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UDP-N-Acetylglucosamine Pyrophosphorylase 2 (UAP2) and 1 (UAP1) Perform Synergetic Functions for Leaf Survival in Rice
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Functional inactivation of UDP-N-acetylglucosamine pyrophosphorylase 1 (UAP1) induces defense response-related lesion-mimic spots and subsequent early senescence in every newly grown leaf of the rice mutant uap1 after a short period's normal growth. However, the molecular mechanism of these leaves sustaining the short period's survival is still unknown. Phenotypic and molecular studies show that defense response-related lesion-mimic spots and early leaf senescence appear on the normally grown uap1 leaf and aggravate with the growth time. Bioinformatic analysis reveals that UAP proteins are evolutionarily conserved among eukaryotes, and there exists UAP2 protein except UAP1 protein in many higher organisms, including rice. Rice UAP2 and UAP1 proteins present high sequence identities and very similar predicted 3D structures. Transcriptional expression profile of the UAP2 gene decreases with the appearance and aggravating of leaf spots and early senescence of uap1, implying the role of the UAP2 gene in maintaining the initial normal growth of uap1 leaves. Enzymatic experiments verified that the UAP2 protein performs highly similar UAP enzymatic activity with the UAP1 protein, catalyzing the biosynthesis of UDP-GlcNAc. And these two UAP proteins are found to have the same subcellular localization in the cytoplasm, where they most presumably perform their functions. Overexpression of the UAP2 gene in uap1 plants succeeds to rescue their leaf mutant phenotype to normal, providing direct evidence for the similar function of the UAP2 gene as the UAP1 gene. The UAP2 gene is mainly expressed in the young leaf stage for functions, while the UAP1 gene is highly expressed during the whole leaf developmental stages. Based on these findings, it is suggested that UAP2 and UAP1 play key roles in rice leaf survival during its development in a synergetic manner, protecting the leaf from early senescence.
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HIGHLIGHTS

UAP2 and UAP1 coordinately expressed and colocalized into the cytoplasm to perform the UDP-N-acetylglucosamine pyrophosphorylase (UAP) enzymatic functions, maintaining rice leaf survival during its developmental process.



INTRODUCTION

N-Acetylglucosamine (GlcNAc) is the fundamental amino sugar residue for the biosynthesis of N-glycan, which is essential for protein glycosylation (Stanley et al., 2015). N-Acetylglucosamine also acts as a sugar moiety in glycolipids (Raetz and Whitfield, 2002) and glycosylphosphatidylinositol (GPI)-anchor-linked protein (Hancock, 2004). UDP-GlcNAc is the active form of GlcNAc. The biosynthesis of UDP-GlcNAc and PPi from N-acetylglucosamine-1-phosphate (GlcNAc-1-P) and UTP is catalyzed by the enzyme N-acetylglucosamine-1-phosphate uridylyltransferase (GlcNAc1pUT) (Yang et al., 2010). And this enzyme is also named UDP-N-acetylglucosamine pyrophosphorylase (UAP) (Mio et al., 1998; Schimmelpfeng et al., 2006; Liu et al., 2013).

Mutants of the UAP gene have been found in various species. In Escherichia coli and Mycobacterium tuberculosis, glmU encodes the UAP protein, and the glmU mutants showed various alterations of cell shape and the final cell lysis (Mengin-Lecreulx and van Heijenoort, 1993; Zhang et al., 2008). In Aspergillus fumigatus, the conditional mutant of the UAP1 gene showed defects in cell wall integrity and morphogenesis, and influenced the cell survival (Fang et al., 2013). In Saccharomyces cerevisiae, the null mutation of the UAP1 gene was lethal, and most of the mutants showed fully swelled or lysed cells (Mio et al., 1998). In Trypanosoma brucei, the conditional null mutant of the UAP gene was unable to sustain growth under the non-permissive conditions (Stokes et al., 2008). In Drosophila melanogaster, the UAP gene mutants showed many phenotypic traits ranging from defects of the central nervous system fasciculation to defects in dorsal closure and eye development (Schimmelpfeng et al., 2006). In Tribolium castaneum, RNAi for UAP1 resulted in a specific arrest at the larval–larval, larval–pupal, or pupal–adult molts, depending on the time of injection of double-stranded RNAs, whereas RNAi for UAP2 prevented larval growth or resulted in pupal paralysis. And RNAi for either UAP gene at the mature adult stage resulted in the cessation of oviposition in females, as well as fat body depletion and eventual death in both sexes (Arakane et al., 2011). In Locusta migratoria, RNAi of UAP1 resulted in 100% mortality, whereas insects with RNAi of UAP2 were able to develop normally (Liu et al., 2013). In Leptinotarsa decemlineata, RNAi of UAP1, UAP2, and both genes made the larvae not undergo larvae–pupal ecdysis and be completely wrapped in the wrinkled larval cuticle, and finally die (Shi et al., 2016). And in Arabidopsis thaliana, the single mutants of UAP1 and UAP2 (also called GlcNAc1pUT1 and GlcNAc1pUT2) revealed no obvious phenotype but their homozygous double mutant was lethal (Chen et al., 2014). It seems that the UAP gene plays an essential role in the cell or individual death in reported species.

Moreover, our previous study identified a UAP1 gene mutant in rice, and a point mutation of the UAP1 gene resulted in the complete functional inactivation of the UAP1 protein, leading to the appearance of defense response-related lesion-mimic spots and subsequent early leaf senescence for the UAP1 gene mutant from the seedling stage (Wang et al., 2015). However, in these uap1 mutant plants, every new leaf would grow normally for a period of time before these mutant phenotypes appear, thus making uap1 plants sustain to the mature stage. And the molecular mechanism for the short period's survival of each new leaf on uap1 plants still needs to be studied.

