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Both onions and garlic are grown mainly for their]l“)}l:lel 'alth;):l%hcgi ig::ci)r}
i i rtant crop. The onion
shoots of salad onions are also an impo : b consists of
d leaves surrounding swollen
the swollen bases (sheaths) of blade wollen bladeless
i i f numerous cloves, consisting largely
leaves. The garlic bulb consists of . onsisting laxgely o
loves form in the axils of the le ’
swollen, bladeless storage leaves. C : f the leaf blades,
i i dry papery tunics whic
the sheaths of which remain as the dry ! . ose the
i 1994). Onions are usually grow
cloves in the mature bulb (Brewster, . ‘ on from
i ortant for crop produ
seed, and flowering and seed production are imp D e altins
ic i i d by planting cloves and, although boltin,
Garlic is vegetatively propagate o cycle 1 egtons &
times occurs, seeds do not form. The crop pr ‘
S?xlirtl: ;glmplex, involving vegetative growthl, bulb.formatxon, brlb d(o);rgcatri\;):
gnd sprouting, flowering and seed production (F11g1. 17.1). Ga:‘ :‘:i F::,ith ction
’ ich excludes those conce!
involves a subset of these phases whic med with seeds
i i hase of development to another, a
(Fig. 17.1). Switches from one P > another, and rates of
i h stage, are controlled by ;
development and growth within eac tage, ' : nvironmental
iti i iew i d primarily with these aspects
conditions. This review is concerned p et Trobably
i i fundamental to crop production.
mental physiology, since they are ! o P et 6 oy
it is a convenient experimental subject, onion ‘
lr)r(\eefra\;seother aspects of plant physiology, notablyl 1(()2011:5;?;%:3; a:\o;;z
A ole _
kson and Hanson, 1986) and the ce!l 1v1519n cy
Ztct]z?.r 19%8). Stomatal physiology is also interesting and L}nusu:lh (Schnabl and
Rasc,hke, 1980). These aspects of physiology are not considered here.

GERMINATION AND EMERGENCE

i i ith seedlot, but tends to be lower
torage potential of the seeds varies wit
Ftl;:i\sfgr ogthg crops (Ellis and Roberts, 1977). Compared to other crops, and

© CAB INTERNATIONAL 1997. The Physiology of Vegetable Crops
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Fg. 17.1. cycle of onions: i
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relative to their short av .
. erage longevit i .
longevit i . gevity, onions have very variab
moigs turey c‘:::\tt};nste(;i ddt:;th widely distributed over time. %‘he higlll(:rrsi;i:
. e warmer the tem
rapidly the seed deteriorates, Congtants perature of storage the more

ture and s

seed is il:Ie\”“tplerature are similar to those for other crops, but because oni

contert oy : te y short hvgd the accelerated deterioration at high moistzllxon
emperature is more practically significant (Ellis and Robertge

1977; s .
percenffgilsv‘}aﬂ}f‘t‘y"i}; i :\nisquanop by Ellis and Roberts (1980) predicts
and moisture cont given period of storage at known temperature

ent from initi iahili
The rate of the initial viability of the seedlot.

germination can be quantifi i

o . ' be quantified as the reciprocal i

o etae:srt::nt percentage of the final total (usually 50%) tg) geril;)nfatt:egme

il 171;3)&1 ;}xl'z range 5-25°C fhis rate increases linearly with tempe-ratl‘;re;

Eg. 1 ﬂ.\e b.aset intercept of this relation with the temperature axis at zer:

A (day_dezrrr;z:;z;t;;‘e/ e("17‘",,,3“,), and thz reciprocal of the slope is the hea(:
| € I'vin- required for 50% germinati

of § increases as seed deteriorates and loses viabil;t)fr; (De;r;:lao: e;r ;‘Ie ‘;3181:’5

Ellis
and Butcher, 1988). Base temperatures for onion germination ranging

quantifying these effects of mois- .

tion of onion seeds on moist paper. Rates are reciprocals of the number of days for 50% of
viable seeds to germinate (data of Harrington, 1962). (b) The relationship between tempera-
ture and the rate of cotyledon elongation before hook formation for newly germinated onion
seedlings cv. White Lisbon (Wheeler and Ellis, 1991). (c) The relationship between tempera-
ture and the relative rate of cotyledon efongation after hook formation for the same seedlings
as in (b).

from 1.4 to 3.5°C have been derived. The base temperature was the same for
seedlots differing in viability (Ellis and Butcher, 1988). Deteriorating seed

. quality reduces viability, lowers the mean rate of germination but does not

change the base temperature.

Bierhuizen and Wagenvoort (1974) showed that a similar relationship
predicted the emergence of onion seedlings from seed sown in moist soil.
More than 70% of seeds emerged between 13 and 28°C, the minimum tem-
perature for good emergence being higher than for most temperate vegeta-
bles. Their equation was:

Time (d) to 50% emergence = $/(T =Ty} (1

where § (in day-degrees) was 219 and T, (°C) was 1.4. Equation 1 applied
over the temperature range 3-17°C. The base temperature was similar to
that of many other temperate zone vegetables, but the heat sum (5), ranked
fourth out of a list of 31 common vegetable species. Only celery, parsley and
leek had higher values of S, and the former two species are notoriously slow
to emerge due to the presence of inhibitors in the seed coat. The implication
of a high value of S is that emergence will be slow; for example, the results
indicate that onions take 2.25 times as long as turnips to reach an equivalent
stage of emergence after sowing.

Further studies showed that this relationship also applied to fluctuating
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as well as constant temperatures within the range 3-21°C (Wagenvoort and
Bierhuizen, 1977). This model can therefore be used to predict time to emer-
gence from moist soil in cool conditions (mean temperature less than about
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20°C), such as typically occur from spring sowings at high latitudes.(Finch

Savage; 1987; Wheeler and Ellis, 1997).

Emergence involves two processes, germination and then elongation of

the radicle and cotyledon until the seedling is visible above soil. The rate of
elongation before the formation of the cotyledon hook is linearly related to
temperature above a base temperature of 1.4°C and below 20°C (Fig. 17.2b).
After hook formation elongation is exponential and the relative rate of elon-
gation shows a similar linear response to temperature until seed reserves
are depleted (Fig. 17.2¢) (Wheeler and Ellis, 1991). Differences in seed qual-
ity, as indicated by differences in percentage germination and mean rate of
germination between seedlots, and by time-to-germination Ppercentiles
within seedlots, caused no differences in the elongation rates of normal
seedlings. Furthermore, priming the seed, although it accelerated germina-
tion, did not change the subsequent elongation rate. It follows that differ-
ences in time to emergence from moist soil due to differences in seed quality
or seed treatment are caused solely by differences in time to germination
(Wheeler and Ellis, 1991),

The rate of emergence of seedlings is determined by temperature so
long as soil moisture content is above some critical level (Wheeler and Ellis,
1992). Emergence from drier seedbeds cannot be predicted simply by ther-
mal time but is influenced by rainfall or irrigation (Finch-Savage, 1986,
1987). Germination involves an initial rapid imbibition, a second phase
when water content changes little and then an increase in water when the
radicle bursts the seedcoat and grows. Germination processes before, and
elongation after, radicle appearance can proceed at lower soil water poten-
tials than those needed for the radicle to burst forth. This, then, is the most
moisture sensitive step in germination that determines the lower limit of
soil water potential needed for overall germination and emergence.
Emergence from dry soils can be predicted by assuming that radicles burst
the seed coat only if soil water potential is above -1.1 MPa (Finch-Savage
and Phelps, 1993). If the soil is drier than this, germination is delayed until
rainfall or irrigation raises soil water potential above this base level. If irri-
gation is limited, it is best applied when a thermal time of 50-130°Cd above
a base of 1.4°C has elapsed since sowing, as seeds will then have reached
the most water sensitive stage just before radicles burst out (Finch-Savage,
1990).

