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REVIEW ARTICLE

Worldwide potential insect vectors of Xylella fastidiosa and
assessment of their importance with a focus on Morocco

N. Haddad?, M.C. Smaili'*, M. Afechtal’, V. Cavalieri?, R. Benkirane?, K. El Handi*
and R. Abou Kubaa3

Abstract In Morocco, the climate conditions are favorable for the establishment and the spread of
Xylella fastidiosa (X.f). However, the successful establishment of the bacterium depends on many fac-
tors; mainly: bacterial subspecies and sequence type, host plants susceptibility, feeding behavior and
transmission efficiency of the insect vectors. Knowledge of the relationship between the bacterium-
affected crop agro-ecosystem and potential insect vectors is of crucial importance. In this work, we list
the tritrophic interaction X.f-host plants-insect vectors that occur worldwide in order to apply it to the
current situation in Morocco and for risk analysis on the bacterium in the country. Two most relevant
X.f subspecies of the bacterium (in terms of impact on crops) were considered, namely, subsp. fastid-
iosa and subsp. pauca. Based on the international literature and public databases, the majority of the
X.f-insect vectors are comprised in two families: Cicadellidae and Aphrophoridae. Among all cicadel-
lid species recorded, a high number had the capacity to transmit X.fto hosts in America while this abil-
ity is null for other regions (except Graphocephala versuta Say (Hemiptera: Cicadellidae) recorded in Al-
geria). In Morocco, none of the cicadellid genera reported worldwide as vectors of X.f, have been so far
reported, whereas many species of spittlebugs and leafhoppers are present. Philaenus tesselatus Me-
lichar (Hemiptera: Aphrophoridae) is highly abundant in Morocco and could play a role as potential
vector in case the bacterium is introduced in the country. With regard to the X.fhosts, citrus, olive, al-
mond and grapevine, forest agroecosystems and oleander are considered the main susceptible spe-
cies present in Morocco.

Additional keywords: Graphocephala versuta, Philaneus tesselatus, spittlebugs, subspecies fastidiosa, subspe-
cies pauca, Xylella fastidiosa, X.f potential vectors

Introduction

Agriculture plays a key role in socio-eco-
nomics and a significant role in improv-
ing the food security situation in Moroc-
co. In the country, approximately the half
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area (43%) of arable land is devoted to ce-
reals, which are located in rained zones and
grown in rotation with other annual crops
(e.g. beans, chickpeas, and lentils). Howev-
er, olive, citrus, almond, and grapevine are
among Morocco’s leading agricultural prod-
ucts in terms of size of area and/or value.
Other major agricultural crops in the coun-
try are mainly, pome and stone fruits, open
field vegetables (e.g. tomatoes, potatoes,
etc.) and other industrial crops, mainly in
commercial greenhouse (e.g. cucumbers,
peppers, blueberries, flowers, etc.). These
crops are mainly located in the irrigated pe-
rimeters. All crops are located, mostly in the
Center, western and northern parts of the
country. However, many parameters that af-
fect the annual production are needed to be
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taken into account in the near future, main-
ly technology development, adoption level
and climatic conditions often characterized
by their variation. In addition to water scar-
city and climate change concerns, the dis-
ease threat from Xylella fastidiosa (X.f) (Xan-
thomonadaceae, Gamma proteobacteria) is
maybe one of the most relevant concerns
for crops that growers may face in the coun-
try.

Xylella fastidiosa is a xylem-restricted
pathogenic, gram-negative bacterium, ini-
tially restricted to the American continent
(Hopkins and Purcell, 2002). The main re-
ported diseases for the bacterium include
Olive quick decline syndrome (OQDS), Cit-
rus variegated chlorosis (CVC), Pierce’s dis-
ease (PD) in grapevine, Almond leaf scorch
disease (ALSD) and Oleander leaf scorch
disease (OLSD). Xylella fastidiosa is divid-
ed into three main groups of subspecies
with allopatric distribution: X.f subsp. fasti-
diosa (X.£.f), X.f subsp. multiplex (X.f.m) and
X.f subsp. pauca (X.fp) (Nunney et al., 2012,
2019; Coletta-Filho et al., 2020). This bacte-
rium was firstly identified as X.f. associated
with PD with high impact and devastating
consequences on the southern California
grape industry (Chang et al., 1993; Galvez et
al., 2010; Sanscartier et al., 2012). Xylella fas-
tidiosa subsp. pauca is also associated with
different crops, causing several diseases:
CVC is the most devastating disease, show-
ing a high incidence on the citrus industry
in Sao Paulo, and affecting almost 100 mil-
lion of sweet orange trees (Coletta-Filho et
al., 2020). In Medicago sativa plants, X.f in-
fection induces hypersensitive-response-
like symptoms (Abou Kubaa et al., 2019). In
2013, this bacterium was first reported in Eu-
rope and well characterized as X.f.p associat-
ed with leaf scorching with severe dieback
and desiccation in olive causing OQDS in
Apulia region (south of Italy) (Saponari et al.,
2013, 2017). A recent study demonstrated
the physiological response to X.f infections
by measurements of stomatal conductance
and stem water potential in the infected ol-
ive trees (Surano et al., 2022).

Xylella fastidiosa has a wide range of

host plants infecting about 655 plant spe-
cies (EFSA, 2022). Estimations in EU indicate
that X.f has the potential of causing a 5.5 bil-
lion Euros of annual production loss once it
is full spread across the entire EU. This would
threaten more than 300.000 jobs across EU
currently involved in that production. The
economic threat of X.fis not limited to pro-
ducers but should be contextualized as a so-
cietal problem (Schneider et al., 2021).

In an open field crop or natural agro-
ecosystems, the natural spread of X.f occurs
in two main ways: (i) long-range transport
of the infected plant (or part of the infect-
ed plant) and (ii) local and regional spread
which can occur by an insect vector. For lo-
cal spread, X.fis transmitted to host plants by
specialized insect vectors belonging to or-
der Hemiptera, suborder Auchenorrhyncha,
more specifically spittlebugs (Aphrophori-
dae), sharpshooter leafhoppers (Cicadelli-
dae, subfamily Cicadellinae), treehoppers
(Membracidae) and Cicadas (Cicadidae and
Tibicinidae), which feed on xylem sap (Janse
and Obradovic 2010). Natural transmission
of X.f by insects is considered the main fac-
tor in local dissemination and appears to be
the most critical threat for X.f establishment
and spread in Europe. When this pathogen
overwinters in the xylem of the host plant,
the long-distance spread is likely related
to the movement of infected plant materi-
al (Chatterjee et al., 2008; EFSA, 2018). When
the bacterium is introduced into a new envi-
ronment with well-suited abiotic conditions,
it requires the presence of efficient vectors
to establish and spread (Fereres, 2015).

The favorable factors that may cause a
high risk of X.f-epidemic disease include: the
presence of an efficient vector, favorable cli-
matic conditions and the presence of a suit-
able host plant. This highlights the risks as-
sociated with the unintended introduction
of organisms, e.g. subspecies of X.f, into new
regions. In the case of the Mediterranean
basin countries, particularly Morocco, they
are at high risk for the arrival and establish-
ment of this bacterium (Frem et al.,, 2020).
Knowledge of potential insect vectors in as-
sociation with the disease produced in the
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host crops is of crucial importance for dis-
covering emergent pathogens. The poten-
tial insect vectors of X.f around the world
have been reviewed, except for North Afri-
ca (Cornara et al., 2019; Di Serio et al., 2019).
In North America and South America, sharp-
shooter species are considered the main
vectors of X.f that cause several serious dis-
eases like PD on grapevine and CVC on cit-
rus. In citrus orchards affected by CVC dis-
ease in Argentina, eleven leafhopper and
treehopper species were tested positive for
X.f by molecular assays (Dellap et al., 2016).
In Italy, three spittlebugs, Philaenus spumari-
us (Linnaeus), Philaenus italosignus Drosopo-
ulos & Remane, and Neophilaenus campestris
Fallén (Hemiptera: Aphrophoridae) demon-
strated the ability to transmit X.f in the field
(Cavalieri et al., 2019; Panzavolta et al., 2019).
However, the two widespread species in It-
aly and other southern European countries
are P. spumatrius and N. campestris (Lopes et
al., 2014; Morente et al., 2018; Thanou et al.,
2018; Tsagkarakis et al., 2018; Bodino et al.,
2019; Theodorou et al., 2021), in which P. spu-
marius alone is the main vector associated
with OQDS in olive orchards in the south of
Italy (Saponari et al.,, 2017). Moreover, a re-
cent survey conducted in Basilicata Region,
Italy demonstrated that a P. spumarius, N.
campestris, Lepyronia coleoptrata Linnaeus
(Hemiptera: Aphrophoridae) and Cicadella
viridis (Linnaeus) (Hemiptera: Cicadellidae)
were the potential vectors of X.f captured
in that region (Trotta et al, 2021). A recent
review describes control attempts and cur-
rent management of X.f in olive, including
control of the vector P. spumarius (Morelli et
al., 2021). In addition, subspecies of X.f have
been well described considering plant dis-
eases and sequence type, but limited data is
available on subspecies of X.f, hosts and in-
sect vector interrelationships.

In Morocco, X.f is considered a quaran-
tine pest and since 2016, there has been a
crop-agroecosystems insurance program to
help producers in coping with the risk relat-
ed to the national X.f (ONSSA, 2016; Afech-
tal et al, 2018). Up to 2022, the bacterium
has not been detected in Morocco, thus

© Benaki Phytopathological Institute

the country remained X.f-free (EI Handi et
al., 2022). However, limited data is available
on the relationship between worldwide po-
tential insect vectors and plant heritage in
North Africa, particularly in Morocco. The
ability to carry out rational control strategies
against X.f depends mainly on the knowl-
edge and analysis of the risk assessment of
worldwide potential insect vectors in the
context of Moroccan crop agro-ecosystems.
This study aims to give recent data and ana-
lyze the threat of the occurrence and inter-
action between the potential insect vectors
with X.f around the world, including Ameri-
ca, Europe, Asia and North Africa, in compar-
ison with Morocco. This may provide prom-
ising prospects on how we could manage
the bacterium-affected crop agro-ecosys-
tem threat in Morocco.

Materials and Methods

1. Literature search

Available information on the main po-
tential insect vectors of X.f associated with
different plant species, including crops
worldwide were retrieved upon the con-
sultation of public databases ZENEDO (i.e.
https://zenodo.org/record/3775537#.YitG-
GXrMKUI) and through a literature search of
articles published from 90's to 2022. For this,
we used databases of EFSA (https:/www.
efsa.europa.eu/en/efsajournal/pub/5736),
EPPO (www.eppo.org), Scopus (www.sco-
pus.com), Springer (https:/link.springer.
com) and Google Scholar (https://scholar.
google.com).

2. Data analysis
Global species distribution was divided
into five main areas: America (North Amer-
ica and South America), Europe, Asia, and
North Africa and for comparison Morocco
(including the data previously collected in
Morocco). The collected data were summa-
rized as a data matrix including the follow-
ing generated variables:
- Insect species belonging to the Cicado-
morpha infraorder were categorized as:
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a) main vector: the insect can transmit
the bacterium to the plant in the natural
conditions and induce disease that results
with symptoms on the plant or the tree af-
ter infection, in situ, b) competent vector:
the insect can transmit the bacterium to
the plant and may induce symptoms on
the plant or the tree after infection only
in semi-field and laboratory conditions, )
potential insect vector: insect may be able
to acquire and/or to transmit the bacteri-
um.

- Phylogeny diagram of all recorded species
groups.

- Host plants: the main host plants of vec-
tor or potential vector insects; monocot-
yledonous and dicotyledonous in ground
cover and shrub tree crops.

- Acquisition (Acq): number of the potential
insect vector individuals that are able to
acquire the bacterium from X.f-symptom-
atic plant divided by the total number of
all specimens tested. Under laboratory
conditions with three levels: Acg-lab: the
insect acquires the bacterium; Acg-no lab:
the insect does not acquire the bacteri-
um and Acg-un lab: unknown information
or no available data on insect acquisition.
Under field conditions: Acg-field: the in-
sect acquires the bacterium; Acg-no field:
the insect does not acquire the bacterium;
and Acg-un field: unknown information or
no available data.

- Transmission (Tra): number of the potential
insect vector individuals that are able to
transmit X.fin the plant after acquiring the
bacterium divided by the total number of
individuals tested. Under laboratory con-
ditions: Tra-lab: the insect can transmit
the bacterium; Tra-no lab: the insect can-
not transmit the bacterium; and Tra-un
lab: unknown information or no available
data. Under field conditions:Tra-field: the
insect can transmit the bacterium; Tra-no
field: the insect cannot transmit the bac-
terium and Tra-un field: unknown informa-
tion or no available data.

- Nature of X.f subspecies transmission: the
subspecies X.f transmitted by the poten-
tial insect vector.

For some variables (e.g., species catego-
rized, Acq, Tr), the number was determined
and a percentage was calculated as the
number of species reported for the param-
eter over the total number reported in the
region. The data collected from these vari-
ables’ determination, were used to gener-
ate graphs.

Results

In this study, a total of 218 species of Cica-
domorpha were recorded as potential in-
sect vectors of X.f, worldwide (Table S1). In-
fraorder, subfamilies, families and genera of
these species, ordered phylogenetically are
given in Figure 1. The largest numbers of
genera were found to belong to four families
Cicadellidae (40 genera, 79 species), Aphro-
phoridae (9 genera, 38 species), Membraci-
dae (16 genera, 27 species), and Tibicinidae
(8 genera, 47 species). The number of gen-
era does not exceed two for other families.
In Morocco, only 6 X.f potential insect vec-
tors were recorded. The highest number
(70) of X.f potential insect vectors belonging
to Cicadellidae was identified in the Ameri-
ca compared to Europe (7) and other areas
(<5). However, the number of Aphrophori-
dae species recorded was higher in Europe
(29) than in America (9), Asia (6), North Africa
(9), and Morocco (6). The numbers of known
potential insect vectors of X.f with the ca-
pacity to acquire and transmit the bacteri-
um are provided in Figures 2 and 3. Among
all identified X.f-potential insect vectors,
only four families contain high numbers of
species that have the capacity to acquire
and to transmit the bacterium from the in-
fected plant: Cicadellidae, Aphrophoridae,
Clastopteridae and Membracidae. In terms
of species able to acquire and transmit X.f,
numbers were higher in America compared
to the other areas: for cicadellids (51 and 43,
respectively) and for membracids (13 and 2,
respectively). These numbers were variables
for Aphrophoridae (1 and 5) and for Clastop-
teridae (4 and 1).

Regarding the capacity to acquire X.f,

© Benaki Phytopathological Institute
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Figure 1. List of worldwide potential insect vectors of Xylella fastidiosa: infraorder, subfamilies, families and genera or-
dered phylogenetically, in America, Europe, Asia, North Africa and for comparison with Morocco. Histogram with number of
potential insect vectors of X.f for each family.
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Figure 2a. Worldwide potential insect vectors of Xylella fasti-
diosa: Number of known species that able to acquire bacteri-
um in the field and in the laboratory in America, Europe, Asia
and North Africa and for comparison with Morocco. (Acq) Ac-
quisition, (Tra) Transmission; (lab) laboratory, (un) unknown,
(no) cannot.
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Figure 3a. Worldwide insect vectors of Xylella fastidiosa:
Number of known species that able to transmit the bacteri-
um in the field and in the laboratory in America, Europe, Asia
and North Africa and for comparison with Morocco. (Acq) Ac-
quisition, (Tra) Transmission; (lab) laboratory, (un)unknown,
(no) cannot.
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Figure 2b. Worldwide potential insect vectors of Xylella fasti-
diosa: Number of known species that able to acquire bacteri-
um in the field and in the laboratory in America, Europe, Asia
and North Africa and for comparison with Morocco. (Acq) Ac-
quisition, (Tra) Transmission; (lab) laboratory, (un) unknown,
(no) cannot.
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quisition, (Tra) Transmission; (lab) laboratory, (un)unknown,
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the cicadellids species number was high-
er in America compared to other areas, in
the laboratory (36) and in the field (41). This
number does not exceed two in laborato-
ry conditions in Asia and one for North Af-
rica. Among all cicadellid species, we iden-
tified a high number of species that able to
transmit X.f to the host in America with 40
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and 15 species under laboratory conditions
and in the field, respectively. This number
was 2 for Asia under laboratory conditions
and one for North Africa. For aphrophorid
species, the number of species that able to
acquire X.f was very low in America (5) and
Europe (3) either in the laboratory or in the
field. This number does not exceed two in
other areas. Even in America, among all aph-
rophorids, the number of species that able
to transmit X.f ranged from two to five un-
der laboratory conditions. However, only
one species has the capacity to transmit this
bacterium in the field in each region About
50% of all cicadellid species have no infor-
mation related to their capacity to acquire
and transmit X.f. In America, two Membraci-
dae species can acquire X.f while only one
species transmits the bacterium to crops.
Many species with unknown information re-
lated to their capacity to acquire and trans-
mit X.f were recorded. Few data has been re-
ported on the tritrophic interaction X.f-host
plant-insect vector, provided in Table S2.

