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40

41 SUMMARY

42 Rhamnogalacturonan-II (RG-II) is structurally the most complex glycan in higher plants, containing 13 different 

43 sugars and 21 distinct glycosidic linkages. Two monomeric RG-II molecules can form a RG-II-borate diester 

44 dimer through the two apiosyl (Api) residues of side chain A to regulate crosslinking of pectin in the cell wall. 

45 But the relationship of Api biosynthesis and RGII dimer is still unclear. In this study we investigated the two 

46 homologous UDP-D-apiose/UDP-D-xylose synthases (AXSs) in Arabidopsis thaliana that synthesize UDP-D-

47 apiose (UDP-Api). Both two AXSs are ubiquitously expressed while AXS2 has higher overall expression level 

48 than AXS1 in the tissues analyzed. Homozygous axs double mutant is lethal, while heterozygous axs1/+ axs2 

49 and axs1 axs2/+ mutants display intermediate phenotypes. The axs1/+ axs2 mutant plants are unable to set seed 

50 and die. By contrast, the axs1 axs2/+ mutant plants exhibit loss of shoot and root apical dominance. UDP-Api 

51 content in axs1 axs2/+ mutant is decreased by 83%. The cell wall of axs1 axs2/+ mutant plants are thicker and 

52 contain less RG-II-borate complex content than wild-type Col-0. Taken together, these results provide direct 

53 evidence of the importance of AXSs for the UDP-Api and RG-II-borate complex formation in plant growth and 

54 development.

55

56 INTRODUCTION

57 Plant cell walls play a fundamental role in providing form and structure to plant cells, tissues, and organs. 

58 The primary cell wall is largely composed of the polysaccharides cellulose, hemicelluloses, and pectins as 

59 well as varying amounts of protein (Doblin et al., 2010). Pectin is generally assumed to account for 

60 approximately one-third of primary cell wall macromolecules in dicot herbaceous cells and is involved in 

61 the cell wall matrix network and plant defense against pathogens (Mohnen, 2008, Malinovsky et al., 2014). 

62 Pectin consists of three major types: homogalacturonan (HG), rhamnogalacturonan-I (RG-I), and 

63 rhamnogalacturonan-II (RG-II). These three polysaccharides make up approximately 65% HG, 20-35% 

64 RG-I, and 10% RG-II of the total pectin content, and are likely covalently linked to each other in the cell 
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65 wall (Atmodjo et al., 2013). Although RG-II constitutes a minor pectic component, it is the most complex 

66 and structurally conserved of the pectic polysaccharides (Funakawa and Miwa, 2015). The RG-II backbone 

67 is composed of linear 1, 4-linked α-D-GalpA residues similar to HG, but is decorated with four side chains 

68 (designated A to D) containing 13 different sugars and more than 21 distinct glycosidic linkages (Funakawa 

69 and Miwa, 2015). Recently, two t-Araf side chains are found in RG-II heretofore not established (Ndeh et 

70 al., 2017). Side chains C and D contain two sugar residues. However, side chains A and B are composed 

71 of eight and seven to nine sugar residues, respectively, and are highly diverse (Pabst et al., 2013). RG-II 

72 forms a RG-II-borate diester dimer linked through the two apiosyl (Api) residues present in side chain A of 

73 two RG-II monomers (Kobayashi et al., 1996). The RG-II-borate diester dimer is highly conserved and it 

74 appears that all cell wall borate occurs in the form of a RG-II-borate complex (Matoh et al., 1996).

75   The RG-II-borate complex is crucial for plant development and the structural integrity of RG-II is 

76 important for its ability to dimerize. The Arabidopsis mur1 mutant lacks GDP-mannose-4,6-dehydratase 

77 function and is unable to synthesize sufficient GDP-L-fucose (GDP-Fuc) for correct RG-II assembly and 

78 subsequent cross-linking (Reiter et al., 1993). The mur1 mutant exhibits a dwarf phenotype with a brittle 

79 stem when compared to the wild-type Col-0. Later characterization of mur1 indicated that aerial parts of 

80 the plant produce RG-II with no L-Fuc but instead contains a 3,4-linked α-L-galactose (L-Gal) residue in 

81 side chain A and a terminal non-reducing 2-O-Me α-L-Gal residue in side chain B (O'Neill et al., 2001). 

82 However, more recently, it was suggested that RG-II in mur1 plants simply possessed a truncated side chain 

83 A (an absence of L-Fuc) rather than a substitution by L-Gal (Pabst et al., 2013). Notably, Arabidopsis RNAi 

84 plants defective in the Golgi localized GDP-Fuc transporter (GFT1) exhibit a mur1-like phenotype 

85 indicating that reduced RG-II Fuc content might be the cause (Rautengarten et al., 2016). 

86 RHAMNOGALACTURONAN XYLOSYLTRANSFERASES (RGXTs) belong to a small 

87 glycosyltransferase (GT) family with four members and have been shown to possess the ability to transfer 

88 D-xylose to L-Fuc, a process required for the biosynthesis of side chain A (Egelund et al., 2006, Egelund et 

89 al., 2008). While mutations in RGXT1 and RGXT2 do not reveal alterations in either RG-II structure or 

90 plant morphology, the RGXT4/ MALE GAMETOPHYTE DEFECTIVE 4 (MGP4) mutant plants show 

91 reduced pollen tube and root growth (Liu et al., 2011). Interestingly, defects in mur1 (O'Neill et al., 2001) 

92 and mgp4 (Liu et al., 2011) mutant plants could be restored through excessive supplementation with borate, 

93 indicating that the phenotypic defect was indeed a consequence of the reduced formation of the RG-II-

94 borate complex.

95   Api is present in both side chains A and B, however only Api residues in side chain A are the sites of 

96 borate diester bond formation. UDP-Api is synthesized by two isoforms of the UDP-Api/UDP-Xyl synthase 

97 (AXS). AXS enzymes can form the two UDP-sugars, UDP-Api and UDP-xylose (UDP-Xyl) at the same 
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98 time via decarboxylation of UDP-D-glucuronate (UDP-GlcA) (Molhoj et al., 2003). AXS is evolutionarily 

99 close to the UDP-Xyl synthase (UXS) that forms UDP-Xyl via decarboxylation of UDP-GlcA. It has been 

100 proposed that elimination of AXS activity results in the absence of the two major RG-II side chains and 

101 thereby deprives plants of their ability to form the developmentally important RG-II-borate diester dimer 

102 (Ahn et al., 2006).

103   In this study, we investigate the expression, subcellular location, and protein interaction capabilities of the 

104 two Arabidopsis AXS genes, AXS1 and AXS2. Then loss-of-function mutations in the AXS genes are 

105 described. Genetic and phenotypic characterization of the mutants show the central role of AXSs in the 

106 synthesis of UDP-Api and RG-II. Our research confirms the importance of RG-II-borate complex formation 

107 in plant growth and development and, more specifically, suggests its involvement in male gametophyte 

108 development and maintenance of apical dominance in Arabidopsis. 

