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A B S T R A C T

Ferulic acid amides are naturally present in the cell walls of potato (Solanum tuberosum) periderms. In this study, 
we investigated their modes of incorporation into the periderm cell wall polymers. A lignin/suberin-enriched 
fraction was isolated and analyzed by GPC, DFRC, and 2D-NMR. The analyses revealed that the lignin domain 
of this fraction was predominantly composed of G-lignin units, with an H:G:S ratio of 2:70:28 (S/G ratio of 0.40). 
More importantly, the data also indicated the presence of two ferulic acid amides, feruloyltyramine and fer
uloyloctopamine, that are incorporated into the lignin/suberin structure of potato periderms through a variety of 
linkages, including 8− O− 4′ and 4− O− β' ether linkages, as well as 8–5′ linkages forming a phenylcoumaran 
structure involving the ferulate moiety. Although the phenolic groups of the tyramine and octopamine moieties 
could theoretically undergo oxidation, potentially creating additional sites for radical coupling, our research 
indicates that these groups remain predominantly as free phenolic entities that do not participate in radical 
coupling. On the other hand, all the phenolic groups of the ferulate moieties are bound through ether linkages 
reinforcing the conclusion that the feruloyltyramine and feruloyloctopamine moieties are linked to lignin/su
berin within the cell wall via radical coupling reactions.

1. Introduction

Lignin is an aromatic polymer unique to vascular plants that provides 
essential structural support, rigidity, and defense against pathogens. Its 
synthesis is primarily driven by the oxidative radical coupling of three 
monolignols, p-coumaryl, coniferyl, and sinapyl alcohols, which differ in 
their degrees of methoxylation, and that are derived from the phenyl
propanoid biosynthetic pathway [1–5]. Once synthesized, these mono
lignols are transported to, or simply diffuse to, the plant cell walls where 
they are oxidized via laccases and peroxidases generating free radicals 
that undergo combinatorial coupling reactions, resulting in a lignin 
polymer with a heterogeneous and irregular structure that contributes to 
the recalcitrance and resistance of plant cell walls to degradation [3–6].

Beyond the traditional monolignols, several other phenolic com
pounds, also derived from the phenylpropanoid pathway, have been 
shown to act as lignin monomers. These include monolignol ester con
jugates, phenolic compounds from the truncated biosynthesis of mon
olignols, and ferulate esters, among others [7–11]. Recent research has 
revealed that phenolic compounds from other biosynthetic pathways, 
such as the flavonoid and hydroxystilbene pathways, can also partici
pate in radical coupling reactions with monolignols or lignin oligomers, 
thereby becoming part of the lignin structure and expanding the tradi
tional definition of lignin [10–13]. The most important example is the 
flavone tricin that has been identified as a lignin monomer in grasses and 
other monocots [14–19]. In papyrus, additional flavonoids such as 
dihydrotricin, naringenin, and naringenin chalcone, along with tricin, 
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were also found incorporated into the lignin [20,21]. Similarly, 
hydroxystilbenes like resveratrol, isorhapontigenin, and piceatannol 
have been detected in the lignin of palm fruit endocarps [22,23], and 
their O-glucosylated counterparts, such as piceid, astringin, and iso
rhapontin, have been found in spruce bark lignin [24,25]. These findings 
not only broaden our understanding of lignin biosynthesis but also 
demonstrate that lignin is a highly dynamic and adaptable polymer, 
capable of incorporating a diverse array of phenolic compounds across 
different species and tissues [10–12].

Ferulic acid amides represent another significant group of phenolic 
compounds that have been reported to be incorporated into the plant 
cell walls, particularly within the Solanaceae family. Feruloyltyramine 
and feruloyloctopamine, for instance, have been shown to covalently 
bind to the cell walls of both natural and wound periderms in potato 
(Solanum tuberosum) tubers [26]. Feruloyltyramine has also been 
detected in the cell walls of other Solanaceae members, including to
bacco (Nicotiana tabacum) [27–29], the related Nicotiana attenuata 
[30,31], and tomato (Solanum lycopersicum) [32]. Diferuloylputrescine 
has been found incorporated into the lignin of maize (Zea mays) kernels 
[33].

The specific binding of ferulic acid amides to various cell wall 
polymers remains a subject of controversy. In suberized tissues such as 
potato periderms, it has been proposed that feruloyltyramine predomi
nantly binds to suberin [34–36]; however, other authors did not rule out 
its potential association with lignin or other cell wall components [26]. 
These conflicting findings highlight the complexity of cell wall archi
tecture and suggest that the binding behavior of feruloyltyramine may 
vary according to tissue type. Consequently, the precise modes of 
incorporation of ferulic acid amides within the cell walls of potato 
periderms remain unresolved, raising important questions about their 
role in cell wall reinforcement and their interactions with lignin, su
berin, or other biopolymers.

To investigate the modes of incorporation of ferulic acid amides into 
the cell wall biopolymers of potato periderms, we isolated a lignin/ 
suberin-enriched fraction from finely milled, extractive-free potato 
periderm samples using aqueous dioxane extraction. This fraction was 
then thoroughly analyzed using advanced analytical techniques such as 
Derivatization Followed by Reductive Cleavage (DFRC) to identify the 
lignin monomers involved in β-ether linkages, Gel-Permeation Chro
matography (GPC) to determine the molecular weight distribution, and 
two-dimensional Nuclear Magnetic Resonance (2D-NMR) spectroscopy 
for detailed structural elucidation of the ferulic acid amides, and the 
various lignin units characterized by their inter-unit linkages. This study 
aims to clarify how these ferulic acid amides are integrated into the cell 
wall and provides new insights into the biochemical pathways involved 
in the lignification/suberization of potato periderms.

