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Abstract: 1 

 2 

In the clinic, farm or field, for many viruses there is a high prevalence of mixed-genotype 3 

infections, indicating that multiple virions have initiated infection and that there can be 4 

multiple sites of primary infection within the same host.  The dynamical process by which 5 

multiple primary infection sites interact with each other and the host is poorly understood, 6 

undoubtedly due to its high complexity.  Here we attempt to unravel the basic interactions 7 

underlying this process using a plant RNA virus, as removing the inoculated leaf can instantly 8 

and rigorously eliminate all primary infection sites.  Effective population size in the inoculated 9 

leaf and time of removal of the inoculated leaf were varied in experiments, and it was found 10 

that both factors positively influenced if the plant became systemically infected and what 11 

proportion of cells in the systemic tissue were infected, as measured be flow cytometry.  12 

Fitting of probabilistic models of infection to our data demonstrated that a null model in which 13 

the action of each focus is independent of the presence of other foci was better supported 14 

than a dependent action model.  The cumulative effect of independently acting foci therefore 15 

determined when plants became infected and how many individual cells were infected.  16 

There was no evidence for interference between primary infection sites, which is surprising 17 

given planar structure of leaves.  By showing a simple null-model is supported, we 18 

experimentally confirm – to our knowledge for the first time – the minimal components that 19 

dictate interactions of a conspecific virus population establishing systemic infection.  20 
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Introduction 21 

 22 

Viral infection of a complex multicellular host usually begins with the infection of small 23 

number of cells (32, 36).  From this site of primary infection the virus then expands into other 24 

tissues, often making use of the host´s vasculature.  In some cases this expansion eventually 25 

becomes irremediable on a small spatiotemporal scale; local host defenses are no longer 26 

able to contain infection and the virus is established at the main sites of replication, a state 27 

that is generally referred to as systemic infection.  In many viral pathosystems, the transition 28 

from primary infection to systemic infection is labyrinthine: the host immune system 29 

effectuates different defensive mechanisms and, on the other hand, different infection 30 

pathways are accessible to the virus (10, 23).  This great complexity has made it difficult to 31 

study interactions within the virus population during the establishment of systemic infection.  32 

Different expanding viral populations within the host could conceivably have antagonistic or 33 

synergistic effects on one another, in conjunction with the host immune system.  In other 34 

words, if there are multiple sites of primary infection in a single host, how will these nascent 35 

infections affect each other? 36 

 37 

Experimental evidence suggests that the independent action (IA) model may be 38 

generally applicable to the viral infection process (33, 35, 36, 38).  The IA model assumes 39 

that each virion has a non-zero probability of infecting the host, and that this probability of 40 

infection is not affected by the number of virions present in the inoculum (2, 9, 38).  41 

Corollaries of IA have been experimentally demonstrated: one or a small number of virions 42 

can cause systemic infection (1, 3, 28, 33, 36, 38), and viral effective population size (Ne) is 43 

dose-dependent (36).  Tests of IA have, however, focused on qualitative outcomes of 44 

infection (i.e., is this host infected and which viral genotypes are present at the end of 45 

infection), and not on infection dynamics.  Here, we therefore address the question of 46 
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whether the principle of independence still holds when temporal processes are considered.  47 

Note that from the outset we limit the scope of our study to the concurrent infection of a host 48 

organism with a conspecific viral population; we do not consider interactions between distinct 49 

genotypes or non-instantaneous exposure to a virus (i.e., super-infection).  An alternative to 50 

IA is a dependent action (DA) model, in which primary infection sites interact with one 51 

another during the dynamical process of establishing systemic infection.  Two sorts of DA 52 

interactions are possible. If primary infection sites have a negative effect on each other there 53 

is antagonistic dependent action (ADA), whereas if primary infection sites have a positive 54 

effect on each other there is synergistic dependent action (SDA).     55 

 56 

One particularly interesting dynamic process during viral infection is the transition 57 

from primary to systemic infection.  For plant viruses, viral infection begins with the infection 58 

of a relatively small number of cells in the inoculated or exposed leaf (1, 3, 25, 29, 36).  59 

However, many hurdles must be surpassed before systemic infection of the plant is 60 

established.  Indeed several steps are required, starting with expansion from a single 61 

infected epidermal cell to adjacent tissue such as mesophyll, bundle sheath or phloem 62 

parenchyma/companion (5) by means of relatively slow cell-to-cell movement (6, 15).  63 

Infection of companion cells to sieve elements (8) offers access to long distance transport 64 

within the plant, allowing for rapid expansion to distant tissues (24).  Only by establishing 65 

systemic infection can a plant virus be readily accessible to vectors and ensure its 66 

transmission to new hosts.  Virions loaded into phloem are responsible for long-distance 67 

movement in our model system, Tobacco etch virus (TEV; genus Potyvirus, family 68 

Potyviridae).  We therefore use the term ´virion´ to describe the unit of long-distance 69 

movement, although the equivalent in some other plant viruses would be the movement 70 

nucleoprotein complex.  In the case of TEV, the transition from primary infection to systemic 71 

infection has a probability very near to one (36).  Even in this case, however, if the dynamic 72 

process is considered then independence in the establishment of systemic infection may be 73 
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rejected.  One factor likely to contribute to the undoing of independence is spatial constraints 74 

in viral expansion, as the Potyviruses show little cellular co-infection, reportedly leading to 75 

spatial separation (7).  The host plant leaf is a largely two-dimensional surface and hence 76 

viruses of equal fitness can exclude each other from systemic infection, one virus blocking 77 

another’s access to host vascular tissue even when the viruses are coinoculated (36). 78 

