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Elevated [CO3] can increase rice biomass and yield, but the degree of this increase varies substantially among
cultivars. Little is known about the gene loci involved in the acclimation and adaptation to elevated [CO-] in rice.
Here, we report on a T-DNA insertion mutant in japonica rice exhibiting a significantly enhanced response to
elevated [CO,] compared with the wild type (WT). The root biomass response of the mutant was higher than that
of the WT, and this manifested in the number of adventitious roots, the average diameter of roots, and total root
length. Furthermore, coarse roots (>0.6 mm) and thin lateral roots (<0.2 mm) were more responsive to elevated
[CO2] in the mutant. When exposed to lower light intensity, however, the response of the mutant to elevated
[CO2] was not superior to that of the WT, indicating that the high response of the mutant under elevated [CO3]
was dependent on light intensity. The T-DNA insertion site was located in the promoter region of the OsGF14b
gene, and insertion resulted in a significant decrease in OsGF14b expression. Our results indicate that knockout of
OsGF14b may improve the response to elevated [CO;] in rice by enhancing carbon allocation to coarse roots and

to fine lateral roots.

1. Introduction

Since the industrial revolution, the atmospheric CO, concentration
has risen to exceed 400 pmol mol™! in 2017 (Dlugokencky and Tans,
2018), and is expected to continue to increase and may well exceed
values of 700 pmol mol ! by 2100 (Coskun et al., 2016; Thompson et al.,
2017). As the substrate for photosynthesis in crops, COy has a funda-
mental impact on crop growth and development and on nearly all
physiological and biochemical processes (Kim et al., 2001; Zhang et al.,
2015). As the world’s human population is expected to reach ten billion
people by 2050, to ensure food security, it is crucial to better understand
crop growth responses to elevated [CO2], an understanding critical to
help breeders improve crop germplasm resources that can be deployed
in response to climate change.

Rice (Oryza sativa L.) is a major staple food crop for more than half of
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the world’s population (Min et al., 2021). In response to elevated [CO3],
rice yield improves as a consequence of increased plant growth, tiller
number, and leaf area (Ainsworth et al., 2008; Kim et al., 2001; Zhu
et al., 2013). In addition to the direct effects of CO, on leaf photosyn-
thesis, the root system also shows a dramatic response to elevated [CO;],
however (Thompson et al., 2017; Wu et al., 2018). A positive relation-
ship has been reported between root dry matter and crop N uptake in the
rice cultivar Akitakomachi under free-air CO5 enrichment (FACE) con-
ditions (Kim et al., 2001). Using four rice cultivars, Zhu et al. (2013)
found that root biomass (instead of root number) and bending strength
were increased by 12-38% under elevated [CO5]. Root branching, root
length, and root diameter are the three key determinants of root surface
area, which, in turn, is critical to nutrient uptake (Atkinson et al., 2014;
Dietal., 2021; Li et al., 2015). Elevated [CO] has been reported to exert
positive effects on all three components (Day et al., 1996; Jongen et al.,
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1995). When CO2 supply is sufficient, light intensity can become
limiting to photosynthesis and is known to affect plant morphology
profoundly (Hubbart et al., 2012). However, root morphological
changes under elevated [CO2] have not been studied in detail.

At the physiological and biochemical levels, CO5 enrichment pro-
duces significant effects on leaf photosynthesis, carbohydrate transport,
and protein phosphorylation (Ainsworth et al., 2004; Dineshram et al.,
2013; Long et al., 2004; Zhu et al., 2014). Recent studies have explored
the molecular mechanisms involved in plant adaptation to elevated
[CO3]. Few genes have been successfully and specifically implicated in
the response to elevated [CO3] in crops, including rice, however. Kanno
et al. (2017) reported a small decrease in Rubisco content, achieved by
suppressing the RBCS multigene family, can lead to increases in
photosynthesis and biomass deposition at elevated [CO3]. In addition,
OsRab6a, which encodes a small GTPase, is involved in the regulation of
rice growth, grain yield, and accumulation of iron in response to
elevated [CO5] (Yang et al., 2020). The G protein y subunit gPE9-1 is also
associated with rice adaptation to elevated [CO2] by regulating leaf
photosynthesis (Wang et al., 2021). Despite several of these associations,
the key genetic locus governing the rice root response under elevated
[CO2] needs to as yet be identified, and its identification could pave the
way to improving crop yield responses to elevated [CO2] through ge-
netic manipulation.

It is well established that 14-3-3 proteins take part in root growth and
several key physiological roots processes, including carbon and nitrogen
uptake and utilization and proton-flow dynamics that govern root
growth (Comparot et al., 2003; Sato et al., 2011; Schoonheim et al.,
2007; Wang et al., 2014, 2016). Some studies have shown that 14-3-3
proteins can target sucrose phosphate synthase (SPS) and adjust its ac-
tivity (Bornke, 2005; Schoonheim et al., 2007). In Arabidopsis, 14-3-3
proteins play important roles in root growth (Mayfield et al., 2012). In
barley, the small subunit of Rubisco has also been reported as a target of
a 14-3-3 protein in barley (Schoonheim et al., 2007). The OsGF14b gene
belongs to the rice 14-3-3 protein family, which is comprised of eight
members. It was previously reported that OsGF14b plays varying roles in
panicle and leaf blast resistance (Liu et al., 2016), and functions in rice
drought and osmotic resistance have also been demonstrated (Liu et al.,
2019). In addition, OsGF14b can induce the expression of
[AA-synthesis-related proteins (Yan et al., 2021).

