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Abstract. Branched broomrape is an obligate parasite that can attach to the roots of a
wide range of plants, particularly tomato and other agricultural crops. Interest in
strategies for managing branched broomrape in processing tomatoes has been grow-
ing in California and Chile, where tomatoes are major cash crops. In Chile, branched
broomrape has been spreading throughout tomato-growing regions for decades; in
California, it is not yet widespread, but is a highly regulated quarantine pest. Multi-
ple field trials were conducted in California and Chile during 2021 and 2022 to evalu-
ate herbicide programs for crop safety and efficacy on branched broomrape. Sequential
treatment approaches were based on an Israeli-developed program of preplant incorpo-
rated (PPI) sulfosulfuron, followed by several in-season chemigation treatments with ima-
zapic. Additional treatments used imazamox or rimsulfuron as the chemigation herbicide
alone or paired with PPI sulfosulfuron and a chemigated application of acibenzolar-
S-methyl. In the crop safety experiments, visual phytotoxicity and yield data were recorded;
in the efficacy trials, phytotoxicity and broomrape emergence data were collected. The
Israeli program reduced broomrape emergence and did not injure tomatoes, but registra-
tion of imazapic for this use is unlikely in either California or Chile. In general, chemigated
imazamox alone or paired with PPI sulfosulfuron reduced broomrape emergence; however,
chemigated imazamox caused unacceptable crop injury in most trials at rates greater than
9.6 g a.i/ha. Three applications of chemigated rimsulfuron alone or paired with PPI sulfo-
sulfuron reduced broomrape emergence and did not injure tomatoes. A 24(c) Special Local
Needs label was approved in 2023 that allowed chemigated rimsulfuron in California toma-
toes. Future research will focus on refining the rimsulfuron protocol under a wider range of
production practices in California and on supporting approval of this use in Chile.

Processing tomatoes are a major cash
crop in the inland valley growing regions of
California and Chile. In California, process-
ing tomatoes are grown in the Sacramento

and San Joaquin valleys and rank as the no.
10 crop in the state, worth more than US$1
billion per year (US Department of Agricul-
ture 2023). In 2022, California growers pro-
duced 9.5 Mt of tomatoes on 90,000 ha, with
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ment of Agriculture 2023). In Chile, process-
ing tomatoes are grown in the O’Higgins and
Maule regions of the Chilean Central Valley
(Oficina de Estudios y Politicas, Agrarias
2021). In 2020, Chilean growers produced
just less than 400,000 t of tomatoes on 7,773
ha, with an average yield of ~50 t-ha™' (Ofi-
cina de Estudios y Politicas, Agrarias 2021).
Broomrape (Phelipanche and Orobanche)
is a parasitic weed native to the Mediterranean
basin (Joel 2009; Musselman 1994). Broom-
rape is an obligate parasite that germinates
only after receiving a chemical signal from a
suitable host plant, after which seedlings then

quickly attach to the roots of the host via a
haustorium (Watts et al. 2024). The above-
ground portion of the broomrape life cycle is
relatively short. It consists of multiple flower-
ing stems that lack chlorophyll and can quickly
flower and produce thousands to hundreds of
thousands of seeds that are highly persistent in
the soil seedbank (Watts et al. 2024). Some
broomrape species have specialized and narrow
host ranges, whereas others, such as Phelipanche
ramosa (branched broomrape) and Phelipanche
aegyptiaca (Egyptian broomrape), have wide
host ranges that include many agricultural crop
families grown in California and throughout the
world (Musselman 1994). Broomrape can cause
severe economic losses in tomato cropping sys-
tems as a result of decline in vigor, with yield
losses in severe infestations of more than 50% in
other parts of the world (Osipitan et al. 2021).

In California, branched broomrape was first
reported at the turn of the 20th century, but
was thought to be eradicated through several
decades of coordinated efforts by the process-
ing tomato industry and state agencies (Gai-
mari and O’Donnell 2008; Jain and Foy 1989).
However, in recent years it has been reported
in several commercial processing tomato fields
in Yolo County, and now presents a major
threat to both regional and statewide produc-
tion because of its regulatory status (Kelch
2017; Osipitan et al. 2021). Branched broom-
rape is an A-listed quarantine pest in California
that could lead to crop destruction if found and
reported in a commercial field. In addition to
the loss of the crop in the reporting year, a
hold order is placed that bars the planting of
host crops for several more years, presenting
affected growers with a massive cumulative
economic loss (Miyao 2017). In Chile, where
tomatoes are typically grown under annual
contracts, fields infested heavily with branched
broomrape often are simply no longer con-
tracted for tomato production as a result of the
incurred yield losses (Galaz JC, personal com-
munication). Egyptian broomrape, which was
reported in three fields in the Sacramento Val-
ley, the only known instance of this pest in the
United States, is a Q-listed pest and is subject
to the same regulatory steps as an A-listed spe-
cies (Miyao 2017).

