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Plant monoterpenes are challenging compounds, since they often act as solvents, and thus have both phytotoxic
and antimicrobial properties. In this study an approach is developed to identify and characterize enzymes that
can detoxify monoterpenoids, and thus would protect both plants and microbial production systems from these
compounds. Plants respond to the presence of monoterpenes by expressing glycosyltransferases (UGTs), which
conjugate the monoterpenoids into glycosides. By identifying these enzymes in a transcriptomics approach using
Mentha × piperita, a family of UGTs was identified which is active on cyclic monoterpenoids such as menthol, and
on acyclic monoterpenoids such as geranic acid. Other members of this family, from tomato, were also shown to
be active on these monoterpenoids. In vitro and in vivo activity of different UGTs were tested with different
substrates. We found that some glycosyltransferases significantly affect the toxicity of selected monoterpenoids
in Escherichia coli, suggesting that glycosyltransferases can protect cells from monoterpenoid toxicity.

1. Introduction
Monoterpenoids are naturally occurring isoprenoid compounds,
consisting of two units of isoprene. The molecules can have an acyclic
structure, e.g. myrcene, linalool and geranic acid, or a cyclic structure, e.
g. pinene, limonene, isopiperitenol and menthol (Fig. 1). Monoterpenes
(C10 molecules) are part of a larger group of molecules, to which also
the sesquiterpenes (C15), diterpenes (C20) and triterpenes (C30) belong.
Often monoterpenoids occur as hydroxylated compounds, which leads
to a broad diversification in structure and properties. Their organoleptic
properties often have a high and characteristic impact on the perception
of the plant materials in which they occur. For example, limonene im
parts a typical citrus aroma, while menthol is a typical minty compound
(Kamatou et al., 2013). Due to these properties, they are frequently
applied in fragrances, flavorings and soft drinks.
In plants monoterpenes often have a role as protective molecules.
Many monoterpenoids have strong antibacterial and/or antifungal
properties (Celedon and Bohlmann, 2019). This property is deployed in
the use of spices for food preparation, e.g. the antibacterial effects of
oregano and thyme depend largely on monoterpene constituents. The
mechanism for this effect is not always clear, but often relates to effects

of monoterpenes on cell membrane integrity of bacteria (Sharma et al.,
2016).
Menthol is commonly used in consumer goods such as candies and
toothpastes. It exerts a range of biological activities, which include
antibacterial, antifungal and insecticidal effects (Kamatou et al., 2013).
Moreover, it acts as a cooling agent when applied to the skin. Menthol is
synthesized by Mentha x piperita plants starting from (− )-limonene, by a
series of oxidations, in which isopiperitenol is an important intermediate
(Croteau et al., 2005). While plants produce monoterpenoids such as
menthol to protect themselves, these compounds are often phytotoxic to
the plants as well. Therefore, plants store monoterpenes in specialized
compartments and/or cell types. Examples of such storage tissues
include idioblasts, glandular trichomes, resin ducts and secretory cav
ities (Lange, 2015; Tissier, 2018). Menthol is deposited in peltate-type
glandular trichomes (Croteau et al., 2005). Specialized organs such as
trichomes provide a compartment where terpenes accumulate, which is
isolated from the surrounding tissue by a protective layer. Upon her
bivory, pathogen infestation or mechanical force, the protective layer
breaks, and terpenes are released. This release implies that also plant
tissues which are not adapted to the presence of terpenes, such as
photosynthetic tissues, will be in contact with the phytotoxic
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sequence similarity have been identified yet.
Glycosylation is also employed by industrial biotechnology, for the
production of toxic compounds. For instance, expression of a vanillinspecific glycosyltransferase allowed Saccharomyces to tolerate much
higher concentrations of vanillin before microbial growth was inhibited
(Hansen et al., 2009).
A biotechnological process for production of menthol would be
desirable due to its use in the food industry. Menthol is used at 20,000
tonnes per year. Its production through Mentha plantations occupies
66,000 ha of land, which imparts a significant land claim on fertile
agricultural soil (NHB, 2021). However, due to its antibacterial prop
erties, such biotechnological production is highly challenging. The same
toxicity issues have been described for geranic acid, which is used in
cosmetics as a fragrance, but which displays antimicrobial properties
(Mi et al., 2014).
In this work we set out to isolate glycosyltransferases which were
anticipated to act on cyclic monoterpene alcohols from peppermint
(Mentha × piperita L; Lamiaceae). In doing this, several monoterpene
specific glycosyltransferases were isolated from peppermint and char
acterized. Using this information, a predictive method to select mono
terpene specific UGTs from other plants was developed, which can be
applied for identifying alternative enzymes with improved activity, and
was used to identify monoterpene specific UGTs from tomato. This work
provides a basis for a better understanding of the regulation of UGTs
activity in plants and their substrate specificity in relation to the protein
structure. Furthermore, it shows that specific glycosyltransferases can be
used in microbes to detoxify monoterpenes, which makes them good
candidates for industrial biotechnology application for production of
these valuable compounds.

