Spanish Journal of Agricultural Research

14(2), 0903, 13 pages (2016)

eISSN: 2171-9292

http://dx.doi.org/10.5424/sjar/2016142-8392

Instituto Nacional de Investigacion y Tecnologia Agraria y Alimentaria (INIA)

OPEN ACCESS

RESEARCH ARTICLE

Carbon dioxide enrichment: a technique to mitigate the negative
effects of salinity on the productivity of high value tomatoes

Maria J. Sanchez-Gonzalez*, Maria C. Sanchez-Guerrero, Evangelina Medrano, Manuel E. Porras,
Esteban J. Baeza and Pilar Lorenzo

Andalusian Institute of Agricultural and Fishering Research and Training (IFAPA). Autovia del Mediterraneo, Sal. 420,
Paraje San Nicolas, La Mojonera, 04745 Almeria. Spain

Abstract

The present study was conducted to determine the mitigating influence of greenhouse CO, enrichment on the negative effects of salin-
ity in Mediterranean conditions. Hybrid Raf (cv. Delizia) tomato plants were exposed to two salinity levels of the nutrient solution (5
and 7 dS/m) obtained by adding NaCl, and two CO, concentrations (350 and 800 pmol/mol) in which CO, enrichment was applied
during the daytime according to a strategy linked to ventilation. Increasing water salinity negatively affected the leaf area index (LAI),
the specific leaf area (SLA), the water use efficiency (WUE), the radiation use efficiency (RUE) and dry weight (DW) accumulation
resulting in lower marketable yield. The high salinity treatment (7 dS/m) increased fruit firmness (N), total soluble solids content (SSC)
and titratable acidity (TA), whereas pH was reduced in the three ripening stages: mature green/breaker (G), turning (T), and pink/light
red (P). Also, the increase in electrical conductivity of the nutrient solution led to a general change in intensity of the sensory charac-
teristics of tomato fruits. On the other hand, CO, enrichment did not affect LAI although SLA was reduced. RUE and DW accumula-
tion were increased resulting in higher marketable yield, through positive effects on fruit number and their average weight. WUE was
enhanced by CO, supply mainly through increased growth and yield. Physical-chemical quality parameters such as fruit firmness, TA
and pH were not affected by CO, enrichment whereas SSC was enhanced. Greenhouse CO, enrichment did mitigate the negative effect
of saline conditions on productivity without compromising organoleptic and sensory fruit quality.
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Introduction

Air CO, concentration is a relevant climate vari-
able to be controlled in greenhouses as it has a
marked effect on plant CO, assimilation. Even at the
relatively low radiation levels prevailing during win-
ter in Mediterranean regions, CO, enrichment could
lead to significant increases of crop photosynthesis
(Nilsen et al., 1983; Nederhoff, 1994; Sanchez-

Guerrero et al., 2005). The atmospheric CO, level
limits the potential photosynthesis of most vegetable
species and their productivity (Bowes, 1993). Al-
though ventilation allows the renovation of green-
house air, it is not often sufficient to replace the CO,
consumed by crop photosynthesis. In the greenhous-
es of South-Eastern Spain internal CO, concentrations
20% lower than the external CO, concentration were
recorded, even when the greenhouse vents were
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opened (Lorenzo et al., 1990) showing relatively high
CO, depletion. The lack of climate control in many
greenhouses in Mediterranean countries results in an
inadequate microclimate that negatively affects yield
components and input-use efficiency. Thus, better
control of the greenhouse aerial environment can
improve marketable yield and quality and extend the
growing season (Baille, 1999).

The South-Eastern region of Spain is an important
area for both production and export of high quality
tomatoes for fresh consumption. The combination of
unique conditions such as mild climate and saline wa-
ters or soil types, are the main causes of the excep-
tional fruit quality of some varieties cultivated in this
region such as the hybrids of the Raf tomato, also
called “flavour varieties”. Despite the high value of
Raf tomatoes in the Spanish national market, their
productivity is relatively low and the consumer does
not always get an acceptable quality because the fruit
growth conditions are not adequate. Salinity could be
considered as a strategic tool to improve the quality of
fruits such as tomato (Dorais et al., 2001). However,
high salinity also lowers water potential in the plant
which in turn reduces the water flow into the fruit and
therefore the rate of fruit expansion (Johnson ef al.,
1992) and also reduces the number of fruits per plant
(Cuartero & Fernandez, 1999). Reducing the negative
effect of salinity on the tomato crop has been addressed
in studies using cultural techniques or genetic engineer-
ing (Cuartero et al., 2006). The increase of salinity
tolerance by CO, enrichment has been evaluated,
mainly in glass greenhouses (Li et al., 1999). How-
ever, few studies have been conducted on how the
saline stress can be attenuated at high CO, concentra-
tion in Mediterranean conditions, even though CO,
enrichment in this area has shown yield improvements.
Yield increases of the order of 12-25% for different
crops (cucumber, sweet pepper, green bean and to-
mato) have been reported by Sanchez-Guerrero et al.
(2005), Alonso et al. (2012) or Lorenzo et al. (2013).
A remarkable improvement in water use efficiency
(WUE) was reported by Sanchez-Guerrero et al.
(2010). Since the response of plants to CO, enrichment
and other environmental factors such as salinity, tends
to be species-specific (Rozema, 1993), it would be ap-
propriate to extend the understanding of both param-
eters under the specific conditions of the Mediterranean
greenhouse. For this reason, the aims of this study were
to investigate (i) how two environmental factors, salin-
ity and greenhouse air CO, enrichment affect the
growth, yield and fruit quality in three different ripen-
ing stages in a high commercial value variety of to-
mato and (ii) the mitigating influence of greenhouse
air CO, enrichment on the negative effects of salinity.
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Material and methods
Greenhouse conditions and climate control