Discussion

Xylella fastidiosa remains a major disease
because it threatens natural areas and the
horticultural, agricultural, and forestry sec-
tors as a recognized agent of many serious
and economically important diseases of
crops and landscape plants (Almeida et al.,
2014). Morocco is among the Mediterranean
countries of high risk for arrival, establish-
ment, and spread of this bacterium (Afech-
tal et al., 2018; Frem et al., 2020). The most
economically known insect-borne diseas-
es (e.g. OQDS) in Europe from Cicadomor-
pha, particularly P. spumarius, are linked to
the bacterium X.f(Saponari et al., 2017). High
numbers of X.f-potential insect vectors were
identified for only two families; Cicadellidae
and Aphrophoridae. For comparison, only
six aphrophorids were recorded for Moroc-
co.

Cicadellid species were the main vec-
tor of X.fin America. Twelve leafhopper spe-
cies are known to be vectors of CVC in Bra-
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zil (Lopes, 1996; Gravena et al.,1998; Parra et
al., 2003) and nine are the most important
sharpshooter vectors of X.f to economically
important crops in North America (Cornara
et al.,, 2019). Most Cicadellinae species have
shown the ability to acquire and transmit X.f
because of their xylem-fluid feeding habit
(Redak et al., 2004). The most important one,
C. viridis, was reported by current studies in
Europe (Bodino et al., 2022; Rodrigues et al.,
2023). The last survey carried out in Morocco
showed that none of the Cicadellid genera
(e.g. Cicadella, Evacanthus and Graphocepha-
la genera) has been reported as potential
vectors of X.f were found in Morocco (Hadd-
ad etal,, 2021). However, it is most important
to notice the presence of G. versuta during
the survey carried out in Algeria between
September 2013 and April 2014 (Boulaouad
et al.,, 2022). This ciccadellid is a vector of X.f
in USA (Janse and obradovic, 2010). Some
specialized phloem feeders such as leafhop-
pers, can come into contact with xylem ves-
sels and become infected (El Beaino et al.,
2014), however, we cannot consider them as
a potential insect vectors, since no current
studies have clarified there transmission of
the bacterium. This is the case of the Ameri-
can grapevine leafhopper, Scaphoideus tita-
nus Ball (Hemiptera: Cicadellidae), which is a
specialist of Vitis spp. and a true mixed xy-
lem/phloem-feeder (Chuche et al., 2017).
Few aphrophorid species are able to ac-
quire X.f, however, under field conditions;
only one aphrophorid species has the ca-
pacity to transmit this bacterium. In Amer-
ica, 12,880 insect specimens were collect-
ed in pin, red oaks in New Jersey, 1.7% were
Aphrophoridae and Clastopteridae, and
only four spittlebug species DNA tested
positive for X.f (Zhang et al., 2011). Howev-
er, in Europe, P. spumarius is the only impor-
tant insect vector involved in the ongoing
X. fastidiosa outbreak in olive groves in Ita-
ly (Saponari et al., 2017; Cornara et al., 2019).
A recent survey of potential insect vectors
in Morocco was carried out by Haddad et al.
(2021) where only two main X.f potential in-
sect vectors were recorded, P. tesselatus and
N. campestris (Hemiptera: Aphrophoridae).
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According to these authors, P. spumarius
was not found. They suggest that P. tessela-
tus should be considered as the main poten-
tial insect vector of X.f in the country. Ac-
cording to Greco et al. (2021), in areas where
the bacterium is not yet present, a qualita-
tive-quantitative study on the entomofauna
is important for the timely identification of
potential vectors and for developing effec-
tive control strategies.

In America, two Membracidae species
can acquire X.f but only one species trans-
mits the bacterium to plant. In CVC-affect-
ed citrus agroecosystems in Argentina; two
Membracidae species Cyphonia clavigera
(Fabricius) and Entylia carinata (Forster) were
tested positive for X.f (Dellape et al., 2016).
However, in transmission trials, only C. clavi-
gera successfully transmitted X.fto plants. In
addition, under field around the pin and red
oaks leaf scorch-affected agroecosystem in
New Jersey (USA), eleven treehopper spe-
cies DNA tested, were positive for X.f (Zhang
etal, 2011).

The Cicadidae are xylem-sap feeders,
and so at least in theory they are candidate
vectors of X.f. However, few studies have
been conducted on the ability to transmit
the bacterium (Paiao et al., 2002; Krell et al.,
2007). Recently, Cornara et al. (2020) showed
that no successful transmission of X.f oc-
curred using Platypedia minor Uhler and Ci-
cada orni Linnaeus (Hemiptera: Cicadidae),
infesting grapevine and olive plants. A study
by Mesmin et al. (2023) showed similar re-
sults in Corsica (France). In Tunisia, four po-
tential X.f vectors were identified recently:
namely N. campestris, N. lineatus, P. tesselatus
and P. maghresignus Drosopoulos & Remane
(Boukhris-Bouhachem et al., 2022). A new
study showed similar results for spittlebugs
community in European olive and grapevine
(Antonatos et al., 2021; Bodino et al., 2020;
2021a, b; Rodrigues et al., 2023). In Morocco,
many species with unknown information re-
lated to their capacity to acquire and trans-
mit X.f were identified. The lack of informa-
tion is due to the limited trials worldwide
on X.f-potential insect vectors. Thus, there
is a serious necessity to make supplementa-

ry surveys to get new data in the country, as
well as in North Africa.

Several pathogenic variants of the bacte-
rium have been described and categorized
by subspecies. Six subspecies are report-
ed for X.f; worldwide (Schaad et al., 2004;
Schuenzel et al, 2005; Randall et al.,2009;
Nunney et al.,2014): X.f subsp. fastidiosa, X.f
subsp. multiplex, X.f subsp. sandy, X.f sub-
sp. pauca. X.f subsp. tashke which was isolat-
ed from the ornamental tree Chitalpa tash-
kentensis (Randall et al., 2009) and finally, X.f
subsp. morus that infects Morus spp. (Nun-
ney et al., 2014, 2019). Together, these sub-
species of X.f have been reported to cause
diseases after infection on more than 655
plant species belonging to 293 genera and
88 botanic families (EFSA, 2022). However,
only two of subspecies are of worldwide im-
portant and most economically devastat-
ing; X.f subsp. fastidiosa which cause PD in
grapevine in North America and X.f subsp.
pauca which causes CVC and OQDS in South
America and in Europe, respectively (Parra
et al.,, 2003; Dellape et al., 2016; Saponari et
al., 2017). The other subspecies are associat-
ed with low economic damage.

The spread of the bacterium to forest ar-
eas could lead to an impact on oaks, elms,
maples, and other tree species known to be
affected in North America (EFSA, 2020; De-
sprez-Loustau et al., 2021). Most researches
have shown no specificity of insect vector
transmission for different bacteria geno-
typesand strains (Almeidaand Nunney, 2015;
Esteves etal., 2019; Coletta-Filho et al., 2020).
Except for the two tritrophicinteractions (X.f
subsp. pauca-olive-P. spumarius and X.f sub-
sp. fastidiosa-grapevine-sharphopper), lit-
tle specific data are available on transmitted
X.f subspecies by a confirmed insect vector.
This is the case of ALSD in California, which
is caused by the interactions of two types of
sequence of X.f subspecies; subsp fastidio-
sa (ST1) and subsp. multiplex (ST81) (Olmo et
al., 2021). The same authors reported that, to
date, ALSD affects over 81% of almond trees
and PD was widespread in vineyards across
Mallorca. However, no available data was
recorded on the role of the potential vec-
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tor of this bacterium. In addition, all knowl-
edge on Apulian OQDS outbreak should not
be generalized and applied to other patho-
systems, since Xylella-pathosystems should
be treated on a case-by-case basis (Desprez-
Loustau et al., 2021).

In Morocco, citrus, olive, almond, grape-
vine, the forest agroecosystem and olean-
der which is the main ornamental plant in
the country, are identified as at high risk to
be host plants of the bacterium. While P. tes-
selatus has not been tested for acquisition
and transmission efficiency on any crop, its
occurrence at high abundance suggest that
it could be the main potential vector of X.fin
Morocco once the latter introduced. In addi-
tion, taking into account all data which im-
plies the role of P. tesselatus in the potential
epidemiology of X.f in Mediterranean re-
gion and particularly in Morocco, it will be
essential to conduct trials to assess the role
of this spittlebug, as an insect vector, in the
spread of different subspecies of X.fin to the
main crop agroecosystems, e.g. citrus, olive,
almond grapevine, forest system and olean-
der.

Conclusions

Knowledge of relationships between X.f
subspecies and the worldwide potential in-
sect vectors is of crucial importance to un-
derstand the risk of introduction and spread
of the bacterium in new regions and coun-
tries such as in Morocco. The emergence of
serious diseases associated with X.fin differ-
ent EU countries and its easy spread to other
countries in the Mediterranean region, rep-
resents a serious threat to all potential host
species in each country. Furthermore, the fa-
vorite climatic conditions for X.f in Morocco,
suggest that the bacterium will find a suit-
able environment for successful establish-
ment. The present work highlights the main
reported diseases caused by X.f, the associ-
ated subspecies, affected crops and the typ-
ical symptoms. According to the available
data in the literature, P. tesselatus should be
considered as the main potential insect vec-
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tor of X.fin Morocco. While no data is avail-
able on the acquisition and transmission
efficiency of P. tesselatus to any crop, this in-
sect which is already associated with sever-
al susceptible crops in Morocco could play
a major role in fast spread of X.f once intro-
duced in Morocco. Indeed, it is of crucial im-
portance to notice the presence of G. versuta
in Algeria. There is a great need to carry out
supplementary surveys on potential insect
vectors of this bacterium. In addition, there
is an urgent need to have the scientific tools
to detect quickly the occurrence of this bac-
terium in the first bacteria inoculums that
could be introduced in the near future.

Supplementary Material

Table S1. List of worldwide, families, genera,
occurrence, acquisition and transmission of
X.f, disease transmitted and host plants, vec-
tor, competent and potential vector of X.f, in-
cluding America (AM), Europe (EU), Asia (AS),
North Africa (NA) and Morocco (MO). Lab: Lab-
oratory.

Table S2. Worldwide tritrophic interaction sub-
species of X.f-host plant-insect vector.
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APOPO ANAXKOINHXHX

‘Evtopa duvntikoi @opeic tov Baktnpiov Xylella fastidiosa
MAYKOGHIWG Kal a§loAdynon tng onHaciag Toug HE EUPacn oTo
Mapodko

N. Haddad, M.C. Smaili, M. Afechtal, V. Cavalieri, R. Benkirane, K. El Handi
kat R. Abou Kubaa

NepiAnPn 1o Mapoko ot KAIATIKEG GUVBNKEG €ival EVVOIKEG yia TNV eykatdoTtacn Kat eEamwon
Tou Qutomaboyovou Baktnpiou Xylella fastidiosa (X.f). Q01d00, N EMTUXNAC EYKATAOTACN TOU BaKTnpi-
ou e€aptatatl amé mMoANOUC TApAYOVTEC Kal KUPIWE: Ta umtoeidn Tou Baktnpiou Kal Tov T0mo aAAnAou-
xiag, Tnv evalebnoia TwWv PUTWV-EEVIOTWY, TN SIATPOPIKH CUUTTEPIPOPA KAl TNV AMOTEAECUATIKOTNTA
HETAd0ONC Mo Ta EVTOMA-QOpEic. H yvwon tng oxéong Peta&l Tou aypo-olkoCUOTAMATOC TWV KAAAL-
€pyelwv mou mpooarlovtal and o BakTrpLo Kal Twv mbavwy evIopwv-eopéwy ivat 1dlaitepng on-
paciag. Ze autv TNV €pyacia, mapaBéToupe TIC TPITPOPIKEG aAAnAembpdoelc X.f — puTa EevioTEG -
€VTOUA QOPEIC, ol ommoieg epgavifovTal TAayKOOUIWG, e 0TOXO TNV a&lomoinor Toug 0TV TPEXOUoa Ka-
Ta0Taon 0To Mapoko Kat yla Thv avdAuon Kivouvou yla To Baktriplo oTn xwpa. E¢etdotnkav 0o mo
OxeTIkd umoeidn X.f tou Baktnpiov (6oov aQopd TIG EMMTWOELG OTIC KAANIEPYELES), CUYKEKPIUEVA, TO
unoeidoc fastidiosa kai To unogidog pauca. Me Baon tn S1ebvr BiBAoypagia kal Ti¢ dSnudoleg BATELC
dedopévwy, N MAElOVOTNTA TWV EVTOUWV-QopEwV Tou X.f avrkel og duo otkoyévelec: Cicadellidae kal
Aphrophoridae. Metaf éAwv twv €1dwv Cicadellidae mou kataypdgnkay, évag peyalog aplBudc eixe
NV IKavoTNTA va PeTadwoel To X.f o QUTA-EeVIOTEC 0TNV AlEPIKN, EVW AUTN N IKAVOTNTA ival unde-
VIKN yla AN TTEPLOXEC (eKTOC amd To Graphocephala versuta Say (Hemiptera: Cicadellidae) mou kata-
ypagnke otnv AAyepia). 1o Mapoko, kavéva amo ta yévn tng oikoyévelag Cicadellidae mou €xouv ava-
@epOEel MayKoopiwe we Qopei¢ Tou X.f, dev éxel avapepOei PéxPL OTIYUNG EVW UTTAPXOUV TTOAAA €ibn
Cicadellidae kat Aphrophoridae. To €ido¢ Philaenus tesselatus Melichar (Hemiptera: Aphrophoridae) €i-
val o€ PeydAn agBovia oto Mapdko kat Ba umopouoe va maiel poho w¢ SuvnTIKOS PopEaG o TEPI-
TTwon mou To Baktnplo eloaxBei otn xwpa. Ooov apopd Toug duvnTikoUg EevioTég Tou X.f oto Mapo-
Ko Bewpouvtal Ta eomepId0ELdn, N N, n apuySalid, To auméAl, Ta 6ACIKA aypOOIKOCUCTHATA Kal N
TKpodAvn.
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Potential insect vectors of Xylella fastidiosa in Morocco
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Potential insect vectors of Xylella fastidiosa in Morocco
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Table S2. Worldwide tritrophic interaction subspecies of X. f-host plant-insect vector.

Subspecies of X.f
X.fmultiplex

X.fpauca
X.fpauca
X.fpauca ST13

X.fpauca ST53
X.ffastidiosa

X.ffastidiosa
X.fST1
X.ffastidiosa

Diseases
PLS

0QDs

Ccvc

0QDs
CcvC

PD
PD
PD

Insect vectors

M. cavifrons
M. leucomelas
S.sagata

P. spumatrius

P. italosignus,
N. campestris

B. xanthophis
M. leucomelas

P. spumatrius

O. nigricans
H. vitripennis

H. vitripennis
P. spumatrius

K. paulula
B. ferruginea
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SHORT COMMUNICATION

First report of prunus necrotic ringspot virus infecting rose

(Rosa spp.) in Lebanon

R. Abou Kubaa'?, E. Choueiri3, F. Jreijiri*and A. Minafra'

Summary Prunus necrotic ringspot virus (PNRSV) was detected in several rose plants showing symp-
toms of rose mosaic disease (RMD) in Begaa valley, Lebanon. PNRSV was found in 29 plants by molec-
ular and serological analyses, while other viruses associated with RMD were absent. Although PNRSV
is known to have a wide host range, the present paper reports the first occurrence of PNRSV on rose

plants in Lebanon.

Additional keywords: PNRSV, RMD, RT-PCR, Sequencing

Rose (Rosa spp.), a woody perennial flow-
ering plant, belongs to Rosa genus, in the
family Rosaceae and is considered the
most common type of flowering shrub.
More than 200 species belong to the Rosa
genus, of which more than half are poly-
ploids (Fougere-Danezan etal., 2015). Rose
is the most popular ornamental plant with
high economic and cultural importance
as garden plant and raw material in the
perfume industry in Lebanon as well as
worldwide.

Rose mosaic disease (RMD) is general-
ly caused by viruses belonging to two gen-
era (i) llarvirus [prunus necrotic ringspot vi-
rus (PNRSV) and apple mosaic virus (ApMV)]
and (i) Nepovirus [arabis mosaic virus (ArMV)
and strawberry latent ringspot virus (SL-
RSV)]. These viruses may occur in rose plants
in single or mixed infections. In general, vari-
able symptoms can be associated with RMD,
depending primarily on rose cultivars, virus
agents and environmental factors (Chen et
al., 2022). Symptoms on leaves usually asso-

' CNR Istituto per la Protezione Sostenibile delle Pi-
ante, via Amendola 122/D, 70126 Bari, Italy.

