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Abstract

The present research investigated the efficacy and the selectiv-
ity of three sulfonylureas (SUs) rimsulfuron (RS), chlorsulfuron
(CS) and triasulfuron (TS) for Phelipanche ramosa control in pro-
cessing tomato. In 2014 a single dose (D) (75, 15 and 22.5 g ha!
active ingredient — a.i.— of RS, CS and TS, respectively), split into
three applications at equal rate, was delivered into the soil layer
interested by the roots using two herbigation methods i) through
the drip irrigation system (DH) or ii) by foliar spray followed by
overhead irrigation (FH). In 2015 SUs were applied in pre-trans-
plant at one third of D, and in post-transplant at the dose D, at one-
half and at one-fourth of D, delivered in 3 rates by drip herbiga-
tion. In both experiments RS gave the best broomrape control and
the highest yield increase compared with the untreated crop and
CS improved crop yield similarly to RS despite being less effec-
tive in contrasting branched broomrape, In 2014, the foliar appli-
cation of TS and CS resulted in plant injuries which, more signif-
icantly with TS, caused lower numbers and fresh weight of fruits
as well as a lower crop productivity increase. In the same year the
drip herbigation with TS resulted in the lowest broomrape control
and tomato yield increase. In 2015, the best parasite control and
tomato yield performances were obtained with RS and CS when
applied in pre-transplant at 25.0 and 5.0 g ha™! a.i., respectively,
and in post-transplant at 75.0 and 15.0 g ha! a.i., respectively.
With TS, the pre-transplant application a.i. was the most effective
among the TS treatments resulting in a yield improvement similar
to RS and CS, while it was confirmed the low broomrape control
when applied through drip irrigation due to its low mobility in the
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soil. More research is needed in order to better exploit the combi-
nation of pre- and post-transplant applications in the chemical
control of P. ramosa of tomato under the conditions in southern
Italy.

Introduction

The Puglia region is among the most important Italian areas
for processing tomato with almost 20,000 hectares (ISTAT, 2017)
grown annually, 90% of which are concentrated on the Capitanata
Plain, in Foggia province. In this area the crop has been grown
successfully for over fifty years thanks to the favourable soil and
climatic conditions (Elia and Conversa, 2012).Particularly in this
area the crop has been suffering the attack of an obligate root
holoparasitic plant belonging to the Orobanchaceae family,
Phelipanche ramosa (L.) Pomel (already classified as Orobanche
ramosa L.), which has affected tomato cultivation in Southern
Italy in the last 20 years (Vurro, 2005).

It is estimated that the P ramosa, commonly known as
branched broomrape (locally as sporchia) affects over 5,000
hectares of processing tomato crops, but the figure has been in
constant worrying growth over the last five years. There are also a
number of reports in the Capitanata area of deleterious attacks of
broomrape on other crops such as broccoli, fennel, parsley, celery
and chamomile. Substantially the damage caused by broomrape
refers to the decrease in productivity of the crop and to the loss of
quality of the product. In the case of tomato, the presence of the
parasite significantly reduces fruit fresh and dry weight, mesocarp
thickness, fruit color, firmness, the soluble solids, ash and ascorbic
acid content (Longo et al., 2010).

The chemical control through herbicides of this parasitic plant
is based on the principle that the effective application of an active
substance must be addressed to the aggression of broomrape
before its aboveground appearance, therefore the herbicide must
be available at the root zone starting from the initial stages of its
biological cycle (seed germination, root attack, formation of
tubercles) (Eizenberg et al., 2006). During the crop cycle, the
growth of the host plant roots causes a continuous germination of
conditioned broomrape seeds, so the availability of the herbicide
must be ensured during all the sensitivity phases of the crop
(Eizengerg et al., 2012).

Among the proposed herbicides for the control of broomrape,
acetolactate synthase (ALS) inhibitors sulfonylureas and imida-
zolinones have been found to be lethal at relatively low doses both
on vegetable and herbaceous crops, but crops may exhibit differ-
ent tolerance thresholds (Eizenberg et al., 2004, 2012).
Imidazolinones are systemic herbicides that are translocated
through the roots and the leaves to the meristematic regions.
Various Fabaceae, Asteraceae, Apiaceae species are resistant to
some of the imidazolinone herbicides, however in tomato plants
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foliar application of imidazolinones (imazapic and imazamox) has
been reported to injure flowers and fruit buds (Eizenberg et al.,
2013).

