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ABSTRACT

Plant virus species of the family Nanoviridae have segmented genomes with the highest known number of segments encapsi-
dated individually. They thus likely represent the most extreme case of the so-called multipartite, or multicomponent, viruses.
All species of the family are believed to be transmitted in a circulative nonpropagative manner by aphid vectors, meaning that
the virus simply crosses cellular barriers within the aphid body, from the gut to the salivary glands, without replicating or even
expressing any of its genes. However, this assumption is largely based on analogy with the transmission of other plant viruses,
such as geminiviruses or luteoviruses, and the details of the molecular and cellular interactions between aphids and nanoviruses
are poorly investigated. When comparing the relative frequencies of the eight genome segments in populations of the species
Faba bean necrotic stunt virus (FBNSV) (genus Nanovirus) within host plants and within aphid vectors fed on these plants, we
unexpectedly found evidence of reproducible changes in the frequencies of some specific segments. We further show that these
changes occur within the gut during early stages of the virus cycle in the aphid and not later, when the virus is translocated into
the salivary glands. This peculiar observation, which was similarly confirmed in three aphid vector species, Acyrthosiphon pi-
sum, Aphis craccivora, and Myzus persicae, calls for revisiting of the mechanisms of nanovirus transmission. It reveals an unex-
pected intimate interaction that may not fit the canonical circulative nonpropagative transmission.

IMPORTANCE

A specific mode of interaction between viruses and arthropod vectors has been extensively described in plant viruses in the three
families Luteoviridae, Geminiviridae, and Nanoviridae, but never in arboviruses of animals. This so-called circulative nonpropa-
gative transmission contrasts with the classical biological transmission of animal arboviruses in that the corresponding viruses
are thought to cross the vector cellular barriers, from the gut lumen to the hemolymph and to the salivary glands, without ex-
pressing any of their genes and without replicating. By monitoring the genetic composition of viral populations during the life
cycle of Faba bean necrotic stunt virus (FBNSV) (genus Nanovirus), we demonstrate reproducible genetic changes during the
transit of the virus within the body of the aphid vector. These changes do not fit the view that viruses simply traverse the bodies
of their arthropod vectors and suggest more intimate interactions, calling into question the current understanding of circulative
nonpropagative transmission.

Plant viruses of the families Luteoviridae, Geminiviridae, and
Nanoviridae are transmitted in a circulative (persistent) non-

propagative manner by their insect vectors (1, 2). This transmis-
sion mode is characterized by the internalization of the virus
within the insect without replication or even transcription of the
viral genome. After feeding on an infected plant, the virus is in-
gested by the vector, along with the sap. The virus is then trans-
ported across the insect gut and released into the hemolymph
before penetrating into the salivary glands, from where it is in-
jected with saliva during feeding on a new plant. Though not rep-
licating, the virus can remain infectious in the vector for several
days and even throughout the vector’s life span in some cases. The
transcytosis mechanisms by which luteoviruses cross the gut and
salivary gland epithelia in aphid vectors have been relatively well
described by electron microscopy. The transmitted virus particles
are transported across cells into membrane vesicles, preventing
any contact between the virus and the insect cell cytoplasm (3).
However, no such evidence is available for geminiviruses or nano-
viruses, while putative deviations from the canonical circulative
nonpropagative transmission model can be suspected from the
related literature. For example, several studies have suggested pos-
sible replication of the geminivirus Tomato yellow leaf curl virus
(TYLCV) within its whitefly vector, although this point is still

actively debated (4–7). In another example, in addition to viral
particles, an unknown virus-encoded factor has been demon-
strated to be mandatory for successful access and/or passage of the
nanovirus Faba bean necrotic yellows virus (FBNYV) through the
salivary glands of the aphid vectors (8). The involvement of this
additional factor indicates at least that the nanovirus-aphid rela-
tionship might be more complex than (or different from) that
described for luteoviruses.

