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Monolignol polymerization rate and apoplastic pH and may influence the formation of lignin and its
interactions in cell walls. Primary maize walls were artificially lignified by gradual “end-wise” or rapid
“bulk” polymerization of coniferyl alcohol at pH 4 or 5.5. Lignification efficiency was greatest for end-
wise polymers at pH 5.5 (90—98%), intermediate for bulk polymers formed at either pH (54—82%),
and lowest for end-wise polymers at pH 4 (41-53%). End-wise polymers had about 2.2-fold more
ether inter-unit linkages and 70% fewer end-groups than bulk polymers. Low pH enhanced the
formation of ether linkages in end-wise but not in bulk polymers. Differences in lignin structure did
not influence the enzymatic degradability of cell walls, but lowering apoplastic pH from 5.5 to 4.0
during lignification reduced cell wall degradability by 25%. Further studies indicated this pH-dependent
depression in degradability was related to cell wall cross-links formed via lignin quinone methide
intermediates.
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INTRODUCTION

The enzymatic degradation of fiber in grasses declines during /Q)\ Nu— OH 4 /Q)\
o

plant maturation due to progressive lignification of the primary 2 oen

and secondary cell walls of xylem and sclerenchyma. As grasse .

reach physiological maturity, degradation is depressed even OCH,

further by lignification of primary-walled parenchyma and o1

epidermal tissuesl). In most cases, lignified primary walls are ~ Figure 1. During lignification, monolignol 1 and ||gn|n 2 radicals can

less degradable than secondary walls (2—4). These differencesindergo f—0-4 coupling to form guinone methide intermediates 3. These

in degradability are partly due to the higher lignin content of intermediates are stabilized by the addition of hydroxyl groups from various

primary walls; however, variations in three-dimensional structure nucleophiles (Nu) to form structures 4. Neutral or slightly acidic conditions

of lignin have also been implicate®)( (pH > 5) enhance the reaction of quinone methide intermediates with
Rapid “bulk” polymerization, as may occur in the middle phgnols from monolignols or th_ei_r couplir_lg products to form lignins With

lamella and primary wall, favors-©C coupling of monolignols a hlghly brancheq structure. ACIdIC gond|t|ons (pH < 5) favor thg reacgon

into highly branched polymers6¢8). A branched polymer of quinone methide intermediates with water, uronic acids, amino acids,

structure may enhance entrapment of structural polysacchar|de§”d neutral sugars to form relatively linear lignins substituted with

by lignin, restricting access of hydrolytic enzymes into primary hydroxyl groups or cross-linked to matrix components by benzyl a-ester

walls (5). In contrast, gradual “end-wise” polymerization, as and o-ether linkages (6, 10, 11, 28-32).

may occur in secondary walls, favofs-O—4 coupling of but most often pH values between 5 and 6.5 are repofkd (

monolignols into relatively linear polymers6{8). Linear To our knowledge, no studies have specifically examined the

polymers are thought to permit greater access of hydrolytic apoplastic pH of lignifying tissues. Studies of lignin structure

enzymes into secondary wal) (Apoplastic pH also influences  suggest that the pH of some lignifying tissues may be at or

lignin structure and its cross-linking to matrix components by below 4 (10).

altering the abundance and reactivity of quinone methide Oxidative coupling of monolignols in vitro into dehydroge-

intermediates formed by—O—4 coupling of monolignols  nation polymers (DHPs), in the presence or absence of cell-

