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Abstract. Fungicide resistance is a global problem that reduces the effectiveness and duration of action of these
compounds due to changes in the racial composition and virulence of phytopathogen populations. Currently,
resistance to 100 active substances has been registered in more than 230 fungal plant pathogens. Leaf rust of barley
(Puccinia hordei Otth.) is one of the most widespread and harmful pathogens in the barley pathocomplex; it is
recorded in southern Russia every year. There are very few studies on the effect of fungicides on the characteristics of
rust fungi populations, and none have been carried out on P. hordei in Russia. This research aimed to analyze the effect
of fungicides belonging to the chemical classes of triazoles and strobilurins on intrapopulation changes in P. hordei in
terms of pathogenicity (virulence and aggressiveness) under the conditions of the North Caucasus region of Russia.
Two-component fungicides approved for use in the Russian Federation were selected for the study: Delaro, SC;
Amistar Extra, SC; Amistar Gold, SC. Plants were treated using several application rates: 50, 100, 150 and 200 % (the
recommended application rate was determined to be 100 %). Treatment of winter barley plants with fungicides with
different application rates revealed intrapopulation changes in the virulence structure of P. hordei. In all treatment
variants, the frequency of isolates virulent to the Rph4, Rph5, Rph6+2, Rph 12 genes decreased with increasing fungicide
application rate and the frequency of isolates virulent to Rph14 increased. No isolates virulent to Rph7 were found in
either the original population or the experimental variants. The average virulence of the fungal populations treated
with the fungicides in all experimental variants was lower compared to the original population (no treatment (48.5 %))
and depending on the application rate varied from 33.8 % (Amistar Gold, 50 %) to 28.5 % (Amistar Gold, 200 %). Under
the influence of the increased application rates of the fungicides, an increase in the duration of the latent period was
observed: from 168 h (original population) to 216 h (Delaro, Amistar Gold, 200 %). A decrease in sporulation ability
(spore mass per pustule ranged from 0.013 mg (original population) to 0.002 mg (Delaro, Amistar Gold, 200 %)) and in
the viability of P. hordei (from 100 % for the original population to 22.5 % in Amistar Gold, 200 % treatment) was found
under the action of the fungicides. Thus, a fungicide-treated P. hordei population is characterized by intrapopulation
changes in aggressiveness and virulence, which can significantly increase barley yield losses due to a decrease in the
effectiveness of chemical protection, as well as an increase in the harmfulness of the pathogen.
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AHHOTaUMA. Pe3nCTeHTHOCTb K QyHrMuugam sIBAAETCS MUPOBON MpobGnemori, o6yCnaBnnBaloLWen CHUKEHNE WX
3bdEKTUBHOCTU N CPOKa AEeNCTBUA BCIeACTBUE M3MEHEHWA pPacoBOro COCTaBa W BUPYNEHTHOCTU MOMYNALMIA
¢duTonaToreHoB. B HacTosAlee BpemA 3aperncTpupoBaHa Pe3nCTEHTHOCTb 6onee uem y 230 rprbHbIX MaTOreHoB
pacteHuii K 100 geicTBylOWMM BellecTBaM. Bo3byautenb KapnmkoBol paBuurHbl (Puccinia hordei Otth.) — oguH 13
pacnpoCTpaHeHHbIX U BPeLOHOCHbIX B MaToKoMMieKkce AumeHs, B KOxHOM defepanbHOM okpyre, dUKcMpyeTca Ha
nocesax exerogHo. iccnegoBaHuii No BANAHUIO GYHIMUMAOB Ha XapaKTepUCTUKKN NONYNALNM PXKaBYMHHBIX FprboB
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Intrapopulation changes in Puccinia hordei
induced by two-component fungicides

