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BACKGROUND: Plant development and adaptive
responses to the environment are regulated by
small, mobile molecules known as hormones.
Strigolactones are a class of plant hormones that
control many traits, including shoot and root
architecture, senescence, drought tolerance, and
cambial growth. However, strigolactones may
have originally served as signals for interorga-
nismal communication, rather than as hormones.
Plants exude strigolactones from roots, particu-
larly during low nitrogen or phosphorus avail-
ability, which recruits symbiotic interactions
with microbes that can alleviate nutrient defi-
ciencies. A downside of this strategy is that many
parasitic plants that attach to roots, including
several major agricultural weeds, evolved to
use strigolactones as germination cues and/or
for chemotropic growth toward a host.
Perhaps because of evolutionary pressures from
these plant-biotic interactions, plants collectively
produce a diverse array of strigolactones. The
strigolactone family is divided by structural dif-
ferences into canonical strigolactones, which
primarily have external signaling roles, and non-
canonical strigolactones, which are believed to
primarily serve as hormones. Both classes share
a common precursor, carlactonoic acid (CLA),
that is formed from all-trans-p-carotene (ATBC).

Microbial consortium

The initial conversion of CLA to canonical
strigolactones is carried out by cytochrome P450
enzymes. In most flowering plants, this reaction
is catalyzed by proteins in the CYP722C clade.
Several other enzymes have been found to diversify
strigolactone structures, but the biosynthesis
and specific functions of many strigolactones
remain unresolved.

RATIONALE: We hypothesized that CYP722C
homologs might also produce strigolactones.
CYP722A and monocot-specific CYP722B pro-
teins form an uncharacterized sister clade to
CYP722C that is widely distributed in seed plants.
Functional investigations of CYP722A/B proteins
and other candidate strigolactone biosynthesis
enzymes are complicated by the limited availa-
bility or stability of likely substrates, such as CLA,
the unknown nature of their metabolic products,
and the low abundance of strigolactones in
plants. New approaches are required to bypass
these limitations.

The development of microbial cell facto-
ries through synthetic biology and metabolic
engineering strategies has greatly facilitated
access to chemical substrates and products,
simplifying the characterization of enzymes
and the structural elucidation of previously
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Synthetic biology—enabled characterization of strigolactone biosynthesis genes. An engineered microbial
consortium reconstitutes strigolactone biosynthesis. CYP722A proteins are homologous to CYP722C in
angiosperms. CYP722A oxidizes CLA at C16, whereas CYP722C oxidizes CLA at C18. These intermediates are
converted to noncanonical strigolactones or canonical strigolactones that signal to other organisms in soil,
respectively. A single mutation enables both types of oxidations. CL, carlactone; SL, strigolactone.
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unidentified metabolites. Furthermore, au-
thentic standards provided by microbial cell
factories and advances in targeted metabo-
lomics technologies now enable detection
of low-abundance compounds in plant sam-
ples with greater reliability and clarity. We
took advantage of these tools to investigate
CYP722A function.

RESULTS: We optimized a microbial consortium
that expresses the core plant strigolactone
biosynthesis pathway in Escherichia coli and
Saccharomyces cerevisiae hosts to yield 125-fold
greater titers of a canonical strigolactone. Coex-
pression of CYP722A4 and CYP722B genes from
16 plant species in the consortium produced
a previously unidentified compound from CLA
that was determined to be a noncanonical strigo-
lactone, 16-hydroxy-carlactonoic acid (16-OH-
CLA). We detected 16-OH-CLA only in the shoot
tissues of plants, in contrast to other known
strigolactones.

16-OH-CLA shows strigolactone properties
in vivo. It suppresses axillary shoot branching in
strigolactone-deficient Arabidopsis thaliana
plants and signals through the strigolactone
receptor DWARF14. Unexpectedly, 16-OH-CLA
deficiency has no effect on shoot branching. We
discovered that 16-OH-CLA activity in seedlings
requires genes involved in noncanonical strigo-
lactone biosynthesis, CARLACTONOIC ACID
METHYLTRANSFERASE (CLAMT) and LAT-
ERAL BRANCHING OXIDOREDUCTASE (LBO).
In the microbial consortium, the sequential ac-
tion of CLAMT and LBO consumes 16-OH-CLA,
producing methyl 16-hydroxycarlactonoate and
an unknown metabolite. Because CLAMT also
uses CLA as a substrate, we hypothesize that
CLA shunts into CLAMT- and LBO-mediated
metabolism to compensate for the loss of CYP7224
in Arabidopsis.

We used structural models to identify candi-
date residues that differentiate the activities of
CYP722A and CYP722C on CLA. A single amino
acid change in the active site of CYP722A proteins
gains production of 18-OH-CLA, an intermediate
in canonical strigolactone formation by CYP722C.

CONCLUSION: The evolution of CYP722C pro-
teins from CYP7722A was a key transition in
strigolactone biosynthesis by seed-bearing plants.
A change in the site of CLA oxidation led to
emergence of a class of strigolactones that me-
diate plant-biotic interactions.
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Strigolactones (SLs) are methylbutenolide molecules derived from B-carotene through an intermediate
carlactonoic acid (CLA). Canonical SLs act as signals to microbes and plants, whereas noncanonical
SLs are primarily plant hormones. The cytochrome P450 CYP722C catalyzes a critical step, converting
CLA to canonical SLs in most angiosperms. Using synthetic biology, we investigated the function

of CYP722A, an evolutionary predecessor of CYP722C. CYP722A converts CLA into 16-hydroxy-CLA
(16-OH-CLA), a noncanonical SL detected exclusively in the shoots of various flowering plants.
16-OH-CLA application restores control of shoot branching to SL-deficient mutants in Arabidopsis
thaliana and is perceived by the SL signaling pathway. We hypothesize that biosynthesis of 16-OH-CLA by
CYP722A was a metabolic stepping stone in the evolution of canonical SLs that mediate rhizospheric

signaling in many flowering plants.

trigolactones (SLs) are a diverse family

of apocarotenoids that play important

roles in the regulation of plant develop-

ment and plant-biotic interactions (7). As

hormones, SLs control axillary branch
growth (tillering), stem elongation, leaf mor-
phology, and drought tolerance (2, 3). SLs also
regulate plant susceptibility to pathogenic
microbes and root-knot nematodes (4). As
interorganismal signals, SLs are exuded into
the soil, particularly when nitrogen or phos-
phorus availability is low, where they pro-
mote beneficial symbiotic associations with
arbuscular mycorrhizal fungi (AMF) and rhizo-
bacteria (4). Root parasitic plants in the Oro-
banchaceae (for example, Striga spp.) use SLs
to trigger germination and growth toward a
host (5, 6).

SLs feature a methylbutenolide “D-ring” con-
jugated to a variable scaffold through an enol-
ether linkage. SLs are divided into canonical
or noncanonical classes on the basis of the scaf-
fold having a tricyclic “ABC”-ring structure or
not, respectively (Fig. 1A). Canonical SLs are pri-
marily used as interorganismal signals, where-
as noncanonical SLs have a predominant role
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in hormone signaling within the plant (7-10).
During SL perception, the D-ring is cleaved
and covalently attached to catalytic triad resi-
dues in the o/B-hydrolase enzyme receptor
DWARF14 (D14) (11, 12). Activation of D14
promotes its association with the F-box pro-
tein MORE AXILLARY GROWTH2 (MAX2)/
DWARF3 (D3) and DWARF53 (D53)-type pro-
teins in the SUPPRESSOR OF MAX2 1-LIKE
(SMXL) family. Subsequent polyubiquitina-
tion and proteasomal degradation of these
SMXL proteins activate downstream growth re-
sponses (3). More than 30 SLs have been iden-
tified from plants, almost all of which were
isolated from roots or root exudates (13).

SL biosynthesis begins with the conversion
of all-trans-p-carotene into carlactone (CL)
through the sequential actions of a B-carotene
isomerase [DWARF27 (D27)] and two carotenoid
cleavage dioxygenases, CCD7 and CCD8 (Fig.
1A) (14). CL is then converted to carlactonoic
acid (CLA) by a cytochrome P450, CYP711A1
[also known as MORE AXILLARY GROWTH1
(MAX1)]. In some plants, such as rice (Oryza
sativa) and peach (Prunus persica), paralogs of
MAX1 catalyze the conversion of CL to canon-
ical SLs through CLA (15, 16). More often, CLA is
processed further by other enzymes (Fig. 1A and
fig. S1). Noncanonical SLs such as methyl-CLA
(MeCLA) and hydroxymethyl carlactonoate
(1'-OH-MeCLA) are made by CARLACTONOIC
ACID METHYLTRANSFERASE (CLAMT) and
LATERAL BRANCHING OXIDOREDUCTASE
(LBO), respectively (17-19). Canonical SLs such
as orobanchol (ORO) or 5-deoxystrigol (5DS)
are formed from CLA through CYP722C pro-
teins in many flowering plants (7, 20-22). One
type of CYP722C forms 5DS directly from an
18-hydroxy-CLA (18-OH-CLA) intermediate.
Another type performs a second oxidation
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step that makes 18-oxo-CLA, which can spon-
taneously cyclize under acidic conditions but
is stereospecifically converted to ORO by
STEREOSELECTIVE RING FACTOR (SRF) (23).

Although CYP711A/MAX1 enzymes in rice
were the first to be implicated in the direct
synthesis of canonical SLs (I5), subsequent sur-
veys have shown that such activity is uncommon
among MAXI1 proteins and, so far, only found in
species with multiple MAXT copies (16, 24, 25).
Notably, MAX1 is maintained as a single gene
copy in most plants (26). By contrast, CYP722C
proteins from many species have consistently
been observed to produce canonical SLs through
catalyzing Cl18-oxidation of CLA (7, 20-22).
Therefore, in most flowering plants and espe-
cially dicots, CYP722C proteins are likely to be
critical for making the SLs used in communi-
cation with microbes and other plants. We set
out to investigate the evolution of this mech-
anism of canonical SL biosynthesis.

