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ABSTRACT

Improvement of photosynthetic efficiency is a major approach to increase crop yield potential. Previously, we
cloned a gene encoding the chloroplast-located putative monooxygenase TCD5, which is essential in plastid devel-
opment under low temperature in rice (Oryza sativa L.). In this study, the effects of TCD5 on the photosynthesis
and the yields were investigated in rice. Two sets of genetic materials with three levels of TCD5 expression, includ-
ing tcd5 mutant or TCD5 RNAi transgenic lines and TCD5 over-expression transgenic lines in Jiahual and Nip-
ponbare backgrounds, were used in the field trails of multi-locations and multi-years. TCD5 positively affected the
panicle number and the yield at dosage. Compared with the wild-types, the panicle numbers were 12.4%-14.6%
less in tcd5 mutant and 8.3%-38.6% less in TCD5 RNAI lines, but 26.2%-61.8% more in TCD5 over-expression
lines. The grain yields per plant were 9.1%-18.4% less in tcd5 mutant and 14.3%-56.7% less in TCD5 RNAI lines,
but 6.9%-56.5% more in TCD5 over-expression lines. The measurements of net photosynthetic rate indicated that
mutation or knock down of TCD5 decreased the net photosynthetic rate by 10.4% and 15.6%, respectively, while
increasing it by 8.9% and 8.7% in the TCD5 over-expression lines in Jiahual and Nipponbare backgrounds,
respectively. Accordingly, the measurements of chlorophyll fluorescence parameters showed that the electron
transport rate and quantum yield decreased in tcd5 mutant or TCD5 RNAI lines but increased in TCD5 over-
expression lines, both in Jiahual and Nipponbare backgrounds. IP-MS screening revealed that TCD5 interacts
with 29 chloroplast proteins involved in chlorophyll synthesis, photo-reactions of the photosynthesis, carbon
assimilation and metabolism, energy metabolism, redox balance, protein synthesis and transportation. Two
TCDS5 interacted proteins, D1 and FBA were effective targets for improving photosynthesis. These results suggest
a potentially new strategy for increasing rice yield by enhancing photosynthesis.
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1 Introduction

Rice is the staple food for half of the world’s population, providing 20% of the world’s dietary energy
supply and up to 70% in Southeast Asia. Therefore, it is closely linked to global food security [1].
Furthermore, rice is considered an important strategic commodity due to its close connection with
employment, economic growth, social stability even regional peace. The demand for increasing rice
production has always existed in order to meet the needs of a growthing world population [2]. Great
progress, including three qualitative leaps for increasing rice yield has been obtained since the 1950s [3].
In the 1950s, the use of the semi-dwarf 1 (sdl) gene produced the first green revolution in rice [3,4]. In
the 1970s, the utilization of the heterosis to develop hybrid rice made the second breakthrough in rice
yield [3]. In the 1990s, the utilization of ideal plant architecture, combined with the heterosis between
subspecies, led to the third breakthrough [3,5]. The focus of improvement over the past 70 years has
mainly been on morphology, which is related to source-sink partition and canopy configuration [3-5].
However, per unit yield has effectively plateaued in China, Japan, Korea, and Indonesia [6], which
implies that this strategy had reached its limit.

Improving physiological characteristics, such as photosynthetic efficiency, is another potential option for
increasing yield [7,8]. Some convincing evidence has been approved that crop yield can be improved by
enhancing photosynthesis [9-11]. Transgenic tobacco increased the protein levels of sedoheptulose
bisphosphatase (SBPase), fructose-1, 6-bisphosphate aldolase (FBA), and cyanobacterial putative-
inorganic carbon transporter B (ictB), which in turn increased the rate of photosynthetic carbon
assimilation, leaf area, and biomass yield [12]. Over-expression of violaxanthin de-epoxidase (VDE),
zeaxanthin epoxidase (ZEP), and PsbS affects the rate of NPQ adjustment, increases the speed of
recovery from photoprotection, and results in increased leaf carbon dioxide uptake and plant dry matter
productivity in tobacco [13], as well as soybean yield [14]. Engineering photorespiratory bypasses by
multigene transformation in Arabidopsis, tobacco, and rice substantially increased the photosynthetic
efficiency and the product [15-17]. The nuclear origin supplementation of the Photosystem II protein
D1 driven by a heat-responsive promoter significantly enhanced net CO, assimilation rates with increases
in biomass and grain yield [18]. Recently, the over-expression of OsDREBIC and maize transcription
factor mEmBP-1 has been shown to increase photosynthesis efficiency, biomass, and yield [19,20].
Knocking out the transcription factor NEGATIVE REGULATOR OF PHOTOSYNTHESIS 1 also increased
leaf photosynthesis and biomass production in the field of rice [21]. Progress has as well been made in
exploring excellent alleles in natural variations of photosynthesis in rice. The partially functional allele of
the Narrow Leaf I gene from a high-yield variety Takanari increased the photosynthesis rate [22,23]. This
elite allele optimized the balance between leaf photosynthesis and plant architecture to increase the rice
yield [22].