109 RESULTS

110 Expression patterns of AXS1 and AXS2 Genes

111 Because both AXS1 and AXS2 share high CDS sequence similarity (88.29%, Figure S1), from 

112 publicly available expression data (Schmid et al. 2005) we cannot distinguish levels of expression 

113 of each gene. Therefore, to assess the expression pattern of the two AXS genes, promoter-GUS 

114 staining and qRT-PCR were utilized. Using promoter-GUS analysis, both genes revealed 

115 expression patterns across all plant tissues and developmental stages although AXS2pro:GUS 

116 plants generally displayed more intense GUS staining than AXS1pro:GUS plants (Figure S2A to 

117 M). Our data are consistent with previous results of AXS1 expression pattern (Molhoj et al. 2003), 

118 but stronger AXS2 expression was particularly obvious in roots and dark-grown seedlings (Figure 

119 S2G and M). In addition, the expression data obtained by qRT-PCR confirmed that while the two 

120 AXS genes were ubiquitously expressed across all tissues and developmental stages, AXS2 shows 

121 higher expression overall (Figure S2N). 

122 AXSs locate to cytosol and could form homomers or heteromers

123 In plants, nucleotide sugar interconverting enzymes can localize to either the cytosol, the Golgi 

124 apparatus, or in some instances both compartments (e.g. UXS). To determine the subcellular 

125 location of the two Arabidopsis AXS proteins we generated C-terminal Yellow Fluorescent Protein 

126 (YFP) fusions and transiently expressed these in N. benthamiana. Cytosol localized UXS3-CFP 

127 was expressed at the same time to be a reference. Our data show that both Arabidopsis AXSs 
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128 located in the cytosol (Figure S3A and B). This is consistent with previous results where N. 

129 benthamiana AXS1 localizes to the cytosol when using an Arabidopsis protoplast expression 

130 system (Ahn et al., 2006). In addition, with yeast two-hybrid and Co-IP assays, we found that 

131 AXS1 and AXS2 could interact with each other (Figure S3C and D). According to these data, we 

132 speculate that AXS1 and AXS2 can specifically associate with themselves and with each other to 

133 form homomers or heteromers. However, AXS1 and AXS2 cannot interact with the cytosol-

134 localized UXSs in yeast (Figure S4).

135 AXSs are essential for plant propagation

136 The axs single mutants exhibited no significant morphological differences when compared to wild-type 

137 Col-0 plants (Figure S5). Then we created two sets of double mutants (axs1-1 and axs2-1, axs1-2 and axs2-

138 2). The zygosity of the axs1-1 and axs2-1 mutants was determined by genotyping 109 F2 progeny seedlings 

139 using PCR. Our results indicated that no homozygous axs1-1 axs2-1 double mutant could be identified 

140 (Table S1) and that axs1-1/+ axs2-1 mutant plant occurs at a lower than expected ratio. We then tested 

141 about 60 F2 progeny seedlings from the axs1-1/+ axs2-1 cross and again could not identify any homozygous 

142 double mutants. The genetic cross of the axs1-2 and axs2-2 mutant had similar zygosity, no homozygous 

143 axs1-2 axs2-2 double mutants and a lower than expected number of axs1-2/+ axs2-2 mutant plants (Table 

144 S2). 

145   To investigate whether plants without functional AXS transcript can survive, we used a dexamethasone 

146 (DEX)-inducible promoter to drive a hairpin RNAi fragment targeting AXS2, to generate dex:RNAi-axs2 

147 plants in the axs1-1 single mutant background. When induced with DEX, the dex:RNAi-axs2 seeds could 

148 germinate. However, the growth of dex:RNAi-axs2 plants were arrested at the seedling stage (Figure 1A). 

149 After about 2 weeks, the dex:RNAi-axs2/axs1-1 seedlings turned yellow and eventually died. RT-PCR 

150 analysis of these plants confirmed that axs2 transcript was significantly reduced upon DEX induction 

151 (Figure 1B). We further induced seedlings 4 days post germination (4 dpg) with DEX, and obtained very 

152 similar results, dex:RNAi-axs2/axs1-1 plants turn yellow and die after approximately 6 days (Figure 1C-D). 

153 Together, our analysis of the F2 population of the axs1×axs2 genetic cross and the DEX induction 

154 experiments strongly supports the conclusion that the AXS genes are functionally redundant, and that an 

155 axs1 axs2 double mutant homozygous for both genes is lethal. These observations support previous data 

156 and hypotheses on AXS function in both Arabidopsis and Nicotiana tabacum that cell will die without 

157 synthesis of Api (Molhoj et al., 2003, Ahn et al., 2006).

158 Pollens without AXS gene are sterile
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159 Siliques resulting from self-fertilization of axs1 axs2/+ mutant plants are shorter and contain fewer seeds 

160 than the wild-type Col-0 (Figure 2A). Aborted ovules and seeds were observed in the axs1-1 axs2-1/+ 

161 mutants (Figure 2B). From the PCR analysis results of the axs1 axs2/+ mutant progeny, like previous 

162 analysis (Table S1 and S2), no homozygous axs1 axs2 mutant was found. To determine which gamete 

163 caused the lethal phenotype, we generated reciprocal crosses of axs1-1 axs2-1/+ mutants and the wild-type 

164 Col-0. When wild-type Col-0 pollen was used to fertilize axs1-1 axs2-1/+ plants, the progeny showed the 

165 expected results that about half of the progenies were able to detect T-DNA insertion of AXS2 (Table 1). 

166 This suggested that transmission through the female gametophyte was not affected. However, when mutant 

167 pollen was used to fertilize wild-type Col-0 plants, only the axs1-1/+ AXS2 offspring was detected (Table 

168 1). These data clearly indicate that pollen carrying both insertions (axs1-1 axs2-1) was not viable. Thus, 

169 impairment of gametogenesis in axs1-1 axs2-1 pollen is likely the reason for lethality observed in the 

170 homozygous double mutant.

171   To investigate how AXS mutants affect male gametophytic function, pollen from wild-type Col-0, axs1-1 

172 axs2-1/+ and axs1-2 axs2-2/+ mutants were examined. Although wild-type Col-0 morphology of all pollen 

173 grains appeared normal (Figure 2C and F), many abnormal and collapsed pollen grains were visible in two 

174 mutants (Figure 2D and E). We then tested the in vitro germination of pollen grains from wild-type Col-0 

175 and axs1-1 axs2-1/+ mutant plants. The axs1-1 axs2-1/+ mutant plants produced two types of pollen grains: 

176 50% axs1-1 axs2-1, and the remaining 50% axs1-1 AXS2. In in vitro cultures, the germination rate of pollen 

177 grains from the axs1-1 axs2-1/+ mutant showed an approximately 50% reduction compared to pollen 

178 originating from the wild-type Col-0 (Figure 2I and J). We also investigated whether pollen tube length 

179 was affected in the mutant. However, measurements at 8 hours after germination revealed no significant 

180 difference in the length of mutant and wild-type Col-0 pollen tubes (Figure 2K). Taken together, these 

181 results indicate that partial pollens from mutant plants cannot develop normally and pollens without AXS 

182 gene are sterile.

