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Auxin is a class of plant hormone that plays a crucial role in the life
cycle of plants, particularly in the growth response of plants to
ever-changing environments. Since the auxin responses are
concentration-dependent and higher auxin concentrations might
often be inhibitory, the optimal endogenous auxin level must be
closely controlled. However, the underlying mechanism governing
auxin homeostasis remains largely unknown. In this study, a
UDP-glycosyltransferase (UGT76F1) was identified from Arabidopsis
thaliana, which participates in the regulation of auxin homeostasis
by glucosylation of indole-3-pyruvic acid (IPyA), a major precursor of
the auxin indole-3-acetic acid (IAA) biosynthesis, in the formation of
IPyA glucose conjugates (IPyA-Glc). In addition, UGT76F1 was found
to mediate hypocotyl growth by modulating active auxin levels in a
light- and temperature-dependent manner. Moreover, the transcrip-
tion of UGT76F1 was demonstrated to be directly and negatively
regulated by PIF4, which is a key integrator of both light and temper-
ature signaling pathways. This study sheds a light on the trade-off
between IAA biosynthesis and IPyA-Glc formation in controlling auxin
levels and reveals a regulatory mechanism for plant growth adapta-
tion to environmental changes through glucosylation of IPyA.
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In the evolutionary selection of higher plants, light is an im-
portant energy source for plant life (1). Other than this, with

global climate change altering the availability of resources, light is also
an important environmental cue for the plasticity response of growth
to sustained climate change. For optimal growth and development,
the perception and processing of information from the surrounding
environment are crucial to plant performance. In addition to light, the
ambient temperature also serves as another major stimulus that
regulates plant development. The network of signaling pathways for
these two key cues is the basis for adaptive plant growth.
Recently, it has been proven that the members of phytochrome-

interacting factors (PIFs, such as PIF1, PIF3, PIF4, PIF5, and
PIF7) play a central role in regulating multiple morphological re-
sponses in plants from seed germination to vegetation structure,
with functional redundancy in some aspects, but also specificity in
certain reactions (2–7). In addition, PIF transcription factors have
also been identified as the core integrators or signaling hubs linking
multiple environmental cues, including light, ambient temperature
(8, 9), the circadian clock (10–12), and phytohormones (13–17).
PIF4 accumulates in the dark to promote skotomorphogenesis

and plays a major role in sensing light and temperature to mediate
plant growth and development (18–21). It is a key regulator not
only in promoting elongation growth in response to external sig-
nals, but also in response to internal signals, such as the circadian
clock (22–24) and hormones (25–29). Indole-3-acetic acid (IAA) is
a type of the earliest discovered auxin hormones, which is essential
for plant growth and development. It has been reported that, with
the increase in ambient temperature, the content of free IAA in-
creases, resulting in increased hypocotyl elongation (30). Moreover,

PIF4 has been shown to activate the expression of auxin-related
genes, such as YUCCA8 (YUC8) and several SAURs (9, 31).
Indole-3-pyruvic acid (IPyA) is considered the predominant
precursor for IAA biosynthesis. The YUC family has been shown
to play a role in the conversion of IPyA to IAA in Arabidopsis
thaliana, and it is believed that the conversion of IPyA to IAA is
the main IAA biosynthesis pathway in plants (32, 33). However,
the mechanisms that regulate auxin homeostasis for adaptive
growth and development of plants under specific environmental
cues remain largely unknown.
In the present work, we identify UGT76F1 as a glycosyltransferase

which participates in the regulation of auxin homeostasis through the
glucosylation of IPyA, the major precursor of IAA. In addition, we
demonstrate that the transcription of UGT76F1 is directly regulated
by PIF4. Moreover, we found that UGT76F1 regulates hypocotyl
growth by modulating auxin levels in a light- and temperature-
dependent manner. Thus, our findings reveal a mechanism for
regulating auxin homeostasis for plant adaptive growth to changes in
the external environment.

Results
UGT76F1 Is Transcriptionally Up-Regulated by Light Signal. Upon
screening possible transcriptionally induced members in response
to natural light signals in the UDP-glycosyltransferase (UGT)
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family of Arabidopsis, the UGT76F1 gene was found to be evi-
dently up-regulated by light (https://genevestigator.com/gv/). In
order to verify whether the expression of UGT76F1 was altered by
light, RT-qPCR analysis and the UGT76F1Pro::GUS transgenic
plants were used in this study. UGT76F1 expression was found to
be clearly induced at 3 and 5 h after exposure to light (Fig. 1A). In

addition, continuous white light also induced UGT76F1 transcript
accumulation in a fluence rate-dependent manner (Fig. 1B), in-
dicating that high light intensity can more effectively induce the
expression of UGT76F1. Consistent with RT-qPCR results,
β-glucuronidase (GUS) staining and GUS activity analysis
revealed that a 5-h white light treatment for dark-grown seedlings
was sufficient to significantly induce UGT76F1 transcript accu-
mulation (Fig. 1 C and D). Moreover, the inducibility ofUGT76F1
transcription was retained in red and blue light (Fig. 1E). These
results suggest that UGT76F1 expression is controlled by light
signals.

