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Root-zone CO; and root-zone temperature effects on photosynthesis
and nitrogen metabolism of aeroponically grown lettuce (Lactuca sativa L.)
in the tropics
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Abstract

Effects of elevated root-zone (RZ) CO, concentration (RZ [CO,]) and RZ temperature (RZT) on photosynthesis,
productivity, nitrate (NO;), total reduced nitrogen (TRN), total leaf soluble and Rubisco proteins were studied in
aeroponically grown lettuce plants in a tropical greenhouse. Three weeks after transplanting, four different RZ [CO,]
concentrations (ambient, 360 ppm, and elevated concentrations of 2,000; 10,000; and 50,000 ppm) were imposed on
plants at 20°C-RZT or ambient(A)-RZT (24-38°C). Elevated RZ [CO,] resulted in significantly higher light-saturated
net photosynthetic rate, but lower light-saturated stomatal conductance. Higher elevated RZ [CO,] also protected plants
from both chronic and dynamic photoinhibition (measured by chlorophyll fluorescence F,/F, ratio) and reduced leaf
water loss. Under each RZ [CO,], all these variables were significantly higher in 20°C-RZT plants than in A-RZT plants.
All plants accumulated more biomass at elevated RZ [CO;] than at ambient RZ [CO,]. Greater increases of biomass in
roots than in shoots were manifested by lower shoot/root ratios at elevated RZ [CO;]. Although the total biomass was
higher at 20°C-RZT, the increase in biomass under elevated RZ [CO,] was greater at A-RZT. Shoot NO;™ and TRN
concentrations, total leaf soluble and Rubisco protein concentrations were higher in all elevated RZ [CO,] plants than in
plants under ambient RZ [CO,] at both RZTs. Under each RZ [CO,], total leaf soluble and Rubisco protein
concentrations were significantly higher at 20°C-RZT than at A-RZT. Our results demonstrated that increased Pnmax and
productivity under elevated [CO,] was partially due to the alleviation of midday water loss, both dynamic and chronic
photoinhibition as well as higher turnover of Calvin cycle with higher Rubisco proteins.

Additional key words: elevated root-zone CO, concentration; photosynthesis; root-zone temperature; Rubisco; total reduced N.

Introduction

Plant roots are normally colonized by microorganisms
and evolve more CO, than sterile roots growing among
soil particles. It is not unusual for CO, to be up to more
than 10-fold higher in the rhizosphere than the
atmospheric CO, concentration (De Jong and Schappert
1972, Norstadt and Porter 1984). It has been reported that
elevated RZ CO, could enhance growth of tomato
(Lycopersicon esculentum) seedlings, especially under
stress conditions, such as salinity and high temperature
(Cramer and Richards 1999, Viktor and Cramer 2003).
Our study with lettuce plants, which were grown under
ambient temperature from 20-36°C under a maximal
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PPFD of 2,100 pmol m2 s!in New Zealand, indicated
that elevated RZ [CO,] protected those plants from
dynamic photoinhibition (He et al. 2007). We also found
that elevated RZ [CO,] reduced the negative impacts of
high air temperature on photosynthesis, N metabolism,
and the growth of lettuce plants, and thus enhanced
photosynthesis and productivity in the walk-in room with
controlled environment (He et al. 2004, 2010). It has
been reported that, when plants are transpiring, a mixture
of CO, released by respiration of local tissues and soil is
transported from roots to shoot through xylem vessels
(Teskey and McGuire 2002, 2007). It has been further
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Abbreviations: A-RZT — ambient root-zone temperature; DM — dry mass; F, F;,, — minimum and maximum chlorophyll fluorescence
yield; F, — variable fluorescence; F,/F,, -maximum PSII quantum yield without actinic light; FM — fresh mass; gg..x — light-saturated
stomatal conductance; NO;™ — nitrate; NR — nitrate reductase; Pnmax — light-saturated net photosynthetic rate; PPFD — photosynthetic
photon flux density; PSII — photosystem II; Rubisco — ribulose-1,5-bisphosphate carboxylase/oxygenase; RWC — relative water
content; RZ [CO,] — root-zone CO, concentration; RZT — root-zone temperature; TRN — total reduced nitrogen; TM — turgid mass.
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confirmed by the same research team (McGuire et al.
2009) that internal respiratory CO,, other than gas
exchange from the atmosphere, could be used for the
assimilation of carbon.

