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ABSTRACT 

PART I 

Transections of the stem of Triticum were examined after 

staining with dyes specific for functional groups within the lignin 

polymer. Anatomical observations suggest that the basis for the rapid 

increase in the lignin content of this plant 35 to 40 days after 

germination, is the differentiation of subepidermal sclerenchym~ 

fibres in the stem at this time. The lignin formed in the fibre 

walls appears to have a higher methoxyl content than the lignin of the 

xylem vessels. A comparison of the development of lignification with 

stem elongation and flowering was made and the interrelationship of 

these processes discussed, 

PART II 

The role of p-hydroxyphenyllactic acid in lignification in 

wheat was investigated. 14c-labelled tyrosine, p-hydroxyphenyllactic 

acid (HPLA), and 3H-labelled HPLA were administered separately to the 

cut ends of shoots of Tri ti cum and the incorporation of label into 

ethanol-soluble and ethanol-insoluble ferulic (and in some cases only, 

p-hydroxycinnamic) acid was measured. On the basis of the pattern of 

incorporation of label from the 14c-tyrosine, experiments were 

carried out to determine the route by which HPLA is converted to 

lignin precursors. A failure to detect label from 3H-HPLA in the 

cinnamic acids suggests that HPLA is not dehydrated directly top­

hydroxycinnamic acid and is not of regulatory significance in 

lignification in either 10 or 40 day-old wheat plants. 



PART III 

Information from several levels of organization within the 

plant is drawn together and discussed. Suggestions for further work 

investigating the controlling factors in lignification are included. 
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INTRODUCTION 

Lignin, the end product of the cellular process of lignific­

ation is, after cellulose, the second most abundant natural polymer 

(13). Over forty million tonnes being produced as a by-product of the 

pulp industry in 1968 alone (110). The problem of lignin waste and the 

resulting pollution has added impetus to research and the properties 

of lignin from economically important conifers are well known ( 131). 

The lignins of other plant groups are not as clearly defined and this 

i3 true of grass lignins in particular (14, 149 ). 

The ability to synthesize lignin is restricted to the 

vascularized land plants (156) and it is likely that the properties 

of lignin and the ligno-cellulose complex enabled a more effectiv~ 

colonization of the land (5, 45). Tissues specialised for the 

transport of metabolites and for support contain most of the lignin 

although virtually any cell, except those of a meristem, may be 

lignified to a greater or lesser degree (159, 41, 160). As well as 

altering the permeability of the cell wall , adding to the compressive 

and, under certain conditions, the tensile strength of plant tissues 

(138, 46, 104, 132), lignification increases the resistance of the 

plant to microorganisms by welding the cells together and impeding the 

penetration of degradative enzymes (48, 132). The wounding of 

tissues for example induces the rapid synthesis of lignin precursors 

(39) and lignifying cells (87, 155, 43). Pathogenically infected 

tissue responds in a similar way (47, 48). 

The complexity and variability of the lignin polymers makes 

the formulation of an accurate, inclusive definition difficult. A 

recent version of the structure of Fagus silvatica (beech) lignin 

(110) shows the polymer as being made up of three basic aromatic 

units (see Figure 1) 
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p-hydroxycinnamyl alcohol 

coniferyl alcohol 

sinapyl alcohol 

FIGURE 1. The structure of lignin monomers. . 
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3. 

All three components may or may not be present in any one plant or 

even tissue simultaneously (1 45, 69, 131), Information published on 

the nature of lignin indicates that t here are two main types (28, 131 ). 

Guaiacyl lignin contains almost exclusively coniferyl alcohol 

subunits and is found in the Gymnospermae, Pteridophyta and Cycadales, 

and guaiacyl-syringyl lignin contains both sinapyl and coniferyl 

alcohol subunits and is found in the Angiospermae and the Gnetales 

(31, 18), The Gramineae, of which wheat is a member, are unusual in 

that they contain substantial amounts of p-hydroxycinnamyl alcohol 

subunits (29, 145, 179). 

After more than a hundred years of research into lignin 
1 

formation the details of biosynthesis are almost completely known 

( 130), Recent enzymological studies made by M.H. Zenk and his co­

workers (173) rival the early polymerization studies of Karl 

Freudenberg (45) and the later isotope incorporation studies of 

S.A. Brown, A.C. Neish and co-workers (13) as major contributions 

to our understanding of lignification, The regulation of the 

synthesis and deposition of lignin as it occurs in wheat is the 

primary concern of this study, Anatomical and biosynthetic 

informa tion relevant to this problem is presented and the obser­

vations made are related to the growth and development of the whole 

plant. 

During the development of the wheat plant, Triticum 

aestivum there is a period of rapid lignification that is initiated 

some 35 to 45 days (depending on the environmental conditions) 

.1 Lignin was first studied seriously by the French chemist and 

botanist Anselme Payen in 1838 (quoted by. F.F. Nord and G, de 

Stevens, 1958 (111) ). 
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after germination. This was first observed by M. Phillips et al. 

in 1931 (116) and l a ter by J.E. Stone e t al.in 1951 (154) • .Any 

major event regulat ing the formation and the deposition of lignin in 

the cell wall could reasonabl y be expected to occur a t, or immediately 

prior to, this time. 

Since the introduction of radioac tive isotopes i n the late 

1940 's, wheat has emerged as a popu l a r plant for bio s ynthetic tracer 

studies, as it i s easily grown and manipulated. However , apart from 

studies of embryo and early seedling anatomy with r egard to vascular 

trace arrangement (4, 96, 11) an d brief descriptions of the mature 

stem (40), little information i s available on the developmental 

anatomy of the wheat plant through the time of r apid lignification. 

A detailed examination of the development of lignifi ed tissue in the 

stem before , during, and aft er this t ime is made in Part I of this 

study. The information obtai ned by anatomical observa tion is 

extended and supporte d by l ignin analyses of s pecific tissues . The 

rela tionship of lignification to other deve lopmental processes in 

the plant is a lso explore d. I nfo r mation yi e lde d from such investi­

gations should prove inva luable in understanding the con t rolling 

f acto rs in lignification, as these are likel y to vary in differ ent 

tissues and even in the same tissue a t different stages of 

development. 

The enzymes postula t ed by many to play the major role in 

controlling lignification, L-phenylalanine ammonia-lyase (PAL), and 

L-tyrosine ammonia-lyase (TAL) (grasses only), are highest in 

activity when the wheat plant is 7 to 10 days old (see Figure 2) 

(171). The lag between the time of maximum ammonia-lyase activity 

and the time of rapid lignification does not support the contention 

that these enzymes are alone responsible for controlling the 

biosynthesis of lignin. Before the discovery of PAL (92) and TAL 
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( 109), the incorporation of phenylalanine and tyrosine into 1ignin 

was believed to take place via the phenylpyruvate and phenyllactate 

derivatives as shown in Figure 3 (1 67 , 20). As a ll biosynthetic 

tracer work has so f ar been with 14c-labelled precursors, the 

possibility that the phenyllactate to cinnamate and/or the hydroxy­

phenyllactate to hydroxycinnamat e conversions exist has never been 

eliminated (82). Part II of this pro ject is a time study 

investigating the role of hydroxyphenyllactate in lignification in 

wheat . The dehydration of this compound to p-hydroxycinnarnic acid, 

if shown to take place , would be the third step in a series of 

rea.c t ions pro vi ding an alt erna ti ve pa th way to the deamina tion 

r eaction; this may be significant in r egulating biosynthesis, 

especially during the l ater stages of development when levels of the 

ammonia-lyases are lmovm to be low. 

Both anatomical and biochemical appro aches to the problem 

of the control of lignification a re necessary in order to 

realistically eval uate the information obtained from each. The theme 

of this study is reflected in the following quotation from the book 

11 The Control of Growth 2nd Diff erentiation in Plants". by P.F. Wareing 

and I .D .J. Phillips (163): 

"Unless we attempt to relate the two approaches to each other, 

morphological and anatomical accounts of growth and differentiation 

must remain largely descriptive in nature, whereas our aim should 

clearly be to understand the processes underlying and controlling the 

structural changes, Conversely, physiological and biochemical 

studies which are not related back to developmental processes in the 

plant are liable to lose relevance and biological significance." 
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PARU ANATmUCAL A3PECTS OF LIGNIFICATION IN iffiEAT 

I.1 I NTRODUCTION 

s. 

In the following study the pat t ern of lignification 

observed in the who l e uheat plant by Stone et a l i n 1951 (154) is 

related to the anatomica l changes wi thin the wheat stem and the 

associated local changes in lignin content. Addit iona l measurements 

of shoot dry weight and stem an d i n t ernode l ength were made i n an 

attempt to relate lignifica tion to other developmental processes in 

the plant. The t issue a rrangement within the stem of Triticum and 

similar monocotyledons is outlined in Section I . 2 and provides 

i nformation necessary to an understanding of the histochemical obser­

vations made . Also, an appr eciation of the usefulness and an 

awareness of the shortcomings of the t echniques used to lo cate , 

extract an d measure lignin are critical to an evaluat ion of the 

results and a discussion of these precedes the experiffiental section. 

I. 2 THE AYATOM:Y OF THE l·.rHEAT .S TEM 

The basal portion of the i mmature wheat stem has been 

extensivel y studi ed (4 , 96, 11) And there is so~e debate as to what 

t he stem regions should be called. The fi rst i nternode is recogniz ed 

by L. Boyd and G.S. Avery (11) as being tha t region of the stem 

between t he cotyledonary node and the point of diver gence of the 

coleoptile (see Fig . 1 Ref. 11). The fi r st internode does not 

elongate at all during the life of the plant. The second i nternode 

is immediately above the coleoptilar node and comparisons between 

plants of differen t ages in this s tudy are· based upon transections of 

this region variously stained for lignin . According to M. A. McCall 

(96), who has examined wheat seedling anatomy in detail, the 

internode immediately above the coleoptilar node is the third 

internode . The terminology used by Boyd and Avery in 1936 to 

describe the various parts of the s tem is favoured in this study. 
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The vascular organization in the young stem is transitional between 

that of the root and that of the stem after elongation has occurred. 

The vascular bundles are not at this stage enclosed within bundle­

sheath fibres. 

The tissue arrangement within the mature Triticum stem 

(i.e. older than 40 days) is considered typical of a group of mono­

cotyledons including, for example, Avena (oat), Hordeum (barley), 

Secale (rye) and Oryza (rice), where the vascular bundles are in two 

circles viewed in transection (41). Figure 4A is a diagram of the 

mature Triticum stem. The inner-circle vascular bundles a re large 

and surrounded by bundle-sheath fibres and large thin-walled 

parenchyma cells, while the outer bundles are small, sometimes 

composed entirely of fibres, and embedded in a continuous ring of 

fibrous tissue (72, 41). An inner-circle vascular bundle is 

illustrated in Figure 4B. The transition from exarch to endarch 

xylem arrangement may be observed in some of the vascular strands of 

the inner bundles of the second internode (72). I mmedi ate ly inside 

the epidermis of the lower internodes chlorenchyma may be present 

but in the upper internodes sclerenchyma fib res often extend to the 

epidermis . The stem is hollow along the l ength of the internode and 

solid at the node. Stem elongation takes place by means of an 

intercalary meristem at the base of the internode and the ammount of 

lignin in this region is less than that elsewhere (41). 

