Anatomical,physiological and transcriptomic analyses of yellow leaf coloration in Shumard oak
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Novelty statement

Three aspects will appeal to readers who study in plant physiology and molecular biology of ornamental plants and plant science. First, leaf yellow mutant of Q. shumardii (Mutant) and its wide type (WT) color indices were firstly measured,and then the related pigment content and photosynthetic characteristics and chlorophyll fluorescence parameters were measured; second, the mesophyll cells of Mutant and WT were dissected to observe the number and structure of their chloroplasts; third, transcriptome sequencing of the samples further identifies relevant differentially expressed genes to facilitate understanding of the relevant metabolic pathways and expression patterns of key genes. These results could provide valuable information for understanding the leaf yellow formation in Q. shumardii.

Abstract
Shumard oak (Quercus shumardii Buckley) is a traditional foliage plant species known for its changing yellow leaves in autumn. However, less research has been done on the mechanisms involved in regulating leaf color display of Q. shumardii. Here, a yellow-leaf mutant of Q. shumardii (Mutant) and its green-leaf wild type (WT) were compared in terms of their anatomical,physiological and transcriptomic differences. The physiological results revealed that Mutant had lower chlorophyll content than did the WT, while the carotenoid content was just the opposite. In addition, Mutant had lower photosynthetic characteristics and chlorophyll fluorescence parameters. Moreover, observations of the mesophyll cells of Mutant revealed that the number of chloroplasts in Mutant was reduced and that the structure was damaged to some extent. 39,962 related differentially expressed genes (DEGs) were further identified by transcriptome sequencing, and differentially selected genes were randomly selected to verify expression levels by quantitative real-time PCR (qRT-PCR). Among these DEGs, the chlorophyll biosynthesis-related glumly-tRNA reductase gene (HEMA) and Mg-chelatase gene (CHLD/CHLH) expression levels were down-regulated, while pheophorbide a oxygenase gene (PAO) associated with chlorophyll degradation was up-regulated in Mutant. Moreover, the expression of carotenoid isomerase gene (Z-ISO), z-carotene desaturase gene (ZDS), violaxanthin de-epoxidase gene (VDE) and zeaxanthin epoxidase gene (ZEP), all of these are involved in the biosynthesis of carotenoid and were upregulated in Mutant. The products of these key genes decreased the accumulation of chlorophyll and enhanced the carotenoid accumulation in Mutant. Therefore, the ratio of carotenoids to chlorophyll is the main factor affecting whether the color of Q. shumardii leaves is yellowish.
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Introduction

Leaf color, like flower color,is very important for garden ornamental plants. Especially in the fall, the leaf color of trees changes in autumn, which attracts people's attention very much. Therefore, to increase the ornamental effects of gardens, tree species with colorful leaves are widely used, such as red maple (Acer rubrum L.) (Chen et al., 2019), which is planted for its red leaves,and Ginkgo biloba (Ginkgo biloba L.) (Li et al., 2018), which is planted for its yellow leaves, etc. The direct cause of leaf discoloration is the relative contents of chlorophyll, carotenoids, anthocyanins, etc. in leaves, which are affected by both intrinsic characteristics and external environmental factors and are regulated by leaf cell microstructure and physiological and biochemical metabolic levels (Lev-Yadun et al., 2012; Sinkkonen et al., 2012; Yang et al., 2015b). At present, most of the relevant research has focused on how red leaves are formed (Feild et al., 2001). For example, Chen et al. (2019) found that the accumulation of cyanidin resulted in higher contents and proportions of that compound than of chlorophyll and carotenoids, resulting in redness of red maple leaves. Gu et al. (2015) found that the anthocyanin content of the leaves of Prunus cerasifera increased under light induction,and the leaves gradually turn purple. In contrast, although leaf yellowing is a common phenomenon, related research is still rare (Li et al., 2018). However,research on the yellowing of leaves has currently become the focus of attention. For example, Li et al. (2018) reported that lower chlorophyll and higher carotenoid contents (especially lutein) are the main factors for the yellowing of Ginkgo biloba leaves;in addition, Chang et al. (2019) found that the ratio of chlorophyll a/b and the ratio of carotenoids/chlorophyll in the leaves of a yellow-leaf mutant (yl1) of tree peony were relatively high.

