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Molecular advances on agricultural crop improvement to meet
current cultivating demands

T. Margaritopoulou'* and D. Milioni?

Abstract Sunflower, maize and potato are among the world’s principal crops. In order to improve
various traits, these crops have been genetically engineered to a great extent. Even though molecu-
lar markers for simple traits such as, fertility, herbicide tolerance or specific pathogen resistance have
been successfully used in marker-assisted breeding programs for years, agronomical important com-
plex quantitative traits like yield, biotic and abiotic stress resistance and seed quality content are chal-
lenging and require whole genome approaches. Collections of genetic resources for these crops are
conserved worldwide and represent valuable resources to study complex traits. Nowadays techno-
logical advances and the availability of genome sequence have made novel approaches on the whole
genome level possible. Molecular breeding, including both transgenic approach and marker-assisted
breeding have facilitated the production of large amounts of markers for high density maps and al-
lowed genome-wide association studies and genomic selection in sunflower, maize and potato. Mark-
er-assisted selection related to hybrid performance has shown that genomic selection is a successful
approach to address complex quantitative traits and to facilitate speeding up breeding programs in
these crops in the future.

Additional keywords: Crop improvement, agricultural biotechnology, marker assisted selection, improved ag-

ronomic traits

Introduction

Agriculture is a human invention since more
than 10,000 years and is estimated to have
used more than 7,000 species to satisfy ba-
sic human needs (Esquinas-Alcazar, 2005).
The primitive crop cultivars, known as lan-
draces, were adapted to local growing con-
ditions and practices, and therefore re-
mained genetically diverse for traits such
as product qualities, stress tolerance, dis-
ease resistance, and yield stability. Today’s
agricultural commodities and modern vari-
eties derived from the genetic modification
of wild plants through thousands of years of
gradual selection, domestication and breed-
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ing, are more genetically uniform than their
wild relatives (Fu, 2015). Given that plant ge-
netic diversity increases options for innova-
tive, plant-based solutions to major environ-
mental challenges such as water scarcity,
deforestation, energy and climate change,
molecular plant breeding can be a valuable
tool to meet these demands by rapid incor-
poration of important traits from wild rela-
tives into established crops and by shorten-
ing new crop domestication time (da Silva
Dias, 2015).

Nowadays affordable high throughput
DNAsequencing,coupledwithimprovedbio-
informatics and statistical analyses, is bring-
ing major advances in the field of molecular
plant breeding. Multidisciplinary breeding
programs on the world’s major crop plants
are able to investigate genome-wide varia-
tions in DNA sequences and link them to in-
herited highly complex traits which are con-
trolled by several genes, such as hybrid vigor
and flowering. Furthermore, there has been
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a step-change in speed and cost-effective-
ness (Robinson et al., 2014). The availabili-
ty of dense genetic maps can facilitate re-
searchers to perform flexible marker-trait
associations, concerning the correlations
between pathogen resistance and alterna-
tive genes, and develop high performance
markers that will promote marker- assisted
choice (MAS) selection for resistant popu-
lations in segregating breeding programs
(Ben-Ari and Lavi, 2012).

Herein, the molecular advances on agri-
cultural crop improvement to meet current
cultivating demands are reviewed for three
economically important crops worldwide,
i.e. sunflower, maize, potato.

Sunflower (Helianthus annuus L.,
Asteraceae)

Sunflower is the foremost seed crop cul-
tivated within the world (Fernandez-Luque-
no et al, 2014). Sunflower oil contains less
than 11% total saturated fat and does not
contain any trans fat. Inexpensive produc-
tion of biofuel from sunflower oil has been
achieved (Boumesbah et al., 2015). Further-
more, sunflower is an ideal plant for produc-
ing high quality rubber from its leaves and
stems and some of the taller perennial spe-
cies have high latex yield potential (Lu and
Hoeft, 2009).

The multiple usages of sunflower prod-
ucts in food, feed, and industry are stimu-
lating the discovery of new sources of bio-
diversity for sunflower molecular breeding
programs in combination with the appli-
cation of high throughput approaches and
genetic manipulation. The primary objec-
tive for sunflower breeders it to increase
the yield and agronomical performance
of high oleic sunflower hybrids. To accom-
plish these goals, breeders need to ad-
dress pathogens, pests, and environmen-
tal constraints that have the potential to
drastically reduce yield where sunflowers
are grown (Dimitrijevic and Horn, 2018).

Genomic resources
A rich and various germplasm assort-
ment is the backbone of each crop improve-

ment program. Assessing genetic diversi-
ty within a genetic pool of novel breeding
germplasm could make crop improvement
more efficient by the directed accumulation
of desired alleles (Darvishzadeh et al., 2010).
Several bacterial artificial chromosome
(BAC) libraries have been constructed for
sunflower (Feng et al., 2006; Gentzbittel et
al., 2002; Ozdemir et al., 2004). The libraries
are equivalent to approximately 8 haploid
genomes of sunflower and provide a great-
er than 99% probability of obtaining a clone
of interest and they have been employed for
isolating and physical mapping of loci such
as the FAD2-1 locus (Schuppert et al., 2006)
or the fertility restorer Rf1 locus (Hamrit et
al, 2008). In situ hybridization techniques
involving Fluorescent In Situ Hybridization
(FISH) and BAC-FISH have being optimized
for diversity and biological process studies
between species of the genus Helianthus
and development of a physical helianthus
map allowing a cross reference to the ge-
netic map (Giordani et al., 2014).

Various EST sequencing programs have
been carried out in sunflower, including
the Compositae Genome Project, and oth-
er programs (Tamborindeguy et al., 2004)
and (Ben et al.,, 2005). The Compositae Ge-
nome Program (http://compgenomics.uc-
davis.edu/index.php) has developed and
is utilizing a 2.6 million feature Affymetrix
chip based on 87,000 unigenes from seven
Helianthus spp. (Lai et al., 2012). Interesting
associations have been detected between
Expressed Sequence Tags (ESTs) and Quanti-
tative Trait Loci (QTLs) for salt tolerance and
for domestication traits (Lai et al., 2005). Un-
til today, 94.33 % of HA412-HO ESTs are cor-
rectly mapped and 90,935 protein coding
genes are predicted, excluding transposable
elements (http://www.sunflowergenome.
org). Extensive genotyping has been per-
formed for vegetative and flower sunflower
organs together with uncovering gene net-
works for oil metabolism and flowering time
(Badouin et al., 2017; Renaut 2017).

Efficient breeding strategy development
Biotechnology has the potential to help
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evoke the full potential of this valuable crop
(Fig. 1).

Resistance to pathogens

MAS technology has been used in sun-
flower breeding for various disease resis-
tance traits (Brahm and Friedt 2000). With
the development of an array of molecular
markers and a dense genetic map of the
sunflower genome, MAS for both single
genes and QTLs is now possible (Babu et
al., 2004; Bowers et al., 2012). For example,
biotechnology offers a variety of meth-
ods for managing white rot caused by Stro-
matinia cepivora (also known as Sclerotium
cepivorum) (Schnabl et al., 2002), includ-
ing defense activation, pathogen inhibi-
tion and detoxification (Lu, 2003). Accord-
ing to Hu et al. (2003), the enzyme oxalate
oxidase can confer resistance against Scle-
rotinia sclerotiorum, (Lib.) de Bary which
causes sclerotinia wilt (midstalk rot), in
transgenic sunflower plants while accord-
ing to Sawahel and Hagran (2006), overex-
pression of a human lysozyme gene in sun-
flower confers resistance to the pathogen.
Recently, the quantitative nature of Scle-
rotinia resistance has been exploited and
QTL analysis showed that different genom-
ic regions may contribute to resistance in
different tissues of the plant (Wiirschum et
al., 2014).

Alternative transgenic methods have
been developed to reinforce sunflower resis-
tance to diseases. A number of homologues
resistance (R) gene have been isolated from
sunflower, providing a valuable resource for
engineering disease resistance in sunflow-
er (Dimitrijevic and Horn 2018; Hewezi et al.,
2006; Qi et al., 2016; Talukder et al., 2016).

Quality traits. Sunflower with high oleic
acid content is optimal for the biodiesel in-
dustry since the produced oil has up to 90%
mono-unsaturated fatty acid concentra-
tion, which has high oxidative stability and
uniformity. Therefore, producing high con-
centrations of industrially valuable fatty ac-
ids in plant seeds through biotechnological
improvements along with modifications of
the fatty acid composition can make vege-
table oil more versatile for its use (Burton et
al., 2004).

One of the challenges for oil composi-
tion modification in sunflower is increas-
ing the extent of the new fatty acids. Much
work has been performed for the identifica-
tion of genes involved in primary metabol-
ic pathways and signal transduction at var-
ious growth and stress conditions (Liang et
al., 2017; Pan et al., 2016; Velasco et al., 2014)
to gain insight into the mechanism of an-
tioxidant defense. New genes have been
identified and the metabolism of ROS and
RNS have been analyzed under various biot-
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Fig. 1. Schematic depiction of the available resources in sunflower for marker-assisted selection and future genomic selec-
tion. Sunflower diverse genetic information is available for breeding and represents a large portion of genetic diversity that
can be exploited forimproving sunflower traits. Accessing sunflower genome sequences, large resources of SNP or high res-
olution maps and/or SNP arrays, along with huge amount of expression data can accelerate sunflower breeding by making
the selection steps more efficient and precise. Marker-assisted breeding toward genomic selection can produce high qual-

ity breeding values.
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ic and abiotic conditions (Chaki et al., 2013;
Chaki et al., 2008; Chaki et al., 2011).

Overall, transgenic sunflower has the
potential to meet the demands for yield im-
provement, to increase the efficient use of
renewable resources, such as land, water
and soil nutrients, and to significantly bene-
fit everyday life by providing additional nu-
tritive and healthy foods and valuable in-
dustrial products.

Ease of use and robustness of molecular

markers

Markers’ validation assesses their link-
age to and association with QTLs and their
effectiveness in selection of the target phe-
notype in independent populations and dif-
ferent genetic backgrounds (Collard et al.,
2005). An overall QTL mapping has been
performed using microsatellite and Single
Nucleotide Polymorphisms (SNP) markers
in sunflower giving the ability to assess the
genetic diversity and population structure
across different sunflower populations (Fil-
ippi etal., 2015).

Validation of genomic Simple Sequence
Repeats (SSRs) in four genotypes of sunflow-
er (RHA266, PAC2, HA89 and RHA801) result-
ed in amplification of 74 sequences from
a total of 127 analyzed. Out of them, 13%
represented polymorphic loci, 45% mono-
morphic, 5% null alleles and the remaining
37% showed either no amplification prod-
uct, nonspecific amplification or complex
or difficult to resolve banding patterns (Ta-
lia et al., 2010). The percentage of polymor-
phisms within sunflower that can be geneti-
cally mapped using SSR markers is shown to
be less than 10% that comes in agreement
with reports from other species (Varshney et
al., 2005).

Examples of markers/QTLs validation
across various genetic backgrounds in sun-
flower include:

— A set of markers have been validated
in a number of different genetic back-
grounds for the Or5 gene conferring re-
sistance to race E of the parasitic weed
broomrape (Orobancche cumana), in-
fecting the sunflower roots (Honiges et

al,, 2008; Pérez-Vich et al., 2004; Tang
and Knapp, 2003).

— Markers have been validated for the
dominant Pl genes determining resis-
tance to different downy mildew races
(Brahm and Friedt 2000; Hvarleva et al.,
2009; Ma et al., 2017) and to the R1, Radv
and Pu6 genes conferring resistance to
rust (Bulos et al., 2014).

— QTLs controlling three resistant (stem le-
sion, leaf lesion and speed of fungal con-
trol) and two morphological (leaf length
and leaf length with petiole) traits have
been validated for S. sclerotiorum across
generations (Micic etal., 2005) and across
environments (Talukder et al., 2016).

— QTLs have been validated for sunflower
oil content, across generations, environ-
ments and mapping populations (Tang
etal., 2006b).

— Markers have been developed in sun-
flower for simple traits selection, based
on gene mutations underlying the trait
of interest. There has been identified a
mutation in codon 205 in the acetohy-
droxyacid synthase gene AHAs-1 that
confers resistance to imidazolinone (IMl)
herbicides and developed a SNP geno-
typing assay diagnostic for it (Kolkman
etal., 2004).

Maize (Zea mays L., Poaceae)

Cultivation of maize is extensively wide-
spread throughout the world and is surpass-
ing any other grains (Council, 2019). With a
fraction of total maize production being con-
sumed by humans, its main products are eth-
anol, animal feed and processed corn starch
and corn syrup (Klopfenstein et al, 2013).
Maize has high nutritional value but also is a
fine source of various major phytochemicals
such as carotenoids, phenolic compounds,
and phytosterol, depicting its potential
health benefits (Rouf Shah et al., 2016).

Genome as the core base

B73 decoding. The 2.3-billion-base ge-
nome of an inbred line of maize called B73,
an important commercial crop variety has
been decoded (Schnable et al., 2009). It has
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been reported that the Palomero genome, a
corn variety diverged from B73 about 9,000
years ago, is around 400 million nucleotides
smaller and contains about 20% less repet-
itive DNA than B732 (Vielle-Calzada et al.,
2009). To map maize haplotypes a part of
the gene-rich region of 27 maize varieties
was sequenced. ‘HapMap’ revealed thou-
sands of genes around the centres of the
chromosomes, where they were unlikely to
be shuffled around during recombination
(Gore etal., 2009). Schnable et al. (2011) dem-
onstrated that the maize subgenomes are
differentiated by genome dominance and
both ancient and ongoing gene loss. Most
of the economically important traits consid-
ered in maize breeding are inherited quanti-
tatively. Multiple genes or quantitative trait
loci (QTLs) affecting flowering traits, root
characteristics, cell wall traits, and toler-
ance to biotic/abiotic stresses panicle mor-
phology and grain development have been
cloned, and gene expression research has
provided new information about the na-
ture of complex genetic networks involved
in the expression of these traits (Buckler et
al., 2009; Chung et al., 2011; Fernandez et
al., 2009; Messmer et al., 2009; Poland et al.,
2011; Trachsel et al., 2009). A meta-analysis of
QTL associated with plant digestibility and
cell wall composition in maize identified
key chromosomal regions involved in silage
quality and potentially associated genes for
most of these regions (Truntzler et al., 2010).

Association mapping (associating specif-
ic DNA polymorphisms with traits of interest
based on linkage disequilibrium). McMullen
et al. (2009) described the maize NAM pop-
ulation generated by crossing 25 diverse
inbred lines to a common line, inbred B73.
Sequenome-based SNP-typing assay was
used to identify 1,359 SNPs in maize tran-
scriptome and 75% of these SNPs were con-
firmed and applied in association analysis
(Liu et al., 2010). Currently, there are over 2
million maize ESTs in GenBank (Benson et al.,
2009). However, the assembly of these ESTs
into gene models presents practical prob-
lems. Therefore, a full length ¢cDNA library
has been recently constructed for Zea mays

© Benaki Phytopathological Institute

(http:www.maizecdna.org/) (Soderlund et
al., 2009). A normalized cDNA library, cov-
ering most of the developmental stages of
maize seeds, was also constructed and 57
putative transcription factors were identi-
fied (Wang et al.,, 2010). The cDNA libraries
can serve as primary resources for design-
ing microarray probes and as clone resourc-
es for genetic engineering to improve crop
efficiency.

Maize GDB (http://www.maizegdb.org/).
Maize GDB is a database that provides docu-
mentation and data for the microarrays pro-
duced by the Maize Gene Discovery Proj-
ect. An extensive expression atlas covering
a wide array of tissues and developmental
stages of maize using a NimbleGen microar-
ray encompassing 80 301 probe sets was
recently constructed (Sekhon et al, 2011).
Random-sheared, paired-end Illumina GAll
reads have been generated from 103 maize,
teosinte and maize landrace inbred lines at
a depth ranging from 4-30x (Chia et al., 2012;
Hufford et al., 2012). Microarray studies have
also been performed to study cell wall me-
tabolism in maize, with the aim of identi-
fying tissue-specific or developmentally
regulated gene expression of members of
multigene families or to obtain a better un-
derstanding of regulatory networks that are
exposed when cell wall-related genes are
mutated (Guillaumie et al., 2007a; Guillaumie
et al., 2007b). The MAIZEWALL sequence da-
tabase and expression profiling resource has
been developed (www.polebio.scsv.ups-
tlse.f/MAIZEWALL). Rajhi and co-workers
performed transcriptome analysis in maize
root cortical cells during lysigenous aeren-
chyma formation and discovered a number
of genes whose expression changed in re-
sponse to ethylene under waterlogged con-
ditions (Rajhi et al., 2011).

Maize small RNAs. Small RNAs in the wild
type and in the isogenic Mediator Of Para-
mutation1 loss-of- function (mopl1-1) mu-
tant have been examined by deep sequenc-
ing to analyze the size distribution of maize
small RNAs (Nobuta et al., 2008). Small RNAs
are playing roles as major components of
epigenetic processes and gene networks
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involved in development and homeosta-
sis. It has been recently demonstrated that
a change in expression of a key component
of the RNA silencing pathway is associat-
ed with both vegetative phase change and
shifts in epigenetic regulation of a maize
transposon (Li et al., 2010).

RNA interference (RNAi) [RNA-mediated
gene silencing by sequence-specific degrada-
tion of homologous mRNA triggered by dou-
ble-stranded RNA (dsRNA)]. The RNAI system
was used to improve resistance to maize
dwarf mosaic virus on transgenic maize
(Zhang et al., 2011). Maize lines expressing
RNAI to chromatin remodeling factors were
shown to be similarly hypersensitive to UV-B
radiation but exhibit distinct transcriptome
responses (Casati and Walbot 2008). By us-
ing near infrared reflectance spectrosco-
py (NIRS), a set of 39 maize mutants with al-
tered spectral phenotypes (‘spectrotypes’)
have been identified (Vermerris et al., 2007).
A number of these mutants were shown to
have altered lignin-to-carbohydrate ratios
(Penning et al., 2009). Sequence- specific
DNA binding Transcription Factors (TFs) are
key molecular switches that control or in-
fluence many biological processes, such as
development or response to environmen-
tal changes. The Maize Transcription Factor
Database provides a comprehensive collec-
tion of 764 predicted transcription factors
from maize with available links to informa-
tion on mutants, map positions or puta-
tive functions for these transcription factors
(MaizeTFDB) (http://grassius.org/browse-
family.html?species=Maize). Information
resources related to metabolomics can play
major role not only in metabolomics re-
search but also in synergistic integration
with other omics data. MaizeCYc is a bio-
chemical pathway database that provides
manually curated or reviewed information
about metabolic pathways in maize.

Molecular breeding for current needs
Molecular breeding, including both
transgenic approach and marker-assist-
ed breeding, is primary associated with the
challenges for developing cultivars with

combinations of adaptive traits (Brown et al.,
2011; Varshney et al., 2011). For making mo-
lecular marker-assisted breeding success-
ful, marker-trait associations are now known
for almost all important economic traits, in-
cluding thousands of mapped microsatel-
lite or SSR markers, and additional recently,
SNPs, and insertion-deletion (InDel) mark-
ers. For maize, there is an updated compila-
tion of mapped QTL for abiotic stress resis-
tance (http://www.plantstress.com; http://
www.maizegdb.org; http:/www.gramene.
org). Additionally, a large number of genes
controlling various aspects of plant devel-
opment, biotic and abiotic stress resistance,
quality characters, etc. have been cloned
and characterized in maize, which are ex-
cellent assets for molecular marker- assist-
ed breeding (Aslam and Ali 2018; Prasanna
etal., 2010).

Tolerance against drought. Since drought
is considered to be the most important con-
straint across all areas where maize is culti-
vated, and global warming is predicted to
further exacerbate drought’s impact, a to-
tal management plan is necessary for in-
creasing maize yield in stress-prone envi-
ronments (Fig. 2). The high variability to
drought stress and also the uncontrollable
fact that drought response has great fluc-
tuations across environments, have made
it difficult to spot specific metabolic path-
ways which limits breeding efforts towards
drought tolerance (Collins et al., 2008). A
Marker-Assisted BackCross (MABC) selec-
tion approach meant for improving grain
yield under water limited conditions in trop-
ical maize, was successfully conducted at
CIMMYT (Ribaut and Ragot 2006) and more
recently at sub-Saharan Africa (Beyene etal.,
2016). However, this approach delivers a re-
stricted level of improvement in drought
tolerance since it provides an improved ver-
sion of an existing genotype (Ribaut et al.,
2009). Nevertheless, a molecular breeding
approach-marker-assisted recurrent selec-
tion (MARS) can be used to overcome this
problem. MARS studies exploit association
mapping and can effectively double the
rate of yield gain compared to conventional
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Fig. 2. Schematic representation that highlights the required key steps to facilitate enhanced adoption and impacts of im-
proved climate-resilient maize varieties in the developing world. Increasing maize yields in stress-prone environments and
reducing year-to-year variability is an important step in improving food safety, livelihoods and adaptation to the changing

climate in the developing world (Cairns and Prasana, 2018).

breeding in elite germplasms when favored
and stress environments are been examined
(Crosbie et al., 2006; Eathington et al., 2007;
Edgerton 2009). Most recently, the role of
Abscisic Acid (ABA) pathway in drought re-
sistance has been investigated and natural
variants of ABA-(PYR1/PYL/RCAR) protein
(PYL) receptors have been identified that
can serve as potential molecular markers for
breeding drought-resistant maize cultivars
(He etal., 2018).

Resistance against pathogens. Efforts to
scale down maize losses from pathogen at-
tacks through resistant crop varieties could
provide tremendous opportunities for in-
creasing and stabilizing maize productivity.
QTL related to resistance to several diseas-
es, such as downy mildew and rust, and in-
sect-pests are known and mapped in maize,
creating marker assisted choice as a poten-
tially viable strategy to improve resistance
to these biotic stresses (Ali and Yan 2012;
Garcia-Lara et al, 2009; Krakowsky et al.,
2004; Wisser et al., 2006).

Resistance against insect pests. The indus-
try has made substantial progress with in-
sect resistant maize through transformation
with insecticidal proteins from Bacillus thu-
ringiensis (Bt) which have been particularly
successful in providing protection against
several corn borers (Glaser and Matten 2003;
Jiang et al., 2018).

Quality traits. Quality traits, like oil con-
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tent or high nutritional value molecules,
have induced a shift in maize production
far from strictly an identity-preserved culti-
vation to more a value-added product. The
capability of changing cell membrane poly-
saccharides into possible sugars for grain
ethanol production depends on cell mem-
brane structure. Molecular markers can be a
valuable tool when breeding for feed maize
but with improved quality on grain ethanol.

QTLs with comparatively efficient results
are found for feed maize including cell mem-
brane composition and glucose release (GL-
CRel) (Lorenzana et al., 2010), and some im-
portant constitutive and adaptive QTLs are
identified by using meta-analysis (Hao et al.,
2010). (Torres et al., 2015) presented the mo-
lecular progress that has been made in al-
tering maize’s cellulosic content in order to
exploit useful biomass characteristics and
design new breeding strategies.

Quality traits and tolerance to abiot-
ic stress. There has been increasing inter-
est in addressing advanced traits like grain
quality and abiotic/biotic stress toleranc-
es through recombinant DNA technology.
Elite inbred South African transgenic corn
plants were modified in 3 separate metabol-
ic pathways to produce increased quantities
of vitamin -carotene, ascorbate and folate
(Naqui et al., 2009). It has been demonstrat-
ed that engineering of the alkaloid synthe-
sis pathway could have great impact on im-
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proving cold tolerance in maize (Quan et al.,
2004). Furthermore, genome-wide associa-
tion analyses (GWAS) in temperate maize in-
bred lines is serving as a tool to find strate-
gies for identifying genes for cold tolerance
(Revilla et al, 2016) and has been report-
ed that the introduction of an antisense
gene for pyruvate orthophosphate dikinase
(PPDK) into maize with Agrobacterium-me-
diated transformation resulted in shifting
the break point 3°C less than that of the wild
type (Ohta et al., 2004).

Drought is another stress factor that has
been addressed in maize improvement. Nu-
clear Factor-Y (NF-Y) is a 3- subunit com-
plex that has been shown to play major role
in growth, development, and response to
environmental stress. Except studies that
have been performed for characterizing
NF-Y gene families in maize (Zhang et al.,
2016), when ZmNF-YB2 or ZmNF-YB16 were
constitutively expressed in elite maize in-
bred lines, the transgenic lines displayed
improved drought tolerance compared to
wild-type plants under water-stressed con-
ditions in the field (Nelson et al., 2007; Wang
et al., 2018). (Castiglioni et al., 2008) demon-
strated that transgenic maize lines recom-
binant with bacterial RNA chaperones re-
sulted in not only abiotic stress tolerance
but also improved grain yield under water-
limited conditions. The application of this
technology has the potential to consider-
ably impact maize production systems that
have drought. However, commercializa-
tion of transgenic maize for abiotic stress-
es like drought tolerance has been terribly
restricted (Xu et al., 2009).

Moreover, the past ten years we have
witnessed extensive efforts toward the de-
velopment of an efficient Agrobacterium-
mediated transformation system for an
array of maize developing organs with par-
ticular emphasis on increasing the efficiency
and extending the range of amenable gen-
otypes (Cao et al., 2014; Lee and Zhang 2014;
Shrawat and L6rz, 2006).

Validation of quantitative traits
In maize, a trait that has been exten-

sively investigated as an indirect measure
of drought tolerance is the capacity of ABA
accumulation. The presence of a major QTL
for root features (root-ABA1) was mapped
on bin 2.04 in Os420 x IABO78. This major
QTL affecting abscisic acid (ABA) concentra-
tion in the leaf, root traits and relative wa-
ter content was further evaluated in maize
using NILs (Landi et al., 2005). Interestingly,
the QTL allele for larger root mass and high-
er ABA concentration negatively affected
grain yield (Landi et al., 2006). Laurie et al.
(2004) were able to detect 50 QTL account-
ing for genetic variance in maize oil content
with a resolution of the order of a few centi-
morgans across generations.

QTL conditioning resistance to plant
pathogens (rQTL) have been discovered
and reviewed by several authors (Balint-
Kurti and Johal, 2009; Redinbaugh and
Pratt, 2009). To date only a few QTL confer-
ring resistance to maize streak mastrevirus,
Cercospora zeae-maydis, Exserohilum turci-
cum (Pass.) and Peronosclerospora sorghiin
have been validated (Abalo et al., 2009; Asea
et al., 2009; Nair et al., 2005). For Cercospo-
ra resistance in maize, QTLs have been val-
idated across genetic backgrounds (Pozar
etal., 2009) and environments (Juliatti et al.,
2009). Furthermore, a major QTL control-
ling maize streak virus resistance explains
50-70% of total phenotypic variation (Per-
net et al., 1999). Several microsatellite mark-
ers associated with this QTL were validated
across populations and have been success-
fully used for the selection of resistant lines
(William et al., 2007).