Decreases in both the percentage emergence and the rate of emergence
oOccur as soil water potential decreases due to added nitrate fertilizer
(Hegarty, 1976) (Fig. 17.3), and reductions in plant population and plant size
early in the season occur at high rates of N (Greenwood ¢t al.,, 1992),
Germination is much less sensitive than growth to increases in solute con-
centration, and.salt damage to pre-emergence growth is probably the cause
of reduced emergence (Wannamaker and Pike, 1987).
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ion seeds incubated at 1 o
ig: gg;zlso ;oornSO% of the viable seedlings to emerge (redrawn from Hegarty,

i 5 can be

The percentage emergence and the rate of se('edl'mg) err;ielrt::rr:‘c;eraturel

ff cte:l gy seed quality, seed treatments (e.g. p.nmmg , fiming nperaure:

. 'T water potential and sowing depth. Seed quality gn Eem o et rates

e to affect germination rates rather than subseq e 80,

Sl-ﬁwnb:fore (Wheeler and Ellis, 1991) or after emergen e ence, N

(133“ :;r)t in unusual circumstances, small advancemter;;‘sex;lx ::S\u“g mee S“gm

o i lbs, at mos

i rketable yield of bulbs, . 2 stient

increase r;};tr:? maturity {Brewster et al., 1992) provided ttha:epllzi\gmg spe ula-

a'dvamree unaffected. However, yield and grade at harve?s aortant Ly sensl

:}OY\St: population (Frappell, 1973). Therefore, thﬁ most “{\a}:ion R
eoc i ir i on the popu ‘

d are via their mﬂuen.ce ' shec
oy }iﬂd \s:lf?ciepromotes a stand of uniformly spaced‘ ;eeil:nggi;u;rr;eo%thi
4 "r‘f;hronously is likely to facilitate subsequent hus asn r r};dic e of the
bene fS " f good emergence will be indirect and by nature sp T lows by
vone lt15300r gxample rapid emergence reduces the risk o; Pcl)lpgxccurs loss by
oatra i face crust or cap whic as so

f seedlings under a surfa ap. o some
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ici in e ’
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non-cr Op SPeCleS are slow er grownr g, par ticular ]y WOOdy Species and t} 10se
adapted to IIOll'pIOdUChVe environments (BleWSte] 197 9). Ihe relat e
’ . h

is m .
eans that, starting at the same weight and grotrllvg
g, , onion wi i ;
pring cabbage or lettuce to reach a given wleligtil:e nearly twice as tong =

Growth rates are
A strongl
the relationships bote gly dependent on temperature. Figure 17.4 shows

RS en RGR, relati

Initiation / ive leaf growth

e 2 e L i 1 KK ey v
Thig e 20°C, wher S leaf initiation rates have a 1 early over the
ear functiz nso‘fv;tcl:: :;:dls:ugles in which log seedlin(g)v::ler;r l:/\al:? ;letmperature.
. ula w. in-
increased linearly with ed day degrees above 6°C whereas legaves i:\Sit?altlex::l

day-
ay-degrees above 2°C (Brewster ef al., 1977). A bet-

ter model for grOth m se y eight
S edlmg ShOOt dr in grams, w ich
',

(PAR), as well as
’ mean ¢
degrees above a base te e ature (1)
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Fig. 17.4. (a) The effe

: . ct of temperature i

szlz"d symbols) and of leaf area {open sy;nbg::)relatwe

RGRnie1g/thh rate (RGR) is the rate of increase
=1/W.dWrdt where W= dry weight and ¢

growth rate of whole plant dry wei
‘ wei
zi)'f] gmon cv. Hygro (data of Brewster,)/1 973)ht
Eh (l;y S\ﬁﬁhtlper unit of existing dry weighi
= HUme. Similarly, the relative growth rat .
existing leaf area. (b) The eff e
area. ect of tempera-
. ;?oot apex (i.e. not counting leaves onpsidae
insburger types’, growing in controlled

?J?: ; ttr:]e rate of ipc_r_ease of leaf area per unit of

Shoora) s fecr\;alsteHaf initiation of leaves by the main
L yaro, Hyton and Rijnsh

environments (unpublished data). epuigen il

.......from emergence onwards.

f onion ing-i
o C-gToWing.in-near-optimal-temperatiires during
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The summated te
For onions #, was found to be 5.9°C. The parame-
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ters p and f had values of 0.0160 and =0:136; Tespectively-(Brewsterrand
Sutherland, 1993). R is in units of MJ m day™'. An appropriate value for
log, W, the log of the shoot dry weight (g) at emergence is -6.086. The value

of f was larger than for other species indicating greater sensitivity to light
income probably because the leaves are narrow and erect. The difficulty of
growing onions satisfactorily in conditions of low light is a familiar problem
to experimenters who have to raise them in glasshouses during the winter.
Relative leaf growth rate and stomatal conductance decrease as leaf
water potential and the associated turgor pressure decline (Millar e al.,
1971), the growth rates being affected first (Fig. 17.5). These authors mea-
sured a maximum turgor pressure of 0.4 MPa in onion leaves, less than half
the value found in some other crop species. Moreover, increases in the
osmotic pressure of the leaf sap can only compensate for about half such an
increase at the roots when exposed to saline solutions. In contrast, leaf sap
concentrations of bean and cotton plants fully compensate for such changes
in the root medium (Gale et al., 1967). These findings are reinforced by stud-
ies of overall growth which show that onions are more severely affected by
salinity than most crops. Growth was reduced by 50% by sodium chloride
solutions of 0.125 MPa osmotic pressure, whereas for cabbage, lettuce and
beans an equivalent growth reduction required an osmotic pressure of
0.4 MPa (Bernstein and Hayward, 1958). Yield reductions due to salinity are
more severe in hot dry climates than in more humid conditions (Magistad et

al., 1943).

The root system of onions is rather shallow, sparse and lacking root

hairs (Greenwood et al., 1982; Bhat and Nye, 1974). Consequently, water
extraction is confined mainly to the top 25 cm of soil (Goltz et al., 1971).
They require higher levels of soil P and K for maximum yields than most
crops (Greenwood et al., 1980a,b), and their recovery of N fertilizer is poor
(Greenwood et al., 1992). These factors, coupled with the fact that, as with
most vegetable crops, the nutrient requirement per unit root length is at its
peak just after seedling emergence (Brewster et al., 1975) have prompted
experimentation with starter fertilizer solutions placed just below the seed
at sowing. Even in fertile soils such ammonium phosphate ‘starter” solu-
tions accelerate early growth (Brewster et al., 1992) and dramatically
increase the efficiency with which N fertilizer is recovered in the crop (Stone
and Rowse, 1992). Both morphological and physiological traits make onions
more sensitive to water and nutrient deficiencies than the majority of crops,
but on the other hand, they can survive long periods of water stress, making
no growth, but ultimately recovering when water becomes available (Levy
et al., 1981). In these and other traits, like the inherently low relative growth

rates, they exhibit features typical of species with a stress tolerant ecological
strategy (Grime, 1979).
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_ sheath. Mean dates of bulb initiation can be estimated from a series of such

samples (Visser, 1994a). Normaily a leaf ratio below unity is coincident with

marked swellm"g"‘df”th’e"*‘o‘ut‘eri'leaﬁsheaths-—andzra-r consequent.rapid increase
in ‘bulbing ratio’ (maximum bulb diameter : minimum sheath diameter).
This latter ratio has been more commonly used in bulbing studies, since it
can easily be measured non-destructively, whereas the assessment of mini-
mum leaf ratio involves the dissection of plants and is more laborious.
However, the occurrence of the first leaf ratio less than unity is not invari-
ably linked with the attainment of a particular bulbing ratio. Bulbing ratios
YA greater than 2, commonly used to define bulb initiation, can occur in the
ol v o 0 absence of bulb scale development in N-deficient plants (Brewster and
06 04 .02 0 o1 oz ' Butler, 1989a). In field-grown plants grown at densities of 25 and 400 m?,
g Water potential (MPa)  Turgor pressure (Mpgja bulbing started on almost the same date when measured by bulbing ratio,
) whereas bulb scales were initiated about 2 weeks earlier in the plants at

high density (Brewster, 1997). Conditions which favour carbohydrate accu-

M mulation within the plant can lead to thickening leaf sheaths and increased

(Y o bulbing ratios without formation of bulb scales. In addition, leaf initials dif-
ferentiate into bulb scales on lateral shoots before this occurs on the main

| . shoot axis. As a result, in cultivars and conditions which produce many side
- shoots, a high bulbing ratio can occur Jong before the main axis stops pro-

ducing green leaves (Wiles, 1994). Because of this variability in the linkage

between increases in bulbing ratio and decreases in leaf ratio on the main

shoot, and because a decrease in leaf ratio is the first indication of the initia-

