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Abstract The fast adaptation to different growing conditions of a fungus Macrophomina phaseolina, led to its
becoming one of the sunflower (Helianthus annuus L.) disease causal agents in regions with a temperate climate.
Methods currently used to determine sunflower resistance require laborious manual inoculation and confirmation of
pathogen appearance, due to the late stage of testing. The paper proposes a cut-stem method for inoculating sunflower
plants in the controlled conditions and the possibility of early-stage disease evaluation. A set of 15 sunflower inbred
lines was inoculated using M. phaselolina isolate in the growth chamber and the obtained data were analysed using
Cut-stem Disease Severity (CSDS) and compared with disease severity obtained from field experiments using
traditional inoculation methods (toothpick, Unwounded Stem Base Inoculation (USBI) and non-inoculated plants).
The results showed that, based on CSDS, inbred lines infected with the cut-stem inoculation method significantly
differed regarding resistance to M. phaseolina. None of the inbred lines exhibited complete resistance but three lines
could be proposed as a source of resistance to this pathogen. Ranking of inbred lines which was based on resistance
to M.phaseolina was similar in all inoculation methods and in non-inoculated plants. There were highly significant
correlations between the values obtained from growth chamber experiment and disease severity scores from field
evaluations. Thus, the obtained results indicate that the cut-stem method could potentially complement field testing
methods and be valuable tool in sunflower breeding for resistance to M. phaseolina.
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1.Introduction

Sunflower (Helianthus annuus L.) production is adversely affected by numerous fungal diseases (Harveson et al.,
2018). Disease occurrence and development depend on the host susceptibility, pathogen presence and environmental
conditions. Some sunflower pathogens are widely distributed and considered a significant constraint to sunflower
production, while others are of regional or minor importance. Among them, charcoal rot caused by a soil-borne fungus
(Macrophomina phaseolina (Tassi) Goid), is gaining importance in the light of changing environments (Mah et al.,
2012). M. phaseolina is a multi-host pathogen adapted to warm and dry environmental conditions. Fungal growth is
fast under conditions of 30-35°C and water deficit, when the infection can occur within 24 to 48 hours (Marquez 2021;
Akhtar et al., 2011). These conditions cause significant damage to sunflower yield, exceeding 75% under the most
favorable conditions for pathogen growth (Mahmoud, 2010). Furthermore, extreme cases of inoculation can reduce
yield by 90% (ljaz et al., 2013). Most of the climate prediction models have already indicated average rising surface
temperatures, affecting global agricultural systems (IPCC 2018). Climate change impacts, such as extended dry
periods that occur with very high average maximal temperatures, often above 30°C, favour M. phaseolina
development (Igbal & Mukhtar 2014). These weather conditions will particularly facilitate the wider geographical
distribution of the fungus in countries with traditionally continental climate (Veverka et al., 2009).

A sustainable management strategy should be applied in order to prevent the decline in sunflower production,
based on use of genetically resistant material to develop new genotypes is the best practice for disease management
(Leiete. 2014). Although M. phaseolina is monotypic and no physiological races have been reported, it has high
genetic variability. (ljaz et al., 2013). To date, sunflower genotypes that are completely resistant to M. phaseolina
have not been found, although several genotypes have been marked as highly or moderately resistant to M. phaseolina
and therefore can be used as sources of resistance in breeding programs (Taha et al., 2018, Siddique et al., 2020). High
level of resistance to M. phaseolina was observed in some populations of wild Helianthus species but has not been
transferred into cultivated sunflower because of its horizontal and quantitatively nature. The susceptibility of
sunflower to charcoal rot is clearly visible in genotypes with a short vegetation period and grown in arid climate
conditions (Kaya 2016).

Precise determination and characterization of resistance reactions of crops against fungal pathogens are
essential for finding resistance sources and selection of resistant genotypes (Mahlein et al., 2019). In the case of M.
phaseolina, the large-scale phenotyping for resistance remains challenging due to late-stage testing methods, laborious
manual inoculation and confirmation of pathogen appearance, as well as disease scoring procedure. Methods for the
detection of sunflower resistance to M. phaseolina mainly consist of field experiments and artificial inoculation. Fast
indoor methods that can speed up resistance evaluation are already used for different sunflower pathogens and
represent a reliable alternative for field testing (Terzi¢ et al., 2010; Larfeil et al., 2010). Therefore, the determination
of a method that provides information on M. phaseolina resistance in earlier stages of sunflower plant development is
imperative, as it would accelerate the selection of resistant genotypes and reduce cost of testing.