The experiment was conducted in two adjacent, iden-
tical multispan greenhouses of 720 m? clad with polyeth-
ylene plastic film, located at the IFAPA Research Center
(La Mojonera, Almeria, Spain, latitude 36°30°N, longitude
2°18’W). The greenhouses were equipped with a pipe
water heating system, roof and sidewall vents, external
mobile shading screen and a system for the injection of
pure CO,. All vents were permanently covered with in-
sect-proof nets (38% porosity). The heating, ventilation
and shading set-points were the same for the two green-
houses. The heating systems were activated when the
greenhouse air temperature fell below 10 °C. The set-
points for the activation of ventilation were: temperature
> 25 °C and/ or relative humidity > 70/80% (day/night).
Temperature and relative humidity were measured with
ventilated platinum resistance and capacitive sensors
(HMP45C; Vaisala, Helsinki, Finland) placed in a central
position inside the greenhouses 2 m above the ground.
The global radiation (R,) incident on the crop in each
greenhouse was measured by SP1110 pyranometers (Sky
Instruments, Richmond, Canada). The external mobile
shading screen OLS 35 ABRI (Ludving Svensson,
Kinna, Sweden) was operated to close, whenever the
solar R, > 650 W/m” at the beginning of the growth cycle
(September-October), and when solar R, >500 W/m? from
February until the end of the growth cycle. Overnight, the
external shading screen was used as a thermal screen dur-
ing the winter months. After transplanting, pure CO, was
supplied in one of the greenhouses (C), distributed through
a pipe network with one outlet below each plant. CO,
enrichment was applied during the daytime according to
a strategy linked to ventilation (800 umol/mol when the
roof and side vents were closed and 350 pmol/mol when
vent opening was > 20%). The period of CO, supply dur-
ing the daytime began 15 min before sunrise and ended
75 min before sunset. CO, concentration was continu-
ously monitored through an infrared gas analyser IRGA
(GMD20; Vaisala, Helsinki, Finland). The second green-
house was not CO, enriched and served as the reference
(R) in this experiment. The climatic variables (tempera-
ture, humidity and CO, concentration) were controlled by
means of a commercial climate-control system (CDC,;
INTA, Aguilas, Spain) connected to a PC and data were
recorded at 1 min intervals.

Crop and cultural techniques

Hybrid Raf tomato plants (Solanum lycopersicum L.
cv. Delizia), grafted on tomato plants (Solanum lycoper-
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sicum L. cv. Rambo) were transplanted in 27 L pots
containing perlite substrate on 20 September 2012. The
pots were placed in north-south rows and there were two
stems on each plant giving a stem density of 2.5 stems/
m?. Pests and diseases were controlled using an inte-
grated control strategy thought the use of beneficial in-
sects and low impact chemicals. In both greenhouses, the
nutrient solution was adjusted to two salinity levels,
5 dS/m (EC5) and 7 dS/m (EC7), by adding 25 mM and
45 mM of NaCl respectively to the irrigation water
(Table 1). The nutrient solution was provided by an au-
tomated fertigation system (CDN; INTA, Aguilas, Spain).
The EC of the nutrient and drainage solutions were mea-
sured manually three times per week, early in the morn-
ing, using a portable EC-meter (CM35 81839, Crison
Instruments, Barcelona, Spain). The mean EC values of
the drainage solutions were ~ 7.5 and ~ 7.2 dS/m for
nutrient solution EC5 and 12.2 and 12.2 dS/m for nutrient
solution EC7 in the reference and enriched crops, respec-
tively. The crop ended 203 days after transplanting (dat).

Crop growth and yield

Shoot biomass was sampled 6 times through the grow-
ing period to determinate fresh and dry weight, on 4
October (14 dat), 18 October (28 dat), 20 November (61
dat), 9 January (111 dat), 26 February (159 dat) and 11
April 2013 (203 dat). A two-factor experimental design
was used, with samples consisting of six plants randomly
selected from homogeneous zones in each greenhouse.
Each plant was separated into three fractions: leaf, stem
and fruit to measure their fresh and dry weights, drying
at 80 °C in a forced ventilation oven until constant weight.
All pruning (axillary stems and old leaves) and harvested
fruits, removed before the sampling date, were included
in the corresponding fraction (total fresh and dry weight).

The leaf area of each plant was measured with a leaf
area meter (LI-3100; LI-COR Biosciences, Lincoln,
NE, USA). The values were multiplied by the crop
density to determine the leaf area index (LAI, m*m?).
The specific leaf area (SLA, leaf area per unit leaf dry
weight, m?/g) was also calculated.

Fruit yield (fresh weight) of 8 plants (6 repetitions of
each treatment) was routinely measured. Ripe fruits in
each plant were harvested during the experimental pe-

riod, twice a week, from 21 November 2012 to 11 April
2013. The harvested fruits were counted, weighed, and
scored for marketable or non-marketable yield. Non-
marketable fruits were those with evidence of blossom
end rot (BER) or with visible external defects. Market-
able fruits were classified by size grades (82-102 mm,
67-82 mm, 57-67 mm, 47-57 mm) according to the
Council Regulations (EC) N° 1221/2008 (OJ, 2008)
about marketing standards of fruits and vegetables.

PAR interception by the canopy and radiation
use efficiency

To measure the photosynthetically active radiation
(PAR) interceptance of the canopy (i), nine measure-
ments were made during the growing season, on 2 Oc-
tober, 23 October, 23 November, 11 December, 27 De-
cember 2012, 23 January, 6 February, 8 March and
11 April 2013. On each occasion, 6 repetitions of each
factor and level were routinely recorded. Measurements
were made near solar noon on clear days, using a linear
quantum sensor (LI-191; LI-COR Biosciences) con-
nected to a portable microprocessor (LI-1000; LI-COR
Biosciences). A sampling protocol was established in
order to get representative values of the PAR inter-
cepted by the crop: the linear sensor was positioned
completely horizontal above the plant and afterwards
below the plant, representing an area half in the path and
half between the rows of plants, perpendicularly to the
crop row (Nederhoff, 1984; Giménez et al., 1995). Two
measurements were made below the plant, at the base
and between adjacent plants, to calculate the average.

