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and susceptible silky bentgrass (Apera spica-venti) populations
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Streszczenie

Miotta zbozowa (Apera spica-venti) jest jednym z najbardziej powszechnych chwastow jednolisciennych pszenicy ozimej w Europie
Srodkowej. Do tej pory zidentyfikowano odporno$¢ tego gatunku na rézne herbicydy. Celem badania byta ocena wptywu temperatury na
wskazniki kietkowania nasion siedmiu odpornych biotypdw miotty zbozowej (reprezentujacych odpornosc na substancje z 1, 2 i 3 grupy
HRAC/WSSA) w poréwnaniu z dwoma biotypami wrazliwymi. Przeprowadzono dwie serie testow na ptytkach Petriego, w trzech statych
temperaturach: 8, 18 i 28°C z fotoperiodem dziefi/noc: 10/14 h. Obliczono sze$¢ wskaznikow kietkowania na podstawie codziennych
pomiaréw. Wyniki badan wykazaty, ze temperatura wptywata na kietkowanie wrazliwych i odpornych biotypdw A. spica-venti. Kietkowanie
miotty zbozowej przebiegato najlepiej w temperaturach 18 i 28°C, niezaleznie od badanego biotypu. Wyniki takie wskazujg na podobng
reakcje biotypdw odpornych i wrazliwych na dziatanie temperatury w czasie kietkowania. Nie stwierdzono wyraznego zwigzku miedzy
rodzajem odpornosci na herbicydy (pojedyncza, krzyzowa oraz wielokrotna), a kietkowaniem (wyrazonym wskaznikami kietkowania)
badanych biotypdw A. spica-venti.

Stowa kluczowe: konicowy procent kietkowania, wskaznik szybkosci kietkowania, wskaznik intensywnosci kietkowania, pierwszy dzien
kietkowania, fitnes

Abstract

Silky bentgrass (Apera spica-venti) is one of winter wheat most serious and widespread grass weeds, particularly in Central Europe.
Populations of this weed have developed herbicide resistance. This study aimed to assess the effect of temperature on the seed
germination indices of seven resistant populations of silky bentgrass biotypes, representing groups 1, 2, and 3, on HRAC/WSSA compared
to two susceptible biotypes. Two series of Petri dish experiments were performed at three constant temperatures: 8, 18, and 28°C, with
a day/night photoperiod of 10/14 h. Six germination indices were calculated based on daily germination measurements. The results
revealed that temperature affects the germination of sensitive and resistant A. spica-venti biotypes. Bentgrass germination occurred
best at 18 and 28°C. This finding proves the similarities between resistant and susceptible biotypes in response to temperature. No
clear connection was found between the type of herbicide resistance (single, cross or multiple) and the germination (expressed by the
germination indices) of the tested A. spica-venti biotypes.

Keywords: final germination percentage, germination rate index, coefficient of velocity of germination, first day of germination, fitness
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Wstep / Introduction

Silky bentgrass [Apera spica-venti (L.) P. Beauv.] is an
annual winter grass considered one of wheat’s most serious
and widespread weeds, particularly in Europe (Massa and
Gerhards 2011; Bitarafan and Andreasen 2020). In Poland,
about four million hectares, representing 60% of winter
cereal fields, are infested with silky bentgrass. This weed
can grow higher than winter wheat and form up to 30 tillers
(Krysiak et al. 2011). Seeds germinate in the autumn, when
their life cycle and growing conditions concur with winter
wheat seeds (Jensen 2009). It is a prolific weed as one mature
plant can produce up to 16 000 seeds (Soukup et al. 2006),
with soil viability reaching 4 years (Massa and Gerhards
2011). Silky bentgrass can cause up to 30% reduction in
wheat yield if uncontrolled (Gehring et al. 2020).

In Poland, farmers usually use chemical methods to
control silky bentgrass. However, recurrent application of
herbicides with the same mode of action, mostly acetolactate
synthase (ALS) inhibitors, has resulted in the evolution
of herbicide resistance (Soukup et al. 2006). Globally,
the first case of herbicide resistance in A. spica-venti
was against the photosystem II inhibitor, isoproturon, in
Switzerland (Mayor and Maillard 1997). However, the first
case of resistance in Poland was reported in 2005 toward
ALS inhibitors (Marczewska and Rola 2005). Multiple
resistance to herbicide groups with three different modes
of action, including acetolactate synthase, acetyl-CoA
carboxylase, and photosystem II inhibitors, was developed
in Poland, Germany, and the Czech Republic. Resistance to
ALS- or ACCase-inhibiting herbicides in silky bentgrass was
revealed to be mostly due to target-site alteration (Krysiak
et al. 2011; Massa et al. 2013; Hamouzova et al. 2014).

The seed germination process is a critical phenomenon
in determining the efficiency of a weed species to emerge
successfully and compete with the crop (Chauhan et al.
2018). Germination is affected by several environmental
factors, in which temperature is the most influential one
(Baskin et al. 1998). Temperature requirements can differ
among weed species (Van Assche et al. 2002) and may
vary within genotypes from the same species (Debeaujon
et al. 2000). Several studies have been done on herbicide
resistance in different weed species and their effect on seed
germination, e.g., resistant to ACCase herbicides Phalaris
minor (Torres-Garcia et al. 2015) and Avena sterilis ssp.
ludoviciana (Benakashani et al. 2021) or Echinochloa
colona resistant to triazines (Elahifard and Mijani 2014). It
is postulated that the fitness cost, i.e., lower seed germination
and production of the resistant (R) populations, is less than
that of the susceptible ones in absence of the herbicide but in
the presence of environmental stress factor, e.g., lower light
intensity, like in the case of Solanum ptychanthum (Ashigh
and Tardif 2009, 2011).

