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Abstract

Recent studies demonstrate that several polyphenolic compounds produced from beyond the canonical monolignol biosynthetic
pathways can behave as lignin monomers, participating in radical coupling reactions and being incorporated into lignin poly-
mers. Here, we show various classes of flavonoids, the chalconoid naringenin chalcone, the flavanones naringenin and dihydrotri-
cin, and the flavone tricin, incorporated into the lignin polymer of papyrus (Cyperus papyrus L.) rind. These flavonoids were re-
leased from the rind lignin by Derivatization Followed by Reductive Cleavage (DFRC), a chemical degradative method that
cleaves the B-ether linkages, indicating that at least a fraction of each was integrated into the lignin as -ether-linked structures.
Due to the particular structure of tricin and dihydrotricin, whose C-3' and C-5' positions at their B-rings are occupied by
methoxy groups, these compounds can only be incorporated into the lignin through 4~0-f bonds. However, naringenin chal-
cone and naringenin have no substituents at these positions and can therefore form additional carbon—carbon linkages, includ-
ing 3'- or 5—f linkages that form phenylcoumaran structures not susceptible to cleavage by DFRC. Furthermore, Nuclear
Magnetic Resonance analysis indicated that naringenin chalcone can also form additional linkages through its conjugated double
bond. The discovery expands the range of flavonoids incorporated into natural lignins, further broadens the traditional definition
of lignin, and enhances the premise that any phenolic compound present at the cell wall during lignification could be oxidized
and potentially integrated into the lignin structure, depending only on its chemical compatibility. This study indicates that papy-
rus lignin has a unique structure, as it is the only lignin known to date that integrates such a diversity of phenolic compounds
from different classes of flavonoids. This discovery will open up new ways to engineer and design lignins with specific properties
and for enhanced value.

Received July 14, 2021. Accepted September 02, 2021. Advance access publication October 18, 2021 O pen Access

© The Author(s) 2021. Published by Oxford University Press on behalf of American Society of Plant Biologists.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs licence (https://creativecommons.org/licenses/by-nc-nd/4.0/), which permits
non-commercial reproduction and distribution of the work, in any medium, provided the original work is not altered or transformed in any way, and that the work is properly cited. For commercial re-
use, please contact journals.permissions@oup.com


https://orcid.org/0000-0003-2728-7331
https://orcid.org/0000-0001-6313-1890
https://orcid.org/0000-0001-7425-7464
https://orcid.org/0000-0002-6978-1242
https://orcid.org/0000-0002-8823-9029
https://orcid.org/0000-0002-7076-2356
https://orcid.org/0000-0002-6636-9260
https://orcid.org/0000-0003-1981-2271
https://orcid.org/0000-0002-6093-4521
https://orcid.org/0000-0002-3040-6787
https://academic.oup.com/plphys/pages/general-instructions

Flavonoids are monomers in papyrus rind lignin

Introduction

Lignin is a complex phenylpropanoid biopolymer character-
istic of vascular plants to which it provides structural sup-
port and rigidity, as well as a protection against pathogens.
Lignin results from the oxidative polymerization of mainly
three cinnamyl alcohols (p-coumaryl, coniferyl, and sinapyl
alcohols) known as monolignols (Ralph et al, 2004, 2019
Vanholme et al, 2010, 2019). Other phenolic compounds
derived from the monolignols biosynthetic pathway, includ-
ing monolignol esters (with acetic, p-coumaric, p-hydroxy-
benzoic, or ferulic acids) or intermediate compounds from
the monolignols biosynthesis (such as caffeyl alcohol, 5-
hydroxyconiferyl alcohol, and the hydroxycinnamaldehydes),
have also been found to act as lignin monomers in many
plants (del Rio et al, 2007, 2008; Ralph, 2010; Chen
et al, 2012, 2013; Tobimatsu et al, 2013; Lu et al, 2015
Karlen et al, 2016; Rencoret et al, 2018, 2020; Ralph et al,
2019).

