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P L A N T  S C I E N C E S

OsCYP706C2 diverts rice strigolactone biosynthesis to a 
noncanonical pathway branch
Changsheng Li1,2, Imran Haider1,3,4, Jian You Wang3, Pierre Quinodoz5,  
Hernando G. Suarez Duran6, Lucía Reyes Méndez5,7, Robin Horber5, Valentina Fiorilli8,  
Cristina Votta8, Luisa Lanfranco8, Samara M. Correia de Lemos6,9, Lucile Jouffroy10,  
Baptiste Moegle10, Laurence Miesch10, Alain De Mesmaeker5, Marnix H. Medema6,11,  
Salim Al-Babili3, Lemeng Dong1*, Harro J. Bouwmeester1*

Strigolactones exhibit dual functionality as regulators of plant architecture and signaling molecules in the rhizo-
sphere. The important model crop rice exudes a blend of different strigolactones from its roots. Here, we identify 
the inaugural noncanonical strigolactone, 4-oxo-methyl carlactonoate (4-oxo-MeCLA), in rice root exudate. Com-
prehensive, cross-species coexpression analysis allowed us to identify a cytochrome P450, OsCYP706C2, and two 
methyl transferases as candidate enzymes for this noncanonical rice strigolactone biosynthetic pathway. Heter-
ologous expression in yeast and Nicotiana benthamiana indeed demonstrated the role of these enzymes in the 
biosynthesis of 4-oxo-MeCLA, which, expectedly, is derived from carlactone as substrate. The oscyp706c2 mutants 
do not exhibit a tillering phenotype but do have delayed mycorrhizal colonization and altered root phenotype. 
This work sheds light onto the intricate complexity of strigolactone biosynthesis in rice and delineates its role in 
symbiosis and development.

INTRODUCTION
Strigolactones (SLs) are exuded by plant roots into the rhizosphere, 
where they function as signaling molecules inducing hyphal branch-
ing in arbuscular mycorrhizal (AM) fungi, an essential presymbiotic 
process. SLs also have a hormonal function in planta, regulating root 
architecture, shoot branching/tillering, and leaf senescence (1–4). 
Root parasitic plants, such as Striga hermonthica, have hijacked the 
SLs in the rhizosphere as a germination stimulant, ensuring germi-
nation in the presence of a host (5, 6). To date, more than 35 differ-
ent SLs have been identified in a variety of plant species (7, 8). The 
SLs are generally divided into two overall categories, the canonical 
and the noncanonical SLs. The former can be subdivided into oro-
banchol- and strigol-type SLs based on the orientation of the C-ring 
(α or β) (6, 9). Unlike the relatively similar canonical SLs (all having 
the ABCD-ring structure), noncanonical SLs display a large struc-
tural diversity and share only the conserved D-ring (10–15).

All currently known natural SLs are derived from all–trans–β-
carotene (7, 16). Three enzymes—all–trans–/9–cis–β-carotene isomerase 

DWARF27 (D27), carotenoid cleavage dioxygenases 7 (CCD7), 
and CCD8—are responsible for converting all–trans–β-carotene to 
carlactone, the simplest SL and also the precursor of all natural SLs 
(17). Cytochrome P450s, belonging to family CYP711 and also 
known as MAX1s, exhibit diverse enzymatic function in producing 
various SLs from carlactone (18–21). For instance, rice MAX1 
(Os900) and the Selaginella SmMAX1a/b convert carlactone to 
4-deoxyorobanchol (4DO) (20), while another rice MAX1 (Os1400) 
produces orobanchol from 4DO (19, 20). The conversion of carlac-
tone to carlactonoic acid (CLA) appears to be the most common 
reaction catalyzed by MAX1s and was found in Arabidopsis, tomato, 
poplar, and maize (18, 20, 21). CLA can be converted to methylCLA 
(MeCLA) by a CLA methyltransferase (CLAMT) (22).

In addition to MAX1, other cytochrome P450s are involved in SL 
biosynthesis (8). In tomato and cowpea, CYP722C catalyzes oro-
banchol biosynthesis from CLA, while in Lotus japonicus and cot-
ton, CYP722C catalyzes 5-deoxystrigol (5DS) production, also from 
CLA (23–25). In sorghum, SbCYP728B35 was identified as a sorgo-
mol synthase (26), and CYP712G1 in tomato was shown to catalyze 
the double oxidation of orobanchol, resulting in the formation of 
three didehydro-orobanchol isomers (27). In maize, ZmCYP706C37 
catalyzes multiple steps in the biosynthesis of a range of SLs (28).

So far, in rice, only canonical SLs, 4DO and orobanchol, have 
been identified, and their biosynthesis involves two MAX1s (19). In 
addition, structurally unknown SLs with mass/charge ratio (m/z) 
361, coined methoxy-5DS isomers, have been reported (9, 29, 30), 
but nothing is known about their structures, biosynthesis, or func-
tions in rice (29–31).

In the present study, using cross-species coexpression analysis 
on gene expression datasets from Arabidopsis, tomato, and rice, 
we identify a set of candidate genes for SL biosynthesis in rice. 
Heterologous expression of one of these candidates, OsCYP706C2, 
in yeast and pathway reconstruction in Nicotiana benthamiana 
allowed us to elucidate the biosynthesis of a new rice SL, 4-oxo-methyl 
carlactonoate (4-oxo-MeCLA), the structure of which was confirmed 
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by synthesis. We show that OsCYP706C2, in combination with 
Os900 and another previously unidentified enzyme, 4-oxo-CLA 
methyl transferase (Os4OCLAMT), catalyzes the formation of 
4-oxo-MeCLA from carlactone. Analysis of CRISPR-Cas9 mutant 
lines confirmed that the oscyp706c2 mutant is deficient in the pro-
duction of 4-oxo-MeCLA. The mutant did not display a tillering 
phenotype, but root architecture and colonization by AM fungi were 
affected, suggesting a role for this rice SL in root development and 
AM symbiosis establishment.