" tion of the storage scales which ultimately results in the cessation of leaf

L]
b .
blade growth and the ripening of bulbs, a decrease in minimum leaf ratio

*
ol—t
below unity on the main shoot axis is the preferable method of defining

i 1
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Fig. 17.5. (a) Relative ;
! growth rate of onion leaf le o :
ggrtam?;ﬁ:g c‘))ff ‘ufgor, pressure (redrawn from Fignggh; szﬁllitlzlais:; ;l;n%f;f; )Of(l;af — | : BT’
onion leaves at 25°C as ion of Ie -+ 1971). (b) Stomatal B
sure (redrawn from Fig. 17.7 of above s:ufrl('ghon of leaf water potential and of turgor pres- b 1
B B
s
BULBING —-p
- S
ESTIMATION OF BULB INITIATION SI g
A feature th v
ure that i PN
the first occurrence of o - ess ‘bulb scales’. This can be di Leat ratio = B/S
h a ‘leaf ratio’ e diagnosed as
than unity (Heath and Hollies 1019(;;;lf b!ade length : sheath length) of less Fig. 17.6. The appearance of developing leaf initials during leaf growth (a), early stage bul-
available for sampling, scale in"t' A (Fig. 17.6). Where many plants are bing (b) and established bulbing (c). pis the pore through which the blade of the next leaf
examining plants slice’d e i 1§t10n can be quite quickly estimated from emerges from its encasing sheath during leaf growth. Bulbing is characterized by a decrease in
gitudinally upwards through the centre of the the ratio of blade fength (B) to sheath length (5) termed the ‘leaf ratio’. Initiais with B/S below
unity are termed ‘butb scales’ (Heath and Hollies, 1965).
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bulb initiation. Since leaf initiation rates are temperature-dependent (see

;;lgl;ll 1/(;:?1,\ l;;:; possngl;)\ to use thermal time to estimate leaf initiation date
er, and hence estimate the date of initiati i
on of the f;

scale from a sample taken after the event (Brewster, 1996). frot bub

ENVIRONMENTAL CONTROL OF BULBING

galr;l:; apr;ld :\Ilar.d ’(:11920) first showed that onions develop bulbs in response
otoperiods, and later it was shown that oni ieti
different latitudes could be distingui e intmoam doylenst
' tinguished by the mini
needed to induce them to bulb. Fu Y e i
: . Further research showed that, i i
g;ag;t;n%tglé,sl))u%ll)‘lng vs;?s faster the higher the temperature (Thc;rrl\r;saog 1::3
" - These effects of photoperiod and temperat i
confirmed by many studies (Brewste, e 1 ovifiomes o e
1, 1990a). There is evidence th
warm temperatures (38-49° i o 27300
ity 1}9367)' C) slow down bulbing compared to 27-30°C
Onion leaves must be ex i
' ' posed continuously to bulb inductive ph -
:;:::sb :lr;b(j)rr;ecrato bstart and ;omplete bulbing. Several authors haevlz sO}:((:SVen
n be reversed and green leaves will resume i
bIng ¢ ) th
are transferred to short, non-inductive photoperiods (e.g. Kgc;g:v et allf 151’19371;)5

This can occur even i
Fig 177 in plants at an advanced stage of bulb development
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Fig. 17.7. The reversal of bulbing in oni
f g in onion cv. Rocket at an advanced sta i
ing transfer from 16 to 8 h photoperiods at 135 E m2s~ PAR. Note the reg:ucf)rfl:tll']f')!xrt‘)%f:)?i':;v:_

leaf production even tho
ot ugh many bulb scales had formed (redrawn from Sobeih and Wright,
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red : far-red (R : FR) ratio of the light, and a n sneinductive photoperiod-at
high R : FR can be inductive at lower R : FR (Austin, 1972; Mondal ¢t al.,
1986b). Because leaves absorb red wavelengths much more than far-red,
R : FR decreases under a leaf canopy. As a consequence, the rate of onion
bulbing increases as leaf area index (LAI) increases (Mondal et al., 1986¢).
The action spectrum for 3 h continuous irradiation in the middle of a bulb
inductive (18 h) light period has a maximum at 714 nm (Lercari, 1983). In
these experiments the bulbing response was fluence-rate dependent and
nullified by simultaneous irradiation with red light, features typical of a
‘high irradiance’ phytochrome response. Some rhythmicity in the response
of onion bulbing to R : FR is indicated by the promotive effect of FR expo-
sure being greatest when applied during the middle of a long photoperiod,
and the optimum R : FR changing at different times in the inductive pho-
toperiod (Lercari, 1982).
Exposure of onion seedlings that had just emerged from soil to 8 days at
24 h photoperiods followed by 10 days at 8 h photoperiods, resulted in
small bulbs in which bulb scales had formed (Terabun, 1971). On these
plants the cotyledon and the first true foliage leaf developed. The latter is
already initiated within the embryo and differentiates during germination
(Hoffman, 1933), so its development is unlikely to be affected by photo-
period. Terabun (1971) also exposed single leaves of four-leaved plants to
24 h photoperiods for 14 days having removed the other leaves. Bulbing
was similar whichever leaf remained for photoperiodic treatment. These
experiments show no evidence for juvenility and prove that even emerging
seedlings can be induced to bulb by a strong long day stimulus. However,
Sobeih and Wright (1986) observed that rate of bulbing upon transfer from 8
to 16 h photoperiods increased as plants grew older. Also, in defoliation
experiments, they found that 45-month-old plants defoliated to the two
youngest leaves bulbed more rapidly than younger plants of greater leaf
area at the start of long day treatment. Therefore, there is no evidence for an
absolute juvenile phase in which builbing cannot occur given a strong
photoperiodic induction, but sensitivity to long days may increase with age.
Onions grown from bulbs or sets will bulb and ripen more quickly than
onions grown from seed, unless the sets are ‘heat treated’ by storage at
about 30°C for several months before planting (Aura, 1963). This indicates
that the photoperiodic induction required for plants grown from sets is less
than for seedlings. Some bulbing stimulus seems to be stored in the set
which can be destroyed by prolonged warm storage (Heath and
Holdsworth, 1948).

PHOTOTHERMAL RESPONSE MODELS FOR RATE OF BULBING

The bulbing response to temperature and photoperiod can be quantified
(Brewster, 1997):
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/time to bulb = rate of bulbing=C+ 4 - photoperiod + B - temperature
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Here, A, B and C are constants. Equati
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Since bulbing has been shown to require continued inductive photope-
riods to complete, it seems reasonable to make the assumption that rate of
bulbing depends t ph riods and temperatures alone. If this is
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the case, development in changing photoperiods and temperaturés can be
modelled as a sum of rates of development at a given temperature and pho-
toperiod multiplied by the duration of time during which these conditions
prevail (McNaughton et al., 1985). By substituting daily values of photope-
riod and mean temperature into equations 2 and 3 daily rates of bulbing
were calculated. Negative values of rate were assumed to be zero, and
progress towards bulbing was calculated as the cumulative sum of the posi-
tive values of daily rates. The date when this cumulative sum exceeded
unity was the predicted date of first bulb scale initiation. Using weather
data for 1983 from Wellesbourne, bulb initation of Keepwell was predicted
on 2 June and Hyton on 9 July. Field-grown, widely spaced (25 plants m?)
plants of Keepwell and Robusta, a cultivar closely similar to Hyton in matu-
rity date (NIAB, 1982), reached 50% bulb scale initiation on 7 June and 19
July, respectively, in fair agreement with predictions.

AGRONOMIC IMPLICATIONS

Equation 3 and Fig. 17.8 show that bulbing is definitely not an ‘all or noth-
ing’ inductive response with sharp switching close to one photoperiod. So
long as photoperiod remains longer than some minimum, then bulbing will
continue, albeit slowly, when close to the minimum photoperiod. In such
conditions there is much time for leaf growth before bulb initiation. This
may be why in some low latitude areas with little seasonal fluctuation in
photoperiod or temperature, suitably adapted cultivars can produce large
bulb yields at any time of year (Jones and Mann, 1963). In many regions bul-
bing continues in declining photoperiods and temperatures, e.g. with
spring-sown crops in northern Europe or summer-planted crops in Israel
(Kedar et al., 1975). Again, so long as the photothermal conditions exceed
some threshold, bulbing will proceed albeit at a diminishing rate as this
threshold is approached.

