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ABSTRACT

The time course of growth of individual tomato fruits (Solanum Iycopersicum) was analyzed in
relation to the fruit initiation date and cumulative degree days of growth. Experimental data of dry
weight (DW), fresh weight (FW), radial diameter (FDIAM), and dry matter concentration (DMC) of
three different cohorts of fruits of determinate fresh-market tomato cultivar Florida 47 were
determined under field conditions in Florida during spring of 2006 and 2007. Successively later
cohorts (1 week intervals) had longer lags prior to rapid growth, slower maximum growth during the
rapid phase, and smaller DW, FW, and FDIAM at maturity. These growth patterns were analyzed
by fitting the data to a three-parameter Gompertz function for DW, FW, and FDIAM, and to a four-
parameter modified Gompertz function for DMC. The good agreement of predicted and measured
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values indicates that the growth of individual tomato fruits followed the classical S-shaped Gompertz
function. The Gompertz function was suitable to describe the slow growth that occurs in tomato
fruits immediately after fertilization. The equation was able to predict the increasing duration of this
lag and slower maximum growth and smaller final DW, FW, and size for successively later initiated
cohorts of fruits. These results confirm the role of sink-source relationships (time of fruit set) on the
growth of tomato fruits over time. This study will provide information potentially useful to improve
existing tomato crop growth models that are presently limited because they do not predict practical
outputs such as fresh weight and size of individual fruits.

Keywords: Tomato; Solanum lycopersicum; fruit dry weight; fruit fresh weight; diameter; fruit dry
matter concentration; individual fruit growth equations;, gompertz; growing degree days;
source-sink effects.

ABBREVIATIONS

Dry Weight (DW); Fresh Weight (FW); Radial Diameter (FDIAM); Dry Matter Concentration (DMC);
Thermal time (TT); Mean Square Error (MAE); Standard Error (SE); Days After Tagging (DAT).

1. INTRODUCTION The date of fruit initiation strongly affects
competition among tomato fruits and the

. . . subsequent rates of growth and dry matter
Theoretical growth functions have been widely  gjocation to later-set fruits [13]. [14] observed

used to study plant growth. The construction of  hat individual tomato fruit growth is delayed
growth curves is a valuable tool for dynamic \yhen the competition for assimilates is high, and
analysis of fruit growth behavior, and growth ¢ delayed fruits started to grow again when
curves may provide a knowledge base for ihe first trusses reached maturity. To explain this
modeling purposes. Several authors have  phenomenon, [15] used the term “fruit delay” or
reported that potential growth of individual it |atency” to describe fruits that have been
tomato fruit under non-limiting conditions exhibits ot ut whose growth and development are
a simple sigmoid or S shaped curve [1-9]. This  yejaved during their early stage. These fruits
curve is characterized by three phases. The osume their growth after a delay of 10 to 50
growth is slow immediately after fertilization, days, when the first fruits of the earlier
increases gradually to a maximum rate, and nfiorescences have ripened. Moreover, although
finally decreases as the fruit approaches hoqe delayed fruits come to maturity, their final
maturation. During the first phase of fruit g ¢ 5 smaller than that of the earlier fruits. Other
development, cell division and cell enlargement  , thors have also observed this fruit growth
result in slow growth. Following fertilization, cell latency caused by competition for assimilates
division |n tomato fruits is activated in the ovary [16,17,5,14] [1 5] experimentally verified that the
and contlnue.s for about 2 weeks [10-12,6,91. delay is not produced by parthenocarpy, but is
After approximately 2-3 weeks of slow fruit g6 to competition for assimilates among fruits in
growth, rapid growth begins. a truss and among trusses, with earlier fruits
having higher sink strength than later fruits.
During this time, the fruit cells continue to Tomato fruits initiated at early versus later dates
enlarge by cell expansion. Rapid growth were reported to have significantly different
continues for 3 to 5 weeks, culminating in the growth rates [18]. While previous research has
mature green stage. At this point, the tomato has  emphasized equations describing growth of first-
accumulated the majority of its final weight [28].  formed fruits under non-limiting conditions, we
Finally, when the biochemical changes related to  propose that assimilate-limitation is a condition
ripening begin, growth becomes slow again. influencing later-set cohorts that has not been
Approximately 10 days before the first break of adequately described, even if under high N
color, growth ceases completely. This occurs nutrition and full irrigation.
because an abscission layer is formed between
the calyx and the fruit, which becomes a barrier Two equations that are often reported to fit the
to the transport of water and assimilates to the  sigmoid-shaped growth of tomato fruit are the
fruit [9]. logistic function [18,19,20,21] and the Gompertz
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function [15,22-25]. The Gompertz function is
suitable for a sigmoid growth curve in which
growth is frequently not symmetrical about an
inflection point, i.e., when the relative growth rate
decreases with time [26] as has been shown for
tomato by [4]. According to [25], the Gompertz
function is more appropriate, because it better
accounts for the slow increase in size at the start
of the growth period. Examples of mathematical
functions used to analyze fruit growth of
horticultural crops can be found in [27]. In
addition to time, environmental factors having a
strong influence on growth may be used to
model growth curves.