Virus species of the family Nanoviridae have their genomes
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segmented into 6 to 8 segments of �1 kb each. Each segment is
encapsidated as a single copy into individual icosahedral virus
particles 18 to 20 nm in diameter (9). Five segments are common
to all nanovirus species: the segments C, M, N, R, and S. Segment
C encodes a protein interacting with the cell cycle, segment M
encodes the movement protein, segment N encodes a nuclear
shuttle protein, segment R encodes a protein initiating replication
of all the segments, and segment S encodes the capsid protein
packaging each segment individually. The other segments, named
U1, U2, and U4 for the genus Nanovirus and U3 for the genus
Babuvirus, encode proteins with unknown functions (10). Most
member species of the family Nanoviridae are aphid transmitted,
and the viral form crossing gut and salivary gland barriers has been
proposed to be the viral particles (11–13). Though nanovirus par-
ticles have never been directly visualized by electron microscopy
inside the insect vector, studies using immunofluorescence
against the coat protein of Banana bunchy top virus have consis-
tently demonstrated that the virus accumulates within the aphid
anterior midgut before being released into the hemolymph and
translocated in the principal salivary glands (14).

We have recently shown that each of the eight segments com-
posing the genome of Faba bean necrotic stunt virus (FBNSV) re-
producibly accumulates at a specific relative frequency within in-
fected host plants, with the corresponding segment frequency
pattern defining the “genome formula” (15). Because in the same
study the genome formula appeared to be specific to the host plant
species, we questioned whether it could also be affected in a spe-
cific way during the transit of the virus within the bodies of aphid
vectors. Here, we show that the FBNSV genome formula within
aphids is significantly different from that observed within source
plants. The observed frequency changes affect primarily the seg-
ments N and U2. They are similar in three distinct aphid vector
species, Acyrthosiphon pisum, Aphis craccivora, and Myzus persi-
cae, and occur very early during the internalization of the virus
within midgut cells with no further changes at later stages of the
virus transfer across the aphid body. Although we cannot explain
such changes in the viral genome formula at this stage, they sug-
gest the existence of unforeseen intimate interactions between
FBNSV and its vectors that are hardly explained by the circulative
nonpropagative transmission model.

MATERIALS AND METHODS
Host plants. Vicia faba (faba bean; var. “Sevilla,” Vilmorin) plants were
grown within a P2 restricted-access confinement facility in a growth
chamber with a 13-h/11-h day/night photoperiod, a temperature of 26/
20°C (day/night), and 70% hygrometry.

Virus isolate. The FBNSV infectious clone used in this study is derived
from an Ethiopian isolate maintained by serial passages on V. faba over 3
years and corresponds to the infectious clone used in previous studies
(15–17). Briefly, each of the eight FBNSV genome segments is cloned as a
tandem repeat in plasmid pBin19 and transferred into the Agrobacterium
tumefaciens strain COR308. To inoculate V. faba plants, eight agrobacte-
rial cultures (each containing one of the eight cloned segments) were
grown separately in NZY� medium (0.1% N-Z-Amine, 0.5% yeast ex-
tract, 0.5% NaCl, 12.5 mM MgCl2, 12.5 mM MgSO4, and 0.4% glucose at
pH 7.5) before being mixed in equal proportions (equal optical densities
at 600 nm [OD600]), centrifuged, and resuspended in a solution contain-
ing 10 mM MgCl2 and 150 �M acetosyringone. Young V. faba plants were
then needle inoculated in the stem as previously described (15, 16, 18).

Aphid rearing and transmission of FBNSV. Colonies of the aphid
species A. pisum and A. craccivora were reared on V. faba plants, whereas
those of M. persicae and Aphis gossypii were maintained on eggplants and

zucchini, respectively. All the reared aphids were maintained under sim-
ilar controlled conditions (25/19°C day/night temperatures and a photo-
period of 13 h/11 h) ensuring reproduction through parthenogenesis.

For transmission of FBNSV, the aphids were allowed an acquisition
access period (AAP) of 3 days on infected V. faba plants (at 30 days post-
inoculation [p.i.]). The aphids were then transferred to two-leaf stage
healthy V. faba plants for an inoculation access period (IAP) of three
additional days unless otherwise indicated. The aphids were then collected
individually or in groups of five for further analysis of their viral content,
and the plants were finally treated with the insecticide Pirimor G (Syn-
genta; 1 g/liter in water). We were not always able to retrieve all the aphids
after a 3-day inoculation access period because some aphids ran off the
plants or eventually died. This explains the differences observed between
the number of aphids used for inoculation and the final number of aphids
used in various analyses.

Aphid dissection. The guts of A. pisum individuals were pulled out of
the bodies under a stereomicroscope. Then, the heads containing the sal-
ivary glands were severed and set aside. DNA from the guts and heads was
extracted with a PureLink Genomic DNA minikit (Invitrogen, Carlsbad,
CA, USA) and analyzed by quantitative PCR (Q-PCR).

