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Abstract

Key message Loci associated with variation in maize
responses to two microbe-associated molecular patterns
(MAMPs) were identified. MAMP responses were cor-
related. No relationship between MAMP responses and
quantitative disease resistance was identified.

Abstract Microbe-associated molecular patterns
(MAMPs) are highly conserved molecules commonly
found in microbes which can be recognized by plant pat-
tern recognition receptors. Recognition triggers a suite of
responses including production of reactive oxygen species
(ROS) and nitric oxide (NO) and expression changes of
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defense-related genes. In this study, we used two well-stud-
ied MAMPs (fig22 and chitooctaose) to challenge different
maize lines to determine whether there was variation in the
level of responses to these MAMPs, to dissect the genetic
basis underlying that variation and to understand the rela-
tionship between MAMP response and quantitative disease
resistance (QDR). Naturally occurring quantitative varia-
tion in ROS, NO production, and defense genes expression
levels triggered by MAMPs was observed. A major quan-
titative traits locus (QTL) associated with variation in the
ROS production response to both flg22 and chitooctaose
was identified on chromosome 2 in a recombinant inbred
line (RIL) population derived from the maize inbred lines
B73 and CML228. Minor QTL associated with variation
in the flg22 ROS response was identified on chromosomes
1 and 4. Comparison of these results with data previously
obtained for variation in QDR and the defense response in
the same RIL population did not provide any evidence for a
common genetic basis controlling variation in these traits.

Introduction

Microbe- or pathogen-associated molecular patterns
(MAMPs or PAMPs) are highly conserved molecules,
found in certain classes of microbes, that are usually essen-
tial for the microbe’s life cycle, fitness, and survival but
are not specifically associated with pathogenicity (Segon-
zac and Zipfel 2011; Thomma et al. 2011; Choi and Kless-
ing 2016). MAMPs are recognized by pattern recognition
receptors (PRRs) at the plant cell surface, which then trig-
ger a defense response that, in many cases, will confer a
type of resistance known as MAMP- (or PAMP-) trig-
gered immunity (MTI or PTI, Couto and Zipfel 2016).
Well-studied MAMPs include epitopes of flagellin (fig22
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and figll-28), peptidoglycans (PGNs), lipopolysaccharides
(LPSs), chitin, and translation elongation factor Tu (EF-Tu;
Felix et al. 1993, 1999; Dow et al. 2000; Kunze et al. 2004;
Gust et al. 2007; Cai et al. 2011; Clarke et al. 2013). A
similar response is also activated by endogenous elicitors,
called damage-associated molecular patterns (DAMPs),
which are released into the extracellular space after a
mechanical damage (Huffaker et al. 2011; Huffaker and
Ryan 2007; Lotze et al. 2007; Pearce et al. 2010; Tanaka
et al. 2014; Choi and Klessing 2016). MTI is considered
to be a major cause of “non-host resistance in plants, the
phenomenon whereby a plant—pathogen species is unable
to cause disease on any member of a plant species” (Lee
et al. 2016).

In cases in which a pathogen is adapted to a specific
host, effector molecules secreted by the pathogen often
allow the pathogen to suppress or overcome the host MTI
response. A second level of disease resistance called effec-
tor-triggered immunity (ETI) often occurs in these cases in
which resistance (R-) proteins detect specific effectors and
trigger a response that is qualitatively similar to though
quantitatively greater than PTI (Jones and Dangl 2006;
Boller and Felix 2009; Dodds and Rathjen 2010). In many
cases, a “hypersensitive response” (HR), in which rapid
cell death occurs at the point of attempted pathogen pen-
etration, is associated with ETI.

In plants, most known PRRs are plasma membrane-
localized receptor-like kinases (RLKs) or receptor-like
proteins (RLPs; Monaghan and Zipfel 2012). RLKs and
RLPs both have extracellular and transmembrane domains.
RLKSs additionally possess a cytoplasmic kinase domain,
while RLPs have a short cytoplasmic domain without obvi-
ous function. The Arabidopsis FLS2 (flagellin sensitive 2)
gene encodes an RLK with an extracellular leucine-rich
repeat (LRR) domain and a cytoplasmic serine/threonine
kinase domain, which perceives of the flagellin epitope
flg22 (Gémez-Gémez and Boller 2000; Chinchilla et al.
2006). The tomato FLS3 (flagellin-sensing 3) gene encodes
another LRR-RLK that recognizes flgll-28, another epitope
of flagellin. BAK1 (brassinosteroid insensitive 1-associ-
ated receptor kinase 1), another LRR-RLK, interacts with
FLS2 and acts as a co-receptor (Sun et al. 2013). BAK1
also interacts with several other PRRs and is important for
downstream signaling (Chinchilla et al. 2007; Heese et al.
2007). The rice OsCEBiP (chitin elicitor binding protein)
and OsCERK] genes encode a cell surface RLP and RLK
respectively each of which carry extracellular lysin motifs
(LysM). These two PRR proteins form a heterodimer capa-
ble of binding and triggering PTI in response to chitin
(Shimizu et al. 2010). Chitin recognition in Arabidopsis
appears to be somewhat different from the case in rice. The
current model is that AtCERKI1 interacts with AtLYKS,
likely forming a heterotetramer, with AtLYKS serving as
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the primary binding site for chitooligosaccharide but sign-
aling through the active AtCERKI1 kinase domain (Cao
et al. 2014). Signaling downstream of the activated PRRs
during the MAMP response is relatively well characterized
and involves, in part, cascades of mitogen-activated protein
kinase (MAP kinase) phosphorylation, leading to the phos-
phorylation and activation of sets of transcription factors
(Bigeard et al. 2015).

