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PLANT PARASITISM

Glucosylation of endogenous 
haustorium-inducing factors 
underpins kin avoidance  
in parasitic plants
Lei Xiang1, Songkui Cui1,2,3, Simon B. Saucet4†, Moe Takahashi1, 
Shoko Inaba1‡, Bing Xie5,6, Mario Schilder7, Shota Shimada1, 
Mengqi Cui1, Yanmei Li1, Mutsumi Watanabe1, Yuki Tobimatsu5, 
Harro J. Bouwmeester7, Takayuki Tohge1, Ken Shirasu4, Satoko Yoshida1* 

Parasitic plants rarely attack themselves, suggesting the 
existence of a kin-avoidance mechanism. In the root parasitic 
plant Phtheirospermum japonicum, prehaustorium formation is 
triggered by host-secreted haustorium-inducing factors (HIFs), 
but it is unresponsive to its own exudates. Here we report the 
identification of the spontaneous prehaustorium 1 (spoh1) 
mutant, which forms prehaustoria without external host signals. 
spoh1 harbors a point mutation in the gene encoding uridine 
diphosphate–glucosyltransferase UGT72B1, an enzyme that 
glucosylates and thereby inactivates phenolic HIFs. PjUGT72B1 
has a different substrate specificity than its ortholog of the host 
Arabidopsis. Introduction of PjUGT72B1 into Arabidopsis reduced 
prehaustorium induction activity, indicating that UGT72B1 
regulates haustorium induction by hosts. Our findings suggest 
that Orobanchaceae hemiparasitic plants have evolved kin-avoidance 
mechanisms through the glucosylation of endogenous HIFs.

Parasitic plants are recognized as agricultural weeds, which parasit-
ize crop species and result in more than USD 1 billion of annual eco-
nomic losses (1, 2). Parasitic plants invade hosts and obtain nutrients 
through a specialized organ known as a haustorium (3). This multi-
functional organ facilitates attachment, penetration, and connection 
to the host plant’s vascular system, enabling the transfer of water 
and nutrients. While the host range of parasitic plants varies depend-
ing on the species, previous studies have shown that parasitic plants 
limit the formation of this intimate connection with other individuals 
of the same species or other parasites in the same family, a phenom-
enon referred to as kin avoidance (or avoidance of self-parasitism) 
(4, 5). However, the molecular mechanisms underlying kin avoidance 
remain elusive.

The initiation of haustorium formation is a crucial early step in para-
sitism, triggered by host-derived chemical cues known as haustorium-
inducing factors (HIFs). The detection of HIFs stimulates the development 
of prehaustoria, which are precursory haustorial structures that 
eventually mature into fully functional haustoria (3, 6–9). Quinones 
and phenolics, such as 2,6-dimethoxy-1,4-benzoquinone (DMBQ), 
syringic acid (SyA), vanillin, and ferulic acid (FerA) are known to act as 
HIFs for Orobanchaceae hemiparasitic plants (8, 10). These molecules 

are biosynthetic precursors or metabolic derivatives of cell wall lignin, 
a structural polymer ubiquitous among vascular plants (10). Lignin 
is produced by polymerization of monolignols, which are biosynthe-
sized through the phenylpropanoid pathway. Depending on the num-
ber of methoxy groups at the 3- and 5-positions of the phenolic ring, 
lignin polymer units and lignin-associated metabolites are categorized 
as p-hydroxyphenyl (H), guaiacyl (G), or syringyl (S) types, containing 
0, 1, or 2 methoxy groups, respectively. G- and S-type lignin precursors 
or related phenolics act as HIFs, with S-type compounds generally 
exhibiting stronger activity than G-type compounds (fig. S1) (10).

