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Stem tissues of tall fescue (Festuca arundinacea Schreb.) were sampled at three elongation stages
and three reproductive stages. Anatomical analysis showed the deposition of guaiacyl (G) and syringyl
(S) lignin during plant development and the formation of a lignified sclerenchyma ring. A dramatic
increase in Klason lignin content was found from elongation stage to reproductive stage. Lignin
composition analyzed by gas chromatography—mass spectrometry revealed that S lignin content
and S/G ratio increased with stem development, but contents of p-hydroxyphenyl (H) and G lignins
decreased during the same period. S lignin content and S/G ratio also increased from the younger
upper internode down to the older basal internode of the stem, but G and H lignin decreased in
parallel. Relative O-methyltransferase activities increased during stem development and in parallel
with the lignification process of stem. The pattern of enzyme activity during development varied with
the choice of substrate, with highest activities seen when substrates were caffeoylaldehyde and
5-hydroxyferulic acid, and lowest activities were seen when caffeic acid and 5-hydroxyconiferyl alcohol
were used as substrates. The expression of caffeic acid O-methyltransferase and cinnamyl alcohol
dehydrogenase genes increased during the stem elongation stage and remained at high levels during
the reproductive stages. The changes at anatomical, metabolic, and molecular levels during plant
development were closely associated with lignification and degradability. This study provides an
integrated picture of the molecular and chemical events that accompany changes in lignin deposition

and ruminal degradability.
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INTRODUCTION

Forages represent the major feed source for cattle production

systems, and improvement in cell wall degradability is an
important goal of many plant-ruminant animal research pro-
grams (). Lignin is an important chemical component of forage
cell walls; however, it is essentially undigestible and inhibits
rumen fermentation of forage cell wall polysaccharidgs (
Lignification of cell walls during plant development has been
identified as the major factor limiting digestibility/degradability
of forage crops3, 4).

Lignin in forage grasses is composed of guaiacyl (G) units
derived from coniferyl alcohol, syringyl (S) units derived from
sinapyl alcohol, ang-hydroxyphenyl (H) units derived from
p-coumaryl alcohol %). In addition to lignin content (or

* Author to whom correspondence should be addressed [e-mail
zywang@noble.org; telephone (580) 224-6830; fax (580) 224-6802].

T Forage Biotechnology Group.

* Plant Biology Division.

§ Agriculture Division.

10.1021/jf020516x CCC: $22.00

O-methyltransferase; cinnamyl

concentration), the composition of lignin is an important factor
that influences cell wall degradability of forage3, @, 6). It

has also been suggested that the anatomical structure of cells
and tissues in grasses may be more important than wall
chemistry in determining the rate and extent of fiber digestion
in vivo, because anatomical structure significantly influences
wall accessibility to rumen microorganismig, g).

Lignin biosynthesis comprises a highly coordinated and
regulated set of metabolic events, and many enzymes are
involved in the pathway9—12). Caffeic acidO-methyltrans-
ferase (COMT) and cinnamyl alcohol dehydrogenase (CAD)
have been shown to play important roles in lignin biosynthesis
(13—-15). COMT is a multispecific enzyme that not only
methylates caffeic acid to ferulic acid and 5-hydroxyferulic acid
to sinapic acid but also is involved in theGmethylation of
monolignol precursors at the aldehyde or alcohol leval4.Q,

16, 17). CAD catalyzes the last step in the biosynthesis of lignin
precursors, which is the reduction of cinnamaldehydes to
cinnamyl alcohols ).
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There have been many studies on lignin and degradability in Photographs were taken using an Olympus SZX stereomicroscope
forage grasses; however, the research efforts were scattered igystem with a SPOT RT color camera.
many species with emphasis on different aspects. They include (2) Staining with Safranin-O (417 50 mm length segment in the
studies on the influence of lignin on degradability in bluestems, middle of each internode was fixed in formalin/acetic acid/ethanol/
orchardgrass, smooth bromegrass, and switchgBass§, 18, water (5:5:60:30) and er_nbedd(_ed in paraffin untll processing for qptlcal
19), comparison of lignin content and/or composition between microscopy. Twenty serial sections of 128 thickness were cut with

different cultivars and gen nd the effect of selection in a sledge microtome from the embedded internodes. Paraffin was
erent cultivars and genotypes a € efiect of selectio removed by immersion in xylene. The sections were rehydrated and

smooth bromegrass, orchardgrass, perennial ryegrass, switChgiained with 5% Safranin-O in 30% EtOH at room temperature for 4

grass, and tall fescu@@-24), maturation effect on degradability  h. photographs were taken using an Olympus SZX stereomicroscope
with forage cuttings at different timepoints in big bluestem, system with a SPOT RT color camera.

creeping foxtail, Kentucky bluegrass, perennial ryegrass, reed Determination of Lignin Content and Composition. The content

canarygrass, switchgrass, tall fescue and timdby-81), effect and composition of lignin were determined according to the procedures
of phenolic compounds on cell wall degradation in bermuda- described by Guo et al14). Two hundred milligrams of dried cell
grass, orchardgrass, tall fescue, and timothy3@, 33), and walls was used for lignin analysis, and Klason lignin content was

digestion kinetics of different cell types in Italian ryegrass, calculated as weight percentage of the extract-free sam@lel(gnin

orchardgrass, perennial ryegrass, and switch 36, composition was determined after thioacidolysis and Raney nickel
9 P yeg gees3) desulfurization 42, 43). Thioacidolysis was performed using 15 mg

