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Abstract. Barley yellow dwarf virus (BYDV) is a phloem-limited virus that is persistently transmitted by aphids and
causes significant yield losses in wheat (Triticum aestivum L.). The present study was conducted to investigate the effects
of BYDV in wheat on physiological and morphological traits, yield attributes and pasting properties of flour, and to
determine any differences for these traits between susceptible and resistant genotypes under BYDV infection. Significant
impact on physiological and morphological traits and yield was observed in plants inoculated at the 2-leaf stage
(Zadoks scale, Z12), with a greater impact in the three susceptible genotypes than in the resistant genotype. Yield
reduction with inoculation at Z12 was 18–49%, and yield reduction with inoculation mid tillering (Z25) was 6–31%.
There was a significant reduction in effective tiller number with both inoculation times, but 1000-kernel weight was
affected only with early inoculation. Pasting properties were little affected by BYDV infection, with genotype having
a larger effect than infection. Grain yield showed negative correlation with tissue-blot immunoassay and visual symptom
score, and positive correlation with all gas-exchange parameters, chlorophyll fluorescence, leaf area and biomass weight.
The results suggest that stomatal conductance, transpiration rate and chlorophyll fluorescence measurements are suitable
for assessment of BYDV infection and for screening BYDV of susceptible and resistant wheat genotypes.
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Introduction

Wheat (Triticum aestivum L.) is one of the most important
cereal crops in Australia and the most widely cultivated cereal
worldwide (Arzani and Ashraf 2017), with global annual
production >700 Mt (WASDE 2018). Global wheat production
is impacted by virus infections (Velandia et al. 2010), Barley
yellowdwarf virus (BYDV)beingoneof themostharmfulviruses.
BYDV infection causes physiological disruption and serious
economic losses (Trębicki et al. 2015) There are several strains
of BYDV, among them BYDV-PAV, which belongs to the genus
Luteovirus of the family Luteoviridae, and is the most common
serotype (Griesbach et al. 1990). BYDV-PAV is persistently
transmitted specifically by the aphids Rhopalosiphum padi and
Sitobion avenae (Kaddachi et al. 2014).

Yellowing or reddening of the leaf tips, particularly of the
flag leaf is themost obvious symptom of virus infection (Kosová
et al. 2008). The severity of BYDV infection varies with crop

species, genotype, and age and physiological conditions of host
plant at the time of infection (Loebenstein and Thottappilly
2013). However, symptoms in BYDV-infected wheat are not
always obvious and may be confused with those caused by
other biotic and abiotic stresses. Some BYDV-infected plants
show no symptoms (Irwin and Thresh 1990), even though the
presence of virus is established by serological test (Osler et al.
1985). Wheat genotypes containing the Bdv2 gene showed
less yellowing and lower viral titre than susceptible wheat
genotypes when infected by BYDV (Kausar et al. 2015).
Plants infected by BYDV may show a significant reduction
in plant biomass, leaf chlorophyll content and grain yield
(Jensen and D’Arcy 1995; McKirdy et al. 2002). Banks et al.
(1995a) studied the yield effects of a range of levels of BYDV
infection on susceptible wheat genotypes in the field and
showed that yield loss increased with the level of infection
in plots. Similar results have been reported by McKirdy et al.
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(2002), who found that yield loss due to BYDV infection can
be up to 80%. Virus infection affects not only grain yield but
also grain quality (Edwards et al. 2001; Trębicki et al. 2015).
Among the quality traits, pasting properties of starch are closely
linked to the texture of cereal-based processed products (Zhang
et al. 2017). However, to the best of our knowledge, nobody
has investigated the effect of BYDV infection on wheat flour
pasting properties.