The increase in rate of bulbing under a given photoperiod as R : FR
decreases, and the decrease in R : FR within the onion leaf canopy as LAI
increases, permits the modulation of the basic photothermal response of a
cultivar by the many factors which influence leaf growth. In the situation
just considered, of bulbing in decreasing photoperiod, a crop with a high
LAI can continue to differentiate bladeless bulb scales, resulting in hollow
pseudostems which ultimately soften and collapse to give ripe bulbs.
Whereas, at a lower LA the same cultivar may revert to differentiating leaf
blades which fill the pseudostem and prevent the softening and collapse
associated with normal ripening (see Fig. 17.7). Large differences in the date
of bulb initiation in crops of the same cultivar at different LAl will be
reflected by parallel differences in maturity date (foliar fall-down) (Fig.
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maturity of such a crop ensures that all bulbs can be harvesteq at the opti-
mum stage for quality and long storage. So, in addition to the innate quali-
ties bred int ion cultiv e growing conditions the farmer creates
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Fig. 17.9. Relationships between mean percentage fight interception by the crop leaf canopy
during bulbing and the maturity (80% foliage fali-down) day of the year for early maturing and
late maturing spring-sown onion cvs (upper two graphs) and autumn-sown cvs {lower two
graphs) at Wellesbourne. Cuitivars are Robusta (R), Augusta (A), Keepwell (K), and Express
Yellow OX (E) (Mondal et al., 1986a).

17.9). Among the agronomic factors which determine LAI are:

1. Those that affect plant population, like seed rate, seedbed soil conditions,
salinity in the seedbed, herbicide damage, temperature, and diseases and
pests during germination and emergence. .
2. Conditions affecting leaf growth rate, e.g. temperature, water stress,
nutrient availability, salinity, and root damage by pests or disease.
3. Factors directly damaging the leaves like pests, disease, hail, herbicides or
damage during cultivations.

Therefore, virtually every agronomic operation can ultimately influence
bulbing rate and maturity date via its influence on LAL This effect is most
prominent in conditions where bulbing would otherwise be slow, e.g. in the

declining photoperiods described above. When bulbing occurs in increasing

photoperiods and temperatures, as normally occurs with autumn-sown
crops, the influence of LAI is less important, since the climatic factors are
then accelerating the rate of bulbing (Mondal et al., 1986a, c). In conditions
where the LAI effect is important, early and uniform bulbing is promoted
by cultural practices which ensure the establishment of a uniform plant
population which then grows as rapidly as the climate allows, and is there-
fore not afflicted by stress, damage or disease. The uniform bulbing and

can profoundly influence bulbing and the quality of the bulbs harvested.

FACTORS INFLUENCING BULB YIELDS

In a study comparing well-irrigated autumn- ar}d spring-sown bulb onion
crops, yields varied by a factor of more than five dependmg'on culhve?r,
sowing date and plant density (Mondal, 1985). These large dlfff:renc.es in
yield can be explained mainly by differences in the percentage light inter-
ception by the leaf canopy during bulbing 1% (Fig. 17.10). Light interception
increases with LAI according to equation 4 (Mondal et al., 1986¢):

1% = 85.4 (1 — exp(-0.377 - LAD)) @

Several cultural practices can influence the LAl attained by bulb%ng
time. Late maturing cultivars have longer than early types to develop a high
LAI before the switch to bulb growth (Brewster, 1982c). Late-sown plants
often switch from leaf blade to bulb production when LAI is lower thap for
earlier sowings. LAl increases with plant density, but although yields
increase, individual bulb size is reduced, and this is not normally accept-
able. To achieve a high yield of medium to large bulbs, a cgltivar must be
capable of producing sufficient leaf area to intercept a high proportion
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Fig. 17.10. The relationship between bulb dry-matter yields and perpgntage radiation
interception by the leaf canopies during bulbing of irrigated, well-fertilized small plots of
onions at Wellesbourne (data from Mondal, 1985).




596

J.L. Brewster

(6% 69%) of .the ipcident light when grown at 50-100 plants m 2. This requires
sufficient time in conditions conducive to leaf blade growth before bulbing
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matures (Komochi, 1990). Stow (1976) found inhibitors in the leaves of
onions approaching maturity and showed that defoliation at this stage

_ Although dominant, percentage light interception is not the only factor
me)lved. In Fig. 17.10 autumn-sown onions produced a higher yield than
spring-sown at a given percentage interception. For crops with 60% light
interception the duration of bulbing was 55 days when autumn-sown agnd
f13 days whfen spring-sown, consequently the former intercépted more light
in total during bulbing. Longer duration of bulbing may be caused by cooler
te:nperatures 'giving slower bulb ripening and leaf senescence. Mean tem-
grri}t\zr;;rcijlxlgrj;g;vf:lbmg were 13°C for the autumn-sown crops and 17.5°C

Well-irrigated onion crops produce, during bulbing, an average of
about 1.6 g of shoot dry matter per M} of solar radiation intercepted by the
leaf canopy (Brewster ¢t al., 1986). Similar conversion efficiencies have)l,)een
reported for potatoes, sugarbeet and in cereals before anthesis. However,
v.'.:ll.ues of mean conversion efficiency vary, and range from 1.2 g MJ“‘ in con—l
ditions of high irradiance and high temperature to 2.0 g MJ! in lower irradi-
ance, lower temperature conditions. As might be expected, lack of irrigation
in dry weather decreases conversion efficiency. ’ #

Bulb onions have a high ‘harvest index’ (the proportion of total yield in
harvested material). At the optimum time for harvesting, when 80% of
pla}\tlstl\av(je t’lsoft necks’, about 80% of the shoot weight is in' the bulb. Bulb
weight and the percentage of ight i i i
yelg g (grewste rget a]_,t?;a;;;,elght in the bulbs continues to increase

BULB DORMANCY AND SPROUTING

Upgn ripening the onion bulb enters a phase of true dormancy durin,
which growth ceases. As bulbs approach maturity new leaves and root%
cefwsevto be initiated, and after harvest and curing a dramatic decrease in
mitosis at the shoot apex has been observed (Abdalla and Mann, 1963)
From ther_l on there is a gradual loss of dormancy as shown bly slow'
increases in respiration rate (Ward and Tucker, 1976; Tanaka et al., 1985)
increases in the weight of the growing sprout within the bulb (Brlewster,
1987a), and progressively decreasing times to produce roots and visibl ;
sprout after planting on a moist substrate (Abdalla and Mann 1963)y
Cultxva‘rs Fiiffer widely in their duration of dormancy. In a study cor;\ arin, :
ten varieties stored at 10°C Miedema (1994a) found the time to 50% sp routg~
ing in dry storage ranged from 149 to 310 days, and times for 50% r(]:otin
and sprouting after planting on moist vermiculate were 8-63 days ang
?9—.15‘6 days, respectively. Within cultivars the time to visible sprouting of
individual bulbs was spread over about 20 weeks in dry storage. ®
The onset of dormancy is thought to be caused by the translocation of
growth inhibitory substances from the leaves to the bulbs as the crop
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shiortened-dormaney=Abscissic-acid identified-but-it-accounted.-for-only.
10-20% of the growth inhibitory activity. During subsequent storage there is
a progressive decline in inhibitor activity extractable from bulbs, followed
by increases first in cytokinin activity and then by gibberellin and auxin
activity (Isenberg et al., 1974).

The time until sprouting is affected by the temperature of storage and
the gas composition of the store atmosphere and is drastically foreshortened
by moisture on the baseplate of the bulbs and by wounding bulbs. The
response of sprouting rate to temperature is in remarkable contrast to that of
other physiological processes (Fig. 17.11a). Rate of sprouting increases from
a minimum around 0°C to a maximum in the range 10-20°C, depending on
cultivar (Miedema, 1994a), but then decreases again as temperatures
increase to 25-30°C (Abdalla and Mann, 1963; Miedema, 1994a). This
response applies to dormant bulbs, but the rate of sprout growth in long-
stored, non-dormant bulbs peaks around 25°C; typical of most growth
processes. In addition, temperatures in the range 25-35°C applied for 1-3
weeks straight after harvest can reduce the time to sprouting, with 35°C giv-
ing up to 30% decrease in storage life (Miedema, 1994a). The response of
sprouting to temperatures around 30°C therefore passes through three
phases as the bulb ripens, becomes dormant and finally loses dormancy and
begins to sprout. Only in the middle dormant phase, which can, however,
last many weeks, are such temperatures suppressive of sprouting. A rise in
endogenous cytokinins that preceded sprout growth in bulbs stored at 5 or
15°C was prevented by storage at 30°C (Miedema, 1994b). Furthermore,
injection of bulbs with benzyladenine, but not with GA, or ethephon, accel-
erated the sprouting of such warm stored bulbs. It seems then that sprout-
ing is initiated by increases in cytokinins and that production of these is
suppressed by warm storage of dormant bulbs.

