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Lignin is peculiar to the cell walls of vascular
plants, and is produced only in specific cells at cer-
tain developmental periods. It is not detectable in
aquiatic vascular plants such as Elod(le, but tissues of
these plallts canl be in(luced to forml lignin-like prod-
ncts if suitable precursors are added (25). Since
the lproducts induced in Elodca were similar to those
fotund naturally in other monocots such as Phleum,
a comparisoni of the mletabolismii of pheinolic com-
pounds in these 2 organisms might aid in an uln(ler-
standing of the factors controlling lignificationi in
plants.

It is generally agreed that the phenolic moniomers
which are polymerized into lignin products arise fron
carbohydrates via the shikimlic acid pathway (fig 1)
(3). Some of the enzymes involved have been
demonstrated in cell free extracts of higher plaants
(5). Mechanisms controlling lignification can be
effective at any poinit of this synthetic pathway. In
addition, since lignin is probably attached to specific
sites in the wall, the numiiber and type of these sites
cotuld be controlling factors.

Possible regulatory agents of the terminal stel) of
ligniificationi have been studied in celery andl peas
by Siegel et al. (17, 18) and in bamboo by Higuchi
(10). The agents, in(loleacetic acid (lTA). as-
corbic acid and glutathione (GSlI), wvere posttulated
to act as antioxidants. Possible regulatory mecha-
nisms operating at an earlier level as well as at the
leroxidation stage wvere investigated in this studlv of
the metabolism of phenolic coml)otln(ls associated
with lignin biosynthesis in Elodea and Phleumii. In
order to eliminate effects of treatmlents on growth
hv elongation of the cell wall, nonelongating but still
incompletely lignified tissties fromii these plants were
chosen.

Materials and Methods

Substrates used were simiiilar to those ledscribed
before (23-25) or were purchased commilercially.
Neomycin sulfate, gibberellin (75 %), and kinetin
were purchasedl fronm Ntitritional Bioclhemiiicals Cor-
poration, and JAA from California Biochemicals
Corporation and Distillation Products Inicorporated.
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Aseptic techiniques were used, but since surface
sterilizationi of tissues and seeds was difficult to at-
tain, 25 jig neomycin were added per ml of final
soluition. Seeds of Phleumi pratetise var. climax were
suirface sterilized with a saturated solution of cal-
ciuIml hypochlorite followed by a saturated solution
of orthocide (California Spray Company), rinsed
witlh sterile water and were placed on sterilized moist
filter paper in covered glass trays. After /7 days
of growth in the dark at 250, the first internodes
(mnesocotyl) wvere excised. Fifty internodes, equiva-
lent to about 4 mg dry weight, were placed in each
125) ml flask containing 25 ml of nutrient solution.
Four to 6 cm portions fronm the base of lamina from
young leaves (just reflexed and with ligules) were
cut into 0.3 to 0.5 cm sections. These were surface
sterilized with a solution of orthocide (2.5 mg per
ml) containing a drop of Aerosol. After rinsing
with sterile water, sections equivalent to 150 to 200
ig fresh weight were placed in 25 ml of sterile nu-
trient solution in 125 ml flasks. Elodea stems were
treated similarly. Each 25 ml of solutioni contained
1 or more of the following constituents as designated
in tables I anid II: 500 mg sucrose, 0.004 to 0.01 M
solutions of neutralizedl aminio acid or pheniolic pre-
ctirsor, 10 to 50 ,umloles of H,,( ).. All solutions were
atitoclaved for 20 mintutes at 20 lbs pressure. In-
cubation was at 250 for 7 days in the dark or under
40 x\- cool wvhite fluorescent lamps.

Sucrose -Shikimic acid

°Phenyllanine Tyrosine /?

Ester INNAMIC p-* OH-OHCINN - ACAFFEIC )-- FERULIC SINAPiIC
PoolIC1

Coumarin
Flavonoid
B - ring

AL D. ALD.-, ALD.