In addition to the fact that the pigment content in the leaves directly affects leaf color, the anatomical structure of the leaves and related expressed genes also play an important role in leaf color display. For example, the chloroplast development of crape myrtle (Lagerstroemia indica) yellow-leaf mutants is not perfect (Li et al., 2015), and the number of chloroplasts contained in the green leaves of New Year's Day orchids (Cymbidium sinense) is much greater than that in the yellow leaves (Zhu et al., 2015). The related genes mainly control the biosynthesis and degradation of pigments by regulating the synthesis of related enzymes, thereby controlling leaf color. Since chlorophyll biosynthesis involves a series of enzymatic steps,any step that blocks plant chlorophyll biosynthesis results in low chlorophyll content,resulting in defects in leaf greenness (Nagata et al., 2005; Adhikari et al., 2011). The chlorophyll synthesis process involves more than 15 enzymes and more than 20 genes (Adhikari et al., 2011). The expression of important genes involved in the synthesis process, such as glumly-tRNA reductase gene (HEMA), Mg-chelatase gene (CHLD/H), and Chlide a oxygenase gene (CAO), decreases during the leaf color transformation (Niu et al., 2014; Li et al., 2015; Whiston et al., 2007). Chlorophyll degradation is also one of the main causes of leaf discoloration. The chlorophyll-b reductase genes (NOL/NYC) play a key role in chlorophyll degradation. For example, NYC1 and NOL in rice form a complex that functions as a chlorophyll b reductase to regulate chlorophyll degradation (Sato et al., 2007). The main genes related to plant carotenoid biosynthesis are phytoene synthase gene (PSY) (Cazzonelli and Pogson, 2010), z-carotene desaturase gene (ZDS) (Zhu et al., 2002), β-cyclase gene (LCYB) (Zhang et al., 2013), ε-cyclase gene (LCYE) (Kato et al., 2007; Bai et al., 2011), and so on. Gao et al. (2011) found that the activity of phytoene desaturase gene (PDS) in grapefruit callus was inhibited,resulting in a significant reduction in total carotenoid content.In addition, leaf discoloration also affects photosynthesis in plants. Zhang et al. (2018) found that the net photosynthetic rate and chlorophyll fluorescence parameters of the yellow areas in variegated Aucuba japonica ‘Variegata’ were significantly lower than those in the green areas. Aluru et al. (2006) also detected elevated photosynthetic rates in the green leaf portion of Arabidopsis variegation immutans (im).

Shumard oak (Quercus shumardii Buckley) is a common garden landscaping tree species. The shape of the trees is attractive and diverse, and its branches are leafy. After these trees are modeled,their charm is unique, and they have a good ornamental value. Under normal conditions,the leaves of Q. shumardii are generally green. At present, we obtained a leaf yellow mutant of Q. shumardii (Mutant), named ‘Zhongshan Hongjincai’, and its wide type (WT) named ‘Shumard oak No.23’. Moreover, the formation mechanism of the color of the leaves of Mutant is still unknown. In this study, the color indices of the leaves of these trees were first measured, and then the related pigment contents and photosynthetic characteristics and chlorophyll fluorescence parameters were measured. The anatomical structures of the leaf mesophyll cells were subsequently observed. Finally, RNA-seq was performed to study related metabolic pathways and key genes. These can provide useful information for understanding the mechanism of leaf color change in Q. shumardii.
Materials and methods

Plant materials and treatments

A leaf-yellow mutant of Q. shumardii (Mutant), named ‘Zhongshan Hongjincai’, and its wild type (WT), named ‘Shumard oak No.23’, were used as the materials in this study. Potted types of these plants were collected in June, 2019. First, measurements of their leaf color indices, photosynthetic characteristics and chlorophyll fluorescence parameters were performed, after which the samples were stored at -80°C.

Color index measurements

The leaf color index, including L*, a*, b*, H° and C* values, was obtained by using a hand-held RM200QC spectrophotometer (X-Rite, Switzerland). The hue angle (H°=arctangent(b*/a*)) and chromaticity (C*=(a*2+b*2)1/2) are obtained through calculation (Voss, 1992).
SPAD value and pigment content measurements

The SPAD values were determined using a SPAD-502 chlorophyll meter (Koinca Minolia Sensing, Japan). Chlorophyll and carotenoid contents were assayed according to the methods of Zou (2000) by using a spectrophotometer UV BlueStar A (LabTech, Inc., China).

