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Abstract

Root growth and morphology are important for maximizing water uptake and mineral
absorption. Similar to the plants grown in the soil,  in a soilless culture such as an
aeroponic system, the amount of water and nutrient available to a plant is determined
by the root surface area and volume of nutrient solution with which its roots are in
contact.  Furthermore,  plant  roots  can  alter  their  nutrient  acquisition  capacity  by
adjusting their morphological and/or physiological characteristics to meet changes in
shoot nutrient demand in response to environmental stress. Subtropical and temperate
vegetables have successfully been grown aeroponically in the tropics by simply cooling
the root zone (RZ) while their aerial portions are subjected to fluctuating atmospheric
temperatures. This paper focused on RZ temperature (RZT) on root and shoot growth,
and root morphology of subtropical and temperate vegetable crops grown in the tropics.
The impacts of RZT on water relations as well as nitrate (NO3−) uptake and assimilation
of these vegetable crops were also discussed.

Keywords: nitrate uptake and assimilation, root morphology, root-zone temperature,
water relations

1. Introduction

Plants are photoautotrophic and manufacture their own food through the process of photo-
synthesis. However, they must acquire water and minerals from the environment for photo-
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synthesis to occur. While CO2 comes from the atmosphere for photosynthesis, plants obtained
water and minerals from the soil or other growth media via their roots. Plants are sessile and
adapt  their  morphological  structures  to  the  encountered  environmental  conditions.  The
morphology of the root system such as root length, number of root tip, root diameter, root
surface area, and root volume varies greatly depending on the plant species, soil composition,
and water and mineral nutrients availability [1, 2] and root-zone temperature (RZT) [2, 3]. Root
plasticity provides the sessile plants to adjust their structure to environmental conditions as
they change [1]. Changes in root morphology are important for maximizing water uptake [1,
3, 4] and mineral absorption to alleviate stress of nutrient deficiency [4–7]. Furthermore, plant
roots  alter  their  nutrient  acquisition  capacity  not  only  by  adjusting  the  morphological
characteristics but also the physiological performance such as nitrate (NO3−) uptake and
assimilation to meet changes in shoot nutrient demand in response to environmental stress [2,
4].

Root morphology and physiology are closely associated with the growth of the aerial parts
and shoot productivity [2, 3, 8]. For instance, plant growth and productivity are often limited
by high temperature and thus restrict the growth of subtropical and temperate crops in the
tropics. However, since 1997, our research team has successfully grown certain subtropical and
temperate crops in Singapore by simply cooling their roots while their aerial portions are
subjected to hot fluctuating atmospheric conditions [9, 10]. Working on subtropical and
temperate vegetable crops grown in the tropics, in this paper, the author first focused on effects
of RZT on root morphology. The impacts of RZT on water uptake and water relations as well
as NO3− uptake and assimilation were also discussed.

2. Effects of root-zone temperature on root morphology

Root systems have higher ratios of surface area to volume that effectively explore a larger
volume of soil [11]. Similar to the plants grown in the soil, in aeroponic systems, root surface
area determines the amount of water and mineral uptake [2, 12, 13]. As root systems are re-
sponsible for acquisition of water and mineral nutrients, it is not surprising that root mor-
phology is highly influenced by rhizosphere environments such as RZT [2].

When the plant is exposed to high temperatures, root development is adversely affected [14].
However, manipulating RZT alone has a great influence on root development, perhaps even
greater than shoot temperature manipulation [15–18]. Because of the changes of RZT, there is
great variation of root morphology, especially root length which is a more sensitive indicator
of RZT impact compared to root biomass. For example, grown underoptimum RZT of 30°C,
root length of rape (Brassica napus cv. “Emeralk”) was fivefold longer compared to those grown
under superoptimum RZT of 35°C. However, there was only twofold difference in root
biomass, which was found between the plants grown under two different RZTs. Higher root
length/weight biomass ratio was due to the smaller diameter of the successive orders of lateral
roots [15]. It was reported that in both heat tolerant and sensitive clones of potato (Solanum
tuberosum L), smaller number and shorter length of lateral roots were observed at 30°C RZT
than 20°C RZT resulting from a reduction of cell division rate and followed by cessation of cell
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elongation in roots [16]. It was found that maximum seminal root elongation and first-order
lateral root initiation and elongation of Sorghum (Sorghum bicolo), occurred at 25°C but they
were severely inhibited at 40°C [17].

