
Abstract

The root-parasitic weed Phelipanche ramosa (L.) Pomel represents
a major problem for processing tomato crops. The control of this
holoparasitic plant is difficult, and better understanding of treatment
methods is needed to develop new and specific control strategies. This
study investigated 12 agronomic, chemical, biological and biotechno-
logical strategies for the control of this parasitic weed, in comparison
with the untreated situation. The trial was carried out in 2014 at the
Department of Agriculture, Food and the Environment of the
University of Foggia (southern Italy), using processing tomato plants
grown in pots filled with soil from a field that was heavily infested with
P. ramosa. After transplantation, top dressing was performed with 70
kg ha–1 nitrogen. A randomised block design with 3 replicates (pots)
was adopted. During the growing cycle of the tomato, at 70, 75, 81 and
88 days after transplantation, the number of parasitic shoots
(branched plants) that had emerged in each pot was determined, and
the leaf chlorophyll of the plants was measured using a soil-plant-
analysis-development meter. At harvesting on 8 August 2014, the major
quanti-qualitative yield parameters were determined, including mar-
ketable yield, mean weight, dry matter, soluble solids, and fruit colour.
The results show lower chlorophyll levels in the parasitised tomato
plants, compared to healthy plants. None of the treatments provided

complete control against P. ramosa. However, among the methods test-
ed, Radicon® biostimulant (Radicon, Inc., Elk Grove Village, IL, USA),
compost activated with Fusarium oxysporum, nitrogen and sulphur
mineral fertilisers, EnzoneTM soil fumigant (Elliott Chemicals Ltd.,
Auckland, New Zealand), and a resistant tomato genotype mitigated
the virulence of the attacks of this parasite. These effects should be
improved by combining some of these treatments, especially for grad-
ual and continued reduction in the seed bank of the parasite in the soil.
For the tomato yields across the different treatments, there were no
significant differences seen; however, the yields showed an improving
trend for treatments with lower presence of the P. ramosa weed.

Introduction

The broomrape Phelipanche ramosa (L.) Pomel is synonymous with
Orobanche ramosa L. (Joel et al., 2007), and it is a chlorophyll-lacking
root holoparasitic plant of many dicotyledonous species. It can cause
severe damage to several cultivated species, especially in semi-arid
regions of the world (Linke and Saxena, 1989). These are weedy plants
that have stems that are usually branched above the ground (except
with very small plants), and they are usually 15 cm to 25 cm high, with
many uniform flowers that are pale blue/purple on the outside.
In the Apulia region (southern Italy), this weed is particularly dev-

astating for fields of processing tomato crops, where it endangers the
future existence of this crop (Zonno et al., 2000). Heavy infestation
arises because P. ramosa can produce large numbers of seeds (up to
500,000 per plant) (Zindahl, 1993) of very small dimensions (ca. 0.2-
0.3 mm), and also because in the absence of a host plant, these seeds
can remain viable in the soil for extended periods (up to 20 years)
(Linke and Saxena, 1989). This thus makes it difficult for any crop
rotation to be efficient.
P. ramosa attacks tomato roots early in the growing season, at 14

days to 28 days after transplanting (DAT), depending on the tempera-
ture conditions, and the shoot usually emerges from 35 DAT to 56 DAT
(Eizenberg et al., 1998). The parasitised tomato plants initially show
stunted growth, with the subsequent decreased production as a conse-
quence of a reduction in their ability to use nutrients and to absorb
water. Measures to successfully contain the problems due to this para-
sitic weed need to be targeted at: i) reduction of the existing P. ramosa
seed bank in the soil; ii) prevention of further seed production; and iii)
prevention of seed dissemination. These objectives are mutually
dependent. The seed bank in the soil can only be reduced when the
new seed input is smaller than the output, through successful germi-
nation, pathogens, seed predation, or natural death of the seeds
(Lonsdale, 1993; Westerman et al., 2003; van Mourik et al., 2005; van
Mourik and Stomph, 2011).
Several methods for the control of this parasite have been investi-

