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The objective of this research was to study the effects of nutrient solution aeration (no aeration [NA], low aeration
[LA] or high aeration [HA]) and growing cycle (autumn, winter and summer) on the yield, quality, and shelf life of
red lettuce as a fresh-cut product grown in a floating system. The specific leaf area, yield and root diameter were
affected by the growing cycle. The percentage of dry matter and the nitrate content were affected by growing cycle
and aeration, total phenolics and mesophilic microorganism by aeration and storage time, hue angle and chromacity
by growing cycle and storage time, and antioxidant capacity, vitamin C, lightness and psychrophilic microorganisms
were affected by all three factors. NA conditions increased the antioxidant capacity in summer and vitamin C
content in winter. The lowest mesophilic and psychrophilic count was observed in autumn. The effect of aeration
on most of the quality parameters measured was influenced by the growing cycle.
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Introduction

Lettuce is an important dietary leaf vegetable that is primarily consumed fresh or in salad mixes. Among different
production modalities, the “baby leaf” form, presented as whole leaves, 8-12 cm in length, with only one very
small section, the petiole, exposed to oxidation, has grown in popularity as minimally processed vegetable
products (Rodriguez-Hidalgo et al. 2010). Besides, in comparison with whole-head lettuce, the baby leaf form
shows greater efficiency, with a higher percentage of usable product and easier and faster processing; packed,
it has a more attractive presentation and suffers minimal oxidation (Martinez-Sanchez et al. 2012). Among the
varieties of lettuce, red lettuce has several attractive traits for the consumer, particularly colour and the high
contents of phytochemicals with healthy effects (Garcia-Macias et al. 2007). Besides, the red lettuce cultivars
generally contain more phenolic compounds and have stronger antioxidant activities than the other lettuce cul-
tivars in the same growing conditions (Liu et al. 2007).

The floating system is an easy and profitable growing technique for the cultivation of baby-leaf vegetable crops.
Furthermore, the initial microbial load in leaves in this system at harvesting is lower than in conventionally grown
crops (Rodriguez-Hidalgo et al. 2010). Although the floating system is easy to use, it is limited by the concentra-
tion of oxygen in the nutrient solution (Carrasco et al. 2011), and plants may suffer hypoxia because the roots
gradually consume the oxygen dissolved therein. Furthermore, this effect is more pronounced in the summer when
temperatures rise (Morard and Silvestre 1996). A lack of oxygen reduces water and mineral uptake by the plant,
which may limit growth and, consequently, crop yield (Tesi et al. 2003). However, there are significant differences
in sensitivity to oxygen deficiency in the rooting medium among plant species, and even among cultivars (Veen
1988). Furthermore, the quality of the final product can be affected by metabolic adaptations to oxygen deficiency.
It is known that a reduced concentration of oxygen in the nutrient solution of a floating system reduces the
nitrate content of rocket (Ferrante et al. 2003), purslane (Lara et al. 2011), lettuce (Tesi et al. 2003) and watercress
(Nifiirola et al. 2014). A decrease in the nitrate content is important because the maintenance of nitrate concen-
trations within the foliage at levels below EU maxima is an indicator of the nutritional quality (Konstantopou-
lou et al. 2010). On the other hand, non-aeration in the nutrient solution increases the antioxidant capacity and
total phenolics in purslane, especially in summer, when high temperatures strongly reduce the amount of dissolved
oxygen (Lara et al. 2011). Product colour, another very important parameter that influences consumer choice, is
affected by the lack of aeration (Tesi et al. 2003, Lara et al. 2011).
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The final quality of the product is also affected by the different environmental factors that occur in different
growing seasons. Conte et al. (2008) demonstrated that the lower nitrate content in spinach harvested in March
can be explained by the higher temperature regime and sunlight availability during the growing period compared
with plants harvested in February. Likewise, Fernandez et al. (2012) demonstrated the nitrate content of lettuce
leaves was lower in spring cycles than in autumn because of the greater radiation during the cycle as a consequence
of the greater nitrate reductase activity associated with greater light intensity (Gaudreau et al. 1995). Also, the
production of functional phytochemicals in plants is influenced by environmental factors that may induce stress
in plants, since they respond to these stresses by inducing antioxidants as a defence mechanism (Oh et al. 2009).
Finally, the colour is also affected by environmental conditions. Conte et al. (2008) suggested that the colour of
spinach leaves was influenced by the environmental conditions of the growing period, while Lara et al. (2011)
found that purslane leaves had a more intense green colour in summer than in autumn and winter.