Photosynthetic characteristic and chlorophyll fluorescence parameters measurements

Photosynthetic characteristics were measured using a portable photosynthesis system (LI-6400, Li-Cor, USA). In this system,the stomatal conductance (Gs), net photosynthesis rate (Pn), intercellular CO2 concentration (Ci) and transpiration rate (Tr) were recorded. Moreover, a chlorophyll fluorescence spectrometer (Heinz Walz GmbH 91090 Effeltrich, Germany) was used to measure the chlorophyll fluorescence parameters. This system recorded the minimum fluorescence (Fo), maximum fluorescence (Fm), nonphotochemical quenching (NPQ) and non-photochemical quenching coefficient (qN), and the actual photosynthetic efficiency of photosystem II (Y(II)) and the maximum quantum yield of PSII (Fv/Fm) were subsequently calculated (Genty et al., 1989; Kooten and Snel, 1990).

Anatomical observations

Transmission electron microscopy (Tecnai 12, Philips, Holland) was used to observe the anatomical details of the leaves. Specific details are referred to in the reported method (Ding et al., 2018).
RNA-seq and data analysis

Total RNAs that were extracted from the leaves of WT and Mutant using a MiniBEST Plant RNA Extraction Kit (TaKaRa, Japan) were used for transcriptome sequencing. After the detection of total RNA concentration and purity, six libraries (WT and Mutant, three replicates each) were prepared and sequenced by Beijing Genomic Institute (Shenzhen, China) using an Illumina HiSeq™ 4000 platform (Illumina Inc., San Diego, CA, USA). 
The unigene expression was calculated and normalized to Reads Per kilo bases per Million reads (RPKM) (Mortazavi et al., 2008). GO (gene ontology database) functional analysis and KEGG (kyoto encyclopaedia of genes and genomes database) pathway analysis were performed on differentially expressed genes (DEGs) based on a fold change ≥ 2.0 and an adjusted P-value ≤ 0.05.

Gene expression analysis

Quantitative real-time PCR (qRT-PCR) was used to analyze gene expression levels with a BIO-RAD CFX ConnectTM Optics Module (Bio-Rad, USA), and their values were calculated according to the 2-△△Ct comparative threshold cycle (Ct) method (Schmittgen and Livak, 2008). Specific details are referred to the paper of Zhao et al. (2019). All primersl used were listed in Table S1.

Statistical analysis

All experiments in this study were repeated 3 times randomly, and the variance of the results was analyzed with the SAS/STAT statistical analysis package (version 6.12, SAS Institute, Cary, NC, USA).
Results

Color indices

To clarify the formation mechanism of leaf yellowing in Q. shumardii, a leaf-yellow mutant (Mutant) and its wiid type (WT) were used as experimental materials (Fig. 1A). First, the differences in leaf colors between WT and Mutant expressed as the L*, a*,b*, a*/b*, H° and C* are shown in Fig. 1B. In the uniform color space, L* represents the lightness, a* represents the ratio of red/magenta to green, and b* represents the ratio of yellow to blue (Zhao et al., 2011). Compared with those of WT, the L*, a*and b* values of Mutant were all extremely significantly higher, and their a* values were negative, which indicated that the leaf colors of WT and Mutant were green and yellow, respectively. Moreover, the a*/b* value of WT was negative, while that of WT was close to zero,and the H° values of WT and Mutant were 115.27° and 97.73°, respectively. These five color index results were consistent with our visual results (Crisosto et al., 1994; Intelmann et al., 2005). In addition, the C* value of Mutant was also extremely significantly higher than that of WT, indicating that Mutant had better chroma.

SPAD values and pigment contents

The SPAD values and pigment contents were subsequently measured (Fig. 2). The SPAD value is a parameter that measures the relative content of chlorophyll of or the degree of greenness in plants. In this study, the WT SPAD value was 2.41 times that of Mutant, which was significantly higher. Moreover, the Chl a, Chl b and Chl a+b contents in WT were also very significantly higher than those in Mutant: the contents in WT were 314%, 368% and 331% of those in Mutant, respectively. Although the Chl a/b ratio and carotenoid contents showed the opposite tendency, higher values were found in Mutant,and the differences in carotenoid contents were highly significant.