EDTA-facilitated exudation. Phloem sap was collected as described
previously (19). Apices of infected V. faba plants were severed with a razor
blade and immediately rinsed in a solution of 20 mM EDTA (pH 7) to
eliminate contamination from wounded cells. The apices were then indi-
vidually immersed in a tube containing 300 �l of the same solution for 1 h
in the dark at 26°C and finally transferred into a second tube containing
300 �l of water for 7 h. DNA from the sap exudates was extracted from
both EDTA and water solutions according to the method of Edwards et al.
(20), with a longer centrifugation time after isopropanol addition (25
min).

DNA extraction from plants and whole aphids. DNA from single
aphids, or from groups of five, was extracted with a protocol previously
described for Bemisia tabaci (21). Briefly, single aphids were ground in 10
�l of extraction buffer containing 50 mM KCl, 10 mM Tris base, pH 8,
0.45% Nonidet P-40, 0.45% Tween 20, and 500 �g/ml proteinase K. Fif-
teen microliters of extraction buffer was added to each of the extracts,
which were then incubated at 65°C for 1 h, followed by incubation at 95°C
for 15 min. After final addition of 35 �l of water per extract, they were
stored at �20°C until use. The volume of extraction buffer and water was
proportionally adjusted when extracting DNA from groups of five aphids.

One leaflet of the last leaf level of V. faba plants was removed at 30 days
p.i. and extracted according to the method of Edwards et al. (20), with an
additional washing step with 70% ethanol. The DNA of each leaflet was
extracted in 400 �l of extraction buffer.

Q-PCR conditions and quantification of genome segments. All Q-
PCRs were carried out using the LightCycler FastStart DNA Master Plus
SYBR green I kit (Roche) on the LightCycler 480 thermocycler (Roche), as
previously described (15). Primers were used at a final concentration of
0.3 �M and are described in reference 15, supplementary table S6. For
DNA extracted from both aphids and plants, Q-PCR analyses were carried
out on 10-fold-diluted samples. Fluorescence data were normalized
through standard curves and analyzed with the LinRegPCR program (22).

The total viral accumulation was obtained by summing the estimated
numbers of copies of the eight segments. The relative frequency of each
FBNSV genome segment was calculated as the estimated copy number of
a given segment divided by the total viral accumulation. The standardized
relative frequency for a given segment (Xi_stand) was calculated as follows:
Xi_stand � (Xi � Xs)/Xs, where X is the relative frequency of a given seg-
ment and i refers to the aphid and s to the corresponding source plant.

Statistical analysis. In all the figures, the distributions of the estimated
values are shown in the form of Tukey box-and-whisker plot representa-
tions. A t test was used to test, for each segment, whether the relative
frequencies within aphids were significantly different from those within
source plants.

To investigate whether the relationship between the standardized rel-
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ative frequencies and the duration of the acquisition access period is better
explained by a linear model or a function admitting an intermediate max-
imum, we fitted separately a linear (Xi_stand � a � b � time) and a qua-
dratic model (Xi_stand � a � b � time � c � time2), where Xi_stand

corresponds to the standardized relative frequency for a given segment;
time to the acquisition access period; and a, b, and c to parameters of the
model. The difference in the Akaike information criteria between the two
models was then calculated to infer which model best explained the rela-
tionship between these traits; we used the maximum-likelihood parame-
ter values for each type of model (see Fig. 2A).

A similar approach was used to test whether a linear model or a func-
tion admitting an intermediate maximum better explains the relationship
between the copy number of each segment in aphids and the duration of
the acquisition access period. The segment copy numbers were log trans-
formed to carry out this analysis (see Fig. 2C).

We tested for the effects of the parameters plant extracts and segment
and their interaction on the segment relative frequency within plants us-
ing a generalized linear model (GLM) (Fig. 1B). We used the glm function
of R with a Gaussian distribution as the error structure and an F test to
check for their effects. A similar approach was used to test for the effects of
the parameters aphid compartment and segment and their interaction
on the segment relative frequency within aphids (Fig. 2B), for the effects of
the parameters aphid species and segment and their interaction on the
standardized relative frequency (Fig. 3 and 4B), and for the effects of the
parameters transmission success and segment and their interaction on
the standardized relative frequency (Fig. 4A).

