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Abstract

The in¯uence of four day/night temperature combinations (18/12, 25/12, 25/22, 30/22) on plant

growth and fruit quality of `Earliglow' and `Kent' strawberry (Fragaria � ananassa Duch.) were

studied. The optimum day/night temperatures for leaf and petiole growth was 25/128C, while for

roots and fruits it was at 18/128C. For the growth of the whole plant, 25/128C was also the optimum

temperature. Fruit surface and ¯esh color became darker (L* value decreased) and greater in

pigment intensity (chroma value increased) as the day and night temperatures increased. Leaf color

was brighter, greener and greater in pigment intensity as day and night temperatures decreased (18/

128C). Increased in growth temperatures resulted in decreased fruit quality including soluble solids

(SSC), titratable acids (TA), SSC/TA ratio, and ascorbic acid (AA) content in the fruit. Plants grown

at 18/128C greatest amounts of fructose, glucose, and total carbohydrates in fruit and decreased

with increasing temperature. The greatest fruit sucrose content occurred at 25/128C and the lowest

was at 30/228C. Fruit from plants grown at 18/128C also contained greater amounts of citric acid

and ellagic acid, but lesser amounts of malic acid. As the day/night temperature increased, fruit

malic acid content increased, while citric acid and ellagic acid content decreased. Temperatures of

30/228C inhibited plant and fruit growth, and also reduced fruit quality. At higher day and night

temperatures (25/22 and 30/228C), leaves, petioles, and crowns had higher amounts of fructose and

myo-inositol, whereas at cooler temperatures (18/12 and 25/128C), greater amounts of sucrose were

found. Plants grown at 25/128C had the highest starch and total carbohydrate contents. Cooler day/

night temperature (18/128C) shifted biomass from leaves to roots. # 2000 Elsevier Science B.V.
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1. Introduction

Genetic factors affect strawberry plant growth and the development and
composition of fruit. However, strawberry plants are also highly sensitive to
variation in environmental conditions. Factors such as water availability, day and
night time temperatures, and daylight intensities affect fruit size (Avigdori-Avidov,
1986). The effects of temperature as well as its interactions with other environ-
mental factors, e.g. photoperiod, often vary with cultivars and species (Galletta
and Bringhurst, 1990). Generally, exposure to high temperature (�358C) results
in reduced plant growth (Renquist et al., 1982; Hellman and Travis, 1988), and
lowers yields (Hellman and Travis, 1988). Much of the research related to tem-
perature effects in strawberry has concerned the consequences of freeze damage
or growth at low temperature (Rariden and Shaw, 1993). Little information is
available on the affect of growth temperature on chemical composition of
strawberry. The purpose of the current study was to determine how, under a
uniform photoperiod, the growth temperatures (18/12, 25/12, 25/22 and 30/228C
day/night temperature) after bloom affect plant growth, biomass allocation and
fruit quality of two Junebearing cultivars `Earliglow' and `Kent'.

2. Materials and methods

2.1. Plant materials and experimental plans

Uniform size plants of approximately one-year-old `Earliglow' and `Kent'
cultivars were used. The plants were propagated by runner tip cuttings on June
1996 and plants were grown in 2 l plastic pots (15.0 cm � 12.0 cm, E.C. Geiger,
Harleysville, PA) containing Pro Mix BX (Premier Brands, Stamford, CT) in a
greenhouse. Radiation sources in the greenhouse consisted of natural daylight and
Watt-Miser incandescent lamps (Nela Park, Cleveland, OH) that provided a PAR
around 500 mmol mÿ2 sÿ1 for 14 h per day (6:00±20:00 h). Temperatures were set
around 258C during the day and 208C at night. During growing season, all plants
were watered daily and fertilized biweekly with 150 ml per plant Peters fertilizer
(20±20±20, N/P/K). Prior to initiation of temperature treatments, plants were
exposed to ambient winter temperatures of Beltsville, Maryland, USA, in an
unheated greenhouse from October to February. Plants were then moved to a
heated greenhouse (258C during the day and 208C at night) for approximately 1/2
months to force ¯owering. Blossoms were self-pollinated by hand using a small
brush. Plants with the most fruit (at least 10 fruits per plant) at their green fruit
stage were selected for the growth chambers experiments. Forty plants of each of
`Earliglow' and `Kent' were removed from the greenhouse in March 1997 and
divided into lots of 10 plants. One lot of each cultivar was randomly placed in
four growth chambers set at day/night temperatures of 18/12, 25/12, 25/22 and
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30/228C. The photoperiod for each growth chamber was 14 h (6:00±20:00 h) with
a PAR around 500 mmol mÿ2 sÿ1 at plant height. The ripeness of fruit was
determined by color. The ®rm-ripe fruits free from defects or decay were
harvested from each growth chamber for each cultivar during the fruiting stage
for color evaluation and chemical analyses at about 9:00 h. Data for the individual
harvests were pooled. Two months after the start of the temperature treatments,
the plants were destructively harvested, weighed, the leaf color was measured,
and used for chemical analyses.