2 Department of Plant Pathology, University of Califor-
nia-Davis, Davis, CA.

3 Department of Plant Protection, Lebanese Agricultur-
al Research Institute, Tal Amara, P.O. Box 287, Zahlé,
Lebanon.

* Corresponding author: raboukubaa@ucdavis.edu
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ciated with RMD include ring spots and in-
tense yellow spots, severe distortion and
mottling, chlorotic line patterns, yellow vein
banding and puckering (da Silva et al., 2018).
Low flower production and flower deforma-
tion sometimes accompanied by reduced
size are also observed. Infected plants drop
leaves easily in autumn and become more
sensitive to cold (Cochran, 1972; 1982; Secor
etal., 1977; Thomas, 1984).

During spring 2021, RMD symptoms con-
sisting of chlorotic zigzag pattern, squiggly
discoloration with jagged edges on leaves
and/or ringspots were observed on several
red rose plants (Rosa spp.) in Douris, Zahle,
Kab-Elias and Saghbine (Begaa valley), Leb-
anon (Figure 1). Leaf samples from 29 symp-
tomatic plants were collected and subject-
ed to enzyme-linked immunosorbent assay
(DAS-ELISA) tests, using commercial anti-
bodies (LOEWE, Germany) against PNRSV,
ApMV and ArMV, which are the three most
common viruses associated with RMD
(Yardimci and Culal, 2009). Asymptomatic
rose seedlings taken from a nursery locat-
ed in Begaa Valley were included as nega-
tive controls. All symptomatic plants react-
ed positively with the PNRSV antiserum,
while ArMV and ApMV were not detected,
thus excluding the occurrence of mixed in-
fections with these viruses. The presence
of PNRSV was confirmed by RT-PCR us-



32 Abou Kubaa et al.

-

e \ ==
Ny Bl .

. . 3
d - . B
\ ¢ ¢ X
B oA - s b 4
v 8
$ -3 : >
2 e )
- .« £
” » G I

s

e, T
i

o
e P

Figure 1. Symptoms of rose mosaic disease (RMD) caused by PNRSV on naturally infected rose plants in Lebanon.

ing primers: NRSCPF3/NRSCPR4 (Malinows-
ki and Komorowska, 1998). Two amplicons
(700 bp) were selected, purified by QIAquick
PCR Purification Kit (Qiagen, Germany) and
sequenced (Macrogen, Korea) in both di-
rections. Bioinformatics tools used for se-
guence analyses and for local alignments
at nucleotide level included NCBI BLAST
tool (http://blast.ncbi.nlm.nih.gov/Blast.
cgi), BioEdit (Hall, 1999) and MEGA11 (Tamu-
ra et al., 2021) software. Sequences from the
two differentisolates showed high similarity
(99.8%) at nucleotide level.

The Lebanese isolate PNRSV-M2 was de-
posited in GenBank under accession num-
ber OM650244. Blast analysis revealed
99.2% nucleotide identity with isolates RM-2
(AY948440) and RM-5 (AY94841), two PNRSV
isolates causing oak leaf pattern and mosa-
ic symptoms on rose in India. Moreover, a to-
tal of 13 different isolates of PNRSV were ob-

tained from NCBI database in order to assess
the phylogenetic relationships between the
detected PNRSV isolate from Lebanon and
other isolates distributed all over the world.
Phylogenetic analysis clustered the Leba-
nese isolate in the same clade with the two
isolates from India (Figure 2A). These re-
sults were further confirmed by a sequence
dramatic tool (SDT) that can show pairwise
identity scores using a color-coded pairwise
identity matrix (Muhire et al., 2014). Nucle-
otide identities between PNRSV-M2 and iso-
lates from other countries are shown in Fig-
ure 2B. PNRSV has been isolated in many
rose growing regions worldwide (Rakh-
shandehroo et al., 2006). In Lebanon, PNRSV
has already been reported on peach trees
(Choueiri et al., 2001) showing high level
(61.2%) of infection.

To our knowledge, this is the first re-
port of natural occurrence of PNRSV on rose

© Benaki Phytopathological Institute
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Figure 2. (A) Phylogenetic tree of prunus necrotic ringspot virus (PNRSV) isolates constructed by the Neighbor-Joining
method using the 700 nucleotide sequences of the coat protein genes. The percentage of replicate trees in which the associ-
ated taxa clustered together in the bootstrap test (1,000 replicates) is shown next to the branches. Only node values above
50% are shown. Evolutionary analyses were conducted in MEGA11 (Tamura et al., 2021), (B) Color-coded pairwise identity
matrix generated using the Sequence Demarcation Tool (SDT) software by alignment of 700 bp fragment from CP gene of
PNRSV isolate from Lebanon and another 13 isolates distributed worldwide. Each colored square represents a percentage
identity score between two sequences. The colored scale key indicates the correspondence between the colors appeared in

the matrix and pairwise identities between isolates.

plants in Lebanon. This finding rises impor-
tant issues concerning rose production. In
fact, PNRSV is difficult to control, because it
is transmitted in several modes, mainly by
grafting (Seitadzhieva et al., 2022), by seeds
and by some pollinator insects. This is ad-
ditive to the absence of certified virus-free
plants, which is one of the main problems
in commercial rose production in Lebanon.
Phytosanitary aspects need to be addressed
in the next future to limit spread of PNRSV
and further studies need to be undertak-
en to evaluate the impact of PNRSV on rose
plants in Lebanon, as well as on other host
plant species in the country.

We would like to thank Luisa Rubino and Ma-
roun El Moujabber for their valuable sugges-
tions and technical support in this work.
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2YNTOMH ANAKOINQXH

Mpwtn ava@opd Tov 10U TNG VEKPWTIKNG SAKTUAMWTAG
KNAidwong Twv mupnvoKapmwy G€ pUTA TPLAVTAPUAALAG
(Rosa spp.) otov Aiavo

R. Abou Kubaa, E. Choueiri, F. Jreijiri kat A. Minafra

NepiAnPn O 16¢ TG vekPWTIKAG SAKTUMWTAG KNAIBWONG Twv TUPNVOKAPTIWY (prunus necrotic
ringspot virus, PNRSV) avixvelbnke o€ @uTd TpIavTa@uANdg mou ep@Aavi{av CUPMTWUATA TNG aoBé-
VELOG TOU JwodikoU TNG Tplavta@uANdc (RMD) otnv kotAdda Begaa, AiBavog. O PNRSV Bpébnke og 29
QUTA JE LOPLOKEG KOl OPONOYIKEG AVAAUDELG, EVW eV aviXVEUTNKAV AAMNOL L0i TToU OXeTI{oVTal JE TO PWw-
0aiKo TNG TPLAVTAPUANIAG. Av Kal gival yvwoTo 6Tt o PNRSV éxel eupl dopa EevioTwy, n mapoloa ep-
yaoia amotehel TRV mpwTn avapopd epgdviong tou PNRSV o gutd tplavta@uilidg otov Aifavo.

Hellenic Plant Protection Journal 17: 31-34, 2024
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Effects of adjuvants on the effectiveness and rainfastness of
rimsulfuron in potato

M.T. Alebrahim™;, E.S. Kalkhoran', R. Majd' and S.A. Khatami'

Summary Adjuvants are used with herbicides to increase their efficacy. In this study, it was demon-
strated that the application of 0.1% of the non-ionic surfactant (NIS, Contact) and 0.5 L ha™ of a crop
oil concentrate (COC, Renol) did not improve the efficacy of rimsulfuron on Amaranthus retroflexus. In
contrast, the same treatments enhanced performance and rainfastnes of rimsulfuron in Chenopodium
album. Increasing non-ionic surfactant concentration to 1 L ha™ increased rimsulfuron performance
around 10-fold for A. retroflexus compared to around 3-fold for C. album. The same treatment reduced
12-fold the rainfastness of rimsulfuron on A. retroflexus while improving 2-fold the rainfastness of rim-
sulfuron on C. album. Measured EDs, and EDg, doses of rimsulfuron indicated that the addition of the
0.2 L ha' of NIS improved the recommended (60 g a.i. ha™) and the reduced (30 g a.i. ha) dose effect of
rimsulfurom in potato crop in the field. The highest potato yield was recorded (60 tons per ha) when 60
g ai. ha™ of rimsulfuron was applied at three growth stages [leaf development (S1) + vegetatively prop-
agated organs (S4) + development of tuber (S57)] of the crop without using a NIS; not significant differ-
ences were measured when the same dose of rimsulfuron was applied at the three (51, S4, and S7) and

two (S1, S4) growth stages with NIS.

Additional keywords: chemical control, dose-response, growth stages, herbicide efficacy, surfactant

Introduction

The most important weeds in potato crop
in Iran are Amaranthus spp., Chenopodium
album L., Portulaca oleracea L., Polygonum
spp., Setaria spp., Echinochloa crus gali, Hor-
deum leporinum and Lolium spp. (Hasanina-
sab Farzaneh et al., 2018). Rimsulfuron is a
sulfonylurea herbicide (applied at both pre-
and post- emergence) which is selective and
effective in potato crop for the control of a
range of grass and broadleaved weeds ex-
cept from Solanum sarrachoides (L.) (Robin-
son et al., 1996). Pre- and post- emergence
application of rimsulforun effectively con-
trolled C. album and A. retroflexus (Tonks and
Eberlin, 2001; Alebrahim et al., 2012). On the
other hand, the intensive use of metribuz-
in has caused an increasing number of re-
sistant species (Alebrahim et al., 2012), in-
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cluding S. sarachoides and Solanum triflorum
(Eberlein et al., 1992). Also some potato cul-
tivars are not tolerant to metribuzin (Ar-
senault and Ivany, 1996).

It is generally accepted that the optimi-
zation of herbicide use allows dose reduc-
tions. To optimize herbicide use, aspects
such as the best time of application (Sa-
madi Kalkhoran and Alebrahim, 2016) and
appropriate use of adjuvants are investi-
gated and in many studies have shown ef-
ficient weed control with reduced herbicide
doses (Blachshaw et al., 2006). An adjuvant
is a biologically inert substance, but when
it is added to herbicide spraying solutions
could enhance retention, coverage, and ef-
ficacy of the applied herbicide (Green and
Beestman, 2007). Improving the penetrabili-
ty of the active ingredients will increase the
effect of herbicide and will reduce side ef-
fects risk (Penner, 2000). Numerous types of
adjuvants exist such as surfactants, oils, and
fertilizers while surfactants are classified as
non-ionic, anionic, cationic, or zwitterion-
ic ones (Schramm, 2003). Herbicide appli-
cations carry the risk of reduced efficacy if
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rainfall occurs shortly after application. Ad-
juvants would affect the herbicide’s rain-
fastness which is another reason to consid-
er when selecting an adjuvant (Kudsk et al.,
1989).

Rimsulfuron needs an adjuvant to op-
timize its efficacy and rainfastness similar-
ly to other ALS inhibitors (Green and Green
1993; Mathiassen and Kudsk, 2002; Pannacci,
2010). Since the type and the concentration
of the applied adjuvant could influence rim-
sulfuron activity, Tonks and Eberlein (2001)
applied rimsulfuron at 4 different dosag-
es (9, 18, 26, 35 g ha™) with different types
of adjuvants such as a nonionic surfactant
(NIS), a crop oil concentrate (COC), a methy-
lated seed oil (MSO), or an organosilicon sur-
factant (SIL). The mean control of the com-
mon lambsquarters (C. album) reached 75%,
regardless of the type of adjuvant or rimsul-
furon dose .

Amaranthus retroflexus and C. album are
two problematic weeds in cultivation of po-
tato (Alebrahim et al., 2012), given the lim-
ited available herbicides for their control.
Therefore, it is important to investigate so-
lutions for their effective control. The objec-
tives of the current study are to demonstrate
the efficacy and rainfastness of optimized
doses of rimsulfuron when applied together
with NIS and COC adjuvants in controlling A.
retroflexus and C. album in greenhouse and
field experiments.

Materials and methods

First outdoor pot experiment

The experiments were carried out at the
Department of Agroecology, the Universi-
ty of Aarhus, Denmark (55° 19" N, 11° 23’ E)
in 2011. Two experiments were conducted
in pots outdoors. Chenopodium album and
A. retroflexus seeds were obtained from the
seedbank of the University of Aarhus, Den-
mark. For each plant species, twenty seeds
were sown per pot in 2 L plastic pots filled
using an automatic seed sowing machine.
The potting mixture included: sandy loam
soil, sand, and peat (2:1:1 w/w/w respective-

ly, 4.2% organic matter and a pH of 6.9). The
pots were sub-irrigated five times a day by
deionized water after seedling emergence,
only four plants were kept in each pot. At
four to six-leaf growth stages, plants were
treated by the herbicide. Commercial rim-
sulfuron (Titus DF, 250 g kg') were used in
a laboratory pot sprayer equipped with two
flat-fan nozzles (4110-14; Hardi; Taastrup,
Denmark) working at 260 kpa and delivering
155.3 | ha™. Rimsulfuron was used solo and
in a mixture of surfactants. The treatments
used are shown in Table 1. The plants were
subjected to 5 mm rain at different times by
a rain simulator which was working at an in-
tensity of 9 mmh™ (Pannacci et al., 2010). A
factorial experiment with three factors was
applied: The first factor was the rimsulfu-
ron doses (seven levels: 0, 1.872, 3.75, 7.5, 15,
30, 60 g a.i. ha™ for C. album and 0, 0.2343,
0.468, 0.9375, 1.875, 3.75, 7.5 g ha™ for A. ret-
roflexus); the second factor was the type of
surfactant (two levels: Contact (@ non-ion-
ic surfactant, 980 g/I linear alcohol ethoxy-
late, from Nufarm company (NIS), 0.1%), Re-
nol (a crop oil concentrate (COC), 0.5 L ha™));
the third factor was the time of 5 mm rain
(four levels: 0, 1, 2, 4 hours after treatment
(HAT) (Table 1). The pots were located out-
doors adopting a factorial experiment of a
completely randomized block design with
three replications. Plants were harvested
three weeks after the herbicide applica-
tion and fresh weight (all plants/pot) of the
above ground biomass was measured. Af-
terwards, the fresh biomass was oven-dried
at 75°C for 48 h and then the dry weight was
measured.

Second outdoor pot experiment

In the second outdoor pot experiment,
plants of C. album and A. retroflexus were
sprayed with the same rimsulfuron doses
and exposed to the same rain treatments,
as in the first outdoor experiment. The NIS
(Contact) was used in 0,0.04,0.2,and 1 L ha”
for C. album and A. retroflexus (Table 1). The
plants were harvested three weeks after the
herbicide application and fresh weight (all
plants/pot) of the above ground biomass

© Benaki Phytopathological Institute
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Table 1. The list of treatments for all the experiments that refer to rimsulfuron and surfac-
tants doses; the first and second outdoor pot experiments and the two field experiments.
NIS: non-ionic surfactant, COC: crop oil concentrate, and HAT: hours after treatment, the ap-
plication timings (see Table 2) were as follows: i) S1: Leaf development; ii) S1+54: leaf devel-
opment (S1) + vegetatively propagated organs (S4); and iii) S1+54+S7: leaf development (S1)
+ vegetatively propagated organs (54) + Development of tuber (57).

First outdoor pot experiment

Species Rimsulfuron (g a.i. ha) Contact (NIS) |Renol (COQ) Rain
Chenopodium 0,1.875,3.75, 7.5, 15, 30, 60 0.1% 0.5Lha" 0,1,2,4 HAT
album
Amarathus 0,0.2343, 0.468, 0.9375, 1.875, 3.75, 7.5 0.1% 0.5Lha" 0,1,2,4 HAT
retroflexus

Second outdoor pot experiment
Species Rimsulfuron (g a.i. ha™) Contact (NIS) |Renol (COQ) Rain
Chenopodium 0,1.875,3.75,7.5, 15, 30, 60 0.04.0.2,1 L ha" - 0,1,2,4 HAT
album
Amarathus 0,0.2343, 0.468, 0.9375, 1.875, 3.75,7.5 | 0.04.0.2,1 L ha" - 0,1,2,4 HAT
retroflexus

Field experiment (Reduced dose)
Species Rimsulfuron (g ai. ha™) Contact (NIS) |Renol (COC)| Application time
Chenopodium 0,5, 10, 15, 20, 25, 30 0.2Lha" - S1, S1+54, S1+54+S7
album
Amarathus 0,5, 10, 15, 20, 25, 30 0.2L ha” - S1,S1+54, S1+54+57
retroflexus

Field experiment (Recommended dose)

Species Rimsulfuron (g ai. ha™) Contact (NIS) [Renol (COC)| Application time
Chenopodium 0,10, 20, 30, 40, 50, 60 0.2Lha" - S1, 51454, S1+54+57
album
Amarathus 0, 10, 20, 30, 40, 50, 60 0.2Lha" - S1, 51454, S1+54+57
retroflexus

was measured. Afterwards, the fresh bio-
mass was oven-dried at 75°C for 48 h and
then the dry weight was measured.