We have found that subtropical and temperate vegetables grown in the tropical greenhouse
under cool RZTs (C-RZTs) established much bigger root systems compared to those subjected
to hot ambient RZT (A-RZT) [2]. For instance, the total root length of capsicum plants (Capsicum
annuum Indra F1-hybrid) at C-RZT increased about 400 cm in 2 weeks during the experimental
period (Figure 1A). When plants were transferred from C-RZT to A-RZT (C → A-RZT),
increases in their total root length seemed to stop compared to C-RZT plants [19]. Capsicum
plants grown at A-RZT did not show any increases and had the lowest total root length during
the entire experimental period. However, after transferring capsicum plants from A-RZT to C-
RZT (A → C-RZT), linear increase in total root length was observed.

Figure 1. Total root length (A), total number of root tips (B), total surface area (C), and average root diameter (D) of
capsicum (Capsicum annuum Indra F1-hybrid) during different RZT treatments: C-RZT (•), A-RZT (▴), C → A-RZT (❍),
and A → C-RZT (Δ). RZT treatments were started 3 weeks after transplanting. Means with different letters are statisti-
cally different (P < 0.05; n = 6) as determined by Tukey’s multiple comparison test. Redrawn from Tan [19].

Differences in total number of root tip (Figure 1B) and total surface area (Figure 1C) among
the four different RZT treatments were similar to those of total root length (Figure 1A).
Compared to plants grown at A-RZT, the average root diameter of C-RZT plants was much
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smaller (Figure 1D). It is surprising to note that there were no increases in root diameter after
transferring plants from C-RZT to A-RZT (C → A-RZT) as capsicum plants were similar to
those of C-RZT plants throughout the experiment. However, A → C-RZT transfer resulted in
the development of new and finer roots in A → C-RZT plants. Thus, the average root diameter
of A → C-RZT capsicum was significantly smaller than A-RZT by day 6 after RZT transfer
(Figure 1D). Similar to capsicum plants, lettuce grown at C-RZT showed linear increase in total
root length over the 2-week period (Figure 2A). Unlike the capsicum plants (Figure 1A),
increase in total root length was also observed in C → A-RZT lettuce plant and the increase
rate was similar to C-RZT lettuce plants from day 0 to day 8 after RZT transfer. However, C
→ A-RZT lettuce plants maintained their total root length of about 600 cm from day 10 to day
14 after RZT transfer. There was no significant increase in total root length of A-RZT lettuce
over the 2-week experimental period. Again, unlike the capsicum plants (Figure 1A), A → C-
RZT lettuce exhibited increase in total root length only after 8 days of RZT transfer (Fig-
ure 2A). The total root tip number of C-RZT lettuce was consistently higher than lettuce grown
at other RZTs (Figure 2B). Unlike the capsicum plants (Figure 1B), there was an increase in
total root tip number for C → A-RZT lettuce although the net increase decreased significantly