2.2. Color assessment

Twenty-®ve leaves and twenty-®ve fruits (primary and secondary fruits) were
sampled from each treatment. Two readings were taken on each leaf and on opposite
sides of each fruit for surface and ¯esh colors (Sacks and Shaw, 1994). Fruit surface,
¯esh, and leaf colors were measured with a hand-held re¯ectance colorimeter
(Model CR-10, Minolta, Spectrum Technologies, Plain®eld, IL). Color was recorded
using the CIE Ð L*, a*, b* uniform color space, in which the L* scale ranges from
no re¯ection (L* � 0, black) to perfect diffuse re¯ection (L* � 100, white); the a*
scale ranges from negative values for green to positive values for red, and the b* scale
ranges from negative values for blue to positive values for yellow. Numerical values
of a* and b* were converted into hue angle (H � tanÿ1 b*/a*) and chroma
(chroma � (a*2 � b*2)2), which quanti®es the intensity or purity of the hue (Francis,
1980). The value of H is the angle in a 3608 color wheel, where 0, 90, 180 and 270
represent the red-purple, yellow, bluish-green and blue hues, respectively.

2.3. Soluble solids (SSC) and titratable acids (TA)

Following color measurement, fruit from a particular temperature treatment
were cut into small slices, and composited. Composited portions were frozen at
ÿ808C for subsequent analyses of carbohydrate, organic acid, ascorbic acid and
ellagic acid analysis. A portion was pressed through cheesecloth to obtain the
juice used for SSC and TA determinations. The SSC of the fruit was determined
utilizing a digital refractometer (Palette 100 PR-100, AT AGO-Spectrum
Technologies, Plain®eld, IL) that had been standardized with distilled water.
TA contents were determined by diluting each 5 ml aliquot of strawberry juice to
100 ml with distilled water and adjusting the pH to 8.2 using 0.1 N NaOH.
Acidity was expressed as mg citric acid/100 ml juice.

2.4. Carbohydrate determination

Plant tissues (20 g frozen composited fruit tissue and 5 g of leaf, petiole, crown,
root (primary and secondary) tissues) were extracted with 40 ml of 80% ethanol,
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then puri®ed, and derivatized and followed the procedures for nonstructural
carbohydrate analysis described previously (Wang et al., 1987). Starch was
hydrolyzed to glucose with amyloglucosidase (EC 3.2.1.3) (Sigma, St. Louis,
MO) in 5 ml of 100 mM acetate buffer pH 4.5 (Zhang and Archbold, 1993), and
analyzed for glucose using a peroxidase±glucose oxidase (PGO) procedure
(Sigma Diagnostics, 1996).

2.5. Organic acid analysis

A Baker 10 extraction system (Phillipsburg, NJ) was used for puri®cation of the
organic acids in strawberry fruit. Twenty grams of frozen composited fruit tissue
were extracted with 100 ml of 20 mM imidazole buffer (pH 7.0), and the 40 ml
aliquots were placed into 3 ml quaternary amine columns that had previously
been conditioned with hexane and methanol (Wang et al., 1987). Organic acids
were then eluted with 6 ml of 0.1 N HCl. The eluate was concentrated to dryness
under vacuum. Derivatization and determination of the organic acids via gas
chromatographic techniques were conducted as previously described (Wang et al.,
1987).

2.6. Ascorbic acid (AA) analysis

Ascorbic acid was extracted by grinding 25 g of partially thawed composited
fruit tissue with 100 ml of 1% oxalic acid in a homogenizer for 1 min. The extract
was ®ltered through Whatman No. 1 ®lter paper, then 1 ml of the ®ltered extract
was mixed with 7 ml of 1% oxalic acid. Determination of ascorbic acid was based
on its reaction with 2,6-dichloroindophenol dye as described by Lundergan and
Moore (1975).