Fig. 1. Structures of some acyclic (top) and cyclic (bottom) monoterpenes.
Functional groups are indicated in red. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

2. Results

compounds, and are at risk of being damaged. Therefore, the exposed
plant tissues will need to inactivate the released monoterpenes, to pre
vent extensive tissue damage and cell death.
The mechanism of protection against endogenously occurring
phytotoxic compounds by non-specialized plant cells is not fully un
derstood. For xenotoxic compounds such as herbicides and mycotoxins,
it is known that plants employ glycosylation as a mechanism for
detoxification (Brazier-Hicks et al., 2018; Poppenberger et al., 2003).
Therefore, one could start from the assumption that plants employ
similar mechanisms to neutralize endogenously produced toxic com
pounds such as monoterpenes.
Glycosyltransferases for monoterpenes have been described for
grapevine, where non-cyclic monoterpenes such as geraniol and linalool
occur in grape juice predominantly in the form of glycosides (Bönisch
et al., 2014). It has been postulated that such monoterpene glycosyl
transferases can play an important role in the formation of important
flavor-generating terpene glycosides (Schwab et al., 2015). Also in other
plant species, such as Osmanthus fragrans and Actinidia, genes encoding
UDP-dependent glycosyltransferases (UGTs) relevant for the terpene
emission of plant parts such as fruit and flowers have been described
(Zheng et al., 2019; Yauk et al., 2014). Interestingly, these enzymes
predominantly act on a variety of acyclic monoterpene alcohols, such as
geraniol and linalool, while cyclic monoterpenes such as menthol, iso
piperitenol and terpineol are not accepted as a substrate. In a recent
paper, UGTs acting on menthol were identified from the tea plant (Kurze
et al., 2021a). Typically, plant genomes encode over a hundred UGTs.
For Arabidopsis, important work has been done to characterize UGTs, in
particular with regard to their in vitro activity on phenolic compounds
such as quercetin (e.g. Lim et al., 2004; Rahimi et al., 2019). For larger
terpenes such as diterpenes and triterpenes (C20 and C30 isoprenoids,
respectively), more specific glycosyltransferases have been described
(Richman et al., 2005; Cárdenas et al., 2019; Miettinen et al., 2018).
Several groups of plant UGTs have been identified based on their
sequence identity (Li et al., 2001). Activity of some of these groups for
specific substrate categories has been described. However, with regard
to activity on monoterpenoid substrates, no enzyme groups based on

2.1. Application of monoterpenoids on peppermint leaves leads to
glycosylation in vivo
To test the glycosylation activity of Mentha × piperita for exogenously
applied monoterpenoids, the top side of fully expanded leaves of Mentha
× piperita were painted with 100 μl DMSO solutions of menthol or ger
anic acid (1%, w/v), covering ± 1 cm2, or only DMSO as a negative
control, leaving the leaves on the plant. After 24 h the leaf metabolites
were extracted and analysed using Orbitrap LC-MS in negative mode.
Glycosylated products were specifically detected as formic acid adducts,
at m/z 375 (geranic acid C10H16O2 + hexoside C6H10O5 + formic acid
CH2O2 leads to C17H28O9 [M-H]), and m/z 363 (menthol C10H20O +
hexoside C6H10O5 + formic acid CH2O2 leads to C17H32O9 [M-H])
(Table 1). Formic acid adducts likely form in the MS between metabo
lites and formic acid, which is present in the mobile phase. The adducts
are generally more readily detectable than uncharged parent molecules,
as has been observed for acylsucroses found in wild tomato species
(Ghosh and Jones, 2015). Indeed, clear peaks at m/z 375 were detected
in geranic acid-treated leaves at 22.0 and 22.5 min, which were absent
from DMSO-treated leaves (Fig. 2A). Fragmentation of the observed
peaks indicated a molecular ion at 329 m/z [M-H], and geranic acid
derived fragment at 167 m/z. Likewise, a peak of m/z 363 was detected
in menthol-treated leaves, with a molecular ion at 317 m/z, which was
absent from DMSO-treated leaves (Fig. 2B). These results indicated that
both geranic acid and menthol are being glycosylated in vivo in the
induced leaves. These results suggested that leaf painting can be used to
induce the expression of glycosyltransferases in Mentha with specific
activity towards different monoterpenes.
2.2. Identification of monoterpene specific UDP-glycosyltransferases in
peppermint leaves by RNA sequencing
Putative glycosyltransferase sequences were identified using Mentha
genome resources (http://langelabtools.wsu.edu/mgr/downloads). A
2
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Table 1
Retention time (RT), putative identity and observed masses for compounds observed in LC-MS analysis of glycosylation products of menthol and geranic acid.
Putative identity

