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Many plant viruses have a multipartite organization, with multiple genome segments packaged into separate virus particles. The genome formula describes the relative frequencies of all viral genome segments, and previous work suggests rapid changes in these frequencies facilitate virus adaptation. Many studies have reported mixed viral infections in plants, often resulting in strong virus–virus interactions. Here, we tested whether mixed infections with tripartite alfalfa mosaic virus (AMV) and monopartite potato virus Y (PVY) affected the genome formula of the tripartite cucumber mosaic virus (CMV), our experimental model. We found that the CMV titer was reduced in mixed infections with its tripartite Bromoviridae relative AMV and in triple infections with both AMV and PVY, indicating notable virus–virus interactions. The variability of the CMV genome formula was significantly lower in mixed infections (CMV and AMV, CMV and PVY, and CMV and AMV and PVY) than in single infections (CMV only). These observations led to the surprising conclusion that mixed infections with two distinct viruses constrain the CMV genome formula. It remains unclear how common these effects are for different combinations of virus species and strains and what the underlying mechanisms are. We, therefore, extended a simulation model to consider three putative scenarios in which a second virus affected the genome formula. The simulation results also suggested that shifts in the genome formula occur, but may not be widespread due to the required conditions. One scenario modeled—co-infection exclusion through niche differentiation—was congruent with the experimental data, as this scenario led to reductions in genome formula variability and titer of the multipartite virus. Whereas previous studies highlighted host–species effects, our results indicate that the genome formula is also affected by mixed infections, suggesting that there is a broader set of environmental cues that affect the genome formula.
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Introduction

Many plant viruses have a multipartite genome organization in which the segmented genome is packaged into separate virus particles (1). A multipartite genome organization is considered costly due to the constraints it places on transmission. For effective transmission of multipartite viruses, a high multiplicity of infection (MOI, the number of virus particles entering each cell) is required to ensure that no genome segments are lost (2). The substantial costs associated with multipartition raise the question of the potential benefits associated with multipartite genome organization. One hypothesis is that multipartition allows for flexible gene expression through differential accumulation of segments, as the accumulation of each genomic segment of a multipartite virus is not equal. This unequal ratio of segment accumulation is referred to as the “genome formula”. In both faba bean necrotic stunt virus (FBNSV) (3) and alfalfa mosaic virus (AMV) (4), variations in the genome formula have been observed in viral populations. The genome formula is not a fixed viral trait but rather depends on factors such as host species (4, 5) and the presence of viral satellites (6, 7). Through altering the genome formula, the gene copy number is flexible in multipartite viruses. This flexibility could allow for adaptation to heterogeneous environments by changing the gene expression without mutation (3, 8). By contrast, it has been suggested that the genome formula could stabilize the gene expression of DNA viruses by compensating for differences in transcription (9). Theory suggests that the optimum equilibrium value for the genome formula may be sensitive to the exact conditions under which the virus is replicating, varying with the multiplicity of infection and even the size of the host cell population (10).

Mixed viral infections are common in plants in both natural and agro-ecosystems (11, 12). Indeed, mixed infections are more common in nature than predicted by chance (13), partly due to viruses sharing competent vector species (14, 15). Virus–virus interactions in mixed infections can be characterized on a scale ranging from synergistic to antagonistic, and often result in a change in the viral titer of one or several of the virus species present. This change in titer can be a strong increase (16–21) or a decrease (22).

Interspecific virus competition increases as relatedness increases (23), in some cases resulting in superinfection exclusion where a primary virus infection prevents the onset of secondary infection by another virus. This phenomenon is also referred to as “cross-protection” in cases where infection with a mild strain protects against a more virulent strain (24). When multiple (related) viruses infect a host at the same time, they may spatially segregate and invade separate clusters of cells, interacting only at the borders of these clusters (25). This phenomenon is termed “mutual exclusion” (26, 27).

We expected mixed infections to affect the genome formula under many conditions, for three reasons. First, although the temporal dynamics of genome formula change have not been studied in detail, both theoretical and experimental work suggests that the genome formula can change rapidly. Models suggest that genome formula shifts occur within several viral generations, provided the MOI is low (10). One week of infection was sufficient time for the AMV genome formula to adapt to different hosts (4), suggesting that over the span of a single mixed infection event, there is enough time for the genome formula to change. Second, the host species has an effect on the genome formula for FBNSV and AMV (3, 4); as plant viruses reprogram host cells and alter plant physiology, we expected that mixed infections could likewise affect the genome formula. Third, theoretical work suggests that the genome formula equilibrium is highly sensitive to the exact conditions under which the virus replicates, including MOI and the host cell population size (10). Given the strong interactions that occur between many viruses in mixed infections and the demonstrable effect of mixed infections on titer, we expected the genome formula to be affected by co-infection with other viruses.

Here, we introduce three scenarios that illustrate mechanisms by which mixed infections can affect the genome formula. We introduce these scenarios to illustrate that multiple plausible mechanisms could explain how mixed infections affect the genome formula, inspired by the structure used in the presentation of seminal work (28). Later, we will develop simulation models of virus infection based on these three scenarios, capturing the mechanisms proposed, with the aim of exploring whether they can lead to changes in the genome formula. For simplicity, the scenarios are illustrated using two viruses, one monopartite and one multipartite, although the mechanisms may equally apply to multipartite–multipartite virus interactions.

