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Lignin has attracted tremendous interest as a renewable source for biofuels, biomaterials, and chemicals especially in the 
era of bio-based refineries. Arising primarily from phenylpropanoid, lignin is biosynthesized and occurs abundantly in most 
terrestrial plants with complex structures. The structural studies of lignin play an essential role in both understanding the 
nature and biosynthesis of these polymers and optimizing their valorization values. In this study, we have investigated the 
structures of lignin from different tissues—aerial roots, nodes, internodes, and seeds, from vanilla (Vanilla planifolia) by gel 
permeation chromatography (GPC), heteronuclear single-quantum coherence (HSQC) nuclear magnetic resonance (NMR), 
and 31P NMR. An unusual tricin-lignin was observed in the aerial roots of vanilla with an extremely high level of tricin unit 
(194%) and pCA (71%) over the sum of syringyl and guaiacyl (S+G) units, whereas the lignin from the nodes and internodes 
displayed traditional S/G type lignin with only 4-10% tricin abundance. Consistent with other reports of C-lignin, the seeds 
lignin is primarily composed of caffeyl alcohol. The aerial roots lignin is primarily consisted of -O-4’ alkyl-aryl ether 
substructures (96% of linkages) in comparison to 65 and 73% in the nodes and internodes lignin, respectively. Thioacidolysis 
quantification results showed that that lignin from aerial roots has 29.1 mg/g tricin, about 3- to 5-fold higher than in lignins 
isolated from nodes (10.1 mg/g) and internodes (6.9 mg/g). This communication of a particularly high level of tricin-lignin in 
Vanilla has important impacts in two-folds: (1) the presence of the high amount of tricin as part of lignin from aerial roots 
could play a vital role for the valorization of lignin, even tricin itself, as a feedstock for value-added chemicals and 
commodities; and (2) it could open new ways to scientists to design and engineer the structure of tricin-lignin, or lignin in 
general, to confer plants with new or improved properties due to the plasticity of lignification.

Introduction
The growing interest in bioeconomy warrants a consensus that 
lignin valorization is an essential strategy for environmental 
sustainability and economics of the lignocellulosic biorefinery 
operations.1, 2 Lignin is a complex aromatic heteropolymer 
derived primarily from three canonical monolignols p-
hydroxycinnamyl alcohols (i.e., p-coumaryl, coniferyl, and 
sinapyl alcohols), differing in their degrees of methoxylation 

and forming p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) 
units in lignin, respectively.3 The oxidation or dehydrogenation 
of monolignols followed by radical coupling reactions gives rise 
to a complex phenylpropanoid polymer characterized with 
variously interconnected monomer-derived units through ether 
and carbon-carbon linkages.4 Ultimately, lignin deposits in plant 
cell walls providing physical and mechanical support, enable 
long-distance water and solute transportation, and is a barrier 
to herbivores and pathogens.5 Lignin has been deemed as one 
of the most recalcitrant factors in the plant cell wall hindering 
effective utilization and conversion of lignocellulosic biomass.6 
Although lignin has been studied with remarkable progression, 
its compositional and structural details are still not fully 
understood or defined due to its complexity and heterogeneity.

Recent discoveries of lignin monomers beyond the 
canonical monolignols challenge and expand the traditional 
definition of lignin and lignification in the cell wall. These non-
conventional lignin structural units have been grouped into (1) 
phenylpropanoid-pathway-derived monomers, including 
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monolignol ester conjugates (i.e., conjugates with acetates, p-
coumarates, p-hydroxybenzoates, ferulate, and benzoates 
analogs), monolignols precursors (i.e., 
hydroxycinnamaldehydes) and intermediates (i.e., caffeyl and 
5-hydroxyconiferyl alcohols), and others (i.e., dihydroconiferyl 
alcohol, guaiacylpropane-1,3-diol, and hydroxycinnamate 
esters/cross-linking etc.);4, 7 and (2) non-phenylpropanoid-
pathway-derived monomers, including flavonoids (i.e., tricin, 
selgin, naringenin, and apigenin), hydroxystilbene (i.e., 
piceatannol, resveratrol, isorhapontigenin, and their O-
glucosides), hydroxycinnamamides (feruloyltyramine, 
diferuloylputrescine).4, 8, 9 The hypothesis of combinatorial 
coupling of these non-canonical monomers with monolignols 
have been corroborated and analyzed by both experimental 
and computational methods.4, 10 These results continuously 
reveal new structural features indicating that plants are capable 
of using a wide variety of phenolic compounds for lignification.

