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Abstract

Annual bluegrass (Poa annua L.) is a problematic annual weed in established turf where
the intensive use of herbicides has resulted in the evolution of herbicide resistance. In 2017,
31 populations of P. annua suspected to be resistant to herbicides commonly used to control
this weed in turf were collected from golf courses across southeastern Australia to check the
resistance status to different herbicide groups. All populations were found to be resistant to
multiple turf herbicides. Dose–response experiments confirmed resistance to propyzamide,
simazine, rimsulfuron, foramsulfuron, endothall, and pinoxaden. Levels of resistance to
rimsulfuron (>56-fold), foramsulfuron (>19-fold), endothall (>7-fold), and pinoxaden
(>4.3-fold) compared with the susceptible population were high, but levels of resistance to pro-
pyzamide (>2-fold) and simazine (>2-fold) were lower. Considerable variation in resistance to
endothall and pinoxaden was observed among the populations of P. annua. Target-site resis-
tance was confirmed for acetolactate synthase and acetyl-CoA carboxylase inhibitors, but not
for photosystem II and microtubule assembly inhibitors. This study documented the extensive
resistance to herbicides in P. annua from turf in Australia. Three of the populations investigated
exhibitedmultiple resistance to herbicides from fivemechanisms of action. The identification of
multiple-resistant P. annua on several golf courses is a serious concern for turf managers.

Introduction

Annual bluegrass (Poa annua L.; also known as annual meadow grass or winter grass) has been
documented on all continents including Antarctica, spanning environments where both warm-
and cool-season turfgrasses are grown (Heide 2001). It is a weed of field crops in many countries
and is also found in lawns, urban parks, pastures, gardens, roadsides, and forests (Holm et al.
1997; Wagner et al. 1990). It is a serious weed in turf due to its unsightly appearance, competi-
tion with desirable species, and upright growth habit, which produces an uneven surface that
affects ball roll in golf and other sports (Toler et al. 2007). Prolific seed production (Holm et al.
1997) and ability to germinate under a wide range of environmental conditions (McElroy et al.
2004) make P. annua an exceptionally difficult weed to control. Although many herbicides are
registered for P. annua control in turf, its high fecundity and high genetic diversity create strong
selection pressure for herbicide resistance (Brosnan and Breeden 2013). To date, P. annua has
evolved herbicide resistancemore than any other turf weed species (Brosnan and Breeden 2013).

Worldwide, P. annua has evolved resistance to inhibitors of photosystem II (PSII; e.g., sima-
zine), acetolactate synthase (ALS; e.g., trifloxysulfuron), enolpyruvylshikimate-3-phosphate
synthase (e.g., glyphosate) and mitosis (e.g., dithiopyr) in managed turf systems (Binkholder
et al. 2011; McElroy et al. 2013). The occurrence of glyphosate resistance in P. annua was first
reported in the United States (Missouri, Tennessee) in 2010 (Heap 2014). Similarly, overuse of
inhibitors of microtubule assembly (prodiamine) has resulted in the evolution of herbicide resis-
tance in P. annua in North Carolina (Isgrigg et al. 2002).

Herbicide resistance is caused by either target-site mutations or alterations in plant metabo-
lism (Délye 2013). So far, both target-site and non–target site based herbicide resistance (NTSR)
to various herbicides has been confirmed in P. annua. Previous studies have documented that
mutations Trp-574 and Ala-205 confer cross-resistance to many ALS inhibitors (Brosnan et al.
2016; McElroy et al. 2013). Similarly, in P. annua, Ser-264 was confirmed to provide resistance
to atrazine (Perry et al. 2012), Val-219 tometribuzin and diuron (Mengistu et al. 2000), and Pro-
106 to glyphosate (Cross et al. 2015). On the other hand, an NTSR-based mechanism causing
reduced absorption and translocation was reported as a mechanism of resistance to POST pro-
nomide applications in P. annua (McCullough et al. 2017).
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Greenskeepers in Australia have reported difficulty in control-
ling P. annua with herbicides. In response to their concerns, 31
purported resistant populations of P. annua were collected from
golf courses across New South Wales (NSW), Victoria, and
South Australia (SA) where herbicides had failed to provide weed
control and were tested for resistance to several turf herbicides.
Herbicide dose–response pot trials were conducted to investigate
resistance to five herbicide mechanisms of action that are com-
monly used to control this weed on golf courses. The objective
of this research was to determine the resistance status of P. annua
collected from across southeastern Australia and to determine the
mechanisms of resistance present.