In this study, we identified a rice mutant with the potential for a
strong response to elevated [CO-]. The objectives of our study were: (1)
to investigate the mutation site and gene expression status in this
mutant; (2) to characterize the shoot and root response to elevated
[CO2] in the mutant; (3) to examine the root system attributes respon-
sible for the CO5 enhancement; and (4) to clarify the relationship be-
tween the root system response and ambient light intensity. The
exploration of these mechanisms is essential for the establishment of a
theoretical basis for rice’s carbon-use efficiency and its yield response
under elevated [CO-].

2. Material and methods
2.1. Plant material and growth conditions

The WT japonica rice line, Dongjin, and a series of T-DNA insertion
lines were purchased from the mutant library of the Crop Biotech
Institute, Department of Plant Systems Biotech, Kyung Hee University,
Republic of Korea (http://cbi.khu.ac.kr/RISD_DB.html). Through
screening, a rice mutant line with the potential for a strong response to
elevated [CO,] was obtained. Hydroponic experiments were carried out
in two controlled-environment chambers with adjustable CO2 concen-
tration. Each chamber was equipped with an infrared COy sensor,
capable of passing the CO, concentration signal to a central controller to
adjust the CO, concentration in the chamber. The chamber was con-
nected to a CO; gas cylinder. For the experiment, the CO, concentration
in the two incubators was 380 ppm (control) and 760 ppm (treatment),
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respectively. Photoperiod was set to 12 h day/12 h night, relative hu-
midity was set to 80%, and temperature was set to 30 °C day/25 °C
night. The hydroponic nutrient solution was prepared and modified
referring to the formula developed by the International Rice Research
Institute (IRRI). The composition of the nutrient solution was as follows:
1.25 mM NH4NO3,0.3 mM KHpP04,0.35 mM K3SO4,1 mM
CaC12~2H20,1 mM MgSO4~7H20,0.5 mM NaZSi03~9H20,9 |,lM
MnCly-4H50,0.39 pM NapsMoO4-2H20, 20 pM H3B03,0.77 pM
ZnS047H,0,0.32 pM CuSO4-5H,0, 20 pM EDTA-Fe (FeSO47H,0 +
Nap-EDTA). Seedlings were placed in 2-L hydroponic tanks, with four
plants per tank, and were maintained in the controlled-environment
chambers for two weeks.

2.2. Sample handling and collection

Seeds of uniform size were selected and disinfected with 10% H504
for 30 min, washed five times with deionized water, soaked in deionized
water at 30 °C for one day, and germination occurred in darkness for 48
h. The germinated seeds were selected and planted. After three days of
culture in one-fourth strength nutrient solution, and seven days of cul-
ture in half-strength nutrient solution, seedlings of identical height were
selected and treated in different chambers. The full-strength nutrient
solution was replaced every two days during the treatment lasting for
two weeks. Samples were collected and divided into shoots and roots.
Shoot samples were heated at 105 °C for 30 min and then dried at 80 °C
for dry weight measurement. Root samples were measured for dry
weight following root morphology analysis. The root morphology was
scanned with a root scanner, and data were analyzed with the root
analysis software WinRHIZO 2012 (Chen et al., 2020). The light source
was metal halogen lamp and high pressure sodium lamp to form a
balanced plant growth spectrum (PERCIVAL, USA). Light treatment was
carried out with normal and with lowered light intensities. The light
intensity at plant height was approximately 1200 pmol m~2s~! and 170
pmol m~2 571, respectively. For determination of relative expression of
the OsGF14b gene in different tissues, samples were collected at different
periods of plant growth. Roots, younger leaves, and stems were collected
from seedlings at two weeks, old leaves, younger panicles, and panicles
during the flowering period were collected from the booting stage to the
flowering stage. Samples were placed in liquid nitrogen immediately
after collection and then frozen in a —80 °C freezer for use.

2.3. Identification of insertion sites and quantitative PCR

Since T-DNA insertion mutants had long fragment insertions,
amplification of normal-size fragments was only possible in the wild
type. For the mutant, primers were designed on one or both sides of the
boundary of the insertion vector, and on both sides of the original
genome insertion site. Amplification of the band containing a fragment
from the vector is thus possible for the mutant, while, for the WT,
amplification of the band did not occur as there was no inserted frag-
ment present. The primers for identification were: LP-2, ATTTTGCCA-
GACGTTTGTCC, RP-2, AGCAAACATGGACCAGAACC, Tail-R1,
ATGGAACTCACCTGGTACCTGG. Total RNA was isolated with the Total
plant RNA rapid extraction kit (Sangon Biotech Co., Ltd, Shanghai,
China). ChamQ SYBR gqPCR Master Mix (Vazyme Biotech Co., Ltd,
Nanjing, China) was used in real-time quantitative PCR. The primers for
qPCR were: Ubiqitin-F, CGCAAGTACAACCAGGACAAGATG, Ubiqitin-R,
CCAGGGAGATAACAACGGAAGGC, P1-F, CCTGAGCGAGGAGTCC TACA,
P1-R, CTGATCTCT TCCGCGGTGTC.