In this study, we report the identification and characterization of two rice UAP genes, UAP2 and UAP1, about their synergetic functions in leaf survival at developmental stages. The UAP2 and UAP1 proteins have the same subcellular localization and highly similar enzymatic functions, while the gene expression profiling of the UAP2 and UAP1 genes determines the leaf destiny.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

The rice UAP1 gene mutant uap1, also named spl29 in our published paper (Wang et al., 2015), and its wild type, the rice cultivar “Zhonghua 11” (ZH11, Oryza sativa spp. japonica), were used in this study. After germination, rice seeds were grown in soil in the plant growth chamber (light cycle: 14-h light/10-h dark, 28°C) for seedling samples. For experiments at the tillering stage and on flag leaf development, rice plants were cultured under natural conditions.



Gene Expression Analysis

Samples were collected, immediately frozen in liquid nitrogen, and then stored at −80°C for use. Total RNA of samples was extracted by using the TRIzol kit (Invitrogen, the United States), digested with the RNase-free DNase, and then used for preparing the cDNA templates with M-MLV reverse transcriptase (Promega, the United States). Using the SYBR Green Master Mix reagent (Bio-Rad, the United States), qRT-PCR was performed on a Bio-Rad CFX96 real-time PCR system, with three technological replicates for each biological sample. Four rice reference genes UBC (LOC_Os02g42314), Profilin-2 (LOC_Os06g05880), Actin1 (LOC_Os03g50885), and ARF (LOC_Os05g41060) were selected as internal standards for leaf samples (Wang et al., 2015, 2016). All primers used for qRT-PCR analysis are listed in Supplementary Table 1, with good PCR efficiencies (85–105%) assessed using a 10-fold dilution series of total cDNA.



Alignment and Structure Comparison of UAP1 and UAP2 Protein Sequences

The UAP1 and UAP2 protein sequences were aligned with MAFFT-linsi v7.471 (Katoh and Standley, 2013). The Jalview (Waterhouse et al., 2009) was used to visualize the MSA. The standalone of I-TASSER software (Yang et al., 2015) was used to model the structure of UAP1 and UAP2 from rice. The top-fit models were selected based on the C-score provided by I-TASSER. Then, the best structures of two UAP proteins were visualized by PyMOL software. The protein structure comparison was made by TM-align (Zhang and Skolnick, 2005) online server (https://zhanglab.ccmb.med.umich.edu/TM-align/), and the TM-score value was used to scale the structural similarity with 1 indicating the excellent match.



Recombinant Protein Construction, Expression, and Purification

To generate the glutathione S-transferase (GST) gene fusion constructs GST-UAP1 and GST-UAP2, the full-length coding sequence of UAP1 and UAP2 were amplified from the cDNA of ZH11 leaf, separately (primers GST-UAP1/UAP2 in Supplementary Table 2). PCR products were inserted into pGEX-6P-1 using the restriction enzyme sites BamH I and EcoR I. Expression and purification of the recombinant protein were conducted according to the published method (Wang et al., 2015).



1H-Nuclear Magnetic Resonance Analysis of UAP1 and UAP2 Enzymatic Activities in situ

The enzymatic reactive experiments were performed according to the procedure as described previously (Wang et al., 2015). The forward reactions were carried out in the 540-μl mixture consisting of 2H2O/H2O (8:1, v/v), Na+/K+ phosphate buffer (80 mM K2HPO4, 20 mM NaH2PO4, pH 7.4), 5 mM MgCl2, 0.2 mM UTP, 0.2 mM GlcNAc-1-P, 1.5 units of yeast inorganic pyrophosphatase, and recombinant enzyme (0.5 μg of GST, GST-UAP1, or GST-UAP2). The reverse reactions were performed in a 540 μl solution containing 2H2O/H2O (8:1, v/v), Na+/K+ phosphate buffer, 5 mM MgCl2, 0.2 mM PPi, 0.2 mM UDP-GlcNAc (or UDP-GalNAc), and recombinant enzyme (0.5 μg of GST, GST-UAP1, or GST-UAP2). Examination of GlcNAc-1-P/GalNAc-1-P and UDPGlcNAc/UDP-GalNAc was performed by 1H-nuclear magnetic resonance (1H-NMR) as described previously (Zhang et al., 2011). Data acquisition started at 1 h after the addition of enzyme to the reaction mixture.



Subcellular Localization of UAP1 and UAP2

The subcellular localization of the UAP1 and UAP2 proteins was predicted by using the online SignalP 4.1 Server (http://www.cbs.dtu.dk/services/SignalP-4.1/), ChloroP 1.1 Server (http://www.cbs.dtu.dk/services/ChloroP/), and TargetP 2.0 Server (http://www.cbs.dtu.dk/services/TargetP/).

To get the fusion construction of UAP1 and UAP2 with the yellow fluorescent protein (YFP), the coding sequences of UAP1 and UAP2 were amplified by using the primer pair UAP1-YFP and UAP2-YFP (Supplementary Table 2), and then cloned into the vector pBWD(LB)-p35SYFP using Bsa I restriction site. The fusion constructs (p35S::UAP1-YFP and p35S::UAP2-YFP) and the control (p35S::YFP) were transformed into the rice protoplasts for transient expression (Yu et al., 2014). And the subcellular localization results were examined using an FV1000 confocal system (OLYMPUS FLUOVIEW).