In recent years, the fresh-cut industry has tried to prolong shelf-life through postharvest treatments; however
maximum postharvest quality can be achieved only by understanding and managing the various roles that prehar-
vest factors play in postharvest quality (Mattheis and Fellman 1999). However, far too little attention has been paid
to the effect that cultivation techniques can have on the final stored product. In the present study we evaluate the
influence of different levels of nutrient solution aeration during three growing cycles in a floating system on the
quality, microbiological load and characteristics of fresh-cut red lettuce “Diveria” at harvesting and after storage.

Material and methods
Plant material and growing conditions

The experiment was conducted at the "Tomas Ferro" Experimental Agro-Food Station, Universidad Politécnica de
Cartagena (UPCT) (37°41’ N; 0’ 57°W). A cultivar of red baby leaf lettuce (Lactuca sativa L.), var. ‘Diveria’ from Rijz
Zwaan Seeds Company was cultivated in a floating system in an unheated greenhouse covered with thermal poly-
ethylene. Three growing cycles were carried out, with manual sowings on 15 October 2010 (autumn), 4 February
2011 (winter) and 24 June 2011 (summer) in ‘stryrofloat’ trays containing peat. These trays have pyramidal-trunk
172-mm long fissures 20 mm apart and grouped in three for a total of 42 fissures per tray. After seedling emer-
gence, the trays were transferred to flotation beds and maintained floating on fresh tap water with an electrical
conductivity (EC) of 1.1 dS m™* and pH 7.8. Aeration at three levels was provided by a blow pump connected to a
pipe trellis positioned at the bottom of each flotation bed. The pipes were perforated with holes at 0, 6 or 36 holes
m to provide the different levels of aeration to be tested: no aeration (NA), low aeration (LA) and high aeration
(HA), respectively. Each level of treatment was carried out in 135 x 125 x 20 cm beds located at three places in-
side a greenhouse for all the experiments. Each bed had four floating trays of 60 x 41 cm.

A week after sowing, the lettuce plants were thinned, leaving 10 plants per hole (1,700 plants m?). At the same
time, the tap water in the beds was replaced with a nutrient solution (Egea-Gilabert et al. 2009). The plants were
harvested by hand 27, 26 and 18 days after sowing in autumn, winter and summer, respectively, when the plants
had 3-4 leaves. The samples of each treatment were divided in two sets, one for harvest analysis and the other
one for postharvest analysis.

The meteorological conditions during the experiment were 7.9 °C, 37.6 °C, 18.8 °C minimum, maximum and aver-
age air temperature, respectively, for autumn; 8.5 °C, 37.5 °C and 19.7 °C for winter, and 19.5 °C, 41.8 °Cand 27.9
°C for summer. The average daily light integral (DLI) was 11.20 mol m?2s*for autumn, 13.53 mol m?2s™for winter
and 18.21 mol m?2s?*for summer. The oxygen concentration was monitored using Campbell CS512 sensors located
in each flotation bed. The EC and temperature of the nutrient solution were monitored during the growing cycles
using Campbell CS547 sensors (Campbell Scientific Inc., Logan, UT, USA).