Lignin formation and deposition in cell walls is developmen- ¢ oyiractive-free cell wall samples reacted with 15 mL of 0.2 M BF
tally controlled and reflects changes in gene expression. Despitegtherate in an 8.75:1 dioxane/ethanethiol mixture. An aliquot of the
the diverse studies on lignin and degradability in different grass thioacidolysis solution in CkCl, was mixed with 1 mM Raney nickel
species, detailed systematic studies addressing cell wall anatomyaqueous slurry (Aldrich Chemical Co., Inc., Milwaukee, WI) for
chemical composition, enzyme activity, gene expression, and desulfurization. The above thioacidolysis procedure was done under a
degradability have not, to our knowledge, been reported. We fume hood. Lignin-derived monomers and dimers were identified by
have been interested in using tall fescue as a model system foigas chromatography (GEmass spectrometry (MS) and quantified by

such studies, because this information will help to design better G¢- The GC-MS was performed on a Hewlett-Packard 5890 series |1

. ; : - . : .- gas chromatograph with a 5971 series mass selective detector (column,
2??;%?:?3;;;2%2& ?;?ﬁvsg;ges“blmy by genetic engineering HP-1, 60 mx 0.25 mmx 0.25u«m film thickness), and the mass spectra

were recorded in electron impact mode (70 eV) witfz 60—650

Tall fescue is the predominant cool-season perennial foragescanning rangel1d).
species grown on an estimated 35 million acres in the United  Fractionation of Cell Wall Polysaccharides.The excised stem and
States 86). It has been used extensively as forage basis for cattle internode segments were boiled for 15 min in methanol at@@nd
production worldwide and also serves as turf for sports grounds then washed and stored in methanol until use. Cell wall polysaccharides
and soil conservatior8(). In addition, tall fescue is being used  Wwere fractionated according to the method of Kamisaka et4a). (
as a model system for large-scale expressed sequence tags (ESRehydrated segments were homogenized in ice-cold water with a mortar

sequencing, gene discovery, genetic transformation, and lignin@nd pestle. The homogenate was centrifuged for 10 min atdl Go@
modification G8). the cell wall residue was washed sequentially with ice-cold water,

. . o .. . acetone, and a methanol/chloroform mixture (1:1, v/v). To remove the
We here describe a systematic study of lignin deposition in starch, the washed residues were treated 4C3r 3 h with 5 mL of
tall fescue stems at defined developmental stages. Anatomicaly ynits mL=! pancreatica-amylase (type 1-A, Sigma Chemical Co.,
comparisons, cell wall chemistry, activity and substrate prefer- st. Louis, MO) in 0.1 M sodium acetate buffer (pH 6.5). The treated
ence of lignin biosynthetic enzymes, expression levels of lignin- material was extracted three times with 20 mM ammonium oxalate
related genes, and ruminal degradability are reported for the (pH 4.0) at 70°C for 1 h toobtain the pectin fraction. The residues
same biological samples to provide an integrated picture of the were further extracted with 0.1 M NaOH at room temperature under

molecular events that accompany changes in ruminal degrad_nitrogen atmosphere for 24 h in the dark to obtain hemicellulose
ability in this important forage species extraction 1. The insoluble residues were extracted three times with

17.5% (w/v) NaOH solution fio8 h under nitrogen atmosphere to obtain
the hemicellulose extraction 2. The total hemicellulose fraction was
MATERIALS AND METHODS obtained by combining extractions 1 and 2. The alkali-insoluble fraction
was sequentially washed with distilled water, 1 mM acetic acid, and
Plant Material. Tall fescue Festuca arundinace&chreb.) plants  ethanol and then dried at 3T. This fraction was dissolved in 72%
grown in the Headquarters farm of the Noble Foundation (Ardmore, H,50, for 1 h at room temperature and then diluted 30-fold with
OK) were sampled from April to June of 2000 and 2001. Mean annual gjstilled water to obtain the cellulose fraction. Total sugar contents in

temperature and rainfall of the experimental site were 1€.@nd 912 each fraction were determined according to the phesolfuric acid
mm, respectively. Stem tissues were excised by removing leaf bladesyethog @5) using glucose as the standard.

and leaf sheaths from plants harvested at different developmental stages. Enzyme Extraction and Assay.Tall fescue stems and internodes
The development of tall fescue stem was divided into three elongation \;are collected and homogenized in liquid nitrogen. Powdered tissue

stages (E1, E2, and E3) and three reproductive stages (R1, R2, andy 5 extracted fol h at 4°C in extraction buffer (100 mM Tris-HCI,
R3) according to the_ gwdelln_es of_Moore _et 89). The coI_Iected pH 7.5, 10% glycerol, 2 mM DTT, 0.2 mM Mggl1 mM phenyl-
stems were further.dlssected into different mternodgs ranging from 11 methanesulfonyl fluoride) and desalted on PD-10 columns (Amersham
(basal, oldest section) to |4 (upper, youngest section) at theRR1 Pharmacia Biotech, Uppsala, Sweden). Protein concentrations were
stage. The samples were immediately frozen in liquicahd stored at  yetermined using Bio-Rad Dc protein assay reagent (Bio-Rad Labo-
—80°C until used. ratories, Hercules, CA) with bovine serum albumin as standard. The
Histochemical Staining of Lignin. Two methods were used for ~ COMT activities were assayed essentially as described by Ni et al.
histochemical staining of lignin. (46). Six potential substrates were used: caffeic acid, 5-hydroxyferulic
(1) Maule Staining (40)Sections of tall fescue internodes were hand acid, caffeoylaldehyde, caffeoyl alcohol, 5-hydroxyconiferaldehyde, and
cut with a vibratome (series 1000, Ted Pella Inc., Redding, CA) and 5-hydroxyconiferyl alcohol. The assay mixtures containedL5of
immersed in 1% neutral potassium permanganate solution for 3 min at [**CHs]-S-adenosyk-Met (0.6 mM, 13uCi/umol), 5 uL of phenolic
room temperature. The sections were rinsed in distilled water, de- substrates (1 mM), 30L of assay buffer (100 mM Tris-HCI, pH 7.5,
colorized with 12% HCI for 2 min, washed thoroughly in water, and 10% glycerol, 2 mM DTT, 0.2 mM MgG), and 5uL of protein extract.
treated with a few drops of 1.5% sodium bicarbonate solution. They were incubated at 3@ for 30 min, stopped by adding Q. of
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Figure 1. Cross-sections of base internodes of tall fescue stem from elongation (E1) to reproductive (R3) stage: E1, first node palpable; E2, second
node palpable; E3, third node palpable/visible; R1, first spikelet visible; R2, spikelets fully emerged; R3, anthesis. Color shift from yellow to red indicated
the increase of syringyl (S) lignin. VT, vascular tissue; P, parenchyma; E, epidermis; S, sclerenchyma. Bar length is 50 um.

