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Temperate crops cannot grow well in the tropics without rootzone cooling. As cooling
increased production costs, this experiment aimed to study the growth of various Lactuca
genotypes and propose possible ways of reducing these costs, without compromising
productivity. A recombinant inbred line (RIL) of lettuce and its parental lines (L. serriola
and L. sativa “Salinas”) were grown aeroponically in a tropical greenhouse under 24°C
cool (C) or warm fluctuating 30-36°C ambient (A) rootzone temperature (RZT). Their roots
were misted with Netherlands standard nutrient solution for 1 min, at intervals of either
5 min (A5, C5) or 10 min (A10, C10) in attempting to reduce electricity consumption
and production costs. Lower mortality and higher productivity were observed in all
genotypes when grown in C-RZT. Higher shoot fresh weight was observed under C5
than C10, for the RIL and L. serriola. Since “Salinas” had similar shoot fresh weight
at both C-RZ treatments, this may indicate it is more sensitive to RZT than water
availability. Under A-RZ treatments, higher carotenoid content, with correspondingly
higher nonphotochemical quenching, was observed in A10 for the RIL and “Salinas.”
Further, total chlorophyll content was also highest at this RZ treatment for the RIL though
photochemical quenching was contrastingly the lowest. Cumulatively, productivity was
compromised at A10 as the RIL seemed to prioritize photoprotection over efficiency in
photosynthesis, under conditions of higher RZT and lower water availability. Generally,
higher RZ ethylene concentrations accumulated in A10 and C10 than A5 and C5,
respectively —probably due to spray frequency exerting a greater effect on RZ ethylene
accumulation than RZT. In the C5 RZ treatment, lowest RZ ethylene concentration
corresponded with highest shoot fresh weight. As such, further research on ethylene
(in)sensitivity and water use efficiency could be conducted to identify Lactuca cultivars
that are better suited for growth in the tropics, so as to allay production costs with
reduced cooling and spray intervals.
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INTRODUCTION

As roots are more thermosensitive than shoots (Tachibana,
1982; Thompson et al, 1998; Sakamoto and Suzuki, 2015),
temperate and subtropical crops have been successfully grown
in a tropical greenhouse by cooling only their roots (Lee et al.,
1994; Choong, 1998; He and Lee, 1998; He et al., 2001). Taking
advantage of the innately high specific heat capacity of water,
aeroponic systems use small volumes of chilled nutrient solution
to lower RZTs to conditions that are ideal for the proliferation
of these temperate and subtropical crops (Lee, 1993). However,
this cooling inflates production costs. As such, this research
ventures to better understand the growth characteristics of
different Lactuca genotypes in attempting to lower production
costs without compromising productivity.

Lactuca serriola L., the wild-type ancestor of cultivated lettuce
(Lactuca sativa L.) (Durst, 1929; Kesseli et al., 1991; Harlan,
1992) is a drought tolerant winter annual (Werk and Ehleringer,
1985) well-adapted to Europe (Kesseli et al., 1991), nontropical
parts of Eurasia and North Africa (Kirpicznikov, 1964; Jeffrey,
1975; Ferakova, 1976), North America, and South Africa (Zohary,
1991). As cultivated lettuce is a temperate plant, growing it under
tropical conditions decreased head biomass and quality (He and
Lee, 1998; He et al,, 2001; He, J. et al., 2009; Choong et al.,
2013). He and Lee (1998) obtained lettuce that was at least four
times heavier when grown in C-RZT of 15-25°C than A-RZT
(26-41°C), in a tropical greenhouse where aerial temperatures
reached a maximum of 41°C at midday. He, J. et al. (2009)
similarly reported increased total leaf number and shoot fresh
mass of lettuce plants grown in 20°C-RZT when compared to
plants in A-RZT. The low productivity of lettuce growing in such
warm conditions has been correlated with reduced root growth
(Kaspar and Bland, 1992; He and Lee, 1998; Choong et al., 2013),
where the roots cannot adequately supply water and nutrients
to the shoot (He et al, 2001; Dodd, 2005), thereby limiting
photosynthesis (He et al., 2001). Decreased root fresh weight also
correlated with root morphological traits including decreased
total root length, root surface area, and number of root tips
(i.e., branching) in A-RZT (Choong et al.,, 2013). These poorly
developed root systems affect shoot growth as root-sourced
signals that regulate shoot growth are transmitted via the xylem
(Freundl et al., 1998; Dodd, 2005). Greater temperature tolerance
of some accessions of L. serriola (Argyris et al,, 2008) offers
the possibility of minimizing shoot growth inhibition caused by
A-RZT.