It is important to identify the most suitable physiological
parameter to evaluate BYDV resistance. Although plant grain
yield is the ultimate test, the entire life cycle in the field should
be assessed, which is time-consuming and labour-intensive.
Physiological traits such as photosynthesis, transpiration rate,
stomatal conductance, CO2 assimilation, chlorophyll content,
Fv/Fm (maximum quantum efficiency of light harvesting
in PSII in dark-adapted leaves) and relative water content
would be good measures. Variation in physiological processes
due to viral diseases is one of the most important reasons
for decreased crop productivity across the world (Agrios
1997). Yield reductions following virus infection might arise
from decreased photosynthesis. The mechanisms through
which viruses induce a reduction in photosynthesis and other
physiological traits in host plants are not fully understood,
nor are the mechanisms of BYDV resistance and tolerance.
Photosynthesis might be impacted by reduction in chloroplast
number and loss of chlorophyll content in various viral
infections (Balachandran et al. 1997; Ryšlavá et al. 2003;
Guo et al. 2005a), with gas-exchange parameters and chlorophyll
fluorescence being possible suitable indicators (Bonfig et al.
2006; Berger et al. 2007). Chlorophyll fluorescence and,
primarily, the Fv/Fm ratio have proved reliable indicators for
abiotic and biotic stress tolerance (Durães et al. 2001).
A significant decrease in Fv/Fm was observed in Nicotiana
tabacum leaves infected by Potato virus A and Potato virus Y
(Ryšlavá et al. 2003; Zhou et al. 2004). However, this is
not always the case; Eupatorium makinoi plants infected by
a geminivirus showed no significant changes in the Fv/Fm
ratio (Funayama et al. 1997a).

Several methods are available for the control of BYDV.
The aphid vector can be effectively controlled through
insecticide treatments, but the timing is critical and
multiple applications can make this approach expensive and
environmentally damaging (Chain et al. 2005). The use of
plant varieties carrying genetic resistances is one of the most
effective, economical, sustainable and frequently employed
strategies to control viral infections (Nicaise 2014), hence the
importance of generating strategies for improving disease
resistance in wheat. Uniform inoculation is essential for
reliable selection of BYDV-tolerant varieties, and requires
the controlled application of reared, viruliferous aphids; for
effective breeding progress, natural infections in the field
can be too unreliable. Controlled inoculation by infestation
with viruliferous aphids also enables the assessment of
particular virus isolates and impacts of inoculation at various
developmental stages. A reliable method is needed to identify
resistant/tolerant genotypes for large-scale selection in breeding
programs. Despite the importance of BYDV, little attention has
been given to physiological traits as potential selection criteria
for resistance breeding.

This research investigated the effect of BYDV infection
on physiological parameters, biomass, yield traits and dough
pasting properties of wheat inoculated at different plant growth
stages, and their correlations inBYDV-susceptible and -resistant
genotypes.

Materials and methods
Plant materials, growing conditions, and experimental
design
The field experiment was conducted at Tasmanian Institute
of Agriculture, Launceston, Tasmania, from September 2017
to January 2018. Four wheat genotypes (cvv. Mace, Preston,
Wallup and BC Preston) were used. BC Preston (Preston*4/
Pontin13) is the only resistant genotype, being homozygous
for the Bdv2 resistant gene and is a BC3 derivative in the
background of cv. Preston. The Bdv2 gene is carried on the
Pontin13 recombinant alien translocation, originally derived
from Thinopyrum intermedium (Ayala-Navarrete et al. 2013).
A molecular marker (ByAgi) was used at every backcross
and in the F3 families to confirm homozygosity; and the
effectiveness of the resistance in this and other backcross
derivatives was confirmed in preliminary experiments (P. Larkin,
unpubl. data) and this study (Fig. 1).