gated, including the use of physical, chemical, agronomic, biological
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and biotechnological methods (Habimana et al., 2013). However, the
main concern is that to date there are no practical methods that are
effective, economical and protective against this parasite, and that the
effects of any control agent also depend on the environmental condi-
tions. For this reason, an integrated approach is needed for the control
of P. ramosa, in which different methods are combined to maintain the
parasite populations below threshold levels for crop damage (Joel,
2000; Amsellem et al., 2001; Goldwasser and Kleifeld, 2004; Rubiales
and Fernandez-Aparicio, 2012; Goldwasser and Rodemburg, 2013).
Moreover, there is the need to overcome the hazardous and toxic use of
chemical methods to control this parasite, as these can be damaging to
both humans and animals, and can lead to environmental pollution. 
Thus, many studies are now focussing more attention on the devel-

opment of alternative methods to control P. ramosa, such as the use of
agronomic, biotechnological, biological and non-chemical control
methods. Among these, greenhouse experiments were carried out over
different growing seasons in southern Italy (Sicily region) to deter-
mine the effects of soil solarisation on tomato pests and weeds
(Lombardo et al., 2012). This study showed that soil solarisation pro-
vides a good level of control of P. ramosa.
P. ramosa tends to be associated with less fertile soil conditions, and

high levels of nitrogen fertiliser and additional compounds have been
shown to have a suppressive effect. Therefore, agronomic methods of
its control include the use of organic and inorganic compounds. Indeed,
organic compounds, such as compost, recycled wastewater (e.g., from
olive mills, agro-industrial) and biostimulants applied to the soil, are
widely used to increase the organic matter in cropping systems, the
effects of which can include a reduction in the germination and growth
of many weeds, included P. ramosa (Haider and Sidahmad, 2000). The
addition of such organic compounds to the soil is suitable because they
are rich sources of microorganisms that can suppress plant diseases,
and they thus represent an interesting potential biological control
method (Cubero and Moreno, 1979; Tardioli et al., 1997; Litterick et al.,
2004; Saad et al., 2007; Alfano et al., 2011; Disciglio et al., 2015).
Inorganic compounds have been studied for the reduction of P.

ramosa infestation. Some of these studies have shown that increases
in the levels of nitrogen and phosphorous in the soil through the appli-
cation of fertilisers can reduce germination of this parasitic weed, and
consequently reduce its infestation rates (Bebawi, 1981; Pieterse,
1991; Jamil et al., 2011). Sulphur compounds have also been used to
lower soil pH, for the control of various weeds (Buchanan et al., 1975;
Abu-Irmaileh, 1981; Zollinger and Kells, 1991). Moreover, the combina-
tion of chicken manure and elemental sulphur was shown to be an
effective management practice to control P. ramosa in potato and egg-
plant (Haidar and Sidahmed, 2006).
In recent years, biological control agents such as fungi have received

more attention for the reduction of P. ramosa seed germination
(Amsellem et al., 2001; Dor et al., 2007; Joel et al., 2007; Sauerborn et
al., 2007). Among the several fungal species used, Fusarium oxysporum
Schltdl isolated from diseased P. ramosa has been shown to be highly
virulent against this parasite. This activity of some fungal strains has
been attributed to their production of various phytotoxic metabolites
that can inhibit P. ramosa seed germination (Zonno and Vurro, 2002;
Azam et al., 2003; Boari and Vurro, 2004; Abouzeid and El-Tarabil,
2010). Also, many rhizosphere microorganisms, such as arbuscular
mycorrhizal fungi, have been implicated in the biological control of par-
asitic weeds through a reduction in their seed germination (Lendzemo
et al., 2007; Lopez-Ráez et al., 2011). An alternative and/or complemen-
tary approach for the control of Phelipanche spp. in plants is through
genetic improvements or selection, and the use of new plant genotypes
that are resistant to these parasites (Dor et al., 2010; Gressel, 2013). 
Therefore, the present study was conducted to investigation further

methods to control the P. ramosa root parasite in processing tomato

crops. These methods included agronomic techniques, such as organic
composts (i.e., olive-mill wastewater, biostimulants), for which there
appears not to be any information on their control of P. ramosa in the
literature, and the application of inorganic sulphur and nitrogen fer-
tilisers to the soil. Also, biological techniques (e.g., F. oxysporium,
arbuscular mycorrhizal fungi) and biotechnological techniques (e.g.,
resistant plants) were used. The objectives of the present study were
to: i) determine the effects of each of the experimental treatments for
the control of P. ramosa during tomato crop stages; and ii) evaluate
their effects on the qualitative and quantitative aspects of the process-
ing tomato crop.