Transgenic Plants

The uap1 transgenic lines with the UAP1 gene complementary vector (also named pSPL29C) were obtained from our previous research (Wang et al., 2015). For overexpressing the UAP2 gene in uap1, the full-length coding sequence of the UAP2 was amplified using primers “UAP2-OE” (Supplementary Table 2). PCR products were inserted into the binary vector pBWA(V)BU (reconstructed from pCAMBIA3300) using Bsa I sites for the digesting-link one-step reaction. The recombinant vectors were transferred into Escherichia coli DH5α and then sequenced to check whether the constructions were correct. The correct construction vector with UAP2 and the empty vector were separately introduced into Agrobacterium tumefaciens EHA105 and then transformed into the uap1 calli. Positive transgenic plants were confirmed by PCR amplifying the phosphinothricin gene with primer “Bar178” (Supplementary Table 2) and survival screening with the phosphinothricin solution (20 mg/L).




RESULTS


Lesion-Mimic Spots and Early Leaf Senescence Appear on the Newly Developed Leaves of the uap1 Mutant After a Short Period's Normal Growth

The uap1 mutant appears to have the phenotype of lesion-mimic leaf spots and early leaf senescence after a period of normal growth. When the wild-type and uap1 plants were grown in the plant growth chamber (14-h light/10-h dark, 28 °C), there was no visible mutant phenotype in leaves of the 18-day-old uap1 plants (Figure 1A). However, small, dark-brown lesion-mimic leaf spots started to appear on the 23-day-old uap1 plant leaves (Figure 1A). Soon, amounts of leaf spots spread over the 28-day-old uap1 plant leaves; meanwhile, the leaves started to wither from the tip (Figure 1A).
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FIGURE 1. Characteristics of phenotype and molecular markers of wild-type and uap1 mutant leaves. (A) Leaf phenotype of plants at the seedling stage (18, 23, and 28 days after germination). The white arrows indicate the leaf spots. (B,C) Relative expression of two defense signaling-related genes PR1a and PBZ1. (D) Chlorophyll contents. FW, fresh weight. (E) Relative expression of senescence-associated transcriptional factor OsNAP. (F–I) Relative expression of four senescence-associated genes (SAGs) Osl2, Osh36, Osl43, and Osl85. Relative expression of genes by qRT-PCR is normalized with reference genes UBC, Profilin-2, and Actin1. All data represent the mean ± SD of three biological replicates, and the asterisk indicates the statistically significant difference between uap1 and WT (**P < 0.005, ***P < 0.0005, Student's t-test).


The appearance of lesion-mimic leaf spots usually implies induced defense responses for plant resistance, and defense response genes will be activated in this process (Lorrain et al., 2003). In order to identify the defense response state of uap1 leaves, gene expression analysis of two defense response genes (PR1a and PBZ1) was performed by qRT-PCR. Results showed that the expression levels of these two genes were equal in 18-day-old uap1 and wild-type plant leaves, but gradually and significantly increased in leaves of 23- and 28-day-old uap1 plants compared with the wild type (Figures 1B,C). These results showed that the defense response state in uap1 leaves is originally normal, but is activated along with the appearance of leaf spots and aggravated with spots spreading.

Since early leaf senescence followed after the appearance of leaf spots in uap1 mutant, this phenotype was additionally verified at the physiological and molecular level. The decline of chlorophyll content is an important physiological index of leaf senescence. Compared with the wild type, the chlorophyll content did not change in leaves of 18-day-old uap1 plants, but it decreased in leaves of 23-day-old uap1 plants, and continuously reduced in leaves of 28-day-old uap1 plants (Figure 1D). Transcription factor genes and senescence-associated genes (SAGs) are usually up-regulated during leaf senescence to trigger or control the process (Lee et al., 2001; Liang et al., 2014). To further confirm that senescence occurred at the early stage of leaf developmental process of uap1 plants, gene expression analysis of the senescence-associated transcription factor OsNAP and four SAGs (Osl2, Osh36, Osl43, and Osl85) was performed by qRT-PCR. Compared with the wild type, the mRNA levels of these genes were not raised in leaves of the 18-day-old uap1 plants, but showed the upward trend in leaves of the 23-day-old uap1 plants, and were all significantly up-regulated in leaves of the 28-day-old uap1 plants (Figures 1E–I). The up-regulated expression patterns of senescence-associated transcription factor and SAGs further support the notion that early leaf senescence of uap1 plants appeared from nothing during the process of young leaf development to mature.



Analysis on Evolutionary Relationship and Expression Profile Implies That the UAP2 Gene Is Responsible for the Short Time's Normal Growth of the uap1 Young Leaves

Previous study has verified that the mutation of UAP1 to uap1 makes its encoded protein eliminate the UAP enzymatic function, responsible for the early leaf senescence, and defense response phenotype of the mutant (Wang et al., 2015). However, it is still not clear why the leaves of uap1 mutant can grow normally for a period of time, despite the lost function of the UAP1 protein.

