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Dehydrodiconiferyl alcohol glucoside (DCG) is a phenylpropanoid-derived plant
metabolite with reported cytokinin-substituting and cell-division-promoting activity.
Despite its claimed activity, DCG did not trigger morphological changes in Arabidopsis
seedlings nor did it alter transcriptional shifts in cell division and cytokinin-responsive
genes. In reinvestigating the bioactivity of DCG in its original setting, the previously
described stimulation of tobacco callus formation could not be confirmed. No evidence
was found that DCG is actually taken up by plant cells, which could explain the absence
of any observable activity in the performed experiments. The DCG content in plant
tissue increased when feeding explants with the DCG aglycone dehydrodiconiferyl
alcohol, which is readily taken up and converted to DCG by plant cells. Despite the
increased DCG content, no activity for this metabolite could be demonstrated. Our
results therefore demand a reevaluation of the often-quoted cytokinin-substituting and
cell-division-promoting activity that has previously been attributed to this metabolite.

phenylpropanoid | lignin | cytokinin | cell division | callus

The phenylpropanoid pathway is a core metabolic pathway positioned at the interface
between primary and secondary metabolisms in plants. Most of the carbon entering the
pathway via the aromatic amino acid phenylalanine is channeled toward the building
blocks for lignin, an aromatic polymer deposited mainly in the secondary-thickened cell
wall. Any severe disruption of the pathway affects plant growth (1-8), with a severity
linked to the degree of lignin reduction for a given gene. Besides the reduction in lignin
content, the altered abundance of phenylpropanoid pathway-derived compounds could
also contribute to the disturbed growth in phenylpropanoid pathway mutants. One of
the claimed bioactive phenylpropanoids is dehydrodiconiferyl alcohol glucoside (DCG),
a glycosylated dilignol derived from p-5-coupled coniferyl alcohol monomers (1-3, 7, 9,
10). Although this compound theoretically exists as four diastereomers due to the glucoside
and the presence of two chiral carbon centers in the phenylcoumaran moiety, only the
trans-configuration was found to be present in earlier studies (11), so there are only two
physically distinct and NMR-distinct diastereomers. Different DCG isomers were origi-
nally isolated from tumor cells of Vinca rosea (12) and later found to accumulate in actively
dividing tobacco cells (13). Interestingly, two of these could apparently substitute for
cytokinin in callus growth assays (13, 14), making the authors conclude that cytokinin
controls cell division through the accumulation of DCG.

One of the lignin mutants for which DCG depletion has been put forward as a possible
cause for its growth defects is the Arabidopsis mutant ¢yp98A43 (9). The corresponding gene,
CYP98A3, encodes a p-COUMAROYL SHIKIMATE/QUINATE 3’-HYDROXYLASE
(C3'H) that catalyzes the conversion of 4-coumaroyl shikimate to caffeoyl shikimate (15),
a crucial step in the phenylpropanoid pathway's shuttling of carbon flux toward DCG
among other compounds (9). However, we were unable to complement the severe growth
defect of this mutant with exogenous synthetic DCG. In addition, we found no indication
for a cell-division or cytokinin response triggered by DCG in Arabidopsis. Driven by these
unexpected results, we reinvestigated the previously described bioactivity of DCG in its
original setting.

Results

DCG diastereomers were synthesized as described in ref. 14 with minor modifications to
increase the yield and purity of the end product (Materials and Methods). The identity of
the synthesized compound was verified by Nuclear Magnetic Resonance spectrometry
(NMR) providing evidence that our stock sample was authentic DCG (SI Appendix,
Fig. S1A4). In addition, we found there was clear splitting of A3, A5, and Aa °C NMR
peaks, and a tiny splitting in the glucoside anomeric carbon (1') (87 Appendix, Fig. S1B),
indicating the presence of DCG-A and DCG-B diasterecomers (following the nomenclature
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Significance

Over 30y ago, the
phenylpropanoid
dehydrodiconiferyl alcohol
glucoside (DCG) was identified as
a compound with cytokinin-
substituting activity. The
hormone-like activity of DCG has
always intrigued the scientific
community, and the initial
studies are still frequently used
to explain the growth defects of
lignin-mutants. Despite general
interest, no follow-up studies on
DCG's mode of action have been
published, and the original
activity claims were never
scrutinized by an independent
research group. We synthesized
DCG and repeated the various
activity assays as described in the
original publications but could
not replicate any of the reported
results. Our conclusion is that
DCG, unlike what has been
accepted over the decades, has
no cytokinin-substituting activity.
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DCG-A DCG-B

Fig. 1. Structures of DCG-A and DCG-B. DCG-A and DCG-B representing the two DCG structures possessing the trans-configuration, respectively (AaR, ApS)-
DCG and (AaS, ABR)-DCG, as previously defined (13). Because of the glucoside, these are two physically distinct compounds (diastereomers) that are not mirror
images (i.e., not enantiomers) and are NMR-different (as seen by the splitting of carbon peaks A3, A5, and A1, as well as the anomeric carbon (1’) on the glucoside
(SI Appendix, Fig. S1).

introduced in ref. 13) (Fig. 1). As both diastereomers were previ- growing plants on medium supplemented with 40 uM conife-
ously described to have equal cytokinin-substituting activity (13),  raldehyde, a downstream product of the C3'H depleted in the
there was no need to further differentiate between the compounds.  ¢3'/ mutant (9). When coniferaldehyde was replaced by 30 uM
From here on, the synthesized racemic product will be referred to . DCG, the growth defect of homozygous ¢3'h mutants was not
simply as “DCG”. complemented (Fig. 2 C'and D).