CYP722A/B produces an unknown metabolite
from CLA

Phylogenetic analysis revealed two uncharac-
terized sister clades to CYP722C in seed plants
(embryophytes), CYP722A and CYP722B (fig.
S2A). To investigate the metabolic functions
of CYP722A and CYP722B, we took advantage of
a microbial consortium system for heterologous
biosynthesis of SLs that we recently developed
(Fig. 1B). In this system, a set of engineered
Escherichia coli and Saccharomyces cerevisiae
strains expressing plant SL biosynthetic en-
zymes are cocultured to produce a range of
SLs and related molecules, including CL, CLA,
ORO, 5DS, 18-OH-CLA, 4-deoxyorobanchol, and
strigol (16, 21, 24). The system facilitates efficient
identification and functional characterization
of SL biosynthetic enzymes (16, 21, 24). We syn-
thesized yeast-codon-optimized CYP722A4/B cod-
ing sequences from eudicot plants Arabidopsis
thaliana (AtCYP722A4) and peach (PpCYP722A);
basal eudicot Aquilegia coerulea (AcCYP722A);
and a monocot, rice (OsCYP722B). Each gene
was coexpressed with CYTOCHROME P450
REDUCTASE 1 (ATRI) and MAX1 (AtMAXI)
from A. thaliana in S. cerevisiae CEN.PK2-1D,
forming yeast SL-producing strains YSL2 to
YSLS5 (table S2). These strains were cocultured
with an E. coli CL-producing strain (ECLI) (table
S2) that supplies the substrate (21). A new peak
with a retention time (RT) of 12.32 min was de-
tected by means of liquid chromatography-mass
spectrometry (LC-MS) in all microbial consortia
expressing CYP722A or CYP722B (ECL1/YSL2-5)
(Fig. 1C and table S2). The peak had a negative
mass/charge ratio (m/2) at 347.1, which is con-
sistent with the mass of an oxidized CLA mol-
ecule (+16 Da). Supporting this hypothesis, the
reduced RT of the peak compared with that of
CLA (16.81 min) implied that the CYP722A/B
metabolite was more hydrophilic than CLA
and likely a hydroxylated CLA molecule that
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Fig. 1. Functional characterization of CYP722A/B by using SL-producing
microbial consortia. (A) Biosynthesis of SLs in seed plants. (B) lllustration

of SL-producing E. coli-S. cerevisiae consortium. (C) Functional characterization
of CYP722A/Bs by using the microbial consortium. LC-MS selected ion monitoring
(SIM) extracted ion chromatogram (EIC) at hydroxylated CLA's characteristic
[M-H]"m/z 347.1 (MW = 332.4 + 16 Da = 348.4 Da) of CL-accumulating E. coli ECL1
cocultured with ATR1- and AtMAX1-expressing S. cerevisiae harboring a plasmid
expressing different CYP722A/B or empty vector as a negative control. (D) Optimization

was oxidized on a different carbon than the
CYP722C product, 18-OH-CLA (RT 12.54 min).
To determine whether the CYP722A/B metab-
olite was produced from CLA or CL, microbial
consortia were tested without coexpression of
AtMAXI (ECL1/YSL6-7) (tables S2). The CYP722A/B
metabolite was not detected when only CL
was present, indicating that CLA is the true
substrate of CYP722A/B (fig. S3).

Enhancing microbial consortium performance
through metabolic engineering

Because the yield of the previously developed
microbial consortium would be insufficient for
the isolation and structural elucidation of the
CYP722A/B metabolite (21), we set out to opti-
mize its efficiency. We used the titer of 5DS as
a benchmark for optimization because it can
be quantified by using an authentic standard.
Our optimization strategies included testing
D27, MAX1, and CYP722C variants from dif-
ferent species; making N-terminal modifications
to the gatekeeper enzyme D27; packaging D27,
CCD7, and CCD8 on a single plasmid; altering
fermentation conditions; inactivating yeast en-
dogenous CPR; and increasing the copy numbers
of MAX1 and CYP722C (figs. S4 to S6). These
efforts led to a 125.6-fold increase in 5DS titer,
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from 8.85 pgyliter in ECL1/YSL14 to 1.12 mg/liter
in ECL12/YSL31 induced with 0.5 mM isopropyl
f-p-1-thiogalactopyranoside (IPTG) (Fig. 1D and
table S2).

CYP722A/B synthesizes 16-hydroxy-
carlactonoic acid

Building on the optimized conditions for 5DS
synthesis, we produced the CYP722A/B metab-
olite by replacing RcCYP722C2 with AcCYP722A.
We then varied the copy numbers of EgMAXI
and AcCYP722A genes. Single copies of EgMAX1
and AcCYP722A made the highest titer of the
CYP722A metabolite when cocultured with ECL12
(fig. S7A, YSL36). We also compared the per-
formance of eight additional CYP7224 ortho-
logs in the microbial consortium and observed
the highest titer with Pisum sativum CYP722A
(PsCYP722A) (fig. S7B, YSL49). Coexpression
of membrane steroid-binding protein 1 from
A. thaliana (AtMSBP1) and a cytochrome P450
reductase from Citrus sinensis (CsCPR) further
enhanced the efficiency of PsCYP722A (fig. S7,
C and D, YSL58). Supplementing the growth
medium with glycerol or trehalose has enhanced
the performance of yeast strains that express
multiple copies of cytochrome P450s (27), likely
by stabilizing the membrane, facilitating pro-
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of the production efficiency of the SL-producing microbial consortia by using 5DS as
the calibration method. Detailed engineering strategies and experimental details on
5DS production optimization can be found in section “Detailed engineering strategies
to enhance 5DS production” and figs. S4 to S6. (E) Further engineering of the
consortia for enhanced production of CYP722A/B metabolite. Detailed experi-
mental data on 16-OH-CLA production optimization can be found in fig. S7.

(F) Structural elucidation of 16-OH-CLA by using NMR analysis. Gray and purple
arrows indicate observed *H-"H-COSY and *H-*3C-HMBC coupling, respectively.

tein folding, and enhancing regeneration of
NADPH (nicotinamide adenine dinucleotide
phosphate, reduced) (28, 29). Likewise, we found
that growing YSL58 in the presence of 2% (w/v)
dextrose and 10% (v/v) glycerol during the first
stage of fermentation, before coculturing with
ECL12, doubled the titer of the CYP722A/B
metabolite (fig. S7E). Altogether, we improved
the production of the CYP722A metabolite five-
fold through strain engineering and fermenta-
tion optimization (Fig. 1E).

After scaling up the fermentation of ECL12/
YSL58 (table S2), we isolated sufficient CYP722A/B
metabolite for structural elucidation through
one-dimensional (1ID) and 2D nuclear magnetic
resonance (NMR) spectroscopy. Comparison of
the 'H NMR spectrum of the CYP722A/B metab-
olite to the reported "H NMR spectrum of CLA
(30) revealed that it is a noncanonical SL, 16-
hydroxy-CLA (16-OH-CLA) (Fig. 1F, fig. S8A, and
table S4). This structure was further validated by
using 2D *H-'H-correlation spectroscopy (COSY),
"H-C-heteronuclear single-quantum coherence
(HSQC), "H-C-heteronuclear multiple-bond cor-
relation (HMBC), and *>C NMR spectra (fig. S8,
B to E, and table S4). Circular dichroism (CD)
analysis confirmed that the D-ring of 16-OH-

CLA has an 11R configuration (fig. SOA) that is
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consistent with all identified, naturally oc-
curring SLs. Last, molecular simulations in-
dicated that the CYP722A/B metabolite is more
likely to be 16-(S)-OH-CLA than 16-(R)-OH-CLA
(fig. S9C).

16-OH-CLA is widely produced by seed plants

16-OH-CLA was previously identified in A. thaliana
as one of several oxidized derivatives of CL/CLA,
but how it is made was unknown (31). To test
whether CYP722A is required for 16-OH-CLA
synthesis in vivo, we performed a metabolite
analysis of A. thaliana plants. Although 16-OH-
CLA was detected in wild type (Col-0 ecotype)
and the SL-insensitive mutant AtdI14-1, it was
undetectable in the SL-deficient mutant max3-9
and in transferred DNA (T-DNA) insertion al-
leles of CYP7224, cyp722a-1 and cyp722a-2 (figs.
S10, S11A, S12, and S13). These observations sup-
port a role for CYP722A in 16-OH-CLA biosyn-
thesis. Unexpectedly, 16-OH-CLA was observed
only in shoot tissues, which was not the case
for CLA, MeCLA, or 1-OH-MeCLA (Fig. 2A and
figs. S12 and S13). Although other SLs have
been found in shoots (as well as roots or root
exudates), the shoot-specific localization of 16-
OH-CLA is unusual (32).

Consistent with the shoot-specific localiza-
tion of 16-OH-CLA, we only observed CYP7224
expression in shoot tissues (Fig. 2B and fig. S12).
This contrasts with the expression of most of the
other known SL biosynthesis genes in Arabi-
dopsis. CCD8/MAX4, CYP7I1IAl/MAX1, CLAMT,
and LBO were expressed in both shoot and root
tissues, and the latter three transcripts were
enriched in roots (Fig. 2B). CYP722A transcript
abundance increased in wild-type (WT) plants
undergoing phosphate or nitrogen starvation,

Col-0 (shoot)
6.0 7.0 Time (min)

A MRM negative, m/z 347.0>113.0 B
16-OH-CLA
2.0e6 v
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Fig. 2. Presence of 16-hydroxy-carlactonoic acid (16-OH-CLA) in plants.

(A) Representative multiple reaction monitoring (MRM) LC-MS/MS chromato-
grams of 16-OH-CLA, [M-H]"m/z 347 > 113 in shoot or root samples of

A. thaliana wild type and mutants in comparison with the microbial consortium.
(B) Relative transcript abundance of SL biosynthesis genes in the shoots
versus roots of hydroponically grown WT (Col-0) A. thaliana plants. Mean + SEM
(n = 4 biological replicates). Each data point indicates the average of three
technical replicates. Relative expression was calculated against the housekeeping
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0.187

which is a common feature of SL biosynthesis
genes in other species (33).

16-OH-CLA was not detectable in roots of
plants that overexpress CYP722A4, despite the use
of a strong, near-constitutive 35S promoter
(Fig. 2A and fig. S12). This might be due to
competition for CLA substrate, degradation or
metabolism of 16-OH-CLA in roots, or export
of 16-OH-CLA. Therefore, we tested whether
16-OH-CLA could be transported into shoot
tissues if it were present in roots. We fed CLA
and 16-OH-CLA to the roots of WT Arabidopsis
treated with fluridone (to block SL synthesis)
and cyp722a-1 plants. Only 16-OH-CLA, and not
CLA, could be detected in the shoots (fig. S15),
indicating that upward and possibly selective
transport of 16-OH-CLA can occur.

‘We then investigated whether 16-OH-CLA is
made by other plants. We detected 16-OH-CLA
during the initial stage of branching in poplar
(Populus nigra x P. grandidentata) xylem
sap (Fig. 2C and fig. S16) and in shoots of com-
mon pea (P. sativum) and pepper (Capsicum
annuum) during early developmental stages
(fig. S17). This compound was also detected in
the shoots of the aquatic plant Nelumbo nucifera
(fig. S17). Consistent with our observations in
Arabidopsts, 16-OH-CLA was only detectable in
shoot samples, with no trace in the correspond-
ing roots of common pea, pepper, plum (Prunus
mume), and N. nucifera (fig. S17). The levels of
16-OH-CLA gradually decreased as branching
progressed and eventually phased out upon
completion of branching (Fig. 2C and fig. S17).
These observations indicate a dynamic regu-
lation of 16-OH-CLA abundance during plant
development that may be relevant to its phys-
iological role.

The potentially widespread distribution of
16-OH-CLA in flowering plants was supported by
testing additional CYP7224 and CYP722B genes
in the microbial consortium (fig. S2). 16-OH-
CLA was consistently produced by CYP722A and
CYP722B proteins from a diverse range of plant
lineages, including gymnosperms (CjCYP722A
from Cryptomeria japonica), early divergent
angiosperms (LtCYP722A from Liriodendron
tulipifera), eudicots (LjCYP722A from Lotus
Jjaponicus), and monocots (SbCYP722B from
Sorghum bicolor) (fig. S7B and fig. S18).