Given the ubiquitous presence of lignin compounds in vascular plants, 
it is likely that HIF-related compounds are also present in parasitic plant 
species. However, Orobanchaceae parasitic plants rarely initiate pre-
haustorium formation in response to signals from other parasitic mem-
bers of the same family (4, 5, 11). For example, the obligate hemiparasite 
Striga hermonthica (Purple witchweed) does not form prehaustoria when 
exposed to the facultative parasitic plant Phtheirospermum japonicum 
(12). Similarly, the facultative parasitic plants Triphysaria spp. rarely form 
self- or conspecific prehaustoria (4, 13). Nevertheless, treatment with 
phenol oxidase enhances the release of HIFs from Triphysaria versicolor 
roots, suggesting that parasitic plants can produce HIFs but either their 
release or activity is suppressed by unknown mechanisms (13).

Isolation of the P. japonicum spontaneous prehaustoria 
formation (spoh1) mutant
To investigate kin-avoidance mechanisms, we screened mutants of the 
model parasitic plant P. japonicum and isolated plants that formed 
prehaustoria in the absence of external HIFs. Wild-type (WT) P. japoni-
cum seedlings exhibit straight radicle growth in water incubation with-
out HIFs, but exposure to exogenous DMBQ results in shortened, curved 
radicles with bump-like prehaustorial structures (fig. S2). Through for-
ward genetic screening of ethyl methanesulfonate (EMS)–induced mu-
tant pools of P. japonicum (14), we identified a mutant line, designated 
as spontaneous prehaustorium 1 (spoh1), that phenocopies DMBQ-
treated WT in water (fig. S2). Under water-only conditions, however, 
the prehaustorium-like structures appeared at a variable frequency in 
the spoh1 mutant, which compromised reproducibility. Guided by prior 
evidence that sucrose promotes the spontaneous prehaustorium forma-
tion in the Orobanchaceae hemiparasite Pedicularis kansuensis (15), we 
tested sucrose-containing agar to stabilize the spoh1 phenotype. After a 
2-week incubation on media containing 4% sucrose without external 
HIFs, WT plants failed to produce prehaustoria, whereas spoh1 seedlings 
consistently generated prehaustorium-like structures (Fig. 1A). The in-
ternal structures of spoh1 prehaustoria were indistinguishable from 
those of DMBQ-induced WT prehaustoria, both exhibiting a semispheri-
cal structure covered with densely clustered haustorial hairs (Fig. 1B). 
Moreover, when spoh1 plants infected Arabidopsis, the host of P. japonicum, 
the mature haustoria were morphologically indistinguishable from 
those of WT, indicating that the spoh1 mutation does not affect hausto-
rial maturation (Fig. 1C).

We further investigated the role of sucrose in spontaneous pre-
haustorium formation. Although sucrose is not essential for sponta-
neous prehaustorium formation in spoh1, it acts as a potent enhancer 
of the phenotype. In the absence of sucrose, all spoh1 seedlings 
formed about the same number of spontaneous prehaustoria within 
27 days after germination. WT plants did not produce prehaustoria, 
regardless of sugar concentration, but supplementing the medium 
with 2% sucrose accelerated prehaustorium formation in spoh1 (Fig. 
1D). Optimal enhancement was achieved at 120 mM sucrose (∼4%), 
which yielded the highest prehaustorium number per plant (Fig. 1E). 
None of the other tested sugars or sugar alcohols, including metaboliz-
able sugars (e.g., glucose, fructose, galactose) and nonmetabolizable 
osmolytes (e.g., sorbitol, mannitol), reproduced the effect of sucrose 
(Fig. 1F). This indicates that the enhancing effect of sucrose is not due 
to nutritional or osmotic functions but rather to a sucrose-specific 
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signaling role (16). Under 2% sucrose conditions, spoh1 plants showed 
a modest yet significant reduction in primary root length alongside 
an increase in lateral root formation, compared with WT, resulting in 
slightly more biomass compared with WT in whole seedlings (Fig. 1, 
G and H, and fig. S3, A to C). Furthermore, when grown in pots, spoh1 
displayed reduced crown diameters and shorter overall heights at 45 
and 75 days, suggestive of a slight growth repression compared with 
WT at later stages (Fig. 1I and fig. S3, D and E).