The MAMP response includes changes in ion flux across
the plasma membrane (Jabs et al. 1997; Pugin et al. 1997;
Wendehenne et al. 2002; Mithofer et al. 2005), production
of reactive oxygen species (ROS; Felix et al. 1999; Segon-
zac et al. 2011; Lloyd et al. 2014), production of nitric
oxide (NO; Lamotte et al. 2004; Foissner et al. 2000; Laxalt
et al. 2007; Rasul et al. 2012), callose deposition (Brown
et al. 1998; Millet et al. 2010; Luna et al. 2011), modifi-
cation of phytohormone concentrations (Tsuda et al. 2008;
Halim et al. 2009; Furch et al. 2014), and induction or
repression of different plant defense-related genes (Nishi-
zawa et al. 1999; Habib and Fazili 2007; Valdés-Lopez
et al. 2011; Szatmari et al. 2014). Quantitative measure-
ments of one or more of these aspects of the response are
usually used as a way of assessing the response strength.
Growth inhibition due to prolonged activation of the
MAMP response is also sometimes used as a proxy for the
response (Gomez-Goémez et al. 1999). It seems clear that
the response to different MAMPs can be qualitatively dif-
ferent (Vetter et al. 2016).

Several reports have demonstrated quantitative varia-
tion in the MAMP response across different lines within
a species, and in some cases, quantitative trait loci (QTL)
associated with this variation have been identified. Valdés-
Loépez et al. (2011) showed variation in the response to a
mixture of fig22 and chitin among soybean genotypes and
identified QTLs associated with total ROS production and
expression (e)QTLs associated with expression variation of
MAMP-responsive genes. Ahmad et al. (2011) identified
two loci associated with flagellin-induced callose deposi-
tion in Arabidopsis thaliana. Vetter et al. (2012) reported
extensive variation between different A. thaliana ecotypes
in flg22 binding and in flg22-induced seedling growth inhi-
bition. They also noted that these two traits were highly
correlated. Vetter et al. (2016) found that growth inhibition
induced by both fig22 and elf18 (an epitope of the MAMP
EF-Tu) varied among genotypes and that the response
to each was governed by a complex genetic architecture
involving loci with generally small effects. They also found
that the responses to the two MAMPs were largely uncor-
related and that the genetic architectures controlling them
were likewise dissimilar. Veluchamy et al. (2014) investi-
gated the responses of 13 heirloom tomato lines to three
MAMPs: fig22, figll-28, and csp22 (an active epitope from
the bacterial cold shock protein). They showed that there



Theor Appl Genet (2017) 130:1155-1168

1157

was a significant variation among the lines for the response
induced by each MAMP, though there was no significant
correlation between the response induced by each MAMP
and resistance to bacterial speck disease, caused by the
bacterial pathogen Pseudomonas syringae. They also pro-
vided evidence for a single locus associated with variation
in csp22 response.

The MAMP response in maize has not been character-
ized and no maize PRRs have been cloned. However, a
maize DAMP, ZmPepl, has been shown to induce the
defense response and to enhance disease resistance (Huf-
faker et al. 2011). The ZmPepl receptor, a LRR-RLK
called ZmPEPRI1, has also been cloned (Lori et al. 2015).