2.4. Data processing

Analysis of variance was performed for all data using EXCEL2016
and SPSS analysis software. Real-time quantitative PCR data were
analyzed according to the method proposed by Pfaffl et al. (Pfaffl, 2001).
Sigmaplot 12.5 was used for plot generation.
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3. Results
3.1. The mutant is a homogygous T-DNA insertion mutant

In order to explore the mechanisms of the response to elevated
[CO,], we screened a series of T-DNA insertion lines under elevated
[CO2] conditions, and identified a rice mutant with the potential for a
strong response to elevated [CO2]. To investigate whether the mutant
was homozygous, we first used the primers designed from the genome
and the broader of the T-DNA fragments, LP-2, RP-2 and Tail-R1
(Fig. 1A). As shown in Fig. 1B, the WT had a fragment amplified by
primers LP-2 and RP-2 (line 2), while the mutant possessed a fragment
amplified by primers Tail-R1 and RP-2 (line 3, 5, 7), indicating that the
mutant is indeed homozygous. The BLAST results showed that the T-
DNA fragment was inserted in the site approximately 750bp outside the
first exon of the genome, the promoter region. The Os04g0462500 gene
identified here, named OsGF14b, contained five exons and four introns,
and is a member of the 14-3-3 protein family in rice. Compared with the
expression level in the WT, the mutant showed a 90% lower expression
level of OsGF14b (Fig. 1C), indicating that the insertion significantly
suppressed the expression of this gene.

To understand how OsGF14b is regulated, the expression of OsGF14b
was investigated in different tissues of the WT under normal growth
conditions. As shown in Fig. 2, the highest expression was observed in
the stem, with considerable expression in roots and younger panicles,
and the lowest expression in the panicle during the flowering period.

3.2. Root biomass of the mutant is more responsive to elevated [CO5]

In general, the mutant showed better growth compared to the WT
(Fig. 3A and B). In comparison to control [CO3] conditions, the response
of the shoot biomass of the mutant to elevated [CO,] was significantly
stronger than that of the WT, with an increase of 33.3% in the WT and of
53.3% in the mutant (Fig. 3C). For root biomass, the difference was more
pronounced under elevated [CO3], with an increase of 69.9% in the
mutant and 42.1% in the WT (Fig. 3D).

3.3. Root architecture of the mutant is more responsive under increased
[COz]

The root morphological characteristics, such as the numbers of

A
T-DNA
— Tail-R1
\ %
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Journal of Plant Physiology 268 (2022) 153586

08+

06

04}

Relative expression

02F

0.0

R oL YL S P4 P6 P16 F

Fig. 2. Relative expression of the OsGF14b gene in different tissues of the WT
The gene expression in roots (R), old leaves (OL), younger leaves (YL), stems
(S), younger panicles (P4, P6, and P16, respectively, refer to panicle lengths of
4 c¢m, 6 cm, and 16 cm), and panicles during the flowering period (F). Error bars
indicate + SD.

adventitious roots and root thickness, were further examined to probe
the nature of the increase in root biomass. In comparison to the increase
of 16.4% in the WT under elevated [CO], the mutant showed a higher
increase of 46.2% in the number of adventitious roots (Fig. 4A). The
mean root diameter of the mutant also increased 58.3% under elevated
[CO3], while that of the WT increased by 32.6% (Fig. 4B). The results
show a better response in the mutant in terms of the number of adven-
titious roots and root thickness under elevated [CO5].

In addition, the root surface area of the WT increased by 32.8%
under increased [CO5], while that of the mutant showed a more sub-
stantial increase of 47.3% (Fig. 5A). Compared with control [CO;]
conditions, the stimulation of the root volume was also larger in the
mutant (increase by 75.0%), than in the WT (increase by 57.9%) under
elevated [CO-] (Fig. 5B). This change in root surface area was then also
reflected in the total root length, which significantly increased under
elevated [CO,], with an enhancement of 28.4% in the mutant and 13.3%
in the WT (Fig. 3D).
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Fig. 1. T-DNA insertion location (A), Identification of insertion (B) and Relative expression of the OsGF14b gene in the WT and the mutant (C) (
B) Line 1: Marker; Line 2: the WT DNA was amplified by LP-2 and RP-2; Line 3, 5, 7: the mutant DNA was amplified by Tail-R1 and RP-2; Line 4, 6, 8: the mutant DNA

was amplified by LP-2 and RP-2. Error bars indicate + SD.
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Fig. 3. Response to elevated [CO.] of the WT and
the mutant

WT-A: WT at control [CO,]; WT-E: WT at elevated
[CO,]. Mutant-A: mutant at control [CO,]; mutant-
E: mutant at elevated [CO,]. Asterisks indicate
significant differences between two levels of CO,
concentration. The percentages following asterisks
are calculated as (E-A)/A. The percentages span-
ning between the two percentages indicate the
differences between the latter and the former. *P
< 0.05; bars are + SD.
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3.4. Root lengths in roots of different root diameters show different
responses

Considering the characteristics of the fibrous root system in rice, the
response of root lengths in roots of different diameters was further
studied. Different responses to elevated [CO»] were observed among
root lengths of different diameters. In roots with a diameter of 0-0.2
mm, the mutant showed an increase of 23.2% in root length under
elevated [CO2], whereas no significant response was observed in the WT
(Fig. 6A and S1). By contrast, the root lengths with diameters of 0.2-0.4
mm and 0.4-0.6 mm in the WT increased by 26.5% and 24.8% under
elevated [CO3], respectively, while the mutant showed no significant
response (Fig. 6B and C). For the larger diameters of 0.6-0.8 mm and
0.8-1.0 mm, the responses of the mutant were significantly stronger

than the WT under elevated [CO-], with 33.8% in the WT and 56.7% in
the mutant for the 0.6-0.8 mm diameter group, and 68.4% in the WT
and 98.3% in the mutant for the 0.8-1.0 mm diameter group (Fig. 6D
and E). The proportional breakdown of the root-length responses for the
different diameter groups to elevated [CO;] is shown in Fig. 7. Pro-
portions in the mutant were significantly larger than WT in the 0-0.2
mm, 0.6-0.8 mm and 0.8-1.0 mm groups, while they were smaller in the
0.2-0.4 mm and 0.4-0.6 mm groups.