Analyses for evaluating the significance
of QTL x genetic background interactions in
several diverse mapping populations, have
been performed in maize for grain mois-
ture, silking date and grain yield (Blanc et al.,
2006; Huo et al., 2016). QTL meta-analysis
is another approach to identify consensus
QTL across studies, to validate QTL effects
across environments/genetic backgrounds,
and also to refine QTL positions on the con-
sensus map (Goffinet and Gerber 2000). The
concept of meta-analysis has been applied
to the analysis of QTL/genes for flowering
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time (Chardon et al., 2004) and drought tol-
erance in maize (Hao et al, 2010). A meta-
analysis of QTL associated with plant digest-
ibility and cell wall composition in maize has
been carried out and fifteen meta QTL with
confidence interval (Cl) smaller than 10cM
were identified (Truntzler et al., 2010).

Potato (Solanum tuberosum, L.,
Solanaceae)

Cultivated potato is the world’s third
most important human food crop (www.
cipotato.org). It is also used as raw materi-
al for starch and alcohol production (Can-
tos-Lopes et al., 2018). The basic chromo-
some number for potato species is 12. Even
though one of the most widespread food
crop around the world, the genetics of many
potato traits is poorly understood.

Insights in genomic properties

An ultrahigh-density (UHD) genetic map
composed of approximately 10,000 Ampli-
fied Fragment Length Polymorphism (AFLP)
markers has been developed, which is most
likely the densest map for a plant species
ever constructed (Van Os et al, 2006). Re-
cently, the relationship between the ge-
netic and chromosome map in potato was
displayed and two linkage maps were inte-
grated with potato genome sequence de-
veloping 8303 Single Nucleotide Polymor-
phism (SNP) for genome-guided breeding
(Felcher et al., 2012). Moreover, (Sharma et
al., 2013) elaborated 2469 marker loci in
a linkage map which was integrated with
potato reference genome (DM) and other
physical and genetic maps of potato pro-
viding detailed information about chromo-
somal gene distribution. Using RFLP and
AFLP markers, a QTL and linkage map of
two segregating diploid populations previ-
ously evaluated for sugar content after cold
storage, was generated. Ten potato genes
with unknown function in carbon metabo-
lism or transport were mapped and tested
for their effects on sugar content. Results
displayed linkage between glucose, fruc-
tose and sucrose QTLs and all of eight can-
didate gene loci (AGPaseS, AGPaseB, Sbel,
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GapC, Invap, Ppal, Sutl, Sut2) (Menéndez
et al., 2002). Several QTLs affecting the abil-
ity to form tubers under long photoperiods
(earliness) have been identified (Simko et al.,
1999). A functional map for pathogen resis-
tance, enriched with RGA (resistance gene
analog) and DRL (defence related locus) se-
quences, SNPs and insertion-deletion poly-
morphisms (InDels) tightly linked or locat-
ed within Nucleotide Binding Site - Leucine
Rich Repeat (NBS-LRR) -like genes, has been
developed on the basis of two potato pop-
ulations (BC9162 and F1840) (Rickert et al.,
2003; Trognitz et al., 2002). Recently, twen-
ty-one QTL and eight reference published
potato maps were merged together and
the first consensus map was built. Individual
QTLs for resistance to the late blight patho-
gen, Phytophthora infestans (Mont.) de Bary,
and maturity traits were projected onto the
consensus map and the first meta-analysis
performed deals with both development
trait and resistance to a biotic stress in pota-
to (Danan et al., 2011).

As a major follow-up, the genome of po-
tato (850 Mb) was sequenced by the inter-
national Potato Genome Sequencing Con-
sortium (PGSC), which was comprised by 13
countries [http://www.potatogenome.net/].
The new genome sequence data provides
information about extensive copy number
variation (CNV) which has great impact on
219.8 Mb (30.2%) of the potato genome. Al-
most 30% of genes are subjected to at least
partial duplication or deletion which reveals
the highly heterogeneous nature of the po-
tato genome (Hardigan et al,, 2016). Com-
parative sequence analysis of Solanum and
Arabidopsis in a hot spot for pathogen re-
sistance on potato chromosome V has also
been performed and revealed a patchwork
of conserved and rapidly evolving genome
segments (Ballvora et al., 2007).

Several efforts to generate EST resources
for potato have been performed (Flinn et al.,
2005). Potato cDNA microarray analysis was
performed to assess the potential of tran-
scriptomics to detect differences in gene ex-
pression due to genetic differences or envi-
ronmental conditions (van Dijk et al., 2009). A
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cDNA- AFLP approach and bulked segregate
analysis (BSA) was used to identify genes co-
segregating with earliness of tuberization in
a diploid potato population. 81 candidate
polymorphic transcript-derived fragments
(TDFs) showing polymorphism between the
early and late bulks were selected for fur-
ther analysis (Fernandez-del-Carmen et al.,
2007). Genetic engineering could enhance
desirable characteristics of crops by mod-
ifying key regulatory steps for entire meta-
bolic or developmental pathways. The op-
timal conditions for genetic transformation
of Solanum spp mediated by Agrobacterium
tumefaciens have been established (Chakra-
varty et al., 2007). It has been demonstrated
that transgenic katahdin plants containing
the RB gene showed resistance to all test-
ed Pythophtora isolates, including a super
race that can overcome all eleven known R
genes in potato. An RNA interference (RNAI)-
based potato gene silencing approach us-
ing agroinfiltration, has been recently estab-
lished (Bhaskar et al., 2009).

How to design efficient breeding strate-
gies

Tolerance to salt stress. Potato crop pro-
duction is highly inversely connected to salt
stress with substantial economic impacts
(Katerji et al., 2000). When potato is subject-
ed to salt stress, increased activation of an-
tioxidant enzymes, accumulation of proline,
decrease in micro tubers and negative ef-
fects on physiological characteristics occur
(Rahnama and Ebrahimzadeh 2004; Tang et
al., 2006a; Zhang et al., 2005). Gene expres-
sion studies on potato cultivars under dif-
ferent stress conditions, such as cold, heat
or salt, revealed that transcription factors,
signal transduction factors and heat shock
protein (HSP) are associated with abiotic
stress responses (Rensink et al., 2005; Tang
etal.,, 2016). In addition, when A-pyrroline-5-
carboxylase synthetase, which is involved in
proline production, is overexpressed, it con-
fers salt tolerance to potato (Hmida-Sayari et
al., 2005).

Aghaei et al. (2008) examined closely in a
protein level the differences between a salt

tolerant and a salt sensitive potato culture.
They pointed out that among the proteins
that were differentially expressed photosyn-
thesis-and protein synthesis-related proteins
were drastically down-regulated, whereas
osmotine-like proteins, type VI secretion im-
munity protein (TSI-1), heat-shock proteins,
protein inhibitors, calreticulin, and five nov-
el proteins were remarkedly up-regulated.
Under salt conditions, major changes occur
within the photosytem protein machinery
and the Calvin cycle as demonstrated by an
in-depth cDNA microarray map constructed
from potato leaves (Legay et al., 2009).

More recently, advances have been
made in identifying several genes that play
key roles to biotic and abiotic stress respons-
es. A pathogen-related protein, named PR-
10a, has been identified which is not only
induced under biotic stress conditions in po-
tato, but also exhibits significantly increased
tolerance under salt and osmosis conditions
(El-Banna et al., 2010). Two different studies
showed that the metal zinc finger protein
St ZFP1 could participate to salt associated
potato responses through the ABA- depen-
dent pathway (Tian et al., 2010) and also the
cinnamyl alcohol dehydrogenase ibCAD1
may play a very important role in each abi-
otic and biotic stress resistance mechanisms
(Kim et al., 2010).

Tolerance to drought. Another major abi-
otic stress issue that ends up in crop losses
in potato cultivars, is drought. The develop-
ment of drought tolerant cultivars is of pri-
mary importance for maintaining yields be-
neath temperature change conditions and
for the extension of cultivation to sub-op-
timal cropping areas. Extensive cDNA mi-
croarray analysis showed that a tolerant
accession to drought, named 397077.16, pre-
sented differentially expressed genes when
compared to a sensitive variety (Legay et
al., 2011). The genes belonged to groups of
carbohydrate metabolism, cell protection
and detoxification, meaning that the toler-
ant accession can respond more efficiently
to stress and be more adaptive when com-
pared to the sensitive one. Additionally, the
work of other groups identified a transcrip-
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tion factor which is involved in the activa-
tion of drought related genes (Shin et al.,
2011) and showed the importance of the
overexpression of the L-gulono-c-lactone
oxidase (GLOase gene) gene to the resis-
tance to various abiotic stress factors (Upad-
hyaya et al., 2009).

Resistance to pathogens. The use of re-
sistant varieties is taken into account to be
the foremost appropriate approach for the
management of Phytophthora infestans. Ex-
tensive examination of potato genotype
SD20 revealed WRKY domain transcription
factor (WRKY), single AP2/ERF domain tran-
scription factor (ERF), MAP kinase (MAPK),
and NBS-LRR gene families that play es-
sential role in late blight (Yang et al., 2018).
Moreover, it has been suggested that the R8
gene, found in field trials, is responsible for
late blight resistance and that its mapping
on the long arm of chromosome IX along
with the generation of markers would be a
helpful tool for marker assisted breeding (Jo
et al, 2011). Nowadays, R8 gene is a world-
wide tool for late blight resistance (Vossen
et al., 2016). The introduction of simultane-
ously three resistance genes from three po-
tato accessions to a sensitive cultivar (Zhu et
al., 2012), the silencing of six S-genes in the
susceptible potato cultivar Desiree (Sun et
al., 2016) or the contribution of R-gene dos-
age and biochemical pathways to resistance
(Gao and Bradeen 2016), are good examples
in the literature, considering transformation
techniques for late blight resistance. On the
other hand, since potato late blight resis-
tance has been thoroughly studied, an ex-
tensive map of QTLs and Rpi-genes (resis-
tance genes to Phytophthora infestans) has
been generated (Danan et al., 2011; Jiang et
al.,, 2018; Stefanczyk et al., 2017).

Other efforts to increase potato re-
sistance to pathogens include exploita-
tion of inhibitor genes. (Khadeeva et al.,
2009) showed that transformation of pota-
to plants with an inhibitor gene of buck-
wheat provides protection to the plants
against pathogens. Furthermore, a gene
family that function against nematode in-
fections have been sequenced and char-
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acterized from Solamun tuderosum cv. De-
siree (Turra et al., 2009). Also, advances
have been made in the identification of
genes that are involved in the mechanisms
controlling the arbuscular mychorrhizal es-
tablishment by the regulation of plant de-
fense genes (Gallou et al., 2012).

Molecular markers as a key tool for crop
improvement

Tuber susceptibility to bruising. Diagnos-
tic markers for tuber bruising and enzymat-
ic discoloration, which are very crucial char-
acteristics to crop quality of the cultivated
potato, have been validated (Urbany et al.,
2011). The markers diagnostic for increased
or decreased bruising susceptibility is ex-
pected to facilitate the combination of su-
perior alleles in breeding programs.

Potato germplasm (use of sources of resis-
tance to pests and diseases in order to breed
varieties cheaper to grow). Although the ac-
tual copy number of the genes is not known,
DNA markers located close to genes that en-
code resistance or hypersensitive response
to the Potato virus Y (PVY), which can reduce
yield up to 80 percent while being relatively
symptomless, have been identified and val-
idated (Fulladolsa et al., 2015; Szajko et al.,
2014; Tomczynska et al., 2014). Furthermore,
Cleaved Amplified Polymorphic Sequenc-
es (CAPs) and Sequence Characterized Am-
plified Regions (SCARs) have allowed the
breeding of genotypes resistant to PVY (Ka-
sai et al., 2000).

The successful employment of four PCR-
based diagnostic assays to combine the
Ry adg gene for extreme resistance to PVY
with Grol for nematode resistance and with
Rx1 for extreme resistance to potato virus
X (PVX, genus Potexvirus), or with Sen1 for
wart resistance (Synchytrium endobioticum)
has been reported (Gebhardt et al., 2006).

The availability of DNA-based markers,
which are easy to score, cost-effective and
diagnostic for resistance to Pathotypes 2/3
(Pa2/3) of the most significant soilborne
pests of potato, the potato cyst nematode
(Globodera pallida), would greatly speed up
the process of new variety development. A
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set of markers have been validated for QTL
on linkage group IV (renamed GpalV adg )
across a wide range of germplasm (Moloney
etal., 2010).

Field resistance to Phytophthora infestans
has been characterized in a potato segregat-
ing family of 230 full-sub progenies derived
from a cross between two hybrid S. phure-
ja x S. stenotomum clones. QTLs have been
identified and validated for the new genet-
icloci in this diploid potato family contribut-
ing to general resistance against late blight
(Costanzo et al., 2005).

Potato breeding widely exploits molecu-
lar techniques for generation and conserva-
tion of advanced clones, increasing the pota-
to cultivar number every year (Fig. 3). Reliable
maintenance of large culture collections is
becoming more problematic and a rapid and
robust method for variety differentiation is
becoming highly desirable. The validation
of a set of six SSRs markers that can be used

to differentiate over 400 potato cultivars has
been reported (Reid and Kerr, 2007).

Prospects

Genomic research allows high-through-
put analysis for crop improvement. Genet-
ic markers designed to cover a genome ex-
tensively allow not only identification of
individual genes associated with complex
traits by quantitative trait loci analysis but
also the exploration of genetic diversity
with regard to natural variations.

Wild relatives are valuable knowledge
that can upscale with valuable traits the
crop species. Nowadays, only a little fraction
is exploited for crop improvement. One of
the basic issues of crop improvement is to
access the genetic variation from such wild
species. This is particularly important to the
transfer of valuable, novel genes from wild

Potato genetic recourses
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Fig. 3. Gene variants are a valuable tool for improving potato cultivars. Schematic overview of the individual sections that
constitute the integrated management of potato genomic resources for the generation of elite breeding clones with im-

proved agronomical traits of interest.
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relatives to crops for non-food uses. Biotech-
nology offers the greatest potential in con-
tributing solutions to problems that agricul-
ture is facing now and the years to come.
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Community.

The authors declare there is no conflict of in-
terest.

Literature cited

Abalo, G., Tongoona, P., Derera, J. and Edema, R.
2009. A comparative analysis of convention-
al and marker-assisted selection methods in
breeding maize streak virus resistance in maize.
Crop Science, 49: 509-520.

Aghaei, K., Ehsanpour, A.A. and Komatsu, S. 2008.
Proteome analysis of potato under salt stress.
Journal of Proteome Research, 7: 4858-4868.

Ali, F. and Yan, J. 2012. Disease resistance in maize
and the role of molecular breeding in defend-
ing against global threat. Journal of Integrative
Plant Biology, 54: 134-151.

Asea, G., Vivek, B.S., Bigirwa, G., Lipps, P.E. and Pratt,
R.C. 2009. Validation of consensus quantitative
trait loci associated with resistance to multiple
foliar pathogens of maize. Phytopathology, 99:
540-547.

Aslam, F. and Ali, B. 2018. Halotolerant Bacterial Di-
versity Associated with Suaeda fruticosa (L.)
Forssk. Improved Growth of Maize under Salini-
ty. Stress Agronomy, 8: 131.

Babu, R., Nair, S.K., Prasanna, B. and Gupta, H. 2004.
Integrating marker-assisted selection in crop
breeding-prospects and challenges. Current
Science, 607-619.

Badouin, H., Gouzy, J., Grassa, C.J., Murat, F., Staton,
E.S., Cottret, L., Lelandais-Briere, C., Owens, G.L.,
Carrére, S., Mayjonade, B., Legrand, L., Gill, N.,
Kane, N.C., Bowers, J.E.,Hubner, S., Bellec, A., Bé-
rard, A., Bergés, H., Blanchet, N., Boniface, M.-C.,
Brunel, D., Catrice, O., Chaidir, N., Claudel, C.,
Donnadieu, C., Faraut, T., Fievet, G., Helmstetter,
N., King, M., Knapp, S.J., Lai, Z., Le Paslier, M.-C.,
Lippi, Y., Lorenzon, L., Mandel, J. R., Marage, G.,
Marchand, G., Marquand, E., Bret-Mestries, E.,
Morien, E., Nambeesan, S., Nguyen, T., Pegot-Es-
pagnet, P, Pouilly, N., Raftis, F., Sallet, E., Schiex,
T., Thomas, J., Vandecasteele, C., Vares, D., Vear,
F., Vautrin, S., Crespi, M., Mangin, B., Burke, J.M.,

© Benaki Phytopathological Institute

Salse, J., Mufos, S., Vincourt, P., Rieseberg, L.H.
and Langlade, N.B. 2017. The sunflower genome
provides insights into oil metabolism, flowering
and Asterid evolution. Nature, 546: 148.

Balint-Kurti, P.J. and Johal, G.S. 2009. Maize disease
resistance. In: Handbook of maize: its biology.
Springer, pp 229-250.

Ballvora, A., Jocker, A., Viehover, P., Ishihara, H., Paal,
J., Meksem, K., Bruggmann, R., Schoof, H., Weis-
shaar, B. and Gebhardt, C. 2007. Comparative
sequence analysis of Solanum and Arabidopsis
in a hot spot for pathogen resistance on pota-
to chromosome V reveals a patchwork of con-
served and rapidly evolving genome segments.
BMC Genomics, 8: 112.

Ben-Ari, G. and Lavi, U. 2012. Marker-assisted selec-
tion in plant breeding. In: Plant Biotechnology
and Agriculture. Elsevier, pp 163-184.

Ben, C., Hewezi, T., Jardinaud, M.F., Bena, F., Ladouce
N., Moretti, S., Tamborindeguy, C., Liboz, T., Pe-
titprez, M. and Gentzbittel, L. 2005. Compara-
tive analysis of early embryonic sunflower cDNA
libraries. Plant molecular biology, 57: 255-270.

Benson, D., Karsch-Mizrachi, I., Lipman, D., Ostell, J.
and Wheeler, D. 2009. Database issue GenBank,
Nucleic Acids Research, 37: 26-31.

Beyene, Y., Semagn, K., Mugo, S., Prasanna, B.M,,
Tarekegne, A., Gakunga, J., Sehabiague, P., Mei-
sel, B., Oikeh, S.0., Olsen, M. and Crossa, J. 2016.
Performance and grain yield stability of maize
populations developed using marker-assisted
recurrent selection and pedigree selection pro-
cedures. Euphytica, 208: 285-297.

Bhaskar, P.B., Venkateshwaran, M., Wu, L., Ané, J.-M.
and Jiang, J. 2009. Agrobacterium-mediated
transient gene expression and silencing: a rap-
id tool for functional gene assay in potato. PLoS
ONE, 4: e5812.

Blanc, G., Charcosset, A., Mangin, B., Gallais, A. and
Moreau, L. 2006. Connected populations for
detecting quantitative trait loci and testing for
epistasis: an application in maize. Theoretical
and Applied Genetics, 113: 206-224.

Boumesbah, ., Hachaichi-Sadouk, Z., and Ahmia,
A.C. 2015. Biofuel Production from Sunflow-
er Oil and Determination of Fuel Properties. In:
Progress in Clean Energy, Volume 2. Springer, pp
105-111.

Bowers, J.E.,, Nambeesan, S., Corbi, J., Barker, M.S., Ri-
eseberg, L.H., Knapp, S.J. and Burke, J.M. 2012.
Development of an ultra-dense genetic map of
the sunflower genome based on single-feature
polymorphisms. PLoS ONE, 7: e51360.

Brahm, L. and Friedt, W. 2000. PCR-based markers
facilitating marker assisted selection in sun-
flower for resistance to downy mildew. Crop Sci-
ence, 40: 676-682.

Brown, P.J., Upadyayula, N., Mahone, G.S., Tian, F,,
Bradbury, P.J., Myles, S., Holland, J.B., Flint-Gar-



52 Margaritopoulou & Milioni

cia, S., McMullen, M.D., Buckler, E.S. and Roche-
ford, T.R. 2011. Distinct genetic architectures for
male and female inflorescence traits of maize.
PLoS Genetics, 7: €1002383.

Buckler, E.S., Holland, J.B., Bradbury, P.J., Acharya,
C.B., Brown, P.J., Browne, C., Ersoz, E., Flint-Gar-
cia, S., Garcia, A., Glaubitz, J.C., Goodman, M.M.,
Harjes, C., Guill, K., Kroon, D.E., Larsson, S., Lep-
ak, N.K., Li, H., Mitchell, S.E., Pressoir, G., Peiffer,
J.A., Rosas, M.O., Rocheford, T.R., Romay, M.C.,
Romero, S., Salvo, S., Sanchez Villeda, H., da Sil-
va, H.S., Sun, Q., Tian, F,, Upadyayula, N., Ware,
D., Yates, H., Yu, J., Zhang, Z., Kresovich, S. and
McMullen, M.D. 2009. The genetic architecture
of maize flowering time. Science, 325: 714-718.

Bulos, M., Vergani, P.N. and Altieri, E. 2014. Genetic
mapping, marker assisted selection and allelic re-
lationships for the Pu6 gene conferring rust resis-
tance in sunflower. Breeding Science, 64: 206-212.

Burton, JW., Miller, J.F., Vick, B., Scarth, R. and Hol-
brook, C.C. 2004. Altering fatty acid composi-
tion in oil seed crops. Advances in Agronomy, 84:
273-306.

Cairns, J.E.and Prasanna, B.M. 2018. Developing and
deploying climate-resilient maize varieties in
the developing world. Current Opinion in Plant
Biology, 45:226-230.

Cantos-Lopes, A., Vilela-de Resende, J.T., Machado,
J., Perez-Guerra, E. and Vilela-Resende, N. 2018.
Alcohol production from sweet potato (lpom-
oea batatas (L.) Lam.) genotypes in fermenta-
tive medium. Acta Agrondémica, 67: 231-237.

Cao, S.-l., Masilamany, P., Li, W.-B. and Pauls, K.P. 2014.
Agrobacterium tumefaciens -mediated transforma-
tion of corn (Zea mays L.) multiple shoots. Biotech-
nology & Biotechnological Equipment, 28: 208-216.

Casati, P.and Walbot, V. 2008. Maize lines expressing
RNAi to chromatin remodeling factors are simi-
larly hypersensitive to UV-B radiation but exhib-
it distinct transcriptome responses. Epigenetics,
3:216-229.

Castiglioni, P, Warner, D., Bensen, R.J., Anstrom,
D.C., Harrison, J., Stoecker, M., Abad, M., Kumar,
G., Salvador, S., D'Ordine, R., Navarro, S., Back, S.,
Fernandes, M., Targolli, J., Dasgupta, S., Bonin,
C., Luethy, M.H. and Heard, J.E. 2008. Bacterial
RNA chaperones confer abiotic stress tolerance
in plants and improved grain yield in maize un-
der water-limited conditions. Plant Physiology,
147: 446-455.

Chaki, M., Carreras, A., Lépez-Jaramillo, J., Begara-
Morales, J.C., Sdnchez-Calvo, B., Valderrama, R.,
Corpas, F.J. and Barroso, J.B. 2013. Tyrosine nitra-
tion provokes inhibition of sunflower carbonic
anhydrase (B-CA) activity under high tempera-
ture stress. Nitric Oxide, 29: 30-33.

Chaki, M., Fernandez-Ocafa, A.M., Valderrama, R., Car-
reras, A., Esteban, F.J., Luque, F., Gdmez-Rodriguez,
M.V., Begara-Morales, J.C., Corpas, F.J. and Barroso,
J.B.2008. Involvement of reactive nitrogen and ox-

ygen species (RNS and ROS) in sunflower-mildew
interaction. Plant and Cell Physiology, 50: 265-279.

Chaki, M., Valderrama, R., Fernandez-Ocana, A.M.,
Carreras, A., Gbmez-Rodriguez, M.V., Lépez-Ja-
ramillo, J., Begara-Morales, J.C., Sdnchez-Cal-
vo, B., Luque, F.,, Leterrier, M., Corpas, F.J. and
Barroso, J.B. 2011. High temperature triggers
the metabolism of S-nitrosothiols in sunflower
mediating a process of nitrosative stress which
provokes the inhibition of ferredoxin—NADP re-
ductase by tyrosine nitration. Plant Cell and En-
vironment, 34: 1803-1818.

Chakravarty, B., Wang-Pruski, G., Flinn, B., Gustafson,
V.and Regan, S. 2007. Genetic transformation in
potato: approaches and strategies. American
Journal of Potato Research, 84: 301-311.

Chardon, F,, Virlon, B., Moreau, L., Falque, M., Joets,
J., Decousset, L., Murigneux, A. and Charcosset,
A. 2004. Genetic architecture of flowering time
in maize as inferred from quantitative trait loci
meta-analysis and synteny conservation with
the rice genome. Genetics, 168: 2169-2185.

Chia, J.-M., Song, C., Bradbury, P.J., Costich, D., de
Leon, N., Doebley, J., Elshire, R.J., Gaut, B., Geller,
L., Glaubitz, J.C., Gore, M., Guill, K.E., Holland, J.,
Hufford, M.B., Lai, J., Li, M., Liu, X., Lu, Y., McCom-
bie, R., Nelson, R., Poland, J., Prasanna, B.M., Py-
hajarvi, T., Rong, T., Sekhon, R.S., Sun, Q., Ten-
aillon, M.1., Tian, F., Wang, J., Xu, X., Zhang, Z.,
Kaeppler, S.M., Ross-lbarra, J., McMullen, M.D.,
Buckler, E.S., Zhang, G., Xu, Y. and Ware, D. 2012.
Maize HapMap2 identifies extant variation from
a genome in flux. Nature Genetics, 44: 803-807.

Chung, C.-L., Poland, J., Kump, K., Benson, J., Long-
fellow, J., Walsh, E., Balint-Kurti, P. and Nelson,
R. 2011. Targeted discovery of quantitative trait
loci for resistance to northern leaf blight and
other diseases of maize. Theoretical and Applied
Genetics, 123:307-326.

Collard, B., Jahufer, M., Brouwer, J. and Pang, E. 2005.
An introduction to markers, quantitative trait
loci (QTL) mapping and marker-assisted selec-
tion for crop improvement: the basic concepts.
Euphytica, 142: 169-196.

Collins, N.C., Tardieu, F.and Tuberosa, R. 2008. Quan-
titative trait loci and crop performance under
abiotic stress: where do we stand? Plant physi-
ology, 147: 469-486.

Costanzo, S., Simko, |., Christ, B. and Haynes, K. 2005.
QTL analysis of late blight resistance in a diploid
potato family of Solanum phureja x S. stenotomum.
Theoretical and Applied Genetics, 111: 609-617.

Council, 1.G. 2019. Grain Market report GMR498.

Crosbie, T.M., Eathington, S.R., Johnson Sr, G.R, Ed-
wards, M., Reiter, R., Stark, S., Mohanty, R.G., Oyer-
vides, M., Buehler, R.E., Walker, A.K., Dobert, R.C.,
Delannay, X., Pershing, J.C., Hall, M.A.and Kendall,
L.2008. Plant breeding: past, present, and future.
In: Plant breeding: the Arnel R. Hallauer internation-
al symposium, Wiley Online Library, pp 3-50.

