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Abstract

Sekara A., Pokluda R., Del Vacchio L., Somma S., Caruso G. (2017): Interactions among genotype, environment and
agronomic practices on production and quality of storage onion (Allium cepa L.) — A review. Hort. Sci. (Prague), 44:
21-42.

The aim of this review is a wide description of the relationships between growing conditions and bulb yield and quality
of onion (Allium cepa L.), focused particularly on long-day cultivars suitable for storage. Marketable yield decreases
according to the reduction of crop length caused by the increase of growth temperature. The nutritive requirements
of storage onion are highest during the vegetative growth. The application of humic substances and the inoculation of
mycorrhizae may enhance bulb growth and quality, mainly under stress conditions. Onion is a slow-growth, shallow-
rooted crop with non-shading habitus and therefore its productivity is highly dependent on water availability in the
soil, proper fertilization and weed control. The shelf-life of onion bulbs is a genetic trait, improvable by efficient crop
and post-harvest management, and adequate conditions of bulb storage. The quality of storage onion bulbs is ascribed
to several indicators, such as thiosulfonates, pyruvic acid, soluble solids, sugars, and many other biological compounds.
This review is also focused on onion quality as affected by the interactions among genotype, environment, farming
practices and post-harvest management.
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Currently, onion is one of the most important
crops grown in the world (KuMAR et al. 2007b),
with total cultivated surface of about 4.4 million ha

Geographical distribution

Onion (Allium cepa L.) belongs to the Amarylli-

daceae family and originates from western Asia, i.e.
Turkestan and Afghanistan. It is among the old-
est cultivated species and, according to the Codex
Ebers (1550 BC), an Egyptian medical papyrus, an-
cient Egyptians used several therapeutic formulas
based on onion as remedies for a variety of diseases
(BLock 1985).

and 85.8 Mt production in 2013. Asia produces
66.8% of the world onion, China being the major
producer with 22.3 Mt, followed by India with
19.3 Mt. Other important producers are United
States (3.2 Mt) and Iran (2.4 Mt). European pro-
duction reaches 9.2 Mt, corresponding to 10.8%
of total world production, with the highest value
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of 1.3 Mt in the Netherlands and 1.2 Mt in Spain
(FAOSTAT 2013).

Physiological features

Onion is a biennial herbaceous plant, therefore
the annual growing is to be accurately planned, in
order to prevent bolting. Indeed, onion plants are
induced to flowering by low temperatures, rang-
ing from 5°C to 13°C (THOMPSON, SMITH 1938;
WooDBURY 1950; AoBA 1960; BREWSTER 1987),
provided they have passed through the juvenile
phase (HEATH, MATHUR 1944; HARTSEMA 1947;
SHISHIDO, SAITO 1975; RABINOWITCH 1990). The
juvenile phase is over when the plant has developed
4 to 14 leaves, depending on the genotype (HEATH,
MATHUR 1944). However, temperature over 20°C
accelerates the growth of emerged inflorescences
compared to 15-20°C (BREWSTER 1982), whereas
inflorescences get suppressed by temperature ex-
ceeding 25°C (HEATH 1943a,b; HEATH, MATHUR
1944).

Onion is among the most sensitive crops to salinity,
which affects plant growth and productivity particu-
larly at the emergence of seedlings; yield reduction
starts over 1.4 dS/m EC and reaches 50% at 4.1 dS/m
(ALEN et al. 1998). Moreover, the tolerance ranges of
other soil parameters are as follows: pH 6.0-6.5; or-
ganic matter (OM) 25-35 mg/kg; P 129-168 mg/kg;
exchangeable K, Ca and Mg, 0.39-0.50, 5.8-6.7 and
2.1-2.7 cmolc/ kg, respectively (LEE, LEE 2014).

External scales of bulbs represent a protection
tool and their number and integrity play an essen-
tial role in rating the commercial value of storage
onion; their colour is a varietal trait, associated
with the presence of pigments even acting as anti-
oxidants (PRAKASH et al. 2007).

Genotype and environment

Genetic factors affect the variability of many
traits marking differences among cultivars: mor-
pho-physiological characteristics; photoperiod
requirements, duration of crop cycle and stor-
age ability; bulb yield, size, shape and colour; bulb
quality in terms of pungency, dry residue, content
of sugars and soluble solids, antioxidant capacity
of flavonoids (RANDLE 1992a,b; MAROTTI, Pic-
CAGLIA 2002; Yoo et al. 2006).
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The overtime breeding activities have led to a
large number of cultivars and ecotypes, identifiable
on the basis of morphological, physiological, pro-
ductive and qualitative features. With this respect,
the production of onion hybrid seeds is aided by
cytoplasmic male sterility, as maternal transmis-
sion of both the mitochondrial and chloroplast
DNAs allows for polymorphisms in either genome,
which is useful for classifying onion cytoplasms
(voN KoHN et al. 2013). However, the degree of ge-
netic trait expression depends on the interaction of
genotype with environment and farming practices.
With this respect, TSUKAZAKI et al. (2008) con-
structed a new linkage map on Allium fistulosum,
the first one mainly based on SSR markers in the
genus Allium, which will be useful for genetic stud-
ies such as QTL analysis of agronomic traits.

Among the genetic features, the induction of bul-
bification is associated to temperature and pho-
toperiod: onion cultivars are termed as short-day,
needing under 12 hours light, middle-day from 13 to
14 hours and long-day between 15 and 16 hours.
Environmental limitations may arise from the inter-
action between temperature and day length, since
the warm conditions of late spring hasten bulbing
response in short-day cultivars, forcing plants to
develop smaller bulbs, but, conversely, colder win-
ter temperatures can induce “bolting” (GASKELL et
al. 1998). Moreover, cultivars resistant to bolting
require longer exposure to cool temperature than
susceptible varieties to be induced to pre-flowering
(SHISHIDO, SAaITO 1975; BERTAUD 1988). However,
the time interval from planting to inflorescence pro-
gressively shortens with increasing day length or
temperature up to 24.8°C (BREWSTER 1982; GAs-
KELL et al. 1998). Notably, in onion the “flowering
locus” genes which encode proteins involved in reg-
ulating flowering are different from those which reg-
ulate bulb formation; the ability of “flowering locus”
gene proteins both to repress and promote different
developmental transitions highlights the evolution-
ary versatility of these genes (LEE et al. 2013).

The ability of bulb storage is a cultivar-specific
genetic trait relevant to the duration of bulb integ-
rity, after harvest and “cure’; before sprouting and/
or rotting. Since it affects the tendency to bolting,
it is connected both to planting time and market
destination, allowing for distinction between fresh
and storage cultivars. The latter are usually long-
day cultivars, transplanted in winter or spring
and harvested in summer to autumn, and can be
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stored over autumn-winter time. This cultivar type,
thanks to the long period of bulb dormancy, can
turn to reproductive stage only if undergone ver-
nalisation. On the other hand, fresh onions are
usually short-day cultivars, transplanted from late
summer to early spring and harvested at different
bulb size, according to local climatic conditions
and consumers’ demand. Notably, fresh onions can
be harvested from bulbification beginning, as sets,
to the complete development of bulbs; in the latter
case, they can just be preserved for some weeks,
since they have a short dormancy period. Thus, the
cultivar choice is linked to local climatic condi-
tions, precocity requirement, storage expectation,
consumer’s demand and market destination.

Farming practices

Ranges of values concerning the indexes of yield
and growth as affected by farming practices are re-
ported in Table 1.

