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Saponins, a group of glycosidic compounds present in several plant species, have aglycone moieties that are formed using

triterpenoid or steroidal skeletons. In spite of their importance as antimicrobial compounds and their possible benefits for

human health, knowledge of the genetic control of saponin biosynthesis is still poorly understood. In the Medicago genus,

the hemolytic activity of saponins is related to the nature of their aglycone moieties. We have identified a cytochrome

P450 gene (CYP716A12) involved in saponin synthesis in Medicago truncatula using a combined genetic and biochemical

approach. Genetic loss-of-function analysis and complementation studies showed that CYP716A12 is responsible for

an early step in the saponin biosynthetic pathway. Mutants in CYP716A12 were unable to produce hemolytic saponins and

only synthetized soyasaponins, and were thus named lacking hemolytic activity (lha). In vitro enzymatic activity assays

indicate that CYP716A12 catalyzes the oxidation of b-amyrin and erythrodiol at the C-28 position, yielding oleanolic acid.

Transcriptome changes in the lha mutant showed a modulation in the main steps of triterpenic saponin biosynthetic

pathway: squalene cyclization, b-amyrin oxidation, and glycosylation. The analysis of CYP716A12 expression in planta is

reported together with the sapogenin content in different tissues and stages. This article provides evidence for CYP716A12

being a key gene in hemolytic saponin biosynthesis.

INTRODUCTION

Saponins are a class of secondary metabolites present in sev-

eral plant species, including members of the genus Medicago

(Jenner et al., 2005). In this genus, saponins are a complex

mixture of triterpenic glycosides and have been shown to pos-

sess a broad spectrum of biological properties such as antifun-

gal, insecticidal, phytotoxic, allelopathic, and hemolytic (Tava and

Avato, 2006). Because of these properties, saponins are thought

to participate in plant defense mechanisms (Papadopoulou et al.,

1999). The triterpenic pathway is induced by methyl jasmonate

(MJ), a signal component in the induction of many defense-

responsive plant metabolites (Suzuki et al., 2005). Saponin phar-

macological properties have been exploited in herbal medicines

and, more recently, evaluated for their anticholesterolemic and

anticancer adjuvant activities (Haridas et al., 2001; Shibata,

2001). In the Medicago genus, recent studies (reviewed in Tava

and Avato, 2006) have focused on elucidating the relationship

between the biological activities of these compounds and their

chemical structure. The type of aglycone moiety and the nature

and position of the sugar chains (sugar moiety) appear to cor-

relate with the different biological properties. The hemolytic ac-

tivity of saponins, resulting from their affinity for membrane sterols,

is related to the nature of the aglycone moieties. No hemolytic

activity was detected for soyasapogenol saponins (Yoshiki et al.,

1998), while the other aglycones showed from high (hederagenin

and medicagenic acid glycosides) to moderate (zanhic acid gly-

cosides) hemolytic activity (Oleszek, 1996).

All of these triterpenic compounds are synthesized from the

isoprenoid pathway via the cyclization of 2,3-oxidosqualene

to b-amyrin. The b-amyrin skeleton is then transformed in the

reported aglycones bymeans of oxidativemodifications possibly

mediated by cytochrome P450 monooxygenases (P450s; Tava

et al., 2010). Several glycosyl transfer reactions, mediated by

a number of glycosyltransferases (GTs), are responsible for

the addition of the sugar moiety. InMedicago truncatula, at least

three genes encoding early enzymes of triterpene aglycone

formation—squalene synthase, squalene epoxidase, and

b-amyrin synthase (b-AS)—have been functionally characterized

(Suzuki et al., 2002; Iturbe-Ormaetxe et al., 2003). In addition,

two UDP-GTs have been shown to be active in the transfer of the

Glc unit fromUDP-Glc toMedicago triterpene aglyconemixtures

(Achnine et al., 2005). An additional UDP-GT, UGT73F3, acts in

the in vivo glucosylation of multiple sapogenins in M. truncatula

(Naoumkina et al., 2010). A series of P450s that are MJ-induced

and coexpressed with b-AS were selected as potential candi-

dates involved in saponin biosynthesis (Naoumkina et al., 2010).
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However, in M. truncatula no gene involved in the oxidative

reactions of the b-amyrin skeleton leading to triterpene agly-

cones has yet been characterized.

Here, we report the identification of a P450 gene involved in

the biosynthetic pathway of hemolytic saponins in M. truncatula

by combining an activation tagging method (Weigel et al., 2000)

and a reverse genetic TILLING approach (McCallum et al., 2000).

A functional characterization of the gene is also reported by

expression in a yeast system.

RESULTS

Identification of the Mutant Lacking Hemolytic Activity

T1 plants (770) derived from 61 lines of an activation tagging

mutant collection (Porceddu et al., 2008) were grown and eval-

uated for different traits. In particular, a subset of four plants/line

were screened using a microhemolytic test on leaf tissue ex-

tracts to identify putative mutants in hemolytic saponin content.