All genotypeswere grown in outside tanks (1.2mby 1.0mby
0.6m) filled with a mixture of sandy loam soil and with plant
spacing of 10 cm by 10 cm. Fertiliser (N : P : K : S, 5 : 10 : 10 : 5)
was applied at sowing at the rate of 250 kg ha–1. An additional
75 kg N ha–1 was topdressed at the stem elongation stage (Z31;
Zadoks et al. 1974). A water tray was used to supply water to
the bottom of each tank. The bottom of each tank contained
50mm coarse gravel overlaid with drainage matting, and the
soil was placed on top to a depth of 400mm. The water level of
each container was maintained at 75mm depth by fitting a float
valve to the water tray. Excess water from rainfall flowed back
to the water tray and out of an overflow. Any water lost from
the plant containers through evapotranspiration caused a local
drop in the 750mm water level, which was resupplied by
the water tray. The lowest soil level remained fully saturated
while the surface was dry. There was a gradient of moisture by
depth between the top and bottom.

The experiment was conducted as a randomised complete
block design with three replications, with four genotypes and
three virus inoculation treatments (see below). Fifteen plants
from each genotype–inoculation treatment combination were
randomly selected for measurements of all of the physiological
parameters, visual symptom score, and virus detection by tissue-
blot immunoassay (TBIA). All of the genotypes were assessed
on the same day when most of the lines reached flowering stage
(Z65, 50%of plants flowering). The plants that were assessed for
TBIA were the same plants assessed for symptom severity and
all physiological and morphological parameters.

Aphid colony and virus inoculations
A viruliferous aphid colony (Rhopalosiphum padi) was
multiplied for 6 weeks in a growth chamber at 20� 28C under
a photoperiod of 16 h light, 8 h dark on a sensitive wheat
genotype (cv. Revenue) infected with BYDV-PAV. Colony
infection status was regularly tested by using a TBIA (see
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below) to ensure that aphid colonies were viruliferous. There
were three treatments: inoculation with BYDV-PAV at 2-leaf
stage (Z12, 3weeks after sowing); inoculationwithBYDV-PAV
at mid-tillering stage (Z25, 5 weeks after sowing); and control
(protected from aphid infection). All genotypes showed a
similar phenology; thus, the inoculation was conducted on the
same dates for all genotypes. Inoculation was done by placing
5–10 aphids on the second leaf from the top of each plant of
each treatment. To prevent the transmission of the aphids and
to maintain similar growing conditions, all plots, inoculated
and control, were shielded with transparent aphid-proof mesh.
One week after inoculation, the mesh was removed and the
plants were sprayed with the insecticide Astound (alpha-
cypermethrin) to kill all aphids.

Tiller sampling for virus detection
Plants harvested at flowering were tested for the presence of
BYDV-PAV using TBIA. One tiller from each of 15 plants
per treatment replicate was assessed according to the procedure
outlined in Schwinghamer et al. (2014). Each tiller was blotted
onto nitrocellulose membranes, examined with polyclonal
(BYDV-PAV) or monoclonal (BYDV-PAV) antisera (Agdia,
Elkhart, IN, USA), and visually evaluated under a dissecting
microscope.

Assessment of BYDV infection
The severity of BYDV infection tested by TBIA was scored

on a 0–4 scale, taking into account the number of vascular
bundles infected by the virus: 0, no virus; 1, very low level of
virus, <10% of vascular bundles infected and very low intensity
of staining of the vascular bundle; 2, low number of vascular
bundles (>10–25%) infected and low intensity staining of
vascular bundle; 3, moderate number of vascular bundles
(>25–50%) infected and moderate intensity staining of
vascular bundle; 4, higher number of vascular bundles (>50%)
infected and intensely stained vascular bundles.

Visual assessment of infection
The severity of symptom development on BYDV-infected

plants at flowering was scored on a 0–5 scale. The scale assessed

the proportion of leaves showing red–yellow discoloration on
the inoculated plants: 0, whole plant without symptoms; 1, a
few (<20%) discoloured leaves; 2, ~20% of leaves affected; 3,
40% of leaves affected; 4, 60% of leaves affected; 5, almost
all (>60%) leaves affected. Average visual symptom scores
were calculated.

