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Many insects are associated with heritable symbionts that mediate ecological interactions, including host protection against nat-
ural enemies. The cowpea aphid, Aphis craccivora, is a polyphagous pest that harbors Hamiltonella defensa, which defends
against parasitic wasps. Despite this protective benefit, this symbiont occurs only at intermediate frequencies in field popula-
tions. To identify factors constraining H. defensa invasion in Ap. craccivora, we estimated symbiont transmission rates, per-
formed fitness assays, and measured infection dynamics in population cages to evaluate effects of infection. Similar to results
with the pea aphid, Acyrthosiphon pisum, we found no consistent costs to infection using component fitness assays, but we did
identify clear costs to infection in population cages when no enemies were present. Maternal transmission rates of H. defensa in
Ap. craccivora were high (ca. 99%) but not perfect. Transmission failures and infection costs likely limit the spread of protective
H. defensa in Ap. craccivora. We also characterized several parameters of H. defensa infection potentially relevant to the protec-
tive phenotype. We confirmed the presence of H. defensa in aphid hemolymph, where it potentially interacts with endoparasites,
and performed real-time quantitative PCR (qQPCR) to estimate symbiont and phage abundance during aphid development. We
also examined strain variation of H. defensa and its bacteriophage at multiple loci, and despite our lines being collected in differ-

ent regions of North America, they were infected with a nearly identical strains of H. defensa and APSE4 phage. The limited
strain diversity observed for these defensive elements may result in relatively static protection profile for this defensive

symbiosis.

,VI any, if not most, insect species are infected with maternally
transmitted bacterial symbionts capable of exerting major
effects on host biology (1-5). While some heritable symbiont in-
fections are required for their insect host’s survival and reproduc-
tion, e.g., the bacteriocyte-associated nutritional symbionts found
in sap-feeding insects (6), the majority represent facultative infec-
tions (4). Many facultative symbionts mediate important ecolog-
ical interactions, and there is an emerging awareness that infection
can protect hosts from a range of environmental threats (3, 7-9).
Both theory and experimental evidence indicate that protective
benefits likely contribute to the spread of heritable symbionts
within host populations (10-13). Heritable facultative symbiont
infections, however, are often found at intermediate frequencies
in natural populations, and infection costs and transmission fail-
ures are potentially important in limiting their spread (9).

The heritable symbionts of the pea aphid Acyrthosiphon pisum
are among the best studied (14). All Ac. pisum aphids possess the
obligate nutritional symbiont Buchnera aphidicola (1, 15), and
many harbor one or more facultative symbionts (14). Aphids are
ideal for studying the effects of heritable infections, because fac-
ultative symbionts can be manipulated among clonal lineages, re-
sulting in experimental aphid lines that, for example, share the
same genetic background but vary in terms of infection by partic-
ular symbionts (14). Such experimental studies with Ac. pisum
have identified diverse benefits to infection with common facul-
tative symbionts, including protection against heat stress (16-18),
fungal pathogens (19-21), and parasitoid wasps (22-24). Despite
these benefits, the heritable protective symbionts of Ac. pisum typ-
ically remain at intermediate frequencies among surveyed popu-
lations (for examples, see references 25 to 31). For example, a
survey of Hamiltonella defensa, which defends against parasitoids,
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reported infection frequencies ranging from ca. 30 to 60% in three
North American Medicago populations (27). In laboratory-reared
Ac. pisum, vertical transmission rates of the common gammapro-
teobacterial facultative symbionts approach 100% (32—34). Inher-
itance failures under natural conditions and during the overwin-
tering egg stage potentially influence symbiont frequencies, but
rates of loss are unknown. Clear costs to infections with protective
bacteria, including Hamiltonella defensa, have been difficult to
identify for particular symbionts in Ac. pisum (9). Studies of stan-
dard fitness parameters (e.g., fecundity and development time)
comparing aphids of the same genotype with and without H. de-
fensa, which protects against parasitoids, find no consistent costs
to infection and in fact often report benefits (for examples, see
references 13 and 18). Population cage studies, however, identify
benefits to infection in the presence of parasitoid wasps but costs
in control cages lacking enemies (13), suggesting that fitness
tradeoffs contribute to the maintenance of H. defensa at interme-
diate frequencies in natural populations.

Many of the symbionts infecting Ac. pisum are found in other
aphid species and in other insects more generally, yet their roles in
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other hosts are less well known. H. defensa, for example, is esti-
mated to occur in 14% of aphid species (14). Recent work has
shown that this symbiont confers protection against parasitoids in
two other aphid hosts: the black bean aphid, Aphis fabae (35), with
which costs to infection have also been found (36), and the cowpea
aphid, Aphis craccivora (37, 38). Interestingly, in Ap. craccivora, H.
defensa protects only against some parasitoid species, completely
eliminating parasitism by two Binodoxys species but having no
effect on two other aphidiine braconids, Aphidius colemani and
Lysiphlebus orientalis (37). These findings, together with results
from Ac. pisum, indicate that host protection may be a common
phenotype associated with H. defensa, although there have been
strains identified in both the grain aphid, Sitobion avenae (39), and
possibly Ac. pisum (40) that do not confer host protection.

Although the mechanisms underlying H. defensa-based pro-
tection are unknown, temperate bacteriophages, called APSEs
(Ac. pisum secondary endosymbionts), are required to produce
the protective phenotype in Ac. pisum (22, 41-43). Seven APSE
variants have been described, including three from Ac. pisum
(APSE1 to APSE3) and one from Ap. craccivora (APSE4) (41).
While no in vitro assays confirm that phage toxins kill developing
parasitoids, APSE2s, which encode a homolog of CdtB (cytolethal
distending toxin), are associated with H. defensa strains conferring
moderate levels of protection, and strains carrying YDp (putative
toxin)-encoding APSE3s receive high levels of protection (22, 23,
41). A strain of H. defensa from Ap. craccivora was transferred into
Ac. pisum, on which it conferred moderate protection against the
wasp Aphidius ervi (23). The APSE4 haplotype from this H. de-
fensa strain (5ATac) is the only Ap. craccivora APSE characterized
to date and contains Shiga-like toxin homologs (as do APSE1 and
APSES, from Ac. pisum and Uroleucon rudbeckiae, respectively)
including a possible functional correlate of StxA, the cytotoxic
alpha unit (41).