One individual plant in line E25 (E25-10) was found to lack

hemolytic activity in leaves (thus named lacking hemolytic activ-

ity, the [lha-1] mutant; Figure 1A). All of the T2 progeny of E25-10

(30 plants) showed the same Lha phenotype, suggesting a

homozygous condition of the T1 mother plant. Leaves from the

T2 progeny of E25-10 were collected, pooled, and used for

chemical analyses; the escape line E113, which was untrans-

formed after regeneration, was used as control. The crude sa-

ponin content in the lha-1mutant was lower than in control plants

(0.40 and 1.24% of defatted leaf dry matter, respectively). The

crude saponin mixtures were evaluated by thin-layer chroma-

tography (TLC) (Figure 1B) and HPLC (Figure 1C) analysis, and in

both cases the lha-1mutant showed the absence of spots (TLC)

and peaks (HPLC) present in the control line, indicating a loss

of specific saponins in the mutant line. Total sapogenins in plant

material were evaluated based on their aglycone moieties,

obtained after acid hydrolysis of the saponins. After identification

by gas chromatography–mass spectrometry (GC-MS) (Figure 2A),

aglycones were quantified by GC–flame ionization detection (FID)

(Figures 2B and 2C), which showed that no oleanolic acid,

hederagenin, bayogenin, medicagenic, or zanhic acid were de-

tected in leaves or roots of the lha-1 mutant, but only soyasapo-

genols. All the aglycones were present in the control line.

Cloning of the Mutant Gene

DNA gel blot analysis on genomic DNA of T2 plants deriving from

the lha-1 mutant showed two bands, indicating a double inser-

tion. The two insertions were cloned by inverse PCR, generating

fragments of 1200 bp (A fragment) and 1900 bp (B fragment),

respectively. Sequencing of these fragments and alignment with

the M. truncatula sequences in The Institute for Genomic Re-

search and GenBank databases showed that fragment A had

97% identity (BLASTn analysis) with the CYP716A12 sequence,

a member of a cytochrome P450 family found in M. truncatula

Jemalong A17 and expressed in root tissue (Li et al., 2007). No

significant homologies with known genes were found for frag-

ment B. Cytochrome P450s have been reported to be involved in

triterpene saponin biosynthesis (Qi et al., 2006; Shibuya et al.,

2006); therefore, CYP716A12 was retained as a candidate gene

potentially involved in the lha mutation. The complete genomic

sequence obtained by genome walking (Figure 3A) showed four

exons separated by three introns; the exact site of integration

of the T-DNA was inside the first exon (Figure 3A) and the

T-DNA integration created a deletion of 72 bp in the first exon and

55 bp in the first intron. The full-length cDNA sequence of

CYP716A12 was obtained by rapid amplification of cDNA ends

(RACE); during these experiments it became evident that in

addition to the full-length transcript, the gene also produced a

splicing variant lacking the first exon (see Supplemental Figure

1 online). RT-PCR analysis revealed that the longer transcript of

CYP716A12 was expressed in control plants but was absent in

lha-1 (Figure 3B); conversely, the shorter splicing variant was

expressed in mutant and wild-type plants.

Cosegregation Analysis

To demonstrate the involvement of CYP716A12 gene in the Lha

phenotype, the T2 progenies (30 plants/line) derived from the

original 10 T1 E25 plants were analyzed. In five segregant

progenies, a 3:1 ratio (wild type:mutant) was found for the Lha

phenotype, a ratio consistent with this trait being determined by

Figure 1. Comparison between lha-1 Mutant Line and Control Line.

(A) Microhemolytic test on a blood agar plate: Black arrows show the

absence of hemolysis in lha-1 mutant; white arrows show the positive

controls; the spots without indications are extracts of lines from the

activation tagging collection.

(B) TLC analysis of purified saponins from control (1) and lha-1 mutant (2).

(C) HPLC analysis of purified saponins from control (1) and lha-1mutant (2).
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a single recessive allele (see Supplemental Table 1 online). All

the progenies showed a strict cosegregation between the Lha

phenotype and T-DNA insertion in CYP716A12 gene in the

homozygous state (tested by PCR); one lha-1 mutant line was

found carrying only T-DNA insertion in CYP716A12 in the homo-

zygous state. Homozygous lha mutant plants showed severe

reduction in root and shoot size (Figure 4 and see Supplemental

Table 2 online). No correlation was found between the Lha

phenotype and insertion B; in particular, the E25-08 progeny

showed only insertion B in the homozygous state and had no

alteration in hemolytic activity.

Identification of CYP716A12 Loss-of-Function Alleles in a

TILLING Collection

M2 plants (2300) of an ethyl methanesulfonate (EMS)-mutagen-

ized collection (Porceddu et al., 2008) were screened by TILLING

analysis and two mutants for CYP716A12 were identified (see

Supplemental Figure 2 online): CYP2768 (lha-2) and CYP3201

(lha-3). In the lha-3M2plant, a Trp to stop codon (Trp449/ stop)

change was identified in a heterozygous state that caused the

loss of the last 30 amino acids of the peptide. This substitution

was 22 amino acids after the highly conserved heme Cys ligand.

The lha-3 mutant segregated in a Mendelian fashion in the M3

progeny and a retarded-in-growth phenotype was observed for

the homozygous mutant individuals. The lha-3 homozygous

mutants lacked medicagenic and zanhic acid; as for zanhic

acid, however, the null value in themutant and the trace amounts

in control plants were not statistically different (Figure 5B). In

lha-2 M2 plant, the mutation in the homozygous state caused a

Figure 2. Analysis of Sapogenin Content in Leaves and Roots of lha-1

Mutant Line and Control Line.

(A) GC-MS chromatograms of sapogenins in roots: lha-1 mutant (1) and

control line (E113) (2).

(B) and (C) Sapogenin content obtained by GC-FID analysis in leaves

and roots, respectively; values for lha-1 (gray bars) and the control line

(white bars) are means 6 SE of three biological replicates (three to 10

plants/replicate). Identification of soyasapogenol B was achieved con-

sidering all the artifactual compounds detected (soyasapogenols C, D,

and F). *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001 with F test).

bayo, bayogenin; DM, dry matter; hed, hederagenin; IS, internal stan-

dard; med, medicagenic acid; olea, oleanolic acid; soya, soyasapogenol;

zan, zanhic acid.
Figure 3. Identification of the T-DNA–Tagged Locus and Expression of

the CYP716A12-Tagged Gene in the lha-1 Mutant.