183 Disruption of AXSs compromise apical dominance

184 Interestingly, two combinations of mutants homozygous for one AXS gene and heterozygous for the other, 

185 namely axs1/+ axs2 and axs1 axs2/+, exhibited intermediate phenotypes. While 5-week-old plants carrying 

186 the homozygous axs1 mutation in the heterozygous axs2/+ background (axs1-1 axs2-1/+) were 

187 significantly smaller than wild-type Col-0 plants (Figure 3A), the reverse combination (axs1-1/+ axs2-1) 

188 exhibited a more pronounced morphological phenotype with plants severely small and chlorotic, and 

189 eventually dying (Figure 3A). The 5-week-old axs1-1 axs2-1/+ mutants showed growth defects resembling 

190 that of the mur1 mutant, with shorter petioles and smaller leaves (Figure 3A and Figure S6). Furthermore, 

191 3-week-old axs1-1 axs2-1/+ mutants grown on MS medium formed more than 4 shoots simultaneously 
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192 (Figure 3B). An examination of longitudinal sections indicated that the 2-week-old axs1-1 axs2-1/+ 

193 mutants form several lateral meristems at the leaf axis with an abnormally large apical meristem (Figure 

194 3C). These lateral meristems form more than ten compact embryonic shoots (axillary buds) at the base of 

195 the rosette leaves and only a part of these axillary buds produced reproductive shoots, transitioned to the 

196 flowering stage and subsequently carried siliques with very short pedicels (Figure 3D). The first one or two 

197 emerging shoots were also very short and had several flowers resulting in compact siliques (Figure 3E and 

198 F). On the other hand, >20 shoots were able to elongate till maturity with comparably larger stems, however, 

199 these were smaller than those of wild-type Col-0 plants (Figure 3G). Collectively, these mutant phenotypes 

200 suggest that the axs1-1 axs2-1/+ mutants had lost shoot apical dominance. In addition, we noticed a 

201 cracking stem phenotype in all axs1-1 axs2-1/+ mutant plants (Figure 3H to L). The combination of another 

202 two T-DNA insertion alleles axs1-2 and axs2-2 can produce similar phenotypes as the combination of axs1-

203 1 and axs2-1, except axs1-2 axs2-2/+ has more severely dwarf phenotypes on growth comparing with axs1-

204 1 axs2-1/+ (Figure 3G). The reason might be the T-DNA insertion of axs1-2 and axs2-2 close to the N-

205 terminal of genes to split smaller fragments.

206   The axs1 axs2/+ mutants were also impaired in root development when germinated on MS medium. 

207 Compared to the wild-type Col-0, the 12 dpg axs1 axs2/+ seedlings exhibited significantly shorter roots 

208 and more lateral root growth (Figure 4A to C). The root elongation zone of axs1 axs2/+ mutants was stunted 

209 and the root hair density was dramatically increased (Figure 4D to F). The meristem size of axs1 axs2/+ 

210 mutants was smaller and meristematic cortex cell number was less than wild type Col-0 seedlings (Figure 

211 4G to I). The root cell morphology of the axs1 axs2/+ mutants was also altered; cells appeared extremely 

212 swollen (Figure 4J). Moreover, root of axs1-1 axs2-1/+ mutants exhibited a thicker cell wall than wild-type 

213 Col-0 (Figure 4K).

214 AXS mutants contain reduced UDP-Api, Api, B and RG-II content

215 To examine the impact of plants only possessing a single AXS allele, we examined a range of parameters 

216 in the AXS mutants related to Api metabolism. In axs1 axs2/+ mutant plants, UDP-Api was decreased by 

217 approximately 83% compared to the wild-type Col-0 (Figure 5A). The strong decrease in UDP-Api in the 

218 mutant was not compensated by changes to other nucleotide sugars which further support the UDP-Api 

219 synthase function of AXS genes (Table 2). We next measured the Api content in cell wall preparations 

220 (alcohol insoluble residue (AIR)) prepared from mutant and wild-type Col-0 plants. The cell wall Api 

221 content of the two axs1 axs2/+ mutant lines was decreased by ~31% and ~37% in the axs1-1 axs2-1/+ and 

222 axs1-2 axs2-2/+ mutants, respectively (Figure 5B). We then analyzed the B content of AIR extracted from 

223 the mutants and wild-type Col-0. Our data showed that the proportions of cell wall B were reduced in the 

224 two axs1 axs2/+ mutants (Figure 5C), which was consistent with a reduction in Api content. Reductions in 
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225 UDP-Api, Api, and B content were likely to affect cell wall RG-II content and composition. To verify this, 

226 we digested AIR with endo-polygalacturonase and analyzed the RG-II content of the two axs1 axs2/+ 

227 mutants using PAGE (Chormova et al., 2014) and size-exclusion chromatography (SEC). The results, as 

228 shown in Figure 5D and E, suggested that the RG-II content in the axs1 axs2/+ mutant was reduced. 

229   To determine if the composition of the RG-II structure was affected, RG-II-enriched preparations were 

230 made from wild-type Col-0 and the axs1 axs2/+ mutant plants and monosaccharides analyzed as their 

231 alditol acetates. The monosaccharides Api, MeXyl, and MeFuc specific to RG-II showed no significant 

232 difference between wild-type Col-0 and the two axs1 axs2/+ mutants (Table S3). However, the content of 

233 Gal and Ara which mainly link to the end of RG-II chains A and B was reduced (Table S3). These results 

234 deduced that the integrality of side chains A and B of RG-II structure might be affected in axs1 axs2/+ 

235 mutants.

236   Mutants with defected RG-II, such as mur1 and mgp4 could be restored with exogenous B (O'Neill et al., 

237 2001, Liu et al., 2011). To check whether the axs1-1 axs2-1/+ mutants could be restored with B as well, 

238 the mutant seeds were germinated on plates containing 0.5, 2, 10, 100, 1000 and 5000 μM boric acid, 

239 respectively (Figure S7). The root growth defect of axs mutants was not complemented by exogenous B. 