However, recent studies have broadened the range of lig-
nin monomers involved in lignification, and have demon-
strated that several polyphenolic compounds produced
from other biosynthetic pathways, namely flavonoids,
hydroxystilbenes, and hydroxycinnamic amides, can also be-
have as lignin monomers in several plants participating in
radical coupling reactions and being incorporated into the
lignin polymer (del Rio et al, 2020, 2021). These discoveries
have challenged and expanded the traditional, more narrow
definition of lignin. The flavone tricin was the first phenolic
compound derived from outside the monolignol biosyn-
thetic pathway that was found to participate in lignification
(del Rio et al, 2012; Lan et al, 2015). Tricin was first de-
scribed in the lignin from wheat (Triticum durum) straw
(del Rio et al, 2012) and subsequent investigations revealed
that it was present in the lignins of all grasses, as well as in
other monocots (Rencoret et al, 2013; del Rio et al, 2015;
Lan et al, 2016a, 2016b). Tricin was also found in the lignins
of the eudicotyledonous plant alfalfa (Medicago sativa) (Lan
et al, 2016b) and the related M. truncatula (Lui et al., 2020).
Later, another class of polyphenolic compounds, hydroxystil-
benes (piceatannol, resveratrol, and isorhapontigenin), was
also reported to act as lignin monomers and become em-
bedded into the lignin structure of palm fruit endocarps
(del Rio et al, 2017; Rencoret et al, 2018). Likewise, the re-
spective hydroxystilbene glucosides (astringin, piceid, and
isorhapontin) were found to be incorporated into the lignin
of Norway spruce (Picea abies) bark (Rencoret et al, 2019;
Neiva et al, 2020). Also several feruloyl amides were found
incorporated into the lignins of some plants, such as feru-
loyltyramine in the lignin of tobacco (Nicotiana tabacum)
and potato (Solanum tuberosum) tubers (Negrel and
Jeandet, 1987; Negrel et al, 1996; Ralph et al, 1998), and
diferuloylputrescine in the lignin of maize (Zea mays) kernels
(del Rio et al., 2018). Flavonoids, hydroxystilbenes, and feru-
loyl amides, unlike the monolignols derived from the shiki-
mate biosynthetic pathway, are metabolic hybrids derived
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from a combination of the shikimate pathway and the
acetate/malonate-derived polyketide pathway or the amino
acid biosynthetic pathway. In the particular case of flavo-
noids, they are known to participate in oxidative radical
cross-coupling reactions with monolignols to produce “non-
conventional” lignans and neolignans (termed flavonoli-
gnans) that have two phenylpropanoid units connected
through a diversity of linkages (Begum et al, 2010;
Chambers et al,, 2015). Several flavonoids from different clas-
ses (the flavanonol taxifolin, the flavonol quercetin, the fla-
vanones eriodictyol, and dihydrotricin, and the flavones
apigenin, luteolin, selgin, and tricin) have been reported to
form such flavonolignans (del Rio et al,, 2020). The wide nat-
ural occurrence in plants of these flavonolignans produced
from the cross-coupling with monolignols is an indication
that at least some members of the flavonoids are also com-
patible with the radical-coupling reactions implicated in lig-
nification. However, the flavone tricin is the only flavonoid
that has been reported so far to be incorporated into the
lignins of wild-type plants. The flavanone naringenin and
the flavone apigenin were reported to be incorporated into
the lignin of rice (Oryza sativa) plants in which the genes of
the tricin biosynthetic pathway were mutated (Lam et al,
2017, 2019), but have not yet been reported in wild-type
plants.

In this article, we provide evidence of several flavonoids
from different classes, the chalconoid naringenin chalcone,
the flavanones naringenin, and dihydrotricin, along with the
flavone tricin, being present in the rind lignin of papyrus
(Cyperus papyrus L.), a nongrass commelinid monocot plant
from the Cyperaceae, in which they appear to participate in
radical coupling reactions with monolignols and act as true
lignin monomers.