The terminology describing those tissues that typically 

lignify has been developed for dicotyledons and gymnosperms and is 

confusing when applied to monocotyledons. Xylary fibres (those 

particularly associated with the xylem) and extraxylary fibres 

(cortical, perivascular and phloem fibres) are difficult to 

separately identify within the "cortically" positioned sclerenchyma 

of the wheat stem that contains both xylem and phloem. Bundle-
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sheath fibres are not easily classified as they may arise partly from 

the procambial vascula r strands and partly from the ground parenchyma 

(141, 41), qualifying in the first ins tance as xylary and in the 

second as extraxylary fibres. Within the vascular bundle the 

protoxylem and metaxylem elements develop lignified secondary walls, 

while sieve and companion cells are not generally thought to lignify 

(41). There has, however, been a recent report from J. Kuo and 

T. P. O'Brien, 1974 (94) on the presence of lignified, functional 

(i.e. containing mitochondria and endoplasmic reticulum) sieve 

elements in Triticum. Tissues and cells are referred to in the text 

as they are l abelled in Figures 4A and 4B. 

The course of lignific ation in the monocotyledonous grasses 

has been characterized for Hordeu.m (117), ~vena (11 8 ) and Phyllo­

stachY§. (bamboo) (77) and in ench case is similar to the pattern 

observed for Triticu.m (116, 154-). Lignin and ;T.ethoxyl content 

( which is an indication of the t }':)O of lignin present) were shown to 

be low initially, to increase r apidly nt a time i mmedi::-,te ly before 

flowe1·ing and to reach a constant level when the plnnt uas f ully 

mature in Hordeum, Avona and Tri ticum. In Ph,Y)lostach_y_s where 

sections along the l ength of the stem were used , the most basal 

section had the highest lignin and methoxyl content and the stem 

apical region the lowes t. The stems of Triticum, Avena and Hordeum 

are known to be similar anatomically to Secale, Phleum (timothy grass) 

(145) and a number of others (120), all members of the Gramineae, 

that develop with increas ing maturity an intensively lignified 

cylinder of sclerenchyma tissue . The distribution of lignin within 

the tissues of Phyllostachys (76, 77), Phleum (145), and Stipa, 

Festuca, Bromus and Agropyron (120) has been investigated using 

stains known to be specific for functional groups within lignin 

(see Section I .3 . 1) . Xylem vessels bec ome lignified early in 
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development, as shown by phloroglucinol-hydrochloric acid staining 

of transections in all the grasses studied, and in Phyllostachys 

early xylen vessels also stained red with Maule 's reagent indicating 

the presence of syringyl groups. SclerGnchyilla, where present in 

older tissue was shown to contain varying amounts of lignin, 

depending upon the spec i es of grass studied. In one case (120), 

phloroglucinol-HCl was used as the sole indicator for lignin and the 

results must be interpreted cautiously as this sta in is specific for 

coniferaldehyde groups only. 

As a general trend lignin formed early in development is 

of the guaiacyl type, in a ccordance with a positive reaction to the 

Wiesner (phl/HCl) test and a negetive r eac tion to the Maule test, and 

lignification appe2rs to be limited to the xylem and some 

sclerenchyma fibres ( 131). ME1.ture gr2,sses may con fain l2rge 

quantities of syringyl as well a s guniacyl ligni n Gild this is 

preferent i a lly deposited in supportive fibrous t i ssue and, finally, 

i n the walls of the ground pc.renchyma (76) . Rec ent uork by 

K.E. Wolte r et a l , 1974 (166) expl ores the possibility that the 

composition of lignin r,:,.&.y nl ter depending upon the type of cell 

lignified. In Populus tremuloides (aspen) tissue cultures containing 

only mature vessels and undifferenti ated parenchymntous cells, 

guaiacyl lignin only (as determined by infrared spectroscopy and 

degradation studies as well as the traditional histochemical tests 

for lignin), was found to be present. Cell and tissue-type differ­

ences in lignin are directly relevant to studies attempting to define 

the details of the regulation of lignin biosynthesis. 



I. 3 THE LOCATION, EXTRACTION AND MF.ASURE1 TENT OF I,JGNIN 

I.3.1 THE COLOUR RBAC~IONS OF LIGNIN 

13. 

The presence of lignin may be detec ted by the treatment of 

plant tissue with various r eagents tha t undergo colour reactions 

with specific groups within the lignin. The most common of these 

reagents is a phloroglucinol and hydrochloric acid mixture that 

associa tes with cinnamaldehyde units specifically and colours lignin 

a bright red-purple to red-orange (30, 113, 111). Figure 5 shows the 

r eaction and chromogen thought to be r esponsible f or the development 

of the colour. Pure coniferyl alcohol which does not colour upon 

trea tment with phloroglucinol and hydrochl oric acid (phl/HCl) is 

known to do so aft er mild oxidation ( 111). The colour fades 1·ri th 

time (3 to 4 hours) and t issue sections stained wi th phl/HCl crumot 

be mounted permanently (90) . 

Lignins contc.ining s i gnificant amounts of syringyl groups 

may not r eact posit i vel y to phl/HC l treatr::!.ent and those may be 

de tected by the Ifc1ule , and Cross ~nd Beaven r eQctions . The first of 

these i nvo l ves treatment of tho tissue successivel y with dilute 

aqueous permanganate , hydrochloric ac id and amr.1onia and i n the Cross 

and Beaven reaction, plant materials are chlorinated with saturated 

acidified calcium hypochlorite and then placed in a 1% sodium 

sulphite solution. Both tests are thought to have a similar chemical 

basis and appear to be specific for syringyl units (30, 111). The 

reaction is illustrated in Figure 6. Lignin containing a large 

number of syringyl units, such a s some angiosperm lignins, stains a 

bright red with both treatments. Guaiacyl lignin turns yellow and 

in some ca ses, brown (30, 79). The colour developed in these 

reactions is a lso only temporary, fading after 35-45 minutes (90) 

A br.sic enviroilI!lcmt is necessary for the development of the colour 

and fading appears to be due to the sodium sulphite (or ammonia) 



-o~cH=cH-CHO + 
CH3O 

CONIFERALDEHYDE 

l 

H~OH+ 

HO 

PHLOROGLUCINOL 

HCI 

Cl 
8 

RED - COLOURED CHROMOGEN 

FIGURE 5. Reaction of phloroglucinol with coniferaldehyde lignin units. 
(After T. Higuchi, 1971) 
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CH30 

I I I 
HO C-C-C-

1 I I 
CH

3
0 

SYRINGYL UNIT 

HYPOCHLORITE 

PERMANGANATE- HCI 

H*O Cl I I 
HO C-C-C-

11 I t 
HO Cl O 

RED COLOUR 

FIGURE 6. Proposed mechanism of reaction for the Maule and 
Cross and Beaven tests for lignin. (After T. Higuchi, 1971; see 
also F.F. Nord and G. de Stevens, 1958) 
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being slowly replaced by excess chlorine (24). 

The specificity of gu.aiacyl and syringyl stains has been 

useful in taxonomic studies on plants (30 , 28, 156) . It hns emerged 

that "primitive" (i.e. geologically anci0nt) plants tend to produce 

gu.aiacyl lignins and those more recent phylogenetically, such as the 

angiosperms produce both guai:3.cyl and syringyl-type lignins and may 

contain a high proportion of methoxyl groups . 

Another stnin often used in botanicnl histochemistry is the 

quinodoid dye, sl'1.franin . As a basic dye it sta ins phenolic hydroxyl 

groups gener a lly (90), Md basophilic cell contents other t han lignin, 

for example the nucleoli Rnd the chronosoraos, take up this dye . 

Tissue sections are first overstainod with safr2nin, washed in acid 

alcohol which removes dye not tight l y bound, and then counterstained 

with f [!.st green . Such o. procedure shows up lignified cell walls 

2 
clearly (sec Pla t es 1A and 1B, p . 17) but ns s,,fr2nin is not 

specific for lignin oth0. r tests should be used simnltaneously . 

The colour r onc tions of conc entr~t ed acid and nl knli arc 

not well charnctorized . According to J.C. Pow (114, 115), the 

yellow colour that develops possibly results froc tho presence of 

substituted cinnamaldehydes, especially conifc r aldehyde . 

There is a difficulty in histological studies on 

lignified tissue in that although there has been a l arge e~ount of 

work carried out and there is an extensive literature on the subject 

the lignin polymer itself is not accurately defined (1 4, 15, 130) . 

The structure of lignin from arborescent plants is still largely 

hypothetical (110) next to nothing being known of the three 

dimensional structure (69) and there are indications that grass 

lignins are substantially different from those of woody tissues 

2 Note t he f aint pink of sieve-cell walls which are not generally 

thought to contain lignin . 



PLATE 1A (upper) 

PLATE 1B (lower) 

Transection of 60 day- old Tri ticum stem 
stained in safranin and fast green (X40) . 

Transection of 60 day- old Triticum stem 
stained in safranin and fast green (X100 ) . 

17 . 
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( 143, 144). 

Positive r esponses to Wiesner, Maule and safro.nin colo1.1r 

tests nr e not absolute proof of the presence of lignin, and ~re 

{;'enorally used a long with a mu:ibor of other physi~nl nnd chemical 

crite ria for positive i den tificntion (132). The reli ability of 

histological stains however, is supported by the fact that an 

identica l pattern of lignin distribution is obtained with uwthods 

based on ultra-violet light nicroscopy to that observed with 

phl/HCl staining in tracheids of p j_nus r ndiate ( 161) and a lso by 

the observa tion tha t the functi onal groups responsible i n the more 

specific Wi esner and n"aule tests for t he development of colour, are 

part of the "lignin core" ns defined by S.A. Brown in 1966 (14). 

I. 3. 2 THB SOLVOI,YSIS OF L 1GNHT WTTH BASE 

Of the methods Rvailab l e for the es timat i on of tissue 

lignin content ( 132), base extraction followed by ane.lysis of the 

lignin content of the solution is considered the most suitable for 

her baceous plant m2terial. The plont tissue is first dried and the 

e ther and water soluble nri. terial removed . FaOH is :-idclod nncl the 

nix ture he;=tted to n tet1pcrnture of 70°c for 16 hours. The unhydro­

l yzed residue is removed and the solution containing tho licnin 

retained. This technique has been deve l oped nnd used successfully 

by A. Bondi and H. Meyer, 1948 (9) and l ater by H.A. Stafford working 

with Phleum pra tense (143, 144, 145, 146). J. Friend et a l (48) have 

alsc used this method on potato tuber tissue. W.A. Jensen in his 

book Botanical Histochemistry (90), reconnends the use of this me thod 

of extraction followed by spectrophotometry and analysis of the 

phenol content as a r apid and reliable means of estimating the 

absolute amount of lignin in small quantities of tissue, and as 

especially useful in development a l studies. 
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The reactions tha t tE'ke ple.ce within the lignin polymer 

upon treatment of the plent tissue with base (NnOH ~:md other bnsic 

soJ.utions) a re discussed and illustra t ed fully by A.D.A. W2.llis (158). 