(A) Location of the T-DNA insertion in CYP716A12 gene (not drawn to

scale). The relative location and orientation of the T-DNA are shown. The

T-DNA right border (RB) with four copies of the 35S enhancer was

inserted at the end of the first exon producing the loss of small parts of

the exon (in white) and the intron (hatched). LB, left border; UTR,

untranslated region.

(B) RT-PCR analysis of transcript level of CYP716A12 gene in leaves and

roots of the control line (E113) and the lha-1mutant. C-, negative control;

Msc27, reference gene.
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Pro to Leu (Pro355/Leu) amino acid change. The evaluation

of the M3 generation for sapogenin content in leaves was

performed byGC-MS analysis. Interestingly, the lha-2mutation

resulted in a loss-of-function allele because no bayogenin,

medicagenic, or zanhic acid (hemolytic sapogenins) were

found, whereas soyasapogenols A and B were significantly

higher than in control plants Jemalong 2HA10-9-3 (Figure 5A).

The lha-2 homozygous mutant plants did not show a retarded-

in-growth phenotype.

Genetic Complementation of the lha-1Mutant

Several independent transgenic lines were obtained for the

construct 35S:CYP716A12 in the lha-1 mutant and were con-

firmed by PCR analysis. Ten randomly chosen lines expressing

the transgenewere examined for sapogenin content in the leaves

by GC analysis. Five independent transformants showed de-

tectable levels of bayogenin, medicagenic, and zanhic acid,

confirming that disruption of the CYP716A12 gene is responsible

for the lack of hemolytic saponins in the lha mutant (see Sup-

plemental Figure 3 online).

Functional Expression of CYP716A12

To elucidate the function of CYP716A12 in the hemolytic saponin

pathway, the gene was expressed in a yeast (Saccharomyces

cerevisiae) system. Enzymatic characterization was performed in

an in vitro system employing microsomes from the GAL-induced

yeast strains WAT11 and WR (Pompon et al., 1996) transformed

with the pESC-HIS expression vector containing theCYP716A12

coding sequence with a C-terminal FLAG epitope tag. The same

strains transformed with an empty vector were used as control.

WAT11 and WR strains, overexpressing an Arabidopsis thaliana

and a yeast P450 reductase, respectively, were used to optimize

electron transfer during catalysis. After microsomal membrane

isolation, immunoblot analysis confirmed the presence of an

;57 KDa protein in the CYP716A12-harboring strains as ex-

pected (see Supplemental Figure 4 online). In the mutant lha,

none of the sapogenin forming the hemolytic saponins was

detected, suggesting that the biosynthetic pathway is blocked at

an early step. Enzymatic activities in microsomes were then

tested by supplying b-amyrin, which is the carbon skeleton

common to all the sapogenins, and erythrodiol, a derivative of

b-amyrin carrying a hydroxylic group at the C-28 position. GC-

MS analysis of the reaction products (Figure 6A) showed the

CYP716A12-dependent formation of the same detectable com-

pound from b-amyrin and erythrodiol; the retention time and

mass spectrum of the product (Figure 6B) showed an excellent

match with those of oleanolic acid (see Supplemental Figure 5

online). No enzymatic activity on the tested substrates was

detected in microsomes from the control strains. These results

indicate that CYP716A12 mainly catalyzes the sequential three-

step oxidation at the C-28 position necessary to transform

b-amyrin into oleanolic acid.Figure 4. Plants of lha-1 (E25-10) and Control Line (E113).

Ten-week-old lha-1mutant plant is reduced in growth compared with the

contemporary control (E113) plant. Bar = 10 cm.

Figure 5. Sapogenin Content in Mutant and Control Plants.

Data were obtained by GC-FID analysis of lha-2 (CYP2768) and lha-3

(CYP3201) mutant lines (M3 generation) from a TILLING collection and

the respective control plants.

(A) lha-2: Mutant (gray bars, nine plants) and control Jemalong 2HA10-

9-3 (black bars, three plants).

(B) lha-3: Homozygous mutant (gray bars, three plants), heterozygous

mutant (white bars, three plants), and wild type (black bars, three plants).

Values are means 6 SE. (*P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001

with F test and linear contrasts).

bayo, bayogenin; DM, dry matter; med, medicagenic acid; soya, soya-

sapogenol; spg, sapogenins; wt, wild type; zan, zanhic acid.
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Expression of CYP716A12

To investigate the expression profiles of the CYP716A12

gene, total RNA was extracted from different organs (leaves,

stems, and roots) of the E113 control line at three different

developmental stages (preflowering, early flowering, and early

pod setting). RNA from flowers, pods, and nodules was also

obtained in the last stage. Expression of the gene, analyzed by

quantitative real-time PCR, occurred in all the organs and the

developmental stages (Figure 7). Higher and more stable ex-

pression through stages was found in roots: the gene expression

coefficient of variation among stages was 30.44% in roots,

91.35% in leaves, and 87.02% in stems. In leaves, a significant

increase in expression was observed in the reproductive stages,

with a maximum expression at flowering. Flowers and pods

showed the highest and lowest expression of the gene, respec-

tively.

The same plants used for gene expression were examined

for sapogenin content by GC-FID analysis. The hemolytic sapo-

genin content was significantly influenced by developmental

stages (increase from vegetative to reproductive stages) and

plant organs (leaves > roots > stems), while variation of nonhe-

molytic sapogenin content was attributablemainly to plant organs

(roots > leaves, stems). In particular, hederagenin and bayogenin

(hemolytic) and soyasapogenol B (nonhemolytic) were prevalent

in roots at all the stages; zanhic acid was prevalent in leaves at all

the stages (Figure 8 and see Supplemental Table 3 online).