240 In addition, we tried to complement the short root phenotype with exogenetic Api but failed (data not 

241 shown), indicating the lack of an Api C-1 kinase and pyrophosphorylase required to convert Api to UDP-

242 Api. 

243   Lastly, we analyzed the total monosaccharide composition of wild-type Col-0, the two axs1 axs2/+ 

244 mutants and the axs1/+ axs2 mutant by high-performance anion-exchange chromatography with pulsed 

245 amperometric detection (HPAEC-PAD). The axs1/+ axs2 sample was a mixture of axs1-1/+ axs2-1 and 

246 axs1-2/+ axs2-2 because of the low sample amount obtained from these mutants. All mutant lines showed 

247 reduced Rha and GalA content which represent the main pectic sugars (Table 3). Considering RG-II only 

248 constitutes about 10% of the pectin polymers (Atmodjo et al., 2013) and the axs1/+ axs2 mutant showed a 

249 considerable reduction of pectic sugars, this indicates that an impairment in RG-II synthesis also confers 

250 restraints to other pectic sugars.

251 Impairment of RG-II-borate formation leads to changes in gene expression related to auxin and the 

252 cell wall modification

253 To better understand changes in the axs1 axs2/+ mutants, we performed an analysis of mutant roots using 

254 microarrays. RNA was prepared from the roots of 12 dpg seedlings of axs1-1 axs2-1/+ mutants and wild-

255 type Col-0 plants and subjected to transcriptional profiling. Our analysis revealed that compared to the 

256 wild-type Col-0, 768 genes were up-regulated and 614 genes were down-regulated two-fold or more in the 
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257 axs1-1 axs2-1/+ mutant (Supplemental Data Set 1). A functional classification of differentially expressed 

258 genes was performed using GO::TermFinder (Boyle et al., 2004) (Supplemental Data Set 2). Among the 

259 genes that showed altered expression, GO biological process categories of cell wall loosening, response to 

260 auxin, lignin catabolic process, cell wall organization, pectin catabolic process, and cell wall 

261 macromolecule catabolic process were significantly overrepresented (Figure 6A). The differentially 

262 regulated genes were mostly associated with the extracellular region and cell wall processes (Figure 6B). 

263   A total of 94 cell wall related genes showed altered expression, including polysaccharide acting genes, 

264 oxide-reductase genes, and cell wall structure genes (Supplemental Data Set 3). All of the detected 8 

265 expansion (EXP) genes and 3 xyloglucan endotransglycosylase/hydrolase (XTH) genes showed obvious 

266 higher expression. 2 polygalacturonase (PG) genes (1 up-regulated and 1 down-regulated), 2 PG inhibitor 

267 protein (PGIP) genes (both up-regulated), 5 pectin lyase (PL) genes (3 up-regulated and 2 down-regulated), 

268 9 pectin methylesterase (PME) genes (6 up-regulated and 3 down-regulated) and 4 PME inhibitor (PMEI) 

269 genes (2 up-regulated and 2 down-regulated) were observed. Among them, the pairs of PG and PGIP, PME 

270 and PMEI functioned opposite, respectively. So many pectin-related genes were differentially expressed in 

271 axs1 axs2/+ mutant which hints the possibility of other pectic composition changes in addition to RG-II. 

272 Besides, this study also detected 2 up-regulated cellulose synthesis-like genes (CSLB04 and CSLB05), 27 

273 oxido-reductase genes (21 up-regulated and 6 down-regulated) and 28 cell wall structural protein genes (18 

274 up-regulated and 10 down-regulated) affected.

275   Moreover, 48 auxin related genes were detected, including genes implicated in auxin synthesis, signaling, 

276 and transport (Supplemental Data Set 4). To provide information on the overlap in transcripts in this study 

277 with those identified by other published microarray experiments, we performed a meta-analysis with 

278 previously published data which showed the genes responsive to auxin treatment (Vanneste et al., 2005). 

279 A total of 244 (17.7%) genes that we found in our analysis were also present in this published dataset 

280 (Figure 6C, Supplemental Data Set 5). This result provided evidence that normal auxin distribution might 

281 be affected in the axs1 axs2/+ mutants.

282

283 DISCUSSION

284 Despite the essentiality of RG-II for growth and development, it was not known how the content of UDP-

285 Api impacts cell wall composition and plant organ formation. Elimination of AXS expression leads to 

286 collapsed and sterile pollen which indicates the essential role of AXS for pollen formation and germination. 

287 Notably, with one copy of AXS gene, the plants were viable. Interestingly, the two different double mutants 

288 containing deduced UDP-Api and RG-II-borate complex displayed various phenotypes. The axs1/+ axs2 
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289 mutant exhibited a more serious defect than observed for the axs1 axs2/+ mutant (Figure 3A). AXS1 and 

290 AXS2 protein were duplicated with high sequence identity (95.63%, Figure S8) which implied their similar 

291 enzymatic function in the production of UDP-Api. Expression analysis of the two AXS genes revealed that 

292 AXS2 was highly expressed than AXS1 across all tissues and developmental stages (Figure S2). And it is 

293 likely that differential expression intensities and patterns were responsible for the inordinate phenotype of 

294 the axs1/+ axs2 and axs1 axs2/+ double mutants. Therefore, by controlling the UDP-Api level, the two 

295 AXS genes regulate RG-II-borate complex content to affect plant development. AXS1 and AXS2 genes 

296 function redundancy in Arabidopsis while AXS2 has an overall higher expression level than AXS1.

297   Intriguingly, the axs1 axs2/+ mutants showed reduced apical dominance (Figure 3 and 4). Another RG-II 

298 related mutant, mur1, also showed reduced apical dominance (Reiter et al., 1993). The mur1 mutant 

299 contained more monomeric RG-II (Figure 5D) as previously reported (O'Neill et al., 2001). PAGE and SEC 

300 analysis confirmed the reduction of RG-II in the two axs1 axs2/+ mutants (Figure 5D and E). Moreover, 

301 both PAGE and SEC analysis showed a reduced amount of monomeric RG-II in the two axs1 axs2/+ 

302 mutants. This suggests that the balance between the RG-II dimer and monomer has been disrupted and that 

303 all available RG-II is immediately used for dimer formation. With this aspect, it looks like under our growth 

304 condition the B supply for axs1 axs2/+ mutants is plentiful. However, the axs1 axs2/+ mutant plants 

305 showed B-deficient phenotype that of reduced apical dominance (Figure 3 and 4), swollen root cell (Figure 

306 4J) and thick cell wall (Figure 4K). 

307   B requirements of flowering plants are correlated with the amounts of RG-II present in the cell wall (Matoh 

308 et al., 1996). B is found in cell wall RG-II-borate complexes, presumably a range of molecular complexes 

309 and as free B in the cytoplasm (Power and Woods, 1997). Although there is evidence for possible roles of 

310 B in membrane structures, auxin transport, membrane protein stability and wall-membrane attachment 

311 (Blevins and Lukaszewski, 1998, Camacho-Cristobal et al., 2008, Li et al., 2015, Matthes and Torres-Ruiz, 

312 2016), its function has only been demonstrated mechanistically in RG-II-borate complexes in primary cell 

313 walls (Funakawa and Miwa, 2015). The effects of B deficiency on cell wall ultrastructure have been well 

314 investigated. Several reports have shown that under B deficiency condition, cell wall thickening will be 

315 observed (Hirsch and Torrey, 1980, Loomis and Durst, 1992, Hu and Brown, 1994). And the formation of 

316 RG-II-borate complex was considered the determination of pumpkin tissue cell wall thickness under B 

317 treatment (Ishii et al., 2001). Fleischer et al. (1999) reported the significance of B for cell wall porosity. 