(Figure 1). The pH of the apoplast varies from about 4 to 7, wall model compounds, have been extremely valuable for

modeling the influence of monolignol addition rate and apo-
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Fax: (608) 264 5147. E-mail jgrabber@wisc.edu. 13). Unfortunately, DHPs differ structurally from natural plant
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lignins, and they do not adequately model the three-dimensionaland diferulates for analysis by GC-FIDE). The quantity of ferulate
structure of lignified walls or provide a means of assessing how and diferulates incorporated into lignin was estimated by the difference
lignin-matrix interactions influence cell wall degradability. These in alkali-labile acids recovered from nonlignified walls and DHEW
limitations are largely overcome by forming DHell wall complexe_s. Lignins in com_plexe_s_ were degraded by thloa_c!doly5|s and
(DHP—CW) complexes using in situ peroxidasst), These monomeric products.were identified by GC-MS and quantlflgd by GC-
A . FID (23). Acetone filtrates collected after complex formation were
gomplexe§ have b.een extremely valugble for.eIUC|dat|ng oxida- evaporated in vacuo to recover DHPs not bound to cell walls. These
tllve'coupllng'rea.\ctlons of.ferullate and its role in ceII.WaII CroSS-  extracts were surveyed by long-range correlative NMR (HMBC).
linking and lignin formation in grassed§, 16). This model Spectra were acquired using restricted acquisition it¥aeimension
system also revealed how variations in ferulate cross-linking and a long-range coupling delay of 100 ms. DHBWSs (150 mg) were
and lignin composition affect the enzymatic degradation of cell hydrolyzed with Celluclast and Viscozyme as described above. Enzyme
walls (17—20). Because DHPCW complexes are formed with ~ supernatants were analyzed by a colorimetric method for uronic acids
primary walls, our system most accurately models lignification (24) and hydrolyzed with TFA for analysis of neutral sugars by HPLC
secondary walls. The importance of primary walls is also incubated with a 20-fold greater concentration of Celluclast and

magnified because they act as barriers limiting the enzymatic
hydrolysis of adjacent cells or tissues that are not directly
exposed to degradative organisms. In this study, BB®/
complexes were formed by in situ polymerization of coniferyl
alcohol into primary maize walls to evaluate how the rate of
monolignol addition and apoplastic pH affect the formation of
lignin and the enzymatic degradability of cell walls.

MATERIALS AND METHODS

Preparation of DHP—CW Complexes. Cells from suspension
cultures of maize (Zea mays cv Black Mexican) were ruptured by a
Parr Nitrogen Bomb and washed sequentially with PIPES buffer (10
mM; pH 6.8), agueous Cagl(50 mM), and water to remove
cytoplasmic debris and loosely bound peroxidadé&.(In Experiment
1, 45 g of wet cell walls (1.3—1.5 g dry weight) were transferred to
500-mL Erlenmeyer flasks and stirred in 100 mL of HOMOPIPES
buffer (50 mM; pH 4.0 or 5.5 with 1 mM Cag)l Cell wall suspensions
were then artificially lignified by adding separate solutions of coniferyl
alcohol (200 mg; 1.11 mmol) and,B, (1.33 mmol), each prepared in
70 mL of HOMOPIPES buffer (50 mM; pH 4.0 or 5.5). For bulk
polymerizations, coniferyl alcohol solution was poured and stirred with
cell wall suspensions for 30 min before®} solution was added at a
rate of 120 mL/h. For end-wise polymerizations, solutions of coniferyl
alcohol and HO, were gradually added to cell wall suspensions at a
rate of 3 mL/h. Nonlignified controls were stirred in Homopipes buffer
(pH 4.0 or 5.5). During the course of lignification, the activity of cell
wall peroxidase was monitored visually by adding a few drops of
guaiacol (20 mM in 50 mM Homopipes, pH 5.5) and a few drops of
dilute H,O, to an aliquot of the cell wall suspension. After stirring for
a total of 48 h, cell walls were collected on glass-fiber filters (dn2-

Viscozyme for 40 h. After centrifugation (10 min, 25§)0wall residues
were resuspended in 15 mL of TRIS buffer (200 mM, pH 7, with azide)
and incubated at 40C with 6 mg of Pronase (Sigma) for 72 h.
Indigestible wall residues were then pelleted and washed three times
with water by centrifugation (10 min, 250 frozen, and freeze-dried.
Complexes and their indigestible residues were hydrolyzed with H
SO, and insoluble residues were collected to estimate Klason lignin
without correction for acid soluble lignir2{). Sulfuric acid hydrolysates
were analyzed for uronic acids by a colorimetric methdd)) (and for
neutral sugars by HPLC26). DHP—CWSs and indigestible residues
were also analyzed for total nitrogen by a combustion method (Leco
2000, Leco Instruments). All analyses were conducted in duplicate and
standard deviations were typically less than 5%.