Salisbury and Ross (1992) reported that high air temperatures
deleteriously impaired photosynthesis, while high irradiance
also decreased photosynthetic rates (He et al, 2001; Barker
et al, 2002; He and Lee, 2004) since excess photon energy
caused photoinactivation of photosystem II (Bjorkman and
Powles, 1984). As a result, higher nonphotochemical quenching,
demonstrating greater amounts of energy being dissipated as heat
(He et al., 2015), and lower electron transport rate were observed

Abbreviations: A, ambient; ACC, 1-aminocyclopropane-1-carboxylic acid; C,
cool; Chl, chlorophyll; FW, fresh weight; RIL, recombinant inbred line; RZ,
rootzone; RZT, rootzone temperature; SLA, specific leaf area.

when growing lettuce in A-RZT than 20°C-RZT (He and Lee,
2004). Chronic photoinhibition in A-RZT plants was associated
with a 20% reduction in chlorophyll content (He, 2009) and such
reductions have been proposed to provide protection by reducing
photon absorption (Verhoeven et al., 1997). Thus, plants grown
at aerial temperatures of 25°C were less green and had thinner
leaves than those grown at 15°C (Dale, 1965). Chlorophyll loss
has further been related to environmental stress, where variations
in chlorophyll/carotenoid ratios have been reported to be good
indicators of plant stress (Hendry and Price, 1993). Further,
Rubisco—the key photosynthetic enzyme—and other carbon
metabolism enzymes were also temperature-sensitive, thereby
impacting growth (Berry and Raison, 1981). As such, high RZT
and light intensity compromise productivity by affecting various
physiological mechanisms.

Plants synthesize ethylene, a gaseous plant hormone, and
release it into the atmosphere during their normal growth
and development. Regulating root growth (Ruzicka et al,
2007), low exogenous ethylene concentrations also stimulate
vegetative growth (Pierik et al., 2006). However, enhanced
ethylene concentrations have frequently been measured in plants
exposed to environmental stresses (Abeles et al., 1992; Morgan
and Drew, 1997; Lin et al., 2009), and ethylene can inhibit stem
elongation (Abeles et al.,, 1992) and leaf expansion (Lee and
Reid, 1997) without directly affecting leaf gas exchange (Pallaghy
and Raschke, 1972; Woodrow et al., 1989) or photosynthesis
(Abeles et al., 1992). Moreover, ethylene decreased net carbon
gain indirectly by inducing leaf epinasty which decreased
light interception (Woodrow and Grodzinski, 1989; He, C. J.
et al, 2009). Under ambient conditions, increasing ethylene
concentrations were correlated with decreased carbon dioxide
assimilation and growth (He, C. J. et al., 2009). Indeed, applying
ACC to aeroponically grown lettuce (Lactuca sativa cv. Baby
Butterhead) at A-RZT in a tropical greenhouse decreased
stomatal conductance, leaf relative water content, photosynthetic
CO; assimilation, shoot and root biomass compared with plants
grown at 20°C-RZT (Qin et al, 2007). Since the immediate
precursor of ethylene (ACC: 1-aminocyclopropane-1-carboxylic
acid) is synthesized in the roots (Dodd, 2005) and ACC synthase
activity increases with temperature (Ainscough et al., 1992), it
is reasonable to suggest that higher amounts of endogenous
ethylene may limit root (and shoot) growth at A-RZT. This
experiment examines RZ ethylene accumulation in relation to
the growth and photosynthetic characteristics of lettuce, whilst
varying spray intervals and RZT in the aeroponic system, as an
approach toward reducing production costs.

