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 Summary
Introduction   –   Pre-harvest abiotic factors can in-

fluence post-harvest responses during storage. sHSPs 
are important to maintain cellular homeostasis and 
may influence the antioxidant system. We investigat-
ed the influence of moderate water deficit in the an-
tioxidant system of ‘Micro-Tom’ tomato fruit with dif-
ferent MT-sHSP23.6 expression levels under hypoxia 
storage. Materials and methods   –   Wild type and high 
MT-sHSP23.6 expression ‘Micro-Tom’ tomato fruit 
were used. The fruits were harvested at the breaker 
stage from plants under normal irrigation or under 
water deficit. After the harvest, the fruits were sub-
jected to hypoxia. Color tone, antioxidant enzymes, 
reactive oxygen species, non-enzymatic antioxidant 
compounds, and antioxidant activity were evaluated. 
Results and discussion  –  At the end of the storage, the 
Sense genotype that expressed higher MT-sHSP23.6 
level under water deficit had redder color tone. 
Transformed genotype showed the highest activity 
under hypoxia for all antioxidant enzymes analyzed, 
both for irrigated and water deficit treatments. Sense 
genotype under water deficit in the post-hypoxia pe-
riod showed the highest lycopene content. At the end 
of the storage, the total phenols content was higher 
and also the water deficit treatments had the highest 
content of total phenols. On the harvest day, treat-
ments under water deficit had the highest content of 
L-ascorbic acid. Additionally, at the end of the storage, 
irrigated treatments showed the highest content of 
L-ascorbic acid. We have found that at the end of the 
storage period, tomato under water deficit treatment 
had higher radical scavenging activity, as well as high 
total phenols and lycopene content. Conclusion  –  Wa-
ter deficit and expression level of MT-sHSP23.6 influ-
enced the components of the antioxidant system.
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Significance of this study
What is already known on this subject?
•	 The MT-sHSP23.6 protein is important for plant cellu-

lar homeostasis and it may influence plant antioxidant 
system.

What are the new findings? 
•	 The results demonstrated the influence of MT-

sHSP23.6 protein on the antioxidant system of tomato 
fruits subjected to mild water deficit and hypoxia.

What is the expected impact on horticulture?
•	 Knowing the role of small heat shock proteins, such as 

MT-sHSP23.6, is an important part of understanding 
plant plasticity mechanisms.

Introduction
Tomato (Solanum lycopersicum L.) is a horticultural crop 

of great importance worldwide because it is consumed by 
many people, both natural and processed (Slimestad and 
Verheul, 2009). During cultivation and post-harvest stor-
age, tomato plants may face several biotic and abiotic stress 
factors that may lead to loss of productivity and/or quality. 
However, if these factors are applied intentionally (mod-
erated and controlled), this can lead to an accumulation of 
compounds that increase the quality of the fruit. Also, it can 
increase the plant’s tolerance and prepare it for subsequent 
stress (Capanoglu, 2010; Pedreschi and Lurie, 2015; Ripoll 
et al., 2014).

Similarly to the other living organisms with different lev-
els of complexity, tomato plants contain a group of proteins 
that play a fundamental role in the maintenance of its protein 
cellular homeostasis. They also act as molecular chaperones 
under normal conditions, or when subjected to some stress-
ors, and are known as heat shock proteins (HSPs) (Demid-
chik, 2015; Fu, 2014; Rodziewicz et al., 2014).

Stress factors such as water deficit and hypoxia can lead 
to stress response, known as oxidative damage, which can 
damage the components of the cell and cause its dysfunction. 
Oxidative stress is caused by overproduction and accumula-
tion of reactive oxygen species (ROS). Owing to a disorder in 
normal cell physiology, it leads to an imbalance between the 
production and detoxification of ROS (Demidchik, 2015; Mo-
rales and Munné-Bosch, 2016). However, water deficit can 
also be used as a pre-treatment to increase plant tolerance 
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to future stress. Different types of abiotic stresses share the 
same responses; thus, by using different stresses (through 
cross-tolerance) it is possible to perform pre-acclimatization 
of plants (Capanoglu, 2010; Ripoll et al., 2014).

Plants have evolved strategies to deal with oxidative 
stress, such as the synthesis of antioxidant enzymes that 
remove ROS. Some examples of antioxidant enzymes are 
catalase (CAT), superoxide dismutase (SOD), ascorbate per-
oxidase (APX), and guaiacol peroxidase (GPOD). In addition 
to the enzymatic antioxidant system, the plants produce spe-
cialized metabolites that perform various functions in the 
cells and may have antioxidant capacity. Examples of these 
compounds are tocopherols, L-ascorbic acid, phenolic com-
pounds, and carotenoids (Demidchik, 2015; Mittler, 2017).

In circumstances where redox unbalance occurs in the 
cells, the HSPs proteins and the antioxidant system comple-
ment each other to increase the plant’s tolerance. While an-
tioxidants (enzymatic and non-enzymatic) promote the de-
toxification of ROS in the cell, HSPs act to prevent structural 
damage to cellular proteins (Timperio et al., 2008). Previous 
studies with tomato plants overexpressing a mitochondrial 
small HSP (MT-sHSP23.6) showed an increment in tomato 
plant’s plasticity (Huther et al., 2018). They also demonstrat-
ed that these plants are able to restore their photosynthetic 
parameters after heat stress (Huther et al., 2013). However, 
no evaluation of fruit during ripening and with an abiotic 
pre-harvest treatment has been carried out until now.

We acknowledged that HSPs proteins, and especially MT-
sHSP23.6, are involved in the development of plant tolerance 
to the most diverse environmental stress factors. Thus, we 
hypothesized that the greater expression of the gene encod-
ing this protein (when the plants are grown under pre-har-
vest water deficit and post-harvest hypoxia, or a combination 
of these abiotic factors) will: 1) promote a greater activity of 
antioxidant enzymes, and 2) lead to a higher accumulation of 
non-enzymatic antioxidant compounds in ‘Micro-Tom’ toma-
toes at the reproductive stage.

The aim of this study was to investigate the influence of a 
pre-harvest moderate water deficit and post-harvest hypox-
ia on the antioxidant system of two tomato-plant genotypes 
with different MT-sHSP23.6 expression levels.

Materials and methods

Plant growth and treatments
Seeds of two tomato genotypes of cultivar ‘Micro-Tom’ 

were used. The first genotype was the wild-type (WT) and 
the second one was that with the high expression of MT-
sHSP23.6 protein (Sense). The transformation stability and 
physiological behavior of tomato plants under normal culti-
vation conditions have been described previously (Huther et 
al., 2013; Huther et al., 2018).