 79 

Plant viruses are well suited as experimental model systems to study the population 80 

biology of the infection process (2, 12-14, 16-18, 26, 27).  Moreover, plant viruses have 81 

unique advantages for studying the transition from primary to systemic infection.  First, plant 82 

viruses have historically been exploited for their ability to induce local lesions (2) and, more 83 

recently, primary infection foci (36) which could be quantified and used to model infection.  It 84 

is therefore possible to estimate Ne without disrupting infection, meaning Ne can be related to 85 

downstream processes in the same plant (e.g., systemic infection).  Second, when plants are 86 

mechanically inoculated the sites of primary infection are restricted to the inoculated surface.  87 

As the removal of a leaf has limited effects on the host plant, it is therefore possible to 88 

stringently and instantaneously remove all primary infection sites at a specific time post 89 

inoculation.  This property of plant-virus pathosystems has also been historically exploited, 90 

as this basic experimental setup had already been reported in 1924 (31).  Whether systemic 91 

infection occurs will then depend on virions that have already been loaded in the phloem and 92 

have egressed the inoculated leaf prior to its removal.  We therefore used a plant virus, TEV, 93 

to study how Ne and the time of removal of the inoculated leaf affect the probability of the 94 

occurrence of systemic infection and to determine what interactions exist between primary 95 

infection foci and with the host plant.  We also wanted to quantitatively relate Ne and the time 96 

of removal to downstream events in the systemically infected tissue.  Plant virus infection is 97 

generally quantified by molecular biology techniques as real-time RT-qPCR (4) or biological 98 

measures such as lesion-forming units (2, 22).  Neither technique indicates the proportion of 99 

infected cells, while RT-qPCR does not measure viable particles but rather viral RNA 100 
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produced.  We therefore developed an innovative new approach to determine directly the 101 

infectious status in thousands of individual cells based on translation of a protein encoded by 102 

the virus: flow cytometry on protoplasts isolated from systemically infected tissue.  The well-103 

suited experimental system and new methodology allowed us to study the interplay between 104 

local and systemic infection in great detail and delve into the question of how foci of primary 105 

infection interact with each other. 106 

 107 

Materials and Methods 108 

 109 

In vitro RNA transcription and inoculation 110 

An infectious plasmid containing the TEV genome (Genbank accession DQ986288) 111 

with the fluorescent protein GFP inserted between P1 and HC-Pro cistrons, pMTEV-GFP 112 

(36), was generously gifted by Dr. J.A. Daròs.  The plasmid was linearized with BglII and 113 

transcribed into 5’-capped RNAs using the SP6 mMESSAGE mMACHINE kit (Ambion Inc).  114 

Transcripts were precipitated (1.5 vol of DEPC-treated water, 1.5 vol of 7.5 M LiCl, 50 mM 115 

EDTA), collected and resuspended in DEPC-treated water (4).  RNA integrity was assessed 116 

by gel electrophoresis and concentration was determined spectrophotometrically using a 117 

Biophotometer (Eppendorf).  Nicotiana tabacum L. cv Xanthi plants were used for all 118 

experiments, and plants were maintained in the glasshouse at 25 °C and 16 h light at all 119 

times.  Four-week-old plants were mechanically inoculated on the third true leaf with 5-8 µg 120 

of RNA.  Infected tissues were collected 7 dpi and stored at −80 °C.  121 

 122 

Effects of Ne and time of removal of the inoculated leaf on the whether systemic 123 

infection is established. 124 

Concentrated sap was obtained by grinding 500 mg of infected tissue in a mortar with 125 

800 µl grinding buffer (50 mM potassium phosphate pH 7.0, 3% polyethylene glycol 6000).  126 
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Then 1:3, 1:9, 1:81, 1:279, 1:500, 1:750, 1:1000, 1:1500, and 1:2000 dilutions were made.  127 

We inoculated 40 four-week-old plants by abrasion of the third true leaf with 15 µl of every 128 

dilution, undiluted sap and grinding buffer only.  For each dilution, the inoculated leaf of ten 129 

plants was removed at 40, 44, 46, 50, and 54 hpi.  GFP fluorescence was observed with a 130 

Leica MZ16F stereomicroscope, using a 0.5x objective lens, and GFP2 filter (Leica) to count 131 

foci of primary infection in the inoculated leaf of each dilution.   132 

 133 

Effects of Ne and time of removal of the inoculated leaf on the number of infected cells 134 

in systemic tissues. 135 

Thirty four-weeks-old plants were inoculated by abrasion of the third true leaf with 15 136 

µl each with 1:1 or 1:1000 dilution of infectious TEV-GFP sap.  The inoculated leaf of eight 137 

selected plants (four with one or two foci and four with approximately one hundred foci) for 138 

each time point was removed at 44, 48, 54, and 100 hpi.  For each plant the first systemically 139 

infected leaf (fifth or sixth true leaf), as determined by the occurrence of TEV symptoms at 7 140 

dpi, was analyzed.  These leaves were not fully expanded, as they were harvested from 5-141 

week-old plants.  The complete leaf was harvested 7 dpi and protoplast extraction was 142 

performed (30).  Leaves were sliced thinly, and incubated with enzymatic solution (0,04% 143 

cellulase and 0,015% of pectinase, from Sigma; MS 4,3 g/l, manitol 0.6 M, pH 5.8) in the 144 

dark at 22±2 °C for 14 hours.  The solution containing protoplasts was then filtered and 145 

centrifuged (4 min at 700 rpm).  Protoplasts were then purified by means of a sucrose 146 

gradient (21% sucrose, MS), washed (HEPES 10 mM, CaCl2 5 mM, NaCL 150 mM, manitol 147 

0.5 M, pH 7) and conserved in a hormone solution (MS 4.3 g/l, manitol 0.5 M, pH 5.8, 148 

hormones NAA (ANA) (1 mg/l) and BAP (0.1 mg/l)). 149 

 150 

Analysis of protoplast was carried out by flow cytometry with a Cytomics FC500 151 