Scenario 1: co-opting of viral gene products. If a co-infecting monopartite virus provides a function in trans (i.e., which can be used by another virus), the multipartite co-infecting virus may downregulate its segment containing the gene encoding an equivalent function. With this downregulation, the multipartite virus benefits from the monopartite virus’s gene expression and reduces its own costs. An example of a trait where this scenario may be applicable is within-host movement. In mixed infections of cucumber mosaic virus (CMV) and zucchini yellow mosaic virus (ZYMV, Potyviridae) in Cucurbita pepo, systemic movement of CMV is facilitated by ZYMV (29). In this scenario, we would predict the downregulation of CMV RNA3, which encodes the movement protein.

Scenario 2: co-infection exclusion. If a monopartite virus occupies the same niche as a multipartite virus, the genome formula of the multipartite virus may shift due to changing selection pressures (e.g., selection for rapid movement or upregulation of the replication machinery).

Scenario 3: co-infection exclusion through niche differentiation. If a monopartite virus partially occupies the same niche as a multipartite virus and outcompetes it in the overlapping niche portion, the observed overall genome formula of the multipartite virus may shift if different genome formulas are selected in each niche. As the monopartite outcompetes the multipartite, only the subpopulation in the exclusive niche space will be maintained. It will become the sole determinant of the overall genome formula of the multipartite virus across multiple niche spaces. This effect becomes visible only when the first niche space no longer contributes to virus accumulation. An example of niche competition and exclusion in a host–pathogen system has been observed in mixed infections with tapeworm species Hymenolepsis diminuta and acanthocephala species Moniliformis dubius, where M. dubius excluded H. diminuta from occupying the anterior region of the intestine, leading to distinct niches for both parasites in mixed infections, whereas in single infections their niches would overlap (30, 31). While we predicted that mixed infections may lead to virus–virus interactions and thereby result in genome formula change, empirical evidence is lacking. Thus far, the only data showing an effect of virus–virus interactions on the genome formula involve satellite viruses (6, 32).

In this paper, we tested empirically whether mixed infections can affect the genome formula and used simulation models to explore what the underlying mechanisms could be. We focused on experimentally measuring the effect of mixed viral infections on the genome formula and the viral titer. We inoculated Nicotiana tabacum plants with combinations of the tripartite +ssRNA CMV, tripartite +ssRNA AMV, a virus from the same Bromoviridae family as CMV, and the monopartite +ssRNA potato virus y (PVY) of the Potyviridae family, whose member species are commonly found in synergistic mixed infections with CMV in nature (12, 21). In our experiments, we found that mixed infections strongly affected both the CMV titer and the variability of the CMV genome formula, causing reductions in both. Our simulation models showed that the genome formula can be altered in all three hypothetical scenarios, while the results for Scenario 3 are most comparable to the data.





Results




The genome formula of cucumber mosaic virus is more variable in single infection

We measured the accumulation of CMV in single and mixed infections with AMV, PVY, or both viruses to determine the effect of co-infection on the CMV genome formula. For all plants for which we confirmed infection by all viruses present in the inoculum, we quantified the relative accumulation of CMV RNA1, RNA2, and RNA3 by RT-qPCR to determine the genome formula (Figure 1, Table 1). CMV’s RNA2 and RNA3 both express a second protein (i.e., 2b and CP, respectively) from a subgenomic RNA, but we designed our primers to anneal to a region present only in the full-length RNA (33). In single CMV infections, the genome formula was variable between plants, as shown by the spread between observations (Figure 1). In this treatment, the relative frequency of RNA1 ranged from 0.232 to 0.615, highlighting the considerable genome formula variation between plants. In all three mixed infections, the CMV genome formula appeared to be constrained to a smaller space, as evidenced in a ternary plot, and similar in all three scenarios (Figure 1). The smaller genome formula space occupied by the mixed infections overlapped a portion of the larger space occupied by the single CMV infections. The standard deviations of the GF data are ~2–5× times greater for CMV RNAs 1 and 3 in the single CMV infections than in the mixed infections (Table 1).




Figure 1 | Cucumber mosaic virus genome formulae across mixed infection treatments. Relative segment frequencies for CMV RNA1, RNA2, and RNA3 are shown in a ternary plot. Relative frequencies are shown as percentages ranging from 0% to 100%. The genome formula for CMV is constrained to the lower left corner of the genome formula space under mixed infection conditions (low RNA 1, high RNA 3 frequency). For single infections, CMV can occupy a wider range of genome formula values (high RNA 1, low RNA 3). Across all samples, RNA 2 frequency is low.




Table 1 | Cucumber mosaic virus genome formulas in single and mixed infections in Nicotiana tabacum (SD, Standard deviation and SEM, standard error of the mean).



For the formal analysis of the genome formula data, we used an approach based on PERMANOVA, a permutation-based non-parametric analysis of variance (34). As the different CMV RNAs interact with each other during infection, we performed a univariate analysis on the distance in the three-dimensional genome formula space between observations (see Methods). Using this approach, we found that overall there were significant differences between treatments (F3,34 = 3.804, p = 0.012), where treatment accounted for 26.9% of the variation based on the r2 value. We then performed the PERMDISP2 procedure on the same genome formula distance metric to test specifically whether the genome formula spread was homogenous over treatments (35). We found significant differences in genome formula spread between treatments (F3,34 = 3.817, p = 0.017), although in pairwise post-hoc comparisons only the difference between CMV infections and CMV and AMV mixed infections was significant (corrected p-value = 0.043; see Table S1). A significant PERMANOVA result can indicate differences in centroid, spread, or both, whereas the PERMDISP2 procedure detects differences in spread only. As both procedures gave a significant result here, we can only conclude with certainty that mixed infections significantly affect the spread of the CMV genome formula. The formal analysis, therefore, supports the notion that mixed infections restrict CMV to a smaller region of genome formula space, as suggested by the visualization of the experimental data (Figure 1).