The synthesized DCG was subsequently used in an attempt Besides the absence of complementation, it was equally surpris-
to complement the growth defect of a lignin mutant. The trans-  ing to observe no obvious phenotypic effects when the plants were

ferred DNA (T-DNA) insertional knockout (KO) mutant c3'5 treated with DCG (Fig. 34 and SI Appendix, Fig. S2), although
was selected for this purpose, as this mutant has a dramatic ~ this compound has been claimed to have cytokinin-substituting
growth phenotype for which the reduction in DCG contenthad ~ and cell-division-promoting activity. In contrast to DCG-treated
been put forward as possible cause (9). As homozygous ¢3'h  seedlings, seedlings treated with the cytokinin frans-zeatin riboside
mutants are sterile, a segregating seed stock was used. After 10 (#ZR), included as a positive control, showed a reduction in root
d of growth on 0.5x MS medium, seedlings were genotyped by  length, a characteristic cytokinin-related phenotype (16). Also at
PCR and their DCG content was subsequently assessed by  the molecular level, RT-qPCR analysis showed no transcriptional
UPLC/MS. In line with the position of the affected step in the response of cell division (CYCD3.2) (17) or cytokinin (ARR4)
phenylpropanoid pathway, no DCG was detected in homozygous ~ (18) marker genes in DCG-treated WT seedlings (Fig. 3B). To
¢3'h seedlings while being present in wild-type (WT) plants  eliminate the possibility that the DCG response was overlooked

(Fig. 2A). For the feeding experiment, plants were grown for 10 because of its being minor and/or confined in space and time,
d on 0.5x MS medium, after which the rosette area was quanti- cytokinin and cell division reporter lines were used. #ZR consist-
fied and plants were genotyped to determine zygosity of the  ently caused a clear response in both types of reporter lines
T-DNA insert. Whereas no significant difference was found (Fig. 3C). In contrast, no response was detected in either line upon

between the rosette area of WT and heterozygous plants, the  treatment with a broad range of DCG concentrations (10 to 100
rosette area of homozygous c3'h mutants was significantly smaller ~ pM; S7 Appendix, Fig. S2).

(reduction of 75% compared with WT and heterozygous plants) As the assumed activity of DCG was demonstrated previously
(Fig. 2B). This growth reduction could be partly restored by  in tobacco but never in Arabidopsis, the absence of any response
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Fig.2. Effect of DCG on the growth of c3’h mutants. (A) Average DCG abundance in WT (C3'H/C3’H) and homozygous ¢3’h mutant seedlings 10 d after stratification
(DAS) (n = 5). (B) Average projected rosette area of individual Arabidopsis plants (WT, heterozygous and homozygous ¢3’h mutants) grown on 0.5x MS medium
10 DAS (16 < n < 70 biological repeats). (C) Average projected rosette area of WT and ¢3’h grown on 0.5x MS medium supplemented with different compounds
10 DAS (16 < n < 37 biological repeats). (D) Pictures of representative plants used in C to measure the projected rosette area. For box and whisker plots, the box
represents the interquartile range, the horizontal line represents the median, and the error bars represent min to max values. Asterisks and letters indicate
significant differences as calculated by a Mann-Whitney test in A, Tukey's multiple comparison test in B, and by Dunnett's test in C. ****P < 0.0001. (Scale bar
in D represents 1 cm.)
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Fig. 3. Response of plants and plant explants to DCG. (A) Arabidopsis seedlings 7 d after stratification (DAS) growing on 0.5 MS medium containing tZR (0.1
to 10 pm) or DCG (10 to 100 pM). (B) Relative expression of cytokinin (ARR4) and cell division (CYCD3.2) marker genes in Arabidopsis seedlings 7 DAS treated for
20 h in liquid 0.5x MS medium containing different compounds (n = 6 biological repeats). (C) pARR4::3xYFP and pCYCD3.2::GUS reporter line grown for 5 and 9
d, respectively, on 0.5x MS medium supplemented with either tZR or DCG. (D) Fresh weight of callus isolated from tobacco leaf, 21 d after explanting on 1x LS
medium supplemented with either tZR or DCG in combination with NAA (10 < n < 14 biological repeats). (£) shows representative leaf explants used to quantify
the fresh weight data presented in D. (F) Fresh weight of pith tissue, 21 d after explanting on 1x LS medium supplemented with either tZR or DCG in combination
with NAA (9 < n < 15 biological repeats). (G) shows representative explants used to quantify the fresh weight data presented in F. For box plots and whisker
plots in D and F, the box represents the interquartile range, the horizontal line represents the median, and the error bars represent min to max values. Error
bars in B represent SEs. Asterisks indicate significant differences of the treated samples compared with the mock or NAA treatment as calculated by Dunnett's
test. *0.05> P> 0.01; **0.01 > P> 0.001; ****P < 0.0001. (Scale bar in A represents 1 mm, in C, Left and Middle represents 0.5 mm, in C, Right represents 0.2 mm,

and in £ and G represents 1 cm.)