The seeds of each genotype were germinated in Gerbox® 
with blotting paper moistened with distilled water. They re-
mained in the germinating chamber (25 °C, photoperiod of 
12 h) for a period of 10 days. After this period, the seedlings 
were transplanted into 0.5-L plastic pots filled with com-
mercial organic substrate. The tomato plants were grown 
in a greenhouse at the Federal University of Pelotas, Capão 
do Leão Campus (geographical coordinates: 31°52’32”S, 
52°21’24”W, altitude 13 m).

After the transplantation, the plants were irrigated on 
alternate days (0.05 L). Additionally, 0.015 L of nutrient solu-
tion (Hoagland and Arnon, 1938) was applied three times a 
week. The irrigation and the nutrient solution were suspend-

ed for eight days (induction of water deficit) until the fruits 
were still green (84 days after germination). During the ap-
plied water deficit, the irrigated plants were watered nor-
mally but they have not received a nutrient solution. The av-
erage temperature in the greenhouse during the experimen-
tal period was 25 ± 5 °C. The irradiance with natural light was 
8 × 10-4 mol photons m-2 s-1. During the irrigation suspension, 
stomatal conductance and soil moisture were monitored.

The watering and the adding of nutrient solution were 
restored when the soil moisture reached about 3% and the 
conductance was approximately 50% lower than that of the 
control (which corresponded to eight days of treatment). Af-
ter two days of irrigation reestablishment, the fruit reached 
the breaker stage (approximately 90  days after sowing the 
seeds). At this time they were harvested and then subjected 
to hypoxic conditions.

Twelve fruit of the hypoxic treatment from the two gen-
otypes were harvested, stored in transparent plastic pots 
(0.5  L) and kept in the dark at 23  °C. The plastic pots had 
an aeration control system consisting of an inlet and outlet 
for the gas flow. The hypoxic conditions were generated by 
the introduction of nitrogen gas and they were scanned dai-
ly (0.098  MPa for 10  min). This procedure was performed 
during the three days of hypoxia. After the three days of hy-
poxia, the samples were exposed to normal atmospheric con-
dition for five days. Three fruit were collected immediately 
before the storage (0 days) and after the hypoxia treatment. 
After the returning to normal atmospheric condition, three 
fruit were collected on the first and fifth days, corresponding 
to 4 and 8 days after the beginning of the post-harvest treat-
ment, respectively. At each sampling point, a color analysis 
was performed on the fruit epicarp, which was immediately 
stored at -86 °C for further biochemical analysis.

Color tone analysis
The color tone changes during fruit storage were evalu-

ated using the Minolta CR-300 colorimeter with the parame-
ters L* (luminosity), a* and b*. Three fruit from each biologi-
cal repetition were randomly chosen. In an attempt to better 
represent the coloration, three readings were taken from dif-
ferent parts of each fruit. The results were expressed in hue 
angle (h°) by the equation:

h° = [arc tangent (b*/ a*)].

Enzymatic antioxidant system
Enzyme activity was measured on samples from 3 fruit 

of each biological replicate (± 200  mg), which were homo-
genized with 5% (w:v) polyvinylpolypyrrolidone (PVPP) 
and 100  mM potassium phosphate buffer, pH  6.0 contai-
ning 0.1  mM ethylenediaminetetraacetic acid (EDTA), and 
20 mM sodium ascorbate. The homogenate was centrifuged 
at 12,000 g for 20 min at 4 °C and the supernatant obtained 
was used as crude enzyme extract (Azevedo et al., 2006). 
In order to express the enzymatic activity as a specific activ-
ity, the content of the total soluble proteins was determined 
from the same extract (Bradford, 1976).

Superoxide dismutase (SOD  – EC  1.15.1.1) activity was 
tested by monitoring the inhibition of the nitro blue-tetra-
zolium (NBT) coloration at 560 nm (Giannopolitis and Ries, 
1977). The results were expressed in U kg-1. The concentra-
tions are expressed on a protein mass basis.

Catalase (CAT – EC 1.11.1.6) activity was determined as 
described by Beers and Sizer (1952). It is based on the oxi-
dation rate of hydrogen peroxide. Its activity was monitored 
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by the decrease in absorbance at 240 nm (ε240nm = 39.4 × 103 
M-1 cm-1) for two min at a reading interval of 10 s. The results 
were expressed in mmol min-1  kg-1 H2O2 on a protein mass 
basis.

Ascorbate peroxidase (APX – EC 1.11.1.11) activity was 
analyzed according to Nakano and Asada’s (1981) method 
using sodium ascorbate as a substrate. The activity was mon-
itored by the ascorbate oxidation rate for 2 min with absor-
bance reading in the range of 10 s at 290 nm (ε290nm = 2.80 
× 103  M-1  cm-1). The results were expressed in mmol min-1  
kg-1 AsA on a protein mass basis.

Guaiacol peroxidase (GPOD 1.11.1.7) activity was ana-
lyzed as described by Azevedo et al. (2006) by monitoring 
the production rate of tetraguaiacol at 470 nm (ε470nm = 26.6 
× 103  M-1  cm-1) in a spectrophotometer for 2  min in a 10  s 
interval. The results were expressed as mmol min-1 kg-1 H2O2 
on a protein mass basis.

Non-enzymatic antioxidants
Total phenols were determined spectrophotometrically 

according to the methodology proposed by Singleton and 
Rossi (1965). Approximately, 250 mg of tomato fruit sample 
was weighed and diluted in methanol. The quantification of 
the total phenols was performed through a calibration curve 
obtained by reading the absorbances of gallic acid standards. 
The absorbance was read at 725 nm and the results were ex-
pressed in g kg-1 gallic acid equivalent on a fresh weight basis.

Carotenoids β-carotene and lycopene were determined by 
spectrophotometry according to the methodology proposed 
by Nagata and Yamashita (1992). The absorbances were read 
at 453, 505, 645 and 663 nm. The following equations were 
used to calculate the concentration of β-carotene and lyco-
pene: β-carotene (g L-1) = 0.216A663 – 1.22A645 – 0.304A505 + 
0.452A453; lycopene (g  L-1)  = -0.0458A663  + 0.204A645  + 
0.372A505 – 0.0806A453. The results were expressed in g kg-1 
β-carotene/lycopene on a fresh weight basis.

L-ascorbic acid was determined according to the method 
of Oliveira (2010). L-ascorbic acid was quantified spectro-
photometrically at 520 nm using a calibration curve obtained 
from L-ascorbic acid standards. The results were expressed 
as g kg-1 L-ascorbic acid on a fresh weight basis.

Hydrogen peroxide and superoxide content
The hydrogen peroxide content was determined using the 

method described by Velikova et al. (2000). The H2O2 content 
was measured on a standard curve prepared with known 
concentrations of hydrogen peroxide. The absorbance was 
read at 390 nm and the results expressed in μmol kg-1 H2O2 
on a fresh weight basis.