RESULTS AND DISCUSSION

Formation and Structure of DHP —CW Complexes.Wall-
bound peroxidase and exogenously supplied hydrogen peroxide
were used to polymerize coniferyl alcohol into nonlignified
primary walls of maize. Previous work has demonstrated that
lignins in DHP—CWs are structurally similar to natural lignins
formed in grasses (14). In Experiment 1, DHP—CWs were
formed at pH 4.0 or 5.5 by slow end-wise or rapid bulk
polymerization of coniferyl alcohol to determine whether
polymerization conditions influence lignin formation and cell
wall degradability. Coniferyl alcohol not incorporated into wall-
bound polymers was recovered by washing walls with water
followed by acetone. Further washing with common lignin
solvents such as 96:4 dioxane/water does not remove additional
DHPs from walls (14). On the basis of mass balance calculations
(n = 3), the incorporation of coniferyl alcohol into wall-bound

porosity) and washed thoroughly with water to remove nonincorporated bulk polymers ranged from 54 to 69% at pH 4 and from 58 to
monomers and water-soluble oxidative coupling products of coniferyl 8204 at pH 5.5. Incorporation of end-wise polymers ranged from
alcohol. Walls were then washed with acetone to remove DHPs not 41 19 53% at pH 4 compared to 90—98% at pH 5.5. Most

incorporated into cell walls. In Experiment 2, similar methods were
used to prepare end-wise DHP-CWs at pH 4 and 5.5 with coniferyl
alcohol added at 25 to 200 mg/g of cell wall. In Experiment 3, similar
methods were used to prepare end-wise DHP-CWs at pH 4 and 5.5
with coniferyl alcohol or coniferaldehyde added at 120 mg/g of
cell wall.

DHP—CW Composition and Degradability. DHP—CW complexes
(75 mg) from all experiments were hydrolyzed with,30, and
insoluble residues were collected to estimate Klason lignin without
correction for acid soluble lignir2(). The enzymatic degradability of

nonincorporated coniferyl alcohot80%) was recovered from
acetone filtrates as dehydrogenation products With andH
NMR spectra characteristic of low molecular weight DHPs.
However, following end-wise polymerization at pH 4, only 30%
of the nonincorporated coniferyl alcohol was recovered as low
molecular weight DHPs due to the apparent inactivation of
peroxidase during prolonged lignification under acidic condi-
tions. In contrast, peroxidase activity (based on guaiacol
staining) remained high when bulk polymers were rapidly

these complexes was estimated by incubating samples (50 mg) in acetatgormed at pH 4 or when bulk and end-wise polymers were

buffer (1% w/v; 20 mM; 40°C; pH 4.8 with azide) with Celluclast 1.5
L and Viscozyme L (Novo Nordisk), each added at40g cell wall
(20). After 6 and 72 h of incubation, DHFCWs were pelleted by
centrifugation (10 min, 2500g) and an aliquot of the supernatant was
analyzed by a colorimetric method for total carbohydrate using glucose
as a standard (22).

