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Summary

e Strigolactones (SLs) are rhizosphere signalling molecules and phytohormones. The biosyn-
thetic pathway of SLs in tomato has been partially elucidated, but the structural diversity in
tomato SLs predicts that additional biosynthetic steps are required. Here, root RNA-seq data
and co-expression analysis were used for SL biosynthetic gene discovery.

e This strategy resulted in a candidate gene list containing several cytochrome P450s.
Heterologous expression in Nicotiana benthamiana and yeast showed that one of these,
CYP712G1, can catalyse the double oxidation of orobanchol, resulting in the formation of
three didehydro-orobanchol (DDH) isomers.

¢ Virus-induced gene silencing and heterologous expression in yeast showed that one of
these DDH isomers is converted to solanacol, one of the most abundant SLs in tomato root
exudate. Protein modelling and substrate docking analysis suggest that hydroxy-orbanchol is
the likely intermediate in the conversion from orobanchol to the DDH isomers.

¢ Phylogenetic analysis demonstrated the occurrence of CYP712G1 homologues in the Eudi-
cots only, which fits with the reports on DDH isomers in that clade. Protein modelling and
orobanchol docking of the putative tobacco CYP712G1 homologue suggest that it can con-
vert orobanchol to similar DDH isomers as tomato.

Introduction

Strigolactones (SLs) were initially discovered as germination
stimulants that induce the seed germination of parasitic plants of
the Orobanchaceae (Striga, Alectra, Phelipanche and Orobanche
genera) (Cook et al, 1966; Bouwmeester et al., 2020). Half a
century after this intriguing biological discovery, it was demon-
strated that SLs are actually beneficial for plants, as they induce
hyphal branching in arbuscular mycorrhizal (AM) fungi
(Akiyama ez al., 2005). Another 3 yr later, SLs were revealed to
be a class of plant hormones regulating plant architecture and
development (Gomez-Roldan ez al., 2008; Umehara ez a/., 2008;
Ruyter-Spira et al., 2011; Kapulnik & Koltai, 2014; Sun ez al.,
2015).

Interestingly, substantial structural diversification has occurred
in the SLs, between as well as within plant species. So far ¢. 30 dif-
ferent SLs have been reported and individual plant species have
been reported to exude up to 11 different SLs (Xie, 2016; Wang &
Bouwmeester, 2018; Xie et al, 2019). SLs can be classified into
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canonical and noncanonical SLs that all have the butenolide D-
ring responsible for their biological activity. Different SLs may
have different biological activities with regard to seed germination
stimulation of parasitic plants, hyphal branching of AM fungi and
hormonal activity (Akiyama er al, 2010; Boyer er al, 2012;
Nomura er al, 2013; Zwanenburg & Pospisil, 2013). Possibly,
these different functions have driven the structural diversification
in the SLs, with biological specificity in beneficial signalling rela-
tionships as fitness traits. Knowledge of the biosynthesis of these
different SLs should shed more light on their biological relevance.
The biosynthesis of SLs so far has only been partially unravelled,
and mainly in model plants. The core SL biosynthetic pathway
involves the enzymes DWARF27 (D27), CAROTENOID
CLEAVAGE DIOXYGENASE 7 (CCD7) and CAROTENOID
CLEAVAGE DIOXYGENASE 8 (CCDS8) (Fig. 1) (Morris et al.,
2001; Sorefan et al, 2003; Zou et al., 2006; Arite et al., 2007;
Simons et al., 2007; Drummond et al, 2009; Lin ez al., 2009; Alder
et al, 2012). These three proteins can sequentially convert PB-
carotene into carlactone, which seems to be the common precursor
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Fig.1 The proposed strigolactone (SL)
biosynthetic pathway in tomato (Solanum
lycopersicum). Elucidated steps are indicated
with solid and putative steps with broken
arrows. The proposed structures of
didehydro-orobanchol (DDH) isomers are
shown in Supporting Information Fig. S8.

for all SLs (Alder ez al.,, 2012). In Arabidopsis, MORE AXILLARY
GROWTH 1 (MAX1) can convert carlactone (CL) into car-
lactonoic acid (CLA) (Abe et al., 2014; Seto et al., 2014; Xu et al.,
2021). In rice, two MAXI1 homologues convert CL into 4-
deoxyorobanchol (4-DO) (CL oxidase) and 4-DO into orobanchol
(4-DO hydroxylase) (Zhang et al., 2014).

In tomato, the SL biosynthetic pathway has been partially
resolved, with the characterisation of CCD7 and CCD8 (Vogel
et al, 2010; Kohlen ez al, 2012; Zhang et al, 2018). Two
cytochrome P450s, the MAXI1 homologue SIMAX1 and
CYP722C, sequentially convert CL into CLA and CLA into
orobanchol, respectively (Zhang et al., 2018; Wakabayashi ez al.,
2019). However, tomato exudes many different SLs, such as
orobanchol, solanacol, several didehydro-orobanchol (DDH) iso-
mers, orobanchyl acetate, 7-oxo-orobanchol and 7-hydroxy-
orobanchol (Koltai ez al., 2010; Vogel ez al., 2010; Dor et al.,
2011; Kohlen et al, 2012, 2013). Therefore, additional enzymes
must be involved that give rise to this diversity of SLs in tomato.

Most genes encoding the SL upstream biosynthetic and sig-
nalling pathway were elucidated by identifying increased branch-
ing mutants using forward genetic approaches (Brewer et al.,
2016). A mutation in the recently identified tomato SL biosyn-
thetic gene, CYP722, did not cause a more branched phenotype
(Wakabayashi ez al., 2019), making it impossible to use a forward
genetics approach for the remaining unknown SL diversification
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genes downstream of that gene as they are also not expected to
have a branched phenotype.

A common feature of SL biosynthesis genes is that their expres-
sion is induced by both phosphate (P) starvation and GR24
application (Lopez-Raez er al., 2008; Wakabayashi ez al., 2019)
and we postulated that under such conditions unknown tomato
SL biosynthetic genes are co-expressed with the known genes. In
this study, a transcriptome analysis of tomato roots grown under
those conditions was performed and SL biosynthetic gene candi-
dates identified using co-expression analysis. Using heterologous
expression in Nicotiana benthamiana and yeast we show that one
of these candidates, cytochrome P450 CYP712Gl, catalyses the
conversion of orobanchol into three DDH isomers, and using
systemic virus-induced gene silencing (VIGS), that one of these
DDH isomers is an intermediate en route to the biosynthesis of
solanacol, one of the most abundant SLs in tomato root exudate.

