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Abstract
Terminal heat and spot blotch caused by Cochliobolus
sativus are important stresses causing signiﬁcant wheat
(Triticum aestivum L.) yield losses in the south Asian
plains. Recent studies have shown that chlorophyllrelated traits are correlated with heat stress and spot
blotch resistance in wheat. This study was conducted
to evaluate leaf photochemical eﬃciency and leaf
greenness (measured as SPAD value) for combined
selection of spot blotch and terminal heat stress. The
eﬃciency of photosystem II was measured as ratio of
variable to maximal chlorophyll ﬂuorescence, Fv ⁄ Fm,
using chlorophyll ﬂuorometer build on pulse modulation principle. The study was conducted in three
spring wheat populations derived by crossing spot
blotch–resistant wheat genotypes ÔMilan ⁄ Shanghai#7Õ,
ÔChirya.3Õ and ÔNL971Õ with a susceptible cultivar ÔBL
1473Õ. The F3 and F4 generations were grown under
natural epiphytotics of spot blotch either in optimal or
in terminal heat stress conditions at Rampur, Nepal.
The heritability (h2) of Fv ⁄ Fm, SPAD measurements
and their genetic correlation with 1000-kernel weight
(TKW) and area under disease progress curve
(AUDPC) were estimated. The h2 estimates for Fv ⁄ Fm
and SPAD measurements were moderate to high. In
addition, AUDPC and TKW showed low to high
genetic correlation with these traits. These ﬁndings
suggest that Fv ⁄ Fm and SPAD measurements could be
used as complementary traits in selecting for spot
blotch resistance and heat tolerance in wheat.

Introduction
Spot blotch, caused by Cochliobolus sativus (Ito &
Kuribayashi) Drechs. ex Dastur [anamorph: Bipolaris
sorokiniana (Sacc.) Shoemaker], and heat are important stresses aﬀecting wheat production in the non-traditional warm wheat-growing regions of South Asia

(Sharma et al. 2007). Both of these stresses are severe
during grain ﬁlling causing loss of photosynthetically
active tissues, reduced chlorophyll content and
increased senescence (Randall and Moss 1990; Mercado
et al. 2003; Joshi et al. 2007). Terminal heat stress was
reported to increase spot blotch severity in south Asia
(Sharma and Duveiller 2004; Sharma et al. 2007).
Eﬃciency of photosynthesis has been a good indicator of plant response to abiotic and biotic stresses
(Huang 2006). Measurement of gas exchange might be
more time consuming and costly particularly in context of breeding applications (Earl and Tollenaar
1999). Alternatively, surrogate traits such as chlorophyll ﬂuorescence (Earl and Tollenaar 1998; Ying
et al. 2002; Earl and Davis 2003) and chlorophyll content (Araus et al. 1997) have practical application for
indirectly assessing leaf photosynthetic rates. Measurement of photochemical eﬃciency (Fv ⁄ Fm) requires only
a few seconds; large number of measurements can be
performed per day with a single instrument. This will
greatly improve the sampling resolution over gas
exchange techniques (Earl and Tollenaar 1999).
Previous studies reported that photochemical eﬃciency and leaf greenness measurements are positively
associated with heat stress tolerance. The Fv:Fm ratio
(measurement of quantum yield potential of photosynthesis or maximal photochemical eﬃciency of PSII)
has been shown to be a reliable indicator of stress
(Krause and Weise 1991) and associated with heat
stress tolerance (Liu and Huang 2000). The measurement of photochemical eﬃciency was useful in assessing photosynthetic responses to heat (Sayed 2003) and
disease stresses (Duraes et al. 2001; Bassanezi et al.
2002; Chaerle et al. 2007) in wheat and other crops.
Mercado et al. (2003) reported similar eﬀects of heat
stress and spot blotch on chlorophyll ﬂuorescence in a
growth chamber study. Moﬀatt et al. (1990a,b)
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reported that wheat genotypes diﬀered in chlorophyll
ﬂuorescence values and showed a high general combining ability for this trait.
Chlorophyll content was negatively correlated with
heat susceptibility index in wheat-alien amphiploids
(Yang et al. 2002). Leaf chlorophyll content during
grain ﬁlling showed a high genetic correlation with
grain yield in heat stressed environments (Reynolds
1994; Reynolds et al. 1998). In high-radiation environments, high chlorophyll content could also be an indicator of a low photo-inhibition of photosynthesis
(Farquhar et al. 1989). Portable equipment for indirect
measurement of chlorophyll content (SPAD value) is
used in diﬀerent studies. The SPAD value showed
association with photosynthesis and photosynthesisrelated parameters (Araus et al. 1997). Leaf chlorophyll or SPAD value depression during grain ﬁlling
was associated with tolerance to spot blotch (Rosyara
et al. 2007) and heat stress (Liu and Huang 2000).
Generally, the tolerant genotypes showed slower
decline in SPAD value than the susceptible ones.
Over the past 15 years, progress from direct selection for spot blotch resistance in wheat has been slow
(Duveiller and Sharma 2009). Besides spot blotch, heat
stress has emerged as a major challenge. There is a
need for identifying traits that could assist in combined selection for both of these traits This study was
conducted to evaluate leaf photochemical eﬃciency
(measured as Fv ⁄ Fm) and leaf greenness (measured as
SPAD value) for combined selection of spot blotch
and terminal heat stress.