Cut-stem method used to evaluate soybean resistance to M. phaseolina gave reliable results enabling the
determination of genotype resistance during early soybean development stages (Twizeyimana et al., 2012). This
research aims to propose a new early stage, cut-stem inoculation method for inoculating sunflower seedlings with M.
phaseolina under controlled conditions, based on data from research conducted in soybean. The method's reliability
is verified by comparing with field testing experiments using standard methods of M. phaseolina inoculation
evaluation. Additionally, the aim of this work was to select resistant inbred lines that have the potential for use in
breeding for resistance to charcoal rot.

2. Material and methods
2.1 Plant material

In the experiment, 15 inbred lines of sunflower were selected for determination of M. phaseolina resistance.
All inbred lines originate from the Institute of Field and Vegetable Crops Novi Sad (IFVCNS) gene pool which have
large number of genotypes resistant to diseases (Andelkovi¢ et al., 2020). The main characteristics are represented in
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(Table 1). Inbred lines were previously tested for M. phaseolina resistance and selected based on the exhibited level
of resistance (data not presented).

Table 1 Names and characteristics of inbred lines used in experiment and their specific traits

Inbred line Characteristics

ABOR 8 Medium-early, broomrape resistance

AS 87 Medium-early, good combining ability
CMS 130 Medium-early

DF AB 2 Late, good combining ability

Ha 26 Medium-early, good combining ability
Ha 74 Medium-early, highly reistant to Phomopsis spp
IMI AB 12 PR Late, tolerant to imidazolinone, P16 gene
L1 Medium-early, good combining ability
LIP P98 Very-early, broomrape resistance

LIV 10 Medium-early, broompare resistant

MA SC 2 Medium-late, specific combining ability
ODESSA 4 Medium early

PB 21 Medium-early, rust resistance, PI6 gene
PL DI 25 Very early, PI6 gene

RUB 3 Medium early

2.2 Sampling, isolation procedure for M. phaseolina, pathogenicity test and inoculum preparation

During 2018, sunflower stems infected with M. pahseolina were collected from different locations in the
Vojvodina region (North part of Serbia). The stem samples were placed in a paper bag, air dried at room temperature
and stored at 4°C. Stem samples were washed under the running tap water for 30 minutes and left to dry on sterile
filter papers. Small cuts from the stems with visible microsclerotia were surface sterilized first in 70% ethanol
(C2H50H) for three minutes and then with 1% sodium hypochlorite (NaOCI) for three minutes. Sterilized parts were
plated onto potato dextrose agar (PDA) and incubated at 30°C for 24 hours. The hyphal tip was separated and
transferred on a new PDA to obtain new and pure fungal colony. In order to choose the most aggressive isolate of M.
phaseolina a pathogenicity test was performed. A 4 mm mycelial disc from colony were placed on the centre of the
PDA plate and incubated for four days. When PDA plate was completely with M. phaseolina colony, ten de-hulled
sunflower seeds of inbred line Ha 26 were put on each colony. Isolate which first infected all seeds was used for
further work. Based on pathogenicity test isolate labelled as MPIN-18, collected near town Indjija, Serbia
(45°4'9.4074"N 20°3'22.536"E) was selected for further experiments.

2.3.1 Cut-stem method

These experiments were obtained during January and February 2021 and repeated test during December 2021
and January 2022. Experiments were conducted in same greenhouse but in different growth chambers. Sunflower
seeds were germinated on filter paper for 48 hours at 23°C in order to avoid plant loss due to non-germinated seeds.
Seeds were then de-hulled and sown in 4.1 | containers filled with a mixture of Klansmann-Deilmann substrate 1 and
10% perlite. Five sunflower seeds per inbred line were planted in the container and after one week, 2 plants
from every container were removed. Experiment in controlled conditions was conducted in walk-in growth chamber
with temperature day/night regime of 32/20°C. Plants were grown under artificial lighting (lamps PHILIPS HPI-T
1000W/543 e40) with a 16 h light duration. Containers were watered with 300 ml of water every day and relative
humidity was maintained for 40%, and checked with a digital hygrometer.

The inoculation was done on the three plants per container using a modified method of Twizeyimana et al.,
(2012). The plants were inoculated by cutting the plants 1 cm above the last developed leaf. A broader end of 200 pl
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pipette tip was immersed in with the edge of four days old fungal colony, and placed on the freshly made stem cut.
Pipette tips were removed from the plants three days after the inoculation. The progress of the disease symptoms was
recorded four times on days: 4, 5, 7, and 8 after inoculation by measuring the length of lesion on each stem.