RESULTS
Cross-species coexpression analysis reveals candidate genes 
for rice strigolactone biosynthesis
To identify gene candidates in SL biosynthesis, we used cross-
species gene coexpression analysis, reasoning that conserved enzyme-
encoding genes involved in strigolactone biosynthesis across different 
plant species would likely retain strong coexpression signals across 
evolutionary time. Hereto, publicly available transcriptome datasets 
from Arabidopsis, tomato, and rice—grown under phosphorus (P) 
deficiency—were used (32–34). Orthologous communities (OCs) 
containing genes that are coexpressed with CCD8 were extracted (see 
Materials and Methods) (table  S1). Four sets of genes coexpressed 
with CCD8 were identified (tables S2 to S5): 151 in tomato and rice, 
56 in tomato and Arabidopsis, 43 in Arabidopsis and rice, and 7 that 
were coexpressed with the CCD8s of all three species. Among the 
largest group are, for example, not only rice and tomato CCD7, dem-
onstrating the validity of our approach, but also other noteworthy 
genes (highlighted in blue in table S2). Many of them are functionally 
annotated as involved in isoprenoid and phytohormone metabolism, 
symbiosis, phosphate (Pi) homeostasis, immune or defense response, 
and fatty acid metabolism. For instance, genes encoding ζ-carotene 
desaturase (ZDS) (Solyc01g097810/ LOC_Os07g10490), prolyco-
pene isomerase CRTISO (Solyc10g081650/ LOC_Os11g36440), gera-
nylgeranyl pyrophosphate synthase (AT2G18640/LOC_Os07g39270), 
involved in the biosynthesis of the carotenoid substrate of SLs, showed 
coexpression with CCD8 (tables S2 and S4). Ent-copalyl diphosphate 
synthase (Solyc06g084240/ LOC_Os02g17780) and ent-kaurene oxi-
dase (Solyc04g083160/ LOC_Os06g37364) that encode two enzymes 
in the gibberellin biosynthesis pathway (35–38) also coexpressed with 
CCD8, suggesting cross-talk between SLs and gibberellin. In addition, 
there are genes related to Pi uptake, Pi transport, symbiosis, and im-
mune/defense responses (tables  S2 to S4) coexpressed with CCD8, 
supporting the involvement of SLs in these processes (39–41).

Of the seven genes coexpressed with CCD8 in all three species 
(Fig. 1A and table S5), three belong to a gene family encoding U-box 
proteins (AT5G51270, LOC_Os06g04880, and Solyc05g051610), 
while the others encode CYP706s (AT4G22690, Solyc08g079300, 
LOC_Os01g50490, and LOC_Os08g43440). Recently, CYP706C37 
in maize was shown to be involved in zealactone biosynthesis (28), mak-
ing these CYP706 genes interesting candidates to pursue further.

To obtain further insight into the two CYP706 candidates in rice, 
additional, publicly available, RNA sequencing (RNA-seq) data 
from rice roots (42) were mined by mutual rank (MR) analysis (43). 
Hereto, first coexpression relationships between the known rice 
SL biosynthetic genes (OsCCD7, OsCCD8, Os900, and Os1400; 
OsD27 was not found in the dataset) were calculated (Fig. 1A). 
The expression of three of these genes—OsCCD7, OsCCD8, and 
Os900—showed the strongest correlation, while Os1400 expression 

was less similar. The former three tightly coexpressed genes were 
then used as baits to identify additional genes with a similar expres-
sion profile (Fig. 1B). Among the top 5 ranked candidates was 
also one CYP706, LOC_Os01g50490/OsCYP706C2 (highlighted in 
Fig. 1C) (44).

Intriguingly, this OsCYP706C2 gene, but not the other CYP706/
LOC_Os08g43440, is located close to the two known rice SL biosyn-
thetic genes (Os900 and Os1400) on chromosome 1 (Fig. 1D, fig. S1A, 
and table S6). Among the six annotated genes in this region (~73 kb), 
we also noticed another candidate gene, LOC_Os01g50480 (anno-
tated as encoding a putative SAM-dependent carboxyl methyltrans-
ferase), which also had a relatively high ranking in our coexpression 
analysis (Fig. 1C). In addition to this gene, a close homolog (LOC_
Os01g50610) sharing high sequence similarity is also located in the 
same region, suggesting the presence of a biosynthetic gene cluster 
(BGC). Both methyltransferase genes are homologs of Arabidopsis 
CLAMT that was recently shown to be involved in the biosynthesis 
of MeCLA (22, 45). To gain further insight into the candidate genes 
from this genomic region, we looked at their expression in roots, 
including in plants exposed to different Pi treatments (42, 46). Ex-
pression of most of these genes is induced when plants are exposed 
to Pi deficiency and down-regulated when Pi is resupplied, a pattern 
typical of SL genes as well as in other plant species (32, 33, 42). 
OsCYP706C2 and Os900 display a highly similar expression profile, 
while the two methyl transferase genes are less coexpressed (fig. S1, 
B and C).

To further investigate the origin of this apparent BGC, we per-
formed gene cluster analysis across the phylogenetic tree of CYP706s 
(Fig.  1D, figs.  S2 and S3, and table  S7). In most plant species, 
CYP711s are absent from the region neighboring CYP706, whereas 
methyltransferases do generally cluster there. However, a notable 
exception is a BGC that contains all three types of genes (CYP706, 
CYP711, and the methyltransferase) that is present only in Poaceae. 
The maize BGC, for example, has three genes (ZmCYP706C37, 
ZmMAX1b, and ZmCLAMT1), and these are indeed involved in maize 
SL biosynthesis (28). In different rice species, different combinations 
of (duplicates of) these genes occur, and switchgrass—Panicum 
virgatum that also contains this BGC—displays even more variation 
and duplication (Fig. 1D and fig. S2). Together, these findings led us 
to postulate that the other uncharacterized genes in the rice BGC 
from Oryza sativa ssp. indica and O. sativa ssp. japonica (fig.  S2) 
likely encode SL biosynthetic pathway enzymes. These genes are 
OsCYP706C2 and two putative methyl transferases, LOC_Os01g50480 
and LOC_Os01g50610.