Photosynthetic characteristics and chlorophyll fluorescence parameters

Four photosynthetic parameters were measured in this study using a portable photosynthesis system: the Pn, Ci, Gs and Tr (Fig. 3). Among them, the Pn can directly reflect the photosynthetic capability of plants. The Pn of Mutant was 5.28 μmol CO2 m-2s-1,which was only 9% of that of WT, indicating that the photosynthetic capability of WT was significantly higher than that of Mutant. In addition, the gas exchange parameters,including the Ci, Gs and Tr of Mutant were also extremely significantly lower than those of WT: the values were only 31.44%, 30.21% and 27.54% of those of Mutant, respectively.

The chlorophyll fluorescence parameters of WT and Mutant are showed in Fig. 4. Similar to the photosynthetic characteristics, all six parameters of WT, the Fo, Fm, Fv/Fm, Y(II), NPQ and qN, were higher than those of Mutant, and the difference between them was extremely significant.

Anatomical structures

The anatomical structure of leaves affects their function. In this study, we observed the ultrastructure of plant leaves through transmission electron microscopy to understand the anatomical structure of mesophyll cells. Fig. 5 shows that the structure of mesophyll cells in WT and Mutant is normal and similar, with chloroplasts being the most prominent organelles. However, in WT, the numbers of chloroplasts were relatively abundant, and there were significantly more chloroplasts in WT than in Mutant. It can be seen from the enlarged chloroplasts that their structure in WT was intact and clearly visible, the membrane boundary was clearly fusiform, and the thylakoid layer structure was tightly packed. However, the chloroplast membrane structure and the thylakoid layer structure of Mutant were ambiguous. These results indicated that the incomplete chloroplast structure and the fewer number of chloroplasts in Mutan leaf mesophyll cells were responsible for the yellow formation of the leaves.

Transcriptome sequencing results and quality assessment

To determine which genes are involved in the yellowing formation of Q. shumardii, sequencing was performed using high-throughput Illumina sequencing technology.An average of 51.05 M total reads,with a total of 7.29 Gb of clean bases, a Q30 percentage of 94.18% and a GC percentage of 40.45%, were generated from each library (Table 1). These data have been deposited in the NCBI (SRA:SRP219995). After trimming the adapters, filtering low-quality reads and de novo assembly, 154,866 unigenes with a mean length of 1,059 bp and an N50 of 2,076 across a total of 164,100,210 bp were obtained. These data indicated that the sequencing quality was acceptable and could be used for further analysis.

Functional annotation of unigenes

All the unigenes were aligned with the NR (non-redundant protein sequences), NT (non-redundant nucleotide sequences), SwissProt (a manually annotated and reviewed protein sequence database), KEGG (Kyoto Encyclopedia of Genes and Genomes), KOG (Clusters of Orthologous Groups of proteins), Pfam (Protein family) and GO (Gene Ontology) databases to determine their functional information. As shown in Table 2, the alignment results showed that there were 89,649 (57.89%), 75,124 (48.51%), 63,661 (41.11%), 62,055 (40.07%), 55,622 (35.92%) and 50,289 (32.47%) unigenes in the NR, NT, SwissProt, KEGG, Pfam and GO databases, respectively, and the total number of unigenes obtained was 101,254 (65.38%).

Among these unigenes, 26,907 (17.37%) were annotated simultaneously by all databases. In the GO functional classification, 50,289 unigenes were separately annotated according to three GO classifications: Biological process, Cellular component,and Molecular function (Fig. 6). When classified according to their Biological process,the highest percentage of the unigenes accounted for the Cellular process function: 12,009 unigenes (23.88%). When classified according to their Cellular component, the highest percentages of the unigenes accounted for the Membrane part and Cell: 14,728 (29.29%) and 11,185 (22.24%), respectively. According to the Molecular function classification, the highest proportion of the unigenes accounted for Binding and Catalytic activity functions: 24,387 (48.49%) and 24,843 (49.40%) unigenes.