Many species of broomrape are widespread
throughout the Mediterranean basin (Mussel-
man 1994). Through decades of applied re-
search, researchers in Israel have evaluated
numerous chemistries and application techni-
ques, and have developed a decision support
system and treatment protocol for management
of Egyptian and branched broomrape in their
processing tomato systems (Eizenberg and
Goldwasser 2018; Eizenberg et al. 2004; Her-
shenhorn et al. 1998, 2009; Kotoula-Syka and
Eleftherohorinos 1991). The PICKIT decision
support system relies on a thermal time model
(growing degree days) to predict broomrape
phenological stages and, based on these predic-
tions, acetolactate synthase (ALS) inhibitor her-
bicides are applied at very low rates at times
intended to target specific broomrape life stages
and attachment to the host crop (Eizenberg
et al. 2012; Ephrath et al. 2012). The Israeli
protocol for Egyptian and branched broomrape
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Table 1. Planting, harvest, growing degree targets, and actual application dates for California field
studies.

Crop safety Crop safety Crop safety Crop safety Efficacy
Application 2021a 2021b 2022a 2022b 2022
PPI 19 Apr 5 May 7 Apr 11 May 7 Apr
Transplant 28 Apr 12 May 13 Apr 19 May 3 May
400 GDD 20 May 4 Jun 21 May 4 Jun 26 May
500 GDD 27 May 9 Jun 26 May 14 Jun 1 Jun
600 GDD 2 Jun 15 Jun 31 May 21 Jun 6 Jun
700 GDD 7 Jun 22 Jun 3 Jun 24 Jun 12 Jun
800 GDD 10 Jun 24 Jun 8 Jun 1 Jul 16 Jun
900 GDD 16 Jun 29 Jun 14 Jun 11 Jul 23 Jun
Harvest 30 Sep 7 Oct 27 Sep 28 Sep —

" The efficacy experiment was not harvested because of variability in crop yield caused by weekly
scouting activity.
GDD = growing degree days; PPI = preplant incorporated.

Table 2. Treatments in two chemigation crop safety studies evaluating several herbicides on tomato
crop safety in 2021 (Davis, CA, USA).

No. Treatment Rate (g a.i./ha) Description Application (GDD)

1 Grower standard’ — — —

2 Sulfosulfuron" 375 PPI —
Imazapic 4.8 Chem x 5 400, 500, 600, 700, 800

3 Sulfosulfuron 375 PPI —

4 Imazamox 9.6 Chem X 5 400, 500, 600, 700, 800

5 Imazamox 19.2 Chem x 5 400, 500, 600, 700, 800

6 Sulfosulfuron 375 PPI —
Imazamox 9.6 Chem x 5 400, 500, 600, 700, 800

7 Sulfosulfuron 375 PPI —
Imazamox 19.2 Chem x 5 400, 500, 600, 700, 800

8 Sulfosulfuron 375 PPI —
Imazamox 28.8 Chem x 5 400, 500, 600, 700, 800

9 Sulfosulfuron 37.5 PPI —
Imazamox 384 Chem x 5 400, 500, 600, 700, 800

10 Sulfosulfuron 375 PPI —
Imazamox, alternate timing 9.6 Chem x 5 500, 600, 700, 800, 900

'Grower standard in this location: 350 g a.i./ha S-metolachlor and 91.9 g a.i./ha trifluralin applied to
all plots.

i Israeli grower standard.

Chem x 5 = five chemigation applications; GDD = growing degree days; PPI = preplant incorporated.

control is based on sulfosulfuron, which is in-
corporated either mechanically or by overhead
irrigation, followed by multiple chemigated ap-
plications of imazapic. However, because of
significant regulatory barriers to registering im-
azapic in California, our chemigation research

pivoted to imazamox, which already has a reg-
istration in California. Imazamox has been
shown to manage other species of broomrape
successfully in different crops as a foliar treat-
ment and in herbicide-resistant crops such as
imazamox-resistant canola (Fizenberg et al.

Table 3. Treatments in two chemigation crop safety studies evaluating several herbicides on tomato

crop safety in 2022 (Davis, CA, USA).

No. Treatment Rate (g a.i./ha) Description Application (GDD)
1 Grower standard' — — —
2 Sulfosulfuron” 37.5 PPI —
Imazapic 4.8 Chem x 5 400, 500, 600, 700, 800
3 Imazamox 9.6 Chem x 5 400, 500, 600, 700, 800
4 Imazamox 19.2 Chem x 5 400, 500, 600, 700, 800
5 Rimsulfuron 22.7 Chem x 3 400, 600, 800
6 Rimsulfuron 22.7 Foliar x 3 400, 600, 800
7 Sulfosulfuron 37.5 PPI —
7 Imazamox 9.6 Chem x 3 400, 500, 600, 700, 800
8 Sulfosulfuron 37.5 PPI —
Imazamox 19.2 Chem x 5 400, 500, 600, 700, 800
9 Sulfosulfuron 37.5 PPI —
Rimsulfuron 22.7 Chem x 3 400, 600, 800
10 Sulfosulfuron 37.5 PPI —
Rimsulfuron 22.7 Foliar x 3 400, 600, 800
11 Acibenzolar-S-methyl 26.2 Chem x 6 400, 500, 600, 700, 800, 900
12 Acibenzolar-S-methyl 52.4 Chem x 6 400, 500, 600, 700, 800, 900

'Grower standard in this location: 350 g a.i/ha S-metolachlor and 91.9 g a.i/ha trifluralin applied to all

plots.
"Israeli grower standard.

