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Abstract

Rubisco limits C; photosynthesis under some conditions and is therefore a potential target for improving photosynthetic
efficiency. The overproduction of Rubisco is often accompanied by a decline in Rubisco activation, and the protein ratio of
Rubisco activase (RCA) to Rubisco (RCA/Rubisco) greatly decreases in Rubisco-overproducing plants (RBCS-ox). Here, we
produced transgenic rice (Oryza sativa) plants co-overproducing both Rubisco and RCA (RBCS-RCA-ox). Rubisco content in
RBCS-RCA-ox plants increased by 23%-44%, and RCA/Rubisco levels were similar or higher than those of wild-type plants.
However, although the activation state of Rubisco in RBCS-RCA-ox plants was enhanced, the rates of CO, assimilation at
25°C in RBCS-RCA-ox plants did not differ from that of wild-type plants. Alternatively, at a moderately high temperature
(optimal range of 32°C-36°C), the rates of CO, assimilation in RBCS-ox and RBCS-RCA-ox plants were higher than in wild-
type plants under conditions equal to or lower than current atmospheric CO, levels. The activation state of Rubisco in
RBCS-RCA-ox remained higher than that of RBCS-ox plants, and activated Rubisco content in RCA overproducing, RBCS-ox,
RBCS-RCA-ox, and wild-type plants was highly correlated with the initial slope of CO, assimilation against intercellular CO,
pressures (A:Ci) at 36°C. Thus, a simultaneous increase in Rubisco and RCA contents leads to enhanced photosynthesis
within the optimal temperature range.

Introduction 2013). Therefore, there is a need for improvement of crop

Due to global human population growth, there is an increase ~ productivity under near-future climatic conditions. Increasing
in food demand. However, the rate of increase in crop pro-  the photosynthetic efficiency in crop plants is considered to
ductivity is insufficient for prospective food demand over the ~ be one of the promising strategies to increase crop produc-
coming decades (Long et al, 2015). In addition, accelerated  tivity (e.g. Makino, 2011; Ort et al,, 2015). According to the
global warming will negatively affect crop productivity (IPCC, biochemical model for C; photosynthesis by Farquhar et al.
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(1980), photosynthetic rate is either limited by the capacity
of ribulose-1,5-bisphosphate (RuBP) carboxylase/oxygenase
(Rubisco; E.C. 4.1.1.39) to consume RuBP or by the capacity
of the chloroplast electron transport to regenerate RuBP.
Based on this model, light-saturated photosynthesis is limited
by the capacity of Rubisco below current atmospheric CO,
concentrations (Evans, 1986; Makino et al,, 1988). Transgenic
plants with decreased Rubisco content exhibit reduced pho-
tosynthetic rates parallel to the decreased Rubisco content
(Quick et al, 1991; Hudson et al, 1992; Furbank et al, 1996;
Makino et al,, 1997). In addition, a recent study analyzing the
limiting factor of temperature-dependent photosynthesis
suggests that at high temperatures Rubisco strongly limits
photosynthesis (Busch and Sage, 2017). Therefore, Rubisco
has been considered as an attractive target for enhancing the
photosynthetic capacity (Carmo-Silva et al, 2015 von
Caemmerer, 2020).

In our previous study, we produced transgenic rice (Oryza
sativa) plants with a 30% increase in the Rubisco content by
the overexpression of the RBCS gene (RBCS-ox plants; Suzuki
et al, 2007). In growth chambers, RBCS-ox rice plants exhibit
higher biomass production under CO,-limited conditions
(Sudo et al, 2014). In isolated paddy field conditions, RBCS-
ox rice plants show higher grain yields than that of wild-
type (WT) plants under sufficient nitrogen fertilization
(Yoon et al,, 2020). However, the overproduction of Rubisco
is accompanied by a decline in Rubisco activation (Makino
and Sage, 2007; Suzuki et al, 2009; Suganami et al, 2018).
Therefore, the photosynthetic rate did not necessarily in-
crease in Rubisco-overproducing rice plants (Suzuki et al,
2009; Suganami et al, 2018). Recently, similar phenomena
have been reported in Rubisco-overproducing maize (Zea
mays) plants (Salesse-Smith et al, 2018). Thus, a decline in
the activation state of Rubisco in Rubisco-overproducing
plants may be one of the factors that hinder the improve-
ment of photosynthesis in crops.