Figure 2. Total root length (A), total number of root tips (B), total surface area (C), and average root diameter (D) of
lettuce (Lactuca sativa L. “Panama”) during different RZT treatments: C-RZT (•), A-RZT (▴), C → A-RZT (❍), and A →
C-RZT (Δ). RZT treatments were started 3 weeks after transplanting. Means with different letters are statistically differ-
ent (P < 0.05; n = 6) as determined by Tukey’s multiple comparison test. Redrawn from Tan [19].
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after C → A-RZT transfer (Figure 2B). The total root tip number of A-RZT lettuce did not
change significantly throughout the whole experiment. When lettuce was transferred from A
→ C-RZT, there was rapid increase in the total root tip number. The root tip number of A →
C-RZT lettuce became significantly higher than A-RZT lettuce by day 6 after RZT transfer. At
day 14 after RZT transfer, total root tip number of A → C-RZT lettuce was 2.8 times higher
than A-RZT plants. Responses of total surface area of lettuce plants to different RZTs
(Figure 2C) were similar to those of total root length (Figure 2B). Similar to those of capsi-
cum plants (Figure 1D), lettuce grown at A-RZT had the highest average root diameter while
C-RZT plants had the least (Figure 2D). The average root diameter of C → A-RZT lettuce
remained similar to C-RZT plants during the first 10 days of RZT transition. However, unlike
capsicum plants (Figure 1D), there was slight root thickening in C → A-RZT lettuce roots after
2 weeks of RZT transfer. By day 14 after RZT transfer, the average root diameter of C → A-
RZT lettuce was much thicker than C-RZT plants. Similar to those of capsicum plants, A → C-
RZT lettuce, developed new and finer root (Figure 2D).

Root morphological analysis of both subtropical and temperate vegetables revealed that high
RZT inhibited root elongation, branching, and hair formation but increased root diameter.
These were also observed in other plant species [16, 17]. However, effects of RZT transfer on
morphology were different between capsicum and lettuce plants (Figures 1 and 2). These
finding suggest that effects of RZT on root morphology is species-dependent. It was also
reported that root length and diameter appeared to be inversely related to a study using Secale
cereale seedlings [20]. Root thickening, or an increase in diameter, was controlled through
signals emanating from shoot apices and root tips [21]. Root thickening may also be accom-
panied by associated changes in microfibril angles within expanding cell walls [21]. The
chemical signals involved in root thickening may be ethylene [22]. The role of ethylene in
inhibition of root elongation and root thickening was further confirmed by our team [13]. Our
recent study with a recombinant inbred line (RIL) of lettuce and its parental lines (Lactusa
serriola × Lactuca sativa “Salinas”) that were grown in a tropical greenhouse under 24°C-RZT
and hot A-RZT showed that higher RZ ethylene concentrations accumulated in A-RZT plants
compared to that of 24°C-RZT plants. Lowest RZ ethylene concentration corresponded with
highest shoot fresh weight [23]. Our results indicated that the presence of an ethylene inhibitor
promoted root elongation at high RZT of 38°C. Without ethylene inhibitor, root elongation at
high RZT was significantly inhibited. Our previous 14C feeding experiments implied that both
capsicum and lettuce grown under C-RZT indeed had higher assimilation rates of 14C and their
younger developing leaves exhibited greater sink strength [24]. Further studies concluded that
plant growth was the result of interaction between source leaves and carbon partitioning
among competitive sinks [25–27]. It was interesting to note that A-RZT lettuce had higher fresh
weight and dry weight root/shoot ratio than that of C-RZT lettuce [19, 23]. This suggested that
more photoassimilate may be distributed to the lettuce roots under hot A-RZT conditions. The
RZT transfer experiments confirmed that A-RZT induced greater levels of 14C delivered to the
lettuce root system. However, it was surprising that the high 14C translocated to the roots of
A-RZT lettuce which was not accompanied by a greater root development [19, 24]. This may
be attributed to the higher respiration rates in the roots which may require energy for the active
uptake of water and nutrients in a poorly developed root system [26, 28]. The high rate of
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respiration may have taken place at the expense of root development. It is highly likely that
there exists a negative feedback mechanism among root respiration, water uptake, nutrient
absorption, root morphology, and high RZT. Our results showed that capsicum grown at C-
RZT had lower root/shoot ratios than A-RZT plants [19]. C-RZT resulted in longer total root
length, greater total root tip number, larger root surface area, and smaller root diameter in both
lettuce and capsicum plants. However, the trend of the capsicum root/shoot ratios was different
from that of lettuce because the capsicum grown at C-RZT had higher root/shoot ratio than A-
RZT capsicum [19]. C → A-RZT transfer also caused a decline in root/shoot ratio while A →
C-RZT resulted in an increase in root/shoot ratios of capsicum. These suggested more photo-
assimilate partitioning to roots of C-RZT capsicum and less so for A-RZT capsicum. This was
further supported by the 14C feeding experiments which showed that more 14C was found in
the roots of C-RZT capsicum compared to the roots of A-RZT capsicum. The transfer from C
→ A-RZT also resulted in decreased 14C found in C → A-RZT capsicum roots. The reverse was
demonstrated in A → C-RZT capsicum which had higher root 14C than A-RZT plants. There-
fore, lettuce grown at A-RZT distributed more 14C to their roots while capsicum grown at C-
RZT distributed more 14C to the roots [24].