All statistical analyses were carried out with the R software, version
2.12.0 (2011; R Development Core Team), except for the test of the sig-
nificance of the correlation coefficients, for which JMP10 (SAS) was used.
The nature and results of the statistical tests are indicated throughout the
text. A P value of �0.05 was used to indicate statistical significance. In
each of the analyses where eight tests were conducted (one for each of the
eight segments), the significance level was adjusted using the Bonferroni
correction.

RESULTS
The relative frequencies of the FBNSV segments changes within
aphids. One hundred aphids of the species A. pisum, an efficient

vector of FBNSV (16), were allowed a 3-day AAP on the apex of a
symptomatic V. faba source plant at 30 days p.i. At the end of the
AAP, aphids were transferred individually onto 100 healthy V.
faba test plants for an additional 3-day IAP. Within 10 to 20 days,
nearly half of the test plants (38% and 51%) proved to be success-
fully infected in two repeats of the experiment. The relative fre-
quency of each of the eight FBNSV genome segments was then
estimated by Q-PCR in the youngest leaf level of both the source
and symptomatic test plants, as well as in individual aphids. Over
the two experiment repeats, we could successfully quantify all
eight FBNSV genome segments from the 2 source plants, 54 in-
fected test plants, and 117 individual aphids. Consistent with pre-
viously reported results, the relative frequencies of all segments
were similar in both source and test plants (15), except for seg-
ment U1 (results not shown). In contrast, we found that the rela-
tive frequencies of the FBNSV genome segments changed signifi-
cantly within aphids. Figure 1A shows the standardized relative
frequency of each segment (standardized as described in Materials
and Methods), where deviations from zero indicate a change when
the virus population from the source plant was ingested by and
internalized within aphids. All segments but segment S had a dif-
ferent relative frequency in aphids (one-sample t test; �41.58 �
t � 44.10, df - 116, and P � 0.0016 for all segments except segment
S, for which t � �0.58, df � 116, and P � 0.57). In this experi-
ment, we especially observed a sharp aphid-related decrease of N
and U1 and a sharp increase of U2.

One could argue that the observed changes in aphids may sim-
ply stem from different FBNSV genome formulas in the total cell
extract analyzed from the source leaf and in the phloem sap that is
specifically ingested by aphids. To evaluate this possibility, we
compared the genome formulas found in total leaf extracts and in
sap exudates. The apices of 17 infected V. faba plants were used
individually to collect phloem sap prior to DNA extraction from
each apex. The segment frequencies in the sap exudates were com-

FIG 1 Relative frequencies of FBNSV genome segments in aphids relative to source plants. (A) Aphids of the species A. pisum were fed on an FBNSV-infected
V. faba plant before individual transfer onto test plants. This experiment was repeated twice, and the results were pooled. The standardized relative frequency of
each segment shown here corresponds to the relative frequency of a segment within aphids relative to that within the corresponding source plants (for details, see
Materials and Methods). The box plots summarize data from 117 aphids, and the red dashed line represents the “zero line,” where the relative frequencies of a
segment are equal in aphids and plants. For each box plot, the bottom and top of the box are the first and third quartiles, the horizontal line within the box plots
represents the median value of the distribution, and the whiskers delineate 1.5 times the distance between the first and third quartiles of the distribution. The
segments are shown under the x axis. The asterisks indicate significant differences in the frequencies of a segment in the source plant and in corresponding aphids.
Detailed results of statistical tests are given in the text. (B) The relative frequency of each FBNSV genome segment was analyzed specifically within V. faba phloem
sap by EDTA-facilitated exudation. After rinsing, the exudates were first collected for 1 h in an EDTA solution (beige box plots) and for 7 additional hours in water
(orange box plots). The FBNSV genome formula in these sap exudates did not significantly differ from that in the corresponding apex leaves (brown box plots).
The details of the statistical analysis are given in the text.
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pared to those in the leaves of the corresponding apices (Fig. 1B).
The segments’ relative frequencies, and thus the genome formu-
las, in the sap exudates appeared similar to those in the apices,
confirming that the differences observed in aphids did not stem
from differences in distinct plant compartments (GLM; plant ex-
tract effect, F � 0, df � 2, and P � 1; segment effect, F � 153.95,
df � 7, and P � 2e�16; interaction between plant extracts and
segment, F � 0.85, df � 14, and P � 0.61).

