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ABSTRACT

Maize lethal necrosis (MLN) has emerged as a serious threat to food
security in sub-Saharan Africa. MLN is caused by coinfection with two
viruses, Maize chlorotic mottle virus and a potyvirus, often Sugarcane
mosaic virus. To better understand the dynamics of MLN and to provide
insight into disease management, we modeled the spread of the viruses
causing MLN within and between growing seasons. The model allows for
transmission via vectors, soil, and seed, as well as exogenous sources of
infection. Following model parameterization, we predict how manage-
ment affects disease prevalence and crop performance over multiple
seasons. Resource-rich farmers with large holdings can achieve good

control by combining clean seed and insect control. However, crop
rotation is often required to effect full control. Resource-poor farmers
with smaller holdings must rely on rotation and roguing, and achieve
more limited control. For both types of farmer, unless management is
synchronized over large areas, exogenous sources of infection can thwart
control. As well as providing practical guidance, our modeling framework
is potentially informative for other cropping systems in which coinfection
has devastating effects. Our work also emphasizes how mathematical
modeling can inform management of an emerging disease even when
epidemiological information remains scanty.

Plant diseases caused by coinfecting viruses threaten food security
and human health worldwide (Reynolds et al. 2015). However
modeling and experimental studies often ignore coinfection, instead
defaulting to the “one host-one pathogen” paradigm as a convenient
simplification (Buhnerkempe et al. 2015). This is despite increasing
evidence that coinfection is not only routine but can also have
significant epidemiological, ecological, and evolutionary impacts
(Seabloom et al. 2015; Susi et al. 2015; Tollenaere et al. 2016).
Disease complexes driven by coinfecting viruses can be particularly
damaging, especially when coinfection leads to significantly
increased disease symptoms. An important example in a major
crop is sweet potato virus disease, caused by coinfection by Sweet
potato feathery mottle virus and Sweet potato chlorotic stunt virus
(Kokkinos et al. 2006). Another is rice tungro disease, important
throughout Southeast Asia, caused by Rice tungro bacilliform
virus and Rice tungro spherical virus coinfection (Hibino et al.
1978).

A third devastating disease caused by coinfecting viruses, maize
lethal necrosis (MLN), has recently emerged inEastAfrica (Wangai
et al. 2012), East Asia (Deng et al. 2015; Xie et al. 2011), and South
America (Quito-Avila et al. 2016).MLN is caused by coinfection of
maize byMaize chloroticmottle virus (MCMV) and a virus from the
family Potyviridae, most commonly Wheat streak mosaic virus
(WSMV), Maize dwarf mosaic virus (MDMV), or Sugarcane
mosaic virus (SCMV) (Mahuku et al. 2015; Uyemoto et al. 1980).
MLN induces mild to severe chlorotic mottle on leaves, necrosis
developing from leaf margins to the midrib, severely reduced yield,
and, eventually, plant death (Wangai et al. 2012). MLN—then
called corn lethal necrosis—was first identified in 1977 inKansas in
the United States, and was shown there to be caused by the
interaction of MCMVand either MDMVor WSMV (Morales et al.
2014; Niblett et al. 1978; Scheets 1998). MLN has subsequently
been identified throughout theworld (Adams et al. 2014;Deng et al.
2015; Lukanda et al. 2016; Mahuku et al. 2015; Quito-Avila et al.
2016; Xie et al. 2011).
In Africa, SCMV is the potyvirus most often implicated in MLN

(Mahuku et al. 2015). SCMV has been present in East Africa since
at least the 1970s, and the subsequent spread of MCMV in regions
where SCMV is present appears to have driven the emergence of
MLN (Adams et al. 2013; Louie 1980). MLN was first detected in
Kenya in 2011 (Wangai et al. 2012), and has been significantly
affecting maize yields since then. Approximately 22% of annual
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maize productionwas estimated to be lost toMLN inKenya in 2013
(De Groote et al. 2016) and losses may be as high as 90% in heavily
affected regions (Mahuku et al. 2015). Roughly 90% of the
population of Kenya depends on maize for food, employment,
or income (Kang’ethe 2011). Small- and medium-scale farms
(<10 ha) produce 75%of the nation’s maize supply (Kirimi 2012)
and MLN poses particular challenges to the fragile food security
of resource-limited smallholders. A recent United States Depart-
ment of Agriculture Foreign Agricultural Service estimate of
yield loss is as high as 10% in Kenya for the 2014–15 marketing
season, corresponding to a financial loss of over U.S. $50million
(Gitonga 2014).
Transmission of both MCMV and SCMV occurs as a result of

insect vectors or via seed, with evidence of additional transmission
via soil. Several aphid species transmit SCMV in a nonpersistent
manner (Hassan et al. 2003), and multiple insects can vector
MCMV, including several species of beetles (Nault et al. 1978), as
well as thrips (Cabanas et al. 2013; Moritz et al. 2013; Zhao et al.
2014). Seed transmission is also potentially important in MLN
epidemiology, with vertical transmission of both viruses (Li et al.
2007; Mahuku et al. 2015). Both viruses may also be soilborne
(Bond et al. 1970;Mahuku et al. 2015; Phillips et al. 1982). There is
considerable uncertainty surrounding the relative importance and
rates of the different transmission pathways of both SCMV and
MCMV, and gaps in our knowledge of the biology underpinning
transmission. Nevertheless, any meaningful analysis of MLN
dynamics must allow for multiple routes of spread (Fig. 1).
A number of options have been proposed to manage MLN in

Kenya. Maize is often planted during two seasons in East Africa,
centered on the so-called “long rains” (March to June) and “short
rains” (October to December), although crops are actually in the
ground either side of the rainy periods in these growing seasons.
Crop rotation out ofmaize to a nonhost during the short-rains season
may have the potential to break up the disease amplification that
would occur if maize were planted during both the short and long
rains. Pesticides can reduce vector populations and, therefore,
reduce rates of vectored transmission of both viruses (Nelson et al.

2011), although this disease control option would generally be
limited to large commercial maize farms with sufficient resources
to purchase agrochemicals. In the absence of government- or
non-governmental organization (NGO)-sponsored programs, exter-
nal sources of virus-free “clean seed” might also be unavailable to
resource-poor smallholder farmers, who could perhaps, instead, be
forced to rely on simply roguing plants that are visibly affected by
disease symptoms and avoiding using such plants to provide seed.
Here, we will use mathematical modeling to explore the potential
for success of a range of strategies for the control of MLN for both
resource-poor smallholder farmers and resource-rich larger farms.
Although developing mathematical models of interactions

among pathogens was recently identified as an outstanding open
challenge in plant disease epidemiology (Cunniffe et al. 2015a),
investigation of coinfection in systems such as MLN can draw on
several types of theoretical models. One broad group of analyses
has focused on using population-scale compartmental models to
show how coinfection influences epidemic outcomes, modeling the
effects of cross-protection (Zhang and Holt 2001) and synergism
(Zhang et al. 2001) on epidemics. There are also models that track
the role of infected seed or planting material (Fargette et al. 1995;
Holt and Chancellor 1997; McQuaid et al. 2016; Thomas-Sharma
et al. 2016, in press; van denBosch et al. 2007). Regular disturbance
caused by repeated cycles of planting and harvesting is now much
more routinely included in mathematical models of plant disease
(Hamelin et al. 2011, 2016b; Madden and van den Bosch 2002;
Madden et al. 2007;Mailleret et al. 2012), focusing attention on the
timing of planting as another important factor, alongwith the effects
of crop rotation (Holt and Chancellor 1997). Here, we combine
elements of these previous approaches in a newmodel that provides
a novel perspective on pathogen coinfection across multiple growing
seasons for a system in which there is transmission via seed, soil, and
vectors, as well as from exogenous sources of infection.
The overall goal of this article is to use mathematical modeling

to better understand the processes of virus transmission that can
cause MLN. The first objective underpinning model development
was to evaluate the relative performance of a number of potential