Identification of 4-oxo-MeCLA, a natural rice strigolactone
Considering the similarities to the maize SL biosynthesis pathway 
(28), we hypothesized that the unknown rice SL, with a mass 
[M + H]+ of 361 (9, 29, 30), could be 3-oxo-MeCLA, an intermedi-
ate in the conversion of MeCLA to zealactone and also itself a SL in 
the root exudate of maize (28). The retention time of 3-oxo-MecLA, 
however, was different from this unknown rice SL, so we assumed 
that it must be an isomer, possibly 4-oxo-MeCLA. A standard for 
unequivocal identification of 4-oxo-MeCLA was synthesized by 
Stille cross-coupling and adapting the versatile approach previously 
developed by Dieckmann et al. (47) for noncanonical SLs (fig. S4A). 
A thorough analysis with 1H and 13C nuclear magnetic resonance 
(NMR) unambiguously confirmed the identity of the synthetic 
sample obtained (fig.  S5). The 4-oxo-MeCLA displays enhanced 
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Fig. 1. Screening for rice strigolactone biosynthetic genes. (A) Cross-species coexpression network of the CCD8 OCs. Nodes represent genes, colored by species: 
A. thaliana genes are green, Solanum lycopersicum genes are red, and O. sativa genes are teal. The large nodes represent the bait genes (CCD8). Gray edges link genes that 
are coexpressed (Pearson’s correlation coefficient > 0.7), and blue edges link orthologous genes. (B) Heatmap showing the correlation of four rice strigolactone (SL) bio-
synthetic genes. Mutual rank analysis of four rice SL biosynthetic genes. (C) Heatmap depicting the top 24 genes coexpressed with three tightly coexpressed rice SL genes 
(OsCCD7, OsCCD8, and Os900). The three genes combined were used as the “reference compound gene” (“sum” method). Low numbers in squares indicate supportive MR 
scores (<100). Panels (B) and (C) are based on mutual rank (MR) analysis using published root RNA-seq data (see Materials and Methods). Candidate genes that are func-
tionally characterized are highlighted in bold. (D) Putative SL BGC from three Oryza species. Genome assembly name/version or NCBI accession, chromosome, and chro-
mosomal coordinates in base pair are indicated for each species. The three families of SL biosynthetic genes are presented in green, purple, and red, while one 
“intervening” gene that resides in between is shown in gray.
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chemical stability compared with MeCLA, likely due to the extra 
carbonyl removing electron density from the triene moiety. This in-
creased stability probably facilitates the detection of 4-oxo-MeCLA 
in root exudates. Using this standard, an Multiple Reaction Moni-
toring (MRM) method was developed (Fig. 2A and fig. S4B) and 
used to demonstrate that 4-oxo-MeCLA is indeed present in the 
root exudate of wild-type (WT) Nipponbare rice (Fig. 2B).

Functional characterization of OsCYP706C2
Initially, we considered it likely that in vivo production of 4-oxo-MeCLA 
would proceed from MeCLA, possibly through the catalytic activity 

of OsCYP706C2. We thus used MeCLA as the substrate in an assay 
with yeast microsomes expressing OsCYP706C2. After 1  hour, 
no significant difference was observed between microsomes ex-
pressing OsCYP706C2 and the control (fig. S6A). After a 3-hour 
incubation, microsomes expressing OsCYP706C2 produced a bit 
more 4-oxo-MeCLA than the control, although most of the sup-
plied MeCLA substrate remained (fig. S6B). Transient expression of 
the MeCLA pathway (using maize genes) in combination with 
OsCYP706C2 in N. benthamiana resulted in a reduction in MeCLA 
levels and the production of some 4-oxo-MeCLA. However, the abun-
dance of the latter did not differ significantly from that in the control 

Fig. 2. Discovery of one new non-canonical rice strigolactone (4-oxo-methyl carlactonoate) and functional characterization of OsCYP706C2. (A) MS-MS fragmen-
tation spectra of the synthetic 4-oxo-MeCLA standard. (B) Confirmation of 4-oxo-MeCLA (transition [M + H]+ m/z 361 > 97) in root exudates from rice wild type (WT) using 
the synthetic standard (STD). (C) Quantification of carlactone agroinfiltrated N. benthamiana leaf samples. “Carlactone pathway” includes three genes (D27, CCD7, and 
CCD8). Bars represent means ± SEM. ns, not significant; *P < 0.05, **P < 0.01, and ***P < 0.001 (two-tailed, unpaired t test). (D) Representative MRM-LC/MS/MS chromato-
grams of 4-oxo-19-OH-carlactone (transition [M + H]+ m/z 333 > 97) in N. benthamiana leaf samples transiently expressing carlactone pathway genes and OsCYP706C2.
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(fig. S6, C and D). In addition, even without OsCYP706C2, the expres-
sion of just the maize MeCLA pathway resulted in the production of a 
trace amount of 4-oxo-MeCLA, which might have been formed nonen-
zymatically or through a N. benthamiana enzyme. All the above 
results suggest that MeCLA is not the substrate for ZmCYP706C2.

Considering that the maize homolog of OsCYP706C2, ZmCY-
P706C37, can catalyze the production of zealactol from carlactone 
(28), we decided to test carlactone as substrate for OsCYP706C2. 
Transient expression in N. benthamiana showed that, indeed, upon 
the expression of OsCYP706C2 with the carlactone pathway, almost 
all of the carlactone was used (Fig. 2C). This probably also explains 
the decrease in MeCLA production in the N. benthamiana agroinfil-
tration assay, described above, as its precursor carlactone was con-
sumed by OsCYP706C2.

Previous research showed that an SL “CL + 30” highly accumulated 
in the root exudate of os900 mutants (48, 49). We considered that this 
is a product from the conversion of CL catalyzed by OsCYP706C2 
and maybe an intermediate en route to 4-oxo-MeCLA. To veri-
fy this hypothesis, we synthesized 4-oxo-19-OH-carlactone as a 
candidate structure for CL + 30 (fig. S7). This primary alcohol was 
obtained by applying the same strategy developed to synthesize 
zealactol (28). The structure was unambiguously confirmed by 
NMR analysis, and the compound was stable at −18°C in a dichlo-
romethane solution (1 mg/ml) (fig.  S8). Using this standard, an 
MRM method was developed and used to analyze samples of 
N. benthamiana, in which we transiently expressed the carlactone 
pathway with and without OsCYP706C2 (Fig.  2D and fig.  S7). 
Abundant 4-oxo-19-OH-carlactone accumulated when OsCYP706C2 
was expressed together with the carlactone pathway genes (Fig. 2D), 
demonstrating the conversion by OsCYP706C2 of carlactone to 
4-oxo-19-OH-carlactone as intermediate en route to 4-oxo-MeCLA.