Mixed infection reduces the titer of cucumber mosaic virus in N. tabacum

The titer of CMV was measured on a subset of four randomly selected infected plants per treatment. We measured CMV titer as the sum of the accumulation of each RNA segment relative to the stably expressed transcripts of three N. tabacum genes (Table S2) (36) using RT-qPCR. CMV titer estimates were log-transformed prior to the ANOVA. In comparison with single infections, the CMV titer was significantly lower in the mixed infections tested (one-way ANOVA, F3,12 = 17.178, p = 1.22 × 10-4) (Figure 2). This significant effect was driven by AMV, as both the CMV and AMV double infection and the CMV, AMV, and PVY triple infection are significantly different from the CMV single infection, whereas the CMV and PVY double infection is not (Table 2). AMV showed a highly variable titer across replicates under mixed infection conditions (as illustrated by the SEM in Figure 2). In the CMV and AMV double infection, AMV titers ranged from 8-fold to 44,423-fold higher than host reference transcripts. In the triple infection, the range of AMV titers was 68-fold to 760,614-fold. Interestingly, there was no correlation between CMV titer and the titers of co-infecting viruses AMV (Pearson correlation on log-transformed accumulation; r = 0.05, n = 6, p = 0.90) or PVY (r = 0.28, n = 6, p = 0.51). Though large titer differences were observed for AMV, its genome formula was not reliably measurable using our current assay because of high AMV titers, which were nearly outside the dynamic range of the assay. The PVY titer in mixed infections was consistently low (Figure 2). Samples of PVY single infections were lacking due to the accidental destruction of samples during diagnostic assays. Thus, we could not determine whether PVY titer was low due to competition with co-infecting viruses or whether PVY accumulation decreased over the course of infection regardless of the presence of other viruses. In single infections, the AMV titer was similar to the high and variable levels observed in triple infections, and these results are included in the data deposition.




Figure 2 | Virus titers in single, double, and triple co-infections. Titer is shown per mixed infection treatment (boxes, labeled on top) relative to the mean accumulation of stable host reference genes L25, β-tubulin, and Ntubc2 (data not shown). For multipartite viruses CMV and AMV, titer is shown as the sum of the accumulation of each segment. Error bars show the standard error of the mean (SEM) between biological replicates (n=4). The titer is plotted on a 10-log scale.




Table 2 | Dunnett’s test for comparing the CMV titer in mixed infection treatments with a CMV single infection as the control treatment.







Simulations of virus evolution predict that mixed infections can affect the genome formula

Three scenarios under which mixed infections can affect the genome formula were described in the introduction: co-opting of viral gene products (Scenario 1), co-infection exclusion (Scenario 2), and co-infection exclusion through niche differentiation (Scenario 3). To explore whether these three scenarios are plausible, we adapted a previously developed simulation model of genome formula evolution in a bipartite virus (10). Our model predicted how the genome formula would evolve over several rounds of infection in a population of cells, incorporating stochastic variation in the number of virus particles infecting individual cells and a function linking the genome formula and virus particle yield. The MOI (a mean value) of both viruses was fixed over rounds of infection, which allowed us to study the effect of the second virus on the multipartite virus’s genome formula without having to choose conditions that favored the maintenance of both viruses at similar levels. The results for each scenario are described in detail below. Figure 3 shows an illustration of each scenario and the resulting modeled genome formula change over a range of MOIs. For a sub-selection of conditions explored, we show genome formula values over rounds of infection to demonstrate that equilibrium had been reached by the end of the simulation (Figures S1–S3).




Figure 3 | Overview of three simulation models of mixed infections and the effect on multipartite virus accumulation. For each modeled scenario, three panels are shown. The left and middle panels show a cartoon overview of the modeled mechanism under single (A, D, G) and mixed (B, E, H) infection conditions. The right panel shows the simulated optimal genome formula under model conditions (C, F, I). Scenario 1 (A–C) illustrates how the co-option of gene products from a second virus can impact the genome formula of a multipartite virus, in this case shifting the genome formula from a balanced value (f1 =0.5) to an unbalanced one (f1 > 0.5) as more cells become infected by the second virus (C). Scenario 2 (D–F) illustrates a shift in the genome formula caused by a reduction in the number of infected cells due to co-infection exclusion by a second virus, which forces the multipartite virus to optimize infectivity over virus particle yield. In this case, the genome formula imbalance becomes smaller as the number of cells infected by the second virus increases (F). Scenario 3 (G–I) illustrates the effects of having multiple niches (shown here in green and dark gray) that can be invaded by the multipartite virus while having a second, monopartite virus that can infect only one niche. If the second virus can restrict access of the multipartite virus to those cells it infects, and if the two niches have different optimal genome formula values, the genome formula is predicted to change (I). Model output (C, F, I) is colored along a range of high MOI (red) to low MOI (blue) of the monopartite virus. This figure was created using BioRender.com.