Change of the FBNSV genome formula occurs early within
the aphid gut. We then questioned whether the relative frequen-
cies of the segments gradually change throughout the cycle of the
virus within the aphid vector or mainly occur at a precise step. We
allowed aphids to continuously feed on the apex of an infected V.
faba plant and collected them at different time points. The col-
lected aphids were then purged for at least 4 h on healthy plants
before DNA extraction from groups of five individuals and Q-
PCR analysis. The genome segments could not be reliably quanti-
fied in aphids before a minimum AAP of 6 h, a time at which the
frequency changes were in large part already completed (Fig. 2A),
with a remarkable drop in the frequencies of N and R and a rise in
that of U2 (one-sample t test; t � �6.68, �11.31, and 7.89, re-

spectively; df � 4; P � 0.0026, 0.00035, and 0.0014, respectively).
The possible effect of time was further assessed by fitting linear
and quadratic models for each segment. It appeared that for seg-
ments C, M, and R, a quadratic model better explained the data
(Fig. 2A, 	AIC linear-quadratic � 7.8, 5.7, and 4.2, respectively)
with a significant effect of the parameters time (P � 0.021 for all
three segments) and time2 (P � 0.017 for all three segments),
and thus, for these segments, the standardized relative fre-
quency may present an intermediate maximum. For the seg-
ment U1, the data were slightly better explained by a linear
model (Fig. 2A, 	AIC quadratic-linear � 1.7) with a significant
effect of time(P � 0.040). For the segments N, S, U2, and U4,
no significant effect of time (or of time2) on the standardized
relative frequency could be detected (P 
 0.052).

To further support the conclusion that most of the changes in
the genome formula occur at early stages of the aphid-FBNSV
interaction, we compared the viral genome formulas in dissected
aphid guts and in the corresponding severed heads, containing the
salivary glands. The guts and heads of 110 A. pisum aphids were
separated from the rest of the aphid body and analyzed as 22 pools
of 5 by Q-PCR. As illustrated in Fig. 2B, the frequency of the

FIG 2 Changes in the relative frequencies of FBNSV segments occur at early stages within aphids. (A) Aphids of the species A. pisum were fed together on a single
source plant. Seven groups of five aphids each were removed after AAPs of 6 h (red box plots), 10 h (yellow box plots), 25 h (green box plots), 49 h (blue box plots),
and 74 h (purple box plots) and analyzed for their viral contents. The standardized relative frequency of each segment shown here corresponds to the relative
frequency of a segment within aphids relative to that within the source plant. The red dashed line represents the “zero line,” where the relative frequencies of a
segment are equal in aphids and in the source plant. Deviations in the frequencies of segments in aphids from those in the source plant are evident from
the first time point (red box plots), and the apparent additional changes for some of the segments at later time points were statistically analyzed and are
described in detail in the text. For each box plot, the bottom and top of the box are the first and third quartiles, the horizontal line within the box plots
represents the median value of the distribution, and the whiskers delineate 1.5 times the distance between the first and third quartiles of the distribution.
(C) The absolute copy number of each segment in the same aphid pool samples as in panel A, for which the statistical testing of the effect of time on virus
accumulation is described in the text. (B) Dissected guts (pink box plots) and heads (blue box plots) of 22 groups of 5 aphids each of the species A. pisum
were analyzed for their viral content after a 3-day AAP on an infected plant and a 3-day IAP on a healthy plant. The relative segment frequencies shown here are
not standardized and simply compare the FBNSV genome formulas in aphid guts and heads, regardless of that in the source plant. No statistical differences could
be detected between the two aphid compartments, and the detailed results of the tests are described in the text. (D) Absolute copy number of each segment in the
same head and gut pool samples as in panel B.
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FBNSV segments in aphid heads proved very similar to that found
within guts (GLM; aphid compartment effect, F � 0, df � 1, and
P � 1.00; segment effect, F � 175.78, df � 7, and P � 2.2e�16;
interaction between the aphid compartment and segment, F �
3.09, df � 7, and P � 3.64e�3). We thus conclude that the FBNSV
genome formula is altered either directly in the gut lumen, during
internalization into gut cells, or soon after and that it subsequently
remains stable during release into the hemolymph and transloca-
tion into the salivary glands.