Elucidation of 4-oxo-MeCLA biosynthesis
We subsequently postulated that, analogous to zealactone biosynthe-
sis in maize, one of the rice MAX1s and a methyl transferase are re-
quired for biosynthesis of 4-oxo-MeCLA from 4-oxo-19-OH-carlactone 
(Fig. 3A). As indicated above, previous research (48, 49) suggests 
that Os900 is the most likely candidate for this conversion because 
4-oxo-19-OH-carlactone (CL  +  30) accumulated in os900 mutant 
root exudate. In addition, our MR analysis showed that Os900 ranks 
highly in the list of coexpressed genes with OsCYP706C2 (fig. S1D). 
Transient expression of OsCYP706C2 and Os900 together with the 
rice carlactone pathway genes (OsD27, OsCCD7, and OsCCD8) re-
sulted in the formation of a further oxidized product, detected using 
parent iron scanning, which we believe to be 4-oxo-carlactonoic acid 
(Fig. 3B). Addition to the latter gene combination of each of the two 
methyl transferase candidates (LOC_Os01g50480 and LOC_Os01g50610) 
resulted in production of 4-oxo-MeCLA (Fig.  3B). As a result, we 
named these two methyltransferases Os4OCLAMT1 and Os4OCLAMT2 
(O. sativa 4-oxo carlactonoic acid methyl transferases 1 and 2).

As reported, Os900 and Os1400 catalyze canonical SL biosynthesis 
(4DO and orobanchol) in rice (19). Therefore, we designed an agroin-
filtration experiment using different combinations of these genes, aim-
ing to reconstitute the complete rice SL biosynthetic pathway (Fig. 3D 
and fig. S9, A to D). The large production of 4DO was achieved by com-
bining the carlactone pathway genes with Os900, OsCYP706C2, and 
the two methyl transferases (fig. S9A), while combinations with Os900 
plus Os1400 produced more orobanchol (fig. S9B). Both gene combi-
nations also resulted in the formation of 4-oxo-MeCLA (fig. S9 C).

Together, we conclude that OsCYP706C2 catalyzes the conversion 
of carlactone to 4-oxo-19-OH-carlactone, which is subsequently con-
verted to 4-oxo-carlactonoic acid by Os900 and then to 4-oxo-MeCLA 
by Os4OCLAMT (Fig. 3A and fig. S9D). There are two possible paths 
for the conversion of carlactone to 4-oxo-19-OH-carlactone by 
OsCYP706C2, which is hydroxylation first at C19 or first at C4 
(fig.  S9D). In maize, we demonstrated that the ortholog, ZmCY-
P706C37, first catalyzes the C19 hydroxylation of carlactone (28), so 
we assume that this is also what happens in rice.

Mutation of OsCYP706C2 affects root development in rice 
and the interaction with AM fungi
Mutant lines of OsCYP706C2 were generated using CRISPR-Cas9 
genome editing (Fig. 4A). Three T2 homozygous lines with muta-
tions causing frameshifts were selected for further analysis. Our 
MRM–liquid chromatography–tandem mass spectrometry (LC-
MS/MS) analysis showed that all three oscyp706c2 mutant lines were 
deficient in 4-oxo-MeCLA, while orobanchol and 4DO were not af-
fected (Fig.  4B and fig.  S10). To further explore the effect of the 
OsCYP706C2 mutation, rice was grown in two different culture sys-
tem (Fig. 5A). In sand, under normal Pi availability, the oscyp706c2 
mutants displayed no morphological difference and no changes in 
tiller number or shoot length (Fig. 5A). In hydroponics, the oscyp706c2 
mutants did also not display a tillering phenotype or dwarfism, 
but they had a reduced number of crown roots, especially under 
normal Pi, and a lower root fresh weight, especially under Pi defi-
ciency (Fig 5, B and C). Roots of the oscyp706c2 mutants tended to 
be longer under both normal and low Pi availability while there was 
no consistent effect on shoot fresh weight (Fig 5, B and C). Root 
exudates of the oscyp706c2 mutant seedlings grown under low Pi 
contained a higher concentration of 4DO and orobanchol, suggest-
ing divergence of SL flux into the canonical branch as a result of the 
mutation in the noncanonical branch (fig.  S13A). Moreover, a 
“4-oxo-MeCLA isomer” with the same mass as 4-oxo-MeCLA was 
found, also with higher content in the oscyp706c2 mutants. Further 
study will need to elucidate its structure and biosynthesis.

To investigate whether the change in SL profile in the oscyp706c2 
mutants affects the interaction between rice and S. hermonthica, we 
performed a Striga germination bioassay using the root exudate of 
the mutants (fig. S11). Striga germination in exudates from mutants 
and WT did not significantly differ. A Striga germination bioassay 
with the authentic standard of 4-oxo-MeCLA showed that this mol-
ecule has an activity comparable to GR24 at 0.25 μM but did not 
induce germination at 2.5 nM (fig. S11). In an assay to evaluate AM 
symbiosis, the expression of two plant AM marker genes (OsPt11 
and OsLysM) (50, 51) was strongly reduced, by 50 and 80%, in two 
of the three mutant lines during the early stages of mycorrhization 
[14 days post inoculation (dpi)] (Fig. 4C). At 50 dpi, this difference 
had disappeared (fig. S12). The morphological data were in line with 
the molecular results: In the early stage of mycorrhization, the same 
two mutant lines displayed a significantly reduced intensity of my-
corrhization (M%) and arbuscule abundance (A%) (Fig. 4D). At a 
later stage (50 dpi), only one mutant line still showed a decreased 
arbuscule abundance (fig. S12).