Any growth variable, e.g. dry weight, fresh weight
or fruit diameter, can be plotted as a function of
time. Additionally, if growth is analyzed as a
function of physiological age of the fruit rather
than of calendar time, then temperature is
incorporated into the analysis, enhancing the
predictive value of the growth functions. The heat
unit approach has been used to predict the
harvest date of processing tomatoes in California
[28,29]. A tool frequently used to estimate the
temperature accumulation is growing degree
days which are calculated from the daily average
temperature minus the base temperature.
According to [23], base temperature for fruit
development rate and progression to maturity is
5.7°C while the optimum temperature is 22°C.
Assuming that fruit development rate can be
linearly related to temperature, then a critical
summation needs to be reached in order for fruits
to achieve maturity [9]. [30] proposed that the
time from anthesis to maturity for tomato is 806
degree days using a base temperature of 4.75°C.
Using the 4°C base of [22] this time is 940
degree days.

Temperature is the climatic factor that most
affects fruit growth of tomato [31,32]. According
to [33] temperature appears to be the principal
factor determining the duration of the tomato fruit
growth period. His results showed this period to
be 73 days at 17°C and 42 days when
temperature increased to 26°C. Similar results
were found by [34]. In his experiment, [33]
divided the growth period in five phases, and
found different responses to temperature
depending on the fruit age. High temperature
shortened the growth period in two phases, first
at the young developmental state and again
close to maturity when temperature had a great
impact on days to harvest. The duration of the
middle phase of growth was less sensitive to
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temperature. [23,35] found that when tomato
plants were grown at 14, 18, 22 and 26°C, fruits
ripened after 95, 65, 46 and 42 days,
respectively.

Similarly, [36] found that the time interval from
anthesis to harvest was 90 days at 13°C, 53
days at 19°C, and 40 days at 26°C. For these
reasons, it is important to evaluate tomato fruit
growth as a function of thermal time rather than
calendar days.

The relationship between fruit growth rate and
temperature has been well studied in tomato
[37]. [38] suggested a Q10 value (rate at 10°C
higher temperature compared to initial
temperature) equal to 1.7 for tomato fruit growth
and equal to 2 for fruit maturation. For fruit
growth rate (dry matter and water accumulation)
[34] found a temperature optimum of 26°C while
[23] found a regimen of 25/25°C (day/night) to be
optimum for fruit growth rate. [16] found that the
maximal rate of dry matter accumulation in
tomato fruit at 19.3°C occurs around day 23 after
anthesis (335 degree days using a base
temperature of 4.75°C).

The objective of this study is to examine the
time-course of dry matter growth, fresh weight,
diameter, and dry matter concentration of
individual tomato fruits initiated on different dates
during fruit set, and thus exposed to differential
C-assimilate stress for plants provided with high
N nutrition and optimum irrigation. The ultimate
aim of this analysis is generate a knowledge
base for simulation purposes to be able to
predict individual fruit fresh weight, size, and
market quality.

2. MATERIALS AND METHODS
2.1 Field Data

Growth data were obtained from experiments
conducted on field-grown, plastic-mulched fresh-
market tomato during April to July of 2006 and
April to July of 2007 at the University of Florida
Plant Science Research and Education Unit at
Citra, Florida (29°25 N, 82°10° W). The
treatment selected for evaluation of fruit growth
was well irrigated and fertilized; therefore, no
water or nitrogen stress was present at any time
during the growing season. The soil at this site is
classified as Candler fine sand [39]. This soil
contains 97% sand-sized particles and has a



field water holding capacity of 0.10-0.12 cm® cm™
in the upper 40 cm of the profile [40]. The cultivar
evaluated was Florida 47, a mid- to late-season
hybrid whose fruits are deep globe shaped.

Field preparation and management is described
in detail by [41]. Briefly, the area was rototilled
and raised beds (0.30 cm height) were
constructed with 1.8 m distance between bed
centers. Each replicate plot consisted of four
15.2 m-long rows. Beds were fumigated (80%
methyl bromide, 20% chloropicrin by weight) at a
rate of 604 kg ha™ after placement of both drip
tapes and plastic mulch in a single pass 13 days
before transplanting. The 4-wk old plants were
transplanted on 4 April 2006 and 7 April 2007.
Row spacing was 1.83 m and plant spacing was
0.45 m, making a total of 11,960 plants ha™.
Pre-planting fertilizer application was
|ncorporated into raised beds at a rate of 112 kg
of P,Os5 ha™ and 45 kg of K,O ha™'. Treatments
were replicated four times using a randomized
complete block design. Daily irrigation water was
applied at a fixed rate of 5.0 to 5.5 mm d”,
order to meet the evapotranspiration needs of
tomato to assure no water stress. Weekly
fertigation consisted of injecting dissolved
fertilizer salts into fertigation lines accordlng to
[42]. All plots received 247 kg ha of K as
potassium chloride and 12 kg ha” of Mg as
magnesium sulphate The N-rate corresponded
to 330 kg ha” of N applied as calcium nitrate.
The weekly N application rates corresponded to
5.5% of the total N rate applied at wks 1, 2 and
13; 7.1% of the total N rate applied at wks 3, 4
and 12; 8.9% of the total N rate applied at wks 5
to 11.

Irrigation was applied via drip tape (Turbulent
Twin Wall, 0.20 m emltter spacing, 0.25 mm
thickness, 0.7 L hr' at 69 kPa, Chapin
Watermatics, NY). Climatic data, including
temperature, solar radiation, rainfall, wind and
humidity were collected by an automatic weather
station located within 1 km of the experimental
area (Table 1).