© Benaki Phytopathological Institute



Molecular Biotechnology on agricultural crop improvement 53

da Silva Dias, J.C. 2015. Biodiversity and Plant Breed-
ing as Tools for Harmony Between Modern Ag-
riculture Production and the Environment. In:
Molecular Approaches to Genetic Diversity. In-
techOpen.

Danan, S., Veyrieras, J.-B. and Lefebvre, V. 2011. Con-
struction of a potato consensus map and QTL
meta-analysis offer new insights into the ge-
netic architecture of late blight resistance and
plant maturity traits. BMC Plant Biology, 11: 16.

Darvishzadeh, R., Azizi, M., Hatami-Maleki, H.,
Bernousi, I., Mandoulakani, B.A., Jafari, M. and
Sarrafi, A. 2010. Molecular characterization and
similarity relationships among sunflower (He-
lianthus annuus L.) inbred lines using some
mapped simple sequence repeats. African Jour-
nal of Biotechnology, 9: 7280-7288.

Dimitrijevic, A, and Horn, R. 2018. Sunflower hybrid
breeding: From markers to genomic selection.
Frontiers in Plant Science, 8: 2238.

Eathington, S.R., Crosbie, T.M., Edwards, M.D., Reit-
er, R.S. and Bull, J.K. 2007. Molecular markers in
a commercial breeding program. Crop Science,
47:5-154-5-163.

Edgerton, M.D. 2009. Increasing crop productivity
to meet global needs for feed, food, and fuel.
Plant Physiology, 149: 7-13.

El-Banna, A., Hajirezaei, M.R., Wissing, J., Ali, Z., Vaas,
L., Heine-Dobbernack, E., Jacobsen, H.J., Schu-
macher, H.M. and Kiesecker, H 2010. Over-ex-
pression of PR-10a leads to increased salt and
osmotic tolerance in potato cell cultures. Jour-
nal of Biotechnology, 150: 277-287.

Esquinas-Alcazar, J. 2005. Protecting crop genetic
diversity for food security: political, ethical and
technical challenges. Nature Reviews Genetics, 6:
946-953.

Felcher, K.J., Coombs, J.J., Massa, A.N., Hansey, C.N.,
Hamilton, J.P., Veilleux, R.E., Buell, C.R. and
Douches, D.S. 2012. Integration of two diploid
potato linkage maps with the potato genome
sequence. PloS ONE, 7: e36347.

Feng, J., Vick, B.A., Lee, M.-K., Zhang, H.-B. and Jan,
C. 2006. Construction of BAC and BIBAC librar-
ies from sunflower and identification of linkage
group-specific clones by overgo hybridization.
Theoretical and Applied Genetics, 113: 23-32.

Fernandez-del-Carmen, A., Celis-Gamboa, C., Visser,
R.G. and Bachem, C.W. 2007. Targeted transcript
mapping for agronomic traits in potato. Journal
of Experimental Botany, 58: 2761-2774.

Fernandez-Luqueno, F., Lopez-Valdez, F., Miranda-
Arambula, M. and Rosas-Morales, M. 2014. An
Introduction to the Sunflower Crop. In book:
Sunflowers: Growth and Development, Environ-
mental Influences and Pests/Diseases, Edition:
First, Chapter: 1, Publisher: Nova Science Pub-
lishers, Editors: Juan Ignacio Arribas, pp.1-18

Fernandez, M.G.S., Becraft, PW., Yin, Y. and Lubber-

© Benaki Phytopathological Institute

stedt, T. 2009. From dwarves to giants? Plant
height manipulation for biomass yield. Trends in
Plant Science, 14: 454-461.

Filippi, C.V., Aguirre, N., Rivas, J.G., Zubrzycki, J.,
Puebla, A., Cordes, D., Moreno, M.V., Fusari, C.M.,
Alvarez, D., Heinz, R.A., Hopp, H.E., Paniego, N.B.
and Lia, V.V. 2015. Population structure and ge-
netic diversity characterization of a sunflower
association mapping population using SSR and
SNP markers. BMC Plant Biology, 15: 52.

Flinn, B., Rothwell, C., Griffiths, R., Ldgue, M., DeKo-
eyer, D., Sardana, R., Audy, P., Goyer, C,, Li, X.Q.,
Wang-Pruski, G. and Regan, S. 2005. Potato ex-
pressed sequence tag generation and analysis
using standard and unique cDNA libraries. Plant
Molecular Biology, 59: 407-433.

Fu, Y.-B. 2015. Understanding crop genetic diversity
under modern plant breeding. Theoretical and
Applied Genetics, 128: 2131-2142.

Fulladolsa, A.C., Navarro, F.M., Kota, R., Severson, K.,
Palta, J.P. and Charkowski, A.O. 2015. Applica-
tion of marker assisted selection for Potato virus
Y resistance in the University of Wisconsin Pota-
to Breeding Program. American Journal of Pota-
to Research, 92: 444-450.

Gallou, A., Declerck, S. and Cranenbrouck, S. 2012.
Transcriptional regulation of defence genes and
involvement of the WRKY transcription factor in
arbuscular mycorrhizal potato root colonization.
Functional & integrative genomics, 12: 183-198.

Gao, L. and Bradeen, J.M. 2016. Contrasting potato
foliage and tuber defense mechanisms against
the late blight pathogen Phytophthora infestans.
PloS ONE, 11: €0159969.

Garcia-Lara, S., Khairallah, M.M., Vargas, M. and
Bergvinson, D.J. 2009. Mapping of QTL asso-
ciated with maize weevil resistance in tropical
maize. Crop Science, 49: 139-149.

Gebhardt, C., Bellin, D., Henselewski, H., Lehmann,
W., Schwarzfischer, J. and Valkonen, J. 2006.
Marker-assisted combination of major genes for
pathogen resistance in potato. Theoretical and
Applied Genetics, 112: 1458-1464.

Gentzbittel, L., Abbott, A., Galaud, J., Georgi, L., Fa-
bre, F,, Liboz, T. and Alibert, G. 2002. A bacterial
artificial chromosome (BAC) library for sunflow-
er, and identification of clones containing genes
for putative transmembrane receptors. Molecu-
lar Genetics and Genomics, 266: 979-987.

Giordani, T., Cavallini, A. and Natali, L. 2014. The re-
petitive component of the sunflower genome.
Current Plant Biology, 1: 45-54.

Glaser, J.A.and Matten, S.R. 2003, Sustainability of in-
sect resistance management strategies for trans-
genic Bt corn. Biotechnology Advances, 22: 45-69.

Goffinet, B. and Gerber, S. 2000. Quantitative trait
loci: a meta-analysis. Genetics, 155:463-473

Gore, M.A., Chia, J.M., Elshire, R.J., Sun, Q., Ersoz,
E.S., Hurwitz, B.L., Peiffer, J.A., McMullen, M.D.,



54 Margaritopoulou & Milioni

Grills, G.S., Ross-Ibarra, J., Ware, D.H. and Buck-
ler, E.S. 2009. A first-generation haplotype map
of maize. Science, 326: 1115-1117.

Guillaumie, S., Pichon, M., Martinant, J.-P., Bosio, M.,
Goffner, D. and Barriére, Y. 2007a. Differential ex-
pression of phenylpropanoid and related genes
in brown-midrib bm1, bm2, bm3,and bm4 young
near-isogenic maize plants. Planta, 226: 235-250.

Guillaumie, S., San-Clemente, H., Deswarte, C., Mar-
tinez, Y., Lapierre, C., Murigneux, A., Barriére, Y.,
Pichon, M. and Goffner, D. 2007b. MAIZEWALL.
Database and developmental gene expression
profiling of cell wall biosynthesis and assembly
in maize. Plant Physiology, 143: 339-363.

Hamrit, S., Kusterer, B., Friedt, W. and Horn, R. 2008.
Verification of positive BAC clones near the Rf1
gene restoring pollen fertility in the presence of
the PET1 cytoplasm in sunflower (Helianthus ann-
uus L.) and direct isolation of BAC ends. In: Proceed-
ings of the 17th International Sunflower Conference;
Cérdoba, Spain. 8-12 June 2008; pp. 623-628.

Hao, Z., Li, X., Liu, X., Xie, C,, Li, M., Zhang, D., Zhang
S (2010) Meta-analysis of constitutive and adap-
tive QTL for drought tolerance in maize. Euphyt-
ica, 174:165-177.

Hardigan, M.A., Crisovan, E., Hamilton, J.P., Kim, J.,
Laimbeer, P, Leisner, C.P., Manrique-Carpinte-
ro, N.C., Newton, L., Pham, G.M., Vaillancourt, B.,
Yang, X., Zeng, Z., Douches, D.S., Jiang, J., Veil-
leux, R.E. and Buell, C.R. 2016. Genome reduc-
tion uncovers a large dispensable genome and
adaptive role for copy number variation in asex-
ually propagated Solanum tuberosum. The Plant
Cell, 28: 388-405.

He, Z., Zhong, J., Sun, X., Wang, B., Terzaghi, W. and
Dai, M. 2018. The Maize ABA Receptors ZmPYLS,
9, and 12 Facilitate Plant Drought Resistance.
Frontiers in Plant Science, 9: 422.

Hewezi, T., Mouzeyar, S., Thion, L., Rickauer, M., Al-
ibert, G., Nicolas, P. and Kallerhoff, J. 2006. An-
tisense expression of a NBS-LRR sequence in
sunflower (Helianthus annuus L.) and tobacco
(Nicotiana tabacum L.): evidence for a dual role
in plant development and fungal resistance.
Transgenic research, 15: 165-180.

Hmida-Sayari, A., Gargouri-Bouzid, R., Bidani, A., Ja-
oua, L., Savouré, A. and Jaoua, S. 2005. Over-
expression of A 1-pyrroline-5-carboxylate syn-
thetase increases proline production and
confers salt tolerance in transgenic potato
plants. Plant Science, 169: 746-752.

Honiges, A., Wegmann, K. and Ardelean, A. 2008.
Orobanche resistance in sunflower/resistencia a
Orobanche en girasol/résistance a lI'orobanche
chez le tournesol. Helia, 31: 1-12.

Hu, X., Bidney, D.L., Yalpani, N., Duvick, J.P., Crasta,
0., Folkerts, O. and Lu, G. 2003. Overexpression
of a gene encoding hydrogen peroxide-gener-
ating oxalate oxidase evokes defense responses
in sunflower. Plant Physiology, 133: 170-181.

Hufford, M.B., Xu, X., van Heerwaarden, J., Pyhdjarvi,
T., Chia, J.M., Cartwright, R.A., Elshire, R.J., Glau-
bitz, J.C., Guill, K.E., Kaeppler, S.M., Lai, J., Mor-
rell, P.L., Shannon, L.M., Song, C., Springer, N.M.,
Swanson-Wagner, R.A., Tiffin, P., Wang, J., Zhang,
G., Doebley, J., McMullen, M.D., Ware, D., Buckler,
E.S., Yang, S.and Ross-Ibarra, J. 2012. Comparative
population genomics of maize domestication and
improvement. Nature genetics, 44: 808-811.

Huo, D., Ning, Q., Shen, X., Liu, L. and Zhang, Z. 2016.
QTL mapping of kernel number-related traits
and validation of one major QTL for ear length
in maize. PloS ONE, 11: e0155506.

Hvarleva, T., Tarpomanova, I., Hristova-Cherbadji,
M., Hristov, M., Bakalova, A., Atanassov, A. and
Atanasov, |. 2009. Toward marker assisted selec-
tion for fungal disease resistance in sunflower.
Utilization of H. Bolanderi as a source of resis-
tance to Downy mildew. Biotechnology & Bio-
technological Equipment, 23: 1427-1430.

Jiang, R., Li, J,, Tian, Z.,, Du, J., Armstrong, M., Bak-
er, K., Tze-Yin Lim, J., Vossen, J.H., He, H., Portal,
L., Zhou, J., Bonierbale, M., Hein, I., Lindqvist-
Kreuze, H. and Xie, C. 2018. Potato late blight
field resistance from QTL dPI09c is conferred
by the NB-LRR gene R8. Journal of experimental
botany, 69: 1545-1555.

Jo, K-R., Arens, M., Kim, T.-Y., Jongsma, M.A., Viss-
er, R.G., Jacobsen, E. and Vossen, J.H. 2011. Map-
ping of the S. demissum late blight resistance
gene R8 to a new locus on chromosome IX. The-
oretical and Applied Genetics, 123: 1331-1340.

Juliatti, F.C., Pedrosa, M.G., Silva, H.D. and da Silva,
JV.C. 2009. Genetic mapping for resistance to
gray leaf spot in maize. Euphytica, 169: 227-238.

Katerji, N., Van Hoorn, J., Hamdy, A. and Mastrorilli,
M. 2000. Salt tolerance classification of crops ac-
cording to soil salinity and to water stress day in-
dex. Agricultural Water Management, 43: 99-109.

Khadeeva, N., Kochieva, E.Z., Tcherednitchenko, M.Y.,
Yakovleva, E.Yu., Sydoruk, K., Bogush, V.G., Du-
naevsky, Y.E. and Belozersky, M.A. 2009. Use of
buckwheat seed protease inhibitor gene for im-
provement of tobacco and potato plant resistance
to biotic stress. Biochemistry (Moscow), 74: 260-267.

Kim, Y.-H., Bae, J.M. and Huh, G.-H. 2010. Transcrip-
tional regulation of the cinnamyl alcohol dehy-
drogenase gene from sweetpotato in response
to plant developmental stage and environmen-
tal stress. Plant cell reports, 29: 779-791.

Klopfenstein, T., Erickson, G. and Berger, L. 2013.
Maize is a critically important source of food,
feed, energy and forage in the USA. Field Crops
Research, 153: 5-11.

Kolkman, J.M., Slabaugh, M.B., Bruniard, J.M., Berry,
S., Bushman, B.S., Olungu, C., Maes, N., Abratti,
G., Zambelli, A., Miller, J.F., Leon, A. and Knapp,
S.J. 2004. Acetohydroxyacid synthase muta-
tions conferring resistance to imidazolinone or
sulfonylurea herbicides in sunflower. Theoreti-

© Benaki Phytopathological Institute



Molecular Biotechnology on agricultural crop improvement 55

cal and Applied Genetics, 109: 1147-1159.

Krakowsky, M., Lee, M., Woodman-Clikeman, W.,
Long, M. and Sharopova, N. 2004. QTL Mapping
of Resistance to Stalk Tunneling by the Europe-
an Corn Borer in RILs of Maize Population B73x
De8. Crop Science, 44: 274-282.

Lai, Z., Kane, N.C., Kozik, A., Hodgins, K.A., Dlugosch,
K.M., Barker, M.S., Matvienko, M., Yu, Q., Turn-
er, K.G., Pearl, S.A., Bell, G.D., Zou, Y., Grassa, C.,
Guggisberg, A., Adams, K.L., Anderson, J.V., Hor-
vath, D.P,, Kesseli, R.\V., Burke, J.M., Michelmore,
R.W. and Rieseberg, L.H. 2012. Genomics of
Compositae weeds: EST libraries, microarrays,
and evidence of introgression. American Journal
of Botany, 99: 209-218.

Lai, Z., Livingstone, K., Zou, Y., Church, S., Knapp, S.,
Andrews, J. and Rieseberg, L. 2005. Identification
and mapping of SNPs from ESTs in sunflower.
Theoretical and Applied Genetics, 111: 1532-1544,

Landi, P, Sanguineti, M.C,, Liu, C,, Li, Y., Wang, T,
Giuliani, S., Bellotti, M., Salvi, S. and Tuberosa, R.
2006. Root-ABA1 QTL affects root lodging, grain
yield, and other agronomic traits in maize grown
under well-watered and water-stressed condi-
tions. Journal of experimental botany, 58: 319-326.

Landi, P, Sanguineti, M.C., Salvi, S., Giuliani, S., Bel-
lotti, M., Maccaferri, M., Sergio, S. and Tubero-
sa, R. 2005. Validation and characterization of a
major QTL affecting leaf ABA concentration in
maize. Molecular Breeding, 15: 291-303.

Laurie, C.C., Chasalow, S.D., LeDeaux, J.R., McCarroll,
R., Bush, D., Hauge, B., Lai, C., Clark, D., Roche-
ford, T.R. and Dudley, J.W. 2004. The genetic ar-
chitecture of response to long-term artificial se-
lection for oil concentration in the maize kernel.
Genetics, 168: 2141-2155.

Lee, H. and Zhang, Z.J. 2014. Agrobacterium-medi-
ated transformation of maize (Zea mays) imma-
ture embryos. In: Cereal Genomics. Springer, pp
273-280.

Legay, S., Lamoureux, D., Hausman, J.-F., Hoffmann,
L. and Evers, D. 2009. Monitoring gene expres-
sion of potato under salinity using cDNA mi-
croarrays. Plant Cell Reports, 28: 1799-1816.

Legay, S., Lefévre, I., Lamoureux, D., Barreda, C., Luz,
R.T., Gutierrez, R., Quiroz, R., Hoffmann, L., Haus-
man, J.F.,, Bonierbale, M., Evers, D. and Schafleit-
ner, R. 2011. Carbohydrate metabolism and cell
protection mechanisms differentiate drought
tolerance and sensitivity in advanced potato
clones (Solanum tuberosum L.). Functional & In-
tegrative Genomics, 11: 275-291.

Li, H., Freeling, M. and Lisch, D. 2010. Epigenetic re-
programming during vegetative phase change
in maize. Proceedings of the National Academy of
Sciences, 107: 22184-22189.

Liu, S., Chen, H.D., Makarevitch, ., Shirmer, R., Em-
rich, S.J., Dietrich, C.R., Barbazuk, W.B., Springer,
N.M. and Schnable, P.S. 2010. High-throughput
genetic mapping of mutants via quantitative

© Benaki Phytopathological Institute

single nucleotide polymorphism typing. Genet-
ics, 184: 19-26.

Lorenzana, R.E., Lewis, M.F., Jung, H.-).G. and Bernar-
do, R. 2010. Quantitative trait loci and trait cor-
relations for maize stover cell wall composition
and glucose release for cellulosic ethanol. Crop
Science, 50: 541-555.

Lu, G. 2003. Engineering Sclerotinia sclerotiorum re-
sistance in oilseed crops. African Journal of Bio-
technology, 2: 509-516.

Lu, G. and Hoeft, E. 2009. Sunflower Compendium of
transgenic. Crop Plants, 125-168.

Ma, G., Markell, S., Song, Q. and Qi, L. 2017. Genotyp-
ing-by-sequencing targeting of a novel downy
mildew resistance gene PI20 from wild Helian-
thus argophyllus for sunflower (Helianthus an-
nuus L.). Theoretical and Applied Genetics, 130:
1519-1529.

McMullen, M.D., Kresovich, S., Villeda, H.S., Brad-
bury, P, Li, H., Sun, Q., Flint-Garcia, S., Thorn-
sberry, J., Acharya, C., Bottoms, C., Brown, P.,
Browne, C., Eller, M., Guill, K., Harjes, C., Kroon,
D., Lepak, N., Mitchell, S.E., Peterson, B., Pres-
soir, G., Romero, S., Oropeza Rosas, M., Salvo, S.,
Yates, H., Hanson, M., Jones, E., Smith, S., Glau-
bitz, J.C., Goodman, M., Ware, D., Holland, J.B.
and Buckler, E.S. 2009. Genetic properties of the
maize nested association mapping population.
Science, 325:737-740.

Menéndez, C.M., Ritter, E., Schéfer-Pregl, R., Walke-
meier, B., Kalde, A., Salamini, F., Gebhardt, C.
2002. Cold sweetening in diploid potato: map-
ping quantitative trait loci and candidate genes.
Genetics, 162: 1423-1434.

Messmer, R., Fracheboud, Y., Banziger, M., Vargas, M.,
Stamp, P. and Ribaut, J.-M. 2009. Drought stress
and tropical maize: QTL-by-environmentinterac-
tions and stability of QTLs across environments
for yield components and secondary traits. The-
oretical and Applied Genetics, 119: 913-930.

Micic, Z., Hahn, V., Bauer, E., Melchinger, A., Knapp,
S.,Tang, S.and Schon, C. 2005. Identification and
validation of QTL for Sclerotinia midstalk rot re-
sistance in sunflower by selective genotyping.
Theoretical and Applied Genetics, 111: 233-242.

Moloney, C., Griffin,D., Jones, PW., Bryan, G.J., McLean,
K., Bradshaw, J.E. and Milbourne, D. 2010. Devel-
opment of diagnostic markers for use in breeding
potatoes resistant to Globodera pallida pathotype
Pa2/3 using germplasm derived from Solanum tu-
berosum ssp. andigena CPC 2802. Theoretical and
Applied Genetics, 120: 679-689.

Nair, S.K., Prasanna, B.M., Garg, A., Rathore, R., Set-
ty, T. and Singh, N. 2005. Identification and val-
idation of QTLs conferring resistance to sor-
ghum downy mildew (Peronosclerospora sorghi)
and Rajasthan downy mildew (P. heteropogoni)
in maize. Theoretical and Applied Genetics, 110:
1384-1392.

Naqvi, S., Zhu, C,, Farre, G., Ramessar, K., Bassie, L.,



56 Margaritopoulou & Milioni

Breitenbach, J., Perez Conesa, D., Ros, G., Sand-
mann, G., Capell, T. and Christou, P. 2009. Trans-
genic multivitamin corn through biofortification
of endosperm with three vitamins representing
three distinct metabolic pathways. Proceedings of
the National Academy of Sciences, 106: 7762-7767.

Nelson, D.E., Repetti, P.P.,Adams, T.R.,Creelman,R.A.,
Wu, J., Warner, D.C., Anstrom, D.C., Bensen, R.J.,
Castiglioni, P.P., Donnarummo, M.G., Hinchey,
B.S., Kumimoto, R.W., Maszle, D.R., Canales, R.D.,
Krolikowski, K.A., Dotson, S.B., Gutterson, N.,
Ratcliffe, O.J. and Heard, J.E. 2007. Plant nuclear
factor Y (NF-Y) B subunits confer drought toler-
ance and lead to improved corn yields on water-
limited acres. Proceedings of the National Acade-
my of Sciences, 104: 16450-16455.

Nobuta, K., Lu, C., Shrivastava, R., Pillay, M., De Pao-
li, E., Accerbi, M., Arteaga-Vazquez, M., Sidoren-
ko, L., Jeong, D.H., Yen, Y., Green, P.J., Chandler,
V.L.and Meyers, B.C. 2008. Distinct size distribu-
tion of endogenous siRNAs in maize: Evidence
from deep sequencing in the mop1-1 mutant.
Proceedings of the National Academy of Sciences,
105: 14958-14963.

Ohta, S., Ishida, Y. and Usami, S. 2004. Expression of
cold-tolerant pyruvate, orthophosphate diki-
nase cDNA, and heterotetramer formation in
transgenic maize plants. Transgenic research, 13:
475-485.

Ozdemir, N., Horn, R. and Friedt, W. 2004. Construc-
tion and characterization of a BAC library for
sunflower (Helianthus annuus L.) Euphytica, 138:
177-183.

Penning, B.W., Hunter, C.T. 3rd, Tayengwa, R., Eve-
land, A.L., Dugard, C.K., Olek, A.T., Vermerris, W.,
Koch, K.E., McCarty, D.R., Davis, M.F., Thomas,
S.R., McCann, M.C. and Carpita, N.C. 2009. Ge-
netic resources for maize cell wall biology. Plant
Physiology, 151: 1703-1728.

Pérez-Vich, B., Akhtouch, B.,Knapp, S.,Leon, A., Velas-
co, L., Ferndndez-Martinez, J. and Berry, S. 2004.
Quantitative trait loci for broomrape (Orobanche
cumana Wallr.) resistance in sunflower. Theoreti-
cal and Applied Genetics, 109: 92-102.

Pernet, A., Hoisington, D., Dintinger, J., Jewell, D., Ji-
ang, C., Khairallah, M., Letourmy, P., Marchand,
J.L., Glaszmann, J.C. and Gonzalez de Ledn, D.
1999. Genetic mapping of maize streak virus
resistance from the Mascarene source. . Resis-
tance in line D211 and stability against differ-
ent virus clones. Theoretical and Applied Genet-
ics, 99: 524-539.

Poland, J.A., Bradbury, P.J., Buckler, E.S. and Nel-
son, R.J. 2011. Genome-wide nested association
mapping of quantitative resistance to northern
leaf blight in maize. Proceedings of the National
Academy of Sciences, 108: 6893-6898.

Pozar, G., Butruille, D., Silva, H.D., McCuddin, Z.P.
and Penna, J.C.V. 2009. Mapping and validation
of quantitative trait loci for resistance to Cer-

cospora zeae-maydis infection in tropical maize
(Zea mays L.). Theoretical and Applied Genetics,
118: 553-564.

Prasanna, B., Pixley, K., Warburton, M.L., Xie, C.-X.
2010. Molecular marker-assisted breeding op-
tions for maize improvement in Asia. Molecular
Breeding, 26: 339-356.

Qij, L., Long, Y., Talukder, Z.1., Seiler, G.J., Block, C.C.
and Gulya, T.J. 2016. Genotyping-by-sequenc-
ing uncovers the introgression alien segments
associated with Sclerotinia basal stalk rot resis-
tance from wild species—I. Helianthus argophyl-
lus and H. petiolaris. Frontiers in Genetics, 7: 219.

Quan, R., Shang, M., Zhang, H., Zhao, Y. and Zhang,
J.2004. Improved chilling tolerance by transfor-
mation with betA gene for the enhancement of
glycinebetaine synthesis in maize. Plant Science,
166: 141-149.

Rahnama, H. and Ebrahimzadeh, H. 2004. The effect
of NaCl on proline accumulation in potato seed-
lings and calli. Acta Physiologiae Plantarum, 26:
263-270.

Rajhi, I., Yamauchi, T., Takahashi, H., Nishiuchi, S.,
Shiono, K., Watanabe, R., Mliki, A., Nagamura, Y.,
Tsutsumi, N., Nishizawa, N.K. and Nakazono, M.
2011. Identification of genes expressed in maize
root cortical cells during lysigenous aerenchyma
formation using laser microdissection and mi-
croarray analyses. New Phytologist, 190: 351-368.

Redinbaugh, M.G. and Pratt, R.C. 2009. Virus resis-
tance. In: Handbook of maize: Its biology. Spring-
er, pp 251-270

Reid, A. and Kerr, E. 2007. A rapid simple sequence
repeat (SSR)-based identification method for
potato cultivars. Plant Genetic Resources, 5: 7-13.

Renaut, S. 2017. Genome sequencing: llluminating
the sunflower genome. Nature Plants, 3: 17099.

Rensink, W., Hart, A., Liu, J., Ouyang, S., Zismann, V.
and Buell, C.R. 2005. Analyzing the potato abi-
otic stress transcriptome using expressed se-
quence tags. Genome, 48: 598-605.

Revilla, P, Rodriguez, V.M., Ordas, A., Rincent, R.,
Charcosset, A., Giauffret, C., Melchinger, A.E.,
Schon, C.-C., Bauer, E., Altmann, T., Brunel, D.,
Moreno-Gonzalez, J.,, Campo, L., Ouzunova, M.,
Alvarez, A., Ruiz de Galarreta, J.I., Laborde, J.
and Malvar, R.A. 2016. Association mapping for
cold tolerance in two large maize inbred panels.
BMC Plant Biology, 16: 127.