The incorporation of tricin, one type of flavonoid, to lignin 
polymer has been shown to be of particular interest and been 
extensively studied. Tricin typically occurs in plants in 
extractable form, such as free tricin, tricin-glycosides, 
flavonolignan glycosides, or low-molecular-weight 
flavonolignans (or flavonolignols).11 Due to its promoting effects 
on human health, tricin has been extensively studied for its 
biological, nutraceutical, and pharmaceutical importance.12 As 
one type of flavone, tricin is typically originated from a 
combination of shikimate-derived phenylpropanoid and the 
acetate/malonate-derived polyketide biosynthetic pathways 
that is out of the canonical monolignols biosynthesis.11 
However, tricin-lignins, defined as lignins containing tricin 
structural unit, have been recently discovered with a wide 
distribution primarily in monocotyledonous plants (both grass 
and nongrass) and certain eudicotyledonous species.11, 13 
Reported plants that have tricin-lignins include Alfalfa13, 
Arundo14, bamboo15, barley16, carex17, coconut coir18, giant 
reed19, maize20-22, rice 23-27, wheat23, 28-30, sugarcane31, and 
wood32. The discovery of tricin-lignins indicates a tight 
relationship between the two major downstream metabolites, 
monolignols, and flavonoids, in the phenylpropanoid 
biosynthetic pathway in grasses.

Manipulation of transcriptional regulatory network involved 
in secondary cell wall formation has shed informative highlight 
on the biosynthetic mechanism of tricin incorporation with 
lignification. For example, overexpression of AtMYB6127, 
suppression of OsMYB10833 and C3’H26 of the rice plant, 
resulted in increased tricin moieties in lignin. In maize, silencing 
C2-Idf resulted in reduced tricin-lignin,34 whereas suppression 
of CAD2 leads to increased tricin level in maize lignin.35 While 
tricin is marginally reduced in COMT suppressed barley36, 
sorghum37, maize38, Lam et al. found that COMT has a 
bifunctional role in the biosynthesis of tricin and monolignols 
(i.e., S units), leading to tricin-lignin formation in rice.39 They 
also found that FLAVONE SYNTHASE II (OsFNSII)8 and flavonoid 
3’-hydroxylases (OsA3’H/C5’H)9 are responsible for the 
formation of tricin-lignins or its analogs in the rice cell wall. In 
the flavonoid 3'-hydroxylases enzymes, specifically, CYP75B3 
primarily works with OsF2H for the biosynthesis of flavone C-

glycosides, whereas CYP75B4 functions together with OsFNSII 
in the biosynthesis of ricin-bound lignin.9 However, CCoAOMT 
suppression appears not to be essential for tricin-lignin 
biosynthesis in maize38. Moreover, tricin is contended to be a 
nucleating site for lignification, and aryl ether (4’-O-) has only 
been identified and suggested for the linkage between tricin 
and lignin monolignols.21, 40 However, a full understanding of 
how the biosynthetic pathway of monolignols and flavonoids 
merge in the plant lignification has not been determined.

The distributions of tricin in the plant kingdom vary in the 
species and even the tissue of the family, typically in the level 
of milligram per gram tissue.11 The content of lignin-integrated 
tricin turns to be several folds higher than the extractable tricin 
and tricin-lignan levels, for instance, in wheat, maize, oat, and 
rice.13 Another study showed that a high concentration of tricin 
derivatives (30-35%) was detected in the lyophilized liquid 
fractions of ultrasound and hydrodynamic cavitation pretreated 
wheat straw.41 Given the fact that a large quantity of lignin (over 
62 million tons) is generated annually from pulp and paper 
industry, and biorefining processes1, and the potential values of 
tricin to human health as antioxidant, anti-aging, anticancer, 
and cardioprotective agents, seeking alternative plant source 
with a high level of tricin-lignin becomes essential in making the 
valorization of tricin-lignin economically feasible.

In this study, we analyzed lignin structure and compositions 
from four tissues of vanilla (Vanilla planifolia)—aerial roots, 
nodes, internodes, and seeds coat (Fig. 1). Specifically, we 
report for the first time here that the lignin isolated from aerial 
roots had an extremely higher level of tricin units in tricin-lignin, 
in contrast to the lignins isolated from vanilla nodes and 
internodes. The exceptional proportion of tricin in tricin-lignin 
provides important insights to further understand the plasticity 
of the lignification process, lignin structure in plants, and 
enhance lignin valorization in terms of tricin-derivatives.

Results and discussion
Significantly higher cellulolytic enzyme lignin (CEL) yield from 
aerial roots of vanilla.

Since the yield of cellulolytic enzyme lignin (CEL) is affected 
by the ball milling conditions,42 it was anticipated that 
progressive mechanical treatment facilitated the disruption of 
plant cell wall allowing for more lignin released from associated 
carbohydrates hence more extracted lignin and higher CEL.43