in our assays could have pointed to a species-specific effect of
DCG. To investigate this possibility, we repeated the original callus
induction experiments with DCG on Nicotiana tabacum cv.
Havana 425, the tobacco cultivar used in the original studies pur-
portedly demonstrating the activity of DCG (13, 14). In line with
the described experiments, both leaf and pith explants were used
and the described protocols were closely followed. As expected,
incubating freshly harvested leaf and pith explants on LS medium
supplemented with both auxin and cytokinin (#ZR) resulted in
massive cell proliferation, and 3 wk after incubation large calli had
formed on the explants. Withdrawing cytokinin from the growth
medium resulted in significantly fewer calli, demonstrating the
necessity of cytokinin to trigger the proliferation of callus in the
presence of auxin. In contrast to what was described previously
(13, 14), replacing cytokinin with DCG gave similar results as the
medium depleted with cytokinin for leaf (Fig. 3 D and £ and
SI Appendix, Table S1) and pith (Fig. 3 Fand G and SI Appendix,
Table S2) explants, i.c., significantly fewer calli.

A study focusing on tobacco cell cultures tellingly suggested
that DCG is not readily taken up by plant cells (19). Although a
lack of uptake contradicts the apparently demonstrated activity
of this metabolite on plant explants, it could explain the observed
outcome of our experiments. To explore this hypothesis, the DCG
levels of plants growing on DCG-containing medium were
assessed. Tobacco explants were considered non-ideal for this pur-
pose as endogenous DCG could mask DCG-uptake (20). In addi-
tion, the dssue is in direct contact with the DCG-containing
medium, making it hard to exclude contamination. As an alter-
native, shoots of ¢3'/ seedlings were used as these mutants do not
produce DCG (Fig. 24) and shoots are not in direct contact with
the growth medium. In line with the experiments performed with
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tobacco cell cultures (19), no DCG was detected in shoots of
seedlings growing on DCG-containing medium. DCG levels
could be increased in plant tissues when feeding was performed
with the DCG aglycone dehydrodiconiferyl alcohol (DDC)
(Fig. 44 and SI Appendix, Fig. S3), a metabolite that is readily
taken up and converted to DCG by plant cells (19). Despite the
increase in DCG content, no differences were observed between
DDC-treated leaf discs as compared with their corresponding
controls (Fig. 4B and SI Appendix, Table S3). Similar results,
although less clear, were obtained with pith explants (Fig. 4Cand
SI Appendix, Table S4). Also in Arabidopsis seedlings, no shift in
expression of cytokinin and cell-division reporter genes could be
demonstrated upon DDC treatment (Fig. 4D). Together, these
data question the assumed cytokinin-substituting activity of

DCG.

Discussion

The cytokinin-substituting activity of DCG is based on studies
published over 30 y ago. Despite its apparently spectacular activity,
DCG never took a foothold in the cytokinin field. The claimed
activity was also never scrutinized by independent follow-up stud-
ies, and the underlying molecular mechanism remained unre-
solved, feeding the controversy concerning the bioactivity of this
compound (10, 21). Nevertheless, a reduced DCG abundance in
phenylpropanoid pathway mutants surged as a possible explana-
tion for the growth defects characteristic of many lignin mutants
(1-3, 7,9, 10). The claimed contribution of DCG to the lignin
mutant phenotypes is now challenged as we found no indications
that DCG has bioactive, let alone cell-division-promoting or cyto-
kinin-like, properties.
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Fig.4. Response of plants and plant explants to DDC. (A) Average DCG abundance in tobacco leaf explants 21 d after explanting on 1x LS medium supplemented
with either NAA or NAA and DDC (n = 6). (B) Fresh weight of callus isolated from tobacco leaf explants, 21 d after explanting on 1x LS medium supplemented with
either tZR or DDC in combination with auxin (32 < n < 40). (C) Fresh weight of pith tissue, 21 d after explanting on 1x LS medium supplemented with either tZR or
DCG in combination with NAA (8 < n < 19). (D) Relative expression of cell division (CYCD3.2) and cytokinin (ARR4) marker genes in Arabidopsis seedlings 7 d after
stratification treated for 20 h in liquid 0.5x MS medium supplemented with either tZR or DDC (n = 6). The box represents the interquartile range, the horizontal
line represents the median, and the error bars represent min to max values. Error bars in D represent SEs. Asterisks indicate significant differences of the treated
samples compared with the mock or NAA treatment as calculated by Dunnett’s test. *0.05 > P> 0.01; **0.01 > P> 0.001; ***0.001 > P> 0.0001; ****P < 0.0001.