KpaliHe Mano, a B oTHoweHun P. hordei B Poccum He npoBoaunock. Llenb faHHoM paboTbl — NpoaHanu3MpoBaTb
BAVsAHVE QYHMULMLOB U3 XUMUYECKMX KJTaCCOB TPMA30NIoB 1 CTPOOWTYPUHOB Ha BHYTPUMOMYNALMOHHbIE U3MEHEHNS
P. hordei no noka3atenam naToreHHOCT (BUPYNEHTHOCTU 1 arpeccuBHOCTM) B ycnoBurax CeBepo-KaBKa3cKkoro permoHa
Poccn. Onsa nccnefoBaHua Gbiny BblOpaHbl ABYXKOMIMOHEHTHble GYHTMLUADI, pa3pelleHHble K MPUMEHEHMWIO Ha
Tepputopun Poccuniickoin Oepepaunn: fenapo, KC; Amnctap dkctpa, CK; Amuctap long, CK. O6paboTKy pacTteHuit
NPOBOAWAN C UCMONIb30BAHMEM HECKONbKMX HOPM NpuMeHeHua npenapatos: 50, 100, 150 1 200 % (pekomeHayemas
HOpMa MpuMeHeHns NprHaTa 3a 100 %). Mpr 06paboTke pacTeHWi SUMEHS O3UMOTO GYHTMUMAAMM C Pa3IYHON
HOPMOW NPUMEHEHUA BbIABNEHbI BHYTPUMNOMYNALUMOHHbIE M3MEHeHUA B CTPYKType P. hordei no BUpPYNneHTHOCTW.
Bo Bcex BapumaHTax C yBeJIMYeHMEM HOPMbI MPUMeEHeHNA QYHIMLMA0B NPOUNCXOAMIN CHUXEHWE YacTOTbl M30MATOB,
BMPYNEHTHbIX K reHam Rph4, Rph5, Rph6+2, Rph12, n yBenuueHue 4acToTbl M3OMATOB, BUPYNEHTHbIX K Rphl4.
He o6Hapy»eHO 130MATOB, BUPYNEHTHbIX K Rph7, Kak B CXOAHON MONyNsAuuUW, Tak U B BapuaHTax onbita. CpegHsas
BUPYSIEHTHOCTb NONyNALuiA rpnba, 06paboTaHHbIX GyHrMLMAAMN, BO BCEX BapriaHTaXx OrbiTa Gbinia HYXKe Mo CPaBHEeHWIo
C BUPYNEHTHOCTbIO WCXOAHON nmonynauun (6e3 06paboTkm) (48.5 %) U B 3aBUCUMOCTA OT HOPMbl MPVIMEHEHNS
BapbupoBana ot 33.8 (Amuctap long, 50 %) no 28. 5 % (Amuctap long, 200 %). Mop fencTeMeEM NOBbILLEHHbIX HOPM
NPVMeHeHWA NpenapaToB OTMEYEHO YBeNNYeHNe ANTENbHOCTM TaTEHTHOrO Neprofa pasBuTuA MHPeKymn — ot 168 4
(ncxopHas nonynauma) o 216 u (denapo, Amuctap lfong, 200 %). NMop aencrarem GyHrMLMAOB YCTAaHOBNEHO CHUKEHME
crnopynupyoLen cnocobHoCTU (Macca Cnop C OfAHOM NycTynbl BapbupoBana ot 0.013 (ucxogHas nonynauus) Ao
0.002 mr (Jenapo, Amuctap lTong, 200 %) v xn3HecnocobHoctn P. hordei (o1 100 % AnAa WCXOZHOW NOMynAuUN Ao
22.5 % npu obpaboTke Amuctap long, 200 %). Takum obpasom, nonynaums P. hordei, nogseprasliascs obpaboTke
dyHrMUMgammn, xapakTepusyeTca BHYTPUMOMNYNALMOHHBIMM M3MEHEHUAMU MO MOKa3aTensAM arpeccrBHOCT W
BMPYNIEHTHOCTW, UYTO MOXKET CYyL|eCTBEHHO YBeNuuYMBaTb MOTEPU YpoXKada AUYMEHA BCINEACTBME KaK CHUMKEeHUA
3pPeKTUBHOCTU XMMNYECKON 3aLLWTbl, TaK 1 NMOBbILIEHUS BPeAOHOCHOCTY NaToreHa.

KnioueBble croBa: AYMeHb; KapfiMKoBas pkaBunHa; dyHruumabl; Puccinia hordei; pe3ncTeHTHOCTb; NaTOFEHHOCTb;

nonynauua

Introduction

Southern Russia is the leader in terms of winter grain crops
area. According to the Federal State Statistics Service (https://
rosstat.gov.ru/storage/mediabank/posev-4cx_2024.xIsx), in
2024 their share in total crops was 51.3 %. Winter barley is
a promising crop, valuable for livestock farming, capable of
producing a consistently high yield even in the extremely dry
conditions of southern Russia (Ereshko et al., 2012). In 2024,
the Krasnodar Region was the leader in barley harvesting:
1,159.5 thousand tons were harvested, which is 7 % of the total
amount in the country (https:/graininfo.ru/news/yachmen-
ploshchadi-sbory-i-urozhaynost-v-rossii-v-2024-godu/).