(Beckman Coulter, CA, USA), which is equipped with an Argon ion laser (488 nm, 15 mW), 152 

two detectors for light scattering forward scatter (FS) and side scatter (SS) and five 153 
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fluorescence detectors.  FS is a measure of cell size, SS is used to define protoplast 154 

granularity and the FL4 channel with a 670 nm bandpass measures chlorophyll fluorescence.  155 

50,000 protoplasts were analyzed, and the combined FS, SS and chlorophyll data were used 156 

to identify intact protoplasts.  For intact protoplasts, GFP content was then measured on the 157 

525 nm channel (FL1) for each individual cell. 158 

 159 

Effects of Ne on the number of infected cells in systemic tissues. 160 

Eight four-week-old plants were inoculated by abrasion of the third true leaf with 15 µl 161 

each with six different dilutions of TEV-GFP infectious sap (1:1, 1:81, 1:500, 1:1000, 1:1500, 162 

and 1:2000).  The inoculated leaf was then cut off the plant at 54 hpi and foci of primary 163 

infection were counted as described previously.  Isolation and analysis of protoplast was 164 

carried out by flow cytometry on the fifth or sixth true leaf at 7 dpi as described above. 165 

 166 

Statistical analysis  167 

To analyze the relationship between virion dilution and the number of primary 168 

infection foci, a factor z (ln(10-3) + 3) is added to the ln-transformed inverse of virion dilution.  169 

This results in a ´dose´ that is biologically meaningful and convenient for model fitting (i.e., 170 

the maximum probability of infection is one, meaning a minimum number of virions is 171 

needed).  The number of foci plus 1 was ln-transformed, because there are some uninfected 172 

plants at low doses.  We then fitted a model with a dose-independent probability of infection 173 

Ne = pn and a dose-dependent probability of infection Ne = pnk, where p is the infection 174 

probability, n is the dose and k is a constant determining dose-dependence.  The models 175 

were fitted by non-linear regression (SPSS 20.0), negative log-likelihood (NLL) was 176 

calculated from the residual sum of squares (RSS) (21), and Akaike’s information criteria 177 

(AIC) used for model selection. 178 

 179 

A generalized linear model (SPSS 20.0) was used to analyze the effects of tx and Ne 180 
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on the occurrence of systemic infection.  The data were assumed to follow a binomial 181 

distribution, and a logit link function was used. 182 

 183 

Model development and model fitting 184 

To understand how the number of primary infection foci affects the time until the virus 185 

first establishes systemic infection (tsys), we developed a simple dynamic model of infection.  186 

The number of primary infection foci is equivalent to the number of primary infection sites, as 187 

well as being a good estimate of Ne (36).  We refer to the time when the inoculated leaf was 188 

removed from the plant, always given as hours post infection (hpi), as tx.  To model the 189 

transition to systemic infection, we assume that the probability that a primary infection focus 190 

will release virions that contribute to systemic infection follows a Normal distribution with a 191 

mean of µt hours, and a standard deviation σt.  A realization from this distribution is called tΜ, 192 

and for each focus one realization of µt is valid.  To allow the probability that a focus causes 193 

systemic infection at a particular time point to be dependent on Ne, the actual size of the 194 

population contributing to systemic infection (η) is: 195 

(1) 𝜂 = 𝑁!!. 196 

Here, κ is a constant that determines whether IA, ADA (antagonistic dependent action) or 197 

SDA (synergistic dependent action) occur.  For IA, κ = 1 and equation collapses to η = Ne.  198 

For ADA, κ < 1 and therefore the population contributing to systemic infection is smaller than 199 

Ne.  For SDA, κ > 1 and the population contributing to systemic infection is larger than Ne.  To 200 

model an inoculated plant, we must generate η realizations from a normal distribution to 201 

obtain tΜ values.  The smallest value of tΜ for a plant is tsys for that plant.  We fitted our model 202 

to the experimental data using R 2.14.2 (The R Foundation; Vienna, Austria), using grid 203 

searches to estimate parameters µt, σt and κ.   Model predictions and data were compared 204 

using binomial likelihoods, and we compared the fit of the IA model to the DA model using 205 

AIC. 206 

 207 
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To predict the number of infected cells in systemically infected tissues, we extended 208 

our model for tsys.  We assume that the flux of virions from each primary infection focus in the 209 

inoculated leaf, Φ virions per hour, is (i) constant over time after having started at tΜ, and (ii) 210 

constant over all foci in the inoculated leaf.  However, the actual size of the population 211 

contributing to systemic infection (η) can again be modulated when κ ≠ 1 (equation 1), 212 

resulting in ADA or SDA.  Note that κ has a profound effect here, as η modulates the 213 

cumulative virion flux for all foci of primary infection in the inoculated leaf.  Note that if (i) 214 

secondary infections (i.e., any infection not in the foci of primary infection in the inoculated 215 

leaf) contribute significantly to the number of infected cells in systemic tissue and (ii) the 216 

number of cells contributing virions to systemic infection increases geometrically, we expect 217 

κ > 1 because the virion flux will be greater than for a linear relation with Ne.  Nevertheless, 218 

we do not expect ADA a priori because we are considering events early in infection.  Given 219 

that each primary infection focus produces virions from tΜ until tx, the cumulative number of 220 

hours that foci in the inoculated leaf are releasing virions (λ) is then: 221 

(2) 𝜆 = 𝑡! − 𝑡!
!
!!!!!  . 222 

Given that C cells can be infected systemically in each plant with a probability of infection ρ, 223 

which is constant over plants and independent of λ, the number of infecting virions per cell 224 

will follow a Poisson distribution with a mean λΦρ/C.  We simplify the model such that ψ = 225 

Φρ/C, since we do not have good estimates of any of these parameters and our model would 226 

otherwise be over-parameterized.  Finally, we assume that the virus, irrespective of time, can 227 

only infect a fraction of cells α in the systemic tissue.  This assumption is supported by the 228 

fact that we always see a considerable fraction of uninfected cells during flow cytometry (See 229 