318 Furthermore, RG-II-borate complex was found to contribute significantly to the tensile strength of cell walls 

319 (Ryden et al., 2003). In this study, the reason for swelling root cells, thick cell wall and collapsed pollen of 

320 axs1 axs2/+ mutants might be attributed to altered cell wall ultrastructure and mechanical property. 

321 Furthermore, the axs1 axs2/+ mutants displayed more interesting phenotype, loss of apical dominance. It 
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322 is widely known that the extensibility of cell walls and the turgor pressure determines plant cell growth. 

323 Recently, with atomic force microscopy method, pectin demethylesterification was found to increase the 

324 elasticity of shoot apical meristems (SAM) (Peaucelle et al., 2008, Peaucelle et al., 2011). More 

325 fundamentally, the cell wall properties of SAM are distinct from their mature descendants (Yang et al., 

326 2016). The primary effect of diminished RG-II-borate complexes will trigger cell wall ultrastructure 

327 alteration such as cell wall thickening (Figure 4K). This contributes to the change of SAM cell wall 

328 elasticity and likely lead to the loss of apical dominance of axs1 axs2/+ mutants, to some extent, similar to 

329 B deficiency which also give rise to thick cell wall and loss of apical dominance (Sutinen et al., 2006, 

330 Sutinen et al., 2007, Camacho-Cristobal et al., 2008).

331   One of the more obvious phenotypic alterations that we observed in the axs1 axs2/+ mutants compared to 

332 the wild-type Col-0 was cracking stems (Figure 3H to L). This is a phenotype often seen in crops such as 

333 Brassica napus (Hirai and Tamai, 1956), coconut (Broschat, 2007) and tomato (Liebisch et al., 2009) grown 

334 under low B conditions. Tissues of plants grown on low B levels were brittle or fragile, while with plenty of 

335 B supplement the plant tissues were flexible or resilient (Loomis and Durst, 1992). The presence of cracking 

336 stems in the axs1 axs2/+ mutants provides evidence that the cracking symptoms under B starvation are 

337 probably caused by the reduced amount of cell wall RG-II-borate complex. However, in Arabidopsis pectin 

338 mutants, the cracking stems are exclusively observed in axs1 axs2/+ mutants. mur1 mutant has not shown 

339 any evident crack under our growth conditions and no description of this phenotype in previous reported 

340 pectin mutants was found. The explanation might be the discrepancy of cell wall property conferred by 

341 various mutants. The middle lamella cements the primary cell wall of two adjoining plant cells. Cell plates, 

342 the precursor of middle lamella, was examined the distribution of RG-II which imply the linkage function 

343 of RG-II in cell plate (Zhou et al., 2017). Both calcium cross-links and pectin esters are required for cell-

344 cell adhesion in fresh sugar-beet root parenchyma (Marry et al., 2006). However, in poplar wood, RG-I, 

345 but not HG, is a determinant of cell-cell adhesion (Yang et al., 2020). RG-II is regarded as decorated HG. 

346 Therefore, the cell-cell adhesion function of RG-II-borate complex may be different between woody plants 

347 and grass plants.

348   In consideration of the low content of RG-II in plant cell wall (Matsunaga et al., 2004), it is reasonable 

349 that pectin sugar, Rha and GalA, were reduced slightly in axs1 axs2/+ mutants (Table 3). However, the Rha 

350 content in axs1/+ axs2 mutants was dropped by about a half compared with wild-type Col-0 (Table 3). This 

351 data offers a hint that cell wall RG-II content might affect the deposition of the other pectic composition, 

352 such as RG-I. On the contrary, the other two RG-II deficient mutants, mur1 and mgp4, showed no obvious 

353 change of pectic sugar (Liu et al., 2011, Voxeur et al., 2017). Nevertheless, the altered lignification was 

354 determined in mur1 mutant (Voxeur et al., 2017). This study also observed that number of genes related to 
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355 cell wall formation and auxin pathway were differentially expressed in axs1-1 axs2-1/+ mutant. Likewise, 

356 genes involved in lignified tissue formation and jasmonic acid signaling were overexpressed in mur1 mutant 

357 (Voxeur et al., 2017). Thus, the drastic decrease of cell wall Rha might be also resulted from the 

358 transcription regulation. The altered transcription feature may be conferred by the changed cell wall 

359 composition directly, or by reduced cell wall tensile strength and cell-cell adhesion.

360 EXPERIMENTAL PROCEDURES

361 Plant materials and growth conditions

362 The Arabidopsis thaliana wild-type Col-0 and four T-DNA insertion lines (axs1-1, SALK_038986; axs2-

363 1, SALK_029018; axs1-2, SALK_000016; axs2-2, SALKseq_077913.1) (Arabidopsis Biological Resource 

364 Center, ABRC) were used in this study. Homozygous T-DNA insertion mutants were identified by PCR 

365 with genomic DNA as template. Primers used for PCR are listed in Table S4. For seed germination, 

366 sterilized seeds were plated on MS medium and incubated at 4℃ for 3 days. Seedlings were grown under 

367 a 16 h light/8 h dark regime in a growth cabinet except if noted differently. For the morphological analysis 

368 of mature plants, seedlings were transferred to soil 10 days after germination. 

369 qRT-PCR

370 Plant RNA was extracted from 5-day-old seedlings, 2-week-old roots, 3-week-old rosette leaves, full-

371 opened flowers, 10-day-old siliques and 7-week-old stems (up, middle, down) using the Trizol (Life 

372 Technologies) method according to the manufacturer’s protocol. First-strand cDNA was synthesized with 

373 a TAKARA cDNA synthesis kit according to the manufacturer’s protocol. qRT-PCR was conducted using 

374 a Roche 480 instrument. The qRT-PCR primers are listed in Table S4. For absolute qRT-PCR, a formula 

375 for quantifying the transcript copy numbers per unit weight of total RNA was derived according to the 

376 procedure described by Suzuki et al. (2006). Then the transcript copy number of the two AXS genes in 

377 different tissue were calculated. The relative qRT-PCR was performed according to the method of 

378 Schmittgen and Livak (2008) using PP2A as the reference.

379 Promoter GUS assays

380 The 1352 bp AXS1 promoter and 1486 bp AXS2 promoter upstream of the start codon sequences were 

381 cloned into the pBI121 vector replacing the 35S promoter. Primers used are listed in Table S4. The promoter 

382 fragments were obtained via PCR amplification and subcloned into the HindIII/SmaI sites of pBI121 vector 

383 using Gibson assembly method (NEB) (Gibson et al., 2009). The constructions were validated by DNA 

384 sequencing and transformed into Agrobacterium tumefaciens GV3101 by freeze-thaw method. Floral dip 

385 method was used to introduce the constructions into Arabidopsis Col-0 plants (Clough and Bent, 1998). 
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386 The T2 generation was analyzed for GUS staining according to the method published by Jefferson et al. 