2. Materials and methods

2.1. Plant material

Potato tubers (Solanum tuberosum, var. Agria), field-grown in Seville, 
Spain, were selected for the present study. The potato periderms were 
mechanically removed, thoroughly washed with water, and allowed to 
air dry. The dried periderms were milled in an IKA MF 10 knife mill 
(IKA, Staufen, Germany) to pass through a 1 mm screen. The milled 
periderm material was then subjected to sequential extraction in a 
Soxhlet apparatus to remove all extractives. The extraction process 
involved four solvents: dichloromethane (8 h), ethanol (18 h), water (24 
h), and methanol (18 h), applied successively in this order to ensure 
complete removal of soluble compounds of different polarity. The yield 
of the extractive-free potato periderms represented 86.1% ± 4.9% of the 
original material mass.

2.2. Isolation and purification of a lignin/suberin-enriched fraction

The lignin/suberin-enriched fraction was isolated from extractive- 
free potato periderms using dioxane–water extraction. Initially, 
around 100 g of pre-extracted potato periderms were ball milled in a 
Retsch PM-100 planetary mill (Retsch, Haan, Germany), using a 500 mL 
agate jar with 20 × 20 mm agate bearings at 400 rpm for 5 h, creating a 
fine powder. This powder was then extracted with a 96:4 (v/v) dioxane: 
water mixture for 16 h to solubilize the lignin/suberin fraction, which 
was separated by centrifugation. This extraction was repeated twice 
with fresh dioxane:water solution. The combined extracts were evapo
rated to dryness under reduced pressure at 40 ◦C using a rotary evapo
rator. Finally, the crude extract was purified as described elsewhere 
[37]. Briefly, the residue was redissolved in acetic acid:water 9:1 (v/v), 
then precipitated into water. The resulting solid was collected by 
centrifugation, ground in an agate mortar, and dissolved in 1,2-dichloro
ethane:ethanol (2:1, v/v). After centrifugation to remove insoluble 
material, the supernatant was precipitated into diethyl ether. The 
recovered residue was washed with petroleum ether via centrifugation, 
yielding a purified lignin/suberin fraction that was dried under a ni
trogen stream. The yield of the lignin/suberin fraction accounted for 
around 5% of the pre-extracted potato periderms.

2.3. Derivatization followed by reductive cleavage (DFRC)

DFRC was carried out using the experimental conditions previously 
described [37,38]. Briefly, approximately 5 mg of the lignin/suberin- 
enriched fraction was reacted with acetyl bromide in acetic acid (8:92, 
v/v) for 2 h at 50 ◦C, followed by treatment with Zn powder (50 mg) for 
40 min at room temperature. The DFRC degradation products were then 
acetylated for 2 h in 1.1 mL of dichloromethane containing 0.2 mL of 
acetic anhydride and 0.2 mL of pyridine for subsequent GC/MS analysis. 
The analysis was carried out on a Shimadzu GC/MS-QP2020 instrument 
(Shimadzu Co., Kyoto, Japan) equipped with a DB-5MS capillary column 
(30 m × 0.25 mm I.D., 0.25 μm film thickness) from J&W Scientific 
(Folsom, CA). The oven temperature program was as follows: 140 ◦C (1 
min hold), ramped at 3 ◦C min− 1 to 250 ◦C, then at 3 ◦C min− 1 to 280 ◦C 
(1 min hold), and finally at 20 ◦C min− 1 to 300 ◦C (18 min hold). The 
injector and transfer line temperatures were maintained at 250 ◦C and 
310 ◦C, respectively, with helium carrier gas at a flow rate of 1 mL 
min− 1. Standards of feruloyltyramine and feruloyloctopamine were 
purchased from Sigma-Aldrich, and were also subjected to DFRC 
degradation using the same conditions.

2.4. Two-dimensional nuclear magnetic resonance (2D-NMR) 
spectroscopy

2D-NMR spectra (HSQC, HMBC, HSQC-TOCSY) experiments were 
acquired on an AVANCE III 500 MHz instrument (Bruker, Karlsruhe, 
Germany) equipped with a 5 mm TCI (triple resonance; 1H, 13C, 15N) 
gradient cryoprobe with inverse geometry (proton coils closest to the 
sample). Approximately 60 mg of lignin/suberin enriched sample were 
dissolved in 0.6 mL of DMSO‑d6. The HSQC experiments used Bruker’s 
standard “hsqcetgpsisp2.2” pulse program (adiabatic-pulsed version). 
The HMBC experiments used the “hmbcgplpndqf” pulse program with 
long-range J-coupling evolution times of 62.5 ms (JLR = 8 Hz) or 80 ms 
(JLR = 6.25 Hz). The HSQC-TOCSY experiments used the “hsqcdietg
psisp.2” pulse program with a TOCSY mixing time of 80 ms. The central 
solvent peaks were used as internal references (δC/δH 39.5/2.49). The 
detailed experimental conditions have been described elsewhere [37]. A 
semi-quantitative analysis was performed by integrating the HSQC 
cross-signal volumes using Bruker’s Topspin 3.5. In the aliphatic 
oxygenated region, the relative abundances of the various inter-unit 
linkages were determined from the Cα/Hα correlations (signals Aα, Bα, 
Cα) and the equivalent C7/H7 correlations (signal BFt7/BFo7). For the 
quantification of the relative abundances of the lignin aromatic units, 
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the signals S2,6, G2, H2,6 in the aromatic region were used; as signals S2,6 
and H2,6 involve two proton‑carbon pairs, their volume integrals were 
halved.

2.5. Gel-permeation chromatography (GPC)

The lignin/suberin fraction was initially acetylated using a mixture 
of acetic anhydride and pyridine (1:1, v/v) and then dissolved in 
tetrahydrofuran (THF) for GPC analysis. The GPC system employed was 
a Shimadzu Prominence-I LC-2030 3D (Shimadzu, Kyoto, Japan), 
equipped with a 300 mm × 7.5 mm i.d., 5 μm, PLgel MIXED-D column 
(Agilent Technologies, Stockport, United Kingdom) and a photodiode 
array (PDA) detector using 280 nm wavelength. The eluent, THF, was 
maintained at 40 ◦C with a flow rate of 0.5 mL min− 1. Data acquisition 
and processing were performed using LabSolution GPC software 
(version 5.82, Shimadzu, Kyoto, Japan). A calibration curve was con
structed using a polystyrene standards kit (Agilent Technologies, 
Stockport, United Kingdom) with a molecular mass (Mr) range of 5.8 ×

102 to 3.24 × 106 Da.