One DHP—CW complex from each monolignol addition rate and

formed at pH 5.5. Although bulk or end-wise polymers were
readily formed, the latter type of polymer incorporated into cell
walls much more efficiently. This was particularly evident when
cell walls are lignified at pH 5.5 with a 2.5-fold greater

concentration of coniferyl alcohol (350 mg/g); incorporation of
bulk polymers declined to 45%, while incorporation of end-

pH treatment combination in Experiment 1 was further characterized V_Vise polymers remained above 90% (J. H-_ Grabber_, _unpub-
by the following methods: Complexes were saponified at room lished). In both cases, ample cell-wall peroxidase activity was
temperature for 20 h wit2 M aq NaOH to release alkali-labile ferulate  detected after coniferyl alcohol addition. Following these high
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Table 1. Cross-linked Ferulates,? Lignin, and Ether-Linked Guaiacy!
Units® in Primary Maize Walls Artificially Lignified at pH 4.0 or 5.5 by
Rapid Bulk or Gradual End-Wise Polymerization of Coniferyl Alcohol

lignification ~ cross-linked lignin guaiacyl units
conditions ferulates Klason mass Klason mass end-groups
bulk polymerization
pH 4.0 17.4 (78) 123.8 76.1 342 556 28.8
pH5.5 17.0 (75) 126.4 81.6 347 537 26.2
end-wise polymerization

pH4.0 17.3(78) 117.3 1.7 881 1441 95
pH5.5 16.4 (86) 1228 1039 803 949 8.3

2 Concentration (mg/g of cell wall) estimated as the difference in alkali—labile
ferulates (monomers and dimers) recovered from lignified walls and nonlignified
controls. Values in parentheses indicate the overall percentage of ferulates
incorporated into lignin. ® Concentration (mg/g of cell wall) estimated by the Klason
lignin procedure or by the difference in mass between lignified walls and nonlignified
controls. ¢ Yield («mollg of lignin) of guaiacyl monomers released by thioacidolysis
and proportion (%) of yield derived from end-groups.

rates of monolignol addition, Klason lignin concentrations of

Grabber et al.

12,33), the formation of ether inter-unit linkages was enhanced
under acidic lignification conditions but only in DHRCWSs
formed by end-wise polymerization. In HMQC NMR experi-
ments, noncycliom—O—4 benzyl aryl ethers formed by the
addition of coniferyl alcohol to quinone methide intermediates
(6) were readily apparent in bulk but not in end-wise DHPs
washed out of walls following lignification at pH 5.5 (data not
shown). As expected, these structures were absent in bulk and
end-wise polymers recovered after lignification at pH 4.0.
Therefore the contribution ai—O—4 ether-linked structures
to thioacidolysis yields was probably minimal for all DHP
CWs except for bulk polymers formed at pH 5.5.

As with naturally formed lignins (1233), end-wise DHP—
CWs (Table 1) had a much lower proportion of ether-linked
coniferyl alcohol end-groups (~9%) compared to bulk DHP
CWs (~27%). End-groups are abundant under bulk polymer-
ization conditions, which favor coniferyl alcohol dimerization
rather than end-wise addition of coniferyl alcohol to a growing
lignin polymer. In contrast, DHPs formed in solution contain a
high proportion of end groups (£30%) regardless of whether

DHP—CWSs reached only 165 mg/g for bulk polymers, com- they are formed under bulk or end-wise polymerization condi-
pared to 270 mg/g for endwise polymers. Grass tissues with tions (12,33). The markedly differing levels of end-groups, in
primary walls can undergo considerable lignification, reaching addition to substantial differences in thioacidolysis yields,
Klason lignin concentrations of 170 mg/g in primary walled Provides compelling evidence that end-wise and bulk polymers
pith parenchyma and 19220 mg/g in secondarily thickened in DHP—CWs had vastly different structures. These results
epidermis, sclerenchyma, and xylem tissues isolated from maturefurther support our claim (14) that DHP—CW complexes are
sorghum (26). In the latter group of tissues, concentrations of the best system for modeling the lignification process within

lignin are far greater in primary walls than in secondary walls
(3). Therefore, if lignification starts as a bulk polymerization

plant cell walls.
The concentration of ferulates (monomers plus dimers) in

process, it must quickly transition to a more end-wise process DHP—CWs selected from Experiment 1 ranged from 19.1 to

to permit extensive lignification of cell walls. Extensive
lignification of grass cell walls under acidic conditions would