Materials and Methods

Plant Materials

A total of 31 populations of P. annua (18 from Victoria, 6 from
NSW, and 7 from SA) were collected by turf managers and sent
as soil plugs to the Weed Science group of the University of
Adelaide (34.9670°S, 138.6360°E). The samples were collected
from greens and fairways where turf managers were having trouble
controlling P. annua with herbicides. One susceptible (S) popula-
tion collected from non–golf course areas was used as the suscep-
tible control.

Preliminary Screening for Resistance in Sampled Populations

In December 2017, plants at the 2- to 3-tiller stage and of similar
size from the cores were transplanted into 9.5 by 8.5 by 9.5 cm
punnet pots (Masrac Plastics, Adelaide, SA) containing standard
potting mix (produced by steaming 540 L cocoa peat, 220 L of
water, and 60 L of sand for 1 h) (Boutsalis et al. 2012). Each pot
had 4 plants of the same population and was replicated three times
for each herbicide rate, arranged in a randomized complete block
design. Plants were watered daily, and at 1 wk from transplanting,
all 31 populations from golf courses and the control population
were treated with the 1X rate (field rate of each herbicide)
(Table 1) and 3X rate of the ALS inhibitors (WSSA Group 2
[WSSA 2020]) rimsulfuron, iodosulfuron, bispyribac, and foram-
sulfuron; the PSII inhibitor (WSSA Group 5) simazine; the inhibi-
tor of microtubule assembly (WSSA Group 3) propyzamide, also
known as pronamide; and endothall (WSSA Group 27) early

POST. Herbicides were applied using a laboratory moving boom
sprayer equipped with a twin nozzle (TeeJet® 110° flat fan, Spraying
Systems,Wheaton, IL) delivering an output of 118 L ha−1 at a pressure
of 250 kPa and speed of 1 m s−1. Plants exhibiting subsequent growth
after 28 d, such as the initiation of new tillers, were classified as sur-
vivors, whereas plants with severe stunting or mortality were consid-
ered susceptible (Powles et al. 1998). Seeds from nontreated control
plants of all populations and from plants surviving the 3X rate of each
of the herbicides were collected for further experiments.

A separate screening trial was conducted in June 2018 with
pinoxaden (acetyl-CoA carboxylase [ACCase] inhibitor, WSSA
Group 1), a herbicide used to control some grass weeds in golf course
roughs, applied POST to all 31 populations. Seeds of all populations,
collected from nontreated control plants, were germinated in trays
(330 by 200 by 50 mm) located outdoors, and 1- to 2-leaf seedlings
were transplanted into punnet pots (95 by 85 by 95 mm) contain-
ing the previously described standard potting mix, with 4 plants per
pot replicated three times. At the 2-leaf stage, plants were treated
with herbicides at the 1X and 3X label field rates with three replica-
tions (4 plants per replication). The herbicide screening trial with all
the herbicides was repeated in July 2018 using seed collected from
nontreated plants. Seed were germinated and treated as described
earlier, and survival was assessed after 28 d.

Following the initial detection of propyzamide resistance, fur-
ther experiments were set up in July 2018 to check resistance to
propyzamide when used as a PRE treatment. There are no previous
reports of propyzamide (inhibitor of microtubule assembly) resis-
tance in any weed species in Australia. Approximately 100 cleaned
seeds were measured by volume (0.2 ml) and placed onto the stan-
dard potting mix surface, and herbicide was sprayed directly onto
the seeds. Immediately after spraying, the seeds were covered with
5 mm of standard potting mix and watered daily as described ear-
lier. Herbicides were applied with the same equipment as described
earlier, and the experiment was assessed for seedling survival at
28 d after herbicide treatment. Plants that emerged and grew to
the 2-leaf stage were considered survivors.

Confirming Resistance in Progeny with Dose–Response
Experiments

Propyzamide-resistant populations were further investigated with
dose−response pot trials to quantify the level of resistance to different

Table 1. Herbicide used, sources, recommended field rates in Australia, and rates used in the dose–response experiment.

