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Abstract Malondialdehyde (MDA) is a naturally occur-
ring product of lipid peroxidation and the level of MDA
in plant is often used as a parameter to evaluate the dam-
age to plants’ cells due to stress. Plant with lower amounts
of MDA under drought conditions is generally considered
as more tolerant to drought. In this study, a population of
recombinant inbred lines was used to map the quantita-
tive trait locus (QTLs) that controlled MDA content under
well-watered condition (WW) and water deficit (WD)
condition. A major QTL, designated as Qheb.mda-3B,
was detected on the long arm of chromosome 3B. Based
on interval mapping analysis, Qheb.mda-3B explained
31.5 and 39.0 % of the phenotypic variance under WW
and WD conditions, respectively. Qheb.mda-3B was
located in the same interval as a previously identified
QTL (Qcrs.cpi-3B) that controlled resistance to Fusarium
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crown rot (FCR), a fungal disease caused by Fusarium
species. Three pairs of near-isogenic lines (NILs) previ-
ously developed for Qcrs.cpi-3B were found to show sig-
nificant differences in MDA content under WD condition.
These results suggested that same set of genes is likely
to be involved in drought tolerance and FCR resistance in
wheat.
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Abbreviations

CEF  Controlled environment facility
MDA Malondialdehyde

QTL  Quantitative trait locus

RILs Recombinant inbred lines

WW  Well-watered conditions

WD Water deficit conditions

NILs  Near-isogenic lines
FCR Fusarium crown rot
TBA  Thiobarbituric acid
TCA  Trichloracetic acid
MQM Multiple QTL model

M Interval mapping

Introduction

Drought is a major stress that adversely affects wheat pro-
duction in many regions in the world. It was estimated that
50 % of the wheat growing area in the developing and 70 %
in the developed countries were affected by drought (Tre-
thowan and Pfeiffer 2000). Wheat production could reduce
to half or even lower in drought environments compared
with those in well-watered areas (Rajaram et al. 1996). Till
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date, numerous studies have been conducted to identify
the genes/QTLs contributing to drought tolerance in wheat
(Quarrie et al. 2006; Kirigwi et al. 2007; Maccaferri et al.
2008; Mclntyre et al. 2009; Zhang et al. 2014). Malondi-
aldehyde (MDA) is a naturally occurring product of lipid
peroxidation. It reacts with lipid, nucleic acid, glucose and
protein and thus causes downstream reduction in the con-
tent of unsaturated fatty acid and the membrane resistance
and fluidity, along with a rise in the quantity of electrolyte
leakage. As a result, the function and structure of cytoplas-
mic membrane are damaged and a series of physiological
metabolisms are changed (Scandalios 1993). MDA content
is an indicator of oxidative damage in plant cell membrane
induced by stress (Meloni et al. 2003; Verma and Mishra
2005). Many studies have used MDA content as a param-
eter to evaluate plant tolerance to drought (Chowdhury
and Choudhuri 1985; Zhang and Kirkham 1994; Fu and
Huang 2001; Wang et al. 2009; Yue et al. 2012; Tang et al.
2014). However, at present, most studies of MDA focus on
physiological and biochemical aspects. There are only two
reported studies about the QTL controlling MDA content
in wheat so far. In those studies, the QTL controlling MDA
content was mapped to wheat chromosome 1D, 2B, 3A,
4D, 5B, 6D, 7A, 7B, accounting for 8—30.18 % of the phe-
notypic variation (Jiang et al. 2013; Zhao et al. 2014).

FCR is a cereal disease caused by various Fusarium spe-
cies. It is a serious wheat disease in Australia, as well as
in the world (Burgess et al. 2001; Backhouse et al. 2004;
Hogg et al. 2007; Ma et al. 2010; Poole et al. 2012; Zheng
et al. 2014). Yield loss due to FCR has been documented to
be from 9 to 89 %. It has been noticed for a long time that
plants show a more severe symptom of FCR under drought
conditions compared with those in normally watered con-
ditions, both in field and glasshouse environments (Blaker
and MacDonald 1981; Wiese 1987; Beddis and Burgess
1992; Smiley et al. 1996; Li et al. 2008). One possible rea-
son for the interaction between drought and FCR resistance
is that drought could affect crown rot resistance by modify-
ing some morphological traits of plants. For example, plant
height and heading date, the two traits that can be affected
by drought were reported to have strong influences on FCR
resistance in wheat and barley (Liu et al. 2010, 2012; Bai
and Liu 2014). Another possibility is that the same genes
may be involved in drought tolerance and FCR resist-
ance. A study by Zhang et al. (2012) reported that trans-
genic wheat lines overexpressing a wheat myeloblastosis
oncogenes TaPIMPI displayed increased resistance to
fungal pathogen disease and showed improved tolerance
to drought. Alam et al. (2015) reported that a rice heme
activator protein gene (OsHAP2E) conferred resistance to
pathogen, salinity and drought. Similar results have been
obtained in the studies in maize, tomato and Arabidopsis
(Campo et al. 2012; Kamthan et al. 2012; Ramirez et al.
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2009). It is known that besides drought, fungal disease
infection could also cause the change of MDA content in
plants (Wang et al. 2004; Chen et al. 2008). Therefore, it
will be useful to explore the relationship between the QTL
for MDA content and FCR resistance.