Materials and Methods

Plant growing conditions

For SL analysis, pregerminated seeds of tomato (S. lycopersicum
cv Moneymaker) were transferred to pots containing a mixture of
expanded clay and sand (3:1) and grown in the glasshouse at
24°C under a 16h:8h photoperiod using half-strength
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Hoagland solution for 2wk followed by 1wk continuous
half-strength Hoagland solution with P (YP) or without P (NP), as
described previously (Lopez-Réez ez al., 2008; Zhang ez al., 2018).
Root exudate was collected by flushing the pot with 11 Hoagland
solution, which was filtered using filter paper.

Strigolactones were also analysed in tomato grown in aeropon-
ics. Germinated Moneymaker seeds were transferred to rockwool
in six 4-cm net cups placed in holes in the lid of an aeroponics
bucket. The bucket contained 31 half-strength Hoagland solu-
tion that was sprayed over the roots of the plants every 15 min
for 15s. The plants were grown at 24°C under a 16 h: 8 h pho-
toperiod. After 2 wk, the nutrient solution was replaced using
half-strength Hoagland solution with phosphate (YP) or without
phosphate (NP). After an additional week, the root exudates
(600 ml of the remaining nutrient solution) were collected and
processed.

RNA-seq and co-expression analysis

RNA-seq analysis on tomato roots was performed as previously
described (Wang ez al., 2021) with the addition of a 1d GR24
application treatment in combination with P deficiency (Sup-
porting Information Fig. S1). RNA isolation and library prepara-
tion were performed as described before (Wang ez al., 2021).

(PCC) were
between every two genes in all samples. Comparative Co-
Expression  Network  Construction and  Visualization
(CoExrNETVI1Z) (Tzfadia e al, 2015) was used to visualise the
co-expression network with known SL biosynthetic genes
(8ID27, SICCD7, SICCD8 and SIMAXI) as baits and reads per
kilobase of transcript, per million mapped reads (RPKM) values
of all genes in the RNA-seq dataset as the expression value. The

Pearson correlation coefficients calculated

default settings for correlation threshold were used (lower per-
centile rank <5; upper percentile rank >95) and Plaza families
and dicots) (https://bioinformatics.psb.ugent.be/
plaza/) were chosen. The co-expression network was displayed
using CYTOSCAPE (v.3.5.1) with COEXPNETVIZ as selected style
and group attributes according to colour as layout.

(monocots

Plasmid construction

The coding sequence (CDS) of tomato CYP712G1 (Soly-
c10g018150.2) was obtained from SGN (Sol Genomics Net-
work:  https://solgenomics.net) (Table S1). The full-length
cDNA was amplified from tomato (S. Jycopersicum L. cv
Craigella) root cDNA using primers with restriction enzyme sites
included (Table S2). Cloning for agroinfiltration was conducted
as previously described (Zhang ez al., 2014).

Tobacco rattle virus (TRV)-based vectors TRV1 (Liu ez a4l.,
2002) and TRV2B (p1397, GenBank Accession OM677764;
TRV RNA2 binary plasmid carrying the 2b gene (Valentine
et al., 2004) from TRV isolate PpK20 and a Gateway cassette in
reverse-complement orientation for expression of antisense VIGS
sequences) were used for VIGS. To generate the inserts, partial
fragments of CYP712GI and SICCD8 (576 bp for CYP712G1,
241 bp for SICCD8) were PCR amplified from tomato root

New /’/{}'/(l//(@}l (2022) 235: 18841899
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cDNA, and the GUS fragment (393 bp) was amplified from
pKG1662 using Phusion polymerase (Thermo Fisher Scientific,
Vilnius, Lithuania) using primers shown in Table S2. Fragments
were inserted into a pDONR207 entry vector using the BP reac-
tion (Thermo Fisher Scientific) and transferred into the TRV2B
destination vector using the LR reaction. Finally, the TRV2B
VIGS plasmids were transformed into Agrobacterium tumefaciens
GV3101.

For yeast expression, the gene fragment was amplified
from pBIN-Plus-CYP712G1 with the corresponding primers
(Table S2). For site-directed mutagenesis, two single muta-
tions p.CYP712G1-D305A, p.CYP712G1-D312A and a
double mutation p.CYP712G1-D305A-D312A were generated
using primers listed in TableS2. Digestion and ligation
were performed to clone CYP712G1, p.CYP712G1-D305A,
p-CYP712G1-D312A and p.CYP712G1-D305A-D312A into
pYeDP60 into the restriction sites Nod and Pacd (Pompon ez al.,
1996; Cankar et al., 2011). The resulting plasmids were trans-
formed into Saccharomyces cerevisiae strain WAT11 (Pompon

et al., 1996).

Nicotiana benthamiana transient expression

For transient expression, 4-wk-old N. benthamiana plants were
used for agroinfiltration. The preparation of the A. rumefaciens
AGLO strains (ODggp=0.5) was performed as previously
described (Zhang er al., 2014). A mixture of the CL pathway
clones (SID27+ SICCD7+ SICCD8) combined with two rice
MAXIs (0s900, Os1400) was co-infiltrated to reconstitute the
orobanchol pathway in N. benthamiana. The mixing of combina-
tions and injection of the bacterial suspension into the leaves were
performed as described before (Zhang ez al., 2018). After 6 d, the
infiltrated leaves were harvested and frozen until further analysis.
Six biological replicates were used for each combination.

Virus-induced gene silencing in tomato

Tomato plants were grown as described above using half-strength
Hoagland solution for watering. For agroinfiltration, GV3101
cultures containing TRV1 and TRV2 were harvested by centrifu-
gation, resuspended in induction medium (containing 0.5% MS
basal medium, 10 mM 2-(N-morpholino)ethanesulfonic acid
(MES) pH 5.6, 20 gl_1 sucrose and 200 UM acetosyringone) to
a final ODG600 of 1 and mixed at room temperature for 2 h. The
bacterial suspension was infiltrated into the abaxial side of the
cotyledons of 9-d-old tomato seedlings using a syringe without a
needle. Root exudates and root material were collected 28 d after
infiltration. Roots were frozen in liquid nitrogen and stored at
—80°C for qPCR. At 1 wk before harvest, the nutrient solution
was changed into half-strength Hoagland without phosphate.

Gene expression analysis

Total RNA was extracted with TRIzol (Invitrogen) and 800 ng
was converted to ¢cDNA using oligo-dT18 primers, dNTPs
and RevertAid Reverse Transcriptase (Thermo Fisher Scientific).

© 2022 The Authors
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Q-PCR was performed on a 7300 Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA). The relative gene
expression was determined using the comparative threshold cycle
value. Tomato reference genes were selected as previously
described (Zhang ez al., 2018; Wang ez al., 2021). Primers used
for RT-qPCR are shown in Table S2. To compare gene expres-
sion in TRV2B-SICCD8 and TRV2B-SICYP712G1 VIGSed
plants, the expression levels were normalised to the expression
levels in the TRV2B-GUS control plants. Five to six biological

replicates were used per treatment.