0.2 mM HCI, and incubated for 10 min at 3C. Labeled ferulic acid Statistical Analysis. All of the quantitative data have at least three

was extracted into 200L of hexane/ethyl acetate (1:1, v/v), and 150 replications. Data from each trait (chemical component) were subjected

uL of separated organic phases was transferred to scintillation vials to one-way analysis of variance. Significance of treatments were tested

for determination of radioactivity. at theP = 0.05 level. Standard errors are provided in all of the tables
Northern Hybridization Analysis. Total RNA was isolated from and figures as appropriate. Correlation and linear regression analyses

whole stem and internode segments at different growth stages with were performed to determine the relationship between ruminal degrad-

TRI reagent (Molecular Research Center, Inc., Cincinnati, OH). After ability and related chemical components.

denaturation with glyoxal at 65C for 15 min, 10ug samples of RNA

were fractionated by electrophoresis on a 1% formaldehyde denaturingRESULTS

gel according to standard protocold7). Fractionated RNAs were

transferred to a Duralose-UV membrane (Stratagene, La Jolla, CA)and | jgnin Deposition in Developing Tall Fescue Stems and

fixed by baking at 80C for 2 h after UV cross-linking. Hybridization  |yternodes. The stages of growth and development of tall fescue

was carried out with COMT and CAD CDNA probes using a —onq \vere identified using a system developed by Moore et

hybridization kit (Molecular Research Center, Inc.). The probes were - . 2 .
Igbeled with aru3(2P-dCTP labeling kit (Life Technglogies,pGaithers- al. (39) with minor modifications. Stem tissues were collected

burg, MD). at three elongation stages (E) and three reproductive stages (R)
In Situ Degradability Assay in Fistulated Steers Tall fescue stem according to the following criteria: E1, first node pglpable; E_2,
tissues harvested at different growth stages were dried 4€5nd second node palpable; E3, third node palpable/visible; R1, first

ground into 1 mm powder. Aba® g of ground material was put into  spikelet visible; R2, spikelets fully emerged; and R3, anthesis.
each preweighed Ankom rumen in situ filter bag (£020 cm, pore At the reproductive stages (R1, R2, and R3), stems were further

size= 50 um; Ankom Technology, Fairport, NY). These bags were dissected into internodes, from basal internode 11 to upper
put into larger (40x 80 cm) bags and then placed into the rumens of internode 14.

fistulated steers for 36 h of digestion. Steers were placed on ad libitum — . . . . .
tall fescue hay 2 weeks prior to the trials. During the trials, they were Lignin deposition was anatomically examined by histochemi

fed only tall fescue. After digestion, bags were removed from the rumen, cal analyses of the collected samples using the Mai@gnd
washed in a commercial washing machine, and vacuum-dried in a Safranin-O staining41) methods. Essentially the same ligni-
freeze-drier. Degradability was calculated on the basis of sample weight fication pattern was obtained by both methods. Because Maule
loss before and after digestion. The amount of degradation was Staining provides a visual indication of color reactions with
expressed as the means of triplicate samples in the experiment. syringyl groupsfFigure 1 shows the results of Maule staining
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I3 e rmee. — 14

Figure 2. Cross-sections of tall fescue internodes from basal internode 11 to apical internode 14 at the anthesis (R3) stage. VT, vascular tissue; P,
parenchyma; E, epidermis; S, sclerenchyma. Bar length is 50 um.

of basal internodes at each growth stage. A color shift from _ 10

yellow to red indicated that S lignin increased with progressive 2 | Al B
maturity of stems from E1 to R3, but the relative content of G &

lignin decreased during the same period when analyzed together 3, | i

with the results from Safranin-O staining. The deposition of G € w} -

lignin was mainly in the intercalary meristematic region, where 2 wl |

vascular elements were later differentiated from both inner and ‘2

outer sides of the region and S lignin formed. The parenchyma & “f -

cells (P) were large in diameter and comprised a substantial § | L —exs

proportion of the tissues. These cells appeared to be thin walled & L . . . .

at the E1 and E2 stages but became increasingly differentiated ’ § E2 E3 Rl R2 R3 n n B 1
and more densely stained from E3 to R3. This observation is rigyre 3. Kiason lignin content in tall fescue stems (A) and internodes
more obvious when the tissues were stained with Safranin-O. () 4t ifferent developmental stages: E1, first node palpable; E2, second
The thickness of parenchyma cell walls increased from 120 nm node paipable; E3, third node palpablenvisible; R1, first spikelet visible;
at E1 to 1500 nm at the R3 stage. The vascular tissue (VT), Ry, spikelets fully emerged; R3, anthesis; 11-14, basal internode 11 to
consisting of thick-walled and heavily lignified cells, occurred  gpical internode 14. Values are means + SE (n = 3)
as isolated vascular bundles at the E1 stage and partially linked

by sclerenchyma cells (S) at the later stages. One of the most Lignin monomer composition was revealed by GC-MS after
obvious changes during stem lignification is the formation of a thioacidolysis. S lignin content in total lignin and S/G ratio
sclerenchyma ring. The ring became visible in the E2 stage andjncreased with progressive maturity of stems from E1 to R3,

continued to increase in size and proportion of the cross- pt the contents of H and G lignin decreased during the same
sectioned area through the later stages. Wall thickness Ofperiod Table 1).

sclerenchyma cells increased from 650 nm at E2 to 4500 nm at
the R3 stage. The walls of sclerenchyma cells wer& 8mes
thicker than those of parenchyma cells.