Materials and Methods
Crossing and population development

Three spot blotch–resistant genotypes ÔMilan ⁄ Shanghai#7Õ (VS73.600 ⁄ MIRLO ⁄ 3 ⁄ BOW ⁄ ⁄ YE ⁄ TRF ⁄ 4 ⁄
Shanghai#7), ÔNL971Õ (Mrng ⁄ Buc ⁄ ⁄ Blo ⁄ Pvn ⁄ 3 ⁄ Pjb81)
and ÔChirya.3Õ (CS ⁄ Th cu ⁄ ⁄ Vee ⁄ 3 ⁄ Ald ⁄ Pvn ⁄ 4 ⁄ Ningmai No.4 ⁄ Oleson ⁄ ⁄ Ald ⁄ Yangmai No. 4) were crossed
with a susceptible genotype ÔBL 1473Õ (Nepal
297 ⁄ NL531). BL 1473 is a commercial cultivar, however, susceptible to spot blotch (Duveiller et al. 2005;
Rosyara et al. 2007). The rest three genotypes are
resistant to spot blotch and developed at CIMMYT,
Mexico (Neupane et al. 2007). Crosses were made in
the 2003 wheat-growing season (November to March)
and resulting seeds were advanced to F1 and F2 generations during 2004 and 2005. The research was conducted at Rampur, Chitwan, Nepal which is located at
2740ÕN and 8419ÕE, 228 m above sea level.
Evaluation in F3 generation

Three heads per F2 plant were harvested. Of the three
heads harvested from each plant, one head was grown
under optimal (non-heat stressed) while another under
late (terminal heat stressed) planting conditions. The
population size in F3 was 216 for BL 1473 ·
Milan ⁄ Sanghai #7, 216 for BL 1473 · Chirya.3 and
177 for BL 1473 · NL971 under both optimal and late
seeding conditions. The length of F3 head rows was

1 m and spaced at 0.25 m (row to row spacing) with
20 seeds per row. The experiment was arranged in
three replicates in a randomized complete block
design. The two parents were grown after every 20
lines as checks. The trial was seeded on 27 November
and 29 December 2005 for optimal and late planting
conditions, respectively. Normal wheat planting time
in the region is 15–30 November.
Main tillers of ﬁve plants per row were tagged for
disease and physiological trait measurements. Three
spot blotch disease readings (measured as percentage
of diseased leaf area on ﬂag leaf) were recorded at
5–7 days intervals. The ﬁrst disease scoring was
accomplished when most susceptible genotypes had
more than 30% of diseased leaf area on ﬂag leaf. The
resulting readings were used to calculate the area
under the disease progress curve (AUDPC) using the
formula outlined by Duveiller et al. (2005).
Handheld chlorophyll ﬂuorometer (model: OS-30P;
Manufacturer: Opti-Sciences, Inc., Hudson, NH, USA)
was used to measure photochemical eﬃciency (Fv ⁄ Fm).
The leaves were held by 60 · 15 mm dark-adoption
clips (Opti-Sciences, Inc) at least 15 min before recording to achieve ﬂush out of assimilates. The devise had
a slider for shielding or exposing the leaf surface to
light as required. The area exposed when the slider
was opened was approximately 71 mm2.
Fv =Fm ¼ ðMaximum Fluorescence
Minimum FluorescenceÞ=Maximal Fluorescence
In each ﬂag leaf, three measurements (one each at
tip, middle and base) were recorded and averaged.
Three readings were taken at 5–7 days interval with
2 days after spot blotch readings. The resulting scores
were used to calculate the area under the chlorophyll
ﬂuorescence (Fv ⁄ Fm) decline curve (AUFDC) using the
following formula –
AUFDC ¼

