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An insect nucleopolyhedmvirus n a d y  survives as a mixture of at least nine genorypes. Infection by 
multiple genotypce results in the production of virus occlusion bodies (OBs) with greater pathogenicity 
than those of any -owe alone. We tested the hypothesis that each OB contains a genorypically diverse 
population of virions. Few insects died following inoculation with an apetimend two-genorype mirmrr 
at a dose of one OB per insect, but a high propordon of multiple infections were observed (50%), which 
ditfcred significantly from the frequencies predicted by a non-arsociated transmission model in which 
genotypes arc secmgated into distinct 0%. BY conmt ,  insects that consumed muldde OBs experienced 
high&mortality-aad infection frcquencics djd not differ significantly &om those of the non-associated 
model. Inoculation with genorypically complex wild-rype OBs indicated that genotypes tcnd to be mans- 
mitred in association, rather than as independent entities, irrespective ofdose. To examine the hypothesis 
that virions may themselves be motypically heteroacneous. cell culture daques derived from individual . .. . - . . 
virions were analysed to reveal that one-third of virions was of mixed genorype, imspcctive of the 
gcnorypic composition of the OBs. We conclude that co-occlusion of genorypically distinct virions 
in each OB is an adaptive mechaoism that favours the maintenance of virus diversity during 
insect-to-insect mansmission. 
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1. INTRODUCTION achieve iofection, such as the facilitation observed in 
The fimess of all parasites is determined by their trans- homologous or heterologous 'helper viruses' (Ectner 
mission. For vims pathogens (microparasits) of 1973; Stcnga 1998), or when viruses are capable of gm- 
mdt icddar  organisms, transmission occurs in two crating de wpa diversity during the replication process in 
phases. Bemen-host transmission involves abandoning thcnewly infected host (Daningo er d. 1998; Chw er d. 

infected host and entering a susceptible one, followcd 2002; &-~ueno er d. 263) .  Genorypic di&ity 
by replication and cell-to-cell uammission in the suscep within infected hosts can have dramatic repercussions 
tible ssuce  or organs of the newly infected host. Each i f  for both host and virus, including alterations videncc 
thew steps is subiect to overcominz host-mediated con- (harm suffered by the host) (Sedmti a d. 1988; Bream 
tml measures, the success of which will depend to a i t  d. 2002; ~chjmrin~ & K d a  2002; A l h i  ZWB), 
largc extcnt on the genetic resources available to the within-host population dynamics (Mirallcs sr d 2001; 
invading pathogen and theh 'equency in the pathogen Ravch er d 2W8), virus firnesa (Hodpan rt d. 20W, 
population. Armds n d. 2005; ei€in-$ain rr ol. 2005; Sim6n rr d 

Genetic diversity in macro- and microparasite popu- 2006), and if frequent, may favour the evolution of chest- 
lations is a un*mal rcqvirement owing to condnuoudy ing genotypes (lbmer & Chso 1999; Frank 2000; 
cvolving host defence capabilities (Read & Taylor 2001). Grnndc-Pirn et a/. 2005). 
Virus populations are rmowned for their divmity, and Nucleopolyhedrwiruses (NPVs) are important mor- 
many viruses adapt infection smtegies to c n s u  that tality factors in the population dynamics of a number of 
part of that diversity is present in individual infected insects (Coy & Mym 2W3), and they have mique 
hosts (Hmt 2000). Within-host diversity mmy be insecticidal properties that make than useful as the 
achieved when inrmlum comprises a diverse pool of beis for biological control agents (Moacardi 1999). 
virus gcnomes (tord er d. 1997; Bomceu et d. 2001; NPVs are s m d y  complex with one double-stranded 
Corg et a/. 2005; Hariug u d 2005; Jd er a/. circular DNA genome packaged into each nucleocapsid. 
2005), when gcnorypically distinct viruses cooperate to Individual nudeocapsids produced in the cady stages of 

infection bud out of the infected cell. This budded 
virion (BV) phenotype is responsible for systcmic Dans- 
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nucleocapsids that remain in the nucleus arr enveloped 
singly or in multiples to form virions that arr occluded 
in a protein matrix, the occlusion body (OB), which is 
responsible far insect-to-insect transmisaian. L m  num- 
bers of virions are acduded inta each OB. When 
contaminated foliage is consumed by a susceptible 
larva, the OB dissolves in the alkaline midaut releasim 
numerous ocdusion-derived virions (oDv~). ~ a c h  ODV 
is ca~able  of infecdnn a host m i d a t  cell. l%is ~ r i m a r v  
ODV infection initiat; the Mcondaary systemic BV infec; 
tian that results in the death of the insect several days later 
CIheilmnnn st d. 2005). 