Results and discussion

Release of flavonoids by chemical cleavage of the
alkyl-aryl ether linkages in lignin

The “milled-wood lignin” (MWL) isolated from the rind of
papyrus culms was analyzed by Derivatization Followed by
Reductive Cleavage (DFRC), a chemical degradative method
that selectively cleaves B-ether linkages (the most abundant
linkages in the lignin polymer), and the released compounds
were identified by GC/MS (Figure 1). Similar to other com-
melinid monocots, the DFRC degradation products of the
papyrus rind lignin included the cis- and trans-isomers of
guaiacyl and syringyl lignin monomers (cG, tG, ¢S, and tS),
as well as their corresponding monolignol p-coumarate con-
jugates (cGpca tGpca CSpca and tS,ca). But more impor-
tantly, the chromatogram also revealed the presence of a
series of flavonoid compounds that were identified as the
chalconoid naringenin chalcone (Nch), the flavanones narin-
genin (N) and dihydrotricin (dhT), and the flavone tricin
(T). The identities of all of these flavonoids were confirmed
by comparison with the retention times and mass spectra of
authentic standards (Figure 1). These flavonoids are not
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Figure 1 Monolignols, monolignol-p-coumarates, and flavonoids released from the rind lignin of papyrus by DFRC. A, Total-ion chromatogram of
the DFRC degradation products released from the MWL lignin isolated from papyrus rind, showing the presence of naringenin (N), naringenin
chalcone (Nch), dihydrotricin (dhT), and tricin (T), as their acetate derivatives. cGpca, tGpca, CSpca, and tS,ca are the cis- and trans-coniferyl- and
sinapyl-dihydro-p-coumarates, as their acetate derivatives. B, Electron-impact mass spectra and structures of naringenin (N), naringenin chalcone
(Nch), dihydrotricin (dhT), and tricin (T), as their acetate derivatives. Note that the p-coumarates are converted to dihydro-p-coumarates during

DFRC degradation.

contaminants as the plant cell walls were successively and
exhaustively extracted with several solvents (acetone, metha-
nol, water), and the prepared MWL was similarly purified as
well. The different flavonoid standards were subjected to

DFRC degradation to confirm that their structures were not
modified during the chemical treatment, and they were re-
leased intact; the results also indicated that naringenin did
not produce naringenin chalcone upon DFRC degradation
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Figure 2 Demonstration that naringenin (N) does not produce narin-
genin chalcone (Nch) during the DFRC degradation process. A,
Chromatogram of naringenin standard. B, Chromatogram of the
DFRC degradation products released from naringenin. Note that small
amounts of naringenin chalcone are present in the naringenin stan-
dard, but these amounts do not increase after DFRC.

(Figure 2). Therefore, the presence of these flavonoids
among the DFRC degradation products indicated that at
least some fraction of each was originally integrated into the
lignin of papyrus rind as B-ether-linked structures.

Tricin was the first lignin monomer from outside the clas-
sical monolignol biosynthetic pathway to be discovered, and
was found to be widely incorporated into the lignin of
grasses and other monocotyledonous plants (del Rio et al,
2012, 2015, 2020, 2021; Rencoret et al, 2013; Lan et al, 2015,
20163, 2016b). In this work, the presence of tricin among
the products released by DFRC from papyrus rind lignin was
not entirely surprising as it has been widely found in the lig-
nins of other commelinid monocots, but the release of the
chalconoid naringenin chalcone as well as the flavanones
naringenin and dihydrotricin was completely unexpected as
they have never been previously reported as being part of
the lignin in wild-type plants. Naringenin was, however, pre-
viously found integrated into the lignin structure in rice
mutants deficient in flavone synthase Il (FNSII), the enzyme
that converts the flavanone naringenin into the flavone api-
genin, which is subsequently hydroxylated and methylated
by the corresponding enzymes (flavonoid 3'-hydroxylase,
F3'H; flavonoid O-methyltransferase, FOMT; crysoeriol 5'-hy-
droxylase, C5'H) to ultimately produce tricin (Lam et al,
2017). Disruption of FNSII blocked the conversion of narin-
genin into apigenin, and ultimately tricin, producing a lignin
that incorporated naringenin, instead of tricin. Also, dihydro-
tricin is known to participate in cross-coupling reactions
with monolignols forming several flavonolignans (Chang
et al, 2010), indicating its compatibility with lignification.
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It is important to note that this is the first time that such
a diversity of phenolic compounds from different flavonoid
classes (chalcones, flavanones, and flavones) has been found
incorporated into the same lignin, which makes the papyrus
lignin unique (at least to date). Due to their particular struc-
ture, with an S-type B-ring, tricin and dihydrotricin can only
form 4-0-f linkages upon cross-coupling with monoli-
gnols, which implies that they can only be present at the
starting end of the lignin chain. This is the reason why tricin
was proposed to act as a nucleation site for lignification in
grasses and other monocots (Lan et al, 2015), and it is likely
that dihydrotricin could play an analogous role in papyrus
lignin. However, unlike tricin and dihydrotricin, naringenin
chalcone and naringenin have no substituents at the C-3'
and C-5' positions and therefore can form additional car-
bon-carbon linkages, which are not prone to DFRC degra-
dation. In fact, the related flavanone eriodictyol is known to
form the flavonolignans silyhermin and neosilyhermins A
and B that present phenylcoumaran structures formed
through 5'-f and or 2/~ cross-coupling, respectively, with
coniferyl alcohol (Csupor et al, 2016). Therefore, the actual
contents of naringenin chalcone and naringenin incorpo-
rated into the lignin of papyrus rind could be higher than
indicated by their DFRC release.

