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Abstract

Herbicides have been used intensively in Italian rice crops for the last 40 years. Use of ALS-inhibitors began in 1988 and now more than 80% of  rice fields are treated with these herbicides. Since 1994, three species (Alisma plantago-aquatica, Schoenoplectus mucronatus and Cyperus difformis) have evolved resistance to ALS inhibitors, while three populations of Echinochloa crus-galli have evolved resistance to propanil. A population of Echinochloa erecta recently proved to be multiple-resistant to quinclorac and propanil. It is estimated that resistance exists in more than 25,000 ha, with S. mucronatus and C. difformis showing the highest rate of increase. Field histories show that high selection pressure had been imposed for several years prior to resistance development, as well as a lack of any resistance prevention strategy. Most ALS-resistant populations show a wide pattern of cross-resistance with a high level of resistance to SU and a lower level to the TP metosulam. The ALS-resistance mechanism is due to an altered herbicide site of action. Resistance management strategies are discussed.

Introduction

The development of herbicide resistance is an evolutionary process mainly driven by selection pressure imposed by herbicides (i.e. herbicide efficacy, persistence and frequency of application), initial gene frequency and fitness of the resistant and susceptible biotypes. Individual plants do not change from being susceptible to resistant, but the proportion of resistant plants within a population increases over time (Moss, 2002). The majority of resistant biotypes have evolved in situations where rotation of crops and/or herbicide modes of action were absent or limited (Heap and LeBaron, 2001).

Most temperate rice crops are grown using very intensive cropping systems, where rice monoculture and heavy reliance on herbicides for weed control are common agronomic practices. Generally, only a few herbicide modes of action are used in rice: acetolactate synthase (ALS) inhibitors, synthetic auxins, thiocarbamates, acetyl co-enzyme A carboxylase (ACCase) inhibitors and amides being among the most frequent groups. Under these conditions herbicide resistance has become a major and widespread problem in many areas, involving several chemical families (Valverde and Itoh, 2001).

Until the early 90s herbicide resistance was not widespread in Italy, with the triazines being the only chemical family involved (Porceddu et al., 1997). One of the reasons for this is probably related to the delay in marketing new herbicides in Italy (Table 1).  The situation began to change after the introduction of new highly-active herbicide groups, which are target site specific (i.e. ALS and ACCase inhibitors).

Bensulfuron-methyl, the first ALS inhibitor marketed for rice crops in Italy, was introduced in 1988 (Table 1). Since then six new herbicides have been introduced with the same mode of action, though belonging to three different chemical families (sulfonylureas - SU, triazolopyrimidines – TP, and pyrimidinyl thiobenzoates - PTB). It is now estimated that more than 80% of Italian rice fields are treated with ALS inhibitors.

Table 1  Weed species and herbicides used in Italian rice crops that are involved in resistance (SU = sulfonylureas,  TP = triazolopyrimidines;  PTB = pyrimidinyl thiobenzoates, AM = amides, QC = quinoline-carboxylic acids.  ALSPA = Alisma plantago-aquatica, SCPMU = Schoenoplectus mucronatus, CYPDI = Cyperus difformis, ECHCG = Echinochloa crus-galli, ECHER = Echinochloa erecta).

	Herbicide
	Chemical family
	Year of introduction
	First documented resist. pop.
	Species with resistant populations

	
	
	In the world
	In Italy
	in Italy
	

	bensulfuron
	SU
	1985
	1988
	1994
	ALSPA, SCPMU, CYPDI

	cinosulfuron
	SU
	1987
	1992
	1994
	ALSPA, SCPMU, CYPDI

	metsulfuron
	SU
	1981
	1993
	(*)
	ALSPA, SCPMU, CYPDI

	metosulam
	TP
	1994
	1996
	1997
	ALSPA, SCPMU

	azimsulfuron
	SU
	1995
	1997
	1998
	ALSPA, SCPMU, CYPDI

	ethoxysulfuron
	SU
	1995
	1998
	1998
	ALSPA, SCPMU, CYPDI

	bispyribac-Na
	PTB
	1997
	2004
	2002
	SCPMU, CYPDI

	propanil
	AM
	1960
	1962
	1999
	ECHCG

	quinclorac
	QC
	1985
	1992
	2003
	ECHER


(*)In Italy metsulfuron-methyl for use in rice crops is sold only in combination with bensulfuron-methyl and has never been included in resistance tests. However, field observations strongly prove that the herbicide mixture did not adequately control some resistant populations.