UGT76F1 Modulates Hypocotyl Growth in a Light-Dependent Manner.
To investigate whether the UGT76F1 gene is involved in photo-
morphogenesis or in skotomorphogenesis, we generated UGT76F1
overexpression lines (OE lines) and knockout mutants (ko lines).
The ugt76f1ko-2 is an insertion mutant, and ugt76f1ko-6 is a de-
letion mutant created by the CRISPR/Cas9 system, both of which
have the function loss of UGT76F1 (SI Appendix, Fig. S1 A–C). We
have determined that these two mutants are Cas9-free (SI Ap-
pendix, Fig. S1D). OE-2, OE-3, OE-5, and OE-6 are overexpression
lines with much higher transcript levels of UGT76F1 than those of
wild-type (WT) plants (SI Appendix, Fig. S1E). Since hypocotyl
growth is a good marker for the photomorphogenesis response, we
compared the hypocotyls of WT, UGT76F1 overexpression lines,
and ugt76f1 mutant lines after 5 d of growth under dark, red, blue,
and white light with indicated light intensity. Although the hypo-
cotyl lengths of different genotypes were comparable under the
dark conditions, there were significant differences in the hypocotyl
elongation between the WT and different transgenic lines of
UGT76F1 under continuous red, blue, and white light conditions
(Fig. 1F). In detail, ugt76f1mutant lines displayed longer hypocotyls
than WT under continuous white, red, and blue light. However,

Fig. 1. The light induction of UGT76F1 expression and the phenotypes of
UGT76F1 overexpression lines and mutant lines. (A) UGT76F1 transcript abun-
dance was significantly induced in WT seedlings by 5 h of treatment with white
light after growing in continuous darkness for 5 d. (B) Light-induced expression
patterns of UGT76F1 in a light-intensity–dependent manner in 5-d-old WT
seedlings. (C) GUS staining of pUGT76F1-GUS expressing seedlings grown in
continuous darkness for 5 d and then shifted to light for 5 h. (Scale bars, 1 mm.)
(D) Measurement of GUS activities for pUGT76F1-GUS–expressing seedlings
grown in continuous darkness for 5 d and then shifted to light for the in-
dicated time. Data are presented by means ± SD. **Significant difference at
P < 0.01 relative to GUS activities in darkness (Student’s t test). (E) The in-
duction of UGT76F1 expression by red and blue light. Data are presented by
means ± SD. **Significant difference at P < 0.01 relative to GUS activities in
darkness (Student’s t test). (F) Phenotypes of the UGT76F1 overexpression lines
and mutants grown under continuous darkness or various light conditions for
5 d. (Scale bars, 1 mm.) (G) Hypocotyl length of seedlings shown in F. Data
shown are means ± SD. n = 30. Student’s t test was performed (*P < 0.05, **P <
0.01). Experiments were conducted for three biological replicates, yielding
similar results.

Fig. 2. Relative transcription abundance of UGT76F1 in different light sig-
nal mutants. (A) The light-induced up-regulation of UGT76F1 was abolished
in the mutants of phyA, phyB, or crys under white light treatment for 5 h
after growing in continuous darkness for 5 d. (B and C) The effects of re-
moving PIF1, PIF3, and PIF4 on transcript accumulation of UGT76F1 under
continuous white light (B) or darkness (C). (D) UGT76F1 transcript accumu-
lation was significantly suppressed by the overexpression of PIF3 and PIF4.
Data shown are means ± SD. n = 3. Student’s t test for each genotype was
performed (**P < 0.01).
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under these light conditions, UGT76F1 overexpression seedlings
exhibited shorter hypocotyls than WT. These results indicate that
UGT76F1 modulates hypocotyl growth in a light-dependent man-
ner (Fig. 1 F and G). In addition, after 10 d of growth in the dark,
UGT76F1 overexpression lines were more prone to cotyledon
opening than WT (SI Appendix, Fig. S2 A and B). Typically, the
expression levels of light-regulated genes increased during photo-
morphogenesis in young seedlings (34, 20). The study found that, in
the dark and after light exposure, two light-regulated marker genes,
namely the light-harvesting chlorophyll a/b-binding protein
2 (CAB2) and the photosystem I light-harvesting complex gene
6 (LHCA6), were up-regulated much more in UGT76F1OE
lines than in WT (SI Appendix, Fig. S2 C and D). These ob-
servations suggest that UGT76F1 may be involved in the positive
regulation pathway of photomorphogenesis.