Measurement of physiological parameters
Photosynthetic gas exchange

Gas exchange at flowering was measured between 10 : 00
and 13 : 00 local time on a sunny and cloudless day. Net
photosynthetic rate (Pn), stomatal conductance (Gs), intercellular
CO2 concentration (Ci) and transpiration rate (E) were
measured from the middle portion of fully expanded flag
leaves by using a Li-Cor 6400 portable photosynthesis
system (Li-Cor, Lincoln, NE, USA). Temperature was set at
208C with Tleaf reading. Photosynthetically active radiation
(PAR) was set at 1500mmolm–2 s–1 inside the chamber; CO2

was supplied artificially and was kept at concentration
400mmolmol–1 inside the chamber with a stable flow rate of
500mmolm–2 s–1 (Singh et al. 2014). Chamber fan speed
was set to high as default. Chamber relative humidity was
maintained in the range 40–50% by adjusting the H2O scrub.
The sample and reference infrared gas analyser were matched
between every five measurements.

SPAD chlorophyll meter reading and chlorophyll
fluorescence (Fv/Fm ratio)

Leaf chlorophyll content at flowering was measured for
15 plants from each treatment replicate by using a SPAD-502
chlorophyllmeter (KonicaMinolta,Osaka, Japan).Measurements
were recorded from the middle of the flag leaves.

The maximum quantum yield of PSII photochemistry (Fv/
Fm ratio) of the plants was measured by using a modulated
chlorophyll fluorometer OS1-FL (Opti-Sciences, Tyngsboro,
MA, USA). Leaves were dark-adapted for 30min before
measurements. Measurements were done on the upper surface
of the flag leaves.
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Relative water content (RWC)

The RWC was determined according to Smart and Bingham
(1974). For each treatment replicate, five flag leaves were
pooled, and their fresh weight (FW) determined. The leaves
were then immersed in water for 12 h at room temperature to
regain turgidity. The turgid tissue was then quickly blotted to
remove excess water, then turgid weight (TW) was measured.
The samples were then dried in an oven at 568C for 24 h to
determine dry weight (DW). RWC was calculated by using the
following formula:

RWC ð%Þ ¼ ððFW� DWÞ=ðTW� DWÞÞ100
Leaf area
Flag leaves were randomly collected at flowering from

five plants from each treatment replicate, and leaf area was
measured by using the Paton Electronic Planimeter (Paton
Industries P/L, Geelong, Vic, Australia). The area of the leaf
is measured as it is drawn through the scanning head. The
scanning head was combined with a transparent belt conveyer
with constant speed in order to measure the area of detached
leaves.

Plant biomass and yield traits
Three of the plants randomly sampled from each treatment

replicate atfloweringweredried for 2days at 658Cfor 72 hbefore
taking biomass.

Later, at maturity, a further10 plants were harvested from
the centre of each treatment replicate (i.e. 30 plants in total)
for determining number of effective tillers. Grain yield and
1000-kernel weight were determined after threshing the mature
spikes.

Pasting properties
The Rapid Visco-Analyser (RVA-4D; Newport Scientific,

Sydney) was used to measure pasting properties via the
method of Zhou and Mendham (2005). After harvesting
and threshing, a 10.0-g sample of cleaned grains from each
genotype in each treatment replicate was ground on a
Cyclotech 1903 Mill (Foss, Hillerød, Denmark). Then, a
4.0-g sample of the flour was dissolved in 25.0 g 0.1 M

silver nitrate (AgNO3) solution in an aluminium canister
and mixed well before placing into the RVA. To ensure the
dispersion of the grist, the RVA was used for 10 s at 960 rpm
then reduced to 160 rpm for the test run. The temperature was
initially 508C for 1.0min, then elevated to 958C for 3.7min,
held for 2.5min and cooled to 508C over 3.8min, then held
for 2.0min.

