapods and 12 additional coastal species. They observed some phylogenetic conservatism 

for genome size within certain families, finding consistently larger genomes in vent shrimp 

species but more variable genome sizes in vent and coastal crab and anomuran (squat lobsters 

and porcelain crabs) species, though their sample size is still too small to make any 

generalizations. Bonnivard et al. (2009) also looked for population differences within species to 

look for “real” variation in genome size, but observed none except for one shrimp species, 

Mirocaris fortunata, which differed by more than 17% between sites. It is possible these 

populations are in fact genetically different species, or there are real genome size differences 

between these populations. It is also possible that that these differences are simply the result of 

experimental error.  

Most recently, Hessen and Persson (2009) used the AGSD to survey how GS correlates 

with different life history traits in Decapoda, Amphipoda, Cladocera, Calanoida, and Cyclopoida, 

but they did not provide new crustacean genome size estimates. They reported that genome size 

correlates positively with body size in amphipods, cladocerans, and copepods but not in 

decapods. They also suggested that the cladocerans have smaller genomes due to a rapid, direct 



12 
 

developmental mode which is the result of rapid cell division rate, while copepods have larger 

genomes and more complicated development. Development was not related to genome size in 

decapods or amphipods; even though amphipods also undergo direct development, they have 

some of the largest crustacean genomes, representing the other extreme end of genome sizes 

from the Cladocera.  

Despite these few genome size surveys, in order to better understand genome size within 

a large taxonomic group, we need to obtain estimates from as many species and families as 

possible from as many different habitats and geographic locations as possible to understand the 

influences of ecology and physiology on genome size, and vice versa. No recent studies have 

contributed a large number of new genome size estimates from across various crustacean classes, 

however, and a new broad survey across this group is greatly needed.  

Taxonomic Breakdown of Existing Genome Size Knowledge in Crustaceans 

Branchiopods 

The Branchiopoda were among the first higher taxa of the Crustacea to be studied 

specifically for genome size variability. Branchiopods include c. 1180 species of water fleas and 

clam shrimp, tadpole shrimp, and fairy/brine shrimp (Diplostraca, Notostraca, and Anostraca, 

respectively), though it is estimated there are approximately twice this many extant species 

(Adamowicz and Purvis 2005). Branchiopods can be herbivorous, predatory or omnivorous, and 

they live in the water column or benthic regions of both fresh and saltwater habitats. Notostraca 

and Anostraca are considered monophyletic, while Diplostraca, which includes Cladocera (water 

fleas), Spinicaudata, and Laevicaudata (clam shrimps), is not (Hanner and Fugate 1997, deWaard 

et al. 2006).  
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The vast majority of genome size estimates for branchiopods exist for the Cladocera, and 

specifically, species of the genus Daphnia estimated by Beaton (1988, 1995) and Beaton and 

Hebert (1989). There are 66 genome size estimates for 53 (4.4% of approximate known 

diversity) species of branchiopod in the AGSD, only 4 of which are for non-cladocerans. These 

limited data  show the potential pattern for anostracans having much larger genome sizes than 

Cladocera (0.87-2.91pg vs. 0.16-0.63pg, respectively), while the single conchostracan with a 

genome size estimate by Beaton (1988) has an intermediate size of 0.30pg. No estimates exist for 

Notostraca, and estimates are severely lacking in the Branchiopoda overall.  

Genome size diversity in Daphnia is interesting due to the lifestyle of these water fleas. 

Daphnia reproduce parthenogenetically, in which populations are mostly made up of females 

which produce eggs that develop into new females, except under stressful conditions when males 

hatch to allow for sexual reproduction followed by resting egg production. Many species of 

Daphnia hybridize and form complexes, most notably the D. pulex complex which consists of D. 

pulex, D. pulicaria, D. melanica and the polyploid D. middendorffiana (Beaton and Hebert 1988, 

Colbourne and Hebert 1996, Dufresne and Hebert 1997). Daphnia also exhibit extreme ranges of 

somatic polyploidy, which increases the DNA content within specific body tissues either by 

endopolyploidy, where the entire chromosome complement doubles within the nucleus, or 

polyteny, where the number of chromatids per chromosome increases (Korpelainen et al. 1997). 

Somatic polyploidy can range from diploid (2C) to 1024C in Daphnia, which is commonly seen 

during Feulgen image analysis and also on FCM histograms (Korpelainen et al. 1997). Somatic 

polyploidy has been observed in a variety of Crustacea, including the brine shrimp Artemia, 

where gland and gut cells contained up to 8C-16C (Freeman and Chronister 1988), and the 

marine isopod Idothea wasnesenskii (Matlock and Dornfeld 1981). Korpelainen et al. (1997) 
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note that the frequency of somatic polyploidy may be inversely related to genome size, which 

may explain its high frequency in Daphnia, though the extent of this pattern remains unknown, 

since Artemia and Idothea have genome sizes >10 times the size of Daphnia’s yet also exhibit 

endopolyploidy.  

Two species of Daphnia¸ D. tenebrosa and D. middendorffiana, either have both diploid 

and polyploid members (the former) or are solely polyploid (the latter) and inhabit latitudes 

greater than 58ºN in North America and Europe. Polyploid Daphnia have larger eggs and body 

sizes at a variety of temperatures but also mature faster than diploid clones at low temperatures 

(Dufresne and Hebert 1997, 1998), which allows them to thrive in arctic environments. It was 

more recently shown that members of the D. pulex complex that colonized South America are 

polyploid as well, suggesting that polyploid Daphnia do not require a cold habitat, but can 

survive in warmer habitats as long as they are not in direct competition with diploid species. 

Perhaps more simply, this may be been a “fortunate founder event” where polyploids from North 

America were able to migrate to South America before the arrival of diploid members of the D. 

pulex complex (Adamowicz et al. 2002).  

 

Copepods 

The copepods, which are tiny maxillopod crustaceans, are perhaps the best-studied group 

of crustaceans in terms of number of published genome size studies. Overall, there are 57 

genome size estimates in the AGSD for copepods, ranging from haploid values of 0.63pg to 

12.46pg in the order Calanoida and from 0.10pg to 2.67pg in the Cyclopoida. Single estimates 

exist for the orders Harpacticoida (0.25pg) and Siphonostomatoida (0.58pg).  



15 
 

Both the calanoids and cyclopoids are well studied in terms of genome size, and 

correlations have been demonstrated to exist between genome size and development, and 

between genome size and body size (Wyngaard et al. 2005). Early studies on the calanoid genera 

Calanus and Pseudocalanus revealed larger variation in genome sizes within Calanoida and 

particularly revealed that the largest genomes were observed in high-latitude marine species. 

Within both Pseudocalanus and Calanus, genome size correlates positively with body size and 

negatively with developmental rate, and it is also clear that the wide range of genome sizes 

within species of these genera are not due to polyploidy (Robins and McLaren 1982, McLaren et 

al. 1988, 1989). These genera also show interesting variation in DNA content between 

populations in different geographic locations and between laboratory-reared and wild 

populations of P. elongatus, though it is possible that these variations are due to experimental 

error (Escribano et al. 1992). Gregory et al. (2000) provided further evidence of the correlation 

between body size and genome size in 6 other genera of calanoids. It has been revealed that 

calanoid copepods have large copy numbers of ribosomal RNA genes that correlate with 

increases in genome size. As a result, developmental rates, which correlate negatively with 

genome size, also correlate negatively with rDNA copy number. The high gene copy number 

(15,300-35,300 copies in 2 species of Calanus) is suggested to be a result of natural selection for 

ribosome concentrations, independent of variation in genome size (Wyngaard et al. 1995, White 

and McLaren 2000).  

There are currently 15 estimates for cyclopoid copepods in the AGSD, and they are much 

more constrained than calanoid genome sizes. Haploid values range from 0.10 to 2.67pg, though, 

interestingly, estimates range from 0.18 to 0.90 for the species Cyclops strenuus, likely due to 

some estimates measuring non-diminuted nuclei (see below) rather than true somatic diploid 
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nuclei (Rasch and Wyngaard 2006). Wyngaard and Rasch (2000) offer 3 explanations for the 

potential constraint of cyclopoid relative to calanoid genome sizes: 1) chromatin diminution, 

discussed below, is more prevalent in cyclopoids, 2) Calanoida is evolutionarily older than the 

currently defined order Cyclopoida, allowing for more time for GS to increase or decrease 

among independent lineages within the order, and 3) nucleotypic selection for a smaller genome 

in cyclopoids that influences fitness, either through evolutionary pressures for a smaller body 

size or more rapid developmental rates. These hypotheses are not mutually exclusive, and it is 

interesting to note the different patterns in the two orders: small genomes but the presence of 

chromatin diminution (CD) in some cyclopoids and a very large range in genome size but near 

absence of diminution in calanoids.  

CD is a precise and controlled mechanism that occurs within cyclopoid copepods, in 

which large heterochromatic sections of the genome are excised during the first differentiation of 

somatic cells (Beermann 1959, 1977). During this process anywhere from 30 to >90% (12 to 74 

billion bp) of the germline genome is removed, making the somatic genome often many 

megabases or even gigabases smaller than the germline genome (Wyngaard and Gregory 2001). 

While much of the excised DNA is made up of TEs or repeats of TE origin, it is also known to 

contain rRNA gene copies, which is the first evidence of actual genes being eliminated among 

the noncoding DNA (Zagoskin et al. 2010, Sun et al. 2014).  

The biological role of CD is not well understood, though numerous adaptive hypotheses 

have been offered. It has been proposed that CD may help with genome reorganization, as after 

the heterochromatic regions are excised, genes may be arranged in different positions which may 

affect copepod development and may help in acclimatizing to new environments (Grishanin et al. 

2004, Grishanin 2014). It has also been suggested that selection for different DNA contents in 
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different life stage of copepods has led to the independent origin of CD in different copepod 

genera. It may be that having a large DNA content in the pre-diminuted embryo allows for a 

slower initial development but larger embryo size due to the positive relationship between 

genome size and cell size, and then following CD, development can proceed more rapidly due to 

a small genome size allowing for faster development (Wyngaard and Gregory 2001). This could 

be an excellent example of how having both a large and small genome size can be advantageous, 

even at the individual level.  

While patterns of CD will not be examined in this thesis, it is critical to be aware of this 

process when estimating genome size in cyclopoid copepods, and to be certain that the nuclei 

being measured with Feulgen image analysis especially are adult diploid somatic tissues to avoid 

over-estimating the genome size. 

 

Crabs, Shrimps, and Mantis Shrimps 

The majority of GS estimates for Crustacea are from species within the Decapoda, which 

includes many of the more familiar species, such as crabs and shrimps. Many of the 124 

estimates for decapods were included in earlier surveys (Bachman and Rheinsmith 1973, 

Rheinsmith et al. 1974), as well as more recent surveys targeting decapods (Dixon et al. 2001, 

Bonnivard et al. 2009). Deiana et al. (1999) reported DNA content and genomic AT content in 

thirteen species of decapods using antennal gland and gill nuclei via FCM, including the 

American lobster Homarus americanus with a haploid GS of 4.75pg. Dixon et al. (2001) as well 

as Rees et al. (2008) were amongst the first to uncover large decapod genomes in “extreme” 

environments, the former for hydrothermal vent species and the latter for polar species, which 

suggests a relationship between genome size and climate and/or habitat. Some general patterns 
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for the different types of decapods are apparent as well. Prawns (Dendrobranchiata) and most 

true crabs tend to have the smallest decapod genomes, ranging from about 2.37-3pg for prawns 

and 1.07 to 15.17pg in the brachyurans; in these true crabs this entire range is within one family 

(Portunidae) and the majority of crab genome sizes are smaller than 4pg. Anomurans, which 

include hermit crabs, squat lobsters, and porcelain crabs, tend to have medium-sized genomes 

ranging from 2.10 to 15.56pg, and crayfish also have a medium-sized range of 3.91 to 6.20pg 

across only 5 species. Caridean shrimps tend to have the largest genomes, ranging from 3.30 to 

40.89pg, and 18 of the 31 shrimp genome size estimates are greater than 10pg.  

Two species of mantis shrimp (Stomatopoda) have genome size estimates. Bachman and 

Rheinsmith (1973) estimated Pseudosquilla ciliata’s GS to be 10.20pg, and Rheinsmith et al. 

(1974) estimated the GS of Squilla empusa to be 5.95pg. Clearly, more estimates for 

stomatopods are needed for any meaningful biological analysis related to GS.  

 

Amphipods and Isopods (Superorder Peracarida) 

There are 14 GS estimates for isopods in the AGSD. Isopods and amphipods are 

peracarid crustaceans (brooding malacostracans) that have marine and freshwater 

representatives, but are perhaps best known for their terrestrial species, commonly known as 

pillbugs or woodlice. Genome sizes range from 1.71pg in Caecidotea racovitzae, a common 

freshwater species, to 8.82pg in Nerocila munda, a parasitic marine isopod (Rheinsmith et al. 

1974). Despite limited estimates for this large group, it appears that marine and terrestrial species 

have larger genomes overall versus freshwater species, though this is a very rough generalization 

as the terrestrial isopod Armadillidium vulgare has a much smaller genome than other terrestrial 
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genera. It is likely that larger genomes are specific to certain families or genera based on these 

data and are phylogenetically conserved. 

Nearly 100-fold variation in GS exists within the Amphipoda, ranging from 0.68pg in 

Caprella equilibra to nearly 65pg in Ampelisca macrocephala, which is both the largest 

crustacean and the largest invertebrate genome. Five of the 8 species collected by Rees et al. 

(2007) from the arctic have genomes larger than 10pg, and 2 of these have massive genomes 

larger than 50pg, which the authors suggest may be related to a K-selected lifestyle with longer 

development and larger body sizes (Greenslade 1983). Libertini et al. (2008) investigated 

karyotype and GS in talitroidean amphipods, and suggest that the larger genomes in talitrid 

amphipods relative to marine hyalid species could be a “pre-adaptation” to life in a terrestrial 

environment (Vinogradov 1998, 2000). They also acknowledge that a larger GS could be an 

adaptation to a cold environment, though the genomes of the cited polar amphipods (Rees et al. 

2007) are an order of magnitude larger than the semi-terrestrial talitrid genomes, and it is 

difficult to say how a larger genome is adaptive in both general terrestrial but also marine polar 

environments. Libertini and Rampin (2009) also discovered larger genomes in species from 

Iceland compared to temperate relatives and suggested this could be an adaptation to a cold 

environment, though they only list 2 species common to Iceland’s intertidal zone for this 

comparison.  

Despite a general lack of polyploid populations and species within Malacostraca as a 

whole, there is evidence for polyploidy in the benthic amphipod genus Pontoporeia. P. affinis 

has n=26 chromosomes and evolved from P. femorata with n=14 chromosomes following 

chromosome fusion (Salemaa 1984). While genome size and chromosome number do not often 

correlate (since the size of chromosomes is important to consider as well), the genome size of P. 
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femorata is 8.48pg (Libertini et al. 2003), and we would expect the GS of P. affinis to be roughly 

double that of P. femorata since there is evidence of polyploidy through chromosome number 

doubling. 

 

Ostracods 

Ostracoda, also known as mussel- or seed-shrimps, are tiny (~1-2mm) crustaceans 

common in marine, freshwater, and terrestrial environments for which there exists a substantial 

fossil record dating back at least 450 million years (Martens et al. 2008). There are 

approximately 2000 species of freshwater ostracods, all of which belong to Podocopida, and 

many more marine species, belonging to both Myodocopida and Podocopida.  

There are estimates for only 17 species of ostracods in the AGSD, ranging from 0.46pg in 

Candona rectangulata to 3.13pg in Bradleystrandesia splendida. These representatives are from 

5 families, all of which are in the order Podocopida and are currently unpublished. Three values 

for Heterocypris (Cyprinotus) incongruens exist due to polyploid (3n and 4n) populations 

(Turgeon and Hebert 1994). Therefore, estimates for this species range from 0.82 to 1.42 for 

normal diploid and polyploid populations, respectively (Turgeon and Hebert 1994). No 

biological correlations have been examined in the Ostracoda as of this point; however, in 

Turgeon and Hebert’s (1994) study, they do submit that the smaller genome size in males 

relative to females of Cyprinotus glaucus, coupled with a high number of sex-linked loci, may be 

a causal factor allowing for sexual reproduction in this species relative to other ostracods which 

reproduce by parthenogenesis.   
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Crustacean Genome Composition: Knowledge of Noncoding DNA 

Like those of most eukaryotic organisms, crustacean genomes contain transposable 

elements (TEs), which are mobile genetic elements that can move within the genome and 

replicate themselves. TEs are considered to be the main driver for differences in genome size in 

eukaryotes (Kidwell and Lisch 2000, Kidwell 2002). Classified into retrotransposons, which use 

RNA to move and replicate (Class I), and DNA transposons, which cut-and-paste directly as 

DNA within the genome (Class II), TEs make up the dominant portion of some eukaryotic 

genomes and may be deleterious, beneficial, or neutral depending on where they insert in the 

genome (Kidwell and Lisch 2001). 

TEs have not been studied extensively in crustaceans, and very few crustacean genomes 

have been examined through large-scale sequencing. The DNA transposon Pokey is a well-

studied TE in the genomes of Daphnia pulex species complex. Commonly observed inserted into 

28S rRNA genes, which are tandemly repeated, Pokey may also be observed in other parts of the 

genome and is a potentially active (mobile) element (Penton et al. 2002, Vergilino et al. 2013). 

Though species in the D. pulex complex hybridize, horizontal transfer of Pokey appears rare, and 

the hybrid species possess Pokey elements that have undergone recombination and the elements 

then co-evolve with the host (Vergilino et al. 2013). However, despite numerous copies of Pokey 

in Daphnia genomes, like DNA transposons in general, they likely make up only a small fraction 

of the genome, as only approximately 9.4% of the sequenced Daphnia genome was comprised of 

TEs (Colbourne et al. 2011). 

Within decapods, retrotransposons have been studied with regards to diversity but again 

not to the point to determine how much of the genome they comprise. DIRS1-like elements have 

a sparse distribution in eukaryotes studied thus far, but Piednoël and Bonnivard (2009) observed 

a high diversity in decapod crustaceans. They discovered 15 new families of DIRS1-like 
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elements in 15 species (of 25 examined) of decapods, with a greater diversity of families in 

species living on hydrothermal vents. DIRS1-like elements are also seen in Daphnia pulex, the 

first crustacean genome sequenced, and copy number was estimated at 218 (but only 19 intact) in 

the genome, suggesting relatively little contribution to overall genome size (Piednoël et al. 

2013). DNA transposons are also widespread in marine decapods, especially mariner-like 

elements (MLE). The first full-length MLE known as Bytmar1 was described in a deep-sea 

hydrothermal vent crab by Halaimia-Tuomi et al. (2004) and consequently was observed in a 

variety of other coastal and deep-sea decapods (Bui et al. 2007, 2008). Derivatives of the MLE 

Bytmar1 have also been observed in coastal crabs and a deep-sea amphipod, and it is suggested 

that horizontal transfer of these elements may be common within Malacostraca (Casse et al. 

2006).  

In ostracods, only non-LTR TEs have been examined with any detail (Schön and 

Arkhipova 2006). It is possible that since these ostracods are asexual with long generation times 

and low mutation rates there are no mechanisms to keep these TEs in check, allowing them to 

multiply within the genome. However, again, it is unknown whether these specific elements 

make up a major contribution to the overall contribution of the genome, and more sequencing of 

TEs in general is recommended in Crustacea.  

Thesis Objectives 

The first objective of this thesis is to conduct a study of methods for estimating genome 

size in all crustaceans in general, using the two most common methods: flow cytometry (FCM) 

and Feulgen image analysis densitometry (FIAD). Chapter 2 involves comparing both FCM 

versus FIAD in terms of GS accuracy. I also investigate the best tissues for avoiding 

endopolyploidy as well as utility in GS estimation in terms of number of measurable nuclei and 
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nuclear compaction level for FCM and FIAD. Finally, I review problems associated with liquid 

(non-cryogenic) preservatives for FCM but also explore alternatives including ethanol 

preservation for FIAD. This includes two case studies involving a broad sample of crustaceans 

preserved for 1 year in ethanol and another using one species preserved for different amounts of 

time in ethanol, ranging up to 14 years.  

Following the conclusions of Chapter 2 on methodologies, Chapter 3 will utilize these 

methods to complete a broad survey of genome size diversity in as many classes and species as 

possible with the goal of at least doubling the number of estimates currently in the AGSD while 

simultaneously obtaining crustacean species from phylogenetically diverse groups but also sister-

taxa for useful phylogenetic comparisons of life history. A variety of ecological and biological 

traits and their potential relationships with genome size will be explored at a variety of 

taxonomic levels. These traits include i) body size, ii) developmental mode, iii) parasitism, iv) 

habitat (marine vs. freshwater vs. terrestrial), v) climate (polar vs. temperate vs. tropical), and vi) 

species diversity and genome size variation at the class and order levels. 

Chapter 3 Questions and Predictions 

i) Does genome size correlate with body size in all crustaceans? 

Genome size has been shown to correlate with body size in a number of taxa, including 

both vertebrates and invertebrates (Gregory 2005b). In crustaceans, GS correlates positively with 

body size, primarily in the copepods (McLaren et al. 1988, Gregory et al. 2000, Wyngaard and 

Rasch 2000) but also in amphipods and cladocerans (Hessen and Persson 2009). The pattern 

appears to be most prevalent in copepods due to their determinate growth, meaning their body 

size increases through increases in cell size rather than cell number (Wyngaard and Rasch 2000). 

If other crustaceans undergo increases in body size through increases in cell volume then I 
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predict genome size to correlate positively with genome size in these taxa and to have no 

relationship with body size in those taxa that do not have determinate growth.  

ii) Do differences in developmental mode correspond with differences in 

genome size? 

Through the impact of genome size on cell size, and the fact that larger cells take longer 

to divide, organismal development can be greatly influenced by genome size (Bennett 1971). 

Within crustaceans, development can be broadly categorized as direct and indirect. Direct 

developers include peracarids (amphipods, isopods, mysids) that brood their young and also 

include cladocerans which brood their young or lay resting eggs, after which they hatch as 

miniature adults. Indirect developers include all crustaceans with at least one larval stage, though 

many stages often exist, and include krill, decapods, stomatopods, barnacles, copepods, 

remipedes, and non-cladoceran branchiopods. I hypothesize that GS will differ between 

crustacean taxa with different modes of development due to selective pressure for rapid 

development in some groups and specifically predict that GS will be larger in species with direct 

development as opposed to those with indirect development. These predictions are made because 

the indirect developers must spend their larval stages in the plankton where predation is high and 

will experience selection for rapid progress through larval stages to reach maturity. Direct 

developers are brooded in the protection of their mother and may take a greater duration to reach 

maturity as they moult and grow larger while hatching as “miniature adults”.  

iii) Do parasitic crustaceans have smaller genomes than related taxa and their 

host species? 
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There is evidence that genome size may also impact the overall lifestyle of an organism. 

In insects, for example, parasites may have smaller genomes relative to related taxa due to 

generally smaller body sizes and/or the rapid development needed by parasites to outgrow their 

developing host (Johnston et al. 2004, Ardila-Garcia et al. 2010). For this same reason I predict 

that internal parasites will have smaller genomes than their host species, while the genome size 

of external parasites will not necessarily differ from the host species. Even if their host is from a 

different phylum, I would expect internal parasites to have smaller genomes than the host in 

order to develop and reproduce more quickly than their host. 

iv) Does genome size vary with marine, freshwater, or terrestrial habitats within 

a specific taxon? 

Genome size may also vary among species living in different habitats. Many crustacean 

groups have representatives in both freshwater and marine habitats, and some, such as isopods, 

amphipods, and decapods also have terrestrial species. Vinogradov (2000) provided limited 

evidence that terrestrial snails had larger genomes relative to freshwater snails and that DNA acts 

as a physical buffer, with superfluous DNA on the outer layer of the nucleus, against a “harsh” 

environment. If this is true, I predict that terrestrial species in the aforementioned taxa will have 

larger genomes than their aquatic relatives. However, if habitat is coupled with climate, I would 

predict smaller genomes in polar terrestrial and freshwater habitats due to selection for a small 

genome to allow for rapid development in temporary habitats, and a larger genome in polar 

marine species due to a lack of selective pressures in a stable environment (see below).  

v) Does genome size vary with climate within freshwater and marine 

crustaceans? 
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I aim to investigate whether genome size varies by climate (temperate, polar, or tropical) 

for crustaceans within the same order and habitat. Genome size may correlate with general 

latitude, either negatively or positively, due to different selective pressures for development. In 

plants, for example, species with large genomes are progressively excluded from harsh 

environments, such as increasing latitude (Bennett 1987, Knight et al. 2005). I predict that 

species living in freshwater or terrestrial habitats will have smaller genome sizes in polar regions 

relative to temperate or tropical species due to pressures for rapid development in a short, 

unpredictable growing season. On the other hand, I predict that marine polar species will have 

larger genomes than their temperate and tropical counterparts due to lower selective pressures for 

rapid development and metabolic rate in a cold, dark, and stable environment. Polar oceans are 

known as A-selected, which is an extension of r-K selection, and while considered adverse, they 

are predictable and stable, which could alleviate selective pressures common in a more 

fluctuating environment. 

vi) Does genome size diversity correlate with total species diversity at the order 

and class level?  

Finally, I will examine the patterns of genome size variance with overall diversity 

between classes and orders. Both genome expansion and contraction events are common in the 

evolution of genome size, and it is likely that changes in genome size in lineages can lead to or 

accompany speciation, either by polyploidy or genetic isolation as the genome evolves (Wolf and 

Koonin 2013).  I predict a positive relationship between genome size variation and species 

diversity at the class and order levels, due to the elements and processes such as TEs and gene 

duplications that can lead to variation in genome size also potentially facilitating speciation 

(Kraaijeveld 2010). The class and order levels were chosen for this analysis as accurate species 
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diversity estimates are generally lacking for crustaceans at the family level and below. Herrick 

and Slavi (2014) studied salamander genome size variation and show the genera Plethodon and 

Bolitoglossa, which are very diverse, also show the largest variation in genome size; 

correspondingly, less diverse genera showed less variation in genome size. Similarly, clades with 

more species in the barley genus Hordeum show greater variance in genome size (Jakob et al. 

2004). In contrast, Knight et al. (2005) observed a large-genome constraint on speciation in 

plants, where genera with large genomes were less diverse. Which of these patterns will hold 

true in crustaceans remains to be seen. 

Chapter 4 Overview: Genome Size Diversity in Hyalella Amphipods 

Following the extensive investigation of genome size in crustaceans as a group in 

Chapter 3, Chapter 4 will focus on two complexes of cryptic Hyalella amphipods from North and 

South America. Both continents contain extreme cryptic diversity in these amphipods that does 

not often correspond with any morphological difference. At the same time, phenotypic plasticity 

may be common, where some specimens within a lineage exhibit pronounced dorsal armature, 

while others are smooth-bodied with no genetic divergence between the morphotypes 

(Adamowicz et al. unpublished). While the genetic divergence between species is becoming 

better documented, it is likely that changes in DNA content accompany the genetic divergence, 

either via polyploidy, which could lead to rapid speciation, or longer-term losses or gains of 

genomic DNA. In this chapter, I examine the major lineages of these amphipods and determine 

genome size from ethanol-preserved samples from a wide geographic range, and use phylogenies 

to determine what impact changes in genome size had on the lineage proliferation of Hyalella, as 

well as correlations between genome size and other biological parameters, including body size 

and mitochondrial and nuclear gene divergence between sister lineages.  
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The impacts of such a large-scale genome size study are numerous, and include providing 

more data for genome sequencing projects, as well as a better understanding of crustacean and 

genome evolution as a whole. Overall, this theme of developing broad-scale methods for use in 

crustaceans as well as other invertebrates, followed by a large, general survey of genome size 

diversity and completed by analyses of several diverse but targeted groups of amphipods aims to 

shed light on the components of the C-value enigma. 
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Tables and Figures 

Table 1.1. The crustacean classes with their approximate species diversity and number of 

genome size estimates from the Animal Genome Size Database prior to the current study, listed 

in order of decreasing known diversity. Major subclasses and orders for which I estimated 

genome size in the following chapters are included. The class Malacostraca is subdivided into 

more subheadings due to these taxonomic names being used frequently throughout the following 

chapters. 

Taxon Common Names Approximate 

Described Species 

Diversity 

Number of Species 

with Published GS 

Estimates 

Species Diversity 

Reference 

I) Class: 

Malacostraca 

Crabs, shrimps, 

crayfish, amphipods, 

woodlice, mantis 

shrimps, krill 

40,000 175 Poore 2002 

Subclass 

Eumalacostraca 

None 40,000 163 Poore 2002 

Superorder 

Eucarida 

None 15,000 122 De Grave et al. 

2009 

Order Decapoda Crabs, hermit crabs, 

shrimps, crayfish, 

lobsters 

14,756 110 De Grave et al. 

2009 

Order 

Euphausiacea 

Krill 86 0 Baker et al. 1990 

Superorder 

Peracarida 

Brooding 

malacostracans 

 41  

Order Amphipoda Scuds 9,100 27 Vader 2005, 

Väinölä et al. 2008 

Order Isopoda Woodlice 10,300 14 Wilson 2008 

Order Mysida Opossum Shrimps 1,078 0 Wittmann 1999 

Subclass 

Hoplocarida, 

Order 

Stomatopoda
1 

Mantis shrimps 500 2 Caldwell 2015 

[http://www.ucmp.

berkeley.edu/arthr

opoda/crustacea/m

alacostraca/eumala

costraca/royslist/] 
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Subclass 

Phyllocarida, 

Order 

Leptostraca
1 

Sea fleas 41 0 Walker-Smith and 

Poore 2001 

II) Class 

Ostracoda 

Seed shrimps, mussel 

shrimps 

20,000 17 Horne et al. 2002 

Order 

Myodocopida 

Marine ostracods 650 0 Morin and Cohen 

1991 

Order Podocopida Marine and freshwater 

ostracods 

7000 16 Morin and Cohen 

1991 

III) Class 

Maxillopoda 

Barnacles and copepods 13,000 58 Humes 1994 

Subclass 

Copepoda 

Copepods 13,000 50 Boxshall and 

Defaye 2008 

Order Cyclopoida None Unknown 15  

Order Calanoida None 2300 33 Bowman and 

Abele 1982 

Order 

Harpacticoida 

None 3000 1 Kotwicki 2002 

Subclass 

Mystacocarida, 

Order 

Mystacocaridida
1 

None 13 0 World Register of 

Marine Species 

2011 

Subclass 

Thecostraca 

Barnacles 1200 8 Walters and 

Johnson 2007 

 

Order 

Pedunculata 

Goose barnacles ? 2  

Order Sessilia Acorn barnacles ? 5  

IV) Class 

Branchiopoda 

Water fleas, fairy 

shrimps, tadpole 

shrimps 

1,180 53 Adamowicz and 

Purvis 2005 

Order Anostraca Fairy and brine shrimps 290 3 Beaton 1988 

Order Notostraca Tadpole shrimps 15 0 Adamowicz and 

Purvis 2005 

Order Diplostraca Water fleas and clam 

shrimps 

871 50 Adamowicz and 

Purvis 2005 

V) Class 

Remipedia 

None 24 0 Yager 1981, World 

Remipedia 
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Database 2015 

VI) Class 

Cephalocarida 

Horseshoe shrimps 12 0 Sanders 1955 

1
Both subclass and order listed as these subclasses only contain one extant order. 
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Figure 1.1. Pancrustacean phylogeny based upon maximum likelihood analysis of combined 

transcriptome (which yielded nuclear and mitochondrial genome sequences) and morphological 

data (Oakley et al. 2013). Tips show major groups discussed in this thesis and include orders for 

the classes Ostracoda, Maxillopoda, and Malacostraca, while the remaining crustacean classes 

are seen as a clade containing Hexapoda (red branch) as the sister taxon to Remipedia. 

Mystacocarida on the far left is typically considered to be a part of the class Maxillopoda, but 

here is seen to be sister to the Ostracoda.  
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Best Practice Methods for Estimating Crustacean Genome Size 
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Abstract
1
 

 For more than 60 years genome sizes have been estimated using a variety of methods, 

some of which are considered outdated or have been modified with time. It is critical to establish 

repeatable methods prior to large-scale genome size studies to ensure accuracy and precision of 

estimates. This establishment of methods includes choosing a suitable method of preserving the 

specimens, an appropriate diploid or haploid tissue with sufficient nuclei available, a standard 

species with similar genomic properties to the organism being studied, and an efficient method 

of estimation, which is typically flow cytometry (FCM) or Feulgen image analysis densitometry 

(FIAD). I established that gill tissue was the best tissue for genome size estimation using FIAD, 

but legs were best for FCM. When using these tissues, FCM and FIAD yielded results that were 

not significantly different for 54 species of crustaceans. Finally, I discovered that when using gill 

tissue, preservation in ethanol at room temperature for up to one year yielded the same results as 

working with fresh or flash-frozen material. Furthermore, preservation in ethanol and storage at -

20ºC for over a decade did not significantly affect the genome size estimate for different 

populations of the amphipod Gammarus lacustris. The methods developed here will allow for 

large-scale studies of crustacean genome size diversity.  

 

 

 

 

 

                                                           
1
 The section on genome size estimation from ethanol-preserved tissues is published in Jeffery NW and Gregory TR 

(2014) Cytometry Part A, 85(10):862-868. 
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Introduction 

Preservation Techniques 

In order to undertake a genome size survey for any group of organisms, a set of replicable 

methods needs to be developed and established. This involves multiple considerations, including 

a method of preservation, a method for staining and DNA quantification, and an ideal tissue with 

freely-available nuclei. In some cases this is as simple as taking blood from a vertebrate 

(especially for groups with nucleated red blood cells; i.e., non-mammals) and preparing blood 

smears on a slide for staining (e.g., Hardie et al. 2002, Andrews et al. 2009). While blood smears 

can be made in the field with relative ease, in many cases organisms need to be transported back 

to a laboratory for later analysis. Depending on the type of organism and local laws and 

regulations, organisms can be brought back alive to be cultured, frozen in liquid nitrogen, or in 

the case of plants, leaves may be dried (Suda and Trávníček 2006a, b). Unfortunately it is often 

difficult to transport live specimens great distances, and liquid nitrogen may be costly, difficult 

to obtain, or unfeasible to transport. Ethanol preservation of already-dissociated cells (e.g., blood 

cells) is occasionally used for flow cytometry, but whole tissues preserved in ethanol typically 

yield results with less accurate estimated DNA contents, lower yields of measurable nuclei, and 

higher coefficients of variation (CVs) -- or indeed, no usable data at all (Alanen et al. 1989b, 

Rousselle et al. 1998). Some exceptions exist, such as Alanen et al.’s (1989a,b) success using 

ethanol preservation of human tumors using fine needle aspirations, and Yang et al.’s (2000) 

method for mollusc tissues, where small amounts of tissue are treated with a hypotonic solution 

of KCl to promote freeing the nuclei from their cells followed by preservation in 75% ethanol. 

However, these studies used very small amounts of tissue or tissues that contain higher water 

contents (mollusc gills, mantle) that may mitigate the dehydrating effects of ethanol. We have 

also previously had success with EtOH-preserved sponges using “bead-beating” (Roberts 2007) 
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where the tissues are dissected, placed in a plastic tube filled with ceramic beads and buffer, then 

sonicated at different speeds to dissociate cells without breaking them (see Jeffery et al. 2013). 

However, this success was unique to sponges only, likely due to their tissues already consisting 

of loose aggregations of cells.   

Common Methods for DNA Quantification   

Once a method of preservation has been achieved, one then needs to decide on a method 

for the actual estimation of GS. Historically, a number of methods have been used to estimate 

DNA content in prokaryotes and eukaryotes, including a bulk fluorometric assay in which the 

fluorescence of a known number of cells is obtained and compared to the fluorescence of a 

standard sample (Hinegardner 1971, 1976); DNA reassociation kinetics in which genomic DNA 

is sheared at a high temperature and then cooled, allowing the strands to reassociate over time 

(Britten et al. 1974, Vaughn 1975); and pulsed-field gel electrophoresis which resolves small 

DNA fragments on a gel using timed bursts of electrical current from two angles and is typically 

used for species with very small genomes, such as bacteria (Lucier and Brubaker 1992, Gregory 

and DeSalle 2005). In plants and animals, Feulgen image analysis densitometry (FIAD) and flow 

cytometry (FCM) are the two most common current methodologies, each of which has 

advantages and disadvantages. FIAD is an improvement on Feulgen densitometry (FD) which 

calculates the amount of light absorbance of individual nuclei relative to a blank area on a slide 

as observed under a compound microscope. Because nuclei can differ in their shape, size, 

regional DNA density, and orientation on a slide, nuclei are divided by the program used into 

“point densities” that are then summed to provide the integrated optical density (IOD). The IOD 

of the unknown sample is then compared to the IOD of nuclei from the standard species of 

known DNA content (Hardie et al. 2002, DeSalle et al. 2005). FIAD has the benefit of allowing 
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the visualisation of the nuclei being measured and the discrimination of cell types, but the overall 

staining process is more time-consuming than flow cytometry and often has the additional 

complication where diploid nuclei from different tissues have different compaction levels, which 

can affect the estimate obtained if more than one tissue type is on the slide. For example, Hardie 

et al. (2002) note that human sperm compared to human white blood cell (WBC) nuclei have a 

GS ratio of 1:2.7, when they should yield a ratio of 1:2 (haploid:diploid). However, the compact 

nature of sperm nuclei relative to diffuse WBC nuclei makes accurate measurements more 

difficult, whether this is due to the inability of the stain to penetrate densely packed chromatin or 

limits to the software’s resolution when measuring high point densities (Hardie et al. 2002). 

FCM measures the amount of fluorescence as a laser excites nuclei stained with a fluorochrome 

and can be used to rapidly obtain histograms representing the fluorescence of thousands of nuclei 

from dozens of samples per day. However, it can be difficult to discern which histogram “peaks” 

correspond to the standard species or the unknown sample’s haploid, diploid, tetraploid, etc. 

peaks. Day-to-day variation in cytometer laser fluctuations, discrepancies between buffer types, 

and between-laboratory differences are also common using FCM, though these are usually minor 

(Bainard et al. 2011). 

The method of dissociating tissues and/or freeing nuclei can vary, including crushing, 

chopping, bead-beating, or manually dissecting and macerating the tissues in buffer for both 

FIAD and FCM. This needs to be done with enough force to isolate cells but gently enough to 

prevent shearing them. The type of buffer for FCM is also critical, and the most popular FCM 

buffers are listed in Doležel and Bartoš (2005). Galbraith’s buffer (Galbraith et al. 1983) is the 

most popular buffer for FCM involving invertebrates (e.g. Johnston et al. 1999, 2004), though 

we prefer LB01 (Doležel et al. 1989) due to cleaner FCM histograms. Key ingredients for an 
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FCM buffer include various salts for cell stability, TRIS (Trizma base) to increase cell 

membrane permeability and maintain pH, and a detergent such as Triton X-100 or Tween 20 to 

prevent nucleus clumping and release the nuclei from the cytoplasm (Doležel and Bartoš 2005). 

Most buffers need to be kept cold to prevent nucleus degradation, though some 2-step buffers 

can be used at room temperature.  

