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Abstract: Fusarium head blight (FHB) is one of the most serious fungal diseases of wheat (Triticum
aestivum L.). It causes major reduction of grain yield and quality, while the safety of wheat products
is at risk due to mycotoxin contaminations. To contribute to a better understanding of mechanisms
governing more efficient defense strategies against FHB, an evaluation of photosynthetic efficiency
was performed during different phases of infection, i.e., before visual symptoms occur, at the onset
and after the development of disease symptoms. Six different winter wheat varieties were artificially
inoculated with the most significant causal agents of FHB (Fusarium graminearum and F. culmorum) at
two different locations. Photosynthetic efficiency was assessed in flag leaves and ears of inoculated
and untreated (control) plants based on measurements of chlorophyll a fluorescence rise kinetics
and the calculation of JIP-test parameters. Obtained results indicate that the response of wheat to
Fusarium infection includes changes in photosynthetic efficiency which can encompass alternating
reductions and increases in photosynthetic performance during the course of the infection in both
flag leaves and ears. FHB-induced photosynthetic adjustments were shown to be somewhat variety-
specific, but location was shown to be a more significant factor in modulating the response of wheat
to Fusarium infection. Changes in chlorophyll a fluorescence rise kinetics could be detected prior to
visible symptoms of the disease. Therefore, this method could be applied for the early detection of
Fusarium infection, particularly the analysis of L-band appearance, which showed a similar response
in all inoculated plants, regardless of variety or location.

Keywords: chlorophyll a fluorescence; Fusarium spp.; OJIP kinetics; photosynthesis

1. Introduction

Wheat (Triticum aestivum L.) is one of the world’s most important cereal crops. Global
demand for wheat is growing but achieving yield and quality increases is challenging [1].
Along with the decreasing availability of suitable agricultural land, climate change, and
unfavorable abiotic conditions, wheat production is significantly affected by pathogenic
fungi [2]. Fusarium head blight (FHB), which is among the most serious wheat diseases,
is caused by several Fusarium spp., such as F. graminearum, F. culmorum, and F. avenaceum,
and other related fungi [3]. Infection with Fusarium fungi significantly reduces grain
yield and causes poor wheat grain quality [4–6]. In addition, wheat grains and products
become contaminated with mycotoxins produced by FHB pathogens, which are harmful
for humans and animals [7–9].

Appropriate crop management practice and selected chemical treatments may lower
losses associated with FHB. Along with this, the selection of more FHB resistant wheat
genotypes, which are able to retain adequate grain yield and quality and low mycotoxin
contamination when exposed to FHB, represents a long-term sustainable strategy of wheat
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production. Furthermore, fungicide treatment was shown to be more effective at reducing
FHB severity and decreasing the accumulation of the main Fusarium mycotoxin deoxyni-
valenol (DON) in moderately resistant, compared to highly FHB susceptible varieties [10].
However, selecting for such genotypes is hampered by the complexity of FHB resistance
traits [11,12]. The mechanisms governing more efficient defense against FHB are not fully
uncovered [13]. The resistance reaction of wheat to Fusarium infection includes the fol-
lowing components: Type I, resistance to initial infection; Type II, resistance to spread of
symptoms [14]; Type III, resistance to toxin accumulation [15]; Type IV, resistance to kernel
infection [16,17]; Type V, yield tolerance [16,17].

In general, pathogen attack can induce significant changes in secondary metabolic
processes associated with plant defense, but it can also impair primary metabolism, such as
photosynthesis, assimilate partitioning, and source–sink regulation [18]. During Fusarium
infection, various changes at the physiological and molecular level can be detected. These
changes affect wheat ears where infection is located, but other parts of the infected plant
such as leaves can also be affected [13,19,20]. FHB was shown to be associated with
changes in oxidative stress levels and modifications in antioxidative response as well as
callose deposition, which are considered to be related to FHB resistance [13,20–23]. It was
also implicated that photosynthesis is interconnected with plant immune defense against
Fusarium species [24]. More significant reduction of net photosynthesis and stomatal
conductance of flag leaves was detected in a resistant, compared to susceptible wheat
sister line, while the opposite effect was observed for yield components [19]. A possible
role of photosynthesis in response to FHB was also indicated by changes of leaf and ear
transcriptome [13], while Ajigboye et al. [25] pointed to changes in photosystem II (PSII)
photochemistry in detached glumes caused by different Fusarium species. However, in
some studies, a correlation between leaf photosynthetic efficiency and Fusarium infection
was not indicated [26].

In C3 cereals, such as wheat, the flag leaf is considered to be the main photosynthetic
tissue, but the ear is also photosynthetically active and can contribute to final grain yield,
especially under unfavorable growth conditions [27]. The evaluation of photosynthetic
efficiency of flag leaves and ears of wheat in this study was based on the measurement
of chlorophyll a fluorescence rise kinetics (OJIP kinetics) combined with a multipara-
metric analysis of the recorded fluorescence transients (JIP-test). This is an efficient and
non-invasive approach to obtain insights into the functioning of photosynthetic machin-
ery [28–30]. It has been intensively used for the investigation of abiotic stress response in
various plant species and the adaptation of plants to different growth conditions [31–37].
Chlorophyll a fluorescence (ChlF) measurements were also used for the evaluation of the
plant’s response to pathogen attack and disease severity [25,38–41]. The aim of this study
was to provide a better understanding of the response of the photosynthetic apparatus of
different winter wheat varieties to Fusarium infection and to explore the possible role of
FHB-induced changes in photosynthetic efficiency in overall disease outcome. Since the
impact of FHB as well as defense strategies can vary significantly between different wheat
varieties and due to specific growth conditions and/or agricultural practices [42,43], the
evaluation of dynamic of FHB-induced changes in photosynthetic efficiency was performed
at two different locations.

2. Materials and Methods
2.1. Plant Material

The experiment was conducted on six winter wheat (Triticum aestivum L.) varieties
from Agricultural Institute Osijek: Golubica, El Nino, Galloper, Tika Taka, Vulkan, and
Kraljica. Golubica is a winter variety with excellent quality, belonging to A1 quality group,
with more than 14% protein content. However, it is subject to underproduction due to
its high susceptibility to FHB. El Nino is a winter variety with plant height of 89 cm. It
has tolerance to low temperatures and mild drought. Furthermore, it has medium quality
properties with average 1000 kernel weight of 41 g. Galloper is a medium early variety
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with plant height of 92 cm. Galloper has an average 1000 kernel weight is 45 cm with
medium quality properties (B1 quality group). Plant regulators are recommended for good
efficiency of genetic potential. It has good resistance to most widespread wheat diseases.
Tika Taka is a new high yielding variety belonging to A2-B1 quality group, the same quality
group as Vulkan. It has good lodging resistance with plant height of 82 cm and 1000 kernel
weight of 42 g. Vulkan is a winter variety with owns, with high genetic potential. It has a
large number of productive tillers per unit area but is taller than Kraljica with plant height
of 87 cm. Kraljica is a high yielding winter wheat variety which belongs to A2 quality
group. It is also the most widespread variety in Croatia. Kraljica has an average 1000
kernel weight of 40 g. It demonstrates tolerance to low temperatures and good resistance
to lodging.