The intercepted PAR was calculated as 47% of the
incident daily global radiation (MJ/m? - d) (Challa ef al.,
1995), multiplied by the PAR interceptance. The ra-
diation use efficiency (RUE, g/MJ) was defined as the
ratio of accumulated aerial dry biomass and accumu-
lated intercepted PAR (Monteith, 1977).

Crop water supply, uptake and water use
efficiency

Crop water uptake was calculated as the difference
between the amounts of water supplied and the leached

Table 1. Electrical conductivity (EC; dS/m) and nutrient/ion concentration (mmol/L) of irrigation water and nutrient solution
used to adjust the two salinity treatments to 5 dS/m (EC5) and 7 dS/m (EC7)

EC pH NO; H,PO; SO Cr Na* K* Ca™ Mg
Irrigation water 1.20 7.72 0.02 0.00 1.00 7.00 4.50 0.10 1.80 2.10
Nutrient solution (EC5) 5.25 6.63 8.16 1.39 4.15 32,57  29.57 6.89 4.87 2.30
Nutrient solution (EC7) 7.55 6.58 9.61 1.82 4.86 51.77  47.02 9.13 5.70 2.38
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nutrient solution. The leached solution was monitored
using a collecting tray containing three pots with three
plants (2 stems per plant) and collected in a 20 L drain-
age tank. There were four drainage tanks per treatment
and they were measured three times per week, early in
the morning.

The uptake water use efficiency (WUEy) was defined
as the ratio of aerial biomass to crop water uptake, and
the supply water use efficiency (WUEy) as the ratio of
aerial biomass to water supply. Also, WUE was calcu-
lated in terms of marketable fruit yield.

Fruit selection

To measure the quality parameters, four sampling
dates were established through the growing season:
18 December, 24 January, 4 March and 11 April. The
common stage for commercialization of this tomato
type is the green/breaker stage (mature, full size, firm
and green), but they should be consumed at the turning
or even at the red mature stages (Sanchez Pérez et al.,
2011). To determine the standard quality parameters,
tomatoes were hand-picked and classified into the three
ripening stages according to the OECD-standardized
ripeness classes (OECD, 2002): mature green/breaker,
G (not more than 10% of the surface showing red color,
color index 2-3), turning, T (more than 10% but less
than 30% of the surface showing red color, color index
4-5) and pink/light red, P (red color on almost all the
surface but firm, color index 7-8). One hundred and
eighty tomatoes without defects (three replicates per
treatment, each of five tomatoes) showing uniformity
in external appearance, size and shape, were selected
and harvested. The selection of fruits was based on
colour at harvest using a Minolta spectrophotometer
(Konica Minolta CM-2600d/2500d Ramsey, NJ, USA)
to measure the Hue angle (h°) at three different points
located in the equatorial area. In this study only uni-
formly coloured fruits were selected with h® values
higher than 100 for stage G, between 90-100 for stage
T and between 70-80 for stage P, enabling comparison
between treatments according to preliminary studies
(Sanchez-Gonzalez et al., 2014).

Physical-chemical quality parameters

Tomato fruit firmness was determined on each fruit at
two orthogonal spots on the equatorial plane, using a
Texture analyzer (TA-XT-Plus, Stable Micro System,
Surrey, UK) equipped with two flat plates. The maximum
force (N) required to produce a deformation of 5 mm at
a speed of 30 mm/min was recorded (Artés et al., 1999).
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Then, the three replicates of tomatoes were liquefied
in a commercial Turmix blender (Moulinex, Barcelona,
Spain) and the juice was filtered. The pH, titratable acid-
ity (TA) and soluble solids content (SSC) were mea-
sured. The titratable acidity was expressed as (% citric
acid) after a titration with 0.1 mol/L NaOH (AOAC,
1984). The SSC was measured with an Abbe digital
refractometer (WYA-S, China) and expressed as °Brix.

Sensory evaluation

One hundred and three untrained panellists of differ-
ent age, sex and profession took part to assess the fruits
obtained from the crop subject to two levels of salinity:
5 dS/m (EC5) and 7 dS/m (EC7) and two inside green-
house conditions: CO, enriched (C) and without CO,
enrichment (R). All samples were selected without de-
fects showing uniformity in ripening stage (external
colour). Sanchez Pérez et al. (2011) found that hybrids
of the Raf tomato as ‘Delizia’, seem to achieve the best
organoleptic quality at the turning or even at the red
mature stages. For this reason, to carry out the sensory
evaluation we selected the pink/light red stage.

Individual panellists were presented with four white
plates (one representing each treatment) containing whole
tomato fruits, halved-fruits and sliced-fruits for the sen-
sory analysis. All tests were conducted under the same
environmental conditions and without time limit. Panel
tests were conducted on isolated tables in the same room
to prevent interchange between panel members. Three
number codes were used to name samples in order to
avoid the identification of the applied treatments. Fol-
lowing Artés et al. (1999), panellists were asked to assess
visual quality (size, shape, internal and external appear-
ance, aroma and preference) and organoleptic quality
(firmness by mouth, juiciness, crunchiness, sweetness,
acidity and flavour), using scales (values of acceptance)
with 5 points (5= excellent, 4= good, 3= acceptable-
limit of marketability, 2= poor and 1= inedible).

Experimental design and statistical analysis

To analyze the crop growth, yield, WUE and RUE,
we established a two-factor statistical design: (CO,
concentration: C, enriched greenhouse; R, reference
greenhouse) and EC of the nutrient solution (ECS,
5 dS/m; EC 7, 7 dS/m), each with two levels. To study
the quality parameters a third factor (stage of matu-
rity) was incorporated into the design. The data com-
piled were subject of an analysis of variance
(ANOVA) and the differences between means were
compared by least significant difference (LSD) at
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p=0.05 using Statistix 9 for Windows (Analytical
Software, Tallahassee, USA).