PIF4 Negatively Regulates UGT76F1 Transcription by Physically Interacting
with the UGT76F1 Promoter. Previous work has shown that plants have
evolved a series of photoreceptors to better sense light signals in the
environment. To determine the contributions of photoreceptors to
UGT76F1-mediated photomorphogenesis, the transcription levels
of the UGT76F1 gene were examined in different light-signal re-
ceptor mutants. We found that once these photoreceptors (such as
PHYA, PHYB, and CRYs) were removed, the light-induced accu-
mulation of UGT76F1 transcripts reduced (Fig. 2A). This result
suggests that UGT76F1 expression is affected by multiple photo-
receptors in the light signal pathway.
PIFs are negative regulators of photomorphogenic development

mediated by photoreceptors and are critically relevant for the pho-
toperiodic control of hypocotyl elongation. Based on this, we further
clarified the relationship between UGT76F1 and PIFs and examined
the expression levels of UGT76F1 in the mutants of PIF1, PIF3, and
PIF4 under continuous white light or dark conditions. RT-qPCR
analysis showed that UGT76F1 transcript accumulation in the pif4
mutant was most significantly up-regulated under continuous light or
dark conditions (Fig. 2 B and C). In contrast, UGT76F1 transcrip-
tion was most significantly repressed by PIF4 overexpression (Fig.
2D), suggesting that UGT76F1 may act downstream of PIF4.
Next, we investigated whether PIF proteins, including PIF1, PIF3,

PIF4, and PIF5, interact directly with the UGT76F1 promoter. PIF
transcription factors are known to bind to variants of the E boxes
(CANNTG), including the G box (CACGTG), the PIF-binding E
(PBE)-box (CACATG/CATGTG), and the ACGT-containing ele-
ment (ACE) (35–37). To identify the putative cis elements of
UGT76F1 bound by PIFs, a 2,000-bp upstream DNA sequence
before the translation initiation codon (ATG) was analyzed using
the PlantCARE database (38). Sequence analysis indicated that
multiple ACE, PBE-box, and G-box elements were found within the
UGT76F1 promoter (Fig. 3A). Hereafter, yeast one-hybrid (Y1H)
assays were performed to test the interaction between PIF proteins
and these cis elements. As shown in Fig. 3B, the study found that
PIF1, PIF3, and PIF4 had the possibility of binding to the UGT76F1
promoter in Y1H assays.
The interaction between the PIF4 and UGT76F1 promoters

was also confirmed by chromatin immunoprecipitation (ChIP)
using an anti-GFP antibody followed by qPCR (ChIP-qPCR)
assay, showing a stronger binding of PIF4 to the P1 and P5 re-
gions of the UGT76F1 promoter (Fig. 3 A and C). PIF4 has a
different affinity for these motifs. P2, P4, and P6 did not show a
significant recovery compared to P3 (the negative control), in-
dicating that there is no binding of PIF4 to these promoter
elements.
Because PIF4 could mediate hypocotyl elongation at high

temperature, we further examined the activity of PIF4 directly
binding to the UGT76F1 promoter in planta in response to the
elevated temperature. ChIP assays were performed at both 22 °C
and 28 °C. Our results show that PIF4 has a universal binding
with P1, P2, P4, P5, and P6 regions at a treatment of 28 °C (Fig.

3D). At 28 °C, P1 and P4 containing the ACE element are
preferentially bound.
To further confirm that the transcription activity of UGT76F1

was affected by PIFs, a dual-luciferase (LUC) reporter plasmid
was constructed, which encodes a firefly LUC gene driven by the
UGT76F1 promoter (−1,812 to 0 bp) and a Renilla luciferase
(REN) gene driven by the constitutive 35S promoter (Fig. 3E).
The results show that all overexpression of PIF1, PIF3, and PIF4