Medicagenic acid, the major component of M. truncatula total

sapogenin (33, 40, and 43%, respectively, averaged on organs,

in the three developmental stages), showed a change in the

ranking of organs from the vegetative stage (leaf, stem > root)

to the flowering stage (root > leaf, stem). Flowers, pods, and

nodules had to be pooled over plants and blocks to give suf-

ficient amount for sapogenin analysis; their variation was then

tested using the error term relative to leaves, stems, and roots.

Flowers showed the highest content of medicagenic acid, while

Figure 6. In Vitro Oxidation of b-Amyrin and Erythrodiol by CYP716A12 in Microsomes of the WAT11 Strain.

(A) GC-MS analysis of the reaction products resulting from in vitro assay containing b-amyrin (1 and 2) and erythrodiol (3 and 4) as substrate on strains

expressing CYP716A12 (black) and control (gray).

(B)Mass spectrum of the peaks at 26.75min indicated by the arrows in (A): The retention time andmass spectra of these peaks compare well with those

of oleanolic acid.

Figure 7. Expression Analysis of CYP716A12 Gene in Control Line

(E113) by Quantitative RT-PCR: Different Organs at Different Phenolog-

ical Stages Were Considered.

Data are shown for leaves (light gray bars), roots (dark gray bars), stems

(white bars), pods (black bars), flowers (light cross-hatched bars), and

nodules (dark cross-hatched bars).

Values are means 6 SE of three biological replicates (three plants/

replicate) and are expressed relative to leaves in the vegetative stage.

3074 The Plant Cell



pods had less hederagenin, bayogenin, medicagenic acid

and soyasapogenol B than flowers and roots. Nodules had

the highest content of soyasapogenol B and hederagenin

(Figure 8).

Transcriptome Changes in the lhaMutant

Genome-wide transcript profiling of the lha-1 mutant identified

;700 genes that were differentially expressed compared with

wild-type R-108 (P < 0.05, >1.5-fold change). A total of 428 were

upregulated and 290 were downregulated in the mutant (see

Supplemental Data Set 1 and Supplemental Figure 6 online).

The lha-1 mutant underwent modulation of expression in the

saponin biosynthetic pathway at three different steps: First, the

cyclization of 2,3-oxidosqualene was altered as evidenced by

the downregulation of Medtr8g018540.1, Medtr8g018550, and

Medtr8g018610 (see Supplemental Table 4 online). These three

genes show high homology (92% in the case of Medtr8g018610)

with the b-AS gene (GenBank accession number CAD23247;

Suzuki et al., 2002) and with a/b-AS situated on chromosome

8 of M. truncatula (Naoumkina et al., 2010). Their consistent

modulation and physical proximity suggest that they could

act as a cluster of paralogous genes. Second, the CYP450-

mediated modifications of b-amyrin were affected as three

P450s, putatively involved in saponin biosynthesis on the basis

of induction by MJ and coexpression with b-AS (Naoumkina

et al., 2010), showed 1.6- to 2.6-fold changes in the lha-1

mutant. In particular, CYP93E2, a homolog of CYP93E1 re-

sponsible for b-amyrin 24-hydroxylase activity in Glycine max

(Shibuya et al., 2006) and in the legume Glycyrrhiza uralensis

(Seki et al., 2008), was downregulated in the lha-1mutant, while

CYP72A67 and CYP72A68 were upregulated (see Supplemen-

tal Table 4 online).

Seven other differentially modulated P450s with unknown

function were phylogenetically related to those putatively in-

volved in saponin biosynthesis, as they were distributed in the

same types and clans (Li et al., 2007). Four of these genes

(Medtr5g102050, Medtr8g050160, TC107626, and TC93934)

belonged to the A-type clan 71 as CYP93E2 and three (BQ139200,

Medtr8g045080, and AW127462) to non-A-type clan 72 (see

Supplemental Table 4 online). The CYP716A12 gene, represented

by two distinct probe sets (Mtr.43018.1.S1 and Mtr.31199.1.S1),

showed no significant differential expression in the mutant. This

finding is attributable to the presence of the short splicing variant

still transcribed in the lha mutant and containing the regions

matching the two probe sets. A further P450 (Medtr8g090600)

belonging to the same non-A-type clan 85 as CYP716A12 was

upregulated in the mutant (see Supplemental Table 4 online).

Finally, the glycosylation step was also modulated, as evidenced

by the downregulation of UGT73F3, shown to function in saponin

biosynthesis in planta (Naoumkina et al., 2010), andGTsUGT91H5

and UGT91H6 also reported to be strongly coexpressed with

b-AS (Naoumkina et al., 2010). Three other GTs (Medtr7g076790,

Medtr5g076110, and Medtr2g008380) differentially modulated

in the mutant showed high similarity with those putatively in-

volved in saponin biosynthesis. Twelve furtherGTswith unknown

function showed differential expression in the lha-1 mutant (see

Supplemental Table 4 online).

Figure 8. Sapogenin Content Obtained by GC-FID Analysis in Control

Line (E113): Different Organs at Different Phenological Stages Were

Reported.