Analysis at harvesting time

The specific leaf area (SLA), determined by the relationship between total leaf area and total leaf dry weight,
percentage of dry matter, yield and root growth were measured in 20 plants from two fissures randomly chosen
from each tray at harvesting time. The total leaf area was measured with a leaf area meter (LICOR 3100 C, Bio-
sciences Inc., Lincoln, USA). The leaf dry matter content was determined by drying in an oven at 60 °C until con-
stant weight. The colour parameters in leaves were determined using a tristimulus colorimeter (L* a* b* colour
space) (Minolta CR-10; Konica- Minolta Sensing Inc., Osaka, Japan), calculating the Hue angle = arctan (b*/a*) and
chromaticity (C*) = [(a*)*+(b*)?]*/2. Root lengths and diameters were determined using a Winrhizo LA 1600 root
counter (Regent Inc., Quebec, Canada).
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Also, the biochemical parameters detailed below were analyzed. The nitrate content was extracted in tripli-
cate: 0.2 g of shoot dry samples per treatment were extracted using 50 ml distilled water in an orbital shaker
(Stuart SSL1, Stone, UK) for 45 min at 110 rpm at 50 °C and quantified by ion chromatography using a
Metrosep A SUPP 5 column (Metrohm AG, Zofingen, Switzerland) at a flow rate of 0.7 ml min?, following the
manufacturer’s instructions (Lara et al. 2011). For phytochemical extraction three 20 g shoot fresh weight (FW)
samples per treatment and per cycle were frozen in liquid N,and stored at —80 °C. Briefly, 0.5 g of each sample was
homogenised in 3.0 ml 100% (v/v) methanol and centrifuged at 1,200 x g for 15 min at 4 °C (Heraeus Fresco 21; Thermo
Scientific, Osterode, Germany). The total phenolic content was determined by the Folin-Ciocalteu colorimetric
method (Tarazona-Diaz et al. 2011). A 0.1 ml aliquot of the extract supernatant was mixed with 0.15 ml of Folin-
Ciocalteu reagent and 1.0 ml 4 g I"* NaOH/20 g I* Na,CO,. The absorption of the solution was measured at 750
nm in a spectrophotometer (SmartSpecTM Plus; Bio-Rad Laboratories, Inc., Hercules, CA, USA). Each measure-
ment was compared with a standard curve of chlorogenic acid and expressed as mg chlorogenic acid equivalent
(CAE) kg™ FW. The antioxidant capacity was evaluated in terms of their free radical-scavenging capacity (Brand-
Williams et al. 1995). A fresh solution of 0.7 mM 1,1-diphenyl-2-picryl-hydrazyl (DPPH) radical in 100% (v/v)
methanol was prepared each day. A 0.1 ml aliquot of the extract supernatant was added to 0.9 ml of DPPH stock
solution. The absorption of each sample was measured at 515 nmin a spectrophotometer against a blank of 100% (v/v)
methanol. Measurements were compared with a standard curve of ascorbic acid concentrations and expressed
as mg ascorbic acid equivalent anti-oxidant capacity (AAE) kg! FW. The total vitamin C, extracted from three
samples of 0.5 g of fresh chopped leaves per treatment with 2ml of 5% metaphosphoric acid, was determinate
by HPLC. The chromatographic system consisted of a Waters 2695 (Waters Corp.) separation module, a column
Teknokroma C-18 (Teknokroma S.L.) and detection was carried out at 260 nm by a UV-Vis detector 2687 (Waters
Corp.) (Conesa et al. 2009).

Microbial growth, for both mesophilic and psychrophilic aerobic microorganisms, was assessed following
Nifiirola et al. (2014). Briefly, samples (10 g fresh weight) from each treatment were blended with 90 ml of
sterile tryptone phosphate water (Scharlab, Barcelona, Spain) at pH 7.0 for 1 min in a sterile bag by using a
stomacher. Serial dilutions were prepared in 9 ml tryptone phosphate water. From each dilution, 1-ml aliquots were
aseptically pipetted for microbial population counting. Plate count agar (Scharlab) (pH 7.0) for both mesophilic
aerobic microorganisms, incubated at 26 °C for 3 days, and psychrophilic microorganisms, incubated at 4 °C for 10
days, were used. Duplicates were made for each dilution. Microbial counts were reported as log,  colony-forming
units (CFU) per gram of FW.

Post-harvest product management and analysis

Harvested plants were placed in plastic bags and immediately transported 6 km in a portable ice box to the
Instituto de Biotecnologia Vegetal of the UPCT where they were stored for 4 h at 5 °C. Then, in a disinfected cold
room at 10 °C, all leaves free from defects were disinfected by washing for 2 min with a solution containing 100
ppm NaOCl and 0.2 g I citric acid (pH 6.5) at 5 °C. The leaves were rinsed for 2 min under tap water in order to
remove residues of NaOCI. Excess surface water was removed in a handheld salad spinner for 30 s. Then, 20 g of
leaves were placed in polypropylene (PP) baskets of 1 | capacity and thermosealed with a 34 um thick film of pol-
yethylene terephthalate (PET) + oriented polypropylene (OPP) and stored at 5 °C for 7 days.

Changes in O, and CO, partial pressures within the baskets were monitored daily throughout storage, by with-
drawing a 0.5 ml sample of the headspace from the baskets with a gas-tight syringe and determining O, and CO,
levels by gas chromatography (Tomas-Callejas et al. 2011).