To determine when 16-OH-CLA biosynthesis
by CYP722A/B may have arisen in plants relative
to canonical SL biosynthesis by CYP722C, we in-
vestigated the evolution of the CYP722 family
(Fig. 2D and fig. S2). Several CYP722 representa-
tives were previously identified in eudicot and
monocot families (34). To supplement this, we
identified 148 CYP722 genes among 120 angio-
sperm and gymnosperm plant genomes and
de novo transcriptome assemblies. By means of
phylogenetic analysis, we found that CYP722
likely emerged through duplication of CYP733
in the last common ancestor of seed plants (fig.
S2). Paired with the microbial consortium re-
sults, CYP722A/B proteins likely represent the
original function of the CYP722 clade: 16-OH-
CLA biosynthesis. The CYP722B clade represents
a monocot-specific divergence of CYP722A4 that
also produces 16-OH-CLA. The CYP722C clade
likely emerged from CYP722A4/B duplication in
the last common ancestor of Chloranthales,
Magnoliids, eudicots, and monocots. The ma-
jority (97%) of angiosperm genomes we surveyed
contain at least one CYP722 copy, although the
type may vary. For example, CYP722C was lost
in the Brassicaceae and Poaceae lineages, but

c D
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consortia present.
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gene CACS by use of the Pfaffl method. *P < 0.05; two-way ANOVA and
Sidak’s multiple comparisons test. (C) MRM LC-MS/MS chromatograms of
16-OH-CLA in poplar (P. nigra x P. grandidentata) xylem at different seasons.
(D) Representation map of CYP733s and CYP722 genes across major land
plant clades. Black, gene copy present; green, gene copy producing 16-OH-CLA
in microbial consortia present; blue, gene copy producing 18-oxo-CLA

in microbial consortia present; pink, gene copy producing 5DS in microbial
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Fig. 3. 16-OH-CLA activates SL A
responses in planta. (A) 16-OH-
CLA treatment suppresses axillary
bud outgrowth in max3-9 at

14 days after anthesis. Plants were
treated with 0.5% (v/v) acetone,
10 uM 16-OH-CLA, or 10 uM
rac-GR24. Boxplot whiskers indi-
cate minimum to maximum. *P <
0.05; one-way ANOVA and Sidak's
multiple comparisons test of
max3-9 mock versus treatment.
Shown are representative rosette
images. (B) 16-OH-CLA treatment

max3-9
16-OH-CLA

inhibits A. thaliana hypocotyl elongation under red light through DI14. Col-0,
dl4, and kai2 (htl-3 allele) seedlings were grown on media supplemented with
0.5% (v/v) acetone, 10 uM 16-OH-CLA, or 1 uM rac-GR24. Mean + SEM (n = 3
replicates, mean of 17 or 18 seedlings per replicate). *P < 0.01; two-way ANOVA and
Tukey multiple comparisons test of control versus treatment. (C) 16-OH-CLA
treatment induces SMXL7 degradation through DI4. SMXL7 ratiometric reporter

CYP722A and CYP722B were retained, respec-
tively. The prevalence of CYP722A4/B genes, the
observation of 16-OH-CLA in multiple plants,
and the functional validation of CYP722A/B
proteins from many plants in the microbial
consortium collectively imply that 16-OH-CLA
is widely present in seed plants and likely pre-
ceded the evolution of canonical SL biosynthesis
by CYP722C in angiosperms.

16-OH-CLA activates SL responses in plants

To determine whether 16-OH-CLA functions as
an SL, we tested its effect on the axillary shoot
branching of A. thaliana. We used reverse-phase
high-performance liquid chromatography (HPLC)
to purify 16-OH-CLA made by the microbial con-
sortium. 16-OH-CLA application inhibited the
excess shoot-branching phenotype of the SL-
deficient mutant max3, as did rac-GR24, which
is a racemic mixture of a synthetic SL analog and
its enantiomer that activates the homologous
karrikin (KAR)/KAI2 ligand (KL) signaling path-
way (Fig. 3A) (35).

We next examined the effect of 16-OH-CLA
on the hypocotyl elongation of A. thaliana
seedlings. Although endogenous SLs do not
affect A. thaliana hypocotyl elongation, likely
because of low SL abundance, application of
exogenous SLs or rac-GR24 inhibits hypocotyl
elongation under low fluence red light by in-
ducing degradation of SMAX1 and SMXL2
(36, 37). We found that 16-OH-CLA inhibited
hypocotyl elongation in a manner that was
dependent on the SL-receptor D14 (Fig. 3B).
However, a 10-fold greater concentration of
16-OH-CLA was required to induce a degree
of hypocotyl growth inhibition similar to that
of rac-GR24: (fig. S19). As shown by the kai2
mutant (Atl-3 allele), the stronger response to
rac-GR24 is due to the activation of KAR/KL
signaling through the receptor KAI2 in addi-
tion to SL signaling through D14, whereas 16-

Zhou et al., Science 387, eadp0779 (2025)
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OH-CLA appears to signal through D14 alone
(Fig. 3B).

Last, we tested whether 16-OH-CLA could in-
duce degradation of SMXL7, an immediate con-
sequence of D14-dependent SL signaling (38).
We used a ratiometric reporter system to moni-
tor the abundance of AtSMXL7 protein that was
transiently expressed in Nicotiana benthamiana
leaves (39, 40). We observed that 16-OH-CLA in-
duced degradation of the AtSMXL7 reporter in
wild type but not the NbdI4a,b mutant (Fig. 3C).
Again, 16-OH-CLA was less potent than rac-
GR24. Because the stabilities of 16-OH-CLA
and rac-GR24 in aqueous solutions are com-
parable (fig. S20), the weaker effect of 16-OH-
CLA could be due to less efficient transport into
plant tissues, lower affinity for D14, or a required
conversion into a more bioactive metabolite. Al-
together, these experiments demonstrated that
16-OH-CLA, or perhaps a downstream deriva-
tive, activates SL signaling in plants.

Functional redundancy of noncanonical SLs
in A. thaliana

Simultaneous disruption of the noncanonical
SL biosynthesis genes CLAMT and LBO has
been reported to increase shoot branching of
A. thaliana, but not as much as the CL-deficient
mutant max3 (17, 19). This implies the existence
of an additional, CLAMT/LBO-independent mech-
anism for SL biosynthesis. Therefore, we investi-
gated whether CYP7224 regulates shoot branching
and supplements CLAMT/LBO activity.

Two cyp722a mutants did not show increased
axillary shoot branching relative to that of wild
type (figs. S11A and S21). Because 16-OH-CLA
shows SL activity, there might be functional re-
dundancy among CYP722A, CLAMT, and LBO
that compensates for the 16-OH-CLA deficiency
in cyp722a. This led us to test for synthetic en-
hancement among cyp722a, clamt, and lbo mu-
tants. We used CRISPR-Cas9 to produce two sets

17 January 2025

was transiently expressed in WT and NbdI4a,b N. benthamiana leaves (n = 10).
SMXL7-mScarlet-I/Venus ratios were measured after a 16- to 18-hour incubation
with 0.5% (v/v) acetone, 10 uM 16-OH-CLA, or 10 uM rac-GR24. Each data point
indicates the average fluorescence ratio of four to eight discs per leaf. Boxplot
whiskers indicate minimum to maximum. *P < 0.05; two-way ANOVA and Tukey
multiple comparisons test of control versus treatment.

of frameshift alleles for CLAMT and LBO (fig.
S11, B to E) in the Col-0 background and then
isolated higher-order mutant combinations with
cyp722a T-DNA insertion alleles. Axillary branch-
ing and shoot height phenotypes were exam-
ined under nutrient-replete conditions at 14 and
28 days after anthesis. We found that cyp722a
did not enhance /bo or clamt phenotypes (Fig. 4
and fig. S22, A to C). Unexpectedly, the branch-
ing phenotypes of the lbo clamt double mutants
were typically as severe as the SL-deficient max3
and SL-insensitive d14 mutants (fig. S22, D to
I). The stronger phenotype we observed for /bo
clamt compared with the prior report could
be a consequence of our growth conditions
and/or a more consistent genetic background.
We observed possible enhancement of bo-4
clamt-3 branching by cyp722a-1 at 14 days
after anthesis (fig. S22, A and J), but this did
not repeat with lbo-5 clamt-4 and cyp722a-2
alleles (fig. S22, B, C, I, and K).

16-OH-CLA is metabolized by CLAMT and LBO

One interpretation of these results is that
CYP722A has no role in shoot branching reg-
ulation for A. thaliana, at least under our nutrient-
replete growth conditions. Alternatively, it may
be that its product, 16-OH-CLA, is metabolized
further by CLAMT and LBO into a branching
regulator. In the absence of CYP7224, a meta-
bolic shunt to CLA instead of 16-OH-CLA as a
CLAMT substrate might produce SLs sufficient
to maintain normal branching. To test the latter
hypothesis, we evaluated whether 16-OH-CLA
responses are dependent on CLAMT or LBO in
A. thaliana seedlings. Hypocotyl elongation of
clamt and [bo seedlings was not significantly
affected by 16-OH-CLA treatment (Fig. 5A), im-
plying that both genes are required for 16-OH-
CLA bioactivity.

This led us to examine whether 16-OH-CLA
can be consumed by CLAMT and LBO. We
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Fig. 4. Functional redundancy in branching inhibi-
tion by noncanonical SLs in A. thaliana. (A) Com-
posite image of representative Col-0, cyp722a-1, Ibo-4
clamt-3, cyp722a-1 Ibo-4 clamt-3, and max3-9 plants

at 28 days after anthesis. (B) Rosette axillary branches
(>6 mm) at 28 days after anthesis. Boxplot whiskers
indicate minimum to maximum. *P < 0.05; Brown-
Forsythe and Welch ANOVA and Dunnett's multiple
comparisons test.

introduced AtCLAMT into the CLA-producing
and 16-OH-CLA-producing consortia (ECL12/
YSL22 and ECL12/YSL55) (table S2), generat-
ing ECL12/YSL61 and ECL12/YSL65, respectively.
Peaks consistent with the identity of MeCLA (RT
at 19.72 min, positive ion at m/z 347.1) (31) and
methyl 16-hydroxycarlactonoate (16-OH-MeCLA)
(RT at 14.64 min, positive ion at m/z 363.1) were
detected in ECL12/YSL61 and ECL12/YSL65, re-
spectively, but not in the negative control con-
sortia ECL12/YSL59 and ECL12/YSL63 that lack
CLAMT (figs. S23 to S25 and table S2). The con-
version of CLA to MeCLA and 16-OH-CLA to
16-OH-MeCLA by AtCLAMT was highly effi-
cient. We obtained similar results in microbial
consortia expressing CLAMT variants from
several eudicot species (fig. S26), suggesting
that CLAMT activity on CLA and 16-OH-CLA is
conserved. We then used yeast whole-cell bio-
transformation assays, in which different sub-
strates were supplied to yeast cells expressing
AtCLAMT or CYP722A alone (as described in sec-
tion “Yeast-based whole-cell biotransformation

Zhou et al., Science 387, eadp0779 (2025)

assay”), to elucidate the steps of 16-OH-MeCLA
formation from CLA. These assays showed that
AtCLAMT converts 16-OH-CLA into 16-OH-
MeCLA, but CYP722A does not convert MeCLA
into 16-OH-MeCLA (fig. S27). Therefore, CYP722A
acts upstream of CLAMT.

