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Summary

The study of cold hardiness is important because freeze
injury is a leading cause of walnut yield losses in many
cold regions of Europe and Asia. In this study, three
methods of determining cold acclimation in walnut
cultivars/genotypes were compared: 1) electrolyte
leakage measurement (EL); 2) triphenyl tetrazolium
chloride assay (TTC) and; 3) proline analysis. Stems of
eight walnut cultivars and genotypes were cut and col-
lected every month from November 2007 to April
2008. EL was conducted using uniform pieces inserted
into plastic vials programmed to decrease their temper-
ature by 2 °C h™1 to freezing temperatures of -5, -10,
-15, -20, -25 and -30 °C. The electrolyte leakage from
frozen stem tissues was captured in solution and meas-
ured using an electrical conductivity meter. Tissue injury
was also assessed by TTC analysis using stem segments

cooled under controlled temperatures at 2 °C h1 to set
temperatures ranging from 5 to -30 °C and results
were quantified using a spectrophotometer. Proline
content of fresh stem tissues was determined using the
Bates method. Cold hardiness of samples increased
with accumulated seasonal chilling and decreased as
they approached spring bud break. A 1.4 to 2.7 fold
increase in proline content was observed in stems from
November to midwinter. LT5os (temperature causing
50 % lethal injury) ranged from -5.8 to -10 °C in
November, -12.5 to -19.3 °C in midwinter and -5.8 to
-9.2 °C in early spring. Using both the EL and TTC
methods, cultivars and genotypes were classified into
three groups based on their cold hardiness: sensitive
(‘Z3¢’ and ‘Serr’), semi-hardy (‘Zs3’, ‘Ze7’, and ‘Hartley’)
and hardy (‘Lara’, ‘Zg3s’ and ‘Pedro’).
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Introduction

Cold hardiness is defined as resistance to diverse types of
injury caused by low and changeable temperatures dur-
ing the winter (QuamME 1978). During acclimation to
cold several environmentally induced changes take place
in plant tissues. These changes are associated with hardy
plants undergoing the biochemical and physiological
changes needed to withstand injurious temperatures
(GeorGE and Burke 1977). In hardy plants, a decrease in
photoperiod and day and night temperatures results in
fluctuations of plant cell materials such as proline (LALK
and DORFFING 1985). According to previous investiga-
tions, proline can act as an osmoprotectant (CSONKA
1989; Morita et al. 2002) with a cryoprotective activity
nearly equal to that of glycerol or trehalose (TakAcI et al.
1977) and can, therefore, play an important role in plant
resistance to freezing injury.

Cold hardiness of plant tissue is usually estimated by
subjecting the whole plant or samples of plant tissues to
arange of freezing temperatures and evaluating whether
the treated tissues are dead or alive. The temperature
that is estimated to kill 50 % of samples is called the LTsy.
Several methods have been proposed to measure cold

hardiness. Two of these are the triphenyl tetrazolium
chloride (TTC) assay and measurement of electrolyte
leakage (STERGIOS and HowEL 1973; Timmis 1976).

The triphenyl tetrazolium chloride (TTC) test has been
used primarily as a qualitative estimation of tissue via-
bility (PARKER 1951; LARCHER and EGGARTER 1960). Living
plant cells reduce TTC in their mitochondria, producing
red formazan, but dead cells do not. Thus, formazan can
be extracted and quantified with a spectrophotometer
(StePONKUS and LANPHEAR 1967; TowiLL and MAzur 1974).

The electrolyte leakage method was reported by DEXTER
et al. (1930) and since that time has been widely applied
to assess freezing injury (LeviTT 1980). Electrolyte leakage
analysis is based on the fact that injured cells are unable
to maintain membrane regulation and therefore release
electrolytes through damaged membranes (Lyons et al.
1979). This method is a very widely utilized viability test
and relatively quick and cheap method of for determina-
tion of cold injury (ELDRIDGE et al. 1983).