To become catalytically competent, Rubisco must be car-
bamylated and stabilized by the subsequent binding of
Mg”*. However, sugar phosphates, including the substrate
RuBP, carboxyarabinitol 1-phosphate (a nocturnal metabo-
lite), and some misfire products, bind to noncarbamylated
or carbamylated Rubisco and inhibit enzymic activity (Parry
et al, 2008). Rubisco activase (RCA) is a member of the
AAA + family of proteins, which promotes the activation of
Rubisco by facilitating the ATP-dependent removal of inhibi-
tory sugar phosphates and carbamylation of Rubisco (Portis,
2003; Bracher et al, 2017). Most plants, including rice, con-
tain two isoforms of RCA—redox-sensitive large and redox-
insensitive small isoforms (Zhang and Portis, 1999; Zhang
et al, 2002). Changes in redox status and ATP/ADP ratio in
the chloroplast regulate the activity of RCA (Carmo-Silva
and Salvucci, 2013). In RBCS-ox plants, ATP concentrations
and ATP/ADP ratios during steady-state photosynthesis are
similar to those in WT plants (Suzuki et al, 2012). In addi-
tion, electron transport rate through PSIl (ETRII) and PSI
(ETRI) in RBCS-ox plants does not change in comparison to
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WT plants (Wada et al, 2018). These results indicate that
ATP supply and electron transport activity are adequate for
the activation of Rubisco. Alternatively, RCA content and
the protein ratio of RCA to Rubisco (RCA/Rubisco) decrease
in RBCS-ox plants by 10%—20% and 30%-40%, respectively
(Suganami et al, 2018). Studies on transgenic plants with
moderately suppressed RCA reveal that RCA is sufficient for
maintaining Rubisco activation and photosynthesis (Mate
et al, 1996; Eckardt et al, 1997, Masumoto et al, 2012;
Yamori et al, 2012), but the activation state of Rubisco
increases in transgenic rice plants with overproduced RCA
(RCA-ox plants; Suganami et al, 2020). Similar results have
also been observed in transgenic rice with overproduced
barley (Hordeum vulgare) or maize RCA (Fukayama et al,
2012; Yamori et al, 2012). Therefore, we hypothesized the
overproduction of RCA would restore a decline in Rubisco
activation in RBCS-ox plants.

In this study, we produced transgenic rice plants with
co-overproduced Rubisco and RCA (RBCS-RCA-ox plants)
and examined whether the overproduction of RCA restores
a decline in Rubisco activation in RBCS-ox plants. Then, we
measured the rate of CO, assimilation under conditions of
high irradiance and different CO, levels. Finally, we investi-
gated the rate of CO, assimilation and the activation state
of Rubisco at a moderately high temperature within the op-
timal temperature range (32°C-36°C).

Results

Rice has five RBCS genes (RBCS1-RBCS5) in the nuclear ge-
nome, and four out of five are mainly expressed in leaf
blades (Suzuki et al, 2007). Rubisco-overproducing rice
plants (RBCS-ox plants) were produced by transformation
with RBCS2 cDNA under the control of the RBCS2 promoter
(Suzuki et al, 2007). Rice contains large and small isoforms
of RCA that arise from one nuclear gene via alternative
splicing (To et al, 1999). RCA-overproducing rice plants
(RCA-ox plants) were transformed with the ¢cDNA of the
small form of RCA under the control of the RBCS2 promoter
or the RCA promoter (Suganami et al., 2020). In the present
study, we crossed two lines of RBCS-ox plants with four lines
of RCA-ox plants and obtained five individual lines co-
overproducing Rubisco and RCA (RBCS-RCA-ox plants; sum-
marized in Supplemental Table S1). We used three lines of
RBCS-RCA-ox plants (RBCS-RCA-ox 1, 2, and 3), which were
derived from the Sr26-8 line of RBCS-ox plants. F2 and F3
progenies homozygous for both RBCS and RCA transgenes
were selected. To confirm the common impact of the
Rubisco overproduction, we also examined the remaining
two lines (RBCS-RCA-ox 4 and 5), which were derived from
another line of RBCS-ox plants (Sr35-4; Supplemental Figures
S1 and S2).

All plants were grown hydroponically at 26°C/20°C day/
night temperature in an environmentally controlled
growth chamber. The experiments were conducted on the
uppermost, fully expanded leaves of the 63- to 77-d-old
plants.
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Rubisco, RCA, and leaf N content in transgenic
plants with co-overproduced Rubisco and RCA

Total leaf nitrogen (leaf-N) content did not differ, irrespec-
tive of the genotype (Figure 1A). The Rubisco content in-
creased by 51% in RBCS-ox plants and by 23%, 44%, and
30% in RBCS-RCA-ox 1, 2, and 3 plants, respectively, com-
pared with WT plants (Figure 1B). The content of the small
isoform RCA (RCAs) tended to decrease in RBCS-ox plants
but increased by 42, 120, and 33% in RBCS-RCA-ox 1, 2, and
3 plants, respectively (Figure 1C). The ratio of Rubisco to to-
tal leaf-N content (Rubisco-N) was significantly higher in
RBCS-ox plants and the three RBCS-RCA-ox plants than in
WT plants, and RCAs-N significantly increased in RBCS-RCA-
ox plants compared with WT and RBCS-ox plants (Figure 1,
D and E). Similar results were obtained with the other two
lines (RBCS-RCA-ox 4 and 5; Supplemental Figure S1). The
protein ratio of RCA to Rubisco content (RCA/Rubisco),
which was calculated from Figure 1, B and C, was signifi-
cantly lower in RBCS-ox plants, while that in RBCS-RCA-ox 1
and 3 plants was similar to the ratio of WT plants and that
in RBCS-RCA-ox 2 plants was higher than in WT plants
(Figure 1F). The typical examples of the detection images of
Rubisco and RCA using sodium dodecyl sulphate-polyacryl-
amide gel electrophoresis (SDS-PAGE) are shown in
Supplemental Figure S1.

