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Supplementary Figure 1. MS/MS spectra and structural characterization of 

curcumin coupling products in oxidative coupling assays. (a) MS/MS spectra of 

curcumin-coniferyl alcohol coupling products observed in in vitro oxidative coupling 

assays. A representative MS/MS spectrum from seven, ten, and five recorded spectra for 

curcumin(8-O-4)G, curcumin(8-5)G and curcumin(8-8)G, respectively, is shown. 

Fragments and neutral losses that originate from the coniferyl alcohol moiety are given in 

blue, neutral losses that originate from the linkage type28,29 are given in red. The 

annotation of the curcumin fragments (in green) is explained in panels (b) to (f). 

Curcumin(8-O-4)G and curcumin(8-5)G were assigned as enol tautomers, based on the 

relative signal intensities of m/z 158.0, 160.0, 173.1 and 175.0 in the respective MS/MS 

spectra. For curcumin(8-8)G, a keto tautomer is impossible because the compound has 

an enol ether functionality. (b) Fragmentation of curcumin isomers and tautomers 

observed in Curcuma longa. The differences in MS/MS spectra between keto and enol 

tautomers is explained by the fragmentation pathways in panel (e) and (f). The cis and 

trans annotation is based on the observation that peak a and peak c have similar MS/MS 

spectra, but different retention times. In the trans conformation, the alcohol and ketone 

can interact with an intramolecular hydrogen bridge, making the molecule less polar and 

thus more retentive in the reversed-phase separation. In the cis conformation, the alcohol 

and ketone can not interact, making the molecule more polar as compared with the trans 

conformation, and thus less retentive in the reversed-phase separation. Upon ionization, 

the cis and trans equilibrate instantly, explaining the similar MS/MS spectra. (c) 

Fragmentation of demethoxycurcumin isomers and tautomers observed in C. longa. The 

differences in MS/MS spectra between keto and enol tautomers is explained by the 

fragmentation pathways similar to those of curcumin given in panel (e) and (f). (d) 

Fragmentation of bisdemethoxycurcumin isomers and tautomers observed in C. longa. 

The differences in MS/MS spectra between keto and enol tautomers is explained by the 

fragmentation pathways similar to those of curcumin given in panel (e) and (f). For (b), 

(c) and (d) one Curcuma longa sample was analyzed and one MS/MS spectrum was 

generated for each compound. (e) Fragmentation pathway of curcumin keto form. (f) 

Fragmentation pathway of curcumin enol form. 
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Supplementary Figure 2. Gene construct and biomass measurements of 

pCesA4:DCS_CURS2 transgenic Arabidopsis lines. (a) Graphical representation of 

the pCesA4:DCS_CURS2 construct. DCS and CURS2 genes were linked together by the 

T2A sequence, controlled by the CesA4 promoter and terminated with a 35S terminator 

sequence (t35S). The different elements are drawn to scale. Scale bar: 500 bp. (b) Height 

measurements of the pCesA4:DCS_CURS2 lines upon senescence. (c) Dry weight of the 

senesced main inflorescence stem of which siliques, cauline leaves and side branches 

were removed. Individual values (dots) and means (bars) of 29, 30 and 26 independent 

biological replicates for WT, pCesA4:DCS_CURS2_1 and pCesA4:DCS_CURS2_2, 

respectively, are shown. No significant differences were observed for stem height and 

weight between the lines (P > 0.05; two-tailed Student’s t-test). Error bars indicate 

standard deviation. 
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Supplementary Figure 3. Bending modulus determined by two-point bending tests. 

