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ABSTRACT 
 

 
 Intimate, mutualistic, association with microbes is a common mechanism for 

organisms to utilize certain niches. Insects are a particularly well-studied group in this 

respect, frequently forming long-term, obligate associations with symbiotic microbes. 

These symbioses are often nutritional in nature, with the symbiont providing the host 

with nutrients that are otherwise unavailable. Aphids are notable for their well-defined 

relationship with the symbiotic Bacteria Buchnera aphidicola. By synthesizing the amino 

acids the aphid is unable to produce itself, Buchnera permits its host to feed on plant 

phloem, which lacks sufficient quantities of these essential nutrients. Buchnera, as with 

many obligate intracellular symbionts, has a reduced effective population size (Ne) due to 

asexual reproduction and severe population bottlenecks experienced during transmission 

between generations. The reduction in Ne has facilitated the degradation of the symbiont 

genome through fixation of deleterious mutations via drift. The consequences of 

accelerated evolutionary rates has been examined primarily through genome sequencing 

and comparative studies of symbionts from different host species. The work detailed in 

this dissertation examines the role of deleterious mutations and drift at multiple 

taxonomic levels. Analysis of aphid amino acid requirements utilizing an artificial diet 

assay revealed variation in clones of the pea aphid, Acyrthosiphon pisum. In one clone, a 

mutation in the arginine biosynthesis pathway appears to underlie a host dietary 

requirement for arginine. Examination of the number of Buchnera within an A. pisum 

clone also revealed variation in symbiont titer between clones. When compared across F1 

offspring of cross between a low- and a high-titer clone, extensive variation was observed 
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in titer that exceeded variation observed in field-collected clones. No maternal effects 

were observed, suggesting that Buchnera is not in control of its replication. At a broader 

taxonomic scale, the replacement of Buchnera in the aphid Cerataphis brasiliensis was 

examined by sequencing the genome of its fungal symbiont (YLS). The genome of the 

YLS revealed a much greater metabolic capacity than Buchnera, possibly due to its 

extracellular habitat. The YLS exhibited signatures of elevated evolutionary rates and 

intron gain consistent with a reduction in Ne due to its symbiotic niche. 
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INTRODUCTION 

 
Explanation of the problem and its context 

Over the course of evolution, plants and animals have come to rely on a variety of 

microorganisms to provide an array of functions ranging from defense from predators to 

supplying nutrients to disabling prey defenses. These relationships span a continuum 

from facultative to obligate and from mutualistic to exploitative. Of beneficial microbe-

animal relationships, much attention has been paid to microbes providing nutritional 

benefits to their host.  

 Nutrient-provisioning by microbes to a host has allowed organisms to exploit 

otherwise unsuitable niches, from feeding on imbalanced nutrient sources to inhospitable 

environments (Cavanaugh 1983, Sandstrom and Moran 1999). Often, these relationships 

are obligate with respect to both members which have evolved close metabolic 

dependence, with the symbiont residing within the host (Moran 2006). The most ancient 

of these associations are present in all Eukaryotes – the mitochondrion. Originating as a 

symbiosis between a proto-Eukaryote and an α-Proteobacteria, mitochondria were key in 

the evolution of oxidative metabolism (Andersson et al. 1998). Likewise, the evolution of 

photosynthetic eukaryotes was made possible by the incorporation of a photosynthetic 

Cyanobacteria within a heterotrophic Eukaryote (Bonen and Doolittle 1975, Zablen et al. 

1975). Beyond these domain- and kingdom-wide associations, more recent and more 

specific endosymbiosis events have benefited a large number of diverse lineages. 

 Vertically transmitted microbial endosymbtionts are subject to several 

evolutionary forces that have dramatically altered their genomes relative to free-living 
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microbes (Moran 1996, McCutcheon and Moran 2012). In the most extreme examples, 

symbionts are no longer considered separate entities, having lost control over their own 

proliferation, and are classified as organelles. In less severe cases, symbionts have 

undergone massive genome reduction and loss of genes necessary for life outside the host 

(Shigenobu et al. 2000, McCutcheon et al. 2009b). The ultimate causes of these genomic 

alterations are a reduced effective population size that reduces selection’s efficient 

elimination of deleterious mutations and sequestration within the host, blocking gains of 

exogenous DNA and removal of deleterious alleles by recombination (Ohta 1973, Moran 

1996, Tamas et al. 2002).  

 The effect of the extreme sequestration of symbionts within their hosts, their 

asexual reproduction, and the population bottlenecks that this environment imposes 

create a unique set of evolutionary challenges. Genome sequencing of diverse symbionts 

from various insects has revealed that these challenges have been addressed in a variety 

of ways, though studies have focused heavily on long-term changes between symbionts. 

Identifying the effects of genetic drift on shorter time scales is more difficult, requiring 

large scale phenotypic screens or population-level reverse genomic screens (Moran et al. 

2009).  

 To date, most of the efforts examining endosymbionts have focused on Bacteria. 

These studies have led to a robust understanding of the effects of the symbiotic 

environment on genome evolution in this domain (Moran and Plague 2004). Eukaryotic 

symbionts are less common and have only been well characterized in a small number of 

lineages such as the mycorrhizal fungal associates of plants (Arnold et al. 2001) and 
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fungal cultivars of the attine ants (Currie et al. 2003). A model has been developed to 

describe the effects of small effective population size on the structure of eukaryotic 

genomes, but this model has yet to be evaluated in a symbiont (Lynch and Conery 2003, 

Lynch 2006).  

  

Review of the literature 

Nutritional symbionts of insects 

 Nutritional endosymbionts are extremely diverse in both their taxonomy and the 

metabolic services they provide to their hosts. Gutless marine worms form endosymbiotic 

associations with chemolithoautotrophic bacteria, which oxidize the reduced sulfur 

present in the deep sea hydrothermal vent habitat of the worm, allowing generation of 

energy from hydrogen sulfide (Cavanaugh 1983). Symbiosis likely contributes to the 

success of the large plant family Fabaceae, which recruit a variety of bacteria capable of 

fixing dinitrogen gas into ammonia, allowing them to inhabit nitrogen-poor soils (Soltis 

et al. 1995). The large and complex community of microbes inhabiting the guts of 

ruminants is essential for their successful digestion of recalcitrant plant material (Russell 

and Rychlik 2001). Microbial cellulose digestion has also been implicated in the dietary 

shift of the giant panda, Ailuropoda melanoleuca, from their ancestral omnivorous diet to 

a strictly herbivorous diet (Zhu et al. 2011).  

 In few taxa has symbiosis been studied as extensively as the insects. Estimates 

suggest that upwards of 10% of all species in this highly diverse and species-rich group 

harbor canonical microbial symbionts in a well defined organ (Douglas 1989), though 
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this is likely a vast underestimate of the true number of symbiotic associations. These 

relationships allow insects to exploit nutritionally imbalanced food sources such as lignin, 

leaf tissue, vertebrate blood, and plant sap (Breznak 1982, Shigenobu et al. 2000, Akman 

et al. 2002, Currie et al. 2003). Initial studies of insect symbionts were restricted to those 

that could be cultured, surveyed with microscopy of insect tissue, or studied through 

inference of symbiont role by elimination of the symbiont. 

 The early studies of symbionts demonstrated that many were of bacterial origin, 

though some insects harbored fungi or protists while others harbored complex 

communities including both bacterial and eukaryotic symbionts (Buchner 1965, 

Honigberg 1970). Symbionts often localized to various tissues within a host, such as the 

gut or specialized organs specifically for the microbe (Buchner 1965). In some cases, the 

symbiont and host display a 1:1 phylogeny, characteristic of strict vertical transmission 

and co evolution (Munson et al. 1991), while sporadic distribution in hosts suggested 

horizontal transfer in other symbionts (Buchner 1965). 

 Members of the Hemiptera were found to be particularly prone to hosting 

conspicuous symbionts, and these associations were nearly universal in insects feeding on 

plant sap (Buchner 1965). Often a very simple complement of symbionts, consisting of 

one to a few members, was found in very consistent association with the host insect 

(Buchner 1965). These were the primary symbionts, though facultative secondary 

symbionts were also found, but with a more variable distribution. Early phylogenetic 

evidence revealed that many of these primary symbionts were transmitted vertically with 

perfect fidelity over millions of years (Munson et al. 1991, Moran et al. 1993). Removal 
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of the microbes by antibiotic treatment demonstrated that the symbionts were both 

essential for host survival and involved in nitrogen metabolism (Douglas and Prosser 

1992).  

 

Symbiont genome sequencing and evolution 

DNA sequencing allowed for the first genetic characterization of symbionts. It 

was discovered that a number of bacterial lineages contained symbiotic members, such as 

the α- and γ-Proteobacteria, the Firmicutes, and the Bacteroidetes (Moran et al. 2008). 

These studies revealed that they were evolving extremely rapidly relative to their free-

living counterparts (Moran 1996, Brynnel et al. 1998, Wernegreen and Moran 1999, 

Wernegreen and Moran 2000, Wernegreen et al. 2001, Itoh et al. 2002, Woolfit and 

Bromham 2003, Canback et al. 2004, Fry and Wernegreen 2005). This was hypothesized 

to be caused by their secluded environment, which prevented acquisition of exogenous 

DNA and facilitated the action of Muller’s Ratchet, and small population sizes resulting 

from transmission bottlenecks (Moran 1996, Lambert and Moran 1998, Rispe and Moran 

2000, Funk et al. 2001).  

The full extent of the effects of small population size and Muller’s Ratchet 

became clear as the first genomes of obligate symbionts were sequenced. The genome 

sequences of Buchnera aphidicola from various aphid hosts revealed that the 

evolutionary pressures had led to massive genome decay (Shigenobu et al. 2000, Tamas 

et al. 2002, van Ham et al. 2003, Perez-Brocal et al. 2006). Metabolically, the symbiont 

was missing entire pathways that were presumed to be essential for cellular life in such a 
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genomic context. The symbiont lacked the TCA cycle, lacked the ability to produce 

reducing equivalents, and had lost the pathways for synthesis of essential cell membrane 

components. The genome sequence also delineated the role of the symbiont: to produce 

essential amino acids that are depauperate in the aphid’s phloem sap diet (Sandstrom and 

Moran, 1999). Despite massive-scale genome reduction, Buchnera retained the ability to 

synthesize all the essential amino acids. These pathways occupied 10% of the symbiont 

genome, as compared to less than 1% of the genome of Escherichia coli.  

As more symbiont genomes were sequenced, additional dynamics of symbiont 

evolution were revealed. The genomes of symbionts were almost completely free of 

repetitive elements, with one exception being the genome of grain weevil symbionts 

(Plague et al. 2008). This absence of repetitive elements along with the absence of 

exogenous DNA and the loss of genes for homologous recombination prevented genome 

rearrangements within Buchnera over a course of 150 million years (Tamas et al. 2002, 

van Ham et al. 2003). These additional sequences, along with information derived from 

other bacterial genomes, allowed for the development of a model of the course of 

symbiont genome evolution (Moran and Mira 2001, Moran and Plague 2004). Initially, 

mobile genetic elements would proliferate within a genome, inactivating many gene that 

were superfluous for the symbiotic habitat. Due to the deletional bias of bacterial 

genomes, these pseudogenes would eventually be removed and the genome would erode 

(Mira et al. 2001). This process would slow exponentially as the remaining genes were 

more and more likely to be essential. 
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Importantly, this model of evolution did not invoke positive selection for reduced 

symbiont genome size. The main force driving symbiont evolution was neutral - the small 

effective population size of the symbiont reduced the efficiency of selection, allowing 

many slightly deleterious mutations to become fixed (Moran 1996, Wernegreen and 

Moran 1999, Wernegreen and Funk 2004). Many of these slightly deleterious mutations 

were caused by interruption of coding regions by mobile elements, and due to the low Ne, 

these mutations could become fixed in the population (Ohta 1973). This prediction of the 

model has been confirmed experimentally in the obligate symbiont of Sitophilus weevils, 

where insertion sequences have proliferated throughout the genome (Plague et al. 2008). 

The vast number of mobile elements also created a large number of targets for 

recombination, which allowed large portions of the symbiont genome to be lost through 

“looping out.” Finally, the intracellular habitat made many functions encoded by the 

symbiont genome redundant, reducing the selective cost of their loss and enabling their 

disruption to be fixed (Moran and Mira 2001, Silva et al. 2001).  

As more and different symbiont genomes were sequenced, it became clear that 

Buchnera was only a moderately reduced symbiont genome. While the first Buchnera 

genome was notable for its small genome size (640 kb), symbionts appeared capable of 

shedding a much larger fraction of their genes. Within the aphids, Buchnera genomes 

varied in size by 35% as evidenced by the 420 kb genome of Buchnera from the aphid 

Cinara cedri (Perez-Brocal et al. 2006), while Sulcia mulleri, a symbiont of 

sharpshooters, had a genome size of only 245kb (McCutcheon and Moran 2007). Even 

this was not the lowest end of the symbiont genome size - the genomes of symbionts 
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from psyllids, cicadas and mealybugs ranged from 160kb down to 118 kb (Nakabachi et 

al. 2007, McCutcheon and Moran 2007, McCutcheon et al. 2009b, McCutcheon and von 

Dohlen 2011,).  

  

Consequences of reduction: disruption, cooperation, and replacement. 

 These extreme reductions in genome size produced interesting consequences for 

symbiont biology. Deleterious mutations that have accumulated in the transcriptional 

machinery of Buchnera and Blochmannia floridanus elevate the error rate of mRNA 

synthesis, leading to transcriptional slippage and alterations of transcript messages. 

Surprisingly, these mutations in transcriptional machinery are also capable of transcribing 

functional messages from genes containing mutated DNA sequence (Tamas et al. 2008).  

 In many symbiont systems, there are multiple obligate members. These additional 

symbionts appear to be necessary to fulfill the metabolic requirements of the host. 

Buchnera of Cinara cedri, the symbiont is no longer capable of synthesizing tryptophan, 

an essential nutrient provided by Buchnera in other aphid species (Perez-Brocal et al. 

2006). To overcome this nutritional deficiency, Serratia symbiotica, a symbiont once 

thought to be strictly facultative in aphids, appears to have become essential by producing 

tryptophan for the aphid (Gosalbes et al. 2008). Likewise, in the Auchenorhynca, the 

obligate symbiont Sulcia is complemented by different partner symbionts in different 

lineages (Wu et al. 2006, McCutcheon et al. 2009a, McCutcheon et al. 2009b). These 

metabolic interdepencies range from dividing production of the essential nutrients to 

dividing single metabolic pathways between members. In the cicada, Sulcia provides 8 of 
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the 10 essential amino acids necessary for the host, while Hodgkinia, the other symbiont, 

provides the other two essential amino acids and several essential vitamins and cofactors 

(McCutcheon et al. 2009b). Though Hodgkinia’s genome is extremely reduced, 7% of its 

genome is dedicated to encoding the cobalamin biosynthesis pathway, apparently due to 

Sulcia’s retention of a cobalamin-dependent methionine synthase. Hodgkinia is also 

notable for its loss of RF2, a gene responsible for recognition of the stop codon UGA 

(McCutcheon et al. 2009b). Loss of RF2 apparently has led to the re-coding of UGA to 

encode for tryptophan, a trait that is not unique to Hodgkinia but is certainly rare across 

the tree of life.  

 The most extreme division of labor discovered thus far is in the dual symbionts of 

mealybugs. The symbiont Moranella endobia resides within the cell of the other 

symbiont, Tremblaya princeps. A significant fraction of the tiny Tremblaya genome is 

dedicated to the synthesis of essential amino acids, yet it lacks a complete biosynthesis 

pathway for a single essential amino acid. It appears that various metabolic intermediates 

are passed between between Tremblaya and Moranella to complete the synthesis of the 

essential amino acids (McCutcheon and von Dohlen, 2011). These nested bacteria are yet 

another example of odd, Rube Goldberg-esque biology of obligate symbionts.  

 In other lineages, symbionts appear to have been replaced. Within the weevils, 

two independent events in two separate clades have occurred where the primary symbiont 

was replaced by a new Bacteria (Toju et al. 2010). The nature of this replacement is 

unclear, though it appears the replacing symbionts may have originated as facultative, 

secondary symbionts which later overtook the role of the primary symbiont. A 
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particularly striking case of symbiont replacement occurred in aphids of the tribe 

Cerataphidini. A monophyletic clade within the tribe has lost the bacterial symbiont 

Buchnera, present in all other aphids examined (Fukatsu and Ishikawa, 1992, Fukatsu et 

al., 1994). The symbiont has been replaced with a fungal symbiont, known as the yeast-

like symbiont (YLS), a member of the Hypocreales genus Cordyceps (Suh et al., 2001). 

Aside from its ability to upgrade host waste nitrogen (Hongoh and Ishikawa, 2000), very 

little is known about the YLS.  