n1
X
Fðiþ1Þ þ Fi
ÞðTðiþ1Þ  Ti Þ
½ð
2
i¼1

where Fi = Fv ⁄ Fm value on the ith date, Ti = ith day,
n = number of dates of recording Fv ⁄ Fm value, The last
observation of Fv ⁄ Fm, denoted here as Fv ⁄ Fm (L), was
analysed as a separate variable.
Minolta chlorophyll meter (Model: SPAD-502) was
used for non-destructive measurement of chlorophyll
content of ﬂag leaf over time (Rosyara et al. 2007).
The leaf greenness was recorded in Minolta companydeﬁned SPAD values. In each ﬂag leaf, ﬁve measurements were recorded at diﬀerent positions starting
from tip to base of each leaf and averaged (Rosyara
et al. 2007). SPAD readings were recorded three times,
1–2 days after disease scoring. The readings were used
to calculate the area under SPAD value decline curve
(AUSDC) as previously described by Rosyara et al.
(2007).
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Daily mean, minimum and maximum temperature
data were obtained from the weather stations situated
near experimental plots. Crop growing degree days
(GDD) were calculated by averaging maximum and
minimum temperature (C) for each day. Base temperature used was 0C. Cumulative GDD was calculated
from germination of seedlings to physiological maturity following Cao and Moss (1989). Average temperatures and cumulative GDD were compared between
timely and late planted wheat to assess severity of heat
stress.
Realized h2 estimates were obtained using the means
of the 15% of the F3 progeny lines with the lowest
value and the 15% with the highest value compared to
their F4 progeny means and using the following formula outlined by Guthrie et al. (1984):

Parents
BL 1473

Data analysis

AUDPC

The trials were managed under natural disease infection because a high and uniform spot blotch pressure
occurred in both years and no supplementary artiﬁcial
inoculation was needed. Spot blotch–susceptible variety Sonalika was sown as spreader row around and in
between blocks to give uniform natural inoculum pressure to the population. Similarly, late planting was
carried out to create terminal heat stress (Sharma et al.
2008). Terminal heat stress is consequence of rising
temperature towards maturity in south Asian lowland
environments.
In each trial, fertilizers were applied at the rate of
120 kg N, 60 kg P2O5 and 40 kg K2O per hectare.
Nitrogen was used in split doses. One hundred kilograms of nitrogen was broadcasted as basal dose,
whereas the rest 20 kg was top-dressed at maximum
tillering stage. All other nutrients were applied at seeding time. Hand weeding was performed to keep the
plots free of weeds. Irrigations were applied as
required, based on soil moisture condition.

TKW

Trial management

Year

The F4 lines were evaluated in 1.5 m2 plots consisting
of three rows of 2 m length planted at 0.25 m spacing.
The parents were grown after every 20 lines as checks
in each population. The experiment was planted in
three replications for the populations studied.
The trial was seeded on 29 November in case of
optimal and 30th December for late planting conditions in 2006. Chlorophyll content, chlorophyll ﬂuorescence (Fv ⁄ Fm) and disease data were measured as
discussed earlier for F3 generation.