Recent mdiea on a Nicaraguan isolate (SfNIC) of 
the multiply-enveloped NPV from the fall armyworm, 
Spwbpuno f.u&rda (Lepidoptera: Narmidae), have 
revealed that this v i m  exists as a mixture of m least 
nine genotypes, eight of which have deletions of 
4.8-16.4 kb in lcnarh in one region of the genome - - 
(SimQ er d. 2005). The  anly complete genotype, 
SfNIC-B, is the majority genatype. Each individual genw 
rype has a characterisdc pathogenicity, as measured by 
dose-morraliw metr ia  ( R o b ~ m  er d. 2007). which is . . 
lower than that of the complete papulation. Two of the 
deleted genomes (SfNIC-C and SfNIC-D) can produce 
OBs, but they lack genes far essential perm rraauniasian 
factors; these two gmatypes survjve in the papulation 
by complementation with the complete genotype in 
co-infected cells. 

C-infection appears to be common during the s p -  
temic phase of disease; on average cells are infected by 
an estimated 4.3 BV partides (Gdfmy r t  d. 1997; Bull 
el d. 2001; S i m k  rr d. 2006). In consequence, OBs pro- 
duced in cells infected by defective and complete 
genotypes are infectious per or, whereas OBs produced 
in cells infected by defective g e n o ~ e s  alone are not 
infectious. Moreom, serial passage experiments invol- 
ving sequential rounds of insect-to-insect per os 
trPnsmissian have demonstrated that experimental mix- 
tures, comprising d i t fewt  ratios of complete and 
defecdve genorypes, rapidly converge to a common equi- 
librium that maximizes their rransminsibility and that 
closely reflccrs thdr relative proportions in the dd- rype  
population (SimAn st d. 2006; Qavilo er d. 2009 .  

Cwinfectian by multiple genotypes appears to be 
adnpcive in this virus as it inmases the transmissibility 
of inuculum. The particular characteristic of NPVs of 
being able to pmduce OBs that contain multiple virions 
and, for the multiply-enveloped NWs,  that these v i r u s  . . 
p a r t i d s  may contain multiple gcnames, calls into ques- 
tion the role of the virion assembly and the occlusion 
process in maintaining virus diversity. The question as 
to whether genotypic diversity exists within OBs and 
whether this diversity is maintained by selection for gm- 
atypically heterogeneous OBs, or selection against 
genotypic discrimination during the occlusion process, 
is at p m m t  unclear. 

To our howledge, the possibility of co-occlusion of 
multiple genorypcs into a single OB has not been 
aamined in derail. Using a m i x m  of wild-type and 
non-occluded mutant genotypes, Hnmblin u d. (1990) 
provided anecdotal evidence of a physical association 
between genotypes although a formal statistical h e -  
work was lacking. Recently, Z w a ~  rt d. (2009) applied 
an independent action hypothesis to test whether a 

aingle pathogen individual can lead to host death. For 
this, a model was developed to predict the fi-equency of 
single and dual genotypes in miaed infections with the . - .. 
use ofrecombinant genotypes. D i f f m c c s  in host suscep 
tibility resulted, in some cases, in higher than expectcd 
f~equencies of dual gcnotype infections compared with 
madel-generated predictiom. These sNdics have hiuh- 
lightedthat independence of action is unlikely to b; a 
broadly applicable paradigm in baculovirus ecology. 

Without doubt, cwocclusion of genotypically disdnct 
virions within each OB is one mechanism that can 
improve the likelihood that multiple virus genotypes arc 
involved in primary infection of the host midgut cells. 
An alternative model inwlves segregation of differing 
genotypes inta distinct OBs, either by selective crystalliza- 
tion of the OB polyhedh  pmein  around virions - ~ 

according to thdr genorypic identity, or by physical separ- 
adan of genotypes in virus factories in different arcas of . ~. 
the cell nudeus. The  importance of answaing this ques- 
tion is clear, both for the validation of the w e n t  model 
of NW replication and for elucidating a mechanism by 
which a virus can maintain zenedc diversity during inter- - - 
host transmission. To test the co-occlusion hypothesis, we 
analysed the within-host genetic diversity originaring *om 
experimental mixtu~s of SfNIC gmotypcs as a function 
of the inaculum dose. Specifically, we examined the 
hypothesis that the cansumptian af a single OB kquently 
~ s u l t s  in the uanamission of multiple genotypes because 
the OBs themselves are genotypically heterogeneous. 
Followkg the mnsumption of numerous OBs, multiple 
genorypes would be uansmined similarly, whether they 
were physically associated or segregated inta distinct 
OBs (the nan-associated model). Finally, we confumed 
the cwacclusion hypothesis by showing that a portion 
of the ODVs themselves are genotypically heterogmeous. 