Field experiments

Two field experiments were conduct-
ed at Sheikh Kalkhoran of Ardabil (48° 20’
N, 38° 15" E) in Iran, on loam soil (42% sand,
32% silt, and 26% clay), in 2015. Soil organ-
ic matter and pH were 0.9% and 7.68, re-
spectively. Fertilizers were applied through
the irrigation system according to soil test
recommendations during the growing sea-
son. Seed potatoes (cv. Agria) were plant-
ed at 10 cm depth and 25 cm distance in
rows separated 75 cm apart from each oth-
eron April 21, 2015, after soil tillage on Octo-
ber 13, 2014. Plots were sprayed against in-
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sects and diseases as needed and irrigated
during the growing season with overhead
sprinklers to obtain 65% minimum soil wa-
ter content. Two factorial experiments of a
complete randomized block design were
conducted with three replications at a plot
size of 2*4 m2. There were three factors on C.
album and A. retroflexus with reduced or the
recommended doses. The first factor was
rimsulfuron doses, either reduced (0, 5, 10,
15, 20, 25, 30 g ai. ha™) or the recommend-
ed (0, 10, 20, 30, 40, 50, and 60 g ai. ha); the
second factor was Contact surfactant doses
(0and 0.2 L ha) and the third factor was the
time of application (S1, S1+54, S1+ S4+S7) on
C. album and A. retroflexus (Table 1). In both
experiments, rimsulfuron was applied at leaf
development (S1, one stage), leaf develop-
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ment (S1) + vegetatively propagated organs
(S4) (two stages), and leaf development (S1)
+ vegetatively propagated organs (S4) + de-
velopment of tuber (S7) (three stages) (Meier
et al., 2009) (Table 2). Commercial rimsulfu-
ron (Titus DF, 250 g kg™) was applied by us-
ing a back-pack sprayer equipped with two
flat-fan nozzles (8001; Inter) worked at 260
kpa and delivering 250 L ha™'. Weed control
was evaluated by harvesting weed plants
within a quadrat of (0.75x 0.50 m?) at three
weeks after treatment. Three weeks after
the herbicide application, all of the plants
in each plot were harvested and dried in an
oven at 75°C for 48 h and then weighed. For
determination of total tuber yield per hect-
are, the tubers of center rows in each plot
were harvested and weighted.

Statistical Analyses

The dose-response data were analyzed
using the R (R Core Team, 2020) program
(Version 4.0.1) with the drc package (Ver-
sion 4.0.1). The log-logistic regression of dry
weight of C. album and A. retroflexus on dose
was fitted with a log-logistic regression us-
ing a three parameters log-logistic model
(Streibig et al., 1993):

y= d M

1+ exp [b(log(z) - log(EDso)]

where y is dry weight z, d is the upper limit

where the dose is zero, EDs, denotes the dose
required for reducing dry weight at 50%, and
bis proportional to the slopes of the curves
around EDs,. The EDs, parameter in Eq. (1)
can be replaced by any ED level (Pannacci
and Covarelli, 2009), (e.g., EDso, EDqp).

The relative potency (RP) is the horizon-
tal displacement between two curves at a
chosen EDy (Kudsk et al., 1989). The biologi-
cal exchange rate in a single application, i.e.
the relative potency between the herbicides
was calculated as follows:

RP = ED50Xf/EDC50Xf+V (2)

Where, ED,:=the ED, of herbicide alone; and
EDv= the ED, of herbicide in mixture with
a surfactant. If RP = 1, the addition of surfac-
tant does not affect herbicide performance.
If RP was significantly higher or lower than 1,
the herbicide in the mixture with the surfac-
tant was more or less potent than the her-
bicide alone, respectively. Similarly, the rain-
fastness can be assessed by calculating the
ratio between the ED,dose with rain and the
corresponding ED, dose without rain.

Statistical analyses of yield data were
performed using SAS (9.1) software. An ANO-
VA was performed using PROC GLM (PC-SAS)
and when the F test indicated significant ef-
fects, means were compared using LSD Fish-
er (P < 0.05) test.

Table 2. Application times of rimsulfuron in relation to the principal potato growth stages

in the field experiments.

Stage Description

0 Germination / sprouting / bud development

Leaf development (main shoot)

w N =

N

booting (main shoot)

Flowering (main shoot)
Development of fruit

O 00 N O »n

Formation of side shoots / tillering

Stem elongation or rosette growth/shoot development (main shoot)
Development of harvestable vegetative plant parts or vegetatively propagated organs/

Inflorescence emergence (main shoot) / heading

Ripening or maturity of fruit and seed
Senescence, beginning of dormancy
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Results

First outdoor pot experiment

Regarding the efficacy, the results
showed no significant improvement on rim-
sulfuron performance on A. retroflexus with
the addition of the adjuvant 0.1% NIS or 0.5
COC (compare EDs, values of the ‘no rain’
treatments) (Table 3). In contrast, the inclu-
sion of the 0.1% NIS adjuvant significantly
improved the performance of rimsulfuron
on C. album (Table 3).

Regarding the rainfastness, 0.1% NIS and
0.5 COC provided a high level of rainfastness
comparable to that of COC on A. retroflexus

(Table 3). In C. album, the EDs, doses were
much higher in comparison with A. retroflex-
us and the non-ionic surfactant strongly im-
proved the efficacy of rimsulfuron and had a
strong effect on rainfastness while no signif-
icant impact of rain with Renol was shown
(Table 3). Also, the results showed that rain-
fastness was low without adjuvant and with
0.5 L ha COC, but the inclusion of 0.1% NIS
significantly improved the rainfastness; full
rainfastness of rimsulfuron was obtained
only after 4 hours (Table 3).

Second outdoor pot experiment
In the second pot experiment, the re-

Table 3. The effect of NIS and COC adjuvants on the effectiveness and rainfastness of rimsul-
furon [applied at various timings: 1, 2, 4 HAT (hours after treatment)] on Amaranthus retroflex-
us and Chenopodium album. Relative rainfastness is the necessary length of a rain-free peri-
od following a herbicide application. Different superscripts in the EDs, column indicate dif-
ferences between EDs, values for each weed species.

Amaranthus retroflexus
Adjuvant Rain EDso (g a.i. ha) | Confidence intervals Relative rainfastness
None No rain 0.282¢ 0.201-0.368 1.00
1 HAT 4,681k 3.318-6.036 16.71
2 HAT 1.59fh 1.069-2.103 5.68
4 HAT 1.34f 0.937-1.743 4.79
0.1 % NIS No rain 0.26%° 0.182-0.345 1.00
1 HAT 0.559% 0.372-0.732 2.12
2 HAT 0.51¢ 0.363-0.657 1.96
4 HAT 0.282¢ 0.184-0.382 1.08
0.5L ha'COC No rain 0.252 0.179-0.330 1.00
1 HAT 3.76Y 2.294-5.235 15.04
2 HAT 3.74 2.407-5.064 14.96
4 HAT 1.44f9 0.910-1.970 5.76
Chenopodium album
None No rain 26.47¢ -14.78-67.72 1.00
1 HAT 24.56%h 6.13-42.98 0.93
2 HAT 27.34¢% -3.60-58.29 1.03
4 HAT 31.16°! 6.55-55.77 1.18
0.1 % NIS No rain 1.89° 1.11-2.69 1.00
1 HAT 4.18¢ 1.60-6.77 2.20
2 HAT 2.06%° 0.85-3.28 1.08
4 HAT 2.36%°¢ 0.92-3.80 1.24
0.5L ha'COC No rain 13.28¢ 1.60-24.96 1.00
1 HAT 21.44¢f9 5.09-37.79 1.61
2 HAT 26.58¢1 3.39-49.77 2.00
4 HAT 16.69¢1 -2.26-35.65 1.26
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sults showed that increasing the concentra-
tion of the NIS up to 1 L ha' improved the
performance of rimsulfuron (Table 4). At 1 L
ha', the surfactant increased the efficacy of
rimsulfuron on A. retroflexus around 10-fold
compared to rimsulfuron alone. On the con-
trary, increasing the concentration of the NIS
sharply improved the performance of rim-
sulfuron on C. album (Table 4). Herbicidal
performance was slightly more enhanced as
concentration increased from 0.04to 1 L ha.
At 1 L ha”, surfactant increased rimsulfu-
ron performance on C. album around 3-fold
compared to rimsulfuron alone which was
less compared to A. retroflexus (Table 4).

The rainfastness of rimsulfuron on A. ret-
roflexus reduced with an increase in surfac-
tant concentration up to 1 L ha™ up to 12-
fold (Table 4). On the contrary, increasing the
concentration of the NIS sharply improved
the rainfastness of rimsulfuron on C. album
to 2.5-fold (Table 4). Each species had some
distinct differences to the single surfactant
properties. Regarding herbicidal perfor-
mance, the non-ionic surfactant was less ef-
ficient on C. album compared to A. retroflex-
us, but when tested for rainfasness showed
a higher effectiveness especially at 1 L ha
for C. album (Table 4). The spray deposit on
the leaf surface is strongly related to cuticular

Table 4. The effect of NIS adjuvant doses on the effectiveness and rainfastness of rimsulfu-
ron [applied at various timings: 1, 2, 4 HAT (hours after treatment)] on Amaranthus retroflex-
us and Chenopodium album. Relative rainfastness is the necessary length of a rain-free peri-
od following a herbicide application. Different superscripts in the EDs, column indicate dif-
ferences between EDs, values for each weed species.

Amaranthus retroflexus
Adjuvant Rain EDs, (g a.i. ha) Confidence intervals Relative rainfastness
0.04 L ha' NIS No rain 0.33« 0.219-0.437 1.00
1 HAT 0.96 0.701-1.219 2.38
2 HAT 0.59f 0.433-0.757 1.49
4 HAT 0.43¢9 0.302-0.553 1.16
0.2Lha'NIS No rain 0.12° 0.051-0.196 1.00
1 HAT 1.10% 0.789-1.406 4,22
2 HAT 0.479¢f 0.305-0.640 2.30
4 HAT 0.43¢9 0.306-0.559 1.73
1Lha'NIS No rain 0.032 -0.006-0.069 1.00
1 HAT 0.73M 0.513-0.939 24.3
2 HAT 0.70%" 0.523-0.878 23.3
4 HAT 0.29¢ 0.191-0.396 9.67
Chenopodium album
0.04 L ha' NIS No rain 5.37°F 1.44-9.30 1.00
1 HAT 23.38i 7.89-38.86 4.35
2 HAT 23.97k 1.62-46.21 4.45
4 HAT 13.47¢ 6.15-20.79 2.51
0.2Lha'NIS No rain 3.66% 2.26-5.05 1.00
1 HAT 9.86¢h 4.50-15.21 2.69
2 HAT 6.6159 3.39-9.83 1.81
4 HAT 5.17>f 2.71-7.62 1.41
1Lha'NIS No rain 1.75° 0.84-2.66 1.00
1 HAT 4.20%¢ 2.24-6.16 2.40
2 HAT 2.973b¢ 1.46-4.47 1.70
4 HAT 2.382 1.21-3.56 1.36
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structure and the adjuvant chemical tenden-
cy for retention on the leaf. Thus, the appro-
priate surfactant type and concentration in-
creased rimsulfuron effectiveness by 10-fold.
NIS efficacy was much higher compared to
Renol. A surfactant concentration of 1 L ha”
was required for maximum herbicidal perfor-
mance. However, regarding to rainfastness,
the results were different between the weed
species.

Field experiments

The results showed that increasing the
doses of rimsulforun up to 60 g ai. ha' in-
creased control of both C. album and A. ret-
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roflexus. The assessment at three weeks af-
ter treatment demonstrate that rimsulforun
at 40,50, and 60 g ai. ha™ in two (51+54) and
three (51+54+S7) stages application provid-
ed 100% control of C. album and A. retroflex-
us (Figures 1, 2). Application of rimsulforun
at 25 and 30 g ai. ha™ (i.e. 0.25X and 0.5X of
the recommended dose) applied at three
crop stages (S1+S4+S7) provided excellent
control of both weed species (Figures 1, 2).
When rimsulforun was combined with 0.2 L
ha' NIS, C. album and A. retroflexus control
was only slightly increased.

Tables 5 and 6 show the EDs, values of
the surfactants applied alone and in combi-
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Figure 1. The effect of rimsulfuron application on dry weight of (a) Amaranthus retroflexus and (b) Chenopodium album
when applied at a reduced dose (1X: 30 g a.i. ha-1) without (a1, b1) and with (a2, b2) NIS surfactant (0.2 L ha-1) at three
cropping timings. The application timings (see Table 2) were as follows: i) S1: Leaf development; ii) S1+54: leaf develop-
ment (S1) + vegetatively propagated organs (S4); and iii) S1+54+57: leaf development (S1) + vegetatively propagated or-

gans (54) + Development of tuber (S7).
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Figure 2. The effect of rimsulfuron application on dry weight of (a) Amaranthus retroflexus and (b) Chenopodium album
when applied at the recommended dose (1X: 60 g a.i. ha-1) without (a1, b1) and with (a2, b2) NIS surfactant (0.2 L ha-1) at
three cropping timings. The application timings (see Table 2) were as follows: i) S1: Leaf development; ii) S1+54: leaf devel-
opment (S1) + vegetatively propagated organs (54); and iii) S1+54+57: leaf development (S1) + vegetatively propagated

organs (54) + Development of tuber (S7).

nation with rimsulfuron, at different growth
stages of potato. The curves’ upper limits
were different for various doses and appli-
cation time for each species, in some cases,
the curves were crossing. The parameters
ED,o, EDso, EDgo,and b were estimated at each
application time by fitting Eq. (1) for the C.
album, and A. retroflexus biomass reduction.
The EDso values of rimsulforun were signifi-
cantly reduced two to three times for A. ret-
roflexus at reduced dose of rimsulfuron. For
A. retroflexus, the EDs, values of the reduced
doses rimsulforun experiment (applied at
one, two, three stages without surfactant),
were 10.88, 6.37 and 3.09 g ai ha' vs. 7.27,

3.77 and 2.03 g ai ha (applied at one, two,
three stages with 0.2 L ha™ NIS), (Table 5).
The reduced dose-response curves de-
scribed the response well. The ranking of
EDso at reduced dose for the three applica-
tion times was S1>S1+54>S1+54+S7 with
and without surfactant (Table 5). Based on
the EDso values given in Table 5, surfactants
can improve the efficiency of rimsulfuron
at reduced dose compared to rimsulforun
alone. The EDs, values of rimsulfuron at re-
duced dose without surfactant were esti-
mated at 18.11, 12.31, 7.81 g a.i. hal on C. al-
bum after application at one, two or three
potato growth stages, respectively; when
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Table 5. The estimated regression parameters of the reduced rimsulfuron dose effect (1X:
30 g a.i. ha™) on Amaranthus retroflexus and Chenopodium album dry weight, when applied
with and without NIS surfactant (1L ha™) at three application times as follows: i) S1: Leaf de-
velopment; ii) S1+54: leaf development (S1) + vegetatively propagated organs (54); and iii)
S1+54+S7: leaf development (S1) + vegetatively propagated organs (54) + Development of
tuber (S7). The response variable is 0-100-percent weed control (dry weight reduction). The
Relative potency (Rp) is explained in section 2.4. Different superscripts in the EDs, column in-
dicate differences between EDs, values within each weed species.

Reduced dose without surfactant on Amaranthus retroflexus dry weight

Application time slope upper EDio EDso EDgo Rp

ST -6.04£0.33 | 97461078 | 756+0.14 | 10.88+0.09" | 15.64+0.38 | 1.49
S1+54 -548+0.27 | 99.58+0.59 | 427+0.07 | 6.37+£0.09¢ | 9.52+0.29 | 1.68
S1454+S7 -3.07+0.76 | 100.29+0.73 | 151+044 | 3.09+0.35° | 6.32+0.43 1.52

Reduced dose with surfactant on Amaranthus retroflexus dry weight
ST -4.09+0.13 | 9794+033 | 593+0.09 | 7.27+0.07¢ | 12.60+0.16 | 1.00
S1+54 2.69+0.14 | 10049+£0.39 | 2.77+0.08 | 3.77+0.06° | 870+0.28 | 1.00
S1+54+S7 2.38+0.45 | 100.36+£0.42 | 143+0.33 | 2.03+0.33* | 5224015 | 1.00
Reduced dose without surfactant on Chenopodium album dry weight
S1 -540+0.47 | 79.05+2.86 | 12.06+0.32 | 18.11+£0.407 | 27.20+1.46 | 1.17
S1+54 -3.00+0.18 | 104.00£2.66 | 592 +0.20 | 12.31+0.34¢ | 2559+ 1.72 | 1.13
S1+S4+57 -3.37+0.18 | 100.64+1.21 | 407+015 | 7.81+0.16> | 15.00+0.68 | 1.08
Reduced dose with surfactant on Chenopodium album dry weight

ST -4.41+0.58 | 79.74£390 | 9514047 | 1546+0.58° | 25.73+2.43 | 1.00
S1+54 2.97+0.27 | 100.36+3.32 | 509+0.27 | 10.66+0.43° | 22.31+2.22 | 1.00
S1+54+S7 2.71+0.23 | 10267£215 | 319+0.21 | 719+0.25° | 16.17+1.44 | 1.00

combined with surfactant the EDs, values
were 15.46, 10.66, 7.19 g a.i. ha™, respective-
ly (Table 6). The EDs, values at reduced dose
and various time of application for C. album
were higherthan A. retroflexus. Table 6 shows
the same EDs, ranking of the potency of the
three application times at the recommend-
ed dose of the dose-response curves of C. al-
bum and A. retroflexus. The results of rimsul-
furon on C. album dry weight showed that
the NIS surfactant could not improve the ef-
ficacy of the recommended dose of rimsul-
furon at S1+54 and S1+54+S7. The estimat-
ed EDs, doses demonstrated that a reduced
dose of rimsulfuron at S1+54 and S$1+54+S57
provided full control of the two species at
30 g ai. ha™. The relative potency (RP) val-
ues were different when NIS were added to
the herbicide. RP values showed that surfac-
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tants can improve the efficacy of reduced
and recommended doses of rimsulfuron for
A. retroflexus at all application times, and re-
duced and recommended doses at all appli-
cation times at S1 stage.