Fig. 1. Vanilla tissues (aerial roots, nodes, internodes, and 
seeds) used for cellulolytic enzyme lignin (CEL) isolation and 
lignin structural characterization.
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To minimize the effect resulting from different milling 
conditions, tissues were cut into similar size (<0.43 mm) with a 
Wiley mill, loaded with the same amount, and ball milled with 
the same protocol (number of balls charged, amount of time, 
rotation speed, and rest intervals). We found that CEL yield 
varied significantly on the tissues used for lignin isolation, and 
was in the order of aerial roots, seeds, nodes, and internodes 
from high to low based on dry biomass weight (Fig. 2A). The 
weight loss, calculated from the remaining weight of lignin 
enriched residue (LER) and resulted primarily from 
carbohydrates removal during enzymatic hydrolysis, was 
remarkably dependent on the tissues too. Agreeing with a study 
by Chen et al.,44 nodes and internodes had a similar weight loss 
of 76-78% whereas aerial roots only had 52%, which indicates 
that the aerial roots have about twice as much LER as the nodes 
and internodes. On contrary, only 5% weight loss was observed 
on vanilla seeds, which is attributed to the larger amount of 
lignin contained in the seed coats.44 The nodes had about twice 
the CEL yield compared with the internodes, which is likely 
related to the lignin distribution. For example, wheat straw 
node generally has higher lignin content than internode.45 The 
aerial roots had dramatically higher CEL yields (5 times and 2 
times higher based biomass and LER mass, respectively) than 
the nodes. These results suggest that the aerial roots, with 
extremely higher CEL yields, are a special vanilla tissue from 
other tissues such as nodes, internodes, and seeds.

Molecular weights distribution of acetylated lignin.

The molecular weight of lignin is a fundamental property 
impacting the recalcitrance of biomass and the valorization of 
lignin. To assure its solubility in tetrahydrofuran, CELs were 
acetylated before the measurement of the molecular weight 
using gel permeation chromatography (GPC). The molecular-
weight profiles of acetylated lignin displayed broad 
chromatograms distributions spanning a range from a couple of 
hundreds up to 105 g/mol (Fig. 2B). The molecular weight 
distribution profiles could be divided mainly into five zones 
indicated by the yellowish bands corresponding to molecular 
weights close to 200, 500, 1,000, 3,000, and 5,000 g/mol, 
respectively. The major lignin molecular size peaked at 1,000 
g/mol for seeds, 1,000–4,000 g/mol for aerial roots, and 4,000–
6,000 g/mol for nodes and internodes. The wide-spanning range 
of GPC profiles indicates a broad lignin molecular weight 
distribution. Based on the GPC elution profile, the CELs 
contained small proportions of lignin compounds with 
molecular weights lower than 1,000 g/mol, which indicating the 
presence of lignin oligomers. The average molecular weight 
calculated against the calibration curve prepared using a series 
of standard polystyrene showed that the nodes and internodes 
lignins had similar molecular weights with weight-average 
molecular weight (Mw) of 5,600–5,700 g/mol and Mn of 950-
1,025 g/mol whereas the lignin from aerial roots had strikingly 
(30-40%) lower Mw of 4,091 g/mol and Mn of 715 g/mol (Fig. 
2C). However, the lignins from these three tissues displayed 
comparable molar-mass dispersity (ÐM) 6.0 (Fig. 2D) suggesting 

a similar heterogeneity of isolated CELs. In line with an earlier 
report, the seed lignin, primarily comprised of caffeyl alcohol (C-
lignin, see more below), only accounts for one-third of Mw of 
stem lignin.44 Based on these findings, the aerial roots lignin 
exhibited a very different molecular mass compared with stems 
(nodes and internodes) lignins. The lower molecular weights of 
the aerial roots lignin are likely associated with the higher tricin 
compositional units in the lignin (see more discussion below).

Fig. 2. Yield and molecular size of lignins from different tissues of 
vanilla. CEL: cellulolytic enzyme lignin; number-average (Mn), weight-average 
(Mw) molecular weights, and molar-mass dispersity (ÐM) of acetylated lignins.
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Fig. 3. Short-range (aromatic regions only) 13C-1H correlation HSQC spectra and semi-quantification of lignin subunits. (A) HSQC 
spectra of CELs from V. planifolia aerial roots (A), nodes (B), internodes (C), and seed coat (D) in DMSO-d6. Contours corresponding 
to color-coded structures in this region are used to measure the relative abundance of S, G, H, and T over S+G+H. , chemical shift; 
ppm, parts per million. Relative abundance of S, G, H units (B) and tricin (C) over aromatic regions (S+G+H).
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Fig. 4. Short-range 13C-1H correlation (HSQC) spectra of isolated lignins from aerial roots, nodes, internodes, and seed of V. 
planifolia and quantification of lignin side-chain linkages. (A) NMR spectra of CELs (aliphatic regions only) in DMSO-d6. (B) Relative 
abundance of inter-units linkage over total linkages. (C) 5’-5’ & -1’ linkages observed in nodes and internodes lignins. Contours 
corresponding to color-coded structures in this region are used to measure the relative level of interunit linkages.

2D HSQC NMR revealing special compositional tricin lignin in aerial 
roots.