Encouraging results have been obtained with sulfonylureas on
tomato in several application trials although on a different species
of broomrape (P. aegyptiaca, O. cernua) (Hershenhorn et al.,
1998a, 1998b, 1998c; Eizenberg et al., 2003; Hershenhorn et al.,
2009; Eizenberg et al., 2012; Ghannam et al., 2012; Dinesh and
Dhanapal, 2013). The sulfonylureas application for P. ramosa con-
trol has been successfully performed on glasshouse-grown tomato
(Qasem, 1998) and on potato (Goldwasser et al., 2001). The sul-
fonylurea herbicides are active against broomrapes mainly through
the soil solution so they must be incorporated into the soil.
Herbicides can be delivered to the target area using mechanical
incorporation or by rainfall before host sowing or planting. They
can also be delivered into the soil through the irrigation water (her-
bigation) using either sprinklers or drippers. The success of this
mode of herbicide application depends on the availability of herbi-
cide in the soil layer where the host roots are parasitized
(Eizenberg, 2013). Taking into account these considerations, in the
present research the chemical control of P. ramosa has been per-
formed using three sulfonylureas (SUs) registered in Italy and pre-
viously found effective in the control P. aegyptiaca in tomato: rim-
sulfuron (RS), which is registered for tomato crop, chlorsulfuron
(CS) and triasulfuron (TS). The study has been carried out with the
aim of evaluating the dose, the application mode of the three sul-
fonylureas on the efficacy in the control of P. ramosa and in crop
selectivity in an environment of southern Italy.

Materials and methods

Two field trials were carried out in 2014 and 2015 at the Center
for Experimentation and Exploitation of Mediterranean Crops of
Syngenta located in Foggia (41° 32° 38" lat. N 15° 30 14” long.
E), Capitanata Plain, Puglia Region, in Southern Italy. The area is
a large plain (about 400,000 ha) mainly cultivated with durum
wheat, which is grown in a 3—4 year rotation with tomato, broccoli
or sugar beet. The experimental farm is representative of soil and
climate conditions on this plain. It is dominated by a
Mediterranean climate with a mild winter and dry-and-warm sum-
mer. Mean minimum and maximum temperatures are 10.8+1.7 and
19.94+2.2°C, respectively, and the mean temperature of the coldest
(January) and hottest (August) months are 7.1 and 24.5, respective-
ly. Mean annual rainfall is 537 mm (Elia and Conversa, 2012).

The weather conditions during the two growing seasons are
reported in Figure 1. The mean maximum and mean minimum
temperatures during the two growing seasons were 28.1°C and
14.8°C in 2014 (29 Apr.—7 Aug.) and 31.5°C and 19.3°C in 2015
(8 May-5 Aug.), respectively. In the same period the differences in
temperature compared with the long-term averages were -1.3 and
+2.1°C in maximum values and +0.1 and +4.6°C in minimum val-
ues, in 2014 and 2015, respectively. Rainfall was 116 mm in 2014
and 73 mm in 2015 (Figure 1).

The thermal sum was calculated using a base temperature of
10°C and considering the average daily temperature of the air or
that measured in the middle of the twin row and at 15 cm of soil
depth (Figure 2).

In each year a different field was selected on the same farm.
The soil of both fields is a silty-clay vertisol of alluvial origin (1.20
m depth) (Typic Chromoxerert, fine, thermic, according to the Soil
Taxonomy-USDA), with the following characteristics: 24% clay;
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34% silt; 42% sand; pH 7.72 (soil:water 1:2.5); 1.8% organic mat-
ter; 1.25%o total N, 382 mg kg ! NH4OAc-extractable K, 9.7%
active CaCOs. 25 mg kg! Olsen P. In both trials the preceding
crop was a cover crop (Raphanus sativus L. cv. Valencia) sown in
the preceding winter (12 Dec. 2013 and 16 Dec. 2014) and tilled
into the soil about one month before tomato transplanting. At the
time of soil preparation before transplanting, 120 and 200 kg ha™!
of P,0Os and KO, respectively, were broadcasted. The transplanting
of processing tomato [Solanum lycopersicum L. (formerly
Lycopersicon esculentum Mill.)] at the 4" true-leaf stage, was per-
formed on 29 Apr. 2014 (experiment 1) and on 8 May 2015 (expe-
riment 2) with the cultivar Robinux (Syngenta) in 2014 and Ulisse
(Syngenta) in 2015, both of them belonging to the pear shaped fruit
typology. Plantlets were spaced in twin-rows at 37 cm apart and
between the rows, and 1.8 m between the double-rows (density of
3.0 plants m2).

In both years crop water requirements were completely satisfied
by drip irrigation (drip tube - Agrifim, in line emitters, 2 L h™!, spaced
0.4 m, 1 dripping line for each twin row). The nitrogen fertilizer
was applied by fertigation during the crop cycle. Irrigation water
volume and N rate management was assessed using the DSS
GesCoN (Elia and Conversa, 2015), set with the parameters pro-
posed for processing tomato (Conversa et al., 2015). A total of 198
and 186 kg ha™! of N and an irrigation volume of 4,560 and 4,700
m?3 ha! were applied in 2014 and 2015, respectively.

Excluding broomrape, the other weeds were controlled by
hand; pests and diseases were completely controlled by chemical
treatments.