MATERIALS AND METHODS
Plant Materials and Culture Methods

Seeds of maternal L. sativa L. “Salinas” and paternal L. serriola
accession UC96US23 (Argyris et al., 2005), together with an
Fio RIL were germinated on wet filter paper in a petri dish.
This thermotolerant RIL was selected based upon previous
research carried out (Choong et al, 2013). Five days after
germination, seedlings were inserted into polyurethane cubes
and left to acclimatize in ambient tropical greenhouse conditions
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for 7 days before being transplanted into the aeroponic system
(Lee, 1993). They were grown in either A-RZT (29-39°C) or
C-RZT (21.5-28.5°C). Roots were misted for 1 min with full
strength Netherlands Standard Nutrient Solution (2.2 mS, pH
6.5; Douglas, 1985), at 5 or 10 min intervals, giving rise to four
experimental conditions: A5, A10, C5, and C10. Shoots were
exposed to fluctuating ambient temperatures of 25-39°C and 70—
95% relative humidity, under 100% prevailing solar radiation,
with maximum photosynthetic photon flux density (PPFD) of
1000 pumol photon m=2 51,

Measurement of RZT

RZT was tracked, at 20 min intervals, across the 28-day growing
period using a temperature probe (SL52T, Signatrol) that was left
in the RZ of the growing trough. Data was then downloaded
using its accompanying software Templt-Pro (Version 4.1.41,
Signatrol) and plotted in Microsoft Excel (Version 14.0, 2010).

Measurements of Mortality and Growth

Parameters

Some plants succumbed following transplant and the number of
plants remaining was counted 28 days after transplanting, and %
mortality was calculated. Three or more plants of each genotype
were harvested 35 days after transplanting and their total shoot
and root fresh weights (FW) per trough were measured and
means calculated. Specific leaf area (SLA) was calculated by
dividing the area of 10 1-cm-diameter leaf discs with their dry
weights after drying for 5 days in a 65°C oven. Three or more
replicates were used.

Measurements of Photosynthetic Pigments
Four 1-cm-diameter leaf discs obtained from newly expanded
leaves from four different plants were soaked in 1.5ml N,N-
dimethylformamide for 48 h in the dark, at 4°C. Absorption
of 4 replicates was read at 480, 647, and 664 nm, using a
spectrophotometer (UV-2550, Shimadzu, Japan). Concentrations
for chlorophyll (Chl) a, Chl b, and carotenoids were calculated
(Wellburn, 1994).

Measurements of Photochemical Light Use

Efficiency

Leaves were harvested at 0900 h for Chl fluorescence analysis,
where nonphotochemical quenching (NPQ), photochemical
quenching (qP) and electron transport rate (ETR) of four
detached newly expanded leaves from four different plants were
measured at 25°C in the laboratory, using the Imaging-PAM
Chlorophyll Fluorometer (Walz, Effeltrich, Germany) (He et al.,
2011).

Measurements of RZ Ethylene

Accumulation

Each plant genotype for each RZ-treatment was grown within
individual troughs and the ethylene gas that had accumulated
in the RZ space of plants of the entire trough was extracted
between spray cycles, at 1300h on a sunny day, using a 500 ml
gas syringe (Hamilton, USA). Air samples were transferred
into their respective 1L gas sampling bags (Sigma-Aldrich)

in the greenhouse and brought back to the laboratory to
allow air temperatures within the bags to acclimatize to room
temperatures (28°C) prior to sampling. The bags were connected
to the EASI-1 portable ethylene analyzer (Absoger, France), via
a 15cm long tube filled with silica gel, and left to stabilize until
consistent readings (£10% variation) were obtained. At least
three consecutive readings were taken per sample gas bag.

Statistical Analysis

A mixed-model nested analysis of variance (ANOVA) was
performed using SPSS (Version 20, 2011) to test for significant
effects of variation between genotypes and their response to
the four RZ-treatments (A5, A10, C5, and C10) using post-hoc
Tukey’s pairwise tests, at a significance level of o = 0.05.