 

Explanation of the dissertation format  

 The research detailed in this dissertation examines the effects of small effective 

population size on the obligate nutritional symbionts at the population level and at the 

species level. At the population level, I examined the nutrient-provisioning capacity of 

Buchnera and how this relates to genetic variation within the symbiont’s amino acid 

biosynthesis genes. I further examined the titer of Buchnera within a population and how 

variation in this trait is transmitted across sexual and asexual generations. Finally, I 

interrogated the genome of the yeast-like symbiont of Cerataphis brasiliensis and 

examine how small Ne has affected this eukaryotic symbiont’s genome evolution and 

metabolic potential.  

 In Appendix A, I surveyed variation in the amino acid provisioning of Buchnera 

within the population of Acyrthosiphon pisum in the United States. A phenotypic screen 

was used to identify A. pisum clones that exhibited reduced growth on diet lacking 

essential amino acids. Clones with requirements for individual amino acids were then 
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examined further. The amino acid biosynthesis pathways for each required amino acid 

were sequenced. A single mutation was found in the arginine biosynthesis pathway of a 

clone that required dietary arginine. Sexual crosses of clones containing the mutation 

exhibited increased variation in arginine requirements compared to the parental clones, 

suggesting that variation in host associated factors also impact amino acid requirements. 

 In Appendix B, I examined how the titer of Buchnera varies within the US A. 

pisum population. Using quantitative PCR, I measured the number of genome copies of 

Buchnera in different A. pisum clones and found significant differences in symbiont titer 

among clones. I also showed that variation in Buchnera titer was partially explained by 

the number of bacteriocytes per aphid and that the titer varies across early development. 

By comparing the nutritional requirements for essential amino acids described in 

Appendix A and their symbiont titer, we found a significant positive correlation between 

titer and amino acid requirements. Employing a panel of F1 clones produced from a cross 

between a high titer clone and a low titer clone, we found highly variable titer of A. 

pisum in the offspring; this variation exceeds that which was found in wild-caught 

aphids. This highly variable titer in an F1 generation suggests that the trait has a 

polygenic basis and that there are epistatic interactions of the genes involved in 

determining symbiont titer.  

 In Appendix C, I sequenced the draft genome of the yeast-like symbiont (YLS) of 

C. brasiliensis to assess how small effective population size influences a eukaryotic 

symbiont’s genome. I found that the YLS displays characteristic signatures of reduced 

effective population size. Rates of evolution in orthologous proteins from the YLS were 
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elevated compared to those observed in four related sequenced fungal genomes. The YLS 

genome also showed evidence of intron expansion, having more introns per ortholog than 

the related genomes. However, YLS did not display certain features thought to be caused 

by small effective population size. While the amount of repetitive DNA was not 

dramatically higher than in related genomes, it did occupy nearly 5% of the genome. 

There was no evidence for extreme proliferation of mobile genetic elements, and 

intergenic spacers were significantly shorter in the YLS than in the comparison genomes. 

The genome encodes a much greater suite of metabolic capabilities than does the genome 

of Buchnera, including expanded amino acid biosynthesis abilities, recombination 

machinery, cell wall components, and secondary metabolite synthesis genes. Together, 

these findings are consistent with an Ne for the YLS that lies in a range where genome 

expansion is not as extreme as in other eukaryotes examined. 
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PRESENT STUDY 

 

 The methods, results and conclusions of this study are presented in the papers 

appended to this dissertation. The following is a summary of the most important findings 

of these papers.  

 Examinations of the genes of Buchnera from aphids had previously revealed 

minimal variation within a host species (Funk et al. 2001). Despite this, a number of 

studies demonstrated variation in the dietary requirement of essential amino acids among 

A. pisum clones(Febvay et al. 1988a, Febvay et al. 1988b). As Buchnera produces 

essential amino acids for the aphid(Shigenobu et al. 2000), it seemed likely that the 

mutations underlying nutrient requirements are encoded in the genome of Buchnera or in 

A. pisum genes associated with the symbiont. Using an artificial diet formulation, I 

measured aphid performance on diets lacking individual amino acids. For clones with 

reduced mass on artificial diet lacking an essential amino acid, the Buchnera amino acid 

biosynthesis genes underlying that amino acid were sequenced. In one clone (8-10-1), the 

need for dietary arginine corresponded to an inactivating mutation in the gene argC of the 

arginine biosynthesis pathway. In other clones examined, no mutations were found that 

explained the clone’s requirement for that amino acid. There was no effect of secondary 

symbionts or of the host plant that the aphids were originally collected on. F1 hybrids 

were established by crossing clone 8-10-1 with another clone, 5A, which did not have 

any mutations in Buchnera-encoded amino acid biosynthesis genes. In both directions of 
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the F1 cross, the average fitness of the clones was equivalent to the fitness of their 

matriline clone, indicating that the majority of the fitness difference was due to 

Buchnera. When examining each resulting clone individually, a high amount of variation 

was observed in fitness of clones with the same paternal and maternal lineage, suggesting 

that aphid genes were likely to also be involved in observed fitness differences. This 

research demonstrated that variation exists in Buchnera’s amino acid biosynthesis genes 

and that this variation can have effects on host fitness. 

 Genomic studies of Buchnera have revealed a remarkable lack of regulatory 

mechanisms(Shigenobu et al. 2000). Transcription of Buchnera genes is seemingly 

constitutive, and the symbiont has long been thought to have lost most control over its 

own replication and division(Moran et al. 2005, Wilcox et al. 2003). Host-derived 

products have been demonstrated to lyse Buchnera over the course of development, 

suggesting that the host actively controls the number of symbionts it harbors(Nishikori et 

al. 2009). I assessed the titer of Buchnera by measuring the number of Buchnera 

genomes per aphid genome in different clones of A. pisum using quantitative PCR on 

single-copy genes of the aphid and Buchnera. Buchnera titer differed significantly among 

the clones examined, and one in particular (8-10-1) exhibited elevated titer relative to 

other clones tested. Buchnera resides within specialized host cells known as 

bacteriocytes, so for each clone examined, we counted the number of bacteriocytes in 

dissected aphids and found that their numbers within a clone reflected the differences 

observed from qPCR counts of Buchnera titer in the clone. The number of Buchnera per 

bacteriocyte was also assessed by dissecting and performing qPCR on DNA isolated from 
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individual bacteriocytes. There was significant variation in the number of Buchnera per 

bacterioycte, but the pattern of variation was not consistent with the overall titer of 

Buchnera for these clones, and this is likely due to differences in Buchnera titer across 

development, which was also assayed. The F1 clones generated for the previous study 

were derived from two clones with high (8-10-1) and low (5A) titer. The titer of 

Buchnera was measured in multiple clones derived from each matriline. While the titer of 

field-collected clones varied ranged from 45-70 symbiont genomes per aphid genome, the 

titer observed in lab-produced F1’s ranged from over 110 symbiont genomes/aphid 

genome to less than 20. This extreme range of titer suggests that the genes underlying 

control of Buchnera titer interact in an epistatic manner, and that selection in the field 

likely removes clones with extremely high or low titer. Additionally, no effect of 

maternal lineage was observed in the titer of F1 clones, confirming that Buchnera is not 

the main determinant of its titer in a host.  

 The replacement of one symbiont by another has been demonstrated in several 

lineages of insects that rely on obligate symbionts for nutrients(Buchner 1965, Toju et al. 

2010). The aphid tribe Cerataphidini includes several members, composing a 

monophyletic group, that have lost Buchnera and gained a fungal symbiont (the YLS) in 

its place(Fukatsu et al. 1994, Fukatsu and Ishikawa 1992). Small effective population size 

is thought to drive genome expansion in eukaryotes, primarily through proliferation of 

mobile genetic elements and introns, and lead to genome expansion(Lynch 2006, Lynch 

and Conery 2003). To examine the effects of small effective population size on a 

eukaryotic symbiont and to determine capacity for nutrient-provisioning by a eukaryotic 
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symbiont, a draft sequence of its genome was produced. We used 76 bp paired-end 

Illumina reads to generate a 25 megabase draft genome of the YLS. Relative rates tests 

revealed that orthologs in the symbiont were evolving approximately 1.5 to 2.5 times 

faster than related fungi with sequenced genomes, depending on the comparison, 

supporting the hypothesis that the YLS is experiencing accelerated evolution due to 

reduced Ne. By analyzing intron distribution between nearly 2500 orthologs, we found 

that there was a significant increase in the number of introns per gene in the YLS relative 

to two related fungi. Intron length did not increase significantly relative to related fungi, 

and intergenic spacer size decreased in the YLS. Repetitive DNA made up a similar 

fraction of the YLS genome as in Nectria heamatococca, a related Hypocreales. Recent 

evidence from a number of fungal genomes suggests that members of the Pezizomycotina 

with genome sizes between 25-75 mb exhibit signs of genome contraction when 

experiencing small Ne (Kelkar and Ochman 2011). The YLS genome sequence suggests 

that this is true in the fungal symbiont of Cerataphidini as well. The YLS genome 

encodes a much broader array of metabolic functions and cellular components than does 

the Buchnera genome, having over an order of magnitude more genes (7356 putative 

open reading frames). Unlike Buchnera, the YLS can synthesize all the non-essential 

amino acids, utilize a variety of carbon sources and produce energy through multiple 

pathways. The YLS also encodes all the recombinational machinery and even retains 

genes necessary for sexual reproduction and meiosis.  
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ABSTRACT 

 

 The nutritional symbiosis between aphids and their obligate symbiont, Buchnera 

aphidicola, is often characterized as a highly functional partnership in which the 

symbiont provides the host with essential nutrients. Despite this, some aphid lineages 

exhibit dietary requirements for nutrients typically synthesized by Buchnera, suggesting 

that some aspect of the symbiosis is disrupted. To examine this phenomenon in the pea 

aphid, Acyrthosiphon pisum, populations were assayed using defined artificial diet to 

determine dietary requirements for essential amino acids. Six clones exhibiting 

dependence on essential amino acids in their diet were investigated further. In one aphid 

clone, a mutation in a Buchnera amino acid biosynthesis gene could account for the 

clone’s requirement for dietary arginine. Analysis of aphid F1 hybrids allowed separation 

of effects of the host and symbiont genomes, and revealed that both affect the 

requirement for dietary essential amino acids in the clones tested. Amino acid 

requirements were minimally affected by secondary symbiont infection. Our results 

indicate that variation among pea aphids in dependence on dietary amino acids can result 

from Buchnera mutation as well as variation in the host genotype.  
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INTRODUCTION 

 

 Nutritional symbiotic associations with bacteria are common in insects and have 

allowed many groups to exploit otherwise unsuitable food sources by synthesizing 

nutrients lacking in their host’s diet (Baumann 2005).  Such relationships appear 

remarkably persistent over evolutionary time, with associations lasting hundreds of 

millions of years (Moran et al. 1993; Moran et al. 2005). Over this duration, genetic drift 

and relaxed selection have led to extensive genome erosion, resulting in the loss of many 

genes in genomes of bacterial symbionts (Tamas et al. 2002). Despite having some of the 

smallest known cellular genomes, these symbionts retain the biosynthetic capacity to 

produce the nutrients necessary to supplement the hosts’ diet (McCutcheon et al. 2009a; 

McCutcheon et al. 2009b; Perez-Brocal et al. 2006; Wu et al. 2006).  

 Buchnera aphidicola, the obligate bacterial symbiont of aphids, is one of the most 

extensively investigated nutritional symbionts. Experimental studies and genome 

sequences of Buchnera from several different aphid species have revealed that the 

symbiont synthesizes essential amino acids for the aphid that are limiting in the aphid’s 

phloem sap diet (Douglas & Prosser 1992; Shigenobu et al. 2000). Buchnera of distantly 

related aphid species retain most essential amino acid biosynthesis genes (Perez-Brocal et 

al. 2006; Shigenobu et al. 2000; Tamas et al. 2002; van Ham et al. 2003). Some losses 

may be associated with a shift in the aphid’s diet, as is the case in Buchnera of Schizaphis 

graminum, which no longer reduces sulfur as part of cysteine biosynthesis possibly due to 

the availability of reduced sulfur in the phloem of the grasses the aphid feeds on (Tamas 
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et al. 2002).  Loss of functional amino acid biosynthesis genes in Buchnera might also be 

compensated for by the presence of secondary symbionts; in Buchnera of Cinara cedri, 

tryptophan appears to be synthesized cooperatively by Buchnera and the secondary 

symbiont Serratia symbiotica (Gosalbes et al. 2008).  

 Intraspecific variation in amino acid requirements has been described in several 

species of aphid (Febvay et al. 1988; Srivastava et al. 1985; Wilkinson & Douglas 2003), 

suggesting that symbiont-produced nutrients are insufficient to sustain the host in some 

populations. One potential source of this variation is disruption of Buchnera’s ability to 

produce essential amino acids. This explanation has been proposed previously 

(Srivastava et al. 1985) but has not been tested. Differences among aphid genomes could 

also be the cause of this variation in dietary requirements, as host genes involved in 

amino acid synthesis, catabolism, and transport, as well as genes that support the 

symbiont, may vary among aphid clones.  

 The source of variation in amino acid requirements has ramifications for the 

maintenance of this variation, aphid population dynamics, as well as its long-term effects 

on the evolution of this symbiosis. Loss of amino acid provisioning is irreversible in 

Buchnera, which does not recombine or acquire genes through lateral gene transfer 

(Tamas et al. 2002). Such loss may restrict the host range of the aphid, leading to 

population subdivision and divergence (Dres & Mallet 2002; Muller 1985) or potentially 

to extinction of the lineage.  

This study utilizes fitness assays to identify clones of the pea aphid, 

Acyrthosiphon pisum, which exhibit dietary requirements for essential amino acids. The 
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contribution of Buchnera to this variation was determined by the examination of 

symbiont genes. The role of secondary symbionts was assessed both in a large panel of 

aphids with their naturally occurring symbionts as well as in aphid hosts with identical 

genetic backgrounds and different secondary symbionts. Finally, the fitness of F1 hybrids 

was used to measure the contributions of host and Buchnera to the variation in aphid 

amino acid requirements.  
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MATERIALS AND METHODS 

 

Aphid cultures. A. pisum clones were collected on various host plant species (referred to 

hereafter as “host plant”) from locations around the United States between 1999 and 2008 

(table S1). Each of the thirty-five clonal lineages was derived from single 

parthenogenetic females then divided into 2-4 sublines for at least 3 generations prior to 

experiments. These were reared on Vicia faba seedlings under 16:8 L:D at 20° C in an 

environmental chamber.  

 

Artificial diet and feeding assays. Aphids were fed on an artificial diet to reveal dietary 

requirements for essential amino acids. The all-essential-amino-acids (AEAA) diet was 

formulated after the AP3 diet of Febvay et al. (Febvay et al. 1988), which contains 

sucrose, amino acids, vitamins and trace elements. The no-essential-amino-acid (NEAA) 

diet was created by omitting all essential amino acids and cysteine from the AP3 diet and 

increasing the amounts of non-essential amino acids proportionally until the total 

nitrogen concentration was equivalent to that of the AEAA diet. Diets lacking individual 

essential amino acids were created by omitting a particular essential amino acid and 

balancing total nitrogen by addition of equal molar concentrations of glutamate. Adult A. 

pisum were placed on fresh V. faba seedlings 24 hours prior to experimental set up and 

allowed to deposit nymphs. Artificial diet feeding was a microtitre plate system with one 

to two nymphs and 300µl of artificial diet per well (Stavrinides et al. 2009). Plates were 

kept at conditions described for the aphid cultures. After 7 days individual aphids were 
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weighed on a microbalance and their mass used as a proxy for fitness (figure S1). Mass at 

birth was not measured, and variation in initial mass likely contributed to the variation in 

adult mass. All clones were tested on both the AEAA diet and the NEAA diet. A subset 

of clones was tested on diet lacking individual essential amino acids. For all dietary 

assays, clones were subject to feeding treatments twice independently, with a total of at 

least 30 aphids measured for each clone x treatment pair. 

 

Sequencing of Buchnera genes. Genomic DNA was isolated from clones exhibiting 

requirements for essential amino acids in the individual amino acid deletion assay; 

specifically these were clones 8-10-1, G17, G6, and G19. PCR was performed to amplify 

Buchnera genes underlying the biosynthesis of the required amino acid genes; PCR 

products were directly sequenced (SOM, table S2). 

 

Secondary symbiont screening. Secondary symbiont presence was determined by PCR 

screen using symbiont-specific diagnostic primers that produce amplicons spanning the 

intergenic region between the 16S and 23S ribosomal RNA subunits. Forward primers 

(1279F_Ss, 1279F_Ri, and 1279F_Hd) specific for each secondary symbiont were used 

along with a universal primer (35R) (Dunbar et al. 2007).   