Results), perhaps representing cells that are largely inaccessible by means of the vascular 230 

tissue or which have had sufficient time to mount an effective immune response.  Hence, we 231 

can state that proportion of infected cells in the systemically infected tissues, I, is equal to: 232 

(3) 𝐼 = α 1 − 𝑒!!" . 233 
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 234 

We then fitted our model to the experimental data using grid searches to estimate 235 

parameters κ, Ψ and α, using estimates for µt and σt from our fitted model for time of egress 236 

from the inoculated leaf.  NLLs were calculated from the RSS (21) yielded by the comparison 237 

of model predictions and the experimental values of I, and the support for IA and DA models 238 

determined by AIC. 239 

 240 

Results and Discussion 241 

 242 

Cumulative yet independent action of primary infection foci in establishing systemic 243 

infection. 244 

We first want to know how the number of primary infection foci affects the time until 245 

the virus had egressed from the inoculated leaf and first establishes systemic infection (tsys).  246 

For our experiments, we inoculated N. tabacum plants different dilutions of sap of a TEV 247 

variant expressing GFP, TEV-GFP (36).  Plants were rub inoculated with different dilutions of 248 

TEV-GFP sap.  The number of primary infection foci was counted by observing green 249 

fluorescence two days post inoculation (dpi), rendering a good estimate of the number of 250 

primary infection sites and Ne (36).  The inoculated leaf was then cut off the plant at tx hpi, 251 

and plants were subsequently kept a further 14 days and its infection status determined by 252 

checking for TEV symptoms.  TEV symptoms are a reliable indicator as they always appear 253 

in TEV-infected N. tabacum plants after approximately one week (37).  A strong correlation 254 

between dilution and number of foci was observed in our experiments (Figure 1), although a 255 

model with dose-dependent probability of infection per virion is better supported than a dose-256 

independent model (Table 1).  This clash with previous results (36, 37) is probably due to the 257 

much higher doses used here.  The tapering off of the increase in foci number at higher 258 

doses suggests that it is mainly higher doses that lead to poor fit of the dose-independent 259 
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action model (Figure 1), in agreement with previous studies on local lesions (14). 260 

 261 

To model tsys we considered three scenarios: independent action (IA) and two forms 262 

of DA (dependent action): ADA (antagonisitic dependent action) and SDA (synergistic 263 

dependent action).  For IA, each primary infection focus has a probability of commencing the 264 

release virions that egress the inoculated leaf and thereby cause systemic infection that 265 

follows a Normal probability density function (pdf) over time.  The probability of causing 266 

systemic infection at any time point is independent of Ne; i.e. it does not matter how many 267 

foci there are on the inoculated leaf, the pdf for initiating systemic infection over time remains 268 

the same for each focus.  Moreover, as we assume that the release of virions from any one 269 

focus will be sufficient to provoke systemic infection, tsys occurs when the first focus releases 270 

virions.  Therefore, the more foci there are in the inoculated leaf, the higher the probability 271 

that one of these foci will have started systemic infection by a given time.  Therefore, tsys is 272 

determined by the cumulative effect of all foci, while each foci continues to act independently 273 

(Figure 2).  We consider IA the null-model.   274 

 275 

For ADA, as the number of primary infection foci increases the probability that any 276 

one focus will cause systemic infection at a particular time point decreases.  Therefore, the 277 

effect of an increase in Ne on tsys is weaker for the ADA model than for the IA model (Figure 278 

3A, B).  One probable mechanism for ADA would be that different foci constrain each other´s 279 

spatial radiation and hereby hinder each other´s access to vascular tissue (7, 36).  Given that 280 

foci of primary infection are expanding in a largely two-dimensional surface (i.e., the 281 

inoculated leaf), such hindrances could conceivably be important to infection dynamics.  For 282 

SDA, as the number of primary infection foci increases, the probability that any one focus will 283 

cause systemic infection at a particular time point increases.  Therefore, the effect of an 284 

increase in Ne on tsys is stronger for the SDA model than for the IA model (Figure 3B, C).  285 

SDA occurs if many sites of primary infection could overwhelm the host immune system, 286 
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expediting the onset of systemic infection.  We do not consider SDA very likely a priori, but 287 

allow for the possibility in our modeling nonetheless.  The key parameter for the DA model is 288 

κ.  When κ = 1, the model collapses to the IA model (Figure 3B).  For ADA, κ < 1 and 289 

therefore the population contributing to systemic infection is smaller than Ne (Figure 3A).  For 290 

SDA, κ > 1 and the population contributing to systemic infection is larger than Ne (Figure 3C).  291 

As the difference between ADA and SDA depends only a parameter values, we 292 

subsequently refer to this model as DA model.  Both models were fitted to the data by a 293 

maximum likelihood-based method, and model selection was done by means of the Akaike 294 

information criterion (AIC). 295 

 296 

For the experimental data, the occurrence of systemic infection appears to be 297 

dependent on both tx and Ne (Figure 4).  For low values of tx (40 hpi), there were few infected 298 

plants for Ne values below 100, whereas for high values of tx (54 hpi) an uninfected plant was 299 

observed only for the lowest Ne value used.  At intermediate tx values, the occurrence of 300 

systemic infection appears to increase as Ne is increased.  Statistical analysis of the 301 

experimental data clearly shows that infection status of the plant was dependent on both tx 302 

and Ne (P < 0.001), and there was a significant positive interaction (P < 0.001) (generalized 303 

linear model; see Materials and Methods).  Negative log likelihood (NLL) values indicated 304 

that both the IA and DA models fitted the data equally well, favoring the more parsimonious 305 