Chemical name
WSSA
group Trade name Rates used

Recommended
field rate Source

g ai ha−1 g ai ha−1

Rimsulfuron 2 Coliseum 0, 0.39, 0.78, 1.56, 3.13, 6.25,
12.5, 12.5, 25, 50, and 100

25 Turf Culture Pty Ltd, Sunbury, Australia

Foramsulfuron 2 Tribute® 0, 0.53, 1.05, 2.11, 4.22, 8.44,
16.88, 33.8, 67.5, and 135

33.8 Bayer CropScience Pty Ltd, Hawthorn East, Australia

Iodosulfuron-methyl-Na 2 Destiny® —

a 15 Bayer CropScience Pty Ltd, Hawthorn East, Australia
Bispyribac-Na 2 Nominee® —

a 50 Sumitomo Chemical Australia Pty Ltd, Epping,
Australia

Simazine 5 Gesatop® 600 0, 13.13, 26.25, 52.5, 105, 210,
420, 840, 1,680, and 3,360

840 Syngenta Australia Pty Ltd, Macquarie Park,
Australia

Endothall 27 Poachek 0, 65.7, 131.3, 262.5, 525, and
1,050

262.5 Colin Campbell (Chemicals) Pty Ltd, Wetherill Park,
Australia

Propyzamide 3 Kerb® 500 0, 125, 250, 500, 1,000, and
2,000

500 Dow AgroSciences Australia Limited, Chatswood,
Australia

Pinoxaden 1 Axial® 0, 7.5, 15, 30, 60, 120, and 240 60 Syngenta Australia Pty Ltd, Macquarie Park,
Australia

a Product only used in preliminary screening experiments.
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herbicides with four replications (6 plants per replication). Seeds
from survivors of propyzamide in the preliminary screening for
the resistant populations were used. These were stored dry for at
least 3 mo before use and tested for germination before use. The
previously confirmed susceptible population was included as the
control for this trial. Dose−response experiments were performed
with the Group 2 herbicides rimsulfuron and foramsulfuron, the
Group 5 herbicide simazine, the Group 3 herbicide propyzamide,
the ACCase inhibitor pinoxaden (WSSA Group 1), and endothall
(WSSA Group 27) in August 2018 and repeated in October 2018.

In golf courses, propyzamide is usually applied as both a PRE
and early POST herbicide, whereas the other herbicides tested are
used POST. Based on this, dose–response experiments with propy-
zamide were conducted with both PRE and POST treatments,
whereas all other herbicides were only evaluated POST at a range
of rates (Table 1). Herbicide applications were performed as
described earlier. All the experiments were arranged in a completely
randomized design with four replications and repeated.

Target-Site Mutation Identification

For resistant populations, tissues were sampled randomly from
5 individual plants of each population that survived the highest rate
of herbicide treatment for a given site of action. Tissue samples for
the susceptible population were taken from the nontreated con-
trols. Fresh leaf material (0.1 g) was harvested from the youngest
fully expanded leaf, snap frozen in liquid nitrogen, and then stored
at−80 C until further use. DNA extraction was performed using the
ISOLATION II plant DNA extraction kit (Bioline, Alexandrina,
NSW, Australia) according to the manufacturer’s instructions.
A polymerase chain reaction (PCR) was performed to amplify gene
sequences that contain reported target-site mutations within each
target site tested using ~200 ng of gDNA (genomic DNA) in a stan-
dard PCR reaction of 25 μl containing 2×MyFiMix reaction buffer
(containing 0.2 mM of dNTPs and 0.6 mM of MgCl2) and 0.4 μM
of each gene-specific primer pair (Table 2). Thermocycling was
performed in an automated DNA thermal cycler (Eppendorf
Mastercycler Gradient, Eppendorf, Hamburg, Germany) with
the following conditions: DNA initial denaturation at 95 C for
30 s followed by 37 cycles of 15 s at 95 C, 15 s at 58 C, and 15 s
at 72 C. Samples were electrophoresed in 1× TAE buffer (40 mM
Trizma base and 1 mMNa2EDTA, pH to 8 with glacial acetic acid)
at 110 V. The amplified fragments were sequenced by the
Australian Genome Research Facility, University of Adelaide,
Australia, using the same primers used for amplification. Nucleo-
tide sequences were assembled and analyzed using ContigExpress

and AlignX programs from the VectorNTi v. 11.5 program suite
(Invitrogen, Waverley, VIC, Australia).

