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Abstract

This paper investigated the effects of root-zone (RZ) CO, concentration ([CO:]) on

root morphology and growth, nitrate (NO;) uptake and assimilation of lettuce
plants at different root-zone temperatures (RZT). Elevated RZ [CO,] stimulated root
development, root and shoot growth compared to ambient RZ [CO,]. The greatest
increase in root growth was observed in plants grown under elevated RZ [CO,] of
50,000 ppm. However, RZ [CO,] of 10,000 ppm was sufficient to achieve the maxim-
al leaf area and shoot productivity. Lettuce plants exhibited faster shoot and root
growth at 20°C-RZT than at ambient (A)-RZT. However, under elevated RZ [CO;],
the magnitude of increased growth was greater at A-RZT than at 20°C-RZT. Com-

pared to RZ [CO;] of 360 ppm, elevated RZ [CO,] of 10,000 ppm increased NO;

accumulation and nitrate reductase activity (NRA) in both leaves and roots. NOj
concentrations of leaf and root were higher at 20°C-RZT than at A-RZT in all plants.
NRA was higher in root than in leaf especially under A-RZT. The total reduced ni-
trogen (TRN) concentration was significantly higher in plants grown under elevated
RZ [CO;] of 10,000 ppm than under ambient RZ [CO,] of 360 ppm with greater
concentration in 20°C-RZT plants than in A-RZT plants. These results imply that
elevated RZ [CO,] significantly affected root morphology, root and shoot growth and
N metabolism of temperate lettuce with greater impacts at A-RZT than at 20°C-RZT.
These findings have practical significance to vegetable production by growing the
vegetable crops at cool-RZT with elevated RZ [CO,] to enhance its productivity.
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1. Introduction

Aerial parts of plant physiology such as photosynthesis are closely associated with
morphology and physiological activities of roots, especially under stress conditions
[1]-[3]. For example, high temperature limits growth and productivity of temperate
crops grown in the tropics, which are mainly due to its poor root development [1].
However, temperate lettuce can now be grown in tropical Singapore at any time of the
year by cooling their roots while their shoot are subjected to hot ambient temperature
[2] [4] [5]. Except for cooling the RZ, elevated RZ [CO,] also enhanced its productivity
[6]-[10]. Effects of elevated RZ [CO,] on photosynthetic gas exchange and water use ef-
ficiency have received increased attention recently [11]-[17]. We have previously re-
ported the effects of elevated RZ [CO,] on photosynthesis of aeroponically grown let-
tuce plants at different RZTs [6]-[10].

In the aeroponic growing system, plant roots have very little interaction with micro-
organisms. Thus, RZ [CO,] of aeroponically grown plants is much lower than those
plants grown in soil [10]. However, plant roots were able to transport CO, such as
HCO; (dissolved inorganic carbon, DIC) to the aerial parts of plants for photosynthe-
sis regardless of growth medium [11]-[17]. Theoretically, light and CO, levels are major
environmental factors that limit plant growth in the aeroponic systems as water deficit
is reduced due to the continuous nutrient and water being supplied to the plant roots
[1]. It is well known that the amounts of water and nutrient uptake are determined by
both the availability of nutrient solution and the morphology and physiology of the
root systems [1] [2]. The changes in root morphology of aeroponically grown plants are
closely associated with variations in water and mineral nutrient uptake [1] [2] [18].
Well-developed root systems under cooling RZ environment enhanced water and min-
eral nutrient uptake, especially the NO; uptake compared to those roots exposed to
high temperatures [1] [2] [18] [19]. The NO; uptake could be associated with ex-
change for DIC such as HCO;. The elevated DIC stimulated respiratory electron
transport and increased the incorporation of NOj into amino acids [11] [20]. In the
study of crisp head-type lettuce (L. sativa L. cv. “Wintergreen”) grown aeroponically
under different RZ [CO,] at two different air temperatures [8], we previously found
that NO; and the total reduced N (TRN) concentrations of shoots were higher in all
plants under elevated RZ [CO,] than under ambient RZ [CO,] at 28°C/22°C (day/night
temperature) and 36°C/30°C. However, there was very little information on the impacts
of elevated RZ [CO,] on root morphology and the key enzyme such as nitrate reductase
(NR) under different RZTs. This paper aimed to study the effects of RZ [CO,] with ma-
nipulation of RZT on root morphology and growth. The impacts of RZ [CO,] under
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different RZTs on NO; uptake and its assimilation such as NR activity (NRA) were

also investigated.