2. MATERIAL AND METHODS 
(a) Imsect~ and d- 
h e  of S. f.u@$da were obtained £ram a laboratory 
mlany maintained in rrablc mdidans  (25 f 1°C; 75 + 5% 
R.H.; 16 h L 8 h D phatapcriod) and reared an a semi- 
synthetic diet ( W n e  n d. 1976). Three different h s  
i n o d a  were used in &is smdy. The first of these was a 
wild-type popularion of the S. frugipardo nucleopolyhedm- 
virus (SfMNW) conected in Nicaragua (SNC-wt) 
(Eacriba ad. 1999). SNC-wt  is composed of at lesst 
nine genorypes, named S N G A  to SLNIGI, af which 
S N C - B  is the anly mmplete genotype. SLNIC-C presents 
a 16.4 kh deletion with mmct m S N C - B  and cannot bc 
wnsmirted per or unlas its OBs were pmduced in a cell 
winfecred with a per os infective pnorype. SNC-wt  OBs 
were produced by inoculating fourth instar larvae unins the 
dmplet feeding mrrhod (Hughes & Wbad 1981). T h e  other 
vLus i n o d a  used in the study comprised erpedmeoral mh- 
m s  of S N C - B  and S N C - C  pnorypes and an d c i a l l y  
cansrmcted SNIC population (SNIC-lab), described 
below. OB cancentrations were detprmined by muting 
using an improved Neubauer ha~nocytometer (Hawhley, 
Lancing, UK) under phan~conwst  mimscopy VLal 
DNA nmacdons were pafarmed as described by S h h  
rr d (2008). PCR analyses were performed to verify the 
identiry and cmposidon of each inodum.  For d l  culture 
studies, the Sf-9 ATCC cell line was cultured at 28°C 



in TGlOO medium supplwented with 10 p u  cent foetal 
M e  serum (FBS, Gibm). 

(b) C o ~ m t i o n  of ex~ 'mentn l  ~PM- mirfurm 
Purified OBe of the S N G B  and SfNIGC nenonmes wac - .- 
counted and adjusted to a conccnmtion of 5 x 10' 
OBs ml-'. ODVs wmr ~ l e m d  by mpting eaeh OB suspen- 
sion with an equal volvme of 0.1 M Na,C03 and five 
volumes of stcrile distilled water f o l l d  by incubation at 
60°C for 10 min. Undissolved OBs were peUmd at 26558 
for 5 min and discarded. T h e  ODV-containing supernamts 
-re thm mixed in rwo diaerent promrtions (50% ~. 
S N G B  + 50% S N G C  m 75% m G B  + 25% W G C )  
and used m Um (8 ul rrcr lam) amuw of 50 S. h + e &  . 
fourth instam l&ad h e  individ&-unnl 
death. T h e  OBe obrained fmm tbse  I-, named [50B + 
50Cl and [75B + 25C], m p c d d y ,  rn purified and used in 
inoculation Bpaimma ( d - i  behv). 

An artificial 'wild-t)7r' population was produced by 
mixing purihed OBs of [75B + 25C] with the OBs of the 
other s h  genotypes in propomions similar to those found in 
the natural S N C  isolate (S-n a ol. 2004). The wrrall 
composition of the mixture, in e m  of percentages of OBs 
of each genotype, was 80 per cent [75B + 25C1, 0.5 per 
cent S N C - A ,  3 per cent S N G E ,  9 per cent XNC-F, 
0.6 per cent S N C - G ,  0.2 per ccnr SiNIC-H and 
5 p u  cenr S N C - I .  S N C - D  was nor included in the mix- 
ture as this genotype encompasses rhe aame deledon as 
S N G C .  T X s  OB mirmre was fed to founb instam using 
the dmplct feeding method and the resulting OBs were 
m e d  SNC-lab. 

(c) Quana;f*arion and diarrimination of# lotym 
The relative proportions of eacb genotype in the [50B + 
50C1, S N C - w  and SNC-lab inocula were admmed by 
measuring the relarive intensity of a genotypespecific fmg- 
men1 amplified by PCR with respm to a PCR hgment  
common to all g m a w .  Ti i s  methodologg us- I5 diWr- 
ent primers to i d e n w  SfNIC individual genorypes (see 

table 1 in S i i n  et d. 2008). l b o  of these primw 
( W 1 . 1  and Sfgp41.2) were used to amplify a fragment 
within a genamic region common to all genotypes, and 
t h a e  were mixed with genotypespedfic primen. Conse- 
quently, each reaction mLrure generated two di5nenr s k d  
amplicons; a larger product of co 760 bp common to all Ken- 
oma (the Rfe-ce amplicanl, and a swcihc product with . ~ 

a I& of ca 650 bp. 
ODVs released h m  SfNIC-lab and S N C - w  were sub- 

jected to a varying number of PCR cycles (15-30), 
dcpcnding on the relative propomon of each genotype in 
the wild-type population (Simim el d 2008). Each reaction 
was stopped before reachiog saruratian. PCR products were 
separated by 1 per cenr -se gel elecnopb-is, and the 
relati- proportions of tbe two p r o d m  were mmp-d 
by densiromeoic analyxis using the Qu&mnOm image 
analysis pro- (BiaRad, Alcbbendas, Spain). 