Values are means 6 SE of three biological replicates (three plants/

replicate). bayo, bayogenin; DM, dry matter; hed, hederagenin; med,

medicagenic acid; olea, oleanolic acid; soya A, soyasapogenol A; soyaB,

soyasapogenol B; zan, zanhic acid.
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DISCUSSION

Involvement of CYP716A12 in Hemolytic Saponin Pathway

Several lines of evidence indicate that the disruption of the

CYP716A12 gene is involved in the determination of the lha

mutant phenotype. The segregation ratio of the T2 heterozygous

progenies E-25 from the R108 genotype showed that a single

recessive gene was responsible for the mutant phenotype; in the

same T2 generation, cosegregation was found between the Lha

phenotype and the disruption of the CYP716A12 gene. Addi-

tionally, two independent lines fromanother genotype (Jemalong

2HA10-9-3) carrying different point mutations in the same gene

displayed the Lha phenotype. Finally, the complementation of

the lha-1mutant plants with a vector carrying a full-length coding

sequence (CDS) of CYP716A12 restored the biosynthetic path-

way of hemolytic saponins. We concluded that the knock-out of

CYP716A12 was responsible for the block in this pathway. Inter-

estingly, CYP716A12 was one of the cytochrome P450 genes

upregulated by MJ, a wound signal that triggers saponin accu-

mulation in plants, and was coexpressed with b-AS (Naoumkina

et al., 2010).

Role of CYP716A12 in Hemolytic Saponin Pathway

In the lha mutants, none of the sapogenins—hederagenin, bay-

ogenin, medicagenic, or zanhic acid—forming the hemolytic

saponins was detected by GC-MS analysis, suggesting that the

biosynthetic pathway is blocked at an early and common step.

The aglycones of hemolytic saponins differ from those of non-

hemolytic saponins (soyasapogenols) by the hydroxylation at

C-23 instead of at the C-24 position, by the presence of the

carboxylic group at C-28, and by the absence of oxidation at

C-22 (Figure 9B). Hydroxylation at C-24 seems to be the key step

for soyasapogenol formation, while carboxylation at C-28 and

hydroxylation at C-23 for aglycones of hemolytic saponins (Tava

et al., 2010); the order of oxidation between C-23 and C-28 is not

evident. In the wild type, E113 oleanolic acid, carrying only

the carboxyl group at the C-28 position, was present in trace

amounts in roots (Figure 2C), whereas it was never detected in

the lha mutants. This suggests that the C-28 carboxylation was

the most likely step blocked in lha. The in vitro enzymatic activity

assay confirmed that CYP716A12 is a multifunctional P450 as

it catalyzes the sequential three-step oxidation at C-28 of

b-amyrin to yield oleanolic acid (Figure 9A) and it can use differ-

ent substrates (b-amyrin and erythrodiol). As no intermediates

(erythrodiol and the corresponding aldehyde) nor oleanolic acid

were detected in the lha mutants, it is likely that CYP716A12

catalyzes the same three steps in plants. Other P450s involved in

the terpenoid pathway were reported to catalyze sequential two-

or three-step oxidations in legumes (Seki et al., 2008) and in other

species (Helliwell et al., 1999, 2001; Ro et al., 2005).

The lha-1 mutant displayed differential expression of several

P450 monooxygenases and GTs; as two key steps in the

synthesis of saponins are represented by oxidation and glyco-

sylation, the results of the microarray experiment appear con-

sistent with the nature of the mutation. Strengthening of the

results of the present microarray experiments comes from the

data shown by Naoumkina et al. (2010). There is a consistent

overlap between the P450 and GT genes found by the analysis

of MJ induction and coexpression with b-AS and the genes

revealed by transcriptomic analysis of the lha-1 mutant.

The analysis of the two sets of data could contribute to the

identification of other candidate genes involved in the saponin

biosynthetic pathway.

Effect of CYP716A12 Loss-of-Function in the lha

Retarded-in-Growth Mutant Phenotype

The blocking of carboxylation at the C-28 position in the lha

mutant implies the absence of oxygenated groups in C-28 and

consequently the lack of triterpenes glycosylated in this position.

In fact, only soyasaponins that are glycosylated at the C-3

position have been found in the lhamutants (Figure 1C). The lha-1

and lha-3 mutant lines showed a retarded growth phenotype

compared with their genetically closest counterparts: E25-08,

Figure 9. Role of CYP716A12 in Sapogenin Biosynthesis.

(A) Oxidation steps catalyzed by CYP716A12.

(B) Hypothetical sapogenin biosynthetic pathway in M. truncatula.
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wild type for CYP716A12 and homozygous mutant for insertion

B, in the case of lha-1 (see Supplemental Table 2 online) and the

wild-type individuals of the same line (full sib) for lha-3. The lha-2

mutant line did not display a retarded growth phenotype, but the

homozygous state of themutation hampered a comparison in the

same genetic background, i.e., in the presence of the other

unknown point mutations induced by the mutagen EMS treat-

ment. A phenotype with a strong decrease in growth has been

described in theM. truncatula Tnt1mutant for theUGT73F3 gene

responsible for the glycosylation of hederagenin at the C-28

position in root (Naoumkina et al., 2010). All of these findings

suggest that the synthesis of hemolytic sapogenins and their

consequent 28-glycosylation can play a role in plant growth

processes.

Interestingly, among the genes differentially expressed in the

mutant, the importance of the biodegradation of xenobiotics

(8.4%) and the biosynthesis of secondary metabolites (8.8%)

classes are relevant (seeSupplemental Figure 6 online). Changes

in secondary metabolites and hormone levels in the mutant are

suggested by the differential expression of P450s reported to be

involved in the respective biosynthetic pathways inM. truncatula

and other plant species: CYP74B (Medtr2g104500), competing

with allene oxide synthase for 13-hydroperoxylinoleic acid, an

intermediate of oxylipin and jasmonic acid biosynthesis (Howe

et al., 2000); CYP81E9 (TC95424), involved in downstream steps

of isoflavonoid pathway (Liu et al., 2003); CYP90B (TC102428,

TC102429), acting in early steps of brassinosteroid pathway

(Sekimata et al., 2008); and TC110889, showing 68% homology

with CYP707A3 responsible for themajor abscisic acid catabolic

pathway in plants (Okamoto et al., 2009). The Tnt1 mutant of M.

truncatula for UGT73F3 also showed a higher isoflavone content

than controls (Naoumkina et al., 2010).