Statistical analyses

Statistical analyses were performed with Statistical Analysis
System (SAS) version 9.4 (SAS Institute, Cary NC, USA),
using ANOVA followed by the Duncan’s multiple range
test (DMRT) to evaluate the genotype and treatment effects.
The significance of correlations between different parameters
was determined by bivariate correlations based on Pearson’s
correlation (2-tailed).

Results

Validation of inoculation

Infections with BYDV were confirmed by TBIA, with
susceptible genotypes showing higher levels of infection than
the resistant genotype (Fig. 1a). When inoculated at the 2-leaf
stage, the highest TBIA score was observed in susceptible
wheat genotypes Mace and Wallup (2.8) and Preston (2.6).
Mace also showed the highest TBIA score in plants inoculated
at tillering stage (2.3), followed by Wallup (2.1) and Preston
(1.8). BC Preston had the lowest infection scores at both
inoculation stages: 1.8 and 1.3 for 2-leaf and mid-tillering
stages, respectively.

Development of leaf symptoms

Symptom expression was recorded at the flowering stage. All
genotypes except BC Preston developed strong leaf-yellowing
symptoms, indicating the lower field infection of this genotype.
Disease severity was greater when plants were infected at the
2-stage, causing the greatest leaf discoloration of susceptible
genotypes (Fig. 1b). The wheat genotype containing the Bdv2
gene,BCPreston, showed a significantly lower disease symptom
score (1.8) than Mace (3.8), Wallup (3.6) and Preston (3.2).

Photosynthetic gas exchange, chlorophyll content
and chlorophyll fluorescence

Consistent with leaf-symptom-development data, BC Preston
showed less reduction in photosynthesis than the three
susceptible genotypes under BYDV stress. Mace showed
higher photosynthetic rate (Pn) than the other three genotypes
when grown under non-inoculated conditions (Fig. 2a). BC
Preston showed a reduction in Pn by only 12% and 6%
(compared with control) for early (Z12) and late (Z25)
infection, respectively. Much stronger reduction was found
in the three susceptible genotypes (~44% in Wallup; 56% in
Mace; 40% in Preston; under early infection).

Chlorophyll content (measured by SPAD meter) was
significantly reduced in BYDV-infected wheat across the
genotypes, and more reduction was observed in plants
inoculated at the 2-leaf stage than at mid tillering (Fig. 2b).
The average reduction of leaf chlorophyll content was 35–38%
(P < 0.01) for early and 24–33% (P < 0.01) for late inoculation,
whereas the resistant genotype BC Preston exhibited only
~16% and 10% (P < 0.05) reduction, respectively.

Similar to Pn, stomatal conductance (Gs) and transpiration
rate (E) were significantly reduced by BYDV infection across
the four genotypes (Fig. 2c, d). In BC Preston, reduction in
Gs was only 10% and –20% (relative to control) when infected
at tillering and the 2-leaf stage, respectively (Fig. 2c). When
inoculated at the 2-leaf stage, Wallup and Mace showed a
~70% reduction in Gs, and inoculation at tillering resulted in
a reduction of ~60%. Reduction in E was similar in Wallup
and Mace (45%) at early infection, whereas the reduction
was ~32% and 7% in Preston and BC Preston, respectively
(Fig. 2d). Among all of the gas-exchange parameters,
intercellular CO2 concentration (Ci) was least affected, with
only 4–12% decrease when inoculated at the 2-leaf stage and
1–6% decrease, when inoculated at mid-tillering (Fig. 2e).
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Inoculation with BYDV also reduced chlorophyll fluorescence
(Fv/Fm ratio). Fv/Fm values ranged from 0.81 to 0.82 among
the genotypes under control conditions; however, a significant
variation in Fv/Fm values was found in BYDV-infected plants
(P< 0.01; Fig. 2f). Reduction in Fv/Fm was ~20% in both
Wallup and Mace, and ~14% in Preston, at the early infection
stage. Furthermore, lower reduction of Fv/Fm values was
observed in BC Preston, which was as low as 2% and 5%,
respectively, under late and early infection.