Planting time and density. Planting time and den-
sity, along with other agronomic practices such as
nitrogen fertilization and irrigation, can have a sig-
nificant impact on the characteristics of onion plants,
i.e. biomass, leaf area index, cell turgor and chloro-
phyll concentration, yield components and bulb
quality (HAY, WALKER 1989; DuBUIS, MAUCH 2003;
HANEKLAUS et al. 2003; PASRICHA, ABROL 2003; DE
SANTA OLALLA et al. 2004; KUMAR et al. 2007a).

The choice of planting time is crucial, since each
cultivar has its own degree of susceptibility to bolt-
ing, whose intensity also depends on seasonal time
when the conditions for induction occur.

In southern Italy (Caruso et al. 2014), plant-
ing delay of storage cv. ‘Ramata di Montoro’ from
early February to mid-March resulted in remark-
able shortening of crop cycles, with smaller leaf
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area and dry weight of plants in the latest planted
crops. In fact, the longer growth season of early-
planted crops allows the plants to develop larger
leaf area and higher biomass than the late-planted
cultivations whose vegetative growth is accelerated
by increasing photoperiod, light intensity and air
temperature (KHOKHAR 2008). Planting time also
affects the mean weight and grade of bulbs as well
as marketable yield: the values of these parameters
gradually decrease when the planting is delayed
from mid-winter to late-winter, as a consequence
of crop length reduction which shortens the time
available for synthesis and storage of metabolites
into the bulbs (BoYHAN et al. 2009a; CARUSO et
al. 2014). In addition, the increase of growth tem-
perature from 27°C to 32°C results in the reduction
of bulb size (CooLoNG, RANDLE 2003b) and up to
34°C enhances ripening (COOLONG, RANDLE 2006).
Moreover, the dry weight of ripe bulbs may show
linear and adverse correlation with temperature
(STEER 1982) or just the opposite trend (COOLONG,
RANDLE 2003b). Planting time also interacts with
plant density, since plant density does not affect
yield in early plantings whereas in late crops higher
densities result in higher production (STOFFELLA
1996; SHOCK et al. 20045 MAY et al. 2007; CARUSO
etal. 2014). This is maybe due to the combination of
crop cycle shortening and air temperature increase
and, however, this correlation may also depend on
cultivar (BoyHAN et al. 2009b). Moreover, both
mean weight and calibre of bulbs decrease with the
increase of plant density from 40 to 49 plants/m?
(LESKOVAR et al. 2004) or from 60 to 108 plants/m?
(MAY et al. 2007), even due to the reduction of
intra-row spacing from 25 to 10 cm (ALIYU et al.
2008) or from 15 to 5 cm (LESKOVAR et al. 2004).
This is a consequence of the increased competition
among plants for the available resources and of the
limited space for bulb expansion.

Table 1. Range of yield and growth indexes values in storage onion (Allium cepa L.)

Indicator Range References
DrosTt, KOENIG 2002; DE SANTA OLALLA et al. 2004; GHOSHEH 2004;
. LESKOVAR et al. 2004; KADAYIFCI et al. 2005; BOLANDNAZAR et al. 2007;
Bulb yield (t/ha) 271-865 {imaR et al. 2007b; KHOKHAR 2008; LEE et al. 2012; BUCKLAND et al.
2013; CAruUSO et al. 2014; SIVESIND et al. 2012
. HaMILTON 1998; KUMAR et al. 2007b; KHOKHAR 2008;
Mean bulb weight (g) 47.0-643 LEE et al. 2012; CARUSO et al. 2014
Total plant dry weight (kg/m?) 1.0-1.4 DrosT, KOENING 2001; CARUSO et al. 2014
Leaf area index (m?/m?) 3.2-5.1 DrosT, KOENIG 2001; CARUSO et al. 2014
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Nutrient requirement and fertilization. Ferti-
lization should aim at enhancing the productivity
of onion, in respect of nutrient requirements con-
nected to optimum yield under minimum cost and
high use efficiency of fertilizers (LEE, LEE 2014).
This can be obtained by choosing the most suita-
ble chemical form and application time, since high
rates of fertilizers, especially with leachable nitro-
gen, may threaten the sustainability of onion sys-
tems when applied to short rotations (BUCKLAND
2013). Notably, onion requires high level of N, P,
K to attain max. yield of bulbs, compared to other
vegetable crops, because the plants have a shallow,
sparsely branched root system, resulting in consid-
erable residual nutrients in soil following harvest
(BREWSTER 2008). However, the uptake of plant
nutrients depends on several factors, such as cul-
tivar, crop environment, soil fertility, fertilization
methods ( ZINK 1966; SALO et al. 2002; LEE et al.
2009a; YoLDAS et al. 2011). According to FINK et al.
(1999) and LeE and LEE (2014), production of bulbs
as much as 60 t/ha takes up 108 kg/ha of N, 21 kg/ha
of P, 120 kg/ha of K and 9 kg/ha of Mg, while 5 t of
harvest residues remove 15 kg/ha of N, 1 kg/ha of
P, 9 kg/ha of K and 1 kg/ha of Mg. In southern Italy
(Caruso et al. 2014), yield of onion bulbs as much
as 50 t/ha can be achieved supplying 70 kg/ha of
N as ammonium sulphate, 80 kg/ha of P,O; as su-
perphosphate and 130 kg/ha of K,O as potassium
sulphate before transplanting; 130 kg/ha of N and
140 kg/ha of K,O as calcium nitrate and potassium
nitrate on dressing. Moreover, the nutrient ratio
of N, P, K, Ca and Mg was 8.0:1.0:9.0:2.0:0.3 in dry
matter of bulbs when yield reached 11 to 13 t/ha
(BoscH SERRA 1999). Notably, the concentration
of N and P shows a decrease in leaf tissue but an
increase in bulbs from their initial growth stage to
harvest, whereas the concentration of Mg, Na and
Fe results in the opposite trend (LEE, LEE 2014).

The rate of nutrient uptake changes with pheno-
logical stage, as the requirement of nitrogen is high
during the vegetative growth; in fact, this nutri-
ent plays an important role in the development of
bulbs, primarily by controlling leaf growth (DrosT,
KoEeNiG 2002), and plants may benefit from in-
creased supply of fertilizer in this stage (PAINTER
1977; BUwALDA, FREEMAN 1987; WESTERVELD
et al. 2003). Conversely, excessive and late-season
application of nitrogen, even during the period of
bulbification, increases the growth of leaf blades
(BREWSTER 1994); thus, it delays the ripeness of
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bulbs (ScHwARTZ, BARTOLO 1995) and adversely
affects their storability (BRowN et al. 1988; BREw-
STER 1994). Indeed, overfertilization with N, P, K or
compost causes the drop of bulb yield or the unbal-
ance of nutrient content at harvest (ABDELRAZZAG
2002; LEE et al. 2012); in addition, the efficiency of
fertilizer uptake decreases with the increase of N or
K application rates (LEE et al. 2011).