2. Materials and Methods
2.1. Plant Material and Cultural Methods

After germination, seedlings of lettuce (Lactuca sativa L. cv. “Wintergreen”) were
transplanted into polyurethane cubes and transferred to the greenhouse for establish-
ment. One week later, they were transplanted to the aeroponic system [1]. Netherlands
Standard Composition of nutrient solution was used with pH maintained at ~6.0 and an
electrical conductivity of 2.2 mS. The aerial parts of plants were expose to ambient tem-
perature fluctuating from 26°C - 38°C. Plant roots were subjected to either 20°C-RZT or
fluctuating ambient (A)-RZT. The maximum photosynthetic photon flux density inside
the greenhouse was about 1000 pmol-m2s™'. Relative humidity was between 65% - 95%.

2.2.RZ [CO;2] Treatments

Different RZ [CO,] (ambient, 360 ppm and elevated concentrations of 2000, 10,000,
50,000 ppm) were imposed on plants at each of the two RZTs (20°C-RZT and A-RZT)
after the plants were transplanted for three weeks. The ambient [CO,] inside the
greenhouse was around 360 to 400 ppm (+5 ppm) while photosynthetic rate was high-
est between 10.30 to 1100 h. Thus, ambient [CO,] was defined as 360 ppm. Different
elevated RZ [CO,] were supplied to different aeroponic troughs, respectively from
compressed air cylinders at ~0.5 L-min~' using pre-mixed CO,-air mixtures (SOXAL,

Singapore Oxygen Air Liquide Pte Ltd.) [9].

2.3. Analysis of Root Morphology

The root morphology was analysed with WIN MAC RHIZO V3.9 programme (Instru-
ments Regent, Canada) equipped with WIN MAC RHIZO scanner (Québec, Canada)
two weeks after treatments. The roots of each plant was detached from the shoot and
then placed in a tray of water. The water served to spread out the roots and keep them
moist. The roots were first scanned before the total length, root tips, surface area and

average root diameter was determined by the programme [19].

2.4. Measurements of Leaf Area, Shoot and Root Fresh Weight
(FW) and Dry Weight (DW)

After elevated [CO,] had been supplied to the RZ for one day, similar sizes of the
second leaves from the top were labelled immediately from 5 different plants for each
treatment. Leaf areas were drawn on the papers between 0800 h to 0900h for every two
to three days for 12 days. The leaves drawn on paper were cut and areas were measured
using the Area Measurement System (Delta T-Devices Ltd., England). Every 5 days af-
ter treatments, whole plants were removed from the aeroponics system and divided in-
to shoot and roots. FWs were recorded immediately and they were then dried to con-

stant mass in an oven at 80°C before weighing the DW’s on an analytical balance.
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2.5. Determination of NOj3

Dried plant tissue of 0.03 g was ground using a pestle and mortar with deionised water
and then incubated at 37°C for 2 hours. Sample turbidity was removed by filtration
through a 0.45 pm pore diameter membrane filter prior to analysis. The NO; was de-
termined using a Flow Injection Analyser (Model QuikChem 8000, Lachat Instruments
Inc., Milwaukee, USA) [19]. The principle of this method was to catalytically reduce
NO, to NO, and measure the amount of NO, present by a calorimetric reaction.
NO; is quantitatively reduced to NO, by passage of the sample through a copperized
cadmium column. The NOj is then determined by diazotizing with sulfanilamide
followed by coupling with N-(1-naphthyl) ethylenediamine dihydrochloride. The re-

sulting water soluble dye has a magenta color which is read at 520 nm.