 

Establishment of F1 clones. To determine whether Buchnera mutations were responsible 

for fitness differences observed on NEAA diet, clones 5A and 8-10-1 were sexually 

induced using the method of Moran & Dunbar (Moran & Dunbar 2006), (SOM). 
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Fundatrices were collected and initially reared on V. faba and Medicago sativa shoots. 

Single fundatrices were used to establish clones corresponding to independent genotypes 

for each direction of the sexual cross and were allowed to reproduce asexually for three 

generations prior to use in feeding experiments.  

 

Statistical analyses. For all experiments, aphid mass was normalized by natural log 

transformation and then subjected to a least squares means analysis in JMP 7 to 

determine significant effects within the model. For the AEAA versus NEAA comparisons 

and the individual amino acid deletion assays, significant differences between and within 

clones, respectively, were determined by a Tukey’s HSD test. Significant differences 

within clones on the AEAA and NEAA diets were determined by a Student’s t-test.  

 



 
 39 

RESULTS 

Aphid performance on AEAA and NEAA diet. Aphid performance was substantially 

different between diets with and without essential amino acids (figure 1, table S3). 

Compared to their mass on the AEAA diet, clones lost between 0 and 52% of individual 

adult mass on the NEAA diet. Between-clone variation in individual adult mass attained 

on the NEAA diet relative to the EAA diet was effectively continuous. Clones varied in 

dependence on essential amino acids in the diet, as indicated by a significant clone x diet 

interaction (table S3, F34, 4064 = 14.1, p = 6.3 1.0 x 10-16). The effect of the host plant by 

treatment was significant but minor, and likely reflects differences in the aphid genotype 

rather than an effect of the plant, as all clones were reared on V. faba prior to feeding 

assays (SOM, table S3).  

 Six clones exhibiting major loss of mass (> 37%) on NEAA relative to AEAA 

diet were G17, 8-10-1, G6, Almota, 7-2-1 and G19 (referred hereafter as EAA-

dependent).  These EAA-dependent clones were subjected to feeding assays using diets 

lacking individual essential amino acids to determine if specific amino acids were 

responsible for EAA dependence (figure 2 and S2). Clone CAg was also tested as 

controls for performance on these diets. When tested on diet lacking individual essential 

amino acids, a significant effect of clone x treatment was observed (table S3, F60, 1774  = 

3.3, p = 3.5 x 10-16) indicating variation among clones in the particular essential amino 

acids required in the diet. Elimination of individual amino acids from the diet affected all 

aphids tested, and most such eliminations resulted in significant decreases in aphid mass 

(p < 0.01, Tukey’s HSD). We chose to focus on amino acids whose elimination had a 
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major effect on aphid mass (see discussion for more information), particularly cases in 

which mass on individual amino acid deletion diets was no more than 102% of mass on 

the NEAA diet. Using this criterion, several clones were dependent on arginine, while 

methionine, threonine, leucine, valine, and histidine were each needed by at least one 

clone. Most clones required 1-2 essential amino acids. Clone G6 exhibited much greater 

variation in performance on individual amino acid deletion diets. Six of the diets lacking 

individual essential amino acid diets reduced G6’s mass by more than 55%. 

 

Examining polymorphisms in Buchnera to identify causes of EAA dependence. To 

determine if Buchnera biosynthetic capabilities caused the variation in dependence on 

particular essential amino acids, we sequenced the corresponding Buchnera biosynthetic 

genes and itemized all polymorphisms (table 1, table S4). Of  89 polymorphic sites, two 

were single base insertions/deletions, one in argC of 8-10-1 and another in the upstream 

region of thrB in both clones examined (G19 and G6).  

 Clone 8-10-1 had an insertion of a thymidine at the 610th base pair of argC, 

causing a frameshift and a premature stop codon at amino acid 206. argC encodes N-

acetyl-gamma-glutamyl phosphate reductase, which catalyzes the third step in ornithine 

biosynthesis (Keseler et al. 2009). Inactivation of this gene would inhibit biosynthesis of 

ornithine, an essential precursor of arginine. All other gene sequences for all other clones 

lacked any obvious mutations (frameshift or nonsense) that would inhibit translation of 

the gene product.   



 
 41 

 Of the 87 single nucleotide changes, six were located in the region immediately 

upstream of a coding region, though none was found in a -10/-35 promoter region as 

identified by BPROM (http://www.softberry.com), suggesting that these mutations have 

no effect on gene expression. Of mutations in coding regions for which more than one 

clone was sequenced, 19 were unique to a single clone, and 16 were shared by all four 

EAA-dependent clones relative to the reference genome of Buchnera APS (NC_002528).  

 Twenty-one of the 87 observed changes were non-synonymous mutations, but 

most resulted in a conservative amino acid change. Only a single mutation created a 

major change in the coded amino acid, defined as a penalty of -3 or more in the amino 

acid matrix of (Muller et al. 2002). An A  T transversion in argE of the related 

matrilines 8-10-1 and 5A (Moran et al. 2009) changed an asparagine to isoleucine, but 5A 

is not an EAA-dependent clone, suggesting that this mutation has little effect. The other 

non-synonymous mutations involved less drastic changes in amino acid; five had 

penalties of -1 to -2, and 15 had zero or positive values in the matrix.  

 

Effect of secondary symbiont infection on host EAA dependence. Among tested 

clones, one (8-2B) was infected with Hamiltonella defensa, four clones were infected 

with Regiella insecticola, and 21 clones were infected with Serratia symbiotica (figure 

1). S. symbiotica or R. insecticola did not differentially impact aphid mass on the NEAA 

and AEAA diet (table S3, F2,31 = 0.895, p = 0.42). The impact of H. defensa could not be 

assessed as only one clone was infected. 
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 To directly assess the effects of secondary symbionts on aphid EAA dependence, 

sublines of a single clone (5A) artificially infected with each of the three secondary 

symbionts were tested on AEAA and NEAA diets (figure S3). The three symbionts had 

different effects on aphid mass. Regardless of the treatment (AEAA or NEAA diet), 

sublines infected with H. defensa or R. insecticola were significantly smaller than S. 

symbiotica-infected or uninfected sublines (p < 0.05, Tukey’s HSD). There was a 

significant interaction between diet and treatment (table S3, F3, 1069 = 3.2, p = 0.022), 

though the difference in percent mass attained between clones was small (12%, figure 

S2). Taken together, these data suggest that secondary symbionts exert a minimal effect 

on their host’s EAA dependence.  

 

Effect of Buchnera genotype on EAA dependence. Since Buchnera is exclusively 

maternally transmitted, sexual crosses of A. pisum clones can be used to change the host 

genetic background independently of Buchnera genotype. In such crosses, F1 progeny 

will be 50% related on average at aphid loci and will contain the same Buchnera of the 

maternal clone. Clone 5A was reciprocally mated with clone 8-10-1 to assess whether the 

observed mutation in Buchnera of 8-10-1 was responsible for the clone’s decrease in 

fitness on the NEAA diet.  

 Clones from both sexual crosses (8-10-1f x 5Am or 5Af x 8-10-1m) showed a 

significant decrease in mass on NEAA diet compared to AEAA diet (8-10-1f x 5Am: t 

ratio1144 = -26.91, p = 1 x 10-15; 5Af x 8-10-1m: t ratio718 = -10.48, p < 1 x 10-15, Student’s 

t-test), as did both parental clones (figure 1). The offspring of the 5Af x 8-10-1m cross 
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had an average 28% decrease in mass (figure 3), which is not significantly different from 

that observed for the parental 5A clone when tested simultaneously, but significantly 

different from parental 8-10-1, which lost an average of 56% mass on NEAA diet (p < 

0.05, Tukey’s HSD). The clones from the 8-10-1f x 5Am cross exhibited a 46% decrease 

on average when reared on NEAA diet, which was similar to the decrease observed for 

the 8-10-1 parental clone but significantly greater than the performance of the 5A 

parental clone (p < 0.05, Tukey’s HSD). Thus, the argC mutation in Buchnera of 8-10-1 

was a major factor in the EAA dependence of the F1 hybrids from the 8-10-1 matriline. 

The offspring of both crosses and 8-10-1 parental clones attained similar mass on the 

AEAA diet (data not shown).  

  

Effect of host genotype on EAA dependence. Clones from the same cross showed 

highly significant differences in EAA dependence (figure 4, table S3, F47,2153  = 12.5, p = 

5.9 x 10-79, standard least squares). Clones from the 8-10-1f x 5Am cross lost between 25 

– 67% of adult mass on NEAA diet while clones from 5Af x 8101m cross lost 12 – 43% 

of adult mass on NEAA diet. These data imply that the Buchnera argC mutation does 

cause EAA dependence, but that host-encoded factors also play a substantial role.  
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DISCUSSION 

 

 Aphid clones used in this study varied in requirements for dietary essential amino 

acids. In one instance, increased EAA dependence reflected an inactivating mutation in 

an amino acid biosynthesis gene of Buchnera, but such inactivating mutations were 

absent in three of four clones exhibiting major EAA dependence. The one inactivating 

mutation observed was confirmed as a factor in EAA dependence through crossing 

experiments in which the Buchnera with the mutation were established in novel host 

genetic backgrounds. However, different F1 genotypes with identical Buchnera varied 

substantially in performance, implying that host genotype also contributes to EAA 

dependence. Host genotypes are likely the source of variation among other aphid clones 

examined in these experiments, as no other mutations were found in Buchnera genes that 

could explain their requirement for dietary amino acids.  

 Elimination of individual essential amino acids from the diet significantly reduced 

aphid mass in almost all cases, suggesting that such elimination imposes an energetic or 

metabolic cost to the aphid-symbiont pair,even when Buchnera has the capacity to make 

the missing amino acid. Consistent with this hypothesis, the complete Buchnera genome 

of clone 8-10-1 exhibits no sequence differences in genes underlying any amino acid 

biosynthesis pathway except for the frameshift in argC found in this study (Moran et al. 

2009), yet 8-10-1 showed small decreases in mass on diets lacking individual amino acids 

other than arginine.  
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 Previous studies have failed to reveal an obvious connection between infection 

with secondary symbionts and aphid performance on artificial diets (Douglas et al. 2006) 

though secondary symbiont infection appears to exacerbate deleterious effects of sub-

optimal host plants on aphids (Chandler et al. 2008). Our experiments, carried out for 

three common secondary symbiont types infecting the same A. pisum clone, revealed no 

major impact of secondary symbionts on aphid amino acid requirements, though 

secondary symbionts did significantly reduce aphid mass on AEAA diet. These results 

suggest that the impact of secondary symbionts on aphid fitness may not be related to 

amino acid nutrition. Population cage studies have shown that, in the absence of 

parasitoid pressure, the frequencies of H. defensa and S. symbiotica decrease, suggesting 

that infection with these symbionts imparts a cost to the aphid (Oliver et al. 2008). The 

recently completed genome sequences of H. defensa and R. insecticola revealed the 

absence of most essential amino acid biosynthesis pathways, implying that these 

symbionts obtain these nutrients from the aphid’s free amino acid pool (Degnan et al. 

2009a; Degnan et al. 2009b).  

  In clone 8-10-1, the need for dietary arginine along with the frameshift in argC 

suggests that Buchnera cannot produce this essential amino acid. While some eukaryotes 

have evolved the ability to synthesize arginine from aspartate and citrulline as part of the 

urea cycle, the A. pisum genome lacks genes encoding arginosuccinate synthase and 

arginosuccinate lyase, the two enzymes necessary to synthesize arginine in this manner 

(The International Aphid Genome Consortium, 2010). Analysis of arginine levels in the 

phloem sap of several host plants of A. pisum reveal it to be one of the most abundant 
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essential amino acids in the phloem sap of all host plants tested (Sandström & Pettersson 

1994).  Phloem arginine levels in V. faba are unlikely to completely compensate for 

disrupted arginine biosynthesis by Buchnera, but the relatively higher level of this amino 

acid may reduce selection against the loss of arginine biosynthesis enough to allow 

fixation of this inactivating mutation in laboratory cultures. In wild populations, selection 

against such mutations is likely stronger and effective population sizes larger, resulting in 

more efficient purging of mutations in amino acid biosynthesis genes in Buchnera.  

 Recent re-sequencing of Buchnera genomes from A. pisum lineages has revealed 

that the symbiont's mutation rate is an order of magnitude higher than that of free-living 

relatives such as E. coli (Moran et al. 2009). This high mutation rate is counteracted by 

host-level selection that acts to maintain Buchnera’s amino acid production capabilities 

(Moran 1996; Rispe & Moran 2000). This study has shown that differences among A. 

pisum clones in dietary amino acid requirements can result from differences in the amino 

acid biosynthesis genes of Buchnera, but often reflect genetic variation in the aphid hosts. 

The underlying host genes could encode products that interact with the symbiont 

(Nakabachi et al. 2005) or that affect chemosensory abilities, as certain amino acids, 

notably methionine, are known phagostimulants of A. pisum (Srivastava & Auclair 1975).  

 The variation in the other A. pisum clones’ dietary requirements may affect their 

ability to utilize different plants, and thereby their population structure. Host plants of A. 

pisum vary in their phloem amino acid concentrations, and aphid performance is partly 

associated with plant phloem amino acid levels (Sandström & Pettersson 1994). 
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Adaptation by either A. pisum or Buchnera to the phloem profile of specific host plants 

could help to effect the establishment of host races of A. pisum (Peccoud et al. 2009). 
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Total mutations 89

SNPs 1 87

Inde ls 2

Coding region 83

Upstream 6

Synonym ous 62

Non-synonym ous 21

Unique2 19

All lines3 16

Segregating4 43

Table 1: Summary of m utations in 
selected regions of E AA dependent 
A. pisum  clones

1all mutations are called re lative to 
the genome of Buchnera aphi dicola 

str. APS 2found onl y in a single clone 
examined , does not  include 
mutations from  pLeu of G6 as only 
this clone was sequenced for t his 

region 3found in all 4 clones EAA 

dependent clones 4found in more 
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Figure 1: EAA dependence of aphid clones presented as relative adult mass on diet 

without and with essential amino acids (AEAA versus NEAA). Aphid clones showed 0-

52% average decrease in mass on NEAA diet. Error bars indicate 95% CI of the mean. 

Color of bars indicates secondary symbiont type: open bars – uninfected; black bars – 

infected with Hamiltonella defensa; light gray bars – infected with Serratia symbiotica; 

dark gray bars – infected with Regiella insecticola. 
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Figure 2: Adult mass for selected clones on diets lacking individual essential amino acids. 

Clone names appear in the upper left of each graph. X-axis shows the amino acid omitted 

from the diet. Error bars represent 95% CI of the mean. *Only a single aphid from G19 

survived the duration of the experiment.  
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Figure 3. EAA dependence of aphid clones representing full siblings from a sexual cross. 

Aphids from 8-10-1f x 5Am contain Buchnera with inactivated argC; aphids from 5Af x 

8-10-1m contain Buchnera with intact argC. Error bars represent 95% CI. Different 

letters within bars indicate significant differences (p < 0.05, Tukey’s HSD).  
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Figure 4. Effect of aphid genotype on EAA dependence of F1 hybrids. Diamonds indicate 

the mean value for each F1 genotype within each direction of the cross. The horizontal 

lines denote the mean percent mass attained for all genotypes from each direction of the 

cross. ***p = 1.1 x 10-15, standard least squares. 
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SUPPLEMENTARY METHODS 

 

Sequencing of Buchnera amino acid genes Amplification primers (table S2) were 

designed using the sequenced genome of Buchnera APS (NC_002528.1) and synthesized 

by Eurofins-MWG Operon. PCR conditions were an initial denaturing step at 94° C for 2 

min, followed by 30 cycles of 94° C for 30 s, 54-60º C depending on primer Tm for 30 s, 

72° C for 2-4 min depending on amplicon length, and a final extension of 10 min at 72° 

C. Products were visualized on 1% agarose gel in TBE stained with ethidium bromide, 

and amplicon sizes were determined using the Invitrogen 1kb plus DNA ladder. Products 

were extracted from the gel using the Qiaquick Gel Extraction kit (Qiagen). When 

necessary, PCR products were cloned using the pGEM T-Easy kit from Promega. Clones 

containing the inserts were selected by blue/white screening on LB agar plates with 

100µg ampicillin, 0.5 mM IPTG and 80µg X-gal. White colonies were grown to log 

phase in LB media with 100µg/ml ampicillin and plasmids were extracted with the 5-

Prime Fast Plasmid Mini-prep kit. Sequencing primers (table S2) were developed based 

on the published genome sequence of Buchnera APS and were placed every 400-500bp 

along the amplicon. Sequencing was performed by the University of Arizona Genetics 

Core in Tucson, AZ, USA by the dideoxy chain termination (Sanger) method on an ABI 

3700XL. Sequences were manually edited and assembled in Sequencher 4.7 and 

compared to the reference sequence of Buchnera APS using BLAST.  
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Establishment of F1 clones Briefly, clones 5A, G19, G17, G6 and 8-10-1 were reared on 

V. faba with a 16:8 L:D photoperiod. Clone 5A was selected as its Buchnera genome has 

been sequenced previously (Moran et al 2009), revealing no obvious mutations likely to 

impact essential amino acid biosynthesis. Prior to induction of sexual aphids, clones G19, 

G17, G6 and 8-10-1 were cured of secondary symbionts by injection of 4th instar nymphs 

with injection of 100mg/µl ampicillin. Aphids were then allowed to deposit nymphs, 

which were also injected with ampicillin at the 4th instar. Offspring of these aphids were 

screened for secondary symbionts as previously mentioned and were determined to be 

free of secondary symbionts for two generations prior to sexual induction. Over five 

weeks, the photoperiod was adjusted by decreasing the light period by 15 minute 

increments until a 12:12 L:D photoperiod was achieved when the temperature was 

reduced to 15° C and male aphids began to develop only in clones 5A and 8-10-1, which 

were then isolated on fresh V. faba plants. The other clones tested are likely lost the 

ability to produce sexual aphids, and are thought to be anholocyclic. Oviparous females 

were isolated at the 4th instar to ensure they had not mated. Two to three male A. pisum 

from one clone were placed on a plant with 6 to 8 females from the other clone and 

allowed to mate and deposit eggs for two weeks. Eggs were collected and surface 

sterilized with 10% bleach solution and placed on wet filter paper in an 18 mm Petri dish 

then allowed to diapause for 60 days at 4° C in the dark. Emerging nymphs were 

separated onto individual plants to establish genetically distinct clones. Nymphs from 

each clone were screen by PCR to verify that they did not have a secondary symbiont, 
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and were sequenced at the argC locus of Buchnera for a SNP which verified the maternal 

lineage of the clone. 
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SUPPLEMENTARY RESULTS 

 

Examination of other EAA-dependent clones. The Almota clone exhibited a percent 

mass attained of 61%, and was considered EAA dependent. This clone was also tested on 

individual essential amino acid deletion diets and required isoleucine, methionine, 

arginine and leucine (figure S2). Sequencing of the Buchnera genes underlying the 

biosynthesis of these amino acids and no mutations were found that would be likely to 

disrupt the production of these essential amino acids (mutations in promoter regions, non-

synonymous mutations, or indels). 

