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Abstract 

Symbiotic associations between animals and inherited micro-organisms are widespread in nature. 

In the pea aphid, Acyrthosiphon pisum, the inherited facultative symbiont, Hamiltonella defensa, 

provides protection against parasitism by the wasp, Aphidius ervi. This protective mechanism of 

H. defensa is provided by its bacteriophage, APSE (A. pisum Secondary Endosymbiont).  Here, 

we conducted horizontal transfer experiments to attempt the transfer of phage to uninfected 

aphid lines, including transfer through phage-infected diet, microinjections of the phage, 

cohabitation on a similar host plant, and transfer through parasitism. We also monitored vertical 

transfer of the phage to determine phage loss rates through generations. We were not able to 

successfully transfer the phage. In our phage loss assays, we found that in an aphid’s 

reproductive lifetime, earlier offspring lose the phage more frequently than later offspring. This 

indicates instability of the phage in earlier offspring. We also saw declining frequencies of the 

phage throughout generations, indicating an increased phage loss rate from generation to 

generation.  

Introduction 

Symbiotic associations between animals and micro-organisms are widespread in nature. 

They are labeled as either facultative or obligate depending on whether their presence is vital for 

host survival. Facultative symbionts can have a mutualistic role in their host, whereas in other 

cases they are observed to be parasitic. Further, some hosts may have both facultative and 

obligate symbionts with the former providing additional benefits that the latter may or may not 

provide.  In comparison with obligate symbionts, facultative symbionts are typically more recent 

associations with their hosts as evidenced by the lack of congruity between respective 

phylogenies. In addition, closely related facultative symbionts are often found in distantly related 
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hosts, which may indicate that they preserve the capability to infect novel hosts (Pontes and Dale 

2006).  

One facultative endosymbiont of Acyrthosiphon pisum, commonly known as the pea 

aphid, is Hamiltonella defensa. Aphidius ervi, a parasitoid wasp that oviposits within aphids, is 

the main predator of A. pisum. A wasp growing inside the aphid consumes the host organs and 

tissues, causes the aphid to mummify before it emerges. H. defensa kills parasitoid wasp larvae, 

allowing aphid hosts to survive and reproduce (Oliver et al. 2003). It is likely that protection is 

provided by toxins found on the chromosomes of H. defensa and of its bacteriophage, APSE (A. 

pisum Secondary Endosymbiont) (Degnan and Moran, 2008). Although the predominant focus 

has been on the bacteriophage’s role in killing bacterial hosts, it has been found that the 

functions of a bacteriophage ranges in nature, such as acting as vectors of genes that can 

optimize bacterial fitness (Comeau and Krisch 2005).  

Within a set of genetically identical strains of H. defensa strains, loss of APSE is 

associated with decreased protection; this strongly suggests a mechanism in APSE-encoded 

genes that provides protection from parasitism in aphids (Degnan and Moran, 2008). While H. 

defensa is normally vertically transferred through the mother, the symbiont has additionally been 

observed to be transferred horizontally in nature (Russell and Moran, 2005). This phenomenon 

can be duplicated in a laboratory setting. However, the mode and frequency of bacteriophage 

transmission remains unknown. From what we know, H. defensa does not have any function in 

the aphid on its own. The known function it has is harboring the phage, which is required for 

defense to parasitism in A. pisum.  

 In the current study, various methods of phage transfer were attempted to test for 

horizontal transfer of phage, including inoculations through artificial diet, injecting uninfected 
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aphids with a phage cocktail, and cohabitation with infected aphids on host plants. Attempting 

horizontal transfer of the phage will enable us to distinguish factors arising from the phage and 

symbiont chromosomes. When setting up a plant culture for infected and uninfected aphids to 

cohabitate, it was anticipated that living and feeding on the same plant would result in a transfer 

of phage between aphids. The possibility exists of spreading the phage through ingestion of an 

infected aphid’s honeydew by an uninfected aphid, or, in the case of the wasp-introduced 

cultures, through parasitism. With respect to the cohabitation experiments, wasps could pose as 

vectors to pass the phage from infected to uninfected aphid. In addition, we assessed the rate of 

attrition of the phage in successive aphid individuals as well as generations. Phage loss may have 

several implications; discovering the rate and causes of phage loss could be beneficial to those 

who are involved in fields of work that involve aphid control, or could even further our 

knowledge of the roles of H. defensa in the aphid. We expect to see in increase in phage loss 

throughout subsequent generations. 