X 3/x 5/x 6 = three/five/six chemigation applications; Chem = chemigation; Foliar = foliar-applied
herbicide; GDD = growing degree days; PPI = preplant incorporated.
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2006; Yanev et al. 2020). In addition, some re-
searchers evaluated imazamox for Egyptian
broomrape control and showed minor success
in tomato in laboratory settings, and its con-
straints for use in tomato cropping rotations
have been evaluated in some limited systems
(Fatino et al. 2024; Monfared et al. 2016;
Umiljendic et al. 2015).

Field studies evaluating the crop safety and
efficacy of imazamox on branched broomrape
in tomato began in 2021 and continued in 2022
in Chile and California. In 2022, rimsulfuron
was also evaluated as a foliar and chemigation
treatment following positive results in Italian
processing tomato systems (Conversa et al.
2017). In 2022, acibenzolar-S-methyl, a plant
defense activator, was evaluated in California
as a chemigation treatment following positive
results reported on broomrape species in sun-
flower and rapeseed (Fan et al. 2007; Véronési
et al. 2009). The objective of our studies was to
evaluate tomato crop safety and efficacy on
branched broomrape of Israeli-developed herbi-
cide programs modified to include additional
herbicides in California and Chile.

Materials and Methods

California crop safety 2021/2022. Four ex-
periments were conducted in 2021 and 2022
to evaluate the crop safety of several herbi-
cides used for branched broomrape control in
processing tomatoes at the UC Davis Plant
Sciences Field Facility near Davis, CA, USA
(lat. 38°45'29.1"N, long. 121°46'15.0"W)
(Table 1). The site did not contain broom-
rape; these experiments focused on crop
safety of sulfosulfuron and imazamox in
2021 as well as rimsulfuron in 2022 (Tables
2 and 3). The soil at this site was a loam with
44% sand, 36% silt, and 20% clay; an or-
ganic matter content of 1.85%; and a pH of
7.40. Plots were 12 m long on 1.5-m beds,
with one plant row in the center of each bed.
Each bed had two 22-mm drip lines buried
30 cm deep in the center of the bed, with 0.6-
L/h emitters spaced every 30 cm. One line
ran the full length of the beds and was used
for crop irrigation; the second line was ended
at the beginning and end of each plot and was
used to apply the chemigation treatments. A
redundant water delivery system was con-
structed to deliver irrigation water to the sec-
ondary chemigation drip lines. Experiments
were arranged in a randomized complete
block design with four replications. Preplant-
incorporated (PPI) herbicides were applied
using a backpack sprayer equipped with a
three-nozzle boom delivering 187 L-ha ™!
with TeeJet AIXR 11002 nozzles. PPI treat-
ments were incorporated mechanically with a
power incorporator and bed shaper after ap-
plication. ‘HM 58841” processing tomatoes
were transplanted mechanically at a 30-cm
spacing. Tomatoes were managed according
to the commercial production practices in the
region (Hartz et al. 2008). Chemigation appli-
cations were made using carbon dioxide to
deliver a chemigation solution into individual
plots according to a growing degree day
schedule similar to that of the PICKIT system
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Fig. 1. Carbon dioxide pressurized chemigation
system used in the California trials.

(Eizenberg and Goldwasser 2018) (Fig. 1).
Herbicide solutions were mixed in 3-L bottles
and injected into individual plots over 5 to
10 min, followed by 1 h of irrigation to flush
the lines. Visual plant phytotoxicity (percentage
of vigor reduction, stunting, and chlorosis) data
were collected throughout the season. Fruit
were harvested from a 1-m? section of a row in
the middle of the experimental plot at commer-
cial fruit maturity. Data from each study were
analyzed separately with a one-way analysis of
variance (ANOVA) followed by Tukey’s hon-
estly significant difference (HSD) test in RStu-
dio v. 1.2.5033 (RStudio, Boston, MA, USA).
Chile efficacy 2021/2022. The 2021 exper-
iment in Chile was conducted in a commercial
field near Santa Cruz (lat. 34°39'57.2"S, long.
71°22/22.7"W), 180 km south of Santiago; the
2022 experiment was conducted in a commer-
cial field near Pumanque (lat. 34°39'43.5"S,
long. 71°45'42.5"W), 230 km from Santiago.
Soil at the 2021 site was a clay with a pH of
6.2; the soil at the 2022 site was a sandy loam
with a composition of 51% sand, 26% silt, and
23% clay; an organic matter content of 2.7%;
and a pH of 6.0. Both experiments used ran-
domized complete block designs with four rep-
lications. Individual plots consisted of a single
1.5-m bed and were 17 m long in 2021 and
20 m long in the 2022 experiment. Foliar and
PPI herbicide applications were made using an
18-L high-pressure motorized backpack sprayer
with a three-nozzle boom equipped with TeeJet

