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Aphids maintain mutualistic sym bioses involving consortia o f coin­
herited organism s. All possess a primary endosym biont. Buchnera, 
which com pensates for dietary deficiencies; many also contain  
secondary sym bionts, such as H am iltone lla  defensa, which confers 
defense  against natural enem ies. Genom e sequences o f unculti- 
vable secondary sym bionts have been refractory to  analysis due to  
the difficulties o f  isolating adequate DNA sam ples. By amplifying 
DNA from hem olym ph o f  infected pea aphids, w e  obtained a se t o f 
genom ic sequ en ces o f H. defensa  and an associated bacteriophage. 
H. defensa  harbors tw o  type III secretion system s, related to  those  
that m ediate host cell entry by enteric pathogens. The phage, 
called APSE-2, is a close relative o f  the previously sequenced  
APSE-1 but contains intact hom ologs o f  the g en e  encoding cyto- 
lethal distending toxin {cdtB), which interrupts the eukaryotic cell 
cycle and w hich is known from a variety o f  mammalian pathogens. 
The cdtB  hom olog is highly expressed, and its genom ic position  
corresponds to  that o f  a hom olog o f s ix  (encoding Shiga-toxin) 
within APSE-1. APSE-2 gen om es w ere consistently abundant in 
infected pea aphids, and related phages w ere found in all tested  
isolates o f  H. defensa, from num erous insect species. Based on their 
ubiquity and abundance, th ese  phages appear to  be an obligate  
com ponent o f  the H. defensa  life cycle. W e propose that, in these  
mutualistic sym bionts, phage-borne toxin g en es provide defense  
to  the aphid host and are a basis for the observed protection  
against eukaryotic parasites.

Acrythosiphon pisum  | Hamiltonella defensa  | lamboid phage 
aphid I Enterobacteriaceae

Aphids possess several types o f sym biotic bacteria, w hich are 
now know n to  have a variety  o f effects on host grow th and 

survival. P ea aphids (Acyrthosiphon p isum )  always con tain  the 
obligate p rim ary  sym biont, Buchnera aphidicola, w hich p rov i­
sions nu trien ts lacking in the diet. They can additionally  harbor 
any o f several facultative “secondary” sym bionts. O ne o f these 
is “ Candidatus H amiltonella defensa" (previously know n as “T 
type” or “PA B S” , ref. 1), a m em ber o f the E nterobacteriaceae  
th a t is found in aphids as w ell as o th e r insect fam ilies (1-5). In 
pea  aphids, the effects o f a ttack  by parasito id  w asps are am e­
lio ra ted  by infection w ith H. defensa: the w asp larva dies 
p rem aturely , allowing the aphid host to  develop to  the adult 
stage and  to  reproduce (6). M icroscopy has revealed  th a t H. 
defensa can live w ithin the bactériocytes th a t norm ally house 
Buchnera, w ithin som e o th e r cell types, and extracellularly in the 
insect hem ocoel (1, 2). In  a E u ropean  pea  aphid  strain , second­
ary sym bionts w ere found to  h a rbo r an active bacteriophage, 
designated A PSE-1; its genom e sequence indicated  a re la tion ­
ship to  P22, the lam bdoid  phage o f Salmonella enterica ( 7 ,8  ). The 
secondary  sym biont serving as host to  A PSE-1 was no t identified 
initially, but, based  on a survey o f aphid  species harboring 
d ifferen t sym bionts (2), A P S E -l-like  phage appear to  be con ­
sistently and exclusively associated w ith H. defensa.

M any bacteria th a t live as sym bionts w ithin insects are closely 
re la ted  to w ell-studied m am m alian pathogens. This close re la ­
tionship is especially ap p aren t in the E n terobacteriaceae , which

includes H. defensa and  o th er secondary  sym bionts o f insects (2, 
4, 9 -12 ), the symbiotic Photorhabdus and Xenorhabdus species, 
as well as the hum an pathogens S. enterica, Shigella flexneri, and 
Yersinia pestis. R ecen t genom ic and experim ental studies have 
revealed th a t these sym bionts deploy systems for infecting host 
cells sim ilar to  those used  by m am m alian pathogens (e.g., refs. 
13 and 14). In  the tsetse fly sym biont, Sodalis glossinidius, for 
exam ple, two type III secretion systems (TTSS) are p resen t, and 
at le ast one is re quire d for invasion o f host cells ( 15,16 ), as is true  
o f m any pathogens, including S. enterica and Y. pestis. A  TTSS 
also appears to  underlie  infection o f host cells by the sym bionts 
o f Sitophilus weevils (17) and by Photorhabdus species infecting 
nem atodes (18). Such pathogenicity  determ inan ts are often  
transferred  horizontally  am ong en teric  bacteria  via bac te rio ­
phage vectors; these transfers have a role in transform ing  a 
nonpathogenic  to a pathogenic strain  (19-21). Because both 
pathogenesis and symbiosis share the requ irem en t o f bacterial 
establishm ent w ithin host cells o r tissues, additional m echa­
nisms, already characterized  in pathogens, m ay be incorpora ted  
into the sym biotic lifestyle o r may underlie  variation  am ong 
sym bionts in th e ir effects on hosts.

T he m ajor obstacle to  the genetic and  genom ic characteriza­
tion o f m ost insect sym bionts has been  the inability to  culture 
these organism s, thereby  preventing m any experim ental analyses 
and thw arting attem pts to  isolate large am ounts o f pu re  D N A  for 
shotgun sequencing. P rim ary  sym bionts are typically extrem ely 
num erous o r packed w ithin discrete organs, facilitating the 
recovery  and sequencing of the ir genom ic D N A  w ithou t massive 
host con tam ination  (e.g., refs. 22-26). H ow ever, som e sym bi­
onts, including H. defensa and o th e r insect secondary  sym bionts 
w ithin E n terobacteriaceae , do no t occupy specialized organs and 
reside at low titers w ithin hosts. In  such cases, D N A  purification, 
if possible, is labor-intensive (e.g., ref. 27). As a result, we know  
alm ost nothing about the genom ic co n ten t o f these organism s or 
the m echanism s underlying the ir effects on hosts.