3. Effects of root-zone temperature on water relations

Changes of root morphology are important for maximizing water and dissolve mineral
uptake [1, 11, 29–31]. Plant roots can alter not only their morphological but also their physio-
logical characteristics to meet changes in shoot water and nutrient demand in response to
environmental stress [29]. Manipulation of RZT resulted in changes of root morphology, water,
and mineral uptake and transport [12, 32–35]. For plants grown in soil, high RZT causes not
only poor root growth and development [36] but also results in spatial water and mineral
nutrient availability in soil [37] and reduces uptake efficiency per unit root length [36, 37]. In
our aeroponic system, plant roots are continuously sprayed with nutrient mist, and there is no
spatial variation in water and mineral nutrient availability. However, water deficits and
mineral deficiency occurred at high A-RZT due to poor root system development and lower
rate of water uptake [9, 10, 12].

We have previously reported that supra-optimal A-RZT caused shoot water deficit by altering
the balance between water uptake by the root system and water loss from the shoot [38, 39].
Water deficits resulting in stomata closure measured by stomatal conductance are due to the
direct effect of reduced shoot water potential (ψshoot) and leaf relative water content (RWC) [38–
42]. Table 1 summaries ψshoot of subtropical vegetable crops of capsicum (C. annuum Indra F1-
hybrid) and Chinese broccoli (Brassica alboglabra Bailey) [38] grown at 25°C-RZT and A-RZT
while their shoots were maintained at fluctuating ambient temperatures. Table 1 shows
predawn and midday ψshoot were higher in 25°C-RZT than A-RZT plants in both vegetable
species. Leaf RWC were further determined in both subtropical (capsicum and Chinese
broccoli) and temperate vegetables (lettuce). Similar to the results of ψshoot, RWC was signifi-
cantly lower in all plants grown at A-RZT that at C-RZT measured predawn and midday
(Table 2).
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Vegetable species 25°C-RZT A-RZT

Capsicum

Predawn ψLeaf (Mpa) (n = 6) * −0.51 ± 0.070 −2.95 ± 0.18

Midday ψLeaf (Mpa) (n = 6) * −1.45 ± 0.092 −4.87 ± 0.24

Chinese broccoli

Predawn ψLeaf (Mpa) (n = 6) * −0.21 ± 0.03 −1.07 ± 0.06

Midday ψLeaf (Mpa) (n = 6) * −0.85 ± 0.07 −2.03 ± 0.12

* Significant interaction between the two RZTs at P < 0.01.

Table 1. ψLeaf of subtropical vegetable crops of capsicum [19] and Chinese broccoli (Brassica alboglabra Bailey) [38]
grown at two different RZTs while their shoots were maintained at fluctuating ambient temperatures under 100%
prevailing solar radiation. All the measurements were done after 30 days of transplanting. Values shown are means ±
standard deviation.