In the tropics, the combination of high light and high
temperature causes photoinhibition in plants (He et al.
1996, He and Lee 2004). In our study, with temperate
lettuce plants grown in a tropical greenhouse, it was
found that midday F,/F, ratios were much lower in plants
grown at high A-RZT than at 20°C-RZT (He et al. 2001).
Under high A-RZT and high light, low internal CO,
concentration reduced the photosynthetic utilization of
radiant energy (He and Lee 2004). We also found that
high A-RZT caused shoot water deficit by altering the
balance between water uptake by the root system and
water loss from the shoot of lettuce plants (He et al.
2001). Stomata closure induced by water deficit depletes
CO, in the intercellular spaces and at the chloroplast level
reduces photosynthetic CO, assimilation (Chaves and
Oliveira 2004). Cooling the RZ of lettuce plants
alleviated not only stomatal limitations of photosynthesis,
measured by leaf relative water content (RWC) and
photosynthetic gas exchange, but also mitigated
nonstomatal limitations of photosynthesis such as
photosystem II (PSII) functionality, Rubisco protein and
activity even though their aerial parts were exposed to

Materials and methods

Plants and cultivation: Crisphead-type lettuce plants
(Lactuca sativa L. cv. ‘“Wintergreen’, South Pacific Seeds
Ltd., New Zealand) was used as the plant material. After
germination, seedlings were transplanted into poly-
urethane cubes soaked in water and placed in trays. These
trays were then transferred to the greenhouse, where they
were allowed to establish seedlings for two days. The
seedlings were then transplanted to the aeroponic system
previously described by Lee (1993). The nutrient solution
used was Netherlands Standard Solution (Douglas 1985).
At full strength, solution pH was maintained at ca. 6.5
and an electrical conductivity was 2.2 mS. The aerial
parts of plants were subjected to the fluctuations of
ambient temperature ranging from 24-38°C under 100%
prevailing solar radiation. The maximum PPFD at the
plant canopy level was about 1,200 umol m> s on
sunny days. Relative humidity was between 65-95%.
Roots were grown in either 20°C-RZT or A-RZT.

RZ [CO,| treatments: Three weeks after transplanting,
four different RZ [CO,] (ambient, 360 ppm, and elevated
concentrations of 2,000; 10,000; 50,000 ppm) were
imposed on plants at each of two RZTs. During the
photoperiod, between 10:30-11:30 h, when photosyn-
thetic rate was the highest in the greenhouse, ambient
[CO,] was between 360 and 380 + 5 ppm. We defined
ambient [CO;] as 360 ppm. Different elevated RZ [CO,]
concentrations were controlled by using premixed

ambient temperature from 24 to 38°C (He and Lee 2001,
2004). In our research, NOj; is the only N source
supplied into the nutrient solution to aeroponically grown
vegetables (He 2010). NO;™ must be converted to NH,' in
the plant before N can be incorporated into amino acids
and other organic N compounds such as Rubisco
proteins. Nonstomatal limitation of photosynthesis could
be partly due to poor root development in plants grown at
A-RZT, which resulted in N deficiency (He et al. 2001).
Hence, higher NO;™ assimilation rate is required to
support faster growth of temperate lettuce plants growing
at cool RZTs (Tan et al. 2002, He et al. 2008).

In the present study, our experimental design using
aeroponically grown lettuce plants in a tropical green-
house in Singapore, enabled us to test the following
hypotheses: (/) elevated RZ [CO,] and RZT did not only
affect photosynthetic gas exchange and photosynthetic
utilization of radiant energy, but also the plant growth,
especially the root growth associated with the uptake and
accumulation of NO;™; (2) the total product of N meta-
bolism, such as the total reduced N (TRN), total soluble
and Rubisco protein, was also affected by elevated RZ
[CO;] and RZT. This research could have a practical
significance to aeroponic vegetable production by
growing plants under elevated RZ [CO,] to enhance
productivity under high A-RZT.

CO,-air mixtures (SOXAL, Singapore Oxygen Air Liquide
Pte Ltd., Singapore), supplied from compressed air
cylinders at ~ 0.5 L min™', with separate venting to
different aeroponic troughs in the greenhouse. [CO,] at
the shoot base was measured with LI-COR 6400
photosynthesis system (LI-6400, Biosciences, Lincoln,
NE, USA). No significant increase in atmospheric [CO,]
was found, indicating that elevated CO, supplied to the
RZ was in the form of CO, dissolved in the nutrient mist
sprayed to the roots.

Measurements of light-saturated photosynthetic CO,
assimilation (Pnpy.x) and stomatal conductance (ggmay)
in the greenhouse: Two weeks after different elevated
RZ [CO,] treatments, Pnmax and gumex Of attached, fully
expanded leaves (the 6™ leaves from the base) were
measured simultaneously during 09:00-11:00 h with an
open infrared gas analysis system (L/-6400, Biosciences,
Lincoln, NE, USA). Readings were taken with a LED
light source which supplied 1,200 pmol m? s™' of PPFD.
The light source emitted in the wavelength range
660—675 nm. Average ambient [CO,] and relative
humidity in the chamber were 380 = 2 pmol mol ' and
70%, respectively. Leaf chamber temperature was set at
32°C according to prevailing ambient conditions. Due to
the large number of samples, measurements were made
on two consecutive days. Measurements of Py and
Zsmax for plants treated with different RZ [CO,] were

331



J.HE et al.

carried out for plants grown at 20°C-RZT on day 1, while
those of A-RZT plants were completed on the next day.
These measurements were repeated three times on the
same leaves (total measurement period of 6 d).