Persian walnut (Juglans regia L.) is a woody plant sen-
sitive to winter cold injury and subsequent economic losses
in many European and Asian countries. This species,
originated in Central Asia, the West Himalayan chain and
Kyrgyzstan (FERNANDEZ-LOPEZ et al. 2000), and was being
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cultivated in southern Europe by 1000 BC (Ducci et al.
1997). The most promising genotypes are adapted to these
climates (ALETA and NINOT 1997). This genetic variability
is useful to breeding programs desiring late bud break,
resistance to frost injury and late spring cold (GERMAIN
1997; ZENELI et al. 2005).

There are a few studies in walnut of cold hardiness
mechanisms (Ewers et al. 2001; AmEGLIO et al. 2004;
Porrier et al. 2010) and methods of adaptation to cold
(AmEGLIO et al. 2001; DAVARNEJAD et al. 2009; ASLANI
AsLAMARZ et al. 2010) but reported data on cold tolerance
estimation by TTC and ion leakage methods and on sea-
sonal fluctuation in proline content of walnut are scarce.
Therefore, the objectives of this study were to 1) screen
walnut cultivars and genotypes for cold hardiness using
both the electrolyte leakage (EL) and triphenyl tetrazo-
lium chloride (TTC) methods, 2) examine changes in the
acclimation of walnut stems before, during and after
winter hardening, 3) determine the proline concentra-
tion of acclimated and deacclimated stems and, 4) examine
the relationship between cold acclimation and proline
concentration.

Materials and Methods
Source of plant material

One year old stems were collected at random from east,
south, west, north and centre portions of ten 14-year-old
trees of the commercial walnut cultivars ‘Serr’, ‘Pedro’,
‘Hartley’, and ‘Lara’ and the promising Iranian genotypes
“Ze3’, ‘Zs3’, “Zs3o and ‘Zg7’ grown in the Kamal Shahr experi-
mental orchard of the Horticulture Department of the
Seed and Plant Improvement Institute at Karaj, Iran. All
the trees were grafted on Juglans regia rootstocks. The
orchard is located 1.300 m above sea level at 35.51° N,
50.51° E and is characterized by 240 mm average annual
rainfall, a relatively short (about 2 months) dry period in
the summer, cold winters (min. temp -21 °C), and 6
months of frost danger (November to April). The trees
have been furrow irrigated four times a month, fertilized
with NOs nitrogen compounds (400 g per tree) and
micro elements during the growing period, and treated
rarely for pests and diseases.

Electrolyte leakage (EL) measurement

Stems cut every month from November 2007 to April
2008 were put in plastic bags and placed in insulated
containers partially filled with crushed ice for transpor-
tation to the laboratory and then placed in refrigerators
at 5 £ 1 °C. Previous studies showed that measurement
of electrical conductivity is affected by the size of the
samples (Prasi. and ZAMECNIK 1998) so stems were cut
into uniform subsamples (1.5 g) before insertion into
plastic film vials. The vials were programmed to decrease
in temperature by 2 °C h-1 to freezing temperatures of
-5,-10, -15, -20, -25 and -30 °C and samples were held
at each final temperature for 6 h. Samples were removed
during the course of freezing at 5 °C intervals and
thawed at 4 °C h-1. Vials with thawed samples were then
filled with 20 ml of double distilled water, covered, and
shaken in a horizontal shaker (150 cycles min~1) at 20 °C
for 24 h. The conductivity of each solution was measured
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by an electrical conductivity meter (HI 8633). Samples
were then killed completely by refreezing each vial at
-80 °C for 24 h. After re-thawing, the samples were
re-shaken and the conductivity was determined a second
time. The conductivity percent was calculated for each
sample by using the ratio of the initial to the final meas-
urements X 100.