AUDPC (Area Under Disease Progress Curve) was calculated separately for every inbred line on basis of
consecutive lesion length data. For each inbred line, AUDPC was calculated with formulae:

AUDPC = Z(xi + xi + 1)/(ti + 1 — ti)

where xi is lesion length of each plant at day i after inoculation, x;+1 is lesion length of each plant at date
i+1, and expression ti+1 — ti is number of days between scoring dates i and i+1 (Altinok et al., 2014)

Considering AUDPC for every inbred line cut-stem disease severity (CSDS) was calculated on the basis of
AUDPC of every plant with formulae:

CSDS = (£Xi)/(m * n)

where X is disease score based on the AUDPC values 0-(0); 1-(1-10), 2-(10-50); 3-(50-100); 4-( 100), > Xi
is sum of scores, m is the highest score and n is number of examined plants (McKinney 1923). Since these two repeated
experiments obtained in different growth chamber, and seeds were 11 months older in repeated than in first experiment,
the obtained results will not be conjoined together.

2.3.2 Field experiments

The field experiments were conducted at the IFVCNS disease testing field, at Rimski Sangevi, Novi Sad,
Serbia in order to compare the results with the cut-stem method. The experiments were designed as a randomized
block design using 0.7 m inter-row and 0.3 m intra-row spacing, and three replications. Selection of 15 inbred lines
was sown on April 18" 2019. and May 5™ 2020. Seeds of each inbred line were sown in 3 rows with 12 plants per
row. Weather data during June, July and August 2019/2020 were collected from meteorological station Rimski
Sancevi- Novi Sad, (Table 2) (RHSS, 2020; RHSS, 2020; RHSS, 2020; RHSS, 2020).

Table 2 Weather data: monthly minimum and maximum average temperature and precipitation in Rimski San¢evi
during June, July and August of 2019 and 2020

June July August June July August

2019 2019 2019 2020 2020 2020
Min.DTA? (°C) 17.4°C 16.4°C 17.6°C 15.5°C 15.2°C 17.2°C
Max.DTAP (°C)  28.6°C 29.9°C 31.7°C 26.2°C 27.9°C 30.0°C
Precipitation 64 mm 21mm 79 mm 160mm 76 mm 140 mm

a-Min.DTA(°C)- Average value of minimal daily temperature (°C);
b-Max.DTA (°C)- Average value of maximal daily temperature (°C)

Two artificial methods of inoculation were used to test sunflower resistance to M. phaseolina:
Unwounded Stem Base Inoculation (USBI)- This method was used by Jiménez-Diaz and Blanco-Lépaz, 1983.
Inoculum was mix of sand, corn flour and microsclerotia. In mixture of 950 g of sand and 50 g of maize flour was
added 100 cuts (4 mm diameter) of M. phaseolina with PDA, which were incubated for two weeks on 30°C. The 2 g
of mixture was placed around sunflower stem base 30 days after the emergence. The first row with 12 plant per
replication was inoculated by this method.

Toothpick method — This method was used by Mihalj¢evi¢, 1981. Wooden toothpick covered with the PDA substrate
and fungal colony were used during flowering time by piercing the ground part of the stem and left there until the end
of experiment. The second row of 12 plants per replication was used for this method.



184
185
186
187
188
189
190
191
192
193
194

195
196

197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231

The third row of 12 plants was not inoculated and spontaneous occurrence of disease was recorded (hon-inoculated
plants).

Plant reaction to M. phaseolina was recorded in the maturity phase R8 (Schneiter and Miller, 1981). Each
stem was cut longitudinally and length of the stem part covered with microsclerotia was measured. Disease severity
(DS) was calculated according to the equation

DS = (£Xi)/(m * n) * 100

where X is disease score based on the length of the stem part covered with microsclerotia (0-(0-5 cm); 1-
(5-10 cm), 2-(10-20 cm); 3-(20-30 cm); 4-(30-40 cm), 5-(40-50 cm); 6-(50-60 cm); 7-(60-70 cm): 8-( more than 70
cm), > Xi sum is of plant grades, m is the highest grade of the scale and n was the total number of disease severity.
Values were calculated separately for each inoculation method.

2.4 Data analysis

Kruskal-Wallis test was used in order to test existence of significant differences between inbred lines based
on AUDPC values from cut-stem method and DS values from field experiments.