Chlorophyll fluorescence F,/F,, ratio: The chlorophyll
fluorescence was measured with a Plant Efficiency
Analyser (Hansatech Instruments Ltd., England) on the
same leaves from which Pypax and ggm.x were recorded.
The readings were carried out during 07:00-19:00 h.
Attached leaves were predarkened with clips for 15 min
prior to measurements. Dark-adapted leaves were placed
under the light pipe and irradiated with the pulsed lower
intensity-measuring beam to measure initial chlorophyll
fluorescence (Fp). Maximum chlorophyll fluorescence
(Fn) was assessed by 0.8 s of saturated pulse (> 6,000
pmol m 2 s™'). The variable fluorescence yield (F,) was
determined by F, — F,. The efficiency of excitation
energy captured by open PSII reaction centres in dark-
adapted plant samples was estimated by F,/F,.

RWC: Fresh leaves were harvested from the same plants
used for the measurements of Pnmax, Zsmax, and F,/Fy, ratio
between 13:00—13:30h. RWC was determined using leaf
discs as (FM — DM)/(TM — DM) x 100, where FM is the
fresh mass, DM is the dry mass, and TM is the turgid
mass of the leaf after floating on distilled water for 24 h.

FM and DM of shoots and roots: All plants were
harvested after 3 weeks of elevated RZ [CO,] treatments.
At harvest, 6 weeks was the total duration of the plant
growth. Following the removal from the troughs between
09:00 and 10:00 h, the plants were separated into shoots
and roots. The shoots and the roots were blotted carefully
and weighed separately. All tissues were wrapped in
aluminum foil, dried at 80°C for 4 d and then reweighed.

NOj;": Dried tissue was ground using a pestle and mortar
with deionised water and then incubated at 37°C for 2 h.
Sample turbidity was removed by filtration through
a 045 pum pore diameter membrane filter prior to
analysis. The NO;  was determined using a Flow
Injection Analyser (QuikChem 8000, Lachat Instruments
Inc., Milwaukee, WI, USA) by -catalytical reduction
of NO;  to NO, by passage of the sample through
a copperized cadmium column. NO, was then
determined by diazotizing with sulfanilamide followed by
coupling with N-(1-naphthyl) ethylenediamine dihydro-
chloride. The resulting water-soluble dye had a magenta
color, which was read at 520 nm.

TRN: Dried samples were placed into a digestion tube
with a Kjeldahl tablet and 5 cm’ of concentrated
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sulphuric acid. After the digestion was completed, the
mixture was allowed to cool for 30 min and TRN
concentration was determined by a Kjeltec auto 1030
analyser (Tecator AB, Hogands, Sweden). TRN concen-
tration was quantified through titration.

Total soluble protein: Thirty-six leaf discs, each of
diameter 1 cm, were sampled from different leaves in the
middle of the photoperiod and immediately stored in
liquid nitrogen. Leaf samples were ground to fine powder
in liquid nitrogen with pestle and mortar. Once the liquid
nitrogen had evaporated, 100 mM Bicine [N,N-bis(2-
hydroxyethyl)-glycine]-KOH (pH 8.1), 20 mM MgCl,,
and 2% PVP buffer was added. The mixture was placed ina
20.1 Ti rotor and centrifuged at 100,000 x g for 30 min at
4°C in a Beckman XL-100K ultracentrifuge (Beckman,
USA) to prepare a soluble protein extract. Aliquots of the
soluble extract were mixed with 80% cold acetone and
centrifuged at 25°C for 10 min at 2700 x g using a bench-
top centrifuge. The precipitate was dissolved in 1 M
NaOH and the total soluble and Rubisco proteins were
determined as described by Jordan et al. (1992).

Rubisco protein: Aliquots of known protein concen-
tration (usually 40 pg) were mixed with equal amount of
20% glycerol, 0.02% bromophenol blue, 5% SDS,
0.125M Tris (pH 6.6), and 10% mercaptoethanol. The
proteins were then separated in 12.5% to 22% gradient
polyacrylamide gel with a 3.4% stacking gel (Jordan et
al. 1992). A running buffer of 192 mM glycine, 3.47 mM
SDS, and 25 mM Tris-HCI (pH 8.6) was used to run the
gels before they were stained with 0.2% Coomassie
Brilliant Blue in 10% acetic acid, and 50% methanol. The
gels were destained with 7% acetic acid and 25% ethanol.
The separated proteins were analysed using an EPSON
FX-850 scanning densitometer (Pharmacia LKB Ultra-
scan XL, USA). Areas of large and small subunits were
calculated in terms of Rubisco concentrations according
to a standard.