C. A LC. ALC.

PEROXIDASE H 202

lF

LACID - ALDEHYDE - ALCOHOL LIGNIN COMPLEX]
FIG. 1. Summary of proposed pathway of lignin bio-

synthesis in monocots (3).
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STAFFORD-FACTORS CONTROLLING LIGN IN SYNTHESIS

Two types of lignin determinations were made on

cell wall preparations after ether and water extrac-
tion (23). One was based on the ionization differ-
ence spectrum in 0.05 N NaOH and in 0.05 M phos-
phate buffer at pH 7.0, and was expressed as the
A OD at the peak around 350 m,u per ml of solution
containing an aliquot of extract equivalent to 1 mg

dry weight of the original tissue. The other was

based on the phenolic groups reacting with the qui-
noneimine reagent, and was expressed as ,ug phenol
(with guaiacol as standard) in an aliquot of extract
equivalent to 1 mg dry weight of original tissue.

Extraction and Alkaline Hydrolysis of Esters of
Hydroxycinnamic Acids. About 0.5 to 1.0 g dry
weight of tissues dried at 500 were ground in 70 %
ethyl alcohol in an Omnimixer and centrifuged. The
supernatant fluid and washings of the residue were

evaporated to dryness at 500 under reduced pressure.

The residue from green tissues was extracted with
petroleum ether (60-100°) to remove interfering pig-
ments. Two ml of 2 N NaOH was added to the re-

sidue and the solution was kept for 5 to 6 hours in
an evacuated flask to prevent destructioni of the caf-
feic acid. The solution was acidified at pH 2 to 3
with HCl and extracted with about 10 ml of ethyl in
2 ml aliquots. After evaporation with a stream of
air, the residue was dissolved in 0.5 ml ethyl alcohol
and suitable aliquots were chromatographed with as-

cending chromatography. The first solvent used
was benzene-acetic acid-water (40:10:1, v/v). Each
paper was cut into 2 pieces and the upper section
containing ferulic and p-hydroxycinnamic acids was

chromatographed in the second direction in butanol-
ammonium hydroxide-water (40:5:5), and the lower
part containing caffeic acid was chromatographed in
10 % acetic acid. The isomer of caffeic acid with
the lowest RF was used for analysis. Fluormetric
analyses and calculations based on standards after
similar chromatography were described previously
(24).

Crude homogenates or ammonium sulfate prepa-

rations were used for enzyme analyses. Tissues
were ground at low speed on an Omnimixer in 0.05 M

phosphate buffer at pH 6.0 or 6.8. After low speed
centrifugation, the supernatant material was used
directly or was treated with 400 g ammonium sulfate
per liter of enzyme solution, and the precipitate was

resuspended in 0.05 M phosphate buffer. Enzymes
bound to cell wall fragments were eluted with satur-
ated ammonium sulfate (27).

Peroxidase was assayed spectrophotometrically at
430 mu in a 1 ml volume containing 0.05 M phosphate
buffer at pH 6.0, 0.005 M pyrrogallol, 0.01 % HsO,
and en7ynme. Polyphenol oxidase activity in the ex-

tracts was negligible at the dilutions used in this
assay. Polyphenol oxidase and ascorbic acid oxidase
were measured manometrically by following O2 up-

take. For the former, vessels contained 0.05 M phos-
phate buffer at pH 6.8, 50 jumoles of substrate, and
enzyme in a final volum-ie of 3 ml. For the latter.

vessels contained 0.05 M phosphate buffer at pH 6.0
and 50 umoles of ascorbic acid neutralized with
NaOH. Suitable blanks were subtracted if neces-
sary.

Results and Discussion

Effects of Substrates in the Formnation of Lignin-
like Produtcts in Excised Tissues of Elodea and
PhleumZ71. Excised tissues of both of these plants pro-
duced lignin-like products within 24 hours after in-
cubation with phenolic monomers such as ferulic acid
and added H202 (25). If these same tissues were
incubated for a longer period of 4 to 7 days in the
presence of sucrose, only those from Phleum were
capable of the formation of lignin. No substrate
has been found that could form detectable quantities
of lignin in Elodea in the absence of H,O., and the
addition of H202 along with sucrose was also in-
effective in producing lignin products.

