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Featured Application

The tested benzothiadiazole-based systemic acquired resistance inducers can be developed
as foliar plant activators supporting the integrated management of fungal diseases in
spring barley. Following optimization of application timing and frequency, they may
complement conventional fungicide programs while maintaining grain yield and physical
grain-quality parameters.

Abstract

Foliar diseases reduce barley productivity and may impair physical grain quality, while
repeated activation of plant defense can impose metabolic costs. This two-year field study
evaluated whether two previously characterized benzothiadiazole-based systemic acquired
resistance (SAR) inducers—N-methoxy-N-methylbenzo[1,2,3]thiadiazole-7-carboxamide
(BTHWA) and didecyldimethylammonium benzo[1,2,3]thiadiazole-7-carboxylate
([Ni11010 | [BTHCOO])—could suppress foliar diseases without compromising crop yield.
Each year, the experiment was established as a randomized complete block design with four
blocks, with all six treatments represented once per block. Both compounds were applied
six times at 5 or 10 g a.i. ha™! per application; an untreated control and a two-application
fungicide program served as references. Disease severity was assessed at BBCH 59 and 77,
while grain yield, thousand-grain weight, hectolitre weight, and moisture were determined
at harvest. Both compounds reduced disease severity relative to the untreated control,
although statistical significance depended on compound, application rate, pathogen, and
assessment date. The 10 g a.i. ha~! treatments generally provided stronger disease suppres-
sion than the corresponding 5 g a.i. ha~! treatment of the same compound and resulted in
significantly higher grain yield than the untreated control and the corresponding lower-dose
treatments. The fungicide program generally provided the strongest disease control and
highest yield. Neither compound adversely affected thousand-grain weight or hectolitre
weight. These findings support development of benzothiadiazole-based SAR inducers in
integrated barley protection, with optimization focused on application timing, frequency,
and reduced-fungicide programs.
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1. Introduction

Barley (Hordeum vulgare L.) ranks among the most important cereal crops worldwide,
valued both for its agronomic versatility and its pivotal role in malting, feed and food
industries [1,2]. Ensuring an appropriate level of barley yields is increasingly challenged by
the intensification of fungal diseases, which are capable of inflicting substantial economic
losses and compromising grain quality parameters critical for industrial utilization [3,4].
Contemporary cereal cultivation has long relied on chemical fungicides as the principal
line of defense against such pathogens [5]. Nevertheless, the sustainability of this approach
is increasingly questioned, as excessive fungicide deployment has been associated with the
emergence of resistant pathogen populations, perturbation of biodiversity, and mounting
risks for human and environmental health [6-8].

Among the various alternatives to conventional disease management, the exploitation
of natural defense mechanisms of plants has attracted considerable attention [9,10]. Induced
resistance relies on the capacity of plants to potentiate their innate defense machinery upon
exposure to natural or synthetic elicitors, thereby enhancing preparedness against pathogen
infection [11,12]. Such elicitors, often termed resistance inducers, typically mimic signaling
molecules and orchestrate complex physiological responses. A central component of this
phenomenon is systemic acquired resistance (SAR), a long-lasting and broad-spectrum de-
fensive state intricately associated with salicylic acid (SA) accumulation and transcriptional
activation of pathogenesis-related (PR) genes [13].

The SAR inducer that has been most thoroughly investigated to date is
benzo[1,2,3]thiadiazole-7-carboxylic acid S-methyl ester (BTH, ASM, CGA245704), the ac-
tive ingredient of the commercial formulations Actigard 50 WG and Bion 50 WG developed
by Syngenta (Basel, Switzerland) [14-16]. Structurally, BTH is composed of a thiadiazole
ring conjugated with a benzene ring that is substituted by a carboxyl functional group on the
C-7 carbon atom. Due to its pronounced aromatic and nonpolar character, the compound
exhibits only limited solubility in water (approximately 7 mg L) [17].

In our earlier research efforts, we focused on the design and synthesis of new derivatives
of BTH, including both neutral and ionic salts (ionic liquids), with the aim of improving
aqueous solubility while retaining or enhancing biological activity [18]. Among these,
the most efficient inducers of SAR—demonstrated by their ability to suppress tobacco
mosaic virus infection in tobacco—were subjected to detailed molecular analyses. Plants
treated with N-methoxy-N-methylbenzo[1,2,3]thiadiazole-7-carboxamide (BTHWA) and
didecyldimethylammonium benzo[1,2,3]thiadiazole-7-carboxylate ([N;110;0][BTHCOO])
exhibited pronounced upregulation of SAR marker genes, including PAL, NPR1, and PR-1b.
In addition, viral RNA analysis demonstrated that the replication process was significantly
suppressed in plants treated with the tested derivatives, not only when compared to un-
treated controls but also relative to those receiving the parent compound, BTH [19].

Ionic modification can substantially alter physicochemical properties relevant to agro-
chemical formulation and application, including aqueous solubility, polarity, and stabil-
ity [20,21]. Moreover, counterion selection provides an additional opportunity to tune the
properties of the resulting compounds [22-24]. However, such physicochemical changes do
not necessarily translate into improved biological activity. Each newly designed ionic
derivative should therefore be regarded as a distinct substance whose biological per-
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formance and agronomic usefulness require experimental validation, ultimately under
field conditions.

These findings provided a strong rationale for subsequent agronomic trials with the
newly synthesized derivatives, in which their capacity to confer protection against a broader
spectrum of pathogens was systematically evaluated. Moreover, field experiments provide
a more realistic assessment of compound performance than strictly controlled greenhouse
studies. Under field conditions, plants are simultaneously exposed to multiple interacting
environmental and biological factors. Therefore, final efficacy should be evaluated under
naturally variable conditions to confirm the practical utility of the tested compounds [25].
To the best of our knowledge, studies investigating the use of SAR inducers under field
conditions remain scarce, despite their importance for assessing the effectiveness of these
compounds under practical application conditions.

However, activation of plant defense is not necessarily agronomically neutral. A strong
or improperly timed defense response may alter the allocation of plant resources and, under
some conditions, create a risk of reduced crop productivity [26]. Importantly, this effect
depends not only on the biological activity of the inducer itself but also on how it is applied,
including dose, treatment frequency, and timing relative to crop development and pathogen
pressure. Therefore, field evaluation of plant activators should consider not only disease
suppression but also their effects on yield and grain-quality traits.