Yeast microsome in vitro assay

Wild-type yeast WAT11 was cultured in YPGA medium and
transformed yeast was maintained in SGI medium (Zhang ez al.,
2014). Induction of gene expression and isolation of microsomes
was done as described (Pompon ez al., 1996; Zhang ez al., 2014)
The concentration of the isolated microsomes was determined
using the Bicinchoninic Acid protein assay (Sigma).

For yeast microsome #n vitro assays, orobanchol was incubated
with 100 pl (2000 pg protein ml™") of microsomal protein prepa-
ration in a 500 pl reaction containing 1 mM NADPH and 40 mM
phosphate buffer (pH =7.5) in a 1.5 ml Eppendorf vial. The assays
were carefully agitated at a moderate speed (200 rpm) for 3 h at
30°C. The reaction was stopped by adding 1.5 ml ethyl acetate.

SL extraction and sample preparation

For SL extraction from N. benthamiana leaves (200 mg frozen
ground material) and the yeast microsome assay, ethyl acetate
was used. SL analysis followed reported methods (Kohlen ez 4l,
2011), but GR24 was used as an internal standard. SL extracts in
a mixture of ethyl acetate (50 pl) and 4 ml #-hexane were applied
to a Strata® SI-1 Silica (200 mg/3 ml) column, preconditioned
with 2 ml of ethyl acetate and 4 ml of hexane. The column was
washed with 7-hexane and eluted with 3 ml of 10:90 hex-
ane: ethyl acetate. The solvent was evaporated under vacuum,
and the residue reconstituted in 100 pl acetonitrile : water (1 : 4)
and filtered with Micro Spin (centrifuge) filters 0.2NY (Thermo
Fisher Scientific, Waltham, MA, USA) before analysis using mul-
tiple reaction monitoring (MRM)-LC-MS/MS.

For collection of root exudate from VIGS-treated plants, root
exudates were concentrated using solid phase extraction (SPE)
C18 columns (500 mg/6 ml; Sigma-Aldrich) following the
method described above. Here, 10 pl of 5 x 10~ pmol pl ™"
GR24 standard was added to the eluent, then samples were evap-
orated to dryness. The residue was reconstituted in ethyl acetate
(50 pl) and hexane (4 ml) and purified using SPE, and prepared
for LC-MS/MS analysis, as described above.

Detection and quantification of strigolactones using
UHPLC-MS/MS

Ultrahigh performance liquid chromatography tandem mass
spectrometry (UHPLC-MS/MS) analysis of orobanchol (iso-

mers), solanacol, DDH isomers and hydroxy-orobanchol in

© 2022 The Authors
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N. benthamiana leaf extracts, root exudates of tomato and yeast
assay extracts was carried out using an Acquity UPLC® system
(Waters, Milford, MA, USA) coupled to a Xevo™ TQ-XS triple—
quadrupole mass spectrometer (Waters MS Technologies,
Manchester, UK) with the electrospray interface. Here, 5 pl were
injected on a reverse-phase Acquity UPLC™ BEH C18 column
(2.1 x 100 mm, 1.7 pm; Waters) at 45°C and separated by
applying a water and acetonitrile gradient with 0.1% formic acid
as the cluent additive at a flow rate of 0.45 ml min~'. The gradi-
ent started from 10% acetonitrile for 2 min, was raised to 50%
acetonitrile in 6 min, followed by a gradient to 65% acetonitrile
in 1 min and subsequently increased to 95% in 1.5 min, which
was maintained for 1 min before going back to 15% acetonitrile
using a 0.5 min gradient, and maintained for 2.5 min to equili-
brate the column before the next run. The mass spectrometer was
operated in positive electrospray ionisation mode with the condi-
tions: capillary voltage (1.2 kV), ion source/desolvation tempera-
ture (120/550°C), desolvation/cone gas flow (1000/1501h™ 1),
cone voltage (15-36V) and collision energy (10-25¢V). the
instrument operation and data analysis were performed using
MassLynx™ software (v.4.2; Waters).

To improve separation of DDH isomers an enantio-selective
column (Lux™ Cellulose-1, 3 x 150 mm, 3 um; Phenomenex,
Torrance, CA, USA) was used that was eluted using a 28 min gra-
dient of 0.1% formic acid in methanol : water (1:9, v/v, A) and
0.1% formic acid in acetonitrile (B) at a flow rate 0.25 ml min™".
The column temperature was maintained at 45°C. The linear
binary gradient was set as follows: isocratic elution at 15% B for
1.5 min, linear increase to 27% B in 2.5 min, to 40% B in 6 min
and 65% B in 7 min; isocratic elution for 2 min at 65% B, fol-
lowed by a column wash at 95% B for 4 min and column equili-
bration to initial conditions. The eluate was introduced into the
electrospray ion source of the LC-MS/MS, operating at above-
mentioned conditions. DDH isomer naming was synchronised
with Zhang et al. (2018) using the order of elution (on C18) and
the ratio between the MRM channels used that is distinct for the
three isomers detected.

Phylogenetic analysis

To construct a phylogenetic relationship for the CYP712 gene
family, homologous protein sequences were mined from
genome assemblies of 14 species across the flowering plants
(Dataset S1) and new transcriptomes from tobacco roots (Short
Read Archive (SRA) accession number SRR7540357), Astra-
galus sinicus (SRA accession number SRR13286078) and Cosmos
bipinnatus (SRA accession number SRR3546768-9) were assem-
bled de novo using the TriNITY pipeline (Grabherr ez al., 2011;
Qin er al., 2020). We also included available sequences from
Bupleurum chinense and Aralia elata (Araliaceae) as representa-
tives of the Apiales order and the putative friedelin C-29 oxi-
dase sequence from Maytenus ilicifolius (Sui et al., 2011; Bicalho
et al., 2019; Cheng er al., 2020). Some genes of Kingdonia
uniflora (KAF6168288), Nyssa sinensis (KAA8520263) and
Trifolium  pratense (Tp57577_TGAC_v2_mRNA4964) were

manually re-annotated based on homology with other known
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CYP712 genes. Multiple sequence alignment was performed
with MAFFT v.7.450 with automatic selection of appropriate
algorithm, BLOSUMG62 scoring matrix, a gap open penalty of
1.26 and an offset value 0.123 (Katoh & Standley, 2013) The
optimal model of protein sequence evolution for the alignment
(CPREV+I+G) was estimated based on second order Akaike
information criterion (AICc) using MODELTEST-NG v.0.1.7
(Darriba er al., 2019). The gene tree was reconstructed in a
Bayesian framework using MRBaYES v.3.2.6 (Ronquist &
Huelsenbeck, 2003) implemented in GENEIOUS PRIME with two
independent runs each with a chain length of 2.2 million gener-
ations; sampling every 1000™ generation; four heated chains
with a temperature of 0.2 and applying the optimal model of
sequence evolution. CYP93A3 subfamily sequences from the
basal angiosperm Amborella trichopoda were used as the out-
group. After discarding the first 220 000 generations as burn-in
all effective sampling sizes per run were at least 339, the stan-
dard deviation of clade frequencies was below 0.007 and the
potential scale reduction factor (PSRF) was 1.000, suggesting
appropriate convergence between the two runs.