11015 nozzles delivering 200 L-ha™'. Sulfo-
sulfuron was incorporated mechanically before
transplanting. In 2021, ‘HMX7883” tomato
plants were hand-transplanted on 19 Jan 2021
in a single-plant line with 25-cm spacing. This
planting date, which was ~6 weeks later than
typical for the region, was delayed as a result
of logistical challenges related to project fund-
ing. Field sites for both 2021 trials had natural
populations of branched broomrape; in the
2022 experiment, the experimental site was in-
oculated by hand with 3 g of P. ramosa seed
per bed 1 week before planting. Each bed had
a single 16.2-mm drip line on the soil surface,
with 1.1 L-h™" emitters spaced every 20 cm.
‘H1657" tomato plants were hand-transplanted
on 2 Dec 2021 in a single-plant row with 25-
cm within-row spacing. Tomatoes in both trials
were managed according to commercial pro-
duction practices in the region. Chemigation
treatments were applied using Venturi-type in-
jectors, which use a pressure difference be-
tween the water line and the 20-L tank to draw
a diluted herbicide solution into a connected
valve that mixes it with water in the hose (Ta-
bles 4 and 5, Fig. 2). Broomrape emergence
was monitored in each plot weekly between 12
Mar and 13 Apr 2021 in the 2021 trial, and be-
tween 3 Feb and 20 Mar 2022 in the 2022 trial.
Fruit were harvested from the center 5 m of
each plot on 19 May 2021, and yield was re-
corded. Fruit were also harvested in 2022, but
the data were deemed unreliable as a result of
late-season fruit theft. Data from each season
were analyzed separately with a one-way AN-
OVA followed by Tukey’s HSD test in RStu-
dio v. 1.2.5033.

California efficacy 2022. Efficacy trials
field-testing and validating PICKIT proto-
cols and other herbicide treatments on
branched broomrape in California began
in 2020 in a commercial tomato field near
Woodland, CA, USA (lat. 38°45'29.1"N,
long. 121°46/15.0"W), that was first reported
to be infested with branched broomrape in
2019. In the 2022 experiment, treatments
were coordinated with the earlier Chilean ex-
periment and focused on sulfosulfuron, ima-
zamox, and rimsulfuron (Table 6). The soil at
this site was a loam with 48% sand, 33% silt,

Table 4. Treatments from an efficacy study for branched broomrape management in 2021 (Santa

Cruz, Chile).

No. Treatment Rate (g a.i./ha) Description Application (GDD)
1 Control , — — —
2 Sulfosulfuron' 375 PPI —
Imazapic 4.8 Chem x 5 400, 500, 600, 700, 800
3 Sulfosulfuron 375 Foliar x 3 200, 400, 600
4 Imazamox 9.6 Chem x 5 400, 500, 600, 700, 800
5 Imazamox 19.2 Chem x 5 400, 500, 600, 700, 800
6 Sulfosulfuron 37.5 PPI —
Imazamox 9.6 Chem x 5 400, 500, 600, 700, 800
7 Sulfosulfuron 375 PPI —
Imazamox 19.2 Chem x 5 400, 500, 600, 700, 800
8 Sulfosulfuron 375 PPI —
Imazamox 28.8 Chem x 5 400, 500, 600, 700, 800
9 Sulfosulfuron 375 PPI —
Imazamox 384 Chem x 5 400, 500, 600, 700, 800

"Israeli grower standard.

x 3/x 5 = three/five chemigation applications; Chem = chemigation; GDD = growing degree days;

PPI = preplant incorporated.
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and 19% clay; an organic matter content of
2.13%; and a pH of 7.20. Plots were 30-m-
long; single, 1.5-m raised beds. Each bed had
one 22-mm drip line buried 20 to 25 cm deep
in the center of the bed, with 0.6 L-h™ emit-
ters spaced every 30 cm. The experiment was
arranged in a randomized complete block de-
sign with four replications. ‘HM 58841’ proc-
essing tomato transplants were transplanted
mechanically at a 30-cm spacing on 3 May
2022, with a later-planted treatment on 20
May 2022. Herbicides were applied accord-
ing to the same protocols as the crop safety
experiments, with chemigation applications
applied according to a growing degree day
schedule (Table 6). Visual plant phytotoxicity
(percentage of vigor reduction, stunting, and
chlorosis) data were collected, and broom-
rape emergence was monitored with clusters
marked weekly between 26 Jun and 29 Aug
2022. After the last field scouting, the marked
clusters were counted and recorded. Data
were analyzed with a one-way ANOVA fol-
lowed by Tukey’s HSD test in RStudio v.
1.2.5033.

