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ABSTRACT

Vernalization is a process required for certain plant species,
among them onion (Allium cepa L.), to enter the reproductive stage,
through an exposure to low, non-freezing temperatures. Currently,
there is a lack of a realistic vernalization model in onion, which
provides a rationale for this effort. The objective of this study was to
develop a vernalization model that describes the response of
development to vernalizing temperatures and to the duration of the
vernalization period in onion. The temperature response of
vernalization was described by a nonlinear beta function that has three
coefficients (the cardinal temperatures), which were defined as 0, 10,
and 16 °C. The response to the duration of the vernalization period was
described by a nonlinear MMF function with four coefficients (the
response of unvernalized plants, the response of fully vernalized
plants, the duration of the vernalization treatment when plants are half
fully vernalized and a shape coefficient), which were defined as 0, 1,
30 vernalization days, and 5, respectively. The vernalization model
successfully described the response of development to vernalizing
temperatures and to the duration of the vernalization period of several
American, European, Japanese, and Brazilian onion cultivars
published in the literature, which were independent data sets.
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INTRODUCTION

The onion (Allium cepa L.) is the species of greatest
economic importance of the Allium genus (RABINOWITCH,
1985). The main cultivation objects are the bulbs, which are
widely used mostly for seasoning, although leaves are also of
economic interest. In 2001, about 3 million metric tons of onion
bulbs were produced only in the USA at a wholesale of about
US$ 700 million (USDA, 2002).

Onion is a biennial herbaceous plant, and temperature
and photoperiod are the major environmental factors that
control its development (BREWSTER, 1983, 1987;
RABINOWITCH, 1985). Therefore, onion developmental
models have a temperature [f(T)], and a photoperiod [f(P)]
functions (BREWSTER, 1987). Bulbs, consisting of leaf bases,
young leaves, and leaf primordia, are formed during the first
growing season in response to long days. Therefore, for bulb
production, seedlings are transplanted in the spring in
Southern Brazil. The first growing season ends when the green
leaves and the roots senesce, with the bulbs entering a
dormant phase. At the end of the dormant phase of the bulbs,
roots and leaves restart growth, characterizing the second
growing season. The exposure of vegetative plants (after a
juvenile phase that corresponds to a minimum 7-10 initiated
leaves) or bulbs to low temperatures induces flowering, which
terminates the growth of the main axis (RABINOWITCH,

1985). The exposure to low temperatures either in natural
winter or in artificial cold treatment that causes induction of
flowering in several plant species, among them onion, is called
vernalization (PINTHUS, 1985; FLOOD & HALLORAN, 1986).

Vernalization in onion has been of research interest
because of the need to understand and prevent bolting
(flowering in the first growing season) in seed-sown
overwintered crops, and also because of the need to induce
flowering for seed production in breeding programs in the
shortest period possible (BREWSTER, 1987). Lack of cold
temperatures to induce flowering is the main constrain to onion
seed production in many tropical countries (KIMANI et al.,
1994). In Brazil, natural vernalization in the field and
consequently onion seed production are restricted to the Rio
Grande do Sul and Santa Catarina States (MULLER &
CASALI, 1982).

The response of plants to vernalization is given by the
combination of two factors, the temperature during the
vernalization period, and the duration of the vernalization
period (HODGES & RITCHIE, 1991; RITCHIE, 1991). With
respect to the temperature response, vernalization has three
cardinal (minimum, optimum, and maximum) temperatures
(WANG & ENGEL, 1998; YAN & HUNT, 1999b). On the other
hand, the duration of the exposure to vernalizing temperatures
is measured as effective vernalization days (VD). One VD is
attained when the plant is exposed to the optimum temperature
for vernalization for a period of one day (24 h). As temperature
departs from the optimum, only a fraction of one VD is
accumulated by the plant at a given calendar day (HODGES &
RITCHIE, 1991; RITCHIE, 1991). Therefore, a vernalization
model shall have a temperature response function [f(T)], and a
VD response function [f(VD)].

Because the exposure to low temperatures affects plant
development in many species, vernalization models have been
developed for several crops such as winter wheat (Triticum
aestivum L.) (RITCHIE, 1991; WANG & ENGEL, 1998), carrot
(Daucus carota L.) (YAN & HUNT, 1999b), calabrese (Brassica
oleracea var. italica) (WURR et al., 1995), and lily (Lilium spp.)
(STRECK, 2002b). A literature search, however, revealed a
lack of a vernalization model in onion. BREWSTER (1987)
fitted data of daily vernalization rate to temperature with a step-
wise linear function but did not test the temperature function
against independent data. A step-wise function is not the most
appropriate response function as a temperature response
function because biological systems are more likely to respond
to environmental factors, including temperature, in a smooth
and continuous fashion rather than in a combination of linear
functions that introduce abrupt changes in the response
(SHAYKEWICH, 1995; STRECK, 2002a). Moreover, in the
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BREWSTER (1987) model, no response to VD is proposed.
Both the onion models of WEISSER (1994) and TEI et al.
(1996) do not have a vernalization function as they simulate
onion growth and development only for the first growing phase,
i.e., until falling over of the tops, when onion crops in the field
are usually not exposed to vernalizing temperatures. However,
for seed production, a vernalization model is of interest. This
provides a rationale for developing a vernalization model in
onion.