spoh1 exudates induce S. hermonthica 
prehaustorium formation
To test whether spoh1 plants autonomously produce HIFs that self-
induce prehaustoria, root extracts or exudates from spoh1 and WT seed-
lings were applied to WT P. japonicum and to S. hermonthica, a parasitic 
species in the same Orobanchaceae family. Little prehaustoria-inducing 
activity was observed after application of root extracts from either WT 
or spoh1 seedlings incubated on media with sucrose. In contrast, host 

Arabidopsis root extracts induced >10 prehaus-
toria per WT P. japonicum plant (fig. S4A). 
Similarly, <20% of Striga seedlings formed pre-
haustoria in response to WT or spoh1 root extracts, 
although spoh1 prehaustorium formation rates 
were higher than those of WT under sucrose-free 
conditions (fig. S4B). These results suggest that 
spoh1 plants contain low levels of active HIFs, or 
alternatively, other compounds contained in root 
extracts suppress HIF activity. However, spoh1 
exudates from sucrose-grown seedlings induced 
significantly more prehaustoria in WT P. japoni-
cum than WT exudates did, resulting in numbers 
of prehaustoria equivalent to micromolar levels of 
SyA (Fig. 2A and fig. S4C). These results indicate a 
greater release of HIFs from spoh1 seedlings in a 
sucrose condition. spoh1 exudates taken from plants 
grown in sucrose-containing media induced 
Striga prehaustoria at a 50% induction rate in a 
15.5% dilution, the activity corresponding to ∼1 μM 
DMBQ (Fig. 2, B to D, and fig. S4, D and E). This 
demonstrates that the spoh1 mutants grown in 
sucrose media secrete active HIFs.

Although spoh1 exudates grown without sucrose 
did not show significant HIF activity (Fig. 2A), spoh1 
nonetheless formed spontaneous prehaustoria un-
der such conditions (Fig. 1, D to F), indicating that 
spoh1 exhibits higher sensitivity to HIFs than WT. 
To assess this, spoh1 seedlings were treated with low 
concentrations of DMBQ (0.05 μM) and SyA (0.1 μM), 
concentrations at which WT P. japonicum failed to 
form prehaustoria. Under these conditions, spoh1 
produced a significantly higher number of prehaus-
toria (Fig. 2E), suggesting that spoh1 can respond 
to lower HIF concentrations than WT. However, 
in the presence of 10 μM DMBQ or SyA, spoh1 formed 
a comparable number of prehaustoria to WT, indicat-
ing that the maximum capacity for prehaustoria for-
mation remains limited in spoh1 mutants (Fig. 2E). 
Furthermore, spoh1 formed significantly more 
prehaustoria than WT during interactions with 
Arabidopsis (Fig. 2F), indicating that spoh1 is hyper-
sensitive to both HIFs and host signals.

To understand the molecular basis for the spoh1 
phenotype, we conducted RNA sequencing (RNA-
seq) analysis in WT and spoh1 mutants grown with 
or without 2% sucrose (Fig. 2G; fig. S5, A to D; and 
data S1 and S2). Among the 133 genes consistently 

and significantly up-regulated in spoh1 compared with WT, 33 genes 
were also up-regulated with 6-hour DMBQ treatment in WT (Fig. 2G 
and data S3 to S5). Several genes known to be involved in prehausto-
rium formation, such as PjQR2 (17) and PjPirin, a homolog of TvPirin 
(18), were among these genes (Fig. 2H and fig. S5E). PjYUCCA3, the 
ectopic expression of which can induce prehaustorium formation in 
P. japonicum (19), was also detected as an up-regulated gene in spoh1 
compared with WT with sucrose treatment (Fig. 2H and fig. S5E), 
confirming that a set of prehaustorium genes is activated in spoh1.