2.1.1 Growth analysis of individual fruits

Three sets of flowers separated by one week in
age were tagged at anthesis. For each cohort
date, at least 60 flowers were tagged in each
replicate (modified from [43]). Starting 3 days
after anthesis, and two times per week, two
tagged fruits in each plot were randomly sampled
at 08.00 h. Samples were collected at 3, 7, 11,
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15, 19, 23, 27, 31, 35, 39, 43, 47, 51 and 55
days after tagging. For each sampled fruit, the
fruit diameter (FDIAM) was measured, the fresh
weight (FW) was recorded, and the dry weight

(DW) was determined. Treatments were
replicated four times using a randomized
complete block design. Results were analyzed
using the statistical software INFOSTAT. The
experimental data on fruit growth (DW, FW, and
FDIAM) were fitted to a three-parameter
Gompertz function (Eqg. 1) in order to analyze the
fruit growth as a function of the cumulative
degree days (TT) which consider both time and
temperature [15,44].

Y =a*exp(-f*exp(~y *TT)) M

Where:

Y is the fruit growth in dry weight, fresh weight
or fruit diameter

a, B and y are parameters of the equation TT is
cumulative thermal time (degree days)

Cumulative degree days (TT) were calculated
from tagging day (0) until first break of color for
each cohort (i). Cumulative degree days were
calculated by subtracting the base temperature
from the daily average temperature (Eq. 2).

rr- 3] ConTu)]

Where

(2)

Tmax is the maximum daily temperature

Tmin is the minimum daily temperature

T, is the base temperature for fruit growth
equal to 5.7°C

The data on fruit dry matter concentration (DMC)
were fitted to a four-parameter Gompertz
function with displacement, for pattern of DMC
variation versus cumulative degree days (Eq. 3).

DMC = a*exp(=p*exp(=y *TT))+ 5 (3)
Where:

DMC is the fruit dry matter concentration in
percentagea, B,y, and & are parameters of the
equation.
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Table 1. Weather data recorded within 1 km of the experimental area in Gainesville FL during
spring of 2006 and spring of 2007 (each value is an average of 10 days data)

Period Tavg (2m) Tmin(2m) Tmax (2m) Solar radiation Total rain (10 days)
°C °C °C MJ d-1 mm
2006
04/01-04/10 20.7 13.5 28.3 20.4 41.4
04/11-04/20 21.9 16.0 28.9 20.6 0.5
04/21-04/30 229 17.3 29.3 19.8 9.9
05/01-05/10 23,3 16.6 31.0 221 4.8
05/11-05/20 22.3 15.1 29.4 20.9 3.6
05/21-05/31 26.3 19.8 34.2 20.1 3.3
06/01-06/10 252 191 32.2 18.9 1.8
06/11-06/20 25.8 21.4 31.3 16.3 9.8
06/21-06/30 30.9 25.8 37.7 20.4 1.3
07/01-0710 26.2 20.7 32.4 19.3 9.2
2007
04/01-04/10 17.7 11.5 22.6 16.9 7.9
04/11-04/20 19.6 121 27.6 21.2 59.4
04/21-04/30 21.6 14.0 29.0 27.9 0.0
05/01-05/10 22.9 16.2 30.2 19.6 0.0
05/11-05/20 22.8 16.1 30.1 21.2 2.0
05/21-05/31 27.5 19.8 35.2 213 2.0
06/01-06/10 255 20.8 31.6 19.7 51.3
06/11-06/20 254 201 31.9 18.9 35.1
06/21-06/30 26.5 21.7 32.8 20.5 24.4
07/01-0710 27.1 23.1 33.1 25.0 61.7

3. RESULTS AND DISCUSSION
3.1 Measured Fruit Growth

The observed final fresh weight, dry weight and
fruit diameter of fruits whose development began
on different tagging dates during the years 2006
and 2007 are presented in Table 2. Means and
standard deviations are shown in appendix 1
(2006) and 2 (2007).The total dry and fresh
weight differed significantly among cohorts.
Fruits that developed from flowers tagged earlier
(first cohort) achieved the highest mass (both dry
and fresh). Fruits from the second cohort
achieved lower final mass than the first cohort,
but higher final mass than the third cohort. The
differences between cohorts 1 and 2, and 2 and
3, are the result of progressively delayed and
slower growth of the later-set fruits. The DW of
cohort 3 was 26 to 58% of the DW of cohort 1,
depending on year.

These differences among cohorts in the final
fresh and dry weights are partly attributable to
differences in the length of the fruit growth
period, which was 55 calendar days for cohort 1,
47 calendar days for cohort 2 and 39 calendar
days for cohort 3, nearly same in both years
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(data not shown). The cumulative thermal time
was 991 and 1033 degree days for cohort 1, 857
and 898 degree days for cohort number 2, and
720 and 747 degree days for cohort number 3
from tagging to first break color during 2006 and
2007, respectively. Others authors have been
used time from fruit set in growth functions as a
reasonable predictor of fruit growth over time.
[23] (size); [45] (fresh and dry weight).Although
physiological processes underlying the
differences among cohorts growth pattern need
further research our results agreed with [16]. He
established that the partitioning of dry matter in
tomato is regulated by competition for leaf
assimilates and showed how these competition
among fruits is regulated by different stages of
inflorescences development (earlier vs. later
fruits).