Scenario 1: co-opting of viral gene products. Scenario 1 allowed the multipartite virus to co-opt a gene product from the second, monopartite virus, which replaced its own second-segment gene product. As the MOI of the monopartite virus increased, the multipartite genome formula shifted away from a balanced equilibrium (i.e., a 1:1 ratio of segments) toward higher frequencies of segment 1 (Figures 3A–C).

Scenario 2: co-infection exclusion. Scenario 2 allowed co-infection exclusion of the multipartite virus by the second, monopartite virus; the monopartite virus blocked replication of the multipartite virus in all cells it infected. If there was an unbalanced genome formula equilibrium (i.e., not equimolar) in the absence of the monopartite virus, as the MOI of the second virus increased, the genome formula shifted away from its initial equilibrium to a more balanced equilibrium (Figures 3D–F). This shift occurred because the number of cells infected by the multipartite virus became smaller due to co-infection exclusion. The surviving multipartite virus populations shifted their genome formula to a balanced value (1:1) that optimized infectivity over virus particle yield (10). Under the conditions chosen, the highest virus–particle yield per cell was obtained when the intracellular frequency of virus segment 1 was ~0.91 (this follows because μ = 1; see the Methods section for a full explanation of parameter μ). Given that we assumed that the probability of infection is the same for all virus particles, equal frequencies of virus segments (i.e., frequency of segment 1 = frequency of segment 2 = 0.5) would lead to infection of most cells. As there would be a trade-off between virus–particle yield per infected cell and the probability of infecting a cell, the equilibrium genome formula would reflect a value that maximized virus–particle production over all cells. For the MOI value (2) used, in the absence of the second virus, the equilibrium frequency of segment 1 was approximately ~ 0.86 (Figure 3F), suggesting that the selection of the genome formula was driven by virus–particle yield. As the second virus infected more cells and the number of cells infected by the multipartite virus decreased, the frequency of segment 1 fell to ~ 0.5 (Figure 3F), suggesting that selection was driven by infecting as many cells as possible. This shift in the main driver of selection occurred because when the MOI is 2, the intracellular frequency of virus segment 1 is 0.5 in most infected cells, as most cells will be infected by a 1:1 ratio of the two segments regardless of the segment frequencies in the inoculum. Only in a small number of cells will high frequencies of segment 1 be reached, which would lead to strong increases in virus–particle yield per cell. As the total number of infected cells dropped due to the action of the second virus, infections with high frequencies in segment 1 became so scarce that they no longer affected the equilibrium genome formula.

Scenario 3: co-infection exclusion through niche differentiation. Scenario 3 expanded on Scenario 2, dividing the population of host cells into two subpopulations with different optimal values of the genome formula for virus yield. The monopartite virus infected and caused coinfection exclusion in only one of the cell subpopulations. As the MOI of the second virus increased, the multipartite virus populations shifted away from the balanced genome formula toward a higher frequency of segment 1 (Figures 3G–I).

These simulation results (shown in Figures 3C, F, I) show that it is plausible that co-infection affects the genome formula through different mechanisms. By contrast, co-infection clearly does not lead to universal changes in the multipartite genome formula. In all three scenarios considered here, at least a moderate level of cellular infection by the second monopartite virus was required for appreciable changes in the genome formula (monopartite MOI ≥ 0.3, meaning ≥ 25% of cells were infected by it). In addition, Scenario 1 required the second virus to produce gene products to replace functionally all of those from one multipartite virus segment. Scenario 2 required a trade-off between optimal genome formula values for the infection of cells and for the virus–particle yield, as explained in the results paragraph on this scenario above. Finally, Scenario 3 required different genome formula optima in the two niches to see a genome formula shift. The model results, therefore, illustrate that mixed infections can affect the genome formula, while we emphasize that this effect manifests only under select conditions and not universally.






Discussion




Genome formula variability of cucumber mosaic virus decreased under mixed infections

Through experimental co-infection with the multipartite virus CMV, we have shown that the virus titer and the variability of the genome formula of CMV are reduced in co-infections with multipartite relatives AMV and monopartite PVY and in a triple co-infection with both. Recent work has emphasized the variability of the genome formula (3, 4, 37). A key factor shown to influence the genome formula of multipartite viruses is the host species (3, 4, 37), but prior work on CMV showed that its genome formula is stable across hosts Nicotiana tabacum, Nicotiana benthamiana, and Chenopodium quinoa (33). The lack of genome formula variability at the between-host level suggests that CMV may have a more stable genome formula than other multipartite viruses studied to date, and that genome formula plasticity may not be universal in multipartite viruses. Strikingly, the reduced CMV genome formula variability we observed here appeared to be independent of (i) the titer of the co-infecting virus—AMV constrained the CMV genome formula to the same space at both high and low AMV titers—and (ii) the effect of the co-infecting virus on CMV titer—PVY constrained the genome formula space of CMV but did not affect CMV titer. The lack of effect of PVY on the CMV titer contradicts previous studies reporting either a synergistic increase in the titer of both viruses (21) or an increased CMV titer (38) in a CMV-Potyviridae mixed infection, suggesting that virus–virus interactions may depend on the specific viral strains used. CMV has an exceptionally large host range (~1,200 species) (39), which increases its chance of encountering other viruses in mixed infections more than specialist multipartite viruses such as FBNSV. We speculate that this may have led to a constrained optimal genome formula for CMV in mixed infections compared to the range of genome formulas shown in single infections. Of note is a recent study of bipartite begomoviruses, which frequently occur as co-infections, in which the genome formula was distinctly different in single and mixed infections in plants (40), highlighting that the changes in genome formula variability we have described for CMV might not apply to other multipartite viruses. The experimental work on the effects of mixed infections on the genome formula is therefore limited to a handful of virus strains and species under a limited set of conditions. It remains to be shown how common these effects are for different viruses across conditions and what the full scope of the effects on virus–virus interaction and the genome formula might be.