Two-dimensional (2D) NMR is a powerful and widely used 
technique in elucidating lignin structural features including 
compositional units and interunit linkages.46 The lignins isolated 
from the separated tissues were dissolved in DMSO-d6 and 
characterized by 2D HSQC NMR using the chemical shifts of 
those related cross-signals are listed in Table S1. The spectra 
depicting the aromatic region of CELs exhibited predominant 
lignin signals (Fig. 3A). Specifically, the aerial roots, nodes, and 
internodes spectra displaying typical S/G type lignin and the 
seeds exhibited a  C-lignin structure, a homopolymer comprised 
of caffeyl alcohol, are in agreement with those vanilla lignins 
reported previously.44 We also detected a small level of cross-
peaks tentatively attributed S units. However, it is worth 
mentioning that the seeds of several dicot plants have been 

reported to produce C-lignin together with G/S lignins.47 The 
S/G ratio of nodes lignin (0.37) is slightly lower than that of 
internodes lignin (0.55) whereas the aerial roots lignin contains 
a similar abundance of S to G unit (S/G ratio equals 0.96) as well 
as a small amount of H unit (Fig. 3B).

We also found a substantial amount of tricin (T) units in the 
nodes and internodes lignins (yellowish block area in Fig. 3A), 
which is consistent with the results reported by Lan et al. 
showing that tricin occurred in a moderate amount of stem and 
leaf of three Vanilla species (i.e., Vanilla planifolia, Vanilla 
planifolia, and Vanilla phalaenopsis with 12–15 mg/g lignin).13 
A small amount of tricin contour together with a small amount 
of S unit were observed in seed lignin mentioned above. The 
coexistence of C-lignin and S/G lignin have been reported in 
several dicot plants (Euphorbiaceae and Cleomaceae) that 
produce C-lignin together with traditional G/S lignins in their 
seed coats.47, 48 Surprisingly, the aerial roots lignin 
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demonstrated a tremendous signal intensity of tricin beside G 
and S units. The relative amount of tricin over the aromatic 
region, on a basis of contour size of T6 was around 194% in aerial 
roots lignin in comparison to 10% and 4% in nodes and 
internodes lignin, respectively (Fig. 3C). Clearly, the 
considerably intense signal in 2D HSQC NMR spectra revealed 
that CEL from the aerial roots had a substantial amount of tricin 
compared with those from nodes and internodes, although it 
should be noted that terminal end units (i.e., tricin here) are 
nonlinearly and might be overestimated in the HSQC spectra 
due to much slower relaxation.49 Thus, the volume integrals of 
tricin end unit likely overrepresent their quantitation amount, 
however, comparative study of the tricin over aromatics ratio 
between aerial root and stem is undoubtedly remarkable. 
Based on the results of 10.50 mg/g lignin reported on Vanilla 
planifolia stem,13 we contended that the aerial roots of Vanilla 
planifolia in our study could have a level of ~200 mg/g lignin by 
the semi-quantitative comparison of contour volume-
integration. Additionally, the strikingly high amount of tricin 
could be partially derived from free tricin as shown by the 
contour in the oval-shaped line (Fig. 3A), and tricin-lignans as 
shown in the bands of small molecular weights (<1,000 g/mol, 
Fig. 2B), due to their slightly different chemical shifts in the 
HSQC spectra. Taken together, the aerial roots of Vanilla 
planifolia presented a considerably higher amount of tricin units 
than the stem (nodes and internodes).

Additionally, we also detected a substantial amount of pCA 
(71% over aromatic, Fig. S1) and a small amount of H unit (1.6%) 
in aerial roots CEL (Fig. 3B) whereas the nodes and internodes 
lignin had non-detectable contours of pCA and only a trace 
amount of H unit (<0.1%). The aerial roots lignin had a slightly 
higher FA content (3.6%) compared with those from nodes and 
internodes (1-2%). Another structural difference observed 
between the CELs from the three tissues was the amount of 
cinnamyl alcohol end unit (I), with 2-3% in nodes and internodes 
versus non-detectable signal in aerial roots (Fig. S1). The 
aromatic units in seeds lignin were dominated with C units with 
a small amount of cinnamyl alcohol end units according to 
previous research identification.44 Taken together, the NMR 
spectra results revealed that the CEL from aerial roots has a 
considerably different lignin compositional structure in terms of 
tricin, pCA, and FA level from those from nodes and internodes.

2D HSQC NMR revealing interunit linkages of lignins.

Lignin structure is mainly depicted by its prominent interunit 
linkages. The aliphatic side-chain region of these CELs was 
compared to further understand their characteristic interunit 
bonding patterns (Fig. 4) and the chemical shifts of these 
identified linkages were listed in Table S1. For the S/G type 
lignins, CELs from aerial roots, nodes, and internodes, HSQC 
NMR spectra revealed that the lignin interunit linkages are 
primarily composed of -O-4’ ethers (>80%, Fig. 4B). The 
abundance of these typically predominant linkages is 
comparable with these reports for other non-woody biomass 
such as switchgrass50 and sugarcane straw.31 Particularly, the 
aerial roots lignin had significantly higher 96% -O-4’ ethers and 
less amount of -5’ and -’ (1-3%) in comparison to the nodes 