22.7 mg/g and their overall incorporation into lignin ranged from
75 to 86% (Table 1). Copolymerization of feruloylated xylans

also be unlikely unless the secretion or acid tolerance of wall \ith monolignols leads to cross-linking of xylans to lignit5j.

peroxidases exceeds that of our model system. Our pre-

extraction of cell walls with 50 mM Cagprior to lignification

The quantity of ferulate cross-links formed in DHEWS was
not markedly influenced by pH or the rate of monolignol

may, however, have depleted walls of oxidative activity needed aqgition. Oxidative coupling of wall ferulate and diferulates into

for prolonged and extensive lignification of cell walls under
acidic conditions.

lignin is initially very rapid but declines dramatically once their
incorporation exceeds 70%%). Depletion of readily coupled

Selected DHP—CWs from Experiment 1 were subjected t0 a 4| ferulate and diferulates may be one reason lignification

more detailed analysis of lignin and ferulates. Compared to mass,, 55 |ess efficient under bulk than under end-wise polymeriza-
balance calculations, the Klason procedure overestimated the;q, At the initial stages of lignification, bulk and end-wise

lignin content of DHP—CWs by 18 to 62% (Table 1). Because
cell contents were removed from walls prior to complex
formation, Klason lignin levels were probably inflated by the
incorporation of cell wall ferulates, structural polysaccharides,
and proteins to artificial lignin (15).

The structure of lignins in these DHREWSs was assessed
by cleavingf—0—4 anda—0O—4 ether inter-unit linkages by
thioacidolysis; the yield of monomeric degradation products
indicates the frequency of these linkages in lignin. Yields of

guaiacyl monomers recovered after thioacidolysis of end-wise
polymers were about 2.3 times greater than those of bulk

polymers, indicating that the former had a much greater
proportion of f—O—4 anda—0—4 ether linkages (Table 1).
Under end-wise polymerization conditions, lignin would tend
to grow by repeatei—O—4' coupling of coniferyl alcoholZ7),
leading to high yields of thioacidolysis products. By contrast,
bulk polymerization mainly involves monolignol dimerization
and coupling to the growing lignin polymer by«C linkages,
yielding a low proportion of ether inter-unit linkages and low
yields of thioacidolysis product27). Expressing thioacidolysis

DHPs are probably anchored to cell walls only via oxidative
cross-coupling with ferulate and diferulate xylan esters (16).
Once readily available ferulate and diferulates are incorporated,
further lignification of walls under bulk polymerization condi-
tions would essentially stop, because oxidative coupling of
newly formed dilignols or oligomers to wall-bound polymers
is very inefficient 7). In the case of end-wise polymerization,
cell wall lignification continues even after ferulate incorporation
is complete, because monolignols readily couple to growing
lignin polymers (27). Once attached to the wall matrix by
ferulate, bulk and end-wise polymers probably become further
anchored to cell walls by benzyl ester and ether cross-I2&s (

32) or other mechanisms, since alkaline hydrolysis of ferulate
esters releases only a portion the lignin in cell wall8)(

Effect of Lignin Polymerization Conditions on DHP—CW
Degradability. DHP—CWs were degraded with a mixture of
Viscozyme L and Celluclast 1.5 L, commercial enzyme prepara-
tions selected to provide a full complement of pectinase,
xylanase, and cellulase activities for degrading cell wa() (

data on a Klason or mass-balance lignin basis affected absoluteDue to greater cell wall incorporation of coniferyl alcohol, lignin
yields, but not relative differences between bulk and end-wise concentrations in Experiment 1 were greatest following end-

polymerization treatments. As with in vitro DHP studidsl (

wise polymerization at pH 5.5, but in all treatments, cell wall
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Figure 2. Carbohydrate released after 6 and 72 h of hydrolysis by
Celluclast and Viscozyme (1:1) from primary maize walls artificially lignified
at pH 4.0 or 5.5 by rapid bulk or gradual end-wise polymerization of
coniferyl alcohol, added at 130 to 150 mg/g of cell wall.