To solve this problem, the evolutionary relationship of UAP1 protein was investigated. UAP proteins from diverse species, including plants, animals, fungi, and bacterium, were used to construct the NJ tree (Figure 2A). The results showed that UAP proteins were widely found in various organisms. However, the EcGlmU performing UAP functions in prokaryotes was significantly different from UAPs in eukaryotes. Besides, the UAP proteins were mainly divided into two clusters (plants and animals), indicating the different origins of UAPs from plants and animals. Interestingly, there exist two UAPs in some animals and most investigated plants, including rice. Through NCBI searching in the rice genome, a gene LOC_Os04g52370 is also annotated as UAP, thus named UAP2. The rice UAP2 gene is highly homologous with the UAP1 gene, separately sharing 82% identities for the coding sequence (Supplementary Figure 1) and 88% identities for the protein sequence (Figure 2B). The three-dimensional models of rice UAP2 and UAP1 proteins were generated using I-TASSER software. These two rice UAPs were predicted to have very similar 3D structures (Figure 2C) with some changes mainly at the N-terminal site (Figures 2C,D). In detail, for the first 20 amino acids of the two proteins, the UAP1 showed a β-sheet, while the UAP2 exhibited an α-helix (Figure 2D). Besides, the TM-score value of these two proteins was 0.97, which also indicated the high similarity on protein structures of UAP2 and UAP1. The analogous protein structures of UAP2 and UAP1 implied that these two proteins might have similar enzymatic functions. Presumably, the function of the UAP2 gene would rescue the mutation of uap1, ensuring the normal growth of the young leaves of uap1.
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FIGURE 2. Bioinformatic analysis of UAP proteins. (A) Phylogenetic analysis of UAPs in different organisms. The tree was constructed based on the full-length amino acid sequences of UAPs. The tree scale indicates the units of amino acid substitutions per site. GenBank accession numbers are as follows: SmUAP, Selaginella moellendorffii (XP_024532253.1); PtUAP1, Populus trichocarpa (XP_006369047.1); PtUAP2, Populus trichocarpa (XP_002303345.3); CmUAP1, Cucurbita moschata (XP_022925908.1); CmUAP2, Cucurbita moschata (XP_022926514.1); AtUAP1, Arabidopsis thaliana (NP_564372.3); AlUAP1 Arabidopsis lyrate (XP_020870296.1); AtUAP2, Arabidopsis thaliana (NP_181047.1); AlUAP2, Arabidopsis lyrate (XP_002879530.1); OsUAP1, Oryza sativa (XP_015650402.1); BdUAP1, Brachypodium distachyon (XP_010234461.1); SiUAP1, Setaria italica (XP_004972591.1); ZmUAP1, Zea mays (PWZ43849.1); SbUAP1, Sorghum bicolor (XP_002444024.1); OsUAP2, Oryza sativa (XP_015633457.1); BdUAP2, Brachypodium distachyon (XP_003580539.1); SiUAP2, Setaria italica (XP_004976790.1); ZmUAP2, Zea mays (ONM14001.1); SbUAP2, Sorghum bicolor (XP_021317962.1); CeUAP, Caenorhabditis elegans (NP_497777.1); ScUAP, Saccharomyces cerevisiae (NP_010180.1); AfUAP, Aspergillus fumigatus, (XP_746714.1); MsUAPA, Mus musculus (NP_001291975.1, isoform A); MsUAPB, Mus musculus (NP_001291974.1, isoform B); HsUAPA, Homo sapiens (NP_001311044.1, isoform A); HsUAPB, Homo sapiens (NP_001311045.1, isoform B); LdUAP1, Leptinotarsa decemlineata (XP_023024179.1); LdUAP2, Leptinotarsa decemlineata (XP_023022882.1); TcUAP1, Tribolium castaneum (NP_001164533.1); TcUAP2, Tribolium castaneum (NP_001164534.1); AmUAP, Apis mellifera (XP_624349.1); NvUAP, Nasonia vitripennis (XP_001602623.1); BmUAP, Bombyx mori (AIQ85099.1); AgUAP, Anopheles gambiae (XP_317600.4); ApUAP, Acyrthosiphon pisum (XP_001944680.1); LmUAP1, Locusta migratoria (AGN56418.1); LmUAP2, Locusta migratoria (AGN56419.1); CqUAP, Culex quinquefasciatus (EDS38218.1); AaUAP, Aedes aegypti (EAT47260.1); DmUAPA, Drosophila melanogaster (NP_609032.1, isoform A); DmUAPB, Drosophila melanogaster (NP_723183.1, isoform B); EcGlmU, Escherichia coli (P0ACC7.1). (B) Alignment of the UAP1 and UAP2 protein sequences. (C) The 3D structure of the UAP1 and UAP2 proteins. Cyan, UAP1. Orange, UAP2. The arrow indicates the main difference between UAP1 and UAP2. (D) The structure of the first 20 amino acids of the two UAP proteins: The UAP1 has a β-sheet, while the UAP2 exhibits an α-helix.


To validate this hypothesis, the expression patterns of the UAP2 gene and the UAP1 gene were checked in wild-type and uap1 plant leaves by qRT-PCR. The expression levels of the UAP1 gene were constantly high and showed a rising trend separately in the 18-, 23-, 28-day-old wild-type and uap1 leaves (Figure 3A). Meanwhile, the expression level of the UAP2 gene was high in the 18-day-old wild-type and uap1 leaves, but showed a declining trend in the 23- and 28-day-old wild-type and uap1 leaves (Figure 3B). And the declining trend of the UAP2 gene expression was more in uap1 leaves than in wild-type leaves (Figure 3B). The fact that the reduction of expression of the UAP2 gene in 23- and 28-day-old leaves of wild-type and uap1 plants is perfectly synchronous with the appearance of defense response-related lesion-mimic spots and early senescence in the uap1 mutant leaves. These results implied that the UAP2 gene is highly possible to be responsible for the normal growth of the uap1 young leaves.
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FIGURE 3. Relative expression of UAP genes in wild-type and uap1 mutant leaves. (A) The UAP1 gene. (B) The UAP2 gene. Leaf samples in 18-, 23-, and 28-day-old plants at the seedling stage were detected (corresponding to Figure 1A). Relative expression of genes by qRT-PCR is normalized with reference genes UBC, Profilin-2, and Actin1. All data represent the mean ± SD of three biological replicates, and lowercase letters above columns indicate the statistically significant difference among all samples (one-way ANOVA).