The objective of this study was to develop a vernalization
model that describes the response of development to
vernalizing temperatures and to the duration of the
vernalization period in onion.

MATERIAL AND METHODS

Vernalization, as any other biological process, has a
response to temperature with a minimum (Tmin), an optimum
(Topt), and a maximum (Tmax) temperature (WANG & ENGEL,
1998; YAN & HUNT, 1999b). A typical biological response to
temperature from Tmin to Topt follows a logistic curve
(SHAYKEWICH, 1995). The response increases slowly as
temperature increases from Tmin, it increases in a linear fashion
at intermediate temperatures, and the rate of increase
decreases as temperature approaches Top, Wwhere the
response is at a maximal. At temperatures above Top, the
response decreases and eventually ceases at Tmax. There are
several functions that can describe the temperature response
of biological processes (LANDSBERG, 1977). Among them is
the beta function, which has been used to describe the
response of growth and development to temperature in
different crops such as winter wheat (WANG & ENGEL, 1998),
muskmelon (Cucumis melo L.) (STRECK, 2002a), and kiwifruit
(Actinidia deliciosa (A. Chev.) C. F. Liang & A. R. Ferguson)
(STRECK, 2003). The beta function as the temperature
function [f(T)] varies from 0 to 1 and is defined as:

f(T) = [2(T-Tmin)*(Topt-Tmin) *(T-Trmin)““V/( Topt-Temin) -

for Tmin < T < Tmax (l)
f(T)y=0 for T < Tmin OF T > Tmax
a= In2/|n[(Tmax'Tmin)/(Topt'Tmin)] (2)

where Tmin, Topt, and Tmax are the cardinal temperatures
(minimum, optimum, and maximum).

Equation (1) is a flexible curve and, by changing the
cardinal temperatures, it can attain several shapes (Figure 1).
In defining the cardinal temperatures for vernalization in onion,
it was assumed that Tmin is 0°C, Topt is 10°C, and Tmax is 16°C.
The assumption of a minimum temperature of 0°C was based
on the results by BOSWELL (1923), who showed that
inflorescence initiation in onion was suppressed by
temperatures of about 0°C. A value of 10°C for Top was
selected based on AGUIAR (1984) and RABINOWITCH
(1985). The assumption of a maximum temperature of 16°C
was based on BREWSTER (1987) who used this value as the
maximum temperature for vernalization in onion. Therefore, the
function to describe the temperature response of vernalization
[f(Tv)] in onion was:
f(Ty) = [2(T)*(20)° - (T)*J/(10)**
f(Ty=0
with o = 1.47477.

fOI’ Tmin < T < Tmax (3)
for T < Tmin OF T > Tmax

The next step in the vernalization model is a function that
describes the response to the duration of the vernalization
period, i.e., f(VD). Results on the effect of VD on time to
flowering in other species (e.g. wheat) suggest a sigmoidal

shaped curve for describing the plant developmental response
to VD, with plants exposed to a short period not differing from
unvernalized plants and, after a maximum period of
vernalization, plants are fully vernalized and they do not
respond to further exposure to vernalizing temperatures
(CHUJO, 1966; WANG et al., 1995; BROOKING, 1996;
RAWSON et al.,, 1998; MAHFOOZI et al., 2001). It was
assumed that the VD response in onion also follows a
sigmoidal shape. There are several functions with a sigmoidal
shape. Among them, a flexible sigmoidal response function is
the Morgan-Mercer-Flodin (MMF) function (MORGAN et al.,
1975):
Y = (ab + cX")/(b + X") (4)
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Figure 1 - The beta function (eq. 1) describing the temperature
response of three plant processes: the response of
seedling growth rate in maize (Zea mays L.) with
Tmin=0°C, Top=32°C, and Tmax=43°C (YAN & HUNT,
1999a); the temperature response of growth and
development in kiwifruit (Actinidia deliciosa (A.
Chev.) C. F. Liang & A. R. Ferguson) with Tmin=0°C,
Topt=25°C, and Tmax=40°C (STRECK, 2003); the
temperature response of vernalization in onion
(Allium cepa L) with Tmn=0°C, Top=10°C, and
Tmax=16°C (eq. 3).

where Y is the dependent (or response) variable, X is the
independent (or explanatory) variable, a is the intercept when
X=0, c is the asymptote as X approaches infinity, n is a shape
coefficient, and b is interpreted as b=(Xos)", with Xo5 being the
value of X when Y is half of the maximum response. Equation
(4) is a general function that can take the form of a rectangular
hyperbola when n=1, the Hill equation (HILL, 1913) when a=0,
and the Michaelis-Menten equation (MICHAELIS & MENTEN,
1913) when a=0 and n=1.