Statistical Analysis

The screening trial was subjected to two-way ANOVA for each
herbicide, with population and run as variables. There was no
difference between runs (P > 0.05), so data were pooled. Popula-
tions were considered resistant to any herbicide if >50% of the
individuals treated survived. Dose–response trials were set up as
a completely randomized design and repeated. Data were subjected
to three-way ANOVA for each herbicide, with population, rate,
and run as variables. For every herbicide, there was a significant
effect for rate (P < 0.0001) and population (P < 0.0001), but not
for run, except for simazine (P < 0.001). For all herbicides except
simazine, data were pooled across experiments. Survival at each rate
was converted to mortality, and the data were analyzed using
PriProbit v. 1.63 (Sakuma 1998) with the LD50 (rate of herbicide that
killed 50% of the population) with 95% confidence intervals (CI)
determined and resistance ratios calculated as LD50 R/LD50 S.
Population responses were considered different if confidence
intervals at the LD50 did not overlap.

Results and Discussion

Preliminary Screening

Out of 31 populations from golf courses, all were resistant to
three or more herbicides, with half being resistant to five mecha-
nisms of action (Figure 1). Most populations were resistant to ALS
inhibitors (97%), PSII inhibitors (94%), endothall (100%), ACCase
inhibitors (94%), and inhibitors of microtubule assembly (81%)
POST, but only 7% of populations were resistant to inhibitors of
microtubule assembly (propyzamide) PRE (Table 3). Populations
with resistance to propyzamide were chosen for additional
investigation.

Confirmation of Resistance

Resistance to Group 2 Herbicides
In turf management, Group 2 herbicides are commonly used for
POST control of P. annua (Toler et al. 2007). However, this herbi-
cide group is highly prone to the evolution of herbicide resistance,
and to date, there are 160 weed species resistant worldwide (Heap
2019). In the dose–response experiments with the Group 2 herbi-
cides foramsulfuron and rimsulfuron, the S population was
controlled with foramsulfuron at 2.7 g ha−1, and population R1

Table 2. Primer sequences with fragment size used for amplifying fragments of herbicide target-site genes covering known resistance sites in resistant and susceptible
populations of P. annua.

Target gene Primer name Primer sequence 5 0→3 0 Fragment size Reference

ALS Poa_ALS F574 TGGGCGGCTCAGTATTACAC 479 bp McElroy et al. (2013)
Poa_ALS R574 ATAGGCAGCACATGCTCCTG
Poa ALS_1F ACCCGCATCAGGTGCTCCACGGT 454 bp GenBank accession no. KT346395
Poa ALS_1R AGGAGGCGAGGAAGAAGGCTTCCT
PoaALS_2F AAGGGCGCCGACATCCTCGTCGA 445 bp GenBank accession no. KT346395
PoaALS_2R GCTGCTTGTTCTTGCCAATCTCAGC

ACCase PoaACCase_ACcp1 F CAACTCTGGTGCTIGGATIGGCA 551 bp Délye et al. (2002b)
PoaACCase_ACcp1 R GAACATAICTGAGCCACCTIAATATATT

psbA Psb1F CTGATGGTATGCCTCTAGGAATCTC 472 bp GenBank accession no. KJ716483.1
TTP2R AGATTAGCACGGTTGATGATA GenBank accession no. M36191.1

α-Tubulin AW08F GGAGATTGTTGACCTGTGCCT 746 bp GenBank accession no. E. indica AJ005599
(Fleet et al. 2018)AW05R TGGGTGGCTGGTAGTTGATAC