Barley crops are affected by various pathogens that cause
yield failure and loss of grain quality (Abbas, 2022). The leaf
rust of barley pathogen, the biotrophic basidiomycete Puccina
hordei Otth., is one of the widespread and harmful pathogens
in the barley pathocomplex (Sapkota et al., 2023). In the
North Caucasus region of Russia, leaf rust on barley crops
is recorded annually, and epiphytoties occur once or twice
every 10 years (Volkova et al., 2018). Ensuring high yields
is impossible without chemical protection. In addition to the
high pesticide load on agrobiocenosis, a serious problem is the
emergence of pathogen forms resistant to the active substances
of fungicides (Shcherbakova, 2019).

Fungicide resistance has become a major global problem,
reducing the efficacy and shelf-life of some promising fungi-
cides (Brent, Hollomon, 1995; Thind, 2021). Currently, resis-
tance to 100 active substances has been reported in more than
230 fungal plant pathogens in various crops and geographic
regions (FRAC, 2020). According to P.E. Russell (2003), rust
fungi are pathogens with a low risk of emerging resistance, but
their rapid life cycle, airborne dispersal of spores, and mixed
mode of reproduction can cause intrapopulation changes
(Ji et al., 2023) due to the rapid spread and accumulation of
resistant forms, which will lead to decreased sensitivity to
fungicides.

Traditionally, fungicides of the triazole and strobilurin
classes are used to control rust diseases of wheat and barley
(Walters et al., 2012). Triazoles belong to the largest class
of fungicides with the demethylation inhibitor (DMI) group,
suppressing the biosynthesis of ergosterol, a key component
of the plasma membrane of fungal cells (Lass-F16rl, 2011).
According to FRAC (2020), there is a moderate risk of emer-
ging resistance to such fungicides. At the same time, a number
of studies have noted changes in the population structure of
biotrophic pathogens. For example, G.Zhan et al. (2022),
studying the susceptibility to triademiphon in 446 isolates
of Puccinia graminis, found that fungicide-resistant isolates
showed strong adaptive traits in terms of urediniospore ger-
mination rate, latent period, sporulation intensity and lesion
spread rate.

Strobilurins are an equally large class of fungicides that
accumulate in the waxy layer of the leaf cuticle after plant
treatment (Krupen’ko, 2023). Globally, strobilurins account
for 20-25 % of total fungicide sales, a third of which is at-
tributed to azoxystrobin, the best-selling fungicide in the world
(Leadbeater, 2012). The first strobilurin-resistant isolates were
detected in 1998 in Blumeria graminis [DC.] in Germany two
years after their use, and strobilurin resistance has now been
reported among both biotrophic (Dodhia et al., 2021) and
hemibiotrophic (Olmez et al., 2023) pathogens worldwide.

There is also a risk of emerging fungicide resistance for bar-
ley leaf rust (Walters et al., 2012). Like all rust fungi, P. hordei
is a rapidly evolving phytopathogen (Celik Oguz, Karakaya,
2021). There are very few studies on the effect of fungicides
on the characteristics of the rust fungi population. For the first
time in Russia, such work was carried out at the Federal State
Budgetary Scientific Institution “Federal Research Center
of Biological Plant Protection” (FSBSI FRCBPP) for the
“wheat—yellow rust pathogen” pathosystem (Volkova, 2007).
The effect of a triadimefon-based fungicide on the virulence
and aggressiveness of P. striiformis was studied, the rate of
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emergence of resistant forms of the pathogen was calculated,
and an anti-resistant strategy for the use of fungicides with
this active substance on wheat crops was developed and pro-
posed. Further studies were carried out on the wheat leaf rust
pathogen (Gvozdeva, Volkova, 2022). It was found that the
population of P. triticina treated with a chemical fungicide
based on tebuconazole is characterized by a change in the
structure of aggressiveness and virulence and a decrease in
sensitivity to the toxicant. Similar studies on barley leaf rust
have not been carried out either in the world or in Russia.
Given the high virulence and variability of the North Cauca-
sian population of the pathogen (Danilova, Volkova, 2022),
and the need to develop an anti-resistant strategy for each
pathogen and cenosis (Corkley et al., 2021), research on this
issue is extremely relevant.