The excess of applied fertilizer or nutrient content
in the soil does not produce benefits to plants or
may even depress the uptake of nutrients as well as
crop growth and yield (LEg, LEE 2014), either con-
cerning nitrogen (BOYHAN et al. 2007; HALVORSON
et al. 2008) or phosphorus and potassium (LAUGH-
LIN 1989; AMIN et al. 2007; BoYHAN et al. 2007;
LEE et al. 2011). According to LEE et al. (2011) no
increase of bulb yield is achieved over the range of
7 to 42 mg/kg NO,-N content in the soil. Moreover,
long-term and excessive application of chemical
fertilizers causes nutrient accumulation in the soil,
which may result in increased susceptibility of on-
ion roots to water saturation or deficiency in the soil
(LEE, LEE 2014). In western United States, frequent
application of nitrogen rates as high as 450 kg/ha
may increase bulb size and market value (Buck-
LAND 2013), but may also enhance both nitrogen
concentration in onion tissues and crop suscepti-
bility to pests (WHITE 1984). Conversely, lowering
nitrogen supply from 402 kg/ha to 134 kg/ha N pro-
duces a 23% reduction of thrips population, slightly
decreasing both bulb size and yield under cold and
rainy spring season, due to leaching and denitrifica-
tion (BuckLAND 2013). Moreover, halving the ap-
plication of non-coated urea from 224 to 112 kg/ha
does not cause the decrease of bulb yield, whereas
production drop occurs when the same procedure is
applied to coated urea (BROWN et al. 1988; DRroOST,
KoEeNIG 2002). The application of coated urea also
improves the use efficiency of nitrogen, which is
better retained in onion beds than non-coated urea
formulate. Moreover, fertilizers of slow release ni-
trogen may produce optimal yield and size of onion
bulbs; in addition, these formulates can match the
application of nitrogen to the actual requirement of
plants at each growth stage, thus allowing for best
valorisation of this nutrient (ELLS et al. 1993; DrROST
et al. 1997; BAR-YOSEF 1999; HocHMUTH 2003).
With this regard, fertigation is a strategy for maxi-
mizing the efficiency of fertilizer application and for
minimizing leaching losses (AJDARY et al. 2007); in
this way, the prevention of nitrate pollution can be
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achieved in both ground and surface water due to
excessive or inappropriate supply of nitrogen (HaY-
ENS 1985; WaskoM 1994), even associated with sig-
nificant health risks (DoRrAN, ZEiss 2000). Notably,
under fertigation the nutrient solution can be: easily
adjusted in terms of concentration; correctly bal-
anced as for macro and micronutrients content, us-
ing solid or liquid fertilizers; automatically delivered
to crops through different methods of distribution.
Among the latter, drip system is the most efficient
for the nutrient absorption by roots (LIPTAY et al.
1997; BATTILANT 2008) and offers some advantages
such as: reduction of salinization and groundwater
pollution; decrease of nutrient fluctuation in the soil
during the crop growing season; prevention of foli-
age wetting and pathogen infection of crops (YARr-
wooD 1978). However, even when watering does
not exceed the evapotranspiration rate, the leach-
ing of water and nitrate may occur (GARDENAS et
al. 2005), depending on soil properties, crop spe-
cies, management practices, climatic parameters
and drip fertigation design (AJDARY et al. 2007).
Notably, significant differences in nitrogen concen-
tration and leaching among different soil textures
can be detected at 10—15 cm depth, classified as the
active root zone revealing the highest concentra-
tion of nitrogen. Since soil type is an uncontrollable
factor affecting nitrogen leaching, fertigation can
even minimize this phenomenon; for this purpose,
appropriate rate of emitter discharge, duration and
interval of irrigation have to be selected for shallow
rooted crops, such as onion, unable to extract nutri-
ents from deeper layers of soil (AJDARY et al. 2007).
Humic substances and arbuscular mycorrhizal
fungi. Application of humic substances (HS) and
inoculation of arbuscular mycorrhizal fungi (AMF)
are practices aimed at strengthening the growth of
seedlings by enhancing metabolism in vegetable
crops, such as onion (BETTONI et al. 2014). Indeed,
the seedling vigour plays a crucial role in the devel-
opment and quality of bulbs, whose size depends
on the number and expansion of green leaves at
bulb maturity time (ADDATI et al. 2014; BETTONI
et al. 2014). In onion seedlings supplied with hu-
mic substances, higher amounts of chlorophyll a,
chlorophyll b and total chlorophyll can be found
than in non-HS amended ones (BETTONI et al.
2014). This means that the improvement of pho-
tosynthetic rate has occurred (SANCHEZ-DiAz et
al. 1990) and, accordingly, higher concentration of
non-structural sugars (starch and soluble sugars) in
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the leaves of seedlings fertilized with HS has been
detected (BAsLAM et al. 2011a, 2012; BETTONI et
al. 2014). Moreover, onion association with AMF
can enhance plant height, expansion of leaf area,
chlorophyll content, plant biomass as well as dry
mass and diameter of bulbs (BOLANDNAZAR et al.
2007). In addition, mycorrhizal symbiosis can im-
prove the defences of plants against bacterial and
fungal pathogens due to increased activity of chi-
tinase (DumMAs-GAUDOT et al. 1992), higher anti-
microbial activity and enhanced concentration of
phenolic compounds in roots (LOKHANDWALA et
al. 2014). Moreover, mycorrhizal association in on-
ion can also increase both the uptake of nutrients
in dry soils (AzcON, ToBAR 1998) and yield, whose
magnitude depend on the type of fungus inocu-
lated to plants (AFEK et al. 1990). Notably, onion
plants inoculated with Glomus versiforme contain
more nitrogen, phosphorus and zinc than those
colonized by Rhizophagus intraradices (CHAR-
RON et al. 2001a,b). The interaction between AMF
and phosphorus fertilization even enhances the
concentration of anthocyanins, carotenoids and
phenolics in lettuce plants (BAsLAM et al. 2011b).
The mycorrhizal infected plants also show a signifi-
cant ability in the uptake of nutrients and water as
well as in resistance to biotic and abiotic stresses
(SmiTH et al. 2003), due to the adaptation to a
wide range of water regimes in the soil (MoSSE et
al. 1981). Notably, Glomus versiforme is very effi-
cient in enhancing the water use of onion plants,
under water deficit conditions (BOLANDNAZAR
et al. 2007), since it allows the roots for exploring
greater reservoirs of available water in the soil (F1T-
TER 1985; KoIDE 1993). Accordingly, the plants re-
sult in higher evapotranspiration in comparison to
non-mycorrhizal infected ones, due to the increase
of leaf area and biomass, and attain higher yield
(BOLANDNAZAR et al. 2007).

The humic substances applied and the mycorrhi-
zal fungi inoculated synergistically interact in on-
ion plants, by enhancing the growth (LINDERMAN,
Davis 2001; BETTONI et al. 2014) and the concen-
trations of proteins (BETTONI et al. 2014), as a con-
sequence of the accumulation of nitrogen and phos-
phorous in the tissues (Xu et al. 2012; AzcON et al.
2008). The interaction between HS and AMF also
has beneficial effects on growth and quality of bulbs,
since it induces the highest leaf accumulation of
soluble sugars and proteins, which are subsequently
translocated into bulbs (BETTONI et al. 2014).
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Water management. Onion is a shallow-rooted
crop, sensitive to water stress (KOrIem et al. 1994),
and therefore the production of bulbs and dry mat-
ter are highly dependent on the availability of soil
water (IMTIYAZ, SINGH 1990; DE SANTA OLALLA et
al. 1994; KorIEM et al. 1994; MARTIN et al. 1994;
PRASHAR et al. 1994; SHARMA et al. 1994; THABET
etal. 1994; SAHA et al. 1997; SHOCK et al. 2000). This
species is cultivated both under irrigated and non-
irrigated conditions (KADAYIFCI et al. 2005) and, in
order to avoid water deficiency, it should be taken
into account that the decrease of water uptake oc-
curs when about 25% available water in the soil has
been depleted (DoorRENBOS, Kassam 1979). Fur-
ther, 50% replenishment of crop water requirement
results in reduced yield of marketable bulbs, due to
earlier ripening and the development of either im-
mature or partially matured bulbs, suffering from
early rotting during storage (KUMAR et al. 2007a).
Moreover, since onion shows the reduction of both
evapotranspiration rate and yield under water defi-
cit, irrigation is necessary to obtain the optimum
size and weight of bulbs, especially during the stage
of bulb development (CHUNG 1989; KADAYIFCI et
al. 2005). However, when water sources are limit-
ed, onion plants can benefit from practices of crop
management that enhance the resistance to water
stress, in order to improve the efficiency of growth
and water use (ABDUL-BAKI et al. 1992; EGILLA et
al. 2001). Notably, this species appears to be less
sensitive to water deficit during either vegetative or
ripening stage and therefore, under water shortage,
irrigation deficit should be applied to the crop in
these phenological phases (KADAYIFCI et al. 2005).