Rt
(min)

Parent ion observed m/z
[M+FA-H]

Parent ion elemental
formula

Calculate m/z
[M+FA-H]

Fragments observed
m/z [M-H]

Fragment elemental
formula

Fragment
calculated m/z

Geranic acid
glucoside I
Geranic acid
glucoside II
Menthol glucoside

21.91

375.1677

C17H27O9

375.1650

22.24

375.1678

C17H27O9

375.1650

22.84

363.2026

C17H31O8

363.2013

329.1622
167.1086
329.1624
167.1068
317.1971

C16H25O7
C10H15O2
C16H25O7
C10H15O2
C16H29O6

329.1595
167.1067
329.1595
167.1067
317.1959

Fig. 2. Exogenous treatment of Mentha x piperita leaves with monoterpenes induces glycosylation. LC-MS analysis of glycosylated products formed by exogenous
application of monoterpenoids. Ion traces m/z 375 (A) and m/z 363 (B) of glycosylated geranic acid and menthol respectively (top chromatograms), compared to the
control leaves treated with DMSO (bottom chromatograms). The relative abundance of mass signals is, in (A) 1.5e6 at 100% and in (B) 2e5 at 100%.

total of 316 putative peppermint UGT cDNA sequences were identified
(Supplemental data S1). To test which of these UGT genes were subject
to regulation by monoterpenes, peppermint leaves were treated for 24 h
with DMSO solutions of isopiperitenol or geranic acid, or with DMSO as
a control, as described above, after which total RNA was extracted, and
cDNA was analysed by Illumina sequencing. Reads from the cDNA
sequencing analysis were mapped on the 316 identified peppermint UGT
cDNA sequences. Among these, 13 UGTs candidates were found to be
up-regulated more than two-fold by isopiperitenol and/or geranic acid,
and were labelled MpMUGT1-13 (Table 2).

sequencing, and cloned in expression vector pET32, for expression as Nterminal His-tag fusion proteins in E.coli. From MpMUGT3, two
sequence variants were cloned (MpMUGT3a and b). Recombinant UGTs
were expressed in E.coli, and were produced as cell-free extracts. These
extracts were tested for their glycosylation activity towards menthol and
geranic acid, in the presence of UDP-glucose. Menthol was used at the
place of isopiperitenol, since it was better available. The activity to
wards the substrates was detected using the liquid chromatogra
phy–mass spectrometry set up as described above (Fig. 3). All tested
UGTs, showed activity towards at least one of the monoterpenes, while
the negative control (empty vector) did not display any glycosylating
activity (Fig. 3, Table 3). One enzyme, MpMUGT13, showed a specific
enzyme activity only towards the substrate menthol and not towards
geranic acid. MpMUGT1, MpMUGT3a and MpMUGT3b could glycosy
late both menthol and geranic acid, while MpMUGT10 and MpMUGT2
showed activity only towards geranic acid. Geranic acid is apparently

2.3. Characterization of monoterpene glycosyltransferase
Among the identified genes, only five could be amplified as fulllength open reading frames (MpMUGT1, 2, 3, 10 and 13). From these,
full-length ORFs were amplified from the cDNAs used for RNA
3
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Table 2
Identification of monoterpenoid-regulated UGT cDNAs by RNA sequencing. The gene accession number in the Mint genome resources, the given gene name, the closest
homologue in the Uniprot database, and the average fold induction relative to the control (DMSO treatment) are shown.
accession name mint genome resource

gene name

TRINITY_DN69184_c3_g1_i1

MpMUGT1

c9569_g1_i1
c16949_g1_i1
Contig56061
c748_g1_i1
TRINITY_DN38207_c0_g1_i1
Contig171923
c100000_g1_i1
c5866_g1_i1
TRINITY_DN29572_c0_g1_i1
TRINITY_DN54727_c0_g2_i1
TRINITY_DN67273_c1_g2_i2
TRINITY_DN67806_c1_g6_i1

MpMUGT2
MpMUGT3
MpMUGT4
MpMUGT5
MpMUGT6
MpMUGT7
MpMUGT8
MpMUGT9
MpMUGT10
MpMUGT11
MpMUGT12
MpMUGT13

closest homologue in Uniprot data base

Average fold induction

HQGT_RAUSE Hydroquinone glucosyltransferase OS=Rauvolfia serpentina GN = AS PE
=1
UFOG2_FRAAN anthocyanidin 3-O-glucosyltransferase 2 OS=Fragaria ananassa
UFOG6_FRAAN flavonoid 3-O-glucosyltransferase 6 OS=Fragaria ananassa
Erythranthe guttattus zeatin O-glucosyltransferase-like (LOC105949287)
U85A3_ARATH UDP-glucosyltransferase 85A3
Erythranthe guttattus chacone 4′ -O-glucosyltransferase-like (LOC105977300)
Perilla frutescens PfUGT2 mRNA for UGT73A7
U85A3_ARATH UDP-glucosyltransferase 85A3
PHALU Zeatin O-glucosyltransferase OS=Phaseolus lunatus GN = ZOG1 PE = 2 SV = 1
Sesamum indicum UDP glucosyltranferase 74B1 (LOC105168211)
Erythranthe guttattus UDP-glucosyltransferase 86A1-like (LOC105961256)
U89B1_ARATH UDP-glucosyltransferase 89B1
Erythranthe guttattus zeatin O-glucosyltransferase-like (LOC105949307)