After 7 days of storage at 5 °C, the colour (L*, Hue angle and C*), nitrate and total phenol contents, antioxidant
capacity and microbial growth were determined as described above.

Experimental design and statistical analysis

A randomized complete block design with three replicates per level of aeration was used in the greenhouse in all
the growing seasons. Data were analysed using Statgraphics Plus. Analysis of variance (three-way ANOVA) was
performed in which levels of aeration (NA, LA and HA), growing season (autumn, winter and summer) and storage
time (0 and 7 days) were included. When the variables were measured at harvesting time, only two factors (aera-
tion and growing season) were included. When interactions were significant, they were included in the ANOVA, and
a least significant difference test was performed to compare level of aeration, growing season and storage time.
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Results
Monitoring of dissolved oxygen and temperature of the nutrient solution

The aeration level did not affect the temperature of the nutrient solution in any of the three growing seasons
(Fig.1). The growing cycle and the different levels of aeration were two decisive factors for the amount of dis-
solved oxygen (DO) in the nutrient solution. During the autumn cycle, the mean values of DO were 8.1, 6.2 and
5.2 mg It for HA, LA and NA, respectively. In winter cycle, due to rare high temperatures in the middle of the cy-
cle, the mean values of DO were slightly lower than in the autumn cycle with values of 7.7, 6.7 and 3.9 mg I'* for
HA, LA and NA, respectively. In the summer cycle, the increased temperature caused a decrease in DO in all the
aeration treatments in the nutrient solution. The mean values of DO were 6.9, 5.4 and 3.3 mg I*for HA, LA and
NA, respectively (Fig. 1).
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Fig. 1. Evolution of dissolved oxygen (DO) and temperature (T2) of the nutrient solution under different
levels of aeration (no aeration -NA-, low aeration-LA-, high aeration -HA-) in three different growing cycles
(autumn -A-, winter -B-, summer -C-). Each datum point for each day after sowing (Das) is the average of
24 hourly measurements (n = 3)

Growth parameters and yield at harvesting time

All the growth parameters measured were significantly affected by growing season and some of them by aera-
tion too (Table 1). Statistical analysis pointed to a significant interaction between both factors in the percentage
of dry matter, whereas no significant interaction was observed for the rest of the measured parameters (Table 1).
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Table 1. Influence of aeration of the nutrient solution (no aeration -NA-, low aeration -LA-, high aeration -HA-) at harvest on the
vegetative plant growth parameters (specific leaf area (SLA), % dry matter, yield, total root length, root diameter and length
of 0 to 1.5 mm diameter roots) of baby leaf red lettuce cultivated in floating system in autumn, winter and summer cycles

Season (A) Aeration (B) Interaction
Autumn Winter Summer NA LA HA AxB
Dry matter (%) 4.32° 3.532 3.75° 3.58° 3.95®  4.08° *
SLA (m2kg?) 81.73° 42.86°  79.96 68.56 7171 64.29 ns
Yield (kg m2) 2.29¢ 1.96° 1.09® 1.67 1.80 1.87 ns
Total root length (m) 0.59° 0.58° 0.41° 0.47° 0.51®*  0.60° ns
Root diameter (mm) 0.61° 0.92¢ 0.142 0.62 0.55 0.50 ns
Length of 0-1.5 mm 0.56° 053 039 0.44° 047% 056" ns

diameter roots (m)
Values in each row which do not have any letter in common are significantly different as described by LSD test (p < 0.05). Asterisk
indicates significances at * p < 0.05; ** p < 0.01;*** p < 0.001; ns: non-significant; n=20

Analysis of the interaction between the growing cycle and aeration revealed that neither the cycle nor the aera-
tion level significantly affected the percentage of dry matter (Fig. 2A).
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Fig. 2. Effect on % of dry matter (A) and nitrate content (B) of the aeration level of the nutrient solution
(no aeration -NA-, low aeration -LA-, high aeration -HA-) in red lettuce cultivated in floating system, in
autumn, winter or summer, and the effect on total phenolics (C) and mesophilic microorganism (D) at
harvest or after 7 d storage at 5 °C. Vertical lines are the least significant difference (LSD) intervals at p <
0.05. Different letters indicate significant differences (p < 0.05). A (n=20), B, Cand D (n=3)

The SLA was significantly lower in the winter cycle compared to autumn and summer. The yield was only signifi-
cantly affected by the growing cycle, the highest value being obtained in autumn. Total root system was thinner
and shorter in summer cycle because of the lower length of 0 to 1.5 mm diameter roots. The lack of aeration pro-
duced shorter total root length but did not affect root diameter (Table 1).
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Quality characteristics of fresh cut lettuce

The ANOVA showed a significant interaction between the growing cycle and aeration for the nitrate content, be-
tween aeration and storage time for total phenolics and mesophilic microorganisms, between growing cycle and
storage time for Hue angle and C*, and among all three factors for antioxidant capacity, vitamin C, L* and psy-
chrophilic microorganisms (Table 2).

