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ABSTRACT: Vernalization is a process required by certain plant species, including lilies (Lilium spp.), to
enter the reproductive phase, through an exposure to low, non-freezing temperatures. The objective of this
study was to evaluate a nonlinear vernalization response function for the “Snow Queen” lily. An experiment
was carried out in Santa Maria, RS, Brazil, to provide an independent data set to evaluate the performance of
the model. Lily bulbs were vernalized at -0.5, 4.0, and 10°C during two, four, six, and eight weeks. The daily
vernalization rate (fvn) for each treatment was calculated with a beta function, and the effective vernalization
days (VD) were calculated by accumulating fvn. The thermal time from plant emergence to visible buds at
different VD treatments was used as the observed response to VD. Lily plants were not vernalized at values
less than eight effective vernalization days and were fully vernalized at values greater than 40 days. The
generalized nonlinear vernalization function described well the “Snow Queen” lily developmental response
to VD, with a root mean square error of 0.178.
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SIMULACAO DA RESPOSTA A VERNALIZACAO DO LIRIO
“SNOW QUEEN?” (Lilium longiflorum Thunb.)

RESUMO: A vernalizacdo € um processo que certas espécies de plantas, incluindo lirios (Lilium spp.),
necessitam para entrar no periodo reprodutivo, por meio da exposicao a baixas temperatures. Avaliou-se uma
funcéo nao linear de resposta a vernalizagdo para o lirio a -0,5; 4,0 e 10,0°C durante dois, quatro, seis e oito
semanas. Dados de duracéo do subperiodo compreendido do plantio dos bulbos até o aparecimento do botéo
das plantas com lirio, cultivar “Snow Queen”, provenientes de um experimento realizado em Santa Maria,
RS, Brasil, foram usados como dados independentes para testar a funcéo nédo linear de vernalizagdo. Plantas
de lirio ndo foram vernalizadas com menos de oito dias efetivos de vernalizagdo enquanto que as plantas
estavam completamente vernalizadas com 40 ou mais dias efetivos de vernalizagdo. A funcéo geral ndo linear
de vernalizagdo descreveu bem a resposta de desenvolvimento a vernalizagdo com uma raiz quadrada média
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do erro de 0,178.

Palavras-chave: baixa temperatura, florescimento, bulbos, modelo, desenvolvimento vegetal

INTRODUCTION

Lilies (Lilium spp.) belong to one of the six more
important genera of flower bulbs produced worldwide (De
Hertogh & Le Nard, 1993). The importance of this ge-
nus in the world flower market is in large part due to the
diversity of the species and the large number of hybrids
and cultivars commercially available (De Hertogh, 1996).
Major markets for lily include fresh cut flowers, potted
flowering plants, gardens and landscapes (De Hertogh,
1996; Grassotti, 1996; Mynett, 1996).

Three phases can be distinguished during the de-
velopment of lilies (Langens-Gerrits et al., 2003): the ju-
venile, the vegetative, and the flowering phase. Plants
from juvenile bulblets have a “rosette” growing habit, i.e.,
very short internodes, and will not flower. After one or
two growing seasons, bulbs sprout with a stem that elon-
gates and flowers (Langens-Gerrits et al., 2003).

Most of lily species require an exposure to
low, non-freezing, temperatures to accelerate shoot
emergence and flowering (Weiler & Langhans,
1968; Roh & Wilkins, 1977a; Roh, 1985; Choi et al.,
1996). The exposure to low temperatures either in natu-
ral or in artificial cold treatment is called vernalization
(Purvis & Gregory, 1937; 1952; Purvis, 1961). Vernal-
ization is a natural survival mechanism common to
certain fall planted species to tolerate low temperatures
during the winter (Jedel et al., 1986; Wang et al., 1995;
Rawson et al., 1998). Lily plants respond to vernaliza-
tion by decreasing their time to flowering (i.e., there
is an increase in the development rate towards flower-
ing as vernalization progresses). The decrease in the
time to flowering is caused by a decrease in the num-
ber of primordia that become leaves, i.e., a decrease in
final leaf number (Roh & Wilkins, 1977a; 1977b; Roh,
1985).
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Plant response to vernalization is given by the
combination of two factors, the temperature during the
vernalization period, and the duration of the period. 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 tem-
perature for vernalization for a period of one day (24 h).
As temperature departs from the optimum, only a frac-
tion of one VD is accumulated by the plant at a given
calendar day (Hodges & Ritchie, 1991; Ritchie, 1991).
Response to vernalization may also be dependent on plant
age and plant physiological stage (Roh, 1985; Slafer &
Rawson, 1994; Langens-Gerrits et al., 2003).