Protein modelling and substrate docking

Homology models were constructed for the tomato CYP712G1,
a Medicago homologue and two homologues from tobacco (short
and long) using CYP76AH1 from Salvia miltiorrhiza (PDB ID:
5YLW) and CINNAMATE 4-HYDROXYLASE (C4H1) from
Sorghum bicolor (PDB ID: 6VBY) as templates, using MODELLER
v.9.22 (Webb & Sali,2016). The sequence identities with
CYP76AHI are 32.8, 30.2, 32.8% and 32.8% and with C4H1
28.7,28.7,26.6%, and 26.6% for CYP712G1, the Medicago and
the two tobacco homologues, respectively. Fig. S2 depicts the
alignments of each to the two templates. The heme group present
in the CYP76AH1 structure was modelled as a flexible residue.
Four orobanchol isomers were used in a docking analysis using
AutoDock VINA v.1.1.2 (Trott & Olson, 2010). Three residues
THR311, ASP312 and THR313 represent the conserved P450
oxygen-binding motif (Werck-Reichhart & Feyereisen, 2000).
To take this known interaction into account, these three were
modelled as flexible residues allowing them to change and influ-
ence the docking process. In addition, 6-hydroxy-orobanchol and
7-hydroxy-orobanchol were docked with CYP712G1 with
ASP305 also considered as a flexible residue along with the previ-
ously described three, as this aspartate is found within the active
site and therefore could also play the role of a proton donor.

Results

The discovery of SL biosynthesis candidate genes

P starvation of tomato resulted in a strongly increased production
of orobanchol, solanacol and DDH isomers in both aeroponics
(Fig. S3a—) and in pots with sand/clay (Fig. S3d—f). Upon
inspection of our RNA-seq data (Wang ez al., 2021), expression
of known SL biosynthetic genes (S/D27, SICCD7, SICCD8 and
SIMAXI) turned out to be induced by P starvation, repressed by
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P replenishment and upregulated by GR24 application (under P
starvation) (Fig. S4a,b). Furthermore, expression of S/D27 and
SICCD7 was induced, whereas expression of SIMAXI was
repressed in the CCD8 RNAI line (Fig. S4a,b). Subsequently, we
therefore used the RNA-seq results for co-expression analysis
using the known SL biosynthetic genes (S/D27, SICCD7,
SICCD8 and SIMAXI) as baits. A co-expression network of all

CYpP722C
CYP712G1

(@

(b) SLMAXI SICCDS
(184) (188)

Siccp7

Fig. 2 The discovery of strigolactone (SL) biosynthesis candidate genes in
tomato (Solanum lycopersicum). (a) Gene co-expression network of all
genes in the RNA-seq dataset with four bait genes created with
CoExpNETViz and Cytoscape. The default correlation threshold of
CoExpNEeTViz was used (lower percentile rank <5; upper percentile rank
>95). Genes in group 1 are co-expressed with S/D27, SICCD7 and
SICCDS; genes in group 2, are co-expressed with SIMAX1; genes in group
3 are co-expressed with SID27 and SICCDS; genes in group 4 are co-
expressed with SICCD8 and SIMAX1; genes in group 5 are co-expressed
with SICCDS; genes in group 6 are co-expressed with S/D27, SICCD8 and
SIMAX1; genes in group 7 are co-expressed with SID27, SICCD7, SICCD8
and SIMAX1; genes in group 8 are co-expressed with SICCD7; genes in
group 9 are co-expressed with SID27 and SICCD7; genes in group 10 are
co-expressed with SID27. The 12 P450s we studied in this paper and
CYP722C from group 7 were manually moved to a different location on
the network canvas (P450 circle on the top right). (b) Venn diagram show-
ing the number of co-expressed genes with known SL biosynthetic genes
(PCC>0.9) (Oliveros, 2007).
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the genes in the RNA-seq dataset showed that the genes clustered
into 10 differently co-expressed groups (Fig. 2a) and we decided
to focus on the genes in group 7 that are co-expressed with all
four bait genes. In earlier research, we hypothesised that
cytochrome P450s play a role in the conversion of orobanchol
into other SLs in tomato (Zhang ez al., 2018) and therefore we
focused on the P450s in our candidate gene list (Fig. 2a). Among
these is the recently published SICYP722C (Wakabayashi ez af,
2019) (Fig.2a) with a PCC value with all the four bait genes
between 0.85-0.9 (Table S3).

CYP712G1 converts orobanchol into DDH in
N. benthamiana

We successfully cloned 10 out of 12 of the P450s with a PCC of
>0.9 (Fig. 2b; Table $3). To characterise these candidate genes, we
transiently co-expressed each of them with the orobanchol-
producing biosynthetic pathway in N. benthamiana. Since at the

sctch 904

time of these experiments, CYP722C had not been published, we
co-expressed two MAXIs from rice (Os900 and Os1400) with the
tomato CL pathway (S/D27, SICCD7 and SICCDS) to generate
orobanchol. This indeed resulted in the production of orobanchol
in N. benthamiana (Figs 3a, S5). Of the 10 tomato P450 genes,
only co-expression of P450.3 (CYP712G1) with the five oroban-
chol pathway genes resulted in significant consumption of oroban-
chol (Figs3a, S5a). At the same time, on an enantio-selective
column, three peaks of DDH isomers appeared (Fig. 3b). This
matches the pattern of DDH isomers in the root exudate of
tomato as obtained from the aeroponics system (Fig. 3d). Intrigu-
ingly, also a trace amount of solanacol was produced (Fig. 3c). We
assumed that this minor conversion was due to a N. benthamiana
enzyme that can convert DDH into solanacol (please refer to the
following sections). These results make CYP712G1 a very likely
candidate for SL biosynthesis in tomato. Indeed, in our RNA-seq
dataset, the expression pattern of CYP712GI (Fig. S4c) was very
similar to that of the known SL biosynthetic genes (Fig. S4a,b).
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Fig. 3 Biochemical characterisation of CYP772G1 using transient expression in Nicotiana benthamiana. (a) The reduction of orobanchol (transition [M+H]1"
m/z orobanchol_347.2 > 97) in the transient expression assay. (b) The multiple reaction monitoring (MRM) chromatogram of didehydro-orobanchol (DDH)
isomers (transition [M+H]" m/z 345.16 > 96.96) on enantio-selective column in transient expression assay. (c) The production of solanacol (transition
[M+H]I" m/z 343.16>96.97) in the transient expression assay. (d) The MRM chromatogram of DDH isomers (transition [M+H] +m/z 345.16 > 96.96,
345.16>175.27 and 345.16 >203) on enantio-selective column in tomato root exudate under aeroponic system. EV, empty vector; orobanchol pathway,
SID27 + SICCD7 + SICCD8 + Os900 + Os1400; orobanchol + CYP712G1, co-expression of CYP7712G7 with the orobanchol pathway.
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Orobanchol accumulates when CYP712G1 is silenced