Fig. 1. Conceptual diagram. Within- and between-field processes that potentially affect maize lethal necrosis (MLN) disease dynamics, together with management
practices that can be used to control Maize chlorotic mottle virus (MCMV), Sugarcane mosaic virus (SCMV), and MLN.
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management strategies for MLN, based on the different disease
control options available to resource-poor and resource-rich farmers
in Kenya. The second objective was to evaluate, via sensitivity
analysis, which parameters describing the epidemic are most
important, to suggest follow-up experiments to better characterize
MLN epidemics. We also discuss the utility of the model and its
outputs in terms of guiding the formulation ofmanagement strategies
and future research.

MATERIALS AND METHODS

Mathematical model. We modeled the dynamics of SCMV
and MCMV infection within and between periods during which
maize is grown (i.e., either the long-rains or short-rains growing
season, henceforth a “season”). Themodel (Appendix) accounts for
three modes of local virus transmission (by vectors, via seed, and
from infested soil), aswell as accounting for exogenous transmission
from external sources of inoculum (Fig. 2). Virus spread occurs
both within a season and between seasons. The within-season
component maps the densities of SCMV- and MCMV-infected
plants at the time of planting to those at harvest time. This part of the
model accounts for within-season vectored transmission of both
viruses (within a field as well as from exogenous sources of
infection), together with infection of seedlings from virus-infected
soil. The between-season model accounts for replenishment of the
soil reservoir based on levels of infection in the preceding growing
season and vertical transmission of both viruses via infected seed. A
fast-slow argument (Mailleret et al. 2012) based on the relative rates
of the different infection pathways is used to simplify the within-
season component of the model, allowing the within- and between-
season models to be linked into a single model tracking the
prevalence of each virus in discrete time (Appendix).
In the within-season component of the model, population

densities of vectors are not modeled explicitly and, therefore,
vectorborne transmission within a field simply depends on the
densities of infected and uninfected plants. Infection can also occur
by vectored spread from outside the focal field, such as from

infected maize in neighboring fields or from alternative plant hosts.
The relative importance of infection from such exogenous sources is
modeled as depending on the size of the farmers’ holding, with
small holdings assumed to be more vulnerable due to simple area/
perimeter considerations. Within-season effects of virus coinfec-
tion are not modeled explicitly, with vectored transmission of each
virus assumed to be unaffected by infection of host plants by the
other virus. Although this is clearly a strong assumption, the only
evidence for interactions between the viruses that lead to differ-
ences in rates of multiplication within cells comes from artificial
inoculation experiments (Xia et al. 2016) or from studies ofMCMV
coinfecting withWSMV rather than SCMV (Scheets 1998). In both
studies, rates of multiplication increased only for MCMV. To the
best of our knowledge, there is also no evidence for effects of
interactions on the probability of acquisition by vectors. Field data
from Kenya as previously reported by Mahuku et al. (2015)
additionally provide at least tentative support for the assumption of
independent transmission of SCMVand MCMV (Fig. 3).
In the between-season component of the model, vertical trans-

mission depends on how seed are sourced. Seed can either be
obtained locally (i.e., saved from the previous harvest or obtained
from another local farmer) or acquired from an external supplier of
clean seed such as a government-certified program or an NGO.
Although, in practice, there might be some low residual level of
infection even on purportedly clean seed (Mezzalama et al. 2015),
seed obtained from a certified seed program are assumed to be
completely free of both viruses. The level of infection in seed
obtained locally instead depends upon the level of infection in the
previously harvested crop. In contrast to the within-season
component of the model, we account for coinfection here by
allowing vertical transmission of either or both viruses to
potentially be more likely in the seed of MLN infected plants.
Between-season transmission also depends on the level of infesta-
tion of soil from the previous season which, in turn, depends on
whether maize is planted during both long and short rains. If
alternate crops such as sorghum are planted, or if the field is simply
left vacant during the short rains, thenwe assume that soil inoculum

Fig. 2. Schematic showing how within-season and between-season dynamics of Maize chlorotic mottle virus (MCMV) and Sugarcane mosaic virus (SCMV) are
represented in the mathematical model. MLN = maize lethal necrosis.
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is reduced to such an extent that soil transmission to the next maize
crop in the following long rains is not possible (Uyemoto et al.
1980).

Model parameterization. The model requires numerical
values of parameters controlling transmission from the soil (ss

and sm), vertical transmission on singly (g0,s and g0,m) and
coinfected (g1,s and g1,m) seed, within-field vectorborne spread (as

and am), and exogenous infection (es and em), where subscripts
refer to the virus in question (i.e., s denotes SCMVand m denotes
MCMV). Model parameterization also requires values for the
proportion of clean seed (p), the number of plants per unit area (N),
and the length of the growing season (T) (Table 1). We describe our
baseline parameterization of the model below, noting that we later
perform a sensitivity analysis to understand the potential implica-
tions of our parameter choices.
Model nondimensionalization allows thevalue ofN to be rescaled

to 1, corresponding to focusing on the proportion rather than the
number of plants that become infected by each virus. Similarly,
measuring time in units corresponding to the length of a growing
season allows us to take T = 1, where we have assumed that the
potential forwithin-seasonvirus transmission is the same during the
short rains as the long rains.We also assume—at least when disease
management is not attempted—that clean seed is not used and,
therefore, we take p = 0 by default. For our baseline parameteri-
zation of themodel, we assume that virus transmission in seed is not
affected by coinfection, although this assumption is later relaxed.
For SCMV, Li et al. (2011) reported vertical transmission from

approximately 3% of infected plants; therefore, we set g0,s = g1,s =
0.03. ForMCMV,we take g0,m= g1,m= 0.08 based on the proportion
of vertical transmission reported by Quito-Avila et al. (2016). For our
baseline parameterization of the model, we additionally assume that
there is no exogenous infection and, thus, take es = em = 0 by default.
Phillips et al. (1982) reported that 12% of plants becomeMCMV

