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Abstract

Strigolactones (SLs) are carotenoid-derived plant hormones that control shoot
branching and communications between host plants and symbiotic fungi or
root parasitic plants. Extensive studies have identified the key components
participating in SL biosynthesis and signaling, whereas the catabolism or
deactivation of endogenous SLs in planta remains largely unknown. Here we
report that the Arabidopsis carboxylesterase 15 (AtCXE15) and its orthologues
function as efficient hydrolases of SLs. We show that overexpression of
AtCXE15 promotes shoot branching by dampening SL-inhibited axillary bud
outgrowth. We further demonstrate that AtCXE15 could bind and efficiently
hydrolyze SLs both in vitro and in planta. We also provide evidence that
AtCXE15 is capable to catalyze hydrolysis of diverse SL analogues and that
such CXE15-dependent catabolism of SLs is evolutionarily conserved in seed
plants. These results disclose a catalytic mechanism underlying homeostatic
regulation of SLs in plants, which also provides a rational approach to
spatial-temporally manipulate the endogenous SLs and thus architecture of

crops and ornamental plants.
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Introduction

Strigolactones (SLs) are carotenoid-derived plant hormones that play crucial
roles in the regulation of plant branching, plant-fungi symbiosis and
germination of root parasitic weeds'®. In terrestrial plants, SLs are synthesized
from the B-carotene and are structurally classified into two distinct groups:
canonical and non-canonical SLs’. Canonical SLs have a characteristic
tricyclic lactone (ABC ring) whereas the non-canonicals lack the conventional
B, or C ring structure, which connect to a butenolide D-ring via an enol ether
bridge that is essential for their biological activities’. SLs are perceived by the
dual function receptor/hydrolase DWARF14 (D14)36813 which subsequently
recruits MORE AXILLARY GROWTH2 (MAX2) F-box protein to target
transcriptional repressor SMAX1-like proteins (SMXL6, SMXL7, and
SMXL8)/DWARF53 for proteasome-mediated proteolysis'41°, leading to
expression of downstream transcription factor genes, such as
BRANCHED1(BRC1)2%-23, to inhibit axillary bud outgrowth and thus shoot
branching. The perturbation of SL biosynthesis or signaling results in the
altered shoot branching and plant architecture. Thus, SLs are considered to be
a class of shoot branching hormones, and manipulation of SL homeostasis or
signaling has become a critical breeding target for crops and ornamental

plants.
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The SL receptor D14 is characterized as a member of a/B-fold hydrolase
(ABH) superfamily and exhibits a weak hydrolysis activity towards SL8°. The
binding and hydrolysis of D14 toward SL had been considered to be necessary
for SL signaling®1524. Intriguingly, a recent study argues that the binding rather
than hydrolysis of SL by D14 is essential for SL signaling in planta'?. Given the
extremely low hydrolytic activity and rapid SL-dependent degradation of
D14°1125 it is likely that the SL hydrolysis by D14 may not represent a key
mechanism behind catabolic regulation of endogenous SLs. In this study, we
identified an evolutionarily conserved carboxylesterase that functions as an
efficient hydrolase of SLs, which discloses a metabolic mechanism underlying

the homeostatic regulation of SL in seed plants.

Results

Overexpression of AtCXE15 promotes axillary bud outgrowth

In the transcriptomic profiling of auxin-induced cellular reprogramming in
Arabidopsis regeneration, we noticed that transcription of the carboxylesterase
15 (AtCXE15) was upregulated in root explants but downregulated in shoot
explants upon callus-inducing medium (CIM) incubation (Extended Data Fig.
1a)?®. To explore the possible function of AtCXE15 in planta, we
overexpressed the AtCXE15 in Arabidopsis, and surprisingly, the transgenic

plants overexpressing AtCXE15 (AtCXE15-OE) did not show any observed
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phenotype in the callus-forming capacity but exhibited a striking
hyperbranching phenotype, in which the number of rosette primary branches
were correlated with the transcript and protein abundances of overexpressed
AtCXE15 (Fig. 1a, b and Extended Data Fig. 1b). Given that the shoot
branching in flowering plants is determined either by the initiation of axillary
buds or by the outgrowth of dormant axillary buds?’, we further compared the
number of formed axillary buds between wild-type (WT) and transgenic plants,
and found that the equivalent axillary buds were formed in two genotypes (Fig.
1c), demonstrating that the excessive rosette primary branches in the
transgenic AtCXE15-OE plants are due to the promotion of axillary bud
outgrowth. However, an AtCXE15 knockout mutant, atcxel5-1, and three
atcxel5 allelic mutants generated by CRISPR/Cas9, atcxel5-2, atcxel5-3 and
atcxel5-4, displayed an indistinguishable shoot branching phenotype from WT
plants (Fig. 1 and Extended Data Fig. 1c-e). As Arabidopsis CXE family
contains 20 members, and phylogenetic analysis showed that AtCXE15
belongs to a unique clade distinct from other members (Extended Data Fig.
2a)?®, we attempted to investigate whether other AtCXE members might
function redundantly with AtCXE15 in promoting shoot branching.
Nevertheless, overexpression of other selected AtCXE genes in Arabidopsis,
including two relatively close members AtCXE6, AtCXE17, the GA receptor

subunit gene GID1a/AtCXE10, or AtCXE2 and AtCXE20 from other clades,
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could not recapitulate the hyperbranching phenotype observed in
AtCXE15-OE plants (Extended Data Fig. 2b, ¢)?°2%, implying that the other
AtCXE members may not be involved in regulating shoot branching. These
observations suggest that AtCXE15 functions distinctly from other AtCXE

members in promoting axillary bud outgrowth.

AtCXE15 is involved in SL catabolism

Since SL play a central role in inhibiting axillary bud outgrowth, and
AtCXE15-OE plants also resembled the atd14-1 and SL biosynthetic mutant
atmax3-9 in the seedling morphology and compact leaf architecture (Extended
Data Fig. 3a, b), we thus speculated that the excessive axillary bud outgrowth
in AtCXE15-OE plants might be attributable to the impaired SL homeostasis or
signaling. To test this, we first examined the transcriptomic profiling of
AtCXE15-0OE, atd14-1, and WT seedlings, and found that, among the 66
genes whose transcriptions were affected by overexpression of AtCXE15,
more than 50% of these genes were also regulated in the atd14-1 with a same
transcriptional trend, including the SL biosynthetic genes MORE AXILLARY
GROWTH 3 (AtMAX3) and AtMAX4, whose transcriptions had a typical
negative-feedback feature in SL signaling (Extended Data Fig. 3c, d and
Supplementary Table 1)31-37, Next, we monitored the transcript levels of

AtMAX3 and the AtBRC1, a SL downstream target gene that inhibits axillary
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bud outgrowth?%-23, in the axillary buds of AtCXE15-OE plants. As expected,
similar to those observed in the SL biosynthetic mutant atmax4-1 and signaling
mutant atmax2-1, the transcript level of AtMAX3 was significantly upregulated
whereas the AtBRC1 was remarkably downregulated in the axillary buds of
AtCXE15-OE plants (Fig. 2a). Moreover, we also observed that transcript level
of AtCXE15 could be induced by the exogenous application of bioactive
canonical SL (+)-GR245%PS and non-canonical SL analogue methyl
phenlactonoate 3 (MP3) at axillary bud region®, where the transcription of
AtBRC1 was elevated upon application of (+)-GR24°°S and (+)-MP3 (Fig. 2b).
These observations strongly support that AtCXE15 promotes axillary bud
outgrowth in a SL-dependent manner.