Material and Methods 

Study System  

Acyrthosiphon pisum resides mainly on legume crops (Blackman and Eastop 1984).  This 

insect is cyclically parthenogenetic in nature; it reproduces asexually during the summer, but 

relies on the change in photoperiod to transform to a sexual form that lays eggs on its host plant 

in the fall season (Lamb and Pointing 1972). To maintain parthenogenetic lines in the laboratory,  

clonal lines of A. pisum (Hemiptera: Aphididae) were established from field collected 

parthenogenetic females and maintained on seedlings of Vicia faba at 20°C ± 1°C on a 16/8-h 

light/dark cycle.  Line A1A was collected in Utah in 2003, and line 5A was collected in Madison, 

Wisconsin. A1A-5A was created in the laboratory by microinjecting hemolymph from A1A into 
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5A aphids (Oliver et al. 2005). The parasitoid of the aphid, Aphidius ervi, is commonly 

employed in controlling aphid populations on crops that are subject to foraging. When the female 

wasp has found a suitable host, she bends her abdomen under her legs and injects an egg in the 

aphid with her ovipositor (Libbrecht et al. 2007). Aphids may continue feeding and reproducing 

for several days, until the egg hatches. When the egg hatches, the A. pisum larvae begin eating 

the aphid from the inside. Effective parasitization is obvious when the aphid swells and hardens 

into a leathery, brown colored “mummy”. The parasite completes the life cycle by emerging as 

an adult through the mummy. Mummies can usually be seen 14 – 21 days after the first 

introduction is made. Development time is dependent upon the temperature and other 

environmental factors. One female wasp lays about 350 eggs in a lifetime, most of which are laid 

in the first five days after introduction. 

Diagnostic PCR 

Aphid genomic DNA was isolated from individual aphids by homogenizing them in 50 μL of 

squish buffer (Gloor et al. 2003) and 0.5 μL Proteinase K. DNA extractions were completed by 

running these samples at 35°C for 35 minutes (lysis period) and then at 95°C for 2 minutes (to 

inactivate Proteinase K) in an Eppendorf Thermal Cycler. We used diagnostic PCR to amplify 

fragments of the APSE P45 gene. (APSE30.6F, 5′- AGTGCAGAAGGGTAACAAAGAC-3′, 

and APSE31.9R, 5′-GGCTCTGATATTTTAGCCATGC -3′) (Degnan and Moran 2008), and the 

16S rRNA gene of Hamiltonella (HamF TGAGTAAAGTCTGGAATCTGG-3’ and HamR 5’- 

AGTTCAAGACCGCAACCTC-3’) (Chiel et al. 2007). Reaction mixtures were prepared in 10 

μl volumes. Each APSE reaction mixture contained 4.12  μl water, 1.0 μl of 10X buffer, 0.2 of 

Mg2+, 1.0 μl of deoxynucleoside triphosphates, 0.8 μl of each primer), 0.08 μl of Taq 

polymerase, and 2.0 μl  of the DNA. The recipe was the same for Hamiltonella screens, except 
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that 4.32 μl of water was added, and no Mg2+ was added. PCR cycling conditions for APSE were 

as follows: 1 cycle of 94°C for 2 min (denaturation); 10 cycles of 95°C for 30 secs 

(denaturation), 56°C for 50 secs (annealing), and 72°C for 75 secs (extension); 24 cycles of 95°C 

for 30 secs (denaturation), 46°C for 50 secs (annealing), 72°C for 75 secs (extension); and 1 

cycle of 72°C for 6 min (a final extension). For detection of Hamiltonella defensa, PCR 

conditions were: an initial denaturation of 2 mins at 94°C, followed by 35 cycles of 94°C for 30 

sec, 60°C for 30 sec, 72°C for 30 sec, and a final extension of 72°C for 6 min. Products were run 

in 1.5% agarose gels and with a 1-kb Plus DNA ladder (Fermentas) as a standard. 

Attempt to transfer APSE to aphids using artificial Diet 

APSE was extracted from AS3 aphids, which are positive for phage, using a homogenizer 

followed by filtration. Approximately 150 aphids were placed in a glass homogenizer with 100 

mL phage buffer. The homogenized mixture was centrifuged at 800 rpm for 7 minutes, until the 

solid and liquid phases were distinctly separate. The solid was discarded, and the liquid was 

filtered through three microfilters, of descending pore size: 1.5 μL, 0.5 μL and 0.2 μL.  The 

remaining liquid contained phage, but the pore size was too small to allow to the bacterial 

symbionts to pass. This phage was mixed in with 35 mL of pre-prepared artificial aphid diet. 