Materials and methods

Experimental site and treatments
This study was carried out in 2014 at the Department of Agriculture,

Food and the Environment, University of Foggia (southern Italy) (41°
27’ 27’’N; 15° 31’ 56’’E; 75 m a.s.l.). Processing tomato plants were
grown in parallelepiped pots (length×width×height, 63×32×28 cm)
that were filled with soil taken from a field that was known to be heavily
infested by P. ramosa. The pots were placed in an open field. The exper-
imental site was in a typical semi-arid zone that was characterised by
a Mediterranean climate, with mild winters and warm dry summers.
According to long-term climate data, the annual mean rainfall and tem-
perature are 526 mm and 10.9°C, respectively (Caliandro et al., 2005).
Different tomato cultivars were used, as also indicated in Table 1:

Docet, Red setter, Red setter tilling and Taylormycorrhized with Glomus
intraradices. The tomato seedlings were transplanted into pots on 8
May, 2014, at two plants per pot, in sandy-clay soil (United State
Department of Agriculture classification) with the following character-
istics: sand, 45.6%; loam, 20.0%; clay, 24.4%; organic matter (Walkley
and Black’s method), 1.30%; assimilable phosphorus, 86 ppm (P2O5;
Olsen’s method); exchangeable potassium, 1430 ppm (K2O;
Schollemberger’s method); total nitrogen, 0.89‰ (Kieldahl’s method);
pH (in water), 8.14; electrical conductivity, 0.49 dSm–1; field capacity
(–0.03 MPa), 34.9% dry weight (dw); wilting point (–1.5 MPa), 20% dw;
and bulk density, 1.38 Mg m–3. Pre-transplantation fertiliser was
applied to the soil with a distribution equivalent to 100 kg ha–1 nitro-
gen, 60 kg ha–1 P2O5 and 20 kg ha–1 sulphur. During the crop cycle, 70
kg ha–1 nitrogen was added. The source of the nitrogen was ammonium
nitrate. The irrigation schedule (i.e., times and volumes of water sup-
plied to the pots) was according to the soil water-balance approach.
Therefore, the gravimetric soil moisture was measured weekly by the
weighing of each pot, to evaluate the water depletion from the soil. The
water then supplied with the irrigation re-established the soil water
content to field capacity. The 12 experimental treatments to control the
parasitic weed were compared with untreated plants, as reported in
Table 1. A randomised block design with three replicates (pots) for
each of the treatments was adopted.
The biological control included F. oxysporum inoculum (1×106 mL–1)

alone and combined with compost, and tomato plants with mycorrhizal
fungi. This F. oxysporum used for biological control was isolated from
necrotic shoots and inflorescences of P. ramosa, collected from infested
tomato crops in the Capitanata area (Foggia province, southern Italy).
The F. oxysporum isolates were identified on the basis of their culture
and microscopic features. The reference fungal strains were main-
tained on potato dextrose agar plates and are stored at 4°C for further
studies, in the culture collection of the Department of Science of
Agriculture, Food and the Environment, of the University of Foggia,
Italy. For the mycorrhizal fungi method, the tomato roots of cv. Taylor