Ribaut, J.-M., Betran, J., Monneveux, P. and Setter, T.
2009. Drought tolerance in maize. In: Handbook
of Maize: Its Biology. Springer, pp 311-344.

Ribaut, J.-M. and Ragot, M. 2006. Marker-assisted se-
lection to improve drought adaptation in maize:
the backcross approach, perspectives, limita-
tions, and alternatives. Journal of Experimental
Botany, 58: 351-360.

Rickert, A.M., Kim, J.H., Meyer, S., Nagel, A., Ballvo-
ra, A., Oefner, P.J. and Gebhardt, C. 2003. First-

© Benaki Phytopathological Institute



Molecular Biotechnology on agricultural crop improvement 57

generation SNP/InDel markers tagging loci for
pathogen resistance in the potato genome.
Plant Biotechnology Journal, 1: 399-410.

Robinson, M.R., Wray, N.R. and Visscher, P.M. 2014.
Explaining additional genetic variation in com-
plex traits. Trends in Genetics, 30: 124-132.

Rouf Shah, T., Prasad, K.and Kumar, P.2016. Maize—A
potential source of human nutrition and health:
A review Cogent Food & Agriculture, 2: 1166995.

Sawahel, W. and Hagran, A. 2006. Generation of
white mold disease-resistant sunflower plants
expressing human lysozyme gene. Biologia
Plantarum, 50: 683-687.

Schnabl, H., Binsfeld, P., Cerboncini, C., Dresen, B.,
Peisker, H., Wingender, R. and Henn, A. 2002.
Biotechnological methods applied to produce
Sclerotinia sclerotiorum resistant sunflower/mét-
odos biotecnoldgicos empleados para producir
girasol resistente contra Sclerotinia sclerotio-
rum/méthodes biotechnologiques ont appli-
qué pour produire le Sclerotinia sclerotiorum ré-
sistant tournesol. Helia, 25: 191-198.

Schnable, J.C,, Springer, N.M. and Freeling, M. 2011.
Differentiation of the maize subgenomes by ge-
nome dominance and both ancient and ongo-
ing gene loss. Proceedings of the National Acade-
my of Sciences, 108: 4069-4074.

Schnable, P.S., Ware, D., Fulton, R.S., Stein, J.C., Wei,
F., Pasternak, S., Liang, C., Zhang, J., Fulton, L.,
Graves, T.A.,, Minx, P., Reily, A.D., Courtney, L.,
Kruchowski, S.S., Tomlinson, C., Strong, C., Dele-
haunty, K., Fronick, C., Courtney, B., Rock, S.M.,
Belter, E., Du, F., Kim, K., Abbott, R.M., Cotton,
M., Levy, A., Marchetto, P., Ochoa, K., Jackson,
S.M., Gillam, B., Chen, W., Yan, L., Higginbotham,
J., Cardenas, M., Waligorski, J., Applebaum, E.,
Phelps, L., Falcone, J., Kanchi, K., Thane, T., Sci-
mone, A., Thane, N., Henke, J.,, Wang, T., Ruppert,
J., Shah, N., Rotter, K., Hodges, J., Ingenthron, E.,
Cordes, M., Kohlberg, S., Sgro, J., Delgado, B.,
Mead, K., Chinwalla, A., Leonard, S., Crouse, K.,
Collura, K., Kudrna, D., Currie, J., He, R., Angelo-
va, A., Rajasekar, S., Mueller, T., Lomeli, R., Scara,
G., Ko, A., Delaney, K., Wissotski, M., Lopez, G.,
Campos, D., Braidotti, M., Ashley, E., Golser, W.,
Kim, H., Lee, S., Lin, J., Dujmic, Z., Kim, W., Ta-
lag, J., Zuccolo, A., Fan, C., Sebastian, A., Kramer,
M., Spiegel, L., Nascimento, L., Zutavern, T., Mill-
er, B.,, Ambroise, C., Muller, S., Spooner, W., Na-
rechania, A., Ren, L., Wei, S., Kumari, S., Faga, B.,
Levy, M.J., McMahan, L., Van Buren, P.,, Vaughn,
M.W., Ying, K., Yeh, C.T., Emrich, S.J., Jia, Y., Ka-
lyanaraman, A., Hsia, A.P., Barbazuk, W.B., Bau-
com, R.S., Brutnell, T.P.,, Carpita, N.C., Chaparro,
C., Chia, J.M., Deragon, J.M., Estill, J.C., Fu, Y., Jed-
deloh, J.A., Han, Y., Lee, H., Li, P, Lisch, D.R,. Liu,
S., Liu, Z., Nagel, D.H., McCann, M.C., SanMiguel,
P., Myers, A.M., Nettleton, D., Nguyen, J., Pen-
ning, B.W., Ponnala, L., Schneider, K.L., Schwartz,
D.C., Sharma, A., Soderlund, C., Springer, N.M.,
Sun, Q., Wang, H., Waterman, M., Westerman, R.,

© Benaki Phytopathological Institute

Wolfgruber, T.K., Yang, L., Yu, Y., Zhang, L., Zhou,
S., Zhu, Q., Bennetzen, J.L., Dawe, R.K., Jiang, J.,
Jiang, N., Presting, G.G., Wessler, S.R., Aluru, S.,
Martienssen, R.A., Clifton, S.W., McCombie, W.R.,
Wing, R.A. and Wilson, R.K. 2009. The B73 maize
genome: complexity, diversity, and dynamics.
Science, 326: 1112-1115.

Schuppert, G.F,, Tang, S., Slabaugh, M.B. and Knapp,
S.J. 2006. The sunflower high-oleic mutant Ol
carries variable tandem repeats of FAD2-1, a
seed-specific oleoyl-phosphatidyl choline de-
saturase. Molecular Breeding, 17: 241-256.

Sekhon, R.S., Lin, H., Childs, K.L., Hansey, C.N., Buell,
C.R., de Leon, N. and Kaeppler, S.M. 2011. Ge-
nome-wide atlas of transcription during maize
development. The Plant Journal, 66: 553-563.

Sharma, S.K., Bolser, D., de Boer, J., Senderkeer, M.,
Amoros, W., Carboni, M.F., D’Ambrosio, J.M., de
la Cruz, G., Di Genova, A., Douches, D.S., Eguiluz,
M., Guo, X., Guzman, F., Hackett, C.A., Hamilton,
J.P, Li, G, Li, Y., Lozano, R., Maass, A., Marshall,
D., Martinez, D., McLean, K., Mejia, N., Milne, L.,
Munive, S., Nagy, I., Ponce, O., Ramirez, M., Si-
mon, R., Thomson, S.J., Torres, Y., Waugh, R.,
Zhang, Z., Huang, S., Visser, R.G., Bachem, CW.,
Sagredo, B., Feingold, S.E., Orjeda, G., Veilleux,
R.E., Bonierbale, M., Jacobs, J.M., Milbourne, D.,
Martin, D.M. and Bryan, G.J. 2013. Construction
of reference chromosome-scale pseudomole-
cules for potato: integrating the potato genome
with genetic and physical maps G3: Genes, Ge-
nomes. Genetics, 3: 2031-2047.

Shin, D., Moon, S.J., Han, S., Kim, B.G., Park, S.R., Lee,
S.K., Yoon, H.J.,, Lee, H.E., Kwon, H.B., Baek, D.,
Yi, B.Y. and Byun, M.O. 2011. Expression of StMY-
B1R-1, a novel potato single MYB-like domain
transcription factor, increases drought toler-
ance. Plant Physiology, 155: 421-432.

Shrawat, A.K. and Lérz, H. 2006. Agrobacterium-
mediated transformation of cereals: a promis-
ing approach crossing barriers. Plant Biotech-
nology Journal, 4: 575-603.

Simko, ., Vreugdenhil, D., Jung, C. and May, G. 1999.
Similarity of QTLs detected for in vitro and
greenhouse development of potato plants. Mo-
lecular Breeding, 5: 417-428.

Soderlund, C., Descour, A., Kudrna, D., Bomhoff, M.,
Boyd, L., Currie, J., Angelova, A., Collura, K., Wis-
sotski, M., Ashley, E., Morrow, D., Fernandes, J.,
Walbot, V. and Yu, Y. 2009. Sequencing, map-
ping, and analysis of 27,455 maize full-length
cDNAs. PLoS Genetics, 5: €1000740.

Stefanczyk, E., Sobkowiak, S., Brylinska, M. and
Sliwka, J. 2017. Expression of the potato late
blight resistance gene Rpi-phul and Phy-
tophthora infestans effectors in the compatible
and incompatible interactions in potato. Phyto-
pathology, 107: 740-748.

Sun, K., Wolters, A.-M.A., Vossen, J.H., Rouwet, M.E.,
Loonen, A.E.H.M., Jacobsen, E., Visser, R.G.F., Ba-



58 Margaritopoulou & Milioni

icorresponding, Y. 2016. Silencing of six suscep-
tibility genes results in potato late blight resis-
tance. Transgenic Research, 25: 731-742.

Szajko, K., Strzelczyk-Zyta, D. and Marczewski, W.
2014. Ny-1 and Ny-2 genes conferring hypersen-
sitive response to Potato Virus Y (PVY) in culti-
vated potatoes: mapping and marker-assisted
selection validation for PVY resistance in potato
breeding. Molecular Breeding, 34: 267-271.

Talia, P.,, Nishinakamasu, V., Hopp, H.E., Heinz, R.A. and
Paniego, N. 2010. Genetic mapping of EST-SSR,
SSR and InDel to improve saturation of genom-
ic regions in a previously developed sunflower
map. Electronic Journal of Biotechnology, 13: 7-8.

Talukder, Z.I., Seiler, G.J., Song, Q., Ma, G. and Qi, L.
2016. SNP discovery and QTL mapping of Sclero-
tinia basal stalk rot resistance in sunflower using
genotyping-by-sequencing. The Plant Genome. 9.

Tamborindeguy, C., Ben, C,, Liboz, T. and Gentzbit-
tel, L. 2004. Sequence evaluation of four specif-
ic cDNA libraries for developmental genomics
of sunflower. Molecular Genetics and Genomics.
271:367-375.

Tang, L., Kwon, S.Y.,Kim, S.H.,Kim, J.S., Choi, J.S., Cho,
K.Y., Sung, C.K., Kwak, S.S. and Lee, H.S. 2006a.
Enhanced tolerance of transgenic potato plants
expressing both superoxide dismutase and
ascorbate peroxidase in chloroplasts against
oxidative stress and high temperature. Plant Cell
Reports, 25: 1380-1386.

Tang, R., Zhu, W,, Song, X., Lin, X., Cai, J., Wang, M. and
Yang, Q. 2016. Genome-wide identification and
function analyses of heat shock transcription fac-
tors in potato. Frontiers in Plant Science, 7:490.

Tang, S. and Knapp, S.J. 2003. Microsatellites uncov-
er extraordinary diversity in native American
land races and wild populations of cultivated
sunflower TAG. Theoretical and Applied Genetics,
106: 990-1003.

Tang, S., Leon, A., Bridges, W.C. and Knapp, S.J.
2006b. Quantitative trait loci for genetically cor-
related seed traits are tightly linked to branch-
ing and pericarp pigment loci in sunflower. Crop
Science, 46: 721-734.

Tian, Z.D., Zhang, Y., Liu, J. and Xie, C.H. 2010. Nov-
el potato C2H2-type zinc finger protein gene,
StZFP1, which responds to biotic and abiotic
stress, plays a role in salt tolerance. Plant Biol-
ogy, 12: 689-697.

Tomczynska, I., Jupe, F,, Hein, I., Marczewski, W. and
Sliwka, J. 2014. Hypersensitive response to Po-
tato Virus Y in potato cultivar Sarpo Mira is con-
ferred by the Ny-Smira gene located on the
long arm of chromosome IX. Molecular Breed-
ing. 34: 471-480.

Torres, A.F,, Visser, R.G. and Trindade, L.M. 2015. Bio-
ethanol from maize cell walls: genes, molecu-

lar tools, and breeding prospects. Gcb Bioener-
gy, 7: 591-607.

Trachsel, S., Messmer, R., Stamp, P. and Hund, A.
2009. Mapping of QTLs for lateral and axile root
growth of tropical maize. Theoretical and Ap-
plied Genetics, 119: 1413-1424.

Trognitz, F., Manosalva, P., Gysin, R., Nifio-Liu, D., Si-
mon, R., del Herrera, M.R., Trognitz, B., Ghislain,
M. and Nelson, R. 2002. Plant defense genes as-
sociated with quantitative resistance to potato
late blight in Solanum phurejax dihaploid S. tu-
berosum hybrids. Molecular Plant-Microbe Inter-
actions, 15: 587-597.

Truntzler, M., Barriére, Y., Sawkins, M., Lespinasse, D.,
Betran, J., Charcosset, A. and Moreau, L. 2010.
Meta-analysis of QTL involved in silage quality
of maize and comparison with the position of
candidate genes. Theoretical and Applied Genet-
ics, 121: 1465-1482.

Turra, D., Bellin, D., Lorito, M. and Gebhardt, C. 2009.
Genotype-dependent expression of specif-
ic members of potato protease inhibitor gene
families in different tissues and in response to
wounding and nematode infection. Journal of
Plant Physiology, 166: 762-774.

Upadhyaya, C.P., Young, K.E., Akula, N., Kim, H.S.,
Heung, J.J., Oh, O.M., Aswath, C.R., Chun, C.H.,
Kim, D.H. and Park, S.W. 2009. Over-expression
of strawberry D-galacturonic acid reductase in
potato leads to accumulation of vitamin C with
enhanced abiotic stress tolerance. Plant Science,
177: 659-667.

Urbany, C., Stich, B., Schmidt, L., Simon, L., Berding,
H., Junghans, H., Niehoff, K.H., Braun, A., Tacke,
E., Hofferbert, H.R., Liibeck, J., Strahwald, J. and
Gebhardt, C. 2011. Association genetics in Sola-
num tuberosum provides new insights into po-
tato tuber bruising and enzymatic tissue discol-
oration. BMC genomics 12: 7.

Van Dijk, J.P., Cankar, K., Stanley, J. Scheffer, S.J.,
Beenen, H.G., Shepherd, LV.T., Derek Stewart, D.,
Davies, H.V., Wilkockson, S.J., Leifert, C., Gruden,
K. and Kok, E.J. 2009. Transcriptome Analysis of
Potato Tubers Effects of Different Agricultural
Practices. Journal of Agricultural and Food Chem-
istry, 57: 1612-1623.

Van Os, H., Andrzejewski, S., Bakker, E., Barrena, 1.,
Bryan, G.J., Caromel, B., Ghareeb, B., Isidore,
E., de Jong, W., Van Koert, P., Lefebvre, V., Mil-
bourne, D., Ritter, E., Van der Voort, J.N., Rous-
selle-Bourgeois, F,, Van Vliet, J., Waugh, R., Vis-
ser, R.G., Bakker, J. and Van Eck, H.J. 2006.
Construction of a 10,000-marker ultradense ge-
netic recombination map of potato: providing a
framework for accelerated gene isolation and a
genomewide physical map. Genetics, 173: 1075-
1087.

Varshney, R.K., Bansal, K.C., Aggarwal, PK., Datta,
S.K. and Craufurd, P.Q. 2011. Agricultural bio-
technology for crop improvement in a variable
climate: hope or hype? Trends in Plant Science,
16:363-371.

© Benaki Phytopathological Institute



Molecular Biotechnology on agricultural crop improvement 59

Varshney, R.K., Graner, A. and Sorrells, M.E. 2005. Gen-
ic microsatellite markers in plants: features and
applications. Trends in Biotechnology, 23: 48-55.

Vermerris, W., Saballos, A., Ejeta, G., Mosier, N.S., La-
disch, M.R. and Carpita, N.C. 2007. Molecular
breeding to enhance ethanol production from
corn and sorghum stover. Crop Science, 47:S-142
-S-153.

Vielle-Calzada, J.-P., Martinez de la Vega, O., Hernan-
dez-Guzman, G., Ibarra-Laclette, E., Alvarez-Me-
jia, C., Vega-Arreguin, J.C., Jiménez-Moraila, B.,
Fernandez-Cortés, A., Corona-Armenta, G., Her-
rera-Estrella, L. and Herrera-Estrella, A. 2009.
The Palomero genome suggests metal effects
on domestication. Science, 326: 1078-1078.

Vossen, J.H., Van Arkel, G., Bergervoet, M., Jo, K.-R.,
Jacobsen, E. and Visser, R.G. 2016. The Sola-
num demissum R8 late blight resistance gene
is an Sw-5 homologue that has been deployed
worldwide in late blight resistant varieties. The-
oretical and Applied Genetics, 129: 1785-1796.

Wirschum, T., Anyanga, W.O. and Hahn, V. 2014. In-
heritance of Sclerotinia Midstalk Rot Resistance
in Elite Sunflower Breeding Germplasm. Helia,
37:193-203.

Wang, B., Li, Z,, Ran, Q. Li, P, Peng, Z. and Zhang,
J. 2018. ZmNF-YB16 overexpression improves
drought resistance and yield by enhancing
photosynthesis and the antioxidant capacity of
maize plants. Frontiers in Plant Science, 9.

Wang, G., Hui, W., Jia, Z., Jing, Z., Xiaowei, Z., Fei, W.,
Yuanping, T., Bing, M., Zhengkai, X. and Rent-
ao, S. 2010. An expression analysis of 57 tran-
scription factors derived from ESTs of develop-
ing seeds in maize (Zea mays). Plant Cell Reports,
29: 545-559.

William, H.M., Morris, M., Warburton, M. and Hois-
ington, D.A. 2007. Technical, economic and pol-
icy considerations on marker-assisted selection
in crops: lessons from the experience at an in-
ternational agricultural research centre Marker-
Assisted Selection: 381.

Wisser, R.J., Balint-Kurti, P.J. and Nelson, R.J. 2006.
The genetic architecture of disease resistance
in maize: a synthesis of published studies. Phy-
topathology, 96: 120-129.

Xu, Y., Skinner, D.J., Wu, H., Palacios-Rojas, N., Araus,
J.L., Yan, J., Gao, S., Warburton, M.L. and Crouch,
J.H. 2009. Advances in maize genomics and
their value for enhancing genetic gains from
breeding. International Journal of Plant Genom-
ics 2009.

Yang, X., Guo, X,, Yang, Y., Ye, P, Xiong, X., Liu, J.,
Dong, D. and Li, G. 2018. Gene Profiling in Late
Blight Resistance in Potato Genotype SD20. In-
ternational Journal of Molecular Sciences, 19:
1728.

Zhang, Z.-Y., Yang, L., Zhou, S.-F.,, Wang, H.-G., Li,
W.-C. and Fu, F.-L. 2011. Improvement of resis-
tance to maize dwarf mosaic virus mediated by
transgenic RNA interference. Journal of Biotech-
nology, 153: 181-187.

Zhang, Z., Li, X., Zhang, C., Zou, H. and Wu, Z. 2016.
Isolation, structural analysis, and expression
characteristics of the maize nuclear factor Y
gene families. Biochemical and Biophysical Re-
search Communications, 478: 752-758.

Zhang, Z., Mao, B., Li, H., Zhou, W., Takeuchi, Y. and
Yoneyama, K. 2005. Effect of salinity on physio-
logical characteristics, yield and quality of mi-
crotubers in vitro in potato. Acta Physiologiae
Plantarum, 27: 481-489.

Zhu, S., Li, Y., Vossen, J.H., Visser, R.G. and Jacobsen,
E. 2012. Functional stacking of three resistance
genes against Phytophthora infestans in potato.
Transgenic Research, 21: 89-99.

Received: 15 February 2019; Accepted: 27 June 2019

APOPO ANAXKOINHXHX

Mopiakég mpoodot oTn BEATIWON TWV YEWPYIKWY KAAAIEPYELWV
yla TNV KaAvuyn twv cOyXpovwyv amaitioEWV 6T YEwpYia

©. MapyapitormmovAou kat A. MnAtwvn

NepiAnyn O nhiavBog, o apaPdoitog Kat n maTdTa, gival PETAE) TWV ONUAVTIKOTEPWY KAANEPYEIDV
oTov KOOUO. Mpokelévou va BeATIwBoUV S1a¢Qopa XapaKTNPIoTIKA TOUC, Ot KAANIEPYELEG £XOUV UTIO-
OTel yeveTIKN Tpomomoinon o€ Peydho Babuo. Av kal ol poplakoi SeikTeg €xouv xpnotpomolnbei ye em-
TUX(O YlO TNV TAUTOTTOINON AMAWY XOPAKTNPIOTIKWY, OTIWE N YOVIMOTNTA, N avoyn o€ {I{avioktéva i n
avtiotaon ota maboydva, GNUAVTIKA aypOVOUIKA XOPAKTNPIOTIKA, T omoia ival TOAUTTAOKA Kal TTo-
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0O0TIKA, OTWE N amddoaon, N avtoxr o€ cUVORKES OTPEG amod BLOTIKOUE Kal APLOTIKOUG TTAPAYOVTEG KAl N
TO10TNTA TOU OTIOPOV, TIAPAKEVOUV Wia TTPAKANGN Kal amaitolv TPOCEYYIoELG Tou TEPIAapBAavouy Tn
MENETN OAOKANPOU TOU YOVISIWHATOC. FEVETIKO UAIKO Yla aUTEC TIC KAANIEPYELEC SlaTnpEiTal O Tpdme-
(ec oe maykoouIa KAHAKA Kal avTIMPOoWEVEL TOADTIMOUG TTOPOUC YIa TN HEAETN GUVOETWY XapaKTnpl-
OTIKWV. ZUEPQ, Ol TEXVONOYIKEC e€ENEeLC kat n duvatdTnTa aAAnAoUxNong OAGKANPWY YOVISIWHATWY
€XOUV KATAOTAOEL EQIKTECG VEEC TIPOOEYYIOEIG 0TO eMimedo Tou yevwpatog. H poplakn BeAtiwon, ouume-
piAapPavopévwy oo Twv diayovidiakwv pueBodwv oo Kal TnS PeAtiwong pe tn PoriBela YEVETIKWY
SeIKTWV, S1EUKOAUVE TNV TAUTOTOINON OEIKTWV Y10 YEVETIKOUC XAPTEC UPNARC TTUKVOTNTAC KAl EMETPEPE
MENETEC OUOXETIONG OAOKANPOU TOU YoVISIWUATOC Kal TN Yovidiakn emAoyr oTov nAiavBo, Tov apafé-
olTo Kal TNV matdta. H emAoyn Yéow yeveTIKwv SEIKTWV OXeTILOUEVWY UE TIG amoddoelg U ptdiwv éxel
Sei€el 011 N yovidlwpatikr emAOyN €ival pia EMTUXNUEVN TTPOGEYYION YIa TNV AVTILETWITION CUVOETWY
TIOOOTIKWV XAPAKTNPIOTIKWY KAl UTTOPE( va SIEUKOAUVEL TNV EMITAKUVON TWV TIPOYPAUUATWY avamapa-
YWYAC O€ QUTEC TIC KAANEPYELEC OTO PENNOV.
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Multistrain versus single-strain plant growth promoting
microbial inoculants - The compatibility issue
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Summary Plant Growth Promoting Microorganisms or Plant Probiotics (PGPMs) constitute a prom-
ising solution for agricultural sustainability. The concept that inoculation of PGPM mixtures may per-
form better in enhancing agricultural production than single strain application dates back to the dis-
covery of plant growth rhizobacteria (PGPR) and is gaining ground in our days. This shift is highlighted
by the increasing number of research publications dealing with the positive impact of microbial mix-
tures in promoting plant growth, controlling plant pathogens, as well as providing abiotic stress toler-
ance. The continuous deposition of patents as well as commercially available formulations concerning
bioprotective and/or biostimulant multistrain mixtures also underlines this shift. A major issue in engi-
neering an effective and consistent synthetic multistrain mixture appears to be the compatibility of its
components. The present review provides a thorough literature survey supporting the view that treat-
ment of plants with compatible multistrain mixtures generally exerts a better effect in plant growth
and health than single-strain inoculation. Our study focuses on multistrain mixtures based on Pseu-
domonas, Bacillus and beneficial fungal strains, while commercial products are also being referred.

Additional keywords: plant probiotics, biostimulants, synthetic multistrain mixtures, biological control, co-in-

oculation, consortia

Introduction

The plant microbiome is composed of active
microorganisms that can alter plant physiol-
ogy and development, perform biological
control against pathogens as well as provide
tolerance to various types of stress such as
drought, salinity, or contaminated soils
(Mller et al., 2016). These plant associated
microbes can be rhizospheric, epiphytic or
endophytic with overlap existing between
these categories (Turner et al., 2013). How-
ever, such functions are not carried out by
‘the whole microbiome’, but by one or a few
microbial species acting individually or in
a cooperative manner (Hassani et al., 2018).
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These microbes are defined as Plant Growth
Promoting Microorganisms (PGPMs) or Plant
Probiotics (PPs) (Berg, 2009; Berlec, 2012; Ab-
hilash et al., 2016). Plant growth promotion
can be direct through production of phyto-
hormones or facilitation of nutrient bioavail-
ability and indirect through biological con-
trol of plant pathogens by biological control
agents (BCAs). Therefore, the purposeful in-
troduction of PGPM inoculants to plants’
microbiome represents an environmentally
sound option that holds a prominent posi-
tion for several decades, in an effort to re-
duce the overuse of chemical pesticides and
fertilizers (Adesemoye and Kloepper, 2009;
Abhilash et al., 2016; Aloo et al., 2019).

In most cases, effective microbial inocu-
lants consist of a single strain. However, the
current research trend is shifted towards
the development of synthetic bacterial and/
or fungal multistrain mixtures with the ra-
tionale that they would perform better than
single strains (Vorholt et al., 2018; Woo and
Pepe, 2018). Although single application
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could be effective, mixed inoculants could
theoretically adapt to a broader range of en-
vironmental conditions and may possess a
variety of modes of action (Guetsky et al.,
2002; Garcia et al., 2003; Sarma et al., 2015).

In the last two decades, hundreds of
studies have been conducted evaluating
synthetic mixtures of bacterial species, fun-
gal species or both as plant growth promot-
ing or biological control agents. The concept
that combination of beneficial microbial iso-
lates may enhance the efficacy achieved by
single isolates dates back to the discovery
of Plant Growth Promoting Rhizobacteria
(PGPR) (Kloepper et al., 1980). In the majority
of studies, microbes used to develop micro-
bial mixtures were selected based on their
individual PGP activities and/or disease sup-
pressive ability. Then, microbes were mixed
together on the assumption that the con-
sortium will be more effective against test-
ed pathogens or in promoting plant growth,
without taking into account that antagonis-
tic interactions occurring among PGPMs of
the mixture might reduce the expected ef-
fects (Sarma et al., 2015). Thus, the old issue
of compatibility among microbial strains
(Kloepper et al., 2004) regained a strong po-
sition in developing effective multistrain
mixtures to use as inoculants (Sarma et al.,
2015).