Previously, we cloned a thermal-dependent chlorophyll-deficient mutant, tcd5, which encodes a putative
monooxygenase located in the chloroplast [24]. In this study, we found that 7CD35 increased photosynthetic
efficiency, panicle number, and grain yield in rice. Furthermore, we discovered that TCDS interacts with
proteins involved in chlorophyll synthesis, photo-reaction of photosynthesis, carbon assimilation and
metabolism, energy metabolism, redox balance, protein synthesis, and transportation, which could
contribute to the effect of TCDS5 on photosynthesis.

2 Materials and Methods

2.1 Plant Materials

Two sets of genetic materials were used in this study in Jiahual and Nipponbare background (Oryza
sativa L.). The transgenic lines with CaMV35S driven TCD5 fused with MYC tag in tcd5 mutant
(TCD5-M-6 and TCD5-M-3) and the 7CD5 RNAi in Nipponbare (TCD5-RNAi-J-3 and TCD5-RNAi-J-
4) were generated as described [24]. The construct of CaMV35S driven T7CDJ5 was also transferred into
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Nipponbare by Agrobacterium method used previously [24]. The homozygous T2 generation seeds were
collected from the positively screened TO and T1 generation plants. Two independent 7CDJ5 over-
expression lines (TCD5-OE-J-6 and TCD5-OE-J-7) were used for further experiments.

2.2 Plant Growth Conditions

The field trails were performed at Shanghai and Hainan, China from 2020 to 2022. The plants of wild-type
Jiahual, tcd5 mutant, TCD5-M-6 and TCD5-M-3 were cultivated on the paddy field from December 2021 to
April 2022 at Hainan and from May to October 2022 at Shanghai. The plants of wild-type Nipponbare, TCD5-
RNAIi-J-3, TCD5-RNAi-J-4, TCD5-OE-J-6, TCD5-OE-J-7 were cultivated on the paddy field from May to
October in 2020 and 2022 respectively at Shanghai. We planted seedlings in 15 rows with a distance of
20 cm; each row contained 10 seedlings with a distance of 20 cm. For net photosynthetic and chlorophyll
fluorescence parameters measurement, the plants from the field were moved into the environmentally
controlled phytotron (28°C day and 25°C night, 1200 pumol photons m > s~' photosynthetic photon flux
density, 16 h : 8 h light : dark photoperiod, and ~75% relative humidity). The plants at early tillering stage
were taken from the field with soil into 6 liter pots and moved in phytotron for recovering for 7 days.

2.3 Measurement of Net Photosynthetic CO, Uptake Rate

A LI16400 Portable Photosynthesis System (LiCor, Lincoln, NE, USA) was used to measure the leaf gas
exchange of the second leaf of the plants at tillering stage. Measurements were performed between 10:00 and
13:30. The measurements were finished within 2 days for one set materials. Net photosynthetic CO, uptake
rate of each line was measured more than twenty duplicates.

2.4 Measurement of Chlorophyll Fluorescence Parameters

Chlorophyll fluorescence parameters were measured using the second leaf of the plants at 25°C with a
pulse amplitude modulated fluorimeter (DUAL-PAM101, Walz) [25]. The quantum vyield and the
photosynthetic electron transfer rates were measured and calculated following the literature [26—28].

2.5 Yield Trait Evaluation

Grain yield and its components (panicle number per plant, spikelet number per panicle, filled grain
number per panicle and 1000-grain weight) were measured with 30 plants randomly selected from the
inside of the plots per line.

2.6 Statistical Analyses
The Student’s #-test was used to analysis the significance of the difference between the wild-type and

other materials using Microsoft Excel software (Microsoft Inc., USA). The p-values are shown in the
figures (*p < 0.05, **p < 0.01).