Triphenyl tetrazolium chloride (TTC) assay

Stems collected from November 2007 to April 2008 were
transferred to the laboratory as previously described,
cut into uniform pieces (100 £+ 10 mg), and inserted in
17x120 mm test tubes. These were subjected to a pro-
grammed temperature decrease of 2 °C h~! to tempera-
tures of 5 °C (control) -5, -10, -15, -20, =25 and -30 °C
and then held at each final temperature for 6 h. For each
cultivar and genotype, test tubes were removed at 5 °C
intervals and frozen samples were then thawed at 4 °C h-1.
Refined TTC was then determined according to the
method of STEPONKUS and LANPHEAR (1967) as follows: 1)
stem samples were placed in 10 ml graduated test tubes
with 3 ml of 0.6 (w/v) TTC in 0.05 M NayHPO4~KH2PO4
buffer (pH 7.4) +0.05 % (v/v) wetting agent and samples
were then infiltrated under a vacuum. A 0.06 % TTC
solution was used to insure that TTC was in excess. The
wetting agent and infiltration under vacuum ensured
uniform uptake by the tissue. 2) Samples were incubated
at 30 °C for 15 h. 3) The TTC solution was drained and
the sample tissue rinsed once with distilled water. Samples
were extracted with 7 ml of 95 % (v/v) ethanol in a
boiling water bath. Resulting water-insoluble formazan,
a marker of living cells, was extracted after 10 min. The
extract was cooled, the volume was brought up to a 10 ml
volume with 95 % ethanol, and then the absorbance of
the red phases was read at 530 nm using a Lambda 25
UV-visible spectrophotometer (Perkin Elmer Co.). The
LTs50, the lethal temperature at which 50 % of formazan
production occurs, was calculated for each sample
using the ratio of formazan production at the tested
temperature to the formazan production at the control
condition x 100.

Proline analysis

Free proline accumulation was determined using the
method of BATEs et al. (1973). Fresh tissue samples
(0.5 g) of stems collected between November 2007 and
April 2008 were homogenized with 3 % sulfosalicylic
acid. After 72 h the homogenates were centrifuged at
3000 g for 20 min. The supernatants were treated with
acetic acid and ninhydrin and boiled for 1 h. Absorbance
of the coloured phases was read at 520 nm using Lambda
25 UV-visible spectrophotometer (Perkin Elmer Co.). Pro-
line content was expressed as mg g1 FW.

Statistical analysis

The experiments were conducted using a completely
randomized design with five replications. Data were
analyzed using SAS Software (Sas INSTITUTE 2002). Correla-
tion coefficients were determined using Pierson ranked-
order correlation. Means with significant differences
were compared using Duncan’s multiple range tests at
P<0.01.
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Results

Maximum and minimum daily temperature and bud
break time of cultivars and genotypes

The air temperatures at the experimental orchard were
recorded from November 2007 to April 2008 with an auto-
matic temperature recorder. Minimum daily tempera-
tures decreased rapidly on two occasions. The first large
temperature drop occurred during the late autumn in
December and the second occurred during January. The
lowest recorded mid-winter minimum air temperature was
-17 °C. Subsequently temperatures gradually increased
through March and April (Fig. 1).

The dormant-season chilling and heat requirements of
the cultivars and genotypes used in this study were esti-
mated previously using excised stems (ASLANI ASLAMARZ et
al. 2009). According to that data (Table 1), the cultivars
and genotypes can be categorized into three groups:
those with a low chilling and heat requirement (“Z3o’ and
‘Serr’), a medium (‘Zs3’, ‘Zg7, ‘Lara’ and ‘Pedro ’) and a
high requirement (‘Hartley’ and ‘Zg3").

Electrolyte leakage(EL) measurement

Changes in LTso were determined using the electrolyte
leakage method. Data for the LTsgs of cultivars (A) and
Iranian selections (B) of Persian walnut are shown in
Fig. 2. ‘Serr’ and “Zsg’ were the most cold-sensitive geno-
types whereas ‘Lara’ and ‘Pedro’ were the most resistant.
Other cultivars and genotypes tested showed interme-
diate cold hardiness. This result is consistent with long-
term field observations from a previous study in Iran
(Astant AstaMARz et al. 2010). LTsps of stems samples
sharply decreased after the first large decrease in air tem-
perature in December and the cultivars and genotypes
with the greatest freezing resistance exhibited LTsgs below
-12.5 °C at that time. LTsgs reached their lowest levels,
-10.3to-10.7 °C for sensitive and -14.5 to -15.4 °C for re-
sistant cultivars and genotypes, in February after a second
rapid decrease in air temperature in January. In March and
April, the LTsps increased dramatically as air tempera-
tures raised, ranging from -4.4 to -8.1 °C for sensitive
and -8 to -13.1 °C for resistant cultivars and genotypes.