M. Suganami et al.

Levels of mRNA of total RBCS (sum of four genes, RBCS2,
3, 4, and 5) and RBCL were 118% and 50% higher in RBCS-
ox plants than in WT plants, respectively (Figure 2, A and
B). These results were consistent with our previous studies
(Suzuki et al, 2007, 2009; Suzuki and Makino, 2012). In
RBCS-RCA-ox plants, the mRNA levels of total RBCS and
RBCL were also 65%-78% and 26%-56% higher than those
of WT plants, respectively (Figure 2, A and B). The mRNA
levels of RCA were 28% lower in RBCS-ox plants than in WT
plants but 39 and 156% higher in RBCS-RCA-ox 1 and 2
plants, respectively (Figure 2C).

Rubisco activation and rates of CO, assimilation at
25°C in transgenic plants with co-overproduced
Rubisco and RCA

The activation state of Rubisco under saturated light condi-
tions significantly decreased in RBCS-ox plants but was simi-
lar in the three lines of RBCS-RCA-ox plants compared to
the WT plants (Figure 3). These results indicate that a de-
cline in Rubisco activation in RBCS-ox plants was restored
by the overproduction of RCA. However, the rate of CO,
assimilation measured at 25°C did not increase in the three
lines of RBCS-RCA-ox plants, irrespective of CO, partial pres-
sures (Figure 4A). Similar results were also observed with
the RBCS-RCA-ox 4 and 5 plants (Supplemental Figure S2).
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Figure 1 Rubisco, RCA and leaf-N contents in transgenic plants. (A) Total leaf-N; (B) Rubisco; (C) RCA small form (RCAs) contents per unit of
leaf area; (D) N allocation to Rubisco (Rubisco-N); (E) N allocation to RCAs (RCAs-N) and (F) the protein ratio of RCAs to Rubisco (RCAs/
Rubisco) in the uppermost, fully expanded leaves. The white, blue, and red bars indicate WT, RBCS-ox, and RBCS-RCA-ox plants, respectively. Data
are presented as means =+ st (n = 4-6). Statistical analysis was conducted using ANOVA with a post hoc Tukey—Kramer HSD test. Different letters

indicate statistical differences among the genotypes (P < 0.05).
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Figure 2 The mRNA levels of total RBCS, RBCL, and RCA in transgenic plants. The mRNA levels of: (A) total RBCS; (B) RBCL in expanding leaves;
and (C) RCA in fully expanded leaves on a total RNA basis. In total RBCS, each bar was divided into four parts, which indicate the mRNA levels of
four genes of the RBCS multigene family, RBCS2, 3, 4, and 5, respectively, from the bottom to the top. The mRNA level of RBCST was negligible
(Suzuki et al., 2007). The white, blue, and red bars indicate WT, RBCS-ox, and RBCS-RCA-ox plants, respectively. Data are presented as means = se
(n = 3—4). Statistical analysis was conducted using ANOVA with a post hoc Tukey—Kramer HSD test. Different letters indicate statistical differen-

ces among the genotypes (P < 0.05).
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Figure 3 Rubisco activation at 25°C in transgenic plants. The activa-
tion state of Rubisco was measured in the uppermost, fully expanded
leaves at a leaf temperature of 25°C, an irradiance of 1,500-umol
quanta m™ s, and an atmospheric CO, partial pressure (Ca)
of 40 Pa. The white, blue, and red bars indicate WT, RBCS-o0x, and
RBCS-RCA-ox plants, respectively. Data are presented as means =+ St
(n = 3-6). Statistical analysis was conducted using ANOVA with a
post hoc Tukey—Kramer HSD test. Different letters indicate statistical
differences among the genotypes (P < 0.05).

The analysis of CO, assimilation as a function of intercellular
CO, pressures (A:Ci curve) showed the tendency toward a
decrease in CO, assimilation in RBCS-ox and RBCS-RCA-ox
plants at elevated CO, levels (Figure 4B), but there was no
difference in the initial slope of A:Ci curves among geno-
types (Figure 4C). Maximum rates of electron transport

(Jmax) and of RuBP carboxylation (Vm.) were calculated
using the gas exchange data (Figure 4) according to the
photosynthetic biochemical model (von Caemmerer and
Farquhar, 1981). Although the calculated J,.. tended to
slightly decrease in some RBCS-RCA-ox plants, it did not
statistically differ among genotypes (Table 1). In addition,
the rates at 40 Pa CO, (A)) predicted from the calculated
Jmax in all genotypes were comparable to the measured rates
of CO, assimilation at 40 Pa CO, (Aes), respectively. These
results suggest that the rate of CO, assimilation at atmo-
spheric CO, partial pressures in RBCS-RCA-ox plants is lim-
ited by the electron-transport rate. Therefore, it was
considered that the rate of CO, assimilation at 40 Pa CO, in
RBCS-RCA-ox plants did not increase. In addition, no differ-
ence in Ve (Table 1) as well as in the initial slope of A:Ci
(Figure 4C) indicated that CO, assimilation in RBCS-RCA-ox
plants did not increase, even under CO,-limited conditions
where Rubisco limits photosynthesis.