To characterise the function of CYP712G1 in planta, we silenced
CYP712G1 in tomato plants using VIGS and measured the pro-
duction of SLs in the root exudate. GUS was used as a negative
control and the SL biosynthetic gene SICCDS as a positive con-
trol. Quantitative RT-PCR showed a 29% nonsignificant
decrease in the expression of SICCDS8 in the root of TRV2B-
SICCD8 plants compared with the control (TRV2B-GUS)
(Fig. 4a). Interestingly, the expression of SICCD7, SIMAXI and
SICYP712G1 increased 3.98-, 1.39- and 2.13-fold, respectively,
compared with the TRV2B-GUS control, probably due to feed-
back upregulation. Unexpectedly, the expression of S/D27
decreased by 31% (Fig. 4a), possibly as a result of its presence at
the branch point of both ABA and SL biosynthesis (Abuauf ez 4/,
2018). Compared with the control (TRV2B-GUS), the amounts
of orobanchol, solanacol and DDH isomers in the root exudate
of tomato plants with silenced SICCD8 were strongly reduced
(Fig. 4b—d), showing that VIGS can, systemically, alter SL
biosynthesis in the roots of tomato, as reported before (Xu ez al.,
2018) and that this also results in decreased SL levels in the root
exudate. The combination of a strong reduction in SLs while
gene expression was not significantly affected is likely to be due
to the experimental system, as silencing efficiency may be patchy,
the root system can only be retrieved partially, and root exudates
are collected from the entire root system.

RT-PCR showed that VIGS reduced the expression of
CYP712G1 (nonsignificantly) by 12% compared with the control
(TRV2B-GUY) (Fig. 4a). The expression of $/D27 decreased — just
as in the SICCD8silenced plants — while the expression of the other
SL biosynthetic genes, SICCD7, SICCDS8 and SIMAXI, increased —
similar as occurred in the S/CCD8silenced plants (Fig. 4a).
Together, the changes in gene expression upon silencing of
CYP712G1 closely resembled the effect seen when silencing CCD8.
VIGS of CYP712G]1 resulted in a 12.2-fold higher concentration of
orobanchol compared with the TRV2B-GUS-treated plants
(Fig. 4b) supporting the assumption that the encoded enzyme uses
orobanchol as substrate. Furthermore, the amount of DDH and
solanacol decreased, although only by 10.9% and 26.2%, respec-
tively, with the former not being statistically significant (Fig. 4c,d).
The larger orobanchol increase (compared with the decrease in
DDH and solanacol) is possibly caused by the feedback upregula-
tion of upstream genes resulting in higher orobanchol production
in the SICYP712G1 silenced plants (Fig. 4a). The accumulation of
orobanchol and the decrease in DDH and solanacol supported the
assumption that solanacol is derived from orobanchol by one or
more of the DDH isomers and that CYP712Gl1 is the tomato SL
biosynthetic enzyme that catalyses these reactions.

CYP712G1 catalyses the conversion of orobanchol into
DDH

To further confirm the function of CYP712G1, we expressed
CYP712G1 in the yeast strain WAT11 (Pompon ez al., 1996)
and incubated isolated microsomes with orobanchol. MRM-LC/
MS/MS analysis showed the formation from orobanchol of two
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DDH isomers (Fig. S6). No further conversion to solanacol was
observed (data not shown). To obtain a better separation of the
DDH isomers, we used an enantio-selective column and this
allowed us to detect three DDH isomers just as in N. benthami-
ana and tomato root exudate, albeit at different ratios (Fig. 5).
This confirms that CYP712G1 catalyses the conversion of
orobanchol into DDH isomers with DDH3 being the dominant
product in the yeast microsome assay.

To test if CYP712Gl1 displayed substrate stereo-selectivity, we
assessed the enzymatic efficiency of the microsomes expressing
CYP712G1 with all four orobanchol stereoisomers (Fig. 5a).
MRM-LC/MS/MS analysis revealed that CYP712G1 can also
catalyse the conversion of 2'-gpi-orobanchol into DDH isomers
although with substantially lower efficiency compared with
orobanchol (Figs 5b, $6). On the enantio-selective column, these
2'-epi-orobanchol-derived DDH isomers (DDHa, b, ¢) eluted
later compared with the DDH isomers naturally occurring in
root exudate of tomato and produced in transient expression in

N. benthamiana (Figs 5b, S6).

CYP712G1 produces hydroxy-orobanchol as an
intermediate en route to DDH

In additdon to the formation of DDH isomers, also two hydroxy-
orobanchol-like compounds were produced from both orobanchol
and 2'-¢pi-orobancol in the yeast assay (Fig. S7). This putative iden-
tification is based on the comparison with a standard of the tenta-
tively identified 7-hydroxy-orobanchol that has previously been
reported to be present in root exudate of tomato and cucumber
(Kohlen et al.,, 2013; Khetkam ez al., 2014). The 7-position in this
hydroxy-orobanchol has however not been unambiguously proven
(Khetkam ez al, 2014). The presence of two peaks could therefore
represent the production of stereoisomers of 7-hydroxy-orobanchol
and/or the production of a C5 and/or C6-hydroxy-orobanchol (in
addition to C7), which theoretically could all serve as intermediates
in the formation of solanacol (Fig. S8). The use of shorter incuba-
tion times showed that the enzyme is active for several hours, but
did not result in changes in the ratio between hydroxy-orobanchol
and DDH (Fig. S9). After 24 h of incubation with orobanchol,
most of the DDH had been decomposed (Fig. S9a). This suggests
the instability of DDH (K. Yoneyama & X. Xie, pers. comm.) and
is also the reason why we were unable to isolate sufficient DDH for
structure elucidation.