The bonds thought to bo broken nre illustrr.'.ted in Figure 7 on a small 

portion of Fagus silvatica (beech) lignin, the structure of which 

was proposed by H. Nimz in 1974 (110). These a re briefly: 

1 and 2, ethe r linkages between phenylpropane units 

with the formation of phenolic hydroxyl groups, 

3, 0c. to B ce.rbon to carbon bonds in the propane side 

chain, 

4 , bonds attaching mcthoxyl groups to the c9 unit 

via the aromatic ring, and 

5, bonds attaching prirw.ry a lcoho lic groups to the B 

cnr 'oon of the side chain. 

The bonds 2ct positions 4 and 5 .n rc 11or0 r osistrm t to hydrolysi s thnn 

bonds elsm-rhere , and soluble ~, r oducts re::ml ting from doI11ethyl:.:.t ion 

are not common . Bond cloe.vago .'.'.t positions 1, 2 nnd 3 nay be soen to 

result i n a r eo.ction mixture contn.ining the pheno lic ,,.ldohydes, p-OH 

benzaldehyde, vanillin and syringcldchyde, and. phcnylpropane units. 

Dimeric nnd trirwric products have ulso been idcn tified in the 

reaction mi:;;:ture and unknown condensc.ti on r eac tions are thought to 

occur. While gr ass lignins may differ from those of other 

angiosperms and in particular, Fagus silva tica, chromatography of 

the ether soluble phenolic constituents of acidified alkaline 

extrncts containing the lignin from Phleum (timothy grass) shows the 

presence of p-OH cinnamic, ferulic, syringic ru1d vanillic acids and 

p-OH benzaldehyde, syringaldehyde and vru1illin along with nany other 

unidentified compounds (145). Spectrophotometry is ccrried out on 

this mixture. 
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H2COH 

TH20H 
LIGNIN---CH 

10) 
C---LIGNIN 

II 
CH 

G)I 
co 

*CH 0 3 

H2COH 
I 

H1--{2)-2--0 
0-----CH 

G) 

OH 

FIGURE 7. A small portion of beech lignin as proposed by H. Nimz, 1974 
showing possible bond cleavage resulting from the treatment of lignin with alkali. 
(From A.F.A. Wallis, 1971) 

1. a -ether cleavage 
2. {3 -ether cleavage 
3. a · {3 carbon to carbon bond cleavage 
4. aromatic methoxyl group cleavage 
5. primary alcohol group cleavage 

• 16 and 18 are coniferyl alcohol derivatives and 17 is a sinapyl alcohol unit. The 
numbering is that used by H. Nimz. 

* In grasses the methoxyl groups may be absent as p-hydroxycinnamic acid derivatives 
are thought to be present in significant amounts. (H.A. Stafford, 1962) 
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I .3.3 THE SPECTROPHOTOMETRIC ANALYSIS OF BASE-.EXTRACTED LIGNIN 

Lignin , because of the aromatic nature of its units (58), 

absorbs strongly in the ultraviolet region of the spectrum, and the 

spectra of lignin preparat ions, for example Eucalyptus regnans (161) , 

characteristically show a maximum at 280mu. Free and etherified 

hydroxyl groups contribute significantly to this a bsorption ma~imum 

, (58) . If the solution is made alkaline, phenolic hydroxyl groups 

ionize and the maximum shifts to longer wavelengths (57). The shift 

is relatively slight and m&y be accentuated by recording the 

ionization difference spectrum using the neutral lignin solution as a 

blank. 

The absorption maxima of alkali-lignin preparations are 

composite peaks due to the complex mixture of hydrolysis products 

present. The work done by L. Doub and J.M. Vandenbelt, 1947 with 

benzene derivatives (33), and by H.W . Lemon a lso in 1947 (95), on the 

absorption spectra of hydroxyaldehydes and hydroxyketones has helped 

to clarify this situation. p-OH benzaldehyde absorbs maximally at 

wavelengths 240 and 340mu 9 vanillin absorbs at 250 and 350mu and 

syringa ldehyde at 250 and 360mu while the corresponding ac ids have 

absorption maxima between 280 and 300mu. Nore generally non­

conjugated phenolic hydroxyl groups in alkaline solution absorb at a 

wavelength near 300mu while phenolic hydroxyl groups with large 

conjugated sidechains, including the cinnamic acid derivatives, absorb 

at wavelengths between 340 and 350mu (56) . 

Phleum lignin preparations, as previously mentioned 

(Section I .3 . 2), are a complex mixture of aromatic aldehydes and 

phenylpropane units . From the absorbing properties of these 

compounds the ionization difference spectra would be expected to 

contain maxima near wavelengths of 250, 300 and 350mu. This is 

f ound to be so. Low maxima are present fo r very young plants and 
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higher maxima (the increase is especially notic eable at 350mu) occur 

in preparations from the mature hay (143). Differences in spectra for 

internode, leaf sheath and l eaf blade ma terial were detected, 

indicating tha t the t ype of lignin present in each is different (145). 

In the following experiment s , "lignin" f rom the second 

internode of wheat pl ants aged between 10 and 71 days is extracted 

with Na0H and the absorption spectra recorded. The absorbance 

maximum a t 345mu is t aken as a measur e of the conjugated, ionizable 

phenolic hydroxyl groups present. This val ue , f or each sampl e , is 

assumed to be directly proportional to the lignin content of the 

tissue. 

The contri bu t ion of protei n and flavonoids not r emoved in 

the water and e ther ext r ac ts to absorbance at thi s wave l ength is 

unknown. M. Phillips et al (116) have shown t hat while the nitrogen 

content of wheat was hi gh earl y in devel opment it dec lined before the 

time of rapid lignification. Contami n2tion of base- extr acted lignin 

with protein may be expecte d to artificially j_ncrease the ea rli er 

values (measuremen t s made on pl ants l os3 than 40 days old) and have 

little effect on the l ater est imates . H. A. Stafford (143 ) f elt that 

hydrolysed prot ein or f l avono i ds di d not make any major contribution 

to the absorbance measured. 

p-0H cinnamic acid an d f erulic ac i d may be a further source 

of error as they ar e known to be present in unknown es t er forms in 

grasses (145, 93 ) and there is unc ertainly regarding their r e l ation­

ship to the lignin polymer. The majority of the free cinna.mic acids 

would be removed from the plant material i n the e ther-water 

extractions and base treatment would release only those already 

incorporated into the wall. 
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I. 4 NATERIALS AND METHOD.S 

I. 4. 1 CULTIVATION OF THE PLANTS 

Wheat (Triticum aestivum var. Thatcher) plants were grown 

in a peat and Horticultural ierlite (50:50 ) potting mixture. To 

every half bushel of this mix, 50 ml osmocote (NPK saturated resin), 

35 ml superphosphate, 7 ml urami te an d 250 ml ground white lime were 

added before planting. Each tray of plants was supplied with 

nutrient in a liquid form at three-weekly intervals. The plants 

were irradiated with light for 14 hours a day from 10 X 40 watt 

cool white fluore scent reflector tubes and 8 X 15 watt incandescent 

bulbs with a combined int ensity of approximately 13500 lux. The 

t emperature of the growth cabinets fluctuated between 21°c and 25°C . 

I· 4. 2 SECTIONING OF THE PL.ANT PATERIAL 

Fresh tissue sections were used in every case . Sections 

30 microns thick were cut f rom I-2 of the main wheat stem on a 

freezing microtome and placed immediately in water . They were then 

transferred with a past eur pipette to microscope slides , stained, 

rinsed with di s tilled water, anrl mounted in glycerol before photo­

microgr aphy. This method of sectioning has three main a dvantages : 

1. the plant tissue is as close as possible to its natural 

state, 

2. sections are of uniform thickness - this is necessary for 

the comparison of stain intensity, 

3. it is rapidly carried out. 

Transections of 35 day old stems only were hand sliced with a razor 

blede. 
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I . 4 . 3 STAINING OF THE PLANT MATERIAL 

I. 4. 3.1 PHLOROGLUCIJ\TOL - HYDROCHLORIC ACID 

A saturated solution of phloroglucinol was prepared by 

dissolving one gram of phle,roglL~cinol in 100 ml 0f water with sligh·c 

warming. An equal quantity of cone . HCl was then a dded slowly to the 

measured liquid" A ::;_arge dro:p of this so lution was then placed on a 

s lide over tissue sections and left for about 10 minutes for the 

colour to deveiop. Fajing of the colour occurs after 3 to 4 hours 

so pho-l;omicroeraphy was always carried out wi thin 30 minutes of 

staining. 

I • 4. 3. 2 MiULE REACTION 

Tissue sections were first treated with a drop of 

aqueous permanganate (approx. 0.1 gm KMno
4 

dissolved in 50 ml water; 

an d rinsed with distilled water, A drop of 2N HCl was then placed 

on the slide and left for a few moments before rinsing again with 

water. Finally the tissue was treated with ammonia solution, rinsed 

_-,i th water and mounted. The red colour faded very quickly and 

ph otomicrographs i:vere taken immediately. 

I. 4. 3. 3 SAFRANIN -· FA3T GREEN 

The t issue was treated 1·1ith a drop of 1% safranin 

solution for a few seconds and rinsed thoroughly with distilled 

water. A very dilute s olution of fast green was used to counter­

stain the sections, The fast green contained a small amount of 

clove-oil and the slide had to be rinsed several times to remove 

this before mounting as usual in glycerol. 



I. 4 . 3. 4 ACID AND BASE TREA'I·MENT OF TISSUE SECTIONS 

The lignin was t ested for solubility in 72% H2so4 by 

placing a drop of this ove r tissue sections for 10 minutes after 

which the slj_de was o bse r 7e('_ under thr: r.1ic::'.' ')Scope. The colour 

rea ction to O. 5N NaOH of tissue s ections was a lso noted. 

I. 4 .4 PHOTOMI CROGRA:'HY 

Ko d2.k tungs t en ( 3200K ) h"_ g~1 spee d e:cta chrome reversal 
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film with an ASA rating of 125 ~ms us8d L1 a ll c as es o A blue filt e r 

was i nserted fo r a ll pho t ogr a phs oxce1yt; P 2-a t e 4,L 

:r o 4.:..5---1J.QPJ_N EXTPJ~CTION llliD SPECTRO):':HOT01'IETRY 

The :i_ ignin was extrac t e d a c co r ding to the me thod of 

H.A. Sta fford (145). A. Bondi and H. Meyer, who first used this 

techniqu e cons j_dere d ba s e extra ction to be quantitative for young 

annua:s ( 9) , 

~-'o:t' whole shoot estima t es one complete s hoot was u se d anc 

cho pped f j_nely befo re dr y~ng . For second internode estimates 

s eg.monts 5 mm long we r e r emoved from t he base of the ma in stem in 

plants l ess than 50 dr1.ys old. Th e secon d inter nc -'l_e of the main sten: 

of plants 50 days a:1 d ol der had extended to a l ength gr ea t er than 

0 . 7 mm so tha t s ampl es of 50, 60 and 71 day old plants were made up 

of segments from this r egion. 

AL'.- plant ma t e ria l wa e dri ed for 24 hours at 90°c . 