Human and animal multistrain probi-
otics have received more attention than
plant probiotics in the past decade. Sever-
al multistrain probiotics are being used for
human health, animal feed and aquacul-
ture (Markowiak and Slizewska, 2018; Sniff-
en et al, 2018). However, major issues re-
main unresolved; whether single strains or
multistrain mixtures are considered more
beneficial and whether strains in a mixture
are compatible with each other (Korada et
al., 2018; Ouwehand et al., 2018). The pres-
ent study will describe the research find-
ings on the evolution of PGPM mixtures and
the compatibility issue among their compo-
nents in order to provide valuable knowl-
edge for the development of effective mi-
crobial mixtures for sustainable agricultural
applications.

In vitro compatibility of PGPMs in the
construction of multistrain mixtures

Based on a large number of studies, multi-
strain PGPM mixtures appear to have great-
er efficacy on improvement of plant growth
and/or biological control than single strains.
According to the current trend, prerequisites
for successful construction of artificial micro-
bial mixtures are: 1) use of diverse microor-
ganisms that can promote plant growth and
protect plants from biotic or abiotic stress,
2) efficacy of seed, leaf or root colonization,
3) compatibility among strains in the mix-
ture, 4) use of microorganisms with different
modes of action, 5) human and environmen-
tal safety, 6) easy application and 7) easy in-
corporation in an existing management sys-
tem (Raupach and Kloepper, 1998; Sikora et
al., 2010; Bashan et al., 2014; GroBkopf and
Soyer, 2014; Ahkami et al., 2017)

The issue of compatibility among micro-
bial components of a probiotic multistrain
mixture is gaining ground and is consid-
ered a basic requirement in the engineer-
ing of synthetic microbial mixtures applied
to plants (Sarma et al., 2015; Friedman et al.,
2017; Woo and Pepe, 2018) or humans and
animals (Ouwahand et al., 2018). According
to the established literature, the microbi-
al components of a PGPM mixture are con-
sidered to be compatible when they have
no growth suppressive effect on each oth-
er during their in vitro co-culture, either in
contact or in proximity, or during the plant
rhizosphere colonization competition as-
say (Jain et al., 2012; Castanheira et al., 2017;
Pangesti et al., 2017; Santiago et al., 2017; Liu
et al.,, 2018). In broader terms, compatibility
between strains may be achieved when one
strain produces toxic compounds and the
second strain possesses a detoxifying mech-
anism that could lead to a certain tolerance
of the compounds and vice versa (Kelsic et
al., 2015; Kamou et al., 2016).

In many cases, the outcome of the in vit-
ro co-culture compatibility tests reflects the
actual nature of the interaction to some ex-
tent (Prasad and Subramanian, 2017). For
example, competitive colonization assays
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under controlled, greenhouse or field condi-
tions demonstrated that in vitro compatible
bacterial and/or fungal stains are also com-
patible in the rhizosphere; root population
levels reached by each strain in the mixture
were not significantly different from those
obtained when strains were applied individ-
ually (Agusti et al., 2011; Alizadeh et al., 2013;
Stefanic et al., 2015; Castanheira et al., 2017;
Molina-Romero et al., 2017; Santiago et al.,
2017). The same goes with in vitro incompat-
ible combinations. For instance, the antago-
nistic strain of an in vitro co-culture may in-
terfere with the root colonization capacity
of the other strain (Anith et al., 2011; Stefan-
ic et al., 2015; Pangesti et al., 2017; Santiago
et al., 2017; Maroniche et al., 2018; Varkey et
al., 2018). Thus, co-inoculation with in vitro
incompatible strains may result in prevent-
ing one or both microbial agents to reach-
ing the appropriate population threshold
for plant-beneficial effects (Haas and Defa-
go, 2005).

However, the outcome of the in vit-
ro compatibility test does not always rep-
resent the actual antagonistic potential in
plant conditions (Becker et al., 2012). It has
been reported that variations in media used
to test in vitro compatibility may affect the
interaction (Georgakopoulos et al., 2002;
Simoes et al., 2008; Deveau et al., 2016; Ly-
ons et al., 2017). Also, microbes could colo-
nize different ecological niches (Pliego et al.,
2008), suggesting that in vitro incompatible
microbes may not interfere with each oth-
er's growth on the root surface. In a study of
Ruano-Rosa et al. (2014) a mixture of Pseu-
domonas pseudoalcaligenes AVO110 and Tri-
choderma atroviride CH 304.1 appears as a
very effective combination against Rosel-
linia necatrix to control avocado white root
rot, in spite of their observed in vitro incom-
patibility. In another study, the compatible
biocontrol agents Bacillus subtilis CA32 and
Trichoderma harzianum RUO1 were added
together via different modes of application,
seed bacterization and fungal soil inocula-
tion, and provided protection from Rhizoc-
tonia solani (Abeysinghe, 2009). Abeysinghe
(2009) and Ruano-Rosa et al. (2014) suggest-
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ed that mixtures of bacteria and Trichoder-
ma strains should be applied at different
times and types of inoculation. Also, Anith
et al. (2011) showed that sequential inocula-
tion of T. harzianum and Piriformospora in-
dica can increase the coexistence and the
beneficial effects on black pepper. In some
cases, the biological control agents of a mi-
crobial mixture may show in vitro compati-
bility but can be mechanistically incompat-
ible in the sense that one strain interferes
with the mechanism by which a second
strain suppresses plant disease (Stockwell et
al., 2011).

Multistrain PGPM mixtures based on
Pseudomonas or Bacillus strains

A major group of PGPMs possessing many
traits that make them well suited as biocon-
trol and plant growth promoting agents is
Pseudomonas and Bacillus bacterial strains.
Isolates from both taxa show a wide range
of plant beneficial properties such as effi-
cient plant colonization, plant growth pro-
motion, biological control of phytopatho-
gens and induction of plant tolerance to
abiotic stress, through mechanisms includ-
ing production of phytohormones, antibi-
otic compounds and enhancement of nu-
trient bioavailability (Hol et al., 2013; Aloo et
al., 2018).

Pseudomonas-based multistrain mix-
tures

An early study by Sivasithamparam and
Parker (1978) showed that co-inoculation of
five Pseudomonas fluorescens isolates in un-
sterile soil were highly efficient in reducing
the take-all wheat disease caused by Gaeu-
mannomyces graminis var. tritici while none
of the isolates produced a similar effect
when tested singly. These data raised the
hypothesis that multiple P. fluorescens iso-
lates may provide greater and more consist-
ent disease suppression when applied as a
mixture than the same strains used individ-
ually. This hypothesis was strengthened by
the report of Weller and Cook (1983) where
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high suppression of this disease was dem-
onstrated after seed treatment with a mix-
ture of P. fluorescens strains. Pierson and
Weller (1994) using a large number of P. flu-
orescens strains constructed different mix-
tures, consisting of three or five isolates and
demonstrated that only a limited number of
mixtures have the potential of greater bio-
control activity against G. graminis var. trit-
ici compared with the same strains applied
individually. However, in vitro antagonistic
studies of the effective mixtures revealed
that their components were either strongly
inhibitory to or strongly inhibited by other
members of the mixture. A mixture of four
or eight P. fluorescens genotypes (CHAO, PF5,
Q2-87, Q8R196, 1M1-96, MVP1-4, F113 and
PhI1C2) producing 2,4-diacetylphoroglu-
cinol (2,4-DAPG) protected tomato plants
from Ralstonia solanacearum with greater
efficacy than single application, although it
consisted of strains that in vitro inhibited the
growth of one or more members of the mix-
ture (Becker et al., 2012; Hu et al., 2016). How-
ever, in other studies, incompatible P. fluo-
rescens mixtures of high genotypic richness
performed much worse than single strain
inoculation (Jousset et al., 2014; Mehrabi et
al., 2016), suggesting that antagonistic activ-
ity among the members of the mixture can
lead to neutral or negative effect in the inhi-
bition of the pathogen. Hence, the question
raised is whether the antagonistic activity
of the introduced strains in the rhizosphere
enhances the expression of traits involved in
disease control or, in contrast, leads to pop-
ulation reduction that consequently dimin-
ishes its synergistic effect in controlling the
disease.

The development of Pseudomonas-
based microbial mixtures that was based
on the beneficial properties of the individ-
ual components was sometimes success-
ful, even without taking into account the
possible lack of compatibility between the
strains. For example, in a study conducted
by Emami et al. (2018), a rhizospheric-en-
dophytic mixed bacterial inoculant of two
Pseudomonas strains with multi PGP traits
was constructed, without carrying out any

compatibility tests. Its application clearly
increased plant biomass and micronutrient
assimilation into grain of wheat compared
to single strain inoculation under green-
house conditions. Emami et al. (2019) sug-
gested that co-inoculation of eight bacteri-
al strains from different taxa (Pseudomonas,
Bacillus, Stenotrophomonas, Serratia, Nocar-
dia and Microbacterium) having multiple
PGP traits, increased plant growth rather
than single bacterial inoculation. In anoth-
er experiment, when plant growth promot-
ing Pseudomonas strains WCS417r and SS101
were co-inoculated as a mixture on Arabi-
dopsis thaliana Col-0 roots, the density of
Ps. WCS417r was 44 times higher than that
of Pf. SS101 (Pangesti et al., 2017). The mixed
inoculation reduced shoot fresh weight
compared to single inoculation of WCS417r,
whereas there was no effect on root fresh
weight compared to single applications. In-
terestingly, the two strains were also found
in vitro incompatible. Couillerot et al. (2011)
reported in vitro incompatibility between
Azospirillum brasilense Sp245 and P. fluore-
scens F113 with the latter being the inhibi-
tor. Co-inoculation of the mixture on wheat
plants showed a phytostimulatory effect
similar to single inoculations, but the au-
thors concluded it may be due to the action
of P. fluorescens F113 alone since cells of A.
brasilense Sp245 were 10 times less abun-
dant on the root. It seems that minimiza-
tion of the antagonistic activity among the
components in a synthetic multistrain mix-
ture, may maximize the consistency of the
beneficial effect, because the antagonis-
tic strain tends to dominate rather quickly
even in two-strain co-cultures or co-coloni-
zation competition assays (Foster and Bell,
2012; Pangesti et al., 2017). Thus, it is becom-
ing clear that the PGP properties of the com-
ponents of the microbial mixtures should be
considered along with their compatibility.
Based on alarge number of studies, Pseu-
domonas-based multistrain mixtures appear
to have a consistently greater efficacy on im-
provement of plant growth and/or biologi-
cal control than the single strains. A micro-
bial mixture consisted of in vitro compatible
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strains P. fluorescens PF1 and A. brasilense
TNAU enhanced groundnut plant growth
more efficiently than each single inocula-
tion, depending on the type of application
(Prasad and Subramanian, 2017). The inter-
action between Pseudomonas and Azospiril-
lum taxa may be influenced by the species or
even strains. Indeed, growth of A. brasilense
strains is differentially inhibited or enhanced
by distinct P. fluorescens strains (Maroniche et
al., 2018), confirming this hypothesis. In vitro
compatible PGPR Pseudomonas fluorescens
FAP2 and Bacillus licheniformis B642, suc-
cessfully colonized rhizosphere and rhizo-
plane of wheat seedlings individually and
by co-inoculation, increasing plant growth
parameters compared to control (Ansari and
Ahmad, 2019). Co-inoculation with the com-
bination of P. fluorescens compatible strains
RE8 and RS111 gave significant disease sup-
pression of Fusarium wilt of radish in com-
parison with combination of incompatible
strains RE8 and RS111a in a potting soil bio-
assay (de Boer et al., 1999). Similarly, the in-
troduction of three compatible P. fluorescens
isolates Pf1, TDK1, and PY15 was very effec-
tive in controlling population of the root-
feeding nematode Meloidogyne graminico-
la in a field trial (Seenivasan et al., 2012), as
well as in controlling sheath rot Sarocladium
oryzae in rice (Saravanakumar et al., 2009).
Co-inoculation of salt-sensitive pepper
plants with Pseudomonas strains that were
compatible in the rhizosphere improved the
plant physiological properties under salini-
ty stress compared to single inoculation (Sa-
maddar et al., 2019).

Combining strains with different modes
of action may increase the likelihood of
building a consistently effective mixture
against plant pathogens (Ruano-Rosa et al.,
2014). Agusti et al. (2011) selected two com-
patible P. fluorescens strains which differed
in secondary metabolite production and
found that dual inoculations lead to better
control of Phytophthora cactorum in straw-
berry compared to single introductions,
suggesting that the different mechanisms
of action between strains may act comple-
mentary or synergistically. Co-inoculation of
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detached potato leaves with two compati-
ble Pseudomonas strains, weakly interfering
with each other’s growth, which had com-
plementary modes of action against Phy-
tophthora infestans was particularly efficient
as compared to single-strain inoculation (De
Vrieze et al., 2018). Also, in vitro compatibil-
ity tests showed antagonism between cer-
tain strains of Pseudomonas spp. and plant
beneficial fungal strains of Trichoderma spp.,
but also permitted the selection of compat-
ible strains for the construction of mixtures
that promoted plant health and growth
compared to each strain alone (Mishra et al.,
2013).

A literature survey revealed an increas-
ing number of examples where plant inoc-
ulation with compatible strains’ mixtures
of P. fluorescens and plant mutualistic bac-
teria (Sundaramoorthy and Balabaskar,
2012; Sundaramoorthy et al., 2012; Sundar-
amoorthy and Balabaskar, 2013; Rathi et al.,
2015; Kumar et al., 2016; Sharma et al., 2018)
or beneficial fungi including species of Tri-
choderma (Thilagavathi et al., 2007, Jain et
al., 2012, 2013, 2014, 2015; Singh et al., 2013a,
2013b, 2014; Ruano-Rosa et al., 2014; Thakkar
and Saraf, 2015; Chemelrotit et al., 2017; Pa-
tel et al., 2017; Yadav et al., 2017; Jambhulkar
et al., 2018), Beauveria (Karthiba et al., 2010;
Senthilraja et al., 2013), Pochonia (Siddig-
ui et al, 2003) and Clonostachys (Karlsson
et al., 2015) showed better results than in-
oculation with individual strains or control
treatment, under controlled and field con-
ditions. Furthermore, co-inoculation of spe-
cific Pseudomonas strains that function as
mycorrhiza helper bacteria (MHB) in combi-
nation with various arbuscular mucorrhiza
fungi (AMF) promoted the growth of maize
plants in field conditions better than single
AM inoculation (Berta et al., 2014). Prior test-
ing of compatibility among strains is more
likely to lead to the construction of a suc-
cessful mixture

Bacillus-based multistrain mixtures
Among PGPMs, strains of Bacillus are

the most widely used as biopesticides and

biofertilizers (Aloo et al., 2018). As discussed
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above, it is reasonable to assume that mul-
tistrain mixtures based on them may func-
tion in synergistic and additive manner
compared to single-strain inoculants. Re-
searchers have successfully engineered ef-
fective Bacillus-based multistrain mixtures
without taking into account the compatibil-
ity of their components. A multistrain mix-
ture consisted of B. subtilis AR12, B. subti-
lis SM21, and Chryseobacterium sp. R89, was
shown to be a promising biocontrol agent
against various diseases including Ralstonia
wilt, Phytophthora blight and Meloidogyne
root-knot of pepper under greenhouse and
field conditions (Liu et al., 2014). Zhang et al.
(2010) evaluated the efficacy of several Bacil-
lus-based mixtures constructed using a pool
of 12 bacilli strains known for their capacity
to suppress Phytophthora blight on squash.
Certain combinations of PGPR strains ap-
plied further increased the efficacy of dis-
ease control against Phytopthora capsici rel-
ative to their individual application but the
authors concluded that the effect of mix-
tures cannot be predicted just by the per-
formance of individual strains.

Brewer and Larkin (2005) screened var-
ious combinations of field and commercial
bacterial and fungal strains and indicated
that co-inoculation of B. subtilis GBO3 (Kodi-
ak, Gustafson) and Trichoderma virens GL-21
(SoilGard, Certis) provided a somewhat bet-
ter control of stem canker caused by Rhizoc-
tonia solani on potatoes than each organism
alone, thus suggesting that certain bacteri-
al and fungal mixtures may provide some
synergistic effect in biocontrol efficacy. The
other combinations did not show the de-
sirable effect. Furthermore, several studies
have demonstrated that mixtures of Bacillus
spp. and Trichoderma spp. increased plant
growth or the biocontrol efficiency against
fungal phytopathogens more than each or-
ganism alone (Jisha and Alagawadi, 1996;
Yobo et al., 2011; Ali et al., 2018; Alamri et al.,
2019). They demonstrated that only a small
fraction of the engineered mixtures exert-
ed a better effect in controlling blight than
the individual strains. Treatment with com-
mercial formulation Trisan (T. harzianum AP-

001) and Larminar (B. subtilis AP-01), applied
alone or in combination, suppressed bacte-
rial wilt (R. solanacearum), damping-off (Py-
thium aphanidermatum) and frogeye leaf
spot (Cercospora nicotiana) of tobacco and
protected the plant more effectively com-
pared to the individual products (Maketon
etal., 2008). Treatment of tomato with a mix-
ture of commercial product BioYield (Bacillus
spp. GBO3 and IN937a) and B. licheniformis
CECT5106 showed a far better effect on to-
mato growth parameters and protection
against R. solani than BioYield alone or the
individual strains suggesting that increas-
ing the diversity of microbial mixture may
enhance the efficacy of the Bacillus-based
mixture (Domenech et al., 2006). The effect
of four different PGPB strains, B. subtilis GB03
and FZB24, Bacillus amyloliquefaciens IN937a
and Bacillus pumilus SE34, applied individ-
ually and in different combinations of dual
mixtures revealed that only the combina-
tion of IN937a and GBO3 strains provided a
higher control efficacy against Fusarium ox-
ysporum f. sp. radicis-lycopersici on toma-
to than the individual strains (Myresiotis et
al., 2012). In the previous studies, data con-
cerning the compatibility of the microbial
strains used are not presented, suggesting
that construction of effective Bacillus-based
multistrain mixture can be possible, but only
when appropriate combinations are used.
The issue of compatibility among the
components of a Bacillus-based multistrain
mixture was early realized by researchers,
thoroughly discussed and gradually imple-
mented in their studies (Jetiyanon et al.,
2003; Kloepper et al., 2004). A combination
of Bacillus spp. strains BB11 and FH17, show-
ing compatibility in the rhizosphere, en-
hanced yield and increased bioconrol effi-
ciency against Phytophthora blight of bell
pepper better than single strain inocula-
tions (Jiang et al., 2006). Seed treatments
with a mixture of B. subtilis GB03 and B. am-
yloliquefaciens IN937a, showing rhizosphere
compatibility, exhibited a greater plant
growth promotion and protection against
pathogens than any of the individual com-
ponents (Kokalis-Burelle et al., 2006; Ryu et
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al., 2007). The two-strain combination of Ba-
cillus spp. GBO3 and IN937a was selected for
the development of the product BioYield by
Gustafson (Dallas, TX).

Liu et al. (2016a, 2016b, 2017, 2018) en-
gineered synthetic Bacillus-based mixtures
taking into account the biological control
and plant growth promoting activities of in-
dividual strains as well as their in vitro com-
patibility. As a result, all the synthetic mix-
tures consistently showed a better efficacy
in exerting the desirable effect in an addi-
tive or synergistic manner. In another study,
the mixture of compatible B. amyloliquefa-
ciens strain BLB369, B. subtilis strain BLB277
and Paenibacillus polymyxa strain 267 has
been shown to stimulate wheat seed ger-
mination and exhibit better efficacy in con-
trolling head blight caused by Fusarium
graminearum than treatments with the in-
dividual strains or mixtures of two-strain
combination (Zalila-Kolsi et al., 2016). The
combined application of three compatible
(colonization levels of cotton stems were
similar for each strain) biocontrol strains on
cotton roots, B. subtilis YUPP-2, P. polymixa
YUPP-8 and Paenibacillus xylanilyticus YUPP-
12, revealed better effect in controlling Ver-
ticillium dahliae in cotton than their individ-
ual application (Yang et al., 2013). Wang et
al. (2016) evaluated the effect of a bacteri-
al mixture composed of compatible Bacillus
and Serratia strains (Bacillus cereus AR156, B.
subtilis SM21, and Serratia sp. XY21) on allevi-
ating cold stress; treated tomato plants had
a far better survival rate than control plants.
The same microbial mixture (B. cereus AR156,
B. subtilis SM21, and Serratia sp. XY21) has
been reported to be an efficient eco-friend-
ly tool to induce drought tolerance in cu-
cumber plants (Wang et al., 2012). Treatment
of soybean with the mixture of compatible
bacteria Bradyrhizobium japonicum MN110
and Bacillus megaterium LNL6 exhibited an
increase in nodule number in pots at 35 days
after sowing compared to single inoculation
of MN110 (Subramanian et al., 2015).

Multistrain mixtures combining compat-
ible Bacillus spp. and beneficial fungi were
also constructed and successfully imple-
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mented. Treatments of banana with a mix-
ture consisting of compatible F. oxysporum
strain 162 and Bacillus firmus provided an
enhanced biological control of the nema-
tode Radopholus similis as compared to in-
oculation with single strains (Mendoza and
Sikora, 2009). Application of a compatible
combination of B. subtilis MF352017 and T.
harzianum controlled chickpea wilt caused
by Fusarium oxysporum f. sp. ciceris and en-
hanced plant growth as compared to indi-
vidual application (Zaim et al., 2018). Treat-
ment with a combination of compatible B.
subtillis ATCC 11774, T. harzianum and Tri-
choderma koningii suppressed the develop-
ment of potato stem canker as well as pro-
moted growth and yield (Ali et al., 2018).
Combinations of compatible B. subtilis and
Beauveria bassiana have been successful-
ly used for the control of wilt disease and
fruit borer in tomato plants, broadening
the range of the beneficial fungi that can
be used for preparing Bacillus-based com-
patible mixtures (Prabhukarthikeyan et al.,
2013). In another study, B. pumilus INR7 and
Rhizophagus sp. were found to be compati-
ble with each other. Combined application
of INR7 and mycorrhiza not only suppressed
plant disease caused by R. solani but also im-
proved common bean dry weight either in
simultaneous or delayed pathogen inocula-
tion (Hussein et al., 2018).

On the contrary, application of commer-
cial formulations of Serenade (B. subtilis)
and Trianum (T. harzianum T22) or Sentinel
(T. atroviride LC52) applied simultaneous-
ly or sequentially did not improve disease
control compared to single application (Xu
et al., 2010). The BCAs B. amyloliquefaciens
CPA28 and Penicillium frequentans strain
909 (Pf909) in a mixture were less effective
in controlling stone fruit brown rot caused
by Monilinia spp. compared to their indi-
vidual application. P. frequentans and B. am-
yloliquefaciens could not be combined be-
cause bacteria inhibited the germination
and growth of P. frequentans. Furthermore,
B. amyloliquefaciens outcompetes P. frequen-
tans once applied on fruit surface (Guijarro
et al., 2018). In the study of Thilagavathi et
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al. (2017) mixture of incompatible B. subti-
lis Bs16 with Trichoderma viride strains Tv1
and/or Tv13, had the same or less effect on
inhibition of Macrophomina phaseolina and
produced greengram plants with a lower
vigour index and germination percentage
relative to their individual application. Ba-
cillus species show strong antagonistic ac-
tivity against other beneficial bacteria (Si-
moes et al., 2007) and fungi (Kim et al., 2008;
Fuga et al., 2016), thus making the prior ex-
amination of compatibility a necessary step
for the construction of an effective Bacillus-
based mixture.

Fungal mixtures

Several studies have demonstrated that
treatment of plants with mixtures of endo-
phytic fungi have improved plant growth
and health (Lugtenberg et al., 2016; Kashyap
etal., 2017). Abundant endophytic fungi iso-
lates applied to their own host or different
hosts as a mixture significantly reduced dis-
ease symptoms by fungal pathogens, sug-
gesting that endophytes suppress growth
of invading pathogens either directly or in-
directly (Arnold et al., 2003). A mixture of
endophytic fungi isolated from wild barley
effectively suppressed the seed-borne infec-
tions in a barley cultivar (Murphy et al., 2015).
A fungal endophyte consortium consistent-
ly improved barley grain yield over several
seasons under a variety of chemical fertiliz-
er inputs and low seasonal rainfall (Murphy
etal., 2017). Intra- or interspecies fungal con-
sortia consisting of Clonostachys, Beauveria,
Metarhizium or Trichoderma spp. are known
to contribute to plant growth and health as
biopesticides, biofertilizers, biostimulants
and inducers of natural resistance to biot-
ic and abiotic stress (Krauss and Soberanis,
2001; Garcia et al., 2003; Hidalgo et al., 2003;
Cotaetal., 2008; Kapongo et al., 2008; Keyser
et al., 2015; Chirino-Valle et al., 2016; Ren et
al., 2016). However, the construction of the
microbial mixtures was based on the effec-
tiveness of each single isolate and the issue
of compatibility among the isolates was not

considered.

Inter- and intraspecies incompatibility
among beneficial fungal isolates is quite of-
tenfound (Reavesand Crawford, 1994;Krauss
etal., 2004; Ruano-Rosa and Lépez-Herrera,
2009; ten Hoopen et al., 2010; Krauss et al.,
2013). Thus, antagonistic interactions be-
tween beneficial fungal strains could occur
and decrease the efficacy of the treatment.
Evaluation of in vitro interactions between
Clonostachys and Trichoderma isolates re-
vealed the dominant antagonistic activity of
Clonostachys over Trichoderma strains sug-
gesting that these two mycoparasites may
be incompatible (Krauss et al., 2013). Co-in-
oculation of a mixture (1:10) of Clonostachys
rosea and Trichoderma spp. on cocoa pods,
temporarily suppressed C. rosea, whereas
two weeks after application, C. rosea was
the dominant and persistent pod colonizer
(Krauss et al., 2013). However, these interac-
tions may not be always antagonistic.

A mixture of C. rosea and B. bassiana (1:
20) applied to flowers and leaves of toma-
to vectored by bees reduced significantly
both grey mold and the insect pest (white-
fly) suggesting that some kind of compati-
bility between these fungal species may oc-
cur under natural conditions (Kapongo et
al., 2008). Application of a mixture of two
compatible C. rosea isolates (Cr1 and Cr2) re-
duced the infection of cowpea seedlings by
Macrophomina phaseolina in a pot experi-
ment more efficiently, as well as resulted in
higher yields compared to single-strain ap-
plication (Ndiaye et al., 2010). Combinations
of compatible Trichoderma isolates revealed
that most of the mixtures performed more
efficiently in controlling avocado white root
rot than the single application of BCAs (Ru-
ano-Rosa and Loépez-Herrera, 2009). Also,
the majority of the combinations of four
compatible Trichoderma isolates were more
effective in controlling postharvest crown
rot of banana than a single isolate (San-
geetha et al,, 2009). Mendoza and Sikora
(2009) demonstrated that the combination
of two compatible beneficial fungi, a nema-
tode-antagonistic endophyte (Fusarium ox-
ysporum strain 162) and an egg pathogen-
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ic fungus (Paecilomyces lilacinus strain 251)
were more effective in controlling Rado-
pholus similis on banana than any antago-
nist applied alone.