Integrating experimental data and modeling results

We expected highly regulated biological systems to exhibit low variability in a constant environment. Given that the presence of other viruses could disrupt viral replication and spread, we would have expected higher genome formula variability in mixed infections. However, in our experiments, we found that mixed infections reduced the variability of the CMV genome formula more than single infections. By contrast, in the three scenarios modeled, we saw different effects of mixed infections on genome formula variability. In Scenarios 1 and 2, genome formula variability increased concomitantly with the MOI of the second virus. In both cases, changes in genome formula variability were likely dependent on the exact model parameters chosen, so we do not think the observed patterns are very informative for predicting changes in genome formula variability. For Scenario 3, we saw a strong decrease in genome formula variability, driven by the restriction of the multipartite virus to a subpopulation of host cells. The proposed mechanism not only will lead to a shift in the genome formula but will also always lead to a reduction in genome formula variability: mixed infections limit the multipartite virus to a population of cells that are more homogeneous concerning the optimal genome formula. Interestingly, this scenario would also predict a reduction in the CMV titer in mixed infections due to intraspecific competition, as observed here in some treatments. Moreover, the restriction of the multipartite virus to a subpopulation of cells could be induced by different viruses. Cowpea chlorotic mottle virus (CCMV) has a strong antagonistic effect on the spatial distribution of CMV during mixed infections in some tissues (41), highlighting that these types of virus–virus interactions exist and that CMV is susceptible to such effects. As both AMV and PVY decrease CMV genome variability and limit the genome formula to a similar space, a parsimonious explanation for the experimental results will not depend on highly specific virus–virus interactions. The underlying mechanism for Scenario 3 is therefore congruent with the experimental results we have found, although other mechanisms cannot be ruled out. For example, if mixed infections restrict the movement of a multipartite virus, the effects of genome formula drift could be stronger, as the virus will invade fewer host tissues and population bottlenecks could become narrower.





Reflection and outlook on the modeling approach used

Mathematical models are powerful tools in biology, and there is a wide range of modeling approaches with different strengths and weaknesses that suit different research aims (42, 43). Here, we explore a new research question for which there is little previous work to build and only limited data available. There are only a few empirical (3, 4, 9, 40) and modeling (10) studies on the genome formula, and to date only relatively simple “proof-of-principle” models of multipartite virus infections have been developed (2). The advantage of these simple models for exploratory work is that they require less knowledge about a system because they focus on one or a few key processes, have fewer free model parameters, and are more readily interpretable due to their limited complexity. By contrast, these models are not very useful for making specific predictions for real-world situations (42).

One key simplification in the modeling approach used was to model a bisegmented multipartite virus, even though our model system, CMV, had a tripartite genome. We think this approach is fully justified because of the aim of our modeling work: understanding in general terms whether mixed infections can possibly affect the genome formula. Our goal was to explore whether mechanisms of co-option of viral proteins, limiting cellular infection levels, or virus niches can affect the genome formula under a set of plausible assumptions and conditions. Given this goal, our model did not include functional differences between virus gene products but rather made assumptions about what levels of these products are needed. Having a third genome segment and its gene products would therefore add model complexity and free parameters and reduce the interpretability of the model and the clarity of its presentation. By contrast, it would not make model predictions more relevant to a specific virus (i.e., CMV), because in the model interactions between virus genome segments and proteins are determined by simple statistical distributions rather than a mechanistic model. Given this high level of abstraction and the focus on a proof of principle, we can be confident that the number of genome segments will not affect the conclusions drawn based on these model results.

Although we chose to work with simple models of infection, we still needed to set free model parameters to specific values or ranges of values. For many of these free parameters, reasonable model values could be determined from previous work or empirical estimates. For example, we set the MOI to a low value (λ = 2) because in other modeling work, this value led to rapid adaptation by the genome formula, thereby limiting the number of rounds of infection needed to study changes (10). Moreover, this value was within the range of empirical values reported for plant viruses (44). For the parameter that determined the sensitivity of virus–particle yield to changes in the genome formula, we chose a value that led to high sensitivity (σ2 = 10). For this value of σ2, multipartite viruses are expected to outcompete their monopartite cognates (10), making this a logical choice for modeling a virus–host interaction that is conducive to the propagation of a multipartite virus. Note that this parameter choice would not affect the performance of monopartite viruses here, as we fixed the infection level of the monopartite virus in our models to ensure a constant environment in which the genome formula could reach an equilibrium value. Finally, some model parameter values were dictated by the scenarios we have put forward. For example, the parameter μ determined the value of the genome formula that renders optimal virus particle yield. In Scenarios 2 and 3, we postulated the existence of two different selective environments with the host (niches), dictating that different values of μ should be chosen for each environment.