2.2. Field Experiments

The experiment was conducted during the vegetative season 2019/2020 at two experi-
mental locations: Osijek (45◦27′ N, 18◦48′ E) and Tovarnik (45◦10′ N, 19◦09′ E). Those two
locations differ in soil type and climatic condition [44]. At Osijek, the soil is eutric cambisol
(pHKCl–6.25, humus–2.00–2.20%), while Tovarnik has black soil chernozem (pHKCl–7.42,
humus–2.75–3.00%). At both locations, a completely randomized block design was applied.
Wheat was sown during October 2019 in 7.56 m2 plots. The agrotechnical practice used was
standard for commercial wheat production, except for fungicide application which was
omitted in this experiment. The experiment included two different treatments (Fusarium
inoculation and untreated control) where one treatment consisted of two replications (two
plots). Each wheat variety was planted in four plots at each location and same experimental
design was used at both locations (Osijek and Tovarnik). Plant density was 3000–3500
plants per 7.56 m2.

In order to assess the effects of FHB on photosynthesis, artificial inoculation on se-
lected wheat varieties was performed at the flowering stage (Zadok’s stage 65) [45] at
two replicated plots with Fusarium inoculum composed of 1:1 F. graminearum stain PIO
31 (obtained from the wheat in East Croatia) and F. culmorum strain IFA 104 (obtained
from IFA, Tulln, Austria). Plants from untreated plots were used as a control in the experi-
ment. Inoculum preparation and inoculation were performed as previously described [44].
Disease severity (general resistance) was estimated based on the percentage of bleached
spikelets per plot according to a linear scale (0–100%) at 10, 14, 18, 22, and 26 days after
inoculation. All these values were used to calculate the area under the disease progress
curve (AUDPC) for FHB severity [46] and additionally values for days when ChlF was
recorded (10 and 18 dpi) are presented. Disease incidence (Type I resistance) was calculated
as the percentage of diseased ears after assessing a random sample of 30 heads at 10, 14, 18,
22, and 26 days after inoculation. All these values were used to calculate the area under the
disease progress curve (AUDPC) for Type I resistance [46]. Additionally, values for days
when ChlF was recorded (10 and 18 dpi) are presented. Agronomical and quality traits
for all varieties included in this study have been assessed at both Osijek and Tovarnik in
season 2019/2020 [44]. The grain yield was measured by harvesting the whole area of each
plot followed by correction to 14% moisture (on a wet basis) and expressed as dt ha−1.

2.3. Measurement and Analysis of Fast Cholophyll a Fluorescence

The chlorophyll a fluorescence (ChlF) measurements on flag leaves and ears of artifi-
cially inoculated and untreated wheat were performed at three measurement points: (1)
prior to the development of symptoms at three days post-inoculation (dpi) (Zadok’s stage
65 [45]); (2) at the onset of first visible disease symptoms at 10 dpi (Zadok’s stage 70 [45]);
and (3) after the development of disease symptoms at 18 dpi (Zadok’s stage 75 [45]).

The OJIP fluorescence transients were measured with a Handy-PEA fluorimeter (Plant
Efficiency Analyser, Hansatech Instruments Ltd., King’s Lynn, Norfolk, England). At both
locations (Osijek and Tovarnik), for each of the six varieties, 20 plants (10 from each plot)
from inoculated plots and 20 plants (10 from each plot) from untreated plots were analyzed
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by performing measurements on flag leaves and ears. After dark adaptation for 30 min,
ChlF transients were induced by red light (peak at 650 nm) of 3000 µmol photons m−2

s−1 and recorded for 1 s with 12 bit resolution. The JIP-test was applied to analyze and
compare ChlF transients [28,30]. JIP-test parameters included in this study are presented
in Table 1. Additionally, transients were normalized as relative variable fluorescence (WOP,
WOJ, WOK) and presented as difference kinetics (∆W = Winoculated −Wuntreated) between
plants inoculated with Fusarium fungi and untreated control plants. The difference kinetics
∆WOP was used to reveal major changes occurring in the O–J and O–I phases after Fusarium
inoculation. The difference kinetics ∆WOJ is used to reveal K band (at 300 µs) which, when
positive, is considered to reflect an inactivation of the oxygen evolving complex and/or an
increase of the functional PSII antenna size. The difference kinetics ∆WOK is used to reveal
the L band (at 150 µs), which is positive when energetic connectivity (grouping) between
the PSII photosynthetic units is lower in inoculated plants, compared to untreated control
plants, and negative when energetic connectivity is higher in inoculated plants, compared
to untreated control plants [28,30].

Table 1. List of JIP-test parameter used in the study including their calculations and
descriptions [28–30]. Parameters written in bold are presented in the study and other parameters
included in the table are required for their calculation.

Data extracted from the recorded ChlF transient

Minimal fluorescence intensity at 20 ms—O
step F0

Maximal fluorescence intensity—P step Fm
Fluorescence intensity at 300 µs F300

Fluorescence intensity at 2 ms—I step FI
Fluorescence intensity at 30 ms—J step FJ

Fluorescence intensity at any time t Ft
Time (in ms) to reach maximal fluorescence FM tFM

Total complementary area between
fluorescence induction curve and F = FM Area

Fluorescence parameters derived from the extracted data

Maximal variable fluorescence FV = Fm − F0
Relative variable fluorescence at 2 ms (J step) VJ = (FJ − F0)/(Fm − F0)

Relative variable fluorescence at 30 ms (I step) VI = (FI − F0)/(Fm − F0)
Relative variable fluorescence normalized to

the amplitude at any time t WOP = (Ft − F0)/(Fm − F0)

Relative variable fluorescence normalized to
the amplitude of the O–J phase (K-band) WOJ = (Ft − F0)/(FJ − F0)

Relative variable fluorescence normalized to
the amplitude of the O–K phase (L-band) WOK = (Ft − F0)/(FK − F0)

Approximated initial slope (in ms−1) of the
fluorescence transient V = f(t)

M0 = (dV/dt)0 = 4 × (F300 − F0)/(FM − F0)

Quantum yields and efficiencies

Maximum quantum yield for primary
photochemistry TR0/ABS ≡ ϕP0 = [1 − (F0/FM)] = Fv/FM

Quantum yield for electron transport (ET) ET0/ABS ≡ ϕE0 = (1 − F0/FM) × (1 − VJ)
Efficiency/probability for electron transport

(ET), i.e., efficiency/probability that an electron
moves further than QA

−
ET0/TR0 ≡ ψE0 = (1 − VJ)

Efficiency/probability with which an electron
from the intersystem electron carriers moves to

reduce end electron acceptors at the
photosystem I (PSI acceptor) side (RE)

RE0/ET0 ≡ δR0 = (1 − VI)/(1 − VJ)
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Table 1. Cont.