The superoxide anion was determined using the method-
ology of Elstner and Heupel (1976). The absorbance was mea-
sured at 530 nm. The superoxide anion content was calculated 
using a standard curve of sodium nitrite (NaNO2). The results 
were expressed in μmol kg-1 O2

•- on a fresh weight basis.

Radical scavenging activity 
Radical scavenging activity by the capture of the DPPH 

radical (2,2-diphenyl-1-picrylhydrazyl) was performed by 
a spectrophotometer according to the method proposed by 
Brand-Williams et al. (1995). The same extract obtained for 
determination of total phenolic compounds was used. The 
absorbance was read at 517 nm.

Following the method of Rufino et al. (2007), using a 
spectrophotometer, we did a radical scavenging activity – the 
capture of ABTS radical (2,2 �-Azino-bis[3-ethylbenzothiazo-
line-6-sulfonic acid]). We used the same extract obtained for 
determination of total phenolic compounds. The absorbance 
was read at 734 nm and both results were expressed as radi-
cal scavenging activity (%) of DPPH and ABTS.

Experimental design and statistical analysis
Each treatment consisted of four biological replicates 

(three fruits per replicate) for each genotype of ‘Micro-Tom’ 
tomato. All variables analyzed were evaluated in triplicate. 
The experimental data were analyzed as a completely ran-
domized design in a factorial scheme, where one factor was 
“Genotype” (2 levels) and the other was “Water deficit” (2 lev-
els). Analysis of variance (ANOVA) was performed. When the 
interaction was significant, the interaction deployment was 
performed to compare the means by the Tukey test. Geno-
types were compared within each level of water deficit. The 
levels of water deficit were compared within each level of 
genotypes. The significance level was P ≤ 0.05. The data were 
also subjected to Pearson’s correlation coefficient analysis. 
The analyses were performed with R 3.5.1 (2018).
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FIGURE 1.  Changes in ‘Micro-Tom’ tomato fruit color subjected to pre-harvest irrigation, water deficit, and post-
harvest hypoxia storage. WT: wild type; S: high MT-sHSP23.6 expression. 
 
 
 

Figure  1.    Changes in ‘Micro-Tom’ tomato fruit color subjected to pre-harvest irrigation, water deficit, and post-harvest 
hypoxia storage. WT: wild type; S: high MT-sHSP23.6 expression.
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Results
A significant interaction was found between all evaluated 

variables (see Supplementary Information 4) for which the 
interaction unfolding was made. Without considering the 
genotype, it was not clear whether the effect of water deficit 

on the antioxidant system was stronger or weaker than 
that of the irrigation. It was not also clear if the enzymatic 
activity, phytochemicals content, or antioxidant activity was 
greater in a given genotype, as responses will depend on the 
treatment.

Figure 2.  Color tone (°Hue) of ‘Micro-Tom’ tomato subjected to pre-harvest irrigation, water deficit, and post-harvest hypoxia 
storage (A, B, C, and D). Multiple comparisons between genotypes within each level of irrigation and irrigation within each 
level of genotype. Values represent the mean (n = 4). WT: wild type; Sense: high MT-sHSP23.6 expression.

Figure 3.   Antioxidant enzymes activity of ‘Micro-Tom’ tomato subjected to pre-harvest irrigation, water deficit, and post-
harvest hypoxia storage. Multiple comparisons between genotypes within each level of irrigation and irrigation within each 
level of genotype. Superoxide dismutase (SOD) activity (A, B, C, and D); Catalase (CAT) activity (E, F, G, and H); Ascorbate 
peroxidase (APX) activity (I,  J, K, and L); Guaiacol peroxidase (GPOD) activity (M, N, O, and P). Values represent the mean 
(n = 4). WT: wild type; Sense: high MT-sHSP23.6 expression.
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Ripening evolution
Considering the Sense genotype (Figure 2A), we found 

that the color tone of water deficit treatment tended to be 
more reddish (Hue angle closer to 0°) after the hypoxic 
period. The opposite was found for WT genotype, where the 
color tone of irrigated treatment tended to be more reddish 
after the hypoxia period (Figure 2B). A similar trend appears 
when comparing genotypes between each irrigation level. 
The Sense genotype showed reddish color under water 
deficit (Figure 2C), but under irrigation (Figure 2D), WT 
genotype had the reddish color tone.

Enzymatic antioxidant system
The SOD activity was higher in the irrigated treatments 

until the fourth day of storage. Both (Sense and WT) 
genotypes demonstrated high activity (Figures 3A and 3B), 
but comparatively, Sense had higher activity. The water 
deficit treatment had a higher SOD activity on the last day 
of the experiment. The WT genotype under water deficit 
showed higher activity on the first and the last day of the 
storage (Figure 3C). The irrigated Sense genotype showed a 
similar trend (Figure 3D). The Sense genotype had a higher 

activity on the third day of storage for both irrigated and 
water deficient treatments.

The irrigated Sense genotype had a higher CAT activity on 
the third and eighth days of the storage, but water deficient 
treatment had higher activity only on the fourth day (Figure 
3E). The irrigated WT genotype showed higher activity on 
the first and third days (Figure 3F). The Sense genotype un-
der water deficit had higher activity until the fourth storage 
day (Figure 3G) but the irrigated (Figure 3H) Sense genotype 
showed higher activity only on the third and eighth days.

With the exception of the first day, the irrigated Sense 
genotype (Figure 3I) had a higher APX activity. On the oth-
er hand, the irrigated WT (Figure 3J) showed a higher APX 
activity on the first and third days. The Sense genotype 
grown-up under water deficit (Figure 3K) showed the higher 
activity on the first and third days of the storage, while the 
irrigated (Figure 3L) Sense genotype exceeded WT’s activity 
during the whole period with the exception of the first day.

The Sense genotype grown-up under water deficit (Fig-
ure 3M) showed higher GPOD activity on the first and fourth 
days. The irrigated WT genotype (Figure 3N) had higher 
GPOD activity during hypoxia than did the water-deficient 

Figure 4.   Non-enzymatic antioxidant system of ‘Micro-Tom’ tomato subjected to pre-harvest irrigation, water deficit, and 
post-harvest hypoxia storage. Multiple comparisons between genotypes within each level of irrigation and irrigation within 
each level of genotype. β-carotene (A, B, C, and D); Lycopene (E, F, G, and H); Total phenols (I, J, K, and L); L-ascorbic acid (M, N, 
O, and P). Values represent the mean (n = 4). WT: wild type; Sense: high MT-sHSP23.6 expression.
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one. Additionally, the post-hypoxia water deficient treatment 
showed a higher GPOD activity. On the other hand, drought-
stressed Sense genotype (Figure 3O) had a higher GPOD ac-
tivity on the first two days of the storage, while WT had its 
peak on the last two days. The irrigated (Figure 3P) Sense 
genotype had a higher activity in the hypoxia period, but WT 
in the post-hypoxia period.