The bending modulus was determined to estimate the stiffness of the stems (n=5). Bars 

and error bars indicate means and standard errors, respectively. No significant 

differences were observed between the lines (P > 0.05; two-tailed Student’s t-test). 
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Supplementary Figure 4. Phenolic profiling of pCesA4:DCS_CURS2 plants.  MS/MS 

fragmentation spectra for compounds detected in extracts of pCesA4:DCS_CURS2 

plants. For each compound, a representative MS/MS spectrum is shown from at least 

four independent MS/MS spectra. The interpretation of the MS/MS spectra of compound 

1-5 is given in Supplementary Figure 1. The fragments indicated with a red triangle in the 

MS/MS spectra of compound 6-21, 26, 27, 32-38 and 40 refer to fragments from 

dihydroferuloyl-β-keto acid, as explained by the fragmentation routes shown for 

compound 6 (dihydroferuloyl-β-keto acid). In the same spectra, neutral losses of C9H10O2 

and C10H10O3 are also explained by the fragmentation routes shown for compound 6 

(dihydroferuloyl-β-keto acid). For compound 7, the glycerol is thought to be on the 4-O 

position of dihydroferuloyl-β-keto acid, because the observed [M - H+ - C2H4O2 - H2O]- 

and [M - H+ - CO2 – C2H4O2]- fragments can only be formed if the 9CHOH and 11COOH 

positions are free. The fragments indicated with a red circle in the MS/MS spectra of 

compound 17, 22-25 and 41 refer to fragments from tetrahydroferuloyl-β-keto acid, as 

explained by the fragmentation routes shown for compound 22 (tetrahydroferuloyl-β-keto 

acid). In the same spectra, the neutral loss corresponding to C2H4O2 and C10H12O3 is also 

explained by the fragmentation routes shown for compound 22 (tetrahydroferuloyl-β-keto 

acid). For compound 28, fragmentation of the 8-5 (phenylcoumaran) structure resulting 

into H2O, CH2O and 1,2A neutral losses and 1,2B- fragments, is as described in Morreel et 

al., 200435
. In the same MS/MS spectrum, CO2, C2H4O, C2H4O2 and C4H6O3 neutral 

losses are derived from the dihydroferuloyl-β-keto acid, as shown for compound 6 

(dihydroferuloyl-β-keto acid). For compound 30 and 31, fragments indicated with a red 

star are explained in the fragmentation route for compound 30 (dihydroferuloyl-β-keto 

acid(8-5)G + glutamate). For compound 32 [dihydroferuloyl-β-keto acid(δ-lactone β-O-

4)dihydroferuloyl-β-keto acid], the peaks indicated with the red diamond in the MS/MS 

spectrum are explained in the fragmentation route. For compound 33, fragmentation 

resulting into the 2,5X fragment, is as described in Morreel et al., 200435. In the same 

spectrum, CO2 and C2H4O2 neutral losses are derived from the dihydroferuloyl-β-keto 

acid, as shown for compound 6. The C3H4O3 neutral loss is also derived from the 

dihydroferuloyl-β-keto acid moiety, as explained in the fragmentation route. Compound 

39 is characterized as dihydroferuloyl-β-keto acid sinapic acid cyclobutane dimer, 

because the peak with m/z 223.0614 co-elutes with a peak with m/z 461.1476 (see insert). 

The latter indicates that m/z 223.0614 is an in-source fragment of m/z 461.1476. There 

is no MS/MS spectrum available for m/z 461.1476, but the MS/MS of m/z 223.0614 is 

highly similar to that of the sinapic acid standard. In addition, the experimental m/z 

461.1476 closely matches the theoretical m/z of dihydroferuloyl-β-keto acid sinapic acid 

cyclobutane dimer (m/z 461.1476, Δppm 5.0). The observed neutral losses of C2H4O2, 

C3H6O3, C4H8O4 in the spectra of compound 13, 14, 29 are derived from the hexose cross-

ring cleavages. For compound 41, fragmentation of the 4-O-8 (β-aryl ether) structure 

resulting into H2O and CH2O neutral losses and [G1]- and [G2]- fragments, is as described 

in Morreel et al., 200435. In the same MS/MS spectrum, the C2H4O2 neutral loss is derived 

from the tetrahydroferuloyl-β-keto acid, as shown for compound 22 (tetrahydroferuloyl-β-



11 
 

keto acid). Compound 42-49 matched retention time, m/z and MS/MS spectra as 

described in De Meester et al., 201836. 
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Supplementary Figure 5. Targeted search for curcuminoid metabolites in the 

pCesA4:DCS_CURS2 lines. (a) Peak area of curcumin-O-hexoside and a 

curcumin-containing trimer in which coniferyl alcohol is linked to curcumin(8-8)G. 