infected when maize is repeatedly planted in continuous rotation,
whereas Mahuku et al. (2015) reported 69% enzyme-linked
immunosorbent assay (ELISA) positives in greenhouse experi-
ments in which uninfected maize was planted into very heavily
virus-contaminated soil. There is clearly uncertainty surrounding
the relative importance of soil transmission for MCMV. To proceed
with parameterization of the model, we identified the value of the
parameter controlling soilborne transmission ofMCMV, sm = 0.52,
as that value which recovers the average of the two reported figures
(i.e., just over 40%) from soil transmission alone in ourmodel based
on a 100% level of MCMV infection in the previous season (i.e., a
heavy level of soil contamination). Bond et al. (1970) reported
much lower transmission from soil for SCMV, with incidences
of 0.7 to 5.0%. Here, we parameterized our model to obtain
2.85% infection of SCMV via heavily infested soil, leading to the
corresponding parameter value ss = 0.03.
Mahuku et al. (2015) provided the best available data on relative

levels of MCMV, SCMV, and MLN in Kenya (Fig. 3). Levels of
infectionvariedwidely by location and year, and a picture involving
considerable levels of heterogeneity in levels of SCMVandMCMV
infection emerged. However, focusing on the data reported for
survey D in table 3 of Mahuku et al. (2015) (because only in survey
D were samples selected at random rather than following reports of
disease) and filtering out MCMV incidences less than 25% as
corresponding to locations in which MCMV was not yet endemic,
leads to an average MCMV prevalence in endemic areas of 70.3%
(weighting the calculation of average prevalence by the size of each
sample). As reported by Mahuku et al. (2015), the ELISA tests
originally used to diagnose SCMVinfection led to a high proportion
of false negatives, suggesting survey data probably underestimate
levels of SCMV infection. By combining ELISA results from tests
using antisera raised to different SCMVisolates, a total of 41SCMV
positives from 83 samples gave an estimated 49.3% SCMV inci-
dence. Therefore, we parameterized our model such that the
following endemic prevalence of each virus was obtained with all
other parameters set at their default values: MCMV = 70% and
SCMV = 50%. The only free parameters that remained to do
this correspond to within-field vector transmission, am and as.
therefore, values of these parameters were calibrated to a single
decimal place, selecting values that led to the desired long-term
prevalence. This fitting procedure led to am = 1.5 (per season) and
as = 3.5 (per season) for MCMVand SCMV, respectively.

Epidemiological scenarios. In assessing the performance of
management options we considered the following three scenarios
(Table 1).

• Baseline. The default parameterization described above.
• Coinfection effect. Here, we assume that coinfection (i.e.,
MLN) leads to increased vertical transmission. To illustrate
potential effects of additional vertical transmission but in the
absence of concrete data to parameterize the scenario, we
simply assume that seed from MLN-infected plants are twice
as likely to be infected with each constituent virus as seed
from singly infected plants.

• Exogenous infection. Here, we assume that the focal field is
subject to infection from exogenous sources of both viruses,
such as infected maize grown in neighboring fields or
epidemics in an alternative host such as finger millet (Kusia
and Villinger 2015) or sorghum (Bockelman et al. 1982). We
assume that small farms would be more affected by exogenous
infection than large farms, because external inoculum would be
more significant when there is a larger perimeter/area ratio, and

Fig. 3. Field data support the assumption of independent transmission ofMaize
chlorotic mottle virus (MCMV) and Sugarcane mosaic virus (SCMV). MLN =
maize lethal necrosis. Field data as reported by Mahuku et al. (2015) are
replotted, showing the results of survey D in Kenya in 2013 and 2014 (see
table 3 in Mahuku et al. 2015). The result of each survey is plotted as a single
circle, with area controlled by the number of plants that were tested. The value
shown on the x-axis is the product of the percentage of plants that were
enzyme-linked immunosorbent assay (ELISA) positive for MCMV (M) mul-
tiplied by the percentage of plants that were ELISA positive for SCMV (S)
(divided by 100 to recover a percentage value). The value shown on the y-axis
is the percentage of plants that were simultaneously ELISA positive for both
viruses (N). The best-fitting linear response (N = _1.28 + 1.08SM; R2 = 0.96)
obtained via weighted ordinary least squares regression is shown with a solid
black line. If transmission of two viruses were independent, N = SM would be
expected to be an adequate model of these data. The dotted line corresponding
to the assumption of independence is contained within the 95% confidence
interval on the best-fitting line (gray shading; 95% interval on the gradient of
the fitted line is 0.964 to 1.194).
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take representative but arbitrary primary infection parameters
es = em = 0.02 per season for large farms and es = em = 0.1 per
season for small farms.

In both of the nonbaseline scenarios, there is a small “knock-on”
effect to values ofam andas, whichmust be reestimated to attain the
“target” endemic levels of each virus as described above (Table 1).

Initial conditions. We also considered three scenarios for the
initial prevalences, S0 and M0, of SCMVand MCMV, respectively
(Table 2).

• MCMV invading. Here, we assume that SCMV is initially
present at its equilibrium level in the absence of MCMV, S0 =
S*, and that the initial prevalence of MCMV is small, with
M0 corresponding to 10% of plants infected.

• Both endemic. Here, we assume that SCMV and MCMV
are both present at their endemic equilibrium level initially,
taking S0 = S** and M0 = M**, respectively (the endemic
level of MLN infection is therefore M**S**/N). Note
that—at least when coinfected plants lead to additional vertical
transmission—these coequilibrium values are different from
the individual equilibria for each virus in isolation.

• Both falling. Here, we assume that control is attempted
following a large outbreak of MLN and, therefore, take high
initial levels of both viruses, with S0 corresponding to 70%
infection by SCMV and M0 corresponding to 90% infection by
MCMV (i.e., the starting level of each virus is approximately 20
percentage points above its equilibrium).

Disease management scenarios. We considered a total of six
scenarios, distinguishing between large and small farms and
allowing for no management of disease, management without crop
rotation, and management with crop rotation (Table 3). Small (<10
ha) and large farms differ in the management strategies that each

can adopt, with insecticide sprays and clean seed only being
possibilities for large farms and roguing only being adopted by
small farms. We did not consider the effect of maize varieties with
MLN tolerance, because availability of locally adapted, agronom-
ically acceptable, tolerant hybrids is still limited.
We assumed that usage of clean seed is not perfect, and took p =

0.9. We modeled the effect of insecticide sprays on large farms by
reducing the value of both vector infection parameters am and as in
our model by 50%. Data to support this assumption are limited and,
in general, the mapping between the timing and intensity of a spray
program, time-dependence in vector densities, and rates of secondary
infection in our model would be extremely complex and, of course,
also almost certainly different for each virus.However,wenote that the
assumption is in linewith the overall reduction in end-of-season thrips
population density in recent field trials of chemicals registered for
control of thrips in Kenya (F. Miano, personal communication).
In line with our underlying assumption that soil inoculum decays

very rapidly (Appendix), we assumed that crop rotation means that
soil transmission does not occur and, thus, took ss = sm = 0. We
modeled the effect but not the detail of roguing by simply reducing
within-season vectored spread (as and am) as well as between-
season soil transmission (ss and sm), each by 10%. The latter effect
would follow destruction and removal ofMLN-symptomatic plants
at the end of a season.