Non-enzymatic antioxidant system
Drought-stressed Sense genotype (Figure 4A) showed 

the higher concentration β-carotene only on the fourth 
storage day. There was no significant difference (P ≤ 0.05) 
between WT genotype under water deficit and irrigated 
conditions (Figure 4B). Considering the irrigation levels, 
drought-stressed (Figure 4C) Sense genotype showed higher 
β-carotene content than that of WT genotype on the first and 
fourth storage day. When irrigated (Figure 4D), the two gen-
otypes showed a significant difference (P ≤ 0.05) only on the 
first day. The Sense genotype was the one with the greater 
β-carotene content.

Drought-stressed Sense genotype (Figure 4E) showed 
the higher lycopene content in the post-hypoxia period com-
pared to the irrigated one. On the contrary, drought-stressed 
WT genotype (Figure 4F) showed higher lycopene content 
on the first day compared to the irrigated treatment; the lat-
ter, in turn, had higher lycopene content than the water defi-
cit treatment on the fourth and eighth days. Turning back to 
irrigation levels, it  is obvious that drought-stressed (Figure 
4G) WT genotype shows higher lycopene content than did 
the Sense genotype only on the first storage day. However, 
when irrigated (Figure 4H), the Sense genotype had great-
er lycopene content than did the WT genotype on the fourth 
day, but the opposite was observed on the eighth day.

Drought-stressed Sense genotype showed higher total 
phenols content than did the WT genotype in almost all stor-
age days with the exception of the first one (Figures 4I and 
4J). In relation to irrigation levels, drought-stressed (Figure 
4K) Sense genotype had higher total phenol content than 
did the WT genotype on the third and fourth days, while WT 

showed higher levels on the first and last days. When irrigat-
ed (Figure 4L), WT genotype showed higher phenol content 
than did the Sense genotype during hypoxia, but the opposite 
was documented in post-hypoxia conditions.

The Sense genotype under water deficit had higher 
L-ascorbic acid content than did the irrigated treatment on 
the first day; however, the irrigated treatment had higher 
content post-hypoxia (Figure 4M). Drought-stressed WT 
genotype showed higher content of L-ascorbic acid during 
hypoxia than did the irrigated one. The irrigated genotype 
showed higher content on the last day (Figure 4N). Under 
different irrigation levels, drought-stressed (Figure 4O) 
Sense genotype showed higher content of L-ascorbic acid 
than did the WT genotype only on the third storage day; 
however, the opposite was documented during the rest of 
the observed period. With the exception of the last day, the 
irrigated (Figure 4P) Sense genotype had the higher con-
centration of L-ascorbic acid during hypoxia period, but in 
the post-hypoxia period, WT genotype showed significantly 
higher concentrations of L-ascorbic acid.

Reactive oxygen species
The Sense genotype under water deficit (Figure 5A) had a 

higher content of hydrogen peroxide only in the first storage 
day, while irrigated one had higher content on the third and 
eighth days. The WT genotype (Figure 5B) showed almost 
the same trend, with the exception of the fourth storage day, 
when drought-stressed treatment had higher H2O2 content 
than did the irrigated treatment. WT and Sense genotypes 
were compared within each irrigation level. There was no 
significant difference (P ≤ 0.05) between the genotypes un-
der water deficit (Figure 5C). The irrigated Sense genotype 
showed higher H2O2 content than did the WT genotype on 
the first and fourth storage days, but the opposite was ob-
served on the last storage day (Figure 5D).

Drought-stressed Sense genotype (Figure 5E) showed 
higher superoxide anion content than did the irrigated one 
on the third and fourth days, while the opposite was true on 
the first and last days. WT genotype under water deficit (Fig-

Figure  5.    Superoxide anion and hydrogen peroxide content of ‘Micro-Tom’ tomato subjected to pre-harvest irrigation, 
water deficit, and post-harvest hypoxia storage. Multiple comparisons between genotypes within each level of irrigation and 
irrigation within each level of genotype. Superoxide anion (A, B, C, and D); Hydrogen peroxide (E, F, G, and H). Values represent 
the mean (n = 4). WT: wild type; Sense: high MT-sHSP23.6 expression.
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ure 5F) showed higher content of superoxide anions than 
did the irrigated one on the first and eighth days. The irri-
gated WT genotype showed higher content on the third day. 
When WT and Sense genotypes were compared within each 
irrigation level, drought-stressed Sense genotype exceeded 
WT genotype only on the third storage day. Under irrigation, 
a  significant difference (P ≤ 0.05) in superoxide anion con-
tent between the genotypes was found only on the third and 
fourth days. WT genotype had significantly higher superox-
ide anion content.

Antioxidant activity
The Sense genotype grown-up under water deficit (Fig-

ure 6A) showed a higher percentage of DPPH radical inhi-
bition in the post-hypoxia period, while the irrigated one 
showed a higher percentage on the third storage day. WT 
genotype (Figure 6B) grown-up under water deficit showed 
a higher percentage of radical inhibition than did the irri-
gated one for all storage periods evaluated. WT and Sense 
genotypes were compared within each irrigation level. 
Drought-stressed (Figure 6C) WT genotype showed a higher 
percentage of radical inhibition than did the Sense genotype 
for all storage periods evaluated. Under irrigation (Figure 
6D), there was no significant difference (P ≤ 0.05) between 
the genotypes on the first day. However, on the other storage 
days Sense genotype showed a higher percentage of radical 
inhibition.

The Sense genotype under water deficit showed a higher 
percentage of ABTS radical inhibition than did the irrigated 
one in almost all storage days, with the exception of the third 
storage day, when the irrigated one showed higher radical in-
hibition levels (Figure 6E). WT genotype (Figure 6F) showed 
a higher percentage of radical inhibition than did the irrigat-
ed one on the first, third, and, eighth storage days. WT and 
Sense genotypes were compared within each irrigation level. 
Drought-stressed (Figure 6G) WT genotype had a higher per-
centage of radical inhibition than did Sense genotype only on 
the last storage day. Sense genotype had a higher radical in-
hibition on the other days. Under irrigation, we observed the 
same trend (Figure 6H).