In sum, we chose to work with a simple model of infection and used a heuristic approach to determine many model parameters. We recognize that this approach cannot predict how common genome formula shifts in mixed infections might be. What we can conclude is that there are clearly regions in the parameter space where genome formula shifts do and do not occur, and in all three scenarios there are specific conditions that have to be met to see genome formula shifts (i.e., Scenario 1: functional replacement of all products on a segment; Scenario 2: μ ≠ 0; Scenario 3: different μ values for the two within-host environments). We, therefore, speculate that although the model results suggest that mixed infections can induce genome formula shifts, these changes are not ubiquitous because the required conditions are often not met.





Localization of the virus in the host and timing of infection

It is important to consider whether each of the viruses used in this study can exist in the same cellular compartment, as co-localization in the same tissues was one of the mechanisms proposed to drive genome formula change in our modeling scenarios. CMV genome segments are localized in the cytoplasm of N. tabacum, with replication taking place near intracellular membranes (45). CMV proteins involved in replication (1a and 2a) have been shown to co-localize in association with the tonoplast, as have AMV replication proteins P1 and P2 (45, 46). Potyviruses replicate in cytoplasmic vesicles associated with ER membrane systems (47). In summary, CMV and AMV gene products associated with replication co-localize in the same cellular compartments, whereas PVY co-localization with AMV and CMV is speculative.

An additional factor that may affect the accumulation and the genome formula is the timing of infection. Disease progression is not the same across the viral species used in our experiments. The PVY strain used (PVY-757) was a tuber necrotic strain (PVY-NTN), which induces veinal necrosis in N. tabacum. We expect the low PVY titer we observed may be due to the PVY infection already being past its peak titer at the time of harvest, 14 days post inoculation (dpi). Currently, we have a snapshot of the accumulation within the whole plant at 14 dpi due to the sampling design that is destructive to the plant. Ideally, we would have multiple time points per replicate for which both the titer and genome formula are measured. Similarly, AMV infections may have been at different stages of infection due to stochasticity in the progression of infection, which may explain the high variability in their titers. The timing and order of inoculation may also play a role in how viruses accumulate in the host over time and the ensuing virus–virus interactions. Infections can be initiated as co-infections, where multiple viruses are inoculated at the same time, or super-infections, where one virus is inoculated first and another virus is inoculated later. For simplicity, we used co-infections in our experiments. Under co-infection conditions, related viruses localize to separate cell clusters through mutual exclusion instead of co-localizing, as has been shown for potyvirus mixed infections (26) and CMV mixed infections (48). In the real world, plant hosts are likely to be exposed to different viruses at different times, making it relevant to study the effects of super-infections on the genome formula.





“Transcriptome” versus “genome” formula

Seminal work on the “genome formula” was developed using FBNSV as a model system. Notably, the viruses used in this study differ from FBNSV in that their genomes were composed of (+)ssRNA as opposed to circular ssDNA. For multipartite DNA viruses, a distinction is made between the “transcriptome formula” and the “genome formula” (9), where the former refers to the relative accumulation of RNA transcripts and the latter to the relative accumulation of genomic segments. For (+)ssRNA viruses, the genome and transcriptome—with the exception of subgenomic RNA—are one and the same, and distinguishing between the two is not possible for a total RNA sample. If the mechanism by which the genome formula is adaptive is through stable ratios of transcripts, as suggested for FBNSV, where the genome formula is distinct per host but the transcriptome formula is similar per host (9), then the genome formula for an RNA virus is expected to be relatively stable and unchanged upon environmental change. These changing environments may include mixed infections, which may explain why the CMV genome formula did not move to a different equilibrium frequency but instead was constrained to a smaller part of the genome formula space. On the contrary, the genome formula of (+)ssRNA virus AMV does appear to be variable. A strong effect of host plant species on the genome formula has been observed (4), highlighting the plasticity of the AMV genome formula. Here we found that mixed infections led to higher variability in AMV titers, while we could not discern an effect on the AMV genome formula. Earlier work shows the limited and variable systemic movement of AMV in tobacco (49). Antagonistic interactions with other viruses, mediated by host immune responses (50), rather than direct interactions between viruses like superinfection exclusion, may exacerbate this variation, resulting in the patterns we observed. Finally, an important difference between AMV and CMV is the lack of appreciable silencing suppression activity in AMV (51). We speculate that this omission could result in higher AMV genome formula variability, either by obliging AMV to adapt to different hosts’ immune responses through the genome formula or by allowing host RNA interference to spur (non-adaptive) genome formula changes, or both.






Methods




Experimental effect of viral mixed infection on the genome formula




Plants and virus strains

Nicotiana tabacum (cv. “White Burley”) was used for the amplification of all viruses and all experiments.

Natural virus isolates were used in all experiments: CMV subgroup I isolate I17F (52), AMV isolate 425 (“Wisc425”) (53), and PVY isolate 757, an isolate collected in the Netherlands in 2006 for which virus identity was confirmed serologically and by sequencing. All isolates were obtained through the virus collection of Wageningen Plant Research (www.primediagnostics.com).





Inoculation and harvest

N. tabacum seeds were surface sterilized using 5% bleach and allowed to germinate on filter paper in a Petri dish for 1 week in a climate chamber with a day/night cycle consisting of 16 h light at 20°C and 8 h dark at 16°C. Seedlings were potted in sterile potting soil and grown for 21 days in the greenhouse under standard conditions (day length of 16 h, temperature of 22°C day/18°C night, and 60% humidity), where they were watered with 25 mL every 2 days.