Table 2. Influence of growing cycle (autumn, winter and summer) and aeration of the nutrient solution (no aeration -NA-, low
aeration -LA-, high aeration -HA-) on nitrate content, total phenolics, antioxidant capacity, vitamin C, leaf color parameters (lightness
-L*-, Hue angle and chromaticity -C*) and microbial growth (mesophilic and psychrophilic microorganisms) of baby leaf red lettuce
cultivated in floating system, at harvesting time and after 7 days of storage at 5 °C

Nitrates Total. Antioxic.lant Vitamin Mesophilic Psychrophilic
(mg kg? (rggecrjﬁ\oE“E;l (C;Za'g:\é C(mg L* a::(lee c* microorganisms microorganisms
FW) FW) ke FW) kg'FW) (log CFU g?) (log CFU g?)
Season (A)
Autumn 781.90° 243.65° 158.38° 33.67* 29.90° 54.48° 16.93° 3.16° 3.01°
Winter 1271.32¢ 228.80° 166.85° 151.16> 31.82° 65.92* 13.046° 4.01° 5.84¢
Summer 1075.15° 196.70° 367.51° 26.42* 35.07° 122.73° 17.24° 4.18° 4.02°
Aeration (B)
NA 1102.77 253.64° 219.64° 76.11 31.30° 73.95 14.56° 3.81 3.91°
LA 1006.24 204.40° 224.61° 64.39 32.87° 83.36 15.99° 3.61 4.03°
HA 1019.36 211.10° 248.49° 70.74 32.60° 85.81 16.66° 3.93 4.92°
Storage (C)
0 days 1587.83° 287.17° 370.70° 93.83* 32.61 70.01* 15.17° 3.15° 3.21°
7 days 497.75° 158.92° 91.13° 47.00° 3190 92.08° 16.30° 4.41° 5.36°
Interaction
AxB * ns ok ok ns ns ns ns **
AxC % %k k ns % %k k % %k %k %k % %k k * ns * % %
BxC ns * * ns ns ns ns * *x
AxBXC ns ns Ak * * ns ns ns *

Values in each column which do not have any letter in common are significantly different as described by LSD test (p < 0.05).
Asterisk indicates significances at * p < 0.05; ** p < 0.01; *** p < 0.001; ns: non-significant, (n = 3 for all the measurements except for
L*, Hue angle and C* when n = 20)

The nitrate content was significantly reduced in the autumn cycle compared to the winter cycle in both LA and HA
conditions. The lack of oxygen did not affect the nitrate content in any cycle (Fig. 2B).

The total phenolics content was significantly higher in NA at harvest than in LA at postharvest (Fig. 2C). The an-
tioxidant capacity was significantly higher in summer than in autumn and winter cycles for all the aeration treat-
ments at harvest, the highest value being obtained in NA conditions (Table 3). There were no significant differences
in the antioxidant capacity among the treatments at 7 days of storage. At harvest, the vitamin C content was sig-
nificantly higher in winter compared to autumn and summer cycles for all the aeration treatments, reaching the
highest value in NA conditions (Table 3). After 7 d of storage, the vitamin C content decreased in all treatments.
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Table 3. Interaction (cycle x aeration x storage time) in the parameters of antioxidant capacity, vitamin C, lightness (L*) and
psychrophilic microorganisms of red lettuce cultivated in floating system, with different levels of aeration of the nutrient solution
(no aeration -NA-, low aeration -LA-, high aeration -HA-) in three growing cycles (autumn, winter and summer), stored at 5 °C for
up to 7 days