3. Results and discussion

3.1. Release of ferulic acid amides from the lignin/suberin-enriched 
fraction of potato periderms by chemical cleavage of the alkyl-aryl ether 
linkages

The lignin/suberin-enriched fraction isolated from potato periderms 
was first analyzed using Derivatization Followed by Reductive Cleavage 
(DFRC), a chemical degradation method similar to thioacidolysis that 
selectively cleaves β-ether linkages in lignin but releases the corre
sponding lignin monomers from these non-condensed units by a 
distinctly different mechanism [38]. The chromatogram of the lignin 
monomers released from the lignin/suberin-enriched fraction by DFRC 
is shown in Fig. 1. The released lignin monomers included the cis- and 
trans-isomers of the p-hydroxyphenyl (tH), guaiacyl (cG, and tG), and 
syringyl (cS, and tS) monomers (as their acetylated derivatives), with 

Fig. 1. (A) Chromatogram of the DFRC degradation products released from the lignin/suberin-enriched fraction of potato periderms. tH, cG, tG, cS, and tS are the cis- 
and trans-p-hydroxyphenyl (H), coniferyl (G), and sinapyl (S) alcohol monomers (as their acetate derivatives). cFt and tFt are the cis- and trans-isomers of fer
uloyltyramine (as their acetate derivative), dhFt is the dihydroferuloyltyramine (as its acetate derivative). The structures of the released compounds are indicated in 
the inset. (B) Electron-impact mass spectrum and structure of feruloyltyramine (acetylated). (C) Electron-impact mass spectrum and structure of dihydrofer
uloyltyramine, dhFt (acetylated).

J.C. del Río et al.                                                                                                                                                                                                                               International Journal of Biological Macromolecules 319 (2025) 145570 

3 



guaiacyl units predominating. An estimation of the lignin composition 
indicated an H:G:S ratio of 2:69:29 (S/G ratio of 0.42). A similar 
composition was obtained through thioacidolysis on the lignin-domain 
of suberized tissues of potato periderms [39]. But most interestingly, 
significant amounts of the cis-, and trans-isomers of feruloyltyramine 
(cFt, and tFt) (as their acetylated derivatives) were also released. Am
ides remain intact during DFRC, as previously noted for the corre
sponding esters, a distinctly useful aspect of the DFRC method – the 
ability to cleave ethers while retaining the key ester (and amide) con
jugates [40–43]. The identity of feruloyltyramine was confirmed by 
comparison with the retention time and mass spectrum of an authentic 
standard (Fig. 1B). Feruloyltyramine, along with minor amounts of 
feruloyloctopamine (see structure of feruloyloctopamine, Fo, in Fig. 2), 
was also released by thioacidolysis from natural and wounded potato 
periderms [26], indicating that they were bound to the cell wall through 
β-ether bonds. However, although no traces of feruloyloctopamine could 
be detected in the DFRC analysis, small amounts of a compound that was 
identified as dihydroferuloyltyramine (dhFt) were unexpectedly 
released (Fig. 1C).

The unexpected release of dhFt instead of the anticipated fer
uloyloctopamine prompted us to study the behavior of authentic stan
dards of ferulic acid amides upon DFRC degradation. Surprisingly, both 

feruloyltyramine and feruloyloctopamine yielded predominantly dhFt 
upon DFRC, along with minor amounts of feruloyltyramine. This result 
suggested that during DFRC the unsaturated bond in the ferulate moiety 
becomes saturated, while the hydroxyl group on the octopamine side
chain was eliminated thus precluding the detection of feruloyloctop
amine. Intriguingly, however, feruloyltyramine was also readily 
released from the lignin/suberin-enriched fraction with its double-bond 
intact, implying that both feruloyltyramine and its unsaturated coun
terpart dhFt may derive from the same feruloyltyramine and fer
uloyloctopamine units, differing only in the type of ether linkage 
present. It was reported that both feruloyltyramine and feruloyloctop
amine are bound to the cell wall through 4− O- and 8− O-ether bonds 
[26], which are prone to DFRC cleavage, and these distinct linkages 
appear to influence their behavior under DFRC conditions, as indicated 
in Fig. 2. Hence, when feruloyltyramine is linked through 4− O- ether 
linkages DFRC converts it into dhFt, similarly to the conversion of 
monolignol p-coumarates into their saturated counterparts [43]. In the 
case of feruloyloctopamine linked via 4− O-ether bond, the double bond 
in the ferulate moiety is similarly reduced whereas the 7′-OH group 
undergoes bromination in the first acetyl bromide step of DFRC and 
subsequent reduction in the second step, also resulting in the formation 
of dhFt. In contrast, when the linkage occurs through 8− O-ether bonds, 

Fig. 2. Pathway of the DFRC degradation of the ferulic acid amides linked through 4− O- vs 8− O- ether bonds. Ft: feruloyltyramine; Fo: feruloyloctopamine; dhFt: 
dihydroferuloyltyramine.
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the reductive elimination of the substituent at the 8-position results in 
retention of the double-bond during DFRC, as shown in Fig. 2. In other 
words, in the case of feruloyltyramine, bromination at the 7-position 
followed by elimination of both the bromide and the 8-substituent 
preserves the double bond; similarly, feruloyloctopamine retains the 
double bond while the 7′-OH is brominated and subsequently reduced, 
ultimately forming feruloyltyramine.