Results
Climatic conditions

Climatic parameters such as radiation, temperature
and vapour pressure deficit (VPD) were similar in the
R and C greenhouses. The average values of incident
PAR over the crop canopy ranged from 4 to 3 MJ/m?*-d
in the period from September to December and from
4 to 6 MJ/m?-d from January to April (Fig. 1). At the
end of the cycle, the total incident PAR in the R green-
house was 781 MJ/m? and in the C greenhouse was
756 MJ/m?. The averages over the growth cycle of
maximum, mean and minimum temperatures and VPD in
the R and C greenhouses, respectively, were: 28.3/28.0 °C,
2.3/2.1 kPa; 17.7/17.8 °C, 0.7/0.6 kPa and 12.3/12.5 °C,
0.2/0.2 kPa. In the C greenhouse, the CO, supply enabled
a concentration close to 800 pmol/mol to be maintained
when the vents were closed and near the outside level
during ventilation periods (380 pmol/mol). In the R green-
house the minimum average values were around
300 umol/mol. The average values of daytime CO, con-
centration (Fig. 1) remained around 550 pmol/mol
throughout the crop cycle in the C greenhouse and around
350 wmol/mol in the R greenhouse. The total amount of
CO, injected over the whole cycle was 4.6 kg CO,/m>.

Biomass production and yield

Carbon dioxide enrichment significantly increased
(+15%) the aerial plant dry biomass at the end of the
crop cycle (203 dat). All plant fractions were signifi-
cantly increased by CO, enrichment from February 26
(159 dat) onwards. At the end of the crop (203 dat) this
increase was +21%, +19% and +16% for leaf, stem and
fruit, respectively. The generative part represented 73%
on the total dry weight of the plant (Table 2). Con-
versely, the high salinity treatment (7 dS/m) had sig-
nificantly reduced dry matter production. The vegeta-
tive fraction was reduced from 61 dat and the
generative fraction from 159 dat onwards (Table 2). At
the end of the crop cycle, there were a reduction in the
aerial plant dry biomass of -15%, with reductions of
-16%, -25% and -15% in the leaf, stem and fruit frac-
tions, respectively. In this study, the CO, supply did
not affect the values of LAI although at 28 dat it was
higher in the greenhouse R than in the greenhouse C
(Table 3). However, salinity reduced significantly
(»<0.001) the values of LAI from 61 dat. At the end of
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Figure 1. Average values of incident photosynthetically active
radiation (PAR) and mean daytime CO, concentration inside the
CO, enriched and reference greenhouses during the crop grow-
ing cycle of cv. Delizia (hybrid Raf).

the crop cycle (203 dat), LAI was reduced (-32%) by
high salinity (7 dS/m). SLA was significantly lower in
plants grown under elevated CO, concentration (-20%)
than in plants grown under low CO, concentration
(Table 3). High salinity also reduced SLA signifi-
cantly at the end of the crop cycle (-16%).

Marketable yield was significantly higher (+13%)
for the enriched crop than for the reference one
(Table 4). At the end of the cycle, salinity decreased
significantly the marketable yield (-31%). CO, enrich-
ment increased significantly fruit number and average
weight of marketable fruits and salinity decreased these
parameters (Table 4). A significant interaction was
observed between the effects of salinity and CO, con-
centration on these yield parameters. CO, enrichment
increased the number of fruits only in the high salinity
treatment while it only increased the average weight
of marketable fruits in the lower salinity treatment. In
relation to the distribution of marketable fruits in the
size grades (82-102 mm, 67-87 mm, 57-67 mm, 47-57
mm), salinity reduced significantly the yields in the
82-102 mm grade (-56%) and the 67-87 mm grade
(-16%) in favour of the 57-67 mm and 47-57 mm
grades (Table 4). In return, CO, enrichment gave sig-
nificant increases in the 82-102 mm grade (+23%) and
67-87 mm grade (+38%) in the high salinity treatment.
There was a significant interaction between salinity
and CO, concentration in the 57-67 mm grade. Also,
the 47-57 mm grade was increased by CO, enrichment
only in the high saline conditions (+56%) resulting in
a significant interaction. On the other hand, salinity
increased significantly the incidence of BER, though
this cultivar was not affected at 5 dS/m nutrient solu-
tion. CO, enrichment did not affect the incidence of
this symptom (Table 4).
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Table 2. Analysis of variance of the effect of salinity (EC: 5 and 7 dS/m) and carbon dioxide (CO,) on dry matter accumulation
in leaf, stem, fruit and total, of cv. Delizia (hybrid Raf) for the two greenhouses (Reference: R, CO, enriched: C)

Days after transplanting

Treatment

14 28 61 111 159 203
Leaf (g/m?) EC5-R 3.1 22.0 58.0 61.5 53.4 78.4
EC5-C 34 19.5 58.4 60.3 71.2 93.2
EC7-R 3.1 22.2 46.0 47.0 42.9 65.0
EC7-C 4.0 19.3 52.3 57.8 57.3 80.0
ANOVA
EC ns ns * * * H
CO, ns ns ns ns w3k w3k
EC x CO, ns ns ns ns ns ns
Stem (g/m?) EC5-R 2.8 22.5 60.7 70.4 82.0 126.5
EC5-C 3.1 20.7 56.3 63.6 101.3 144.7
EC7-R 3.1 21.0 45.7 53.0 65.9 89.4
EC7-C 34 19.1 44.9 58.8 72.0 113.1
ANOVA
EC ns ns kk sk sk sskok
CO, ns ns ns ns * w3k
EC x CO, ns ns ns ns ns ns
Fruit (g/m?) EC5-R 2.3 163.2 218.4 755.8 944.9
EC5-C 2.6 179.7 215.6 880.8 1098.2
EC7-R 1.4 146.8 218.9 686.3 799.1
EC7-C 2.9 163.8 245.8 757.9 931.8
ANOVA
EC ns ns ns Hkk Hkk
CO, ns ns ns Hkk Hkok
EC x CO, ns ns ns ns ns
Total (g/m?) EC5-R 5.7 47.3 283.3 403.6 997.9 1309.0
EC5-C 6.8 43.5 295.7 387.6 1146.1 1488.9
EC7-R 6.0 44.6 2394 368.1 893.8 1101.0
EC7-C 7.4 41.6 262.0 430.1 988.8 1278.5
ANOVA
EC ns ns * ns Hkk Hkk
CO, ns ns ns ns Hkk Hkk
EC x CO, ns ns ns ns ns ns

ns, not significant. * Significant at p < 0.05. ** Significant at p < 0.01. *** Significant at p < 0.001