Parents ⁄ cross

Evaluation in F4 generation

Table 1
Means for TKW, area under disease progress, SPAD value, area under SPAD decline curve, photochemical eﬃciency (Fv ⁄ Fm) and AUDPC for three F3 and F4 wheat populations and their parents

At maturity, plants in individual plots were harvested and threshed separately. One thousand randomly selected kernels were counted for each plot and
weighed to record 1000-kernel weight (TKW).
Top and bottom 15% ranking F3 lines for Fv ⁄ Fm
and SPAD value were independently selected both
under optimal and under late planting conditions. The
selected lines were advanced to F4 generation.
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Fig. 1 Frequency distribution of F3 lines and selected high (SHigh) and selected low (SLow) lines for area under SPAD decline curve
(AUSDC) evaluated under normal and late planting conditions during 2006 at Rampur, Chitwan, Nepal. The selected high and low fractions
are denoted with horizontal bars. Open circle (s) indicates position of mean of BL 1473 parent whereas solid circle () represents the mean
for the second parent Milan ⁄ Shanghai#7, Chirya.3 or NL971

h2R

¼

F4high  F4low
F3high  F3low

!
 100

where F3high and F3low are the respective means of the 15%
lines selected for high and the 15% lines selected for low
value of individual traits under consideration in the F3
generation, and F4high and F4low are their corresponding
mean values in the F4 generation. Genetic correlation was
calculated using SAS (2003) using parents and oﬀspring
covariances as outlined by Sexton (2004).

Results
Weather and heat stress

Late planting created high level of terminal heat stress
in both years as indicated by average daily temperature greater than optimal temperature and crop GDD.
Under normal planting conditions, the average daily
temperature exceeded 25C for 3 days in 2006 and

4 days in 2007, in contrast to 23 days in 2006 and
25 days in 2007 under late planting conditions. Similarly, GDD values for normal planting were 2417 and
2412C in 2006 and 2007, respectively; the corresponding values for the late planting were 2992 and
3012C.
Disease severity

Foliar blight severity was high in both years as shown
by AUDPC value of susceptible genotype BL 1473
(Table 1). Disease symptoms were uniformly visible in
plants and leaf samples conﬁrmed presence of C. sativus and no other disease was present. The parent genotypes greatly diﬀered for AUDPC (Table 1).
Physiological traits

In each of the three populations under both normal
and late seeding, the F3 lines were continuously distributed for AUSDC (Fig. 1) and AUFDC (Fig. 2),
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Fig. 2 Frequency distribution of F3 lines and selected high (SHigh) and selected low (SLow) lines for area under chlorophyll ﬂorescence
(Fv ⁄ Fm) progress curve (AUFDC) evaluated under normal and late planting conditions during 2006 at Rampur, Chitwan, Nepal. The selected
high and low fractions are denoted with horizontal bars. Open circle (s) indicates position of mean of BL 1473 parent whereas solid circle
() represents the mean for the second parent either Milan ⁄ Shanghai 7, Chirya.3 or NL971

suggesting quantitative inheritance of the two traits
in these populations. Positive as well as negative
transgressive segregants were observed for all of the
traits studied (Figs 1–3).
Photochemical eﬃciency

The Fv ⁄ Fm measurements showed a declining trend in
all genotypes under both seeding conditions (Fig. 4),
which was expected. The lowest Fv ⁄ Fm was attained in
the last date of observation. However, the rate of
decline was higher in the susceptible than resistant
genotypes. Similarly, normal planting conditions had a
slower decline in Fv ⁄ Fm than late planting. The Fv ⁄ Fm
(L) and AUFDC were negatively correlated with spot
blotch severity (Table 2). The spot blotch–resistant
genotypes – Milan Shanghai#7, Chirya.3 and NL971 –
were able to maintain high Fv ⁄ Fm value under stressed
conditions. AUFDC showed a stronger genetic correlation with grain yield and TKW than with spot
blotch. Lowest chlorophyll ﬂuorescence (Fv ⁄ Fm (L))

showed high genetic correlation with AUDPC and
TKW both under normal and under heat stressed conditions (Table 2).
The heritability estimates were high for AUFDC
(range: 0.55–0.89) and Fv ⁄ Fm (L) (range 0.53–0.79)
both under normal and under heat stressed conditions
(Table 2).
SPAD value

