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ABSTRACT

The recent rapid emergence of maize lethal necrosis (MLN), caused by
coinfection of maize with Maize chlorotic mottle virus (MCMV) and a
second virus usually from the family Potyviridae, is causing extensive losses
for farmers in East Africa, Southeast Asia, and South America. Although the
genetic basis of resistance to potyviruses is well understood in maize, little
was known about resistance to MCMV. The responses of five maize inbred
lines (KS23-5, KS23-6, N211, DR, and Oh1VI) to inoculation with MCMV,
Sugarcane mosaic virus, and MLN were characterized. All five lines
developed fewer symptoms than susceptible controls after inoculation with
MCMV; however, the virus was detected in systemic leaf tissue from each
of the lines similarly to susceptible controls, indicating that the lines were
tolerant of MCMV rather than resistant to it. Except for KS23-5, the inbred

lines also developed fewer symptoms after inoculation with MLN than
susceptible controls. To identify genetic loci associated with MCMV toler-
ance, large F2 or recombinant inbred populations were evaluated for their
phenotypic responses to MCMV, and the most resistant and susceptible plants
were genotyped by sequencing. One to four quantitative trait loci (QTL) were
identified in each tolerant population using recombination frequency and
positional mapping strategies. In contrast to previous studies of virus resis-
tance in maize, the chromosomal positions and genetic character of the QTL
were unique to each population. The results suggest that different, genotype-
specific mechanisms are associated with MCMV tolerance in maize. These
results will allow for the development of markers for marker-assisted selection
of MCMV- and MLN-tolerant maize hybrids for disease control.

Since 2011, the emergence of maize lethal necrosis (MLN) in
sub-Saharan East Africa has substantially increased food insecurity
for smallholder farmers in the region. The disease has been con-
firmed inKenya, Tanzania, Uganda, Rwanda, Democratic Republic
of Congo, and Ethiopia, where it can cause up to 100% loss ofmaize
crops (De Groote et al. 2016; Lukanda et al. 2014; Mahuku et al.
2015a,b;Wangai et al. 2012). The disease has also recently emerged
and spread in China, Taiwan, Ecuador, and Spain (Achon et al.
2017; Deng et al. 2014; Quito-Avila et al. 2016; Xie et al. 2011).
MLN results from a synergistic interaction of Maize chlorotic
mottle virus (MCMV) with another virus, usually from the family
Potyviridae (Niblett and Claflin 1978,Wangai et al. 2012). Because
viruses in the Potyviridae family are distributed worldwide, MLN
emergence has been closely tied tomultiple annual maize crops, the
presence of MCMV, and significant populations of a vector, maize
thrips (Frankliniella williamsiiHood) (Cabanas et al. 2013; Mahuku
et al. 2015a). The development and persistence of the disease may
also be associated with transmission of MCMV through seed at rates
between 0 and 0.33%, depending on maize germplasm, and through
soil (Hilker et al. 2017; Jensen et al. 1991; Mahuku et al. 2015a;
Phillips et al. 1982).
With multiple reservoirs and transmission pathways, it is likely

that control ofMLNwill require a multipronged approach, including

vector population control, clean seed, clean soil, and host resistance.
However, deployment of virus-resistant hybrids and cultivars will be
critical for disease control inareaswhere subsistence farmers rely on a
continuousmaize crop for food and have difficulty using insecticides.
Few reliable sources ofMLNresistance areknown.More than 90%of
25,000 maize entries screened for MLN resistance in 2012 and 2013
were highly susceptible,with just a few inbred lines beingmoderately
resistant (Semagn et al. 2015). Mapping studies using the Improved
Maize for African Soils (IMAS) and the Drought-TolerantMaize For
Africa (DTMA) association mapping panels identified 24 single-
nucleotide polymorphisms (SNP) on 7 of the 10maize chromosomes
that had small to medium effects on MLN resistance (Gowda et al.
2015). In these studies, plants were screenedwith amixture ofMCMV
and Sugarcanemosaic virus (SCMV); this approachwas successful for
development of the first-generation MLN-tolerant hybrids and it
continues to be used for further genetic characterization of resistance to
MLN (Masuka et al. 2017). However, independently dissecting maize
resistance to MCMVand potyviruses separately could produce syner-
gistic effects for understanding host–pathogen interactions, leading to
MLNresistance anddevelopment of highly resistantmaize hybrids and
cultivars. Maize resistance to potyviruses has been studied extensively
over thepast 50years butmuch less information is available onMCMV
resistance in maize.
Highly resistant germplasm and genes or quantitative trait loci

(QTL) controllingmaize resistance toviruses, especially potyviruses,
arewell characterized (Redinbaugh and ZambranoMendoza 2014).
Neither the potyviruses SCMV and Maize dwarf mosaic virus
(MDMV) nor the unrelated Maize rayado fino virus (MRFV) are
detected in systemic leaves of highly resistant inbred lines (Jones
et al. 2011; Zambrano et al. 2013), although MDMV and SCMV
replicate in inoculated tissues of these lines (Cassone et al. 2014; Law
et al. 1989;Lei andAgrios 1986).Acrossdiverse resistant germplasm,
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major genes or QTL on chromosomes 3, 6, and 10 provide resistance
to all tested viruses in the familyPotyviridae. Recent identification of
the two major genes controlling SCMV resistance as an atypical
thioredoxin h (Scmv1 on chromosome 6) and auxin binding protein 1
(Scmv2 on chromosome 3) provides very tightly linked markers for
maize breeders and a basis for investigating the molecular basis of a
novel mechanism for virus resistance in plants (Leng et al. 2017; Liu
et al. 2017). Similarly, germplasm with strong resistance to other
maize-infecting viruses has been identified, and resistance in these
lines has been associated with one or a fewmajor QTL that tend to be
clustered in specific regions of chromosomes 1, 2, 3, 4, 6, 8, and 10.
For MCMV, we hypothesized that resistance would be associated
with decreased virus accumulation in systemic leaves and that resis-
tancewould be controlled by one or a few consistently identified chro-
mosomal regions in different resistance sources.
MCMV-tolerant lines havebeen identified inHawaiian, Thai, and

U.S.maizebreedingprograms (Brewbaker andMartin2015;Kaeppler
et al. 1998), and selected inbred lines from these programs developed
the fewest symptoms in screens for MLN resistance in Kenya and
MCMV resistance in the United States (Mahuku et al. 2015a). Two
additional inbred lineswith strong resistance to potyviruses developed
reduced or few symptoms after MCMV inoculation. In this study, we
characterized the responses of these maize inbred lines to inoculation
withMCMV, SCMV, andMLN and examined the effect of resistance
on virus accumulation, then selected the best-performing inbred lines
for development of biparental populations for mapping resistance to
MCMV in maize. The maize inbred line Oh28 was selected as the
susceptible parent for all populations. This line, selected from a
cross of (CI112-1 × Oh920) × (Ill. A × Ill. B), is highly susceptible
to phylogenetically diverse viruses (Redinbaugh and Zambrano
Mendoza 2014).