Fruits of the first cohort reached higher final
mass accumulation (DW and FW) during 2007
than in 2006 (Table 2). This could be the result of
cooler temperature and higher solar radiation
during growth of the first cohort in 2007 than
2006 (Table 1). On the other hand, the third
cohort reached small final mass in 2007 than in
2006.
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Table 2. Comparison among three cohorts for dry weight (DW), fresh weight (FW), dry matter
concentration (DMC) and fruit diameter of individual tomato fruits measured at maturity during
the spring of 2006 and 2007 at Gainesville, FL. each value is the mean of eight fruits
(two per replication)

Cohort 2006 2007
Dryweight e g fruit M- - oo oo

1% cohort 10.8 a 136 a
2" cohort 79 b 91b
3" cohort 6.3 ¢ 36¢
Fruitweight e g fruit M- - oo oo oo

1% cohort 224 a 279 a
2" cohort 173 b 172 b
3" cohort 154 ¢ 72 ¢
Dry matterconc.  eeeeeeeea-- O mmmmmm e e

1*" cohort 48a 50a
2" cohort 4.7 a 49a
3" cohort 49a 48a
Fruit diameter ~ aeee e CM=cmmmm e e -

1% cohort 9.0a 10.4 a
2" cohort 72 b 75 b
3" cohort 39 ¢ 33 ¢

T Means within columns followed by the same lowercase letters are not significantly different (P < 0.05) according
to duncan’s multiple range test for cohorts within same season

3.1.2 Gompertz equations and time course of
fruit dry weight and fresh weight

The time-courses of observed DW, FW, FDIAM,
and DMC for individual tomato fruits are plotted
along with their fitted Gompertz equations in Fig.
1 for 2006, and in Fig. 2 for 2007. The two years
show relatively repeatable responses, particularly
showing the different growth patterns between
the successively later-formed cohorts 1, 2, and 3
in each year. The solved parameters for the
Gompertz functions are given in Table 3 for 2006
and Table 4 for 2007. The growth of tomato
fruits in DW, FW and diameter was well
described by the Gompertz function. The best
relationship was for cohort 1. Cohorts 1, 2 and 3
have a similar mean square error (MAE) and
standard error (SE) for the coefficients a and vy;
however, the SE of the parameter B was higher
for cohorts 2 and 3 (Tables 3 and 4), showing
that B is the parameter with the greatest
uncertainty. The parameter a closely followed the
final fruit dry weight, fresh weight or diameter
which was progressively decreased for later-set
fruits. The parameter a showed differences
among cohorts in both years, but the range was
greater, nearly twofold difference in 2007 (Tables
3 and 4). Tomato fruits showed the classical
sigmoid growth curve, albeit with a nearly linear
middle phase. Growth began with a phase of
slow growth for a few days after anthesis, then
increased to an almost linear slope for about 4 to
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5 weeks, and then slowed again close to
maturation. The curves are largely convex, but
have a lag period lasting between 80 and 260
growing degree days, with the lag period
increasing for later cohorts. Similar results were
obtained when the 2007 data was fitted to a
Gompertz function (Table 4 and Figs. 2A, B, C).

There were differences among cohorts in the rate
of growth. The rate of dry mass accumulation
estimated from the first derivative of the
Gompertz function showed that the three cohorts
did not have the same growth rate. Similar trends
were observed in both years, but 2007 results
will be discussed. For instance, in 2007, the
maximum growth rate was reached relatively
earlier in cohort 1, occurring on day 22, which
represents about 40% of the total growth period.
Cohort 2 also reached the maximum growth rate
on day 22, representing about 45% of the total
fruit growth period. [15,46] similarly reported that
the maximum growth rate in tomato fruits was
reached by day 21 to 25 after anthesis. A larger
lag was observed in cohort 3. For this cohort, the
maximum growth rate occurred on day 26, after
almost 63% of the total fruit growth period. Figs.
1A, 1B, 1C (2006) and Figs. 2A, 2B, and 2C
(2007) shows how the later set fruits, had longer
initial lag phase, but still reached a relatively high
maximum growth rate during their phase of rapid
growth. Reported values of tomato fruit maximum
growth rate range from 0.20 g dry matter d' 47



to 0.37 g dry matter d’ [46,48] reported a value
as high as 1.04 g dry matter d”'. Variation in
growth rate among cohorts has also been
reported by [18,5,15],who found that the rate of
dry matter accumulation was significantly
different among fruits initiated on different dates.
In our study averaging 2006 and 2007 data,
maximum fruit growth rate was 0.40, 0.36 and
0.29 g dry matter d" for cohorts 1, 2, and 3
respectively.

3.1.3 Fruit dry matter concentration over time
and gompertz function

The final fruit dry matter concentration was
similar for the three cohorts (Table 2). However,
the DMC data of both years were fit better with a
four-parameter ~ Gompertz ~ function with
displacement (Figs. 1D and 2D) than with a
simple Gompertz function. The modified
Gompertz function was needed because the
pattern of dry matter concentration varied among
cohorts, and this variation was related to the
timing of fruit initiation, with a longer lag prior to
growth being associated with a longer period of
sustained relatively higher DMC (Figs. 1D and
2D). The DMC rapidly decreased until about 550
growing degree days were accumulated and
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then plateaued consistent with the trend in FW
and DW. These results are consistent with the
published by [49]. They used an equation of
DMC vs. TT and indicated the decline in DMC
over time as well as final values of DMC at fruit
maturity from 125 to 5%. The Gompertz
parameters for the DMC function are given in
Tables 3 and 4.

3.1.4 Fruit size

The mean final fruit size differed significantly
among cohorts, as shown in Table 2 and Figs.
1C and 2C for years 2006 and 2007. Fruits that
developed from flowers tagged earlier achieved
the greatest diameter. The fruits that developed
from the second cohort achieved smaller
diameters than the first cohort, but were larger
than fruits from the third cohort. These
differences are attributable to the same factors
proposed to explain the differences among
cohorts in final fresh and dry weights. Fruits from
cohort 3 in the 2007 season did not reach
commercial size while fruits in cohort 3 in 2006
reached commercial size  although it
corresponded to an extra small class size,
according to the U.S standard class size for fresh
market tomatoes [50].