The Enzymatic Function of the UAP2 Protein Is Consistent With That of the UAP1 Protein

In order to identify the UAP2 protein performing the function of UAP, in common with the UAP1 protein, recombinant proteins of GST-UAP2 and GST-UAP1 were produced. The molecular weights of GST, UAP1, and UAP2 are theoretically 26, 54.071, and 54.447 kDa, respectively. GST, GST-UAP1 (about 80 kDa), and GST-UAP2 (about 80 kDa) were highly expressed after induction (Supplementary Figure 2, lanes 2–4). These three proteins were column-purified to detect the UAP enzymatic activity (Supplementary Figure 2, lanes 5–7).

The enzymatic reaction of UAP2 and UAP1 proteins was monitored by 1H-NMR spectroscopy in situ. After 1-h enzymatic progression, forward conversion of GlcNAc-1-P (5.36 ppm) to UDP-GlcNAc (5.52 ppm) was observed both with GST-UAP2 and with GST-UAP1, but not with the GST control (Figure 4A). Similarly, the reverse conversion of UDP-GlcNAc (5.52 ppm) to GlcNAc-1-P (5.36 ppm) was both observed with GST-UAP2 and GST-UAP1, but not with GST (Figure 4B). GST-UAP2 and GST-UAP1 could also catalyze the reverse conversion of UDP-N-acetylgalactosamine (UDP-GalNAc) (5.55 ppm) to N-acetylgalactosamine-1-phosphate (GalNAc-1-P) (5.39 ppm) with the catalytic ability of GST-UAP2 weaker than GST-UAP1, whereas GST could not (Figure 4C). The forward reaction for the synthesis of UDP-GalNAc from GalNAc-1-P could not be tested since GalNAc-1-P was commercially unavailable.
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FIGURE 4. Enzymatic activities of UAP2 and UAP1 proteins based on 1H-NMR. (A) Forward UAP activity: UTP + GlcNAc-1-P → UDP-GlcNAc + PPi. The chemical shift (indicated by the “peak” shape) of 5.36 p.p.m is for the substrate GlcNAc-1-P and 5.52 p.p.m for the product UDP-GlcNAc. (B) Reverse UAP activity: UDP-GlcNAc + PPi → GlcNAc-1-P + UTP. The chemical shift of 5.52 p.p.m is for the substrate UDP-GlcNAc and 5.36 p.p.m for the product GlcNAc-1-P. (C) Reverse UAP activity: UDP-GalNAc + PPi → GalNAc-1-P + UTP. The chemical shift of 5.55 p.p.m is for the substrate UDP-GalNAc and 5.39 p.p.m for the product GalNAc-1-P. Data acquisition was performed at 1 h after the addition of the purified protein (GST, GST-UAP1, or GSP-UAP2) in the reaction mixture, with each line indicating each measurement. Results are representative of two independent experiments.


These NMR-based assays provide unambiguous evidence that the UAP2 protein performs very similar UAP enzymatic activity with the UAP1 protein. It is speculated that UAP2 can compensate for the lost function of UAP1 in uap1 plant leaves to maintain leaf survival from early senescence.



The UAP2 Protein and the UAP1 Protein Located at the Same Subcellular Position to Perform Functions

To reveal where the UAP2 and UAP1 proteins perform their functions in the cells, the online SignalP, ChloroP, and TargetP servers were used to predict the subcellular localization of these two proteins. The SignalP found that the UAP1 and UAP2 proteins had no signal peptide. The ChloroP found that the UAP1 and UAP2 proteins didn't contain N-terminal chloroplast transit peptides. And the TargetP predicted that the UAP1 and UAP2 proteins were not localized in the chloroplast and mitochondria, but might be in any other subcellular place. According to these prediction results, it is speculated that the UAP1 and UAP2 proteins are most possibly localized in the cytoplasm.

To find their real subcellular localization, the coding sequences of UAP2 and UAP1 were separately fused with YFP. Then the 35S::UAP2-YFP, 35S::UAP1-YFP, and 35S::YFP constructs were introduced into the rice protoplasts, respectively. Results showed that the YFP fluorescence signaling mechanisms indeed appeared throughout the cytoplasm in those protoplasts transformed with 35S::UAP1-YFP and 35S::UAP2-YFP (Figures 5C–F), like in protoplasts that were transformed with the control 35S::YFP (Figures 5A,B). These results indicated that the UAP2 and UAP1 proteins are both localized in the cytoplasm where they most presumably perform their functions.
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FIGURE 5. Subcellular localization of UAP1 and UAP2 proteins. Rice protoplast transformed with (A,B) empty vector 35S::YFP as control, (C,D) 35S::UAP1-YFP, and (E,F) 35S::UAP2-YFP. (A,C,E) YFP fluorescence images. (B,D,F) Bright field.




Overexpression of the UAP2 Gene in uap1 Plants Rescues Their Leaf Mutant Phenotype