Reasons can be listed explaining the discrepancy between our
results and those of other investigators, but none provides a satis-
factory answer. First, biological and/or technical details that were
unaccounted for in the previously published studies could have
affected the results. Although plausible, this seems highly unlikely
as the bioactivity of DCG has been demonstrated and retested in
various assays (13, 14, 19), undermining the idea that DCG would
only be active under a very strict experimental setting. Secondly,
we could have used a different, inactive compound. This is equally
unlikely as we unambiguously determined by NMR that our DCG
was a mixture containing both DCG-A and -B, the two diastere-
omers with claimed activity (13, 14). A third possibility is that
impurities present in our DCG stock interfered with the bioactivity
of DCG. Although plausible, the presence of inhibitors is in our
opinion irrelevant as we demonstrated that DCG was not taken
up by plant cells, which is obviously a more logical explanation for
why no activity could be demonstrated. The fact that DCG is not
readily taken up (19) further questions the original studies that
claimed cytokinin-substituting activity of this metabolite. It could
still be argued that an enigmatic contaminant present in our DCG
stock, but absent in the original stock, affected the uptake of DCG.
However, this is equally unlikely as the lack of uptake was demon-
strated previously (19) with the original DCG stock. A fourth
possibility is that the claimed DCG activity was the consequence
of a contaminant or degradation product in the DCG stock used
in the original studies. The former seems improbable, as the authors
confirmed their findings using synthetic DCG (14). The presence
of a bioactive degradation product in previously used DCG stocks
as the cause for the observed cell-division-promoting activity can-
not, however, be excluded. Overall, the results in this study force
us to revise any notions of the importance of DCG as a growth
regulator, and to reconsider its bioactive properties altogether.

Materials and Methods

Chemicals. All compounds were purchased from Sigma-Aldrich unless men-
tioned otherwise. All concentrated stock solutions were made in dimethylsulfox-
ide (commercial grade).

Chemical Synthesis.Dehydrodiconiferyl alcohol glucoside (DCG). DCG
was prepared by coupling of diacetoxy-dehydrodiconiferyl alcohol and acetobro-
mo-a-D-glucose (2,3,4,6-tetra-O-acetyl-o-D-glucopyranosyl bromide) followed
by deacetylation.

40of7 https://doi.org/10.1073/pnas.2123301120

Dehydrodiconiferyl alcohol (DDC). To synthesize DDC, diethyl (8-5)-dehy-
drodiferulate was first prepared by radical coupling of ethyl ferulate using
horseradish peroxidase and hydrogen peroxide in pH 4.0 acetate buffer (22).
The dehydrodiferulate ester (1 g, 2.26 mmol) was completely dissolved in anhy-
drous toluene (200 mL), under nitrogen, and cooled in an ice bath for 30 min.
Diisobutylaluminum hydride (1 M in toluene, 13.56 mmol) was slowly added
via syringe and stirred for 1 h.The reaction was carefully quenched with ethanol.
The reaction mixture was poured into EtOAc and washed with RO water (x 1) and
satd. NH,CI (x3).The collected EtOAc layer was dried over anhydrous magnesium
sulfate (MgSQ,), the inorganics were filtered off, and the solution evaporated.
The crude product was purified by flash column chromatography using hexane
and EtOAc as eluant to obtain 414 mg (1.15 mmol, 51%) of the pure product as
a colorless oil.

Diacetoxy-dehydrodiconiferyl alcohol. DDC (850 mg, 2.37 mmol) was
acetylated in acetic anhydride (15 mL) and pyridine (15 mL) overnight at room
temperature. The reaction solution was directly dried on an evaporator to obtain
ayellow oil in a quantitative yield of the peracetylated DDC. The triacetoxy-dehy-
drodiconiferyl alcohol (1.1 g, 2.27 mmol) was dissolved in pyrrolidine (20 mL)
with shaking and poured into 250 mLEtOAc. The organic layer was washed with 1
MH,SO, (x3), dried over anhydrous MgS0,, and the solvent was removed under
vacuum. Purification by flash column chromatoqraphy provided 810 mg (1.82
mmol, 80%) of the final productas a colorless oil. 'H NMR (360 MHz, acetone-d,):
87.63(brs, TH,A4-OH),7.05(d,J = 1.9 Hz, TH,A2),7.033 (brs, TH, B2),7.017
(brs, TH, B6), 6.89 (dd, J = 8.1, 1.9 Hz, TH, A6), 6.83 (d, J = 8.1 Hz, TH, AS),
6.63(dt,J=15.8,1.1 Hz, TH, Ba), 6.23 (dt,J = 15.8, 6.5 Hz, TH, BB), 5.50 (d, J
=7.3Hz, TH,Ax), 4.66 (dd,J = 6.5,1.1 Hz, 2H, By), 4.42 (dd,J = 11.1,5.5 Hz,
TH, Ay1),4.32 (dd, J = 11.1,7.4 Hz, TH, Ay2), 3.86 (s, 3H, B-OMe), 3.82 (s, 3H,
A-OMe), 3.77 (m, TH,AB), 2.02 (s, 3H, By-OAc), 1.99 (s, 3H, Ay-OAc); *C NMR: &
170.9 (Ay-OAc), 170.8 (By-OAc), 149.3 (B4), 148.4 (A3), 147.5 (A4), 145.3 (B3),
134.8 (Ba), 133.3 (A1), 131.3 (B1), 129.2 (B5), 122.1 (Bp), 119.9 (A6), 116.3
(B6), 115.7 (A5), 112.1 (B2), 110.5 (A2), 89.0 (Aat), 65.9 (Ay), 65.5 (By), 56.4
(B-OMe), 56.3 (A-OMe), 51.1 (Ap), 20.8 (By-OAc), 20.7 (Ay-OAc).