The current study aimed to compare the effects of tem-
perature on germination indices of seven silky bentgrass

(4. spica-venti) biotypes collected from different regions in
Poland that exhibited cross and multiple resistance to ALS,
ACCase, and photosystem II inhibiting herbicides and two
biotypes susceptible to herbicides, using ANOVA as the
primary model. We hypothesize that the germination indi-
ces of silky bentgrass are biotype-specific. Although ALS
inhibitors are primarily POST-emergence herbicides, re-
search on the germination of populations resistant to these
active substances has significant value for several reasons.
First, resistance to ALS inhibitors may be associated with
certain biological and physiological changes that affect not
only herbicide efficacy after emergence, but also earlier de-
velopmental phenophases, including germination and early
seedling vigor. Furthermore, understanding the behavior of
resistant biotypes during the germination phase is essen-
tial for integrated weed management (IWM). If a biotype
resistant to ALS inhibitors displays different germination
patterns (e.g., a broader temperature range or faster germi-
nation), this could allow for more effective application of
non-chemical methods and early mechanical control.

Materiaty i metody / Materials and methods

Pochodzenie nasion badanych biotypow / Seed
origin of the tested biotypes

Seeds of nine biotypes of silky bentgrass were collected
during 2013-2017 by research groups of the Institute of
Plant Protection — National Research Institute in Poznan and
the Institute of Soil Science and Plant Cultivation — National
Research Institute in Wroclaw, at different locations in
Poland. The tested biotypes exhibited herbicide resistance
to ACCase (HRAC/WSSA 1) and/or ALS (HRAC/WSSA 2)
inhibitors as confirmed in dose-response assays (carried out
as part of the BioHerOd* research grant), according to the
method by Stankiewicz-Kosyl et al. (2021). The resistance
level was expressed as Resistance Index (RI), being
aratio of ED, values of resistant biotype relative to that of
a standard susceptible biotype according to Burgos (2015)
(tab. 1). Moreover, two herbicide-susceptible biotypes
were included in the study. The biotypes in this study were
marked according to their herbicide-resistance status. All
seeds were stored in the paper envelopes in the dark at 4°C
until further studies.

Badanie zdolnosci kietkowania / Germination efficacy
experiment

Germination of resistant (R) and susceptible (S) biotypes
of silky bentgrass was tested in a Petri dish bioassay us-
ing a free-standing phytotron chamber (model MDF-500,
BIOGENET, Poland). The experiment was carried
out in two terms — fall of 2018 and spring of 2019, in
a completely randomized arrangement, with three repeti-
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Tabela 1. Charakterystyka badanych biotypow Apera spica-venti
Table 1. Characteristics of the tested Apera spica-venti biotypes

Indeks odpornosci

Biotyp Typ odpornosci Substancja czynna Resistance index WSSA/ Rok zbioru
Biotype Resistance type* Active substance RI** HRAC Year collection
B-1 poj ejdyncza chlorosulfuron RRR ) 2013
single chlorsulfuron
B-3 poj e@yncza Jqdosulfuron metylowy RRRR ) 2017
single iodosulfuron methyl
B4 poj e@yncza penoksulam RRR ) 2017
single penoxsulam
- chlorosulfuror?l/J ;)dos;lf:lrr(l)n metylowy/ RRR / )
BB-1 yzowa czosutiuro RRR / 2 2013
Cross chlorsulfuron/iodosulfuron methyl/
RRR 2
mesosulfuron
chlorosulfuron/jodosulfuron metylowy/ )
krzyzowa mezosulfuron
BB-2 Cross chlorsulfuron/iodosulfuron methyl/ n.d. ; 2015
mesosulfuron
fenoksaprop-P-ethylu/chlorosulfuron/ RRR/ 1
AB-1 wielokrotna jodosulfuron metylowy/mezosulfuron RRRR/ 2 2013
multiple fenoxaprop-P-ethyl/chlorsulfuron/ RRRR/ 2
iodosulfuron methyl/mesosulfuron RRRR 2
fenoksaprop-P-ethylu/pinoksaden/ RRR/ 1
AB-3 wielokrotna jodosulfuron/penoksulam RRR/ 1 2017
multiple fenoxaprop-P-ethyl/pinoxaden/ RRRR/ 2
iodosulfuron/penoxsulam RRRR 2
S1 - wrazliwy S - 2012
susceptible
s2 - wrazliwy S - 2016
susceptible

n.d. — brak danych — no data

* rodzaj odpornosci wedtug Adamczewskiego (2014) — resistance type according to Adamczewski (2014)
** indeks odporno$ci wedtug Burgos (2015) i Stankiewicz-Kosyl et al. (2021) — resistance index (RI) according to Burgos (2015) and Stankiewicz-Kosyl

tions, twice each term. Thirty seeds were placed uniformly,
using sterile tweezers, in each glass Petri dish (11 cm dia
meter) previously surface disinfected by washing with ster-
ile gauze soaked in ethyl alcohol (99.8% concentration,
POCH, Gliwice). Two layers of sterile paper discs (soft
quality filters, EUROCHEM, Tarnéw), previously moiste-
ned with 5 cm® of distilled water, were placed in each dish.
Silky bentgrass seeds were surface sterilized in a 2.5% ethyl
alcohol solution (concentration 99.8%, POCH, Gliwice)
for 5 minutes and then rinsed abundantly with distilled wa-
ter to wash residues of the alcohol. The dishes were kept
in the growth chamber for 10 days. The tested silky bent-
grass seeds were germinated at three constant temperature
regimes: 8, 18, or 28°C, with a day/night photoperiod of
10/14 h, and the humidity was maintained at a relatively
constant level of 60%. Constant temperature does not mimic
natural conditions, but it acts as a controlled experimental
tool for understanding the basic physiological responses of
seeds, identifying optimal conditions, and distinguishing
differences between populations. If the experiment were
conducted with day-night temperature cycles, it would be

much harder to determine the specific factors influencing dif-
ferences in germination — whether it is temperature, thythm,
moisture, or other factors. Distilled water was added to
Petri dishes to ensure the seeds’ constant moisture. Germi-
nating seeds were counted daily and removed. Seeds were
considered to be germinated when the radicle had emerged
(BBCH 05) (Bochenek et al. 2016).