2.6. Determination of Nitrate Reductase Activity (NRA)

Leaf or root samples were rapidly frozen in liquid nitrogen after weighed and stored at
—80°C until use. The frozen sample (0.5 to 1 g) was powdered in liquid nitrogen and
ground with 4 ml of extraction buffer, in a mortar with the presence of 0.2 g/g FW in-
soluble PVP. The extraction buffer contained 0.25 M Tris-HCI (pH 8.5), 3 mM dithi-
othreitol (DTT), 10 uM flavin adenine dinucleotide (FAD), 1 uM sodium molybdate, 1
mM ethylenediamine-tetra-acetic acid (EDTA) [21]. The extracts were centrifuged at
15,000 g for 10 min at 4°C. NRA was measured immediately in the supernatant. /n vitro
NADH:NRA assay was derived from Kaiser and Huber [22] with modification. The
reaction medium contained 50 mM Hepes-KOH (pH 7.5), 1 mM DTT, 10 uM FAD, 10
mM KNO;, 0.2 mM NADH, NR extraction, and 15 mM EDTA. The reaction was
started by adding of 300 ul NR extraction. Incubation was performed at 25°C for 20
min, and the reaction was then terminated by adding sulfanilamide (1%(w/v) in 3 N
HCI) and the naphthylethylene-diamine dihydrochloride (0.02% w/v). After 30 min at
room temperature, the optical density of all the samples was read at 540 nm. The blank
was identical to the samples, but the NR extracts were boiled for 5 min before adding

into the reaction mixture. NRA was expressed as nmol NO, hl.g! FW.

2.7.Determination of TRN Concentration

The concentration of TRN was determined by Kjeldahl digestion of dried samples in
concentrated sulphuric acid [23]. The dry sample was placed into a digestion tube with
a Kjeldahl tablet and 5 ml of concentrated sulphuric acid. The mixture was then di-
gested in a digestor until the mixture turned clear. After the digestion was completed,
the mixture was allowed to cool for 30 min before it was used to determine N concen-
tration by a Kjeltec auto 1030 analyser. This result was later used to calculate the N

concentration (mg/g DW) present in the sample.

2.8. Statistical Analysis

One-way ANOVA was used to test for significant differences among different RZ [CO;]
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treatments. Tukey’s multiple comparison tests were used to discriminate the means
(MINITAB, Inc., Release 15, 2007).

3. Results
3.1. Root Morphology

Root morphology analysis was carried out 2 weeks after different RZ [CO,] treatments.
It was shown that plants grown under elevated RZ [CO,] had longer total root length
(Figure 1(A)), greater number of root tips (Figure 1(B)) and larger root surface area
(Figure 1(C)) than under ambient RZ [CO,] at both RZT's with greater values obtained
from 20°C-RZT plants than from A-RZT plants. The higher the RZ [CO,] supplied to
the plants, the greater the increase in root length, root tip number and root surface area.
Elevated RZ [CO,] did not result in any significant changes in average root diameter at
either 20°C-RZT or A-RZT (Figure 1(D)). However, root diameter of A-RZT plants
were significantly thicker than those of 20°C-RZT plants.

3.2. Leaf Growth, Shoot and Root Productivity

Expansion of leaf (leaf area) was monitored one day after elevated RZ [CO,] had been

supplied to the RZ. Leaf expansion of all elevated RZ [CO,] plants were faster than that
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Figure 1. Total root length (A), total number of root tips (B), total surface area (C) and average
root diameter (D) of lettuce plants grown under different elevated RZ [CO:] at 20°C-RZT and
A-RZT for 3 weeks. Each mean is 5 measurements of 5 different leaves. Vertical bars represent
the standard errors. Means with different letters above the bars are statistically different (P < 0.05)
as determined by Tukey’s multiple comparison test.
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of ambient RZ [CO,]. There were no significant differences in leaf areas when the roots
were exposed to elevated RZ [CO,] of 10,000 and 50,000 ppm and they were much
greater than those plants exposed to elevated RZ [CO,] of 2000 ppm (Figure 2). Res-
ponses of leaf expansion to different RZ [CO,] were similar between 20°C-RZT (Figure
2(A)) and A-RZT (Figure (2B)) plants. Although leaf growth was much faster under
20°C-RZT than under A-RZT the magnitude of increased leaf area under elevated RZ
[CO,] was greater in A-RZT plants than in A-RZT plants.