342 Barua et al.: Multiple-resistant Poa annua

https://doi.org/10.1017/wsc.2020.35 Published online by Cambridge University Press

https://doi.org/10.1017/wsc.2020.35


was controlled with 67.5 g ha−1 foramsulfuron, whereas no control
of the three resistant populations R2, R3, and R4 was observed even
at the highest rate used (135 g ha−1) (Figure 2A). Population R1 was
9.3-fold more resistant than the S population, and all other resis-
tant populations were >56-fold resistant (Table 4). Similarly, the
S population was controlled by 5.37 g ha−1 rimsulfuron, whereas
no control of any R population was obtained, even at 100 g ha−1

(Figure 2B). All the R populations showed >19-fold resistance to
rimsulfuron (Table 4). In our studies, populations R2, R3, and R4
exhibited strong resistance to both Group 2 herbicides tested,
whereas R1 exhibited lower resistance to foramsulfuron (controlled
at 67.5 g ai ha−1). Resistance to Group 2 herbicides has previously
been observed in P. annua. Populations from South Carolina and
Georgia were highly resistant to trifloxysulfuron, foramsulfuron,
and bispyribac-sodium (Cross et al. 2013), as was a population from
Alabama (McElroy et al. 2013). The variable response of R popula-
tions to the Group 2 herbicides observed in our study suggests the
likelihood of different target-sitemutations inALS or the presence of
a different resistance mechanisms (e.g., difference in uptake and
translocation) in different populations.

Resistance to Group 1 Herbicides
Recently, pinoxaden was registered at up to 60 g ha−1 in the United
Kingdom to control ryegrass (Lolium spp.) in fine-leaf fescue
(Festuca rubra and Festuca ovina) in turf (Anonymous 2010).

Poa annua is normally considered to be tolerant to Group 1 her-
bicides (Herbert et al. 1997); however, some herbicides in this
group can provide control (Takahashi et al. 2002). The S popula-
tion was controlled with 60 g ha−1 pinoxaden in our experiments
showing it was susceptible to pinoxaden (Figure 2C). In contrast,
populations R1, R2, R3, and R4were not controlled with this rate of
pinoxaden. The four R populations exhibited different levels of
resistance to pinoxaden (Figure 2C). Population R3 was 4.3-fold
resistant to pinoxaden, whereas the other three populations were
>4.3-fold resistant (Table 4). To date, 48 weed species have been
reported to be resistant to the Group 1 herbicides (Heap 2019).

Resistance to Endothall
Endothall was one of the first herbicides registered to control P.
annua in turf. Control of the S population was achieved with
525 g ha−1, whereas no control of the R populations was observed
even at 1,050 g ha−1 (Figure 2D). Population R3 exhibited lower
resistance (5.5-fold) than the other resistant populations (>7-fold;
Table 4). Endothall resistance has not been reported in any weed
species other than P. annua (Heap 2019). Themechanism of action
of endothall is not well understood; however, inhibition of serine/
threonine protein phosphatases 1 and 2A are thought to be the
targets (Bajsa et al. 2012; Tresch et al. 2011).

Resistance to Group 5 Herbicides
Simazine is a POST herbicidemost widely used to control P. annua
in turf. Simazine at the recommended rate of 840 g ha−1 controlled
94% of the S population, but only caused 20%mortality in the four
resistant populations, equating to 2- to 8-fold resistance (Figure 2E
and F; Table 4). There was a significant effect of run for the
simazine dose response, suggesting environmental conditions
could affect the response of populations to the herbicide. LD50

values were different between the two runs for the S population
and populations R3 and R4 (Table 4); however, there was no con-
sistency in these differences. Group 5 resistance was first reported
in P. annuamore than 40 yr ago in France, after 10 yr of repeated
exposure to simazine (Darmency and Gasquez 1983). Resistance
to Group 5 herbicides has been observed widely in P. annua in the
United States, having been reported in Oregon (Mengistu et al.
2000), Mississippi (Hutto et al. 2004; Syvantek et al. 2016),
Tennessee (Brosnan et al. 2015) Alabama, North Carolina, and
Virginia (Heap 2019). Hutto et al. (2004) identified simazine resis-
tance in P. annua from 43% of golf courses sampled in Mississippi.
This extent of resistance is less than observed in the samples tested
here (Table 3). The level of resistance to Group 5 herbicides in the
United States (Brosnan et al. 2015; Kelly et al. 1999; Syvantek et al.
2016) appears to be much greater (more than 1,000-fold) than in
the Australian populations examined. These populations, while
surviving 840 g ha−1, the field rate for Australia, could be controlled
by the highest rate used, 3.36 kg ha−1 (Figure 2E and F). Therefore,
these populations may be less of a problem in situations where a
higher rate of simazine can be used. As target-site mechanisms typ-
ically result in high levels of resistance to Group 5 herbicides
(Ashworth et al. 2016), it is likely that NTSR could be responsible
for the 2- to 8-fold resistance observed in the populations in
Australia.