Autumn Winter Summer
Storage NA LA HA NA LA HA NA LA HA
o 136.49 22831 22699 24276 23589 237.09 82429 652.65 551.82
A:gs:'c?:y”t 7 14635 7938 13273  80.03 9124 11407 61.00 6020 55.14
SEM =20.301SD=51.17n=3
1857 6487 8129 28232 187.34 16299 2142 3054  56.45
Vitamin C 330 1296  21.02 11900 70.10 8521 12.04 2057  17.50
SEM =9.42 LSD =22.46 n =3
2837  29.64 2885  28.68 33.89 353 3697 3663 352
L* 2918  31.92  31.39 3121 3121  30.63 33.42 3394 3424
SEM= 1.18 LSD= 2.59 n=20
N 069  0.88 2.49 4.96 517 511 272 190 501
Psychrophilic 409 494 4.95 6.30 672 676 472 454 520

microorganisms

SEM =0.271SD=0.64n=3

At harvest, L* was significantly higher in summer in all aeration conditions than in autumn, which means lighter
coloured leaves (Table 3). Aeration affected L* only in the winter cycle, when the value of this parameter was sig-
nificantly lower in NA than HA conditions. After 7 d of storage, the L* values did not show significant differences
between the cycles or the aeration treatments. At harvest, the values of Hue angle were lower in autumn and
winter than in summer, which means redder leaves, while C* was significantly higher in summer than in winter,
which was reflected in a more vivider colour (data of interaction not shown).

The mesophilic microorganism load increased significantly with storage only in the HA treatment (Fig. 2D). The
psychrophilic microbial load showed maximum values in winter, both at harvest and after 7 d of storage (Table 3).
After storage, the psychrophilic microbial load increased in all the cycles over harvest time levels.

A steady-state atmosphere within the PP baskets was reached on the third day of storage in all three growing cy-
cles (Fig. 3). No differences in O, and CO, levels were observed between aeration conditions during storage. There-
fore, respiration rates were only affected by the growing cycle.
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Fig. 3. Influence of the aeration level of the nutrient solution (no aeration -NA-, low aeration-LA-, high aeration -HA-) on the headspace
partial pressure of O, and CO, within the polypropylene basket of fresh-cut red lettuce cultivated in floating system in three different
growing cycles (autumn -A-, winter -B- and summer -C-) and stored for 7 d at 5 °C. Values are the mean £ SD, (n = 3)
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Discussion

Agricultural production systems are critical for the yield and quality of fresh-cut products. Our results revealed
that red lettuce cultivated in floating system is tolerant to a lack of aeration of the nutrient solution since the yield
was not affected (Table 1). This agrees with the results obtained by Goto et al. (1996), who concluded that only
DO below 2.1 mg I will reduce the productivity of lettuce. Only in the summer experiment did DO fell below the
limit proposed by Goto (1996) due to the high temperatures reached in this cycle. However, in all growing cycles,
the DO value was higher than 2.1 mg I*at the end of each cycle (Fig. 1). The lowest SLA was obtained in the winter
cycle (Table 1). This was not unexpected because SLA values normally decrease with lower radiation (Wolff and
Coltman 1990). This fact was true in the case of the autumn cycle with its lower DLI than in winter. In the case of
the summer cycle, plants were grown under shading and high temperature conditions, which provoked a lower
dry weight per plant and consequently a higher SLA. Total root length increased as aeration of the nutrient solu-
tion increased (Table 1). Aeration treatments increase the length of roots, particularly fine roots, improving plant
growth (Lara et al. 2011). A similar result was reported by Tesi et al. (2003) in spinach grown in a floating system.
Neither the cycle nor aeration affected the percentage of dry matter (Fig. 2A) in agreement with the results ob-
tained by Lara et al. (2011) in purslane growing in a floating system.

The nitrate content was lower in the autumn cycle compared to the winter cycle in LA and HA conditions (Fig. 2B),
since light is one of the main factors influencing nitrate concentration, which increases in the plant tissue under poor
light conditions (winter) (Burns et al. 2010). The lack of oxygen did not affect the nitrate content in any cycle (Fig.
2B), which contrasts with the results obtained in other species grown in floating systems (Ferrante et al. 2003, Tesi
et al. 2003, Lara et al. 2011) where a lack of aeration in the nutrient solution decreased the nitrate concentration.