According to KUumMAR et al. (2007a), irrigation
has a significant effect on the growth parameters
of onion, such as plant height, leaves number, neck
thickness, and dry weight of plant biomass, which
are significantly affected by the volume of water
supplied. With this respect, BAsLaM and GOI1COE-
CHEA (2012) observed a significant interaction
between water regime and inoculation of arbuscu-
lar mycorrhizal fungi in lettuce, as the inoculated
plants grown under 33% water deficit showed simi-
lar dry matter of shoots compared to optimally wa-
tered control plants. In addition, size and weight
of bulbs are positively correlated to the amount of
water applied (DE SANTA OLALLA et al. 1994, 2004;
KuMAR et al. 2007a). Notably, the highest yield
of onion bulbs occurs when the soil is constantly
kept moist but the irrigation is performed until two

26

weeks before harvest, which also prevents rot and
sprouting during storage (CHOPADE et al. 1998;
SHocCK et al. 2000, 2004; DE SANTA OLALLA et al.
2004). However, excessive irrigation during the
vegetative period may lead to a delayed and attenu-
ated development of bulbs (DooORENBOS, KASSAM
1979). In fact, the performance of onion improves
with increasing irrigation until the overall water
supply reaches the threshold for the optimal pro-
duction of bulbs; over this threshold yield begins
dropping (OrTA, ENER 2001; KUMAR et al. 2007a).

As for bulb quality, total soluble solids significant-
ly increase with the increase of soil moisture, maybe
due to both the fulfilment of crop water demand and
the use of nutrients under optimum availability of
soil moisture (CHOPADE et al. 1998; KUMAR et al.
2007a); protein content shows the opposite trend
(EL-GizAwY et al. 1993; KUMAR et al. 2007a).

Weed and parasite control.

Weed control. Both onion and other species of
bulb crops are weak competitors for weeds emerg-
ing along the rows (BLEASDALE 1959; WiIcKs et
al. 1973; MENGES, TAMEZ 1981; BOYDSTON, SEY-
MOUR 2002), even more when they start from seeds
instead of bulbs or seedlings (TRUNKENBOLTZ,
PrIN 1977). Notably, onion plants are poor com-
petitors with weeds because of their slow growth,
small stature, shallow roots, and thin cylindrical
upright leaves not able to suppress weed growth by
shading. Therefore, weeds cause a reduction of soil
moisture, nutrients, sunlight and growing space to
onion plants, which may result in the reduction of
plant growth, yield and quality of bulbs (GHOSHEH
2004), up to 62% and 71% in terms of seedlings num-
ber and production of bulbs, respectively (QASEM
2006). According to GHOSHEH and AL-SHANNAG
(2000) weed occurrence is even more devastating
to yield of onion bulbs than the Thrips tabaci in-
sect infestation. Moreover, weeds germinating later
in the season can interfere with the equipment for
mechanical harvesting, but they have little impact
on yield (AsHTON, MoNAcCO 1991).

Although early growing season is generally re-
garded the critical period for weed control (AsH-
TON, MoONAcCO 1991; RADOSEVICH et al. 1997),
it is also deemed that the optimum weeding time
ranges from 21 to 56 days after the emergence of
onion seedlings (BoND, BURSTON 1996) and the
weed control in late season also plays a signifi-
cant role in weed management (GHOSHEH 2004).
Indeed, the long growing season of storage onion
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allows for periodic flushes of weeds, therefore the
crop must be kept weed-free for a relatively long
term after planting to avoid yield loss (DUNAN et al.
1996; SIVESIND et al. 2012).

The partial phytotoxic effect of some herbicides
to onion plants raises the issue of the integrated
control of weeds, combining soil tillage, herbicide
treatment and hand weeding, in order to achieve
the most effective control of weeds (Qasem 2006).
However, within conventional systems, soil tillage
has a multi-purpose use, herbicide is diffusely prac-
tised, whereas hand weeding is quite neglected.

In direct-seeded onion, effective pre-emergence
weeding can be performed with herbicides, such as
glyphosate for non-specific weed control, oxyfluo-
rfen for broadleaved weeds and fluazifop-butyl for
wild oat (GHOSHEH 2004).

In transplanted onion crops, herbicides can
be applied before or after planting, at appropri-
ate growth stages in order to avoid crop injuries
(AsHTON, MoNAco 1991). Pre-planting applica-
tion of residual herbicides into the soil, such as
metribuzin, oxadiazon, oxyfluorfen, or pendimeth-
alin, shows effective weed control in different en-
vironments, resulting in increased yield even in
cabbage-onion rotation (AMRUTKAR et al. 2002;
SANJEEV et al. 2003). Notably, oxadiazon and oxy-
fluorfen achieve effective weeding of both narrow
and broad-leaved weeds (QASEmM 2006) and, in
particular, dominant broadleaved weeds are appro-
priately controlled by oxyfluorfen at 1.2 kg/ha a.i.
and oxadiazon at 3 kg/ha a.i., both of them applied
two weeks to two months after crop emergence.
Oxadiazon activity shows a shorter effect than the
oxyfluorfen one, but the latter may result in leaf
necrosis caused by phytotoxicity (GHOSHEH 2004),
even in the early phenological phases under rates
as low as 68 g/ha (WarHoLIC 1982). Crop injuries
may also occur later in the season, probably due to
active herbicide residues that are absorbed by the
roots from deeper layers of soil (GHOSHEH 2004).
However, onion plants show a positive vegetative
reaction (WARHOLIC 1982; GHOSHEH 2004) and
therefore, post-emergence treatments result in
higher yield of bulbs than the pre-emergence ap-
plications (GHOSHEH 2004).

Because of the concerns upon herbicide effects
on human health and environment, flame weeding
has become more common as weeding practice in
southern Europe, especially in organic crop pro-
duction (SIVESIND et al. 2012). It is being effective-
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ly used for weed control in onion, either prior to
planting or before crop emergence (AscArRD 1995),
even in combination with other weeding strategies
(AscArRD 1989; MELANDER, RASMUSSEN 2001; As-
CARD, FOGELBERG 2008). Flame weeding is viable
for weed control along plant rows in onion, where
mechanical tillage is ineffective or causes unac-
ceptable crop damage, and can reduce or eliminate
the hand-weeding cost, while inter-row weeds can
be effectively controlled through mechanical tillage
(MELANDER, RASMUSSEN 2001).

The flame weeding is more effective to broadleaf
weeds than to grass species (ASCARD 1995; KNE-
ZEVIC et al. 2008; ULLOA et al. 2010; SIVESIND et
al. 2012), but its success also depends on propane
dose and plant development. According to As-
CARD (1989), three sequential flaming treatments
result in comparable yield of bulbs to mechanical
and chemical weeding in onion. Notably, the den-
sity and biomass of broadleaf weeds decline with
the increase of flame treatments number from one
to six and of propane dose from 45 to 72 kg/ha
(S1vESIND et al. 2012); flame treatments performed
in the early growing season show better effects than
those done later, though flame weeding may cause
damage to onion canopy and, accordingly, lead to a
delay of crop maturity.

However, hand weeding represents a necessary
post-planting tool within eco-compatible produc-
tive systems such as organic farming.