Intercepted radiation and radiation use
efficiency

The intercepted PAR by the crop was highest under
the lower salinity condition, with values of 358 MJ/m?
with CO, enrichment (EC5-C) and slightly higher 380
MJ/m? in the reference crop (EC5-R). Under higher
salinity (7 dS/m), the intercepted PAR by the enriched
(EC7-C) and reference (EC7-R) crops were similar,
333 and 332 MJ/m?, respectively.

The RUE, expressed as g dry weight per MJ inter-
cepted PAR, was positively affected by CO, supply.
Under the lower salinity conditions, the RUE was
4.2 and 3.5 (g/MJ) and under the high saline conditions,
the RUE was 3.8 and 3.3 (g/MJ) for the enriched and
reference crops, respectively. Increased salinity reduced
the RUE of this cultivar (-6%).
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Crop water supply, uptake and water use
efficiency

The total water supply to the crop was significantly
reduced by CO, supply (-8%) and salinity (-25%)
(Table 5). CO, enrichment did not significantly affect
plant water uptake. However, salinity significantly re-
duced the total crop water uptake (-17%). CO, enrich-
ment enhanced significantly WUEg (+26% and +23%
referred to the aerial dry biomass and marketable fruit
yield, respectively) (Table 5). Also, the WUEy was in-
creased significantly by CO, enrichment, with gains of
(+24% and +20% for aerial dry biomass and marketable
fruit yield, respectively). On the other hand, salinity
increased significantly the WUEg (+12%) for aerial dry
biomass, however the WUE for marketable fruit yield
was reduced (-9%). Also, WUEy was reduced signifi-
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Table 3. Analysis of variance of the effect of salinity (EC: 5 and 7 dS/m) and carbon dioxide (CO,) on leaf area index (LAI) and
specific leaf area (SLA) of cv. Delizia (hybrid Raf) for the two greenhouses (Reference: R, CO, enriched: C)

Days after transplanting

Treatment
14 28 61 111 159 203
LAI (m*m?) EC5-R 0.10 0.60 1.88 1.76 1.66 1.75
EC5-C 0.13 0.48 1.75 1.78 1.65 1.76
EC7-R 0.11 0.55 1.46 1.22 1.10 1.21
EC7-C 0.12 0.49 1.41 1.39 1.17 1.19
ANOVA
EC ns ns skksk skksk skkosk skkosk
CoO, ns Hx ns ns ns ns
EC x CO, ns ns ns ns ns ns
SLA (m?/g) EC5-R 0.032 0.027 0.032 0.029 0.031 0.022
EC5-C 0.038 0.025 0.030 0.030 0.023 0.019
EC7-R 0.035 0.025 0.032 0.026 0.026 0.019
EC7-C 0.030 0.025 0.027 0.024 0.020 0.015
ANOVA
EC ns ns ns ns Hk Hk
(jC)2 ns ns kk ns skksk skksk
EC x CO, ns ns ns ns ns ns

ns, not significant. ** Significant at p < 0.01. *** Significant at p <0.001.

Table 4. Effect of salinity (EC: 5 and 7 dS/m) and carbon dioxide (CO,) on marketable accumulated yield, distribution of
marketable yield fruits per size grade, fruit affected by blossom end rot (BER), marketable fruits number and average weight
of marketable fruits of cv. Delizia (hybrid Raf) for the two greenhouses (Reference: R, CO, enriched: C) measured at 203 dat

Distribution of marketable fruits yield (kg/m?)

per size grade Marketable Marketable  Average weight BER

yield fruits number  of marketable (kg/m?)

Treatments 82-102 67-87 57-67 47-57 (kg/m?) (n°/m?) fruits (g) 4

(mm) (mm) (mm) (mm)

EC5-R 6.86 5.02 1.08 ¢ 0.17 ab 13.1+£0.3 76.4+1.7a 172.1+43b 0

EC5-C 8.53 5.16 0.92d 0.09 ¢ 14.7+£0.8 77.0+3.6a 190.8 £53 a 0

EC7-R 3.09 4.26 146 b 0.16 be 8.9+0.5 609+28¢ 144.1+£55¢ 0.2+0.1

EC7-C 3.72 4.25 201a 0.25a 10.2+£0.3 70.3+29b 1454 +£2.7¢ 04+0.2

ANOVA

EC koK kK skkok k% skskok skkok kkok koK

CO2 Kk ns * ns skokosk skskok koK ns

EC x CO, ns ns Hkok H ns H *k ns

ns, not significant. * Significant at p < 0.05. ** Significant at p < 0.01. *** Significant at p < 0.001

Table 5. Water supply (Ws), water uptake (Wy) and water use efficiency (WUE), referred to aerial dry biomass or marketable
fruit yield, per unit of water supply (WUEs) and water uptake (WUEy) of cv. Delizia (hybrid Raf), for the two greenhouses
(Reference: R, CO, enriched: C) and two salinity treatments (EC: 5 and 7 dS/m)

WUE; (g/L) WUE, (g/L)
Treatment Ws Wy
reatmen (L/m?) Aerial dry Marketable fruit (L/m?) Aerial dry Marketable fruit

biomass yield biomass yield
EC5-R 457 2.9 28.9 234 5.7 57.0
EC5-C 420 3.6 352 216 7.0 69.2
EC7-R 342 3.2 26.2 194 5.8 49,4
EC7-C 320 4.1 32.5 179 7.2 57.9

ANOVA

EC kkk kkk kokok k% ns kkk
(:O2 skkosk skskosk skksk ns skskok kk
EC x CO, ns ns ns ns ns ns

ns, not significant. * Significant at p <0.05. ** Significant at p <0.01. *** Significant at p < 0.001
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cantly by salinity (-15%) for marketable fruit yield, but
it had no effect on that referred to aerial dry biomass.