The present study aimed to evaluate the field efficacy of two previously character-
ized benzothiadiazole-based SAR inducers, BTHWA and [N;110][BTHCOO], in spring
barley under natural disease pressure. Because the effectiveness of resistance inducers
may depend strongly on application regime, the compounds were applied repeatedly at
approximately 14-day intervals. Two application rates, 5 and 10 g a.i. ha~! per application,
were investigated to determine whether field efficacy was dose-dependent. Previous studies
have shown that SAR-inducing compounds such as SA and BTH can affect plant defense
responses at relatively low concentrations and that the magnitude of the response depends
on inducer concentration and physiological context [27,28]. We therefore formulated three
hypotheses. First, both compounds were expected to reduce foliar disease severity relative to
the untreated control. Second, the higher application rate was expected to provide stronger
and more consistent disease suppression. Third, repeated application of the SAR inducers
was not expected to impose an agronomically detectable penalty on grain yield or physical
grain-quality parameters.

2. Materials and Methods
2.1. Tested Substances

The substances studied were N-methoxy-N-methylbenzo[1,2,3]thiadiazole-7-carboxamide
(BTHWA) [29] and didecyldimethylammonium benzo[1,2,3]thiadiazole-7-carboxylate
([N111010][BTHCOO]) [30], which were designed and synthesized in our laboratory
(Figure 1). Both compounds are derivatives of the first commercially available SAR in-
ducer benzo[1,2,3]thiadiazole-7-carbothioic acid (benzo[1,2,3]-thiadiazole-7-carboxylic acid
S-methyl ester; acibenzolar-S-methyl ester; ASM; BTH; CGA245704).

~ P Y S s NI N T T
2o )
- 0_0O
N N
N
N-metho_xy-N-methyI didecyldimethylammonium
benzo[1,2,3]thiadiazole-7-carboxamide benzo[1,2,3]thiadiazole-7-carboxylate

Figure 1. Chemical structures of BTH-based compounds used in the experiment.
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Because of its limited aqueous solubility, BTHWA was formulated as a suspension
concentrate (SC) containing 10 g of active substance per litre. The formulation consisted of
an aqueous medium supplemented with an adjuvant, thickeners, stabilizers, and dispersing
agents to obtain a stable and homogeneous dispersion suitable for preparation of spray
solutions and uniform foliar application.

In contrast, the substantially greater water compatibility of [Ny;19;9][BTHCOO] al-
lowed the compound to be formulated as an aqueous solution containing 10 g of active
substance per litre together with an adjuvant [31]. Thus, the different formulation types
reflected the physicochemical properties of the two compounds, while the auxiliary for-
mulation components served technological functions related to dispersion, stability, and
application of the active substance. For both formulations, the appropriate amount of
product was incorporated into the spray liquid to obtain application rates of 5 or 10 g a.i.
ha~! per application. These application rates were selected based on the results of previous
greenhouse studies and on dose ranges used for the parent SAR inducer, BTH.

2.2. Locations of the Experimental Fields and Their Characteristics

The experiment was performed on spring barley var. Iron cultivated in experimental
plots located at the Research and Education Center of Poznari University of Life Sciences
in Gorzyn.

The parameters characterizing the experimental sites are provided in Table 1. Fertilizers
and plant protection products other than fungicides used during the experiments are listed
in Table 2. Meteorological data were obtained from the weather station in Brody and are
presented in Section 3.1.

Table 1. Description of experimental sites.

Experimental Soil Text Soil Characteristics Organic pH Forecrop
oil Texture °
Year Sand [%] Silt [%] Clay [%]  Matter [%]
2015 Sandy loam 58.00 28.00 14.00 1.1 6.6 Sugar beet
2016 Sandy loam 58.00 28.00 14.00 1.2 6.5 Sugar beet

Table 2. Schedule of fertilizers and other plant protection products applied in both experimen-

tal years.

Fertilizers and Other Plant Protection Products Used and Dates of Their Application

29 August 2014 26 March 2015 5 May 2015 15 May 2015 15 June 2015
26 August 2015 24 March 2016 4 May 2016 14 May 2016 12 June 2016
TARNOGRANPK  Saletra amonowa Cg/r[fesvtjrj‘f ‘Z’?si isjlce Decis Mega 50 EW Fury 100 EC
(Siarkopol, Staszéw, (Grupa Azoty, Indiana golis IN *  (Bayer, Leverkusen,  (FMC, Philadelphia,
Poland) Tarnéw, Poland) Ug A) T Germany) PA, USA)
350 kg ha! 265 kg ha! 0.6 L ha-1 0.125 L ha! 0.1Lha"!

TARNOGRAN PK (Siarkopol, Poland) mineral fertilizer containing 12% phosphorus (P,Os), 23%
potassium (K,0O), 6% calcium (CaO), 4% magnesium (MgO) and 10% sulfur (SOj;); Saletra amonowa
(Grupa Azoty, Poland) nitrogen fertilizer containing 27% nitrogen (N) (13.5% in ammonium form
and 13.5% in nitrate form), 2% calcium (CaO), and 4% magnesium (MgO); Mustang 306 SE (Corteva
Agriscience, USA) active substances: 2,4-D (as 2-ethylhexyl ester) 300 g L~1; florasulam 6.25 g L~;
Decis Mega 50 EW (Bayer, Germany) active substance: deltamethrin 50 g L~!; Fury 100 EC (FMC,
USA) active substance: zeta-cypermethrin 100 g L1
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2.3. Experimental Design

In each growing season, the field experiment was established as a randomized complete
block design (RCBD) with four complete blocks. Each block contained one plot of each of the
six treatment variants: untreated control (UTC), fungicide reference, [N;11919][BTHCOO]
at5 and 10 g a.i. ha™! per application, and BTHWA at 5 and 10 g a.i. ha™! per application.
Thus, each treatment was represented by four independent experimental plots per year
(n = 4), resulting in a total of 24 plots in each experimental year.

Treatment positions were independently randomized within each block and separately
in each experimental year to minimize systematic positional effects associated with spatial
variability within the field. The individual plot was considered the experimental unit.

Each plot covered an area of 24 m? (10 m x 2.4 m). Sowing was performed in the
second week of April at a rate of 185 kg ha~!, with a sowing depth of 3 cm and a row spacing
of 15 cm. The plants were harvested in the first week of August, using a Wintersteiger
harvester (WINTERSTEIGER Holding AG, Ried im Innkreis, Austria), from an area of
15 m? (10 m x 1.5 m). The schedule of treatments with standard plant protection products
and those with the tested SAR inducers is provided in Table 3.

Table 3. The detailed schedule of treatments performed in the experiments in 2015 and 2016.

The Date of Treatment and Corresponding BBCH Growth Stage of the Majority of Plants.