Table 2. Carbohydrate Released? after 6 and 72 h of Hydrolysis by
Celluclast and Viscozyme (1:1) from Primary Maize Walls Artificially
Lignified at pH 4.0 or 5.5 by Rapid Bulk or Gradual End-Wise
Polymerization of Coniferyl Alcohol

treatment 6h 72h
bulk polymerization
pH 4.0 128 385
pH 5.5 172 473
end-wise polymerization
pH 4.0 128 367
pH 5.5 181 487
analysis of variance®
polymerization type NS NS
pH * *
polymerization type X pH NS NS
CV (%) 54 4.0

2 | east-squares means (mg/g cell wall) adjusted to an average Klason lignin
concentration of 120 mg/g of cell wall (n = 3). ® * NS = significant at the 0.05
level of probability and not significant, respectively.

degradability was negatively associated with lignin content
(Figure 2). Statistical analysis of data, using Klason lignin
concentration as a covariant, revealed that DR degrad-
ability was influenced by lignification pH but not by the mode

J. Agric. Food Chem., Vol. 51, No. 17, 2003 4987

of coniferyl alcohol polymerizationTable 2). Adjusting de-
gradability data to account for differences in lignin content
revealed that forming complexes at a pH of 4 instead of 5.5
reduced the release of sugars by 49 mg/g after 6 h and 104
mg/g after 72 h of enzymatic hydrolysis. In contrast, lignins of
divergent structure, formed by bulk and end-wise polymeriza-
tion, had similar effects on DHPCW degradability. The latter
findings are consistent with our earlier work demonstrating that
artificial lignins formed with varying ratios ofp-coumaryl,
coniferyl and sinapyl alcohols have a similar impact on cell
wall degradability (17), even though coniferyl and possibly
p-coumaryl alcohols form more highly branched lignins than
sinapy! alcohol (13).

As noted in previous studies with lignified primary walls from
grasses (19,26), the release of xylose during enzymatic
hydrolysis was much less than other cell wall sugarab(e
3). Poor hydrolysis of xylose-containing polysaccharides is due
in part to ferulate and diferulate cross-linking of xylans to lignin
(19). While variations in ferulate and diferulate cross-linking
primarily affect xylan hydrolysis, acidic lignification pH
uniformly depressed the release of all neutral sugars and uronic
acids by hydrolytic enzymes. This suggests that the mechanism
limiting hydrolysis was general in nature, not involving interac-
tions with specific structural polysaccharides or variations in
ferulate and diferulate cross-linking. It is also unlikely that
ferulate cross-linking contributed to the differential effect of
lignification pH on degradability, because all treatments had
comparable amounts of ferulate monomers and dimers incor-
porated into lignin Table 1). After exhaustive enzymatic
hydrolysis, degradability differences between the pH 4 and 5.5
treatments were very small (ca. 25 mg/g), suggesting that the
mechanism limiting hydrolysis directly involved a very small
proportion of each cell wall sugar. As noted in other studies
(34, 35), a substantial proportion of lignin was solubolized
during cell wall degradation.

Additional studies were pursued in an attempt to discover
the mechanism by which lignification pH influences cell wall
degradability. When cell walls were lignified over a wide range
of coniferyl alcohol concentrations (Experiment 2), acidic
lignification pH depressed wall degradability only as cell walls
become hydrophobic with at least moderate amounts of lignin
(Figure 3). Degradability differences between the pH 4 and 5.5
treatments were most consistently observed at an early stage (6
h) of cell wall hydrolysis. In Experiment 3, it was observed

Table 3. Chemical Composition? and Loss of Constituents® during Enzymatic Hydrolysis of Primary Maize Walls Artificially Lignified with Coniferyl