Results

California crop safety. There were early
signs of visual injury in plots treated with the
higher imazamox rates in both 2021 crop
safety studies (treatment nos. 5, 9, and 10;
Table 7). Noted symptoms included stunting,
pale-green and -gray plants, and general vigor
reduction. Midway through the season, the
plants appeared to grow out of the most se-
vere injury symptoms (Table 7). There were
no significant differences in marketable to-
mato yield among treatments in either experi-
ment (Table 7). Tomato yield ranged from
12.9 to 21.7 kg2 in the first experiment
and 12.7 to 21.3 kg'm ? in the second experi-
ment (Table 7).

Based on the crop injury results from the
2021 trials, 28.8- and 38.4-g a.i./ha rates of
imazamox were not included in the 2022
studies in either California or Chile.

There were no signs of visual injury from
any herbicide treatment in either of the 2022
experiments (data not shown). In the first ex-
periment, tomato yield ranged from 15.5 to
22.7 kg'm™; in the second experiment, to-
mato yield ranged from 13.8 to 20.8 kg'm™>,
and all treatments were statistically similar to
the grower standard (Table 8).

Chile efficacy 2021. The first Chilean trial
evaluated the efficacy and crop safety of
chemigated imazamox up to 38.4 g a.i./ha for
branched broomrape management. Individual
broomrape shoots were counted in both Chil-
ean trials (as opposed to the number of
broomrape clusters counted in the California
trials). Chemigated imazamox alone at 19.2 g
a.i/ha; and chemigated imazamox at 19.2,
28.8, and 38.4 g a.i./ha paired with PPI sulfo-
sulfuron; and chemigated imazapic paired
with PPI sulfosulfuron reduced broomrape
emergence significantly vs. the untreated con-
trol (Table 9). Chemigated imazamox at all
rates, alone and paired with sulfosulfuron, in-
jured tomatoes (data not shown) and reduced
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Table 5. Treatments from an efficacy study for branched broomrape management in 2022 (Pumanque,

Chile).
No. Treatment Rate (g a.i./ha) Description Application
1 Control ) — — —
2 Sulfosulfuron' 37.5 PPI —
Imazapic 4.8 Chem x 3 20, 35, 45 DAT
3 Imazamox 9.6 Chem x 5 400, 500, 600, 700, 800 GDD
4 Imazamox 19.2 Chem x 5 400, 500, 600, 700, 800 GDD
5 Rimsulfuron 10 Chem x 3 20, 35, 45 DAT
6 Rimsulfuron 10 Foliar x 3 20, 35, 45 DAT
7 Sulfosulfuron 37.5 PPI —
Imazamox 9.6 Chem x 5 400, 500, 600, 700, 800 GDD
8 Sulfosulfuron 37.5 PPI —
Imazamox 19.2 Chem x 5 400, 500, 600, 700, 800 GDD
9 Sulfosulfuron 37.5 PPI —
Rimsulfuron 10 Chem x 3 20, 35, 45 DAT
10 Sulfosulfuron 37.5 PPI —
Rimsulfuron 10 Foliar x 3 20, 35, 45 DAT
11 Halosulfuron 37.7 Foliar x 2 —

" Israeli grower standard.

x 2/x 3/x 5 = two/three/five chemigation applications; Chem = chemigation; DAT = days after trans-
plant; Foliar = foliar-applied herbicide; GDD = growing degree days; PPI = preplant incorporated.

tomato yield significantly compared with the
control and with the Israeli standard treatment
of PPI sulfosulfuron followed by chemigated
imazapic (Table 9). Tomato yield was variable
as a result of the delayed transplanting date;
however, compared with the untreated control,
tomato yield reduction was greatest in plots
treated with the higher rates of imazamox
(Table 9). The Israeli standard, PPI sulfo-
sulfuron paired with chemigated imazapic, had
the best performance overall, reducing broom-
rape emergence significantly, with yields simi-
lar to the untreated control (Table 9).

Chile efficacy 2022. The second Chilean
research trial evaluated several combinations
of herbicides for branched broomrape manage-
ment. There were limited differences among
treatments. Treatment 6 (rimsulfuron foliar)
had more broomrape shoots than treatments
2 (PPI sulfosulfuron, chemigated imazapic) and
8 (PPI sulfosulfuron, chemigated imazamox)
(Table 10). Chemigation treatments tended
to have less broomrape emergence than fo-
liar treatments, which had similar numbers
of shoots as the control (Table 10). Tomato
plants in plots treated with imazamox were
injured and appeared to have fewer and
smaller fruit; unfortunately, the yield data at
this site were compromised by fruit theft
late in season (data not shown). The Israeli
standard treatment of PPI sulfosulfuron and

Fig. 2. Venturi injection system used for chemi-
gation treatments in the Chilean studies.
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chemigated imazapic had the lowest broom-
rape emergence, which supports the results of
the 2021 trial in Chile and is consistent with
previous research (Eizenberg and Goldwasser
2018).