Quantum yields and efficiencies

Probability that PSII chlorophyll (Chl)
molecule functions as RC γRC = ChlRC/Chltotal = RC/(ABS + RC)

QA-reducing RCs per PSII antenna Chl
(reciprocal of ABS/RC) RC/ABS = γRC/(1 − γRC) = ϕP0 (VJ/M0)

Specific energy fluxes per active (QA− reducing) photosystem II (PSII) reaction center (RC)

Absorption flux (of antenna Chls) per active
RC ABS/RC = M0 × (1/VJ) × (1/ϕP0)

Trapping flux (leading to QA reduction) per
active RC TR0/RC = M0 × (1/VJ)

Electron transport flux (further than QA
−) per

active RC ET0/RC = M0 × (1/VJ) × ψE0

Dissipation flux per active RC DI0/RC = (ABS/RC) − (TR0/RC)

Performance indexes

Performance index (potential) for energy
conservation from

exciton to the reduction of intersystem electron
acceptors

PIABS = [γRC/(1 − γRC)] × [ϕP0/(1 − ϕP0)] ×
[ψE0/(1 − ψE0)]

Performance index (potential) for energy
conservation from

exciton to the reduction of PSI end acceptors
PITOTAL = PIABS × (δR0/1−δR0)

2.4. Statistical Analysis

Statistical data analysis included factorial analysis of variance followed by post-
hoc Tukey’s HSD (honestly significant difference) test in order to determine statistically
significant differences among artificially inoculated and untreated plants of each variety
separately. For statistical analysis, Statistica 13.4.0.14 software (TIBCO Software Inc., Palo
Alto, CA, USA) was used. Differences were considered significant at p < 0.05.

3. Results
3.1. FHB Severity, Incidence and Effect on Grain Yield

FHB severity and incidence were assessed for the first time at 10 days post inoculation
(dpi) and assessment continued every four days until 26 dpi in order to calculate AUDPC
for general FHB and AUDPC for Type I resistance (Table 2). Symptoms of FHB were not
visible at 3 dpi for any of tested varieties. However, FHB symptoms became visible at
all Fusarium inoculated plots during the experiment, indicating the success of applied
artificial inoculation. Moreover, symptoms of FHB were not visible on wheat untreated
with Fusarium spp. during the experiment at both Osijek and Tovarnik. FHB severity
varied between 0 and 2.5 at 10 dpi and between 0 and 22.5 at 18 dpi (Table 2). AUDPC for
FHB severity was the highest for El Nino, followed by Golubica at both locations, and it
was lowest for Galloper, compared to other varieties at Osijek. Meanwhile, at Tovarnik,
Galloper and Kraljica had the same AUDPC for FHB severity. FHB incidence at 10 dpi
varied between 0 and 11.5 and between 3 and 23.5 at 18 dpi (Table 2). AUDPC for Type I
resistance at Osijek was the highest for El Nino, but it was also quite high for Golubica,
Tika Taka, and Kraljica varieties, while it was lower for Galloper and Vulkan. At Tovarnik,
differences in AUDPC for Type I resistance between varieties were more pronounced with
El Nino showing a much higher value compared to other varieties, and the lowest value
was obtained for Vulkan followed by Kraljica and Galloper.
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Table 2. Fusarium head blight (FHB) severity at 10 days post inoculation (dpi) and 18 dpi, AUDPC for general FHB
(calculated from the percentage of bleached spikelets per plot at 10, 14, 18, 22 and 26 dpi), FHB incidence at 10 dpi and 18
dpi, AUDPC for Type I resistance (calculated from the percentage of diseased ears after assessing a random sample of 30
heads at 10, 14, 18, 22 and 26 days after inoculation) and grain yield (GY) decrease for six winter wheat varieties at two
different locations (Osijek and Tovarnik).

Variety
FHB

Severity at
10 dpi

FHB
Severity at

18 dpi

AUDPC for
FHB

Severity

FHB
Incidence
at 10 dpi

FHB
Incidence
at 18 dpi

AUDPC for
Type I

Resistance

GY
Decrease (%)

Osijek

Golubica 1.5 7.5 104 4.85 22 222 43

El Nino 0.5 9 137 3 23.5 244 39

Galloper 0 0 1 1.5 3 33 8

Tika Taka 0.5 3 43 3.5 18.5 215 25

Vulkan 1 2 36 4.85 8.35 120 16

Kraljica 2 4.5 72 6.85 18.5 217 9

Tovarnik

Golubica 0 3 93 0 4.85 111 59

El Nino 2.5 22.5 213 11.5 42 421 54

Galloper 0 1 18 0 4.85 87 13

Tika Taka 0 2 70 0 11.85 138 34

Vulkan 0 1.5 34 0 3 51 29

Kraljica 0 0.5 18 1.5 3 80 14

Fusarium inoculation caused a decrease in the grain yield of all tested varieties at both
locations. The grain yield decrease was lowest for Galloper, compared to other varieties at
both locations, while Golubica and El Nino showed more pronaunced grain yield reduction.
All varieties showed lower grain yield at Tovarnik compared to Osijek and stronger yield
reduction due to Fusarium infection.

3.2. Phytosynthetic Parameters in Flag Leaves

Location, variety, and treatment significantly affected all three quantum yields (TR0/ABS,
ET0/ABS, ET0/TR0), while measurement time point significantly influenced only the max-
imum quantum yield for primary photochemistry (TR0/ABS) and probability that an
electron moves further than QA

− (ET0/TR0), while it did not affect quantum yield for
electron transport (ET0/TR0) (Table 3). Specific energy fluxes per active (QA−reducing)
photosystem II (PSII) reaction center (RC), including absorption, trapping, electron trans-
port, and dissipation flux (ABS/RC, TR0/RC, ET0/RC, DI0/RC), were affected by all tested
factors, as was the performance index for energy conservation from exciton to the reduction
of PSI end acceptors (PITOTAL). The performance index for energy conservation from
exciton to the reduction of intersystem electron acceptors (PIABS) was affected by location,
variety and measurement time point, while the efficiency with which an electron from the
intersystem electron carriers moves to reduce end electron acceptors at the PSI acceptor
(RE0/ET0) was affected by variety, treatment, and measurement time point. Interactions
of tested factors are further presented in Table 3. The interaction of all four tested factors
significantly affected ET0/ABS, ET0/TR0, both performance indexes (PIABS and PITOTAL)
and RE0/ET0, but not specific energy fluxes per active RC.
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Table 3. Mean squares from the analysis of variance for selected JIP-test parameters measured in flag leaves of six wheat
varieties at two different locations (Osijek and Tovarnik) and three measurement points (3, 10 and 18 dpi). Treatment refers
to artificially inoculated plants and untreated control plants. Description of used JIP-test parameters is presented in Table 1.