Alcohol
protein arabinose galactose glucose xylose uronosyls lignin total
chemical composition
cell wall 301+18 167.8+2.1 744+09 287.4+0.2 136.9+3.2 91.0+1.0 1226 +£2.0 904.5+2.2
loss of constituents
6-h hydrolysis
lignified at pH 4.0 ND 198+1.7 191+£17 19.0+£18 105+1.1 26.5+0.1 ND ND
lignified at pH 5.5 ND 23204 226+0.2 265+15 151+£13 353+33 ND ND
72-h hydrolysis
lignified at pH 4.0 ND 58.1+0.7 58.5+1.0 51.6+19 36.1+14 80.3+0.1 ND ND
lignified at pH 5.5 ND 71.8+38 73.8+0.3 66.1+0.7 50.0+18 829+45 ND ND
exhaustive hydrolysis
lignified at pH 4.0 86.9+0.1 76.2+£0.4 83.6 £0.6 87.3+16 61.1+£0.9 916+1.6 449+12 758+1.1
lignified at pH 5.5 82.6+0.1 79.6+0.8 85.8+1.1 90.7+1.1 63.6+1.2 93.3+0.3 421+4.1 77403

a Average composition (mg g~ + SD) of cell walls lignified by bulk and end-wise polymerization at pH 4 and 5.5. © Sugars released (% + SD) from cell walls after 6
and 72 h of incubation with Celluclast and Viscozyme (1:1). Wall residues were then exhaustively degraded with a 20-fold greater concentration of Celluclast and Viscozyme
(40 h) followed by Pronase (72 h). Data were averaged over the bulk and end-wise polymerization treatments.
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Figure 3. Carbohydrate released after 6 and 72 h of hydrolysis by
Celluclast and Viscozyme (1:1) from primary maize walls artificially lignified
at pH 4.0 or 5.5 by gradual end-wise polymerization of coniferyl alcohol,
added at 25 to 200 mg/g of cell wall.

Table 4. Carbohydrate Released? after 6 and 72 h of Hydrolysis by
Celluclast and Viscozyme (1:1) from Primary Maize Walls Artificially
Lignified at pH 4.0 or 5.5 by Gradual End-Wise Polymerization of
Coniferyl Alcohol or Coniferaldehyde

pH and monolignol 6h 72h
coniferyl alcohol

pH 4.0 169 504
pH5.5 259 520
coniferaldehyde

pH 4.0 155 395
pH5.5 161 377

analysis of variance®

monolignol * *
pH NS NS
monolignol X pH * NS
CV (%) 6.6 25

2 Least-squares means (mg/g of cell wall) adjusted to an average Klason lignin
concentration of 120 mg/g of cell wall (n = 2). ® * NS = significant at the 0.05
level of probability and not significant, respectively.

that acidic lignification pH depressed the degradability of BHP
CWs formed with coniferyl alcohol but not with coniferalde-
hyde, a structurally related monolignol precursbalfle 4). As

in a previous studyl8), the degradability of DHPCWs formed

with coniferaldehyde were lower than those formed with
coniferyl alcohol, due to its greater hydrophobicity. Although
coniferaldehyde undergoes similar types of coupling reactions
as coniferyl alcohol—0—4 coupling of coniferaldehyde does
not permit cross-linking of matrix components via nucleophilic
addition to quinone-methide intermediate86—38). Cross-links

of this type are most readily formed under hydrophobic and
acidic lignification conditionsZ8—32)—the same conditions that
depressed the degradability of DHEWSs formed with coniferyl
alcohol. These results indicate that poor degradability of BHP
CWs formed under low pH is related to reactions of lignin
quinone methide intermediates, possibly involving benzyl
o-ester cross-links with acid groups on uronosyl and benzyl
o-ether cross-links with hydroxyl groups on neutral sugars.
Additional studies are, however, needed to confirm the existence
of these cross-links in our model system and to assess whether

acidic pH increases their abundance in cell walls.
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