2.7 RNA Isolation, Reverse Transcription and Quantitative PCR

Total RNA was extracted from leaves of the plants at the tillering stage using the TRIzol Reagent
(15596026, Invitrogen) according to the manufacturer’s instructions. The first-strand cDNA was
synthesized by using First Strand ¢cDNA Synthesis Kit (Toyobo, Japan). qRT-PCR was conducted in
Stratagene Mx3000P (Agilent Technologies) with the SYBR Green Mix (TaKaRa, Japan) with specific
primers as described [24]. The PCR cycling conditions were 95°C for 10 min, followed by 40 cycles of
denaturation at 95°C for 15 s, annealing and elongation at 60°C for 60 s. The 27T method was used to
analyze the target genes’ relative expression levels. Three biological replicates were used per sample and
the rice ACTINI (LOC Os03g50885) was used as an internal control for normalization [29].
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2.8 IP-MS Analysis

IP-MS was performed as previously described [30] with minor modification. Briefly, proteins were
isolated from the rice leaves of Jiahual and TCD5-M-6. The MYC antibody was diluted 30 times in the
Co-IP buffer. Approximately 1 mg of the Jiahual and TCD5-M-6 protein was incubated with 300 pl of
diluted MYC antibody, respectively. A 40-uL aliquot of 50% washed protein G-agarose beads (Santa
Cruz Biotechnology) was added to the antigen—antibody complex. The solubilized proteins were
immunoprecipitated with anti-MYC protein G-agarose beads. After washing, the proteins remaining on
the beads were re-solubilized in 20 pL of SDS-loading buffer and then separated via SDS-PAGE. The
stained gel lanes were cut into slices. LC-MS/MS were used to analyze the tryptic peptides, and the
MASCOT software was used to compare the MS data with the Uniprot protein database. The chloroplast
proteins were identified according to the annotation of Uniprot.

3 Results

3.1 Expression of the TCD5 Gene in Two Sets of Rice Varieties at Tillering Stage

The TCD5 expression levels in Jiahual wild-type and tcd5 mutant together with two independent
transgenic lines with CaMV35S driven TCD35 in fcd5 mutant were measured at early tillering stage. The
TCD5 expression level of tcd5 mutant is about 12.6% of Jiahual wild-type. The T7CD35 expression level
in two transgenic lines TCD5-M-6 and TCD5-M-3 were 10.17 and 6.69 times of Jiahual wild-type,
respectively (Fig. 1A).

The TCD5 expression levels in Nipponbare wild-type, two independent 7CD5 RNAI lines and two
independent TCD5 over-expression transgenic lines were also measured at tillering stage. The TCDJ5
expression level in 7CD5 RNAI lines TCD5-RNAi-J-3 and TCD5-RNAi-J-4 are about 11.8% and 40.5%
respectively of the Nipponbare wild-type. The TCDJ5 expression level in two transgenic lines TCD5-OE-
J-6 and TCDS5-OE-J-7 were 18.33 and 5.59 times respectively of that of Nipponbare wild-type (Fig. 1B).
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Figure 1: The expression levels of 7CD5 in WT, tcd5 mutant or 7CD5 RNAI lines, and 7CD5 over-
expression lines in Jiahual and Nipponbare background. (A) The expression levels of 7CDJ5 in Jiahual,
ted5 mutant and CaMV35S driven TCDS5 in tcd5 mutant. (B) The expression levels of 7CDJ5 in
Nipponbare, TCD5 RNAI lines and over-expression line. The values are shown as means = SD of
triplicate experiments. Asterisks indicate significant difference between wild-type and other genetic
materials, as determined by Student’s #-test (*p < 0.05, **p < 0.01)