The purpose of this study was to investigate infection costs and
maternal transmission efficiency of H. defensa infecting Ap. crac-
civora as factors constraining the spread of this symbiont in natu-
ral populations, given that this symbiont confers protection
against parasitoids (37) yet remains at intermediate frequencies (0
to 85%) in natural populations (44, 45). In addition, we sought to
characterize certain attributes of H. defensa infecting Ap. crac-
civora that may be important for the protective phenotype. We
determined phage variant and putative toxins associated with the
strain already known to confer protection in the native host, ver-
ified that this strain also persists extracellularly in the hemolymph
(which may be necessary to protect against endoparasitic wasps),
and estimated symbiont and APSE abundances across aphid de-
velopment.

MATERIALS AND METHODS

Experimental aphids. Ap. craccivora is a cosmopolitan polyphagous crop
pest of legumes (46-48). Though there have been reports of sexual
morphs (49), Ap. craccivora aphids are thought to be primarily anholocy-
clic, i.e., only reproducing parthenogenetically, in northern latitudes, dy-
ing off during the winter and recolonizing temperate areas via migration
each season (46, 50, 51).

We reared Ap. craccivora aphids field collected from alfalfa plants
(Medicago sativa) on Vicia faba (favabean), which is a suitable food source
regardless of the host plant from which this aphid is collected (52). Clonal
lines were initiated from single parthenogenetic Ap. craccivora females
(Table 1), and each line was held in replicate cup cages (inverted Solo
[Lake Forest, IL] clear plastic cups vented with a mesh top over a 3.5-in.
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TABLE 1 Collection data for Ap. craccivora clones used in the present
study”

Clone Location Year
AC1 Lexington, KY 2010
AC17 Tucson, AZ 2009
AC21 Tucson, AZ 2009
LL1 Lexington, KY 2011
SV1 Harrodsburg, KY 2011

“ The host plant in all cases was Medicago sativa. DGGE confirmed the presence of H.
defensa only in all clones.

plant pot) in biological incubators (Percival Scientific, Inc., Perry, IA) at
both 20 and 25°C with a 16-h:8-h light-dark cycle. The long-day condi-
tions imitate summer photoperiod to ensure maintenance of parthenoge-
netic reproduction.

Determination of infection status and creation and genotyping of
experimental aphid lines. Diverse and sometimes unexpected symbiont
lineages have been discovered within field-collected aphids (for examples,
see references 27 and 53 to 55). To ensure the presence of only H. defensa
in our experimental lines, we used a universal 16S rRNA screening tech-
nique called denaturing gradient gel electrophoresis (DGGE) to detect all
bacteria present. DNA extractions were conducted using the E.Z.N.A.
insect DNA isolation kit (Omega Bio-Tek; Norcross, GA) by following the
manufacturer’s instructions, and DNA concentration was measured with
a NanoDrop spectrophotometer (Thermo Scientific). Extractions with
>15 ng/pl were stored at 4°C (if used for testing within 3 months) or
—20°C.

All Ap. craccivora clones used in this study were screened with DGGE
primers 356F, with a stabilizing GC-clamp (5'-GC CGC CCG CCG CGC
CCC GCG CCC GTC CCG CCG CCC CCG CCC CCC TAC GGG AGG
CAG CAG-3"), and 517R (5'-ATT ACC GCG GCT GCT GG-3'), which
amplify the variable V3 region of 16S (56). PCRs with 20 pl were con-
ducted with a cocktail of PCR-grade water, 10X PCR buffer (200 mM
Tris-HCI [pH 8.4], 500 mM KCl), MgCl, (1.5 mM), deoxynucleoside
triphosphates (ANTPs; 200 uM), APEX HotStart Taqg DNA polymerase
(5 U/pl; Genesee Scientific, San Diego, CA), forward and reverse primers
(5 uM each), and a DNA template (~300 ng) under the following condi-
tions: 95°C for 15 min to activate the enzyme; 20 cycles of 94°C for 1 min,
a 65 to 55°C touchdown for 1 min (—0.5°C/cycle), and 72°C for 1 min; 25
cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min; and, finally,
72°C for 8 min, followed by a 4°C hold (56). 16S PCR amplicons were run
at 70 V for 16.5 h (60°C) on 6.5% acrylamide gels containing a 40 to 65%
denaturing gradient of 7 M urea and 40% (vol/vol) formamide in a CBS
Scientific DGGE rig (Del Mar, CA). Gel bands were excised, eluted in 50 pl
of PCR-grade water, and incubated at 37°C for 30 min for template use for
repeating the DGGE PCR. These PCR products were cleaned with the
Omega Bio-Tek E.Z.N.A. Cycle Pure kit per the manufacturer’s instruc-
tions and sequenced by Eurofins MWG Operon (Huntsville, AL).