DEGs analysis and verification

Subsequently, 154,866 unigenes were successfully annotated. DEGs analysis was then conducted between WT and Mutant. A total of 39,962 DEGs were expressed, with 20,182 up-regulated DEGs and 19,780 down-regulated DEGs (Fig. 7A). Moreover, the expression levels of 18 DEGs were validated by qRT-PCR, and we found a significant positive correlation (R2=0.896) between their results and the RNA-seq data (Fig. 7B), which revealed that the RNA-seq data were credible. To functionally classify these DEGs, they were first annotated to the GO database (Fig. 8). They were involved in biological processes (71,477), cellular components (46,537) and molecular function (84,545); these unigenes might be closely related to the differences in leaf color between WT and Mutant, as those involved in metabolic process (6,604), cellular process (7,304), membrane (6,981), binding (10,613) and catalytic activity (11,521), all presented obvious changes.

In addition, the KEGG annotation was performed on all DEGs between WT and Mutant. As a result, 13,843 DEGs were obtained that corresponded to 135 pathways: only 15 pathways had a Q-value ≤0.05 (Table 3). Among these metabolic pathways, ‘Plant-pathogen interaction’ contained the largest number of DEGs (1,419, 10.25%, ko04626), followed by ‘MAPK signaling pathway-plan’ (851 DEGs, 6.15%, ko04016), ‘Carbon metabolism’ (773 DEGs, 5.58%, ko01200), ‘Plant hormone signal transduction’ (645 DEGs, 4.66%, ko04075), ‘Glycolysis/Gluconeogenesis’ (334 DEGs, 2.41%, ko00010), ‘Peroxisome’ (306 DEGs, 2.21%, ko04146) and ‘Glycoxylate and dicarboxylate metabolism’ (292 DEGs, 2.11%, ko00630). In Mutant, some up-regulated DEGs were enriched in the ‘Carotenoid biosynthesis’ and ‘Porphyrin and chlorophyll metabolism’ pathways.

Chlorophyll and carotenoid biosynthesis genes involved in leaf coloration

The biosynthesis and degradation of chlorophyll play a crucial role in the coloration of plant leaves. The biosynthesis of chl a, the mutual conversion between chl a and b and the degradation process of chl a constitute the chlorophyll metabolic pathway. In this study, 30 DEGs associated with chlorophyll metabolism were identified based on the KEGG pathway, including 5 DEGs associated with chlorophyll degradation, and their expression levels were visualized by hierarchical cluster analysis (Fig. 9). Among them, CHLD and CHLH, both of which code for magnesium chelatase subunits, had significantly decreased expression levels in Mutant, indicating that Mg-protoporphyrin had a lower biosynthesis rate in Mutant than in WT. In addition, the expression levels of DEGs involved in the transformation of chl a and chl b in Mutant were mostly higher than those in WT, indicating that a higher rate of conversion between chl a and chl b in Mutant. In addition, chl b cannot enter the degradation pathway until it is converted to chla. The PAO gene was significantly up-regulated in the mutant, and this gene was closely related to chlorophyll degradation. These results indicated that the rate of chlorophyll degradation in Mutant was faster than that in WT.

Moreover, 16 DEGs associated with carotenoid biosynthesis were annotated in this database (Fig. 10). Among them, 11 DEGs were significantly up-regulated in Mutant, and 5 DEGs were significantly down-regulated. The up-regulated DEGs included mainly PDS, ζ-carotene isomerase gene (I-ZOS), ZDS, zeaxanthin epoxidase gene (ZEP) and violaxanthin de-epoxidase gene (VDE), and the down-regulated DEGs included mainly LCYE and carotenoid isomerase gene (CRTISO). These results indicated that the expression levels of most carotenoid biosynthesis genes in Mutant were significantly higher than those in WT.

Discussion

Leaf color is a very important ornamental and economic value indicator in landscaping. In this study, we can clearly observe leaf color differences between the Q. shumardii WT and Mutant, of which the leaves of WT are green and in which those of Mutant are yellow. The color difference between WT and Mutant was measured by an instrument in which the negative a* value of WT was lower than that of Mutant, and its positive b* value was also lower. These results from our color indices were consistent with the observed leaf color of the plants. In addition,the L* value of Mutant was higher than that of WT, indicating that the yellow color of Mutant is brighter and that its ornamental value is higher than that of WT.