Are the commercial multistrain mix-
tures consisted of compatible strains?

Currently, the majority of the PGPMs
marketed as biopesticides, biofertilizers
and biostimulants are comprised of a sin-
gle strain, according to the label. However,
bacterial and/or fungal multistrain mixtures
are gradually becoming popular (Woo et al.,
2014; Woo and Pepe, 2018), indicating a gen-
eral shiftin replacing the single strain inocu-
lants. This shift is reflected in the increasing
number of research publications, as dis-
cussed above, the boosting of patent files
depositions and the interest of several com-
panies in developing and launching multist-
rain microbial mixtures.

A number of companies are ready to
launch multistrain mixtures into the market.
An example is biofungicidal seed treatment
Velondis Extra (BASF) containing B. subti-
lis strain BU1814 and B. amyloliquefaciens
strain MBI 600 as a mixture. Another exam-
ple is the combination of the rhizobia inoc-
ulant Nodulator (Bradyrhizobium japonicum)
with the biofungicide Velondis Flex (B. sub-
tilis strain BU1814) under the name Nodula-
tor Duo

(https://agrow.agribusinessintelligence.
informa.com/-/media/agri/agrow/ag-mar-
ket-reviews pdfs/supplements/agrow_
biologicals_2017_online.pdf).

Microbial multistrain mixtures devel-
oped by BioConsortia are in second or third
year field trials for drought tolerance, nutri-
ent use efficiency and yield improvement
in stressed and standard agronomic con-
ditions, while some new consortia for bi-
ofungicide activity are moving into their
first year of field trials (https://agrow.agri-
businessintelligence.informa.com/-/media/
agri/agrow/ag-market-reviews-pdfs/sup-
plements/agrow_biologicals_2017_online.
pdf).
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Recently, the Canadian authorities grant-
ed registration to Rootwin Plus-S, a combi-
nation of Bradyrhizobium spp. and Trichoder-
ma spp., specifically to aid the soybean crop
with rhizobium nodulation and to stimulate
a healthy root system (https://www.ander-
mattbiocontrol.com/).

Syngenta Agrochemical Company has
launched the biofungicide Tellus (Tricho-
derma asperellum and T. gamsii) licensed
from Italian company Isagro (https://agrow.
agribusinessintelligence.informa.com/
AG002647/Syngenta-presents-Tellus-bio-
fungicide-in-Spain).

Monsanto BioAg in a new product,
TagTeam, combines a rhizobial inoculant
with the phosphorus solubilising fungus
Penicillium bilaiae (O’ Callaghan, 2016).

Adaptive Symbiotic Technologies have
developed several fungal mixtures confer-
ring tolerance to abiotic stresses (http:/
www.adaptivesymbiotictechnologies.com/
products.html).

Bio Innovation AB filed a patent for the
combination of antagonists T. virens isolate
ATCC58678 and B. subtilis var. amyloliquefa-
ciens strain FZB24 (https://patents.google.
com/patent/CA2485796C/en). Another
product, marketed under the trade name
QuickRoots, contains a patented combina-
tion of the bacterium B. amyloliquefaciens
and the fungus T. virens. The combination
enhances the bioavailability of nitrogen,
phosphorus and potassium in the soil re-
sulting in expanded root volume and subse-
quent potential of enhanced yield (Parnell et
al., 2016).

The Brazilian Ministry of Agriculture,
Livestock and Supply has already issued the
registration for the new multistrain mixture
Shocker, recommended for the control of
diseases, such as rhizoctoniosis and white
mold, which mainly attack soy, coffee, cot-
ton and minor crops. Shocker is composed
of the bacteria B. amyloliquefaciens strain
CPQBA 040-11DRM 01 and B. amyloliquefa-
ciens strain CPQBA 040-11RRM 04 (http://
news.agropages.com/News/NewsDetail---
29634.htm).
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Conclusion

The application of Plant Growth Promoting
Microorganisms (PGPMs) or Plant Probiotics
(PPs) as plant inoculants represents an envi-
ronmentally friendly option for the reduc-
tion of chemical fertilizers and pesticides
overuse. In general, synthetic microbial mul-
tistrain mixtures show better effect in pro-
moting plant growth and suppressing plant
disease compared to individual strains. Se-
lection of the components is usually based
on their individual plant growth promoting
traits, not taking into account their possible
antagonistic interaction. It seems, however,
that the major issue of compatibility among
the strains should be considered in the proc-
ess of designing a mixture. Minimizing their
antagonism may lead to a more consistent
mixture, since they will not interfere with
each other’s growth and colonization ca-
pacity. Construction of even a dual strain
successful mixture consisting of compatible
components is not an easy task; neverthe-
less, it is an achievable one. Well-designed
synthetic consortia of microbes can greatly
increase the plant yield or control of plant
pathogens in an environmentally sustaina-
ble way.
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Greece and the European Union (European So-
cial Fund- ESF) through the Operational Pro-
gramme “Human Resources Development,
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text of the project “Strengthening Human Re-
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search” (MIS-5000432), implemented by the
State Scholarships Foundation (IKY).
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APOPO ANAXKOINHXHX

Z0YyKplon pIKpoBlakwyv euPfoliwv mouv mpodayouv TRV avantuén
TWV PUTWV AMOTEAOUHEVWY ammd pova fj/Kat moAAamAd oTeAéXN
HIKpoopyaviopwv — To {ATnua TG cupparotnrag

E.-E. @wpAo0dn, M. ToaAyatidou, A. Aouka, T.-N. Zrmravtidog, M. Afjuou, A. Beviepdkn
kat 1. Kativakng

NepiAnyn  O1 pikpoopyaviopoi mou mpodyouv Ty avamtuén tTwv eutwv (Plant Growth Promoting
Microbes) 1 ot guTikoi poPloTiKoi MIKPOOPYAVIoUOI, amoTeAOUV Hia 1dlaitepa umooxduevn Avon yia
TNV AEIPOPO Yewpyia. H dmoyn o1t 0 EUBOAIACHOC PUTWV HE HiyHaTa TTOU TIEPIEXOUV TOUG EV AOYW
MIKPOPOYQAVIOHOUG EiVal OMOTEAECUATIKOTEPOG, OE OXEON UE TNV EQAPUOYH UEUOVWHUEVWY OTENEXWV
TOUG, Xpovoloyeital amd tnv avakdhuyn Twv piloBakTnpiwv mou EMAYOUV TV AVATITUEN TWV GUTWV
Kal avaktd €6a@og oTIC HéPEC pag. O auavopevog aplBPog eMOTNUOVIKWY SNUOCIEVCEWY yia Tn BeTI-
KA €MOPACN TWV UKPORIOKWY MIYUATWY OTNV TPOAYwWY TNG AvAMTUENG TWV QUTWY, OTOV EAEYXO TWV
TaBoyovVwyY TWV UTWV KABWE KAt 0TNV EMAywyr avtoxnc umo afloTikA Katamovnon, empeBalwvel Tnv
TIAYKOOULA TAON EQAPHOYAS MIKPORIaKWY epBoNiwv. H ouvexnc katdBeon upeotteviwv KaBWE Kat n
S100€01uOTNTA EUMTOPIKWY OKEVAGHUATWY TIOU AQOPOUV O BLOTTPOCTATEUTIKA N/Kal BlodleyepTIKA piy-
pata moAAAmAWY OTENEXWY, ETTiONC EVIoXVOULV TNV Tdon auth. Eva onuavtiko (ATnua yia 1o oxedlaouo
€VOC TTIO AMOTEAECUATIKOU Kal 0TABEPOU GUVOETIKOU piyuatog MOANATAWY OTEAEXWY, ATOTEAEL N CU-
Batotnta petadd Twv pikpoPiwv. To mapov apBpo avaokomnong mapéxet pia die€odikn BipAoypagt-
K épeuva mou umootnpilel TNV dmoyn OTL N UETAXEIPION TWV QUTWV UE UiyuaTta TOANATTAWY OTEAEXWVY,
ouppatd petafl Toug, CUPPANEL 0TV amodOTIKOTEPN AVATTTUEN KAl LYEIQ TWV QUTWV O€ OXEON UE TNV
EQPAPUOYH HEUOVWUEVWY OTENEXWV. H LENETN PG EMIKEVTPWVETAL O HiyHaTa MOANATAWY OTEAEXWV
TIoU €Xouv w¢ Bdon ateAéxn Tou yévoug Pseudomonas kat Bacillus kaBw¢ Kal 0TeEAEXN WPENUWY UUKA-
TWV, EVW yivetat avagopd og Slabéoipa eumopikd okevdopata.
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Summary This study used Maximum Entropy (MaxEnt) to explore potential environmental determi-
nants of Fusarium wilt occurrence on banana in south-central part of the Philippines. Different vari-
ables representing topographic, bioclimatic, and edaphic features of an area were tested against data
of Fusarium wilt occurrence. Based on the results, precipitation during the driest month, precipitation
during the wettest month, precipitation of the warmest quarter, slope, and elevation were the most
important variables for predicting the probability of Fusarium wilt occurrence on banana. Results also
suggest that among the variables tested, precipitation had the major contribution to the occurrence

of Fusarium wilt.

Additional keywords: Climate, MaxEnt, Panama disease, topography

Introduction

Banana (Musa sp.) is an important subsis-
tence food and high value commercial crop
in the world (Ghag et al., 2015; Ravi and Va-
ganan, 2016). Banana is grown in more than
120 countries and its cultivation and related
activities provide livelihood to many fami-
lies in Africa, Asia, and Latin America (Roux
et al., 2008; Ghag et al., 2015). In the Philip-
pines, banana is the top fruit crop grown
and a consistent dollar earner for the coun-
try (Solpot et al., 2016). In 2015, around 0.44
million hectares were planted with ba-
nana resulting in more than 9 million met-
ric tons of produce with an estimated value

Department of Community and Environmental Re-
source Planning, College of Human Ecology

College of Agriculture, University of Southern Mind-
anao, Kabacan, North Cotabato, Philippines

Institute of Weed Science, Entomology and Plant Pa-
thology, College of Agriculture and Food Science
Institute of Biological Sciences, College of Arts and
Sciences

Institute of Crop Science, College of Agriculture and
Food Science

Agrometeorology and Farm Structures Division, Insti-
tute of Agricultural Engineering, College of Engineer-
ing and Agro-Industrial Technology

School of Environmental Science and Management
University of the Philippines Los Bafios College 4031,
Laguna, Philippines

* Corresponding author: arsalvacion@up.edu.ph

)

w

IS

w

o

~

© Benaki Phytopathological Institute

of around USD 2.7 billion (PSA, 2017). Cav-
endish cultivars (50%) have the largest con-
tribution to the country’s banana produc-
tion followed by Cardava (28%) and Lakatan
(10%) cultivars (Solpot et al., 2016). Top ba-
nana producing areas are mostly found in
the southern part of the Philippines (Solpot
etal., 2016).

Fusarium wilt, also known as Panama
disease, is an important disease of banana
that has devastated thousands of hectares
of plantations worldwide (Ploetz, 2006,
2015a, 2015b; Ghag et al., 2015). Fusarium
wilt is a soil-borne disease that causes wilt
and severe die back to banana plant and can
persist in the soil for at least 30 years (Sto-
ver, 1962; Cook et al., 2015). The disease is
caused by the fungal pathogen Fusarium o-
xysporum f. sp. cubense (Foc) (Ploetz, 2006;
2015a; 2015b; Ghag et al., 2015). To enter the
roots, Foc invades the epidermal cells on
the root cap and elongation zone, and the
small wounds along the lateral root base (Li
et al., 2011; Pattison et al., 2014). Then, Foc
proceeds to the vascular system causing the
disease (Li et al., 2011; Pattison et al., 2014).
Once in the vascular tissues, the pathogen
disrupts the water translocation causing
wilting symptoms, such as drooping foliage
and leaf chlorosis that start from the lower
to the upper leaves, resulting in plant necro-
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sis and death (Li et al., 2011; Pattison et al.,
2014; Ploetz, 2015a). In Australia alone, Cook
etal. (2015) estimated an annual loss of more
than 138 million USD to the banana industry
due to Fusarium wilt.

Despite numerous studies and reviews
on the epidemiology and management of
Fusarium wilt of banana, there is limited lit-
erature on the environmental factors that
affect its incidence and severity rates (Plo-
etz, 2006, 2015a, 2015b; Pattison et al., 2014;
Ghag et al., 2015). For example, Pattison et al.
(2014) found that Fusarium wilt expression is
a function of water stress (deficit and excess)
and heat unit requirement of banana. Del-
tour et al. (2017) showed that the higher the
clay content, pH, and electric conductivity
in soil, the lesser severity of Fusarium wilt.
Meanwhile, according to Perez-Vicente et
al. (2014), severe infection is observed dur-
ing the warmer and wet months of the year.
Karangwa et al. (2016) reported that Fusari-
um wilt incidence and distribution is associ-
ated with elevation.

Maximum Entropy (MaxEnt) is a general-
purpose machine learning method that has
a simple and precise mathematical formula-
tion well suited for modeling the geograph-
ic distribution of species using presence-
only data (Phillips et al., 2006). According to
Phillips et al. (2006), MaxEnt estimates a tar-
get probability distribution based on distri-
bution of maximum entropy (i.e. closest to
uniform), subject to a set of constraints relat-
ed to incomplete information regarding the
target distribution. For example, the pixels
of a study area constitute the MaxEnt prob-
ability distribution while the pixels with oc-
currence records are the sampling points,
and the different environmental variables or
covariates (e.g. climate, elevation, soil, vege-
tation) represent the features (Phillips et al.,
2006). MaxEnt also uses background points
(points where presence or absence is un-
measured) that contrast against the occur-
rence points (presence locations) to esti-
mate probability of occurrence (Merow et
al., 2013). According to Phillips et al. (2006),
MaxEnt has many advantages compared
with other modeling methods. MaxEnt re-
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quires only presence data and environmen-
tal variables for the whole study area. Also,
it can use both continuous and categorical
data. In addition, it has efficient determin-
istic algorithms and performs better than
other methods even with small sample size
(Wisz et al., 2008). Detailed description of
MaxEnt can be found in Phillips et al., (2006),
Elith et al. (2011), Merow et al. (2013).

MaxEnt (Phillips et al., 2006) is the most
popular software package used for model-
ing species geographic distribution using
presence-only data (Elith et al., 2011; Merow
et al., 2013). According to Elith et al. (2011),
since MaxEnt became available in 2004, it has
been extensively utilized for species distribu-
tion modeling that aims at finding correlates
of species occurrence, mapping current and
future species distribution across many eco-
logical, evolutionary, conservation, and bios-
ecurity applications. In fact, since 2006, there
are thousands of publications about the ap-
plication of MaxEnt (Merow et al., 2013). In
plant pathology, several studies have used
MaxEnt to identify environmental determi-
nants and map potential distribution of plant
diseases and their vectors (e.g. Wyckhuys
et al., 2012; Bosso et al., 2016; Galdino et al.,
2016; Narouei-Khandan et al., 2016; Shimwe-
la et al., 2016; Vallejo Pérez et al., 2017). This
study aims to identify environmental factors
(i.e. topographic, edaphic, and bioclimatic)
favoring Fusarium wilt infection of banana in
South Central Mindanao, Philippines via the
MaxEnt-modeling approach in order to de-
velop a model for predicting disease occur-
rence and assessing the risk.

Meterials and Methods

Presence-Only Data

Presence-only data were adapted from
the earlier study by Solpot et al. (2016) in
which Foc-infected plant samples (75 points)
were collected from different provinces in
the south-central part of the country (Fig. 1).
Plants that showed typical external and in-
ternal symptoms of Foc, such as wilting, yel-
lowing of leaves, and pseudostem and corm
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discoloration were collected. Geographic
coordinates of sampled plants were tagged
using a global positioning system (GPS) re-
ceiver. Foc was isolated using the tissue plat-
ing technique. Full details of sampling and
analysis of Foc sampled plants can be found
in Solpot et al. (2016). Table 1 summarizes
the number of Foc isolates by location and
banana cultivar collected from the study
area (Solpot et al., 2016).

Environmental Data

Environmental data used in the study
included topographic, edaphic, and cli-
matic variables (Table 2). Topographic data
included elevation, slope, and aspect. Eleva-
tion data of the study area at 1 km x 1 km

7.5°N-

6.57 N+
6° N~
55°N+ i
[ I
Okm 40km 80km
1 T T
124° E 1245°E 125°E

spatial resolution was extracted from shut-
tle radar topography mission (SRTM) (Farr
et al., 2007). Slope and aspect were derived
from elevation data using terrain function
of R software (lhaka and Gentleman, 1996;
R Core Team, 2014) raster package (Hijmans,
2014). Meanwhile, Tkm x Tkm spatial resolu-
tion soil data (i.e. pH, CEC, organic carbon
content, % clay, % silt, and % sand) of the
study area were downloaded from the Soil-
Grids database at 250 m resolution (Hengl|
et al., 2017). Bioclimatic data were derived
from downscaled (1 km x 1 km) Climate Re-
search Unit Time Series (CRU TS) data (Harris
et al., 2014) for the Philippines (Salvacion et
al., 2018). Ten bioclimatic variables (Booth et
al., 2014) were used in this study.

Province
Davao del Sur

Maguindanao
| |North Cotabato

Sarangani
South Cotabato
ISuIlan Kudarat
Host Cultivar
Bungulan
Cardava
Cavendish

Lakatan

® Latundan

1255°E

Figure 1. Location map of Fusarium oxysporum f. sp. cubense (Foc) and banana cultivars sampling points in south-central

Mindanao, Philippines.
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MaxEnt Modeling

Presence-only data were split (80:20)
into training (60 points) and test/valida-
tion data (15 points) sets. Also, background
data (1000 points) were generated random-
ly across the study area. A step-wise mod-

el building was also adapted by remov-
ing variables with permutation importance
less than 5% (Heumann et al., 2011; Kalle et
al., 2013; Zeng et al., 2016). Permutation im-
portance measures how the model depends
on the variable (Galdino et al., 2016). In this

Table 1. Number of Fusarium oxysporum f. sp cubense (Foc) isolates per host cultivar collect-
ed in different provinces in south-central Philippines.

Province
= §
Host Cultivar North South § Davao | Sultan < Total
Cotabato | Cotabato E Del Sur | Kudarat 'g
& s
Latundan (AAB) 23 5 6 5 3 2 44
Lakatan (AAA) 12 3 1 1 0 17
Cavendish (AAA) 1 1 0 0 0 0 12
Cardaba (ABB) 1 0 0 0 0 0 1
Bungulan (AAA) 1 0 0 0 0 0 1
Total 38 16 9 6 4 2 75
Table 2. Environmental data for modeling Fusarium wilt in banana.
Variable Description Unit
Topographic
Elevation Elevation masl
Slope Slope degrees
Aspect Aspect or slope direction -
Edaphic
Soil pH Soil pH pH units
CEC Cation Exchange Capacity cmolc/kg
Organic carbon content Organic carbon content g/kg
% Clay Clay content (0-2 micro meter) mass fraction %
% Silt Silt content (2-50 micro meter) mass fraction %
% Sand Sand content (50-2000 micro meter) mass fraction %
Climatic
Bio 1 Annual Mean Temperature °C
Bio 5 Maximum Temperature of Warmest Month °C
Bio 6 Minimum Temperature of Coldest Month °C
Bio 8 Mean Temperature of Wettest Quarter °C
Bio 9 Mean Temperature of Driest Quarter °C
Bio 12 Annual Precipitation mm
Bio 13 Precipitation of Wettest Month mm
Bio 14 Precipitation of Driest Month mm
Bio 18 Precipitation of Warmest Quarter mm
Bio 19 Precipitation of Coldest Quarter mm
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study, MaxEnt package (Phillips et al., 2006;
2018) was run via R dismo package (Hijmans
etal., 2016) using default settings.

Model Validation

Area under the curve (AUC) was calculat-
ed for both training and test data sets to de-
termine the model’s predictive power and
potential over-fitting (Elith et al., 2011; Me-
row et al., 2013; Bosso et al., 2016). According
to Rodder et al. (2009), AUC ranges from 0.5
(no predictive ability) to 1.0 (perfect predic-
tion). An AUC value of 0.7-0.8 means that the
model is useable, a value of 0.8-0.9 indicates
good performance, and a value of 0.9-1.0 sig-
nifies very good predictive power (Rodder et
al., 2009). Meanwhile, other measures (Table
3) of model’s predictive accuracy were cal-
culated using the test data points for mod-
el validation (Allouche et al., 2006). Accord-
ing to Allouche et al. (2006), true skill statistic
(TSS) values range from -1 to +1, where val-
ues of zero or less indicate poor performance
and +1 indicates perfect agreement.

Results

Step-wise model selection and valida-
tion

Only five out of the 19 variables in the
initial model were left in the final model (Ta-
ble 4). These variables included slope, ele-
vation, precipitation on the driest month,
precipitation on the wettest month, and
precipitation on the warmest quarter. Pre-
cipitation during the wettest month had the
highest permutation importance (26.1%)
followed by slope (24.9), while precipitation
during the warmest quarter had the lowest
(12%). The AUC for the training and test data
was 0.89 and 0.88, respectively. This sug-
gests that the final model performed very
well with respect to the training and test
data (Elith, 2000; Rédder et al., 2009; Ab-
dullah et al., 2017). These results were fur-
ther confirmed by the different measures of
model accuracy (Allouche et al., 2006) in Ta-
ble 5 using validation data points. Figure 2
shows the predicted presence of Fusarium
wilt along with training (Fig. 2a) and valida-
tion data points (Fig. 2b).

Table 3. Measure of predictive accuracy of the model (Source: Allouche et. al, 2006).

Measure Formula Description
Overall accuracy a+d Rate of correctly predicted
n presence and absence data
Sensitivity a Probability that the model
will correctly classify a pres-
a+c ence data
Specificity d Probability that the model
- will correctly classify a ab-
b+d sence data
Kappa (a—l—d) _(a+b)ate)+(c+d)d+b)
n n? Kappa and TSS normalize
1 (a+b)atc)+(c+d)(d+b) the overall accuracy by the
- n2 accuracy due chance alone
True Skill Statistic s e
(TSS) sensitivity + specificity — 1
where: a-number of “presence” points for which was correctly predicted by the model

b - number of “absence” points which the model predicted as “presence”
c-number of “presence” points which the model predicted as “absent”
d - number of “absence” points for which was correctly predicted by the model

n-a+b+c+d
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Table 4. Permutation importance of envi-
ronmental variables included in the final
model.

Permutation
Variable Importance
(%)
Climatic
Precipitation of Wettest Month 26.1
Precipitation of Driest Month 21.2
Precipitation of Warmest Quarter 12.0
Topographic
Slope 249
Elevation 15.8

Environmental Responses

In terms of bioclimatic variables, simi-
lar behavior was observed for the effect of
precipitation during the driest (Fig. 3a) and
wettest (Fig. 3b) months of the year. Higher
probability was estimated for lower values
of precipitation for these months (Fig. 4). For
the wettest month of the year, the highest
probability of occurrence (0.95) was calcu-
lated for monthly precipitation of 100 mm
and eventually decreased to zero starting at
monthly precipitation of 332 mm (Fig. 4a).
For the driest month of the year, the high-
est probability of occurrence (0.46) was cal-
culated at 43 mm of precipitation and de-
creased to zero starting at 120 mm monthly
precipitation (Fig. 4b). On the other hand,
the probability of Fusarium wilt occurrence
showed a different response to precipitation
during the warmest quarter (Fig. 4c). Higher
probability of occurrence was observed on
higher precipitation amount. More specifi-
cally, the highest probability (0.99) was es-
timated for quarterly precipitation of more
than 839 mm and the lowest (0.01) for quar-
terly precipitation of less than 207 mm (Fig.
4c¢). Figure 5 shows the warmest quarter cor-
responding the sampling locations of Fusar-
ium wilt occurrence.

Regarding topographic variables, high-
er probabilities of Fusarium wilt occurrence
were estimated at lower slope and eleva-
tion values (Fig. 6). This means that higher
chance of Fusarium wilt infection is expect-
ed in flat and lowland areas compared to
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Table 5. Calculated measure of predictive
accuracy of the final model.

Measure Value
Overall accuracy 0.70
Sensitivity 1
Specificity 0.68
Kappa 0.21
True Skill Statistic (TSS) 0.68

sloping and upland ones. The highest prob-
ability of Fusarium wilt (0.47) was estimat-
ed at 0.10° slope and decreased exponen-
tially to zero starting at slope equal to 8.51°
(Fig. 6a). With respect to elevation, the high-
est probability of Fusarium wilt occurrence
(0.23) was observed at 40 meters above sea
level (masl) and exponentially decreased to
zero starting at 1108 masl (Fig. 6b).

Discussion

Results suggest that bioclimate (i.e. pre-
cipitation) is the major contributory factor
on Fusarium wilt occurrence. Low (less than
120 mm) monthly precipitation during the
driest and wettest month of the year also
results to higher probability of occurrence.
Conversely, higher probability of occur-
rence is expected for higher precipitation
(greater than 800 mm) during the warmest
quarters. Topography (slope and elevation)
of the area also influences occurrence of the
disease. The probability of Fusarium wilt oc-
currence is higher on flat areas (less than 8°
of slope) and areas with low elevation (less
than 40 masl).

The effect of precipitation and slope
on the occurrence of Fusarium wilt of ba-
nana can be attributed to the response of
Foc and banana plant to water availability
or soil moisture. Low rainfall during the dri-
est and wettest quarter can subject the ba-
nana plant to low moisture or water deficit
stress condition making it highly suscepti-
ble to severe infection by the pathogen (Lee
et al., 2004; Ghaemi et al., 2011; Pattison et
al., 2014). Also, such conditions promote in-
creased root colonization of tomato plants
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Figure 2. Predicted occurrence of Fusarium oxysporum f. sp. cubense (Foc) in south central Mindanao, Philippines, with (a)
training, and (b) validation data points.
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Figure 3. Driest (a) and wettest (b) months of each province in south-central Mindanao, Philippines, corresponding to
Fusarium oxysporum f. sp. cubense (Foc) sampling points.
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Figure 4. Response curve of Fusarium wilt (Fusarium oxyspo-
rum £. sp. cubense) occurrence with respect to precipitation on:
(a) the wettest month; (b) the driest month, and (c) the
warmest quarter in south-central Mindanao, Philippines.

by Fusarium oxysporum f. sp. lycopersici
(Ghaemi et al., 2011). Meanwhile, higher pre-
cipitation during the warmest quarter can
result in higher probability of Fusarium wilt
occurrence because such conditions (warm
and wet) are conducive to severe infection
of banana by the pathogen (Perez-Vicente
etal., 2014). Also, higher rainfall can saturate
soil producing anoxic conditions, which can
enhance Foc root infection (Aguilar, 1998;
Aguilar et al., 2000; Pattison et al., 2014).
Areas with flat to near flat topogra-
phy tend to have relatively higher moisture
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Figure 5. Warmest quarter of each province in south-central
Mindanao, Philippines corresponding to Fusarium oxysporum
f. sp. cubense (Foc) sampling points.

availability compared to the sloping ones,
thus providing optimum conditions for fun-
gal growth (Stover, 1953; Salvacion, 2016). In
addition, slope can affect different soil prop-
erties (Su et al., 2010), which may also affect
Foc presence or abundance (Fu et al., 2016;
Deltour et al., 2017). This could probably be
the reason why soil variables in this study
showed no significant effect on Fusarium
wilt occurrence.