Evolution of herbicide resistance in Italian rice weeds

In 1994, six years after the introduction of bensulfuron, the first populations of Alisma plantago-aquatica L. resistant to ALS inhibitors were found near Novara and in 1995 the first 

Figure 1 Evolution of herbicide resistance in four Italian rice weed species in terms of no. of local districts where resistant populations were found: SCPMU, ALSPA and CYPDY resistant to ALS-inhibitors; ECHCG resistant to propanil. Most 1996 data were provided by DuPont and refer to seed samples collected from 1994 to 1996 for ALSPA and in 1995-96 for SCPMU (G. Trainini, pers. comm.). Resistance tests were subsequently done at the Weed Science Section of IBAF-CNR.
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seed samples of Schoenoplectus mucronatus (L.) Palla syn. Scirpus mucronatus L. were collected from plants that had not been controlled by bensulfuron; field and laboratory tests revealed that those seeds produced ALS-resistant populations. Since then resistance to ALS inhibitors has spread substantially (Figure 1): in three years (i.e. samples harvested in 1998) the total no. of cases tripled (Sattin et al., 1998 and 1999). For S. mucronatus, the no. of local administrative districts (in Italian called comuni) where resistant populations have been found is still increasing, although the rate is decreasing, while the diffusion of ALS-resistant A. plantago-aquatica stabilised after 1999. This is encouraging and proves that the work and consequent resistance management indications given to farmers by the Italian Herbicide Resistance Working Group (GIRE) have had some success (Sattin et al., 2004).

The first ALS-resistant biotype of Cyperus difformis L. was found in 1999 and first documented by Sattin et al. (2002); since then the no. of cases has steadily increased and has now reached 13. Interestingly, four cases are not in the major Italian rice growing area between Turin and Milan: three come from the Po delta area and one from central-western Sardinia. Even the nine sites in the “classic” rice growing area are quite spread out, thus indicating that most populations have been independently selected, as already documented for the other two species (Sattin et al., 1999). Although no extended random survey has yet been done, it is now estimated that resistance to ALS inhibitors is present in well over 25,000 ha (i.e. more than 11% of the Italian rice cropping area), with S. mucronatus being the most widespread and C. difformis having the fastest rate of increase.

The first of three propanil-resistant populations of Echinochloa crus-galli was sampled in 1999 in the Lombardy region (province of Pavia), the second a year later in Tuscany (Siena province) and the third in Piedmont (province of Alessandria). Notwithstanding the slow rate of increase of these biotypes (Table 1), herbicide performance against Echinochloa spp. is being carefully monitored because of the worldwide history of herbicide-resistant Echinochloa (Valverde et al., 2000; Heap, 2004) and the biological characteristics of this genus that makes it one of the most troublesome rice weeds (Tabacchi, 2003). The herbicide history of the “resistant-fields” we have been able to collect cover a period of six to ten years (farmers records do not generally go further back) and highlight that where propanil-resistant E. crus-galli was found, at least eight-nine treatments with propanil had been done (probably more, given that propanil has been on the market since 1962), often with two treatments per year.

Field herbicide histories where ALS-resistant populations were found indicate that during the 90s the most frequent selecting agent was bensulfuron followed by cinosulfuron, while in the last four years azimsulfuron has often substituted the former two SU. In a few fields, resistance evolved even if a crop rotation alternating three consecutive years of rice with three of maize was adopted. Only a few cases of resistance had evolved where a timely pre-emergence treatment with oxadiazon at recommended dose had frequently been applied.

A recent case involving a biotype of Echinochloa erecta syn. Echinochloa hispidula (Costea and Tardif, 2002) multi-resistant to quinclorac and propanil will be described briefly below.