H ere  we rep o rt findings based on a m ethod  for w hole genom e 
am plification (W G A ) o f low copy num ber D N A  tem plate  from  
H. defensa of pea  aphids. Sequencing clones derived by this 
m ethod  dem onstra ted  th a t the sym biont contains a diverse set of 
genes associated w ith pathogenicity  in m am m alian hosts, and  at 
least two phage closely re la ted  to  A PSE-1 bu t harboring  d iffer­
en t “cargo” genes, including cdtB  (cytolethal distending factor), 
a toxin-encoding gene previously know n only from  several 
invasive m am m alian pathogens. W e postu late  th a t these phage 
and the ir toxin-encoding genes are an in tegral p a rt o f the 
aph id -bac te rium  m utualism .

A bbreviations: TTSS, ty p e  III secre tio n  system ; WGA, w h o le  g e n o m e  am plification ; qPCR, 
q u a n ti ta t iv e  PCR; PFGE, pu  I sed -fie Id gel e lec trophoresis .

D ata  d ep o sitio n : The seq u en c e s  re p o r te d  in th is  p a p e r  have b e e n  d e p o s ite d  in th e  G enB ank 
d a ta b a s e  (accession nos. DQ163092, DQ163903, a n d  DQ092612-DQ092623).
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Materials and Methods
DNA Sample. Because secondary  sym bionts, bu t no t Buchnera, 
occur in appreciable num bers in the aphid hem ocoel (1, 28), we 
considered  hem olym ph to  be the optim al source for sym biont 
D N A  w ithou t accom panying host o r Buchnera  D N A . O ur source 
was an isofem ale line o f A . p isum  infected  four years ea rlie r w ith 
II. defensa; this line, called “5A T,” is the line in which //. defensa 
was previously shown to provide the aphid  hosts w ith defense 
against parasito id  w asps (6). A dult wingless fem ales w ere sam ­
p led  from  the 5A T stock colony m ain ta ined  continuously at 
20°C, 16 h ligh t/8  h dark. T o collect hem olym ph enriched  in H. 
defensa, fem ales w ere pricked in the abdom en, and  if a clear 
d rop let was exuded, it was collected  w ith a m icrocapillary tube. 
(C loudiness in the exuded d roplet indicated  th a t aphid  cells, such 
as bactériocytes housing the p rim ary  sym biont B. aphidicola, had  
been rup tu red ; such sam ples w ere discarded.) H em olym ph was 
poo led  from  four aphids, yielding a to ta l volum e o f =0.1  ¡A, and 
used  as tem plate  for W G A  using the G enom iPhi k it (A m ersham  
Pharm acia). A m plified genom ic D N A  was hydrosheared, end- 
repaired , size-selected, and  cloned by using the T O PO  TA  
(Invitrogen) cloning kit, according to  the supplier’s p ro tocol.

Insert Amplification. C loned inserts w ere PC R -am plified  by using 
the M13 forw ard and  reverse prim ers. R eactions conditions w ere 
95°C (3 m in), 34 cycles o f 94°C (1 m in), 55°C (1 m in), 72°C (1 
m in), then  72°C (6 m in). PC R  products were sized and visualized 
on agarose gels, and  those yielding a single band  > 1  kb in length 
w ere sequenced bidirectionally w ith the M13 prim ers.

Sequence Analyses. Sequences w ere initially screened and b inned 
as phage, H. defensa, Buchnera, or host insect based  on BLASTX 
sim ilarity as follows. A ny sequences w ith A PSE-1 as the first hit 
w ere classified as phage. B ecause the Buchnera  genom e for this 
host species is fully sequenced  (22), sequences from  Buchnera  
w ere unam biguous as near p erfec t m atches ( > 99%  identity) w ith 
the sequenced genom e. H its to  o th er bacteria  w ere initially 
assigned as p o ten tia l H. defensa sequences. O R Fs w ith closest 
hits to  Drosophila melanogaster or o th e r anim als, as w ell as 
noncoding sequences, w ere considered  to  be likely aphid nuclear 
sequences. (W e expect m ost aphid  sequences to  co rrespond  to 
fast-evolving in tergenic regions lacking detec tab le  hom ology to 
sequences in the database; no genom e sequence for aphids or 
any closely re la ted  insect is available.) Sequences th a t did no t 
m eet criteria  for any bin w ere tem porarily  p laced in every bin to 
determ ine w hether they form ed contigs w ith sequences for which 
assignm ents w ere clearcut. Paired -end  reads w ere p laced  in the 
bin w ith the ir m ate. A lso, assembly was a ttem p ted  com bining 
sequences b inned as phage and  as H. defensa, to  uncover phage 
genes w ith in  the bacte rial chrom osom e. Sequences ultim ately 
designated as H. defensa m et the following criteria: presence of 
O R Fs w ith base com position of 3 0 -4 5 %  G + C , top  h it to 
E n terobacteriaceae , near-perfec t m atch to  one o f the previously 
sequenced genes including the rR N A  genes, pa ired -end  m ate o f 
a sequence m eeting any of the above criteria, o r strongly 
supported  assembly w ith a sequence m eeting any of the above.

Sequence Assembly. Assem blies w ere genera ted  by using the 
Institu te  for G enom ic R esearch  (T IG R ) ASSEMBLER version 2.0 
(29). M anual editing  was p e rfo rm ed  in CONSED version 14 (30). 
R esulting contigs w ere searched fo r O R F s (31 ). G ene nam es and 
functions w ere assigned based on sequence iden tity  o f the 
transla ted  pred ic ted  O R Fs as de term ined  by BLASTP against the 
n o n redundan t (nr) database during M arch 2005. A ssem blies for 
H. defensa w ere regarded  as ten tative and w ere deposited  as 
individual sequences ra th e r than  contigs (G enB ank  accession 
num bers DQ163092 and D Q163903), except for assem blies for 
the type th ree secretions systems, which w ere deposited  as

contigs (accession num bers D Q 092620-D Q 092623). Phage as­
sem blies w ere verified by PC R , and deposited  in G enB ank  as 
contigs (accession num bers D Q 092612-D Q 092619).

