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Novelty statement:
1. The inhibition of chlorophyll content, Pn, Gs and Tr in Chinese Cabbage caused by excess copper were alleviant by NO. 
2. Expression of RCA, rbcL and rbcS genes down-regulated copper, and then up-regulated by NO.


Abstract:
Copper from soil always poison Chinese Cabbage in field. To understand the mechanism of the photosynthesis inhibition by excessive copper and whether NO application could promote resistance against copper stress in Chinese Cabbage, we examined effects of NO (300 μmol·L-1, SNP) on copper stress (200 μmol·L-1) in hydroponically growing Chinese Cabbage. We measured a number of parameters for Chinese Cabbage including chlorophyll content, photosynthetic rate (Pn), stomatal conductance (Gs), transpiration rate (Tr), intercellular CO2 concentration (Ci), as well as carbon assimilation at different time points of the treatments (0, 4, 8 and 12 d). Our results demonstrated that chlorophyll content, Pn, Gs and Tr in Chinese Cabbage suffered by copper stress were significantly increased by NO. Consistent with this, the expression of RCA, rbcL and rbcS down-regulation by copper toxicity, however, up-regulated by NO. It mean that NO although increased, but failed to completely rescue chlorophyll concentration caused by copper stress. Our results suggested that NO antagonized copper stress according to the evidence of biology and molecular. This research developed that NO was an agent that detoxify for Chinese Cabbage suffered copper stress.
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Introduction
As a widely distributed element in the environment, copper is an essential micronutrient for plant growth. Copper participates in many important biological reactions as an enzymatic cofactor and serves as the electron carrier in plant photosynthetic and respiratory processes (Andrade et al., 2004). However, excessive copper is highly toxic to plant growth because it reduces photosynthetic and respiratory activities (Dewez et al., 2005). Previous studies have shown that copper toxicity on photosynthesis is due to a number of harmful effects including altered photochemical reactions in photosystem II (PSII) or the inactivation of active reaction centers, reduced quantic yield, and decreased electron transport on the acceptor side and on oxygen evolution (Perales-Vela et al., 2007; Xia and Tian, 2009; Cambrollé et al., 2012; Oukarroum et al., 2012). Chlorophyll a (Chl a) fluorescence transient analysis is an efficient tool for studying the structure and function of photosynthetic machinery, especially in the PSII (Strasser et al., 2004), and it has been widely used to evaluate damages to the photosynthetic system of plants under a variety of stresses (Maxwell and Johnson, 2000).
Recently, the role of nitric oxide (NO) in plants has gained much attention. NO is a small molecule involved in various functions in diverse organisms. NO exhibits distinct chemical reactivities, and acts as the signaling molecule in different cellular processes. In higher plants, NO plays important roles in controlling plant growth and development under abiotic stress (Stamler et al., 1992). In transgenic tobacco lines with reduced catalase activity, NO and H2O2were found to regulate plant cell death. When infiltrated with NO, these transgenic tobacco lines accumulated H2O2 and exhibited significantly increased level of cell death compared with wild-type lines (Zago et al., 2006). Abacterial nitric oxide dioxygenase, when expressed in plants, accumulated significantly less H2O2 (Zeier et al., 2004).
In addition to cell death, NO also functions in the establishment of plant disease resistance. Plants have evolved a variety of defensive mechanisms to protect themselves against microbial colonization. Non-host resistance (NHR) functions as the first bulwark, conveying protection against most species of parasites (Yun et al., 2003). Application of NO to tobacco plants or cell suspension cultures induced the expression of the defense-related genes such asphenylalanine ammonia-lyase (PAL) and pathogenesis-related protein 1 (PR1), which are markers for phenylpropanoid biosynthesis and salicylic acid (SA)-mediated signaling, respectively. Both of these genes play important roles in the development of plant disease resistance (Delledonne et al., 1998; Durner et al., 1998). Furthermore, NO was discovered to modulate the expression of genes encoding a range of plant effector and regulatory proteins (Polverari et al., 2003; Huang et al., 2004; Parani et al., 2004; Zago et al., 2006). A recent study in catalase-deficient tobacco plants uncovered a small number of genes that are specifically regulated by NO (Zago et al., 2006). Collectively, these data suggest that NO has an important signaling function in abiotic stresses.
Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), is an enzyme involved in the first step of carbon fixation, a process by which atmospheric carbon dioxide is converted by plants and other photosynthetic organisms to energy-rich molecules such as glucose (Dhingra et al., 2004). RuBisCO is the most abundant protein in leaves, accounting for 50% of soluble leaf protein in C3 plants and 30% of soluble leaf protein in C4 plants. RuBisCO usually consists of two types of protein subunit, the large chain (rbcL, about 55,000 Da) and the small chain (rbcS, about 13,000 Da). rbcL is encoded by the chloroplast DNA in plants (Jeremy, et al., 2002). RuBisCO catalyzes the reaction between ribulose-1,5-bisphosphate and molecular oxygen (O2) (Jeremy, et al., 2002). RuBisCO activase (RCA) is a member of the AAA+ family, which participate in forming macromolecular complexes that perform diverse chaperone-like functions. Activase in species containing both large and small chains can be regulated by redox changes in the carboxy-terminus of the larger isoform, mediated by thioredoxin-f, which alters the response of activase to ADP/ATP ratio in the stroma. Further insights into the mechanism of the activase have emerged from an analysis of the crystal structure of RuBisCO conformational variants and the identification of RuBisCO residues that confer specificity in its interaction with the activase. RCA is a new type of chaperone, which functions to promote and maintain the catalytic activity of RuBisCO. It was shown that the reduced expression or activity of RuBisCO and RCA often accounts for the decreased photosynthesis (Jeremy, et al., 2002).
Brassica chinensis L has been used as a model plant in studies of plant nutrition and metabolism because of the easiness of propagation and fast growth. In this study, we aim to evaluate the effect of different copper concentrations on the transient and modulated fluorescence of Chl a in Brassica chinensis L. To this end, we examined leaf photosynthesis, transpiration rate, and gene expression under different conditions. We first addressed how Cu2+ distribution in the leaf affects leaf gas-exchange parameters, and stomatal/non-stomatal limitations of carbon assimilation in this study. We further explored whether excessive copper reduces the reactivity and gene expression of RuBisCo and RCA, resulting in decreased plant photosynthesis. Previous evidence showed that NO and copper have antagonistic effect in terms of plant growth inhibition (Zhang et al, 2013). Thus it is possible that NO could protect plant photosynthesis system under heavy metal toxicity. Eventually, we provided evidence that exogenous NO alleviates inhibition of photosynthesis by copper stress in Chinese Cabbage via regulating protein activity and gene expression of RuBisCO and RCA.
Materials and Methods
Plants
Take Chinese Cabbage (xiaobaicai) for the experiments. Seeds were sterilized with warm water and put into potted trays (30 cm in diameter by 28 cm in height) which contain around 7.5 kg soil mixture [V(garden soil):V(turf soil):V(perlite) = 5:7:3, including 20% organic matter]. When the fourth true leaf emerged, plants were transplanted in plastic cylindrical pots that are 28 cm in diameter. Each pot contained 50 plants and was filled with 12 L nutrient solution. Composition of the nutrient solution for hydroponic culture was as follows: macronutrients (mol m-3): 2.85 N from (NH4)2SO4 or Ca (NO3)2; 1.02 K from K2SO4 and KH2PO4; 0.32 P from KH2PO4, 1.65 Mg from MgSO4, micronutrients (mmol m-3):35.8 Fe from Fe-EDTA; 9.10 Mn from MnSO4; 0.15 Zn from ZnSO4; 0.16 Cu from CuSO4; 18.5 B from H3BO3; 0.52 Mo from (NH4)6Mo7O24; 0.1 Si from Na2SiO4. Inammonium-containing nutrient solution, Ca2+ was supplied from CaCl2 (1.43 mol m-3). The nutrient solutions were changed every four days. Plants were grown in the greenhouse at 25/18 er day/night temperatures. Light was supplied with SON-T AGRO 400W bulbs, with light intensity in a 14 h photoperiod at a minimum of 1000 mmol·m-2·s-1 photosynthetic photon flux density (PPFD) on the leaf. All the treatments had three biological replicates arranged in a completely random design to avoid edge effects in the greenhouse.
The cabbage plants were treated with copper five days after transplanting. There were six formulation of copper solution in the experiment: (i) CK, the nutrient solution; (ii) Cu, 200 μmol·L-1 CuSO4·7H20; (iii) Cu+SNP, 200 μmol·L-1 CuSO4·7H20 + 300 μmol·L-1 SNP; (iv) Cu+NOx, 200 μmol·L-1 CuSO4·7H20 + 300 μmol·L-1 NaNO2 + 300 μmol·L-1 NaNO3; (v) Cu+SF, 200 μmol·L-1 CuSO4·7H20 + 300 μmol·L-1 K3Fe(CN)6; (vi) Cu+SNP+N-L, 200 μmol·L-1 CuSO4·7H20 + 300 μmol·L-1 SNP + 25 μmol·L-1 Nitro-L-arginine（NO inhibitor）. The abbreviation of CK, Cu, Cu+SNP, Cu+NOx, Cu+SF, and Cu+SNP+N-L are used to describe the treatments hereafter.