Tissue Choice for Flow Cytometry and Feulgen Image Analysis 

Finally, an appropriate tissue needs to be selected for the chosen method. Animal tissues 

used in genome size estimation should be haploid (sperm) or diploid, and should have enough 

nuclei to obtain an accurate estimate using an appropriate standard. In FIAD, blood smears are 

common and simple to prepare from vertebrates, and haemolymph can be used from 

invertebrates (DeSalle et al. 2005). Other tissues such as leg muscle or gills are easy to dissect 

from crustaceans, but again different tissue types may have different nucleus compaction levels, 

hence the need for an appropriate standard with similar compaction levels. In the case of small-

bodied organisms, such as copepods and cladocerans, the whole animal may be dissected on a 

slide for staining. Previous studies have also stained whole ostracods, copepods, and cladocerans 

en bloc in individual tubes, where a specific tissue (epithelium) is dissected out afterward and 

placed on a slide (Beaton and Hebert 1988, Turgeon and Hebert 1994, Gregory et al. 2000).  

For FCM, enough cells are required to obtain a representative sample which is typically 

at least a minimum of 1000 quantified nuclei. Both gill and antennal gland from crustaceans have 

provided good results in previous studies (Deiana et al. 1998, Rees et al. 2007), but other 

accessible tissues such as leg muscle have not been tested thoroughly. Non-dividing tissues such 

as brain are also ideal to avoid obtaining fluorescence signals from cells in various stages of cell 

division. Similar to FIAD, in the case of small crustaceans, the entire individual may be used. 
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This is as simple as crushing up usually 1 or 2 individuals to obtain a minimum of 1000 nuclei. 

For both FIAD and FCM, the overall goal is to choose a tissue that will yield an adequate 

number of cells, is non-dividing and non-polyploid. 

Methods Objectives 

The primary objectives for this chapter are to test the reliability of different tissues, 

preservation techniques, and methods for estimating genome sizes in crustaceans: i) to test three 

different tissues for FIAD and make suggestions regarding the best tissues for FCM, ii) to 

evaluate whether estimates provided by FCM and FIAD differ significantly from one another, 

and iii) to determine whether non-cryogenic tissue preservatives can provide GS estimates that 

do not differ significantly from fresh or frozen samples. Additional methods that were attempted 

but not statistically tested are also listed to inform future work. The methods developed here are 

used in the following chapters and will be applicable to future genome size studies in 

crustaceans. 

 

Methods 

i) Tissue Tests for Feulgen Image Analysis Densitometry and Flow Cytometry 

 i.i) FIAD Methods 

I tested a number of tissues including haemolymph, leg muscle, and gill tissue from flash-

frozen specimens. Haemolymph was simply smeared across a slide by removing a leg and 

squeezing the fluid out or by piercing the dorsal exoskeleton of some specimens and exuding the 

fluid onto the slide. Leg muscle was extracted by removing one or more legs and pulling the 

muscle out using and then mechanically dissociated using dissecting pins in 40% (v/v) acetic 

acid on a glass slide. Gill tissue was prepared in a similar way by removing the gills from each 
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individual and macerating them with dissecting pins in 40% acetic acid until no large pieces of 

tissue remained. The leg and gill tissues were then covered with a glass coverslip, “squashed” 

using 3 clothespins on the slide and coverslip and frozen for 5-10 min on dry ice. The coverslip 

was then removed with a razor blade and the slide was immersed vertically in 95% ethanol for 1 

min and then allowed to air dry in the dark for several days prior to staining. This method is 

referred to as the “freeze-flip” method and was used in most cases where gill tissue was prepared 

for Feulgen staining.  

All tissues were then stained using the Feulgen reaction according to Hardie et al. (2002). 

Slides were stained in batches of 98 with 2 standard blood slides (rainbow trout and Columbia 

rock domestic chicken) in each run. Slides were fixed in 85:10:5 methanol:formalin:acetic acid 

overnight, rinsed in running tap water and hydrolysed in 5N HCl for 120 min, which is preferred 

over “hot hydrolysis” with weaker acid at higher temperatures, as time and temperature 

maintenance are less critical this way (Deitch et al. 1968). Following hydrolysis, the slides were 

stained in freshly prepared Schiff reagent for 120 min, followed by three 5-min rinses in dilute 

sodium bisulfite solution, then in running tap water, and finally in deionized water.  

 When possible, slides were prepared from 3-5 individuals per species, though in many 

cases 3-5 slides were prepared from a single specimen of a species depending on availability. A 

minimum of 15 nuclei per slide were measured and recorded, though more typically 30-50 nuclei 

per slide were measured. The genome size of each specimen was calculated as: 

C-value unknown = (mean IOD unknown ÷ mean IOD standard) * C-value standard 

 

i.ii) FCM 



41 
 

A variety of tissues were tested for FCM, including whole specimens for small-bodied 

species, thoracic and abdominal appendages, whole eyes from species with stalked eyes, heads 

(amphipods only), and gill tissue. While gill tissue has been used in the crustacean genome size 

literature (e.g. Deiana et al. 1999, Rees et al. 2008), I utilized thoracic appendages, which always 

provided more than 1000 nuclei and had the lowest fluorescence coefficients of variation (CVs) 

relative to any other tissue, which were typically <5% and always <8%. Gill and appendages 

usually produced the same mean fluorescence, but gill had a much higher CV (>10%) and 

frequently did not provide >500-1000 nuclei, while eye tissue produced fluorescence peaks that 

differed noticeably in fluorescence, possibly due to the dark pigments of the eyes themselves 

interfering with the fluorescence. Therefore for FCM, in large decapods the muscle was 

extracted from the legs and chopped in ice-cold buffer with a razor blade; for barnacles, mysids, 

shrimps, amphipods, and isopods, whole thoracic appendages were most commonly used; and 

for small species, whole bodies were used for FCM to minimize histogram CVs and maximize 

the number of available nuclei. No statistical testing was conducted for FCM tissues simply 

because the tissues chosen unambiguously yielded the most nuclei with the lowest CVs.  

All samples were crushed in 500 µl ice-cold LB01 buffer in glass Kontes Dounce tissue 

grinders with a glass pestle. Each sample was then filtered through a 30-µm nylon filter into a 

sample tube. 2µl (4µg/ml) RNase and 12µl (24µg/ml) propidium iodide (PI) were added to each 

sample, which was then vortexed and stained on ice in the dark for 1 hour. The majority of FCM 

samples were run on a FC500 flow cytometer (Beckman Coulter), though some early samples 

were run on a CyAn™ ADP analyzer or a Quanta™ SC (Beckman Coulter) flow cytometer. All 

samples were analyzed using a 488nm blue laser, and a minimum of 1000 nuclei (though >2000 

was more typical) were analyzed. Samples with a CV >10% were not used, though these were 
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rare. FCM outputs were displayed as single-parameter fluorescence histograms (FL3, the 

excitation wavelength which results from staining with propidium iodide versus particle count on 

the y-axis), as well as log forward scatter (FS) versus fluorescence and log forward scatter versus 

log side scatter, which are measures of approximate cell size and of the “optical complexity” of 

the nucleus itself, respectively (Loureiro et al. 2007). These outputs were mainly used in the 

gating of the histograms, where “gates” are drawn around the fluorescence peak or density plots 

to remove cellular debris, and were not separately analyzed (Figure 2.1). GS was calculated as: 

C-value unknown = (mean fluorescence of peak unknown ÷ mean of peak standard) * C-value standard 

ii) Feulgen Image Analysis Densitometry versus Flow Cytometry 

I used 54 species from three classes of crustaceans – Branchiopoda, Malacostraca, and 

Maxillopoda -- to compare both FIAD and FCM. For FIAD I removed the gill tissue from large 

species, or, in the case of branchiopods and copepods, used entire specimens and prepared the 

slides using the “freeze-flip” method as these were determined to be the best tissues from study 

(i). For FCM, leg tissue or whole individuals were used, and all samples were run on the FC500 

flow cytometer. A paired t-test was conducted to test if FCM and FIAD yielded significantly 

different results as all slides and FCM samples were from the same individuals.  

 

iii) The Effects of Ethanol Preservation on the Accuracy of FIAD Estimates (Modified from 

Jeffery and Gregory 2014) 

While animals and their tissues preserved in ethanol did not provide useful histograms 

using FCM (with the exception of some sponges, see Jeffery et al. 2013), preservation in ethanol 

has not been extensively tested for FIAD. It was thought that this preservation may still yield 

intact nuclei due to EtOH being a common preservative for molecular analyses, and many steps 



43 
 

in the preparation of some slides or tissues for FIAD involve immersing them in some fixative 

such as Carnoy’s (3:1 methanol/acetic acid) or 70-95% EtOH. There were two components to 

this study. 

The first involved testing 37 species from a variety of classes and orders and preserving 

tissues (gill or whole animals) in 95% ethanol and freezing the remainder of the individual or 

other individuals from the same species and population for approximately 1 year, though one 

species (Litopenaeus vannamei) was only preserved for 2 weeks, and lobster gill (Homarus 

americanus) was preserved for up to 3 years (Table 2.1). The ethanol was initially changed after 

24 and 72 hours, and again if the ethanol continued to change colour, to prevent tissue 

degradation, and all sample tubes were kept in the dark at room temperature. Slides for Feulgen 

staining for both the EtOH-preserved and frozen tissues were prepared at the same time using the 

“freeze-flip” method and stained together. 

The second component investigated the impact of length of EtOH preservation in a single 

species, the freshwater amphipod Gammarus lacustris which was sampled from multiple 

populations across North America (Table 2.2). This involved preparing slides of gill tissue from 

specimens that had been stored in 95% ethanol at -20ºC for times ranging from 1 to 14 years, as 

well as flash-frozen G. lacustris specimens for comparison. Five slides per year were prepared 

using the same above freeze-flip method followed by standard Feulgen staining, though the 

standard in this case was the flash-frozen “ideal” G. lacustris which in turn had its GS calculated 

against chicken and rainbow trout blood. A linear regression between GS and time in EtOH was 

used to determine if preservation time had any effect on GS. 
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iv) Supplementary Methods 

Additional methods were briefly investigated for liquid preservation techniques primarily 

for flow cytometry. Initially, a variety of concentrations of ethanol (10, 50, 70, 95% v/v) were 

used to preserve arthropod specimens (crickets, beetles, Drosophila, and Daphnia) for FCM over 

a range of time periods (1 day, 3 days, 1 week, 2 weeks, and 1 month). Specimens in 10% 

ethanol degraded very quickly and were not suitable for genome size estimation often after only 

a single day. Specimens in 50 and 70% ethanol occasionally provided histograms on the FCM 

output, but these were unreliable with high CVs. Specimens in 95% EtOH would not yield cell 

peaks and only yielded significant cellular debris, likely because of tissue dehydration. 

Rehydration techniques using an ethanol rehydration series (95 > 70 > 50 > 10% > distilled 

water) or PBS did not aid with tissue preparations of preserved tissues, which contrasts with 

some previous studies using paraffin-embedded tissues that have had success using a rehydration 

series (e.g. Hedley et al. 1983). Since investigation of EtOH-preserved tissues using FIAD 

revealed that the DNA content itself was not impacted significantly by 95% EtOH, it is likely 

that the physical separation of the cells for FCM is the biggest hurdle to overcome.   

Other chemical preservatives, including glycerol, Glydant™ (DMDM hydantoin), and 

RNAlater®, were tested for FCM and also did not yield reliable results. For these preservatives, 

entire specimens were preserved in these fluids for the same time periods as EtOH, which may 

be problematic, and they could still be suitable chemicals for preservation of isolated cells. One 

remipede specimen sent by Dr. Tom Iliffe was contained in RNAlater and initially yielded 

excellent FCM histograms when removing an appendage and running it without a standard. 

However, less than 2 weeks later the specimen would not yield good-quality FCM histograms, 

suggesting that rapid analysis of specimens in RNAlater is required. Kolář et al. (2012) used 

glycerol mixed with Otto’s buffer and stored isolated plant cells at both room temperature and -
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20ºC, which yielded suitable results for genome size estimation. Similarly, I tested a “modified 

Otto’s method” where after the isolation of cells for FCM, they could be stored for several weeks 

(at least) in the lab while suspended in phosphate buffered saline (PBS) mixed with 70% EtOH. 

The method is outlined below:  

1. Crush animal tissue with a glass pestle in Otto I buffer (Otto 1990, Doležel and Bartoš 

2005) 

2. Incubate at room temperature for 10-20 min, with gentle shaking 

3. Pour buffer and cells through a 30-μm nylon filter into a bullet tube 

4. Centrifuge 10 min at 100 g 

5. Remove supernatant 

6. Resuspend the cell pellet in ~100 μl PBS and fix with ~1 ml 70% EtOH 

7. Following storage at room temperature, centrifuge for 10 min at 300g 

8. Remove all fixative and PBS 

9. Resuspend cells in Otto I buffer and incubate for 10min 

10. Add 5x the volume of staining buffer (Otto II+ propidium iodide) as Otto I 

11. Stain for 1 hour and analyze by FCM 

This method was similar to the glycerol study as it involves isolating the cells prior to 

preservation, and thus they are already separated and should yield a clean fluorescence 

histogram. The procedure was further modified for use in the field, including replacing all glass 

parts (initial sample tube and crushing pestle) with plastic ones, and bringing pre-made aliquots 

of each liquid reagent for easy mixing in the field. The Otto I buffer is ideal for this as the citric 

acid fixes the nuclei rapidly, and it does not require cold temperatures to be effective, unlike 

Galbraith’s and LB01 (Doležel and Bartoš 2005). However, this was tested without a centrifuge 
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to give a “true” field test and did not yield usable results as the laboratory tests did. This method 

remains promising with further testing, and the addition of a hand-powered centrifuge could be 

beneficial for field studies.  

Statistical Analyses 

 All tests for significance were conducted in RStudio v. 3.1.2. Shapiro tests for normality 

were conducted, and data were log transformed if revealed to be significantly different than 

normal. Parametric and nonparametric t-tests and ANOVAs were conducted, with a significance 

value set at 0.05.  

Results 

i) FIAD Tissue Tests 

 Overall, I compared tissues between 36 species of crustaceans using FIAD. However, 

only 21 of these yielded enough nuclei for an accurate measurement using leg muscle smears, 

and 32 and 33 yielded enough nuclei for haemolymph and gill spreads for an accurate 

comparison, respectively (Figure 2.2). The three cases where gill tissue was not usable was due 

to the destruction of the individual used to make the slides, as only one individual was available 

for those three species.  

 As sample sizes were unequal but samples were paired, a repeated measures ANOVA 

was conducted on the 14 species that provided GS estimates for all 3 tissue types. This yielded a 

significant difference between tissue types (F(2,13)=8.829, p=0.001) (Figure 2.3). Next, the 

individual tissues were compared using paired t-tests to account for the unequal sample size.  

For leg versus haemolymph (n=17), Shapiro tests for normality showed the data did not 

deviate from normal (p=0.42 and p=0.29 respectively). A paired t-test revealed that haemolymph 

(9.47±6.55pg (mean±standard deviation)) yielded significantly greater estimates than leg muscle 
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(7.62±5.01pg) (df=16, p=0.001). A linear regression of haemolymph against leg tissue showed a 

significant, positive relationship (r
2
=0.95, p<0.0001) (Figure 2.4).  

For haemolymph versus gill (n=29), a Shapiro test showed that the haemolymph data 

deviated from normal (p=0.027), while gill did not (p=0.08). A paired t-test showed that the 

haemolymph estimates (9.92±6.63pg) were significantly larger than the gill (9.04±5.41pg) 

estimates (df=28, p=0.01). A Wilcoxon signed rank test yielded the same result (p=0.01). Log 

transformation of the data still yielded a significant difference in GS (df=28, p=0.028). A linear 

regression on the log-transformed data showed a significant, positive relationship between gill 

and haemolymph estimates (r
2
=0.98, p<0.0002) (Figure 2.5).  

For leg versus gill (n=18), Shapiro tests showed that both leg estimates and gill estimates 

deviated from a normal distribution (p=0.048 and p=0.049, respectively). A Wilcoxon signed 

rank test showed that gill (7.20±5.71pg) yielded significantly higher GS estimates than leg 

(6.37±5.20pg) (p=0.007). Log transformation of the data normalized it (p=0.25 for leg, p=0.18 

for gill). A paired t-test on the log-transformed data still showed that gill was significantly higher 

than leg (df=17, p=0.001). A linear regression on the log-transformed values showed a 

significant, positive relationship between leg and gill estimates (r
2
=0.97, p<0.0005) (Figure 2.6). 

ii) Feulgen Image Analysis Densitometry versus Flow Cytometry 

 A Shapiro-Wilk normality test showed that both the FCM and FIAD data were not 

normally distributed (p<0.001 in both cases). Therefore, a paired Wilcoxon rank test was run in 

R to determine if the two sets of data were significantly different. The genome sizes for 54 

species of crustaceans did not differ significantly (df= 106, p=0.57) when using gill for FIAD 

and crushed legs for FCM. These genome sizes ranged from 0.1 to 48.53pg (mean 

10.34±9.90pg) for FCM, and 0.1 to 48.96pg (10.35± 10.27pg) for FIAD, covering a wide range 
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of the total known genome size diversity within crustaceans (Figure 2.7). A Spearman 

correlation between FCM and FIAD data showed a strong positive correlation (r=0.99, 

p<0.0001) (Figure 2.8). 

iii) Ethanol-preservation Results (modified from Jeffery and Gregory 2014) 

Using the approach described here, it was possible to obtain intact nuclei and to generate 

genome size estimates from both frozen and ethanol-preserved gill tissue for 36 species (Table 

2.1). Genome sizes were also estimated using flow cytometry (FCM) for 31 of the 36 species. A 

37
th

 species, Stegocephalus inflatus, was only preserved in ethanol and gave an estimate of 

50.57pg, which matches the estimate by Rees et al. (2007) of 50.91pg using FCM.  

Genome sizes of the crustaceans included in this study ranged from 0.12pg to 48.96pg 

with an average size of 8.99±1.75pg for frozen specimens and from 0.16pg to 52.92pg with an 

average size of 9.09±1.85pg for ethanol-preserved specimens (Figure 2.9). The mean percent 

difference between frozen and ethanol-preserved specimens was less than 7% and the mean 

absolute difference in genome size was less than 0.6pg. There was no significant difference in 

genome size estimates obtained using ethanol-preserved versus frozen specimens (paired t-test, 

n=37, p=0.56) or between estimates generated using FIAD and FCM with frozen tissue (paired t-

test, n=31, p=0.23). Moreover, the results obtained using ethanol-preserved versus fresh tissues 

with FIAD were strongly positively correlated (r
2
=0.99, Figure 2.10).  There was no significant 

relationship between genome size and the percent difference in estimate between frozen versus 

preserved samples (r
2
=0.007, p=0.64), indicating that neither small nor large genomes were 

subject to a disproportionately high degree of error. 
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Specimens of G. lacustris used in this test had been preserved in ethanol for up to 14 

years, and measurable nuclei were obtained from specimens throughout this range (Figure 2.11).  

FIAD using flash-frozen specimens of G. lacustris gave a genome size estimate of 1C = 8.50pg.  

Estimates derived from the ethanol-preserved material agreed well with this value, ranging from 

8.13pg to 8.97pg (Table 2.2). Values relative to the “ideal” value for flash-frozen specimens 

ranged from 0.96 to 1.06, excluding the specimens from 2007 as the nuclei were of poor quality, 

corresponding to known issues with sample preservation in that year (J. Witt, personal 

communication; Figure 2.11D). This poor quality was the result of putting too many specimens 

in the collection vial which diluted the ethanol, leading to tissue and DNA degradation. There 

was no relationship between the duration of storage in ethanol and resulting genome size 

estimate (r
2
=0.0004, Figure 2.12). 

Discussion 

The objectives of this chapter were to identify suitable tissues for GS estimation using 

both FCM and FIAD, such that sufficient nuclei could be obtained for measurement by one or 

both of these methods, and that these would give consistent estimates. I also examined whether 

ethanol is a suitable preservative for GS estimation, both short-term at room temperature and 

long-term with the samples held at -20ºC.  

For FCM, leg muscle, either dissected from larger legs or the whole leg itself, was 

considered the most suitable due to the lowest CVs and highest yield of nuclei. For small-bodied 

species, such as cladocerans and ostracods, the whole body was most often used. Leg tissue 

provided better histogram peaks than using gill, and eyes were not deemed suitable due to high 

discrepancies in mean fluorescence, possibly due to the pigments in the eyes. This appears 

similar in principle to tannins in plants, which can provide significant “stoichiometric error” due 



50 
 

to tannins binding to proteins and chromatin (Greilhuber 1988, 1998), though in this case it may 

be that the melanin in crustacean eyes is suppressing the fluorescence of the stained DNA rather 

than binding to it. The entire head of medium-sized specimens, such as most amphipods and 

isopods, was used on occasion and yielded results comparable to leg muscle. However, the head 

is often required for identification and vouchering, so this was rarely used.  

For FIAD, leg muscle yielded significantly smaller GS estimates than gill (p=0.001) and 

haemolymph (p=0.001), while gill was significantly smaller than haemolymph (p=0.01). This is 

likely due to the high compaction levels of nuclei in the leg muscle, which are confined to tight 

muscle fibres that are multinucleated (Campion 1984, Jiminez et al. 2010), and the low levels of 

haemocyte compaction (pers. obs.). Haemocyte nuclei are often much more diffuse and larger in 

area than gill or leg nuclei (Figure 2.3) and as such provide larger IODs which translate into 

larger GS estimates if using the same standard. Pierossi (2011) noted that in lepidopterans, sperm 

nuclei yielded significantly smaller GS estimates than haemolymph, also due to differences in 

compaction level. I chose gill tissue as the most suitable tissue for FIAD, as it has intermediate 

IODs and GS estimates, and when prepared properly, can produce slides that are similar to 

vertebrate blood in terms of ease of measurement (Figure 2.3). Differences in compaction level 

for FIAD can lead to estimates that differ by millions or even billions of base pairs of DNA 

(Personal Observation in krill, amphipods), which can significantly alter plans for genome 

sequencing projects. It is difficult to determine which tissue type yields the “true” estimate as 

only Daphnia pulex has a sequenced genome, and specific tissues were not tested in these tiny 

crustaceans.  

FCM and FIAD provided results that were not significantly different (p=0.57) when 

using gill for FIAD and leg muscle for FCM (and whole bodies for small species for both). It is 
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not known why muscle nuclei are more suitable for FCM, which is equivalent to FIAD estimates 

using gill tissue, though it is possible that the detergent buffer for FCM is better at separating 

nuclei and allowing the nucleus to become less compact, or that propidium iodide excited by a 

laser is better able to quantify DNA content regardless of compaction level. Different tissues 

should always be tested when determining whether to use FCM or FIAD; while many previous 

studies have shown a good correlation between FCM and FIAD estimates (Michaelson et al. 

1991, Doležel et al. 1998, Jeffery 2012), others have shown that Feulgen estimates may be 

higher (Pierossi 2011) or lower (Ardila-Garcia et al. 2010) relative to FCM depending on the 

tissues used.  

In this study, specimens preserved in 95% ethanol for up to one year are not significantly 

different (p=0.56) than those that are flash frozen at the same time, as long as the ethanol is 

changed several times to prevent tissue degradation (Figures 2.9, 2.10). More interesting still is 

that gill tissue preserved in ethanol for more than a decade yielded results comparable to flash-

frozen specimens of the amphipod Gammarus lacustris, as long as the vials of amphipods did not 

contain an excessive density of specimens and were also kept in the freezer at -20ºC (Figures 

2.11, 2.12). While this does not entirely negate the need for freezing specimens, freezers of this 

temperature are often more available than -80ºC freezers. This is significant in that some 

previously collected and properly stored specimens in museums and universities may be used for 

genome size estimation rather than requiring fresh collections. It has been suggested that the 

DNA of freeze-dried tissues stored at -20ºC is stable for 30 years, and if stored at -70º to -196ºC 

(i.e. the temperature of liquid nitrogen), can be stable for thousands of years (Hoss et al. 1996, 

Clarke 2009). The fact that FIAD estimates of ethanol-preserved specimens were similar to 

frozen specimens supports the fact that it is likely separation of nuclei rather than an actual effect 
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on the DNA content that prevents analysis by FCM. The tissues preserved in ethanol are often 

brittle and create abundant cellular debris when crushed in FCM buffer, which makes obtaining a 

fluorescence peak difficult. This is further supported by my supplementary methods where tissue 

homogenization and filtering prior to ethanol preservation still yielded good FCM histograms, 

though further testing is still needed to determine how accurate the fluorescence peaks are.  

Future Directions and Conclusions 

There are many additional avenues open for both improving the accuracy of genome size 

estimation techniques and to investigate preservation techniques for both FCM and FIAD. 

Overall, FCM and FIAD are well-established methods for estimating genome size and performed 

similarly here in a variety of different crustacean species. The effects of different liquid 

preservatives that are able to preserve whole nuclei should be further tested as alternatives to 

liquid nitrogen and -80ºC freezers. Promising future directions include the supplementary 

methods described previously, which may allow long-term ethanol preservation of cells for flow 

cytometry provided that the cells are dissociated from the tissue state prior to preservation. 

 As FCM and FIAD yielded comparable results when using the appropriate tissues, both 

methods can be used for small and large-scale studies on genome size in crustaceans. FCM has 

the advantage of rapid preparation of multiple samples within a single day, while FIAD has the 

advantage of seeing the nuclei being measured. Gill tissue is recommended for FIAD due to its 

freely available nuclei, with an IOD intermediate to leg muscle and haemolymph, though it is 

unknown which tissue tested here is the most accurate relative to the “true” size of the genome. 

Leg muscle is recommended for FCM due to rapidly obtaining thousands of cells and low CVs, 

though it is unknown why leg muscle is comparable to gill for Feulgen as leg nuclei give the 

lowest estimates when using FIAD. As Schiff reagent and propidium iodide are not base-pair 
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specific and bind stoichiometrically to DNA, these results should be accurate and are often more 

accurate than sequencing projects which ignore heterochromatin and repetitive elements.  

 Ethanol preservation, especially short-term but up to more than a decade if held at -20˚C, 

does not appear to alter GS estimates when using FIAD, but is not possible with FCM as of now. 

Provided that samples are saturated in 95% ethanol which is changed at least once, slides of gill 

tissue can be prepared in the same way as frozen or fresh gill. This could allow for access to 

collections around the world, facilitating large-scale genome size surveys in the future.  

I tested various tissues and preservatives on a variety of crustaceans using the two most 

common current GS estimation methods – FCM and FIAD. The procedures developed here have 

resulted in simple, standardized methods that will allow laboratories with the correct equipment 

to estimate genome size in crustaceans.  
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Tables and Figures 

Table 2.1. Haploid (1C) genome size estimates for all 37 species in this study, including flow 

cytometry (FCM) of fresh material as well as Feulgen image analysis densitometry (FIAD) of 

flash-frozen tissue and tissues preserved in 95% ethanol at room temperature for one year. The 

relative (percent) differences and absolute differences (in picograms) are shown for flash-frozen 

versus ethanol-preserved samples by FIAD. Modified from Jeffery and Gregory (2014).  

 

Species 
Common 

name 

Sample 

size 

n=FCM/

FIAD 

FCM  / flash-

frozen (pg) 

FIAD / 

flash-

frozen 

(pg) 

FIAD / 

ethanol-

preserved 

(pg) 

Percent 

Difference 

Absolute 

difference (pg) 

Branchiopoda        

Daphnia retrocurva Water flea 3/3 0.25 0.25 0.23 8.00 0.02 

Triops australiensis 

Tadpole 

shrimp 

4/3 

0.16 0.12 0.16 33.33 0.04 

Bythotrephes 

longimanus 

Spiny water 

flea 

5/5 

0.27 0.31 0.29 6.45 0.02 

Artemia salina Brine shrimp 5/3 1.90 1.84 1.69 8.15 0.15 

Eubranchipus bundyi Fairy shrimp 5/3 1.05 1.10 1.02 7.27 0.08 

Maxillopoda        

Heterocope  

septentrionalis 

Copepod 5/3 

5.49 5.80 5.54 4.48 0.26 

Epischura baikalensis Copepod 0/5 N/A 0.82 0.84 2.44 0.02 

Malacostraca        

Thysanoessa sp. Krill 5/5 12.77 12.52 12.56 0.32 0.04 

Euphausia frigida Krill 5/5 34.93 34.74 34.92 0.52 0.18 

Euphausia triacantha Krill 5/5 30.06 27.56 28.38 2.98 0.82 

Euphausia superba 

Antarctic 

krill 

5/5 

48.53 48.96 52.92 8.09 3.96 

Meganyctiphanes 

norvegica 

Northern krill 5/5 

18.75 20.00 23.61 18.05 3.61 

Mysis sp. 

Opossum 

shrimp 

5/3 

12.00 10.81 11.94 10.45 1.13 

Sphaeromatidae 

Marine 

isopod 

4/3 

4.21 4.19 4.17 0.48 0.02 

Idotea sp. Marine 

isopod 

3/3 

N/A 3.69 3.36 8.94 0.33 

Armadillidium vulgare Terrestrial 8/4 1.70 1.74 1.88 8.05 0.14 
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isopod 

Homarus americanus
1
 

American 

lobster 

1/3 

3.97 3.13 3.21 2.56 0.08 

Hemigrapsus nudus 

Purple shore 

crab 

5/5 

3.45 3.42 3.38 1.17 0.04 

Litopenaeus vannamei
2
 

Whiteleg 

shrimp 

5/5 

2.89 2.67 2.61 2.49 0.07 

Spirontocaris sp. Blade shrimp 1/1 11.83 12.86 12.25 4.75 0.61 

Platorchestia platensis Sand flea 5/5 1.84 1.82 1.73 4.95 0.09 

Pagurus sp. Hermit crab 1/1 8.48 7.97 7.47 6.27 0.50 

Pagurus acadianus 

Acadian 

hermit crab 

3/3 

7.95 6.635 6.35 4.30 0.285 

Pagurus pubescens 

Hairy hermit 

crab 

3/3 

12.17 12.22 10.995 10.02 1.225 

Lebbeus groenlandicus Spiny lebbeid 1/1 20.77 21.49 21.06 2.00 0.43 

Pandalus montagui Pink shrimp 5/3 13.47 13.66 12.17 10.91 1.49 

Pandalus borealis 

Northern 

shrimp 

3/3 

12.69 12.61 12.05 4.44 0.56 

Gammarus lacustris 

Freshwater 

amphipod 

10/5 

9.35 8.5 8.58 0.94 0.08 

Gammarus oceanicus 

Marine 

amphipod 

5/5 

11.5 11.83 10.55 10.82 1.28 

Crangonyx 

pseudogracilis 

Freshwater 

amphipod 

5/5 

6.68 5.55 5.15 7.21 0.40 

Gammaracanthus 

loricatus 

Marine 

amphipod 

5/5 

10.34 10.47 12.17 16.24 1.70 

Micruropus wahli 

Baikal 

amphipod 

0/1 

N/A 4.12 3.75 8.98 0.37 

Eulimnogammarus 

cyaneus 

Baikal 

amphipod 

0/2 

N/A 3.81 3.87 1.57 0.06 

Caprella sp. 

Skeleton 

shrimp 

0/1 

N/A 0.98 0.86 12.24 0.12 

Caprella 

septentrionalis 

Skeleton 

shrimp 

5/5 

1.54 1.34 1.37 2.24 0.03 

Stegocephalus inflatus 

Marine 

amphipod 

1/1 

50.91 N/A 50.57 0.67 0.34 

Unknown marine 

amphipod 

Marine 

amphipod 

0/1 

N/A 3.95 4.24 7.34 0.29 

Notes: 1) Stored in ethanol for 3 years; 2) Stored in ethanol for 2 weeks. All other ethanol-

preserved samples were stored for one year prior to analysis. 
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Table 2.2. Genome size estimates for various populations of Gammarus lacustris preserved in 

ethanol from 1997 to 2011 and one set of specimens frozen at -80ºC, obtained using Feulgen 

image analysis densitometry (FIAD). The location name, year, time preserved in ethanol, 

estimate, and values relative to the frozen specimens are listed. From Jeffery and Gregory 

(2014).   

Location and Year Time in 

Ethanol 

(years) 

Genome Size 

Estimate ± SE 

(pg) 

Magnitude of 

Difference Relative 

to “Ideal” (Flash-

Frozen) Sample 

Grace Lake, Alberta, 1997 14 8.65 ± 0.18 1.02 

Klamath Lake, Oregon, 1999 12 8.87 ± 0.27 1.04 

Priday Reservoir, Oregon, 1999 12 8.39 ± 0.05 0.99 

Thorne Spring, Arizona, 2001 10 8.38 ± 0.09 0.99 

Steptoe Spring, Nevada, 2002 9 8.32 ± 0.28 0.98 

Kidd Lake, California, 2005 6 8.97 ± 0.14 1.06 

Northern Quebec 2007
a
 4 7.76 ± 0.14 0.91 

Big Swamp Springs, Utah, 2008 3 8.49 ± 0.12 0.99 

Beluga Lake, Alaska, 2010 1 8.13 ± 0.22 0.96 

Sulphur Lake, Yukon Territory, 

2010 

1 8.58 ± 0.21 

1.01 

Little Fox Lake, Yukon Territory, 

2011 

0.5 9.00 ±  0.13 

1.06 

Yarger Lake, Alaska, 2011
b
 0 8.50 ± 0.43 1.00 

a
These estimates were removed from analyses due to their low value which was likely a result of 

poor preservation and too many specimens in the ethanol. 
b
This estimate is from frozen specimens collected in 2011. 
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Figure 2.1. The gating procedure on a flow cytometer. A) Shows a density plot of all cells in the 

sample, with circular gates “E” and “F” drawn around the densest clusters of cells. This is done 

to remove dividing cells or cellular debris. B) Fluorescence peak of all gated cells from panel A 

gate E. A horizontal gate (“H”) can be drawn on the fluorescence peak for more precise gating.  
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Figure 2.2. Genome sizes (pg) for gill, haemolymph, and leg tissue as measured from the same 

specimens. Leg gave significantly smaller estimates than gill and haemolymph, while gill also 

yielded significantly smaller estimates than haemolymph when using paired-sample t-tests. Gill 

tissue was chosen as the most suitable tissue, due to its intermediate compaction level and high 

yield of measurable nuclei.  
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Figure 2.3. Feulgen-stained images of diploid nuclei from leg muscle (A), gill (B), and 

haemocytes (C) from the hermit crab Pagurus sp. showing different compaction levels relative to 

domestic chicken blood (D). All images taken at 100x magnification. Scale bar equals 20μm. 
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Figure 2.4. A linear regression showed a significant, positive relationship between genome size 

estimates using leg tissue and haemolymph from the same specimens (r
2
=0.95, p<0.0001), 

though leg estimates were significantly lower than haemolymph when using a paired t-test 

(p=0.001).  



62 
 

 

Figure 2.5. A linear regression on log-transformed genome size estimates using gill and 

haemolymph from the same specimens showed a significant, relationship (r
2
=0.98, p<0.0002), 

though haemolymph yielded significantly larger estimates overall when using a paired t-test 

(p=0.01).  
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Figure 2.6. A linear regression on log-transformed genome size estimates for leg and gill tissue 

from the same specimens showed a significant positive relationship (r
2
=0.97, p<0.0005), though 

estimates from gill tissue were significantly larger overall using a paired t-test (p=0.001).  
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Figure 2.7. Typical flow cytometry histograms for four species of crustaceans: Daphnia 

retrocurva 1C=0.25pg; Hemigrapsus nudus 1C=3.45pg; Litopenaeus vannamei 1C=2.89pg; 

Pandalus montagui 1C=13.47pg. Each species is shown with its standard species (Gallus 

domesticus, 1C=1.25pg or Oncorhynchus mykiss, 1C=2.60pg) as separate peaks on each 

histogram. The horizontal bars labeled ‘A’ and ‘B’ in each panel count the number of cells 

within that “gate”. 
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Figure 2.8. A Spearman rank correlation between FIAD and FCM estimates for the same 

specimens of 54 species of crustaceans showed a strong, positive correlation (r=0.99, p<0.0001).  
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Figure 2.9. Examples of Feulgen-stained gill tissue nuclei from flash-frozen and ethanol-

preserved specimens of crustacean species ranging more than an order of magnitude in genome 

size: A) Eubranchipus bundyi, 1C ≈ 1.0pg; B) Hemigrapsus nudus, 1C ≈ 3.4pg; C) Pandalus 

borealis, 1C ≈ 12.6pg.  Images taken at 100x magnification. Scale bar equals 20μm. From 

Jeffery and Gregory (2014). 
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Figure 2.10.  Strong positive correlation between estimates obtained using flash-frozen versus 

ethanol-preserved specimens across crustaceans exhibiting a wide range of genome sizes (r
2
 > 

0.99). From Jeffery and Gregory (2014). 
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Figure 2.11. Examples of Feulgen-stained gill tissue nuclei from specimens of Gammarus 

lacustris that had been collected and stored in ethanol in different years: A) 1997, B) 2001, C) 

2005. Panel (D) shows degraded nuclei that resulted from improper preservation methods 

(sample from 2007). Images taken at 100x magnification. Scale bar equals 20μm. From Jeffery 

and Gregory (2014). 



70 
 

 

Figure 2.12. There is no relationship between estimated genome size for Gammarus lacustris and 

the duration of specimen storage in ethanol (r
2
 < 0.001). From Jeffery and Gregory (2014).  
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Chapter 3 

Genome Size Diversity and it Associations with Biological and Environmental Factors in 

Five Classes of Crustaceans 
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Abstract 

 Crustaceans are highly diverse arthropods that exhibit a massive range in body size and 

morphology. Relative to their diversity, they are severely limited in the amount of available 

genome size data. Here I present new genome size estimates for 401 species of crustaceans, 

representing 5 of the 6 accepted classes, effectively doubling the number of estimates previously 

published over the past six decades. Genome sizes ranged from 0.09 to 62.17pg, showing a 

greater than 600-fold range. I also examine a number of biological and environmental correlates 

with genome size, including body size, developmental mode, habitat and climate, parasitism, and 

species diversity. These correlates varied among taxonomic groups, but, overall, indirect 

developers had larger genomes than direct developers, while marine, polar amphipods and krill 

had the largest genomes of all. Internal parasites tend to have smaller genomes than their hosts, 

and genome size does not correlate with species diversity at the class and order level, though its 

coefficient of variation does correlate with diversity at the order level.  
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Introduction 

There have been few large-scale surveys of genome size diversity within the Crustacea 

(or most other invertebrates) over the past few decades. While specific groups of Arthropoda - 

the most diverse animal phylum - have been studied from the 1950s onwards (e.g. general 

crustaceans (Bachman and Rheinsmith 1973, Rheinsmith et al. 1974), copepods (McLaren et al. 

1988, Rasch and Wyngaard 2006, Wyngaard and Rasch 2000), cladocerans (Beaton 1988, 

Korpelainen et al. 1997), drosophilids (Gregory and Johnston 2008), and spiders (Gregory and 

Shorthouse 2003), these still represent far less than 1% of the estimated 10 million species of 

arthropods (Ødegaard 2000). Genome size surveys such as this are critically needed to increase 

the available data for both understanding genome size evolution and for use in genome 

sequencing projects. Knowledge of GS diversity can then help us understand modes of 

development, metabolism, lifestyle, and any biological parameter that is influenced by the 

relationship between genome size and cell size (Chapter 1; Gregory 2002).  

As previously mentioned, crustaceans are an excellent group to conduct a large-scale 

survey for a number of reasons. They are one of the most diverse taxonomic groups on the 

planet, they inhabit an enormous range of habitats and climates, they exhibit a wide range of 

body sizes and developmental modes, and they have already been shown to have a remarkably 

large range in GS (nearly 700-fold). Crustaceans such as prawns, lobsters, and krill are valuable 

economically – for example, more than 100,000 tonnes of Antarctic krill are harvested annually 

(Nicol and Foster 2003), and prawns are the most valuable aquaculture species (FAO 2012). 