Relative stand density as a measure of short-term crop
performance. Aswell as the equilibrium levels of both viruses and
the long-term prevalence of MLN infection, we introduce the
“relative stand density”, Y, as a simple measure of transient effects
of diseasemanagement on crop performance and, thus, a convenient
proxy for maize yield. In particular, we compared the relative
percentage of plants unaffected by MLN infection over the first
Ty seasons in which maize is grown:

TABLE 1. Summary of model parameterizationa

Parameter Description Baseline Coinfection Exogenous Dimb

p Proportion of external clean seed 0 0 0 …
g0,m Vertical transmission of MCMV from singly infected plants 0.08 0.08 0.08 …
g1,m Vertical transmission of MCMV from doubly infected plants 0.08 0.16 0.08 …
g0,s Vertical transmission of SCMV from singly infected plants 0.03 0.03 0.03 …
g1,s Vertical transmission of SCMV from doubly infected plants 0.03 0.06 0.03 …
em Exogenous infection for MCMV 0 0 0.02 (large) or 0.1 (small) T

_1

es Exogenous infection for SCMV 0 0 0.02 (large) or 0.1 (small) T
_1

sm Soil-transmission of MCMV when there is no crop rotation 0.52 0.52 0.52 L2

ss Soil-transmission of SCMV when there is no crop rotation 0.03 0.03 0.03 L2

am Within-field MCMV infection 1.5 1.4 1.4 (large) or 1.3 (small) L2T
_1

as Within-field SCMV infection 3.5 3.2 3.3 (large) or 2.7 (small) L2T
_1

N Density of plants (number of plants per area) 1 1 1 L
_2

T Length of the growing season 1 1 1 T
S* Equilibrium prevalence of SCMV in the absence of MCMV 50.6% 32.9% 51.7% L

_2

M* Equilibrium prevalence of MCMV in the absence of SCMV 70.2% 66.7% 70.2% L
_2

S** Equilibrium prevalence of SCMV when MCMV is also at equilibrium 50.6% 51.1% 51.7% L
_2

M** Equilibrium prevalence of MCMV when SCMV is also at equilibrium 70.2% 69.8% 70.2% L
_2

Y Relative stand density (average percentage of plants that remain unaffected
by maize lethal necrosis over the first TY seasons)

… … … …

TY Number of growing seasons over which short-term crop performance is assessed 5 5 5 …

a Bold indicates parameters which take different values from the baseline scenario when allowing for exogenous infection or allowing for increased vertical
transmission from coinfected seed. Equilibrium values of Maize chlorotic mottle virus (MCMV) and Sugarcane mosaic virus (SCMV) are not precisely 70% and
50% for each scenario because parameters am and as were rounded to one decimal place in model calibration.

b Dimensions: L refers to a measure of length (i.e., L2 is a measure of crop area) and T to a measure of time.

TABLE 2. Scenarios specifying initial conditions used in numerical simulations of the modela

Scenario Initial prevalence of SCMV (S0) Initial prevalence of MCMV (M0)

MCMV invading Equilibrium for SCMV in the absence of MCMV, S* 10%
Both endemic Coinfection equilibrium for SCMV, S** Coinfection equilibrium for MCMV, M**
Both falling 70% (i.e., approximately 20 percentage points higher

than endemic coequilibrium at which both viruses coexist)
90% (i.e., approximately 20 percentage points higher
than endemic coequilibrium at which both viruses coexist)

a MCMV = Maize chlorotic mottle virus and SCMV = Sugarcane mosaic virus.
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In comparing control strategies, we concentrated on the first five
maize crops to be grown and, thus, took Ty = 5 in all cases. This
relatively short time scale was chosen because the effect of control
is realized quite quickly in our model and because, in practice, even
only a few seasons of low yields would tip the balance for resource-

poor smallholder farmers. We note that Y = 100% if no plants are
coinfected with the two viruses.

RESULTS

Transient dynamics. Differences in the starting prevalence of
each virus can lead to large differences in levels of disease over the
first few growing seasons both with and without management (Fig. 4).

TABLE 3. Management scenarios for small and large farms, both with and without crop rotation

Scenario Clean seed Pesticide Roguing Rotation

No control None None None None
Small farm

No rotation None None Reduce am and as (vectors), as well as
sm and ss (soil) by 10% each

None

With rotation None None Reduce am and as (vectors), as well as
sm and ss (soil) by 10% each

Set sm and ss (soil)
to be 0

Large farm
No rotation Clean seed proportion p = 0.9 Reduce am and as (vectors) by 50% None None
With rotation Clean seed proportion p = 0.9 Reduce am and as (vectors) by 50% None Set sm and ss (soil)

to be 0

Fig. 4. Representative time series from the model showing levels of infection as a function of time. Percentages of plants infected withMaize chlorotic mottle virus
(MCMV) and Sugarcane mosaic virus (SCMV), together with levels of maize lethal necrosis (MLN), are shown for the baseline parameterization of the model,
illustrating the effect of initial condition and potential effects of disease management. A and C, Percentages of plants infected by both viruses, as well as the
percentage that is coinfected, when no control is attempted. B and D, Results for a smallholder farmer using roguing and crop rotation. Note that there are two
iterations of the model per year in A and C whereas, in B and D, crop rotation means there is only one iteration of the model per year. A and C, as well as B and D,
are distinguished by initial condition. A and B correspond to the MCMV invading scenario, with MCMV initially at 10% prevalence but with SCMV already
endemic. C and D correspond to both falling scenario, with both viruses starting at an initial level approximately 20 percentage points above coequilibrium at
which both diseases are endemic and when no management is attempted.
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However, equilibrium levels are almost always attained within a
relatively small number of successive maize growing seasons, even
if there is a large deviation from the terminal level initially.We note
that the prevalence of each virus tends to a constant equilibrium
level, and the complex dynamics that are sometimes possible in
discrete-time models—including periodic oscillations or chaotic
behavior (Allen (2007))—are not exhibited by our model, at least
for any parameter combinations used here. We also note that the
equilibrium levels of each virus and, therefore, the final level of

MLN coinfection also is not affected by initial conditions, at least
for our default model parameterization. Themodel also appeared to
have a unique coexistence equilibrium, and this was the case for all
three parameter scenarios explored in this article.