geranic
acid

isopiperitenol

53450

40292

15980
7.7
4.4
4.3
4.0
4.5
3.4
3.5
9.2
2.9
4.9
1.0

1.0
3.1
1.9
1.3
1.9
1.6
0.8
1.0
0.84
1.0
5.1
5.0

Table 3
In vitro enzyme activity of peppermint UGTs. Shown are peak areas for mono
terpene glycosides in LC-MS analyses of enzyme assays, using menthol or geranic
acid as a substrate. nd: not detectable. The second column indicates RNA
expression induction by isopiperitenol (Isop) or geranic acid (GA).
Glycosyltranferase

MpMUGT1
MpMUGT2
MpMUGT3a
MpMUGT3b
MpMUGT10
MpMUGT13

Treatment
inducing
expression in
Mentha

Menthol
glycoside

Geranic acid glycoside

Rt = 22.84
min

Isomer I
Rt =
21.91
min

Isomer II
Rt =
22.24
min

Isop/GA
GA
Isop/GA
Isop/GA
GA
Isop

3.5e5
nd
1.2e5
8.2e3
nd
8.3e4

1.0e5
1.1e6
2.2e7
6.1e5
nd
nd

5.5e4
nd
3.0e7
1.9e6
9.2e5
nd

glycosylated into two isoforms, with differing retention times. Possibly
this could relate to the composition of the geranic acid used, which is a
mix of geranic acid and nerolic acid. Both isomers are also observed in
the geranic acid treated Mentha leaves (Table 1), and also in conversions
of geranic acid with MpMUGT3a and MpMUGT3b. Interestingly,
different enzymes produce different geranic acid glycoside products:
MpMUGT2 produces only geranic acid glucoside isomer I, while
MpMUGT10 produces exclusively isomer II. A more detailed structural
characterization of the products would provide information on the
substrate specificity of the enzymes, however such analysis was not
carried out further. The substrate specificity (menthol vs geranic acid) is
in line with the differences in regulation shown in Table 2 above.
MpMUGT13 is the only gene showing higher expression with iso
piperitenol and is indeed specific for menthol.
2.4. Identification of monoterpene-glycosylating UGTs from tomato

Fig. 3. Activity of recombinant Mentha x piperita glycosyltransferases incubated
with monoterpenes geranic acid (A) and menthol (B). LC-MS analysis of gly
cosylated products formed. A. Ion traces m/z 375, representing glycosylated
geranic acid and B. m/z 363 representing glycosylated menthol. Analyses of the
enzymes are compared to the control, empty vector (EV). The relative abun
dance of mass signals at 100% is: 1.0e3 (GA+EV), 1.4e4 (GA + MpMUGT1),
2.1e5 (GA + MpMUGT2), 2.9e6 (GA + MpMUGT3a), 3e5 (GA + MpMUGT3b),
2.0e5 (GA + MpMUGT10), 1.0e3 (M + EV), 4.4e4 (M + MpMUGT1), 1.9e4 (M
+ MpMUGT3a), 1.4e3 (M + MpMUGT3b) and 2.1e4 (M + MpMUGT13)
at 100%.