Table 3. Estimated coefficients solved by fitting the 2006 data to a gompertz function to predict
DW, FW and fruit diameter vs. thermal time and to a gompertz function with displacement to
predict fruit DMC vs. thermal time

Parameter Fruit dry weight (g) = alpha*exp(-beta*exp(-gamma*TT))
Cohort 1 S.E Cohort 2 S.E Cohort 3 S.E
a 10.79 0.32 7.68 0.08 7.05 0.16
B 6.85 1.34 56.0 14.0 3675 2861
i 0.01 5.9E-04 0.01 7.7E-04 0.02 3.1E-04
Parameter Fruit fresh weight (g) = alpha*exp(-beta*exp(-gamma*TT))
Cohort 1 S.E Cohort 2 S.E Cohort 3 S.E
a 241 10.54 178 1.71 139 5.83
B 15.50 1.21 45 5.56 316 364
y 0.01 4.5E-03 0.01 5.0E-04 0.02 3.2E-03
Parameter Fruit diameter (cm) = alpha*exp(-beta*exp(-gamma*TT))
Cohort 1 S.E Cohort 2 S.E Cohort 3 S.E
a 9.91 0.50 7.15 0.10 4.97 0.10
B 5.98 1.02 20.3 4.73 2430 2122
Y 0.004 4.1.0E-04 0.01 8.1E-04 0.02 2.4E-03
Parameter Fruit DMC (%) = alpha*exp(-beta*exp(-gamma*TT))+d

Cohort 1 S.E Cohort 2 S.E Cohort 3 S.E
a 12.21 2.86 12.29 0.68 7.21 0.90
B 1.74 0.75 0.28 0.04 0.05 0.03
% -0.0014 4.9E-04 -0.01 3.5E-04 -0.01 3.4E-03
<) 475 0.15 4.68 0.05 5.25 0.20
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Table 4. Estimated coefficients solved by fitting the 2007 data to a gompertz function to predict
DW, FW and fruit diameter vs. thermal time and to a gompertz function with displacement to
predict fruit DMC vs. thermal time

Parameter Fruit dry weight (g) = alpha*exp(-beta*exp(-gamma*TT))
Cohort 1 S.E Cohort 2 S.E Cohort 3 S.E
a 15.0 0.59 9.17 0.08 4.29 0.41
B 4.7 0.64 54.7 46.8 39.18 22.66
y 0.0045 4.6E-04 0.01 2.5E-03 0.01 1.0E-03
Parameter Fruit fresh weight (g) = alpha*exp(-beta*exp(-gamma*TT))
Cohort 1 S.E Cohort 2 S.E Cohort 3 S.E
a 309 9.71 182 5.53 87.8 5.87
B 15.50 0.9 93 66.7 81.0 50.67
y 0.005 4.1E-04 0.01 2.0E-03 0.01 1.5E-03
Parameter Fruit diameter (cm) = alpha*exp(-beta*exp(-gamma*TT))
Cohort 1 S.E Cohort 2 S.E Cohort 3 S.E
a 11.32 0.36 7.69 0.21 4.63 0.10
B 6.43 0.89 23.0 8.0 18.62 10.1
y 0.01 4.8.0E-03 0.01 1.1E-03 0.01 1.6E-03
Parameter Fruit DMC (%) = alpha*exp(-beta*exp(-gamma*TT))+d
Cohort 1 S.E Cohort 2 S.E Cohort 3 S.E
a 16.2 5.0 13.94 8.9 8.13 0.98
B 0.89 0.5 0.41 0.05 0.09 0.07
Y -0.005 7.7E-04 -0.0042 3.0E-04 -0.01 2.0E-03
0 4.57 0.19 4.34 0.05 5.25 0.23
114 250 4
Cohort 1
Cohort 1 =
T B Cohot2 5 0 TR
"é ;-E‘ 1501
i >
=] o
= = 1001
i E
5 ¥ L 50
0 0 X

0

Fig. 1A. Individual fruit growth curves (g dry
matter per fruit) over time in 2006, fitted to a

275 550 825 1100
Thermal Time (degree day)

three-parameter gompertz function. Each
point is a mean of four fruits

0

275 550 825 1100
Thermal Time (degree day)

Fig. 1B. Individual fruit growth curves (fresh
weight per fruit) over time in 2006, fitted to a
three-parameter gompertz function. Each point
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is a mean of four fruits
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Fig. 1D. Individual fruit dry matter
concentration over time in 2006, fitted to a
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4. CONCLUSION

The growth of individual tomato fruits expressed
in terms of dry weight, fresh mass or fruit size
followed a sigmoid curve, and was well
represented by a three-parameter Gompertz
function. This function was adequate to
reproduce the lag in the growth of tomato fruits
early in the cycle (between one and two weeks
after anthesis, depending on the cohort).
Differences in growth patterns were mainly
related to the timing of initiation of the fruits,
which determined the duration of the growth
period, the lag period prior to rapid growth, and
the maximum rate of rapid growth. The sink
strength of earlier-set fruits was clearly stronger
than that of later-set fruits.