This research is aimed at analyzing the effect of fungicides
of the chemical classes of triazoles and strobilurins on intra-
population changes in P. hordei in terms of pathogenicity
(virulence and aggressiveness) under the conditions of the
North Caucasus region of Russia.

Materials and methods

The studies were carried out in the laboratory and greenhouse
of the FSBSI FRCBPP on the winter barley variety Vivat,
susceptible to leaf rust. Originator of the variety is FSBSI
“Donskoy Agrarian Scientific Center”; it is recommended
for growing in the North Caucasus region and resistant to
lodging and frost.

To obtain spore material of the North Caucasian population
of the barley leaf rust pathogen (further in the text — fungal
urediniospores, or population), infected leaves were col-
lected during a route survey of industrial barley crops in the
Krasnodar Region, Stavropol Region, Rostov Region and
the Republic of Adygea. Then, the susceptible Vivat variety
was inoculated with a mixture of herbarium samples (Fungal
Pathogens of Grain Ear Crops..., 2024). The spore material
collected in the required quantity was stored at a temperature
of +4 °C.

Two-component fungicides approved for use in the Rus-
sian Federation were selected for the study: Delaro, SC
(175 g/l prothioconazole + 150 g/l trifloxystrobin); Amistar
Extra, SC (200 g/l azoxystrobin + 80 g/l cyproconazole);
Amistar Gold, SC (125 g/l azoxystrobin + 125 g/l difeno-
conazole).

Inoculation of winter barley plants with a spore suspension
of the pathogen was carried out in the seedling phase. The in-
fected plants were kept in a humid chamber for 18 hours, then
they were grown under controlled conditions at a temperature
of +20-22 °C, air humidity of 70-80 %, and light intensity of
10-15 thousand lux with a day and night cycle (16/8 hours)
(Fungal Pathogens of Grain Ear Crops..., 2024). When the
first signs of the disease appeared, spraying was carried out
using several application rates of the preparations: 50, 100,
150 and 200 % (the recommended application rate was de-
termined to be 100 %).

Urediniospores of P. hordei, collected from barley plants
treated with fungicides at various application rates, were trans-
ferred to intact plants for reproduction and determination of
aggressiveness indices (spore viability, latent period duration,
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sporulating capacity, sporulation duration). Aggressiveness
indices were determined for the mixed pathogen populations
obtained as described above.

The viability of barley leaf rust spores was tested in a humid
chamber under a microscope by counting the total number of
fungal spores and germinated spores (Sanin et al., 1975). The
duration of the latent period was counted from the moment
of inoculation until the first signs of the disease appeared
(Pyzhikova, 1972). The sporulating capacity was determined
by calculating the ratio of the number of pustules to the mass
of the collected biomaterial. The duration of sporulation was
determined from the beginning of the pustules opening until
the end of sporulation (Sanin et al., 1975).

The virulence of the P. hordei populations treated with
fungicides at different application rates was determined by
the reaction of 15 barley differentiators from the International
and Australian sets containing known genes of resistance to
the pathogen: Sudan (Rphl), Peruvian (Rph2), Estate (Rph3),
Gold (Rph4), Magnif 104 (Rph5), Bolivia (Rph6+2), Cebada
Capa (Rph7), Egypt 4 (Rph8), Abyssinian (Rph9), Triumph
(Rph12), PI 531849 (Rph13), PI 584760 (Rph14), Prior
(Rph19), Ricardo (Rph21+2), Fong Tien (Rph25). The infec-
tion types were recorded 10—12 days after inoculation using
the Levin and Cherevik scale in points (Volkova et al., 2018).
The frequencies of virulence genes were calculated using
the probabilistic method (Wolfe, Schwarzbach, 1975) based
on the ratio of the number of pustules with infection type of
3—4 points on the lines with known resistance genes to the
number of pustules on the susceptible variety Vivat. To evenly
distribute P. hordei spores on barley leaves, inoculation was
carried out in a precipitation tower using lycopodium, which
was mixed with fungal spores in a ratio of 400:1 (Parlevliet,
1980).