Resistance to Propyzamide
Propyzamide, an inhibitor of microtubule assembly, is used for
PRE and early POST weed control in golf courses. In the dose–
response experiments, complete control of the S biotype was
obtained at the recommended rate of 500 g ha−1 propyzamide

Table 3. Summary of screening result of 31 populations collected from golf
courses with different mechanism of action herbicides at the recommended
field rate and three times that rate. Recommended field rates are listed in Table 1.

WSSA
group Chemical name

Application
timing

Populations
surviving the

1X rate

Populations
surviving the

3X rate

—%— —%—

2 Rimsulfuron POST 97 84
Indosulfuron 90 71
Bispyribac 97 87
Foramsulfuron 52 38

5 Simazine POST 94 68
27 Endothall POST 100 90
3 Propyzamide POST 81 71

Propyzamide PRE 23 13
1 Pinoxaden POST 94 74

Figure 1. Extent of multiple-resistant status of Poa annua populations from golf
courses across southeastern Australia in response to different herbicide mechanisms
of action. There were five herbicide groups used, and each population could be resist-
ant to between 0 and 5 mechanisms of action.
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Figure 2. Survival after 28 d of susceptible S (○) and resistant R1 ( ), R2 ( ), R3 ( ), and R4 ( ) populations of Poa annua treated with foramsulfuron (A), rimsulfuron (B),
pinoxaden (C), endothall (D), simazine in Experiment 1 (E), simazine in Experiment 2 (F), and propyzamide (G) at POST herbicide timing, and emergence following treatment with
propyzamide (H) at PRE herbicide timing. Each point is the mean of eight replications of 6 plants, except for simazine, where it is the mean of four replications of 6 plants for each
run. The lines are theprobit curves back transformed to percentageswith 95% confidence intervals: S ( ), R1 ( ), R2 ( ), R3 ( ), and R4 ( ). Where nomortality
occurred, probit analysis was not conducted and no curve was plotted. Data points are the means of eight replicates (four replicates for each simazine experiment) ± SE.
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applied PRE, whereas 1,000 g ha−1 applied POST was required for
complete control. Resistance to POST propyzamide was confirmed
in populations R1, R2, R3, and R4 (Figure 2G), with resistance
ranging from 2.0-fold for population R3 to 4.1-fold for population
R2 (Table 4). The level of propyzamide resistance was much lower
in the PRE treatment (Figure 2H). Only population R1 had an LD50

different from the S population for PRE propyzamide and was
3.3-fold resistant.

To date, P. annua is the only weed species in which resistance to
propyzamide has been confirmed. In Georgia, USA, McCullough
et al. (2017) reported resistance to POST application of propyza-
mide (>10-fold), whereas in our experiments, resistance PRE and
POST resistance was confirmed, but the levels of resistance were
less than 5-fold. In a recent study, a biotype of ryegrass (Lolium
spp.) showed 2.7-fold resistance to propyzamide used PRE
(Brunton et al. 2018). Our experiments show that P. annua pop-
ulations from golf courses in Australia have evolved resistance to
both PRE and POST applications of propyzamide, which could
cause control failures.

Target-Site Mutation Identification

ALS Gene Mutations
Target-site resistance to Group 2 herbicides is a result of missense
mutations causing amino acid substitutions at any of eight sites in
ALS: Ala-122, Pro-197, Ala-205, Asp-376, Arg-377, Trp-574, Ser-
653, and Gly-654 (Brosnan et al. 2016; Délye et al. 2002b; Heap
2019; Yu et al. 2008). The ALS gene of five individuals, out of
the 24 treated, from each population that had survived the field rate
of herbicides, was sequenced to investigate the presence of a target-
site mutation. An amino acid substitution at position 574 from Trp