Discussion
The color tone is a good feature to follow ‘Micro-Tom’ to-

mato fruit ripening evolution. The Sense genotype under wa-
ter deficit had higher ripening evolution. According to some 
studies (Arias et al., 2000; Chen et al., 2014), the red color 
of a ripe tomato is mainly associated with lycopene con-
tent. Water deficit can promote the accumulation of tomato 
fruit ethylene content, which in turn may increase lycopene 
content (Chen et al., 2014). However, water deficit will not 
always generate a greater accumulation of compounds such 
as carotenoids (Ripoll et al., 2014). The water deficit can also 
decrease the fruit’s yield (lower humidity and size) which 
can raise apparently the concentration of phytochemicals 
(Chen et al., 2014). Drought-stressed WT genotype did not 
show the same response. Related to the irrigated WT geno-
type, we observed higher values of lycopene on the last day 
of storage, indicating that the transformation of a plant from 
the same species to a greater expression of MT-sHSP23.6 
causes a difference in the accumulation of these compounds. 
The overexpression of MT-sHSP23.6 associated with water 
deficit increased lycopene accumulation.

We observed that under the hypoxia period the trans-
formed genotype (Sense) both irrigated and with moderat-
ed water deficit had the highest activity for all analyzed en-
zymes. This showed that the overexpression of MT-sHSP23.6 
influences the enzymatic antioxidant system during low ox-
ygen storage. Interestingly, we observed that the treatments 
under water deficit rarely showed a higher enzyme activity 
on the harvest day. Generally, when plants are subjected to 
an abiotic factor that can cause stress they increase the ac-
tivity of enzymes related to the ROS scavenging (Nora et al., 
2012; Reissig et al., 2018). Probably, the simulated water-de-
ficient conditions were not sufficient to create an increase in 
the activity of these enzymes being the genotype a factor that 
influences the most. With the exception of CAT activity, the 
genotype with the high MT-sHSP23.6 expression (Sense) had 
the highest enzyme activity on the harvest day. This means 
that it is difficult to establish steady covariations for all en-
zymes in relation to a stressor agent.

Figure  6.    Antioxidant activity of ‘Micro-Tom’ tomato subjected to pre-harvest irrigation, water deficit, and post-harvest 
hypoxia storage. Multiple comparisons between genotypes within each level of irrigation and irrigation within each level of 
genotype. ABTS radical inhibition (A, B, C, and D); DPPH radical inhibition (E, F, G, and H). Values represent the mean (n = 4). 
WT: wild type; Sense: high MT-sHSP23.6 expression.
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The fourth storage day had the highest superoxide anion 
concentration for almost all treatments. Reestablishing of 
normal oxygen conditions promotes a respiration increase 
leading to a higher accumulation of anion superoxide that 
originates from the electron escape from the electron trans-
port chain (Perotti et al., 2014). However, irrigated Sense 
genotype showed the highest content on the eight day. The 
high expression of MT-sHSP23.6, and probably its highest 
concentration, decreases the formation of ROS in the resump-
tion of oxygen conditions. Either by the antioxidant activity 
of the small HSPs or by the protection given to other proteins 
due to their action as a molecular chaperone (Aghdam et al., 
2015; Reissig et al., 2018). On the last storage day, we ob-
served that the genotype and the water deficit influenced the 
superoxide anion content. What we have found was that the 
Sense genotype had markedly the lowest content.

We did not find a significant correlation between the en-
zymes and ROS. As an exception was the APX (r = -0.94 with 
H2O2) and GPOD (r = -0.88 with H2O2) within the irrigated 
WT genotype and CAT (r = -0.85) within the same genotype 
under water deficit. In addition to the enzymatic antioxidant 
system, plants have different mechanisms to deal with the 
excess of ROS and free radicals. Small HSPs may have anti-
oxidant activity (Aghdam et al., 2015), as well as alternative 
oxidase, mitochondrial uncoupling protein, L-ascorbic acid, 
carotenoids, and phenols (Rodziewicz et al., 2014).

Pre-harvest abiotic factors, such as water deficit, can in-
fluence the phenotype at harvest. When used moderately, 
it might enhance fruit tolerance to different stresses through 
up-regulation of genes and pathways (Pedreschi and Lurie, 
2015; Toivonen and Hodges, 2011). Water deficit is known 
to increase the accumulation of several non-enzymatic anti-
oxidants in the fruit. Applied moderately and in specific de-
velopmental stages, it may improve fruit quality. During fruit 
ripening, moderate water deficit may increase the content of 
potentially bioactive phytochemicals, which are very import-
ant for human health (González-Chavira et al., 2018; Ripoll 
et al., 2014).

β-carotene and lycopene had the highest content in the 
post-hypoxia period, especially the genotype with high MT-
sHSP23.6 expression under water deficit. The sHSP proteins 
may act as molecular chaperones. Studies with Orange (OR) 
and ClpB3 chaperones showed that these proteins protect 
enzymes from the carotenoid biosynthetic pathway, de-
oxyxylulose 5-phosphate synthase, and phytoene synthase. 
They also promote the differentiation of chromoplasts and 
prevent carotenoid degradation (D’Andrea et al., 2018).

During hypoxia and post-hypoxia period, water deficit 
treatments had a higher accumulation of total phenols. Thus, 
water deficit may influence carotenoid, phenol, and L-ascor-
bic acid accumulation in different ways. There are at least 
two mechanisms that may occur and interact. One of them is 
caused by a reduction in primary metabolites that are a pre-
cursor of secondary metabolite biosynthesis. This is caused 
by a reduction in leaf stomatal conductance, which conse-
quently leads to a decrease in net photosynthesis. Another 
mechanism is the stress/oxidative signaling, where ROS is 
responsible to affect directly and indirectly the biosynthesis 
of phenols, carotenoids, and L-ascorbic acid (Fanciullino et 
al., 2014; González-Chavira et al., 2018; Ripoll et al., 2016).

L-ascorbic acid seems to be the most prominent antioxi-
dant component analyzed on the harvest day and is directly 
influenced by water deficit. It  is well known that together 
with other antioxidant components, L-ascorbic acid plays 
an important role in plant protection from oxidative dam-

age caused by abiotic stress factors (Toivonen and Hodg-
es, 2011). The L-ascorbic acid acts as a sequestrant of ROS, 
forming compounds with a lower reactivity, such as ascorbyl 
radical and dehydroascorbic acid. Also, together with APX, 
it participates in the ascorbate-glutathione cycle H2O2-scav-
enging pathway (Davey et al., 2000). During hypoxia period, 
the high MT-sHSP23.6 expression influenced the response. 
Both irrigated and water-deficient treatments had higher 
L-ascorbic acid content when compared to the WT genotype.

We found a higher antioxidant activity in water defi-
cit treatments at the end of storage. They also had a higher 
content of phenols and lycopene. Pearson’s correlation anal-
ysis showed a high correlation for these components. WT 
genotype had r = 0.96 for DPPH and total phenols content. 
ABTS and lycopene content also showed a strong correlation 
(r = 0.97). The transformed genotype (Sense) had r = 0.93 for 
DPPH and total phenols content, as well as r = 0.96 for ABTS 
and lycopene content. These results demonstrate the biolog-
ical activity of phenols and carotenoids as antioxidants that 
help plant cells to maintain their redox balance.

