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37 Summary

38  Tricin (3´,5´-dimethoxylated flavone) is a predominant flavonoid amongst monocots but occurs 

39 only in isolated and unrelated dicot lineages. Although tricin biosynthesis has been intensively 

40 studied in monocots, it remained largely elusive in tricin-accumulating dicots. 

41  We investigated a subgroup of cytochrome P450 (CYP) 75B subfamily flavonoid B-ring 

42 hydroxylases (FBHs) from two tricin-accumulating legumes, Medicago truncatula and alfalfa (M. 

43 sativa), by phylogenetic, molecular, biochemical and mutant analyses.

44  Five Medicago cytochrome P450 CYP75B FBHs are phylogenetically distant from other legume A
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45 CYP75B members. Among them, MtFBH-4, MsFBH-4 and MsFBH-10 were expressed in tricin-

46 accumulating vegetative tissues. In vitro and in planta analyses demonstrated that these proteins 

47 catalyze 3´- and 5´-hydroxylations critical to tricin biosynthesis. A key amino acid 

48 polymorphism, T492G, at their Substrate Recognition Site 6 domain is required for the novel 5´-

49 hydroxylation activities. M. truncatula mtfbh-4 mutants were tricin-deficient, indicating that 

50 MtFBH-4 is indispensable for tricin biosynthesis.

51  Our results revealed that these Medicago legumes had acquired the tricin pathway through 

52 molecular evolution of CYP75B FBHs subsequent to speciation from other non-tricin-

53 accumulating legumes. Moreover, their evolution is independent from that of grass-specific 

54 CYP75B apigenin 3´-hydroxylases/chrysoeriol 5´-hydroxylases dedicated to tricin production 

55 and Asteraceae CYP75B flavonoid 3´,5´-hydroxylases catalyzing the production of delphinidin-

56 based pigments.

57

58 Keywords: Alfalfa (Medicago sativa), dicot, legume, Medicago truncatula, pathway evolution, tricin 

59 biosynthesis. 

60

61

62

63 Introduction

64 Flavonoids are a group of secondary metabolites widespread among land plants. These 

65 structurally diverse compounds contribute to various physiological mechanisms in plants, including 

66 responses towards biotic and abiotic threats, nodule organogenesis (in legumes), attraction of 

67 pollinators, fertility, pigmentation of fruits and flowers and regulation of plant developments (Dixon 

68 & Pasinetti, 2010; Falcone Ferreyra et al., 2012; Harborne & Williams, 2000; Peer & Murphy, 2006; 

69 Zhang et al., 2009; Zhang et al., 2007). In addition, some flavonoids are well-documented 

70 nutraceuticals. For instance, tricin, a 3´,5´-dimethoxylated flavone, demonstrates potent anticancer 

71 (Al-Fayez et al., 2006; Cai et al., 2004), antiproliferative (Duarte-Almeida et al., 2007) and A
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72 antioxidant (Kwon et al., 2002) properties. More recent studies showed that tricin is an integrated 

73 component of lignin, which is an abundant phenylpropanoid polymer in cell walls, in some plant 

74 lineages (Del Río et al., 2012; Lan et al., 2015; Lan et al., 2016). Hence, there is a tight but complex 

75 association between flavonoid and lignin biosynthesis, prompting efforts in modifying straw lignin 

76 content and composition through manipulation of tricin biosynthesis (Eloy et al., 2017; Lam et al., 

77 2017; Lam et al., 2019a; Lam et al., 2019b). Consequently, a thorough understanding of tricin 

78 biosynthesis in species with great potential in biomass utilization, such as sorghum (Sorghum bicolor) 

79 and alfalfa (Medicago sativa) (Lan et al., 2016), has become imperative.  

80 In monocots, tricin derivatives including soluble tricin O-conjugates and cell-wall-integrated 

81 tricin-lignins are ubiquitously present in major families like Poaceae, Arecaceae, Cyperaceae, and 

82 Orchidaceae (Lan et al., 2016; Li et al., 2016). Considering the more extensive occurrence of tricin 

83 metabolites in monocots, prior investigation of the enzymology of its biosynthesis focused primarily 

84 on Poaceae, including cereal crops like rice, maize and sorghum (Eloy et al., 2017; Lam et al., 2015; 

85 Lam et al., 2019a; Lam et al., 2019b). Chalcone synthase, the first committed enzyme of flavonoid 

86 biosynthesis, condensates three malonyl-CoA with one p-coumaroyl-CoA into naringenin chalcone 

87 which is swiftly converted into naringenin either catalyzed by chalcone isomerase or via spontaneous 

88 isomerization (Druka et al., 2003; Mol et al., 1985; Reddy et al., 1996). Flavone synthase I and/or 

89 flavone synthase II (FNSII) then desaturate the C2–C3 bond of naringenin to generate apigenin 

90 (Falcone Ferreyra et al., 2015; Lam et al., 2017; Lam et al., 2014; Martens & Mithofer, 2005; Zhang 

91 et al., 2007). Afterwards, the apigenin aglycone is subjected to two rounds of sequential 

92 hydroxylation and methylation at the 3´- and 5´- positions in the flavonoid B-ring to complete the 

93 biosynthesis of tricin in grasses (Cummins et al., 2006; Kim et al., 2006; Zhou et al., 2006; Zhou et 

94 al., 2009). Interestingly, in contrast to the earlier belief that a canonical flavonoid 3´,5´-hydroxylase 

95 (F3´5´H) belonging to CYP75A subfamily is required for the 5´-hydroxylation step (Zhou & Ibrahim, 

96 2010), the only member in rice (CYP75A11) appeared to be non-functional (Lam et al., 2015). 

97 Instead, apigenin 3´-hydroxylase/chrysoeriol 5´-hydroxylase (A3´H/C5´H) from CYP75B subfamily 

98 (to which canonical F3´Hs belong) serves as a bifunctional flavone hydroxylase which catalyzes both 

99 the 3´- and 5´-hydroxylation steps exclusively for the biosynthesis of soluble and lignin-integrated 

100 tricin in grasses (Lam et al., 2015; Lam et al., 2019a).A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

101 In contrast to the widespread occurrence in monocots, the distribution of tricin-type 

102 metabolites is more sporadic in dicots. They have been detected in isolated species of unrelated 

103 lineages scattering across dicot families such as Ranunculaceae (peripheral dicots), Fabaceae (rosids) 

104 and Caprifoliaceae (asterids) (Li et al., 2016). Unlike Poaceae, tricin biosynthesis has remained 

105 largely uncharacterized in dicots, but the patchy occurrences may suggest that independent pathways 

106 evolved convergently in different tricin-accumulating lineages. Medicago species (e.g., M. sativa or 

107 alfalfa and M. truncaluta) are rare examples of tricin-accumulating plants in Fabaceae (Li et al., 2016; 

108 Zhou & Ibrahim, 2010). Metabolomic studies have provided comprehensive data for the accumulation 

109 of tricin and its upstream flavone intermediates (i.e., apigenin, luteolin and chrysoeriol) in these 

110 Medicago legumes (Fu & Wang, 2015; Jasinski et al., 2009; Kowalska et al., 2007). It has been 

111 demonstrated that in M. truncatula, apigenin is produced from naringenin via the formation of 2-

112 hydroxynaringenin as an intermediate instead of directly introducing a C2=C3 bond into the 

113 flavanone skeleton as in Poaceae (Supporting Information Fig. S1) (Akashi et al., 1999; Du et al., 

114 2010; Zhang et al., 2007). However, downstream metabolic steps and enzymes that further derivatize 

115 apigenin into tricin, especially those related to 5´-hydroxylation, are still ambiguous. While CYP75B 

116 A3´H/C5´Hs were identified as the bona fide enzymes catalyzing this reaction step in grasses, these 

117 flavonoid B-ring hydroxylases (FBHs) are strictly conserved in Poaceae (Lam et al., 2015; Lam et al., 

118 2019a).  Hence, Medicago spp. must have independently recruited other forms of FBHs for tricin 

119 biosynthesis. In particular, it remained unclear whether the 5´-hydroxylation involves canonical 

120 CYP75A F3´5´Hs (Dixon & Steele, 1999; Marles et al., 2003; Moreau et al., 2012), or CYP75B 

121 FBHs with additional 5´-hydroxylase activities similar to the A3´H/C5´Hs in grasses (Lam et al., 

122 2015; Lam et al., 2019a).