Effect of management on short-term stand density. The
potentially significant effect of transient behavior in model pre-
dictions is reflected in large differences between management
scenarios for different initial conditions (Fig. 5), which we quantify
via the short-term relative stand density (equation 1). The lowest

Fig. 5. Short-term crop performance for different management strategies and epidemiological scenarios. MCMV = Maize chlorotic mottle virus. The relative stand
density, Y, a proxy for crop yield (equation 1), is shown. A, Baseline parameterization; B, coinfected seed causes increased vertical transmission; and C, exogenous
infection. Note that the “No Control” scenarios have identical results for large and small farms in A and B. However, in C, the stand density when there is no
management is slightly different for large and small farms.
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average stand densities—and, therefore, the worst outcome for the
farmer—are obtained if both viruses are initially at high prevalence
(the both falling scenario). This scenario consistently leads to lower
stand density than when both viruses start at the endemic co-
equilibrium (both endemic) which, in turn, consistently leads to
lower stand density than when MCMV is initially at a low level
(MCMV invading). This broad effect of the initial conditions was
consistent for all parameter and management scenarios we tested.
We note that large differences in short-term stand density can result
from changes to initial conditions. For example, for the baseline
parameter scenario when no management is attempted, there is a
difference in excess of 25 percentage points in relative stand density
when comparing the MCMV invading scenario (Y = 81.1%) versus
the both falling scenario (Y = 55.8%).
Disease management increases the stand density, as would be

expected. Large farms are expected to consistently obtain higher stand
density with disease management than smallholder farmers, with crop
rotation increasing stand density for both large and small farms. For
example, crop rotationbrings the standdensityobtainedbysmallholder
farmers to within 7 percentage points of those obtained on large farms
(with or without crop rotation) under all three epidemiological sce-
narios if both viruses are endemic initially (Fig. 5A, B, and C; middle
group of bars). In fact, similar trends are seen in all three epide-
miological scenarios, with a slight tendency for higher stand densities
under the coinfection scenario when MCMV is invading. However,
exogenous infection tends to reduce stand densities in the MCMV
invading scenario (Fig. 5C; left-hand bars). Indeed, in that initial
condition scenario, stand densities with disease management for
both large and small farms are strikingly high when there is no
exogenous infection (Fig. 5A and B, left-hand bars). Therefore,
rapid implementation of control in regions not already heavily
affected by disease is expected to lead to very effective control, with
average five-season standdensity values potentially inexcessof90%.

Effect of management on long-term prevalence. The long-
term prevalence of each virus is a convenient summary of the
expected effectiveness of any control that is sustained over long
periods (Fig. 6). Results reinforce the idea that crop rotation can be of
significant benefit to smallholder farmers, leading to eradication of
MLN in the long term unless there is exogenous infection. When
there is exogenous infection, however, it is impossible to totally
eradicateMLN for both types of grower, nomatterwhatmanagement
is attempted. Nevertheless, large farms practicing crop rotation are
predicted to attain very low levels of disease (Fig. 6C). This suggests
that area-wide management is likely to be required for control to be
completely effective, because otherwise exogenous infection will
thwart any control strategy from being truly successful.

Basic reproduction numbers. The response of long-term
prevalence to disease management for the baseline parameter
scenario can be supported by calculating the basic reproduction
numbers of SCMV and MCMV (Supplementary Table S1). The
basic reproduction number for MCMV invading when SCMV is
absent (see also Appendix) is:

ℛ0;m =

0
B@smN
zffl}|ffl{Soil

+ g0;mð1 _ pÞ
zfflfflfflfflfflffl}|fflfflfflfflfflffl{Seed

1
CAeamNT
zfflffl}|fflffl{Vector

(2)

The corresponding quantity for SCMV invading when MCMV is
absent is:

ℛ0;s =

0
B@ssN
z}|{Soil

+ g0;sð1 _ pÞ
zfflfflfflfflfflffl}|fflfflfflfflfflffl{Seed

1
CAeasNT
zffl}|ffl{Vector

(3)

Therefore, both basic reproduction numbers are composed of
additively andmultiplicatively linked constituent parts, as is typical

for plant disease models with multiple routes of transmission
(Cunniffe and Gilligan 2010, 2011; Cunniffe et al. 2012; Hamelin
et al. 2016a; Jeger et al. 2009).
Invasion and persistence of both viruses is necessary for MLN to

occur. If the twoviruses are entirely independent—as in the baseline
parameter scenario—because neither virus affects the other, it is
possible to define a reproductive number for MLN as simply:

Fig. 6. Long-term Maize chlorotic mottle virus (MCMV), Sugarcane mosaic
virus (SCMV), and maize lethal necrosis (MLN) prevalence for different man-
agement strategies and epidemiological scenarios, showing long-term prevalence
of each virus when there is disease management, as well as the long-term
prevalence of MLN. A, Baseline parameterization; B, coinfected seed causes
increased vertical transmission; and C, exogenous infection. Note that, in A and
B, the two “No Control” scenarios again lead to identical results whereas, in C,
there is a slight difference between the results of these scenarios.
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R0 =min
�
R0;s;   R0;m

�
(4)

In the coinfection effect scenario, however, invasion and
persistence of MLN becomes more complex. Numerical work
shows that it is possible for both viruses to invade and persist in the
long term even when one or the other is not able to invade in
isolation. Positive feedback is possible, with more of an individual
virus leading tomore coinfection which, in turn, can lead tomore of
that virus, herevia additional transmission in coinfected seed.When
there is exogenous infection, both SCMV and MCMV are always
able to invade and persist in the system; therefore, examination of
the basic reproduction number of either virus is uninformative.

Impact of transmission pathways on long-term prevalence.
We performed a sensitivity analysis by varying the parameters
controlling the three routes of transmission—seed, soil, and
vector—as well as the parameter corresponding to exogenous
infection. We focused on the effect of these parameters on the
equilibriumprevalence ofMCMVandSCMV, aswell as onMLN(Fig.
7).When there is no exogenous transmission (Fig. 7A toC andE toG),
there is almost always threshold behavior (i.e., an increase or decrease
in a parameter can lead to eradication of at least one of the viruses and
thus, in turn, to eradication of MLN). As a consequence of how we
fitted the model, thresholds for the soil and vector transmission
parameters occur at numeric values below the default parameters and
the threshold for clean seed is above the default value.
When there is exogenous infection (Figs. 7D, H, and I to L), there

can be no threshold effect because neither virus can be eradicated,
due to repeated primary infection from neighboring fields.When there
is exogenous infection, the model predicts that MLN prevalence

changes relatively little with respect to the proportion of clean seed
(Fig. 7I). However, reductions in soil (Fig. 7J) and vectored (Fig. 7K)
transmission can greatly reduce MCMV prevalence and, thereby,
reduce the prevalence of MLN. Nevertheless, if exogenous infection
becomes sufficiently large, much greater than baseline values, MLN
prevalence invariably approaches 100% (Fig. 7D, H, and L).

DISCUSSION

It is remarkable thatMLN has emerged as such a serious threat to
maize production over several continents within the last decade.
The disease first emerged in the United States in the Republican
River Valley of Kansas and Nebraska in the 1970s. Although MCMV
remains in the area, maize thrips are absent and many maize hybrids
grown in the region have potyvirus resistance. Therefore, the disease
causes few agronomic problems (Jardine 2017). Initially, the disease
was controlled in the United States by a 2-year moratorium on maize.
Later, cropmanagementpracticesweredeveloped to tackle thedisease,
including crop rotation, removal of weedy virus reservoirs, and use of
potyvirus-resistant and MCMV-tolerant hybrids (Phillips et al. 1982;
Stewart et al. 2014; Uyemoto 1983; Uyemoto et al. 1980).
Although, since then, we have gained much information on

MCMV structure, genome organization, and detection, the environ-
mental and epidemiological factors leading to emergence and
persistence remain relatively poorly understood. Because MLN is
emerging in tropical and subtropical maize production systems around
the world in locations where maize thrips are also present, it is also
unclear whether lessons learned from its emergence in the United
States can be applied directly. Certainly, some epidemiological factors,