MS

Source of
Variation df TR0/ABS ET0/ABS ET0/TR0 ABS/RC TR0/RC ET0/RC DI0/RC PIABS RE0/ET0 PITOTAL

Location
(L) 1 0.0164 * 0.0844 * 0.0695 * 0.2011 * 0.4948 * 0.8105 * 0.0650 * 15.371 * 0.0016

ns 11.838 *

Variety (V) 5 0.0008 * 0.0100 * 0.0116 * 0.4886 * 0.2943 * 0.0417 * 0.0283 * 6.5287 * 0.0675 * 7.4672 *

Treatment
(T) 1 0.0014 * 0.0120 * 0.0257 * 1.1816 * 0.6566 * 0.6015 * 0.0765 * 0.1362

ns 0.0163 * 2.2237 *

Measurement
point (M) 2 0.0010 * 0.0013

ns 0.0043 * 2.5874 * 1.5735 * 0.6717 * 0.1263 * 3.5233 * 0.3737 * 52.807 *

L × V 5 0.0003
ns

0.0009
ns

0.0009
ns

0.0406
ns

0.0226
ns

0.0108
ns

0.0042
ns

0.4499
ns 0.0121 * 1.5749 *

L × T 1 0.0008 * 0.0286 * 0.0512 * 1.1390 * 0.6550 * 0.8227 * 0.0665 * 0.6890
ns

0.0014
ns

0.2751
ns

V × T 5 0.0002
ns

0.0014
ns

0.0014
ns 0.2623 * 0.1551 * 0.0378 * 0.0149 * 1.3500 * 0.0015

ns 1.5473 *

L ×M 2 0.0005 * 0.0243 * 0.0399 * 1.3478 * 0.9452 * 0.7080 * 0.0401 * 2.1542 * 0.0398 * 0.3673
ns

V ×M 10 0.0004 * 0.0021 * 0.0020 * 0.1023 * 0.0587 * 0.0206 * 0.0081 * 1.1179 * 0.0028 * 0.5757 *

T ×M 2 0.0023 * 0.0007
ns

0.0000
ns 0.8547 * 0.4265 * 0.1553 * 0.0748 * 4.6259 * 0.0105 * 1.2659 *

L × V × T 5 0.0001
ns 0.0018 * 0.0022 * 0.0632

ns 0.0415 * 0.0112
ns

0.0028
ns 0.8940 * 0.0044 * 0.3705

ns

L × V ×M 10 0.0003
ns 0.0021 * 0.0024 * 0.0865 * 0.0448 * 0.0169 * 0.0077 * 0.9259 * 0.0015

ns
0.3350

ns

L × T ×M 2 0.0009 * 0.0107 * 0.0159 * 0.1900 * 0.0870 * 0.1127 * 0.0199 * 3.4890 * 0.0046 * 4.1613 *

V × T ×M 10 0.0001
ns

0.0002
ns

0.0003
ns

0.0283
ns

0.0164
ns

0.0036
ns

0.0024
ns

0.2175
ns

0.0018
ns

0.3449
ns

L × V × T
×M 10 0.0002

ns 0.0015 * 0.0018 * 0.0339
ns

0.0199
ns

0.0092
ns

0.0033
ns 0.6381 * 0.0033 * 0.5676 *

ns—not significant; *—statisticaly significant at p < 0.05; df—degrees of freedom; MS—mean sum of squares.

The chlorophyll a fluorescence (ChlF) transients of the dark-adapted flag leaves at three
measurement points had the expected OJIP shape for all untreated control plants as well as
for FHB inoculated plants of all six winter wheat varieties at both experimental locations
(Osijek and Tovarnik), demonstrating that all measured flag leaves were photosynthetically
active (data not shown). Differences in average variable fast fluorescence transients between
O and P steps in flag leaves are presented as difference kinetics ∆WOP (Figure 1). It revealed
differences between tested varieties in the changes occurring in the O–J and O–I phase as
well as considerable impact of the environment on ChlF, especially before and at the onset
of symptoms development. Negative peaks at J-step can be seen at 3 dpi in all varieties
(Figure 1a–f) at Osijek, but this was not observed at location Tovarnik where Fusarium
infection had opposite effect at J-step (Figure 1g–l). Negative peaks at J-step were also
visible for variety El Nino (Figure 1b), Galloper (Figure 1c), Vulkan (Figure 1e), and Kraljica
(Figure 1f) at 10 dpi at Osijek, but only for variety Golubica at location Tovarnik (Figure 1g).
The effect of FHB at both locations at 18 dpi was similar at J-step for varieties Golubica
(Figure 1a,g), Galloper (Figure 1c,i), Tika Taka (Figure 1d,j), and Vulkan (Figure 1e,k) and
opposite for variety El Nino (Figure 1b,h) and Kraljica (Figure 1f,l). At location Osijek,
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negative amplitude at I-step was observed for Golubica (Figure 1a), Tika Taka (Figure 1d),
and Vulkan (Figure 1e) at 3 dpi and only for Tika Taka (Figure 1d) at 10 dpi, while the effect
of FHB at I-step was relatively small at 18 dpi compared to other measurement points for
all varieties. Moreover, the impact of FHB on amplitude of I-step at location Tovarnik was
mostly not very pronounced at 3 dpi (Figure 1g–l).
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and 18 (yellow) days post-inoculation (dpi) at locations Osijek and Tovarnik. Each curve represents average kinetics of 20
replicates and time (ms) refers to time after onset of illumination during chlorophyll a fluorescence measurement. Average
fluorescence data were normalized between O–P steps and plotted as difference kinetics ∆WOP. Average values measured
in corresponding untreated control plants were used as referent value for each variety, measurement point and location.

The occurrence of K-bands and L-bands in flag leaves after FHB inoculation is pre-
sented at Figure 2. For variety Golubica, only small differences in K-band are induced by
FHB at both locations (Figure 2a), while El Nino showed a positive K-band, especially in
earlier phases of infection (Figure 1b). Galloper had a less pronounced positive K-band
than El Nino, which at location Tovarnik was visible only at 3 dpi (Figure 2c). Variety Tika
Taka at location Osijek had a positive K-band at 3 dpi and 10 dpi and negative K-band
at 18 dpi, while the effect of FHB on K-band of this variety at location Tovarnik was very
small (Figure 2d). The effect of FHB on K-band of variety Vulkan was also less pronounced
at Tovarnik compared to Osijek (Figure 2e). Variety Kraljica showed a positive K-band at
all three measurements at Osijek with the highest peak observed at 3 dpi, while at Tovarnik
it had a positive K-band only at 3 dpi, and a negative K-band was visible at 10 dpi in
Kraljica (Figure 2f). Compared to the variable effect of Fusarium infection on the occurrence
and amplitude of K-band, all plants infected by Fusarium at both locations showed similar
patterns in L-band occurrence (Figure 2g–l). Overall, the L-band was mostly positive for all
inoculated plants during different phases of infection, but the most considerable effect of
FHB is the induction of a high positive L-band at 3 dpi for all six varieties.