Co-overproduction of Rubisco and RCA increased
the rates of CO, assimilation at moderately high
temperatures

Our previous studies on the temperature response of photo-
synthesis in rice show that the maximum rates of CO, as-
similation in rice are observed in a wide temperature range
of 25°C-37°C (Makino and Sage, 2007; Nagai and Makino,
2009). In addition, the optimal temperature in RBCS-ox rice
plants tends to shift toward high temperature ranges
(Makino and Sage, 2007). Therefore, we measured the rate
of CO, assimilation at moderately high temperatures (32°C
and 36°C) in WT, RCA-ox, RBCS-ox, and RBCS-RCA-ox plants
(transgenic line with the highest Rubisco and RCA contents,
see Figure 1). Whereas there was no difference in the rate
of CO, assimilation at 25°C among genotypes under any
CO, conditions, the rate of CO, assimilation at 32°C in
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Figure 4 Rates of CO, assimilation at 25°C in transgenic plants. (A) The rate of CO, assimilation per unit of leaf area in the uppermost, fully
expanded leaves measured with an LI-6400XT at a leaf temperature of 25°C, an irradiance of 1,500-umol quanta m™” 5™, and different CO, partial
pressures (intercellular CO, partial pressure, Ci, of 20 Pa (Ci = 20 Pa), Ca = 40 Pa, and Ci > 60 Pa). The white, blue, and red bars indicate WT,
RBCS-0x, and RBCS-RCA-ox plants, respectively. Data are presented as means = st (n = 4—6). (B) The rates of CO, assimilation as a function of Ci
(A:Ci curve). The white circles, blue circles, red diamonds, red triangles, and red squares indicate WT, RBCS-ox, RBCS-RCA-ox 1, 2, and 3 plants,
respectively. Data are presented as means =+ st (n = 3—-4). C, Initial slope of CO, assimilation against Ci. The slope was calculated from the data of
(B). In (A) and (C), statistical analysis was conducted using ANOVA with a post hoc Tukey—Kramer HSD test. Different letters indicate statistical
differences among the genotypes (P < 0.05).

Table 1 Jhax Vemax and calculated/measured CO, assimilation at Ca = 40 Pa in transgenic plants

Rate wT RBCS-o0x RBCS-RCA-0x 1 RBCS-RCA-0x 2 RBCS-RCA-0x 3
Jmax (gmol m™2 s7) 162.3+3.0 164.5+4.8 152.6+ 6.4 162.849.1 1502+3.8
Vemax (timol m™2s7™") 94.4+85 102.8+8.0 101.9+1.7 86.5+12 96.4+7.0
A; (gmol CO, m™s7™") 263+05 264408 246406 260+15 242406
Ames (tmol CO, m™2s7") 243+0.7 260+1.0 23.7+1.0 246+3.0 237+10

Jmax and Vmax were calculated from the data of CO, assimilation at Ci > 60 Pa and initial slope of A:Ci curve in Figure 4, respectively. CO, assimilation limited by RuBP
regeneration (A;) at Ca = 40 Pa was calculated from Equation (5) in the Materials and methods section. Measured CO, assimilation (Anes) was taken from data in Figure 4A.
Data are presented as means =+ st (n = 3-6). Statistical analysis was conducted using ANOVA with a post hoc Tukey—Kramer HSD test. Different letters indicate statistical
differences among the genotypes (P < 0.05).
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RBCS-RCA-ox 2 plants tended to be higher than in WT and
RCA-ox plants under conditions of Ci = 20 Pa and Ca = 40
Pa (Figure 5). In addition, the rate of CO, assimilation at
36°C in RBCS-RCA-ox 2 plants was significantly higher than
that of WT plants by 21 and 14% under conditions of Ci
20 Pa and Ca = 40 Pa, respectively (Figure 5A). When the
rate of CO, assimilation relative to that at 25°C was calcu-
lated (Figure 5B), there were statistically significant increases
in the rate of CO, assimilation at 32°C in RBCS-ox plants
compared to WT plants under conditions of Ci = 20 Pa
and Ca = 40 Pa.

Rubisco content in RBCS-ox and RBCS-RCA-ox 2 plants
significantly increased compared to that in WT plants, and
that in RCA-ox plants was slightly lower (Figure 6A). The ac-
tivation state of Rubisco in RCA-ox plants remained at high
levels even at high temperatures. Alternatively, the activa-
tion state of Rubisco in WT, RBCS-ox, and RBCS-RCA-ox 2
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plants decreased with increasing temperature. The activation
state of Rubisco in RBCS-RCA-ox 2 plants was similar to that
of WT plants and higher than that of RBCS-ox plants at any
temperature (Figure 6B). These results indicate that the
overproduction of RCA is effective in preventing partial de-
activation of Rubisco caused by the overproduction of
Rubisco even at high temperatures.