Identification and incorporation of flavonoids in
papyrus rind lignin as observed by 2D-NMR analyses
2D-Nuclear magnetic resonance (NMR) spectroscopic analy-
ses provided further information on the identities of the fla-
vonoids present in the lignin of papyrus rind and their
mode of incorporation into the lignin structure. The 2D-het-
eronuclear single quantum coherence (HSQC) spectrum of
papyrus rind lignin is shown in Figure 3. The most relevant
structural characteristics of the papyrus rind lignin are
shown in appropriate boxes in Figure 3, including the abun-
dances of the different lignin units (H, G, and S), inter-unit
linkages, p-hydroxycinnamyl end-groups, and the contents
of p-hydroxycinnamates and flavonoids, estimated from the
integration of the signals in the HSQC spectrum.

Besides the signals from typical lignin structures, the
HSQC spectrum also showed prominent signals from the
different flavonoids. To assist the assignments, the HSQC
spectrum was compared with analogous spectra from au-
thentic standards of naringenin chalcone, naringenin, dihy-
drotricin, and tricin (Figure 4). The HSQC spectrum of
papyrus rind lignin displayed the typical signals of tricin in-
corporated into the lignin, such as the correlations for Cg/
H6 at SC/SH 98.8/6.22 (TG)' and Cg/Hg at 6(:/8H 94.1/6.57
(Tg), as well as the correlations for C3/H; at 0c/dy 104.6/
7.03 (T5) and Cy ¢/Hy ¢ at 8c/8y 104.0/7.31 (Ty ¢) (del Rio
et al, 2012). The HSQC spectrum also showed a series of sig-
nals that are characteristic of the A and C-rings of flava-
nones, including the correlations of C,/H, at 6¢/d 78.5/5.45
(N,/dhT,), and Cs/H5 at 8¢/dy 42.1/333 and 42.1/2.72 (Ns/
dhTs;), as well as other signals for the correlations of Cs/Hg
at SC/SH 95.7/5.91 (N6/th6)l and Cg/Hg at 8c/8H 94.6/5.93
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Figure 3 2D HSQC NMR spectrum (in DMSO-ds) of the MWL preparation isolated from papyrus rind. A, Aliphatic-oxygenated (8¢/8y 40 — 90/
2.5-5.8) and B, aromatic (8¢/3y 90 - 150/5.5 — 7.8) regions. The main structures found are as follows: A: 3-0-4' alkyl-aryl ethers; A’: B-0-4' al-
kyl-aryl ethers acylated at the y-OH; B: B—5' phenylcoumarans; C: B—f’ resinols; D: 5-5' dibenzodioxocins; F: B—1' spirodienones; I: p-hydroxycin-
namyl alcohol end-groups; I': p-hydroxycinnamyl alcohol end-groups acylated at the y-OH; J: p-hydroxycinnamaldehyde end-groups; pCA: p-
coumarates; FA: ferulates; H: p-hydroxyphenyl units; G: guaiacyl units; S: syringyl units; Nch: naringenin chalcone; N: naringenin; dhT: dihydritricin;
T: tricin. The relative abundances of the different H-, G-, and S-lignin units, inter-unit linkages and p-hydroxycinnamyl end-groups, p-hydroxycin-
namates, and flavonoids (Flav = Nch + N + dhT + T), estimated from the integration of the signals in the HSQC spectrum are shown in appro-
priate boxes. Lignin inter-unit linkages (A/A’, B, C, D, and F) are expressed as fractions of the total linkages types, whereas pCA, FA, J, I/l and Flav
contents are reported as percentages of the sum of the lignin units (H + G + S = 100).
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(Ng/dhTyg), and that exactly matched those observed in the