In this paper, we reported experiments carried out
using RILs to identify the QTL controlling MDA content
in wheat under WW and WD conditions. The relationship
between the QTL for MDA content and QTL for FCR was
investigated using three pairs of NILs previously developed
for a major FCR QTL (Qcrs.cpi-3B) located on 3BL of
wheat chromosome (Ma et al. 2010, 2012).

Materials and methods
Genetic materials

A population consisting 91 Fg RILs was used in this study.
This population was derived from a cross between the
Australian variety ‘Lang’ and a genotype ‘CSCR6’ which
belongs to the taxon 7. spelta. This population had been
used to identify a major QTL controlling FCR resistance on
the long arm of chromosome 3BL (Ma et al. 2010).

Three pairs of NILs (NIL_CR3BL_1A and NIL_
CR3BL_1B; NIL_CR3BL_2A and NIL_CR3BL_2B; NIL_
CR3BL_9A and NIL_CR3BL_9B), which were previously
developed for the Qcrs.cpi-3B using heterogeneous inbred
family method, were used to investigate the relationship
between the QTL for MDA content and the QTL for crown
rot (Tuinstra et al. 1997). These three pairs of NILs were
derived from two different populations. The first two pairs
of NILs (NIL 1A & 1B, NIL 2A & 2B) were derived from
a backcross inbred lines between an Australia commercial
variety ‘Janz’ and ‘CSCR6’ (‘Janz’*2/‘CSCR6’) and were
at BC'F’. The NIL 9A & 9B pair was derived from the RILs
used for QTL mapping in this study (‘Lang’/*CSCR6’) and
were at F°. The molecular marker that was used to develop
the NILs was gwml81, which is about 2.2 cm away from
the peak of Qcrs.cpi-3B (Ma et al. 2012).

Evaluation of MDA content in drought and normal
water conditions

The measurement of MDA content of the mapping popula-
tion and the two parents was conducted in the growth cham-
ber in Baoding, Hebei agricultural university in China. The
measurement of MDA content of the NILs was performed
in the controlled environment facility (CEF) in CSIRO agri-
culture flagship, Brisbane in Australia. The settings for the
growth chamber and CEF were: 25/15 (£1) °C day/night
temperature and 65/85 (£5) % day/night relative humidity
and a 14-h photoperiod (irradiance 500 pumol m2s7h.
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Seeds were firstly selected by removing small and shriv-
elled kernels. The selected seeds were soaked in 70 %
ethanol for 30 s to sterilize and then washed 2—3 times
with distilled water. After that, the selected seeds were
germinated in petri dishes under room temperature. After
1—2 days, the seedlings with coleoptiles about 0.5 cm were
transferred to a container with 1/2 Hogland nutrient solu-
tions in a growth chamber/CEF. When the seedlings were
at two-leaf stage, 10 uniform seedlings of each line were
selected, 5 seedlings for water deficit treatment in 1/2 Hog-
land nutrient solutions at —0.30 MPa induced by PEG6000
and the other 5 seedlings for well water treatment in normal
172 Hogland nutrient solutions. The solution containing
PEG were changed every 5 days to keep the water potential
stable. In total, three independent trials were conducted,
each containing two replicates.

The leaf samples of the seedlings at four-leaf stage were
collected, and were immediately frozen in liquid nitro-
gen and transferred to an ultra-freezer at —80 °C until the
time of assay. For measurements of MDA content, ~0.5 g
of seedlings was homogenized in 2 ml of a chilled rea-
gent, which was composed of 0.25 % (w/v) TBA (thiobar-
bituric acid) in 10 % (w/v) TCA (trichloracetic acid), and
then centrifuged at 10,000 rpm for 20 min using a Sigma
3—18 K centrifuge. The supernatant was heated at 95 °C
for 30 min, quickly cooled on ice, and then centrifuged at
10,000 rpm for 20 min. The absorbances at 532 nm (A532),
600 nm (A600), and 450 nm (A450) were measured using
a Beckman Coulter DU8SOO spectrophotometer. The MDA
content was calculated with the equation: C (MDA con-
tent) = 6.45 x (A532—A600) — 0.56 x A450 (Wei et al.
2013).