We initially screened 10 Ap. craccivora lines and confirmed the pres-
ence of only H. defensa (i.e., no coinfections) with DGGE and diagnostic
PCR. Five of these H. defensa lines were used for subsequent experimental
assays (Table 1). Using a technique modified from reference 57, cohorts in
three aphid lines (AC1, SV1, and LL1) were selectively cured of H. defensa.
Briefly, 10 4th-instar aphids from each clonal line fed on an artificial diet
(58) mixed with an antibiotic cocktail of 50 wg/ml each of gentamicin,
cefotaxime, and ampicillin for 3 days. We pipetted the antibiotic-treated
diet into a small polystyrene petri dish (35-mm diameter) covered with
Parafilm M stretched thoroughly across the dish’s opening. This dish was
inverted and placed in a larger petri dish so that aphids could feed through
the membrane via their stylet. Clonal lines were maintained on separate
petri dishes, and after 3 days, aphids were individually placed on V. faba
plants, offspring were collected, and infection absence was confirmed us-
ing PCR for H. defensa. All experimental lines were started from single
parthenogenetic females, and those cured were designated with an “ab”
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TABLE 2 Oligonucleotide primers used in this study

Locus Primers (5'-3")¢ Reference(s)
Microsatellite loci
Ago53 F: TGACGAACGTGGTTAGTCGT 62
R: TGACGAACGTGGTTAGTCGT
Ago89 F: GAACAGTGCTCGCAGTCTAT 62
R: GACAGCGTAAACATCGCGGT
Ago59 F: GCGAGTGGTATTCGCTTAGT 62
R: GTTACCCTCGACGATTGCGT
Ago66 F: TCGGTTTGGCAACGTCGGGC 62
R: GACTAGGGAGATGCCGGCGA
Ago24 F: TTTTCCCGGCACACCGAGT 62
R: GCCAAACTTTACACCCCGC
R5.10 F: CGACTAAGCTTAATATTGTTTG 63
R: CGGTTCGGAGAACATAAGAG
S23 F: GGTCCGAGAGCATTCATTAGG 64
R: CGTCGTTGTCATTGTCGTCG
s17b F: TTCTGGCTTCATTCCGGTCG 64

APSE variable cassette region

R: CGTCGCGTTAGTGAACCGTG

Modified from references 41 and 43

APSE4 P5 to P8 F: AGACATGGACCCCGAGGTGA
R: TCGCCTACTACAATACCTACCTGGC
APSE4 P8 and P9 F: GCGCTAGTGCTTGTTTTAGGCGG

Modified from references 41 and 43

R: GCCGGGATCATCTGCTCTTTCGC

APSE4 P9 and P10

F: ACCTGGACCCATCAAAGAGAGTTCA

Modified from references 41 and 43

R: AACGTAGCAAGGCCAGGCGG

“F, forward; R, reverse.

following their clone names (e.g., AClab). Cured lines were not used in
any experiment until at least 10 generations had passed to eliminate any
residual effects from the antibiotic treatment (59), and lines were retested
with diagnostic PCR prior to each experimental assay.

Given the anholocyclic reproduction of this aphid in North America,
we conducted microsatellite genotyping using cross-species amplification
of loci from related aphids (60, 61) to determine if discernible genetic
variation was present among the five lines considered in this study. Eight
microsatellite loci (see Table 2 for loci used and primer sequences) were
PCR amplified with Dye Set-30 (DS-30) fluorescent primers using a
touchdown reaction as follows: 94°C for 3 min; 45 cycles of 95°C for 30 s,
68 to 56°C touchdown for 13 cycles and then 55°C for 32 cycles, each cycle
for 30 s, followed by 72°C for 30 s; and then 72°C for 6 min and a 4°C hold.
The PCR samples were then sent to The Georgia Genomics Facility for
fluorescent genotyping analysis on an Applied Biosystems 3730x] DNA
analyzer, using the ROX500 size standard, and then analyzed using Ge-
neious 6.1. We found at least one allelic difference per line, indicating that
the lines comprise distinct clonal lineages (Table 3).

Estimating maternal transmission efficiency. To estimate vertical
transmission rates of H. defensa in Ap. craccivora, a total of 601 3rd-instar
offspring from 57 mothers from four A. craccivora lines (AC1, AC21, AC17,

TABLE 3 Allele sizes for five aphid lines across eight microsatellite loci

and SV1) known to be infected were screened with diagnostic PCR for the
presence of H. defensa. Most (n = 430) were reared at 25°C, but some (n =
171) were evaluated at 20°C to determine if temperature had large effects on
transmission rates. A subset (n = 341) of offspring were also screened for
APSE presence. All cohorts were started with 4th-instar aphids individually
placed in petri dishes with freshly clipped V. faba leaves and allowed to repro-
duce for several days. Offspring were sampled every 2 to 3 days until the
mother died. Third-instar offspring were collected in 0.2-pl test tubes, and
DNA was prepared with the “squish extraction” method adapted from refer-
ence 65: individual whole aphids were ground, with a pipette tip, in a lysis
buffer (10 mM Tris-Cl [pH 8.2], 1 mM EDTA, 25 mM NaCl) containing
proteinase K (20 mg/ml) and incubated at 40°C for 35 min, then incubated at
95°C for 2 min 30 s, and held at 4°C until use. Diagnostic PCR was conducted
within 1 week of squish extractions.

To assess H. defensa presence, we amplified a fragment of the H. de-
fensa dnaK gene using primers T70F2 (5'-GGT TCA GAA AAA AGT GGC
AG-3") and T70R2 (5'-CGA GCG AAA GAG TGA-3"), and for APSE we
amplified a portion of the P28 gene using primers APSEP28F (5'-TGA
TAA AAG CGG ATA ATG CC-3") and APSEP28R (5'-GCG TTT GTC
ATA CTG AAA AGG-3") (42). We confirmed extraction viability of any
samples not found to be infected with H. defensa by amplifying fragments

Allele size(s) (bp) at each diploid locus®

Ago53 Ago89 Ago24 Ago59 R5.10 Ago66 S23 S17b
Line Allelel Allele2 Allele1 Allele2 Allele1 Allele2 Allele1 Allele2 Allele1 Allele2 Allele 1 Allele2 Allele 1 Allele2 Allele 1 Allele 2
ACl 114 171 148 144 246 134 164 137 141
AC17 114 171 146 144 246 151 153 164 137 141
AC21 114 171 148 144 246 151 153 164 137 141
LL1 114 171 146 144 246 151 153 164 137 139
SV1 114 171 144 246 151 153 164 137 141