The AtCXE15 was widely expressed in multiple organs, including axillary
buds, young leaves, hypocotyls, floral organs, and the vasculatures of shoots
and roots, and AtCXE15 was found to be localized into cytosol and nucleus
(Extended Data Fig. 4). As AtCXE15 and AtD14 belong to the ABH
superfamily, we thus reasoned that the excessive axillary bud outgrowth in
AtCXE15-OE plants might attribute to SL catabolism or impaired signaling.
Indeed, unlike the SL biosynthetic mutants, whose hyperbranching can be
rescued by grafting their shoots onto WT rootstocks33%49, the hyperbranching
phenotype of AtCXE15-OE were not restored by grafting an AtCXE15-OE

shoot onto a WT root (Fig. 2c), excluding the possibility that the
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139  hyperbranching phenotype in AtCXE15-OE plants is due to disturbed SL

140  biosynthesis. As SLs and karrikins (KARs) have been reported to play a role in
141  repressing hypocotyl elongation in an AtMAX2-dependent manner*-#4, while
142  AtCXE15-OE seedlings did not mimic the elongated hypocotyl phenotype
143 caused by mutation of the KAR receptor KARRIKIN INSENSITIVE2 (KAI2 )
144  (Extended Data Fig. 3b), we thus tested the hypocotyl response of the

145 atcxel5-1 and AtCXE15-OE seedling to exogenous (+)-GR24. The hypocotyl
146  growth assay showed that AtCXE15-OE seedlings displayed a reduced

147  sensitivity as did the atd14-1, however, the atcxel5-1 seedlings were

148  hypersensitive to exogenous (x)-GR24 (Fig. 2c), and such hypersensitivity of
149  atcxel5-1 hypocotyls to exogenous SL could be blocked by the disruption of
150  AtD14 (Fig. 2d), suggesting that AtCXE15 acts upstream of AtD14 and is not
151 involved in SL signaling. Consistent with this, we failed to detect any

152 interaction of AtCXE15 with well-known nuclear signaling components of

153  SLs!416.17.19.25 "including AtD14, AtMAX2 and AtSMXLs by IP-MS assay

154  (Supplementary Table 2). To further examine the possible involvement of
155  AtCXE15 in SL catabolism in planta, we further grafted the shoots of SL

156  biosynthetic mutants, including atmax3-9, atmax4-1 and atmax1-14%47, in

157  which the SL biosynthetic pathway was disrupted at the synthetic step of

158  9-cis-p-apo-10’-carotenal, carlactone (CL), and carlactonoic acid (CLA),

159  respectively (Fig. 2f)3"48, on the AtCXE15-OE and atcxel5-1 rootstocks. As
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expected, when the SL biosynthetic mutants were grafted on atcxel5-1
rootstocks, their hyperbranching phenotype was completely restored to that of
WT (Fig. 2f). By contrast, grafting the atmax3-9 shoots onto AtCXE15-OE
rootstocks fully inhibited the excessive branches in atmax3-9 shoots, whereas
the excessive branching phenotype of atmax4-1 and atmax1-1 shoots were
not completely rescued by grafting onto AtCXE15-OE rootstocks (Fig. 2f),
demonstrating that the over-accumulation of AtCXE15 in Arabidopsis could
result in the deficiency of endogenous potential non-canonical SLs CL, CLA,
and/or methyl carlactonoate (MeCLA) and its derivatives rather than that of
their upstream precursor 9-cis-B-apo-10’-carotenal, which might be potentially
transmittable from the AtCXE15-OE rootstock into the atmax3-9 shoot to form
potential SLs. Taken together, we conclude that AtCXE15 participates in

catabolism of SL in planta.

AtCXE15 is an efficient hydrolase of SL

To test whether AtCXE15 could hydrolyze SL, we first examined the binding
activity of AtCXE15 to the non-canonical SL analogue (+)-MP3 and canonical
SL ()-5-Deoxystrigol (5DS). A label-free Microscale thermophoresis (MST)
assay clearly showed that AtCXE15 had a high binding affinity to both (x)-MP3
and (£)-5DS (Extended Data Fig. 5a), demonstrating that AtCXE15 could bind

to SLs. Next, we used a developed pro-fluorescent SL probe, Yoshimulactone
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Green (YLG), whose fluorescence emission could be produced once
hydrolyzed by AtD143, to examine the hydrolytic activity of AtCXE15. After the
primary roots were incubated with YLG, the green fluorescent emission signals
from the AtCXE15-OE roots were remarkably stronger than that from WT roots,
while such fluorescence in the atcxel5-1 roots was slightly weaker than that in
WT roots (Fig. 3a), supporting that AtCXE15 could hydrolyze YLG in planta.
Next, we assayed the in vitro hydrolytic activity of AtCXE15 and AtD14 toward
YLG, and observed that, when YLG concentration was increased, the intensity
of fluorescence produced by AtCXE15 was remarkably higher than that by
AtD14, however, replacement of the third catalytic glutamate residue in the
AtCXE15 (AtCXE15F271A) abolished its hydrolytic activity toward YLG (Fig. 3b).
Further real-time monitoring of fluorescent emissions confirmed that the
hydrolytic activity of AtCXE15 toward YLG was much higher than that of AtD14
(Extended Data Fig. 5b), and the fluorescent signals produced by AtCXE15 or
AtD14 could be attenuated by non-fluorescent SL (+)-GR24 in a
dose-dependent manner (Extended Data Fig. 5¢). By contrast, either AtCXE18
or AtCXE10/AtGID1a, which is known as an active esterase or gibberellins
receptor without esterase activity, respectively*®>°, showed poor hydrolytic
activity toward YLG, although an active esterase activity was detected in
AtCXE18 (Extended Data Fig. 5b, d). These observations strongly suggest