Statistical analysis: A two-way analysis of variance
(ANOVA) was used first to test the effect of RZ [CO,] and
RZT on all variables. A separate ANOVA was then used
to discriminate means across all treatments. For F,/F,,
ratios, at each RZT, one-way ANOVA was used to test
significant differences among different RZ [CO,], with
means discriminated using Tukey’s multiple comparison
test, when main effects ANOVA tests were significant.
Under each RZ [CO,], a t-test was also used to test for
differences of two RZT under the same RZ [CO,]. All
statistical analyses were carried out using MINITAB
software (MINITAB, Inc., Release 15, 2007).
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Results

Prmaxs €smaxs Fv/Fm, and midday RWC: Two weeks after
different elevated RZ [CO,] treatments, Pnmax and Zimax
were determined in the attached leaves in the greenhouse.
Data obtained from the first two days are shown in Fig. 1.
Similar data were observed over the next 4 consecutive
days (data not shown). The interaction term “RZ [CO;] x

RZT” of two-way ANOVA for Pnmax and ggmax Was not
significant (Table 1). Separate ANOVA analysis showed
that at both RZTSs, Pymax Was significantly higher at each
of three different elevated RZ [CO,] compared with those
of plants grown at ambient RZ [CO,] of 360 ppm
(Fig. 14). Pnmax Was similar at RZ [CO;] of 10,000 and

Table 1. Two-way analysis of variance of physiological variables, with p values presented for each main effect and their interaction.

RZ[CO,] RZT RZ [CO,] x RZT

Prmax (Fig. 14) <0.001  <0.001 045
smax (Fig. 1B) <0.001  <0.001 0.89

Midday leaf RWC (Table 2) <0.001 <0.001 0.19

Shoot FM (Fig. 34) <0.001 <0.001 0.44

Shoot DM (Fig. 3B) <0.001 <0.001 0.29

Root FM (Fig. 30) <0.001 <0.001 0.08

Root DM (Fig. 3D) <0.001 <0.001 0.73

Shoot/root FM Ratio (Fig. 3E) <0.001 <0.001 0.39

Shoot/root DM Ratio (Fig. 3F) <0.001 <0.001 0.82

Shoot NO; concentration (Fig. 44) <0.001 <0.001 0.33

Root NO; concentration (Fig. 4B) <0.001 <0.001 0.61

Shoot TRN concentration (Fig. 4C) <0.001 <0.001 0.95

Root TRN concentration (Fig. 4D) <0.001 <0.001 0.16

Leaf total soluble protein concentration (Table 3) < 0.001 <0.001 0.21

Leaf Rubisco protein concentration (Table 3) <0.001 <0.001 0.54
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Fig. 1. Pymax (A) and ggnax (B) of lettuce plants grown under
different levels of elevated RZ [CO,] at 20°C-RZT (open bars)
and A-RZT (closed bars) for 2 weeks. Each value is the mean
of 5 measurements of 5 different leaves (n = 5). Vertical bars
represent the standard errors. Means with different letters above
the bars are statistically different (p<0.001) as determined by
Tukey’s multiple comparison test.

Fig. 2. Diurnal changes of F,/F,, ratio of lettuce plants grown
under different levels of elevated RZ [CO,] at 20°C-RZT (4)
and A-RZT (B) for 2 weeks. Each value is the mean of 5
measurements of 5 different leaves (n = J5). Vertical bars
represent the standard errors. Means with different letters above
the curves are statistically different (p<0.001) as determined by
Tukey’s multiple comparison test.
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Table 2. Midday leaf RWC [%)] of lettuce plants grown under different levels of elevated RZ [CO,] at 20°C-RZT and A-RZT for
2 weeks. Each value is the mean of 5 measurements of 5 different leaves (n = 5). Means with different letters are statistically different

(»<0.001) as determined by Tukey’s multiple comparison test.

RZ [CO;] [ppm]

360 2,000 10,000 50,000
20°C-RZT 822 +1.21° 87.2+0.70° 94.+0.88°  94.6+0.61°
A-RZT 65.2 +0.89" 68.2+1.03° 759+0.76° 76.3+0.87¢

50,000 ppm, but it was much higher than RZ [CO,] of
360 and 2,000 ppm. It was interesting to note that at both
RZTs, gsmax Was significantly lower in all plants grown at
elevated RZ [CO,] than at ambient RZ [CO,] of 360 ppm,
but gymax values of plants grown at 10,000 and 50,000 ppm
RZ [CO,] did not differ significantly (Fig. 1B).

Diurnal changes in F,/F, were determined in the
attached leaves during 6 sunny days. Similar data were
observed during any of those 6 days and only data
obtained from the 2™ day are shown in Fig. 2. At 20°C-
RZT, no significant differences in F,/F, ratios were
observed among different RZ [CO,] treatments (Fig. 24)
at 07:00 h and they were all greater than 0.8. Similar
values of F,/F,, ratios were observed for plants grown
under RZ [CO;] of 10,000 and 50,000 ppm throughout
the day at 20°C-RZT. However, reduced F,/F , ratios were
observed in plants grown under RZ [CO;] of 360 and
2,000 ppm from 11:00 h and the lowest F,/F, ratios were
observed at 13:00 h with greater decrease in F,/F,, ratio
under RZ [CO,] of 360 ppm than under RZ [CO,] of
2,000 ppm. For these plants, recovery of F,/F,, ratios were
seen from 15:00 h onwards and F,/F,, ratios were greater
than 0.8 at 19:00h. At A-RZT, F,/F, ratio of plants
grown under RZ [CO,] of 10,000 and 50,000 ppm were
greater than 0.8 at 07:00 h. However, decreased F./F,,
ratios (<0.8) at 07:00 h were obtained from plants grown
under RZ [CO»] of 360 and 2,000 ppm. F,/F, ratio was
significantly lower in plants grown at RZ [CO,] of
360 ppm compared with those grown at each of elevated
RZ [CO,] throughout the day (Fig. 2B). F,/F,, ratios were
similar at RZ [CO;] of 10,000 and 50,000 ppm, but they
were much higher than RZ [CO,] of 360 and 2,000 ppm
at any given time from 07:00 to 19:00 h. Under RZ [CO,]
of 360 and 2,000 ppm, F,/F,, ratios were much lower in
plants grown at A-RZT (Fig. 2) than at 20°C-RZT.