Cultivating resistant varieties is one of the most impor-
tant goals of most plant breeders. Quantitative disease
resistance (QDR), in most cases the most durable form of
resistance (Brown 2015), is usually conditioned by several
genes with relatively small effects. Our understanding of
the relationship between QDR and the MAMP response
is very limited. In just a few cases, a link has been estab-
lished or suggested. For example, two major QTLs associ-
ated with basal resistance to P. syringae pv. phaseolicola
were reported in Arabidopsis, one of which encompasses
FLS2 (Forsyth et al. 2010). In maize, we, and others, have
identified several LRR-RLKS and LRR-RLPs as candidate
genes for quantitative disease resistance (Kump et al. 2010,
2011; Poland et al. 2011). Probably, the best evidence for
a link between QDR and the MAMP response comes from
a study in which molecular variation in a PRR was shown
to be associated with quantitative resistance to Fusarium
oxysporum in Arabidopsis (Cole and Diener 2013).

As well as being among the most important crops on the
planet, maize is a model organism for genetic studies. The
goals of this study were to investigate intra-species varia-
tion in the MAMP response in maize, to identify QTL asso-
ciated with his variation, and to determine whether there
was any evidence for a connection between variation in the
MAMP response and variation in QDR and other defense-
related traits.

Materials and methods
Plant materials and growth condition

The maize nested association mapping (NAM) popula-
tion is a meta-population of 5000 recombinant inbred lines
made up of 25 sub-populations of 200 recombinant inbred
lines (RILs) each. Each of these sub-populations is derived
from a cross between the commonly-used maize line B73
and 25 different diverse lines (McMullen et al. 2009). The
26 NAM parental lines and 174 lines of the B73 x CML228

sub-population were used for investigating natural variation
of responses to MAMPs.

For the initial studies on the transcriptional and NO
response, all lines were grown in growth chambers at con-
stant 27°C on 16/8-h light/dark cycle. For all the ROS
experiments, lines were grown in growth chambers at the
NCSU Phytotron with a 16/8-h light/dark cycle at 25/18 °C.
Six seeds were sown in each pot (diameter 15.2 cm, vol-
ume 1.65 L) containing standard substrates [33% Sunshine
Redi-Earth Pro Growing Mix (Canadian Sphagnum peat
moss 50-65%, vermiculite, dolomitic lime, 0.0001% silicon
dioxide) and 66% pea gravel]. After germination, seedlings
were removed until two seedlings remained in each pot.

MAMP elicitors

Two MAMPs used in this study were flg22 and chitooc-
taose. flg22 is a peptide corresponding to a conserved
domain of bacterial flagellin and was ordered from Gen-
script (catalog# RP19986). Chitooctaose is a degradation
product of chitin and soluble in water, and was ordered
from Accurate Chemical and Scientific Corporation (Cata-
log # BCR57120010).

Gene expression assays using real-time quantitative
reverse transcription PCR (qRT-PCR)

We assessed the expression of four established defense
marker genes including endochitinase A (ECA), peroxi-
dase 3 (PEX3), pathogenesis-related protein 1 (PRI), and
endochitinase PR4 (ECPR4) genes (Huffaker et al. 2011;
Table 1) following elicitation by MAMPs. For each line
assessed, five leaf discs of 2 cm? from five different 15-day-
old plants were treated with H,O (mock), 1-uM flg22, or
chitooctaose (treatment). 30 min later; leaf discs were
immediately put into liquid nitrogen and stored at —80°C
until use.

Total RNA was extracted from mock, flg22- and chi-
tooctaose-treated leaves using Trizol reagent (Invitrogen)
according to the manufacturer’s specifications. Genomic
DNA (gDNA) was removed from purified RNA using
TURBO DNAse (Thermo Fisher Scientific Inc.) according
to the manufacturer’s instructions. 2 pg of gDNA-free RNA
were used to synthesize cDNA.

gRT-PCR was performed as described in Libault et al.
(2008) in a Applied Biosystem qPCR machine (95°C
10 min, and 45 cycles of 95°C 10 s, 60°C 1 min) using
the housekeeping gene Actin to normalize the expression
levels of target genes. Primer design was performed as
described in Libault et al. (2010). Expression levels of the
analyzed genes were calculated according to the equation
E = P.;"2%, where P is the primer set efficiency cal-
culated using LinRegPCR (Ramakers et al. 2003) and AC,
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Table 1 Sequences of primers Gene
used in qRT-PCR

Actin

Endochitinase A (ECA)

Peroxidase 3 (PEX3)

Pathogenesis-related protein 1 (PR1)

Endochitinase PR4 (ECPR4)

Sequence GenBank accession
Forward: CATTGCCATTACTTGCACTCA  J01238

Reverse: TTCGTCATACTCTCCCTTGGA

Forward: CGCGAAACCAAGAGTTTACTG EU963425
Reverse: CAGCCCCGTCGTTTTATTATT

Forward: TAAGGCTAAGCCACCATGTGA AY107804
Reverse: ACATATATGCCGCTTTTGCAG

Forward: CGGGATGAAGCCCTACTGATA BT039519

Reverse: GCTGCAACAAGCTCGTGTCTA

Forward: TACAAGCAGTTCTGCCAGGAT EU968115

Reverse: GGACAACAACCCAATGAGAGA

was calculated by subtracting the cycle threshold (C,) value
of the housekeeping gene from the C, values of the gene
analyzed. Fold changes were calculated between the ratios
of the expression levels of MAMP-treated and mock sam-
ples, and expression levels were calculated for three bio-
logical replicates.