Variant of 24 April 2015 8 May 2015 22 May 2015 4 June 2015 17 June 2015 30 June 2015
Treatment 5 May 2016 18 May 2016 31 May 2016 14 June 2016 27 June 2016 11 July 2016
BBCH 14 BBCH 30 BBCH 36 BBCH 44 BBCH 69 BBCH 71
UTC
Funeicide Orius Extra Orius Extra
& 250 EW 1L ha! 250 EW 1L ha!
[Nlllolo] [BTHSOO] v v v v v v
5gai. ha
BTHWA
5gad. ha™ v 7 v v 4 v
[Ni11010] [BTH(_ZPO] v v v v v v
10 gai. ha
BTHWA
10gai ha! v v v v v v

Symbols for the table: v/, treatment applied. Doses of the tested SAR inducers are expressed as
g ai. ha™! per application. Orius Extra 250 EW (Nufarm, Warszawa, Poland)—active substance:
tebuconazole 250 g L.

All plant protection products and tested active substances were applied using a plot
sprayer with a spray volume of 230 L ha~!. An adjuvant, Trend 90 EC, was added to all
spray solutions at a concentration of 0.05% (v/v). The UTC plots were sprayed with the
same volume of water containing Trend 90 EC but without fungicide or either of the tested
SAR inducers. Thus, all treatment variants received an equivalent amount of the adjuvant.
The application schedule for the resistance inducers was based on treatments performed at
approximately 14-day intervals. The first SAR-inducer treatment was intended to precede
the initial fungicide application in order to activate plant defense mechanisms prior to the
anticipated onset of pathogen pressure.

2.4. Disease Assessment

Disease severity was assessed visually according to EPPO Standard PP 1/26(3) [32],
“Foliar and ear diseases on cereals”. For each pathogen, 30 leaves were randomly selected
from each plot and assessed individually. Disease severity was estimated directly as the per-
centage of leaf area showing characteristic disease symptoms, using the reference diagrams
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provided in the EPPO standard as visual aids. The values obtained for the 30 leaves were
subsequently averaged to obtain a single plot-level disease-severity value for each pathogen
and assessment date. Thus, individual leaves were treated as subsamples, whereas the plot
was the experimental unit (n = 4 plots per treatment).

In the event of mixed infections, pathogen identification was confirmed through mi-
croscopic examination of infected plant tissues to ensure accurate disease diagnosis.

2.5. Assessment of Yield-Related Parameters

The grain yield was determined by harvesting each plot with a small-plot combine har-
vester at physiological maturity (BBCH 89). The harvested grain was weighed and adjusted
to a constant moisture content of 15% according to EPPO guidelines. Harvested grain mass
was retained as a plot-level variable (kg plot~!), while grain yield was standardized to 15%
moisture and expressed as t ha—!. Thousand-grain weight (TGW) was determined from a
representative grain sample collected separately from each plot. Hectolitre weight (HLW;
mass of 100 L of grain) was determined using a standard grain balance and expressed
as kg hL=1.

Harvested grain mass was recorded separately for each 15 m? harvest area and ex-
pressed as kg plot~! at the measured grain moisture content. Standardized grain mass at
15% moisture was calculated as:

M;5 = Mharvest x (100 — W) /(100 — 15) (1)

where Mharvest is the harvested grain mass (kg plot™') and W is the measured grain
moisture content (%).

The corrected mass was then converted from the 15 m? harvest area to t ha—!. Thus,
harvested grain mass represents the directly measured plot-level variable, whereas standard-
ized grain yield represents the corresponding area-based yield corrected to 15% moisture.

2.6. Statistical Analysis

Harvested grain mass, grain moisture, grain yield adjusted to 15% moisture, thousand-
grain weight (TGW), and hectolitre weight (HLW) were analyzed using a combined analysis
of variance appropriate for an RCBD conducted over two growing seasons. Year, treatment,
and the year x treatment interaction were treated as fixed effects, whereas block was nested
within year and treated as a random blocking factor. When a significant treatment effect
was detected, treatment means were compared using Tukey’s HSD test at « = 0.05. For
interpretation of dose-dependent responses, comparisons between the 5 and 10 g a.i. ha™!
treatments were considered separately within each compound, i.e., [Nj119;9][BTHCOO]
5 versus 10 g a.i. ha=! and BTHWA 5 versus 10 g a.i. ha!.

Effect sizes were expressed as eta squared (1)?), calculated as SS_effect/SS_total, where
SS_total represents the total corrected sum of squares.

1% = (SS_effect/SS_total) (2)

where SS_effect represents the sum of squares attributable to the specific effect being
evaluated (e.g., year, treatment, or year x treatment interaction), and SS_total represents
the total corrected sum of squares, reflecting the overall variability in the analyzed response
variable around its grand mean.

Thus, 1? represents the proportion of the total observed variability attributable to
a given effect. The same calculation approach was applied consistently to all analyzed
variables. Calculations were performed using Statistica 12.0 software (TIBCO, Palo Alto,
CA, USA).

https://doi.org/10.3390/app162110808


https://doi.org/10.3390/app162110808

Appl. Sci. 2026, 16, 10808

7 of 20

Disease-severity data were analyzed separately for each experimental year. This ap-
proach was used because disease development resulted from natural infection and the
disease spectrum differed between years: net blotch and leaf scald of cereals were assessed
in 2015, whereas net blotch and powdery mildew were assessed in 2016. Consequently, the
two seasons represented distinct disease environments, and only net blotch was common
to both years. Separate year-specific analyses therefore allowed treatment effects to be
evaluated for each pathogen within the disease environment in which it occurred, without
combining non-equivalent disease-response variables across years. For each pathogen and
assessment date, disease severity was analyzed using ANOVA appropriate for the random-
ized complete block design, with treatment as a fixed factor and block as the blocking factor.
The individual plot was the experimental unit. When a significant treatment effect was
detected, treatment means were compared using Tukey’s HSD test at « = 0.05. For disease
severity, statistical analyses were performed exclusively on the four plot-level means per
treatment; individual leaf observations were treated as subsamples and were not entered
into the ANOVA as independent replicates. Statistical analyses were performed using
OriginLab 2022 software for Windows (OriginLab Corp., Northampton, MA, USA).

3. Results
3.1. Weather Conditions

Weather conditions during the 2015 and 2016 growing seasons are presented in Figure 2.
The two seasons differed markedly in temperature and precipitation patterns relative to the
long-term average. The 2015 season was warm and relatively dry, with periods of limited
rainfall, whereas 2016 was wetter and more humid, with frequent rainfall events. The
greater precipitation in 2016 may have favored the development of some foliar pathogens,
although disease composition and severity also differed between years.