Crustaceans also show significant amounts of polyploidy (e.g., within families) and within 

tissues (endopolyploidy), and some groups of copepods also exhibit the interesting phenomenon 

known as chromatin diminution (Beermann 1977, Wyngaard and Rasch 2000). Despite being 

better represented in the AGSD than some other invertebrate taxa, there are still so few GS 
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estimates for the enormous diversity of crustaceans that a comprehensive survey is highly 

warranted.  

This chapter presents the results of a broad study of GS diversity for Crustacea, which 

had several goals. First, I aimed to at least double the number of estimates in the AGSD to be 

made publicly available for use in a variety of disciplines (genome sequencing, aquaculture, 

biodiversity science, etc.).  Though this goal involved obtaining a high diversity of species, there 

was also some targeted sampling to obtain closely related species such that these could be used 

in phylogenetically informed comparisons with various biological traits. Second, I examined 

potential correlations between GS and body size, developmental mode, lifestyle, habitat, climate, 

and overall species-level diversity within specific orders and classes.  

Several predictions can be made regarding the patterns under investigation. Specifically I 

predict a positive correlation between genome size and body size in crustaceans, though whether 

this varies among classes and orders remains to be seen. It is likely that species with determinate 

growth will show this correlation due to selective pressures for changes in body size which 

indirectly impact genome size, as these species grow by increases in cell size rather than number. 

Since genome size is directly correlated with cell size, crustaceans with larger genomes may 

have larger bodies overall. 

I hypothesize that genome size and developmental complexity, defined as how much 

“transforming” occurs during development (Gregory 2002), will also be correlated. I predict that 

species that undergo indirect development, with a number of larval stages and more complex 

development, will have smaller genomes than those with direct and less complex development. 

This is due to selection for a smaller genome, which is inversely correlated with cell division 
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rate, as species with numerous larval stages will likely need to transition between stages and thus 

develop more quickly to avoid predation or seasonal changes. Conversely, species that undergo 

direct development are usually brooded and have less constraint on maintaining a small genome. 

This will be tested within the classes Branchiopoda and Malacostraca, as some species that 

develop directly such as amphipods and water fleas are known to have large and small genomes, 

respectively.  

In terms of overall lifestyle, I predict that parasitic species will have smaller genomes 

than their hosts due to their need to reproduce and develop quickly enough to effectively 

parasitize a variety of hosts. Many isopods, copepods, and some amphipods are well known to be 

parasites on many vertebrates and invertebrates.  Isopods often parasitize fish and decapod 

crustaceans, copepods such as sea lice are parasites on fish, and some amphipods are parasites on 

cnidarians (Dittrich 1988) and sponges (Kamaltynov 1999). Since crustacean genome sizes vary 

considerably among families and orders, I expect these differences only within the order and 

family level.  

Climate and habitat may also correlate with genome size. Previous studies have noted 

that “genomic giants” exist in marine, polar environments, including among amphipods (Rees et 

al. 2007), shrimps (Rees et al. 2008), and krill (Jeffery 2012, see below section). Freshwater 

cladocerans also tend to have more nuclear DNA at higher latitudes, but this is due to polyploidy 

rather than genomic expansion, and their genomes are still quite small (<1pg) overall  (Beaton 

and Hebert 1989). Large genomes in marine polar environments have been considered to be the 

result of an extension of r-K selection, known as r-K-a (adverse; Greenslade 1983) selection 

(Rees et al. 2007). Sainte-Marie (1991) characterized gammaridean amphipods in the arctic as a-

selected, meaning they live in a poorly productive but highly stable environment, with delayed 



76 
 

maturity, high longevity, few broods, and large embryos, especially relative to warm-water 

species. These life history parameters may therefore be linked to larger genomes due to relaxed 

selection for rapid development or constraining body size, which could allow the genome to 

expand over time.  

In terms of a relationship between genome size and habitat, here classified as freshwater, 

marine, and terrestrial, if a small or large genome is adaptive we would consistently see smaller 

or larger genomes in freshwater, marine, or terrestrial habitats. Vinogradov (2000) suggested that 

“terrestrial pioneer” animals have larger genomes than their aquatic counterparts based on the 

fact that the largest genomes in animals are in amphibians and lungfishes and on his (limited) 

data showing larger genomes in terrestrial snails relative to aquatic snails. This larger DNA 

content is thought to be beneficial in the “harsh and variable physical conditions on land” 

(Vinogradov 2000), acting as a buffer against external mutation pressures (Vinogradov 1998). 

Thus we might expect larger genomes in terrestrial species of all animal groups due to an 

“unstable” habitat with potentially frequent disturbances. Southwood et al. (1974) define habitat 

stability, which can differ for each species within a habitat, as the relationship between 

generation time and the time that a habitat remains “favourable” to that animal. While it remains 

unclear if a terrestrial habitat is any more unstable than a freshwater habitat, I predict that 

genome sizes will be larger in marine species overall, due to higher stability and less seasonal 

change than a freshwater or terrestrial ecosystem.  

Finally, I examine the potential relationship between genome size variability and species 

richness at the order and class levels. I predict that species richness will be positively correlated 

with variation in genome size, specifically the coefficient of variation (CV). Herrick and Sclavi 

(2014) suggest that variation in genome size correlates positively with niche width in 
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salamanders and determined that the most diverse families of salamanders have higher genome 

size variation. Similarly, Jakob et al. (2004) determined that more diverse clades in the barley 

genus Hordeum also showed greater variation in genome size. While it could be expected that 

more diverse clades show higher diversity in any trait, including genome size, this will not 

necessarily be the case as genome size is quite conserved in some taxa but not others. Here I 

wish to determine if higher genome size variation corresponds with higher diversity within 

crustaceans specifically. 

Methods 

Specimen Collection 

Crustacean specimens were collected in the field as well as obtained through 

collaborators from around the world. The objective was to obtain as high a species diversity as 

possible using broad and indiscriminate sampling, but also to obtain related species for at least 

the more-common species to allow for stronger analyses that could account for phylogenetic 

history. Specimens were collected in the field from Hudson Bay and Churchill, Manitoba in July 

2009; Bamfield, Vancouver Island, and Haida Gwaii (formerly the Queen Charlotte Islands), 

British Columbia, in May and June 2010; the Yukon Territory and Alaska in July 2010; St. 

Andrews, New Brunswick in August 2011; and Alabama in 2012. Specimens were obtained in 

southern Ontario from 2009 through 2014, while the remainder of the species were obtained 

from collaborators in the form of preserved specimens or tissues for flow cytometry or as 

prepared slides for Feulgen Image Analysis Densitometry (Chapter 2). These collection locales 

(Appendix S3) were chosen to allow for collections from each coast of Canada and to obtain 

representative samples from freshwater habitats as well as temperate and arctic marine habitats.  



78 
 

A large portion of Crustaceans included in the present study were obtained by hand 

sampling in the intertidal zone and also by dredge in marine habitats from a variety of boats. 

Planktonic species were collected from a boat using a 250µm or 500µm mesh plankton net, and 

other species were collected by standing on the shore of smaller bodies of water and tossing a 

plankton net in and dragging it to shore. Many of the marine species from British Columbia and 

New Brunswick were obtained by SCUBA diving and collecting specimens by hand underwater. 

To obtain smaller specimens, especially from freshwater habitats, pans of substrate, vegetation 

(when present), and water were scooped up and allowed to settle. After settling, smaller 

crustaceans (branchiopods, copepods, ostracods) could be seen swimming in the water and were 

individually captured using small pipettes. Specimens were then split into operational taxonomic 

units (OTUs) based on morphology and either kept alive in aquaria or frozen in liquid nitrogen 

dry shippers for transportation to the lab.  

Specimen Identification and DNA Barcoding 

Identifications followed the Integrated Taxonomic Information System (www.itis.gov). 

Large specimens obtained in the field (primarily Malacostraca) were identified to the lowest 

taxonomic level possible using keys and textbooks for the specific geographic localities (see 

Appendix S3). However, many species, especially but not limited to the small planktonic 

specimens, underwent DNA barcoding for potential species identification or to assign a barcode 

index number (BIN) to act as a repeatable designator (Ratnasingham and Hebert 2013). 

Representative specimens from each morphologically distinct collected crustacean underwent 

DNA barcoding; these only included specimens I collected, and always included “unique” 

specimens where only 1-2 individuals were obtained.  BINs are based on an algorithm known as 

refined single linkage (RESL) analysis, and each specimen with a COI sequence greater than 

http://www.itis.gov/


79 
 

500bp and <1% Ns are clustered into BINs through the Barcode of life Data System (BOLD) 

(Ratnasingham and Hebert 2007). BINs are clustered into BIN pages in BOLD which store and 

amalgamate metadata including taxonomy, distribution, photographs, haplotype networks, and a 

neighbour-joining (NJ) tree (Ratnasingham and Hebert 2013). BINs, when defined by the 

algorithm in BOLD, are analogous to a putative “species”. DNA barcoding itself is based on 

sequencing a portion of the mitochondrial gene cytochrome oxidase I (COI) and building a 

database (BOLD) of these COI sequences. Most species exhibit a unique array of barcode 

sequences that distinguish them from other species due to the high rate of mutation in mtDNA 

(Hebert et al. 2003). Barcoding has proven successful and valuable in many cases for identifying 

and cataloging Crustacea and as such was used as a tool for (provisional) species-level 

identification of unknown specimens (Costa et al. 2007, Radulovici et al. 2010, Jeffery et al. 

2011).  

Standard barcoding procedures were followed including photographing all specimens. 

DNA was extracted either from whole individuals or leg tissue using the glass fibre method 

(Ivanova et al. 2006, Ivanova et al. 2007) and underwent PCR using the COIFast program 

(Ivanova and Grainger 2007a). Different primers were used for different taxa but the universal 

primers (LCO1490 and HCO2198) tailed with M13 primers were the most widely used for both 

PCR and sequencing (Messing 1983, Folmer et al. 1994). Specific primers for each specimen are 

available within BOLD. PCR products were visualized on a 2% agarose E-gel® (Invitrogen) 

stained with ethidium bromide. The COI region was then sequenced bidirectionally (Ivanova and 

Grainer 2007b) on an ABI 3730XL DNA Analyzer (Applied Biosystems) and sequences were 

assembled and edited in CodonCode Aligner v.3.0.2 (CodonCode Corporation) and aligned using 

CLUSTAL in MEGA v. 4, 5, and 6 (Tamura et al. 2007, 2011, 2013). 1514 specimens 
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underwent DNA barcoding, and a COI sequence was obtained for 919 of these (61%), with 

marine malacostracans having the highest failure rate. COI sequences ranged from 127 to 658bp, 

though only sequences with <1% Ns and >250bp were queried for a species identification. All 

sequences were entered into BOLD and are contained in the dataset DS-NJCGS. Sequences were 

then queried using BOLD’s search function as well as BLASTed on GenBank to determine 

species identifications. If there were no matches >98% then the BIN was deemed equivalent to a 

species name and was used for analyses.  Neighbour-joining (NJ) phenograms were created 

using this function in BOLD or MEGA using the Kimura 2-parameter (K2P) distance model 

(Kimura 1980).  

Genome Size Estimation 

Methods for genome size estimation were described in detail in Chapter 2. As gill tissue 

was determined to be the best option for FIAD, this was the tissue most often used, except in 

cases where only one specimen was available and haemolymph was used, or when whole 

specimens were flattened onto a slide. FIAD was based on Hardie et al.’s (2002) protocol with 

overnight chemical fixation, 120 mins in 5N HCl and 120 mins in prepared Schiff reagent, 

followed by a series of bisulfite rinses and always including at least 2 internal standard slides for 

reference.  

I used either whole specimens if small enough (Cladocera, Ostracoda, Copepoda) or 

thoracic/abdominal appendages in the cases of decapods, amphipods, isopods, barnacles, krill, 

and mysids for flow cytometry. In the case of larger decapods (crabs and lobsters), leg muscle 

was extracted from the hard exoskeleton and chopped using a razor blade in a Petri dish over ice 

in LB01 buffer to mince the tissue. All tissues in buffer had a standard added (Daphnia pulex or 

Drosophila melanogaster for crustaceans with genomes smaller than 1pg, Gallus domesticus for 
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medium-sized genomes (~1-7pg), and Oncorhynchus mykiss for medium-large (>7pg) genomes). 

The combined standard-unknown was filtered through a 30μm nylon mesh filter into a sample 

tube with 2μl (4µg/ml) RNase and 12μl (24µg/ml) propidium iodide added, then stained in the 

dark on ice for one hour and analyzed on an FC500 flow cytometer (Beckman-Coulter) using the 

same parameters as in Chapter 2 (Figure 3.1). 

Statistical Analyses 

All data included in statistical analyses in this chapter were novel and not combined with 

previously published data, as its reliability is unknown. The only exception is the case of 

Ostracoda, where we included unpublished data from Dr. Paul Hebert to increase our 

Podocopida dataset. A variance components analysis (nested ANOVA) was conducted in 

Statgraphics 5.1 using a nested model of each taxonomic level to determine which level contains 

the most variance in genome size. All other analyses were performed in R version 2.15.1 and 

3.1.2 (R Core Team 2012) using RStudio. Shapiro tests for normality were conducted on each 

dataset in R. When data were not normally distributed, they were transformed using log-, square 

root, or reciprocal transformation, and if transformation did not normalize the data, 

nonparametric tests were used. All values in brackets are reported as mean ± standard deviation.  

Body sizes were measured as the total maximum length of branchiopods and ostracods 

from a minimum of 5 specimens, many of which were taken from BIN pages in BOLD. 

Cyclopoid prosome length was provided by Dr. Maria Holynska. Body size was measured as 

carapace width in true crabs and some anomurans, or as maximum length in amphipods, isopods, 

crayfish and kin, hermit crabs, and shrimps. Body sizes of many malacostracans were taken from 

the literature and textbooks, as well as species keys and some original species descriptions. 
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Phylogenies were either constructed using available gene data or taken from the literature 

and in most cases, combined from various published sources in Mesquite v. 3.02 (Maddison and 

Maddison 2011) to the order level and below. When possible, phylogenies were taken from the 

literature that used multiple molecular (nuclear and mitochondrial) markers. These constructed 

phylogenies were exported for phylogenetic analyses in R. These included using the ape package 

(Paradis et al. 2004) to calculate phylogenetic independent contrasts between genome size and 

body size (PICS, Felsenstein 1985). Branch lengths were set to 1 if these data were not available 

from the published source. Genome sizes were mapped onto phylogenies in R using the 

contMap function in phytools which uses maximum likelihood estimation to map continuous 

character traits on a phylogeny (Revell 2012).  

Habitat and climate were compared using one- and two-way ANOVAs to accommodate 

the interaction between these two variables. Habitat was subdivided into freshwater and marine 

categories, while climate was subdivided into polar, temperate, and tropical categories. A 

phylogenetic ANOVA at the family level was conducted to account for phylogeny as a 

confounding variable in this analysis.  

Results and Discussion 

Genome Size Variation and Correlations with Life History by Taxon 

My first goal for this chapter was to double the number of genome size estimates in the 

Animal Genome Size Database (AGSD). Prior to any data in this thesis, 318 published estimates 

existed representing 283 species of crustaceans. Here, I estimated genome size for 401 species 

and BINs representing 357 new estimates for species not already represented in the AGSD. An 

initial variance components analysis on all the genome size data showed that the highest variance 
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in genome size occurs at the class level (28.85%), followed by the family level (27.47%), and 

was lowest among orders (Table 3.1).  

However, the results, including mean genome size, range and correlations are broken 

down and discussed by meaningful biological groupings below. In some cases, this group is the 

class or order, and in other cases, different infraorders (e.g. Anomura and Brachyura, the hermit 

crabs and true crabs), families, or species groups depending on the number of species and 

important biological information (phylogeny, developmental mode, body size data availability) 

obtained for that taxon. Higher-level analyses at the order and class level were also undertaken. 

The only crustacean class where no specimens were obtained is the Cephalocarida.  

I) Remipedes 

The class Remipedia is one of six classes of crustacean proposed by Martin and Davis 

(2001), and living specimens were only recently discovered by Yager (1981). The Remipedia 

and the class Cephalocarida are the only two classes of crustacean with no published genome 

size estimates. Remipedes are an interesting group of eyeless, hermaphroditic crustaceans that 

live in anchialine caves in subtropical regions, including Australia, Mexico, and some Caribbean 

islands (Koenemann et al. 2007a, Neiber et al. 2011). Remipedes undergo indirect development, 

with a number of lecithotrophic naupliar and post-naupliar stages prior to reaching maturity 

(Koenemann et al. 2007b). According to the World Remipedia Database 

(www.marinespecies.org/remipedia) there are 24 recognized species in 7 families contained 

within 1 extant order (Nectiopoda). Remipedes are one of three crustacean classes - the others 

being Malacostraca (Burmester 2001) and some Ostracoda (Marxen et al. 2014) - that use 

hemocyanin as an oxygen transport protein, and similarities between hemocyanin sequences 

between Remipedia and Hexapoda (insects) suggests these are sister taxa, which are in turn sister 

http://www.marinespecies.org/remipedia
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to the Malacostraca, making crustaceans as a whole paraphyletic (Ertas et al. 2009; von Reumont 

et al. 2012).  

Only 2 specimens representing 2 species from 2 genera and 2 families were obtained for 

this study due to the difficulty in collecting these crustaceans. Godzillignomus sp. in the family 

Godzillidae had a genome size of 12.56pg and Speleonectes c.f. tulumensis in the family 

Speleonectidae had a genome size of 7.95pg. Both estimates were obtained from dissecting 

appendages from whole specimens in 95% ethanol using FIAD.  

These data represent genome size estimates for 8% of known extant species, and while 

their genomes are 2-3 times larger than the human genome, they are not remarkably large for the 

Crustacea. As defined by Dufesne and Jeffery (2011) Godzillignomus sp. has a “large” genome 

(>10pg), though there are many crustaceans with genome sizes larger than this, particularly in 

the malacostracan orders Decapoda, Stomatopoda and Amphipoda as explored in the below 

sections. Further investigation of genome size and genome sequencing of these enigmatic 

animals will likely yield some interesting genomic characteristics.  

II) Water Fleas, Fairy Shrimp, and Tadpole Shrimp 

The class Branchiopoda is diverse both morphologically and in terms of species number, 

with the majority of species living in freshwater. The orders investigated here include the 

Anostraca (fairy and brine shrimp), Notostraca (tadpole shrimp), and Diplostraca (water fleas 

and clam shrimp), though Diplostraca may be paraphyletic (Spears and Abele 2000) or 

polyphyletic (Braband et al. 2002). A phylogeny of these orders was constructed in Mesquite 

using molecular phylogenies from Spears and Abele (2000), Braband et al. (2002), Weekers et 

al. (2002), deWaard et al. (2006), and Stenderup et al. (2006) (Figure 3.1).  
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Diplostraca 

The order Diplostraca contains the suborders Cladocera, Laevicaudata and Spinicaudata. 

The Cladocera are known as the water fleas and are highly diverse, consisting of the infraorders 

Anomopoda, Ctenopoda, Haplopoda and Onychopoda, all of which are represented with GS 

estimates here. Cladocerans in particular have high cryptic diversity, and as such many of the 

specimens here underwent DNA barcoding. Cryptic diversity was discovered in many common 

genera, including Simocephalus, Polyphemus, Eurycercus and Chydorus (Jeffery et al. 2011). GS 

estimates are provided for each species with a provisional DNA barcoding identification code. 

The total range in genome size within Diplostraca ranged from 0.10±0.01pg in an unnamed clam 

shrimp from the suborder Spinicaudata to 0.56±0.02pg in Daphnia tenebrosa (Figure 3.1). This 

is similar to the range of published values in the AGSD (0.21-0.63pg).  

Within “water fleas” (suborder Cladocera) I estimated genome size for 5 marine species 

from 3 genera and 28 freshwater species from 14 genera. The average marine cladoceran genome 

size is 0.17±0.03pg. The average freshwater cladoceran genome size is 0.23±0.02pg. While 

marine species have slightly smaller genomes than freshwater cladocerans, the large difference 

in sample size may be the cause of the smaller average in marine species rather than any real 

substantial differences.  

The Anostraca, also known as fairy or brine shrimp, are the largest-bodied branchiopods 

and may reach up to 18cm in length in the species Branchinecta gigas (Boudrias and Pires 

2002). Like the Notostraca, anostracans are often inhabit temperate, subpolar, and tropical 

ephemeral pools. I estimated genome size for 7 species of anostracans from 4 families, which 
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range from 0.55±0.008pg in Thamnocephalus platyurus to 2.33±0.04pg in Branchinecta 

paludosa (Figure 3.1).  

The genome sizes within the Notostraca, commonly known as tadpole shrimp, are among 

the smallest of the branchiopods, despite their large body size. I obtained estimates for 6 species, 

5 in the genus Triops from commercial sources and 1 in the genus Lepidurus from near Resolute 

Bay, Canada. Estimates ranged from 0.09±0.005 in Lepidurus arcticus to 0.16±0.01pg in Triops 

australiensis using FCM. The other 4 species of Triops each had a genome size of 0.10pg. The 

estimate for L. arcticus makes this the smallest known crustacean genome. It is interesting to 

note that chromosome numbers are consistent among species of Lepidurus and Triops (n=4 or 5 

(Lonhurst 1955) or n=6 (Goldschmidt 1953, Trentini 1976)), but T. australiensis has 1 more 

chromosome than other species of Triops, which can explain its slightly larger genome size.  

Within branchiopods body length did not correlate with genome size (r
2
=0.02, p=0.39, 

n=50). Shapiro tests for normality showed that genome size and body size were not normally 

distributed (p<0.0001 and p<0.0004 respectively). Transforming the data did not normalize it 

using any transformation. A Spearman rank correlation showed no relationship between genome 

size or body size (r
2
=0.05, p=0.13). PICs of genome size and body size using my reconstructed 

phylogeny still showed no relationship between genome size and body size (r
2
=0.006, p=0.59, 

n=49) (Figure 3.2).  

Development in branchiopods is somewhat complicated, with most cladocerans 

reproducing parthenogenetically for most of their life and developing directly into adults. During 

the autumn or dry seasons males will hatch and sexual reproduction will occur, producing resting 

eggs called ephippia that are desiccation resistant and can lie dormant for hundreds of years if 
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need be. Leptodora kindtii is an exception, as its asexual eggs develop directly into miniature 

adults, but its resting eggs hatch as metanauplii and undergo indirect development (Olesen 

2004). Anostracans, clam shrimps and notostracans undergo indirect development, with 22 

instars in the fairy shrimp Branchinecta and at least 5-7 instars in Triops, while clam shrimps 

have 2-4 larval stages before maturity (Olesen 2004).  

Of the 50 species of branchiopod collected, 34 of them, including all Cladocera, undergo 

direct development while the other 16 species undergo multiple larval stages before they reach 

their adult form. Direct developers had a mean genome size of 0.22±0.02pg while indirect 

developers had a larger genome size of 0.56±0.17pg, though indirect developers also included 

both the smallest (notostracans, 0.09-0.16pg) and largest genomes (anostracans, 0.55-2.33pg) 

while direct developing cladocerans exhibited the middle of this range. The values between 

direct and indirect developers did not differ significantly using a 2-tailed t-test (p=0.07) or a 

Wilcoxon rank sum test (p=0.91) to account for differences in sample size and normality.  

III) Ostracods
2
 

Ostracods (seed shrimps) from the orders Myodocopida and Podocopida were obtained. 

There are more than 20,000 species of living ostracods (Horne et al. 2002), and over 2000 

freshwater ostracods, all of which belong to Podocopida (Martens et al. 2008). The order 

Myodocopida contains entirely marine species and is less diverse than Podocopida. Ostracods 

may also be entirely sexual, asexual, or contain different populations of both (Schön et al. 2003, 

Martens et al. 2008). Myodocopids also differ from podocopids in that they all brood their 

young, while most podocopids deposit eggs into the substrate (Cohen and Morin 1990). It is 

                                                           
2
 Section to be published as Jeffery et al. (2015, in prep.) 
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likely that marine ostracods invaded non-marine habitats as early as the Devonian (~400mya), 

though different lineages colonized these habitats at different periods throughout time (Martens 

et al. 2008). The two lineages split approximately 480 million years ago, with the myodocopid 

lineage arising more recently than podocopids, which may be >500 million years old (Gabbot et 

al. 2003, Tinn and Oakley 2008). 

I estimated genome size for 7 species collected in Ontario, Manitoba, Nevada, and 

Alaska, and 24 species were provided by Emily Ellis from the University of Santa Barbara which 

were collected from freshwater and marine localities in California and Lizard Island, Australia 

(Australian Museum loan number MI2013059). Genome size estimates are new for 29 of these 

31 species and include the first estimates for non-podocopid ostracods. These data were 

supplemented with 17 species estimates in the AGSD by Paul Hebert (unpublished), two of 

which I also collected and estimated genome size. In total, the dataset included 14 myodocopids 

and 32 podocopids, 6 of which could not be identified to family level. We investigated the 

relationship between genome size and body size, habitat and clade richness, and overall 

differences between the two investigated orders. We constructed a genus-level phylogeny using 

available 18S gene data (see Supplemental Table S3.X for GenBank accession numbers) and the 

Galaxy computing platform Osiris (Oakley et al. 2014) using a General Time Reversible with 

gamma distribution (GTR+G) nucleotide evolution model. We averaged species’ genome size 

estimates per available genus onto the tips of the phylogeny which had 16 genera and high 

support for monophyletic Myodocopida and Podcopida (Figure 3.3). 

Overall genome sizes within Ostracoda ranged ~80-fold from 0.11±0.003pg in 

Xestoleberis sp. to 8.98±0.14pg in Asteropterygion climax. The myodocopids had larger genome 

sizes on average (3.81±0.51pg) than the podocopids (0.82±0.11pg), but podocopids had a higher 
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coefficient of variation relative to the myodocopids (0.736 vs. 0.498 respectively). Within 

Podocopida, marine species had smaller genomes than freshwater species (0.37 and 0.97pg 

respectively), though we have estimates for only 7 marine species of the 32 podocopids analyzed 

and are cautious about this direct comparison. We also examined differences between males and 

females for 3 myodocopid species, and determined the male estimate was always slightly smaller 

than the female estimate. This small difference may be due to males lacking a sex-specific 

chromosome relative to females in these species (Moguilevsky 1990, Rivera and Oakley 2009). 

A linear regression of body size (measured as carapace length) versus genome size for 41 

of 46 species revealed a significant positive relationship (r
2
=0.48, p<0.0005). We then conducted 

a non-phylogenetically corrected linear regression of average values for 15 of the 16 genera on 

the reconstructed phylogeny and revealed a significant positive correlation (r
2
=0.85, p<0.00008). 

Phylogenetic independent contrasts for these same 15 genera still showed a significant positive 

correlation between genome size and body size (r
2
=0.66, p=0.0002) (Figure 3.4).  

IV) Maxillopods 

The class Maxillopoda is characterized primarily by having a reduced abdomen but no 

truly unifying features and is likely polyphyletic. Nevertheless it remains a useful functional 

category based on morphology and includes the subclasses Copepoda, Thecostraca (barnacles), 

and Mystacocarida which are discussed individually below.  

Barnacles 

Ten species of barnacles (infraclass Cirripedia) were obtained, including 4 stalked 

barnacles (order Pedunculata) and 6 species of acorn barnacles (order Sessilia). The entire range 

of genome sizes was contained within the Pedunculata, from 0.75pg in Pollicipes polymerus to 
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3.13pg in an unknown pedunculate species from southern Argentina. The acorn barnacles had a 

more conserved range of 1.11pg in Balanus glandula to 1.98pg in B. nubilus which is a solitary 

species and the largest barnacle in the world with a diameter >15cm (Lamb and Hanby 2005).  

Body size was measured as the maximum width of the base of the acorn barnacles and as 

the maximum length of the capitulum in pedunculate barnacles or was taken from the literature. 

Log-transformed body size and genome size were normally distributed (p=0.85 and p=0.48 

respectively). The maximum likelihood phylogeny by Harris et al. (2000) was used for PICs 

(Figure 3.5). Only 6 species I obtained were a part of this phylogeny, which was reconstructed in 

Mesquite, and all branch lengths were set to 1. PICs for a regression of log-transformed body 

size (mm) versus log genome size (pg) revealed a positive but non-significant relationship 

(r
2
=0.46, p=0.14, n=5) (Figure 3.6).  

Copepods 

 Copepods in the orders Calanoida, Cyclopoida, Harpacticoida and Siphonostomatoida 

were collected in the field or obtained from collaborators. This included 14 species of calanoids, 

17 species of cyclopoids, 7 putative species of harpacticoids (assigned BINs from DNA 

barcoding) and 1 siphonostomatoid. All cyclopoids collected were from freshwater, while all 

harpacticoids were marine. Calanoids were from both marine and freshwater locations. Within 

Copepods overall, genome sizes ranged from 0.17pg in an unknown harpacticoid species to 

5.49±0.03pg in the calanoid Heterocope septentrionalis which is very similar to the estimate of 

Gregory et al. (2000). The known range of genome size in copepods including published values 

is 0.10pg in the cyclopoid Cyclopina agilis (Rasch and Wyngaard 2006) to 12.46pg in the 

calanoid Calanus hyperboreus (McLaren et al. 1988).  
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Cyclopoid copepod genome sizes ranged from 0.30±0.09pg to 2.84pg all within the 

single family Cyclopidae (n=17), though one species remains unidentified (BIN AAG5168). The 

average cyclopoid genome size was 1.23±0.20pg. Calanoid copepods (n=14 from 6 families) 

ranged from 0.67±0.03pg to 5.49±0.03pg with an average of 1.63±0.42pg. Genome size did not 

correlate with prosome length (provided by Dr. Maria Holynska) in cyclopoid copepods (r
2
=0.16 

p=0.20, n=12).  Correlations with body size were not conducted on calanoids as reliable body 

sizes could not be obtained; however, numerous previous studies have revealed positive 

correlations between genome size and body size in both calanoid and cyclopoid copepods (e.g. 

McLaren et al. 1988, Gregory et al. 2000, Wyngaard et al. 2005). 

A collaborative study with James Vaillant and Dr. Melania Cristescu at Windsor University 

studied genome size diversity of calanoid copepods from 3 ancient lake systems in Sulawesi, 

Indonesia. In copepods polyteny has been determined to be a source of cryptic speciation, and so 

the genome size of each species was investigated along with morphological and genetic data to 

study the evolution of copepods in these lakes (McLaren et al. 1966). Genome sizes are reported 

in Table 3.2 and it was revealed that genome size was not significantly different in the 

interconnected Malili lakes (Matano, Mahalona and Towuti) which eliminated genome size 

variation as a source of cryptic species (Vaillant et al. 2013).  

One notable genome size similarity between this thesis and the literature is that of the 

invasive calanoid Eurytemora affinis which has been successful establishing in North America, 

Asia and Europe. Predominantly an estuarine species, E. affinis has invaded freshwater lakes 

many times independently, and my specimens were collected by plankton tows in Lake Erie, 

Ontario. Rasch et al. (2004) estimated the genome size of E. affinis using FIAD, finding it to be 

0.6-0.7pg, and my estimate is 0.63pg. Rasch et al. (2004) suggest that with this small genome 



92 
 

size (within calanoids) and absence of chromatin diminution make this species an excellent 

model for the study of genome adaptation for freshwater invasions.  

Only one published GS estimate for a harpacticoid copepod exists which is for the 

species Tigriopus californicus, and it is relatively small with a haploid value of 0.25pg 

(Wyngaard and Rasch 2000). I used DNA barcoding to assign BINs to collected harpacticoids, 

and discovered 12 BINs on a NJ tree with 3 putative species not being assigned BINs due to 

short sequences. Of these 15 lineages I obtained a genome size estimate for 7 due to low tissue 

availability after barcoding. Estimates ranged from 0.17 to 0.91pg (n=1 for both cases) with a 

mean value of 0.37±0.10pg (Figure 3.7). This makes harpacticoids the group of copepods with 

the smallest known genome sizes.  

Genome size correlated positively with body size in harpacticoids without phylogenetic 

correction or log-transformation (r
2
=0.79, p=0.007), though Shapiro tests for normality 

suggested that genome size and body size are not normally distributed in these 7 taxa (p=0.01 

and p=0.0004 respectively). Log-transformation of the data gave genome size a normal 

distribution (p=0.29) but not body size (p=0.001). The relationship between genome size and 

body size was still significantly positive after log-transformation (r
2
=0.61, p=0.04). However, 

this appears strongly driven by the single specimen with a genome size and body size larger than 

all others (Figure 3.8).  

I also estimated the genome size for one copepod in the order Siphonostomatoida, which 

consists of mostly ectoparasitic species; the species here is commonly found on salmon. Using 

FCM, I estimated the genome size of Lepeophtheirus salmonis to be 0.96±0.05pg. The genome 
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size estimates of this copepod are highly variable (Wyngaard, Pers. Comm. and see Gregory 

2015 estimate), which may be due to cryptic species or potentially polyploid lineages. 

 

Mystacocarida 

A single species of Mystacocarida was obtained for this project. Mystacocarida are 

minute crustaceans typically observed living between sand grains in benthic marine habitats. 

They are the only entirely free-living group of maxillopods and are normally considered the 

sister-taxon to Copepoda, though as previously mentioned the Maxillopoda phylogeny is 

complicated at best (Ho 1990). There are only 13 known species of Mystacocarida according to 

WoRMS within 2 genera. The species Derocheilocaris typica was obtained and whole-body 

smears were prepared for FIAD. As the specimens were <1mm in length, multiple specimens 

were used per slide, but provided more than enough nuclei for an adequate analysis. The genome 

size estimate using FIAD for D. typica is 0.15±0.03 pg. Whether all of these tiny crustaceans will 

have tiny genomes such as this remains to be seen in future work.  

V) Malacostracans 

Malacostraca is the most diverse class of crustaceans in terms of number of described 

species as well as morphological variation. This group includes many of the more familiar 

crustaceans, including crabs and shrimps, as well as many unfamiliar and less diverse orders. 

Typically divided into the Leptostraca + Eumalacostraca, Eumalacostraca is then divided further 

into Syncarida (Anaspidacea+Bathynellacea, no specimens included in this thesis), Peracarida 

(brooding malacostracans including Amphipoda, Isopoda, Cumacea, Mysida, and a variety of 

smaller orders), Hoplocarida (Stomatopoda), and Eucarida (Decapoda+Euphausiacea) (Richter 
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and Scholtz 2001; Jenner et al. 2009). I estimated genome size for 270 species of Malaostraca, 

which have an average genome size of 8.82±0.53pg. The orders within each of these superorders 

will be investigated individually below. 

Amphipods 

Amphipods are laterally compressed peracarid malacostracans common at temperate and 

polar latitudes in freshwater, marine and terrestrial habitats (Väinölä et al. 2008). As with all 

peracarids, amphipods brood young which undergo direct development into miniature adults, 

after where they typically settle to the bottom for a benthic lifestyle. Amphipods show a wide 

range of body sizes that are positively correlated with latitude, but do not differ between related 

marine, terrestrial or freshwater species (Poulin and Hamilton 1995). I reconstructed a family-

level phylogeny with the stomatopod Squilla empusa as the outgroup which was based on the 

phylogenies of Kim and Kim (1993) and Englisch et al. (2003) as these are the best available 

phylogenies for the data I have. An additional species-level phylogeny was constructed using 

transcriptome data for 33 of the species collected from Lake Baikal including Gammarus 

lacustris as the outgroup (Naumenko et al. in prep.). Maximum body sizes were taken from the 

literature. Many of these measures are from Bazikalova (1945), Węsławski et al. (2010) and 

Hessen and Persson (2009) supplementary files. 

I estimated genome size for 94 species of amphipods from a wide variety of habitats, not 

counting the provisional species of Hyalella discussed in a separate study in Chapter 4. The 

average genome size for these species is 7.75±1.06pg. Estimates range from 0.52 in Hyalella 

muerta to 62.17pg in an unknown large amphipod from the Southern Ocean, showing nearly 
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120-fold variation within amphipods. This nearly matches the 27 published estimates in the 

AGSD, which range from 0.68 to 64.62pg.  

I examined the relationship between genome size and body size across 83 species of 

amphipods without phylogenetic correction (Figure 3.9). Initially, Shapiro tests for normality 

showed that genome size and body size differed significantly from a normal distribution 

(p<0.0009, p<0.0002 respectively). Log-transformation of the data still showed that genome size 

differed from a normal distribution (p=0.02) but body size did not (p=0.54). Other data 

transformations did not yield a normal distribution for genome size or body size. A Pearson 

correlation of non-transformed data showed no relationship between genome size and body size 

(r
2
=0.09, p=0.007), but a regression of log-transformed data showed a positive relationship 

(r
2
=0.23, p<0.0003). The above-mentioned reconstructed phylogeny had averaged data for 11 

families of amphipods, and no relationship existed between log-transformed genome size and 

body size values across these families (r
2
=0.20, p=0.17), including after phylogenetic 

independent contrasts were calculated (r
2
=0.06, p=0.51, n=10).  

51 species collected were from freshwater and 43 were from marine habitats. Genome 

sizes were not normally distributed for freshwater (p=0.00002) or marine (p<0.00006) species. A 

2-way Welch’s t-test on non-transformed data with unequal variance indicated that marine 

species had a significantly higher mean genome size than freshwater species (10.40±2.21pg 

versus 5.51±0.42pg respectively, p=0.035).  

36 species of the 94 amphipods were from Lake Baikal, Russia, which is the world’s 

oldest (~30 million years) and largest freshwater lake by volume and contains >350 endemic 

species of amphipods. Thus, the present study captured approximately 10% of the species 
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diversity of this lake (Rivarola-Duarte et al. 2014). Genome sizes ranged from 2.15 to 16.63pg, 

resulting in ~8-fold variation in GS. A non-phylogenetically corrected linear regression of FIAD 

genome size versus maximum body length yielded a significant positive relationship between the 

two parameters (r
2
=0.406, p<0.0005) and a regression of genome size and maximum depth 

yielded a significant positive relationship (r
2
=0.33, p=0.0003). PICs revealed a positive, 

significant correlation between genome size and body size (r
2
=0.42, p<0.0003 non-transformed; 

r
2
=0.33, p<0.0005 log-transformed) and between genome size and maximum depth (r

2
=0.32, 

p<0.0005 non-transformed; r
2
=0.39, p<0.0007 log-transformed) (Figure 3.10). This suggests a 

potential relationship between these 3 variables, and possibly shows that changes in genome size 

followed or lead to speciation as these amphipods colonized different depths in the lake with 

different selective pressures. One possible discrepancy exists in the literature. Our estimate for 

Eulimnogammarus verrucosus ranged from 6.10 to 7.13pg which was the largest difference 

between the FIAD and FCM estimates In comparison, Rivarola-Duarte et al. (2014) estimated 

the GS of E. verrucosus to be nearly 10Gb using k-mer estimation based on paired-end 

sequencing which is nearly double my estimate using FIAD. This is 3-4 billion base pairs larger 

than my estimate, and though k-mer estimation is often used to estimate genome size when using 

next-generation sequencing, it has yet to be shown to be an accurate estimator relative to flow 

cytometry and FIAD.  

The model amphipod Parhyale hawaiensis has had large portions of its genome 

sequenced recently. A bacterial artificial chromosome (BAC) library has recently been created 

(Parchem et al. 2010) as well as a transcriptome (Zeng et al. 2011), and it is suggested that this 

amphipod has large introns that may help account for a “large” genome size. I estimated the GS 

of P. hawaiensis at 3.05±0.03pg (2.98Gb as cited in Zeng et al. 2011) which is slightly lower 
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than the estimate in Parchem et al. (2010) of 3.60Gb. However, this human-sized genome makes 

this amphipod a good candidate for a robust whole genome sequencing project. 