Excised tissues from both the first internode and
the base of young laminae produced miiore lignin
products in the presence of sucrose plus ferulic acid
than with sucrose alone (table I). A t-test of the
significance of the difference between the means in-
dicated generally a significant difference at the 1 %
level or less (19). In the few cases where the level
of probability dropped to the 5 or even 10 % level for
a value determined by 1 of the 2 lignin analyses, the
values obtained with the second type of analysis were
always at the 1 % level. In experiments not shown
in the tables. the addition of H20., plus sucrose did
not increase lignin production over that with sucrose
alone, and concentrations of 100 ,umoles of H,O, per
flask were inhibitory. Sections incubated with H0O
alone gave values similar to the zero time controls.

The effects of a variety of other substrates are
summarized in table II. In all cases the type of lig-
nin products formed were similar to those found in
the intact plant. Tissues from the first internode
and laminae differed in some of their responses to
these precursors.

In excised tissues of the first internode, the
amount of lignin produced after incubation with suc-
rose plus ferulic acid approached the values obtained
with added fertulic acid plus H202 although longer
periods of incubation were necessary. Tissues of the
first internode were more sensitive to free hydroxy-
cinnamic acids such as p-hydroxycinnamic and caf-
feic acids in the absence of sucrose, either when
a-dded directly or indirectly through phenylalanine or
tvrosine. This inhibition was largely prevented by
the presence of sucrose in some cases, but not with
rinnamic and caffeic a^ids. Presumablv, the addi-
tion of sucrose permitted glucosidation or esterifica-
tion to a less toxic form in the case of p-hydroxycin-
namic and ferulic acids. Initially, these experiments
were done at pH 4.5, but the inhibition was complete
with all hydroxycinnamic acids even in the presence
of sucrose. At the lower pH values, the free acids

8¢45



46PLANT PTHIYSIOLOGY

may have penetrated the tissues too rapidly for the
esterificationi stel). Lignin productioni with p-hydro-
xycinnamic acid pllus suicrose wvas less thani that witlh
ferulic acid plus sucrose. This could be due to a
residual toxicity at the higher pH of p-hydroxycin-

iianiic acid (lirectly or after its coniversion to caffeic
acid, or to a rate limiting step between caffeic and
ferulic acid. Cinnamic acid imiay be inhibitory be-
cause of the conversion of its ester to that of caffeic
acid, bypassing free p-hydroxycinnamic acid (8).

Table I. Effect of A4dded Substrates on the Produtction of Lignini-likc Products in Excised
T'issuies of Phleum anid a Comparisoni 7czth the Amiioutnts Found in Matutre Tissues

Incubation was at pH 7.0 for 7 days in all experiments except with ferulic + H9O2 which was at pH 4.5 for 1
day. Lignin analyses as in Materials and Methods. All values are based on calculated dry weights before incubation
except in intact laminae where values are based on final dry weights. Statistical symbols are defined in ref. (19).
N = number of separate experiments; each type of lignin analysis was done in duplicate.

Lignin anialyses A OD
per mg dry wt

tissue

Phenol
Ag per mg dry wt

tissue

Statistical symbols

First internode
Excised

0' Control
+ Sucrose

+ Sucrose 4- ferulic
-+ Ferulic
+ Ferulic + H.,0,

Intact-mature
Lamina

Excised
O' Control

+ Sucrose

± Sucrose + fertulic
+ Ferulic
± Ferulic + H.,O.,

Initact-mature

N X -+- S t

7 0.23-i-.01 7.25*
7 0.594.05f(

( 1 .86*k**
3 0.83±.16 (
3 0.54±.06
2 1.1
2 0.3

13 0.37-+-.03 3.68*
8 0.62-4.05-( )

t,3.54*
5) 0.89-+-04 (
3 0.83+-'-.05 J 4.35*
2 2.1
2 0.7

N X + ST

7 1.12-+-.03

7 2.86 +4.30 5.

t 3.9*
3 4.83-+-.31 (
3 2.84-+-.29
2 4.5
2 1.1

2.6±.18 4

4.61 -4-.43,( )
i l2.6'"-*

6.34+ .48 ( 2
6.13.0 .57 1.

13.0
2 5.7

13

8

5
3

2 1

* Significance of t
** Significance of t

*** Significance of t

test at level of 1 %o or less.
test at level of 2 to 5 %.
test at level of 5 to 10 %o.