3.2 TCDS Increases the Panicle Number and the Yield
The materials in Jiahual background, including Jiahual wild-type, tcd5 mutant and two TCDS5 over-
expression lines (TCD5-M-6 and TCD5-M-3) were planted in Hainan 2021 and Shanghai 2022, respectively.
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In 2021, Hainan, the panicle number of 7cd5 mutant was reduced 12.4% compared with that of Jiahual. Two
TCDS5 over-expression lines, TCD5-M-6 and TCD5-M-3 increased 46.4% and 38.2% respectively compared
with that of Jiahual wild-type (Fig. 2A). The yield of tcd5 mutant was reduced 18.4% compared with that of
Jiahual. In two TCDJ5 over-expression lines, TCD5-M-6 and TCD5-M-3 the grain yields increased 46.2%
and 29.7% respectively compared with that of Jiahual wild-type (Fig. 2B). In 2022, Shanghai, the panicle
number of fcd5 mutant was reduced 14.6% compared with that of Jiahual, two TCDJ5 over-expression lines,
TCD5-M-6 and TCD5-M-3 increased 43.1% and 26.2% respectively compared with that of Jiahual wild-
type (Fig. 2C). In 2022, Shanghai, the yield of 7cd5 mutant was reduced 14.6% compared with that of
Jiahual, the yields of two TCD35 over-expression lines, TCD5-M-6 and TCD5-M-3 increased 18.9% and
6.9% respectively compared with that of Jiahual wild-type (Fig. 2D). Other yield traits such as spike number
per panicle, seed setting rate and1000-grain weight were not affected by TCDJ5 (Appendixes A-B).
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Figure 2: The panicle number and the yield of materials in Jiahual background. (A) Panicle numbers of
Jiahual, fcd5 mutant and two TCDJ5 over-expression lines at Hainan in 2021. (B) Yields of Jiahual, tcd5
mutant and two TCDJ5 over-expression lines at Hainan in 2021. (C) Panicle numbers of Jiahual, tcd5
mutant and two TCD5 over-expression lines at Shanghai in 2022. (D) Yields of Jiahual, tcd5 mutant and
two TCD5 over-expression lines at Shanghai in 2022. The values are shown as means + SD of 30 plants.
Asterisks indicate significant difference between wild-type and other genetic materials, as determined by
Student’s t-test (*p < 0.05)

The materials in Nipponbare background, including Nipponbare wild-type, two TCD5 RNAI lines
(TCD5-RNAi-J-3 and TCD5-RNAi-J-4) and two TCD5 over-expression lines (TCD5-OE-J-6 and TCD5-
OE-J-7) were planted in Shanghai in 2020 to 2022, respectively. In 2020, Shanghai, the panicle number of
the two TCD5 RNAI lines, TCD5-RNAi-J-3 and TCD5-RNAi-J-4, were less 30.6% and 38.6% compared
with that of Nipponbare (Fig. 3A), and the grain yield reduced 56.7% and 38.7%, respectively (Fig. 3B).
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The panicle number the two TCDJ5 over-expression lines, TCD5-OE-J-6 and TCD5-OE-J-7, increased 55.9%
and 61.9% respectively compared with Nipponbare wild-type (Fig. 3A). The grain yield per plant of TCD5-
RNAi-J-3 and TCD5-RNAi-J-4 were significantly 56.7% and 38.7% respectively lower than that Nipponbare
wild-type. The grain yields per plant of TCD5-OE-J-6 and TCD5-OE-J-7 are significantly 53.0% and 56.5%
respectively higher than that Nipponbare wild-type (Fig. 3B). In 2022 Shanghai, the panicle number of the
two TCD5 RNAI lines, TCD5-RNAi-J-3 and TCD5-RNAi-J-4, were less 11.0% and 8.3% compared with
that of Nipponbare (Fig. 3C), and the grain yield reduced 14.9% and 18.9%, respectively (Fig. 3D). The
panicle number of the two TCDS5 over-expression lines, TCD5-OE-J-6 and TCDS5-OE-J-7, increased
37.8% and 43.3% respectively more panicles than Nipponbare wild-type (Fig. 3C) the grain yield per plant
of TCD5-OE-J-6 and TCD5-OE-J-7, were significantly 56.7% and 38.7% respectively lower than that
Nipponbare wild-type. The grain yields per plant of TCD5-OE-J-6 and TCD5-OE-J-7 are significantly
27.4% and 18.3% respectively higher than that Nipponbare wild-type (Fig. 3D). These results indicated
that TCDJ5 increases the panicle number and the yield. Other yield traits such as spike number per panicle,
seed setting rate and 1000-grain weight were not affected by 7CD5 (Appendixes C-D).