that AtCXE15 could efficiently hydrolyze SLs both in vitro and in planta.
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To further validate the hydrolytic activity of AtCXE15 toward SL, we used
KAR:1 as the internal standard and carried out an ultraperformance liquid
chromatography tandem mass spectrometry (UPLC-MS) analysis after
incubation of the (+)-GR24°°S and (+)-MP3 with AtCXE15 and AtD14.
Consistent with the high hydrolytic activity of AtCXE15 toward YLG, all the
(+)-GR245PS and 95.7% of (+)-MP3 substrates were hydrolyzed by AtCXE15
after one hour incubation, whereas only less than 5% of (+)-GR24°°S and
(x)-MP3 were hydrolyzed by AtD14 at the same timepoint (Fig. 3c, d).
Meanwhile, the hydrolysis product ABC-FTL (ABC-formyltricyclic lactone)
corresponding to ABC-ring produced by AtD14 were highly detectable after
incubation of AtCXE15 with (+)-GR24°°S, confirming that AtCXE15 could
cleave the enol ether bridge between ABC-ring and D-ring of (+)-GR24°PS as
did AtD14 (Fig. 3¢)%810.12 However, we could not detect any enriched
hydrolysate from hydrolyzed (£)-MP3 either by AtCXE15 or AtD14 (Fig. 3d),
which might be due to other ester bond present in (£)-MP3 or poor stability of
hydrolysates.

Since the diverse canonical and non-canonical SLs have been
characterized in different plant species”>52, we further investigated whether
AtCXE15 could hydrolyze different SL analogues. As expected, when
AtCXE15 was incubated with various SL analogues, including the

orobanchol-type SL (+)-orobanchol, (-)-2’-epi-GR244P°, and the strigol-type SL

21



223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

(x)-5DS, the hydrolytic activity of AtCXE15 and the product corresponding to
ABC-ring were also highly detected (Fig. 4a-c). Since MeCLA is considered to
be a likely bioactive SL in Arabidopsis and is extremely unstable under in vitro
condition®3-%, we performed the assay by intermediately diluting the freshly
synthetic MeCLA and incubating with AtCXE15 and AtD14 proteins.
Consistently, we observed that all the MeCLA substrate was hydrolyzed by
AtCXE15 whereas less than 3% of substrate was hydrolyzed by AtD14 after 10
min incubation (Fig. 4d). Collectively, these results demonstrate that AtCXE15

could target and hydrolyze the diverse types of SLs.

CXE-mediated SL catabolism is conserved in seed plants

The CXE gene family exists widely in plant kingdom and plays an important
role in the breakdown and recycling of cellular metabolites?®4%57, To explore
whether CXE15-mediated SL catabolism is conserved in planta, we firstly
conducted the best protein BLAST homology searches using AtCXE15 amino
acid sequence and attempted to identify the putative AtCXE15 orthologues
from three dicots species (Brassica napus L., Medicago truncatula, Glycine
max L.), one monocot species (Oryza sativa subsp. Japonica), one
Gymnosperms species (Dioon edule from Cycadales), and one bryophytes
species (Physcomitrium patens). All the putative AtCXE15 orthologues from

Gymnosperms and Angiosperms but moss were clustered together (Fig. 5a
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and Extended Data Fig. 6a). Next, we tested the hydrolytic activity of these
AtCXE15 orthologues toward YLG. Intriguingly, the putative AtCXE15
orthologues from three dicot, one monocot and one Gymnosperms species
showed a strong hydrolytic activity toward YLG (Fig. 5b), whereas the putative
AtCXE15 orthologue PpCXE3 from Physcomitrium patens showed poor
hydrolytic activity toward YLG (Fig. 5b). As the origin of SL coincides with the
emergence of primitive land plants including moss lineage®-58-¢0, we further
tested the hydrolytic activity of other four PpCXEs members towards YLG, and
found that none of them showed hydrolytic activity (Extended Data Fig. 6b). In
addition, the transcription of AtCXE15 orthologues in rice and B. napus L.,
OsCXE17 and BnaCXE15, were found to be induced by exogenous (+)-GR24
(Extended Data Fig. 6¢). To further examine possible conservation of
CXE15-mediated SL catabolism in planta, we generated the transgenic
Arabidopsis plants overexpressing BnaCXE15, MtCXE15, GmCXEL15,
OsCXE17, DeCXE15, or PpCXES3, respectively. Consistent with the hydrolysis
activities toward YLG, overexpression of the BnaCXE15, MtCXE15,
GmMCXE15, OsCXE17, or DeCXE15 but not the PpCXE3 in Arabidopsis
resulted in the hyperbranching phenotype (Fig. 5¢ and Extended Data Fig. 6d),
demonstrating that CXE15-mediated SL catabolism is at least evolutionarily
conserved in seed plants. Interestingly, we also noticed that the canonical

catalytic triad of Ser/His/Asp residues for ABH family in the CXE15
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orthologues of Gymnosperms and monocots, was substituted by Ser/His/Glu
residues in dicots (Fig. 5a), implying that CXE15 orthologues in dicots might
have undergone some degree of evolutionary divergence from their ancestors.
Therefore, the CXE15-dependent catabolism of SLs likely emerges from

Gymnosperms or ancestor of seed plants.

Discussion

As a newly identified plant hormone that plays a key role in inhibiting shoot
branching, SL biosynthesis and signaling have been extensively documented
in terrestrial plants®6.13-15.17.37,40.48,51.58.61 '\yhereas little is yet known about how
SLs are deactivated at the catabolic level. This might be largely due to the very
low abundance of SLs and their biosynthesis under a strict feedback regulation
in plants32-38, Here, we identified the Arabidopsis AtCXE15 as a functional SL
hydrolase, and our further works revealed that CXE15-mediated SL
catabolism is evolutionarily conserved in seed plants. This discloses an
unidentified catabolic mechanism underlying SL homeostatic regulation in
plants. Although D14 has been reported to be the non-recyclable receptor with
hydrolytic activity toward SLs®810.12 the extremely weak hydrolytic activity and
rapidly SL-dependent degradation suggest that D14 is not likely a core
catalytic enzyme for the spatial-temporal regulation of SL gradients in

planta®, However, as the strict feedback regulation of SL biosynthesis has

24



286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

been reported in planta and the abundant accumulation of endogenous SLs
does not result in an obvious shoot branching phenotype32-36:48.62 it might be
why disruption of AtCXE15 does not obviously affect the shoot branching.
Moreover, the SL biosynthetic or signaling mutants have been reported to be
hypersensitive to biotic/abiotic stresses®3-%6, while the transcription of important
genes involved SL biosynthesis and signaling, such as AtD14, AtMAX2, and
AtMAX3, does not appear to be effectively responsive to biotic/abiotic stresses
(Extended Data Fig. 7)85¢, By contrast, the transcription of AtCXE15 seems to
be highly responsive to SL, auxin and various environmental cues, including
pathogenic elicitors flg22 and HrpZ, ozone, salt stress, and drought stress (Fig.
2b, Extended Data Fig.1a, Extended Data Fig. 6¢ and Extended Data Fig. 7).
Therefore, it is also likely that the CXE-mediated SL catabolism represents a
mechanism to precisely balance SLs within plant organs to respond to
ever-changing environments.