25 200
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L [ ]
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» ® o o 140 _
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Figure 2. Meteorological conditions during the growing seasons of spring barley in 2015 and 2016
(Brody Research Station).
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3.2. Assessment of Disease Severity

The spectrum of foliar diseases identified on barley plants differed between the two
experimental years, which necessitated separate analyses of disease severity for each season
(Tables 4 and 5). In the first year, Pyrenophora teres (net blotch of barley) and Rhynchosporium
secalis (leaf blotch of cereals) were the predominant pathogens, whereas in the second year,
Pyrenophora teres (net blotch of barley) and Blumeria graminis f. sp. hordei (powdery mildew)
were observed. Despite these differences in disease occurrence, the results obtained in both
years showed similar overall trends in the response of plants to the tested treatments.

Table 4. Summary of the results for disease severity for the field experiment conducted in 2015.

BBCH 59 BBCH 77
Variant of

Treatment Net Blotch of Barley Leaf Blotch of Net Blotch of Leaf Blotch of

[%] Cereals [%] Barley [ %] Cereals [%]

UTC 31.25+444a 1375+ 211a 61.25+479a 2625+222a
Fungicide 1.75+£040d 125+ 049 c 6.25+250d 5.00+0.34d
[Nllé‘ngol[iBE:SOO] 21.25+2.33b 1125 £2.06 b 50.00 + 4.08 b 25.00£0.34a
BTHWA 5 g a.i. ha™! 16.25 +£2.33 ¢ 10.00 £ 0.42b 5250 £2.89b 21.25+2.28b
[N“llglg]ng_:lo Ol 5.00 £ 0.31d 1.75 + 0.57 ¢ 18.75 + 2.50 ¢ 11.25 £ 2.07 ¢
BTHWA 10 g a.i. ha™! 5.00+0.31d 175+ 057 c 17.50 £ 2.89 c 10.63 + 1.04 c

Values are presented as means + SD calculated from four replicate plots (n = 4); within each plot,
30 leaves were assessed as subsamples and averaged to obtain a single plot-level value. Within
each column, means followed by different lowercase letters differ significantly according to Tukey’s
HSD test at « = 0.05. UTC—plants that were not treated either with fungicides or with BTH-based
derivatives, Fungicide (2 times)—plants treated with fungicides 2 times, [N;;19;0 |[BTHCOO]—plants
treated with [N1;0][BTHCOO] 6 times, BTHWA—plants treated with BTHWA 6 times. Detailed
schedule of treatments is provided in Table 3.

Table 5. Summary of the results for disease severity for field experiment conducted in 2016.

BBCH 59 BBCH 77

Variant of

Treatment Powdery Net Blotch of Barley Powdery Net Blotch of
Mildew [ %] [%] Mildew [%] Barley [%]

UTC 2408 +£274a 26.00+1.15a 35.67 +2.64a 26.88 +2.60 a
Fungicide 225+0.50d 250 +£0.39d 246 £048d 3.96 £0.34d
[Nnémgol[iBE:_ClOO] 19.77 £+ 1.14b 19.69 £ 0.89b 30.00 £ 1.58 b 20.00 £ 0.70 b
BTHWA 5 g a.i. ha™! 19.08 £ 0.85b 19.10 £1.11b 2896 £ 1.11b 1775+ 045b
[N“fgl;]ffT}i(_:P Ol 17.50 + 0.34 b 16.00 + 0.50 ¢ 30.04 £1.73b 18.73 £ 0.63 b
BTHWA 10 g a.i. ha™! 1346 +1.20c 16.88 £ 1.03 ¢ 17.83 £ 0.67 c 15.33 £ 0.33 ¢

Values are presented as means + SD calculated from four replicate plots (1 = 4); within each plot,
30 leaves were assessed as subsamples and averaged to obtain a single plot-level value. Within
each column, means followed by different lowercase letters differ significantly according to Tukey’s
HSD test at & = 0.05. UTC—plants that were not treated either with fungicides or with BTH-based
derivatives, Fungicide (2 times)—plants treated with fungicides 2 times, [Ny;19;0 |[BTHCOO]—plants
treated with [N;1;0][BTHCOO] 6 times, BTHWA—plants treated with BTHWA 6 times. Detailed
schedule of treatments is provided in Table 3.

At the first assessment in 2015, all tested treatments significantly reduced the severity
of both diseases relative to the untreated control. For both diseases, the lowest severity was
recorded in the fungicide treatment. At BBCH 59, net blotch severity differed significantly
between the two SAR inducers applied at 5 g a.i. ha™!, revealed significant differences
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between these two treatments. BTHWA applied at 5 g a.i. ha™! resulted in significantly
lower disease severity than [Ny;;919 ][ BTHCOOY] applied at the same rate. No significant
differences in disease severity caused by leaf blotch were observed between these two
treatment variants. For both analyzed diseases, no statistically significant differences were
observed between variants [Nj1110][BTHCOO] 10 g a.i. ha~! and BTHWA 10 g a.i. ha™!.
At BBCH 59, the 10 g a.i. ha™! treatment of each compound resulted in significantly lower
disease severity than the corresponding 5 g a.i. ha™! treatment for both assessed diseases.
No statistically significant differences in disease severity were detected between these
treatments and the fungicide treatment.

At the second assessment in 2015 (BBCH 77), the relative efficacy of the tested SAR
inducers was lower than at BBCH 59. BTHWA applied at 5 g a.i. ha™! significantly reduced
the severity of both diseases relative to the untreated control. For [Ny;;0;9][BTHCOO]
applied at 5 g a.i. ha™!, a significant reduction was detected only for net blotch. At BBCH 77,
[N111010][BTHCOOY] applied at 10 g a.i. ha™! resulted in significantly lower disease severity
than [Nj;1010][BTHCOOY] applied at 5 g a.i. ha~! for both assessed diseases. Similarly,
BTHWA applied at 10 g a.i. ha™! resulted in significantly lower disease severity than
BTHWA applied at 5 g a.i. ha~! for both diseases. However, the efficacy of these higher-dose
treatments remained significantly lower than that achieved after the application of the
fungicide treatment.

At the first assessment in 2016, all tested treatments significantly reduced the severity
of both powdery mildew and net blotch relative to the untreated control. For both diseases,
the lowest severity was recorded in the fungicide treatment.