SNP not only produces NO, but also NO2-/NO3-and Fe(CN)2-5 (the relieving effect of SNP was removed with NO and NO inhibitory reagent). So we added the same concentration of NaNO2/NaNO3 and K3Fe(CN)6 into SNP as controls [both NaNO2/NaNO3 and K3Fe(CN)6 are analogs to SNP but do not produce NO].
After 0, 4, 8, and 12 days, leaves from different replicates and treatments were used for all the measurements. Leaf discs (0.608 cm2 in size) were collected at noon under full sun and immediately frozen in liquid nitrogen. Samples were stored at -80 ºC until extraction.
Photosynthetic parameters were measured of purple cabbage
At 8:30 AM, the third functional leaves from the top of plant were chosen for experiments. Chl a, Chl b, Chl a+b and Chl a/b in the leaves were assayed according to Lichtenthaler (1987). Photosynthetic rate (Pn), stomatal conductance (Gs), transpiration rate (Tr), and intercellular CO2 concentration (Ci) were measured with CI-340 Portable photosynthesis system.
Isolation of cDNA sequences of RCA, rbcL and rbcS
Total RNA was extracted using the Trizol reagent according to the manufacturer's instructions. The first and second strands of cDNA were synthesized using the SMART™ PCR cDNA Library Construction Kit (Clontech, USA).
Expression analysis of RCA, rbcL and rbcS
RuBisCO and RCA gene-specific primers were designed using actin as a reference gene (Table1). Then qRT-PCR was performed, using the GoTaqR qPCR Master Mix Kit (Xiamen Tai Jing Biotechnology Company) according to the manufacturer’s instructions, and gene expression was analyzed using the 2^-△△t method. See Table 1 for primers for cloning and qRT-PC. ACTIN was used as internal control and the primers were listed in Table 1.
Data analysis
Each treatment was analysed with at least 7 replications and a standard deviation (SD) was calculated; data are expressed as mean ± SD of 7 replicates. The GeneMapper Analysis Software v3.7 was used for the fragment analysis.

Results
Exogenous NO rescues chloroplast phenotypes caused by copper stress in Chinese cabbage
The drop of chlorophyll content of Chinese cabbage became more significant with longer copper stress. The reduction of Chl a appeared to be more considerable than Chl b (ii). We further found that the treatment of Cu+SNP rescued the chlorophyll decrease phenotype (iii). However, this rescue effect was removed with the treatment of Cu+SNP+N-L. There seemed to be no noticeable difference between Cu+NOx, Cu+SF，and Cu alone (iv and v). Our results suggest that application of NO can antagonize copper stress in terms of chlorophyll content (Fig. 1).
Exogenous NO improved photosynthetic parameters under copper stress in Chinese cabbage
Shown in figure 2, there was a reduction in Pn, Gs, Tr and a rise in Ci value after 4-day treatments of Cu，Cu+NOx, and Cu+SF, compared to the control. This effect became even greater with longer treatment. However, we detected the increase of Pn, Gs, Tr and drop of Ci value with Cu+SNP treatment. The effect of SNP was removed with Cu+SNP+N-L treatment. This finding indicates that can effectively counteract the inhibition of Pn, Gs, Tr and Ci by copper stress.
Isolation of cDNA sequences of RCA, rbcL and rbcS
Using RACE method, the full-length RCA, rbcL and rbcS cDNA sequence were obtained (Fig. 3). Sequence analysis showed that the RCA cDNA was 1314bp in length, encoding 395amino acids (S-Fig. 1). The sequence data has been submitted to the GenBank database under accession number AHL28803.1. Cluster analysis using RCA in Chinese cabbage and the homologs in 12 other species, we found that RCA of Chinese Cabbage is closest to RGA in Brassica oleracea var. botrytis and farthest from Nicotiana attenuate based on phylogenetic tree (S-Fig. 2).
Sequence analysis showed that the rbcL cDNA sequence was 1461bp in length encoding 486amino acids (S-Fig. 3). The sequence data has been submitted to the GenBank database under accession number AHY18972.1. Cluster analysis using protein sequence of rbcL in Chinese cabbage and the homologs in 12 other species, we found that Chinese cabbage rbcL was closest to Brassica oleracea var. botrytis while farthest from Alpinia zerumbet based on phylogenetic tree (S-Fig. 4).M
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Sequence analysis showed that the rbcS cDNA sequence was546bp in length encoding 181amino acids (S-Fig. 5). The sequence data has been submitted to the GenBank database under accession number KJ508094.1.The same cluster analysis of rbcS as mentioned above showed that Chinese cabbage rbcS was closest to Brassica rapa while farthest from Camellia sinensis based on phylogenetic tree (S-Fig. 6).