California efficacy 2022. Chemigated ima-
zamox resulted in severe injury to tomatoes in
this trial. Visual injury in some plots was as
high as 59%, and symptoms included severe
stunting, pale-gray and -green plants, lack of
flowers, and overall vigor loss (Table 11). PPI
and chemigated rimsulfuron did not cause crop
injury (Table 11). There were significant differ-
ences in broomrape emergence among treat-
ments (Table 11). Treatment 5 (19.2 g a.i/ha
imazamox) had the lowest broomrape emer-
gence, with an average of nine clusters per 30-
m plot, whereas treatments 14 and 15 (26.2
and 524 g ai/ha acibenzolar-S-methyl, re-
spectively) had the highest emergence at 60
and 63 clusters per plot (Table 11). Given the
severe injury in imazamox-treated plots, the
best treatment overall was treatment 10 (PPI
sulfosulfuron paired with chemigated rimsul-
furon), which had significantly lower broom-
rape emergence than the control treatment
(Table 11). Among chemigated rimsulfuron
treatments, PPI sulfosulfuron paired with
chemigated rimsulfuron (treatment 10) had
numerically lower broomrape emergence than
chemigated rimsulfuron alone (treatments 6,
16, and 17). Foliar rimsulfuron applied three
times (treatments 7 and 11), which was (at the
time) the only registered treatment in our
study, had broomrape emergence that was
similar to the control plots, with an average of
58 and 53 clusters per plot (Table 11).

Discussion

This research was conducted to evaluate
the crop safety and efficacy of chemigation
treatments of various chemistries based on
the PICKIT system developed in Israel
(Eizenberg and Goldwasser 2018). The PICKIT
system is based on chemigated imazapic;
however, because of regulatory barriers to

imazapic, we focused on sulfosulfuron and
imazamox in trials conducted from 2021 to
2022 in both Chile and California. Data from
four full-season field experiments in two
countries and additional separate laboratory
studies indicate that imazamox performance
was not as good as that reported with ima-
zapic, and that the margin of crop safety with
imazamox was insufficient for commercial
use (Fatino et al. 2024).

Given the injury from imazamox, the best
treatment from the California efficacy study
was PPI sulfosulfuron paired with chemi-
gated rimsulfuron. This is very promising
for California growers, considering recent
California Department of Pesticide Regula-
tion approval of a 24(c) label for chemigated
rimsulfuron following positive results from
Italian research and the preliminary California
efficacy trials (Conversa et al. 2017; Corteva
Corporation 2022). This means that growers
with suspected or at-risk fields were able to
use the rimsulfuron protocol during the 2023
season. Although Israeli systems find greater
success with applications of sulfosulfuron
and imazapic as the ALS inhibitor chemigated
component of their PICKIT decision support
system, there does not seem to be a regulatory
path forward for imazapic for this use pattern
in either California or Chile. Future research
will not include chemigated imazamox be-
cause of the unacceptably low margin of crop
safety seen in the Chilean efficacy experiments
and in the California crop safety and efficacy
trials. Sulfosulfuron will continue to be pur-
sued for registration in California as a PPI
material for branched broomrape control.
However, given its long soil residual activ-
ity, growers will need to factor in the effects
of PPI sulfosulfuron on rotational crops within
the tomato cropping systems in California
(Fatino and Hanson 2022). In Israel, sulfo-
sulfuron is applied both as a PPI material
and as a broadcast foliar application that
is incorporated with overhead irrigation
(Eizenberg and Goldwasser 2018). Very
few tomato fields in California in Chile use
overhead irrigation and instead rely soley
on surface (Chile) or subsurface (California)
drip irrigation, so this alternative application
technique is logistically challenging. Fur-
ther research in Chile will evaluate higher
rates of rimsulfuron, similar to those tested in
California, with the goal of supporting a label
amendment.

As of late 2022, California growers have
an approved alternative for branched broom-
rape control in chemigated rimsulfuron. On-
going research includes further refinement of
these rimsulfuron-based protocols to improve
efficacy and related research on equipment
sanitation strategies to reduce the risk of
spread of branched broomrape into new fields
and between regions. As with any weed man-
agement program, relying on a single strategy
can increase the probability of developing re-
sistance, and future research will include the
evaluation of additional chemistries and
nonchemical practices to manage branched
broomrape and reduce the risk of its spread
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Table 6. Treatments from an efficacy trial evaluating several herbicides for branched broomrape control in processing tomatoes in 2022 (Woodland, CA,

USA).