Quantitative PCR for Gene Copy Number and Transcription Level of 
cdtB. W e used three samples of aphid hemolymph to estimate the 
num ber of bacterial chromosomes that were used as tem plate in the 
W GA. Copy num ber of a single copy bacterial gene (dnaK ) was 
estim ated w ith real-time quantitative PC R  (qPCR) to  index the 
num bers o f bacterial chrom osomes in each sample. Based on the 
initial sequences derived from the W G A  experiments, we designed 
//. defensa-specific qPC R  prim ers to dnaK  (T70F2: 5 '-G G T  TCA  
G A A  A A A  A G T  G G C  A G -3' and T70R2: 5 '-C G A  G C G  A A A  
G A G  G A G  T G A  C-3'). Reactions were carried ou t in a Roche 
Lightcycler using a touchdown PC R  procedure as follows: 95°C (10 
min), 40 cycles with denaturing tem perature of 95°C (5 s), annealing 
tem perature decreasing from  68°C to 55°C (15 s), and extension 
tem perature of 72°C (5 s).

In  addition , we used  D N A  sam ples iso lated  from  en tire , 
individual insects to  estim ate the ratio  o f phage genes to  one 
ano ther and  to  the single copy dnaK. Prim ers w ere designed for 
sequences corresponding to  the hom olog o f P2 o f A PSE-1 
(A PSEP2F1: 5 '-G T C  C A G  G C A  T T A  T T A  G C G  C -3' and 
A PSEP2R 1: 5 '-C A A  T T T  T T C  T A  A  G G C  A A C  C A T G -3 '), 
the hom olog of P28 of A PSE-1 (A PSEP28F: 5 '-T G A T A A  A A G  
C G G  A T A  A T G  C C-3' and  A PSE P28R : 5 '-G C G  T T T  G TC 
A T A  C T G  A A A  A G G -3 ' ), a n d  a h o m o lo g  o f  cdtB  
(A pTcdtB443F: 5 '-A T A  T T T  T T T  T T A  C C G  CCC C G -3 ' and 
A pTcdtB560R : 5 '-C C A  G C T  T C A  T T T  C TA  C C A  CCT C -3' ). 
R eactions w ere p e rfo rm ed  as for dnaK

R everse transcrip tase qPC R  (R T -qPC R ) was used  to  assess 
transcrip t levels o f cdtB  and  two phage genes, P2 and P28 (as 
designated in ref. 7) as well as dnaK, a highly expressed bacterial 
gene. T he prim ers w ere the sam e as those listed above, and 
R T -qP C R  protocols followed those o f M oran et al. (32).

Amplification and Cloning of cc/tfi-Containing Variable Region of the 
Phage Genome. Because assem blies from  the W G A  sequences 
indicated  two versions o f som e sections o f the phage ch rom o­
som e, we used  PC R  to am plify a =6.5-kb region, w hich was 
subsequently  cloned and sequenced  to  verify assemblies. Prim ers 
w ere A PSE3.9F  (5 '-C T T  C G T  G C T  C A G  A T G  A G G  A T G -3 ') 
and 8.1R (5 '-T T T  C A G  G C G  G C T  G T T  CTC A  A C -3 ') co r­
responding to  positions n ear 3900 and 8100 on the A PSE-1 
chrom osom e (7). T he PC R  pro toco l was sim ilar to  the to u ch ­
down procedure  described above except w ith dénatu ra tion  at 
94°C (1 m in), annealing tem pera tu re  dropping from  65°C to 55°C 
in 10 successive cycles (1 m in), and  extension a t 72°C (2.25 m in), 
then  28 additional cycles w ith a 55°C annealing tem peratu re .

F ou r o f the resulting cloned products w ere com pletely se ­
quenced by prim er-w alking beginning w ith the M13 prim ers. The 
resulting fragm ents w ere assem bled in SEQLiENCHER version 4.2. 
As a contro l, we also am plified, cloned, and sequenced  the 
corresponding fragm ents from  the aphid  stock th a t served as the 
original source o f the H. defensa isolate (A. p isum  line 8-2-B).

Distribution of Phage Genes in Different Isolates of H. defensa. To
determ ine the d istribution  o f phages and  o f toxin-encoding 
genes am ongH . defensa isolates, we screened  D N A  sam ples from  
insects previously shown to  con ta in  H. defensa (2, 4). These 
included otherM . pisum  collections, o th e r aphid  species, and  one 
psyllid and  one w hitefly  species (Table 1). P C R  prim ers were 
designed to detec t close hom ologs of several regions o f the A PSE  
genom e, including conserved  regions com m on to all isolates, as 
well as the stx hom olog from  A PSE-1 (P7 in ref. 7) and the cdtB  
sequences p resen t in o u r assemblies. Prim ers for phage genes 
w ere A PSEP2F1 and  A PSE P2R 1, A PSE3.9F  and A PSE 8.1R  
(all listed above), and  A PSE3.6F  (5 '-G G A  G C A  A A A  A A A
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Table 1. General features o f  H. defensa  and APSE-2 
predicted gen es

F eature N um ber

H. d efensa
Total n u m b er of p red ic ted  CDS 473
E. coli hom ologs w ith  know n fun c tio n 249
Non-E. coli hom ologs w ith  know n function 88
Flypothetical or p u ta tiv e  function 135
TTSS genes 21
Toxin gen es (e.g., leukotoxin  A, RTX) 6

APSE-2
Total n u m b er of p red ic ted  CDS 57
APSE-1 hom ologs 48
Flomologs to  o th e r  gen es in o th e r  p h ag e 6
Putative ORFs 3

Three percent of clones w ere assigned to  Buchnera, and 26% w ere ex­
cluded because of sequence quality or host contam ination.