3.5. The strong response of the mutant under elevated [CO2] was closely
related to light intensity

Since light intensity is a key determinant to photosynthetic capacity
in addition to [CO,], a study at a weaker light intensity of 170 pmol m 2
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nouncedly than that of the mutant under elevated [CO3] at 170 pmol
m~2s7! (Fig. 8), showing that the response of the mutant under elevated

[CO2] is strongly related to light intensity.
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4. Discussion
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Fig. 5. Response of root surface area, root vol-
ume, and total root length in the WT and the
mutant at elevated [CO,]

WT-A: WT at control [CO,]; WT-E: WT at
elevated [CO,]. Mutant-A: mutant at control
[CO,]; mutant-E: mutant at elevated [CO,]. As-
terisks indicate significant differences between
two levels of CO, concentration. The percentages
are calculated as (E-A)/A. The percentages
spanning between the two percentages indicate
the differences between the latter and the
former. *P < 0.05; bars are + SD.

Fig. 6. Response of root length in roots of different
diameter in the WT and the mutant at elevated
[CO2]

WT-A: WT at control [CO,]; WT-E: WT at elevated
[CO-,]. Mutant-A: mutant at control [CO,]; mutant-
E: mutant at elevated [CO,]. Asterisks indicate
significant differences between two levels of CO,
concentration. The percentages are calculated as
(E-A)/A. The percentages spanning between the
two percentages indicate the differences between
the latter and the former. *P < 0.05; bars are + SD.

Elevated CO, concentrations in the atmosphere often increase
photosynthetic rates and crop yields (Ainsworth et al., 2004; Kim et al.,
2003; Long et al., 2004). In rice, yield responses under elevated [COx]
vary substantially among cultivars, from 14% to over 30% (Ainsworth,
2008; Liu et al., 2008; Yang et al., 2006b; Zhu et al., 2013). To date,
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Fig. 7. The proportion of the root length response for roots of different diameter to elevated [CO,] in relation to the total root length response.
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Fig. 8. The biomass response of the WT and the mutant to elevated [CO5]
under weak light exposure

WT-A: WT at control [CO,]; WT-E: WT at elevated [CO,]. Mutant-A: mutant at
control [CO.]; mutant-E: mutant at elevated [CO]. Asterisks indicate signifi-
cant differences between two levels of CO, concentration. The percentages are
calculated as (E-A)/A. The percentages spanning between the two percentages
indicate the differences between the latter and the former. *P < 0.05; bars are
+ SD.

however, the key genetic loci involved in the high-CO, response have
not been identified. In this study, we have identified a genetic mutation
that causes a significant change in the response to elevated [CO,] in
japonica rice. More than 20% enhancements were seen in both the
aboveground and root biomass responses when ambient [CO3] was
raised from 380 to 760 ppm, with increases in root biomass reaching
27.8%. This change was similar to the yield differences among different
rice varieties reported previously (Liu et al., 2008; Yang et al., 2006a;
Zhang et al., 2015; Zhu et al., 2014), suggesting that the mutation site
identified in our study might be associated with the response to elevated
[CO2] in rice more generally.

Root morphological analysis demonstrated that the number of
adventitious roots, mean root diameter, root surface area, root volume,
and the total root length of the rice mutant were all enhanced under
elevated [CO;] (Fig. 4 and 5), and these could explain why the root
biomass response of the rice mutant was significantly greater than that
of the WT (Fig. 3). Another interesting finding is that root diameters are
related to CO, enhancement. The robust roots (>0.6 mm) and small
lateral roots (<0.2 mm) of the mutant responded more significantly than
in the WT under elevated [CO5] (Fig. 6), which was correlated with the
increase of root surface area and root volume (Fig. 5). It has been shown

that the small lateral roots of rice can increase root biomass by absorbing
more water and nutrients (Meng et al., 2019), while the robust roots are
responsible for tolerance in harder-texture soils due to their strong
bending stiffness (Jeong et al., 2013; Lynch, 2013). Given the strong
response of mutant roots to elevated [CO;l, especially in the small
lateral roots and coarse roots, deeper soil penetration and improved
uptake of water and nutrients are enabled, thus increasing yield.

In addition to [CO-], light intensity is a critical for photosynthtic
capacity and, ultimately, yield in rice (Hubbart et al., 2012; Resur-
reccion et al., 2002). Many studies have focused on the genetic and
physiological basis of light regulation, photoreceptors, and plant growth
in response to light (Dutta et al., 2018; Jiao et al., 2005; Li et al., 2012;
Petrillo et al., 2014). Hubbart et al. (2012) have shown that the pho-
toprotective protein PsbS exerts control over the CO5 assimilation rate
under fluctuating light in rice. It has been shown that low light reduces
the rate of overall growth and photosynthesis and impairs translocation
of carbohydrates to developing grains, often resulting in sterility (Dutta
et al., 2018). In our study, the superiority of the response to elevated
[CO3] in the mutant over the WT disappeared under weak light condi-
tions (Fig. 8), indicating that the strength of the mutant response is a
function of light intensity. Given that modern rice cultivars are bred and
grown under high-light conditions, light may be the limiting factor for
photosynthesis when COs is saturated. Co-limitations with other key
environmental factors, such as N supply, under elevated [CO;], may also
be expected (Coskun et al., 2016), and these relationships deserve future
examination.