In order to group inbred lines, rank sum test was used to compare inbred lines inoculated with different
inoculation methods and inoculation of non-inoculated plants. (Ohunakin et al., 2019). CSDS data from growth
chamber experiment and DS from field experiments were ranked in ascending order. Rank positions of same methods
were added together after which the grand mean of the rank position (X) was calculated. Deviation from this rank
position grand mean (Xn X) was calculated for every inbred line. The value of deviation was used to determine
resistance level of every inbred line for each inoculation method: (-10<) Resistant; (-10-0) Moderately Resistant; (0-
10) Moderately Susceptible; (>10) Susceptible. Results were obtained for each inbred line using the toothpick, USBI
method, and non-inoculated plants, adding ranks of measurements collected from inbred lines inoculated by the same
method.

According to values obtained from two filed methods, non-inoculated plants in two years and two cut-stem
test Spearman’s correlation were used in order to inspect how much cut-stem method is similar to filed methods.
Software PAST 3, and Microsoft Office Excel was used for all analyses.

3.RESULTS
3.1 Differences among inbred lines in different inoculation method

Using three different inoculation methods and non-inoculated plants, 15 sunflower inbred lines were tested
for charcoal rot resistance. The cut-stem inoculation method was used in the walk-in growing chamber and calculated
CSDS values ranged between 0.03 (PB 21 and L1) and 1 (Odessa 4). Kruskal-Wallis test was used to test difference
between AUDPC of inbred lines in growth chamber. Inbred lines in first cut-stem method were statistically significant
at level (p < 0.05, p = 0.045). Repeated cut-stem method also revealed that inbred lines in this experiment were
statistically significant at level (p <0.01, p = 0.000).

Resistance to charcoal rot of 15 inbred lines were also tested during two-year field experiment, using two
inoculation method and resistance was noted at non-inoculated plants. Obtained values of DS from field experiments
variated between 0 and 67.64. In year 2019 during the flowering stage and seed filling of sunflower (June to August),
the average maximum temperature ranged between 28.6 and 31.7°C and rainfall was 164 mm. In 2020, on the other
hand, the average maximum temperature ranged between 26.2 and 30.0°C with rainfall 376 mm during the flowering
to seed filling (Table 2). Kruskal-Wallis test was done in field experiments on the base of DS (Table 5). DS values
from different methods were obtained from every year separately. Significant differences were confirmed between
inbred lines in respect to their level of resistance to charcoal rot. The Kruskal-Wallis test (Table 5) of 15 inbred lines,
tested in years 2019 and 2020 in field conditions, showed that differences in view or resistance to charcoal rot were
on level (p <0.01).
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Table 3 Kruskal-Wallis test of 15 inbred lines of sunflower according Disease severity (DS) values obtained
during filed experiments for toothpick, Unwounded Stem Base Inoculation (USBI) methods and for non-inoculated
plants in the years 2019 and 2020

Toothpick USBI? method Non-inoculated  Toothpick ~ USBI method Non-inoculated

method 2019 2019 plants 2019  method 2020 2020 plants 2020
Kruskal-WallisH  37.871 32.241 28.756 36.886 37.278 37.443
Df 14 14 14 14 14 14
Asymp. Sig. 0.001** 0.004** 0.001** 0.001** 0.001** 0.001**

Signification level marked with asterisks *and **indicate the significance at level P < 0.05, 0.01.

a-USBI- Unwounded Stem Base Inoculation

3.2 Spearman correlation

According to Spearman’s correlation, all methods were in positive correlation (Table 4). Inoculation method
which had the highest correlation with his own repeated trail is cut-stem method, (r = 0.81, p <0.01). The biggest
correlation was noticed between toothpick method and USBI method from the year 2019 and this correlation was
highly significant (r = 0.92, p <0.01). First and repeated cut-stem methods had the highest number of highly significant
correlations with other inoculation methods. First and repeated cut-stem methods were in highly significant
correlations to methods used in field experiments (p < 0.01) except with not-inoculated plants, but correlations of cut-
stem methods with non-inoculated plants were significant on level p < 0.05. Non-inoculated plants had the lowest
number of statistically significant correlation with other methods. Non-inoculated plants in years 2019 and 2020 were
not corelated statistically significant. Correlation between non-inoculated plants from year 2019 and toothpick method
from year 2020 and correlation between non-inoculated plants in year 2020 and USBI method from year 2019, also
were not statistically significant. Correlation of cut-stem method with toothpick method was variated between first
cut-stem method toothpick method in year 2019 (0.54), while the strongest was between toothpick method in year
2020 and repeated cut-stem method (0.86). Considering correlations between cut-stem methods and USBI method the
weakest correlation was recorded in between USBI method in year 2019 and first cut-stem method (0.69) and the
strongest was between repeated cut-stem method and USBI method in year 2020 (0.86).
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Table 4 Spearman’s correlation coefficients between different inoculation methods of sunflower inbred lines
with Macrophomina phaseolina. Correlation coefficients from cut-stem disease severity (CSDS) obtained from the
first and repeated cut-stem method, disease severity (DS) obtained from toothpick, Unwounded Stem Base Inoculation
(USBI) method, and non-inoculated plants in years 2019 and 2020 were compared