Further evidence for cytokinins initiating sprouting comes from studies
on the effects of roots. If the baseplate of the bulb is maintained wet, root
growth begins and sprouting occurs much sooner than in dry stored bulbs
(Miedema, 1994a). The inclusion of mineral nutrients in the solution, which
enhances root growth, can further accelerate sprouting. If roots are repeat-
edly removed as they develop, sprouting is delayed, but if benzyladenine
(BA) is included in the solution then, in some cultivars, rapid sprouting
still occurs (Miedema, 1994c). In these cultivars cytokinin appears to be the
main factor limiting sprout growth and the root system probably supplies
cytokinin to the bulb. Some cultivars only responded to cytokinin in this
way if they were wounded by slicing away some corky baseplate tissue, so
additional factors were limiting sprouting for these. Wounding can stimu-
late the production of growth substances and it may increase gas perme-
ability.

Atmospheres containing elevated CO, and reduced O, prolong the stor-
age life of onion bulbs. Smittle (1988) found 5% CO, and 3% O, prolonged
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Fig 17.11. (a) Effects of temperature on the rate of sprouting after planting on moist peat at
15°C of two onion cultivars previously stored for 4 weeks at the temperatures shown. Solid
symbols (top graph) the fong-storing cv. Australian Brown, open symbols the short storing cv.
Excel (data from Abdalia and Mann, 1963). Rates of sprouting were calculated as the recipro-
cals of the number of days for 50% of the bulbs to sprout. (b) Effects of temperature of
storage on the respiration rate per kilogram of fresh weight of onion cv. Rijnsburger stored

at different constant temperatures. Open symbols after 48-day storage, solid symbols after
138-day storage (data of Ward, 1976).

dormancy in cv. Granex. The internal atmosphere of bulbs shows similar
increases in CO, : O, (Ladeinde and Hicks, 1988) and the intact onion skin
and baseplate may act as a barrier to gas exchange. Removal of the dry

- outer skin increases respiration rate nearly twofold (Apeland, 1971) and

accelerates sprouting (Tanaka et al., 1985). Bulb wounding may accelerate
sprouting by allowing increased respiration rates, especially since the accel-
eration of sprouting can be prevented by sealing the wound with paraffin
wax (Boswell, 1924). Bulb respiration rates are low compared with other
vegetables after harvest (Robinson ef al., 1975). Respiration increases with
temperature but the Q,, of dormant bulbs is remarkably low at about 1.3
(Ward, 1976) rather than about 2 which is typical of most other vegetables
(Fig. 17.11b).

Storage temperatures have a major influence on growth and develop-
ment when bulbs or sets are subsequently planted out. Provided the bulbs
are larger than the juvenile size, inflorescence initiation and development
will proceed during bulb storage at a rate that depends on temperature (see
below). There are numerous reports that storage of sets for periods of
months at temperatures around 25-30°C, not only prevents or reverses
inflorescence development, but increases the vigour of plants after sprout-
ing and delays subsequent bulbing so that a bigger leaf area and higher bulb
yield results compared to sets stored at lower temperatures (Heath ef al.,
1947; Aura, 1963). Similar after effects of storage temperature on vigour of
growth and date of bulbing occur with garlic (see below).

RESPONSES TO TEMPERATURE AND PHOTOPERIOD™

Onion seedlings have a sharply delineated juvenile Rhase for flowering which
ends when they reach a certain critical shoot dry weight, or number of langs
initiated. This critical size can vary with cultivar, and an eight-fold la.rger criti-
cal size is the most striking difference between bolting—resis.ta.nt cul'tlvars suit-
able for autumn sowing and more bolting-susceptible varieties sm'ntable only
for spring sowing (Shishido and Saito, 1975; Brewster, 19§5). In onion bulbs or
sets, the critical size is not so sharply defined. The duration of cool treatment
needed to induce flowering tends to decrease with size over a ten or 20-fold
range of bulb weight (Shishido and Saito, 1977; Brewster, 1987b). .

Once larger than the critical size, the plants need.ar}.extended period of
cool temperatures to vernalize and induce flowers to initiate. Some ]apangse
spring-sown cultivars can be vernalized by as little as 20 days at 9. C,
whereas autumn-sown types require a minimum of 30-40 days (Shishido
and Saito, 1976). For Japanese and north European cultivars, rat(.a of verna!—
ization shows an inverted U-shaped response to temperature with an opti-
mum around 9-12°C (Fig. 17.12a). West African cultivars can be v.emal¥zed
satisfactorily under minimum night temperatures of 15-20°C (Rabmow.xt.ch,
1990a). So the temperature response for vernalization, as well as the crltlcgl
size and the duration of vernalization treatment required, depend on ‘C}l]tl-
var, and tropical cultivars can be induced to flower in warmer conditions
than temperate types.
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Fig. 17.12. (a) The effect of temperature on the relative rate of vernaiization of European and
Japanese onion cultivars (Brewster, 1987b). (b) The effect of temperature on the mean rate of
elongation of onion scapes in a 16 h photoperiod foliowing spatpe formz_atcon._ Data is meaned
over cvs Senshyu semi-globe yellow and Rijnsburger growing with plentiful nitrate (Brewster,
1983).
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COMPLETION PHASE, FLOWER OPENING AND POLLINATION
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- a ';V(: 0 me fastest rate found in tr_1e series of experiments (Brewster, 1987b). (b) The effect
photoperiod on the mean elongation rate of scapes following inflorescence initiation. The

data are means of the same two cultivars as i
s Lo
200 12°C (oronton 00y in (a) and are averages over plants growing in 6, 9

Long photoperiods shorten the duration required to vernalize growin
%‘al:t; ;E;g. 17:133), in some cases more than halving the time requigrementg
operiod requiremen ici i .
(Shishido a}r)\d Saito,C%976; Bre\t/vcsat:r,b f9§§;ened Py N deficiency in the plants
t Temperatures of 28—3?°C applied to bulbs previously induced by low
_em_per’atures can reverse inflorescence induction; this is termed ‘devernal-

ization’. The duration of 28-31°C storage needed to prevent flowerin
:ncreases the more advanced the stage inflorescence initiation. This is illusi:-}
rzastﬁctisbc);i Stgssrszsdul;i of Au;a ;1963; olr: Finnish cultivars. In accord with the

ults ove, he found that infl
rapid in bulbs stored at 9-13°C than at 3—5°C0;ensc§etl}11caet :tn ixt:sn:)nr:)r:i: ?:jo're
large bulbs than in small ones. Reflecting these differences, in a total stI())ra o
period of 8 months a terminating duration of 5 months at/28°C was needgs
;ct)osrtégp;:;s gg(\:we/:ilng ir}l1 bulbs stored at 9-13°C but only 2 months in thoie
At 3-5°C. Also the duration of 28°C treatme

flowering in 15 g bulbs was less than needed for lOSI:gts\fligegix:(c)esilr?f)lpress
cence development was more advanced in the larger bulbs. I e

_ After verna.lization, the rate of development of inflorescences increase
with photoperiod and with temperature in the range 6-12°C (Brewst ;
198.3). {\fter spathe formation, the inflorescence begins to elongate at a raetrl
which increases with temperature and with photoperiod (see Figs 17 ]21(;

and 17.13B), provided bulbs do not develop too rapidly (see below)g .

Once a spathe is visible the plant enters the ‘completion phase’ of flowering
(see Fig. 17.1) and higher temperatures become optimal. Experiments in
glasshouses showed that inflorescence development from appearance to
spathe opening required a mean of 310 day-degrees above 10°C base tem-
perature (Brewster, 1982b). Scapes normally elongate to a length of 1-2 m.
Individual bulbs may produce between 1 and 20 inflorescences depending
on genotype, bulb size and environmental conditions; 3-6 inflorescences is
common (Rabinowitch, 1990a). The spathe opens to produce a roughly
spherical umbel containing between 50 and 2000 individual flowers,
although 200-600 is the normal range. There is no very regular sequence of
flower opening on an umbel. The most strongly insolated parts of the umbel
tend to produce open florets first and there is a general tendency for upper
florets on the umbel to precede the lower ones in opening. The pedicels of
Jater-opening florets elongate to carry them clear of earlier-opening, matur-
ing florets (Currah, 1990).