Responses of midday leaf RWC (Table 2) to different
RZ [CO,] at both RZTs were similar to those of Pymax
(Fig. 14). Higher midday leaf RWC was observed at all
elevated RZ [CO,] than at ambient RZ [CO,] of 360 ppm.
Although the responses of Pnmax, Qsmax, and midday leaf
RWC to different RZ [CO,] were similar, compared with
those plants grown at 20°C-RZT, these variables were
much lower at A-RZT. However, the change of each
variable under elevated RZ [CO,] was greater at A-RZT
than at 20°C-RZT (Fig. 1, Table 2).

Shoot and root productivity: The interaction term “RZ
[CO,] x temperature” of two-way ANOVA for FM and

334

DM of the shoots and roots, and the shoot/root FM and
DM ratios were not significant (Table 1). Separate
ANOVA analysis showed that FM and DM of the shoots
and the roots were significantly higher in plants at all
elevated RZ [CO;] than at ambient RZ [CO;] of 360 ppm
at each RZT (Fig. 3). The shoot FM of plants, which were
exposed to elevated RZ [CO,], had 12-40% and 17-69%
increases at 20°C-RZT and A-RZT, respectively,
compared with those plants grown at ambient RZ [CO;]
(Fig. 34). There were no significant differences in the
shoot FM and DM, when the plants were exposed to
elevated RZ [CO,] of 10,000 and 50,000 ppm, but they
were much higher than those plants at elevated RZ [CO,]
of 2,000 ppm (Fig. 34,B). However, the root FM and DM
of the plants grown at elevated RZ [CO,] of 50,000 ppm
were significantly greater than at 10,000 ppm (Fig. 3C,D).
It was also observed that the increase of the root FM was
greater than that of the shoot FM under elevated RZ
[CO,] at each RZT. For example, at 20°C-RZT, the shoot
and root FM at 50,000 ppm RZ [CO,] were about 1.4 and
1.9 fold higher than those at 360 ppm RZ [CO,]. For the
plants grown at A-RZT, the shoot and root FM was 1.9
and 2.7 fold higher than that of ambient RZ [CO,] plants,
respectively (Fig. 34,C). Similar trends were also
observed for the shoot and root DM (Fig. 3B,D). Higher
increases of FM and DM of the roots at elevated RZ
[CO,] resulted in significantly lower shoot/root FM and
DM ratios under all elevated RZ [CO,] compared with
those of 360 ppm RZ [CO,] at each RZT (Fig. 3E,F).

NOj;, TRN, soluble and Rubisco protein: Shoot and
root NO;~ and TRN concentrations were determined in
the same plants used for measuring the plant productivity
(Fig. 3). “RZ [CO,] x RZT” of two-way ANOVA for
NO;~ and TRN concentration were not significant
(Table 1). Separate ANOVA analysis indicated that NO;~
and TRN concentrations of the shoots and roots were
significantly higher in all elevated RZ [CO,] plants than
in the plants grown at 360 ppm RZ [CO,] at each RZT
(Fig. 4). There were no significant differences in all these
variables when plants were exposed to elevated [CO;] of
10,000 and 50,000 ppm, but they were significantly
greater than those plants exposed to elevated RZ [CO,] of
2,000 ppm. At each RZ [CO,], NO; , and TRN concen-
trations of the shoots were higher at 20°C-RZT than at A-
RZT (Fig. 44,C). The roots, however, had higher NO;~
and TRN at A-RZT than at 20°C-RZT (Fig. 4B,D).
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Results of leaf total soluble and Rubisco proteins analysis
from the fresh samples are shown in Table 3. “RZ [CO,]
x RZT” of two-way ANOVA for leaf total soluble and
Rubisco protein concentration was not
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Fig. 3. Fresh mass (FM) and dry mass (DM) of
shoot (4, B) and root (C, D), shoot/root ratio
(E, F) of lettuce plants grown under different
levels of elevated RZ [CO2] at 20°C-RZT
(open bars) and A-RZT (closed bars) for 3
weeks. Each value is the mean of 5 measure-
ments of 5 different leaves (n = 5). Vertical
bars represent the standard errors. Means with
different letters above the bars are statistically
different (p<0.001) as determined by Tukey’s
multiple comparison test.