For net blotch, the effect of application rate depended on the compound and assessment
date. At BBCH 59, [Nj;1019][BTHCOOY] applied at 10 g a.i. ha~! resulted in significantly
lower disease severity than the corresponding 5 g a.i. ha™! treatment. The same signifi-
cant dose-related difference was observed for BTHWA. At BBCH 77, BTHWA applied at
10 g a.i. ha™! resulted in significantly lower disease severity than BTHWA applied at
5gai. ha~!, whereas no significant difference was detected between the two application
rates of [N111010][BTHCOO)]. At both assessment dates, however, disease severity in all
SAR-inducer treatments remained significantly higher than in the fungicide treatment.

For powdery mildew, no significant differences in disease severity were detected
between the 5 and 10 g a.i. ha™! treatments of [ N1, ][BTHCOOY] at either assessment
date. In contrast, BTHWA applied at 10 g a.i. ha™! resulted in significantly lower disease
severity than BTHWA applied at 5 g a.i. ha™! at both BBCH 59 and BBCH 77. Nevertheless,
disease severity in all SAR-inducer treatments was significantly higher than in the fungicide
treatment at both assessment dates.

3.3. Assessment of Grain Yield and Physical Grain-Quality Parameters

Mean values of harvested grain mass, grain moisture, grain yield adjusted to 15%
moisture, thousand-grain weight (TGW), and hectolitre weight (HLW) are presented in
Table 6.

Year significantly affected grain moisture, grain yield adjusted to 15% moisture, TGW,
and HLW, whereas harvested grain mass did not differ significantly between years. Grain
yield, TGW, and HLW were significantly higher in 2015 than in 2016. In contrast, grain
moisture at harvest was significantly lower in 2015 (11.92%) than in 2016 (18.45%).

Concerning the effect of treatment, the lowest harvested grain mass and grain yield
adjusted to 15% moisture were observed for the UTC, [N;11910][BTHCOO] 5 g a.i. ha™!, and
BTHWA 5 g a.i. ha™! treatments. Both compounds applied at 10 g a.i. ha=! per application
resulted in significantly higher harvested grain mass and adjusted grain yield than the
corresponding 5 g a.i. ha™! treatments and the untreated control. The highest values for both
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parameters were observed for the fungicide treatment. A small but statistically significant
overall effect of treatment was also detected for grain moisture (F(5,30) = 3.08, p = 0.023,
n* = 0.019), although Tukey’s HSD test did not distinguish individual treatment means.
TGW and HLW were not significantly affected by treatment.

Table 6. Grain yield and physical grain-quality parameters as affected by year and treatment.

Harvested Grain Yield
Grain Mass Moisture at15% TGW HLW
1 [%] Moisture [g] [kg hL1]
[kg plot™] [tha™']
Year 2015 821 A 11.92B 5.67 A 46.05 A 70.17 A
(A) 2016 791 A 18.45 A 5.06 B 4321 B 57.3B
UTC 7.02¢ 15.38 a 4.66 ¢ 44.26 a 63.34 a
Fungicide 9.61 a 15.77 a 6.35a 45.32 a 64.15 a
[Ni11010] [BTHCOO] 743 ¢ 1541 a 494 ¢ 44582 63.46 a
Treatment 5gai. ha
(B) BTHWA 5 g a.i. ha™! 742 ¢ 1546 a 492 ¢ 4455 a 63.41 a
[Nizion] [BTH?O] 8.36b 1452 a 5.61b 4454 a 64.03 a
10 g a.i. ha
BTHWA 10 g a.i. ha™! 8.51b 14.55 a 571b 4452 a 64.03 a

Symbols for the table: within each column, means followed by different uppercase letters dif-
fer significantly between years, whereas means followed by different lowercase letters differ sig-
nificantly among treatments according to Tukey’s HSD test at « = 0.05. UTC—plants that were
not treated either with fungicides or with derivatives of BTH, Fungicide—plants treated with
fungicides 2 times, [N;;1910][BTHCOO] 5 g a.i. ha~!—plants treated with [Ny;19;,][BTHCOO] in
a dose of 5ga.i. ha™! 6 times, BTHWA 5 g ai. ha~!—plants treated with BTHWA in a dose of
5ga.. ha ! 6 times, [Nj;1010][BTHCOO] 10 g a.i. ha~!'—plants treated with [Nj10;,][BTHCOO]
in a dose of 10 g ha™! 6 times, BTHWA 10 g a.i. ha~'—plants treated with BTHWA in a dose of
10 g a.i. ha~! 6 times. Detailed schedule of treatments is provided in Table 3. Grain yield is standard-
ized to 15% moisture. TGW, thousand-grain weight; HLW, hectolitre weight.

3.3.1. Harvested Grain Mass [kg plot]

Experimental year did not significantly affect harvested grain mass [F(1,6) = 2.28,
p = 0.182, 1> = 0.023]. In contrast, treatment had a highly significant effect [F(5,30) = 43.35,
p < 0.001, 1> = 0.792] and accounted for the largest share of total observed variability in

harvested grain mass. The year x treatment interaction was not significant [F(5,30) = 0.84,
p =0.531, #? = 0.015 (Table 7).

Table 7. Combined ANOVA results for harvested grain mass.

Source of Harvested Grain Mass [kg plot™!]
. Df, Df,
Variance F 17
Year (A) 1 6 228" 0.023
Treatment (B) 5 30 43.35 *** 0.792
AxB 5 30 0.84 " 0.015

Df1, degrees of freedom for the effect; Df2, degrees of freedom for the corresponding error term; 12,
eta squared. The year effect was tested against Block(Year), whereas treatment and year x treatment
were tested against the residual error. *** p < 0.001; ** p < 0.01; * p < 0.05; ns, not significant.

3.3.2. Moisture Content

Year had a strong effect on grain moisture [F(1,6) = 203.12, p < 0.001, > = 0.902].
Treatment also had a statistically significant effect [F(5,30) = 3.08, p = 0.023], but its contri-
bution to total observed variability was small (112 = 0.019). However, subsequent Tukey’s
HSD testing did not identify significant differences among individual treatment means
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(Table 6). The year x treatment interaction was not significant [F(5,30) = 2.45, p = 0.056,
1% = 0.015] (Table 8).

Table 8. Combined ANOVA results for grain moisture.

Grain Moisture [ %
Sou.rce of Df, D, [%]
Variance F 17
Year (A) 1 6 203.12 *** 0.902
Treatment (B) 5 30 3.08* 0.019
AxB 5 30 245718 0.015

Df,, degrees of freedom for the effect; Df,, degrees of freedom for the corresponding error term; 1%,
eta squared. The year effect was tested against Block(Year), whereas treatment and year x treatment
were tested against the residual error. *** p < 0.001; ** p < 0.01; * p < 0.05; ns, not significant.