                   Article
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tomato plants were inoculated with a culture of G. intraradices N.C.
Schenck & G.S. Sm. directly by the nursery seedling farm. Finally, for
the resistant plant approach, a new improved tomato genotype was
used that was developed in the genetic background of cv. Red setter
tomato at the Research Centre Metapontum Agrobios, using a target-
ing-induced local lesions in genomes (tilling) platform that is used to
provide new improved tomato genotypes with particular characteristics
of interest (Minoia et al., 2010; Silletti, et al., 2013). This new cv. Red
setter tilling was improved through the reduction in the synthesis of
the plant hormone strigolactone, which leads to greater tolerance of the
tomato plants to infection with P. ramosa. For the chemical method,
only the fumigant EnzoneTM soil fumigant (Elliott Chemicals Ltd.,
Auckland, New Zealand) was tested. EnzoneTM (Elliott Chemicals Ltd.)
is a solution of sodium tetrathiocarbonate that was applied 60 days
prior to seedling transplantation into the soil.
Throughout the tomato crop cycle, P. ramosa infestation was

assessed according to the number of emerged shoots (branched plants)
in each pot at 70, 75, 81 and 88 DAT. Moreover, considering that part of
the water and mineral nutrients move from the host to the parasite, a
chlorophyll meter [soil-plant-analysis-development (SPAD); Minolta
Camera Co. Ltd., Osaka, Japan] was used to estimate the nutritional
status of the tomato plants (Yang et al., 2014). The SPAD values were
read at the centre of each leaflet of the third fully expanded leaf blade
of the tomato plants, at 53 DAT and 76 DAT, for all of the treatments that
were compared. In addition, the SPAD values were determined sepa-
rately at 53 DAT on 12 parasitised and 12 non-parasitised plants.

Tomato plant and fruit characterisation
The tomato fruit were harvested at full-stage maturity on 8 August

2014, when the marketable yield (MY, kg pot–1) from each pot was
measured. On a sample of 10 fruit, the following major quantity-quality
yield parameters were determined: mean weight (in g), soluble solids
content when fresh (in °Brix), and dry matter content (as % fruit fresh
matter) (AOAC, 1990). The colour index (Jiménez-Cuesta et al., 1981)
and the L coordinate (Francis and Clydesdale, 1975; Favati et al., 2009)
were measured using a spectrophometer (CM-700d; Minolta Camera
Co. Ltd.), on four randomly selected areas of the fruit surface.

Statistical analysis
The whole dataset was tested according to the basic assumptions for

the analysis of variance (ANOVA). The normal distribution of the

experimental error and the common variance of the experimental error
were verified through Shapiro-Wilk and Bartlett’s tests, respectively.
The differences between the means were determined using Tukey’s
test at the 5% probability level. The ANOVA for quanti-qualitative
parameters was only carried out on cv. Docet.
Due to the correlations observed among the different quanti-qualita-

tive parameters of the tomato fruit, these were jointly considered in a
multivariate approach, and were processed statistically for principal
component analysis (PCA). Before performing the PCA, the values of
each parameter were standardised. A factorial analysis was also per-
formed on the PCA values, using the varimax method. All of the graph-
ical representations were carried out using the SigmaPlot software
(Systat Software, Chicago, IL, USA).

Results

Climate conditions of the experimental site
The 10-day (decade) mean climate parameters recorded during the

2014 growing season are reported in Figure 1. The mean temperature
increased almost linearly through the summer, from 15.1°C on 1 May,
to 24.2°C on 1 August. Through the season, the total evaporation varied
from 35 mm to 60 mm, while the total rainfall was only high in the sec-
ond decade of June, with 50 mm recorded.

Effects of treatments on the control of Phelipanche
ramosa
The early emerged shoots appeared at 53 DAT on cv. Docet treated

with sulphur. As shown in Figure 2, P. ramosa shoots were detected for
almost all of the tested treatments. There were no significant differ-
ences among the treatments for 70 DAT and 75 DAT, whereas signifi-
cant differences were seen at 81 DAT and 88 DAT. At the end of the crop
cycle (88 DAT), the mean numbers of P. ramosa shoots varied from 5.0
to 19.7 according to treatment. In comparison with the untreated con-
trol, reductions of 68.1%, 61.7%, 49.0% and 59.8% were recorded for
treatments T5, T7, T10 and T11, respectively. For the Red setter and Red
setter tilling cultivars (T6, T8, respectively) there were significantly
more emerged shoots of P. ramosa at 88 DAT in each pot with T6 than
T8 (8.7±0.21 vs 16.3±2.9; P≤0.05), while for T9 (cv. Red setter) there was
a mean of 11.0±3.1 emerged shoots at 88 DAT (data not shown).