50 mg of dry tissue was weighed out fo :c" each sample and moistened 

with distille d water. The tissue was groun.d in a pestle and mortar 

with ether until a ll Uie chlorophyll was :cemoved, Approximately 

5 ml of distilled water was added and the s uspension centrifuged, 

After resuspension in water and a second wash, the residue was 

extracted with 4 to 5 ml of 0.5N NaOH in a water bath at 70°c for 

16 hours . Centrifugation to separate the alkali-soluble lignin 
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from unhydrolyzed wall material was then carried out and 2 X 4 ml 

washes of the residue with 0.5N NaOH were added to the supernatant. 

The solution was neutralized to pH 7.0 with HCl and the volume made 

up to 25 ml with 0.05M phosphate buffer at pH 7.0 in a volumetric 

flask. 

Ultraviolet absorption spectra (220 to 360mu) were 

determined using an Hitachi recording spectrophotometer on aliquots, 

one diluted with 0.5M phosphate buffer at pH 7.0 and the other with 

0.5N NaOH at pH 12.4. The difference spectra were ob tained by 

subtraction using the neutral solution in each case as a blank. 

Duplicate samples were made for each age of plant analyzed. Re­

extraction of the final residue with base yielded no further u.v. 

absorbing material and the residue afte~ drying was tested for 

mat erials reacting with phl/HCl and Maule reagents. 

I .4. 6 GROWTH flIE11'3URE1'1ENTS 

Weight and l ength values recorded i n the results are the 

average of measurements made on 10 plants for young plants and on 5 

plants for wheat older than 40 days. 

0 Plant material was dried for 24 hours a t 90 C for dry wt. 

estimates. Stem and internode measurements were made on the main 

axis only of each plant and the appropriate parts of these plants 

were included ih the samples for lignin extraction. 



I. 5 RESULTS 
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I. 5. 1 GR011TTH ME.ASURF.JM.ENTS 

Information on the change in ,3 tem length and the dry weight 

of the shoot with ti~e is pre:1ented in Figure 8 . An increase in 

sample size would probably have result ed i n smoother, more accurate 

curves and these resu l ts represent no more than preliminary obser­

vat ions . Jin i ncrease i n clry weight occurs at 35 to 40 days which 

parallels the i ncrease in lignin of the portion of the stern measured 

(s ee Section I.5 . 3 for an explanation of the lignin measurements ). 

The rapid increa::38 in stem and internode length does not hotrever 

occur until s ome 5 to 10 days after the i ncreased liGilin content is 

detected. Measurements of the stem length we re made from the base 

of the main stem to the node at the bottom of the flower stalk 3Jld 

could include up to seven internodes. Dry weigh t s incl uded the 

weight of the who l e shoot and rose sharpl y after 70 days ( values not 

plotted on Fig . 8 ), presumably ,·ri th the onset of grain filling. 

The lignin content of the second interno de remained l ow 

unti l the age of approximately 30 days cJ.nd r3.pidl y increased after 

this . The main flower l1Gad \I3.S well e~tc.:nded. before the li[,rnin 

deposited at the base of the pl ant reached a constant max imum level . 

The term "apex elongation" r efers to the change in shape tha t the 

apex undergoes prior to spikelet initiation and is the f irs t 

morpho l ogical sign that the plant is about to flower. "imthesis" 

des cribes the plant some 25 days l ater when stamens from the main 

flower head extend from indi vidual spikel ets . The floral morpho­

genesis of Triticum aestivum has been described in detail by 

C. Barnard, 1954 ( 7), and apex elongation was found to take place 

about 10 weeks after sowing in autumn in the field, and any time 

from 4 to 6 weeks, depending upon the variety, in glass house 

conditions . Apex elongation occurred in the growth conditions of 

this study between 4 and 5 weeks aft er germination. 
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I.5.2 HISTOCHEMICAL OB3ERVATIONS 

A brief preliminary investigation of leaf and int 0rnode 

tissue showed that the base of the stem becomes the most heavily 

lignifi ed region of the plant and ddailod studies were limi tod to 

the second internode (I-2) of the stem. Histochemical t ests applied 

to transections of tissue r eveal ed that there are differe..nces with 

increasing age in the lignins deposit ed in tho walls of the pro to-­

xylem, meta.xylem, subepidormal scleronchyma, bundle sheath fibres 

and epidermal cells. The respons es to Wiesner (phl/HCl) and Haule 

(Kr'In04/HCl/NH3) r eagents are illustrated in Pla tes 2 to 8 (pp 32 to 39). 

Plate 4B is a photomicrograph of 35-day-old wheat stained with 

c12/Na2so3 and Plate 4C is a section of the same age treated with 

base. 

The presence of lignin containing guaiacyl units 

(coniferaldehyde and coniferyl alcohol ) is shown by the development 

of a r ed colour with phl/HCl and a brown colour with KMno4/HCl/NH3 , 

Syringyl lignin s tains dark--r ed with r.faule' s r eagent, and not at 

all with phl/HCl. Cl 2/ Na2so4 stains guaiacyl lignin yellow and 

syringyl lignin rose-:ced while thickened, oven slightly lignified 

walls become yellow in 0 . 5N ?TaOH. Before a positive colour 

r esponse is vis ible , the cell wall may, in some cases, appear more 

distinct with one stain than another ( e .g. compare Plates 2A and 2B). 

I. 5,2.1 20-DAY STEM SECTIONS 

At 20 days somo of the vessels were lignified, showing 

as a pale brown-pink in phl/HCl and brown in KMno4/HCl/NH3 (Arrow 

'V', Plates 2A and 2B). There was an area distinct only after the 

syringyl group test (Arrow 'S', Plate 2B), containing thick-walled 

parenchyma and differentiating vascular elements, corresponding to 

the sclerenchyma ring of older tissue. The epidermis (Arrow 'E', 
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Plate 2A) was thin-walled a t this age . A few bundles of lignified 

fibres were situated a t interval s a round the edge of the stem and 

extended into the epi dermis . 

I.5.2.2 30-DAY STEM SECTIONS 

The situa tion a t 30 days 1:ms s i mi l a r to t hat a t 20 days 

ex cept tha t the xyl em appeared t o t ake up s lightly more stain . The 

appear ance of the vessel walls as dark brown r ather than r ed in some 

pl aces (Plate 3A) i s due to the diaphragm on the mi croscope being 

i ncorrectly adjuste d. Li gn i fied bundl e sheath fi bros wer e vi s i bl e 

i n the l eaf sheath (Arrow 'LBS ' , Pl a t e 3B). 

I. 5. 2 . 3 35- D.AY 3 'rEM SECTIONS 

The subepi dermal s cler enchyma tissue was eas ily visibl e a t 

35 days (Arrow 'S ', Plate 4B ) but the wo.lls did not yet colour to 

i ndicate that they contained lignin . These cells are distinc t f rom 

thi ck- walled collenchyma 1:1ssoci ated with t ho vas cula r bundles 

(Arrow ' C 1 , Pla t e 4B). Phl/HCl showed the presenc e of increased 

amounts of guaiacyl lignin i n the xyl em but, at this stage , there was 

no tra ce of the cells that would become supportive fi br ous tissue 

after treatment with thi s stain (Plate 4A ). The r eaction of 35- day­

old s t em tissue to 0 . 5N NaOH (Plate 4C ) was simi l ar to the r eacti on 

to the t est for syringyl groups (Pla te 4B). 

I.5.2. 4 40-DAY STElll SECTIONS 

At 40 days lignifica tion of the sc l er enchyma was 

proceeding r apidly and sufficient coniferylaldehyde groups were 

present for the middle l amellae of sclercnchyma fibres to stain 

very f aintly pink in phl/HCl (Arrow 'S', Pla t e 5A). The greater 

sensitivity of these cells to the Maul e test when compar ed with the 

Wiesn er t est was more noticeable at t his age than a t any other 

(compa re Pla tes 5A and 5B). The bundle sheath (Arrow 'BS', Plates 
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5A and 5B) and epidermal c ells (Arrow 'E') were also more sensitive 

to the syringyl stain at this age . 

I. 5.2.5 50-DAY STEM SECTIONS 

At 50 days the i nternocie of the main stem was a t l east 0.7 

mm long and the outlines of both inner and outer vascul ar bundl es 

were more c l early vi sibl e than in younger stems . The W.3.lls of the 

sclerenchyma, epi dermis and bundl e sheath stained a dark red-brown in 

KMn0
4

/HCl/NH3 indicat i ng that syringyl lignin was present in 

s i gnif i cant 3..Tilounts (Plate 6B) . The bundl e sheath, epidermis, 

meta.xylem and sc l er enchyma a ll st~ined to a greater or l essor 

degree with phl/HCl (Pla te 6A). Pro t oxyl em at a ll ages stained only 

weakly with each of the treatments used. 

I. 5 .2. 6 60 A1"\JD 70-D.lY STGM SECTIOHS 

60 and 70 day-o l d sections were simi l ar, the metaxylem, 

bundle sheath, epi dermis and sc l er enchyma respondi ng to both stai ns . 

The ground parenchyma had started to lignify and the sc l erenchyrna 

fibres extende d to the epidGrmi s, a l though regions of thinner-walled 

cells were still vi sible beneath the epidermis. A major di ffer ence 

i n the staining between guaiacyl and syringyl tests was the 

restriction of a strong positive react i on to the middle l amellae i n 

the former case and the more even staining of the middle l amellae , 

primary and secondary walls in the l at ter. As the cell walls had 

become very heavi l y lignifi e d a t the l ater ages , sectioning using 

the freez ing microtome after embedding the tissue in ge l at ine was 

difficult, the tissue t earing in places . 

Both guai acyl and syringyl lignin increased with age but 

their distribution varied both between tissues and between 

regions of the cell wall. At all stages the bundle sheath, 

epidermis and sclerenchyma stained more intens ely with Maule's 



PLATE 2A (upper) 

PLATE 2B (lower) 

Transection of 20 day- old Triticum stem 
stained in phloroglucinol and HCl (x40) . 

Transection of 20 day- old Triticum stem 
stained in H iule ' s r eagent (x40) . 
(V = vessel , S = sclerenchyma, E = epidermis 
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F·LATE 3A (upper) Transection of 30 day- old Triticum stem 
stained in phloro glucinol and HCl (x40) . 

PLATE 3B (lower) Transection of 30 day- old Triticum stem 
stained in Kaule ' s reagent (X40) . 
(LBS= leaf bundle sheath) 
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PLATE 4A (upper) Trans ection of 35 day- old Triticum stem 
stained in phloroglucinol and HCl (x40) . 

PLATE 4B (lower ) Transection of 35 day- old Triticum stem 
stained in chlorine- sodium sulphite (X40 ). 
(s = s clerenchyma, C = collenchyma) 
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PLATE 4C Transection of 35 day-old Triti cum stem treated 
with 0 . 5N NaOH (X40 ) . 
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PLATE 5A (upper) 

PLATE 5B (lower) 

Transection of 40 day-old Triticum stem 
stained in phloroglucinol and HCl (X40). 

Transection of 40 day-old Triticum stem 
stained in Maule's reagent (X40). 
(S = sclerench{'IDa, BS= bundle sheath, 
E = epidermis) 
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PLATE 6A (upper) 

PLATE 6B (lower) 

Transection of 50 day- old Triticum stem 
stained in phloroglucinol and HC l (X40) . 