Table II. .Simunnnary of Perrcentt Increase it Productioni of Ligbid-likc Produc ts iit EXcise(d
Tissutes of Phlium (ifter Incutbation for 7 F)avs zcith ! arilous Sul)strates

Lignin analyses as in Materials and Methods. Average of 2 to 13 experiments, each type of lignin analysis being
done in duplicate. 0 --- 10 % increase or less over zero time controls.

Substrates add(led

Sucrose
Phenylalanine
Tyrosine
p-OH-Cinnamic acid
Caffeic acid
Ferulic acid
Sucrose + shikimic acid
Sucrose + cinnamic acid
Sucrose + p-OH-cinnamic aci(d
Sucrose -F caffeic acid
Sucrose + ferulic acid

Lignin anialyses
First internlo(de

A ()ID Phenol A ()D

160
0
0

160
150
50

190
0

260

160

0
0

160
160
40
130

0
330

70
(O
40
40

130
60

40
140

Lamina
Phenol

80
40
60
30
30
130
50

. .

70
140
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STAFFORD-FACTORS CONTROLLING LIGNIN SYNTHESIS

Tissues from laminae were not as sensitive to
free hydroxycinnamic acids, and produced as much
product with ferulic acid alone as with ferulic acid
plus sucrose. But caffeic acid still showed somle in-
hibition in the presence of sucrose, and none of the
precursors preceding ferulic acid were as effective as
ferulic acid in the production of lignin. Older la-
minae lost the ability to form ligninl products from
sucrose alone, although they were still capable of lig-
nin formation after incubation with ferulic acid plus
H202' Unlike the first internode, the production of
lignin in the presence of ferulic acid plus sucrose did
not approach that obtained with added ferulic acid
plus H202.

Data obtained with excised tissues of the upper
internodes were highly variable, probably due to the
diffictulty in selecting internodes at a comparable
state of lignification. The data, however, showed a
trend similar to that obtained with laminae.

Alkali-Sensitive Ester-s of Hvydroxycinnaiinic Acids
and Flavonoids. Since the lack of lignin in Elodea
could be due to a block preventinig the formation of
C9 phenolic acid, tissues of Elodea and Phleum were
compared as to the level of hydroxycinnamic acids
and flavonoids. While the level of phenolic com-
pounds at the site of lignification in the cell wall is
not known, Elodea accumulates alkali-sensitive esters
of /'-hydroxycinnamic, caffeic, and ferulic acids in
amounts comparable to those found in Plilcuiii
(table III). But the total amiiounts are smlall, alnd

Table III. Presence of Alkali-Sensitive Esters in
Tissuies of Phleum anid Elodea

Average of 2 to 3 extractions. Values are minimal
since they are not corrected for loss prior to chroma-
tography.

raphy of methanol-HCI extracts indicated that there
was a greater complexity and abundance of flavo-
noids and other phenolic compounds in Elodea than
in Phloenn.

EXtraction of KeL' EnZwv,es Inivolved inh Lignii-
ficationi. Per-oxidase. The fact that tissues can be
in(luced to form lignini-like products in the presence
of phenolic precursors and HO20 can be considered as
indirect evidence of the presence of peroxidase in
Elodea (25). Direct evidence of peroxidase ac-
tivity is shown in table IV. While leaves of Elodea
do have less activity than the stems onl a dry or fresh
weight basis, the amount is comparable to that found
in tissues of Phileuii. In both cases, about 10 to
20 % of the total activity was associated with a well-
washed fraction, and could be eluted from the cell
wall by treatment with saturated ammonium sulfate
(27).

Table IV. Peroxidasc Activity in Phleum.
Elodea anid Lemna

OD X min-1 X g dry wt-1
Tissues analyzed of original tissue

Elodea
Stem 0.550*
Leaf 0.210

Philemn
First initerniode 0.230
Lamina-young 0.430**

Lecinna
Fronds 0.181

* 1.3 X min-1 X mg protein 'I in a crude ammonium
sulfate fractioni.