In order to identify the role of the UAP2 gene in compensating for the lost function of the UAP1 gene in uap1 mutant plants, a transgenic experiment to overexpress the UAP2 gene in the uap1 plants was performed. The full-length CDS fragment (1,482 bp) of UAP2 was constructed into the overexpression vector pUAP2-OE using the ubiquitin promoter. The pUAP2-OE vector and the empty control vector were transferred into the uap1 calli by A. tumefaciens-mediated transformation. Eight independent transgenic lines overexpressing the UAP2 gene were obtained, showing a complete rescue of the mutant phenotype; meanwhile, six independent transgenic lines with the empty vector were obtained, failing to compensate the uap1 mutant (Figures 6A,B). The expression changes of the UAP2 gene in three representative transgenic lines with UAP2 overexpression were additionally detected. The result showed that the UAP2 gene was overexpressed significantly in these three transgenic lines (Figure 6C), which were thus used for subsequent analysis.
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FIGURE 6. Phenotypic and molecular characteristics for transgenic plants with the UAP2 gene rescuing the mutant phenotype of uap1. (A) Representative transgenic plants overexpressing UAP2 (UAP2-OE) and with empty vector control (Con) at the tillering stage. Arrows indicate the leaves with the mutant phenotype. (B) Clear leaf phenotype in representative transgenic plants shown in (A). (C) Relative expression of the UAP2 gene in three representative transgenic plants overexpressing UAP2 (UAP2-OE1, UAP2-OE2, and UAP2-OE3) and control transgenic plant with empty vector (Con). Data represent the mean ± SD of three biological replicates, and the asterisk indicates the statistically significant difference of overexpression samples compared with Con (***P < 0.0005, Student's t-test). (D) Infection phenotype after inoculation of plant leaves with bacterial blight pathogen PXO99. (E) Mean lesion length after inoculation of plant leaves with bacterial blight pathogen PXO99. Data represent the mean ± SD from three to five independent plants at tillering stage, and the asterisk indicates the statistically significant difference of samples compared with WT (***P < 0.0005, Student's t-test). (F,G) Relative expression of two defense signaling-related genes in plant leaves at tillering stage by qRT-PCR. (H) Chlorophyll contents in plant leaves at the tillering stage. FW: fresh weight. (I–M) Relative expression of senescence-associated transcription factors (OsNAP) and four SAGs (Osl2, Osh36, Osl43, and Osl85) in plant leaves at tillering stage. In (F–M), data represent the mean ± SD of three biological replicates, and the asterisk indicates the statistically significant difference of samples compared with WT (**P < 0.005, ***P < 0.0005, Student's t-test). Relative expression of genes by qRT-PCR is normalized with reference genes UBC, Profilin-2, and ARF. WT, wild type. uap1, mutant of the UAP1 gene. Con, transgenic plant with empty vector control. UAP1-C1, UAP1-C2, and UAP1-C3, three uap1 transgenic lines with UAP1 gene complementation. UAP2-OE1, UAP2-OE2, and UAP2-OE3, three uap1 transgenic lines overexpressing the UAP2 gene.


The defense response for plant resistance was tested in leaves of wild-type plants, uap1 plants, uap1 transgenic plants with the empty vector, uap1 transgenic lines with the UAP1 gene complementary vector, and uap1 transgenic lines with the UAP2 gene overexpression vector. To test their resistance to the pathogen, these plants were inoculated with the bacterial blight strain PXO99 at the tillering stage. The uap1 plants and uap1 transgenic plants with the empty vector exhibited significantly enhanced resistance, while three uap1 transgenic lines overexpressing the UAP2 gene showed the typical response to bacterial blight diseases, like as the wild-type plants and three uap1 transgenic lines with UAP1 gene complementation (Figures 6D,E). Correspondingly, expression levels of two defense response genes (PR1a and PBZ1) were analyzed by qRT-PCR. Results showed that expression levels of PR1a and PBZ1 were all up-regulated in leaves of uap1 plants and uap1 transgenic plants with the empty vector compared with the wild type, but recovered to the normal level in three uap1 transgenic lines overexpressing the UAP2 gene, as these three uap1 transgenic lines with UAP1 gene complementation (Figures 6F,G). These phenotypic and molecular studies all supported the fact that overexpression of the UAP2 gene in uap1 can rescue its defense response phenotype, just the same as the UAP1 gene, implying the similar gene function of these two UAP genes on plant defense.

Chlorophyll contents were measured in leaves of wild-type plants, uap1 plants, uap1 transgenic plants with the empty vector, uap1 transgenic lines with the UAP1 gene complementary vector, and uap1 transgenic lines with the UAP2 gene overexpression vector. Results showed that the chlorophyll contents in leaves of three uap1 transgenic lines overexpressing the UAP2 gene were restored to the normal level, as in leaves of wild-type plants and three uap1 transgenic lines with UAP1 gene complementation, while those in leaves of uap1 plants and uap1 transgenic plants with the empty vector were significantly decreased (Figure 6H). Expression levels of the senescence-associated transcription factor OsNAP and four SAGs (Osl2, Osh36, Osl43, and Osl85) were additionally detected by qRT-PCR in these materials. Results suggested that these five genes were equally expressed in the leaves of wild-type plants, uap1 transgenic lines overexpressing the UAP2 gene, and uap1 transgenic lines with UAP1 gene complementation, but they were up-regulated in leaves of uap1 plants and uap1 transgenic plants with the empty vector (Figures 6I–M). These physiological and molecular studies all supported the fact that overexpression of the UAP2 gene in uap1 can rescue its early leaf senescence phenotype, just as the UAP1 gene, indicating the similar function of these two UAP genes on leaf senescence.

Taken together, phenotypes of defense response-related leaf spots and subsequent early leaf senescence of the uap1 mutant can also be rescued by the UAP2 gene, in addition to the UAP1 gene, providing effective results for the synergetic role of UAP2 and UAP1 genes on protecting leaf from early senescence.