Transection of 50 day- old Triticum stem 
stained in Maule's reagent (X40) . 
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PLATE 7A (upper) 

PLATE 7B (lower) 

Transection of 60 day-old Triticum stem 
stained in phloroglucinol and HCl (X40) . 

Transection of 60 day- old Triticum stem 
stained in I-1aule's reagent (X40) . 
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PL TE SA (upper) 

PLATE SB (lower) 

Transection of 70 day- old Triticum stem 
stained in phlorogl ucinol and HCl (X40) . 

Transection of 70 day- old Triticum stem 
s tained in !l!Eiule ' s r eagent (X40) . 

39 . 
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reagent than they did with phl/HCl and nn increase in sensitivity to 

this stain was espec i ally noticeable between 35 and 40 days (compare 

Pla t es 4B and 5B). The majority of the lignin deposited a t this 

time appeared to be i n the subcpider;r:al sclur enchyrna fibres. 

The placement of tis sue sections in 72% H2so4 to test the 

lignin for solubility, was not successful as a further means of 

identification . ,\t ages earlier than 50 days the acid appeJ.red to 

"dissolve" all the lignin present apart from s ections of tho 

subepidermal sc l erenchyrna and the occ ~sional metaxylem vessel. This 

was not because the lignin shown to be presrmt by staining disso l ved, 

but r a ther the pit areas t ended to break down and distribute srJall 

pieces of lignifi ed wall over the s lide . Fine pi eces of pa le yellow 

lignifi ed wall could be found aft er car eful exn.mina tion of the 

prepa r a tion. It was not until the bundle sheath lignified to form 

an enclosure around t ho vascula r bundle tha t the thin-walle d cel ls 

we r e a ctually sGen to disso lve a,ray le :w ing a skeleton of lig.nified 

.-ralls behind. 

Safrmi.in/fast-gr een s t a ining was carried out on 20 and 60 

day-old tissue only. In the younger ti ssue xylem only stained red 

and the results of the 60 day s taining ar e s hown in Section I. 3.1, 

Plates 1A and 1B. This stain i s of limited usefulness in tho 

localiza tion of lignifi e d cell walls. 

I. 5, 3 SPECTROPHOTO!'i!ETRIC ANALYSIS OF LIGNI N CONTENT 

Anatomical observations showing that the base of the stem 

where most of the lignification t akes place wer e supported by 

measurements of the relative lignin content of I-2 and whole-shoot 

samples. Figures 9 and 10 contain the absorption spectra for the 

youngest and oldest I-2 tissue ana lyz e d, Curve (A) in each is the 

solution at pH 7.0 and shows the characteristic maximum for 

neutral lignin preparations at 280mu. Curve (B) illustra tes how 
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the maximum shifts un der a lkaline conditions to a longer uavel ength. 

The ionization differ enc e ( .6.Ei) spectra , Curves (c ), describe more 

clearly t hmi the origina l absorption curves the compo sition of the 

lignin pr epar ation . The .6. Ei spectra :,how mnxima a t 245 to 250mu and 

a t 345mu, an d a mi nimum a t 270mu . A shoulder appear s a t 300mu tha t 

is more pronounced i n t he younger I -2 pr epar a tion . As expl ai ned in 

Section I. 3 , 3 t he shape of the .ti.Ei curve i s due primarily to t he 

absorbance of ioniz ed ph enolic hydroxyl groups . Non-conjugated 

ph enolic hydroxyl groups cause t he shoulder a t 300mu (in s ome lign i n 

prepar a tions t here i s a l arge peak at this wave l ength ( 57 )), and 

conjugat ed phenolic gr oups cause the rauch l ar ger max i mum at 34 5mu 

and a lso the maxi mum at 250nu . The proportion of conjugated aromatic 

hydroxyl gr oups is seen to i ncrease with age more than other s pecies 

i n the hydrolysate , a l though the absorbance a t 300rau i s interferred 

wi t h by the l arger peak next to i t , and is difficult t o measur e . 

The .ti. Ei spect r a fo r 20 , 31, 40, 50 , an d 60 d.'.ly- ol d wheat 

samp l es we r e r ecorded in a s i ~ilnr way to 10 an d 71 day- ol d srunp l es 

an d t h e abs orbance a t 345mu of c~ch tr~ms l ated i n t o the val ues t ha t 

appear i n Figure 11 . Rel ative l igni n content i s expresse d as a 

perc entage of t he absor banc e of t he .6. Ei curve nt 345mu of 71 day­

old I-2 t i s sue , i . e . 

O. n. 345mu sample 

0 , 67 

100 

The procedure was duplicat ed for each age of plant and on no 

occasion did the individua l values differ more t han 7% from the 

mean . 

On a perc entage dry wei ght basi s the lignin content of 

the whol e shoot was much less than tha t of the second internode . 

At maturity, samples from the whol e shoot containe d only 28. 1% 
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of the lignin of the I-2 sample . At younger ages (loss than 40 days) 

who l e-shoot sampl es were a l mos t entirely l eaf materia l as the tota l 

st em l ength was l ess than 0.5 L11Il , A s light rise i n lignin content 

is obs erved beyond 50 dGys as stahl tiGGUG makes a contribution to the 

s ample. Tho stem is obser ved histochemical l y to contain more lignin 

than the l oaf for a lthough bundl e sheath fibres e .. re lignifi ed 

earli er i n the l eaf, t he moso phyll pa renchyma r enain thin- walle d 

throughout deve l opnent to function photosynthetically. 
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I . 6 DISCUSSION 

It is evident from the r esults tha t ma jor developmental 

changes occurred in the wheat plant a t a time 30 to 35 days after 

germination. Before this time the pl :3..i.r~ was still very small, l eaf 

material contributing mainly to the dry weight of the shoot as the 

stem ha d not yet elongated; lignin content was low and r es tricted 

almost entirely to the vascul a r tissu e. Aft er this time lignin 

con tent of the stem an d shoot dry weight increased r apidly and the 

plant "bolt ed" 1 • ..i. th the onset of flo wering. A henvily lignified 

cylinder of sc l erenchyma fibres developed within the s t em . The 

sensitivity of these fibres to the t es t for syringyl groups i s a 

qualitative indication of the increase in me thox.yl content of the 

lignin form ed. From the work of M. Phillips et al it i s a lso known 

tha t in whea t (116), barley (117) and oa t (11 8 ), each of which have 

simila r lignification kinetics , tota l plant ni t ro gen is decr0asing 

during this growth period (in wheat t ota l plant nitrogen i s highest 

a t 7 days and a t 35 days contains l ess than 50% of the max i mun va lue ) 

and the increas e in cellulose par allels tha t of lignin. Causal 

f actors involved in initia ting the changes outlined above a r e 

obscure and much of the discussion of the problem is necessarily 

s peculatory until the r el a tionship of lignifica tion to whole plant 

development is more closely definedo 

The histochemical observa tions made in this s tudy support 

the suggestion by K. E. Wolter et al , 1974 (1 66) that the guaiacyl 

and syringyl lignins in angiosperms ar e compartmentalized with 

guaiacyl- syringyl lignin in the middle lamellae and cell corners . 

R. A. Jeffs and D. H. Northcote, 1966 (88), working with bean callus 

and O. L. Gamborg, 1967 (49 ) , working with pota to, found that the 

lignin produced in tissue cultures differed from the lignin 

produced within the plant in that it contained no syringyl groups. 
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This may have been because fibres were included in the control 

samples for nitrobenzene oxida tion whereas the cultured materi a l 

would have only contained vessels and trachcids. However, while 

guaiacyl lignin i s i n the, r:1ai n r estrictod to xylem vessel walls and 

middle l amellae and syringyl ligni n is deposited in tho developing 

sclerenchyma and bundle sheath fibres (illustrated most clearly in 

Plates 5A and 5B), this i s not exclus ivel y so in wheat. T. Higuchi 

(76) found syringyl as well as guaiacyl lignin to be present in 

vessels fomed early in development in bamboo . These differences 

could i ndicate tha t the factors contro lling variation i n lignin 

composition ~ay not be as rigid, or even the same , in grasses ns in 

dicotyle dons. Differences in the hemicellulose component of the cell 

wall, for exampl e , are lrnown to ex i st between some nonocotyledons 

and dicotyledons (21) and this oay be r el ated to diff er ences in the 

lignin as hemicelluloses ar e thought to be the means by which ligni n 

attaches to the wall (15 9). 

The deve l opnent and lignificntion of fibres within the 

stem is almos t certainly r espons ible for tho l a rge increase in lignin 

cont ent observed at 40 days in wheat. Fibre deve l opnent i s most 

advanced a t the base of the stem an d Figure 11 shows that this part 

of the pl ant has the highest ex tractable lignin content. 

Phillips et a l (116) and Stone et a l (154) both observed a 

rise in methoxyl content compar able to lignin content with 

increasing age . Stone e t al a lso obs erved very similar increases in 

vanillin and syringaldehyde (i. e . aft er nitrobenzene oxidation) with 

time, indica ting t hat a mixed guaiacyl-syringyl type of lignin 

continues to be forae d until the wheat plant is matur e. A study of 

the oldest stem sections r eveals very little difference in the 

response of the scler enchyma to each stain apart from a greater 

reaction of the middle lamellae to phl/HCl (Pla t es 8A and BB). 
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Histochemical studies are limited by the sensitivity of the stains 

used and the intensity of a reaction is variable with thickness of 

the sections. Sectioning was initially carried out at 10 day 

intervals on the freezing microtome and when it was found that the 

critical . time of change was between 30 and 40 days, hand sections 

were made of 35 day-old stems and checked against different reagents. 

Judging by the reaction of the xylem to Cl2/lfa2so3 (Plate 4B), this 

stain appears less sensitive to syringyl groups than KMn0
4
/HCl/NH3, 

keeping in mind that this was a hand-cut section of unknown thickness. 

The similarity of Triticum anatomy and pattern of 

lignification to Avena (41, 118) and Hordeum (41, 117) suggests that 

most of the lignin in these plants is a lso in fibrous tissue and the 

factors initiating rapid lignific ation may be similar. 

While the significance of lignin compartmentation is 

elusive, there are many developmental, morpho logica l and functional 

differences between fibres and vessels (41) any one of which could 

result in different lignin content . Work by T.L. Shininger, for 

example, in 1970(136) has shown that the differentiation of xylem 

fibres in Xanthium internodes is halted by removing the bud and 

young leaves, while cambial derivatives still form and xylem vessel 

walls thicken and lignify. Xylem fibres are thin-walled and 

parenchymatous until they are formed simultaneously with the 

development of a new leaf. When the leaf passes the stage of rapid 

expansion it no longer has an effect on fibre wall-thickening and 

lignification. Although Xanthium is unusual in that cambial 

division occurs in the absence of leaves and buds or exogenously 

applied hormones (cf. the findings of P.F. Wareing (162) and 

A. Hejnowicz and M. Tomaszewski (73) ), this study does indicate 

that the development and lignification of the secondary walls of 

vessels and fibres may be controlled by separate factors. 
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The interaction of the 'phys iologica l' plant with 

individually lignifying cells and tissues is relatively unexplored 

( see section in the review by S. A. Brovm, 1 966 ( 14) ) . Plart t growth 

substances are lmown in somo instances to stirnul~te lignification 

(8, 44, 126, 165, 67) and in others to i nhi bit it (1 39, 44, 165); 

the role of hormones in contro lling lignification is unc l ear. At 

the cellular level the indic :1.tions .'..lre thnt tho changing physio logical 

balance of the cell with time bears direct relevance to the 

procluction of lignin precursors . Cytokinins, for example , may be 

involved in increasing lignin synthesis indirec tly by c~using ce lls 

in tissue culture to stick together ( 67) . 0.1. Gamborg and his 

coworker s working specifically with tissue culture material a re 

currently invest i ga ting the importance of the cell cycle and the r a t e 

of cell division in the biosynthesis of secondary metabo lit es (51). 