Since CXEs belong to an ABH superfamily that function as carboxylic
ester hydrolase of both xenobiotics and endogenous metabolites in plants®’,
the catalytic specificity of AtCXE15 orthologues or paralogues on SLs remains
to be further determined. Indeed, although our work reveals that the AtCXE15
and its orthologues in some species function as efficient SL hydrolases, it does
not exclude the possibility that some other ABH members might be also

involved in this process, because we only selected the representative ACXE15
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orthologues by their amino acid similarity to AtCXE15. On the other hand,
AtCXE15 could bind and hydrolyze both canonical and non-canonical SLs, and
our grafting assay clearly demonstrate that such catabolic reaction mediated
by CXE15 also occurs with CL, CLA, and MeCLA (Fig. 2f), which are known to
be potential SLs3"4861, Furthermore, given that CXE15-dependent catabolism
of SLs is conserved in seed plants, an interesting question raised is whether
such regulation co-evolves with the emergence of SL molecules. We now
know that the CL is present in bryophyte Physcomitrium patens’-°868, but the
actual receptor in the moss is yet unknown>%°, Therefore, further investigation
will be helpful to clarify whether CXE15-dependent SL degradation is
coincided with the appearance of SL or signaling.

Finally, SLs are synthesized in both basal part of shoots and roots and are
transportable acropetally®>?, implying that the local gradient of SLs within
specific organ such as axillary buds and roots is essential for its biological
function in shoot branch development and fungi-plant interactions, respectively.
Our grafting data showed that overexpression of AtCXE15 in shoot alone is
sufficient to trigger hyperbranching, demonstrating that CXE15 can coordinate
the SL level at specific locales. Thus, manipulation of local SL gradients by
CXE15 orthologues under a tissue-specific or inducible promoter will be a
powerful approach to differentiate their roles in plant development and its

interaction with fungi and root parasitic plants, which has a great potential in
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shaping the architecture of crops and ornamental plants and avoiding the

adverse effect caused by noxious root parasitic plants.

Methods

Plant materials and growth conditions

The Arabidopsis Columbia accession Columbia-0 (Col-0) was used as wild
type in all experiments. The atcxel5-1 (Salk_203698c) seeds were obtained
from the Arabidopsis Biological Resource Center (ABRC). The kai2-2 (Col-0),
atmax3-9, atmax4-1, atd14-1, and atmax2-1 mutants were described
previously*5-47.69.70 Seeds of Arabidopsis and B. napus L. were sterilized with
75% ethanol containing 2% Triton X100, stratified in darkness at 4°C for three
days, and germinated on 1/2 Murashige and Skoog (MS) medium. The
seedlings and plants were grown in the growth chamber at 22°C with a
16-h-light/8-h-dark photoperiod and an illumination intensity of 80-90 mmol
m2st. The rice (O. sativa japonica, Nipponbare) seedlings were grown on
Yoshida medium in the growth chamber at 30°C with same photoperiod and

illumination intensity described above.

SL Chemicals and treatment assays
The SL analogues (+)-5DS, (*)-orobanchol, (+)-GR24°"S, and

(-)-2’-epi-GR244PO were purchased from Strigolab (Italy), (+)-GR24 was
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purchased from YEASEN Biotech (China), KAR1 was purchased from TRC
(Canada), and YLG was purchased from TClI AMERICA, respectively. The
methyl phenlactonoate 3 (MP3) and methyl carlactonoate (MeCLA) were
synthesized by chemical reactions using the strategies described
previously®535471 The synthesized (+)-MP3 and MeCLA were verified by
LC-MS and *H NMR (Supplementary Fig.1). As MeCLA is highly unstable®3-°,
the freshly synthetic MeCLA purified from prep-HPLC was diluted immediately
to perform the hydrolysis assay. All other SL analogues were dissolved in
dimethylsulfoxide (DMSO) to create a 10 mM stock solution. For gene
expression analyses, the aerial parts of four-week-old plants were submerged
in 1 uM (+)-GR245PS or (+)-MP3 at 22 C for 3 h, and the axillary tissues were
collected for RNA isolation. The 11-day-old Arabidopsis, B. napus L., and rice
seedlings treated with 5 uM (x)-GR24 for 3 h were used to monitor the
transcript abundance of AtCXE15 orthologues. For hypocotyl growth assay?®,
the seedlings grown on 1/2 MS medium supplemented with 0, 0.1, 0.5, 1, 3, 5
and 10 uM ()-GR24 at 22 °C under continuous low light for nine days were
photographed, and hypocotyl length was quantified using ImageJ software

(https://limagej.nih.gov/ij).

Plasmid construction and plant transformation

28


https://imagej.nih.gov/ij

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

The In-Fusion cloning based on in vitro homologous recombination was
performed to generate all the constructs using an In-Fusion HD Cloning Kit
(Clontech) and Hieff Clone® Plus Multi One Step Cloning Kit (Yeasen,
Shanghai). The allelic mutants atcxel5-2, atcxel5-3, and atcxel5-4 were
generated by using the egg cell-specific promoter-controlled CRISPR/Cas9
system as previously described’?. For in vitro protein assay, the coding
sequences of AtD14, AtCXEs, and AtCXE15 putative orthologues were
retrieved from the Ensembl Plants database and ‘onekp database v5'’3, and
then cloned into the pGEX-4T-2 plasmid or pET-28a-c (+) plasmid to generate
glutathione S-transferase (GST)-tagged proteins or His-tagged AtCXE15
(Clontech), respectively. Meanwhile, a mutagenized AtCXE15F271A construct
lacking enzymatic activity was also generated by substitution of third catalytic
glutamate residue with alanine residue. To generate transgenic Arabidopsis
plants, the CXE15 paralogues or putative orthologues were cloned into the
pSUPER1300 vector’. The AtCXE15 with or without GFP-tagged constructs
were also generated in pPSUPER1300-GFP vector or pVIP96 vector,
respectively’. To examine the expression and subcellular localization of
AtCXE15, a 2 kb promoter region of AtCXE15 fused with upstream of the
B-glucuronidase (GUS) gene and a 2 kb promoter fused with coding region of
AtCXE15 were cloned into the pCAMBIA1300 or pCAMBIA1300-GFP vector,

respectively. All the resulted constructs were verified by sequencing and
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introduced into Agrobacterium tumefaciens strain EHA105 or ABI and
transformed into Col-0 plants by the standard floral dipping method?®. All the
primers and their restriction enzyme sites used for constructs are listed in in

Supplementary Table 3.