Characteristics of resistant populations

Materials and methods

Greenhouse experiments. Seeds samples were collected from 1997 to 2003 in fields where field technicians of the member companies of GIRE or the Rice Research Centre observed unjustified poor control of a weed. Seeds were taken from plants that had survived a herbicide treatment: A. plantago-aquatica, S. mucronatus and C. difformis treated with an ALS inhibitor, E. crus-galli treated with propanil and E. erecta treated with quinclorac. All the resistance tests have been done in a greenhouse at the Weed Science Section of IBAF-CNR in Legnaro (north-eastern Italy) following the procedures described by Sattin et al. (1999) for ALS-resistant populations and Scarabel et al. (2002) for Echinochloa spp.

The herbicides used in the experiments and relative field dose (dose 1x) are as follows: azimsulfuron 20 g a.i. ha-1, bensulfuron-methyl 60 g a.i. ha-1, cinosulfuron 80 g a.i. ha-1, ethoxysulfuron 60 g a.i. ha-1, metosulam 70 g a.i. ha-1, propanil 4800 g a.i. ha-1, quinclorac 550 g a.i. ha-1, cyhalofop-butyl 300 g a.i. ha-1, fenoxaprop-P-ethyl 90 g a.i. ha-1, profoxydim 200 g a.i. ha-1. An adjuvant was added where appropriate. Plants were sprayed using a precision bench sprayer delivering 300 L ha-1, at a pressure of 215 kPa and a speed of about 0.75 m sec-1, with a boom equipped with three flat-fan (extended range) hydraulic nozzles (TeeJet 11002). Plants were treated at three-four leaves stage; herbicide efficacy was evaluated about 30 days after application of ALS inhibitors and about three weeks after treatment for Echinochloa experiments.

Field experiments. Three field experiments were done by the Rice Research Centre at Balzola (Alessandria province, 2003 and 2004a) and Villarboit (Vercelli province, 2004b) (north-western Italy, in the major Italian rice growing area) in two fields where accessions of S. mucronatus and C. difformis had been previously confirmed as resistant to azimsulfuron and cross-resistant to bensulfuron-methyl, cinosulfuron and ethoxysulfuron by greenhouse experiments (at the Weed Science Section – CNR). The aim was to verify the efficacy in the field of the newly marketed (2004) ALS-inhibitor bispyribac-sodium (PTB) in controlling resistant populations of the two above-mentioned weeds.

The herbicides used in the experiments and relative field dose are reported in table 4. An adjuvant was added, where appropriate. Plants were treated at five-six leaves stage. The treatments were applied on saturated soil and the fields re-flooded three days later. The herbicides were applied using a backpack sprayer delivering a spray volume of 400 L ha-1 at 220 kPa with a single Albuz 150 nozzle.

Treatments were arranged in a randomised block design, with three replicates. Data were arcsine transformed before being subjected to ANOVA.

Results and discussion

Greenhouse experiments. Most of the screened populations proved to be resistant, thus confirming that the herbicide failures observed in the fields were due to resistance (Table 2). It should be pointed out that the type of sampling almost invariably produced black-and-white results, with most populations showing very high percentage survival of the herbicide treatments. This means that any action is generally taken when resistance has already evolved.

ALS-resistant populations of A. plantago-aquatica and S. mucronatus generally showed a wide pattern of cross-resistance with a high level of resistance to SU and a lower level to the TP metosulam. As evinced in other experiments, a few populations were highly resistant to both chemical families (Sattin et al., 1999; Scarabel et al., 2004) with a resistance index above 100 (R.I. = ED50 of R biotype divided by ED50 of S biotype). All biotypes of C. difformis were cross-resistant to the three SU included in the screenings. As already found in other countries (Osuna et al., 2002; Kuk et al., 2003), cross-resistance between SU and the PTB herbicide have been documented in Italian populations of C. difformis (Vidotto et al., 2003). Some of the populations cross-resistant to metosulam or bispyribac-sodium had never previously been treated with these herbicides.