Fig. 7. Impact of transmission pathways on long-term prevalence of Maize chlorotic mottle virus (MCMV), Sugarcane mosaic virus (SCMV), and maize lethal
necrosis (MLN). A sensitivity analysis of the long-term levels of both viruses as well as MLN as parameters are altered. A to D, Baseline parameterization; E to H,
coinfected seed causes increased vertical transmission; and I to L, exogenous infection (smallholder farmers). Arrows show default values of parameters. Note that,
in B, F, and J, although both soil-transmission parameters are altered by the same proportionate amount, it is the value of the MCMV parameter sm that is shown on
the x-axes of the plots. In C, G, and K, although vector transmission of both viruses are altered, the x-axes of the plots show the value of the vector transmission
parameter for MCMV (i.e., am).
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including MCMV–potyvirus interactions, vector relationships, non-
vector transmission, and virus reservoirs, differ significantly between
the regions. For these reasons, mathematical modeling can play an
important role in integrating what biological information is available
with reasonable assumptions on what is missing to give at least a first
indication of the potential effectiveness of disease control options.
Modeling can also indicate and help to prioritize some key research
questions that need to be addressed in seeking long-term, sustainable
control options.
The results of our model demonstrate that an effective level of

control is potentially possible under a wide range of conditions,
leading to a reduced impact of MLN on crop performance (which
we quantified via the proxy of relative stand density). However, the
dynamics of MLN depend upon the initial relative prevalences
of SCMV and MCMV when control is first introduced (Fig. 4). If
no control is practiced in an area in which SCMV is at endemic
levels and MCMV is invading, then MLN emerges approximately
sigmoidally over the 5-year period we considered. When crop
rotation is practiced, however, the prevalence of SCMV is reduced,
invasion of MCMV is delayed, and MLN is reduced to lower levels
relatively quickly. If crop rotation is introduced at a timewhen SCMV
and MCMVare both already present at high levels, then MLN again
can be reduced to lower levels, indicating that crop rotation may be a
very effective controlmeasure across awide range of initial conditions.
The effectiveness of crop rotation is also shown by comparing

short-term crop performance with and without crop rotation on
small and large farms (note that the latter have a wide range of
control options available). Although the overall level of crop
performance depends on initial conditions (highest when SCMV is
endemic andMCMVis invading; lowest when both virus are at high
levels), patterns in performance of different control options in each
scenario are remarkably similar (Fig. 5), even when exogenous
infection is included. In all cases, crop rotation carries major
benefits for the smallholder farmer, echoing the earlier experience
with MLN in the United States (Uyemoto 1983; Uyemoto et al.
1980). In the long term, the model indicates that, in the absence of
exogenous infection, crop rotation effectively eliminates MLN for
both small and large farms. However, with exogenous infection,
only large farms are able to effectively eliminate MLN bymeans of
crop rotation (Figs. 6 and 7). Because many smallholder farmers in
East Africa practice mixed or relay cropping, implementing crop
rotation strategieswill involve significant farmer training, aswell as
identification of suitable rotation crops and development ofmarkets
for these crops. The importance of reducing exogenous sources of
infection additionally suggests that synchronizedmanagement over
large spatial extents may improve control. Although such strategies
have been increasingly forcefully recommended for disease
systems in the developed world—for example, diseases of citrus
in Brazil (Bassanezi et al. 2013) and the United States (Gottwald
andGraham2014)—it is not clearwhat resourceswould be required
to promote such coordination in East Africa.
The modeling analysis we have performed here could perhaps be

extended to more directly include interactions that occur between
the two coinfecting viruses within maize within a single season. In
maize plants coinfected with MCMV and WSMV, MDMV, or
SCMV, the titer of MCMV was found to be 1.6- to 11-fold higher
than in plants infected with MCMV alone (Goldberg and Brakke
1987; Scheets 1998; Xia et al. 2016). In a reciprocal effect, titers of
WSMV in doubly infected plants were also increased by two- to
threefold. However, MDMVand SCMV titers were not different in
singly and doubly infected plants. In all cases, the increased virus
titer was associated with increased symptom severity in MLN-
diseased plants. Although we did include increased seed trans-
mission of viruses from doubly infected plants as a scenario in
the modeling, other effects of coinfection were not considered,
such as increased vector transmission from coinfected plants or
competition between viruses. Nevertheless, including more detail
onwithin-season effects of coinfection could affect the results of the

modeling exercise, perhaps significantly. We note that—were data
on the potential effect on epidemics to become available—within-
season effects of one virus on the transmission of the other could be
included relatively easily in our underlying compartmental model
(Zhang et al. 2001), albeit at the cost of some mathematical
tractability in mapping to a discrete-time model. However, in the
absence of any data to parameterize the magnitude of the effect,
including within-season effects of coinfection in our default pa-
rameterization was unjustifiable. Targeted experimentation to
ascertain whether or not and how within-season coinfection by
MCMVand SCMVaffects seed or vector transmission is arguably
the key area of future research suggested by our model.
There are other areas in which further research would provide

biological information that could help to improve or modify the
assumptions made in the model. Vectors were not explicitly
considered in themodel largely for reasons of tractability in analysis
but also for reasons of parsimony given the lack of information.
Thrips species are assumed to be the main vectors of MCMV,
whereas aphid vectors are thought to be responsible for SCMV
transmission (Mahuku et al. 2015). Thrips and aphids clearly
differ considerably in life histories, dispersal abilities, survival on
different hosts, and virus transmission characteristics. Future
modeling could incorporate some of these wide-ranging biologi-
cal differences in the vector species. In modeling the effects of
pesticides on large farms, we have assumed that reported reduc-
tions in numbers of thrips would be translated into proportionate
reductions in transmission parameters. We consider this to be
justified as a first approximation, although behavioral responses to
pesticide applicationmay also come into play.We have also assumed
that the pesticide has equivalent effects on thrips and aphid
transmission, again as a parsimonious response to lack of data. In
analyzing the effects of exogenous inoculum, we assumed that
smaller holdings would be more vulnerable; however, this would
depend on the diversity and fragmentation of crops cultivated in such
a holdingwhichmay, in turn, change the level of vector immigration.
Equally, the biological processes involved in transmission from

a soil reservoir remain largely unknown, although preliminary
experiments report that transmission from soil occurs (Mahuku
et al. 2015). Feeding by the corn rootworm has been implicated for
MCMV (Jensen 1985) but never confirmed as the transmission
route. For SCMV, only one article (Bond et al. 1970) reported soil
transmission, which is assumed to be vectored by a fungus;
however, this also has never been independently confirmed. For
MCMVat least, there is some evidence that the soil reservoir may
persist for a period of time (Mahuku et al. 2015) but we have no
information on what factors influence persistence, or how this
relates to the planting of seed and seedling development. The
assumption currently made is that infection from the soil reservoir
occurs on a fast time scale and, therefore, only seedlings can be
infected; however, further biological information could challenge
this assumption. Again, the modeling exercise presented here has
confirmed that further experimentation is required to understand the
epidemiology of the system.
Although there is more quantitative information on levels of seed