Physical quality parameters: firmness

Firmness was significantly affected by salinity
(Table 6), where fruits grown with high EC (EC7) were
firmer than fruits grown with low EC (ECS5). The stage
of maturity significantly affected fruit firmness, so that
this quality parameter was highest in green-breaker
fruit (G stage). A significant interaction (p<0.01) was
observed between EC and stage of maturity when the
influence of salinity on fruit firmness decreases during
ripening. The fruits grown with high EC (7 dS/m) and
at G stage showed the highest values of firmness, 37 N
on average for both greenhouses, then decreased during
ripening, and was lowest (24 N) in pink-light red fruit
(P stage). On the other hand, CO, enrichment did not
affect fruit firmness (Table 6).

Chemical quality parameters: SSC, TA and pH

The SSC, TA and pH values were significantly af-
fected by the salinity but only the first showed a sig-

nificant response to CO, (Table 6). Fruits grown with
high EC (EC7) had higher SSC and TA than fruits
grown with low EC (ECS5). The opposite effect of EC
was found for pH. The stage of maturity significantly
affected SSC, TA and pH. The highest values of acid-
ity (0.53% as averaged from both greenhouses) were
found in fruits grown with high EC (7 dS/m) at stage G.
The ripening process slightly reduced TA, especially
under conditions of high salinity. On the other hand,
the pH of tomato fruit juice followed a mirror-like
curve with respect to TA, with a minimum value of 4.3
(averaged from both greenhouses) at the green-break-
er stage (G) under high saline conditions (7 dS/m). The
SSC was slightly increased with CO, supply (+4%).
However, the SSC was largely improved by salinity,
especially in the stages of maturity T (+26%) and P
(+27%).

Sensory evaluation

Sensory evaluation revealed substantial differ-
ences between treatments (Figs. 2A and 2B). Most of
the panellist (96%) had previously consumed Raf
tomato and 41% had consumed it frequently (Table 7).
The panellists found no differences between treat-

Table 6. Analysis of variance of the effect of salinity (EC: 5 and 7 dS/m), carbon dioxide (CO,) and the stage of maturity (G:
green mature/breaker; T: turning; P: light red) on firmness, soluble solids content (SSC), titratable acidity (TA) and pH of cv.
Delizia (hybrid Raf) at harvest for the two greenhouses (Reference: R, CO, enriched: C)

Firmness

SSC TA

Greenhouse EC Stage of maturity N) (°Brix) (% Citric acid) pH

C ECS5 G 326+7.0 43+0.1 0.41£0.01 4.44+0.03

T 27.2+4.7 45+0.1 0.42£0.01 4.42+0.02

P 22.6+4.1 46+0.2 0.39+0.01 443 +£0.02

EC7 G 382+9.2 53+£0.2 0.53+0.02 4.33+0.02

T 31.1+£5.7 57402 0.49 +0.02 4.34+0.03

P 24.1+4.4 5.8+£0.2 0.47+0.02 4.38+0.03

R EC5 G 329+6.6 42+0.1 0.42+0.02 4.43+0.03

T 283+52 44+0.1 0.42 £0.03 4.40+0.02

P 21.8+4.4 43+0.3 0.39+0.02 4.44+0.02

EC7 G 364+7.9 5.1+£03 0.52+0.03 430+0.03

T 299+7.1 55+0.2 0.51+£0.01 4.35+0.02

P 23.8+4.7 55+03 0.49 £0.03 438 £0.02

ANOVA

EC skskok skekk skskosk seskosk
CO, ns wokok ns ns
Stage of maturity oAk oAk ook otk
EC x CO, ns ns ns ns
EC x Stage of maturity ok * * oAk
CO, x Stage of maturity ns ns ns ns
EC x CO, x Stage of maturity ns ns ns ns

Values are the mean =+ standard deviation of three replicates of five fruits. Firmness was analyzed in each sample presented in the rep-

licate. ns, not significant. * Significant at p < 0.05. ** Significant at p < 0.01. *** Significant at p < 0.001.
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Size (ns)

a) Firmness (*** EC) b)
5

Juiciness
(*** EC)

Preference
(** EC) Preference

b Shape (* EC)

Flavour -
(*** EC)

Crunchiness
(*** EC)
External appearance

Aroma (ns) (*** EC)

Acidity (** EC) Sweetness (*** EC) Internal appearance (ns)

--+--EC5-R --+--EC5-C ——EC7-R ——EC7-C

Figure 2. Quantitative analysis of the effect of salinity (EC: 5 and 7 dS/m) and carbon dioxide levels (Reference: R,
CO, enriched: C) on (A) organoleptic quality parameters and (B) visual quality parameters of cv. Delizia (hybrid
Raf). Values represent mean of assessments made by 103 panellists per treatment. Only significant effects of

analysis of variance are shown. ns, not significant, *Significant at p < 0.05, ***Significant at p <0.001.

ments for aroma, internal appearance and size. The
following sensory attributes: visual quality (shape,
external appearance) and organoleptic quality (firm-
ness by mouth, juiciness, crunchiness, sweetness,
acidity and flavour) showed differences between to-
matoes from different EC treatments. According to
the chemical quality results tomatoes produced under
the highest EC (7 dS/m) had significantly more sweet-
ness and acidity and therefore more “tomato taste”,
more flavour and firmness-by-mouth, more juiciness
and crunchiness and better external appearance than
fruit grown under low EC treatment (5 dS/m). In rela-
tion to CO, enrichment, although the panellists had
higher preference for the organoleptic quality of CO,