Conclusions
High MT-sHSP23.6 expression and pre-harvest water 

deficit influence the responses in the antioxidant system of 
tomato fruit subjected to low-oxygen storage. The activity 
of antioxidant enzymes is markedly influenced by the high 
expression of MT-sHSP23.6 during the hypoxia storage 
period. The water deficit has a predominant influence in 
the non-enzymatic antioxidant system. It was demonstrated 
by the higher levels of total phenols, L-ascorbic acid, and 
antioxidant activity measured by DPPH and ABTS radical 
scavenging methods.
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Supplemental Information    –    Table S3.     Averages of antioxidant activity of the DPPH and ABTS radical method, of 
genotypes with different MT-sHSP23.6 expression levels (WT and Sense). Multiple comparisons between genotypes within 
each level of irrigation and irrigation within each level of genotype.

Days Gen.
DPPH* ABTS**

WD Irrig. WD Irrig.
0 Sense 59.9 bA 59.1 aA 37.0 aA 27.6 aB

WT 63.0 aA 60.1 aB 26.6 bA 22.8 bB
3 Sense 64.7 bB 66.7 aA 30.2 aB 41.1 aA

WT 66.3 aA 58.0 bB 26.7 bA 24.7 bA
4 Sense 69.9 bA 68.2 aB 46.2 aA 41.6 aB

WT 72.0 aA 62.7 bB 33.6 bA 31.8 bB
8 Sense 77.3 bA 74.0 aB 54.8 bA 46.4 bB

WT 78.5 aA 63.9 bB 56.0 aA 54.0 aB

Values followed by the same lower-case letters in the column (among genotypes) and capitals in the line (among irrigation level) do not differ 
significantly from each other, according to Tukey’s test at 5% probability. * Expressed as % of radical scavenging activity.

Supplemental Information  –  Table S4.  
Table S4 – 1.  Evaluation at 0 days.

Df Sum Sq Mean Sq F value Pr (>F)
1. ANOVA of SOD (superoxide dismutase) activity.
Treatment 1 1.186 1.186 3.4679 0.08723
Deficit 1 123.193 123.193 360.2882 2.566e-10 ***
Treatment:Deficit 1 22.741 22.741 66.5085 3.087e-06 ***
Residuals 12 4.103 0.342
2. ANOVA of CAT (catalase) activity.
Treatment 1 0.10524 0.10524 27.995 0.0001911 ***
Deficit 1 0.85046 0.85046 226.234 3.767e-09 ***
Treatment:Deficit 1 0.69779 0.69779 185.624 1.161e-08 ***
Residuals 12 0.04511 0.00376
3. ANOVA of APX (ascorbate peroxidase) activity.
Treatment 1 11.917 11.917 15.5166 0.001966 **
Deficit 1 1.271 1.271 1.6555 0.222482
Treatment:Deficit 1 281.569 281.569 366.6184 2.318e-10 ***
Residuals 12 9.216 0.768
4. ANOVA of GPOD (guaiacol peroxidase) activity.
Treatment 1 24.867 24.867 31.7302 0.0001102 ***
Deficit 1 5.333 5.333 6.8042 0.0228655
Treatment:Deficit 1 45.408 45.408 57.9392 6.233e-06 ***
Residuals 12 9.405 0.784
5. ANOVA of H2O2 (hydrogen peroxide) content.
Treatment 1 0.16744 0.16744 47.337 1.698e-05 ***
Deficit 1 0.34627 0.34627 97.893 4.018e-07 ***
Treatment:Deficit 1 0.06789 0.06789 19.192 0.0008948 ***
Residuals 12 0.04245 0.00354
6. ANOVA of O2°- (superoxide anion) content.
Treatment 1 0.048929 0.048929 1662.8 3.062e-14 ***
Deficit 1 0.003843 0.003843 130.6 8.318e-08 ***
Treatment:Deficit 1 0.043952 0.043952 1493.6 5.803e-14 ***
Residuals 12 0.000353 0.000029
7. ANOVA of color tone (Hue angle).
Treatment 1 0.9131 0.9131 1.9304 0.189956
Deficit 1 7.4084 7.4084 15.6617 0.001902 **
Treatment:Deficit 1 2.7287 2.7287 5.7685 0.033411 *
Residuals 12 5.6763 0.4730
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8. ANOVA of lycopene content.
Treatment 1 0.120873 0.120873 78.561 1.297e-06 ***
Deficit 1 0.083598 0.083598 54.334 8.604e-06 ***
Treatment:Deficit 1 0.057259 0.057259 37.215 5.333e-05 ***
Residuals 12 0.018463 0.001539
9. ANOVA of β-carotene content.
Treatment 1 0.090245 0.090245 18.9227 0.0009448 ***
Deficit 1 0.000007 0.000007 0.0015 0.9699140
Treatment:Deficit 1 0.000939 0.000939 0.1968 0.6651895
Residuals 12 0.057230 0.004769
10. ANOVA of total phenols content.
Treatment 1 124.143 124.143 177.537 1.494e-08 ***
Deficit 1 38.240 38.240 54.687 8.330e-06 ***
Treatment:Deficit 1 58.256 58.256 83.312 9.514e-07 ***
Residuals 12 8.391 0.699
11. ANOVA of ascorbic acid content.
Treatment 1 9.01 9.01 16.353 0.001628 **
Deficit 1 566.29 566.29 1027.825 5.355e-13 ***
Treatment:Deficit 1 313.78 313.78 569.513 1.758e-11 ***
Residuals 12 6.61 0.55
12. ANOVA of DPPH radical scavenging activity.
Treatment 1 16.5191 16.5191 45.510 2.055e-05 ***
Deficit 1 13.8215 13.8215 38.078 4.794e-05 ***
Treatment:Deficit 1 4.4689 4.4689 12.312 0.004311 **
Residuals 12 4.3558 0.3630
13. ANOVA of ABTS radical scavenging activity.
Treatment 1 232.280 232.280 404.163 1.313e-10 ***
Deficit 1 173.972 173.972 302.707 7.050e-10 ***
Treatment:Deficit 1 30.223 30.223 52.587 1.012e-05 ***
Residuals 12 6.897 0.575

Signification of the codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1.

Table S4 – 2.  Evaluation at 3 days.

