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Abstract

Previous studies have suggested that plant viruses experience genetic bottlenecks in phloem-mediated long-distance move-
ment; however, the detailed mechanisms of these genetic bottlenecks have not been analyzed, and their size has not been
estimated for segmented viruses. In this study, we used a tripartite RNA virus, cucumber mosaic virus, and showed that
strong bottleneck events occurred at the phloem unloading step of RNA2 in Nicotiana benthamiana. Half-leaf inoculation
method allowed us to estimate the genetic bottleneck size as 0.042 +0.021 (mean =+ standard error), indicating that a strong
genetic bottleneck occurs specifically at the phloem unloading step within inoculated leaves.
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CFP  Cyan fluorescent protein
CMV  Cucumber mosaic virus
YFP  Yellow fluorescent protein

Plant viruses experience many genetic bottlenecks during
their life cycles, including during single-cell or cell-to-cell
infection, long-distance movement via phloem, and vector or
mechanical plant—plant horizontal transmission. For exam-
ple, the number of tomato yellow leaf curl virus genomes that
initiated replications in an inoculated cell was estimated to
be 2.20+0.08 to 2.60 +0.05, probably due to superinfection
exclusion mechanisms (Ren et al. 2023). First and second
cell-to-cell infections by the RNA?2 of Japanese soil-borne
wheat mosaic virus were shown to occur with 5.97 +0.22
and 5.02 +0.29 copies, respectively (Miyashita and Kishino
2010). Similarly, cell-to-cell infections by tomato mosaic
virus (ToMV) and the RNA2 of cucumber mosaic virus
(CMV) occur with 3.95+0.27 and 5.72 +0.24 copies, respec-
tively (Abebe et al. 2021; Miyashita et al. 2015). Inoculation
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of tobacco protoplasts with ToOMV by electroporation showed
that introduction of ~ 5000 viral genome RNA molecules into
a cell resulted in replication of ~4 genome molecules, sug-
gesting that the probability of each viral genomic RNA mol-
ecule to initiate replication was less than 0.1% (Miyashita
et al. 2015). The numbers of potato virus Y particle and
CMV transmitted by an aphid vector were estimated to be
0.5-3.2 and 1-2, respectively (Betancourt et al. 2008; Moury
et al. 2007). Cellular and tissue infections with such small
numbers of viral genomes function as strong genetic bottle-
necks that determine the structure of viral populations in each
infected plant. Genetic bottlenecks generally enhance genetic
drift, leading to “survival of the luckiest”, however, this is
not always the case. We previously suggested that stochas-
tic isolation of viral genomes by narrow genetic bottlenecks
in cell-to-cell infections enhance selection on frans-acting
genes or elements (i.e., the majority of coding sequences in
viral genomes) by enhancing competition among intercellu-
lar populations formed after cell-to-cell infections, resulting
in “survival of the fittest”. Our simulations suggested that
narrow genetic bottlenecks are indispensable for the rapid
adaptation of plant viruses (Miyashita and Kishino 2010; Qu
et al. 2020). Furthermore, R-gene-mediated resistance against
CMYV has been shown to decrease the size of the genetic bot-
tleneck in cell-to-cell infection of RNA2 (and presumably
other segments as well), stopping the spread of viral infec-
tion (Abebe et al. 2021), and the extent of the decrease in
bottleneck size determines the extent of viral spread (Abebe
et al. 2021; Karino et al. 2023). Thus, the size of the genetic
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bottleneck is both an essential factor in viral evolution and a
point of strategic importance in the struggle between viruses
and host plants.

Despite the importance of genetic bottlenecks in the plant
virus life cycle, our knowledge of genetic bottlenecks in
phloem-mediated movement remains limited. Previous stud-
ies have suggested the existence of genetic bottlenecks at the
tissue infection level following observations of the stochastic
separation of co-inoculated variants among the upper leaves
of dicot plants or among new tillers of a monocot plant (Hall
et al. 2001; Li and Roossinck 2004; Sacristan et al. 2003);
some studies have reported the spatial separation of co-
inoculated virus variants within the upper leaves (Hall et al.
2001; Takahashi et al. 2007), implying that genetic bottle-
necking events also occur within infected leaves. Gutiérrez
et al. (2015) showed that co-inoculation of turnip mosaic
virus (TuMV) vectors carrying a GFP or an RFP gene to
turnip resulted in rare co-infected sites in upper uninocu-
lated leaves. They used the ratio of co-infected sites to singly
infected sites to estimate the size of genetic bottlenecks in
infection site formation in upper leaves as 0.072. However,
it remained unclear whether genetic bottleneck events occur
at phloem loading or unloading, and if segmented viruses
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Fig.1 Spatial separation of cucumber mosaic virus (CMV) RNAZ2s
labeled with yellow (YFP) and cyan (CFP) fluorescent protein genes
after phloem-mediated movement to upper uninoculated leaves of
Nicotiana benthamiana. a Genome structure of CMV. b RNA2 var-
iants labeled with YFP or CFP genes. ¢ Observation of three inde-
pendent uninoculated upper leaves (UL) at 3-5 dpi by macroscopy
(two left panels) and microscopy (three right panels). For macro-