This diet-phage mixture was put into 35 x 10 mm Petri dish lids in about 5 mL aliquots and 

sealed with parafilm. These Petri dish lids were taped to the bottom of 60 x 15 mm Petri dishes. 

About 30-35 2nd or 3rd instar aphids of clonal line A2C, which were infected with a strain of 

Hamiltonella that did not carry the phage (confirmed by diagnostic PCR), were placed on the 

parafilm to access the diet. 

About 6 dishes were made for each trial. After feeding on the diet for 2 days, aphids were 

counted and put on new plants (the aphids from different dishes were kept on separate plants). 
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These aphids were kept on plants from 1.5 to 2 weeks. As they began to reproduce, the earliest 

offspring were removed from the plant to ensure that they did not grow into adults and begin 

reproducing. This would cause confusion in keeping track of the offspring from the original 

aphid. After about 2 weeks, the late offspring from mothers that fed on the phage-containing 

artificial diet were collected and screened for the presence of APSE.  

Injections  

The injections were conducted by extracting the phage as explained above. About 35 

A2C aphids were injected with the phage. The dissecting needle was sterilized by flame and 

ethanol, and then dipped into the phage and jabbed through the venter of the aphids. These 

aphids were transferred to a food plant and late offspring were screened for phage. 

Horizontal Transfer via Cohabitation and Wasp Parasitism 

Six experimental colonies were established with equal numbers of phage-negative and 

phage-positive aphids on V. faba (approximately 150 aphids per cage) to determine if the phage 

is potentially transferred between aphid lines feeding on the same host plants.  In each 

experimental colony, we placed either lines A1A-5X (red, negative) and AS5 (green, positive) 

together, or lines A2C (green, negative) and 828-5A (red, positive). These lines consisting of 

different color morphs allow us to distinguish which line is uninfected in each pairing. Ten 

female wasps were introduced into half of the experimental colonies, while the other three were 

left unparasitized. The jars with wasps in them were set up to see if the phage could be spread by 

sequential parasitism of infected and uninfected aphids by a common wasp. These plant cultures 

were periodically changed, and about 50 aphids were transferred to new plants each time.  

Diagnostic PCR was conducted weekly to determine if any individuals of the phage-negative 

aphid clones became infected with APSE.   
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Estimating rate of Vertical Transfer of APSE 

The culture used for this assay was A1A-5A, a line of aphids that has both the symbiont and the 

phage we are testing for. Fifty-nine Petri dishes were set up with one Vicia faba leaf in 1% agar. 

One 3rd instar aphid from the A1A-5A line was put in each dish (generation A). These dishes 

were kept in the growth chamber (conditions). To initiate Generation B, one aphid was taken 

from each mother of Generation 1 and put 

on a new dish. Dishes 1 through 30 

contained offspring produced late in the 

mother’s reproductive life, while dishes 31 

through 59 contained offspring produced 

early. The remaining offspring and 

mothers from the original dish were 

collected and stored in ethanol at -20˚C for 

further testing.  One aphid of the earliest offspring of Gen B was used to start Generation C, for 

all dishes. These aphid lines were maintained continuously, and bottlenecked every generation. 

Aphids throughout the first generation were tested for phage infection status using diagnostic 

PCR, as were a small sample of aphids from the fifth generation (generation E).  

Data Analysis 

Data were normally distributed and so ANOVAs were conducted in JMP version 4 (SAS 

Institute, Cary, NC). 

Results 

Were attempts at horizontal transmission successful?  

Transmission attempts were not successful (see Table 1). 
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Table 1. Phage introduction methods, numbers tested, and successful attempts 

Method of phage 
transmission 

Approximate 
Number of Aphids 

Treated 

Approximate 
Number of Aphids 

Tested 

Attempts 
Successful 

Inoculations 25 50 None 
Microinjections 30 2 None 

Cohabitation- without 
wasps 

8000 320 None 

Cohabitation- with wasps 4000 160 None 
 

Does phage presence increase in successive offspring within a single generation? 