IA model in the model selection (Table 2).  Moreover, for the DA model a κ value of 0.99 was 306 

estimated, further reinforcing the idea that the IA model best describes the data.  The 307 

conclusions supported by model fitting are concurrent with the statistical analysis, given that 308 

the DA model predicts effects of Ne and tx, and an interaction between these two variables. 309 

 310 

We therefore conclude that the data support for the idea that the cumulative effect of 311 

independently acting foci of primary infection determines when the plant first becomes 312 

systemically infected.  We were surprised by this result, since the largely two-dimensional 313 
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structure of the leaf could conceivably cause interference between primary infection foci (7, 314 

36).  Our modeling results do not, however, necessarily imply there is no interference 315 

between primary infection foci, but rather that we do not need to invoke interference to 316 

describe empirically observed patterns.  We think that some interference is likely to occur 317 

when the number of primary infection foci is high.  However, we speculate that the effects 318 

thereof will be largely invisible given that tsys will already be attenuated at the Ne values 319 

necessary for interference, because of the exact dimensions of the distribution of first virion 320 

release of primary infection foci over time (µt and σt). 321 

 322 

Cumulative yet independent action determines the proportion of virus-infected cells in 323 

systemic tissue.   324 

The IA model was supported when the establishment of systemic infection was 325 

considered dichotomously (i.e., whether plants were systemically infected or not).  However, 326 

to better understand this experimental system and subject IA to a more stringent test, we 327 

also sought to compare model predictions to quantitative measurements of an infection 328 

parameter.  We therefore measured the number of TEV-infected cells in the systemically 329 

infected tissue, while varying tx and Ne.  These measurements were performed by isolating 330 

protoplasts from the first systemically infected leaf (the fifth or sixth true leaf) at 7 dpi (30), 331 

and using flow cytometry to determine which cells had been infected by TEV-GFP (see 332 

Materials and Methods).  We could therefore accurately estimate the proportion of infected 333 

cells in the systemic tissue first targeted by the virus. 334 

 335 

 50,000 protoplasts were analyzed, and the combined FS, SS and chlorophyll data 336 

were used to identify intact protoplasts (Figure 5A, B).  For intact protoplasts, GFP content 337 

was then measured on the 525 nm channel (FL1) for each individual cell (Figure 5C).  GFP 338 

fluorescence (FM) had a higher mean and less variation for intact protoplasts than for those 339 

protoplasts excluded form the analysis based on FS, SS and chlorophyll criteria (Figure 5D).  340 
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Results for our selection criteria and FM therefore suggest there is not a continuum in cellular 341 

integrity in our population of protoplasts, but rather a population of largely intact cells on the 342 

one hand, and damaged protoplasts or debris on the other.  A clear dichotomy between non-343 

infected cells and debris is required to measure accurately the proportion of infected cells. 344 

 345 

To model the proportion of infected cells in the systemically infected tissue, we 346 

extended the model for the time of establishment of systemic infection.  We assume that the 347 

flux of virions from each primary infection focus in the inoculated leaf is the same for every 348 

focus and constant over time (Figure 6).  However, the number of foci that contribute to 349 

systemic infection can again be modulated by a constant κ, similar to the model for systemic 350 

infection establishment time.  If κ = 1, the model collapses to an IA model.  If κ < 1, the net 351 

effect is that virion flux per foci increases with Ne (SDA), leading to a smaller increase in the 352 

number of infected cells in the systemic tissue as Ne increases than for the IA model (Figure 353 

7A, B).  Conversely, if κ > 1 virion flux increases with Ne resulting in ADA (Figure 7B, C).  354 

Here, ADA and SDA could occur for the same reasons as in the infection establishment 355 

model (7, 36).  SDA-like effects could also occur if secondary infections affect the number of 356 

infected cells in systemic tissue (i.e., any infected cell outside the primary infection foci 357 

contributing to cumulative virion flux), which we consider unlikely a priori because we are 358 

considering events early in infection.  To estimate the number of infected cells in systemic 359 

tissue, the model then only requires a parameter to link the cumulative virion flux prior to the 360 

removal of the inoculated leaf to the number of infected cells (ψ), and the proportion of cells 361 

in the systemic tissue that can become infected (α). 362 

 363 

Two experiments in which we measured the proportion of systemically infected cells 364 

by flow cytometry were performed.  First we infected plants with a low (Ne ≈ 1) and a high 365 

dose (Ne ≈ 100), and removed the inoculated leaf at different time points (Figure 8A).  366 

Statistical analysis of the data show that Ne and a positive interaction between Ne and tx had 367 
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a significant effect on the proportion of infected cells, whereas the effect of tx alone was not 368 

significant (Table 3).  This result was therefore somewhat similar to that for the time of 369 

establishment of systemic infection (Figure 4).  This result is also intuitive: the combination of 370 

more primary infection foci and longer time before the removal of the inoculated leaf results 371 

in a greater of number of virions egressing the inoculated leaf and infecting cells in systemic 372 

tissues.  The IA model was also best supported for this experiment (Table 4).  Second, we 373 

inoculated plants with a range of doses, quantified Ne by counting the number of primary 374 

infection foci, and removed the inoculated leaf at 54 hpi for all plants (Figure 8B).  The 375 

proportion of infected cells was then significantly dependent on Ne (Table 3), and the IA 376 

model was once again best supported (Table 4).  Therefore, we conclude that Ne-dependent 377 

effects do not need to be invoked to understand the proportion of systemically infected cells. 378 

 379 

The data and fitted model both suggest that when Ne is large (Ne ≈ 100), the 380 

maximum number of infected cells in the systemic tissue of the plant is reached rapidly 381 