Vegetable species Cool-RZT* A-RZT

Capsicum

Predawn RWC (%) (n = 6)# 93.2 ± 0.22 80.3 ± 0.28

Midday RWC (%) (n = 6)# 81.3 ± 0.31 51.7 ± 0.29

Chinese broccoli

Predawn RWC (%) (n = 6)# 97.6 ± 0.23 85.4± 0.16

Midday RWC (%) (n = 6)# 85.5 ± 0.27 64.9 ± 0.12

Lettuce

Predawn RWC (%) (n = 6)# 95.1 ± 0.17 88.8 ± 0.35

Midday RWC (%) (n = 6)# 89.2 ± 0.29 60.1 ± 0.46

* Cool-RZT, 25°C-RZT for capsicum and Chinese broccoli; 20°C-RZT for lettuce.
# Significant interaction between the two RZTs at P < 0.01.

Table 2. Leaf RWC of subtropical capsicum (Capsicum annuum Indra F1-hybrid) [19] Chinese broccoli (Brassica
alboglabra Bailey) [19], and temperate vegetable crops of lettuce [39] grown at two different RZTs while their shoots
were maintained at fluctuating ambient temperatures under 100% prevailing solar radiation. All the measurements
were done after 30 days of transplanting. Values shown are means ± standard deviation.

Based on the results shown in Tables 1 and 2, it is obviously that subtropical and temperate
vegetables grown in the tropical greenhouse had experienced permanent water deficit
(reduced predawn ψshoot or/and leaf RWC) and midday (lower midday ψshoot or/and leaf RWC)
when they were grown at A-RZT. In another experiment with capsicum, leaf gs, root hydraulic
conductivity, and shoot ψshoot declined after transferring plants from 20°C-RZT to A-RZT [42].
It was explained that supraoptimal RZTs caused a reduction in root hydraulic conductivity
and might lower ψshoot, which in turn could cause stomatal closure [42]. However, water deficit
in 20 or 25°C-RZT plants was alleviated due to the larger root system [19].
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4. Effects of root-zone temperature on NO3− uptake and assimilation

NO3− is the major N source available in aerobic soils [43]. Once uptaken by root cells, NO3−
can be redirected out of the root cell, either by extrusion into the external medium or by
unloading into the xylem vessels to reach the aerial organs [29]. The third possible fate for
NO3−, in roots as well as in leaves, is its uptake by the vacuole where it participates in the
general osmoticum or serves as a reservoir to sustain the growth process when the external
nitrogen supply becomes limiting [44].

The effects of RZT on NO3− and N contents in plants have been reported [45–47]. N contents
were reduced in plants grown under high RZT [39, 48–50]. For instance, Du and Tachibana [48]
grew cucumber (cv. “Sharp I”) plants hydroponically at several RZTs: 25 (control), 30, 35, or
38°C, with shoot’s temperature at 26/23 ± 3°C (day/night). Total N concentration in leaf was
reduced as the RZT was raised to 35°C and to 38°C in particular. Similar results were obtained
our research team with lettuce (cv. “Palma”) plants [39]. Leaf organic N content was 32% lower
in A-RZT plants than 20°C-RZT plants. Transfer of plants between these two RZTs altered leaf
N content after 6 days. Leaf N content increased in A → 20°C-RZT plants, while decreased in
20°C → A-RZT plants. After 10 days of reciprocal RZT transfer, A → 20°C-RZT plants and 20°C
→ A-RZT plants had a similar leaf N content [39]. The results also showed tight temporal
coupling of leaf N content, and light- and CO2- saturated photosynthetic O2 evolution rate
throughout the reciprocal temperature transfers. He et al. [39] suggested that the decreased
nutrient status of lettuce plants caused nonstomatal limitation of photosynthesis under high
A-RZT conditions. In lettuce (cv. “Panama”), Tan et al., [12] reported that 20°C-RZT plants had
higher leaf N concentrations on the basis of per unit dry weight compared with plants grown
at A-RZT. Total shoot and root NO3 of 20°C-RZT plants were higher than A-RZT plants. 20°C
→ A-RZT plants suffered from a reduction of total mineral accumulation, and A → 20°C-RZT
plants increased in total mineral accumulation [12]. In another study, Yeager et al. grew Ilex
crenata Thunb. “Rotundifolia” plants in sand culture with the RZTs at 28, 34, or 40°C for 6 h
daily. They found that root and shoot N accumulation (mg N/g dry weight) decreased when
RZTs were increased from 28 to 40°C. These plants were fertilized twice daily with 500 mL of
either 75, 150, or 225 mg N/L, to determine applied N rate on growth and N accumulation of
“Rotundifolia” holly. The results showed that root and shoot N accumulation depended on
RZT and the N rate. N accumulated by roots and shoots increased when the applied N
concentration increased from 75 to 225 mg/L at each RZT. However, root and shoot N accu-
mulation decreased with the root zone at 40°C compared with 28°C for 75 and 225 mg N/L
applied. These data indicated that increased N fertilization rates would not alleviate growth
reductions of holly caused by high RZT (40°C) [49].