The influence of carbon assimilate shortage
associated with later-set fruit cohorts (with high N
nutrition and optimum irrigation) contributed to a
longer lag phase, a slower growth rate, and a
shorter total fruit growth duration. The transition
from lag phase to rapid growth for cohort 3, in at
least one of the years, seemed to be associated
with the slowing of growth of cohort 1, as if sink
requirement for assimilate had been relieved.
The Gompertz equations, while individually
predictive of growth of each cohort, had different
coefficients per cohort which would make it
difficult to use one set of Gompertz coefficients to
predict the variation in fruit growth (lag, rate, and
total growth duration) and market size associated
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with  progressively later-set fruits.  This
shortcoming may be partially solved by use of
dynamic crop growth models that consider
assimilate supply and current sink strength of
fruits relative to progressively later-set fruits, and
use those aspects to regulate individual fruit
growth  characteristics  (lag, rate, and
duration).These results of growth patterns and
particular equations are valid for the Florida 47
cultivar studied in our experiment, and we
recognize that fruit growth patterns could differ
for other genotypes including exotic and mutant
germplasm

The dry matter concentration was better
represented by a four-parameter Gompertz
function with displacement than by the classical
three-parameter Gompertz function. This allowed
a better description of the lag period during
which the DMC remained high prior to the onset
of rapid fruit growth. This aspect would work
even better, if linked with a dynamic crop model
that predicts the lag period, and thus holds the
DMC high until rapid growth begins.

Data from this study is anticipated to be useful as
base knowledge to improve existing dry matter-
based tomato growth models where FW, DMC
and fruit size are not predicted despite the
practical applications of such predictions. This is
important because the growth of individual fruits
in FW and size determines both fruit quality and
total yield of fresh market tomatoes.



COMPETING INTERESTS

Authors have declared

that no competing

interests exist.

REFERENCES

1.

2,

10.

1.

12.

13.

Gustafson FG. Growth studies on fruits.
Plant. Physiol. 1926;1(3):265-172

Nitsch JP. The physiology of fruit growth.
Annu. Rev. Plant Physiol. & Mol. Biol.
1953;4:199-236.

Coombe B. The development of fleshy
fruits.  Annu. Rev. Plant Physiol.
1976;27:207-228.

Monselise SP Varga A, Bruinsma J.
Growth analysis of tomato fruits,
Lycopersicon esculentum Mill. Ann. Bot.
1978;42:1245-1247.

Wolf S, Rudich J. The growth rate of fruits
on different part of the tomato plant and
the effect of water stress on dry weight
accumulation. Sci. Hortic. 1988;34:1-11.
Gillaspy G, Ben-David H, Gruissem W.
Fruits: A developmental perspective. The
Plant Cell 1993; 5:1439-1451.

Chamarro JC. Anatomy and physiology of
the plant. In: Nuez F, ed. Tomato
cultivation. Madrid: Macmillan. 1995;201-
239.

Ho LC, Hewitt JD. Fruit development. In:
Atherton JG, Rudich J, eds. The tomato
crop. Scientific basis for improvement.
London: Chapman and Hall. 1986;201-
239.

Heuvelink E. Developmental processes. In:
Heuvelink E, ed. Crop production science
in horticulture, tomatoes. Cambridge: CABI
Publishing. 2005;53-83.

Mapelli S, Froba C, Torti G, Zoressi G.
Relationship between set, development
and activities of growth regulators in
tomato  fruits. Plant Cell  Physiol.
1978;19:1281-1288.

Varga A, Bruinsma J. Tomato. In CRC
Handbook of fruit set and development,
Monselise SP, ed. Boca Raton, Fl: CRC
Press. 1986;461-480.

Bohner J, Bangerth F. Effects of fruit set
sequence and defoliation on cell number,
cell size and hormone levels of tomato
fruits (Lycopersicon eculentum Mill.) within
a truss. J. Plant Growth Regul.
1988;7:141-155.

Ho LC. Fruit growth and sink strength. In:
Marshall, C, Grace J, eds. Fruit and seeds

Rybak et al.; AJEA, 6(2): 60-73, 2015; Article no.AJEA.2015.065

70

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

production. Aspects of development,
environmental physiology and ecology.
Cambridge University Press.SEB seminar
series. 1992;47:121-124.

De Koning ANM. The effect of the
temperature on fruit growth and fruit load
of tomato. Acta Hort. 1989;248:329-336.
Bertin N. Competition for assimilates and
fruit position affect fruit set in indeterminate
greenhouse tomato. Ann. Bot.
1995;75:55-65.

Ho LC. Partitioning of assimilates in fruiting
tomato plants. J. Plant Growth Regul.
1984;2:275-277.

Picken AJF. A review of pollination and
fruit set in the tomato (Lycopersicon
esculentum Mill.) J. Hort. Sci. 1984;59:1-
13.

Monteiro AA. Tomato fruit growth in
relation to methods of improving fruit
setting. Acta Hort. 1983;137:307-314.
Gustafson FG. Growth studies on fruits an
explanation of the shape of the growth
curve. Plant. Physiol. 1927;2(2):153-161.
Calado AM, Portas CAM. Growth and
development of tomato ‘Cal j. Acta Hort.
1980;100:159-168.

He C, Zhang Z. Modeling the relationship
between tomato fruit growth and the
effective accumulated temperature in solar
greenhouse. Acta Hort. 2006;718:581-
587.

De Koning ANM. Development and dry
matter distribution in glasshouse tomato: a
quantitative approach. Disertattion to
obtain the Ph. D, Wageningen Agricultural
University; 1994, Wageningen, The
Netherlands

Adams SR, Cockshull KE, Cave CRJ.
Effect of temperature on the growth and
development of tomato fruits. Ann. Bot.
2001a;88:869-877.