Because their respective peak areas were below 1000, the latter two compounds did 

not end up as one of the 49 compounds in Table 1. n = 8 independent biological 

replicates per line. stdev: standard deviation; R.T.: retention time; inf: infinity; ratio: 

average pCesA4:DCS_CURS2 / average WT. (b) MS/MS-based structural 

elucidation of curcumin-O-hexoside. (c) MS/MS-based structural elucidation of the 

trimer in which coniferyl alcohol is linked to curcumin(8-8)G. The compound is either 

curcumin(8-8)G(4-O-8)G, G(8-O-4)curcumin(8-8)G, or G(8-O-4')curcumin(8-8)G. 

For (b) and (c), a representative MS/MS spectrum is shown from at least four 

independent MS/MS spectra. 
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Supplementary Figure 6. Bright field and fluorescence microscopy of WT and 

pCesA4:DCS_CURS2 cross sections. The yellow colour and fluorescence at an 

excitation wavelength of 488 nm remained in the secondary cell walls of cross 

sections of pCesA4:DCS_CURS2 inflorescence stems after a 2 h incubation in 

acetone. Representative images are shown from six independent biological 

replicates per line, eight sections for each biological replicate and three regions for 

each section. Scale bar, 100 µm. 
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Supplementary Figure 7. Lignin staining and TEM of WT and 

pCesA4:DCS_CURS2 stem cross sections. (a) Mäule stains S units red and G 

units light brown and is generally used to visualize the presence of S units in lignin, 

whereas the Wiesner reagent colors cinnamaldehyde end-groups in lignin and is 

used to visualize the presence of lignin in a concentration-dependent manner. 

Representative images are shown of three independent biological replicates per line, 

eight sections from each biological replicate and three regions for each section. With 

both Mäule and Wiesner staining, no differences were observed between 

pCesA4:DCS_CURS2 and WT. Scale bar, 100 µm. (b) Transmission electron 

microscopy (TEM) demonstrates the ultrastructure of the interfascicular fibers and 

xylem regions. Representative images are shown from three independent biological 

replicates per line, one section for each biological replicate and a visual screen of 

the complete xylem and interfascicular fiber region for each section. No differences 

between pCesA4:DCS_CURS2 and WT were observed. v, xylary vessel. Scale bar, 

2 µm. 
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Supplementary Figure 8. Structural characterization of dehydrogenation 

polymers (DHPs) and lignins by 2D HSQC NMR. It was investigated which 2D 

HSQC NMR signals were specific for curcumin, anticipating that curcumin might 

provide signatures of its incorporation into lignins. (a) Pure coniferyl alcohol DHP; 

pure curcumin DHP; 50% coniferyl alcohol and 50% curcumin DHP (n=1). In the 

DHPs made from pure curcumin and coniferyl alcohol/curcumin, the main signals 

originated from the aromatic rings, i.e. the C2, C5 and C6 signals and the G2/C2, G5/C5 

and G6/C6 signals, respectively. However, similar signals were also present in DHPs 

made from pure coniferyl alcohol (G2, G5 and G6) and can therefore not be used as 

specific markers for curcumin. In the pure curcumin DHP, signals (U1-U4) with 

relatively low intensity were detected that were not present in the pure coniferyl 

alcohol DHP. However, these signals remain unassigned. Also in the coniferyl 

alcohol/curcumin DHP, different signals (U5-U7) with relatively low intensity were 

detected that were not present in the pure coniferyl alcohol DHP. These signals also 

remained unassigned. (b) HSQC spectra of the aromatic regions and the 

oxygenated aliphatic regions of whole cell walls from stems of WT and the 

pCesA4:DCS_CURS2 lines. A representative spectrum from three independent 

biological repeats is shown; each biological repeat is a pool of four or five 

inflorescence stems. Integrated values for each monomeric unit H, G and S and the 