C A T G A G  C A G -3 ') and  A PSE 4.2R  (5 '-C T C  C G G  G TC  CAT 
G TC  T A A T C G -3 ') . In  addition , prim ers for P7 w ere A PSE P7F  
(5 '-C A A  C T T  T A C  T C T  T T T  C G T  G C G -3 ') and A PS E P 7R  
(5 ' -TG T T A C  C T T  T T C  ACC  TA C  G G C-3 ' ); and for cdtB, cdtB 
F f (5 '-C C A  A T A  T C C  T A C  T C T  C A G  A G C -3 '), cdtB  R f 
(5 '-G A A  G G A  T T C  A T A  C TA  A G C  T G C -3 '), and cdtB  R2 
(5 '-G C T  G A C  A T G  G T G  A TC  A C T  A T G  A G -3 '). F o r the 
Shiga-toxin (stx) hom olog, prim ers w ere A P S E  P7F (5 '-C A A  
C T T  T A C  T C T  T T T  C G T  G C G -3 ') and  A P S E  P7R  (5 '-T G T  
T A C  C T T  T T C  A C C  T A C  A G C -3 ').

Electrophoretic Determination of H. defensa Chromosome Size. We
used  sam ples o f two lines o f the sam e aphid clone, one infected 
w ith H. defensa (5AT) and one lacking secondary  sym bionts 
(5A). The la tte r served as a con tro l fo r discrim ination betw een 
D N A  fragm ents corresponding to  H. defensa and  its phage 
(presen t only in the infected  line) and  those from  the aphid, 
Buchnera, o r o th er organism s (such as insect viruses) p resen t in 
both  lines. F o r each sam ple, 1-2 g o f mixed-age insects were 
crushed  in 15 m l of PBS and passed through a 100-ftm filter. 
D ebris on the filter was co llected  in 15 m l o f PBS and passed 
again through a 100-ftm filter. T he com bined sam ple was 
centrifuged a t 170 X g  for 25 min at 4°C, the su p ern a tan t 
collected and passed  through a 20-p.m  and  then  an 11-p.m filter. 
Cells w ere co llected  by cen trifugation  at 1,500 X g  at 4°C. The 
pelle t was resuspended  in 600 p.1 o f PBS con tain ing  1% p ro ­
teinase K, and  m ixed w ith 1.5 m l o f 1% agarose in T E  to  form  
plugs. T he agarose plugs con tain ing  filter-purified  cells w ere 
then  subjected  to  a series o f six washes, each a t 55°C for 30 min: 
twice w ith lysis buffer w ith pro te inase  K, once in w ater, and three 
tim es in T E . Plugs w ere sto red  a t 4°C in T E . D igestion w ith A scI 
and N o tl was carried  ou t as in M oran et al. (33). These enzym es 
w ere selected  because neither cuts the sequenced  Buchnera 
genom e (22), and  because they w ere expected  to  cut the H. 
defensa genom e several tim es based on the base com position 
(39% G + C ) of sequences assigned to  H. defensa. Pulsed-field gel 
e lectrophoresis (P F G E ) p roceeded  as described (33) w ith runs 
o f d ifferen t pulse tim es to resolve bands o f d ifferen t size ranges. 
Conditions for discrim inating sm aller fragm ents w ere 200 V, 
5 -4 0  s for 22 h; conditions fo r discrim inating larger fragm ents 
w ere 200 V, 70 s for 18 h follow ed by 160 V, 120 s, for 20 h.
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Fig. 1. Phylogenetic analyses of hom ologs of genes encoding com ponents o f type III secretion systems (TTSS), including those newly discovered in H. defensa. 
(A) invC/ssaN. (B) spaP/ssaR; H. defensa  possesses genes for tw o  TTSS, corresponding to  those specified within th e  SPI-1 and SPI-2 pathogenicity islands of 
Salmonella enterica (highlighted in blue and yellow, respectively). Identical results w ere ob tained for homologs to  spaQ/ssaS and to  spaR/ssaT. Analyses w ere 
based on nucleotide alignm ents fit to  alignm ents o f inferred am ino acid sequences by using CLUSTALW (63), followed by identification o f initial maximum 
likelihood (ML) model o f evolution (using AIC as im plem ented in MODELTEST version 3.16; ref. 64). ML heuristic searches w ere perform ed by using PAUP* version 
4b10 (65) under th e  TBR branch-swapping option. Bootstrap support w as estim ated in parallel by using 100 searches and starting from 10 random  trees.
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T o determ ine w hether phages existed as au tonom ous e le ­
m ents, as tem pera te  p rophage in the H. defensa chrom osom e, o r 
both , we searched by Southern  b lo tting  for large D N A  fragm ents 
con tain ing  know n phage genes. D N A  from  the P F G E  gels was 
tran sfe rred  to  nylon m em branes, which w ere p robed  w ith frag ­
m ents corresponding to  cdtB  and  P2.

Results
Sequences Assigned to  H. defensa. A  to ta l o f 3,650 sequences w ere 
ob ta ined  by sequencing both  ends o f 1,825 clones recovered  from  
the W G A  o f D N A  p resen t in aphid  hem olym ph. M ost clones 
could be assigned to  an A P S E -l-like  phage (hereby designated 
as A PSE -2) o r to  H. defensa, based on criteria  ou tlined  in 
Materials and M ethods. A ssem blies o f the II. defensa sequences 
y ielded 416 contigs con tain ing  473 O R Fs w ith orthologs in 
num erous re la ted  Gammaproteobacteria (Table 1 and Data Set, 
which is published as supporting  inform ation  on the PNAS web 
site). These sequences w ere consistently  A + T -b iased  (39% 
G + C ), and several show ed exact o r nearly  exact ( > 99%  ) identity  
to  the few available sequences fo r H. defensa [16S rD N A , 23S 
rD N A , and gyrB  (1, 2)]. N one m atched  (> 9 5 %  am ino acid 
identity) any o th e r sequence in G enB ank, including our vector 
organism  Escherichia coli', fu rtherm ore , all four o f the rD N A  
clones sam pled corresponded  to  H. defensa, indicating th a t 
con tam ination  from  o th er bacteria  was absen t or rare . H. defensa 
sequences con ta ined  hom ologs o f genes for m etabolic, rep lica­
tive, and structu ra l pathw ays th a t are characteristic  o f bacteria.

