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Abstract

The identification of heat tolerance traits that express across environments is
key to the successful development of high temperature tolerant tomatoes. A
replicated experiment of 145 tomato genotypes was established at two tem-
perature regimes in two planting seasons using hydroponics in a poly green-
house to assess high temperature tolerance. Electrolyte leakage, number of in-
florescences, number of flowers and fruits, fresh fruit weight and fresh and
dry plant weight were measured and genotype and temperature treatment
differences were observed for all traits. Planting season impacted all traits ex-
cept electrolyte leakage and number of flowers. High temperature reduced
number of fruits by 88.8%, flower fruit set ratio by 77.2% and fresh fruit
weight by 79.3%. In contrast, traits little impacted by temperature included
number of flowers per inflorescence (1.3%) and plant dry weight (11.1%). The
correlation between plant dry weight under both high and optimal tempera-
ture was significant (R*> = 0.82). To assess the effectiveness of plant dry weight
and flower-fruit set ratio for selection under heat stress two subsets of geno-
types (A and B) comprising ten and six genotypes respectively, were subse-
quently selected on the basis of their dry weight loss and flower-fruit set ratio
under high temperature. Organic metabolite analyses of set A and B respec-
tively, showed a significant change (%) in citric acid (77.4 and 15.4), L-proline
(117.8 and 40.2), aminobutyric acid (68.6 and 11.8), fructose (24.9 and 21.3),
malic acid (50.3 and 42.7), myo-inositol (55.1 and 6.1), pentaerythitol (54.1
and 39.0) and sucrose (34.7 and 25.8). The change (%) in all metabolites was
greater in heat tolerant genotypes with the exception of fructose and sucrose
where sensitive genotypes produced a higher variation. The change in sucrose
in tolerant genotypes was variable in subset A and more uniform in subset B.
Flower-fruit set ratio was found as a reliable trait for discriminating between
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heat tolerant and sensitive genotypes and the sucrose levels in plant tissues
provided confirmation of the heat stress response.
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Tomato Traits, High Temperature Stress, Hydroponic Media,
Heat Stress Response

1. Introduction

Tomato (8. Iycopersicum) belongs to the family solanaceae and was domesti-
cated in the Andean region of South America and Mexico [1]. Tomato was in-
troduced to Europe in the 16™ century and later spread throughout the Mediter-
ranean region [2] [3] [4]. Thousands of tomato cultivars have subsequently been
developed through breeding and selection [5].

Climate change has increased the incidence of heat stress in many crop pro-
duction environments globally [6] [7] [8]. Several traits have been implicated in
heat stress tolerance in tomato including membrane thermo stability (MTS),
floral characteristics, cone splitting, pollen viability, fruit set and fruit yield
[8]-[13]. High temperature at the reproductive stage of development causes sig-
nificant flower drop [14] resulting in decreased fruit set and yield [15]. Heat
stress adversely affects Style elongation and pollen germination and limits pollen
tube growth. Exposure to temperatures above 25°C significantly reduces fruit
number, fruit weight and seed number per fruit [16]. Heat shock at extremely
high temperature (245°C) can lead to programmed cell death (PCD), release of
cytochrome ¢ and activation of caspase-like enzymes [17]. Plant reproductive
organs are clearly more sensitive to heat stress than vegetative parts [18] [19].

High temperature increases root heat stress and affects nutritional quality be-
cause of a disturbed root nutrient relationship [20]. High-temperature stress
thus limits root growth and reduces the shoot system and subsequent fruit pro-
duction by limiting water supply, nutrients and the production of hormones that
influence sink-source associations between roots and shoots [19] [21]. Heat
stress is a significant cause of reduced tomato yield in Mediterranean and tropi-
cal countries [22].

Tomatoes experience heat stress at temperature > 35°C when most genotypes
suffer physiological and biochemical damage. High temperature has been ob-
served to increase transpiration [23] [24] [25] and reduce photosynthesis [26]
[27] by altering membrane fluidity and disrupting the overall balance of meta-
bolic processes.