** 0.79 X min-' X miig protein-' in. a crude ammonium
sulfate fractioni.

Tissues

analyzed Ci

Elodea
Leaf
Stem

Phletl1in
First internode
Young greeni shoots
1-2 leaves
Mature lamina
Mature upper internodes

while they do indicate the
pathway, the production o:
could still be a major limil

Major flavonoids in E1
cyanidin glycoside, and ar

cording to Reznik (15).
ated with the present studi
trum of the miiajor flavonie
of luteolin. Traces of 2 fI
rivative could be detected

Since caffeic acid appeared to be an inhibitor in
,tg per g dry wt lignification, its effect on peroxidase in the spectro-

p-OH- photometric assav method was determined with a
Lnnamic Caffeic Ferulic crystalline preparation of peroxidase (Nutritional

Biochemiiicals Corporation). Preincubation of the
320 1600 120 enzyme for 5 minutes with either caffeic or chlor-
210 300 100 ogenic acid at 2 times the concentration of the pyrro-

720 2300 140) gallol inhibited the subsequent rate of oxidation of
300 450 300 pyrrogallol about 50 %.Hydroxylating Enzvnies. The presence of de-
630 1750 830 tectable amounts of alkali sensitive esters of hydroxy-
130 140 460 cinnamic acids (table III) in tissues of Elodea and

Phleirn is indirect evidence of the existence of hy-
droxylating enzymes capable of converting cinnamic

presence of the shikimic to caffeic via p-hydroxycinnamic acid.
f these phenolic precursors The natural hydroxylating agents are not defi-
ting factor in lignification. nitely known (5). One possible contender for this
odea are aln anthocyanin, a role is the peroxidase-dihydroxyfumarate system,
n unidentified flavone ac- capable of converting cinnaniic to both o- and p-
Preliminary wvork associ- hydroxycinnamic acids (4). No substitute for the

ies inidicated that the spec- requirement of dihydroxyfumiiarate is 1'nowin, and the
in Elodea is similar to that presence of this acid in plants has never been proven
lavones and a cvanidin de- although there are enizymes capable of metalbolizing it
in Phlleum1t. Chromatog- and its products (22).

-

847



I4LAN-T PHYSIOLOGX'

Anotlher postulated hv(lroxylatinig enzyme is the
phenolase complex which converts monophenols to
diphenols. A potato extract rich in polyphenolase
activity has been reported that converts an ester of
p-hydroxycinnamic acid to one of caffeic acid (8).
Both Plhl/earnz an(l Elodea contained active polyphe-
nolases which differed in their relative specificity for
phenolic substrates (table V). This difference was

Table V. Polyphenol Oxidase Activity of Extracts from
Yoanng, Green Shoots of Phleum anid Elodea

Substrate

Pyrrogallol
Catechol
Chlorogenic acid
Caffeic acid
Ferulic acid
p-OH-Cinnamic acid
Guaiacol
Tyrosine
p-Cresol

Relative activity
Plileniiii Elodca

++

0
0

+ +-+

0
0
0
0
0

* 7.0 ,ul O., X hr-' X mg-I protein in a crude
homogenate.

** 9.4 Iul Q, X hr-1 X mg-1 protein in a crude
homogenate.
After 30 minnutes lag.

first detected when tyrosine was fed to 1)oth tissues.
No visible pigments accumulated in tissues of
Ph/ncitn, butt traces of a brown-black pigment ac-

cumulate(d in tissues of Elodca(. Catechol was a more

potent inhibitor of phenolase activity in Elodea than
in Ph/leu1i, and completely inhibited the ()., uptake in
the presence of added tyrosine. Both extracts
showed strong, activities with chlorogenic acid, and
the activity with diphenols in Elodea was greater
than that with mnonophenols such as p-cresol.

Ascorbic Acid Oxidase. The enzyme has not yet
been implicated in the process of lignification, but
since its substrate, ascorbic acid, serves as an in-
hibitor of phenol oxidations (10). it could control
the ratio of oxidized to reduced ascorbic acid. Both
Phleznr and Elodea hav e detectable ascorbic acid
oxidase activity which is completely inhibited by
10- al diethvldithiocarbamate. In the case of
PhI/ucin, mlost of the activity was associated with the
cell wall fraction, and treatment with saturated am-

monium sulfate was necessary to obtain highly ac-

tive preparations (27). In the case of Elodea, the
enzyme w-as more soluble.