The resistance mechanism, as documented in many other species that evolved biotypes resistant to ALS inhibitors (Heap, 2004), appears to be related to the decrease in sensitivity of the ALS enzyme (Osuna et al., 2002; Busi et al., 2004) caused by an alteration of the encoding gene (Scarabel et al., 2004). An association has been postulated between each

Table 2  Number of populations of A. plantago-aquatica, S. mucronatus and C. difformis ascribable to three categories based on the percentage of plants surviving herbicide treatment at 3x (three times field dose, herbicide dose used from 1996 to 1998) or 1.1x (herbicide dose used since 1999).

	
	
	
	Herbicide
	
	

	Survival (%)
	bensulfuron

methyl
	cinosulfuron
	ethoxysulfuron
	azimsulfuron
	metosulam

(*)

	  A. plantago-aquatica
	
	
	
	

	
	
	
	
	
	

	0 - 20
	6
	4
	4
	8
	36

	21 - 60
	0
	2
	0
	5
	2

	61 - 100
	42
	25
	23
	13
	1

	No. of tested populations
	48
	31
	27
	26
	39

	  S. mucronatus
	
	
	
	
	

	
	
	
	
	
	

	0 - 20
	11
	7
	7
	14
	35

	21 - 60
	3
	2
	2
	4
	8

	61 - 100
	39
	11
	11
	24
	17

	No. of tested populations
	53
	20
	20
	42
	60

	  C. difformis
	
	
	
	
	

	0 - 20
	4
	-
	2
	5
	-

	21 - 60
	1
	-
	0
	0
	-

	61 - 100
	13
	-
	10
	13
	-

	No. of tested populations
	18
	-
	12
	18
	-


(*) Metosulam was not included in the screenings of C. difformis because it does not sufficiently control this weed.

All susceptible standards were 100% controlled by all herbicides when dose 3x was used and control was always above 93% (with most above 98%) with dose 1.1x.

mutation/s and the level and pattern of cross-resistance to different ALS inhibitors (Tranel and Wright, 2002). Amino acid substitutions at the Pro197 position have frequently been found and these usually result in high SU resistance, medium-high TP resistance and no, or low-moderate, IMI (imidazolinones) resistance. Analysis of the molecular basis of resistance in Italian populations of S. mucronatus showed that this is a predominantly self-pollinating polyploid species and that a substitution at the Pro197 position is involved. However, the analysis of single plants in resistant populations revealed that there are two resistant alleles with different mutations as well as one allele showing multiple mutations (Scarabel et al., 2004). The situation appears complex, with different biotypes having co-evolved in the same resistant population. Caution is therefore required with this type of species before associating a certain pattern of cross-resistance to a mutation and, anyway, molecular tests should be based on a reasonable number of plants.

Screening and dose-response experiments showed that all three resistant populations of E. crus-galli have medium-high resistance to propanil. The resistance index of the first population found in 1999 varied between 5 (based on plant fresh weight) and 18 (plant survival). Scarabel et al. (2002) showed that the photosynthetic electron flux was hardly affected by propanil in this population. Preliminary screenings of the other two populations with two propanil doses showed very low mortality even at dose 3.3x, suggesting that their resistance level is likely to be higher than that of the first population. All three accessions proved to be susceptible to azimsulfuron, fenoxaprop-p-ethyl and profoxydim.

In 2003, seeds were collected of a population of Echinochloa erecta poorly controlled by double treatments with a quinclorac plus propanil mixture. The field had been treated for at least 6 years with oxadiazon (pre-sowing) and then quinclorac+propanil (post-emergence). Two greenhouse experiments confirmed that the population is multi-resistant to both chemicals, especially quinclorac (Table 3). The experiments, plus field observations, showed that the population is still adequately controlled by azimsulfuron, cyhalofop-butyl and profoxydim.

Table 3  Effect of different herbicides sprayed at two doses on a susceptible and resistant population of Echinochloa erecta. The experiment was repeated twice. V.E.B. = visual estimate of biomass in relation to the untreated check (100%); S.E. = Standard Error.

	Herbicide
	Dose
	Check S
	
	
	Pop. 03-4
	

	
	
	Survival
	V.E.B.
	