Wskazniki kielkowania / Germination indices

The germination indices of the tested silky bentgrass biotypes
were analyzed based on daily measurement of the number
of germinated seeds. Seed germination was expressed
as a percentage of total viable seeds, and cumulative
germination percentages were calculated independently
for each experiment. The germination dynamic of the
tested silky bentgrass biotypes was determined using the
temperature model of 8-18-28°C. Six germination indices
were measured and calculated according to the methodology
developed by Kader (2005). These indices were as follows:
final germination percentage (FGP), mean germination
time (MGT), germination rate index (GRI), coefficient of
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velocity of germination (CVG), germination index (GI), and
first day of germination (FDG) (tab. 2).

Analiza statystyczna / Statistical analysis

The calculated germination indices of the tested silky
bentgrass seeds were subjected to statistical analysis using
the STATISTICA 13.0 software (TIBCO Software Inc.,
CA, USA). A two-factor analysis of variance (ANOVA)
was performed for a completely random design, with
two factors: germination temperature and silky bentgrass
biotype. The analysis of variance was preceded by testing

Tabela 2. Opis analizowanych wskaznikow kietkowania
Table 2. Description of the analyzed germination indices

the compliance of the empirical distribution with the normal
distribution using the Kolmogorov-Smirnov normality
test and Levene’s test of homogeneity of variances. If the
homogeneity of variance was not met, a logistic or square
root transformation of the data was performed. Data
transformation was performed for the following indices:

* FGP to Bliss degrees: FGP = arcsin (sqrt (FGP/100))
(equation 1)

* FDG index with the tangent function: FDG = tan (FDG) + 4
(equation 2)

Wskazniki Skrot
kietkowania . |Jednostka Opis Wzér
L Abbrevia- . . .
Germination . Unit Description Equation
. tion
indices
, Zdolnos¢ kietkowania nasion w danej
Koncowy .. .. . . e . . .
rocent partii/populacji. Im wyzsza warto$¢ FGP = (liczba nasion kietkujacych
Eidkowania wskaznika, tym wyzsza zdolnos¢ w danej partii/wszystkie nasiona
. FGP % kietkowania nasion. w partii) x 100
Final L o . .
ermination Seed germination capacity in a given batch/ [FGP = (the number of seeds germinating
gercenta o population. The higher the index value, in a given seed batch/all seeds in the batch) x 100
p & the higher the seed germination capacity.
Dzien, w ktorym wykietkowata najwigksza
Sredni czas liczba nasion w partii/populacji. Im
klelhkowama ‘ nizsza -Wlartosc.: Wskgzmka, tym wczesniej MGT = 3 x/5f
nasion dni  [(szybciej) nasiona kietkowaty. . . . .
MGT f — liczba nasion skietkowanych w dniu x —
Mean days |The day the largest number of seeds .
. . . . . number of seeds germinated per day x
germination germinated in a given batch/population.

time The lower the indicator value, the earlier
(faster) the seeds germinated.

Dzienny procent kietkowania nasion
w danej partii/populacji. Im wyzsza wartos¢

G G G
GRI=—+ —+ =+ =
L X

Wskaznik wskaznika, tym szybciej nasiona kietkuja  |G,, G,— procent kietkowania
szybkosci 94/dzich i maja wigksza zdolnos¢ kietkowania. w pierwszym/drugim dniu po siewie
kietkowania GRI %%/day Daily percentage of seed germination x 100 — germination percentage on the first/second
Germination in a given batch/population. The higher day after sowing x 100
rate index the value of the indicator, the faster G, — procent kietkowania w x dniu po siewie
the se?eds. germinat; and the greater their |, 100 — germination percentage on x day after
germination capacity. sowing x 100
Czas potrzebny do osiagnigcia
maksymalnego kietkowania nasion
w danej partii/populacji. Osigga tym
wyzsze warto$ci im liczba kietkujacych
Wskaznik nasion jest wyzsza, a czas potrzebny naich [CVG=N +N,+... +N/100-NT +...+NT_
intensywnosci skietkowanie krotszy. Wskaznik osiggnalby |N — liczba nasion skietkowanych danego dnia —
kietkowania VG B warto$¢ 100, gdyby wszystkie nasiona the number of seeds germinated on a given day
Coefficient wykietkowaty w pierwszym dniu. T — liczba dni od wylozenia na szalke do
of velocity The time needed to achieve maximum seed [skietkowania — number of days from placing on
of germination germination in a given batch/population.  |the plate to germination

The higher the number of germinating
seeds, the shorter the time needed for
germination. The index would reach 100,
if all the seeds germinated on the first day.
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Tabela 2. Opis analizowanych wskaznikow kietkowania — cd.
Table 2. Description of the analyzed germination indices — continued

Wskazniki Skrot
kietkowania . |Jednostka Opis Wzor
. Abbrevia- . . .
Germination . Unit Description Equation
. tion
indices
Procent kietkujacych nasion w danej partii/
populacji i ich tempo kietkowania. Nadaje
pz;zecizgfvlnggadgff \lje:fovlvl‘f‘:ia WAL GI= (10 n1) + (9 n2) + ... + (1 -n10)
gdzie najwyzsza waga wysiepuj nl, n2 ... n10 - liczba kietkujacych ziarniakow
w pierwszym dniu kietkowania, . .
. . . ., |W pierwszym, drugim
a najnizsza w ostatnim. Im wyzsza warto$¢ |. . . . .
, . . ,, i kolejnych dniach do dziesiatego dnia —
wskaznika, tym wyzsza zdolno$¢ . .
Indeks . 1 . . the number of germinating seeds in the first,
. . i szybko$¢ kietkowania nasion.
kietkowania L second and subsequent days up to the tenth day
.. GI - The percentage of germinating seeds . L __
Germination . . . . 10,9 ... 1 — wagi odpowiadajace liczbie
. in a given batch/population and their . . o . .
index . . . kietkujacych ziarniakow w pierwszym, drugim
germination rate. Gives weight to . ; . . . .
T L . i kolejnych dniach kietkowania — weights
individual days of germination, with the . zo.
. . . corresponding to the number of germinating seeds
highest weight occurring on the first day
. on the first, second and subsequent days
of germination and the lowest on the last of eermination
day. The higher the value of the indicator, &
the higher the ability and speed of seed
germination.
Szybkos¢ kielkowania nasion w danej
Pierwszy dzien partii/populacji. Im nizsza, tym szybciej
kietkowania FDG dzien |nasiona kietkuja. B
First day day  |Speed of seed germination in a given batch/
of germination population. The lower it s,
the faster the seeds germinate.