No. Treatment Application Rate (g a.i./ha) Timing Note

1 Grower standard’ — — — —

2 Delayed transplant — — — Late planting (20 May 2022)

3 Sulfosulfuron PPI 37.5 PPI Israeli standard PICKIT
Imazapic Chem x 5 4.8 400, 500, 600, 700, 800 GDD —

4 Imazamox Chem x 5 9.6 400, 500, 600, 700, 800 GDD —

5 Imazamox Chem x 5 19.2 400, 500, 600, 700, 800 GDD —

6 Rimsulfuron Chem x 3 22.7 400, 600, 800 GDD —

7 Rimsulfuron Foliar x 3 22.7 400, 600, 800 GDD —

8 Sulfosulfuron PPI 37.5 PPI —
Imazamox Chem x 5 9.6 400, 500, 600, 700, 800 GDD —

9 Sulfosulfuron PPI 37.5 PPI —
Imazamox Chem x 5 19.2 400, 500, 600, 700, 800 GDD —

10 Sulfosulfuron PPI 37.5 PPI —
Rimsulfuron Chem x 3 22.7 400, 600, 800 GDD —

11 Sulfosulfuron PPI 37.5 PPI —
Rimsulfuron Foliar x 3 22.7 400, 600, 800 GDD —

12 Sulfosulfuron PPI 37.5 PPI Alternate timing
Imazamox Chem x 5 9.6 500, 600, 700, 800, 900 GDD —

13 Sulfosulfuron PPIL 375 PPI Alternate timing
Imazamox Chem x 5 19.2 500, 600, 700, 800, 900 GDD —

14 Acibenzolar-S-methyl Chem x 6 26.2 400, 500, 600, 700, 800, 900 GDD —

15 Acibenzolar-S-methyl Chem x 6 52.4 400, 500, 600, 700, 800, 900 GDD —

16 Rimsulfuron Chem x 3 12.5 400, 600, 800 GDD —

17 Rimsulfuron Chem x 3 22.7 30, 50, 70 DAT CA 24(c) protocol

! Grower standard in this location: 350 g a.i/ha S-metolachlor and 91.9 g a.i./ha trifluralin applied to all plots.
x 3/x 5/x 6 = three/five/six chemigation applications; Chem = chemigation; DAT = days after transplant; Foliar = foliar-applied herbicide; GDD =

growing degree days; PPI = preplant incorporated.

Table 7. Tomato crop injury and yield from two chemigation crop safety studies in 2021 (Davis, CA, USA).

Expt. 1 Expt. 2

Injury 40  Injury 90 Yield Injury 48 Injury 77 Yield
No. Treatment DAT (%) DAT (%) 30 Sep 2021 (kg-m’z) DAT (%) DAT (%) 7 Oct 2021 (kg~m’2)
1 Grower standard' 0 0 18.6 0b" 0 17.9
2 Sulfosulfuron/imazapic 9.6 g a.i./ha x 5™ 0 0 21.7 10 ab 0 182
3 Sulfosulfuron 0 0 19.0 0b 0 21.3
4 Imazamox 9.6 g a.i./ha x 5§ 5 0 18.1 0b 0 20.4
5 Imazamox 19.2 g a.i/ha x § 23 0 21.1 18 ab 8 16.6
6 Sulfosulfuron/imazamox 9.6 g a.i./ha x 5 3 0 16.4 0b 0 16.7
7 Sulfosulfuron/imazamox 19.2 g a.i./ha x 5 8 0 20.5 10 ab 3 18.1
8 Sulfosulfuron/imazamox 28.8 g a.i./ha x 5 15 0 12.9 23 ab 0 14.1
9 Sulfosulfuron/imazamox 38.4 g a.i./ha x 5 25 5 19.1 35a 13 12.7
10 Sulfosulfuron/imazamox x 5 alternate timing 3 0 19.7 0b 0 19.5
P value 0.07 0. 0.7 0.01 0.2 0.2

' Grower standard in this location: 350 g a.i./ha S-metolachlor and 91.9 g a.i/ha trifluralin applied to all plots.
" Means with the same letter in the same column are not significantly different according to Tukey’s honestly significant difference test (« = 0.05).

" Israeli grower standard.

x 5 = five chemigation applications; DAT = days after transplant.

Table 8. Tomato yield from two chemigation crop safety studies in 2022 (Davis, CA, USA).