Expression analysis of RCA, rbcL and rbcS
The RCA expression of Chinese cabbage was down-regulated by 4-day treatment of Cu, Cu+NOx, and Cu+SF. The reduction became greater with longer treatment. Treatment of Cu+SNP counteracted the reduction of RCA expression while it was still lower than the control. The antagonistic effect of SNP was removed if we treated the Chinese cabbage with Cu+SNP+N-L (Fig. 4).
After 4-day treatment of Cu, Cu+NOx, and Cu+SF, the expression level of rbcL and rbcS was elevated (Fig. 5 and 6). However, elongated copper stress led to the decreased expression of rbcL and rbcS. rbcL gene exhibited a slight increase after 4-day copper stress but showed a reduction with longer treatment. This might be a result of adaptive response induced by reduced photosynthesis. Cu+SNP can enhance the expression of rbcL and rbcS under copper stress, but this effect was removed with the treatment of Cu+SNP+N-L.

Discussion
Chlorophyll content is one of the major factors that affect photosynthesis. Under heavy metal stress, various physiological processes in plants are affected, resulting in altered chlorophyll content in leaves. We found that copper stress significantly reduced chlorophyll content in leaves of Chinese cabbage. Chl a is a pivotal pigment molecule in oxygenic photosynthesis. Chl b is one of the major components of light-harvesting antennae. Therefore, the decline of these two chlorophyll molecules directly inhibits light harvesting and energy conversion. Chl a/b reflects the thylakoid membrane stacks of chloroplasts. The higher degree of stacking of the grana thylakoid membranes is, the more stable of the chloroplast membranes are. Chl a/b ratio declined under copper stress and the reduction became greater with longer copper stress treatment, suggesting the copper stress can affect the thylakoid membrane stacks of chloroplasts.
Exogenous SNP partially rescued this inhibition and increased the value of Chl a, Chl b, Chl a+b, and Chl a/b, while NO inhibitor offset the rescuing effect of SNP. As NOx- is the downstream product of SNP and K3Fe(CN)6 is analogs to SNP,  we therefore added NOx- or K3Fe(CN)6 to the copper stress treatment. We failed to find the alleviation of copper stress by adding the same concentration of NOx- or K3Fe(CN)6 which do not produce NO. This finding indicated that exogenous NO could help to promote resistance of copper stress for Chinese cabbage, which is presumably achieved through maintaining high degree of stacking of the grana thylakoid membranes. Our results were consistent with the previous reports in citrus (Alva et al., 1995) and rice (Dokiya et al.,1968; Lidon et al.,1992). Meanwhile, NO not only provides materials for chlorophyll biogenesis, but also induces chlorophyll-related gene expression to increas photosynthesis efficiency. 
There are two endogenous factors underline the photosynthesis of plant impacted by  heavy metal stress. One is the opening of guard cells is restricted due to the Gs effect; the other is stomata-independent effect arose from reduced photosynthesis activity of mesophyll cells. It is well known that Ci value is the crucial factor for determining the non-stomatal or stomatal limitation of photosynthesis (Farquhar and Sharkey, 1982). If Pn, Gs and Ci value drop simultaneously, it means the decline of Pn value is caused by stomatal limitation. On the contrary, the reduction of Pn velue is not caused by stomatal limitation when Ci value increases. Our data showed that the Pn of Chinese cabbage leaves significantly decreased with the treatment of copper stress，Cu+NOx or Cu+SF. Accompanied with the decline of Pn is the reduction of Gs and Tr. But Ci value appeared to increase in those treatments.
We found SNP can effectively increase Pn, Gs and Tr and decrease Ci. The effect of SNP was removed with Cu+SNP+N-L. This finding indicates that copper stress inhibit photosynthesis in Chinese cabbage via stomata-independent regulation. Therefore, NO presumably ameliorates copper stress resistance by improving photosynthesis activity of mesophyll cells in Chinese cabbage leaves.
The activity and gene expression of RuBisCO and RCA are crucial for plant photosynthesis (Whitney and Andrews, 2001). Our data showed that the expression of RCA、rbcL and rbcS were down-regulated under copper stress. SNP treatment moderately enhanced ECA expression while significantly promoted the expression of rbcL and rbcS. Interestingly, rbcL gene exhibited a slight increase after 4-day copper stress but showed a considerable reduction with longer treatment. It is possible that short period of stress caused mild damage and photosynthesis of Chinese cabbage exhibited an adaptive response. In later stage of stress, this adaptive response was suppressed. It remains unclear which mechanisms were behind this observation. Alleviation effect of NO often associated with regulation of ROS and signaling transduction. Previous study by Roulin et al. showed that oxidative stress induced by high temperature led to degradation of RuBisCO. They found the RuBisCO from chloroplasts in pea were degraded by ROS (Roulin et al., 1998). Ozone stress inhibited photosynthesis in lettuce via down-regulating the expression of RCA，rbcL and rbcS (Goumenaki et al., 2010). In tomato, it was also shown that the expression level of RCA greatly affected photosynthesis (Cai et al., 2010). Therefore, it is essential to maintain high level and activity of RuBisCO and RCA. According to previous studies, we speculated that the reduced expression of RCA, rbcL, rbcS under copper stress was likely caused by accumulation of reactive oxygen species, which altered the physiology and metabolism in leaf cells. 