The sequence of individual flower development consists of petal open-
ing (anthesis) coinciding with the start of nectar secretion, the dehiscence of
the inner whorl of anthers, and then the outer whorl. Meanwhile the style
elongates from 1-2 to 5-6 mm and develops a sticky stigma knob after the
anthers have dehisced. Then nectar secretion ceases and petals, stamens and
style start to wither (Currah and Ockenden, 1978). The whole process takes
10 days at 18°C and 5 days at 30°C (Currah, 1986). Air relative humidity
below 70% accelerates pollen shedding by anthers (Ogawa, 1961). The ovary
in each flower contains six ovules and about half the pollen tubes at the top
of a stigma grow as far as the ovary, therefore 12 or more initial pollen tubes
are needed to achieve maximum seed set. In fact, the production of 34 ripe
seeds per ovary is common in good seed crops (Currah, 1990).

FERTILIZATION AND SEED DEVELOPMENT

Following pollination, fertilization of ovules starts within 12 h and is com-
plete in 34 days (Rabinowitch, 1990b). The greatest seed set and best
embryo development and most rapid pollen tube growth occurred at 35/18
(day/night °C), rather than 24/18 or 43/18 (Chang and Struckmeyer, 1976).
Pollination itself stimulates the initial development of ovules and ovaries.
The shrinkage and loss of green colour in unfertilized ovaries does not
occur until about three weeks after flowering, making the early assessment
of seed set difficult (Currah, 1990). Temperatures in the range 40-60°C have
been recorded in the ovaries of the insolated side of umbels (Tanner and
Goltz, 1972) causing high levels of embryo abortion and low seed set
(Peterson and Trammell, 1976).

In fertilized ovules the endosperm nuclei start to divide first, and cell
division and expansion by the embryo occurs 5-6 days later. The embryo
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develops from a globular, few-celled ich i
4 : , pro-embryo, which is first visible i
microscope sections about 6 days after pollination. It then develops throiglﬁ
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bil’ on an extremely short scape through to near normal inflorescences with
a mixture of normal seed capsules and bulbils. This late reversion from

Fhe endesperm (Rabinowitch, 1990b). Initially the end is liquid; thi
is termed the ‘milk stage’. At about 330 degre};-days abz?/ie(;‘?é !:file?m(()il/litr}\\i
flon, cell walls develop within the endosperm and it progresses to th}:e ast
dqugh stage’ at about 450 degree-days above 0°C after flowerin A}t) thi)s,
point the seed coat starts to turn black. The seed attains its maximgl;m fresh
weight at ab(?ut 570 degree-days above 0°C after flowering. Up to this point
seed dry M{elght growth is near exponential and seed dry weight ispthen
about ha_lf its maximum. The endosperm then becomes solid and the seed
reaches :ts maximum dry weight, typically 3-3.5 mg, at 810 degree-days
Zboved(? C after flowering, normally about 45 days after flowering bz;t
epending on temperatures (Gray and Ward, 1987). At this stage capsules
bggm to 'shatter and to shed seed, and the food-reserve oil globules and pro-
tein bod.les can first be seen within seeds. Seed water content declines ap}ter
the attainment of maximum fresh weight. Germinability commences just
before the maximum fresh weight is attained (570 degree-days above g)°C

after floweri i ; .
1986, ing) and is near maximum at seed shatter (Steiner and Akintobi,

INTERACTIONS BETWEEN FLOWERING AND BULBING

tSince.bgt.h .bulbing am.:l ‘ﬂowering are controlled by temperature and pho-
c})\pel;lo it is not surprising that the two processes can interact. A vegetative
?988 )apez normal]y develops axillary to the inflorescence (Rabinowitch
» ;‘, an this can develop more rapidly than the inflorescence under a,
T(hn; mat;?n.of ;/varm temperatures (20°C or higher) and long photoperiods
is results in the swelling of the axillary bud to form b ! .
s res . ulb scales and th
fihrlve]:lmg’ and degeneratlon of the young scape, hence the term ’competi?
t.on g ase’ was Fomed by Kampen (1970) to describe this apparent competi-
b:l(:lx;) :]t;vegn axxl]a(;y bud and inflorescence. When onions are planted out in
-inducing conditions, for example, in a warm spri i
‘ : : , pring, or in a glassh
in spring, §uch inflorescence abortion can be common, e\g/en from %ulbs Svlifl?
advance«% inflorescence initials (Brewster, 1982a).
) les 'dlxsc.ussed under bulbing, bulb or set storage at 28-30°C also delays
t.u C;mt}atlor\. Becausg li)u]b development suppresses inflorescence elonga-
lonh u]rling the competition phase, a short period (1-2 months) of storage at
31;; a u%)h ltbe.mperature at the end of a long period of cool storage can, by
ying bulbing, counteract this ‘competition’ in i ’
g G oo petition” and result in increased bolt-
. }?u.xte frequently small bulbs, known as ‘bulbils’ or ‘topsets’ may form
:lr:'t e inflorescence rfather than normal flowers and seed capsules. When
t' is (;ccurs the scape is shorter than normal. Various degrees of this condi-
ion have been observed, ranging from the production of a single large ‘bul-

-——an.oval.to.t i 40-2-COi
o-tubular.and finally-to-a-coiled-tubular-structure-embedded-within==-==——==== ~flowering to bulbing.was favoured by 6 weeks at 28-31°C applied pre-plant-
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ing to bulbs after a cool treatment of sufficient duration to produce
advanced inflorescence initials (Aura, 1963). Applied at an earlier stage of
inflorescence differentiation such high temperatures can totally suppress
floral development (see above). Bulbils can be induced to form in normal
inflorescences by clipping off the developing florets. Such bulbil production
can be increased by spraying the clipped heads with water, or better, benzyl
adenine solution (Thomas, 1972).

Temperatures of 12-16°C in combination with photoperiods of 16-17 h
have been found satisfactory for inflorescence emergence from induced
bulbs and plants of intermediate-day cultivars (Brewster and Butler, 1989b).
Since the photoperiods and temperatures needed for bulbing vary with cul-
tivar, it is almost certain that the photoperiods and temperatures needed to
avoid suppression of developing inflorescences by competition from bul-
bing will depend on the cultivar. The inflorescence of a short-day cultivar
will be suppressed by a shorter daylength than a long-day cultivar. Since
plants raised from bulbs or sets bulb more rapidly than those raised from
seeds competition from bulbing probably suppresses inflorescences in bulb-
raised plants at shorter photoperiods and lower temperatures than in seed-
raised plants. In view of cultivar differences in bulbing response to
photoperiod and temperature, and the fact that in order for flowering to
proceed the young inflorescence must avoid suppression by bulbing, it
seems a foregone conclusion that cultivar differences in the response of
flower elongation to photoperiod and temperature must be parallel to the
cultivar differences in bulbing response. Experiments are needed to confirm

this, however.

MODELLING OF GROWTH, BULBING AND FLOWERING

In view of the interrelations between growth, bulbing and flowering, and the
control of all three by temperature and light conditions (Fig. 17.14), advances
in understanding of crop behaviour are possible by combining models for
these processes. Predictions of how bolting, bulb yields and maturity date
are affected by sowing date, locality and season can be compared with field
experiments, to see if the models are satisfactory. For example, the photother-
mal bulbing model (see above) predicts that widely-spaced cv. Keepwell will
initiate bulb scales on 31 May, with the mean daily temperatures at
Wellesbourne, UK. Cultivar Keepwell is very similar to cv. Senshyu in its
date of bulbing and maturity (NIAB, 1982) and similar in bolting response. A
model for inflorescence formation, based on the vernalization responses
described above, with inputs of daily temperature and photoperiod, pre-
dicted that in some seasons early-sown, overwintered Senshyu crops would
reach the stage of spathe initiation well before 31 May (Brewster, 1997). Such
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crops are likely to bolt because scape elongation will occur before ¢ompeti-
tion from bulbing begins to suppress developing inflorescences.

b=}
: 3 i S—— e AS-a-Simple-ilustration-of-how-growth-rate-and-bulbing rates-interrelate
¢ g £ to determine yield, with a plant population of 60 plants m~2, a crop emerg-
3 3 ing on 1 May at Wellesbourne will, in an average year, achieve an LAl of 3.2
E, 73, -§ and a light interception of 60% (equation 4), if leaf growth continues until 6

§§g ................ 8 July. This is assuming leaf area per plant (cm?) is given by:
Woee/ T S

N AN E log, (leaf area) = log (0.5) + 0.0108 DD 5)
§ g 2% DD is the summation of day-degrees above base 6°C and below 20°C accu-
& § 2 mulated since emergence (Brewster, 1994). 1 May is a typical emergence
°s date from late March sowing. Sixty per cent interception gives bulb yields of
B2 about 0.9 kg m= dry weight (about 75 t ha™! bulb fresh weight) (see Fig.