Both shoot and root productivities were determined every 5 days after elevated RZ
[CO,] treatments for 20 days. Greater accumulation of biomass in lettuce plants at ele-
vated RZ [CO;] than at ambient RZ [CO,] at both RZTs. By the end of three weeks, RZ
[CO;] of 10,000 ppm was adequate for maximal shoot production since no further in-
creases in both shoot FW (Figure 3(A) and Figure 3(D)) and DW (data not shown)
were obtained when plants were subjected to RZ [CO,] of 50,000 ppm at both RZTs
with greater increases in plants grown under A-RZT than under 20°C-RZT. However, a
greater increase in root FW (Figure 3(B) and Figure 3(E)) and DW (data not shown)
in plants grown under RZ [CO,] of 50,000 ppm than of 10,000 ppm. For shoot/root ra-
tio FW (Figure 3(C) and Figure 3(F)) and shoot/root ratio DW (data not shown),
there were no changes in plants grown under RZ [CO,] of 50,000 ppm at both RZTs.
However, they were much lower than plants grown under other RZ [CO;].

3.3. NO; Accumulation and Assimilation

NO, concentrations of leaf and root were compared between plants grown under am-

bient RZ [CO,], 360 ppm and elevated RZ [CO,] of 10,000 ppm for 6 and 12 days, re-
spectively (Figure 4). Generally, the concentration of NOj; was higher in roots than in
leaf under each given condition after 6 (Figure 4(A)) or 12 (Figure 4(B)) days of
treatments. Plants grown under elevated RZ [CO,] of 10,000 ppm had significantly
higher concentration of NO; than under ambient RZ [CO;] of 360 ppm for both leaf
and root. Under each RZ [CO,] concentration, plants had higher concentration at
20°C-RZT than at A-RZT.

100 50

RZ [CO,] (ppm) 200C-RZT 4y (A) RZ [CO,] (ppm) A-RZT (B)
g | ~O750:000 -8-50, 000
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0 2 4 6 8 10 12 14 0 2 4 6 8 0 12 14
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Figure 2. Changes in leaf area of lettuce plans grown under different elevated RZ [CO:] at
20°C-RZT (A) and A-RZT (B). Each mean is 5 measurements of 5 different leaves. Vertical bars
represent the standard errors. Means with different letters on day 12 are statistically different (P <
0.05) as determined by Tukey’s multiple comparison test.
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Figure 3. Changes in shoot FW ((A), (D)), root FW ((B), (E)) and shoot/root ratio FW ((C), (F)) of lettuce plans grown under different
elevated RZ [COz] at 20°C-RZT and A-RZT. Each mean is 5 measurements of 5 different leaves. Vertical bars represent the standard er-
rors. Means with different letters on day 20 are statistically different (2 < 0.05) as determined by Tukey’s multiple comparison test.
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for 6 (A) and 12 days (B). Vertical bars represent the standard errors. Means with different letters
are statistically different (P < 0.05; n = 5) as determined by Tukey’s multiple comparison test.

The concentration of TRN was significantly higher in plants grown under elevated
RZ [CO,] of 10,000 ppm than under ambient RZ [CO,] of 360 ppm at both growth
stages (Figure 5). At each RZ [CO;,], 20°C-RZT plants had higher concentration of
TRN than those of A-RZT plants. Furthermore, the concentrations of TRN in leaves
were higher than in roots for all plants.

NRA was higher in root than in leaf for each given RZ [CO,] especially under A-RZT
at both growth stages of 6 (Figure 6(A)) and 12 (Figure 6(B)) days after treatments.
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Figure 5. TRN concentration of leaves and roots after different RZT and [CO:] treatments for 6
(A) and 12 days (B). Vertical bars represent the standard errors. Means with different letters are
statistically different (P < 0.05; n = 5) as determined by Tukey’s multiple comparison test.
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Figure 6. NRA of leaves and roots after different RZT and [CO:] treatments for 6 (A) and 12
days (B). Vertical bars represent the standard errors. Means with different letters are statistically
different (P < 0.05; n = 4) as determined by Tukey’s multiple comparison test.