In contrast to CLAMT, LBO did not metab-
olize CLA or 16-OH-CLA in microbial consortia
(figs. S23 and S24 and table S2). We then in-
troduced LBO and CLAMT together into CLA
and 16-OH-CLA-producing consortia (ECL12/
YSL22 and ECL12/YSL55) (table S2), gener-
ating ECL12/YSL62 and ECL12/YSL66, respec-
tively. Consistent with prior studies of LBO
and MeCLA, a peak likely to be 1-OH-MeCLA
(RT at 14.13 min, positive ion at m/z 363.1) was
detected in both ECL12/YSL62 and ECL12/
YSL66 (figs. S23 and S24) (17, 31). There also
was a decrease in the abundance of 16-OH-
MeCLA in ECL12/YSL66 in comparison with
ECL12/YSL65 (fig. S24 and table S2), which
might be due to LBO shunting CLA metabo-
lism to 1-OH-MeCLA or the conversion of 16-
OH-MeCLA by LBO to a downstream product.
To examine whether LBO can act on 16-OH-
MeCLA, we fed 16-OH-CLA to yeast cells coex-
pressing AtCLAMT and AtLBO. Almost all
16-OH-CLA was consumed, but little 16-OH-
MeCLA was observed compared with yeast
that only expressed AtCLAMT (Fig. 5B and fig.
528). This suggests that LBO can metabolize
16-OH-MeCLA efficiently. This is also consistent
with our observation of 16-OH-MeCLA accu-
mulation in the /bo mutant (fig. S10). However,
the exact identity of its product remains un-
known (fig. S28).

We then examined whether 16-OH-MeCLA
is normally produced in plants. Similar to 16-
OH-CLA, 16-OH-MeCLA was observed only in
the shoot tissues of Col-0 and Atd14 plants but
not the cyp722a mutants (Fig. 5C and figs. S10
and S12). 16-OH-MeCLA was also observed in pop-
lar, pea, pepper, and N. nucifera, exhibiting a
pattern of abundance during development that
was similar to that of 16-OH-CLA (Fig. 5D and
figs. S16 and S17). In a sample of plum (P. mume)
shoot tissues collected at the onset of budding,
16-OH-MeCLA was observed, but 16-OH-CLA
was not (fig. S17). These findings suggest that
CLAMT, potentially with the subsequent activity
of LBO, converts 16-OH-CLA into additional SLs
that might regulate shoot branching (Fig. 5E).

Evolution of 18-OH-CLA biosynthesis in the
CYP722 clade

We propose that CYP722C evolved from dupli-
cation and neofunctionalization of CYP7224
within the angiosperm lineage. The critical dif-
ference between CYP722A and CYP722C activity
on CLA substrate is the oxidation of C16 versus
Cl18 on the A-ring, respectively. Putatively, this
difference could have evolved through a mu-
tation (or mutations) in the CYP722A active
site that causes the A-ring of CLA to rotate

17 January 2025

~180°, placing C18 instead of C16 near the site
of oxidation.

To investigate this hypothesis, we conducted
molecular docking analysis of CLA with Alpha-
Fold2 models (41) of a CYP722A protein from a
gymnosperm, Cryptomeria japonica, and a
CYP722C protein from a legume, Lotus japonicus
(Fig. 5F and fig. S29). GjCYP722A and 1jCYP722C1
are predicted to share a similar structural fold
common to cytochrome P450s, featuring a tri-
angular prism shape with a heme group buried
in the center and stabilized by a cysteine residue
(fig. S29, A and B). Despite their close structural
similarity, there are substantial sequence differ-
ences within the substrate-binding cavity that
may account for their ability to catalyze oxi-
dation of CLA at different positions. By com-
paring these models and analyzing sequence
conservation among CYP722A/B and CYP722C
proteins, we identified eight amino acid resi-
dues in CjCYP722A (V74, T119, A356, S357, S360,
H464, F465, and P466) that may impact the oxi-
dation site of CLA. (Single-letter abbreviations
for the amino acid residues are as follows: A,
Ala; F, Phe; H, His; I, Ile; P, Pro; S, Ser; T, Thr;
and V, Val.)

We used the microbial consortium to test sin-
gle and higher-order substitutions of six residues
in GjCYP722A with CYP722C identities (fig. S30).
A single amino acid substitution, F4651 (in which
phenylalanine was replaced at position 465 with
isoleucine), was sufficient for GCYP722A to gain
18-OH-CLA production (Fig. 5F). Equivalent sub-
stitutions in CYP722A proteins from Liriodendron
tulipifera (Magnoliids), L. japonicus, and
P. sativum also led to 18-OH-CLA production
(fig. S30). A reverse substitution in LjCYP722Cl,
1472F, did not give rise to 16-OH-CLA synthe-
sis, however. These mutations of CYP722A
proteins were often associated with reduced
activity, and 16-OH-CLA synthesis remained
(fig. S30). Therefore, these observations dem-
onstrate that 18-OH-CLA synthesis could have
evolved easily in a CYP722A paralog, but ad-
ditional mutations must have been critical
during the neofunctionalization process that
led to CYP722C.

Discussion

‘We showed that proteins from the CYP722A clade
and its sister group in monocots, CYP722B, carry
out the synthesis of a noncanonical SL, 16-OH-
CLA. 16-OH-CLA is present at very low concen-
trations, with variation in space and time in
plants; at least 300 liters of xylem sap from
poplar is required to isolate enough compound
for NMR analysis (fig. S31). By engineering a
microbial consortium that produces SLs het-
erologously, we can now synthesize >1 mg of
16-OH-CLA from a 5-liter culture within 6 days.
Putatively, this system could be used to produce
many SLs for physiological and biochemical
studies that are otherwise inaccessible owing
to the difficulty and cost of organic synthesis or
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Fig. 5. The function of 16-OH-CLA is CLAMT- and LBO-dependent. (A) 16-OH-

CLA treatment inhibits A. thaliana hypocoty! elongation

LBO and CLAMT. Col-0, Ibo-4, and clamt-3 seedlings grown on media supplemented
with 0.5% (v/v) acetone, 10 uM 16-OH-CLA, or 1 uM rac-GR24. Mean + SEM
(n = 3 replicates, mean of 17 or 18 seedlings per replicate). *P < 0.01; two-way

ANOVA and Tukey multiple comparisons test of control

whole-cell biotransformation assay by using purified 16-
LC-MS EIC SIM at 16-OH-CLA and 16-OH-MeCLA characteristic ions [M-H]™ = 347.1
= 363.1, respectively, of yeast strains expressing CLAMT and/or

and [M+H]"

purification from plants. The microbial con-
sortium also enabled us to rapidly characterize
many CYP722A/B proteins as well as CYP722
active-site mutants, highlighting the benefits
of using microbial cell factories to study sec-
ondary metabolism in plants.

The physiological role of 16-OH-CLA remains
enigmatic. So far, 16-OH-CLA is the only SL
that has been found exclusively in aboveground
tissues. Its abundance varies across seasons
and developmental stages, but what purpose
this serves is not yet clear. We found that 16-
OH-CLA shows several SL activities, including
inhibition of axillary branching and trigger-
ing SMXL7 degradation. However, in seedlings,
16-OH-CLA activity was mostly dependent
on CLAMT and LBO, which together can form
16-OH-MeCLA and putatively an additional
unknown metabolite (Fig. 5E). One or more of
these downstream metabolites may be a better
agonist of D14 than 16-OH-CLA itself. Unex-
pectedly, the absence of 16-OH-CLA had no
effect on branching in Arabidopsis, suggest-
ing that SL signaling was intact. Putatively, this
is because CLAMT and LBO can also synthesize
alternative noncanonical SLs, MeCLA, and
1'-OH-MeCLA from CLA directly. It seems likely

Zhou et al., Science 387, eadp0779 (2025)

under red light through

versus treatment. (B) Yeast
OH-CLA as the substrate.

that multiple noncanonical SLs may function
as hormones. It will be important to deter-
mine their relative activities and abundance in
plants to understand their individual contri-
butions to hormone signaling.

We found that a single mutation in CYP722A,
F465], is sufficient to gain production of 18-OH-
CLA (Fig. 5F and fig. S30). This suggests a likely
origin for an important biosynthetic precursor
of canonical SLs in angiosperms. CYP722C is
not the only route to canonical SL formation
in angiosperms; specialized CYP711A/MAX1
paralogs perform this role in some species
(15, 16). However, the CYP722C family is broad-
ly distributed in angiosperms, and its members
have consistently shown canonical SL biosyn-
thesis activity (7, 20-22). In comparison, obser-
vations of CYP711A diversification giving rise
to canonical SL biosynthesis have been relatively
infrequent; most CYP711A proteins tested so far
appear to produce CLA (I5, 16). This suggests
that CYP722C has a predominant role in canon-
ical SL biosynthesis in angiosperms, which is
not the case in other plants. Canonical SLs have
been reported in Selaginella moellendorffi (a
lycophyte) and three gymnosperms, which lack
CYP722C (42). Therefore, a CYP722C-independent
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LBO, with yeast containing an empty vector as a negative control. (C and D) MRM
LC-MS/MS of 16-OH-MeCLA, [M+H]*m/z 363 > 97 in (C) shoots of A. thaliana
wild type and mutants and (D) poplar xylem at different seasons. (E) Proposed
model of noncanonical SL biosynthesis by CYP722A, CLAMT, and LBO. Multiple
noncanonical SLs might activate D14 (dashed lines). (F) Single mutation in
CYP722A conferring 18-oxidation activity on CLA. (Top) Key residues in the
CLA-docking models of LjCYP722C1 and CjCYP722A. (Bottom) LC-MS EIC SIM at
[M-H]™ = 347.1 of ECL12 cocultured with YSL22 expressing CjCYP722A or
CjCYP722A-M6 (CjCYP722AT%%) (figs. S29 and S30).

mechanism (or mechanisms) for canonical SL
biosynthesis exists outside of the angiosperms.
In S. moellendorffi, at least, this is putatively
due to CYP711A diversification (43).

Canonical SLs have important roles in plant
biotic interactions in angiosperms. However,
the evolution of canonical SLs was not strictly
necessary for the establishment of interorga-
nismal communication in soil. For example, the
bryophyte Marchantia paleacea uses a non-
canonical SL, bryosymbiol, for recruitment of
AM fungal symbiosis but not as a hormone (44,).
Perhaps the adoption of SLs as hormones, greater
chemical stability or mobility of canonical SLs
in soil, or ongoing coevolution between plants
and symbionts drove the division of noncanon-
ical and canonical SLs into internal and exter-
nal roles in flowering plants, respectively.