Together, these data show that mutation of OsCYP706C2 ham-
pers 4-oxo-MeCLA biosynthesis and exudation, which give rise to 
changes in root development, such as a decreased number of crown 
roots under control conditions, a decrease in root fresh weight un-
der Pi deficiency, and a delay in AM symbiosis.
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DISCUSSION
In the present study, we successfully identified a previously un-
known SL, 4-oxo-MeCLA, in rice root exudate and elucidated its 
biosynthetic pathway by characterizing two so far unknown en-
zymes, OsCYP706C2 and Os4OCLAMT. We thus show that rice, in 
addition to canonical SLs, also produces and exudes into the rhizo-
sphere, a noncanonical SL. Previously, putative canonical “methoxy-
5DS isomers” were detected in rice root exudates, but their structure 
and biosynthesis remained elusive (29–31). We conclude that one of 
these methoxy-5DS isomers is 4-oxo-MeCLA, a noncanonical SL. In 
addition, we show that the 4-oxo-MeCLA biosynthetic pathway of 
rice involves OsCYP706C2, Os4OCLAMT, and the previously iden-
tified rice MAX1 (Os900).

Initially, we thought that the first of these enzymes, OsCYP706C2, 
was responsible for the conversion of MeCLA to 4-oxo-MeCLA.  
However, OsCYP706C2 did not effectively consume MeCLA, and 

therefore, we hypothesized that biosynthesis of 4-oxo-MeCLA pro-
ceeds from carlactone. We then showed that OsCYP706C2 indeed uses 
carlactone as a preferred substrate. Moreover, using chemical synthe-
sis, we demonstrated that OsCYP706C2 catalyzes the formation of 
4-oxo-19-OH-carlactone as intermediate en route to 4-oxo-MeCLA.  
The 4-oxo-19-OH-carlactone subsequently serves as substrate for 
Os900 and Os4OCLAMT that introduce the methoxy group. This 
finding implies that rice MAX1 (Os900) has an additional enzymatic 
activity that has not been characterized before. In maize, we demon-
strated that ZmMAX1b is also involved in two parallel pathways that 
both lead toward biosynthesis of zealactone and other maize SLs (28). 
In rice, we now show that MAX1 (Os900) is also involved in two 
pathways, catalyzing the formation of the canonical SL, 4DO, 
from carlactone as reported before (19), and the conversion of 
4-oxo-19-OH-carlactone to 4-oxo-carlactonoic acid. Os900 is 
thus important for biosynthesis of both canonical and noncanonical 

Fig. 3. Reconstitution of rice strigolactone biosynthetic pathways in N. benthamiana. (A) Scheme of biosynthesis pathways for rice SLs. The molecular weight (MW) 
of each compound is shown under the name. The putative steps and compound are indicated by hashtag (#). (B) Detection of putative 4-oxo-carlactonoic acid using par-
ent ion scan (transition [M + H]+ m/z 347 > 97) in N. benthamiana leaf samples transiently expressing carlactone pathway genes and downstream rice SL biosynthetic 
genes. (C and D) Detection of 4-oxo-MeCLA (transition [M + H]+ m/z 361 > 97) in agroinfiltrated N. benthamiana leaf using rice SL genes. EV, empty vector control. Bars 
represent means ± SEM. Significant values [by one-way analysis of variance (ANOVA)] are shown with asterisks (**P < 0.01 and ***P < 0.001).
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SLs in rice. os900 mutants do not exude 4DO and orobanchol anymore, 
while “CL  +  30” (which we here identify as 4-oxo-19-OH-
carlactone) accumulated in the exudate (48, 49). Nevertheless, the 
authors still detected a trace of 4-oxo-MeCLA in the root exudate of 
the os900 mutant (48, 49), suggesting the existence of a minor bypass, 
independent of Os900, possibly catalyzed by one of the other rice 
MAX1 homologs. The methyl transferases (Os4OCLAMT) that we 
identified in the present study catalyze the last step in the biosynthesis 

of 4-oxo-MeCLA using 4-oxo-CLA as a substrate and not CLA as in 
Arabidopsis CLAMT (45). Earlier it was shown that the two rice meth-
yl transferases can also convert CLA to MeCLA (33). Why there are 
two copies of this enzyme and whether they have separate functions 
will need further investigation in rice, as well as in a range of other spe-
cies that also have two copies of this enzyme.

An increasing number of noncanonical SLs are being found in 
different species such as sunflower, maize, and black oat (7, 10, 11, 

Fig. 4. Characterization of oscyp706c2 mutants. (A) Generation of oscyp706c2 mutants. The structure of OsCYP706C2 and the two CRISPR-Cas9 target sites. Target sites 
are presented with blue letters, and the neighboring protospacer adjacent motifs (PAM) are also highlighted. The sequences of the targeted region for WT and mutant 
lines are shown. Mutation effects are indicated at the right of their corresponding sequences. (B) Representative chromatograms of detection for 4-oxo-MeCLA from root 
exudates of rice seedlings, showing the deficiency of 4-oxo-MeCLA in oscyp706c2 mutants. (C) Quantitative reverse transcription polymerase chain reaction analysis of 
two AM-responsive marker genes (OsPT11 and OsLysM) in mycorrhizal roots at early stage of development [14 days post inoculation (dpi)]. (D) Evaluation of rhizospheric 
interactions with AM fungus R. irregularis at 14 dpi. Mycorrhizal intensity (M%) and arbuscule abundance (A%) in the root system of WT and oscyp706c2 mutants were 
calculated. Data are means ± SE (n = 4 biological replicates). Significant values (by one-way ANOVA) are shown with asterisks (*P < 0.05, **P < 0.01, and ***P < 0.001).
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Fig. 5. Phenotyping of oscyp706c2 mutants. (A) Phenotypic characterization of oscyp706c2 mutants grown on sand. Seedling architecture, shoot length and number of 
tillers of Nipponbare WT, oscyp706c2 three mutant lines, and d17 at young stage (40-day-old seedlings) grown under +P conditions. (B and C) Phenotypic characterization 
of oscyp706c2 mutants on hydroponics under normal Pi (B) and low Pi availability. (C) Seedling architecture, tiller number, shoot length, shoot fresh weight, crown root 
number, root length, and root fresh weight of rice lines. Data are means ± SE (n = 6 biological replicates). Significant values (by one-way ANOVA) are shown with asterisks 
(*P < 0.05, **P < 0.01, and ***P < 0.001).
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13–15, 52, 53). These findings have spurred increasing interest in the 
role and biological significance of canonical and noncanonical SLs 
(15). It is still challenging to precisely quantify the concentration/
content of different SLs (due to instability, matrix effects, etc.), and 
according to the literature, there are large differences in the relative 
production of SLs between different rice genotypes. For root exu-
dates of Nipponbare, based on published results (48, 49) and our 
data shown here in fig. S13A, it seems that the content of 4-oxo-MeCLA 
and 4DO is higher than that of orobanchol, at least under the condi-
tions we used. In this study, we show that the oscyp706c2 mutants, 
which lack the noncanonical 4-oxo-MeCLA, display delayed coloni-
zation by AM fungi compared with the WT. This suggests that 
4-oxo-MeCLA is involved in the early stages of AM symbiosis estab-
lishment. Although there is no report of an effect of noncanonical 
SLs on mycorrhizal colonization, noncanonical SLs were shown to 
induce hyphal branching in AM fungi (54, 55).