Conclusion
In this paper, we found exogenous NO up-regulated expression of RCA，rbcL and rbcS genes, and then alleviated the negative effects caused by copper stress. It is possible that NO induced a series signaling events and gene expression to alleviate the inhibition of photoreaction and dark reaction. However, the signal pathway that transfer the NO signal and control the related gene expression are still unknown.
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[bookmark: _GoBack]Fig.1: Effects of exogenous NO on the chlorophyll content in leaves of Chinese Cabbage under copper stress. Columns represent means ± SE of 7 replicates and bars mean standard error. Different latters indicate statistical significance among different copper-treatments at the same time (Tukey’s test, P < 0.05).
Fig. 2: Effects of exogenous NO on Pn, Gs, Tr and Ci in leaves of Chinese Cabbage under copper stress. Columns represent means ± SE of 7 replicates and bars mean standard error. Different latters indicate statistical significance among different copper-treatments at the same time (Tukey’s test, P < 0.05).
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Fig. 3: Amplification of ORF of RCA, rbcL and rbc. M: DL2000 DNA ladder maker; A, RCA; B, rbcL; C, rbcS.
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[image: ]Fig. 4: Q-RT PCR analysis of RCA expression in leaves of Chinese Cabbage under copper stress. Columns represent means ± SE of 7 replicates and bars mean standard error. Different latters indicate statistical significance among different copper-treatments at the same time (Tukey’s test, P < 0.05).
Fig. 5: Effects of exogenous NO on the expression of rbcL in leaves of Chinese Cabbage under copper stress. Columns represent means ± SE of 7 replicates and bars mean standard error. Different latters indicate statistical significance among different copper-treatments at the same time (Tukey’s test, P < 0.05).
[image: ]Fig. 6: Effects of exogenous NO on the expression of rbcS in leaves of Chinese Cabbage under copper stress. Columns represent means ± SE of at 7 replicates and bars mean standard error. Different latters indicate statistical significance among different copper-treatments at the same time (Tukey’s test, P < 0.05).




Supplementary Figures

1         ATGGCCGCCGCAGTTTCCACCGTCGGTGCCATCAACAGAGCTCCGTTGAGCTTGAACGGGTCAGGAGCA
1          M  A  A  A  V  S  T  V  G  A  I  N  R  A  P  L  S  L  N  G  S  G  A 
70        GGAGCTGCTTCAGTCCCAGCAACGACCTTCTTGGGAAAGAAAGTTGTAACCGCGTCGAGATTCGCACAG
24         G  A  A  S  V  P  A  T  T  F  L  G  K  K  V  V  T  A  S  R  F  A  Q  
139       AACAACAAGAAGAGCAACGGATCATTCAAGGTGGTTGCCGTGAAAGAAGACAAACAAACCGATGGAGAC
47         N  N  K  K  S  N  G  S  F  K  V  V  A  V  K  E  D  K  Q  T  D  G  D  
208       AGATGGAGGGGACTTGCCTACGACATGTCTGATGATCAACAAGACATCACCAGAGGCAAAGGTATGGTT
70         R  W  R  G  L  A  Y  D  M  S  D  D  Q  Q  D  I  T  R  G  K  G  M  V  
277       GACTCAGTCTTCCAAGCTCCTATGGGAACCGGAACTCACAACGCCGTCCTTAGCTCCTATGAGTACATC