                                                                                                                                 Article

Table 1. Treatments performed in this study.

Cultivar      Treatment                                                                                                                                                                                      Code

Docet              Fusarium oxysporum isolated from diseased Phelipanche ramosa tubercles at 1×106 CFU mL−1, 7 days before seedling transplantation           T1
Docet              Olive-mill wastewater at 80 m3 ha−1 (in agreement with Italian law; Italian Regulation, 1996), 60 days before seedling transplantation                T2
Docet              Olive-mill wastewater (160 m3 ha−1), 60 days before seedling transplantation                                                                                                                      T3
Docet              Sumus organic fertiliser of a manure mixture of cattle, poultry and domestic stallatic (3.3 t ha−1), 7 days before seedling transplantation        T4
Docet              Root soaked in concentrated Radicon® (Radicon, Inc.) at transplanting time and during the first three irrigations (as 1.5% solution)                T5
Docet              Compost inoculated with F. oxysporum at 1×106 CFU mL−1 (4.0 t ha−1), 7 days before seedling transplantation                                                          T7
Docet              Sulphus [8 t ha−1 of Grenver Zolfo 87; Cifo s.p.a, S. Giorgio di Piano (BO), Italy] incorporated before seedling transplantation                            T10
Docet              Nitrogen fertiliser, with nitrogen (80 kg ha−1 ammonium sulphate), before seedling transplantation                                                                            T11
Docet              EnzoneTM (Elliott Chemicals Ltd.) (261 g ha−1 sodium tetrathiocarbonate) incorporated 60 days before seedling transplantation                       T12
Docet              Control, no treatment                                                                                                                                                                                                                            T13
Red setter       Control                                                                                                                                                                                                                                                       T6
Red setter      A tomato cultivar obtained with tilling (targeting induced local lesions in genomes) technology
tilling                                                                                                                                                                                                                                                                                   T8
Taylor              Mycorrhized with Glomus intraradices                                                                                                                                                                                              T9
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Effects on the nutritional status of the tomato plants
As shown in Figure 3, at the early stage of the tomato crop cycle (53

DAT), when it was possible to differentiate between uninfected and
infected plants, the mean leaf chlorophyll (measured as SPAD) of the
uninfected tomato plants (49.3±4.7) was significantly greater than that
of the infected plants (43.2±2.3; P≤0.05).

Effects on quali-quantitative parameters
Table 2 gives the effects of the different experimental treatments on

the quanti-qualitative traits of the processing tomato cultivar Docet. For
the marketable yield of this tomato cultivar, there were no differences
among the treatments. When considering only the treatments using the
same tomato cv. Docet, where there were smaller numbers of emerged P.
ramosa shoots this resulted in numerically increased marketable yields
(by about 15%) compared to the other conditions, although this did not
reach significance among the treatments (Figure 4). The improved Red
setter tilling cultivar (T8) also gave a higher marketable yield (mean,
1.40 kg plant–1) compared to the derived Red setter cultivar (mean, 1.15
kg plant–1), which was related to the lower parasitic infection (data not
shown). For the different parameters of the tomato fruit that were
analysed for tomato cv. Docet, only the mean weight, L coordinate, and
dry matter content showed significant differences (Table 2). The mean
weight of the tomato fruit was significantly higher (P=0.05) for the
Sumus organic fertiliser treatment (Sumus Italia srl, Modena, Italy)
(T4, 63.80 g) compared to the control tomato plants (42.93 g), and was
only significantly different with respect to the treatment with the com-
post inoculated with F. oxysporum (T7, 44.90 g).
The different treatments significantly (P≤0.05) affected the L colour