For the VD response function [f(VD)] in onion, X is VD and
Y varies from 0 to 1, with O corresponding to unvernalized
plants and 1 corresponding to fully vernalized plants.
Consequently, the coefficients a and c in eq. (4) have values of
0 and 1, respectively. The -coefficient VDos is defined
analogously to the coefficient Xos as the VD when the
response is one half of the response of fully vernalized plants,
i.e., when f(VD) is 0.5. A value of VDos = 30 VD for onion was
assumed in this study based on the results reported by
AGUIAR (1984), who reported that the number of umbels/plant
at 30 VD was about half of the number of umbels/plant when
onion plants of several cultivars were fully vernalized (90 and
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120 VD). By varying the coefficient n, the MMF function can
assume a variety of shapes (Figure 2). If n=1, the response
curve is hyperbolic. As the coefficient n increases, the
response becomes increasingly sigmoidal, increasing in
steepness until it becomes a step function when n approaches
infinity. A value of n=5 was selected based on the study by
STRECK (2002b,c) who used this value in the vernalization
response function for lily and winter wheat, respectively. When
n=>5, the response is close to zero at values less than 15 VD
(at 15 VD the response is 0.03) and greater than 0.97 at values
higher than 60 VD. With these assumptions, the function to
describe the response to VD [f(VD)] in onion was:

eg. (3) are from European and Japanese onion cultivars from
eight trials. The sources of these trials are presented in Table
1. Inthese trials, bulbs (AURA, 1963) or seedlings (SHISHIDO
& SAITO, 1975; BREWSTER, 1983) were exposed to different
vernalizing temperatures in controlled environment rooms.
After the exposure to vernalizing temperatures, bulbs or plants
were transferred to rooms at nonvernalizing temperatures (20-
25°C) and days to flowering (AURA, 1963; SHISHIDO &
SAITO, 1975) or days to inflorescence initiation were
measured. Data of days to flowering and days to inflorescence
initiation were transformed in rate of development by taking the
reciprocal of time, i.e., 1 days'l. Data were then normalized to

f(VD) = (VD)*/[(30)° + (VD)’] (5) vary from 0 to 1 by dividing each value by the maximum
development rate.

Data to evaluate eq. (5) are from Japanese, American,
| and Brazilian onion cultivars from six trials. The sources of
> 8 these trials are presented in Table 2. In these trials, seedlings
(SHISHIDO & SAITO, 1975) or bulbs (AGUIAR et al., 1983)
were exposed to vernalizing temperatures for different periods
(calendar days) and transferred to temperatures above the
maximum temperature for vernalization in controlled rooms at
20°C (SHISHIDO & SAITO, 1975) or in the field (AGUIAR et
al., 1983). The developmental parameters measured after the
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0.4 —B—n=5 exposure to several days under vernalizing temperatures were
—A—n=10 percentage of onion plants flowering (SHISHIDO & SAITO,

1975) and number of umbels/plot (AGUIAR et al., 1983).
These data were normalized in order to obtain a 0 to 1
response, representing unvernalized and fully vernalized
plants, respectively. The percentage of flowering data from
0 20 40 60 80 100 SHISHIDO & SAITO (1975) were normalized by dividing each
value by 100. The number of umbels/plot data from AGUIAR et
al. (1983) were normalized by:
Response = (NU - NUov )/( NULy- NUov) (6)
where NUoy is the number of umbels/plot of unvernalized
plants (0 calendar days), NU is the number of umbels/plot for a
given vernalization treatment, and NU.v is the number of
umbels/plot at the longest vernalization treatment (75 calendar
days). Plants at the longest vernalization treatment were
assumed to be fully vernalized.

e = infinite
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Figure 2 - Responses of the MMF function (eq. 4) for differing
values of the shape coefficient (n) with a=0
(intercept), b=1(asymptote), and Xo.5=30 (half of the
maximum response).

The performance of eq. (3) and (5) was evaluated with
independent data published in the literature. Data to evaluate

Table 1 - Source of the trials used to evaluate eq. (3).