Histochemical staining of different internodes at the R3 stage o
showed a decrease in sclerenchyma area and wall thickness from Activities and Substrate Preference ofO-Methyltrans-
I1 to 14 (Figure 2). The sclerenchyma ring was closer to the ferase (OMT) in Stems and Internodes at Different Devel-
epidermal cell layer in upper internodes than that in the basal °Pmental StagesRelative OMT activities were measured using
internode. There were some island-like sclerenchyma tissuesSiX potential substrates in the monolignol biosynthetic pathway.
near and connected to the epidermises in the upper internoded\lthough all of the tested substrates could be methylated by
(Figure 2). In the apical 14 internode, the central pitch cells OMT, highest enzyme activities were seen when substrates were
were resorbed and a hollow was formddgure 2). caffeoylaldehyde and $-hydroxyferullc acigigure 4). Caffeic

Lignin Content and Composition of Stems and Internodes acid and 5-hydroxycon|feryl'alcohol were the poorest substre}tes,
at Different Developmental StagesKlason lignin contentin ~ @nd the OMT measured with these two compounds remained
stem tissues increased moderately during the elongation stagdt almost the same level irrespective of the growth stage of the
(E1—E3), but the major increase in lignin content occurred when Stém tissuesHigure 4A). When caffeoylaldehyde, 5-hydroxy-
plants changed from the elongation stage to the reproductiveferulic acid, 5-hydroxyconiferaldehyde, and caffeoyl alcohol
stage Figure 3A). Lignin content at the reproductive stage was Were used as substrates, significantly higher OMT activities were
always much higher than that at the elongation stage, with 10 observed with progressive maturity of stenfSiglre 4A).
times more lignin deposited in the cell walls at the R3 stage Highest activities against all substrates were recorded at the R2
than at the E1 stage. or R3 stageKigure 4A).

In the same stem, lignin content showed a clear trend of The levels of OMT activity increased moderately from the
decreasing from the basal internodes |1 to upper internodes |4,basal to the upper internodesidure 4B). Although 11 is the

S lignin and S/G ratio decreased from the basal internode 11
to the upper internode 14 at the R3 stage, but the H and G lignin
components increased from 11 to [#able 1).

especially at early reproductive stages R1and Rgure 3B). oldest internode structurally, its COMT activity was lower than
At the R3 stage, lignin content declined from I1 to 13 internodes, that of 14 when caffeoylaldehyde and 5-hydroxyconiferaldehyde
but there was little change between 13 and 14 internoBegite were used as substratdigure 4B). No significant difference

3B; Table 1). was found between the internodes when OMT activity was



5562 J. Agric. Food Chem., Vol. 50, No. 20, 2002

Table 1. Lignin Content and Composition in Stems and Internodes of Tall Fes

Chen et al.

cue at Different Developmental Stages?

lignin (% dry CW) S lignin (% lignin) G lignin (% lignin) H lignin (% lignin) S/G ratio

stems El 0.91+0.29 34.34+254 61.01+2.55 4.65+0.39 0.56
E2 124 +0.37 36.90 +3.37 60.03 £3.08 3.07+0.19 0.61

E3 2.85+0.59 36.72+2.25 60.65 +3.20 2.63+0.17 0.61

R1 6.90+0.78 38.85 +3.07 58.63 + 1.66 2.52+0.32 0.66

R2 8.84+£0.37 4554 +2.11 52.28 +3.09 248 +0.57 0.87

R3 10.51 + 0.55 4852 +2.76 49.58 +3.11 1.90+0.48 0.98

internodes 11 1158 £0.71 50.68 + 2.58 48.12 +3.09 1.20+0.32 1.05
(R3 stage) 12 11.30 + 0.62 50.92 £ 3.69 47.55+2.26 153+0.28 1.07

13 9.79+0.84 47.38+1.79 50.59 + 3.62 2.03+0.24 0.94

14 10.25 £ 0.63 44,65 +2.92 52.57 + 1.87 2.78 +0.39 0.85

aCW, cell wall; S, syringyl; G, guaiacyl; H, p-hydroxyphenyl. Values are means + SE.

Gl A B Table 2. Cell Wall Polysaccharides and Ruminal Degradability of
= O ot Stems and Internodes of Tall Fescue at Different Developmental
2 0 e Stages?
o ——h— 5.0H coniferaldehyde
g A SO conifeaeohol hemicelluloses  cellulose pectin degrad-
2 ol i (g kg~tof (gkg~tof  (gkg~!of ability
g dry CW) dry CW) dry CW) (%)
IS stems El 452.2+6.3 466.5+43 785+22 825%26
ﬁ E2 4589+1.1 4809+57 56911 604+14
b E3 437445 5002+34 574+33 557+09
© ————y et — Rl 421347 5207+21 424+22 466+26
0 1 1 L L L ! L L L L R2 421957 5499+48 202+17 42513
El E2 E3 Rl R2 R3 I 2 13 4 R3 391.7+3.1 5846+56 203+22 331%28
Figure 4. Developmental changes of O-methyltransferase (OMT) activities internodes 1 3777+16  5944+31 203+13 303+11
in tall fescue stems (A) and internodes (B): E1, first node palpable; E2, (R3stage) 12 3726+49  5981+45 223+07 306%25
second node palpable; E3, third node palpable/visible; R1, first spikelet 13 4102+36  5627+£36 191+17 350+18
14 405.7+23 5754+26 189+22 34112

visible; R2, spikelets fully emerged; R3, anthesis; 1114, basal internode
I1 to apical internode 14. Enzyme activities with the indicated substrates
(final concentration = 50 «M) and [*C]-S-adenosyl-.-Met were determined
in crude extracts from stems and internodes. Values are means * SE (n
=3).