MATERIALS AND METHODS

Plant materials and population development. Maize inbred
lines N211, KS23-5, and KS23-6 (Brewbaker 2009; Kaeppler et al.
1998) were obtained from the North Central Germplasm Introduc-
tion Station and maintained inWooster, OH. Oh1VI was developed
and maintained in Wooster (Louie et al. 2002). The inbred line DR
was developed from a plant from the Dominican Republic 300
population (PI484035) selected for resistance to Maize chlorotic
dwarf virus (MCDV) in Wooster. In 2014, F2 populations were
developed fromF1 crosses of N211,KS23-5, KS23-6, andDR to the
highly virus-susceptible inbred line Oh28. A population of 256
recombinant inbred lines (RIL; S7 to S9) derived from Oh1VI ×
Oh28 was previously described (Zambrano et al. 2014a).

Maize responses to virus inoculation. The Kansas isolate
of MCMV (Niblett and Claflin 1978) and Ohio isolate of SCMV
(Louie 1986) were maintained by serial mechanical inoculation to
susceptible maize. SCMV or MCMV inoculum was prepared and
used to inoculate leaves of 8- to 10-day-old maize seedlings, as
previously described (Louie 1986), except that Marathon (1%
imidacloprid; OHP, Inc., Mainland, PA) at 0.001 g/g of soil was
included in each pot to control insects. Plants were inoculated twice
at a 2-day interval. For the MLN inoculations, plants were inocu-
lated with MCMVand SCMVon sequential days (four inoculations
total). Inoculated plants were moved to a growth chamber with
cycles of 12 h of light (600 µmol/m2/s) and 12 h of darkness and
temperatures of 25 and 21�C, respectively, and individual plants
were scored for symptoms beginning 7 to 8 days after the first in-
oculation and continuing at 2- to 3-day intervals for at least 14 days.
A 1-to-5 severity rating scalewas used, where 1 = no symptoms, 2 =
faint chlorotic flecks or mottle, 3 = full mosaic, 4 = severe chlorotic
mosaic, and 5 = necrosis or death. Evaluation of maize inbred line
responses to MCMV, SCMV, and MLN were conducted indepen-
dently. Each experiment consisted of a single pot (5 kernels/pot) per
entry, with three independent replications of the experiment. For
evaluating the responses of F1 crosses and parents to MCMV, two

pots (4 kernels/pot) per entry were used in each of two independent
experiments.
Mean disease severity scores were calculated for the seedlings in

each pot on each scoring date, then used to calculate area under the
disease progress curve (AUDPC) scores, as described (Shaner and
Finney 1977). AUDPC/day scores were calculated to account for
minor differences in scoring dates among independent experiments
and treatments. Analysis of variancewas carried out using ProcGLM
(SAS ver. 9.3; SAS Institute, Cary NC), and differences among the
means for AUDPC/day were identified using Fisher’s least signif-
icant difference. Pearson correlation coefficients were calculated
using the CORREL function in Microsoft Excel (Microsoft Corp.,
Redmond, WA).

Detection of MCMV in systemic maize leaves. Enzyme-
linked immunosorbent assay (ELISA)wasused toevaluate systemic
noninoculated leaves for the presence of MCMV. Leaf tissue was
collected from two plants of each inbred line at 16 days after
inoculationwithMCMVand stored at _80�C. Plantswere scored for
visual symptom scores prior to tissue collection, and symptomless
plants were chosen if present. Leaf samples were extracted into
General Extraction Buffer (Agdia, Inc., Elkhart, IN) and evaluated
for MCMV using a double-antibody sandwich ELISA kit per the
manufacturer’s instructions (Agdia, Inc.). Samples were considered
positive if the absorbance at 405 nm after 20 min was twice that of
the healthy control. Three independent experiments were done.

Phenotypic analysis of populations. For the F2 populations,
450 to 500 seedlings (3 plants/pot) of each population were inoc-
ulated with MCMVas outlined above. Individual plants were rated
for symptom development at six dates between 8 and 20 days post-
inoculation (dpi), andAUDPC scoreswere calculated for individual
plants. Each population screen included the population parents, the
F1 cross, and the susceptible hybrid Pa405×Oh28,withmean symp-
tom severity scores for plants within a pot and AUDPC/day scores
calculated based as outlined above. For the Oh1VI × Oh28 RI
population, eachRIL (253 lines total) was planted (4 plants/pot) and
inoculated with MCMV, as outlined above. Symptom development
in individual plants was scored four times at 2- to 3-day intervals
between 7 and 18 dpi. AUDPC/day scores based on the average
disease severity for plants within each pot were calculated as out-
lined above. Three independent evaluations of four seedlings per
RIL were carried out.

Genotypic analysis of populations. As symptoms developed
in each population, tissuewas collected from the 40 to 53 plants first
developing symptoms, and used immediately for DNA isolation. At
21 dpi, tissue was collected from the 40 to 53 plants having the
lowest AUDPC scores, and DNAwas isolated. DNA from 90 to 92
F2 plants from each population were selected for genotyping. The
45 to 46 plants with the lowest AUDPC/day scores were selected for
the resistant tail; however, if more plants in the population had
AUDPC/day scores equal to the highest score in this group, they
were also included in the resistant tail. The remaining 90 to 92DNA
selected for genotyping were from plants with the highest AUDPC/
day scores for the population. The AUDPC/day scores for all F2
plants selected for genotypic analysis were more than one standard
deviation greater or less than the mean score for the population. For
the Oh1VI × Oh28 RI population, DNA were selected for geno-
typing from plants of 78 RIL. In this case, tissuewas collected from
a single plant of individual RIL in the third independent screening
replicate. Selection of samples for genotyping of the resistant and
susceptible tails was carried out as outlined above. In addition to F2
plants and RIL, DNA isolated from the resistant and susceptible
parents and F1 cross were included in the genotypic analysis.
DNAwas isolated from leaf tissue using theQiagenDNeasy Plant

Mini Kit (Qiagen, Mississauga, ON, Canada). DNAwas quantified
using the Quantifluor dsDNA System (Promega Corp., Madison,
WI). Genotyping by sequencing (GBS) was performed at the Geno-
micDiversityFacility atCornellUniversity (Ithaca,NY),asdescribed
(Elshire et al. 2011). SNP were identified using the Tassel5-GBS
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production pipeline with the ZeaGBSv2.7 Production TOPM
(Glaubitz et al. 2014). Genotypes were filtered to remove blanks
and control wells and a ‘filterAlignMinCount’ of 77 was used to
filter sites (Bradbury et al. 2007). Genotypes were converted to R/
QTL format using TASSEL5 (Bradbury et al. 2007).