(A) 2020 Shanghai © 2022 Shanghai
* *
301 % 30 * T
5 T 5 T
£ 201 E 201 % W
= * * 4
2 2
Q Q
= 104 |l‘ = 10
© o
o i o
0 T T T 0 T ? | T
J D »> © A ] D > o A
&Y & & & N Y & &
& &N N o o & N N o O
& & & & & & & L &
S &F &L S A P O )
< N\ N\
(B) G (D)
60- * 40
5 T 5 I
- - 30
S 404 s l T
= O s A
s | L . 2 5 T
20
e} e}
E E 10
> >
0 T T 0 T L Ll T
@ k) > © A @ b > ©° AL
&Y & & &Y & &
N o) o) & \ o O o)
-\QQO 693\ "9.\\ 0@. 0‘:’ \QQO (’g.\\ o,g§ 0" &
V& O T L &N

Figure 3: The panicle number and the yield of the materials in Nipponbare background. (A) Panicle
numbers of Nipponbare, two 7CD5 RNAIi lines and two 7CDS5 over-expression lines at Shanghai in
2020. (B) Yields of Nipponbare, two TCD5 RNAI lines and two TCDJ5 over-expression lines at Shanghai
in 2020. (C) Panicle numbers of Nipponbare, two 7CD5 RNAI lines and two TCD5 over-expression lines
at Shanghai in 2022. (D) Yields of Nipponbare, two TCD5 RNAI lines and two TCDJ5 over-expression
lines at Shanghai in 2022. The values are shown as means £ SD of 30 plants. Asterisks indicate
significant difference between wild-type and other genetic materials, as determined by Student’s f-test
(*p <0.05)
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3.3 TCDS5 Enhances the Photosynthesis Performance at Early Tillering Stage

The net photosynthetic rate of the youngest fully expanded leaves at tillering stage was measured in the
genetic materials in Jiahual background (Jiahual, tcd5 and TCD5-M-6) and Nipponbare (Nipponbare,
TCES5-RNAi-J-3 and TCD5-OE-J-7). The net photosynthetic rate of tcd5 was 10.4% lower than that of
Jiahual, whereas that of TCD5-M-6 was 8.9% higher than that of Jiahual (Fig. 4A). In the materials in
Nipponbare background, the net photosynthetic rate of TCD5-RNAi-J-3 was 15.6% lower than that of
Nipponbare, whereas that of TCD5-M-6 was 8.7% higher than that of Nipponbare (Fig. 4B).
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Figure 4: The net photosynthetic rate of WT, mutant or RNAi lines, and over-expression lines in
Jiahual and Nipponbare background at tillering stage. The values are shown as means + SD of twenty
repeats. Asterisks indicate significant difference between wild-type and other genetic materials, as
determined by Student’s z-test (*p < 0.05)

3.4 TCDS Increased Electron Transport Rate and the Quantum Yield

The electron transport rate and the quantum yield were measured in plants at tillering stage by using the
youngest fully expanded leaves. The electron transport rate of Jiahual wild-type is significantly higher (p <
0.05) than that of tcd5 mutant but lower (p < 0.05) than that of TCD5 over-expression line (Fig. 5A). The
electron transport rate of Nipponbare wild-type is higher (p < 0.05) than that of TCD5 RNAI line but
lower (p < 0.05) than that of TCDS over-expression line (Fig. 5B). Similar results were also observed in
the quantum yield. The quantum yield of Jiahual wild-type is higher than that of tcd5 mutant but lower
than that of TCDS5 over-expression line (Fig. 5C). The quantum yield of Nipponbare wild-type is higher
than that of 7CD5 RNAI line but lower than that of TCDJ5 over-expression line (Fig. 5D). These results
indicated that TCD5 enhanced the electron transport rate and the quantum yield at tillering stage.

3.5 DI Were Identified by IP-MS Screening of TCD5 Interact Protein

A total of 29 no-redundant putative chloroplast or photosystem-related proteins were identified by using
IP-MS screening (Table 1). Among these proteins, Protochlorophyllide reductase B (PorB), Magnesium-
chelatase subunit Chll (Chll) and Glutamate-1-semialdehyde 2, 1-aminomutase (Gsa) are involved in
chlorophyll synthesis; chlorophyll a-b binding protein (CAB), Photosystem I P700 chlorophyll a
apoprotein Al (psaA), Photosystem I iron-sulfur center (psaC), and Photosystem II protein D1 (psbA) are
involved in photo-reaction of the photosynthesis; Ribulose bisphosphate carboxylase/oxygenase activase
(RCA), Ribulose bisphosphate carboxylase small chain (RBCS), Fructose-bisphosphate aldolase (FBA)
and Ribulose-phosphate 3-epimerase (Rpe) are involved in carbon assimilation and metabolism; ATP
synthase subunits (aptA, atpB, atpE and atpF) and Chaperone protein ClpCl (ClpCl) a subunit of
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ATPase are involved in energy metabolism; Ferredoxin—NADP reductase (Fenrl) and 2-Cys peroxiredoxin
BASI1 (Basl) are involved in redox balance; 30S ribosomal protein S2, S3, S4 and S12, 50S ribosomal
protein L5, L18 and L33 together with Translation factor GUF1 homolog are involved in protein
synthesis; Chloroplast inner envelope protein is involved in protein transportation.
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Figure 5: The electron transport rate and the quantum yield of WT, fcd5 mutant or 7CD5 RNA! lines, and
TCD5 over-expression lines in Jiahual and Nipponbare background. The values are shown as means + SD of
twenty repeats