Fig. 4. NO;  and total reduced nitrogen
(TRN) concentration of shoot (4,B) and root
(C,D) of lettuce plants grown under
different levels of elevated RZ [CO,] at
20°C-RZT (open bars) and A-RZT (closed
bars) for three weeks. Each value is the
mean of 5 measurements of 5 different
plants (n = 5). Vertical bars represent the
standard errors. Means with different letters
above the columns are statistically different
(»<0.001) as determined by Tukey’s mul-
tiple comparison test.

(Table 1). Reponses of leaf total soluble and Rubisco
protein (Table 3) to RZ [CO,] and RZT were similar to
those of the shoot TRN (Fig. 4C).
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Table 3. Leaf soluble and Rubisco protein concentrations of lettuce plants grown under different levels of elevated RZ [CO,]
at 20°C-RZT and A-RZT for three weeks. Each value is the mean of 5 measurements of 5 different plants (» = 5). Means with
different letters are statistically different (p<0.001) as determined by Tukey’s multiple comparison test.

RZT RZ [CO,] [ppm] Leaf soluble protein [g m?] Leaf Rubisco protein [g m?]
20°C-RZT 360 5.75+0.15° 3.8540.15°
2,000 6.82+0.18° 452+0.18°
10,000 8.02+0.12° 534+0.16"
50,000 8.23+0.14° 5.73+0.13°
A-RZT 360 4324017 23240.15¢
2,000 5.13+ 0.10¢ 3.11+0.15¢
10,000 6.89 +0.14° 459 +0.15°
50,000 6.94 +0.15° 4.64+0.15°
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Fig. 5. Correlations between light-saturated net photosynthetic rate (Pymax) and light-saturated stomatal conductance (ggmax), (4) (data
derived from Fig. 1) and Pyu., and shoot total reduced nitrogen (TRN) concentration (B) (data derived from Figs. 14, 4C) of lettuce
plants grown under different levels of elevated RZ [CO,] at 20°C- and A-RZT for three weeks.
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Fig. 6. Correlations between Py, and total leaf soluble (4) and Rubisco concentration (B) (data derived from Fig. 14, Table 3) of
lettuce plants grown under different levels of elevated RZ [CO,] at 20°C- and A-RZT for three weeks.

Correlations between Pyp,, and ggp,y, shoot TRN, leaf correlations between Pyma, and shoot TRN concentrations
soluble and Rubisco proteins: Across all treatments, (Fig. 5B), total leaf soluble (Fig. 64) and Rubisco protein
there was no correlation between Pypax and Gomax concentrations (Fig. 6B) were established in the plants
(Fig. 54, p=0.14) but these variables were negatively grown under different RZ [CO,] and RZTs (p<0.001).
correlated within each RZT. However, close linear
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Discussion

The present study showed that Pyn.x increased with
increasing RZ [CO,] (Fig. 14) with a RZ [CO,] of 10,000
ppm sufficient for maximising productivity of aeroponi-
cally grown lettuce plants at both RZTs (Fig. 3). How-
ever, gamax Was significantly lower at higher RZ [CO,]
than at ambient RZ [CO,] (Fig. 1B) and therefore, the
enhancement of Pyn.x under elevated RZ [CO,] was not
due to the increase in g, Obviously, there was more
internal CO, available to the plants grown under elevated
RZ [CO,] as dissolved CO, in the xylem sap could be
carried upward in the stem when plants were transpiring
(Teskey and McGuire 2005) and fixed in green tissues
(McGuire ef al. 2009). Under A-RZT, reduced gymax is the
main cause of reduced Pymax, because it reduces CO,
availability for carboxylating reaction (He et al. 2001). In
the present study, although it was unable to provide the
amount of elevated RZ [CO,;] needed to obtain the effects
on Pypmax, higher Py observed in plants treated with
higher elevated RZ CO, supported our hypothesis that
elevated RZ [CO,] enhanced photosynthesis. Our
previous (He et al. 2001) and present (Table 2) studies
showed that temperate lettuce plants grown under tropical
A-RZT had midday leaf RWC below 80—70%, had lower
Zsmax» and they showed symptoms of wilting during
midday. However, stomata were still partially open and
all plants were still transpiring. Although it was not
directly measured, the amount of CO, dissolved in the
nutrition solution might still be higher in the transpiration
stream (despite the lower gg..x and lower transpiration
rate), when RZ was supplied with elevated RZ [CO,]
compared with ambient RZ [CO,].