 Clones G17 and 7-2-1 had similar performance on all diets lacking individual 

essential amino acids (figure 2). These results suggest that any mutation responsible for 

the observed performance of 7-2-1 is unlikely to reside in essential amino acid 

biosynthesis genes. The cause of these requirements may be due to disruption of an aphid 

or Buchnera transporter (either of amino acids or general metabolites) or of production of 

an upstream metabolite common to the biosynthesis of several essential amino acids such 

as glutamine. An alternative hypothesis would be that every amino acid biosynthesis 

pathway contains an inactivating mutation, which seems unlikely. 

 

Clone amino acid requirement and host plant. There was a significant interaction of 

collection plant with treatment in the experiment (table S3, F8, 4025 = 3.038, p = 0.002). 

Since collection plants were represented by few clones, this result may reflect differences 

in host genotype response to diet rather than a real effect of collection host plant.  
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Clone age and EAA dependence. There was no significant interaction between the 

“age” of a clone (how long it had been propagated in the laboratory) and the clone’s 

performance on the EAA/NEAA dietary assay (t8 = -0.27, p = 0.785) suggesting that 

adaptation to laboratory environments did not systematically affect performance on 

artificial diet. 
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Table S2: Primer sequences used for sequencing Buchnera amino acid 
biosynthesis genes 
      

primer  sequence 
      
   
thrABC prom F  TTCTTGACCCAATTCTCGAAC 
   
thrABC prom R  TGCATTAGCTAATGATGTACC 
   
metE prom F  TAATGATGGTGTAGCAAGATG 
   
metE prom R  CGGTTTAATCCTATTCTTGGA 
   
leu prom F  ACACGGCTAGTGAATTAACAA 
   
leu prom R  CTTGCTTGTAATGCTTGTTCT 
   
ilvHI prom F  TTCAACATGGATCTCACCT 
   
ilvHI 1F  CTAGATGAACTACAGGATAAAC 
   
ilvHI 2  AAAGCTTTTTGGTTAGCATCT 
   
ilvHI 3  CATGTCTTGCAAAAAATGATAG 
   
ilvHI 4  ATTATCAGAATCCTATGGCCA 
   
ilvHI 5R  GACCATGTACTATATTCTTAC 
   
ilvCD 1F  CCTTCCACCCCTGAAAAAATT 
   
ilvCD 2  AAATCAGGCGGAGTTGCAA 
   
ilvCD 3  GCTACTCATATTGATCGCAAAA 
   
ilvCD 4  GCATATTCTCAGAATTTTAGATG 
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ilvCD 5  GAACTCTCTCATCGTATTCTTC 
   
ilvCD 6  GTAGACGACTATGATGCATTA 
   
ilvCD 7  ATGGGAAACTATTACGGAGTC 
   
ilvCD 8  ACTGCTGAATATGGTAGCTA 
   
ilvCD 9R  TGTTGAACTCACTAATGGGC 
   
thrBC1  TTACGGCGTCTGGAGTATTTT 
   
thrBC2  AAGTAGAAGGCGAAATATCAG 
   
thrBC3  CAACAGGATTTGTTCATATTTG 
   
thrBC4  CAGCGGTAGCAAATGCATT 
   
thrBC5  TACGTGGAATCCTAAAAAAACT 
   
thrBC6r  GAGAGGAAAAAAATGATCCTCT 
   
thrA1  CTCTTCACTAGAATAGCTGTT 
   
thrA2  CTATTGGAACATTAATTTGCGA 
   
thrA3  TCAGTCATTGTAGATTGTACAT 
   
thrA4r  AGGTATAATTGCTGCACCTAA 
   
asd1  CTGATTATTTTAGGAGGCGG 
   
asd2  CACGTAGTGTTAATTTTCCTGT 
   
asd3r  AGAGAGATATTCCGAACTTTTG 
   
metE1  CATTCCTTCATATCGAGAAC 
   
metE2  CAGCTTCAGAAATGACTAAATG 
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metE3  CATTTGGCGTTCCGATCTTT 
   
metE4  GTGACTGAAGAAGAATACAC 
   
metE5  ATGAGCCAGCATTACGAGAA 
   
metE6r  TGCAGATGAACATAATATAACG 
   
leu1  CACGGCTAGTGAATTAACAAAA 
   
leu2  TTTTTGATACCACGCTACGC 
   
leu3  AGGATATACTGTACCCAACG 
   
leu4  GGAAGAGCAGCAGTAAAACA 
   
leu5  GGAAAGCAAAACAAGTTAAC 
   
leu6  CAGGTGGAATTTATTTTGGTG 
   
leu7  GCATGAATTTAAATCAGATAGC 
   
leu8  TGCCGGGTATGACTATTGTA 
   
leu9  CTGATCTCTCGCCACAAATTA 
   
leu10  GGGCGAACACATTTAGTAAGT 
   
leu11r  AAAAAGGGGGGGAGATAAT 
   
arg cont 1F  CCAAAATGGATGCTTGATATG 
   
arg1  TCTATTTGTCATATCTTAGGTC 
   
arg2  TTCATGGTTGGATATGGAATAG 
   
arg3  CATCAAAATCTACCGTATCTG 
   
arg4  GCTAGTGGATATGCTGGCGC 
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arg5  TCAATTAGCGCTCAAACCTC 
   
arg6  TGCTGCTCAAGCAGTACAATG 
   
arg cont 2F  TATAAGCGTCATGTGTCAGTG 
   
arg cont 2R  CTAAAGCTGTTGCTGCTAAATC 
   
arg7  TTAGGTCATGTAGGTAAAGCG 
   
arg8  AGTTGTTTTAGCTTATTCTGGC 
   
arg9  AATGGAATCTTAATTCACGAG 
   
arg10  GTGAAAGTTTTCGATGGAGGG 
   
arg11  CTTTGATTATATTTTAGCAG 
   
arg12  ATGTTGAAATGTTCAGACGAG 
   
arg13  GATATGCAAGAAGATAAAGAAGG 
   
arg cont 1R  GGCTGCAATAAAACAAAAAATC 
   
car1  TTAATGGAGGGTGTTTTGAGC 
   
car2  TTTTGCGTACCAAAGGTTCA 
   
car3  TGGGATATGTTTAGGACATC 
   
car4  TGACTATTCAGGTACACAAG 
   
car5  GGGGGAATTGCTTATAATCA 
   
car6  CGGGTATACATTAGATGAAC 
   
car6R  GTTCATCTAATGTATACCCG 
   
car7  GGATTTATTGGCTTAAAATACG 
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car8  CCAAAAGGAGTTATCATTCAA 
   
car9  GTTGATGTTGATGCCATCTGT 
   
car10  CTATGTTAGGAGCACATACTA 
   
car11R  TTAGTGCCATAACAGTTGCAAAA 
   
argFf  CTAATGATGAGACGTTAATATG 
   
argF2   TGTGCTTATGTTGGAGATG 
   
argF3   CTTCCTGCTTTACATGATCA 
   
argFR  CTAATTCATTGCGTTGAAGATC 
   
argA1  CCCCCGCAACCAATATATT 
   
argA2  ACTGATTTAGCATCTTTGGAG 
   
argA3  GGTGATTATATTTCCTCTACT 
   
argA4  GACATGCACTTGAAAAGAAT 
   
argA5  AAACTGCCTGGGCTATTAC 
   
His Contig seq 1  TTTTCATGAGCACTAATAAG 
   
his2  AGATTATCTTTAGCTTTACCG 
   
his3  GATGATAATCGAGTAGCAATG 
   
his4  TAGATGTTGAAACAGAAGTTG 
   
his5  TTATCACAAGCTGAACATGGTG 
   
his6  TGAAATTATCTAATACTATTG 
   
his7  AGAAATAAAAGAAATTCCTAC 
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his8  CTTAGATTCAAACAATAATCG 
   
his9  ATCAAGATGGTCTTGGTACTG 
   
his10  ACAGTTATCAGTACATAGTGG 
   
his11  GGAAATATAGGGTCTCAATTG 
   
his12  GAAATCTCTATTGATGGTTGG 
   
his13  TTTTTATGATATTACTGCTGC 
   
his14  ATATGTAAAGTACCCTTAATTGC 
   
his15  ATTTTAGTTGCAGCTCAAGGG 
   
his16  ACGTGTATTTTATGTATTATC 
   
his1F  TAACACAACATCAGGCACAAC 
   
his1R  CTAAATAGGGCAGAATCATCTTG 
   
his2F  TTTTACCAGGAGTAGGAACTGC 
   
his2R  TTACGCCATTAGATTCTTCACTAG 
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ge ne c lone pos ition  (ge ne ) r efe re nce sequence
syon ymou s/non -

syon ymou s
ami no ac id  
(r e fer ence )

ami no ac id  
(s equenc e)

ge nome  
coor dinate  

(N C_002528)

metE G 19, G 6 268 C T NS S F 31459

metE G 19, G 6 482 G T S 31673

metE G 19, G 6 566 G A S 31757

metE G 19, G 6 950 C T S 32141

metE G 19, G 6 971 A G S 32162

ar gE all c lone s 1103 A C S 51098

ar gE all c lone s 451 G A NS R K 51750

ar gE 8-10-1* 394 A T NS N I 51807

ar gE G19 194 T C S 52007

U S s pa ce r 

ar gC
all c lone s -12 A T N/A 52213

ar gC all c lone s 186 A T S 52548

ar gC G 17, G 19 514 C A NS V A 52876

ar gC 8-10-1 610 - T ins ertion 52972

ar gB G 19, G 6, G 17 325 G A NS V I 53712

ar gB G 19, G 6, G 17 418 A G NS I V 53805

ar gB G 19, G 6, G 17 513 A G S 53900

ar gG G 19, G 6, G 17 294 C T S 54484

ar gG G 19, G 6, G 17 321 A G S 54511

ar gG 8-10-1 774 T C S 54964

ar gG G 19, G 6, G 17 873 C T S 55063

ar gH G 19, G 6, G 17 414 A G S 55887

ar gH G 19, G 6, G 17 495 T C S 55968

ar gH G 19, G 6, G 17 694 C A S 56167

ar gH G 19, G 6, G 17 717 G A S 56190

ar gH all c lone s 1252 A C NS K Q 56725

ar gH all c lone s 1320 T C S 56793

car B G 19, G 6, G 17 2996 C T S 149943

car B G 19, G 6, G 17 2934 G A NS V I 150005

car B G 19, G 6, G 17 2076 G A NS A T 150863

car B all c lone s 1610 T C S 151329

car B 8-10-1* 1406 T C S 151533

car B all c lone s 1397 C T S 151542

car B G 19, G 6, G 17 1214 C A S 151725

car B G 19, G 6, G 17 923 C T S 152016

car B all c lone s 659 T C S 152280

car B 8-10-1* 416 A G S 152523

car B all c lone s 266 T C S 152673

car B all c lone s 195 G A NS V I 152744

car A 8-10-1* 1016 G A S 153100

car A 8-10-1* 769 C A NS H N 153347

car A G 19, G 6, G 17 525 C A NS Q K 153591

car A G6* 342 A T NS T S 153774

car A G 19, G 17 180 C T NS Y H 153936

car A all c lone s 110 T C S 154006

thr C G 6, G 19 863 T C S 207426

thr C G 6, G 19 161 T C S 208128

U S s pa ce r 

thr C
G 6, G 19 902 de l of A de letion 208323

thr B G 6, G 19 69 G A S 209156

thr B G 6, G 19 52 G A NS V I 209173

thr A G 6, G 19 2549 G A S 209147

thr A G 6, G 19 1847 A C S 209849

thr A G 6, G 19 1808 A G S 209888

thr A G 6, G 19 1661 T C S 210035

thr A G 6, G 19 1283 C T S 210413

thr A G 6, G 19 1112 T A S 210584

thr A G 6, G 19 231 T C NS F L 211465

U S s pa ce r 

ar gF
G 6, G 17, G 19 -94 T C N/A 406210

ar gF G 6, G 17, G 19 414 G A S 406718

ar gF all c lone s 617 G A NS M I 406921

ar gF 8-10-1 720 C A NS Q K 407024

U S s pa ce r 

ar gA
8-10-1 -195 G A N/A 504148

U S s pa ce r 
ar gA

all c lone s -125 c/t c/t N/A 504078

ar gA all c lone s 1115 C A S 502838

ar gA all c lone s 1013 T C S 502940

ar gA 8-10-1 104 G A S 503849

ilvC G6 1161 C T S 630431

ilvC G6 757 G A S 630835

U S s pa ce r 
ilvC

G6 -4 T A N/A 631596

ilvD G6 1044 T C S 632449

Ta ble  S 4: M ut ations  i n s e que nc e d ge ne s of s ele cte d A. pi s um  c lone s
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gene Clone pos ition (ge ne) refe rence sequence
syonymou s/non-

syonymou s
amino acid 
(refe rence)

ami no acid 
(sequence)

plasmid 
coordinate  

(N C_002253)

leuA G6 223 G A S 3255

leuA G6 386 T C S 3418

leuA G6 1072 C T NS T I 4104

leuA G6 1178 G A S 4210

leuA G6 1187 C T NS F L 4219

leuA G6 1403 A G S 4435

leuB G6 160 T C S 4812

leuB G6 278 C A S 4930

leuB G6 569 T C S 5221

leuC G6 5 G A S 5738

leuC G6 119 A G S 5852

leuC G6 230 T C S 5963

leuC G6 353 G A S 6086

leuC G6 1109 A G S 6842

leuC G6 1201 A G S 6934

leuD G6 242 T C S 7405

leuD G6 257 A G S 7420

* SNP also found i n seqeunced genome of c lone 7a (Mora n et al. 2009)
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Figure S1: Correlation of aphid mass at day 7 and intrinsic rate of increase. Aphid mass 

at day 7 predicts 46% of variance in aphid fitness as measured by intrinsic rate of 

increase (Wyatt and White, 1977). Single nymphs were collected from adults within 2 

hours of deposition on V. faba seedlings. After 7 days of development, aphid mass was 

assessed. Aphids were returned to fresh plants and allowed to deposit nymphs. The 

number of nymphs deposited was recorded for a time tM equivalent to the time from birth 

to first reproduction, and these data were used to calculate Rm. Four clones were divided 

into 3 subclones each to account for maternal effects and Rm was determined for three 

individual aphids were measured for each subclone for a total of 9 measures per clone. 
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Figure S2: Mass of clone Almota on individual essential amino acid deletion diets. 
Amino acids listed on X-axis were omitted from the diet. Bars represent 95%CI. 
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Figure S3: Percent mass attained of 5A clones infected with secondary symbionts. UI - 
uninfected; Ss - Serratia symbiotica; Ri - Regiella insecticola; Hd - Hamiltonella 
defensa. Error bars are 95% CI. Bars with different letters are significantly different (p < 
0.05, Tukey’s HSD). 
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APPENDIX B: EFFECT OF HOST GENOTYPE ON SYMBIONT TITER IN THE 

APHID BUCHNERA SYMBIOSIS 

 

Published: Insects (2011) 2: 423-434 
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ABSTRACT 

 

 Obligate nutritional symbioses require balance between the energetic needs of the 

host and the symbiont. The resident symbiont population size within a host may have 

major impacts on host fitness, as both host and symbiont consume and supply metabolites 

in a shared metabolite pool. Given the massive genome degradation that is a hallmark of 

bacterial endosymbionts of insects, it is unclear at what level these populations are 

regulated, and how regulation varies among hosts within natural populations. We 

measured the titer of the endosymbiont Buchnera aphidicola from different clones of the 

pea aphid, Acyrthosiphon pisum, and found significant variation in titer, measured as 

Buchnera genomes per aphid genome, among aphid clones. Additionally, we found that 

titer can change with the age of the host, and that the number of bacteriocytes within an 

aphid is one factor likely controlling Buchnera titer. Buchnera titer measurements in 

clones from a sexual cross indicate that the symbiont genotype is not responsible for 

variation in titer and that this phenotype is likely non-heritable across sexual 

reproduction. Symbiont titer is more variable among lab-produced F1 aphid clones than 

among field-collected ones, suggesting that intermediate titer is favored in natural 

populations. Potentially, a low heritability of titer during the sexual phase may generate 

clones with extreme and maladaptive titers each season.  
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INTRODUCTION 

 

 Bacterial endosymbionts are common associates of insects, often providing 

essential nutrients that are absent from the host diet (Baumann 2005). Buchnera 

aphidicola, the primary symbiont of aphids, has become a model system for the study of 

these relationships. This member of the Gammaproteobacteria produces essential amino 

acids that are rare in the diet of aphids, phloem sap (Sandstrom and Moran 1999; 

Shigenobu et al. 2000). Early investigations of these symbionts suggested that the host 

controlled the titer of the symbionts (Buchner 1965), and later genomic studies revealed 

that reductive genome evolution in these symbionts resulted in the loss of many genes 

necessary for regulation of cell processes including division and growth (Shigenobu et al. 