We further classified 6958 differentially expressed genes across all 
sample combinations into 12 clusters using self-organized mapping 
(fig. S6 and data S6). The 263 genes in cluster 3 had higher expression 
in spoh1 than in WT, and their expression was further increased by 
the addition of sucrose, showing an apparent correlation with spoh1 
HIF activity (fig. S6C). Gene ontology enrichment and network analyses 
indicated significant enrichment of KEGG (Kyoto Encyclopedia 
of Genes and Genomes) pathways related to the phenylpropanoid 

D

Incubation time

%
 p
la
nt
 w
ith
 p
re
ha
us
to
ria

11 d 18 d 27 d
0

50

100
n.s.n.s.

*

ndnd ndndnd nd

co
ntr
ol

su
cro
se

glu
co
se

fru
cto
se

ga
lac
tos
e

ma
lto
se

raf
fin
os
e

so
rbi
tol

ma
nn
ito
l0

2

4

6

8

P
re
ha
us
to
riu
m
 n
um

 / 
pl
an
t

a

b

b

b
b b b b

b b

E

spoh1

WT 

F
H

WT, control
WT, 2% sucrose
spoh1, control
spoh1, 2%sucrose

Incubation time

P
re
ha
us
to
riu
m
 n
um

 / 
pl
an
t

11 d 18 d 27 d
0

5

10

15
n.s.

**

**

nd ndndndndnd

0 60 120 180 240 300
0

10

20

30

Sucrose concentration (mM)

Pr
eh
au
st
or
iu
m
 n
um

 / 
pl
an
t

WT spoh1

Control

WT spoh1

Sucrose                         

WT
spoh1

control sucrose
0

5

10

15

La
te
ra
l r
oo
t n
um

be
r

**

G

F

I

WT spoh1

spoh1 AtWT At

B

C

WT spoh1A
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**P < 0.01). nd, not detected; n.s., not significant. (E) Box plots of spoh1 prehaustorium numbers after incubation 
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metabolic and biosynthesis processes, which include 
the lignin biosynthesis pathway (Fig. 2I and figs. S7 and 
S8). Cluster 3 encompasses genes encoding lignin bio-
synthesis enzymes, such as 4CL, CAD, F5H, and peroxi-
dases (fig. S1), along with a homolog of the MYB5 
transcription factor, suggesting that the spoh1 mutation 
activates lignin biosynthesis, a process further stimu-
lated by sucrose (Fig. 2J). Because lignin biosynthesis 
facilitates the production of HIFs in hosts and pre-
haustorium formation in S. hermonthica (10, 20), the 
up-regulation of lignin biosynthesis in spoh1 may con-
tribute to endogenous HIF production and hypersen-
sitivity to external HIFs.

The spoh1 phenotype is caused by a mutation  
in a UDP-glucosyltransferase
To identify the spoh1 gene, we sequenced F2 progeny 
genomes after backcrossing twice with WT and exam-
ined phenotypic segregation in F1 and F2 progenies. 
Most of the F1 progeny had the WT phenotype, with 
fewer than 10% displaying the spoh1 phenotype (table 
S1). The F2 progeny showed a 3:1 segregation ratio of WT 
to spoh1 phenotypes, indicating that the spoh1 phenotype 
is due to a single recessive mutation, although SPOH1 
function may be dose dependent. The genome sequence 
of bulked spoh1 phenotype F2 plants found two nonsyn-
onymous single-nucleotide polymorphisms (SNPs) with 
frequencies exceeding 95%, emerging as the potential 
spoh1 mutations (data S7). The first candidate SNP was 
in the gene encoding a homolog of Arabidopsis UGT72B1, 
a uridine diphosphate (UDP)–glucosyltransferase (UGT), 
with a nonsense mutation at Lys226 (Fig. 3A). The second 
candidate gene encoded a homolog of the Wiskott-
Aldrich syndrome (WAS) or WAS-like (WASL)–interact-
ing family protein with an unknown function, bearing a 
Lys109→Glu missense mutation (data S7).