Modelling CYP712G1 structure and substrate docking

To further underpin the mechanism — and substrate- and regio-
specificity — of the CYP712Gl1 catalysed conversion of oroban-
chol to DDH, we created a structural model of the enzyme using
homology modelling. The CYP712G1 protein model with the
heme group (Fig. S10a) exhibited a normalised DOPE score of
—0.89, which was close to the ‘near-native’ score of —1 and rep-
resents a good model (Eramian er 2/, 2008). Docking analysis of
this model with the four orobanchol isomers (Fig. 6a—d) showed
that CYP712G1 docks orobancol and 2’-gpi-orobanchol in an

orientation allowing for the subsequent hydroxylation reaction

© 2022 The Authors

New Phytologist © 2022 New Phytologist Foundation.



New

Phytologist

@ , GUS-TRV2B
CCDS8-TRV2B
mCYP712G1-TRV2B
6 1 s
5 4
=
L
g4 ns
(=3
»
)
o J *
2 3 ns T
=
: |
2 “_i_
141 7 .. T T nTs T T E:
ek
0 . . . .
D27 CCD7 CCD8 MAX1 CYP712G1
(b)
c
120 1 ©
— ek
E 100 - 50
- 45
E" 80 1 E 40 e
g ‘Tu) 35 4
£ 60 1 E 30 4
2 25 4
S 40 A S 20 -
S =
= S 15 1 e
s [
= = 5 4
© i a0
0 i

TRV2B-GUS TRV2B-CCDS TRV2B-CYP712 TRV2B-GUS TRV2B-CCD8 TRV2B-CYP712

—_
[}
~
—_
(]
~

2500 000 +

14000 1
12000 4
2000 000 1 ns 2
z £ Z 10000 ; ns
} L? 1500 000 3 i" 2000 1
a8 R
_ £ 1000000 1 2 b 6000 A
g *% g% 4000 1
& 22 =
500 000 - g5~ o
i 5 2000 1 -
0 = 0
0% ) O\ S & A
S & & & & &
& ¥ & o N $
& & o & & Py
< 4"\» «§ 4’\&
N &

Fig. 4 Expression of strigolactone (SL) biosynthetic genes in roots and SL quantification in the root exudate of virus-induced gene silencing (VIGS)-treated
tomato plants (cv Moneymaker). (a) The expression of D27, CCD8, MAX1 and CYP712G1, normalised to two reference genes (SGN-U584254 and SGN-
U563892; Dekkers et al., 2012), in the roots of tomato (cv Moneymaker) 4 wk after infiltration of leaves with tobacco rattle virus (TRV) VIGS constructs
(n=6). (b) Orobanchol level (transition [M+H]" m/z orobanchol_347.2 > 97) in the root exudate of VIGS-treated tomato plants. (c) Solanacol level (transi-
tion [M+H]" m/z solanacol_343.16 >96.97) in the root exudate of VIGS-treated tomato plants. (d) DDH isomers level (transition [M+H]" m/z
DDH_345.16>96.96) in the root exudate of VIGS-treated tomato plants. (e) Hydroxy-orobanchol level (transition [M+H]" m/z hydroxy-
orobanchol_361.16>247.05) in the root exudate of VIGS-treated tomato plants. Root exudates were collected after VIGS infiltration for 4 wk (normalised
using root fresh weight, pmol g~" FW), GUS-TRV2B is the experimental control and CCD8-TRV2B is the positive control (n=6). Error bars represent
means + SEM (significance was determined using Student's t-test, * and ** = significant at 0.05 and 0.01 levels, respectively; ns, nonsignificant).
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Fig.5 Multiple reaction monitoring-liquid chromatography tandem mass spectrometry (MRM-LC/MS/MS) identification of didehydro-orobanchol (DDH)
isomers and orobanchol stereoisomers of yeast microsome in vitro assay on enantio-selective column. (a) Structures of orobanchol stereoisomers. (b) Rep-
resentative chromatogram of the production of DDH isomers (transition [M+H]" m/z DDH_345.16 > 96.96) in the enzyme assay mixture with yeast micro-
somes expressing CYP712G7 (empty vector (EV) as control) and two orobanchol isomers after incubation of 3 h as analysed using MRM-LC-MS (n=3) on

an enantio-selective column.

to occur (Fig. 6a,b), whereas ent-2'-epi-orobanchol and ent
orobanchol dock (Fig. 6¢,d) in a reverse orientation. This sup-
ports the result with the yeast assays, showing that CYP712G1
prefers orobanchol and — to a lesser extent — 2/-epi-orobanchol as
substrates, but not ent2'-¢pi-orobanchol and entorobanchol.

The docking analysis showed that orobanchol docks into the
enzyme with C7 and C6 facing the heme (Fig. 6a; distances to Fe
atom in heme 3.5 and 4.2 A, respectively). This suggests that C7
and C6 are the most likely positions for hydroxylation (path 1
and path 2 in Fig. S8). So that we could speculate that the two
hydroxy-orobanchol-like peaks (Fig. S7a) we obtained in the
yeast microsome assay of CYP712G1 with orobanchol represent
C6- and C7-hydroxy-orobanchol. 2'- Epi-orobanchol docks with
C7 facing the heme (4.7 A; Fig. 6b) suggesting that the two
hydroxy-epi-orobanchol-like peaks (Fig. S7a) obtained with epi-
orobanchol as substrate represent the stereoisomers of C7-
hydroxy-epi-orobanchol, although it cannot be excluded that they
represent C6- and C7-hydroxy-epi-orobanchol.
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Two aspartic acid residues are indispensable for the activity
of CYP712G1

Docking results suggested that two aspartic acids at positions 305
and 312 are located in the vicinity of 6-hydroxy- and 7-hydroxy-
orobanchol (Fig. 6e,f) and therefore may be involved in the proton
donation required for the conversion (Fig. S8). To test how impor-
tant these two aspartic acids are in the activity of CYP712Gl,
protein mutants (p.CYP712G1-D305A, p.CYP712G1-D312A,
p.CYP712G1-D305A-D312A) were expressed in yeast and incu-
bated with orobanchol as substrate. MRM-LC/MS/MS analysis
showed that p.CYP712G1-D312A sill displayed some DDH
producing activity (Fig. S11a). However, neither p.CYP712G1-
D305A nor p.CYP712G1-D305A-D312A  produced any
detectable  DDH  (Fig. S11). The production of hydroxy-
orobanchol by these mutants showed the same trend as for DDH
(Fig. S11b). These results showed that these two aspartic acids are
indeed essential for the enzymatic activity of CYP712G1.