Table 1. Estimated chilling (CR) and heat requirements (HR) of
walnut cultivars and genotypes as calculated based on the
RicHarDsON et al. (1974) model using excised stems in two
successive years (AsLANI ASLAMARZ et al. 2009).

Cultivar/ CR HR
genotype (h<7°0) (GDH°C)
‘Hartley’ 1000+ 20 14322 £ 136
‘Lara’ 900+ 30 12957 £ 214
‘Pedro’ 750%20 13625+ 124
‘Serr 650 = 25 10934 £ 211
‘Z3g 650 =30 11503 £ 215
‘Zs3 800+ 20 11064 £ 125
‘Zg3 900 =40 15186 £ 124
‘Ze7 750+ 25 12743 £325

h <7 °C: hours below 7 °C; GDH°C: growth degree hours.

Triphenyl tetrazolium chloride(TTC) assay

Results of a TTC test are presented in Fig. 3. Data show
the LTsps of cultivars (A) and Iranian selections (B) of
Persian walnut. The capacity for production of formazan
at lower temperatures increased in all cultivars and
genotypes with the overall trend of declining tempera-
tures. Therefore the LTsy (the lethal temperature at
which 50 % of formazan production occurs) ranged from
-5.8 to =10 °C in November, -12.5 to -19.3 °C in mid-
winter and from -5.8 to -9.2 °C in early spring. Also
based on the LTs, the cultivars and genotypes studied
were classified as sensitive (‘Serr’ and “Z3¢’), semi-hardy
(‘Hartley’, ‘Z¢7 and ‘“Zs3’) or hardy (‘Lara’, “Zes’ and
‘Pedro’). These data confirmed the results of the EL test.

Correlation between LTgos of EL and TTC methods

A positive significant correlation was observed between
the LTs0s calculated using the TTC and EL methods during
the late fall and early spring but not during mid-winter.
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Fig. 2. Changes in LT, determined using the electrolyte leak-
age method. Data show the LT5es of cultivars (A) and Iranian
selections (B) of Persian walnut decreased rapidly following
the first sharp drop in air temperature in December and
exhibited the greatest freeze resistance in February after a
hard January freeze. During March and April the LTsqs
increased dramatically as air temperatures rose. Tissue
samples were collected from November 2007 to April 2008.
Cultivars and genotypes indicated by the same letter are not
significantly different from each other (P<0.01). Each bar
represents the mean £ SE in the cultivars/genotype.

During the first evaluation period (November and Decem-
ber) the correlation between LT50s was highly significant
but in January-February the correlation coefficients were
low and not significant. Then during the March-April
period there was again a significant correlation between
the LT5qs of the two methods (Table 2).

Proline concentration

The free proline concentration in stems of cultivars (A)
and Iranian selections (B) of Persian walnut as deter-
mined by the Bates method (BATEs et al. 1973) is shown
in Fig. 4. The mean concentration of proline varied
among the tested cultivars and genotypes in all months.
The cold-resistant cultivars (‘Lara’ and ‘Pedro’) accumu-
lated the greatest amounts of free proline, 13.2 and
12.9 mg g1 respectively, while the sensitive cultivars and
genotypes (‘Serr’ and ‘Z3¢’) with 7.9 and 7.8 mgg!
respectively contained the least (Table 3). During cold
acclimation the concentrations of proline increased soon
after a sharp air temperature drop in December and
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Fig.3. Changes in LTso determined using the triphenyl tetra-
zolium chloride method (formazan production). Data show
the LTy, of cultivars (A) and Iranian selections (B) of Persian
walnut decreased rapidly following the first sharp drop in air
temperature in December and exhibited the greatest freeze
resistance in February following a hard January freeze. Dur-
ing March and April the LTsos increased dramatically as air
temperatures rose. Stem samples were collected from
November 2007 to April 2008. Cultivars and genotypes indi-
cated by the same letter are not significantly different from
each other (P<0.01). Each bar represents the mean £ SE in the
cultivars/genotype.