Fig. 3. PIF4 is the major regulator for transcription activity of UGT76F1. (A)
Promoter structure of the UGT76F1 gene and fragments used in the ChIP
assay. The G box, ACE, and PBE box on sense strand of the UGT76F1 pro-
moter are indicated by solid ovals, empty ovals and solid bars, respectively.
P1–P6 indicate the promoter regions containing the above sequence or
not, which were used in the ChIP/qPCR assay. (B) Yeast one-hybrid binding
assay involving PIF1, PIF3, PIF4, PIF5, and UGT76F1 promoter. (C and D)
ChIP-qPCR assay indicated that PIF4 is associated with the promoters of
UGT76F1. Graphs show the ratio of bound promoter fragments (P1 to P6)
versus total input detected by qPCR after immunoprecipitation. Mouse IgG
was used as a mock control. Input sample was used to normalize the qPCR
results in each ChIP. Data are means ± SD. n = 3. The experiments were
repeated twice with similar results. (E and F ) PIF4 transcriptionally acti-
vates the promoter of UGT76F1 in Arabidopsis protoplasts via transient
dual-luciferase assays. The LUC-to-REN ratio indicates the activity of the
transcription factors on the expression level of the promoters. LUC: firefly
luciferase activity; REN: Renilla luciferase activity. Data are means ± SD. n =
30. Significant difference was compared to control. Student’s t test was
performed (*P < 0.05, **P < 0.01).
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can suppress the luciferase activity of the UGT76F1 reporter as
compared to the empty vector control, especially the overexpression
of PIF4, which suppresses ∼90% of the luciferase activity of the
UGT76F1 reporter (Fig. 3F). All in all, these results provide strong
evidence for the regulation activity of PIFs on UGT76F1 and in-
dicate that PIF4 may play a major role in regulating UGT76F1
activity among the PIFs examined in this paper.

UGT76F1 Regulates High-Temperature–Mediated Hypocotyl Elongation.
Given that PIF4 is involved in high-temperature–induced hypo-
cotyl elongation in Arabidopsis (8, 39, 40) and transcriptionally
regulatesUGT76F1 expression, we investigated whether UGT76F1
is also involved in the plant response at an elevated temperature.
An elevated temperature of 28 °C is known to promote signifi-
cant hypocotyl elongation. Thus, hypocotyl elongation of WT,
UGT76F1 overexpression lines, and ugt76f1 mutants was recorded
after 6 d of growth in continuous white light at 22 °C or at 22 °C for
4 d and then transferred at 28 °C for another 48 h. The ugt76f1
mutants exhibited longer hypocotyls, whereas the UGT76F1 over-
expression lines produced shorter hypocotyls at 22 °C (Fig. 4A).
When transferred at 28 °C, both mutants and overexpressors further
increased the differences in hypocotyl length with respect to WT
(Fig. 4 B–D). We measured and quantified the cell length in the
elongation zone of the hypocotyls. Similarly, both mutants and
overexpressors increased the differences in the cell length of hypo-
cotyls from WT at 28 °C compared with that at 22 °C (Fig. 4 E–G).

Transcript analysis showed that the transcript abundance of the
UGT76F1 gene was reduced in a 28 °C treatment (SI Appendix,
Fig. S3A). As soon as PIF4 is mutated, the high temperature-
induced suppression of UGT76F1 transcript accumulation attenu-
ates (SI Appendix, Fig. S3B). These data indicate that PIF4 acts as a
negative regulator of UGT76F1 transcription in high-temperature–
induced hypocotyl elongation.
Furthermore, we compared the hypocotyl phenotypes of pif4,

ugt76f1ko, and pif4 ugt76f1ko double mutants. We found that
the removal of UGT76F1 dramatically increased the hypocotyl
elongation at 28 °C. The pif4 ugt76f1ko double mutants signifi-
cantly suppressed the phenotype of pif4 mutants (Fig. 5 A–C). In
addition, we obtained the 35S:PIF4 UGT76F1OE hybrid plants
(SI Appendix, Fig. S4). We found that hybrid plants clearly
suppressed the long hypocotyl phenotype of the 35S:PIF4 plants
at 22 °C and 28 °C (Fig. 5 D–F). In conclusion, the above data
provide reliable evidence that UGT76F1 genetically acts down-
stream of PIF4 in regulating high-temperature–induced hypo-
cotyl elongation.