In the first year the comparison was carried out between: 1)
three herbicides: rimsulfuron (RS), chlorsulfuron (CS) and triasul-
furon (TS), and the untreated control (C); ii) two herbigation tech-
niques: 1) distribution through the irrigation water using the drip
system (DH) and ii) distribution through foliar spray (FH), fol-
lowed by an overhead sprinkler irrigation of 30 mm of water to
ensure the incorporation of the herbicide into the soil at the root
level. The water irrigation volume used with overhead irrigation
was considered in the water balance.

The dose (D) of RS, CS and TS was respectively 75.0, 15.0 and
22.5 g ha! of active ingredient (a.i.) distributed into three split
applications at equal rates (25.0, 5.0 and 7.5 g ha™! a.i., respective-
ly). The applications were carried out during the growing season at
30 (28 May), 50 (17 Jun.) and 70 (7 Jul.) days after the transplant
(DAT). There were obtained the following six treatments: RSpp,
RSFH, TSDH, TSFH, CSDH and CSFH.

For drip herbigation, the herbicide for each plot was diluted in
20 L of water and injected by a Venturi tube into the drip system
used for the irrigation. Herbicide treatments were applied after irri-
gating 90 m3 ha! of water and were followed by 30 min of addi-
tional irrigation.

When herbicides were foliar sprayed they were applied
through a knapsack sprayer (SHR-170SI Echo, Altavilla Vicentina,
VI, Italy) equipped with a 1.5 m spraying boom with 3 Teelet
XR8003 nozzles, at a pressure of 300 kPa, delivering 300 L ha™!.

In the second trial (2015), RS, CS and TS were applied in pre-
transplant (Pre) and in post-transplant drip herbigation (Post). In
the pre-transplant treatment, the application dose used for each
herbicide was 1/3 of that used in first experiment (one rate, D/3)
(25.0, 5.0 and 7.5 g ha! a.i,, for RS, CS and TS, respectively.
These treatments are coded with RSpen/3), CSprenrz) and TSpre(ns3).

The application was carried out by spraying the herbicide on
the soil surface using a Teko 800 sprayer (Unigreen S.p.a., Reggio
Emilia, Italy) equipped with a 2 or a 4 m spraying boom with 03
F110 nozzles, at a pressure of 300 kPa, delivering 312 L ha!, with
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subsequent mechanical incorporation into the soil (~10-15 cm).
The post-transplant treatments were carried out by drip herbigation
(as described in the first year). The doses of Post treatments were
obtained by applying RS, TS and CS at the same dose (D), at 1/2
the dose (D/2) and 1/4 the dose (D/4) used in the first experiment,
split in 3 applications at equal rate during the crop cycle at 30 (6
Jun.) and 50 (26 Jun.) and 70 (16 Jul.) DAT, respectively. The
obtained treatments are indicated as: RSposin), RSpostp2), RSposi(nr3)s
TSposid)s TSposin2)s TSpostn3)s CSpostd)y CSposinr2), CSposi(ni3)-

Broomrape infestation was measured by counting the emerg-
ing parasite stems during the tomato growing cycles. Two broom-
rape surveys were performed in both 2014 [9 Jul. (71 DAT) and at
harvest, 7 Aug. (101 DAT)] and 2015 [16 Jul. (69 DAT) and at har-
vest, 5 Aug. (90 DAT)]. At harvest the fruit yield from 12 tomato
plants (~ 4 m? of sampling area per replication) was also recorded.

In both years the experimental plots, which included four (two
twin rows) 11.6 m long tomato rows (132 plants), were distributed
in a randomized block design with four replications. All the data
were submitted to ANOVA by using the GLM Procedure of SAS
software (SAS Institute, 1999). When the main effects were signif-
icant, differences between means were compared using the LSD
test at P=0.05. Planned, single degree-of-freedom orthogonal con-
trasts were used for partitioning the treatment sum of squares to
gain greater insight among the group of treatments. The linear rela-
tionships between the infestation level of branched broomrape
and the tomato fruit yield, was also evaluated.

Results and discussion

Effect of the year on broomrape occurrence

In the first trial a higher branched broomrape infestation was
registered compared with the second experiment. Indeed in the
untreated control broomrape density reached 400 (Figure 3) and
237 spears/m? in the first and in the second experiment, respective-
ly (Tables 1 and 2). In addition, in first year the emergence of
broomrape spears was observed mainly in the last 30 days of the
crop cycle. In the first survey, carried out at 71 DAT, a very low
infestation was registered both in the control and in the herbigated
plots compared with at the end of the tomato cycle (Table 1). In the
second trial, in the broomrape survey performed at 50 DAT, no dif-
ferences between treatments were detected (data not shown), on
the contrary, at 69 DAT the infestation was similar to the highest
level observed at the end of the tomato cycle (89 DAT - 5 Aug.)
(Table 2).