“ Empty cells indicate homozygosity.
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of the aphid gene efla (primers ACeflaF [5'-CCG TGG AGA TGC ACC
ACG AAG C-3'] and ACeflaR [5'-AGC AGC TCC CTT GGG TGG GT-
3']) and Buchnera gene dnaK (primers 215F [5'-CCA ACA GCT GCG
GCA CTT GC-3'] and 216R [5'-TCA CCT CCA AGA TGG GTG TCT
CCA-3']). All diagnostic PCRs were performed on a Roche LightCycler
480 11. Each 10-pl reaction mixture contained 5 pl of SYBR green I Master
(Molecular Probes, Inc., Eugene, OR), 1 pl (5 uM) each of forward and
reverse primers, 2 pl of PCR-grade water, and 1 il of DNA template. PCR
included 95°C for 5 min; 45 cycles at 95°C for 10 s, annealing temperature
decreases from 68°C to 55°C at 18°C increments, and 72°C for 10 s; a
melting curve at 95°C for 5's, 65°C for 1 min, and then 97°C; and a final
hold at 40°C. Each PCR run also included positive and negative controls.

Identifying potential fitness costs in H. defensa-infected Ap. crac-
civora. Using genetically controlled experimental Ap. craccivora lines, we
conducted fitness assays to determine whether H. defensa infection influ-
enced development time, fecundity, size, and survival (as described in
references 18 and 26). All fitness assays were performed at both 20 and
25°C, and within each incubator, cohort cup cages were kept on the same
tray and routinely rotated to reduce potential positional effects. To further
control for variation, all experiments were started with same-aged (£3 h)
aphids on ~2-week-old V. faba plants.

We first compared Ap. craccivora development time as measured from
the time of birth (3 h) to first reproduction (TFR) and adult fresh weight
(FW) at first reproduction using three aphid lines with H. defensa relative
to their uninfected counterparts sharing the same genetic background
(AC1 versus AClab, SV1 versus SV1ab, and LL1 versus LL1ab). Starting 4
days after the onset of the assay, cup cages were monitored at 2-h intervals
for reproduction, at which point the TFR was noted and individual adults
were immediately weighed on a microscale.

We then assessed cumulative fecundity and survivorship for experi-
mental lines (SV1 versus SV1ab and AC1 versus AClab). These assays
were not conducted with the experimental pair LL1 and LL1ab due to loss
of H. defensa infection in LL1, likely due to transmission failure (see “Ma-
ternal transmission loss in Ap. craccivora” below). Five nymphs (48 + 3 h)
from each aphid line were placed per V. faba cup cage (n = 8) at both 20
and 25°C. Once aphids reached adulthood, the numbers of offspring and
adults (alive and dead) were monitored at 2- to 3-day intervals. All off-
spring were removed to prevent them from developing to adults and
contributing to offspring total, and the best efforts were made to avoid
disturbing adult aphids. Cage bottoms were lined with Fisher weighing
paper (4 by 4 in.) to catch dropping aphids and prevent them from falling
into the soil, reducing mortality for fallen aphids and resulting in more
accurate counts and easier offspring monitoring. Due to plant senescence,
adult aphids were carefully transferred to a fresh plant approximately 15
days into the assay.

Population cages. To determine if costs to infection were more appar-
ent in the presence of competition, we conducted population cage exper-
iments. Due to the labor-intensive nature of population cage experiments,
we used a single aphid background (AC1) with and without H. defensa
since this is the line known to confer resistance to parasitoids. Three
replicate cages (BugDorm; 25 cm by 25 cm by 25 cm) were maintained at
both 20 and 25°C (n = 6 total), each containing four V. faba plants of
similar ages and sizes. All cages were initiated with an equal number (80)
of same-aged 3rd-instar aphid nymphs in one clonal background, but
50% were infected with H. defensa (AC1), and 50% were uninfected
(AClab). By following protocols outlined in reference 13, we then esti-
mated H. defensa infection frequency over time by sampling 60 3rd-instar
nymphs at regular intervals. Care was taken to collect aphids from all plant
parts within each cage to provide a representative sample. Due to the
amount of time required to perform DNA extractions, sampling was stag-
gered over 2 days where samples from 25°C cages were collected and
extracted on day 1 and samples from 20°C cages were processed on day 2.
DNA extractions were performed using the squish extraction protocol,
and diagnostic PCR for H. defensa infection status was performed using
the dnaK primers (T70F2 and T70R2), PCR cocktail, and reaction condi-
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tions outlined above. Also as described above, individuals testing negative
for H. defensa were screened for Buchnera to ensure that extractions were
viable. The 25°C cages were tested at eight time points, but the 20°C cages
had lower population sizes and were tested at six time points so that
sampling itself would not have large effects on aphid abundance.

Characterization of H. defensa strains and phage variants in exper-
imental aphid lines. To characterize the H. defensa strains and APSE
variants used in this study, we adapted the multilocus approach developed
by Degnan and Moran (66). We examined six H. defensa housekeeping
genes (accD, dnaA, hrpA, rec], ptsl, and rpoS) and two genes involved with
the type three secretion system (invC and spaP) as well as APSE genes
(P45, P3, P35, P41, and P51) in six aphid lines. Primer sequences and
reaction parameters can be found in reference 66. We also PCR amplified
and sequenced portions of the toxin-encoding APSE variable cassette re-
gions (VCR) thought to contribute to wasp mortality. Primers were de-
signed with Geneious Pro V.5.4.6 (Biomatters, Ltd.), which uses the
Primer3 engine, to amplify portions flanking conserved core genes (e.g.,
P3) of the APSE genome (41). A portion of this VCR of APSE was se-
quenced from region P5 to P10 (see Table 2 for primer sequences).