387 (1987)).

388 DEX-induced RNAi of AXS2

389 The CDS sequence of AXS2 gene was amplified as two reverse complement fragments using PCR with 

390 primers listed in Table S4. The PDK-intron was amplified form pHANNIBAL (Helliwell and Waterhouse, 

391 2005). Then the three sequences were sub-cloned into a DEX-inducible vector kindly supplied by Hao 

392 Wang (Zhuang et al., 2013). The vector was cut with XhoI and SpeI. The resultant constructs were validated 

393 by DNA sequencing, transformed into axs1-1 mutant plants and subsequently selected on MS medium 

394 containing 20 μg mL-1 hygromycin. The T3 generation was analyzed using RT-PCR. 5 dpg seedlings were 

395 transferred to MS plates with or without 30 μM DEX. 

396 Yeast two-hybrid assay

397 The CDS sequence of AXS1, AXS2, UXS3, UXS5 and UXS6 gene were amplified with primers listed in 

398 Table S4. pB42AD and pLexA plasmids were cut with EcoRI and XhoI. Then the sequences were sub-cloned 

399 into the corresponding vectors using Gibson assembly method (NEB) (Gibson et al., 2009). The resultant 

400 constructs were validated by DNA sequencing. The respective combinations of pLexA and pB42AD fusion 

401 vectors were co-transformed into yeast EGY48 containing p8op-LacZ plasmid. Transformants were 

402 selected and grown on SD/-His-Trp-Ura dropout plates at 30℃. For color development, the transformants 

403 were transformed to SD/-His-Trp-Ura dropout plates containing 80 mg/L X-gal.

404 Subcellular location of AXS

405 Gateway primers (Table S4) containing attB site were designed for the amplification of AXS and UXS genes. 

406 The PCR products without stop codons were cloned into the pDONR207 vector via BP reaction 

407 (ThermoFisher, USA) and then cloned to the pEarleyGate101 or pEarleyGate102 destination vector (Earley 

408 et al., 2006) via LR reaction (ThermoFisher, USA). The constructions were validated by DNA sequencing 

409 and used for transient expression assays in Nitotiana benthamiana (Sparkes et al., 2006). The YFP or CFP 

410 signals were imaged using confocal laser scanning microscopy.

411 Characterization of pollen grains and pollen tubes

412 Pollen grains were observed using a scanning electron microscope. Released pollen grains were mounted 

413 on aluminum stubs (Hitachi Ion Sputter E-1010, HITACHI), sputter-coated with 40 nm of gold-palladium 

414 and viewed using a Hitachi S-4800 FESEM. In vitro germination of pollen grains was performed as 

415 described Rodriguez-Enriquez et al. (2013). In vitro growth of pollen tubes was assessed as described in 

416 Jia et al. (2009)).
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417 Nucleotide sugar extraction, chromatographic separation and detection

418 The shoots of 3-week-old plants were harvested and ground with a mortar and pestle in liquid N2. 

419 Nucleotide sugars were extracted from 50 mg of fresh weight as previously described (Ito et al., 2014). The 

420 samples were chromatographically separated using porous graphitic carbon as the stationary phase on an 

421 1100 series HPLC system (Agilent Technologies) and detected using a 4000 QTRAP LC-MS/MS system 

422 (AB Sciex) equipped with a TurbolonSpray ion source using methods previously described (Rautengarten 

423 et al., 2014).

424 Transmission electron microscopy

425 1 cm root hair zone segments were cut from 4dpg seedlings then vacuum infiltrated in 4%(v/v) 

426 glutaraldehyde in PBS (33 mM Na2HPO4, 1.8 mM NaH2PO4, and 140 mM NaCl [pH 7.2]) before being 

427 fixed in 2% glutaraldehyde in PBS at 4℃ overnight. After fixation, samples were post-fixed in 1% (w/v) 

428 osmium tetroxide, then dehydrated through a gradient of ethanol and embedded in Spurr’s resin. Sections 

429 (70 – 100 nm) were cut and stained with uranyl acetate and lead citrate and visualized using an FEI Tecnai 

430 12 transmission electron microscope.

431 RG-II isolation

432 RG-II isolation was performed as described earlier with some modifications (Liu et al., 2011; Chormova et 

433 al., 2014). Cell wall preparations, as alcohol insoluble residues (AIR), were prepared by extraction of the 

434 sample with 96% (v/v) ethanol at 70℃ for 30 min. The AIR was saponified with 1 M Na2CO3. After 16 h 

435 incubation at 4℃, the saponified AIR was washed three or more times with water and freeze-dried. Endo-

436 polygalacturonase (10 U mL-1, Megazyme, http://www.megazyme.com) was added to the saponified AIR 

437 (50 μL mg-1) and incubated at 37 ℃ for 12 h. After centrifuge at 20, 000 × g for 10 min, the supernatant 

438 was filtered through a 0.2 μm filter. The filtrate was taken for electrophoresis or SEC.

439 Chemical analyses of cell wall composition

440 For B measurements, material of both 3-week-old dried leaves and AIR extracted from 3-week-old dried 

441 leaves was subjected separately to microwave-assisted nitric acid digestion. The resultant solution was used 

442 to determine the B concentration using inductively coupled plasma mass spectrometry (ICP-MS, Agilent 

443 7900) (Ishii et al., 2001). The monosaccharide composition of cell wall AIR was analyzed as described by 

444 Ebert et al. (2015). Briefly, AIR materials were hydrolyzed in 2 N trifluoroacetic acid for 1 h at 120 ℃. 

445 After centrifuge at 20, 000 × g for 10 min, the supernatants were freeze-dried. The pellets were dissolved 

446 with water for analysis of sugars except Api. Sugars were separated and quantified with high performance 

447 anion exchange chromatography with pulsed amperometric detection as on an ICS 3000 (Dionex) using a 

448 CarboPac PA1 anion exchange column (3×150 mm, Dionex). The Api content of leaf was quantified by 
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449 Nirupama Samanmalie Jayasinghe in The University of Melbourne using gas chromatography coupled with 

450 triple quadrupole mass spectrometry (GC-QqQ-MS). The pellets resulting from trifluoroacetic acid were 

451 subjected to the analysis as described (Jayasinghe et al., 2018). 