parameter of the tomato fruit, with higher values for the nitrogen fer-
tiliser (T11, 41.24) and the EnzoneTM soil fumigant (Elliott Chemicals
Ltd.) (T12, 42.33) compared to the control (T13, 35.49) and the other
experimental treatments. Across all of the treatments, the mean dry
matter content ranged from 5.22% to 6.69%, and this was significantly
higher for the F. oxysporum soil treatment (T1, 6.69%) than for the low-
dose olive mill wastewater (T2, 5.31%) and the nitrogen fertiliser (T11,
5.22%). According to the PCA (Table 3 and Figure 5), the six variables
related to the qualitative traits of the tomato fruit were reduced to two
factors that explained 74.24% of the total variance. The first factor (for
39.71% of the total variance) was mainly associated with the colour
coordinate (L), the colour index, the soluble solids content, and the dry
matter content (scores, 0.649, 0.691, 0.797 and 0.668, respectively), so
this factor can be considered as a quality factor. The second factor (for

                   Article

Figure 3. Mean soil-plant-analysis-development (SPAD) values
for infected and uninfected tomato plants measured at 53 days
after transplantation. Data are means ± standard errors for plants
calculated for n=24 (12 leaves × 2 leaflets).

Figure 1. Mean temperature (T), total 10-day (decade) rainfall, and
class A pan evaporation (EV) during the tomato-growing season.

Figure 2. Number of emerged shoots of Phelipanche ramosa at
70, 75, 81 and 88 days after transplantation (DAT) in each pot,
for the different treatments (see Table 1). Values with different let-
ters on cumulative values of each DAT and for each treatment are
significantly different at P=0.05 (Tukey’s test).

Figure 4. Relationship between tomato relative marketable yield
and number of emerged Phelipanche ramosa shoots at 88 days
after transplantation. Data are means ± vertical and horizontal
standard errors (n=3).
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34.53% of the total variance) was mainly related to the mean mar-
ketable yield and the mean fruit weight (scores, 0.84 and 0.85, respec-
tively), and thus it can be considered a quantity factor. For the quality
factor (i.e., factor 1), the means were significantly higher for T1, T5 and
T13 (Figure 5). These treatments thus show good qualitative effects on
the tomato fruit, particularly compared to treatments T2, T7 and T12. For
the quantity factor (i.e., factor 2), there were positive effects of T4, T10
and T11 on this qualitative component, compared to the control treat-
ment (i.e., T4, T10 and T11 are positioned distant from T1, T5 and T13)
(Figure 5). Thus, in general, the PCA allowed differentiation between
two groups of the experimental treatments: the first (T1, T5 and T13)
positively influenced the quality of the tomato fruit, while the second
(T4, T10 and T11) positively influenced the yield components.

Discussion

Significant effects for the reduction of the total number of P. ramosa
plants were observed for the treatments with the Radicon® biostimu-
lant (T5) (Radicon, Inc., Elk Grove Village, IL, USA), the compost inoc-
ulated with F. oxysporum (T7), and the addition of nitrogen (T11) or sul-
phur (T10), compared to the control (T13). The Radicon® (Radicon,
Inc.) biostimulant (T5) is a suspension-solution that contains humic
substances, and when this was applied to the soil, there was a marked
reduction in the number of shoots of the parasitic P. ramosa that
emerged. In terms of the specific effect of this biostimulant in the con-
trol of P. ramosa, there are at present no indications reported in the lit-
erature. However, it has been demonstrated that such humic sub-
stances can influence the physical, chemical and biological properties
of soil, to sustain plant growth, and to affect the root exudation profile,
and the primary and secondary root metabolism (Canellas and
Olivares, 2014). Therefore, the reduction in the P. ramosa parasite inci-
dence by application of this natural stimulant Radicon® (Radicon,
Inc.) into the root zone might be due to a mechanism that includes neg-
ative effects on P. ramosa seed germination. In this regard, it has been
reported that certain natural amino acids introduced into a crop rhizos-
phere can result in severe physiological disorders of the germination of
P. ramosa seeds, with a reduction seen for the number of developing
tubercles of this parasite (Vurro et al., 2005). Therefore, the use of
organic products in the open field, such as Radicon® (Radicon, Inc.),
as well as ensuring good organic nutrition for the tomato crop, which
can reduce shoots emergence of P. ramosa, should be promoted for
organic cultivation. 
For the biological method where the soil was treated directly with F.

oxysporum isolated from diseased P. ramosa plants as the only agent
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Figure 5. Principal component analysis of the qualitative param-
eters of the tomato fruit. Data are means ± standard errors (n=3).
MY, marketable yield; MW, mean fruit weight; CI, colour index
(a/b ratio); SSC, soluble solids content; DM, dry matter; L, color
coordinate; T1-T13, treatments.