Nitric oxide (NO) assay

Five leaf discs (~1 cm each disc) from the same plants as
those used in the gene expression assays were incubated in
water for 12 h under dark conditions. Water was carefully
removed and the leaf sections were incubated with shaking
under dark conditions in 2.5-uM DAR-4M [cell-impermea-
ble NO binding dye diaminorhodamine-4M (EMD Chemi-
cals Inc. catalo # 251765)] with either H,O (mock), 1-uM
flg22, or 1-uM chitooctaose (treatment). 100 pl of the solu-
tion from each mock, treatment, and cultivar were trans-
ferred into a 48-well plate after 2 h of incubation. Fluo-
rescence of the supernatant was measured by excitation at
560 nm and emission at 575 nm. Fluorescence signal was
corrected for the DAR-4M background. Determinations
were in triplicate.

ROS assay

Two leaf discs (diameter 3 mm) from two plants of each
line were taken from 10-day-old maize seedlings and
floated on 50-ul H,O in a 96-well plate overnight. 50 ul
of reaction solution carrying 1-ul 2-mg/ml L-012 (a sen-
sitive chemiluminescence probe, which reacts with super-
oxide anion and produces luminescence at long wave-
lengths; Wako Pure Chemical Industries, Ltd., catalog
# 120-04891) in Dimethyl Sulphoxide (DMSO), 1 ul of
2-mg/ml horseradish peroxidase (Sigma—Aldrich catalog
# P6782), and 48-pl 2-uM MAMPs, was added just before
measurement on a Synergy™ 2 multi-detection microplate
reader (BioTek). All wells were read within a minute of the
MAMP being added. In every case, the luminescence was
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recorded over a 60-min period 31 times at 2-min intervals,
and ROS production was calculated as the sum of 31 pho-
ton counts over this period.

For the investigation of variation of responses to
MAMPs across NAM parental lines, each line was
assessed in four wells of each 96-well plate with one well
of mock (without MAMPs) and three wells of treatment
(with MAMPs). The common parent line B73 was always
included as repeated check. There were four wells of blank
in each plate. Three biological replicates were performed
in every case. Each replication required two 96-well plates.

The RILs of the B73xCML228 mapping population
were assessed in sets of 20 in 96-well plates. Each line
had one well of mock (without MAMPs) and three wells
of treatment (with MAMPs). Four wells were left blank
in each plate. Two sets of four wells were used for the
CML228 line (positive control) and one set of four for B73.
Two and three biological replicates of responses to flg22
and chitooctaose were measured in the population respec-
tively. The method of ROS assay used in this part was the
same as above except that the concentration of MAMPs
was to be tested.

Data analysis and QTL mapping

Data was analyzed with the SAS software for Windows
version 9.4 (SAS Institute Inc, 2014). Average of observa-
tions over wells corresponding to a particular line within
each plate and repetition was calculated using SAS®
MEANS procedure. Average value of the mock wells per
plate was subtracted from the line mean response before
analysis as a normalization technique. Data were analyzed
using GLIMMIX procedure of SAS/STAT software for
Windows version 13.2 (SAS Institute Inc, 2014), following
the augmented design model with line and Group (checks
vs. lines) as fixed-effect factors; repetition, plates within
repetition, and repetition by line within group interaction
were considered as random effects, assuming a residual
normal distribution. Significance level was set up to 0.05.
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Line least-square means (LSMEAN) and their 95% confi-
dence interval were estimated for each MAMP. Adjusted
LSMEANS of the B73xCML228 sub-population esti-
mated using the augmented design was used in correlation
analysis and QTL mapping. Pearson correlations were cal-
culated with the CORR procedure.

Due to the limitations of the software, a subset of half
of the available 7386 SNP markers were used in this study
(Olukolu et al. 2014). Alternate markers were removed
from the data set resulting in a set of 3693 SNP markers
at uniform 0.4-cM intervals were used. The QTL analysis
was performed using Windows QTL Cartographer software
v2.5 based on composite interval mapping (CIM) with a
walk speed of 1.0 cM (Silva et al. 2012). 1000 permuta-
tion tests were performed to determine likelihood of odds
ratio (LOD) threshold value at a significance level of 0.05
for each trait.