Trial # Cultivar Treatments (temperature, °C) Source

1 Hytti 4,11 AURA (1963)

2 Imai-wase 5,9,14.7 SHISHIDO & SAITO (1975)
3 Sapporoki 5,9, 13 SHISHIDO & SAITO (1975)
4 Senshuki 5,9,14.7 SHISHIDO & SAITO (1975)
5 Senshyu (Normal N) 6,9, 12 BREWSTER (1983)

6 Senshyu (Low N) 6,9, 12 BREWSTER (1983)

7 Rijnsburger (Normal N) 6,9, 12 BREWSTER (1983)

8 Rijnsburger (Low N) 6,9, 12 BREWSTER (1983)

Table 2 - Source of the trials used to evaluate eq. (5).

. . Treatments Temperature during
Trial# Cultivar (days of vernaliza'[ion)1 vernalization (°C) Source
1 Sapporoki 20, 30, 40, 50, 60 5 SHISHIDO & SAITO (1975)
2 Sapporoki 20, 30, 40, 50, 60 9 SHISHIDO & SAITO (1975)
3 Pera IPA-1 0, 15, 30, 45, 60, 75 7-8 AGUIAR et al. (1983)
4 Baia Triunfo 0, 15, 30, 45, 60, 75 7-8 AGUIAR et al. (1983)
5 Ro6xa do Barreiro 0, 15, 30, 45, 60, 75 7-8 AGUIAR et al. (1983)
6 Texas Grano-502 0, 15, 30, 45, 60, 75 7-8 AGUIAR et al. (1983)

*Calendar days

Because the temperature during the vernalization
treatments in the trials used to evaluate eq. (5) (SHISHIDO &
SAITO, 1975; AGUIAR et al., 1983) was not at the optimum
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was calculated with eq. (3). The VD treatments for these trials
were calculated by:

VD = Xfvn(T) (7)

Published research data used to evaluate egs. (3)
and (5) were in tables and figures in the original papers. Data
from figures were extracted by enlarging the diagram at least
150% to minimize random errors of interpolation and
estimating the values of the developmental parameters.

The observed response to temperature and VD data were
compared to the f(Ty) predicted by eq. (3) and f(VD) predicted
by eq. (5), respectively. The root mean square error (RMSE)
was calculated and used as a measure of the performance of
egs. (3) and (5) (JANSSEN & HEUBERGER, 1995):
RMSE = [£(P; - 0)%N]*® (8)

where P; = predicted data, O; = observed data, N =
number of observations, and i = 1...N. The RMSE expresses
the spread in Pi-O; and has the same dimensions as the
predicted and the observed data (in this study it is unitless).
The lower the RMSE the better the prediction.

RESULTS AND DISCUSSION

The temperature response of some biological processes
using eq. (1) is represented in Figure 1. The response of
seedling growth rate in maize (Zea mays L.) has cardinal
temperatures of 0°C, 32°C, and 43°C (YAN & HUNT, 1999a).
The temperature response of growth and development in
kiwifruit has cardinal temperatures of 0°C, 25°C, and 40°C
(STRECK, 2003). The temperature response of vernalization in
onion (Allium cepa L.) was defined in this study as having
cardinal temperatures of 0°C, 10°C, and 16°C.

1 { RMSE=0.121 s = e
7] x N A Trial 2
4 A Trial 3
[} 0.8 B X T::M
& N o Trial5
4 @® Trial6
51, 0.6 7 o T::ZH
0] ] A W Trial 8
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Figure 3 - The performance of the beta function (eq. 3) in
describing the temperature response  of
vernalization in onion (Allium cepa L.). Observed
data are from published data of European and
Japanese onion cultivars.

The observed vernalization response to temperature of
different onion cultivars and the temperature response curve
predicted with the beta function (eq. 3) are presented in Figure
3. The observed data show a maximum response in the range
of 9-12°C and a decrease when temperature departs from Topt.
This trend was captured by the beta function (eq. 3), which had
a good performance over the entire range of observed data

(RMSE =0.121). Also, the observed data, as they were
normalized with respect to their maximum, all fall into a similar
pattern of response to temperature, suggesting a general type
of response for different cultivars and nitrogen treatments, and
also for bulbs and seedlings.

A comparison of the cardinal temperatures for
vernalization in onion (0, 10, and 16°C) with other species
shows some differences and similarities. The cardinal
temperatures for vernalization in winter wheat are -1.3, 4.9,
and 15.7°C (PORTER & GAWITH, 1999), in carrot are -1, 6.5,
and 16°C (ATHERTHON et al., 1990), in calabrese are -2.8,
15.8, and 23.6°C (WURR et al., 1995), and in lily are 0, 5, and
21°C (ROH & WILKINS, 1977, ROH, 1985; HOLCOMB &
BERGHAGE, 2001). The Tmax for vernalization in onion is
similar to the Tmax for vernalization in carrot and winter wheat.
The Tmin and Topt, however, are higher in onion than in carrot
and winter wheat, which is probably a reflect of an adaptation
to different natural habitats, as onion is native to middle or
southern Asia, with secondary centers of development in
western Asia and the Mediterranean area (RABINOWITCH,
1985), whereas most of carrot and winter wheat cultivars are
from regions with colder temperatures (HILLER & KELLY,
1985; PINTHUS, 1985).