Means were differentiated using Fisher’s NIR test at the
significance level of a2 = 0.05.

An analysis of canonical variables was performed
to present the diversity of the biotypes in a multi-indice
manner. The graphical distribution of silky bentgrass
biotypes (qualitative variable), described by germination
indices (quantitative predictor), is presented in the
system of the first two canonical variables. In addition, a
discriminant analysis was performed to determine which
independent variables best divide a given set of cases into
naturally occurring groups, described by a qualitative
dependent variable. The analysis was performed for all

six germination indices with or without germination
temperature ranges. The analysis was performed using the
GenStat 18 statistical program.

Wyniki i dyskusja / Results and discussion

An analysis of variance conducted for the germination of
A. spica-venti biotypes showed significant differences (at
p < 0.001) for the investigated factors (temperature and
biotype) and their interaction for all analyzed germination
indices (tab. 3).

Tabela 3. Srednie kwadraty z dwuczynnikowej analizy wariancji przeprowadzonej dla wskaznikéw kietkowania biotypow Apera spica-venti
Table 3. Mean squares form the two-way analysis of variance performed for the germination indices of Apera spica-venti biotypes

Zrodlo zmiennosci df. GRI Gl FGP MGT CVG FDG
Source of variation
Temperatura — Temperature 2 143.1%%* 24752.0%%* S5TT1.4%%* 101.2%%* 6717.2%** 32.45%%*
Biotyp — Biotype 8 88.75%** | 38484, 7*** 2682.66%** 9.18%** 488.3%** 1.874%**
Temperatura x Biotyp 16 10.20%%% | 2622.1%%* 357.21%%x 1525 178.0%%x 1.250%%*
Temperature x Biotype
Btad — Residual 297 0.622 280.3 42.93 0.094 21.39 0.133

*#* poziom istotnosci — level of significance p < 0.001
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The germination rate index (GRI) was presented
graphically (fig. 1). Silky bentgrass biotypes germinated
rapidly at 18°C. The average GRI of biotypes at this
temperature was 7.31%/day, 30% higher than at 8°C, where
the GRI was the lowest (5.08%/day). On average, among
the tested silky bentgrass biotypes, the highest average
values of the GRI were recorded for the AB1 biotype

(8.4%/day), and the lowest was recorded for the biotypes
BB1 (4.5%/day) and S2 (4.7%/day). The BB2 biotype at
18°C had the highest GRI (10.4%/day), and the BB1 biotype
at 8°C had the lowest GRI, of 3.3%/day.

A similar trend was observed for the germination index
(GI), an indice that combines the percentage and time
of germination. Bentgrass biotypes showed the highest
germination index at 28°C, where the average GI for biotypes
was 164.7 (tab. 4). The lowest average GI was recorded at
8°C (135.6), which was 18% lower than at 28°C. Among the
tested silky bentgrass biotypes, the highest average GI were
recorded for AB1 (199.9) and BB2 (188.7) biotypes, while
the lowest was recorded for the BB1 (118.6) and S2 (119.9).
The BB2 biotype at 18°C had the highest GI (211.0), and the
BBI1 biotype at 8°C, the lowest (93.3).

Apera spica-venti biotypes achieved the highest final
germination percentage (FGP) at a temperature of 8°C
(tab. 4). The average FGP at this temperature was 89.0,
and was 16% higher than at 18°C (74.4) and 10% higher
than at 28°C. Among the tested silky bentgrass biotypes,

the highest average FGP values were recorded for the AB1
biotype (93.0), while the lowest was recorded for the AB3
(74.1) and S2 (72.9) biotypes. The BB2 biotype at 8°C had
the highest FGP (95.7), and the B3 biotype at 18°C had the
lowest (54.1).

Silky bentgrass biotypes achieved the fastest of mean
germination time (MGT) at 18°C, with an average of
3.6 days (tab. 4). The slowest MGT was at 8°C, equal to
5.5 days. On average, among the tested silky bentgrass
biotypes, the AB1 (3.6) and BB2 (3.8) biotypes showed
the fastest MGT, while the BB1 (5.2) biotype showed
the slowest. The BB2 biotype achieved the shortest mean
germination time at 18°C (2.6), and the longest was recorded
for the BB1 biotype at 8°C (6.4).

Apera spica-venti biotypes germinated most intensively
at 8°C, reaching an average CVG of 31.84 (tab. 4). The
lowest average value of the CVG was at 18°C, equal
to 16.40, and at 28°C — 21.34. Among the tested silky
bentgrass biotypes, the AB1 and B1 biotypes showed the
highest average CVG, of 27.8 and 27.5, respectively. The
lowest CVG was for the AB3 (19.0) and S2 (19.4) biotypes.
The B3 biotype at 8°C had the highest CVG (36.3), and at
18°C recorded the lowest CVG (9.0).

The first day of germination (FDQG) refers to the day
of the first germinated seed. Silky bentgrass biotypes
germinated faster at 18°C and 28°C, achieving an average
FDG of 2.0 days (tab. 4). At 8°C, the average FDG was

Rys. 1. Wartos$ci wskaznika szybkosci kietkowania (GRI) dla biotypow Apera spica-venti kietkujacych w réznych temperaturach
Fig. 1. Values of germination rate index (GRI) for Apera spica-venti germinating in different temperature regimes
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Tabela 4. Wartosci wybranych wskaznikow kietkowania Apera spica-venti

Table 4. Values of selected germination indices of Apera spica-venti

. GI FGP MGT CVG FDG

Temperatura Biotyp

Temperature  Biotype $rednia $rednia od. Srednia od. $rednia d. Srednia sd.