Changes in JIP-test parameters in flag leaves after inoculation with F. graminearum + F.
culmorum spores for each variety separately at location Osijek are presented in Figure 3a–f.
Fusarium treatment caused some changes in flag leaves of treated plants, compared to
untreated control plants before (3 dpi) and at the onset of symptoms development (10 dpi)
at location Osijek. However, at 18 dpi, the difference between treated and untreated
plants at this location was not detected in flag leaves for any of the tested varieties. For
variety El Nino at 3 dpi, TR0/ABS was slightly decreased (Figure 3b), but for all other
varieties at all measuring time points at location Osijek Fusarium infection did not affect
TR0/ABS (Figure 3a,c–f). Furthermore, Fusarium treatment at location Osijek did not
induced changes in PIABS. Performance index PITOTAL was also generally unchanged in
treated compared to control plants, except for the decreased value of PITOTAL for variety
El Nino at 3 dpi (Figure 3b) and variety Tika Taka at 10 dpi (Figure 3d). Variety Tika
Taka showed statistically significant increase of all four specific energy fluxes per active
RC (ABS/RC, TR0/RC, ET0/RC, DI0/RC) at 3 and 10 dpi (Figure 3d) and similar was
observed for El Nino, except that change of DI0/RC in flag leaves of El Nino was not
statistically significant. Additionally, ABS/RC and TR0/RC were also affected in variety
Vulkan (Figure 3e) at 3 dpi (Figure 3b,e) and in variety Kraljica at 3 and 10 dpi (Figure 3f).
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Figure 2. Changes in the shape of the chlorophyll a fluorescence transient curves in flag leaves of winter wheat variety
Golubica (a,g), El Nino (b,h), Galloper (c,i), Tika Taka (d,j), Vulkan (e,k) and Kraljica (f,l) measured at 3 (orange), 10 (gray)
and 18 (yellow) days post-inoculation (dpi) at locations Osijek and Tovarnik. Each curve represents average kinetics of 20
replicates and time (ms) refers to time after onset of illumination during chlorophyll a fluorescence measurement. Average
fluorescence data were normalized between O–J steps (K-band) and between O-K steps (L-band) and plotted as difference
kinetics ∆WOJ (a–f) and ∆WOK (g–l). Average values measured in corresponding untreated control plants were used as
referent value for each variety, measurement point and location.
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(a,g), El Nino (b,h), Galloper (c,i), Tika Taka (d,j), Vulkan (e,k) and Kraljica (f,l) measured at 3 (green),
10 (blue) and 18 (yellow) days post-inoculation (dpi) at locations Osijek and Tovarnik. Values for
inoculated plants are shown as difference compared to the untreated plants at the same time point
for two locations separately. Statistically significant differences (ANOVA, Tukey’s HSD) in measured
parameters in inoculated plants compared to corresponding untreated plants are indicated by asterix
(*). Descriptions of used JIP-test parameters are presented in Table 1.

Changes in JIP-test parameters in flag leaves after inoculation with F. graminearum +
F. culmorum for each variety separately at location Tovarnik are presented in Figure 3g–l.
At location Tovarnik, similar to what was observed at location Osijek, Fusarium infection
generally had a greater effect on measured JIP-test parameters in earlier phases of infection.
However, for variety Galloper, none of the analyzed parameters in flag leaves at this
location were affected by FHB (Figure 3i), and the only difference between treated plants
and the untreated control of variety Golubica at location Tovarnik was seen in a statistically
significant increase in PITOTAL at 18 dpi (Figure 3g). Changes in variety El Nino were
observed at 3 dpi when ET0/ABS, ET0/TR0, PIABS, and PITOTAL were decreased and
ABS/RC, TR0/RC, and DI0/RC were increased (Figure 3h). Additionally, El Nino showed
a decrease of PIABS at 10 dpi (Figure 3h). Values of TR0/ABS were mostly not affected by
FHB at location Tovarnik, similarly to what was observed at location Osijek. Only slight
but statistically significant increase of this parameter was detected at 10 dpi in variety
Tika Taka (Figure 3j). Furthermore, ET0/RC was affected at 3 and 10 dpi for this variety
(Figure 3j). Variety Vulkan showed only small decrease of ET0/RC at 10 dpi (Figure 3k),
while variety Kraljica had decreased values ET0/ABS and ET0/TR0 at 3 dpi, and increased
values of ABS/RC, TR0/RC, and ET0/RC at 3 dpi as well as increased values of ABS/RC
and TR0/RC and 10 dpi in treated, compared to corresponding inoculated plants at location
Tovarnik (Figure 3l).

3.3. Phytosynthetic Parameters in Ears

Variety, treatment, and measurement time point significantly affected all analysed
JIP-test parameters, while location affected all of them, except RE0/ET0 (Table 4). Moreover,
various interactions of tested parameters mostly had a significant effect on analysed param-
eters, and interactions of all four tested factors were significant for all JIP-test parameters
in wheat ears (Table 4).

The chlorophyll a fluorescence (ChlF) transients of the dark-adapted ears at three
measurement points had the expected OJIP shape for all untreated control plants as well as
for FHB inoculated plants of all six winter wheat varieties at both experimental locations
(Osijek and Tovarnik), demonstrating that all measured ears were photosynthetically active
(data not shown). Differences in average variable fast fluorescence transients between O
and P steps in ears are presented as difference kinetics ∆WOP (Figure 4). Similarly, as in
flag leaves, changes occurring in the O–J and O–I phase between inoculated and untreated
plants were considerably affected by location. Generally, a strong J-peak and I-peak were
not visible for the majority of varieties regardless of measurement time, although more
considerable differences were observed between inoculated and untreated plants of variety
El Nino (Figure 4h), Vulkan (Figure 4k), and Kraljica (Figure 4l) at location Tovarnik.
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Figure 4. Changes in the shape of the chlorophyll a fluorescence transient curves in ears of winter
wheat variety Golubica (a,g), El Nino (b,h), Galloper (c,i), Tika Taka (d,j), Vulkan (e,k) and Kraljica
(f,l) measured at 3 (blue), 10 (yellow) and 18 (green) days post-inoculation (dpi) at locations Osijek
and Tovarnik. Each curve represents average kinetics of 20 replicates and time (ms) refers to time
after onset of illumination during chlorophyll a fluorescence measurement. Average fluorescence
data were normalized between O–P steps and plotted as difference kinetics ∆WOP. Average values
measured in corresponding untreated control plants were used as referent value for each variety,
measurement point and location.
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Table 4. Mean squares from the analysis of variance for selected JIP-test parameters measured in ears of six wheat varieties at
two different locations (Osijek and Tovarnik) and three measurement points (3, 10 and 18 days post-inoculation). Treatment
refers to artificially inoculated plants and untreated control plants. Descriptions of used JIP-test parameters are presented in
Table 1.