HSQC spectra of the authentic standards of naringenin and
dihydrotricin (Figure 4), confirming their presence in this
lignin. Interestingly, the characteristic signals of flavanones
(Ng/dhTg and Ng/dhTg) could also be seen in the HSQC
spectrum of lignified cell walls of papyrus stems collected
from a different location (Karlen et al, 2016), although the
correlations were not assigned at that time. HMBC and
HSQC-TOCSY experiments (Supplemental Figure S1) con-
firmed all the A- and C-ring bond connectivities and, to-
gether with the HSQC spectra of the standards, helped to
assign the Cy¢/Hy ¢ and Cyg/Hy g correlation signals of
naringenin at d¢/dy 127.8/7.21 (Nyg) and 8c/dy 114.5/6.77
(N3 o), as well as the Cy ¢/Hy ¢ correlations of dihydrotricin
at 8¢/0y 103.6/6.98 (dhTy ). Finally, the Cgg/Hgg correla-
tion signal of naringenin chalcone that appears at dc/dy
94.6/5.84 (Nchgg) in the HSQC spectrum of the authentic
standard seems to overlap with the signals of Ng/dhTs and
Ng/dhTg of the flavanones naringenin and dihydrotricin in
the HSQC spectrum of papyrus rind lignin. More impor-
tantly, however, the C2/H2 and C3/H3 correlation signals for
the double bond, which are distinctively present in the
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HSQC spectrum of the authentic naringenin standard at d¢/
Oy 141.8/7.64 (Nch,) and 6./6y 123.5/7.95 (Nchs), were not
detected in the HSQC spectrum of the lignin from papyrus
rind, indicating that the double bond must participate
prominently in radical coupling reactions with monolignols
or oligolignols (via a 3-O-4' ether linkage, as will be shown
below). If naringenin chalcone couples via a 3-O-linkage
within the lignin, then the C;3/H; correlation would disap-
pear whereas the C,/H, correlation would shift to a different
(and yet unknown) region in the NMR spectrum. This
would also be in line with the release of naringenin chalcone
(maintaining the double bond) upon cleavage of the 3-0-4'
ether bond by DFRC.

The HMBC spectrum of the lignin isolated from papyrus
rind also provided information on how these flavonoids are
incorporated into the lignin polymer. The HMBC showed
two signals for the correlations of C-2 of flavanones (at d¢
78.5) with the H-2' and H-6' of the B-ring of the flavanones
naringenin and dihydrotricin at around & 6.98 and 6.83.
These two signals appear to be a superposition of several
signals that include the correlations for H-2" and H-6" of nar-
ingenin forming phenylcoumaran structures, as well as the
correlations for H-2',6' of naringenin and also dihydrotricin
in 4-0-B ethers structures. The HMBC spectrum also
clearly showed the cross-signals of tricin and dihydrotricin
linked to the lignin through 4'-0O-f ether linkages, as
shown by the correlations for B-protons in B-ether units
(Figure 5). However, signals for 4-O- ether linkages in-
volving naringenin and naringenin chalcone could not be
detected in the HMBC spectrum although their incorpora-
tion into the papyrus rind lignin through 4'-O-P linkages
was supported by the release of these compounds upon
DFRC. However, detailed analysis of biomimetic radical cou-
pling products is required to fully assign the signals here.