RWC and leaf area

Infection with BYDV caused significant reductions in RWC
in flag leaves of all susceptible wheat genotypes, ranging from
7% for Preston to 12% for Wallup when inoculated at the
2-leaf stage and from 4% for Preston to 6% for Mace when

inoculated at mid-tillering. No significant change was found in
the resistant genotype with late-stage inoculation (Fig. 3a).

Flag leaf area was significantly (P < 0.01) reduced in all
wheat genotypes when virus was inoculated at the 2-leaf stage
(Fig. 3b). Wallup showed the greatest reduction (42%), whereas
BC Preston showed the lowest reduction (15%). Late infection
(at mid-tillering) caused less reduction in flag leaf area, being
18–29% for sensitive genotypes and only 6% for BC Preston.

Plant biomass

Early BYDV infection resulted in a significant reduction
in plant biomass across the genotypes (Fig. 3c). BC Preston
showed the smallest reduction in shoot biomass, whereas
Preston, Wallup and Mace were much more sensitive to
BYDV treatment. Even with early infection, BC Preston was
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able to maintain its biomass weight at ~75% of control.
For Preston, Wallup and Mace, biomass weight was reduced
to 40%, 45% and 50%, respectively, of that in the control.
The same trends were shown when inoculated at mid-tillering
(Fig. 3c).

Grain yield, effective tiller number and 1000-kernel
weight

Grain yield was significantly reduced in BYDV-infected
wheat across the genotypes, especially when inoculated at the
2-leaf stage (Fig. 4a). Grain-yield loss due to BYDV infection
ranged from 14% in the resistant genotype BC Preston
to 49% in the sensitive genotypes Mace and Wallup when
inoculated at the 2-leaf stage. Late BYDV infection had much

less effect on grain yield, with only 10% (Preston) to 31%
(Wallup) reduction in sensitive genotypes and no significant
reduction in the resistant genotypes (Fig. 4a).

The number of effective tillers was significantly (P� 0.01)
reduced by BYDV infection in all wheat genotypes inoculated
at the 2-leaf stage compared with control, with much greater
reduction in susceptible genotypes (Fig. 4b). Reduction in
number of tillers was greatest in susceptible wheat genotype
Mace (34%) followed byWallup (21%) and Preston (19%), and
smallest in BC Preston (5%). There was a 4–12% (P < 0.05)
decrease in number of effective tillers per plant in susceptible
wheat genotypes inoculated at tillering (Fig. 4b); however,
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the resistant genotype (BC Preston) showed no significant
change. 1000-kernel weight was also significantly (P < 0.05)
affected by virus infection in all genotypes inoculated at
the 2-leaf stage, ranging from 3% to 18% (Fig. 4c). BYDV
inoculation at mid-tillering showed no significant effects on
1000-kernel weight except in Preston.

Effects of BYDV on pasting properties

Pasting parameters including peak viscosity (PV), breakdown
viscosity (BV), final viscosity (FV) and setback viscosity (SV)
of the different wheat genotypes showed different responses
under BYDV infection (Fig. 5). In Wallup, PV (5%) and BV
(15%) were significantly decreased but there was no effect on
FV and SV compared with the control. However, in Mace, FV
(9%) and SV (11%) were significantly decreased, with no
effect on PV and BV. Preston showed significantly decreased
PV (11%), BV (23%) and FV (4%) in BYDV-inoculated plants
compared with control. However, in BC Preston, the reduction
of different pasting properties ranged from 2% to 10%.

Correlation analysis

Pearson’s correlation coefficients among BYDV treatments
are listed in Table 1. Grain yield was positively correlated
with all the physiological and morphological parameters and

negatively correlated with TBIA and symptom score measured
following two different inoculation stages. With early
inoculation (at Z12), stomatal conductance and transpiration
rate showed the highest correlation with grain yield, whereas
with late inoculation, chlorophyll fluorescence showed the
highest correlation with grain yield.