In contrast, no difference was observed in the induction of Striga 
germination between root exudates from oscyp706c2 mutant and 
control plants. The mutants still produced 4DO and orobanchol, 
both known stimulants of Striga germination (56, 57). The synthetic 
4-oxo-MeCLA did induce Striga germination, but with much lower 
activity than for example orobanchol (57).

The oscyp706c2 mutants did not display an increased tillering or 
dwarfism phenotype, whereas dysfunction of SL genes encoding up-
stream steps in SL biosynthesis, such as for example in mutant d17, 
results in more tillering and dwarfing (Fig. 5A). Os900 knockout mu-
tants also did not display a shoot phenotype, in contrast to mutations 
in Os1900 and Os5100 that in vitro catalyze the CL to CLA conver-
sion (48, 58). This suggests that upstream SLs (such as CL and CLA) 
are precursor of the SL hormone regulating tillering and thus play a 
critical role in the regulation of rice shoot architecture, while down-
stream SLs such as 4DO, orobanchol, and 4-oxo-MeCLA—that are 
exuded from the roots—do not. However, we do observe a root de-
velopment phenotype in the oscyp706c2 mutants (Fig. 5, B and C), 
indicating a role for OsCYP706C2 in the biosynthesis of a hormonal, 
noncanonical strigolactone-like molecule that is involved in the reg-
ulation of root development. Supporting this is the observation that 
growth of nodal roots in zmccd8 maize seedlings was delayed (59).

Our analysis of the putative BGC and its phylogeny showed that it 
is conserved among other grass species (Fig.  1D and fig.  S2). In 
switchgrass (P. virgatum), for example, the putative SL BGC contains 
three copies of CYP706, two of CYP711/MAX1, and two methyl-
transferases. Switchgrass root extracts and exudates induce germina-
tion of Orobanche cumana seeds (60). In the wild rice relative, Oryza 
brachyantha (61), the SL BGC contains one CYP711/MAX1, two 
CYP706s, and two methyltransferases. All this suggests the presence 
of SLs in these species, likely noncannonical, but so far there is no 
information about the identity of the SLs they produce. The identifi-
cation of these BGCs may help in the identification of the SLs of these 
and other so far unexplored species. Using a BLAST search on Na-
tional Center for Biotechnology Information (NCBI), we identified 
163 CYP706 homologs across 46 plant species (partially shown in 
figs.  S2 and S3 and table  S7). These CYP706 genes are distributed 
from the Amborellaceae to the Cupressaceae (gymnosperms) and 
include three families in the monocots and two major clades in the 
dicots. In the monocots, two CYP706 genes appear in the families 
Orchidaceae and Dioscoreaceae (figs. S2 and S3). In the Poaceae, 17 
CYP706 genes are distributed across two clades. One of the clades 
includes ZmCYP706C37 (XP_008673660.1) that is located in the 

BGC for SL biosynthesis in maize, whereas the second clade includes 
no known SL genes (figs. S2 and S3 and table S7). In dicots, CYP706 
genes are present in 19 families. In the Rosaceae, 13 CYP706 genes 
are distributed among three species, Malus domestica, Fragaria vesca, 
and Rosa chinensis, whereas the distribution across other species is 
scattered. More functional investigation is needed to further our un-
derstanding of the function of all these CYP706s in plants.

In conclusion, we identified a natural noncanonical SL, 4-oxo- 
MeCLA, in rice and elucidated its biosynthetic pathway and func-
tions in root development and symbiosis with AM fungi. Others 
have already shown that the SLs in rice root exudate affect the 
composition and functions of the root-associated microbiome and 
AM symbiosis (48, 49, 62). However, more investigations will be 
needed to pinpoint the exact rhizosphere signaling roles of all these 
structurally different rice SLs and how they differ between cultivars/
varieties and species and under different (nutrient) stress condi-
tions. Although we now know which genes/enzymes are involved in 
the biosynthesis of almost all rice SLs, there are still other unknown 
SLs remaining in rice, the other two putative “methoxy-5DS iso-
mers” reported in earlier work (9, 29–31). As we noticed here, 
there is a 4-oxo-MeCLA isomer that increased in concentration in 
the oscyp706c2 mutants, which likely represents one of the other 
“methoxy-5DS isomers.” Further work should shed light on the bio-
synthesis and functions of these last unknown rice SLs.

MATERIALS AND METHODS
OCs analysis
The RNA-seq data were obtained from published resources (32, 33) 
or retrieved from NCBI’s Gene Expression Omnibus (with identi-
fier GSE74856) (34). Expression analysis for OCs was performed in 
R 3.6.1 with the edgeR package 3.26.8 (63). Genes with less than 
one count per million reads mapped in at least two samples were 
removed. Reads were normalized by library and exon size (reads 
per kilobase per million mapped reads). Coexpression (for OCs 
analysis) was defined for each plant species and tissue indepen-
dently using Pearson’s correlation coefficient (PCC). Gene pairs 
with PCC < 0.7 were removed. The results were used to create tran-
scriptome network per plant species, with genes represented as 
nodes and edges representing coexpressed gene pairs. The networks 
were then integrated with edges linking genes with known ortholo-
gous relationships, as retrieved from EnsemblPlants (Release 39) 
(64) through the BioMart data mining tool (65). The OC of the target 
gene CCD8 (At4g32810, Solyc08g66650, and Os01g0746400/LOC_
Os01g54270) is a cross-species coexpression network defined by 
the group of genes that are coexpressed with CCD8 in more than 
one species, as identified through orthologous relationships. OCs 
are generated by: (i) isolating the coexpression neighborhood of 
CCD8, (ii) identifying the target’s ortholog in another species 
and isolating the corresponding neighborhood, and (iii) removing 
genes that have orthologs not coexpressed with CCD8. The code for 
the computational workflow to identify OCs and orthologous dif-
ferentially expressed communities from cross-species transcrip-
tome data can be found online at https://bitbucket.org/herl91/
cade-heron/.