Leaf coloration is the result of the combined action of different pigments. The change in pigment type and its content determines the expression of leaf color (Zhao and Guo, 2007). There are three main types of pigments in plant leaves:chlorophyll, carotenoids and anthocyanins. Among them, chlorophyll makes the leaves appear green,carotenoids mainly make the leaves appear yellow,and anthocyanins make the leaves appear red (Xu, 2010). In this study, we mainly studied chlorophyll and carotenoids. Many chlorophyll-deficient mutants have also been discovered in rice (Li et al., 2011) and Arabidopsis thaliana (Maekawa et al., 2015), and their leaf color had changed, indicating that a lack of chlorophyll resulted in physiological changes in leaf color. Our results showed that the SPAD values,and the chl a, chl b and chl a+b contents of WT were higher than those of Mutant,indicating that the chlorophyll biosynthesis in Mutant might be blocked. Moreover, the carotenoid content in Mutant was higher, which was significantly higher than that of WT, indicating that the yellowing of the leaves of Mutant was the result of the combination of chlorophyll reduction and increased carotenoids. Zhang et al. (2017 )found that the light-harvesting antenna complex and the optical system were severely damaged in the Pak-choi (Brassica rapa) yellow-leaf mutant pylm, resulting in a significant increase in Chl a/b. In this study, there was no significant difference in chl a/b between WT and Mutant, indicating that the transformation between chl a and b in WT and Mutant was not significantly impeded and that the optical system was not severely damaged.
In general, thylakoid membranes in the chloroplasts of higher plants are regularly arranged and stacked into grana, and many leaf color mutants usually exhibit abnormal thylakoid structures(Wu et al.,2014; Zhang et al.,2017).In this study,the chloroplast structure of WT was intact and clearly visible,the thylakoid layer structure was tightly arranged,and the thylakoid membrane was regularly arranged.However,the ultrastructure of the chloroplasts in Mutant changed, and the thylakoids were irregularly arranged, indicating that the chloroplasts were abnormally developed in the Mutant. According to the ultrastructural observations, the significant decrease in chlorophyll content in the leaves might be due to abnormal chloroplast structure in Mutant. Similar results have been found in mutants of other plant species, such as chrysanthemum (Chang et al., 2013),bamboo (Yang et al., 2015a), and rice (Wu et al., 2014).

Chlorophyll is mainly distributed in the thylakoid membranes, which are regularly deposited into grana, which are very effective at absorbing and converting of light energy (Wu et al., 2014). Abnormal thylakoid structures often result in decreased photosynthetic capabilities (Wu et al., 2014; Zhang et al., 2017). In this study, the photosynthetic characteristics and chlorophyll fluorescence parameters of Mutant were significantly lower than those of WT. Moreover,this study revealed structural abnormalities of thylakoids in Mutant,which usually occurred simultaneously with a decrease in chlorophyll (Zhu et al., 2014; Zhang et al., 2017). Therefore, the lower photosynthetic characteristics and chlorophyll fluorescence parameters of Mutant in this study might be due to abnormal changes in chloroplast structure or decreased chlorophyll contents.

Illumina sequencing and transcriptome analysis can provide information on related differential genes and the magnitude of quantitative changes in expression (Wang et al., 2009). In this study, Illumina HiSeq 4000 high-throughput sequencing was used to sequence the transcriptome of RNA from WT and Mutant plant leaves. A total of more than 50 M raw readings were obtained for each treatment group,and the total number of clean bases obtained in each group was more than 7 Gb. The percentage of filtered Q30 was also greater than 93%, and the percentage of G and C bases in the reads was approximately 40%. Wang et al. (2017) performed a transcriptome analysis of loquat with a Q30 base of 92.5%, and Li et al. (2013) believed that the percentage of G and C bases in reads should be between 35% and 65%. Compared with this quality, the sequencing quality in our study was good and could be used for further analysis in this study.