Isopods 

 Isopods (Isopoda) are dorso-ventrally flattened peracaridans that inhabit marine, 

terrestrial, and freshwater habitats. Isopods are also the most successful example of crustaceans 

that have invaded a terrestrial habitat. There are more than 10,300 described species, of which 

nearly 4000 are terrestrial (Schmalfuss 2003, Wilson 2008) but only ~950 are freshwater (Wilson 

2008). Marine isopods appear to have arisen in the Carboniferous (Schram 1974), whereas 

freshwater isopods invaded this habitat independently multiple times, at least as early as the 

Triassic (Wilson 2008). Terrestrial isopod fossils have been discovered from as early as the 

Cretaceous, and isopods likely transitioned to this kind of habitat through a supralittoral ancestor, 

similar to extant species of the genus Ligia which live at the upper limit of the intertidal zone 

(Broly et al. 2013 and references therein).  

 I estimated GS for 21 species, including 5 terrestrial species, (6 if the marine high tide 

species Ligia pallasii is included), 1 freshwater species and 15 marine species including 5 

species from 2 families that are parasites of marine decapods. Genome sizes in isopods ranged 

from 0.40±0.01 in Portunion conformis to 32.14±0.54pg in an unknown serolid showing 

approximately 80-fold variation in size. The average isopod genome size was 7.59±1.94pg. 

Parasitic marine species had the smallest genomes (mean 0.99±0.50pg), while the largest 

genomes were observed in marine, Antarctic species. Terrestrial isopods had a mean GS of 

5.53±1.28pg, ranging from 1.70±0.04pg in Armadillidium vulgare to 10.83±0.23pg in Oniscus 

asellus. If L. pallasii is excluded the mean terrestrial value is 5.79±1.40pg. The only freshwater 
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species Caecidotea sp. BIN AAC7342 had a genome size of 2.83±0.06pg which is larger than 

two unpublished records for this genus. The average genome size for 15 marine species, 

including the semi-terrestrial L. pallasii and the 5 parasitic species is 8.53±2.66pg, and without 

the parasitic species is 12.30±3.42pg. The average genome size for the 5 marine parasitic species 

is 0.99±0.22pg.  

 I obtained body sizes for 12 species from the literature. Shapiro tests for normality 

showed that genome size is normally distributed (p=0.93) but body size was not (p=0.0003). 

There was no relationship between genome size and body size (r
2
=0.11, p=0.29 non-transformed; 

r
2
=0.05, p=0.48 log-transformed, Figure 3.11). A phylogeny reconstructed from Brusca and 

Wilson (1991) for 5 families and suborders of isopods was used to calculate PICs on log-

transformed data but no relationship was observed at this higher taxonomic level (r
2
=0.08, 

p=0.64, n=4).  

Hooded Shrimps and Opossum Shrimps 

Hooded shrimps (order Cumacea) and opossum shrimps (order Mysida) are also 

members of Peracarida, meaning that they brood their young (Wittman 1999). Cumaceans are 

benthic species that are at higher diversity at greater depths, and tend to show endemism in 

certain regions of the deep ocean (Jones and Sanders 1972). 

Two species of cumaceans were obtained, with the genome size of the species in the 

family Diastylidae from Hudson Bay having a genome size of 15.66pg (FCM) or 16.85pg 

(FIAD), and the smaller species (BIN AAN6231) from an unknown family collected from 

Vancouver Island, with a small genome size of only 0.82±0.002pg (FIAD). These two species 

alone show ~20 fold variation in genome size. While no rigorous comparisons can be made with 
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only two species, it is interesting to note that the species with the larger GS also has a larger 

body size and was collected from a higher latitude relative to the unknown species with a small 

GS.  

Three species of opossum shrimps (order Mysida) were collected. These included the 

arctic species Mysis mixta and 2 unknown mysids; BIN ABA9903 from the Pacific Ocean off the 

coast of Vancouver Island, and a larger species with no assigned BIN from near St. Andrews, 

New Brunswick. Genome sizes ranged from 3.44±0.05pg in BIN ABA9903 to 12.64±0.05pg in 

the larger species from New Brunswick. M. mixta had an intermediate GS of 6.31±0.08pg. This 

shows nearly 4-fold variation within just these 3 species of mysids, and while the smallest GS 

was observed in the smallest species and the largest GS was detected in the largest species, no 

biological conclusions can be reached with such a small sample size.  

Krill
3
  

GS estimates were obtained for 6 of approximately 80 species (8%) of krill (order 

Euphausiacea) which were provided by the British Antarctic Survey (BAS) and French Polar 

Institute (IPEV). Estimates ranged from 12.77±0.38pg in Thysanoessa sp. to 48.53±0.78pg in 

Euphausia superba using FCM, and from 12.52±0.27 to 48.96±1.57pg using FIAD. Genome size 

does not correlate with maximum body sizes in krill based on Baker et al. (1990) and body 

length measurements in the lab (FCM, r
2
=0.22, p=0.36, n=6; FIAD, r

2
=0.22, p=0.35, n=6, Figure 

3.13), though the largest species E. superba does also have the largest genome size. 

Like all Eucarida (Euphausiacea and Decapoda), krill have many larval stages that they 

must progress through to reach maturity. As such, large genome sizes might not be expected in 

                                                           
3
 Section published in Jeffery NW (2012) Polar Biology 35(6): 959-962 
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these species that undergo indirect development. These are some of the largest crustacean 

genomes, and are similar to shrimp in that they are the largest genomes in Malacostraca with 

numerous larval stages, and there is little to suggest why these genomes may be so large. 

However, previous studies have indicated that while chromosome counts are constrained across 

the species of krill (~11-20 chromosomes (Van Ngan et al. 1989, Thiriot-Quiévreux et al. 1998)), 

these chromosomes are uncommonly large (up to 10μm in Meganyctiphanes norvegica). The 

genome sizes in krill are larger than expected for species that need to transition through multiple 

larval stages rapidly in the water column to reach maturity and avoid predation from smaller 

fishes. 

Mantis Shrimps 

Mantis shrimps (order Stomatopoda) inhabit tropical and temperate marine regions 

around the world and are divided based on morphology into “spearers” and “smashers”. They are 

obligate carnivores and all are predatorial (Ahyong and Harling 2000). Stomatopods, like many 

malacostracans, live a benthic lifestyle as adults but have planktonic larvae through which they 

disperse (Barber and Boyce 2006). Stomatopod vision is highly unique and highly studied in the 

animal world as they have 8-channel colour vision and are able to see ultraviolet, linear- and 

circular-polarised light (Chiou et al. 2008). Ancestors of extant stomatopods diverged from other 

subclasses of Malacostraca in the Devonian, and today Stomatopoda is the only extant lineage of 

the malacostracan subclass Hoplocarida (Ahyong and Harling 2000).  

I estimated genome size for 13 species of stomatopods from six families using FIAD that 

ranged from 4.17pg in Squilla empusa to 13.05pg in Lysiosquillina maculata. “Spearers” did not 

have significantly different genome sizes than “smashers” (8.63±1.44, n=5 and 9.01±0.54pg n=8 
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respectively, p=0.78). Genome size did not correlate with body size across all 13 species 

(r
2
=0.09, p=0.32), and log-transformation of the data did not change this relationship (r

2
=0.002, 

p=0.89) (Figure 3.14). Phylogenetic independent contrasts were not conducted due to the lack of 

a reliable stomatopod phylogeny. Ahyong and Harling (2000) published a genus-level phylogeny 

for the stomatopods, but it only includes five genera for which I obtained genome size estimates.  

Prior to this study only two estimates existed for mantis shrimps in the AGSD. I 

estimated genome size independently for these two species and my estimates were both lower 

than the published values. S. empusa has a published GS of 5.95pg while P. ciliata has a 

published estimate of 10.20pg. My estimate for S. empusa is 4.17pg (35% lower) and my 

estimate for P. ciliata is 8.05pg (24% lower). Differences may be due to the cell types measured 

as Bachmann and Rheinsmith (1973) and Rheinsmith et al. (1974) used crushed whole bodies of 

their specimens, and do not specify which standards they used.  

Decapods 

 The order Decapoda contains some of the most familiar crustaceans, including crabs, 

lobsters, and shrimps. I estimated genome size for 130 species of decapods. This order is divided 

into 2 suborders – Pleocyemata which is divided into various infraorders including hermit crabs 

and kin (Anomura), true crabs (Brachyura), crayfish and lobsters (Astacidea), shrimps (Caridea), 

and mud shrimps (Thalassinidea), and the suborder Dendrobranchiata which includes prawns. 

These are explored separately in the below sections (De Grave et al. 2009). A decapod 

phylogeny of genera was constructed from Dixon et al. (2003), Ahyong and O’Meally (2004), 

and Tsang et al. (2008) (Figure 3.15).  
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 The average decapod genome size was 8.92±0.54pg across all infraorders. Body size 

correlations with genome size were investigated separately for each infraorder as sizes were 

measured differently per group. In crabs body size was measured as carapace width, while in 

crayfish total body length was used. In alpheid shrimps, carapace length was used as a measure 

of body size, and in anomuran crabs carapace length was used for hermit crabs, while carapace 

width was used for lithodid and porcelain crabs.  

Hermit, porcelain, and coconut crabs 

The decapod infraorder Anomura includes the squat lobsters, porcelain crabs, mole crabs, 

king crabs, and the hermit crabs and coconut crabs (Paguroidea). Anomurans are not true crabs, 

which are in the infraorder Brachyura, though they are sister taxa and do superficially resemble 

one another (Tsang et al. 2008).  

I estimated genome size for 22 species of anomurans, and also obtained estimates from 

three separate populations of the southern king crab Lithodes santolla. Overall anomuran 

genome sizes ranged from 0.97pg in a porcelain pea crab to 12.25±0.51pg in one population of 

L. santolla. These estimates also included genome sizes for 2 deep-sea squat lobsters, both of 

which are in the genus Munida. The genome size of Munida quadrispina is 2.55±0.08pg, while 

an unknown Munida sp. from Antarctica had a larger genome of 9.08±0.24pg, showing nearly 4-

fold range between 2 species in this genus.  There were slight differences (<10%) in genome size 

between three populations of L. santolla; the southern Argentina specimens had a genome size of 

11.91pg from haemolymph slides, while one population from Punta Arenas, Chile had a genome 

size of 11.88±0.28pg and another population from Puerto Montt, Chile, had a genome size of 

12.25±0.51pg using ethanol-preserved gills. Hermit crabs in the genus Pagurus (n=8 species) 

showed little variation, ranging from 7.34±0.18pg to 12.17pg with an average size of 
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8.65±0.54pg. The average anomuran genome size including all three populations of L. santolla is 

3.32±0.51pg (n=22). In general, porcelain crabs appear to have the smallest anomuran genome 

sizes, while lithodid crabs and hermit crabs have the largest genomes.  

The coconut crab Birgus latro (family Coenobitidae) is the largest extant terrestrial 

arthropod by mass and diameter and is the only member of the genus Birgus. It is distributed on 

islands in the Indian and Pacific Oceans but has disappeared from most of its historical range due 

to habitat destruction and being collected for food (Fletcher et al. 1990, Lavery et al. 1996). 

Allozyme analysis and mtDNA sequencing has revealed that each population of coconut crabs 

on different islands are genetically divergent through isolation by distance and exhibit little gene 

flow (Lavery et al. 1996). Haemolymph from one population on Christmas Island was collected 

by a collaborator and dried on slides initially for parasite analysis, but was then stained for 

FIAD. The genome size was estimated to be 5.16±0.14pg based on 8 slides, and is consistent 

with other anomuran genome sizes, but is not particularly large among the anomurans. 

Across hermit crabs and squat lobsters (families Diogenidae, Paguridae, Coenobitidae 

and Galatheidae), body size was measured or taken from the literature as total body length. 

Across 9 species genome size and body size did not correlate (r
2
=0.10, p=0.40, n=9), and log-

transformation of the data did not change this relationship (r
2
=0.22, p=0.20, n=9).  

True crabs 

True crabs are known as brachyurans and are considered to be monophyletic but contains 

different families that may be poly- or paraphyletic (Ahyong et al. 2007). There are over 7000 

known species of true crabs belonging to nearly 100 families which exhibit extreme 

morphological diversity (Ahyong et al. 2007, Tsang et al. 2014). There are over 1300 species of 

entirely freshwater crabs which undergo direct development as opposed to having larval stages, 
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though the majority of brachyurans live in brackish or marine habitats (Tsang et al. 2014). 

Brachyurans are diverse both in size and habitat, ranging from terrestrial habitats to deep polar 

oceans, and includes the largest crustaceans by leg span (the Japanese spider crab), or carapace 

width (the Tasmanian giant crab) (McClain and Boyer 2009).  

Brachyurans are extremely economically important as a fishery, as well as from an 

ecological standpoint due to the presence of many invasive species, including the European 

green crab, Chinese mitten crab, and Asian shore crab, which are well established on the east 

coast of North America (Griffen and Byers 2009).  

There are currently estimates for 38 species of brachyurans belonging to 10 different 

families in the AGSD ranging from 1.07pg in the green crab to 15.17pg in the velvet swimming 

crab (Gregory 2015). Here I estimated the GS for 26 species of brachyurans from 11 families. 

Genome sizes ranged from 1.25pg to 3.57±0.57pg, showing much more constraint than 

anomuran crabs from a similar number of species collected. The family Cancridae in particular 

shows a high degree of constraint across 6 species sampled, showing only 1.33-fold range (1.25-

1.67pg). The average brachyuran genome size is 2.44±0.15pg.  

For 25 species of true crabs, genome size was normally distributed (p=0.07) while log-

transformed body size data were also normally distributed (p=0.10); however both genome size 

and body size were log-transformed for consistency. There was a significant negative 

relationship between log genome size and log body size (r
2
=0.21, p=0.02; Figure 3.16). It is not 

known why a negative correlation between genome size and body size exists; it is possible that 

larger species are under selection for some other factor that has constrained genome size, such as 
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cell division or metabolic rate, or that this relationship is simply the result of these specific 

species and may not hold true across a larger sample size. 

Mud Shrimps 

Mud shrimps in the infraorder Thalassinidea are considered the sister clade to “crabs” 

(Brachyura+Anomura) and are likely a paraphyletic group (De Grave et al. 2009). Currently, this 

former infraorder is divided into Axiidea and Gebiidea (De Grave et al. 2009, Robles et al. 

2009).  

I estimated genome size for one species of mud shrimp, Upogebia cf. major (Gebiidea) 

using haemolymph and FIAD. Its genome size is 3.65±0.16pg (n=3). This genome size is similar 

to the average anomuran genome size observed here and smaller than the average brachyuran 

genome size. 

Crayfish and Lobsters 

The families Astacidae and Cambaridae, along with the family Parastacidae make up the 

freshwater crayfish of the world. These are monophyletic assemblages that inhabit the northern 

hemisphere (Astacidae+Cambaridae) and the southern hemisphere (Parastacidae) (Crandall and 

Buhay 2008). I estimated genome sizes for 10 species of crayfish, including 7 from Cambaridae 

and 3 species of Astacidae. 

The astacids had a substantially larger GS relative to the cambarids (17.19±1.59pg versus 

6.58±1.08pg, respectively). The total range in genome size for crayfish examined here was from 

5.37±0.11pg in Orconectes propinquus to 19.64pg in Astacus astacus. Chromosome number 

does not appear to play a role in differences in genome size, as Astacus astacus has fewer 
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chromosomes (2n=176, Mlinarec et al. 2011) than Orconectes virilis (2n=200, Fasten 1914) 

despite having a genome size more than twice the size (19.64 versus ~4.69pg respectively, 

Gregory unpublished). Despite the small sample size of n=3 versus n=7, it appears that genome 

size may be phylogenetically conserved as all 3 astacids have genomes at least twice as large as 

the average cambarid size. 

One species of crayfish known as “Marmorkrebs”, which may be a variant of 

Procambarus fallax, is the only known parthenogenetic decapod (Scholtz et al. 2003).  

Phylogenetically and morphologically it groups with P. fallax but may be its own unique species. 

This species has a somewhat small genome size for a crayfish (5.87±0.11pg) which may make it 

suitable for an upcoming genome sequencing project to better understand the evolution of 

parthenogenesis in this single species.  

One true lobster (Homarus americanus) had its genome size estimated as well. I 

estimated its genome size to be 3.97±0.18pg using FCM, and 3.13±0.13pg using FIAD. This is 

substantially lower than the published value of 4.75pg (Deiana et al. 1999) who used antennal 

gland and American eel as the standard species, which may account for some difference.  

Body size did not correlate with genome size in 7 species with body size measurements 

(r
2
=0.18, p=0.34). Shapiro tests for normality showed that genome size was normally distributed 

(p=0.23) but body size was not (p<0.0005); however, transformation of the data did not 

normalize body size measures and did not change the lack of relationship between these 

variables. Therefore a Spearman rank correlation was conducted, which still revealed no 

relationship between genome size and body size (r
2
=0.03, p=0.69).  

Shrimps 
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 The true shrimps (Caridea) are highly diverse decapods common in marine and 

freshwater habitats, from hydrothermal vents to the polar oceans and coral reefs to temperate 

freshwater lakes. Here, I estimated genome size for 70 species of shrimps including 52 species of 

alpheid shrimps; 42 of these are from Caribbean Synalpheus snapping shrimp, and 10 are from 

the genus Alpheus. Synalpheus now represents the best-sampled crustacean genus, accounting for 

nearly one-third of its 150 described species.  

 Overall, shrimp genome sizes ranged from 4.25±0.08pg in the Hawaiian volcano shrimp 

(see section below) to 31.75±0.89pg in the freshwater shrimp Macrobrachium assamense. 

Freshwater species from the families Palaemonidae (n=3) and Atyidae (n=1) had an average 

genome size of 19.67±5.81pg. The average marine shrimp genome size is 11.52±0.66pg (n=66). 

A single species from deep-sea hydrothermal vents was also obtained (Opaepele loihi), and it has 

a large genome size of 13.65±0.37pg that is similar to other species in the family 

Alvinocarididae (Dixon et al. 2001, Bonnivard et al. 2008).  

Hawaiian volcano shrimp, Halocaridina rubra complex.  

Halocaridina rubra (Atyidae), the volcano shrimp or ‘tiny red shrimp’ is endemic to the 

Hawaiian islands and lives in anchialine caves, which are defined as caves or pools with 

subterranean connections to the ocean and contain a layer of freshwater exposed to the air sitting 

on top of haline waters that also fluctuate with tides (Holthuis 1973, Santos 2006). The Hawaiian 

Islands have the largest concentration of anchialine environments in the world, containing 

numerous endemic molluscs and other crustaceans. H. rubra are small shrimps that graze on 

algae and are restricted entirely to the hypogeal environment of anchialine caves. Studies have 

shown that populations of these shrimp separated by >30km are genetically isolated and exhibit 
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no gene flow (Santos 2006) and that evolutionary diversification is the result of population 

fragmentation and isolation and molecular divergence is proceeding at 20% per million years in 

the mitochondrial gene COI (Craft et al. 2008). H. rubra is separated into 13 distinct genetic 

groups contained within 8 main lineages that are nearly 10% divergent in their mitochondrial 

DNA (Craft et al. 2008). As some species complexes have been revealed to be the product of 

possible polyploidization events, I estimated genome sizes for all 8 lineages of this species. 

Genome sizes of H. rubra ranged from 4.02pg in the West and East Hawai’i lineages to 

4.62 in the East Maui lineage, with an average genome size of 4.25 ± 0.07pg across all 8 lineages 

(Table 3.3). Despite relatively low variation, an ANOVA revealed a significant difference in 

genome size between the groups (F(7,24)=4.65, p=0.002) and a Tukey HSD test showed 

significant differences between the lineages WC-HILO, WC-HM, and WC-KONA (Figure 3.17). 

These values are relatively consistent with Bachman and Rheinsmith’s (1973) estimate for H. 

rubra of 4.70pg, though it is unknown which lineage they used. As this species complex is 

relatively young since the island of Hawai’i is estimated to be only 430,000 years old (Carson 

and Clague 1995), it is likely that these lineages diverged through population isolation followed 

by accelerated COI gene divergence, leading to these 8 lineages through isolation by distance, 

and polyploidy is apparently absent.  

Another common atyid, Neocaridina heteropoda¸or the cherry red shrimp, is a freshwater 

shrimp common in the aquarium trade. I estimated its genome size at 6.23 ± 0.16pg, and thus is 

larger than that of Halocaridina rubra, but is not unusual in size within the caridean shrimps.  

Alpheid shrimps 
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The family Alpheidae is highly diverse with over 600 species of shrimps in more than 36 

genera, the most prominent of which are Alpheus and Synalpheus (Anker et al. 2006). Many 

members of these genera are obligate commensals of sessile marine invertebrates, including 

anemones and sponges, and are also considered a famous “natural evolution” experiment as they 

are common in tropical waters now separated by the Isthmus of Panama, which closed 2.7-3.5 

MYA and thus provided a path to allopatric speciation within these genera (Coates et al. 1992; 

Hurt et al. 2009). These two diverse genera are discussed separately.  

Alpheus 

10 species were investigated in the genus Alpheus with overall genome sizes ranging 

from 8.15pg in A. formosus to 29.05±1.02pg in A. simus. Two different groups of Alpheus were 

investigated: a sympatric species complex from the Caribbean, and a variety of sister species 

inhabiting either side of the Isthmus of Panama.  

 The Alpheus armatus species complex consists of 4 species (A. armatus, A. immaculatus, 

A. polystictus and A. roquensis) that are each obligate symbiotes with sea anemones (Hurt et al. 

2013). A 5
th

 species is also included in this species complex (A. rudolphi) but was not accessible 

for this study. The species are very similar morphologically and originally were described based 

on colour pattern and the absence of interbreeding (Knowlton and Keller 1985). A. roquensis is 

associated with the anemone Heteractis lucida while the other members of this complex 

associate with Bartholomea annulata, though they can associate with the other anemone species 

in laboratory conditions. Genome sizes are listed in Table 3.3 and were similar between species, 

suggesting that recent polyploidy is unlikely to have led to speciation within this complex, as 

opposed to evidence of polyploidy in the Synalpheus species described in the next section. 
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Despite some evidence of gene flow between species, selection for new hosts and host 

microhabitats likely led to the formation of distinct species within a sympatric environment (Hurt 

et al. 2013).  

 The Pacific-Caribbean sister-species of Alpheus were also obtained to determine if 

polyploidization has contributed to genetic divergence since the closing of the Isthmus of 

Panama. A. malleator and A. simus were obtained from the Caribbean side, but their respective 

sister species A. cf. malleator and A. saxidomus were not collected. The other sister-species A. 

estuarensis/A. colombiensis and A. formosus/A. panamensis (Caribbean/Pacific side of the 

Isthmus respectively) were also obtained (Hurt et al. 2009). No large differences in genome size 

were exhibited between sister pairs (Table 3.3) and so it is unlikely that polyploidy exists 

between sister taxa.  

Synalpheus 

The genus Synalpheus is the second most diverse genus within the Alpheidae, with over 

150 species inhabiting tropical oceans (Ríos and Duffy 2007, Anker and De Grave 2008). The 

best-studied Synalpheus are in the monophyletic ‘gambarelloides’ species group from the 

Western Atlantic, which are small-bodied obligate sponge-dwellers, though host specificity, 

reproductive mode, and body size are highly variable within this group (Morrison et al. 2004, 

Hultgren and Duffy 2010, 2011). Of biological interest is the fact that at least 7 of the ~45 

species of Synalpheus in the gambarelloides group are eusocial (which includes a single 

reproductive female, overlapping generations, reproductive division of labour, and cooperative 

care of young), with 3 independent origins of eusociality in this group (Duffy 1996a, b, Hultgren 

and Duffy 2011).Unfortunately, while these are the only eusocial species of crustaceans, they 
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appear to be in decline and 3 of 4 eusocial species from the Belize barrier reef have gone locally 

extinct in recent years (Duffy et al. 2013).  

With such diversity a number of factors have likely contributed to the rapid speciation of 

Synalpheus. This genus in the Western Atlantic radiated before the closing of the Isthmus of 

Panama roughly 5-7mya, followed by a smaller radiation ~4mya (Morrison et al. 2004). Both 

allopatric and sympatric speciation appear common, with some sister-species having overlapping 

ranges but different (or occasionally the same) host sponges (Morrison et al. 2004, Hultgren and 

Duffy 2011). Polyploidy may also have contributed to speciation, especially in cases where 

sympatric speciation is expected. Rubenstein et al. (2008) analyzed microsatellites in S. brooksi 

and discovered evidence of gene duplication in 25% of the loci examined, which can be evidence 

of polyploidy (Gregory and Mable 2005).  

I estimated genome size for 40 species of the Synalpheus gambarelloides group and 42 

species of Synalpheus overall, and examined the relationships between genome size and body 

size, as well as searched for evidence of polyploidy. Body size was measured as maximum 

carapace length (CL) for 35 of these species and revealed no relationship between genome size 

and CL (r
2
=0.055, p=0.18). Using a published phylogeny (Hultgren and Duffy 2011) of 33 

Synalpheus species there was still no relationship between the independent contrasts for log-

transformed genome size and body size (r
2
=0.001, p=0.86, n=32 contrasts) (Figure 3.18, 3.19). 

Across all apheid shrimps (Alpheus + Synalpheus) genome size correlates positively with body 

size (r
2
=0.35, p<0.0004) without phylogenetic correction. However, this is clearly driven by the 

much larger body sizes of Alpheus relative to Synalpheus (Figure 3.20). 

Prawns 
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Prawns (Penaeidae) differ from the regular Caridean shrimps by belonging to the 

suborder Dendrobranchiata, which are distinguished by their branching (dendrobranchiate) gills. 

Prawns have enormous economic importance, with the three most valuable penaeids being worth 

>$5 billion in 2000 (Kutty 2005).  With aquaculture being the most rapidly expanding industry 

in the food sector, and the prevalence of various viral and bacterial diseases threatening prawn 

production, there is a dire need for genomic resources (Alicvar-Warren et al. 2007).  

The genome size of Litopenaeus vannamei was estimated to be 2.89 ± 0.03pg using leg 

tissue for FCM, and 2.67 ± 0.06pg using FIAD. While somewhat larger than the published 

estimate for L. vannamei of 2.50pg by Chow et al. (1990) who used haemolymph and flow 

cytometry, this estimate still confirms that this is the smallest ‘shrimp’ genome size estimate in 

this thesis. Furthermore, my estimate of 2.89pg is well within the ranges of other published 

values for penaeid shrimps, which range from 2.40pg to 3.00pg (Gregory 2015). Despite being 

some of the largest “shrimps” (the body size of L. vannamei reaching up to 23cm in length), the 

genome sizes of all published species are relatively small and do not appear to impact body size. 

Chow et al. (1990) suggest that Robertsonian translocations have contributed to speciation within 

Penaeidae without polyploidization, which is supported by the fact that all species studied to date 

have similar genome sizes and haploid chromosome counts.  

Leptostracans 

The order Leptostraca is commonly considered the sister group to the rest of the 

Malacostraca (known as Eumalacostraca), in its own subclass known as Phyllocarida. These 

crustaceans differ anatomically from Malacostraca in several ways, including the loss of 

locomotion function from the thoracic appendages and have direct larval development (Richter 

and Scholtz 2001; Walker-Smith and Poore 2001).  There are fewer than 50 described species, 
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and though they are the sister group to the Eumalacostraca, genome size diversity is so great in 

this group that it is difficult to predict whether leptostracans will have a small or large genome 

size.  

I obtained 4 specimens of the species Sarsinebalia urgorrii (Family Nebaliidae). Genome 

size using FIAD of both specific tissues (leg, thorax, and abdomen) as well as entire crushed 

specimens preserved in 95% ethanol was estimated to be 2.09 ± 0.14pg. Relative to most of the 

other Malacostraca in this project this is a small genome size. 

 

VI) Broad-scale Organismal and Ecological Correlations with Genome Size 

Body Size and Genome Size 

Genome size was observed to correlate positively with body size in ostracods, barnacles, 

and amphipods, and negatively in true crabs with no phylogenetic corrections. This negative 

relationship may be the result of sampling bias, as no reliable phylogeny could be used to 

account for phylogenetic history, or it is possible that some trade-off exists where in larger 

species a smaller cell size is selected for more rapid cell division or cellular metabolic rates. No 

relationship was observed in cyclopoid copepods, anomuran crabs, mantis shrimps, true shrimps, 

isopods or branchiopods. In amphipods body size correlated with genome size across all species 

when log-transformed, but did not correlate between families when accounting for phylogeny. 

The subset of Lake Baikal amphipods, however, showed a positive correlation between genome 

size and body size with and without phylogenetic independent contrasts. These results are similar 

to those of Hessen and Persson (2009), who observed a positive relationship between genome 

size and body size in amphipods and cladocerans, but no relationship within decapods.  
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Genome Size and Developmental Mode 

Development varies in complexity between the classes and orders of crustaceans. Two 

classes were specifically investigated, as species within them undergo either direct or indirect 

development. Within Branchiopoda, fairy shrimps, clam shrimps, and tadpole shrimps all have 

numerous larval stages and thus an indirect developmental mode, while cladocerans undergo 

direct development after hatching into miniature adults. Genome sizes were not significantly 

different between direct and indirect developers (p=0.91) using a Mann-Whitney U test to 

account for unequal sample sizes. However, both the largest genome sizes and smallest genome 

sizes within Branchiopoda were observed in the indirect developers, while direct developers had 

genome sizes in the middle of the range. Most of the genomes within Branchiopoda are <1pg and 

this likely has to do with their overall lifestyle, as many species live in ephemeral habitats and 

undergo rapid life cycles. Though many branchiopods can also lay resistant, dormant eggs, their 

overall rapid life cycles in ephemeral or seasonal habitats may constrain genome size overall.  

The other crustacean class that contains orders with different developmental modes is 

Malacostraca. Within this class, Peracarida (Amphipods, Isopods and other orders that brood 

their young) undergo direct development, while Decapods, Stomatopods and Euphausiids 

undergo indirect development with multiple larval stages. Within Malacostraca, direct 

developers had a mean genome size of 7.72±0.90pg (n=120) while indirect developers had a 

mean genome size of 9.76±0.61pg (n=149). (Figure 3.21). A two-sided unpaired t-test showed a 

marginally non-significant difference between these two developmental modes (p=0.06). 

However, as both indirect and direct developer genome size differed significantly from a normal 

distribution (p<0.00001 in both cases), a Wilcoxon rank sum test showed that indirect developers 

have significantly larger genomes (p<0.0004).  
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This suggests the opposite of my initial prediction that direct developers would have 

larger genomes due to reduced selective pressure for rapid development rate. As noted by Hessen 

and Persson (2009), cladocerans, and peracarids are the main groups of direct-developing 

crustaceans but exist at opposite ends of the genome size spectrum – some of the smallest 

genomes are detected in the cladocerans, while the largest known genomes are in peracarid 

amphipods. Within indirect developers, genomes are somewhat small and constrained in prawns, 

anomuran, and brachyuran crabs, but are quite large in some stomatopods, shrimps, and krill - all 

of which have numerous larval stages.  

In other groups, developmental complexity notably corresponds to differences in genome 

size. In plants, annuals tend to have smaller genomes than perennials as they are required to 

complete their entire life cycle in one growing season (Bennett 1987, Gregory 2002). Similarly, 

in animals, and more notably amphibians, species that undergo more “complex” development 

(i.e. frogs compared to salamanders) tend to have smaller genomes due to constraints imposed on 

cell size and cell division rate (Gregory 2002). In insects, holometabolous species do not appear 

to have genome sizes larger than 2.0pg, whereas hemimetabolous species show less constraint in 

genome size (Gregory 2002). This mirrors the pattern seen in amphibians, but does not follow 

the overall patterns I detected within malacostracan or branchiopod crustaceans. Also of note is 

the fact that development does not correlate with genome size in all animals; in mammals and 

birds, there is no relationship between developmental rate and genome size (Gregory 2005). 

More sampling is needed to further understand the relationship between genome size and 

developmental mode, but overall it appears there is no relationship within classes that exhibit 

both types of development.  
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Genome Size and Parasitism 

8 species of parasitic crustaceans were obtained for this study, including 5 parasitic 

isopods, 2 parasitic amphipods, and 1 parasitic copepod.  Within isopods, parasitic species had 

the smallest genome sizes with an average size of 0.99±0.22pg and the smallest overall isopod 

genome size of 0.40pg in the crab parasite Portunion conformis. These genome sizes are 

considerably smaller than marine, freshwater, and terrestrial free-living isopods. All 5 parasitic 

species were collected inside decapod crustaceans as parasites (Pers. Obs.).  In amphipods, the 

pelagic species Hyperia galba which parasitizes scyphozoan jellyfish (Dittrich 1988) has a 

genome size of 7.95pg, and the freshwater parasitic species Spinacanthus parasiticus 

(1C=6.30pg) is a parasite on Lake Baikal sponges (Kamaltynov 1999). The only parasitic 

copepod Lepeophtheirus salmonis obtained has a genome size of 0.96±0.05pg, though an 

unpublished record for this species estimates its genome size of 0.58pg. This genome size is 

comparable to most cyclopoid and the lower range of calanoid genome sizes.  

Johnston et al. (2004) note that parasitic insects tend to have small genomes, especially 

koinobionts which need to complete their larval stages inside the body of an insect host. If the 

same is true in crustaceans, the genomes of parasitic crustaceans that live within their host may 

be smaller than the host genome so that they are able to develop faster than their hosts. Table 3.5 

shows the genome sizes of each parasitic crustacean and the genome size of the host species, and 

indicates that internal parasites tend to have genomes smaller than their hosts, while ectoparasites 

do not. 

 Poulin (1995a) notes that parasitic isopods have shown reductions in body size relative 

to free-living isopods, but parasitic copepods have not undergone body size reductions. This may 

be due to copepods parasitizing fish not facing the space and food limitations as the isopods here 
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presumably face inside their decapod hosts, and the larger copepod bodies may allow for 

increased reproductive output (Poulin 1995a, 1995b). As seen in Table 3.5 genome sizes of the 

amphipods, which are both external parasites, are larger than their hosts, while the external 

parasitic copepod had a genome size smaller than its host. All parasitic isopods, which are 

internal parasites, had genome sizes smaller than their host decapods.  

Overall, my prediction that parasitic species would have smaller genome sizes than their 

host species appears to only hold true in the isopods. External parasites that are not limited by 

space or development time may not experience constraint on the genome for these reasons, 

though this sample size is too small to make any conclusions without additional evidence. 

Genome Size, Habitat, and Climate 

 Within cladocerans, marine species had slightly smaller genomes than freshwater species 

(0.17 and 0.23pg respectively), though a small sample size of marine species may be the reason 

behind this discrepancy. Within ostracods, marine species had larger genomes overall, as the 

entirely marine order Myodocopida had much larger genomes than Podocopida on average. 

Within the order Podocopida however, which contains both marine and freshwater species, 

marine species had a smaller genome size than freshwater species (0.37 and 0.97pg respectively), 

but again a small sample size of marine species relative to freshwater species may bias these 

numbers. Genome sizes in marine amphipods are significantly larger than freshwater species 

(p=0.035), and in the closely related isopods, the only freshwater species had the smallest 

genome size (2.83±0.06pg) relative to terrestrial species (5.79±1.40pg) and marine species even 

if parasitic species are included (8.53±2.66pg). Overall, without taking latitude into effect, it 

appears that marine species have larger genomes than freshwater species in these groups.  
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 No reliable comparisons can be made between terrestrial and aquatic species due to a 

small sample size. Within isopods, which are the most successful land pioneers within Crustacea, 

terrestrial species have genomes smaller than marine species but larger genomes than freshwater 

species. The only truly terrestrial decapod in this study, the coconut crab Birgus latro, has a 

genome size of 5.16pg which is larger than the mean (3.32pg) of all anomurans, which are 

marine, but smaller than the median of 7.78pg. 

 Climate, habitat, and body size can all be confounding variables that influence or are 

influenced by selective pressures that also act on genome size. As Poulin (1995a, 1995b) notes, 

parasitic crustaceans often shrink in terms of body size in the transition to a parasitic lifestyle, 

but crustaceans also tend to increase in body size with latitude. The larger genomes most often 

detected in polar marine species may be coupled with their K- or a-selected lifestyle, as noted in 

polar amphipods that have large body sizes, and few but large eggs (Poulin and Hamilton 1995).  

I used the Ocean Biogeographic Information System (OBIS; www.iobis.org/mapper/) to 

classify each species as polar, temperate, or tropical based on their mid-range latitude. Species 

>55˚N or S were classed as polar, those between 30 and 55˚ temperate, and those between 30˚N 

and 30˚S as tropical. If a species ranged across zones, the mid-point of its latitude was used for 

its classification. This was done for the species and genus level, as many of the tropical species 

were in the same genus (Synalpheus and Alpheus). I then separated each group further into 

freshwater, marine or terrestrial species to account for habitat type. 

Across all species, an ANOVA showed that genome sizes differed significantly among 

polar, temperate, and tropical species (F(2,340)=55.77, p<0.00002). A Tukey’s HSD test showed 

that genome sizes were significantly larger in polar species relative to both temperate and 

http://www.iobis.org/
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tropical species, and tropical species had genomes significantly larger than temperate species 

(Figure 3.22). The data were not normally distributed, however, (p<0.0001), and a Kruskal-

Wallis test however showed significant differences (p<0.0001) at the species level, and a 

multiple comparison test showed that polar species had a significantly larger genome size than 

temperate species, and tropical species had larger genomes than temperate species, but polar and 

tropical species showed no significant differences.  

However, the tropical data was biased based on its few genera, as most tropical species in 

the current study are in the shrimp genera Alpheus and Synalpheus or are stomatopods which 

have large genomes. I therefore averaged all species data into genera and ran the ANOVA again. 

Similar to the species level analysis, an ANOVA revealed significant differences between 

climate classifications (F(2,183)=40.21, p<0.00003) and a Tukey HSD test showed that polar 

genera had genome sizes significantly larger than both temperate an tropical genera, but there 

was no difference between tropical and temperate species. As sample sizes were unequal and 

non-normally distributed (p<0.0002), a Kruskal-Wallis test showed significant differences 

between climates (p<0.0001) and similar to the species-level, revealed significant differences 

between polar-temperate genome sizes and temperate-tropical genome sizes, but no significant 

difference between polar-tropical. Overall, when not accounting for freshwater versus marine 

species, polar species have significantly larger genome sizes than temperate species and also 

tropical species when using a parametric test. At the genus level the same patterns hold, but there 

was no longer a difference between temperate and tropical species (Table 3.5). 

 A 2-way ANOVA was run to account for the interaction between climate classification 

and habitat type which showed that climate, habitat, and the interaction between the two all 

differed significantly (Table 3.6). This test was run due to a Friedman’s nonparametric test being 
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the only alternative, and this test cannot be used with unequal sample sizes. While the data were 

not normally distributed and sample sizes were different between classifications, a Tukey HSD 

comparison of all interactions showed the following significant differences which are general 

enough to make some conclusions: 

 Polar marine genome sizes are significantly larger than all other interactions 

 Tropical marine genome sizes are significantly larger than polar freshwater, 

temperate freshwater, tropical freshwater and temperate marine genome sizes 

 Across all species, polar genomes are significantly larger than temperate and 

tropical, and marine genome sizes are significantly larger than freshwater species 

I then analyzed a dataset using a reconstructed phylogeny of 67 families from 4 classes. I 

used a phylogenetic ANOVA (Garland et al. 1993) using the phylANOVA function in the 

phytools package in R to analyze the relationship between genome size and habitat, and genome 

size and climate type. The phylogenetic ANOVA showed no significant difference between 

genome sizes in different habitat types (F=1.10, p=0.56) but still yielded significant differences 

between climate type (F=14.02, p=0.008). Specifically, polar families had significantly larger 

genome sizes than temperate families (p=0.006) but not tropical families (p=0.094), while 

temperate and tropical families were not significantly different (p=0.512).  