Phenotypic complementation was evaluated in spoh1 
transgenic hairy roots overexpressing each candidate gene 
PjUGT72B1 (pUB::PjUGT72B1) or PjWAS (pUB::PjWAS) 
cotransformed with a green fluorescent protein (GFP) 
marker (Fig. 3B). WT hairy roots transformed with the 
empty vector produced very few prehaustoria, but nearly 
80% of spoh1 hairy roots with the empty vector formed 
prehaustoria, with an average of four per hairy root in 
response to 0.05 μM DMBQ for 7 days (Fig. 3C). spoh1 
transgenic roots overexpressing PjWAS showed a similar 
percentage of prehaustorium-forming hairy roots and num-
ber of prehaustoria per hairy root as the empty vector control. 
In contrast, hairy roots overexpressing PjUGT72B1 had a far 
lower percentage and prehaustorium number than the 
control (Fig. 3, B and C, and fig. S9A). Real-time quantita-
tive polymerase chain reaction (RT-qPCR) confirmed the 
overexpression of PjUGT72B1 and PjWAS in the hairy 
roots with slightly higher expression levels of PjUGT72B1 
in phenotypically complemented roots (fig. S9, B and C).

The role of PjUGT72B1 was further confirmed by gene 
knockout (KO) experiments. A BLAST search using the 
conserved PSPG box characteristic of UGT families identi-
fied 90 UGT-like sequences in the P. japonicum genome. A 
phylogenetic tree including both P. japonicum and 
Arabidopsis UGT sequences clustered into 14 distinct 
subfamilies (fig. S10) (21). The P. japonicum genome has 
UGTs in every subfamily (fig. S10). Within the UGT72B 
subclade of subfamily E, two additional genes were identi-
fied alongside Pjv1_00013539 (SPOH1): Pjv1_00011317 
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and Pjv1_00030197, which we have designated as SPOH1-like1 (SPOL1) 
and SPOL2, respectively (Fig. 3D and fig. S10). RNA-seq data showed no 
read mapping on SPOL2, indicating that this gene is not expressed in 
roots. Therefore, we generated KO hairy roots for both PjUGT72B1 and 
SPOL1 using the CRISPR-Cas9 system in a WT background. Exogenous 
treatment with 0.05 μM DMBQ induced prehaustorium formation only 
in PjUGT72B1-KO hairy roots, confirming PjUGT72B1 as the SPOH1 gene 
(fig. S11). Additionally, overexpression of SPOL1 in the spoh1 back-
ground failed to rescue the phenotype (Fig. 3C and fig. S12), suggest-
ing that SPOH1 is uniquely responsible for suppressing spontaneous 

prehaustorium formation and that SPOL1 may 
have other functions.

To investigate functional conservation 
of UGT72B1 across species, the Arabidopsis 
UGT72B1 homolog (AtUGT72B1) was overex-
pressed in spoh1 hairy roots, resulting in sig-
nificantly reduced prehaustorium formation 
compared with the spoh1 empty vector control, 
albeit significantly higher than hairy roots over-
expressing PjUGT72B1 (Fig. 3C). RT-qPCR analy-
sis confirmed the overexpression of AtUGT72B1 in 
hairy roots, indicating that the partial com-
plementation was not due to insufficient gene 
expression (fig. S9D). These results suggest that 
while AtUGT72B1 shares a similar function with 
PjUGT72B1, its activity is not fully equivalent.

