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Abstract. The chilling tolerance of commerci
H722), Solanum lycopersicoides, an F1 hybr
and 25 BC2F2 lines of L. hirsutum × H722 (
using a chlorophyll fluorescence assay. The 
(Fo : Fp) measured from fully expanded l
health. Chilling induced an increase in Fo :
of the plant to low-temperature stress. Valu
S. lycopersicoides and the F1 hybrid, which
damage, whereas the commercial cultivars
temperatures, had large increases in Fo :
measured in the 25 BC2F2 lines, indicating 
hirsutum parent was expressed by plants in

Chilling injury is a physiological disorder
that occurs in plant species of tropical or
subtropical origin when exposed to temper-
atures between 0 and 12C. The severity and
length of time required to cause an irrevers-
ible dysfunction are generally reduced as the
temperature is lowered (13). Chilling resis-
tance or tolerance can be defined as the abil-
ity of a chilling-sensitive species to counteract
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al Lycopersicon esculentum cultivars (H2653,
id of S. lycopersicoides × Sub-Arctic Maxi,
backcrossed twice to H722) was evaluated
ratio of the initial to the peak fluorescence
eaves was chosen as an indicator of plant
 Fp that was correlated with the sensitivity
es of Fo : Fp remained low for cold-treated
 showed few symptoms of chilling-related
, which were essentially intolerant to low

 Fp. A full range of Fo : Fp values was
that some chilling tolerance from the L.
 these populations.

or withstand exposure to chilling stress (19).
Considerable interest has been shown in

the use of room-temperature chlorophyll flu-
orescence measurements to evaluate photo-
system integrity following environmental
stresses (6, 20, 21). This chlorophyll fluo-
rescence test, which uses the chlorophyll
molecule as an endogenous probe of chlo-
roplast functionality, has been used to select
chilling-resistant maize cultivars (7).

Chilling tolerance has been found in wild
relatives of Lycopersicon and Solanum spp.
that grow at high elevations (8, 20, 23). The
introgression of this trait into the cultivated
tomato might be achieved by making inter-
specific crosses and selecting for agronomic
types that exhibit chilling tolerance in ad-
vanced generations. The primary difficulty
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Fig. 1. An example of a chlorophyll fluorescence induction curve obtained from the adaxial leaf
surface of L. esculentum cv. H722. Fo: initial fluorescence, Fp: peak fluorescence, Ft: terminal
fluorescence. Control plant was maintained at 25C. Chilled plant was maintained at 2C.

were collected under green light from two
Fig. 2. Changes in the Fo : Fp ratio of L. esculentum
of control during a low-temperature treatment of 2C
Shaded area represents the dark period. Values repr

in such a program is the development of a
simple screening procedure to identify plants
with enhanced chilling tolerance in large
segregating populations encountered in plant
breeding;

Kamps et al. (8) have evaluated the cor-
relation among several screening procedures
for chilling sensitivity in nine genotypes of
tomato, including: a) chlorophyll fluores-
cence, b) a visual rating of leaflet samples,
c) electrolyte leakage, and d) a visual rating
of intact plants. They concluded that subjec-
tive assays were less precise than quantita-
tive assays and that the chlorophyll
fluorescence assay was the most precise test
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 cv. H722 and L. hirsutum expressed as a percent
 for 72 hr. H722 ● — ● ; L. hirsutum ■ --- ■ .

esent the mean of three replications ± SE.

used in their study.
The purpose of this study was to deter-

mine if a leaf chlorophyll fluorescence-based
assay could identify plants with enhanced
levels of chilling tolerance in a segregating
population derived from a cross between a
cold-resistant L. hirsutum accession and a
sensitive L. esculentum cv. H722.

Table 1 lists the material that was evalu-
ated for chilling tolerance in the present study.
Based on the report of Kamps et al. (8),
cuttings of Solanum lycopersicoides, an F1

hybrid of S. lycopersicoides × Sub-Arctic
Maxi, and L. hirsutum were included as rep-
resentatives of chilling-resistant material.
Chilling-susceptible plants included three L.
esculentum cultivars of Heinz commercial
tomatoes, H2653, H722, and H9023 (8). This
study also included 2.5 BC2F2 lines derived
from a L. hirsutum Humb. and Bonpl. (chill-
ing-resistant) by L. esculentum Mill. cv. H722
(chilling-sensitive) cross (F1) made by K.
Sink, Michigan State Univ., East Lansing,
that was backcrossed twice to H722. The
BC2 generation was self-pollinated and seeds
were harvested from plants representing a
range in phenotypic expression. No evalua-
tion of chilling tolerance was carried out be-
fore the BC2F2 generation.