Table 7. Composition of tasting panel based on sex, age, pro-
fession and consumption preferences of Raf tomato (n=103)

Sex (%) Men 48
Women 52

Age (%) 20-30 10
30-40 24

40-50 42

50-60 22

>60 2

Profession (%) Farmer 10
Student 1

Consumer 18

Researcher 30

Agricultural technician 30

Others 11

Do you consume Yes 96
Raf tomato? (%) No 4
How often do you consume Sporadic 49
Raf tomato? (%) Frequent 41
Habitual 10

Spanish Journal of Agricultural Research

enriched and saline crop (EC7-C) fruit, the differ-
ences between EC7-C and EC7-R fruit were not sig-
nificant.

Discussion

Effect of salinity and CO, enrichment
on growth and yield

In the present study, the adverse effects of salinity
were apparent even at an early developmental stage (61
dat). The plants responded to increasing salinity by a
gradual decline of vegetative growth and leaf area
(Tables 2 and 3). This is in agreement with the observa-
tions of Magan (2005) for a tomato crop in the SE re-
gion of Spain for an autumn-winter cycle, who ob-
served a 5% decrease of aerial dry matter content for
each dS/m that the EC exceeded 4. The increased EC
resulted in a 32% decrease in LAI at the end of the crop
cycle (Table 3). Li & Stanghellini (2001) obtained a
lower decrease in LAI (about 20%) at the highest EC
(9 dS/m) and Magan (2005) had a 6.5% decrease of
LAI for each dS/m that EC exceeded 4. With respect
to SLA, this parameter was reduced 16% by salinity
indicating thicker leaves in the high saline treatment.
A similar trend was observed by Magan (2005) with a
1.4% decrease of SLA for each dS/m that EC exceeded
4. The differences found in our study could be ex-
plained for a high saline concentration accumulated in
the root medium (12 dS/m), in this experiment. Increas-
ing the salinity of the nutrient solution significantly
decreased the fresh marketable yield of tomatoes by
about -31%, mainly reducing fruit size, number and
average weight (Table 4). Saranga et al. (1991) found
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a threshold between 2.0 and 2.5 dS/m and a reduction
in yield of 9 to 10% with an increase of 1 dS/m beyond
the threshold.

In the crop grown under high saline conditions, the
generative part represented 73% of the total dry weight
of the plant. Such findings agree with De Koning
(1993) in tomato, although other authors as Cuartero
& Fernandez (1999) found a normal distribution of dry
matter for fruits, shoots and roots in a tomato crop
of 52, 44 and 4%, respectively. In this study, the ad-
ditional biomass partitioned to fruits with elevated CO,
concentration was about 16% (Table 2). Similar results
were reported by Sanchez-Guerrero et al. (2005) for
cucumber (19%) and by Alonso et al. (2012) for sweet
pepper (20%). These authors found no significant effect
on vegetative dry weight while in this study, leaf and
stem dry weights were significantly increased by +21%
with CO, enrichment. However, the LAI was about
equal in the R and C greenhouses and the SLA was
reduced. A reduced SLA can be regarded as character-
istic of morphological adaptation of a canopy to as-
similate abundance, which can be a consequence of
high CO,. These results were observed by Nederhoff
(1994) who reported that a too low sink/source ratio in
tomato severely reduces SLA. Thus, a method to
minimize the harmful effects of the increased source
could be to increase the shoot density.

On the other hand, the increase of marketable yield
by CO, enrichment (+13%) is within the range of val-
ues obtained by Sanchez-Guerrero et al. (2005) for a
cucumber crop and Alonso et al. (2012) for a sweet
pepper crop, in Mediterranean greenhouses. Ozgelik &
Akilli (1999) found that CO, enrichment increased the
yield of a tomato crop (+37%), for a long growing
cycle. Lorenzo et al. (2013) also found an increase of
marketable yield (+19%) in tomato by CO, enrichment
in high salinity conditions (7 dS/m), where increases
in the number and mean weight of fruits were found.
These results meant an attenuation of the adverse effect
of salinity on marketable yield under high CO, condi-
tions.

The incidence of BER was not very high despite a
high salinity in the root medium (12 dS/m), so it seems
that this is a less BER sensitive cultivar (Table 4).

Effect of salinity and CO, enrichment
on intercepted radiation and its efficiency

In the present study, small differences in the quan-
tity of intercepted PAR throughout the growth season
were detected between the C and R greenhouses. The
PAR intercepted by the reference crop was +3% high-
er than the enriched crop. This result could be due to
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slightly differences in the incident PAR found between
greenhouses. At the end of the cycle crop, large differ-
ences were found on LAI between high and low saline
treatments, whose average between greenhouses was
1.20 and 1.75, respectively. As a consequence, salinity
reduced the intercepted PAR by the canopy about 10%.
Heuvelink (1996) validated a model of light intercep-
tion for tomato, I=1-exp“®7 40 which predicts that a
reduction in LAI of 3 to 2 would cause at most a de-
crease in light interception of about -15%. The large
effect that salinity had on the LAI, the PAR intercept-
ed by the canopy and the RUE, could explain the de-
crease in the vegetative and generative dry weights.

The RUE was about +18% higher as a result of
CO, supply. Thus, the increased productivity with
high CO,concentration must have been caused by
an increased rate of assimilation, a result which is
indicated by the elevated RUE. Such findings agree
with De Koning (1993) in tomato, who observed
RUE data of 3 to 5 g/MJ with intercepted PAR rang-
ing from about 1 to 8 MJ/d at high CO..