We conducted the A:Ci curve analysis at 36°C (Figure 7).
From low to normal CO, partial pressures, CO, assimilation
in RBCS-ox and RBCS-RCA-ox 2 plants was higher than in
WT plants. Alternatively, at elevated CO, levels, the rate of
CO, assimilation in RBCS-ox and RBCS-RCA-ox 2 plants did
not differ from that of WT plants (Figure 7A). The initial
slope of the A:Ci curve in RBCS-RCA-ox 2 plants was the
highest among genotypes and the incremental ratio of
RBCS-RCA-ox 2 plants was 33% compared to WT plants
(Figure 7B).
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Figure 5 Rates of CO, assimilation at 25°C, 32°C, and 36°C in transgenic plants. (A) The rate of CO, assimilation per unit of leaf area in the up-
permost, fully expanded leaves measured with an LI-6800 at an irradiance of 1,500-umol quanta m™2 s™', different CO, partial pressures (Ci = 20
Pa, Ca = 40 Pa, and Ci > 60 Pa) and different leaf temperatures (25, 32, and 36°C). (B) The rate of CO, assimilation at 32°C and 36°C relative to
that at 25°C. The white, orange, blue, and red bars indicate WT, RCA-ox, RBCS-ox, and RBCS-RCA-ox 2 plants, respectively. Data are presented as
means = st (n = 6-7). Statistical analysis was conducted using ANOVA with a post hoc Tukey—Kramer HSD test. Different letters indicate statisti-

cal differences among the genotypes (P < 0.05).
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Figure 6 Rubisco content and Rubisco activation at 25, 32, and 36°C in transgenic plants. (A) Rubisco content per unit of leaf area in the
uppermost, fully expanded leaves. Data are presented as means + st (n = 6-7). (B) The activation state of Rubisco was measured in the upper-
most, fully expanded leaves at an irradiance of 1,500-umol quanta m™ s™', an ambient CO, partial pressure (Ca = 40 Pa) and different leaf tem-
peratures (25, 32, and 36°C). Data are presented as means + se (n = 3-6). The white circles, orange triangles, blue squares, and red diamonds
indicate WT, RCA-ox, RBCS-ox, and RBCS-RCA-ox 2 plants, respectively. Statistical analysis was conducted using ANOVA with a post hoc
Tukey-Kramer HSD test. Different letters indicate statistical differences among the genotypes (P < 0.05).

We defined “Rubisco content” multiplied by “Rubisco
activation” as “activated Rubisco content”, and analyzed the
correlation between the initial slope of A:Ci and the acti-
vated Rubisco content (Figure 7C). The initial slope was
highly correlated with activated Rubisco content. Thus, an
increase in the Rubisco content and the maintenance of
Rubisco activation in RBCS-RCA-ox plants contributed to
the enhancement of photosynthesis at moderately high
temperatures within the optimal temperature range.

Discussion

Many studies have shown that Rubisco is a primary target
for improving photosynthesis. However, our series of studies
in transgenic rice plants overproducing Rubisco have shown
that the overproduction of Rubisco does not necessarily in-
crease the rate of photosynthesis (Suzuki et al, 2007, 2009).
Since a decline in Rubisco activation is associated with the
overproduction of Rubisco (Makino and Sage 2007, Suzuki
et al, 2009), we produced transgenic rice plants co-
overproducing Rubisco and RCA (RBCS-RCA-ox plants).
Since our previous studies on RCA-ox plants show that
greater than 2-fold increases in the RCA content decrease
the Rubisco content (Suganami et al, 2020), there has been
a concern that the effect of the Rubisco overproduction in
RBCS-ox plants is offset by the overproduction of RCA.
However, we successfully produced several lines of RBCS-
RCA-ox plants, although some other lines exhibited smaller
levels of increase in the Rubisco content (Figure 1 and
Supplemental Figure S1). The activation state of Rubisco in
all three lines of RBCS-RCA-ox plants was restored to the
same level as seen in WT plants (Figure 3). While the rate of
CO, assimilation at 25°C in RBCS-RCA-ox plants did not

differ from that of WT plants (Figure 4A and Supplemental
Figure S2), the rate of CO, assimilation at moderately high
temperatures under atmospheric CO, partial pressures or
less was slightly higher in RBCS-ox and RBCS-RCA-ox plants
(Figure 5). At 36°C, the initial slope of the A:Ci curve signifi-
cantly increased in RBCS-RCA-ox plants compared to WT
plants, in agreement with an increase in the activated
Rubisco content (Figure 7).