-Site of Sy1nthlesis of lJnduccd Lignins. Siegel had
shown that lignin-like products induced by eugenol
and HT,0vwere partly associated with cell wall frac-
tions (17). This was also true in tissues of Phleum
incubated -with sucrose. Leaf tissues fromii Phlleuin
w-ere grotundl in an omnimixer in 0.05 M\ phosphate
buffer at 7.0 in an ice bath. Thle cell wall mat
obtaineed was washed several times with buffer. and

Talble V-I. Effcct o)f 7 1)(avs of Light or Dari-kneiss on
Lign in and Anthocvanin Bioswitlesis in 7-Day01vO

Dark Grown First Inlernodes of Phleum
Lignin analyses as in AMTaterials and Methods. Aver-

agi of 2 separate experimenits with each lignija analysis ill
dul)licate. Based on calculated dry x\eight at 0'. Antho-
cyanin values based on v-isual observations.

Lignin*
Experimental conditionis A OD Phenol

Conitrol O'
Excised
Darkness* + sucrose
Light** + sucrose

Intact
Darkness* + sucrose
Light** + sucrose
Light** + no sucrose

Anthocyanin*"

0.23 1.3

0.53
O.56

0.22
0.36
0.30

0

0
2.5

1.8
1.9
1.1

0

+
* About 1 hour white light to stop initernode growth.

** About 200 ft-c from cool, white fluorescent lamp.

still contained most of the activity capable of form-
ing lignin products fronm sucrose. This would in-
dicate that enzymes of the shikimic acid pathway
and subsequent enzymes leading to the lignini polymer
are a part of the cell wall or are associated with
cytoplasml tightly bound to the cell wall.

Effect of Light oni the Sy'nthesis of Lignin and
Tlavonoids in the First Internlode of Ph/leutm. Light
(about 200 ft-c from cool white fluorescent lamps)
had no detectable effect on lignin synthesis in ex-
cised tissues of the first internodle incubated with
sucrose, but the saimie light intensit\ increased the
synthesis of a red anthocvanin (table VI). Tf in-
tact seedlinlgs were placed in a sucrose meditum, there
\as little or no increase in lignini products in eitlher
the dark or the light, but there was considerable pro-
(ltction of the red anthocyanini in light. If the seed-
lings were placedl inistead on mloist filter paper with-
out a(dded sucrose, both ligniin and anthocyanin svn-
thesis were limited.

[Effect of In(loleaeetic Aci(l, Gibberellini, and Ki-
aietiai. Experiments witlh excised tissues of the first
ilnternode of Phl/ieaii inicubated with sucrose indicated
that TAA completely inhibited lignification at 10-4 M,
but no acceleration was detected at lower concentra-
tions. Addition of kinetin (0.1, 1 or 10 mg/liter)
or gibberellin (1, 10 or 100 mg/liter) vith or with-
ouit the a(lditioni of IAA (0.1 mg/liter) showed no
detectable effect, except for a slight inhibitioln with
high conceintrations of gibberellin.

Discussion and Conclusions

There is n1o adequiate evidence that any- of the
enz7vnes invrolved in lignificatioln which have been
demonstrated in cell free extracts (5) are induced
enzymies. Peroxidase associated witlh cell walls has
been considered to be induced ('11), but this may
illst bae an activation or indire t effect (14). and evi-
delnce o f (le novo synthesis of lprotein has Inot beein

84,8S'



STAFFORD-FACTORS CONTROLLING LIGNIN SYNTHESIS

demonstrated. Peroxidase activity was increased in
tips of growing roots of Vicia, indicating that this
enzyme or sites in the wall for attachment may be
a limiting factor in lignification in growing tissues.
But peroxidase does not appear to be a major limit-
ing factor in any older tissue studied, although it
has been reported to be absent in some sources of
Elodea (16).

Tissues of Elodea used in this study contained
sufficient peroxidase to produce considerable lignin-
like products when incubated with H202 and hy-
droxycinnamic acids such as ferulic acid or its alco-
lhol. Since the concentration of the esters of hy-
droxycinnamic acids in Elodea were comparable to
those in Phleiuin and relatively large amounts of
flavonoids were present, the block to lignin synthesis
does not lie in the absence of the enzymes of the
shikimic acid pathway. Unless some sort of com-
partmentalization prevents these C9 esters from
reaching the cell wall sites (7), a more likelv point
for a complete block is in the production or the
availability of the necessary H202. But attempts to
demonstrate this requirement directly by the addi-
tion of H202 along with sucrose have been unsuc-
cessful. However, either an inhibition by HO02 or
excess catalase activity could produce such negative
results. The extent of competition for C9 precursors
from flavonoid pathways is unknown. The signifi-
cance of the differing specificities of the polypheno-
lase activities of Elodea and Phlcum, and the recently
reported absence of phenol glucosylation reactions in
Elodea are not clear (13).
A lack of lignin appears to be common in aquatic