A comparative sequence analysis of the identified peppermint UGTs
proteins was performed, with a set of plant UGTs for which a function
has been established and a set of tomato UGTs (see Supplemental data
S3). Sequences group in 12 major groups as have previously been
described by Li et al. (2001), based on nine conserved motifs. Most
monoterpene induced peppermint UGTs (except MpMUGT10 and
MpMUGT13) belong to a specific glycosyltransferase group (UGT-group
E) (Fig. 4). Among the characterized UGTs of this group are UGT88A1
and UGT71C2 from Arabidopsis thaliana, which are among the 29 Ara
bidopsis enzymes which have been shown to be active on the polyphenol
quercetin (Lim et al., 2004).
4
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Fig. 4. Phylogenetic relationship of the glycosyl
transferases from peppermint, Arabidopsis and others.
The glycosyltransferase sequences used are described
in Supplemental data S3. Different groups are shown
with colour brackets and the arrows indicated the two
tomato UGTs, SlMGT2 (Solyc07g043050) and
SlMGT1 (Solyc04g080010) aligned together with the
peppermint UGTs in the Group E. (For interpretation
of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Two UGTs from tomato were found to be a member of this group E,
Solyc04g080010 and Solyc07g043050, further referred to as SlMGT1
and SlMGT2. Open reading frames of these genes were amplified from
tomato (Solanum lycopersicum L; Solanaceae) seedling cDNA, and cloned
in E. coli expression vector pET32. Enzyme assays in vitro with menthol
and geranic acid as substrates showed that SlMGT1 and SlMGT2 en
zymes were both able to glycosylate menthol and geranic acid (Fig. 5).
Interestingly, SlMGT1 showed a major geranic acid hexoside eluting at
21.9 min, as was also observed for MpMUGT2 (Fig. 3), while the
glycosylation of geranic acid by Mentha leaves displayed a product
preference for the isomer eluting at 22.3 min (Fig. 2A), as was also
observed for MpMUGT3b and MpMUGT10. SlMGT2 did not display a
product preference, and seemed to produce both geranic acid glycoside
isomers with the same efficiency, as was also the case for MpMUGT3a.
To define the sequence group composed of monoterpene-specific
UGTs from peppermint and tomato on the sequence level, sequence
comparison based on the previously described conserved motif for group
E was performed (Rahimi et al., 2019). This previously reported
conserved sequence motif, the Plant Secondary Product Glycosyl
transferase
(PSPG)
motif,
WAPQVevLaHkAYGGFvsHCGWNS
tLESbwfGVPmatWPmYAEQqlNAf (Vogt and Jones, 2000) is clearly
present in the peppermint and tomato sequences. The PSPG motif is
considered the site for nucleotide-activated sugar-binding. To further
investigate
which
residues
might
be
specific
for
the
monoterpene-specific UGTs from peppermint and tomato, a computa
tional approach was applied which searches for amino acid residues
distinguishing sequences in one group from those in another group (see
Methods). This was used to compare the set of peppermint and tomato

sequences with a set of enzymes not known to be involved in mono
terpene glycosylation. This analysis resulted in a set of 24 positions in
the sequence where the amino acid composition in both groups was
different (Supplemental Fig. S1). Some of these positions overlapped
with the PSPG motif, but for these positions the amino acid occurring in
the peppermint- and tomato sequences was not clearly different from the
amino acids occurring in the other group. However, one additional
residue was indicated, which is not part of the PSPG motif in the protein
sequence, but in the 3D structure of the protein occurs quite close to the
PSPG motif (Supplemental Fig. S2). This residue, Thr12 in MpMUGT1, is
quite varied in the peppermint/tomato sequences, where Thr or Ser
occurs at this position in addition to Tyr, Phe or Trp; whereas in the
other group, it almost always is Tyr/Phe/Trp. Thr12 is closely located to
the catalytic Histidine (Supplemental Fig. S2) (Kurze et al., 2021b).
Given how close this residue is to the active site in the 3D structure, it
might well be a relevant residue for further study on determinants of
specificity.
2.5. Plant UGTs can protect cells from monoterpene toxicity
In the past, it has been shown that glycosylation may mitigate the
toxicity towards microbes of toxic plant metabolites, such as the tri
terpene alkaloid solanidine (Moehs et al., 1997) and the phenolic
aldehyde vanillin (Hansen et al., 2009). In order to test the effect of the
identified monoterpenoid-specific UGTs on the tolerance of E.coli to
wards monoterpenoids we performed toxicity growth assays. Only ger
anic acid led to interpretable results. Experiments with menthol were
also performed, but it was not possible to obtain reliable data for this
5
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Fig. 6. Toxicity growth assays. E.coli strains expressing Empty vector (EV) or
SlMGT1, MpMUGT1, MpMUGT2, MpMUGT3a, MpMUGT13 grown in the
absence (red bars) or presence (yellow bars) of 30 mM geranic acid in a micro
bioreactor system (BioLector®). Shown is the time to reach 50% (t50%) of the
final culture density at 48 h. Data represent the mean values and standard
deviations of three biological replicates. The asterisks indicate a significant
difference for the strains compared to the control-E. coli expressing the empty
vector, at p ≤ 0.05 using Mann-Whitney U test. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the Web version
of this article.)