mean mean mean mean mean
8°C ABl  180.8d  10.18 9544a  4.664 4405f 0248 3322ab  4.115 2417¢f 0.5149
8°C AB3 12227k 1551 82.53ef 5671 5472¢ 05199 26.79d 4597 275¢d  0.6216
8°C Bl  151.7¢f 17.84 94.17ab 4252 5.64de 04911 3521a 7545  325b  0.6216
8°C B3  141.5fghi 1572 91.97ab 5774 5494c¢ 0292 3629a 514 3.167b 07177
8°C B4  10461lm 1574 80.61fg 4.928 6.042b 04991 26.59d 2987 325b 04523
8°C BBl  933m 526 8249¢f 455  6393a 03033 26.73d 535 4252 0.7538
8°C BB2  1613e 1858 9568a 512  4.937e 0242 35.09ab  6.048 225fg  0.4523
8°C Sl 1472 fgh 13.16 91.98ab 6011 5282cd 02563 35.2a 5585  2.667de 0.4924
8°C S2 1179kl 831 8594cde 5359 5.848b 04367 3l46bc 7973 3be 0
18°C ABl  209.8a 2408 889lbcd 7.662 3.039m 03076 21.22ef 4552 2g 0
18°C AB3  148.1efgh 25.79 69.7if  10.598 353kl 03318 14.29ijk 5472 2¢g 0
18°C Bl  1947bc 1645 84.33def 5.536 2.996m 02018 17.91fghi 3.558 2g 0
18°C B3  1053Im 17.1 54151 7739 3.932hi 0443 8991 3204 225fg  0.4523
18°C B4  1319i 3006 66.62jk 13.712 3.817i 0379 13.3jk 6017 2¢g 0
18°C BBl 1222k 1124 73.59hi 5022 5.1de 02835 2222 4865 2.083fg 0.2887
18°C BB2 2lla 19.7  8549def 7.607 2.607n 02099 16.79 ghij 4.476 2¢ 0
18°C Sl 1847cd 1871 8333ef 5808 34121 02612 203lefg 3724 2g 0
18°C S2 1090kl 1537 6377k 5963 4459f 02618 1256kl 3237 2g 0
28°C ABl  2092a 11.88 94.69a  4.63  3.619jkl 00885 29.11cd 2996 2g 0
28°C AB3  1368ghi 1026 70.01ij  6.535 4.069gh 0.1378 16.04hijk 3.193 2g 0
28°C Bl 2023ab 1588 93.53ab  5.521 3.754ijk 02234 2936cd 4227 2g 0
28°C B3  149.6efg 10.15 7636gh 5295 4.097gh 0.2 1929efgh 2426 2¢g 0
28°C B4  1354hij 13.65 7277hi 5585 4277fg 02872 17.65fghi 4.412 2.083fg 0.2887
28°C BBl 1403 fghi 17.26 73.5hi 6.14  4.138gh 02081 1733ghi 3221 225fg  0.4523
28°C BB2  193.7bed 17.94 90.86abc 5592  3.764iik 0.2124 27.03d 4171  2.083fg 0.2887
28°C Sl 1822cd 1142 83.17e¢f  4.143  3.616jkI 02276 22.03e¢ 2308 2g 0
28°C S2 1328ij 21.07 69.09i 8708 3.961hi 02719 14.22ik 3716 2.167fg 0.3892
IL\ISIE ?Zﬁﬁiﬁiﬁﬁi 4.484 1.8 0.08 1.2 0.1
;‘g’gg’e 7.766 3 0.14 2.1 0.17
Temperatura
Te;?)geiﬁre 13.451 53 0.25 3.7 0.29
x biotype

s.d. — odchylenie standardowe — standard deviation

Wartosci $rednie w kolumnach oznaczone réznymi literami rdznig si¢ statystycznie — Mean values in columns followed by different letters differ significantly

3.0 days. Among the tested silky bentgrass biotypes, the
BB2 biotype showed the lowest FDG (2.1), while the
BB biotype showed the highest FDG (2.8). FDG > 3 was
recorded at 8°C for biotypes: B1, B3, B4 and BBI.

Data presented in table 5 indicate that, except for the
FGP, all other competitiveness indices determined for
the seeds of the analyzed silky bentgrass biotypes had

a significant impact on variable ¢V . This impact was
negative (GRI and GI) and positive (MGT, CVG, and
FDG). On the other hand, four out of six indices (GRI,
GI, FGP, and CVG) had a significant impact on the second
variable (cV,).

The first two canonical variables, V1 and V2, explained
95.89% of the variability in the analyzed dataset (fig. 2).
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Tabela 5. Wspoélczynniki korelacji migdzy dwiema pierwszymi
zmiennymi kanonicznymi, a wskaznikami kietkowania
testowanych biotypdw Apera spica-venti z uwzglgdnie-
niem trzech zastosowanych temperatur kietkowania

Correlation coefficients between the first two canoni-
cal variables and germination indices of the tested
Apera spica-venti biotypes, at the three germination

Table 5.

temperatures
‘Wskazniki kietkowania oV oV
Germination indicators 1 2
GRI —0.913%** 0.295*
GI —0.799%** 0.551%%*
FGP 0.001 0.848%***
MGT 0.985%%* 0.050
CVG 0.450* 0.800%***
FDG 0.783%*%%* 0.022

cV, — wspotczynnik korelacji dla pierwszej zmiennej kanonicznej — correlation
coefficient for the first canonical variable

cV, — wspotczynnik korelacji dla drugiej zmiennej kanonicznej — correlation
coefficient for the second canonical variable

poziom istotnosci — level of significance *p < 0.05; **p < 0.01; ***p <0.001
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Rys. 2. Analiza zmiennych kanonicznych przeprowadzona dla
wszystkich wskaznikéw kietkowania biotypow Apera
spica-venti, uwzgledniajaca trzy temperatury kietkowania
Canonical variable analysis conducted for all germination
indices of Apera spica-venti biotypes, considering three
germination temperatures

Fig. 2.

The influence of temperature on germination, as determined
by the calculated germination indices, was the main crite-
rion for grouping the tested weed biotypes. On the contrary,
a grouping of biotypes based on the type of herbicide resis-
tance was not observed.

All examined germination indices significantly impacted
variable ¢V , with a negative relationship for MGT and FDG
(tab. 6). The second variable, cV,, was not significantly
associated with any indices.

Canonical variable analysis conducted for all germina-
tion indices of silky bentgrass biotypes, regardless of ger-

mination temperature, explained 96.91% of the variability
in the analyzed biotypes (fig. 3).