The difference between trials in the time of broomrape attack
and in broomrape spear density is likely to be linked to the differ-
ent environmental conditions before transplant and during the crop
cycle. Seeds of parasitic plants only germinate in response to ger-
mination stimulants present in the exudates from host roots (Joel et
al., 1995; Dhanapal et al., 1996). However, seeds become progres-
sively sensitive to germination stimulants only after the release
from dormancy following a period of wet conditions (condition-
ing) immediately before germination (Murdoch and Kebreab,
2013). The efficiency of the conditioning phase depends on the
duration of the wet conditions and on the soil temperature. In P,
ramosa the range of soil temperature for dormancy release has
been reported to be 5-30°C, with an optimum at 20°C for a period
of 14-100 days and subsequent maximal germination rate.
However a prolonged conditioning at suboptimal temperatures (5
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or 30°C) resulted in an induction of secondary dormancy of seeds,
which showed a very low germination rate (Gibot-Leclerc et al.,
2004).

In our study, in both years the mean soil temperature was close
to 15°C for a period of 30-40 days before the transplant (data not
shown), which is very close to the optimal value (20°C) for P,
ramosa seed conditioning. However, the higher rainfall that
occurred during this phase in 2014 (Figure 1) could have improved
soil moisture resulting in the conditioning of a larger number of
broomrape seeds compared with 2015. In 2015 the higher soil and
air thermal sum in the first part of the cycle (Figure 2) could have
promoted a faster root growth and so an earlier broomrape infesta-
tion. The infestation slowly increased in the last part of the cycle
because of the high temperature values could have resulted in sec-
ondary dormancy induction of broomrape seeds. Moreover the
large amplitude of minimum and maximum daily values in the last
part of the cycle could have also reduced germination rate as sup-
posed by Kebreab and Murdoch (1999) in Egyptian broomrape
(Figure 1).

Experiment 1 - Effect of herbicide application mode on
broomrape density and crop productivity

At 71 DAT, while in the untreated control broomrape spear
density was already relevant (68 spears/m?), in the herbigated plots
the parasite emergence was still rather low. At the broomrape sur-
vey performed at harvest (100 DAT), the difference in P. ramosa
infestation between the untreated and the treated plots had
increased compared with the first broomrape survey, and all the

===Tmax —— Longterm T (minormax) [ Rainfall

2014

i 80

60

40

20

80

Temperature (°C)
o
(Ww) jjejurey

60

40

20

Figure 1. Minimum, maximum temperatures, compared with
multiannual averaged values, and rainfall in the 2014 and 2015

growing seasons.
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treated plots showed a significant reduction in broomrape spear
emergence compared with the untreated control (400 spears/m?)
(Table 1, contrasts no. 1, 2, 3 and 4, highly significant).

The productivity of the crop was clearly affected by the P.
ramosa infestation since the yield of the untreated control was
about 24 Mg ha™! while in rimsulfuron (RS), triasulfuron (TS) and
clorsulfuron (CS) treated plots it was, respectively, 101.3, 48.6 and
77.4 Mg ha'!, on average (Table 1, contrasts no. 1,2, 3, and 4, high-
ly significant).

At 100 DAT rimsulfuron at the dose used in this study (25.0 x
3=75.0 gha ! a.i.), irrespective of the application mode, gave the low-
est broomrape infestation (-90%, on average) and the highest yield
increase (+417%) compared with the untreated control (Table 1).

Beyond the effectiveness in controlling branched broomrape,
RS also showed high crop selectivity. Although the labelled RS
dose for post-emergence weed control in tomato ranges between
12.5-22.5 g ha ! a.i., we did not detect crop injuries with the higher
dose used in the trial and the tomato yield was within the optimal
average level for the area. This result is in agreement with previous
researches on rimsulfuron application for the control of P. aegypti-
aca. RS doses of 150 (Eizenberg et al., 2004), 75.0 (Kleifeld et al.,
1994) and of 50.0 - 37.5 g ha™! a.i. (Eizenberg et al., 2003) split
into 3 applications by foliar herbigation have proved to be effective
in the control of P. aegyptiaca, without crop injuries in tomato.
Similarly Goldwasser et al. (2001) have reported selectivity for
potato crop of RS at 37.5 and 75.0 g ha™! a.i. When the herbigation
was performed by drip system (DH) fruit number per plant was
lower than RSpy. However an enhancement of RSpy mean fruit
weight resulted in yield performance similar between the two dis-
tribution systems.

It has been reported that RS interferes with the tubercle devel-
opment and not with broomrape attachment (Kleifeld et al., 1994).
Drip herbigation performed in a single application at 23 DAT has
been reported to have a lower effect in controlling broomrape com-
pared with foliar spraying+sprinkler irrigation, due to the poorer
distribution uniformity (Hershenhorn ez al., 1998a). In our trial,
both herbigation systems allowed RS to reach root apparatus along
the tomato cycle, both proving to be effective in controlling

broomrape. Likely the efficiency of the drip herbigation in our tri-
als was due to the splitted application in three rates during the crop
cycle.

Contrarily to rimsulfuron, triasulfuron is not registered for
tomato crops. It is suggested for post-emergence weed control of
wheat (and other cereals) and tomato can be planted the following
season of TS application without restrictions. In our trial it was
applied at the labeled doses.