UGT76F1 Catalyzes IPyA Glucosylation In Vitro and In Vivo.UGT76F1
is a member of the UDP-dependent glycosyltransferase family,
which mainly uses UDP-glucose as a sugar donor to catalyze the
glucosylation of plant secondary metabolites (41–43). To com-
prehend the mechanism by which UGT76F1 is involved in the
regulation of hypocotyl growth, a series of natural plant sec-
ondary metabolites were screened to identify their possible
substrates. UGT76F1 fused with GST was expressed in Escher-
ichia coli, purified, and used in this enzyme assay. We found that
UGT76F1 had a high and specific enzymatic activity only toward
IPyA (SI Appendix, Table S1, and Fig. 6A). IPyA is known to be
the major precursor of IAA in the auxin biosynthesis pathway.
Interestingly, when IAA and indole-3-butytric acid (IBA), which
exist widely in higher plants as active forms of auxin, were tested
as potential substrates, no detectable enzyme activity was found
(Fig. 6 B and C), suggesting that only IPyA, but not IAA and
IBA, is the natural substrate of UGT76F1 in planta. Moreover,
liquid chromatography-mass spectrometry (LC-MS) was used to
verify the reaction products of IPyA. The molecular weight (M)
of the IPyA-glucose conjugate (IPyA-Glc) is known to be 365. In
the positive ionization mode, the reaction products exhibited
dominant ion peaks at m/z 204 (M + H+− Glc), 366 (M + H+),
and 383 (M + NH4

+), which correspond well to the expected
protonated molecular ions of IPyA-Glc (Fig. 6D). In addition to
the end-point analysis, we also examined the kinetic data for
IPyA glycosylation. As a result, the high glucosylating activity of
UGT76F1 toward IPyA was demonstrated in vitro (SI Appendix,
Table S2).
To further investigate whether UGT76F1 contributes to IPyA

glucosylation in vivo, the endogenous total IPyA-Glc fromUGT76F1
overexpression lines and mutant lines was extracted and analyzed
by high-performance liquid chromatography (HPLC). Even
though the basal level of IPyA-Glc is very low, we can still find that
the IPyA-Glc accumulation in UGT76F1 overexpression lines is
much higher than that of WT. However, the IPyA-Glc level in
ugt76f1 mutants was almost half that in WT (Fig. 6E). If the plant
tissues were applied with exogenous IPyA for 12 h before the
extraction process, then the UGT76F1 overexpression lines accu-
mulated an even much higher level of IPyA-Glc than that in WT
and that in overexpression lines without prior application. On the
contrary, IPyA-Glc in the ugt76f1 mutants was much less than that
in WT (Fig. 6F). These data indicate that UGT76F1 can cat-
alyze IPyA glucosylation in vivo. The endogenous IPyA-Glc
extracted from overexpression lines and mutant lines was further
subjected to LC-MS analysis, and the IPyA-Glc identity was vali-
dated (SI Appendix, Fig. S5).
From the above-mentioned assays, we know that UGT76F1 is

negatively regulated by PIF4. Thus, to figure out whether the

Fig. 4. UGT76F1 inhibits high-temperature–promoted hypocotyl elonga-
tion. (A and B) Phenotypes of seedlings grown in continuous white light at
22 °C for 6 d (A) or at 22 °C for 4 d and then shifted to 28 °C for another 48 h
(B). (Scale bars, 1 mm.) (C) Hypocotyl length of indicated seedlings shown in
A and B. (D) Hypocotyl length ratios (28 °C/22 °C) of the quantified hypocotyl
length in C. (E) Hypocotyl cell length observed by scanning electron micro-
scope. (Scale bars, 100 μm.) (F) Cell-length quantification of indicated
seedlings shown in E. (G) Cell-length ratios (28 °C/22 °C) of the quantified cell
length in F. Data are means ± SD. n = 30. Significant difference was com-
pared to respective WT. Student’s t test was performed (**P < 0.01).
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IPyA-Glc formation is affected by PIF4, we compared the IPyA-
Glc accumulation of pif4 mutants with WT under white light and
different temperatures (22 °C and 28 °C). The experimental re-
sults indicated that IPyA-Glc contents were obviously increased
upon PIF4 removal compared with the WT at either 22 °C or
28 °C under continuous white light (Fig. 6 G and H). This result
not only shows the effect of PIF4 on IPyA-Glc formation, but
also further proves that PIF4 negatively regulates UGT76F1
expression from a biochemical perspective.
In conclusion, our results demonstrate the biochemical func-

tion of UGT76F1 and indicate that UGT76F1 is responsible for
IPyA glucosylation in plant cells.