and internodes lignin (Fig. 4B). However, no 5-5’ and -1' 
linkages were detected in aerial roots whereas a trace amount 
of these linkages (<1%) existed in nodes and internodes lignin 
(Fig. 4C). For the seeds lignin, the most prevalent linkages are 
benzodioxane type, a result from caffeyl alcohol coupling, 
supplemented with minor amount of -’, which is consistent 
with previous identification.44 Additionally, we tentatively 
identified a trace amount of -O-4’ ethers that is in line with the 
small amount of S unit and tricin contours in the 
aromatic/unsaturated region of the HSQC spectra (Fig. 3A). 
Other noticeable differences lied in the aliphatic region of HSQC 
NMR spectra between the aerial roots and stem (nodes and 
internodes) are marked by pink and blue round rectangles 
which may be attributed to the presence of carbohydrates (Fig. 
4A). The overall HSQC NMR spectra of the side chain region only 
provide the semi-quantitated abundance of three prevalent 
linkages with limited information of significantly distinguished 
bonding between the aerial roots and nodes/internodes to our 
current knowledge. The importance of these unidentified cross-
peaks in aerial roots lignin needs further investigation (pink 
blocks in Fig. 4A).

It has been proposed that tricin can only link with lignin 
macromolecule via 4’-O-coupling with a monomer, meaning 
that each lignin molecule can contain at most one tricin 
structural unit and tricin has been contended as a nucleation 
site in lignification.21 When more tricin is present in the aerial 
root cells, a higher chance of lignification will be involved in the 
cross-coupling of tricin with a monolignol than of monomer-
monomer coupling. More lignin macromolecules are therefore 
anticipated with the presence of a relatively higher 
concentration of tricin. Although there are likely a diverse of 
factors influencing degree of polymerization in the plant cell 
wall, it is, therefore, reasonable to expect a relatively higher 
tricin level is associated with a lower molecular weight of lignin 
in the tissue. This correlation explains the reason, at least 
partially, for the much lower lignin molecular size in aerial roots 
lignin (higher tricin level, Mw ~4,000 g/mol) than stem lignin 
(lower tricin level, Mw ~6,000 g/mol) observed above (Fig. 2C).

Lignin functional groups elucidated by 31P NMR.
31P NMR spectroscopy has been widely applied for 
differentiating and quantitating the different types of hydroxyl 
groups (OHs) including aliphatic, carboxylic, guaiacyl, syringyl, 
C5 substituted phenolic hydroxyls, and p-hydroxyphenyls in 
lignin 51. We recently have used 31P NMR to qualify flavonoids 
and specifically to identify the presence of tricin units in corn 
stover lignin.52 Considering the exclusive C-type lignin in seeds, 
only these various OHs of CELs from aerial roots, nodes, and 
internodes were determined using 31P NMR (Fig. 5). In 
accordance with the results revealed in HSQC, aerial roots 
exhibited a strikingly higher (~3 times higher than nodes and 
internodes) on the OHs derived from tricin units (Fig. 5B). The 
significantly lower OH on 4' position of tricin than 5 and 7 
positions suggests a great deal of tricin units has been linked to 
lignin macromolecules at 4’OH in the form of 4’-O- ether bond. 
21, 53 The presence of 4’OH (0.09 mmol/g lignin) revealed in 31P

Page 6 of 12Green Chemistry



Green Chemistry PAPER

This journal is © The Royal Society of Chemistry 20xx Green Chem., 2021, 00, 1-3 | 7

Please do not adjust margins

Please do not adjust margins

0.0

1.0

2.0

3.0

4.0

5.0

6.0

Alip
hatic

C5 su
bsti

tuted

Guaiacy
l

p-A
r-O

H
Tric

in
COOH

O
Hs

in
CE

L
(m

m
ol

/g
)

Aerial roots Nodes Internodes

(B)

Fig. 5. Lignin functional groups determined using 31P NMR. A: 
31P NMR of tricin and CELs after phosphitylation. B: quantitative 
results of lignin hydroxyl groups (mmol/g lignin).

NMR spectra could be related to two reasons: (a) the presence 
of free form tricin as shown by the cross-peaks of free tricin 
units detected in HSQC (Fig. 2A); and (b) the presence of 
structurally similar flavonoids, for instance, syringetin has 
almost identical 4’OH chemical shift as that in tricin.52 The aerial 
roots lignin also showed considerably less amount of aliphatic 
OHs and a higher amount of p-hydroxyphenyls (p-Ar-OH) (Fig. 
5B). Due to the potentially remained carbohydrates in the CELs 
(carbohydrates signals in Fig. 4), the aliphatic OHs could be 
partially contributed by non-lignin carbohydrates.54 In harmony 
with this 31P quantitative result, the anomeric region of HSQC 
spectra of aerial roots had no detectable polysaccharides than 
the nodes and internodes (Fig. S2). The higher p-Ar-OH in aerial 
roots lignin is likely due to the higher amount of pCA which is 
consistent with the HSQC spectra displaying a substantial 
amount of pCA. The amount of OHs derived from C5 substituted, 
guaiacyl, and carboxylic structure in aerial roots lignin are 
comparable to those from nodes and internodes lignin.
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Fig. 6. Tricin content in isolated lignins from aerial roots, nodes, 
internodes, and seed of V. planifolia quantified by 
thioacidolysis. The error bar shows the standard deviation of 
biological duplicate samples.