to Leuwas present in all individuals of resistant populations R2, R3,
and R4, whereas in population R1, all individuals had a Pro-197 to
Ser mutation (Table 5). Population R1 showed variable response
to the two Group 2 herbicides investigated (foramsulfuron and
rimsulfuron). A Trp-574 to Leu amino acid substitution was
reported to confer cross-resistance to multiple Group 2 herbicides
in P. annua (McElroy et al. 2013), and an Ala-205 to Phe mutation
provided resistance to imidazolinone, sulfonylurea, triazolopyri-
midines, sulfonylamino-carbonyl-triazolinones, and pyrimidinyl
(thio) benzoate herbicides (Brosnan et al. 2016). Furthermore,
the Pro-197 to Ser mutation has been identified as providing resis-
tance to sulfonylurea herbicides in other weed species, including
rigid ryegrass (Lolium rigidum Gaudin) (Yu et al. 2008).

ACCase Gene Mutations
Seven ACCase amino acid substitutions have been confirmed to
confer resistance in weed species: Ile-1781-Leu, Ile-2041-Asn,
Ile-2041-Val, Trp-2027-Cys, Gly-2096-Ala, Asp-2078-Gly, and
Trp-1999-Cys (Délye et al. 2002a, 2003, 2005; Liu et al. 2007;
Zhang and Powles 2006b). An amino acid substitution at position
1781 from Ile to Leu was identified in all five individuals from each
of the four resistant populations (R1, R2, R3, and R4) (Table 5).
However, population R3 was not as resistant to pinoxaden as
the other populations (Figure 2), which suggests othermechanisms
may play a role. The Ile-to-Leu substitution at position 1781 has
been identified in other grass species resistant to Group 1 herbicides
(Zhang and Powles 2006a). Thismutation has previously been iden-
tified in P. annua (Délye and Michel 2005). Those authors consid-
ered the mutation to be the likely source of the inherent tolerance of
P. annua to someGroup 1 herbicides. However, the susceptible pop-
ulations in our study had Ile at position 1781. This suggests there
may be different lineages of P. annua with and without this muta-
tion. Further research would be required to confirm this.

psbA Gene Mutations
Previous studies have confirmed that resistance to Group 5 herbi-
cides in many weed species is conferred by mutations in the highly
conserved chloroplast gene psbA (Lu et al. 2019). Seven mutations
resulting in amino acid substitutions at six positions (Ser-264-Gly,

Table 4. The dose required for 50% mortality (LD50) of susceptible and resistant Poa annua populations in response to various herbicides with 95% confidence
intervals (CI) in parentheses.a

Herbicides

Population

18 (R1) 27 (R2) 262-16 (R3) 413-17 (R4) S

––––––––––––––––––––––––––––––––––––––––––––LD50 g ai ha−1–––––––––––––––––––––––––––––––––––––––––––––
Foramsulfuron 22.3 (20.3, 24.5) >135.0 >135.0 >135.0 2.4 (0.9, 3.7)

R/S 9.3 >56 >56 >56
Rimsulfuron >100.0 >100.0 >100.0 >100.0 5.4 (4.7, 6.1)

R/S >19 >19 >19 >19
Pinoxaden >120 >120 122.0 (97.3, 180.4) >120 28.0 (27.1, 28.9)

R/S >4.3 >4.3 4.3 >4.3
Endothall >1,050.0 >1,050.0 728 (631, 863) >1,050.0 133 (128, 138)

R/S >7.9 >7.9 5.5 >7.9
Simazine Exp. 1 774 (648, 862) 594 (508, 695) 631 (545, 729) 477 (446, 512) 279 (242, 324)

R/S 2.8 2.1 2.3 1.7
Exp. 2 798 (663, 971) 708 (557, 908) 297 (243, 362) 1,190 (1,010, 1,390) 152 (120, 197)
R/S 5.3 4.7 2.0 7.8

Propyzamide POST 673 (330, 1,666) 979 (515, 4,538) 485.3 (299, 934) 829 (499, 1,569) 237 (196, 280)
R/S 2.8 4.1 2.0 3.5

Propyzamide PRE 262 (162, 366) 240 (96, 390) 95.5 (73.3, 116) 134 (59.3, 200) 79.5 (0.1, 142)
R/S 3.3 3.0 1.2 1.7

a R/S is the ratio of LD50 of resistant and susceptible populations.