The amounts of feruloyltyramine released after DFRC of the lignin/ 
suberin-enriched fraction of potato periderms, which predominantly 
derive from the ferulic acid amides linked through 8− O-ether bonds, 
accounted for around 15% of the total released lignin units 
(H+G+S=100), whereas the amounts of dhFt, which derived from 
ferulic acid amides linked through 4− O-ether bonds, accounted for 
about 4%. The release of significant amounts of feruloyltyramine and 
dhFt indicates that feruloyltyramine (and likely also feruloyloctop
amine) are incorporated into the cell wall polymers of potato periderms 
and that at least a part of it is attached through β-ether linkages, the ones 
cleaved by DFRC. Moreover, the data also indicate that the ferulic acid 
amides are linked through both 4− O- and 8− O-ether linkages, with the 
latter being more prevalent. These ferulic acid amides, however, would 
be expected to couple and cross-couple with other ferulic acid amides or 
with lignin units through different types of linkages, including 
condensed linkages that are not amenable to DFRC degradation. As the 
DFRC degradation method only cleaves ether bonds, the amounts of 
feruloyltyramine (and feruloyloctopamine) released therefore only 
corresponded to those units linked through ether bonds, and the actual 
amounts of feruloyltyramine incorporated into the lignin of potato 
periderms would likely be much higher than the amounts we are able to 
release by DFRC. Additional information regarding the different modes 
of incorporation of feruloyltyramine and feruloyloctopamine into the 
lignin of potato periderms was obtained by detailed NMR analyses 
described below.

3.2. Identification of ferulic acid amides incorporated into the lignin/ 
suberin-enriched fraction of potato periderms by 2D-NMR spectroscopy

The lignin/suberin-enriched fraction isolated from potato periderms 
was also analyzed using 2D-NMR HSQC, HSQC-TOCSY, and HMBC ex
periments of the sample in DMSO‑d6 to obtain additional insights into 
the distribution of aromatic units and inter-unit linkages. The HSQC 
spectrum is depicted in Fig. 3. For clarity, the HSQC spectrum was 
divided into three distinct regions, aliphatic (δC/δH 30–50/1.5–4.0), 
oxygenated-aliphatic (δC/δH 50–90/2.8–6.0), and aromatic (δC/δH 
100–142/6.0–8.0). The identified lignin structural units, ferulic acid 
amides, and lignin units with their characteristic inter-unit linkages are 
also shown in Fig. 3. The most relevant structural characteristics of the 
lignin/suberin-enriched fraction are shown in appropriate boxes in 
Fig. 3, including the relative abundances of the different lignin units (H, 
G, and S), the relative contents of ferulic acid amides, and lignin 
structural units A-C, estimated from the volume-integration of the sig
nals in the HSQC spectrum.

The aromatic region of the HSQC spectrum (Fig. 3C) provided in
sights into the different aromatic units present in the lignin/suberin 
preparation. Characteristic signals corresponding to S- and G-lignin 
units were clearly identified, alongside a minor signal from H-lignin 
units. The estimation of the lignin composition indicated a predomi
nance of G-lignin units, with an H:G:S ratio of 2:70:28 (S/G ratio of 
0.40), similar to that found by DFRC. The oxygenated-aliphatic region of 
the spectrum (Fig. 3B) provided detailed insights into the various inter- 
unit linkages present in the lignin. In this region, distinct signals cor
responding to typical lignin substructures were observed, including 
β− O− 4′ alkyl-aryl ethers A (73% of all linkages identified), β− 5′ phe
nylcoumarans B (9%), and β− β' resinols C (4%). Despite the enrichment 
in G-lignin units observed in this lignin, dibenzodioxocin structures, 
which are formed via 5–5-coupling of lignin oligomers followed by 
4–O–β-coupling with a monolignol and are usually abundant in G-rich 

lignins [44], could only be barely detected.
The HSQC spectrum also revealed a series of signals that were 

unambiguously assigned to the ferulic acid amides feruloyltyramine Ft 
and feruloyloctopamine Fo, further corroborating the structural as
signments previously established by DFRC, and providing direct evi
dence for the presence of feruloyloctopamine that had only been 
inferred indirectly from the DFRC analysis. The aromatic region of the 
HSQC spectrum (Fig. 3C) presented the characteristic signals for the C7/ 
H7 and C8/H8 correlations of the unsaturated moieties of the ferulic acid 
amides at δC/δH 138.6/7.30 (Ft7/Fo7), and at δC/δH 118.9/6.41 (Ft8/ 
Fo8). These signals are diagnostic for ferulic acid amides and are similar 
to those of the diferuloylputrescine found incorporated into the lignin in 
maize kernels [33]. This region of the spectrum also contains signals 
corresponding to the remaining C2/H2 and C6/H6 correlations of the 
ferulate moieties at δC/δH 110.5/7.11 (Ft2/Fo2) and at δC/δH 120.8/6.98 
(Ft6/Fo6), and the C5/H5 correlations at around δC/δH 115.3/6.76, 
overlapped with other signals, that are also typical of ferulic acid amides 
[33]. The correlation signals for the tyramine and octopamine moieties 
attached to the feruloyl amide were also readily observed in the spec
trum. Thus, the aromatic region of the HSQC spectrum (Fig. 3C) shows 
the typical signals for the C2′,6′/H2′,6′ correlations for tyramine at δC/δH 
129.3/6.90 (Ft2′,6′), and for octopamine at δC/δH 126.8/7.13 (Fo2′,6′). In 
addition, the correlation signals of the aliphatic sidechains of the tyra
mine and octopamine moieties were readily observed in the aliphatic 
and the oxygenated-aliphatic regions of the HSQC spectrum. Thus, the 
signals for the C7′/H7′ and C8′/H8′ correlations of tyramine were observed 
in the aliphatic part of the spectrum (Fig. 3A) at δC/δH 34.0/2.63 (Ft7′) 
and at δC/δH 40.4/3.32 (Ft8′), respectively. Likewise, the double signal 
for the C8′/H8′ correlation of octopamine was seen in the aliphatic region 
of the spectrum at δC/δH 46.8/3.17 and 3.36 (Fo8′), whereas the signal 
for C7′/H7′ that bears a hydroxyl group was seen in the oxygenated- 
aliphatic part of the spectrum (Fig. 3B) at δC/δH 70.9/4.54 (Fo7′). All 
these signals conclusively demonstrate the occurrence of feruloyltyr
amine and feruloyloctopamine in the lignin/suberin-enriched fraction of 
potato periderms. To verify these assignments, the HSQC spectrum of 
this fraction was compared with the HSQC spectra of authentic stan
dards of feruloyltyramine and feruloyloctopamine (Fig. 4). The near- 
exact match between the NMR signals confirmed the presence of these 
two ferulic acid amides in the lignin/suberin-enriched fraction of potato 
periderms. They are nevertheless present not as the simple conjugates 
but in the polymeric material as evidenced below.