© 2022 The Authors
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Fig. 6 Docking of potential substrates into tomato CYP712G1. Docking of (a) orobanchol, (b) 2’-epi-orobanchol, (c) ent-orobanchol, (d) ent-2'-epi-
orobanchol, (e) 6-hydroxy-orobanchol and (f) 7-hydroxy-orobanchol into CYP712G1. All substrates are depicted in purple, the heme in brown and protein
residues in blue. The distances (in A) of C7 and C6in (a) and C7 in (b) to the Fe group of the heme are shown in orange. Other interactions of (a) and (b)
to residues in CYP712G1 as returned by the Protein-Ligand Interaction Profiler (PLIP) tool (Salentin et al., 2015) are shown and the residues are

labelled — hydrophobic interactions as dashed grey lines, n-Stacking as dashed green lines, and hydrogen bonds as dashed blue lines. Both (a) and (b) are
involved in hydrophobic interactions with neighbouring phenylalanines and leucines (PHE378, PHE501, LEU249, LEU308). Orobanchol (a) can also form

hydrogen bonds with SER124 and TYR118. This TYR118is also positioned in a way to be stabilised using a n-stacking interaction between its aromatic ring
and that of the orobanchol (represented as a green dashed line between two white spheres at the centres of the aromatic rings). Ent-orobanchol and ent-
2'-epi-orobanchol (d, e) dock in reverse orientation. In (e) and (f) distances of the docked ligand to the two aspartic acids that were mutated are shown if

<5 A. The binding energies of the ligands for the dockings shown in this figure are provided in Supporting Information Dataset S2.

Phylogenetic analysis of the CYP712 gene family

To better understand the evolutionary context of CYP712Gl1 in
the plant kingdom, a phylogenetic analysis was performed.
Homologous protein sequences were retrieved from genome
assemblies of species across the core Eudicots such as Rosids and
Asterids but also from early-diverging Eudicot orders such as

© 2022 The Authors
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Proteales (Nelumbo) and Ranunculales (Kingdonia) (Dataset S1),
confirming that the gene family originated from a common
ancestor of the Eudicot clade (Nelson & Schuler, 2013). This
was consistent with DDH having been detected in Eudicots only
(Kohlen er al, 2013; Xie er al., 2013; Tokunaga ez al., 2015;
Xie, 2016). Based on our phylogenetic tree reconstruction, the
CYP712 family comprised two main clades (Figs 7, S12). Both
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Fig. 7 Distribution of the CYP712 gene subfamilies across the Eudicot phylogenetic tree. Asterisks indicate described presence of didehydro-orobanchol
(DDH)isomers. The black and red arrows indicate tomato (Solanum lycopersicum) CYP712G1 and Arabidopsis CYP705 subfamilies, respectively.

clades comprised genes from Asterids and Rosids. Genes from
basal Eudicots Nelumbo and Kingdonia are single-copy and
appear as sisters to either of the two main clades, suggesting that
the two main clades originated from a gene duplication in a com-
mon ancestor of the Eudicots. Within clade 1, genes of Asterids
(subfamilies CYP712G, CYP712F and CYP712R; including
SICYP712G1) comprised a single clade, whereas those of Rosids
(subfamilies CYP712A, CYP712B, CYP712C, and CYP712J)
appeared to comprise at least three different orthogroups (Figs 7,
S12). Main clade 2 comprises subfamilies CYP712D, CYP712E,
CYP712K, and the Brassicales-specific family CYP705 that origi-
nated from within the CYP712 family and seems to represent a
single orthogroup with lineage-specific duplications (including
the large CYP705 family in Arabidopsis) (Figs 7, S12).

The CYP712 family is considered to be derived from a tandem
duplication of CYP93 as they share the same intron/exon organi-
sation and are often located adjacent in the plant genome
(Fig. S12) (Nelson & Werck-Reichhart, 2011; Du ez al., 2016).
Members of the CYP93 family are generally involved in
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flavonoid and triterpenoid biosynthesis (Du ez al., 2016). Genes
reported to be involved in triterpenoid metabolic pathways
belong to clade 2, such as thalandiol desaturase (CYP705A5) and
an arabidiol cleavage enzyme (CYP705A1) from Arabidopsis and
friedelin oxidases from Tripterygium and Maytenus (CYP712K1-
4) (Fig. S12) (Sohrabi ez al., 2015; Bicalho ez al., 2019; Huang
et al., 2019; Hansen et al., 2020). Therefore a likely scenario
could be that clade 2 has maintained or further evolved functions
in triterpenoid metabolism, whereas clade 1 has evolved new
functions in SL biosynthesis.

Discussion

In the present study, using RNA-seq and co-expression analysis
and reconstruction of the tomato SL pathway in N. benthamiana,
we showed that cytochrome P450, CYP712Gl1, catalyses the con-
version of orobanchol into three DDH isomers. Additional
invivo (silencing CYP712GI with VIGS) and invitro (yeast
microsome assay) experiments provide further evidence that

© 2022 The Authors
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CYP712Gl1 is an orobanchol oxidase that converts orobanchol
into three DDH isomers (Fig. 1). Our study also suggests that
one of these DDH isomers, DDH3, is the substrate for solanacol
(Fig. 1), which has been proposed in other studies (Rani ez 4/,
2008; Xie et al., 2010; Kohlen ez al., 2012; Xie, 2016).

Similarly, it was also proposed that 7-hydroxy-orobanchol is
derived from orobanchol (Xie,2016). In the present study,
yeast microsomes expressing CYP712G1 produced two peaks
from orobanchol in the hydroxy-orobanchol channels, suggest-
ing that two hydroxy-orobanchol-like products are formed.
Intriguingly, we only detected the earlier eluting peak in the
root exudate of tomato and N. benthamiana leaves co-
infiltrated with CYP712G1 and the orobanchol pathway
(Figs S7, S14). Furthermore, in the VIGS assay, silencing of
CYP712G1 caused a reduction in this hydroxy-orobanchol
peak in the root exudate, confirming that it is produced by
CYP712G1, also in planta (Fig.S13). Taken together, we
hypothesise that only the later peak of hydroxy-orobanchol
detected in the yeast microsome assay was converted into other
SLs (DDH and solanacol) (Fig. 1) and therefore did not accu-
mulate, whereas the earlier peak seems to be a side reaction
product of CYP712Gl1 that, in planta, is not further converted
but is exuded. Modelling and docking also supported a role
for CYP712G1 in the conversion of orobanchol to DDH iso-
mers probably through hydroxylation at C6 and/or C7 (Figs 6,
S8, S10). Whether hydroxy-orobanchol, and which isomer, is
an intermediate of CYP712G1 in the conversion of oroban-
chol to DDH could be confirmed by incubation of
CYP712G1 expressing microsomes with hydroxy-orobanchol
standards that are, however, not available.