Map construction and QTL analysis based on recombi-
nation frequency. Genetic maps for the KS23-6 × Oh28, KS23-
5 × Oh28, DR × Oh28 and N211 × Oh28, and Oh1VI × Oh28 RI
populations were made in JoinMap v4 (Van Ooijen and Voorrips
2006). Markers with duplicate genotypes, monomorphic markers,
and those with >10% missing genotypes were eliminated. Map
distanceswere calculated from recombination frequencies using the
Kosambi function. QTL identification was done by composite in-
terval mapping (CIM) using WinQTL Cartographer v2.5 (Wang
et al. 2010). Standard Method 6 settings were used for CIM: five
controlmarkers, awindow size of 10 centimorgans (cM), and awalk
speed of 2 cM, with QTL thresholds (a = 0.05) determined using
1,000 permutations (Doerge and Rebai 1996). In each population,
all phenotyped individuals were included in the QTL mapping
by coding the genotype as “missing information”. Further analysis
was carried out using RIL from the Oh1VI × Oh28 population for
which <20% of the GBS marker information was missing. ASMap
inRwas used to perform the initial linkage group assignment for the
remaining markers using the mstmap.data.frame function with a
population type of advanced RIL, map distance in kosambi units,
and an initialP value of 1e_10 (Taylor andButler 2014; RCore Team
2016). Distances betweenmarkers were estimated using the quickEst
function of ASMap. Marker assignments, locations, and distances
were listed using the pull.map function of ASMap. Simple-sequence
repeat (SSR) markers of known chromosome location (https://www.
MaizeGDB.org) (Andorf et al. 2016) included in the marker data set
were used to assign linkage groups to chromosomes, placing broken
linkage groups together, and splitting combined linkage groups along
large gaps to produce 10 chromosomes. The marker order for the 10
chromosomeswas tested and finalized using the ripple function of R/
QTLwith emphasis, in order, on fewest double cross-over events, best
logarithm of odds (LOD) score, and smallest map size (Broman and
Sen 2009). To facilitate identification of closely linked polymerase
chain reaction (PCR)-based markers for maize breeders, genotypes
for SSRmarkers in the regions of identifiedQTLwere determined for
selected populations (Jones et al. 2004), and the QTL mapping
analysis was repeated. Because some SSRmarkers were the markers
most closely associatedwithaQTL, the results presented includeboth
the GBS SNP and SSR markers.
Genetic maps and QTL identification for the Oh1VI × Oh28

RI population were done using the R/QTL package (Broman
et al. 2003; R Core Team 2016) using BLUPS estimated from the
AUDPC/day scores. After import, the dataset was converted to a
RIL population using “convert2riself”. Markers with <69 typed
individuals per marker, that showed segregation distortion, or that
were duplicates were removed.Markers were ordered by iteratively
changing marker positions in a sliding window using the function
“OrderMarkers”. Initial marker orders were compared with the
physical map and reordered if the physical order had fewer cross-
overs or an improved likelihood. Further quality control was
conducted by discarding single markers that significantly increased
the genetic map length (Broman and Sen 2009). Markers were
thinned to remove markers at the same genetic position. The final
map was estimated using the Kosambi function with an error prob-
ability of 0.001. Standard intervalmappingwas conducted using the
QTLpackage (Broman et al. 2003) implemented inR (RCorp Team
2016). The “scanone” command was used to analyze QTL. In total,
1,000 permutations were used to determine the LOD threshold for
significance that corresponds to a P value of 0.10. QTL with LOD
scores above that threshold were considered significant and 1.5
LOD support intervals were calculated using “lodint”.

Map construction and QTL analysis based on physical
position. GBS genotyped markers of KS23-6 × Oh28, KS23-5 ×

Oh28, DR × Oh28, and N211 × Oh28 F2 populations were left in the
same order as the physical map of B73 (https://www.MaizeGDB.org)
(Andorf et al. 2016). Markers and F2 individuals with >50% missing
data were removed. Markers for all populations were analyzed using
the R/QTL package (Broman et al. 2003) for R (R Corp Team 2016).
The orderMarkers function was used to test the proper order of SNP
markers from sequencing with the B73 map as reference, Est.rf was
used toestimate the recombination frequencies, andest.map to estimate
themappingdistance in centimorganswith anerror probabilityof 0.001
(Broman et al. 2003). Marker position and parental assignment was
assessed by ensuring that likelihood of odds × recombination fraction
graphs inR/QTLhadnoobviousmarker rearrangements onor between
chromosomes and by the checkAlleles function. CIMwas performed in
R/QTLwith the cim function using theHaley-Knott regressionmethod
(HaleyandKnott 1992)with threemarker covariates and awindowsize
of 10 cM(Broman et al. 2003). The 50thhighestLODscore from1,000
permutations of CIM performed in R/QTL by the Haley-Knott regres-
sionmethod (Knott and Haley 2009) was used for an experiment-wide
95%confidence threshold for each population (BromanandSen2009).
Dot plotswere drawnusing theplotPXG function (Broman et al. 2003).
Chromosome maps were drawn using the PlotMap function (Broman
et al. 2003). QTL traces were drawn in Microsoft Excel (Microsoft
Corp.) from data generated by the cim function (Broman et al. 2003)
saved as tab-delimited text files using the write.table function in R (R
Core Team 2016). Phenotypic variation explained that additive and
dominance effects forQTL identified inF2 populationswere calculated
by the fitqtl function in R/QTL (Broman et al. 2003)

Heritability. For each population, narrow-sense heritability
was calculated in TASSEL (Bradbury et al. 2007), with a kinship
matrix of all SNP covering the entire genome based on the centered
identity by state (IBS) method to reduce overestimation of additive
genetic variance (Endelman and Jannink 2012) using the equation
heritability= genetic variance/(genetic variance+ residual variance).
The genetic and residual variances were calculated using the mixed
linearmodel inTASSEL(Zhang et al. 2010).Broad-senseheritability
was calculated for the Oh1VI RI population as the variance of the
means for the three independent replicates for each line using the
VAR.Pfunction inMicrosoftExcel (MicrosoftCorp.)dividedby the total
variance calculated as the variance of the means of three replicates
for each line plus the mean of the variances of three replicates.

RESULTS

Responses of maize inbred lines to MCMV, SCMV, and
MLN. Inbred lines previously identified as having some resistance
or tolerance to the viruses causing MLN, along with RIL derived
from a cross of Oh1VI × Oh28, were tested for their responses to
MCMV, SCMV, and MLN (Table 1). The inbred line Oh28, which
has broad susceptibility to maize-infecting viruses, developed clear
and severe symptoms after inoculation with MCMV and MLN
and clear systemic mosaic symptoms after inoculation with SCMV.
The inbred line Pa405, a potyvirus resistance source, had good
resistance to SCMV but developed clear and severe symptoms after
inoculation with MCMV and MLN, and served as a susceptible
control for the latter two diseases. Two lines, N211 and KS23-6,
developed few and mild symptoms after inoculation with MCMV,
and plants of inbred line Oh1VI and one RIL derived from it
(RI70627) also developed fewer symptoms than plants of the
susceptible control lines Oh28 and Pa405. The remaining Oh1VI-
derivedRIL and inbred linesDRandKS23-5were not different than
the susceptible control lines in their responses to MCMV. After
inoculation with SCMV, AUDPC/day scores for several of the RIL
derived from Oh1VI (RI70266, RI70340, and RI70297) and inbred
lines KS23-5 and KS23-6 were similar to the susceptible control,
Oh28. The remaining lines had lower AUDPC/day scores and all
were similar to those for the highly resistant lines Pa405 andOh1VI.
In plants inoculatedwithMLN (MCMVplus SCMV),N211, KS23-
6, and Oh1VI developed fewer symptoms than either Oh28 or
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Pa405, and twoOh1VI-derivedRIL andDRdeveloped fewer symp-
toms than Oh28. The responses of the lines to MLN correlated
stronglywith the responses toMCMV (R = 0.868,P= 0. 00025) and
less strongly with the responses to SCMV (R = 0.608, P = 0.036).
Little is known about the accumulation of MCMV in inoculated