(d) T i o n  assays to dstermiw oedLsion 
bad3 ~ l o t y i i c  sm(clul.0 - - .. 
For wnamissian asslryaaith [50B + 50Cl OB$ one group of 
300 and &me mow of 50 S frvgilMdo second instars wmr 

~ -~ 

orally inoculated 4 t h  a &R of purified OB suspension 
and sue- solution (10% surmse; 0.1% Fluorella blue) 
during a 10 min period at cancenmoons of 9.0 x lo1, 
8.3 x lo3, 2.5 x 10' and 7.5 x 10' OBs ml-', respectively. 
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These concennations were estimated to mul t  in mortalitie 
of 5,30,40 and 50 per cent, respectively. For assays inwlving 
SiNIC-w OBs, soups of second instars were orally inocu- 
lated with one of two ditfaent mncennarions: 9.0 x 10' 
OBs ml-' (n = 500 insects) mrrsenting the 5 p u  cent 
lethal concenmtion (LC5), a 7.1 x 10' OBs ml-' (n = 50 
insms) ~presendng an LCSo concmmtion. For ways 
invoking SMC-lab OBs, a gmup of 50 second instars 
were inoculated witb 7.1 x 10' OBs ml-', reprerenting an 
LC.. conccnmrion. ln dl assays, inoculated larvae were 
mainrained individually an a BEmisyntheric diet until death. 
Control larvae w e  mated identically witb solutions not 
containing virus. OB sample from insem that died of 
NFV infection were mllmed for semiquantintivc PCR 
analysis of golorypic composition as decribed above. 

Ingested volume data =re used to conven LC d u e s  into 
the corresponding lethal dose (LD) d u e s .  To d e d e  the 
mean wlume ingested by S. frqipnio larvae during wns 
mission aasayr, rhe radioadvity of larvae that dxmk a 
"P-labcued sucmse solution (10% surm.e; 0.1% Fluorella 
blue) during a 10 min period was measured using a sciotil- 
ladon counter (~allac-1450 MicmBera Tdm, ~ a l l a c  Oy, 
Fhlmd). Scintillation counts then correlated with the 
ingested wlume by comparison wid a wlume-scintillation 
count calibration ~ m .  A total of 60 larvae w e  individuallv 
assayed and the mean ~ h m e  d u e  was determined 

(c) DOfPrm'maLiOll of ocehUion-dPriced v i r h  
genolypic corn- 
To detamine the golorypic canpoeirion of ODVs, s suspen- 
sion of 150B + 50C] OBs (1.0 x 10' OBml-') was mated 
with Na,CO, to release ODVs and the resulting supcnsion 
w a s  centrifuged to sediment undissolved OBe as described 
above. Sf) cells were inoculated with one of five serially 
diluted concenmtions of ODV suspension (10-'-10-~). 
For this, a 2 ml volume of ccUs (5 x l0'ce~s ml-') was 
wnsferred to the w d s  of sh-well tissue c u l ~ r e  plmm and 
cells - allrwed to artach for 1 b. The medium wm 
removed and 200 pl of each ODV dilution was added to 
eacb well in mplicate. I h e  plates were incubated at mom 
temperawe for 1 b on an orbital nhacr  at 208 to dispene 
ODVs. Following incubation, ODV i n d u m  was removed 
and 2 ml of sterile 2 p u  cent SeaPlaque agamse (Rockland, 
USA) mixed with TGlOO (10% FBS) a 37°C was added to 
rhe plates, which -re then incubated at 28°C for 5-6 dayr. 
Formed plaques were identified and only wells that contained 
30 or f m r  plaques m e  subjected to genotypic analysis. 
B e m e n  69 and 81 plaque were subjected to genotypic 
analysis in eaeh repetidan. The procedure was ~epeated for 
SfNIGw 0% using the same OB concenuation and 
ODV dilution steps. Between 12 and 21 SfNIC-w plaques 
were subjected to genotypic analysis in each repetition. The 
en& experiment mas performed three times. 

The identity of each genotype in the [50B + 50C] or 
S N C - w  ODVs was daermined by measuring the presence 
of a genotypespecific fragment amplified by PCR ?lineen 
different prim- described by Simh ol d (2008) were 
employed to amplify a product with m length of approxi- 
mmtely 650 bp that wm specific to each genotype. 
&,types C and D a-e nearly identical and could nor be 
ditf-tiared using the primers sets used hue, and were 
therefore mnsidcred as m single genotype (C). BVs obtained 
fmm individual cell culnve plaques were subjected to 30 
amplification cycles. PCR produns =re separated by 



Pi,, 1. Semiquantitp~PCRofthcinonriaprepdfottheMoaas~ ((m) kSfNI-B+C k508+5OCmdSfNlG 
lab). Amplicarinn of SfNIGwt DNA cwacted from OR cmfmncd the propmion of with prr w mmmisaiw 
factor genes (75%) md thosc lacking the gmw (25%) that &vc in .drt natural papdation by complemmtatim with corn- 
pZetc genotypg in minfcaed  cells. Amplimtion of SOB + 50C DNA fmm OBs mdrmcd the prrsmct of each potqpe m 
the txpccted pmpdon. T h e  S N G l a b  inoculum waa amplified with dl pairs of primers to calculate the relative pp~r t ians  
of genotypes prr-stat. Lrrrcra A- I  rqmscot thkr corresponding gem- ( S N G A - S M C - I ) .  Relative density values arr 
h m m  a m  or below the comaponding &icon. Resctionr ptrformad m wiplicatc and pwlcd prior to dtnsitomraic 
analysis. h l c d a r  m h a s  m e  M1 1 kb DNA ladder (S-e, Ls Jona, CA, UL4) and M2 was 100 bp DNA ledda 
@rn- Corp., Csrlebad, CA, USA]. 