Depolymerization of tricin-lignin and tricin quantification.

Although tricin and its derivatives with chemo-preventive 
activities have been employed extensively in the 
pharmaceutical 11, 55 and, to a lesser extent, dietary 
supplement sectors 56, not much has been examined on 
manipulating tricin-lignin for biorefinery applications. From the 
polysaccharide-oriented biorefinery perspective, the 
association of tricin-lignin with biomass recalcitrance based on 
the proposed role of tricin as a nucleation site for lignification 
has been investigated.21, 40 Expression of plant tricin-related 
enzymes was manipulated to (1) alter lignin levels in cell walls 
and biomass digestibility and/or (2) modify lignin molecular 
size and depolymerization; however, the fundamental 
correlations remain elusive.56 For example, the rice mutant 
completely devoid of tricin had enhanced enzymatic 
saccharification efficiency.8 Silencing the chalcone synthase 
gene revealed an overall positive correlation between the 
abundance of tricin and saccharification efficiency in the 
leaves of maize.34 Another study of rice mutants also revealed 
this correlation, which was explained in terms of the increased 
level of tricin resulting in more nucleation sites for lignification, 
smaller lignin molecular weight and higher degradability of cell 
walls.38 However, suppression of CYB75B4 in rice led to cell 
walls with depleted tricin-lignin and enhanced saccharification 
yield.9 These data suggest that the fundamental relationships 
between tricin biosynthesis, lignin content and composition, 
and biomass recalcitrance remain unclear. Other studies 
reported that tricin was preferentially targeted and removed 
from lignin by certain white-rot fungi57 and termites58, which 
suggests that tricin may also play a crucial role in the microbial 
degradation of lignin. However, catalytic and bio-catalytic 
lignin depolymerization strategies for tricin-lignin are only now 
emerging as an intriguing subject despite the fact that 
numerous studies have focused on the conversions of the 
major monolignol-derived phenylpropane units in canonical 
lignin.56

The thioacidolysis method has been widely used for lignin 
structure and compositional analysis.59-61 It estimates the 
amount and composition of uncondensed aryl ether structures 
in lignin by cleaving lignin monomers that are only involved in 
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aryl ether linkages. Thioacidolysis also proved to be an 
efficient method in liberating tricin from tricin-lignin with little 
degradation for tricin quantification.13, 62 Therefore, we 
conducted thioacidolysis of the isolated lignin to, on the one 
hand, quantify the absolute tricin level in the studied tissues, 
and, on the other hand, to assess the feasibility of 
depolymerizing tricin-lignin to value-added tricin units. 
Consistent with our results of the tricin level revealed from 
HSQC spectra, thioacidolysis results showed that lignin from 
aerial roots has 29.1 mg/g tricin, about 3- to 5-fold higher than 
in lignins isolated from nodes (10.1 mg/g) and internodes (6.9 
mg/g) (Fig. 6). No tricin is detected from seed lignin that 
almost exclusively consists of C-units as shown in HSQC 
spectra. The tricin levels of nodes and internodes agree well 
with those reported by Lan et al. in Vanilla species (i.e., 10.5 
mg/g and 12.7 mg/g tricin in stem and leaf lignin, 
respectively).13 The quantitative results corroborate the 
exceptionally high level of tricin in the aerial roots of Vanilla. 
Comparable tricin amounts from other plants have been 
reported, such as 33.1 mg/g in oat, 32.7 mg/g in wheat, and 
28.0 mg/g in Brachypodium based on lignin.13 The content of 
tricin in wheat straw leaves is higher than that in stem (17% vs 
12% based on total HGS monolignols)63, and the same is true in 
maize .34 The relatively high tricin level in the aerial parts of 
plants is intriguing although its functional significance is 
unclear.

Conclusions
We have studied the structures of lignin isolated from different 
tissues of vanilla, aerial roots, nodes, internodes, and seeds. The 
nodes and internodes lignin show a typical S/G (a ratio of 0.4-
0.5) type lignin whereas the seeds lignin is almost exclusively 
made of C units. A substantial amount of tricin (4-10% over S+G) 
has been found in the presence of nodes and internodes lignin. 
Particularly, the lignin from aerial roots displays a considerably 
higher amount of tricin with 194% over S and G based on the 
semi-quantification of NMR contours, which suggests a 
remarkably different tricin-lignin structure. Thioacidolysis 
results showed that lignin from aerial roots has 29.1 mg/g tricin, 
in comparison to 10.1 mg/g nodes lignin and 6.9 mg/g 
internodes lignin. The compositional differences are also 
reflected in differences in the relative abundances of the 
various interunit linkages revealed by 2D NMR. The lignin from 
aerial roots has more than 95% alkyl-aryl ether -O-4’ 
substructures whereas the nodes and internodes have 73% and 
65%, respectively. These findings point out that a special tricin-
lignin with strikingly high tricin unit has been isolated from 
aerial roots lignin. This high amount of tricin units relative to 
lignin traditional monolignols is valuable in maximizing the 
values of lignin to bio-products. The higher amount of tricin 
units in vanilla aerial roots could also extend its pharmaceutical 
application due to its health-promoting benefits. Lastly, the 
identification and depiction of aerial roots lignin provide 
important information for the diversity of lignin structure and 
better understanding lignin biosynthesis in plants. Upcoming 
research on the cleavage and quantification of tricin unit, and 