Parasite control. As far as onion parasites are
concerned, the control strategies of the major dis-
eases, pests and viruses are reported. In this frame,
the integrated management is essential and it con-
sists of the combination of genetic, agronomic,
chemical and biological tools. Notably, the genetic
and agronomic tools are applicable as a general
rule for preventing the parasite occurrence; they
are represented by resistant cultivars, crop rota-
tion, disposal of onion waste, appropriate planting
time and density, correct management of water and
nutrients, removal of weeds and onion volunteers
(GENT et al. 2006; BREWSTER 2008). The chemical
and biological strategies are referred to as associat-
ed to each parasite species or homogeneous group
of species, instead.

Among the major leaf diseases, there are: the
downy mildew and the white tip, caused by Peronos-
pora destructor and Phytophthora porri, respectively,
resulting in pale green oval patches on leaves; Botrytis
leaf blight (BLB), caused by Botrytis squamosa and
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whose symptoms are small, white spots with a light
green halo; rust, caused by Puccinia allii, identifiable
by rust brown clusters of spores (pustules) over the
leaf, surrounded by pale yellow tissues; Stemphylium
and purple blotch, caused by Stemphylium vesicari-
um and Alternaria porri, respectively, resulting in leaf
lesions with brownish purple rings, which can merge
with each other causing the leaf death.

The downy mildew (Peronospora destructor) and
the white tip (Phytophthora porri) can be chemi-
cally controlled by choosing among the following
active ingredients: copper-based formulations,
azoxystrobin, chlorothalonil, cymoxanil, mandip-
ropamid, metalaxyl, dimethomorph, dodina, fol-
pet, benthiavalicarb, iprovalicarb, mancozeb, me-
tiram, pyraclostrobin, systemic acquired resistance
(SAR) inducers and K phosphate (SURVILIENE et al.
2008; RoMmANAzzI et al. 2012). Moreover, molecu-
lar diagnostic methods are important tools in de-
tecting and exactly recognizing a pathogen in plant
tissues with no symptoms (MANCINI et al. 2012).

The chemical control of Botrytis leaf blight
(Botrytis squamosa) is achievable by using the fol-
lowing active ingredients: boscalid, chlorthalo-
nil, dithiocarbamate, mancozeb, pyraclostrobin,
fluopyram, metconazole, cyprodinil, fludioxonil,
iprodione, vinclozolin. Moreover, the use of Bacil-
lus subtilis and Microsphaeropsis ochracea repre-
sents an alternative or additional biological strat-
egy (CARISSE et al. 2015).

As for rust (Puccinia allii), several active ingredi-
ents are available for the chemical control: benzo-
thiadiazole, propiconazole, tebuconazole, manco-
zeb, maneb, manzate, chlorthalonil, azoxystrobin,
metalaxyl, myclobutanil, iprodione, sulphur, cop-
per hydroxide (KoIikE et al. 2001).

The control management of Stemphylium (Stem-
phylium vesicarium) and purple blotch (Alternaria
porri) can be achieved both by chemical treatment
with mefenoxam and copper, or by the application
of biological agents such as Bacillus subtilis, Pseu-
domonas fluorescens, Saccharomyces cerevisiae; the
use of resistance inducers, i.e. Bion, KZHPO i and
salicylic acid, is also effective (HUSSEIN et al. 2007).

Among the soil-borne diseases, the most spread in
onion are: white rot caused by Sclerotium cepivorum,
which results in damages to roots and bulb base; pink
root caused by Pyrenochaeta terrestris, which leads
to roots and sometimes outer skins of bulb chang-
ing from pink to deep purple colour before dying;
Fusarium basal rot caused by Fusarium oxysporum
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f. sp. cepae, is identifiable by yellowing, twisted
leaves, then dying, by roots turning dark brown, then
rotting, and the entire plant wilting during the early
stages of infection. The soil-borne diseases can be
mainly controlled by performing seed disinfection,
soil fumigation or solarization and biological control
(LANE, BOWEN 2005; MANCINI, ROMANAZZI 2014).
Moreover, real-time qPCR using primer pair P1 may
be useful to differentiate between onion cultivars
that are susceptible or resistant to Fusarium basal
rot (SASAKI et al. 2015).

Among the major insects in onion crops, there are
Thrips tabaci, Delia antiqua, and Liriomyza cepae.

Thrips tabaci causes damage by feeding on leaf
tissue and by transmitting other parasites, includ-
ing Iris yellow spot virus (GENT et al. 2006). The
control strategies consist of: applications of preda-
tors of the genera Aeolothrips, Toxomerus, Sphae-
rophoria, Orius, Coleomegilla, Hippodamia (FOK
et al. 2014); chemical treatments with azadirachtin,
spinosad, deltamethrin, methomyl, acephate and
chlorpyrifos (JENSEN 2005).

Onion maggot (Delia antiqua) damages are
caused by larvae that feed on developing epicotyls
and roots of young onion plants often resulting in
seedling mortality. Among the available chemical
ingredients, spinosad, clothianidin, imidacloprid,
thiamethoxam, and chlorpyrifos show effectiveness
(WiLsoN et al. 2015).

Onion leaf miner (Liriomyza cepae) burrows
tunnels in the leaves and it can be chemically con-
trolled by dimethoate, chlorpyrifos, phoxim and
imidacloprid (MESIC et al. 2008).

The main parasite nematodes in onion are Dity-
lenchus dipsaci and Pratylenchus penetrans, caus-
ing the stem nematode and the root lesion nema-
tode, respectively. These affections result in twisted
and deformed leaves, root rot, soft and swelled
bulbs, stunted and rotting plants. They can be
controlled by soil fumigation or solarization, and
chemical treatments (BREWSTER 2008).

Viruses affecting onion are transmitted by Thrips
tabaci and the main ones are Iris yellow spot virus
(IYSV), genus Tospovirus, and Onion yellow dwarf
virus (OYDV), genus Potyvirus. They can be pre-
ventively controlled by using meristem culture on
symptomless plants and by preserving genetic ma-
terial with virus resistance. Moreover, a clear and
rapid diagnosis of these viruses is needed, as well
as a control of Thrips and of imported materials
(GENT et al. 2006).
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Bulb storability

Shelf-life of onion bulb is a genetic trait, but it is
also correlated with size, dry matter content, ma-
turity degree at harvest, and storage conditions of
bulbs (SHALUNKHE, KADAM 1998). This feature can
be enhanced under adequate management of crop
water and nutrients (KUMAR et al. 2007a) as well as
under controlled post-harvest conditions (PALTA et
al. 1976). Indeed, bulbs grown under low moisture
regime in the soil are usually smaller and tend to get
dried earlier than large-sized bulbs during storage
(NARANG, DASTANE 1972), because either they have
higher overall surface area or losses of water vapour
occur lengthwise from the sides of bulbs (KUMAR et
al. 2007a). Moreover, crops grown under water stress
show high incidence of neck rot as well as early rot of
bulbs (AL, SHABRAWY 1971) and produce early, im-
mature or partially mature bulbs, which start sprout-
ing after 75 days storage (NARANG, DASTANE 1972).
Conversely, shifting the irrigation regime from 0.60 to
1.20 replenishment of pan evaporation better meets
the requirements of storage onion, although the phys-
iological loss of bulb weight increases during 45 days
storage (KUMAR et al. 2007a), due to both higher
moisture loss and bulb rotting.

Under 200 kg/ha nitrogen supply through fertiga-
tion, during the first 45 days storage lower physi-
ological loss of weight occurs in larger bulbs (TH-
AMBIZARSI, NARASIMHAN 1988); the latter show
further loss in the following 45 days, primarily due
to rotting and sprouting of bulbs, presumably caused
by higher application of nutrients than that required
by the crop (KumMAR 2007a). In fact, excessive avail-
ability of nitrogen causes an adverse effect on onion
storability, since bulbs tend to rot and sprout earlier
during storage than those grown under optimal dos-
es (Rao, SRINIVAS 1990; KUMAR et al. 2007a).