MS

Source of
Variation df TR0/ABS ET0/ABS ET0/TR0 ABS/RC TR0/RC ET0/RC DI0/RC PIABS RE0/ET0 PITOTAL

Location
(L) 1 0.1965 * 0.0047 * 0.1776 * 11.822 * 1.6843 * 3.0867 * 4.5816 * 10.468 * 0.0003

ns 14.352 *

Variety (V) 5 0.0101 * 0.0523 * 0.0491 * 1.8584 * 0.6258 * 0.0928 * 0.3545 * 11.416 * 0.0894 * 8.8653 *

Treatment
(T) 1 0.0375 * 0.0107 * 0.0006

ns 3.9920 * 0.8694 * 0.3737 * 1.1355 * 10.060 * 0.0367 * 12.178 *

Measurement
point (M) 2 0.0217 * 1.0873 * 1.9154 * 4.4020 * 1.3606 * 14.373 * 0.8684 * 89.485 * 0.0273 * 99.214 *

L × V 5 0.0046 * 0.0045 * 0.0033 * 0.4963 * 0.1504 * 0.0404
ns 0.1309 * 1.5515 * 0.0061 * 3.2458 *

L × T 1 0.0134 * 0.0014
ns 0.0204 * 0.2670

ns
0.0000

ns 0.1007 * 0.2613 * 0.0584
ns

0.0040
ns

0.1454
ns

V × T 5 0.0021 * 0.0036 * 0.0092 * 0.3110 * 0.1135
ns 0.0825 * 0.0627 * 0.6261 * 0.0218 * 6.2946 *

L ×M 2 0.0028 * 0.2210 * 0.3933 * 0.3258 * 0.3597 * 1.5361 * 0.0008
ns 22.316 * 0.0954 * 38.717 *

V ×M 10 0.0024 * 0.0093 * 0.0104 * 0.4299 * 0.2365 * 0.1653 * 0.0604 * 0.8278 * 0.0235 * 4.4150 *

T ×M 2 0.0060 * 0.0091 * 0.0065 * 0.1906
ns

0.0117
ns

0.0203
ns 0.1246 * 2.8933 * 0.0367 * 2.1364 *

L × V × T 5 0.0026 * 0.0053 * 0.0060 * 0.2133
ns

0.1064
ns

0.0394
ns 0.0572 * 0.6986 * 0.0089 * 4.0147 *

L × V ×M 10 0.0022 * 0.0039 * 0.0077 * 0.2696 * 0.1467 * 0.0460 * 0.0489 * 0.6680 * 0.0115 * 2.8763 *

L × T ×M 2 0.0009
ns 0.0073 * 0.0069 * 1.1995 * 0.9113 * 0.5624 * 0.0199

ns
0.0269

ns 0.0609 * 0.9325
ns

V × T ×M 10 0.0023 * 0.0036 * 0.0030 * 0.4347 * 0.1987 * 0.0663 * 0.0678 * 1.3925 * 0.0229 * 3.1128 *

L × V × T
×M 10 0.0023 * 0.0058 * 0.0079 * 0.3705 * 0.1362 * 0.0561 * 0.0738 * 1.0498 * 0.0157 * 3.7578 *

ns—not significant; *—statisticaly significant at p < 0.05; df—degrees of freedom; MS—mean sum of squares.

The occurrence of K-bands and L-bands in ears after inoculation with Fusarium fungi
is presented at Figure 5. At 3 dpi, the occurrence of the small but positive K-band was
generally observed and at this measurement point a more pronounced positive K-band
was only seen for Galloper at Tovarnik (Figure 5c). A high positive K-band at 10 dpi was
specific for El Nino (Figure 5b) and Tika Taka (Figure 5d) at Tovarnik, while a substantial
negative K-band at 10 dpi was observed for Golubica (Figure 5a) at Osijek. At 18 dpi, all
varieties at location Osijek showed a positive K-band, except Vulkan (Figure 5e) which did
not show considerable changes in K-band occurrence in inoculated, compared to control
plants. In contrast, Golubica (Figure 5a), Galloper (Figure 5c), Tika Taka (Figure 5d), and
Kraljica (Figure 5f) had a negative K-band at 18 dpi at Tovarnik. Although some differences
between varieties and locations in occurrence of L-band were visible, the response of
L-band for all varieties before the development of symptoms at 3 dpi was similar, including
a visible negative L-band.
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Figure 5. Changes in the shape of the chlorophyll a fluorescence transient curves in flag leaves of winter wheat variety
Golubica (a,g), El Nino (b,h), Galloper (c,i), Tika Taka (d,j), Vulkan (e,k) and Kraljica (f,l) measured at 3 (blue), 10 (yellow)
and 18 (green) days post-inoculation (dpi) at locations Osijek and Tovarnik. Each curve represents average kinetics of 20
replicates and time (ms) refers to time after onset of illumination during chlorophyll a fluorescence measurement. Average
fluorescence data were normalized between O–J steps (K-band) and between O–K steps (L-band) and plotted as difference
kinetics ∆WOJ (a–f) and ∆WOK (g–l). Average values measured in corresponding untreated control plants were used as
referent value for each variety, measurement point and location.

Changes in JIP-test parameters in ears after inoculation with F. graminearum + F.
culmorum for each variety separately at location Osijek are presented in Figure 6a–f. In
comparison to leaves where changes were observed only in earlier measurement points,
Fusarium treatment caused the same changes before as well as after the development
symptoms in ears of treated plants compared to untreated control plants. The exception
here was variety Tika Taka which showed differences due to FHB only at 3 dpi, including
a decrease of TR0/ABS and performance indexes (PIABS and PITOTAL), and an increase of
DI0/RC (Figure 6d). Golubica showed a statistically significant decrease of performance
indices (PIABS and PITOTAL) in ears of treated plants, compared to untreated control plants
at 3 dpi and 10 dpi. Additionally, Fusarium infection decreased ABS/RC, TR0/RC, and
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ET0/RC in variety Gloubica at 10 dpi, while at 18 dpi inoculated plants had increased
ABS/RC and DI0/RC compared to the corresponding control at location Osijek (Figure 6a).
For variety El Nino at 3 dpi and 10 dpi, TR0/ABS was decreased and a decrease in ET0/ABS
was observed at 3 dpi in ears of treated compared to untreated plants. Performance index
PIABS was decreased due to FHB in variety El Nino at 3 dpi and 10 dpi, while PITOTAL
and RE0/ET0 were significantly decreased at 18 dpi. Furthermore, ABS/RC and TR0/RC
were increased at 18 dpi and DI0/RC was lower at all three measuring time points in ears
of infected compared to control plants of variety El Nino at location Osijek (Figure 6b).
Both performance indexes (PIABS and PITOTAL) as well as TR0/ABS and DI0/RC remained
unchanged during the experiment for variety Galloper, while ET0/ABS increased at 18 dpi
when ABS/RC, TR0/RC, and ET0/RC flux were also increased in ears of inoculated
compared to untreated control plants of this variety and ET0/TR0 increased at 10 dpi
and at 18 dpi. The only effect of FHB on JIP-test parameters in ears for variety Vulkan
at location Osijek included a statistically significant increase of ET0/ABS and PIABS at
18 dpi (Figure 6e), while for variety Kraljica a decrease of TR0/ABS and PIABS along with
an increase of DI0/RC was detected at 10 dpi and at 18 dpi. RE0/ET0 was increased in ears
of inoculated compared to untreated control plants (Figure 6f).