Coexpression and transcript expression analysis
MR-based global gene coexpression analysis was performed us-
ing RStudio (R version 3.4.0) (43, 66). The transcript data were 
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obtained from Rice Expression Database (https://ngdc.cncb.ac.cn/
red/index) (46).

Gene cluster and phylogeny analysis
Gene cluster analysis was performed using cblaster v.1.3.6 (67), and 
a gap parameter of 200 kb and setting methyltransferase sequences 
as required were set. After filtration and exclusion of overlapping 
sequences, the resultant sequences were then grouped into homo-
logs for methyltransferases, CYP711s and CYP706s. The HMMER 
profiles files were obtained from the Pfam library (68). Two profiles 
(PF00067.24 for cytochrome P450 and PF03492.17 for SAM-
dependent carboxyl methyltransferase) and hmmalign/ HMMER 
v.3.3 (69) were used for of candidate sequences alignment.

Online NCBI BLASTp server (70) was used identify CYP706 
homologues (amino acid identity threshold ≥ 40%). For CYP706 
candidates, cytochrome P450 domains were extracted using a pro-
tocol from https://github.com/alevchuk/finding-the-sequence-of-
a-domain. The output was aligned using wrapper from Galaxy 
version 13.45.0.4846264 (71), generating a multiple sequence align-
ment (MSA) with a score of 970. We retrieved two protein sequenc-
es CYP81D of Arabidopsis thaliana from the cytochrome p450 
homepage (72) to use as an outgroup on the MSA. The MSA result 
was trimmed with trimAL v1.2rev59 (73) with the automated pa-
rameter. The trimmed MSA was then used to build a phylogenetic 
tree with RAxML v.8.2.12 (74) with best model auto selection for 
proteins. The tree layout was depicted using the online tool iTOL 
(https://itol.embl.de/).

Vector construction for generation of OsCYP706C2 
knockout plants
We used CRISPR-Cas9 technique in rice O. sativa L. ssp. japonica cv. 
Nipponbare for targeting OsCYP706C2 gene (LOC_Os01g50490). 
OsCYP706C2 was targeted at two different sites, included in an exon 
region, and two guide RNAs (gRNAs) were designed by using the 
CRISPR-PLANT database (http://omap.org/crispr/). OsCYP706C2 
genomic sequence was targeted from 97 to 116 base pairs (bp) by 
gRNA-1 (5′- CCGGTGGGGCTTCCTCTCGTTGG-3′) and from 
321 to 340 bp by gRNA-2 (5′- CGGCGGCGCACAGAATATC-
GTGG-3′); the underlined represents the PAM sequence. The con-
struction of the transfer RNA–gRNACas9 cassette was done through 
Golden Gate assembly into pRGEB32 binary vector. The gRNA cas-
sette was under the control of the rice U3 snoRNA promoter (OsU3), 
while the expression of Cas9 gene is regulated by the rice ubiquitin 
promoter (OsUBI) (75). The pRGEB32 construct was further intro-
duced into Nipponbare wild-type japonica rice cultivar by Agrobac-
terium tumefaciens (strain EHA105)–mediated transformation as 
previously described (76).

Rice transformation and mutant screening
Rice transformation was performed as previously described (76). 
Briefly, rice calli induced from Nipponbare mature seeds were trans-
formed with Agrobacterium, and the resulting callus were grown, 
selected, and regenerated in presence of Hygromycin antibiotic. 
Once the shoots emerged, root development was promoted. All the 
previous steps were performed on a Percival growth chamber (CLF 
Plant Climatics GmbH, model CU 36L5). Regenerated plants were 
transferred to soil and grown in a greenhouse at 28°C day/22°C night.

The insertion of the plasmid in the transgenic plants was con-
firmed by polymerase chain reaction (PCR) (Taq DNA Polymerase, 

Thermo Fisher Scientific) with pRGEB32-specific primers 
(table  S8). For detection of CRISPR-mediated mutations, the 
targeted sequence was PCR-amplified (Phusion DNA Polymerase, 
NEB) with the genome specific primers (table S8). The resulting 
660-bp-long PCR product was purified and cloned using the 
CloneJET PCR Cloning Kit (K1232, Thermo Fisher Scientific). 
Insertion-deletions mutations (Indels) on target site were detected 
by Sanger sequencing, and up to 10 colonies were analyzed. T2 
homozygous lines were further examined.

Sand and hydroponic culture of rice seedlings
Nipponbare WT, three mutant lines of oscyp706c2, and d17 (positive 
control, more tillers than WT) were grown in river sand (1.5-liter 
pot) under +Pi conditions. Shoot length and tiller numbers were 
quantified 40 days after sowing.

The mutants were also phenotyped in hydroponics on a half-
strength modified Hoagland nutrient solution with sufficient Pi 
(0.4 mM K2HPO3·3H2O) and with low Pi (0.004 mM K2HPO3·3H2O), 
essentially as described previously (48). The solutions were refreshed 
every 3 days. A number of growth and development parameters 
(root length, shoot length, etc.) were quantified 3 weeks after sowing.