123 In this study, we analyzed M. truncatula and alfalfa FBHs and identified a unique subgroup of 

124 CYP75B enzymes that are responsible for catalyzing both 3´- and 5´-hydroxylations essential to tricin 

125 biosynthesis under in vitro and in planta conditions. The recruitment of flavonoid 5´-hydroxylation 

126 activities of these Medicago CYP75B FBHs is strongly correlated with an amino acid polymorphism 

127 T492G in the substrate recognition site 6 (SRS6) motif. Furthermore, two independent M. truncatula 

128 MtFBH-4 mutant lines displayed a tricin-deficient phenotype in their vegetative tissues. Altogether 

129 our findings strongly support that unique FBHs were recruited for tricin biosynthesis in the genus A
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130 Medicago, and such information provides valuable insights into future manipulation of tricin-

131 metabolites, including cell-wall-bound tricin-lignin in alfalfa for improvement of forage quality. The 

132 evolution and acquisition of the 5´-hydroxylase activities by this subgroup of Medicago-specific 

133 CYP75B FBHs are independent from the Poaceae-family-specific A3´H/C5´Hs, which are also 

134 involved in tricin biosynthesis. In addition, genus-specific convergent evolutionary events plausibly 

135 contribute to the patchy occurrence of tricin-type metabolites in dicots today.

136

137

138

139

140

141 Materials and methods

142 Phylogenetic analysis of FBHs in the Medicago genus

143 To identify putative FBHs in the Medicago genus, the protein sequence of a previously 

144 described soybean F3´H (Glycine max; BAB83261.1; Toda et al., 2002) was BLASTP searched 

145 against the protein sequence databases of M. truncatula (National Center for Biotechnology 

146 Information, http://www.ncbi.nlm.nih.gov/) and alfalfa (Noble Research Institute, LLC, 

147 http://www.alfalfatoolbox.org/). The retrieved sequences were aligned with known FBHs from both 

148 dicots and monocots using ClustalW with default configurations (Larkin et al., 2007). An unrooted 

149 phylogenetic tree was constructed by the neighbor-joining method (JTT model) with 1000 bootstrap 

150 replicates using MEGA7 (Jones et al., 1992; Kumar et al., 2016). 

151 Plant materials and M. truncatula tnt1 insertion mutants

152 Seeds of two independent M. truncatula mutant lines for MtFBH-4 [NF17189 (R1; mtfbh-4-a) 

153 and NF19367 (R0; mtfbh-4-b)] which harbor transposable element of Nicotiana tabacum cell type 1 A
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154 (tnt1) insertions were obtained from the M. truncatula tnt1 insertion mutant library (Tadege et al., 

155 2008; available at Noble Research Institute, LLC, http://medicago-mutant.noble.org/mutant/). Seeds 

156 of M. truncatula wild type (cv. R108-1), tnt1 mutants and alfalfa wild type were germinated on 0.8% 

157 (w/v) water agar. Germinated seeds were then sown into soil and incubated in a phytotron (12/12 h 

158 light/dark cycle, 24 °C). Homozygous M. truncatula MtFBH-4 tnt1 insertion mutants were confirmed 

159 by genomic PCR and RT-PCR using tnt1-specific primers and MtFBH4-specific primers (Supporting 

160 Information Table S3) as described previously (Cheng et al., 2011). 

161 Gene expression analyses experiments

162 In silico expression data of MtFBH genes were retrieved from the MedicMine database 

163 (Krishnakumar et al., 2015; J. Craig Venter Institute, http://medicmine.jcvi.org/medicmine/). Total 

164 RNA was extracted from leaves and stems of 1-month-old alfalfa and 2-month-old M. truncatula cv. 

165 R108-1 and cv. A17 plants using the TRIzol method (Invitrogen) according to the manufacturer´s 

166 instructions. Total RNA (1µg) was reverse transcribed into first-strand cDNA using an oligo-dT 

167 primer and the PrimeScript RT reagent Kit with gDNA Eraser (TaKaRa). In planta expression of 

168 different genes in M. truncatula cv. R108 (n = 3) was then examined by qRT-PCR using 

169 ABI StepOne Plus Real-Time PCR system (Applied Biosystems) and gene-specific primers 

170 (Supporting Information Table S3). A housekeeping gene Medicago truncatula polyubiquitin 3 

171 (MtUbi; XM_003627103.1; Kakar et al., 2008) was used as an internal control.

172 Cloning of Medicago CYP75B FBH genes

173 The full length coding sequence (CDS) of MtFBH-4 was amplified from cDNA prepared from 

174 the A17 ecotype (Supporting Information Table S2). Full-length CDS of MtFBH-1/2/5 and MsFBH-

175 4/10 were chemically synthesized (Synbio Technologies), followed by amplification using gene-

176 specific primers (Supporting Information Table S2) and ligation into the pYES2.1/V5-His-TOPO 

177 yeast expression vector (Invitrogen).

178 Generation of MtFBH-4 mutant protein

179 The full-length CDS of MtFBH-4 from the A17 ecotype was chemically synthesized (Synbio A
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180 Technologies) to introduce a specific point mutation at the amino acid sequence level. The nucleotide 

181 triplet, GGT, from the 1474th to 1476th position of the MtFBH-4 CDS was replaced by another set of 

182 nucleotide triplet, ACT, in the synthesized sequence. The PCR products amplified from the 

183 synthesized DNA template were cloned into the pYES2.1/V5-His-TOPO expression vector 

184 (Invitrogen). Consequently, the original Gly residue at the 492nd position was replaced by a Thr 

185 residue, resulting in a nonsynonymous mutation (G492T) in the mutated protein sequence.

186 Heterologous expression in yeast and in vitro enzyme assays

187 Yeast expression constructs were transformed into a yeast (Saccharomyces cerevisiae) strain 

188 INVSc1 (Invitrogen) using the LiAc/PEG method (Gietz and Schiestl, 2007). Yeast incubation, 

189 induction of gene expression and yeast microsome extraction were carried out as described by Du et 

190 al. (2010). Gene expression in the transformed yeast cells was verified by RT-PCR. Microsomes 

191 expressing recombinant CYP75A1 protein from Petunia hybrida (Lam et al., 2015) were used as a 

192 positive control for all enzyme reactions. To investigate the enzyme activities of the M. truncatula 

193 and alfalfa FBHs, individual microsome preparations harboring 200 µg proteins were incubated in 

194 100 mM potassium phosphate buffer (pH 7.0), 5 mM NADPH, 5 mM ʟ-glutathione and 100 µM 

195 flavonoid substrates at 30 °C for 1 h. Enzyme kinetics of recombinant MtFBH-4 and MtFBH-5 were 

196 determined under the same conditions except the concentration of apigenin used ranged from 1 to 100 

197 µM. Initial velocities were plotted against different apigenin concentrations using the non-linear 

198 regression fitting from the GraphPad Prism software (GraphPad). All reactions were repeated three 

199 times using the same microsome preparation. To compare the 3´- and 5´-hydroxylation activities 

200 between the wild-type and mutant MtFBH-4 proteins, four different flavonoids (apigenin, chrysoeriol, 

201 homoeriodictyol and isorhamnetin) were incubated with microsome preparations harboring the two 

202 proteins individually. Four sets of microsomes (2 containing the wild-type protein from the A17 

203 ecotype and 2 containing the point mutation protein, each from an independent yeast colony), were 

204 individually incubated with the flavonoid substrates under the standard assay conditions described 

205 above and all reactions were repeated 3 times. Each enzyme assay reaction mixture was extracted 

206 twice by ethyl acetate and the combined organic layer was dried and re-suspended in 50 µl HPLC-

207 grade methanol for HPLC-quadrupole time-of-flight mass spectrometer (QTOF-MS) analysis as A
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208 described below. 

209 Agroinfiltration of N. benthamiana leaves

210 The full-length CDS of MtFBH-1/2/4/5 and MsFBH-4/10 were subcloned into a binary vector, 

211 pEAQ-HT (Sainsbury et al., 2009), which were then transformed into Agrobacterium tumefaciens 

212 strain GV3101 by the freeze-thawed method (Holsters et al., 1978). The obtained Agrobacterium 

213 suspensions were pressure-infiltrated into the abaxial side of 4-week-old N. benthamiana leaves as 

214 previously described (Sainsbury et al., 2009). Agrobacterium harboring the empty pEAQ-HT vector 

215 was simultaneously infiltrated into N. benthamiana leaves as experimental controls. Four days after 

216 the infiltration, N. benthamiana leaves were harvested and immediately vacuumed in an aqueous 

217 solution (with 3% (v/v) dimethyl sulfoxide to enhance substrate solubility) of 100 μM apigenin or 

218 chrysoeriol for 30 min and were then incubated at room temperature for 24 h. After incubation, the 

219 infiltrated N. benthamiana leaves were washed twice with deionized water, dried on filter papers, and 

220 their metabolites were extracted by methanol for HPLC-tandem mass spectrometer (MS/MS) analysis 

221 after acid-hydrolysis as described below.