Changes in JIP-test parameters in ears after inoculation with F. graminearum + F.
culmorum for each variety separately at location Tovarnik are presented in Figure 6g–l.
Similar to what was observed at location Osijek, certain differences between measured JIP-
test parameters were detected at each measurement time point (3, 10, and 18 dpi). However,
the pattern of changes in measured JIP-test parameters during the course of infection was
different to what was observed at location Osijek. Variety Golubica showed a slight but
statistically significant decrease of TR0/ABS at 3 dpi in inoculated, compared to untreated
plants as well as a decrease of PIABS and increase of DI0/RC (Figure 6g). At 3 dpi, only an
increase in RE0/ET0 and no other changes in ears were induced in variety El Nino by FHB.
However, at 10 dpi, inoculated plants of variety El Nino had significant increased values of
all specific energy fluxes per active RC (ABS/RC, TR0/RC, ET0/RC, DI0/RC) as well as
decreased values of both performance indices (PIABS and PITOTAL) and values of RE0/ET0,
compared to corresponding control plants, while an increase of ET0/TR0 and decrease of
RE0/ET0 were detected at 18 dpi (Figure 6h). Although at Osijek variety Galloper showed
FHB-induced changes at 18 dpi, at location Tovarnik differences between inoculated and
untreated plants of variety Galloper were observed only at 3 and 10 dpi. These differences
included a very significant increase in PITOTAL accompanied by an increase of RE0/ET0 at
3 dpi. Furthermore, at 3 dpi, inoculated plant of variety Galloper had decreased TR0/ABS
and PIABS as well as increased ABS/RC, ET0/RC, and DI0/RC. At 10 dpi, Fusarium infection
induced a decrease in ABS/RC and DI0/RC along with an increase in performance index
PIABS in inoculated compared to untreated plants of variety Galloper (Figure 6i). For variety
Tika Taka, statistically significant variations between inoculated and untreated plant were
detected only at 3 dpi at Osijek, while at Tovarnik no differences were observed before
the development of symptoms. At the onset of symptom development, Tika Taka showed
increased ET0/ABS, ET0/TR0, and ET0/RC and decreased value of RE0/ET0 in ears of
inoculated, compared to untreated plants. Additionally, ET0/ABS, ET0/TR0, and ET0/RC
were decreased at 18 dpi in FHB inoculated plants of variety Tika Taka (Figure 6j). Changes
in measured JIP-test parameters in ears of variety Vulkan at Tovarnik occurred only at
18 dpi, as was observed at Osijek. However, changes in Tovarnik were more pronounced
and negative compared with Osijek since the decrease of ET0/ABS, ET0/TR0, and ET0/RC
as well as both performance indexes PIABS and PITOTAL along with an increase in DI0/RC
were observed at 18 dpi at location Tovarnik in inoculated, compared to untreated plants of
variety Vulkan (Figure 5k). The most pronounced effect of FHB in ears of variety Kraljica at
Tovarnik was a major decrease in PITOTAL along with a decrease in RE0/ET0 at 3 dpi when
an increase in TR0/ABS was also observed in inoculated, compared to untreated plants.
Furthermore, variety Kraljica showed decreased values of ET0/ABS, ET0/TR0, and PIABS
in infected compared to untreated plants at 18 dpi (Figure 6l).
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Figure 6. Spider plots of selected JIP-test parameters in ears of winter wheat variety Golubica (a,g), El
Nino (b,h), Galloper (c,i), Tika Taka (d,j), Vulkan (e,k) and Kraljica (f,l) measured at 3 (green), 10 (blue) and
18 (yellow) days post-inoculation (dpi) at location Osijek and Tovarnik. Values for inoculated plants are
shown as difference compared to the untreated plants at the same time point for two locations separately.
Statistically significant differences (ANOVA, Tukey’s HSD) in measured parameters in inoculated plants
compared to corresponding untreated plants are indicated by asterix (*) for each measurement point.
Descriptions of used JIP-test parameters are presented in Table 1.
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4. Discussion

Due to a major reduction of yield, quality, and safety, FHB epidemics significantly
threaten wheat production worldwide [3,5,47]. Various morphological and developmental
wheat characteristics and specific physiological mechanisms affect the development of
FHB [11]. Moreover, during field growth, plants are generally exposed to several unfavor-
able factors and a specific combination of factors exists at each growth season and at each
location. During the quite long growth period from sowing to harvest, winter wheat is
exposed to different combinations of abiotic factors which can modify its response and
final outcome of Fusarium infection.

In this study, the effect of Fusarium infection on photosynthesis was assessed by mea-
suring ChlF in flag leaves and ears of six winter wheat varieties with different susceptibility
to Fusarium infection [44]. According to FHB severity at 10 and 18 dpi and AUDPC for
FHB severity as well as FHB incidence at 10 and 18 dpi and AUDPC for Type I resistance,
Golubica and El Nino varieties were highly susceptible at both locations, while Galloper
showed the highest level of FHB resistance among tested varieties, together with Kraljica at
Tovarnik. The characterization of varieties from this study showed the expected response
of yield and yield components under FHB stress which were much more reduced for sus-
ceptible varieties than for resistant varieties [44]. Moreover, yield reduction was stronger
at location Tovarnik compared to Osijek. Analysis of OJIP transients and comparison
of values of JIP-test parameters pointed to the general functionality of PSII in both flag
leaves and ears of wheat plants infected with Fusarium fungi. However, variations in
several JIP-test parameters during the course of infection were observed when inoculated
plants were compared to untreated control plants. It is particularly important that some of
these alterations in photosynthetic apparatus functioning were measurable before disease
symptoms were visible (at the 3 dpi). Although this method is not applicable as a reliable
diagnostic method, the obtained results support the assumption that routine monitoring
of ChlF changes around anthesis, when Fusarium infection is expected to occur, might be
useful for the early detection of infection [25]. The applicability of JIP-test analysis to detect
plant stress before visible symptoms of the disease was suggested for other plant pathogens
as well [38]. According to the results of this study, the occurrence of L-band might be the
most applicable for the purpose of early FHB detection since this parameter showed a
similar response in all inoculated plants regardless of variety or environmental conditions.
A positive L-band was detected in flag leaves of inoculated plants at 3 dpi before any visible
symptom of infection could be observed, at the same time as a negative L-band occurred
in inoculated ears. This indicates that an early response of wheat to Fusarium infection
includes lowering of the energetic connectivity (grouping) between the PSII photosynthetic
units in flag leaves and increase of energetic connectivity in infected ears.