The effect of rimsulfuron application on
total tuber yield, when applied at a reduced
dose (1X: 30 g a.i. ha) and the recommend-
ed dose (1X: 60 g a.i. ha-1) without and with
NIS surfactant (0.2 L ha-1) at three crop stag-
es (S1, S4, and S7), is presented in Figure 3.
The highest potato yield was measured (60
tons per ha) when 60 g ai. ha™ rimsulfuron
was applied at all stages without using NIS.
No significant differences were measured
when the same dose of rimsulfuron was ap-
plied with NIS at three (S1, S4, and S7) and
two (51, S4) potato crop stages.
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Table 6. The estimated regression parameters of the recommended rimsulfuron dose effect
(1X: 60 g a.i. ha™) on Amaranthus retroflexus and Chenopodium album dry weight, when ap-
plied with and without NIS surfactant (1L ha™) at three application times as follows: i) S1: Leaf
development; ii) S1+54: leaf development (S1) + vegetatively propagated organs (S4); and iii)
S1+54+S7: leaf development (S1) + vegetatively propagated organs (54) + Development of
tuber (S7). The response variable is 0-100-percent weed control (dry weight reduction). The
Relative potency (Rp) is explained in section 2.4. Different superscripts in the EDs, column in-
dicate differences between EDs, values within each weed species.

Recommended dose without surfactant on Amaranthus retroflexus dry weight

Application time slope upper EDio EDso EDgo Rp
S1 -4.32+0.25 100.19 £ 0.44 6.28 +0.17 10.41 £0.07¢ | 17.27 £0.55 1.63
S14S2 -6.18 £ 8.04 100.02 £ 0.37 4.67 +4.61 6.67 +3.49° 9.51 £ 0.61 2.07
S14+S52+S3 -6.73+49.78 100.00 £ 0.36 3.87+27.11 5.37 £24.61° 744 £16.14 1.14
Recommended dose with surfactant on Amaranthus retroflexus dry weight
S1 -2.60+0.33 100.68 £ 0.64 2.73+0.44 6.35+0.36° 14.76 £ 0.85 1.00
S1452 -2.37+1.25 100.21 £ 0.68 1.27 +£1.36 3.21 +1.86° 8.11+0.87 1.00
S1452+S3 -6.00+43.54 | 100.00£0.39 3.24+£2642 | 467 £25.69° | 6.74£19.15 1.00
Recommended dose without surfactant on Chenopodium album dry weight
S1 -4.04 £ 0.35 9493 £ 1.68 11.06 £0.49 | 19.05+0.42* | 32.81+£1.96 1.08
S14S2 -2.85+0.23 102.37 £ 1.43 5.30+0.34 11.44+£0.30° | 24.68+1.83 0.88
S14+52+4S3 -3.10£0.87 100.43 +1.27 3.54+1.02 7.18 £ 0.67° 14.57 £ 1.71 0.83
Recommended dose with surfactant on Chenopodium album dry weight
S1 -3.27 £ 0.51 98.69 £ 3.53 9.02+0.97 17.62+ 0.92° 3.44 £ 4.31 1.00
S14S2 -0.24+0.25 | 170.19+145.92 | 0.001 £0.005 | 12.86 £89.96* | 9.79*1.56 1.00
S1452+S3 -7.19 £ 26.69 100.00£2.00 | 6.32+£10.72 | 8.58+4.82° 1.16 £ 6.68 1.00
Discussion at 30 g a.i ha' controlled A. retroflexus and

The optimum concentration of the active
ingredient in post-emergence herbicides
should be able to preserve its effectiveness
for the critical period otherwise it could lead
to inadequate weed control (Hess and Rich-
ard, 1990). Our results showed that EDs, rim-
sulfuron was ranked as S1+54+S7< S1+54<
S1 with and without surfactant. Renner and
Powel (1998) concluded that post-emergence
application of rimsulforun at 18, 27 and 35
g ha™ provided full control of A. retroflexus
and 77, 84, and 91% of C. album, respective-
ly. Also, Robinson et al. (1996) reported that
post-emergence application of rimsulfuron
at 9, 18, 27, 35, 70 g ha-1 controlled 67, 100,
100, 100, 100 % A. retroflexus, and 60, 90, 97,
90, 98% C. album, respectively. Rimsulfuron

C.album 100% at S1+54 and S1+54+57 stages.
Lanfranconi et al. (1993) reported that rimsul-
forun applied post-emergence at 9, 18, 27, 35,
and 70 g ha controlled A. retroflexus 67, 100,
100, 100, 100% and C.album 60, 90, 97, 90,
and 98%, respectively. Similar results were
reported by Renner and Powell (1998) that
concluded that post-emergence application
of rimsulfuron at 18, 27, 35 g ha controlled
C. album 77, 84 and 91% and of A. retroflex-
us 100, 100, and 100%, respectively. Khata-
mi et al. (2017) reported that post-applica-
tion of rimsulfuron provided 87.37,99.75, and
96.87% control of C. album at 30, 40,and 50 g
a.iha'and 86.73, 89.91 and 95.50% for A. ret-
roflexus, respectively.

For the enhanced activity of a post-
emergence herbicide, high absorption and
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translocation are necessary. Using the ap-
propriate type of adjuvants is necessary to
increase the efficacy of most post-emer-
gence herbicides by, mostly, surface ten-
sion reduction (Kudsk, 2008). Our results in
greenhouse and field trials showed that NIS
was more effective to improve the rimsulfu-
ron performance and rainfastness on both
weed species. Increase of NIS concentration
increased rimsulfuron activity around 10-
fold for A. retroflexus compared to around
3-fold for C. album; also it reduced the rain-
fastness of rimsulfuron on A. retroflexus
while it improved the rainfastness of rimsul-
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furon on C. album. Previous studies showed
that NIS slightly improved the performance
of rimsulfuron on C. album and A. retroflex-
usin in field potato due to lower values of
surface tension where EDs, was calculated.
Hutchinson et al. (2004) suggested that us-
ing NIS with rimsulforun controlled C. album
and A. retroflexus by 89% and 97%, respec-
tively. Tonks and Eberlin (2001) concluded
that rimsulfuron applied at 4 different dos-
es (9, 18, 26, or 35 g/ ha) together with dif-
ferent types of surfactants, i.e. NIS, COC, a
methylated seed oil (MSO), or an organosili-
con surfactant (SIL), had moderate (average
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Figure 3. The effect of rimsulfuron application on total tuber yield, when applied at (a) a reduced dose (1X: 30 g a.i. ha-1)
and (b) the recommended dose (1X: 60 g a.i. ha-1) without (a1, b1) and with (a2, b2) NIS surfactant (0.2 L ha-1) at three crop-
ping timings, The application timings (see Table 2) were as follows: i) S1: Leaf development; ii) S1+54: leaf development (51)
+ vegetatively propagated organs (54); and iii) S1+54+57: leaf development (S1) + vegetatively propagated organs (54) +

Development of tuber (57) (LSD=4.33).

© Benaki Phytopathological Institute



46 Alebrahim et al.

75%) control of common lambsquarters, re-
gardless of adjuvant or dose. Mamnoii et al.
(2016) concluded that the use of rimsulfuron
(60 g ha) + 2.5 % citowet (non-ionic surfac-
tant) controlled A. retroflexus, at an average
of 54% and 96% in Jiroft and Karaj of Iran, re-
spectively, in a two-year field experiment.

Chenopodium album had higher EDs
than A. retroflexus. One explanation is that A.
retroflexus possess leaf areas that are easier
to be wettable compared with those of the
C. album (Ren et al., 2007). The present re-
sults are in line with findings in previous sim-
ilar experiments (Medd et al., 2001). Harr et
al. (1991) report there were 66% polar com-
ponents in the leaf surface of C. album, in
comparison with 55% for A. retroflexus. Oth-
er studies report that a) the hair covering on
the abaxial side of the C. album leaves and
crystalline structure of hair led to less herbi-
cide retention and penetration into leaf tis-
sues, b) A. retroflexus leaf surface possessed
smooth cuticular layer; c) the angle of the
spray droplet was 76° on the C. album leaves
in comparison with of 54° on A. retroflexus
(Harr et al., 1991). Therefore, we can possibly
assume that higher amounts of herbicide are
required to be absorbed, transferred, and
reach the target in the photosynthetic sys-
tem in C. album. Hence, weak herbicide per-
formance of C. album could be associated
with lower wettability of the leaf surface.

On the other hand, due to the hairy cu-
ticle of C. album it appears that utilization
of a NIS adjuvant could increase the herbi-
cide rainfastness. The improvement of the
rimsulfuron efficacy by NIS could be asso-
ciated with the solubilization, softening, or
disordering of the nature of cuticular wax-
es by the utilization of the non-ionic surfac-
tant. Hence, it is possible that the surfactant
could lead to better cuticle penetration and
stromal infiltration and subsequently, bet-
ter absorption and translocation of rimsul-
furon. Also, the non-ionic surfactant could
possibly lower the surface tension of the
spray droplet until the known as the Critical
Micelle Concentration (CMC) (Sharma et al.,
1996; Penner, 2000).

Conclusions

Utilization of a NIS surfactant enhanced rim-
sulfuron efficacy and rainfastness on C. al-
bum and A. retroflexus. Increasing non-ion-
ic surfactant concentration from 0.04 to 1 L
ha' increased rimsulfuron activity around
10-fold for A. retroflexus compared to
around 3-fold increase for C. album. Also, in-
creasing rimsulfuron dosages up to 60 g ai.
ha' enhanced weed control to 100% at po-
tato field and increased total tuber yield up
to 60 ton ha. The application time was crit-
ical, however, post-application of rimsulfu-
ron at S1+54 and S1+54+S7 stages of potato
enhanced weed control and potato yield.
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Enidpaon em@aveloSpacTIKWV 0TNV AMMOTEAECHATIKOTNTA KAl
TNV avtoxn otnv éKAmuon tou {iI{avioktovou rimsulfuron ctnv
matara

M.T. Alebrahim, E.S. Kalkhoran, R. Majd kat S.A. Khatami

NepiAnyn Ta em@aveiodpaoTikd xpnotpomolovvtal padi pe (l{avioKTéva yia va au€foouv Thv amoTe-
AECUATIKOTNTA TOUC. ZTNV mapouoa PeAETN, amodeixOnke 0TI n epappoyr 0,1% TOu PN LOVIOUEVOU ETTL-
@avelodpaoTikou (NIS, Contact) kat 0,5 L ha™ cupnukvwuatoc @utikou ghaiou (COC, Renol) dev BeAti-
woe TNV amoteAeopatikdTnTa Tou rimsulfuron evavtiov Tou {ilaviou Amaranthus retroflexus. Avtifeta,
ol {blec emeuPAoELC evioyuoav TNV AMTOTEAECUATIKOTNTA KAl TNV AvToXH 0TnV éKMAuon tou rimsulfuron
evavtiov Tou (i{aviou Chenopodium album. H a0&non tn¢ CUYKEVTPWONG TOU U LOVIOUEVOU ETTIPAVEL-
08paoTikoL o€ 1L ha' avénoe tnv amoteAeopatikdtnta Tou rimsulfuron mepimou katd 10 gopéc eva-
vtiov Tou A. retroflexus evw katd 3 mepimou @opég evavtiov Tou C. album. H idla eméupaon peiwoe katd
12 @opéc TNV avtoxn otnv ékmluon tou rimsulfuron evavtiov tou A. retroflexus evw tn BeAtiwoe Katd
2 popéc evavTiov Tou C. album. O1 660elc EDs kat EDgg Tou rimsulfuron édeiéav 611 n mpoaoBrikn 0,2 L
ha' NIS BeAtiwoe TNV amoteAeopaTIKOTNTA TNE CUVIOTWHEVNC (60 g 6.0. ha™) kat TNC pelwpévng ddong
(30 g 6.0. ha) Tou rimsulfurom oe kaAAiépyela matdtag otov aypd. H upnAdtepn anddoon tng matd-
Tag Kataypdgenke (60 Tovol avd ektaplo) 6tav 60 g 6.0. ha™ rimsulfuron epapudotnkav o€ tpia otadla
avantuénc [avantuén twv @UAAWV (S1), BAaocTika moAAamAACIaoTIKA Opyava (54) kat avanTtuén kovu-
Mou (S7)] Tng kahAigpyelag xwpic tn xprion NIS. Asv mapatnprBnKav onUavTIKES SlaQopEg OTav EQap-
nootnke n idia do6on rimsulfuron padi e NIS o€ tpia (S1, S4 kat S7) kat duo (S1, S4) atddia avantuéng
NG KAANEPYELQC.

Hellenic Plant Protection Journal 17: 35-48, 2024
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New data on the scale insect pests of Ephedra foeminea in
Greece

G.J. Stathas'*, P.J. Skouras', E.D. Kartsonas? and A.l. Darras?

Summary The dioecious gymnosperm self-sown ornamental plant Ephedra foeminea Forssk (Ephe-
draceae: Gnetales) has a special interest due to its nutraceutical and pharmaceutical properties. The
present study contributes with data about the phenology of the plant in Attica, Greece, and the com-
plex of its scale insect pests (Hemiptera: Coccomorpha), Stotzia ephedrae (Newstead) (Coccidae) (mor-
phology, phenology, biology, natural enemies), Dynaspidiotus ephedrarum (Lindinger) (morphology,
natural enemies) and Leucaspis riccae Targioni Tozzetti (Diaspididae) (natural enemies), based on ob-
servations made from April 2021 to June 2023. Stotzia ephedrae which was the scale species found in
higher numbers on E. foeminea is a univoltine, oviparous and biparental species recorded as settled 1+
instar nymph on the shoots of E. foeminea from May to January. The fecundity of the scale fluctuated
between 370 and 598 eggs per female. The results on the phenology of S. ephedrae contribute to the
knowledge of the critical period for the pest control, i.e. from May to January during which the scale
remains in the sensitive first instar. In addition, the records of parasitoids and predators in the colonies
of the scale insects infesting E. foeminea provide information on the available natural enemies for po-

tential use in biological control schemes of these pests.

Additional keywords: ecology, parasitism, phenology, predators, scale insects

Introduction

Ephedra foeminea Forssk (Ephedraceae: Gn-
etales) is a gymnosperm dioecious endemic
plant species to the Mediterranean region.
It is a plant of special interest. Among the
ten species of genus Ephedra, E. foeminea
and E. aphylla Forssk. are the two insect pol-
linated species by Diptera and Lepidoptera,
many of them being nocturnal able to polli-
nate the plants during the full moon of July
(Bolinder et al.,2015a; 2015b; 2016). A correla-
tion is referred between its pollination peri-
od and the lunar cycle (Bolinder et al., 2015b;
Rydin and Bolinder, 2015). Additionally, the
bibliography supports evidence for its me-
dicinal properties, composing a promising
source of new selective antioxidant and an-
ti-cancer drugs (Rydin and Bolinder, 2015;
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Mpingirika et al., 2020; Al-Saraireh et al.,
2021), as well as for its nutraceutical value
especially of the fruits (Hegazy et al., 2019;
Khalil et al., 2020).

Twenty-five (25) scale insect species
(Hemiptera: Coccomorpha) have been re-
ported in genus Ephedra: four of the family
Coccidae, 15 of Diaspididae, five of Eriococ-
cidae and one of Pseudococcidae. Records
of scale insects in genus Ephedra in Greece
include: the diaspidids (Hemiptera: Diaspi-
didae) Leucaspis (ephedrae) riccae Targioni
Tozzetti on E. (vulgaris) distachya in Athens
and on E. (campylopoda) foeminea in Ath-
ens (on Lecabettus hill) and in Ano Lechonia
(Magnessia) (Koroneos, 1934); Dynaspidio-
tus (Aspidiotus) ephedrarum (Lindinger) on
E. (campylopoda) foeminea in Athens (on Le-
cabettus hill) (Koroneos, 1934); Dynaspidio-
tus ephedrarum on Ephedra distachya in East
Attica (near Athens - Kato Sounio) (Szita, et
al., 2017); the coccid (Hemoptera: Coccidae)
Stotzia ephedrae (Newstead) on E. foemin-
ea in Athens (on Lecabettus hill) (Stathas et
al., 2023). Reports of other scale insects on
E. foeminea in other countries include Dias-
pidiotus cecconii (Leonardi) in Palestine and
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Diaspidiotus distinctus (Leonardi) in Turkey
(Garcia Morales et al., 2016)

In April 2021, plants of E. foeminea were
found infested by a complex of three spe-
cies of scale insects: S. ephedrae (Stathas et
al., 2023), D. ephedrarum and L. riccae.