The diﬀerence between resistant and susceptible genotypes in the SPAD value taken just after anthesis
(SRA) was non-signiﬁcant. There was progressive
decline of chlorophyll content after anthesis (Fig. 4).
Diﬀerence in SPAD value among genotypes became
prominent with development of grain and disease. The
resistant genotypes had higher AUSDC than the susceptible genotype both under heat stressed and under
non-stressed conditions (Table 1). The AUSDC was
positively correlated with TKW and negatively with
AUDPC (Table 2). Both SRA (h2 range: 0.69–0.76)
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Fig. 3 Frequency distribution of F3 lines and selected high (SHigh) and selected low (SLow) lines for Chlorophyll Florescence (Fv ⁄ Fm) evaluated under normal and late planting conditions during 2006 at Rampur, Chitwan, Nepal. The selected high and low fractions are denoted
with horizontal bars. Open circle (s) indicates position of mean of BL 1473 parent whereas solid circle () represents the mean for the second
parent Milan ⁄ Shanghai#7, Chirya.3 or NL971

and AUSDC (h2 range: 0.73–0.86) showed high heritability under normal and heat stressed conditions
(Table 2).

Discussion
The low disease severity on Chirya.3 and Milan
Shanghai#7 and moderate value on NL971 were consistent with the results of previous studies (Duveiller
et al. 2005; Neupane et al. 2007).
The Fv ⁄ Fm and SPAD value showed continuous distribution inconsistent with previous studies (Araus
et al., 1998; Collaku and Harrison 2005). Reduced
Fv ⁄ Fm due to both stresses indicated their adverse
eﬀect on quantum yield potential of photosynthesis or
maximal photochemical eﬃciency of Photosystem II.
Reduced Fv ⁄ Fm due to heat stress is a well-known phenomenon (Moﬀatt et al. 1990a,b; Bassanezi et al. 2002;
Sayed 2003; Earl and Davis 2003). Besides, our study
showed that spot blotch had also adversely aﬀected
Fv ⁄ Fm in susceptible genotypes. In consistence with

our results, diﬀerent chlorophyll ﬂuorescence parameters have been suggested as a disease resistance or
severity screening tool for other host–pathogen systems
(Duraes et al. 2001; Sayed 2003; Chaerle et al. 2007).
Also, chlorophyll ﬂuorescence was found to be aﬀected
by both heat stress and spot blotch (Mercado et al.
2003). Phenotypic variation for photochemical eﬃciency is well known. Royo et al. (2000) observed variation for chlorophyll ﬂuorescence parameters during
the grain ﬁlling period. Chlorophyll ﬂuorescence was
found as a good marker for economic yield in barley
and was suggested as a selection criterion due to its
high heritability (Planchon et al. 1989).
The result of this study diﬀers from previous ﬁndings showing low to moderate heritability estimates of
chlorophyll content under other conditions (Collaku
and Harrison 2005). In fact, SPAD measurement is
indirect measure of leaf chlorophyll content but is
good indirect estimator of concentration of photosynthetically important pigments. Leaf colour, glaucous-
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Fig. 4 Eﬀect of spot blotch on photosynthetic quantum yield of PSII (Fv ⁄ Fm(L)), and chlorophyll content (SPAD value) of wheat genotypes
after anthesis in wheat genotypes evaluated during 2006–2007 at Rampur, Chitwan, Nepal. Bar represents standard error of means

Table 2
Genetic correlation of SPAD value and photochemical eﬃciency (Fv ⁄ Fm)–related traits with AUDPC and 1000-kernel weight under natural
epiphytotics of spot blotch and heat stress on wheat evaluated during 2006–2007 at Rampur, Chitwan, Nepal
Normal
Cross

AUSDC

Genetic correlation with AUDPC
BL 1473 · MS7
)0.72**
BL 1473 · Chirya.3
)0.74**
BL 1473 · NL971
)0.74**
Genetic correlation with 1000-kernel weight
BL 1473 · MS 7
0.76**
BL 1473 · Chirya.3
0.76**
BL 1473 · NL971
0.78**
Heritability
BL 1473 · MS 7
0.86
BL 1473 · Chirya.3
0.80
BL 1473 · NL971
0.74