2.7. Ellagic acid analysis

High performance liquid chromatography (HPLC) was used to separate and
determine ellagic acid content of tissue samples (Wang et al., 1994). Fruit
samples (5 g) were extracted twice in 10 ml aqueous acetone (1:4). Extracts were
combined (20 ml) and concentrated to 1 ml using a Buchler Evapomix (Fort Lee,
NJ), then hydrolyzed in 1 ml of 4 N tri¯uoroacetic acid (TFAA) at 1008C for 1 h.
The samples were passed through 0.45 mm membrane ®lters (Millipore, MSI,
Westboro, MA) before HPLC injection. The samples were analyzed within 2 h
after treatment with TFAA using a Waters (Water Associated, Millipore, Milford,
MA) HPLC system equipped with two pumps (600 E system Controller).
Samples were injected at room temperature, using a Waters U6K injector, onto a
reverse phase 8 mm � 10 cm C18 Radial-PAK Column containing 5 mm sized
particles (Water Associates, Millipore, Milford, MA), and spectrophotometric
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detection was performed at 254 nm. The mobile phase was a binary mixture of
solvent A (methanol) and solvent B (redistilled water adjusted to pH 2.5 with
0.6 M perchloric acid). A linear gradient was carried out from 10 to 98% solvent
A for 15 min at a ¯ow rate of 1.0 ml minÿ1. The retention time of ellagic acid at
this ¯ow rate was about 11.67 min. An ellagic acid calibration curve was
constructed each day. Four different ellagic acid (0.5±50 mg) standard
concentrations (ellagic acid dihydrate, 97% purity; Aldrich Chemical., Milwau-
kee, WI) were used.

2.8. Statistical analysis

The variables were analyzed as completely randomized two factor general
linear models using PROC. MIXED (SAS Institute, 1997) with cultivar and
temperature as the factors. The analysis of variance results and mean comparisons
are presented in Tables 1±7. The means were compared using pairwise contrasts.
To meet the assumptions of the general linear model, fruit glucose values were
transformed before analysis using the natural logarithm transformation. Glucose
means in Table 5 are back transformed into the original units. To correct variance
heterogeneity the variance grouping technique was used before analysis for these
variables: sucrose (leaf), starch (leaf), total carbohydrates (leaf), sucrose

Table 1

Effect of temperature on `Earliglow' and `Kent' strawberry plant growth (n � 10)

Day/night temperature (8C) Leavesa Petiolesa Crownsa Rootsa Wholea Fruitb

Earliglow

18/12 5.32 1.51 0.35 6.35 13.53 10.98

25/12 7.43 1.99 0.36 5.82 15.64 8.57

25/22 7.17 1.78 0.39 4.77 14.11 7.08

30/22 5.20 1.47 0.33 3.17 10.17 5.62

Kent

18/12 6.30 1.46 0.66 6.80 15.22 9.86

25/12 8.61 1.58 0.74 6.12 17.05 7.92

25/22 8.38 1.47 0.78 5.80 16.43 7.05

30/22 5.58 1.30 0.59 4.00 11.47 5.02

LSD0.05 0.26 0.11 0.05 0.28 0.44 0.50

Analysis of variance (P-value)

Source

Temperature (d.f. � 3) 0.0001 0.0001 0.0001 0.000 0.0001 0.0001

CV (d.f. � 1) 0.0001 0.0001 0.0001 0.000 0.0001 0.0001

Temperature � CV (d.f. � 3) 0.0001 0.0003 0.0008 0.002 0.0107 0.0302

a In grams dry weight per plant.
b In grams fruit weight per fruit.

S.Y. Wang, M.J. Camp / Scientia Horticulturae 85 (2000) 183±199 187



(petioles), glucose (crown), fructose (primary roots), glucose (primary roots),
sucrose (primary roots), fructose (secondary roots), starch (secondary roots), and
total carbohydrates (secondary roots).

3. Results

3.1. Effect of temperature on plant growth

Plants of `Earliglow' and `Kent' showed similar growth responses (as expressed
by dry matter production) to different day/night temperatures (Table 1). The
temperature � cultivar interaction for fruit and individual plant parts were
signi®cant. Increasing day temperature from 18 to 258C, while keeping night
temperature at 128C, resulted in greater leaf and petiole growth, but root growth
at 258C was less than at 188C with a constant day temperature of 258C, leaves,
petioles and roots had less growth with a night temperature of 22 than with 128C.

Table 2

Fruit surface and ¯esh color of `Earliglow' and `Kent' strawberry grown in different temperature

ranges (n � 50)

Day/night temperature (8C) Surface color Flesh color

L*a Hueb Chromac L*a Hueb Chromac

Earliglow

18/12 30.0 27.0 16.3 51.7 24.6 31.3

25/12 27.3 19.9 20.2 45.3 22.6 35.6

25/22 24.0 12.0 25.5 40.3 20.1 37.2

30/22 20.2 12.0 28.0 33.7 16.2 38.7

Kent

18/12 29.2 16.5 17.6 46.4 28.3 28.5

25/12 26.4 15.1 21.7 42.2 22.0 32.4

25/22 22.5 13.0 25.5 40.2 20.0 35.9

30/22 20.8 12.5 27.6 36.8 14.9 36.4

LSD0.05 0.95 0.73 0.82 1.09 0.90 0.87

Analysis of variance (P-value)