Because the exposure to low temperatures affects
plant development in many species, vernalization mod-
els have been developed for several crops such as winter
wheat (Triticum aestivum L.) (Ritchie, 1991; Wang &
Engel, 1998; Streck et al., 2003), carrot (Daucus carota
L.) (Yan & Hunt, 1999), calabrese (Brassica oleracea var.
italica) (Wurr et al., 1995), lily (Lilium spp.) (Streck,
2002), and onion (Allium cepa L.) (Streck, 2003). These
vernalization models account for the effect of VD on the
development rate in many crop simulation models. Ver-
nalization models are composed by a response function
for VD [vernalization function, f(VD)], which varies from
0 to 1, as a modifier of the development rate (e.g. Weir
et al., 1984; Ritchie, 1991; Wang & Engel, 1998).

Streck (2002) proposed a generalized nonlinear
f(vD) for lily. The nonlinear vernalization function has
coefficients with biological meaning and described well the
lily developmental response to VD in 10 lily genotypes
with a wide range of vernalization responses. However, the
vernalization response function proposed by Streck (2002)
was not evaluated for the Lilium longiflorum Thunb, cul-
tivar “Snow Queen”, one of the most important lily culti-
vars grown in Brazil, which constitutes the rationale for
this effort. The objective of this study was to evaluate the
nonlinear vernalization response function proposed by
Streck (2002) for the “Snow Queen” lily.

MATERIAL AND METHODS

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 (e.g. Chujo, 1966; Wang et al., 1995; Brooking, 1996;
Rawson et al., 1998; Mahfoozi et al., 2001). Streck (2002)
proposed the following MMF response function (Morgan
et al., 1975) as a generalized vernalization response func-
tion [f(VD)] in lily:

f(VD) = (VD)*/[(22.5)° + (VD)’] (1)

f(VD) varies in Equation (1) from 0 to 1, with f(VD) =0
corresponding to the response of unvernalized plants and

f(VD) = 1 to the response of fully vernalized plants. The
coefficient 22.5 is the VD when the response is one half
of the response of fully vernalized plants, i.e., when f(\VD)
is 0.5. The coefficient 5 gives the sigmoidal response to
VD, resulting in a response close to zero for values less
than 10 VD and close to 1 for values higher than 40 VD.

A trial with the “Snow Queen” cultivar was car-
ried out in Santa Maria, RS, Brazil (latitude: 29°43’S, lon-
gitude: 53°48’W and altitude: 95 m), to provide an inde-
pendent data set to evaluate the performance of equation
(1). The treatments consisted of bulbs vernalized at -0.5,
4.0, and 10°C during two, four, six, and eight weeks in-
side cold chambers. Only adult bulbs were used in this
study, as juvenile bulblets (Langens-Gerrits et al., 2003)
would not be appropriate for our goal.