transmission of the two viruses, much of the data are based on seed
testing and determining the proportion of seed infection (Li et al.
2007). More relevant epidemiologically is the proportion of
infected seed that transfers virus infection to the developing maize
plant. This may be one reason for the widely varying estimates that
have been reported (Jensen et al. 1991; Quito-Avila et al. 2016). In
some cases, seed from heavily coinfected maize may have lower
viability and, hence, a high frequency of seed infection in one
seasonmay not translate proportionately to the next season’s crop. It
is also possible that MLN infection causes plants to produce fewer
seed, again affecting vertical transmission. Both effects potentially
warrant further study.
The effects of plant resistance or tolerance to the viruses were

ignored for model development, because of the high level of MLN
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susceptibility in currently available hybrids and cultivars in East
Africa (Semagn et al. 2015). Genetic resistance to potyviruses
in maize is relatively well understood, and both tightly linked
molecular markers and highly resistant inbred lines have been
identified. Maize lines with strong resistance to MCMV remain to be
identified (Redinbaugh and Zambrano 2014). However, a number of
MCMV-tolerant lines, which develop few or reduced symptoms even
when there is systemic infection, have been identified (Mahuku et al.
2015). Genome-wide associationmapping in two populations adapted
to East Africa identified several molecular markers associated with
MCMV tolerance (Gowda et al. 2015) and these are currently being
used in development of MLN-tolerant hybrids. It will be important
to quantify the importance of MLN tolerance on disease control and
spread as thesematerials are released to farmers, and this is another area
inwhichmathematicalmodeling canpotentially play a role in the future.
Simplifying assumptions had to be made concerning the effec-

tiveness of control options to allow us to analyze the likely effec-
tiveness of management. One of the control strategies considered was
roguing. Most previous analyses of roguing have focused on perennial
high-value crops (Cunniffe et al. 2014; Holt and Chancellor 1996; van
denBosch andDeRoos 1996), with attention shiftingmore recently to
consider spatially extended strategies inwhich asymptomatic hosts are
also removed (Cunniffe et al. 2015b, 2016; Hyatt-Twynam et al. 2017;
Thompson et al. 2016). The potential of roguing as a control strategy
for growers of annual crops has been considered relatively rarely (Holt
and Chancellor 1997). Modeling fine details of roguing is rather
difficult using our model, because—at least without alteration of the
formulation of the underlying continuous-time within-season models
and consequent knock-on effect on model tractability—the reduction
in host plant density that would occur after plants are rogued is not
accounted for. It is also difficult to reconcile the assumption of
independence between the two viruses with the increased level of
symptoms shown byMLN plants, because these easily visible plants
would be preferentially rogued. Therefore, we modeled the likely
effect of roguing rather than the fine detail via changes to disease
spread parameters. We also considered roguing to be practiced only
by smallholder farmers, because other, potentially more effective
management options were assumed to be available to large farms. In
general, we note that there is a paucity of published information on
the perceptions, practices, and choices made by smallholder farmers
when faced with a disease such asMLN.More research on this topic
would be invaluable in evaluating the feasibility and effectiveness of
the control scenarios we have outlined in this article.
It is important that modeling ofMLN should include key features

of maize production systems. In Kenya, maize—as in most of sub-
Saharan Africa—is a key crop for food security and the preferred
crop of choice. However, production in Kenya is affected by
weather conditions which, despite general patterns such as the
periods of long and short rains, may be erratic and fluctuate within
and between years and in the different climatic zones. We did not
account for any such fluctuations or regional variation in ourmodel.
Maize farmers range in scale from smallholder farmers with limited
holdings who sell only surplus grain at local markets to large-scale
commercial farmers who make use of country-wide distribution
networks. We modeled only the two ends of this continuum in farm
size, and future work could allow heterogeneity in the size of
growers’ holdings to be more finely resolved. A particularly
interesting further extension would be to also allow for heteroge-
neity in grower behavior in terms of disease control, or even
responsiveness to current perceptions of disease (Milne et al. 2015).
In conclusion, MLN is an emerging virus disease with actual or

potential major impact in many maize-producing regions of the
world. We have used mathematical modeling to describe the
dynamics of disease, with particular reference to the situation in
Kenya, and, in so doing, have evaluated a set of control options that
couldmitigate the impact of the disease.We found that crop rotation
can provide good control, particularly when combined with other
control methods and when done over large spatial extents. The

modeling approach is highly relevant for other regions of the world
where MLN is an emerging threat to maize production. The model
also introduces a new framework to address some issues relating to
coinfection by different virus species, as well as characterizing
novel aspects of MLN epidemiology. Analysis of the model
has revealed some key areas of research, especially on vector
relationships, effects of coinfection on transmission, and trans-
mission from soil, that would improve understanding of the
disease. Thiswould help to further clarify the likelihood of success
of different disease management strategies.

APPENDIX

Mathematical modeling. Overview. We initially developed
continuous-time models for MCMVand SCMV infection within a
single growing season. We then described how this pair of within-
season models can be extended to track the spread of disease over
multiple cropping seasons by including a discrete-time component
for seed and soilborne transmission between seasons. This leads to a
pair of semidiscretemodels for each pathogen (Madden and van den
Bosch 2002; Madden et al. 2007; Mailleret et al. 2012), which are
coupled together by assuming that plants coinfected with MCMV
and SCMV (i.e., plants affected byMLN) potentially lead to higher
vertical transmission via infected seed.
We then showed—using a fast-slow argument based on the relative

rates of the different infection pathways—how the continuous-time
models for within-season spread can be simplified to discrete-time
models that map densities of infected plants from the start to the end of
each growing season. In this fashion, we recovered our final model,
whichconsists of a pair of coupleddiscrete-timemappings that track the
final densities ofMCMV- and SCMV-infected plants at the end of each
growing season. Becausewe assume thatwithin-season transmission of
each virus is independent of the other, we can then recover the level of
MLN infection from the outputs of thesemodels by simplymultiplying
the proportion of plants infected by each virus. A summary of all state
variables used in developing the final model is given in Table 4.
Within-season models. We first modeled within-season virus

transmission during a single growing season, which can be either
the short rains or long rains. We tracked the dynamics for t2[0,T],
where T is the length of the growing season. We described the
within-season model for MCMV, which tracks the values of two
state variables, M(t) (the density of MCMV-infected plants) and
Zm(t) (the density ofMCMV soil inoculum). This component of the
model accounts for vectored transmission of MCMV (both within-
field and from exogenous sources of infection), as well as infec-
tion from decaying inoculum in the soil. We assume that neither
infection nor coinfection lead to within-season plant mortality and,
therefore, the density ofmaize plants (i.e., the total number of plants
per unit area) is held constant at N. Thus, the density of plants not
infected byMCMVisN _M(t).We also assume that rates ofMCMV
transmission within the season are not affected by whether or not a
plant is infected by SCMV. Differential equations governing the
rates of change of the density of plants infected with MCMVand of
MCMV inoculum in the soil are therefore

dM

dt

z}|{
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zffl}|ffl{
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+ BmZm
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(5)