93         D  S  V  F  Q  A  P  M  G  T  G  T  H  N  A  V  L  S  S  Y  E  Y  I  
346       AGCCAAGGTCTTAAGCAGTACAACTTGGACAACATGATGGATGGGCTTTACATTGCCCCTGCTTTCATG
116        S  Q  G  L  K  Q  Y  N  L  D  N  M  M  D  G  L  Y  I  A  P  A  F  M  
415       GACAAGCTTGTTGTTCACATCACCAAGAACTTCTTGACTTTGCCTAACATCAAGGTTCCACTTATTTTG
139        D  K  L  V  V  H  I  T  K  N  F  L  T  L  P  N  I  K  V  P  L  I  L  
484       GGTGTTTGGGGAGGCAAAGGTCAAGGTAAATCCTTCCAGTGTGAGCTTGTCATGGCCAAGATGGGCATC
162        G  V  W  G  G  K  G  Q  G  K  S  F  Q  C  E  L  V  M  A  K  M  G  I  
553       AACCCAATCATGATGAGTGCTGGAGAGCTTGAGAGCGGGAACGCAGGAGAGCCAGCCAAGCTTATCCGT
185        N  P  I  M  M  S  A  G  E  L  E  S  G  N  A  G  E  P  A  K  L  I  R  
622       CAAAGGTACCGCGAGGCAGCAGACCTGATCAAGAAAGGAAAGATGTGTTGTCTCTTCATCAACGATCTC
208        Q  R  Y  R  E  A  A  D  L  I  K  K  G  K  M  C  C  L  F  I  N  D  L  
691       GACGCTGGTGCTGGTCGTATGGGTGGTACCACACAGTACACTGTCAACAACCAGATGGTTAACGCAACG
231        D  A  G  A  G  R  M  G  G  T  T  Q  Y  T  V  N  N  Q  M  V  N  A  T  
760       CTCATGAACATTGCTGATAACCCCACCAACGTCCAGCTCCCAGGAATGTACAACAAGGAAGACAACGCA
254        L  M  N  I  A  D  N  P  T  N  V  Q  L  P  G  M  Y  N  K  E  D  N  A  
829       CGTGTCCCCATCATCGTCACCGGTAACGATTTCTCCACCCTCTACGCTCCTCTCATCCGTGATGGACGT
277        R  V  P  I  I  V  T  G  N  D  F  S  T  L  Y  A  P  L  I  R  D  G  R  
898       ATGGAGAAGTTCTACTGGGCCCCGACCCGTGAGGACCGTATCGGTGTCTGCAAGGGTATCTTCAGGACC
300        M  E  K  F  Y  W  A  P  T  R  E  D  R  I  G  V  C  K  G  I  F  R  T  
967       GACAAGATCAAGGATGAAGACATTGTCACGCTTGTTGACCAGTTCCCTGGCCAATCCATCGATTTCTTT
323        D  K  I  K  D  E  D  I  V  T  L  V  D  Q  F  P  G  Q  S  I  D  F  F  
1036      GGTGCATTGAGGGCGAGAGTGTACGATGATGAGGTGAGGAAGTTCGTTGAGGGACTTGGAGTGGAGAAG
346        G  A  L  R  A  R  V  Y  D  D  E  V  R  K  F  V  E  G  L  G  V  E  K  
1105      ATCAGCAAGAGGCTGGTGAACTCGAGGGAAGGTCCTCCAGTGTTCGAGCAGCCGGAGATGACTCTTGAG
369        I  S  K  R  L  V  N  S  R  E  G  P  P  V  F  E  Q  P  E  M  T  L  E  
1174      AAGCTAATGGAGTATGGTAACATGCTTGTGATGGAGCAAGAGAACGTCAAGAGAGTCCAGCTTGCTGAC
392        K  L  M  E  Y  G  N  M  L  V  M  E  Q  E  N  V  K  R  V  Q  L  A  D  
1243      CAATACCTTAACGAGGCTGCGTTGGGAGACGCAAGCGCTGACGCTATTGGCCGCGGAACTTTCTATGGT
415        Q  Y  L  N  E  A  A  L  G  D  A  S  A  D  A  I  G  R  G  T  F  Y  G  
1312      TAA
438        *                                                                    
S-Fig. 1 Nucleotide sequence of RCA and its encoded amino acid sequence


 Glycine max ( NP 001242531.1)
 Vitis vinifera (XP 003632187.1)
 Medicago truncatula (XP 003616450.1)
 Ricinus communis (XP 002524206.1)
Cucumis sativus ( XP 004138462.1)
 Citrus sinensis (XP 006480857.1)
Arabidopsis thaliana（NP 850321.1）
 Brassica oleracea (AGI04379.1)
 Brassica chinensis L. RCA AHL28803.1

Solanum tuberosum (XP 006339014.1)
 Solanum lycopersicum (XP 004246415.1)
 Nicotiana attenuata (AFB70995.1)
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S-Fig. 2 Phylogenetic tree of amino acid sequences of RCA and RCA of Brassica chinensis L and their homologs from other species