Stored bulbs show increasing percentage of vis-
ible roots with increasing air humidity (5%, 40%,
90%, 100%), under controlled temperature (3 + 1°C),
thus revealing a direct correlation between root
growth and humidity rate (PALTA et al. 1976); in
addition, rotten bulbs increase from 3 to 83% in
coincidence with the 5 to 90% increase of relative
humidity. However, since the increase of air rela-
tive humidity causes lower drop of bulb weight but
higher occurrence of rotten onion, the most effec-
tive environmental conditions for storage of onion
bulbs are 0°C temperature and <40% air relative
humidity (PALTA et al. 1976). Moreover, the use of
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controlled atmosphere produces further improve-
ment of bulb storage. In fact, bulb sprouting and
rooting are reportedly reduced during storage un-
der controlled atmosphere with the ultra-low oxy-
gen concentration of 0.5% to 2.0% and the 3% of CO,
(Apamicki 2004). Additionally, onion bulbs stored
for 36 weeks at 2°C in controlled atmosphere with
1% O, show lower loss of weight and respiration in-
tensity as well as inhibited sprouting than in natu-
ral air with 21% O,; dropping the O, concentration
from 1% to 0.5% causes the acceleration of weight
loss during the last period of storage. Moreover,
lower reduction in water-soluble carbohydrates,
i.e. fructans, occurs in 0.5% oxygen than in 21% 02,
due to the reduced breakdown of fructans during
storage under low oxygen concentration (ERNST et
al. 2003; PRAEGER et al. 2003). According to Yoo et
al. (2012, 2013), onion bulbs stored for five months
under controlled atmosphere at 5°C with 1% O,
and 99% N, maintain better quality than bulbs kept
in natural air conditions. In fact, slight decreases
are recorded in the concentration of flavour pre-
cursors, glucose and fructose, whereas no changes
occur in pungency as well as in the concentration
of sucrose and quercetin.

During storage, onion bulbs can be affected by
rot, caused by different pathogens belonging to
genera Aspergillus, Alternaria, Botrytis, Colletot-
richum, Erwinia, Fusarium, Lactobacillus, Penicil-
lium, Pseudomonas, Rhizopus, causing economic
loss and being harmful for human health due to
production of pathogen toxins (FINK-GRERNMELS
1999). The chemical control can be achieved by
using the following active ingredients: mancozeb,
carbendazim, benomyl, bronopol, salicylic acid,
and sulphur. Moreover, natural bio-fungicides such
as Trichoderma can implement the effect of the
synthetic fungicides and new perspectives are rep-
resented by the use of silver, copper, sulphur and
zinc oxide nanoparticles (KUMAR et al. 2015).

Bulb quality and biological properties

Ranges of values concerning indicators of bulb
quality are reported in Table 2.

The quality of storage onion bulbs is ascribed to
several indicators, such as thiosulfonates, pyruvic
acid, dry residue, soluble solids, sugars, amino ac-
ids, lectins, saponins, mineral nutrients, vitamins C
and E, polyphenols (FENwick, HANLEY 1985). Most
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Table 2. Range of quality indicators values in the bulbs of storage onion (Allium cepa L.)

Indicator Range References
Dry residue (g/100 g FW) 7.0-14.3 HAMILTON et al. 1998; KUMAR et al. 2007a; CARUSO et al. 2014
Soluble solids (°Brix) 6.2—-13.3 KUMAR et al. 2007c; LEE et al. 2009a,b; CARUSO et al. 2014
Proteins (g/100 g DW) 7.0-13.2 KUMAR et al. 2007c; CARUSO et al. 2014

JONES et al. 1991; RANDLE, BUSSARD 1993; HAMILTON et al. 1998;
Sulphur content (g/100 g DW)  0.15-1.00 LEE et al. 2009a,b; CARUSO et al. 2014

. . HAaMILTON et al. 1997; HAMILTON et al. 1998; Yoo et al. 2006;

Pyruvic acid (uM/ml FW) 1.9-8.3 LEE et al. 2009a;

LANCASTER, KELLY 1983; THOMAS, PARKIN 1994; YOO, PIKE 1998;
Total ACSOs (mg/g FW) 0.33-4.6 Hov1us et al. 2005; LEE et al. 2009b
Quercetin (mg/kg EW) 36-1778 PRrICE, RHODES 1997; MIEAN, MOHAMED 2001;

MAROTTI, PiccAGLIA 2002

of these substances show biological and pharmaco-
logical activities, such as antifungal, antibacterial,
antitumor, anti-inflammatory, antithrombotic and
hypocholesterolemic properties (TANSEY, APPLE-
TON 1975; Tsao, YIN 2001; RoSE et al. 2005; LAN-
zoTTI 2006). Notably, thiosulfonates are organo-
sulphur volatile compounds responsible for bulb
pungency, originating from S-alk(en)yl-L-cysteine-
sulfoxides (ACSOs); they are located in the cyto-
plasm and serve as flavour precursors, through an
enzymatic reaction catalyzed by alliinase, a C-S ly-
ase present in the vacuoles, giving initially sulfenic
acids (BLock 1985, 1992; RosE et al. 2005). As for
sulfenic acids, they are highly reactive intermedi-
ates, which immediately produce thiosulfinates by
reaction of condensation (LANzOTTI 2006); the
thiosulfinates are also very unstable and give rise to
several volatile organo-sulphur compounds along
with pyruvic acid and ammonia (LANCASTER, Bo-
LAND 1990; CooLONG, RANDLE 2003a). ACSOs
are mainly represented by disulfides and trisul-
fides, among which S-methyl-L-cysteine-sulfoxide
(MCSO) and S-1-propenyl-L-cysteine-sulfoxide
(1-PeCSO) are major compounds (LEE et al. 2009b;
Yoo, PIKE 1999). Leaves are the major site of syn-
thesis of ACSOs precursors, which are produced at
higher extent under short-day conditions and are
then transported to the bulb scales during bulb de-
velopment under long-day conditions. Therefore,
manipulating environmental and genetic factors
which control the transition from the growth of
foliage leaf to the development of bulbs may offer
novel approaches for optimising flavour quality for
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different end-uses in onion (MALLOR, THOMAS
2008).

The lachrymatory factor (thiopropanal S-oxide)
is the primary compound responsible for onion
pungency, although many other volatile com-
pounds of sulphur contribute to pungency (LAN-
CASTER, BOLAND 1990), but it is difficult to be
analytically assessed. Therefore, the concentration
of pyruvic acid in onion juice (uM/ml) is used as a
pungency indicator (SCHWIMMER, WESTON 1961).
Onions with 3.5 pM/ml pyruvic acid or below are
generally regarded mild and sweet, and those with
over 5 uM/ml are considered pungent, but there
is no absolute scale of pungency expressed by the
content of pyruvic acid (LEE et al. 2009b). Indeed,
pungency greatly varies among the genotypes and,
notably, bulbs containing 1.9 pM/ml of pyruvic
acid may taste low-flavoured, whereas those with
8.3 uM/ml extremely hot (LEE et al. 2009b).

The composition of pungency precursors and
the accumulation of sulphur compounds in onion
bulbs can be greatly affected by interactions among
genotype, environment and farming practices, such
as cultivar, growth temperature, type and fertility
of soil, water supply (LANCASTER, BOLAND 1990;
RANDLE 1996; HAMILTON et al. 1997). In fact, the
ability in sulphate absorption from the soil as well
as in synthesizing flavour precursors differs among
onion cultivars and the genetic heritability of the
trait associated to enzymatic production of pyru-
vic acid ranges from 48% to 53% (LIN et al. 1995).
Interestingly, pungent onions may have a genetic
trait resulting in the synthesis of greater amounts
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of ACSOs from the same content of sulphur com-
pounds in the tissues (LEE et al. 2009b).