O-Glucosyltransferase activity is 
essential for spoh1 complementation
AtUGT72B1 is a bifunctional enzyme with both 
O-glucosyltransferase (OGT) activity, catalyzing 
the glucosylation of the hydroxyl groups in phe-
nols, and N-glucosyltransferase (NGT) activity, 
which catalyzes the glucosylation of the amine 
groups in anilines (22). To investigate whether 
PjUGT72B1 is also bifunctional, we generated glu
tathione S-transferase (GST)–fused PjUGT72B1 and 
AtUGT72B1 in Escherichia coli and conducted 
in vitro glucosylation assays (fig. S13). We used 
2,4,5-trichlorophenol (TCP) and 3,4-​dichloroani-
line (DCA) as standard substrates for the OGT 
and NGT activities, respectively (fig. S14, A and 
B). Additional HPLC product peaks were evident 
in PjUGT72B1 reactions with both TCP and DCA 
(fig. S14, C and D), which corresponded to the 
glucose-conjugated forms of the substrates, as 
confirmed by liquid chromatography–mass spec-
trometry (LC-MS) (fig. S14, E and F).

Next, we assessed whether both OGT and 
NGT activities are required for SPOH1’s func-
tion in suppressing spontaneous prehausto-
rium formation. Sequence alignments with 
AtUGT72B1 indicated residues that might be 
relevant for each enzymatic function (fig. S15) 
(23). Accordingly, we generated PjUGT72B1 
mutants with NGT activity only (H18Q), OGT 
activity only (Y315F), loss of both activities 
(H18QY315F), and loss of catalytic activity 
(D115A) (Fig. 3E). The predicted enzyme activi-
ties of each modified PjUGT72B1 protein were 
confirmed by in vitro glucosylation assays 
(fig. S14, C and D). These mutants were then 
expressed in spoh1 to assess phenotypic com-
plementation. Neither the H18QY315F double 
mutant nor D115A rescued the spoh1 pheno-

type, underscoring the necessity of enzyme activity for SPOH1 function 
(Fig. 3F and fig. S12). In contrast, the Y315F mutant successfully comple-
mented the spoh1 phenotype, but the H18Q mutant did not, indicating 
that OGT activity, rather than NGT activity, is responsible for sup-
pressing spontaneous prehaustorium formation (Fig. 3F and fig. S12).

PjUGT72B1 functions in the maturation zone of roots
The promoter activity of PjUGT72B1, visualized with the PjUGT72B1p-
mCherry-NLS construct, was detected in the maturation zone of roots, 
whereas no signal was observed in the meristematic zone regardless of 
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bp, base pairs. (B) Phenotypes of hairy roots transformed with empty vector (ev) or overexpressing PjWAS or 
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HIF application (Fig. 3G and fig. S16). In the elongation zone, where pre
haustoria generally form in response to HIFs, a weaker mCherry signal 
was detected, which intensified as prehaustoria developed (Fig. 3G and 
fig. S16). During host invasion, a strong mCherry signal was observed 
at the interface with host tissues, particularly in the intrusive cells at the 
haustorium apex (fig. S17), suggesting a potential role for PjUGT72B1 
during host invasion. Localization studies of a constitutively expressed 
fusion protein pUB::mCherry-PjUGT72B1, which complemented the 
spoh1 phenotype (fig. S18), indicated that PjUGT72B1 localizes to both 

the cytosol and nuclei (Fig. 3H). This suggests that PjUGT72B1 glucosyl-
ates intracellular phenolic compounds mainly in the root maturation zone.