Table 5. Nucleotide and amino acid changes identified in herbicide target-site
genes in resistant Poa annua populations.

Gene name
Amino acid
position

Nucleotide and amino
acid changes Population

ALS 574 TGG (Trp) – TTG (Leu) R2, R3, and R4
197 CCG (Pro) – TCG (Ser) R1

ACCase 1781 ATA (Ile) – TTA (Leu) R1, R2, R3, and R4
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Ser-264-Thr, Val-219-Ile, Asn-266-Thr, Ala-251-Val, Phe-255-Ile,
and Leu-218-Val) in psbA have been shown to confer resistance to
Group 5 herbicides (Thiel and Varrelmann 2014). The most
common of these mutations, Ser-264-Gly, confers high levels
of resistance to the triazine herbicide atrazine in P. annua and
other weed species (Perry et al. 2012). Another report confirmed
that the Val-219-Ile mutation provides resistance to psbA (met-
ribuzin and diuron) in P. annua (Mengistu et al. 2000). However,
in our study, no mutations within the psbA gene were found in
any of the populations (Table 5). Therefore, resistance to sima-
zine observed in this study is likely due to a non–target site based
mechanism or another mutation not reported previously in the
literature. This is consistent with the moderate levels of resistance
in the P. annua populations compared with the much higher lev-
els of resistance due to target-site mutation reported for Group 5
resistance in P. annua populations elsewhere (Perry et al. 2012).

α-Tubulin Gene Mutations
Genetic evidence suggests that the herbicidal effects of the dinitroa-
nilines amiprophos-methyl and propyzamide are related to micro-
tubule function (Schibler and Huang 1991). However, nomutation
in the α-tubulin gene was identified in plants from either of the
resistant populations that had survived either PRE or POST pro-
pyzamide. It is therefore likely that the low level resistance identi-
fied in P. annua is non–target site based. McCullough et al. (2017)
reported that resistance to POST propyzamide in a population of
P. annua from a golf course in Georgia, USA, was associated with
reduced absorption and translocation.

Even though resistance to nine mechanisms of action has been
confirmed in P. annua globally, there have only been two con-
firmed reports of multiple resistance, a biotype resistant to
simazine and trifloxysulfuron (Brosnan et al. 2015) and another
resistant to prodiamine and glyphosate (Breeden et al. 2017). In
this study, 31 populations of P. annua from golf courses that were
not being adequately controlled with herbicides were tested for
herbicide resistance. Resistance to multiple mechanisms of action
was confirmed in all populations. Dose–response experiments
conducted with four of these populations confirmed resistance
to propyzamide, simazine, rimsulfuron, foramsulfuron, endo-
thall, and pinoxaden. High levels of resistance to rimsulfuron,
foramsulfuron, endothall, and pinoxaden and lower levels to pro-
pyzamide and simazine were confirmed. Only a single susceptible
population from an area where herbicides had not been applied
was used in this study. It is possible that this population may
not have been representative of the susceptibility of P. annua
to herbicides. This means that the resistance ratios reported here
could be different if another susceptible population was used.
This would not affect the conclusion that the populations were
resistant to the Group 1, Group 2, or Group 27 herbicides, but
could do so for resistance to the Group 3 and Group 5 herbicides.
Known target-site mutations were identified in ALS and ACCase,
but not in PSII or α-tubulin. Therefore, future research should
aim to explore mechanisms of NTSR in these populations and
response to herbicides from different site-of-action groups. Poa
annua is primarily a self-pollinated species (Ellis 1973), so multi-
ple resistance may have arisen from sequential selection with
multiple herbicides over an extended period. The turf managers
indicated that most of the sites had received multiple applications
of different herbicides each year for at least the past 10 yr, showing
a high intensity of selection for multiple resistance. However, Ellis
(1973) suggests up to 15% outcrossing can occur in this species, which
provides the possibility of accumulation of herbicide-resistance traits

through cross-pollination. The extensive amount of herbicide resis-
tance present and the limited nonchemical methods available means
that management of multiple-resistant P. annua in turf will be
challenging.
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