	Survival
	V.E.B.

	 
	
	(%) ± S.E.
	(%) ± S.E.
	
	(%) ± S.E.
	(%) ± S.E.

	quinclorac
	1x
	4 ± 4
	2 ± 2
	
	98 ± 3
	98 ± 0

	
	3x
	0
	0
	
	96 ± 4
	94 ± 2

	propanil
	1x
	2 ± 2
	1 ± 1
	
	46 ± 8
	51 ± 7

	
	3x
	0
	0
	
	50 ± 12
	59 ± 9

	cyhalofop-butyl
	1x
	12 ± 4
	5 ± 1
	
	6 ± 6
	1 ± 1

	 
	3x
	0
	0
	
	0
	0


Both populations were completely susceptible (0% survival) to azimsulfuron and profoxydim at both doses and therefore the data have not been included in the table.

Field experiments

The differences in weed control between the two ALS inhibitors and the double treatment were always highly significant (Table 4).

Table 4  Field experiments: efficacy of different herbicides or mixtures on resistant populations of S. mucronatus and C. difformis. V.E.C. = Visual Estimate of weed Control in relation to the untreated check.

	Herbicides
	Rates
	V.E.C. (%)
	

	
	
	S. mucronatus
	C. difformis

	
	g a.i. ha-1
	2003
	2004a
	2004b
	
	2004a
	2004b

	azimsulfuron*
	20
	5
	8
	10
	
	12
	7

	bispyribac-Na**
	30
	5
	6
	13
	
	6
	5

	propanil + MCPA*

  fb propanil*
	4160 + 400 fb 4160
	98
	98
	99
	
	100
	98

	
	LSD (P=0.01)
	8.4
	11.2
	13.1
	
	12.6
	6.4


* with added non-ionic surfactant at 0.1% v/v.

** with added Biopower® surfactant at 1 L ha-1.

In all three experiments the two populations of both species proved to be highly resistant to both azimsulfuron and bispyribac-sodium, a PTB herbicide that appeared on the market this year, and were almost completely controlled by the double application of propanil mixed with MCPA in the first treatment. This is the first report of a S. mucronatus biotype cross-resistant to SU and the PTB bispyribac-sodium in Italy.

Conclusions

Since 1994, five species have evolved resistance to different herbicides in Italy, with the most recent showing multiple resistance. Resistance development must be carefully monitored in species with certain biological characteristics (e.g. ploidy, physiology, plasticity, large numbers of persistent seeds, ability to produce several germination flushes) (Costea and Tardif, 2002; Scarabel et al., 2003 and 2004; Tabacchi, 2003) because once evolved, long-term resistance management strategies will have be adopted, often implying extra costs and higher environmental impact.

The use of ALS inhibitors for more than 4-5 years as the sole means of weed control should be avoided. They should instead be rotated or mixed with other herbicides with different modes of action. From a resistance management perspective it is also important that each herbicide in a mixture controls the same weed spectrum (Shaner and Heap, 2002). However, chemical weed control should be responsibly used, tailored to the weed flora and, where required and feasible, integrated with other measures such as crop rotation and mechanical means. This is particularly true for herbicides like ALS inhibitors, i.e. highly-active herbicide groups which targets specific enzymes. For several reasons their use is constantly increasing and a vast literature (see Tranel and Wright, 2002) and database (Heap, 2004) demonstrate that resistance frequently evolves even after a few treatments (3 to 5).

Herbicides are highly “technological” tools and are often fundamental for profitable agriculture (rice crop being a good example); the decrease in the rate of introduction of new herbicides, and especially new modes of action, should induce all stakeholders to take action to preserve their efficacy over time. More effort is still required to convey the right message to farmers, stressing the importance of implementing efficient and cost-effective resistance prevention and control strategies. Worldwide experience shows that herbicide resistance can be contained through integrated weed management.
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ECH-CG

								Herbicide

						Propanil				Azimsulfuron				Fenoxaprop-P-ethyl

				Dose 1.1x		2.2x		3.3x		1.1x		3.3x		1.1x		3.3x

		Population code		Survival (%)

		00-15		58.5		50.3								0		0

		00-16		0.6		0.7				12 (3)		3 (0)		0		0

		01-17		58 (98)				70 (80)		0		0		0		0

		02-19		98				100		20 (8)		0		0		0





comuni

				n° pop.