The observed response to VD of different onion cultivars
and the VD response predicted with the MMF function (eq. 5)
are illustrated in Figure 4. Even though there are a few outliers
in the data (cultivars Sapporoki, Baia Triunfo, and Texas Grano
— 502 at about 50 VD and cultivar Pera IPA-1 at 40 VD), the
general trend of the observed data was described well by the
MMF function, with a RMSE = 0.134, and, more importantly,
observed data spread around the predicted curve. Observed
data show that onion plants are not vernalized (i.e., the
response is zero) at values less than 17 VD and onion plants
are fully vernalized (i.e., the response is one) at values greater
than 60 VD, and so does the MMF function (the predicted
response is 0.05 and 0.97 at 17 VD and 60 VD, respectively).

RMSE=0.134 {

—Eg. (5)
Trial 1
Trial 2
Trial 3
Trial 4
Trial 5
Trial 6

Response

X <o p>0OOo

Effective vernalization days (VD)

Figure 4 - The performance of the MMF function (eq. 5) in
describing the VD response of in onion (Allium cepa
L.). Observed data are from published data of
American, Brazilian, and Japanese onion cultivars.
Each point represents the fraction of full
vernalization: 0 = unvernalized plants and 1 = fully
vernalized plants.

Comparing the response to VD in onion and other species,
onion has a need for a longer period than winter wheat and lily.
Winter wheat and lily plants start to respond to a VD higher
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than 7-10 VD, are half vernalized at about 22 VD, and fully
vernalized at 40-50 VD (STRECK, 2002b,c) whereas the data
shown here (Figure 4) indicate that onion plants start to
respond only after 17 VD, are half vernalized at about 30 VD
and fully vernalized at 60 VD.

Several response functions used in crop simulation
models are dependent on genotype. This is often a constrain
when a model needs to be used with genotypes that have
unknown coefficients. Also, the use of Occam’s Razor in crop
modeling is encouraged (SINCLAIR & MUCHOW, 1999), i.e.
the simplest theory is preferred to more complex ones or
explanations of phenomena should be in terms of known
quantities. Therefore, the search for generalized response
functions is a major goal in crop modeling. This type of
philosophy in crop modeling assumes that the similarities
among genotypes are more important than the differences
(MAJOR & KINIRY, 1991). The results of this study (Figure 3)
indicate that the vernalization response to temperature in onion
can be described by a generalized nonlinear function. These
results agree with previous studies that successfully modeled
the response of growth and development to temperature with
generalized functions in several crops such as maize (YAN &
HUNT, 1999a), chrysanthemum (LARSEN & PERSSON,
1999), wheat (STRECK, 2002c), muskmelon (STRECK,
2002a), and kiwifruit (STRECK, 2003).

Several reasons contribute to adopt eq. (3) as a
generalized temperature response function for vernalization in
onion. Firstly, the coefficients (the cardinal temperatures) have
biological meaning. Secondly, eq. (3) is a robust function, as
the cardinal temperatures (Tmin, Topt, @and Tmax) Were derived
from independent studies and different cultivars. Thirdly, the
function (eq. 3) describes what is currently accepted in terms
of temperature response of biological systems, including
vernalization, i.e., temperatures close to Tmin, the response is
close to 0, the response increases in a linear fashion at
intermediate temperatures, the response reaches a maximum
when temperature approaches Tox, and the response
decreases down to 0 at Tmax (SHAYKEWICH, 1995).

The VD response function developed in this study (eq. 5)
also has the potential of working as a generalized function for
several reasons. First, the values of the coefficients in eq. (5)
have biological meaning. Second, the coefficients a, ¢ and n of
eqg. (5) were derived from two other species (Triticum aestivum
L. and Lilium spp.), and the coefficient VDo s was derived from
different cultivars and worked well for the onion cultivars used
in the evaluation (Figure 4), indicating its robust and general
nature. Third, this function (eq. 5) describes what is currently
accepted in terms of vernalization response in plants (SLAFER
& RAWSON, 1994; CAO & MOSS, 1997). A short period of
exposure to vernalizing temperatures leads to plants behaving
as if they never were exposed to vernalizing temperatures. An
exposure to more than a minimum VD causes the plant to
respond and behave differently than unvernalized plants. After
a maximum VD, the plant is fully vernalized, i.e. there is no
further response to VD. Fourth, the response of eq. (5) is
realistic. Biological systems are likely to respond to
environmental factors in a smooth and continuous fashion
(SHAYKEWICH, 1995). However, as indicated by the outliners
in Figure 4, some onion cultivars may have a different
response to VD, and there might be a need to adjust the
coefficient VDo s for some cultivars.