reached their maximum in January and February after a
second rapid decrease in air temperature. Proline concen-
trations then decreased with the rise of air temperature in
March and April (Fig.4). Proline concentration was
highly correlated with the LT50s obtained in both the EL
and TTC tests (Table 3). Coefficients were negative and
high for all genotypes except ‘Lara’. The observed increase
in proline as temperatures declined and cold hardening
increased indicated proline may play an important role in
walnut cold tolerance. The proline concentration increase
in hardened stems was more than 2.7 fold greater than
that in non-hardened stems. The degree of increase in
proline concentration in a genotype had a close correla-
tion with its cold resistance. For example in ‘Z3(’, a sensi-
tive type, the proline concentration increase seen in hard-
ened stems was 2.7 fold that of non-hardened ones while
in hardened stems of ‘Lara’, a cold tolerant cultivar, the
proline concentration increased only 1.4 fold more than
in non-hardened stems. However, total proline content is
related to the degree of cold tolerance. Tolerant cultivars
and genotypes had the highest concentration of proline.
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Table 2. Correlation coefficients between LTsos (temperatures producing 50 % lethal damage) determined using either the tri-
phenyl tetrazolium chloride or the electrolyte leakage method at three time periods between November 2007 and April 2008.

First period Second period Third period
Month November December January February March April
Correlation coefficient 0.93* 0.99* 0.05Ns 0.17Ns 0.97* 0.91*

** NS: Significant at P<0.01, or not significant, respectively.
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Fig. 4. Free proline concentration in stems of cultivars (A)
and Iranian selections (B) of Persian walnut as determined by
the Bates method (Bates et al. 1973). The concentration of
proline increased soon after a rapid temperature drop in
December and peaked in February following a hard freeze in
January. Proline concentrations then decreased as air tem-
peratures rose again in March and April. Samples were
collected from November 2007 to April 2008. Genotypes and
cultivars indicated by the same letter are not significantly
different from each other (P<0.01). Each bar represents the
mean =+ SE in the cultivars/genotype.

Thus, in walnut stems, the absolute amount rather than
the relative increase in proline concentration is a more
reliable marker for predicting cold hardiness.

Discussion

Membrane leakage has become a common method for
evaluating cell membrane stability, and measuring the

degree of injury or acclimation of plants. Electrolyte
leakage and associated lethality (LTsps) of walnut stems
decreased in all cultivars and genotypes as cold acclima-
tion progressed between November and January. Accli-
mation has been attributed to altered pit membrane
activity which plays an important role in preventing
intracellular ice formation (WisNiEwskl and Davis 1989).
The membrane porosity of plants can influence the
leakage of electrolytes and concentration of intracellular
substances responsible for cold injury (Lyons and Haig
1995). The pectic component of the pit membrane
appears to play a key role in regulating membrane porosity
but unique arabinogalactan-rich glycoprotein has been
identified which also may be involved during the acclima-
tion (WisniEwski and Davis 1995). A possible role of glyco-
protein is suggested by observations that water within
small diameter pores freezes at a lower temperature than
bulk water or water in cell walls with low concentrations
of this material and consequently broader pores (GEORGE
and BURKE 1977; AsuworTH and ABELES 1984). The effect
of frost injury on walnut (AMEGLIO et al. 2005; DAVARNEJAD
etal. 2009) and almond (Imani et al. 2011) on ion leakage
and its use as an indicator of cold hardiness has been
demonstrated.

Previous studies have confirmed the significant role of
cell water content in frost hardiness (CHEN and GUSTA
1978; TaniNo et al. 1990; Gusta et al. 2004; ASLANI
AsLAMARZ et al. 2010; CHARRIER and AMEGLIO 2011). After
autumn leaf drop, the decreasing air-soil temperature
results in reduced cell water content in stems (LEVITT
1980), allowing efficient frost hardening. Then in the
spring (March-April) as air-soil temperature increases
water absorption picks up again (TURCOTTE et al. 2009).
AwmrGLIo et al. (2002) showed that water absorption in
walnut trees occurred when soil temperature exceeded
8 °C. Our results confirmed previous studies regarding
the effect of water content on cold hardiness. Further-
more we found that when the buds of cultivars and geno-
types began to swell and break bud in March, hardening
was suddenly lost in comparison to the previous month.
It has been shown that the moisture content of buds in
several species is related closely to cold hardiness (ANDREWS
and PROEBSTING 1987; DUNNER and GIANFAGAN 1991).