(Figure 8A).  However, even when Ne is small (Ne ≈ 1) the number of systemically infected 382 

cells eventually can reach similar levels to those for large Ne values (Figures 7 and 8).  These 383 

observations also help to explain why there are only Ne-dependent effects on viral 384 

accumulation if the inoculated leaf is removed upon first sign of systemic infection, and why 385 

there are no effects if the inoculated leaf is not removed (37).  Moreover, similar to the 386 

establishment of systemic infection, we speculate that there will be antagonistic Ne-387 

dependent effects on the flux of virions from the inoculated leaf when Ne values are large.  388 

However, we expect that the number of infected cells in systemic tissue will be saturated by 389 

the virion production of only a small number of foci, and hence these effects will not be 390 

manifest.  Finally, our observations suggests that evolution has optimized TEV for small Ne 391 

values, since both viral accumulation (37) and the number of systemically infected cells 392 

saturate with small Ne values, and both parameters are undoubtedly fitness components in 393 

the field. 394 
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 395 

Concluding remarks 396 

We found no evidence for Ne-dependent interactions between primary infection foci, 397 

suggesting that the dynamics of systemic infection establishment are the result of the 398 

cumulative yet independent action of primary infection foci.  These effects are analogous to 399 

buying more tickets in a fair lottery: the probability that an individual person will win a prize 400 

increases with the number of lottery tickets they buy, whilst the probability that any one 401 

lottery ticket is drawn and wins a prize remains the same.  Similarly, having more foci of 402 

primary infection will result in an increased probability of systemic infection occurring earlier 403 

and in a greater proportion of cells in the systemically infected tissue, whilst the probability of 404 

achieving systemic infection and infecting a cell remains the same for each primary infection 405 

focus.  Of course there may be super-infection exclusion at the cellular level (7), but since we 406 

are considering cells dichotomously (non-infected versus infected) we can ignore these types 407 

of effects for modeling our experimental setup.  Thus, we find evidence that the IAH model of 408 

infection may also apply to more complex dynamical processes in infection, when individuals 409 

of a conspecific pathogen population are co-inoculated. 410 

 411 

Our model assumes that the time at which primary infection foci first release virions 412 

that contribute to systemic infection varies, following a Normal distribution.  However, what 413 

mechanisms could generate this variation?  To contribute to systemic infection following 414 

mechanical inoculation, the virus must expand from the primary infected cell in the epidermis 415 

until it reaches companion cells to sieve elements by cell-to-cell movement (5,8).  Therefore, 416 

one could speculate that random variation in the number of cells the virus must traverse is 417 

probably the main mechanism generating variation in the time when foci commence 418 

contributing to systemic infection. 419 

 420 
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Although our results illustrate that independent action in establishing systemic 421 

infection is a viable hypothesis, we think this result is best seen as a proof-of-principle.  First, 422 

infection dynamics are likely to be more complex for multipartite viruses which encapsidate 423 

genome segments in different virion or movement-complex types.  If complementation 424 

between independently transmitted genome segments is necessary, then we would expect 425 

synergistic interactions between foci especially with respect to the number of systemically 426 

infected cells.  Second, viruses that immediately access vascular tissue upon inoculation (i.e. 427 

without replication) will be subject to different infection dynamics, in which dispersion of 428 

virions probably plays a key role early in infection.  For example, Beet curly top virus, a 429 

phloem-limited virus (34), egressed from the inoculated leaf and traversed petioles of up to 430 

17.78 cm within 30 minutes of exposure to viruliferous vectors (31).  Third, the combination 431 

of TEV and tobacco is in some respects unusual; the probability that a primary infection foci 432 

causes systemic infection is practically one and there does not appear to be a strong genetic 433 

bottleneck during the colonization of systemically infected leaves (36, 37).  Although 434 

Cauliflower mosaic virus infection can be similar to TEV in this respect (27), other viruses 435 

clearly show different infection dynamics (18, 19, 25, 29).  Fourth, our results suggest the 436 

systemic tissue of the plant can be largely saturated by virion production of a small number 437 

of primary infection foci.  If this is not the case in a particular pathosystem, we think 438 

antagonistic Ne-dependent interactions are more likely to contribute manifestly to the 439 

observed dynamics.  Finally, if the host is able to mount an effective immune response on 440 

short time scales, antagonistic Ne-dependent interactions would also be more likely to occur.  441 

We speculate that this will be the case in many other pathosystems with readily primed 442 

immune mechanisms, such as the formation of local lesions (2) and other hypersensitivity 443 

responses, sloughing of target tissues for primary infection (11, 20), or rapid deployment of 444 

phagocytes.  Nevertheless, we show IAH cannot be discarded a priori for description of 445 

infection dynamics, even in a complex multi-cellular host with an effective immune system 446 

and heterogeneous spatial organization. 447 
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Figure Legends: 564 

 565 

Figure 1: Dose versus primary infection foci relationship. 566 

On the abscissa is the ln-transformed inverse of the virion dilution, which is equivalent to 567 

dose on an arbitrary scale, whilst on the ordinate is the ln-transformed number of foci (see 568 

Materials and Methods).  Squares represent the experimental data, with error bars indicating 569 

the standard deviation.  The continuous line represents a fitted dose-independent action 570 

model, whereas the dotted line represents a dose-dependent action model (see Materials 571 

and Methods).  The dose-dependent action model was better supported (Table 1), indicating 572 

that the probability of infection decreases with dose.  Note that for the dose-independent 573 

action model, altering the probability of infection (p) will only shift the position of the response 574 

to the right or left, and not change its shape on a logarithmic scale.  For the experimental 575 

data, at higher doses the increase in the foci number with dose appears to taper off, 576 

suggesting that it is mainly the higher doses that deviate from dose-independent model 577 

predictions. I.e. the dose-independent action response could be reasonably fitted to only the 578 

low dose data (ln[dose]) < 6) by increasing p and hereby shifting the response to the left, 579 

whereas given its fixed shape the model cannot be fitted well to the high dose data (ln[dose] 580 