The influence of elevation on Fusarium
wiltincidence observed in the present study
was similar to that of previous studies else-
where (Kangire et al., 2001; Karangwa et al.,
2016). According to Karangwa et al. (2016),
the effect of elevation on Fusarium wilt de-
velopment may be due to the tempera-
ture variation as influenced by elevation.
Fusarium wilt development is encouraged
by higher temperatures at lower altitudes
(Karangwa et al., 2016).

The results of this study corroborate
to previous studies conducted elsewhere.
Lee et al. (2004) observed higher severity
of Fusarium wilt in sweet potato at precip-
itation lower than 80 mm during planting



86 Salvacion etal.

0.5-

04-—

Probability
o
(%]

o
[
]

0.1+

0.0-
1 I 1 I

0 10 20 30
Slope (Degrees)

0.25 17

0.20-

2
(43]
1

Probability

0.10-—

0.05-—

0.00-—
1 L]
0 1000 2000

Elevation (masl)

Figure 6. Response curve of Fusarium wilt (Fusarium oxysporum f. sp. cubense) occurrence with respect to: (a) slope, and (b)
elevation (meters above sea level, masl) in south-central Mindanao, Philippines.

season. Fusarium wilt of sweet potato was
higher in flat areas compared to that in ar-
eas situated in sloping sites (Lee et al., 2004).
In Australia, Pattison et al. (2014) observed
higher incidence of Fusarium wilt of ba-
nana during months with rainfall less than
100 mm and greater than 500 mm. Karag-
wa et al. (2016) observed higher incidence
of Fusarium wilt infection on banana farms
located at elevations less than 1600 masl in
east and central Africa.

Models like MaxEnt also have uncertain-
ties resulting from sampling bias, quality of
occurrence data, spatial resolution of envi-
ronmental data, spatial autocorrelation and
species characteristics (Dormann etal., 2008;
Jarnevich et al,, 2015; Galdino et al., 2016). In
the case of the present study, sampling was
done based only on the reported cases of
Fusarium wilt occurrence. In addition, spa-
tial autocorrelation among sampling points
and environmental variables was not con-
sidered in the model building. Furthermore,
the environmental data used in the study
has also uncertainties (Hijmans et al., 2005;
Hengl et al., 2017; Salvacion, Macandog et
al., 2018). Lastly, the resolution of the envi-
ronmental data might also have impact on
the final model (Gillingham et al., 2012; West

et al., 2015, 2016). At present, there is no or
limited high resolution and updated envi-
ronmental data (e.g. topography, climate,
soil) in the country. Therefore, caution is rec-
ommended in interpreting the results of
this study. Also, other approaches to ana-
lyze spatially referenced disease data might
have different results (Turechek and McRob-
erts, 2013; Galdino et al., 2016).

The information, such as the range of
environmental conditions favoring occur-
rence of Foc on banana and the model de-
rived in this study can be used as a prelim-
inary tool to assess potential risk of disease
occurrence in other parts of the country. In
addition, since climate has a major role in
Fusarium wilt occurrence, the model de-
rived from this study can also be used to de-
termine potential impact of climate change
on disease presence in the country. Such in-
formation can help farmers, managers, and
policy makers to have an informed decision
on how to avoid or minimize losses due to
Fusarium wilt of banana.
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Agpevvnon Twv mePIBAAAOVTIKWVY MAPAMUETPWY TIOU
KaBopilouv Tnv epavion tng adpogpoulapiwong otn pmavava
o710 Notio Kevtpiko Mivtavao, Oihimmiveg

A.R. Salvacion, T.C. Solpot, C.J.R. Cumagun, |.B. Pangga,
D.B. Magcale-Macandog, P.C.Sta. Cruz, R.B. Saludes ka1 E.A. Aguilar

NepiAnyn H mapovoa pehétn xpnoipomnoinoe ™ uéBodo Maximum Entropy (MaxEnt) yia va Siepeu-
vroel Ti¢ mbavéc mepiBarhovTiké mapapétpoug mou kabopilouv Tnv eugavion tTne adpopoulapiw-
ong otn pmavava (Fusarium oxysporum f. sp. cubense), 010 VOTIO-KEVTPIKO TUAMA TwV ONimmivwv. EAEy-
xOnkav d1dpopeg peTaBANTEG TTOU AVTIOTOIKOUV O€ ToToypa@IKd, BIOKAUATIKA Kat €5a@IKA XOpaKTN-
PIOTIKA HIag EPloXAC o€ axéon We ta dedouéva eppdviong Tne adpogoulapiwong. Me Bdon ta amo-
TeNéopaTa, n Bpoxdnmtwon Katd tn Sidpkela Tou ENPOTEPOU Kal LYPOTEPOU MNAVA, N BPOoXOTTWON KATA
N S1dpKELa TOU BEPUOTEPOU TPIUAVOU TOU £TOUG, N KAIoN TOu €6APOUC Kal TO UPOUETPO TNG TIEPIOXAS
ATAV Ol TTIO ONUAVTIKEC METABANTEC yia TNV TPOPRAEYN TNC MOavOTNTAC EUPAVIONS TNS aoBEvelag oTn
umavdva, pe onuavtikdtepn HETAPANTA TN BpoxomTwon.

Hellenic Plant Protection Journal 12: 78-90, 2019
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Diverse responses of old, modern and landraces of Syrian
wheat genotypes to common root rot under field conditions
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Abstract The yield response of widely grown cultivars and landraces of Syrian wheat challenged with
common root rot (CRR: Cochliobolus sativus) was measured by comparing plots with and without arti-
ficial inoculation under experimental conditions in two consecutive seasons. The results showed that
response to CRR differed depending on the susceptibility levels of the wheat cultivars, and that the
disease significantly (P<0.05) reduced grain yield, number of tillers and kernel weight. The diseased
plants had fewer tillers which consequently reduced grain yield per plant. Yield losses of Triticum du-
rum cultivars were higher than those of Triticum aestivum. In addition, the T. durum landrace Horani ex-
hibited the best level of resistance to the disease, which indicates that this landrace might be a candi-
date donor for resistance in future breeding programmes. As CRR can dramatically reduce wheat grain
yields under favorable conditions, management practices that reduce disease severity are highly rec-

ommended.

Additional keywords: Cochliobolus sativus, Triticum aestivum, Triticum durum, yield loss.

Introduction

Common root rot (CRR), caused by Coch-
liobolus sativus (Ito & Kurib.) Drechsl. ex Dast.
[anamorph: Bipolarissorokiniana (Sacc. in
Sorok.) Shoem.], is an economically impor-
tant disease of barley, wheat and other small
grains in semi-arid climates worldwide (Mc-
Kayet al., 2018). CRR causes a brown to black
discoloration of the subcrown internodes
(SClIs) of wheat (Triticum aestivum L.), which
is directly related to yield losses (Mathre et
al., 2003; Fernandez Holzgang, 2009).
Although fungicides can reduce disease
severity, the most effective and environmen-
tally sound means of control is through the
use of resistant cultivars (Kumar et al., 2002).
Wheat interaction with CRR is genotype de-
pendent (Fernandez and Jefferson, 2004)
and affected by soil inoculum (Smiley et al.,
2005). Therefore, prior to controlling CRR, the
potential of this disease to cause losses in
wheat growing areas should be evaluated.
The impact of CRR on the crop (wheat) is

! Department of Molecular Biology and Biotechnology,
AECS, P. 0. Box 6091, Damascus, Syria.
* Corresponding author: ascientific@aec.org.sy
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important because reductions in plant bio-
mass are a measure of the combined effects
of the disease on photosynthesis and other
production processes (Fernandez and Con-
ner, 2011). Therefore, this study was carried
out to evaluate wheat yield responses to
CRR under experimental conditions that are
typical of a large part of the wheat-growing
areas of western Asia.

Materials and Methods

Plant material

Ten most widely grown cultivars and
landraces of Syrian wheat were used in the
study. They included two Triticum durum lan-
draces (Horani and Salamoni), four Triticum
aestivum cultivars (Bouhouth4, Bouhouth6,
Cham2 and Doma4), one T. aestivum intro-
duced cultivar (Maksibak) and three T. durum
cultivars (Bouhouth7, Cham3 and Domal).

Seed inoculation

Nineisolates of C. sativus, selected on the
basis of cultural and morphological charac-
teristics and virulence (Arabi and Jawhar,
2002), were used. These isolates were ob-
tained from subcrown internodes of bar-
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ley plants showing CRR symptoms. Each
isolate was grown on potato dextrose agar
(PDA, DIFCO, Detroit, MI, USA) for 10 days at
22 +1°C in the dark. After 10-12 days, conid-
ia were collected by flooding the plate with
10 mL of sterile distilled water and scraping
the colony surface with a glass slide to dis-
lodge the conidia. Equal volumes of conidial
suspension of each isolate were mixed and
filtered through a double layer of cheese-
cloth. The resulting conidial suspension was
adjusted to 5 X 10° conidia/mL.

Experimental design

The trials were conducted at a site ap-
proximately 55 km south of Damascus for
two consecutive years (2016-2017), under
natural rainfed conditions (350mm annu-
al rainfall). Seed inoculation was performed
according to the method described by van
Leur (1991), where, 30 g seeds of each cul-
tivar were placed in a plastic Petri dish (12-
c¢m in diameter) containing 10 g sterile neu-
tralized peat, 40 ml spore suspension (5 X
10° condia/ml) and 8 drops of natural Ara-
bic gum. Following thorough agitation for 1
min, the seeds were sown at 6 cm depth to
promote long subcrown internodes (Kokko
et al, 1995) in a randomized complete block
design, with three replicate plots (1 m x1 m)
separated with a 1-m wide border. Each plot
consisted of five rows, 20 cm apart and with
50 seeds per row. Based on laboratory pre-
liminary tests on PDA media, CRR-free seeds
were used as controls.

Disease evaluation

Subcrown internodes (SCls) were exa-
mined 8 weeks post-inoculation by measur-
ing the percentage of SCls surface showing
CRR symptoms using a 0-5 scale, as described
by Kokko et al. (1995), where 0 (resistant); 1 =
HT (highly tolerant): small light brown lesions
covering 1-10% of the SCl; 2 = T (tolerant):
light brown lesions covering 11-25% of the
SCl; 3 = MS (moderately susceptible): light
brown/black lesions covering 26-40% of the
SCl; 4 =S (susceptible): black lesions covering
41-75% of the SCI; 5 = HS (highly susceptible):
black lesions covering 76-100% of the SCI.

1000-kernel weight (TKW) and yield es-
timation

Three central rows of each replicate plot
were harvested at maturity stage to mea-
sure grain yield (gr/plant). A 500-seed sub-
sample from each row was used to calculate
1000-kernel weight (TKW). The number of
tillers per plant was determined on individ-
ual hand-harvested plants.

Statistical analysis

Data was subjected to analysis of vari-
ance using the STAT-ITCF statistical pro-
gramme (2" Version). Differences between
means were evaluated for significance by
using Newman-Keuls test at 5% probability
level (Anonymous, 1988)

Results and Discussion

CRR produced brown-dark lesions on SCls,
and these symptoms were more severe on
the susceptible cultivar Bouhouth?7 (Fig. 1).
The results are in agreement with our pre-

Figure 1. Common root rot symptoms (Cochliobolus sativus)on
the wheat (a) highly tolerant landrace ‘Horani” and(b) highly
susceptible cv. Bouhouth 7, under field conditions.
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vious observations under natural field con-
ditions (Arabi and Jawhar, 2002). The reac-
tions of the 10 wheat cultivars to C. sativus
are presented in Table 1. Significant differ-
ences (P<0.05) in disease severity were de-
tected among cultivars, with values being
consistently higher in the susceptible cul-
tivars, in both years of experimentation. In
both seasons, landrace Salamoni was highly
susceptible with mean disease severity 83.4
%. The T. durum landrace Horani proved to
be the most tolerant having 9.9% disease se-
verity (Table 1). In general, the T. durum culti-
vars were more tolerant than those of T. aes-
tivum (Table 1).

The effects of CRR on grain yield are pre-
sented in Table 2. During the first growing
season (2016), no significant differences in
yield were observed between plants ob-
tained from inoculated and non-inoculat-
ed seeds. During the second growing sea-
son (2017), grain yield was reduced by CRR
in relation to the non-inoculated seeds in all
other cultivars except for the highly tolerant
landrace Horani.

Moreover, CRR significantly (P<0.05) re-
duced the TKW of the cvs Bouhouth6 and
Maksibak by 18.9 % and 8.6 % in 2016, and
by 14.3% and 29.5 % in 2017, respectively

(Table 3). The reduction of TKW in the other
cultivars differed greatly depending on the
cultivar (Table 3).

As shown in Table 4, the number of tillers
decreased significantly (P<0.05) by 28 and
27% in the cvs Bouhouth6 and Chams3, in
2016, and by 37.5 and 39.5%, in 2017, respec-
tively (Table 4). Diseased plants had fewer
tillers resulting in reduced grain yield per
plant. Similar results were reported by Fer-
nandez et al. (2014) and Duczek and Jones-
Flory (1993), who found that wheat plants
infected by C. sativus early in the season pro-
duced fewer tillers than those infected later
in the season, which was reflected in yield
per plant. The current study also showed
that the average response of wheat cultivars
to CRR differed with the susceptibility level.
These findings are in agreement with those
of Rush and Mathieson (1990) and Bhandari
and Shrestha (2004).

Overall, CRR had a negative effect on
TKW and the number of tillers produced in
susceptible wheat cultivars grown under
rainfed conditions in southern Syria. The re-
duction in total grain yield may be attribut-
ed mainly to the reduction in the number
of tillers, as reported by Conner et al. (1996).
However, according to Fernandez and Con-

Table 1. Reaction of wheat genotypes to Common root rot (CRR; Cochliobolus sativus) under
field conditions in two growing seasons (2016, 2017).

Severity (% subcrown internodes infected area)

Cultivar Origin
Year 2016 Year 2017 Mean effect

Horani Landrace A11.3dY A8.5d 9.9d
Cham3 Syrian (Developed by SGCASR)* A10.3d A9.2d 9.7d
Doma4 “ A11.2d B15.9d 13.6d
Cham2 " A15.2d B22.5d 18.9¢
Domal " A31.2c B17.0d 24.1c
Bouhouth4 “ A33.2c B27.9c 30.6¢
Bouhouth6 “ A42.6ab B48.2ab 45.4ab
Maksibak Introduced A66.5ab B58.9b 62.7b
Bouhouth?7 Syrian (Developed by SGCASR)* A84.9a B77.2a 81.1a
Salamoni Landrace A82.97a A84.0a 83.5a
Mean A42.11 B36.92

Y Means (three replicates/cultivar) preceded by different capital letters (row) and followed by different lowercase
letters (column) differ significantly at P<0.05 according to Newman-Keuls test. *SGCASR: Syrian General

Commission of the Agricultural Scientific Research.
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Table 2. Effect of Common root rot (CRR; Cochliobolus sativus) on grain yield in wheat culti-

vars under field conditions in two growing seasons (2016, 2017).

Grain yield (g/plant)

Cultivar Year 2016 Year 2017

Non Ino. Non Ino.
Horani A2.4c¢Y A2.0c A18.2bc Al16.7ab
Cham3 A4.2bc A4.0bc A16.7C B7.7¢c
Doma4 A3.6¢ A4.6bc A33.0a B19.1a
Cham2 A8.2ab A8.9a A18.7bc B8.7c
Domal A4.5bc A4.7bc A16.7bc B13.6bc
Bouhouth4 A2.9c A3.0c A19.8bc B12.3bc
Bouhouth6 A5.8bc A3.8bc A28.3ab B11.5bc
Maksibak A2.8c A3.2c A16.9bc B9.9c
Bouhouth?7 A4.8bc A4.1bc A18.2bc B12.6bc
Salamoni All.la A7.1ab A25.3abc B10.4c
Mean A5.03 A4.5 A20.9 B12.9
Mean B4.8 A16.6

¥ Means (three replicates/cultivar) preceded by different capital letters (row) and followed by different lowercase
letters (column) differ significantly at P<0.05 according to Newman-Keuls test. Non: Non-inoculated seeds
(control), Ino.: Inoculated seeds (Kokko et al., 1995).

Table 3. Effect of Common root rot (CRR; Cochliobolus sativus) on 1000-kernel weight (TKW)
of wheat cultivars during two growing seasons (2016, 2017).

1000-kernel weight (g)

Cultivar Year 2016 Year 2017

Non Ino. Non Ino.
Horani A36.0ay B34.0b A37.6ab B34.0b
Cham3 A28.6bc A27.3bc A35.3ab B27.3bc
Doma4 A34.0ab A33.0bc A37.0ab B30.6bc
Cham2 A28.1bc A29.0bc A28.6ab A28.6bc
Domal B39.0a A40.6a A41.0a A38.6a
Bouhouth4 B23.0c A24.6¢ A29.6b B24.6¢
Bouhouth6 A37.0a B30.0bc A35.0ab B30.0bc
Maksibak A28.0bc B25.6bc A36.3ab B25.6bc
Bouhouth?7 B25.6¢ A28.3bc A32.3ab B28.3bc
Salamoni B28.6bc A27.6bc A35.3ab B32.6bc
Mean A30.8 B28.0 A35.5 B30.1
Mean B29.7 A32.8

¥ Means(three replicates/cultivar) preceded by different capital letters (row) and followed by different lowercase
letters (column) differ significantly at P<0.05 according to Newman-Keuls test. Non: Non- inoculated seeds
(control), Ino.: Inoculated seeds (Kokko et al., 1995).

ner (2011), CRR directly affected the carbon
fixation and other physiological processes in
wheat leaves by reducing the upward move-
ment of water and nutrients in plants.

CRR had a direct impact on total grain
yield of wheat, and therefore, this dis-
ease should be considered when manag-
ing wheat diseases. Moreover, continued ef-
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Table 4. Effect of Common root rot (CRR; Cochliobolus sativus) on the number of tillers of
wheat cultivars during two growing seasons (2016, 2017).

Number of tillers/plant
Cultivar Year 2016 Year 2017
Non Ino. Non Ino.

Horani A5.6by A5.6a A6.0a B5.3a
Cham3 A6.3ab B4.6ab A7.6a B4.6a
Doma4 A8.0b B6.3a A7.0a B6.3a
Cham2 A5.3b B4.6ab A6.6a B5.0a
Domal A5.6b B5.0ab A6.6a B5.6a
Bouhouth4 A6.3ab B5.6a A6.3a B5.3a
Bouhouth6 A5.0b B3.6b A8.0a B5.0a
Maksibak A5.0b A5.0ab A6.6a B5.0a
Bouhouth7 A6.3ab B5.6a A6.3a B5.0a
Salamoni A7.6a B6.0a A7.6a B4.3a
Mean A6.1 A5.2 A6.9a B5.1a
Mean A5.2 A5.1

y Means (three replicates/cultivar) preceded by different capital letters (row) and followed by different lowercase
letters (column) differ significantly at P<0.05 according to Newman-Keuls test. Non: Non-inoculated seeds

(control), Ino.: Inoculated seeds (Kokko et al., 1995).

forts are required to monitor the occurrence
of CRR in cereal fields in Syria to develop a
better understanding of the potential risk
of its establishment and intensification. The
highly CRR tolerant landrace Horani can be
considered as a promising parent in wheat
breeding programmes.

The authors thank the Director General of
Atomic Energy Commission of Syria and the
Head of Biotechnology Department for their
help throughout the period of this research.
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ANOKpPIoN MAAAIWV, VEWV KAl YNYEVWYV ZUPLAKWY YOVOTUTIWV
ogitou otnv acBéveila “kowvi) onPn pr{wv” oe cuvONnKeG aypou

M.I.E. Arabi, E. Al-Shehadah kat M. Jawhar

NepiAnYPn H amdkpion eupéwg KAANEPYOUHEVWY KAl YNYEVWY ZUPIAKWY TIOIKIAIWY GiTOU 0TN HOAUV-
on amo6 1o puknta Cochliobolus sativus, a§lohoynOnke HETA amd CUYKPION TIEIPAUATIKWY TEPAXIWV HE
Kal Xwpic texvnth poAuvon katd tn Siapkela 600 S1adoxIkwv KaANEPYNTIKWY TEPLOdwv. Ta amoTeAé-
ouata édeiéav oI n amékpion oto maboydvo SiEpepe avaloya Ue To emimedo eundbelag Twv TOIKIAI-
WV oitou Kal &TI n aoBévela peiwoe onuavTika (P <0,05) Tnv mapaywyn, To fabud adeAgwuatoc Kal 1o
Bapoc twv omépwv Ta mpooBePAnuéva @utd epeavi{av HIKPOTEPO BaBUO AdEAPWHUATOC e AmOTEAE-
opa TN peiwon TN mapaywyng avd euto. H amwAela 0Ty mapaywyr Twv moIKIAWY Tou Triticum durum
ATav HEYOAUTEPN amd auTH TwV TMOIKIAIWV Tou Triticum aestivum. EmmAéov, n ynyevig motkiAia Horani
Tou T. durum gp@avioe To vPNAOTEPO eMimedo avtoxng otnv acBévela. Q¢ ek TOUTOU, N GUYKEKPIMEVN
molkiAia Ba pmopovoe va gival umoPrelog dOTNC avBeKTIKOTNTAC 0TNV acBévela o€ PEANOVTIKA TTpO-
ypdupata BeAtiwong motkiAlwv. Emeidn kdtw amod euvoikéc ouVONKeC N aoBévela Umopei va TPOKAAE-
O€L ONUAVTIKA MEIWON TNE TTAPAYWYNAG GiTov, CUVICTATAL N EPappoyn HETPWV Slaxeipiong mou Ba pelw-
00UV TNV évTaon TN MPOBOAAC.
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Plant parasitic nematodes fauna in citrus orchards in
Khuzestan province, Southwestern Iran
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Summary During a survey on the biodiversity of plant-parasitic nematodes in citrus orchards of Khuz-
estan province (Southwestern Iran), 97 root and soil samples were collected. Nematodes were extrac-
ted and identified using morphological and morphometric diagnostic characters. Six nematode spe-
cies were identified, namely: Helicotylenchus abunaamai, H. crenacauda, Pratylenchus allius, P. musii, Psi-
lenchus hilarulus and Tylenchulus semipenetrans. Except T. semipenetrans, the remaining five species
were found only in the rhizosphere of citrus, not in citrus roots, and their pathogenicity on citrus plants
was not further studied. This is the first record of P. allius and P. musii for the nematode fauna in Iran.
H. crenacauda is a new record for the nematode fauna in the Khuzestan province and is reported for
the first time in citrus orchards in Iran. To our knowledge, this is the first report of H. abunaamai in cit-

rus orchards worldwide.

Additional keywords: citrus, first record, morphology, morphometric, plant-parasitic

Introduction

Citrus is indigenous to southeastern Asia
but has existed in Mediterranean basin for
centuries. Species of citrus have great im-
portance in some Mediterranean regions
(Duarte et al., 2016). Iran is the eighth largest
producer of citrus in the world. In 2017, Irani-
an citrus fruit production reached 4,067,000
tons (FAOSTAT, 2017). Khuzestan province is
one of the major citrus-producing regions in
the country.

A wide range of plant-parasitic nema-
todes has been associated with the citrus
rhizosphere but only some species cause
damage to the trees (Verdejo-Lucas and
McKenry, 2004). The citrus nematode (Ty-
lenchulus semipenetrans Cobb, 1913) causes
a slow decline of citrus all around the world
and restricts citrus fruit production under a
wide spectrum of environmental conditions
(Duncan, 2005). Spreading decline is a seri-
ous disease of citrus caused by Radopholus
similis (Cobb, 1893) Thorne, 1949 that only
occurs in Florida’s central ridge (Duncan,

! Department of Plant Protection, College of Agricul-
ture, Shahid Chamran University of Ahvaz, Ahvaz,
Iran.

* Corresponding author: s.azimi@scu.ac.ir
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2005). R. citri Machon and Bridge (1996) was
found in citrus roots in Indonesia and was as-
sociated with very severe necrosis and root
destruction (Machon and Bridge, 1996).

Pratylenchus coffeae (Zimmermann, 1898)
Filipjev and Schuurmans Stekhoven, 1941,
P. brachyurus (Godfrey, 1929) Filipjev and
Schuurmans Stekhoven, 1941 and P. vulnus
Allen and Jensen (1951) are three species of
lesion nematodes associated with the citrus
tree. Also, Belonolaimus longicaudatus Rau
(1958) causes damage to citrus. Root-knot
nematodes (Meloidogyne spp.) are able to at-
tack citrus and are confined to prevent dis-
semination. Pathogenic species of root-knot
nematode were reported from Taiwan and
New Delhi (Duncan, 2005).

Many populations of Xiphinema brevicol-
lum Lordello and Da Costa (1961) have been
associated with the decline of grapefruit
trees in Sudan (Yassin, 1974). Paratrichodorus
lobatus (Colbran, 1965) has also been found
in high numbers in citrus nurseries in Austra-
lia (Stirling, 1976). Hemicycliophora arenaria
(Raski, 1958) is a species native to plants in
the southern California that causes damage
in citrus nurseries (McElroy et al., 1966). Ca-
loosia nudata (Colbran) Brzeski, 1974 causes
similar symptoms on citrus in Australia (Col-
bran, 1963).
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A plentiful of plant-parasitic nematode
species have been associated with the cit-
rus rhizosphere in Iran. T. semipenetrans and
Diphtherophora communis (de Man, 1880)
have been associated with citrus in Fars
province (Abivardi et al, 1970). Meloido-
gyne javanica (Treub, 1885) Chitwood, 1949
from sour orange (C. aurantium) in Khuz-
estan province (Akhiani et al., 1984), Hemi-
criconemoides chiwoodi Esser (1960), Helicoty-
lenchus pseudorobustus (Steiner, 1914) Golden,
1956, Boleodorus thylactus Thorne (1941) from
orange (C. sinensis) in Kerman province (Ja-
hanshahi afshar et al, 2006), Scutellonema
brachyurus (Steiner, 1938) Andrassy, 1958
from citrus in Golestan province (Tanha
Maafi et al., 2006) and Helicotylenchus ma-
cronatus Mulk and Jairajpuri (1975) have
been reported from lemon (C. limon) in Ker-
man province (Ali Ramaji et al., 2006).

In the study by Divsalar et al. (2011), 27
species of plant-parasitic nematodes have
been identified from the citrus rhizosphere
in Gilan and Mazandaran as Criconemoides
xenoplax Raski (1952), Filenchus facultativus
(Szczygiel, 1970) Raski and Geraert (1987),
Helicotylenchus exallus Sher (1966), H. vulgar-
is (Yuen, 1964), Ogma civellae (Steiner, 1949)
Raski and Luc (1987), Paratylenchus nanus
(Coob, 1923), Pratylenchus loosi (Loof, 1960),
P. neglectus, P. jaehni, P. zea and Psilenchus
hilarulus (de Man, 1921). Also, Hemicri-
conemoides chitwoodi and Tylenchorhynchus
agri (Ferris, 1963) have been found associa-
ted with the rhizosphere of citrus in Kerman
province (Rashidifard et al., 2014).