TS efficiency in controlling broomrape was lower than RS
(Table 1, contrast no. 5, significant at P<0.05) however it depended
on the distribution system. Indeed, when TS was sprayed over the
crop and incorporated into the soil using sprinkler irrigation (TSgn)
the parasite control was very similar to RS (93% reduction in

1400 } —2014 (air) = -2014 (soil)

1200 | —2015 (air) ---2015 (soil) .
1000
800
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Day degrees (°CD)
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Figure 2. Cumulative day-degrees in the air (solid line) and at 15-
cm soil depth (dashed line) in the 2014 (broad line) and 2015

(smooth line) trials.

Table 1. Effect of herbigation treatments on Phelipanche ramosa emergence and tomato yield in the 2014 trial.

LOx(
RS DH RSpy 4b 41¢
RS FH RSen 0b 41c
TS DH TSon (b 241
TS FH TSw 14b 28¢
CS DH CSpy 110 128be
CS FH CSry 4b 127b¢
Control - Ctrl 682 4002
Significance ok o
Contrasts
1. Hericides vs Ctrl ot LA
2.RS vs Ctrl kK X
3. TS vs Ctrl A kS
4. CS vs Ctrl ot AR
5.RS vs TS ns i
6. RS vs CS ns ns
7. TS vs CS ns ns
8. DH vs FH ns *

95.92 437 73.9
106.72 60.02 59.72¢
51.24 23.6¢ 73.22
46.14 30.6¢ 50.7¢
86.6> 43.7 66.62
68.2¢ 46.3 49.3¢
24.3¢ 13.84 57.7b¢
*kk *xk *
K% Kk ns
Kk *kk ns
* Kk ns
K% Kk ns
*kk *okk ns
Kk * ns
K% Kk ns
ns *xk *kk

DAT, days after the transplant; RS, rimsulfuron, applied at the dose of 75.0 g ha! of a.i. (25.0 g ha™! of a.i. for each application); a.i., active ingredient; DH, drip herbigation; FH, foliar spray followed by a sprinkler irrigation
of 30 mm of water; TS, triasulfuron, applied at the dose of 22.5 g ha™' of a.i. (7.5 ¢ ha™! of a.i. for each application); CS, chlorsulfuron, applied at the dose of 15.0 g ha™' of a.i. (5.0 g ha! of a.i. for each application).
*P<0.05; **P<0.01; ***P<0.001; ns, not significant. **Means in columns not sharing the same letters are significantly different according to least significant difference test (P=0.05).
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broomrape spears), while when TS was applied by drip irrigation
(TSpn) it was the lowest (40% reduction in P. ramosa spears). With
this latter distribution method this herbicide seems to fail to ensure
a full protection of the root apparatus, most likely as a result of its
low soil mobility (Walker and Welch, 1989). As confirm of its low
mobility, TS applied by drip herbigation caused a broomrape
spears emergence about 30 cm from either side of the dripping line
(Figure 4), creating only a strip free of broomrape along and in the
center of the double row.

Despite TSry exhibiting the best P. ramosa control, phytotoxic
effects were detected on the TSgy treated plants (temporary yellow-
ing, delayed growth) and the yield improvement compared to the
untreated control was very similar between TSgy and TSpy (200%,
on average) (Table 1). Based on these results, it could be suppose
that the broomrape attack in TSpy and the foliar distribution of TS
exerted crop damage at the same extend. The beneficial effect of
TS on crop productivity was lower than RS and CS and it was due
to a lower number of fruits per plant registered both in TSpy and
TSen (27, on average) in comparison with RS (52, on average) and
CS (44, on average) (Table 1, contrasts no. 5 and 7, significant at
P<0.001). Moreover, in TSgy it was observed a lower mean weight
of the fruits than with TSpy treatment, although yield was not sig-
nificantly affected. It could be speculate that behind the negative
effect on plant development, which reduced fruit number (TS
could have negatively affected pollination and/or fecundation
and/or fruit set as suggested by Hershenhorn ef al., 2009), the
foliar spray treatment caused physiological alterations (e.g. lower
photosynthetic activity) which resulted in reduced plant and fruit
growth.