Results
MAMPs-triggered responses in maize

Initially, to gauge variation among the NAM parents and to
optimize the assay conditions, seven parents of the maize
NAM population (B73, CML52, CML333, Ky21, Kill,
Ki3, and IL14H), were used to investigate MAMP-induced
expression of defense-related genes and six parents (B73,
CML52, CML322, Kill, Ki3, and IL14H) were used to
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defense-related genes across S 40 7
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by MAMPs. a—-d Expression ° § 30 1
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investigate NO production. Each of the four genes (ECA,
PEX3, PRI, and ECPR4) investigated was induced by treat-
ment with both MAMPs (fig22, chitooctaose) in each line
(Fig. 1). In most cases, variability in the levels of induction
was observed between the lines. Different genes displayed
different patterns of induction across the lines and the pat-
terns of variation differed somewhat between flg22 and chi-
tooctaose for at least two genes (ECA and ECPR4; Fig. 1a,
b). ECA expression was more highly induced by chitoocta-
ose in B73 compared with other lines (Fig. 1a). Chitooc-
taose triggered stronger responses of ECPR4 than flg22 in
all lines except for Ki3 (no data were available for IL14H,;
Fig. 1b). PEX3 showed stronger responses to MAMPs in
IL14H, while PRI was strongly induced by both MAMPs
in Ky21 (Fig. lc, d).

There were also differences in NO production across
these lines after treatment with either flg22 or chitoocta-
ose (Fig. 2). These data indicated that MAMPs can trig-
ger responses in maize and that the responses are variable
across lines and dependent on the MAMP used and the spe-
cific response being measured.

Natural variation of responses to MAMPs
across different NAM parental lines

Total ROS production after treatment with flg22 and chi-
tooctaose was assessed across the 26 NAM parental lines.
Substantial variation was observed across these lines
(Fig. 3). No response was detectable in several lines for
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Fig. 2 MAMPs-triggered NO production across different maize
lines. Fluorescence intensity measured in arbitrary units; results
shown are means of three biological replicates with error bars repre-
senting the standard error of three biological replicates

each MAMP. The ROS response to flg22 and chitoocta-
ose was significantly correlated across the NAM parental
lines (Pearson correlation coefficient=0.7, P<0.0001),
with CML228 having the strongest response to both fig22
and chitooctaose, while the common parent of the NAM
population, B73, displayed a relatively low response to
each MAMP. Figure 4 shows the detailed time kinetics of
the MAMP-triggered oxidative burst over 60 min in line
B73 and CML228. For CML228, the reaction peak of flg22
treatment appeared at about the 25 min time point, while
that of chitooctaose treatment appeared at about the 10 min
time point. Similar time kinetics was observed for the other
lines in which responses were observed.

QTL analysis of MAMP responses

We performed QTL analysis of MAMP responses in the
NAM RIL sub-population derived from the B73 x CML228
cross (population Z003, http://maizegdb.org/data_center/
stock?1d=9018763).

For our initial work, we used 2-pM concentra-
tions of both MAMPs. However, before assessing the
CML228 xB73 mapping population, we sought to deter-
mine the optimum concentrations of MAMPs to use for
these lines. The flg22 response of CML228 was stronger
than that of B73 at every concentration tested. The response
increased with increasing concentration from 2 nM to
20 pM, but the difference between B73 and CML228 did
not increase between 2 and 20 pM (Fig. 5). For chitoocta-
ose, there was no significant difference in the response of
CML228 between 2 and 20 pM. Therefore, we continued
to use 2-uM concentrations of both MAMPs for subsequent
work.
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We observed approximately normal distributions and
substantial variation for the responses to each MAMP
within the RIL population, including some transgres-
sive segregation (Fig. 6). Correlations between replicates
were moderate, especially for chitooctaose, but there
were all highly significant (Table 2). ANOVA revealed
significant differences (P <0.0001) among lines and rep-
licates, (Table 3). The responses to the 2 MAMPs were
highly correlated within the CML228 x B73 RIL popula-
tion (Pearson correlation coefficient=0.76; Table 4).