The involvement of a cytochrome P450 in the conversion of
orobanchol to solanacol was already predicted (Zhang et al.,
2018). Our study shows that CYP712G1 is only responsible for
the first step towards solanacol production and it is likely that
another P450, different from CYP712G1 or alternative oxidising
enzyme, is involved in the formation of solanacol from DDH
(Fig. 1). We tested 10 other P450s, identified by co-expression
analysis, using transient co-expression in N. benthamiana in com-
bination with the orobanchol pathway genes and CYP712G1,
but none of these catalysed the conversion of DDH to solanacol
(Fig. S5d—1). Interestingly, the transient expression of P450.6 in
N. benthamiana resulted in nonspecific activity, decreasing the
level of all SLs analysed (Fig. S5), possibly due to its function as a
carotenoid P-hydroxylase (Stigliani ez a/, 2011), which would
decrease substrate availability for the SL pathway (Matusova
et al., 2005). Assessing the catalytic activity of synthetic cDNAs
(for the two genes we were not able to clone) and/or screening
more co-expressed P450 genes and/or other oxidising enzymes
should enable us to find this last missing step in the tomato
solanacol biosynthetic pathway.

Virus-induced gene silencing has been demonstrated before to
be a suitable tool to reduce transcription of SL biosynthetic genes
in tomato roots and reduce the concentration of orobanchol,
solanacol and DDH isomers in the roots (Xu ez /., 2018). We
show here that also the level of SLs in the root exudate of VIGS-
treated plants is significantly decreased.
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In our in vitro assays, both orobanchol and 2'-epi-orobanchol
were used as a substrate by CYP712Gl1, with a preference for
orobanchol, the natural substrate. As all SLs are synthesised from
CL, 2/—epi—orobanchol should not occur in tomato, although enr
2'-epi-orobanchol has been reported in the close relative, tobacco
(Xie ez al., 2013).

In the present study the same three DDH isomers were
detected in tomato root exudate, in N. benthamiana upon tran-
sient expression, as well as in the yeast microsome assays. The
later shows that all three DDH isomers are produced from
orobanchol (Fig. 5b).The ratio between the three isomers, how-
ever, differed between the two systems (Fig. 3b,d). DDH2 was
dominant in tomato root exudate, DDH3 in the yeast assay
(Figs 3d, 5b). It seems likely that in tomato DDH3 is preferen-
tially converted into solanacol, which results in the relative accu-
mulation of DDH2 that ends up in the tomato root exudate
(Fig. 3d). The biological significance of the exudation of the
DDH isomers into the rhizosphere and their biological activity
are unknown.

DDH has been reported in the Fabaceae (Medicago truncatula,
A. sinicus, Cicer arietinum, Lupinus albus, Pisum sativum,
T. pratense), Solanaceae (S. lycopersicum and Nicotiana tabacum
L.) and Asteraceae (C. bipinnatus and Hedypnois rhagodioloides)
(Figs 7, S12) (Yoneyama et al, 2008, 2011, 2013). Putative
orthologues of CYP712GI are indeed present in nearly all of
these species (Dataset S1). Orobanchol, the probable substrate of
the enzymes encoded by these CYP712G1 orthologues has also
been reported in many of these species (Yoneyama et /., 2008).
A notable exception is the absence of orthologues in genomic or
transcriptomic data for P. sativum (Fabaceae). This is however in
line with a recent study showing the presence of several SLs in
pea, but not DDH (Pavan ez al, 2016). We could also not
retrieve CYP712 family members from any Asteraceae, including
from our newly generated transcriptome assembly from C. bipin-
natus. Therefore, based on our hypothesis that Clade 1 CYP712
genes encode DDH synthases, earlier reports of DDH in Aster-
aceae such as C. bipinnatus (Yoneyama et al., 2011) may be due
to misidentification or, alternatively, biosynthesis of DDH iso-
mers in Asteraceae may rely on a different gene family. Docking
of the M. truncatula CYP712B1 model with four orobanchol iso-
mers (Fig. S15a) showed that 2’-epi-orobanchol is the preferred
substrate, and oriented in quite a different way to orobanchol in
tomato CYP712G1, with the C9 and C10 methyl groups facing
the heme group. This fits with the biosynthesis mechanism of
medicaol as proposed (Tokunaga ez al, 2015), except that
orobanchol, rather than epi-orobanchol is the likely substrate.
Modelling and docking the two tobacco CYP712G1 length vari-
ants showed that the C7 of 2'-epi-orobanchol and ent2'-¢pi-
orobanchol face the heme in the short CYP712G1 protein
model, whereas the other two isomers do not dock in the
expected orientation (Fig. S15b). In the long tobacco CYP712G1
protein model, only the C7 of 2'-¢pi-orobanchol faces the heme,
whereas the other three isomers do not dock in the expected ori-
entation (Fig. S15¢). This suggests that tobacco CYP712Gl
length variants may accept different orobanchol isomers as sub-
strate, just as the tomato orthologue. Interestingly, as discussed
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above, ent-2'-epi-orobanchol has been reported in tobacco (Xie
etal,2013).

Our modelling and docking results suggest a possible involve-
ment of CYP712 in the conversion of orobanchol in tobacco and
M. truncatula to DDH isomers/solanacol and medicaol (previ-
ously also called a DDH isomer), respectively. Assays with these
enzymes should show if this is true. The presence of these ‘DDH
isomers’ (and solanacol) in just a part of the plant kingdom is
intriguing. Furthermore, DDH isomers are more abundant com-
pared with solanacol in the root exudate. This suggests that they
play a role in the rhizosphere as signalling molecules per se — pos-
sibly in the communication with beneficial microbes as recently
shown for orobanchol and the putative methoxy-5-deoxystrigol
isomer in rice (Kim et al,, 2022) — and are not just mere precur-
sors of solanacol. Isolation and characterisation, as well as studies
on the regulation of their production, should show what is the
exact biological role of these compounds.

To date, only the structure of medicaol (called DDH isomer
until structure elucidation) has been characterised (Tokunaga
et al., 2015). Unfortunately, as explained above, the instability of
the tomato DDH isomers prevented isolation and/or synthesis,
obstructing verification of their structure and biological activity.
Our study has now revealed the tomato enzyme that is involved
in DDH (and therefore solanacol) biosynthesis. Potentially this
will help in the further identification of the structure of the
DDH isomers. Both in vitro assays with CYP712G1 expressing
yeast microsomes to which orobanchol is supplied and heterolo-
gous expression of the orobanchol pathway with CYP712G1 in
N. benthamiana could be used as tools to produce increased
amounts of these molecules and, thereby, help elucidate their
structure. Our findings also will allow us to modify the tomato
root exudate SL composition and therefore open up the opportu-
nity to study the biological relevance of the exudation of DDH
isomers and solanacol into the rhizosphere. Results of these stud-
ies can potentially be applied in breeding for rhizosphere traits in
tomato.
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