Tabela 6. Wspotczynniki korelacji miedzy dwiema pierwszymi
zmiennymi kanonicznymi, a wskaznikami kietkowania
testowanych biotypow Apera spica-venti niezaleznie od
zastosowanej temperatury kietkowania

Correlation coefficients between the first two canoni-
cal variables and germination indices of the tested Apera
spica-venti biotypes regardless of the applied germination

Table 6.

temperature
Wskazniki kietkowania
Germination indicators v, Vv,
GRI 0.995%** —-0.038
GI 0.998*** -0.038
FGP 0.973*** —-0.201
MGT —0.942%** -0.187
CVG 0.935%** 0.127
FDG -0.673* -0.267

cV, — wspotczynnik korelacji dla pierwszej zmiennej kanonicznej — correlation
coefficient for the first canonical variable

cV, — wspotczynnik korelacji dla drugiej zmiennej kanonicznej — correlation
coefficient for the second canonical variable

poziom istotnosci — level of significance * p < 0.05; **p < 0.01; ***p < 0.001
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Rys. 3. Analiza zmiennych kanonicznych przeprowadzona dla
wszystkich wskaznikow kietkowania biotypow Apera
spica-venti, niezaleznie od temperatury kietkowania
Canonical variable analysis conducted for all germination
indices of Apera spica-venti biotypes, regardless of
germination temperature

Fig. 3.

The position of individual biotypes in the canonical vari-
able system indicates that, based on indices such as GRI, GI,
FGP, and CVG, the biotypes BB2, B1, and AB1 germinated
best. Meanwhile, the MGT and FDG indices indicated that
the biotypes AB3 and B3 germinated the poorest (fig. 3).
Furthermore, comparing the discriminant analysis of germi-
nation indices with the dynamics of germination for indi-
vidual biotypes, regardless of temperature, it was found that
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the results of both analyses coincided for the biotypes BB2,
B1, and ABI as the best germination performance, and the
biotype AB3 as the weakest.

The results we obtained do not clearly indicate that the
type of herbicide resistance, either single, cross, or multiple,
can have a significant effect on germination characteristics
(expressed by the germination indices) of collected
A. spica-venti biotypes. The resistant biotypes achieved the
average values of germination rates, which were similar to
those of the sensitive biotypes. Thus, no clear conclusions
can be drawn regarding the differences in the germination of
resistant and sensitive silky bentgrass biotypes. Information
available in the literature on germination characteristics
of herbicide-resistant and susceptible A. spica-venti is not
distinct. Numerous reports revealed differences between
the germination of R and S weed biotypes (Chen et al.
2020; Ghazali et al. 2020). For example, Babineau et al.
(2017) studied germination patterns between ALS-resistant
and susceptible 4. spica-venti populations from Denmark
at three different temperatures (10, 16 and 22°C) using
growing degree days (GDD) as the measurement unit. The
resistant population consistently germinated earlier than the
susceptible population across all tested temperatures, with
differences ranging from 9 to 20 growing degree days. This
earlier germination occurred regardless of environmental
temperature conditions, indicating a robust phenological
advantage for resistant biotypes. The study found no
differences in emergence rates between temperatures, but
significant variation existed between populations, with
emergence rates varying between 4 and 43%. Studies by
Massa and Gerhards (2011) on silky bentgrass collected
from various locations in Germany, the Czech Republic,
and Poland exhibited three times higher germination rates
in the biotype resistant to ALS, ACCase, and PSII inhibitors
than in the sensitive biotype. Additionally, no germination
differences were found among the tested R biotypes,
which are resistant to ACCase and PS II inhibitors. In
turn, Stankiewicz-Kosyl and Ciepka (2014) found that the
S biotype of A. spica-venti had a higher germination
capacity than R, regardless of the temperature regime.
Likewise, germination of (S) populations of Lolium rigidum
was greater and faster than the R populations (Zamani et al.
2023). Germination was also reduced in glyphosate-resistant
Kochia scoparia biotype compared with the sensitive one
(Kumar and Jha 2017). Other studies showed no differences
in the germination of resistant and sensitive weed biotypes,
whether monocotyledonous Echinochloa colona (Mutti
et al. 2019; Sheng et al. 2019) or dicotyledonous Conyza
bonariensis or Raphanus sp. (da Silva Amaral et al. 2020;
Vercellino et al. 2021).

In our own research we observed that the temperature
affects the germination dynamics of silky bentgrass. Inalower
temperature range, the germination indices were poorer, as
compared to 18°C. Research by many authors indicated that
the indices of weed seed germination can change depending

on temperature (Ismail et al. 2007; Babineau et al. 2017),
and also whether the germination temperature is constant
or variable. For example, Pedroso et al. (2019) reported
that at temperatures below 19.3°C, three R biotypes of
Cyperus difformis germinated earlier than the S biotypes.
Park et al. (2009) reported that germination of Bromus
tectorum biotypes resistant to ALS inhibitors was comparable
to that of the susceptible one at constant temperatures of
5, 15 and 25°C. At a temperature of 5°C, the resistant biotype
germinated approximately 27 h earlier than susceptible
one and achieved a final germination percentage of 60%.
They also stated that, as the seed incubation temperature
decreases, differences in germination processes between
sensitive and resistant biotypes may become visible. Wu
et al. (2016) showed no difference in the final germination
rate between the R and S biotypes of Alopecurus japonicus
under different temperature conditions. Our data agree
with several authors that the germination of weed biotypes
resistant and sensitive to herbicides is characterized by
high variability and heterogeneity. It is assumed that the
fitness cost of the resistant population is less than that of
the susceptible one in the absence of the herbicide (Ashigh
and Tardif 2009, 2011). Resistant weeds can germinate
in a wide range of temperatures and under different
environmental factors while achieving high germination.
Contradicting results regarding the presence or absence of
fitness costs in resistant biotypes may be due to genetically
different mechanisms of resistance in the tested seeds
(Keshtkar et al. 2019). Various point mutations responsible
for endowing resistance to herbicides may alter weed
biotypes’ competitive abilities and fitness costs (Zangench
et al. 2018). It is also often difficult to obtain genetically
homogeneous weed seeds due to the complicated process of
conferring resistance genes, which is additionally influenced
by various environmental conditions (Ghazali et al. 2020).