RESULTS
RZT, Mortality, and Growth Parameters

Plants that were growing in A5 and A10 were exposed to very
similar RZT ranges (Figure 1A), throughout the 28-day growth
period. Temperature range for A5 and A10 were 29-37°C and
29-39°C, respectively. Plants in C5 and C10 were also exposed
to similar RZTs (Figure 1A), fluctuating mostly about 23°C.
Temperature range for C5 and C10 were 21.5-25.5°C and 21.5-
28.5°C, respectively. RZT in C10 was much higher than C5,
between 1100 and 2000 h. The temperature in C10 even exceeded
25°C for a period of 4 h from 1340 to 1740 h (Figure 1A).

Some mortality was observed within the seedlings that were
transplanted (Figure 1B). Mortality was observed only in A5 and
C5 RZ treatments in the RIL, and A10 and C10 RZ treatments
in “Salinas.” However, L. serriola exhibited mortality in all RZ
treatments, with more than 25% mortality in A5 and Al0
(Figure 1B). Mortality for L. serriola was, indeed, higher in
A- than C-RZT.

In general, the RIL was the largest plant especially in C-RZT
conditions, exceeding 100g in shoot FW (Figure 2A), while
L. serriola was the smallest with less than 30 g for all treatments.
Shoot FW was consistently higher in C-RZT than A-RZT for all
plant types (Figure 2A). In A-RZT, higher shoot FW was found
in the RIL at A10 rather than at A5. Highest root FW for all
genotypes was in C10 (Figure 2B). Similar to the changes in shoot
FW, higher root FWs were found in C-RZT than A-RZT. For
root/shoot ratios (Figure 2C), L. serriola had the highest ratios
in A-RZ treatments. For RIL and L. serriola, SLA was higher at
C5 than A5, and also at C10 than A10 (Figure 2D), whereas it
was reversed in “Salinas” at the A-RZ treatments. The lowest SLA
for L. serriola was in A10 while “Salinas” had its highest SLA in
the same treatment (Figure 2D). The RIL had similar SLA values
under all treatments.

Pigment Content and Photochemical Light

Use Efficiency

For all genotypes and RZ treatments, Chl a/b ratio was close to
3 (Figure 3A). Significantly lower ratios were obtained for C5-
RZ treatment (p < 0.001) for all genotypes. RZ treatment only
affected total Chl concentrations in the RIL (Figure 3B) though
there was significant difference between genotypes (p < 0.05),
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FIGURE 2 | Growth parameters of (A) mean shoot FW per plant per trough, (B) mean root FW per plant per trough, (C) root/ shoot ratio, and (D) SLA for
the four experimental conditions (A5, A10, C5, and C10) for the 3 genotypes. Cumulative shoot and root FWs of all plants in each growing trough were
measured and their FWs were normalized due to the different numbers of plants sampled.

with lowest total Chl in “Salinas” and highest in the RIL. A10-RZ
treatment also resulted in significantly higher total Chl than C5-
RZ treatments (p < 0.005) in the RIL. There was no significant
difference in the carotenoid content of L. serriola across all RZ
treatments (Figure 3C) but was significantly highest for A10 in
the RIL (p < 0.05). The Chl/carotenoid ratio was significantly
higher for C5 in all genotypes (p < 0.005, Figure 3D). Although

there was no significant difference in the total Chl and carotenoid
content of L. serriola between RZ treatments, the A10-RZ
treatment had the lowest Chl/carotenoid ratio (p < 0.05) across
the RZ treatments (Figures 3B-D).

All 3 genotypes exhibited slightly different NPQ behavior
under the different RZ treatments (Figure4A). NPQ was
significantly higher for the RIL in A10 and C10 than A5 and
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C5. However, the reverse is observed in L. serriola where C10
treatment resulted in even significantly lower NPQ than A10,
with both lower than the A5 and C5 treatments (Figure 4A).
Conversely, qP for the RIL in A10 and C10 was significantly lower
than that of A5 and C5 (Figure 4B). The qP for L. serriola was
also inverse to its NPQ behavior. However, the qP for “Salinas”
behaved similarly to that of L. serriola in that qP at A10 and C10
are significantly higher than that for A5 and C5 (Figure 4B). ETR
for all 3 plants are closely correlated to their qP values where the
RIL had higher ETR values at A5 and C5 while L. serriola and
“Salinas” had higher values for A10 and C10 (Figure 4C).