To represent temperature and calendar day treat-
ments as vernalization days in the experiment, the fol-
lowing approach was used. The daily vernalization rate
[fvn, (day™)] for each vernalization treatment was calcu-
lated with a beta function (Wang & Engel, 1998; Streck
et al., 2003):

an = [2(T-Tmin)a(Topt-Tmin)a-(T-Tmin)za]/(Topt-Tmin)za

for T, <T<T__ (2)
fvn=0 for T<T, orT>T

o= In2/|n[(TmaX-Tmin)/(Topt_Tmin)] (3)
where T, Topt, and T__ are the cardinal temperatures

(minimum, optimum, and maximum) for vernalization in
lily, assumed as —1.5, 5, and 21°C (Roh & Wilkins, 19773,
Roh, 1985; Holcomb & Berghage, 2001; Streck, 2002).
The beta function (equations 2 and 3) with the cardinal
temperatures for lily is represented in Figure 1. The ef-
fective vernalization days (VD) were then calculated by:

VD = Zfvn (4)

The treatments and the associated VD used in this
study are presented in Table 1.

The vernalization treatments of the bulbs ended
on 12/05/2002, when bulbs were planted inside a plastic
greenhouse. The experimental design was a 3 x 4 + 1 fac-
torial design with three replications. Each replication was
composed by three rows of plants, with 4 plants/row.
Plant spacing was 0.15 m between rows and 0.15 m be-
tween plants. Developmental parameters of interest in this
study were measured in two plants in the center row of
each plot. Other plants of the plot were border plants. The
experiment finished on 05/15/2003.

A widely accepted approach to quantify the ver-
nalization response in plants is to measure the time (cal-
endar time or thermal time) from planting or plant emer-
gence to flowering (Chujo, 1966; Rawson et al., 1998;
Streck et al., 2003). In this experiment, we used the ther-
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Table 1 - Vernalization treatments and associated effective
vernalization days. Santa Maria, RS, Brazil, 2002/

2003.

Treatments Effective vernalization days
Temperature Period (VD)
10°C 2 weeks 12.04
10°C 4 weeks 24.08
10°C 6 weeks 36.12
10°C 8 weeks 46.44
4°C 2 weeks 13.89
4°C 4 weeks 27.78
4°C 6 weeks 41.66
4°C 8 weeks 53.57
-0.5°C 2 weeks 8.12
-0.5°C 4 weeks 16.24
-0.5°C 6 weeks 24.36
-0.5°C 8 weeks 31.32
Unvernalized 0
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Figure 1 - Response of the beta function (equations 2 and 3) with
the cardinal temperatures for vernalization in lily (as —
1.5, 5, and 21°C) used to calculate the daily vernalization
rate [fvn] for the different vernalization treatments.

mal time from emergence (EM) to visible buds (VB), be-
cause some plants had their flowers aborted. Emergence
was considered when 50% of the plants of each replica-
tion were visible above soil surface. Visible buds were
considered when flower buds were visible without remov-
ing leaves (Fisher et al., 1997a). The date of visible buds
for each treatment was the mean date of three replica-
tions.

Air temperature throughout the lily growing sea-
son was recorded inside the plastic greenhouse with a
thermograph installed 1.5 m above ground inside a white
shelter located at the center of the greenhouse. The daily
minimum and maximum temperatures were extracted
from the records. The daily mean temperature (Tmean)
was calculated as the average of the daily minimum and

maximum temperatures. Daily growing degree days
(GDD, °C day) were calculated as (Gilmore & Rogers,
1958; Arnold, 1960):

GDD = (Tmean —Th) . 1 day (5)

where Tb is the base temperature for lily development,
assumed 3.5°C (Fisher et al., 1997a; 1977b). Accumulated
thermal time (TT, °C day) from EM to VB was calculated

by:
TT =XGDD (6)

Accumulated TT data for the EM-VB phase for
each vernalization treatment were normalized in order to
obtain a 0 to 1 response, representing unvernalized and
fully vernalized plants, respectively, by (Streck, 2002):

NTT = (T, - TDI(TT,, - TT) (7)

where NTT is the normalized accumulated TT from EM
to VB, TT,, is the accumulated TT from EM to VB of
unvernalized plants, i.e. at 0 VD, TT is the accumulated
TT from EM to VB for a given VD treatment, and TT_ is
the TT of the VD treatment that had the shortest accu-
mulated TT from EM to VB. Because unvernalized plants
did not produce any visible buds, TT,  is zero.