222 Plant metabolite extraction

223 N. benthamiana leaves (200 mg) transiently expressing MtFBH-1, MtFBH-2, MtFBH-4, 

224 MtFBH-5, MsFBH-4 or MsFBH-10, as well as stems and leaves (100 mg) of 2-month old M. 

225 truncatula wild type (cv. R108-1) and MtFBH-4 tnt1 mutants (n = 5 for each line) were harvested for 

226 metabolite analysis. Tissues were frozen by liquid nitrogen, ground into fine powder using 

227 TissueLyser II (QIAGEN) and were then extracted with 200 µl HPLC-grade methanol at 4 °C for 24 h. 

228 For acid hydrolysis, filtered samples were incubated with an equal volume of 2 M HCl at 90 °C for 1 

229 h. 

230 HPLC-QTOF-MS and HPLC-MS/MS analysis

231 Purified products of enzyme assays were separated by a Synergi C18 column (Synergi 4µ 

232 Fusion RP 80 A, 50 × 2 mm, Phenomenex) connected to a QTOF-mass spectrometer X500R system 

233 (AB SCIEX) operating under positive ionization mode. The mobile phase consisted of 0.5% (v/v) A
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234 formic acid/water (A) and 0.5% (v/v) formic acid/methanol (B). The flow rate was maintained at 0.5 

235 ml min−1 over a 6-min linear gradient of 10% to 70% B. Compound detection was achieved by 

236 information dependent acquisition (IDA) mode. Meanwhile, acid-hydrolyzed plant metabolites were 

237 separated by the same C18 column connected to a HP1100 series HPLC system (Agilent 

238 Technologies) linked to an AP3200-QTRAP mass spectrometer (AB SCIEX) operating under positive 

239 ionization mode. A linear gradient from 10% to 70% B over 20 min at an 0.2 ml min−1
 flow rate was 

240 used. MS/MS spectra were acquired by Enhanced Product Ion scan. Total non-acid-hydrolyzed 

241 metabolites were analyzed by the X500R QTOF-MS system operating under positive ionization mode 

242 after compound separation on a Kinetex F5 column (Kinetex 2.6 µm F5 100 A, 150 × 2.1 mm, 

243 Phenomenex) over a linear gradient of 5% to 95% B in 20 min at a flow rate of 0.2 ml min−1
. 

244 Quantification of metabolites was performed by integration of peak area using the quantification 

245 mode of SCIEX OS. Identification of compounds was achieved via comparing the retention time and 

246 MS/MS spectra with previously published data or authentic standards (Du et al., 2010; Fu & Wang, 

247 2015; Kowalska et al., 2007; Lam et al., 2015).

248 Accession numbers

249 Sequence data from this article can be found in the GenBank data library, Phytozome or the 

250 alfalfa database under accession numbers as listed in Supporting Information Table S1 and S2. 

251

252
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258

259

260

261

262

263

264

265 Results 

266 In silico analysis identifies a unique group of FBHs in Medicago spp.

267 Seven putative MtFBHs (two CYP75A and five CYP75B sequences) in M. truncatula and 

268 fourteen putative MsFBHs (three CYP75A and eleven CYP75B sequences) in alfalfa were retrieved 

269 (Supporting Information Table S1) following BLASTP searches against the respective proteomes 

270 using a known soybean GmF3´H sequence (Toda et al., 2002).  Since MtFBH-3 is truncated by 

271 approximately 240 amino acids at the N-terminus compared to other FBHs, it was considered an 

272 incomplete protein and removed from subsequent analyses. 

273 Multiple sequence alignment of the Medicago FBHs revealed the conservation of classical 

274 cytochrome P450 domains including an ExxR motif, a heme binding domain and an oxygen binding 

275 pocket (data not shown). In addition, most of the SRSs are highly conserved except SRS6, a key 

276 region determining substrate specificity of cytochrome P450 enzymes (Dueholm et al., 2015; Gotoh, 

277 1992). Interestingly, at the 8th position of SRS6 (SRS6-8), a Gly residue is present in MtFBH-4, 

278 MsFBH-1, MsFBH-3, MsFBH-4, and MsFBH-10 (Table 1) instead of a Thr residue which is highly 

279 conserved in canonical CYP75B F3´Hs (Han et al., 2010; Schoenbohm et al., 2000; Toda et al., 2002), 

280 or an Ala residue which is highly conserved in canonical CYP75A F3´5´Hs (Seitz et al., 2007). A
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281 Phylogenetic analysis revealed that the five FBHs with a Gly residue at SRS6-8 formed a 

282 separate clade from the other Medicago CYP75B FBHs with a Thr residue (Table 1 & Fig. 1). 

283 Recently, we reported a unique subgroup of grass-specific CYP75B proteins with A3´H/C5´H 

284 activities required for 3´- and 5´-hydroxylations during tricin biosynthesis in grasses (Lam et al., 

285 2019a). Coincidentally, a Leu residue, rather than a Thr/Ala residue, is present at SRS6-8 in all grass 

286 A3´H/C5´Hs characterized, and they also formed a distinct clade from the canonical F3´Hs in grasses 

287 (Fig. 1). Therefore, we hypothesized that the Medicago CYP75B FBHs with a Gly residue at SRS6-8 

288 (MtFBH-4, MsFBH-1, MsFBH-3, MsFBH-4, and MsFBH-10) may display unique catalytic activities 

289 required for tricin biosynthesis, similar to the grass CYP75B A3´H/C5´Hs.

290 Gene expression analyses implicate an involvement of MtFBH-4 in tricin biosynthesis

291 Our investigation on the putative Medicago FBHs was initiated with M. truncatula, which is a 

292 well-recognized diploid model legume closely related to commercially important alfalfa (an 

293 autotetraploid with high genetic complexity) with a short life cycle, small genome and publicly 

294 available genomic and genetic resources (Tadege et al., 2008). We first examined the expression 

295 patterns of the putative MtFBHs in M. truncatula leaves and stems which were reported to accumulate 

296 tricin-related metabolites (Fu & Wang, 2015; Li et al., 2016). Through analyzing publicly available in 

297 silico expression datasets (Krishnakumar et al., 2015) and confirming these data by qRT-PCR 

298 experiments (Supporting Information Fig. S2a-b), we determined that genes encoding the two 

299 CYP75A members, i.e., MtFBH-6/7 (Supporting Information Table S1), were either poorly expressed 

300 (MtFBH-6) or not expressed (MtFBH-7) in M. truncatula leaves and stems, suggesting that these 

301 putative canonical F3´5´Hs are not involved in tricin biosynthesis in vegetative tissues of M. 

302 truncatula. Among the CYP75B members, i.e., MtFBH-1/2/4/5 (Supporting Information Table S1), 

303 only MtFBH-4/5 were consistently expressed in both leaves and stems; the expression levels of 

304 MtFBH-1 and MtFBH-2 were very low or barely detectable in M. truncatula leaves and stems 

305 (Supporting Information Fig. S2a-b). Considering the expression pattern, unique SRS6-8 amino acid 

306 residue (Table 1) and phylogenetic group of MtFBH-4 (Fig. 1), we reasoned that MtFBH-4 might be 

307 responsible for catalyzing the 5´-hydrxoylation step during tricin biosynthesis in M. truncatula. 