experience similarly narrow bottlenecks. In this study, we
used CMYV, a positive-strand tripartite RNA virus, to inves-
tigate the site and size of these genetic bottlenecks.

The CMV genome consists of three RNA segments called
RNA1-3. We prepared wild-type RNA1 and RNA3, and the
YFP- or CFP-labeled RNA2 variants RNA2-YFP and RNA2-
CFP, by transcribing their cDNA constructs (pCY1, pCY3,
and pCY2-YFP or pCY2-CFP) (Abebe et al. 2021; Suzuki
et al 1991; Takeshita et al. 2012) using the AmpliCap-Max
T7 High Yield Message Maker Kit (CELLSCRIPT, Madi-
son, WI, USA) (Fig. 1a, b). pCY2-YFP and pCY2-CFP were
constructed by inserting YFP/CFP cDNA (Miyashita and
Kishino 2010) to pC2-A1 (Takeshita et al. 2012) and the
resultant RNA2-YFP and RNA2-CFP express YFP and CFP
as fusion proteins to full-length 2b that retain (at least) par-
tial activity of 2b to support systemic infection. Nicotiana
benthamiana plants were grown for 4-5 weeks as described
previously (Abebe et al 2021), and an equal mixture of
the four RNA segments (5 pmol each in 70 pl of 100 mM
potassium phosphate buffer, pH 8.0) were inoculated to
newly expanded leaves using carborundum as an abrasive.
Infected sites in the inoculated leaves and upper uninoculated
leaves were observed by fluorescent microscopy using an

YFP & CFP

YFP

merged

scopic fluorescent observation, blue excitation light and a long-pass
filter (>515 nm) were used to detect both YFP and CFP fluorescence.
d Vein network (left) visualized as a schematic (middle), with pri-
mary, secondary, and tertiary veins indicated in red, blue, and orange,
respectively, and fluorescence protein observations (right), with YFP
and CFP indicated in green and magenta, respectively. Bars=1 mm
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Axiolmager M2 microscope (Zeiss, Oberkochen, Germany)
and a charge-coupled device (CCD) camera (EXi Aqua; QIm-
aging, Surrey, BC, Canada) at 3-5 days post inoculation (dpi).
The resulting images were prepared by merging yellow fluo-
rescence protein (YFP) and cyan fluorescent protein (CFP)
images, followed by image tiling using the Stitching plugin
in ImagelJ Fiji (Preibisch et al. 2009). The inoculated leaves
had many foci with YFP and CFP fluorescence (data not
shown), suggesting co-infection by RNA2-YFP and RNA2-
CFP in these sites, whereas upper uninoculated leaves rarely
showed sites with both YFP and CFP fluorescence (Fig. 1c¢),
indicating rare co-infection by RNA2-YFP and RNA2-CFP.
Importantly, sites initiated from the same secondary or ter-
tiary veins consisted of both YFP-only and CFP-only sites
in upper leaves (Fig. 1d), indicating that a mixture of both
RNA2-YFP and RNA2-CFP molecules reached the second-
ary or tertiary veins, whereas infection after phloem unload-
ing involved a limited number of RNA2 molecules, which
led to the formation of separate infection sites. To examine
the rate of loss of YFP/CFP genes, we carried out RT-PCR
amplification of RNA2-YFP/CFP at 5 dpi, using a primer set
for nearly entire RNA2 (a 5'-UTR forward primer Cy677,
5'-GTAAAACTCCCTAGACTTGA-3’, and a 3'-UTR reverse
primer Cy48, 5'-ACCCTGAAACTAGCACGT-3) (Fig. 2a,
b). The amplified products contained fragments shorter than
the expected size, suggesting the accumulation of deletion
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mutants, though the amounts and patterns of shorter frag-
ments varied among the replicates. RT-PCR with primers
Cy30 (5-TCAAGTAGATGGTTCGGA-3', a forward primer
within 2a—2b overlapping region) and Cy48 also amplified
short fragments, suggesting that the deletion occurred within
the YFP/CFP coding region (Fig. 2c). Based on these results,
we considered that observation of YFP-only and CFP-only
sites in the upper uninoculated leaves can be at least partially
explained by the loss of fluorescent genes, in addition to the
infection by a limited number of RNA2 molecules, and thus it
is difficult to accurately quantify singly or co-infected sites in
the systemically infected leaves. Furthermore, asynchronous
formation of infection sites in the upper uninoculated leaves
brought more uncertainness to site quantification, because it
led to the difficulty in distinguishing primary and secondary
infections in upper leaves, where infected sites served as the
source of infection in the same leaf.