The definitive assignments of these structures were also confirmed 
through HSQC-TOCSY and HMBC experiments that clearly demon
strated that the tyramine and octopamine moieties were linked to the 
ferulate moieties through amide linkages, as seen in Fig. 5. The HSQC- 
TOCSY spectrum (Fig. 5A) provided correlations between the C7′ and 
C8′ carbons of the tyramine (δC 34.0 and 40.4), and octopamine side
chains (δC 70.9 and 46.8) with the sidechain protons within the same 
spin system, including the amide N− H, as well as the 7′-OH of octop
amine (Fo7′-OH); N− H and O− H signals are routinely seen in DMSO 
because it is a solvent that limits proton exchange [45]. The HSQC- 
TOCSY spectrum confirmed the presence of two distinct sidechains for 
tyramine and octopamine moieties. The HMBC experiment of Fig. 5B 
provided additional information regarding the long-range correlations 
of the C7′ and C8′ carbons in the sidechains between them and with the 
N− H that confirmed the tyramine and octopamine moieties. The HSQC- 
TOCSY and the HMBC spectra revealed a subtle but distinct chemical 
shift for the N− H of tyramine (at δH 8.01) compared to that of octop
amine (at δH 7.95). Finally, Fig. 6 shows the region of the HMBC spec
trum correlating the carbonyl carbons of the feruloyl amides at around 
δC 165.0 with all protons within three bonds, namely the N− H and the 
H8′ of the tyramine (Ft8′) and octopamine (Fo8′) moieties, and the un
saturated protons (H7 and H8) of the ferulate sidechain (Ft7/Fo7, and 
Ft8/Fo8). For clarity, Fig. 6B highlights the relevant regions of the HSQC 
spectrum at which the signals for the C8′/H8′ correlations of the tyramine 
(Ft8′) and octopamine (Fo8′) sidechains, as well as the C7/H7 and C8/H8 
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Fig. 3. 2D HSQC NMR spectrum (in DMSO‑d6) of the lignin/suberin-enriched fraction of potato periderms. (A) Aliphatic (δC/δH 30–50/1.5–4.0), (B) oxygenated- 
aliphatic (δC/δH 50–90/2.8–6.0), and (C) aromatic (δC/δH 100–142/6.0–8.0) regions. Main structures found are as follows: A, β–O–4′ alkyl-aryl ethers; B, β–5′ 
phenylcoumarans; BFt/BFo, 8–5′ phenylcoumarans involving feruloyltyramine (Ft) and feruloyloctopamine (Fo); C, β–β' resinols; H, p-hydroxyphenyl units; G, 
guaiacyl units; S, syringyl units; Ft, feruloyltyramine; Fo, feruloyloctopamine. The percentages for the various lignin inter-unit linkages (A, B, BFt/BFo, C) were 
estimated from volume-integration and total 100 %. The percentages for the various lignin units (H, S, G) were also estimated from volume-integration.
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correlations of the feruloyl units, are observed. All these correlations are 
diagnostic for the occurrence of feruloyltyramine (Ft) and fer
uloyloctopamine (Fo) in the lignin/suberin-enriched fraction of potato 
periderms. However, it is important to note that, as all protons from the 
ferulates, particularly those from the C7 and C8 unsaturated moieties, 
are clearly observed in the spectra, these signals correspond exclusively 
to the feruloyltyramine and feruloyloctopamine structures that are 
present as end-groups with the double bond intact and not those that are 
expected to be coupled at their 4− O-, 5-, or 8-positions.

3.3. Modes of incorporation of feruloyltyramine and feruloyloctopamine 
into the cell wall polymers of potato periderms

Ferulic acid amides are good substrates of peroxidases in vitro [27]. 
As with other ferulate conjugates, the ferulate moiety in feruloyltyr
amine and feruloyloctopamine can be oxidized by peroxidases and/or 
laccases, forming radicals stabilized by resonance (Fig. 7). These radi
cals can then participate in radical coupling reactions with other fer
ulates, monolignols, or the growing lignin polymer at their 4− O-, 5-, and 
8-positions, ultimately incorporating into the cell wall. In principle, the 
phenolic group of the tyramine and octopamine moieties can also un
dergo oxidation, forming radicals delocalized over their aromatic rings, 
providing additional sites for radical coupling at the 4′− O- and 3′-posi
tions (Fig. 7). The different modes of incorporation of feruloyltyramine 
and feruloyloctopamine into the cell wall through 8-, 4− O-, and 4′− O- 
ether linkages, as well as through 8–5′-linkages forming phenyl
coumaran structures, are also depicted in Fig. 7B. Although coupling at 
the 3′/5′ positions is theoretically possible for tyramine and octopamine 
units, no such products have been observed. Furthermore, although 
coupling at the 4′− O position has been previously reported [26], our 
findings suggest that the extent of these coupling products may have 
been overestimated, as demonstrated in the following sections.