Li gnification is thought to promote cellular senescence (140) and 

though there are exceptions (94) it is true that cells with 

lignifying walls die and become empty t ransport channels or rigid 

supportive shells. A change from anabolic to a catabolic process 

in the cell could r esn 7.t. in the products of prot ein break-down 

(e .g. phenylalanine, tyrosine , S-a deno syl me thionine) becoming 

available for lignin biosynthesis . .An interesting parallel may be 

made here with the onset of whole plant senescence in the change 

from the vegetative to the r eproductive stage of growth in wheat and 

the formation of a r apidly lignifying block of tissue . Early xylem 

vessels would lignify in a meristema tic environment, similar to 

that in tissue cultur8s, und the fibres amidst regions of cells 

approaching senescence . In Brassica napo-brassica (swede) root the 

parenchyma of the secondary xylem remain unlignified until the time 

of rapid expansion of the inflorescence when they undergo r apid 

lignification. These same cells lignify in response to the 
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ethylene treatment of discs of tissue cut from the root (123). 

The relationship between flower initiation, the develop­

ment of the fibres and the elongation of the wheat stem is of 

particular interest , Figure 8 shows t hat the elongation of the shoot 

is delayed approximately 10 days from the start of lignification. 

(The increase in total stem length with time (Figure 8) coincides 

with the increase in whole-shoot lignin (Figure 11) but this 

comparison is invalid as the samples for the lignin estimates did 

not contain only stem material.) The elongation of the internode 

after an increase in lignin content is the reverse of the procedure 

as it is thought to occur in individual cells. S. M. Siegel and 

F. Porto (140) suggested that lignification limited cell expansion 

by acting antagonistically towa rds growth pro~oters such as auxin 

for example, and A.B. Wardop (159) has suggested tha t lignifica tion 

may limit the enla r gement of plant cells by i mmobilizing the 

hemicellulose matrix, thereby preventing surface growth. 

F.W. Whitraore (1 65) however, was unab l e to obtain conclusive evidence 

to support the notion that t he lignin of whea t coleopt ile cell walls 

limits growth. 

The walls of cells that continue to e lon,~ate f or some 

time after becoming lignified, do so in a pa ttern (e. g . spira l 

thickening) that allows for extension and this supports the idea 

that lignin immobilizes wall components. An electron microscope 

study by P.K. Hepler et al (74) shows that both lignification and 

secondary wall development may proceed together in wound vessel 

members in Coleus and that lignin deposition may be initiated before 

the cell has finished growing. Lignin deposition may therefore be 

in a position to limit expansion. The situation may differ in 

fibres as growth may be intrusive and the middle portion of the 

cells may become lignified before the tips do so (41). Fibres 
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that grow intrusively are thought to do so only after the surrounding 

cells have completed growth or are only slightly expanding and again 9 

an increase in lignin content would be expected to follow an 

increase in internode length. 

The growth of the internode is by the elongation of cells 

produced by the intercalary meristem(41 ) , a region of active cell 

division i mmediately above the node. Cells a lready present prior 

to activation of the meristem may become lignified before the 

elongation of the stem is measurable a'1.d in this way artificially 

create the delay seen in Figure 8, It seems unl ikel y tha t 

increased lignific a tion and fibre development induce rapid stem 

elongation and more r easonable to cuggest that they are all a pnrt of 

similar physiological conditions at the time of change from veget­

ative to reproductive growth . As wheat is daylength sensi t ive it 

is likel y that the signal to the plant to f lowe~ is transmitted via 

the l eaves to the nodal area . Cell division a t the node would be 

followed by elongation and subsequently, differ entiation and ligni-· 

fication. 
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I. 7 SIDi1+1'ARY 

1. The rapid increase in lignin content observed in wheat 

35 to 40 days after germination is primarily the result of the 

development and lignification of a cylinde r of sclerenchyma fibres 

at this time and fibre differ entiation is most advanced a t the base 

of the stem. Xylem vesse 1 wall thickening and lignifica tion is seen 

as contributing to the early low lignin content. 

2. Lignin fo rned early in development is mainly of the 

guaiacyl type and later formed lignin incorporate s syringyl units . 

3. The changes in lignin quality and quantity are 

acco~panied by the major developmental events of r apid stem 

elongation ( 11 bolting11
) and flowering. 
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I. 8 CONCLUSION 

While it is clear that the anato~ical basis for the rapid 

increase in lignin content in wheat is extensive fibre differentiation, 

the events initiating the change in tissue development and the type 

and quantity of lignin present are not. A r el ationship is indicated 

between flowering, stem elongation and lignification that is worth­

while exploring and defining more closely. Some experiments were 

attempted, for example, investigating the influence of IAA,GA3 and 

6-amino furfuryl purine on excised portions from the base of 35 day­

old wheat stems but these did not yield any useful infornation 

because of technica l difficulties. Even though our chemical and 

biosynthetic knowledge of lignification is extensive and enzymological 

studies are at present being carried out by several groups of 

resea rch workers (these aspects of lignification are discussed more 

fully in Part II of this project) lignification remains a 

physiological enigma . Information on tho way in which the 

environment is able to influence when, where and what type of lignin 

is formed would provide a useful basis for future work and, more 

importantly, a full er 0:ndorr, tandiag of tho balance of the 

controlling factors in lignifica tion. 



PART II BIOCHEMICAL ASPECTS OF LIGNIFIC!.TION UT '·.THEil.T 

II.1 INTRODUCTION 

54. 

This study is primarily concerned with the regulation of 

lignin biosynthesis in higher plants, in particular, wheat . An 

evaluation is made of the evidence supporting suggestions in the 

literature that regulation is at any one point in the pathway, 

special attention being given to the supposed role of 

1-phenylalanine ammonia-lyase and 1-tyrosine ammonia- l yase in 

controlling lignification. The evidence for a possible minor 

pathway involving phenyllactic acid and hydroxyphenyllactic acid 

is discussed and an outline of experiments designed to test for the 

presence or absence of the hydroxyphenyllacta te pathway both before 

and after the initia tion of r apid lignification in wheat, is 

presented. 



II.2 THE REGULATION OF LIGNIN BIOSYJ\TTHESIS 

II.2.1 AN OUTLINE OF THF. PATifiTAY 

55. 

The pathway of ligninbiosynthesis has been elucidated by 

in vitro polymerization studi esJ experiments using isotopic tracer 

techniques, enzyme studies on tissue extracts and cytological 

observations attempting to relate biosynthetic events to structural 

change (14, 15). An abbreviated version of the currently accepted 

pathway of lignin biosynthesis in plants with both L-tyrosine 

ammonia-lyase (TAL) and L-phenyla l anine ammonia-lyase (PAL), is 

presented in Figure 12. While individual experiments concerned with 

a portion of the pathway may be highly significant, a ttention is 

drawn to the f act that each is a part of a long complex pathway, much 

of which is still uncertain and a long which there may be many 

opportunities for control. 

The incorporation of 14 co2 into lignin was first studied 

by J.E. Stone in 1952 (153) using whea t and this work was continued 

by S.A. Brown, K.G. Tanner and J.E. Stone, 1953 (19). By measuring 

the activity in lignin degrndation products it was found that once 

14c had been bound into lignin (as represented by syringa ldehyde) it 

did not re-enter the respira tory pa thways showing that lignin is a 

stable end-product mld that the syringyl component at least, is not 

re-metabolized in wheat. 

The work of B.D. Davis, 1951 (32) established shikimic acid 

as an obligatory intermediate in the biosynthesis of aromatic amino 

acids from carbohydrate in microorganisms and the idea that 

aromatization may also occur via shikimimate in higher plants was 

subsequently tested. S.A. Brown and A.C. Neish (16) were able to 

show that 14c - shikimic acid and 14c-L-phenylalanine were 

incorporated into the lignin polymers of Triticum vulgare and 

~ negundo (maple) with comparable efficiency. Shikimic acid 
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labelled at positions 2 and 6 of the cyclohexene ring was shown by 

G. Eberhardt and W.J. Schubert (35) to be incorporated into the 

lignin of Saccharum officinarum (sugar cane) without r andomiza tion 

of the l abel and in Salvia splenuens (9,), Triticwn vulgare and 

Fagopyrum tataricum (50) 14c-shikimic acid was found to be a 

precursor of both phenyl~l anine and tyrosine. The involvement of 

shikimic acid has a lso been demonstra t ed in t he biosyn thesis of 

ca ffeic acid (98) and quercetin (157). Following work with 

microorganisms once more (137) D-glucose was identified as the 

carbohyo.rHt e source for lignin biosynthesis in higher plants (134, 

2). S. Yoshida and G.H.N. Towers found in 1963 (170) tha t shikimic 

acid is formed from phosphoenolpyruvate and erythrose-4-phosphate in 

Pinus r esinosa. Thus the ~:ia in links of the shikimic acid pe.thway 

have been established for higher plants. While it is likely tha t 

this pa t hway does function, and pr ecursor incorpor ntion studies have 

been supported by the de t ection of t he c orresponding enzymes in 

plan t t issue extro.cts, shi ki mat e ki n['.se ho.s yet t o be de t ected in 

higher plan ts (1 68 ), and ther e i s some evidence that quinic acid is 

a lso involved in the biosynthesis of aroma tic Qffiino o.cids (164, 49). 

1-phenyl a l anine has been sho'\m by n number of workers 

(16, 17, 18, 20, 98) to be a good precur sor of ligni n in n wide 

r ange of plants while 1-tyrosine incorpora tion has been demonstrated 

for members of the Graminea e only (17, 20). 

Although the activity of the enzymes of the shikimate 

pathway has been shown to increase in conditions promoting the 

synthesis of polyphenols (e.g. after wounding (105)),and to be high 

in lignifying regions of the plant (83), it is un~ealistic to 

look at changes in the activity of these enzymes as being of 

specific regulatory significance in lignification as they are 

equally involved in protein metabolism (106) and in the biosynthesis 



of a wide r ange of secondary metabolites present in plant tissues 

( 168, 149). 
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Likely candidate s for t he control over secondary metabolite 

production are PAL and TAL 1-rhich provide the precursors cinnrn:1a te 

(92) and p-OH cinnaBa t e (109) for t he fornntion of flavonoids, 

q_uinoncs , l ignins nnd cell wall es tors ( 108, 149) . They are 

situated a t the Latabolic branch point diverting the flow of aroma tic 

amino acids frolil protein through to the 1111.enolic compounds. PAL h::is 

been sh01,m to be present in the hi gher cryptognE1s ( 172), Bnsidio­

mycetes ( 121, 6) .:md .Strepto·,riyces (38 ), while TAL i s, i n the mnin 

restricted to members of tho Graminoae. 