COMT

CAD e S8 s
I8S TRNA

El E3 R1 R2 R3
A

E2

11

Figure 5. RNA gel blot analysis of tall fescue stems at different
developmental stages (A) and basal to upper internodes at the R3 stage
(B): E1, first node palpable; E2, second node palpable; E3, third node
palpable/visible; R1, first spikelet visible; R2, spikelets fully emerged; R3,
anthesis; 11-14, basal internode 1 to apical internode 14. Blots were probed
with tall fescue caffeic acid O-methyltransferase (COMT) and cinnamyl
alcohol dehydrogenase (CAD) cDNA sequences.

measured against the substrates caffeoyl alcohol, 5-hydroxy-
coniferyl alcohol, and caffeic acid.

Gene Expression Levels of COMT and CAD in Develop-
ing Stems and InternodesRNA gel blot analyses showed that
the accumulation cEOMTandCAD transcripts increased from
the E1 to the R1 stage, with little change from the R1 to the R3
stage Figure 5A). The basal internode 11 had the lowest
expression levels for bolBOMTandCAD (Figure 5B). COMT
expression increased from I1 to 13 internode, but no obvious
differences were seen between 13 and 14 internodes. Likewise,
CAD expression increased from 11 to 12 internode, but no
differences were observed from 12 to 14 internodeig(re 5B).

aCW, cell wall. Values are means + SE.

Cell Wall Polysaccharide Content and Ruminal Degrad-
ability. Hemicellulose, cellulose, and pectin fractions of cell
wall polysaccharides were prepared from different stage stems
and internodes. Contents of these polysaccharides were evalu-
ated on the basis of dry cell wall mass and are showreinle
2. More hemicellulose and pectin were deposited in the younger
stems at elongation stage, whereas more cellulose was present
in the older stems at the reproductive stage. Younger internodes
(I3 and 14) also had more hemicellulose and less cellulose
compared with older internodes (11 and 1Z)aple 2).

Cell wall degradability of stems and internodes decreased with
increasing maturity able 2). The decline of ruminal degrad-
ability of stem tissue was drastic, from 82.51% at the E1 stage
to 33.07% at the R3 stage. Correlations between ruminal
degradability and total lignin, S, G, and H lignins, and S/G ratio
as well as polysaccharides were calculated on the basis of the
data inTables 1and2. As shown inFigure 6, strong negative
correlations were found between ruminal degradability and total
lignin content ( = —0.94), S lignin contentr(= —0.91), and
S/G ratio ¢ = —0.88). Because G lignin content decreased at
later developmental stages, positive correlations were found
between ruminal degradability and G lignin contemt(0.88)
and H lignin contentr(= 0.92). The content of hemicellulose
had a positive correlation with ruminal degradability< 0.87),
whereas cellulose content was negatively correlated with
degradability { = —0.94).

DISCUSSION

Stem tissue has been considered as the preferred material for
studying lignin and degradability in forage grasses and legumes
(3, 32, 48). Anatomical comparisons of lignin deposition showed
that the structural changes in stems during development were
associated with the increase in lignin content and the decrease
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Figure 6. Correlations between ruminal degradability and Klason lignin content (A), syringyl (S) lignin content (B), S/guaiacyl (G) ratio (C), G lignin
content (D), p-hydroxyphenyl (H) lignin content (E), and cellulose content (F).

of degradability. Because no new cells were created at later correlated with degradability. S lignin content and S/G ratio
stages of stem development, the increase in structural mass ofncreased when plants matured, and G lignin content decreased
the sclerenchyma ring around the vascular tissues arose fromwhen plants matured and showed a positive correlation with
the conversion of thin-walled parenchyma cells to thick-walled degradability. However, this does not necessarily mean that G
sclerenchyma-like cells. The highly lignified cells comprised lignin is more digestible than S lignin. Grabber et &@2)
only a small portion of the cross sections; however, becauseshowed that H, G, and S lignin have similar inhibitory effects
walls of these cells are several times thicker than those of on wall degradability in maize. When the data of chemical
parenchyma, their cell wall dry mass constitutes a significant analyses were combined with anatomical comparisons of the
part of the stems. Physical separation of cell types from sorghumdeveloping stems, it was concluded that G lignin was deposited
showed that the wall content of the thick-wall tissues comprised at the early stage of plant growth and S lignin was preferentially
~80% of an internode on weight basig9. Anatomical deposited at the later developmental stage. Because forage
limitations to wall digestion have been considered as an quality is mainly influenced by lignification at the later
important issue for maturing grass stemys Grabber et al.35) developmental stage, it would be wise to design strategies to
suggested that the low degradability of lignified sclerenchyma reduce S lignin biosynthesis to improve forage quality.
walls was mainly due to the anatomical configuration of this ~ The lignin biosynthetic pathway is complicated, and many
cell type. The formation and development of a sclerenchyma enzymes are involved in the procesO{12). Our analysis
ring with progressive maturity of tall fescue stems were clearly showed that OMT activity increased with plant development
observed in this study. Therefore, sclerenchyma tissue can beand lignification. The pattern of enzyme activity changed during
an important target for genetic manipulation to improve forage plant development and varied with the choice of substrate.
digestibility. With the development of molecular cloning Caffeic acid has in the past been believed to be a major substrate
techniques, it is possible to identify tissue-specific genes and for COMT (9); however, relative enzyme activity was low and
isolate tissue- or cell-specific promoters; this will provide an remained almost unchanged at different developmental stages
effective means to down-regulate lignin biosynthesis in specific in tall fescue. Thus, COMT in tall fescue is unlikely to methylate
tissues or cell types. caffeic acid during lignin biosynthesis in vivo. Recent studies
The effects of plant maturity on lignin and forage digestibility in the dicot species alfalfa showed that the highest OMT activity
have been reported in different grass sped@eS(@). A dramatic was obtained with caffeoyl CoA and caffeoyl alcohaby. It
increase in Klason lignin content in developing tall fescue stems has also been proposed that 5-hydroxyconiferaldehyde is the
was observed in this study, and this change was closely relatedirue in vivo substrate of COMT in the biosynthesis of S lignin
to the decrease in degradability. Research on lignin structuresin aspen %3). In tall fescue, highest OMT activities were
in grasses has been largely on the effects of ferulic acid andobtained with caffeoylaldehyde and 5-hydroxyferulic acid at
cross-linking R0, 50, 51). Little information is available on different developmental stages, indicating a difference between
developmental changes of H, G, and S lignin components in plants species on substrate preference during lignin biosynthesis.
forage grasses. Chemical analysis of developing tall fescue stemdRelatively high enzyme activity at the level of caffeoylaldehyde
revealed that H lignin remained at low levels at different indicates alternative pathways to monolignols, and the new
developmental stages; thus, it probably does not have muchlignin biosynthetic pathway outlined for alfalfd 1, 14) may
effect on degradability. S lignin and S/G ratio were negatively be applicable to monocot grasses.
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Characterization o€OMT gene expression was reported in
perennial ryegrasb4, 55). However, in some caseS§5), the
stem tissue used was actually “pseudo” stem, which consisted
of leaf sheath and undeveloped leaf blade. This is mainly due
to the fact that perennial ryegrass, like tall fescue, requires
vernalization to develop true stem. So far there is no report on
the expression of important lignin genes (e€@QMTandCAD)