It is argued that the breeding, screening and selection of tomato genotypes is
more effective at the vegetative and fruit bearing stages [15]. Pedigree selection
and backcross hybridization have been used extensively to improve yield and

fruit quality traits under heat stress conditions [28]. The inheritance of heat to-
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lerance traits in tomato is reported to be low (5% - 19%) because of the influence
of environment on trait expression [29] [30] [31].

Organic metabolites like glycine, betaine, proline and mannitol are known to
play a role in maintaining membrane integrity and scavenging the reactive oxy-
gen species [21] [32] [33]. However, more heat tolerant genotypes are able to
maintain pollen starch and sugar levels under high temperature [34] [35]. Heat
stress also reduces carbohydrate accumulation in pollen grains and the ATP level
of stigmatic tissue [36]. Reduction in the sink- and source-strength can lead to
reduced fruit set and other yield related parameters in tomato. Reproductive de-
velopment fails when sugar metabolism and proline transport are disrupted un-
der heat stress [37]. Nevertheless, exogenous application of organic metabolites
can mitigate the effects of heat stress [21] [32].

A consistent genotype response to both optimal and heat stressed conditions
is important for yield stability. This study evaluated the impact of heat stress on
the vegetative and reproductive development of diverse tomato genotypes with
the aim of identifying traits of high heritability that could be used to improve the

high temperature tolerance of tomato.

2. Materials and Methods
2.1. Plant Materials

One hundred and forty six tomato accessions collected from around the world
including one accession each of the wild species S. pimpinellifolium, S. pennellii
and S. chilense were evaluated. Seeds of 44 accessions were obtained from the
Tomato Genetic Resource Centre (UC Davis, USA), 43 accessions from the
World Vegetable Centre (AVRDC, Taiwan), 47 from Vegetable Research Insti-
tute, Faisalabad, Pakistan and 10 from the Diggers Club, Australia. All experi-
ments were established from cuttings of source materials to avoid errors due to

genetic variability.

2.2. Weather Data

Temperature, relative humidity and photosynthetically active radiation (PAR) in
the green house in both temperature treatments were recorded using a CR200X
Data Logger (CAMPBELL SCIENTIFIC, INC., Australia) as shown in Figure 1.

2.3. Phenotyping

The set of 144 tomato accessions was phenotyped during summer 2014-2015 in
optimal and heat stress conditions. The experiment comprised two planting
dates; mid-season and late season. The materials were grown in a hydroponic
greenhouse in cocopeat bags at The University of Sydney’s Plant Breeding Insti-
tute (Latitude: —34.02, Longitude: 150.67, Altitude: 87 m). Each cocopeat bag
contained one plant and each genotype was replicated twice. The plants were
fertigated with a nutrient solution formulated for commercial tomato production.

Two temperature treatments were created in two separate sections of the poly
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Figure 1. Temperature, relative humidity and photosynthetically active radiation (PAR) recorded inside the
tunnel house on a daily basis.
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green house. Management protocols in both sections were identical with the ex-
ception of the temperature treatment. The high temperature section accumu-
lated heat from the sun and temperatures at midday exceeded 50°C on some
days (measured at c. 2 m height and c. 50 cm above the canopy). The tempera-
ture differential in each section was maintained using controlled ventilation. On
hot days, the ventilation was more closely monitored to avoid excessive heat
damage. The temperature, relative humidity and photosynthetically active radia-
tion (PAR) were recorded (Figure 1) using a CR200X data logger (Campbell
Scientific Australia, Townsville, Qld, Australia). Seven traits were assessed in-
cluding: number of inflorescences per plant (IPP), number of flowers per inflo-
rescence (FPI), number of fruits per plant (FPP), fruit fresh weight (FFW), plant
fresh weight (PFW), plant dry weight (PDW) and electrolyte leakage (EL). Elec-
trolyte leakage was recorded at the start of flowering following the protocol de-
scribed by [38].