As shown in Table 1, the rate of CO, assimilation at 25°C
is limited by the regeneration capacity of RuBP due to an
electron transport limitation. In many plant species, how-
ever, the optimal temperature of RuBP regeneration capacity
is higher than that of Rubisco-carboxylation capacity
(Hikosaka et al,, 2006). Therefore, RuBP regeneration capac-
ity is more than the Rubisco-carboxylation capacity at a
wide range of moderately high temperatures (Sage and
Kubien, 2007). Busch and Sage (2017) identified the photo-
synthetic limitation by analyzing the sensitivity of O, and
CO, concentrations to photosynthesis and concluded that
Rubisco strongly limits photosynthesis at high temperatures.
Thus, an increase in CO, assimilation at moderately high
temperature in RBCS-RCA-ox plants may have been caused
by a relative increase in RuBP-regeneration capacity depend-
ing on the temperature.

Although the activation state of Rubisco decreases with
increasing temperature (Crafts-Brandner and Salvucci, 2000;
Makino and Sage, 2007), Yamori et al,, (2012) reported that
the overproduction of RCA led to a maintenance of the ac-
tivation state of Rubisco at high temperatures. Similar results
were seen for RCA-ox plants in this study (Figure 6B).
Although Rubisco activation decreased with temperature in
RBCS-RCA-ox plants, the overproduction of RCA restored it
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to the same level as seen in WT plants, and Rubisco activa-  would be effective for an improvement in photosynthesis at
tion in RBCS-RCA-ox 2 plants was higher than that of RBCS- moderately high temperatures.
ox plants at moderately high temperatures (Figure 6B). Photosynthetic analysis at 25°C using the C; photosynthe-

Therefore, the co-overproduction of Rubisco and RCA sis model (Table 1) suggested that the rate of CO,
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assimilation is limited by the electron-transport capacity.
However, according to the C; photosynthesis model, an in-
crease in the rate of CO, assimilation under CO,-limited
conditions could be expected in RBCS-RCA-ox plants, but
there was no difference in V. and the initial slope of A:Ci
between WT and RBCS-RCA-ox plants (Table 1 and Figure 4,
B and C). We examined the parameters of electron trans-
port around PSIl and PSI. No differences in the quantum
yield of PSII [Y(Il)] and nonphotochemical quenching were
found among genotypes, irrespective of CO, partial pres-
sures (Supplemental Figure S4). These results suggest that
there was also no difference in mesophyll conductance be-
tween WT and RBCS-RCA-ox plants. Therefore, the lack of
increase in CO, assimilation at 25°C under CO,-limited con-
ditions in RBCS-RCA-ox plants was not caused by the meso-
phyll conductance. Alternatively, the acceptor-side limitation
of PSI [Y(NA)] increased, while Y(I) and Y(ND) conversely
decreased in RBCS-RCA-ox 2 plants (Supplemental Figure
S5). However, we are uncertain if such a negative effect on
the PSI activity led to no increase in CO, assimilation at
25°C under CO,-limited conditions in RBCS-RCA-ox plants.
Thus, the reasons for this discrepancy are unknown, but one
possibility is that photosynthesis may be coordinated by
RuBP regeneration and carboxylation capacities over broad
CO, partial pressures (Evans, 1986).

We have recently reported that RBCS-ox rice plants have
greater biomass production and higher yields in an experi-
mental paddy field under sufficient nitrogen fertilization.
The rate of CO, assimilation in the flag leaf of RBCS-ox
plants was higher than that of WT plants, which may have
resulted in crop productivity improvements (Yoon et al,
2020). Rubisco content in flag leaves of RBCS-ox plants
grown in the paddy field expressed per unit of land area
was 95%-110% greater than that in WT plants under condi-
tions of more than 10 g N m™? nitrogen fertilization. This
was much greater than expected based on our previous
studies and the present study, all of which were conducted
using a growth chamber. Although the difference was
mainly caused by greater absorption of nitrogen in RBCS-ox
plants just before the full-heading stage under sufficient ni-
trogen conditions, this difference may also be due to higher
temperatures in the paddy field during the midsummer
than in the growth chamber (26°C/20°C day/night tempera-
ture). In addition, the measured temperature of photosyn-
thesis (33°C-35°C) was also higher in the field. Since this
study showed that RBCS-RCA-ox plants exhibited higher
photosynthetic capacity than RBCS-ox plants at a moder-
ately high temperature within the optimal temperature
range, we expect that the RBCS-RCA-ox plants have greater
biomass production and higher yield capacities in a paddy
field.

Conclusion

In this study, we successfully produced transgenic rice plants
co-overproducing Rubisco and RCA. The rate of CO, assimi-
lation in RBCS-RCA-ox plants significantly increased at
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moderately high temperatures within the optimal tempera-
ture range. Thus, the co-overproduction of Rubisco and
RCA could be an efficient strategy to improve photosynthe-
sis and crop productivity. Further studies to evaluate effects
of the co-overproduction of Rubisco and RCA on plant bio-
mass and yields at the paddy-field level are in progress.