The TS plant injuries observed in this study are in disagreement
with other studies performed on tomato crops treated both by drip
and foliar application, also using a higher dose (22.5 g ha™! a.i. in
one sprinkler application at 30 DAT, or 7.5, 11.25, 15 g ha™! a.i. by
drip herbigation in one application at 23 DAT) (Hershenhorn et al.,
1998a) than those in this research (7.5 g ha™! a.i. in three splitted
rates). This could be associated with the earlier TS applications car-
ried out by these Authors (15 and 30 DAT, i.e. before the develop-
mental phase of the crop) than those of our trial. As triasulfuron,
chlorsulfuron is not registered for tomato crop weed control, it has
a longer soil activity than most other sulfonylureas. It was not sig-
nificantly less effective than rimsulfuron and triasulfuron in con-
trasting branched broomrape (Table 1, contrasts no. 6 and 7, not sig-
nificant), however, mean yield enhancement compared the untreat-
ed control with CS (+318%, on average) was lower than RS
(+417%). In particular, the application mode affected crop produc-
tivity with a lower yield linked to lower mean fruits weight
observed when the herbicide was applied by the foliar spray (CSgn).
This result could have been the effect of slight injuries to plant
shoots observed after the CS foliar applications which reduced fruit
growth. As a consequence the positive effect on crop productivity
compared with untreated control was higher in CSpn (+357%) than
in CSpy (+280%). Our results are in agreement with those obtained
by Hershenhorn et al. (1998a) who report that this herbicide is
effective in the control of Phelipanche spp. both by drip and foliar
application with only transitory and not heavy signs of injury to
tomato crop. As a whole, the results of the first experiment under-
line that each of the active ingredients tested was effective in con-
trolling P. ramosa in tomato crop and that the drip herbigation was
a valid option for all three herbicides application, since it avoided
any crop injury and any negative effect on crop yield observed for
TS and CS. Only for TS, did the drip herbigation prove to be less
effective in broomrape control due to the limited distribution uni-
formity of the a.i. into the soil through irrigation water.
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Experiment 2 - Effect of herbicides dose and applica-
tion time on broomrape control through drip irrigation

The weakest point of drip herbigation is associated with the
higher risk of underground water pollution because of the potential
leaching of herbicides, therefore the use of lower herbicide doses
is desirable in order to minimise this risk. In the first trial we chose

Figure 3. High infestation of branched broomrape observed on
tomato plants in the 2014 trial. The number of broomrape stems
in the untreated control was close to 400 per square meter.

Figure 4. The drip herbigation with triasulfuron caused the
emergence of broomrape spears at about 30 cm from either side
of the dripping line. Due to the low mobility of this herbicide in
the soil, triasulfuron failed to ensure a full protection of the root

apparatus.
OPEN a ACCESS
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to apply high herbicide doses because we knew about the heavy
broomrape infestation of the site. In the second trial the broomrape
control was performed with the same 2014 dose along with
reduced doses of RS, TS and CS applied only through drip her-
bigation. With the aim of overcoming the above described issue of
low mobility of TS in the soil, a double drip line for each twin row
was also arranged only for this herbicide. A pre-transplant applica-
tion was also tested in the attempt to improve herbicide effective-
ness. Broomrape spear emergence was already relevant in the
broomrape survey performed at two thirds of the tomato cycle (69
DAT) when only two applications for every post-transplant treat-
ment had been performed and all the herbicides reduced the para-
site infestation. The differences between treatments were already
observed at 69 DAT, but they were more evident at the end of the
tomato cycle (Table 2, contrast no. 1, significant for P<0.001) and
for this reason we only discuss the infestation data recorded in the
last broomrape survey. As an average among post-transplant treat-
ments the best broomrape control was obtained with RS (-65%,
compared untreated plots) and CS (-52%) followed by and TS (-
26%) (Table 2, contrasts no. 2, 3 and 4, respectively, significant for
P<0.001,), confirming the results of the first trial. The worst per-
formance in P. ramosa control was again registered with TS,
despite the use in this trial of a double dripping line for this herbi-
cide to improve its distribution uniformity.

Looking at the herbigation dose, for each herbicide the parasite
control progressively decreased decreasing the dose (Table 2, con-
trasts no. 5, 6, and 7, significant at P<0.001). Indeed, the highest
dose of RS (RSpesn)) resulted in a 90% reduction in parasite spear
density compared to the control (237 stems/m?). When the RS dose
was halved from 75 (RSposp)) to 37.5 (RSposinr2)) and to 18.5

(RSpostniay) g ha™! a.i. the P. ramosa control was reduced by 57%
and 47%, respectively. With post-transplant TS herbigation, the
highest infestation overall treatments was detected with the lowest
dose (5.625 g ha™! a.i.) (TSposipa) ) (198 spears/m?) while with the
high (TSposip) ) and medium doses (TSposipr2) ) the P. ramosa pres-
ence was respectively 34% and 27% of the untreated plots. With
CS in post-transplant herbigation at the highest dose (CSposin)) a
decrease of 73% in broomrape emergence was observed compared
with control. Lower infestation reductions were obtained with the
lower CS doses (- 49% and -35% with CSpost(D/z) and CSpost(Dm),
respectively) (Table 2).