Source

Temperature (d.f. � 3) 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

CV (d.f. � 1) 0.0001 0.0001 0.0046 0.0001 0.0729 0.0001

Temperature � CV (d.f. � 3) 0.0001 0.0001 0.0021 0.0001 0.0001 0.0215

a Lightness to darkness; 100 � white, 0 � black.
b Hue angle in degrees; 90 � pure yellow, 0 � pure red.
c Chroma; higher values indicate greater pigment intensity.
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Dry weights of `Kent' crowns were greater at 25/12 and 25/228C than at 18/12
and 30/228C, but this difference was not found for `Earliglow' crowns. Leaf,
petiole, crown and root growth decreased at 30/228C compared to 25/228C. For
both cultivars, strawberry fruit size was greatest with cool day and cool night
temperatures (18/128C). Fruit growth decreased as the day/night temperatures
increased. Fruit size was smallest at the highest temperatures.

Of the four different day/night temperatures tested, the optimal temperature for
overall plant growth was 25/128C. With the night temperature held constantly at
128C, plant growth was greater at 258C compared to 128C day temperature.
However, as the day temperature increased from 25 to 308C (constant night
temperature of 228C) or as the night temperature increased from 12 to 228C
(constant day temperature of 258C), total plant growth was less.

Day/night temperatures affected dry weight partitioning during growth.
`Earliglow' and `Kent' strawberry plants experienced enhanced root growth at

Table 3

Leaf color of `Earliglow' and `Kent' strawberry plants grown in different temperature ranges

(n � 50)

Day/night temperature (8C) Color coordinate valuea

L*b ac bd Chromae

Earliglow

18/12 33.7 ÿ4.9 �12.8 17.3

25/12 32.3 ÿ4.7 �12.6 15.8

25/22 30.0 ÿ4.4 �11.0 13.6

30/22 26.0 ÿ2.8 �8.1 8.6

Kent

18/12 33.8 ÿ4.1 �13.4 14.7

25/12 30.9 ÿ3.9 �11.6 12.3

25/22 29.8 ÿ3.7 �10.2 10.9

30/22 25.1 ÿ2.8 8.9 9.4

LSD0.05 0.86 0.18 0.56 0.72

Analysis of variance (P-value)

Source

Temperature (d.f. � 3) 0.0001 0.0001 0.0001 0.0001

CV (d.f. � 1) 0.0066 0.0001 0.4000 0.0001

Temperature � CV (d.f. � 3) 0.0664 0.0001 0.0001 0.0001

a Values are means of 25 leaves per treatment using a Minolta chroma meter CR-10 and

measuring in CIE Ð L*, a, and b.
b Lightness.
c Bluish-green/red-purple hue component.
d Yellow/blue hue component.
e Higher chroma values indicate greater pigment intensity.
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lower night temperature (Table 1). With cool day/night temperatures (18/128C),
`Earliglow' and `Kent' roots comprised a greater percentage (46.9 and 44.7%) of
total dry weight per plant compared to other temperature treatments. An increase
in the day temperature from 18 to 258C (night temperature kept steady at 128C)
resulted in a percentage weight shift for each plant tissue. `Earliglow' leaf dry
weight comprised a greater percentage of total dry weight per plant (47.6%) than
the roots (37.3%). At the highest day/night temperature (30/228C), root growth
was inhibited. Similar results were obtained with `Kent'.

3.2. Effect of temperature on fruit and leaf color

Higher temperatures caused a more rapid development of color. When the day/
night temperature increased, the L* value and hue angle generally decreased
while the chroma value generally increased (Table 2). This indicated that as the
day or night temperature became warmer, the fruit surface and ¯esh colors
became darker (L* value decreased), redder (hue angle decreased), and greater in
pigment intensity (chroma value increased) for both cultivars.

For both cultivars, leaf color was affected by growth temperature (Table 3). For
L*, the temperature and cultivar effects were signi®cant, and there were

Table 4

Fruit soluble solids content (SSC), titratable acids (TA), and ascorbic acid (AA) content of

`Earliglow' and `Kent' strawberry plants grown in different temperature ranges (n � 5)

Day/night temperature (8C) SSC (%) TA (%) SSC (TA)ÿ1ratio AAa

Earliglow

18/12 10.88 0.95 11.50 104.8

25/12 9.65 0.95 10.11 86.1

25/22 8.95 0.89 10.16 70.9

30/22 7.40 0.81 9.14 71.4

Kent

18/12 10.90 0.90 12.11 92.2

25/12 9.30 0.83 11.24 78.5

25/22 8.62 0.80 10.73 63.0

30/22 7.98 0.81 9.83 62.3

LSD0.05 0.29 0.03 0.28 3.3

Analysis of variance (P-value)