Based on the transcriptome data, a total of 39,962 DEGs were identified between WT and Mutant. In addition, it is worth noting that our data analysis focused on some of the DEGs associated with chlorophyll biosynthesis and degradation and that carotenoid biosynthesis might be involved in the color of Q. shumardii leaves. Meie et al. (2011) found in Arabidopsis thaliana that a total of 15 enzymes were involved in chlorophyll biosynthesis and that these 15 enzymes were encoded by 27 genes.In this biosynthetic process,any step blocked would block the biosynthesis of chlorophyll and affect the chlorophyll content of plants (Li et al., 2018). In their study of the rice leaf color mutants chl1 and chl9, Zhang et al. (2006) found that the chlorophyll biosynthesis defect site in these mutants occurred at the conversion step of protoporphyrinogen IX to magnesium protoporphyrin. Similarly, Li et al. (2017) studied the differences between white and green leaves of pineapple and found that the white leaves experienced a blockage during the biosynthesis of porphobilinogen (PBG) to uroporphyrinogen III, resulting in changes in leaf color. All of these studies showed that as long as one site of transformation and biosynthesis was blocked during the whole process of chlorophyll biosynthesis, the content of the product before the blocked site would increase and that the content of all products after the blockage site would decrease, which would directly lead to chlorophyll being unable to be synthesized normally, showing a decrease in leaf greenness.In this study, based on the distribution of the KEGG pathways, 30 DEGs associated with chlorophyll metabolism were identified. It was apparent that CHLD and CHLH,whose products regulate the transformation of protoporphyrin IX to Mg-protoporphyrin IX, were significantly down-regulated, suggesting that the chlorophyll biosynthesis defect in Mutant might occur in this step. Between them,the expression of CHLH was mainly regulated by illumination affecting the expression of the photoreceptor early light inducible protein (ELIP), resulting in changes in chlorophyll biosynthesis ability. For example, the inhibition of CHLH expression in Nicotiana tabacum leads to a decrease in the chlorophyll biosynthesis rate (Mochizuki et al., 2001). Niu (2014) and Li (2015) et al. also found that when the leaf color of plants changed, the transcription levels of CHLH, HEMA and HEMD decreased as the chlorophyll content decreased. HEMA encodes glutamyl-tRNA reductase, the initial enzymatic step in chlorophyll biosynthesis (Kumar and Söll, 2000). In our transcriptome results, the expression level of HEMA in Mutant was decreased, which is consistent with the results of previous studies (Kumar and Söll, 2000). Therefore,it could be considered that the down-regulation of HEMA, CHLD and CHLH might be the key to the decrease in the efficiency of chlorophyll biosynthesis in Mutant.

Carotenoids make up a class of pigments that range in color from yellow to red (Cazzonelli and Pogso, 2010; Song et al., 2017). Therefore,up-regulated expression levels of carotenoid biosynthesis-related genes might lead to yellowing of leaves (Yuan et al., 2015). In this study, 11 DEGs related to carotenoid biosynthesis were identified, in which the expression of the carotenoid isomerase gene (Z-ISO) as well as ZDS, VDE and ZEP was significantly up-regulated in Mutant. At the same time, the carotenoid content in Mutant also increased, indicating that carotenoids contribute to the formation of yellow leaves in Mutant.

Conclusion

Overall, this study is the first report about the regulatory mechanism of leaf coloration in Q. shumardii. First, leaf yellow mutant of Q. shumardii (Mutant) and its wide type (WT) color indices were firstly measured,and then the related pigment content and photosynthetic characteristics and chlorophyll fluorescence parameters were measured; second, the mesophyll cells of Mutant and WT were dissected to observe the number and structure of their chloroplasts; third, transcriptome sequencing of the samples further identified related differentially expressed genes to facilitate understanding of related genes and pathways. It can provide basic information for further research on the leaf yellow formation in Q. shumardii.
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Fig.1: Phenotypes and color indices of WT and Mutant. (A) Phenotypes of WT and Mutant. (B) Color difference index of WT and Mutant.
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Fig.2: SPAD value and pigment content of WT and Mutant.
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Fig.3: Photosynthetic characteristics of WT and Mutant.
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Fig.4: Chlorophyll fluorescence parameters of WT and Mutant.
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Fig.5: Observation of mesophyll cells of WT and Mutant. CH, chloroplast.