As for xenobiotics, the endogenous (metabolome imbalance) or

exogenous (biotic/abiotic stresses) origin of these compounds is

questionable. A possible alteration of the glycosylation pattern

with the formation of an abnormal pool of glycosides in the lha-1

mutant could be envisaged by the downregulation of GTs specific

for hemolytic sapogenins, as UGT73F3, and the enhanced ex-

pression of other GTs of unknown function (see Supplemental

Table 4 online). With respect to the exogenous origin of xenobi-

otics, it can be observed that three genes encoding proteins

involved in plant resistance responses were differently expressed

in lha-1: a polygalacturonase inhibiting protein (probe set

Mtr.47298.1.S1_at), involved in defense processes against fungi

(Ferrari et al., 2003), was downregulated; and a hevein-like protein

homolog to the pathogenesis-related antifungal chitin binding

PRP4 of pea (Pisum sativum; probe set Mtr.42876.1.S1_at) and a

protein (probe set Mtr.41478.1.S1_at) showing 65% homology

with MtPR10-1 abscisic acid-responsive ABR18 were upregu-

lated.MtPR10-1was found to be strongly induced inM. truncatula

leaves in response to bacterial infections and was moderately

induced after wounding (Gamaset al., 1998). In conclusion, such a

pattern of transcriptome changes is not sufficient to highlight the

origin of the lha retarded-in-growthmutant phenotype.However, a

direct toxicity of intermediates of the saponin pathway is unlikely

as in the mutant no accumulation of intermediates was found by

chemical analyses but only the loss of an entire class of metab-

olites, i.e., the hemolytic saponins.

CYP716A12 is expressed in all the plant organs analyzed both

aerial (flowers, leaves, stems, and pods) and subterranean (roots

and nodules), though roots had the higher and the more stable

expression level. In addition, its expression appears finely tuned

according to plant organ (e.g., a sharp difference of CYP716A12

expression and hemolytic sapogenin content between flowers

and pods) and developmental stage, the reproductive phase

involving an increase in expression level and hemolytic sapo-

genin content. This pattern of expression of CYP716A12 is

different from those of the GT UGT73F3 of M. truncatula and

Sad3 andSad4 from theAvena genus (Mylona et al., 2008)mainly

expressed in root system. These findings, together with the

severe phenotypic effect of the mutation in the lha-1 and lha-3

lines and the transcriptome changes exceeding triterpenic bio-

synthetic pathway, raise the question of a possible dual function,

in defense responses and in plant developmental processes, for

the entire class of hemolytic saponins or for particular members

among them.

METHODS

Plant Material and Growth Conditions

Plants were grown in a greenhouse that was heated during winter (108C)

and was not heated in other months except for the experiments con-

cerning microarray analysis, quantitative PCR, and saponin content

determination in different tissues. In those cases, plants were kept in a

growth chamber under 16 h of light at 228C and 8 h of dark at 188C.

Mutant Collections Used in the Present Study

Activation Tagging Collection

Sixty-one T1 lines (10–25 plants/line) generated in the R108-1 genotype

as described in Porceddu et al. (2008) were screened. An escape line

(E113) was used as a control. The generations T2, T3, and T4 of mutant

and control lines were produced and used in the subsequent experi-

ments.

TILLING Collection

The DNA of the M2 generation (2300 plants) of an EMS-mutagenized

collection obtained in Jemalong genotype 2HA10-9-3 (Porceddu et al.,

2008) was screened by the TILLING technique (McCallum et al., 2000) to

identify mutants in the gene of interest. The M3 generation of the mutant

plants identified was used for phenotypic characterization.

Analysis of the Saponin and Sapogenin Content

For chemical analyses, all samples were previously ground in liquid nitro-

gen and dried at 508C.

Microhemolytic Method

Blood plates were prepared according to the method reported by

Jurzysta (1979). An agar suspension was obtained by mixing 75 mL of

sterile 0.9% NaCl solution, in which 4.5 g of agar had been previously

dissolved, with 20 mL of blood suspension obtained by mixing 90 mL of

fresh bovine blood with 9.9 mL of sterile 3.65% sodium citrate as an

anticoagulant. The agar-blood suspension was then plated into glass

vessels at 0.2 mm film thickness, and allowed to solidify. Dried andmilled
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leaf samples (100 mg) were treated with 1 mL of isotonic solution (0.9%

NaCl) and extracted at 808C for 2 h. After cooling and centrifugation,

10 mL of the supernatant was pipetted onto the agar blood plate. After

24 h of dark incubation in a glass box with controlled humidity (80%) and

temperature (228C), hemolysis was visually evaluated. A 1% solution of

previously purified saponins fromMedicago sativawas used as a positive

control.

Extraction and Purification of Saponins

Before saponin extraction, the samples were defatted with CHCl3 in a

Soxhlet apparatus. One hundred milligrams of defatted material was

treated with 5 mL of 30%MeOH in a stoppered tube, heated for 30 min at

508C, and sonicated for 10 min. The sample was then centrifuged at

3000g, the supernatant was removed, and the precipitate was extracted.

This procedure was repeated twice under the same conditions. The

combined solutions were then run through a LiChroprep RP-18 column

(400 mg, Merck, Darmstadt), preconditioned with 30% MeOH. Elution

was performed with 35% MeOH (5 mL) to remove sugars and some

phenolics; crude saponins were then eluted with 90% MeOH (3 mL) and

dried under vacuum (Tava et al., 2005, 2011; Pecetti et al., 2010).