3. Discussion
In this work, a number of UGTs with monoterpenoid specificity were
identified, both from Mentha and from tomato. Interestingly some of
these can glycosylate cyclic monoterpenoids such as menthol, which has
hitherto only rarely been reported. From this work it appears that
peppermint encodes a number of monoterpene specific UGTs, which
even extend their activity to cyclic monoterpenes such as menthol.
Though such glycosides have not been reported in peppermint, they
have been produced by chemical synthesis (Sakata and Iwamura, 1979),
and by use of a Bacillus enzyme BCT (Choi et al., 2017), and, recently, by
use of enzymes from plants (Kurze et al., 2021a). The use of menthol
glycosides has been proposed, for creation of a more persistent flavor
than menthol alone (Sakata and Iwamura, 1979), and for improving the
pharmacological activity of menthol (Choi et al., 2017). The identifi
cation of plant UGTs capable of glycosylation of cyclic monoterpenes
such as menthol provides a new perspective for producing these
compounds.
The present work suggests that monoterpene specific UGTs can be
used by plant cells to mitigate monoterpene toxicity. Overexpression of
MpMUGT1 and MpMUGT2, and to a lesser extent SlMGT1, lead to a
lower growth inhibiting effect of geranic acid on E. coli cells: Expression
of MpMUGT2 even completely abolishes the growth inhibiting effect of
30 mM geranic acid (Fig. 6). It has been demonstrated that UGTs play an
important role in the mechanism of detoxification of non-plant com
pounds such as tri-nitrotoluene by glycosylation (Gandia-Herrero et al.,
2008). The current experiments show that UGTs from Mentha can be
induced upon exogenous application of the toxic compounds, and that
the same enzymes can serve to protect cells (here bacterial cells) from
toxicity. Therefore, expressing UGTs upon induction may be a strategy
of the plant to protect plants cells from the release of their own toxic
compound during pathogen attack or herbivory. It is still unknown how
the regulation of the expression of the different UGTs with different
substrate specificity is controlled by the plant, and how the nature of the
different monoterpenes is sensed, in order to induce the UGTs with
appropriate specificity. It was shown that several UGTs from other plant

Fig. 5. Activity of recombinant tomato UGT enzymes incubated with geranic
acid (A) and menthol (B). LC-MS analysis of glycosylated products formed. A.
Ion traces m/z 375 of glycosylated geranic acid and B. m/z 363 glycosylated
menthol compared to the control, empty vector (EV). The relative abundance of
mass signals is in (A) 1.5e5 at 100% and in (B) 1.0e6 at 100%.

compound due to its poor solubility in aqueous culture media.
Thus, E. coli strains expressing UGTs MpMUGT1, MpMUGT2,
MpMUGT3a and MpMUGT13 from peppermint and SlMGT1 from to
mato were cultured in the presence and absence of 30 mM geranic acid
in a microbioreactor system (BioLector®), and their growth was moni
tored over 45 h (Supplemental Fig. S3). From the growth curves, the
time to reach 50% (t50%) of the final culture density was calculated and
compared between the strains (Fig. 6). Under the tested conditions,
control bacteria (empty vector) in the absence of geranic acid reached
t50% after 4.5 h. Expression of UGTs hardly affects the growth rate of
E. coli, except for MpUGT1, whose expression leads to an increase of t50%
by 75%. Addition of 30 mM geranic acid to most of the strains led to a
strong growth inhibition and final culture densities where lower (Sup
plemental Fig. S1 and Fig. 6): t50% was reached only after 26 h with the
control strain, increasing t50% around 5-fold. For the strains expressing
MpMUGT1 and MpMUGT2 the t50% was increased only 2.1 and 1.9-fold,
respectively, by addition of geranic acid. Thus, expression of MpMUGT1
and MpMUGT2 protected E. coli from the toxic effects of the mono
terpenoid geranic acid. Interestingly, the gene expression data from
M. piperita showed that expression of MpMUGT2 is upregulated specif
ically by geranic acid and showed the highest activity towards geranic
acid among all tested Mentha UGTs (Table 2).
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species could glycosylate plant signaling molecules including flavour
and fragrance compounds (Yauk et al., 2014; Schwab et al., 2015).
However, the function of these glycosylation in plant defense and
signaling is still not well understood. For bioactive compounds such as
plant hormones, the role of glycosylation has been investigated in more
depth. For instance, glycosylation of auxins, abscisic acid, brassinoste
roids and cytokines is considered to be a mechanism to control the level
of active hormones in plants, and thus contribute to regulation of growth
and development (Westfall et al., 2013; Ma et al., 2018).
To identify monoterpene specific UGTs in peppermint, an induced
expression strategy was used. To some extent, this strategy resulted in
identification of enzymes with different substrate specificity: UGTs
induced by isopiperitenol resulted in identification of an UGT which acts
on menthol (a derivative of isopiperitenol) and not on geranic acid
(MpMUGT13), while also UGTs genes were identified to be induced only
by geranic acid, and not by isopiperitenol, and consequently also do not
act on (MpMUGT2). This strategy seems to work well for the identifi
cation of UGTs with substrate specificity towards monoterpenoid com
pounds of interest. Therefore, this strategy could be used to identify
UGTs specific for other compounds for example tetraterpenes or even
plant hormones.
Expression of glycosyltransferases provides protection towards ger
anic acid. Interestingly, the most protective UGT, MpMUGT2, is specific
for geranic acid, and does not act on menthol. The menthol specific UGT
(MpMUGT13) does not protect against geranic acid, consistent with its
substrate specificity and its gene expression behavior.
In the Arabidopsis genome, 120 UDP-glycosyltransferase-encoding
genes have been classified into 12 groups and each group has different
substrate specificities (Li et al., 2001). Recently such an analysis was
expanded to another UGTs from 31 other plant species (Rahimi et al.,
2019). Among these UGTs, the vast majority has not been classified or
characterized. Most peppermint UGTs characterized in this work fall
into group E, and also the two tomato enzymes identified in group E
appear to be active on monoterpene substrates. On the other hand, the
current literature on enzymes from group E does not indicate any ac
tivity on monoterpenes. One of the few characterized members of group
E is UGT71C2, which is known to be active on eugenol (Hansen et al.,
2009). Eugenol is, like menthol and geranic acid, a C10 aroma com
pound found in plants. Though eugenol is not a terpene but a phenolic
compound, it is possible that UGT71C2 is also active on monoterpenes.
In tomato, eugenol is not stored in glandular trichomes, but is present in
the flesh of the fruit, sequestered in the form of malonylglycosides,
which become volatile upon de-glycosylation upon tissue damage
(Tikunov et al., 2013). Another characterized enzyme from this group,
UGT88A1, has recently been described to be able to mediate 4′ glyco
sylation of quercetin (Weng et al., 2019). None of these Arabidopsis
genes has been characterized for activity on monoterpenes such as
geranic acid or menthol. The use of quercetin to characterize these UGTs
should perhaps not be interpreted as quercetin would be the only sub
strate which is accepted by the enzyme (Rahimi et al., 2019). Clearly, to
substantiate a physiological role for the monoterpene glycosyl
transferases in plant species such as peppermint and tomato, mutant
plants would have to be analysed, in which the UGTs are not expressed.
Since overlap may exist between the substrate specificities of the UGTs,
suggested by the activity of MpMUGT1, MpMUGT2, MpMUGT3a,
MpMUGT3b and MpMUGT10 on geranic acid (Table 3), some redun
dancy for geranic acid glycosylation could possibly be observed.
The MpMUGT enzymes identified in this work may have potential for
biotechnology, to establish monoterpene producing microorganisms.
Currently, the production of monoterpenes such as geranic acid and
menthol is challenging, in contrast to the production of the much less
toxic sesquiterpenes. One of the major challenges is posed by the toxicity
effects that monoterpenoids have on microorganisms (Jongedijk et al.,
2016). Production of geranic acid in a solvent tolerant Pseudomonas has
been described (Mi et al., 2014). Although the solvent tolerance of the
host organism is a beneficial asset, it has not been explored yet for