Materials and methods

Chemicals and general culture conditions
(+)5-deoxystrigol (5DS) (purity >98%) and (+)-
orobanchol (ORO) were purchased from
Strigolab (Italy). rac-GR24 was from Phyto-
Tech Labs. The chemically competent E. coli
strain TOP10 (Life Technologies) was used
for DNA manipulation and amplification. All
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engineered E. coli strains for protein expres-
sion and CL production in this work are listed
in table S2 and constructed in E. coli strain
BL21(DE3) (Novagen). E. coli strains were
grown at 37°C in Luria-Bertani (LB) me-
dium (Fisher Scientific) supplemented with
appropriate amount of antibiotics (100 pg/ml
ampicillin (Fisher Scientific), 50 ug/ml kana-
mycin (Fisher Scientific), 25 pug/ml chloram-
phenicol (Fisher Scientific), and 50 ug/ml
spectinomycin (Sigma-Aldrich) for plasmid
maintenance.

All engineered S. cerevisiae strains for SL
production in this work are listed in table S2 and
constructed in a haploid CEN.PK2.1D back-
ground (MATo; his3D;1 leu2-3_112; ura3-52;
trpl-289; MAL2-8c; SUC2). Yeast strains were
cultured at 30°C in synthetic defined (SD)
medium containing yeast nitrogen base (YNB)
(BD Diagnostics), ammonium sulfate (Fisher
Scientific), 2% (w/v) dextrose (unless specified)
and the appropriate dropout (Takara Bio)
solution for selection.

E. coli-S. cerevisiae consortium was co-
culltured in XY medium, which contains 13.3 g/
liter KH,PO,, 4 g/liter (NH,,),HPO,, 1.7 g/liter citric
acid, 0.0025 g/liter CoCl,, 0.015 g/liter MnCl,,
0.0015 g/liter CuCl,, 0.003 g/liter H;BO3, 0.0025 g/
liter Na,MoO,, 0.008 g/liter Zn(CH;COO),, 0.06 g/
liter FeSO,, 0.0045 g/liter thiamine, 1.3 g/liter
MgSO,, 5 g/liter yeast extract, and 40 g/liter
xylose, pH 7.0. Unless specified, all the chem-
icals used in this study were purchased from
Fisher Scientific or Sigma-Aldrich Co.

General techniques for DNA manipulation

Plasmid DNA was prepared using the Econo-
spin columns (Epoch Life Science) according to
manufacturer’s protocols. Polymerase chain
reaction (PCR) was performed using the Expand
High Fidelity PCR System (Roche Life Science)
according to the manufacturer’s protocols. PCR
products were purified by Zymoclean Gel DNA
Recovery Kit (Zymo Research). All DNA con-
structs were confirmed through DNA sequenc-
ing by Genewiz (San Diego, CA, United States).
E. coli expression plasmids were constructed
via Gibson cloning method (45). Restriction
enzymes (NEB) and T4 ligase (NEB) were used
to produce and ligate the DNA fragments, re-
spectively. Gibson one-pot, isothermal DNA
assembly was conducted at 10 ul scale by in-
cubating T5 exonuclease (NEB), Phusion poly-
merase (NEB), Taq ligase (NEB) and 50 ng of
each DNA fragment at 50°C for 1 hour to as-
semble multiple DNA fragments into one circu-
lar plasmid. BP Clonase II Enzyme Mix, Gateway
pDONR221 Vector and LR Clonase II Enzyme
Mix (Invitrogen) and the S. cerevisiae Advanced
Gateway Destination Vector Kit (Addgene) were
used to perform Gateway Cloning for construc-
tion of the yeast expression plasmids. Plasmid-
harboring yeasts were constructed using the
lithium acetate transformation method. Inte-
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grated yeast strains were constructed through
homologous recombination and DNA assem-
bly. Plasmids utilized in this study are listed in
table S1. DNA oligonucleotides and genes were
synthesized by Integrated DNA Technologies
(IDT, Coralville, IA, United States). All variants
of D27, CCD7 and CCD8 expressed in E. coli
and all genes expressed in S. cerevisiae (such
as CYP genes) were codon-optimized by GenScript
Biotech (Piscataway, NJ, United States). DNA
sequences of genes involved in this work are
listed in table S7.

Site-directed mutagenesis

To generate the mutants of GCYP722A, LiCYP722A,
LjCYP722A, PsCYP722A, and LjCYP722C1, a
pair of complementary primers containing the
desired mutations was designed to amplify
the destination vector pAG414GPD harbor-
ing the corresponding gene. PCR was per-
formed using Q5 High-Fidelity DNA Polymerase
(NEB). The parental plasmid DNA was di-
gested with Dpnl for 1 hour at 37°C, and the
PCR product was purified and transformed into
competent E. coli cells via heat-shock trans-
formation. Colonies were screened by sequenc-
ing to confirm the presence of the desired
mutation. In vivo functional validation of the
mutants was carried out as described in sec-
tions “Culture conditions for E. coli-S. cerevisiae
consortium-based SL production” and “Iso-
lation and analysis of SLs and SL precursors
from microbial consortia.”

Culture conditions for E. coli-S. cerevisiae
consortium-based SL production

For the in vivo production of SLs or the func-
tional identification of new biosynthetic enzymes,
E. coli-S. cerevisiae consortium was performed
in a 2-stage fermentation. In the first stage of
fermentation, a single colony of an engineered
E. coli strain for CL production (ECL#) was
picked and grown overnight at 37°C and 220
revolutions per minute (rpm) in 0.5 ml of LB
supplemented with appropriate amounts of cor-
responding antibiotics. The overnight culture
was 1% inoculated into 1 ml of fresh LB with the
corresponding antibiotics with a starting ODg
(optical density of a sample measured at a wave-
length of 600 nm) at ~0.05 and cultured at 37°C
and 220 rpm in the 15 ml glass tube. When ODyg
reached ~0.6, IPTG was added into the medium
with a final concentration of 0.5 mM (unless
specified) to induce the gene expression. Then
the culture was incubated at 18°C and 220 rpm
for 16 to 18 hours. In parallel to preparing the
E. coli culture, a single colony of an engineered
Yeast strain for SL production (YSL #) was picked
and grown overnight at 30°C and 220 rpm in
the corresponding SD medium based on the
auxotrophic markers for maintaining the plas-
mid(s). The overnight seed culture was 2% in-
cubated into 1 ml of fresh corresponding SD
medium or SD medium supplementing with
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additional glycerol or trehalose in a 15 ml glass
tube and grown at 30°C for 16-18 hours.

In the second stage of fermentation, the E. coli
and yeast cells prepared as described above were
harvested by centrifugation at 3500 rpm for
3 min, following by being mixed and resus-
pended in 1 ml of XY media (ODgg, ~ 8.0) and
co-cultured in 15 ml glass tubes at 25°C and
220 rpm for 48 hours (final ODggo ~ 40).

Isolation and analysis of SLs and SL precursors
from microbial consortia

Unless specified, 1 ml culture was used for com-
pound extraction. For the extraction of intra-
cellular and extracellular metabolites, 1 ml of
co-culture was transferred into a 15 ml centrifuge
tube and added 0.5 ml of disruption zirconis/
sillica beads for E. coli and yeast (RPI), and
resuspended in 1 ml of ethyl acetate and vigo-
rous shaking for 5 min by using a homogenizer
(FastPrep-24 Classic), and centrifugation at
5000 rpm for 10 min. Then the upper ethyl
acetate layer was transferred into a 1.7 ml micro-
centrifuge tube and evaporated to dryness in a
vacuum concentrator (Eppendorf vacufuge
plus, Enfifield, CT, United States) at room tem-
perature for 30 min. The dried extract was
redissolved in 60 pl of acetone and centrifuged
at 12,000 rpm for 10 min. 10 pul of each sample
was applied to liquid chromatography-mass
spectrometry (LC-MS) (Shimadzu LC-MS 2020
(Kyoto, Japan)). Both ultraviolet visible (UV-vis)
and mass spectrometry (MS) detectors were used.

All the SL precursors and SLs were analyzed
using a reverse phase (RP) column (Kinetex
C18,100 mm x 2.1 mm, 1004, particle size 2.6 um;
Phenomex, Torrance, CA, United States). LC-MS
parameters: column temperature 40°C; mobile
phase A: 0.1% (v/v) formic acid in water; mobile
phase B: 0.1% (v/v) formic acid in acetonitrile
(MeCN); gradient elution at 0.4 ml/min. The
gradient was as follows: 0 to 28 min, 5 to 100%
B; 28 to 35 min, 100% B; 35 to 40 min, 5% B.
The UV-vis absorption was monitored in the
range of 190 to 800 nm. The compounds with-
out wavelength information were detected
using an MS detector, which operates in the
mass/charge ratio (m/z) range of 50-800 in
the positive or negative ion modes. Electrospray
ITonization (ESI) was used. The desolvation line
temperature was 250°C. The nebulizing gas
and drying gas flow rates were 1.5 liter/min
and 15 liter/min, respectively. The RT and the
characteristic m/= or absorption wavelength of
various analytes are listed as follows: carlac-
tone (CL), 21.04 min (positive ion at m/z 303.2
or 269 nm); carlactonoic acid (CLA), 16.81 min
(negative ion at m/z 331.1); methyl carlacto-
noate (MeCLA), 19.72 min (positive ion at m/z
347.1); 18-hydroxy carlactonoic acid (18-OH-
CLA), 12.54 min (negative ion at m/z 347.1);
16-hydroxy carlactonoic acid (16-OH-CLA),
12.32 min (negative ion at m/z 347.1); methyl
16-hydroxy carlactonoate (16-OH-MeCLA),
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14.64 min (positive ion at m/z 363.1); hydroxy-
methyl carlactonoate (1-OH-MeCLA), 14.13 min
(positive ion at m/z 363.1); 5DS, 16.38 min, (po-
sitive ion at m/z 331.1); ORO, 11.41 min, (positive
ion at m/z 347.1); rac-GR24, 12.03 min, (positive
ion at m/z 299.1).

Purification and structural elucidation
of 16-OH-CLA

To obtain a sufficient amount of 16-OH-CLA
for structural elucidation by NMR, 1 ml of the
2-stage fermentation described above was scaled
up to 400 ml culturing in a 2-liter shake flask at
25°C for 48 hours. The yeast culture medium
was separated from cell pellets by centrifugation
at 5000 rpm for 20 min. The supernatant was
extracted with an equal amount of ethyl acetate.
The cell pellet was extracted with 100 ml of ace-
tone. The resultant organic extracts were com-
bined and evaporated to dryness using Rotavapor
R-100 (BUCHI), then redissolved in ethyl acetate.
16-OH-CLA was purified by reverse-phase HPLC
(C18, 5 mm, 250 10 mm, Phenomex, Torrance,
CA, United States) using the same method as
LC-MS analysis. The 'H, *C, "H-'H correlation
(COSY), heteronuclear multiple quantum co-
herence (HMQC) and heteronuclear multiple
bond correlation (HMBC) NMR spectra were
recorded on the Bruker Avance III 700 spec-
trometer operating at 700MHz using CsDg as
the solvent.