Whioski / Conclusions

1. No clear connection was found between the type of
herbicide resistance (single, cross or multiple) and the
germination (expressed by the germination indices) of
the tested 4. spica-venti biotypes.

2. The germination indices of resistant biotypes were (on
average) similar to those of sensitive ones.

3. The significant influence of temperature on the
germination dynamics of silky bentgrass was confirmed.

Podziekowanie / Acknowledgements

Authors are also grateful to The National Centre for partially
funding this work for Research and Development; grant
acronym BioHerOd*: contract number BIOSTRATEG
3/347445/1/NCBR/2017.



Progress in Plant Protection 66 (1) 2026

Literatura / References

Adamczewski K. 2014. Odpornos$¢ chwastow na herbicydy. Wydawnictwo Naukowe PWN SA, Warszawa, 276 ss.

Ashigh J., Tardif F.J. 2009. An amino acid substitution at position 205 of acetohydroxyacid synthase reduces fitness under
optimal light in resistant populations of Solanum ptychanthum. Weed Research 49 (5): 479-489. DOI: 10.1111/j.1365-
3180.2009.00717.x

Ashigh J., Tardif F.J. 2011. Water and temperature stress impact fitness of acetohydroxyacid synthase—inhibiting herbicide-
resistant populations of eastern black nightshade (Solanum ptychanthum). Weed Science 59 (3): 341-348. DOI: 10.1614/
WS-D-10-00126.1

Babineau M., Mathiassen K.S., Kristensen M., Kudsk P. 2017. Fitness of ALS-inhibitors herbicide resistant population of loose
silky bentgrass (Apera spica-venti). Frontiers in Plant Science 8: 1660. DOI: 10.3389/fpls.2017.01660

Baskin C.C., Baskin J.M., Chester E.W. 1998. Effect of seasonal temperature changes on germination responses of buried seeds
of Agalinis fasciculate (Scrophulariaceae), and a comparison with 12 other summer annuals native to Eastern North America.
Plant Species Biology 13 (2-3): 77-84. DOI: 10.1111/j.1442-1984.1998.tb00250.x

Benakashani F., Gonzalez-Andujar J.L., Soltani E. 2021. Differences in germination of ACCase-resistant biotypes containing
isoleucine-1781-leucine mutation and susceptible biotypes of wild oat (4vena sterilis ssp. ludoviciana). Plants 10 (11): 2350.
DOI: 10.3390/plants10112350

Bitarafan Z., Andreasen C. 2020. Seed production and retention at maturity of blackgrass (Adlopecurus myosuroides) and silky
windgrass (4Apera spica-venti) at wheat harvest. Weed Science 68 (2): 151-156. DOI: 10.1017/wsc.2020.7

Bochenek A., Synowiec A., Kondrat B., Szymczak M., Lahuta L.B., Gotaszewski J. 2016. Do the seeds of Solidago gigantea Aiton
have physiological determinants of invasiveness? Acta Physiology Plant 38 (159): 1-11. DOI: 10.1007/s11738-016-2179-6

Burgos N.L. 2015. Whole-plant and seed bioassays for resistance confirmation. Weed Science 63 (1): 152—-165. DOI: 10.1614/
WS-D-14-00019.1

Chauhan B.S., Manalil S., Florentine S., Jha P. 2018. Germination ecology of Chloris truncata and its implication for weed
management. PLOS ONE 13 (7): €0199949. DOI: 10.1371/journal.pone.0199949

Chen J., Burns E., Fleming M., Patterson E. 2020. Impact of climate change on population dynamics and herbicide resistance in
kochia (Bassia scoparia (L.) A. J. Scott). Agronomy 10 (11): 1700. DOI: 10.3390/agronomy 10111700

da Silva Amaral G., Alcantara-de la Cruz R., da Costa F.G., Coelho C.M., De Prado R., De Carvalho L.B. 2020. Stressful conditions
affect seed quality in glyphosate resistant Conyza bonariensis (L.). Agronomy 10 (11): 1706. DOI: 10.3390/agronomy10111706

Debeaujon 1., Leon-Kloosterziel K.M., Koornneef M. 2000. Influence of the testa on seed dormancy, germination, and longevity
in Arabidopsis. Plant Physiology 122 (2): 403—414. DOI: 10.1104/pp.122.2.403

Elahifard E., Mijani S. 2014. Effect of temperature and light on germination behavior of PSII inhibiting herbicide resistant and
susceptible junglerice (Echinochloa colona) populations. Australian Journal of Crop Science 8 (9): 1304—1310.

Gehring K., Thyssen S., Festner T. 2020. Development of herbicide resistance in loose silky-bent grass (Apera spica-venti) in
Bavaria. 27. Deutsche Arbeitsbesprechung iiber Fragen der Unkrautbiologie und -bekdmpfung. Braunschweig, Deutschland,
23-25.02.2016, s. 418-423. DOI: 10.5073/jka.2016.452.055

Ghazali Z., Keshtkar E., Agha Alikhani M., Kudsk P. 2020. Germinability and seed biochemical properties of susceptible and non-
target site herbicide-resistant blackgrass (4lopecurus myosuroides) sub-populations exposed to abiotic stresses. Weed Science
68 (2): 157-167. DOI: 10.1017/wsc.2020.9

Hamouzova K., Kosnarova P., Salava J., Soukup J., Hamouz P. 2014. Mechanisms of resistance to acetolactate synthase-inhibiting
herbicides in populations of Apera spica-venti from the Czech Republic. Pest Management Science 70 (4): 541-548. DOL:
10.1002/ps.3563

Ismail B.S., Mansor N., Rahman M.M. 2007. Factors affecting germination and emergence of Cyperus difformis L. seeds.
Malaysian Applied Biology 36 (1): 41-45.

Jensen P.K. 2009. Longevity of seeds of four annual grass and two dicotyledon weed species as related to placement in the soil and
straw disposal technique. Weed Research 49 (6): 592—601. DOI: 10.1111/j.1365-3180.2009.00725.x

Kader M.A. 2005. A comparison of seed germination calculation formulae and the associated interpretation of resulting data.
Journal and Proceedings of the Royal Society of New South Wales 138: 65-75.