Materials and methods

Generation of transgenic plants

To produce RBCS-RCA-ox plants, two lines of RBCS-overex-
pressing rice (Oryza sativa) plants (designated as Sr-26-8 and
Sr-35-4 in Suzuki et al,, 2007) were crossed with four lines of
RCA-overexpressing rice plants (designated as Progges 13,
Proggcs 5 Progca 42, and Progcs 45 in Suganami et al.
(2020)). RCA-ox plants were transformed with the small
form of RCA cDNA under the control of the RBCS2 pro-
moter or the RCA promoter. F; progenies were selected
based on Rubisco and RCA contents and allowed to self-
fertilize to collect F, or F; seeds using the Biotron breeding
system (Ohnishi et al, 2011). The origins of finally selected
lines are summarized in Supplemental Table S1.

Plant culture and sampling

WT rice (Oryza sativa L. cv Notohikari), RBCS-ox (line Sr-26-
8), RCA-ox (line Proggcs 13), and selected lines of RBCS-RCA-
ox plants were hydroponically grown in an environmentally
controlled growth chamber (type L, NK System, Osaka,
Japan) according to Makino et al. (1994) with slight modifi-
cation as described in Suganami et al. (2018). The chamber
was maintained with a 15-h photoperiod, 26°C/20°C day/
night temperature, and a photosynthetic photon flux den-
sity (PPFD) of 1,000 umol quanta m™ s™' at daytime. The
basal nutrient solution used was described by Makino et al.
(1994), and the solution was renewed once a week. In the
case of RBCS-RCA-ox plants, F, or F; seeds were used. The
selection of homozygotes for RBCS and RCA transgenes
were performed as described by Suzuki et al. (2017). The
primer pairs and probes used are summarized in
Supplemental Table S2. From the 63-77th day after sowing,
the uppermost, fully expanded leaves were used for the
measurement of photosynthesis and stored at —-80°C until
the commencement of biochemical assays. For the mRNA
analysis, leaves in the middle of expansion (emerging from
their sheath by 60%) and uppermost fully expanded leaves
were collected between 11:00 and 13:00 from the 4—7th day
following the renewal of the nutrient solution.

Analysis of photosynthesis

The rate of CO, assimilation was measured using a portable
gas exchange system (LI-6400XT or LI-6800, Li-Cor, Lincoln,
NE, USA). Measurements were performed at a 1,500 umol
quanta m™> s™' PPFD and 1.0 to 1.2 kPa leaf-to-air vapor
pressure difference to reach steady-state CO, exchange. Gas
exchange parameters were calculated according to the equa-
tions of von Caemmerer and Farquhar (1981).
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The maximum rate of electron transport (J..) and the
maximum rate of RuBP carboxylation (V max) were calcu-
lated from the equation of von Caemmerer and Farquhar
(1981), respectively

Jmac = (Ao + Rd) (4Cc + 8T+ /(Ce — T) (1)

Vemax = Initial slope of A
: Cc curve[Cc + Kc(1 + 0/Ko)]* /[T + Kc(1 + 0/Ko)] (2)

where Ag is the rate of CO, assimilation at Ci > 60 Pa,
O is the partial pressure of O, in the chloroplast (assumed
to be the same as in the atmosphere, 21 kPa), Kc and Ko
are the Michaelis—Menten constants for CO, and O, [23.6
Pa and 262 kPa, respectively, from rice kinetics data
described by Makino et al. (1988)], and Rd is the day respi-
ration [2.74 umol m~> s, from rice grown at 2.0 mM-N
described by Yamori et al. (2011)].

The chloroplastic CO, partial pressure (Cc) is defined as
follows

Cc=Ci—A/gn (3)

where g, is the mesophyll conductance [0.5 mol m™> s~

from rice data described by von Caemmerer and Evans
(1991)]. The CO, compensation point of photosynthesis in
the absence of Rd (I'*) is defined as follows

I's = 0.5 VoKcO/VcKo (4)

where Vo is the Rubisco activity of oxygenation [5.7 mol
mol™" Rubisco s, from rice kinetics data described by
Makino et al. (1988)].

Electron transport-limited photosynthetic rate (A;) was
calculated from the equation by von Caemmerer and
Farquhar (1981)

Aj = Jmax(Cc — T'%) /(4Cc + 8Tx) — Rd )

Biochemical assay

Total leaf-N, Rubisco, and small-form of RCA (RCAs) con-
tents were determined on the same leaf. The frozen leaves
were homogenized in Na-phosphate buffer (pH 7.0) contain-
ing 2-mM iodoacetic acid, 120-mM 2-mercaptoethanol, and
5% (v/v) glycerol. The determination of the total leaf-N and
Rubisco contents were performed as described by Makino
et al. (1994). Briefly, the total leaf-N content was determined
using the Nessler's reagent following Kjeldahl digestion.
Rubisco content was determined spectrophotometrically by
formamide extraction of Coomassie brilliant blue (CBB)
R-250-stained bands corresponding to the large and small
subunits of Rubisco, which were separated by SDS-PAGE
using calibration curves prepared with purified Rubisco
from rice (Makino et al, 1985; http://prometheuswiki.org/
tiki-index.php?page=Rubisco + Determination + by + SDS-
PAGE&highlight=Rubisco). The RCAg content was deter-
mined by image analysis after SDS-PAGE followed by
CBB G-250 staining using calibration curves prepared
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with bovine serum albumin, according to Suzuki et al.
(2017). Each protein measurement was made with a cali-
bration curve using a standard protein on the same gel.