maize lines developing reduced or no symptoms but it has been
suggested that these lines exhibit nearly asymptomatic infection of
maize byMCMV (Brewbaker andMartin 2015; Nelson et al. 2011).
To determinewhetherMCMVwas present in systemic leaves of the
tested inbred lines, samples collected from noninoculated leaves of
the inbred lines evaluated for symptom development were assayed
for the presence of MCMV using ELISA (Table 2). MCMV was
detected in 33 to 100% of samples collected from inbred lines
developing reduced symptoms, and the numbers of positive plants
were similar to those obtained for symptomaticOh28 plants for four
of the five lines. TheELISAabsorbancevalues obtained for samples
from theseMCMV-positive plants were similar to those from symp-
tomatic Oh28 plants. These results indicate the presence ofMCMV
coat protein in plants of lines expressing few symptoms.

Biparental populations for identifying genetic loci associated
with MCMV tolerance. Based on the responses of the inbred lines,
F2 populationswere developed to characterize the genetics ofmaize
response to MCMV: KS23-6 × Oh28, N211 × Oh28, and DR ×
Oh28. An F2 population was also developed for KS23-5, because
it was previously shown to develop fewer symptoms than controls
when inoculated with East African MCMV and SCMV isolates
(Mahuku et al. 2015a). These and the existing recombinant inbred
(RI) population derived from Oh1VI × Oh28 (Zambrano et al.
2014a) were independently screened for their reactions to MCMV
inoculation. AUDPC/day scores for the susceptible parent (inbred
line Oh28) ranged from 2.19 to 3.00 across screenings (Table 3),
similar to the results obtained in inbred line screening (Table 1) and
indicating that susceptible plants developed clearmosaic symptoms
by the first scoring date (Table 3). Plants of the susceptible F1 hybrid
Pa405 × Oh28 were included as a common control, and these had
AUDPC/day scores ranging from2.62 to 3.5 across screenings (data
not shown). These results indicate that high disease pressure was
attained in each population screening. The responses of the parents,
F1, and F2 plants to MCMV inoculation indicated that AUDPC/day
scores for the resistant parents were similar to those obtained in the
inbred line screening, and the values for F1 and F2 plants were
between those of the resistant and susceptible parents (Table 3).
The phenotypic distribution of AUDPC/day scores of the F2 or

F2-derived plants in each population indicated different patterns

for MCMV responses among progeny (Fig. 1). Responses for the
N211 × Oh28 F2 and the Oh1VI × Oh28 RI populations were
normally distributed, with the mean andmedian AUDPC/day being
equal. The KS23-6 × Oh28, KS23-5 × Oh28, and DR × Oh28 F2
populations were negatively skewed, with population means lower
than their median. These phenotypic distributions indicated that
QTL analysis was appropriate.

Genetic maps and QTL analysis. Due to the large numbers
of F2 and RI individuals phenotyped, selective genotyping was
carried out on the resistant and susceptible tails, which consisted of
the 38 to 53 individual F2 plants or RIL with the lowest and highest
AUDPC/day scores, respectively (Table 3) (Darvasi and Soller
1992; Lander and Botstein 1989). The range of AUDPC/day scores
for plants used in the resistant and susceptible tails was separated by
0.3 to 2.0 units, depending on the population (Table 3). Genetic
maps based on the indicated numbers of individuals and markers
were generated using both JoinMap and R/QTL (Table 4). The
genetic maps generated using JoinMap, ordered based on lowest
recombination frequency, consisted of 10 linkage groups with
individual chromosomes ranging from 114 to 263 cMandmap sizes
of 1,558 to 1,916 cM (Table 4).
QTL were identified from the resistant parent in the five pop-

ulations using QTLCartographer (Table 5). QTL from N211 with
LOD scores of 7.6 and 12.9, identified on chromosome 3 and 5,
respectively, explained >37% of the phenotypic variance. Single
QTL on chromosome 6 with LOD scores of 90.1 and 57.9 were
identified from KS23-6 and the KS23-5, respectively. These ex-
plained a large proportion of the phenotypic variance at 78 and 66%,
respectively. The relative positions of the QTL on chromosome 6
were very similar in the two lines. A single QTLwith an LOD score
of 20.8 that explained nearly 35% of the phenotypic variance was
found in the DR ×Oh28 population. Four QTL derived fromOh1VI
were found on chromosomes 1, 2, 3, and 10. These QTL had LOD
scores of 4.1 to 10 and, together, explained >56% of the phenotypic
variation. The identifiedQTLon chromosomes 3 and 10 overlapped
with previously identified QTL for resistance to potyviruses and
other unrelated viruses in Oh1VI (Zambrano et al. 2014a,b).
R/QTL was also used to map QTL with genetic maps based on

positions of SNP on the B73 physical map v3. Testing of the B73
physical map order with the N211 × Oh28 F2 population and the
orderMarkers function in R/QTL indicated that 8 of 855 markers
were potentially out of order. However, this did not changemap size
or the location and strength of QTL significantly. The genetic maps
based on marker physical position all had 10 linkage groups with
sizes of 225 to 1,305 cM and total map sizes of 3,059 to 9,006 cM
(Table 4).
With one exception noted below, all QTL identified using R/QTL

came from the resistant parent. For N211, a single QTL on chro-
mosome 5 with an LOD score of 9.6 and explaining 38% of the
phenotypic variation was identified at marker S5_4322924 (Fig.
2A; Table 6).AUDPC scores for heterozygoteswere similar to those
of individualswith two alleles fromN211 (Fig. 2B). ForKS23-6 and
KS23-5, single QTL on chromosome 6 were identified with LOD

TABLE 2. Detection of Maize chlorotic mottle virus (MCMV) in inbred lines

Line Pos/Toty A405
z

DR 2/6 1.113
KS23-5 4/6 1.476
KS23-6 5/6 1.334
N211 6/6 1.584
Oh1VI 5/6 1.434
Oh28 5/6 1.158

y Number of enzyme-linked immunosorbent assay (ELISA)-positive plants/
total number of plants assayed. Data are derived from three independent
inoculations of two plants each.

z Mean absorbance at 405 nm less the absorbance for healthy controls in
ELISA for MCMV positive plants.