We conducted PCRs with 30-pl mixtures containing 15 pl of 2X
GoTaq Hot Start Colorless master mix (Promega, Madison, WI) (2X
Colorless GoTaq reaction buffer [pH 8.5], 400 uM each ANTP, and 4 mM
MgClL,), 5 pM (each) forward and reverse primers, 7.5 wl of PCR-grade
water, and 1.5 pl of DNA template (~9 to 15 ng/pl). For H. defensa and
APSE core genes, PCR conditions included 1 cycle at 94°C for 2 min; 11
cycles at 94°C for 30 s; a touchdown from 58°C to 46°C for 50 s and 72°C
for 1.5 min; then 25 cycles at 94°C for 30 s, 46°C for 50 s, and 72°C for 1.5
min; and 72°C for 5 min, followed by a hold at 4°C. APSE VCR primers
spanning P5 to P8 and P9 and P10 were amplified for 1 cycle at 94°C for 4
min; 25 cycles of 94°C for 1 min, 50°C for 1 min, and 72°C for 2 min; 72°C
for 10 min; and a hold at 14°C. APSE4 P8 and P9 primers were denatured
at 94°C for 2 min and then underwent 30 cycles of 94°C for 30 s, 57°C for
30, and 72°C for 45 s, followed by 72°C for 2 min and a hold at 4°C. PCR
products were cleaned with Fermentas (Glen Burnie, MD) FastAP (0.5 pl)
and exonuclease I (0.3 pl) by incubation for 10 min at 37°C and 5 min at
75°C, and then they were Sanger sequenced (Eurofins MWG Operon,
Huntsville, AL). The forward and reverse sequences were manually in-
spected for mismatched base pair assignments and ambiguities, and poor-
quality ends were trimmed using Geneious Pro V.5.4.6 software (Biom-
atters Ltd.).

Estimating APSE phage and H. defensa abundance. We estimated
symbiont abundance in Ap. craccivora throughout aphid development
using real-time quantitative PCR (qPCR). We estimated titers in two
clonal lines (AC1 and SV1) at four time points over aphid development
(48, 96, 144, and 216 h * 2 h) corresponding to three nymphal samples
and one in early adulthood (#n = 8 aphids per line and age). Titers were
taken at both 20 and 25°C, as temperature has been shown to influence
within-host densities in other insect systems (for examples, see reference
67). Samples for each time point were processed using the whole-aphid
squish extraction protocol outlined above. Single-copy bacterial (dnak)
and phage (P28) genes were amplified using a Roche LightCycler to esti-
mate the number of bacterial cells or phage genomic copies present in
each aphid using primers, PCR cocktail, and reaction conditions as de-
scribed above. Amplifications were analyzed with an external “absolute”
standard curve produced from serial dilutions of 1E02 to 1E09 (34). Each
qPCR run contained three standards and two negative controls to cali-
brate the external curve for each targeted gene. H. defensa and phage
values were corrected using the aphid efla gene (primers ACeflaF [5'-
CCG TGG AGA TGC ACC ACG AAG C-3'] and ACeflaR [5'-AGC AGC
TCC CTT GGG TGG GT-3']) to account for differences in extraction
efficiencies. A “relative” standard curve was created for the aphid efla
gene with the experimental sample with the highest crossing point (Cp)
value, which was serially diluted (5-fold) and run in triplicate to create an
internal standard curve. We used the Pfaffl method (68) to correct for
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TABLE 4 Vertical transmission rates of H. defensa and APSE in Ap.
craccivora

No. of offspring infected/no. screened

Organism 20°C 25°C Total
H. defensa 167/167 430/434 597/601
APSE 166/166 175/175 341/341

variation, as standard curve efficiency values differed (H. defensa dnak,
2.02; APSE P28, 2.01; and efla, 1.91).

Is H. defensa present in Ap. craccivora hemolymph? In Ac. pisum, H.
defensa persists intracellularly in bacteriocytes or sheath cells but also
extracellularly in the hemolymph (59, 69-72). H. defensa taken from Ap.
craccivora hemolymph has been used to successfully transfect Ac. pisum
(23), suggesting symbiont presence within the hemolymph. To confirm
this for the strain infecting line AC1, which confers protection in its native
Ap. craccivora host against some parasitoid species (37), hemolymph from
surface-sterilized aphids was obtained by clipping legs and collecting clear
hemolymph in 1X phosphate-buffered saline on a mounting slide. Sam-
ples were then fixed with 4% paraformaldehyde and incubated for ~30
min at 4°C. Slides were then stained with ~25 pl of Vectashield mounting
medium (Vector Laboratories, Inc., Burlingame, CA) containing 4'-6-
diamidino-2-phenylindole (DAPI; 1.5 pg/ml), and hemolymph was ob-
served with an inverted microscope with a UV light cube. Previous diag-
nostics indicated that H. defensa was the only symbiont present in this line
(see above) and that gut-associated bacteria or environmental contami-
nants are unlikely to be present in the hemolymph. However, we also
performed qPCR on hemolymph samples to verify that titers for H. de-
fensa roughly corresponded with microscopy observations.

Data analysis. All statistical analyses were performed using the JMP v.
9.0.3 64-bit platform (SAS Institute Inc., Cary, NC). Development times,
estimated by TFR, were nonnormally distributed, so a nonparametric
Wilcoxon rank sum analysis was performed. Both fresh-weight (FW) and
cumulative fecundity (per cup cage) data had log normal distributions, so
all were log transformed prior to analyses of variance (ANOVA). Bonfer-
roni corrections were applied to fecundity assays to control for familywise
error rate. Our population cage experiment resulted in nonnormally dis-
tributed data, so all ratios were logit transformed, and a linear regression
was performed to estimate selection for each infection type against time
combined with a ¢ test to evaluate whether the regression slopes signifi-
cantly differed from zero. A likelihood ratio X test was then used to
evaluate differences between the start and the final time points in the
population cages. We used logistic regression to analyze survivorship.