in stems of forage grasses at different developmental stages.

This study revealed that the expressionGOMT and CAD
genes increased with stem elongation and remained at similar
high levels at the later reproductive stages. This trend is in
parallel with changes in enzyme activity and lignification during
stem development. Within the stem, internode |1 had the lowest
OMT activity and lowest levels of RNA transcripts. This is
mainly because |1 was the oldest internode and already highly
lignified. The developing internodes (124), where lignification

is still actively taking place, had higher enzyme activities and
higher levels ofCOMTandCAD gene expression. ThuSOMT
andCAD are good candidate genes for genetic modification of
lignin biosynthesis for forage grasses. By using sense and
antisenseCOMT andCAD gene constructs, we have generated
transgenic tall fescue plants with altered lignin (L. Chen et al.,
2002, unpublished results). Because lignin content/composition
and degradability change with plant development, it is important
to have a uniform criteria and to sample plant material at defined
developmental stages. This study also provides useful informa-
tion in this aspect.

Besides lignin, another major organic constituent of forage
cell walls, polysaccharides, plays an important role in forage
degradability. This study showed that more hemicellulose was
deposited at earlier developmental stages and in younger
internodes, and it was positively correlated with ruminal
degradability. More cellulose was present at the reproductive
stages and in older internodes, and it had a strong negative
correlation with degradability. Although most of the lignin in
cell walls of grasses is linked covalently with polysaccharides

(56), the associations between lignin and polysaccharides are (

not fully understood. Increasing evidence has shown that cross-
linking of cell wall components by ferulic acid estegther
bridges contributes to the resistance of lignified walls of grasses
to rumen digestion¥1, 57).

In summary, by using the tall fescue stem as a model system,
a number of degradability-related developmental changes and
metabolic events were studied, including anatomical structure,
lignin content and composition, polysaccharide content, enzyme
activities, and expression of lignin-related genes. The changes
at anatomical, metabolic, and molecular levels during develop-
ment were closely associated and finally led to the changes of
degradability. This is the first report on an integrated study of
lignin deposition using chemical and molecular tools in the

major cool-season forage grass species tall fescue. The informa-

tion obtained could be useful for other important forage species
such as perennial ryegrass.

LITERATURE CITED

(1) Morrison, T. A.; Jung, H. G.; Buxton, D. R.; Hatfield, R. D.
Cell-wall composition of maize internodes of varying maturity.
Crop Sci.1998 38, 455-460.

(2) Kondo, T.; Watanabe, T.; Ohshita, T.; Kyuma, T. Physico-
chemical characteristics of soluble lignin fractions released from
forage grasses by ruminant digestidiARQ 1998 32, 187—
195.

(3) Buxton, D. R.; Russell, J. R. Lignin constituents and cell-wall
digestibility of grass and legume sten@op Sci.1988 28, 553—

558.

Chen et al.

(4) Vogel, K. P.; Jung, H. J. G. Genetic modification of herbaceous
plants for feed and fueCrit. Rev. Plant Sci.2001, 20, 15—49.

(5) Jung, H. G. Forage lignins and their effects on fiber digestibility.
Agron. J.1989 81, 33—38.

(6) Jung, H. G.; Vogel, K. P. Influence of lignin on digestibility of
forage cell wall materialJ. Anim. Sci.1986 62, 1703-1712.

(7) Wilson, J. R.; Hatfield, R. D. Structural and chemical changes
of cell wall types during stem development: Consequences for
fibre degradation by rumen microflorAust. J. Agric. Resl997,

48, 165-180.

(8) Wilson, J. R.; Mertens, D. R. Cell wall accessibility and cell
structure limitations to microbial digestion of foragérop Sci.
1995 35, 251-259.

(9) Baucher, M.; Monties, B.; VanMontagu, M.; Boerjan, W.
Biosynthesis and genetic engineering of ligrinit. Rev. Plant
Sci. 1998 17, 125-197.