Cross-coupling of naringenin, naringenin chalcone,
dihydrotricin, and tricin with monolignols

Flavonoids are known to participate in oxidative radical
cross-coupling reactions with monolignols to produce the
so-called flavonolignans that have two phenylpropanoid
units connected through a diversity of linkages, including
simple 4-0O-PB ethers, and phenylcoumaran structures,
among others (Begum et al, 2010; Chambers et al, 2015).
The occurrence of these flavonolignans is an indication that
these phenolic compounds are compatible with lignification,
and it is likely that the same types of linkages that occur in
flavonolignans can also occur upon their incorporation into
the lignin polymer during lignification.

Flavonoids can be oxidized to form radicals that are stabi-
lized by resonance, as seen in Figure 6. During lignification,
these radicals will cross-couple with monolignol and oligoli-
gnol radicals producing different linkages once incorporated
into the lignin. The resonance forms of the different flavo-
noids present in the lignin of papyrus rind show how cou-
pling can occur primarily at the 4'-O-position of all of
them. In addition, in the case of naringenin chalcone and
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Figure 5 Selected region of the HMBC spectrum of the lignin from pa-
pyrus rind that shows the correlations HB—C4’ in 4'-~0O-p linkages, A.
The correlations for dihydrotricin (dhT) and tricin (T) are indicated.
pCA: p-coumarates.

naringenin, because their position C-3' (and C-5') is free,
cross-coupling can additionally occur at these positions. In
the case of naringenin chalcone, the radical delocalized to
the double bond in the side-chain, and cross-coupling can
also occur at the C-3 position; a similar resonance form may
be drawn for tricin but coupling at the 3-position has not
been observed (Lan et al, 2015). Hence, the different flavo-
noids found in the lignin of papyrus rind (naringenin chal-
cone, naringenin, dihydrotricin, tricin) can be incorporated
into the lignin polymer through different linkages, as indi-
cated by the mechanisms in Figure 7. As noted above, all
the flavonoids identified can cross-couple with monolignols
via 4-0-P coupling forming a para-quinone methide inter-
mediate that can subsequently rearomatize to produce the
4'—0-p ether linkage (Figure 7, A, G, F, and G). In addition,
naringenin chalcone and naringenin, which have nonsubsti-
tuted H-type B-rings, can also cross-couple with monolignols
via radical coupling of their C-3' position with the B-posi-
tion of a monolignol, followed by a subsequent trapping
and a-0-4' bond formation upon rearomatization of the
para-quinone methide intermediate producing a phenylcou-
maran ring (pathways 7B and 7D). Moreover, in the case of
naringenin chalcone, cross-coupling with generic phenolic
end-units in lignin can also take place at its C-3 position,
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producing 3-0O-4' ether linkages and, because of the acidic
-proton elimination to rearomatize the quinone methide,
maintaining the double bond (Figure 7E).

Biosynthesis, role of flavonoids in the lignin of
papyrus rind, and prospects for metabolic
engineering

The biosynthesis of flavonoids is modulated by the enzyme
chalcone synthase (CHS), responsible for converting
malonyl-CoA and 4-coumaryl-CoA into naringenin chalcone,
which is then transformed into naringenin by the chalcone
isomerase (CHI). The flavanone naringenin is the precursor
for the biosynthesis of most types of flavonoids, including
the flavones and flavanones, among others (Andersen and
Markham, 2006; Quideau et al, 2011; Ferreyra et al, 2012).
The possible biosynthetic pathway leading to the flavonoids
identified in the lignin of papyrus rind, such as to the narin-
genin chalcone, the flavanones naringenin and dihydrotricin,
and the flavone tricin, is shown in Figure 8. The flavanone
naringenin is transformed, in a reaction catalyzed by the
FNSII, into the flavone apigenin, which can then undergo se-
quential hydroxylations and O-methylations reactions at its
B-ring by different enzymes (F3'H, FOMT, C5'H) to produce
luteolin, chrysoeriol, selgin, and finally tricin. Likewise, narin-
genin itself can also undergo sequential hydroxylations and
O-methylations at the B-ring in the same manner by the
same or similar enzymes producing eriodictyol, homoeriodic-
tyol, dihydroselgin, and finally dihydrotricin. Although it is
not clear if FNSII in papyrus can act on the other flavanones
in the pathway to produce the respective flavones, it was al-
ready demonstrated that FNSII in other plants was able to
convert different flavanones (i.e, liquiritigenin, naringenin,
eriodictyol) into the corresponding flavones (Martens and
Forkmann, 1999; Fliegmann et al, 2010). The occurrence of
naringenin, dihydrotricin, and tricin in the papyrus lignin
suggests that tricin is likely produced from naringenin
through sequential hydroxylation and methylation reactions
to produce dihydrotricin, which may be then converted into
tricin via desaturation possibly by an FNSII enzyme.