The content of total ACSOs in onion bulbs varies
between 0.12 and 4.60 mg/g FW (LANCASTER, KEL-
LY 1983; THoMAS, PARKIN 1994; Yoo, PIKE 1998;
Hov1us et al. 2005; LEE et al. 2009b). Moreover, the
content of major flavour precursors in bulbs increas-
es linearly with the increase of pungency level: the
most pungent cultivars can contain about eightfold
more 1-PeCSO (0.07 to 0.65 mg/g FW) and three-
fold more MCSO (0.03 to 0.16 mg/g FW) than the
least pungent onions (LEE et al. 2009b).

Moreover, sulphur content in the soil has a great
influence on the accumulation of ACSOs, directly
affecting flavour and pungency of onion (RANDLE
1992a,b; HAMILTON et al. 1997; McCALLUM et al.
2005; Guo et al. 2007). Notably, the concentration
and lachrymatory factor of thiosulfonates linear-
ly increases as the S content in the soil increases
(RANDLE 1992a; RANDLE, BUSSARD 1993; RANDLE
et al. 1994), but pungency is not affected by high
sulphur content in the soil (HAMILTON et al. 1997;
LEE et al. 2009b) and it is not correlated with S level
from 16 to 97 p.m. (Yoo et al. 2006). Moreover, the
transcript levels of the gene associated to ferredox-
in-sulphite reductase in plant roots are enhanced
under sulphur sufficiency in pungent cultivars but
not in the less pungent ones; moreover, the activ-
ity of ferredoxin-sulphite reductase significantly
increases in response to sulphur fertilization, in the
leaves of pungent cultivars but not in less pungent
cultivars (McMANUS et al. 2012).

Sulphur absorption by onion plants and, accord-
ingly, the intensity of bulb flavour are enhanced
by the increase of growing temperatures (RANDLE
1996). In particular, sulphur is absorbed by the
plant as sulphate, successively reduced and incor-
porated into cysteine, which is used for the synthe-
sis of methionine and glutathione in the pathway
of flavour biosynthesis (ANDERSON 1990; RANDLE,
LANCASTER 2002). Glutathione is the key metabo-
lite for the biosynthesis of all ACSOs, starting from
cysteine, glutamic acid, and glycine (LANCAST-
ER, SHAW 1989), and it serves as sulphur vehicle
through several peptide pathways terminating in
the synthesis of any flavour precursors (RANDLE,
LANCASTER 2002). Notably, amino acids are also
included in the flavour determinants and during
maturation they are translocated from the senesc-
ing foliage to the bulb (NiLsson 1980); arginine
and glutamine are the most abundant in onions
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(HANSEN 2001), accounting for over 40% of the to-
tal free amino acids. A correlation between amino
acid content and pungency degree does not neces-
sarily exist, however cysteine content may be con-
nected to pungency, since the ACSOs are cysteine
derivatives (LEE et al. 2009b).

Sulphur content in onion bulbs, on dry weight
basis, may range from 0.15 to 0.40% (LEE et al.
2009b), from 0.20% to 0.60% when irrigated with
0.1 to 4.0 meq/Il sulphur (RANDLE, BUSSARD 1993),
from 0.44% to 0.48% when soil texture changes
from loam to clay (HAMILTON et al. 1998). Sulphur
content in leaves increases from 0.5% to 1.0% while
crop progresses to maturity, even under deficiency
of sulphur in the soil (JoNEs et al. 1991). Similar
values of sulphur content in bulbs produced in dif-
ferent growing conditions result in the absence of
correlation between the S content in bulbs and in
the soil, possibly due to sufficient level of available
sulphur in the soil; the same reason could explain
why pungent onion plants do not take up more S
than mild onion plants from soils with approxi-
mately 110 ppm sulphur (LEE et al. 2009b). Nota-
bly, 16 ppm (HAMILTON et al. 1997) or 31.7 ppm
sulphur in the soil (LEE et al. 2009b) were shown
to be sufficient for normal production of onion,
while higher concentrations provide higher supply
of sulphur than that required by plants (HAMILTON
et al. 1998). The concentration of pyruvic acid also
increases during maturity of bulbs and it is not en-
hanced by the application of S (HAMILTON et al.
1998; LEE et al. 2009b).

Weight, dry matter, soluble solids and sugar con-
tent in onion bulbs do not show any correlations
with the sulphur content in the soil (HAMILTON et
al. 1998; LEE et al. 2009b). In addition, bulb weight
is not closely related to pungency level (LEE et al.
2009b) and may even be adversely correlated to this
attribute of quality (Yoo et al. 2006). Conversely,
the interaction between cultivar and sulphur sup-
ply may significantly affect the sugar concentration
of onion bulbs (RANDLE 1992b; RANDLE, BUSSARD
1993). Moreover, bulbs with low or high pungency
may show similar values of soluble solids (6.2°Brix
to 9.0°Brix), the latter being a poor indicator of
total sugars, since the content of total sugars de-
creases with the increase of soluble solids (LEE et
al. 2009b). Notably during the first phases of bulb
growth, the content of total sugars decreases, prob-
ably due to dilution effect exerted by the fast intake
of water (SMITTLE, MAw 1988); thereafter it gradu-
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ally increases until the final maturity (HAMILTON et
al. 1998). Carbohydrates are translocated from the
senescing leaves to the bulbs (NaGaI 1967), so as it
happens for sulphur and nitrogen (MALLOR, THO-
MAS 2008). Moreover, the content of total sugars in
the bulbs may be higher in onions grown in loam soil
than in those produced in clay soil (HAMILTON et al.
1998) and it is also affected by the growing location
(LANCASTER et al. 1988). In contrast to pungency
variability, the content of total sugars does not show
wide differences among the cultivars (8% to 10%),
with glucose in the highest amount, followed by
fructose and sucrose (LEE et al. 2009b). With this re-
spect, McCALLUM et al. (2006) identified a locus ac-
counting for the major differences in the content of
reducing sugars and fructans in onion bulbs between
storage varieties with high dry matter and sweet va-
rieties with low dry matter. Although no correlation
is observed between pyruvic acid and carbohydrate
concentration (RANDLE, BUSSARD 1993), sugars af-
fect the sweetness of bulbs and the ratio of sugars
to pungency determines the overall flavour in onion
(VAVRINA, SMITTLE 1993). Therefore, the reduction
of flavour compounds responsible for bulb pungen-
cy could allow for fully tasting the sweetness caused
by sugars. Accordingly, sweetness is more perceiv-
able in low pungency bulbs than in hot onions (LEE
et al. 2009b). With this respect, chromosomes from
Allium fistulosum may contribute to modify the
quality of shallot bulbs, i.e. increasing the produc-
tion of highly polymerized fructans and inhibiting
the synthesis of ACSOs (YAGUCHI et al. 2009).

As regards the biological properties of onion
bulbs, the main active antimicrobial, antifungal
and antibacterial agents are represented by thiosul-
fonates (TANSEY, APPLETON 1975; TsA0, YIN 2001;
RosE et al. 2005), the peptide allicepin (WANG, NG
2004) and quercetin oxidation products also show-
ing activity against Helicobacter pylori and multi-
drug-resistant MRSA (Methicillin-resistant Staph-
ylococcus aureus) (Ramos et al. 2006). Moreover,
lectins, i.e. glycoproteins with the ability to recog-
nize and specifically bind to carbohydrate ligands,
have a pronounced anti-HIV activity (VAN DAMME
et al. 1993). Recently, attention has also been fo-
cused on the polar compounds of onion plants, such
as saponins and flavonoids, which are fairly stable
at cooking as well as at storage. They are named
“nutraceutical” or “phytochemicals”, classified as
non-essential micronutrients, and they are able to
contribute to human homeostasis, playing a sig-
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nificant role in health maintenance (HENRY 1999;
ZEISEL 1999). Moreover, saponins are involved in
important biological processes and they show an-
tifungal, anticancer, anticoagulant, anti-spasmodic
and anticholesterol activities (MATSUURA 2001;
CoREA et al. 2005). Notably, the anti-spasmodic ef-
fect might contribute to explaining the traditional
use of onion in the treatment of gastrointestinal
tract disturbance (LANzoTTI 2006).