3.3.3. Grain Yield Adjusted to 15% Moisture [t ha™!]

Both year and treatment significantly affected grain yield adjusted to 15% moisture.
The year effect was significant [F(1,6) = 18.29, p = 0.005, > = 0.181], whereas treatment had
a markedly larger effect [F(5,30) = 40.06, p < 0.001, 11> = 0.653]. Thus, treatment accounted
for 65.3% of the total observed variability in standardized grain yield, compared with 18.1%
attributable to year. The year x treatment interaction was not significant [F(5,30) = 0.56,
p = 0.727,* = 0.009], indicating a consistent relative treatment response across the two
growing seasons (Table 9).

Table 9. Combined ANOVA results for grain yield adjusted to 15% moisture.

Source of Grain Yield at 15% Moisture [t ha™!]
. Df; Df,
Variance F 17
Year (A) 1 6 18.29 ** 0.181
Treatment (B) 5 30 40.06 *** 0.653
AxB 5 30 0.56 ™ 0.009

Df,, degrees of freedom for the effect; Df,, degrees of freedom for the corresponding error term; 1%,
eta squared. The year effect was tested against Block(Year), whereas treatment and year x treatment
were tested against the residual error. *** p < 0.001; ** p < 0.01; * p < 0.05; ns, not significant.

3.3.4. Thousand-Grain Weight (TGW)

Year significantly affected TGW [F(1,6) = 56.26, p < 0.001, 11> = 0.657] and accounted for
the largest share of total observed variability in this parameter. Neither treatment [F(5,30)
=0.93, p = 0.473, 11> = 0.034] nor the year x treatment interaction [F(5,30) = 0.50, p = 0.775,
1? = 0.018] was significant (Table 10).

Table 10. Combined ANOVA results for thousand-grain weight.

Thousand-Grain Weight
Sou.rce of Df, D, ght [g]
Variance F 7
Year (A) 1 6 56.26 *** 0.657
Treatment (B) 5 30 0.93 s 0.034
AxB 5 30 0.5ms 0.018

Df,, degrees of freedom for the effect; Df,, degrees of freedom for the corresponding error term; 1%,
eta squared. The year effect was tested against Block(Year), whereas treatment and year x treatment
were tested against the residual error. *** p < 0.001; ** p < 0.01; * p < 0.05; ns, not significant.
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3.3.5. Hectolitre Weight (HLW)

Year had a very strong effect on HLW [F(1,6) = 407.24, p < 0.001, > = 0.971]. Treatment
[F(5,30) = 1.62, p = 0.184, > = 0.003] and the year x treatment interaction [F(5,30) = 1.31,
p = 0.286, 1> = 0.002] were not significant (Table 11).

Table 11. Combined ANOVA results for hectolitre weight.

Hectolitre Weight [kg hL~!
Sou.rce of Df, D, ght [kg ]
Variance F 7
Year (A) 1 6 407.24 *** 0.971
Treatment (B) 5 30 1.62 1 0.003
AxB 5 30 1.31ns 0.002

Df,, degrees of freedom for the effect; Df,, degrees of freedom for the corresponding error term; 1%,
eta squared. The year effect was tested against Block(Year), whereas treatment and year x treatment
were tested against the residual error. *** p < 0.001; ** p < 0.01; * p < 0.05; ns, not significant.

4. Discussion

The present study evaluated the field performance of two previously characterized
benzothiadiazole-based systemic acquired resistance (SAR) inducers under natural disease
pressure in spring barley. Both [Ny;0;o][BTHCOO] and BTHWA reduced foliar disease
severity relative to the untreated control, although the magnitude of the response de-
pended on application rate, pathogen, and assessment date. In general, the 10 g a.i. ha™!
per application rate provided stronger and more consistent disease suppression than the
corresponding 5 g a.i. ha™! rate. Importantly, the higher application rate was also asso-
ciated with increased grain yield, whereas thousand-grain weight and hectolitre weight
were not adversely affected. The fungicide program remained the most effective disease-
control strategy and resulted in the highest grain yield. Therefore, the present results
support the use of benzothiadiazole-based SAR inducers primarily as complementary
components of integrated protection programs rather than as direct replacements for
conventional fungicides.

A substantial body of evidence indicates that the application of SAR inducers provides
protection against a broad spectrum of pathogens occurring across a wide range of plant
species [33-39]. BTH has also been shown to enhance resistance to diseases of cereal
crops [17,40]. An important feature of SAR inducers is that their primary target is the host
plant rather than a single pathogen-specific biochemical target. Consequently, their use is
expected to impose a different and potentially lower direct selection pressure for pathogen
resistance than single-site fungicides [41,42]. This distinction is increasingly important
in cereal protection, where fungicide resistance and the decreasing availability of active
substances with distinct modes of action complicate long-term disease management [43-45].

4.1. Dose-Dependent Field Efficacy

The comparison of the two application rates within each compound provides one of
the clearest outcomes of the present study. Overall, the 10 g a.i. ha~!
stronger and more consistent disease suppression than the corresponding 5 g a.i. ha™! rate

rate generally provided

of the same compound, although the statistical significance of this within-compound dose
response depended on pathogen and assessment date. The lower rate should therefore not
be regarded as ineffective; rather, its performance was generally less consistent than that
of the corresponding higher rate. This distinction is relevant to the biology of resistance
induction. Relatively low concentrations of defense-inducing compounds may establish a
primed physiological state in which plants respond more rapidly to subsequent pathogen
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challenge, whereas stronger stimulation can result in more pronounced activation of defense-
related pathways [10,26,27]. For example, low salicylic acid concentrations can enhance
subsequent elicitor-induced expression of phenylalanine ammonia-lyase, whereas higher
concentrations are required to induce stronger defense responses in the absence of an
additional elicitor [27]. The present experiment did not measure defense-gene expression
inbarley, and the differences between the two application rates cannot therefore be attributed
directly to different molecular states of SAR activation. Nevertheless, the field response is
consistent with the broader concept that resistance-inducing activity depends strongly on
inducer concentration and physiological context.

The effectiveness of the treatments also depended on the disease and assessment
date. At the earlier assessment in 2015, no statistically significant differences in disease
severity were detected between either of the 10 g a.i. ha~! SAR treatments and the fungicide
reference treatment. However, this finding should not be interpreted as equivalence between
the treatment programs, because the SAR inducers were applied six times, whereas the
fungicide reference consisted of two applications. The fungicide treatment therefore served
as a practical reference for disease control rather than as a treatment directly comparable
in terms of application frequency. At the later assessment, the relative efficacy of the SAR
treatments was lower. A similar tendency toward reduced relative protection at later growth
stages was observed for some disease-treatment combinations in 2016. This pattern suggests
that successful use of SAR inducers may require greater precision in application timing
than a fixed calendar-based treatment schedule can provide.