Accumulated RZ Ethylene Concentrations
In general, higher concentrations of RZ ethylene accumulated
in A-RZT than C-RZT (Figure5). Highest RZ ethylene per
unit root FW accumulated in A10-RZ treatment for L. serriola,
double that of the highest values of “Salinas” and the RIL. Across
treatments, “Salinas” also accumulated more RZ ethylene in the
A10-RZ treatment (Figure 5). However, the A5-RZ treatment
accumulated more RZ ethylene in the RIL. The lowest RZ
ethylene accumulated in C5 for the RIL and “Salinas” but in
L. serriola there was little difference between the C-RZ treatments
(Figure 5).

DISCUSSION

Lettuce production was possible, even at particularly high air
temperatures of up to 41°C, as long as their roots were cooled

(He and Lee, 1998; He et al, 2001). For this experiment, all
plants were exposed to fluctuating tropical air temperatures
while their RZTs were maintained within two different ranges
(Figure 1A). The A-RZT for A5 and Al0 treatments were
similar (and ranged between 29-37°C and 29-39°C, respectively)
but the two C-RZ treatments differed, up to almost 4°C, for
8h (Figure 1A) in the latter half of the day. More frequent
spraying improved growth of all genotypes at C-RZ treatments
(Figure 2A). For all genotypes, shoot growth was greater under
C-RZT than A-RZT. Under A-RZ conditions, the effects of
spray frequency varied between genotypes. Shoot growth of L.
serriola and “Salinas” fared better in A5 than A10, unlike the
RIL which had better growth at A10. Higher shoot FW could be
attributed to higher root FW since larger root systems improved
nutrient and water uptake (He et al., 2001; Dodd, 2005), under
such warm A-RZ conditions. Although the RIL had higher
root/shoot ratios (Figure2C) than the domesticated cultivar
at all RZTs, respectively, this conferred no obvious benefits in
terms of yield (i.e., shoot biomass) at A-RZT but instead only at
C-RZT.

Highest mortality was observed in L. serriola at high A-
RZT (Figure 1B), and high ambient day/night temperature in
a tropical greenhouse, probably since it is a wild-type drought-
tolerant winter annual (Werk and Ehleringer, 1985). Such
mortality has been rather consistently observed across many
batches of experiments (results not shown). As L. serriola is a wild
type that is well-adapted to desert conditions of hot-day-cool-
nights, its relatively higher mortality could have been due to the
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lack of cooler “night” temperatures that aided recovery from heat
stress (Xue et al,, 2011), evident from the highest accumulated RZ
ethylene concentrations at A10-RZ treatment (Figure 5).

Lower SLA, implying thicker leaves (Chatterjee and Solankey,
2015), was observed for RIL and L. serriola at higher tropical A-
RZT than their corresponding C-RZT (Figure 2D)—the thickest
leaves were measured under A10-RZ treatment. Conversely,
“Salinas” had the thinnest leaves at this same treatment. Likewise,
Dale (1965) reported thinner leaves of Phaseolus vulgaris at
warmer growing temperatures of 25°C than at 15°C. As such, this
could be a strategy adopted by “Salinas” to increase surface area
for increased thermal dissipation since there was correspondingly
lowest shoot growth at A10 (Figure2A). On the other hand,
lower SLA (i.e., thicker leaves) occurred at higher growing
temperatures in tomatoes (Abdelmageed et al., 2009). For C5
and C10, the lower shoot FW and thicker leaves (Figures 2A,D)
observed in all genotypes could be attributed to the 4h

period during which C10-RZT exceeded 25°C (Figure 1A).
“Salinas” also had thicker leaves when grown in C10, than C5
(Figure 2D)—opposite to that observed under A-RZ treatments.
Decreased SLA, in comparison with cooler optimal growing
temperatures, may be an alternative adaptive mechanism for
reducing leaf area and increasing water use efficiency (Craufurd
etal.,, 1999; Chatterjee and Solankey, 2015), to cope with thermal
stress.