O f the sequenced bacterial O R Fs, 22 w ere hom ologous to 
TTSS genes. F o r several o f the TTSS gene fam ilies, two distinct 
hom ologs are p resen t in H. defensa and these fo rm ed  tw o sets o f 
contigs corresponding to portions o f two T T SS-encoding re ­
gions. Phylogenetic analysis o f these sequences revealed  th a t 
they belong to  subfam ilies corresponding to  the two TTSS 
encoded  in the SPI-1 and  SPI-2 islands o f S. enterica and as 
p resen t in o th er Proteobacteria (Fig. 1 ). O ther genes in II. defensa 
th a t have likely roles in its re lationship  to  its host are fur, which 
encodes the ferric up take  regulation  p ro te in  involved in regu ­
lating lysis in lam bda-like phage con tain ing  stx. A lso, the genom e 
contains m ultiple genes in the pore-form ing  R T X  toxin pathw ay 
(rtx) and leukotoxin  (Itx) genes.

Sequences Assigned to  Phage. Assembly and annotation of those 
sequences with similarity to  APSE-1 resulted in eight large contigs 
representing two distinct phage haplotypes, designated A PSE-2a 
and A PSE-2b (Fig. 2). The clones yielded an average of 8.5 X 
coverage across these phage contigs. M ost genes of A PSE-2 were 
95-100%  identical to those in APSE-1. Despite this high level of 
sequence similarity, the gene content o f the A PSE-2 haplotypes 
differed from  that of APSE-1. First, both haplotypes contained two 
small insertions o f genes encoding hypothetical proteins, each of 
which was confirm ed by targeted  PCR. Next, a large fragm ent 
containing several new O R Fs including a homolog o f cdtB, a 
toxin-encoding gene (Fig. 3), has replaced the region of APSE-1 
that was previously found to  contain several O R Fs including a 
homolog o f stx, encoding Shiga toxin (7).

Quantitative PCR to  Assess Number of Bacteria in Samples. W e used 
th ree sam ples o f aphid hem olym ph, ob ta ined  similarly to  th a t 
u sed  in W G A , to  estim ate the num ber o f bacteria l chrom osom es 
used  as tem plate  for W G A. U sing copy num ber o f the single copy 
gene dnaK  as an index o f num bers o f bacteria l chrom osom es in 
the sam ples, we estim ate th a t 21,890-26,700 copies o f H. defensa 
chrom osom es w ere p resen t in the W G A  tem plate.

Quantitative PCR to  Assess Phage Copy Number and Gene Expression.
The A PSE-2 phage genes P2, P28, and cdtB  each show ed sim ilar 
copy num bers relative to  the single copy bacteria l chrom osom al 
gene dnaK, indicating = 40  phage copies p e r bacteria l chrom o-
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Fig. 2. Schematic o f genom e assemblies for APSE-2 phage of H. defensa. 
ORFs in blue represent those genes identified in APSE-1, num bered according 
to  van der Wilk e t  al. (7), as well as corresponding homologs identified in th e  
APSE-2 haplotypes (designated a and b). ORFs in yellow represent genes 
present in APSE-2 bu t absent from APSE-1. Phage contigs are  denoted  by 
roman numerals (I th rough  VIII), and corresponding regions containing toxin 
genes (stxand  cdtB) in th e  APSE-1 and APSE-2 genom es are  highlighted. The 
APSE-2 hom olog of P30 (marked w ith asterisk) contains an insertion o f 58 aa.
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APSE-2 CdtB
E. coli MBU CdtB 
E. coli 0157 CdtB 
S. enterica sv Typhi CdtB 
C. jejuni CdtB 
H. sapiens DNasel

APSE-2 CdtB
E. coli MBU CdtB 
E. coli 0157 CdtB 
S. enterica sv Typhi CdtB 
C. jejuni CdtB 
H. sapiens DNasel

APSE-2 CdtB
E. coli MBU CdtB 
E. coli 0157  CdtB 
S. enterica sv Typhi CdtB 
C. jejuni CdtB 
H. sapiens DNasel

APSE-2 CdtB
E. coli MBU CdtB 
£. coli 0157 CdtB 
S. enterica sv Typhi CdtB 
C. jejuni CdtB 
H. sapiens Dnasel

MKNFTKIVKDHFILLYKKQLVKSFSIFMFVCFFIPISYSQSHNHNRDVKDFIFGTWNTNGARWNDVRNLMVN-GQFDVLAIQEAGALPTSSRNEGSVTES 99
------------------------------- MKK----------- LLFLLM ILPG- - ISFADLSDFKVATWNLQGSNAPTENKWNTHVRQLVTGSGAVDILMVQEAGAVPASATLTEREFST 78
------------------------------- MKK----------- YIISLIVFLSF-YAQADLTDFRVATWNLQGASATTESKWNINVRQLISGENAVDILAVQEAGSPPSTAVDTGRVIPS 7 9
------------------------------- M KK PV FFLLTM IIC SY ISF- -ACANISDYKVMTWNLQGSSASTESKWNVNVRQLLSGTAGVDILMVQEAGAVPTSAVPTGRHIQP 83
..........................................MKK........................ IICLFLSFNLAFANLENFNVGTWNLQGSSAATESKWSVSVROLVSGANPLDILMIQEAGTLPRTATPTGRHVQQ 77
..........................................MRG.................. MKLLGALLALAALLQGAVSLKIAAFNIQ-TFGETKMSNATLVSYIVQILSRYDIALVQEVR--DSHLTAVGKLLDN 76