Discussion

We investigated the effect of BYDV infection on different
physiological parameters and yield traits following inoculation
at two different developmental stages. TBIA results indicated
successful viral infection following both early and late
inoculation. The study showed that the proportion of infected
plants depended on plant genetic background. The experiment
showed that earlier virus infection led to a greater impact on
physiological parameters, and subsequently on plant biomass
and yield. The experiment showed that heavy yield losses
could occur in susceptible genotypes following both early and
late infection. The resistant genotype was less affected by virus
infection than susceptible genotypes, including its recurrent
parental background.

The photosynthetic system is the physiological basis of
crop growth and yield (Sun et al. 2009). Reduction in
photosynthetic rate due to virus infection is associated with
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physical damage to the chloroplast structure and deterioration
of its membranes (Fraser and Fraser 1987). BYDV infection
caused significant reductions in Pn of susceptible wheat
genotypes, which showed greater negative correlation with
symptom score likely because virus infection can reduce
green leaf area or cause transport blockage and accumulation
of photosynthate in infected leaves. This abnormal accumulation
may inhibit further photosynthesis by disrupting chloroplast
structure, reducing CO2 diffusion or light availability, and
may be accentuated by phloem necrosis (Esau et al. 1967).
Jensen (1969, 1968) found that BYDV-infected plants had
greater accumulation of carbohydrate in leaves, possibly through
disruption of normal phloem transport and corresponding reduced
chlorophyll content and rate of photosynthesis. Reduction of
Pn was observed in Eupatorium makinoi leaves infected by a
geminivirus, and it was suggested that the reduction may be due
to the decline of chlorophyll per unit leaf area in infected leaves
(Funayama et al. 1997b). In our results, chlorophyll content of
plants infected with BYDV was reduced significantly more in
susceptible genotypes than in the resistant genotype. Similar
results were found in a study of Rice tungro virus on rice plants,
in which virus-infected resistant genotypes showed minimal
loss of chlorophyll (Jabeen et al. 2017). Reduction in
chlorophyll contents with virus infection might be a result
of chlorophyll degradation (Liu et al. 2014) or chlorophyll
synthesis inhibition (Shimura et al. 2011).

During photosynthesis, stomata play a critical role in CO2

assimilation and carbon fixation, which ultimately contribute
to increased plant biomass and grain yield (Hetherington and
Woodward 2003). A decrease in stomatal conductance (Gs)
and transpiration rate (E) was observed in grapevine leaves
affected by Grapevine leafroll virus (Bertamini et al. 2004),
in radish leaves infected by Turnip mosaic virus (Guo et al.
2005b), and in tobacco leaves affected by Potato virus Y
(Spoustová et al. 2013). Stomata were less opened in
sugarcane leaves inoculated with Sugarcane yellow leaf virus
(Lehrer and Komor 2008). In this study, stomatal closure was

evident as a drastic reduction in stomatal conductance,
which presumably acted as a major factor in reducing net
photosynthesis (Pn) in BYDV-susceptible genotypes. BC
Preston showed minimal decrease in Gs, as well as transpiration
rate, even when inoculated early. Our results also showed
a positive and significant correlation between E and Gs in all
wheat genotypes tested.

Virus infection in susceptible plants induced reduction
in photosynthetic traits including chlorophyll fluorescence
(Fv/Fm ratio) and CO2 assimilation (Ci) (Rys et al. 2014).
The Fv/Fm ratio provides basic information regarding
photosynthetic apparatus (Rapacz and Hura 2004). In our
result, light interception by PSII measured by the Fv/Fm ratio
was significantly reduced in susceptible wheat genotypes,
suggesting that virus infection destroys functional photosynthetic
reaction centres, leading to chlorophyll degradation (lower
SPAD values). In addition, BYDV infection also led to Ci
reduction in susceptible wheat. The reduction of Pn in wheat
leaves infected with Wheat streak mosaic virus was associated
with reduced Ci (Pradhan et al. 2015).