[image: image6.jpg]biological adhesion
Tocalzation

cell proiferation

celluar component organization o biogenesis
celular process

evelopmental process

‘orowih

bilogical regtiation

carbon utlization

metabolic process
mult-organsm process
muticelular organismal process
nitrogen utiization

reprodiciive process

responge fo stmulus

hythmic process

membrane

celljunction

viron part

nucieoid

organelie

organelle part

protein- conlalmng Complex.
‘membrane part

extracelluiar region

el

sympiast
molecular carrer actvity
binding

proten tag

antioxidant actviy

cargo receptor acy
catalytic acivity

molecular ransducer acivity
stnuctural molecule actty
nutrient reservoi actvity
transcrption reguiator actvty
‘ransiation regulator actity
transporter actvy

molecular funcion regulator

M biological_process
1M celuiar_component
I molecular_function

0

5,000

10000 15000
Number of Genes

20,000

25,000




Fig.6: GO function distribution statistics of unigenes.
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Fig.7: Analysis and validation of DEGs between WT and Mutant. (A) Volcano plot of DEGs. The X axis represents log2 transformed fold change; the Y axis represents-log10 false discovery rate,the red points represent up-regulated DEGs, the blue points represent down-regulated DEGs and the gray points represent non-DEGs. (B) Correlation of gene expression results obtained from RNA-Seq (X axis) and qRT-PCR (Y axis) analysis. Correlation assay performed for 18 DEGs with log2 ratio ≥ 1.00 or ≤ -1.00.
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Fig.8: GO enrichment classification of DEGs between WT and Mutant.
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Fig.9: Expression profiles of DEGs involved in chlorophyll biosynthesis and degradation between WT and Mutant.
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Fig.10: Expression profiles of DEGs involved in carotenoid biosynthesis between WT and Mutant.

Table 1: Output statistics of RNA-seq of WT and the Mutant.

	Sample
	Total Raw Reads(M)
	Total Clean Bases(Gb)
	GC(%)
	Q30(%)
	Adapter(%)
	Low quality(%)

	WT-1
	52.42
	7.46
	40.40
	93.57
	0.63
	4.49

	WT-2
	50.78
	7.28
	40.40
	95.23
	0.56
	3.89

	WT-3
	50.78
	7.24
	40.47
	93.66
	0.46
	4.42

	Mutant-1
	50.78
	7.25
	40.45
	93.73
	0.52
	4.24

	Mutant-2
	50.78
	7.29
	40.44
	95.25
	0.57
	3.73

	Mutant-3
	50.78
	7.24
	40.55
	93.61
	0.59
	4.32

	Average
	51.05
	7.29
	40.45
	94.18
	0.56
	4.18


GC(%): the percentage of G and C bases in reads. Q30(%): the percentage of nucleotides with quality value larger than 20 in reads.

Table 2: Statistics of annotation results.

	Values
	Total
	NR
	NT
	Swissprot
	KEGG
	Pfam
	GO
	Intersection
	Overall

	Number
	154,866
	89,649
	75,124
	63,661
	62,055
	55,622
	50,289
	26,907
	101,254

	Percentage
	100%
	57.89%
	48.51%
	41.11%
	40.07%
	35.92%
	32.47%
	17.37%
	65.38%


Intersection: The number of genes annotated simultaneously by all databases. Overall:The number of genes annotated on any database.
Table 3: KEGG pathways with pathway ID information.

	No.
	Pathway Name
	DEGs Num.
	Pathway ID

	1
	Carbon metabolism
	773(5.58%)
	ko01200

	2
	Plant-pathogen interaction
	1,419(10.25%)
	ko04626

	3
	Porphyrin and chlorophyll metabolism
	152(1.10%)
	ko00860

	4
	Peroxisome
	306(2.21%)
	ko04146

	5
	alpha-Linolenic acid metabolism
	137(0.99%)
	ko00592

	6
	Carbon fixation in photosynthetic organisms
	274(1.98%)
	ko00710

	7
	MAPK signaling pathway-plan
	851(6.15%)
	ko04016

	8
	Aminoacyl-tRNA biosynthesis
	195(1.41%)
	ko00970

	9
	Glycolysis/Gluconeogenesis
	334(2.41%)
	ko00010

	10
	Homologous recombination
	197(1.42%)
	ko03440

	11
	Carotenoid biosynthesis
	153(1.11%)
	ko00906

	12
	Plant hormone signal transduction
	645(4.66%)
	ko04075

	13
	Steroid biosynthesis
	103(0.74%)
	ko00100

	14
	Fatty acid degradation
	189(1.37%)
	ko00071

	15
	Glyoxylate and dicarboxylate metabolism
	292(2.11%)
	ko00630