Based on the results of differentiation, the average virulence
was calculated (Mihajlova et al., 2003). Differences between
the original population (without treatment) and populations
treated with different application rates of the preparation in
terms of virulence gene frequencies were determined using
the Nei index (Nei, 1972). The statistical reliability of the ag-
gressiveness indicators was assessed using the Fisher criterion
(a=10.05) using STATISTICA 10.0 software.

The research used the material and technical base of the
Unique Scientific Installation (USI) “Phytotron for Isolation,
Identification, Study and Maintenance of Races, Strains,
Phenotypes of Pathogens” (https://fncbzr.ru/brk-i-unu/unique-
installation-2/) and objects of the bioresource collection of
the Federal State Budgetary Scientific Institution FNCBZR
“State Collection of Entomoacariphages and Microorganisms”
(https://fncbzr.ru/brk-i-unu/unique-installation-1/).

Results

When treating winter barley plants with fungicides at different
application rates, intrapopulation changes in the structure of
P. hordei by virulence were revealed (Table 1).

In the option with the Amistar Gold, SC preparation, with
an increase in the rate to 200 % of the recommended one, a
decrease in the virulence of the pathogen was observed on
varieties containing the resistance genes Rph2, Rph6+2, Rph9,
Rph14. On the line with the Rph13 and Rph25 genes, when
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treating the barley plants with the preparations at an applica-
tion rate of 50 % of the recommended one, no damage was
observed. With an increase in the rate to 200 %, the type of
reaction to infection increased to 3 points.

Treatment of the barley plants with the fungicide Amistar
Extra, SC affected the fungus population towards increasing
virulence to the Rph14 gene, while a heterogeneous infection
type was observed, pustules of different sizes, areas of dead
and chlorotic tissue were present on the leaf.

In the option with the fungicide Delaro, SC, a decrease in
the virulence of the P. hordei population to the Rph14 gene
was noted. The reaction type decreased from 3 (application
rate 50 % of the recommended one) to 0 points (application
rate 50 % of the recommended one), for the original popula-
tion this indicator was 1 and 2 points. When using the reco-
mmended application rate of the preparation (100 %), the
infection type of the varieties containing the resistance genes
Rph19 and Rph9 was 0;, 1 point; for the original population
this indicator was 3 points.

The type of damage to the varieties containing the resistance
genes Rph1, Rph3, Rph4, Rph5, Rph7, Rph8, Rph12, Rph21+2,
in all options with the fungicides, regardless of the application
rate, corresponded to the type of the original population (no
treatment) and amounted up to 3 points.

This research studied the effect of the fungicides on the
virulence of the population of the barley leaf rust pathogen
(Table 2).

In all experimental options with an increase in the rate of
fungicide application, there was a decrease in the virulence
of the fungal population to Rph4, Rph5, Rph6+2, Rph12; in
the option with Amistar Extra, SC and Delaro, SC — to Rph2;

Intrapopulation changes in Puccinia hordei
induced by two-component fungicides

Amistar Gold, SC and Amistar Extra, SC — to Rph9. The use
of the studied fungicides at a rate of 50—150 % of the reco-
mmended one contributed to an increase in the virulence of
the population to Rph14. Under the influence of fungicides
Amistar Gold, SC and Delaro, SC with an application rate of
150 % of the recommended one, an increase in the virulence
of the population to Rph19 was noted. Treatment of plants
with Amistar Extra, SC and Delaro, SC with an increase in the
application rate to 150 % of the recommended one contributed
to a decrease in the virulence of the population to Rph1, and
an increase in the occurrence of isolates virulent to Rph8.

According to the Nei index, the maximum differences in
the frequency of isolates virulent to lines with Rph genes were
obtained between the original population (no treatment) and
the population treated with Amistar Extra, SC and Delaro,
SC with an application rate of 50 % of the recommended one
(N =0.28; N = 0.24, respectively). At the same time, in the
option with the fungicide Amistar Gold, SC, the maximum
differences were obtained when using an application rate of
200 % of the recommended one (N = 0.22).

The average virulence of the original P. hordei population
(no treatment) was 48.4 % (Fig. 1). In all experimental op-
tions, with an increase in the rate of fungicide application, a
change in the average virulence was noted.

Treatment of the plants with Delaro, SC contributed to a
decrease in this indicator from 45.9 % (application rate 50 %
of the recommended one) to 34.7 % (application rate 200 %),
with Amistar Extra, SC — from 44.3 % (application rate 50 %
of the recommended one) to 34.7 % (application rate 200 %),
with Amistar Gold, SC — from 33.8 % (application rate 50 %
of the recommended one) to 28.5 % (application rate 200 %).