In contrast, high RZT increased N content in plants has also been reported [49–51]. Johnson
and Ingram exposed root systems of Pittosporum tobira Thunb plants to temperatures of 27, 30,
or 40°C for 6 h daily for 7 months with air temperature around 30/24°C (day/night). They found
that N level in leaf tissue (newly expanded leaves) was increased in plants at 40°C medium
temperature [50]. This was supported by the work of Gosselin and Trudel who transferred the
10-week-old pepper (cv. “Bell Boy”) plants to five different RZTs (12, 18, 24, 30, or 36 ± 2°C)
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with air temperature maintained at 22–24/18–20°C (day/night), for a period of 8 weeks. Their
results showed that leaf N concentration increased with the increase of RZT from 12 to 36°C
[51]. Cruz et al. grew Carob (Ceratonia siliqua L.) seedlings at different RZTs (10–40°C) with
shoot temperature at 24 ± 1/20 ± 1°C (day/night). When nitrate (3 mM) was supplied as nitrogen
source of nutrient solutions, they found that organic N concentration in roots increased with
the increase of RZT from 10 to 40°C. Total N concentration in both shoot and toot increased
with the increased RZT from 10 to 25°C. Investigators explained that increasing RZTs induced
increased in ion-uptake rates, mainly nitrogen, might be responsible for the higher N content
in plant. This situation increased also the demand for carbon in the root of Carob plant [52].
As discussed earlier, the amount of mineral nutrient especially nitrogen available to a plant is
determined by the root morphological structure [3, 12, 13]. The amount of mineral nutrient
uptake and transport also depend on transpiration rate as long-distance movement of nutrient
through plants is predominantly by bulk flow in the xylem [53].

For most higher plants, NO3− assimilation is the major pathway by which inorganic N is
converted to an organic form [54]. The conversion of NO3− to NH4+, which can be directly used
to synthesize organic N containing compounds, is a reduction process that occurs in two
steps. NO3− is first reduced to NO2− in the cytosol by nitrate reductase (NR). NO2− is then
translocated to the chloroplast where it is reduced into NH4+ by nitrite reductase (NiR). NR is
NO3− inducible enzyme. Transcription of NR genes is induced by NO3− [54–56]. The reduction
of NO3− could take place either in roots or in leaves or both [54, 56, 59]. Significant transloca-
tion of NO3− to the shoot would occur only when the net NO3− uptake rate was fast enough to
saturate the reduction process in the roots.

In our study of subtropical vegetable Nai Bai (Brachyponera chinensis L.) plant and Baby
butterhead lettuce (L. sativa L.) plants, NO3− concentrations of leaf and root and maximum
nitrate reductase activity (NRA) of leaf and roots were determined after 10, 20, and 30 days of
transplanting (Figures 3 and 4).