Onion bulbs are among the main sources of di-
etary polyphenols in many countries (HERTOG,
HoLLMAN 1996; KNEKT et al. 1996) and their con-
sumption contributes to DNA protection against
oxidation. Polyphenols include a great range of
molecular structures and they show important
antioxidant activities in dietary plants (RICE et al.
1997; PAGANGA et al. 1999; BOYLE et al. 2000; Kim
et al. 2005): in fact, they protect human organism
against cellular damage (DimITRIOS 2006) and, ac-
cordingly, they prevent chronic diseases (BLock
et al. 1992; HERTOG, HOLLMAN 1996; DIPLOCK
et al. 1998; LAMPE 1999). Notably, oxidation of
DNA, proteins and lipids by reactive oxygen spe-
cies (ROS) play an important role in aging and in a
wide range of common diseases, including cancer
and cardiovascular, inflammatory and neurode-
generative diseases, such as Alzheimer’s, and other
age-related degenerative conditions (BOREK 1997;
RICHARDSON 1993). In fact, when in vitro cell cul-
tures derived from animal (non-neoplastic) and
human cell lines (neoplastic) are challenged with
specific products, chemical markers or cytological
changes are assessed such as oxidative DNA dam-
age, apoptosis markers (such as DNA laddering) or
increased production of free radical scavenging en-
zymes (GRIFFITHS et al. 2002).

Among polyphenols, quercetin glycosides are
usually predominant, but glycosides of kaempferol,
luteolin and apigenin are also present (HERTOG,
HoLLMAN 1996). Recent studies (MIEAN, Mo-
HAMED 2001) have shown that onion leaves are
characterized by the highest content of total flavo-
noids in comparison to the leaves of other 62 com-
mon vegetable species. Moreover, MASUZAKI et al.
(2006) localized the genes associated to the synthe-
sis of both flavonoid 3c-hydroxylase and flavonol
synthase in the scaly leaf of shallot (Allium cepa L.,
Aggregatum Group), through direct comparisons
between the chromosomal constitution and the fla-
vonoid contents, supplemented with SCAR analy-
ses by using genomic DNAs.
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Though onion exhibits remarkable antioxidant
functions (CAo et al. 1996; GAzZZANI et al. 1998),
among which the effective action exerted by flavo-
noids on multiple cancer-related biological path-
ways, epidemiological data relating flavonoids with
cancer are still limited (LANzoTTI 2006). However,
it has been shown that the intake of onion reduces
cancer risk in different tissues and organs, such
as stomach, colon, oesophagus, prostate, bladder,
liver, lungs, mammas, skin and brain (You et al.
1989; Hu et al. 1999; LE MARCHAND et al. 2000; LE
MARCHAND 2002).

Among the polyphenols detected in onion,
the quercetin concentration ranges from 185 to
634 mg/kg on fresh weight basis (CROZIER et al.
1997), even reaching about 1500 mg/kg, and it is
the most abundant flavonoid followed by kaemp-
ferol (832 mg/kg) (LEIGHTON et al. 1992; MIEAN,
MoHAMED 2001). Notably, quercetin monogluco-
side and quercetin diglucoside are two major com-
ponents of flavonoids, accounting for 80-93% of
the total flavonoids (RHODES, PRICE 1996; PRICE,
RHODES 1997; SELLAPPAN, AKOH 2002), with quer-
cetin diglucoside ranging from 50 to 1,300 mg/kg
of fresh onion tissue and quercetin monoglucoside
from 36 to 394 mg/kg (PRICE, RHODES 1997). The
remaining flavonoid fractions (approximately 15%)
include at least 17 more components. Among the
flavonoids, quercetin and its dimerized compound
show the highest antioxidant activities, which are
similar to those displayed by a-tocopherol: anti-
ulcer, antispasmodic, antidiarrheal (COREA et al.
2005), anti-HIV (GurTA et al. 2003), anticholes-
terolic, against cardiovascular diseases (WANG, NG
1999; FaHs, FAUCHER 2002). Quercetin also shows
antiviral activity and enhances the bioavailability of
some antiviral drugs (Wu et al. 2005).

Anthocyanins are only minor components of fla-
vonoid spectrum, detectable in red bulbs of onion.

The polyphenol content of plant extracts is posi-
tively correlated with radical scavenging activities,
which are more intense in red onion than in yel-
low ones, with the skin extracts showing the high-
est activities (NUUTILA et al. 2003). Moreover, total
phenols and flavonoids are strongly correlated with
total antioxidant activity (YANG et al. 2004).

High content of flavonoids is shown by bulbs
with coloured skins: 557.8 mg/kg of free quercetin
in “Tropea’ and 979.1 mg/kg of quercetin plus isor-
hamnetin in ‘Dorata di Parma’ (MAROTTI, PiCcCA-
GLIA 2002).

doi: 10.17221/92/2015-HORTSCI

In onion bulbs the highest quercetin amounts are
located below the surface (PATIL, PIKE 1995), where-
as the dry outer layers, wasted before food process-
ing such as cooking, have large content of total
polyphenols (CARUsoO et al. 2014), mainly querce-
tin, quercetin glycoside and their oxidative products
(GULSEN et al. 2007), therefore potentially serving as
a resource of food ingredients (Ly et al. 2005).

The quality of onion bulbs changes during storage
and, notably, six weeks storage results in a decrease
of total anthocyanins (64-73%), total antioxidant
activity (29-36%), glucose, fructose and anthocya-
nins (GENNARO et al. 2002).

Domestic use of onion bulbs also causes varia-
tions of quality, as chopping bulbs results in reduced
content of total flavonols as well as cooking lowers
the content of antioxidants (RHODES, PRICE 1996).
Among the cooking methods, both microwave treat-
ment without water and frying do not affect flavo-
noids and ascorbic acid in bulbs, while boiling leads
to 30% loss of quercetin glycosides. Moreover, quer-
cetin monoglucoside and diglucoside in onion are
quite stable both under common boiling and heating
at 100°C in oven, but they are considerably degraded
under heating at 200°C in oven (TAKENAKA et al.
2004). The use of additives also affects quercetin,
since glutamic acid enhances hydrolysis of quercetin
glycosides and ferrous ions increase the loss of total
flavonoids (Ioxu et al. 2001).

With regard to bioavailability, quercetin is indeed
absorbed by human organism (HoLLMAN et al. 1995)
and quercetin glycosides are even more efficiently
taken in than quercetin itself (GRAEFE et al. 2001),
though its absorption is low in comparison to other
antioxidants such as vitamins C and E (LoT1iTO, FREI
2006). However, high interindividual variability oc-
curs in the absorption of quercetin, possibly due to
the dependence on intestinal enzymes or transport-
ers (GRAEFE et al. 2001; MooN et al. 2000).

The consumption of red bulbs of onion turns out
into twenty-three flavonols in human plasma and
urine excreted in the four hours following the in-
gestion, represented by a range of mixed sulphates,
methyl, glucuronide and glucoside derivatives of
quercetin (MULLEN et al. 2004).
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