Table 1. Infectious type of differentiating varieties in response to inoculation with P. hordei population
under the influence of various fungicide application rates (greenhouse of the FRCBPP, 2024)

No. Variety Gene Amistar Gold, SC Amistar Extra, SC Delaro, SC Original
Fungicide application rate, % of the recommended rate (pnoopturf;i;nent)
50 100 150 200 50 100 150 200 50 100 150 200
Reaction type of varieties to infection, points
1 Sudan Rph1 3 3 3 3 3 3 3 3 3 3 3 3 3
2 Peruvian Rph2 3 3 3 0; 3 3 3 3 3 3 3 3 3
3 Estate Rph3 3 3 3 3 3 3 3 3 3 3 3 3 3
4 Gold Rph4 3 3 3 3 3 3 3 3 3 3 3 3 3
5 Magnif 104 Rph5 3 3 3 3 3 3 3 3 3 3 3 3 3
6 Bolivia Rph6+2 3 3 3 0 3 3 3 3 3 3 3 3 3
7 CebadaCapa Rph7 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0;
8 Egypt4 Rph8 3 3 3 3 3 3 3 3 3 3 3 3 3
9  Abyssinian Rph9 3 3 3 0; 3 3 3 3 3 01 3 3 3
10 Triumph Rph12 3 3 3 3 3 3 3 3 3 3 3 3 3
11 PI531849 Rph13 0 0; 0; 3 3 3 3 3 3 3 3 3 3
12 PI 584760 Rph14 3 3 3 0; 1,23 23 12323 3 3 3 0 1,2
13 Prior Rph19 3 3 3 3 3 3 3 3 3 01 3 3 3
14  Ricardo Rph21+2 3 3 3 3 3 3 3 3 3 3 3 3 3
15 FongTien Rph25 0; 3 3 3 3 3 3 3 3 3 3 3 3
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Table 2. Virulence (%) of the P. hordei population treated with the fungicides at different application rates to lines carrying Rph genes

(greenhouse of the FSBSI FRCBPP, 2024)

No. Variety Gene Original Amistar Gold, SC Amistar Extra, SC Delaro, SC
population Fungicide application rate, % of the recommended
(no treatment)
50 100 150 200 50 100 150 200 50 100 150 200

1 Sudan Rph1 43 33 22 20 20 76 45 27 34 67 45 39 44

2 Peruvian Rph2 59 62 67 51 0 87 76 49 44 76 76 68 53

3 Estate Rph3 80 46 72 50 49 60 54 53 55 58 44 45 34

4  Gold Rph4 57 22 21 20 20 52 45 38 38 59 45 39 32

5 Magnif 104 Rph5 35 27 13 10 10 72 43 45 41 63 43 43 23

6 Bolivia Rph6+2 44 17 1 10 0 61 55 44 43 73 85 70 64

7 Cebada Capa Rph7 0 0 0 0 0 0 0 0 0 0 0 0 0

8 Egypt4 Rph8 66 16 15 10 40 42 5 98 93 21 59 67 57

9 Abyssinian Rph9 59 36 34 27 0 28 25 22 20 10 0 10 9

10  Triumph Rph12 42 25 13 10 8 92 24 17 14 30 34 22 10
11 PI531849 Rph13 47 0 0 0 37 10 57 65 59 21 27 20 46
12 PI584760 Rph14 0 27 29 28 0 9 10 4 2 4 40 20 0
13 Prior Rph19 51 46 59 67 64 11 20 20 18 80 0 78 57
14 Ricardo Rph21+2 86 99 79 89 99 44 41 33 34 49 78 63 57
15 FongTien Rph25 57 41 29 35 21 21 32 28 25 78 62 45 35
Nei index (Nei distance) - 0.11 0.10 0.13 022 0.28 0.10 0.14 0.14 024 0.10 0.14 0.10

The results of the influence of different fungicide ap-

.. . R 501 Amistar Gold, SC
plication rates on the aggressiveness indices of barley leaf Amistar Extra. SC
rust were obtained. An increase in the duration of the latent aslh Delaro, SC
period of the disease under the influence of high application &

. . . - (]
rates of preparations was noted. For the original population £ aof
(no treatment), this indicator was 168 hours, which corre- 3
sponded to the values obtained when treating barley plants g 35+
with the studied fungicides at a reduced applicationrate (50 % £
of the recommended one). In the option with the fungicides < 30
Delaro, SC and Amistar Gold, SC, at an application rate of
200 % of the recommended one, the duration of the latent 2 Original 0 100 150 200
period increased to 216 hours, with Amistar Extra, SC, up population

to 192 hours.