SRA

AUFDC

)0.11
)0.20
)0.18

)0.82**
)0.79**
)0.84**

0.18
0.23
0.26
0.72
0.76
0.70

Heat stressed
Fv ⁄ Fm

Fv ⁄ Fm

AUSDC

SRA

AUFDC

)0.70**
)0.72**
)0.69**

)0.70**
)0.76**
)0.79**

)0.10
)0.08
)0.06

)0.84**
)0.89**
)0.80**

)0.73**
)0.70**
)0.65**

0.84**
0.83**
0.80**

0.69**
0.65**
0.75**

0.72**
0.72**
0.79**

0.18
0.21
0.16

0.81**
0.82**
0.79**

0.74**
0.73**
0.74**

0.89
0.83
0.55

0.79
0.69
0.58

0.82
0.82
0.73

0.76
0.69
0.73

0.86
0.84
0.82

0.72
0.71
0.53

(L)

(L)

MS7, Milan ⁄ Shanghai#7; SRA, SPAD value at anthesis; AUSDC, area under SPAD decline curve; Fv ⁄ Fm (L), lowest chlorophyll ﬂuorescence
Fv ⁄ Fm value; AUFDC, area under chlorophyll ﬂuorescence (Fv ⁄ Fm) progress curve; AUDPC, area under disease progress curve. *P < 0.05;
**P < 0.01.

ness and pubescence contribute to stress avoidance, by
reducing radiation absorbed by plants and increasing
crop albedo. In our study, both heat and disease stress
reduced chlorophyll content of leaves. It is well established that loss in chlorophyll content is closely associated with heat-induced damage to thylakoids (Ristic
et al. 2007). Thylakoid membranes and PS II are considered the most heat-labile cell structures. Thylakoids
harbour chlorophyll, a portion of which is associated
with the proteins of PS II. Damage to thylakoids

caused by heat is expected to result in a loss of chlorophyll. Postanthesis decline of chlorophyll content has
been found to be associated with heat stress (Reynolds
et al. 2007; del Blanco et al. 2000) and spot blotch
(Mercado et al. 2003; Rosyara et al. 2007). The results
of this study are consistent with the ﬁndings of these
earlier studies.
Breeders are always in search of traits that are good
predictors of yield under both stressed as well as nonstressed situations. A useful trait should be genetically
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correlated with the target traits of breedersÕ interest
under normal and ⁄ or stressed conditions. In addition,
measurements of the trait should be quick and cost
eﬀective. Labour requirement restricts using photosynthesis measurements as indicative of many stresses in
the plants (Earl and Tollenaar 1999).
The availability of recent models of chlorophyll ﬂuorometer allows non-destructive measurements of Fv ⁄ Fm
on the same leaf over time. Although measurement of
chlorophyll ﬂuorescence is faster than gas exchange
measurements, still breedersÕ measuring device to score
a large number of plants or lines per day. More
advanced measurement techniques, such as remote
sensing or thermal and visible ⁄ near infrared imaging
system might be useful for indirect estimation of leaf
chlorophyll content (Babar et al. 2006) and chlorophyll
ﬂuorescence (Moya et al. 2004) in future.
While applying physiological tools, one important
decision required is how many readings should be
taken precisely to represent the extent of stress to
plants. There could be two alternative ways to employ
these physiological traits: (i) taking a single reading
when the traits show highest level of variation among
genotypes, thus diﬀerentiating high from low without
confounding eﬀect of other physiological processes
such as natural senescence and (ii) recording three or
more readings during grain ﬁlling and calculate a progress curve including chlorophyll ﬂuorescence and
chlorophyll content. The concept of area under progress or decline curve has been found useful to integrate multiple observations for other physiological
processes (Rosyara et al. 2007; Wu et al. 2006) in
addition to the common use of AUDPC in plant
pathology to assess disease evolution. The results indicate that taking multiple readings and calculating progress or decline curve are more informative than
single reading.
The high genetic correlations of chlorophyll content
and photochemical eﬃciency–related traits with
AUDPC and TKW under both normal and heat
stressed condition show that these traits are linked.
Such results can be explained by the eﬀect of both
stresses on photosynthesis in leaves. Also, the high
heritability estimates under both heat stress and nonstressed conditions suggest that these traits can potentially serve as complementary indicators to select high
performing genotypes in spot blotch and terminal heat
stress conditions.
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