Diacetoxy-dehydrodiconiferyl alcohol tetra-O-acetyl-B-D-glucopyrano-
side. The coupling approach between diacetoxy-dehydrodiconiferyl alcohol and
tetra-O-acetyl-B-D-glucopyranosyl bromide was based on a previous study (23).
Diacetoxy-dehydrodiconiferyl alcohol (920 mg, 2.08 mmol) and 2,3,4,6-tetra-
O-acetyl--D-glucopyranosyl bromide (2.56 g, 6.23 mmol) were dissolved in
quinoline (10 mL), and silver oxide (Ag,0, 482 mg, 2.08 mmol) was added. The
reaction mixture was stirred for 4 h at room temperature. The reaction mixture
was then poured into EtOAc(200 mL)in a separatory funnel and washed with 1M
H,S0, (x3)and sat. NH,Cl (x 3) before being dried over anhydrous MgSO,. The
inorganics were filtered off and the solvent evaporated under vacuum resulting
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in the crude product as an oil. Purification by flash-chromatography produced
1.37 g (1.77 mmol, 85%) of the final product. 'H NMR (360 MHz, acetone-d,): &
7.19(d,J=8.3Hz, 1H,A5),7.11(d,J = 2.0 Hz, TH,A2),7.05 (brs, 1H, B2), 7.03
(brs, TH, B6), 6.96 (dd, J = 8.3, 2.0 Hz, TH, A6), 6.64 (dt, J = 15.9 Hz, 1.2, TH,
Bar), 6.23 (dt, J = 15.9 Hz, 6.5, TH, BB), 5.57 (d, J = 6.7 Hz, TH, Aw), 5.35 (dd,
J=9.4,93Hz1H,3’),5.24(dd,J=7.9,1.6 Hz, TH, 1"),5.18 (dd,J = 9.3,7.9
Hz, 1H,2’),5.10 (dd, J = 9.7,9.6 Hz, TH, 4), 4.66 (dt, J = 6.5, 1.2 Hz, 2H, By),
4.44(dd,J=11.1,5.5Hz, TH,Ay1),4.33(dd, J = 11.1,7.5 Hz, TH, Ay2), 4.28
(m, TH, 6’b), 4.14 (dd, J = 12.3,2.4 Hz, TH, 6'a), 4.09 (m, TH, 5"), 3.88 (s, 3H,
B-OMe), 3.81 (s, 3H, A-OMe), 3.76 (m, TH,AB), 2.03 to 1.95 (65, 18H); *C NMR:
8170.9-169.6 (six acetate carbonyl peaks), 151.6 (A3), 149.3 (B4), 147.2 (Ad),
145.4 (B3), 138.3 (A1), 134.7 (Ba), 131.6 (B1), 129.0 (B5), 122.3 (Bp), 120.0
(A5), 119.1 (A6), 116.3(B6), 112.2 (B2), 111.7 (A2),100.9 (1"), 88.4 (Awx), 73.3
(3),72.6(5),72.0(2'),69.4(4"), 65.9 (Ay), 65.5 (By), 62.7 (6'), 56.6 (A-OMe),
56.4 (B-OMe), 51.3 (Ap), 20.79—20.51 (six acetate methyl peaks).

Dehydrodiconiferyl alcohol 4-O-glucopyranoside. [Glc-G(8-5)G, (F)-2-
(hydroxymethyl)-6-(4-(3-(hydroxymethyl)-5-(3-hydroxyprop-1-en-1-yl)-7-methoxy-
2,3-dihydrobenzofuran-2-yl)-2-methoxy-phenoxy)tetrahydro-2H-pyran-3,4, 5-triol]