452 PAGE analysis of RG-II

453 PAGE analysis of RG-II was performed as described by Chormova et al. (2014). Briefly, samples were 

454 loaded to 26.4% polyacrylamide gel. Electrophoresis was conducted at 200 V for 30 min. The gel was fixed 

455 in ethanol/acetic acid/water (50 mL, 4:1:5) for 30 min. After 3 times wash with water, the gel was treated 

456 with sodium thiosulphate (50 mL, 0.1 g/L) for 1 min and immediately wash 3 times. Then freshly prepared 

457 silver nitrate solution (50 mL, 1 g/L, containing 50 μL formaldehyde) was added to the gel and incubated 

458 for 20 min with gently shaking. After 3 times quick wash with water, sodium carbonate solution (50 mL, 

459 30 g/L, containing 50 μL formaldehyde) was added to develop color. 

460 SEC analysis of RG-II

461 SEC analysis of RG-II was performed as described (Liu et al., 2011). Briefly, the filtered digest solution 

462 was dialyzed for 2 d and freeze-dried. The pellets were dissolved in 50 mM ammonium formate (pH5.0). 

463 RG-II was purified with a Superdex 75 10/300 GL column (GE Healthcare, http://www.gehealthcare.com). 

464 The monomeric and dimeric RG-II fractions were collected at the same time. Then RG-II fractions were 

465 desalted by repeated freeze-drying. The composition of RG-II was analyzed by GC-MS.

466 Microarray and data analyses

467 For the microarray experiments, seedlings were grown on vertical MS plates under long-day condition. 

468 Roots of 12 dpg seedlings were cut and about 30 roots were pooled as one biological replicates. Total RNA 

469 was extracted with the RNeasy Plant Kit (Qiagen) from three independent biological replicates. Total RNA 

470 was quantified by the NanoDrop ND-2000 (Thermo Scientific). RNA integrity was assessed using Agilent 

471 Bioanalyzer 2100 (Agilent Technologies). cDNA and cRNA synthesis, cRNA labeling and fragmentation 

472 were perform and Arabidopsis (V4) Gene Expression Microarray (4x44K) was used for the hybridization. 

473 After washing, the arrays were scanned by the Agilent Scanner G2505C (Agilent Technologies) in 

474 Oebiotech (https://www.oebiotech.com). The raw data were got from array images by Feature Extraction 

475 software (version 10.7.1.1, Agilent Technologies) and analyzed primarily by Genespring (version 13.1, 

476 Agilent Technologies). Differentially expressed genes were identified under two criteria, |log2fold change| 

477 >= 1.0 and a P value <= 0.05. Gene annotation were applied on TAIR (https://www.arabidopsis.org) Go 

478 and KEGG analysis were performed to get their biological roles. The raw data of the transcript profiles 

479 were deposited in the Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo) under the accession 

480 code GSE151256.
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666

667

668

669 Figure legends

670 Figure 1. The complete suppression of AXS1 and AXS2 gene expression leads to plant death.

671 (A) and (B) Phenotype of AXS2 RNAi knockdown plants and corresponding transcription levels 

672 confirmed by RT-PCR analysis. The axs1-1 single mutant and dex:RNAi-axs2 with axs1-1 

673 background plants were grown on MS plates containing DEX for 4 days. Act2 transcripts are used 

674 as loading controls. Bars = 1 cm. (C) and (D) Downregulation of AXS2 causes ceased growth and 

675 death. axs1-1 single mutant and dex:RNAi-axs2 with axs1-1 background plants were grown on MS 

676 plates for 4 days and followed with/without DEX treatment for another 5 days. The corresponding 

677 transcription levels were confirmed by RT-PCR analysis. Act2 transcripts are used as loading 

678 controls.
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679 Figure 2. AXS1 and AXS2 loss of function results in aberrant pollen grain morphology and 

680 germination.

681 (A) The siliques of Col-0, axs1-1 axs2-1/+ and axs1-2 axs2-2/+ plants. Arrowheads indicate 

682 unnatural intervals. (B) The aborted ovules (arrowheads) and aborted seed (arrow) of axs1-1 

683 axs2-1/+ mutant silique. (C) to (H) SEMs of pollen grains from Col-0 (C and F), axs1-1 axs2-

684 1/+ (D, G and H) and axs1-2 axs2-2/+ (E) plants. (G) and (H) indicate the normal and collapsed 

685 pollen form axs1-1 axs2-1/+ mutant. Arrows indicate normal pollens and arrowheads indicate 

686 collapsed pollens. Bars = 50 μm (C) to (E), 10 μm (F) to (H). (I) Pollen tubes of wild type Col-0 

687 and axs1-1 axs2-1/+ mutant. Bars = 100 μm. (J) and (K) Average pollen germination and pollen 

688 tube length from wild type Col-0 and axs1-2 axs2-2/+ mutant plants. Error bars indicate SD. (J) 

689 n ≥ 200, (K) n ≥ 100, **P<0.01, t test.

690 Figure 3. The phenotypes of axs double mutants.

691 (A) 5-week-old rosette leaves of Col-0, mur1, axs1-1/+ axs2-1, axs1-1 axs2-1/+, axs1-2/+ axs2-

692 2 and axs1-2 axs2-2/+ plants. The axs1-1/+ axs2-1 and axs1-2/+ axs2-2 mutants were ~5 mm in 

693 size and died after about one more week. Bar = 2 cm. (B) The 3-week-old Col-0, axs1-1 axs2-

694 1/+ and axs1-2 axs2-2/+ plants grown on MS medium. The axs1 axs2/+ mutants produce more 

695 than one shoot. Arrows indicate shoots. Bar = 1 cm. (C) The longitudinal sections of 2-week-old 

696 Col-0, axs1-1 axs2-1/+ plants. Arrows indicate shoots. Bar = 0.5 mm. (D) To (F) 6-week-old 

697 (D), 7-week-old (E) and 8-week-old (F) axs1-1axs2-1/+ mutants exhibiting a bushy stature. Bars 

698 = 2 cm. (G) 8-week-old Col-0, mur1, axs1-1 axs2-1/+ and axs1-2 axs2-2/+ plants. Bars = 2 cm. 

699 (H) 7-week-old axs1-1 axs2-1/+ mutant plants. Bar = 2 cm. (I) The wound on the stem of the 7-

700 week-old axs1-1 axs2-1/+ mutant plants. Bar = 1 mm. (J) to (L) Sections of the up (J), middle 

701 (K) and lower (L) sites of the stem of the 7-week-old axs1-1 axs2-1/+ mutant plants. Bar = 100 

702 μm.