(10) Whetten, R. W.; MacKay, J. J.; Sederoff, R. R. Recent advances
in understanding lignin biosynthesiénnu. Re. Plant Physiol.
Plant Mol. Biol. 1998 49, 585-609.

(11) Dixon, R. A.; Chen, F.; Guo, D. J.; Parvathi, K. The biosynthesis
of monolignols: a “metabolic grid”, or independent pathways
to guaiacyl and syringyl unitsRPhytochemistr2001, 57, 1069-
1084.

(12) Boudet, A. M.; Grima Pettenati, J. Lignin genetic engineering.
Mol. Breed.1996 2, 25—39.

(13) Halpin, C.; Holt, K.; Chojecki, J.; Oliver, D.; Chabbert, B.;

Monties, B.; Edwards, K.; Barakate, A.; Foxon, G. A. Brown-

midrib maize (bmj}-a mutation affecting the cinnamyl alcohol

dehydrogenase genklant J. 1998 14, 545-553.

Guo, D. J.; Chen, F.; Inoue, K.; Blount, J. W.; Dixon, R. A.

Downregulation of caffeic acid &-methyltransferase and caf-

feoyl CoA 3-O-methyltransferase in transgenic alfalfa: Impacts

on lignin structure and implications for the biosynthesis of G

and S lignin.Plant Cell 2001, 13, 73—88.

Vailhe, M. A. B.; Besle, J. M.; Maillot, M. P.; Cornu, A.; Halpin,

C.; Knight, M. Effect of down-regulation of cinnamyl alcohol

dehydrogenase on cell wall composition and on degradability

of tobacco stemsl]. Sci. Food Agric1998 76, 505-514.

16) Parvathi, K.; Chen, F.; Guo, D. J.; Blount, J. W.; Dixon, R. A.
Substrate preferences ©tmethyltransferases in alfalfa suggest
new pathways for &-methylation of monolignolslant J.2001,

25, 193-202.

(17) Humphreys, J. M.; Chapple, C. Rewriting the lignin roadmap.
Curr. Opin. Plant Biol.2002 5, 224—-229.

(18) Reeves, J. B., lll. Lignin composition and in vitro digestibility
of feeds.J. Anim. Sci1985 60, 316—-322.

(19) Buxton, D. R. Cell-wall components in divergent germplasms
of four perennial forage grass speci€sop Sci.199Q 30, 402—
408.

(20) Casler, M. D.; Jung, H. J. G. Selection and evaluation of smooth
bromegrass clones with divergent lignin or etherified ferulic acid
concentrationCrop Sci.1999 39, 1866-1873.

(21) Buxton, D. R.; Marten, G. C. Forage quality of plant parts of
perennial grasses and relationship to phenolGggp Sci.1989
29, 429-435.

(22) Jung, H. G.; Casler, M. D. Lignin concentration and composition
of divergent smooth bromegrass genotyfge®p Sci.199Q 30,
980-985.

(23) Fritz, J. O.; Moore, K. J.; Vogel, K. P. Ammonia-labile bonds
in high- and low-digestibility strains of switchgrassrop Sci.
1991, 31, 1566-1570.

(24) Radojevic, I.; Simpson, R. J.; St John, J. A.; Humphreys, M. O.
Chemical composition and in vitro digestibility of linesladlium
perenne selected for high concentrations of water-soluble
carbohydrateAust. J. Agric. Res1994 45, 901-912.

(25) Burns, J. C.; Pond, K. R.; Fisher, D. S.; Luginbuhl, J. M. Changes
in forage quality, ingestive mastication, and digesta kinetics
resulting from switchgrass maturityl. Anim. Sci.1997 75,
1368-1379.

(14)

(15



Lignin Deposition in Tall Fescue Stems

(26) Gilliland, T. J. Changes induced by defoliation in the yield and
digestibility of leaves and stems of perennial ryegrdssigm
perennel) during reproductive developmenEur. J. Agron.
1997 6, 257—264.

(27) Ammar, H.; Lopez, S.; BochiBrum, O.; Garcia, R.; Ranilla, M.
J. Composition and in vitro digestibility of leaves and stems of
grasses and legumes harvested from permanent mountain
meadows at different stages of maturilyAnim. Feed Scil999
8, 599-610.

(28) Jung, H. J. G.; Vogel, K. P. Lignification of switchgrass
(Panicumvirgatum) and big bluestemAndropogon gerardji
plant parts during maturation and its effect on fibre degradability.
J. Sci. Food Agric1992 59, 169-176.

(29) Hockensmith, R. L.; Sheaffer, C. C.; Marten, G. C.; Halgerson,
J. L. Maturation effects on forage quality of Kentucky bluegrass.
Can. J. Plant Sci1997, 77, 75—-80.

(30) Cherney, D. J. R.; Cherney, J. H.; Lucey, R. F. In vitro digestion

kinetics and quality of perennial grasses as influenced by forage

maturity. J. Dairy Sci.1993 76, 790-797.

Steg, A.; van Straalen, W. M.; Hindle, V. A.; Wensink, W. A.;

Dooper, F. M. H.; Schils, R. L. M. Rumen degradation and

intestinal digestion of grass and clover at two maturity levels

during the season in dairy cow&rass Forage Scil994 49,

378-390.

Vailhe, M. A. B.; Provan, G. J.; Scobbie, L.; Chesson, A;

Maillot, M. P.; Cornu, A.; Besle, J. M. Effect of phenolic

structures on the degradability of cell walls isolated from newly

extended apical internode of tall fescueeétuca arundinacea

Schreb.).J. Agric. Food Chem200Q 48, 618-623.

Akin, D. E.; Hartley, R. D. Microspectrophotometry and digest-

ibility of alkali-treated walls in bermudagrass cell typ€sop

Sci. 1992 32, 1116-1122.