Df Sum Sq Mean Sq F value Pr (>F)
1. ANOVA of SOD (superoxide dismutase) activity.
Treatment 1 151.972 151.972 251.2954 2.063e-09 ***
Deficit 1 67.864 67.864 112.2174 1.915e-07 ***
Treatment:Deficit 1 0.740 0.740 1.2238 0.2903
Residuals 12 7.257 0.605
2. ANOVA of CAT (catalase) activity.
Treatment 1 0.61399 0.61399 366.657 2.317e-10 ***
Deficit 1 0.05242 0.05242 31.304 0.0001171 ***
Treatment:Deficit 1 0.34658 0.34658 206.966 6.260e-09 ***
Residuals 12 0.02009 0.00167
3. ANOVA of APX (ascorbate peroxidase) activity.
Treatment 1 1806.40 1806.40 6091.1 <2.2e-16 ***
Deficit 1 699.74 699.74 2359.5 3.795e-15 ***
Treatment:Deficit 1 958.59 958.59 3232.3 5.786e-16 ***
Residuals 12 3.56 0.30

Table S4 – 1.  Evaluation at 0 days.

Df Sum Sq Mean Sq F value Pr (>F)



V o l u m e  7 5  |  I s s u e  2  |  M a r c h - A p r i l  2 0 2 0 67

Niemeyer Reissig et al.  |  Influence of MT-sHSP23.6 expression and water deficit on ‘Micro-Tom’ tomato fruit

4. ANOVA of GPOD (guaiacol peroxidase) activity.
Treatment 1 196.299 196.299 573.8004 1.682e-11 ***
Deficit 1 0.439 0.439 1.2838 0.279327    
Treatment:Deficit 1 3.689 3.689 10.7835 0.006534 **
Residuals 12 4.105 0.342
5. ANOVA of H2O2 (hydrogen peroxide) content.
Treatment 1 0.014944 0.014944 4.1368 0.06468 .
Deficit 1 0.032965 0.032965 9.1254 0.01065 *
Treatment:Deficit 1 0.007185 0.007185 1.9891 0.18383
Residuals 12 0.043349 0.003612
6. ANOVA of O2°- (superoxide anion) content.
Treatment 1 0.000005 0.000005 0.086 0.7743
Deficit 1 0.034054 0.034054 623.706 1.029e-11 ***
Treatment:Deficit 1 0.062665 0.062665 1147.702 2.781e-13 ***
Residuals 12 0.000655 0.000055
7. ANOVA of color tone (Hue angle).
Treatment 1 15.947 15.947 34.188 7.874e-05 ***
Deficit 1 104.524 104.524 224.090 3.978e-09 ***
Treatment:Deficit 1 81.257 81.257 174.208 1.663e-08 ***
Residuals 12 5.597 0.466
8. ANOVA of lycopene content.
Treatment 1 0.009815 0.009815 2.3579 0.15058
Deficit 1 0.002830 0.002830 0.6799 0.42570
Treatment:Deficit 1 0.037621 0.037621 9.0378 0.01094 *
Residuals 12 0.049951 0.004163
9. ANOVA of β-carotene content.
Treatment 1 0.003297 0.003297 1.0453 0.32676
Deficit 1 0.000889 0.000889 0.2817 0.60525
Treatment:Deficit 1 0.012253 0.012253 3.8851 0.07222 .
Residuals 12 0.037847 0.0031540
10. ANOVA of total phenols content.
Treatment 1 11.593 11.593 42.036 3.008e-05 ***
Deficit 1 179.211 179.211 649.805 8.080e-12 ***
Treatment:Deficit 1 25.680 25.680 93.115 5.258e-07 ***
Residuals 12 3.310 0.276
11. ANOVA of ascorbic acid content.
Treatment 1 568.69 568.69 973.99 7.370e-13 ***
Deficit 1 91.85 91.85 157.31 2.951e-08 ***
Treatment:Deficit 1 64.70 64.70 110.81 2.051e-07 ***
Residuals 12 7.01 0.58
12. ANOVA of DPPH radical scavenging activity.
Treatment 1 50.517 50.517 110.760 2.056e-07 ***
Deficit 1 40.888 40.888 89.648 6.442e-07 ***
Treatment:Deficit 1 106.191 106.191 232.825 3.196e-09 ***
Residuals 12 5.473 0.456
13. ANOVA of ABTS radical scavenging activity.
Treatment 1 398.16 398.16 1028.45 5.336e-13 ***
Deficit 1 78.35 78.35 202.37 7.113e-09 ***
Treatment:Deficit 1 165.29 165.29 426.95 9.530e-11 ***
Residuals 12 4.65 0.39

Signification of the codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1.

Table S4 – 2.  Evaluation at 3 days.

Df Sum Sq Mean Sq F value Pr (>F)
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Table S4 – 3.  Evaluation at 4 days.

Df Sum Sq Mean Sq F value Pr (>F)
1. ANOVA of SOD (superoxide dismutase) activity.
Treatment 1 2.840 2.840 7.1865 0.020009 *
Deficit 1 147.210 147.210 372.5081 2.113e-10 ***
Treatment:Deficit 1 7.264 7.264 18.3813 0.001055 **
Residuals 12 4.742 0.395
2. ANOVA of CAT (catalase) activity.
Treatment 1 0.38006 0.38006 119.45 1.360e-07 ***
Deficit 1 0.78828 0.78828 247.74 2.238e-09 ***
Treatment:Deficit 1 1.30097 1.30097 408.88 1.227e-10 ***
Residuals 12 0.03818 0.00318
3. ANOVA of APX (ascorbate peroxidase) activity.
Treatment 1 5.099 5.099 11.834 0.004894 **
Deficit 1 215.219 215.219 499.465 3.801e-11 ***
Treatment:Deficit 1 127.064 127.064 294.883 8.203e-10 ***
Residuals 12 5.171 0.431
4. ANOVA of GPOD (guaiacol peroxidase) activity.
Treatment 1 20.711 20.711 26.6119 0.0002376 ***
Deficit 1 58.500 58.500 75.1686 1.635e-06 ***
Treatment:Deficit 1 0.600 0.600 0.7712 0.3970844
Residuals 12 9.339 0.778
5. ANOVA of H2O2 (hydrogen peroxide) content.
Treatment 1 0.0133685 0.0133685 18.5358 0.001022 **
Deficit 1 0.0003378 0.0003378 0.4684 0.506741
Treatment:Deficit 1 0.0075242 0.0075242 10.4326 0.007220 **
Residuals 12 0.0086547 0.0007212
6. ANOVA of O2°- (superoxide anion) content.
Treatment 1 0.100553 0.100553 1361.4 1.007e-13 ***
Deficit 1 0.104155 0.104155 1410.2 8.171e-14 ***
Treatment:Deficit 1 0.096746 0.096746 1309.9 1.268e-13 ***
Residuals 12 0.000886 0.000074
7. ANOVA of color tone (Hue angle).
Treatment 1 1.84 1.84 3.4990 0.08598 .
Deficit 1 1.25 1.25 2.3736 0.14935
Treatment:Deficit 1 387.62 387.62 735.9116 3.875e-12 ***
Residuals 12 6.32 0.53
8. ANOVA of lycopene content.
Treatment 1 4.8173 4.8173 1475.57 6.238e-14 ***
Deficit 1 2.6899 2.6899 823.94 1.986e-12 ***
Treatment:Deficit 1 2.8600 2.8600 876.04 1.381e-12 ***
Residuals 12 0.0392 0.0033
9. ANOVA of β-carotene content.
Treatment 1 0.291630 0.291630 42.447 2.872e-05 ***
Deficit 1 0.104537 0.104537 15.216 0.002107 **
Treatment:Deficit 1 0.230749 0.230749 33.586 8.535e-05 ***
Residuals 12 0.082444 0.00687
10. ANOVA of total phenols content.
Treatment 1 880.22 880.22 1564.82 4.397e-14 ***
Deficit 1 397.01 397.01 705.80 4.961e-12 ***
Treatment:Deficit 1 18.35 18.35 32.62 9.737e-05 ***
Residuals 12 6.75 0.56
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11. ANOVA of ascorbic acid content.
Treatment 1 1.0752 1.0752 1.9691 0.1858831
Deficit 1 17.4905 17.4905 32.0326 0.0001056 ***
Treatment:Deficit 1 23.2826 23.2826 42.6404 2.81e-05 ***
Residuals 12 6.5523 0.5460
12. ANOVA of DPPH radical scavenging activity.
Treatment 1 11.579 11.579 52.944 9.788e-06 ***
Deficit 1 121.190 121.190 554.117 2.065e-11 ***
Treatment:Deficit 1 57.028 57.028 260.748 1.668e-09 ***
Residuals 12 2.625 0.219
13. ANOVA of ABTS radical scavenging activity.
Treatment 1 501.56 501.56 1006.360 6.070e-13 ***
Deficit 1 41.24 41.24 82.754 9.858e-07 ***
Treatment:Deficit 1 7.94 7.94 15.938 0.001786 **
Residuals 12 5.98 0.50