Saponin Analysis

The saponin mixtures were checked using TLC silica gel plates (Tava

et al., 2005) and eluted with ethylacetate/water/acetic acid (7:2:2, v/v).

Spots were visualized by Liebermann-Burckard reactive (MeOH/acetic

anhydride/sulfuric acid, 10:1:1, v/v) followed by heating at 1208C. HPLC

analysis was performed using a Perkin Elmer chromatograph equipped

with a LC250 binary pump and a DAD 235 detector. Separation was

obtained on a Discovery HS C18 column (5 mm, 4.63 250 mm, Supelco)

with a mobile phase of solvent A: CH3CN 0.05% CF3COOH; solvent B:

H2O 1% MeOH 0.05% CF3COOH. Chromatographic runs were per-

formed under gradient elution from 20% (5-min isocratic condition) to

30%of solvent A for 70min, increased to 40%of solvent A for 20min, and

then increased to 100% of solvent A for 70 min; 20 mL of methanolic

solutions (1 mg/mL) of all samples was injected. Saponins were eluted at

1.0 mL/min and were detected by UV monitoring at 215 nm.

Sapogenin Analysis

Sapogeninswere evaluated after the acid hydrolysis of the corresponding

saponins (Pecetti et al., 2006). Sapogenins were compared with previ-

ously identified sapogenins fromMedicago spp by TLC (Tava et al., 2005;

Bialy et al., 2006). Sapogenins were also identified by GC-MS and

quantified by GC-FID, as described in Tava et al. (1993) and Tava and

Pecetti (1998).

Identification of the T-DNA–Tagged Loci

The T2 progeny of a single T1 plant (E25-10) homozygous for the Lha

phenotype was used to identify the T-DNA insertion sites. The insertion

sites were cloned using inverse PCR (Ochman et al., 1988). Briefly,

genomic DNA was isolated from leaves of 10-week-old plants using a

genomic extraction kit following the manufacturer’s protocols (Sigma);

200 ng of genomic DNA was cut with Pfl23II and Bsp1407I restriction

enzymes, incubated overnight at 168C with T4 DNA ligase, and amplified

in a PCR reaction using primers designed for the right (Right 1) and the left

(Left 1) borders of the T-DNA; the PCR products were then amplified in

a nested PCR to increase the concentration of the desired fragments using

Right 2 and Left 2 primers. The amplified DNA fragments were gel purified,

cloned in Xl1Blue cells using GenJet cloning system (Fermentas), and

sequenced using the Big Dye Terminator, version 3.1, sequencing kit

(Applied Biosystems) and an ABI 310 analyzer. The sequences found were

used to search the GenBank and The Institute for Genomic Research

databases by applying BLASTn (Altschul et al., 1997) to identify putative

genes. To obtain the full-length cDNA and genomic sequence for wild-type

Mt CYP716A12, 59 and 39 RACE experiments (SMART RACE cDNA

AmplificationKit,Clontech) andgenomewalking (GenomeWalkerUniversal

Kit, Clontech) were performed starting from the insertion flanking se-

quences. All primers used in this research are listed (see Supplemental

Table 5 online).

Isolation of Total RNA and RT-PCR Analysis

Total RNA was isolated using the RNeasy plant mini kit (Qiagen) accord-

ing to the manufacturer’s protocol. First-strand cDNA was synthetized

with Superscript III reverse transcriptase (Invitrogen) using a polyT 16mer

primer.

The mRNA level of CYP716A12 was determined by RT-PCR: 2.5 mL of

first-strand cDNA was amplified using primers ATG2fw and TAA2rw with

TaKaRa Ex-Taq according to the manufacturer’s protocol. The Msc27

gene was used as control (Pay et al., 1992). PCR products were sepa-

rated on 1% agarose gel.

Genetic Analysis

Cosegregation analysis of the Lha phenotype and the T-DNA insertion

was performed on the T2 segregating population. Plants were genotyped

by PCR on genomic DNA using one gene-specific primer (CYPfw for the

insertion in CYP716A12 gene and InsBrw for insertion B) and a T-DNA

right-border primer (PSKI). Thewild-type allele was detected using primer

pairs CYPfw and CYPrw for CYP716A12 and InsBfw and InsBrw for the

genomic sequence related to the insertion B.

Identification of TILLING Alleles

The M2 generation of the EMS-mutagenized collection was screened by

the TILLING technique using primers P450fw and P450rw to find muta-

tions in the CYP716A12 gene. DNA frommutant plants was sequenced to

confirm the mutation. The M3 generation of the identified mutant plants

was analyzed for saponin and sapogenin content with the protocols

described above.

Complementation

The full-length CDS for CYP716A12 was amplified with primers ATG2fw

and TAA2rw from cDNA produced from total leaf RNA, cloned in

pCR8GW (Invitrogen) and sequenced. The CDS was subsequently shut-

tled by attL 3 attR reaction into pH2GW7 (Karimi et al., 2002); manufac-

turer’s protocols were followed for TOPOTA and Gateway cloning

(Invitrogen). The construct was electroporated into EHA105 Agrobacte-

rium tumefaciens cells. Transformation of the lha leaf explants was

performed according to Trinh et al. (2001).