Table 2. Quanti-qualitative traits of the single tomato cultivar fruit under the different treatments.

Parameter                                                                                                        Treatments                                                                   Sign.
                                                  T1                T2                T3                T4                 T5                T7              T10             T11              T12             T13           

Marketable yield (kg plant−1)°   1.67±0.17        1.63±0.10       1.44±0.12        1.73±0.09         1.77±0.06        1.53±0.07      1.80±0.15     1.68 ±0.17      1.25±0.18      1.21±0.15      ns

Mean fruit weight (g)                51.33±0.79ab   51.43±1.77ab   60.10±0.68a     63.80±2.77a     50.16±5.03ab   44.90±3.78b  61.50±4.13a  59.60±3.20a  49.96±2.45ab 42.93±1.27b   ***

Colour coordinate (L)              38.86±0.63ab   39.63±0.41ab  39.46±1.08ab   40.42±1.36ab    39.98±1.09ab   42.20±1.00a  40.93±1.89ab 41.24±1.40a   42.33±0.80a  35.49±2.08b     *

Colour index (a/b ratio)              1.11±0.04        1.06±0.04       1.05±0.03        0.99±0.11         1.08±0.07        1.10±0.05      1.03±0.09      1.13±0.02      0.96±0.11      1.10±0.04      ns

Soluble solids content (°Brix)  4.36±0.13        3.63±0.33       4.36±0.14        3.93±0.17         4.26±0.43        3.76±0.14      4.00±0.15      4.46±0.26      3.96±0.03      4.53±0.12      ns

Dry matter (% fresh matter)     6.69±0.27a       5.31±0.21b     5.95±0.03ab     5.59±0.16ab      6.17±0.33ab     5.63±0.25ab   5.85±0.30ab   5.22±0.05b    5.81±0.15ab   6.13±0.27ab    **
°Marketable yield data are means±standard error, as measured from 6 plants (2 plants per pot × 3 replicates); other data (Mean fruit weight, Colour coordinate, Colour index, Soluble solids content and Dry matter) are means
± standard error, as measured from 30 marketable fruit (10 fruit per pot × 3 replicates). a,bMeans followed by the same letters in each row are not significantly different (P=0.05, Tukey’s test); ns, F test not significant; *F test
significant at P<0.05; **F test significant at P<0.01; ***F test significant at P<0.001.

Table 3. Varimax rotated factor matrix of the principal compo-
nent analysis.

Original variable                           Factor 1                    Factor 2

Marketable yield                                             0.008                                   0.841

Mean fruit weight                                         −0.152                                 0.852

Colour coordinate (L)                                 −0.649                                 0.197

Colour index (a*/b* ratio)                          0.691                                 −0.002

Soluble solids content                                  0.757                                   0.104

Dry matter                                                       0.668                                   0.163

Percentage explained variation                   39.71                                   34.53
Cumulate explained variation                      39.71                                   74.24
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used (T1), this did not show any reduction in the number of P. ramosa
shoots. In contrast, for the treatment with the compost activated by F.
oxysporum (T7), this was efficient in reducing infection, through min-
imising the number of parasitic shoots on the host tomato plants. This
might be due to an additive effect of the organic compounds and the
soil-borne F. oxysporum fungi on the seed germination of the P. ramosa
parasite. This is in agreement with earlier studies that examined F.
oxysporum (Abouzeid et al., 2004; Magdoff and Weil, 2004; Rubiales,
2012).
As agronomic management practices, high levels of nitrogen fertilis-