The EL score presented the mean of four independent measurements taken on
different plants in each treatment. Electrolyte leakage is considered an indirect
measure of heat stress tolerance; the lower the EL value higher the tolerance. Six
leaf segments of uniform maturity from each plant were cut into discs and
washed three times with de-ionized water to eliminate external surface residues.
Discs were placed in 50 ml Greiner centrifuge tubes (Sigma Aldrich, Australia)
with 20 ml of de-ionized water and maintained on a shaker at 80 rpm for 20
hours. The conductivity of the solution was subsequently read with a conductiv-
ity meter (Edge, Hanna Instruments Inc. HI11310 single ceramic, double junc-
tion, refillable pH electrode with temperature sensor). The samples were then
autoclaved at 121°C and 15 psi pressure for 15 min to kill the tissue and burst all
cells and conductivity recorded again. The percentage of electrolytes originally
diffused was calculated as follows: Electrolyte (%) = C1/C2 x 100, where C1 and
C2 are the conductivities of the solution before and after autoclaving, respec-
tively.

Leaf tissue samples were preserved for the subsequent organic metabolite
analyses. A subset of ten genotypes (subset-A) was selected on the basis of dry
weight loss (%) for further analysis. Five genotypes with the smallest dry weight
loss and another five with the highest dry weight loss were included in the sub-
set. Another subset of six genotypes (subset-B) was selected on the basis of
flower-fruit set ratio. Three genotypes with highest fruit set (%) and another
three with lowest fruit set comprised this subset. Organic metabolites including
citric acid, L-proline, aminobutyric acid, fructose, malic acid, myo-inositol, pen-
taerythitol and sucrose were assessed on both subsets using the protocols out-

lined below.

2.4. Methanol/Chloroform/Water (MCW) Extraction Method

40 mg of freeze-dried tissue was weighed into a 2 ml Eppendorf tube (screw cap)
and 1 ml MCW (12:5:3) was added and the mixture incubated at 75°C for 30
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min, agitating from time to time. Water was used as the internal standard (0.4 g
of both penta-erythritol and xylitol dissolved in 100 ml MQ water). The mixture
was centrifuged and 800 ul of supernatant was decanted into a clean Eppendorf
tube. 500 pl of MQ water and 200 pl chloroform were added and mixed tho-
roughly with a vortex mixer, centrifuged and let stand for 10 min. 700 ul of the
alcohol/aqueous phase (top) was removed and placed in a clean, round bottom
Eppendorf tube already filled with 400 ul of dry mixed bed resin. The tube was
shaken for 2 hrs, then centrifuged and 400 pl decanted into a clean Eppendorf
tube. Samples were frozen and subsamples for derivatisation were placed into
GC vials and dried [39].

2.5. Gas Chromatography Analysis

Following extraction, the samples were analysed immediately using gas chroma-
tography coupled with a triple quadruple mass spectrometer (GC-QQQ, Agilent
Technologies, Santa Clara CA) as per [39]. Fifty microliters of the extract were
dried and re-suspended in 400 uL anhydrous pyridine to which 50 pL of trime-
thylchlorosilane (TMCS)/bis-trimethylsilyl-trifluoroacetamide mix (1:10, Sigma
Aldrich, St Louis, MO) was added. Samples were incubated for 1 h at 75°C and
analysed by gas chromatography within 12 h. Separation of soluble carbohy-
drates and sugar alcohols was performed using an Agilent 7890A gas chromato-
graph (Agilent Technologies, Santa Clara, CA, USA) with a HP5 column (0.25
mm i.d., 30 m, 0.25 mm film thickness; Agilent Technologies, Santa Clara, CA,
USA). Split injection was made at 300°C with an initial oven temperature pro-
gram of 60°C for 2 min, ramping up to 300°C at a rate of 10°C-min"' and main-
tained for 10 min. Column flow rate was maintained at 1.5 mL-min™. Peak inte-
gration was determined using Agilent Mass Hunter Workstation software (Agi-
lent Technologies, Santa Clara, CA, USA).

2.6. Statistical Analyses

The data were normalized using standard deviation and analysis of variance
conducted using a fixed effect model (GenStat v 18.0 statistical software pack-
age). Differences were considered significant at P < 0.05. Scatter plots were con-
structed using Microsoft Excel 2010.