Diacetoxy-dehydrodiconiferyl alcohol tetra-O-acetyl-B-D-glucopyranoside (333
mg, 0.43 mmol) was dissolved in 100 mLTHF, and the solution was kept in an
ice bath for 30 min. The reaction flask was maintained under nitrogen before
1 M DIBAL-H (4.3 mmol) in toluene was slowly added, and stirred for 1 h. The
reaction solution was quenched with ethanol, and the solvent directly removed
on a rotary evaporator. The obtained yellow solid was treated with hot water
(100 mL x 3), and the product was extracted from the solid by vacuum filtration.
Following water removal by evaporation, a colorless oil was obtained. Purification
by TLC (EtOAc: MeOH, 10:1, v/v) afforded the required dehydrodiconiferyl alcohol
4-0-glucopyranoside (139 mg, 0.26 mmol, 62%)."H NMR (500 MHz, MeOH-d,):
87.14(d,J = 8.4 Hz, TH,A5),7.02 (d, J = 1.9 Hz, TH, A2), 6.95 (br s, 2H, B2 &
6),6.92 (dd, J = 8.4, 1.9 Hz, TH, A6), 6.53 (dt, J = 15.8, 1.1 Hz, TH, Ba), 6.22
(dt,J=15.8,6.0 Hz, TH, Bp), 5.58 (d, J = 6.0 Hz, TH, Aat), 4.89 (1H, 17), 4.19
(dd,J=5.8,1.1Hz,2H, By), 3.88 (s, 3H, B-OMe), 3.87 (m, TH, 6'b), 3.83 (m, TH,
Ay1),3.82 (s, 3H,A-OMe), 3.76 (m, TH, Ay2), 3.67 (m, TH, 6'a), 3.46 (m, 3H, Ap
&2'8&5'),3.38(m, 2H,3" &4'); "CNMR: & 150.8 (A3), 149.1(B4), 147.5 (A4),
145.4 (B3), 138.0 (A1), 132.7 (B5), 131.9 (Bax), 130.0 (B1), 127.7 (BB), 119.4
(A6), 118.0 (A5), 116.5 (B6), 112.0 (B2), 111.2 (A2), 102.6 (1'), 88.7 (Axx), 78.0
(3'),77.7(5), 74.8(2'),71.2 (4"), 64.9 (Ay), 63.8 (By), 62.4 (6'), 56.8 (B-OMe),
56.7 (A-OMe), 55.2 (Ap).

Solution-State NMR Experiments. NMR experiments for the compounds were
performed in acetone-d, or MeOH-d,. NMR spectra were acquired on a Bruker
Biospin (Billerica, MA) Avance 360 MHz instrument with a room-temperature probe
or an Avance 500 MHz spectrometer equipped with a 5 mm Triple Resonance
Inverse (TCI) "H/"C/"N cryoprobe with inverse geometry (proton coils closest to
the sample). The central acetone or MeOH solvent peaks were used as the internal
reference (8¢ 29.8 and &, 2.04 ppm for acetone; 8. 49.0 and &, 3.30 ppm for
MeOH). Typical standard Bruker implementations of the traditional suite of one-
dimensional (1D; "Hand ™*C) and two-dimensional (2D) NMR experiments [multi-
plicity-edited 13C, Distortionless Enhancement by Polarization Transfer (DEPT-135),
homonuclear COrrelation SpectroscopY (COSY), Heteronuclear Single-Quantum
Coherence (HSQC), and Heteronuclear Multiple-Bond Correlation (HMBC)] were
used to elucidate/validate the structures. A small exponential multiplication
line-broadening value (0.1 Hz) and zero-filling to a processed spectrum size (SI)
of 256 K datapoints were applied to see the clear splitting of A3, A5, and Aa peaks
from the DDC moiety, as well as the glucoside 1" peak.

Plant Growth Conditions. Arabidopsis thaliana Col-0 seeds were surface-ster-
ilized overnight with chlorine gas in a closed container. The chlorine gas was
generated by mixing 150 mLNaOCI (12 to 14%) with 8 mL37% HCI. Sterile seeds
were sown on plates containing 0.5x Murashige and Skoog (MS) agar medium
(1.5 g L™" MS basal mixture powder (Duchefa), 10 g L™" sucrose, 0.5 g L' MES
monohydrate, 8 ¢ L™ Plant Tissue Culture Agar (Neogen); pH 5.7 with KOH). After
sowing, seeds were stratified for 48 h at 4 °C, whereupon plates were transferred
to a growth chamber (21 °C; 16 h light/8 h dark photoperiod). N. tabacum cv.
Havana 425 seeds were sown in 13-cm pots containing universal potting soil
(Saniflor). Plants were grown under long-day greenhouse conditions (21°C; 16
h light/8 h dark photoperiod).
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Projected Rosette Area Measurement. A segregating ¢3'h population
was grown on horizontal plates (12 x 12 ¢cm) containing 0.5x MS medium as
described above. After stratification for 10 d after stratification (DAS), pictures
were taken using a Nikon D3200 camera mounted in a vertical setup and the
projected rosette area of individual plants was measured using ImageJ software
(24).The latter was done by converting the picture to binary values, after which
the "magic stick” tool was used to select the pixels that represent the seedling's
rosette. Subsequently, one cotyledon of every plant was harvested for genotyp-
ing by PCR. DNA was extracted using the Edwards DNA extraction protocol (25).
The primers used for genotyping are listed in S Appendix, Table S5. Every PCR
mixture had a total volume of 25 pL, consisting of 5 uL DNAtemplate, 2.5 pL 5x
Green GoTaq " Flexi Reaction Buffer (Promega), 1.25 pL MgCl,, 0.5 uL dNTP Mix
(Promega), 1 uLof each primer (10 uM), 0.25 uL GoTaq” G2 Flexi DNA Polymerase
(Promega), and 13.5 pL milli-Q water. Following PCR program was used; 5 min
of initial denaturation (95 °C), followed by 37 consecutive cycles of 30-s dena-
turation (95 °C), 30-s annealing (55 °C), 1 min extending (72 °C). PCR products
were visualized by agarose gel electrophoresis.