Table 1: TCDS interact proteins screened by IP-MS

Annotation Pep Unique Cover MW PI
count pep count percent

sp|Q8W3D9| Protochlorophyllide reductase B, 2 2 4.73% 42765.14 9

chloroplastic GN = PORB

sp|Q53RMO| Magnesium-chelatase subunit Chll, 2 2 2.89% 44864.8 5.51

chloroplastic GN = CHLI

sp|Q6YZE2| Glutamate-1-semialdehyde 2,1- 1 1 2.72% 50236.95 6.48

aminomutase, chloroplastic GN = GSA

tr| A6N154| Chloroplast chlorophyll a-b binding protein 3 3 11.07% 27582.04 5.69
(Fragment)

(Continued)
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Table 1 (continued)

Annotation Pep Unique Cover MW PI
count pep count percent

tr| A6N105| Chloroplast chlorophyll a-b binding protein 1 1 4.68% 18680.49 6.47

(Fragment)

sp/POC361| Photosystem I iron-sulfur center GN = psaC 1 1 8.64% 8899.27 6.51

sp|P0C432| Photosystem II protein D1 GN = psbA 1 1 3.68% 38962.19 5.21

tr[J7EXL4| Photosystem I P700 chlorophyll a apoprotein 1 1 1.07% 83167.55 6.6

Al GN = psaA

sp|P93431| Ribulose bisphosphate carboxylase/ 9 9 18.03% 51453.73 5.43

oxygenase activase, chloroplastic GN = RCA

sp|A2Y205| Ribulose bisphosphate carboxylase small 5 5 17.14% 19646.46 9.04

chain, chloroplastic GN = RBCS

sp|Q40677| Fructose-bisphosphate aldolase, chloroplastic 4 4 10.82% 42005.43 6.39

GN =Osl11g0171300

sp|Q9ZTP5| Ribulose-phosphate 3-epimerase, 1 1 5.84% 29034.22 8.64

chloroplastic GN = RPE

sp|POC2Z7| ATP synthase subunit beta, chloroplastic 9 8 19.28% 53954.13 5.38

GN = atpB

sp|POC2Z6| ATP synthase subunit alpha, chloroplastic =~ 8 8 14.00% 55664.26 5.95

GN = atpA

sp|POC2Z4| ATP synthase subunit alpha, chloroplastic =~ 3 3 7.10% 55664.26 5.95

GN = atpA

sp|[POC2Z0|ATPF_ORYSJ ATP synthase subunit b, 1 1 3.28% 20955.84 9.44

chloroplastic GN = atpF

sp|POC2Z3| ATP synthase epsilon chain, chloroplastic 1 1 4.38% 15217.36 5.03

GN = atpE

sp|Q7F911| Chaperone protein ClpC1, chloroplastic 4 3 2.61% 101800.5 6.14

GN = CLPCl1

sp|P41344| Ferredoxin—NADP reductase, leaf isozyme, 2 2 3.87% 40007.61 8.72

chloroplastic GN = Os06g0107700, FENR1

sp|Q6ER94| 2-Cys peroxiredoxin BASI, chloroplastic 1 1 2.68% 28096.65 5.67

GN = BASI1

tr[E9KIRS| 30S ribosomal protein S3, chloroplastic 4 4 12.13% 27517.82 9.76

GN = rps3

tr[E9KIN4| 30S ribosomal protein S2, chloroplastic 1 1 3.21% 28480.2 10.06

GN = 1ps2

(Continued)
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Table 1 (continued)