The presence of strong correlation signals for C7/H7 at δC/δH 87.3/ 
5.88 (BFt7 and BFo7) and C8/H8 at δC/δH 55.6/4.21 (BFt8 and BFo8) in the 

oxygenated-aliphatic region of the HSQC spectrum (Fig. 3B), assigned to 
8–5′ phenylcoumaran structures involving feruloyltyramine (BFt) and 
feruloyloctopamine (BFo), strongly supports the participation of ferulic 
acid amides in radical coupling reactions. These signals closely resemble 
those previously reported for other ferulic acid amides involved in 8–5′ 
linkages forming phenylcoumaran structures [33], as well as for fer
ulates in similar structures [46,47], and clearly indicates that fer
uloyltyramine and feruloyloctopamine are incorporated into the cell 
wall polymers of potato periderms through 8–5′ linkages forming such 
phenylcoumaran structures. The definitive assignments of these signals 
were achieved through long-range correlation experiments in the HMBC 
spectrum (Fig. 8A) that clearly demonstrated that they correspond to 
phenylcoumaran structures involving the ferulate moieties of both fer
uloyltyramine and feruloyloctopamine. The HMBC spectrum shows that 
the carbonyl carbon (C9) of the feruloyl amide in these phenylcoumaran 
structures (at δC 169.2) correlates with the characteristic N− H proton of 
phenylcoumarans involving ferulic acid amides at δH 8.35 [33], as well 
as with the H7 (at δH 5.88) and H8 protons (at δH 4.21) of the phenyl
coumaran structures. Additionally, the carbonyl carbon correlates with 
the H8′ of the tyramine (FtH8′) and octopamine (FoH8′) sidechains con
firming their participation in this coupled structure. Further evidence 
for the involvement of feruloyltyramine in the phenylcoumaran struc
ture comes from the correlation between the characteristic N− H proton 
and the C8′ carbon of tyramine (FtC8′) at δC 40.7. The expected corre
lation between the N− H proton and the C8′ carbon of feruloyloctop
amine (FoC8′), which should appear at δC 46.8 (see dashed circle in 
Fig. 8A), however, was barely detected and appears only as a weak 
signal. Other correlation signals supporting the occurrence of these 
coupled phenylcoumaran structures are also shown in the HMBC spec
trum in Fig. 8A. Additional correlations, such as those between C3′,5′ 
and the C2′,6′ positions of the aromatic rings of the tyramine and 
octopamine moieties, or the correlations with the C5′′ of the second 
(guaiacyl or ferulate) unit, are clearly observed but not detailed in the 
figure for clarity.

Fig. 4. 2D HSQC NMR spectra in DMSO‑d6 (δC/δH 25–142/2.3–8.0) of authentic standards of (A) feruloyltyramine Ft; (B) feruloyloctopamine Fo.
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As noted above, although the HMBC signal indicating the involve
ment of feruloyltyramine in phenylcoumaran structures was clearly 
observed, the signal indicating the involvement of feruloyloctopamine 
in such phenylcoumaran structures was only barely detected. However, 
the participation of both feruloyltyramine and feruloyloctopamine in 
these phenylcoumaran structures was more clearly evidenced in the 
HSQC-TOCSY spectrum shown in Fig. 8B. The HSQC-TOCSY spectrum 
shows correlations between the C7′ and C8′ carbons of the tyramine and 
octopamine sidechains in phenylcoumaran structures and the sidechain 
protons within the same spin system, including the amide N− H. 
Although similar to the spectrum shown in Fig. 5A, here we have spe
cifically highlighted the distinctive N− H correlation signal at δH 8.35 
characteristic for phenylcoumaran structures involving ferulic acid 
amides, and which is clearly observed correlating with the C7′ and C8′ of 
feruloyltyramine and feruloyloctopamine. Although the N− H correla
tions with the C7′ and C8′ of feruloyloctopamine appear at lower in
tensities than those of feruloyltyramine, they still provide clear evidence 

for the involvement of both feruloyltyramine and feruloyloctopamine in 
phenylcoumaran structures.

The presence of these coupled phenylcoumaran structures provides 
compelling evidence for the participation of both feruloyltyramine and 
feruloyloctopamine in radical coupling reactions with other ferulic acid 
amides or with lignin G-units, to be integrally incorporated and cova
lently linked to the cell wall. The occurrence of other coupled structures 
involving feruloyltyramine and feruloyloctopamine, probably forming 
5–5′, 8− O− 4′, and other linkages, is also demonstrated by the existence 
of other signals for ferulic acid amides in the HMBC spectrum of Fig. 9. 
Signals colored red in the spectrum correspond to the N− H correlations 
of the amide and are diagnostic for feruloyltyramine and fer
uloyloctopamine. Different correlations for the carbonyl carbon (C9) of 
the amide group that corresponded to different linkages involving fer
uloyltyramine and feruloyloctopamine were apparent. Besides the 4− O, 
end-groups, and 8–5′ phenylcoumaran structures that have already been 
assigned, signals for other structures were apparent in the HMBC 

Fig. 5. (A) Partial HSQC-TOCSY spectrum (δC/δH 28–75/1.0–8.5) of the lignin/suberin-enriched fraction of potato periderms showing the main correlations for the 
aliphatic sidechains (C7′ and C8′) and the N− H of feruloyltyramine Ft and feruloyloctopamine Fo units. (B) Section of the HMBC spectrum (δC/δH 28–75/1.0–8.5) 
showing the main correlations for the aliphatic sidechains and the N− H of the feruloyltyramine and feruloyloctopamine units in the polymer. Signals colored red 
correspond to correlations with the N− H proton of the amide.
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spectrum (Fig. 9). Hence, signals for 8− O− 4′-coupled structures 
involving feruloyltyramine and feruloyloctopamine were tentatively 
assigned by comparison with the relative shifts of the carbonyl groups in 
the HMBC spectrum of similar 8− O− 4′-coupled structures from other 
ferulic acid amides [33] and from ferulates [48,49]; the correlation 

signals for the carbonyl carbon in 8− O− 4′-coupled structures appear 
upfield (at lower δ) in the spectrum and only show correlation with H7. 
These 8− O− 4′ structures are responsible for the feruloyltyramine units 
released by DFRC and correspond to both feruloyltyramine and fer
uloyloctopamine units linked through 8− O− 4′ ether linkages.

Fig. 6. (A) Section of the HMBC spectrum (δC/δH 162–167/2.0–8.5) of the lignin/suberin-enriched fraction of potato periderms showing the main correlations for the 
carbonyl carbons of feruloyltyramine Ft and feruloyloctopamine Fo units at δC 165.0. (B) Appropriate sections of the HSQC spectrum showing the C8′/H8′ correlations 
of the tyramine and octopamine moieties (δC 38–50) and the C7/H7 and C8/H8 correlations of the feruloyl units (δC 136–140 and 117–122, respectively). Signals 
colored red correspond to correlations with the N− H proton of the amide.