Chatterjee and Solankey (2015) attributed lower SLA and
thicker leaves to higher density of Chl and other proteins per
unit area. However, there was no significant difference in the
total Chl content between the RZ treatments of A5 and A10,
and C5 and C10 (Figure 3B). In comparing individual quantities
of Chl a and Chl b (data not shown), significantly higher
amounts of Chl b was obtained for the A10-RZ treatment only
for the RIL and L. serriola. As Chl b protects the photosystem
IT reaction center from photodamage (Sakuraba et al., 2010),
the higher Chl b concentration indicates the plants in A10-RZ
treatment were rather stressed. However, lower Chl a/b ratios
(Figure 3A) corresponded with highest shoot FWs (Figure 2A),
at C5-RZ treatment, for all genotypes. As such, it is worthy to
note that only extremely low Chl a/b ratios demonstrate that
the plants were stressed (Ding et al., 2012). Since carotenoids
are also photoprotective in function (Filella et al., 2009), the
Chl/carotenoid ratio better indicates plant stress (Hendry and
Price, 1993). In this experiment, the Chl/carotenoid ratios are
consistently lower in the A10 and C10 RZ treatments across all
genotypes. For L. serriola, there were no significant differences
in total Chl and carotenoid content across the RZ treatments but
the Chl/carotenoid ratio was still the significantly lowest at A10
(Figure 3). Thus, this further demonstrates that this wild-type
parent plant was growing under stressed conditions (Cui et al.,
2006) in A10-RZ treatment.

NPQ, which reflects energy dissipated as heat, was
significantly higher for the RIL in A10 and C10, than A5
and C5 (Figure4A), indicating a higher ability to dissipate
excess excitation energy (He, 2009) when misted less frequently.
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Comparing with the significantly lower qP and ETR values
(Figures 4B,C) at A10 and C10 for the RIL, it demonstrates that
less frequent misting has compromised photosynthetic function,
and thus growth (Figure 2A), of these plants. In the case of L.
serriola, NPQ was significantly lower at A10 and C10 instead
(Figure 4A), with the C10 treatment significantly lower than
A10. This drought tolerant wild-type L. serriola demonstrates
its tolerance to high light, abundant in the tropics, despite
the decreased frequency in irrigation. Though L. serriola had
highest qP and ETR values (Figures 4B,C) at A10 and C10 RZ
treatments, it had much lower shoot FW (Figure 2A) seeming
to have invested its photosynthetic products into building a
larger root system (Figure 2B) especially at C10 whilst sacrificing
its shoot growth. “Salinas” most interestingly demonstrates
significantly higher NPQ, qP and ETR (Figure 4) at A10 whilst
growth is slower than at A5 and C5 RZ treatments. This could
suggest that it reallocated its photosynthetic products to repair
thylakoid membranes damaged by the combination of high light,
typically found in a tropical greenhouse, and lowered misting
frequency.

In this experiment, higher concentrations of RZ ethylene
accumulated in A-RZT than C-RZT indicating greater plant
stress (Abeles et al., 1992; Morgan and Drew, 1997; Lin et al,,
2009) in the absence of RZ cooling. The highest RZ ethylene
per unit root FW accumulated in A10-RZ treatment for L.
serriola was doubles that of the highest values of “Salinas”
and the RIL. Though it had significantly lower NPQ and
higher photosynthetic performance than its counterparts in A5-
RZ treatment (Figure4), its shoot FW (Figure 2A) was also
the lowest. In contrast, lowest RZ ethylene accumulated in
C5-RZ treatment for the RIL (Figure 5) with correspondingly
high photosynthetic rates (Figures 4B,C) which resulted in the
high shoot FW (Figure2A) and conversely low root/shoot

ratio (Figure2D). As such, these observations of higher
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