308 In vitro and in planta enzyme assays reveal unique activities of MtFBH-4A
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309 Subsequently, MtFBH-4 was heterologously expressed in yeast cells and microsome fractions 

310 harboring the recombinant proteins were purified and incubated with different flavonoid substrates for 

311 enzymatic assays. HPLC-QTOF-MS analysis of the reaction products demonstrated that the 

312 recombinant protein catalyzed 3´-hydroxylations of flavone (apigenin to luteolin, Fig. 2b), flavonol 

313 (kaempferol to quercetin, Supporting Information Fig. S3a), and flavanone (naringenin to eriodictyol, 

314 Supporting Information Fig. S3b), but not 3´-hydroxylation of dihydroxyflavonol (dihydrokaempferol 

315 to dihydroxyquercetin, Supporting Information Fig. S3c). In contrast, microsomes expressing a 

316 previously characterized dicot F3´5´H, i.e., petunia CYP75A1 (Holton et al., 1993), were able to 

317 introduce a 3´-hydroxyl group to the all flavonoids tested including dihydrokaempferol (Supporting 

318 Information Fig. S3a-c).  

319 More importantly, consistent with our hypothesis, recombinant MtFBH-4 was able to convert 

320 chrysoeriol into selgin via introducing a 5´-hydroxyl group in the flavone B-ring (Fig. 2c), a key 

321 enzymatic activity distinguishing the grass A3´H/C5´Hs from other CYP75B F3´Hs in monocots 

322 (Lam et al., 2015). Moreover, its flavonoid 5´-hydroxylation activities were further extended to two 

323 other 3´-methoxylated flavonoid substrates, homoeriodictyol and isorhamnetin, since 5´-

324 hydroxyhomoeriodictyol and laricitrin were detected respectively as their enzyme reaction products 

325 (Fig. 2d-e). On the other hand, 3´-hydroxylated flavonoids such as luteolin and quercetin (Supporting 

326 Information Fig. S3d-e) were not modified by MtFBH-4 whereas petunia CYP75A1 F3´5´H was able 

327 to convert these substrates into 3´,5´-hydroxylated flavonoids under the same conditions. These data 

328 indicated that under in vitro conditions, MtFBH-4 can 3´-hydroxylate a range of flavonoid substrates, 

329 whereas its 5´-hydroxylase activities are limited to 3´-methoxylated flavonoids. Its catalytic activities 

330 are different from those observed in CYP75A1, a canonical dicot F3´5´H, which modifies 3´-

331 hydroxylated as well as 3´-methoxylated flavonoids, and grass CYP75B A3´H/C5´Hs, which modify 

332 chrysoeriol but not the other 3´-methoxylated flavonoids (Lam et al., 2015).

333 In addition, we analyzed the catalytic activities of other CYP75B FBHs in M. truncatula 

334 including MtFBH-1 and MtFBH-2, which are phylogenetically closely related to MtFBH-4 (Fig. 1), 

335 as well as MtFBH-5, which is expressed in tricin-accumulating vegetative tissues (Supporting 

336 Information Fig. S2). While recombinant MtFBH-1, MtFBH-2 and MtFBH-5 could convert apigenin A
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337 into luteolin, they all failed to modify 3´-substituted flavone substrates including luteolin and 

338 chrysoeriol at the 5´-position under in vitro conditions (Supporting Information Fig. S4a-c), 

339 suggesting that MtFBH-4 may be the sole enzyme that can utilize chrysoeriol as a substrate for tricin 

340 biosynthesis in the vegetative tissues of M. truncatula. 

341 MtFBH-4 was also transiently expressed in Nicotiana benthamiana leaves under the control of 

342 a highly efficient Cowpea Mosaic Virus expression cassette (Sainsbury et al., 2009) to evaluate its in 

343 planta enzymatic functions. Agrobacterium-infiltrated leaves (n = 5) expressing MtFBH-4 were fed 

344 with apigenin or chrysoeriol and the resultant metabolites were extracted and acid-hydrolyzed to 

345 remove O-conjugates for HPLC-tandem mass spectrometer (MS/MS) analysis. As shown in Fig. 3a 

346 and Supporting Information Fig. S5a, apigenin and chrysoeriol substrates could be detected in all the 

347 leaves transformed with empty vectors or constructs expressing MtFBH-4, indicating successful 

348 uptake of individual substrates by the leave tissues. In leaves expressing MtFBH-4 infiltrated with 

349 apigenin, all flavones along the tricin biosynthetic pathway, including luteolin, chrysoeriol, selgin and 

350 tricin, were detected at high intensities while only trace amount of luteolin and chrysoeriol were 

351 detected in control leaves expressing the empty vector (Fig. 3b-e), likely due to the endogenous F3´H 

352 and O-methyltransferase activities in the N. benthamiana leaves. Furthermore, leaves expressing 

353 MtFBH-4 infiltrated with chrysoeriol accumulated selgin and tricin while these signals were absent in 

354 the control leaves expressing the empty vector (Supporting Information Fig. S5a-c); the conversion of 

355 selgin into tricin could be likewise a result of endogenous O-methyltransferase activities in the N. 

356 benthamiana leaves. On the other hand, we also analyzed the catalytic activities of MtFBH-1, 

357 MtFBH-2 and MtFBH-5 which are CYP75B FBHs with a Thr residue at SRS6-8 (Table 1). Consistent 

358 with the in vitro enzyme assay results, after incubation with apigenin, leaves transiently expressing 

359 either MtFBH-1, MtFBH-2 (Supporting Information Fig. S6a-e) or MtFBH-5 (Fig. 3b-e) accumulated 

360 luteolin and chrysoeriol, but not selgin or tricin, as end products. Altogether, these results suggested 

361 that under in planta conditions, MtFBH-4 alone is sufficient to catalyze both 3´and 5´-hydroxylation 

362 steps to the complete the tricin pathway while MtFBH-1/2/5 function as canonical F3´Hs under in 

363 planta conditions (Fig. 3f & Supporting Information Fig. S6f).

364 SRS6 mutation of MtFBH-4 results in changes of its 5´-hydroxylation activitiesA
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365 We speculated that the Gly492 residue at SRS6-8 could be a contributing factor for the 

366 recruitment of 5´-hydroxylation activities in MtFBH-4. Accordingly, we generated a recombinant 

367 MtFBH-4 G492T protein by replacing the Gly492 residue with a Thr492 residue (Fig. 2a). Yeast 

368 microsomes carrying either the wild-type MtFBH-4 protein (WT) or the G492T point mutant protein 

369 (PM) were incubated with apigenin, chrysoeriol, homoeriodictyol, or isorhamnetin. Purified enzyme 

370 reaction products were analyzed using HPLC-QTOF-MS (Fig. 2b-e) and their relative product ion 

371 abundances were recorded and compared (Fig. 2f). Interestingly, the replacement of the Gly492 

372 residue in MtFBH-4 led to a 94% reduction in its 5´-hydroxylation activities towards chrysoeriol, in 

373 addition to the complete loss of catalytic activities towards homoeriodictyol and isorhamnetin without 

374 hampering its 3´-hydroxylation activity towards apigenin (Fig. 2b-f). Overall, these results strongly 

375 support our notions that the Gly residue at SRS6-8 in MtFBH-4 is required for the 5´-hydroxylation of 

376 3´-methoxylated flavonoid substrates, and that the incorporation of this amino acid polymorphism is 

377 likely one of the many molecular evolution events that eventually led to the independent evolution of 

378 tricin pathway in M. truncatula. 

379 Defective MtFBH-4 abolishes tricin biosynthetic pathway in M. truncatula 

380 To further elucidate the role of MtFBH-4 in the tricin biosynthetic pathway of M. truncatula, 

381 two tnt1-retrotransposon-tagged mutant lines, NF17189 (mtfbh-4-a) and NF19367 (mtfbh-4-b) (Fig. 

382 4a), identified from the Medicago truncatula tnt1 insertion mutant library (Tadege et al.., 2008; Noble 

383 Research Institute, LLC, http://medicago-mutant.noble.org/mutant/) were characterized for their 

384 flavonoid profiles. Plants homozygous for the insertions were identified by genomic PCR using 

385 MtFBH-4 gene-specific primers and tnt1 border primers (data not shown). Disruption of MtFBH-4 in 

386 the homozygous mutant lines (R1 generation) was verified by RT-PCR (Fig. 4b). Under the growth 

387 condition tested in this study, the homozygous mtfbh-4 mutants did not show any noticeable 

388 phenotypic changes compared to the wild-type control plants.

389 Total metabolites were extracted from the aerial parts of 2-month-old plants and then 

390 subjected to HPLC-MS/MS analysis after removing O-conjugates by acid hydrolysis. As shown in Fig. 