		Anni		SCP-MU						ALS-PA						CYP-DI						SCPMU		ALSPA		CYPDI		ECHCG				SCP-MU

		1995-96		6				1994-96		12				1994-96						1996		6		12						1996		18

		1997		12				1997		14				1997						1997		18		26						1997		2015

		1998		16				1998		5				1998						1998		34		31						1998		4013

		1999		6				1999		2				1999		3				1999		40		33		3				1999		6012

		2000		4				2000		0				2000		1				2000		44		33		4		1		2000		8012

		2001		2				2001		1				2001		3				2001		46		34		7		2		2001		10013

		2002		3				2002		0				2002		4				2002		49		34		11		3		2002		12015

								2003		0				2003		2				2003		49		34		13		3		2003

		incluso anche il comune di Veveri anche se risulta S da dati DuPont

						SCPMU		ALSPA		CYPDI		ECHCG

				1996

				1997		11		22

				1998		19		28

				1999		32		28

				2000		4

				2001		2

				2002		3

				2003





comuni

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0
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0

0

0

0

0

0

0

0

0

0
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0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



ECH-ERE

		

				Herbicides		Dose		Check S				Population 03-4														Erbicida

								Survival		V.E.B.		Survival		V.E.B.				Codice		Luogo		Sorgente		Clincher 1x (300g p.a./ha)				Clincher 3x (900g p.a./ha)

								(%) ± S.E.		(%) ± S.E.		(%) ± S.E.		(%) ± S.E.

				propanil		1x		2 ± 2		1 ± 1		46 ± 8		51 ± 7										% sopr. ± ES		V.E.B. ± ES		% sopr. ± ES		V.E.B. ± ES

						3x		0		0		50 ± 12		59 ± 9				03-5				CRR		12 ±4		0.5 ±0.1		0		0

				quinclorac		1x		4 ± 4		2 ± 2		98 ± 3		98 ± 0				03-4		Celpenchio (PV)		Dupont		6 ±6		0.1 ±0.1		0		0

						3x		0		0		96 ± 4		94 ± 2

				cyhalofop-butyl		1x		12 ± 4		5 ± 1		6 ± 6		1 ± 1

						3x		0		0		0		0												Erbicida

				The two populations were completely susceptible  (always 0 % of survival) to azimsulfuron														Codice		Luogo		Sorgente		Gulliver 1x (20g p.a./ha)				Gulliver 3X (60g p.a./ha)

				and profoxidim at field dose and at three time the field dose .																				% sopr. ± ES		V.E.B. ± ES		% sopr. ± ES		V.E.B. ± ES

																		03-5				CRR		0		0		0		0

																		03-4		Celpenchio (PV)		Dupont		2 ±2		0.1 ±0.1		0		0

																										Erbicida

																		Codice		Luogo		Sorgente		Lizar 1x (4,8Kg p.a./ha)				Lizar 3x (14,4Kg p.a./ha)

																								% sopr. ± ES		V.E.B. ± ES		% sopr. ± ES		V.E.B. ± ES

																		03-5				CRR		2 ±2		0.1 ±0.10		0		0

																		03-4		Celpenchio (PV)		Dupont		46 ±8		5.1 ±0.7		50.2 ±11.83		5.9 ±0.90

																										Erbicida

																		Codice		Luogo		Sorgente		Facet 1x (550g p.a./ha)				Facet 3x (1,65 Kg p.a./ha)

																								% sopr. ± ES		V.E.B. ± ES		% sopr. ± ES		V.E.B. ± ES

																		03-5				CRR		4 ±4		0.2 ±0.2		0		0

																		03-4		Celpenchio (PV)		Dupont		97.5 ±2.5		9.8 ±0		96 ±4		9.4±0.2