By considering the pre-transplant herbicide application it
emerged an improved P. ramosa control compared to post-trans-
plant application (Table 2, contrast no. 8, significant at P<0.001)
and RSpns) treatment was more effective than CSp.ens3) and par-
ticularly than TSp.ens). The treatment RSpren/3) resulted in an higher
reduction (-81%) in parasite spears compared to RSposini) (-57%)
and RSposnsy (-49%) treatments in which doses close to RSpens3)
were given post-transplant split in three rates (Table 2). This result
indicates that RS applied at 25 g ha™! a.i. before the transplant is
more effective than if doses ranging from 37-19 g ha! a.i. were
applied by herbigation during the crop cycle (Table 2). Similar
behavior can be reported for CS, since CSp.ens3) exhibited a better
broomrape control than CSpesnr2) (-49%) and CSpospia) (-35%). By
the way, pre-transplant application of CS at 5.0 g ha’! a.i.
(CSpre(n3)) Was effective as much as post-transplant application of
15.0 g ha! a.i. given split in three rates (CSposn)). With regard to
TS, it is interesting to highlight that when it was applied in pre-
transplant it was the most effective among all TS treatments, even
showing a broomrape control only by a little lower compared to

Table 2. Effect of herbicide treatments on Phelipanche ramosa emergence and tomato yield in the 2015 trial.

elipana
o
[aN

RS Pre D/3 RSpre(m) 33.7gh
RS Post D RSPos[(D) 157h
RS Post D2 RSpost(D/g) 83'3de
RS Post D/4 RSPost(DM) 944d
TS Pre D/3 TSP,E(D/;;) 584f
TS Post D TSPOS[(D) 128.3¢
TS Post D/2 TSPost(])/z) 1 180C
TS Post D/4 TSpost(])M) 1577b
CS Pre D3 CSpre(ons) 37.48
CS Post D CSPost(D) 376g
CS Post D2 CSPOS[(])/Q) 72.3ef
CS Post D/4 CSpost([m) 916d
Control - - Ctrl 200.02
Significance Ak
Contrasts
1. Herbicides vs Ctrl Rk
2. Post (RS vs TS) #a
3. Post (RS vs CS) *E
4. Post (CS vs TS) A
5.D vs D/2 ok
6.D vs D/A ok
7.D/2 vs D/4 Rk
8. Pre vs Post Ak

438 88.5% 65.12 7112
22,7 91.32 67.22 4.4
102.7" 75.50 62.92 56.7¢d
121.6¢ 7430 55.22d 57.2¢d
85.8¢ 79.9% 63.72¢ 59.70d
157.04 67.0cd 55.5% 59.8vd
167.1¢ 66.6¢ 50.8¢d 42.0¢f
197.9° 60.8% 48.04 36.61
62.3" 83.9 64.8 66.6%
64.70 83.1e 62.4%¢ 69.3:
121.5¢ 7340 57,02 49.9¢d
154.04 67.2¢d 51.3vd 39.0f
236.72 94.5¢ 58.3u 31T
kkx *k % ns kkx
ns ns ns ns
kK% kK% * kK%
)k x kkx ns kkx
kkk *

a., active ingredient; DAT, days after the transplant; RS, rimsulfuron, applied at the dose of 75.0 g ha™! of a.i. (25.0 g ha™! of a.i. for each application); Pre, single herbicide application to the soil before transplanting
followed by mechanical incorporation into the soil; Post, post-transplant herbigation through drip irrigation split in three applications at 30, 50 and 70 days after transplant, each applying 1/3 of the scheduled dose; TS,
triasulfuron, applied at the dose of 22.5 g ha-' of a.i. (7.5 g ha~! of a.i. for each application); CS, chlorsulfuron, applied at the dose of 15.0 g ha-! of a.i. (5.0 g ha~" of a.i. for each application). *P=0.05; **P=<(.01; ***P=0.001;
ns, not significant. *IMeans in columns not sharing the same letters are significantly different according to least significant difference test (P=0.05). °In brackets and subscript the applied dose of herbicide indicated
with D for the full dose, which was 75.0, 22.5 and 15.0 g ha~! of a.i. for RS, TS and CS, respectively, or D/2, D/3 and D/4, where the relative full dose of each herbicide was 12, 1/3 or 1/4 of D, respectively.
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RSpre(Dg) and CSPre(D/3) (Table 2)

In agreement with our outcomes, Heizenberg er al. (2004)
found that pre-transplant application of different herbicides, rim-
sulfuron well controlled Egyptian broomrape. In our study, these
results can be associated to two aspects i) the uniformity of soil
incorporation of the herbicides in pre-transplant, which is strategic
in reducing parasite crop infestation, and ii) early broomrape ger-
mination and attachment in the 2015 crop cycle, which occurred
when herbicides, even the most degradable rimsulfuron (Sarmah
and Sabadie, 2002), were still active.