From phage-infected mothers (clone A1A-5A), we observed a general trend that the phage is lost 

in early offspring more than in later offspring (see Figure 1). This is not the case for all 39 of the 

positive aphids, because some of them had positive offspring throughout their reproductive 

lifetime. The mean proportion of phage presence increases from “first” to “in between” to 

“latest” offspring groups (nfirst=39, nin between=38, nlatest=27). The results of the Tukey-Kramer test 

showed there is a statistically significant 

difference between the means of “first” and 

“in-between” offspring (Student’s t74 =-2.6, P 

=0.01), and between the “first” and “latest” 

offspring (Student’s t64 = -4.38, P =<0.0001).  

Figure 1 Proportion of phage presence in 
offspring relative to birth order 

 

Does phage presence vary throughout successive generations? 

Testing early and later generations of the AIA-5A lineage indicated a decrease in phage presence 

through successive generations (see Figure 2).  There was a significant difference between the 

phage presence proportions of generations A and E (Student’s t122 =-4.34, P =<0.0001). The 
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generations that were tested had different 

sample sizes (nA=104, nE=20). Of the 33 

aphids tested in generation E, 14 tested 

negative for phage.  

Figure 2 Phage loss between Generations 

A and E 

 
 

Are other H. defensa positive lines experiencing a similar phage loss pattern? 

In testing two other H. defensa positive aphid lines, the same patterns of phage loss were not 

exhibited. 

Discussion 

 We were not successful in attempts transfer APSE from phage-positive aphids to phage-

negative aphids. This could be due to a number of factors; although we can extrapolate that the 

rate of horizontal phage transmission in nature is quite low. The phage may not have been 

transferred because the A2C line may be resistant to phage. An alternative line of aphids could 

be tested using the same methods and procedure to ensure that A2C is indeed a susceptible line. 

 Various features should be considered with respect to the individual methods. For 

instance, the density of phage mixed with the artificial diet may have been unbalanced with too 

many phage relative to diet constituents. It is more likely, however, that the phage or other 

components of the phage extract are toxic to the aphid.  

The success of the microinjections may have been compromised due to an improper 

injection; the unborn offspring may have been punctured when the needle was jabbed through 
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the venter. In future trials, pulled glass needles or microinjection equipment could be used to 

stabilize the insertion of phage into the aphid.  

Our testing did not show any evidence of successful phage transfer through cohabitation 

or parasitism. This may have been due to the short amount of time the aphids were kept together 

before they were tested. In future experiments, the aphids could cohabitate for a longer period of 

time, such as 6 weeks, and would then be periodically tested to ascertain any signs of phage 

transfer.  

In the vertical transfer assay, it was observed that phage is lost more frequently in early 

offspring than in late offspring. This is surprisingly since a high fidelity of vertical transfer of the 

phage is expected. It is possible that the phage titers are lower in an early adult aphid, and as the 

aphid matures the phage infects host cells and multiplies, increasing the amount that infects the 

offspring. Our results indicate that vertical transfer of H. defensa does not dictate vertical transfer 

of the APSE bacteriophage. As we already know, H. defensa can exist in its host without the 

presence of APSE, but APSE is dependent on the presence of H. defensa. 

Related studies have confirmed the assumption that a line of aphids that loses the phage 

does not gain it back spontaneously (Degnan, unpublished work). This observation is the intent 

behind attempting to transfer the phage to an uninfected line (through horizontal transfer). 

Among the generations we have tested so far, we have seen a significant decrease in phage 

presence (see Figure 2). This is consistent with the aforementioned finding that the loss of phage 

is permanent. Therefore we can expect to see a marked decrease in phage presence in further 

generations until the phage becomes extinct in the population. However, the accuracy of phage 

loss rate could be compromised by the fact that the phage does not necessarily need to exist in 

the aphid in a low-risk environment. In nature, the presence of phage is most likely dictated by 
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the possibility of being parasitized, a threat that does not exist under the controlled conditions we 

provided in the laboratory.  

The rate of phage loss could have implications in the farming industry. Farmers who 

grow crops that are subject to aphid inhabitation and consumption could use the rate of phage 

loss to determine when to introduce the parasitoid wasps to predate the aphids, and also perhaps 

plant accordingly.  Extended knowledge concerning phage loss could also further the 

understanding of phage and symbiont dynamics in nature, so we can more specifically apply 

what we know to what we see in nature.  

The complete rate of phage loss cannot be determined until we come upon a generation 

that has completely lost the phage. Ongoing work continues to test subsequent generations so a 

more distinct rate of phage loss can be conferred.   
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