A decrease in the sporulating capacity of the P. hordei
population treated with fungicides was found. In the options
with the preparations Delaro, SC and Amistar Gold, SC, with
an increase in the application rate, the spore mass from one
pustule decreased from 0.007 (application rate 50 % of the
recommended one) to 0.002 mg (application rate 200 %). In
the option with the fungicide Amistar Extra, SC, this indica-
tor changed from 0.006 (application rate 50 % of the recom-
mended one) to 0.005 mg (application rate 200 %). For the
original population (no treatment), the sporulating capacity
was 0.013 mg from one pustule.

A change in the viability of P. hordei spores was noted to be
influenced by the fungicides. Thus, for the original population
(no treatment), the value of this indicator was determined as
100 % (Fig. 2). In the option with the fungicide Delaro, SC,
the viability of spores decreased from 86.7 (application rate
50 % of the recommended one) to 51.7 % (application rate
200 %); in the option with the preparation Amistar Extra, SC,

(no treatment)
Application rate, %

Fig. 1. Average virulence of the population of the barley leaf rust pathogen
under the influence of different rates of fungicide application (%)
(laboratory and greenhouse of the FSBSI FRCBPP, 2024).

from 80.0 (application rate 50 % of the recommended one)
to 51.7 % (application rate 200 %); with Amistar Gold, SC,
from 71.7 (application rate 50 % of the recommended one)
to 22.5 % (application rate 200 %).

Discussion

The results obtained during the research are consistent with
the studies of other scientists. Thus, C. Zhao et al. managed
to obtain two flutolanil-resistant isolates of Rhizoctonia spp.,
which were characterized by a lower mycelial growth rate
and reduced virulence towards sugar beet sprouts compared
to the original isolate (Zhao et al., 2019).
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Fig. 2. Influence of different application rates of the fungicides on the
viability of barley leaf rust spores (laboratory and greenhouse of the FSBSI
FRCBPP, 2024).

An inhibitory effect on the sporulating ability of the Phy-
tophthora infestans fungus was noted with an increase in the
application rate of the fungicides with difenoconazole and
fludioxonil as active ingredients (Myca, 2015).

Under the influence of an aqueous solution of benzimi-
dazole (40 mg/1), a decrease in the sporulating capacity and the
number of pustules of the rye leaf rust pathogen P. dispers was
determined in comparison with the control, and the avirulence
of the fungus was also noted (Tyryshkin, 2017).

G.V. Volkova’s studies (2007) have proven that the ac-
quisition of resistance to a fungicide from the triazole class
was accompanied by a decrease in sporulating capacity by
4.8 times, the rate of diffuse spread of the pathogen mycelium
in the tissues of the host plant, by 4 times. The incubation
period was extended by 3 days, the period of pustule forma-
tion, by 8—12 days.

Previously, data were obtained on the effect of a tebuco-
nazole-based fungicide on the aggressiveness of the population
of the wheat leaf rust pathogen. With an increase in the applica-
tion rate of the preparation, the viability of spores decreased to
21.5 %, the sporulating capacity, to 0.02 mg of spores, and the
duration of sporulation, to 8 days (application rate 0.7 I/ha).
At the same time, the duration of the latent period increased
to 233 hours (Gvozdeva, Volkova, 2022).

Changes in the population structure under the influence of
triazole fungicides have been recorded. Thus, X. Wu et al.
(2020) described the sensitivity of 89 P. graminis isolates to
triademifon, a triazole fungicide. It was found that isolates
with resistance to triademifon may have cross-resistance to
carbendazim. Resistant isolates to azole fungicides have also
been recorded in P. striiformis (Tian et al., 2019), B. graminis
(Cao et al., 2008). For the P. triticina population from Brazil,
a decrease in sensitivity to triazoles was noted for the five
most common races of the pathogen (Ardium et al., 2012).
We studied the change in the P. triticina population struc-
ture under the influence of a tebuconazole-based fungicide
(Gvozdeva, Volkova, 2022). According to the data obtained,
the maximum of the studied changes in the genetic structure
of the population (according to Nei, N) were noted at reduced
rates of fungicide application. The average virulence of the

Intrapopulation changes in Puccinia hordei
induced by two-component fungicides

pathogen population decreased with an increase in the rate of
fungicide application.