Various host and pathogen related factors affect epidemics of FHB, e.g., physiological
state and genetic make-up of the host and adaptation and virulence of the pathogen. Local
and regional environment factors also contribute to the dynamic of Fusarium infections [3].
The impact of FHB as well as defense strategies can vary significantly between different
wheat varieties and due to specific growth conditions and/or agricultural practices [42,43].
Therefore, the severity and impact of the disease may differ for particular wheat variety
if it is exposed to different environmental conditions. Results of this study indicate that
changes in the photosynthetic efficiency due to Fusarium infection vary depending on
environmental conditions. Environment, i.e., location, was shown to significantly modify
the response of both flag leaves and ears to FHB stress. Experimental locations included
in this study (Osijek and Tovarnik) are located in the continental part of Croatia and are
about 60 km apart but have different soil types and slightly different climatic conditions.
These differences between Osijek and Tovarnik were sufficient to induce variability in
the response to FHB considering agronomical and quality traits [44] as well as JIP-test
parameters, as observed in this study. This points to a possibility that modification in
photosynthetic efficiency is interconnected with the response of wheat to Fusarium infection
as previously indicated [24,25].
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Despite indicating variations in the functioning of photosynthetic apparatus, obtained
results did not indicate a heavy impairment of PSII or electron transport in wheat infected
with Fusarium. Maximum quantum yield for primary photochemistry (TR0/ABS) in flag
leaves was mostly unchanged during the course of this experiment, which is in accordance
with previously conducted field measurements [26]. One exception here is the minor
decrease of TR0/ABS in inoculated, compared to untreated plants of variety El Nino at
location Osijek at 3 dpi and minor increase of this parameter in inoculated compared to
untreated plants of variety Tika Taka at location Tovarnik at 10 dpi. In this study, slight
changes in TR0/ABS in ears due to FHB were observed for some varieties in earlier phases
of infection, but the maximum quantum yield of primary photochemistry in ears was
mostly unchanged during the course of infection, as in flag leaves. Previously, a decrease
of maximum quantum yield of primary PSII photochemistry as a response to Fusarium
avenaceum and F. culmorum in detected glumes was reported [25]. Two photosynthetic
performance indexes (PIABS and PITOTAL) were calculated and compared as a more reliable
indicator of photosynthetic efficiency than TR0/ABS. Compared to previous studies [26],
the result of this study showed that values of PIABS and PITOTAL occasionally responded to
Fusarium infection, mostly in earlier phases of infection, but also at 18 dpi.

Some previous studies indicated different impacts of FHB on photosynthetic activity
of susceptible and resistant wheat varieties and assumed the involvement of photosynthe-
sis in the disease response [24]. Some authors showed that a decrease of net photosynthetic
rate (Pn) and stomatal conductance (Gs) is more pronounced in the flag leaves of resis-
tant variety compared to its susceptible sister line [19]. However, decreases in measured
photosynthetic parameters yield components were less affected by Fusarium infection in
the resistant line compared to the susceptible one. The downregulation of photosynthe-
sis is considered to contribute to higher FHB resistance, which includes more significant
physiologic modifications, but results in only modest yield loss [19]. On the contrary, some
research associated increasing photosynthetic efficiency with higher resistance to FHB [48].
They observed decreasing photosynthetic efficiency in susceptible cultivar Rebelde com-
pared to resistant cultivar Sumai3 after inoculation and suggested that cross-talk between
genes regulating stomatal closure and opening are important in the development of FHB
resistance. Results of our study also support the variety-specific response of photosynthetic
apparatus in flag leaves as well as in ears to Fusarium infection. However, ChlF measure-
ments of six varieties in this study does not seems to reflect their disease susceptibility.
In this study, susceptible variety El Nino had 39% and 54% decreases in yield at Osijek
and Tovarnik, respectively. This variety showed pronounced changes in analyzed JIP-test
parameters due to Fusarium infection, indicating a levering of photosynthetic efficiency
and inefficient use of absorbed energy in both flag leaves and ears. On the other hand,
variety Golubica, which was also susceptible to FHB and showed 53% and 59% decreases
in yield, did not show such a decrease in photosynthetic efficiency in flag leaves nor in ears
at location Tovarnik, where an even higher yield decrease is recorded compared to location
Osijek. The response of leaves of resistant variety Galloper was similar to those of variety
Golubica at location Osijek and no changes in flag leaves of this variety was observed at
location Tovarnik. However, response of ears of this variety was more pronounced at loca-
tion Tovarnik compared to location Osijek. Variety Tika Taka and Vulkan showed similar
yield decreases at both locations, but the photosynthetic efficiency of variety Tika Taka
was slightly more affected by FHB compared to variety Vulkan. For variety Kraljica, FHB
slightly more affected photosynthetic efficiency at location Tovarnik, where a higher yield
loss for this variety was observed compared to location Osijek. Altogether, results of this
study and previous studies [19,48] might be interpreted as an indicator that the modification
of photosynthetic efficiency occurs as a response of some varieties to Fusarium infection, while
for some varieties other defense strategies might be more important. Moreover, it should be
noted that measurements were performed using different methodological approaches in each
of these studies, including the difference in growth conditions and methods for photosynthetic
evaluation, and therefore they should be compared with caution.
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Photosynthetic adjustments of wheat infected by Fusarium fungi were shown to be
dynamic, including alternating down-regulation and up-regulation during the course of
infection. Observed variability in photosynthetic efficiency among six tested wheat varieties
might result from a specific genotype-associated response on complex interactions of all factors
acting in a particular growth environment along with FHB. It is possible that some of the
parameters which were different in flag leaves and ears between control and treated plants
are significant in terms of the defense and ultimate response of the variety as previously
suggested [19,24], especially since those changes mainly occur before or at the beginning of the
development of symptoms. However, field conditions make it difficult to distinguish such an
association between specific PSII functioning and better response to infection.

5. Conclusions

Variety-specific alternations in photosynthetic efficiency in flag leaves mostly occurred
only in earlier phases, while some changes in the functioning of photosynthetic appa-
ratus in ears were also detected after the development of symptoms. Changes in PSII
photochemistry and electron transport in FHB-inoculated, compared to untreated con-
trol plants, differed between two experimental locations (Osijek and Tovarnik) as well
as overall disease outcome and grain yield. ChlF measurement, as a fast, non-invasive,
and field-adjusted technique could be adopted to efficiently supplement other method-
ological approaches for the early detection of FHB epidemics since changes in ChlF could
be detected prior to visible symptoms of the disease. The L-band, which showed similar
responses in all inoculated plants regardless of variety or location, might be particularly
useful for the purpose of early FHB detection. However, results of this study indicate the
limited applicability of OJIP kinetics in field conditions as an indicator of the degree of FHB
resistance. In future, experiments in controlled conditions, such as a greenhouse, and the
evaluation of early changes in ChlF (starting from few hours post-inoculation) should be
tested in order to determine when the response of the photosynthetic apparatus to Fusarium
infection begins and whether these early changes are uniform between varieties or if they
could indicate the level of FHB-resistance.
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