These results support my initial prediction that genome sizes would be larger in marine 

species, and larger in polar environments within the same habitat type. However, accounting for 

phylogenetic history suggests that polar families have the largest genome sizes independent of 

habitat type, and that temperate and tropical families do not differ significantly in genome size. 

There are a number of reasons genome sizes are larger in polar, marine habitats. As previously 
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discussed, Vinogradov (2000) suggests that DNA may act as a physical buffer in unpredictable 

habitat types, though I do not consider this as a force behind the gigantic genomes of polar 

crustaceans as these habitats are highly stable. One interesting hypothesis as to how genome size 

can vary with body temperature, and therefore habitat in poikilotherms, was introduced by Xia 

(1995). This is an optimality model that relates rates of biosynthesis within a cell to body 

temperature, where organisms living in cold climates have larger genome sizes due mainly to 

greater gene duplications for increased mRNA and protein synthesis. While it is now known that 

other repetitive elements and not gene duplications are the main source of genome size variation, 

Xia (1995) makes 4 predictions that could relate temperature to genome size. The two with the 

most relevance are 1) that poikilotherms living in a warm climate should have smaller genome 

sizes (due to fewer gene duplication events) than those in cold climates, and 2) that 

poikilotherms with small genomes are more sensitive to fluctuations in temperature than 

poikilotherms with large genomes. However, in crustaceans, prediction 1 does not entirely hold 

as even though the largest crustacean genomes (currently estimated) are observed in cold 

environments, large genomes are also detected in some species inhabiting temperate and tropical 

habitats, including various shrimps and mantis shrimps. The genome sizes in tropical Alpheus for 

example are larger than most crustaceans living at temperate latitudes (with the exception of 

Macrobrachium). Prediction 2 from Xia (1995) suggests that if larger genomes are more 

common where temperatures fluctuate rapidly, then larger genomes would likely be detected in 

temperate regions relative to equatorial or polar regions where there are larger fluctuations in 

season and temperature. While this may hold true in the salamander dataset Xia (1995) analyzed, 

it does not appear to be consistent with crustacean data.  
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Grime and Mowforth (1982) discovered that genome size is larger in plants in cool 

environments for a similar reason. They suggest that plants with large genomes grow during cold 

winter seasons and require larger cells to contain more enzymes, and that a bigger genome can 

lead to ‘dosage repetition’ for increased protein accommodation. They further support this 

hypothesis with the data that smaller genomes are typically observed in tropical or arid 

environments where larger cells would be disadvantageous due to long mitotic and meiotic 

cycles. However, they also note that this trend does not hold at all latitudes, and that in the north 

of Britain genomes are smaller where seasons are more severe and unpredictable, possibly 

making growth difficult. This would not be a problem for the crustaceans in marine, polar 

habitats as there are few seasonal fluctuations and could be considered similar in principle to the 

cold environments they examined.  

I suggest that genome size is related to habitat type by r-K-a selection which accounts for 

a number of life-history traits (Pianka 1970, Taylor and Shuter 1981, Greenslade 1983). 

Amphipods in the arctic tend to have larger body sizes, greater longevity and fewer broods, 

which is suited to an ‘adverse’ environment (Sainte-Marie 1991). These parameters predict that 

arctic amphipods and marine polar invertebrates in general may have larger genome sizes than 

related temperate and tropical species which experience different selective pressures. I 

hypothesize that genome size is ‘allowed’ to expand in K- and a-selected habitats due to a lack of 

selective pressure to keep a small body size or maintain rapid development or high metabolic 

rate typically observed in r-selected habitats. I do not suggest that a large genome is adaptive in 

polar marine habitats as a wide range of genome sizes have been revealed in this habitat (Figure 

3.23), but rather that genomes may expand through transposable element and other repetitive 

element proliferation until they become too energetically costly to replicate.  
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Patterns of genome size may follow some phylogenetic species distributions; for 

example, amphipods have higher diversity at high latitudes and some have very large genomes; 

at the same time, caridean shrimps increase in diversity at low latitudes and also have large 

genomes (though none as large as some polar shrimps or polar amphipods) (Rees et al. 2007, 

2008). This may explain why both polar and tropical species have significantly larger genomes 

than temperate species, though it does not explain why genomes are so large in these taxa and 

why they are still overall larger in polar regions.  

Genome Size and Biodiversity 

 

Vinogradov (2003) and Knight et al. (2005) revealed negative correlations with genome size 

and species diversity. They suggest that a large genome is a constraint on “evolvability”, likely 

due to some negative repercussions of a large genome on development, metabolic rate, or some 

other phenotypic character. While this may be true to some extent, it requires more in-depth 

testing. Genome size is likely only one aspect of a genus or family’s species diversity, and is 

influenced by many other factors investigated here, including constraints on body size, 

development and ecological niche, which are then influenced by the environment itself, 

predation, and genetic drift.  

I analyzed the relationships between genome size, coefficient variation of genome size, and 

diversity for 5 classes and 15 orders of crustaceans. The only major order that was excluded was 

Cyclopoida as no reliable species diversity estimate could be obtained from the literature or from 

the CRUST-L online listserv. At the class level there was a negative but non-significant 

relationship between genome size and its CV (r
2
=0.53, p=0.17); though this implies that higher 

diversity at the class level correlates with lower variation in genome size, this relationship may 

also be the result of a small sample size. There was no relationship between average genome size 
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and species diversity (r
2
=0.06, p=0.70) or between genome size CV and species diversity 

(r
2
=0.08, p=0.65).  At the order level, there was no relationship between genome size and CV 

(r
2
=0.002, p=0.85), or between genome size and species diversity (r

2
<0.005, p=0.98), but there 

was a significant positive relationship between genome size CV and species diversity (r
2
=0.39, 

p=0.01) (Figure 3.24).  

These results suggest that on a very broad scale, larger genomes appear to have lower CVs, 

which is not surprising as the CV is divided by the mean genome size, but no relationship to 

overall species diversity. At the order level, species diversity correlates with variability in 

genome size, which suggests phylogenetic history of the orders may strengthen this relationship. 

When more data are collected to better represent various diverse families and genera, it will be 

interesting to see if variability in genome size and species diversity continue to correlate. This 

would support Herrick and Sclavi’s (2014) results that show higher variance in genome size in 

more diverse families of salamanders, which, while perhaps expected, they suggest is evidence 

of the niche-width hypothesis where genetic variance is higher in lineages with higher habitat 

heterogeneity. However, it is important to note that variation in genome size itself does not 

necessarily correspond to genetic variance. Finally, if differences in DNA content themselves 

can contribute to speciation, through genetic differences in coding and noncoding DNA and 

reproductive isolation, then this would indeed support that higher variability in genome size can 

lead to higher species diversity.  

General Conclusions 

 

 Here I estimated genome size for 401 crustacean species from 21 orders, not including 

members of the North and South America Hyalella groups, which are discussed in Chapter  4 

(Figure 3.25). More than half of these estimates were from the class Malacostraca and are best 
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represented by the orders Amphipoda and Decapoda. The total range across all species was 

0.09pg to 62.17pg showing nearly 700-fold variation in genome size. These estimates also 

included the first estimates for 2 species of the class Remipedia, which are enigmatic, rare, cave-

dwelling species.  

 Genome size did not appear to correlate with developmental mode, as a parametric test 

showed no significant difference in genome size within the class Malacostraca, while a non-

parametric test showed that indirect developers had significantly larger genomes than direct 

developers, which is the opposite of my prediction. This is explained by many indirect 

developers such as krill and shrimp having large genomes, while direct developers have both the 

largest genomes (in amphipods) and smallest genomes (in branchiopods).  

 Parasitism was not related to genome size in my small sample, but in general internal 

parasites have smaller genomes than their crustacean hosts, possibly to facilitate development 

and reach maturity before their host dies.  

 Overall, polar species had the largest genomes relative to temperate and tropical species, 

while marine species had larger genomes than freshwater species. This supports my predictions 

that marine, polar species would have the largest genomes within crustaceans.  

 Finally, genome size did not correlate with species diversity at the class and order level, 

though the CV of genome size did correlate positively with genome size at the order level. This 

is evidence to suggest that variation in genome size can lead to higher species diversity below the 

class level.  

 This survey more than doubles the number of genome size estimates for crustaceans 

previously published over the past six decades, and sheds light on the enormous range in genome 
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size within the crustaceans, as well as understanding the numerous biological factors that may 

influence or are influenced by genome size evolution. 
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Tables and Figures 

Table 3.1. Variance components analysis on genome size for all species. The highest variation in 

genome size is explained at the class level, and the lowest is at the order level. 

Taxonomic 

Level 

Sum of 

Squares 

Mean Square Variance 

components 

Percent 

Class 4471.83 1117.96 19.8289 28.85 

Order 3196.25 159.812 4.57258 6.65 

Family 8975.82 92.5331 18.8799 27.47 

Genus 2876.3 33.8388 15.2096 22.13 

Species 1720.12 10.2388 10.2388 14.90 
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Table 3.2. Genome size of 5 diaptomid copepod species from ancient lakes in Indonesia. The 

GS of E. wolterecki was not significantly different between the interconnected Matano, 

Mahalona and Towuti lakes which eliminated genome size variation as a source of cryptic 

speciation. Modified with permission from Vaillant et al. 2013. 

Species name / 

sampling site 
Latitude Longitude 

Mean DNA content (pg ± 

SE) 

Phyllodiaptomus sp.   0.81 ± 0.02 

Tondano East 1°13'02.57"N 124°54'05.59"E  

Tondano Center 1°13'09.03"N 124°53'39.65"E  

Tondano West 1°13'09.11"N 124°53'06.57"E  

Neodiaptomus lymphatus   0.67 ± 0.03 

Poso North 1°48'05.36"S 120°37'00.38"E  

Poso Center 1°54'09.69"S 120°37'01.91"E  

Poso South 2°00'07.51"S 120°40'06.39"E  

Eodiaptomus wolterecki matanensis   0.75 ± 0.01 

Matano Northwest 2°27'00.79"S 121°15'00.33"E  

Matano Center 2°28'01.18"S 121°18'00.93"E  

Matano Southeast 2°30'02.66"S 121°24'09.99"E  

Petea outlet 2°32'06.07"S 121°28'08.50"E  

Eodiaptomus wolterecki matanensis   0.74 ± 0.03 

River Petea 2°33'16.30"S 121°31'23.92"E  

Petea mouth 2°34'24.61"S 121°30'29.96"E  

Mahalona East 2°34'33.90"S 121°30'16.23"E  

Mahalona Center 2°35'15.60"S 121°29'36.40"E  

Mahalona West 2°35'43.74"S 121°28'52.06"E  

Eodiaptomus wolterecki wolterecki   0.73 ± 0.02 

Tominanga mouth 2°39'58.10"S 121°31'32.51"E  

Towuti North 2°42'05.83"S 121°35'02.41"E  

Towuti East 2°48'08.43"S 121°33'01.92"E  

Towuti West 2°49'08.95"S 121°27'06.55"E  
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Table 3.3. Average genome sizes in picograms, including standard error for 8 lineages of 

Halocaridina rubra shrimp from the Hawaiian Islands.  

Code Island Site Lineage Genome Size S.E. 

HM Maui Hanamanioa South Maui 4.03 0.07 

WC Maui Waianapanapa Cave East Maui 4.62 0.09 

KONA Hawai'i Waikaloa West Hawai'i 4.02 0.05 

HILO Hawai'i Unknown East Hawai'i 4.02 0.1 

EP Oahu Eric's Pond Windward Oahu 4.39 0.13 

KBP Oahu Kalaeloa Unit West Oahu 4.27 0.07 

OWAI Oahu Waianae Boat Harbor West Oahu 4.24 0.13 

EWA Oahu Ewa Beach South Oahu 4.41 0.12 
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Table 3.4. Genome sizes including standard error for 10 species of Alpheus shrimps, including 

the A. armatus complex, and 4 pairs of Alpheus shrimps from both sides of the Isthmus of 

Panama (Caribbean/Pacific sides respectively).  

Species Group Genome size ± SE (pg) 

Alpheus armatus complex  

A. armatus 22.10±0.48 

A. immaculatus 22.32±0.57 

A. roquensis 25.70±1.03 

A. polystictus 22.71±0.39 

Alpheus Isthmus Sister Pairs 

(Caribbean/Pacific Species) 

  

A. malleator/ A. cf. malleator 15.58/N/A 

A. simus/ A. saxidomus 29.05±1.02/N/A 

A. formosus/ A. panamensis 8.15/11.09±0.28 

A. estuariensis/ A. colombiensis 11.51±1.62/14.35±0.70 
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Table 3.5. Genome size estimates for 8 parasitic species of crustaceans from 3 orders and 

the genome sizes of their corresponding host species in picograms.  

Parasitic 

Crustacean 

Genome Size ± 

SE (pg) 

Host Species Genome Size ± 

SE (pg) 

Reference 

Hyperia galba 

(Amphipoda) 

7.95 Aurelia aurita 

(Scyphozoa)  

0.73 Goldberg et 

al. 1975 

Spinacanthus 

parasiticus 

(Amphipoda) 

6.30 Freshwater 

Porifera 

0.06-1.60 Imsiecke et 

al. 1995; 

Jeffery et al. 

2013  

Portunion conformis 

(Isopoda) 

0.40±0.01 Hemigrapsus spp. 3.38-3.46 This study 

Bopyridae sp. 1 

(Isopoda) 

1.74 Unknown N/A N/A 

Bopyridae sp. 2 

BIN:ABA9934  

(Isopoda) 

0.89 Pagurus sp.  7.34-8.77 This study 

Bopyridae sp. 3 

(Isopoda) 

0.77 Synalpheus 

brooksi 

10.88±0.23 This study 

Bopyridae sp. 4 

(Isopoda) 

1.16 Synalpheus 

williamsi 

6.44±0.19 This study 

Lepeophtheirus 

salmonis 

(Siphonostomatoida) 

0.96±0.05 Salmonids 2.16-4.90 Ojima et al. 

1963, Hardie 

and Hebert 

2004 
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Table 3.6. The average genome size values including their standard error for all species in this 

study based on their climate region and type of habitat. The coefficient of variation is also 

included. 

 Polar Temperate Tropical 

Marine FW Marine FW Marine FW 

Genome size ± SE 

(pg) 

22.17±2.96 1.53±0.79 4.16±0.50 3.79±0.45 9.16±0.58 0.92±0.23 

Coefficient of 

Variation 

0.71 1.47 1.16 1.28 0.60 0.77 
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Table 3.7. 2-way ANOVA results comparing genome size between climate classification and 

habitat type at the species level. Polar genomes are significantly larger than temperate or tropical 

genomes, and on average marine genomes are larger than freshwater genomes. A Tukey’s HSD 

pairwise comparison table is included, showing significant differences between interactions.  

                       Df Sum Sq Mean Sq F value   Pr(>F)     
Classification           2   5778  2888.9   65.45  < 2e-16 *** 
Habitat                  1    607   606.7   13.74 0.000246 *** 
Classification:Habitat   2   2372  1185.9   26.87 1.56e-11 *** 
Residuals              329  14523    44.1         
 
Tukey multiple comparisons of means 
    95% family-wise confidence level 
 
Fit: aov(formula = GenomeSize ~ Classification * Habitat) 
 
$Classification 
                         diff        lwr        upr p adj 
Temperate-Polar    -13.086111 -15.884386 -10.287837 0e+00 
Tropical-Polar      -8.563140 -11.585641  -5.540640 0e+00 
Tropical-Temperate   4.522971   2.589112   6.456831 2e-07 
 
$Habitat 
              diff      lwr      upr     p adj 
Marine-FW 2.495204 1.021065 3.969343 0.0009678 
 
$`Classification:Habitat` 
                                        diff         lwr        upr     p adj 
Temperate:FW-Polar:FW              2.3957242  -4.5784394   9.369888 0.9226134 
Tropical:FW-Polar:FW              -0.5375000 -10.0602519   8.985252 0.9999845 
Polar:Marine-Polar:FW             19.8806897  12.2748120  27.486567 0.0000000 
Temperate:Marine-Polar:FW          2.6173245  -4.4060265   9.640675 0.8936478 
Tropical:Marine-Polar:FW           7.6982597   0.6685347  14.727985 0.0225711 
Tropical:FW-Temperate:FW          -2.9332242  -9.9073879   4.040939 0.8339702 
Polar:Marine-Temperate:FW         17.4849654  13.5093485  21.460582 0.0000000 
Temperate:Marine-Temperate:FW      0.2216002  -2.4772169   2.920417 0.9999008 
Tropical:Marine-Temperate:FW       5.3025355   2.5871739   8.017897 0.0000007 
Polar:Marine-Tropical:FW          20.4181897  12.8123120  28.024067 0.0000000 
Temperate:Marine-Tropical:FW       3.1548245  -3.8685265  10.178175 0.7917094 
Tropical:Marine-Tropical:FW        8.2357597   1.2060347  15.265485 0.0112230 
Temperate:Marine-Polar:Marine    -17.2633652 -21.3246495 -13.202081 0.0000000 
Tropical:Marine-Polar:Marine     -12.1824300 -16.2547272  -8.110133 0.0000000 
Tropical:Marine-Temperate:Marine   5.0809352   2.2416239   7.920247 0.0000073 
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Figure 3.1. Phylogeny reconstructed from the above mentioned references for all 

branchiopods in this study. Branch lengths were all set to 1.0 and genome size (pg) is mapped as 

a continuous variable onto the phylogeny.  
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Figure 3.2. No relationship exists between A) genome size and body size (r
2
=0.02, 

p=0.39) and B) phylogenetic independent contrasts of genome size and body size based on a 

reconstructed phylogeny with branch lengths set to 1.0 (r
2
=0.006, p=0.59) within Branchiopoda.  
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Figure 3.3. Maximum likelihood genus-level phylogeny of podocopid and myodocopid ostracods 

with genome size mapped onto each branch using a “fast” maximum likelihood estimation. This 

genus level phylogeny has multiple species averaged onto genera with multiple representatives. 

The star indicates the transition to freshwater within Podocopida, while the black bar indicates a 

transition back to a marine habitat. Modified from Jeffery et al. (in prep.).  
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Figure 3.4. A) Linear regression of body size versus genome size for 41 species of 

ostracods for which we had both genome size and body size data showed a significant positive 

relationship (r
2
=0.48, p<0.0005). B) Phylogenetic independent contrasts for genome size and 

body size for 15 genera with species estimates averaged onto them (see above figure). PICs still 

revealed a significant, positive relationship (r
2
=0.66, p=0.0002).  
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Figure 3.5. Rooted barnacle phylogeny based on Harris et al. (2000) constructed in 

Mesquite and analyzed in R. The calanoid copepod Acartia hudsonica is used as an outgroup. 

All branch lengths are set to 1. Genome size is mapped onto the phylogeny as a continuous 

variable and shows the largest value in Balanus nubilus, the giant acorn barnacle. 
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Figure 3.6. Phylogenetic independent contrasts for 6 species of acorn and pedunculate barnacles 

revealed a positive but non-significant relationship between maximum body size and genome 

size (r
2
=0.46, p=0.14, n=5). Based on the phylogeny in Harris et al. (2000).  
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Figure 3.7. Neighbour-joining phenogram constructed using the cytochrome oxidase I 

gene and the K2P distance parameter of all harpacticoid copepods that underwent DNA 

barcoding. Putative species for which I also estimated genome size are shown in bold font. Green 

branches indicate barnacles which were chosen as an outgroup but clustered with 5 harpacticoid 

BINs. The red branch indicates the order Siphonostomatoida, typically considered the sister 

taxon to Harpacticoida. Numbers above branches indicate bootstrap support for 200 pseudo-

replicates, and values <70 are not shown.  

 Harpacticoida BIN:AAN6751

 Harpacticoida BIN:AAN6753

 Harpacticoida BIN:AAN6757

 Harpacticoida BIN:AAN6754 1C=0.26pg

 Harpacticoida BIN:AAN6749 1C=0.23±0.01pg

 Balanus nubilus 1C=1.98±0.03pg

 Lepas sp. 1C=1.15±0.04pg

 Lepeophtheirus salmonis 1C=0.96±0.05pg

 Harpacticoida BIN:AAV0658 1C=0.91pg

 Montenegro Harpacticoida

 Harpacticoida BIN:AAN6758 1C=0.49pg

 Harpacticoida BIN:AAN6750 1C=0.30pg

 Harpacticoida BIN:AAN6755

 Harpacticoida BIN:AAN6756

 Port Montreal Harpacticoida

 Harpacticoida BIN:AAN6752

 Harpacticoida BIN:AAN6759 1C=0.17pg

 Bamfield BC Harpacticoida 0.22pg
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Figure 3.8. The relationship between genome size and body size in 7 putative species of 

harpacticoid copepods. A) Shows a significant positive correlation between non-transformed 

genome size and body size (r
2
=0.79, p=0.007) while B) shows a significant positive correlation 

on log-transformed data (r
2
=0.61, p=0.04).  
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Figure 3.9. Linear regressions of A) genome size and body size in 83 species of 

amphipods and B) log-transformed genome size and body size values.  
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Figure 3.10. Regressions between genome size, body size and maximum depth in 

amphipods from Lake Baikal. A) and B) show a significant positive relationship between 

genome size and body size, and phylogenetic independent contrasts (PICs) of genome size and 

body size respectively, while C) and D) show a significant positive relationship between genome 

size and maximum depth, and PICs of genome size and maximum depth respectively.  
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Figure 3.11. Genome size regressed against body size in Isopoda shows no significant 

relationship at the species level (r
2
=0.11, p=0.29).  
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Figure 3.12. Average genome sizes mapped onto a phylogeny based on Brusca and Wilson 

(1991) for major taxonomic groups of isopods. The basal group Asellota contains the only 

freshwater isopod in this study, while the suborder Cymothoida contains all parasitic species in 

this study, which have the smallest isopod genomes.  
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Figure 3.13. The relationship between body size and genome size in 6 species of krill. 

Genome size were estimated using Feulgen image analysis densitometry (circles) and flow 

cytometry (squares). No significant relationship existed between genome size and body size for 

FCM (r
2
=0.22, p=0.36) or FIAD (r

2
=0.22, p=0.35).  
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Figure 3.14. A) Linear regression of body size against genome size in 13 species of 

stomatopods showing no relationship (r
2
=0.09, p=0.32). B) Linear regression of maximum depth 

against genome size shows a significant negative relationship (r
2
=0.37, p=0.03).  
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Figure 3.15. Phylogeny of decapod crustacean major infraorders with genome size mapped onto 

the phylogeny. Phylogeny reconstructed from Dixon et al. (2003), Ahyong and O’Meally (2004) 

and Tsang et al. (2008). 
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Figure 3.16. A significant, negative relationship exists between log-transformed genome 

size and body size as carapace width among brachyurans (r
2
=0.21, p=0.02). 
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Figure 3.17. The results of a Tukey HSD test for an ANOVA comparing genome size differences 

between various lineages of Hawaiian volcano shrimp (Halocaridina rubra). There were only 3 

significant differences (WC-KONA, WC-HM, WC-HILO) in GS between the 8 lineages. 
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Figure 3.18. No relationship exists between genome size and carapace length in 

Synalpheus snapping shrimp A) using raw data (r
2
=0.055, p=0.18) or B) using phylogenetic 

independent contrasts (r
2
=0.001, p=0.86, n=32 contrasts).  
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Figure 3.19. Genome size mapped onto a phylogeny of Synalpheus snapping shrimp with 

Alpheus estuarensis as the outgroup. Codes correspond to the first letters of each species name 

followed by codes for the location they were collected from in capital letters.  
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Figure 3.20. Genome size correlates positively with carapace length across 42 species of 

alpheid shrimps (r
2
=0.35, p<0.0004). However, this is clearly driven by the larger body sizes of 

Alpheus (green box) relative to all Synalpheus (red box).  
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Figure 3.21. Boxplot of genome size in direct (n=120) and indirect (n=149) developing 

malacostracan crustaceans. While the mean genome size of direct developers was revealed to be 

significantly smaller than indirect (p<0.0004), the CV of direct developers is higher, showing 

both smaller minimum and larger maximum genome sizes.  
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Figure 3.22. Tukey’s HSD plot showing pairwise comparisons of 3 climate 

classifications. These results show that polar species had significantly larger genomes than 

temperate and tropical species, and tropical species had significantly larger genomes than 

temperate species when not separated into marine or freshwater groups.  
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Figure 3.23. Genome size distributions for marine polar, temperate, and tropical 

crustaceans. Genomes larger than 30pg are only seen in marine polar species, while genome 

sizes tend to be <10pg in temperate and tropical species.  
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Figure 3.24. The relationships between genome size, coefficient of variation (CV) of genome 

size, and total species diversity at the A) class level and B) the order level. The only significant 

relationship was between CV and species diversity at the order level (r
2
=0.39, p=0.01).  
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Figure 3.25. Genome size means and distributions for 21 orders of crustaceans examined in this 

chapter. In general, amphipods have the largest maximum genome sizes, while krill 

(Euphausiacea) have the largest average sizes. The smallest genomes are observed in 

Diplostraca, Harpacticoida, Mystacocarida and Notostraca.  
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Chapter 4 

Genome Size Diversity and its Relationship with Morphology and 

Phylogenetic History in Freshwater Amphipod (Hyalella spp.) Species 

Complexes 
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Abstract  

Within the Crustacea, a great number of species likely remain undescribed, while many 

others are classified as a single “species” based on a character system, such as morphology, 

when in fact dozens or hundreds of genetically diverse lineages and species may exist within a 

cryptic species complex. Such hidden evolutionary diversity is exemplified in the freshwater 

Hyalella (family: Dogielinotidae) amphipods of North and South America. Within these two 

continents, there are tens to potentially hundreds of genetically diverse lineages, many of which 

may be evolutionarily distinct species. It is possible that with such high cryptic diversity, 

polyploidy or genomic expansions and contractions may have aided or accompanied rapid 

lineage proliferation. Therefore, genome size was estimated for all major known lineages within 

these amphipods from across North America and from four countries in South America, 

including the diverse Lake Titicaca assemblage. Genome sizes ranged approximately 4 to 5-fold 

in both the North and South American Hyalella and showed strong phylogenetic signal in South 

America, and more moderate phylogenetic conservatism in North America. Genome size also 

correlated positively with body size in North American Hyalella, but not in the South American 

lineages. Three and four instances of provisional polyploidy occurred in the South and North 

American lineages, respectively. This suggests that polyploidy may be responsible for 

diversification of some lineages, but further testing including karyotyping is required to confirm 

that these cases are in fact genome duplication events. 
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Introduction 

Cryptic Species Complexes and Endemism in Crustaceans 

The species concept is one of the most debated aspects of ecology and evolution. The term 

“species” is used every day by biologists, and is often mentioned without reference to the 

concept behind it. Numerous species concepts exist, including lineage-based concepts (de 

Queiroz 2005), the biological species concept (Mayr 1942, 1963), phylogenetic species concept 

(Eldredge and Cracraft 1980), and many others reviewed in Coyne and Orr (2004) and Hausdorf 

(2011). No single concept is without problems; specific issues include the proper definition of 

other terms such as “population” and “lineage” within each definition, as well as problems 

regarding species hybridization and how genetically divergent a “species” must be to be 

considered a phylogenetic species. The majority of species have historically been recognized 

based on morphology, and some species concepts are complicated by complexes of cryptic plants 

and animals that may show little morphological change but substantial genetic divergence 

following ecological and/or geographical isolation. Species complexes are abundant and difficult 

to detect without morphological, ecological, and molecular data and can be seen in both marine 

crustaceans (e.g. Mathews 2006, Santos 2006, Craft et al. 2008) and freshwater species (Taylor 

et al. 1998, Witt and Hebert 2000, Belyaeva and Taylor 2009, Xu et al. 2009). Mayden (1997, 

1999) suggests the use of the evolutionary species concept (Wiley 1978) as a primary species 

concept, with multiple secondary operational concepts as support for the primary concept. Here, 

I do not seek to fully define a species, but rather I will use this hierarchical approach of a primary 

evolutionary species concept, with a secondary species concept as support to define lineages that 

may correspond to a species; this will be the phylogenetic diagnosable unit concept (Eldredge 

and Cracraft 1980).  
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In freshwater Crustaceans especially, species that share the same morphology and are 

considered “cosmopolitan” may be comprised of genetically different entities. Species 

cosmopolitanism in freshwater invertebrates is thought to be due to dispersal via resting eggs or 

hitching a ride on birds or mammals, allowing for colonization of other distant habitats. This is 

true for both pelagic invertebrates (e.g. Cox and Hebert 2001, Xu et al. 2009, Millette et al. 

2011) and benthic invertebrates (e.g. Belyaeva and Taylor 2009, Witt et al. 2006). Selective 

pressures that may lead to genetic differentiation include population bottlenecks in separate 

refugial regions due to geologically recent glaciation (Hebert and Hann 1986, Jeffery et al. 

2011), habitat fragmentation (Lefébure et al. 2006), and differences in predation rates among 

habitats, with divergent selection regimes driving genetic diversification of lineages (Witt et al. 

2003).  

Freshwater crustaceans can also show high levels of endemism, especially in large 

ancient lakes. The best-studied examples include the ostracods (Martens 1994, Schön and 

Martens 2012) and amphipods (Macdonald et al. 2005, Albrecht and Wilke 2008, Wysocka et al. 

2013) of Lakes Baikal and Ohrid, and the decapods of Lake Tanganyika (Marjinissen et al. 

2006). Even in younger ancient lakes such as Lake Titicaca in South America, where species 

diversity is lower than in older lakes such as Baikal, levels of crustacean endemism are estimated 

to be at least twice as high as in molluscs and annelids (Martens and Schön 1999), though true 

endemism is difficult to monitor due to polyphyly and repeated dispersal in and out of the lake 

(Martens 1997, Cristescu et al. 2010, Adamowicz et al. in prep.). It will require in-depth studies 

to fully understand the speciation processes behind seemingly cosmopolitan species as well as 

large species flocks endemic to ancient lakes. A “flock” is a monophyletic group of species that 
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underwent a radiation, typically in an ancient lake, and shows a high degree of endemicity 

(Greenwood 1984).  

In addition to using mitochondrial and nuclear markers to study cryptic species diversity 

and evolution, comparative genome sizes can be a useful tool in understanding the lineage 

proliferation process. This is most easily seen in instances of polyploidy, where sister species 

will show quantum changes (approximate doubling) in genome size, though this must then be 

verified using chromosome counts to rule out genomic expansion due to transposable element 

proliferation (Schön and Martens 2004, Dufresne et al. 2013). Selective pressures for differences 

in body size or development may also constrain or allow genome size to expand through 

nucleotypic selection, which states that  since genome size and cell size are directly correlated, 

selection for cell size can drive genome size evolution (Commoner 1964). Larger cells can lead 

to larger body sizes and/or slower cell division rate, which may in turn be influenced by top-

down selective pressures such as predation.  The Hyalella of North and South America, which 

are still understudied in terms of total species diversity, are an ideal group of crustaceans to 

examine the role of genome size shifts in lineage diversification due to their wide distribution, 

high genetic diversity within morphospecies, and high endemism in certain habitats, including 

Lake Titicaca and springs in the Great Basin. The genus Hyalella has been divided into species 

“groups” based on morphology but not phylogenetically well studied, including species from the 

Amazonian basin, the high Andes, Lake Titicaca, the North and Central American ‘azteca 

complex’, and a complex localized to Patagonia (González and Watling 2001).  

North American Hyalella 
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The genus Hyalella is subdivided into three subgenera; two of these (Austrohyalella and 

Mesohyalella) live solely in South America, while the subgenus Hyalella inhabits North and 

Central America and parts of the Caribbean (Bousfield 1996, Baldinger 2002). At least eight 

morphological species (H. azteca, H. caribbeana, H. muerta, H. longicornis, H. montezuma, H. 

sandra, H. texana, H. meraspinosa) exist in North America; three of these, including H. 

montezuma, are confined to a single water body, whereas H. azteca is considered cosmopolitan 

in Central and North America. Hyalella azteca has been the subject of numerous genetic and 

ecological studies in the past, and it is likely that there are nearly 100 lineages or “entities” that 

may represent evolutionarily distinct species within this single morphological species (Hogg et 

al. 1998, Wellborn et al. 2005, Wellborn and Broughton 2008, Witt et al. 2003, 2006, 2008).   

Many of these lineages are located in the Great Basin, spread across Nevada, eastern 

California, Utah, Idaho, and Oregon (Thompson and Mead 1982). In the Pleistocene and 

Miocene the Great Basin consisted of numerous lakes and rivers, though today the aquatic 

habitat is less extensive, existing as numerous geographically isolated springs containing 

endemic fauna (Grayson 2003, Witt et al. 2006). These springs are home to several threatened 

species of snails, hemipterans, Hyalella, and pupfish, many of which inhabit a single location, 

making them a high priority for conservation practices (Witt et al. 2006).  

Hyalella azteca is an interesting example of rapid and extensive genetic divergence with 

little phenotypic change (Witt and Hebert 2000, Witt et al. 2003). Early studies used allozymes 

to study this cryptic diversity and discovered at least seven species within North America, which 

exhibit up to 27.6% divergence in their mitochondrial DNA sequences (Witt and Hebert 2000). 

Aside from body size differences among some populations, with larger “morphs” often being 

more prevalent in fishless habitats, most of these genetically diverged “species” or “entities” are 
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morphologically the same, but are also reproductively isolated (Wellborn and Cothran 2004). 

Hyalella montezuma is phenotypically and ecologically distinct from H. azteca, though it nests 

within the H. azteca COI neighbour-joining (NJ) phenogram and coexists with one member of 

the H. azteca complex, suggesting this species arose geologically recently (Duan et al. 2000, 

Witt et al. 2003). It is thought that fish predation has prevented extensive morphological 

radiation in H. azteca, and interestingly H. montezuma is known only from Montezuma Well, a 

fishless spring in Arizona (Witt et al. 2003). This environment may have allowed for less 

constraint on phenotype and ecological role, as H. montezuma has novel morphological features 

such as enlarged setose mouthparts for filter-feeding in the pelagic rather than benthic zone, 

leading to the evolution of this new species (Witt et al. 2003).  

Only one previous study (Vergilino et al. 2012) has revealed variation in genome size 

among specimens exhibiting different COI haplotypes of H. azteca that corresponded to four 

provisional species. Larger genomes were discovered in the larger ecomorphs, with sizes ranging 

approximately 2-fold from 1.57pg in the small morphs to 3.23pg in the large morphs. This study 

accounts for only a small fraction of genetic diversity and provisional species within H. azteca, 

but highlights the importance of studying genome size diversity due to the large genome size 

differences among just a few lineages.  

South American Hyalella 

 In South America, Hyalella amphipods are the only species of freshwater amphipods that 

inhabit surface-level lakes and rivers (Väinölä et al. 2008). There are approximately 50 described 

species within the two Hyalella subgenera in South America (Väinölä et al. 2008), seven of 

which are located in Chile (González 2003), nine of which inhabit Argentina and the Falkland 
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Islands (Dos Santos et al. 2008), and 13 of which are part of an endemic species flock contained 

within Lake Titicaca, the world’s highest-elevation ancient lake located on the border of Peru 

and Bolivia. This lake is approximately 3 million years old, and its water levels have risen and 

fallen over the millennia, though its present hydrological state is around 10,000 years old 

(Lavenu 1992, Wirrmann et al. 1992). These changes in water level have likely allowed for 

allopatric speciation within the lake, but also multiple colonization events from outside the lake 

basin itself (Mourguiart et al. 1998, SJ Adamowicz, Pers. Comm.). Interestingly, though the 

hyalellid amphipods within Lake Titicaca are generally smaller, possibly due to lower oxygen at 

higher altitude, some species possess body armature and spines (Figure 4.1) similar to those of 

the amphipod species flock of Lake Baikal, which also likely arose from multiple colonisations, 

and both groups share morphological similarities to some marine amphipods from Antarctica 

(Martens 1997, Macdonald et al. 2005).  

 It is likely that there are many more undescribed or cryptic species contained both within 

Lake Titicaca and South America as a whole, which may be further resolved by DNA barcoding 

which uses the cytochrome oxidase subunit I (COI) gene for specimen identification and species 

discovery (Hebert et al. 2003) and by using other genetic markers. Studying genome size 

evolution within these flocks will further help resolve species and understand what processes 

contributed to lineage proliferation within Hyalella in both continents.  

Questions and Predictions 

 

The goals of this chapter are to examine the role genome size variation has potentially 

played in genetic and morphological diversification in the Hyalella amphipods of North and 

South America. The following questions are addressed.  
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1) Does genome size correlate with body size in both groups of Hyalella as well as 

morphological variation in South American species? Specifically I predict that larger-bodied 

species or lineages will have larger genomes. This is based on preliminary data by Vergilino et 

al. (2012) that revealed that larger ecomorphs within the Hyalella azteca complex had larger 

genomes, which they suggest may be related to physiological differences among ecotypes, or 

polyploidy. Currently there is no evidence for polyploidy based on allozyme data, but 

widespread sampling of all lineages may yet show evidence for polyploidization (Hogg et al. 

1998, Wellborn et al. 2005). I also predict no difference in genome size between South American 

amphipods with spiny and smooth-bodied morphologies (Figure 4.1) with low (<1%) COI 

divergence, instead attributing this to phenotypic plasticity. If a difference is discovered, this 

may suggest that very recent speciation via polyploidization has been associated with 

morphological changes, but little genetic divergence in sequence data.  

2) Is there evidence of polyploidy across the phylogenies of these groups? This will 

be accomplished by simple phylogenetic mapping of the genome sizes onto mitochondrial and 

nuclear phylogenies, and by examining the magnitude of genome size differences between sister 

lineages. Polyploidy cannot be explicitly confirmed without karyological data, but I predict that 

putative evidence of polyploidy, indicated by genome size doublings between some sister taxa, 

will be observed. Though polyploidy is not common in amphipods, preliminary data in Vergilino 

et al. (2012) suggests polyploidy may exist within the genus Hyalella. I will also explore 

phylogenetic signal of genome size across mitochondrial and nuclear phylogenies to test for 

evolutionary conservation of genome size. 

3) Do genome size differences correlate with genetic distances between sister 

lineages? Here I will determine if there is any relationship between genetic distance between 
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sister lineages (for both COI and 28S gene data) and their absolute difference in genome size. A 

positive relationship may be interpreted to mean that genome size continued to evolve at a 

constant rate since the lineage bifurcation event, while no relationship would suggest a more 

punctuated mode of genome size evolution. 