For the same samples, the absolute copy number of each seg-
ment was quantified and is shown in Fig. 2C and D. For viral
accumulation within whole aphids during acquisition on infected
plants, and for each segment, a quadratic model better explains
the data (Fig. 2C, 	AIC linear-quadratic � 6.9, 21.4,12.9, 22.3,9.6,
12.8, 17.8, and 13.0 for segments C, M, N, R, S, U1, U2, and U4,
respectively) with a significant effect of time (P � 5.65e�4 for all
segments) and time2 (P � 5.08e�3 for all segments). This result
indicates an accumulation of all FBNSV segments over 48 h, which
could simply be explained by cumulative internalization of the
virus. Surprisingly, the virus load similarly decreased for all 8 seg-
ments between 48 and 72 h of AAP, despite continued access of the
aphids to infected plants. The reason for this decrease is unknown
and will require further investigation. The virus load in the aphids’
heads proved much lower than that in the guts (Fig. 2D), indicat-
ing that only a small fraction of the virus internalized in the gut
transfers to the salivary glands (around 0.2%) (Fig. 2D). Never-
theless, comparison with Fig. 2B suggests that, for each segment,
this transfer is proportional to the frequency in the gut.

The genome formula in aphids depends only partly on the
initial formula in source plants. An important follow-up ques-
tion is whether the FBNSV genome formula, and particularly
the frequencies of segments N and U2 (those most reproduc-
ibly changing in aphids [Fig. 1, 2A, 3, and 4A]), tends to con-
verge toward a specific endpoint in aphids, whatever the initial
situation in the ingested sap. For this, we tested whether the
frequencies of these two segments are more constrained within
aphids than in the corresponding source plants. Five source
plants from different experiments were used for this analysis:
the source plants used in Fig. 1 (two source plants) and the one
used in Fig. 3 (one source plant) plus two source plants from
two additional experiments (not shown). Estimates of the co-
efficient of variation show that the frequency distributions of
segments N and U2 were less dispersed among aphids (39.9%
and 18.1%, respectively) than among source plants (81.0% and

FIG 3 FBNSV genome formulas are similar in distinct aphid vector species.
Changes in the frequencies of FBNSV genome segments were estimated in
groups of 5 aphids of the species A. pisum (green box plots; n � 11), A. crac-
civora (gray box plots; n � 13), and M. persicae (orange box plots; n � 8), all
caged together and fed on the same source plant. The standardized relative
frequency of each segment shown here corresponds to the relative frequency of
a segment within aphids relative to that within the source plant. The red
dashed line represents the “zero line,” where the relative frequencies of a seg-
ment are equal in aphids and in the source plant. For each box plot, the bottom
and top of the box are the first and third quartiles, the horizontal line within the
box plots represents the median value of the distribution, and the whiskers
delineate 1.5 times the distance between the first and third quartiles of the
distribution. Significant changes between the source plant and aphids when
the three aphid species were pooled are indicated by asterisks.

FIG 4 FBNSV genome formula within aphids and transmission success. (A) Comparison of the relative frequencies of FBNSV segments in individual A. pisum
aphids that efficiently transmitted the virus (green box plots; n � 54) in the experiment described in the legend to Fig. 1 and in those that did not (red box plots;
n � 63). The standardized relative frequency of each segment shown here corresponds to the relative frequency of a segment within aphids relative to that within
the source plant. For each box plot, the bottom and top of the box are the first and third quartiles, the horizontal line within the box plots represents the median
value of the distribution, and the whiskers delineate 1.5 times the distance between the first and third quartiles of the distribution. The red dashed line represents
the “zero line,” where the relative frequencies of a segment are equal in aphids and in the source plant. No significant differences could be detected between the
two aphid groups (see the text for details of statistical analysis). (B) Comparison of the relative frequencies of FBNSV segments in groups of 5 aphids of the vector
species A. pisum (light-green box plots; n � 10) and of the nonvector species A. gossypii (dark-green box plots; n � 5), all caged and fed together on the same
source plant. The relative segment frequencies shown here are not standardized and simply compare the FBNSV genome formulas in vector and nonvector
species, regardless of that in the source plant. No statistical differences could be detected between the two aphid species, and the detailed results of the tests are
described in the text.
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39.3%, respectively). This result suggests the existence of un-
known aphid-related constraints that tend to induce a low and
high relative frequency of N and U2, respectively, whatever the
initial situation within source plants.

We also tested for a possible correlation between the decrease
in the relative frequency of N and the increase in that of U2, as-
sessing a possible functional link between the two events. No sig-
nificant correlation could be detected (Pearson’s correlation test;
� � 0.083, P � 0.29), suggesting that changes in the relative fre-
quencies of N and U2 are independent.