Expt. 1 yield

Expt. 2 yield

No. Treatment 27 Sep 2022 (kg'm %) 28 Sep 2022 (kg'm °)
1 Grower standard’ B 19.3 15.1
2 Sulfosulfuron PPI/imazapic x 5" 16.1 16.0
3 Imazamox 9.6 g a.i/ha x 5 22.7 20.8
4 Imazamox 19.2 g a.i/ha x 5 21.7 153
5 Rimsulfuron chemigated x 3 19.5 16.2
6 Rimsulfuron foliar x 3 15.8 15.9
7 Sulfosulfuron PPl/imazamox 9.6 g a.i./ha x 5 15.5 14.2
8 Sulfosulfuron PPI/imazamox 19.2 g a.i./ha x 5 17.2 17.4
9 Sulfosulfuron PPI/rimsulfuron chemigated x 3 21.4 18.9
10 Sulfosulfuron PPI/rimsulfuron foliar x 3 20.1 18.7
11 Acibenzolar-S-methyl 26.2 g a.i./ha x 6 16.5 18.4
12 Acibenzolar-S-methyl 52.4 g a.i./ha x 6 18.2 13.8
P value 0.12 0.2

' Grower standard in this location: 350 g a.i./ha S-metolachlor and 91.9 g a.i/ha trifluralin applied to all plots.

i Israeli grower standard.

x 3/x 5/x 6 = three/five/six chemigation applications; Foliar = foliar-applied herbicide; PP = preplant

incorporated.
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throughout California tomato-growing re-
gions. Because of their regulatory status,
broomrapes are of utmost concern for Cali-
fornia tomato growers and regulatory agen-
cies to, the extent that in 2024, the state
appointed a Broomrape Program Board to
recommend actions and guide the response
to this pest (California Department of Food
and Agriculture 2024). In the case of Chile,
broomrape is not a quarantine pest, but has
significant impacts on tomato production
and land available to produce sensitive host
crops. In both countries, it will be neces-
sary to use management strategies that
combine the application of chemical prod-
ucts with practices that prevent branched
broomrape seed dispersion to other fields,
and cultural practices that deplete the weed
seedbank of branched broomrape seeds.
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Table 9. Broomrape shoot emergence and tomato yield in response to several herbicide treatments in 2021 (Santa Cruz, Chile).

No. Treatment Broomrape (shoots/17-m plot) Yield (kg/17-m plot)
1 Control ) 129 a' 27.8 ab
2 Sulfosulfuron (37.5 g a.i./ha, PPI) + imazapic (4.8 g a.i./ha, chem x 5)" 20 be 32.7a
3 Sulfosulfuron (37.5 g a.i./ha, PPI) + sulfosulfuron (37.5 g a.i./ha, foliar x 3) 67 a— 7.7 de
4 Imazamox (9.6 g a.i./ha, chem X 5) 82 ab 5.6 de
5 Imazamox (19.2 g a.i./ha, chem x 5) 22 be 13.8 cd
6 Sulfosulfuron (37.5 g a.i./ha, PPI) + imazamox (9.6 g a.i./ha, chem x 5) 10 ¢ Sle
7 Sulfosulfuron (37.5 g a.i./ha, PPI) + imazamox (19.2 g a.i./ha, chem x 5) 25 be 21.2 be
8 Sulfosulfuron (37.5 g a.i./ha, PPI) + imazamox (28.8 g a.i./ha, chem X 5) 6¢c 29¢e
9 Sulfosulfuron (37.5 g a.i./ha, PPI) + imazamox (38.4 g a.i./ha, chem X 5) 13 ¢ 32e¢
P value 0.006 >0.0001

! Means with the same letter in the same column are not significantly different according to Tukey’s honestly significant difference test (a = 0.05).

i Israeli grower standard.

x 3 = three applications at 200, 400, 600 growing degree days; x 5 = five applications at 400, 500, 600, 700, 800 growing degree days; chem = chemi-

gated; foliar = foliar-applied herbicide; PPI = preplant incorporated.

Table 10. Branched broomrape shoot emergence in response to several herbicide treatments in 2022

(Pumanque, Chile).

Broomrape

No. Treatment shoots/20-m plot
1 Control treatment B 407 ab'
2 Sulfosulfuron (37.5 g a.i./ha, PPI) + imazapic (4.8 g a.i./ha, chem x 5)" 24 b

3 Imazamox (9.6 g a.i./ha, chem X 5) 160 ab
4 Imazamox (19.2 g a.i./ha, chem x 5) 58 ab

5 Rimsulfuron (10 g a.i./ha, chem X 3) 290 ab

6 Rimsulfuron (10 g a.i./ha, foliar x 3) 710 a

7 Sulfosulfuron (37.5 g a.i./ha, PPI) + imazamox (9.6 g a.i./ha, chem X 5) 63 ab

8 Sulfosulfuron (37.5 g a.i./ha, PPI) + imazamox (19.2 g a.i./ha, chem x 5) 36 b

9 Sulfosulfuron (37.5 g a.i./ha, PPI) + rimsulfuron (10 g a.i./ha, chem x 3) 161 ab
10 Sulfosulfuron (37.5 g a.i./ha, PPI) + rimsulfuron (10 g a.i./ha, foliar x 3) 411 ab
11 Halosulfuron, (37.7 g a.i./ha, foliar x 2) 309 ab
P value 0.0008
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