Gene expression

Total RNAs were isolated using E.Z.N.A.® Plant RNA Kit according to the
manufacturer’s instructions (OMEGA Bio-TEK). The gRT-PCR,
RNA-sequencing analysis, and GUS histochemical assay were performed as
previously described’” "8, The software FastQC (0.11.7), HISAT2 (2.1.0),
Picard-tools (version 1.41), Samtools (version 0.1.18), RStudio (version
1.3.1073), and DESeq (version 1.39.0) were used in RNA-seq analysis. The

primers used are shown in Supplementary Table 3.

AtCXE15 subcellular localization

For subcellular localization of AtCXE15, ten-day-old transgenic
pPCXE15:CXE15:GFP seedlings were immersed in 1% sucrose medium
supplemented with 1 yg/mL FM4-64 (Invitrogen) and vacuum for 3 min.
Fluorescence images were acquired by ZEISS LSM 980 with Airyscan 2 laser

scanning confocal microscope. Filter settings were as follows: excitation (488
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nm), emission (509 nm), detection for eGFP (490-525 nm), and for FM4-64

(650-757 nm).

Grafting assay
Seven-day-old seedlings were used for the grafting assay following the
protocol described previously’. Each combination of scion and rootstock was

grafted at least 11 times, and the representative plants were photographed.

Protein expression and purification

The recombinant GST-tagged or His-tagged proteins were purified with
Glutathione Sepharose beads or Ni-NTA agarose beads according to the
manufacturer’s instruction (GE Healthcare), respectively. The beads were
eluted as previously described®. The eluted protein was concentrated using
Pierce™ protein concentrators (Thermo Fisher) and then diluted with 1X PBS
buffer (pH=7.3) and concentrated for buffer exchange at least six times. The
purified protein was adjusted to 5 ug/uL. The protein solution was aliquoted

and immediately frozen in liquid nitrogen and stored at -80°C until use.

Microscale thermophoresis (MST) assay.
The 0.5 uM AtCXE15-GST protein in 1X PBS buffer (pH=7.3) was mixed at a

1:1 ratio respectively with 16 different concentrations of (+)-5DS and (x)-MP3
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in 1X PBS containing 10% DMSO (ranging from 0.000763 to 25 yM). About 10
Ml of each sample was loaded into a hydrophobic monolith NT capillary
(NanoTemper Technologies). Thermophoresis was monitored at 25°C in a
Monolith NT. Label Free instrument at a constant LED power of 20% and MST
power of 40%. The Kq values were determined by plotting the concentrations
of (¥)-5DS or (x)-MP3 against the changes in thermophoresis signal, and the
data were analyzed with MO.Affinity Analysis v2.2.7 software. Experiments
were performed repeatedly on independent protein preparations to ensure

reproducibility (n>5).

YLG hydrolysis assay

YLG hydrolysis assay was conducted with 0.2 uM of recombinant GST-tagged
proteins in 1X PBS reaction buffer (pH 7.3). YLG was diluted in reaction buffer
to give a concentration gradient of 2-22 yM. The proteins and dilution of YLG
were mixed in a 96-well plate in a 100 uL final volume. The measurements
were performed on a BioTek Synergy MX microplate reader at 37°C using 480
nm excitation and a 520 nm emission wavelength. The fluorescence intensity
was measured after 40 min incubation. The background signal generated by
YLG degradation in the mock reaction at each concentration (2-22 yM) was
subtracted, and the normalized intensity was then converted to fluorescein

concentration by comparing to fluorescent intensity of complete hydrolysis of 1
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MM YLG. The hydrolysis kinetics analysis of YLG was performed using 0.02
MM of recombinant proteins in 1X PBS reaction buffer (pH 7.3) supplemented
with 1 yM YLG at a 50 ul volume on a 96-well plate under ice-cold temperature.
The mixes of CXE protein and YLG were covered with sealing foils, and the
fluorescence intensity was immediately measured by LightCycler® 96
Real-Time PCR System using an excitation wavelength of 470 nm and a
detection wavelength of 512 nm. For the (z)-GR24 competition assay, 1 uM
YLG was pre-mixed with (£)-GR24 with serial dilutions range from 1 uM to100
MM before AtCXE15 or AtD14 protein was added. Time-course YLG hydrolysis
was monitored at 37°C for 35-45 min. DMSO was added in equivalent
concentration into each reaction. The absolute fluorescence values were
converted to fluorescein concentration by normalizing to fluorescent intensity
of complete hydrolysis of 1 uM YLG.

The YLG hydrolysis in planta was performed with the primary roots of
six-day-old AtCXE15-OE, atcxel5-1 and WT seedlings incubated with 1 uM
YLG for three minutes. Fluorescence images were acquired with an Olympus
SzZX7 fluorescent Olympus Stereo Microscope, and the green fluorescence

was quantified by ImageJ software.

SL analogue hydrolysis assay
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The SLs or their analogues (100 uM) were incubated with or without 1 yM
purified AtCXE15-GST and AtD14-GST for 1 or 4 h at 37°C in PBS buffer (1
mL, pH=7.4, 5% DMSO). The 200 ul of solution was taken from same reaction
at each timepoint and immediately mixed up with 800 pl of ice-cold acetone
and incubated at -20°C for 2 h. The proteins were pelleted at 13,0009 at 4°C
for 20 min, and the supernatants were subjected to a reverse-phase, Ultra high
pressure liquid chromatography quadrupole time-of-flight mass spectrometer
(UHPLC/Q-TOF-MS, Agilent 1290/6540) at a flow rate of 0.4 mL/min. The
retention time of various SLs and their hydrolysis ABC ring (ABC-formyltricyclic
lactone, ABC-FTL) were monitored as following: the intact (+)-GR24°PS and
ABC-FTL were eluted at 11.2 and 7.6 min; the intact (-)-2’-epi-GR244P° and
ABC-FTL were eluted at 11.2 and 7.6 min; intact (+)-5DS and ABC-FTL were
at 14.8 and 11.8 min; intact (x)-orobanchol and ABC-FTL were at 10.3 and 7.4
min; the intact (£)-MP3 and its stereoisomer molecule were at 11 and 11.2 min;
and intact MeCLA was eluted at 18.2 min, respectively. The 100 uM KAR1 was
added to each reaction as internal standard, and intact KAR1 was eluted at 5.3
min. The corresponding ABC-FTL product and remaining substrate were
analyzed, and their peak areas were normalized with KAR1 to calculate for
relative hydrolytic activities of AtCXE15 and AtD14. The data were analyzed

by MassHunter Qualitative Analysis software (Agilent, version B.04.00).
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Enzymatic assay with 4-nitrophenyl acetate (4-NPA)

Esterase activities of AtCXEs and AtD14 against 4-NPA were determined by
measuring the amount of 4-nitrophenol released by esterase-catalyzed
hydrolysis. The 100 uM 4-NPA was incubated with 1 uM purified protein for 30
min at 37°C in 1X PBS buffer (pH=7.3, 5% DMSO). The product 4-nitrophenol
was monitored in 5-min intervals up to 30 min at 405 nm by use of a

Nano-300|Micro Spectrophotometer.