α-C/H correlation peaks from the major lignin interunit structures A-C are provided 

in Table 2. The colors of the substructures shown match those of the corresponding 

signals in the HSQC spectra (where they are resolved). None of the U1-U7 signals 

were present in 2D HSQC NMR spectra of lignin samples from the 

pCesA4:DCS_CURS2 lines. No other signals appeared in the 

pCesA4:DCS_CURS2 spectra that were different to those of WT. 
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Supplementary Figure 9. Characterization of catalytic hydrogenolysis lignin oil 

from pCesA4:DCS_CURS2 inflorescence stems. (a) PCA showing the separation 

between UHPLC-MS profiles of pCesA4:DCS_CURS2 and WT lignin oils based on 

PC1. For WT, pCesA4:DCS_CURS2_1 and pCesA4:DCS_CURS2_2, n=3, 3 and 2, 

respectively. (b) Peak list of 21 compounds that accumulated significantly 10-fold in 

lignin oils of pCesA4:DCS_CURS2 (n=5) as compared with lignin oils from WT (n=3). 

Names given are based on high-resolution m/z and on MS/MS spectra given in panel 

(c). Ratio: average pCesA4:DCS_CURS2 / average WT. SD, standard deviation. (c) 

MS/MS spectra of compounds given in (b). Because of the lack of appropriate 

authentic chemical standards for these compounds, the structural characterization 

remains tentative. Two independent MS/MS spectra were generated for each 

compound, of which one MS/MS spectrum is shown. The signals for which the m/z 

value is given were common in the two independent MS/MS spectra. The detection 

limit was set at a peak intensity of 200 counts. n.d., not detected.  
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Supplementary Figure 10. Curcumin breakdown in alkaline conditions. (a) 

Transgenic pCesA4:DCS_CURS2 stem cross sections were incubated in 62.5 mM 

NaOH (pH 12.8) for 30 and 60 min at four different temperatures: room temperature 

(RT), 40°C, 60°C and 80°C. Images (excitation filter of 460-500 nm) taken after 

extensive washing show representative pictures from 20 to 30 replicates originating 

from 3 independent biological replicates. Scale bars, 200 µm. (b) WT and 

pCesA4:DCS_CURS2 stem cross sections were incubated in 62.5 mM NaOH (pH 

12.8, 90ºC, 30 min). Fluorescence of pCesA4:DCS_CURS2 at an excitation 

wavelength of 488 nm decreased after the treatment. WT cross sections were not 

fluorescent at a wavelength of 488 nm before treatment, but were slightly fluorescent 

after the alkaline treatment. The autofluorescence of lignin at an excitation 

wavelength of 365 nm was similar for WT and pCesA4:DCS_CURS2 cross sections 

and appeared not to be affected by the alkaline treatment. Representative images 

are shown from three replicates derived from a visual screening of 24 stem sections 

(eight stem sections of three independent biological replicates per line) for each 

condition tested. Scale bars, 200 µm. 
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Supplementary Figure 11. Cellulose-to-glucose conversion during 

saccharification of WT and pCesA4:DCS_CURS2 cell wall material. Samples 

were saccharified using (a) no or (b) alkaline pretreatment (62.5 mM NaOH, 90ºC, 

3 h). Individual values (dots) and means (bars) of 24 biological replicates for all lines 

are shown. **P < 0.01 (two-tailed Student’s t-test) the exact P value is shown. Error 

bars indicate standard deviation.  