Host plants of S. ephedrae belong to
six plant genera of five families: Bupleurum
(Apiaceae), Asparagus (Asparagaceae), Ephe-
dra (Ephedraceae), Coronila and Genista (Fa-
baceae) and Tamarix (Tamaricaceae) (Garcia
Morales et al. 2016). Dynaspidiotus ephedrar-
um has been recorded worldwide to infest
three plant genera of three families: Aspara-
gaceae (Asparagus sp.), Ephedraceae (Ephed-
ra alata, E. altissima, E. distachya, E. foeminea,
E. foliate, E. major, E. procera, and E. tilhoana)
and Pinaceae (Pinus sylvestris). Leucaspis ric-
cae has been found on 6 plant genera of 6
families: Apocynaceae (Nerium oleander),
Ephedraceae (Ephedra alata, E. distachya, E.
vulgaris, E. foeminea, E. campylopoda, and E.
fragilis), Ericaceae (Erica arborea, E. manipuli-
flora, Euphorbiaceae (E. dendroides), Morace-
ae (F. carica) and Oleaceae (Olea europaeaq)
(Garcia Morales et al., 2016).

Morphological description of female
adults of S. ephedrae is available by Ezzat
and Hussein (1969) and by Hodgson (1994)
but there is lack of information on biology
and phenology of the scale in bibliography.
Also concerning its natural enemies, the
only records are the endoparasitoids Meta-
phycus stephaniae sp. nov. Guerrieri (Hy-
menoptera: Encyrtidae) in Israel (Guerrieri,
2006) and Metaphycas hodzhevanishvilii Yas-
nosh (Hymenoptera: Encyrtidae) in Iran (Fal-
lahzadeh and Japoshvili, 2017).

In the present study, data on morpholo-
gy of the developmental stages and on bi-
ology, phenology and natural enemies pri-
marily of S. ephedrae, and to an extent of
D. ephedrarum, are provided. Dynaspidio-
tus ephedrarum and L. riccae were found in
low populations, therefore it was not possi-
ble to have clear information on their phe-
nology, but their records were considered
important for completing the complex of
the existing scale insects entomofauna of
E. foeminea in the area of the study. Further-

more, the records of active natural enemies
against D. ephedrarum and L. riccae, contrib-
ute to the knowledge of their ecology and
could possibly partly explain their weakness
to develop high populations.

Materials and Methods

The study was conducted with scales re-
corded on E. foeminea in Athens (Lecabettus
Hill: 37°58" N, 23044 E, altitude: 270m) from
20 April 2021 to 5 June 2023. The phenologi-
cal stages of the host plant E. foeminea were
recorded weekly, including the dates of ap-
pearance of the new vegetation and the
blossom of E. foeminea bushes.

To study the morphology of S. ephedrae,
measurements (length, width) were made
in the laboratory under a stereoscopic mi-
croscope on 20 individuals of each develop-
mental stage, except for crawlers: eggs, set-
tled 1*tinstar nymphs, 2" instar nymphs, the
scale cover of the male adult nymphs, pre-
ovipositing female adults ovipositing female
adults (female body with ovisac included).
For D. sephedrarum, the same dimensions
were measured in 12 individuals from each
of the following stages, 2" instar nymphs
(19/2/2022), female adults and scale covers
of males (15/10/2022). The mean number of
the scales’ length and width and Standard
Error (SE) were calculated. Permanent slides
of the scale insect species were made in the
Laboratory of Entomology and Agricultural
Zoology of the Department of Agriculture
of the University of the Peloponnese, where
identified. The confirmation of the scale spe-
cies was made by Professor Giuseppina Pel-
lizzari (Dipartimento di Agronomia, Animali,
Alimenti), University of Padua, Italy. Vouch-
ers of permanent slides of the scale insect
species are kept in the Laboratory of Agri-
cultural Entomology, Department of Agri-
culture, University of the Peloponnese.

To study the phenology of S. ephedrae,
samples of 20-30 infested shoots of approx.
15 cm length, to ensure adequate popula-
tions of more than 300 individuals of S. ephe-
drae per sampling, were collected weekly.
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The samples were transferred to the Labo-
ratory of Entomology (Department of Agri-
culture, University of the Peloponnese) and
were examined under the stereoscopic mi-
croscope. The developmental stage and the
numbers of all the alive S. ephedrae individ-
uals were recorded and were expressed as
percentage (%) of the total alive scales.

The biological parameters of S. ephed-
rae studied were the fecundity and sex ratio.
The fecundity was measured by counting
the total number of eggs in 30 ovipositing
female adults on 23 April 2022. The sex ra-
tio was estimated on 26 March 2022, on 375
individuals of the scale, by counting the fe-
male adults and the total number of males
(alive and dead male nymphs + empty male
scale covers).

The records of natural enemies included
observations for the presence of predators
in the field during the sampling of the afore-
mentioned infested shoots and in the labo-
ratory during the examination of the sam-
ples under the stereoscopic microscope.
The parasitized scales that were found dur-
ing the examination of the above samples
were kept in cylindrical glass vials (diame-
ter: 2.5 cm, height: 5cm covered by organ-
tine) which were kept in incubators under
controlled conditions (65-70% humidity and
photoperiod 16:8 hours light per day) until
the emergence of parasitoids. The parasit-
ism was expressed as percentage (%) of par-
asitized scales out of the total number of the
alive scales. The identification of the parasi-
toid of genus Metaphycus was made by Pro-
fessor George Japoshvili (Entomology and

Figure 1. Pollination drops on male (a) and female (b) blos-
soms of Ephedra foeminea in Athens (Lecabettus Hill), Greece.
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Biocontrol Research Centre Agrarian), Uni-
versity of Tbilisi, Georgia.

Results

Morphology, phenology and biology
traits of the scales

As regards the phenological stages of
E. foeminea, sprouts of the new vegetation
were grown on 10/4/2021, 17/4/2022, and
26/3/2023. From the end of August to the
middle of October 2021 the bushes were
significantly dehydrated but recovered their
vitality until the next period. Blooming oc-
curred during 10-17/7/2021, 1-23/7/2022 and
21/9/2022 - 17/10/2022. The secretion peri-
od of pollination drops on the female and
male blossoms in the year 2022 were record-
ed during 9-16/7/2022 and 2-13/10/2022 (Fig.
1). The full moon of July and October 2022
occurred on 13/7/2022 and 10/10/2022, re-
spectively.

Regarding the morphology of S. ephed-
rae, the settled 1% instar has an elliptic and
thin flat shape with a light brownish color
(Fig. 2a). The 2" instar nymph of female has
a darker brownish color, elliptic shape, with
a longitudinal carina that arises on median
site of the dorsum (Fig. 2b). The male 2" in-
star nymph develops a white thin waxy cov-
er (Fig. 2c). The pre-ovipositing female adult
get a dark olive-green color secreting hon-
eydew from dorsum (Fig. 3a). The color of

Figure 2. Nymphs of Stotzia ephedrae on Ephedra foeminea:
(a) settled 1t instar nymphs, (b) 2" instar nymphs of females,
(c) 2™ instar nymphs of males, (d) larva of parasitoid in 2" in-
star nymph.
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the body of the ovipositing female is purple
brownish (Fig. 4a). The ovipositing female
adult creates a white convex waxy ovisac
that covers the eggs and the whole body of
the female (Fig. 4b). The male adult is simi-
lar with the female in color and has two long
waxy filaments in abdomen (Fig. 3b). Fig. 3

Imm

Figure 3. Stotzia ephedrae adults on Ephedra foeminea: (a)
preovipositing female, (b) male adult, () empty male scale
cover and (d) male adult under the scale cover before its emer-

shows the empty male scale cover (3c) and
male adult under the male scale cover be-
fore its emergence (3d). The eggs are oval el-
lipsoid light purple-reddish, laid under the
ovisac to the posterior part of the body of
the female (Fig. 4a). The crawler is elliptic,
rather flattened with a slightly lighter tint
than the eggs (Fig. 4b). The dimensions of
the developmental stages of the scale are
presented in Table 1.

Imm

Figure 4. Ovipositing female adults of Stotzia ephedrae on
Ephedra foeminea: (a) the body of ovipositing female, (b) fe-
male adults covered by their scale covers, and hatched crawl-

gence. ers.

Table 1. Dimensions (mm) of the developmental stages of Stotzia ephedrae (n=20).

Length Width
Developmental stage Mean + SE Mean + SE
(min — max) (min-max)
E 0.22 +0.001 0.14 +£0.003
99 (0.21-0.22) (0.12-0.15)
1.48 £ 0.03 0.63 £0.02
sty

Settled 15tinstar nymph (1.21-1.87) (0.43-0.76)
4 instar nvmph 2.08 +0.09 0.86 +0.03
ymp (1.62-3.10) (0.60-1.06)
Preovipositing female adult 3.46 0.0 1.39+0.02
positing (3.10-4.58) (1.20-1.52)
Ovipositing female 5.80 £0.09 3.15+0.09
(including ovisac) (5.24-6.41) (2.43-3.75)
1.27 £0.01 0.44 +0.02

Male adult (1.10-1.35) (0.32-0.56)
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Stotzia ephedrae is an oviparous bipa-
rental species. The recorded sex ratio (fe-
males/males) was 52.8/47.2. The eggs laid
by females fluctuated between 370 to 598
per female. The mean (+ SE) was 493.13 +
15.90 eggs per female. The percentages of
the developmental stages of S. ephedrae in
the sampled shoots are presented in Fig. 5.
As it is shown in the Figure, the hatching of
crawlers was recorded in May (2021, 2022
and 2023). The settled 1% instar nymphs
were present until the end of January (2022,
2023), thus this instar covers the longest pe-
riod of the year, comparatively with the oth-
er stages of the scale. The 2" instar nymphs
were recorded from the end of December
2022 to the end of February 2023 and from
the end of December 2022 to the begin-
ning of March 2023. The immature stages of
males (nymphs under their cover) were re-
corded between the end of February 2022
to the end of March 2022 and by the middle
of February 2023 to middle of March 2023.
Pre-ovipositing females were recorded from
the beginning of March 2022 to the begin-
ning of April 2022 and from the end of Feb-
ruary 2023 to the beginning of April 2023.
Ovipositing females were recorded from the
start of the study (20/4/2021) to the end of
April 2021, from the end of March 2022 to
the end of April 2022 and from the middle
of March to the middle of April 2023. Until
the crawler hatching the ovisacs remained
settled on the host plant, containing the
dehydrated body of the dead females un-
der their frontal portion and alive eggs un-
der the posterior portion (Fig. 5). The mean
number of S. ephedrae eggs per female was
493.13 £ 15.90.

Stotzia ephedrae is settled only on the
shoots of E. foeminea and the development
of the scales is not affected by the devel-
opment of the shoots. The infestation by S.
ephedrae damages the plant by sucking the
sap, dehydrating the shoots (Fig. 2) and by
the secretion of honeydew by the preovi-
positing female adults, which encourages
the growth of sooty molds and obstructs
photosynthesis.

Dynaspidiotus ephedrarum is an ovipa-
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rous biparental species. The dimensions of
the 2" instar nymphs, of the scale covers of
male adults and of female adults, are pre-
sented in Table 2. The scale cover of female
adult is convex white to grey - white, with
a brownish subcentral exuvia (Fig. 6a). The
scale cover of male has an oval shape and
white color with brownish subcentral (Fig.
6b). The developmental stage of E. foemin-
ea does not affect the development of D.
ephedrarum, but its infestation damages the
host plant by sucking the sap and drying the
shoots (Fig. 6).

Natural enemies of the scales

Regarding the presence and action of
natural enemies, larvae of an endopara-
sitoid Metaphycus sp. (Hymenoptera: En-
cyrtidae) (Fig. 2d) were found in 1t and 2™
instar nymphs of S. ephedrae. The percent-
age of parasitism in the total population of
the scale is presented in the Figure 7. As it
is shown in this Figure, the parasitism fluc-
tuated from 1.1 to 14%. The majority of the
parasitized nymphs (up to 80%) were main-
ly found near to the internal basal side of the
leaves. Smal number of individuals of the
coccophagus predators Chilocorus bipustu-
latus (L.) and Exochomus quadripustulatus (L.)
(Coleoptera: Coccinellidae) were observed
sporadically in the colonies of S. ephedrae
during the period of the study: three adults
and two larvae of C. bipustulatus (10/6/2021),
2 adults C. bipustulatus (16/7/2022), and 2
adults of E. quadripustutatus (20/9/2023).

In the case of D. ephedrarum, predat-
ed scales by three adults of the predator
Cybocephalus fodori Endrody-Younga (Co-
leoptera: Cybocephalidae) were recorded
on 10/6/2022, as well as one larva and two
adults on 27/3/2023. Also, parasitism of fe-
male adults was recorded by an unidentified
endoparasitoid species. Encapsulated eggs
(1-2 per female adult), and parasitoid exit
holes (1-3 per female adult scale cover) were
found (Fig. 6).

Regarding L. riccae, an unidentified ec-
toparasitoid was found to parasitize the fe-
male adults of the scale (Fig. 8).
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Figure 5. Percentage (%) of the developmental stages of Stotzia ephedrae on Ephedra foeminea from 20 April 2021 to 5 June
2023, Athens (Lecabettus Hill), Greece.
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Table 2. Dimensions (mm) of the developmental stages of Dynaspidiotus ephedrarum

(n=12).
Length Width

Developmental stage Mean + SE Mean + SE

(min-max) (min-max)
2" instar nymph 1.14 £ 0.02 0.83+£0.04

(1.05-1.22) (0.62-0.97)
Ovipositing female 1.88 + 0.07 1.18 £ 0.01
(with scale cover) (1.56-2.30) (1.13-1.21)
Scale cover of male adult 1.31+0.04 0.62 + 0.01

(1.14-1.49) (0.60-0.66)

Figure 6. Dynaspidiotus ephedrarum infestation on Ephedra
foeminea: (a) preovipositing female adults, (b) male nymphs,
(e) encapsulated eggs by endoparasitoid in the body of female
adults, (p) larvae (up) and exit holes (down) of endoparasitoid
of the scale.

M Istinstar M 2nd instar

Percentage (%) of parasitised nymphs
o N =2 & ® B R

<

< —

B P &@f’@%@%\@\w g
A M MRS MR LA RN A AN A A LA LEIRA LA
N«\@\N‘,}\%@\\@\\ DSERAGE E N I  SEARAS

Sampling dates
Figure 7. Percentage (%) of parasitism of 1 and 2" instar

nymphs of S. ephedrae by Metaphycus sp. during the period of
the study.
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Figure 8. Leucaspis riccae on Ephedra foeminea: (a) female
nymph, (b) larva of ectoparasitoid under the scale cover of fe-
male scale nymph.

Discussion

The average number of eggs laid by S. ephe-
drae females was 493.13 £+ 15.90 eggs per fe-
male. This number could be considered as
indicative of the fecundity of the scale and
cannot represent its total fecundity, as more
eggs could be laid by the examined females
after the date of the sampling (23 April 2022).
Stotzia ephedrae completes one annual gen-
eration in the area of the present study. From
the beginning of May to the end of January
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was recorded as settled 1" instar nymph, al-
though the weather conditions of this peri-
od are suitable for the development of scale
insects to next instars in Greece. This could
indicate that this instar enters diapause.
Similar behavior with a long period of dia-
pause of the 15tinstar is also recorded to oth-
er scale insect species in Greece, e.g. Coccus
pseudomagnoliarum (Kuwana) (Hemiptera:
Coccomorpha: Coccidae) infesting Citrus sin-
ensis from the beginning of June to the be-
ginning of the next April in Athens (Stathas
and Karipidis, 2020), as well as Kermes echina-
tus Balachowsky (Hemiptera, Coccomorpha:
Kermesidae) on Quercus ilex from the end
of June to mid-April of the following year in
Peloponnese (Stathas et al., 2018). Some mi-
nor differences recorded on the presence of
the several developmental stages of S. ephe-
drae could be related with differences of cli-
matic conditions of each year during the pe-
riod of the study.

The size of female (1.88 mm length, 1.18
mm width) and male covers (1.31 mm length,
0.62 mm width) of D. ephedrarum are similar
to those found in other studies, e.g. accord-
ing to Lindiger female scales are 1.5 mm in
diameter (Garcia Morales et al., 2016) while
according to Balachowsky the female scale
has a diameter of 2 — 2.2 mm and the scale
cover has a length 1.4 - 1.5 mm (Garcia Mo-
rales et al., 2016).