2000; Ochman and Moran 2001). These observations suggest that the symbiont is unable 

to control its own replication, and that the host plays a major role in regulating the titer of 

symbionts.  

  Despite the loss of regulatory mechanisms to control symbiont division and 

metabolism, variation in symbiont genotypes may contribute to differences in symbiont 

titer. Buchnera’s high mutation rate (Moran et al. 2009), asexuality, and small population 

size of the symbiont (Mira and Moran 2002; Moran 1996) can lead to disruptions of 

processes that are likely essential to both symbiont and host (Vogel and Moran 2011). 

Buchnera titer may also have been shaped by selection on the host, as the symbiont has 

little or no ability to alter gene expression in response to differences in amino acid 

content of phloem (Moran et al. 2005), which is known to vary among and between host 
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plant species (Sandstrom and Pettersson 1994). Symbiont titer may therefore be a 

mechanism for regulating the amino acid metabolism of the system.  

 A. pisum is a cyclical parthenogen, like many aphids, and undergoes several 

generations of clonal reproduction followed by a single generation of sexual reproduction 

(Blackman and Eastop 2000). In such life cycles, traits with epistatic or dominance 

genetic variance are heritable during clonal reproduction but not across the sexual 

reproductive phase (Deng and Lynch 2000; Pfrender and Lynch 2000). Symbiont titer 

may be one such phenotype. 

 To assess variation in symbiont titer, we measured the titer of Buchnera in 

populations of the pea aphid, Acyrthosiphon pisum. To examine the underlying basis of 

the variation, we measured the number of bacteriocytes, the specialized cells in which 

Buchnera resides, between the clones, as well as the number of Buchnera within a 

bacteriocyte and the relationship of titer to amino acid requirements of the clones. Two 

clones with high and low titer were bred to produce F1 offspring, which were then 

screened for titer and bacteriocyte number.  

 



 
 79 

MATERIALS AND METHODS 

 

Aphid clones. Parthenogenetic A. pisum females were collected from across the United 

States between 1998 and 2007 (table S1). For each clone, a single female was used to 

establish clonal lineages maintained continuously under long day (16:8 L:D) conditions. 

Experimental aphid lines were kept in a growth chamber at 20° C on Vicia faba seedlings 

in cup cages (Oliver et al. 2003). Short day conditions were used to induce sexual forms 

for clones 8-10-1 and 5A, which were reciprocally mated to yield F1 aphid clones, as 

described by Moran and Dunbar (2006). Individuals hatching from the sexually produced 

eggs were isolated and allowed to establish full sib clonal lineages under long day 

conditions. For all experiments, clones were divided into 3 sub-clones and allowed to 

reproduce for 3 generations prior to collection to control for maternal and environmental 

effects. Each experiment was replicated twice, beginning with the establishment of new 

subclones. 

 

Bacteriocyte counts. Adult viviparous females were placed on fresh V. faba seedlings 

and allowed to deposit nymphs for 12 hours, after which the adults were removed and the 

nymphs allowed to develop for 6 days, to their 4th instar. Fourth instar aphids were 

dissected in buffer A (250mM sucrose, 35 mM Tris-HCl, 25 mM KCl, 10 mM MgCl2) in 

a watch glass. All bacteriocytes were identified, separated and counted under 6X 

magnification.  
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DNA extractions. Adult viviparous A. pisum were placed on fresh V. faba seedlings and 

allowed to deposit nymphs for 12 hours. Nymphs were either allowed to develop for six 

days to their fourth instar or immediately collected at their first instar. Individual nymphs 

were collected in pestle tubes, frozen in liquid nitrogen, and crushed with a pestle. The 

resulting homogenized tissue was treated according to the Qiagen DNEasy kit.  

 To isolate DNA from individual bacteriocytes, single bacteriocytes from the 

aphids used for bacteriocyte counts were collected in pestle tubes, frozen in liquid 

nitrogen and crushed. Due to the small amount of starting material, the resulting 

homogenate was treated with lysis buffer (Fukatsu and Ishikawa 1992) and then washed 

twice with phenol:chloroform:isoamyl alcohol 25:24:1, then once with chloroform. The 

DNA was then precipitated with sodium acetate and ethanol and resuspended in low TE 

(10mM EDTA, 100mM Tris-HCl). All DNA was treated with RNAse I at 37°C for 30 

minutes. Three aphids from each of the 3 subclones from each clone were used for the 

experiments. 

 

Quantitative PCR. Buchnera titer was measured by comparing the number of Buchnera 

genomes to the number of aphid genomes using a single copy gene from both the aphid 

and the symbiont. This provided a rough correction for size differences between aphid 

clones, though some aphid cells are polyploid (Braendle et al. 2003). Aphid genomes 

were counted by assessing copy number of the gene encoding elongation factor 1-alpha 

(ef1α), while Buchnera genomes were counted by using the gene encoding 

adenosylmethionine-8-amino-7-oxononanoate aminotransferase (bioA). Primers used 



 
 81 

were ApEF1-alpha 107F 5' - CTGATTGTGCCGTGCTTATTG - 3', ApEF1-alpha 246R 

5' - TATGGTGGTTCAGTAGAGTCC - 3', BuchAPS bioA 374F 5' - 

AGTATTGGCAAGCATTAGGGC - 3', BuchAPS bioA 526R 5' - 

AAAAGAAGAAACTGGTCGTC - 3'. Standards of 107 copies were prepared according 

to the method of (Moran et al. 2005) for each gene. For each sample from 1st instar 

aphids, the number of copies of ef1α and bioA were compared on a Roche LightCycler 

using the FastStart DNA Masterplus SYBR Green I kit according to the kit instructions. 

Copy number was determined using LightCycler 3.0 software in comparison to the 

standards for each gene. For individual bacteriocytes, only the copy number of bioA was 

assessed, though the bacteriocytes are polyploid (Braendle et al. 2003). For each clone, 

three aphids from each sub-clone were tested, and each clone was measured twice, 

starting with the initiation of new subclones.  

 

Statistical analysis. Buchnera titer was determined by the ratio of Buchnera genomes to 

A. pisum genomes. The regression of Buchnera genome copies and aphid genome copies 

was linear but the slopes of the variables were unequal and the intercepts were non-zero, 

so ANCOVA analysis for unequal slopes was applied in JMP 8 (SAS). Buchnera genome 

copy number of individual bacteriocytes was log transformed and analyzed by ANOVA. 

Bacteriocyte counts were normally distributed and analyzed by MANOVA. Summary 

statistics are included in table S2.  
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RESULTS 

 

Buchnera titer. Buchnera titer (Buchnera genomes per aphid genome) varied 

significantly among field-collected clones of A. pisum in the first instar (F9,95= 3.21, p = 

0.0019, ANCOVA), with the lowest titer clone – 5A – having an average of 35 Buchnera 

genomes per aphid genome, while the highest titer clone – File – had an average titer of 

73.4 (fig. 1). The copy number of both ef1α and bioA varied significantly between clones 

(p < 0.0001 ANOVA), but the variation in ef1α copy number only explained 4.4% of the 

variance in Buchnera titer while bioA copy number explained 36.6% of the variance 

based on measuring effects of each variable independently. 

 Buchnera titer also varies across the development of the host. Four clones were 

tested, and there were significant changes in the titer of Buchnera from 1st to 4th instar 

(F7,97 = 10.37, p < 0.0001; ANCOVA, fig. 2), with clones 8-10-1 and Tuc7 increasing 

significantly in titer (p = 0.0005 and p = 0.027, respectively student’s t-test), and the titer 

in clones 5A and 9-2-1 not changing significantly (p = 0.82, p = 0.33, respectively 

student’s t-test). Titer varied significantly between the clones at the 4th instar (fig. 2), with 

clones 8-10-1 and Tuc7 exhibiting similar titer and clones 5A and 9-2-1 having 

significantly lower titer (p < 0.05, Tukey’s HSD). The copy number of both Buchnera 

genomes and aphid genomes varied significantly between the 4th instars of the clones 

tested. In 4th instar aphids, Buchnera genome copy number explained 62.9% of the 

variation in titer (p < 0.0001, ANOVA) while the aphid genome accounted for 18.5% (p 

< 0.0001, ANOVA) based on measuring effects of each variable independently.  
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Titer in F1 clones. To determine the pattern of heritability in titer, clones 5A and 8-10-1 

were reciprocally mated to produce a panel of full-sib clones with distinct genotypes. The 

Buchnera titer of 1st instar aphids were significantly different among F1 clones (F6,93 = 

2.9, p = 0.0004, ANCOVA, fig. 3). The clones also had significantly higher and lower 

average titers than those observed in the lab clones – those  established from field 

collected asexual females – or their parental clones (F1,15 = 8.48, p = 0.0042, ANCOVA). 

Titers ranged from 23.4 Buchnera genomes per aphid genome in clone 58-3’’B and 105.6 

in clone 85-1’’F. These values were significantly lower and higher than those observed in 

the parental clones (p < 0.05, Tukey’s HSD).  

 As Buchnera are maternally transmitted, aphids from the two matrilines have 

different Buchnera genotypes. There was no significant difference observed in the 

Buchnera titer of F1 clones from the two matrilines, suggesting that differences between 

the genomes of Buchnera from 5A and 8-10-1 are not responsible for the differences in 

symbiont titer between these two clones (F1,93 = 0.046, p = 0.83, ANCOVA).  

 

Bacteriocyte quantification and Buchnera per bacteriocyte. Figure 4 shows the 

average number of bacteriocytes per aphid at the 4th instar. Bacteriocyte counts varied 

significantly between clones tested (F3,172 = 21.3, p < 0.0001, ANOVA). These data are 

mostly consistent with the Buchnera titer of 4th instar aphids (fig. 2), with Tuc7 and 8-10-

1 having similar numbers of bacteriocytes per aphid while 9-2-1 and 5A have 

significantly fewer (p < 0.05, Tukey’s HSD). Clone 9-2-1 has fewer bacteriocytes than 
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clone 5A (p < 0.05, Tukey’s HSD), though these clones do not differ in the titer of 

Buchnera at the 4th instar (fig. 2). While variation in Buchnera titer in 1st instars is not 

consistently reflected in measures of number of bacteriocytes or the number of Buchnera 

per bacteriocyte, the symbiont titer of 4th instar aphids recapitulates the patterns observed 

in the number of bacteriocytes in the clones tested, suggesting that control of bacteriocyte 

number is one mechanism by which the symbiont populations within an individual is 

regulated by the host.  

 The number of Buchnera genomes per bacteriocyte was significantly different 

among the clones examined (F3,94 = 10.24, p < 0.0001, MANOVA, fig. 5). 9-2-1 had the 

fewest Buchnera per bacteriocyte, significantly fewer than all the clones except 8-10-1 (p 

< 0.05, Tukey’s HSD). Tuc7 and 5A had an equivalent number of Buchnera per 

bacteriocyte, while 8-10-1 had fewer than Tuc7, but the difference between 5A and 8-10-

1 was not significant.  

 Together, results for bacteriocyte numbers are consistent with the differences in 

total Buchnera titers in three of the four clones examined. 5A and 8-10-1 exhibited the 

largest difference in 1st instar Buchnera titer, and 8-10-1 had significantly more 

bacteriocytes than 5A. In these clones, there was no significant difference between the 

numbers of Buchnera genomes per bacteriocyte, suggesting that the number of 

bacteriocytes may be responsible for the difference in Buchnera titer between the clones. 

Tuc7 had more bacteriocytes than 5A and more Buchnera per bacteriocyte than 8-10-1, 

though it had intermediate 1st instar titer compared to these clones. While there was a 

strong correlation between bacteriocyte numbers and Buchnera titer for the four clones 
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tested (r = 0.62), the relationship was not significant (F1,4 = 3.39, p = 0.2, ANCOVA) 

though a lack of power likely contributed to this. Significant variation in bacteriocyte 

numbers was also seen in the F1 clones (F5,106 = 8.00, p < 0.0001, ANOVA, figure S1), 

though no comparison could be made between the Buchnera titer and bacteriocyte 

number in these clones, as they were measured at 1st and 4th instars, respectively.  

 

Buchnera titer and amino acid requirements of clones. The clones used in the present 

study were previously assayed for their dietary requirements of essential amino acids 

(Vogel and Moran, 2011). In that study, we measured the mass of aphids reared on 

artificial diets with and without essential amino acids. We used the ratio of aphid mass on 

the diet without essential amino acids to the mass of aphids reared on diet with all the 

essential amino acids as a measure of the dietary requirement for essential amino acids 

for each clone. As different individuals were measured for the previous study and the 

current study, we compared the mean amino acid requirement of a clone against the mean 

1st instar Buchnera titer as measured in the current study. We found a significant, positive 

association between amino acid requirements and Buchnera titer for the set of clones 

tested (R2 = 0.38, F1,14 = 8.71, p = 0.01, ANCOVA, figure S2). 

DISCUSSION 

 

 Control of symbiont titer varies among clonal lines of pea aphid. The titer of 

Buchnera, defined as number of Buchnera genomes relative to aphid genomes, can also 

vary with age of the aphid, increasing significantly between the 1st and 4th instar in two of 
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the four clones tested. Part of the variation in Buchnera titer may be due to differences in 

the number of bacteriocytes between clones. There is significant variation in the number 

of Buchnera genomes per bacteriocyte, but this was not paralleled by variation in overall 

Buchnera titer. In both the current study and previous research, the number of 

bacteriocytes has been shown to vary between A. pisum clones (Wilkinson and Douglas 

1998). 

  A moderate positive association was found between the essential amino acid 

requirements of the clones and the titer of Buchnera. Previous work has shown that 

deleterious mutations accumulate in the genome of Buchnera (Shigenobu et al. 2001), 

including the amino acid biosynthesis genes of Buchnera (Vogel and Moran 2011), 

though recent studies have revealed that some classes of deleterious mutations can be 

overcome by translational slippage (Tamas et al. 2008; Wernegreen et al. 2010). It is 

possible that the increased number of Buchnera genomes in clones with dietary amino 

acid requirements is a compensatory change that increases the number of functional 

transcripts produced from the inactivated gene.  

 The mechanistic basis for variation in symbiont titer is unclear, though several 

mechanisms may contribute. Bacteriocyte development involves the interactions of 

multiple genes during development, and differences in the expression of these genes or 

timing of expression between clones could impact titer (Braendle et al. 2003). 

Additionally, host lysozyme-like genes expressed in the bacteriocytes have been shown 

to degrade Buchnera and bacteriocytes in post-reproductive aphids (Nishikori et al. 