Four replicate experiments of 4- to 5-week-
old plants were chilled in a modified freezer
cabinet for 72 hr at 2C with 80% RH under
a 14-hr photoperiod and light intensity of
300 µmol·s -1·m-2. An air exchange system
was installed to provide constant CO2 levels.
Control plants were maintained under iden-
tical conditions except for temperature, which
was held at 25C. Chlorophyll fluorescence
data were collected as described below. The
effects of low temperature on the diurnal pat-
tern of chlorophyll fluorescence were mon-
itored in plants chilled at 2C and control plants
of H722 and L. hirsutum held at 25C during
72 hr under the above conditions.

To compare the response of whole plants
and detached leaves to chilling temperatures,
leaves of two chilling-susceptible lines
(‘H722’, ‘H9023’) were excised under water
and placed in flasks of distilled water. The
detached leaves and whole plants were chilled
as described above and chlorophyll fluores-
cence data were collected every 24 hr.

Chlorophyll fluorescence (CF) induction
curves were measured with a plant produc-
tivity fluorometer (Model SF20, Richard
Brancker Research, Ottawa, Ont.) and data
were stored via an analog to digital converter
(Interactive Microwave, State College, Pa.),
in a personal computer. The measuring sen-
sor, placed directly on the adaxial surface of
the leaf, contained both a light-emitting diode
to irradiate the leaf and a filtered photodiode
to detect CF emissions. The irradiance out-
put was calibrated to 20 µmol·s -1·m-2. Plants
were dark-adapted for 1.5 min and CF data
335

leaves per plant.
Figure 1 depicts typical chlorophyll fluo-

rescence profiles of control and chilled leaves
of the cold-sensitive L. esculentum cv. H722
after 3 days at 2C under a 14-hr photoperiod.
The data were collected at a rate of 1 point/
msec, with the main features of the trace
being the initial fluorescence at t = 1 msec
(Fo), the peak fluorescence (Fp), and the ter-
minal fluorescence at t = 5 sec (FT). In the
induction signal, the true Fo level is only
seen when, before illumination, the first sta-
ble acceptor of PSII, QA, is fully oxidized.
This stage can be achieved by dark adapta-
tion for several minutes (10). These complex
transients have been shown to be related to
changes in photosynthetic functions (16). The
rise in fluorescence to the maximum level,
Fp, reflects the reduction of QA as it acts as
a sink for electrons and thereby quenches
fluorescence (3). Havaux and Lannoye (6)



Table 1. Collection sites and sources for selected solanaceous species.

Genotype Collection site Source
Solanum lycopersicoides CPI 255549, Palca, Tomato Genetics Stock

Dun. (LA 1990) Taena, Peru Center, Univ. of
California, Davis

Lycopersicon hirsutum 3200 m, Alta Tomato Genetics Stock
Humb. & Bonpl. (LA 1363) Toitaleza, Ancash, Center, Univ. of

Peru California, Davis
L. esculentum Mill. cv. Michigan State Univ.,

Sub-Arctic Maxi (MSU L104) East Lansing
× S. lycopersicoides (LA 1990)

L. esculentum Mill. H.J. Heinz Co.
(Heinz H722)

L. esculentum Mill. H.J. Heinz Co.

H.J. Heinz Co.
(Heinz H9023)

Table 2. F values of six chlorophyll fluorescence parameters.

Source Fo Fp FT
Fp – Fo

Genotype 3.41*** 2.17** 2.77** 1.59*
*‚**,***Significant at P < 0.10, 0.05, and 0.01, respectively.