We used the adjusted LSMEAN values for each line
to identify QTL for response to each MAMP. QTLs for
flg22 and chitootaose responses were identified on chro-
mosomes 1, 2, and 4 and on chromosome 2 respectively
(Table 5). For the fig22 response, Qflg22-2 was a major
QTL explaining 13.5% of the variation with CML228
contributing the allele for increased the response. The
two other flg22-response QTL on chromosomes 1 and
4, Qfig22-1 and Qfig22-4, explained 6.5 and 4.9% of the
variation, respectively. The allele for increased response
also derived from CML228 for Qfig22-4 but from B73
for Qfig22-1. The two QTLs, the chitooctaose response,
Qchitoo-2A, 2B, were close to each other on chromo-
some 2, and in each case, the CML228 allele increased
the response (Table 5; Figure S1, S2). The two QTLs
Qfig22-2 and Qchitoo-2A overlapped. Since we noted
significant replication effects, we calculated QTL based
on each replication separately (Figures S1, S2). We saw
a consistent effect at the chromosome 2 QTL across reps
for both fig22 and chitooctaose.

Correlation between MAMP responses and other
disease and defense-related traits

We and others had previously assessed the
CML228 xB73 population for resistance to the foliar
diseases southern leaf blight, gray leaf spot, and north-
ern leaf blight (SLB, GLS, and NLB respectively; Kump
et al. 2011; Poland et al. 2011; Benson et al. 2015), for
the strength of the HR-related traits (Olukolu et al. 2014)
and for a leaf-flecking trait that was shown to be asso-
ciated with disease resistance and ROS production (Olu-
kolu et al. 2016). We compared the results of these previ-
ous studies with the data produced here to determine if
there was any evidence for a shared genetic basis under-
lying variation in these responses. No significant correla-
tions were observed between MAMP responses and any
of the other traits except for weak correlations observed
with SLB (Table 4). We also looked for overlap between
QTL identified for these traits. Only one QTL, for HR
severity, on chromosome 2 overlapped with any of the
MAMP response QTL (Table 6).
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Fig. 3 Responses of NAM
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Discussion

A variety of transcriptional and physiological responses
that lead to MTI can be elicited by recognition of MAMPs
by their corresponding PRRs. An interesting aspect is that
regardless of the MAMP-PRR interaction, in general, a
similar repertoire of genes involved in the defense response
is induced (Wan et al. 2008). When flg22 was used to elicit
Arabidopsis cell cultures, the differentially expressed genes
were enriched for genes associated with signal transduction
pathways such as transcription factors, and regulators of
protein stability and phosphorylation (Navarro et al. 2004).
Zipfel et al. (2004) reported that the expression of numer-
ous defense-related genes was induced by flg22 in Arabi-
dopsis. Transcripts induced in tomato by flgll-28 were
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similarly enriched for protein kinases and transcription fac-
tors (Rosli et al. 2013). Valdés-Lopez et al. (2011) exam-
ined the transcriptional response to a mixture of chitin and
flg22 in four soybean genotypes. Among the induced genes,
six functional categories were overrepresented: regulation,
protein modification, regulation of transcription, hormones,
enzyme families, and transport. Considerable variation in
the transcriptional profiles of MAMP-responsive genes
across different soybean genotypes was also observed in
this study.

Quantification of ROS and NO production has also been
used as a method for measuring the strength of the MAMP
response. Superoxide anions (O,”), hydrogen peroxide
(H,0,), and hydroxy radicals (.OH) are the main ROS, all
of which can cause oxidative damage of DNA, proteins
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Fig. 4 Time kinetics of a flg22-
triggered and b chitooctaose-
triggered ROS production. 35
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in line B73 and CML228. Data are expressed as total ROS production
over 60 min; ROS production measured in relative light unit (RLU);
results shown are means of three biological replicates with error bars
representing the standard error of three biological replicates

or lipids. ROS also play an integral role as signaling mol-
ecules in the regulation of numerous biological processes
such as growth, development, and responses to biotic and/
or abiotic stimuli in plants. NO is involved together with
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ROS in the activation of various stress responses in plants
(Wojtaszek 1997; Ahlfors et al. 2009; Baxter et al. 2014;
Schieber and Chandel 2014; Vidhyasekaran 2014, 2016).

In this study, we assessed the expression of four defense-
related genes, NO and ROS production after treatment with
two well-studied MAMPs, flg22 and chitooctaose, associ-
ated with bacteria and fungi, respectively. All of these dif-
ferent measurements identified differential responses to
flg22 and chitooctaose across various maize genotypes.
Differentials between lines can be exploited to identify
genetic loci that underlie variation in these basal resistance
responses. We chose to map QTL for the ROS response,
simply because this was the most convenient metric to
measure.