TABLE 1. Responses of maize inbred lines to maize lethal necrosis (MLN)
viruses

AUDPC/dayy

Linez MCMV SCMV MLN

Pa405 4.03 a 2.46 bc 3.82 ab
Oh28 4.02 a 4.80 a 4.85 a
RI70266 3.70 ab 3.20 ab 4.06 ab
RI70389 3.48 abc 2.75 bc 3.88 ab
RI70340 3.32 abc 3.66 ab 2.81 bc
RI70322 2.87 abcd 2.71 bc 3.66 ab
DR 2.53 abcd 2.73 bc 2.50 bc
KS23-5 2.39 abcd 3.23 ab 3.49 ab
Oh1VI 2.18 bcd 1.20 c 1.78 c
RI70297 1.90 cd 3.14 ab 2.76 bc
KS23-6 1.55 d 3.15 ab 1.65 c
N211 1.14 d 2.03 bc 1.57 c

y Response of the line to inoculation with Maize chlorotic mottle virus (MCMV),
Sugarcane mosaic virus (SCMV), or MCMV plus SCMV (MLN). Values given
are the area under the disease progress curve per day (AUDPC/day) for three
independent experiments. Values followed by the same letter are not different
(least significant difference, P > 0.05).

z Inbred line or recombinant inbred (RI) line derived from a cross of Oh1VI ×
Oh28.
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scores of approximately 40 that explained nearly all of the pheno-
typic variation (Fig. 3A and C; Table 6). Two closely linked QTL
associated with SNP S6_155627528 and S6_153269049 were iden-
tified fromKS23-6, andmarker S6_156591426 was associated with
a QTL from KS23-5 (Fig. 3B, D, and E; Table 6). In both lines,
AUDPC scores for individuals with two alleles from Oh28 were
similar to heterozygotes (Fig. 3B, D, and E). For DR, a single QTL
centered on marker S10_135801262 with an LOD score of approx-
imately 9 explained 31% of the phenotypic variation (Fig. 2C;
Table 6). For this population, AUDPC scores for heterozygotes were
intermediate to those of the parents (Fig. 2D). Three QTL were
identified in the Oh1VI population: one on chromosome 2 centered
on marker S2_163825081, with an LOD score of approximately 10,
explained 18% of phenotypic variance; one on chromosome 3 near
marker S3_137246834, with an LOD score of 4.3, explained 16%of
phenotypicvariance; andoneon chromosome10centeredonmarker
S10_134058628, with an LOD score of approximately 9, explained
11% of the phenotypic variation (Fig. 4A, C, and E; Table 6). The
chromosome 2 QTL identified in the Oh1VI RI population appears
associated with the susceptible parent (Fig. 4B, D, and F).
Broad-sense heritability calculated for the Oh1VI RI population

using the mean AUDPC/day for RI included in the resistant and
susceptible tails was 0.77, while the broad-sense heritability for the
216 lines for which phenotypic results were obtained for three rep-
licateswas 0.66.Narrow-sense heritability calculated using TASSEL
ranged from 0.69 to 0.94 for the F2 and RI populations (Table 4).

DISCUSSION

Our results indicate that MCMV “resistance” identified in the
five inbred lines shares some characteristics with previously char-
acterized virus resistance in maize (e.g., one or a few QTL in each
line provide the resistance) but also indicate major differences
compared with previous studies. Particular differences include the
detection of MCMV in asymptomatic tissues from inoculated
resistant lines and differences in the numbers and locations of QTL
among the different inbred lines.
Further testing of five lines developing fewor late symptoms after

inoculation confirmed that inbred lines N211, KS23-5, KS23-6,
Oh1VI, and DR might be good sources for MCMV resistance,
because they developed fewer symptoms than susceptible controls
(Table 1). Although the responses of the lines to MCMVand both
SCMVandMCMV (MLN) are not directly comparable because the
screens were carried out separately, MLN-inoculated N211, KS23-
6, Oh1VI, and DR plants also developed fewer symptoms than the
susceptible control Oh28, confirming the importance of MCMV in
MLNdevelopment (Mahuku et al. 2015a). In addition to developing
fewer symptoms afterMCMVandMLN inoculation, N211, Oh1VI,
and DR also had resistance to SCMV, consistent with previous
studies (Jones et al. 2007; Zambrano et al. 2014a). In contrast, the
SCMV-resistant Pa405 had no resistance toMCMV, suggesting that

the responses to these two viruses are not closely linked. Nonethe-
less, the potential significance of potyvirus resistance to controlling
MLN can be seen in Oh1VI, which is highly resistant to potyviruses
(Jones et al. 2007; Zambrano et al. 2014a) but only moderately
resistant to MCMV (Table 1).
Plants can fend off pathogens by either reducing or restricting

pathogen growth (resistance) or by reducing or moderating pathogen
effects (tolerance) (Boots 2008;RoyandKirchner2000).Todetermine
whether the five lines had resistance or tolerance toMCMV,we tested
systemic leaf tissue from the five inbred lines for the presence of
MCMVand determined that ELISA responses for tissue of inoculated
plants from the five lines and the susceptible control (Oh28) were
similar. Because 0.1 µg to 100 µg ofMCMVprotein produces similar
responses in the ELISA used (M. G. Redinbaugh, unpublished re-
sults), these results cannot be considered quantitative. Nonetheless,
the detection of MCMV in all five lines suggests that they have
tolerance toMCMVrather than resistance.Althoughdeploying either
resistant or tolerant materials could reduce yield losses associated
with MLN, deployment of resistant materials reduces the amount of
pathogen in the landscape whereas use of tolerant materials tends to
increase pathogen levels (Miller et al. 2006). The tolerance toMCMV
characterized here presents a potentially significant tool for disease
management but it will be important to determine whether MCMV
accumulates to lower levels in these lines and tounderstand the effects
of concurrent potyvirus infection on MCMVaccumulation.
In contrast to previous studies with othermaize-infecting viruses,

preliminary results suggested thatMCMV tolerancemight not have
genetic similarity across the five maize lines (data not shown).
BecauseMCMVis not known inOhio, United States Department of
Agriculture Animal and Plant Health Inspection Service permits
required that screening for responses to MCMV be done under
controlled conditions. Therefore, F2 populations for four of the
lines were developed to complement the existing Oh1VI ×Oh28 RI
population, and all five populationswere screened for their responses
to MCMV in a growth chamber. The distribution of phenotypes
among F2 individuals and RIL was dependent on the tolerant parent,
andwas skewed toward the susceptible parent for theKS23-6,KS23-
5, and DR populations. In contrast, phenotypes appeared to bemore
normally distributed for the N211 and Oh1VI populations. These
differences highlighted the need to assess all five populations for
genes and QTL associated with MCMV tolerance.
Although the distributions of AUDPC scores were not normal for

the KS23-6, KS23-5, and DR populations, no transformation of the
data was done prior to QTL analysis. Regression interval mapping
methods such as CIM do not require assumption of normality of
errors and are not significantly affected by nonnormal trait distri-
butions when using permutation analysis to set a threshold of
significance (Churchill and Doerge 1994; Rebaı̈ 1997; Zeng 1994).
Furthermore, regression interval mapping of small nontransformed
populations can have greater power to detect QTL over small
normalized populations (Rebaı̈ 1997).