Cut-stem Repeated Toothpick  Toothpick  USBI? UsSBI Non- Non-
method cut-stem method method method method inoculated inoculated
method 2019 2020 2019 2020 plants 2019  plants 2020
g‘gﬁ;ﬁm 1 0.809**  0.786**  0538*  0.847**  0.692**  0.556* 0.498*
Repeated
cut-stem 0.809** 1 0.858**  0.610**  0.863**  0.680**  0.784**  0.478*
method
L‘;‘t’m'%lg 0.786%*  0.858** 1 0585%  0.922**  0.692**  0.766**  0.493*
L‘;‘t’m'%zo 0.538*  0.610**  0.585* 1 0589*  0.897** 0.297 0.775%*
g}i‘tﬁ‘l'od o019 O-BAT**  0.863**  0.922%* 0589 1 0.709**  0.772%* 0.419
g}i‘tﬁ‘l'od oo 0-892%  0.680%*  0.692%*  0.897**  0.709** 1 0447  0.746**
Non-
inoculated 0.556*  0.784**  0.766** 0.297 0.772%*  0.447* 1 0223
plants 2019
Non-
inoculated 0.498*  0.478* 0.493*  0.775** 0.419 0.746%* 0.223 1
plants 2020

*Significant at the 0.05 probability level, **significant at the 0.01 probability level.

a-USBI- Unwounded Stem Base Inoculation

3.3 Comparation of different inoculation methods

In order to test results from growth chamber experiments and field experiments, CSDS and DS values were
ranked (Table 5) and analysed by Rank sum method (Fig 1). In (Table 5) for every inbred line is represented eight
observed values (CSDS or DS) and eight ranks. Two CSDS and two ranks for cut-stem experiments, two DS and two
ranks for toothpick method in years 2019 and 2020, two DS and two ranks for USBI method in both years and two
DS and two ranks for non-inoculated plants also in both years. Minimal recorded value of DS for inbred lines was 0
in both years, but maximal DS for every method was higher in year 2020, than in year 2019. The highest value for DS
in year 2019 had toothpick method (59.95) and in 2020 USBI method had the highest recorded value (67.64).

Inbred line L1 had the lowest rank in all filed methods except in repeated cut-stem method and at non-
inoculated plants from the year 2019, it these two methods, this inbred line had the second lowest rank. DS values for
inbred line L1 variated between (0 and 1.39). Odessa 4 had rank 13-15 in all inoculation method except at non-
inoculated plants in year 2019. Also values for DS of Odessa 4 were high (47.05-63.05) in toothpick and USBI
methods, comparing to values from non-inoculated plants where these values were lower (4.17-25.6). Inbred lines had
similar ranks in the same method, except inbred lines RUB 3 and DF AB 2. Inbred line RUB 3 was the most susceptible
inbred line in the first year of field experiments and had rank 15 for toothpick and USBI method. In experiment from
the year 2020, rank values were 6 for toothpick method and 7 for USBI method. The higher level of susceptibility in
year 2019 than in year 2020 was also recorded for inbred line DF AB 2. According to toothpick method this inbred
line had rank value 9 in year 2019 and in year 2020 rank value was 2. At non-inoculated plants differences between
ranks of this inbred line were higher, DF AB 2 had rank 15 at year 2019 and rank 3 at year 2020.