3. Results

Genotype and heat treatment effects were significant for electrolyte leakage,
numbers of inflorescences, numbers of flowers, number of fruit, fruit set, fresh
fruit weight, fresh plant weight and dry plant weight (Table 1). Season effects
were also significant with the exception of electrolyte leakage and numbers of
flowers. All two-way interactions were significant with the exception of treat-
ment x season for numbers of flowers. Similarly, the three-way interactions were
significant with the exception of electrolyte leakage. Those traits most impacted

by heat stress included numbers of fruit, fruit weight and fruit set. Traits little
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Table 1. Analysis of variance for various traits from the evaluation of 145 genotypes in two temperature treatments across two

seasons.

TRAIT sov DF MS Prob TRAIT Sov DF MS Prob
Genotype 145 301.27 <0.001 Genotype 142 376 <0.001
Treat 1 13011 <0.001 Treat 1 228000 <0.001
Season 1 20.87 0.209 Season 1 2370 <0.001
EL (%) Genotype.Treat 144 202.81 <0.001 Fruit Set (%) Genotype.Treat 91 268 <0.001
Genotype.Season 144 26.49 <0.001 Genotype.Season 142 7.35 <0.001
Treat.Season 1 15.54 <0.001 Treat.Season 1 2370 <0.001
Geno.Treat.Seas 144 37.76 0.278 Geno.Treat.Seas 11 94.9 <0.001
Genotype 145 675.96 <0.001 Genotype 142 1870000 <0.001
Treat 1 10615 <0.001 Treat 1 89400000  <0.001
Season 1 353.24 <0.001 Season 1 1400000 <0.001

No. Fresh Fruit
Inflorescence Genotype.Treat 144 65.53 <0.001 Wt (g) Genotype.Treat 91 1090000 <0.001
Genotype.Season 144 18.71 <0.001 Genotype.Season 142 1690 <0.001
Treat.Season 1 353.24 <0.001 Treat.Season 1 1400000 <0.001
Geno.Treat.Seas 140 19.25 <0.001 Geno.Treat.Seas 11 21800 <0.001
Genotype 145 10.2 <0.001 Genotype 145 6830000 <0.001
Treat 1 1.23 <0.001 Treat 1 16800000 <0.001
Season 1 0 0.651 Seasoniroment 1 814000 <0.001
No. flower  Genotype.Treat 143 0.2 <0001 F res}(‘ 1;1 Wt Genotype.Treat 145 210000 <0.001
Genotype.Season 144 0.01 <0.001 ’ Genotype.Season 144 98900 0.025
Treat.Season 1 0 0.65 Treat.Season 1 5700000 <0.001
Geno.Treat.Seas 140 0.01 <0.001 Geno.Treat.Seas 144 104000 <0.001
Genotype 142 2060 <0.001 Genotype 145 19880 <0.001
Treat 1 354000 <0.001 Treat 1 81641 <0.001
Season 1 3270 <0.001 Season 1 7225 <0.001
No. Fruit Genotype.Treat 91 2060 <0.001 Dry(g wt Genotype.Treat 145 1047.3 <0.001
Genotype.Season 142 8.12 <0.001 Genotype.Season 144 730.5 <0.001
Treat.Season 1 3270 <0.001 Treat.Season 1 42507 <0.001
Geno.Treat.Seas 11 105 <0.001 Geno.Treat.Seas 144 727 <0.001

impacted by stress included numbers of flowers and plant dry weight (Figure 2).
Fruit weight and plant dry weight were correlated across temperature regimes
(Figure 3).
The percentage change in plant dry weight (subset-A) and fruit set (subset-B)
is presented in Figure 4. The cultivar Amish Paste was little affected whereas LA
4273 suffered the greatest dry weight loss in subset-A. Long Keeper was relatively
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Figure 2. Mean change in various plant traits following high temperature stress.
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Figure 3. Relationship between fruit weight, fruit set, plant dry weight and electrolyte leakage (EL)
under control and heat stress conditions.

unaffected by heat stress in subset-B and the dry weight loss was greatest in LA

4283.