The within-season model of SCMV infection tracks the densities
of SCMV-infected plants and soil inoculum—S(t), and Zs(t),
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respectively—but is otherwise exactly like equation 5 (subscripting
parameters with s rather than m).
Between-season models. The between-season soil and seed

transmission dynamics specify the initial conditions in the within-
season models and, in turn, depend on the prevalence of each virus
at the end of the previous within-season period. Using the as-
sumption of independence of MCMV and SCMV to define the
prevalence of MLN coinfection, assuming that any nonlocally
sourced clean seed is entirely free of the virus, and denoting the
levels of MCMV and SCMV infection at the end of the previous
growing season byMT

n and STn , it follows that
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Vertical transmission occurs from a proportion g0,m of singly
infected plants and a proportion g1,m of coinfected plants. If g0,m ¹
g1,m, then the dynamics of SCMV and MCMV are coupled over
seasons. We assume that maize is always planted during the long
rains. However, maize may or may not be planted during the short
rains, depending on whether or not the farmer practices crop
rotation.We assume that the initial rate of soil transmission depends
only on the level of MCMV infection in the previous crop but that
soilborne transmission of disease is not possible if crop rotation is
practiced; for example:

zm =

�
z0;m       no crop rotation
0                crop rotation

(7)

As before, a similar set of equations but with appropriately
subscripted parameters describe the dynamics of SCMV infection
between seasons.
Fast/slow timescale argument to simplify the within-season

models. For both within-season models, we assume that soil inoculum
decays rapidly, such that viral infection from the soil occurs on a
relatively fast time scale (Mailleret et al. 2012). This allows us to
simplify the mathematical formulation of our model. We show the
analysis for themodel ofMCMVinfection—for example, forM(t) and
Zm(t) in equation 5—noting that a similar analysis applies to S(t)
and Zs(t).

We let t = t/s, where t is the time variable for the fast time scale,
t is that for the slow time scale, and s is a conversion factor linking
the slow and fast time scales. We introduce new parameters with
bm = sBm and dm = sDm. Assuming that all soil transmission occurs
just after the time of planting, the other pathways of infection can
be ignored in the fast time scale and, therefore, the differential
equations reduce to

dM

dt
= bmZmðN _MÞ

dZm
dt

= _ dmZm
(8)

We apply the initial conditions at the beginning of the season,
M0

n+ 1 and Z0
m;n+ 1, to solve equation 8 over the fast time scale. A

closed-form solution can be obtained because—after solving for
Zm—the first part of equation 8 reduces to a monomolecular model
with an exponentially decaying rate parameter (Madden et al.
2007). The steady-state solution for the fast time scale (as t→‘) is

�M =N
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1
CCA; �Zm = 0 (9)

in which M0
n+ 1 and Z0

m;n+ 1 depend on MT
n and STn (see equation 6).

Implicit in this argument is that there is no possibility of carryover of
soil inoculum between successive growing seasons unless the soil
reservoir is replenished by new MCMV infection.

The expressions in equation 9 are then used as initial conditions,
Mð0Þ= �M andZmð0Þ= �Zmð= 0Þ, for the slow time scale equations on
the interval [0,T]:
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= ðamM + emÞðN _MÞ

dZm
dt

= 0

(10)

This yields a solution at the end of the season,M(T) andZm(T), for
theMCMV-infected plant density and level of soil infestation at the
end of season n + 1, ZmðTÞ =ZT

m;n+ 1 = 0 andMðTÞ=MT
n+ 1, with
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The form of the function fm is complicated to write down but can
be inferred by combining equations 6, 7, and 9. Doing this specifies

TABLE 4. Summary of all state variables used in developing the full model

Variable Descriptiona

t Days since planting within one season
M(t) Density (number of plants per field) of MCMV infected plants at time t
S(t) Density of SCMV infected plants at time t
M0

n
Density of MCMV infected plants at the start of season n

MT
n Density of MCMV infected plants at the end of season n

S0n Density of SCMV infected plants at the start of season n

STn Density of MCMV infected plants at the end of season n
Zm(t) Primary soil inoculum for MCMV at time t
Zs(t) Primary soil inoculum for SCMV at time t
Z0
m;n

Primary soil inoculum for MCMV at start of season n

Z0
s;n

Primary soil inoculum for SCMV at start of season n
�M Level of MCMV infection after initial infection by soilborne inoculum
�S Level of SCMV infection after initial infection by soilborne inoculum

MT
n + 1 = fmðMT

n ; S
T
n Þ Mapping of the level of MCMV infection from the end of one growing season to the end of the next growing season

STn + 1 = fsðMT
n ; S

T
n Þ Mapping of the level of SCMV infection from the end of one growing season to the end of the next growing season

a MCMV = Maize chlorotic mottle virus and SCMV = Sugarcane mosaic virus.
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a discrete-time model linking the density ofMCMV-infected plants
at the end of one season to the densities of SCMV and MCMV
infection at the end of the previous season.A similar set of equations
define the dynamics of SCMV infection:

STn+ 1 =
NeðasN+esÞT�as

�S+ es
� _ es�N _ �S

�
eðasN+esÞT

�
as

�S + es
�
+as

�
N _ �S

� := fs
�
MT

n ; S
T
n

�
(12)

Becausewe assume that the within-season spread of each virus is
independent of the other, the level of MLN infection can be
recovered from the model specified in equations 11 and 12 by
simply multiplying the proportions of plants infected by each of the
constituent viruses. Therefore, equations 11 and 12 completely
specify our final mathematical model of MLN dynamics.
Crop rotation. If crop rotation is not practiced, then maize is

grown in both the long-rains and short-rains growing seasons and,
thus, two iterations of equations 11 and 12 are required per year.
However, if crop rotation is adopted,maize is only grown during the
long-rains period and, thus, only a single iteration of equations 11
and 12 is required per year (and where zm = zs = 0; equation 7).

Basic reproduction numbers. Invasion of MCMV when there
is no SCMV. We computed the basic reproduction number R0,m for
MCMV in the case in which em = 0 (i.e., when there is no exogenous
infection, because otherwise diseasewould always invade). There is

clearly a disease-free equilibrium with M̂ = 0 and Ŝ = 0. The basic
reproduction number for MCMV is then computed by differenti-
ating equation 11 with respect toMT

n and evaluating at the disease-
free equilibrium, leading to:

ℛ0;m =

0
B@smN
zffl}|ffl{Soil

+ g0;mð1 _ pÞ
zfflfflfflfflfflffl}|fflfflfflfflfflffl{Seed

1
CAeamNT
zfflffl}|fflffl{Vector

(13)

in which we have introduced a composite parameter governing soil
transmission,sm = bmzm/dm, which depends on crop rotation via the
parameter zm.
Invasion of SCMV when there is no MCMV. If es = 0, a similar

expression can obtained for the basic reproduction number of
SCMV in the absence of MCMV, R0,s, by differentiating equation
12, leading to:

ℛ0;s =
�
ssN + g0;sð1 _ pÞ

	
easNT (14)

Again, a composite parameter controlling soil transmission of
SCMV has been defined; in this case, ss = bszs/ds.
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