For both leaf and root, NRA was higher in plants under RZ [CO;] of 10,000 ppm than
under RZ [CO;] of 360 ppm.

4. Discussion

We have previously reported that elevated RZ [CO,] stimulated photosynthesis of
aeroponically grown lettuce plants and enhanced water use efficiency and plant growth,
with greater increase at higher ambient temperature [8] and hot A-RZT compared to
cool ambient temperature and cool-RZT [9]. Elevated levels of atmospheric CO, pro-
mote not only leaf photosynthesis but also photoassimilate partitioning to roots which
stimulate root development [24] [25]. This study showed that elevated RZ [CO;] also
promoted root development and root growth with longer total root length (Figure
1(A)), greater number of root tips (Figure (1B)), larger root surface area and greater
root biomass accumulation (Figure 2(B) and Figure 2(E)) at both 20°C-RZT and
A-RZT. Furthermore, the magnitudes of increased total root length, root tips, root sur-
face area and root biomass were greater in A-RZT plant than in 20°C-RZT plants.

It was reported that increased plant growth at elevated atmosphericCO, depends on
the source/sink ratio and “sink capacity” of plants [26]. In the present study, elevated
RZ [CO,] increased from 10,000 to 50,000 ppm did not result in further increases in
leaf area (Figure 2), shoot and root FW (Figure 3) and DW (data not shown) in both
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20°C-RZT and A-RZT. However, root productivity (root FW and DW) increased fur-
ther under elevated RZ [CO,] of 50,000 ppm with constant shoot/root ratio throughout
the entire 3 weeks of treatment compared to plants grown under other RZ [CO;] of 360,
2000 and 10,000 ppm at both RZTs (Figure 2(C) and Figure 2(F)). These results sup-
port the fact that plants with larger root systems under elevated RZ [CO,] enhanced the
capacity of utilizing photosynthetic products with greater amount of photoassimilate
portioning to their roots [8] [9]. We have previously reported that lettuce plants grown
at 20°C-RZT had not only greater root biomass but also longer total length, greater
number of tips and larger surface area as compared with A-RZT plants [28]. In the
present study, elevated RZ [CO,] also promoted root growth and development at both
20°C-RZT and A-RZT. Our previous study also showed that plants grown at 20°C-RZT
had smaller average diameter of roots compared to those grown at A-RZT [28]. How-
ever, in this study, regardless of RZ [CO,] treatments, there were no differences in av-
erage root diameter at either 20°C-RZT or A-RZT (Figure 1(D)). The temperature of a
sink could affect its metabolic rate and thus its capacity to utilize carbohydrate [27]-
[29]. Elevated RZ [CO,] could also affect the physiological activities of roots and thus
alter the pattern of photoassimilate partitioning. This merits our further studies.

A well-developed large root system generally increased the capacity of plants to ex-
ploit water and mineral nutrients especially under other adversely environmental con-
ditions [13] [14]. It has been reported that elevated RZ [CO,] could enhance the growth
of tomato (Lycopersicon esculentum) seedlings, especially under stress conditions such
as salinity and high temperature. Greater number of fine roots in larger root system
(Figure 1) which resulted in a greater amount of NO; uptake especially at A-RZT
under elevated RZ [CO,] at two different growth stages of 6 and 12 days after treatment,
was observed in the present study (Figure 4). Enriched rhizosphere CO, promoted the
uptake of NO; by roots was reported in hydroponically grown tomato (L. esculentum)
plants [14]. The NO; uptake could be associated with an exchange for HCO; . Ele-
vated RZ in the form of DICincreased NOj uptake [11].