-H+, e-

OMe

H
N

O

O

HO

5.
OMe

H
N

O

O

HO

4

.
H
N

O

O

HO
8

OMe

OMe

H
N

OH

O

O. 4′

OMe

H
N

OH

O

O

.
3′

OMe

H
N

OH

O

HO

4
5
6

1
2
3

7 8

1′
2′

3′
4′

5′
6′

7′

8′

(A)

(B)
O

H
N

HO

OH
OMe

O
8

O
H
N

HO

O
OMe4

O
H
N

O

OH
OMe

4'

O
H
N

O

O
OMe4

4'

.

R

R

R

R

R

R

R R R R

R=H, feruloyltyramine
R=OH, feruloyloctapamine

N

4

N

H

5′

O

OMeO

OMe

7
8HN

R

HO
O

Fig. 7. (A) Oxidative radicalization of feruloyltyramine and feruloyloctopamine showing resonance forms with electron density at the 4–O-, 5-, and 8-positions of the 
ferulate moiety. In principle, the tyramine and octopamine moieties may also be oxidized in the same manner producing a radical that is stabilized by resonance and 
can couple at its 4′–O-, and 3′- positions. (B) Different modes of incorporation of feruloyltyramine into the cell walls through 8-, 4–O-, and 4′–O- ether linkages and 
through 8–5′ linkages forming phenylcoumaran structures. In principle, tyramine and octopamine units can react at 3′/5′ as well but the products have not been 
identified to date. Although coupling structures at the 4′-OH position have been previously reported, the present work shows that they do not contribute to the 
formation of ether linkages within the cell wall.
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According to the NMR and DFRC data presented here, feruloyltyr
amine and feruloyloctopamine are covalently bound to the cell wall 
polymers of potato periderms through the ferulate moieties via 8− O− 4-, 
and 4− O− β- ether linkages, as well as via 8–5 linkages forming phe
nylcoumaran structures. However, previous works indicated that a sig
nificant part of feruloyltyramine (up to 20% of all ether-linkages) was 
also attached to the cell wall through the phenolic group of the tyramine 
moiety [26]. These conclusions were drawn despite the limitations in 
the analytical methods used to determine the extent of etherification of 
the tyramine moiety. Given the issues with the determinations, it was 
suspected that the etherification level of the tyramine moiety was 
considerably lower, as already advanced [7,10]. In the present work, we 
provide evidence that demonstrate that the 4′-OH groups of both fer
uloyltyramine and feruloyloctopamine are largely unbound. Fig. 10A 
shows the region of the 1H NMR spectrum of the lignin/suberin-enriched 

fraction of potato periderms where the characteristic signals corre
sponding to phenolic groups appear, whereas Fig. 10B shows the region 
of the HMBC spectrum displaying correlation signals between the 
phenolic groups of the ferulate moiety (4-OH) and the phenolic groups 
of the tyramine 4′-OH-(Ft), and octopamine 4′-OH-(Fo) moieties, that 
demonstrate the origin of the phenolic groups. The NMR data of Fig. 10
clearly demonstrate that the 4′-OH groups of the tyramine and octop
amine moieties are essentially free, indicating that they do not partici
pate in coupling reactions and are not involved in forming ether linkages 
within the cell wall polymers. This indicates that tyramine and octop
amine are essentially pendent terminal units. On the contrary, the NMR 
analysis also revealed that the 4-OH phenolic group of the ferulate 
moiety is predominantly bound (and is therefore not a free-phenolic-OH 
group), revealing that its phenolic group is largely involved in radical 
coupling reactions, forming ether linkages within the cell wall polymers. 

Fig. 8. Identification of 8–5 linkages involving Ft and Fo, leading to a phenylcoumaran structure. (A) HMBC spectrum (δC/δH 20–180/1.5–9.0) of the lignin/suberin- 
enriched fraction of potato periderms highlighting the key correlations for the 8–5′′ phenylcoumaran structure involving feruloyltyramine (BFt) and fer
uloyloctopamine (BFo). (B) HSQC-TOCSY spectrum (δC/δH 20–90/1.5–9.0) showing the correlations between the C7′ and C8′ carbons of the tyramine and octopamine 
sidechains in phenylcoumaran structures and the sidechain protons within the same spin system, including the amide N− H. The correlations of the sidechains of 
feruloyltyramine and feruloyloctopamine (C7, C8) involved in the phenylcoumaran structures are also shown. Red-colored signals correspond to the N− H corre
lations from the amide group in the phenylcoumaran structures.
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This finding reinforces the conclusion that the feruloyltyramine and 
feruloyloctopamine moieties are covalently linked within the cell wall, 
with the tyramine and octopamine residues acting as terminal pendent 
groups, rather than existing as free molecules co-extracted during the 

isolation process of the lignin/suberin-enriched fraction.
Feruloyltyramine and feruloyloctopamine, along with some cross- 

linked dimers and trimers, have also been detected in free form in po
tato tubers, particularly in response to wounding or pathogen attack 
[50,51]. However, as the potato periderms examined in this study un
derwent exhaustive extraction with various solvents (dichloromethane, 
ethanol, water, and methanol) to remove free amides and other ex
tractives before the isolation of the lignin/suberin-enriched fraction, 
and this fraction was further washed thoroughly with different organic 
solvents, it is reasonable to assume that the feruloyltyramine and fer
uloyloctopamine are covalently integrated into the cell walls, rather 
than being residual free molecules strongly associated with the cell 
walls. This assumption is also supported by GPC analysis of the isolated 
lignin/suberin fraction, as shown in Fig. 11, which indicated that it is 
polymeric and quite homogeneous (Mw of 4690 g/mol, Mn of 2300 g/ 
mol, and with a very low polydispersity Mw/Mn of 2.0), and does not 
include free, non-polymerized ferulic acid amides that might have co- 
precipitated or co-extracted with the lignin/suberin-enriched fraction.