Among the metabolic adaptations to oxygen deficiency, the results showed that the aeration conditions did not
affect the total phenolic content at harvest or postharvest (Fig. 2C). These results agree with those obtained by
Nifiirola et al. (2014) in watercress and also with those obtained by Lara et al. (2011) in purslane in autumn and
spring cycles. The antioxidant capacity was higher in summer, particularly in NA conditions (Table 3), which agrees
with the results of Rajapakse et al. (2009), who confirmed that low oxygen stress induced the production of pro-
tective phytochemicals in lettuce, which may enhance its marketable value. This response is similar to those ob-
served in purslane and watercress (Lara et al. 2011, Nifiirola et al. 2014). Also, the higher antioxidant capacity
values reached in summer could be attributed to exposure to high temperature, which is associated with a higher
antioxidant capacity (Liu et al. 2007). As regards storage time, the antioxidant capacity at 7 d was lower than at
harvest, which agrees with the results of Rodriguez-Hidalgo et al. (2010) in spinach. The vitamin C content was
higher in winter in NA conditions (Table 3) as occurred in watercress in NA conditions grown in winter and spring
(Nifiirola et al. 2014). During storage, a significant decrease in vitamin C was observed due to oxidation, which is
exacerbated with increasing storage temperature and time (Konstantopoulou et al. 2010). In addition, the vita-
min C content of fruits and vegetables can be influenced by various factors such as genotypic differences, prehar-
vest climatic conditions and cultural practices, maturity and harvesting methods, and postharvest handling pro-
cedures (Lee and Kader 2000).

Colour is important quality parameter in lettuce (Simonne et al. 2002) and is based, in part, on anthocyanin and
chlorophyll levels. However, the pigments causing that give rise to the red colour of lettuce leaves are mainly an-
thocyanins, whose contents are genotype-, temperature- and light-dependents (Kleinhenz et al. 2003). More par-
ticularly, lettuce leaf pigment concentrations and growing temperatures are negatively related. In our study let-
tuce grown in autumn and winter, with lower temperatures than in summer, had lower hue angle values (Table
2). Since, increases in hue angle are associated with decreases in anthocyanin levels (Gazula et al. 2007), lettuce
produced in autumn and winter had a higher content of anthocyanins, and consequently, were redder. Since the
percentage of red color varied in the different growing cycles, the degradation pigment process, i.e. formation of
pheophytin from chlorophyll, could have had an effect on the L* values at 7 d of storage (Table 3).

Among the intrinsic factors that should be examined to ensure the quality of horticultural products are the hy-
gienic conditions. Our results indicate that the microbial load never exceeded 6 log CFU g* at the end of storage
(Table 2) a value similar to that obtained in iceberg lettuce or lettuce hearts (Abadias et al. 2008) or in a romaine
lettuce (Oliveira et al. 2010). The lowest mesophilic and psychrophilic count was observed in autumn, probably
due to the climatic conditions, because low temperatures were reached in this cycle (Conte et al. 2008). The HA
conditions increased the microbial population (Table 2), especially psychrophilic microorganisms in winter and
summer (Table 3) and after storage in the case of mesophilic microorganisms (Fig. 2D). This fact could have been
caused by the splashing of nutrient solution onto lettuce leaves by vigorous aeration. Normally, microorganisms
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increase their populations during storage, as has been observed in spinach (Conte et al. 2008) and different
varieties of lettuce (Oliveira et al. 2010, Selma et al. 2012). In our work, this was observed in the case of psycro-
philic microorganisms due to the storage temperature used, while the mesophilic microorganisms load did not
increase in NA or LA because of the storage temperature was not ideal for their growth.

The steady-state atmospheres reached within packages of leaves after diverse aeration treatments during
growing were quite similar and ranged from 15-19 kPa O, and 1-4 kPa CO, (Fig. 3). This result suggests that film
permeability was relatively high and that the aeration supplied to the hydroponic system was not a critical factor
to the respiration behaviour after harvest.

In conclusion, aeration did not affect yield, which was highest in autumn because plants grew with non-limiting
DO levels at the three aeration levels. This was due to the better climatic conditions for lettuce during the autumn
cycle (temperate temperature and low lighting) compared with other cycles. The effect of aeration on the quality
parameters was differentially influenced by the other factors analysed. Thus, the effect of aeration on the nitrate
content depended on the growing cycle, the effect on total phenolics depended on the storage time and the effect
on the antioxidant capacity, and vitamin C content depended on both growing cycle and storage time. In general,
the nitrate content fell in the autumn cycle, while not aerating the nutrient solution (NA) led to increased levels
of levels of phytochemical compounds.
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