HDYNSIVNEAQRLCYIGEINQNDVLFGTVREYSWQTSRGESFYLYYYDRRDHYVMSNGNQYPRVNTAIITRQRADNIFFTAPIYTNQRRTNINRPIIGIR 1 9 9
p ---------------------------------G Í  PMNEYIWNTG------------TN SR PQ EL FIY F S---------------- R V D A FA N |^(IL |ÍÉ V SN R j6fflE V IV Lp|pT V ------------ V S R P IIG IR  1 4 3
p ---------------------------------G IPV R E LI WNLS------------TNSRPQQVYIYFS---------------- AVDAFGGRVNLALVSNRQADEVFVLRPVRQ-------------GGRPLLGIR 1 4 4
FGV---------------------------- GIPIDEYTW NLG------------TTSRQ D IR Y IY H S---------------- A I DVGARRVNIArVSRQRJVDNVYVLR§TTV------------ ASRPVI G I G 1 5 0
G ............................................GTPIDEYEWNLG............... TLSRPDRVFI YY S ......................RVDV GA N^Sl Ä V SRM Q A EEV IV LPPPTT.................V S R P IIG IR  1 4 2
LN------------------------------- QDAPDTYHYWSEPLGRNSYKERYLFVYRP-----------------DQVSAVDSYYYDDGCEPCGNDTFNREPAIVR FFSRFTE 1 4 6

LENAVFFNVHAAPDRGGRNEAGSAVNIIRDYMAMNS PNHTW AMIGDFNRIPSELNSEILSSTPPM QTFIENVHTGESTHESPNPSSSRELDYGVL- 2 9 4
IGNDVFFSTHALANRG- - VDSGAIVNSVFEFFNRQTDPIRQAANWMIAGDFNRSPATLFSTLEPG----------------IRNH- V N II APPDPTQASGGVLDYAW- 2 3 2
IGNDAFFT AKA I ATRN - - NDAP ALVEE VY S FFRDS RDP VHQAI NRMI LGDFNREPDPLEVNLTVP VRn a -SEIIFPAAPTQTSQRTLDYAVA- 2 3 3
LGNDVFLTAHALASGG- - PDAAAIVRVTINFFRQPQ MRHLSWFLAGDFNRSPDRLENDLMTE.....................HLERW AVLAPTEPTGIGGGILDYGVI -  2 3 7
NGNDAFFN1HALANGG--TDVGAIITAVDAHFAN MPOVNWMI AGDFNRDPSTITSTVDRE.....................LANR- 1R W F PTSATQASGGTLDYAIT - 2 2 6
VREFAIVPLHAAPG............. DAVAEIDALYDVYLDVQEK- WGLEDVMLHGDFNAGCSYVRPSQWSSI RLWTSPTFQWLIPDSADTTATP- THCAYDRI W A  2 3 9

GG---- SASHSDHHVSAII ALYL------LQLSMNPSDHKPVKFN------------------3 2 9
GN---- SVSFVLPLLRASLLFGL------LRG - Q I ASDHFPVGFIPGRGARR 2 7 3
GN AVAFRPFPLQAGIVYGA RRT-QMSSDHY GVS RR 2 6 9
VD-----RAPYS--------------- QRVEA-----LRNPQLASDHYPVAFLARSC------ 2 6 9
GNSNRQQTYTPPLLAAILMLAS LRS - HIVSDHFPVNFRKF 2 6 5
GMLLQGAWPDSALPFNFQAAYGLSDQLAQAISDHYPVEVMLK 2 8 2

Fig. 3. Alignment of th e  CdtB homolog from H. defensa  APSE-2 w ith those of o ther bacteria and w ith hum an D N asel. GenBank accession numbers are as 
follows: Escherichia coli MBU, AF373206; Escherichia coli 0157, AJ508930; Salmonella enterica sv Typhi, NC004631; Campylobacter jejuni, AL139074; Homo 
sapiens DNasel, D83195. Shading denotes positions w here residues are conserved betw een APSE-2 CdtB and at least one o ther homolog. Yellow shading denotes 
conserved active sites of th e  protein, as determ ined for hum an DNasel. Note th a t residues a t active sites are invariant am ong homologs. Alignment was 
constructed by using CLUSTALW (63).

som e (Fig. 4 4 ). This ra tio  was sim ilar for d ifferen t aphids, 
including individuals from  the source aphid  stock (8-2-B) and 
from  the experim entally  infected  aphid stock (5A T). T he high 
copy num ber of the phage was consisten t w ith the abundance of 
phage sequences in the W G A  clone library  (Table 1) and  w ith 
results from  P F G E  (below).

R T -qP C R  indicated  th a t cdtB  is expressed at high levels, w ith 
transcrip t num bers = 5-fo ld  those o f dnaK, a highly expressed 
bacteria l gene (Fig. AB). Expression of P2 and  P28, in con trast, 
was low er than  th a t o f dnaK. T here  was a 15-fold difference in 
transcrip t abundance betw een P2 and cdtB.

Possible Chimeric Sequences. Some clones w ere suspected  of being 
chim eric, based  on features such as presence o f in te rru p ted  
O R Fs o r conflicting assem blies for the A PSE  sequences. O f 10 
such cases tes ted  on genom ic D N A  by using PC R , none could be 
confirm ed  as corresponding to  an actual region o f genom e. 
A pproxim ately  15% o f clones w ere deem ed to  be chim eric and 
elim inated  from  the final assemblies. A lthough G enom iPhi is 
useful for amplifying sm all quantities o f D N A , o u r observations 
suggest th a t it is p rone to producing  chim eric molecules.

Amplification and Cloning of Variable Region of APSE-2 Genome. The
A PSE-2 assemblies included two versions o f a region of p a rtic ­
u la r in terest based on the presence of cdtB  and  overall dissim ­
ilarity to the corresponding region in A PSE-1. The ta rge ted  
am plification o f the A PSE-2 sequences confirm ed the two 
distinct haplotypes o b ta ined  from  the fou r com pletely  se ­
quenced clones (th ree o f one type and one o f ano ther). B oth 
6.5-kb sequences w ere identical to  the assemblies from  the 
W G A . W e also am plified, cloned, and sequenced four clones 
from  the aphid  source stock of this H. defensa isolate (8-2-B). We 
again ob ta ined  identical sequences, indicating th a t bo th  hap lo ­
types w ere stably m ain ta ined  for a period  o f a t least 4 years 
(> 100  aphid  generations) in alternative aphid host lines.