For Nai Bai plants, the leaf NO3− concentrations of either 25°C-RZT or A-RZT plants were
similar at 10, 20, and 30 days after transplanting (DAT). However, the leaf NO3− concentrations
of A-RZT plants were significantly lower than those of 25°C-RZT plants (Figure 3A). Regard-
less of growth stage, 25°C-RZT plants had significantly higher root NO3− concentrations than
those of A-RZT plants (Figure 3C). Root NO3− concentrations of A-RZT remained constant at
all growth stages (Figure 3C). However, 25°C-RZT plants had lower root NO3− concentrations
at 10 DAT compared to those at 20 and 30 DAT (Figure 3C). At 10 DAT, leaf NRA of 25°C-RZT
plants was significantly lower than those of A-RZT plants (Figure 3B). However, it increased
from 10 to 20 DAT, and remained constant from 20 to 30 DAT. Leaf maximum NRA of A-RZT
plants decreased from 10 to 20 DAT, and remained constant from 20 to 30 DAT. Therefore, at
20 and 30 DAT, maximum leaf NRA of 25°C-RZT plants was much higher than those of A-RZT
plants (Figure 3B). Root maximum NRA of 25°C-RZT and A-RZT plants decreased from 10 to
20 DAT, and then remained constant to the 30 DAT. At 10 DAT, no significant difference in
maximum root NRA was measured between 25°C-RZT and A-RZT plants. However, at 20 and
30 DAT, maximum root NRA of 25°C-RZT plants was significantly higher than those of A-RZT
plants (Figure 3D).
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Figure 3. Leaf NO3
− concentration (A) and maximum NRA (B), root NO3

− concentration (C) and maximum NRA (D) of
Nai Bai (Brachyponera chinensis L.) plant. Each point is the mean of five measurements of five different leaves from two
different bins. Vertical bars represent the standard errors. Means with different letters above the columns are statisti-
cally different (P < 0.001) as determined by Tukey’s multiple comparison test (unpublished data).

The leaf NO3− concentrations of 20°C-RZT were significantly higher compared to those of A-
RZT plants, at different growth stages (Figure 4A). With prolonged growth to 30 DAT, leaf and
root NO3− concentrations of 20°C-RZT plants increased (Figure 3A). However, there was no
significant difference in leaf and root NO3− concentrations at A-RZT among the three growth
stages (Figure 4C). Leaf maximum NRA in 20°C-ZT and A-RZT plants was highest at 10 DAT
and decreased at 20 DAT and further decreased at 30 DAT (Figure 4A). Regardless of growth
stage, leaf maximum NRA was significantly higher in 20°C-ZT than in A-RZT plants
(Figure 4B). It was surprise to observe that root maximum NRA was many times higher in A-
RZT plants than in 20°C-RZT plants, indicating that RZT altered the site of NO3− assimilation
(Figure 4D).

The reduction of NO3− could take place either in roots, in leaves, or in both [57, 58]. For Baby
butterhead plants, hot A-RZT treatment switched NO3− reduction from shoot to root, evi-
denced by the higher NRA in A-RZT roots than in leaves (Figure 4D) while NRA of 20°C-RZT
leaves was much higher than that of roots (Figure 4B). However, this was not seen in Nai Bai
plants (Figure 3D). High NO3− assimilation rate in the root may be due to low reduced N
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concentration in A-RZT roots (data not shown). Laurie and Stewart [60] grew cheakpea (Cicer
arietinum L. ICARDA cultivar no. ILC 482) plants at high (40/25°C, day/night), and concentra-
tion in A-RZT roots, and moderate (25/17°C, day/night) temperature regimes. The results
showed that high temperature (40/25°C) reduced shoot NRA (in vivo) but had little effect on
root NRA [57].