Even in 2015, crop productivity was enhanced by chemical
control of broomrape (Table 2, contrast no. 1, significant at
P<0.001), however the extend of yield increase was always consis-
tent with the effectiveness of each herbicide. In this trial indeed no
crop injuries due to herbicides were detected with the naked eye,
so the effect on crop productivity could be attributable to the P,
ramosa attack intensity. As an average compared with the untreat-
ed control (54.5 Mg ha!), RS and CS post-transplant application
resulted in higher tomato production by 47% and 37% respective-
ly, whereas TS application only increased production by 19%
(Table 2, contrasts no. 2, and 4, significant at P<0.001, contrast no.
3, not significant), while no difference between herbicides were
detected when they were given in pre-transplant. By considering
the interactions between the herbicide application time and dose,
RS and CS given in pre-transplant application (25.0 and 5.0 g ha™!
a.i., respectively) and in herbigation at the highest dose (75 and 15
g ha! a.i., respectively) gave the best tomato yield performance
(on average 89.9 and 83.9 Mg ha~!, respectively), while for TS,
only the pre-transplant application (7.5 g ha™! a.i.) was the most
effective in terms of yield improvement reaching values reported
for the best RS and CS treatments (79.9 Mg ha!). The herbigation
performed with the lower herbicide doses which scarcely con-
trolled the broomrape infestation, resulted in lower crop productiv-
ity. The changes in yield between the treatments were linked to the
changes both in the number of fruit per plant and in fruit weight
mirroring yield behaviour. It seems however that the mean fruit
weight rather than the number of fruit was affected by broomrape
infestation. For all herbicides the most considerable decrease pass-
ing from the most effective to less effective treatment was indeed
observed for mean fruit weight. Specifically, averaged mean fruit
weight in RS, TS and CS given in pre and in post-transplant at the
highest dose passed from 73, 60 and 68 g, respectively to 57, 39
and 44 g registered, on average, in D/2 and D/3 doses.

Relationship between broomrape infestation and toma-
to yield

The relationship between P. ramosa infestation and crop yield
observed in both years in treated and control plots is reported in
Figure 5.

In the 2014 trial the foliar treatments in TS was omitted, due to
the evident crop injuries that could have interfered with the rela-
tionship between broomrape presence and yield. It emerged that
with the increase in parasite infestation the yield decreased follow-
ing a linear trend (y=-0.1889x +98.01). In the first experiment, at
the same spear intensity level, the impact of broomrape on yield
seems slightly lower than the second one probably because broom-
rape infection occurred after the most sensitive crop phase of flow-
ering and fruit setting, allowing the plant to develop normally.
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Conclusions

This is the first research carried out on chemical control of P,
ramosa in processing tomato in Southern Italy using sulfonylureas.
Among the tested sulfonylureas, RS was the best performing a.i. in
controlling branched broomrape and in the crop selectivity, fol-
lowed by CS.

The distribution through drip irrigation improved herbicide
efficiency so this could represent the easiest method to suggest to
farmers, considering that drip irrigation is the most common irri-
gation system for this crop in Southern Italy. Furthermore, since
2015 RS has been registered in Italy for drip distribution at a dose
of 15-27.5 g ha™! a.i. split into two or three rates. However it must
be underlined that the effectiveness of drip herbigation is strictly
linked to the uniform application in the field with appropriate
equipments. Low herbicide dosages, must be, indeed, very slowly
injected into the irrigation water to obtain an uniform distribution
over all the field.

Optimal doses for drip herbigation with RS and CS were
respectively 75, and 15 g ha! a.i., split into three rates.
Nevertheless, for CS a strong limitation is represented by its high
soil persistence in particular in soils with sub-alkaline pH and
when given by drip herbigation to which is associated high risk of
underground water pollution because of the potential leaching.

Soil temperatures close to the optimal values for parasite
dynamic in the initial phases of the crop cycle due to the annual
changes in the climatic conditions and/or to the changes in trans-
planting period, can promote an early appearance of broomrape.
Under such conditions the pre-transplant application into the soil
of herbicide seems to be useful to reduce the effective dose of RS
to 25 g ha! a.i. and of CS to 5.0 g ha™! a.i.. Triasulfuron had effec-
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Figure 5. Relationships between tomato fruit yield and the num-
ber of branched broomrape spears in the 2014 and 2015 trials.
The observed values in 2014 and 2015 are indicated with squares
and triangles, respectively. The straight line represents the linear
regression between the two variables, with dashed lines indicat-
ing the 95% confidence interval. Adjusted R? is the coefficient of
determination and root mean square error represents the variance

of the residuals.
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tiveness similar to RS and CS in controlling P. ramosa, and it was
selective for tomato crop when given to the soil before transplant-
ing. Based on these results, pre-transplant application of TS seems
to be an achievable way since the application of this hebicide
through drip herbigation has some technical difficulties due to its
low mobility in the soil, which limits its distribution over the root
zone and hence the efficiency. However, the results on triasulfuron
are of limited interest within the EU area due to its ban occurred
with the supervening EU Regulation no. 2016/864 of 31 May
2016. More research is needed to optimize herbicide control of P.
ramosa in processing tomato under the conditions of Southern
Italy in order to improve crop protection over the whole crop cycle
as a function of the annual climatic variability and/or of the shift in
the period of cultivation. In particular, the possibility of combining
pre and post-transplant applications should be better addressed. In
every case the scheduling of the split applications must respect the
safety interval of each herbicide. Therefore, considering that
broomrape germination starts early in the crop cycle further inves-
tigations should assess the possibility to anticipate the beginning of
the applications and/or reduce their number.
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