2009). While the current study focused on pre-reproductive aphids, it is possible that 
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variation in expression of lysozyme genes between clones contributes to differences in 

symbiont titer. Recent theoretical work has suggested that the aphid can manipulate the 

metabolism of Buchnera by regulating the supply of precursor metabolites (MacDonald 

et al. 2011), and variation in the supply of metabolites may have a profound impact on 

Buchnera’s replication and division. Variation in the DNA sequence of the genes 

involved in these processes, their expression, or their interaction could all impact 

symbiont titer. The lack of a maternal effect in the titer of F1 clones indicates that 

Buchnera is not primarily responsible for the observed wide variation in titer among 

aphid clones. This finding is consistent with previous work indicating that Buchnera 

lacks basic regulatory mechanisms, as well as the absence of many genes involved in cell 

cycle control within the symbiont genome. However, the differences between the 

Buchnera genomes of the parental clones are minimal, with a total of 9 point mutations 

(Moran et al. 2009), and it is possible that additional genomic differences between 

Buchnera strains could further affect titer. Nonetheless, we observed wide variation in 

titer attributable to host genotype. 

 Selection appears to favor clones with an intermediate titer within a 2-fold range 

as evidenced by the titers observed in field-collected clones. These observations, along 

with the 4-fold variation in F1 symbiont titer, indicates that extremely high or low 

symbiont levels are likely maladaptive. The extensive variation seen among F1 clones, 

which displayed titers much higher and much lower than either parent, suggests epistatic 

or dominance effects on titer, or the occurrence of high levels of heterozygosity in the 

parental genotypes at loci affecting titer. Because only six F1 clones were tested, from a 
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single cross, we cannot estimate heritability of this trait. During clonal reproduction, 

selection may remove clones with extreme titers from the population, resulting in the 

intermediate titer observed in field-collected clones. However, the phenotype appears 

non-heritable across phases of sexual reproduction, resulting in reappearance of clones 

with extreme titers each spring, following the annual sexual generation of most 

populations. It is remarkable that symbiont titer, which is likely an important factor in 

aphid fitness, exhibits such variation after sexual reproduction.  
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Figure 1: Average Buchnera titer of 1st instar aphids from lab-reared A. pisum clones. 

Titer is the ratio of a single-copy Buchnera gene (bioA) to a single copy A. pisum gene 

(ef1α). Clones exhibited significant differences in titer (F9,54= 3.21, p = 0.0019, 

ANCOVA). Bars with different letters are significantly different (p < 0.05, Tukey’s 

HSD). Error bars are ± SE.  
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Figure 2: Titer of 4th instar A. pisum in comparison to 1st instar aphids from the same 

clones. Light bars – 1st instar aphids; dark bars 4th instar aphids. There was a significant 

difference in titer between 1st and 4th instar clones (F7,97 = 15.37, p < 0.0001; ANCOVA). 

Bars with different letters are significantly different (p < 0.05, Tukey’s HSD). Error bars 

are ± SE. 
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Figure 3: Symbiont titer in 1st instar F1 offspring clones from a reciprocal cross of 8-10-1 

and 5A. Clones varied significantly (F6,41 = 2.9, p = 0.0004, ANCOVA), though there 

was no significant effect of matriline (p = 0.83, t-test). Open bars are 5A matriline, closed 

bars are 8-10-1 matriline. Matriline indicates same Buchnera genotype. Shaded area 

represents the range of titer observed in clones originating from field-collected asexual 

females. Bars with different letters are significantly different (p < 0.05, Tukey’s HSD). 

Error bars are ± SE. 
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Figure 4: Average number of bacteriocytes in 4th instar A. pisum clones. Bacteriocyte 

counts were significantly different between clones tested (F3,172 = 21.3, p < 0.0001, 

LSM). Bars with different letters are significantly different (p < 0.05, Tukey’s HSD). 

Error bars are ± SE. 



 
 96 

 

Figure 5: Comparison of natural log of Buchnera genomes per aphid bacteriocyte. (F3,3 = 

11.68, p < 0.0001, MANOVA). Bars with different letters are significantly different (p < 

0.05, Tukey’s HSD). Error bars are ± SE. 
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SUPPLEMENTARY RESULTS  

Table S1:  A. pisum  clones  used in the study

clone collection date collection location collecte d by host plant

8.10.1 2001 Cayuga  Co., N Y J. Russell Medicago sat iva

9.2.1 2001 Cayuga  Co., N Y J. Russell Medicago sat iva

Tuc7 2007 Tucson, AZ N. Moran Medicago sat iva

5A 1999 Madison, WI N. Moran Medicago lupulina

Alm 2008 Whitman Co., W A S. E igenbrode Pisum sat ivum

File 2008 Whitman Co., W A S. E igenbrode Pisum sat ivum

Cag 2007 Walnut  Cre ek, CA N. Moran Medicago lupulina

7A 2001 Cayuga  Co., N Y J. Russell Medicago sat iva
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Figure S1: Average number of bacteriocytes from F1 A. pisum clones. Clones labeled 58 

are from the clone 5A matriline, while clones labeled 85 are from the 8-10-1 matriline. 

Clones exhibited significant differences F5,106 = 8.00, p < 0.0001, ANOVA. Bars with 

different letters are significantly different (p < 0.05, Tukey’s HSD). 
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Figure S2: Correlation of Buchnera titer and amino acid requirements for all clones. Each 

point represents the mean of a clone, error bars are +/- SE. The relationship was 

significant, R2 = 0.38, F1,14 = 8.71, p = 0.01, ANCOVA.  
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APPENDIX C: GENOMIC EVOLUTIONARY AND FUNCTIONAL ANALYSIS OF 

THE YEAST-LIKE SYMBIONT OF THE APHID CERATAPHIS BRASILIENSIS  

 

Submitted to Applied and Environmental Microbiology
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ABSTRACT 

 

 Nutritional symbionts of insects include some of the most bizarre genomes 

studied to date, with extremely reduced size, biased base composition, and metabolic 

inabilities. The pattern of evolution observed in these symbionts is a consequence of 

severely reduced effective population size (Ne) and the resulting fixation of deleterious 

mutations. Under similarly small Ne, eukaryotic genomes are predicted and generally 

appear to increase in size due to expansion of introns and mobile genetic elements. A 

monophyletic group of aphids within the tribe Cerataphidini have lost the bacterial 

symbiont common to all other Aphididae, having been replaced by a eukaryotic one, the 

Yeast-Like Symbiont (YLS). As symbionts are expected to experience reduced effective 

population size, we used this system as a model to test the hypothesis that chronically low 

Ne will result in an increase in genome size. We sequenced the genome of the YLS of the 

aphid Cerataphis brasiliensis, and observed elevated rates of evolution and intron 

proliferation in YLS orthologs relative to its closest-sequenced relative, consistent with 

predictions. A moderate amount of repetitive DNA was found along with evidence of 

directed mutation to prevent proliferation of repetitive elements. Despite intron 

expansion, the overall genome structure appears to lack signatures of massive expansion, 

and is likely around 25 mb in size. Compared to the bacterial symbiont of aphids, the 

YLS appears to have a much broader metabolic repertoire, though many gene families 

have been reduced in the YLS relative to related fungi.  The patterns observed in the YLS 
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genome suggest that the symbiont resides in a range of Ne that is permissive to intron 

expansion, but that other factors appear to limit its overall genome expansion.  
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INTRODUCTION 

 

 Small effective population size (Ne) reduces the efficacy of purifying selection 

and increases genetic drift, resulting in the increased fixation of deleterious mutations 

(Kimura and Ohta 1971, Ohta 1972, Ohta 1973). The effects of small effective population 

size have been elucidated through comparative genome sequencing and experimental 

evolution of Bacteria and Eukaryotes (Moran 1996, Lynch 2006, McCutcheon and Moran 

2012). In both domains, reduced selection manifests in increased rates of evolution 

compared to organisms with larger population sizes (Moran 1996, Lynch 2006, Kuo et al. 

2009). The effect of these deleterious mutations is thought to have different effects on 

eukaryotic and bacterial genome architecture.  

 Due to their stronger deletional bias, Bacteria with reduced Ne undergo genome 

reduction (Mira et al. 2001, Kuo et al. 2009). Genomes of certain symbionts of insects 

have shown how extreme this can be: the smallest sequenced cellular genomes are all 

obligate intracellular symbionts of insects (Nachabachi et al. 2006, McCutcheon et al. 

2009, McCutcheon and von Dohlen, 2011, McCutcheon and Moran 2012). This habitat 

subjects the symbionts to severe population bottlenecks during vertical transmission and 

prevents exchange or acquisition of genetic material leading to the advancement of 

Muller’s ratchet (Moran 1996, Mira and Moran 2002). Current models of genome 

evolution suggest that an initial burst of transposable element activity leads to 

inactivation of non-essential genes and large deletions, followed by erosion of the 
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pseudogenes resulting in genome reduction (Moran and Mira 2001, Moran and Plague 

2004).  

 Alternatively, Eukaryotic genomes are hypothesized to expand when experiencing 

small Ne, primarily through the gains of mobile genetic elements and intronic sequences 

(Lynch and Conery 2003, Lynch 2006). Experimental evidence has shown that intronic 

sequences and mobile genetic elements can proliferate in populations with reduced Ne, 

and estimates of population size correlate inversely with genome size in eukaryotes 

(Lynch and Conery 2003, Gao and Lynch 2009, Li et al. 2009). However, in Eukaryotic 

genomes with limited transposon or mobile genetic element activity, a deletional bias can 

still be observed (Kuo and Ochman, 2009), and the genome size of many fungi fall within 

a range where proliferation of introns or mobile genetic elements may not occur (Lynch 

2006).  Recently, Kelkar and Ochman (2012) analyzed sequenced fungal genomes in 

search of a correlation between genome size and signatures of drift. Their results indicate 

that the pattern of increased drift leading to genome expansion in the phylum is consistent 

with that observed in Eukaryotes, but lineage-specific genes and patterns of evolution 

distort the general pattern when examined at different taxonomic levels. Specifically, 

certain lineages contained large fractions of novel, lineage-specific genes, which were 

less likely to exhibit signatures of genetic drift.  

 In the genomes of the obligate nutritional symbionts sequenced to date, the extent 

of genome erosion due to drift has resulted in a variety of interesting metabolic 

consequences. In the aphid symbiont Buchnera aphidicola, nearly 10% of the genome 

encodes amino acid biosynthesis genes, yet the bacterium is incapable of synthesizing 
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most non-essential amino acids, cell wall components, or membrane lipids (Shigenobu et 

al. 2000). In several systems, loss of biosynthesis genes in a symbiont has been solved by 

division of essential nutrient production between multiple symbionts (Wu et al. 2006, 

McCutcheon et al. 2009). In the most extreme cases, individual metabolic pathways have 

been divided between multiple symbionts, such as phenylalanine synthesis in the 

symbionts of mealybugs (McCutcheon and Von Dolan 2011). While it is presumed that a 

Eukaryotic symbiont could be capable of replacing the metabolic capabilities of a 

Bacterial symbiont, the specific effects of drift on a eukaryotic symbiont’s metabolic 

potential are unclear.  

 To examine the relationship between reduced effective population size and 

genome dynamics and to examine the effect of drift on the metabolic potential of a 

Eukaryotic symbiont, we sequenced the genome of the yeast-like symbiont (YLS) of the 

aphid Cerataphis brasiliensis. Within the aphid tribe Ceretaphidini, a monophyletic 

lineage of aphids has lost the obligate Bacterial symbiont Buchnera aphidicola, found in 

all other members of the Aphididae (Buchner 1965, Fukatsu et al. 1994). In this clade of 

Cerataphidini, Buchnera has been supplanted by a fungal symbiont (Fukatsu and 

Ishikawa 1992). The YLS, a member of the Cordycepitaceae (Suh et al. 2001) is 

transmitted vertically, as is Buchnera, though the fungus resides both intra- and 

extracellularly and is not found in the specialized cells Buchnera inhabits (Buchner 1965, 

Fukatsu  and Ishikawa 1992, Braendle et al. 2003). 

 We used next-generation sequencing to interrogate the genome of the YLS. 

Comparative genomic methods were employed to examine whether the YLS genome 
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exhibited signs of increased genetic drift and whether the genome of the symbiont 

appears to have expanded as predicted by the mutation-hazard model of Lynch and 

Conery (2003). The metabolic potential of the YLS was also investigated and compared 

to the metabolism of other insect symbionts.  
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MATERIALS AND METHODS 

 

Insect cultures. C. brasiliensis aphids were collected from a population in Coral Gables, 

Florida at the Fairchild Tropical Botanic Garden from Cryosophila palms. A lab 

population was established at the University of Arizona from a single apterous female 

reared on Washingtonia robusta and W. filafera palm seedlings. Aphids were reared at 

25° C and 85% R.H on a 16:8 L:D cycle.  

 

DNA extraction. 300-500 mg of C. brasiliensis were collected from lab cultures then 

washed twice in 75% ethanol then rinsed in sterile D.I. water to remove the waxy fringe 

produced by adults and any external fungi.  Aphids were then crushed in a 1.5 ml pestle 

tube with a plastic pestle in the presence of acid-washed 100µm glass beads. The 

homogenate was suspended in 1 ml of buffer A (35 mM Tris pH 7.5, 25 mM KCl, 10mM 

NaCl, 250 mM sucrose). Aphid homogenate was filtered progressively through 100 µm 

and 20 µm nylon mesh. The resulting filtrate was pelleted then resuspended in DNAse I 

buffer (Fermentas) and treated with DNase I to remove aphid DNA. Fungal cells were 

disrupted with Driselase (5 mg/ml) and Kitalase (6 mg/ml) for 25 min. at 30°C. Isolation 

buffer (50 mM Tris pH 7.5, 100 mM EDTA, 0.5% SDS, 0.3 M NaOAc pH 8) and 

proteinase K (30 mg/ml) were used to lyse protoplasts. Crude DNA was precipitated by 

addition of 7.5 M NH4OAc and 100% isopropanol. DNA was then washed with 
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phenol:chloroform:isoamyl alcohol. The resulting DNA was precipitated with 3M 

NaOAc and 100% ethanol and stored in TE buffer prior to use.  

 

Sequencing. Genomic DNA was sequenced at the Yale Center for Genome Analysis at 

Yale University. YLS genomic DNA was used to construct a paired-end library with an 

average 380bp insert according to the Illumina Paired-End DNA Sample Preparation Kit. 

The library was sequenced on one lane of an Illumina HiSeq 1000 with 76 bp reads. 

 

Quality filtering and assembly. Paired-end sequences were sorted by quality scores with 

an in-house perl script. Only sequences with 76 bases with PHRED-equivalence scores of 

20 or higher and no ambiguous bases on both reads were kept. 115,878,346 paired-ends 

passed the filter. An additional 25,311,828 reads were kept in which the left or right read 

failed the quality filter but the paired read passed. Paired and single reads were randomly 

separated into three sets. Each set was independently assembled using Velvet (Zerbino 

and Birney 2008) with kmer = 43. The three assemblies were merged with minimus2, 

generating 34,063 contigs greater than 500 bp in length with an average coverage of 39x 

and an N50 length of 4370 bp.  

 Contigs were also used as queries against the Genbank non-redunant protein 

database (nr) using BLASTx. Dinucleotide frequency analysis was performed using 

scripts provided by Vincent Denef and visualized using the ESOM program from 

Databionics (Ultsch and Moerchen, 2005). Contigs were separated into two distinct bins 

based on the dinucleotide frequency analysis. All contigs with hits to fungal sequences 
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were in a one bin (bin 0) which contained no contigs with strong hits to aphid sequences. 

Reads were then mapped back to the remaining contigs using BWA (Li and Durbin 2009) 

to determine coverage. GC content, ESOM bin, and coverage statistics were all 

determined for contigs with hits to fungi and insects. Contigs with top hits to fungal 

sequences had higher GC content (56%) than contigs with top hits to aphid sequences 

(22% GC) and higher coverage (mean coverage 35x for fungal contigs and 5x for aphid). 

Contigs with GC content over 45%, coverage over 10x and in the ESOM bin 0 were kept 

for further analysis. Reads mapping to these contigs were used to perform another 

assembly using Velvet, and was also visualized using Tablet to assess assembly errors 

and possible allelic variants that were not separated in the assembly.  

 

Annotation. Novel repetitive regions were identified with the program RepeatScout 

(Price et al. 2005), the output of which was combined with fungal repeats downloaded 

from RepBase version 17.1 (Jurka et al. 2005) to create a custom library of repetitive 

elements for the genome. Repetitive elements were masked using RepeatMasker version 

3.3.0 (Smit et al. 2010). These elements were also used to assess the presence of repeat-

induced point mutations (RIP) using the software RIP-cal (Hane and Oliver, 2008). 