In this study, we found a T-DNA insertion mutant whose growth
response in seedlings to elevated [CO5] was significantly better than that
of the WT, probably due to the change of an individual gene that led to
the mutant’s strong response. The insertion site was located in the
promoter region of OsGF14b, resulting in a significant decrease in the
expression of OsGF14b (Fig. 1C). Therefore, OsGF14b might act as a
negative regulator of root architecture and rice growth under elevated
[COs]. It was previously reported that OsGF14b played differential roles
in panicle and leaf blast resistance (Liu et al., 2016), and functions in rice
drought and osmotic resistance were also shown (Liu et al., 2019).
However, this is the first report demonstrating that OsGF14b may be
involved in the response of rice roots to elevated [CO.]. Since the
deletion mutant lacking OsGF14b showed a stronger response to
elevated [CO2] in the seedling stage, the inhibition of this gene’s
expression may carry potential for enhancing rice growth and, subse-
quently, yield under elevated [CO5].

The negative regulation of root growth by OsGF14b under elevated
[CO2] may be related to the auxin transport and distribution in rice.
Given that OsGF14b could induce the expression levels of the IAA
synthesis-related proteins (Yan et al., 2021), auxin synthesis may be
down-regulated when OsGF14b is defective. However, Li et al. (2011)
showed that shoot-supplied ammonium inhibits lateral root primordium
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emergence in Arabidopsis by interfering with
auxin-influx-carrier-AUX1-dependent auxin transport from shoot to
root, rather than with auxin content. Similar to the role of AUX1, it is
reasonable to suggest that the knockout of OsGF14b in rice might opti-
mize auxin transport from shoot to root, thereby promoting root growth.
In addition, the regulation of OsGF14b may be dependent on leaf
photosynthesis. Rubisco plays a central role in photosynthesis as well as
in the N utilization of plants. However, the activity and regulation of
Rubisco are not always optimal for photosynthesis and biomass pro-
duction in various environments (Kanno et al., 2017). Under elevated
[CO;] conditions, previous studies showed that rbcL expression and
Rubisco content in rice leaves was significantly decreased (Zhu et al.,
2014). The greater yield response of the S63 rice cultivar under elevated
[CO2] was mainly linked to the maintenance of Rubisco content and
gene expression (Zhu et al., 2014). Thus, given that the small Rubisco
subunit is a target of the 14-3-3 protein (Schoonheim et al., 2007), it is
possible that the absence of the 14-3-3 gene OsGF14b may alleviate the
decline of Rubisco content and gene expression in rice leaves, thereby
promoting rice growth. Although the exact function and mechanism of
OsGF14b must be further studied, we have here provided a genetic basis
for improved plant performance under CO, enhancement in a cultivar of
the world’s most important crop species.

In conclusion, we found the mutation of OsGF14b promotes biomass
response to elevated [CO2] in rice by over 20%, but this negative
regulation of OsGF14b was not apparent under weak light. Under CO,
enrichment, the knockout of OsGF14b accelerates the root response,
especially the development of coarse roots and thin lateral roots, which
is expected to promote the penetration of roots into denser soils and
optimise the absorption of water and nutrients, improving the perfor-
mance of the rice crop overall. As OsGF14b target the root system of rice,
enhancing its growth and affecting its developmental program under
elevated [CO2], and given that more than 50% of plant biomass globally
is belowground (Waisel et al., 1996; Rehling et al., 2021), the discovery
offers important new insight into how enhanced belowground carbon
storage may be achieved in plants.

Conclusion

In conclusion, we found the mutation of OsGF14b promotes biomass
response to elevated [CO2] in rice by over 20%, but this negative
regulation of OsGF14b was not apparent under weak light. Under CO»
enrichment, the knockout of OsGF14b accelerates the root response,
especially the development of coarse roots and thin lateral roots, which
is expected to promote the penetration of roots into denser soils and
optimise the absorption of water and nutrients, improving the perfor-
mance of the rice crop overall. As OsGF14b target the root system of rice,
enhancing its growth and affecting its developmental program under
elevated [CO,], and given that more than 50% of plant biomass globally
is belowground (Waisel et al., 1996; Rehling et al., 2021), the discovery
offers important new insight into how enhanced belowground carbon
storage may be achieved in plants.

Declaration of competing interest
The authors declare that there are no conflicts of interest.
CRediT authorship contribution statement

Jingjing Wu: Data curation, Formal analysis, Funding acquisition,
Visualization, Writing — original draft. Yufang Lu: Funding acquisition,
Resources, Writing — original draft. Dongwei Di: Formal analysis,
Investigation, Methodology. Yue Cai: Funding acquisition, Resources.
Chuanhui Zhang: Methodology, Validation. Herbert J. Kronzucker:
Writing — review & editing. Weiming Shi: Conceptualization, Project
administration, Writing — review & editing. Kejun Gu: Project admin-
istration, Supervision, Writing — review & editing, All authors discussed

Journal of Plant Physiology 268 (2022) 153586

the results and commented on the manuscript. Each author certifies that
this material or similar material has not been and will not be submitted
to or published in any other publication before its appearance in the
Journal of Plant Physiology.

Declaration of competing interest
The authors declare that there are no conflicts of interest.

Acknowledgements

This work was supported by grants from the National Natural Science
Foundation of China (32002124), the Key Research and Development
Program of Jiangsu Province (BE2020319), the Natural Science Foun-
dation for Excellent Young Scholar of Jiangsu Province of China
(BK20190108), the Jiangsu Agricultural Independent Innovation Project
(CX(19)1002), the Exploratory Disruptive Innovation Program of
Jiangsu Academy of Agricultural Sciences (ZX(21)1202) and the Uni-
versity of Melbourne.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jplph.2021.153586.

References

Ainsworth, E.A., 2008. Rice production in a changing climate: a meta-analysis of
responses to elevated carbon dioxide and elevated ozone concentration. Global
Change Biol 14, 1642-1650. https://doi.org/10.1111/j.1365-2486.2008.01594.x.