3.4. Role and biosynthesis of feruloyltyramine and feruloyloctopamine – 
prospects for lignin bioengineering

The periderm acts as the primary protective layer of potato tubers, 
with lignification and suberization playing a crucial role in enhancing 
this defense. Additionally, hydroxycinnamic acid amides are key con
tributors to plant development processes as well as plant responses 
against biotic and abiotic stress [52–54]. Among these metabolites, 
ferulic acid amides are particularly significant. Their polymerization 
within plant cell walls is widely recognized as a critical defense mech
anism against pathogen invasion [26,27,32]. Beyond fortifying cell 
walls, ferulic acid amides impart antifungal and antimicrobial proper
ties, playing a pivotal role in the plant's resistance to diseases and 
pathogen attack. By contributing to both physical defense and 
biochemical protection, these compounds are essential in safeguarding 
the plant, promoting a more resilient and disease-resistant plant 
structure.

The biosynthesis of feruloyltyramine and feruloyloctopamine in
volves two different metabolic routes leading to the formation of their 
parent compounds, ferulic acid on one side, and tyramine and octop
amine on the other. Whereas ferulic acid arises from the shikimate- 
derived phenylpropanoid pathway, as do the monolignols, tyramine 
and octopamine are derived from the aromatic amino acid tyrosine by 
decarboxylation processes carried out by specific decarboxylase 

Fig. 9. Partial HMBC spectrum (δC 158–177) of the lignin/suberin-enriched 
fraction of potato periderms showing the correlations of the carbonyl carbon 
of the feruloyltyramine and feruloyloctopamine units with protons that are 
within three-bonds. Signals colored red correspond to the N− H correlations 
from the amide group, diagnostic for feruloyltyramine and feruloyloctopamine 
units in different structures.

Fig. 10. Demonstration that the 4′-OH phenolic group of feruloyltyramine and 
feruloyloctopamine units remains largely free, and does not participate in ether 
linkages, whereas the 4-OH phenolic groups of the ferulate moieties are pre
dominantly ether linked. (A) Partial 1H NMR spectrum (δH 8.3–10.0) of the 
lignin/suberin-enriched fraction of potato periderms highlighting the charac
teristic signals corresponding to phenolic groups. (B) Partial HMBC spectrum 
(δC/δH 110–160/8.3–10.0) of lignin/suberin-enriched fraction from potato 
periderms, displaying correlation signals between the phenolic groups of the 
ferulate moiety (4-OH) and the phenolic groups of the tyramine, 4′-OH (Ft), and 
octopamine, 4′-OH (Fo), moieties.

Fig. 11. GPC curve for the lignin/suberin-enriched fraction of potato peri
derms. The weight-average (Mw) molecular weight, number-average (Mn) mo
lecular weight, and polydispersity index (Mw/Mn) are shown in the inset.
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enzymes. These aromatic amino acid decarboxylases are type II pyri
doxal phosphate-dependent decarboxylase enzymes that are responsive 
to abiotic and biotic stresses [55]. In plants, the biosynthesis of tyramine 
and octopamine begins with the conversion of tyrosine to tyramine by 
tyrosine decarboxylase (TYDC), followed by the transformation of 
tyramine into octopamine by tyramine β-hydroxylase (TβH) 
[52,54,56,57]. The condensation of feruloyl-CoA thioesters with tyra
mine and octopamine is then catalyzed by the feruloyl-CoA tyramine N- 
feruloyl-CoA transferase (THT) that is present in many plants, including 
potato tubers [58,59], and which presents similar affinity for both 
tyramine and octopamine [60].

On the other hand, it is important to note that the ferulic acid amides 
incorporated into the cell wall polymers of potato periderms are 
phenolic compounds compatible with the lignification process. Modi
fying the lignin to incorporate nontraditional monomers like fer
uloyltyramine and feruloyloctopamine, compounds not commonly 
found in native plant lignins, therefore opens exciting new possibilities 
in plant engineering. By using metabolic engineering to introduce these 
phenolic compounds into the lignin polymer, it is possible to precisely 
tailor its molecular architecture, potentially providing the lignin with 
enhanced physical and functional properties, as already considered with 
other phenolic compounds [61–63]. For instance, lignins modified with 
the introduction of feruloyltyramine and feruloyloctopamine may 
bolster plant defenses. Feruloyltyramine and feruloyloctopamine are 
known for their antifungal and antimicrobial properties, suggesting that 
their integration into lignin could enhance resistance of plants to dis
eases. Moreover, as these compounds contain nitrogen, their stable 
incorporation into lignin might also serve as a novel strategy to enrich 
soils with bioavailable nitrogen, potentially reducing the need for syn
thetic fertilizers. Overall, by redesigning lignin at the molecular level 
with these nonconventional monomers, we not only expand the func
tional versatility of this abundant biopolymer but also create opportu
nities for more sustainable agricultural and industrial practices.

4. Conclusions

The modes of incorporation of ferulic acid amides into the cell wall 
polymers of potato periderms has been investigated. A lignin/suberin- 
enriched fraction was isolated and analyzed using DFRC, NMR, and 
GPC techniques. The lignin was found to be predominantly composed of 
G-lignin units, with an H:G:S ratio of 2:70:28 (SG ratio of 0.40). Addi
tionally, significant amounts of feruloyltyramine and feruloyloctop
amine were detected as being incorporated. These compounds 
participate in radical coupling reactions and form various cross-linkages 
within the cell wall, including via 8–O- and 4–O-ether linkages, as well 
as 8–5 linkages leading to the formation of phenylcoumaran structures. 
Interestingly, although most of the 4-OH phenolic groups of the ferulate 
moieties were involved in ether linkages within the polymer, indicating 
their participation in radical coupling reactions, the 4′-OH phenolic 
groups of the tyramine and octopamine moieties remained largely free, 
suggesting they act as terminal pendent units and were not involved in 
radical coupling reactions. Finally, as ferulic acid amides are compatible 
with lignification, these compounds offer promising opportunities for 
the genetic engineering of plants to incorporate them into their lignins, 
potentially leading to polymers with unique and specialized properties 
such as improved plant resistance to pathogens or increased bioavail
ability of nitrogen in soils.
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