Annotation Pep Unique Cover MW PI
count pep count percent

tr| E9KIP2| 30S ribosomal protein S4, chloroplastic 1 1 3.98% 2342234 10.97

GN = rps4

sp|P12149] 30S ribosomal protein S12, chloroplastic 1 1 6.45% 13820.18 11.77

GN =1psl2-A

tr[E9KIQS5| 50S ribosomal protein L33, chloroplastic 1 1 16.67% 7642.86 10.2

GN = 1pl33

tr|Q10B70]| 50S ribosomal protein L18, chloroplast, 1 1 4.14% 18040.69 10.32

putative, expressed GN = LOC_0s03g61260

sp|Q9ZSTO| 50S ribosomal protein L5, chloroplastic 1 1 2.51% 30218.94 10.35

GN = RPL5

sp|B9F2U5| Translation factor GUF1 homolog, 1 1 1.03% 74947.58 6.15

chloroplastic GN = 0s02g0157700

tr|Q9FW V2| Putative chloroplast inner envelope protein 1 1 0.81% 107819.1 5.37

GN = OSJNBa0051D19.7

4 Discussions

Since the transformation of maize genes involved in C4 photosynthesis, such as PEPC, etc., into rice in
the 1990s [31], more and more efforts have been invested in improving the photosynthesis efficiency in rice
and other crops [32]. Several workable strategies to improve crop photosynthesis have been identified and
proved based on systems modeling and genetic manipulations. These strategies include 1. Optimize the
carbon assimilation and metabolism pathway, including increasing the protein levels of SBPase, FBA,
and ictB to optimize the Calvin-Benson cycle [12,33] and engineering photorespiratory bypasses [15—17],
2. Optimize the light reaction pathway, including increasing the speed of recovery from photoprotection
by over-expression of VDE, ZEP, and PsbS [13,14], supplementation of the nuclear original D1 protein
[18], 3. Over-expression of transcription factors positively regulating the photosynthesis genes [20] or
knocking out the transcription factor negatively regulating the photosynthesis genes [21]. Furthermore,
progress has been made in exploring the excellent alleles for high photosynthesis in natural variations in
rice. The partially functional allele of the Narrow Leaf I gene was cloned as an increasing photosynthesis
gene [22]. A further study indicated that this elite Narrow Leaf I allele balances the leaf photosynthesis
and the plant architecture and resulting in higher rice yield [23]. Recently, it has been found that over-
expression of the Chlorophyllide-a oxygenase 1 (OsCAOI) gene increases the chlorophyll b content, the
photosynthetic rate, and the grain yield [34]. In this study, we found that 7CDJ5 increase photosynthesis
efficiency, the panicle number, and the grain yield in a dosage manner based on the results of field
experiments in multiple year/environments using the genetic materials of three expression levels in two
backgrounds.

Enhancement of photosynthesis has been reported to result in an increase in tiller number in rice [17—
21], which is consistent with our findings. It has recently been reported that sucrose, a photosynthetic
product, inhibits the response to strigolactone and promotes tillering in rice [35]. These results elucidated
the molecular mechanism of the association between photosynthesis and tiller number in rice. It is
somehow surprising that only the panicle number was affected in this study, compared to the reported



Phyton, 2023, vol.92, no.9 2659

results [17-21]. We found that there is no significant difference in the net photosynthetic rate between
Nipponbare, TCD5 RNAIi line, and TCD5 over-expression line at the heading stage (Appendix E),
implying that the effects of TCDJ5 on photosynthesis were expressed specifically at the vegetative stage.

TCDS5 was identified by three different laboratories due to the albino leaf phenotype mutant caused by
defective chloroplast development under low temperature at the seedling or tillering stage. It was named
TCDS5, CSV1, and TSV, respectively [24,36,37]. TCD5/CSV1/TSV is conserved among land plants, green
algae, and cyanobacteria [36]. TCD5/CSVI1/TSV highly expresses in young leaves and immature spikes
and is induced by low temperatures [24,36,37]. TCDS5/CSV1/TSV is essential for the activity of plastid-
encoded RNA polymerase (PEP) and the expression of genes participating in chlorophyll synthesis under
restrictively low temperatures [24,37]. The orthologue protein of TCDS5/CSVI1/TSV in Arabidopsis
putatively functions in photosynthetic chain electron flow, and the mutant presented a pale green and
growth-defective phenotype. However the development of the chloroplast was unaffected [38]. In this
study, we found that 7CD5/CSV1/TSV affected the electronic transport rate and the quantum yield under
normal growth conditions, which could explain the effect of TCD5/CSVI1/TSV on the photosynthesis
efficiency.