Chemical synthesis and structure confirmation
All chemicals and reagents used were obtained commercially. Chro-
matography and recording of NMR spectra were carried out as de-
scribed before (47, 77). The synthesis of compounds W, Y, and Z has 
been previously reported in the literature, and they were obtained by 
reproducing the described procedures (28, 47, 78).
Synthesis of compound X
Compound W (374 mg) was dissolved in dichloromethane (15 ml). 
To the solution was added K2CO3 (5.0 equiv.) followed by a portion-
wise addition of Dess-Martin periodinane (3.0 equiv.). The resulting 
mixture was stirred for 2 hours at room temperature and quenched 
with Na2S2O3 10% (5 ml) at 0°C. The organic phase was washed 
twice with a saturated aqueous solution of NaHCO3 (2× 10  ml), 
dried over Na2SO4, and concentrated under vacuum. The reac-
tion product was purified using silica column chromatography 
(eluted with CyH/EtOAc 95/5) to give a colorless oil, compound X 
(260 mg, 70%).
Synthesis of 4-oxo-MeCLA
Compound Y (75 mg) was added to a solution of compound X (2.0 
equiv.) and triphenylarsine (0.4 equiv.) in dioxane (2.3  ml). The 
mixture was degassed by argon bubbling for 5 min, and Pd2dba3 
(0.10 equiv.) was added. This was stirred at 80°C for 30 min, cooled 
down to room temperature, and filtered over celite (eluted with EtOAc), 
and any volatiles were removed under vacuum. The product was 
purified using silica column chromatography (eluted with CyH/
EtOAc, gradient 100:0 to 40:60) to give 4-oxo-MeCLA as a pale yel-
low oil (40 mg).
Synthesis of 4-oxo-19-OH-carlactone
Compound Z (15 mg) was added to a solution of compound X 
(2.0 equiv.) and triphenylarsine (0.4 equiv.) in dioxane (0.7 ml). The 
mixture was degassed by argon bubbling for 5 min, and Pd2dba3 
(0.10 equiv.) was added. This was then stirred at 80°C for 30 min, 
cooled down to room temperature, and subsequently filtered over 
celite (eluted with EtOAc). Volatiles were removed under vacuum. 
The product was purified using silica column chromatography [elut-
ed with CyH/(EtOAc:EtOH 3:1), gradient 100:0 to 0:100]. The frac-
tions containing the product were further purified by reverse phase 
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chromatography (eluent MeCN/ H2O, gradient 0:100 to 100:0) to 
give 4-oxo-19-OH-carlactone as a colorless film (4.0 mg) that could 
be stored at −18°C in solution in DCM (4 mL).
SL extraction, LC-MS analysis, and LC-MS data processing
Rice seeds were pregerminated on moistened filter paper in a petri 
dish, and then four to five seedlings were transferred into 1-liter 
plastic pots with moistened river sand (0.5 to 1 mm) and watered 
with half-strength Hoagland solution (79). The seedlings were 
grown in a greenhouse chamber at 12 hours 30°C:12 hours 28°C 
photoperiod (supplemented by artificial light of 600 W/m2 under 
low natural light conditions). After 3 weeks, Pi starvation was ap-
plied to induce SL production (13, 21, 80). After Pi deprivation of 1 week, 
300 ml of root exudate from each pot was collected. The extraction 
of SLs from root exudate, N. benthamiana leaf, and yeast micro-
some assays was performed as previously described (28). The 
qualitative and quantitative analysis of SLs were performed as 
previously described (19, 28, 31, 81).

Gene cloning and transient expression in N. benthamiana
After extraction of total RNA from Nipponbare seeding roots, 
cDNA was synthesized using RevertAid H Minus Reverse Tran-
scriptase (Thermo Fisher Scientific). The primers used for cloning 
full sequences of rice genes (Os4OCLAMT1, Os4OCLAMT2, and 
OsCYP706C2) are listed in table S3. Gas chromatography (GC) buf-
fer and Phusion polymerase (Thermo Fisher Scientific) were used in 
PCR amplification (as sequences of rice genes are normally GC rich 
and decreasing PCR efficiency). Agroinfiltration was done following 
the method previously described by Li et al. (28).

In vitro assay using yeast microsomes
WT yeast strain WAT11 was cultured using Yeast extract-Bactopeptone-
Glucose-Agar (YPGA) medium, while transformed yeast was sustained 
with SGI medium (19, 82). OsCYP706C2 was cloned and ligated into 
pYeDP60 (table S2). Two plasmids (pYeDP60-OsCYP706C2 and 
pYeDP60 empty vector) were transformed independently into WAT11 
using the S. c. EasyComp Transformation Kit (Invitrogen). Induction of 
gene expression in yeast and yeast microsome extraction were done fol-
lowing published protocols (19, 28, 82). Microsome assays were per-
formed in an enzyme-free 2-ml Eppendorf tube containing substrate 
(MeCLA, 5 μl from 200 μM stock in dimethyl sulfoxide), 1 mM re-
duced form of nicotinamide adenine dinucleotide phosphate, 
40 mM phosphate buffer, 100 μl of microsomal protein (OsCY-
P706C2), and autoclaved Milli-Q water (to complement the total 
amount of 500 μl).

S. hermonthica germination bioassay
S. hermonthica (Striga) seeds were sterilized in a solution containing 
2% bleach and 0.02% Tween 20. After 5-min shaking and removal of 
the solution, the seeds were further cleaned with autoclaved Milli-Q 
water (five times). Seeds were preconditioned on the surface of filter 
paper in a petri dish at 30°C in the dark. After 11 days, germination 
bioassays were carried out using diluted root exudate samples, GR24 
and SL standards, in a well in a 12-well plate, with three biological 
and three technical replicates.

Mycorrhizal colonization assays
WT cv. Nipponbare and three mutant lines of oscyp706c2 were grown 
and assessed for Rhizophagus irregularis DAOM 197198 colonization 
as described before (83, 84). Plants were sampled 14- and 50-dpi, 

corresponding to the early and late stages of mycorrhization (83, 84). 
Staining of the roots, assessment of colonization rate, and arbus-
cule phenotype were done as previously described (85). Quantita-
tive reverse transcription PCR assays of the two AM-responsive 
marker genes OsPT11 and OsLysM were performed according to 
Chen et al. (49).

Statistics
Unless noted otherwise, data are the means ± SE of n replicates, 
and P values were calculated using one-way analysis of vari-
ance (ANOVA).

Supplementary Materials
This PDF file includes:
Figs. S1 to S13
Legends for tables S1 to S8

Other Supplementary Material for this manuscript includes the following:
Tables S1 to S8
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