Effect of salinity and CO, enrichment
on water use and its efficiency

This study shows that WUE, calculated on the basis
of crop water supply and uptake for the Raf tomato crop,
was enhanced by CO, supply independently of saline
conditions (Table 5), mainly through increased growth
and yield (Tables 2 and 4). No effect of CO, supply was
observed on crop water uptake (Wy), which was similar
in both enriched and reference crops and mainly depen-
dent on the amount of intercepted radiation (Table 5).
Sanchez-Guerrero ef al. (2009) found no effect of CO,
supply on water uptake for a cucumber crop.

The increase in biomass resulting from CO, supply
jointed to a decrease in irrigation requirements (Wy)
compared to the reference treatment, resulted in larger
WUE for the high CO, concentration treatment. High
CO, may improve the WUE by increased photosynthe-
sis and reduced transpiration (Nederhoff, 1994), which
is favorable if good water is scarce. The high salinity
reduced the water supply (Ws) and uptake (Wy), and
mainly affected the WUE for marketable fruit yield.
Maggio et al. (2002) observed for a tomato crop that
water use did not proportionally decrease with increas-
ing root zone salinity and that the total water use was
restricted more by the effects of reduced canopy growth
than by the effects of nutrient solution osmotic poten-
tial on water uptake. Summarizing, these aspects, the
reduced water supply and increased productivity, indi-
cate that when grown in high saline conditions, CO,
supply leads to a more efficient tomato production.
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Effect of salinity and CO, enrichment on
physical-chemical quality and sensory

Physical-chemical composition and sensory (or-
ganoleptic and visual quality) differences were ob-
served in the tomatoes under the different EC treat-
ments (Table 6). The measurements relating to the
physical-chemical composition revealed that salinity
increased fruit firmness, SSC and TA at the different
stages of maturity. Such findings are consistent with
Del Amor ef al. (2001) who observed that tomato fruit
firmness increased when the EC of the irrigation water
was increased; Petersen et al. (1998), Cuartero &
Fernandez (1999), Krauss et al. (2006) and Esco-
bar ef al. (2012) also showed that high EC treatments
increased the concentration of sugars, organic acids
and percentage of dry matter in tomato fruits. Zushi &
Matsuzoe (2011) reported that SSC and TA in tomato,
were closely related to the sweetness and acidity of the
fruits, respectively. An increase in the concentration of
both, led to better tasting tomatoes (Petersen et al.,
1998) meaning that fruits grown under high EC were
preferred by consumers (Fabre et al., 2011). A useful
indicator of tomato taste is the SSC:TA ratio (maturity
index) where minimum values of SSC and TA of 5 and
0.4%, respectively (SSC:TA of 12.5) are considered
necessary to produce a good-tasting table tomato
(Kader et al., 1978). In this study, the fruit produced
in the high saline condition was characterized by and
SSC of more than 5 and a TA of more than 0.4% giving
a SSC:TA ratio >12, which indicates tomatoes of high
quality.

On the other hand, fruits grown with high EC
showed lower pH values than from the low EC treat-
ment (ECS5). This was also observed by Magan et al.
(2008) in a tomato crop grown in Mediterranean green-
houses.

Fruits of cv. Delizia showed a progressive increase
of SSC and decrease of TA from the mature-green to
the red ripe stages. Sanchez Pérez et al. (2011) showed
a similar trend for Raf tomatoes at different stages of
maturity. The combination of reducing sugars and or-
ganic acids content found for Raf fruits explains the
unique and exceptional taste of this variety. All fruits
tested had firmness values signally higher than 8 N.
Artés et al. (1999) considered 8-10 N as the market-
ability and consumption limit for tomatoes for fresh
market.

With respect to the effects of CO, enrichment on the
physical-chemical quality parameters, it had no effect
on fruit firmness, TA or pH (Table 6). In contrast, the
SSC was significantly higher in the CO, enriched
greenhouse and this quality parameter increased from
the mature-green to the red ripe stages. Islam et al.
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(1996) obtained similar findings. This was possibly due
to increased photosynthesis in the CO, enriched plants,
resulting in a greater translocation of photosynthate
into the fruit and increased sugar concentration. Thus,
CO; could maintain the positive effect on SSC in the
enriched greenhouse.

The increase in EC led to a general change of inten-
sity of sensory characteristics of tomato fruits (Figs. 2A
and 2B) and to an increase in sugar and acid contents
(Table 7). In this study, high EC tomatoes had higher
firmness (flesh firmness), juiciness, crunchiness (peel
firmness), sweetness, acidity, flavour and better exter-
nal appearance than the tomatoes produced with the
lower EC. Such findings concur with Auerswald et al.
(1999) who reported that mouthfeel (fruit flesh firm-
ness, fruit flesh juicy and peel firmness) and flavour
of tomatoes increased with elevated EC values. On the
other hand, Petersen et al. (1998) observed that the
greater Na* content of fruits could enhance taste and
the perception of sweetness, thus improving flavour
balance and overall aroma balance. Previous studies
on mineral composition of this hybrid Raf cultivar,
showed that fruits grown under high EC (7 dS/m) had
higher Na* content values (Sanchez-Gonzalez et al.,
2014). Panel trials revealed an overwhelming prefer-
ence for fruits grown under high EC during choice
tests, based on both organoleptic and sensory evalua-
tions.

In conclusion, the results show that growing hybrid
Raf tomatoes under high salinity conditions (7 dS/m)
has clear benefits on fruit quality, by increasing fla-
vour and improving firmness. However, there is also
a decrease in marketable yield and less vegetative
growth resulting in lower radiation use and water use
efficiencies. The negative result was countered by
enriching the greenhouse with CO, which increased
the radiation use efficiency giving a significant in-
crease in yield and also reduced the crop water re-
quirement and increased the water use efficiency. This
finding has important implications as water is a scarce
and limited resource in the Mediterranean area. There-
fore, adequate climate management, through green-
house CO, enrichment based on a strategy linked to
ventilation, could have an important and positive
influence in mitigating the negative effect of salinity
on productivity of this high value cultivar without
compromising fruit quality.
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