To eliminate the effect of deletion mutations and the tim-
ing of infection site formation in quantifying singly or co-
infected sites after phloem-mediated CMV movement, we
developed a half-leaf inoculation procedure. After inoculat-
ing half of a young, expanding N. benthamiana leaf with the
transcript mixture, the leaf was detached from the plant at
2 dpi and incubated in a humid box for an additional day to
enhance virus translocation within the leaf; newly infected
sites were detected in the other half at 3 dpi, indicating that
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Fig.2 RT-PCR amplification of RNAZ2-variants to detect deletion
mutants in systemic infection experiments at 5 dpi (b, ¢) and in half-
leaf inoculation experiments at 3 dpi (d, e). Bands with expected
migration are indicated with black arrowheads, while those with
higher migration (i.e., originated in deletion mutants) are indicated
with white arrowheads. The left-most lanes show the lambda HindIII
DNA size marker (M). a Location of the primers used for RT-PCR.
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b Amplification of RNA2 variants accumulated in inoculated leaves
(IL) and upper uninoculated leaves (UL) using Cy677 and Cy48 at
5 dpi. ¢ Amplification of RNA2 variants in IL and UL using prim-
ers Cy30 and Cy48. d Amplification of RNA2 variants accumulated
in inoculated leaf halves (IH) and in uninoculated leaf halves (UH).
Primers Cy677 and Cy48 were used. e Amplification of RNA2 vari-
ants accumulated in IH and UH using primers Cy30 and Cy48
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the inoculated half acted as an infection source for the unin-
oculated half via the phloem, in a similar manner to systemic
long-distance movement. In the uninoculated leaf halves,
many YFP-only and CFP-only sites from the same veins
were observed but co-infected sites were rarely observed
(Fig. 3), reproducing our observations in uninoculated upper
leaves (Fig. 1). RT-PCR amplification of RNA2-YFP/CFP
detected no or only a minor occurrence of deletion mutants
both in the inoculated and uninoculated leaf halves (Fig. 2d,
e). The numbers of co-infected and singly-infected sites in
uninoculated half leaves in five independent experiments
are summarized in Table 1. The co-infection rates were

a b [Inoculated half
merged

Inoculated half
Uninoculated half

EEEEEEEEERRREEEE

Fig. 3 Half-leaf inoculation of Nicotiana benthamiana with a mixture
of YFP- and CFP-labeled CMV to observe phloem-mediated move-
ment to the other uninoculated leaf half. a Macroscopic observation
of the leaf at 3 dpi. b Microscopic YFP and CFP fluorescence obser-

0-1.87%, with an average of 0.88%, demonstrating that co-
infection after phloem unloading was very rare.

The frequencies of singly infected and co-infected sites
in half-leaf inoculation experiments were used to estimate
the size of genetic bottlenecks after CM'V phloem unload-
ing (Fig. 4). We assumed that the proportion of RNA2-YFP
and RNA2-CFP molecules in the infection source (i.e.,
phloem sap in the second or tertiary veins of uninoculated
leaf halves) vary among leaves, thus providing the fol-
lowing independent parameters to each leaf as the ratio of
r(n):l =Ty where n is the leaf sample number (1, 2, 3, 4, or
5). We assumed that the number of viral RNA2 molecules

c Uninoculated half
CFP

merged

vations in the inoculated leaf half. ¢ Microscopic YFP and CFP fluo-
rescence observation in the uninoculated leaf half. White arrow indi-
cates the only co-infected site found in this area