UGT76F1 Functions in Regulating Endogenous Auxin Levels. In the
YUC flavin monooxygenase pathway of auxin biosynthesis,
which is considered to be the main auxin biosynthesis pathway in
Arabidopsis, IPyA is directly converted into IAA by the flavin
monooxygenase-like proteins (YUC family). Given that IPyA
can be glycosylated by UGT76F1, whether or not UGT76F1
affects endogenous auxin level and auxin response would be an
interesting question. To this end, we introduced the auxin-
responsive reporter construct DR5:GUS into UGT76F1 trans-
genic plants. After IAA treatment, the expression of DR5:GUS
exhibited a dramatic decrease in UGT76F1OE plants compared
to that of WT, whereas ugt76f1ko plants exhibited a dramatic
increase in DR5:GUS expression (Fig. 7A). We further de-
termined the content of free IAA in 5-d-old light-grown seed-
lings. UGT76F1 overexpression seedlings had lower levels of IAA,
whereas ugt76f1 mutants accumulated much more IAA than WT

at both 22 °C and 28 °C (Fig. 7B), indicating that UGT76F1 has an
important role in regulating endogenous auxin levels through
IPyA glucosylation. Our observation of root length supports this
conclusion (SI Appendix, Fig. S6).
Picloram is a synthetic “proauxin” compound that can enter

plant tissues and is subsequently hydrolyzed to substance with
auxin activity, which can efficiently promote hypocotyl elongation

Fig. 5. UGT76F1 is involved in PIF4-mediated and temperature-promoted
hypocotyl elongation. (A) Phenotypes of pif4, ugt76f1ko, and pif4
ugt76f1ko seedlings grown in continuous white light at 22 °C for 6 d or at
22 °C for 4 d and then transferred to 28 °C for another 48 h. (Scale bar,
1 mm.) (B) Hypocotyl length of seedlings shown in A. Data are means ± SD.
n = 30. Significant difference was compared to respective WT at 22 °C or
28 °C. Student’s t test was performed (*P < 0.05, **P < 0.01). (C) Hypocotyl-
length ratios (28 °C/22 °C) of the quantified hypocotyl length in B. (D) Phe-
notypes of 35S:PIF4, UGT76F1OE, and 35S:PIF4UGT76F1OE seedlings grown
in continuous white light at 22 °C for 6 d or at 22 °C for 4 d and then
transferred to 28 °C for another 48 h. (Scale bars, 1 mm.) (E) Hypocotyl
length of seedlings shown in D. Data are means ± SD. n = 30. Significant
difference was compared to respective WT at 22 °C or 28 °C. Student’s t test
was performed (*P < 0.05, **P < 0.01). (F) Hypocotyl-length ratios (28 °C/
22 °C) of the quantified hypocotyl length in E.

Fig. 6. The in vitro and in vivo glucosylating activity of UGT76F1 toward
IPyA. (A) Potential reaction product (IPyA-glucose conjugates, IPyA-Glc) from
IPyA was found by HPLC analysis. UDP-glucose was used as the sugar donor.
(B) No reaction product from IAA was found by HPLC analysis. (C) No re-
action product from IBA was found by HPLC analysis. (D) Identity of reaction
products from IPyA was further confirmed by LC-MS analysis under positive
ion mode. (E and F) HPLC profiling of IPyA glucose conjugates (IPyA-Glc)
from WT, overexpression lines (OE-5, OE-6), and mutant lines (ko-2, ko-6).
The 7-d-old seedlings grown at 22 °C were incubated without (E) or with (F)
100 μM IPyA for 12 h before the extraction process. (G) HPLC profiling of
IPyA glucose conjugates in WT and pif4 mutant lines grown at 22 °C for 7 d.
(H) HPLC profiling of IPyA glucose conjugates in WT and pif4 mutants grown
at 22 °C for 6 d and then shifted to 28 °C for 24 h. Caffeic acid was used as a
reference in these assays to monitor the recovery rate. The IPyA glucose
conjugates formed by UGT76F1 catalysis were used as the standards. Three
biological replicates were conducted, yielding similar results.
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(44). We used picloram to study the effect of UGT76F1 on en-
dogenous auxin levels. We found that, at high concentrations of
picloram capable of inhibiting hypocotyl elongation of WT at
28 °C, UGT76F1 overexpression reduced the inhibition efficiency,
while loss of UGT76F1 function enhanced the inhibition efficiency
(Fig. 7 C and D). This experiment suggests that UGT76F1 alle-
viates the inhibitory effect of auxin on hypocotyl elongation to
some extent through glucosylation of endogenous IAA.
In the IPyA pathway of IAA biosynthesis, tryptophan amino-

transferase (TAA/TAR1) converts Trp to IPyA, which is subsequently
converted by the YUCs to IAA (32, 33, 45). L-kynurenine, a Trp
analog, was identified as a competitive inhibitor of TAA1/TARs in
Arabidopsis (46). To examine the relationship between UGT76F1
and TAA1, the phenotypes of kynurenine-treated WT (equivalent
to taa mutant) and ugt76f1ko plants were studied. We discovered
that UGT76F1 knockouts can suppress the phenotype of
kynurenine-treated WT. In addition, the phenotype of UGT76F1
knockout mutants can also be suppressed by L-kynurenine (SI
Appendix, Fig. S7). This experiment provides strong support for
the role of UGT76F1 in the inactivation of endogenous IAA.
Furthermore, we studied the effects of UGT76F1 and PIF4 on