plants. Since a supporting function is not necessary
for such plants, some step in the biosynthetic pathway
to lignin such as one producing H,O2 at the cell wall
site could have been eliminated without harm to the
species. Some factor characteristic of the aquatic
environment might also be limiting. But oxygen is
probably not a major limiting factor, because Elodea
is a photosynthetic organism with considerable air
spaces, and tissues of Phleutm1 produce ample lignin
when submersed in stationary fluid.

In contrast to Elodea, there is no absolute block to
lignification in either intact or excised tissues of
Phleum. Control mechanisms limiting lignification
must be in operation in the intact plant, since most of
the tissues do not attain the maximum lignification
that can be induced in excised tissues after incubation
with excess phenolic substrates and H202. In addi-
tion, histochemical tests frequently show that lignifi-
cation is only partial in the sclerenchyma cells of the
larger bundle caps. Intact tissues of the mature
laminae ultimately attained levels of lignification
close to those produced by excised tissue when in-
cubated with sucrose plus ferulic acid. This was not
the case with intact first internodes which formed
little liginin even when the entire seedling was incu-
bated with sucrose. Control mechainisnms in the seed-

ling may divert the carbohydrate supply to the upper
growing parts (1).

Excision probably removes the tissues from some
of the control mechanisms present in the intact plant.
Lignin was not formed in significant amounts with-
out the addition of exogenous substrates. Sucrose
was an effective exogenous substrate presumably by
being metabolized via the shikimic acid pathwav, but
it also serves as a glucosyl donor for esterification of
the C9-acids, and possibly as a precursor to sub-
strates giving rise to H202 needed in the peroxida-
tion step (fig 1). In the presence of sucrose, some
step between sucrose and the hydroxycinnamic acids
may become limiting, since the addition of ferulic
acid plus sucrose gave an increase over that of suc-
rose alone. In first internodes, the formation of
anthocyanins with added sucrose competes for Co
precursors, but the amount of anthocyanin formed
would account for an insignificant amount of total
lignin. After incubation with sucrose plus ferulic
acid, these tissues produced lignin in amounts com-
parable to that formed with excess ferulic acid and
H20, possibly indicating a saturation of sites for
attachment of the lignin products to the cell walls.
Such a saturation had not occurred in tissues from
the laminae. H202 was probably limiting in both
tissues only in the presence of sucrose plus ferulic
acid.

Two interrelated mechanisms may control lignin
formation in intact tissues of Phile1i7mi. One is the
level of caffeic acid esters, the other is the level of
IAA. Caffeic acid and its esters inhibited perox-
idase activity and sucrose-induced lignification.
Caffeic acid was also the 1 phenolic intermediate in-
capable of inducing lignin-like products in the pres-
ence of H202 (23), and C14-labelled caffeic acid was
a less effective precursor of aldehyde lignin than p-
hydroxycinniiamic or ferulic acids (7). If peroxidase
is involved in the hydroxylation of cininamic acid,
this step might also be inhibited. Caffeic acid may
not only be a key intermediate in lignin biosynthesis
therefore, but may play a role as inhibitor of an
enzyme in the pathway preceding its formation and
in the final peroxidation step.

Derivatives of caffeic acid were the major com-
ponents in the pool of esters of hydroxycinnamic
acids in most of the tissues studied. The signifi-
cance of these levels is not evident since the intra-
cellular localization of these compounds is not known.
The concentration of hydroxycinnamic acids is either
not related to lignin formation (7), or there is an
inverse relationship (table III). The sum of the
soluble ester content and that of the alkaline sensitive
acids associated with the lignin in different tissues of
Phletmtn (24) was remarkably constant (about 6 mg
per g dry weight).