Data analysis, linkage map and QTL mapping

Statistical analyses were performed using GenStat for
Windows, 13th edition (copyright Lawes Agricultural
Trust, Rothamsted Experimental Station, UK) and the
SPSS statistics 17.0 for Windows statistical software pack-
age (SPSS Inc., Chicago). For each trial, the following
model of mixed effects was used: ¥; = m + r; + g; + wy,
where Y; trait value on the jth genotype in the ith repli-
cation; m general mean; r; effect due to ith replication; g
effect due to the jth genotype; w;; error or genotype by rep-
lication interaction, where genotype was treated as a fixed
effect and that of replicate as random. The effects of rep-
licate and genotype for each trait were determined using
ANOVA. Homogeneity of variance was tested using Bart-
lett’s test to determine whether the data could be combined
across trials for further analyses. The MDA content was
calculated within each trial and a general mean across all
the trials were calculated and used in the study. Student’s

t test was used to test if the difference between the NILs
pairs were significant or not.

A linkage map previously constructed for this popula-
tion (Ma et al. 2010) had been updated by adding more SSR
markers and then was used to identify the QTL controlling
MDA content in the mapping population. The updated link-
age map includes 881 DArT and 69 SSR markers. Linkage
analysis was carried out using the computer package Join-
Map (version 4.0 Van Ooijen 2006). MapQTL® 5.0 (Van
Ooijen 2004) was used for QTL analysis. The Kruskal-
Wallis test was used in a preliminary testing of associations
between markers and MDA content. IM was then used to
identify major QTL. Automatic cofactor selection was used
to fit the multiple QTL model (MQM) and to select signifi-
cantly associated markers as cofactors. For each trial, a test
of 1000 permutations was performed to identify the LOD
threshold corresponding to a genome-wide false discov-
ery rate of 5 % (p < 0.05). Based on the permutation test,
a threshold LOD value was used to declare the presence
of a QTL. A linkage map showing the QTL positions was
drawn using MAPCHART (Voorrips 2002).

Results

Characterization of MDA content in the mapping
population

The two parents for the RILs showed a significant difference
for MDA content under the two water conditions. The MDA
content of Lang is 3.49 under WW conditions and 4.49 under
WD condition, respectively. In contrast, the MDA content of
CSCR6 was lower, with 3.22 and 3.28 under WW and WD
conditions, respectively. Strong transgressing segregations
were observed in the RILs, ranging from 2.51 to 5.41 under
WW condition and 1.96 to 6.08 under WD condition (Table 1).

QTL detection under two water conditions

A major QTL for MDA content was detected on the long
arm of chromosome 3B under both WW and WD condi-
tions. We have designated the QTL as Qheb.mda-3B, where
‘MDA’ represents ‘MDA content’ and ‘heb’ represents
‘Agricultural University of Hebei’. Based on IM analysis,
Qheb.mda-3B explained 31.5 % of the phenotypic vari-
ance under WW condition with an LOD value of 6.48 and
39.0 % of the phenotypic variance under WD condition
with an LOD value of 8.49 (Fig. 1). The allele for the low
MDA content is from CSCR6. Based on MQM analysis,
markers flanking the Qheb.mda-3B locus were wPt10349
and wPt1977 under WW conditions and gwml81 and
wPt1977 under WD conditions, respectively (Table 2).
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Table 1 Distribution of MDA