Methods 

Specimen Selection for Genome Size 

 

The majority of specimens included were collected and provided by Dr. Sarah 

Adamowicz and Dr. Jonathan Witt. All specimens were preserved in 95% ethanol and held at      

-20ºC after returning from the field. Based on results from Chapter 2, I expect less than 10% 

discrepancy between these ethanol-preserved specimens and frozen specimens, though in some 

cases standard error for genome size within some MOTUs was higher than this (see results). In 

North America, specimens were primarily from the Great Basin but were also sampled from 

other localities to obtain genome size estimates for each main lineage. South American 

amphipods were collected from various water bodies in Argentina, Bolivia, Chile, and Peru. I 

took photographs of all specimens prior to dissection using a Leica microscope. Three to five 

specimens per COI neighbour-joining (NJ) cluster separated by >2% divergence (see below 

sections for phylogenetic analyses) were randomly selected but phylogenetically stratified to 

cover sub-clusters for genome size estimation. A 2% COI threshold was chosen here during 

specimen selection as opposed to the 3% lineage definition threshold used (see below) to 

increase the number of number of genome sizes estimated and to minimize the chance of 

overlooking genome size variation in recently diverged lineages. 

For genome size estimation, methods were similar to Chapters 2 and 3, and the samples 

in ethanol were deemed suitable for study based on the results from Jeffery and Gregory (2014). 
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This was based on their excellent preservation state, including multiple changes of ethanol over 

time and being kept cold for their duration. When specimens were large enough, gill tissue was 

removed from the base of the thoracic appendages and torn apart using dissecting pins in 40% 

acetic acid on a glass microscope slide. If specimens were too small to obtain an adequate 

amount of gill tissue, entire specimens were dissected across a slide, except in the cases where 

tissue was needed to obtain DNA sequences. After being macerated in acetic acid, the tissue was 

covered with a glass coverslip and squeezed onto the slide using clothespins and frozen on dry 

ice, followed by immersion in 95% ethanol and storage at room temperature. Slides were then 

stained as described in Chapter 2, following Hardie et al. (2002). 

I collected some specimens from Ontario and Churchill, Manitoba, which were frozen in 

liquid nitrogen before being stored at -80ºC for genome size estimation using FCM. A leg was 

removed for DNA barcoding (see below), and then legs or the anterior half of the specimen was 

used for FCM following the protocols from the previous chapters. Briefly, the tissue was ground 

with a Kontes Dounce tissue grinder in 550μl cold LB01 buffer with Gallus domesticus, 

Onchorhynchus mykiss, or Daphnia pulex (1C=0.23pg) included as the internal standard. The 

suspended cells were filtered and stained with 12µl (24µg/ml) and 3µl (6µg/ml) RNase for one 

hour prior to analysis on an FC500 flow cytometer (Beckman-Coulter). 

Gene Sequencing and Phylogeny Reconstruction 

 

DNA sequences were provided by Dr. Sarah Adamowicz and Dr. Jonathan Witt. 

Previously available mitochondrial DNA (COI and 16S) and nuclear (28S) partial gene 

sequences were used to construct separate mtDNA and nuclear DNA phylogenies to check for 

any discordance. The number of sequences and length in base pairs (bp) are listed in Table 4.1.  

80 additional specimens from South America and 79 additional specimens from North America 
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underwent standard DNA barcoding to obtain novel COI sequences for this study. Briefly, 1-2 

legs were removed from each individual to undergo tissue lysis and glass fiber DNA extraction 

(Ivanova et al. 2006), and the COI barcode region was amplified with polymerase chain reaction 

(PCR) (Ivanova and Grainger 2007a) using universal COI primers (Folmer et al. 1994) and mini 

primers (Meusnier et al. 2008). The amplified DNA was then sequenced bidirectionally on an 

ABI 3730XL DNA analyzer (Applied Biosystems), and a single consensus sequence was 

assembled using the forward and reverse sequences in CodonCode Aligner v.3.0.2 (CodonCode 

Corporation).  74 of 80 (93%) of the additional South American specimens were successfully 

sequenced, and sequences ranged from 307 to 658bp, though only sequences >350bp were use in 

phylogenetic analysis. 74 of 79 (95%) of the additional North American specimens were 

successfully sequenced, with sequences ranging from 305 to 658bp, and again sequences shorter 

than 350bp were removed from analysis. These were aligned in MEGA 5 (Tamura et al. 2011) or 

6 (Tamura et al. 2013) using the Clustal alignment option with a gap opening penalty of 10 and 

gap extension penalty of 3. COI alignments were verified using the amino acid translation to 

ensure the sequences were free of stop codons and insertions or deletions. These sequences are 

contained in the projects TTKK, NJSAH, and NJNAH in the Barcode of Life Data System 

(BOLD; www.boldsystems.org) and are publicly available.  Here, I will focus on lineage 

proliferation rather than true species identification by assigning molecular operational taxonomic 

units (MOTUs) with a COI divergence threshold set at 3%, which is based on divergences in 

other crustacean groups (e.g. Radulovici et al. 2009, Jeffery et al. 2011) but slightly lower than 

the 3.75% suggested by Witt et al. (2006) as a species screening threshold for Hyalella. In 

addition to this threshold, I used a second, lower threshold of 1% for the Lake Titicaca 

specimens which appear to be undergoing an accelerated rate of evolutionary radiation 

http://www.boldsystems.org/
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(Adamowicz et al., in prep.). I used jMOTU (Jones et al. 2011) to generate MOTUs of all 

specimens for which I had both COI sequences and genome size data for both North and South 

America separately based on this divergence threshold.  

 Gblocks v.0.91b (Castresana 2000) was used to filter out large sequence blocks 

containing uncertain homology and many gaps in the alignment of 28S and 16S genes, but not 

for COI as that protein-coding gene could be reliably aligned with the assistance of the amino 

acid translation (Figure 4.2). As the default settings in Gblocks are very stringent, these were 

relaxed to minimize the loss of nucleotide information. The minimum number of sequences for a 

conserved position and for a flanking region was set to half the number of the total sequences. 

The maximum number of contiguous nonconserved positions was set to 30, and the minimum 

block length was set to 3. The trimmed sequences were then opened in MEGA 6, and the 

nucleotide substitution model was checked again prior to constructing a ML phylogeny using all 

sites as the gaps were removed by Gblocks. The model with the lowest Bayesian information 

criterion (BIC) score was used, which is equivalent to having the highest Bayesian posterior 

probability (Posada and Buckley 2004). These trimmed phylogenies were built in addition to 

those based upon the full aligned sequences to determine any noticeable differences in topology.  

Initially, I analyzed the data for each gene separately for all of the North and South 

American sequences to create three Maximum Likelihood (ML) phylogenies, one for each of 

COI, 16S, and 28S, to determine if both continental groups could be analyzed separately (i.e. to 

ensure that North and South American lineages were not phylogenetically interspersed with one 

another). The best nucleotide evolution model was determined in MEGA6 using all nucleotide 

sites, and separate ML phylogenies were constructed with 200 bootstrap pseudo-replicates. In 

order to investigate the monophyly of the Hyalella from each continent, I constructed the 28S 
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phylogeny using an outgroup from the genus Platorchestia (family Talitridae) due to the slower 

evolutionary rate of that nuclear gene. However, I did not construct a combined mitochondrial 

phylogeny with a more divergent outgroup due to Gblocks removing large portions of 

unconserved regions between the outgroup and the two groups of Hyalella.  

Next, new ML trees were constructed for each gene and for each continent separately 

using 3 divergent individuals from the reciprocal continent as outgroups. This was done for two 

main reasons; first, Hyalella from the opposite continent would be a close outgroup to the 

species, assisting in better resolving ingroup relationships, and second, this separate continental 

approach may reveal differences in phylogenetic signal between continents that might be masked 

in one large phylogeny. The ML trees were constructed using alignments trimmed by Gblocks 

and the best nucleotide evolution model estimated in MEGA6 with 500 bootstrap pseudo-

replicates. For COI phylogenies I used the CD-HIT-EST web server (http://weizhong-

lab.ucsd.edu/cdhit_suite/cgi-bin/index.cgi?cmd=cd-hit-est) (Huang et al. 2010) to remove any 

sequences >99% similar to other sequences. This was done primarily for visualization purposes 

to remove numerous sequences with branch lengths of 0 or near 0 between them and because 

maximum likelihood mapping of genome size onto the phylogeny requires branch lengths >0. In 

the results, the 28S phylogenies are referred to as the nuclear phylogenies, while COI 

phylogenies with 16S bootstrap values for support are referred to as the mitochondrial 

phylogenies.  

As Lake Titicaca itself and the Great Basin in North America are considered “hotspots” 

for the evolution of genetically divergent Hyalella “species”, these regions were analyzed 

separately in addition to the initial whole-continent analyses. I used the COI and 28S sequence 

data for specimens from these areas and built ML phylogenies for both Lake Titicaca and the 

http://weizhong-lab.ucsd.edu/cdhit_suite/cgi-bin/index.cgi?cmd=cd-hit-est
http://weizhong-lab.ucsd.edu/cdhit_suite/cgi-bin/index.cgi?cmd=cd-hit-est
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Great Basin using each gene. These phylogenies were then analyzed separately and compared to 

the results obtained using the whole-continent phylogenies to determine if different patterns of 

genome evolution were occurring. Specimens from the reciprocal continent were still chosen as 

outgroups rather than closely-related species from outside these hotspots because of the potential 

for the species within the hotspots not being monophyletic. 

MRBAYES v.3.2.2 (Huelsenbeck and Ronquist 2001; Ronquist et al. 2012) was also 

used to construct Bayesian phylogenies for each gene and provide further support via posterior 

probabilities for each main clade constructed. The best nucleotide evolution model estimated in 

MEGA6 was used to construct each phylogeny using the preferred model according to either the 

BIC or AIC criterion, depending on which model was available in MRBAYES. The data were 

run with 2 concurrent runs each with 4 Markov chains (3 “hot” and 1 “cold”) for 10 million 

generations, with sampling occurring every 1000 generations and the first 2500 trees discarded 

as burn-in. A flat Dirichlet prior probability (1,1,1,1) was set before the run. The standard 

deviation of split frequencies between runs was monitored to ensure it reached 0.01 by the end of 

the burn-in period. 

Statistical Analyses 

 

 I used the contMap function from the phytools package (Revell 2012) in R v.3.1.2 (R 

Core Team 2014) to estimate a “fast” maximum likelihood ancestral state of genome size on 

each phylogeny, which then plots the continuous trait (genome size) on the phylogeny. This not 

only estimates the ancestral genome size for each group of Hyalella better than a parsimony 

estimation, which cannot estimate values outside of those listed for the taxa, but also shows 

clustering or lack thereof of genome size on a phylogeny.  
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 Pagel’s lambda (Pagel 1999) was estimated for each phylogeny using the ape (Paradis et 

al. 2004), geiger (Harmon et al. 2008), and phytools (Revell 2012) packages to test for 

phylogenetic signal of genome size using both 28S and COI phylogenies. Specifically, the 

function phylosig in phytools was used to estimate lambda, and fitContinuous in geiger was 

used to verify this value. Münkemüller et al. (2012) suggest that Pagel’s lambda, which is based 

on a Brownian motion model of trait evolution, performed the best relative to other phylogenetic 

signal measures when using non-simulated data as it responds the least to changes in species 

number and minimally to changes in branch length.    

I also took the maximum body size from each MOTU that met the following criteria. To 

maximize the likelihood that the maximum body size was representative of a mature specimen, 

only MOTUs with >8 body sizes or where I had genome size and body size data for the entire 

MOTU with >5 specimens were used, while all others were excluded. For North America, I 

removed the largest 3 individuals from each locality that contained only a single lineage and 

used the maximum body length. Shapiro tests for normality were conducted, and when data were 

not normal they were log-transformed. I used phylogenetically independent contrasts (PICs) 

(Felsenstein 1985) to determine any correlation between average genome size and body size 

across each phylogeny. PICs were calculated using the ape package in R after removing the 

reciprocal continent sequences, and a linear regression forced through the origin (model Y~X-1) 

was conducted on the PICs.  

Finally, I conducted a linear regression on the branch lengths between sister lineages, 

based on a 3% threshold for defining clusters using COI and 0.5% when using 28S, against the 

absolute difference in genome size between these lineages. The 0.5% value for 28S was chosen 

as it is 10 times lower than the maximum 28S divergence in North American Hyalella (Witt et al. 
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2006), and because 28S can be less than 2% divergent between amphipod genera (Cristescu and 

Hebert 2005). Only the tips were used as sister lineages rather than averaging genome sizes 

across all nodes in order to prevent inevitably non-real values for genome size that would occur 

by averaging the values for each node in the same manner that phylogenetic independent 

contrasts would calculate. Polytomies were not included in the analyses. Shapiro tests for 

normality were conducted on all data sets. 

Results 

Combined North and South America Phylogenies 

 A 28S nuclear phylogeny with combined data for North and South America was 

constructed using the K2+G+I model for an 1136bp sequence alignment for 198 sequences 

including the Platorchestia outgroup. This phylogeny supported the monophyly of the South 

American Hyalella with a bootstrap value of 0.96, with moderate support for North America as a 

clade (0.56 bootstrap value; Appendix S4). This provided evidence that Hyalella sequences from 

the opposite continent could then be used as an outgroup for constructing individual phylogenies 

for analysis purposes.  

 The combined North and South America COI phylogeny consisted of 689 sequences with 

lengths of 628-658bp. The model with the lowest BIC value was GTR+G+I. South America 

showed support for the same major clades as Adamowicz et al. (in prep.). High bootstrap values 

near the tips provided support for each lineage under investigation, but bootstrap support at the 

internal nodes was very low (0.09-0.13), and so the deeper phylogenetic relationships within 

Hyalella remain uncertain. Similar results were observed using the 392bp alignment for the 16S 

sequences, which showed high support for the tips of the phylogeny reconstructed with the 

T92+G+I nucleotide model, but low bootstrap support (0-0.36) for the deeper nodes. Though 
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these results cannot determine monophyly or paraphyly of these groups, these mitochondrial 

phylogenies provided further evidence to use Hyalella sequences as an outgroup for analyses 

only. 

North America Genome Size Diversity 

 

I estimated genome size for 73 lineages of Hyalella azteca with already-known sequences 

from different localities, as well as an additional 55 specimens that received novel DNA 

barcodes in this study. Overall, these lineages and novel DNA barcode records included 53 

MOTUs defined by a 3% divergence threshold. Two morphologically different lineages were 

collected from North Steptoe Spring, but COI failed to amplify in these lineages. They had 

different genome sizes of 0.72 and 0.99pg. The smallest genome size of 0.52pg was seen in 

Hyalella muerta, while the largest was in a lineage of H. azteca from Churchill, Manitoba with a 

size of 2.40±0.05pg, representing nearly 5-fold variation in North American Hyalella genome 

sizes (Table 4.2). Interestingly, MOTU001 in which the Churchill lineage was contained had a 

lower average genome size and high standard error of 1.94±0.16pg as it also contained lineages 

from Humboldt Springs, Nevada, with a genome size of 1.43pg, and southern Ontario, with a 

genome size of 1.25pg. MOTU001 shows the largest variation in both geography and genome 

size, and some lineages within it may be polyploid due to the near doubling in genome size 

between the Ontario and Churchill populations.  

 One hundred and thirty three 16S sequences with a 345bp alignment after Gblocks were 

used to construct a ML phylogeny using the T92+G+I model, and bootstrap values from this 

phylogeny were plotted on the COI phylogeny. A maximum-likelihood tree of COI sequences 

with a 636bp alignment for 64 specimens that were <99% similar and had genome size data was 

constructed using a GTR+G+I model. This tree was highly congruent with its Bayesian 
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phylogeny (see Figure 4.3 nodes). A test for phylogenetic signal showed moderate phylogenetic 

signal for genome size on this phylogeny (λ=0.68, logL=-11.340, p<0.00001). The significant p-

value rejects the null hypothesis of zero phylogenetic signal; phylogenetic distance significantly 

predicts differences in genome size.  

One hundred and thirty three 28S sequences yielded an initial 1267bp alignment which 

was reduced to 1177bp after trimming by Gblocks. A ML phylogeny was constructed using the 

K2+G+I model. The phylogeny of all lineages for which I had a genome size estimates had 42 

lineages and was constructed with the T92+G nucleotide model and had high bootstrap and 

posterior probability support (Figure 4.4). There was moderate but marginally non-significant 

phylogenetic signal for genome size (λ=0.66, logL=5.628, p=0.07).  

Specimens from the Great Basin only showed strong phylogenetic signal (λ=0.96, 

logL=32.24, p<0.00001) (Figure 4.5). Within the Great Basin, genome sizes ranged only 2-fold 

approximately, with the smallest genome size being 0.65pg (MOTU008) and the largest being 

1.29pg in the Lonigan Spring, Idaho lineage. Within this constrained range, genome size is 

strongly phylogenetically structured.  

Branch lengths summed between sister lineages using GTR model ranged from 0.0052 to 

0.0289 for 28S (n=8) and from 0.0315 to 0.4654 for COI (n=16). There was no correlation 

between the sum of branch lengths between sister lineages and absolute difference in genome 

size between sister lineages for the COI phylogeny (r
2
=0.02, p=0.59) or between sister lineages 

on the 28S phylogeny (r
2
=0.12, p=0.40) (Figure 4.11).  

Genome size correlated positively with body size for 29 MOTUs (r
2
=0.186, p=0.017). 

These data excluded the largest genome sizes from specimens collected from Churchill, 
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Manitoba, due to a lack of specimens to measure the maximum body sizes. However, 

phylogenetic correction removed this correlation (r
2
=0.0004, p=0.91, n=28 contrasts) (Figure 

4.6).  

South America Genome Size Diversity 

 

I estimated genome size for 208 specimens of South American Hyalella (Appendix S4). 

However, samples whose nuclei looked degraded during quantification were removed, and not 

all COI amplicons were successfully sequenced, and so a total of 191 estimates representing 34 

MOTUs at a 3% threshold were used (Table 4.3). These ranged in size from 0.75 to 2.68±0.07pg 

(mean±SE), resulting in nearly 4-fold variation in genome size among these MOTUs. Genome 

sizes were relatively consistent within each MOTU as evidenced by the relatively low standard 

errors, except in MOTUSA0003 and MOTUSA0027, which ranged from 0.86 to 1.92pg and 

from 1.73 to 2.21pg, respectively. This may represent relatively new speciation events within 

each MOTU and may even represent recent polyploidization in MOTUSA0003 due to the 

doubling of genome size within the MOTU.  

Using a lower 1% threshold in COI divergence for Lake Titicaca specimens, 18 MOTUs 

were recovered (Table 4.4). Genome sizes for specimens in these MOTUs ranged approximately 

3-fold, from 0.77 to 2.08±0.05pg. Given this wide range in genome sizes for a relatively high 

number of MOTUs at low genetic divergence, it is likely that changes in genome size have 

accompanied or led to lineage proliferation and potentially true speciation events. 

Sixty four 16S sequences yielded a 392bp alignment, and a ML phylogeny was 

constructed using the Tamura 3-parameter model with a gamma distribution parameter (T92+G). 

Gblocks filtered this alignment to 346bp, and then a ML phylogeny was constructed using the 
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T92+G+I model. Bootstrap support values from this phylogeny were mapped onto the COI 

phylogeny as further support for a “mitochondrial” phylogeny analysis. A ML COI phylogeny 

using 73 unique sequences plus 3 randomly selected but divergent North America sequences 

after eliminating duplicates was built using the HKY+G+I model. Pagel’s lambda for the COI 

phylogeny consisting of unique sequence specimens showed strong phylogenetic signal for 

genome size (λ=0.98, logL=-5.134, p=2.93
-22

, Figure 4.7).  

A ML phylogeny was constructed from 64 aligned 28S sequences, with 3 divergent 

sequences from North American specimens as the outgroup using the general time-reversible 

model with a gamma distribution and invariant sites parameters (GTR+G+I). Gblocks trimmed 

the total sequence length from 1263 to 1191bp. The lambda value for the 28S ML phylogeny 

also showed a significant relationship between phylogeny and genome size distribution (λ=0.94, 

logL=-23.481, p=0.0003, Figure 4.8), as expected as the same clades were recovered from these 

genes.  

For the lineages inhabiting Lake Titicaca itself genome size also showed strong 

phylogenetic structuring. The ML phylogeny showed 6 distinct clades, with 3 North America 

lineages used as the outgroup (Figure 4.9). One of these 6 clades had a much larger genome size 

than others, showing potential polyploidization. The average genome size of this clade was 

1.83±0.04pg (mean±se) and the sister lineage to it was a single Peruvian specimen (Pe03-A2) 

with a genome size of 0.77pg. Pagel’s lambda showed strong phylogenetic signal similar to the 

other South American phylogenies (λ=0.93, logL=3.379, p=8.57e
-12

).  

Branch lengths as summed between sister lineages ranged from 0.005 to 0.038 for 28S 

(n=7), and from 0.035 to 0.20 for COI (n=10). There was no relationship between branch length 
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and absolute difference in genome size between sister lineages on the COI phylogeny (r
2
=0.04, 

p=0.59) or the 28S phylogeny (r
2
=0.0002, p=0.98) (Figure 4.11).  

There was no relationship between genome size and body size for 13 MOTUs of Hyalella 

without phylogenetic correction (r
2
=0.01, p=0.72). Transforming the data did not change the 

results (r
2
=0.013, p=0.67). There was also no relationship between phylogenetic independent 

contrasts of genome size and body size (r
2
=0.003, p=0.86, n=11 contrasts, Figure 4.10). A paired 

t-test between 10 closely related individuals with spiny and smooth-bodied specimens, all 

collected from within Lake Titicaca, showed no significant difference in genome size between 

the two body morphologies (p=0.15).  

Discussion 

 Overall genome sizes were similar across both groups of Hyalella from North and South 

America, with both continental groups showing approximately 4- to 5-fold variation in genome 

size. The largest genomes were in MOTUNA001, which was widespread across North America 

(Table 4.2), with a genome size of 2.40±0.05pg, and in MOTUSA0024 from Argentina with a 

genome size of 2.68±0.07pg. Phylogenetic structuring of genome size was higher in South 

America than North America overall. Interestingly, the subset of unique sequences from within 

Lake Titicaca, which made up 33% of the South American COI sequences, showed similar 

genome size structure in its phylogeny as the whole of South America for COI sequences 

(λ=0.93 and 0.94 respectively). In North America, the Great Basin specimens showed higher 

phylogenetic structure of genome size (λ=0.96) relative to the whole continent (λ=0.68), 

suggesting that phylogeny is a strong predictor of genome size variation. One possible 

explanation for this higher lambda value is that polyploidy is not present in the Great Basin 
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lineages, as polyploidy may disrupt phylogenetic signal if it occurs randomly in lineages 

throughout the phylogeny.   

 There was no evidence of a relationship between genome size and body size in the South 

American Hyalella with or without phylogenetic correction. North American Hyalella showed a 

significant positive relationship between genome size and body size, though this correlation 

disappeared after phylogenetic correction. Genome size has been demonstrated to correlate 

positively with body size in other crustaceans, including ostracods (this study, Chapter 3), 

copepods (Gregory et al. 2000, Wyngaard et al. 2005), amphipods (Hessen and Persson 2009), 

and specifically different haplotypes of Hyalella azteca (Vergilino et al. 2012). However, the 

Vergilino et al. (2012) study did not use phylogenetic correction and only looked at 2 

‘ecomorphs’, where the larger morph had a larger genome size. The genome sizes estimated by 

Vergilino et al. (2012) are larger than those estimated for most of the Hyalella in the present 

study, possibly as a result of an inflated genome size for their standard, the American lobster 

Homarus americanus (4.75pg versus my estimate of 3.13-3.97pg). However, it is possible that 

the haplotypes in the study by Vergilino et al. (2012) were simply not measured in the present 

study, or that body sizes in either study were not truly indicative of maximum mature body 

length. I also observed no difference in genome size between spiny and smooth-bodied Hyalella 

from South America, suggesting spines and body armature is the result of phenotypic plasticity 

or a recent speciation event with little change in genome size. 

 Putative cases of polyploidy are evident in both North and South American groups, with 

four doublings of genome size in North America, including 2 in MOTUNA001 which includes 

specimens from Nevada and also the largest genome size in the Churchill, MB lineage, and three 

doublings in the South America group, at least one of which occurred within the Lake Titicaca 
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species (Figure 4.9). Further study will be required to assess the karyotypes of the various 

species of Hyalella to determine if quantum differences in genome size are in fact due to 

polyploidy, or rather the expansion of repetitive DNA elements.  

 Differences in genome size between sister lineages did not correlate with branch length 

on COI and 28S phylogenies for either North or South American Hyalella. I argued that if there 

was a correlation between these parameters, that this would signify a gradual change in genome 

size since the lineage splitting event (phylogeny nodes). The lack of a correlation suggests more 

punctuated genome size evolution, regardless of whether genome size increased or decreased 

since the lineage proliferation event.  Such punctuated genome size evolution has also been 

noted in the massive genomes within lilies (Liliaceae) which contain the largest plant genomes 

(Leitch et al. 2007); genome sizes also show a punctuated distribution across vertebrates as a 

whole (Waltari and Edwards 2002). However, despite evidence of some discrete variation, 

genome size did primarily vary continuously among Hyalella lineages, and so further study 

should examine the genome composition differences between these continuously and discretely 

variable lineages. 

 In comparison to another widespread freshwater amphipod Gammarus lacustris, Hyalella 

spp. appear to have much greater variation than G. lacustris, which shows <10% variation in 

genome size between 11 populations from across North America (Jeffery and Gregory 2014). 

The high amount of COI divergence between putative Hyalella species does appear to be 

coupled with variation in genome size, suggesting that changes in genome size overall are 

associated with or could have even lead to lineage proliferation within this group.  
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  Overall, genome sizes were highly variable within Hyalella from both North and South 

America and showed moderate to high phylogenetic structure. Potential cases of polyploidy are 

evident in both groups, and genome size evolution is suggested to follow a punctuated 

distribution due to the lack of relationship between genome size differences and branch length 

between sister clusters in both groups. These patterns appear to contradict the strong 

phylogenetic signal observed across the entire phylogenies; it may be that the deeper nodes and 

branches have a strong role in generating the phylogenetic signal and that long time periods are 

generally needed for genome size differences to accumulate, with the exception of polyploidy 

events.  

 Future work should explore additional models of trait evolution such as the Ornstein 

Uhlenbeck process and genome size change occurring at speciation events, as the lambda values 

obtained here assume a Brownian motion model of trait evolution. More extensive within-

MOTU quantification of genome size would be useful to further understand the punctuated and 

continuous evolution of this trait, especially within MOTUs with high variation in genome size 

and variation in geography. Finally, karyological evidence should be obtained to determine 

whether it is indeed polyploidy that is observed in some cases within Hyalella, or rather an 

expansion of the genome through other means such as transposable element proliferation. 
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Tables and Figures 

Table 4.1. The number of sequences and length in bp for the COI, 16S and 28S sequences for 

North and South America Hyalella provided for this study. The sequence lengths prior to and 

after using Gblocks (Castresana 2000), which removes highly gapped and unconserved regions, 

and the number of sequences provided are listed.  

Molecular Marker Number of sequences Length (bp) Length (bp) after 

Gblocks 

COI North America 133 628 N/A 

COI South America 410 628 N/A 

16S North America 133 393 345 

16S South America 64 392 351 

28S North America 133 1267 1177 

28S South America 64 1263 1191 
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Table 4.2. North America Hyalella molecular operational taxonomic units (MOTUs) based on 

3% COI divergence and their associated genome sizes with standard error. The body size, when 

available, is also listed, as well as the localities from which each MOTU was collected. GPS 

coordinates are available in the Barcode of Life Data system for records with a BOLD sample 

ID. 

MOTU BOLD Sample IDs/Named 

Lineages from the Collection of J. 

Witt included in each MOTU 

Mean 

Genome 

Size (pg) 

SE Body 

Size 

(mm) 

Localities 

MOTUNA0001 09PROBE-008621, -09108, -09111, 

NJAK-0128, -0130-0134, -0152, 

NJGS-35, NJGS-41, NJNAH-055-

056 

1.94 0.16 - Churchill, MB 

Anchorage, AK 

Dawson, YT 

Guelph, ON 

Humboldt Spring, NV 

MOTUNA0002 NJGS-36, NJGS-39 1.59 0.09 - Guelph, ON 

MOTUNA0003 NJNAH-059, -060, 061, NevA 0.66 0.02 - Nevares Spring, CA 

MOTUNA0004 DAISb 1.04 0.04 6.64 Daisy Creek, NV 

MOTUNA0005 DWS05-47-1, 2, DWS05-117-1 1.02 0.01 - Nevada 

MOTUNA0006 BuBd 0.83 0.01 5.72 Bubbling Springs, AZ 

MOTUNA0007 LVR-a, hssf 0.91 0.02 5.18 Lower Vine Ranch & 

Surprise Springs, CA 

MOTUNA0008 DWS05-50-1,2,3, DWS05-37-1,2, 

DWS05-39-1,2 

0.65 0.03 - Nevada 

MOTUNA0009 DWS05-74-1,2,3, DWS05-80-3, 

DWS05-77-1,2 

0.83 0.03 - Nevada 

MOTUNA0010 HFCAc 0.80 0.03 7.95 Fossil Creek, AZ 

MOTUNA0011 GREERc 1.03 0.04 5.28 Greer, AZ 

MOTUNA0012 GoshG,NJNAH-065, 066, 067, 068 1.08 0.04 6.27 Goshen Reservoir & Percy 
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Spring, UT 

MOTUNA0013 CrysA 0.99 0.04 4.33 Crystal Spring, NV 

MOTUNA0014 DWS05-26-1, 2, WARD_4 1.17 0.10 6.67 Ward Pond, AB 

Nevada 

MOTUNA0015 DWS05-111-1, 2, DWS05-80-1,2, 

DWS05-110-2,3 

0.81 0.02 - Nevada 

MOTUNA0016 BPSc 0.76 0.02 - Blue Point Springs, NV 

MOTUNA0017 USCSD 0.95 0.02 4.33 Upper Scotty’s Castle 

Spring, CA 

MOTUNA0018 NJNAH-062, 063, 064 1.44 0.09 - Woahink Lake, OR 

MOTUNA0019 SALU_2L 1.02 0.02 6.54 Saline Valley, CA 

MOTUNA0020 NJGS-23, 24 1.63 0.03 - Milton, ON 

MOTUNA0021 CSO6 1.29 0.06 6.95 Lone Spring, OR 

MOTUNA0022 LubH 1.16 0.03 6.07 Lubken Canyon Creek, CA 

MOTUNA0023 DWS05-45-1, 2 0.97 0.02 - Nevada 

MOTUNA0024 DWS05-30-1,2 0.77 0.01 - Nevada 

MOTUNA0025 Rog-g 0.90 0.03 - Rogers Spring, NV 

MOTUNA0026 TecF 0.94 0.06 3.45 Tecopa Spring, CA 

MOTUNA0027 FlagE 0.89 0.07 4.44 North Flag Spring, NV 

MOTUNA0028 NJNAH-053, 054, wso5 0.98 0.10 - Warm Spring, NV 

MOTUNA0029 NJGS-25, 40 0.66 - - Guelph, ON 

MOTUNA0030 NJNAH-069, 070, 071 0.71 0.03 - Travertine Spring, CA 

MOTUNA0031 DWS05-18-1, 2 0.92 0.06 - Nevada 

MOTUNA0032 LAL3 0.76 0.01 4.35 Lower Alkali Lake, CA 

MOTUNA0033 DWS05-117-3 0.83 - - Nevada 

MOTUNA0034 BLA4 1.04 0.01 8.31 Black River, AZ 

MOTUNA0035 BAJe 0.67 0.01 5.64 Mulege, Baja California 
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MOTUNA0036 Grass1 0.99 0.04 6.02 Grass Spring, NV 

MOTUNA0037 WHITE2 0.91 0.02 5.66 White River, NV 

MOTUNA0038 Zuma2 0.98 - 8.5 Montezuma Well, AZ 

MOTUNA0039 3podA 0.90 0.02 8.82 3 Pod Spring, UT 

MOTUNA0040 popeG 1.13 0.05 5.58 Billy Pope Springs, NV 

MOTUNA0041 CC1 1.48 0.04 7.61 Castle Creek, ID 

MOTUNA0042 nbsA 0.99 - - North Bedke Spring, UT 

MOTUNA0043 DWS05-66-1, 2 0.70 0.01 - Nevada 

MOTUNA0044 PorC 0.66 0.01 - Point of Rocks Spring, NV 

MOTUNA0045 gshc 0.78 0.05 2.7 Grapevine Spring, CA 

MOTUNA0046 MwsD 0.92 - 5.25 Moapa Warm Springs, NV 

MOTUNA0047 BigSI 0.98 0.03 6.15 Big Spring campground, CA 

MOTUNA0048 JV3 1.10 0.08 3.9 Jersey Valley Hot Spring, 

NV 

MOTUNA0049 LSI1 1.29 0.01 - Lonigan Spring, ID 

MOTUNA0050 PresB 0.70 0.02 3.93 Preston Springs, NV 

MOTUNA0051 Hdy-G 0.70 0.03 - Hardy Spring, NV 

MOTUNA0052 nstepB 0.99 and 

0.72 

 - North Steptoe Spring, NV 

MOTUNA0053 BNF, Hom-7 0.90 0.04 5.89 Owens River, NV 
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Table 4.3. Molecular operational taxonomic units (MOTUs) with their average genome size and 

standard error for all South American specimens. Body sizes for MOTUs with enough specimens 

are included, as well as their countries of origin.  

MOTU Contains Mean 

Genome 

Size (pg) 

SE Body Size 

(mm) 

Country 

MOTUSA0001 Arg011-1,2,3; Arg022-1,2,3; 

Arg227-1,2,3 

0.94 0.03 6.86 Argentina 

MOTUSA0002 Bo09-A2, Pe14-A1, Pe18-A1 0.8 0.04 - Bolivia; Peru 

MOTUSA0003 Pe21-A2, A3, A4; Pe30-

A2,A6,A7,A8 

1.24 0.15 8.82 Peru 

MOTUSA0004 Arg179-2,3; Arg157-2,3,4; Ch22-A7; 

Ch24-A1; Ch37-A3; Ch38-A4,A6 

0.794 0.01 11.07 Argentina, Chile 

MOTUSA0005 Bo04-A1, A16, A29;Bo08-

A6,A8;Bo13-A5;Bo20-A4,A5,A7; 

Bo21-A4,A6;Bo23-A6; Bo25-

A4,A5; Bo48-A6; Bo65-

A3,A6;Pe06-A2,A5;Pe12-A6 

1.71 0.04 10.60 Bolivia, Peru 

MOTUSA0006 Bo12-A8, Bo48-A7, Ch08-A1, 

Ch10-A4, Ch12-A3, Pe04-A5, Pe05-

A3, Pe21-A5, Pe27-A1, A3, A7 

1.79 0.05 13.74 Bolivia, Chile, Peru 

MOTUSA0007 Arg033-3 0.96 - - Argentina 

MOTUSA0008 Bo01-A6; Bo04-A25; Bo05-A1; 

Bo06-A5; Bo07-A5; Bo09-A1,A9; 

Bo10A-A1,A5,A7,A11; Bo10B-

A22,A23,A4; Bo11-A4,A6; Pe12-

A5; Pe28-A8 

0.98 0.03 11.23 Bolivia, Peru 

MOTUSA0009 Arg164-2, 5; Arg182-3; Arg185-1-5; 

Arg187-1,4; Arg157-1; Ch35-

A3,A5,A6 

1.67 0.03 11.26 Argentina, Chile 

MOTUSA0010 Ch06-A1,A2,A5,A6; Ch15-A1-A3 1.03 0.02 8.34 Chile 

MOTUSA0011 Arg033-1,2 1.03 0.04 - Argentina 

MOTUSA0012 Arg198-1,2,3 0.80 0.03 - Argentina 

MOTUSA0013 Arg108-1,2,3; Arg205-1-3; Ch25-

A1; Ch36-A1; Ch39-A3 

0.79 0.02 10.85 Argentina, Chile 

MOTUSA0014 Bo19-A7; Pe23-A1; Pe34-A2 0.78 0.04 - Bolivia, Peru 

MOTUSA0015 Ch11-A6; Pe09-A5; Pe40-A6 0.81 0.02 - Chile, Peru 

MOTUSA0016 Bo04-A28 1.69 - - Bolivia 

MOTUSA0017 Arg081-1,2,3 0.77 0.04 - Argentina 

MOTUSA0018 Bo04-A23; Bo21-A5 1.2 0.08 - Bolivia 
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MOTUSA0019 Bo29-A2; Bo33-A1; Bo42-A4; 

Bo46-A7; Pe10-A3,A4; Pe33-

A1,A4,A5 

0.96 0.03 11.88 Bolivia, Peru 

MOTUSA0020 Arg095-3 1.86 - - Argentina 

MOTUSA0021 Arg003-1; Arg216-1-4 1.09 0.05 - Argentina 

MOTUSA0022 Pe35-A1, A2, A6 1.62 0.06 - Peru 

MOTUSA0023 Bo26-A2; Bo32-A1,A2,A4,A7; 

Bo33-A2,A3; Bo41-A5; Bo42-A1; 

Bo46-A2,A4 

0.93 0.03 11.57 Bolivia 

MOTUSA0024 Arg179-1,4,5 2.68 0.07 - Argentina 

MOTUSA0025 Arg208-2,3; Arg164-1,3 1.34 0.06 - Argentina 

MOTUSA0026 Arg213-1 1.83 - - Argentina 

MOTUSA0027 Arg166-1,2,3; Ch25-A8 2.1 0.12 - Argentina, Chile 

MOTUSA0028 Arg194-1,2,3; Arg131-1,2,3 0.85 0.01 15.70 Argentina 

MOTUSA0029 Pe16-A5 0.75 - - Peru 

MOTUSA0030 Arg002-1,2,3,4; Arg003-2,3 1.08 0.03 7.20 Argentina 

MOTUSA0031 Ch34-A3; Ch38-A1,A2 1.42 0.06 - Chile 

MOTUSA0032 Bo04-A46; Bo22-A1; Pe03-A5 2.08 0.05 - Bolivia, Peru 

MOTUSA0033 Ch13-A5 0.85 - - Chile 

MOTUSA0034 Arg095-1,2 2.26 0.09 - Argentina 

 

 

 

 

 

 

 

 

 



190 
 

Table 4.4 MOTUs of Hyalella from Lake Titicaca with a low 1% COI divergence with their 

associated genome sizes (pg) and standard error. This low threshold was set to account for recent 

lineage proliferation within the lake. Specimen codes correspond to their countries of origin 

(Bo=Bolivia, Pe=Peru).  

MOTU Specimens Mean 

Genome 

Size (pg) 

SE 

MOTUTI0001 Bo02-A15; Bo09-A2;  Pe14-A1; Pe18-A1 0.8 0.04 

MOTUTI0002 Bo01-A6; Bo09-A9 1.03 0.04 

MOTUTI0003 Bo06-A5; Bo09-A1; Bo10A-A1; Bo11-A4; 

Pe12-A5 

0.92 0.06 

MOTUTI0004 Bo05-A3 1.28 - 

MOTUTI0005 Bo04-A16; Bo21-A4,A6; Pe12-A6 1.7 0.17 

MOTUTI0006 Bo08-A6; Bo20-A7; Bo23-A6 1.78 0.04 

MOTUTI0007 Bo07-A5; Bo09-A10; Bo11-A6 1.01 0.05 

MOTUTI0008 Bo12-A8; Pe04-A5 1.92 0.11 

MOTUTI0009 Bo04-A29; Bo13-A5; Bo20-A4 1.8 0.06 

MOTUTI0010 Bo04-A1; Bo20-A5 1.62 0.08 

MOTUTI0011 Bo04-A28 1.69 - 

MOTUTI0012 Bo04-A46; Bo22-A1; Pe3-A5 2.08 0.05 

MOTUTI0013 Bo10A-A7; Bo10B-A4 1.085 0.13 

MOTUTI0014 Bo05-A1; Bo10A-A5; Bo10B-A22 0.92 0.02 

MOTUTI0015 Bo04-A25 1.32 - 

MOTUTI0016 Bo10B-A23 0.91 - 

MOTUTI0017 Bo21-A5 1.12 - 

MOTUTI0018 Pe03-A2 0.77 - 
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Figure 4.1. Photographs of two specimens of Hyalella from the same location (Lake Titicaca, 

site code Bo09, Bolivia) showing differences in size and morphology. The specimen on the left 

shows the smooth-bodied morphology, while the specimen on the right has dorsal spinous 

processes. It is unknown whether both specimens are adults or juveniles. 
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Figure 4.2. An example of Gblocks output (Castresana 2000). Highly gapped and unconserved 

regions are excluded from the final alignment, while conserved and minimally gapped regions 

are included, indicated by the solid blue bars at the bottom 
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Figure 4.3. COI phylogeny of North America Hyalella with genome size mapped as a continuous 

trait. Three randomly selected divergent South America specimens were included as the 

outgroup but instead nested within the North America specimens (top of phylogeny) upon using 

mid-point rooting, though with low posterior probability and bootstrap support. X/Y/Z numbers 

at nodes represent COI bootstrap values, COI posterior probabilities, and 16S bootstrap values. 