The elevated DIC stimulated respiratory electron transport and increased the incor-
poration of NO; into amino acids [11]. In the study of crisphead-type lettuce (L. sati-
va L. cv. “Wintergreen”) grown aeroponically under different RZ [CO,] at two different
air temperatures [8], we previously found that NO; and the TRN concentrations of
shoots were higher in all plants under elevated RZ [CO,] than under ambient RZ [CO,]
at 28°C/22°C and 36°C/30°C. Shoot NO, and TRN concentrations were higher at
28°C/22°C than at 36°C/30°C at each RZ [CO,]. As discussed earlier, in this study, ele-
vated RZ [CO,] stimulated the development of lettuce roots (Figure 1). These results
further support that aeroponically grown plants under elevated RZ [CO,] that have a
large root system with continual spraying nutrient under elevated RZ [CO,], increased
NO, (Figure 4) and TRN concentration (Figure 5) in both leaves and roots. NO,
concentrations in all plants were higher in roots than in leaves. However, the concen-
tration of TRN of all the lettuce plants was higher in leaves than in roots (Figure 5).
Photosynthesis is closely related to TRN of the plant as the components of photosyn-
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thetic machinery contain a large amount of leaf TRN [30]. It was reported that leaf
TRN concentration per unit area decreased under elevated atmospheric CO,, which
may be due to their fast growth rates [31]. Reduction of TRN concentration resulted
from the fact that both the rate of NO; uptake and assimilation were not kept pace
with photosynthesis and growth under elevated [CO.] [32].

In our previous study, it was found that lettuce plants grown under elevated RZ
[CO,], had lower light saturated stomatal conductance, g but higher light saturated
photosynthetic CO, assimilation rate, A Higher Aq under elevated RZ [CO,] could
partially be resulted from the incorporation of DIC that improved the incorporation of
N into amino acids in the roots as a consequence of a greater supply of anaplerotic
carbon for protein synthesis [8] [9]. Our previous study also showed that higher NO;
uptake and thus higher TRN concentration when lettuce plants were grown under ele-
vated RZ [CO,] compared to those grown under ambient RZ [CO,] at both cool and
ambient fluctuating RZT [9].

Assimilation of NO; into organic N containing compounds involves the reduction
of NO; to NO; via the cytosolic enzyme NR that is an NO; inducible enzyme
[33]-[35]. It was surprising to note that NRA was much lower in leaves that in roots
under each given RZ [CO,] especially under A-RZT after both 6 (Figure 6(A)) and 12
(Figure 6(B)) days of treatments. The elevated RZ [CO,] of 10,000 ppm enhanced NRA
in both leaves and roots compared to plants grown under RZ [CO,] of 360 ppm. The
reduction of NO; could take place either in roots or in leaves or both [36] [37]. High-
er NRA could be due to the higher accumulation of NO; in roots under A-RZT and
this result supported that elevated RZ [CO,] and A-RZT resulted in higher assimilation
in the roots compared to ambient RZ [CO,] and 20°C-RZT. It was reported that the
decrease of photosynthesis due to stomatal closure may result in reduction in NRA [33].
In the study with wheat (7riticum durum L.) plants, it was shown that a drought-in-
duced decrease of the leaf internal CO, concentration partially triggered the decrease in
NRA [38]. However, there was no liner relationship between A, and g in lettuce
plants grown under different RZ [CO,] and RZTs [8] [9]. These results further support
that the improved incorporation of N into amino acids in the roots resulting from
greater supplies of anaplerotic carbon for protein synthesis partially contributed to
higher A, at both RZTs [11]. There is a positive linear relationship between leaf TRN
and ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) in mature leaves. Re-
ductions of these two parameters result in decreased photosynthesis [30] [39] [40].
Higher [CO,] in the vicinity of chloroplasts normally favours Rubisco carboxlyation
over oxygenation [40]. Under elevated atmospheric [CO,], enhanced photosynthesis is
partially due to the reduction of photorespiration [40]. In future, high temperatures or
water deficient have been predicted, elevated atmospheric [CO,] which reduced photo-
respiration may be beneficial. Based upon our observation that increasing photosyn-
thetic CO, assimilation under elevated RZ [CO,] may also result in reduction of photo-

respiration, especially under higher temperatures [41].
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