4.2. Treatment Response Under Contrasting Growing Seasons

The two experimental seasons differed substantially in weather conditions and disease
composition. The 2015 season was relatively warm and dry, whereas 2016 was characterized
by higher rainfall and humidity. Moreover, the accompanying foliar disease complex differed
between years, and late-season net blotch severity in the untreated control was considerably
greater in 2015 than in 2016. Therefore, the two seasons should be regarded as contrasting
disease environments rather than as seasons with comparable pathogen pressure.

Despite these differences, the response of grain yield to treatment was remarkably
consistent. Treatment accounted for the largest proportion of total observed variation in
grain yield (1? = 0.653), whereas year accounted for a substantially smaller proportion
(1* = 0.181). Moreover, the year x treatment interaction was negligible (1> = 0.009) and
statistically non-significant. Thus, although absolute yield differed between seasons, the
relative response of spring barley to the experimental treatments remained similar.

This finding is particularly important from an applied perspective. A treatment that
performs well only under a narrow set of environmental conditions has limited agronomic
value, even if its efficacy is high in an individual experiment. The low year x treatment
interaction observed here indicates that the relative ranking of treatments was maintained
despite differences in weather and disease pressure. Although validation across additional
locations, cultivars, and seasons is required before broader recommendations can be formu-
lated, the observed stability provides an important basis for further development of these
compounds as plant activators for field use.

4.3. Disease Suppression, Grain Yield, and the Growth-Immunity Balance

One of the major concerns associated with repeated activation of plant defense is the
potential growth—immunity trade-off. Strong or prolonged activation of plant defense may
negatively affect plant growth and reproductive performance under some conditions [46].
Such effects have been observed for BTH in several plant species, although their magnitude
is strongly dependent on species, genotype, dose, and environmental conditions [47].
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This issue is particularly relevant in the present experiment because the SAR inducers
were applied six times during the growing season. If repeated stimulation of defense had im-
posed a substantial metabolic penalty, a reduction in grain yield or in physical grain-quality
parameters could have been expected. Instead, both BTHWA and [Ny;;0;0][BTHCOO]
applied at 10 g a.i. ha™! per application significantly increased grain yield relative to the
untreated control and the corresponding 5 g a.i. ha™! treatments. At the same time, neither
thousand-grain weight nor hectolitre weight was negatively affected.

These findings indicate that, under the conditions of the present experiment, repeated
treatment did not result in an agronomically detectable yield penalty. However, they should
not be interpreted as evidence that activation of SAR occurred without any physiological cost.
Grain yield, TGW, and HLW represent final agronomic outcomes, whereas physiological
changes occurring during the growing season were not assessed in this study. Therefore,
transient effects of defense activation cannot be excluded.

The positive yield response observed at the higher application rate may result from
several non-exclusive mechanisms. One plausible explanation is that reduced disease
severity may have contributed to preservation of functional leaf area during grain formation
and filling, potentially supporting assimilate supply to developing grains. However, leaf
photosynthetic activity and assimilate allocation were not directly measured in the present
study, and this mechanism therefore cannot be confirmed.

At the same time, benzothiadiazole derivatives and salicylic acid-related signaling are
known to influence physiological processes beyond pathogen defense, including photo-
synthesis, antioxidant metabolism, stomatal regulation, and plant growth [48,49]. Such
effects could therefore also have contributed to the observed yield response. Nevertheless,
their contribution cannot be distinguished from the indirect effects associated with reduced
disease severity on the basis of the present experiment.

Our previous studies provide some support for this possibility. In tulip, repeated
application of BTHWA reduced Fusarium oxysporum £. sp. tulipae infection while simul-
taneously increasing plant height and fresh and dry shoot biomass [50]. These findings
showed that activation of resistance by BTHWA does not necessarily result in a detectable
growth penalty when dose and application regime are appropriately selected. Nevertheless,
the physiological basis of the yield response observed in barley remains unresolved and
should be investigated directly in future studies using parameters such as chlorophyll con-
tent, photosynthetic efficiency, gas exchange, oxidative stress markers, and SAR-associated
gene expression.

4.4. Application Regime and Practical Optimization

The number of applications represents another important consideration for practical
implementation. In the present study, the SAR inducers were applied six times, whereas
the reference fungicide program consisted of only two treatments. The fungicide treatment
was therefore included primarily as a practical benchmark for the level of disease control
achieved by a conventional protection program, rather than as a treatment matched to
the SAR program in terms of application frequency. At this stage of development, the
relationship between application frequency and field efficacy has not yet been fully defined,
and further studies are required to determine the minimum number and optimal timing
of SAR-inducer applications needed to achieve disease suppression comparable to that
provided by the conventional fungicide program.

Although the 10 g a.i. ha~! treatments provided substantial disease suppression and
increased grain yield, six applications would not necessarily represent an economically or
operationally optimal field strategy.
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Our previous field studies with BTHWA in sugar beet provide an example of the
importance of treatment frequency [51]. In the first year of those experiments, seven BTHWA
applications reduced Cercospora leaf spot severity relative to the untreated control, although
fungicide protection remained more effective. In subsequent experiments, reducing the
number of BTHWA applications from seven to four allowed both disease control and
technological sugar yield to reach levels comparable with fungicidal protection. These
observations suggest that the relationship between application frequency and agronomic
benefit is not necessarily linear.

Repeated activation of resistance may reach a point at which additional applications
provide little additional protection while increasing operational costs and potentially in-
creasing physiological burden. Therefore, optimization should not focus exclusively on
increasing the number or dose of treatments. A more appropriate strategy may be to iden-
tify critical crop-development stages at which resistance induction provides the greatest
benefit and to combine SAR inducers with a reduced number of conventional fungicide
treatments. Such integrated programs could exploit the complementary modes of action
of plant activators and fungicides while reducing dependence on repeated conventional
chemical control.

Most research on SAR inducers is conducted under controlled conditions with limited
environmental variability [52]. This restricts the direct applicability of such findings to field
conditions. From both scientific and practical perspectives, it is advisable to initiate field
trials aimed at identifying the most effective treatment regimes, followed by more detailed
physiological assessments focused on SAR-related parameters.