The aphid-related FBNSV genome formula is conserved in
distinct aphid vector species. In addition to A. pisum, used in this
study, FBNSV has been reported to be transmitted by other aphid
species, including A. craccivora (16), which we decided to test for a
similar effect on the FBNSV genome formula. In parallel, we
tested a third aphid species, M. persicae, because it has been de-
scribed as a nonvector of the related nanovirus species FBNYV
(13). Somewhat to our surprise, M. persicae also proved to be an
efficient vector of FBNSV under our experimental conditions. De-
pending on the experiment, and using five aphids per test plant, A.
pisum transmitted FBNSV to 18% to 100% of the test plants, A.
craccivora to 81% to 90%, and M. persicae to 31% to 100%.

Over 100 individuals of each of the three aphid species were
caged together on the same infected V. faba source plant for a
3-day AAP. Then, groups of five individuals of the same species
were each transferred to 16 test plants per species for a 3-day IAP.
At the end of the IAP, DNA was extracted from each group of
five aphids to determine the FBNSV genome formulas in A.
pisum, A. craccivora, and M. persicae and compare them to that in
the single source plant (Fig. 3). The overall patterns of the
genome formulas were similar across the three aphid species
(GLM; F � 1.02, df � 2, and P � 0.36) and quite distinct from
that in the source plant. In fact, when the three aphid species
results were pooled, the standardized relative frequencies of
segments N, R, S, U1, and U2 significantly changed within
aphids (one-sample t test; �45.07 � t � 23.15, df � 28, and
P � 0.00038), whereas those of segments C, M, and U4 did not.
It is interesting that not only the segments, but also the inter-
action between the segments and the aphid species, proved to
have a significant effect on the standardized relative frequency
(GLM; F � 305.30, df � 7, and P � 2.2e�16 and F � 5.66, df �
14, and P � 2.94e-09, respectively), suggesting that the small
variations of the genome formulas in the three aphid species
are significant. Most importantly, however, this experiment
confirmed that the more drastic and reproducible changes
across the three vector species are a sharp drop and an increase
in the frequency of the segments N and U2, respectively.

Relative frequencies of FBNSV segments within aphids and
transmission efficiencies. Finally, we questioned whether the
changes in the FBNSV genome formula within aphids play a role
in the success of transmission. We first further analyzed the data
set presented in Fig. 1A. There, A. pisum aphids had been tested
individually for transmission (a single aphid per test plant). It is
thus possible to compare the FBNSV genome formula in aphids
that actually successfully transmitted the virus (n � 54) and in
aphids that failed to transmit (n � 63). Figure 4A shows that the
genome formulas are similar in the two aphid sets, indicating
that, at least in this experiment, the success or failure of trans-
mission by individual aphids was not related to an altered ge-
nome formula of the acquired FBNSV (GLM; F � 0.76, df � 1,

and P � 0.38). Also, the interaction between the transmission
success and segments had no significant effect on the standard-
ized relative frequency (GLM; F � 1.33, df � 7, and P � 0.23),
whereas the segments logically had a significant effect (GLM;
F � 858.02 1.33, df � 7, and P � 2e�16). We further compared
the total viral loads within aphids by summing up the copy
numbers of all eight segments. The viral loads proved similar in
the two aphid sets (not shown).

We then tested whether the genome formulas observed in
aphid vectors differ in nonvector species. Aphids of the species A.
gossypii (here considered a nonvector species) were caged together
with A. pisum aphids on the apex of an infected V. faba plant for a
3-day AAP. Groups of five aphids of the same species were then
each transferred onto a test plant for a 3-day IAP. In this experi-
mental setting, A. pisum successfully transmitted the virus to 7 out
of 23 test plants, whereas A. gossypii failed to transmit to any of the
15 test plants. Despite the fact that A. gossypii proved to be a non-
vector or a poor vector species under our experimental condi-
tions, similar amounts of virus accumulated in both A. pisum and
A. gossypii (data not shown). Moreover, similar patterns of the
genome formula were estimated in the two species (Fig. 4B)
(GLM; F � 0, df � 1, and P � 1). It should be noted, however, that
both the segments and the interaction between the segments and
the aphid species proved to have a significant effect on the relative
frequency (GLM; F � 270.31, df � 7, and P � 2.2e�16 and F �
4.54, df � 7, and P � 0.00019, respectively), indicating that al-
though very similar, the formulas show slight differences in the
two aphid species.