Current onion models (e.g. WEISSER, 1994; TEI et al.,
1996) fail to describe the response of onion development to
vernalization, which is a constraint when the goal of the
enterprise is seed production. This study provides a
vernalization model, which represents a contribution to the

existing approaches for modeling onion development. The
f(VD) can be used to calculate development rate by multiplying
a temperature and photoperiod function, such as in models of
other crops that need to be vernalized to enter the reproductive
phase such as winter wheat (e.g. WANG & ENGEL, 1998).

CONCLUSION

The vernalization model developed and evaluated in this
study describes the effects of temperature and VD on the
vernalization rate in onion. The temperature and VD response
functions have general nature. The implication of these results
is that most of the genetic variation of the vernalization
response encountered among cultivars can be accounted for
by using a single function, thus, reducing the number of input
data necessary for onion simulation models.

RESUMO

Vernalizacdo é um processo que certas espécies de plantas,
incluindo cebola (Allium cepa L.), necessitam para entrar no periodo
reprodutivo, através da exposicdo a baixas temperatures. Uma revisao
de literatura revelou que ndo existe um modelo de vernalizagdo
adequado em cebola. O objetivo deste estudo foi desenvolver um
modelo de vernalizagdo em cebola que descreva a resposta do
desenvolvimento a temperaturas vernalizantes e a duragao do periodo
de vernalizagdo. A resposta da vernalizacéo a temperatura foi descrita
com uma fung&o nao linear (funcéo beta) que tem trés coeficientes (as
temperatures cardeais), os quais foram definidos como 0, 10 e 16°C. A
resposta do desenvolvimento & duragdo do periodo de vernalizacéo foi
descrita por uma funcdo néo linear (funcdo MMF) que tem quatro
coeficientes (a resposta de plantas ndo vernalizadas, a resposta de
plantas completamente vernalizadas, a duragdo do periodo de
vernalizagdo em que as plantas estdo metade vernalizadas e um
coeficiente que governa a curvatura da funcdo de resposta), os quais
foram definidos como 0, 1, 30 dias de vernalizacdo e 5,
respectivamente. O modelo de vernalizacdo desenvolvido e avaliado
neste estudo descreveu adequadamente a resposta do
desenvolvimento a temperaturas vernalizantes e a duragao do periodo
de vernalizagdo de varias cultivares de cebola de origem americana,
européia, japonesa e brasileira publicados na literatura.

Palavras-chave:
florescimento.

temperatures baixas, pendoamento,

REFERENCES

AGUIAR, P.A. Periodo de vernalizagdo nos bulbos de cebola
para producéo de sementes no nordeste do Brasil. Pesquisa
Agropecuaria Brasileira, Brasilia, v. 19, n. 2, p. 197-200,
1984.

AGUIAR, P.A.; DOLIVEIRA, L.O.B.; ASSUNCAO, M.V.
Vernalizagdo de bulbos na producdo de sementes de cebola
nao regido do submédio S&o Francisco. Pesquisa
Agropecuaria Brasileira, Brasilia, v. 18, n. 7, p. 741-746,
1983.

ATHERTON, J.G.; CRAIGON, J.; BASHER, E.A. Flowering
and bolting in carrot. 1. Juvenility, cardinal temperatures and
thermal times for vernalization. Journal of Horticultural
Science, Ashford, v. 65, n. 4, p. 423-429, 1990.

AURA, K. Studies on the vegetatively propagated onions
cultivated in Finland with special reference to flowering and
storage. Annales Agriculturae Fenniae , Helsinki, v. 2,
suplemento n. 5, p. 1-74, 1963.

R. bras. Agrociéncia, v. 9, n. 2, p. 99-105, abr-jun, 2003 103



STRECK A vernalization model in onion (Allium cepa L.)

BOSWELL, V.R. Influence of the time of maturity of onions on
the behavior during storage, and the effect of storage
temperature on subsequent vegetative and reproductive
development. Proceedings of the American Society for
Horticultural Science, College Park, v. 20, n. 1, p. 234-239,
1923.

BREWSTER, J.L. Effects of photoperiod, nitrogen nutrition and
temperature on inflorescence initiation and development in
ionion (Allium cepa L.). Annals of Botany, London, v. 51, n. 4,
p. 429-440, 1983.