The NTT data were compared to the f(\VD) pre-
dicted by equation (1). The root mean square error
(RMSE) was calculated and used as a measure of the per-

formance of equation (2) (Janssen & Heuberger, 1995):
RMSE = [Z(P, - O)°/N]** (8)

where P, = predicted data, O, = observed data, N = num-
ber of observations, and i = 1...N. The RMSE expresses
the spread in P,-O, and has the same dimensions as the
predicted and the observed data (here dimensionless). The
lower the RMSE the better the model prediction.

RESULTS AND DISCUSSION

Daily values of mean air temperature inside the
plastic greenhouse during the experiment are plotted in
Figure 2. Temperature was above 21°C, the maximum
temperature for lily vernalization, from planting (05 De-
cember 2002, DOY=339) to 13 March 2003 (DOY = 72),
when plants from all treatments, except the unvernalized,
had their buds visible. These temperatures ensured that
there was no vernalization in the field. Plants from the
unvernalized bulbs did not flower by 15 May 2003, when
the experiment ended.

The vernalization response of lily cv. “Snow
Queen” and the response predicted with the f(VD) re-
sponse function proposed by Streck (2002) [equation (1)]
are illustrated in Figure 3. The general trend of the ob-
served data was described well by the Streck model. Ob-
served data show that lily plants are not vernalized (i.e.,
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Figure 2 - Daily mean air temperature inside the plastic greenhouse
throughout the lily growing season. Santa Maria, RS,
Brazil, 2002/2003.
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Figure 3 - The observed vernalization response of “Snow Queen”
lily and the f(\VD) predicted with the response function
proposed by Streck (2002). Santa Maria, RS, Brazil,
2002/2003.

the response is zero) at values less than 8 VD and fully
vernalized (i.e., the response is close to one) at values
greater than 40 VD, and so does the Streck model. The
RMSE of the estimate was 0.178 which is greater than
the RMSE of 0.089 reported by Streck (2002) when the
same f(VD) was used to describe the vernalization re-
sponse of 10 lily genotypes with a wide range of vernal-
ization response.

Several response functions used in crop simula-
tion models are dependent on genotype. This creates a
problem when a model needs to be used with genotypes
that have unknown coefficients. Additionally, 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. This type of phi-
losophy in crop modeling has been encouraged and it as-
sumes that the similarities among genotypes are more
important than the differences (Major & Kiniry, 1991).

Therefore, the search for generalized response
functions is a major goal in crop modeling. As shown in
this study, most of the variation in the response of de-

velopment of the “Snow Queen” lily to vernalization can
be accounted for by the general vernalization function
proposed by Streck (2002). The greater RMSE compared
to that reported by Streck (2002) is because several ob-
served points at intermediate DV values were
underpredicted for the “Snow Queen” lily (Figure 3). But
still, we believe that the Streck model (equation 1) is ap-
propriate because of the following advantages. First, it
is biologically realistic as biological systems are likely
to respond to environmental factors in a smooth and con-
tinuous fashion (Shaykewich, 1995). Second, the func-
tion describes what is currently accepted in terms of ver-
nalization response in plants (Slafer & Rawson, 1994;
Cao & Moss, 1997). A short period of exposure to ver-
nalizing temperatures (less than 10 VD) leads to plants
behaving as if they never were exposed to vernalizing
temperatures. An exposure to more than 8-10 VD causes
the plant to respond and behave differently in relation to
unvernalized plants. After 40-50 VD, plants are fully ver-
nalized, i.e. there is no further response to VD. Third, the
model worked well for 10 lily genotypes in a previous
study (Streck, 2002) and worked also well for the “Snow
Queen” lily in this study, which are independent data sets,
indicating its robust and general nature.

CONCLUSION

The developmental response of the “Snow
Queen” lily to vernalization can be simulated by the gen-
eralized nonlinear vernalization response function pro-
posed by Streck (2002). Lily plants were not vernalized
at values less than 8 effective vernalization days and were
fully vernalized at values greater than 40 effective ver-
nalization days.
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