Nucleotide sequence accession number. Newly determined sequence
data for this study have been deposited in GenBank under accession num-
ber KM250079.

RESULTS

Maternal transmission loss in Ap. craccivora. Overall, the ma-
ternal transmission rate of H. defensa in Ap. craccivora (Table 4)
was high (99.33%, n = 601) but imperfect. Of the 601 offspring
evaluated, only 4 were not infected with H. defensa. These negative
values were confirmed with additional diagnostic PCR screens
verifying that DNA extractions were viable. All four transmission
failures occurred at 25°C, but given the small number of negatives
it is not surprising that a Pearson x” test found no relationship
between frequency of transmission and temperature (SV1 at 20
and 25°C, x*| ,5¢ = 1.748 and P = 0.19). The vertical transmission
rate for APSE was also very high, with 100% of the H. defensa-
infected aphids testing positive for the bacteriophage (n = 341)
(Table 4).

Estimates of fitness parameters between H. defensa-infected
and uninfected aphids. Overall, we found little effect of H. defensa
infection on aphid fresh weight at adulthood (Table 5). A single H.
defensa line (LL1) exhibited significant reductions in fresh weight
relative to the uninfected control (t,, = 5.104; P < 0.0001) at
20°C, suggesting an infection cost. We did not detect such a dif-
ference in this line at 25°C, indicating that if costs are present, they
may vary with temperature. We also found that infection with H.
defensa had little effect on development time. In our TFR assays
(Table 5), H. defensa-infected line AC1 showed a significant in-
crease (P = 0.0001) in medium development time relative to the
uninfected control, but only at 25°C, consistent with infection
costs.

A comparison of two H. defensa-infected and uninfected co-
horts revealed no significant differences in the cumulative fecun-
dity for either line at 20 or 25°C (Table 5). Tukey’s honestly sig-
nificant different (HSD) test found no differences among means
ateither 20°C (ANOVA, F; ¢, = 0.89; P = 0.45) or 25°C (ANOVA,
F; 45 = 1.85; P = 0.15). A logistic regression analysis of aphid
survivorship revealed that both clonal lines at 25°C, and one at
20°C, were more likely to survive through day 13 when infected
with H. defensa than were their uninfected clonal controls (Table
5). This suggests possible benefits to infection in the absence of

TABLE 5 Fitness assays of H. defensa-infected and uninfected aphid lines sharing the same genotype at 20 and 25°C*

Temp Mean cumulative fecundity = SE per  Survivorship regression equation
(°C) Line Mean FW (mg) = SE Median TFR, h (Q1, Q3) cup cage (x?, P value)
20 ACL  0.170 = 0.075 (n = 18; P = 0.97) 207 (163.375, 224) (P = 0.77) 60.51 = 0.11424 (n = 15; P = 0.60) Y = 1.02 — 0.45"9 (5.8, 0.02)
AClab 0.168 * 0.062 (n = 27) 212 (149.5, 232.5) 69.09 = 0.10686 (n = 16)
SV1 0.171 = 0.080 (n = 16; P = 0.44)  218.75 (131.25, 235.625) (P = 0.20)  48.36 = 0.16392 (n = 15; P = 0.31) Y = 1.15 + 0.07"% (0.2, 0.70)
SVlab 0.159 £ 0.079 (n = 16) 220.75 (205.5, 235.125) 64.48 * 0.15836 (n = 15)
LLI1 0.161 * 0.044 (n = 34; P < 0.01%) 213 (202, 230) (P = 0.04)
LLlab 0.218 £ 0.039 (n = 44) 206 (188.5,213)
25 ACl  0.136 = 0.048 (n = 39; P = 0.15) 161 (130.5, 175) (P < 0.01%) 131.21 = 0.14017 (n = 13; P = 0.03) Y§ = 0.38 — 0.51"9 (8.1, <0.01)
AClab  0.150 = 0.042 (n = 51) 130.5 (119.5, 147) 86.66 = 0.13507 (n = 14)
SV1 0.172 = 0.044 (n = 36; P = 0.86)  138.5(126.5, 157.125) (P = 0.86) 90.32 = 0.15866 (n = 12; P = 0.31) Y$ = 0.29 — 0.4874(6,0.01)
SVlab 0.177 = 0.047 (n = 31) 135 (122.5, 147) 118.26 * 0.17380 (n = 10)
LL1 0.160 = 0.046 (n = 40; P = 0.64)  130.75 (125.5, 154) (P = 0.58)
LLlab 0.164 = 0.044 (n = 44) 130.75 (125, 143.5)

“ Means (back-transformed), SE, and t test outcomes are presented for fresh weights (FW). For development time (TFR, in hours), median, quartiles 1 and 3 (Q1 and Q3), and
comparisons based on Wilcoxon rank sum test are presented. For both FW and TFR, n represents the number of aphids screened. Means for cumulative fecundity (back-
transformed) per cage and ANOVA t test outcomes, a comparison of aphid survival (up to day 13; 5 aphids per cage) logistic regression equation, and results of the likelihood ratio
test are presented. For cumulative fecundity and survivorship, n is the number of aphid cages per line and are the same for both assays, except survivorship differed for lines AClab

(n=15) and SVlab (n = 11) at 25°C (§). *, significant result after Bonferroni correction.
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FIG 1 Frequencies of H. defensa infection over time in population cages held at 20 (dashed line) and 25°C (solid line). At time zero, all cages started with 50%
infected aphids. For each time point, mean infection frequencies (with standard error) are presented.

wasps, or even thermal protection. The only exception was SV1 at
20°C, which showed no significant differences in life span associ-
ated with infection.