o . Trial Parent Population
content (nmol g~ FW) in the
population of Lang/CSCR6 CSCR6 Lang Min Max Mean SE
under well-watered and water
deficit conditions Well-watered
MDA-1 2.92 4.47 243 7.72 3.98 0.63
MDA-2 3.12 3.56 1.96 9.01 391 0.59
MDA-3 2.89 3.39 1.51 10.29 3.60 0.74
Water deficit
MDA-1 321 4.47 1.82 8.77 4.07 0.95
MDA-2 3.14 3.61 1.21 8.95 3.56 0.77
MDA-3 2.47 3.71 1.44 8.75 3.33 0.76
SE standard error of the population means
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9-
R R R R R R R A R R R A D N A R R R R
S ELLA R EIE R R IS I R LR E N L B T
o W Wl W W W W WO W WO . W WO W Wi Wi W WU UNY . Wt WY - WRURD N WO W WD UN . W WY WD UR . it W . i o
33%333333%33%33%33333%%333%%3%303%333%33333
r~ N ©o®m ~No o - -
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Fig.1 QTL conferring MDA content detected on chromosome 3B in the
population of Lang/CSCR6. Marker positions are shown to the /eft of the
linkage map. The LOD values from each centimorgan of the chromosome
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were plotted against the chromosome, and the vertical dotted line indi-
cates the average significance threshold (LOD = 3.4) derived from per-
mutation tests. WW well-watered condition, WD water deficit condition
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Table 2 QTL identified . Trial Analysis QTL Flanking markers LOD R* (%) Origin
for MDA content and their
phenotypic variance explanation Well-watered
E‘Stg;z"p“la“o“ of Lang/ MDA content IM Oheb.mda-3B  wPt10349 & wPt1977 648  31.5 CSCR6
MQM Qheb.mda-3B gwml81 & wPt1977 6.56 31.0 CSCR6
Water deficit
MDA content IM Qheb.mda-3B wPt10349 & wPt1977 8.49 39.0 CSCR6
MQM Qheb.mda-3B gwml81 & wPt1977 8.23 38.5 CSCR6

IM analysis conducted using interval mapping, MOM analysis conducted using the multiple QTL model
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I Water deficit condition
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Fig. 2 MDA content analysis of three pairs of near-isogenic lines
developed for Qcrs.cpi-3B under well-watered and water deficit con-
ditions. 1R/1S: NIL_CR3BL_1A/1B; 2R/2S: NIL_CR3BL_2A/2B;
9R/9S: NIL_CR3BL_9A/9B. Data are mean =+ standard deviation of

Relationship between QTL for MDA content and QTL
for FCR resistance

Qheb.mda-3B was mapped to the same interval as a previ-
ously reported QTL controlling FCR resistance from the
same parents (Qcrs.cpi-3B). The two markers flanking the
Qcrs.cpi-3B were wPt10505 and wPt2277 (Ma et al. 2010).
This interval overlapped with the interval where Qheb.mda-
3B was located (between gwm181 and wPt1977). Besides,
the closest linked SSR marker to Qheb.mda-3B was
gwml81, which was also the closest linked SSR marker for
Qcrs.cpi-3B and was used to develop the NILs candidates
for Qcrs.cpi-3B (Ma et al. 2012).

For the NILs experiments, a remarkable high level of
MDA was detected in all of the plants under WD condition
when compared with plants under WW condition. Under
WW condition, the MDA content in the resistant and sus-
ceptible lines of each pair of NILs were similar. In contrast,
under WD conditions, the MDA content in the resistant
lines of the three pairs of NILs were all lower compared
with their corresponding susceptible lines, indicating that
the FCR resistant lines experienced less lipid peroxidation

25

2R 2§ 9R 9§

9R

9S

three experiments. Means denoted by the same letter do not signifi-
cantly differ at P < 0.05 as determined by Duncan’s multiple range
test

and membrane injury than the susceptible lines under
drought treatment and thus they were more tolerant to
drought (Fig. 2). The biggest difference was found between
1A and IB NIL pair. Under WW condition, the amounts
of MDA were 6.17 and 7.90 in the NIL 1A and NIL 1B,
respectively. Under WD condition, the amounts of MDA in
the NIL 1A increased to 13.48, whereas the MDA content
in NIL 1B increased to 18.97. Significantly different MDA
content between the resistant and susceptible lines was also
found in NIL 2A/2B pair and NIL 9A/9B pair under WD
condition.

Discussion

MDA content is often adopted as a suitable physiological
index to reflect the degree of lipid peroxidation and drought
stress tolerance in plants. However, at present, most studies
of MDA focus on physiological and biochemical aspects.
Till date, there are only two reported studies of the QTLs
for MDA content in wheat. Jiang et al. (2013) identified
QTL on wheat chromosome 2B, 5B, 7A, 7B and 7D that
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controlled MDA content during different seed germination
time. These QTL explained 8.00—30.18 % of the pheno-
typic variation. Zhao et al. (2014) identified QTL on chro-
mosome 1D, 3A, 4D, 6D for MDA content in wheat under
potassium-deficiency conditions, accounting for 6.48—
11.27 % of the phenotypic variation. In both of these QTL
mapping studies, commercial varieties of 7. aestivum were
used to develop the mapping populations. In our study,
however, we used a RIL population derived from an Aus-
tralia local variety ‘Lang’ and a genotype ‘CSCR6’ which
belongs to taxon 7. spelta-cultivated wheat that was rarely
grown nowadays since 1900s. We expected that T. spelta
genotype could provide new genes for MDA content that
are different from those identified from 7. aestivum in the
previous studies. As expected, we firstly reported a major
QTL controlling MDA content on the distal end of chro-
mosome 3B under drought and normal water conditions.
This QTL explained 31.5 % of the phenotypic variance in
the population with a LOD value at 6.48 under WW con-
ditions. Under WD conditions, this QTL explained 39.0 %
of the phenotypic variance in the population with a LOD
value at 8.49 (Table 2). The allele for low MDA content
was from CSCR6. There are no known barriers in generat-
ing fully fertile progeny and in transferring genes between
T. spelta and T. aestivum. Thus, it would be feasible to
incorporate Qheb.mda-3B from T. spelta into breeding pro-
grammes of bread wheat to increase drought tolerance of
released cultivars.