BREWSTER, J.L. Vernalization in the onion — a quantitative
approach. In: ATHERTON, J.G. Manipulation of flowering.
London: Butterworths, 1987, Cap. 13, p. 171-183

BROOKING, I.R. Temperature response of vernalization in
wheat: A developmental analysis. Annals of Botany, London,
v. 78, n. 4, p. 507-512, 1996.

CAO, W.; MOSS, D.N. Modeling phasic development in wheat:
a conceptual integration of physiological components. The
Journal of Agricultural Science, Cambridge, v. 129, n. 2, p.
163-172, 1997.

CHUJO, H. Differences in vernalization effects effect in wheat
under various temperatures. Proceedings of the Crop
Science Society of Japan, Tokyo, v. 35, n.1, p. 177-186,
1966.

FLOOD, R.G.; HALLORAN, G.M. Genetics and physiology of
vernalization response in wheat. Advances in Agronomy,
New York, v. 39, n. 1, p. 87-125, 1986.

HILL, A.J. The combinations of haemoglobin with oxygen and
with carbon monoxide. The Biochemical Journal, London, v.
7,n.5, p. 471-480, 1913.

HILLER, L.K.; KELLY, W.C. Daucus carota. In: HALEY, H.C.
CRC Handbook of flowering. Volume Il. Boca Raton: CRC
Press, 1985. p. 419-429.

HODGES, T.; RITCHIE, J.T. The Ceres-Wheat phenology
model. In: HODGES, T. Predicting crop phenology. Boston:
CRC Press, 1991. Cap. 12, p. 133-141.

HOLCOMB, E. J.; BERGHAGE, R. Photoperiod, chilling, and
light quality during daylight extension affect growth and
flowering of tissue-cultured Easter lily plants. HortScience, Mt.
Vernon, v. 36, n. 1, p. 53-55, 2001.

KIMANI, P.M.; PETERS, R.; RABINOWITCH, H.D. Potential of
onion seed production in a tropical environment. Acta
Horticulturae, Wageningen, v. 358, n. 1, p. 341-348, 1994.
JANSSEN, P.H.M.; HEUBERGER, P.S.C. Calibration of
process-oriented models. Ecological Modelling, Amsterdam,
v. 83, n. 1, p. 55-56, 1995.

LANDSBERG, J.J. Some useful equations for biological
studies. Experimental Agriculture, New York, v. 13, n. 1, p.
273-286, 1977.

LARSEN, R.U.; PERSSON, L. Modelling flower development in
greenhouse chrysanthemum cultivars in relation to
temperature and response group. Scientia Horticulturae,
Amsterdam, v. 80, n. 1-2, p. 73-89, 1999.

MAHFOOZI, S.; LIMIN, A.E.; FOWLER, D.B. Influence of
vernalization and photoperiod responses on cold hardiness in
winter cereals. Crop Science, Madison, v. 41, n. 5, p. 1006-
1011, 2001.

MAJOR, D.J.; KINIRY, J.R. Predicting daylength effects on
phenological processes. Predicting crop phenology. Boston:
CRC Press, 1991. Cap. 4, p. 15-28.

MICHAELIS, L.; MENTEN, M.L. Die kinetik der invertinwirkung.
Biochemische Zeitschrift, Berlin, v. 49, n. 2, p. 333-369,
1913.

MORGAN, P.H.; MERCER, L.P.; FLODIN, N.W. General
model for nutritional responses of higher organisms.
Proceedings of the National Academy of Sciences of the

United States of America, Washington, v. 72, n. 11, p.4327-
4331, 1975.

MULLER, J.J.V.; CASALI, V.W.D. Producao de sementes de
cebola. Florianopolis: EMPASC, 1982. 64p. (Boletim Técnico,
16).

PINTHUS, M.J. Triticum. In: HALEY, H.C. CRC Handbook of
flowering. Volume IV. Boca Raton: CRC Press, 1985. p. 418-
443.

PORTER, J.R.; GAWITH, M. Temperatures and the growth
and development of wheat: a review. European Journal of
Agronomy, Montrouge Cedex, v. 10, n. 1, p. 23-36, 1999.
RABINOWITCH, H.D. Onions and other edible Alliums. In:
HALEY, H.C. CRC Handbook of flowering. Volume I. Boca
Raton: CRC Press, 1985. p. 398-409.

RAWSON, H.M.; ZAJAC, M.; PENROSE, L.D.J. Effect of
seedling temperature and its duration on development of wheat
cultivars differing in vernalizing response. Field Crops
Research, Amsterdam, v. 57, n. 3, p. 289-300, 1998.
RITCHIE, J. T. Wheat phasic development. In: HANKS, R. J.,
RITCHIE, J. T. Modeling Plant and Soil Systems. Madison:
ASA, CSSA, and SSSA, 1991. Cap. 3, p. 31-54.