After leaf senescence, the stems begin to accumulate
materials such as proline in their cell membranes (Car et
al. 2004). A series of investigations of the relationship
between proline and freezing tolerance in plants has been
reported. For example XiN and BrRowse (1998) demon-
strated that in Arabidopsis, cold hardiness increased with
increased proline concentration. MURELLI et al. (1995)
and WANNER and JuntTiLA (1999), however, found no
direct correlation between cold acclimation and proline
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Table 3. Mean concentration of proline (method of Bates et al. 1973) and correlation coefficients between LTsos (lethal tempera-
tures to 50 % damage) and amount of free proline concentration in electrolyte leakage (EL) and triphenyl tetrazolium chloride
(TTC) method in eight Persian walnut cultivars and genotypes from November 2007 to April 2008.

Cultivar/genotype Proline concentration (mg g™1)

Correlation coefficient between proline concentration and LTsos in:

EL method TTC method
‘Hartley’ 12.04 b+ -0.70™ -0.71*
‘Lara’ 13.26 a -0.53ns -0.66"
‘Pedro’ 1293 a 0.65** -0.83**
‘Serr 798¢ -0.97* -0.96™
Z30 7.88 e -0.79* -0.82**
Zs3 9.32d -0.91** -0.93*
Ze3 1073 ¢ -0.83" -0.94*
Ze7 8.62 ed -0.90** -0.92*

* Values followed by a common letter in a row for each cultivar are not significantly different at P<0.01 according to Duncan’s multiple

range test.
** NS: Significant at P<0.01, or not significant, respectively.

concentration in either cold acclimated or deacclimated
samples. Our results show that an increase in proline con-
centration in acclimated walnut stems was correlated
with resistance to lower temperatures, suggesting a stabi-
lizing effect of proline and other macromolecules on cell
membranes structure (RHODES and SAMARAS 1994).

An increase in proline concentration can also increase
the osmotic potential and enhance the stability of colloi-
dal protoplasm which could further contribute to cold
acclimation (CHEN et al. 1996; CaI et al. 2004). However,
YasHipa and UEMURA (1984) found that cultivars and geno-
types with the greatest amounts of extracellular proline
showed less change in water potential than cultivars and
genotypes with less proline. KusHaD and YELENOSKY (1987)
further suggest that proline increase during cold acclima-
tion plays a role in protection of cellular membranes during
freezing stress.

The LT50s determine using the EL and TTC methods
are highly correlated in fall and spring but were not
significantly correlated during mid-winter (Table 2). This
may reflect the fact that electrolyte leakage can be affected
by seasonal changes in the permeability of living cells
(WILNER 1959) or may indicate that the EL test did not
accurately assess stem survival in midwinter due to diffi-
culty in interpreting stem viability. The TTC method was
able to more reliably predict the temperature causing
death during the mid-winter period. For this reason the
correlation coefficients for these two methods decreased
in midwinter.

In conclusion, results from the EL and TTC studies
showed that ‘Lara’, ‘Pedro’ and ‘Zg3’ may be appropriate
for cultivation in regions where mid-winter cold is a con-
cern. ‘Serr’ and ‘Zsy’ exhibited the least cold hardiness
among cultivars and genotypes tested and appeared to be
less suitable for such climates. Cold hardiness of walnut
is correlated with stem proline concentration. The abso-
lute amount rather than the relative increase in proline
concentration seems to be the more reliable marker for
predicting cold hardiness. Breeding programs seeking
walnut cultivars adapted to cold climates should consider
utilizing cultivars and genotypes with a high degree of
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mid-winter hardening such as ‘Pedro’, ‘Lara’ and “Zgs’ as
parents and in the region where late spring frost is an
important problem, cultivars and genotypes that leaf-out
late enough to escape the frost(‘Hartley’ and “Zgs’) should
be selected.
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