The r ole of PAL in phenolic biosynthesis li.J.S been studied 

in detail (reviewed by E.L. Canm and G.H.N . Towers , 1973 (23) ) and 

the synthesis (or prevention of inactivati on ) of PAL has been shovm 

to regula te the synthesis of chlorogonic acid in potato tuber 

tissue ( 174) and to be corre l e.ted with the e.ccumul at ion of 

flavono i ds i n str nwberry l eaf discs (27), grapefruit (101) and 

strawberry fruits (85). The activity of PAL may be photoinduced via 

phytochrome but e11zymo luvehi may also be i nsensitive to the light 

(23, 149), indicating the involvement of more than one form of PAL 

or of regul a tory fnctors other than phytochrome. Evidence for the 

light-induced c ontrol of ammoni a-lyase ac tivi t y is not common in 

monocotyledons but has been reported to exist in Hordeum vulgare 

where it is also correlat ed wi t h the produc tion of flavonoids (133, 

99, 100). The wide distribution of the ammoni a-lyase e along with 

studies correla ting increased enzyme activity with increased 

lignification in Hordeum (109), Fagopyrum(buckwheat)(169) , 

Phyllostachys (78), Pisum sa tivum (dwarf pea) (25) Coleus and 

Glycine (soybean) (127), supports a role for these enzymes a s 

regulators of lignin biosynthesis. Work by P.H. Rubery and 
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D.H. Northcote (128) localizing PAL in the xylem of Acer (sycamore), 

Apiu.m (celory)and Pisu.m also supports the idea that PAL activity is 

closely linked to lignification. PAL nctivity was absent in 

Phaseolus (becm) cnllus tissue n~1d P~'-rthenocissus (Virginia creeper) 

cr01-m gall. However tho evidence so f a r for the involvement of PAL 

and/or TAL in tho control of J.ignificaiion i s correlative r a ther than 

dofini tivo and is to be cont r o.r.,to cl ui th s tudies where high ammonia­

lyase activity i s r ecorded 80.rly i n development. fl . Young (171) 

recorded maxirnUIB PAL and TAL activity 7 days c,ft er :ser ui na tion in 

Triticu.m (see Figure 1) nnd PAL l evels nr e hi :::;hes t £. t the time of 

,2iaximUB growt h i n cell suspension cultur es of Glycine ( 65) and 

Petroselinum (parsley) (66). Also, it i s true that while S. Yoshida 

and M. Shimokoriye,ma ( 169) observed increased activity of PAL in the 

more mature and lignified pc.rts of the bucbrhoo. t stem , the highest 

enzyme levels were recorded o. t t he shoot apex . The work of 

C.K.C. Cheng and H.V. Marsh (25) i nvestign,ting the eff ect of GA
3 

on 

dwarf pea is sometir:ios cited as evidence for the r egulation of 

lignification by PAL (127, 59) but in f act maximum PAL activity 

occurred 16 to 18 days bef or e an inc reas e in lignin content was 

observed. These l a tter observa tions support only an indirect involve­

ment of the ammonia-lyases with lignifica tion ond it may be tha t 

another pathway (e . g . the direct dehydrat ion of phenyllactate) 

provides the phenylpropanoid precursors l a t er in development or that 

the produds of dee.r:iinntion are stored until t hey are required . 

It is possible thnt the amraonia-lyns e activi ty in young 

tissue rnay be related to the differentio. tion of e2.rly xylem tissue 

and that the coincidence of enzyme activity with maximum protein 

synthesis (116, 172) is a result of extrac ting the whole plant 

rather than specific tissues. It is unlikely that a probable high 

concentration of phenylal anine a t this time is responsible for 
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inducing the enzyme (174) (cf. sugges tion in (169)) and more likely 

that the high PAL (and TAL in wheat) levels do regulate the formation 

of some, as ye t uri.knmm, secondary metc.1)o1ite(s ) or alternatively, 

are involved in oo.rly xyloI.1 difforencie.tion . Unfortunately the work 

of M. Young on PAL rmd l"fl/1.L in wheat is not contim:.ed into the time of 

r2.pid lignificntion e.nd it is not kn01rm 11hether or not enzyme 

activity increases at thi s time, e.ppro:;di:12-tely 40 days after 

ge r r::d.nation. P . H. Rubery and D.E . Foskot ( 127) working with 

cultured Coleus intornodes and soybean callus observed a temporal 

sepP.r a tion between maxi mum protein synthesis r>.nd the peak of ann10nia­

lyase activity. The latter reflected the pnttorn of xylogenesis . 

This study focus es on the probloru of cla i fling a single factor as 

r esponsible for the regul fl tion of differentio.t ion and lignification 

as identica l l!lanipul Rtion of the balanc e of hormones supplied exo­

genously to Coleus nnd Glycine provoked n different r esponse from 

each . The following explanation is offered by the nuthors" .•• FAL 

is synthesized a s o. part of the gene tico.lly program.med sequence of 

xyl em differentiation which is ini tiated in these systems by the 

addition of a limiting factor which a llows tho appropri ate set of 

internal conditions for differentiation to be rcr1chod . " The function 

then of PAL and TAL a s r ate-limiting enzJines in lignin biosJmthosis 

is uncertain . 

The associa tion of ammoni a-lyase activity Hith n varie ty 

of cellular organelles and cell fractions nnd the range of values for 

the molecular weight of purified forms of PAL and TAL (150) suggest 

that the pathways to various phenylalanine nnd tyrosine- derived end­

products may be distinct spatially and biochemically. A. Boudet et 

al (10, 3) for example, have isola ted two forms of PAL from 

Quercus (oak) roots and this appears to be the way in which the 

C6C3 and C6c1 pathways of biosynthesis are regulated separl'.tely. 
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One form, associa ted with the microsomal fr ci.ction, is sensitive to 

feedback inhibi tion by cinnamic ncid nnd tho other, associated with 

the froction including mitochondri~ amd microbodies, is benzoa te­

sonsitivo . D.B. Hnrper , D, J. Aus ti!'l. n.nd H. S· 1ith (71) hr.vo c.lso 

obtained evidence that sugges ts fl nvonoid synthesis in Pi sum , mny be 

regul[l.tod by a spatial sopnrntion of precursor "pools;' dostinod for 

diffe r ent end-products . At the cellul ~r l ovol, J.D. ?icko tt-Haapa 

( 119), coPbining the tGch,"'liques of eloctron Hicroscopy n.nd auto­

r adiography, o'!:lserved the o.ccumula tion of adninistored tritia ted 

cinna~ic acid in tho golgi vesicles of differen tia ting xylem vessels 

and the Rggrogntion of these vesicles no::,.r tho bands of wall 

thickenings . A scheme relating the subcollul~r and biochooical 

events in the formation of c6c3 phenolic compounds and tho 

accumulation of esters, fl nvonoids and lignins is presented by 

H. A. Stnfford in R recent r avi ow of the subject (150) . It is 

Proposed here that s ov0r a l multianzyr'le complexes a r G involved in 

regulat ing secornkry me t e.bolisl1'\ A.nd while such ri. vi ew is l nrgezy 

s:peculn. tory it is -i. possib l e intarprot"tion of the evidence so far . 

The formation of p-hydroxycinna~ic acid either directly 

from tyrosine ( 109) or from cinnnr:tic o.cid ( 107) i s folloimd by the 

hydroxylation of this substanc e to caffcic acid, 1nothyl.'.l ti on to 

ferulic ncid, hydroxyla tion ~t tho 5 position on the benzene ring to 

5-0Hferulate and finally, me thylntion to sinnpate (15) . .Although it 

w~s origine lly thought thnt this sequence involved modifica tion of 

the II ethanol-soluble" cinnama te derive. ti ves, frorJ tracer studies 

during which either the free acids or salts of these were 

incorpora ted (98), the evidence is now in favour of the "ethanol­

insoluble" cinnamic acid esters as the na tural intermediates in 

lignificetion in whea t (37, 36). The nature of these metabolic­

Rlly ac tive esters is not known but it has been suggested they 
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may be cinnamoyl-CoA-protein derivatives (37, 173). The situation 

in grasses is complica ted by the presence of l arge quantities of 

p-OHcinnamic acid and forulic ac id esters (145, 93) tha t do not 

appee.r to be part of the H gnin "c o!'o" (14). Ai'te r extensive study 

of na tura l and i nduced lignins in Phleum and species fr om other 

f amilies H.A. Str.ifford (145, 146) has c oncluded t hat t hore A.r e t wo 

types of lignin prosont in gr asses . Ono i s essentially 1., pol yuor 

of f crulic acid and var ying nnounts of p-OHcinnanic nc id, and t he 

other is based on coniforyl alcohol, coniferyl a l dehyde o..nd 

sinapyle-type units . 

It is likol y the. t r egul r:>. tion of tho l a ter stages in 

the lignific ation pa thway does occur t o ensure that the ne thoxyl 

content of l ignin is modified according to cell-type (16 6) but the 

P.ctivity of caffeic acid 0-mo t hyltransfer ase has been s hown to be 

low Rt the ti!'le of r apid lignifi cR tion ( 53). The sal'le enzyme is 

thought to be r es-ponsible for the ·:ie thyl e.tion of 5-hydroxyf erulate 

in some s pecies (135), A pP.rtia l reversa l of the 5-hydroxyferula te 

to sinapatc reaction (81) a s well ns the conversion of sinepato to 

p-hydroxycinnamA. t e (37) mny tE.ko pl ,"' co i n young whori. t plo.nts, but 

t he s ignificanc e of deMethoxyl ntion in the r egul a tion of lignin 

composition hns no t been nssessed . The availability of 

methionine, known to be the 1:1e thyl group donor for f erula te and 

sinapnte forma tion (22, 135), may be a f actor influencing the type 

of lignin formed (i . e . gua i acyl cf. gua i 0cyl-syringyl t ype lignin). 

p-Hydroxycinnamic acid, f erulic acid and sinapic acid 

(see Figure 12 ) may accumula te as end-products independantly of 

each other ( 150), and each is reduced to the corresponding alcohol 

before incorpora tion into the lignin polymer (15) . This 

reduction wa s demonstrated for ferulic acid by T. Higuchi and 

S.A. Brown in 1963 (81 ). The higher specific activity of 
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isolated coniferylaldehyde than coniferyl alcohol suggested that this 

substance was intermedia te in the conversion. The activa ted forms of 

cinnamic acids, the cinna"l.oyl-CoA esters, were prepared and 

characterized in 1966 by G.G, Gros s 1nd IVT.H. Zenk (62) and the in vivo 

reduction of cinnl:!.mic acid, firs tly to cinnarJFJ ldehydo and then to 

cinnrn:1yl a lcohol wns fir s t shown t o occur in Neurospor a c r nssa , c. 

non-lignin-producing fungus (60, 63). In 1970 K. Hahlbrock crid 

H. Gr i sebrtch (64) were ab l e t o demons trc. t e the fo r mn. tion of cinnnmoyl­

CoA esters with enzyme prepa r e tions f r on pnr sley cell cultures and in 

1972 R.L. Mansell e t a l (103) published evidenc e th2t the CoA ester 

participnt ed 1:.s an nctivnted interuedi a te in the r eduction of ferulic 

acid to coniferyl a lcohol in higher pl -'.'!.nts. p-OH cinn;:,.mic acid 

appears to be similarly reduc ed (34, 152). The t hr ee enzynes 

involved in the r eduction of f crulic acid to conifer yl a lcohol were 

extracted fron a higher plant by G.G. Gross et al, 1973 (61) and 

cinnamyl a lcohol dehydrogenase ha s since been purified nnd char ac­

teri~ed from B wide v~ri e t y of t axonicically different plant groups 

and plant tissues revealing R pos s ible c orrc l ntion be tween the 

nctivity of this onzy,110 rmd lignific ,"l.t ion (102). I n a s eri es of 

papers H.J.C. Rhodes and L.8 . C. Wo oltorton (122, 123, 124) associate 

[ tn increased syn thesis of a lignin-liko TTJP, t e r io.l dur inr- the &goi ng of 

swede root discs with increased ncti vi ty in t he enzyr·:es i nvolved in 

phenolic biosynthesis :md suggos t n role f or the CoA synthe t As e 

enzyme in lignin biosynthosis (125). 