The activation state of Rubisco was determined as de-
scribed in Nakano et al. (2000). A leaf blade was illuminated
in the chamber of the LI-6800 (conditions; PPFD = 1,500
pmol quanta m™> s™', Ca = 40 Pa) for at least 30 min. After
the gas exchange rate had reached the steady-state, the illu-
minated leaf was immediately frozen in liquid N,. The time
between interruption of gas exchange conditions and com-
plete freezing was within 2 s. The frozen leaf was quickly
extracted within 30 s in 50 mM HEPES (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid-sodium hydroxide)/NaOH
(pH 8.0) containing 20-mM MgCl,, 10-mM dithiothreitol,
and cOmplete, Mini protease inhibitor cocktail (Roche,
Manheim, Germany) after which it was centrifuged at 4°C
for 10 s. For the measurement of initial activity, a portion of
the supernatant was injected into a reaction mixture of 100-
mM HEPES/NaOH (pH 8.0) containing 20-mM MgCl,,
5-mM dithiothreitol, 5-mM ATP, 5-mM phosphocreatine,
02-mM  NADH, 20-mM NaHCO; 05-mM ribulose
1,5-bisphosphate (RuBP), 25 U mL™" of glyceraldehyde-3-
phosphate dehydrogenase, 25 U mL™" of 3-phosphoglycerate
kinase, and 25 U mL™" of creatine phosphokinase. The total
activity was measured in the supernatant after incubation
with 20-mM NaHCOj; and 20-mM MgCl,. Total activity was
measured in the supernatant after sufficient incubation with
20-mM NaHCO; and 20-mM MgCl, to obtain full activation,
and all activities were measured at 25°C.

RNA analysis

Total RNA was extracted according to Suzuki et al. (2004)
and Suzuki et al. (2009). The extracted RNA was treated
with DNase | (DNA-free™ DNA Removal Kit, Invitrogen,
USA) and then reverse-transcribed (PrimeScript™ RT
Reagent Kit (Perfect Real Time), Takara, Japan) with random
hexamers according to the manufacturer’s instructions.
mMRNA levels were determined by reverse transcription
quantitative PCR (RT-gPCR) with StepOnePlus™ real-time
PCR System v 222 (Applied Biosystems, USA) and Fast
SYBR Green Master Mix (Life Technologies, Japan; Ogawa
et al, 2012). As an internal standard, 185 rRNA levels were
determined (Supplemental Figure S6). The primer pairs used
are summarized in Supplemental Table S3.

Statistical treatments

Data are presented as means =+ se. Data were statistically an-
alyzed using analysis of variance (ANOVA) followed by the
post hoc Tukey-Kramer HSD (honestly significant differ-
ence) test (P < 0.05). First, one-way ANOVA was used to
test for statistically significant differences between means of
each trait among the genotypes. If a significant difference
(P < 0.05) was found, then the post hoc Tukey—Kramer
HSD test was performed for multiple pairwise comparisons.
The relationship between datasets in Figure 7C was evalu-
ated using Pearson’s correlation coefficient. All analyses were
conducted using JMP11 (SAS Institute Japan, Tokyo, Japan).
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Accession numbers

The sequence date from this article can be found in
RAP-DB/GenBank under the following accession numbers:
RBCS2, 0s12g0274700; RBCS3, Os12g0291100; RBCS4,
0s12g0292400; RBCS5, 0s12g0291400; RBCL, OrsajCp033,
RCA, Os11g0707000.

Supplemental data

The following materials are available in the online version of
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Supplemental Figure S1 Detection of Rubisco and RCA
proteins in transgenic plants.

Supplemental Figure S2 Rubisco, RCA and leaf-N con-
tents in transgenic plants derived from Sr35-4 lines (RBCS-
RCA-ox plants 4 and 5).

Supplemental Figure S3 Rates of CO, assimilation at
25°C in transgenic plants derived from Sr35-4 lines (RBCS-
RCA-ox plants 4 and 5).

Supplemental Figure S4 Chl fluorescence parameters of
PSIl in transgenic plants.

Supplemental Figure S5 P700 parameters of PSI in trans-
genic plants.

Supplemental Figure S6 The relative levels of 185 rRNA
in transgenic plants.

Supplemental Table S1 Origins of selected RBCS-RCA-ox
lines.

Supplemental Table S2 Primer pairs and probes used for
selection of homozygotes.

Supplemental Table S3. Primer pairs used for RT-qPCR
analysis.

Supplemental Data Set S1 Source data for Figure 1.

Supplemental Data Set S2 Source data for Figure 2.

Supplemental Data Set S3 Source data for Figure 3.
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Supplemental Data Set S5 Source data for Figure 5.
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