Measuring DCG Content. After confirmation of the genotype as described
above, plants homozygous for the presence and for the absence of the T-DNA
insert were harvested for metabolic analysis. For wild-type and mutant samples
3and 5 seedlings were pooled together, respectively, in 2-mL Eppendorf tubes.
In case leaf explants were used, one leaf disc was transferred to a 2-mL Eppendorf
tube. The tubes with plant biomass were flash-frozen in liquid nitrogen, and the
plant material was subsequently ground with two 3-mm iron beads using a
Retsch MM200 mixer mill (1 min, 30 Hz). For metabolite extraction 1 mL 100%
methanol was added to the ground and frozen tissue, whereupon the samples
were incubated for 20 min at room temperature in an Eppendorf Thermomixer
(470 rpm). Next, samples were centrifuged for 3 min in a tabletop centrifuge
(Eppendorf) at 14,000 rpm, whereupon 800 pL of the supernatant was trans-
ferred to a fresh 2-mL Eppendorf tube. Samples were subsequently dried in a
SpeedVac 7810010 (Labconco), and the dried pellet was resuspended in 100 pL
cyclohexane. MiliQ water (100 pL) was added and thoroughly mixed. Samples
were centrifugated (15 min, 14,000 rpm), whereupon the liquid (lower) phase
was used for metabolite analysis. Samples were subjected to Ultra Performance
Liquid Chromatography-High Resolution Mass Spectrometry (UPLC-HRMS) at the
VIB Metabolomics Core Ghent (VIB-MCG). Then, 10 pL was injected on a Waters
Acquity Ultra-High-Performance Liquid Chromatography (UHPLC) device
connected to a Vion Quadrupole Time-Of-Flight (Q-TOF) mass spectrometer
(Waters). Chromatographic separation was carried out on an ACQUITY UPLC BEH
C18(150 x 2.1 mm, 1.7 um) column (Waters), column temperature was main-
tained at 40 °C. A gradient of two buffers was used for separation: bufferA(100:0.1
water:formicacid, pH 3) and buffer B (100:0.1 acetonitrile:formic acid, pH 3), as
follows: 99% Afor 0 min decreased to 50%Ain 30 min, decreased to 30% from 30
to 35 min, and decreased to 0% from 35 to 37 min. The flow rate was set to 0.35
mLmin~". Electrospray lonization was applied, LockSpray ion source was operated
in negative ionization mode under the following specific conditions: capillary
voltage, 2.5 kV; reference capillary voltage, 3 kV; source temperature, 120 °C;
desolvation gas temperature, 550 °C; desolvation gas flow, 800 Lh™"; and cone
gas flow, 50 Lh™". The collision energy for full MS scan was set at 6 eV for low-en-
ergy settings, for high-energy settings (MSe) it was ramped from 20 to 70 eV.
For Data-Dependent Acquisition (DDA)-MS/MS energy settings were ramped from
10 to 35 eV for low mass, and from 35 to 70 eV for high mass. Mass range was
setfrom 5010 1,500 Da, scan time was set at 0.1s. Nitrogen (greater than 99.5%)
was employed as desolvation and cone gas. Leucine-enkephalin (100 pg pL™"
solubilized in water:acetonitrile 1:1 [v/v], with 0.1% formic acid) was used for the
lock mass calibration, with scanning every 2 min at a scan time of 0.1 s. Profile
data were recorded through Unifi Workstation v2.0 (Waters). Data processing
was done using Progenesis QI v2.4 (Waters). The area under a peak (peak area
count) was used as a measure of the concentration of the compound it represents.

Identifying and Measuring DDC. The method for DDC detection was as
described for DCG detection.

RT-qPCR. A. thaliana Col-0 plants were grown on 0.5x MS medium as described
above. Subsequently, 7 DAS, seedlings were transferred to 12-well plates (VWR)
containing liquid 0.5% MS medium supplemented with a compound of inter-
est. DMSO was used for mock-treated controls. The liquid 0.5x MS medium was
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identical to the solid medium from which agar was omitted. Four hours after
transfer, four plants of a particular treatment were pooled in a 2-mL Eppendorf
tube flash-frozen in liquid nitrogen and subsequently ground with two 3-mm
iron beads using a Retsch MM200 mixer mill (1 min, 30 Hz). For each treatment,
eight biological replicates were used. RNA was extracted using Reliaprep™ RNA
tissue miniprep kit (Promega) according to the manufacturer's instructions, which
included a DNase treatment. Extracted RNA was eluted from the spin column using
30 pL RNAse free water, whereupon the eluted total RNA was quantified using
an ND-1000 Nanodrop spectrophotometer (Thermo Fisher Scientific). Then, 1 ug
total RNA was converted to cDNA using the gScript” cDNA SuperMix (Quantabio)
according to the manufacturer's instructions; 4 plL qScript cDNA SuperMix (5x)
was combined with a volume that contains 1 pg RNA, topped off with water so
the solution’s total volume was 20 pL. Relative expression of the selected genes
was determined with the Roche LightCycler 480 combined with the SYBR Green
I master Kit (Roche Diagnostics) using the following PCR protocol: one activation
cycle of 10 min (95 °C); 45 amplification cycles of 105 (95 °C), 105 (60 °C)and 10
5 (72 °C). Each biological repeat sample was run in triplicate to identify potential
technical variation that could have occurred during pipetting. Every sample had a
total volume of 20 pL, consisting of 10 uL 2 x SYBR Green mix, 8 pL primer mix (1
pM), and 2 pL cDNA. Fluorescence values were exported from the Lightcycler 480
program, afterwhich Ctvalues, normalization factors, and primer efficiencies were
calculated according to (26) using two reference genes: POLYUBIQUITINT0(UBQ10;
ATAG05320) and GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE C-2 (GAPC2;
AT1G13440). Primers used for RT-qPCR can be found in S/ Appendix, Table S5.