391 4c-d, no significant difference in the amount of apigenin aglycone was observed between the 

392 homozygous mutants and the wild-type control plants, indicating that the first committed step in A
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393 flavone biosynthesis, the conversion of naringenin to apigenin, was not affected in both mtfbh-4 

394 mutants. However, complete depletion of tricin was observed in leaves and stems harvested from both 

395 homozygous mutant lines, in addition to a significant reduction of chrysoeriol when compared to 

396 metabolites extracted from wild-type plants (Fig. 4e-h). Other potential flavone intermediates along 

397 the tricin pathway, including luteolin, selgin and tricetin, were not detected in both wild-type and 

398 mutant plants (data not shown). The substantial reduction in chrysoeriol content and the lack of tricin 

399 metabolites in mtfbh-4 mutants suggest that MtFBH-4 catalyzes both 3´ and 5´-hydroxylations critical 

400 in completing the tricin pathway in the vegetative tissues of M. truncatula. Although MtFBH-5 (a 

401 canonical F3´H enzyme) is also expressed, its contribution to chrysoeriol accumulation is apparently 

402 limited.  In fact, our kinetics analysis revealed its much lower substrate affinity towards apigenin 

403 compared to that of MtFBH-4; Km of MtFBH-5 towards apigenin is about 10 times to that of MtFBH-

404 4 (Supporting Information Fig. S7a-b). 

405 To further investigate the types of tricin and chrysoeriol O-conjugates affected in the mutant 

406 lines, non-acid-hydrolyzed metabolites of both mutants were analyzed by HPLC-QTOF-MS and these 

407 flavone O-conjugates were identified by comparing their accurate mass and fragmentation pattern to 

408 those of flavone O-conjugates previously reported in M. truncatula (Fu & Wang, 2015; Jasinski et al., 

409 2009; Kowalska et al., 2007; Staszków et al., 2011). Five tricin O-conjugates, including tricin-7-O-

410 glucoside, tricin 7-O-glucuronide, tricin 7-O-glucuronyl-glucoside, tricin-7-O-di-glucuronoside and 

411 tricin 7-O-[2´-O-feruloyl-glucuronyl-(1-2)-glucuronide] could be readily detected in wild-type plants 

412 but were completely depleted in both mutant lines (Table 2). Furthermore, the levels of chrysoeriol 7-

413 O-glucuronide, chrysoeriol 7-O-glucuronyl-glucoside, chrysoeriol 7-O-diglucuronside and chrysoeriol 

414 7-O-[2´-O-feruloyl-glucuronyl-(1-2)-glucuronide] were significantly reduced in the mutant lines 

415 compared with wild-type control (Table 2).

416 Alfalfa orthologs of MtFBH-4 also demonstrate 5´-hydrxoylation activities 

417 So far, our findings firmly establish that MtFBH-4, instead of canonical CYP75A F3´5´Hs, is 

418 a bona fide flavonoid hydroxylase that catalyzes 5´-hydroxylation leading to the production of 

419 extractable tricin metabolites in M. truncatula. As several alfalfa orthologs of MtFBH-4, including 

420 MsFBH-1, MsFBH-3, MsFBH-4 and MsFBH-10, harbor the same T492G amino acid polymorphism A
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421 at their SRS6 motifs (Table 1) and are also phylogenetically distant from other Medicago CYP75B 

422 FBHs (Fig. 1), they may also be involved in tricin biosynthesis. 

423 Among this subgroup of alfalfa FBHs, only MsFBH-4 and MsFBH-10 were expressed in 

424 leaves and stems of wild-type plants whereas the expression of MsFBH-1 and MsFBH-3 could not be 

425 detected in both tissue types (Fig. 5a). We then characterized the enzymatic activities of MsFBH-4 

426 and MsFBH-10 under in vitro and in planta conditions by heterologous expression in yeast cells and 

427 N. benthamiana leaves, respectively, followed by incubation with various flavonoid substrates. 

428 HPLC-QTOF-MS analysis of the products from the in vitro enzyme assays revealed that both 

429 MsFBH-4 and MsFBH-10 convert naringenin, apigenin and kaempferol but not dihydrokaempferol 

430 into their corresponding 3´-hydroxylated flavonoids (Supporting Information Fig. S3a-c & S8a). 

431 Furthermore, both MsFBH-4 and MsFBH-10 recognized 3´-methoxylated flavonoid substrates, 

432 including chrysoeriol, homoeriodictyol and isorhamnetin, and convert them into their corresponding 

433 5´-hydroxylated flavonoids (Supporting Information Fig. S8b-d), but were incapable of modifying 

434 luteolin into tricetin or quercetin to myricetin (Supporting Information Fig. S3d-e). In addition, N. 

435 benthamiana leaves transiently expressing either MsFBH-4 or MsFBH-10 accumulated luteolin, 

436 chrysoeriol, selgin and tricin upon incubation with apigenin (Fig. 5b-f), and selgin and tricin upon 

437 incubation with chrysoeriol (Supporting Information Fig. S9a-c). Overall, the two alfalfa orthologs of 

438 MtFBH-4, MsFBH-4 and MsFBH-10, sharing the same T492G amino acid polymorphism at the 

439 SRS6 motif, display enzyme activities highly resemble to those of MtFBH-4 in their abilities to 

440 introduce 3´-hydroxylations to a wide range of flavonoid substrates and more importantly, recognize 

441 several 3´-methoxylated flavonoid substrates and convert them into their corresponding 5´-

442 hydroxylated forms. 

443

444

445
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447 Discussion

448 The distribution of tricin-type metabolites in dicots is relatively scattered when compared to in 

449 major monocot families including grasses (Poaceae) in which tricin exists as predominant soluble O-

450 conjugates or abundantly incorporates into cell wall lignin (Lan et al., 2016; Li et al., 2016). Through 

451 studying M. truncatula and alfalfa CYP75B members, we identified a genus-specific subgroup of 

452 FBHs that catalyze 3´- and 5´-hydroxylations of the flavone B-ring. These reactions are essential for 

453 producing tricin derivatives, a unique metabolic trait that distinguishes these two Medicago species 

454 from other legumes and dicots. In fact, alfalfa remains the only dicot known to accumulate tricin-

455 lignin in cell wall (Lan et al., 2015). 

456 FBHs, consisting of CYP75A and CYP75B members, have been extensively studied for their 

457 involvement in anthocyanin production that determines flower coloration, a trait that has prominent 

458 impact on plant-pollinator interactions, interspecific competition and evolution (Holton et al., 1993; 

459 Tanaka & Brugliera, 2013). The divergence of CYP75A and CYP75B subfamilies is believed to occur 

460 before the emergence of seed plants (Seitz et al., 2006). The presence of one or more functional 

461 CYP75A F3´5´H in some angiosperm lineages allows the accumulation of 3´,5´-substituded (i.e., 

462 delphinidin-derived) anthocyanins, resulting in blue to violet flowers which may favor insect-

463 mediated pollination (Harborne, 2014). Yet, 3´,5´-substituted flavonoids have patchy distributions in 

464 flowering plants due to repeated losses and/or inactivation of CYP75A genes during angiosperm 

465 evolution (Seitz et al., 2006; Tanaka & Brugliera, 2013). In this study, the absence of CYP75A 

466 expression in vegetative tissues of M. truncatula is apparently compensated by the independent 

467 recruitment of flavonoid 5´-hydroxylation activities in CYP75B MtFBH-4 for the production of tricin-

468 derived metabolites. However, it is worth-noting that unlike CYP75A F3´5´H, MtFBH-4 failed to 

469 produce 3´,5´-dihydroxylated flavonoids from 3´-hydroxylated flavonoids such as luteolin and 

470 quercetin (Supporting Information Fig. S3d-e). Instead, MtFBH-4 accepts 3´-methoxylated flavonoids 

471 and produces 5´-hydroxyl-3´-methoxylated flavonoids (Fig. 2c-e & Supporting Information Fig. S5a-

472 b). Considering the substrate specificity of MtFBH-4 and the fact that chrysoeriol instead of tricetin 

473 was the differential flavonoid metabolite detected in the mtfbh-4 mutants (Fig. 4e-f), tricin 

474 biosynthesis in M. truncatula proceeds through chrysoeriol, i.e., via sequential hydroxylations and O-A
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475 methylations at the B-ring (Supporting Information Fig. S1), essentially recruiting the same 

476 biosynthetic route established previously in Poaceae (Lam et al., 2015; Lam et al., 2019a). In addition, 

477 MsFBH-4 and MsFBH-10 showed similar enzymatic activities to MtFBH-4 (Fig. 5b-e & Supporting 

478 Information Fig. S8a-d), suggesting that the same enzymology is involved for tricin production in 

479 alfalfa, a closely related species of M. truncatula. In addition, our work further excluded the 

480 involvement of sequential 3´,5´-hydroxylations to produce tricetin from naringenin during tricin 

481 biosynthesis in Medicago spp. (Supporting Information Fig. S1).