Phylogenetic analysis

The Arabidopsis AtCXEs and rice OsCXEs have been described previously?®,
Sequences of CXE families of Physcomitrium patens, B. napus L., Medicago
truncatula, and Glycine max L. were collected using the AtCXE15 protein
sequence as a query to search against Ensembl Plants database by

HmmerWeb version 2.41.1 (https://www.ebi.ac.uk/Tools/hmmer/), with default

settings. The putative CXE15 amino acid sequences of Dioon edule were
collected by the best-BLASTP match searches in the ‘onekp database v5’ from
The 1000 Plant Transcriptomes Project

(https://db.cngb.org/blast/blast/blastp/)(One Thousand Plant Transcriptomes

Initiative, 2019)73. The CXE amino acid sequences of various species were
aligned using MUSCLE (version 3.8.31). Phylogenetic analysis of 20 AtCXEs

and/or AtCXE15 putative orthologues was performed using the Mega X
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software (Maximum Likelihood method, bootstrap method with 1,000 iterations,
Jones-Taylor-Thornton (JTT) model, uniform rates among sites, complete

deletion of gaps/missing data, Nearest-Neighbor-Interchange (NNI) method).

Statistical analysis

For gene-expression analyses, observations of phenotype, and statistical
analysis were assessed as described in the figure legends. p and F (degree of
freedom) values were calculated by two-tailed Student’s t-tests and one-way
ANOVA using Prism 8.0 software, respectively. No statistical methods were

used to predetermine sample size. The experiments were not randomized.

Data availability

The RNA-seq data is deposited in the Gene Expression Omnibus
(www.ncbi.nlm.nih.gov/geo/) under the accession number GSE176007.
Sequence data from this article can be found in Ensembl Plants

(http://plants.ensembl.org/index.html) or ‘onekp database v&’

(https://db.cngb.org/blast/blast/blastp/), under the following accession

numbers: AtCXE1(AT1G19190.1), AtCXE2 (AT1G47480.1), AtCXE3
(AT1G49640.1), AtCXE4 (AT1G49650.1), AtCXES (AT1G49660.1), AtCXE6
(AT1G68620.1), AtCXE7 (AT2G03550.1), AtCXES8 (AT2G45600.1), AtCXE9

(AT2G45610.1), AtCXE10 (AT3G05120.1), AtCXE11 (AT3G27320.1),
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AtCXE12 (AT3G48690.1), AtCXE13 (AT3G48700.1), AtCXE14
(AT3G63010.1), AtCXE15(AT5G06570.1), AtCXE16 (AT5G14310.1),
AtCXE17 (AT5G16080.1), AtCXE18 (AT5G23530.1), AtCXE19
(AT5G27320.1), AtCXE20 (AT5G62180.1), AtD14 (AT3G03990.1), AtMAX3
(AT2G44990.1), AtMAX4 (AT4G32810.1), AtSMXL6 (AT1G07200.1),
AtSMXL7 (AT2G29970.1), AtSMXL8 (AT2G40130.1), AtMAX2
(AT2G42620.1), AtBRC1 (AT3G18550.1), OSCXE17 (Os07g0162700-01),
PpCXE2 (Pp3c3_16760V3.1), PPCXE3 (Pp3c5_13820V3.1), PpCXE5
(Pp3cl12_10130V3.1), PpCXE6 (Pp3cl3_21400V3.1), PpCXES8
(Pp3c18_20160V3.1), GMCXE15 (GLYMA_19G202900/KRG96320),
BnaCXE15 (BnaC09g48990D-1), MtCXE15 (MTR_7g107040/KEH24302),
DeCXE15 (gnljonekp|WLIC_scaffold_2120524). All reagents and materials
are available from the corresponding author upon request. Source data are

provided with this paper.
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Figure legends

Fig. 1| Overexpression of AtCXE15 stimulates shoot branching. a,
Representative shoot branching phenotype of wild type (Col-0), atcxel5-1,
and three independent transgenic AtCXE15-OE lines. Arrow indicates primary
rosette branches; Scale bar, 1cm. b, Primary rosette branch number (upper
panel) and transcript abundance of AtCXE15 (bottom panel) in the plants
described above. The mean branch numbers are shown as black lines. n = 3
biological replicates of 16 plants for each genotype. The gRT-PCR data were
normalized to the Col-0 and are shown as means = s.d.; F (degree of freedom)
values are shown; The letters in b indicate statistical differences between
genotypes determined by one-way ANOVA followed by Tukey’s honestly
significant difference (HSD) test for multiple comparisons (P<0.05). ¢, Diagram
of the axillary bud positions in Col-0, atcxel5-1 and three independent
transgenic AtCXE15-OE lines. Each row represents an individual plant, and
each square represents one leaf (n = 7). The green and orange squares

represent the rosette leaves with and without axillary bud, respectively.

Fig. 2| AtCXE15 is involved in catabolism of SLs. a, Transcript abundance
of AtMAX3 and AtBRC1 in the axillary region of Col-0, AtCXE15-OE, atmax2-1,
atmax4-1 plants. Data were normalized to the Col-0 and are shown as means

+ s.d.; n = 3 biological replicates. b, Transcriptional response of AtCXE15 to
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canonical SL (+)-GR24°PS and non-canonical SL (+)-MP3. Transcript
abundances of AtCXE15 and AtBRC1 were monitored in the axillary tissue of
four-week-old Col-0 plants after treatment with1 uM (+)-GR24°PS or (+)-MP3
for 3 h. Data were normalized to the mock and are shown as means £s.d.; n =
3 biological replicates. ¢, Hypocotyl length of Col-0, atcxel5-1, atmax2-1,
atd14-1 and AtCXE15-OE seedlings treated with (x£)-GR24. Seedlings were
grown on 1/2 MS medium supplemented with 0, 0.1, 0.5, 1, 3, 5 and 10 uM
(x)-GR24 for nine days. Data are shown as means * s.d.; n = 3 biological
replicates of at least 12 seedlings. d, Hypocotyl length of Col-0, atcxel5-1,
atd14-1, and atd14-1 atcxel5-1 seedlings treated with (+)-GR24. Seedlings
were grown on 1/2 MS medium supplemented with 0.5 uM (z)-GR24 for nine
days under low light growth conditions. Data are shown as means £s.d.;n=5
biological replicates of at least 15 seedlings. e, Branching phenotype (upper
panel) and the primary rosette branch number (bottom panel) in the grafted
Col-0 and AtCXE15-OE plants. Data are shown as means = s.d.; n =11-13
grafted plants. Scale bar, 1cm. f, The grafting assay with SL biosynthetic
mutants and AtCXE15-OE or atcxel5-1 plants. A proposed SL biosynthetic
pathway in Arabidopsis is shown in upper panel®>%, in which the potential
non-canonical SLs are indicated as laurel-green background. The primary
rosette branch number in five-week-old grafted plants is shown in bottom

panel. Data are shown as means * s.d.; n = 14. Note that only the excessive
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branches in the atmax3-9 scion were completely rescued by AtCXE15-OE
rootstocks. The mean branch numbers are shown as black lines e and f. P
values are shown in c; two-tailed Student’s t-test. F (degree of freedom) values
are shown; The letters in a, b, d, e, f indicate statistical differences between
genotypes determined by one-way ANOVA followed by Tukey’'s HSD test for

multiple comparisons (P<0.05).