Infection with BYDV severely reduced leaf area of
susceptible wheat plants compared with the control. Cauliflower
mosaic virus caused significant reduction of the leaf area of
Brassica rapa and Arabidopsis thaliana plants (Doumayrou
et al. 2013). Banana plants infected with Banana bunchy top
virus showed an apparent significant decrease in leaf area
at 50 days after infection (Hooks et al. 2008), leading to
reductions in light interception (Kumar et al. 2012). In our
study, susceptible genotypes infected with BYDV had
significantly reduced leaf area, photosynthetic efficiency and
biomass weight, whereas the resistant genotype infected with
BYDV showed little effect on plant biomass.

The gene Bdv2 confers resistance in the sense of reducing
but not eliminating viral load (Banks et al. 1995b); in addition,
it seems to reduce the efficiency of transmission to plants
(Ayala-Navarrete et al. 2013; Jahier et al. 2009). The reduced
virus load in the present study resulted in reduced effects on
most of the physiological and morphological parameters
measured. In our results, two susceptible genotypes, Wallup
and Mace, showed greater yield reduction (>30%) at both
early and late infection. However, the reduction of yield was
more pronouncedwith earlier inoculation, as has been frequently
observed with BYDV (Smith and Sward 1982; Thackray et al.
2009; Finlay and Luck 2011; GRDC 2013). BYDV infection
at a later developmental stage has less time to disrupt plant
physiological parameters, thus causing less yield reduction.
Grain yield reduction in wheat plants infected with BYDV
was mainly expressed in reduced number of effective tillers
per plant (El-Yamani and Hill 1990) rather than 1000-kernel
weight, especially when BYDV infection happened at a later
stage. BYDV-resistant genotype BC Preston, which carries
the resistance gene Bdv2, showed good performance in
physiological and yield-contributing parameters with low
levels of infection rates.

Infection with BYDV had minimum effects on grain
flour pasting properties. The difference between genotypes
was greater than the effects of the infection, confirming
that pasting properties are largely influenced by genotype
(Zhou et al. 2008).

Table 1. Correlation between relative grain yield and different
physiological and growth traits of four wheat genotypes grown under

field condition
Pn, Net photosynthetic rate (mmol CO2 m2 s–1); E, transpiration rate
(mmol m2 s–1); Gs, stomatal conductance (mmol m2 s–1); Ci, intercellular
CO2 (mmol mol–1); Fv/Fm, chlorophyll fluorescence; SPAD, chlorophyll
content; LA, leaf area; RWC, relative water content (%); BW, biomass

weight; TBIA, tissue-blot immunoassay. *P< 0.05; **P< 0.01

Traits Relative grain yield
Inoculated at Z12 Inoculated at Z25

Relative Pn 0.87** 0.76**
Relative E 0.94** 0.74**
Relative Gs 0.94** 0.84**
Relative Ci 0.54 0.64*
Relative Fv/Fm 0.93** 0.88**
Relative SPAD 0.89** 0.87**
Relative LA 0.73** 0.60*
Relative RWC 0.87** 0.72**
Relative BW 0.87** 0.57*
TBIA –0.83** –0.35
Visual symptom score –0.88** –0.62*
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In conclusion, the present study suggests that gas-exchange
parameters (Pn, E and Gs), chlorophyll content, Fv/Fm, leaf
area, RWC and plant biomass under BYDV stress could all
be used as reference indicators for selecting BYDV-resistant
genotypes. However, Fv/Fm is relatively simple and rapid to
measure and, thus. is likely to be more efficient for screening
a large number of genotypes. Both TBIA and visual symptom
score showed significant (negative) correlation with grain
yield. However, neither can be scored at early growth stage
and TBIA requires more time.
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