(34) Chesson, A.; Stewart, C. S.; Dalgarno, K.; King, T. P. Degrada-
tion of isolated grass mesophyll, epidermis and fibre cell walls
in the rumen and by cellulolytic rumen bacteria in axenic culture.
J. Appl. Bacteriol.1986 60, 327—336.

(35) Grabber, J. H.; Jung, G. A.; Abrams, S. M.; Howard, D. B.
Digestion kinetics of parenchyma and sclerenchyma cell walls
isolated from orchardgrass and switchgr&®p Sci.1992 32,
806—810.

(36) Sleper, D. A.; West, C. P. Tall fescue. @ool-Season Forage
Grasses Moser, L. E., Buxton, D. R., Casler, M. D., Eds.;
American Society of Agronomy, Crop Science Society of
America, Soil Science Society of America: Madison, WI, 1996;
pp 471-502.

(37) Jauhar, P. PCytogenetics of the Festue&olium Complex:
Rele/ance to BreedingSpringer-Verlag: Berlin, Germnay, 1993;
pp xvii, 255.

(38) Wang, Z. Y.; Hopkins, A.; Mian, R. Forage and turf grass
biotechnology Crit. Rev. Plant Sci.2001, 20, 573-619.

(39) Moore, K. J.; Moser, L. E.; Vogel, K. P.; Waller, S. S.; Johnson,
B. E.; Pedersen, J. F. Describing and quantifying growth stages
of perennial forage grasse&gron. J.1991, 83, 1073-1077.

(40) Lin, S.Y.; Dence, C. WMethods in Lignin Chemistnspringer-
Verlag: Berlin, Germany, 1992; p 578.

(B

(32

(33)

J. Agric. Food Chem., Vol. 50, No. 20, 2002 5565

(42) Lapierre, C.; Monties, B.; Rolando, C. Thioacidolysis of lignin:
comparison with acidolysisl. Wood Chem. Techndl985 5,
277-292.

(43) Lapierre, C.; Pollet, B.; Rolando, C. New insight into the

molecular architecture of hardwood lignins by chemical degra-

dative methodRes. Chem. Intermed995 21, 397—412.

Kamisaka, S.; Takeda, S.; Takahashi, K.; Shibata, K. Diferulic

and ferulic acid in the cell wall oAvena coleoptiles Their

relationships to mechanical properties of the cell wRHysiol.

Plant. 199Q 78, 1—7.

Dubois, M.; Gilles, K. A.; Hamilton, J. K.; Rebers, P. A.; Smith,

F. Colorimetric method for determination of sugars and related

substancesAnal. Chem1956 28, 350-356.

Ni, W. T.; Paiva, N. L.; Dixon, R. A. Reduced lignin in transgenic

plants containing a caffeic aci@-methyltransferase antisense

gene.Transgenic Resl994 3, 120-126.

Sambrook, J.; Fritsch, E. F.; Maniatis,Molecular Cloning: A

Laboratory Manual 2nd ed.; Cold Spring Harbor Laboratory:

Cold Spring Harbor, NY, 1989; 3 vol.

Engels, F. M.; Jung, H. G. Alfalfa stem tissues: Cell-wall

development and lignificationAnn. Bot.1998 82, 561—568.

Wilson, J. R. Organization of forage plant tissuesFbrage

Cell Wall Structure and DigestibilityJung, H. G., Buxton, D.

R., Hatfield, R. D., Ralph, J., Eds.; ASSA-CSSA-SSSA: Madi-

son, WI, 1993; pp +32.

Besle, J. M.; Cornu, A.; Jouany, J. P. Roles of structural

phenylpropanoids in forage cell wall digestioh. Sci. Food

Agric. 1994 64, 171-190.

Hatfield, R. D.; Ralph, J.; Grabber, J. H. Cell wall cross-linking

by ferulates and diferulates in grass&sSci. Food Agric1999

79, 403-407.

Grabber, J. H.; Ralph, J.; Hatfield, R. D.; Quideau, pS.

Hydroxyphenyl, guaiacyl, and syringyl lignins have similar

inhibitory effects on wall degradabilityd. Agric. Food Chem.

1997, 45, 2530-2532.

Li, L. G.; Popko, J. L.; Umezawa, T.; Chiang, V. L. 5-Hydroxy-

coniferyl aldehyde modulates enzymatic methylation for syringyl

monolignol formation, a new view of monolignol biosynthesis

in angiospermsJ. Biol. Chem200Q 275, 6537-6545.

(54) McAlister, F. M.; Jenkins, C. L. D.; Watson, J. M. Sequence
and expression of a stem-abundant caffeic &ichethyltrans-
ferase cDNA from perennial ryegrasiso{ium perenng Aust.

J. Plant Physiol.1998 25, 225-235.

(55) Heath, R.; Huxley, H.; Stone, B.; Spangenberg, G. cDNA cloning
and differential expression of three caffeic aCemethyltrans-
ferase homologues from perennial ryegrassligm perenng
J. Plant Physiol.1998 153 649-657.

(56) liyama, K.; Lam, T. B. T. Structural characteristics of cell walls
of forage grasses: their nutritional evaluation for ruminants.
Asian-Aust. J. Anim. Sc2001, 14, 862—879.

(57) Lam, T. B. T.; liyama, K.; Stone, B. A. Caffeic acidO-
methyltransferases and the biosynthesis of ferulic acid in primary
cell walls of wheat seedling®hytochemistry1 996 41, 1507
1510.

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51)

(52)

(53)

(41) Sre_'bpmik' IcEj.;l_Mr:essr_ler, K. A simple metho: thatl uses diff?rentizzl Received for review May 3, 2002. Revised manuscript received July
staining and light microscopy to assess the selectivity of woo 19, 2002. Accepted July 19, 2002.

delignification by white rot fungi.Appl. Erviron. Microbiol.
1994 60, 1383-1386.

JF020516X