After 21 days in the greenhouse, plants were mechanically inoculated with combinations of CMV, AMV, and PVY. Treatments were assigned to plants randomly using MS Excel. Inoculations were done with a varying number of replicates (n = 10–20) to ensure sufficient replicates remained given that inoculations are not 100% successful (Table S3). Briefly, infectious plant material from AMV, CMV, and PVY was homogenized in a phosphate inoculation buffer (composed of a 49:51 mix of two solutions: 1.362 g KH2PO4 dissolved in 1 L deionized water and 1.781 g Na2HPO4·2H2O dissolved in 1 L deionized water, respectively; 0.01 M, pH 7) (54) and stored in separate tubes. Mixed infection master mixes were made by adding equal amounts of each virus inoculum to a new tube. The youngest fully expanded leaf was dusted with carborundum powder, after which 30 μL of inoculum (either one of the prepared mixes or an inoculation buffer in the case of mock inoculation) was pipetted onto the leaf and gently rubbed. Plants were rinsed with water and grown in the greenhouse for 14 days under standard conditions (above), with 25 mL of water provided every other day.

Plants were harvested at 14 dpi. At the time of harvest, plants showed five–seven true leaves. Plant height (cm) and fresh weight (g) of total aboveground biomass were measured, and viral symptoms were scored. Leaf discs from each plant were collected for diagnostic testing of the presence of CMV and PVY using a 1.7-mL Eppendorf tube by closing the tube with one of the young leaves between the lid and the tube itself. The remaining aboveground biomass was stored at −80°C until further processing.





RNA extraction, diagnostics, and PCR

RNA was extracted from the total aboveground biomass of each plant using the Zymo direct-zol RNA mini-prep kit, following the manufacturer’s protocol. As part of the extraction procedure, on-column DNase treatment was performed, and then the RNA was quantified with a Nanodrop spectrophotometer. For each sample, 500 ng of total RNA was converted into cDNA using the iScript Reverse Transcription Supermix for RT-qPCR (BioRad), which uses a combination of random primers and oligo(dT).

Infection status for each plant was determined using either a lateral flow immunochromatography assay (BioReba Agristrip) for CMV and PVY or an RT-PCR for AMV using primers P3 and P4 (55) targeting the AMV coat protein gene. Cycling consisted of one initial cycle of 5 m at 94°C, followed by 33 cycles of 30 s at 94°C, 30 s at 58°C, 1 m at 72°C, and lastly a final extension step of 7 m at 72°C. Infection status was determined by gel electrophoresis (1% agarose 0.5 M TBE gel).





Cucumber mosaic virus genome formula estimation

The genome formula of CMV was quantified using RT-qPCR. The accumulation of each viral genome segment was quantified using an SYBR Green-based assay (iQ SYBR Green Supermix, BioRad). Cycling consisted of one initial cycle of 3 m at 95°C, followed by 40 cycles of 10 s at 95°C,30 s at 60°C, 10 s at 95°C, and, lastly, a melt curve was performed using 0.5°C increments ranging from 65°C to 95°C.





Viral titer quantification relative to Nicotiana tabacum reference genes

For each treatment, we proceeded with four randomly selected infected plants for analysis of the viral titer. Random selection was done using a random number generator. Accumulation of each viral genome segment was quantified using an SYBR Green-based RT-qPCR (iQ SYBR Green Supermix, BioRad). AMV, PVY, and CMV accumulation were estimated relative to host reference transcripts. For all RT-qPCRs, cycling consisted of one initial cycle of 3 m at 95°C, followed by 40 cycles of 10 s at 95°C and 30 s at 60°C, 10 s at 95°C, and lastly, a melt curve was performed using 0.5°C increments ranging from 65°C to 95°C. Reaction efficiencies for primers were measured—using a dilution series of each target—and determined to be comparable (>98% efficiency). An overview of the primers used can be found in Tables S2 and S4. Accumulation was estimated using the ΔΔCt method (56), where the accumulation of each segment is calculated relative to the geometric mean of accumulation for the L25 ribosomal, β-Tubulin, and Ntubc2 transcripts (36).





Statistical analysis of empirical data

To analyze the genome formula data, we determined the pairwise distance (d) between two observed sets of genome formula values for samples a and b using the vegdist function such that:

	

where j is the number (1-3) of the CMV genome segment. Here, da,b simply correspond to the distance between the two observations in three-dimensional genome formula space. We then performed a PERMANOVA using the adonis function and a PERMDISP2 using the permutest.betadisper function, permuting the data 104 times for both tests. All pairwise comparisons between treatments (i.e., viruses present) were made for the PERMDISP2 procedure, with a Holm-Bonferroni correction for multiple comparisons. The vegdist, adonis, and permutest.betadisper functions are part of the R package vegan (35).

To analyze the titer, RT-qPCR-based accumulation values were summed and log-transformed before further statistical analysis. To test the effect of mixed infections on the titer of CMV, we performed an ANOVA. We ensured ANOVA assumptions were met by performing a Shapiro-Wilk test for normality. We tested and confirmed the homogeneity of variance using Bartlett’s test. Pairwise differences in CMV accumulation between treatment groups were tested using Dunnett’s test with a single CMV infection as the control group.