NMR data of 16-OH-CLA were as follows:
'H-NMR (700 MHz, CgDg): 7.64 (1H, s, H-10),
713 (1H, d, J = 16.94 Hz, H-7), 648 (1H, d, J =
16,52 Hz, H-8), 5.77 (1H, s, H-12), 5.14: (1H, s, H-11),
3.64 (1H, d, J = 10.84 Hz, H-16), 3.35 (1H, d, J =
10.83 Hz, H-16), 1.85, 1.91 (2H, m, H4;), 1.80 (3H, s,
H-18), 1.52-1.57 (2H, m, H-3), 1.34 (3H, s, H-15),
1.26-1.29 (2H, m, H-2), 1.06 (3H, s, H-17); *C-NMR
(700 MHz, C4Dy) &: 10.22, 19.25, 22.02, 23.40,
32.87, 33.63, 40.11, 70.14, 100.61, 112.24, 122.65,
132.85, 133.12, 135.17, 135.37, 140.74, 154.09,
169.90, 171.64.

Evaluation of the stability of 16-OH-CLA
and rac-GR24

Two mM stock solutions of 16-OH-CLA and
rac-GR24 were diluted with distilled (DI) wa-
ter (pH 8.5) into 10 uM working solutions which
were incubated at a static state at 25°C for
14 days. 10 pl of each solution containing 10 uM
16-OH-CLA and rac-GR24 were collected at dif-
ferent time points (0.5, 1, 3, 7, and 14 days) and
analyzed by LC-MS using the same method as
mentioned in section “Isolation and analysis
of SLs and SL precursors from microbial con-
sortia.” The peak area of 16-OH-CLA’s charac-
teristic negative ion at m/z 347.1 and rac-GR24’s
characteristic positive ion at 772/z 299.1 were used
to calculate the amount of compounds left.

Yeast-based whole-cell biotransformation assay

The ATRI-integrated yeast strain (YSL20) ex-
pressing AtCLAMT (YSL68/YSL83), AtLBO
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(YSL84), AtCLAMT and AtLBO (YSL85), and
PsCYP722A (YSL69) were used for the whole-cell
biotransformation assay. The ATRI-integrated
yeast strain (YSL20) harboring empty vector(s)
(YSL67/YSL82) were used as negative con-
trols. Taking YSL67 as an example, a fresh yeast
colony was first inoculated into 1 ml of SD
medium and cultured overnight at 30°C and
220 rpm. 20 ul of the overnight culture was
used to inoculate into 1 ml of fresh SD medium
in a test tube and grown at 30°C with shaking
at 220 rpm for 18 hours. The cells were then
harvested by centrifugation at 3000 rpm and
resuspended in 1 ml of SD medium. 16-OH-
CLA, CLA crude extract, and MeCLA crude
extract were separately fed to 1 ml of YSL67
biotransformation matrix at a final concen-
tration of approximately 0.08 mg/liter, incu-
bated at 25°C, and 220 rpm for 12 hours. The
reaction mixture was quenched by adding an
equal volume of ethyl acetate followed by vig-
orous vortexing. The quenched reaction mix-
tures were then centrifuged at 13,000 rpm
for 10 min. The ethyl acetate phase was then
collected and concentrated in a vacuum con-
centrator. The residue was redissolved in
50 ul of acetone. The solution was centrifuged
at 13,000 rpm for 10 min, then 10 ul of sam-
ples were subjected to LC-MS analysis as de-
scribed above.

Crude extracts of CLA and MeCLA were ex-
tracted from 50 ml of ECL12/YSL24 and ECL12/
YSL61 respectively, using a similar method as
described above in section “Isolation and anal-
ysis of SLs and SL precursors from microbial
consortia.”

Isolation and characterization of SLs and
SL precursors from plants

Each plant was grown in a greenhouse main-
tained at 22° to 28°C under natural day-
light conditions. Each part of the plant was
harvested and extracted with ethyl acetate for
at least 3 days, and crude extracts were puri-
fied by silica Sep-pack cartridge as reported pre-
viously (46). For poplar, a hole was made in the
trunk of a poplar (P. nigra x P. grandidentata)
tree 30 cm from the ground, a vacuum pump
was connected to the hole, and the duct fluid
was collected by suctioning at -0.08 MPa for
4 to 8 hours a day for a week (fig. S31). The col-
lected xylem sap was extracted with ethyl ace-
tate to obtain crude extracts after concentration.

SLs extracted from plants were analyzed
using LC-MS/MS with product ion scan (PIS)
and multiple reaction monitoring (MRM) as
reported previously (31). Each molecule was
identified through at least two ion transitions
(table S8). Briefly, analysis was performed
with a QTRAP5500 (AB Sciex) equipped with
an electrospray source and UPLC (Nexera X2;
Shimadzu) using a RP column (Kinetex C18,
2.1 by 150 mm, 1.7 um; Phenomenex). A linear
gradient from 35 to 95% acetonitrile over
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19 min was applied, with the column oven
maintained at 30°C.

Plant materials

Arabidopsis thaliana alleles in the Col-0O eco-
type used in this study were di4-1, kai2 (htl-3
allele), and max3-9 (47-49). The cyp722a-1
(SALK_088395) and cyp722a-2 (SALK_059996)
alleles were obtained from The Salk Insti-
tute Genomic Analysis Laboratory (50). The
N. benthamiana Nbdi4a,b allele used in this
study was described previously (39).

Generation and genotyping of Arabidopsis
mutant lines

Two LBO (At3g21420) sites 5-CACCGCTAATCG-
AAGAAATAGGTAGAGG-3' and 5-CACCGG-
CATAGGGCAGTAACAAACAGGG-3' (protospacer
adjacent motif underlined), were selected using
CRISPR-P v2.0 (51). Both gRNA sequences were
introduced into pYUU (52) using GoldenGate
cloning and Q5 DNA Polymerase (New England
Biolabs) for gRNA cassette amplification (53).
pYUU-lbov4 was verified by Sanger sequenc-
ing. cyp722a-1 was transformed by floral dip
method (54) and the T1 seeds were screened
for seed coat-YFP fluorescence with a (~470 nm)
blue LED flashlight and orange safety glasses.
The [bo-4 allele [1 base pair (bp) insertion be-
tween +12 and +13 in the coding sequence] was
identified by Sanger sequencing.

Two CLAMT (At4g36470) sites 5-CTCTTTT-
GATCTACACCGGAGG-3' and 5-CAGCTTTA-
TATGACGAGCAAGG-3' (protospacer adjacent
motif underlined), were selected using CRISPR-P
v2.0. Both gRNA sequences were introduced
into pYUU and the wildtype Col-O was trans-
formed as described above. pYUU-clamtuv3 was
verified by Sanger sequencing. The clamt-3
allele (1 bp insertion between +632 and +633
in the coding sequence) was identified by Sanger
sequencing. cyp722a-1 lbo-4 was crossed to the
clamt-3 plant and transgene-free F1 seeds were
selected by screening with (~470 nm) blue light.
Homozygous single, double, and triple mu-
tants were identified in the F2 generation by
PCR verification. Additionally, PCR with 5'-
TGTCCCAGGATTAGAATGATTAGGC-3' (U6-26p-F)
and 5-AGCCCTCTTCTTTCGAT CCATCAAC-3'
(U6-29p-R) was performed to confirm transgene-
free F2 seeds (53).

Two LBO (At3g21420) sites 5-GATCAGGACT-
TGAACATGGAGGG-3' and 5-GGACTTAGTCCA-
CATTCTGATGG-3" (protospacer adjacent motif
underlined), were selected using CRISPR-P v2.0
(51). Both gRNA sequences were introduced
into pYUU (52) using GoldenGate cloning and
Q5 DNA Polymerase (New England Biolabs) for
gRNA cassette amplification (563). pYUU-lbov5
was verified by Sanger sequencing. cyp722a-2
was transformed by floral dip method (54)
and the T1 seeds were screened for seed coat-
YFP fluorescence with a (~470 nm) blue LED
flashlight and orange safety glasses. The lbo-5
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allele (5 bp deletion between +665 and +671
and 1 bp insertion between +707 and +708 in
the coding sequence) was identified by Sanger
sequencing.

Two CLAMT (At4g36470) sites 5-TCTTCCA-
TAAAATGACCCAGGG-3' and 5-CGGTGGTGAG-
CAACTTGGACGG-3' (protospacer adjacent motif
underlined), were selected using CRISPR-P v2.0.
Both gRNA sequences were introduced into pYUU
and the WT Col-0 was transformed as described
above. pYUU-clamtov4 was verified by Sanger
sequencing. The clami~4 allele (1 bp deletion be-
tween +238 and +240 and 20 bp deletion between
+400 and +421 in the coding sequence) was
identified by Sanger sequencing. cyp722a-2 lbo-5
was crossed to the clami-4 plant and transgene-
free F1 seeds were selected by screening with
(~470nm) blue light. Additionally, PCR with 5"
TGTCOCAGGATTAGAATGATTAGGC-3' (U6-26p-F)
and 5-AGCCCTCTTCTTTCGATCCATCAAC-3'
(U6-29p-R) was performed to confirm trans-
gene-free F2 seeds (53). The lbo-5 clamit-4 and
lbo-5 clamt-4 cyp722a-2 alleles were identi-
fied in the F2 generation by PCR and sequence
verification.

Both cyp722a alleles were genotyped using
5-TTGTATAGCCAGCCTCGATTG-3' (RP), 5'-
AAATTGAGAGGAAAAGCGAGC-3' (LP), and a
T-DNA left border-specific primer 5-ATTTT-
GCCGATTTCGGAAC-3' (LB3.1). Primers were
selected using T-DNA Express. The PCR products
were run on a 1.2% RA-agarose gel. The al-
leles can be differentiated by their mutant PCR
(RP + LP) product size. cyp722a-1 (~600 bp) and
cyp722a-2 (~700 bp). The lbo4 allele was iden-
tified using PCR by 5-CTTTCTTGGTCTGCTTT-
CAATATGGCTCCTgTA-3' and 5" TGAAGATGAT-
GAGTCTTAAGAGACGACACAAC-3' (mismatch
for dCAPS marker in lowercase). dCAPs primers
were selected using indCAPS (55). The PCR pro-
ducts were digested with Rsal-HF (New England
Biolabs) and run on a 3% LE-agarose gel. The
Ibo-5 allele was identified using PCR by 5'-
GTGAAAGTCTTGAAGGTTACTC-3' and 5-CATT-
GGGAAGAGGTTTAACAGG-3. The PCR products
were digested using Nlalll (New England Biolabs)
and run on a 3% LE-agarose gel. The clamt-3 allele
was identified using PCR by 5-GGAAGATTTCT
CCATTTTCCTaCG-3' and 5-CTTGAGAGAAGTT-
CCCAAAAGAA AGAG-3' (mismatch for dCAPS
marker in lowercase). The PCR products were
digested with Mlul-HF (New England Biolabs)
and run on a 3% LE-agarose gel. The clamt-4
allele was identified using PCR by 5'-CTCT-
CTCCACCATTACAGACTTCATC-3' and 5-GAG-
AGGCATAGACAAAGTGGATGG-3'. The PCR
products were run on a 3% LE-agarose gel.