 Masked fungal contigs over 10kb were used as a training set for the self-training 

portion of GeneMark-es v2.0 (Ter-Hovhannisyan et al. 2008). Genemark-e was then 

implemented to identify coding regions and identify introns. tRNA’s were identified 

using tRNA-scan (Lowe and Eddy 1997), while metabolic pathways and information 

were mapped using the KEGG Automatic Annotation Server (KAAS, Moriya et al. 
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2007). All ORFs were queried against the NCBI non-redundant protein database using 

BLASTX. ORFs were also searched against the Pfam database v26.0 (Punta et al. 2012) 

using Pfam-scan and against the Pathogen-Host Interaction database (PHI-base, 

Winnenburg et al. 2008), then families were identified in the Pfam database. Significant 

differences in gene family membership were determined using Café (De Bie et al. 2006).  

 

Phylogenetics. To determine the closest fully sequenced relative of the YLS, gene 

sequences for rpb1, rpb2 and ef1α were identified in YLS contigs based on KEGG 

annotation and BLAST hits. The YLS genes were used as queries against the sequenced 

genomes of the order Hypocreales (figure1). Gene sequences were downloaded from 

NCBI and aligned using MAFFT. Aligned sequences were trimmed to remove all gaps 

using Mesquite v2.74 (http://www.mesequiteproject.org). Trees were constructed using 

PhyML (Guindon et al. 2010) and the best tree was verified using 100 boostrap replicates 

and rooted with sequences from Aspergillus niger. Trees were visualized in FigTree.  

 

Evolutionary rates analysis and deletional bias. Comparison of evolutionary rates was 

performed by identifying all shared orthologs of the YLS, Metarhizium anisopliae (Gao 

et al. 2011) and Nectria haematococca (Coleman et al. 2009) by collecting 3-way 

reciprocal best hits. The orthologs were then aligned in MUSCLE (Edgar 2004) and 

codeml (Yang 2000) was implemented to measure branch lengths on all trees using a 

restricted tree topology with M. anisopliae and the YLS being an ingroup to N. 
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haematococca. The analysis was repeated with the genome sequences of Cordyceps 

militaris (Zheng et al. 2011) and Fusarium oxysporum (Ma et al. 2010).   

 The rate of non-synonymous to synonymous substitutions (dN/dS) was estimated 

in codeml of the PAML package between the YLS, M. anisopliae and N. haematococca 

using “model =2” and allowing rates to vary across branches (NSsites =2). Only 

comparisons where all values of dS were below saturation (dS < 2) were considered. 

Radical to conservative amino acid substitution rates were calculated with HON-NEW 

(Zhang, 2000).  

 Attempts were made to assess whether mutational patterns result in deletional bias 

in the YLS using previously established methods (Kuo et al. 2009). Homologous introns 

were collected from orthologous genes with single introns that were located at a similar 

position in all three orthologs (all intron start sites within 24 bp of each other). 

Orthologous introns were aligned using Muscle, and then manually inspected for well-

aligned sequences. Similarly, intergenic spacers residing between pairs of syntenic 

orthologs were aligned and inspected. Due to the divergence between the YLS and M. 

anisopliae, no useful alignments could be obtained for either orthologous introns or 

intergenic spacers, and further analysis of deletional biases was not possible.  

 

Synteny analysis, intron size and frequency. Gene coordinates for the YLS, M. 

anisopliae and N. haematococca were determined from gene feature files. The nucleotide 

sequence for each orthologous gene was obtained and aligned to the amino acid sequence 

using the program Genewise (Birney et al. 2004) revealing the intronic features of each 
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ortholog. Only YLS genes whose peptide sequence were at least 98% of the length of the 

N. haematococca sequence were considered for further analysis.  
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RESULTS 

 

Genome sequencing. General features of the YLS draft genome are shown in table 1. A 

total of 25.4 mb of sequence in 1,182 contigs with an N50 of 12,424 bp was binned as 

fungal according to coverage, GC content and BLAST hits to fungi. This figure is an 

underestimate of the YLS genome size, as contigs lacking ORFs were excluded and 

repetitive regions may have assembled together. Six contigs have terminal fungal 

telomeric repeat “TTAGGG/CCCTAA”n, indicating the YLS has at least 3 chromosomes, 

though this is almost certainly an underestimate. Examination of the assembly and 

subsequent read mapping and a self-self BLAST search provided no evidence of 

polyploidy, which is consistent with the haploid state of most fungi in their “yeast-like” 

state. Ab initio annotation revealed 7,356 open reading frames greater than 92 amino 

acids, giving a gene density of 289 genes per Mb, which is similar to the density observed 

in M. anisopliae and M. acridium (271 and 258 genes/mb, respectively). Within the YLS 

genome sequence, we found 105 tRNA genes. The completeness of the set of essential 

genes (ie, for complete ribosomal proteins and DNA/RNA polymerase) suggest that our 

sequencing has captured nearly the entire protein coding region of the YLS genome. The 

absence of high-coverage contigs encoding repetitive elements and the completeness of 

the gene set suggest that the genome is unlikely to be drastically larger than 25 Mb. In 

comparison to other sequenced fungal genomes in the Sordariomyceta, the YLS is 

noticeably smaller, though it maintains a similar coding density (figure 2).  
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Evolutionary Rates. Bacterial symbionts are noteworthy for their accelerated rates of 

molecular evolution, often exhibiting rates several times higher than their free-living 

relatives (Moran 1996, Herbeck et al. 2003). The YLS symbiont of C. brasiliensis 

exhibits higher rates of evolution than related free-living fungi, though the rate is not as 

extreme as that seen in some bacterial symbionts (McCutcheon and Moran 2012). At the 

amino acid level, orthologs shared between the YLS, M. anisopliae and N. haematococca 

are evolving on average 2.47 times faster than in M. anisopliae (table 2). This ratio is 

significantly higher than 1, which is the expected ratio if both genomes were evolving at 

the same rate (z statistic2396 = 23.27, p < 0.0001). We also compared orthologs of the YLS 

to C. militaris and F. oxysporum, and again detected a significant increase in the YLS 

sequences (1.37, z statistic2396 = 20.42, p < 0.0001), though this increase was smaller than 

the increase observed in the previous comparison. The lower average rate observed in 

YLS:C. militaris comparison may be related to reduced effective population size due to 

the limited host range of C. militaris (Zheng et al. 2011). These rates are consistent with 

amino acid substitution rates estimated for Buchnera (Itoh et al. 2002, Moran 1996), 

suggesting that the symbiotic environment has led to a similar increase in the substitution 

rate in the YLS.  

 To further measure the evolutionary rates of the YLS, dN/dS was estimated for 

452 YLS orthologs in which dS was not saturated. Relative to M. anisopliae, the YLS 

orthologs exhibited a significantly higher average dN/dS ratio (dN/dSYLS-Nh: 0.163, 

dN/dSMa-Nh: 0.118; t-ratio450 = -5.20, p < 0.0001). Signatures of positive selection on YLS 

orthologs were not detected using this test: no YLS ortholog exhibited a dN/dS ratio 
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above 1. Positive selection likely occurred in some YLS genes, though we currently lack 

the data necessary to detect it (ie, polymorphism data or a more closely related fungal 

genome sequence). Reduced selection has been shown in symbionts to elevate the rate of 

radical amino acid substitutions (dR) relative to conservative ones (dC), as the later are 

presumed to be more deleterious (Wernegreen, 2011). Examination of deleterious 

mutations in YLS orthologs reveals a small but significantly elevated rate of radical 

substitution (dR/dCYLS-Nh: 0.545, dR/dCMa-Nh: 5.32; t-ratio2120 = -5.6, p < 0.001). The 

elevated rate of amino acid substitution, higher rate of dN/dS and dR/dC are consistent 

with a increased fixation of slightly deleterious mutations as expected with accelerated 

evolution due to higher genetic drift. 

 

Intron frequency and size. In experimental evolution studies of Daphnia, small 

population size and strong drift have been shown to lead to intron gains (Li et al. 2009). 

We assessed intron frequency and size in the genomes of the YLS, M. anisopliae and N. 

haematococca to determine if drift had lead to an increase in the number of genes with 

introns, the number of introns per gene or the average length of introns (figure 3). We 

compared intron number and size among the sequenced genomes of the YLS, M. 

anisopliae, and N. heamatococca. The genes examined in the YLS had significantly more 

introns per gene (1.79 introns/gene) than the orthologs in either M. anisopliae (1.60 

introns/gene, t-ratio1659 = -9.55, p < 0.0001) or N. haematococca (1.75 introns/gene, t-

ratio1659 = -2.16, p < 0.0001). M. anisopliae had significantly fewer introns per ortholog 
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than N. haematococca, suggesting that both gain of introns in the YLS orthologs as well 

as loss of introns in M. anisopliae orthologs contribute to the difference between the two. 

 Another potential effect of reduced selection is the expansion of intron size. To 

compare intron sizes, the average length of all introns within an ortholog was determined 

for all orthologs with at least one intron. Compared to orthologs in M. anisopliae, there 

was no significant difference in intron size in the YLS (figure 3). M. anisopliae orthologs 

had an average intron size of 93.2 bp, while the YLS had an average intron length of 90.5 

bp (t-ratio1252 = 1.02, p = 0.31). The introns of the YLS and M. anisopliae were both 

significantly longer than the introns of N. haematococca (70.4 bp, t-ratio1252 = -7.89, p < 

0.0001). Due to varying number of introns per ortholog, the average intron size includes 

comparison of non-homologous introns. To reduce the effects of comparing non-

homologous introns, we also compared intron size between orthologs with only a single 

intron in each ortholog. This analysis revealed that the YLS introns are slightly shorter 

than their orthologous introns in M. anisopliae (84.7 bp and 90 bp, respectively) though 

this difference is not significant (t-ratio356 = 1.77, p = 0.077).   

 Intergenic spacers are also a potential point of genome expansion due to reduced 

efficacy of selection. While recombination has disrupted all large regions of synteny 

between the three genomes, some regions of micro-synteny persist. We measured the 

intergenic space between syntenic pairs of genes among the three genomes. The average 

intergenic spacer between YLS genes was 1385 bp, compared to 1758 bp in M. 

anisopliae and 1653 bp in N. haematococca (figure 3). The spacers in the two 



 
 118 

comparison genomes were significantly larger than the spacers in the YLS genome 

(YLS:Ma t-tatio105 = 4.57, p < 0.0001; YLS:Nh t-ratio105 = 2.81, p = 0.006).  

 

Mobile and repetitive elements. Repetitive and mobile elements are predicted to 

proliferate in the early stages of symbiont evolution due to relaxed selection to maintain 

superfluous genes (Moran and Plague 2004). Within the contigs that were binned as 

fungal, 1.12 mb of repetitive sequence were found in 8108 sequences by RepeatMasker 

(Smit et al. 2010) representing 4.7% of the draft genome (figure 3, table 1). This is 

similar to the genome-wide amount of repetitive DNA in N. haematococca, though the 

distribution of repetitive sequence is highly heterogeneous (Coleman et al. 2009). All but 

18 of these sequences were unclassified repeats found using RepeatScout. Of the 18 

classified repetitive regions, 5 were LINES, 6 were LTRs and 7 were DNA elements. 

Within the annotated ORFs, a total of 55 sequences were identified as transposable 

elements. Due to grouping of similar repetitive elements during assembly, it is likely that 

we have underestimated the total amount of repetitive DNA in the YLS genome as many 

repetitive regions may have assembled together, though the average coverage of these 

regions is not elevated with respect to other fungal contigs.  

 Repeat induced point mutation (RIP) is a mechanism by which fungi inactivate 

repetitive DNA through directed CpN → TpN mutations (Selker et al. 1987). Given the 

lack of extensive repetitive element proliferation, RIP activity may be occurring in the 

YLS. We used the repetitive element with the highest GC content as the “model” element 

and compared all similar repeats to the model using RIP-cal (Hane and Oliver, 2008). We 
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found a large proportion of repetitive elements exhibited signatures of RIP, notably an 

excess of CpN → TpN transitions. Of the 12 most abundant repeat classes in the genome, 

all had an excess of CpN → TpN transitions relative to all other transitions, with some 

repeat classes exhibiting more than 4 times the number of CpN → TpN transitions to 

non- CpN → TpN transitions (Figure S1). This suggests that RIP is likely a factor in 

limiting repetitive element replication. 

 

Retention of recombinational machinery. The obligate bacterial symbionts of 

homopterous insects are notable for their extremely conserved synteny over millions of 

years of evolution (Tamas et al. 2002, van Ham et al. 2003). In addition to their 

sequestered habitat shielding them from exogenous DNA, these symbionts have lost the 

genes necessary to perform both homologous and non-homologous recombination. This 

loss of recombination contributes to their accelerated rates of evolution due to the action 

of Muller’s ratchet (Muller 1964). Loss of recombinational machinery, genes necessary 

for meiotic division, or genes involved in mating type recognition could impose Muller’s 

ratchet on the YLS by eliminating the exchange of deleterious alleles. Unlike the obligate 

bacterial symbionts, the YLS appears to have fully functional recombinational machinery 

(table 3), including the full suite of genes necessary for meiotic division. The presence of 

the mating type locus also suggests that the YLS is capable of sexual reproduction. 

Alternatively, the YLS could exhibit parasexuality, the fusion of unrelated hyphae, which 

is known to occur in Metarhizium sp (Gao et al. 2010). Despite the presence of these 
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genes, there is no direct evidence currently that the YLS undergoes any form of sexual 

recombination, and its sequestered habitat is likely a barrier to genetic exchange.  

 

Gene family contraction in the YLS. Fifty-four protein families exhibited significant 

decreases in the number of members encoded by the YLS genome relative to the most 

recent common ancestor of the YLS and M. anisopliae, while only two gene families 

expanded significantly in the YLS (Figure 4 and 5). Transporters are a major category for 

which there is significant contraction in the YLS, including those involved in movement 

of amino acids, sugars, and ABC transporters. Many families implicated in synthesis and 

degradation of a wide variety of compounds are reduced in the YLS. These include three 

families of glycoside hydrolases, two monooxygenase families, amidases, and a 

crotonase family, and their role in suggest the YLS has a more limited metabolic 

potential than related fungi (figure 4). 

 There has also been a significant contraction in many genes involved in 

pathogenicity and virulence.  Twenty families of experimentally confirmed pathogenicity 

factors have contracted in the YLS (figure 5). Many of these families appear to be 

involved in transport, though most are poorly characterized. Interestingly, fungal-specific 

pathogenicity transcription factors are reduced in the YLS. In the bacterial symbionts of 

insects, most transcription factors have been lost, and this may represent a convergent 

event. The two examples of gene family expansion are also pathogenicity factors. Gag 

and Pol-like proteins, which have been experimentally demonstrated to increase virulence 
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in Magnaporthe oryzae (Jeon et al. 2007) are more abundant in the YLS than in M. 

anisopliae or N. haematococca. However, their role in the symbiosis is unclear. 

 The YLS has lost many genes that are implicated in detoxification of secondary 

metabolites, including loss of several cytochrome p450’s and glutathione-S transferases 

that are found in M. anisopliae and N. haematococca, though it still maintains a single 

member of each of these families (data not shown). Members of these families are 

involved in overcoming host defenses, providing a plausible reason for their reduction in 

the YLS. Similarly, the YLS has a significant reduction in members of a family of 

tannanases, which are involved in metabolism of recalcitrant carbon compounds. 

 

Metabolic potential. Bacterial symbionts often have minimal metabolic networks, and 

are often missing pathways or genes essential for life outside of a host environment. In 

Buchnera, genes necessary for the biosynthesis of non-essential amino acids, 

phospholipids, the TCA cycle and other key cellular processes have been lost (Shigenobu 

et al. 2000). The YLS appears to have a much more complete metabolic potential relative 

to Buchnera (table 3). The YLS can metabolize a variety of carbon sources, including 

glucose, sucrose, fructose, maltose, galactose, lactose, mannose, mannitol, as well as 

complex carbohydrates like starch, cellobiose, chitin, and glucans. The complete pathway 

for glucose oxidation to CO2: glycolysis, the TCA cycle, and oxidative phosphorylation 

are present in the genome. The YLS can also anaerobically ferment glucose to ethanol via 

pyruvate decarboxylase and alcohol dehydrogenase. This ability to utilize diverse inputs 

and energy generation pathways stands in stark contrast to the metabolic capabilities of 
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Buchnera, which lacks a functional TCA cycle, relying on its host for inputs for oxidative 

phosphorylation.  

 The YLS genome encodes an extensive set of genes for the generation of lipids 

and cell wall components. The YLS appears to make fatty acid precursors as well as 

lipids and phospholipids necessary for cell membranes. The YLS also synthesizes 

glucans and chitin for cell wall construction. The thick cell wall of the YLS has been 

shown through electron microscopy by Fukatsu and Ishikawa (1994). The relatively 

robust cell wall of the YLS renders it highly resistant to both physical and chemical 

disruption (this study). Unlike Buchnera which is enclosed in a host-derived membrane 

within a host cell, the YLS is found both intra- and  extracellularly, and likely requires a 

more robust cell wall and membrane.  