TABLE 3. Responses of maize populations to Maize chlorotic mottle virus inoculationu

Populationv R parent S parent F1 F2 Nw Indx R tail (n)y S tail (n)y R tail (%)z

N211 F2 1.00 3.63 2.40 2.21 489 48/42 1.0–1.5 2.4–3.4 9.8
DR F2 1.00 2.19 1.46 2.46 462 53/39 1.0–1.8 2.8–3.5 11.5
KS23-5 F2 1.44 3.00 2.33 2.34 515 47/43 1.0–1.3 2.8–3.6 9.1
KS23-6 F2 1.00 n.d. 1.40 2.32 499 46/46 1.0–1.0 2.9–3.6 9.3
Oh1VI RI 1.20 2.75 2.30 2.52 244 40/38 1.2–2.1 2.4–4.4 18.4

u Area under the disease progress curve per day (AUDPC/day) for the resistant (R) and susceptible (S) parents and F1 and F2 populations. Values for the parents and
F1 are the mean AUDPC/day for one pot of four plants. For the Oh1VI population, the mean AUDPC/day 256 recombinant inbred lines (mean for three
independent experiments, as outlined in the Materials and Methods) is given; n.d. = not determined.

v The indicated maize inbred line was crossed to line Oh28, and F2 or recombinant inbred (RI) populations were developed.
w Number of F2 plants from which the F2 mean AUDPC/day was derived. The R and S tails were drawn from this set of F2 plants for genotyping.
x Number of individuals (Ind) in the R/S tails, respectively.
y Range of AUDPC/day values for plants pooled in the R and S tails.
z Percentage of the population represented by the R tail.
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For single traits, genotyping individuals in the upper and lower
25% of the population’s phenotypic range allows for identification
of QTL without significant loss of detection power, although the
amount of variation attributable to the QTL may be overestimated
(Darvasi and Soller 1992; Sillanpää and Hoti 2007). Therefore,
selective genotyping of resistant and susceptible tails was chosen
for genetic characterization of the five F2 or RI populations so that
QTL could be rapidly and efficiently identified. Selective genotyp-
ing also allowed us to use information from the larger phenotyped
populations for identifying loci associatedwithMCMV tolerance in
a cost-effectivemanner and to correct for allele effect size estimates
(Lander and Botstein 1989). Broad-sense heritability in the Oh1VI
RI population of 0.77 for the resistant and susceptible tails and 0.66
for all phenotyped RIL, and narrow-sense heritability in the five
populations between 0.69 and 0.94 (Table 4), indicate that most of
the phenotypic variation observed was due to genetic variability.
Because only the upper and lower tails of disease severity for each
population were genotyped, some overestimation of narrow-sense
heritability usingTASSELdue to narrowedgenotypic diversity near
the locations affecting phenotype cannot be ruled out. However,
heritability was controlled for overestimation as much as possible
by choosing the centered IBS method of predicting the kinship
matrix and using the entire set of markers for each population
covering the full genome, as suggested by Endelman and Jannink
(2012).
Each of the five populations responded differently to MCMV

inoculation, with significant differences in both the character of
tolerance and the numbers and chromosomal locations of resistance
loci. Using mapping approaches based on either recombination
frequency (Table 5) or genomic positions of SNP on the B73 phys-
ical map (Table 6), QTLwere identified on chromosomes 3 (Oh1VI),
5 (N211), 6 (KS23-5 and KS23-6), and 10 (DR andOh1VI). Because
KS23-5 andKS23-6were selected fromKS23 (a broadbase synthetic
developed from 26 inbred lines) (Jampatog et al. 2010), it is possible
that the QTL on chromosome 6 carried by both is from the same
source. If this is the case, then at least four unique patterns for resis-
tance were observed: large-effect QTL on chromosomes 5 (N211), 6
(KS23 lines), and 10 (DR) and the multiple smaller QTL observed in
Oh1IV. This is in contrast to resistance loci identified for othermaize-
infecting viruses, which tend to occur in the same chromosomal lo-
cations in diverse germplasm (Redinbaugh and Zambrano Mendoza
2014). It will be important to determine whether pyramiding of the
loci identified in this study will produce a highly tolerant or even a
resistant line.
Very large QTL effects were identified, especially for the KS23-

6 and KS23-5 populations, where R2 ranged from 0.66 to 0.98
depending on the line and mapping approach used. Factors con-
tributing to large QTL effects include screening F2 populations,
the use of controlled environments, and the recessive nature of the
resistance. Important sources for overestimation of QTL effects are
the selective genotyping approach used and the relatively small
numbers of individuals genotyped. Selective genotyping may also
select against recombinants, reducing the effective recombina-
tion rate near QTL and potentially causing bias in linkage map
construction (Lin and Ritland 1996). However, population size
has a larger effect on linkage maps, with approximately a threefold
increase in calculated marker distances resulting from reducing
the population size from 800 to 100 RIL (Silva et al. 2007). The
relatively small populations used in this study likely influenced the
increased linkage group sizes in maps based on SNP position in
the B73 genome. In addition, genome rearrangements or deletions,
often spanning megabases, that occur between maize inbred lines
(Brunner et al. 2005; Fu andDooner 2002; Song andMessing 2003;
Springer et al. 2009) can cause markers on position-based maps to
be out of place due to rearrangements in the genome of the inbred
lines used in the study, further increasingmap distances. To account
for this possibility, we arranged markers based on both genomic
position and recombination frequency, and identified QTL in

similar chromosomal locations (Tables 5 and 6). Although further
research to verify the activity of these QTL in large replicated field
trials is required, these results provide markers and germplasm for
population development.
Overlap in MCMV-tolerant QTL was observed, with loci at

similar positions identified on chromosome 10 in the DR and

Fig. 1. Distribution of maize response to Maize chlorotic mottle virus in maize
populations. Panels show responses for F2 populations of DR, N211, KS23-6,
and KS23-5 crossed to Oh28, and a recombinant inbred population derived
from Oh1VI × Oh28. Responses of resistant and susceptible parents included
as controls in the screens are indicated as dashed arrows. For KS23-6, the
response of the susceptible parent was not determined.
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TABLE 4. Genetic map properties

Chromosomes (cM)w Variation

Population Map Markers (n) Range Total Geneticx Residualy h2z

N211 × Oh28 F2 JoinMap v. 4 467 154–263 1,916 … … …
RQTL 856 576–1,305 9,006 42.32 5.54 0.88

KS23-6 × Oh28 F2 JoinMap v. 4 374 114–226 1,761 … … …
RQTL 835 601–1,205 8,430 78.40 12.37 0.86

KS23-5 × Oh28 F2 JoinMap v. 4 1,011 127–235 1,599 … … …
RQTL 1,849 243–416 3,307 119.45 7.83 0.94

DR × Oh28 F2 JoinMap v. 4 767 135–183 1,558 … … …
RQTL 731 615–1,222 8,505 24.28 10.95 0.69

Oh1VI RI JoinMap v. 4 853 145–261 1,808 … … …
RQTL 873 225–424 3,059 0.325 0.021 0.94

w Chromosomes in centimorgans (cM).
x Genetic variation associated with the narrow-sense heritability calculated in TASSEL by kinship.
y Residual variation associated with the narrow-sense heritability calculated in TASSEL.
z Narrow-sense heritability calculated in TASSEL.