The flavonoids incorporated into the lignin of papyrus
rind may have several roles, including UV protection agents
or defense against pathogens and animal ingestion, among
others (Ferreyra et al, 2012). In addition, tricin was previ-
ously suggested to have a role as an initiation site for the
biosynthesis of lignin (Lan et al, 2015), and it is likely that
the other flavonoids may also have a similar role as initiation
sites for the synthesis of lignin in papyrus; ferulate present
in grasses has long been proposed to have this role (Ralph,
2010). Without other initiation sites, the polymerization of
lignin begins through the dimerization of monolignols by -
/-, B-0-4'-, or B-5'-coupling to produce resinol, B-ether,
or phenylcoumaran dimers (Ralph et al, 2004). In the case
of B-f'-coupling acylated monolignols can also dimerize
but, with the monolignol acylated at the y-OH, rearomatiza-
tion of the dimeric quinone methide by attack of the y-OH
to the a-carbon of the second unit cannot occur, and B-f’



Flavonoids are monomers in papyrus rind lignin

PLANT PHYSIOLOGY 2022: 188; 208-219 215

Figure 6 One-electron oxidation of the different flavonoids and the major resonance forms of their phenolic radicals. (A) Naringenin, N; (B) narin-

genin chalcone, Nch; (C) dihydrotricin, dhT; (D) tricin, T.

tetrahydrofurans will be the dimerization products formed
instead to start the lignin chain (Lu and Ralph, 2008).
However, the lignin of papyrus rind has remarkably low
amounts of resinols (2% of all linkages), and 7y-acylated
tetrahydrofurans (which cannot be seen at this low intensity
in the HSQC spectrum of the rind lignin) are present in
only trace amounts (< 1%). This is probably related to the
fact that the lignin chains in papyrus are more commonly
initiated by the ferulate and flavonoids present in the cell
wall.

The discovery of this series of flavonoids in the lignin of
papyrus may have other important implications. Modulating
the expression of the genes involved in flavonoid biosynthe-
sis in the papyrus plant may produce lignins with altered
content of valuable flavonoids. In this sense, overexpression
of the gene that encodes the CHS enzyme could result in
higher flavonoid contents. Specific alterations of the biosyn-
thetic pathways could produce lignins that accumulate de-
sired flavonoids. For example, a recent study demonstrated
that disruption of FNSII in rice plants, resulted in a lignin
that incorporated the intermediate naringenin, instead of
tricin (Lam et al, 2017). Moreover, apigenin was also found
integrated into the lignin in mutant rice plants lacking F3'H,
the enzyme that converts apigenin into luteolin, as detailed

in Figure 8 (Lam et al, 2019). Furthermore, incorporation of
nonconventional polyphenolic compounds, as the flavonoids
described above, can suggest new alternatives to genetically
modify the lignin composition and structure to obtain poly-
mers with new or improved properties. Metabolic engineer-
ing to accumulate or introduce specific flavonoids into
the plant lignins would be of great interest to obtain poly-
phenolic polymers with unique or enhanced properties,
such as a better UV protection, antioxidant, antifungal,
and antimicrobial properties. To the extent that some
of these valuable components may be released from the lig-
nin, there is the possibility of adding value to biorefinery
operations.