Population cages reveal clear costs to H. defensa infection in
the absence of wasps. We found significant decreases in the pro-
portion of Ap. craccivora (line AC1) infected with H. defensa in
population cages over time at both 20 and 25°C (Fig. 1). Symbiont
loss occurred earlier at 20°C and was complete for all 20°C cages.
Final infection frequencies differed significantly from the starting
frequencies (time zero) for both 20°C (likelihood ratio x* = 155.3;
P value < 0.0001) and 25°C cages (likelihood ratio x* = 76.6; P
value < 0.0001), and slopes differed significantly from null (i.e.,
no change in infection frequency) (see Table S1 in the supplemen-
tal material).

Characterization of H. defensa and APSE. Our experimental
lines (three from Kentucky and two from Arizona) were all in-
fected with the same H. defensa strain, which were 100% identical
at eight loci (totaling 5,465 bp) to one another and the previously
published Ap. craccivora-associated H. defensa strain (5ATac),
which was also collected in Arizona but >10 years earlier (66). All
five phage strain-typing loci (totaling 3,704 bp) were also identical
to the APSE4/5ATac previously characterized (66). Sequencing of
the variable cassette region revealed that this APSE4 encodes the
same putative toxin (Stx), with just a few changes (GenBank ac-
cession numbers KM250079 and EU794051): the P9 (putative
stxA analog) coding regions from the strains used in our study
were identical to one another, but all shared two single nucleotide
polymorphisms (SNPs) relative to the APSE4/5ATac previously
reported, including one that results in a change from glycine to
aspartic acid (41).

H. defensa and phage abundances in Ap. craccivora. We es-
timated the abundances of APSE4 and H. defensa in aphids at
several developmental stages using qPCR. Overall, titers of H. de-
fensa and APSE increased from 48-h-old nymphs (~2nd instar) to
9-day-old adults (Fig. 2). We detected more phage genomic copies
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(ratio range: 4.8 to 36.9 APSEs per H. defensa), with higher ratios
often found at 25°C than at 20°C (back-transformed 20°C x =
15.7039, 25°C X = 29.6802; ANOVA, n = 128 and P = 0.0016).
Also, ratios were lower in SV1 than in AC1 (back-transformed
ACl x = 44.6284and SV1 x = 10.4439; ANOVA,n =128 and P <
0.0001) (Fig. 3).

H. defensa present in Ap. craccivora hemolymph. With mi-
croscopy of hemolymph collections combined with qPCR, we
were able to confirm the extracellular presence of H. defensa in Ap.
craccivora hemolymph (see Fig. S1 in the supplemental material).
In line AC1, which harbors H. defensa and no other facultative
symbiont, rod-shaped bacteria (~2 pwm long) were seen as indi-
viduals or in pairs throughout the hemolymph, similar to how H.
defensa is described to occur in Ac. pisum (69, 71). qQPCR with
primers specific for H. defensa generated estimates in agreement
(10% to 10* H. defensa per l) with microscopy observations.

DISCUSSION

The cowpea aphid Ap. craccivora is infected with the heritable
facultative symbiont H. defensa, which confers protection against
some species of parasitic wasps (37, 38). Despite clear benefits to
infection in the presence of wasps, however, this symbiont is
found only at intermediate frequencies in natural populations (44,
45). In this study, we identified clear costs to infection and mater-
nal transmission failures associated with this protective symbiont,
which likely constrain H. defensa spread in natural populations.
Costs were most evident in population cage experiments,
where the proportion of uninfected aphids increased over time
relative to that of H. defensa-infected aphids sharing the same
aphid genotype (Fig. 1). In cages held at 20°C, H. defensa-infected
aphids were completely lost from the population in about 90 days
from a starting frequency of 50%. However, when we investigated
specific fitness parameters using cup cage assays in which aphids
were not reared in direct competition, we failed to identify con-
sistent costs among clones and treatments. In the aphid line SV1,
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FIG 2 H. defensa and APSEA4 titers over time. Mean genomic copies (y axis) of H. defensa (dnaK) and APSE (P28) for AC1 (A and B) and SV1 (C and D) at 20
and 25°C are shown. Values represent whole aphid (n = 8). Bars represent ranges.

for example, there were no significant differences between H. de-
fensa-infected and uninfected aphids among most parameters
other than an increase in survivorship for infected aphids at 25°C
(Table 5). Other clones showed costs to infection in some fitness
assays but only at one temperature; H. defensa-infected LL1, for
example, exhibited delayed development time and reduced mass
but only at 20°C (Table 5). Specific costs (e.g., fecundity and sur-
vival) have not been identified, but infection conceivably results in
constitutive costs, as H. defensa likely relies on the aphid and the
aphid’s obligate symbiont Buchnera for nutrition (73).

Overall, fitness estimates for Ap. craccivora are similar to pub-
lished findings for Ac. pisum, which also failed to identify specific

200
180

APSE: H. defensa genomic copies

2 ﬁ
Day 2 Day 4

OAcl 25°C oSvl 25°C ®Sv1 20°C

FIG 3 Mean ratio of APSE copies to H. defensa copies. For each column, the
mean ratio is shown (n = 8); bars represent 95% confidence intervals.

FiAcl 20°C
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and consistent costs to H. defensa infection in standard fitness
assays but found costs in population cages (for examples, see ref-
erences 13 and 18). The discrepancy between cup and population
cage assays may be due to holding lines separately in cup cage
assays, which can create statistical noise not present when differ-
ent aphid lines are subjected to identical conditions and allowing
small fitness differences to be detected (13). Costs (and benefits)
may also vary across food plants of polyphagous species (52) and
may differ on the natural host (Medicago sativa) relative to the
experimental host (Vicia faba). Preliminary trials, however, indi-
cate no consistent effect of host plant (M. sativa versus V. faba) on
Ap. craccivora performance with and without H. defensa (J. A.
White, unpublished data).