282 Table 5 Ranks of selected sunflower inbred lines inoculated with M. phaseolina according to their disease severity (DS) measured in growth chamber
283  experiments (CSDS) in first and repeated cut-stem method and according to disease severity obtained from toothpick method, Unwounded Stem Base Inoculation
284 (USBI) method and non-inoculated plants during years 2019 and 2020

285
Non-
First cut-stem Repeated cut- Toothpick Toothpick USBI?*method  USBI method  Non-inoculated inoculated
method stem method method 2019 method 2020 2019 2020 plants 2019 plants 2020
CSDS® Rank CSDS Rank DS¢ Rank DS Rank DS Rank DS Rank DS Rank DS Rank

AB OR 8 0.47 14 0.95 125 52.15 14 4223 13 34.09 11 53.82 13 12.23 10 38.19 15
AS 87 0.17 5 0.90 10 45.23 11 15.42 9 2208 8 1231 10 19.15 11 0.76 7
CMS 1-30 0.28 10 0.80 8 27.08 8 29.34 11 27.08 10 20.83 12 4.17 7.5 0 3
DF-AB-2 0.28 10 0.95 125 29.63 9 0.52 2 26.62 9 1.67 5 45.89 15 0 3
Ha 26 0.08 35 0.50 45 13.69 7 34.03 12 4.10 6 15.63 11 3.65 6 8.33 12
Ha 74 0.19 6.5 0.45 3 0.83 4 0 1 2.65 5 0.46 3 0 2 0 3
IMI-AB-
12-PR 0.25 8 0.95 125 47.43 12 15.96 10 43.07 12 9.85 9 42.94 14  3.70 11
L1 0.03 15 0.40 2 0 2 1.39 35 0 15 0 1.5 0.42 4.5 0 3
LIPP 98 0.28 10 0.70 7 9.67 6 9.17 7 13.87 7 8.65 8 11.81 9 347 10
Liv 10 0.19 6.5 0.65 6 3.37 5 1181 8 0.35 3 0.76 4 0 2 3.07 8
MA-SC-2 0.08 35 0.25 1 0 2 1.39 35 0 15 1.85 6 0 2 333 9
Odessa 4 0.53 15 1.00 15  49.65 13 49.48 14 47.05 14 63.05 14 4.17 75 256 13
PB 21 0.03 15 0.50 4.5 0 2 6.25 5 0.69 4 0 1.5 0.42 4.5 0 3
PL-DI-25 0.39 13 0.95 12.5 41.27 10 61.20 15 4353 13 67.64 15 29.17 12 36.68 14
RUB-3 0.33 12 0.85 9 59.96 15 7.38 6 48.83 15 341 7 38.19 13 0.52 6

286 a-USBI- Unwounded Stem Base Inoculation

287 b- CSDS — cut-stem disease severity

288 ¢ - DS — disease severity
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3.4 Rank sum method

Based on rank sum method, values from every inoculation method and non-inoculated plants were compared
to each other. Inbred lines in all inoculation methods showed similar reaction (Fig 1). Cut-stem method and toothpick
method distinguished two inbred lines AB OR 8 and Odessa 4 as susceptible compared to other inbred lines, while
USBI method showed PL DI 25 and also Odessa 4 as susceptible. Non-inoculated plants had zero inbred lines which
were classified as susceptible. Inbred lines L1 and MA SC 2, and PB 21 were resistant inbred lines according to cut-
stem inoculation, L1, MA SC 2 and Ha 74 were resistant inbred lines in toothpick inoculation. Inbred line L1 was also
resistant according USBI method along with PB 21. Inbred lines: LIP P 98, Ha 26, DF-AB-2, CMS 1 30 and AS 87
depending on method of inoculation, had reaction categorised as moderately resistant and moderately susceptible.
Cut-stem and toothpick method showed three inbred lines as resistant, USBI method two inbred lines, and non-
inoculated plants one inbred line. Four moderately resistant inbred lines were in cut-stem method and toothpick
method, and five inbred lines according to USBI method and non-inoculated plants. Six moderately susceptible inbred
lines was recorded according to cut-stem, toothpick and USBI methods and nine inbred lines with non-inoculated
plants. Two susceptible inbred lines were classified by cut-stem, toothpick and USBI method, while according to non-
inoculated plants there was weak disease occurrence and it was not possible to determine susceptible inbred line.

Fig 1 Graphical presentation of inbred line’s RANK SUM values inoculated with different methods. On the
down side of the graph are names of inbred lines, on the left side of the graph are values which represents rank sum
deviation from average value. With dotted horizontal lines are marked borders between resistant, and moderately
resistant area and between moderately susceptible and susceptible area. With black horizontal line on the middle of
the graph is border between moderately resistant and moderately susceptible area. Vertical bar colour represents
inoculation method, blue bar is cut-stem method, red bar is toothpick method, grey bar is Unwounded stem base
inoculation (USBI) method and green bar represents non-inoculated plants. For every inbred line, vertical bars are
lined up from left to right: 1 cut-stem method, 2™ toothpick method, 3@ USBI method and 4™ non-inoculated plants.