> 6).  This effect might occur because the number of infectious sites in the inoculated leaf 581 

becomes saturated at high doses. 582 

 583 

 584 

Figure 2: Conceptual model of viral egress from the inoculated leaf. 585 

We illustrate conceptually our null-model of the infection process – independent action (IA).  586 

Black dots on the leaf indicate primary infection foci.  The grey bell-shaped curves are the 587 

pdf for egress from the inoculated leaf over time for individual foci, with time increasing from 588 

left to right and a mean µt.  The black dot on the curves indicates tΜ, one realization of µt (i.e. 589 
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drawing a value from the pdf), for each foci.  Systemic infection commences at tsys when the 590 

first focus generates virions that egress the inoculated leaf.  As the number of foci per 591 

inoculated leaf increase from 1 (Panel A) to 2 (Panel B) to 4 (Panel C), tsys occurs faster due 592 

to the cumulative action of independently acting foci, because as the number of realizations 593 

increase, the probability of drawing a shorter time increases.  We could also expect the 594 

distribution of tsys to become skewed towards low values as the number of primary infection 595 

foci increases: the fastest draw determines tsys and one must therefore draw only slow values 596 

to obtain tsys. 597 

 598 

 599 

Figure 3: Model predictions for viral egress from the inoculated leaf. 600 

The relation between effective population size (Ne), the time of removal of the inoculated leaf 601 

(tx) and the time when the plant becomes systemically infected (tsys) predicted by our model 602 

is given.  For all three panels, log-transformed Ne is on the x-axis, tx is on the y-axis and the 603 

frequency of systemic infection is given on the z-axis.  If κ < 1 (ADA; Panel A), tsys decreases 604 

slower as Ne increases than for the IA model (κ = 1, Panel B).  If κ > 1 (SDA; Panel C), tsys 605 

decreases faster as Ne increases than for the IA model, resulting in ADA.  Note that for Ne = 606 

1, the distribution of the frequencies is the same in all three panels, and equivalent to the 607 

distribution of tsys for a single primary infection foci. 608 

 609 

 610 

Figure 4: Systemic infection when the inoculated leaf is removed at different times.  611 

Plants were rub-inoculated, and the inoculated leaf removed at a given number of hours post 612 

inoculation (tx).  The relation between Log Ne (abscissa) and the frequency of systemic 613 

infection (ordinate) was plotted here, when the inoculated leaf was removed after 40 h (Panel 614 

A), 44 h (Panel B), 46 h (Panel C), 50 h (Panel D), and 54 h (Panel E).  Error bars indicate 615 

95% confidence intervals.  The lines represent the fitted independent action (IA) model 616 
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(Table 1), which was fitted simultaneously to all the data represented in a panels here.  The 617 

frequency of systemic infection increases with Ne and tx. 618 

 619 

 620 

Figure 5:  Selection on intact protoplasts. 621 

In panel A, we show the selection of the intact protoplast population by plotting chlorophyll 622 

content (as measured on the FL4 channel) on the abscissa, and cellular granularity as 623 

measured by side scatter (SS) on the ordinate.  The population of protoplasts selected for 624 

further analysis is indicated by the polygon.  In panel B, the discontinuity of protoplast 625 

chlorophyll content is illustrated by plotting chlorophyll signal (FL4) on the abscissa and 626 

counts on the ordinate; the data can be easily segregated into populations with high and low 627 

chlorophyll content.  The GFP signal for protoplasts (abscissa) selected for further analysis 628 

(Panel C) and those rejected (Panel D) is divergent, in terms of cell counts (ordinate).  For 629 

selected protoplasts (Panel C), two populations with relatively low heterogeneity can be 630 

easily discriminated, with the cut-off determined by the threshold values from GFP-negative 631 

controls.  For rejected protoplasts the average signal is lower, with most being in the range 632 

observed in the negative control, and more heterogeneous (Panel D). 633 

 634 

 635 

Figure 6: Conceptual model of the proportion of infected cells in the systemic tissue.  636 

We illustrate conceptually our null-model of the infection process – independent action (IA) – 637 

for predicting the number of systemically infected cells.  Black dots on the leaf indicate 638 

primary infection foci.  The bell-shaped curves are the pdf for egress from the inoculated leaf 639 

over time for individual foci, with time increasing from left to right.  The black dot on the 640 

curves indicates tΜ, one realization of µt (i.e. drawing a value from the pdf), for each foci.  641 

Each foci produces virions from tΜ until tx, which is marked by the vertical dotted black line, 642 

and the sum of positive tx - tΜ values determines the total number of virions produced in the 643 
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inoculated leaf (λ).  As the number of foci per inoculated leaf increases from 1 (Panel A) to 2 644 

(Panel B) to 4 (Panel C), the cumulative number of virions released by the inoculated leaf 645 

increases.  The infection of systemically infected cells then depends on α, the proportion of 646 

cells in the systemic tissue that are susceptible to infection, and a parameter representing 647 

the probability of infection of a cell and the number of cells available in the systemic tissue 648 

(Ψ). 649 

 650 

 651 

Figure 7: Model predictions for the proportion of infected cells in the systemic tissue.  652 

The relation between effective population size (Ne), the time of removal of the inoculated leaf 653 

(tx) and the proportion of infected cells in the systemically infected tissue (I) predicted by our 654 

model is given for different κ values.  For all three panels log-transformed Ne is on the x-axis, 655 

tx is on the y-axis and I is on the z-axis.  When κ < 1 (ADA; Panel A), I increases at slowly for 656 

a particular value of Ne and does not completely reach saturation for large Ne values.  When 657 