Ainsworth, E.A., Beier, C., Calfapietra, C., Ceulemans, R., Durand-Tardif, M.,

Farquhar, G.D., Godbold, D.L., Hendrey, G.R., Hickler, T., Kaduk, J., Karnosky, D.F.,
Kimball, B.A., Koerner, C., Koornneef, M., Lafarge, T., Leakey, A.D.B., Lewin, K.F.,
Long, S.P., Manderscheid, R., Mcneil, D.L., Mies, T.A., Miglietta, F., Morgan, J.A.,
Nagy, J., Norby, R.J., Norton, R.M., Percy, K.E., Rogers, A., Soussana, J.F., Stitt, M.,
Weigel, H.J., White, J.W., 2008. Next generation of elevated [CO5] experiments with
crops: a critical investment for feeding the future world. Plant Cell Environ 31,
1317-1324. https://doi.org/10.1111/j.1365-3040.2008.01841.x.

Ainsworth, E.A., Rogers, A., Nelson, R., Long, S.P., 2004. Testing the "source-sink"
hypothesis of down-regulation of photosynthesis in elevated [CO.] in the field with
single gene substitutions in Glycine max. Agr. Forest Meteorol 122, 85-94. https://
doi.org/10.1016/j.agrformet.2003.09.002.

Atkinson, J.A., Rasmussen, A., Traini, R., Voss, U., Sturrock, C., Mooney, S.J., Wells, D.
M., Bennett, M.J., 2014. Branching out in roots: uncovering rorm, runction, and
regulation. Plant Physiol 166, 538-550. https://doi.org/10.1104/pp.114.245423.

Bornke, F., 2005. The variable C-terminus of 14-3-3 proteins mediates isoform-specific
interaction with sucrose-phosphate synthase in the yeast two-hybrid system. J. Plant
Physiol. 162, 161-168. https://doi.org/10.1016/].jplph.2004.09.006.

Chen, M., Chen, G., Di, D.W., Kronzucker, H.J., Shi, W.M., 2020. Higher nitrogen use
efficiency (NUE) in hybrid "super rice" links to improved morphological and
physiological traits in seedling roots. J Plant Physiol 251, 153191. https://doi.org/
10.1016/j.jplph.2020.153191.

Comparot, S., Lingiah, G., Martin, T., 2003. Function and specificity of 14-3-3 proteins in
the regulation of carbohydrate and nitrogen metabolism. J. Exp. Bot. 54, 595-604.
https://doi.org/10.1093/jxb/erg057.

Coskun, D., Britto, D.T., Kronzucker, H.J., 2016. Nutrient constraints on terrestrial
carbon fixation: the role of nitrogen. J. Plant Physiol. 203, 95-109. https://doi.org/
10.1016/j.jplph.2016.05.016.

Day, F.P., Weber, E.P., Hinkle, C.R., Drake, B.G., 1996. Effects of elevated atmospheric
CO- on fine root length and distribution in an oak-palmetto scrub ecosystem in
central Florida. Global Change Biol 2, 143-148. https://doi.org/10.1111/j.1365-
2486.1996.tb00059.x.

Di, D.W,, Li, G.J., Sun, L., Wu, J.J., Wang, M., Kronzucker, H.J., Fang, S., Chu, J.F.,
Shi, W.M., 2021. High ammonium inhibits root growth in Arabidopsis thaliana by
promoting auxin conjugation rather than inhibiting auxin biosynthesis. J. Plant
Physiol. 261, 153415. https://doi.org/10.1016/j.jplph.2021.153415.

Dineshram, R., Thiyagarajan, V., Lane, A., Yu, Z.N., Shu, X., Leung, P.T.Y., 2013.
Elevated CO; alters larval proteome and its phosphorylation status in the
commercial oyster. Crassostrea hongkongensis. Mar. Biol. 160, 2189-2205. https://
doi.org/10.1007/s00227-013-2176-x.

Dutta, S.S., Tyagi, W., Pale, G., Pohlong, J., Aochen, C., Pandey, A., Pattanayak, A.,
Rai, M., 2018. Marker-trait association for low-light intensity tolerance in rice
genotypes from Eastern India. Mol. Genet. Genomics. 293, 1493-1506. https://doi.
org/10.1007/500438-018-1478-6.

Hubbart, S., Ajigboye, 0.0., Horton, P., Murchie, E.H., 2012. The photoprotective
protein PsbS exerts control over CO; assimilation rate in fluctuating light in rice.
Plant J 71, 402-412. https://doi.org/10.1111/j.1365-313X.2012.04995.x.



J. Wu et al.

Jeong, J.S., Kim, Y.S., Redillas, M.C.F.R., Jang, G., Jung, H., Bang, S.W., Choi, Y.D.,
Ha, S.H., Reuzeau, C., Kim, J.K., 2013. OsNAC5 overexpression enlarges root
diameter in rice plants leading to enhanced drought tolerance and increased grain
yield in the field. Plant Biotechnol. J. 11, 101-114. https://doi.org/10.1111/
pbi.12011.

Jiao, Y.L., Ma, L.G., Strickland, E., Deng, X.W., 2005. Conservation and divergence of
light-regulated genome expression patterns during seedling development in rice and
Arabidopsis. Plant Cell 17, 3239-3256. https://doi.org/10.1105/tpc.105.035840.

Jongen, M., Jones, M.B., Hebeisen, T., Blum, H., Hendrey, G., 1995. The effects of
elevated CO; concentrations on the root-growth of Lolium Perenne and Trifolium
Repens grown in a FACE System. Global Change Biol 1, 361-371. https://doi.org/
10.1111/§.1365-2486.1995.tb00034.x.