The six-application schedule used in the present study should therefore be regarded as
an initial field-validation regime rather than as a proposed commercial application program.
A meaningful cost-benefit assessment should follow determination of the minimum effective
application frequency and should account for application costs, yield response, disease
suppression, and the potential reduction in conventional fungicide use.

4.5. From Chemical Design to Field Application

An important aspect of the present work is that the tested compounds were not selected
from commercially available plant activators but were developed through targeted chemical
modification of the benzothiadiazole scaffold. Earlier studies within this research program
focused on the design and synthesis of BTH derivatives with altered physicochemical
properties and enhanced biological performance [18]. Subsequent experiments identified
BTHWA and [Njy1910][BTHCOO] as particularly active compounds in the tobacco-TMV
model, where their biological activity was associated with the induction of SAR-related
molecular markers and suppression of viral RNA accumulation [19].

The present study therefore represents a further step in the development pathway of
these compounds: from rational chemical modification and controlled biological screening
to agronomic validation under natural field conditions. This transition is particularly impor-
tant because activity demonstrated in simplified laboratory or greenhouse systems does not
necessarily translate into consistent performance under field conditions. Under field con-
ditions, compounds must remain effective despite variation in temperature, precipitation,
crop developmental stage, pathogen population, canopy structure, and spray deposition.

Both BTHWA and the ionic derivative [N;1109;0 |[BTHCOO] retained substantial biolog-
ical activity under these conditions. This finding confirms that the chemical modifications
used to generate these derivatives were compatible with field-level biological efficacy. How-
ever, direct comparison between the neutral and ionic derivatives should be interpreted
cautiously. The compounds differ not only in chemical structure but also in molar ap-
plication rate and formulation. Therefore, the present study cannot determine whether
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differences in field efficacy resulted specifically from ionic versus neutral character. In-
stead, the results demonstrate that both chemically modified benzothiadiazole derivatives
remained functional when transferred from controlled experiments to field application.

The different formulations used for BTHWA and [Nj;1910][BTHCOO] reflected their
different physicochemical properties. Because BTHWA exhibits considerably lower aqueous
solubility, it required formulation as a suspension concentrate to ensure stable dispersion
and uniform field application, whereas [N1;0;0 ][ BTHCOO] could be formulated as an aque-
ous solution. The auxiliary formulation components were included for technological pur-
poses related to dispersion, stability, and application. However, formulation-matched blank
controls containing the corresponding auxiliary components without the active substances
were not included in the present experiment. Therefore, a minor contribution of these for-
mulation components to the observed biological response cannot be completely excluded.
Accordingly, differences in field performance between BTHWA and [Ny;1¢;9][BTHCOO]
should not be attributed exclusively to the active substances or to their neutral versus ionic
character. At the same time, the different formulation requirements represent a practical
consequence of the physicochemical properties of the two compounds and are therefore
relevant to their further development for field application.

4.6. Study Limitations and Future Perspectives

Several limitations should be considered when interpreting the present results. The
study was conducted at a single experimental station and with one spring barley cultivar.
Therefore, broader validation across different locations, soil conditions, cultivars, and
disease environments will be required. In addition, disease pressure resulted from natural
infection. This increased the agronomic realism of the experiment, but it also introduced
year-to-year variation in pathogen composition and epidemic development. The study
also focused primarily on agronomic endpoints and did not include direct physiological
or molecular measurements in barley. Consequently, the contribution of individual SAR-
associated pathways to the observed field response cannot be quantified at this stage. A
further limitation is the absence of the parent compound BTH/ASM as a reference treatment
in the field experiment. The present study was designed as a field-validation step for BTHWA
and [Ny11010] [BTHCOO], which had previously been selected on the basis of controlled
experiments including direct comparison with BTH [19]. Therefore, the objective was to
assess the agronomic performance of these preselected candidates under natural disease
pressure rather than to repeat the initial comparative screening. Nevertheless, the lack of
a BTH treatment means that the present results do not allow conclusions regarding the
relative field efficacy of the tested derivatives and the parent compound.

Although the field experiments were conducted in 2015-2016, their value lies primarily
in validating the agronomic applicability of SAR induction under natural field conditions
rather than in representing current pathogen pressure. Because these compounds act
through host defense responses, the findings remain relevant as a basis for further opti-
mization of their field use. Contemporary multi-location validation will nevertheless be
required before current agronomic recommendations can be formulated.

Despite these limitations, the present study represents an important intermediate step
in the development of the tested benzothiadiazole derivatives. At this stage, the main
objective was to identify the most promising compound and dose combinations under
field conditions and to determine how application rate and treatment schedule influence
disease suppression and crop performance. More detailed physiological, molecular, and
multi-location studies would be most informative once the number of candidate treatments
has been narrowed. This approach makes it possible to characterize the selected compound
more comprehensively without excessively increasing the number of experimental com-
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binations. The present results indicate that both compounds retained field activity, with
the higher application rate providing the most consistent disease suppression and yield
response without adverse effects on TGW or HLW. Future studies should therefore focus on
selecting the most promising compound, defining the minimum effective number and opti-
mal timing of applications, and subsequently validating the optimized treatment strategy
across additional cultivars, locations, and environments. Integrated programs combining
SAR induction with conventional fungicides applied at full or reduced rates should also
be evaluated.

5. Conclusions

The present study demonstrated that two previously characterized benzothiadiazole-
based SAR inducers, BTHWA and [Ny;;9;9][BTHCOOY], retained biological activity under
natural field conditions in spring barley. Both compounds reduced foliar disease severity
relative to the untreated control. The 10 g a.i. ha™! per application rate generally provided
stronger and more consistent disease suppression than the corresponding 5 g a.i. ha™!
treatment of the same compound, although the significance of this dose-related response
depended on the pathogen and assessment date. Importantly, the higher application rate
also increased grain yield without adversely affecting thousand-grain weight or hectolitre
weight. Thus, repeated activation of plant defense under the applied treatment regime did
not result in an agronomically detectable growth or yield penalty.

Treatment was the dominant source of variation in grain yield, accounting for 65.3%
of the total observed variability, compared with 18.1% attributable to year. The negligible
year x treatment interaction indicated that the relative yield response was consistent across
the two growing seasons despite differences in environmental conditions and disease
pressure. These results represent an important step in translating chemically designed
benzothiadiazole derivatives previously selected through biological screening into practical
field applications. Further development should focus on selecting the most promising
compound, optimizing application dose, timing, and number of treatments, and evaluating
integrated protection programs combining SAR inducers with conventional fungicides at
full or reduced rates. Broader validation across additional cultivars, locations, and growing
conditions should follow once the optimal treatment strategy has been established.
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