Caffeic and chlorogenic acids were both excellent
substrates of the classical diphenol activity of poly-
phenol oxidase. but monophenol activity could not
be demonstrated in crude extracts of Phleumn. Since
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this miioinophenol activitv has been postulate(d as the
source of the hydroxvlating step in the coniversioin
of p-hvdroxycinnamic to caffeic acid, further work
with this enizyme cornplex is necessary.

Peroxidase is responsible for the enizymatic ac-
tivitv known as IAA oxidase, anid hvdroxycinniamic
acids anid their esters may play a role in the regula-
tion of this activity (28). Although the signiificanice
of the activity of IAA oxidase in vivo is questioned
(20). this enizyme woould alter the level of IAA.
The inhibition by 10-5 Ni IAA could be a direct or
aln in(lirect effect through its conitrol of the reducing
agents ascorbic acid and GSH (10, 12, 18). The
lack of acceleration of the sucrose-induced lignifica-
tioni at conicentrations of IAA less than 10-5 Ai does
not corroborate the work of Jensen (11), but perox-
idase miiay be a limiting factor only in elonigating tis-
sues.

The tuse of nioinelonigatilng tissues in the p)resent
study may also explaini the lack of an effect of added
kinetin or gibberellin (2, 21, 26). Similarly, the ef-
fects of boron oni peroxidase activity anid lignification
reported b1 others miiight be dependent on indirect ef-
fects detectable only in growing tissues (6).

It is signiificaint that the concentratioln of IAA
(10-t Ml ) that accelerates growth anid possibly de-
position of hemiiicelluloses anid cellulose in tissues such
as the first initerno(le is that whiclh inhibits lignifica-
tion (9, 18). As growth of the wall ceases anld the
level of I AA within a cell or in a localize(d area of the
cell wall decreases, possibly through the coniversion
of the ester of caffeic acid to that of ferulic acid, the
process of lignificationi catn comlete for phenolic pre-
ctirsors and the supply of H.() -. Although some
ligniificationi occurs relativel1 early in the history of a
cell (protoxylem ), the majority of it is formiied dur-
ing a later phase of maturity anid eveni dtiring senes-
cence. Sinice protein would be broken down under
these conditionis, the phenyalanine and tyrosine re-
leased would be a source of precursors that could ac-
cotinit for the heavy lignificationi that occtirs in
grasses jtist before flowering.

Summary

Factors controllilng lignin biosynthesis have been
stti(lie(l in nonelonigatinig tissues of Elodca and
Pl/lenitni pr-ateiisc. Since Elo(dc(i can accutmulate
significant amiiounts of flavonoids and alkali-sensitive
esters of hydroxvcinnamnic acids. and excised tissues
canl produce lignin-like compounids only in the pres-
ence of added hydroxycinnamic acids and H,O.,, the
block to lignificationi imiay lie in the pathway of the
lproductionl or titilizationi of H(O.). Iincubatioln of
tissues with FH. CO2 and stucrose, however, was ineffec-
tive il p)ro(ltcillc ligninl.

'f'lherle \\ as no cominl)lete l)lock to ligni fication in
tisstlues of P/lilcrit01, btit nlone of the intact tissues at-
taiiie(l the micaximnniiiii- li-nification that could be in-

(Iticed in the presence of excess hvdroxycinnamic
acids and H.,O.,. In excised tissues incubate(d wvith
sucrose, the mlaj or limiting factor appeared to be
somiie stel) between the level of sucrose and ferulic
aci(l, anid possibly onie just preceding the formatioin
of the latter compound. Lighlt had no detectable
effect on the production of lignin in tissues incutbated
with sucrose.

Activities of peroxidlase. p)olyphenoloxidase anl(l
ascorbic acid oxidase in Elodca were sim-ilar to those
found in Phleiom. The only mlajor- difference was in
details of the substrate specificity of the polypheilol-
ase activity.

\\'hile IAA at a concenitratioln of 10 al inhited
the production of lignin in excised tissues of the first
interniode of PhIcumin when incubated with sticrose.
there was no detectable effect of kinetini or gibberel-
lin singly or in combination w-ith indoleacetic aci(l.
except for a slight inhibition with high concentra-
tions of gibberellin.

Two possible interrelated mlechaniisms controlling,
lignification in intact tissues of Plilciniii are (lis-
cussed; one is the level of caffeic acid esters, ilbe
other is the level of IAA.
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