Fo : Fp (Fp – Fo) ÷ o
1.82* 1.72*

r
Fig. 3. The overall ranking, based on the Fo : Fp 
of cold treatment at 2C. Values represent the

lycopersicoides. B) F1 hybrid of S. lycopersicoide
H) L. esculentum cv. H2653. All other lines are fro
× H722 cross (backcrossed twice to H722), includi
F) line 51542.

have outlined several factors that contribute
to the decline in variable fluorescence (Fp-
Fo) after Fp, including: 1) reoxidation of QA

generated by PSI and Calvin cycle activity
(1), 2) light-induced formation of a pre-
phosphorylation high-energy state of thy-
alkoid membranes (9), and 3) state 1 to state
2 transition during which phosphorylation of
the apoproteins of the light harvesting chlo-
rophyll protein complexes (LHCP) of PSII
modifies the interaction of the LHCP with
the two photosystems (2). FT represents a
steady-state level of fluorescence that is ob-
tained after several minutes of exposure to
light. In the context of this study, FT rep-
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atio, of the plant material tested following 3 days
 mean ± SE of at least four experiments. A) S.

s × Sub-Arctic Maxi. G) L. esculentum cv. H722.
m a BC2F2 population obtained from a L. hirsutum
ng C) line 51558-1; D) line 51544; E) line 51553;

resents the final fluorescence reading at 5
sec.

Table 2 shows that significant declines in
Fo, Fp, and FT occur following a chilling
stress of the genotypes tested. Four plants of
each genotype were chilled in a completely
randomized design for 72 hr at 2C with 80%
RH under a 14-hr photoperiod and light in-
tensity of 300 µmol·s -1·m-2. The absolute
values of the chlorophyll fluorescence signal
were not correlated with the known tolerance
levels of the resistant and susceptible mate-
rials (8), and were therefore not deemed use-
ful as selection criteria. However, Fp - Fo,
Fo : Fp, and (Fp - Fo) ÷ Fo were all
reliable parameters that could be used to rank
the tolerance level of the plant material (8).
However, the Fo : Fp ratio had a higher F
value (Table 2) in experiments dealing with
comparisons of genotypes with a wide range
of chilling tolerance.

The characteristics of the chlorophyll flu-
orescence induction curve are modified by
any factor that directly or indirectly affects
photosynthetic metabolism. For example,
conditions that inhibit the water-splitting side
of PSII, such as chilling injury (5, 20), re-
duce the fluorescence rise above Fo in sus-
ceptible plants, such as H722. This reduction
translates into an increase in the Fo : Fp ratio
from ≈ 0.5 in nonchilled leaves to values
>0.85 after chilling. The effect on fluores-
cence has also been quantified as a change
in the slope (Fr) of the rising phase of the
induction curve (14, 15). Smillie and Heth-
erington (21) have shown that Fr decreases
or Fo : Fp increases as a result of environ-
mental stresses and have suggested that this
change represents damage occurring on the
photo-oxidizing side of PSII.

The screening procedure in this study is
based on the selection of plant lines that have
the lowest overall Fo : Fp ratio following a
treatment of 2C for 3 days. The assay does
not provide information concerning the func-
tionality of PSII per se, since changes in the
Fo : Fp ratio are influenced by a plethora of
metabolic conditions involving electron-
transport capacity, ATP/NADPH pool sizes,
protein phosphorylation (4, 14, 15), as well
as chilling. The Fo : Fp ratio also increases
as leaves age and senesce or become chlo-
rotic as a result of reduced nutrient supply.
Therefore, to reduce the variability in the
chlorophyll fluorescence profile, attention
must be given to the physiological age and
nutritional status of the plant material.

Figure 2 shows the effects of chilling on
the diurnal changes in the Fo : Fp ratio for
H722 and L. hirsutum over 3 days. During
the 2nd and 3rd days of stress, the Fo : Fp
ratio of the chilled susceptible H722 contin-
ued to increase relative to nonchilled plants.
Although the Fo : Fp ratio for chilled L.
hirsutum also increased during chilling, sug-
gesting these plants are not totally insensitive

to the stress, the values are generally lower
than those measured for H722 plants and there
was evidence that chilling-induced damage
was repaired during the dark periods. In terms
of a screening procedure, the maximum dif-
ference between chilling-susceptible and
-tolerant material was seen at the end of the
dark period of the 2nd or 3rd day. However,
these differences are reduced once the plants
are exposed to > 1 hr of light under chilling
conditions.