The Metaphycus endoparasitoid of S.
ephedrae could not be identified in species
level. Nevertheless, two Metathycus endop-
arasite species of S. ephedrae are known: M.
stephaniae sp. nov. in Israel (Guerrieri, 2006)
and M. hodzhevanishvilii in Iran (Fallahzadeh
and Japoshvili, 2017). The coccinellid pred-
ators C. bipustulatus and E. quadripustulatus
are common coccophagus species world-
wide, e.g. Chilocorus bipustulatus has been
recorded as a natural enemy of 76 scale in-
sect species and E. quadripustulatus on 40
species (Garcia Morales et al., 2016).

In the present study, parasitism of fe-
male adults of D. ephedrarum and L. riccae
was found by an unidentified endoparasi-
toid and ectoparasitoid, respectively. Re-
ports for parasitoid species of D. ephedrar-

um include Coccobius sybariticus Pedata
(Hymenoptera: Aphelinidae) (Pedata, 1999),
while for L. riccae, the aphelinids Aphytis li-
banicus Traboulsi and A. mytilaspidis (Le Bar-
on) (Hymenoptera: Aphelinidae) (Rosen and
DeBach, 1979). The coccophagus predator C.
fodor, found in low populations in the colo-
nies of D. ephedrarum, could also be consid-
ered as a natural enemy of the scale. In fact,
C. fodori is referred as predator of five scale
insect species of the family Diaspididae in
Turkey and Greece: Comstockaspis pernicio-
sa (Comstock) in Antalya, Turkey (Erler and
Tung, 2001), Diaspis echinocacti (Bouché) in
Kalamata, Greece (Stathas et al., 2021), Parla-
toria pergandii Comstock in Leonidion, Pelo-
ponnese, Greece (Stathas, 2001), Parlatoria
ziziphi (Lucas) in Tyros, Peloponnese, Greece
(Stathas et al., 2007) and Targionia vitis (Si-
gnoret) in Kalamata, Greece (Stathas et al.,
2021).

The results on the phenology of S. ephe-
drae which was the scale species found in
higher numbers on E. foeminea contribute
to the knowledge of the critical period for
the pest control, i.e. from May to January
during which the scale remains in the sen-
sitive instar of crawlers. In addition, the re-
cords of parasitoids and predators in the
colonies of the scale insects infesting E. fo-
eminea provide information on the available
natural enemies for potential use in biologi-
cal control schemes of these pests.

The authors express their gratitude to Professor
Giuseppina Pellizzari (Dipartimento di Agro-
nomia, Animali, Alimenti), University of Pad-
ua, Italy, for the confirmation of the scale in-
sects and to Professor George Japoshvili (Ento-
mology and Biocontrol Research Centre Agrar-
ian), University of Tbilisi, Georgia, for identifi-
cation of Metaphycus sp.
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Néa dedopéva OXETIKA HE Ta KOKKOEION Tou mpoofBaAAouv To
@uT0 Ephedra foeminea otnv EAAGSa

I ZtaBag, MN.l. Zkovpag, E.A. Kadptowvag kat A. Adppag

NepiAnyn To Sioko yupvoomepuo @utd Ephedra foeminea Forssk (Ephedraceae: Gnetales), eival éva
AUTOQPUEC KAOAAWTTIOTIKO PUTO TTOU €xel 181aiTEPO eVOIaPépov. ZTNV Tapoload epyacia mapouaotalovTal
oTolyElD Yl TN Qavoloyia Tou GUTOU oTnV ATTIKH, Kal yla ta emPBAaph yia 1o euTd KokKoeldr évTo-
na (Hemiptera: Coccomorpha): Stotzia ephedrae (Newstead) (Coccidae) (uopgoloyia, @aivoloyia, Bi-
oloyia, @uaikoi €xBpoi), Dynaspidiotus ephedrarum (Lindinger) (pop@oloyia, @uaoikoi exBpoi) and
Leucaspis riccae Targioni Tozzetti (Diaspididae) (puaoikoi exBpoi), mou e€ac@aliotnkav amod mapatnen-
o€1¢ ov €ytvav amd tov Anpilio Tou 2021 €w¢ tov lovvio Tou 2023. To €idog Stotzia ephedrae o€ oxé-
on e Ta dAa 6vo €idn mapatnperndnke og peyalltepoug mMAnBuaouoUg emi Tou E. foeminead. Zupminpw-
VEL ia YeVed To €T0¢, €ival €i60C¢ WOTAKO KAl AU@IYOVIKO KAl TTAPAUEVEL EYKATECTNUEVO 0TO 0TASIO TNC
vOUONE 1" nAikiag otouc BAactouc Tou E. foeminea, amé tov Mdio éwc¢ tov lavoudplo. H yovipuotntd tou
KupdvOnke amé 370 éwg 598 wd avd BnAukd. Amé Ta anoTteAéopata TG HEAETNE TNC Qalvoloyiag Tou S.
ephedrae @aivetal 6Tt n KATAANAOTEPN TIEPIOOOC VIO TNV KATATTOAEUNGN TOU EVTOMOU gival Katd To 61
dotnua Maiou - lavouapiov, kaBwc To évtopo BpiokeTal 0To €uaiobnTo 0TAdI0 TNG VOUENE 1™ NAIKIAC.
Emionc, ot kataypa@éc TN dpaonc mapacIToEIdwV Kal apTOKTIKWY EVAVTIOV TwV KOKKOEISWV TIOU TIPO-
oBdaAhouv To E. foeminea, mapéxouv TANPoPopieC yia Toug S1aBéatoug puaikoug exBpol¢ mou duvnTi-
Kd Ba pmopovoav va xpnotpomnotnfouv wg mapdyovTeg BIOAOYIKOU EAEYXOU QUTWV TwV TPOGBOAWV.
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Pollination and fruit set of the Protected Designation of
Origin apple cv. ‘Delicious Pilafa Tripoleos’ depends on insect
pollinators

M. Barda'?*, F. Karamaouna?, Th. Stathakis? and D. Perdikis'

Summary Insect dependency of apple crop for pollination vary in different cultivars. The cv. ‘Deli-
cious Pilafa Tripoleos', is a Protected Designation of Origin apple of Greece, which lacks information
on self-compatibility and needs for insect pollination for commercial fruit production. Here, the ef-
fect of wind, free (wind and insects), honeybee, free with at least one visit from a bumblebee and hand
pollination was examined on fruit set and fruit characteristics. Also, the effect of flowering patches as
a practice to attract pollinators in the apple orchards, on fruit quality characteristics was studied. A
pollinizer apple variety and insect pollinators are necessary for successful pollination of ‘Delicious Pi-
lafa Tripoleos’ since hand pollination with pollen of the same cv., and wind pollination resulted in very
low fruit set. Single flower visits by honeybees could give fruit set, however, free pollination with at
least one visit of B. terrestris resulted in higher fruit set compared to the other pollination treatments.
Free pollination resulted in more fruits with higher number of seeds than wind pollination (only one
fruit obtained). Apples produced from flowers adjacent to the flowering mixture patches had signifi-
cantly higher skin firmness and lower total soluble solids at harvest (both desirable traits for ‘Delicious

Pilafa Tripoleos’), compared to fruits from trees in naturally occurring groundcover.

Additional keywords: apple, bees, Delicious Pilafa Tripoleos, fruit characteristics, fruit set, pollination

Introduction

Apple (Malus domestica Borkh., Rosaceae)
is one of the most economically important
fruit crops globally (FAO, 2022). Apple crop
is highly dependent on insects for its polli-
nation as the majority of apple cultivars are
self-incompatible and insect pollinators act
as vectors for pollen movement among cul-
tivars (Jahed and Hirst, 2017; Nunes-Silva et
al., 2020). Therefore, enhancing pollinator
management in apple crop may result in
large financial benefits (Garratt et al., 2014).
However, when discussing the economic
benefits and management of pollinators in
apple orchards, a basic concern is how pol-
linator dependency and potential yield de-
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ficiencies vary throughout different apple
cultivars (Garratt et al., 2016).

In a recent global study in 177 commer-
cial apple orchards across 33 countries, hon-
ey bees were the dominant pollinator across
all biogeographical zones, while other man-
aged and wild bee species (644 bee species/
morphospecies collected) were recorded in
lower numbers (Leclercq et al., 2023). Apple
growers utilize honey bees, Bombus spp.,
Osmia spp., and other bee species to ensure
adequate levels of pollination and hence ap-
ple yields (Osterman et al., 2021). Especially,
bumblebees are considered excellent polli-
nators by farmers due to their ability to for-
age in low temperatures, common during
apple’s spring bloom (Brittain, 1935). In ad-
dition, conservation practices such as pro-
viding floral resources have been used to
attract bees aiming to promote ecosystem
stability and enhance food security in in-
sect pollination dependent crops like apples
(Park et al., 2012; Campbell et al., 2013).

Insect pollination is known to increase
cross-pollination between cultivars and thus
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improve fruit set and yields of apples (Leon-
hardt et al., 2013), which are self-incompati-
ble to some extent depending on the cultivar
(McGregor, 1976). However, the influence of
insect pollination on apple fruit quality char-
acteristics is not clear yet (Samnegard et al.,
2019). For example, no significant differences
were observed between wind-pollination,
wind + bee-pollination and hand-pollina-
tion treatments in fruit firmness, soluble sol-
ids content, titratable acidity, dry matter and
starch content, while fruit weight increased
moving from the first to the third abovemen-
tioned treatment (Vizzotto et al., 2018). More-
over, insect pollination has been reported to
improve apple fruit weight, length, diameter
(Hanicken et al., 2020). Also, better fruit qual-
ity (greater fruit symmetry) was recorded in
apples produced in trees close to Osmia lig-
naria Say nests (Sheffield, 2014).

When valuing ecosystem services such
as pollination to agricultural production, it is
always important to consider the apple vari-
ety (Garratt et al., 2014). The apple ‘Delicious
Pilafa Tripoleos’, is a Protected Designation
of Origin (PDO) cultivar which is produced
in altitude higher than 600 m, mainly at the
Tegea plateau, in the Prefecture of Arcadia
Peloponnese, Greece (European Union 1997,
Kizos and Vakoufaris, 2011). ‘Delicious Pila-
fa Tripoleos’ apples were recognized as PDO
by the Greek Ministry of Agriculture in 1962
(225700/13362) (peliti.gr), but they were cul-
tivated for the first time in Greece in 1920
as a sporophyte (Davidis, 1981). Their irreg-
ular shape, rough texture of their skin and
short life of storage do not give the best
first impression to the consumers, but they
have excellent organoleptic characteristics
for which are famous to apple connoisseurs
(Mitropoulos and Lambrinos, 2005; Mitro-
poulos and Lambrinos, 2007; Thanopoulos
et al., 2021). ‘Delicious Pilafa Tripoleos’ flow-
ering period is very short, usually less than
two weeks from mid to late April (Barda et
al., 2023). Moreover, the weather in April is
usually unstable in Tegea plateau, resulting
in frost problems and limited fruit setting
(Hatziiremia, 2021). Honey bees and wild
bees, i.e., Andrena, Anthohora, Bombus (e.g.,

B. terrestris, B. argilaceus), Xylocopa, Lasio-
glossum (e.g., L. marginatum), Megachilidae
have been recorded on flowers of ‘Delicious
Pilafa Tripoleos’ (Barda et al., 2023). There-
fore, the study of ‘Delicious Pilafa Tripoleos’
pollination aiming to enhance pollination
services and possibly improve fruit market-
able characteristics is of great interest for
promoting and preserving this local cv. In
addition, there is no previous relevant study
for the cv. ‘Delicious Pilafa Tripoleos’, which
makes this study novel.

The aim of this study is to evaluate the
effect of a) free pollination with contribu-
tion of insects and wind pollination on ‘De-
licious Pilafa Tripoleos’ fruit set and fruit
quality characteristics; b) different pollina-
tor taxa (honey bees and bumblebees) to
fruit set, and c) groundcover management
practices (patches of flowering plants estab-
lished to attract pollinators vs naturally oc-
curring groundcover in the apple orchard)
to fruit quality characteristics.

Materials and Methods

To study the effect of different pollination
treatments and groundcover on ‘Delicious
Pilafa Tripoleos’ fruit set and fruit quality,
three field experiments were conducted
during the years 2020, 2021, 2022.

Effect of free pollination (insects and
wind) vs wind pollination on fruit set
and fruit characteristics of the cv. ‘Deli-
cious Pilafa Tripoleos’

The study took place in an IPM apple
orchard (palmette, 0.45 ha) located in Te-
gea plateau, Arcadia, Peloponnese, Greece
(374415, 22.40492) in year 2020. To minimize
variability effects due to different tree vigor,
site and other factors that could affect polli-
nation and fruit setting, the treatments were
set in pairs on branches of the same tree. In
particular, two branches of the same length,
approximately Tm, on the same apple tree
were selected at pink bud stage, one was
marked as “free pollinated” and the second
was closed in an insect-proof net (1.20m x
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0.50m, 16/10) which allows pollen entry, and
marked as “wind pollinated” (Figure 1a). Af-
ter the end of flowering, the net was not re-
moved from the “wind pollinated” branches
aiming to protect them. For the same reason
a net was also placed on the “free pollinat-
ed” branches. A total of 8 paired replicates
per treatment were set. During flowering no
plant protection products were applied.

To evaluate the effect on fruit setting,
the following measurements were conduct-
ed in the field a) the number of buds on
each selected branch at the pink bud stage
(BBCH 57) (Meier et al., 2009), b) the number
of fruits two weeks after petal fall (BBCH 71),
¢) ‘initial fruit set’ as the proportion of fruits
on BBCH 71 to flowers on BBCH 57, d) the
number of fruits after natural fruit drop and
fruit thinning by hand, e) fruits on harvest
(BBCH 87), f) ‘final fruit set’ as the propor-
tion of fruits on BBCH 87 to flowers on BBCH
57. Apple fruits produced by free pollina-
tion, wind pollination and randomly select-
ed apples from free pollination without net
after petal fall (as a control), were harvested
to study the effect of pollination treatment
on fruit quality characteristics. ‘Initial fruit
set’ is considered the best indicator of pol-
lination success, as measurements are taken
before any fruit loss due to diseases, pests,
or natural abscission by the tree (Klein et al.,
2012). The ‘final fruit set’, was also recorded
in autumn as an important pollination suc-
cess indicator for orchard managers (Camp-
bell et al., 2017b).

The fruit quality characteristics examined
in the laboratory were: a) fruit weight (g), b)
maximum fruit length (mm), ¢) minimum
fruit length (mm), d) maximum fruit width
(mm), ) minimum fruit width (mm), f) seeds/
fruit, g) seeds’ weight/fruit (g), d) total solu-
ble solids - TSS (°Bx) (Figure 1e). Fruit width
and length were measured using a digital
caliper (Figure 1f) and TSS using a hand re-
fractometer calibrated with distilled water.

Effect of pollination by different taxa of
pollinators on the cv. ‘Delicious Pilafa
Tripoleos’ fruit set

The study was carried out in an organ-
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ic apple orchard (palmette, 0.25 ha) locat-
ed in Tegea plateau, Arcadia, Peloponnese,
Greece (3743705, 22.46942) in year 2022.
Two bumblebee hives (Bioinsecta Bombox
Fruit) of the species Bombus terrestris L. (Ap-
idae) were established in the orchard, as an
adopted practice by the farmers, to ensure
visits of B. terrestris on the apple flowers. Vis-
its of Apis mellifera L. (Apidae) on apple flow-
ers were already guarantied as beekeepers
transfer their hives in Tegea plateau during
apple flowering. The bumblebee hives were
placed in the field on 13 April 2022 to accli-
matize. The apple blossom started on 25
April 2022. Insect net cages (1.20m x 0.50m,
16/10) were placed in apple inflorescences
(corymb) at the pink bud stage (BBCH 57),
on 19 April 2022. Regarding plant protection
applications, these included one application
of a copper product before apple flowering,
and one application of a Beauveria bassiana
product after the end of flowering.

Apple inflorescences were caged (30 cm
x 20cm, density type: 16/10) at the pink bud
stage to be able to handle the following a, b
and d treatments. The following treatments
were implemented: a) wind pollination, us-
ing an insect-proof net (30 cm x 20cm, 16/10)
which allows pollen but not insects entry, b)
a single visit by A. mellifera. Inflorescences
caged at the pink bud stage, were released
on full bloom under supervision for obser-
vation of a single honey bee visit. The flower
visited by a honey bee was caged again indi-
vidually after destroying the rest of the flow-
ers of the inflorescence, ¢) at least one visit
by B. terrestris. Flowers that were free to pol-
lination by wind and insects and received
(recorded by observation) at least one vis-
it by B. terrestris. Upon the bumblebee visit,
one flower was kept in each cage (destruc-
tion of the flowers of the inflorescence not
visited by the bumblebee), d) Hand pollina-
tion, was performed using a flower from a
neighboring tree of the same variety (also
a way to check whether self-incompatible
or compatible), by tapering its anthers on
the stigma of the examined flower, destruc-
tion of the rest of the rosette’s flowers, then
close the flower in an insect-proof cage (Fig-
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ure 1b, 1¢c, 1d)

The measurements recorded were: a) du-
ration of each pollinator visit to one flower
(in seconds), to provide a measure of mean
visitation period for each pollinator (Garan-
tonakis et al., 2016), b) fruit set, in each pol-
lination treatment, two weeks after the end
of anthesis.