high-level production of monoterpenes. The main monoterpenoid
resistance mechanism in P. putida, the efflux pumps, counteract con
version efficiency in a biotransformation. Therefore, high productivity
might be gained by combination of low efflux, careful substrate dosing
and product glycosylation (Schempp et al., 2020).
Glycosylation provides a mechanism of detoxification which has
already been applied to toxic metabolites such as vanillin (Hansen et al.,
2009), but not for monoterpenes. Detoxification of monoterpenes by
acetylation has been suggested, since productivity of E. coli for geraniol
in the form of its acetate is much higher than for geraniol itself (Chacón
et al., 2019). Glycosyltransferases may have a similar potential. While
acetylation converts monoterpenes to hydrophobic compounds with a
low vapor pressure and low flash point, potentially complicating
large-scale production, glycosylation converts monoterpenes into
semi-polar compounds, which are readily solve in water. This aspect
may pose specific advantages for application. The current work does not
explore this potential to the full extent, since, for example, MpMUGT2
has not been tested for its effect on geranic acid production in microbes.
The observation that no growth inhibition was observed at a concen
tration of 30 mM of geranic acid indicates that it is worth to further
explore UGTs in biotechnology for monoterpene production.
In this work, a new clade of UDP glycosyltransferases is described,
which includes enzymes active in glycosylating linear and cyclic mon
oterpenoids, such as menthol and geranic acid. Members from Mentha x
piperita and from Solanum lycopersicum were characterized. These genes
are capable of mitigating toxicity of monoterpenoids in bacterial growth
assays, suggesting their involvement in detoxification of mono
terpenoids in plants.
4. Experimental
4.1. Plant materials
Peppermint (Mentha × piperita L. “Morocco”, Lamiaceae) plants of
20 cm size were obtained from a garden centre in the Netherlands. To
mato (Solanum lycopersicum L. “Moneymaker”, Solanaceae) seedlings
were obtained from Richard Immink (Wageningen University). Plants
that were used for the isolation of the UGT genes were grown in a growth
chamber at 22 ± 2 ◦ C with a 16 h light, 8 h dark photoperiod. The
chemicals used for the glycosylation were: geranic acid (Sigma-Aldrich),
L-Menthol (Sigma-Aldrich) and Uridine 5-diphosphate -glucose (SigmaAldrich). Isopiperitenol was kindly provided by Dr. Johannes Panten
from Symrise (Germany).
4.2. Metabolomics analysis
After treatment with monoterpenes, as described in the Results sec
tion, leaves were snap-frozen in liquid nitrogen, ground to a fine pow
der, and 200 mg material was extracted with 800 μL methanol with 0.1%
(w/v) formic acid. Undissolved material was removed by centrifugation
(13,000×g, 5 min, room temperature), and 1 μL of the supernatant used
for LC-MS analysis. All LC-MS analyses were performed in triplicate on
biological replicates.
Orbitrap was used (Fourier Transformed Mass Spectrometer - FTMS;
Thermo) to identify and quantify the compounds. A LUNA 3 μ C18 (2)
150 × 2.00 mm column (Phenomenex, USA) was used as described
before (Outchkourov et al., 2014). A linear gradient from 5 to 35% B in
45 min at a flow rate of 0.19 mL/min was used. The FTMS was set at a
mass resolution of 60,000 HWHM and a mass range of m/z 140–2000,
using electrospray ionization in negative mode. Data analysis was per
formed in an untargeted manner, essentially as described (De Vos et al.,
2007; Outchkourov et al., 2014). In general, the masses of glycosylated
menthol and geranic acid containing formic acid as an adduct were used
for the identification: ion traces m/z 375 and m/z 363 of glycosylated
geranic acid and menthol respectively (as shown in Fig. 2).
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4.3. RNA preparation and illumina sequencing