TABLE 5. Quantitative trait locus (QTL) analysis of Maize chlorotic mottle virus response in maize populations with markers arranged by recombination
frequencyw

Population Chr Size Pos Range Closest markerx LODy Add Dom R2z

N211 × Oh28 F2 3 189 64 53–65 S3_146598418 7.6 2.40 1.05 0.135
5 172 27 22–36 bnlg143 (5.9 Mb) 12.9 2.93 2.39 0.236

KS23-6 × Oh28 F2 6 149 106 97–110 umc1859 (158.5 Mb) 90.1 9.55 8.69 0.783
KS23-5 × Oh28 F2 6 127 84 71–90 S6_156520562 57.9 6.79 5.60 0.660
DR × Oh28 F2 10 135 64 57–76 S10_135801262 20.8 0.87 2.07 0.347
Oh1VI RI 1 261 127 123–129 S1_187667824 4.4 … … 0.105

2 210 125 115–135 S2_15838874 10.0 … … 0.210
3 185 72 70–78 S3_135306398 4.1 … … 0.090
10 145 69 59–77 S10_129586074 7.4 … … 0.159

w For the F2 populations, maps were generated and QTL identified using JoinMap v4 (Van Ooijen and Voorrips 2006) and WinQTL Cartographer 2.5 (Wang et al.
2010). For the recombinant inbred (RI) population, the R/QTL package implemented in R was used (Broman et al. 2003; R Core Team 2016). Chromosome (Chr)
size, position (Pos), and range are given in centimorgans. Add = additive and Dom = dominance.

x Closest single-nucleotide polymorphism or simple-sequence repeat (SSR) marker. For SSR markers, the position of the marker in the B73 genome is also given.
y Likelihood of odds (LOD) score. Thresholds of significance, determined by 1,000 permutations at a £ 0.05, were 5.6, 51.1, 25.8, 2.5, and 3.0 for the N211-,
KS23-6-, KS23-5-, DR-, and Oh1VI-derived populations, respectively.

z R2 = the proportion of the phenotypic variance explained by the QTL.

Fig. 2. Loci for Maize chlorotic mottle virus tolerance in the N211 × Oh28 and DR × Oh28 F2 populations. A, Likelihood of odds (LOD) scan showing the single
quantitative trait locus (QTL) identified on chromosome 5 and B, dot plot for the closest marker are shown for the N211 × Oh28 population. Similarly, C, an LOD
scan showing the single QTL identified on chromosome 10 and D, a dot plot for the closest marker are shown for the DR × Oh28 population.
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Oh1VI populations and on chromosome 3 in the Oh1VI and N211
populations. In the Oh1VI × Oh28 population, the QTL on
chromosome 3 overlaps with previously mapped loci for potyvirus,
Maize mosaic virus, and MCDV resistance, while chromosome 10

QTL overlaps with previously mapped loci for potyvirus, MCDV,
MRFV, andMaize necrotic streak virus (MNeSV) resistance (Jones
et al. 2004; Zambrano et al. 2014a,b). Like MCMV, MNeSV is in
the family Tombusviridae, suggesting that the QTL might provide

TABLE 6. Quantitative trait locus (QTL) analysis of Maize chlorotic mottle virus response in maize populations with markers arranged by physical locationx

Population Chr Size Pos Range Closest marker LODy Add Dom R2z

N211 × Oh28 F2 5 825 53 44–53 S5_4322924 9.6 _5.50 _4.45 0.38
KS23-6 × Oh28 F2 6 630 570 545–573 S6_155627528 42.3 _12.03 11.37 0.98
KS23-5 × Oh28 F2 6 243 188 183–193 S6_156591426 39.8 _12.20 10.31 0.94
DR × Oh28 F2 10 615 467 464–474 S10_135801262 8.9 _4.70 2.09 0.31
Oh1VI RI 2 424 292 270–361 S2_163825081 10.3 … … 0.18

3 300 107 106–108 S3_137246834 4.3 … … 0.16
10 225 119 111–139 S10_134058628 8.7 … … 0.11

x For all populations, single-nucleotide polymorphism markers obtained from genotyping by sequencing were ordered by their positions on the B73 physical map.
QTL were identified using the R/QTL package for R (Broman et al. 2003; R Core Team 2016). Chromosome (Chr) size, position (Pos), and range are given in
centimorgans. Add = additive and Dom = dominance.

y Likelihood of odds (LOD) score. Thresholds of significance, determined by 1,000 permutations at a £ 0.05, were 6.3, 6.1, 5.9, 5.9, and 4.2 for the N211-, KS23-6-,
KS23-5-, DR-, and Oh1VI-derived populations, respectively.

z R2 = the proportion of the phenotypic variance explained by the QTL.

Fig. 3. Chromosome 6 loci for Maize chlorotic mottle virus tolerance detected in the KS23-5 × Oh28 and KS23-6 × Oh28 F2 populations. Likelihood of odds
(LOD) scans showing chromosome six loci identified in the A, KS23-5 and C, KS23-6 populations. B, Dot plot of closest markers in the KS23-5 population. D and
E, Dot plots of the closest marker to the two peaks in KS23-6 population. The marker in D was associated with the larger peak and the smaller peak in E.
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resistance across viruses within the same family; however, further
work is needed to define these loci. More broadly, the MCMV
tolerance loci identified on chromosomes 2, 3, and 10 fall within
virus-resistance clusters identified across germplasm and diverse
viruses (Redinbaugh and Zambrano Mendoza 2014). The Oh1VI
QTL on chromosome 2 is in a chromosomal location similar to loci
for resistance tomaize-infecting fijiviruses andMaize stripe virus in
unrelated germplasm (Dintinger et al. 2005a; Luan et al. 2012;
Martin et al. 2010).
The distribution of phenotypes in the F2 and RI populations and

the phenotypes of F2 plants heterozygous for closely linkedmarkers
indicated some differences in the action of genes controllingMCMV
tolerance. For KS23-5 and KS23-6, the phenotypes of the F2 pop-
ulation were skewed toward the susceptible parent (Fig. 1) and the
AUDPC scores of plants heterozygous for the markers closely linked
to the chromosome 6 QTL were similar to those of the susceptible
parent (Fig. 3), suggesting that tolerance is controlled by a recessive

gene. Phenotypic distribution andAUDPC scores for plants in theDR
F2 population were also skewed toward the susceptible parent, sug-
gesting a recessive character for genes controlling this QTL (Fig. 2).
In contrast, plants heterozygous atmarkers linked to the chromosome
5 QTL in the N211 F2 population had AUDPC scores similar to the
resistant parent, suggesting a dominant character for genes in this
QTL (Fig. 2). The distribution of MCMV tolerance in RIL from the
Oh1VI population appears to be more normally distributed, which is
consistent with the identification of several QTL with smaller con-
tributions to tolerance in this line.
In an association mapping study using DTMA and IMAS panels,