Source

Temperature (d.f. � 3) 0.0001 0.0001 0.0001 0.0001

CV (d.f. � 1) 0.7664 0.0001 0.0001 0.0001

Temperature � CV (d.f. � 3) 0.0001 0.0001 0.0501 0.1342

a In milligram (100 g fruit fr. wt.)ÿ1.
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signi®cant temperature � cultivar interactions for a*, b*, and chroma. Leaves
became darker (L* value decreased) as both day and night temperatures
increased. Leaves also showed less negative a* values and less positive b* values
as temperatures increased. When the day temperature increased from 18 to 258C
(night temperature at 128C) and 25 to 308C (night temperature at 228C), the
intensity of pigments on leaves of `Earliglow' and `Kent' became less (lower
chroma value) than those grown at lower temperatures. With day temperature at
258C, an increase in night temperature from 12 to 228C resulted in decreased
chroma value (less pigment intensity) for `Earliglow' and `Kent' leaves. The
chroma value of the leaves decreased as the day/night temperatures increased.

3.3. Effect of temperature on chemical composition of fruit

The interactions of temperature � cultivar on fruit SSC and TA were signi®cant
in `Earliglow' and `Kent' (Table 4). High temperature growing conditions (25 and
308C) signi®cantly reduced strawberry fruit SSC, TA, and AA contents, as well as
the SSC/TA ratio in `Earliglow' and `Kent'. Plants grown in the cool day and

Table 5

Fruit sugar contents of `Earliglow' and `Kent' strawberry plants grown in different temperature

ranges (n � 5)a

Day/night temperature (8C) Fructoseb Glucoseb Sucroseb Totalb

Earliglow

18/12 394.2 341.3 a 21.5 768.6

25/12 352.9 383.3 b* 49.9 688.1

25/22 299.2 279.2 b* 40.5 612.1

30/22 238.5 254.4 c 11.3 504.2

Kent

18/12 389.4 348.6 a 20.8 758.8

25/12 328.8 269.2 b 47.4 645.4

25/22 288.0 268.9 b 39.0 595.9

30/22 260.9 258.4 c 12.3 528.9

LSD0.05 7.3 ± 2.5 12.9

Analysis of variance (P-value)

Source

Temperature (d.f. � 3) 0.0001 0.0001 0.0001 0.0001

CV (d.f. � 1) 0.0190 0.0321 0.1479 0.0015

Temperature � CV (d.f. � 3) 0.0001 0.0001 0.2588 0.0001

a Data was obtained based upon analysis on transformed values, LSDs are not appropriate.

Letters are comparisons of treatments within a cultivar, and asterisks are comparisons of

temperatures between cultivars.
b In milligrams (g fruit dry weight)ÿ1.
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night temperature (18/128C) treatment generally had the highest SSC, TA, and
AA contents and SSC/TA ratio. An increase in night temperature from 12 to
228C, with the day temperature kept constant at 258C, resulted in a decrease in
SSC, TA, and AA contents and SSC/TA ratio of `Earliglow' and `Kent' fruit. The
highest day/night temperature (30/228C) yielded fruit with the least SSC, TA, and
AA contents, and SSC/TA ratio. Although the fruits of each plant ripened quickly
because of the high temperature, they were small and irregularly shaped. At lower
temperatures (18/12 and 25/128C), the rate of ripening decreased, and the fruits
were larger, more regular in shape, and of better quality.

Strawberry fruit contained reducing sugars, such as fructose and glucose, with
small amounts of sucrose (Table 5). Fruit sugar content was in¯uenced by
temperature and cultivar. For fructose, glucose, and total sugar, the tempera-
ture � cultivar interactions were signi®cant. Strawberry fruit from plants grown
in the coolest day/night temperature (18/128C) had the highest amount of
fructose, glucose and total carbohydrates, and these carbohydrates decreased as
temperature increased. For both cultivars, the highest sucrose content in fruit was
found at 25/128C and the lowest at 30/228C.

The primary organic acid found in strawberry fruit was citric acid (Table 6).
Fruit malic acid and total organic acids varied with temperature and cultivar.