There is very little information about
plant-parasitic nematodes associated with
citrus orchards in Khuzestan province. To fill
this gap, this study aimed to determine the
plant parasitic nematodes of citrus in Khuz-
estan province, Southwestern Iran using
morphological and morphometric data.

Material and methods
About 97 root and soil samples were col-

lected from citrus orchards in the Khuzestan
province, Southwestern Iran. T. semipene-

trans was extracted from the roots based
on the Coolen and D’'Herde method (1972).
Roots were washed, cut in pieces and pro-
cessed for nematode extraction by blender
followed by centrifugal flotation. The roots
were stained (Hooper et al., 2005) and im-
mature and mature females were observed
on the root surfaces.

Soil samples were taken from 5 to 40 cm
depth from different regions. Then the soil
samples were put in a polyethylene bags
with pertinent information about each sam-
ple, then brought to the laboratory and kept
in the refrigerator at about 4°C until they
were processed for nematode extraction.

The Jenkins (1964) method was used to
extract the nematodes from soil samples.
The collected specimens were killed in hot
4% formaldehyde solution, transferred to
anhydrous glycerin according to De Grisse’s
(1969) method. In some samples, the tray
method (Whitehead and Hemming, 1965)
was employed to obtain a suspension of
nematodes from the soil. Nematodes were
mounted in a small drop of glycerin on per-
manent slides. Observations and measure-
ments were done using an Olympus CX31
light microscope equipped with a draw-
ing tube. Some of the best-preserved spec-
imens were photographed using an Olym-
pus DP12 digital camera attached to an
Olympus BX51 light microscope. Nematode
species were identified based on morpho-
logical and morphometric characters using
valid keys such as Siddiqgi 2000; Castillo and
Vovlas, 2007; Geraert, 2008; Geraert, 2013.

Results and discussion

Based on morphological and morphometric
characters, six species of plant-parasitic nema-
todes were identified, namely: Helicotylenchus
abunaamai Siddiqi (1972), H. crenacauda Sher
(1966), Pratylenchus allius (Shahina and Mag-
bool, 1996) Siddiqi (2000), P. musii Choudhury
and Phukan (1989), Psilenchus hilarulus de Man
(1921) and Tylenchulus semipenetrans Cobb
(1913). Except T. semipenetrans, the remain-
ing five species were found only in the rhizo-
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sphere of citrus, not in citrus roots. No further
studies were performed on pathogenicity of
these species on citrus plants.

Morphometric measurements of the
identified nematodes closely correspond-
ed with the published reports; nevertheless,
insignificant morphological and morpho-
metric differences were observed in some
species are discussed below. The most im-
portant morphological characters of the
considered species are illustrated in Figures
1-6. The morphometrics of the considered
species are given in Tables 1-4.

Helicotylenchus abunaamai
(Siddiqi, 1972)

Figure 1 (a-h)
MEASUREMENTS (Table 1)

The general morphology of the reco-
vered population of the species resembles
the characters given in the original descrip-
tion (Siddiqi, 1972). However, the length of the
stylet is slightly shorter (18-21.5 vs. 21-22 ym).
This species has been reported from Malay-
sia (Sauer and Winoto, 1975), Pakistan (Firoza
and Magbool, 1991), Thailand (Mizukubo et
al., 1992) and Turkey (Kepenekci, 2002). There
is no significant difference between our po-
pulation and these populations.

Kashi and Karegar (2014) reported on
the presence of the same species from sug-
arcane in Haft-Tappeh, Khuzestan province,
Southwestern Iran. Their population has dif-
ferences with the main description and our
population. These differences are in body
length (600-779 vs 515-611 um), ratio c (24.2-
33.7 vs 37.6-48.2), ratio ¢’ (1.4-1.98 vs 1-1.2),
length of stylet (23.3-26.8 vs 18-21.6 pm) and
tail length (20-29 vs 11-14 um).

In the present study, this species was re-
covered from 8.8% of soil samples from the
rhizosphere of citrus, sour orange, lemon
and tangerine in the vicinity of Dezful city,
Khuzestan province, Southwestern Iran. To
our knowledge, this is the first report of H.
abunaamai in citrus orchards worldwide.

Helicotylenchus crenacauda
(Sher, 1966)
Figure 1 (i-p)

© Benaki Phytopathological Institute

MEASUREMENTS (Table 1)

The general morphology of the reco-
vered population of the species resembles
the characters given in original description
(Sher, 1966). This species has been report-
ed from the rhizosphere of rice in Gilan (Pe-
dramfar et al, 2002 and Kashi and Karegar,
2014), ornamental plants in Mahallat (Mo-
hammad Deimi et al,, 2008) and vineyards
in Markazi province, Iran (Mohammad Dei-
mi and Mitkowski, 2010).

The population of Khuzestan province
did not differ significantly from the popu-
lations of Gilan. Compared to the Mahallat
population, the ratios a, b’ and c are lower
(25.4-29.7 vs 31.2-37.4, 4-49 vs 5.1-6.5 and
35-45.2 vs 47.9-57.8 respectively). Also, stylet
length is shorter (24-25 vs 25-29 pym). Com-
pared to Markazi province, the ratio c is low-
er (35-45.2 vs 45.2-53.5).

Figure 1. a-h: Helicotylenchus abunaamai. a: Entire body; b, c:
Anterior region; d: Vulval region; e: Tail showing phasmid; f-h:
Variations of tail shape. i-p: Helicotylenchus crenacauda. i: En-
tire body; j, k: Anterior region; I: Vulval region; m: Tail show-
ing phasmid; n-p: Variations of tail shape. (Scale bars: a, i =50
um, b-h, j-p =20 pm).
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Table 1. Morphometrics of Helicotylenchus abunaamai and Helicotylenchus crenacauda re-
covered from citrus orchards of Khuzestan province, southwestern Iran. All measurements
are in um and in the form: mean + s.d. (range).

Character Helicotylenchus abunaamai Helicotylenchus crenacauda
n 10 12

L 560.6 + 31.5 (515-611) 628.5 +41.3 (563-698)
a 28.7 £ 2.6 (25.1-32) 27 £ 1.5 (25.4-29.7)
b 53+0.4(4.6-5.8) 5.2+0.4(4.5-6.1)

b’ 4.4+0.3(3.9-4.9) 4.4+0.2(4-4.9)

d 44.6 + 3.3 (37.6-48.2) 40+ 3.5(35-45.2)

c’ 1.1+£0.1(1-1.2) 1.2+£0.1(1-1.4)

\Y 63.8 + 1.1 (62.6-66.5) 62.2+1(61-63.8)
Lip height 3.7+0.4(3-4.5) 3.9+0.3(3.5-4)
Lip width 5.4+ 0.4 (4.5-6) 5.8+ 0.5 (5-6.5)

Stylet length
Conus length
DGO

Pharynx length
Pharyngeal glands
Excretory pore
Median bulb
Body width

Tail length

Anal body width
Vulva body width
Vulva-Anus

Phasmids from tail terminus

20.5+ 1.2 (18- 21.5)
9.8+ 1 (8.5-11.5)
9.2+0.9(8.5-10)

106.5 7.9 (93.5-117)

127.2 + 8.2 (117-138)
90 £ 6.3 (80-102)

64.7 + 2.8 (59.5-69)

19.5 £ 1.3 (17.5-21.5)
12.4£0.8 (11-14)
11.5+ 0.5 (11-12)

19.5+ 1.3 (17.5-21.5)

195 + 16.4 (170-216)

15.6 £ 0.6 (13.5-18)

24.4 £ 0.5 (24-25)
11 £0.7 (10-12)
10.2+ 1.2 (9-12)

116.7 £ 4.2 (111-122.5)
140.3 £ 4.7 (134-148)
103.5 = 4.4 (99-112)

74.7 £ 2.7 (72-78)
23.2 +2(19-25)

16 + 1.5 (14-18)
12.8 £ 0.8 (11.5-14)
23.2+2(19-25)
222.6 +13.1 (204-237)
21+ 1.6 (18-23)

In the present study, this species was re-
covered from 10.7% of soil samples from
the rhizosphere of sour orange and lemon
in the vicinity of Ahvaz (GPS coordinates: 31°
19' 5.9” N 48° 40’ 14.2" E), Dezful, Izeh (GPS
coordinates: 31° 49’ 26.3” N, 49° 52" 12.3" E)
and Baghmalek cities, Khuzestan province,
Southwestern Iran. This is the first report of
H. crenacauda in citrus orchards in Iran and
a new record for the nematodes fauna in

Khuzestan province.

Pratylenchus allius

(Shahina and Magbool, 1996)

Siddiqi (2000)

Figures 2, 3 (a-d)
MEASUREMENTS (Table 2)
DESCRIPTION

a

a 100 pm

b -e 40 um

Figure 2. Female of Pratylenchus allius. a: Entire body; b: Ante-
rior region; c: Vulval region; d: Lateral field at mid-body; e: Tail.
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Female: Nematodes are of small size (410-
490 um long), with body strongly arcu-
ate upon fixation. Cuticular annulation dis-
tinct, 0.8-1.2 um wide at mid-body. Lateral
field with four incisures, not areolated, oc-
cupying about one-third of body diameter.
The labial region is low, flattened and not
off set, 2.1-3.5 um high and 6-7.2 um wide
at base, with three annuli. The framework
is strongly sclerotized. The stylet is strong
and relatively short, Stylet knobs well-de-
veloped, rounded, 1.8-2.4 um high and 3-4
pm wide. The median bulb is oval in shape,
very muscular, 11.8-12.6 um long and 8.4-
8.6 um wide. Nerve ring surrounds isth-
mus. Oesophageal glands overlap the in-
testine ventrally about two times the body
width, three gland nuclei in tandem. Excre-
tory pore almost at the level of the pharyn-
go-intestinal valve. Hemizonid is about 2-3
annuli wide, 1-3 annuli anterior to excretory
pore. Genital system monodelphic-prodel-
phic, ovary outstretched. Anterior branch
is well developed, 130-140 um long. Sper-
matheca oval, without sperm. Ovary with
oocytes arranged in one or two rows. Vul-
va a transverse slit, posteriorly located, lat-
eral flaps and epiptygma absent. The vagina
is about 7-9 um long. Post-vulval uterine sac
about one-time vulval body width. Tail cy-
lindrical, terminus rounded, without annula-
tion. Phasmids pore-like in shape, 10-15 an-
nuli anterior from the tail terminus.

Male: Not found.

REMARKS

The Iranian population of P. allius is very
similar to the type population of the spe-
cies from Azad Kashmir, Pakistan (Shahina
and Maqgbool, 1996). However, the length
of DGO and the number of tail annuli in our
population are slightly higher than that giv-
en in the original description (0.9-1.3 vs 0.6-1
pm and 22-33 vs 25-26 respectively).

This species was originally described
by Shahina and Magbool (1996) as Rado-
pholus allius. Siddiqgi (2000) examined the
paratype of the species and found that it
belongs to the genus Pratylenchus. Castil-
lo and Vovlas (2007) considered P. allius as
a new junior synonym of P. thornei. Geraert
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(2013) considered P. allius as a separate spe-
cies from P. thornei and mentioned that the
stylet is larger in P. thornei (15-19 vs 14-15.5
pm). We found more differences. In P. allius,
the length of DGO is shorter (0.6-1 vs 2-3
pum), without male (vs rare male), tail tip only
rounded (vs bluntly rounded or truncate) in
P. thornei. We agree with Geraert’s opinion
and P. allius is considered here as separate
species from P. thornei.

In the present study, this species was re-
covered from 14.7% of soil samples from
the rhizosphere of orange and tangerine in
the vicinity of Shush and Baghmalek cities,
Khuzestan province, Southwestern Iran. This
is the first record of P. allius for the nema-
tode fauna in Iran.

Pratylenchus musii

Choudhury and Phukan (1989)

Figures 3 (e-m), 4

MEASUREMENTS (Table 2)

DESCRIPTION

Female: Nematodes are of small size (386-
450 pm long), with the body slightly ven-
trally arcuate upon fixation. Cuticular an-
nulation relatively fine, 0.8-1.2 um wide at
mid-body. Lateral field with six incisures,
not areolated, occupying about one-third

Figure 3. a-d: Female of Pratylenchus allius. a, b: Anterior re-
gion; c: Vulval region; d: Tail. e-m: Female of Pratylenchus musii.
e, f: Anterior region; g: Lateral field at mid-body; h, i: Vulval re-
gion; j-m: Variations of tail shape. (Scale bars: 20 pm).
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Table 2. Morphometrics of Pratylenchus allius and Pratylenchus musii recovered from citrus
orchards of Khuzestan province, southwestern Iran. All measurements are in um and in the

form: mean + s.d. (range).

Pratylenchus allius Pratylenchus
Character Pratylenchus allius (Shahina and Pratylenchus mussi mussi
Khuzestan province | Magbool 1996) | Khuzestan province | Geraert

Siddiqi 2000 (2013)
n 15 10 10 -
L 461.8 + 23.4 (410-490) 420-480.5 418 £ 21.7 (386-450) | 430-490
a 31.1 £2.5(27-36.5) 27.5-30 27.9 £2.5(25.2-32.1) 30-34
b 5.8+0.8(4.4-7.2) 6.4-6.7 49 +0.5 (4-5.6) -
b’ 4.4 +0.6 (3.4-5.8) 4.5-4.6 3.8+0.4(3.2-4.8) -
d 20.6 = 2.3 (17.3-25) 17-20 22.3 +2(19.2-24.6) 18-23
c 2.3+0.5(2-2.8) 2.3-2.7 2.3+0.3(1.8-2.7) 1.7-2.5
Vv 76 £ 1.7 (73-79.2) 76-77 82.6 + 1.2 (80-84.2) 78-83
DGO 1+0.1(0.9-1.3) 0.6-1 3.5+£0.8(2.5-5) 3-4
Stylet length 14.7 £ 0.7 (14-15.5) 14-15.5 14.7 £ 0.8 (13.5-15.5) 14-15
Stylet shaft 7.4+ 0.6 (6.5-8.5) - 8.2+ 0.5(8-9) -
Median bulb 46.2 + 4.6 (41-57.5) 40-43 43.8 + 3.2 (40-51) -
Excretory pore 65.5 + 6.9 (50-74.5) 60-68 67.6 + 6 (57-78.5) 68-77
Pharynx length 80.7 £ 10.4 (64-103) 64-68 83.5+ 6.7 (75-93) 98-112
Pharyngeal overlap 104.3 £ 11.1 (84-123) 99-103 109.4 £ 7 (99-120) -
head-nerve ring 57.6 + 4.2 (54-67) - 56.8 + 4.4 (52-66.5) -
Body width 14.8 + 1.4 (12.5-17.5) 16 15+ 0.7 (14-15.5) 14
Anal body width 9.1 £0.5(8.5-10) - 79+ 0.8 (6.5-9) -
Vulval body width 14.6 + 1.3 (12.5-17.5) - 12.8 £ 0.4 (12.5-14) -
V-anus 90.5 + 10 (76-110.5) - 52.6 + 4.6 (47.5-60) -
PVUS 149+ 1 (13-17) - 14.3 + 1.6 ( 14-18.5) 22-30
Tail length 22.6 +2.5(19-27) 24-26.4 18.8 + 1.6 (17-21.5) 19-23
Lateral field width 49+ 0.5 (4-6) - 4.4 +0.5 (3.5-5) -
Phasmids from tail terminus 12.9 £ 1.2 (11-15) - 12.4 £ 1.1 (11-14.5) 10-16
Num. of tail annuli 28.8 + 3.2 (22-33) - 20+ 1.7 (18-23) 20-26

of body diameter. The labial region is low,
flattened and slightly off set, 1.6-2.3 um high
and 6-7.8 um wide at base, with two annu-
li. The framework is strongly sclerotized.
The stylet is strong and relatively short, Sty-
let knobs well-developed, rounded, 1.8-
2.4 um high and 3.6-4.5 pm wide. The me-
dian bulb is oval in shape, 10.8-12 um long
and 9.6-11.4 ym wide, 40-51 um from ante-
rior end. Nerve ring surrounds isthmus. Oe-
sophageal glands overlap the intestine ven-
trally about two times the body width, three
gland nuclei almost in tandem. Excretory
pore slightly higher than the pharyngo-in-

testinal valve. Hemizonid is about two annu-
li wide, 1-3 annuli anterior to excretory pore.
Genital system monodelphic-prodelphic,
ovary outstretched. Anterior branch is well
developed, 132-143 pm long. Spermathe-
ca is oval in shape, with sperm. Ovary with
oocytes arranged in one or two rows. Vul-
va a transverse slit, posteriorly located, later-
al flaps and epiptygma absent. The vagina is
about 6.5-8 um long. Post-vulval uterine sac
more than one-time vulval body width. Tail
cylindrical, terminus rounded, with annula-
tion. Phasmids pore-like in shape, 11-15 an-
nuli anterior from the tail terminus.
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Male: Not found.
REMARKS

According to the morphological charac-
ters and morphometric data given in Ger-
aert (2013), there were no differences be-
tween the Iranian population of P. musii and
the original description. However, the post-
uterine sac length is shorter (14-18.5 vs 22-
30 um).

The species was originally recovered
from the rhizosphere of banana and de-
scribed by Choudhury and Phukan, 1989
from Assam, India (Geraert, 2013). In a study
of nematode community associated with
banana in Assam, India, Deori et al., 2014
found that P. musii was one of the predom-
inant nematode species around the banana
rhizosphere.

In the present study, this species was re-
covered from 9.8% of soil samples from the
rhizosphere of orange and tangerine in the
vicinity of Shush city, Khuzestan province,
Southwestern Iran. This is the first record of
P. musii for the nematode fauna in Iran.

Psilenchus hilarulus de Man (1921)
Figure 5
MEASUREMENTS (Table 3)

Iranian population of P. hilarulus is in
morphological and morphometric agree-
ment with the original description (Geraert,
2008). However, the length of female body is
shorter (640-845 vs 890-1150 um). This spe-
cies has been reported from the citrus rhizo-
sphere in Mazandaran province, Iran (Divsa-
lar et al., 2011). Also, has been reported from
the rhizosphere of sugarcane in Khuzestan
province, Iran (Kheiri, 1995). In the pres-
ent study, this species was recovered from
20.5% of soil samples from the rhizosphere
of orange, lemon and sour orange in the vi-
cinity of Shush, Dezful, Ramhormoz, Bagh-
malek and Ramin cities, Khuzestan province,
Southwestern Iran.

Tylenchulus semipenetrans Cobb (1913)
Figure 6
MEASUREMENTS (Table 4)

Characters measured in Khuzestan pop-
ulation of T. semipenetrans are consistent
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Figure 4. Female of Pratylenchus musii. a: Entire body; b: An-
terior region; c: Vulval region; d: Lateral field at mid-body; e-h:
Tail.

Figure 5. Psilenchus hilarulus. a, b: Anterior region; c: Lateral
field at mid-body; d: Vulval region; e: Female tail; f: Male tail.
(Scale bars: 20 um).

Figure 6. Tylenchulus semipenetrans. a: Anterior region of Ju-
venile; b: Posterior region of Juvenile; ¢: Immature female; d,
e: Mature female; f: Anterior region of female; g: Posterior re-
gion of female; h, i: Male tail. (Scale bars: a, b =20 pm, c-e =
50 pm, f-i =20 pm).
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Table 3. Morphometrics of Psilenchus hilarulus recovered from citrus orchards of Khuz-
estan province, southwestern Iran. All measurements are in um and in the form: mean + s.d.

(range).
Character Psilenchus hilarulus

Female Male
n 11 12
L 760 £ 82 (640-845) 737.4 £78.3 (643-841)
a 46.5 + 2.1 (43.3-48.9) 45.3 £5(36.7-52.9)
b 6+ 0.6 (5-6.7) 5.9+0.7 (4.8-6.8)
C 7 +0.5(6-7.6) 6.1+0.4(5.6-6.7)
c 10.1 £0.9 (8.6-11.6) 10.1 +£1(8.5-12.2)
Vv 48.8 + 1.9 (44.5-51.3) -
Vv’ 57.1 + 1.8 (54.7-59.3) -
Stylet length 13.3+0.7 (12-14.5) 13.1 £0.3(12.5-14)
m 35.9 +5(28.5-45.5) 36.9 + 3.3 (32-43)
DGO 4.5+0.8(3.5-6) 4.3+0.7 (3.5-6)
Oesophagus 129 + 4.9 (125-140) 125 + 8 (108.5-140)
MB 54.7 £ 1.5 (52-57.5) 54.7 £ 1.9 (52-59)
Body width 16.8 + 1.7 (14-19) 16.4 + 1.9 (13-18.5)

Excretory pore

Vulval body width
Vulva-anus

Anal body width

Tail length

T/VA

Spicule length
Gubernaculum length
Bursa

93.4 £5.9 (84-105)
14.8 = 1.3 (13.5-16)
285.8 + 40 (218-345)
10.2 £ 0.7 (9.5-11)
117 £ 8.5 (108-138)
0.4 +0(0.34-0.48)

92 +7.1 (86-105.5)

11.3+£0.9 (11-12.5)
120 + 7.6 (112-132)
22.1 £2.1 (20-24.5)
7.5+0.6 (6.5-8.5)
43.9 +£8.7 (30-57)

with other populations including Inserra et
al. (1988) and Rashidifard et al. (2015). How-
ever, the length of the stylet in second stage
juveniles (J2) is slightly shorter (9.5-12.5 vs
12.2-13.2 pm).

T. semipenetrans has been reported from
the roots of various plants like citrus (Fars,
Mazandaran, Golestan, Lorestan, Khuz-
estan, Kerman, Boushehr and Hormozgan
provinces), olive (Kermanshah and Mazan-
daran provinces) and grape (Mazandaran
and Markazi provinces) in Iran (Ghaderi et al.,

2012). Also, has been reported from the root
samples of pomegranate in Kerman prov-
ince (Rashidifard et al., 2015). In the pres-
ent study, this species was recovered from
19.9% of root samples from the rhizosphere
of orange, sour orange, lemon and tanger-
ine in the vicinity of Ahvaz, Abadan, Ramin,
Shush, Dezful, Baghmalek, Andimeshk, Be-
hbahan cities, Khuzestan province, South-
western lran.
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Table 4. Morphometrics of Tylenchulus semipenetrans recovered from citrus orchards of
Khuzestan province, southwestern Iran. All measurements are in um and in the form: mean

+ s.d. (range).

Character Tylenchulus semipenetrans

Female J2 Male
n 8 8 6
L 328 +30.8 (288-366) 320 +22.1 (297-364) 309.5 + 23 (286-334)
a 6.6+ 1.3 (4.5-7.9) 28 +2.8 (24-32) 34.1 £1.9 (32-36.7)
b - 3.4+0.1(3.2-3.5) 5+0.6 (4-5.5)
St 10.5 £ 1.2 (9.5-12.5) 11 £ 0.8 (9.5-12.5) 8.5+ 0.8 (8-9.5)
DGO 6+ 1.9 (4-8) - -
Median bulb 60 £ 5 (52-64) 46.5 + 2.3 (42-49) 40 = 2.4 (36-41.5)

Median bulb length

Median bulb width

Pharynx length

Basal bulb length

Basal bulb width

Ex. pore from anterior end

Ex. pore/L %

Vulva-excretory pore distance
Post-vulva section width (PVSW)
Post-vulva section length (PVSL)
Swollen posterior body length

Swollen posterior body as % of
total body length

Cuticle thickness at mid-body
Neck length

Vulval body width

Anterior end to nerve ring

Excretory pore genital Primordi-
um distance

Anterior end to genital Primor-
dium

Genital primordium to Posteri-
orend

Genital primordium (%)

Body width at mid-body

Anal body width

Spicules

Gubernaculum

Tail

16 + 3 (14-19)
14.5 £ 0.3 (13-15)
103 £+ 17.9 (84-132)
18.5 + 0.8 (16-20.5)
13.5+ 1.9 (11-16)
285 +31.9 (231-314.5)
85+ 2.9 (80.9-88.4)
16.5 + 1.9 (13-18)
16 = 1.8 (14.5-18)
25+4.2(19-28)
196 + 32 (150-237)

58.9+£9.2 (43-64.7)

5+1.3(3-6.5)
3.5+9.8(30-52)
33+ 7.7 (24-44)

50.5 +10.7 (37-64)

94 + 5.3 (84-104)

177.5 £ 13 (156.5-192)
54.9 2.5 (52.5-59.4)

61.5 + 2.4 (57-63.5)

25.5 +3.1(22-29.5)

205 + 18.2 (183.5-230)

115+ 12.2 (93-135)

64 3.2 (61.2-71.1)
12.5 £ 0.6 (12-13)

58 +4.5(51-63.5)

9+0.9(8-10)
7 £0.7 (6-8)
18.5 + 1.5 (16-20)
4.5+ 0.6 (4-5.5)
33.5+£3.7 (28.5-38)
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Kataypa@n UTOMapacitTikwy VIHatTwdwy oe
eonepldoeldwveg tng emapyiag Khuzestan, Notiodutiko lpav

P. Eisvand, R. Farrokhi Nejad kat S. Azimi

NepiAnPn Katd tn Sidpkeia emokdmOong yia ™ PIOMOIKINGTNTA TWV QUTOMAPACITIKWY VAUATWEWV
0TOUG OMMWPWVECG e0TrEPIS0EIdWV TN emapyiag Khuzestan (NoTiodutikod Ipdv), culAéxBnkav 97 Seiy-
pata plwv kai eddgouc. Ao Ta deiyuata amopovwOnkav vuatwdelg, ol omoiol Tavtomolndnkav Bd-
O€L LOPPOAOYIKWV KAl HOPPOUETPIKWY SlayVWOTIKWY XapaKTApwV. Avayvwpiotnkav €€ €i6n vnuatw-
dwv, ouykekpipéva: Helicotylenchus abunaamai, H. crenacauda, Pratylenchus allius, P. musii, Psilenchus
hilarulus xat Tylenchulus semipenetrans. Ekto¢ and To €idog T. semipenetrans, Ta umdAoina mévTe €idn
evtomiotnkav otn pildéopalpa Twv eomepldoedwy, dx1 oTIC pilec, kat n maboyéveld Toug ota PuTA dev
HeAeTABNKE MepaiTépw. AUTH €ival n mPWTN Kataypa@n yia Ta €idn P. allius kat P. musii oo Ipav. To &i-
do¢ H. crenacauda anotelei véa avagopd otnv emapyia Khuzestan kat avag@épetal yia mpwtn opd o€
eomeptdoeldn oto lpdv. Ao 600 yvwpiloupe, auth gival n mpwTn avagopd tou gidouc H. abunaamai
o€ €0TEPIOOEIOWVEC TTAYKOOMIWG.

Hellenic Plant Protection Journal 12: 97-107, 2019
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