Signification of the codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1.

Table S4 – 4.  Evaluation at 8 days.

Df Sum Sq Mean Sq F value Pr (>F)
1. ANOVA of SOD (superoxide dismutase) activity.
Treatment 1 5.659 5.659 13.102 0.003516 **
Deficit 1 96.669 96.669 223.803 4.007e-09 ***
Treatment:Deficit 1 26.876 26.876 62.222 4.342e-06 ***
Residuals 12 5.183 0.432
2. ANOVA of CAT (catalase) activity.
Treatment 1 0.16871 0.16871 148.637 4.052e-08 ***
Deficit 1 0.03504 0.03504 30.876 0.0001245 ***
Treatment:Deficit 1 0.61319 0.61319 540.246 2.397e-11 ***
Residuals 12 0.01362 0.00114
3. ANOVA of APX (ascorbate peroxidase) activity.
Treatment 1 4.092 4.092 8.6112 0.0124994 *  
Deficit 1 12.342 12.342 25.9726 0.0002634 ***
Treatment:Deficit 1 226.377 226.377 476.3969 5.016e-11 ***
Residuals 12 5.702 0.475
4. ANOVA of GPOD (guaiacol peroxidase) activity.
Treatment 1 77.673 77.673 138.577 5.987e-08 ***
Deficit 1 29.560 29.560 52.738 9.980e-06 ***
Treatment:Deficit 1 38.706 38.706 69.057 2.542e-06 ***
Residuals 12 6.726 0.561
5. ANOVA of H2O2 (hydrogen peroxide) content.
Treatment 1 0.004018 0.004018 3.5916 0.08241 .
Deficit 1 0.039779 0.039779 35.5541 6.583e-05 ***
Treatment:Deficit 1 0.005441 0.005441 4.8629 0.04769 *
Residuals 12 0.013426 0.001119
6. ANOVA of O2°- (superoxide anion) content.
Treatment 1 0.049604 0.049604 592.41 1.394e-11 ***
Deficit 1 0.022763 0.022763 271.85 1.312e-09 ***
Treatment:Deficit 1 0.042946 0.042946 512.90 3.253e-11 ***
Residuals 12 0.001005 0.000084

Table S4 – 3.  Evaluation at 4 days.

Df Sum Sq Mean Sq F value Pr (>F)
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7. ANOVA of color tone (Hue angle).
Treatment 1 1.154 1.154 2.3261 0.1531
Deficit 1 77.397 77.397 156.0505 3.087e-08 ***
Treatment:Deficit 1 221.819 221.819 447.2382 7.263e-11 ***
Residuals 12 5.952 0.496
8. ANOVA of lycopene content.
Treatment 1 0.0024 0.0024 0.6467 0.4369
Deficit 1 0.2096 0.2096 57.4043 6.531e-06 ***
Treatment:Deficit 1 9.9038 9.9038 2,712.5574 1.650e-15 ***
Residuals 12 0.0438 0.0037
9. ANOVA of β-carotene content.
Treatment 1 0.002269 0.002269 0.8250 0.38161
Deficit 1 0.003555 0.003555 1.2923 0.27781
Treatment:Deficit 1 0.010996 0.010996 3.9975 0.06873 .
Residuals 12 0.033008 0.0027507
10. ANOVA of total phenols content.
Treatment 1 78.39 78.39 126.55 9.900e-08 ***
Deficit 1 823.90 823.90 1329.98 1.158e-13 ***
Treatment:Deficit 1 146.20 146.20 236.01 2.957e-09 ***
Residuals 12 7.43 0.62
11. ANOVA of ascorbic acid content.
Treatment 1 24.024 24.024 40.8336 3.453e-05 ***
Deficit 1 72.398 72.398 123.0553 1.155e-07 ***
Treatment:Deficit 1 1.546 1.546 2.6278 0.131
Residuals 12 7.060 0.588
12. ANOVA of DPPH radical scavenging activity.
Treatment 1 78.71 78.71 157.52 2.929e-08 ***
Deficit 1 322.81 322.81 646.07 8.360e-12 ***
Treatment:Deficit 1 126.95 126.95 254.07 1.936e-09 ***
Residuals 12 6.00 0.50
13. ANOVA of ABTS radical scavenging activity.
Treatment 1 76.055 76.055 207.79 6.121e-09 ***
Deficit 1 108.299 108.299 295.88 8.044e-10 ***
Treatment:Deficit 1 40.608 40.608 110.94 2.038e-07 ***
Residuals 12 4.392 0.366

Signification of the codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1.

Table S4 – 4.  Evaluation at 8 days.

Df Sum Sq Mean Sq F value Pr (>F)