Expression patterns of PjUGT72B1 may indicate that suppression of 
spontaneous prehaustorium formation occurs in the maturation zone 
rather than in the elongation zone where wild-type prehaustoria normally 
form. Supporting this hypothesis, we observed that spoh1 tends to form 
more prehaustoria in the maturation zone. About half of spoh1 spontane-
ous prehaustoria formed in the maturation zone compared with 98% 
of HIF-induced prehaustoria in WT forming in the elongation zone 
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Fig. 4. PjUGT72B1 regulates HIF activity  
in the parasite and the host by glucosylation 
and subsequent inactivation of HIFs. (A and  
B) In vitro glucose transfer to vanillin (A) and SyA 
(B) by UGT72B1 analyzed by LC-MS. GST only and 
GST-PjUGT72B1 D115A mutant (PjUGT D115A) 
were used as negative controls. The extracted ion 
chromatograms of vanillin [151 m/z (mass/
charge ratio)] and SyA (197 m/z) are shown, 
respectively. “Standard” indicates chromatogram 
of the standard substrate. Small insets show MS 
ion peaks of the products. (C) Prehaustorium 
formation rates in S. hermonthica treated with 
various HIFs (vanillin, SyA, FerA, and SinA) and 
their corresponding glucosides (vanillin-Glc, 
SyA-Glc, FerA-Glc, and SinA-Glc). n = 8 biological 
replicates. Different letters indicate significant 
differences detected by Tukey post hoc test (P < 
0.05). (D) Amounts of HIFs in exudates  
of WT and spoh1 seedlings grown with or  
without sucrose were measured by liquid 
chromatography–tandem mass spectrometry 
with multiple reaction monitoring (MRM-LC- 
MS/MS). (E) Prehaustorium number per plant in 
WT P. japonicum treated by exudates of 
Arabidopsis Col-0 and atugt72b1 mutant 
overexpressing AtUGT72B1, PjUGT72B1, or 
PjUGT72B1 D115A mutant. The phenotypes of 
PjUGT72B1 and D115A mutant overexpressing 
lines were confirmed with two independent 
transgenic lines. n =12 plants. Asterisks indicate 
significant differences compared with Col-0 
(Student t test, two-tailed, * adjusted P value with 
Benjamini-Hochberg method < 0.05). (F) A model 
for kin avoidance of parasitic plants through HIF 
glucosylation. In Arabidopsis (a host plant), 
AtUGT72B1 glucosylates G-type lignin-related 
phenolics but not S-type, which therefore remain 
as active HIFs. In P. japonicum WT, both G- and 
S-type phenolics are glucosylated by PjUGT72B1 
and are therefore no longer active as HIF. In  
spoh1, PjUGT72B1 is mutated, and therefore 
active HIFs are produced by the parasite, which 
induce spontaneous prehaustorium formation.
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(fig. S19). This suggests that the PjUGT72B1 mutation allows P. japonicum 
to respond to its endogenous HIFs in the maturation zone, thus trig-
gering spontaneous prehaustorium formation. These observations are 
in line with the observation that HIFs originate from the lignin pathway 
and lignin deposition occurs in the root maturation zone (24).

PjUGT72B1 catalyzes HIF glucosylation with different substrate 
specificity from AtUGT72B1
Given that spoh1 produces more HIFs in its exudates than WT and that 
phenolic glucosylation is crucial for suppressing spontaneous prehausto-
rium formation, we hypothesized that PjUGT72B1 mediates the glucosyl-
ation of HIFs produced by P. japonicum. The glucosylation would thereby 
prevent self-induced prehaustorium formation by inactivating endoge-
nous HIFs. To test this model, we assayed in vitro enzyme activity on 
vanillin, SyA, FerA, and sinapic acid (SinA) as potential substrates. WT 
PjUGT72B1, but not catalytically inactive D115A, glucosylated all of these 
substrates, shown by new LC-MS peaks corresponding to glucosylated 
substrates (Fig. 4, A and B, and fig. S20). AtUGT72B1 glucosylated the 
G-type HIFs, vanillin and FerA, but failed to act on the S-type HIFs, SyA 
and SinA (Fig. 4, A and B, and fig. S20). This contrasts with the HIF activ-
ity, in which the S-type lignin-related phenolics generally exhibit higher 
activity than the G-type (10). This difference in substrate specificity could 
explain why AtUGT72B1 only partially complements the spoh1 phenotype; 
the S-type HIFs likely remain active for prehaustorium induction.