1 per cent agarose pi e l w h d s  and the prcdxion ofpoalucs &auld -'be tticwed with caudan, 
d geno-pecific products was d c t c m i d  using fhc Conscqumtly, Gmt ~ t s ~  cwfuraed bpm aaftbinc- 
Qt~~mrmOm image analysis pmgmm (Biohd). mial test in which n was tbe imk of insccrs t h a t  died of 

infeccion, k was the number of- with multiple infcctlons 

(0 Shti#kd 
k ~ l t s  W- U n d ~  tbe h t  l d  con- 
sumption of  ORs followed a Poisson dnaribudm under 
which OBs are ingtsted a t  random and do n d  a d b m  m 
one mother. Under a mdd in which each OB conmha a 

gcnatppc (the rmn-a&tim hypothtsis), the prob 
a b i t i y o f a a g ~ ~ l t P p C h a ~ l m d w i l l b e t h e  
pmdw of the probability of a l a m  being ided and the 
kqumcy of that genotype in the population Multipk Me+ 
tiom will be dependent on the -tian of more rhan m e  
05.  By contrast, if OBar contain multiple genoqpa (the 
m+cclmion hypothesis), mdtiplt infection map o~nzr evm 
in the cast of ingestion of a single OB. Difhmccp in the 
withimhost dmtrairy undu these m hypotheses will be 
most d e n t  at low b. 

The prababflity that an bta mmmca no OBI in g k w  
by the m-0 term of the Pokon d i i t i o n  (P,) b a d  on 
the pmportion of imcc~ drat did not become infectcd st 
p d d a r  dose: Pm = c - ~ ,  where k ia b e  mem nmbtt of 
Wrcd OBs givm by - lo&(pmprtion of 8- ins- 
thmt murned  each W a r n ) .  Similarly, the pmbabm 
of cunsuming olbt 0% is P(I) = A - e-A BRd &t pbabilitp of 
~ m m ~ m e O B i s P p l ~ = I - ( P ~ ~ + P ~ l ~ ) m  
1 - emA(1 + A ) .  

For txpcrimenm with only two &e rrlatitre 
pmnimn of the ~cnotypea pfadictcd by tht nm-adsttd 
m d d  hd on the Poiaaon g-cnmfed d u u  anerr campand 
with the ob& frequency of grntgpes in individual 
ins- For tfrt nndysis of the d t i p l t  gmm infEctiona 
in imretts that mnmmcd S f M h  0% we used m similar 
srgument ra determint dlE pmbebaity of a genoqpc being 
ahent. In bib cnscs expmcd rrlscmt &cqumcies weft com- 
pared to &e obwmd frequmcics by a l ~ ~ o o d  ratio 
tm (Gtcst). For large sample siz- (300-500), the Poisson 

and p m a  thc pbbil irp of nnhple inftctims in m y  particu- 
lar insem, d d a t e d  h u t  the eqxacd m m b a  of multiple 
Mktions unda h c  n o k a s d a t i o n  hypothesis divided by 
n. The ow-taikd w binomiat p b a b i  (q) was then 
calculated by dre application of the binomial formula: 
P- ( R ! ~ * / I  -p3'* 31k![n - k)!. 

3. RESULtS 
Ttic composition of OBa comprising SNC-wt,  [508 i- 
SOC] and the d c i a l  dd-type mixture S N G I a b  was 
verified by dtnaitomeaic analpis of PCR produrn 
(fi- I). The LCen of SfNIC-wt and [SOB f 
SOC] OBa werc at  7.1 x lo5 OBs ml". Thc 
LC5 va l~m of SWIC-wt d f50B +- FOCI O b  WCE 

Bso aimilar rn 9.0 x 1 0 ~ B s m l - ' .  T h e  m a n  ( f a d . )  
volume i w t a d  by S. fi&w& second instars was 
0.051 f 0.003 4. The ingmed volume value was used 
to convat LC value into LQ values, which rangtd 
hm thc ID3 d u e  of SfNiC-wt and [50B + 50Cl OBs 
estimated at 0.046 OBiAarva to the IDrn d u e  h a t  was 
d a t e d  at 36.2 OBdarva. None of the control imxm 
did from pima diseaat in any mtm. hming 
that at least w e  OR ia rsquirrd to kill a lami, an LD, 
of 0.046 O B d m  implien h a t  the few b e  that died 
of E ~ c  polfiedroais distast comumtd au amrage 4 d y  
w e  OB (table 11, suggtgting that OBs art manmined 
aa physicattg indcpmdent partidts that do not adhere to 
one anorher. This has been conknd by scanning elm- 
won m i m p y  of the OB prepamdons (dsta not 
ahwrm). Tht mean numk d OBa requited to HI 
approximately 30 per cent of insects &I&,) was 1.51 
ORs per killed lama, m d n g  to 2.90 O h  per h id  
l a m  at the IDw For higher doses, the number of OB 

dis&i%utim provides a good nppmximadw for rarr mmm, intxcasad m d y  (table 1). 
drhwgh amall ~ c d  values (less than 5 )  are prow m [508 + 50C) Oh administered at the calculated 5,3Q, 
inflate ttK si@mnet of lo~likclihood tern arid the 40 and 50 p a  cent LDs mdtad in 2.7, 28, 44 and 



Table I. EstLnated consumption of OBs and o b d  
mortality of insects that ingested difie~nt mncenwtions of 
inoculum. 

mean 
number OBs 

LCof OBspa OBs obs-d mnrumed! 
inoculum ,din consumed/ mortnlity infected 
(%) in- larva' (%) lamb 

pn lamnip-don of h t c d  inacns. 
'Manaliry nod entunnrcd number OBs conavmcdiinfcncd lam 
vmried *ch w e  of loocdvm ([50B + 50C); SfNICsr). To 
bccomc intccrcd, a 1-8 must consume a minimum of one OB. 