Table 6

Fruit organic acid and ellagic acid content of `Earliglow' and `Kent' strawberry plants grown in

different temperature ranges (n � 5)

Day/night temperature (8C) Malic

acida
Citric

acida
Total organic

acidsa
Ellagic

acida

Earliglow

18/12 11.4 76.8 88.2 2.5

25/12 13.9 70.2 84.1 2.2

25/22 22.9 54.4 77.3 1.7

30/22 26.6 46.3 72.9 1.5

Kent

18/12 10.5 70.5 81.0 2.3

25/12 12.9 68.2 81.1 2.1

25/22 19.6 55.1 74.7 1.6

30/22 24.5 47.3 71.8 1.5

LSD0.05 1.5 3.6 3.5 0.05

Analysis of variance (P-value)

Source

Temperature (d.f. � 3) 0.0001 0.0001 0.0001 0.0001

CV (d.f. � 1) 0.0001 0.0681 0.0003 0.0016

Temperature � CV (d.f. � 3) 0.0779 0.0207 0.0966 0.0001

a In milligram (g fruit dry weight)ÿ1.
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Table 7

Soluble carbohydrates and starch in leaves, petioles, crowns, crown-roots, and roots of `Earliglow'

and `Kent' strawberry plants grown in different temperature ranges (n � 5)a

Day/night

temperature (oC)

Fructoseb Glucoseb Myo-

inositolb
Sucroseb Starchb Totalb

Leaves

Earliglow

18/12 16.3 17.0 3.7 7.9 a* 28.2 c* 73.1 c*

25/12 19.8 18.5 4.7 4.3 b* 63.0 a* 110.3 a*

25/22 21.6 19.3 6.0 0.8 c* 36.9 b* 84.6 b*

30/22 22.0 24.7 7.3 0.3 d 13.8 d* 68.1 d*

Kent

18/12 17.0 17.9 3.8 6.1 a 31.8 c 76.6 c

25/12 18.1 22.1 5.9 4.6 b 75.0 a 125.7 a

25/22 21.9 26.4 4.7 1.6 c 41.3 b 95.9 b

30/22 23.8 31.8 8.7 0.3 d 10.7 d 75.3 c

LSD0.05 0.78 0.80 0.39 ± ± ±

Petioles

Earliglow

8/12 10.8 32.4 0.6 5.9 a* 17.4 67.1

25/12 12.2 48.9 0.9 5.5 a* 52.7 120.2

25/22 13.0 30.2 1.3 0.9 b* 23.4 68.8

30/22 13.7 29.8 1.7 0.5 c* 12.6 58.3

Kent

18/12 10.2 31.4 0.5 0.9 a 15.7 58.7

25/12 10.2 31.3 0.8 0.6 b 50.6 93.5

25/22 11.3 27.9 1.6 0.5 c 26.7 68.0

30/22 14.3 29.8 1.8 0.4 d 14.0 60.3

LSD0.05 0.78 1.08 0.09 ± 1.27 1.66

Crowns

Earliglow

18/12 8.4 10.3 c* 1.4 1.1 63.9 85.1

25/12 9.5 18.7 a* 1.5 0.8 85.9 116.4

25/22 11.7 14.6 b* 1.8 0.5 59.9 88.5

30/22 13.5 14.7 b 3.0 0.5 19.4 51.1

Kent

18/12 6.8 6.0 d 1.3 3.2 53.1 70.4

25/12 10.5 21.0 a 1.5 2.0 89.3 124.3

25/22 11.4 12.3 c 2.8 1.0 49.5 77.0

30/22 15.4 14.4 b 3.4 0.5 30.6 64.3

LSD0.05 0.62 ± 0.21 0.13 2.2 2.8

Primary roots

Earliglow

18/12 24.2 a* 23.7 c* 0.5 2.3 a* 94.3 145.0

S.Y. Wang, M.J. Camp / Scientia Horticulturae 85 (2000) 183±199 193



There was a signi®cant temperature � cultivar interaction on citric acid content.
Plants of `Earliglow' and `Kent' grown in the coolest day/night temperature (18/
128C) contained higher amounts of fruit citric acid but lesser amounts of malic
acid. As the day/night temperature increased, malic acid content increased and
citric acid content decreased.

Temperature affected ellagic acid content in `Earliglow' and `Kent' strawberry
fruit (Table 6). Ellagic acid content was highest for a day/night temperature of 18/
128C, but decreased as the temperatures increased (Table 6).

3.4. Effect of temperature on carbohydrate content of vegetative tissues

Glucose and fructose were the primary soluble carbohydrates in the straw-
berry plant (leaves, petioles, crowns, and roots) (Table 7). Temperature greatly

Table 7 (Continued )

Day/night

temperature (oC)