the expression of several auxin-responsive genes in 5-d-old
seedlings grown continuously at 22 °C or shifted to 28 °C for
another 5 h. Experimental results show that the loss of UGT76F1
function results in significant up-regulation of these auxin-responsive
genes, whereas UGT76F1 overexpression results in significant down-
regulation (SI Appendix, Figs. S8 and S9). On the contrary, the
loss of PIF4 function results in significant down-regulation of
those auxin-responsive genes, whereas PIF4 overexpression

results in significant up-regulation (with only a few We also
examined gene expressions in pif4 ugt76f1ko double mutants
and in 35S:PIF4 UGT76F1OE seedlings. It was revealed that
double mutants have higher expression levels of those genes than
pif4 single mutants. However, simultaneous overexpression of
PIF4 and UGT76F1 resulted in significantly reduced gene ex-
pressions compared to only PIF4 overexpression (SI Appendix,
Figs. S8 and S9). These data suggest that PIF4 regulates the
expression of auxin-responsive genes in a UGT76F1-dependent
and contrary manner.

UGT76F1 Antagonizes YUC in Regulating Auxin Biosynthesis and
Hypocotyl Growth. The direct conversion of IPyA to IAA by
YUCs is considered to be the main auxin biosynthesis pathway in
Arabidopsis (32, 47, 48). On the other hand, IPyA can also be
directly converted to IPyA-Glc conjugates through UGT76F1.
Thus, IPyA would be the shared substrate for both YUCs and
UGT76F1. This means that there may be a competitive mecha-
nism in plants to control different fluxes of IPyA. To investigate
whether UGT76F1 and YUCs competitively affect auxin bio-
synthesis and auxin responses, yucasin [5-(4-chlorophenyl)-4H-1,
2, 4-triazole-3-thiol], an inhibitor of YUC activity (49), was in-
troduced into our experiments. In comparison with the WT,
when seedlings are grown with 20 or 200 μM yucasin under white

Fig. 7. UGT76F1 functions in regulating IAA amount. (A) DR5:GUS expres-
sion of indicated seedlings showing auxin responses. (Scale bars: 200 μm,
Upper; 100 μm, Lower.) (B) IAA content measurement of indicated seedlings
grown in continuous white light (70 μmol m−2·s−1) conditions at 22 °C or
28 °C for 5 d. Data are means ± SD. n = 3. FW, fresh weight. Asterisks indicate
significant differences relative to respective WT at 22 °C or 28 °C (Student’s
t test, *P < 0.05). (C) Phenotypes of seedlings grown with or without the
synthetic auxin picloram (PIC). Seedlings were grown in continuous light at
22 °C for 2 d and then transferred to plates containing picloram at 28 °C for
another 2 d. (Scale bars, 1 mm.) (D) Hypocotyl length of seedlings shown in C.
Data are means ± SD. n = 30. Significant difference was compared to WT
(Student’s t test, *P < 0.05).

Fig. 8. A proposed working model for UGT76F1-mediated auxin homeo-
stasis in regulating light- and temperature-dependent seedling growth. IPyA
is the major precursor for IAA biosynthesis in plants. YUCs promote the
conversion from IPyA to IAA, whereas UGT76F1 antagonizes the role of YUCs
through glucosylating IPyA to form its sugar conjugates. Acting as the piv-
otal integrator in light- and temperature-signaling pathways, PIF4 can
transcriptionally regulate the expression of both YUCs (28, 50) and UGT76F1
(this study) through directly binding to their promoters, maintaining a trade-
off between IAA biosynthesis and IPyA-Glc formation at the IPyA watershed
and thereby fine-tuning the auxin homeostasis and the light- and temperature-
dependent adaptation growth of seedlings.
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light or dark conditions, UGT76F1 overexpression lines exhibit
shorter hypocotyls, shorter roots, and severely disturbed gravi-
tropism, indicating a reduced auxin biosynthesis and an auxin
response due to UGT76F1 overexpression. In contrast, ugt76f1
mutants develop longer hypocotyls, longer roots and better
gravitropism compared to the WT. These results suggest that
UGT76F1 antagonizes YUCs in regulating auxin biosynthesis
and auxin responses (SI Appendix, Figs. S10 and S11).
Furthermore, we also detected the levels of IPyA-Glc in WT

and UGT76F1 overexpression lines before and after the addition
of yucasin. We found that exogenous yucasin treatment did
increase IPyA-Glc accumulation in UGT76F1 overexpression
lines and in WT plants, implying that the inhibition of YUC ac-
tivity would prevent IPyA from flowing into IAA, while UGT76F1
tends to catalyze more IPyA to form IPyA-Glc in the absence of
YUC (SI Appendix, Fig. S11C). Therefore, how to balance the
trade-off between UGT76F1 and YUC is very important for the
normal growth of plants.
In summary, our results in this study reveal the crucial role of