Effect of patches of flowering plants on
the apple fruit quality

To determine any possible differences of
different groundcover management prac-
tices, the above mentioned IPM apple or-
chard in the 2020 experiment was used with
the establishment and the plant species of
the flowering mixture described in Barda
et al. (2023). All fruits were free-pollinated
and randomly harvested. In autumn 2021,
12 apple fruits were harvested from apple
trees in rows which during spring had been

surrounded by flowering mixture patches
(main flowering by Vicia sativa L., Vicia faba
L., Eruca sativa L. Cav. and Coriandrum sati-
vum L.) and 12 fruits from trees in rows that
had been surrounded by naturally occurring
groundcover of the orchard (main flower-
ing by Ranunculus repens L., Veronica persi-
ca Poir., Veronica hederifolia L., Calepina ir-
regularis (Asso) Thell., Cardaria draba L.). The
quality characteristics examined were the
same as those examined in the year 2020
with the addition of three characteristics
a) fruit skin firmness (kg), b) flesh firmness
(kg), ) apple shape, measured as the differ-
ence between maximum and minimum fruit
width. The skin firmness was measured us-
ing a penetrometer at two antidiametrical
points, flesh firmness was measured using
a penetrometer by cutting the apple in half
and measured at two points of the flesh be-
tween the ovary and the skin of the fruit.

Figure 1. Investigation of the importance of different pollination treatments in fruit set and fruit characteristics of the “De-
licious Pilafa Tripoleos” apple: a) branch with insect-proof net (wind pollination), experiment 2020, b) visit of Apis mellifera
to an apple flower, c) visit of Bombus terrestris to an apple flower, d) different pollination treatments inside insect proof cag-
es (A. mellifera, B. terrestris, wind pollination, hand pollination), experiment 2022, e) Measurement of total soluble solids by
hand- refractometer, f) measurement of fruit length with a caliper.

© Benaki Phytopathological Institute



Insect pollination in apple ‘Delicious Pilafa Tripoleos’ 63

Statistical analysis

T-test was applied to determine any sta-
tistically significant differences between: a)
fruit quality measurements of fruits from
free pollination, kept in the net after petal
fall vs free pollination without the net after
petal fall in 2020; b) free pollinated fruits ad-
jacent to flowering patches vs the natural-
ly occurring groundcover (control) in year
2021, when data followed the normal dis-
tribution (a=0.05); Kruskal-Wallis nonpara-
metric test when data did not follow the
normal distribution (0=0.05). Differences
among pollination treatments on fruit set
in the 2022 experiment were separated by
Dunn’s test, while visit duration differences
between honey bees and bumblebees were
determined by Kruskal-Wallis nonparamet-
ric test.

Results and Discussion

In year 2020, the bagged branches allowing
only wind pollination, gave very low fruit set
indicating that insect visits are necessary
for apple flower pollination of the cv. ‘De-
licious Pilafa Tripoleos’. The positive effect
of free pollination (wind and insects) is ob-
vious even from the ‘initial fruit set’” and is
clearly depicted on the ‘final fruit set’ (Table
1). Only one fruit from wind pollinated flow-
ers was obtained on harvest. On the con-
trary, 36 fruits were obtained by free pol-
linated flowers indicating the importance
of insect pollinators in fruit set. The impor-
tance of the insect mediated pollination has
been underlined for diverse apple varieties
(Garratt et al., 2016; Pardo et al., 2020; Burns,
2022) and is confirmed for ‘Delicious Pilafa

Table 1. Fruit set of the cv. ‘Delicious Pilafa Tripoleos’ flowers after free pollination or wind
pollination: number of flowers at pink bud stage (BBCH 57); number of fruits two weeks after
petal fall (BBCH 71); ‘initial fruit set’ as proportion of fruits at BBCH 71 out of flowers at BBCH
57; fruits on harvest (BBCH 87); final fruit set as the proportion of harvested fruit out of flow-
ers at BBCH 57, Tegea plateau, spring-autumn 2020.

Tree Pollination | Nr of flowers at | Nr of fruits at | Initial fruit | Fruits after fruit | Fruits on | Final fruit
treatment BBCH 57 BBCH 71 set thinning* harvest set
1 Wind 50 0 0.00 0 0 0.00
Free 20 17 0.85 7 7 0.35
2 Wind 19 10 0.53 0 0 0.00
Free 25 14 0.56 8 8 0.32
3 Wind 5 2 0.40 0 0 0.00
Free 9 8 0.89 4 4 0.44
4 Wind 4 0 0.00 0 0 0.00
Free 12 6 0.50 2 2 0.17
5 Wind 31 1 0.03 0 0 0.00
Free 28 24 0.86 5 5 0.18
6 Wind 21 0.05 0 0 0.00
Free 16 9 0.56 4 4 0.25
7 Wind 51 1 0.02 0 0 0.00
Free 24 18 0.75 4 4 0.17
8 Wind 11 2 0.18 1 0.09
Free 12 6 0.50 2 2 0.17

* Fruit thinning was applied as it is a common practice by apple producers and to have the same parameters
that affect fruit quality between wind, free pollination and the control fruits (free pollinated fruits without net,

randomly selected on harvest).
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Tripoleos'.

In the experiment of 2022, the results of
the wind pollination treatment confirmed
the results of the 2020 experiment that in-
sect pollinators are necessary for successful
pollination of ‘Delicious Pilafa Tripoleos’ ap-
ples (Figure 2). Hand pollination gave only
3 fruits out of 17 hand pollinated flowers,
highlighting the importance of a polliniz-
er apple variety on the pollination of the cv.
‘Delicious Pilafa Tripoleos’ (Figure 2).

Pollinator visit duration on a single ap-
ple flower differed significantly between
honey bees and bumble bees (p < 0.001)
with honey bees spending approximate-
ly twelve times longer time per flower than
bumblebees. Specifically, the mean dura-
tion of a single honey bee visit on an ap-
ple flower was 48.1 + 3.81 seconds and for
bumblebees 4.09 + 0.35 seconds. ‘Free + B.
terrestris’ treatment resulted in significantly
higher fruit set followed by honey bee and
hand pollination, while wind pollination re-
sulted in the lowest fruit set (Kruskal-Wallis,
Dunn’s test: p= 0.0047), (Figure 2). Pairwise
multiple comparison Dunn’s test did not
show any differences (marginally, p= 0.055)
between ‘A. mellifera’ and ‘Free + B. terrestris’
treatments but Wilcoxon test showed that
the latter resulted in significantly higher
fruit set than single visits from honey bees
(p=0.0188). This demonstrates that a single
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Figure 2. Percentage of fruit set two weeks after petal fall of
flowers of the apple cv. ‘Delicious Pilafa Tripoleos” after dif-
ferent pollination treatments: (a) a single visit of A. mellifera,
(b) at least one visit of Bombus terrestris, (c) hand, (d) wind,
Kruskal-Wallis: x>= 12.959, p=0.0047, Tegea, plateau, Greece,
spring 2022. Small letters indicate statistically significant dif-
ferences between the pollination treatments.

flower visit from a honey bee (although lon-
ger than the one of a bumblebee) does not
guarantee successful pollination, support-
ing the results of previous studies that fruit
set requires repeated pollinator visits (Ber-
nauer et al, 2022). Moreover, longer visit
duration does not always equal better pol-
lination than shorter visit durations as polli-
nation effectiveness depends on a variety of
factors such as pollinator hair density, body
length and flower handling (Roquer-Beni et
al., 2022). Other factors such as pollen car-
ryover and pollinator movement are also
important. For instance, bumblebees have
been reported to outperform honey bees in
terms of outcross pollen delivery per flower
visited in apple (Hung et al., 2023), as Bom-
bus spp. frequently contact stigmas while
foraging thus deposit more pollen to ap-
ple stigmas than honey bees (Thomson and
Goodell, 2001). This aligns with the higher
fruit set of the ‘Free + B. terrestris’ treatment
in the present study from flowers which had
received at least one visit of B. terrestris, al-
though previous visits by other pollinators
cannot be excluded. Nevertheless, both
honey bees and bumblebees store moist-
ened pollen in the corbicula of their hind
legs, making pollen generally unavailable
for pollination (Westerkamp, 1991; Michen-
er, 2007), hence further research with more
wild bee taxa which possess different struc-
tures and ways to carry pollen should be
conducted.

Considering possible effect of pollina-
tion treatments on fruit quality character-
istics, analyses on the 2020 harvested fruits
from free (insects and wind), wind pollinat-
ed flowers and free (insects and wind) pol-
lination without net until harvest, revealed
some differences. Given the low number
of apples harvested from the insect exclu-
sion (wind pollination) treatment, we could
not assess its effect on fruit quality. Howev-
er, the wind pollinated fruit had one seed,
whereas the free pollinated in cages and the
control (free pollination — randomly select-
ed fruits) had more than 3 seeds/fruit. Seed
set is an indicator of apple fruit quality pa-
rameters, with greater seed numbers result-
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ing in greater production of top commercial
value fruits (Webber et al., 2020). Statistically
significant differences were found between
the fruits from free pollination and the con-
trol which was also free pollinated but with-
out the effect of the net-cage after petal fall
(Table 2). The latter (control) showed signif-
icantly higher fruit weight, minimum, maxi-
mum fruit length and minimum fruit width
(p= 0.0120, p= 0.0047, p= 0.0141, p= 0.0197
respectively). These differences could pos-
sibly be attributed to the effect of the net
used only in the free pollination treatment
from BBCH 71 to BBCH 87, as published stud-
ies mention that net covering can affect pro-
duction and fruit quality of apple and other
fruits (Manja et al., 2019; Jordaan, 2023).
Regarding any possible effect of ground-
cover management on fruit quality charac-
teristics, no effect was found on most of the
fruit characteristics examined in year 2021.
Floral plantings, which attract wild bees and
enhance overall pollinator abundance in ap-
ple orchards (Campbell et al., 2017a; Barda et
al., 2023) have been reported to have posi-
tively affected apple size (Ratto et al., 2021)
whereas no differences were found in the
current study. Also, others reported that ap-
ple shape measured as the difference be-
tween maximum and minimum fruit width
was significantly affected by pollination
with insect-excluded treatment fruits being
more misshapen (Campbell et al., 2017b).
Here, only fruits derived from free pollinat-
ed flowers were studied. The fruit shape did
not differ between fruits produced from free
pollination close to the flowering mixture
and fruits from trees in the natural occur-
ring groundcover (p=0.7175) (Table 3). How-
ever, fruits produced from flowers adjacent
to the flowering mixture had significantly
higher skin firmness (p= 0.0224) while fruits
from the control showed significantly high-
er total soluble solids when harvested (p=
0.0004). As the fruit matures, total soluble
solids readings increase. However, both fruit
samples were obtained the same day from
the same field. In general, it is recommend-
ed to harvest apples with readings around
12% to 14% total soluble solids, but this var-
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ies by cultivar and target markets for the
fruits (Farcuh, 2023). Lower total soluble sol-
ids at harvest may warrant longer storabili-
ty period for ‘Delicious Pilafa Tripoleos’ ap-
ples. Generally, there is a positive trend of
increasing consumer preference in apples
with firmness (Harker et al., 2008) which un-
derlines the positive effect of the flowering
mixture to the marketability of ‘Delicious Pi-
lafa Tripoleos’ apples.

Conclusions

Overall, we can conclude that a pollinizer ap-
ple variety and insect pollinators are neces-
sary for successful pollination and fruit set of
‘Delicious Pilafa Tripoleos’ apples. Wind pol-
lination cannot resultin fruit set. Single flow-
er visits by honey bees can successfully pol-
linate flowers in a low percentage, which we
assume could be increased with more visits.
However, free pollination with at least one
visit of B. terrestris (use of bumblebee hives
is an increasingly applied farming practice)
resulted in higher fruit set. Enhancement of
pollinators using a groundcover manage-
ment scheme of flowering patches in the
apple orchard seems to have a further pos-
itive impact on pollination and fruit quality
characteristics in ‘Delicious Pilafa Tripoleos’
since fruits produced from flowers neigh-
boring the flowering mixture patches had
significantly higher skin firmness (desirable
by consumers) and significantly lower total
soluble solids at harvest (may warrant lon-
ger storability period). Further research with
diverse bee taxa is suggested to study the
effect of different pollinators on fruit set and
fruit quality.
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orchards and sharing their invaluable field ex-
perience, the Professor Emeritus Stavros Vem-
mos (Agricultural University of Athens) for his
guidance regarding apple fruit characteristic
measurements, the Researcher Kyriaki Varikou
(ELGO-DEMETER) for her field advice regard-
ing the bagging of the apple flowers, the Pro-
fessor loannis Karapanos (Agricultural Univer-
sity of Athens) for providing the penetrometer
and instructing the first author on the use of
the equipment and the company Hellagro for
donating the net used in the different pollina-
tion treatments.
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H emkoviaon kat kapmodeon tn¢g Npootateudpevng
Ovopaciag MpoéAevong moikidiag pnAiag «Ntelicioug MiAaga
TpmoAewe» e§apTatal amo EVIOHA EMKOVIAOTEC

M. Mntdpda, O. Kapapaouva, ©. Ztabdkng kat A. MNepdikng

NepiAnPn H avaykn emkoviaon¢ amd ta évroua ot KaANEpyela NG UNAIAC Siapépet avaloya pe
TNV moikiAia. H «NteAiotouc Midagd TpimdAewd» gival kaAAiepyoUpevn TolkiAia unAag Mpootateudue-
vng Ovopaoiag MpoéAeuong yia tnv omoia 6gv UTIAPXOUV GTOLXEIO OXETIKA ME TOV aBuo autoacupfi-
BaoTou mou mapouactadel Kal TIC AVAYKEC yla EMIKOVIAoN amd Ta éVTOWA Yla EUMOPIKN TTapaywyr. ZTnV
mapovoa epyacia e€eTA0TNKE N eMidpacn Tn¢ emkoviaong amd Tov Avepo (Aven o kKAwPoulg), dvepo
Kal €vTopa (Avon xwpic kKAwBoug), amd tn LENITTOPOPO UENOOA, amo eAVBEPN emikoviaon pe TOUAAX!-
oTov pia emiokePn BouPivou, Kat Le TO XEPL, 0TNV KAPTAOEDN Kal 0TA XAPAKTNPIOTIKA TOU KapmoU. Emi-
ong, MEAeTABNKE N emidpacn avBoPopwV QUTIKWY UEIYUATWY HE TN Hop@H vNoidwv eVTOC TOU UNAew-
Va WG TTPAKTIKA YO TNV TTPOCEAKUGN EMKOVIAOTWY, OTA TIOIOTIKA XAPAKTNPIOTIKA TwV Kapmwv. Na tnv
EMITUXN EMIKOViaon TS UNALAC cv. «<NTeAiolou MAaga TpimoAewe» gival amapaitnTn n mapouscia emKo-
VIAOTPLAG TIOIKIAIOG KA EVTOUWV ETTIKOVIAOTWY, KABWG N EMKOVIOon PE TO x€PL Ue yupn avBéwv amod tnv
idl1a moikiAia, kat n emkoviaon pe Tov Avepo odrynoav o€ xaunAd mooootd kapmddeonc. Mia emioke-
PN A. mellifera ava avBoc punAidc odryynoe o€ kapmddeon, woTooo, N EAVBEPN EMKOVIOON UE TOUAG-
XloTov pia emiokeyn amo B. terrestris €ixe w¢ amotéAeopa UPNASGTEPO TOCOOTO Kapmodeong oe GUYKPL-
on Ue TIG AAEG peTaxelpioelg emkoviaong. H «eAe0Bepn» emikoviaon 0drynoe o€ mePIOOOTEPOUC KApP-
TIOUC HE MEYANUTEPO APIOUS OTIEPUATWY amd OTL N EMIKOviaon Ue Tov dvepo (n omoia édwaoe povo évav
Kapmo). Ta uiAa mou mpoépyovtav amod dvon mou Bpiokovtav Kovtd o€ vnoidec avBo@opou peiyuatog
€lXav oNUAVTIKA HEYOADTEPN CUVEKTIKOTNTA YAOLOU Kal XaunAoTepa oAikd Slahutd oTeped cuoTatikd
KaTd TN ouykodn (kat ta Vo emOUUNTA XapakTNELOTIKA yia TNV cv. «NTeAioloug MAapd TpimoAewe),
o€ oLYKpLoN Ue Kapmmoug §évopwv mou yettvialav pe vnoideg autopuolg xAwpidag.

Hellenic Plant Protection Journal 17: 59-69, 2024
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