Fructoseb Glucoseb Myo-

inositolb
Sucroseb Starchb Totalb

25/12 33.9 a* 26.5 b* 0.8 1.2 b* 95.5 157.9

25/22 17.0 b* 30.1 a* 0.8 0.7 c* 80.6 129.2

30/22 12.2 c* 11.8 d* 0.9 1.1 b* 49.3 75.3

Kent

18/12 19.8 a 16.6 c 1.1 0.5 b 89.4 127.4

25/12 19.6 a 21.5 a 1.6 0.6 a 89.0 132.3

25/22 15.9 b 19.8 b 0.6 0.5 bc 89.5 126.3

30/22 14.6 c 10.6 d 0.9 0.4 c 49.4 75.9

LSD0.05 ± ± 0.10 ± 2.9 3.5

Secondary roots

Earliglow

18/12 5.0 a 4.0 0.3 ± 24.3 b* 33.6 b*

25/12 5.0 a* 7.6 0.5 ± 66.7 a* 79.8 a*

25/22 3.1 b 3.4 0.2 ± 15.1 c* 21.8 c*

30/22 2.3 c 1.9 0.3 ± 10.3 d* 14.8 d*

Kent

18/12 5.5 a 4.2 0.3 ± 18.9 b 28.9 b

25/12 5.6 a 8.5 0.4 ± 55.9 a 70.4 a

25/22 2.6 b 2.7 0.4 ± 19.2 b 24.9 c

30/22 2.0 c 2.5 0.5 ± 14.6 c 19.6 d

LSD0.05 ± 0.45 0.09 ± ± ±

a Data are based upon analysis on transformed values, LSDs are not appropriate. Letters are

comparisons of treatments within a cultivar, and asterisks are comparisons of treatments between

cultivars.
b In milligram (g dry weight)ÿ1.
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affected the starch content of the tissues (Table 7). The changes in total
carbohydrate content of both cultivars in response to temperature were similar
(Table 7). The fructose, and myo-inositol contents in the leaves, petioles and
crowns of `Earliglow' and `Kent' were higher when grown at warmer
temperatures and decreased at cooler temperatures. The sucrose content was
highest at 18/128C and decreased as the temperature increased. Leaves had their
highest glucose content at 30/228C, while for petioles and crowns the highest
glucose content was at 25/128C. Starch content in leaves, petioles, crowns and
roots were highest at 25/128C. As the day temperature increased from 18 to 258C
(night temperature at 128C) the amount of starch in all plant parts increased,
whereas when the night temperature was increased from 12 to 228C (day
temperature at 258C) the amount of starch decreased. In addition, the amount of
starch in the various plant parts decreased as the day temperature increased
from 25 to 308C. Here, total carbohydrate content was the greatest for all
plant parts when plants grew at a day/night temperature of 25/128C. The changes
of total carbohydrate content in `Earliglow' and `Kent' plant tissues in response
to various growth temperatures were similar to those of the starch content
(Table 7).

Growth temperatures affected the percentage distribution of total carbohydrates
in different portions of the plant (Table 8). Roots had the highest percentage of
total carbohydrates among the plant parts grown in a day/night temperature of 18/
128C. As day and night temperatures increased, the highest percentage of total
carbohydrates shifted from the roots to the leaves.

Table 8

Effect of growth temperature on percent distribution of total carbohydrate in different portions of

the `Earliglow' and `Kent' strawberry plants. Roots included primary and secondary roots (n � 5)a

Cultivar Partitioning of total carbohydrates (%)

Plant part Day/night temperature (8C)

18/12 25/12 25/22 30/22

Earliglow Leaves 35.4 c 45.7 d 53.7 d 43.5 d

Petioles 9.2 b 13.3 b 10.7 b 17.0 b

Crowns 3.0 a 2.6 a 3.1 a 3.3 a

Roots 52.4 d 38.4 c 32.5 b 36.2 c

Kent Leaves 42.1 c 52.5 d 57.7 d 49.0 d

Petioles 7.5 b 7.2 b 7.1 b 9.9 b

Crowns 4.2 a 4.4 a 4.2 a 5.7 a

Roots 46.2 d 35.9 c 31.0 c 35.4 c

a Different letters indicate signi®cant differences within each column and each cultivar at

p � 0.05.
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4. Discussion

Genetic and environmental variations affect strawberry plant growth, and fruit
production and fruit quality (Himelrick and Galletta, 1990). Although much of
the variation in strawberry plant growth and fruit quality can be attributed to
genetic variation, factors such as climate, irrigation, soil fertility, temperature,
cultural systems, harvesting and handling could also in¯uence plant growth and
quality attributes (Himelrick and Galletta, 1990). In this study, the optimum day/
night temperature for leaf and petiole growth was 25/128C while for roots and
fruits it was 18/128C. For the growth of the whole plant, 25/128C was also the
best temperature. This ®nding is consistent with the report that root growth in
strawberry plants is greater at lower temperatures (7.2±13.08C) than at higher
temperatures and leaf and petiole growth is optimum between 20 and 268C
(Himelrick and Galletta, 1990). As day/night temperature increased to 30/228C in
this study, plant growth decreased, which may have been due to the tendency for
high temperature to enhance dark respiration, inhibit cellular metabolism and
chloroplast biogenesis, reduce chloroplast photoreductive activity, and cause
disruption of protein±lipid interactions and decreased photosynthetic capacity
(Burke, 1990). Hellman and Travis (1988) also showed that higher temperatures
(35±408C) inhibit growth of Junebearing strawberries.