The UAP2 Gene Is Mainly Expressed in Young Leaves, While the UAP1 Gene Maintains Continuous High Expression During the Whole Leaf Development

The expression profile of the UAP2 and UAP1 genes was identified in rice flag leaves during their whole developmental periods, including unexpanded young leaf stage, booting stage, flowering stage, filling stage, and maturation stage (Figure 7A). Results showed that the expression level of the UAP1 gene slightly increased in flag leaf from the unexpanded young leaf stage to flowering stage, and then showed a minor decrease at filling stage and maturation stage (Figure 7B). As a whole, the UAP1 gene is expressed at a continuously high level in flag leaves during all these developmental stages. Meanwhile, the expression level of the UAP2 gene was the highest at the unexpanded young leaf stage, but soon exhibited a sharp and continuous decline at the next four stages (Figure 7C). These results implied the fact that the UAP2 gene mainly plays a role at the young leaf stage, while the UAP1 gene performs its role during the whole leaf developmental stages.
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FIGURE 7. Relative expression of the UAP1 and UAP2 genes during flag leaf development. (A) Flag leaf phenotype at unexpanded young leaf stage (FL0), booting stage (FL1), flowering stage (FL2), filling stage (FL3), and maturation stage (FL4). (B,C) Relative expression levels of the UAP1 and UAP2 genes. Data represent the mean ± SD of three biological replicates, and lowercase letters above columns indicate the statistically significant difference among all samples (one-way ANOVA). Relative expression of genes by qRT-PCR is normalized with reference genes UBC, Profilin-2, and ARF.





DISCUSSION


UAP Genes Are Essential for Survival Among Organisms

UDP-N-acetylglucosamine pyrophosphorylase catalyzes the final step of the hexosamine biosynthetic pathway, producing UDP-GlcNAc, an essential sugar moiety involved in protein glycosylation, glycolipids, and GPI-anchor-linked protein (Raetz and Whitfield, 2002; Hancock, 2004; Stanley et al., 2015). UDP-N-acetylglucosamine pyrophosphorylases are conserved and widely distributed among organisms (Figure 2A). Their functions have been partially studied from prokaryotes to eukaryotes, such as bacteria, fungi, animals, and plants. As reported, the copy number of the UAP gene varies depending on the species. In fungi like yeast and A. fumigatus, UAP is a single gene, showing the essential roles in cell morphogenesis and survival (Mio et al., 1998; Fang et al., 2013). In T. brucei, the single UAP gene is also absolutely necessary for cell growth, and its null mutant will cause the happening of cell lysis (Stokes et al., 2008). For the insects, there were two UAP genes reported in T. castaneum, Locusta migratoria, and Leptinotarsa decemlineata, but only a single UAP gene in most other investigated insects, such as Aedes aegypti, Culex quinquefasciatus, D. melanogaster, Bombyx mori, Anopheles gambiae, Acyrthosiphon pisum, Apis mellifera, and Nasonia vitripennis (Arakane et al., 2011; Liu et al., 2013; Shi et al., 2016). Both UAP1 and UAP2 were found to be critical for individual development and survival in T. castaneum and Leptinotarsa decemlineata, while only UAP1 was identified as essential for the development and survival of Locusta migratoria at least in nymphal stage (Arakane et al., 2011; Liu et al., 2013; Shi et al., 2016). The humans only have a single UAP gene, but two isoforms, HsUAPA and HsUAPB (also called AGX1 and AGX2), which can use GlcNAc-1-P or N-acetylgalactosamine-1-phosphate (GalNAc-1-P) as substrates to synthesize UDP-GlcNAc or UDP-GalNAc, with the preferred substrate of GlcNAc-1-P for UAPA and the preferred substrate of GalNAc-1-P for UAPB (Wang-Gillam et al., 1998; Peneff et al., 2001). The same situation of one UAP gene with two isoforms is found in the mammal Mus musculus (Figure 2A). No UAP mutant was reported in these two higher model animals; however, UAP1 was found to be overexpressed in prostate cancer and protect against inhibitors of N-linked glycosylation, conferring a growth advantage (Itkonen et al., 2015). It is interesting to find that two UAP genes are found in the analyzed monocotyledons and dicotyledons (Figure 2A). The single gene mutants of UAP1 and UAP2 both showed no obvious phenotype in Arabidopsis, but their homozygous double mutant was lethal, reflecting the functional redundancy of these two genes in survival of Arabidopsis plants (Chen et al., 2014). In summary, the UAP genes play an essential role in the survival of cells or individuals for different organisms.



Possible Mechanisms by Which UAP2 Cooperates With UAP1 on Protecting Leaves From Lesion-Mimic Spots and Subsequent Early Senescence

The mutation of the UAP1 gene in rice has lost its protein enzymatic function, leading to the appearance of phenotypes of lesion-mimic spots and early senescence in uap1 (also called spl29) mutant leaves (Wang et al., 2015). However, it is interesting that every newly grown leaf of uap1 could normally grow for a period of time, and then the defense response-related lesion-mimic spots and early leaf senescence appeared and became aggravated with the increase in growth time (Figure 1A). The UAP enzymatic function of the uap1 protein was found lost due to the substitution of a key single amino acid (Wang et al., 2015). This meant that the uap1 mutant leaves lack the UAP1 enzymatic activity and there probably exists another enzyme compensating it.