 Aphids rely on their obligate symbionts to synthesize essential amino acids, which 

are depauperate in the insects’ phloem sap diet (Douglas and Prosser 1992, Shigenobu et 

al. 2000). Ten percent of Buchnera’s genome is dedicated to genes for biosynthesis of 

essential amino acids, yet the bacterium lacks genes for almost all non-essential amino 

acids. The YLS encodes a more complete amino acid metabolic potential, as well as more 

diverse nitrogen metabolism abilities. Like most fungi, the YLS can synthesize all the 

essential amino acids, as well as the non-essential amino acids. The YLS can reduce 

nitrate and nitrite to ammonia, which can then be incorporated into amino acids through 

the GOGAT cycle, as well as direct incorporation of ammonia into glycine. Buchnera is 

unable to incorporated ammonia directly into glutamine, relying instead on the host to 

perform this function (Hansen and Moran 2011). Unlike Buchnera, which lacks specific 
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amino acid transporters, the YLS retains both general amino acid permeases and specific 

amino acid transporters for methionine, arginine, and asparagine. In addition to amino 

acids, the YLS can also make a variety of polyamines including spermidine, spermine, 

and putrescine. Intriguingly, the YLS has lost all members of the gene family nmrA , 

which silences the gene areA, which is represses the utilization of non-glutamine nitrogen 

(Marzluf 1997).  

 

Secondary metabolites. Members of the Hypocreales are notable for their production of 

diverse toxins and secondary compounds. The YLS encodes multiple genes that are likely 

involved in production of secondary metabolites, including at least 10 polyketide 

synthase genes and at least 1 non-ribosomal peptide synthase. Further interrogation of the 

YLS genome may reveal additional evidence of genes involved in secondary metabolite 

production. The YLS also encodes a number of cytochrome p450 genes, which may be 

involved in synthesis or detoxification of secondary metabolites.  
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DISCUSSION 

 Obligate symbionts of insects experience severe bottlenecks during transmission 

between generations. In bacterial symbionts, this has led to the most extremely reduced 

cellular genomes studied to date. Experimental evolution studies and genomic analyses 

have suggested that Eukaryotic genomes tend to expand when subject to reduced 

selective pressure. We examined the genome of the obligate fungal symbiont of C. 

brasiliensis to examine the consequences of small effective population size on the 

genome of a fungus.  

 The YLS’s genome reveals a diverse suite of metabolic abilities unlike the 

streamlined metabolism of the obligate bacterial symbionts of insects, though it has lost 

many genes found in related fungi. The symbiont appears to be capable of utilizing a 

number of carbon compounds and producing energy aerobically and anaerobically. 

Perhaps due to its extracellular habitat, the YLS has been forced to retain a full suite of 

cell membrane and wall biosynthesis genes.  

 Like Buchnera, the YLS encodes the full biosynthesis pathways for essential 

amino acids, though it can also produce the non-essential amino acids, which Buchnera 

mostly receives from the host. The ability of the YLS to produce essential amino acids 

supports the hypothesis that the YLS has replaced Buchnera’s functional role in these 

aphids. In a previous study, it was shown that the yeast like symbionts of two 

planthoppers and of Cerataphis fransseni encode a putatively functional uricase gene 

(Hongoh et al. 2000). This gene was also found in the YLS genome from C. brasiliensis, 

suggesting that the YLS can upgrade host waste nitrogen (in the form of uric acid) for use 
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in the biosynthesis of amino acids, as has been demonstrated in the YLS of the brown 

rice planthopper, Nilaparvata lungens (Hongoh et al. 2000). Phloem nitrogen content can 

vary within and between plants (Ziegler 1975) though total nitrogen is not thought to be 

limiting to aphids (Mittler 1953), even when nitrogen content changes over plant 

development (Sandstrom 2000). The ability of the YLS to access this additional nitrogen 

source is interesting and may provide insights into the interaction between the host plant 

and aphid.  

 Hypocreales produce a vast array of secondary metabolites, including antibiotics, 

toxins and other bioactive compounds. The YLS genome encodes a number of genes 

which likely function in secondary metabolite synthesis, including polyketide synthases 

and a non-ribosomal peptide synthase, compounds that are expected to have a toxic effect 

on many organisms. Symbionts of aphids have been demonstrated to provide a number of 

beneficial functions to their hosts, including protection from parasitoid wasps and heat 

tolerance (Oliver et al. 2010). While it is unknown what, if any, secondary metabolites 

the YLS produces, it is interesting to speculate about possible roles of the symbiont in 

addition to its nutrient provisioning.  

 The YLS genome encodes significantly fewer virulence genes in comparison to 

its pathogenic relatives. Symbionts have evolved repeatedly from pathogenic ancestors, 

perhaps best illustrated by the facultative symbionts Serratia symbiotica (Burke and 

Moran 2011) and Hamiltonella defensa (Degnan et al. 2009). While H. defensa retains a 

complement of pathogenicity genes involved in its protective function, S. symbiotica has 

lost many ancestral virulence factors, likely through relaxed selection and reduced 
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purifying selection due to drift. The reduction in virulence-associated genes in the YLS 

genome suggests that selection to maintain virulence genes has been relaxed, likely due 

to is symbiotic relationship with the aphid. Some pathogenicity genes have been retained, 

including polyketide synthases and NRPSs. These may be genes yet to be lost, or may be 

involved in YLS functions other than amino acid synthesis. 

 Amino acid substitution rates appear elevated in the orthologs of the YLS. These 

elevated rates suggest that the symbiont is accumulating deleterious mutations as a result 

of a reduced effective population size, likely due to population bottlenecks experienced 

during maternal transmission. Additionally, the YLS appears to be gaining introns faster 

than its sequenced relatives. Such gains are also likely due to reduced selective efficacy 

imparted by low Ne. Intron size does not differ significantly between the symbiont and its 

closest sequenced relative, M. anisopliae, though the introns of the YLS are significantly 

larger than those of the free-living N. haematococca. Interestingly, the YLS appears to be 

gene-dense, exhibiting similar coding density to M. anisopliae, though a slightly lower 

density than N. haematococca. Also contrary to expectations of genome expansion is the 

reduction in intergenic spacer size in the YLS relative to M. anisopliae and N. 

haematococca.  However, due to the fragmentary nature of the draft genome, it is 

possible that the coding density of the YLS is lower than our current estimate.  

  The genome of the YLS of C. brasiliensis appears to fit the patterns of evolution 

recently suggested by Kelkar and Ochman (2012) for Pezizomycotina experiencing 

genetic drift. The proliferation of introns and accelerated evolutionary rates indicate that 

the symbiont is accumulating deleterious mutations consistent with a reduced effective 
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population size (Lynch 2006, Lynch and Conery 2003), likely due to transmission 

bottlenecks. The increase in introns, elevated rates of amino acid substitution, and 

repetitive elements are consistent with the mutation hazard model of Lynch and Conery 

(2003). However, several aspects of the YLS genome do not support the hypothesis of 

rampant genome expansion observed in fungi such as Tuber melanosporum (Martin et al. 

2010). The high gene density and small intergenic spacers suggest that it may reside in a 

range of Ne and genome size that allow for expansion of introns but limit the rampant 

proliferation of mobile genetic elements (Lynch and Conery 2003).  

 An additional factor may influence the lack of repetitive DNA and compact 

genome structure. Repeat-induced point mutations, first characterized in Neurospora 

crasssa (Selker 1990), are a mechanism unique to fungi in which duplicated regions of 

DNA are silenced by mutation. Genomic studies have revealed signatures of RIP in the 

genome of F. gramarium (Cuomo et al. 2007) and N. haematococca (Coleman et al. 

2009), providing a mechanism for their lack of expansion. We see evidence of RIP in the 

genome of the YLS, providing a mechanism by which the expansion of repetitive 

elements may have been squelched.  

 Based upon fossils of their primary host plant (Styrax sp.), Huang et al. (2012) 

suggest an origin of the tribe Cerataphidini in the late Cretaceous (99-65 mya) and 

diversification between that time and the Eocene (55-35 mya). As not all members of the 

tribe harbor the YLS, its establishment as an obligate symbiont is unlikely to be older 

than 99 my and may be much more recent (up to 35 my). The Buchnera-aphid symbiosis 

is much older, having thought to originate at least 200 mya (Moran et al. 1993). This 
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relatively young association may not have permitted sufficient time to allow for genome 

expansion, though the genome-wide reduction in gene family size and intergenic spacer 

size suggest the YLS genome may have a mutational bias favoring deletions, though this 

could not be directly measured in this study. Further analysis and sequencing of the YLS 

of C. brasiliensis and other Eukaryotic symbionts will shed additional light on the 

specific mechanisms of genome evolution and possible genome wide deletion biases in 

symbiotic fungi. 
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Table 1: General features of the draft genome 
sequence of the YLS of C. brasiliensis 
        

 Size1 (mb) 25.42  

    

 No. of contigs 1,182  

    

 N50  12,424  

    

 No. of ORFs 7,356  

    

 % Repetitive seqeunce1 4.7  

    

 % GC 54  

    

 tRNA operons 106  

        

1only contigs remaining after filtering by GC 
contetnt, coverage, and BLAST hit to non-arthropod 
genome 
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Taxon A Taxon B Taxon C No. of ort hologs Avg Kab Avg K ac Avg Kbc Kac - K bc Koa-K ob Koa/Kob

YLS M. ani sopliae N. hae matacocca 2561
0.237             

(0.241 - 0.234) 
0.266             

(0.269 - 0.263)
0.195             

(0.198 - 0.192)
0.071             

(0.074 - 0.068)
0.0709           

(0.073 - 0.068)
2.471*             

(2.596 - 2.347)

YLS C. m ili taris F. oxysporum 2397
0.297             

(0.302 - 0.291)
0.270             

(0.275 - 0.264)
0.246              

(0.251-0.240)
0.024             

(0.027 - 0.021)
0.024              

(0.027 - 0.021)
1.379**            

(1.416 - 1.343)

* s ignificant ly diffe re nt from  ra tio of 1 w ith similar s tanda rd deviation (z  stat ist ic2396  = 23.27, p < 0.0001)
** s ignificant ly diffe re nt from  ra tio of 1 w ith similar s tandard de viation (z  s tatis tic2396  = 20.42, p < 0.0001)

Table 2:  Relat ive rates  test of ort hologs  of the YLS compare d to fre e-l iving fungi . Bra nch lengths  were estimated for t he amino acid sequence of e ach ort holog us ing 
codeml in the Paml package. N umbers  in pa rentheses  repre sent uppe r and lower 95% c onfidence interva ls, bold number is avera ge value for e ach comparison
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YLS of C. bras iliensis Buchnera aph dicola

Ca rbon a ssimliat ion
Can ut i lize a variety of s imple 
sugars  and complex 
carbohydra tes 

Glucose, Mannitol

Energy produc tion
Complete Glycolys is, T CA 
cycle, oxidat ive 
phosphoryl at ion, fe rmentation

Glycolys is, O xidative 
phosphoryl ation

Nitroge n metabolism
Can ut i lize N O3, NO2, NH3, 

and ura te1,2 NH 3 from  glutamine3

Amino acid synthesis
All essential  and non-e ssential  
amino acids

All essent ial amino acids, fe w 
non-e ssential

Vitamins  and cofactors
NAD, fol ate, porphyri n, 
ubiquinone , 
Pantothenate/CoA, B6 salvage

Biotin, he me, Pantothenate

Lipid and Fatty acid 
biosynthesis

Genes for fa t ty acid 
biosynthesis and phospholipid 
biosynthesis

Lacks  phospholipid 
biosynthesis genes

Ce ll wall  components Glycan biosynthesis Peptidoglycan, cannot  make 
LPS

Seconda ry metaboli te 
synthesis

Polyket ide synthases, NRPS absent

Polyamine biosynthes is
Spermine, sperm idine, 
putrescine, agmatine

can make spermidine but not  
putre csine 

Re gulatory ge nes
extensive regulatory ge nes and 
transcript ion fa ctors  

Very fe w re gulatory ge nes, 
minimal abi lity to re gulate 

tra nscription 4

DNA re pair a nd 
re combinat ion

Complete homolgous  
re combinat ion, DN A repair 
and meiosis  pathways

no rec  genes , no evidence of 
recombination over ~ 150 

million ye ars 5

1Sasaki et al 1996;  2Hungoh a nd Ishikawa 2000;  3Hansen and Mora n 2011;  4Moran et al  1993;  5van 
Ham et al 2003

Tab le 3:  Comparison of t he YLS of C. bras il iensis and Buchnera aphidicola deduced from  their 
genome seqeunces



 
 139 

 

 

Figure 1: A: Phylogenetic relationship of the YLS to sequenced fungal genomes based on 

a 3-gene amino acid phylogeny. Phylogeny based on maximum likelihood tree of 

concatenated rpb1, rpb2 and ef1α amino acid sequence with 100 bootstraps. Thickened 

lines represent branches with maximum likelihood support > 0.9 and bootstrap support > 
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85. The closest sequenced relatives of the YLS are the entomopathogenic fungi 

Cordyceps militaris, Metarhizium anisopliae and M. acridum. B: YLS cells isolated from 

C. brasiliensis under phase-contrast microscopy. Scale bar = 20 µm. C: C. brasiliensis 

feeding on leaves of W. filifera.  



 
 141 

 

 

Figure 2. Genome size comparison of sequenced Sordariomyceta shown in figure 1. ORF 

numbers and genome size are those reported in NCBI database or the genome sequence 

publication. YLS ORF numbers were determined by de novo annotation as described in 

the methods. Genome size for the YLS was estimated by summing the length of all 

contigs that were determined to be fungal as described in the methods section.
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Figure 3: Comparison of genome features between the YLS, M. anisopliae (Ma) and N. 

haematococca (Nh). Letters within bars indicate significant differences at the levels noted 

below. Error bars in all cases represent the 95% confidence interval. I: average number of 

introns in orthologs of the three genomes. Number of introns was compared for each 

ortholog pair-wise between the genomes. The YLS had significantly more introns per 

gene (1.79) than orthologous genes in either Ma (1.60 introns/gene; t-ratio1659 = -9.55, p 
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< 0.0001) or Nh (1.75 introns/gene; t-ratio1659 = -2.16, p < 0.0001). Introns were only 

compared for YLS genes that were at least 98% as long as their Nh ortholog. A Wilcoxon 

rank-sum test indicated that the average difference in intron number between orthologs of 

the YLS and the other genomes was greater than 0, indicating a net gain of introns in the 

YLS (YLS:Ma p-value < 0.0001; YLS:Nh p-value = 0.033).  II: Average intron length in 

intron-containing orthologs of the YLS, Ma and Nh. Only orthologs with at least one 

intron were considered. There was no significant difference between the length of introns 

in the YLS (90.5 bp) and Ma (93.2 bp; t-ratio1255 = 1.02, p-value = 0.30)  though there 

was a significant increase in intron length relative to Nh (ratio1255 = -7.89, p-value < 

0.0001). III: Average intron length in orthologs containing exactly 1 intron in all 

genomes. The average intron size of Ma was nearly significantly larger than that of the 

YLS (t-ratio355 = 1.77, p-value = 0.077). The YLS and Ma both had significantly larger 

introns than Nh (t-ratio355 = -10.94, -15.91, respectively; p-values < 0.0001). IV: 

Intergenic spacer size for pairs of syntenic orthologs in the three genomes. Intergenic 

spacers were significantly larger in the genomes of Ma and Nh relative to the YLS 

(YLS:Ma t-ratio105 = 4.56, p-value < 0.0001; YLS:Nh t-ratio105 = 2.81, p-value = 0.005). 

V: Percent repetitive DNA in the genomes of YLS and Nh. Data for Ma was not 

comparable. VI: Gene density within the three genomes. 1Values are those reported in 

Gao et al. 2011 and Coleman et al. 2010 for Ma and Nh respectively.  



 
 144 

 

Figure 4. Pfam gene family size in the YLS, M. anisopliae and N. haematococca that 

have significantly reduced membership in the YLS (Verbiti p < 0.01). No family had 

higher membership in the YLS.  
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Figure S1. Pathogenicity gene families in the YLS, M. anisopliae and N. haematococca. 

All families have significantly more or fewer members in the YLS (Verbiti p < 0.01). 

Families were identified by searching against the PHI-base database of pathogen-host 

interacting loci for fungi.  
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Figure S2. CpN → TpN transistions are signatures of Repeat Induced Point mutations 

(RIP). Each bar represents a different repeatitive element class. All repeats were 

compared to the longest repeat. Where two repeats were equally long, the repeat with the 

highest GC content was chosen as the “model” to which all other repeats were compared. 

Transitions were compared on both strands. The abundance of CpN → TpN transitions 

relative to all other transitions (ApN → GpN, GpN → ApN, and TpN → CpN) indicates 

that RIP is actively occurring in the YLS genome.  