In the current study, Qheb.mda-3B and Qcrs.cpi-
3B were mapped to the same interval on the distal end
of the long arm of chromosome 3B and the reducing
alleles were all from CSCR6. It is known that colloca-
tions of QTLs for different traits could indicate that the
genes underlying the QTLs are related by linkage and/
or pleiotropy (Lebreton et al. 1995; Agrama and Moussa
1996; Tuberosa et al. 2002; Yan et al. 2011; Chen et al.
2012). To further test the relationship between the genes
responsible for the change of MDA content and the genes
for FCR resistance, we measured the MDA content of
three pairs of NILs which were originally developed for
Qcrs.cpi-3B, under WW and WD conditions. These NIL
pairs were known to show significant difference for FCR
resistance but did not differ in most of other morphology
traits (Ma et al. 2012). The results showed that the MDA
content between the resistant and susceptible lines of the
FCR NIL pairs were similar under WW condition. In
contrast, under WD condition, the MDA content was sig-
nificantly lower in the FCR resistant lines compared with
the FCR susceptible lines. The existence of Qheb.mda-
3B in these NILs was confirmed. In addition, considering
that the three pairs of FCR NILs were developed using
gwm181, which also was one of the flanking markers for
Qheb.mda-3B, these FCR NILs could also be treated as
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NIL candidates for Qheb.mda-3B. Therefore, the segre-
gation of Qheb.mda-3B in all of the three pairs of FCR
NILs developed for Qcrs.cpi-3B did not only confirm the
effects and position of Qheb.mda-3B that we identified in
our study, but also indicated that Qheb.mda-3B and Qcrs.
cpi-3B were strongly associated. A research conducted
by Knight and Sutherland (2013) found that during
infection, the FCR pathogen Fusarium pseudogramine-
arum produced penetration structures which appeared as
hyphal swellings or septate foot-shaped appressoria to
penetrate or grow around the cell membranes. Terashima
et al. (2000) reported a substantial up-regulation of fun-
gal genes encoding cell wall depolymerises during infec-
tion. As discussed earlier, MDA could damage the plant
cell membrane. Thus, it is possible that the genes con-
trolling MDA content could make the plant cell mem-
brane more stable from breakdown by reducing the MDA
content produced in plant cell when plants are infected
by FCR. As a result, the plants become more resistant to
FCR. Together with the results from the QTL mapping
and NILs analysis, there is a high possibility that same
genes are responsible for FCR resistance and the change
of MDA content.

It has been noticed for a long time that drought could
greatly favour the spread of FCR. By now, the molecular
mechanism of the interaction between drought and FCR
is still unclear. As discussed above, the strong association
between Qheb.mda-3B and Qcrs.cpi-3B suggested that the
same genes are likely to be involved in drought tolerance
and FCR resistance in wheat. This hypothesis is consistent
with other researchers who also reported the identification
of genes with pleiotropic effects on drought tolerance and
pathogen disease resistance. For instance, the transgenic
wheat lines overexpressing myeloblastosis oncogenes
TaPIMPI were found to display increased resistance to fun-
gal pathogen compared with wild-type control (Zhang et al.
2012). In other crop and model species such as rice, maize,
tomato and Arabidopsis, the genes controlling both drought
tolerance and pathogen disease resistance were also identi-
fied (Alam et al. 2015; Campo et al. 2012; Kamthan et al.
2012; Ramirez et al. 2009). However, to finally determine
if Qheb.mda-3B and Qcrs.cpi-3B are tightly linked genes or
a single gene with pleiotropic effects, further work such as
fine mapping is required. If Qheb.mda-3B and Qcrs.cpi-3B
are two tightly linked genes, it is expected that they will be
segregated in the fine mapping population.
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