the structural delineation of tricin-lignin from the aerial roots of 
Vanilla will be investigated in details.

Experimental
Cellulolytic enzyme lignin Isolation

The vanilla whole green plant (Vanilla planifolia) was provided 
by collaborators at the University of North Texas. The tissues of 
vanilla, including aerial roots and stems (nodes and internodes), 
were separated and manually cut into 1-2 cm pieces (Fig. S3). 
The vanilla seeds were provided separately after harvesting. 
The air dried biomass was thoroughly extracted with a mixture 
of toluene-ethanol (2/1 by v/v) in Soxhlet for 24 h and followed 
by acetone extraction for another 12 h. Cellulolytic enzyme 
lignin (CEL) was isolated from vanilla nodes, internodes, aerial 
roots, and seeds according to published literature procedure 
(Fig. S3).50, 64 In brief, the extractives-free samples were milled 
with a Wiley mill (Thomas Scientific, Model 3383-L10, 
Swedesboro, NJ) through a 40-mesh (0.425 mm) screen. About 
1 g of the down-sized samples was loaded to 50 mL ZrO2 
grinding jar (including 10×10 ball bearings) in Retsch Ball Mill 
PM 100. The biomass was then ball milled at 580 RPM in a 
frequency of 5 min with 5 min pauses in-between for 1.5 h total 
time. The milled fine cell wall powder was then subjected to 
enzymatic hydrolysis with a mixture of Cellic® CTec2 and HTec2 
(gift from Novozymes North America) in acetic acid/sodium 
acetate buffer (pH 4.8, 50°C) under continuous agitation at 200 
rpm for 48 h. The residue was isolated by centrifugation and 
was hydrolyzed once more with freshly added enzymes mixture. 
The residue obtained was washed with deionized water (18.0 
MΩ), centrifuged, and freeze dried, namely lignin-enriched 
residue. The lignin-enriched residue was extracted with 
dioxane-water (96% v/v, 10.0 mL/g biomass) for 24 h. The 
extracted mixture was centrifuged and the supernatant was 
collected. Dioxane extraction was repeated once by adding 
freshly distilled dioxane in water. The extracts were combined, 
roto-evaporated to reduce the volume at less than 45°C, and 
freeze dried. The obtained lignin samples, designated as CEL, 
was used for further analysis. The CEL isolations were 
performed in duplicate to quantitate the yields of CEL, and the 
yields were reported in average with standard deviation of the 
duplicates.

Gel permeation chromatographic (GPC) analysis

The weight-average molecular weight (Mw) and number-
average molecular weight (Mn) of lignin were measured using 
GPC after acetylation as previously described 54. Briefly, The 
derivatization of lignin was conducted on a basis of ~3 mg lignin 
in 1 mL of 1:1 v/v pyridine/acetic anhydride in dark at room 
temperature for 24 h, 200 RPM. The solvent/reagents were 
removed by co-evaporation at 45°C with ethanol, several times, 
using a rotatory evaporator until dry. The resultant acetylated 
lignin was dissolved in tetrahydrofuran (THF) and the solution 
was filtered through 0.45 μm membrane filter before GPC 
analysis. Size-exclusion separation was performed on an Agilent 
1200 HPLC system (Agilent Technologies, Inc, Santa Clara, CA, 
US) equipped with Waters Styragel columns (HR1, HR2, and 
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HR6; Waters Corporation, Milford, MA, US). An UV detector 
(270 nm) was used for detection. THF was used as the mobile 
phase at a flowrate of 1.0 mL/min. Polystyrene narrow 
standards were used for establishing the calibration curve. The 
molar mass dispersity (D) was calculated as the ratio of Mw to 
Mn. The acetylation of lignin was conducted in duplicate. The 
results were report as an average with standard deviation. 