Under the influence of the studied fungicides, a decrease in
the virulence of the fungal population to Rph4, Rph5, Rph6+2,
Rph12 was found, which have been ineffective for the North
Caucasian population for more than 10 years (Volkova et al.,
2019; Danilova, Volkova, 2023). At the same time, virulence
to Rph14 increased compared to the original population. In
2021, the frequency of fungal isolates to this line was low
(Danilova, Volkova, 2023). This may indicate a decrease in the
efficacy of the Rph14 gene under the influence of fungicides.

The development of resistance for pathogens often re-
sembles the effect of vertical resistance: in the first years of
fungicide use, complete suppression of infection is observed;
over time, the emergence of individual tolerant strains and
their accumulation in the population is observed; and, finally,
there is a complete loss of fungicide efficacy (Dyakov, 1998).
One of the factors reducing the sensitivity of phytopathogens
to the active substances of preparations is a change in their
intrapopulation structure (Tyuterev, 2001). Mutations that
cause resistance of phytopathogen isolates to fungicides can
lead to a decrease in their adaptability and virulence (Hawkins,
Fraaije, 2018), but later, an increase in the aggressiveness of
the pathogen may be observed (Dyakov, 1998). In our studies
for the North Caucasian population of the barley leaf rust
pathogen under the influence of two-component preparations
of the class of triazoles and strobilurins, changes in the intra-
population structure in terms of aggressiveness and virulence
were noted, which justifies the need for constant study of this
issue to control the accumulation of resistant forms of P. hordei
in the fungal population.

Conclusion

A comparative assessment of pathogenicity indicators under
the influence of fungicides of the chemical classes of triazoles
and strobilurins revealed a decrease in the aggressiveness and
virulence of the North Caucasian population of the barley leaf
rust pathogen. So, in all options with an increase in the rate of
fungicide application, a change in the intrapopulation structure
and average virulence of populations was noted. In all options
with an increase in the rate of fungicide application, there was
a decrease in the virulence of the fungal population to Rph4,
Rph5, Rph6+2, Rph12; in the option with Amistar Extra, SC
and Delaro, SC, to Rph2; with Amistar Gold, SC and Amistar
Extra, SC, to Rph9.

The use of the studied fungicides at a rate of 50-150 % of
the recommended one contributed to an increase in the viru-
lence of the population to Rph14. The line with the Rph7 gene
showed no signs of infection both in the original population
and in the experimental options. The average virulence of the
fungal populations treated with the fungicides in all experi-
mental options was lower compared to the original population
(no treatment) (48.5 %). Significant changes in this indicator
were noted under the influence of the fungicide Amistar Gold,
SC, the average virulence decreased from 33.8 to 28.5 %.

In comparison with the original population (no treatment),
an increase in the duration of the latent period of the disease
was noted under the influence of high application rates of the
preparations. In the Delaro, SC and Amistar Gold, SC options
at an application rate of 200 % of the recommended one, the
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value of this indicator varied from 168 to 216 hours, with
Amistar Extra, SC, from 168 to 192 hours.

A decrease in the sporulating capacity of the P. hordei
population treated with the fungicides was determined. In the
options with the Delaro, SC and Amistar Gold, SC prepara-
tions with an increase in the application rate, the spore mass
from one pustule decreased from 0.013 (original population
(no treatment)) to 0.002 mg (application rate 200 %), in the
Amistar Extra, SC option, to 0.005 mg (application rate
200 %). A significant decrease in the viability of P. hordei
spores in comparison with the original population (no treat-
ment) was noted under the influence of the fungicide Amistar
Gold, SC. With an application rate of the preparation of 200 %
of the recommended one, this indicator decreased from 100
t0 22.5 %.

Thus, our studies allow us to identify changes in the popula-
tion structure by virulence and aggressiveness of the P. hordei
population under the influence of the studied fungicides, which
will make it possible to promptly adjust the winter barley
protection system and, in the future, can contribute to the
development of an anti-resistant strategy to control P. hordei.
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