For the analysis of plant phenotype (fresh weight, g), an insignificant result for Levene’s test for equality of variances indicated that data transformation was not needed. Pairwise comparisons of plant fresh weight (g) were performed using a t-test, and p-values were adjusted for multiple testing using the Holm-Bonferroni correction. Descriptive figures of plant phenotypes can be found in Figure S4. All statistical analyses were performed in R version R-4.2.1 (57).






Models of mixed viral infections

Using simulation models, we explored the three mechanistic hypotheses described in the introduction: co-opting of viral gene products (Scenario 1), co-infection exclusion (Scenario 2), and co-infection exclusion through niche differentiation (Scenario 3). The overall goal of our modeling approach was to determine whether there is a parameter space in which mixed infections affect the genome formula and to highlight possible mechanisms by which this might occur. Our model had some key assumptions: (i) the mean total number of infecting virus particles of each virus (MOI) was fixed, while realizations of this number followed a Poisson distribution over cells; (ii) there was perfect mixing of the virus particles produced by infected cells after each round of infection; (iii) the relationship between the log of the genome formula and virus particle yield followed the probability density function of the Normal distribution; and (iv) there were no effects of the multipartite virus on the monopartite virus.

Models were developed by adapting an existing simulation model of the evolution of the genome formula for a bipartite virus when in competition with a monopartite virus (10). We first provide a brief description of the model, justify the parameter values used here for all scenarios, and finally describe how the model was adapted to explore the three scenarios put forward here. The model allowed the number of invading virus particles to vary stochastically over a population of cells following the means of λ, λ1, and λ2 for the total number of multipartite virus particles, segment 1 virus particles, and segment 2 virus particles, respectively. This bottleneck generated variation in the ratio of genome regions (i.e., the two segments of the multipartite virus) present in a cell (r) where r = f1/f2, where f is the relative frequency of a genome segment. The virus particle yield of each infected cell followed the probability density function of a normal distribution, such that   exp[-(log10r-μ)2/2σ2], with a mean μ and variance σ2. The highest virus particle yield was obtained when r = μ, whereas the variance indicated how sensitive virus yield is to changes in the genome formula. The yield was then distributed over the two virus particle types by the frequencies f1 and f2 meaning that there was no within-cell competition between the two genome segments. After each round in cinf effectively infected cells, all virus particles were pooled to determine the frequencies f1 and f2 used in the inoculum for the next round of infection.

For all simulations described here, we used the following parameter settings. The total MOI of the multipartite virus was set to an intermediate value (λ = 2), to ensure rapid genome formula adaptation of the multipartite virus. We set the number of effectively infected cells as cinf = 1,000, although note that in Scenarios 2 and 3, this became (approximately) the maximum number of cells infected by the multipartite virus. The initial frequency of the two multipartite genome segments in the inoculum was balanced, so  . We set σ2 = 0.01, therefore choosing conditions under which virus yield was highly sensitive to changes in the ratio of genome products: a parameter range in which multipartite viruses are likely to outcompete their cognate monopartite viruses (10). The only model parameter that varied across the different scenarios was μ. Five rounds of infection were carried out in all cases, and we performed 1,000 independent simulations for each set of conditions. In Scenarios 2 and 3, the extinction of viral populations was possible. In these cases, we monitored the number of extinctions, to ensure that a representative number of surviving populations were retained.

Scenario 1 allowed some of the gene products of a monopartite virus to be co-opted by the multipartite virus. To introduce the monopartite virus, we allowed the number of infecting virus particles to follow a Poisson distribution with mean λvirus2 over all cells. We assumed that the monopartite virus introduced a viral gene product that was a perfect substitute for the gene product on multipartite segment 2, with expression levels equivalent to those per segment copy number for the multipartite virus. Based on these assumptions,  . To simplify the simulations and focus on the effects of the second virus on the multipartite virus’s genome formula, we fixed λvirus2 to a given value and allowed only the frequencies f1 and f2 to carry over to the next round of infection. In other words, the second virus infected a stochastic number of cells in each round of infection, irrespective of the infection outcomes for both viruses in the previous round of infection. It is important to note that the presence of the second virus did not simply supplement gene products, it could displace r from its optimal value leading to the selection of lower values for f2. The parameter values used were μ = 0 (i.e., balanced optimal genome formula) and  .

Scenario 2 introduced a monopartite virus that exhibited co-infection exclusion, blocking the multipartite virus from generating any virus particle yield in co-infected cells. There were no further interactions between the viruses. The number of infecting virus particles again followed a Poisson distribution with mean λvirus2 over all cells. The parameter values used were μ = 1 (i.e., unbalanced optimal genome formula) and λvirus2 = {0, 0.01, 0.03, 0.1, 0.3, 1, 3, 5, 5.5, 6}. Unlike in the original model and Scenario 1, here we determined the total number of cells to simulate to have cinf effectively infected cells in the first round of infection without taking into account the action of the monopartite virus, and then held this number constant over all values of λvirus2. In effect, the monopartite virus, therefore, decreased the number of effectively infected cells. The λvirus2 values were chosen so that the number of effectively infected cells became small, but not all replicate populations went extinct.

Scenario 3 built on Scenario 2, but in this case, there were two subpopulations of cells. These two subpopulations had different values of μ, μs1, and μs2, and the monopartite virus could infect only the s1 subpopulation. Half of the cells were assigned to each subpopulation. The parameter values used were μs1 = -0.5, μs2 = 0.5, and λvirus2 = {0, 10-2, 10-15, 10-1, (…), 102}.

All simulation code was implemented in R 4.2.1 (57).
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