6 and 18 markers, respectively, were identified as significantly
associated with MLN resistance, including markers on chromo-
somes 1, 2, 3, 5, 6, and 10 (Gowda et al. 2015). Chromosome 1
markers at 148Mbwere identified in both the IMAS population and
the Oh1VI × Oh28 population. Similarly, markers were identified
on the short arm of chromosome 5 in the DTMA population and the

Fig. 4. Chromosomes 2, 3, and 10 loci for Maize chlorotic mottle virus tolerance detected in the Oh1VI × Oh28 recombinant inbred population. A, Likelihood of
odds (LOD) scan showing chromosome 2 region for tolerance. B, Dot plot of closest chromosome 2 marker indicates moderate tolerance from the susceptible line.
AUDPC = area under the disease progress curve. C, LOD scan showing chromosome 3 region for tolerance. D, Dot plot of closest chromosome 3 marker indicates
moderate tolerance from the resistant line. E, LOD scan showing chromosome 10 region for tolerance. F, Dot plot of closest chromosome 10 marker indicates
moderate tolerance from the resistant line.
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N211 × Oh28 population. The chromosomal positions of markers
on chromosomes 2, 3, and 6 were different between the studies.
Thus, at least some of the loci identified in an MLN screen con-
ducted under field conditions using older plants may also be present
in seedlings screened under controlled conditions with MCMV.
Previous studies with potyviruses and MRFV indicate that resis-
tance identified under controlled conditions is also active in the field
(Jones et al. 2011; Vandeplas 2003).
Taken together, these results indicate that maize responses to

MCMV are quite different than those described for other viruses.
Lines developing no or few symptoms were identified, and these
lines developed significantly fewer symptoms when inoculated
with MLN regardless of whether the line was also resistant to
SCMV. The detection of virus in inoculated but symptom-free
plants indicates that these lines are tolerant of the virus rather than
resistant to it, in contrast to other maize–virus systems in which
systemic viral movement is limited. Further, the chromosomal
locations and activities of QTL differed among populations rather
than occurring at similar locations. The unique mechanisms asso-
ciated with MCMV tolerance warrant further study, particularly
quantitative investigation of the effects of tolerance on MCMV
accumulation and the influence of secondary virus infection on
virus tolerance. Identification of specific genes associated with
virus tolerance will require further research. More practically, un-
derstanding the effects of multiple QTL for tolerance on virus ac-
cumulation, interactions with secondary viruses, and agronomic
performance will be useful for plant breeders working to control
MLN. In addition, markers and germplasm resources identified in
this study can be used in conjunction with well-defined markers for
potyvirus resistance in maize to develop marker-assisted selection
for MLN-resistant hybrid and cultivar development.
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Sillanpää, M. J., and Hoti, F. 2007. Mapping quantitative trait loci from a
single-tail sample of the phenotype distribution including survival data.
Genetics 177:2361-2377.

Silva, L. C., Cruz, C. D., Moreira, M. A., and Barros, E. G. 2007. Simulation
of population size and genome saturation level for genetic mapping of
recombinant inbred lines (RILs). Genet. Mol. Biol. 30:1101-1108.

Song, R., and Messing, J. 2003. Gene expression of a gene family in maize
based on noncollinear haplotypes. Proc. Natl. Acad. Sci. USA 100:
9055-9060.

Springer, N. M., Ying, K., Fu, Y., Ji, T., Yeh, C.-T., Jia, Y., Wu, W., Richmond,
T., Kitzman, J., Rosenbaum, H., Iniguez, A. L., Barbazuk, W. B., Jeddeloh,
J. A., Nettleton, D., and Schnable, P. S. 2009. Maize inbreds exhibit high
levels of copy number variation (CNV) and presence/absence variation
(PAV) in genome content. PLoS Genet. 5:e1000734.

Taylor, J. D., and Butler, D. 2014. ASMap: An (A)ccurate and (S)peedy
Linkage Map Construction Package for Inbred Populations That Uses the
Extremely Efficient MSTmap Algorithm. R Foundation for Statistical
Computing, Vienna.

Vandeplas, A. 2003. Evaluation of Sixty Highland Elite Maize Genotypes for
Resistance to Maize rayado fino virus. The Katholieke Universiteit Leuven,
Leuven, Belgium.

Van Ooijen, J. W., and Voorrips, R. E. 2006. JoinMap 3.0. In: JoinMap 4.0,
Software for the Calculation of Genetic Linkage Maps in Experimental
Populations. Kyazma B.V., Wageningen, The Netherlands.

Wang, S., Basten, C. J., and Zheng, Z.-B. 2010. Windows QTL Cartographer
2.51. Department of Statistics, North Carolina State University, Raleigh.

Wangai, A. W., Redinbaugh, M. G., Kinyua, Z. M., Miano, D. W., Leley, P. K.,
Kasina, M., Mahuku, G., Scheets, K., and Jeffers, D. 2012. First report of
Maize chlorotic mottle virus and maize lethal necrosis in Kenya. Plant Dis.
96:1582-1583.

Xie, L., Zhang, J., Wang, Q., Meng, C., Hong, J., and Zhou, X. 2011. Char-
acterization of Maize chlorotic mottle virus associated with Maize lethal
necrosis disease in China. J. Phytopathol. 159:191-193.

Zambrano, J. L., Francis, D. M., and Redinbaugh, M. G. 2013. Identification
of resistance toMaize rayado fino virus in maize inbred lines. Plant Dis. 97:
1418-1423.

Zambrano, J. L., Jones, M. W., Brenner, E., Francis, D. M., Tomas, A., and
Redinbaugh, M. G. 2014a. Genetic analysis of resistance to six virus dis-
eases in a multiple virus-resistant maize inbred line. Theor. Appl. Genet.
127:867-880.

Zambrano, J. L., Jones, M. W., Francis, D. M., Tomas, A., and Redinbaugh,
M. G. 2014b. Quantitative trait loci for resistance to Maize rayado fino
virus. Mol. Breed. 34:989-996.

Zeng, Z. B. 1994. Precision mapping of quantitative trait loci. Genetics 136:
1457-1468.

Zhang, Z., Ersoz, E., Lai, C.-Q., Todhunter, R. J., Tiwari, H. K., Gore, M. A.,
Bradbury, P. J., Yu, J., Arnett, D. K., Ordovas, J. M., and Buckler, E. S.
2010. Mixed linear model approach adapted for genome-wide association
studies. Nat. Genet. 42:355-360.

758 PHYTOPATHOLOGY