In this aeroponic study, A-RZT plants had similar
responses to elevated RZ [CO,] as the 20°C-RZT plants.
They had higher Pypmax (Fig. 14) with much lower gy
(Fig. 1B) under the same elevated RZ [CO,]. The
magnitudes of increases in Pyma under elevated RZ
[CO,] were even greater at A-RZT than at 20°C-RZT.
As mentioned earlier, higher Pyn.x obtained for the plants
grown at elevated RZ [CO,] might partially result from
using dissolved CO, via transpiration stream from roots.
According to Cramer and Richards (1999), hydroponi-
cally grown tomato (L. esculentum) seedlings benefited
significantly from elevated, dissolved CO, when exposed
to high-temperature stress at high-light intensities due to
partial closure of the stomata and lower water-use
efficiency. In this study, the lettuce plants grown under
elevated RZ [CO,] maintained higher midday RWC
(Table 2) accompanied by lower ggn.x (Fig. 1B).

Cooling the roots to 20°C-RZT allowed higher Pypax
due to a reduction of dynamic photoinhibition and a
prevention of chronic photoinhibition compared with the
A-RZT plants (He et al. 2001). In the present study, none
of the plants grown at 20°C-RZT showed chronic
photoinhibition as they all had F,/F,, higher than 0.8 at
07:00 h (Fig. 24). The plants grown at 20°C-RZT under

higher RZ [CO,] of 10,000 and 50,000 ppm had con-
stantly high values of F,/F,, ratio (> 0.8) throughout the
day, suggesting that dynamic photoinhibition did not
occur in these plants (Fig. 24). However, the plants,
which were grown at 20°C-RZT under RZ [CO,] of 360
and 2,000 ppm, exhibited dynamic photoinhibition. Both
chronic and dynamic photoinhibition were observed in
A-RZT plants under lower RZ [CO,], but the effects were
much lesser under elevated RZ [CO,] of 2,000 ppm than
under RZ [CO,] of 360 ppm (Fig. 2B). We also found that
decreases in midday F./F, ratio were much lower under
elevated RZ [CO,] than under ambient RZ [CO,] in
lettuce grown under fluctuating air temperature from
20-36°C, under a maximal PPFD of 2,100 pmol m s ' in
New Zealand (He et al. 2007).

Decreased photosynthetic electron consumption is one
of important direct consequences of reduction in CO,
supply, causing a downregulation of photosynthetic effi-
ciency and increased requirement for additional electron
and O, consumption, such as photorespiration and the
Mehler reaction (Cornic and Fresneau 2002). When
stomatal limitation of photosynthesis was more severe in
A-RZT plants, more endogenous electron acceptors
became reduced and O, might be the main available
electron acceptor and this could result in photodamage of
photosynthetic apparatus. It was reported that transport of
carbon from the roots to shoot via xylem could alleviate
not only photoinhibition but also photorespiration
(Cramer and Richards 1999). According to Cornic and
Fresneau (2002), up to a leaf RWC of about 70%, it is
likely that stomata closure plays the main role in the
decline of leaf photosynthesis. The CO, concentration in
the chloroplasts declines as stomata close in drying
leaves. As a consequence, ribulose-1,5-bisphosphate oxy-
genation increases in C; plants and it becomes the main
sink for photosynthetic electrons. In the present study,
higher midday leaf RWC (> 70%, Table 2) of lettuce
plants grown under elevated RZ [CO;] could help them to
alleviate both photorespiration and photoinhibition.

Reduction of photoinhibition and photorespiration
may be important in determining the growth and biomass
accumulation, especially, when stomata are partially
closed under high temperatures during midday. Lettuce
plants that accumulated more biomass at elevated RZ
[CO,] than at ambient RZ [CO,] at both RZTs (Fig. 3)
supported this assumption. In the present study, we found
greater increases in the root (Fig. 3C,D) than in the shoot
FM and DM (Fig. 34,B) at elevated RZ [CO,] than at
ambient RZ [CO,]. Thus, the lower shoot/root FM and
DM ratios (Fig. 3E,F) were obtained from plants grown
at elevated RZ [CO,] compared with those grown at
ambient RZ [CO,]. The percentage of increase in biomass
under elevated RZ [CO,] was greater at A-RZT than at
20°C-RZT although the total biomass was higher at
20°C-RZT. It has been reported that the temperature of
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a sink affects its metabolic rate and hence its capacity to
utilize carbohydrates (Schurr ez al. 2000, He et al. 2009).
Our previous results showed that roots of 20°C-RZT
lettuce plants did not have only greater biomass but also
longer total length with a greater number of tips and
surface area, and smaller average diameter of roots as
compared with A-RZT plants (He et al. 2009). Plants
typically have more extensive and active root systems at
elevated atmospheric CO, concentrations than at ambient
CO, (Norby 1994), which allows them to explore larger
volumes of soil in search of nutrients (Norby ef al. 1992).
In this study, elevated RZ [CO,] also stimulated the root
development in lettuce plants grown at both RZTs (data
not shown). The larger root system with more fine roots
resulted in greater uptake of nutrient such as NO;™ under
elevated RZ [CO;]. On the other hand, acclimation of
photosynthesis to growth at elevated atmospheric CO,
was reported to depend on the source/sink ratio within the
plant and ‘sink capacity’ (Makino and Mae 1999). Larger
root systems increased their capacity for utilizing
photoassimilates (Ainsworth and Rogers 2007, He et al.
2009, 2010).