Distribution of APSE Genes in Different Isolates of H. defensa. To
assess the ex ten t o f A P S E  and toxin-encoding genes in H. defensa 
isolates, we used  PC R  to  screen fo r the presence o f stx hom ologs

and o f th ree o th e r phage genes in genom ic D N A  from  insects 
known to  possess H. defensa. O ne o r m ore phage genes were 
p resen t in all sam ples, extending previous evidence (2) th a t all 
H. defensa isolates con ta in  an A PSE-like phage. G iven this b road  
distribution, we presum e th a t negative reactions w ere due to  
sequence divergence a t the p rim er sites or, possibly, genom ic 
rearrangem ents o r deletions, ra th e r than  to  the absence of 
phage. T he stx hom olog, originally rep o rted  in A PSE-1 from  A. 
pisum  in The N etherlands, was detec ted  only in o u r single isolate 
from  the sphiA A phis craccivora (Table 2). This ¡I. defensa isolate 
and phage was m ain ta ined  for at least 25 generations after 
experim ental infection in an A . pisum  labora to ry  colony.

Estimates of H. defensa Genome Size. Pulsed-field gels resolved a 
set o f D N A  fragm ents th a t w ere visible in the aphids infected  
w ith H. defensa and  absen t from  un in fected  aphids. Fragm ents 
corresponding to the en tire  Buchnera  genom e (640 kb) were 
visible in both. D N A s from  infected  aphids p roduced  a very 
dark-stain ing band  a t = 40  kb, corresponding to  the expected 
genom e size of the A P S E -l-like  phage. This fragm ent consti­
tu tes about ha lf o f the D N A  stained  on the gel, consisten t w ith 
o th er observations indicating very  high copy num ber o f the 
A PSE-2 genom e. B ands a ttribu tab le  to H. defensa yielded a 
com bined length o f =  1.6 M b from  A scI digests (seven fragm ents 
ranging in size from  60 to  410 kb) and = 1 .7  Mb from  N o tl digests 
(eight fragm ents ranging from  50 to  555 kb).

Probing the PF G E  fragments with P2 or w ith cdtB  yielded similar 
results. W ith both probes, m ost o f the hybridization signal occurred 
at the 40-kb band, corresponding to the intact A PSE  phage, with 
a fainter signal on identical H. defensa bands. This finding indicates 
that P2 and cdtB  always occur together, sometimes on a tem perate 
phage, bu t mostly on independent phage chromosomes. O ur failure 
to detect lysogenic copies in the W G A  assemblies is likely attrib­
utable to the low coverage of the H. defensa genome.

Discussion
Whole Genome Amplification of an Insect Endosymbiont. For most 
bacterial species, the inability to  harvest pure cultures complicates 
analysis o f their genomes. To overcome such difficulties, several
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Fig. 4. Relative abundance of phage-derived genes and transcripts to  bac­
terial genes and transcripts. (A) Mean copy num ber of phage genes relative to  
th e  single copy bacterial chromosomal gene dnaK ; range of values from th ree 
samples are indicated. M easurements m ade on tw o  aphid clones infected with 
th e  same H. defensa  strain. (B) Mean transcript abundance of phage genes 
relative to  transcript abundance of th e  highly expressed bacterial gene dnaK, 
range of values from four samples are indicated.

m ethods have been developed in which D N A  from minute quan­
tities o f cells is amplified enzymatically in an attem pt at complete 
coverage of a genome. Among the m ost successful such procedures 
has been by multiple displacem ent amplification (M DA) (34), 
which has been shown to  achieve minimal amplification biases of 
eukaryotic (35) and bacterial (36) genomes. To date, the most 
comprehensive application of M D A  with bacteria surveyed ge­
nomes is of the cultivable insect-vectored p lant pathogen, Xylella 
fastidiosa (36). To our knowledge, ours is the first description of a 
genome of a noncultivable bacterium , tha t is, a limited sample o f H. 
defensa cells from  the insect hem ocoel, based on this method.

The H. defensa genome shows some features typical of chronic 
symbionts o r intracellular pathogens. A t about 1.7 Mb, its genome 
is small relative to those o f free-living Enterobacteriaceae, which 
are typically 4 -6  Mb, and it is compositionally biased (39% G + C ). 
However, neither the size nor base composition is as extreme as 
those observed in long-term  prim ary symbionts, such as B. aphidi- 
cola (22), Wigglesworthia glossinidia (37), Blochnumnia  (38), or 
Carsonella m ddii (39). A ll o f these organisms have genome sizes <1 
Mb and genomic base compositions of 18-28%  G + C . Additionally, 
none of these highly reduced symbiont genomes possesses phage 
sequences, in contrast to  H. defensa, which is always associated with 
a lam bdoid phage. H. defensa also contains transposases typical of 
insertion sequence elements; these are generally absent from  the 
genomes of the prim ary symbionts (40). Thus, H. defensa retains a 
larger and m ore plastic genome.

A Symbiont Using Toxins Known from Mammalian Pathogens. The
most striking finding emerging from  this study is the abundance and 
ubiquity o f the A PSE  phage genomes among H. defensa isolates, 
coupled with the fact that these phage encode and express genes 
homologous to  well known toxin-encoding genes in mammalian 
pathogens. O ur observations suggest tha t this phage is an integral 
part o f the life cycle and ecology of this bacterium.