κ = 1 (Panel B) I increases rapidly with tx as Ne becomes larger.  When κ > 1 (SDA; Panel C), 658 

the increase occurs even quicker and the response eventually becomes almost horizontal; 659 

the window in which tx values will lead to intermediate I values (i.e., 0 > I > α) becomes very 660 

small.  Note that similar to the model for tsys, when Ne = 1 the tx vs I relation remains the 661 

same irrespective of κ. When Ne = 1, I can only be modulated by α, the proportion of cells 662 

which is susceptible to infection, and Ψ, a parameter linking the cumulative time foci are 663 

releasing virions to the number of systemically infected cells (see Materials and Methods). 664 

 665 

 666 

Figure 8: Effects of Ne and tx on the number of infected cells.  In Panel A, the 667 

experimental data the fitted IA model for the effects of the time of the removal of the 668 

inoculated leaf (tx, on the abscissa) on the number of infected cells in the systemically 669 

infected tissue (I, on the ordinate).  The solid triangles and solid line represent the data and 670 
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model, respectively, for a small Ne (1), whilst the open circles and dotted line represent a 671 

large Ne (= 100).  Error bars represent 95% confidence limits for the data.  The IA model was 672 

better supported than the DA model, as indicated by AIC-based model selection (Table 4), 673 

and accounts satisfactorily for most of the data.  The fitted model must account for all the 674 

data in the panel, and the only discrepancy between the data and the IA model occurs when 675 

Ne is small and tx = 100.  In Panel B, the effects of Ne (abscissa) on the number of infected 676 

cells in the systemically infected tissue (I, on the ordinate) is shown, when the inoculated leaf 677 

was removed at the same time (tx = 54 hpi) for all plants.  Circles represent the experimental 678 

data, with error bars representing 95% confidence intervals, and the line represents the 679 

model.  To represent the data, Ne values of 1-3, 4-6, 7-9, 10-19, 20-29, 30-39, 40-49, 50-59, 680 

60-69, and > 70 were grouped together.  The IA model was better supported than the DA 681 

model, and fitted model parameters are similar to those of the other experiment measuring I 682 

(in which tx was also varied, Table 2).  683 
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Tables: 684 

 685 

Table 1: Estimated model parameters for the fitting of dose vs primary infection foci 686 

relationshipa 687 

Model p k NLL AIC ΔAIC  AW 
Dose-dependent p 0.384±0.037 0.650±0.014    286.2    576.4 -  1.000 
Dose-independent p 0.039±0.002 - 1913.4 3828.8 3252.5 0.000 
 688 
aThe fitting of a dose-independent and dose-dependent probability of infection models to the 689 

dose vs primary infection foci relationship (see Figure 1).  The parameter p is the probability 690 

of infection, whilst the parameter k in effect modifies the probability of infection for the dose-691 

dependent model.  The dose-dependent model is clearly better supported, indicating the 692 

probability of infection in effect decreases with dose as k < 0. 693 

 694 

Table 2: Estimated model parameters and AIC values for egress of the inoculated leafa 695 

Model µt σt κ NLL AIC ΔAIC  AW 
IA 52.00 4.40 - 50.646 105.292 - 0.723 
DA 51.85 4.40 0.99 50.605 107.210 1.918 0.277 
 696 

aEstimated model parameters (µt, σt, and κ; see Materials and Methods and Figure 1) and the 697 

results of model selection for the independent action (IA) and dependent action (DA) models.  698 

ΔAIC is the difference in AIC with the best fitting model, and AW is the Akaike weight.  Both 699 

models give essentially the same prediction, since when κ = 1 the DA model collapses to the 700 

IA model.  AIC and AW therefore slightly favor the simpler IA model. 701 

  702 
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Table 3: ANOVA and variance components for I dataa 703 

Experiment Variation source SS d.f. MS F P Var. expl.(%) 
Exp. 1 tx 0.952 3 0.317  2.322 0.254  13.54±0.39 
 Ne 1.418 1 1.418 10.377 0.049  29.58±1.04 
 Ne*tx 0.410 3 0.137 6.139 0.001  23.05±0.33 
 Error 1.246 56 0.022    33.82±0.03 
Exp. 2 Ne 1.143 9 0.127 3.713 0.003  33.41±0.26 
 Error 1.128 33 0.034    66.59±0.13 
 704 

aTwo-way ANOVA on the data from the experiments measuring the proportion of infected 705 

cells in systemically infected tissue when both tx and Ne where varied (Exp. 1; see Figure 6), 706 

and the proportion of infected cells in the systemically infected tissue when only Ne was 707 

varied (Exp. 2; see Figure 7).  SS is the sum of squares, and MS is the mean square.  Var. 708 

expl. is the percentage of variance explained by the model, which was estimated by a 709 

maximum likelihood-based variance components analysis in SPSS, and the asymptotic 710 

covariance is given as an indication of estimate error. 711 

 712 

Table 4: Estimated model parameters and AIC values for the number of infected cellsa 713 

Exp. Model κ Ψ α NLL AIC ΔAIC  AW 
1 IA - 2.5 × 10−2 0.52 8.685 21.370 - 0.640 
 DA 1.22 1.0 × 10−2 0.55 8.262 22.524 1.154 0.360 
2 IA - 6.3 × 10−2 0.70 6.336 16.672 - 0.707 
 DA 0.84 1.0 × 10−1 0.65 6.219 18.438 1.766 0.293 
 714 

aEstimated model parameters (κ, ψ and α; see Materials and Methods and Figure 4) and the 715 

results of model selection for the independent action (IA) and dependent action (DA) models 716 

for two experiments (Exp.). For Experiment 1, Ne and tx were both varied (Figure 6) whilst for 717 

Experiment 2 only Ne was varied (Figure 7).  ΔAIC is the difference in AIC with the best fitting 718 

model, and AW is the Akaike weight.  NLL values demonstrate that for both experiments the 719 

fit of the alternative model (DA) is slightly better than the null model (IA), but AIC values 720 

show that this improved fit does not justify the addition of the extra model parameter (κ).  721 

Hence, the IA model is best supported for both experiments. 722 