were carried out in duplicate. Reactions were analysed on LC-MS as
described above.

Leaves from Mentha × piperita were treated and prepared in duplicate
for RNA extraction. 10 days old tomato seedlings were prepared for RNA
extraction. For both species, the material was snapfrozen and grinded in
liquid nitrogen and the powder was used for RNA extraction and cDNA
synthesis as described before (Outchkourov et al., 2014). cDNA libraries
were synthesized using the iScript cDNA synthesis kit (Bio-Rad). The
libraries were sequenced (50bp single reads) on an Illumina HiSeq 2500
platform. Around 24 million of reads per each library were obtained.
The reads were mapped on all possible UGTs sequences identified from
mint species (317 UGTs in total) (http://langelabtools.wsu.edu/mgr/
downloads) using CLC-Bio software. RNA sequencing data were sub
mitted to NCBI SRA under accession number PRJNA716771.

4.6. Phylogenetic analysis
The protein sequences (Supplemental data S3) were aligned using
ClustalW version of DNASTAR.
4.7. Specificity determining residue prediction
To search for residues potentially involved in specificity, two groups
of sequences were defined (Supplemental data S2). The corresponding
sequences were aligned using muscle (Edgar, 2004) and used as input for
SDPpred (Kalinina et al., 2004). The resulting alignment with residues
predicted by SDPpred is shown in Supplemental Fig. S1.

4.4. Cloning and expression of UGTs

4.8. Monoterpenoid toxicity assays

To identify putative glycosyltransferase sequences in peppermint, a
BLAST search was performed using available Mint genome resources
(http://langelabtools.wsu.edu/mgr/downloads) and the UGT conserved
PSPG box (plant secondary product glycosyltransferase) sequence as a
query (Vogt and Jones, 2000). ORFs of the selected enzymes were
amplifying from peppermint cDNA. The identified 13 UGTs were first
cloned into pCR6GW/TOPO vector (Thermo Fisher Scientific) and after
sequencing
were
cloned
in
inducible
expression
vector
pET32-Destination vector for further characterization of their enzymatic
activity.
Sequences of characterized UGTs were submitted to Genbank, under
accession numbers MT333778 (MpMUGT1), MT333779 (MpMUGT2),
MT333780 (MpMUGT3a), MT333781 (MpMUGT3b), MT333782
(MpMUGT10) and MT333783 (MpMUGT13).

Pre-cultures of E. coli BL21 transformed with empty vector backbone
(pET32) or different expression vectors (pET32 with MpMUGT1,
MpMUGT2, MpMUGT3a, MpMUGT13 or SlMGT1), grown in Terrific
Broth (TB) medium with ampicillin (100 μg/mL) were used to inoculate
TB cultures to an OD600 of 0.1, supplemented with ampicillin. Geranic
acid was added to a concentration of 30 mM (substance with 85% pu
rity) directly after inoculation. The different cultures were incubated for
45 h at 37 ◦ C in a microbioreactor system (BioLector®) at 1000 rpm and
85% humidity using 1 mL culture volume in 48-well Flowerplates®
(m2p-labs GmbH) covered with gas-permeable sealing foil. Biomass
formation was monitored via scattered light signal intensity. All exper
iments with geranic acid addition were performed in triplicates. Cul
tures were distributed randomly on the plate.

4.5. In vitro glycosyltransferase enzyme assay
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Parent ion elemental
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Fragment elemental
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glucoside I
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