Kanno, K., Suzuki, Y., Makino, A., 2017. A small decrease in rubisco content by
individual suppression of RBCS genes leads to improvement of photosynthesis and
greater biomass production in rice under conditions of elevated CO,. Plant Cell
Physiol 58, 635-642. https://doi.org/10.1093/pcp/pex018.

Kim, H.Y., Lieffering, M., Kobayashi, K., Okada, M., Mitchell, M.W., Gumpertz, M., 2003.
Effects of free-air CO, enrichment and nitrogen supply on the yield of temperate
paddy rice crops. Field Crop Res 83, 261-270. https://doi.org/10.1016/50378-4290
(03)00076-5.

Kim, H.Y., Lieffering, M., Miura, S., Kobayashi, K., Okada, M., 2001. Growth and
nitrogen uptake of COg-enriched rice under field conditions. New Phytol 150,
223-229. https://doi.org/10.1046/j.1469-8137.2001.00111.x.

Li, B.H,, Li, Q., Su, Y.H., Chen, H., Xiong, L.M., Mi, G.H., Kronzuker, H.J., Shi, W.M.,
2011. Shoot-supplied ammonium targets the root auxin influx carrier AUX1 and
inhibits lateral root emergence in Arabidopsis. Plant Cell Environ. 34 (6), 933-946.
https://doi.org/10.1111/j.1365-3040.2011.02295.x.

Li, J.G., Terzaghi, W., Deng, X.W., 2012. Genomic basis for light control of plant
development. Protein Cell 3, 106-116. https://doi.org/10.1007/s13238-012-2016-
7.

Li, J.Z., Han, Y.C,, Liu, L., Chen, Y.P., Du, Y.X., Zhang, J., Sun, H.Z., Zhao, Q.Z., 2015.
qRT9, a quantitative trait locus controlling root thickness and root length in upland
rice. J. Exp. Bot. 66, 2723-2732. https://doi.org/10.1093/jxb/erv076.

Liu, H.J., Yang, L.X., Wang, Y.L., Huang, J.Y., Zhu, J.G., Wang, Y.X., Dong, G.C,, Liu, G.,
2008. Yield formation of CO,-enriched hybrid rice cultivar Shanyou 63 under fully
open-air field conditions. Field Crop Res 108, 93-100. https://doi.org/10.1016/j.
fcr.2008.03.007.

Liu, J.P., Sun, X.J., Liao, W.C., Zhang, J.H., Liang, J.S., Xu, W.F., 2019. Involvement of
OsGF14b adaptation in the drought resistance of rice plants. Rice 12, 82. https://doi.
org/10.1186/s12284-019-0346-2.

Liu, Q., Yang, J.Y., Zhang, S.H., Zhao, J.L., Feng, A.Q., Yang, T.F., Wang, X.F., Mao, X.X.,
Dong, J.F., Zhu, X.Y., Leung, H., Leach, J.E., Liu, B., 2016. OsGF14b positively
regulates panicle blast resistance but negatively regulates leaf blast resistance in rice.
Mol. Plant Microbe In 29, 46-56. https://doi.org/10.1094/MPMI-03-15-0047-R.

Long, S.P., Ainsworth, E.A., Rogers, A., Ort, D.R., 2004. Rising atmospheric carbon
dioxide: plants face the future. Annu. Rev. Plant Biol. 55, 591-628. https://doi.org/
10.1146/annurev.arplant.55.031903.141610.

Lynch, J.P., 2013. Steep, cheap and deep: an ideotype to optimize water and N
acquisition by maize root systems. Ann. Bot 112, 347-357. https://doi.org/10.1093/
aob/mcs293.

Mayfield, J.D., Paul, A.L., Fer], R.J., 2012. The 14-3-3 proteins of Arabidopsis regulate
root growth and chloroplast development as components of the photosensory
system. J. Exp. Bot. 63, 3061-3070. https://doi.org/10.1093/jxb/ers022.

Meng, F.N., Xiang, D., Zhu, J.S., Li, Y., Mao, C.Z., 2019. Molecular mechanisms of root
development in rice. Rice 12, 1. https://doi.org/10.1186/512284-018-0262-x.
Min, J., Sun, H.J., Wang, Y., Pan, Y.F., Kronzucker, H.J., Zhao, D.Q., Shi, W.M., 2021.

Mechanical side-deep fertilization mitigates ammonia volatilization and nitrogen
runoff and increases profitability in rice production independent of fertilizer type
and split ratio. J. Clean Prod. 316, 128370. https://doi.org/10.1016/j.
jelepro.2021.128370.

Petrillo, E., Herz, M.A.G., Barta, A., Kalyna, M., Kornblihtt, A.R., 2014. Let there be light:
regulation of gene expression in plants. Rna. Biol. 11, 1215-1220. https://doi.org/
10.4161/15476286.2014.972852.

Pfaffl, M.W., 2001. A new mathematical model for relative quantification in real-time
RT-PCR. Nucleic Acids Res 29, e45. https://doi.org/10.1093/nar/29.9.e45.

Journal of Plant Physiology 268 (2022) 153586

Rehling, F., Sandner, T.M., Matthies, D., 2021. Biomass partitioning in response to
intraspecific competition depends on nutrients and species characteristics: a study of
43 plant species. J. Ecol. 109, 2219-2233. https://doi.org/10.1111/1365-
2745.13635.

Resurreccion, A.P., Makino, A., Bennett, J., Mae, T., 2002. Effect of light intensity on the
growth and photosynthesis of rice under different sulfur concentrations. Soil Sci.
Plant Nutr. 48, 71-77. https://doi.org/10.1080,/00380768.2002.10409173.