 

a 

 
 

b 

 



52 
 

Supplementary Table 1. Cell wall composition of the transgenic lines and WT 

plants. CWR was determined as the fraction of material obtained after washes 

relative to the original dry weight. Lignin content was determined by acetyl bromide 

(AcBr) and Klason, and expressed as a percentage of CWR (n = 8 independent 

biological replicates for all lines). Lignin composition was determined in enzyme 

lignin by 2D HSQC NMR (n = 3 pools of each 5 independent biological replicates for 

all lines). Crystalline cellulose content was determined by the Updegraff method, 

while alpha-cellulose (i.e. the sum of crystalline and amorphous cellulose) was 

determined via an acetic acid/nitric acid-based protocol (see Methods) (n = 8 pools 

of each 6 independent biological replicates for all lines). Both are expressed as a 

percentage of CWR. No statistical differences were observed between transgenic 

and control lines (P > 0.05; two-tailed Student’s t-test). stdev, standard deviation. 

 
WT 

mean ± stdev 
pCesA4:DCS_CURS2_1 
mean ± stdev (P value) 

pCesA4:DCS_CURS2_2 
mean ± stdev (P value) 

CWR (% dry weight)  77.5 ± 3.2 77.0 ± 2.4 (0.747) 76.9 ± 1.2 (0.643) 

Lignin    

   AcBr lignin (% CWR) 11.2 ± 1.7 11.6 ± 1.1 (0.577) 11.2 ± 0.3 (0.967) 

   Klason lignin (% CWR) 16.1 ± 0.4 17.1 ± 2.0 (0.442) 15.8 ± 0.9 (0.644) 

   Aromatic units (%) 

      %S 24.2 ± 1.2 24.2 ± 0.6 (0.551) 24.8 ± 0.3 (0.911 

      %G 74.8 ± 1.1 74.5 ± 0.8 (0.681) 73.9 ± 0.4 (0.534) 

      %H 1.0 ± 0.2 1.3 ± 0.3 (0.214) 1.3 ± 0.1 (0.132) 

   Inter-unit linkages (%) 

      β-aryl ether 83.0 ± 1.7 84.7 ± 1.2 (0.316) 85.7 ± 0.5 (0.163) 

      Phenylcoumaran 10.5 ± 1.4 9.5 ± 0.9 (0.436) 8.4 ± 0.2 (0.131) 

      Resinol 6.5 ± 0.4 5.8 ± 0.2 (0.076) 5.9 ± 0.3 (0.299) 

Cellulose    

   Crystalline cellulose (%CWR) 37.7 ± 2.1 39.1 ± 1.7 (0.174) 37.8 ± 1.2 (0.885) 

   Alpha-cellulose (%CWR) 45.6 ± 2.6 45.8 ± 2.4 (0.875) 44.9 ± 1.8 (0.521) 
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Supplementary Table 2. GPC chromatographic comparison of acetylated 

lignin from pCesA4:DCS_CURS2 and WT inflorescence stems. Mean ± standard 

deviation of number-average molecular weight (Mn), weight-average molecular 

weight (Mw), and polydispersity index (PDI) estimated from the GPC curves 

(integrated between 80,000 and 600 Da). n = 3 pools of each 5 independent 

biological replicates for all lines. No significant differences were observed between 

the lines (P > 0.05; two-tailed Student’s t-test). 

 
 

 Line Mw (Da) (P value) Mn (Da) (P value) 
PDI 

(Mw/Mn) 
(P value) 

WT 30,019 ± 1,330  10,249 ± 604  2.93 ± 0.06  

pCesA4:DCS_CURS2_1 28,582 ± 3,340 (0.602) 9,636 ± 630 (0.377) 2.96 ± 0.15 (0.828) 

pCesA4:DCS_CURS2_2 31,071 ± 1,292 (0.468) 10,430 ± 206 (0.708) 2.98 ± 0.07 (0.516) 

 