Table 1 Numbers of singly and

. L . Sample leaf no.
co-infected sites in uninoculated

Number of sites formed in uninoculated

Co-infection Estimated r, (ratio of RNA2-

halves rate (%) YFP in each infection source)

leaf halves. CFP, cyan
fluorescent protein; YFP, yellow YFPonly CFPonly Co-infected
fluorescence protein

1 44 61 2 1.87 0.421+0.047

2 16 41 1 1.72 0.286 +0.059

3 100 41 0 0 0.711+0.038

4 36 38 1 1.33 0.487+0.057

5 13 61 0 0 0.174+0.044

Total 209 242 4 0.88 NA
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Fig.4 Estimation of the aver-

Phloem sap
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that established infection in a single site follows the Poisson
distribution, which have the average molecule number of 4;
thus, the ratio of sites infected with K RNA2 molecules was
Mke!_ ’ The probability of observing only
YFP fluorescence (not CFP fluorescence) for a given value
of k was expressed as r(n)" , such that the overall YFP-only

site probability for each leaf was calculated as follows:

Z/Z]p(k)r(n)k

1 —p(0)

Note that infection by k=0 molecules, which occurs at a
probability of p(0)=e~*, indicates sites challenged by RNA2
but ended without infection; thus, the YFP-only site prob-
ability was divided by 1 —p(0) to normalize against total

infected sites (but not non-infected sites). Similarly, the over-
all probability for CFP-only sites was calculated as follows:

Y p(1 =)
1 —p(0) ’
and that for co-infected sites was calculated as follows:

Zlilp(k)[l - r(n)k (1= ”(n))k]
1 —p(0) '

expressed as p(k) =

() =

P

fp(n) =

P co(n) =

The likelihood L of observing the actual frequencies
(Table 1) was expressed as follows:

(Sypiy + Sepony T Seom)!
Syfp(n) 'S, cfp(n) !Sw(n) !

L=

n=1

S S S
X ) fo(n) co(n)
Proiny " Py P oy

where s, Sep(ny @0 8., are the numbers of YFP-only,
CFP-only, and co-infected sites, respectively, for the nth
leaf. Then, we estimated the most-likely A and r, (n=1, 2,
3, 4, 5) that maximized the likelihood L, using a script pre-
pared for this study in R v4.2.1 (R Core Team 2022). The R
script is available at GitHub (Miyashita 2024). The average
size of the genetic bottleneck at phloem unloading of CMV

@ Springer

RNA2 was estimated as A=0.042 +0.021 (estimate + SE),
with r,) ranging between 0.174 +0.044 and 0.711+0.038
(Table 1), showing that the bottleneck size for a segment of
tripartite virus was similar to that for non-segmented virus
[i.e., 0.072 for TuMV (Gutiérrez et al. 2015)]. Note that if we
assumed constant Tny 1O different leaves, the estimated 1 was
0.035+0.018 with a constant ) of 0.464 +0.023, indicating
that this assumption leads to underestimation of the bottleneck
size. Unfortunately, we cannot estimate the bottleneck sizes
in phloem unloading of CMV RNA1 and RNA3 due to the
lack of techniques to label RNA1 and RNA3 with fluorescent
genes without affecting replication or phloem-mediated move-
ment. Breakthroughs in labeling these segments are required
to discuss if bottlenecking events occur independently to each
segment, or interactions among segments are playing any role.

As the bottleneck size estimate for RNA2 was much
lower than one (i.e., A=0.042), we inferred that many
sites had been challenged by viral RNA2 molecules
in the phloem, but infection was not established. The
expected ratio of such abortive sites can be calculated as
p(0)=¢"%%2=0.959=95.9% (k=0; Fig. 5a). Thus, CMV
RNAZ2 successfully established site infections in only one
of 25 challenged sites through phloem unloading. Among
the infected sites, 97.9% were estimated to be infected by a
single RNA2 molecule, and only 2.1% sites were infected
by multiple RNA2 molecules (Fig. 5b). If the other RNA
segments independently establish infection and experience
similarly narrow genetic bottlenecks, the number of chal-
lenged sites will be much more (i.e., 25 X 25 %25 =15,625).
Thus, it might be reasonable to consider that bottlenecking
events do not occur independently to each segment.