Enriqguez LJ, Mercado Silva E, Castano
Tostado E. Effect of two greenhouse
covers on growth, dry matter content and
tomato  fruit  quality. Acta Hort.
2005;697:481-484.

Bertin N, Causse M, Brunel B, Tricon D,
Genard M. Identification of growth
processes involved in QTLs for tomato fruit
size and composition. J. Exp. Bot. 2008;1-
12. Advance Access published November
2008.

Erickson RO. Modeling of plant growth.
Annu. Rev. Plant Physiol. 1976;27:407-
434.



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Marcelis LFM. Heuvelink E, Goudriaan J.
Modelling biomass production and yield of
horticultural crops: a review. Sci. Hortic.
1998;74:83-111.

Warnock SJ, Isaacs RL. A linear heat unit
system for tomatoes in California. HortSci.
1969;5:670-671.

Warnock SJ. Tomato development in
California in relation to heat unit
accumulation. Hort Sci. 1973;8(6):487-488.
Aikman DP. A procedure for optimizing
carbon dioxide enrichment of a glasshouse
tomato crop. J. Agric. Eng.1996;63:171-
184.

Walker AJ. Ho LC. Carbon translocation in
the tomato carbon import and fruit growth.
Ann. Bot. 1977;41:813-823.

Pearce BD, Grange RI, Hardwick K. The
growth of young tomato fruit. I. Effects of
temperature and irradiance on fruit grown

in controlled environment. J. Hort. Sci.
1993;68:1-11.
De Koning ANM. The effect of the

temperature on fruit growth and fruit load
of tomato. Acta Hort. 1989;248:329-336.
Rylsky I. Fruit set and development of
seeded and seedless tomato fruits under
diverse regimes of temperature and
pollination. J. Amer. Soc. Hort. Sci.
1979;104:835-838.

Adams SR, Valdez VM. The effect of
periods of high temperature and
manipulating fruit load on the pattern of
tomato yields. J. Hort. Scie. 2002;77:461-
466.

Verkerk K. Temperature, light and the
tomato. Communications of the Agricultural
High School. Wagenegein. 1995;55:175-
224,

Sawhney VK, Polowick PL. Fruit
development in tomato: the role of the
temperature. Can. J. Bot. 1984;63:1031-
1035.

Hurd RG, Graves CJ. The influence of
different temperature patterns having the
same integral in the earliness and yield of
tomato. ActaHort 1984;148:547-554.
Buster TP. Soil survey of Marion County,

Florida. Soil Conservation Service,
Washington, D.C; 1979.

Carlisle VW, Sodek Flll, Collins ME,
Hammond LC, Harris WG.

Rybak et al.; AJEA, 6(2): 60-73, 2015; Article no.AJEA.2015.065

71

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Characterization data for selected Florida
soils. University of Florida. IFAS, Soil Sci.
Rep. 88-1, Gainesville, FL. 1988;28-249.
Zotarelli Dukes MD, Scholberg JMS,
Munoz-Carpena R, and Icermand.. Tomato
nitrogen accumulation and fertilizer use
efficiency on a sandy soil, as affected by
nitrogen rate and irrigation scheduling.
Agric. Water Manage. 2009b; 96:1247-
1258.

Maynard DN, Hochmuth G, Olson SM,
Vavrina CS, Stall WM, Kucharek SE,
Webb SE, Taylor TG, Smith SA, Simonne
E. Tomato production in Florida. In: Olson
SM, Simonne E. (Eds.), Vegetable
Production Handbook for Florida. 2003-
2004;271-283. IFAS, Gainesville.
Heuvelink E. Growth, development and
yield of a tomato crop: periodic destructive
measurements in a greenhouse. Sci.
Hortic. 1995;61:77-99.

Azarenko AN, Chozinski A. Fruit growth
curve analysis of seven sweet cherry
cultivars. Acta Hort. 2008;795:561-565.
Marcelis LFM. Non-destructive
measurements and growth analysis of the
cucumber  fruit. J. of Hort. Sci.
1992;67:457-464.

Dorais M, Demers DA, Papadopoulos A,
leperen, W van. In: Janick J. ed.
Greenhouse tomato fruit cuticle cracking.
Horticultural Reviews 30. 2001;163-168.
New York: Wiley and Sons, Inc.

Jones JW, Dayan E, Allen LH, Van Keulen
H, Challa H. A dynamic tomato growth and
yield model (TOMGRO). Trans. Ame. Soc.
Agric. Eng; 1991.

Bertin  N. Environnement climatique,
competition pour les assimilats et
modélisation de la nouaison de la tomate
en culture sousserre. 1993. These
(Doctorat), Institut National Agronomique
Paris-Grignon, Paris.

Boote KJ, Scholberg JMS. Developing,
parameterizing, and testing of dynamic
crop growth models for horticultural crops.
Acta Hort. 2006;718:23-34.

USDA, United States standards for grades
of fresh tomatoes. USDA, Washighton,
DC; 1997.