Color is one of the important quality attributes of strawberries. Two
anthocyanidin glycosides, pelargonidin 3-glucoside and cyanidin 3-glucoside,
are almost exclusively responsible for the red color of strawberries (Timberlake
and Bridle, 1982). The loss of a good characteristic color in strawberries has been
attributed to many factors including maturity, genotype or cultivar, methods of
harvesting and handling, cultural practices, and environmental factors (Sistrunk
and Morris, 1985). Growth temperatures after bloom affected `Earliglow' and
`Kent' fruit surface and ¯esh for L*, hue, and chroma values. As the day or night
temperature became warmer, the `Earliglow' and `Kent' fruit surface and ¯esh
colors became darker (L* value decreased), redder (hue angle decreased), and
greater in pigment intensity (chroma value increased). Strawberries grown at the
highest temperature (30/228C) were the darkest, reddest, and had the greatest fruit
surface and ¯esh pigment intensity. Austin et al. (1960) showed a positive
response of pigment formation to temperatures between 13 and 298C in cultivar
`Sparkle'; the color formation at 298C was signi®cantly greater than at 138C.

High temperature growing conditions (25 and 308C) signi®cantly reduced
strawberry fruit SSC, TA and AA content, as well as SSC/TA ratio. Hellman and
Travis (1988) found that when high temperature treatments (25/15, 30/20, 35/25,
and 40/308C day/night temperature) were imposed on plants with approximately
50% of primary fruits just beginning to color, the fresh weight and soluble solid
content of the fruit showed a signi®cant negative relationship with temperature
within the range of 25±408C. Shaw (1990) showed that soluble solids content was
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more dependent on environmental conditions than genetic inheritance, while
Kader (1991) found that fruit from summer-planted strawberries were higher in
soluble solids and titratable acidity than those of winter-planted fruit. Duewer and
Zych (1967) reported that the soluble solids content of ®ve cultivars grown for 3
years was quite different among cultivars but varied little from year to year.
Titratable acidity varied for the same cultivar, depending on the year of harvest.
Shaw (1990) concluded that TA was a heritable trait, less in¯uenced by
environment than soluble solids content. However, application of nitrogen
fertilizer or preharvest shading of strawberry fruit could decrease titratable acidity
(Saxena and Locascio, 1968; Osman and Dodd, 1992).

Fructose and glucose were found to be the major sugars, comprising >65% of
the total SSC in strawberry fruit. The low sucrose content in fruit may be
attributed to enzymatic hydrolysis of sucrose to glucose after translocation from
the leaves (Forney and Breen, 1985). The fruit carbohydrate content and SSC
were positively correlated (r � 0.997). The proportions of fructose, glucose, and
sucrose are important in the perception of fruit quality since fructose is 1.8 times
sweeter than sucrose (Doty, 1976), while the sweetness of glucose is only 60% of
that of sucrose (Yamaguchi et al., 1970).

In the present study, post-bloom temperatures affected fruit AA content. Plants
grown at 18/128C had high AA content, probably due to decreased metabolism at
lower temperature. Ascorbic acid content of fruit is also affected by
environmental factors. Strawberries grown under shade have signi®cantly less
ascorbic acid than those exposed to normal sunlight. High irradiative conditions
favor high ascorbic acid content, while wet, cloudy weather results in low values
(Hansen and Waldo, 1944).

Citric acid is the primary organic acid found in the strawberry fruit. As the day/
night temperature increased, organic acid content decreased. The low content of
organic acids in strawberries grown at high temperatures may result from
increased respiration. The total organic acid level was positively correlated with
titratable acidity (r � 0.952).

Temperature affected ellagic acid content in fruit of both cultivars. The
decrease in ellagic acid at high temperatures may have been due to inhibition of
ellagic acid biosynthesis or enhanced degradation. Ellagic acid content in plant
tissues is in¯uenced by the species, cultivars, and also by environmental factors
such as seasonal changes of temperature and daylength and diseases (Wang et al.,
1994).

Temperature greatly affected soluble carbohydrate (fructose, glucose, myo-
inositol and sucrose) and starch content in the strawberry plants (leaves, petioles,
crowns and roots). The decline in the amount of starch in the various plant parts at
high temperatures (30/228C) can be attributed to the fact that plants grown at high
temperature used photosynthate to support a higher metabolic activity. Cool
temperatures favor starch accumulation. Maas (1986) found that starch
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accumulation in strawberry roots was greater for plants held at 108C with 8 and
16 h photoperiod than those held at 158C with the same photoperiod.
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