ROH, M.S. Flowering response of mid-century hybrid lilies to
bulb vernalization and shoot photoperiod treatment.
HortScience, Mt. Vernon, v. 20, n. 4, p. 710-713, 1985.

ROH, M.S.; WILKINS, H.F. Comparison of continuous and
alternating bulb temperature treatments on the growth and
flowering in Lilium longiflorum Thunb. Journal of the
American Society for Horticultural Science, Boston, v. 102,
n. 3, p. 242-247, 1977.

SHAYKEWICH, C.F. An appraisal of cereal crop phenology
modeling. Canadian Journal of Plant Science, Ottawa, V.
75,n. 2, p. 329-341, 1995.

SHISHIDO, Y.; SAITO, T. Studies on the flower bud formation
in onion plants. |. Effect of temperature, photoperiod and light
intensity on the low temperature induction of flower bud.
Journal of the Japanese Society for Horticultural Science,
Tokyo, v. 44, n. 2, p. 122-130, 1975.

SINCLAIR, T.R.; MUCHOW, R.C. Occam’s Razor, radiation
use efficiency and and vapor pressure. Field Crops
Research, Amsterdam, v. 62, n .2-3, p. 239-243, 1999.
SLAFER, G.A.; RAWSON, H.M.. Sensitivity of wheat phasic
development to major environmental factors: a re-examination
of some assumptions made by physiologists and modelers.
Australian Journal of Plant Physiology, Melbourne, v. 21, n.
4, p. 393-426, 1994.

STRECK, N.A. A generalized nonlinear air temperature
response function for node appearance rate in muskmelon
(Cucumis melo L.). Revista Brasileira de Agrometeorologia,
Santa Maria, v. 10, n. 1, p. 105-111, 2002a.

STRECK, N.A. A generalized vernalization response function
for lily (Lilium spp.). Revista Brasileira de Agrometeorologia,
Santa Maria, v. 10, n. 2, p. 221-228 ,2002b.

STRECK, N.A. Developmental and physiological responses
of winter wheat (Triticum aestivum L.) to selected
environmental factors. Lincoln, 2002c. 127p. Dissertation
(Ph.D. in Agronomy) — School of Natural Resources Sciences,
Institute of Natural Resources Sciences, University of
Nebraska — Lincoln.

STRECK, N.A. A generalized nonlinear temperature response
function for some growth and developmental parameters in
kiwifruit (Actinidia deliciosa (A. Chev.) C. F. Liang & A. R.
Ferguson). Ciéncia Rural, Santa Maria, v. 33, n. 2, p. 253-
262, 2003.

TEI, F.; AIKMAN, D.P.; SCAIFE, A. Growth of lettuce, onion
and red bet. 2. Growth modeling. Annals of Botany, London,
v. 78, n. 6, 645-652, 1996.

104 R. bras. Agrociéncia, v. 9, n. 2, p. 99-105, abr-jun, 2003



STRECK A vernalization model in onion (Allium cepa L.)

USDA (United States Department of Agriculture). Agricultural
statistics 2002. Washington: USDA, National Agricultural
Statistic Service, 2002. 450p. Available at
<www.usda.gov/nass/pubs/agstats.htm>. Accessed on 10 Aug.
2002.

WANG E.; ENGEL, T. Simulation of phenological development
of wheat crops. Agricultural Systems, Amsterdam, v. 58, n. 1,
p. 1-24, 1998.

WANG, S.; WARD, R.W.; RITCHIE, J.T. et al. Vernalization in
wheat. | - A model based on the interchangeability of plant age
and vernalization duration. Field Crops Research,
Amsterdam, v. 41, n. 2, 91-100, 1995.

R. bras. Agrociéncia, v. 9, n. 2, p. 99-105, abr-jun, 2003

WEISSER, C.L.M. ALCEPAS, an onion growth model based
on SUCROS87. |. Development of the model. Journal of
Horticultural Science, Ashford, v. 69, n. 3, p. 501-518, 1994.
WURR, D.C.E., FELLOWS, J.R., PHELPS, K. et al
Vernalization in calabrese (Brassica oleracea var. italica) — a
model for apex development. Journal of Experimental
Botany, Oxford, v. 46, n. 291, p. 1487-1496, 1995.

YAN, W.; HUNT, L.A. An equation for modeling the
temperature response of plants wusing only cardinal
temperatures. Annals of Botany, London, v. 84, n. 5, p. 607-
614, 1999a.

YAN, W.; HUNT, L.A. Reanalysis of vernalization data of wheat
and carrot. Annals of Botany, London, v. 84, n. 5, p. 615-619,
1999b.

105