17.10). The photothermal model for bulbing (see above), predicts that cv.
Hyton initiates bulb scales on 7 July using mean temperatures for
Wellesbourne. Hyton is therefore well adapted, and will have a higher
potential yield than cv. Keepwell, which the model predicts will initiate
bulb scales on 7 June from 1 May emergence.

In a trial comparing cvs Keepwell and Rijnsburger-bola (a cultivar very
similar to Hyton in season of bulbing), both sown on 28 February, the latter
yielded 41 t ha™! with 25 t ha™! of bulbs greater than 45 mm diameter and
was mature on 20 August, whereas the former yielded only 24 t ha™! with
none bigger than 45 mm and was fully mature on 9 July (Salter, 1976). This
illustrates in practice the critical importance of the response of bulbing to
photoperiod and temperature in determining the yield potential of a culti-
var at a given location and season of sowing. The response must allow suffi-
cient leaf growth to occur before bulbing starts.

In fact, cv. Keepwell is grown as an overwintered crop and will typically
produce a leaf area of about 25 cm? per plant in early March from a sowing
made in mid to late August at Wellesbourne. Equation 5 predicts that the
leaf area per plant will reach 442 cm? by 31 May in an average year at

Wellesbourne, when equation 3 indicates that bulbs will be initiated. If the
plant population is 60 plants m2 this implies a leaf area index of 2.65 which,
would intercept 54% of the incoming PAR, giving a potential experimental
! plot yield of about 1.2 kg m™ dry weight (about 100 t ha™! bulb fresh weight)
; (see Fig. 17.10).

Visser (1994a,b), has developed a model for bulb development which
includes much of the information reviewed above, and has combined this
with the universal crop growth simulator sucros ‘87 (Spitters, 1989) to pro-
duce a simulation model for bulb onion growth, development and yield. In
validation trials, agreement between predicted and recorded maturity dates
were satisfactory. Yield predictions were satisfactory under optimal soil con-
ditions, but recorded yields were much lower than predicted at some sites,
indicating some limitations, possibly by drought stress. This illustrates the
usefulness of models in highlighting unexplained differences which need

: further investigation.
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PHYSIOLOGICAL DISORDERS

bulbing - Reversible - -+ leaf growth
{depending-on-photoperiod/temperature)

THICK-NECKS

; B high - TEMPERATURE s low t
Sometimes a proportion of an onion crop will fail to complete bulbing. l
Green leaves continue to appear from the top of the partially formed bulb, E
the neck does not soften and the bulb does not become dormant. This prob- u long  emeees PHOTOPERIOD - > short
lem is most severe in seasons, sites and cultivars where crop maturity, as T A
shown by foliage fall-down, is already late (Brewster of al., 1987). As might L AR )
be expec)t,ed fr(%m the effects of teml);erature on the rate of bulbing, late low < RED:FAR-RED - e
maturity occurs in cool summers (Brewster, 1990b). Late maturity is also a ) B T F
feature of sites where low soil temperatures result in slow emergence and LEAF AREA INDEX
seedling growth and the late development of a high LAI (Brewster et al., plant density
1987). With spring-sown crops such delays can result in bulbs stil] develop-
ing in the late summer and autumn as photoperiods and temperatures PLANT Siz& ) G
decline below those needed for bulbing. Controlled experiments show that G T \gpg“f;}g;;“;‘;_",‘,’f};ﬁgﬁgf
plants will revert to leaf blade growth in these conditions (see Fig. 17.7). R PLANT AGE water, temperature,
High-yielding, spring-sown cultivars adapted to cool regions are probably R older plants bulb more pests, diseases, damage R
prone to this problem because, in order to make sufficient LAI for a high rapidly? I
yield, they must continue leaf growth long after the summer solstice. The o Ib PLANTING  oorooreoeeoeserereeseer > (o)
additional stimulus for bulbing associated with a high LAI may itself be T
important bin pushing these crops to ripeness (see Fig. 17.9). Therefore, the w Ly~ SEED W
crop can be predisposed to thick-necking by any factor which destoys  w TEMPERATURE high i
leaves or slows leaf growth (Fig. 17.15). B any y low < bor PLANTING 9" (slower bulbing than sets)
- T
BULB OR SET
PREMATURE BULBING " e H
i : PROPAGULE
The opposite problem, bulbing very rapidly, soon after sowing, so that the
plants remain dormant through much of the growing season, sometimes
occurs with late summer sowings of overwintered crops (Robinson, 1971; FULTWAR nse
Rabinowitch and Zig, 1989; Currah and Proctor, 1990). Here seedlings innate photoperioditemperature respo
emerge while temperatures and photoperiods still favour bulbing. In tropi- Fig. 17.15. The main factors that control onion bulbing, how they interrelate, and how

cal countries onions are normally raised at high plant densities in nursery
beds prior to transplanting. High plant densities may contribute to prema-
ture bulbing via the red : far-red effect (Fig. 17.15).

numerous agronomic variables may exert an influence.

BOLTING
SPLITTING " :
Unwanted bolting in bulb crops results from exposure to conditions which
Bulb splitting as a result of multiple growing points is under strong genetic induce flowers to emerge before bulbs are sufflcllently advance(}i] to Suz}fgﬁi
control with shallots being at the extreme in this respect. Growth in high them. Typically this would involve rapid seedling groyvthl th t‘ eﬂPOZs c]ence
temperatures and short days increases lateral shoot production in some cul- nile phase, weeks of exposure to cool temperatures opflma hor n 0}” o bt
tivars (Robinson, 1971; Steer, 1980). Deep transplanting reduces bulb split- initiation (see Fig. 17.12a), followed by the lengthening photoperio ther
ting (Chipman and Thorpe, 1977). rather cool temperatures which will favour inflorescence elongation ra

i than rapid bulbing. In many regions, over-early sowing of overwintered
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crops results in a sequence of temperatures that favour this (Brewster, 1994).
Furthermore, because temperatures vary from year to year, there can always

Onions and Garlic

!
closure. This prevents entry of ozone into the mesophyll and further leaf
damage (Eagle and Gabelman, 1966).

be differences in bolting from crops.sown on.the same date-in.different-year

(Brewster ef al., 1977).

INFLORESCENCE SUPPRESSION

Failure of flower emergence is a familiar problem to breeders and often
results from the suppression of fully developed inflorescences by bulbing
during the ‘competition’ phase (Kampen, 1970). This is avoided using the
sequence of growing conditions that favour bolting outlined above. In the
case of bulbs, a long duration near optimum temperatures for vernalization
will favour subsequent inflorescence emergence (Aura, 1963). Rapid
increases in temperature and photoperiod can cause inflorescence suppres-
sion, and accelerating anthesis in this way almost inevitably reduces the
number of flower stalks appearing (Brewster, 1982a).

WATERY SCALES

Watery scale is a disorder of stored bulbs the symptoms of which are a thick
leathery outer skin which when peeled away reveals watery, glassy storage
scales (Hoftun, 1993). The scales may be later infected by bacteria or fungi,
but these are not the primary cause of the disorder. Up to 15% losses of
stored bulbs have been reported, particularly in crops given high tempera-
ture drying treatments following harvest. Experiments in which the gas
exchange of bulbs was restricted either by submerging them for several
days or by injecting the necks with vegetable oil, showed that the internal
concentration of CO2 increased, and of O, decreased, as a result. Treatments
in which the CO, concentration exceeded 13% resulted in some bulbs devel-
oping watery scales (Hoftun, 1993). The higher the postharvest drying tem-
perature the higher the internal CO, concentration. In bulbs with
oil-injected necks there was no pattern in the distribution of watery scales
after a period of storage. Internal breakdown of bulbs stored in controlled
atmospheres has been observed at CO, of 10% and this appears more harm-
ful to onions than low 0, atmospheres (Komochi, 1990).