Reporter Line Assays. All reporter lines were grown on solid 0.5x MS medium
containing the compound of interest as described above. After 5, 7, and 9 DAS,
DPARR4::3xYFP seedlings were fixated and cleared using a ClearSee solution as
described in ref. 27. Cell walls of these samples were subsequently counterstained
with 0.1% Calcofluor white M2R (Fluorescent brightener 28) (Polysciences,
CAT#4359) solution for 1 h. After washing twice with ClearSee solution, Calcofluor
White and YFP fluorescence signal was analyzed using 405 nm and 509 nm
excitation and detection at425 to 475 nmand 527 nm, respectively. pCYCD3.2:.-
GUS seedlings were sampled at similar timepoints and cleared overnightin 80%
ice-cold acetone. After washing the samples twice, seedlings were incubated
for 20 min at 37 °C in X-gluc buffer (98% P-buffer, 1% 0.12 M X-glux, 2 mM
K;[Fe(CN),], 2 mM K,[Fe(CN);]-3H,0). After overnight destaining in 70% ethanol,
GUS staining was inspected using the Keyence VHX-7000 digital microscope.

Explant Assays. The callus assays were performed according to ref. 13 following
the technical details as described in the original paper as close as possible. Briefly,
12 t0 15 cm long leaves were cut from 35 to 45 cm tall soil-grown N. tabacum
cv. Havana 425 plants. Youngest leaves and oldest leaves were not sampled to
ensure uniform sample collection. After washing the leaves with soap-containing
milliQ (MQ) water, they were surface sterilized by three cycles of consecutive
7% bleach (NaOCl), water, and 70% ethanol (1 min each). The sterilization was
followed by three consecutive rinses with sterile MQ water. To create leaf explants,
1-cm diameter circular explants were taken from the sterilized leaves, avoiding
major veins. Fresh explants were immediately transferred to round Petri dishes
(diameter 3 cm) containing solid LS medium (4.4 g L' LS basal mixture powder
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(Duchefa), 30 g L sucrose, 10 g L~" PlantTissue Culture Agar(Neogen); pH5.7
with KOH) supplemented with naphthalene acetic acid (NAA) and trans-zeatin
riboside (tZR) or the DCG as indicated. The plates were sealed with two layers of
parafilm (Bemis) and subsequently transferred to a tissue culture room where
they were incubated under a 16-h light/8-h dark regime at 24 °C. After a 3-wk
incubation period, explants were photographed using a Nikon D3200 camera
whereupon the callus tissue was removed from the leaf discs, and the callus bio-
mass was quantified using a micro balance (Mettler Toledo). For the pith assays,
pith tissue was obtained from mature internodes of 35 and 45 cm tall soil-grown
N. tabacum cv. Havana 425 plants. Internode tissue was sterilized as described
above for leaves. Pith tissue was dissected from sterilized internodes, and sub-
sequently cutinto sections of approximately 10 mg. After measuring the weight
of the explants using a micro balance (Mettler Toledo), they were transferred
to solid LS medium, on which they were incubated as described earlier for the
leaf explants. Three weeks after explanting, explants were imaged using a Nikon
D3200 camera whereupon their biomass was quantified using a microbalance
(Mettler Toledo). The start and end values allowed to calculate the net increases
in biomass during the 3-wk incubation period.

Statistical Analysis. Statistical analysis was performed using GraphPad Prism 9.2
software. In case of two groups of independent data, we first checked the equal-
ity of variance using an F-test, and subsequently performed a two-sided Student
t test. When given more than two groups of independent data, determined by
one factor, we checked the normality and equality of variance. If the data fulfilled
both these criteria, an ordinary one-way ANOVA test, followed by a post hoc test
(Tukey or Dunnett multiple comparison) was performed. If not, nonparametric
tests were used to test the null hypothesis whereupon multiple comparison tests
were performed. For normal data determined by more than one factor, a two-way
ANOVA test combined with a Dunnett's multiple comparisons test was performed.

Data, Materials, and Software Availability. All data are included in the article
and S/ Appendix.
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