482 In Poaceae (grasses), tricin metabolites are ubiquitously distributed and the CYP75B 

483 A3´H/C5´Hs required for producing tricin are also highly conserved amongst various family members, 

484 e.g., CYP75B4, CYP75B11 and CYP75B97 in rice, switchgrass and sorghum, respectively (Lam et 

485 al., 2015; Lam et al., 2019a). In comparison, the Medicago CYP75B FBHs with 5´-hydroxylation 

486 activities form a distinct clade in Fabaceae without sequences from other legume genera (Fig. 1). In 

487 fact, the two identified Trifolium pratense CYP75B sequences do not cluster with these Medicago 

488 FBHs, although both genera belong to the same tribe Trifolieae. In addition, MtFBH-1 and MtFBH-2, 

489 which are immediately sister to the clade containing Medicago FBHs with 5´-hydroxylation activities 

490 (Fig. 1), lack 5´-hydroxylation activities towards flavone substrates (Supporting Information Fig. S4b-

491 c & S6a-e). Hence, functional divergence of CYP75B proteins for tricin production likely occurred 

492 during speciation of the Medicago genus. This distinguishing difference may account for the unique 

493 occurrence of tricin derivatives in Medicago spp., including tricin-lignins in alfalfa, but not in other 

494 members of Fabaceae such as soybean and lotus (Lan et al., 2016).

495 Consistently, multiple evolutions of F3´5´H from CYP75B FBHs had occurred in Asteraceae, 

496 giving rise to delphinidin-pigmented flowers in plants of the subfamilies Asteroideae and 

497 Cichoriodeae, and the genus Echinops of the subfamily Carduoideae (Seitz et al., 2015; Seitz et al., 

498 2006). CYP75B enzymes isolated from Asteraceae species (e.g. Callistephus chinensis, Echinops 

499 bannaticus, Cichorium intybus) can convert flavanone (naringenin) and dihydroflavonol 

500 (dihydrokaempferol) into 3´,5´-dihydroxylated flavonoids, dihydrotricetin and dihydromyricetin, 

501 respectively, both serving as precursors for biosynthesis of delphinidin-derived pigments in petals and 

502 fruits (Seitz et al., 2006). However, each of these Asteraceae plants recruited F3´5´H activities A
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503 independently after the divergence from their common Asteraceae ancestor and consequently, some 

504 Asteraceae plants, including those from the Mutisioideae subfamily and the Heliantheae tribe of 

505 Asteroideae subfamily, do not accumulate delphinidin pigments (Seitz et al., 2015). Interestingly, 

506 such gain-of-function in CYP75B members also occurred independently in Billardiera heterophylla, 

507 which produces delphinidin-pigmented flowers but belongs to a different dicot family Pittosporaceae 

508 (Seitz et al., 2015).

509 Since the three Medicago CYP75B FBHs (MtFBH-4, MsFBH-4 and MsFBH-10) recruited 

510 their 5´-hydroxylation activities independently from Poaceae (grass) CYP75B A3´H/C5´Hs as well as 

511 Pittosporaceae and Asteraceae CYP75B F3´5´Hs, we further examined their SRSs, key domains 

512 determining activities of P450 enzymes, for amino acid polymorphisms which are commonly 

513 associated with evolution and diversification of metabolic pathways (De Montellano, 2005; Dueholm 

514 et al., 2015; Gotoh, 1992). According to protein sequence alignment, completely different amino acid 

515 residues are incorporated into the 8th position of SRS6 (SRS6-8) of all three subgroups of CYP75B 

516 proteins possessing 5´-hydroxylation activities (i.e., Asteraceae F3´5´Hs, Seitz et al., 2015; Medicago 

517 FBHs, this work; Poaceae A3´H/C5´Hs, Lam et al., 2019), whereas a SRS6-8 Thr residue is strictly 

518 conserved in all F3´H sequences examined (Table 1). Also, these three unique subgroups of CYP75Bs 

519 showed different substrate ranges for their 5´-hydroxylation activities. For example, Pittosporaceae 

520 and Asteraceae F3´5´Hs, which harbor a Ser or Ala residue in SRS6-8, are able to catalyze sequential 

521 3´,5´-hydroxylations of naringenin and dihydrokaempferol (Seitz et al., 2015). On the other hand, 

522 Medicago FBHs with 5´-hydroxylation activities reported in this study harbor the smallest amino acid 

523 residue, Gly, in SRS6-8 catalyze 3´-hydroxylation of a wide range of flavonoids but their 5´-

524 hydroxylation activities are restricted to 3´-methoxylated flavonoids (chrysoeriol, homoeriodictyol, 

525 and isorhamnetin) which have a comparatively larger flavonoid B-ring than those of 3´-hydroxylated 

526 flavonoids. However, when the Gly residue was artificially replaced by Thr in MtFBH-4, most of the 

527 5´-hydroxylation activities were lost whilst the 3´-hydroxylation activity (towards apigenin) remained 

528 intact (Fig. 2a-f). Hence, the replacement of Thr residue by Gly residue in SRS6-8 may represent one 

529 of key molecular events leading to the successful acquisition of 5´-hydroxylation activities in this 

530 subgroup of Medicago FBHs. Interestingly, the Poaceae (grass) A3´H/C5´Hs, which harbor a Leu 

531 residue in SRS6-8, only accept chrysoeriol for 5´-hydroxylation. Nonetheless, convergent evolution of A
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532 chrysoeriol 5´-hydroxylation had occurred at different phylogenetic levels for biosynthesis of tricin-

533 derived metabolites, resulting in their restricted occurrences in Medicago spp. among Fabaceae plants 

534 but widespread distribution in Poaceae (grass).  

535 It is also worth noting that the convergent evolution of hydroxylases and O-methyltransferases 

536 required for syringyl (S) lignins in angiosperm and Selaginella had also occurred at different 

537 phylogenetic levels (Weng et al., 2010). S lignins are ubiquitously found in angiosperms but in 

538 lycophytes, only some members in the order Selaginellales can synthesize S lignins (Weng et al., 

539 2010). In particular, whereas 3- and 5-hydroxylations in the monolignol biosynthetic pathway in 

540 angiosperm are catalyzed separately by two different CYP enzymes, i.e., p-Coumaroyl ester 3-

541 hydroxylase (C3´H, CYP98A) and ferulate 5‐hydroxylase/coniferaldehyde 5‐hydroxylase 

542 (F5H/CAld5H, CYP84), Selaginella lycophytes independently recruited a bifunctional 

543 phenylpropanoid meta-hydroxylase (CYP788A1) capable of catalyzing both 3- and 5-hydroxylation 

544 reactions required for S lignin biosynthesis, after separating from other lycophytes (Weng et al., 

545 2008). Interestingly, this Selaginella hydroxylase could only catalyze 5-hydroxylation after 3-

546 hydroxyl O-methylation (Weng et al., 2010), which is reminiscent of the catalytic abilities of grass 

547 A3ʹH/C5ʹHs (Lam et al., 2019a) and  the Medicago FBHs identified in this study.

548 Our metabolite analysis of M. truncatula mtfbh-4 mutants indicates the direct involvement of 

549 MtFBH-4, and very likely MsFBH-4 and MsFBH-10, in modifying the flavone B-ring to produce 

550 tricin from apigenin in Medicago plants as no extractable tricin metabolites could be detected in the 

551 vegetative tissues of mtfbh-4 mutant lines (Fig. 4g-h). This notion is further consolidated by the 

552 successful reconstitution of tricin pathway in N. benthamiana leaves which transiently expressed the 

553 Medicago FBHs and fed with apigenin (Fig. 3a-e, 5b-f) or chrysoeriol (Supporting Information Fig. 

554 S5 & S9). Additionally, small amounts of extractable chrysoeriol metabolites were detected in the 

555 mtfbh-4 mutants (Fig. 4e-f), suggesting that at least one functional F3´H with relatively lower 

556 catalytic efficiency is present in M. truncatula. Considering the in planta expression pattern, enzyme 

557 activities and relatively lower binding affinity of the enzyme towards apigenin (Fig. S4c-d), this 

558 enzyme is likely to be MtFBH-5. However, this FBH obviously does not catalyze the 5´-

559 hydroxylation of chrysoeriol to selgin as neither selgin nor tricin could be detected in N. benthemiana A
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560 leaves transiently expressing MtFBH-5 incubated with apigenin (Fig. 5) or in the mtfbh-4 mutants. 