Fig. 3| AtCXE15 can bind and efficiently hydrolyze SLs. a, Hydrolytic
activity of AtCXE15 toward YLG in planta. Representative fluorescence image
photographed from Col-0, AtCXE15-OE and atcxel5-1 primary roots treated
with 1 uM YLG for three minutes and their relative green fluorescence are
shown in left panel and right panel, respectively. The red dotted box indicates
fragment of primary roots (about 2 cm from transition zone) selected for
guantification of green fluorescence. Scale bar, 0.5 cm; Data were normalized
to that of Col-0. Bars are means of relative fluorescence; n = 11-12 seedlings.
b, Hydrolysis of AtCXE15 and AtD14 toward different concentrations of YLG in
vitro. The green fluorescent signals were monitored after 40 min incubation of
0.2 uM protein. Background signals at each concentration of YLG were
subtracted from the reaction buffer with proteins and converted to
fluorescein/uM. Note that AtD14 exhibits much weaker enzymatic activity

compared to AtCXE15 and enzymatic activity in the AtCXE15F271A is abolished.
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Data are means * s.d.; n = 6 technical replicates. c, d, Hydrolytic activity of
AtCXE15 and AtD14 toward (+)-GR24°S and (+)-MP3 assayed by
UHPLC/Q-TOF-MS. The intact (+)-GR24°°S and (+)-MP3, and the
corresponding hydrolytic products were monitored in a positive mode, and the
peak areas were calculated for relative hydrolytic activities of AtCXE15 and
AtD14; The two peaks of (x)-MP3 ligand were verified by LC-MS and NMR and
confirmed that they were (+)-MP3 and its stereocisomer (d); The 100 yM KAR1
was added to each solution as internal standard. P values are shown in a;
two-tailed Student’s t-test. The experiment was repeated at least two times

independently with similar results.

Fig. 4| Hydrolytic activity of AtCXE15 toward SL analogues. a-c, Hydrolytic
activity of AtCXE15 toward canonical SLs (-)-2’-epi-GR244P°, (+)-5DS, and
(#)-orobanchol. The intact (-)-2’-epi-GR244P° and ABC-FTL were eluted at
11.2 and 7.6 min (a), intact (x)-5DS and ABC-FTL were eluted at 14.8 and
11.8 min (b), and intact (x)-orobanchol and ABC-FTL were eluted at 10.3 and
7.4 min (c), respectively. d, Hydrolytic activity of AtCXE15 and AtD14 toward
non-canonical SL MeCLA. The synthetic MeCLA purified by prep-HPLC was
immediately diluted to 25 yM and incubated with and without AtCXE15/AtD14

in PBS buffer for 10 min. The intact MeCLA was eluted at 18.2 min. The 100
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MM KAR1 was added to each solution as an internal standard. The experiment

was repeated at least two times independently with similar results.

Fig. 5| CXE15-mediated SL catabolism is conserved in seed plants. a,
Phylogeny of the putative AtCXE15 orthologues from indicated dicots,
monocots, gymnosperm, and bryophytes species. Numbers are percent
bootstrap values for 1,000 replicates. AtD14 was used as outgroup. The third
amino acid residue of catalytic triad is highlighted in red. b, YLG hydrolytic
activities of putative AtCXE15 orthologues described above. Data are means *
s.d.; n = 3 technical replicates. c, The primary rosette branch number of
transgenic Arabidopsis plants overexpressing BnaCXE15, MtCXE15,
OsCXE17, GmCXE15, DeCXE15 and PpCXE3, respectively. Each data point
indicates the number of primary rosette branches from each independent
transgenic plant. d, Proposed model for evolutionary history of
CXE15-mediated SLs catabolism. The black arrow indicates the lineages of
extant plants in the order they appear. The origin of SLs catabolism and
perception likely coincides with the emergence in seed plants. It remains

unknown whether SLs catabolism is conserved in early land plants.
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Extended Data Fig. 1] Characterization of AtCXE15-OE plants and
atcxe15 mutants. a, Transcript abundance of AfCXE15 in the shoot and root
explants upon CIM treatments. Logz-transformed relative transcript values of
AtCXE15 is calculated by comparing transcript level of AtCXE15 at each time
points to 0 h. Magenta, green and white indicate upregulation, downregulation,
and no change, respectively. b, Characterization of AtCXE15-OE plants
carrying a p35S:AtCXE15:GFP construct. The primary rosette branch number,
transcript abundance of AtCXE15, and AtCXE15-GFP and Actin protein levels
in the corresponding transgenic plants are shown from upper to bottom panels,
respectively. The GFP-tagged AtCXE15 and endogenous Actin levels were
detected by immunoblotting with a monoclonal anti-GFP and anti-actin
antibody, respectively; the dilution rate for both antibodies is 1: 2,000. c,
Molecular characterization of the T-DNA insertion mutant atcxe15-1. The
T-DNA insertion site and positions of the primers used RT-PCR are indicated
by black triangles and red lines, respectively. The experiment was repeated at
least two times independently with similar results. d, The mutations in atcxel5
alleles generated by the CRISPR/Cas9 system. The CRISPR/Cas9 targeting
sites on AtCXE15 are shown in blue letters followed by red protospacer
adjacent motif (PAM), and allelic mutations in the atcxe15-2, atcxe15-3, and
atcxe15-4 are shown as indicated. e, Quantified rosette primary shoot branch

number in the three atcxe 15 plants described above. The means of branch
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number are shown as black lines in b and e; n = 3 biological replicates of 10
plants for each genotype. The gRT-PCR data were normalized to the Col-0
and are shown as means = s.d. in b; n = 4 biological replicates of 16 plants for
each genotype. The statistical analysis was performed by comparing Col-0
with each AtCXE15-OE line or atcxel5 genotype; F (degree of freedom)
values are shown; The letters in b and e indicate statistical differences
between genotypes determined by one-way ANOVA followed by Tukey’s HSD

test for multiple comparisons (P<0.05).