Expression of CYP716A12 Gene in Saccharomyces cerevisiae

The full-length CYP716A12 CDS fragment was amplified with primers

CypEcoRIfw and CypClaIrev, cloned into the pGEM-Teasy vector, and

sequenced. The CYP716A12 CDS fragment was subsequently excised

with the restriction enzymes EcoRI and ClaI and subcloned into the

pESC-HIS vector (Agilent Technologies) to give an in-frame C-terminal

fusion with the FLAG epitope. The expression vector was transformed

into yeast (S. cerevisiae) strains WAT11 and WR (Pompon et al., 1996) by

the lithium acetate procedure (Gietz et al., 1992). For CYP716A12

expression, the recombinant strains were cultured according to low
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density procedure (Pompon et al.,1996) with the addition of 13 mg/mL

hemin (Sigma-Aldrich) to the medium in the last induction step. WAT11

and WR clones transformed with pESC-HIS empty vector were used as

control. Microsome preparation was performed as described by Pompon

et al. (1996) except that ultracentrifugation at 100,000gwas performed for

60 min. The presence of CYP716A12 protein in microsome was tested by

immunoblot analysis using an anti-FLAG antibody (Sigma-Aldrich).

In Vitro Enzymatic Activity Assay

The activity of the CYP716A12 protein was tested in a 500-mL reaction

mixture consisting of 100 mM potassium phosphate buffer, pH 7.4,

containing 20 mM Glc-6-phosphate, 2.5 U of Glc-6-phosphate dehydro-

genase, 30 mg of substrate (b-amyrin purchased from Sigma-Aldrich or

erythrodiol from Extrasynthese), and 2mg of microsomal fraction protein.

After incubating the reaction mixture for 5 min at 308C, the reaction was

started by adding NADPH to a final concentration of 2mM and then was

stopped with 500 mL of 37% HCl after 6 h. The reaction products were

subjected to acid hydrolysis, and sapogenin content was evaluated as

described above.

Quantitative RT-PCR Analysis

Real-time quantitative PCR analysis was performed on the E113 control

line (T4 generation). Total RNA was extracted from three biological

replicates, each comprising three individual plants. Sampling was per-

formed in three biological stages (vegetative growth, early flowering, and

early pod setting) on leaves, stems, and roots. In the third sampling,

flowers, pods, and root nodules were also processed. A Nucleospin RNA

plant kit with DNase (Macherey-Nagel) was used according to the

manufacturer’s protocol. cDNA was synthesized by priming with oligo-

dT23 anchored using MMLV reverse transcriptase (Sigma-Aldrich) start-

ing from 3 mg of RNA. cDNA was diluted 1:25 and 6 mL was used as

template in a 20-mL reaction containing 10 mL of SsoFast EvaGreen

supermix (Bio-Rad) and 0.75 mM primers CYP-38FW and CYP-220RW.

Thermal cycling conditions were: 39 of initial denaturation at 958C, 40

cycles of denaturation (958C, 25”), annealing and extension (59.58C, 30”),

and a final melting analyses from 558C to 958C with 1 degree for each

step. The Msc27 control gene was amplified in the same condition us-

ing Msc27 269FW and Msc27 424rev primers at 1 mM each. All PCR

reactions were performed on three replicates each in a RotorGene 6000

(Corbett). Data analysis was performed with Rotor-Gene 6000 series

Software 1.7 (Corbett). To compare data from different PCR runs and

different cDNA samples, cycle threshold (Ct) value was normalized

against the reference gene Msc27. The value for the expression level of

the CYP716A12 gene was calculated by the comparative Ct method

using equation E = 2-DDCt (DDCt being the differences in DCt between a

given tissue and leaves in vegetative stage). PCR conditions for each

primer combination were optimized for efficiency = 1 and PCR products

were verified by melting curve analysis and agarose gel.

Microarray Analysis

RNA was extracted from 2-month-old leaves for lha and control plants

with the Qiagen RNeasy Mini Kit according to manufacturer’s instruction.

A total of six hybridizations were performed (two samples per three

replicates) at the NASC’s Affymetrix service (Nottingham Arabidopsis

Stock Centre, University of Nottingham, UK). Total RNA samples were

labeled, hybridized, and scanned as per manufacturer’s instructions as

described in the technical manual [GeneChip Expression Analysis,

Affymetrix (www.affymetrix.com)], using the Medicago Genome array

(Affymetrix). The raw and processed data have been donated to the Gene

Expression Omnibus database at the National Center for Biotechnology

Information (http://www.ncbi.nih.gov/geo/), with the accession number

GSE22835. The nonscaled RNA CEL files were loaded into the Gene-

spring GX11 (Agilent Technologies) using the robust multichip average

prenormalization algorithm (Irizarry et al., 2003). Per-gene normalization

was applied to the probe set signal values (i.e., the values for given genes)

as follows. For each replicate, probe set signals were standardized to the

median probe set signal value for all arrays in the experiment.

Differentially expressed genes were identified using a two-step pro-

cess: 1) a t test was performed to identify genes that were differentially

expressed between mutant and control samples (P# 0.05); and 2) genes

that were $1.5-fold up- or downregulated between the mutant and

control samples.

The significant Gene Ontology (GO) terms for the Medicago and Arab-

idopsis thaliana annotation were identified using the GO Analysis function

in Genespring GX11. The program Genebins at http://bioinfoserver.rsbs.

anu.edu.au/utils/GeneBins/ (Goffard andWeiller, 2007) was also used for

annotation analysis.

Statistical Analyses

Analysis of variance was performed using General Linear Models proce-

dure of the SAS software, version 8 (SAS Institute Inc.), with linear con-

trasts for comparison of specific means.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data-

bases under the following accession numbers FN 995112 (CYP716A12

gene from M. truncatula R-108) and FN 995113 (CYP716A12 mRNA from

M. truncatula R-108). The raw and processed data have been deposited in

the Gene Expression Omnibus database at the National Center for Bio-

technology Information (http://www.ncbi.nih.gov/geo/), with the accession

number GSE22835.
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