Fig 2 Symptoms of disease on susceptible sunflower inbred line ODESSA 4 on 8" day after the cut-stem
inoculation with Macrophomina phaseolina

4. Discussion

Experiments conducted in controlled conditions can provide valuable information about disease development
and progress and help better understanding of pathogen-host interaction in conditions conductive for disease
development (Rotem, 1988). Up to a certain point, they also provide better accuracy of the resistance testing and by
using some of them, efficacy in terms of number of tested samples and testing duration is increased (Retig et al., 1973).
In sunflower, there were several laboratory experiments for estimation of resistance to M. phaseolina, but mainly
providing information about number of dumped off or infected plants (Hussien et al., 2018; Taha et al.,2018). This
kind of experiments can give information about the percent of plants with developed symptoms but cannot determine
complexed information such as disease severity or progress of disease in specific plant. Most of experiments aimed
on disease severity or disease progress in controlled conditions, but last till the maturity phase (Jordaan et al., 2019;
Siddique et al., 2020). Twizeyimana et al., (2012) developed the method for evaluation of soybean resistance to M.
phaseoilna in controlled conditions, which has proven to be rapid and reliable. In this work the cut-stem method was
adjusted for sunflower and used to examine M. phaseolina resistance of 15 inbred sunflower lines under controlled
conditions. Ghimire et al., (2019) based on soybean testing concluded that the cut-stem method is better for soybean
resistance testing than toothpicks since this method shortens the experiment time and can give results similar to the
toothpick method.

Considering the Spearman‘s correlations it can be noticed that cut-stem method had the highest correlation
between all repeated experiments on the level p <0.01. Evans et al., (1999) confirmed that data from two repeated
greenhouse experiments with significance level p <0.01 can be used as single experiment. Cut-stem method was in
high correlation with field inoculation methods. Correlation of cut-stem method with filed inoculation methods
variated between 0.54 and 0.86. Several authors confirmed that indoor disease tests are valid if they are corresponding
to filed test around 60% (Foolad et al., 2000, Hashmi et al., 2005; Neto et al., 2008;). The percentage of great
correspondence obtained in this work is considered sufficient to mark cut-stem method as method which can give us
similar information as information obtained from field experiments. Two different field trail methods in year 2020,
toothpick and USBI method are in strong positive correlation (0.92). It was concluded that diseases caused with M.
phaseolina are strongly correlated with environmental conditions, and in favorable conditions differences between
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aggressive and nonaggressive inoculation method will not be large as in less favorable climate conditions (de Sousa
Linhares et al., 2020).

Although the higher average temperatures were during year 2019, the highest range between the most
resistant and the most susceptible inbred line was in year 2020 in view of toothpick and USBI method. For non-
inoculated plants the highest range between the most resistant and the most susceptible inbred line was in year 2019.
In both years of field experiments average maximum temperatures were in optimum range for M. phaseolina
development 25-35°C (Csondes et al., 2012). Favourable climate conditions were enough to show variability among
inbred lines, and that none of inbred lines was completely resistant, indicating partial resistance that could be
quantitatively inherited. The polygenic, horizontal resistance to this pathogen was reported in previous research (Kaya,
2016). Inbred line L1 was the most resistant inbred line, based on results after using cut-stem, toothpick and USBI
method. While inbred line MA SC 2 was resistant after using toothpick method, so as PB 21 with USBI method, the
resistance of these two inbred lines also confirmed with cut-stem method. Resistant lines can offer various
opportunities to introduce M. phaseolina resistance into cultivated sunflower, which was proven by (Shehbaz et al.,
2018). One of the approaches that could be used in order to obtain sustainable resistance is gene pyramiding by
combining different resistance sources, as it is proposed for other constraints on sunflower (Cveji¢ et al., 2020).
Although most of the inbred lines had similar rank levels through the years, inbred lines DF AB 2 and RUB 3 showed
differences in view of resistance during field experiments. It was noticed that these two inbred lines had much more
severe symptoms of charcoal rot in year 2019, than in 2020. According to both cut-stem method these two inbred lines
were more susceptible than the most of the inbred lines in experiments and these two inbred lines did not variate as
much as in field experiments. As it already told, resistance to charcoal rot is inherited polygenic, so the level of
resistance to charcoal rot can be different in different environment conditions (Kumar et al., 2016). Garcia-Olivares
et al., (2012) also proved that in common beans is possible to have non stabile genotypes through changed
environments in view of charcoal rot. Non-inoculated plants in both years showed lower level of inoculation at all
inbred lines. However non-inoculated plants had the narrowest interval between the most resistant and the most
susceptible inbred line. In this group of plants, it was not recorded susceptible inbred lines, which was expected since
the inoculation is affected by unevenly distributed amount of inoculum in soil.