Generation and genotyping of A. thaliana
CYP722A-OE lines

AtCYP7224 isoform 1 (TAIR) was yeast-codon
optimized and synthesized by Twist Bioscience
with attB Gateway cloning sites. AtCYP722A4.1
was cloned into a pGWB402 (56) vector mod-
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ified with a YFP selectable marker from pYUU
(52) (pGWBcitr-p35S destination vector) and
verified by Sanger sequencing. Col-O was trans-
formed by floral dip method (54) and T1 seeds
were screened for seed coat-YFP fluorescence
with a (~470 nm) blue flashlight. Transgenic
lines were verified by genotyping using primers

“GAAGTTGTGGACGAGGACC-3' (AtCYP722A-
specific) and 5-AAGACCGGCAACAGGATTC-3'
(vector-specific).

Plant propagation and transformation

Plants were propagated in Sungro Professional
Growing Mix under white light (~110 umol m™
s7%; MaxLite LED T8 16.5W 4000K light-emitting
diode bulbs) with 16 hours light/8 hours dark
photoperiod at ~21° to 24°C. Soil was supple-
mented with Gnatrol WDG, Marathon (imida-
cloprid), and Osmocote 14-14-14: fertilizer. Seeds
were frozen at -80°C for 24 hours and then
surface-sterilized. Sterilization was performed
by agitating for 5 min in a 0.05% (v/v) Triton
X-100, 70% EtOH solution, washing 1x with 70%
EtOH and 1x with 95% EtOH, and air-drying.
Seeds were grown on 0.5x Murashige-Skoog
(MS) medium with 0.8% Sigma Aldrich Agar
(pH 5.8), unless otherwise specified. Floral dip
transformation of A. thaliana with Agrobacte-
rium tumefacitens (GV3101 pMP90) was per-
formed in 5% sucrose (w/v) and 0.05% (v/v)
Silwet-77 (54,).

SL identification and quantification in Arabidopsis

For soil-grown plants, A. thaliana seeds were
surface-sterilized in 70% ethanol containing
0.01% Tween 20 for 5 min, followed by rinsing
with sterile water. The seeds were then imbibed
in sterile, distilled 0.1% agarose at 4°C for 3 days
before being sown directly onto autoclaved pot-
ting mix soils [horticultural soil: vermiculite =
1:2 (v/v)]. The plants were grown under con-
trolled conditions with a 16-hour light/8-hour
dark cycle at 22°C. The basal parts of the shoot
and root tissues were harvested, and the me-
tabolites were extracted with ethyl acetate for
4 days at 8°C. The crude extracts were subse-
quently purified by DEA and silica cartridge.
Quantitative analysis of SLs, including CLA,
MeCLA, 1-OH-MeCLA, 16-OH-CLA, and 16-OH-
MeCLA, were performed using the same MRM
analysis on LC-MS/MS as aforementioned in
section “Isolation and characterization of SLs
and SL precursors from plants.” The quantifi-
cation of SLs was conducted using both nat-
ural and synthetic standards. Extract samples
were dissolved in 50% aqueous MeCN. An ali-
quot of the filtered 50% aqueous MeCN sam-
ple solutions was diluted with either pure 50%
MeCN or 50% MeCN containing known amounts
of SLs. The increase in peak area on the chro-
matogram corresponded to the amounts of
each SL added, enabling the estimation of SL
concentrations in the samples. Chromatograph-
ic data and mass spectra were analyzed using
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AB Sciex Analyst software. The data are pre-
sented as the means of three or more biological
replicates. In rare cases, due to compromised
plant health, only two biological replicates
were obtained.

CLA and 16-OH-CLA transport in Arabidopsis

A. thaliana seedlings of cyp722a-1 mutant and
WT Col-0 were grown in vermiculite for 30 days.
Subsequently, each plant was grown separately
and hydroponically for 7 days and then WT Col-O
was treated with 1 mM fluridone solution to
inhibit SL production. Once SL production was
confirmed to have ceased in wild type, CLA (1 uM)
or 16-OH-CLA (1 uM) was supplemented into
the hydroponic medium of both cyp722a-1 mu-
tant and WT Col-0.

After 18 hours of treatment, the shoots were
excised 2 cm above the shoot/root junction to
prevent possible contamination from the me-
dia. The shoot tissues (approximately 3 g fresh
weight) were then extracted with acetone at
4°C for 24 hours. Following extraction, the tis-
sues were removed by filtration, and the acetone
was evaporated under vacuum. The identifi-
cation of CLA and 16-OH-CLA was performed
using LC-ESI-MS/MS with a differential mobil-
ity separation (DMS) spectrometer (QTRAP
5500 with SelexION System; AB Sciex, Japan).
In addition to the MRM analysis parameters for
CLA and 16-OH-CLA, the ion mobility analysis
conditions were further optimized. The Sepa-
ration Voltage (SV) was set to 3800 V and the
Compensation Voltage (CoV) to -3.4 for CLA,
while for 16-OH-CLA, the SV was set to 3500 V
and the CoV to -16.9. This analytical method
not only allows for the specific detection of the
target compounds but also achieves a sensi-
tivity more than 10 times greater than that of
conventional MRM analysis.

Branching assay with strigolactone treatments

Seeds were frozen at -80°C for 24: hours, surface-
sterilized, and sown on 0.5x Murashige-Skoog
media. Seeds were stratified in the dark at 4°C
for 3 days and then placed under white light
(~110 umol m™ s7%) with 16 hours light/8 hours
dark photoperiod at ~21° to 24°C. Seedlings
were transplanted into Sungro Professional
Growing Mix as described above. After 15 to
18 days under white light, sites of axillary bud
formation were treated with 10 ul of solvent
control, 10 uM rac-GR24, or 10 uM 16-OH-CLA.
All treatments were 0.5% (v/v) acetone. Plants
were observed daily for anthesis. Treatments
were performed every 2 days and axillary branches
longer than 6 mm were counted at 14 days
post-anthesis.

Hypocotyl elongation assay

Seeds were surface-sterilized and plated on 0.5x
Murashige-Skoog media with MES buffer and
vitamins (pH 5.8) with 0.8% Bacto Agar (BD).
Media was supplemented with equal volumes
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(0.5% (v/v) acetone) of solvent control, 16-OH-
CLA, or rac-GR24. Seeds were stratified in the
dark at 4°C for 3 days and then placed in a
HiPoint DCI700 LED Z4 growth chamber to
grow at 21 °C under white light (150 umol m 2 s™)
for 3 hours, dark for 21 hours, and red light
(30 umol m2 s for 4 days. Hypocotyl lengths
were measured from photographs of seedlings
with ImageJ (NIH).

Ratiometric SMXL7 reporter assay
in N. benthamiana

PRATIO3212-SMXL7 + p19 (ODgp 0.6) was tran-
siently expressed via agroinfiltration in leaves
of three-week-old N. benthamiana UC Davis
WT or Nbdi4a,b plants, as described previously
(39, 57). After 3 days, leaf discs were measured
for adequate reference protein expression (3x
Venusy). 24 leaf discs were excised from each
adequately expressing leaf and were treated with
equal volumes (0.5% (v/v) acetone) of solvent
control, 10 uM 16-OH-CLA, or 10 uM rac-GR24
for 16 to 18 hours before fluorescence analysis in
a CLARIOstar microplate reader (BMG Labtech)
(39, 40, 58). Each data point represents the aver-
age ratio of background-subtracted fluorescence
from the treated discs excised from one leaf.

Branching and shoot height assay

Seeds were frozen at -80°C for 24: hours, surface-
sterilized, and sown on 0.5x Murashige-Skroog
media. Seeds were stratified in the dark at 4°C
for 3 days and then placed under white light
(~110 umol m™?2 s7*) with 16 hours light/8 hours
dark photoperiod at ~21° to 24°C. Seedlings
were transplanted into Sungro Professional
Growing Mix as described above. Plants were
observed daily for anthesis. At 14 and 28 days
post-anthesis, axillary branches longer than
6 mm were counted and shoot height was mea-
sured from the base of the rosette to the end of
the longest shoot.

Quantitative reverse transcription PCR

Col-0 seeds were surface sterilized and trans-
planted to growth plugs containing 14 MS +
0.8% Difco Bacto agar and cold, dark stratified
(4°C) for 3 days in a covered container. The con-
tainer was placed under white light (~110 pmol
m~2 s with 16 hours light/8 hours dark
photoperiod at ~21° to 24°C for 14 days before
being transferred to hydroponic containers
containing Hoagland’s No. 2 Basal Salt Media
without ammonium phosphate (HOP02, Caisson
Laboratories). Both containers were supple-
mented with ammonium phosphate mono-
basic (115.15 g/liter) and MES (0.25 g/liter). The
media was pH’ed to 5.7 to 5.8. The hydroponic
containers were aerated for five minutes every
25 min. At 20 days, media was exchanged with
either ammonium phosphate-supplemented
HOPO02 media or HOP02 media. After 7 days,
root and shoot tissues from 4 biological repli-
cates (n = 4 pools of two plants) in both con-
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ditions were harvested in liquid nitrogen with
a mortar and pestle. Shoot samples included
the entirety of above-ground tissue: rosette, pri-
mary branch, axillary buds, and flowers. RNA
samples were extracted with the Monarch Total
RNA Miniprep Kit (T2010S, NEB), which in-
cluded an on-column DNAse treatment. CDNA
was synthesized with the Verso cDNA synthesis
Kit (AB1453, ThermoFisher) using both Oligo-dT
and random hexamers. Quantitative SYBER
Green PCR was performed with the Luna Uni-
versal qPCR Master Mix (M3003, NEB) and
the CFX384 Touch Real-Time PCR Detection
System (Bio-Rad). Reactions were performed by
using the following thermocycling conditions:
an initial denaturation at 95°C for 3 min, fol-
lowed by 39 cycles of denaturation at 95°C for
15 s and extension at 60°C for 30 s with a plate
read at the end of each cycle. The melt curve
analysis was conducted from 65°C to 95°C in 5-s
increments, with plate reads at each step. Four
biological and three technical replicates were
analyzed. The relative expression was calculated
against the housekeeping gene, CLATHRIN
ADAPTOR COMPLEX SUBUNIT (CACS) CACS
using the Pfaffl method. The nitrogen starva-
tion experiment was conducted with the fol-
lowing adjustments. At 6 days, seedlings were
transferred to hydroponic containers contain-
ing either ammonium phosphate-supplemented
HOPO02 media or nitrogen-free HOPO3 media.
The pH of the media was adjusted to 5.7-5.8
and replaced after two weeks. After 17 days
in either nitrogen replete or deplete media,
shoot tissues from 4 biological replicates (n = 4
individual plants) in both conditions were har-
vested in liquid nitrogen.The following primer
pairs were used in this study, and their cal-
culated efficiencies are included: MAX3, 5'-
TCGTTGGTGAGCCCATGTTTGTCS and 5-TC-
TCCACCGAAACCGCATACTCG3' (102%); MAX4, 5'-
GAAAGATACCCACTTGGCTGAATG-3' and 5'-
TGTGGAGTAGCCGTCGAAGAG-3' (100%); MAXI,
5-CTATTTTCAGATTTCAGATGGGGAGGC-3'
and 5-CCAACTTCTCTGCAAAGCTCTGC-3' (97%);
CYP7224, 5-AACAGCGAAGGCTTCTAC-3' and 5'-
CTTGTCCTAAAGCAACTACCGTACC-3' (104%);
CLAMT, 5-CCCTGAAAACACCATCCACT-3' and
5-TATGGACTTGCCTTGCTCGT-3' (105%); LBO,
'“CCCAAACTATGGCCCTCTAAACC-3' and 5'-
CCCCAAACATTTCCTCAAATCTCTCTITC3' (96%);
Pht1;8, 5-ACTATGGGAAGATCGTTAGAGGAG-3'
and 5-AAAGTGCTCACGGAGGATTGC-3' (93%);
NRT2.5, 5-CTCCTCCCTGTTATCCGTGAAA-3’
and 5'-AGACGAAAGTGGCGAGAGAGAA-3'
(96%); CACS, 5-ACTCAGGAAGGTGTACGGTCA-3'
and 5-TGCATTTGGAACAGGTTTGT-3' (101%).