LEAF BLAST

A catastrophic collapse of onion foliage in parts of the USA, associated with
hot weather following cool wet weather, is caused by ozone damage (Eagle
et al., 1965). Some cultivars are resistant because their stomatal membranes
are so sensitive to ozone that they rapidly become leaky, causing stomatal

GARLIC PHYSIOLOGY

SPROUTING AND EMERGENCE

Time from clove planting to sprout emergence decreases with increasing
duration of bulb storage before planting (Mann and Lewis, 1956). Storage .at
about 7.5°C results in the fastest sprouting after planting (Mann and Lewis,
1956; Messiaen et al., 1993). Storage at 0 or 20°C both give much slqwer
emergence. Emergence rate also depends on field tempe‘ratures after plant-
ing, but by transforming emergence times to thermal times (accumu]a'ted
day-degrees) with a base of 4.4°C, emergence rates became dependent just
on pre-planting temperature and duration of storage (Mann and Lewis,
1956).

GROWTH

Pre-planting storage temperature also affects the vigotfr of g.rowth and lgaf
morphology after sprouting. Storage at 5-10°C results in rapid groyvth with
wide leaves and thick pseudostems, 20°C in slow growth and thin leavgs
and pseudostems, and 0°C thin shoots but the most vigorous growth in
height (Mann and Minges, 1958). In the field, the rate of leaf appearance and
the extension rate of leaves depends on thermal time. In a French study one
leaf appeared per 100 day-degrees above a base of 0°C (Espagnacq ef al.,
1987) and in New Zealand one leaf per 131 such day-degrees (Buwalda,
1986). .

BULBING

EFFECTS OF PHOTOPERIOD AND TEMPERATURE

As with onion, bulbing requires long photoperiods and warm temperatures
(Mann, 1952; Takagi, 1990). The lower the red : far-red ratio during .ir\duc-
tive photoperiods the faster the bulbing (Terabun, 1978), anc} extensions of
daylight photoperiods with far-red or blue light are more inductive t.han
with red light (Takagi, 1990). These responses are similar to those fo.r onion.
However, the capability to bulb in response to these growing condlt'lons is
determined by storage temperatures before planting. Shading experiments
show that a low light intensity reduces the number of cloves which initiate
and develop in the leaf axils (Rahim and Fordham, 1990).
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EFFECTS OF PRE-PLANTING BULB STORAGE TEMPERATURE

at 20°C before planting resulted in slow bulbing during subsequent growth
under constant 16.5 h photoperiods, and completely prevented bulbing in
several field trials at different locations. Storage temperatures of 0-5°C were
best for inducing rapid bulbing after planting. In these experiments the
optimum temperature for rapid bulb induction shifted from 5-10 to 0°C the
longer the period of storage before planting. Trials in France with the similar
cultivar ‘Printanor’ gave the same responses (Messiaen et al., 1993). With
Japanese cultivars storage temperatures of 15°C and lower are effective for
bulb induction with an optimum of 2-4°C (Takagi, 1990). Low temperatures
are necessary for the differentiation of axillary buds which form cloves
(Rahim and Fordham, 1988). If low temperatures persist for too long before
long photoperiods and warmth induce bulb enlargement, the axillary buds
may develop into leafy side shoots. These side shoots then develop several
cloves of their own, forming irregular bulges around the periphery of the
main bulb. Such misshapen bulbs are termed ‘rough’ and are an unaccept-
able quality defect. Rough bulbs occur when planting stock is kept too long
at optimal inductive temperatures (0-5°C) before planting, and occurs in
practice after exceptionally cool winters (Mann and Minges, 1958; Messiaen
et al., 1993). In contrast, if some cultivars have insufficient exposure to low
temperatures, for example following spring rather than autumn planting,
they may fail to produce axillary buds and produce just one large terminal
clove termed a ‘round clove’, rather than the the usual multiclove bulb
(Messiaen et al., 1993). Such round cloves also occur when garlic is grown
from very small cloves or from the small topsets formed in inflorescences
(Takagi, 1990).

A minimum of 4 weeks storage at 5°C was required to have a measur-
able effect on subsequent bulbing (Mann and Minges, 1958). These authors
also showed that 4 or more weeks storage at 20 or 25°C would measurably
counteract the effect of many preceding weeks at 5°C and delay bulbing. So
the cold induced acceleration of bulbing is reversed by subsequent warm
storage, an effect also observed with onion sets.

DORMANCY

Storage conditions needed to prolong dormancy are essentially the reverse
of those needed to promote sprouting discussed previously; therefore, stor-
age at 7.5°C gives the most rapid loss of dormancy. The degree of dormancy
of stored bulbs can be assessed by the ratio of the length of the internal
sprout leaf to that of the storage leaf within a sample of cloves (Burba, 1993).
For prolonged storage, temperatures of -1 to -3°C applied to well-ripened
bulbs are optimal (Takagi, 1990). Dormancy is also prolonged at 20-30°C
compared with intermediate temperatures. Respiration rates of dormant

Onions and Garlic

garlic bulbs are lower at 20 than at 5, 10 or 15°C showing that the wa;{xpe;
temperature suppresses metabolic activity (Mann and Lewis, 1956). Hig

M i mpletely ripened can
e Mann:and:-Minges-(1958):showed-that-storage-of-the-variety-'California-Late!======i=-————temperatures.(33 C).applied_before the bulbs are completely 1ip
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reduce dormancy (Takagi, 1990; Messiaen et a!., 19’93)","5’5”i's"t’h’é"c-afe WI;:
onions. Root emergence from dormant bulbs is promoted by lrlnons txi:;emm
the base plate and is most rapid at 15°C, 5.—10" warmer th.an the opt o
for sprouting (Takagi, 1990). As with onion, sprouting is prox‘;\o enou);
exogenous cytokinin applications and associated w.mth arise in En og)e( ous
cytokinin activity (Takagi, 1990). Messiaen and his colleagues .avc; e pand
mented with a wide range of garlic clones from the western hemls;fa 1elre ‘
have outlined six groups based on particular combinations of the following

elements:

intensity of dormancy

the ease of elimination of dormancy by low temperature

the low temperature requirement for axillary bud formation (Messiaen
the thermophotoperiodic requirement for bulb enlargement (Mes:

et al., 1993).

Different combinations of these ecophysiological t.raits largely detgrmuﬁ\ zk;z
adaptedness of a cultivar to the climate and'agrlcglture of a redgmn.f hese
workers have also shown that infection with onion yellqw 1:war i
increases dormancy and earliness of ripening compared to virus-free clones.

FLOWERING

Various degrees of flowering occur in garlic clones. S'ome never ngrr:u:}l‘li)!;
produce an inflorescence, whereas others progluce an inflorescence H s
is sterile and bears bulbils. True seed occurs in only a few cllonesd collecte: !
from central Asia (Etoh et al., 1991; Messiaen ¢t al., 1993?. Various egret(?s '01
arrested inflorescence development are common ranging ﬁ:om al;.els 1f31a_
flower stalk within a normal bulb, through a short statk with bu 1 ds ‘:ura
rounded by the outer membrane of the bulb to a short stalk c\rovs:n.ed y)d
few topsets (Burba, 1993; Messiaen et al., 1993). Inflorescences are iny t.uc.t.a
by low temperatures, 2 to 2°C being optimal .for some Ja'panesekvar‘lelxge;b)
lower temperature than is optimal for induction of bulbing (Takagi, . ié
The differentiation of induced inflorescences occurs after planl:mg an.OdS
favoured by growth at cool temperatures after Plantm'g. Long p qtppex;xr 0ds
stimulate inflorescence development, but as with omo.n, cgmpefh;mn om
bulbing can suppress inflorescences, therefore a combmahonu(; or;gv;())urs
toperiods with temperatures sufficiently lon to prever.lt bulbing g o
bolting (Messiaen et al., 1993). A large clove size at planting faV(iqrs 0 ! irg\
(Takagi, 1990). Bolting reduces bulb yields ar!d growers of bo hrtx)g CtV]5‘7
France remove the flower stalk thereby increasing bulb yields by abou o
(Messiaen ¢t al., 1993).
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Th . . .
e cause of irregular or. rough’-bulbs-due-to-cloves-formed-onside shoots
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Brewster, J.L. (1983) Effects of photoperiod, nitrogen nutrition and temperature on
inflorescence initiation and development in onion (Allium cepa L.). Annals of
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geca:ubroeiin “cjl}:eiscc;lbed ltlmder bulb.ing. In stored bulbs a ‘waxy breakdown’ can
orve ganich small, sunken, light-yellow areas of the clove flesh expand to
give shrun br, sﬁ‘rjnewha.\t trans.lucent, amber cloves which are waxy to
couch. W ¥y breakdown is associated with inadequate ventilation and lo
ygen during storage (Anon, 1976), suggesting it may be similar in caus“e,

to th te y sca scussed above and lecently SIIOWII
0 the ‘water le ploblem of onions di
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