1         ATGACTTGTAGGGAGGGACTTATGTCACCACAAACAGAGACTAAAGCAAGTGTTGGATTCAAAGCTGGT
1          M  T  C  R  E  G  L  M  S  P  Q  T  E  T  K  A  S  V  G  F  K  A  G 
70        GTTAAAGAGTATAAATTAAATTATTATACTCCTGAATATGAAACCAAGGATACTGATATCTTGGCAGCA
24         V  K  E  Y  K  L  N  Y  Y  T  P  E  Y  E  T  K  D  T  D  I  L  A  A  
139       TTCCGAGTAACTCCTCAACCCGGAGTTCCACCTGAAGAAGCAGGGGCTGCGGTAGCTGCTGAATCTTCT
47         F  R  V  T  P  Q  P  G  V  P  P  E  E  A  G  A  A  V  A  A  E  S  S  
208       ACTGGTACATGGACAACTGTGTGGACCGATGGGCTTACCAGCCTTGACCGTTACAAAGGACGATGCTAC
70         T  G  T  W  T  T  V  W  T  D  G  L  T  S  L  D  R  Y  K  G  R  C  Y  
277       CACATCGAGCCCGTTCCAGGAGAAGAAACTCAATTTATTGCGTATGTAGCTTACCCATTAGACCTTTTT
93         H  I  E  P  V  P  G  E  E  T  Q  F  I  A  Y  V  A  Y  P  L  D  L  F  
346       GAAGAAGGGTCTGTTACTAACATGTTTACCTCAATTGTGGGTAACGTATTTGGGTTCAAAGCCCTGGCT
116        E  E  G  S  V  T  N  M  F  T  S  I  V  G  N  V  F  G  F  K  A  L  A  
415       GCTCTACGTCTAGAGGATCTGCGAATCCCTCCGGCTTATACTAAAACTTTCCAGGGACCACCTCATGGT
139        A  L  R  L  E  D  L  R  I  P  P  A  Y  T  K  T  F  Q  G  P  P  H  G  
484       ATCCAAGTTGAAAGAGATAAATTGAACAAGTATGGACGTCCCCTATTAGGATGTACTATTAAACCTAAG
162        I  Q  V  E  R  D  K  L  N  K  Y  G  R  P  L  L  G  C  T  I  K  P  K  
553       TTGGGGTTATCCGCGAAGAACTATGGTAGAGCAGTTTATGAATGTCTACGTGGTGGACTTGATTTTACC
185        L  G  L  S  A  K  N  Y  G  R  A  V  Y  E  C  L  R  G  G  L  D  F  T  
622       AAAGATGATGAGAATGTGAACTCTCAACCATTTATGCGTTGGAGAGACCGTTTCTTATTTTGTGCCGAA
208        K  D  D  E  N  V  N  S  Q  P  F  M  R  W  R  D  R  F  L  F  C  A  E  
691       GCTATTTATAAATCACAGGCTGAAACAGGTGAAATCAAAGGACATTATTTGAATGCTACTGCGGGTACA
231        A  I  Y  K  S  Q  A  E  T  G  E  I  K  G  H  Y  L  N  A  T  A  G  T  
760       TGCGAAGAAATGATGAAAAGAGCTATATTTGCCAGAGAATTGGGAGTTCCTATCGTAATGCATGACTAC
254        C  E  E  M  M  K  R  A  I  F  A  R  E  L  G  V  P  I  V  M  H  D  Y  
829       TTAACAGGGGGATTCACCGCAAATACTAGTTTGGCTCATTATTGCCGAGATAATGGCCTACTTCTTCAC
277        L  T  G  G  F  T  A  N  T  S  L  A  H  Y  C  R  D  N  G  L  L  L  H  
898       ATCCACCGTGCAATGCACGCTGTTATTGATAGACAGAAGAATCATGGTATGCACTTCCGTGTACTAGCT
300        I  H  R  A  M  H  A  V  I  D  R  Q  K  N  H  G  M  H  F  R  V  L  A  
967       AAAGCTTTACGTCTATCGGGTGGAGATCATGTTCACGCGGGTACAGTAGTAGGTAAACTTGAAGGAGAC
323        K  A  L  R  L  S  G  G  D  H  V  H  A  G  T  V  V  G  K  L  E  G  D  
1036      AGGGAGTCAACTTTGGGCTTTGTTGATTTACTGCGCGATGATTATGTTGAAAAAGACCGAAGTCGTGGT
346        R  E  S  T  L  G  F  V  D  L  L  R  D  D  Y  V  E  K  D  R  S  R  G  
1105      ATCTTTTTCACTCAAGATTGGGTCTCACTACCAGGTGTTCTACCTGTGGCTTCAGGGGGTATTCACGTT
369        I  F  F  T  Q  D  W  V  S  L  P  G  V  L  P  V  A  S  G  G  I  H  V  
1174      TGGCATATGCCTGCTTTGACCGAGATCTTTGGAGATGATTCCGTACTACAATTTGGTGGCGGAACTTTA
392        W  H  M  P  A  L  T  E  I  F  G  D  D  S  V  L  Q  F  G  G  G  T  L  
1243      GGCCACCCTTGGGGAAATGCACCGGGTGCCGTAGCTAACCGAGTAGCTCTAGAAGCATGTGTACAAGCT
415        G  H  P  W  G  N  A  P  G  A  V  A  N  R  V  A  L  E  A  C  V  Q  A  