Keshtkar E., Abdolshahi R., Sasanfar H., Zand E., Beffa R., Dayan F.E., Kudsk P. 2019. Assessing fitness costs from a herbicide-
resistance management perspective: a review and insight. Weed Science 67 (2): 137-148. DOI: 10.1017/wsc.2018.63

Krysiak M., Gawronski S.W., Adamczewski K., Kierzek R. 2011. ALS gene mutations in Apera spica-venti confer broad-range
resistance to herbicides. Journal of Plant Protection Research 51 (3): 261-267. DOI: 10.2478/v10045-011-0043-7

Kumar V., Jha P. 2017. Effect of temperature on germination characteristics of glyphosate-resistant and glyphosate-susceptible
kochia (Kochia scoparia). Weed Science 65 (3): 361-370. DOI: 10.1017/wsc.2016.26

Marczewska K., Rola H. 2005. Identyfikacja odpornych na chlorosulfuron biotypdw Apera spica-venti i Centaurea cyanus oraz
sposoby ich chemicznego zwalczania w pszenicy ozimej. Progress in Plant Protection/Postgpy w Ochronie Roslin 46 (1):
215-222.

Massa D., Gerhards R. 2011. Investigations on herbicide resistance in European silky bent grass (Apera spica-venti) populations.
Journal of Plant Disease Protection 118 (1): 31-39. DOI: 10.1007/BF03356378

Massa D., Kaiser Y.I., Andajar-Sanchez D., Carmona-Alférez R., Mehrtens J., Gerhards R. 2013. Development of a geo-referenced
database for weed mapping and analysis of agronomic factors affecting herbicide resistance in Apera spica-venti L. Beauv.
(Silky Windgrass). Agronomy 3 (1): 13-27. DOI: 10.3390/agronomy3010013

Mayor J.P., Maillard A. 1997. A wind bentgrass biotype resistant to the herbicide isoproturon found in Changins. Revue Suisse
Agriculture 29 (1): 39-44.

Mutti N.K., Mahajan G., Chauhan B.S. 2019. Seed-germination ecology of glyphosate-resistant and glyphosate-susceptible
biotypes of Echinochloa colona in Australia. Crop and Pasture Science 70 (4): 367-372. DOI: 10.1071/cp18444

Park K., Mallory-Smith C., Ball D., Mueller-Warrant G.W. 2009. Ecological fitness of acetolactate synthase inhibitor-resistant and
-susceptible downy brome (Bromus tectorum) biotypes. Weed Science 52 (5): 768-773. DOI: 10.1614/WS-04-081R



Wptyw temperatury na wskazniki kietkowania / Temperature effects on germination indices

Pedroso R.M., van Kessel C., Neto D.D., Linquist B.A., Boddy L.G., Al-Khatib K., Fischer A.J. 2019. ALS inhibitor-resistant
Cyperus difformis seed germination requires fewer growing degree-days and lower soil moisture. Weed Science 68 (1): 1-37.
DOI: 10.1017/wsc.2019.57

Sheng G.S., Vila-Aiub M., Busi R., Goggin D., Powles S. 2019. Physiological fitness cost associated with glyphosate resistance in
Echinochloa colona: seed germination ecology. Journal of Tropical Plant Physiology 11 (2): 1-12.

Soukup J., Novéakova K., Hamouz P., Naméstek J. 2006. Ecology of silky bentgrass (Apera spica-venti (L.) Beauv.), its importance
and control in the Czech Republic. Journal of Plant Disease and Protection 20: 73-80.

Stankiewicz-Kosyl M., Ciepka A. 2014. Germination characteristics of Apera spica-venti biotypes susceptible and resistant to ALS
inhibitors. Landscape Management for Functional Biodiversity. IOBC-WPRS Bulletin 100: 127-130.

Stankiewicz-Kosyl M., Haliniarz M., Wrochna M., Synowiec A., Wenda-Piesik A., Tendziagolska E., Sobolewska M., Domaradzki
K., Skrzypczak G., Lykowski W., Krysiak M., Bednarczyk M., Marcinkowska K. 2021. Herbicide resistance of Centaurea
cyanus L. in Poland in the context of its management. Agronomy 11 (10): 1954. DOI: 10.3390/agronomy11101954

Torres-Garcia J.R., Uscanga-Mortera E., Trejo C., Conde-Martinez V., Kohashi-Shibata J., Nufiez-Farfan J., Martinez-Moreno D.
2015. Effect of herbicide resistance on seed physiology of Phalaris minor (littleseed canarygrass). Journal of Botanical Sciences
93 (3): 661-667. DOI: 10.17129/botsci.81

Van Assche J., Van Nerum D., Darius P. 2002. The comparative germination ecology of nine Rumex species. Plant Ecology 159:
131-142. DOIL: 10.1023/A:1015553905110

Vercellino R.B., Hernandez F., Pandolfo C.E., Cantamutto M., Presotto A. 2021. Ecological fitness cost associated with the AHAS
Trp 574 Leu mutation in feral Raphanus dativus. Weed Research 61 (3): 210-220. DOI: 10.1111/wre.12472

Wu X, Zhang T., Pan L., Wang L., Xu H., Dong L. 2016. Germination requirements differ between fenoxaprop-P-ethyl resistant
and susceptible Japanese foxtail (Alopecurus japonicus) biotypes. Weed Science 64 (4): 653—-663. DOI: 10.1614/WS-D-16-
00040.1

Zamani M., Keshtkar E., Sasanfar H., Zand E. 2023. Seed germination and seedling emergence fitness of clodinafop-propargyl
resistant Lolium rigidum populations. Gesunde Pflanzen 75 (4): 1531-1539. DOI: 10.1007/s10343-022-00812-1

Zangeneh H.S., Chamanabad H.R.M., Zand E., Alcantara-de la Cruz R., Travlos L.S., De Prado R., Alebrahim M.T. 2018.
Clodinafop-propargyl resistance genes in Lolium rigidum Guad. populations are associated with fitness costs. Agronomy 8 (7):
106. DOI: 10.3390/agronomy8070106