er (80 kg ha–1 nitrogen, in addition to normal fertilising) or sulphur fer-
tiliser (8 t ha–1 sulphur) applied prior to transplantation of the tomato
seedlings showed suppressive effects on the germination, and conse-
quently the infestation rates, of the P. ramosa. Similar results were
reported in previous studies on tomato (Mariam and Rungsit, 2004)
and on eggplant and potato (Haidar and Sidahmed, 2006).
The cv. Red setter tilling (T8) promoted lower numbers of emerged

shoots of the parasitic P. ramosa than for cv. Red setter (T6). This strat-
egy for resistance to P. ramosa was also proposed as an alternative
approach by Qasem and Kasrawi (1995).
In the present study, the use of tomato plants of cv. Taylor colonised

by mycorrhizal fungi (T9) did not provide any reduction in the P. ramosa
parasite compared to the control plants. These results are in contrast
with other studies on tomato that have shown lower germination of P.
ramosa parasite seeds due to the lower amounts of stigolanctones in
the root exudates of the colonised plants (Joneyama et al., 2009;
Fernandez-Aporicio et al., 2009). This difference might be due to differ-
ent types of stigolanctones and different quantities that are produced
by any single plant species, and also by the different varieties within
the same species (El-Halmouch and Thalouam, 2006; Lopez-Ráez et al.,
2008; Awad et al., 2006; Xie et al., 2007). 
Considering the well-known relationship between SPAD values and

nutritional status of plants (especially for nitrogen) (Dwyer et al., 1995;
Giunta et al., 2002; Miceli et al., 2009), the higher SPAD values of the
uninfected tomato plants that were seen at 53 DAT, with respect to
those that were infected, confirm the stress status induced in these
parasitised tomato plants. The loss of this significant difference in the
SPAD value for the late tomato growing period (i.e., at 76 DAT) can be
ascribed to the effects of the different genotypes used in this study and
the growth stage of the tomato crop, which corresponds to the senes-
cence phase. This will be because chlorophyll might be related not only
to direct nitrogen adsorption by the plants, but also to numerous envi-
ronmental factors (e.g., drought conditions, low temperatures) and
physiological factors (e.g., disease, stress of various kinds), and also
the different responses of the different cultivars.
Some positive marketable yield results were obtained considering

only the homogeneous treatments with the same cv. Docet. Similar
results have also been reported for processing tomatoes in another
study (Montemurro and Fracchiolla, 2013). Also, tomato cv. Red setter
tilling gave a higher marketable yield than cv. Red setter, in agreement
with the lower parasitic attack on the plant. This higher marketable
yield appears to be mainly due to the higher mean weight of the fruit.
For the other fruit characteristics, in general, significant differences
were noted only for the colour and the dry matter content. 

Conclusions

In view of the importance of processing tomatoes as a major cash
crop for farmers and the heavy losses in the field that are mainly due
to P. ramosa infestation in the Apulia region (southern Italy), it is very
important to select the best method for the control of this harmful

weed. The search for sustainable methods for controlling this parasite
has also become increasingly important.
The main conclusion that can be drawn from the present study is the

demonstration that no single technique provides complete control of P.
ramosa, and that it is thus not possible to avoid resorting to these meth-
ods. Indeed, some of these methods are particularly suitable, such as
soil application of the Radicon® biostimulant (Radicon, Inc.), high lev-
els of nitrogen or sulphur fertilisers, compost activated with F. oxyspo-
rum, and the use of resistant tomato cultivars. These appear to be the
most effective methods for the reduction of infestations of this P.
ramosa parasitic weed for processing tomato crops. It can also be
assumed that these beneficial effects can be improved by combining
some of these treatments with each other, especially in terms of provid-
ing a gradual and continuing reduction of the seed bank of the P.
ramosa parasite in the soil.
Based on the results of the present study, we would suggest that the

agronomic, biological and biotechnological methods that preclude
chemical contamination and are suitable also for organic crop systems
are the appropriate methods to reduce the risk of P. ramosa infestation.
However, more investigations need to be carried out with further inte-
grated methods for the control of this P. ramosa parasite in processing
tomato crops.
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