An asterisk (*) means that clade was not recovered or data was missing for the respective 

method. Approximate genome size doublings are marked with a star. 
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Figure 4.4. 28S phylogeny for North American Hyalella with genome size mapped on as 

a continuous trait. Phylogenetic signal was moderate and marginally non-significant (λ=0.66, 

logL=5.628, p=0.07). Numbers at the nodes represent bootstrap values and Bayesian posterior 

probabilities, respectively. 



196 
 

 

Figure 4.5. COI maximum likelihood phylogeny of Great Basin lineages of Hyalella in 

North America. Genome size is mapped onto the phylogeny as a continuous trait and shows 

strong phylogenetic structure (λ=0.96, logL=32.24, p<0.00001). Genome sizes range 

approximately 2-fold, excluding the 3 South American specimens that nest within the North 

American specimens (marked by the arrow). Numbers at the nodes represent bootstrap values 

and posterior probabilities, respectively. 
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Figure 4.6. Linear regressions of genome size and body size in North American Hyalella 

show a significant positive relationship (r
2
=0.186, p=0.017) without phylogenetic correction (A). 

However, phylogenetic independent contrasts (B) removed this relationship (r
2
=0.0004, p=0.91).  
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Figure 4.7. COI ML phylogeny constructed with those South American specimens having 

genome size data, with sequences that are >99% similar removed. Genome size is mapped onto 

the phylogeny as a continuous trait. Coloured clade names to the right of the phylogeny are 

adapted from Adamowicz et al. (in prep.), while N.A. represents the North American outgroup. 

Potential polyploidization events are marked with a black star.  
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Figure 4.8. 28S phylogeny for South American Hyalella with genome size mapped onto the 

phylogeny as a continuous trait. Genome size shows strong phylogenetic structure (λ=0.95, 

logL=-23.131, p=0.0001). Node numbers represent bootstrap values and posterior probabilities 

respectively. 
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Figure 4.9. COI maximum likelihood phylogeny of specimens from within Lake Titicaca, 

South America, with accompanying genome size data mapped onto the phylogeny as a 

continuous trait. Clade 6 distinctly shows larger genome sizes than all other clades in the 

phylogeny, and its genome size is ~2.4 times larger than that of the specimen in clade 5.  
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Figure 4.10. Linear regressions of genome size and body size in South American 

Hyalella show no relationship (r
2
=0.01, p=0.72) without phylogenetic correction (A) or with 

phylogenetic correction (B) (r
2
=0.003, p=0.86).  
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Figure 4.11. Linear regressions of absolute difference in genome size (pg) and summed 

branch lengths shows no relationship between the parameters for A) 28S lineages in North 

America (r
2
=0.12, p=0.40), B) COI lineages in North America (r

2
=0.02, p=0.59), C) 28S lineages 

in South America (r
2
=0.0002, p=0.98), or D) COI lineages in South America (r

2
=0.04, p=0.59).  
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 General Conclusions and Future Directions 
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Summary of data chapters 

 

Chapters 1 through 4 focused on a theme of moving from a very general introduction on 

genome size and crustacean biology, to generalized methods for genome size estimation in 

crustaceans and invertebrates as a whole, to a large survey of crustacean genome size diversity 

and how genome size correlates to a variety of life-history parameters, and finally to a specific 

but comprehensive case-study of genome size diversity in two large species complexes of 

freshwater amphipods from North and South America.  

 Prior to the start of this thesis, genome size estimates existed for 318 crustaceans showing 

greater than 600-fold variation. The majority of these estimates were from studies that targeted 

branchiopods (e.g. Beaton and Hebert 1988, 1989), copepods (Wyngaard and Rasch 2000, 

Wyngaard et al. 2005), and some decapods (Deiana et al. 1999, Dixon et al. 2001). The 

crustacean classes Remipedia and Cephalocarida were lacking data entirely, and estimates for the 

class Ostracoda remained unpublished.  I estimated genome size for 401 species of crustaceans 

excluding the Hyalella MOTUs from Chapter 4, and though some of these overlap with 

previously published species, this study effectively doubles the number of estimates in the 

Animal Genome Size Database. These included two new estimates for the class Remipedia, but I 

was unable to obtain any Cephalocarida, leaving that class with no estimates.  

Methodologies Summary 

 In Chapter 2 I developed standardized methods for estimating genome sizes in 

crustaceans. I suggest that using legs from most types of specimens for flow cytometry yield the 

best results, while using gill tissue for Feulgen does not differ significantly from flow cytometry 

estimates, and provides genome size estimates intermediate to using haemolymph, which yields 
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larger estimates, and leg muscle for FIAD which underestimates genome size due to high 

amounts of nucleus compaction in the muscle fibres. I also preserved gill tissue and whole 

specimens in 95% ethanol for one year and revealed no significant difference in genome size 

between ethanol preserved and frozen specimens with the caveat that the ethanol needs to be 

changed several times to prevent tissue degradation. I also tested duration of ethanol preserved 

Gammarus lacustris specimens that were also held at -20˚C for up to 14 years and revealed no 

difference over time (r
2
 < 0.001), which became the basis for genome size estimation of the 

specimens in Chapter 4.  

Large Survey of Genome Size in Crustaceans 

 In Chapter 3 I estimated genome size for 401 species of crustaceans from 5 classes. 

Overall genome sizes showed an approximately 700-fold range in genome size, from 0.09pg in 

Lepidurus arcticus to 62.17pg in an unknown amphipod from the Southern Ocean.  

 I determined that genome size correlates with body size in some taxonomic groups such 

as ostracods and amphipods, but not in others such as decapods and stomatopods. I also 

predicted that direct developers would have larger genomes than indirect developers, but in fact 

discovered the opposite within the class Malacostraca. Internal parasitic crustaceans tended to 

have smaller genomes than their hosts, possibly in order to undergo more rapid development 

than their host, but external parasites did not have smaller genomes than their hosts; however, a 

small sample size means we cannot draw definite conclusions from these results. In terms of 

climate and habitat, marine polar crustaceans had the largest genomes even after phylogenetic 

correction at the family level. This was thought to be related to r-K selection, where crustaceans 

in polar marine environments experience K or a selection (an extension of K selection), with 
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larger body sizes, egg sizes, and time to maturity. These then relate to genome size as larger 

genomes require larger cells to contain them, which divide more slowly and so genome size can 

negatively correlate with overall developmental rate. Whether originally having a large genome 

allowed these crustaceans to colonize the cold polar oceans or rather their genomes expanded 

over evolutionary time due to a lack of selective pressures for smaller body sizes or rapid 

development remains to be seen. I suggest that a large genome is not adaptive however, since 

some polar marine crustaceans do not have large genomes and other invertebrate groups in these 

oceans do not have genomes nearly as large as the crustaceans (e.g. molluscs, Pierossi 2011; 

annelids, Forde 2013).  

Genome size diversity in Hyalella amphipods from North and South America 

 In Chapter 4 I estimated genome size for 53 molecular operational taxonomic units 

(MOTUs) based on a 3% COI divergence threshold of amphipods from the genus Hyalella from 

North America and 34 MOTUs from South America, both groups of which are known to have 

high levels of cryptic diversity (Witt et al. 2006, Adamowicz et al. in prep.). I discovered 4-5 

fold variation in genome size within these lineages, and observed moderate to high levels of 

phylogenetic signal for genome size across nuclear and mitochondrial phylogenies that I 

constructed. Diversity ‘hotspots’, including the Great Basin in North America and Lake Titicaca 

in South America showed particularly strong phylogenetic signal on a mitochondrial phylogeny 

(λ=0.93-0.96). Genome size correlated positively with body size (except after phylogenetic 

correction) in North America Hyalella, but not in the South America MOTUs. Three MOTUs of 

Lake Titicaca Hyalella had both spiny and smooth-bodied specimens, but I observed no 

difference in genome size or COI divergence between these morphs, suggesting phenotypic 

plasticity is responsible for the spiny morphs, or a potentially very recent speciation event (J. 
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Witt, Pers. Comm.). Genome size also correlated positively with genetic distance in COI, 16S 

and 28S genes in North America, and with COI in the South America group. This suggests that 

more divergent species have more disparate genome sizes, while less divergent species have 

similar genome sizes. This may be due to chance, but also suggests that changes in genome size 

accompany speciation in these groups.  

Significance and Future Directions 

 This study is larger than all published studies of crustacean genome size combined over 

the past six decades. I estimated the first genome sizes for the class Remipedia, as well as a 

number of orders that previously had no estimates. I significantly increased the amphipod, 

isopod, and stomatopod genome size datasets as well. I also estimated the genome size for a 

number of economically important crustaceans, including krill, lobster, and the whiteleg prawn, 

and invasive species including the green crab, Chinese mitten crab, and two species of invasive 

water fleas. This genome size data will be useful for sequencing the genomes of these species 

should they ever be targeted for a whole genome sequencing project.  

 Overall this thesis sought to understand the evolutionary consequences behind the 

enormous range in genome size within crustaceans, and to test hypotheses to help shed light on 

the C-value enigma. The patterns observed here are similar to those seen in other animals, where 

body size and genome size correlate in some taxa but not others, and that genome size may be 

related to developmental complexity, as it is in insects (Gregory 2002). Genome size correlates 

with habitat and climate in some groups as well, with the largest genomes being detected in 

marine, polar crustaceans. This then likely relates back to the link between genome size, cell 

size, and development, where lack of selection for a small body size or rapid development may 
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have led to the expansion of genome size in some species. Further exploration of genome size 

and its correlation with habitat and climate will likely yield interesting results, and may lead to 

the discovery of even larger genomes within the crustaceans.  

 Survey-sequencing of large crustacean genomes warrants investigation to determine what 

elements have contributed to the very large genomes observed in krill, shrimps, and some 

amphipods. Similar studies have been conducted on the large genomes in lilies (e.g. Kelly and 

Leitch 2011, Kelly et al. 2015), salamanders (Sun et al. 2012), and lungfish (Metcalfe et al. 

2012). The (at least) 700-fold range in crustacean genome size is an established fact, but the 

mechanisms behind genome reduction and expansion to explain such a range are not well-

studied. Finally, continuation of studies of crustacean and invertebrate genome size diversity is 

necessary to better understand genome evolution and to find the true range in genome size in 

these groups. Though I estimated genome size for 401 species, this represents only 0.6% of the 

known crustacean diversity. Future methods development projects and genome size surveys 

promise to return interesting results for the biological community.  
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Figures 

 

Figure 5.1. Arthropod phylogeny showing each subphylum with genome size averages and 

ranges. Crustaceans show the largest range in genome size. Phylogeny based on a Bayesian time-

heterogeneous consensus tree reconstructed using 28S and 18S rRNA sequences (von Reumont 

et al. 2009). 

 

 

 

 

 

 

 

 

 

 



210 
 

 

References 

 

Adamowicz SJ, Purvis A (2005) How many branchiopod crustacean species are there? 

Quantifying the components of underestimation. Global Ecology and Biogeography 14: 

455-468 

 

Adamowicz SJ, Gregory TR, Marinone MC, Hebert PDN (2002) New insights into the 

distribution of polyploid Daphnia: the Holarctic revisited and Argentina explored. 

Molecular Ecology 11, 1209-1217 

 

Ahyong ST, Harling C (2000) The phylogeny of the stomatopod Crustacea. Australian 

Journal of Zoology 48, 607-642 

 

Ahyong ST, O’Meally D (2004) Phylogeny of the Decapoda Reptantia: resolution using 

three molecular loci and morphology. The Raffles Bulletin of Zoology 52, 673-693 

 

Ahyong ST, Lai JCY, Sharkey D, Colgan DJ, Ng PKL (2007) Phylogenetics of the 

brachyuran crabs (Crustacea: Decapoda): the status of Podotremata based on small 

subunit nuclear ribosomal RNA. Molecular Phylogenetics and Evolution 45, 576-586 

 

Ahyong ST, Lowry JK, Alonso M, Bamber RN, Boxshall GA, Castro P, Gerken S, 

Karaman GS, Goy JW, Jones DS, Meland K, Rogers DC, Svavarsson J (2011) 



211 
 

Subphylum Crustacea Brünnich, 1772. In: Zhang ZQ (Ed.) Animal biodiversity: An 

outline of higher-level classification and survey of taxonomic richness 

 

Alanen KA, Klemi PJ, Joensuu H, Kujari H, Pekkala E (1989a) Comparison of fresh, 

ethanol-preserved, and paraffin-embedded samples in DNA flow cytometry. Cytometry 

10, 81-85 

 

Alanen KA, Klemi PJ, Taimela S, Joensuu H (1989b) A simple preservative for flow 

cytometric DNA analysis. Cytometry 10, 86-89 

 

Alcivar-Warren A, Song L, Meehan-Meola D, Xu Z, Xiang J-H, Warren W (2007) 

Characterization and mapping of expressed sequence tags isolated from a subtracted 

cDNA library of Litopenaeus vannamei injected with white spot syndrome virus. Journal 

of Shellfish Research 26, 1247-1258 

 

Andrews CB, Mackenzie SA, Gregory TR (2009) Genome size and wing parameters in 

passerine birds. Proceedings of the Royal Society B 276, 55-61 

 

Anker A, De Grave S (2008) Zuzalpheus Ríos and Duffy 2007: a junior synonym of 

Synalpheus Bate, 1888  (Decapoda: Alpheidae). Journal of Crustacean Biology 28, 735-

740.  

 



212 
 

Anker A, Ahyong ST, Noël PY, Palmer AR (2006) Morphological phylogeny of alpheid 

shrimps: parallel preadaptation and the origin of a key morphological innovation, the 

snapping claw. Evolution 60, 2507-2528 

 

Anker A, Hurt C, Knowlton N (2008) Revision of the Alpheus formosus Gibbes, 1850 

complex, with redescription of A. formosus and description of a new species from the 

tropical western Atlantic (Crustacea: Decapoda: Alpheidae). Zootaxa 1707, 1-22 

 

Ardila-Garcia AM, Umphrey GJ, Gregory TR (2010) An expansion of the genome size 

dataset for the insect order Hymenoptera, with a first test of parasitism and eusociality as 

possible constraints. Insect Molecular Biology 19, 337-346 

 

Bachmann K, Rheinsmith EL (1973) Nuclear DNA amounts in Pacific Crustacea. 

Chromosoma 43 225-236 

 

Bainard JD, Husband BC, Baldwin SJ, Fazekas AJ, Gregory TR, Newmaster SG, Kron P 

(2011) The effects of rapid desiccation on estimates of plant genome size. Chromosome 

Research 19, 825-842 

 

Baker A de C, Boden BP, Brinton E. 1990. A practical guide to the Euphausiids of the 

World. Natural History Museum Publications, London.  

 



213 
 

Baldinger AJ (2004) A new species of Hyalella (Crustacea: Amphipoda: Hyalellidae) 

from Ash Springs, Lincoln County, Nevada, USA, with a key to the species of the genus 

in North America and the Caribbean region. Journal of Natural History 38, 1087-1096 

 

Baldinger AJ, Shepard WD, Threloff DL (2000) Two new species of Hyalella 

(Crustacea: Amphipoda: Hyalellidae) from Death Valley National Park, California, 

U.S.A. Proceedings of the Biological Society of Washington 113, 443-457 

 

Barber P, Boyce SL (2006) Estimating diversity of Indo-Pacific coral reef stomatopods 

through DNA barcoding of stomatopod larvae. Proceedings of the Royal Society B 273, 

2053-2061 

 

Barbiero RP, Tuchman ML (2004) Changes in the crustacean communities of Lakes 

Michigan, Huron, and Erie following the invasion of the predatory cladoceran 

Bythotrephes longimanus. Canadian Journal of Fisheries and Aquatic Sciences 61, 2111-

2125 

 

Bazikalova AY (1945) Amphipoda of Lake Baikal. Trudy Baikalskoi Limnologicheskoi 

Stantsii 11, 1-440 

 

Beaton MJ (1988) Genome size variation in the Cladocera. MSc, Department of 

Biological Sciences, University of Windsor, Windsor, Ontario.  

 



214 
 

Beaton MJ (1995) Patterns of endopolyploidy and genome size variation in Daphnia. 

PhD, Department of Biological Sciences, University of Windsor, Windsor, Ontario. 

 

Beaton MJ, Hebert PDN (1988) Geographical parthenogenesis and polyploidy in 

Daphnia pulex. The American Naturalist 132, 837-845 

 

Beaton MJ, Hebert PDN (1989) Miniature genomes and endopolyploidy in cladoceran 

crustaceans. Genome 32: 1048-1053 

 

Beaton MJ, Hebert PDN (1997) The cellular basis of divergent head morphologies in 

Daphnia. Limnol. Oceanogr. 42: 346-356 

 

Beermann S (1959) Chromatin diminution bei Copepoden. Chromosoma 10, 504-514 

 

Beermann S (1977) The diminution of heterochromatic chromosomal segments in 

Cyclops (Crustacea, Copepoda). Chromosoma 60, 297-344 

 

Belyaeva M, Taylor DJ (2009) Cryptic species within the Chydorus sphaericus species 

complex (Crustacea: Cladocera) revealed by molecular markers and sexual stage 

morphology. Molecular Phylogenetics and Evolution, 50, 534-546 

 

Benett MD (1971) The duration of meiosis. Proceedings of the Royal Society of London, 

Biological Sciences 178, 277-299 



215 
 

 

Bonnivard E, Catrice O, Ravaux J, Brown SC, Higuet D (2009) Survey of genome size in 

28 hydrothermal vent species covering 10 families. Genome 52, 524-536 

 

Boudrias MA, Pires J (2002) Unusual sensory setae of the raptorial Branchinecta gigas 

(Branchiopoda: Anostraca). Hydrobiologia 486, 19-27 

 

Boxshall GA, Defaye D (2008) Global diversity of copepods (Crustacea: Copepoda) in 

freshwater. Hydrobiologia 595, 195-207 

 

Braband A, Richter S, Hiesel R, Scholtz G (2002) Phylogenetic relationships within the 

Phyllopoda (Crustacea, Branchiopoda) based on mitochondrial and nuclear markers. 

Molecular Phylogenetics and Evolution 25, 229-244 

 

Britten RJ, Graham DE, Neufeld BR (1974) Analysis of repeating DNA sequences by 

reassociation. Methods in Enzymology 29, 363-418 

 

Broly P, Deville P, Maillet S (2013) The origin of terrestrial isopods (Crustacea: Isopoda: 

Oniscidea) Evol Ecol 27, 461-476 

 

Brusca RC, Wilson GDF (1991) A phylogenetic analysis of the Isopoda with some 

classifactory recommendations. Memoirs of the Queensland Museum 31, 143-204 

 



216 
 

Bui Q-T, Delaurière L, Casse N, Nicolas V, Laulier M, Chénais B (2007) Molecular 

characterization and phylogenetic position of a new mariner-like element in the coastal 

crab, Pachygrapsus marmoratus. Gene 396, 248-256 

 

Bui Q-T, Casse N, Leignel V, Nicolas V, Chénais B (2008) Widespread occurrence of 

mariner transposons in coastal crabs. Molecular Phylogenetics and Evolution 47, 1181-

1189 

 

Burmester T (2001) Molecular evolution of the arthropod hemocyanin superfamily. 

Molecular Biology and Evolution 18, 184-195 

 

Campion DR (1984) The muscle satellite cell: a review. International Review of 

Cytology 87, 225-251 

 

Carson HL, Clague DA (1995) Geology and biogeography of the Hawaiian Islands. In: 

Hawaiian Biogeography Evolution on a Hot Spot Archipelago (eds Wagner WL, Funk 

VA), pp. 14–29. Smithsonian Institution Press, Washington, DC. 

 

Casse N, Bui Q-T, Nicolas V, Renault S, Bigot Y, Laulier M (2006) Species sympatry 

and horizontal transfers of Mariner transposons in marine crustacean genomes. 

Molecular Phylogenetics and Evolution 40, 609-619 

 



217 
 

Castresana J (2000) Selection of conserved blocks from multiple alignments for their use 

in phylogenetic analysis. Molecular Biology and Evolution 17, 540-552 

 

Cavalier-Smith T (1978) Nuclear volume control by nucleoskeletal DNA, selection for 

cell volume and cell growth rate, and the solution of the DNA C-value paradox. Journal 

of Cell Science 34, 247-278 

 

Chen J-Y, Vannier J, Huang D-Y (2001) The origin of crustaceans: new evidence from 

the Early Cambrian of China. Proc R Soc Lond B 268, 2181-2187 

 

Chow S, Dougherty W, Sandifer PA (1990) Meiotic chromosome complements and 

nuclear DNA contents of four species of shrimps of the genus Penaeus. Journal of 

Crustacean Biology 10, 29-36. 

 

Christoffersen K (2001) Predation on Daphnia pulex by Lepidurus arcticus. 

Hydrobiologia 442, 223-229 

 

Clark MS, Thorne MAS, Toullec J-Y, Meng Y, Guan LL, Peck LS, Moore S (2011) 

Antarctic krill 454 pyrosequencing reveals chaperone and stress transcriptome. PLoS One 

6, e15919 

 

Clarke AG (2009) The Frozen Ark Project: the role of zoos and aquariums in preserving 

the genetic material of threatened animals. International Zoo Yearbook 43, 222-230 



218 
 

 

Cohen AC, Morin JG (1990) Patterns of reproduction in ostracodes: a review. Journal of 

Crustacean Biology 10, 184-211 

 

Colbourne JK et al. (2011) The ecoresponsive genome of Daphnia pulex. Science 331, 

555-561 

 

Coates AG, Jackson JBC, Collins LS, Cronin TM, Dowsett HJ, Bybell LM, Jung P, 

Obando JA (1992) Closure of the Isthmus of Panama: the near-shore marine record of 

Costa Rica and western Panama. Geological Society of America Bulletin 104, 814-828 

 

Cole GA, Watkins RL (1977) Hyalella montezuma, a new species (Crustacea: 

Amphipoda) from Montezuma Well, Arizona. Hydrobiologia 52, 175-184 

 

Coleman CO (1994) Karyological studies in Amphipoda (Crustacea). Ophelia 39, 93-105 

 

Costa FO, deWaard JR, Boutillier J, Ratnasingham S, Dooh RT, Hajibabaei M, Hebert 

PDN (2007) Biological identifications through DNA barcodes: the case of the Crustacea. 

Canadian Journal of Fisheries and Aquatic Sciences 64, 272-295 

 

Craft JD, Russ AD, Yamamoto MN, Iwai Jr. TY, Hau S, Kahiapo J, Chong CT, Ziegler-

Chong S, Muir C, Fujita Y, Polhhemus DA, Kinzie III RA, Santos SR (2008) Islands 

Under Islands: The Phylogeography and Evolution of Halocaridina rubra Holthuis, 1963 



219 
 

(Crustacean: Decapoda: Atyidae) in the Hawaiian Archipelago. Limnology and 

Oceanography 53, 2, 675-689. 

 

Crandall KA, Buhay JE (2008) Global diversity of crayfish (Astacidae, Cambaridae, and 

Parastacidae – Decapoda) in freshwater. Hydrobiologia 595, 295-301 

 

Daborn GR (1977) The life history of Branchinecta mackini Dexter (Crustacea: 

Anostraca) in an argillotrophic lake of Alberta. Canadian Journal of Zoology 55, 161-168 

 

Dahms, H-U (2000) Phylogenetic implications of the crustacean nauplius. Hydrobiologia 

417, 91-99 

 

De Grave S, Pentcheff ND, Ahyong ST, Chan TY, Crandall KA, Dworschak PC, Felder 

DL, Feldmann RM, Fransen CHJM, Goulding LYD, Lemaitre R, Low MEY, Martin JW, 

Ng PKL, Schweitzer CE, Tan SH, Tshudy D, Wetzer R (2009) A classification of living 

and fossil genera of decapod crustaceans. Raffles Bulletin of Zoology (Supplement) 21, 

1-109 

 

De Queiroz K (2007) Species concepts and species delimitation. Systematic Biology 56, 

879-886 

 



220 
 

Deiana AM, Cau A, Coluccia E, Cannas R, Milia A, Salvadori S, Libertini A (1998) 

Genome size and AT-DNA content in thirteen species of Decapoda. Proceedings of the 

Fourth International Crustacean Congress 981-985 

 

Deitch AD, Wagner D, Richart RM (1968) Conditions influencing the intensity of the 

Feulgen reaction. The Journal of Histochemisty and Cytochemistry 16, 371-379 

 

DeSalle R, Gregory TR, Johnston JS (2005) Preparation of samples for comparative 

studies of arthropod chromosomes: visualization, in situ hybridization, and genome size 

estimation. Methods in Enzymology 395, 460-488 

 

deWaard JR, Sacherova V, Cristescu MEA, Remigio EA, Crease TJ, Hebert PDN (2006) 

Probing the relationships of the branchiopod crustaceans. Molecular Phylogenetics and 

Evolution 39, 491-502 

 

Dixon DR, Dixon LRJ, Pascoe PL, Wilson JT (2001) Chromosomal and nuclear 

characteristics of deep-sea hydrothermal-vent organisms: correlates of increased growth 

rate. Marine Biology 139, 251-255 

 

Dixon CJ, Ahyong ST, Schram FR (2003) A new hypothesis of decapod phylogeny. 

Crustaceana 76, 935-975 

 



221 
 

Dittrich B (1988) Studies on the life cycle and reproduction of the parasitic amphipod 

Hyperia galba in the North Sea. Helgoländer Meeresunters 42, 79-98 

 

Doležel J, Bartoš J (2005) Plant DNA flow cytometry and estimation of nuclear genome 

size. Annals of Botany 95, 99-110 

 

Doležel J, Binarová P, Lucretti S (1989) Analysis of nuclear DNA content in plant cells 

by flow cytometry. Biologia Plantarum 31, 113-120 

 

Doležel J, Bartoš J, Voglmayr H, Greilhuber J (2003) Nuclear DNA content and genome 

size of trout and human. Cytometry 51A, 127-128. 

 

Dos Santos ALF, Araujo PB, Bond-Buckup G (2008) New species and new reports of 

Hyalella (Crustacea, Amphipoda, Dogielinotidae) from Argentina. Zootaxa 1760, 24-36 

 

Duffy JE (1996a) Eusociality in a coral-reef shrimp. Nature 381, 512-514. 

 

Duffy JE (1996b) Resource-associated population subdivision in a symbiotic coral-reef 

shrimp. Evolution 50, 360-373 

 

Duffy JE, Morrison CL, Ríos R (2000) Multiple origins of eusociality among sponge-

dwelling shrimps (Synalpheus). Evolution 54, 503-516 

 



222 
 

Duffy JE, Macdonald III KS, Hultgren KM, Chak TCS, Rubenstein DR (2013) Decline 

and local extinction of Caribbean eusocial shrimp. PLoS One 8, e54637 

 

Dufresne F, Hebert PDN (1997) Pleistocene glaciations and polyphyletic origins of 

polyploidy in an arctic cladoceran. Proceedings of the Royal Society Biological Sciences 

264, 201-206 

 

Dufresne F, Hebert PDN (1998) Temperature-related differences in life-history 

characteristics between diploid and polyploid clones of the Daphnia pulex complex. 

Ecoscience 5, 433-437 

 

Dufresne F, Jeffery N (2011) A guided tour of large genome size in animals: what we 

know and where we are heading. Chromosome Research 19, 925-938 

 

Eldredge N, Cracraft J (1980) Phylogenetic Analysis and the Evolutionary Process. 

Columbia University Press, New York 

 

Englisch U, Coleman CO, Wägele JW (2003) First observations on the phylogeny of the 

families Gammaridae, Crangonyctidae, Melitidae, Niphargidae, Megaluropidae and 

Oedicerotidae (Amphipoda, Crustacea), using small subunit rDNA gene sequences. 

Journal of Natural History 37, 2461-2486 

 



223 
 

Ertas B, von Reumont BM, Wägele JW, Misof B, Burmester T (2009) Hemocyanin 

suggests a close relationship of Remipedia and Hexapoda. Molecular Biology and 

Evolution 26, 2711-2718 

 

Escribano R, McLaren IA, Klein Bretler WCM (1992) Innate and acquired variation of 

nuclear DNA contents of marine copepods. Genome 35, 602-610 

 

Fasten N (1914) Spermatogenesis of the American crayfish, Cambarus virilis and C. 

immunis (?), with special reference to synapsis and the chromatoid bodies. Journal of 

Morphology 25, 587-694 

 

Felsenstein J (1985) Phylogenies and the comparative method. American Naturalist 125, 

1–15 

 

Finston TL, Hebert PDN, Foottit RB (1995) Genome size variation in aphids. Insect 

Biochemistry and Molecular Biology 25, 189-196 

 

Fletcher WJ, Brown IW, Fielder DR (1990) The use of standard and inverse Leslie 

experiments to estimate the abundance of the coconut crab (Birgus latro L.) in Vanuatu. 

Fisheries Research 9, 317-324 

 



224 
 

Flößner D, Kraus K (1986) On the taxonomy of the Daphnia hyalina-galeata complex 

(Crustacea: Cladocera). Hydrobiologia 137, 97-115 

 

Folmer O, Black M, Hoch W, Lutz R, Vrijenhoek R (1994) DNA primers for 

amplification of mitochondrial cytochrome c oxidase subunit I from diverse metazoan 

invertebrates. Molecular Marine Biology and Biotechnology 3, 294–299 

 

Freckleton RP, Harvey PH, Pagel M (2002) Phylogenetic analysis and comparative data: 

a test and review of evidence. The American Naturalist 160, 712-726 

 

Friend JA, Richardson AMM (1986) Biology of terrestrial amphipods. Annual Review of 

Entomology 31, 25-48 

 

Gabbot SE, Siveter DJ, Aldridge RJ, Theron JN (2003) The earliest myodocopes: 

ostracodes from the late Ordovician Soom Shale Lagerstätte of South Africa. Lethaia 36, 

151-160 

 

Galbraith DW, Harkins KR, Maddox JM, Ayres NM, Sharma DP, Firoozabady E (1983) 

Rapid flow cytometric analysis of the cell cycle in intact plant tissues. Science 220, 

1049–1051 

 

Garland Jr. T, Dickerman AW, Janis CM, Jones JA (1993) Phylogenetic analysis of 

covariance by computer simulation. Systematic Biology 42, 265-292 



225 
 

 

Garth JS (1957) The Crustacea Decapoda Brachyura of Chile. Lunds Universitets 

Arsskrift 2, 53, 1-130 

 

Gilchrist BM (1960) Growth and form of the brine shrimp Artemia salina (L.). 

Proceedings of the Zoological Society of London 134, 221-235 

 

Goldberg RB, Crain WR, Ruderman JV, Moore GP, Barnett TR, Higgins RC, Gelfand 

RA, Galau GA, Britten RJ, Davidson EH (1975) DNA sequence organization in the 

genomes of five marine invertebrates. Chromosoma 51, 225-251 

 

Goldschmidt E (1953) Chromosome numbers and sex mechanism in euphyllopods. 

Experientia 9, 65-66 

 

Greenslade PJM (1983) Adversity selection and the habitat templet. The American 

Naturalist 122, 352-365 

 

Gregory TR (2001) Coincidence, coevolution, or causation? DNA content, cell size, and 

the C-value enigma. Biol Rev 76, 65-101 

 

Gregory TR (2002a) A bird’s eye view of the C-value enigma: genome size, cell size, and 

metabolic rate in the class Aves. Evolution 56, 121-130 



226 
 

 

Gregory TR (2002b) Genome size and developmental complexity. Genetica 115, 131-146 

 

Gregory TR (2005a) Synergy between sequence and size in large-scale genomics. Nat 

Rev Genet 6, 699-708 

 

Gregory TR (2005b) Genome size evolution in animals. In The Evolution of the Genome. 

Edited by TR Gregory. Elsevier Academic Press, San Diego CA 

 

Gregory TR (2015) Animal Genome Size Database. http://www.genomesize.com 

 

Gregory TR, Hebert PDN (1999) The modulation of DNA content: proximate causes and 

ultimate consequences. Genome Research 9, 317-324 

 

Gregory TR, DeSalle R (2005) Comparative genomics in prokaryotes. In The Evolution 

of the Genome. Edited by TR Gregory. Elsevier Academic Press, San Diego CA 

 

Gregory TR, Mable BK (2005) Polyploidy in animals. In The Evolution of the Genome. 

Edited by TR Gregory. Elsevier Academic Press, San Diego CA 

 

Gregory TR, Hebert PDN, Kolasa J (2000) Evolutionary implications of the relationship 

between genome size and body size in flatworms and copepods. Heredity 84, 201-208 

 



227 
 

Gregory TR, Nicol JA, Tamm H, Kullman B, Kullman K, Leitch IJ, Murray BG, 

Kapraun DF, Greilhuber J, Bennett MD (2007) Eukaryotic genome size databases. 

Nucleic Acids Research 35, D332-D338 

 

Greilhuber J (1979) Evolutionary changes of DNA and heterochromatin amounts in the 

Scilla bifolia group (Liliaceae). Plant Systematics and Evolution Supplement 2, 263-280 

 

Greilhuber J (1988) ‘Self-tanning’ – a new and important source of stoichiometric error 

in cytophotometric determination of nuclear DNA content in plants. Plant Systematics 

and Evolution 158, 87-96 

 

Greilhuber J (1998) Intraspecific variation in genome size: a critical reassessment. Annals 

of Botany 82 (Supplement A), 27-35 

 

Greilhuber J, Doležel J, Lysák MA, Bennett MD (2005) The origin, evolution and 

proposed stabilization of the terms ‘genome size’ and ‘C-value’ to describe nuclear DNA 

contents. Annals of Botany 95, 255-260 

 

Griffen BD, Byers JE (2009) Community impacts of two invasive crabs: the interactive 

roles of density, prey recruitment, and indirect effects. Biological Invasions 11, 927-940 

 



228 
 

Grigorovich IA, Kang M, Ciborowski JJH (2005) Colonization of the Laurentian Great 

Lakes by the amphipod Gammarus tigrinus, a native of the North American Atlantic 

coast. Journal of Great Lakes Research 31, 333-342 

 

Grime JP, Mowforth MA. 1982. Variation in genome size- an ecological interpretation. 

Nature 299, 151-153. 

 

Grishanin A (2014) Chromatin diminution in Copepoda (Crustacea): pattern, biological 

role and evolutionary aspects. Comparative Cytogenetics 8, 1-10 

 

Grishanin AK, Dahms H-U, Akifiev AP (2004) Nuclear DNA and remarks on chromatin 

diminution in cyclopoid copepods. Zoological Studies 43, 300-303 

 

Halaimia-Toumi N, Casse N, Demattei MV, Renault S, Pradier E, Bigot Y, Laulier M 

(2004) The GC-rich transposons Bytmar1 from the deep-sea hydrothermal crab, 

Bythograea thermydron, may encode three transposase isoforms from a single ORF. 

Journal of Molecular Evolution 59, 747-760 

 

Hanner R, Fugate M (1997) Branchiopod phylogenetic reconstruction from 12s rDNA 

sequence data. Journal of Crustacean Biology 17, 174-183 

 



229 
 

Harmon LJ, Weir JT, Brock CD, Glor RE, Challenger W (2008) GEIGER: investigating 

evolutionary radiations. Bioinformatics 24, 129-131 

 

Harris DJ, Maxson LS, Braithwaite LF, Crandall KA (2000) Phylogeny of the thoracican 

barnacles based on 18S rDNA sequences. Journal of Crustacean Biology 20, 393-398 

 

Hebert PDN, Hann BJ (1986) Patterns in the composition of Arctic tundra pond 

microcrustacean communities. Canadian Journal of Fisheries and Aquatic Sciences 43, 

1416–1425 

 

Hedley DW, Friedlander ML, Taylor IW, Rugg CA, Musgrove EA (1983) Method for 

analysis of cellular DNA content of paraffin-embedded pathological material using flow 

cytometry. The Journal of Histochemistry and Cytochemistry 31, 1333-1335 

 

Hendrycks EA, Conlan KE (2003) Monoculodes curtipediculus (Amphipoda, 

Oedicerotidae), a new species from Mcmurdo Sound, Antarctica. Crustaceana 76, 49-63 

 

Herrick J, Slavi B (2014) A new look at genome size, evolutionary duration and genetic 

variation in salamanders. Comptes Rendus Palevol 13, 611-621 

 

Hessen DO, Persson J (2009) Genome size as a determinant of growth and life-history 

traits in crustaceans. Biological Journal of the Linnean Society 98, 393-399  

 



230 
 

Hinegardner RT (1971) An improved fluorometric assay for DNA. Analytical 

Biochemistry 39, 197-201 

 

Hinegardner RT (1976) The cellular DNA content of sharks, rays and some other fishes. 

Comparative Biochemistry and Physiology 55B, 367-370 

 

Ho J (1990) Phylogenetic analysis of copepod orders. Journal of Crustacean Biology 10, 

528-536 

 

Hogg ID, Larose C, de Lafontaine Y, Doe KG. Genetic evidence for a Hyalella species 

complex within the Great Lakes – St. Lawrence River drainage basin: implications for 

ecotoxicology and conservation biology. Canadian Journal of Zoology 76, 1134-1140 

 

Holthuis LB (1973) Caridean shrimps found in land-locked salt- water pools at four Indo-

West Pacific localities (Sinia Peninsula, Funafuti Atoll, Maui and Hawai’i islands), with 

the description of one new genus and four new species. Zoologische Verhandelingen 

(Leiden), 128, 1–48 

 

Hoss M, Jaruga P, Zastawny TH, Dizdaroglu M, Paabo S (1996) DNA damage and DNA 

sequence retrieval from ancient tissues. Nucleic Acids Research 24, 1304-1307 

 

 



231 
 

Huelsenbeck JP, Ronquist F (2001) MRBAYES: Bayesian inference of phylogeny. 

Bioinformatics 17, 754-755 

 

Hultgren KM, Duffy JE (2010) Sponge host characteristics shape the community 

structure of their shrimp associates. Marine Ecology Progress Series 407, 1-12 

 

Hultgren KM, Duffy JE (2011) Multi-locus phylogeny of sponge-dwelling snapping 

shrimp (Caridea: Alpheidae: Synalpheus) supports morphology-based species concepts. 