From a plant anatomical perspective, phloem unloading
of plant viruses appears to be a multi-step event, involving
movement from sieve elements to companion cells, compan-
ion cells to phloem parenchyma cells, phloem parenchyma
cells to bundle sheath cells, and bundle sheath cells to meso-
phyll cells (Silva et al. 2002), although there may be minor
differences among host plant species. Our results suggest that
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Fig.5 Consequences of the narrow genetic bottleneck (1=0.042).
a Expected ratio of abortive and infected sites within all challenged
sites. b Expected ratio of sites infected by single and multiple RNA2
molecules within all the infected sites. ¢ Probability of successful

the infection source in secondary and tertiary veins consisted
of both RNA2-YFP and RNA2-CFP molecules, such that
one or more genetic bottlenecking events occurred after the
virus reached the sieve elements. However, we were unable to
clarify at which cell infection steps such bottlenecking events
occurred, because phloem cells are very small and it is dif-
ficult to judge whether they are co-infected or singly infected.
Further efforts are required to investigate phloem-unloading
events in such detail, for example with higher-resolution
microscopic observations of fine slices of newly infected sites.

We have previously suggested that the bottleneck size
in cell-to-cell movement of ToMV could be determined
by EXR X pld, where E and R indicate the number of viral
genome RNAs to enter the cell and the number of sites for
replication complex (RC) formation in a cell, respectively,
while p/d indicates the ratio of RC formation per degrada-
tion of the RNA (Miyashita et al. 2015). The mechanism of
extremely narrow genetic bottlenecks could be attributed to
the differences in these parameters between mesophyll cells
and phloem cells. For example, the number of sites for RC
formation, R, can be smaller in phloem cells due to smaller
cell sizes, which would explain less amount of membrane
fractions and/or other host factors required for RC formation
in those cells. E can be also smaller in phloem cells than in
mesophyll cells due to the differences in the number and the
structures of plasmodesmata connections. We also need to
note that E can be affected by the amount of viral genomes
accumulated in the phloem, and thus the parameter value
in the half-leaf inoculation method may differ from that in
systemic infection; however, frequent single infections by
RNAZ2-YFP or RNA2-CFP in upper uninoculated leaves

Bottleneck size (A)

infection for a given value of 4. Inset shows a magnified image of the
low-A region (1< 0.05), where a decrease in 4 causes a linear decrease
in the probability of successful infection

(Fig. 1c) imply that the parameter values are not largely dif-
ferent. Importantly, the above situations cannot be applied
to phloem-limited viruses, which can infect phloem cells but
not mesophyll cells efficiently (i.e., opposite to CMV). Com-
parison of the sizes of phloem-unloading bottlenecks and the
above parameter values between phloem-limited viruses and
the others may provide further insights into different surviv-
ing strategies between the two groups of viruses.

In principle, narrow genetic bottlenecks will strongly
enhance genetic drift to allow survival of the luckiest. How-
ever, in the case of phloem unloading bottlenecks, because
many infection sites formed in the upper leaves as shown
in Fig. 1c, competition among the subpopulations forming
these infection sites would select the fittest. In addition, as
we have theorized for cell-to-cell infections (Miyashita and
Kishino 2010), viral frans-acting genes or elements will
receive strong purifying selection due to the strong sepa-
ration effect of the narrow genetic bottlenecks in phloem
unloading. Therefore, it is probable that narrow bottle-
necks in phloem unloading are an important factor allowing
viruses to achieve rapid adaptation.

Regarding virus—host interactions, our previous study sug-
gested that host plant resistance target narrow genetic bot-
tlenecks at cell-to-cell infections, by further decreasing their
size to stop viral infections (Abebe et al. 2021). Figure 5c
shows the theoretical probability of successful infection for
different genetic bottleneck sizes. Comparing the bottleneck
sizes for cell-to-cell infections [A= ~5, Abebe et al. (2021)]
and for phloem unloading estimated in this study (4=0.042),
it is evident that the slope is much steeper at the lower 4
value, indicating that a decrease in the genetic bottleneck
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size results directly in a decrease in infected cells at a lower
A. Thus, plant resistance may work more efficiently at phloem
unloading of plant viruses than at cell-to-cell infections; this
finding will contribute to the design of more efficient strate-
gies to protect plants from viruses. The half-leaf inoculation
method applied in this study may be useful in such studies.
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