54 per cent mortality of inoculated insects, respectimly. 
At the LD5 dose, eight larvne died, of which four PIC- 
sented a multiple infection (presence of both S N C - B  
and S N C - C  genotypes), a number significantly higher 
than that expected if each OB contains a single acnome 
(table 2, [ ~ O B  + 50C] OBs). The other fourdead la& 
were infected by a single gcnotype, three of t h m  by 
S N C - B  and one by SNC-C.  The OBs obtained fmm 
these eight infected csdnvers w a e  used for subsequent 
inoculation of groups of fourth instam by per os 
administration of OBs and i n ~ m o c e l i c  injection of 
allrali-released ODVs. All eight ODV inocula wcrc able 
to kU larvae, but only sevcn OB i n o d a  were able to 
kU larvae per 03. The OBs in which only tbe S N C - C  
genotype was detected did not kU any of the larvae mom- 
lated perm, co* that no other v i r u s  genotype was 
presat (data not shown). 

Inoculation with 150B + 50C] OBs at the LD,, dox  
(0.41 OBsllarva) resulted in the death of 14 larvse: 
swen insace presented a multiple infection (genotypes 
S N C - B  and SWC-C) and seven presented a single 
infection involving either SWC-B or SNC-C,  which 
also d i f f~ed  aignilicanrly from the independent mans- 
mission expected value (table 2, [50B + 50Cl O h ) .  
By conwst, inoculation with the LDlo (1.28 OBsllarva) 
or L D 5 ~  (3.83 OBsnma) dohcs both resulted in frequen- 
cies of single nnd multiple infecdons similar to that 
generated by a non-associated tmmnission model. 

SNC-wt  OBs administered at the estimated LD5 and 
LDB, resulted in 5.4 and 82 per cent mortality, respect- 
ively (table 2, SNC-wt  OBs). Of the 27 insects tbat 
died following the consumption of an LD5 dose, in 18 a 
single genotype was pmcnt and in nine, more than one 
pnotypc was pment. The prevalence of multiple infec- 
tions was significantly great- than upected if OBs 
comprised a single genotype. In addition, of the nine 
insects in which more than one genotype was found, 
seven of them presented at least three and up to seven dis- 
tinct genotypes (table 3). More than one gcnotype was 
prescnt in all 41 insccts that succumbed to polybedrosis 
disease foUou.ing inoculation with the LDBo dose. 

Genotypic analysis of tbese 41 cadavers rewaled tbat 27 
insects contained all the gaotypes present in the popu- 
lation (tmbk 3), whereas at least one of h e  three least 
frequent genotypes ( S N G A ,  S N G G  or SNC-H) 
was not detected in 14 insects (17%), and in onc insect 
rwo iwkwmt  m m e s  were absent (SNC-A and - .. 
SNGG): 

In larvae inoculated with S N G l a b  OBs at the LD- 
uu 

dose, 36 out of 50 insects (72%) died of v i r u s  disease; 
all virus-ldlled larvae contained both S N C - B  and 
SNC-C,  wbich were the only genotypes for which the 
OBs bad becn produced in insects by injemion of 
ODVs. Additiod gcnotypes (SNC-E, S N C - F  or 
SNC- l )  were detected in only live insects (table 3). 
These resule were in stark conaast to tbose observed 
following the ingestion of SNC-wt  OBs. 

Cell culmc plaque purification revealed that single 
genotype ODVs we- common but mixed genotype 
ODVs were also present at a frequency of over 30 per 
cent. Of a total of 225 plaques obained frum (50B + 
50C] ODVs, 60 comprised genotype B, 81 comprised 
genotype C and 84 comprised a mixme of both geno- 
types ( M e  4). Similarly, analysis of plaques derived 
fmm SNC-wt  ODVs mealcd that 33 plaques com- 
priaed single genotypes (predominady genotype C), 
17 plaques comprised mimues of two genotypes (predomi- 
nantly gmotypcs B + C) and a single plaque comprised 
genotypes B + C + E The propordon of mixed genotype 
plaques was similar between [50B + 50Cl (84 our of 225) 
and SNC-wr (17 out of 50) O W s  (Gtest x: = 0.194, 
p = 0.659). The presence of multiple genotypes in 
OW-derived plaques p m d w  explicit cvidencc bath 
for cuoccluaion of genotypes in NPV OBs and for the 
cucnvelopmun of genotypically dishct nudeocapsids in 
appmximately one-third of tbe ODV population. 