Several studies identified natural variation in the MAMP
response in plants (Ahmad et al. 2011; Valdés-Lopez
et al. 2011; Vetter et al. 2012; Lloyd et al. 2014; Shi et al.
2015; Veluchamy et al. 2014) and in some cases mapped
QTL associated with that variation (Ahmad et al. 2011;
Valdés-Lopez et al. 2011). Recently, genome-wide asso-
ciation (GWA) mapping has also been used in the dissec-
tion of the genetic basis underlying natural variation in
MAMP-induced seedling growth inhibition (SGI) by the
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Fig. 6 Distribution of total ROS production LSMEAN values (rela-
tive light units) in response to a flg22 and b chitooctaose in the
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MAMPS flagellin and elf18 (Vetter et al. 2016). Variation
in the MAMP response has not been examined previously
in maize, though some aspects of both this response and the
related DAMP response have been addressed in the previ-
ous studies (Huffaker et al. 2011; Oliveira-Garcia and Deis-
ing 2016).

We performed QTL analysis of ROS production trig-
gered by flg22 and chitooctaose. One major QTL for fig22
response (Qflg22-2) was identified on chromosome 2,
which overlapped with a QTL for the chitooctaose response
(Qchitoo-2A). Two minor QTLs for flg22 responses dis-
persed on chromosomes 1 and 4. Genes located in the over-
lapping region of these two QTLs are listed in Table S1.
Several of these genes are homologous to genes previ-
ous implicated in plant disease resistance or the defense
response, including RLKs and toll/interleukin-1 receptor
(TIR) domains-containing proteins (Nandety et al. 2013).
The colocalization of these QTL together with the large and
significant correlations between the fig22 and chitooctaose
responses among the 26 NAM parental lines and within the
CML228xB73 RIL population suggest that, to a substan-
tial extent, the genetic architectures controlling variation in
these traits are shared. This finding contrasts with a recent
study in Arabidopsis (Vetter et al. 2016) which identified
“negligible correlation” in plant growth responses between
the bacterial MAMPs EF-Tu and flagellin. As discussed
above, five other metrics were used to measure the response
to flg22 and chitoctaose, the expression of four genes, and
NO production (Figs. 1, 2). As only six or seven lines were
assessed for these responses, no firm conclusions can be
drawn. However, it seems that, as with the ROS response,
the responses to flg22 and chitooctaose were correlated
within a metric, but that there does not seem to be much if
any correlation across metrics. In other words, the apparent
strength of the MAMP response may partly be a function of
how exactly it is measured. Similar phenomena have been
observed in Brassica napus (Lloyd et al. 2014).

We were further interested to examine whether vari-
ation in the MAMP response might be one of the causes

Table 2 Pearson correlation

. . flg22 rep2
coefficients among different

Chitooctaose rep 1~ Chitooctaose rep 2 Chitooctaose rep 3

replicates of total ROS
production triggered by
MAMPs in the CML228 X B73
RIL population

flg22 rep 1
flg22 rep 2
Chitooctaose rep 1

Chitooctaose rep 2

0.620%%% (N=171) 0.21%* (N=169)

0.717%%% (N=162)
0.541%%% (N=163)
0.204%% (N=161)

0.515%%% (N=165)
0.428%#% (N=166)
0.300%#* (N=163)
0.494%%% (N=158)

0.336%#* (N=169)

The number of comparisons used to calculate each correlation coefficient is indicated (V)
Data used here are phenotypic data from the 174 lines of CML228 x B73 RIL population used in this study
**Significant at P <0.01; ***significant at P <0.0001
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Table 3 Analysis of variance of MAMPs-triggered MTI responses in
B73 x CML228 sub-population

Traits Source of vari- df Mean square F value
ation

flg22-response Lines 173 1,016,224.71 3.88%*:*
Replicates 1 8,252,561.69 31.52%::
Line X replicates 170 261,845.1
Error 690 66,197.5

Chitooctaose Lines 172 29,019.591 1.90%**

response Replicates 2 266,218.576 17.45%%:

Lines Xreplicates 324 15,253.563
Error 998 6264.921

***Significant at P <0.0001

Table 4 Correlation analyses between total ROS production trig-
gered by PAMPs and disease resistance (SLB, GLS, and NLB), fleck-
ing or HR severity (LES) in the CML228 x B73 RIL population

flg22 response Chitooctaose response
LES* NS (N=167) NS (N=162)
SLB® 0.201** (N=174) 0.171* (N=169)
GLS¢ NS (N=127) NS (N=124)
NLB¢ NS (N=140) NS (N=135)
Flecking® NS (N=174) NS (N=169)
flg22 response 0.757%** (N=169)

The number of comparisons used to calculate each correlation coef-
ficient is indicated (N)

LES lesion severity (a measure of HR), SLB southern leaf blight, GLS
gray leaf spot, NLB northern leaf blight, NS not significant, N number
of lines