Sato, T., Maekawa, S., Yasuda, S., Domeki, Y., Sueyoshi, K., Fujiwara, M., Fukao, Y.,
Goto, D.B., Yamaguchi, J., 2011. Identification of 14-3-3 proteins as a target of
ATL31 ubiquitin ligase, a regulator of the C/N response in Arabidopsis. Plant J 68,
137-146. https://doi.org/10.1111/j.1365-313X.2011.04673.x.

Schoonheim, P.J., Veiga, H., Pereira, D.D., Friso, G., van Wijk, K.J., de Boer, A.H., 2007.
A comprehensive analysis of the 14-3-3 interactome in barley leaves using a
complementary proteomics and two-hybrid approach. Plant Physiol 143, 670-683.
https://doi.org/10.1104/pp.106.090159.

Thompson, M., Gamage, D., Hirotsu, N., Martin, A., Seneweera, S., 2017. Effects of
elevated carbon dioxide on photosynthesis and carbon partitioning: a perspective on
root sugar sensing and hormonal crosstalk. Frontiers in physiology 8, 578. https://
doi.org/10.3389/fphys.2017.00578.

Waisel, Y., Eshel, A., Beeckman, T., Kafkafi, U., 1996. Plant Roots: the Hidden Half.
Marcel Dekker, New York.

Wang, K., Xu, F.Y., Yuan, W,, Sun, L.Y., Wang, S.X., Aslam, M.M., Zhang, J.H., Xu, W.F.,
2021. G protein gamma subunit gPE9-1 is involved in rice adaptation under elevated
CO; concentration by regulating leaf photosynthesis. Rice 14, 67. https://doi.org/
10.1186/s12284-021-00507-7.

Wang, L., Cui, N., Zhao, X.C., Fan, H.Y., Li, T.L., 2014. Accumulation of carbohydrate and
regulation of 14-3-3 protein on Sucrose Phosphate Synthase (SPS) activity in two
tomato species. J. Integr. Agr. 13, 358-364. https://doi.org/10.1016/52095-3119
(13)60373-1.

Wang, X.C., Chang, L.L., Tong, Z., Wang, D.Y., Yin, Q., Wang, D., Jin, X., Yang, Q.,
Wang, L.M., Sun, Y., Huang, Q.X., Guo, A.P., Peng, M., 2016. Proteomics profiling
reveals carbohydrate metabolic enzymes and 14-3-3 proteins play important roles
for starch accumulation during cassava root tuberization. Sci. Rep-Uk. 6 https://doi.
org/10.1038/srep19643, 19643.

Wu, J.J., Kronzucker, H.J., Shi, W.M., 2018. Dynamic analysis of the impact of free-air
CO; enrichment (FACE) on biomass and N uptake in two contrasting genotypes of
rice. Funct. Plant Biol. 45, 696-704. https://doi.org/10.1071/FP17278.

Yan, S.J., Liu, Q., Naake, T., Huang, W.J., Chen, M.Y., Kong, Q., Zhang, S., Li, W.Y.,
Li, X., Liu, Q.J., Yang, J.Y., Fernie, A.R., Liu, B., 2021. OsGF14b modulates defense
signaling pathways in rice panicle blast response. Crop J 9, 725-738. https://doi.
0rg/10.1016/j.¢j.2020.10.007.

Yang, A., Li, Q., Chen, L., Zhang, W.H., 2020. A rice small GTPase, Rab6a, is involved in
the regulation of grain yield and iron nutrition in response to CO2 enrichment.

J. Exp. Bot. 71, 5680-5688. https://doi.org/10.1093/jxb/eraa279.

Yang, L.X., Huang, J.Y., Yang, H.J., Dong, G.C., Liu, G., Zhu, J.G., Wang, Y.L., 2006a.
Seasonal changes in the effects of free-air CO3 enrichment (FACE) on dry matter
production and distribution of rice (Oryza sativa L.). Field Crop Res 98, 12-19.
https://doi.org/10.1016/j.fcr.2005.11.003.

Yang, L.X., Huang, J.Y., Yang, H.J., Zhu, J.G., Liu, H.J., Dong, G.C,, Liu, G., Han, Y.,
Wang, Y.L., 2006b. The impact of free-air CO, enrichment (FACE) and N supply on
yield formation of rice crops with large panicle. Field Crop Res 98, 141-150. https://
doi.org/10.1016/j.fcr.2005.12.014.

Zhang, G.Y., Sakai, H., Usui, Y., Tokida, T., Nakamura, H., Zhu, C.W., Fukuoka, M.,
Kobayashi, K., Hasegawa, T., 2015. Grain growth of different rice cultivars under
elevated CO; concentrations affects yield and quality. Field Crop Res 179, 72-80.
https://doi.org/10.1016/j.fcr.2015.04.006.

Zhu, C.W., Cheng, W.G., Sakai, H., Oikawa, S., Laza, R.C., Usui, Y., Hasegawa, T., 2013.
Effects of elevated [CO,] on stem and root lodging among rice cultivars. Chinese Sci.
Bull. 58, 1787-1794. https://doi.org/10.1007/s11434-012-5640-y.

Zhu, CW., Zhuy, J.G., Cao, J., Jiang, Q., Liu, G., Ziska, L.H., 2014. Biochemical and
molecular characteristics of leaf photosynthesis and relative seed yield of two
contrasting rice cultivars in response to elevated [CO3]. J. Exp. Bot. 65, 6049-6056.
https://doi.org/10.1093/jxb/eru344.