Extended Data Fig. 2| Characterization of AtCXEs in shoot branching
regulation. a, Phylogeny of AtCXE members. Numbers are percent bootstrap
values for 1,000 replicates. AtCXEs highlighted in green are selected for
generation of the transgenic plants. b, Morphology of five-week-old transgenic
plants overexpressing the AtCXE2, AtCXEG6, AtCXE10, AtCXE16, AtCXE17, or
AtCXEZ20, respectively. Bars = 1 cm. ¢, The primary rosette branch number
(upper panel) and transcript abundance of AtCXEs (bottom panel) in the
transgenic plants described above. Three independent transgenic lines for
each genotype were characterized, and the means of branch number are
shown as black lines. n = 3 biological replicates of 10 plants for each genotype.
The gRT-PCR data were normalized to the Col-0 and are shown as means +

s.d.; n = 3 biological replicates from 10 plants for each independent line. The
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statistical analysis was performed by comparing Col-0 with each AtCXE-OE
genotype; F (degree of freedom) values are shown; The letters in c indicate
statistical differences between AtCXE transgenic plants determined by
one-way ANOVA followed by Tukey’s HSD test for multiple comparisons

(P<0.05).

Extended Data Fig. 3| Morphology and transcriptome profiling of
AtCXE15-OE plants. a, Morphology of the four-week-old Col-0, four allelic
atcxe15s, atd14-1, atmax3-9, kai2-2, and three independent transgenic
AtCXE15-0OE plants. Scale bar, 1 cm. b, Hypocotyl phenotype of one-week-old
Col-0, four allelic atcxe15s, atd14-1, atmax3-9, kai2-2, and three independent
transgenic AtCXE15-OE seedlings. Data for each genotype are shown as
means = s.d.; n = 3 biological replicates of at least 15 seedlings. F (degree of
freedom) values are shown; The letters above each bar indicate statistical
differences between genotypes determined by one-way ANOVA followed by
Tukey’s HSD test for multiple comparisons (P<0.05). ¢, Overview of the
differentially expressed genes (DEG) in the atd714-1 and A{CXE15-OE vs Col-0
seedlings revealed by RNA-seq. The FDR < 0.05 and Logzfold change >1 or
Logofold change < -1; n = 3. d, Heatmap of the overlapping DEG in the atd14-1

and AtCXE15-OE. Logz-transformed relative expression values of genes is
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shown. Magenta, green and white indicate upregulation, downregulation, and

no change, respectively.

Extended Data Fig. 4| Tissue-specific expression of AtCXE15 and
subcellular localization of AtCXE15. a-e, GUS staining assayed seedling or
organs of transgenic Arabidopsis plants carrying a pAtCXE15:GUS construct.
Young seedling (a-c); primary root (b); elongated lateral root (c); flower (d);
mature plants (e). f, Subcellular localization of AtCXE15. Images are confocal
micrographs of lateral root, lateral root meristem, and lateral root epidermal
cells (from left to right) in the transgenic Arabidopsis seedlings carrying a
pAtCXE15:AtCXE15:GFP construct. The fluorescence from GFP is shown in
green and from FM4-64 in red. Three independent transgenic lines were
characterized for each genotype and representative seedlings were
photographed. The experiments were repeated at least two times

independently with similar results.

Extended Data Fig. 5| Hydrolytic activity of AtCXEs and AtD14 toward
YLG and 4-nitrophenol acetate (4-NPA). a, Binding affinity of AtCXE15 with
canonical SL (x)-5DS and non-canonical SL analogue (x)-MP3 assayed by
microscale thermophoresis. Data points indicate the change in normalized

fluorescence (A FNorm [%o]), and curves indicate the calculated fits. Mean
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values of binding affinity (Kd) are shown, and error bars represent s.e. (n = 5-7
independent measurements). b, Hydrolytic kinetics of AtCXE15, AtD14,
AtCXE10/GID1a, and AtCXE18 toward YLG. The 0.02 uM GST-tagged
proteins were incubated with 1uM YLG to ensure better visualization of initial
burst phase, and the enzymatic activity was defined by the change in
fluorescein over 38 mins. The His-tagged AtCXE15 were also used to exclude
potential effect of GST-tag on the enzymatic activity. Data are means £ s.d.; n
= 6 technical replicates. ¢, Hydrolysis of YLG by AtCXE15 and AtD14 is
attenuated by (£)-GR24 in a dose-dependent manner. Data are shown as
means * s.d.; n = 6 technical replicates. d, Hydrolytic kinetics of AtCXE15,
AtD14, AtCXE10/GID1a, and AtCXE18 toward 4-NPA. 1 yM GST-tagged
proteins were incubated with 100 uM 4-NPA for 30 min at 37 °C. The released
4-nitrophenol was monitored (Abs 405 nm). Data are shown as means £ s.d.; n

= 3 independent replicates.

Extended Data Fig. 6] Characterization of the Moss CXEs and AtCXE5
orthologues from seed plants. a, Phylogeny of the putative CXE15
orthologues from seed plants, AtD14, and PpCXEs. Eight PpCXEs from
Physcomitrium patens are collected using the AtCXE15 protein sequence as a
query to search against Ensembl Plants database by Hmmer with default

settings. Numbers are percent bootstrap values for 1,000 replicates. b,
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Hydrolytic activities of PpCXE2, PpCXE5, PpCXE6, and PpCXES8 toward YLG.
AtD14 was used as a positive control. Data are means + s.d.; n = 6 technical
replicates. ¢, Transcriptional response of OsCXE17 and BnaCXE15 to
(x)-GR24. Transcript abundance of CXE15 orthologues was monitored in
11-day-old seedlings after treatment with 5 yM (x)-GR24 for 3 h. Data were
normalized to mock and shown as means * s.d.; n = 3 biological replicates;
two-tailed Student’s t-test. d, The primary rosette branch number (upper panel)
and relative transcript level of AtCXE15 orthologues (bottom panel) in the
transgenic Arabidopsis plants indicated. Three independent transgenic lines
were characterized for each genotype. The means of branch number are
shown as black lines. n = 3 biological replicates of at least 15 plants for each
line. The qRT-PCR data are shown as means * s.d.; n = 3 biological replicates
from 20 seedlings for each line. The statistical analysis was performed by
comparing that of Col-0 with each CXE15-OE genotype. F (degree of freedom)
values are shown; The letters in d indicate statistical differences between
genotypes determined by one-way ANOVA followed by Tukey’s HSD test for

multiple comparisons (P<0.05).

Extended Data Fig. 7| Transcriptional responses of AtCXE15, AtMAX3,

AtD14, and AtMAX2 to biotic and abiotic stimuli. Logz-transformed relative
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available microarray and RNA-seq data on biotic and abiotic stress treatments
(Genevestigator). NASC Arrays: flg22 (Seedling) (E-NASC-76). Gene
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drought stress (E-MEXP-3713); 4h glucose (E-MEXP-475). Magenta, green
and white indicate upregulation, downregulation, and no change versus control

experiments, respectively.
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