DISCUSSION

The process underlying the changes in the genome formula of
FBNSV within aphids is obscure thus far. One obvious possibility,
although contrary to the current view of the nanovirus-aphid in-
teraction, is that some or all FBNSV genome segments could rep-
licate. Because the replication cycles of some double-stranded
DNA (dsDNA) viruses can be completed within a few minutes
(23), it is currently impossible to exclude a very early and transient
phase of FBNSV replication that we cannot see under our experi-
mental conditions and that previous investigations of nanovirus
transmission (14, 24) may have overlooked. The observation that
the aphid-related genome formula adjusted very early with little
further change at later time points (e.g., Fig. 2A and B) would be
consistent with this putative replication occurring solely in gut
cells and during a limited time. Under this replication hypothesis,
mechanisms similar to those we discussed previously (15) for the
establishment of the genome formula in host plants could operate
similarly in aphids.

Alternatively, the observed changes in aphids could be attrib-
uted to a differential decapsidation and degradation of some seg-
ments. However, this would involve unknown distinct physical
properties (stability) of virus particles, depending on the con-
tained genome segment, with N- and U2-containing particles un-
der this hypothesis being highly labile and stable, respectively.
This particle stability hypothesis could explain the fact that seg-
ments N and U2 decreased and increased, respectively, in relative
frequency in all experimental repeats, but it cannot explain why
some segments, for example, M, U1, and U4, behaved in a more
erratic way, sometimes decreasing and sometimes increasing rel-
ative to the source plant, depending on the experiment, as shown
in the figures.
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As a third possibility, physicochemical differences of virus parti-
cles, depending on the segments contained, could also account for
differential interactions with the aphid midgut putative receptor(s). It
is widely recognized that the first cellular barrier in insect vectors
encountered by circulative viruses is the gut barrier. The time at
which a nanovirus passes this barrier has not yet been reported, but
geminiviruses and luteoviruses cross it within a few hours—1 h and
12 to 16 h, respectively (25, 26). FBNSV could thus enter the aphid gut
cells very rapidly, and differential uptake for particles containing dif-
ferent segments could explain the observed changes in the genome
formula. Nevertheless, this hypothesis suffers from the same draw-
backs mentioned above for differential degradation: while it could fit
the consistent observations for N and U2, it cannot explain the erratic
behavior of some other segments.

Unfortunately, at this point, we cannot provide experimental
evidence for a correlation between the FBNSV genome formula in
aphids and the efficiency of transmission because we did not ob-
serve genome formula differences between transmitter and non-
transmitter aphids. First, the A. pisum set containing the individ-
uals that transmitted the virus (Fig. 4A) did not yield a genome
formula significantly different from that calculated with the set
containing individuals that did not transmit the virus. This is not
an unexpected result, because it is commonly known that aphid
vectors fed with circulative viruses are often able to transmit it
through their entire life, but in an “erratic” manner. This
means that one individual viruliferous aphid serially trans-
ferred onto several test plants will transmit the virus to only
some of them, indicating that the transmission success is not
100%. Thus, we believe that all A. pisum individuals in the
experiment shown in Fig. 4A were equally able to transmit,
irrespective of the fact that they actually did or not, so the sets
of transmitters and nontransmitters could be strictly equiva-
lent. Second, all tested aphid vector species induce similar fre-
quency changes in the FBNSV genome formula. The only non-
vector species (A. gossypii) tested here accumulates FBNSV in
amounts similar to those detected in vector species and induces
similar changes in the genome formula. We propose that this
observation could be due to compatible early virus-aphid in-
teractions in all cases, followed by transmission blocking at a
later step for nonvectors only. For example, late barriers block-
ing passage across the salivary glands have been demonstrated
for some luteovirus- and geminivirus-vector couples (27–29).
Further investigation will be required to determine the exact
step at which FBNSV is blocked within A. gossypii.

At this stage, we cannot come to a conclusion about a pos-
sible functional role of the changes in the FBNSV segment fre-
quencies within aphids, which could also be a corollary of a yet
unknown FBNSV-aphid interaction. Further investigation of
this point is definitely required, in particular, the localizations
and frequencies of segments N and U2 (and of their RNA and
protein products) both within plants prior to acquisition and
later in the bodies of aphid vectors. This will probably help in
unraveling an unforeseen nanovirus-aphid interaction that
may not fit into any of the preexisting and longstanding cate-
gories of vector transmission in plant viruses.
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