L-proline and aminobutyric acid both increased significantly in tolerant ge-

notypes under heat stress in subset-A (Figure 5) and the smallest change was

observed for sucrose and fructose. In contrast, sensitive genotypes produced

more citric acid and sucrose in response to stress. In subset-B, the greatest

change in tolerant genotypes under heat stress was observed for malic acid, pen-

taerythitol and L-proline and the smallest change noted for sucrose and fructose.

In contrast, the sensitive genotypes were again higher in sucrose and fructose.
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The association between change in dry weight and L-proline was negative and
significantly high in both the sub sets (Figure 6). A high and positive correlation
was observed between change in dry weight and sucrose in both the subsets.

However, the change in sucrose was very low in subset-B compared to subset-A.

4. Discussion

The significant genotypic variability for all the high-temperature response traits
assessed suggests that tomato heat tolerance can be significantly improved.
However, pyramiding these traits is dependent upon the assumptions of additive
variance and a lack of compensatory mechanisms that limit expression of higher
levels of heat tolerance.

While heat stress response varied by trait, the fruit related traits were most
reduced limited by heat stress (Figure 2). Number of fruit per plant was severely
impacted yet the number of flowers and plant biomass showed little change. It
appears that fruit set was the limiting factor under stress and this supports earli-
er reports [6] [30] [40]. Plant dry weight was little impacted between tempera-
ture regimes (Figure 3) indicating that the vegetative tissues were relatively little
affected by elevated temperature. The plant biomass was strongly genetically
controlled as different genotypes produced significantly different biomass.

The percentage change in various metabolites observed in tolerant genotypes
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Figure 6. Relationship between change in dry weight and sucrose in heat tolerant and sensitive genotypes in ten ge-
notypes selected on the basis of dry weight loss (A) and six genotypes selected on the basis of drop in fruit setting (B).
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(with the exception of sucrose) suggests that these compounds have a protective
role in plant tissues under stress [41] (Figure 5). L-proline in particular was
linked to enhanced stress response and may be responsible for maintenance of
biomass under heat stress [41]. Nevertheless, the stress response is likely to be
complex as malic acid, pentaerythitol, and L-proline were all up-regulated in
subset-B and this probably provided more stable fruit setting in tolerant geno-
types under heat stress [41].

While L-proline was greater in tolerant genotypes under stress, the percentage
dry weight loss and fruit set did not necessarily correspond to the level of
L-proline increase. These observations are similar to those of [42]. Clearly, me-
chanisms other than L-proline were also important in determining the dry
weight and fruit setting under heat stress conditions [32] [33].

The observed change in sucrose was lower in the tolerant genotypes than sen-
sitive genotypes indicating that this change in dry weight is to some extent de-
pendent upon sucrose level; however sucrose was not the sole cause of this
change [43]. Fruit set in both tolerant and sensitive genotypes was generally de-
pendent upon the stability of sucrose levels in tissues (Figure 6). While flower
set was little affected by heat stress, the flower-fruit set ratio was a useful trait for
the selection of genotypes tolerant to heat stress. Those genotypes that were able
to convert a higher proportion of flowers into fruit showed higher levels of to-
lerance and this supports earlier findings [21] [34] [35]. Reproductive heat stress
tolerance is therefore vital and this was most likely linked to decreased pollen
viability in sensitive genotypes. This study found that maintenance of higher le-
vels of sucrose in plant tissues was an indication of higher flower-fruit set ratio

under heat stress conditions [16] [18].

5. Conclusions

For effective selection under heat stress conditions plant breeding programs

need to identify traits linked to heat stress tolerance. The current study con-

cluded that under heat stress conditions:

0 dry weight loss and flower-fruit set ratio are useful traits to categorise geno-
types.

0 various organic metabolites are up/down regulated and the extent of change
may depend on the tolerance/sensitivity of the genotype.

O the capacity to maintain sucrose level in the plant tissues indicates the capac-

ity of a genotype to maintain higher flower-fruit set ratio.
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