Rybak et al.; AJEA, 6(2): 60-73, 2015; Article no.AJEA.2015.065

APPENDIX

Appendix 1. Mean and standard deviation (S.D) of growth variables of tomato fruits measured
every 3 days after tagging (DAT) during spring of 2006 in Gainesville Florida
(each value is a mean of four fruits)

DAT Cohort DW S.D FW S.D DMC S.D DIAM  S.D
(g fruit™) (g fruit™) % cm

3 1 0.10 0012 0.8 012 13 121 023 0.02
7 1 0.67 0087 56 012 12 027  0.44 0.01
11 1 1.32 0.07 13 012 10 049  0.52 0.02
15 1 2.1 0.14 23 087 93 042  0.66 0.01
19 1 3.12 0.26 37 397 84 017 15 0.10
23 1 5.6 0.61 78 562 7.1 038 3.2 0.16
27 1 75 0.35 120 5.2 6.2 0.09  4.84 0.25
31 1 7.9 0.28 136 756 58 0.2 55 0.33
35 1 8.3 0.72 146 8.1 55 013 59 0.6
39 1 8.9 0.75 176 10.1 5.2 013 7 0.54
43 1 9.7 0.84 189 11 5 011 7.6 0.9
47 1 10.4 0.67 221 112 48 013 88 0.87
51 1 10.7 0.85 223 14 4.8 0.5 8.9 0.12
55 1 10.8 0.94 224 12 4.8 0.3 9 0.14
3 2 0.04 0.0005 0.37 006 132 131 0.5 0.03
7 2 0.09 0012 07 012 121 026  0.28 0.05
11 2 0.13 0014 1.2 020 107 047 047 0.08
15 2 0.5 0.06 4.9 086 9.2 0.41 1.1 0.19
19 2 2.51 0.17 34 416 7.3 019 14 0.52
23 2 5.6 0.39 92 966 6.1 036 3.7 0.73
27 2 6.4 0.46 129 1361 5 033 52 0.75
31 2 7.4 0.59 163 1719 49 025 65 0.69
35 2 7.6 0.54 167 1368 4.8 022 6.8 0.69
39 2 7.2 0.4 170 138 47 022 69 0.54
43 2 7.7 0.36 172 9.8 47 022 7 0.5
47 2 7.9 0.38 173 8.7 47 022 72 0.5
3 3 0.09 0.01 0.08 0004 127 111  0.05 0.003
7 3 0.1 0015  0.92 005 119 036 0.12 0.01
11 3 0.3 0.06 2.76 015 108 054 022 0.01
15 3 0.57 0.08 55 0.3 9.3 045 032 0.02
19 3 0.61 0075 14 042 7.9 037  0.37 0.02
23 3 2.1 0.11 85 463 6 022 342 0.19
27 3 3.8 0.21 113 617 58 022 35 0.25
31 3 45 0.29 121 6.41 5.6 021 37 0.26
35 3 6.1 0.33 137 726 49 023 39 0.28
39 3 6.3 0.41 154 8.4 4.9 025 3.9 0.28
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Appendix 2. Mean and standard deviation (S.D) of growth variables of tomato fruits measured
every 3 days after tagging (DAT) during spring of 2007 in Gainesville Florida
(each value is a mean of four fruits)

DAT Cohort DW S.D FW S.D DMC  S.D DIAM S.D
(g fruit™) (g fruit™) % cm
3 1 0.07 0.01 0.59 0.05 12.4 091  0.06 0.078
7 1 0.54 0.05 3.2 0.47 10.4 087  0.15 0.021
11 1 1.03 0.09 12.4 1.12 8.3 061 025 0.045
15 1 2.98 027 673 6.06 7.6 053 135 0.216
19 1 4.71 0.42 99.8 8.99 7 061 26 0.32
23 1 5.69 0.51 139 12.6 5.7 045 43 0.56
27 1 7.35 0.66 171 16 5.3 043 586 0.68
31 1 8.73 079 218 22.3 5.1 0.6 7.2 0.65
35 1 10.9 098 261 27 5 063  8.89 0.72
39 1 13.0 1.02 270 25.3 5.0 023 997 0.87
43 1 13.1 095 273 28.0 5.0 022  10.2 0.71
47 1 13.3 096 275 23.7 5.0 022 103 0.74
51 1 13.5 096 278 27.3 5.0 025 1035 0.73
55 1 13.6 096 279 29.0 5.0 024 104 0.68
3 2 0.04 0.004  0.31 0.04 11.6 116  0.13 0.02
7 2 0.10 0.01 0.98 0.12 10.1 130  0.12 0.03
11 2 0.28 003 29 0.37 9.7 121 022 0.05
15 2 0.46 0.05 5.3 0.66 8.6 093 037 0.07
19 2 2.52 0.29 34 4.27 7.3 082  1.38 0.25
23 2 3.17 0.21 51 6.37 6.2 077 210 0.30
27 2 6.25 0.52 136 12.7 5.9 056  5.50 0.46
31 2 8.08 0.56 160 1462 5.1 066  6.82 0.56
35 2 8.65 0.58 163 1412 5 052  7.00 0.59
39 2 8.80 0.61 168 15.1 4.9 050 7.4 0.67
43 2 8.95 0.66 170 1329 4.9 057  7.48 0.55
47 2 9.1 0.70 172 1486 4.9 061 75 0.61
3 3 0.033 0.0003 0.03 0.0005 11.6 1.7 0.05 0.008
7 3 0.048 0.0003 0.19 0.0032 10.4 1.6 0.11 0.021
11 3 0.08 0.0012 0.49 0.012 9.9 1.1 0.17 0.036
15 3 0.198 0.0038 0.9 0.016 8.9 092  0.20 0.033
19 3 0.251 0.01 3.49 0.31 7.2 067  0.37 0.10
23 3 0.521 0.02 8.28 7.4 6.3 069  0.41 0.16
27 3 1.452 0.15 32 3.3 5.6 043 127 0.03
31 3 2.39 0.05 52 4.2 4.8 0.80  2.00 0.33
35 3 3.51 003 66 5.70 4.8 067  3.10 0.55
39 3 3.6 0.02 72 3.17 4.8 089 33 0.70
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