703 Figure 4. Roots of axs1 axs2/+ mutants are abnormal.

704 (A) 12 dpg seedlings of Col-0, axs1-1 axs2-1/+ and axs1-2 axs2-2/+. Bars = 5 mm. (B) and (C) 

705 Root length (B) and lateral root number (C) of 12 dpg Col-0, axs1-1 axs2-1/+ and axs1-2 axs2-

706 2/+ seedlings. Error bars indicate SD. n = 26, **P<0.01, t test. (D) Roots of 4 dpg Col-0, axs1-1 

707 axs2-1/+ and axs1-2 axs2-2/+ seedlings. The first root hairs are indicated with arrows. Bar = 1 

708 mm. (E) and (F) Distance between root tip and first root hair (E) and root hair density (F) of Col-0, 
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709 axs1-1 axs2-1/+ and axs1-2 axs2-2/+ seedlings. Error bars indicate SD. n ≥ 6, **P < 0.01, t test. 

710 (G) Root tips of 4 dpg Col-0, axs1-1 axs2-1/+ and axs1-2 axs2-2/+ seedlings. Arrows indicate the 

711 start site of the elongation zone (Cell length > Cell width). Arrowheads indicate the quiescent 

712 centers (QC). Bar = 0.1 mm. (H) and (I) Meristem size and meristematic cortex cells of Col-0, 

713 axs1-1 axs2-1/+ and axs1-2 axs2-2/+ seedlings. Error bars indicate SD. n ≥ 6, **P < 0.01, t test. 

714 (J) Root hair zones of 4 dpg Col-0 and axs1-1 axs2-1/+ seedlings. Bar = 0.1 mm. (K) 

715 Representative SEM image showing cell wall of root hair zones of 4 dpg Col and axs1-1 axs2-1/+ 

716 seedlings. Bar = 2 µm.

717 Figure 5. The axs1 axs2/+ mutants show reduced UDP-Api, Api, B and RG-II content.

718 (A) UDP-Api content from 3-week-old plant leaves. Error bars indicate SD. n = 6, **P<0.01, t 

719 test. (B) Api content of AIR extracts from 3-week-old plant leaves. Error bars indicate SD. n = 6, 

720 **P<0.01, t test. (C) B content of AIR extracts from 3-week-old leaves. Data are % of total dry 

721 weight. Error bars indicate SD. n = 6, **P<0.01, t test. (D) Characterization of RG-II preparations 

722 using PAGE. AIR extracts from 3-week-old leaves digested with endo-polygalacturonase. 

723 Samples were loaded as serial dilutions. RG-II was visualized by silver staining. The mur1 mutant 

724 was used as control. Dimeric RG-II (**), monomeric RG-II (*). (E) Characterization of RG-II 

725 preparations by SEC. The mur1 mutant was used as a control. The peaks corresponding to eluting 

726 RGI, RG-II dimer and monomer, and oligogalacturonides (OGAs) are labeled. 

727 Figure 6. Microarray analysis of the axs1-1 axs2-1/+ double mutant.

728 (A) and (B) Enrichment of selected categories of GO biological process and GO cellular 

729 component in genes up-regulated and down-regulated. The P values calculated based on their 

730 relative abundance in the wild-type Col-0 genome were labeled on the right. For a complete list 

731 of GO terms, see Supplemental Data Sets online. (C) Overlap between genes in the microarray 

732 we conducted and of Vanneste et al. (2005). (D) qRT-PCR verification of microarray results of 

733 the cell wall related genes. RNA was prepared from the roots of 12 dpg seedlings of axs1-1 axs2-

734 1/+ mutant and Col-0. Error bars indicate SD (n=3). 

735

736

737

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

738

739 Tables

740 Table 1. Genetic analysis of axs1-1 axs2-1/+ gametophytes. 

Classes Observed(o) Expected(e) Deviation d(o-e) d2 X2(d2/e)

Back cross of ♀axs1-1 axs2-1/+ × ♂Col-0a

axs1-1/+ axs2-1/+ 15 16 -1 1 0.0625

axs1-1/+ AXS2 17 16 1 1 0.0625

Back cross of ♀Col-0 × ♂axs1-1 axs2-1/+b

axs1-1/+ axs2-1/+ 0 14 -14 196 14

axs1-1/+ AXS2 28 14 14 196 14

an=32, X2=0.125, no significance.       bn=28, X2=28, P<0.001

741 Reciprocal crosses of axs1-1 axs2-1/+ and the Col-0 parent were generated, and the progenies 

742 were PCR genotyped. PCR score was subjected to a X2 test. n, sample number; P, statistical 

743 significance.

744

745 Table 2. Nucleotide sugars analysis of axs double mutants. The amounts are presented as 

746 mol % ± SD of three biological replicates. For all data, values significantly different from the 

747 Col-0 plants are marked with asterisks (*P<0.05, **P<0.01, t test).

748

749

750 Table 3. Cell wall analysis as AIR of axs double mutants. Monosaccharide composition of 

751 Col-0, axs1-1 axs2-1/+, axs1-2 axs2-2/+, axs1/+ axs2 plants were analyzed by HPAEC PAD. 

752 The shoots of 3-week-old plants were pooled and n=6 technical replicates were analyzed. The 

753 amounts are presented as mol % ± SD of three biological replicates. For all data, values 

754 significantly different from the Col-0 plants are marked with asterisks (*P<0.05, **P<0.01, t 

755 test). 

756

UDP-

Glc

UDP-

GlcA

UDP-

GalA UDP-Rha

UDP-

Gal UDP-Xyl

UDP-

Arap

GDP-

Man

UDP-

Araf GDP-Fuc UDP-Api

Col-0 65.2±2.5 3.8±0.3 2.2±0.1 4.4±0.6 15.0±1.3 4.0±0.2 2.7±0.1 1.8±0.5 0.38±0.09 0.45±0.08 0.12±0.02

axs1-1 axs2-1/+ 64.9±2.0 4.6±0.6 2.4±0.2 4.3±0.4 13.5±1.1 4.2±0.4 2.8±0.3 2.4±0.4 0.40±0.04 0.53±0.04 0.02±0.01**

axs1-2 axs2-2/+ 65.3±0.8 4.5±0.4 2.3±0.3 4.6±0.3 13.1±0.7 4.1±0.3 2.8±0.2 2.4±0.4 0.35±0.03 0.54±0.05 0.02±0.01**
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Fucose Rhamnose Arabinose Galactose Xylose GalA GlcA

Col-0 1.8±0.1 9.8±0.3 14.9±0.1 19.7±0.2 11.9±0.3 36.3±0.6 5.6±0.3

axs1-1 axs2-1/+ 1.7±0.0 8.2±0.1** 17.2±0.2 20.1±0.1 13.5±0.1 34.0±0.1** 5.4±0.2

axs1-2 axs2-2/+ 1.8±0.0 8.3±0.2** 18.3±0.2 20.3±0.1 13.3±0.1 33.2±0.2** 5.0±0.2**

axs1/+ axs2 1.5±0.0 5.0±0.0** 20.0±0.1 23.5±0.1 20.8±0.1 28.8±0.3** 0.9±0.3**
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