A bioinformatic search on the rice genome database identified the UAP2 gene, the homologous gene of UAP1. The two rice UAP genes are located on different chromosomes and controlled by different promoters. The UAP2 and UAP1 genes showed high homology for the nucleotide and protein sequences (Supplementary Figure 1 and Figure 2B), implying that these two genes must have derived from a recent gene duplication event in rice. Transcriptional expression of the UAP2 gene was high when the newly grown leaves of uap1 were normal, but decreased a lot accompanying with the appearance and exacerbation of lesion-mimic sports and early leaf senescence (Figure 3B). It is seemed that the dosage effect and time specificity of the UAP2 gene expression can influence the leaf cell death of the uap1 mutant. Thus, we speculated that the high expression of the UAP2 gene can compensate the lost function of the UAP1 gene in uap1 young leaves and that during the process of the leaf development to mature, the UAP2 gene expression decreases and the function of total UAPs in the uap1 leaf cells is not enough to maintain the normal growth, producing defense response-related lesion-mimic spots and early leaf senescence. In this study, the enzymatic assay verified that the UAP2 protein performed a very similar or overlapping UAP enzymatic activity with the UAP1 protein (Figure 4). And the UAP2 protein showed the same subcellular localization as the UAP1 protein (Figure 5), meaning that the UAP2 and UAP1 proteins perform their enzymatic reactions in the same cellular location. These molecular studies predominantly suggested that the UAP2 gene was able to compensate for the lost function of the UAP1 gene in uap1 mutant. Eventually, the transgene of UAP2 into uap1 mutant recovered its leaf mutant phenotypes (Figure 6), providing direct evidence that the UAP2 gene can perform similar biological functions as the UAP1 gene, protecting the uap1 mutant from lesion-mimic sports and subsequent early leaf senescence. In addition, transcriptional expression of the UAP2 gene was high in young flag leaf, but decreased with the leaf becoming mature, while expression levels of the UAP1 gene were continuously high during all analyzed leaf developmental stages (Figure 7), suggesting that the UAP2 gene mainly functioned in young leaves, and the UAP1 gene functioned in all leaf stages.



The Possible Role of Protein Glycosylation on Cell Death or Senescence

Protein glycosylation is essential for the proper folding, targeting, and functioning of proteins. So far, several studies have also been reported to reveal the glycosylation being involved in plant defense, senescence, and cell death. The Arabidopsis glucosyltransferase UGT76B1 conjugates isoleucic acid and modulates plant defense and senescence by small-molecule glucosylation (von Saint Paul et al., 2011). The rice OsDGL1, a homolog of an oligosaccharyltransferase complex subunit, is involved in N-glycosylation and cell death in the root (Qin et al., 2013). The N-acetylglucosaminyltrasferase I (GnT1) mutant exhibited complete inhibition of N-glycan maturation, resulting in early lethality without transition to the reproductive stage in rice (Fanata et al., 2013). The rice PLS2, encoding a glycosyltransferase, its mutation makes premature leaf senescence begin at the tillering stage (Wang et al., 2018). Interestingly, a qualitative analysis of N-linked glycoproteome in the senescent flag leaf of rice has identified 183 N-glycoproteins involved in various and famous senescence-related biological processes (Huang et al., 2019).

N-Linked glycans are the components of most membrane-associated and secreted proteins in eukaryotic cells. And UDP-GlcNAc is an initial and key sugar donor of N-glycan synthesis for glycosylation. The GNA1 encodes the glucosamine-6-phosphate acetyltransferase in the pathway for the biosynthesis of UDP-GlcNAc. And the gna1 mutants in Arabidopsis and rice showed temperature-sensitive growth defects of the root, accompanying with insufficient biosynthesis of endogenous UDP-GlcNAc and impairment of protein N-glycosylation (Jiang et al., 2005; Nozaki et al., 2012). In rice, UAP1 is the very enzyme for the catalytic synthesis of UDP-GlcNAc, and functional inactivation of UAP1 induces early leaf senescence and defense responses (Wang et al., 2015). In Arabidopsis, GlcNAc1pUT-1 and GlcNAc1pUT-2 catalyze the biosynthesis of UDP-GlcNAc (Yang et al., 2010). The single mutants glcna.ut1 and glcna.ut2 revealed no obvious phenotype but their homozygous double mutant was lethal, revealing the GlcNAc1pUTs' indispensable role in the unique mediation of gametogenesis and embryogenesis, despite the overlapping functions (Chen et al., 2014). Taking together, the synthesis defect for UDP-GlcNAc leads to cell death in different plant tissues, probably attributing to the divergent demand for UDP-GlcNAc contents in these tissues to sustain normal cell survival. In this study, the UAP2 protein is found to be able to synthesize UDP-GlcNAc, just as the UAP1 protein does (Figure 4A). Meanwhile, the UAP1 and UAP2 proteins are both localized in the cytoplasm in rice (Figure 5), where they can function to synthesize UDP-GlcNAc, and this is coincident with the fact that GlcNAc is used for the N-glycan biosynthesis on the cytosolic side of the endoplasmic reticulum (ER) (Stanley et al., 2015). It is speculated that the dosage defect of UDP-GlcNAc and subsequently induced abnormal of protein glycosylation are responsible for the mutant phenotypes of uap1. Although there is no direct evidence linking UDP-GlcNAc with the lesion-mimic spots and early leaf senescence phenotypes found in uap1 mutants, it will be interesting to study the UDP-GlcNAc levels, protein glycosylation status, and the downstream molecular pathways in the future, to better reveal the biological roles of the UAP proteins in leaf survival.




CONCLUSION

Our data demonstrate that UAP2, the homologous gene of UAP1, could maintain the short period's normal growth of the uap1 mutant leaves. The expression level of the UAP2 gene was high in the initial normal growth stage, but decreased accompanying with the appearance of defense response-related lesion-mimic spots and early senescence of the uap1 mutant leaves. The UAP2 protein performed a very similar UAP enzymatic activity with the UAP1 protein. And these two UAP proteins were both localized in the cytoplasm to perform their function. Overexpression of the UAP2 gene in the uap1 mutant could rescue its mutant phenotype, confirming the similar molecular and biological function of the UAP2 gene with the UAP1 gene. The UAP2 gene was mainly expressed in the young leaves, while the UAP1 gene maintains continuous high expression during the whole leaf development. Taking together, rice UAP2 cooperates with UAP1 to perform a synergetic function for leaf survival during its developmental process, protecting the leaf from early senescence. However, further investigation is required to elucidate the downstream pathways underlying rice UAPs.
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