561 Besides extractable metabolites, tricin may exist as an integrated component of cell wall lignin. 

562 As a natural lignin monomer, tricin undergoes oxidative co-polymerization with the conventional 

563 lignin monomers, i.e., monolignols, upon cell wall lignification in specific plant lineages (Lan et al., 

564 2015; Lan et al., 2016; Li et al., 2016). Such tricin-incorporated lignin or tricin-lignin is abundantly 

565 and ubiquitously found in grasses including economically important food and biomass crops (Lan et 

566 al., 2016; Li et al., 2016). Recently, we demonstrated that manipulation of tricin biosynthesis in rice 

567 through FNSII or A3´H/C5´H disruption reduced lignin content in vegetative tissues and conferred 

568 them improved enzymatic saccharification efficiency, presenting a new strategy to improve grass 

569 biomass digestibility for biofuel and biomaterial production (Lam et al., 2019a; Lam et al., 2017). 

570 Interestingly, tricin-lignin has also been detected in alfalfa, a closely related species of M. truncatula 

571 (Lan et al., 2016). As the most cultivated forage legume worldwide, alfalfa is a major fodder crop for 

572 livestock. Genetic modifications of monolignol pathway genes in alfalfa had resulted in lignin 

573 reduction and improvement of cell wall digestibility, an important trait that affects the forage quality 

574 (Barros et al., 2019). In fact, HarvXtra is a commercial alfalfa product developed by down-regulation 

575 of a caffeoyl CoA 3-O-methyltransferase gene for lignin reduction (Barros et al., 2019). It is highly 

576 plausible that the tricin monomer comprising tricin-lignin in alfalfa is supplied through the functions 

577 of CYP75B FBHs, i.e., MsFBH-4 and MsFBH-10, identified in this study. It remains to be 

578 investigated whether targeting MsFBH-4, MsFBH-10 or other enzymes along tricin biosynthetic 

579 pathway can be strategic for reducing lignin content and enhancing cell wall digestibility and other 

580 forage qualities in alfalfa.

581 Altogether our results further strengthen the notion that there are multiple phylogenetic origins 

582 of flavonoid 5´-hydroxylation activities in the plant kingdom. In their course of evolution, Medicago 

583 plants possibly recruited flavonoid 5´-hydroxylation activities by incorporating amino acid 

584 polymorphisms (T492G) into redundant CYP75B FBHs along with other molecular events, allowing 

585 recognition and modifications of various substrates including chrysoeriol and the eventual completion 

586 of tricin biosynthesis pathway. Our findings further suggest that two unique alfalfa CYP75B FBHs 

587 with 5´-hydroxylation activities (MsFBH-4 and MsFBH-10) are potential candidates for improving A
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588 forage quality of alfalfa biomass via genetic manipulation of tricin-lignin. Moreover, our analysis may 

589 assist the prediction of 3´,5´-modified flavonoid accumulation among different plant species by 

590 examining the SRS6 of FBHs for unusual amino acid polymorphisms as observed in Poaceae (grass) 

591 CYP75B A3´H/C5´Hs (Lam et al., 2015; Lam et al. 2019a), Asteraceae CYP75B F3´5´Hs (Seitz et al., 

592 2007; Seitz et al., 2015) and Medicago CYP75B FBHs (this work). 
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Table 1. Multiple sequence alignment of the SRS6 domain of flavonoid B-ring hydroxylases from 

various plant species.

Protein SRS6 CYP subfamily Functional classification

Oyrza sativa CYP75B4 M D E A F T L L L

Panicum virgatum CYP75B11

Sorghum bicolor CYP75B97

Zea mays ZmA3´H/C5´H

M E E A F T L L L
CYP75B Poaceae A3´H/C5´Hs

Medicago sativa MsFBH-1/3/4/10 M D E A F G L G I

Medicago truncatula MtFBH-4 M D E S F G L G I
CYP75B

Medicago FBHs with 3´ & 

5´-hydroxylation activities

Medicago sativa MsFBH-5/8/9 & 

Medicago truncatula MtFBH-1/2
M D E G Y G L T L

Medicago sativa MsFBH-6/7 M D E G Y G F T L

Medicago sativa MsFBH-2/11 & 

Medicago truncatula MtFBH-5
M D E A Y G L T L

CYP75B Putative Medicago F3´Hs

Arachis hypogaea AhF3´H-1/2

Glycine max GmF3´H-3/4

Lotus filicaulis LfF3´H

Phaseolus vulgaris PvF3´H-1/2

Trifolium pratense TpF3´H-1/2

M D E A Y G L T L

Glycine max GmF3´H-1/2 M D E T Y G I T L

CYP75B Putative Fabaceae F3´Hs

Callistephus chinensis CcF3´5´H M D E A F G L S V

Cichorium intybus CiF3´5´H M E E A Y G L A L

Echinops bannaticus EbF3´5´H M E E A P G L A L

Osteospermum hybrid OhF3´5´H M E E E F G I S V

Pericallis cruenta PcF3´5´H M E E V F G I S L

CYP75B Asteraceae F3´5´Hs

Arabidopsis thaliana AtF3´H M E E S Y G L T L CYP75B Canonical F3´HsA
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Oyrza sativa CYP75B3

Sorghum bicolor SbF3´H-1

Zea mays ZmF3´H-1

Zea mays ZmF3´H-2

M E E A Y G L T L

Medicago sativa MsFBH-12/13 & 

Medicago truncatula MtFBH-6
M D E A F G L T L

Medicago sativa MsFBH-14 & 

Medicago truncatula MtFBH-7 & 
M D E S F G L A L

CYP75A Putative Medicago F3´5´Hs

Glycine Max GmF3´5´H M E E S F G L A L

Vitis vinifera VvF3´5´H M D E A F G L A L
CYP75A Canonical F3´5´Hs

The key amino acid residues determining the substrate recognition ability of flavonoid B-ring 

hydroxylases were underlined. At this amino acid position, a Thr or Ala residue can be found in 

canonical F3´Hs (CYP75B) and F3´5´Hs (CYP75A), respectively. In contrast, CYP75Bs with 

additional 5´-hydroxylation activities including those from Poaceae, Asteraceae and Medicago each 

harbors a different amino acid residue at the same position within SRS6 (bolded).
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Table 2. HPLC-QTOF-MS analysis of chrysoeriol and tricin O-conjugates in M. truncatula wild-type and mutant leaves.

All chrysoeriol O-conjugates in mtfbh-4-a or mtfbh-4-b mutants were significantly reduced when compared to those of wild-type plants. 

Tricin O-conjugates could only be detected in M. truncatula wild-type plants but not in mtfbh-4-a and mtfbh-4-b mutants. Compound 

annotation was achieved via comparing the accurate mass and fragmentation pattern of individual peaks to those previously reported (1Fu 

& Wang, 2015; 2Jasinski et al., 2009; 3Kowalska et al., 2007; 4Staszków et al., 2011). Data were expressed as mean ± 2SDs (n = 3; 

Compound annotated in M. truncatula leaves m/z MS/MS Rt (min) Peak area (x 104) per mg F.W.

WT mtf bh-4-a mtfbh-4-b

Chrysoeriol 7-O-glucuronide4 477.0990 301.0710 17.91 2.46 ± 0.36 0.17 ± 0.06* 0.13 ± 0.01*

Chrysoeriol 7-O-glucuronyl-glucoside1 639.1540 463.1250, 301.0710 16.54 8.74 ± 2.91 0.99 ± 0.52* 1.08 ± 0.38*

Chrysoeriol 7-O-diglucuronide1,2,3 653.1370 447.1050, 301.0710 16.52 16.33 ± 3.09 0.41 ± 0.19* 0.46 ± 0.12*

Chrysoeriol 7-O-[2'-O-feruloyl-glucuronyl-(1-2)-

glucuronide]2
829.1840 653.1700, 477.1040, 301.0710 17.56 2.62 ± 0.78 0.21 ± 0.10* 0.13 ± 0.01*

Tricin 7-O-glucoside1 493.1350 331.0820 17.96 2.54 ± 0.66 N.D. N.D.