NMR spectroscopic analysis

Nuclear magnetic resonance (NMR) spectra of isolated lignin 
samples were acquired in a Bruker Avance/DMX 400 MHz 
spectrometer and spectral processing used Bruker’s Topspin 3.5 
(Mac) software. A standard Bruker heteronuclear single 
quantum coherence (HSQC) pulse sequence (hsqcetgp) was 
used on a BBO probe with the following acquisition parameters: 
spectra width 10 ppm in F2 (1H) dimension with 2,048 time of 
domain (acquisition time 256.1 ms), 210 ppm in F1 (13C) 
dimension with 256 time of domain (acquisition time 6.1 ms), a 
1.5-s delay, a 1J C–H of 145 Hz, and 32 scans. The central DMSO 
solvent peak (C/H at 39.5/2.49) was used for chemical shifts 
calibration. Relative abundance of lignin compositional subunits 
and interunit linkage were estimated semi-quantitatively using 
volume integration of contours in HSQC spectra 31, 49, 65. For 
monolignol compositions of S, G, H, p-coumarate (pCA), and 
ferulate (FA) measurements, the S2/6, G2, H2/6, pCA2/6, and FA2 
contours were used with G2 and FA2 integrals doubled. T6 of 
tricin was used for contour integration. The C signals were used 
for contour integration for inter unit linkages estimation.

For quantitative 31P NMR, CEL was phosphitylated with 2-
chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane in a solvent 
of pyridine/CDCl3 (1.6/1.0 by v/v) according to published 
method.66 In detail, 20.0 mg of CEL was accurately weighed into 
a 4-mL vial sealed with PTFE cap. A prepared stock solution of 
pyridine/deuterated chloroform (500  L) including 1 mg/mL 
Cr(acac)3 and 4 mg/mL internal standard (endo N-hydroxy-5-
norbene-2,3-dicarboxylic acid imide) was added to dissolve 
lignin. The phosphitylation was performed by adding 50 µL of 
the phosphitylating reagent TMDP (2-chloro-4,4,5,5-
tetramethyl-1,3,2-dioxaphospholane). Quantitative 31P NMR 
spectra were acquired on a Bruker Avance 400 MHz 
spectrometer equipped with a BBO probe using an inverse-
gated decoupling pulse sequence (Waltz-16), 90° pulse, 25-
spulse delay with 64 scans and a total runtime of 28 min. All 
chemical shifts reported are relative to the product of TMDP 
with water, which has been observed to give a sharp signal in 
pyridine/CDCl3 at 132.2 ppm. The contents of hydroxyl groups 
were quantitated on the basis of the amount of added internal 
standard. Quantitation of lignin hydroxyl groups were 
conducted in duplicate.

Thioacidolysis and tricin quantification

The tricin level in each lignin sample isolated from aerial roots, 
nodes, internodes, and seeds of Vanilla was quantified using the 
modified thioacidolysis method.62 Briefly, about 2.5 mg of dry 
plant material was accurately weighed into a 2-mL Micro-
Reaction Vessel. One milliliter (1.0 mL) of thioacidolysis reagent 
was added to each vessel. The vials were capped tightly and put 

into the position holes of a pre-heated MULTIVAP high-
temperature dry block. The reaction was set at 100°C for 4 h 
with a brief vortex every hour. Upon completion of the reaction, 
the vials were placed in a rack at room temperature to cool. 
During the cooling time, 190 µL of saturated NaHCO3 solution 
was added to 4-mL glass vials (Thermo Fisher Scientific, 
Waltham, USA, Cat. No. B7800-2), for LC–MS tricin analysis. 
Then, 400 µL of the cooled solution from the reaction vials was 
transferred into the 4-mL glass vials and mixed by pipetting. The 
4-mL glass vials were placed in a dry block at 55°C under 
nitrogen gas flow until the samples had dried completely.

Tricin was quantified in biological duplicate by resuspending 
the dry sample in 600 µL of 95% methanol before subjecting to 
LC–MS. An Agilent HPLC 1290 infinity II system with Agilent 
6460C Triple Quadrupole LC–MS System as mass detector was 
used. An Agilent Zorbax Eclipse Plus C18 column (2.1 mm × 50 
mm, 1.8-micro) was used to separate the compounds. The HPLC 
mobile phases used were 0.1% (v/v) formic acid in water (A) and 
0.1% (v/v) formic acid in acetonitrile (B). The column thermostat 
was maintained at 30°C with a solvent flow rate of 0.45 mL/min, 
and the elution gradients were 6% B for 3 min, from 6 to 95% B 
in 5 min, stay in 95% B for 2 min, then from 95 to 6% B in 1 min 
and stay in 6% B for 2 min. The total run time was 13 min. 
Multiple reaction monitoring (MRM) mode for tricin 
quantification (the precursor and product ions for 
umbelliferone and tricin are m/z 161 and 133, and m/z 329 and 
299, respectively). Nitrogen was used as sheath gas at a flow 
rate of 11 L/min at 350°C. The capillary gas temperature was 
300°C, the flow rate 10 L/min, and the Nebulizer gas pressure 
45 psi. The ESI spray capillary voltage was 3,500 V in negative 
ionization mode. The fragmentor voltage was 135 and the cell 
accelerator voltage was 7. Processing of data was done off-line 
using the Agilent Masshunter qualitative data analysis software.
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