***Sjgnificant at P <0.0001; **significant at P <0.01; *significant at
P<0.05

*Data from Olukolu et al. (2014)
"Data from Kump et al. (2011)
‘Data from Benson et al. (2015)
4Data from Poland et al. (2011)
®Data from Olukolu et al. (2016)

of variation in QDR. QDR is usually controlled by mul-
tiple genes with small and sometimes inconsistent effects
and tends to be more durable than major (R-) gene-medi-
ated qualitative resistance (Poland et al. 2009). The NAM
population, of which the CML228 xB73 RIL population
used in this study is a part, has been used to dissect the
genetic basis of variation in QDR to three maize diseases
(SLB, NLB, GLS) and in the HR defense response (Kump
et al. 2011; Poland et al. 2011; Benson et al. 2015; Olukolu
et al. 2014). A leaf-flecking trait has also been mapped in
the NAM population, and connections between leaf fleck-
ing, disease resistance, and ROS production were reported
(Olukolu et al. 2016). There was no significant correlation

@ Springer

between responses triggered by MAMPs and any of these
other disease or defense-related traits, with the exception
of a low correlations with SLB resistance (Table 4) and
there was very little colocalization of QTL between these
traits (Table 6). All the diseases for which we have data
are caused by fungi. While chitooctase is a fungal MAMP,
flg22 is an epitode of flagellin—a molecule found in bacte-
ria. However, the response to neither is related substantially
to variation in QDR. A study with various citrus genotypes
suggested a link between variation in response to flg22 and
resistance to citrus canker (Shi et al. 2015), while a study
in tomato did not identify any link between variation in the
MAMP response and resistance to bacterial speck (Velu-
chamy et al. 2014).

We can conclude, therefore, that maize is able to respond
to the MAMPs flg22 and chitooctaose, that there is varia-
tion among different maize genotypes for this response and
that the genetic basis of variation in these two responses,
at least with respect to ROS production, is substantially
shared in the populations we examined. However, our stud-
ies provide no evidence linking variation in the MAMP
response to variation in QDR or other aspects of disease
resistance.

Pathogens that are well adapted to their host have
evolved multiple means by which to suppress MTI. Further-
more, as discussed above, the MAMP response is multifac-
eted and a study that measures only a single aspect may not
provide a full reflection of what is occurring. These factors
may explain the lack correspondence observed between
the MAMP response and QDR and underline the fact that
without substantially more work, these findings cannot be
extrapolated beyond the population examined. Indeed, as
noted above, other studies in other species have reached
somewhat contrasting conclusions (Forsyth et al. 2010;
Cole and Diener 2013; Shi et al. 2015). However, it is clear
that the link between the MAMP response and quantitative
disease resistance, as well as non-host resistance, is a topic
deserving of further research.
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Table 5 Data on QTL associated with MAMP responses in the CML228 X B73 RIL mapping population

QTL? Chromosome Position (¢cM) Physical position LOD Additive effect® R? (%) ¥ Support interval ~ Physical interval
(bp)® (cM) (2 LOD (bp)° (2 LOD drop)
drop)

Qfig22-1 1 86.01 92,762,839 348 -107.97 6.49 81.2-88 82,029,664—
104,565,554

Qfig22-2 2 87.01 179,889,992 6.96 149.73 13.50 85-90.6 176,631,425~
184,359,378

Qfig22-4 4 104.81 191,945,395 2.65 93.20 4.92 98.2-106.8 185,537,809—
197,250,791

Qchitoo-2A 2 87.41 180,370,895 3.15 17.34 3.73 86.6-87.8 179,375,276~
180,851,898

Qchitoo-2B 2 93.01 186,685,624 4.89 21.16 5.67 90.8-94.6 184,640,039-
187,955,494

2Qflg22-1, -2, -4: QTL for flg22-triggered responses on chromosomes 1, 2, and 4, respectively; Qchitoo-2A/2B: the first and second QTLs for

chitooctaose-triggered responses on chromosome 2

bphysical position (bp) according to B73 reference genomic sequence_v3

“Additive effect: positive value indicates alleles for increase response contributed by CML228, whereas negative value indicates alleles for

increased response contributed by B73

4R? (%): percentage of phenotypic variance explained by QTL with additive effect; LOD threshold values for fig22- and chitooctaose-triggered

MTI responses are 2.6 and 2.5, respectively

Table 6 Colocalization of

Trait Chromosome Peak (cM) LOD Support interval (cM) R* (%) Additive effect
QTLs for MAMP responses
and HR severity traits in the LES* 2 78.8 627 70.8-87.6 1144 02535
CML228XB73 RIL population g5 response 2 8701 696  85-90.6 1350  149.73

Chitooctaose response 2

87.41 3.15 86.6-87.8 373 17.34

LES lesion severity
#Data from Olukolu et al. (2014)
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