Journal of Crustacean Biology 31, 352-360 

 

Hurt C, Anker A, Knowlton N (2009) A multilocus test of simultaneous divergence 

across the Isthmus of Panama using snapping shrimp in the genus Alpheus. Evolution 63, 

514-530 

 

Hurt C, Silliman K, Anker A, Knowlton N (2013) Ecological speciation in anemone-

associated snapping shrimps (Alpheus armatus species complex). Molecular Ecology, 22, 

4532-4548 

 

Imsiecke GM, Custodio M, Borojevic R, Steffen R, Moustafa MA, Müller WEG (1995) 

Genome size and chromosomes in marine sponges (Suberites domuncula, Geodia 

cydonium). Cell Biology International 19, 995-1000 

 



232 
 

Ivanova NV, DeWaard JR, Hebert PDN (2006) An inexpensive, automation-friendly 

protocol for recovering high-quality DNA. Molecular Ecology Notes 6, 998-1002 

  

 Ivanova NV, Grainger C (2007a) CCDB Protocols, COI Amplification. Available: 

 http://ccdb.ca//CCDB_DOCS/CCDB_Amplification.pdf 

 

Ivanova NV, Grainger C (2007b) CCDB Protocols, Sequencing. 

http://ccdb.ca//CCDB_DOCS/CCDB_Sequencing.pdf 

 

Ivanova NV, deWaard J, Hebert P (2007) CCDB Protocols, Glass Fiber Plate DNA 

Extraction. http://ccdb.ca/docs/CCDB_DNA_Extraction.pdf 

 

Jakob SS, Meister A, Blattner FR (2004) The considerable genome size variation of 

Hordeum species (Poaceae) is linked to phylogeny, life form, ecology, and speciation 

rates. Molecular Biology and Evolution 21, 860-869 

 

Jamieson GS, Grosholz ED, Armstrong DA, Elner RW (1998) Potential ecological 

implications from the introduction of the European green crab, Carcinus maenas 

(Linneaus), to British Columbia, Canada, and Washington, USA. Journal of Natural 

History 32, 1587-1598 

 

Jeffery NW (2012) The first genome size estimates for six species of krill (Malacostraca, 

Euphausiidae): large genomes at the north and south poles. Polar Biology 35, 959-962 

 

http://ccdb.ca/CCDB_DOCS/CCDB_Amplification.pdf
http://ccdb.ca/CCDB_DOCS/CCDB_Sequencing.pdf


233 
 

Jeffery NW, Gregory TR (2014) Genome size estimates for crustaceans using Feulgen 

Image Analysis Densitometry of ethanol-preserved tissues. Cytometry Part A 85A, 862-

868 

 

Jeffery NW, Elías-Gutiérrez M, Adamowicz SJ (2011) Species diversity and 

phylogeographical affinities of the Branchiopoda (Crustacea) of Churchill, Manitoba, 

Canada. PLoS One 6, e18364 

 

Jeffery NW, Jardine CB, Gregory TR (2013) A first exploration of genome size diversity 

in sponges. Genome 56, 451-456 

 

Jenner RA, Dhubhghaill CN, Ferla MP, Wills MA (2009) Eumalacostracan phylogeny 

and total evidence: limitations of the usual suspects. BMC Evolutionary Biology 9, 21 

 

Jiminez AG, Kinsey ST, Dillaman RM, Kapraun DF (2010) Nuclear DNA content 

variation associated with muscle fiber hypertrophic growth in decapod crustaceans. 

Genome 53, 161-171 

 

Johnston JS, Bennett MD, Rayburn AL, Galbraith DW, Price HJ (1999) Reference 

standards for determination of DNA content of plant nuclei. American Journal of Botany 

86, 609-613 

 



234 
 

Johnston JS, Ross LD, Beani L, Hughes DP, Kathirithamby J (2004) Tiny genomes and 

endoreduplication in Strepsiptera. Insect Molecular Biology 13, 581-585 

 

Jones NS, Sanders HL (1972) Distribution of Cumacea in the deep Atlantic. Deep-sea 

Research 19, 737-745 

 

Jones M, Ghoorah A, Blaxter M (2011) jMOTU and Taxonerator: turning DNA barcode 

sequences into annotated operational taxonomic units. PLoS ONE 6, e19259 

 

Kamaltynov RM (1999) On the evolution of Lake Baikal amphipods. Crustaceana 72, 

921-931 

 

Kelly LJ, Leitch IJ (2011) Exploring giant plant genomes with next-generation 

sequencing technology. Chromosome Research 19, 939-953 

 

Kelly LJ, Renny-Byfield S, Pellicer J, Macas J, Novak P, Neumann P, Lysak MA, Day 

PD, Berger M, Fay MF, Nichols RA, Leitch AR, Leitch IJ (2015) Analysis of the giant 

genomes of Fritillaria (Liliaceae) indicates that a lack of DNA removal characterizes 

extreme expansions in genome size. New Phytologist, In Press 

 

Kidwell MG, Lisch R (2001) Perspective: transposable elements, parasitic DNA, and 

genome evolution. Evolution 55, 1-24 

 



235 
 

Kim CB, Kim W (1993) Phylogenetic relationships among gammaridean families and 

amphipod suborders. Journal of Natural History 27, 933-946 

 

Kimura M (1980) A simple method for estimating evolutionary rates of base substitutions 

through comparative studies of nucleotide sequences. Journal of Molecular Evolution 16, 

111-120 

 

Knight CA, Molinari NA, Petrov DA (2005) The large genome constraint hypothesis: 

evolution, ecology and phenotype. Annals of Botany 95, 177-190 

 

Knowlton N, Keller BD (1985) Two more sibling species of alpheid shrimps associated 

with the Caribbean sea anemones Bartholomea annulata and Heteractis lucida. Bulletin 

of Marine Science 37, 893-904 

 

Koenemann S, Schram FR, Iliffe TM, Hinderstein LM, Bloechl A (2007a) Behavior of 

Remipedia in the laboratory, with supporting field observations. Journal of Crustacean 

Biology 27, 534-542 

 

Koenemann S, Schram FR, Bloechl A, Iliffe TM, Hoenemann M, Held C (2007b) Post-

embryonic development of remipede crustaceans. Evolution and Development 9, 117-121 

 



236 
 

Kolář F, Lučanová M, Těšitel J, Loureiro J, Suda J (2012) Glycerol-treated nuclear 

suspensions - an efficient preservation method for flow cytometric analysis of plant 

samples. Chromosome Research 20, 303-315 

 

Korpelainen H, Ketola M, Hietala J (1997) Somatic polyploidy examined by flow 

cytometry in Daphnia. Journal of Plankton Research, 19, 2031-2040 

 

Kotwicki L (2002) Benthic Harpacticoida (Crustacea, Copepoda) from the Svalbard 

archipelago. Polish Polar Research 23, 185-191 

 

Kozlowski J, Konarzewski M, Gawelczyk AT (2003) Cell size as a link between 

noncoding DNA and metabolic rate scaling. Proceedings of the National Academy of 

Sciences USA 100, 14080-14085 

 

Kraaijeveld K (2010) Genome size and species diversification. Evolutionary Biology 37, 

227-233 

 

Kuris AM, Goddard JHR, Torchin ME, Murphy N, Gurney R, Lafferty KD (2007) An 

experimental evaluation of host specificity: the role of encounter and compatibility filters 

for a rhizocephalan parasite of crabs. International Journal for Parasitology 37, 539-545 

 

Lamb A, Hanby BP (2005) Marine Life of the Pacific Northwest. Harbour Publishing, 

Madeira Park, B.C. pp. 275-323 



237 
 

 

Lavenu A (1992) Formation and geological evolution. In Lake Titicaca. A Synthesis of 

Limnological Knowledge (eds. C. Dejoux, A. Iltis), pp. 3-15. Dordrecht: Kluwer 

Academic. 

 

Lavery S, Moritz C, Fielder DR (1996) Indo-Pacific population structure and 

evolutionary history of the coconut crab Birgus latro. Molecular Ecology 5, 557-570 

 

Lécher P, Defaye D, Noel P (1995) Chromosomes and nuclear DNA of Crustacea. 

Invertebrate Reproduction and Development 27, 85-114 

 

Lefébure T, Douady CJ, Gouy M, Trontelj P, Briolay J, Gibert J (2006) Phylogeography 

of a subterranean amphipod reveals cryptic diversity and dynamic evolution in extreme 

environments. Molecular Ecology 15, 1797-1806 

 

Lemon J (2006) Plotrix: a package in the red light district of R. R-News 6(4), 8-12 

 

Libertini A, Colomba MS, Vitturi R (2000) Cytogenetics of the amphipod Jassa 

marmorata (Corophioidea: Ischyroceridae): karyotype morphology, chromosome 

banding, fluorescent in situ hybridization, and nuclear DNA content. Journal of 

Crustacean Biology 20, 350-356 

 



238 
 

Libertini A, Trisolini R, Eriksson-Wiklund A-K (2003) A preliminary survey on genome 

size in Amphipoda. XIth International Colloquium on Amphipoda, Tunis, Tunisia, March 

25-30: 17 

 

Libertini A, Rampin M (2009) A molecular cytogenetic study on some Icelandic 

amphipods (Crustacea) by fluorescence in situ hybridization (FISH). The Open Zoology 

Journal 2, 109-116 

 

Libertini A, Trisolini R, Rampin M (2008) Chromosome number, karyotype morphology, 

heterochromatin distribution and nuclear DNA content of some talitroidean amphipods 

(Crustacea: Gammaridea). European Journal of Entomology 105, 53-58 

 

Longhurst AR (1955) A review of the Notostraca. Bull. Brit. Mus. Zool. 3, 1-52 

 

Loureiro J, Rodriguez E, Doležel J, Santos C (2007) Two new nuclear isolation buffers 

for plant DNA flow cytometry: a test with 37 species. Annals of Botany 100, 875-888 

 

Lucier TS, Brubaker RR (1992) Determination of genome size, macrorestriction pattern 

polymorphism, and nonpigmentation-specific deletion in Yersinia pestis by pulsed-field 

gel electrophoresis. Journal of Bacteriology 174, 2078-2086 

 

Lynch M, Conery JS (2003) The origins of genome complexity. Science 302, 1401-1404 

 



239 
 

Macdonald III KS, Yampolsky L, Duffy, JE (2005) Molecular and morphological 

evolution of the amphipod radiation of Lake Baikal. Molecular Phylogenetics and 

Evolution 35, 323-243 

Maddison WP, Maddison DR (2011) Mesquite: a modular system for  evolutionary 

analysis. Version 3.02 http://mesquiteproject.org 

 

Marijnissen SAE, Michel E, Daniels SR, Erpenbeck D, Menken SBJ, Schram FR (2006) 

Molecular evidence for recent divergence of Lake Tanganyika endemic crabs (Decapoda: 

Platythelphusidae). Molecular Phylogenetics and Evolution 40, 628-634 

 

Martens K, Schön I, Meisch C, Horne DJ (2008) Global diversity of ostracods 

(Ostracoda, Crustacea) in freshwater. Hydrobiologia 595, 185-193 

 

Martin JW, Davis GE (2001) An updated classification of the recent Crustacea. Natural 

History Museum of Los Angeles County, Science Series 39 

 

Martin JW, Davis GE (2006) Historical trends in crustacean systematics. Crustaceana 79, 

1347-1368 

 

Marxen JC, Pick C, Oakley TH, Burmester T (2014) Occurrence of hemocyanin in 

ostracod crustaceans. Journal of Molecular Evolution 79, 3-11 

 



240 
 

May RM (1988) How many species are there on earth? Science 241, 1441-1149 

 

Mayden RL (1997) A hierarchy of species concepts: the denouement in the saga of the 

species problem. In Species: The Units of Biodiversity. Edited by Claridge MF, Dawah 

HA, Wilson MR. Chapman & Hall, London, UK.  

 

Mayden RL (1999) Consilience and a hierarchy of species concepts: advances toward 

closure on the species puzzle. Journal of Nematology 31, 95-116 

 

Maynard SS (1976) Branchinecta paludosa (Müller) (Crustacea: Anostraca) in Northern 

Utah with some notes on its ecology. The Southwestern Naturalist 20, 582-585 

 

McClain CR, Boyer AG (2009) Biodiversity and body size are linked across metazoans. 

Proceedings of the Royal Society Biological Sciences 276, 2209-2215 

 

McLaren IA, Woods SM, Shea Jr. JR (1966) Polyteny: a source of cryptic speciation 

among copepods. Science 153, 1641-1642 

 

McLaren IA, Sevigny J-M, Corkett CJ (1988) Body sizes, development rates, and 

genome sizes among Calanus species. Hydrobiologia 167/168, 275-284 

 



241 
 

McLaren IA, Sevigny J-M, Frost BW (1989) Evolutionary and ecological significance of 

genome sizes in the copepod genus Pseudocalanus. Canadian Journal of Zoology 67, 

565-569 

 

Messing J (1983) New M13 vectors for cloning. Method Enzymol 101, 29–71 

 

Meusnier I, Singer GAC, Landry JF, Hickey DA, Hebert PDN, Hajibabaei M (2008) A 

universal DNA mini-barcode for biodiversity analysis. BMC Genomics 9, 214 

 

Millette KL, Xu S, Witt JDS, Cristescu ME (2011) Pleistocene-driven diversification in 

freshwater zooplankton: genetic patterns of refugial isolation and postglacial 

recolonization of Leptodora kindtii (Crustacea, Cladocera). Limnology and 

Oceanography 56, 1725-1736 

 

Mirsky AS, Ris H (1951) The desoxyribonucleic acid content of animal cells and its 

evolutionary significance. The Journal of General Physiology 34, 451-462 

 

Mlinarec J, Mužić M, Pavlica M, Šrut M, Klobučar G, Maguire I (2011) Comparative 

karyotype investigations in the European crayfish Astacus astacus and A. leptodactylus 

(Decapoda, Astacidae). Crustaceana 84, 1497-1510 

 



242 
 

Moore WG, Young JB (1964) Fairy shrimps of the genus Thamnocephalus 

(Branchiopoda, Anostraca) in the United States and Mexico. The Southwestern Naturalist 

9, 68-77 

 

Morin JG, Cohen AC (1991) Bioluminescent displays, courtship, and reproduction in 

ostracodes. In Crustacean Sexual Biology. Edited by Bauer R, Martin J. Columbia 

University Press, pp 1-16.  

 

Morrison CL, Ríos R, Duffy JE (2004) Phylogenetic evidence for an ancient rapid 

radiation of Caribbean sponge-dwelling snapping shrimps (Synalpheus). Molecular 

Phylogenetics and Evolution 30, 563-581 

 

Mourguiart P, Corrège T, Wirrmann D, Argollo J, Montenegro ME, Pourchet M, 

Carbonel P (1998) Holocene palaeohydrology of Lake Titicaca estimated from an 

ostracod-based transfer function. Palaeogeography, Palaeoclimatology, Palaeoecology 

143, 51-72. 

 

Münkemüller T, Lavergne S, Bzeznik B, Dray S, Jombart T, Schiffers K, Thuiller W 

(2012) How to measure and test phylogenetic signal. Methods in Ecology and Evolution 

3, 743-756 

 



243 
 

Neiber MT, Hartke TR, Stemme T, Bergmann A, Rust J, Iliffe TM, Koenemann S (2011) 

Global diversity and phylogenetic evaluation of Remipedia (Crustacea). PLoS One 6, 

e19627 

 

Oakley TH, Wolfe JM, Lindgren AR, Zaharoff AK (2013) Phylotranscriptomics to bring 

the understudied into the fold: monophyletic Ostracoda, fossil placement, and 

pancrustacean phylogeny. Molecular Biology and Evolution 30, 215-233 

 

Oakley TH, Alexandrou MA, Ngo R, Pankey MS, Churchill CKC, Chen W, Lopker KB 

(2014) Osiris: accessible and reproducible phylogenetic and phylogenomic analyses 

within the Galaxy workflow management system. BMC Bioinformatics 15, 230 

 

Ødegaard F (2000) How many species of arthropods? Erwin’s estimate revised. 

Biological Journal of the Linnean Society 71, 583-597 

 

Otto F (1990) DAPI staining of fixed cells for high-resolution flow cytometry of nuclear 

DNA. In Methods in Cell Biology 33, Crissman HA, Darzynkiewicz Z (eds). Academic 

Press, San Diego, pp 105-110 

 

Pace ML, Porter K, Feig YS (1984) Life history variation within a parthenogenetic 

population of Daphnia parvula (Crustacea: Cladocera). Oecologia 63, 43-51 

 



244 
 

Paradis E, Claude J, Strimmer K (2004) APE: analyses of phylogenetics and evolution in 

R language. Bioinformatics 20, 289-290 

 

Parchem RJ, Poulin F, Stuart AB, Amemiya CT, Patel NH (2010) BAC library for the 

amphipod crustacean, Parhyale hawaiensis. Genomics 95, 261-267 

 

Pellicer J, Fay MF, Leitch IJ (2010) The largest eukaryotic genome of them all? 

Botanical Journal of the Linnean Society 164, 10-15 

 

 

Pennak RW (1989) Fresh-water invertebrates of the United States, 3
rd

 Ed. John Wiley & 

Sons, Inc. New York, NY 628pp 

 

Penton EH, Sullender BW, Crease TJ (2002) Pokey, a new DNA transposon in Daphnia 

(Cladocera: Crustacea). Journal of Molecular Evolution 55, 664-673 

 

Pianka ER (1970) On r- and K-selection. The American Naturalist 104, 592-597 

 

 

Piednoël M, Bonnivard E (2009) DIRS1-like retrotransposons are widely distributed 

among Decapoda and are particularly present in hydrothermal vent organisms. BMC 

Evolutionary Biology 9, 86 



245 
 

 

Piednoël M, Gonçalves I, Higuet D, Bonnivard E (2011) Eukaryote DIRS1-like 

retrotransposons: an overview. BMC Genomics 12, 621 

 

Piednoël M, Donnart T, Esnault C, Graca P, Higuet D, Bonnivard E (2013) LTR-

retrotransposons in R. exoculata and other crustaceans: the outstanding success of GalEa-

like Copia elements. PLoS ONE 8, e57675 

 

Pierossi P (2011) Patterns of genome size diversity in invertebrates: case studies on 

butterflies and molluscs. MSc Thesis, University of Guelph, 224pp. 

 

Pisani D, Poling LL, Lyons-Weiler M, Hedges SB (2004) The colonization of land by 

animals: molecular phylogeny and divergence times among arthropods. BMC Biology 2, 

1 

 

Poore G (2002) Crustacea: Malacostraca: Syncarida, Peracarida: Isopoda, Tanaidacea, 

Mictacea, Thermosbaenacea, Spelaeogriphacea. In Zoological Catalogue of Australia 

Vol. 19.2A. Edited by Houston WWK, Beesley PL. CSIRO Publishing, Melbourne 

 

Poulin R (1995a) Evolutionary influences on body size in free-living and parasitic 

isopods. Biological Journal of the Linnean Society 54, 231-244 

 



246 
 

Poulin R (1995b) Clutch size and egg size in free-living and parasitic copepods: a 

comparative analysis. Evolution 49, 325-336 

 

Poulin R (1996) Sexual size dimorphism and transition to parasitism in copepods. 

Evolution 50, 2520-2523 

 

Poulin R, Hamilton WJ (1995) Ecological determinants of body size and clutch size in 

amphipods: a comparative approach. Functional Ecology 9, 364-370 

 

Radulovici AE, Sainte-Marie B, Dufresne F (2009) DNA barcoding of marine 

crustaceans from the Estuary and Gulf of St. Lawrence: a regional-scale approach. 

Molecular Ecology Resources 9, 181-187 

 

Radulovici AE, Archambault P, Dufresne F (2010) DNA barcodes for marine 

biodiversity: moving fast forward? Diversity 2, 450-472 

 

Rasch EM, Wyngaard GA (2006) Genome sizes of cyclopoid copepods (Crustacea): 

evidence of evolutionary constraint. Biological Journal of the Linnean Society 87, 625-

635 

 

Rasch EM, Wyngaard GA (2008) Endopolyploidy in cyclopoid copepods. Journal of 

Crustacean Biology 28(2), 412-416 



247 
 

 

Rasch EM, Lee CE, Wyngaard GA (2004) DNA-Feulgen cytophotometric determination 

of genome size for the freshwater-invading copepod Eurytemora affinis. Genome 47, 

559-564 

 

Ratnasingham S, Hebert PDN (2007) BOLD: The Barcode of Life Data System 

(www.barcodinglife.org). Molecular Ecology Notes 7, 355-364 

 

Ratnasingham S, Hebert PDN (2013) A DNA-based registry for all animal species: the 

Barcode Index Number (BIN) system. PLoS One 8, e66213 

 

Rees DJ, Dufresne F, Glémet H, Belzile C (2007) Amphipod genome sizes: first 

estimates for Arctic species reveal genomic giants. Genome 50, 151-158 

 

Rees DJ, Belzile C, Glémet H, Dufresn F (2008) Large genomes among caridean shrimp. 

Genome 51, 159-163 

 

Reeves G, Francis D, Davies MS, Rogers HJ, Hodkinson TR (1998) Genome size is 

negatively correlated with altitude in natural populations of Dactylis glomerata. Annals 

of Botany 82, 99-105 

 

 

http://www.barcodinglife.org/


248 
 

Regier JC, Shultz JW, Kambic RE (2005) Pancrustacean phylogeny: hexapods are 

terrestrial crustaceans and maxillopods are not monophyletic. Proceedings of the Royal 

Society Biological Sciences 272, 395-401 

 

Regier JC, Shultz JW, Ganley ARD, Hussey A, Shi D, Ball B, Zwick A, Stajich JE, 

Cummings MP, Martin JW, Cunningham CW (2008) Resolving arthropod phylogeny: 

exploring phylogenetic signal within 41 kb of protein-coding nuclear gene sequence. 

Systematic Biology 57, 920-938 

 

Regier JC, Shultz JW, Zwick A, Hussey A, Ball B, Wetzer R, Martin JW, Cunningham 

CW (2010) Arthropod relationships revealed by phylogenomic analysis of nuclear 

protein-coding sequences. Nature 463, 1079-1083 

 

Revell LJ (2012) phytools: an R package for phylogenetic comparative biology (and 

other things). Methods in Ecology and Evolution 3, 217-223 

 

Rheinsmith EL, Hinegardner R, Bachmann K (1974) Nuclear DNA amounts in 

Crustacea. Comparative Biochemistry and Physiology 48B, 343-348 

 

Richter S, Scholtz G (2001) Phylogenetic analysis of the Malacostraca (Crustacea). J. 

Zool. Syst. Evol. Research 39, 113-136 

 



249 
 

Ríos R, Duffy JE (2007) A review of the sponge-dwelling snapping shrimp from Carrie 

Bow Cay, Belize, with description of Zuzalpheus, new genus, and six new species 

(Crustacea: Decapoda: Alpheidae). Zootaxa 1602, 1-89 

 

Rivarola-Duarte L, Otto C, Jühling F, Schreiber S, Bedulina D, Jakob L, Gurkov A, 

Axenov-Gribanov D, Sahyoun AH, Lucassen M, Hackermüller J, Hoffmann S, Sartoris 

F, Pörtner H, Timofeyev M, Luckenbach T, Stadler PF (2014) A first glimpse at the 

genome of the Baikalian amphipod Eulimnogammarus verrucosus. Journal of 

Experimental Zoology XXXX 

 

Roberts AV (2007) The use of bead beating to prepare suspensions of nuclei for flow 

cytometry from fresh leaves, herbarium leaves, petals and pollen. Cytometry Part A 71A, 

1039-1044 

 

 

 

Ronquist F, Teslenko M, Van Der Mark P, Ayres DL, Darling A, Höhna S, Larget B, Liu 

L, Suchard MA, Huelsenbeck JP (2012) Systematic Biology 61, 539-542 

 

Rousselle C, Robert-Nicoud M, Ronot X (1998) Flow cytometric analysis of DNA 

content of living and fixed cells: a comparative study using various fixatives. 

Histochemical Journal 30, 773-781 

 



250 
 

Rubenstein DR, McCleery BV, Duffy JE (2008) Microsatellite development suggests 

evidence of polyploidy in the social sponge-dwelling snapping shrimp Zuzalpheus 

brooksi. Molecular Ecology Resources 8, 890-894 

 

Sainte-Marie B. 1991. A review of the reproductive bionomics of aquatic gammaridean 

amphipods: variation of life history traits with latitude, depth, salinity and superfamily. 

Hydrobiologia 223: 189-227 

 

Salemaa H (1984) Polyploidy in the evolution of the glacial relict Pontoporeia spp. 

(Amphipoda, Crustacea). Hereditas 100, 53-60 

 

Sanomuang L, Murugan G, Weekers PHH, Dumont HJ (2000) Streptocephalus 

sirindhornae, new species of freshwater fairy shrimp (Anostraca) from Thailand. Journal 

of Crustacean Biology 20, 559-565 

 

Sanomuang L, Saengphan N, Murugan G (2002) First record of the family 

Thamnocephalidae (Crustacea: Anostraca) from Southeast Asia and description of a new 

species of Branchinella. Hydrobiologia 486, 63-69 

 

Santos SR (2006) Patterns of genetic connectivity among anchialine habitats: a case study 

of the endemic Hawaiian shrimp Halocaridina rubra on the island of Hawaii. Molecular 

Ecology 15, 2699-2718 



251 
 

 

Scholtz G, Braband A, Tolley L, Reimann A, Mittmann B, Lukhaup C, Steuerwald F, 

Vogt G (2003) Parthenogenesis in an outsider crayfish. Nature 421, 806 

 

Schön I, Martens K (2004) Adaptive, pre-adaptive and non-adaptive components of 

radiations in ancient lakes: a review. Organisms, Diversity & Evolution 4, 137-156 

 

Schön I, Arkhipova IR (2006) Two families of non-LTR retrotransposons, Syrinx and 

Daphne, from the Darwinulid ostracod, Darwinula stevensoni. Gene 371, 296-307 

 

Schön I, Martens K, Van Doninck K, Butlin RK (2003) Evolution in the slow lane: 

molecular rates of evolution in sexual and asexual ostracods (Crustacea: Ostracoda). 

Biological Journal of the Linnean Society 79, 93-100. 

 

Schmalfuss H (2003) World catalog of terrestrial isopods (Isopoda: Oniscidea). 

Stuttgarter Beiträge zur Naturkunde A 654, 1-341 

 

Schram FR (1974) Paelozoic Peracarida of North America. Fieldiana Geology 33, 95-124 

 

Shoemaker CR (1942) A new species of Amphipoda from Uruguay and Brazil. Journal of 

the Washington Academy of Sciences 32, 80-82 

 



252 
 

Shultz JW, Regier JC (2000) Phylogenetic analysis of arthropods using two nuclear 

protein-encoding genes supports a crustacean + hexapod clade. Proceedings of the Royal 

Society B 267, 1011-1019 

 

Smith M (1964) Deoxyribonucleic acids of Crustacea. Journal of Molecular Biology 9, 

17-23 

 

Spears T, Abele LG (2000) Branchiopod monophyly and interordinal phylogeny inferred 

from 18S ribosomal DNA. Journal of Crustacean Biology 20, 1-24 

 

Suda J, Trávníček P (2006a) Estimation of relative nuclear DNA content in dehydrated 

plant tissues by flow cytometry. Current Protocols in Cytometry 38, 7.30.1-7.30.14 

 

Suda J, Trávníček P (2006b) Reliable DNA ploidy determination in dehydrated tissues of 

vascular plants by DAPI flow cytometry- new prospects for plant research. Cytometry 

Part A 69A, 273-280 

 

Sun C, Shepard DB, Chong RA, Arriaza JL, Hall K, Castoe TA, Feschotte C, Pollock 

DD, Mueller RL (2012) LTR retrotransposons contribute to genomic gigantism in 

plethodontid salamanders. Genome Biology and Evolution 4, 168-183 

 



253 
 

Sun C, Wyngaard G, Walton BD, Wichman HA, Mueller RL (2014) Billions of basepairs 

of recently expanded, repetitive sequences are eliminated from the somatic genome 

during copepod development. BMC Genomics 15, 186 

 

Swift H (1950) The constancy of desoxyribose nucleic acid in plant nuclei. Proceedings 

of the National Academy of Sciences (USA) 36, 643-654 

 

Tamura K, Dudley J, Nei M, Kumar S (2007) MEGA4: Molecular Evolutionary Genetics 

Analysis (MEGA) software version 4.0. Molecular Biology and Evolution 24, 1596-1599 

 

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S (2011) MEGA5: 

Molecular Evolutionary Genetics Analysis using maximum likelihood, evolutionary 

distance, and maximum parsimony methods. Molecular Biology and Evolution 28, 2731-

2739 

 

Tamura K, Stecher G, Peterson D, Filipski A, and Kumar S (2013) MEGA6: Molecular 

Evolutionary Genetics Analysis Version 6.0. Molecular Biology and Evolution 30, 2725-

2729 

 

Tinn O, Oakley TH (2008) Erratic rates of molecular evolution and incongruence of 

fossil and molecular divergence time estimates in Ostracoda (Crustacea). Molecular 

Phylogenetics and Evolution 48, 157-167 

 



254 
 

Thiriot-Quiévreux C, Leitão A, Cuzin-Roudy J (1998) Chromosome diversity in 

Mediterranean and Antarctic euphausiid species (Euphausiacea). Journal of Crustacean 

Biology 18, 290-297 

 

Thomas CA (1971) The genetic organization of chromosomes. Annual Review of 

Genetics 5, 237-256 

 

Thompson RS, Mead JI (1982) Late Quaternary environments and biogeography in the 

Great Basin. Quaternary Research 17, 39-55 

 

Torke B (2001) The distribution of calanoid copepods in the plankton of Wisconsin 

Lakes. Hydrobiologia 453/354, 351-365 

 

Tou JC, Jaczynski J, Chen Y-C (2007) Krill for human consumption: nutritional value 

and potential health benefits. Nutrition Reviews 65, 63-77 

 

Trentini M (1976) Karyologic observations on Triops cancriformis (Phyllopoda, 

Notostraca). Bolletino di Zoologia 43, 321-322 

 



255 
 

Tsang LM, Ma KY, Ahyong ST, Chan TY, Chu KH (2008) Phylogeny of Decapoda 

using two nuclear protein-coding genes: origin and evolution of the Reptantia. Molecular 

Phylogenetics and Evolution 48, 359-368 

 

Tsang LM, Schubart CD, Ahyong ST, Lai JCY, Au EYC, Chan TY, Ng PKL, Chu KH 

(2014) Evolutionary history of true crabs (Crustacea: Decapoda: Brachyura) and the 

origin of freshwater crabs. Molecular Biology and Evolution 31, 1173-1187 

 

Turgeon J, Hebert PDN (1994) Evolutionary interactions between sexual and all-female 

taxa of Cyprinotus (Ostracoda: Cyprididae). Evolution 48, 1855-1865 

 

Van Ngan P, Gomes V, Suzuki H, Passos MJACR (1989) Preliminary study on 

chromosomes of Antarctic krill, Euphausia superba Dana. Polar Biology 10:149-150 

 

Vaillant JJ, Bock DG, Haffner GD, Cristescu ME (2013) Speciation patterns and 

processes in the zooplankton of the ancient lakes of Sulawesi Island, Indonesia. Ecology 

and Evolution 3, 3083-3094 

 

 Väinölä R, Witt JDS, Grabowski M, Bradbury JH, Jazdzewski K, Sket B (2008) Global 

diversity of amphipods (Amphipoda; Crustacea) in freshwater. Hydrobiologia 595, 241-

255 

 

 



256 
 

Vaughn JC (1975) DNA reassociation kinetics and chromosome structure in the crabs 

Cancer borealis and Libinia emarginata. Chromosoma 50, 243-257 

 

Vendrely R, Vendrely C (1948) La teneur du noyau cellulaire en acide 

désoxyribonucléique à travers les organes, les individus et les espèces animales: 

Techniques et premiers résultats. Experientia 4, 434-436 

 

Vergilino R, Belzile C, Dufresne F (2009) Genome size evolution and polyploidy in the 

Daphnia pulex complex (Cladocera: Daphniidae). Biological Journal of the Linnean 

Society 97: 68-79 

 

Vergilino R, Dionne K, Nozais C, Dufresne F, Belzile C (2012) Genome size differences 

in Hyalella cryptic species. Genome 55, 134-139 

 

Vergilino R, Elliott TA, Desjardins-Proulx P, Crease TJ, Dufresne F (2013) Evolution of 

a transposon in Daphnia hybrid genomes. Mobile DNA, 4, 7 

 

Vinogradov AE (1998) Genome size and GC-percent in vertebrates as determined by 

flow cytometry: the triangular relationship. Cytometry 31, 100-109 

 

Vinogradov AE (2000) Larger genomes for molluskan land pioneers. Genome 43, 211-

212 

 



257 
 

Vinogradov AE (2003) Selfish DNA is maladaptive: evidence from the plant Red List. 

Trends in Genetics 19, 609-614 

 

von Reumont BM, Meusemann K, Szucsich NU, Dell’Ampio E, Gowri-Shankar V, 

Bartel D, Simon S, Letsch HO, Stocsits RR, Luan Y, Wägele JW, Pass G, Hadrys H, 

Misof B (2009) Can comprehensive background knowledge be incorporated into 

substitution models to improve phylogenetic analyses? A case study on major arthropod 

relationships. BMC Evolutionary Biology 9, 119 

 

von Reumont BM, Jenner RA, Wills MA, Dell’Ampio E, Pass G, Ebersberger I, Meyer 

B, Koenemann S, Iliffe TA, Stamatakis A, Niehuis O, Meusemann K, Misof B (2012) 

Pancrustacean phylogeny in the light of new phylogenomic data: support for Remipedia 

as the possible sister group of Hexapoda. Molecular Biology and Evolution 29(3), 1031-

1045 

 

Walker-Smith GK, Poore GCB (2001) A phylogeny of the Leptostraca (Crustacea) with 

keys to families and genera. Memoirs of Museum Victoria 58, 383-410 

 

Weekers PHH, Murugan G, Vanfleteren JR, Belk D, Dumont HJ (2002) Phylogenetic 

analysis of anostracans (Branchiopoda: Anostraca) inferred from nuclear 18S ribosomal 

DNA (18S rDNA) sequences. Molecular Phylogenetics and Evolution 25, 535-544 

 



258 
 

Welch SM, Eversole AG (2006) The occurrence of primary burrowing crayfish in 

terrestrial habitat. Biological Conservation 130, 458-464 

 

Wellborn GA, Cothran RD (2004) Phenotypic similarity and differentiation among 

sympatric cryptic species in a freshwater amphipod species complex. Freshwater Biology  

49, 1-13 

 

Wellborn GA, Broughton RE (2008) Diversification on an ecologically constrained 

adaptive landscape. Molecular Ecology 17, 2927-2936 

 

Wellborn GA, Cothran R, Bartholf S (2005) Life history and allozyme diversification in 

regional ecomorphs of the Hyalella azteca (Crustacea: Amphipoda) species complex. 

Biological Journal of the Linnean Society 84, 161-175 

 

Węsławski JM, Opanowski A, Legeżyńska J, Maciejewska B, Włodarska-Kowalczuk M, 

Kędra M (2010) Hidden diversity in Arctic crustaceans. How many roles can a species 

play? Polish Polar Research 31, 205-216 

 

White MM, McLaren IA (2000) Copepod development rates in relation to genome size 

and 18S rDNA copy number. Genome 43, 750-755 

 

 

 



259 
 

Wilson GDF (2008) Global diversity of isopod crustaceans (Crustacea; Isopoda) in 

freshwater. Hydrobiologia 595, 231-240 

 

Wirrmann D, Ybert J-P, Mourguiart P (1992) Paleohydrology: A 20,000 years 

paleohydrological record from Lake Titicaca. In Lake Titicaca. A Synthesis of 

Limnological Knowledge (eds. C. Dejoux, A. Iltis), pp. 40-48. Dordrecht: Kluwer 

Academic. 

 

Witt JDS, Hebert PDN (2000) Cryptic species diversity and evolution in the amphipod 

genus Hyalella within central glaciated North America: a molecular phylogenetic 

approach. Canadian Journal of Fisheries and Aquatic Sciences 57, 687-698 

 

Witt JDS, Blinn DW, Hebert PDN (2003) The recent evolutionary origin of the 

phenotypically novel amphipod Hyalella montezuma offers an ecological explanation for 

morphological stasis in a closely allied species complex. Molecular Ecology 12, 405-413 

 

Witt JDS, Threloff DL, Hebert PDN (2006) DNA barcoding reveals extraordinary cryptic 

diversity in an amphipod genus: implications for desert spring conservation. Molecular 

Ecology 15, 3073-3082 

 

Witt JDS, Threloff DL, Hebert PDN (2008) Genetic zoogeography of the Hyalella azteca 

species complex in the Great Basin: rapid rates of molecular diversification in desert 

springs. in Reheis, M.C., Hershler, R., and Miller, D.M., eds., Late Cenozoic Drainage 



260 
 

History of the Southwestern Great Basin and Lower Colorado River Region: Geologic 

and Biotic Perspectives: Geological Society of America Special Paper 439, 103-114 

 

Wittmann KJ (1999) Global biodiversity in Mysidacea, with notes on the effects of 

human impact. In Crustaceans and the Biodiversity Crisis. Edited by F.R. Schram & J.C. 

Von Vaupel Klein,  Brill, Leiden. pp.511-525 

 

Wolf YI, Koonin EV (2013) Genome reduction as the dominant mode of evolution. 

Bioessays 35, 829-837 

 

Wyngaard GA, Rasch EM (2000) Patterns of genome size in the copepoda. 

Hydrobiologia 417, 43-56 

 

Wyngaard GA, Gregory TR (2001) Temporal control of RNA replication and the 

adaptive value of chromatin diminution in copepods. Journal of Experimental Zoology 

291, 310-316 

 

Wyngaard GA, McLaren IA, White MM, Sévigny J-M (1995) Unusually high numbers 

of ribosomal RNA genes in copepods (Arthropoda: Crustacea) and their relationship to 

genome size. Genome 38, 97-104 

 



261 
 

Wyngaard GA, Rasch EM, Manning NM, Gasser K, Domangue R (2005) The 

relationship between genome size, development rate, and body size in copepods. 

Hydrobiologia 532, 123-137 

 

Wysocka A, Grabowski M, Sworobowicz L, Burzyński A, Kilikowska A, Kostoski G, 

Sell J (2013) A tale of time and depth: intralacustrine radiation in endemic Gammarus 

species flock from the ancient Lake Ohrid. Zoological Journal of the Linnean Society 

167, 345-359 

 

Xia X (1995) Body temperature, rate of biosynthesis, and evolution of genome size. 

Molecular Biology and Evolution 12, 834-842 

 

Xu S, Hebert PDN, Kotov AA, Cristescu ME (2009) The noncosmopolitanism 

paradigm of freshwater zooplankton: insights from the global phylogeography of 

the predatory cladoceran Polyphemus pediculus (Linnaeus, 1761) (Crustacea, 

Onychopoda). Molecular Ecology18, 5161–5179 

 

Yager J (1981) Remipedia, a new class of Crustacea from a marine cave in the Bahamas. 

Journal of Crustacean Biology 1, 328-333 

 

Yang H, Gallivan T, Guo X, Allen Jr. SK (2000) A method for preserving oyster tissue 

samples for flow cytometry. Journal of Shellfish Research 19, 835-839 

 



262 
 

Zagoskin MV, Marshak TL, Mukha DV, Grishanin AK (2010) Chromatin diminution 

process regulates rRNA gene copy number in freshwater copepods. Acta Naturae 2, 52-

57 

 

Zeng V, Villanueva KE, Ewen-Campen BS, Alwes F, Browne WE, Extavour CG (2011) 

De novo assembly and characterization of a maternal and developmental transcriptome 

for the emerging model crustacean Parhyale hawaiensis. BMC Genomics 12, 581 

 

 

 

 

 

 