The diurnal pattern of change in the H722
Fo : Fp ratio corresponds to the diurnal change
in chilling sensitivity that has previously been
measured for tomato seedlings (12, 17). The
Fo : Fp ratios measured for H722 indicate
that the plants are most sensitive to chilling
near the end of the dark period. It appears
that H722 sustains increasing amounts of
damage in each successive day due to its
inability to repair damage during the dark
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Fig. 4. The distribution of Fo : Fp ratios for at l
(backcrossed twice to H722) compared to H722

period. The tolerance level of L. hirsutum
may therefore be related to its ability to re-
pair chilling-induced damage under dark, low-
temperature conditions. The repair mecha-
nism(s) are not well-understood, but may in-

volve the carbohydrate status of the plant.
King et al. (11) have suggested that the in-
creased sensitivity at the end of the dark pe-
riod could be due to carbohydrate depletion,
and that chilling tolerance following light
exposure is likely due to carbohydrate ac-
cumulation or closely related events.

Figure 3 depicts the overall ranking of the
plant material tested based on fluorescence
measurements made on plants given a 3-day
cold treatment at 2C. S. lycopersicoides (A)
and the F1 cross (B) had Fo : Fp values of
0.76 and 0.78, respectively, which are sub-
stantially lower than the 0.88 and 0.90 re-
corded, respectively, for cultivars H722 (G)
and H2653 (H). The Fo : Fp values for the
25 BC2F2 lines obtained from a L. hirsutum
× H722 cross (backcrossed twice to H722)
range from 0.77 to 0.98, suggesting that this
population includes some tolerant and some
extremely sensitive lines. The large standard
errors associated with the Fo : Fp ratios may
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st 24 plants of four representative lines derived fro
The overall ranking of the four lines is depicted in F

be a reflection of the heterogeneity that ex-
ists within the lines, and/or variation due to
diurnal changes, since several hours are
needed to complete the collection of data from
whole plants.

The histograms in Fig. 4 show the intra-

line variability in the Fo : Fp ratio for a few
of the BC2F2 lines (labeled C, D, E, and F
in Fig. 3). Fo : Fp ratios were measured for
at least 24 plants of these lines. For all four
lines, the populations of plants tested are dis-
tributed over a wider range of Fo : Fp values
than is seen for the H722 parental material.
The greatest degree of overlap is seen in line
51542, which is essentially equivalent to H722
in terms of low-temperature sensitivity.
However, each of the four lines has members
of its respective population that show toler-
ance levels close to that of S. lycopersicoides
(Fig. 3). This observation suggests that re-
current selection from those members of the
population that have the majority of Fo : Fp
values <0.80 would result in a distinct chill-
ing-tolerant population.

Some of the limitations of the current pro-
cedure are that the total number of plants that
can be chilled at one time in a controlled
 a L. hirsutum × L. esculentum cv. H722 cross
ig. 3.

environment is small, and that the whole plant
is exposed to the low-temperature stress. For
plant breeding, it would be desirable to have
a screening procedure that does not damage
the whole plant and can be applied to large
populations of plants. These problems ‘may

be overcome by monitoring the effects of
cold temperatures on the chlorophyll fluo-
rescence profiles of detached leaves. The use
of detached leaves would also reduce the to-
tal amount of time required to complete data
collection, thereby minimizing the effects of
diurnal changes in chlorophyll fluorescence.

Figure 5 demonstrates the similarity of the
changes in Fo : Fp values measured for de-
tached and attached leaves of two cultivated
lines of tomato. Smillie et al. (22) have re-
cently compared chilling injury and recovery
in detached and attached leaves of beans and
corn using the Fr parameter. They reported
that the greatest chilling sensitivity occurred
in fully turgid leaves, and for valid compar-
isons between detached and attached leaves
it was necessary to ensure that the water status
of all leaves was the same.

The present study indicates that chilling
tolerance can be transferred by intergeneric
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Fig. 5. Comparison of detached leaves and seedlings 
of 2C over 72 hr. Values represent the mean of th
detached leaves. Solid symbols represent attached 
at 2C.

crosses in tomato and that a screening pro-
cedure based on the Fo : Fp ratio can identify
tomato plants from the resulting segregating
populations that possess chlorophyll fluores-
cence characteristics that are very similar to
those of the chilling-tolerant S. lycopersi-
coides (8, 20, 23). The results provide ad-
ditional evidence (21, 22) that this exper-
imental approach may be extended toward
the use of detached leaves for the selection
of chilling-tolerant material, and therefore
enhance the usefulness of the assay for plant
breeding.
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of H722 and H9023 to a low temperature stress
ree replications ± SE. Open symbols represent

leaves; ❏ , ■ = control at 25C; ❍ , ● = chilled
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