To further validate the inactivation of HIFs by glucosylation, the 
prehaustorium induction activity of the HIF glucosides, vanillin-Glc, 
FerA-Glc, and SyA-Glc, was tested on S. hermonthica. Whereas the un-
modified forms of vanillin, SyA, and FerA demonstrated robust HIF 
activity, their glucosylated forms, vanillin-Glc, SyA-Glc, and FerA-Glc, 
showed significantly reduced HIF activities (Fig. 4C and fig. S21). 
Consistent with a previous study (10), SinA exhibited weak HIF activ-
ity, and its glucoside (SinA-Glc) had correspondingly low HIF activity 
(Fig. 4C). Overall, these results indicate that HIF glucosylation nearly 
eliminates prehaustorium-induction activity, strongly supporting the 
hypothesis that PjUGT72B1 modulates prehaustorium induction 
through HIF glucosylation.

UGT72B1 regulates the HIF production of host plants
To establish whether spoh1 exudes more HIFs than does WT P. japonicum, 
HIFs in the exudates were quantified. When grown on 4% sucrose, spoh1 
indeed exuded larger amounts of vanillin, syringaldehyde, and aceto-
syringone than WT (Fig. 4D). Other HIFs, including DMBQ, SyA, FerA, 
and vanillic acid were not higher in spoh1 exudates than in WT (fig. S22). 
The specific contribution of each of these HIFs to exudate-induced 
prehaustorium formation remains to be elucidated.

UGT72B1 may also contribute to production of HIFs in host plants, 
thereby modulating prehaustorium induction in parasitic plants. To 
test this possibility, we used the exudates of the Arabidopsis atugt72b1 
transferred DNA mutant seedlings, which induced significantly more 
prehaustoria in WT P. japonicum compared with Col-0, indicating that 
AtUGT72B1 normally attenuates endogenous HIF activity in the host 
plant (Fig. 4E). Overexpression of AtUGT72B1 rescued the atugt72b1 
phenotype, resulting in induction of a comparable number of prehaus-
toria to Col-0, whereas overexpression of PjUGT72B1, but not catalyti-
cally inactive D115A mutant, displayed lower prehaustorium induction 
activity compared with Col-0 (Fig. 4E). These results suggest that in-
troduction of PjUGT72B1 confers stronger suppression of HIF exuda-
tion in host plants than the host endogenous enzyme, possibly because 
of the broader substrate specificity (Fig. 4F).

Conclusions
Here we uncovered a previously unknown role for the glucosylation of 
lignin-related phenolics in kin avoidance by Orobanchaceae hemiparasitic 
plants. Divergent substrate specificities of UGT72B1 between parasite 

and host enable discrimination of kin from potential hosts, suggest-
ing a strategy to engineer crops that are effectively “invisible” to 
parasitic weeds. Accordingly, manipulating HIF production or glu-
cosylation pathways in crop species may offer innovative approaches 
to mitigate parasitic weed infections. Moreover, our findings raise an 
intriguing question: Why do nonparasitic plants exude lignin mono-
mers and the associating phenolics into the rhizosphere? The regula-
tion of these phenolic compounds by UGT72B1 in autotrophic plants 
hints at unexplored ecological roles in plant-plant and/or plant-
microbial communication. Future studies of these pathways may un-
cover novel functions for phenolic compounds in soil ecosystems.
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Editor’s summary
Parasitic plants can be devastating to crops. Plants in the Orobanchaceae family are typically parasitic but rarely
parasitize their own or closely related species. Xiang et al. identified an enzyme in the parasitic plant Phtheirospermum
japonicum that conjugates sugars to phenolic compounds involved in stimulating the formation of the parasitic organ
called the haustorium (see the Perspective by Runo). By inactivating its own haustorium-inducing factors, the parasitic
plant ensures that it will not infect itself or its kin. By comparison, the sugar-conjugation enzyme in the model mustard
family plant Arabidopsis thaliana has different substrate specificity, meaning that haustorium-inducing phenolics remain
active and the plant can be parasitized. —Madeleine Seale
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