On a total plant basis, high temperature growth shifted NRA from shoot to root, particularly
in the young plant. Laurie and Stewart [60] also observed that there was a greater decline in
leaf NRA with age [60]. This was in accordance with the present finding that leaf maximum
NRA of 20°C-RZT Baby butterhead lettuce plants was highest in expanding young leaves (10
DAT) and lowest in fully matured leaves at 30 DAT (Figure 4B). Although leaf maximum NRA
of A-RZT Baby butterhead lettuce plants decreased with the growth of plants, the decrease of
NRA from 20 DAT to 30 DAT was not caused by the leaf age. Because the youngest fully
expanded leaves were selected for the NRA analysis at both growth stages. Therefore, the
repress of leaf maximum NRA in A-RZT plants at the late growth stage may be due to NR
protein degradation caused by long-term supraoptimum RZT treatment. Although root
maximum NRA was higher in A-RZT Baby butterhead lettuce plants compared to those of
20°C-RZT plants, the lower NO3− uptake and transport capacity (lower root and leaf NO3−
concentration) still restricted NO3− reduction of A-RZT plants. This was evidenced by the lower

Figure 4. Leaf NO3
− concentration (A) and maximum NRA (B), root NO3

− concentration (C), and maximum NRA (D) of
Baby butter head lettuce (Lactuca sativa L.) plant. Each point is the mean of five measurements of five different leaves
from two different bins. Vertical bars represent the standard errors. Means with different letters above the columns are
statistically different (P < 0.001) as determined by Tukey’s multiple comparison test (unpublished data).
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total reduced N concentration of leaf and root of A-RZT plants compared to 20°C-RZT plants,
especially at 20 and 30 DAT (data not shown). For Nai Bai plants, NO3− reduction took place
both in leaves and roots. However, the major proportion (more than 80%) of total plant NO3−
reduction occurred in leaves for both 25°C-RZT and A-RZT plants (Figure 3C and D). At very
early growth stage (10 DAT), supraoptimum A-RZT did not decrease maximum NRA in leaves
and roots of Nai Bai plants. Because of very low growth rate of the plant at this very early
growth stage, the lower NO3− content in A-RZT plants did not limit NO3− reduction. As a
result, both of total reduced N concentrations in leaves and roots of A-RZT Nai Bai plants
remained at the similar levels to those of 25°C-RZT plants at 10 DAT (data not shown).
However, at 10 DAT, sugar concentrations (especially, glucose, fructose, and starch) both in
leaves and roots of A-RZT Nai Bai plants increased significantly compared to 25°C-RZT plants
(data not shown). Sugar accumulation in roots may be considered as a general consequence
of impaired growth [61]. These indicate that, for Nai Bai plants, carbohydrate metabolism is
more sensitive to supraoptimum RZT than NO3− metabolism. Controversial results of effect
of high RZTs on N metabolism in shoots and roots have been reported [38, 39, 59–61]. In our
study, it was confirmed that RZTs significantly affect N metabolism both in leaves and roots
of subtropical vegetable Nai Bai (B. chinensis L (Figure 3) and temperate vegetable Baby butter
head lettuce (Figure 4).

5. Conclusions

Our studies showed that high A-RZT inhibited root elongation, branching, and hair formation
but increased root diameter of subtropical and temperate vegetables grown in the tropics.
However, cooling the RZ promoted root growth and development as well as shoot produc-
tivities of aeroponically grown temperate and subtropical vegetables in the tropics. Manipu-
lation of rhizosphere environment can alter not only root morphology but also physiological
characteristics of roots to meet changes in shoot water and nutrient demand in response to
atmospheric high temperature. Hot A-RZT caused shoot water deficit of aeroponically grown
plants with continual spraying nutrient solution due to the negative water balance between
water uptake by the root system and water loss from the shoot. Thus, subtropical and temperate
vegetables grown in the tropics greenhouse had experienced mid-day and permanent water
deficit when they were grown at A-RZT. However, water deficit of C-RZT plants was alleviated
due to the larger root system. Compared to subtropical and temperate vegetables grown at hot
A-RZT, cooling the RZ enhanced NO3− uptake and its assimilation of shoots. However, effects
of RZT on NO3− assimilation of roots depend on species. Adequate levels of nutrient, especially
N of C-RZT plants, alleviated nonstomatal limitation of photosynthesis.
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