We found two haplotypes of APSE-2, differing slightly in their 
nucleotide sequences and gene contents. Both contain intact copies 
of cdtB, which is highly expressed (41 ). In APSE-1, the correspond­
ing genomic region instead contains a distinct gene set including a 
homolog of stx, encoding Shiga toxin (7); we detected a similar stx 
homolog in H. defensa originating from  a different insect species. 
Both of these toxins are deployed by a variety o f hum an pathogens, 
and their cellular activities have been well characterized: CdtB is a 
nuclease tha t interferes w ith D N A  replication during the G 2 phase 
of the eukaryotic cell cycle (42,43), and Shiga toxin inhibits protein 
synthesis by disrupting 28S ribosomal R N A  (44).

In addition to the presence o f phage-encoded toxin genes, H. 
defensa further resembles mam malian enteric pathogens in the 
presence of two TTSS, homologous to  those characterized in the 
SPI-1 and SPI-2 pathogenicity islands o f S. enterica. TTSS have 
been shown to deliver effector proteins that m ediate host cell 
invasion in S. enterica (45) and many o ther anim al and plant 
pathogens (46, 47), and in some insect symbionts (15-17). Haghjoo 
and G alan (48) discerned a link betw een the TTSS and CdtB in S. 
enterica sv. Typhi. In o ther organisms tha t possess cdtB, products of 
the two flanking genes cdtA  and cdtC  mediate delivery of the CdtB 
toxin into the target cell (43). However, S. enterica sv. Typhi, which 
lacks cdtA  and cdtC, is internalized into host cells via a TTSS, 
thereby providing a route for the delivery of CdtB into the host 
cytoplasm (48). Like S. enterica, H. defensa possesses cdtB  and 
TTSS, but lacks cdtA  or cdtC, suggesting the use of the same 
strategy for delivering the cdtB-encoded  toxin.

The APSE-H. defensa-Aphid Consortium as a Complex Mutualistic 
System. Given the diverse life forms involved in this coinherited 
symbiosis, its long-term  persistence relies on mutualistic interac­
tions at several levels. A lthough lytic phage are usually considered 
to be detrim ental to  bacterial hosts, the persistence and ubiquity of 
A PSE  phages in H. defensa suggest that they are a required p art of 
the ecology o f this symbiosis. Indeed, these phages are selected to 
preserve ra ther than destroy their bacterial hosts as well as the aphid 
hosts, because these provide a reliable supply of future hosts 
through vertical transmission. Accordingly, A PSE  appears never to 
eliminate H. defensa from  a host. O ur H. defensa-infected aphid 
lines are > 5  years old, spanning >150 aphid generations, and they 
retain both H. defensa and A PSE.

In Shiga toxin-producing E. coli, the amplification of stx copy 
num ber, the regulation of stx transcription, and the delivery of Shiga 
toxin to  host tissues are all achieved through phage-m ediated 
processes, which culminate in the lysis o f a subset o f the bacterial 
cells (49-51). I t has been proposed tha t the phage persist as 
mutualists of their bacterial hosts, as lysis of some bacteria improves 
the environm ent for the surviving bacterial cells, which retain 
lysogenic phage (50). The Shiga toxin-encoding lam bdoid phages 
appear to undergo higher rates o f spontaneous induction than do 
those lacking stx, which may represent a colony-level adaptation to 
increase the extent o f the infection within the host (52). A  similar 
progression likely occurs in E[. defensa, whereby toxin production 
and delivery is regulated and achieved as p art o f the A PSE  life 
cycle.

A  salient question is why H. defensa and its phage produce toxins 
that specifically disrupt eukaryotic cell processes. In enteric pa tho­
gens, such as S. enterica and enteropathogenic E. coli, the utility of 
phage-encoded toxins is clear: the toxic effects on host cells will 
enhance the extent and overall size of the infectious bacterial 
population, prom oting replication of that portion o f cells that carry
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Table 2. Presence o f phage and toxin gen e  hom ologs in isolates o f  H. defensa from diverse insect hosts

stx
APSE p h a g e  genes*  hom olog

Species Taxonom y
Collection

location
P2

P2F&R
P4-P5

3.6F&4.2R
P4-P14

3.9F&8.1R
P7*

P7F&R

cdtB  h om olog  

F1&R1 F1&R2

A. p isum  5AT (A. p isum  8-2-B = donor) M acrosiphini New York + + + - + +
A. p isum  82 B M acrosiphini New York + + + - + +
A. p isum  A1A M acrosiphini Utah + + - - - -
A. p isum  A2C M acrosiphini Utah + - - - - -
A. p isum  A2F M acrosiphini Utah + - - - - -
A. p isum  A2H M acrosiphini Utah + - - - - -
A. p isum  5ATac (A ph is  craccivora = donor) M acrosiphini

(Aphidini)
A rizona + + +

M acrosiphum  eu phorb iae  (from  O enothera) M acrosiphini A rizona + - - - - -
M acrosiphum  eu phorb iae  (from  P enstem on) M acrosiphini A rizona + + - - - -
U roleucon am brosiae M acrosiphini A rizona - + - - - -
U roleucon rudbeckiae M acrosiphini A rizona + + + - - -
U roleucon a stronom ous M acrosiphini M innesota + - - - - -
G eopem p h ig u s  sp. Fordini Texas + - - - - -
Bemisia tabaci A leyrodidae A rizona + + - - - -
Cacopsylla pyri Psyllidae Sw itzerland + + - - - -

All positives w ere confirmed by sequencing, but apparen t negatives could result from sequence divergence. 
*Gene names follow th e  convention of van der Wilk e t  al. (7).

the phage and continue to replicate. However, H. defensa, along 
with its toxin-producing phage, is vertically transm itted and ex­
pected to  be harm less o r beneficial to insect hosts.

A t least one m utualistic effect o f H. defensa has been docu­
m ented: it confers substan tia l resistance to  infection by parasi- 
to id  wasps, w hich are m ajor na tu ra l enem ies (6). In  this regard , 
we propose two possible roles for the presence o f phage-encoded  
CdtB  in this system. First, it m ay allow H. defensa to  establish a 
stable infection in aphids by causing d istention  o f the cytoplasm  
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