1312      CGTAATGAGGGACGTGATCTTGCAGTCGAGGGTAATGAAATTATCCGTGAGGCTTGCAAATGGAGTCCT
438        R  N  E  G  R  D  L  A  V  E  G  N  E  I  I  R  E  A  C  K  W  S  P  
1381      GAACTAGCTGCTGCTTGTGAAGTATGGAAGGAGATCACATTTAACTTCCCAACCATCGATAAATTAGAT
461        E  L  A  A  A  C  E  V  W  K  E  I  T  F  N  F  P  T  I  D  K  L  D  
1450      GGCCAAGACTAG
484        G  Q  D  *    
S-Fig. 3 Nucleotide sequence of rbcL and its encoded amino acid sequence 










 Capsella bursa-pastoris (YP 001123381.1)
 Arabidopsis thaliana ( NP 051067.1)
Eutrema salsugineum (XP 006404491.1)
 Nasturtium officinale ( YP 001123822.1)
 Barbarea verna (YP 001123294.1)
Brassica napus (YP 005089960.1)
Brassica oleracea var. botrytis ( ABV44287.1)
 Brassica chinensis L. rbcL（AHY18972.1）
）
Cucumis sativus( AAZ94659.1)
 Hosta ventricosa (AFA27679.1)
 Pseudophoenix vinifera (YP 007475797.1)
 Alpinia zerumbet ( AGE93378.1)
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S-Fig. 4 Phylogenetic tree of amino acid sequences of rbcL and rbcL of Brassica chinensis L and their homologs from other species


1         ATGGCTTCCTCTATGCTCTCCTCCGCCGCTGTTGTTACCTCCCCGGCTCAAGCCACCATGGTCGCTCCA
1          M  A  S  S  M  L  S  S  A  A  V  V  T  S  P  A  Q  A  T  M  V  A  P 
70        TTCACCGGCTTGAAGTCTTCCTCTGCATTCCCAGTCACCCGCAAGGCCAACAACGACATTACCTCCATC
24         F  T  G  L  K  S  S  S  A  F  P  V  T  R  K  A  N  N  D  I  T  S  I  
139       GTTAGCAACGGAGGAAGAGTTAGCTGCATGAAGGTGTGGCCACCAGTTGGAAAGAAGAAGTTTGAGACC
47         V  S  N  G  G  R  V  S  C  M  K  V  W  P  P  V  G  K  K  K  F  E  T  
208       CTCTCTTACCTTCCTGACCTTACCGAAGTTGAATTGGGTAAGGAAGTTGACTACCTTCTCCGCAACAAG
70         L  S  Y  L  P  D  L  T  E  V  E  L  G  K  E  V  D  Y  L  L  R  N  K  
277       TGGATTCCTTGTGTTGAATTCGAGTTGGAGCACGGATTTGTTTACCGTGAGCACGGAAGCACCCCCGGA
93         W  I  P  C  V  E  F  E  L  E  H  G  F  V  Y  R  E  H  G  S  T  P  G  
346       TACTACGATGGACGTTACTGGACAATGTGGAAGCTTCCCTTGTTCGGATGCACCGACTCTGCTCAAGTG
116        Y  Y  D  G  R  Y  W  T  M  W  K  L  P  L  F  G  C  T  D  S  A  Q  V  
415       TTGAAGGAAGTCCAAGAGTGCAAAACGGAGTACCCTAACGCCTTCATCAGGATCATCGGATTCGACAAC
139        L  K  E  V  Q  E  C  K  T  E  Y  P  N  A  F  I  R  I  I  G  F  D  N  
484       AACCGTCAAGTCCAGTGCATCAGTTTCATCGCCTACAAGCCACCAAGCTTCACCGGTGCTTAA
162        N  R  Q  V  Q  C  I  S  F  I  A  Y  K  P  P  S  F  T  G  A  *   

S-Fig. 5 Nucleotide sequence of rbcS and its deduced amino acid sequence
 


 Brassica rapa( ABL97962.1)
 Brassica chinensis L.(KJ508094.1)
 Brassica napus(ABB51649.1)
Brassica juncea(AEB00556.1)
 Arabidopsis thaliana(CAA32701.1)
 Gossypium hirsutum( AFS41732.1)
 Malus domestica(XP 008381263.1)
 Ricinus communis(XP 002532149.1)
 Glycine soja(AAA82069.1)
 Cucumis sativus( XP 004135094.1)
Lactuca sativa( AAF19793.1)
 Camellia sinensis(ABK15574.1)
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S-Fig. 6 Phylogenetic tree of amino acid sequences of rbcS and rbcS of Brassica chinensis L and their homologs from other species
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