Phylogenetic analysis

CYP722 and CYP733 protein sequences were
collected and identified through reciprocal best-
BLAST match searches of Phytozome, NCBI, and
the 1000 Plants Initiative (59-61). Sequences
alignments were performed in MEGA 11 using
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the MUSCLE multiple sequence alignment al-
gorithms (62). The multiple sequence alignment
was trimmed using ClipKIT “kpic-smart-gap”
(63). 295 out of 857 positions were trimmed. The
phylogenetic tool IQ TREE inferred the evolu-
tionary history using the Maximum Likelihood
method and JTT matrix-based model (64). The
tree with the highest log likelihood was selected.
The Free Rate model was used to estimate evo-
lutionary rate differences among sites (eight
categories). This analysis involved 209 amino
acid sequences. There was a total of 562 posi-
tions in the final dataset. Bootstrap values were
calculated using UltraFast (10,000 iterations).
Tree search settings were 0.5 perturbation strength
and 100 iterations to stop. Trees were viewed
in MEGAIT1.

Statistical analysis

Statistical analysis was performed in Graphpad
Prism (version 10). Relative expression of SL
biosynthesis genes (Fig. 2B and fig. S14) was
measured with ordinary two-way analysis of
variance (ANOVA) and Sidak's multiple compa-
risons test: compare within each gene. Branch-
ing treatment (Fig. 3A): Ordinary One-Way
ANOVA: Gaussian distribution, unpaired, with
pre-selected pairs of columns max3-9 genotype
only. Sidak’s multiple comparisons test of with
single pooled variance. Hypocotyl Treatment
Assay (Figs. 3B and 5A and fig. S19): Ordinary
Two-Way ANOVA: unpaired, compare columns
within each genotype. Tukey multiple com-
parisons. SMXL7 Degradation Tobacco Assay
(Fig. 3C): Ordinary Two-Way ANOVA: unpaired,
compare within each genotype. Tukey multi-
ple comparisons. Branching and shoot height
(Fig. 4 and figs. S21 and S22): Welch and
Brown-Forsythe ANOVA or Ordinary One-
Way ANOVA was used depending on the out-
come of Levene’s test for equality of variances.
Gaussian distribution, unpaired, compare the
mean of each column with the mean of every
other column. Post-hoc for Welch ANOVA:
Dunnett’s T3 multiple comparisons test with
individual variances computed for each compar-
ison. Post-hoc for ordinary ANOVA: Tukey’s
multiple comparisons test with a single pooled
variance. All outlier tests used ROUT Q = 1%.

Modeling and docking of CLA into LjCYP722C1
and CjCYP722A

The AlphaFold2 models of the full-length
LjCYP722C1 and CjCYP722A proteins were
utilized to predict the binding mode of CLA
within their active sites. Both the protein and
CLA were prepared and saved as PDBQT files.
A grid box was generated using the Graphical
User Interface in AutoDock Tools (ADT), with
Kollman charges and polar hydrogens added
to the proteins. The grid box dimensions were
set to 52 by 50 by 48 xyz points with a grid
spacing of 0.375A, and the grid center was
defined at coordinates x = 1.048, vy = 4.1 and
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% = -0.568. Docking was carried out using
AutoDock Vina with the prepared ligand and
protein files from ADT (65, 66). The pose with
the lowest binding energy was selected for
further structural analysis, and all structural
analysis and figure generation were carried
out using PyMOLv3.0.

Detailed engineering strategies to enhance
5DS production

First, we examined different variants of D27,
MAX1, and CYP722C for higher efficiency in
synthesizing 5DS. D27 natural variants from a
diversity of plant species across different clades
from primitive vascular plants to flowering
plants were selected for screening. The orig-
inal OsD27 was replaced with a total of five
different D27 variants, alongside the expres-
sion of N-terminal truncated CCD7 and CCD8
from A. thaliana (trAtCCD7 and trAtCCD8) and
AtMAX1 in the CLA-producing microbial con-
sortium (ECLI/YSL1, generating ECL2-6/YSLI],
fig. S4A and table S2). CLA production from each
consortium was estimated and used to evaluate
the activities of different D27 variants. The D27
ortholog from Physcomitrium patens (PhpD27)
exhibited the highest production of CLA, a
0.94-fold enhancement in comparison to OsD27
(fig. S4A). We also evaluated the activities of
six additional variants of MAX1 and found that
MAX1 from Eucalyptus grandis (EgMAX1) ex-
hibited a 2.18-fold increase of CLA production
compared to the original AtMAX1 (ECL2/YSL8-13,
fig. S4B and table S2). Similarly, five Group II
CYP722C variants were assessed, and CYP722C
from Ricinus communis (ReCYP722C2) showed
the highest efficiency toward the synthesis of
5DS (ECL2/YSL15-19) (fig. S4C and table S2).
Taken together, the 5DS-producing ECL2/YSL16
expressing PhpD27, EgMAX]1, and ReCYP722C2
achieved a 5DS titer of 141.9 pg/liter when the
E. coli strain was induced with 0.2 mM IPTG at
25°C for 48 hours, which showcased a remark-
able 15-fold enhancement compared to the orig-
inal 5DS-producing ECL1/YSL14 (8.85 ug/liter)
(Fig. 2A and table S2). The culture and extraction
method used in this study differs from what was
used in the highest reported titer (21). Therefore,
the initial 5DS titer is lower than the previously
reported value of 47.3 ug/liter.

As CLA was barely detectable after 2-day fer-
mentation in ECL2/YSL16 (fig. S4C and table S2)
along with almost complete CL consumption,
the conversion of CL to SLs was no longer rate-
limiting. To further enhance the 5DS titer, it is
necessary to enhance CL production. First, we
expressed D27, CCD7, and CCD8 under differ-
ent plasmid systems (table S3). Utilization of
a two-plasmid system coexpressing PhpD27,
trAtCCD7, and trAtCCD8 from the low-copy
number vector pCDFDuet-1 leads to a 0.82-fold
increase in CLA production as well as a 16.5-fold
elevation in CL accumulation, in contrast to the
original three-plasmid system in ECL2 (fig. S5A
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and table S2). We further improved the activity
of D27, a pivotal enzyme catalyzing the initial
conversion of all-trans-B-carotene into 9-cis-
B-carotene in the SL biosynthesis. According
to prior engineering efforts, N-terminal mod-
ification could be used as an effective strategy to
enhance the performance of enzymes (67, 68).
Two functional tags, 28 amino acid tag (28aa)
(69) and transmembrane tag (residues 1 to 48)
derived from SohB (SohB™*®) (70), were thus
selected and fused to the N-terminus of PhpD27,
respectively. Removal of the putative plastid
transit peptide was also applied to PhpD27
(trPhpD27). The fusion of the SohB transmem-
brane tag at the N-terminus of PhpD27 (SohB"*-
PhpD27) resulted in a substantial improvement
in the CL production (ECL12/YSL12) (fig. S5B
and table S2). Furthermore, given that the ex-
pression of D27, CCD7, and CCDS8 is regulated by
the 77 promoter induced with IPTG (originally
0.2 mM), we tuned the protein expression levels
in ECLI2 by adjusting the IPTG concentration
from 0.05 to 0.5 mM. The results demonstrated
that when ECL12 was induced with 0.5 mM
IPTG, the highest CLA production was observed
(fig. S5C). When YSL16 was cocultured with
ECLI12 that was induced with 0.5 mM IPTG, 5DS
was produced at a titer of 175.8 ugyliter, 0.24-fold
greater than when cocultured with ECL2 that
was induced with 0.2 mM IPTG (Fig. 1D and
table S2).

The accumulation of CL in ECL12/YSL12 im-
plies that it is necessary to optimize the per-
formance of the CL-consuming yeast strains
(fig. S5C and table S2). Previous studies dem-
onstrate that the yeast endogenous CPR (ScCPR)
encoded by ncplI possessed low compatibility
with plant CYPs and might interfere with the
electron transfer between CYTOCHROME P450
REDUCTASE 1 (ATR1) and plant derived CYPs
(71, 72). Accordingly, ncpI was replaced with ATRI
gene in CEN.PK2-1D, yielding YSL20 (table S2).
The efficiency of 5DS biosynthesis was evaluated
between CEN.PK2-1D expressing ATR1, EgMAX1
and ReCYP722C2 (YSLI16) (table S2) and YSL20
expressing EgMAX1 and ReCYP722C2 (YSL21)
(table S2), both of which were cocultured with
ECL12. The 5DS titer in ECL12/YSL21 achieved
a 2.3-fold enhancement at 537.2 ug/liter com-
pared to ECL12/YSLI6, reflecting the improved
catalytic efficiency of CYPs in yeast (fig. S6A).
We also speculated that the amount of biocat-
alyst, such as MAX1 or CYP722C, was a limit, and
thus elevating the biocatalyst concentration could
further enhance CL conversion. Therefore, we
integrated up to three copies of EgMAXI onto
the genome of YSL20, generating YSL.22-24: (table
S2). It was shown that increasing EgMAXI copies
positively correlates with the conversion of CLA
from CL, though this trend diminished after
incorporating a third EgMAXI copy (ECL12/
YSL24) (fig. S6B and table S2). Similarly, dif-
ferent copies of ReCYP722C2 were introduced
into YSL22-24 separately to determine the opti-
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mal expression levels of EgMAXI and ReCYP722C2
for the bioproduction of 5DS. Among all the
microbial consortia established (ECL12/YSL.26-28,
ECLI12/YSL30-32, ECL12/YSL34-35) (table S2),
ECL12/YSL31 expressing two copies of both
EgMAXI and RcCYP722C2 genes exhibited the
highest 5DS titer at 1.12 mg/liter (fig. S6C), more
than 120-fold enhancement from the origi-
nal titer.
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