4. DISCUSSION 
The goal of the pmsent smdy was to examine the hypath- 
wis i f  the physical association of multiple g m o w n  in a 
single OB for the maintenance of virus diversity. ~ o u s  
studies have demonstrated that during the systemic phase 
of infection, sindc cells in an insect can be co-infected by . - 
multiple BV particles, each carrying a single genotype 
(Godfray ef d. 1997; Bull 6% d. 2Wl). To maintain gm- 
etic divemiry duriDg between-host wnsmission, it is 
necessary that the larva acquire different genotypes at 
the moment of primary infection. As the number of 
OBs required to kill a larva is usually law, the occurrence 
of multiple genotype infection would be improbable for 
highly susceptible larvae that can be infected by a single 
or very fnv OBs. Under these conditions, maintaining 
diversity within a larva could be compromised if geno- 
types are segregated among Merent OBs, urccpt 
perhaps during the course of an cpizootic, when unu- 
sually hi& densities of 0& may be present briefly in 
the environment. 

If OBs am composed of aingle genotypes, the genoty- 
pic diversity in the larvs would be dependent on the 
number of OBs that contributed to the primary infection 
in the host midgut. Accordingly, for law doses, it can be 
upected that multiple infections will become m e  
events. Conversely, tbc ocdusim of numerous genotypi- 
cally distinct virions in a single structure could increase 
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Table 2. Frequencies of single and multiple iafmions in insects inoculated with diff- doses of I. [50B + 50C] OBs or II. 
SfNIC-w OBs. (Observed frequencies  MI.^ compared with the non-~raodated nansmiasion model v p m e d  values by ihe 
G t a t  and the exact binomial ta t .  **P< 0.01, **.P< 0.001.) 

o b s d  (vpecred) 
number of k e c u  frequencies of infection 

inocuhm and dose i n d a r e d  dead siogle multiple G r a r  (2)' binomial test, P 

(508 + 5OC] OBs 
LDs 300 8 4 (7.89) 4 (0.11) 23.31*** 2.4 x 
LDIO 50 14 7 (11.83) 7 (2.17) 9.05.* 0.003 
LDIO 50 22 13 (16.23) 9 (5.77) 2.23 0.143 
LDso 50 27 18 (17.86) 9 (9.14) 0.003 1.000 

SfNIC-w OBs 
I D 5  500 27 18 (26.26) 9 (0.74) 31.37.' 6.6 x lo-'' 
ID,, 50 41 0 (15.43) 41 (25.571 38.72*** 7.4 x 

Table 3. Frequency and compwition of single and mixed grnacype inIedtions identified in insem that died following 
i n d a d o n  with SfNIC-urt or SfNIC-lab OBs at I D 5  and LDa0 dares. @ n e d o n  of genotypes was performed by PCR on 
OBs obtained h m  virus-Wed larvse.) 

single inf&ons multiple infections 

virus dose no. deadimsted lnaects aenome frequency ~enotme frequency 

all (A-I) 27 

the probability that various genorypes establish infection 
whphen frw OBs are ingested. Multiple infectioos will not 
be m even ar low doses. 

W c  tested this hypothesis assuming the probability of 
infection to be similar for each OB, independent of the 
genarype(s) it conrains, and that rhe probability of idec- 
tion can be sppmximated by a Poisson distribution for 
rare events (low doses). The fvsr (P<O,) t a m  of the 
Poison dismbution, based on the proportion of insects 
that did nor become infected, was used to calculate tbe 
probabilities of ingestion of sin$= or multiple OBs. The 
fining of a Poisson distribution ra the experimental data 
wm tested (table 2), c o n h i o g  the validity of the 
co-occlusion model at lour doses. In addition, consump- 
tion of B single OB a p p e m  to be suficient to kill a 
larva, indicating that the virus is well adapted to trans- 
mission in low vim density conditions. However, it is 
important to point out that when mulriple genotypes 

are prcsent in the inoculum, ingestion of multiple OBs 
is not necessarily reflected in genotypic variability in the 
infected host because a fraction of the insects may have 
consumed multiple OBr of a single genotype. Nonethe- 
less, this in no way a l t m  the findinm of our study, in 
which higher than expected h q u m c i c s  of multiple infec- 
tion were observed in insects that consumed very low 
numbers of OBs. 

An experiment was performed using only two geno- 
rypes because it simplified the analysis. We previously 
demonstrated that per or infection with minnum of 
S N C - B  OBs and S N C - C  OBs rcsulred in only the 
S N C - B  genorype in the virus progeny, whereas per or 
infection with OBs pmduced in insects injected with 
ODV mixtures comprising bath pnorypes m infectious 
per 0s and rcsulred in the presence of both genorypes in 
the progeny OBs (L5pa-Ferba er d. 2W3). This 
m c u e  cxpuiment canfirmed tbar cells had been infened 



Table 4 Genarypic mmporition of ODV plaques d-d 
from I. [50B + 50Cl or U. SfNlC-wt ODVs as determined 
by PCR amplification uring gerr-spcci6c prim-. 