According to rank sum method, it can be concluded that inbred lines were ranked similarly regardless of
inoculation method. Cut-stem method made the most detailed division according to charcoal rot resistance from -12.5
for inbred line L1, to 14 for ODESSA 4. Other inoculation methods toothpick and USBI method had similar but
slightly narrowed interval. Similar conclusion had Ghimire et al., (2019) which have found that using cut-stem and
toothpick method can result in greater disease severity at soybean inoculation with different Diaporthe species. On
the other side Souza et al., (2021) reviled that toothpick method is more effective in inoculation of cowpea with M.
phaseolina than cut-stem method. Different conclusion about effectiveness of cut-stem and toothpick method with M.
phaseolina can be occur due to different hosts (Talapov et al., 2021). Although non-inoculated plants had the narrowest
interval between the most resistant and the most susceptible inbred lines, this method showed variation among inbred
lines. This confirms strong presence of M. phaseolina isolates in soil of Serbia. Large amount of M. phaseolina
inoculum in Serbia was proven by several fresh reports of new hosts of M. phaseolina in Serbia such as immortelle,
blueberry and chickpea (Pavlovi¢ et al., 2015; Popovi¢ et al., 2018; Zivanov et al., 2019).

Comparing to all methods it can be concluded that cut-stem method is reliable method for sunflower
resistance testing to charcoal rot, allthought filed tests are inreplaceble since it impossible to completly imitate field
conditon in indoor experiments. Cut-stem method can be suitable specially for premlimiraly testing in order to make
preliminary selection for filed testing. Twiteyezama et al., (2012) consider that this method can: clearly distinguished
plants based on the resistance to charcoal rot and to distinguished M. phaseolina isolates based on aggressiveness.
However, field experiments especially non-aggressive ones are irreplaceable, because it is very hard to completely
imitate all outdoor factors. Use of aggressive methods which damaging the tissue, together with the non-destructive
methods could help researches to distinguish between pre-formed barriers to infection and physiological mechanisms
of resistance (Botha et al., 2009). Control of indoor conditions, physiological differences between genotypes,
resistance mechanisms, uniform concentrations of inoculum, and inoculation location on the plant should be
considered to help and correlate future research efforts (Coser et al., 2017).

5. CONCLUSIONS

In our work, we have confirmed that the cut-stem method can provide similar information as information
obtained from field experiment methods for testing sunflower inbred lines for M. phaseolina resistance. This method
showed great potential to accelerate M. phaseolina resistance testing in sunflower and make it more cost-effective,
less laborious because experiment lasts 40 days. Furthermore, it is possible to use similar rating scales in the field
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experiments and controlled conditions and categorized inbred lines as resistant, moderately resistant, moderately
susceptible and susceptible. Sunflower inbred lines L 1, MA SC 2, and PB 21 were identified as a potential source of
resistance to M. phaseolina with low disease severity. Therefore, the cut-stem method could be fast and reliable
method for successfully distinguished differences among sunflower inbred lines for resistance to M. phaseolina, as
well as for identification of new resistance sources, thus contributing to control of this emerging pathogen.
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Figure 1. Graphical presentation of inbred line’s RANK SUM values inoculated with diferent methods. On the down
side of the graph are names of inbred lines, on the left side of the graph are values which represents rank sum deviation
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566  from average value. With dotted horizontal lines are marked borders between resistant, and moderately resistant area
567  and between moderately susceptible and susceptible area. With black horizontal line on the middle of the graph is
568 border between moderately resistant and moderately susceptible area. Vertical bar colour represents inoculation
569 method, blue bar is cut-stem method, red bar is toothpick method, grey bar is Unwounded stem base inoculation (USBI)
570 method and green bar represents non-inoculated plants. For every inbred line, vertical bars are lined up from left to
571 right: 1st cut-stem method, 2nd toothpick method, 3rd USBI method and 4th non-inoculated plants

572

573
574

575 Figure 2. Symptoms of disease on susceptible sunflower inbred
576 line ODESSA 4 on 8th day after the cut-stem inoculation with
577 Macrophomina phaseolina
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