Conclusion

Flavonoids of various classes, namely naringenin chalcone,
naringenin, dihydrotricin, and tricin, were found to be
monomers incorporated into the lignin polymer of papyrus
rind. Identification of these flavonoids was performed by an-
alyzing the compounds released from the lignin by the
DFRC degradation method, and by 2D-NMR spectroscopic
analysis, both using comparison with authentic standards.
The data indicated that, whereas dihydrotricin and tricin
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were incorporated into the lignin exclusively through 4'-0-
B ether bonds, it is reasonable to expect that naringenin
chalcone and naringenin are incorporated into the lignin
through other linkage types, including 3'-P linkages forming
phenylcoumaran structures. In conclusion, the lignin of
papyrus rind presents a unique structure with the

incorporation of several flavonoids from different classes
paving the way for even more wide-ranging lignin modifica-
tions in the future. However, despite the importance of the
findings presented here, further research is still needed to
learn more about the mechanism of flavonoid biosynthesis
in this plant and its relationship to lignin production.
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H: crysoeriol 5'-hydroxylase. The structures of flavonoids found incorporated
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Materials and methods

Samples

The rind of the papyrus (Cyperus papyrus L.) used for this
study was obtained from the stems of papyrus plants
obtained from farmers in Qaramos, Egypt. The papyrus rind
is the outer part of the stem, a highly lignified tissue made
up of sclerenchyma cells and vascular bundles. The air-dried
sample was milled using a knife-mill (1-mm screen) and
then Soxhlet-extracted with acetone (12 h), methanol (16
h), and hot water (12 h). Klason lignin content, corrected
for ash and protein content, was estimated according to the
TAPPI method T222 om-88 (Tappi, 2004), having a value of
242+ 0.5 (three replicates were used).

Lignin isolation and purification

The MWL was obtained from extractive-free papyrus rind
according to the classical procedure (Bjorkman, 1956) and
was purified as described elsewhere (del Rio et al, 2012).
The amount of purified MWL represented around 20% of
the Klason lignin content.

Derivatization followed by reductive cleavage

DFRC was carried out using the experimental conditions
previously described (Lu and Ralph, 1997; del Rio et al,
2012). The DFRC degradation products were acetylated (ace-
tic anhydride/pyridine, 1:1 v/v, 2 h) and analyzed by GC/MS
analysis on a Shimadzu GC/MS-QP2010plus instrument us-
ing the chromatographic conditions described elsewhere
(del Rio et al, 2012). Naringenin and naringenin chalcone
were purchased from Sigma. Tricin was synthesized as previ-
ously described (Lan et al, 2015). Dihydrotricin was not
commercially available and it was synthesized as previously
published (Chemler et al, 2010).

NMR spectroscopy

2D-NMR  spectra (HSQC, HMBC, HSQC-TOCSY) experi-
ments were acquired on an AVANCE Ill 500 MHz instru-
ment (Bruker, Karlsruhe, Germany) equipped with a 5 mm
TCl cryoprobe. Around 60 mg of lignin sample were dis-
solved in 0.6 mL of DMSO-ds. The central solvent peaks
were used as internal references (8c/0y 39.5/2.49). The
HSQC experiments used Bruker’s standard “hsqcetgpsisp2.2”
pulse program, whereas the HMBC experiments used the
“hmbcgplpndqgf’ pulse program with long-range J-coupling
evolution times of 62.5 ms [J,x = 8 Hz, and/or 80 ms (Jir =
625 Hz)], and the HSQC-TOCSY experiments used the
“hsqcdietgpsisp.2” pulse program with a TOCSY mixing time
of 80 ms. The detailed experimental conditions have been
described elsewhere (del Rio et al., 2012).

Supplemental data

The following material is available in the online version of
this article.

Supplemental Figure S1. Selected regions of the HMBC
(8¢/dy 70-200/2.5-12.5) and HSQC-TOCSY (d/dy 40-80/2.5-
5.7) spectra of the MWL isolated from papyrus rind
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displaying the main correlations for the A- and C-rings of
the flavanones naringenin (N) and dihydrotricin (dhT).
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