Cost to infection with H. defensa has also been reported for the
black bean aphid, Ap. fabae, a third aphid host in which this sym-
biont has been shown to confer protection against parasitoids (35,
36, 74). In the latter case, costs to survival were identified (36),
indicating that infection costs may vary across species. Across
these aphids, however, it appears that benefits in the presence of
parasitoids and costs in their absence likely contribute to the
maintenance of intermediate frequencies of H. defensa in nature.

We also documented imperfect maternal transmission of H.
defensa in Ap. craccivora (Table 4), which could influence H. de-
fensa infection frequencies in natural populations. Occasional
transmission failures in Ap. craccivora, when coupled with costs
identified in population cages, are consistent with anecdotal ob-
servations of repeated losses of H. defensa that we encountered
from subcultures started from single infected mothers. These sub-
cultures go through severe bottlenecks (5 to 10 aphids) exacerbat-
ing effects. This is in contrast to laboratory-held lines of Ac. pisum
carrying H. defensa in which vertical transmission rates approach
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100%, and no instances of H. defensa loss have been recorded
across numerous laboratory-held lines, many maintained for >10
years (33, 34). Of course, transmission rates for both species may
be substantially lower in the field, due to high or low temperatures
or other factors (for examples, see reference 75). It is unlikely,
however, that transmission failure contributed substantially to the
decline of H. defensa in our population cage studies given the very
low rates of failure at 0.67%. A previous study (13) also considered
inefficient transmission an unlikely factor influencing symbiont
loss within their population. In field populations, however, trans-
mission failure may be important to explain intermediate infec-
tion frequencies for species like Ap. craccivora, which do not un-
dergo sexual reproduction or overwinter at higher latitudes. This
is because new populations may be founded each season by one or
a few H. defensa-infected aphids, requiring maternal transmission
failure before relative fitness differences between infected and in-
fected individuals can be acted on by selection. Once infection
status is mixed among individuals, then fitness costs associated
with infection probably constrain symbiont spread relatively
more than transmission failure and potentially lead to the rapid
spread of uninfected individuals when parasitism pressure is low
(as in Fig. 1).

Transmission failure of APSE bacteriophages have been docu-
mented for Ac. pisum, in which loss of APSE3s, associated with
high levels of protection against parasitoids, eliminates symbiont-
based defense and culminates in the breakdown of the symbiosis
(22,34). In our transmission assay, however, we detected no losses
of APSE4 in H. defensa-infected Ap. craccivora and have never
detected an H. defensa-carrying cowpea aphid to be APSE free
from any laboratory line.

All five Ap. craccivoralines used in this study were infected with
H. defensa and APSE haplotypes that were genetically identical to
one another at all examined loci (8 for H. defensa and 5 for APSE4)
and nearly identical to the 5ATac strain shown to provide protec-
tive benefits to Ac. pisum after transfection (23, 66). Thus, despite
our lines being collected >2,400 km apart and over a decade later
than the previously characterized 5ATac strain (Table 1), all Ap.
craccivora lines examined to date share the same strains of H.
defensa and APSE. The limited diversity observed in these defen-
sive elements potentially restricts the functional repertoire of this
protective symbiosis. For example, this strain was found to confer
protection against some, but not all, aphidiine parasitoid species
attacking Ap. craccivora (37). Thus, limited strain diversity may
leave this aphid vulnerable to attack depending on which wasp
species are present, and the inability of H. defensa to protect
against all parasitoid species may itself constrain symbiont spread.
Despite the limited H. defensa strain diversity identified in Ap.
craccivora, facultative symbionts may still comprise much of the
ecologically relevant heritable genetic variation present in these
populations given the likely anholocyclic nature of this aphid in
North America (44). The overall lack of allelic diversity uncovered
in our microsatellite analysis (Table 3) is consistent with limited
sexual reproduction such that a few related clones, with and with-
out particular symbiont infections, may recolonize the North
American range seasonally from overwintering source popula-
tions.

We also performed microscopy and qPCR to confirm that H.
defensa persists extracellularly in the hemolymph of Ap. craccivora
as it does in Ac. pisum (71). The occurrence of free-living H. de-
fensa throughout the hemolymph allows for direct contact with
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wasp tissue and may be necessary for the defensive phenotype.
Using qPCR, we estimated phage and H. defensa abundances in
two Ap. craccivora lines throughout aphid development at both 20
and 25°C. In all lines and treatments, we observed that H. defensa
and APSE4 titers increase with aphid age with little variation be-
tween clones or temperatures (Fig. 2). We also found that APSE
titers always exceeded those of H. defensa. In sum, patterns of in
vivo infection were similar to those observed in Ac. pisum (for
examples, see reference 40). In Ac. pisum, APSEs appear to play a
role in regulating the protective symbiont’s abundance (34), but
more study is needed to determine if the APSE4s associated with
Ap. craccivora influence H. defensa densities. While not directly
comparable, H. defensa titers are generally lower at equivalent
time points in Ap. craccivora relative to Ac. pisum. For example,
2-day-old Ac. pisum were found to have ~1E07 H. defensa organ-
isms per aphid (34), while Ap. craccivora values were all 2 orders of
magnitude lower (6.41E05). The cowpea aphid, however, is much
smaller, and titers may be limited by aphid size.

In conclusion, we characterized a protective strain of H. de-
fensa and its associated APSE virus in the important aphid pest
Aphis craccivora. We identified clear costs to infection and mater-
nal transmission failure which likely limit symbiont spread in nat-
ural populations. Heritable symbionts infect a large number of
insect species, including many that compete with humans for food
or other resources. Understanding symbiont roles in mediating
protection from natural enemies, as well as factors limiting their
effectiveness and invasion potential, is of great interest given the
effort in employing biological programs to control herbivore pest
populations.
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