Tricin 7-O-glucuronide3 507.1140 331.0820 18.01 0.74 ± 0.27 N.D. N.D.

Tricin 7-O-glucuronyl-glucoside1 669.1670 493.1370, 331.0820 16.76 1.67 ± 0.25 N.D. N.D.

Tricin 7-O-diglucuronide1,2,3 683.1840 507.1140, 331.0820 16.67 3.50 ± 1.43 N.D. N.D.

Tricin 7-O-[2'-O-feruloyl-glucuronyl-(1-2)-

glucuronide]2,3
859.1930 683.1570, 507.1150, 331.0820 17.70 0.84 ± 0.44

N.D. N.D.
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Student’s t-test, *P < 0.05). m/z, mass-to-charge ratio of the [M + H]+ ions of flavone O-conjugates; MS/MS, major daughter ions 

generated from parental [M + H]+ ions; Rt, retention time; F.W., fresh weight; WT, wild type; N.D., not detected.
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774 Figure and table legends

775 Figure 1. Phylogenetic tree of CYP75B protein sequences. 

776 The unrooted tree was constructed using the neighbor-joining method with 1000 bootstrapping 

777 replications by MEGA7 (Kumar et al., 2016). Sequences from M. sativa were obtained by a BLASTP 

778 search of the M. sativa protein sequence database (Noble Research Institute, LLC, 

779 http://www.alfalfatoolbox.org/). Other sequences were retrieved via a BLASTP search of NCBI and 

780 Phytozome (Phytozome V12.1, http://phytozome.jgi.doe.gov/) and their accession number were listed 

781 in Supporting Information Table S2. All BLASTP searches were performed using GmF3´H as a query 

782 (Toda et al., 2002). Cases of independent recruitment of flavonoid B-ring 5´-hydroxylase activities in 

783 phylogenetically distant CYP75B proteins are highlighted in bold. Scale bar dentoes 0.05 

784 substitutions per site.

785

786 Figure 2.  Point mutation analysis of MtFBH-4. 

787 (a) Nucleic acid (5´ to 3´) and amino acid (N terminal to C terminal) sequences at the SRS6 region of 

788 wild-type and point mutant MtFBH-4 with differences bolded and underlined. 

789 (b – e) HPLC-QTOF-MS detection of luteolin (b), selgin (c), 5´-hydroxyhomoeriodictyol (d) and 

790 laricitrin (e) after incubation of recombinant MtFBH-4 WT or PM protein with apigenin, chrysoeriol, 

791 homoeriodictyol and isorhamnetin, respectively. 

792 (f) Substrate-to-production conversion rate of recombinant MtFBH-4 PM protein relative to WT 

793 protein. 

794 The identity of individual peaks from the spectra was confirmed by comparing the retention time and 

795 fragmentation pattern with those of authentic standards, reaction products generated after incubation 

796 of recombinant CYP75A1 with the same substrates or previous published spectrum (Lam et al., 2015). 

797 Quantification of flavonoids was performed by integrating the peak area of each flavonoid per 200 μg 

798 microsomal protein used for enzyme assays. Data were expressed as mean ± 2SDs (n = 6, Student’s t-

799 test, ***: P < 0.001). Mt, M. truncatula; WT, wild type; PM, point mutant. N.D., not detected.A
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800 Figure 3. In planta enzyme activities analyses of M. truncatula MtFBH-4 and MtFBH-5. 

801 (a – e) HPLC-MS/MS detection of apigenin (a), luteolin (b), chrysoeriol (c), selgin (d) and tricin (e) 

802 after incubating N. benthamiana leaves transiently expressing MtFBH-4 or MtFBH-5 with apigenin. 

803 (f) Biosynthetic route of tricin from apigenin in N. benthamiana leaves expressing MtFBH-4. 

804 The identity of individual peaks from the spectra was confirmed by comparing the retention time and 

805 fragmentation pattern with those of authentic standards or previous published spectrum (Lam et al., 

806 2015). A3´H, apigenin 3´-hydroxylase; C5´H, chrysoeriol 5´-hydroxylase; FBH, flavonoid B-ring 

807 hydroxylase; FOMT, flavonoid O-methyltransferase; Mt, M. truncatula; Nb, N. benthamiana; XIC, 

808 extracted ion chromatography. 

809

810 Figure 4. Analysis of mtfbh-4 mutants. 

811 (a) Gene structure of MtFBH-4 and the tnt1-insertion site of its mutant lines, mtfbh-4-a and mtfbh-4-b. 

812 (b) RT-PCR expression analysis of MtFBH-4 in vegetative tissues of wild-type Medicago truncatula 

813 R108-1 and its corresponding tnt1-insertion mutants using primers CL4823+CL5054 for NF17189 

814 (mtfbh-4-a) and primers CL5052+CL5053 for NF19367 (mtfbh-4-b) (Supporting Information Table 

815 S1). A housekeeping gene Medicago truncatula polyubiquitin 3 (MtUbi; XM_003627103.1) was used 

816 as a positive control. 

817 (c – h) HPLC-MS/MS detection of apigenin (c,d), chrysoeriol (e,f) and tricin (g,h) extracted from 

818 leaves and stems of M. truncatula R108-1 wild-type plants, mtfbh-4-a and mtfbh-4-b. 

819 The identity of individual peaks from the spectra was confirmed by comparing the retention time and 

820 fragmentation pattern with those of authentic standards. WT, wild type; XIC, extracted ion 

821 chromatography.

822

823 Figure 5. In planta analyses of alfalfa MsFBH-4 and MsFBH-10. 

824 (a) RT-PCR expression analysis of MsFBH-1/3/4/10 in vegetative tissues of wild-type alfalfa plants. A
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825 A housekeeping gene Medicago sativa retention in endoplasmic reticulum protein 1 (MsRer1; 

826 Castonguay et al., 2015) was used as a positive control. 

827 (b – f) HPLC-MS/MS detection of apigenin (b), luteolin (c), chrysoeriol (d), selgin (e; trace amount) 

828 and tricin (f) after incubating N. benthamiana leaves transiently expressing MsFBH-4 or MsFBH-10 

829 with apigenin. 

830 The identity of individual peaks from the spectra was confirmed by comparing the retention time and 

831 fragmentation pattern with those of authentic standards or previous published spectrum (Lam et al., 

832 2015). FBH, flavonoid B-ring hydroxylase; Ms, M. sativa; Nb, N. benthamiana; XIC, extracted ion 

833 chromatography. 

834

835 Table 1. Multiple sequence alignment of the SRS6 domain of flavonoid B-ring hydroxylases from 

836 various plant species. 

837 The key amino acid residues determining the substrate recognition ability of flavonoid B-ring 

838 hydroxylases were underlined. At this amino acid position, a Thr or Ala residue can be found in 

839 canonical F3´Hs (CYP75B) and F3´5´Hs (CYP75A), respectively. In contrast, CYP75Bs with 

840 additional 5´-hydroxylation activities including those from Poaceae, Asteraceae and Medicago each 

841 harbors a different amino acid residue at the same position within SRS6 (bolded).

842

843

844 Supporting information

845 Figure S1. Proposed tricin biosynthetic pathway in the Medicago spp..

846 Figure S2. Expression analyses of all putative Medicago truncatula FBHs.

847 Figure S3. In vitro enzyme activities analyses of MtFBH-4, MsFBH-4 and MsFBH-10.

848 Figure S4. In vitro enzyme activities analyses of M. truncatula MtFBH-1, MtFBH-2 and MtFBH-5.

849 Figure S5. In planta enzyme activities analyses of M. truncatula MtFBH-4.

850 Figure S6. In planta enzyme activities analyses of M. truncatula MtFBH-1 and MtFBH-2.A
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851 Figure S7. Enzyme kinetics of M. truncatula MtFBH-4 and MtFBH-5 towards apigenin.

852 Figure S8. In vitro enzyme activities analyses of alfalfa MsFBH-4 and MsFBH-10.

853 Figure S9. In planta enzyme activities analyses of alfalfa MsFBH-4 and MsFBH-10.

854 Table S1. Accession numbers or identifiers of putative Medicago flavonoid B-ring hydroxylases 

855 investigated in this study.

856 Table S2. Accession numbers or identifiers of flavonoid B-ring hydroxylases from CYP75B 

857 subfamily included in this study.

858 Table S3. Primers used for cloning, genotyping, RT-PCR and qRT-PCR experiments.
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