IPyA glucosyaltion in maintaining auxin homeostasis, which is a
key watershed in auxin biosynthesis. Since PIF4 can simulta-
neously regulate the transcription of YUCs (28, 50) and UGT76F1
(this study), our data also suggest that PIF4 controls the contrary
conversion of IPyA to IAA and IPyA-Glc to precisely modulate
auxin homeostasis and plant growth in a light- and temperature-
dependent manner (Fig. 8).

Discussion
The glucosylation of auxins is a well-recognized modification
that is believed to play an important role in hormonal homeo-
stasis. Here, we demonstrate that the UDP-glucosyltransferase
UGT76F1 strongly favors IPyA as a substrate (precursor of IAA
biosynthesis), rather than auxin itself. So far, five Arabidopsis
glycosyltransferases have been found to glucosylate auxin itself
to form its glucose conjugate. UGT84B1 was identified to be
an IAA preferring glucosyltransferase, whereas UGT74E2,
UGT74D1, UGT75D1, and UGT84A2 were considered to be an
IBA preferring glycosyltransferase (51–55). Previous researches
have reported that overexpression of these auxin glycosyl-
transferase genes results in higher levels of IAA or IBA and
related phenotypes. Unlike those reports, our study shows that
overexpression of UGT76F1 displays phenotypes reminiscent of
auxin-deficient mutants, such as short hypocotyls. In addition,
UGT76F1 belongs to group H of the UGT family, whereas the
five previously reported UGTs are members of group L (56).
These differences suggest that UGT76F1 assumes a different
responsibility from other auxin UGTs in the regulation of auxin
homeostasis. In plant evolution, the development of multiple
glycosyltransferases toward the same kind of phytohormones
may be beneficial for plants to make good adaptive response to

environmental changes. For example, in controlling auxin bio-
synthesis and metabolism, it may be necessary to glucosylate
metabolites at different stages of auxin synthesis, with UGT76F1
for precursor and other UGTs for active auxin forms. This re-
quirement not only reflects the importance of auxin homeostasis
for plant growth and development, but also reflects the coop-
eration between the glycosyltransferase members of this large
family.
Recent studies have shown that there exists a cross talk be-

tween light-signaling and temperature-signaling pathways in reg-
ulating plant growth and development (1, 57). PIF4 is identified as
a vital player in sensing light and temperature to mediate plant
growth and development by promoting the expression of YUCs. In
this study, our results indicate that PIF4 directly binds to the
promoter of UGT76F1, negatively regulates UGT76F1 expression,
and causes adaptive changes in IAA levels and hypocotyl elon-
gation in response to light and elevated temperature. Thus, this
study proposes that UGT76F1 links PIF4 to the auxin pathway.
In this process, UGT76F1 antagonizes the role of YUCs through

glucosylating IPyA to form its sugar conjugates. Acting as the
pivotal integrator in light and temperature signaling pathways,
PIF4 can transcriptionally control the expression of both YUCs and
UGT76F1, maintaining a trade-off between IAA synthesis and
IPyA-Glc formation at the IPyA watershed (Fig. 8). Thus, our
findings reveal a mechanism for regulating auxin homeostasis for
plant growth and development adaptive to external environmental
changes.

Materials and Methods
Detailed description of plant materials, plant growth conditions, and
methods for the preparation of the UGT76F1 promoter::GUS construct, GUS
staining (58, 59), preparation for transgenic and knockout lines of UGT76F1
(60), phenotypic analyses, yeast one-hybrid assay, transient luciferase activ-
ity assay (61), ChIP assays, purification of UGT76F1 enzyme and assays of
glucosyltransferase activity (41, 56, 62), free IAA measurement, RNA isolation,
quantitative real-time PCR, and statistical analysis can be found in SI Appendix,
SI Materials andMethods. The phyA and phyBmutants were ordered from The
European Arabidopsis Stock Centre (NASC).

Data Availability. All data and the associated protocols are included in the
manuscript and SI Appendix. Plant materials presented in this article can be
provided upon request.
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