hqucncies 

Rep. I Rrp. 2 Rrp. 3 total 

[50B + 50CJ ODVs 
genotype B alone 22 21 17 60 
genotype C alone 26 29 26 81 
B+Cmixture 27 3 I 26 84 
total 75 81 69 225 

SfNIGwt ODVs 
single genotype' 8 I1 14 33 
mixcdgenotypcb 4 6 7 17 
total 12 17 21 50 

by multiple genotypes. The presence ofStNC-C was also 
obswed in infections derived from low dose inoculation. 
We smngly suspected that this wasowing to cc-occlusion 
of both genotype in each OB. In thc present smdy, low 
doses of 1508 + 50C1 OBs multed in a much higher 
than -&ed frequency of multiple infections (50% in 
the expcrimcnt involving an ID5 dose). With an ID5 of 
0.05 OBs, the probability of a larva ingesting more than 
one 0 B  is less than 0.001. A similar result occurred in 
insccu* inoculated with the ID,. dosc. Howwcr, as 
expected, inmensing the number of OBs ingested by a 
larva resulted in a reduoion in the diffmnces between 
observed kquencica and expected frequencies based on 
non-associated uansmission. 

The divenity pment in the natural SfNIC-wt popu- 
larion allowed us to address the question, what is rhe 
probability of a given genotype being present in an 
insect as a function of its Erequencv in the population . ~ 

and the dose ingested? Again, ingestion of t h e G I  dose 
resulted in a simifiicantlv higher 6xsuenw than expected . - . . 
of multiple infcoions. Moreover, of nine inse& with 
multiple infections, seven presented marc than two genc- 
types. Wben larvae were inoculated at the ID,, dose, 
38.3 OBsilarvs, all or most genotyps were present in 
each and every insect tested. Even under these high- 
dosc conditions, the probability of such high divemity is 
very low when genotypes are segregated into different 
OBs, indicating again that genotypes tend to be acquired 
togethcr (uble 3). 

Finally, we consuucted a virus population (SNC-lab) 
comprising OBs of each genotypc in approdmstcly the 
same proportion as that of the SfNIC-wt population. Of 
these OBs, only genotypes B and C had been produced 
by injeoion of ODVs into insecrs to produce the 
[75B + 25C] inoculum. Interestingly, only genotypes 
B and C were present in all infected insecm and orher 
genotypes were r d y  present. What could be responsible 
for this d3T.e-c~ benvem the SMC-wr and SMC-lab 
populations? It appears rhat the uausmission of the 
co-occluded genotypes B and C was markedly more 
efficient than that af any of the other siwgle genotype 
OBs present in the inomlum, that is, cmumption of 

-~ ~- ~. .. 
app- not fa be eiuivk.&t to the SNC-wt  wpularion 
suucnve B + C + A + E + F + H + I I  OBs. ormum- 
ably bccause all genotypes ere probably co-ocdudcd in 
thc laaer, whereas only B and C were crroccluded 

in rhe former. 
Thesc reaults provide dear cvidencc for the association 

of genotypej wirhin OBs. Two ldnds of associadon arc 
possible for multiply-cnvcloped NWs: virions can be 
composcd of single genotypes, with many genetically dis- 
tinct virions ocdudcd in thc same OB, or the virion 
envclopc can wrap nudeacspsids that contain dissimilar 
genoGes. ~ e s u l i  of the gmotypic analpis of individual 
ODV-derived cell culture plaques revealed that each type 
of associadon mists in O B ~ ;  apprmimatcly one-thldof 
ODVs comprise mixed genotypes and two-Girds of 
ODVs comprise single genotypes. Crucially, however, 
thc observation of mixed genotype virions provide8 
condusive support for the cc-occlusion hypothesis. 

In this respect, the lower genotypic diversity detected 
in the granulovintses (Jchle rt d. 2003; Ebcde a d. 
2009), mmbcrs of the genus Beraboculouirw, may bc 
related ro the morphological srmcnuc of thc members 
of this pnus, in which each OB occludes a single virus 
genome, thercby eliminating the possibility of physical 
association of diarent genotypes. 

Genetic divcrsiw is common in NPV popularions 
(Graham n d 20&; Cory sf d. 2005; ~ & & n  r f  d. 
2006; Onrmbo 81 d. 2007). and vrovides dear advantagca - 
for vints transmission under varying ecological conditions 
(Hodgson cz al. 2001, ZOW; Coops sf d 2W3; Sim6n 
er d. 2004,2006; Hitchman sf d. 2W7). It seems reason- 
able to accept that a s p r m  of multiple ocdusion is 
adaptive in facilitating continuous mansmission of high 
variability of the v i m  populirion when the pathogen den- 
sity is low, leading to an improved likelihood of vints 
survival. However, this strategy also allows for the survival 
of defeoive genotypes that could reduce thc fimess of 
complete genotypca in the population, alrhough in the 
S N C  population this is not the case, as defective 
genotypes amally potentiate virus transmissibility. 

We thank Nodia Garria for insect rearing, Isabel 
Maquiniain for technical assistance and Iavier Valle 
(ECOSUR, Mexico) for statistical advice. This smdy was 
funded by MEC project number AGU005-07909-C03-01. 
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