It was reported that acclimation of photosynthesis is
connected with the N-status of the plant (Evans 1989).
The components of chloroplasts represent a large
proportion of total leaf N (Evans 1989). Leaf N content
per unit area often declines under elevated CO,
(Ellsworth et al. 2004), which could be due to larger leaf
biomass requiring higher N investment into Rubisco.
Decreased N concentration is usually interpreted as the
evidence that NO;™ uptake and assimilation have not kept
pace with photosynthesis and growth under elevated
[CO;] (Pettersson and McDonald 1994). In the present
study, higher NO;™ uptake and higher concentration of
TRN in lettuce plants were observed in the plants grown
under elevated RZ [CO,] compared with those grown
under ambient RZ [CO,] at both RZTs (Fig. 4). Increased
uptake of NO;~ by roots under enriched RZ [CO,] has
been reported in hydroponically grown tomato plants
(van der Merwe and Cramer, 2000). Plants grown under
elevated RZ [CO,] had higher Pnmax and higher
productivity at both RZTs; it could be also partially due
to dissolved CO, incorporation, which allowed the
improved incorporation of N into amino acids in the roots
as a consequence of greater supplies of anaplerotic
carbon for protein synthesis (Cramer and Lewis 1993;
Viktor and Cramer 2003). NO; incorporation into
organic, N containing compounds involves the reduction
of NO;™ to NO, via the cytosolic enzyme nitrate reduc-
tase (NR), which is an NO; -inducible enzyme and is
under a complex regulation (Cookson et al. 2005). It was
reported that TRN content decreased at high RZT (Du
and Tachibana 1994, He et al. 2001). Decrease in NR
activity could be also linked to the decline in the rate of
photosynthesis due to stomata closure (Kaiser and
Brendel-Benisch 1991). In the study with wheat (Triticum
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durum L.) plants, Fresneau et al. (2007) concluded that a
drought-induced decrease of the leaf internal CO,
concentration partially triggered the decrease in NR
activity. Effects of RZ [CO,] on NR activity deserve
further studies.

Rubisco has a relatively poor affinity for CO, and
competing reaction with O, and it is widely thought to
limit the irradiance-saturated rate of photosynthesis
(Andrews and Lorimer 1987). The low efficiency of
Rubisco is partly offset by the vast amount of Rubisco
protein in the leaf (Woodrow and Berry 1988). Stitt and
Schulze (1994) concluded that Rubisco as a 'reserve '
protein could be advantageous in providing greater
efficiency of photosynthesis in response to fluctuating
conditions within a day. In our previous study (He ef al.
2001), stomata closure in response to high A-RZT was
observed immediately, when lettuce plants were trans-
ferred from 20°C-RZT to A-RZT. However, decreases in
Pnmax in A-RZT plants cannot be simply recovered after
increasing gqm.x by transferring the lettuce plants back to
20°C-RZT as Rubisco activity and Rubisco protein were
also affected by A-RZT due to the N deficiency of these
plants (He and Lee 2001). In the present study, a larger
root system within the aeroponic system under elevated
RZ [CO,] at 20°C-RZT increased not only the shoot NO3~
and concentration of TRN, but also the leaf soluble and
Rubisco protein (Table 3). In the analysis of the cause of
the decrease in N across the elevated [CO,] experiments,
Long et al. (2004) suggest that almost all of the decline in
leaf N could be accounted for by a decrease in Rubisco
that comprises 27% of total leaf N (Makino et al. 1997).
It has been reported that reduced amount of Rubisco
results in lower photosynthetic CO, assimilation (Makino
et al. 1997, Makino and Mae 1999). Although the
benefits of higher Rubisco content are partially offset by
lower Rubisco activation in high-N leaves (Ray et al.
2003), Pnmax 1S generally higher in high-N leaves than in
low-N leaves (Makino et al. 2003). Increases in shoot N,
leaf soluble and Rubisco protein concentrations result in
higher photosynthetic CO, assimilation (Li et al. 2009).
In the present study, there were positive linear relation-
ships between Pymax and the shoot TRN concentration
(Fig. 5B), leaf soluble protein (Fig. 64) and Rubisco
concentration (Fig. 6B). These findings further suggested
that the increased Pymax under elevated RZ [CO,] at both
high A-RZT and 20°C-RZT could be partially due to
higher shoot TRN concentration, higher soluble and
Rubisco proteins, but not due to ggm.x (Fig. 54) (He et al.
2007, 2010).

Conclusions: We observed the benefits of elevated RZ
[CO,] at both RZTs within a short term of treatments by
increased Pnmax, decreased ggmax With less reduced midday
leaf RWC and F,/F,, ratio and elevated Rubisco content
resulting from higher levels of TRN and soluble protein.
A larger root system, which in turns not only enhanced
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NO; ™ uptake but also increased the capacity for utilizing
photoassimilates, indicated the acclimation of
photosynthesis to elevated RZ [CO,] though altering the
source/sink ratio with increased ‘sink capacity’. In
conclusion, the increased Pyy.c and productivity under
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