TCDS5/CSV1/TSV was reported to interact with OsTrxZ, a thioredoxin Z protein [37]. In this study, three
thioredoxin proteins were identified as interactors of TCD5/CSV1/TSV (Appendix F), although OsTrxZ was
not included. Interestingly, the targets of photosynthetic modification D1 and FBA [12,18] were identified as
TCDS5/CSV1/TSV interact proteins. These two proteins may be more stable through the interaction with
TCD5/CSV1/TSV, which is similar to OsTrxZ [37]. These may explain why TCD5/CSV1/TSV increases
the electron transport rate and the quantum yield. Further exploration will be conducted on the
contribution of TCD5/CSV1/TSV interacting with other proteins to enhance photosynthesis.
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Appendixes

Appendix A: Other yield related traits of the materials in Jiahual background in 2021 Hainan

Spike number per panicle Seed setting rate (%) 1000-grain weight (g)
Jiahual 104.6 + 18.5 87.5+3.7 242 +0.5
ted5 949 +17.1 859 +6.5 23.3+1.0
TCD5-M-6 923 +12.5 93.2+9.0 245+ 0.6
TCDS5-M-3 108.4 +13.9 93.1+8.2 23.9+0.7

Appendix B: Other yield related traits of the materials in Jiahual background in 2022 Shanghai

Spike number per panicle Seed setting rate (%) 1000-grain weight (g)
Jiahual 137.1 £15.2 88.9 £3.7 257+ 1.7
ted5 1673 £21.3 89.2+4.5 233+23
TCD5-M-6 133.2+15.5 85.7+8.7 22.6 £0.8
TCD5-M-3 165.2 +£24.6 83.4+10.3 23.8 1.1

Appendix C: Other yield related traits of the materials in Nipponbare background in 2020 Shanghai

Spike number per panicle Seed setting rate (%) 1000-grain weight (g)

Nipponbare 732+ 6.8 89.9+34 252+ 1.8
TCDS5-RNAi-J-3 68.9+7.0 86.5+49 249 +2.1
TCDS5-RNAi-J-4 69.7+9.9 87.4+43 255+ 1.8
TCD5-OE-J-6 622 +6.0 89.3+£43 256+ 1.6
TCD5-OE-J-7 72.0 £12.7 86.2 £6.5 254+19

Appendix D: Other yield related traits of the materials in Nipponbare background in 2022 Shanghai

Spike number per panicle Seed setting rate (%) 1000-grain weight (g)

Nipponbare 65384 70.1 £ 6.1 244+ 14
TCDS5-RNAi-J-3 67.8£7.7 64.9 £ 11.1 256 £1.3
TCD5-RNAi-J-4 693 +34 72.5+5.8 24.0 £0.8
TCDS5-OE-J-6 64.1 £9.3 76.1 + 8.3 248 +1.3

TCDS5-OE-J-7 64.4+ 7.8 74174 247 £ 1.2
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Appendix E: The net photosynthetic rate of Nipponbare, 7CDJ5 RNA! line and over-expression line at heading
stage

Net photosynthesis rate

Nipponbare 26.0 £2.7
TCDS5-RNAi-J-3 257+ 3.0
TCD5-OE-J-7 242 +£2.5

Appendix F: TCDS interact thioredoxin proteins screened by IP-MS

Annotation Pep Unique Cover MW PI
count pep count percent

tr]A2YJ11|A2YJ11_ORYSI Thioredoxin OS = Oryza sativa 2 1 10.87% 14897.73 5.24

subsp. indica GN = Osl 25217 PE=3 SV =1

sp|Q75GMI1|TRXH5_ORYSJ Thioredoxin H5 OS = Oryza 1 1 5.19% 15250.94 4.37

sativa subsp. japonica GN = Os05g0480200 PE =2 SV =1

tr A6N117|A6N117_ORYSI Thioredoxin-like 5 OS = Oryza 1 1 6.98% 15218.63 6.14

sativa subsp. indica PE=2 SV =1




	TCD5 Enhances the Photosynthesis Capacity, Increases the Panicle Number and the Yield in Rice
	Introduction
	Materials and Methods
	Results
	Discussions
	flink5
	References
	flink7
	flink8



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