Before they ar e incorpora t ed into lignin the p-0Hcinnamyl, 

coniferyl and sinapyl a lcohols undergo an enzyme-initia ted r adica l 

forma tion (45, 15). The enzyme thought to be responsible for this 

is peroxidase which acts in the presence of H'2o2 (75, 70). Radical 

formation a llows e variety of linkages between each of the 

phenylpropanoid units (130). Subsequent polymerization of these 



units is thought by some to be spontaneous (15). Others suggest 

however tha t additionnl r egul a tory mechanisms mny operate even 

l ntcr than the enzyme- mediRted oxidation of lignin rx:,noners a s 

often cells with rm t'.dequo. tc supply of phenolic precursors and 

peroxidRse do not forr.1 lignin (146, 149). Tho short half-life (of 

the order of ;: EJ.inute) of the CTonomor r ndicals nc.kos it clen.r that 

their polymerize. ti on nos t probabl y occurs within the EC. trix of the 

wall a t the site of lignin deposition and it is possible th,?. t both 

the sequence and avo.ilnbi lity of points of attachont for the lignin 

polyrrier r:iay be a reGU-latory facto r. The polynerize.t i on of lignin 

appenrs to be the finrl proc ess in the forrmtion of t he cell wall 

as a living, growing structurRl material. 

II. 2. 2 THE ROLE OF PW.NYLLACTIC Al'JD HYDROXYPHENYI,LACTIC LCID 

Prior to the discover y of L-phenylnl e.n i no n-,1u::10ni a- l yo.se 

(PAL) by J. Koukol and E.~ . Conn in 1961 (92) ~nd of L-tyrosine 

anmoni a-lynse (TAL) by A. C. Neish , nlso in 1961 (109), lignificJJ.ti on 

w2.s thought to proceed via tho phenylpyruva.-te(PPA ) r.nd phenyllacto.te 

(FLA) deriva tives a s sho,m in Figure 3. This scheno r esulted from 

work by D. Wright et a l ( 167) in which tho rP.dio:::.ctive stereoisori.e rs 

of phenyllnctate were c oryipar od ,·ri th L-phenylr-.1::mino ns l ignin 

precursors in five pl/lnt species . Tn all spec i es (-)-phenyllo.ctr.te 

wa s n r e l a tively good precursor, in no case being used ;,10r o than 

three tines less efficiently than phenyl r-1.l anine and in one case , 

that of Salvia, was incorpora ted nore efficiently into the lignin 

aldehydes (vanillin, syringnldehydc and p-hydroxybcnzaldehyde) •. 

Further work with 14C-lebelled phenylalanine, tyrosine, p-hydroxy­

phenylpyruvic acid (HPPA) and p-hydroxyphenyllactic acid (HPL.A ) 

established that wheat was able to use all these compounds 

efficiently in the biosynthesis of lignin while Fagopyru.m 

tata ricum (buckwheat) and Salvia splendens (salvia) used phenyl-
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alanine only (20). A comparison of a number of species led to the 

suggestion that grasses possess a specific tyrosine-metaboliz ing 

enzyne or the t non-grasses l n.ck tyrosine transn.;:1in11so or oxidase or 

the enzyrie r equi red t o conver t 1:.YPN , to tho lignin mononers ( 17). 

In 1958 S .N . J' corbo et nl (1) found that CQrboxyl-lnbclled 

HPPA wns inc or pornted into S,-:i.cchrun officino. rum (sugt,r cane ) lig-.o.in 

1·Ti thout rnndomi zo.tion of the l nbcl. J,.fter fifteen dnys of notnbolis:o 

71% of tho introduced ncti vity uas recovered in t ho iso l ated lignin 

which i s an unusually hi gh value if the pathrmy involves the 

obliga tory fornn tion of tyrosine . '!'he cho.nnelling of this c.nino 

acid in to protein and phenolic dori vn ti ves other thnn lignin r,1i ght 

be expected to account for more than 29% of the total . However the 

sugnr cane plants used wore "nnture" 11.nd possibly lignifying r api dly, 

if this species, which is e lso A. ne11bor of the Gr0mi ne2.e , follows 

the pattern of lignific ation observed by .J . E. Stone ct nl for wheat 

(154) . /\n investigation by D.R. r1cCa l111 11nd A.C. Neish i n 1959 (98) 

14 into the c;:,paci ty of a nu.1'1.ber of C-labell ed conpounds to !let as 

precur sors for the phenolic E' cids though t to be i nta rne din tes in 

lignificat i on (p-0H cinnanic nc:i. rl , cu.ffc i c e.cid, fo r ulic acid, 

sinapic acid), r e-affirned the then current thinking by showing tha t 

(-)PL.ti. nay be .'.ln effic ient -p r ecursor of lignin r.1.0nonors in Salvi~. 

With the isolntion nnd characterization of tho two 

enzynes PAL m1d TAL, which ere Rble to by-pnss tho sequence of 

conversions involving trnnsaminntion, r eduction and dohydr:1tion, 

the incorporn tion of PLA and HPLA. into Ugnin i s expl a i ned first by 

their conversion to the kc to- acid and so to phenyl a l anine m1d 

tyrosine respectively by transamina tion. Subsequently it was 

shown that extracts frori salvia , wheat nnd a number of other plants, 

readily oxidize PLA and HPLA to the corresponding k e to- acids (52). 

Also 0.L. Garnborg and A.C. Neish had already found in 1959 (50) 
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tha t PLA and PPA were easily converted to both free and bound pheny­

lalanine a.TJ.d similarly HPLA and HPPA to tyrosine so that such a back­

conversion i s clearly possible . Thus PL.A and HPLA wore r e legated to 

a role as "pool" , r -'1. thor th,m. "in t o".''7odi r:ry" r~o t P.boli tos in ligni­

ficntion . 

However T. Hi guchi nnd S . A. Brown in 1963 (82) expl ored 

the phcmylpr opnnoid bi osynthe tic pa thwny in lignifying whe2c t plants 

using isotope competition techniques and c oncluded t hc1 t c.s phenyla­

lanine and tyrosine are converted to PLL and HPLA rospectivGly, this 

route rer,1ains a possible e. l t erna tive to the esto.blished rou tes 

invol ving the arIDonia-lyase conversj_ons . Attea pts to show the 

reversal of the biosynthetic pathwny fro f'.1 the cinnar.:iic acids to 

phenyla l anine and tyrosine have not been generally successful (23) 

but i n one ca se (97) detecte.ble anounts of cinnnri.ic <1.cid, .".nd in 

another (50), p- OH cinnR.Dic and cinn;=i.nic ac i ds, ho.ve been incor­

pora ted i nto the free amino ~cids . This c ould indica te the 

involvenent of o. 'linor, reversible a l t e rnc. tive pl'.tln ray equa lly as 

well as the partinl rever s ibility of the ar1r1onia- lyn.se conversions . 

As the c6c
3 

- skeleton is incorporP.ted intnct into the 

lignin polyri,er (35, 1) the use of 14c-lnbolled precursors hns not 

shown definitively either tho presence or the absence of the 

dehydra tion of FLA or RPI,J. . It rer:10.ins an open question then 

whether PL.A mid/ or HPLA a re incorpora t ed into lignin vin the keto­

acids, PP.A and HPPA, and tho ooino acids, phenylalanine ~nd 

tyrosine (Routes 1A and 2A, Figure 12), or whether they arc con­

verted directly to cinnar:ii c ncid and p-hydroxycinnarnic acid 

(Routes 1B and 2B, Figure 12) • .An attempt is made to answer this 

question in the experi~ents that follow with respect to HPLA by 

ml'lking use of HPLA tritium labelled a t the B-cnrbon. Figure 13 

outlines the alternative incorpor~tion patterns into p-hydroxy-
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cinnamic acid to be expected if either rou te 2A or 2B is used . The 

pattern would not change during the conversion of ~-hydroxycinnanate 

to ferulate . Oxidat ion of 3H-RPLA woul d renove all the label and 

dehydration only 5~. Therefore the detect ion of radi onctivity in 

the cinn~raic ac i ds woul d support the direc t conversion of HPLl to 

p- hydroxycinnrunic acid . 14 The adr.linistrat ion of C-HPLA nlso is a 

check tha t HPLA is being netabolized by the plant . The l abe l fron 

14C-HPLA is expected to be retained if either routo is to.ken . 



II . 3 MATERIALS AND 1'1ETHODS 

II.3.1 CULTIVATION OF THE PLAfTTS 

As in Part I, Section 4 .1. 

II . 3. 2 SOTTTI.CE OF THE ISO'flOPBS USED 

69. 

Unifom.ly labelled L-14c-tyrosinc was obta ined fron the 

Radiochemica l Centre, Anershnm, England. 3H-hydroxyphenyllactate 

(3H-HPLA) was prepared by the reduction of hydroxyphenylpyruvic acid 

(HPPA) by NnB3H
4

• The NaB3H4 wns obtai ned in powder forn froEl New 

England Ilfuclear, 575 /\ lb2..ny St . , Boston, r-12.ss., U.S. /'. . 14c-hydroxy­

phenyllnctic ncid ( 14C-HPL/; ) was prepr:r ed by tho reduction of 14c­

hydroxyphenylpyruvic acid ( 14C-HPPA ) by NaBH
4 

2.l so , the 14c-HPPf. iras 

l n.belled at the 13-cnrbon and wns kinuly donated by Dr B.A. Bohn , 

Depo.rtment of Botany, Univorsi ty of British Colu.;_,bi o. , V::.ncouvor, 

British Colurabia, Canada . For the dot2ils of propc..r 2.ti on, 

3 14 purifica tion nnd identifica tion of H-HPLJ, and C-HPLJ~ see 

Appendix 1. 

II. 3. 3 ADr·1INISTRATimT or THE COI'?OUHDS 

Ex-periment 1 

1 ~l of L-14c-tyrosine (containing 0 . 84µC i,S. A. = 483 nCi/ 

ITL1:1.0Je) wa s a®inistered to wheo.t plants aged 1 O, 20, 40 and 60 days 

through the cut ends of the st el'1S for 2, 4, 6, 1 2 2nd 24 hours. The 

conpound wa s fed o.s an aqueous solution and when al l the solution had 

been taken up (this took approxi mately 2 hours, except in the case of 

10 day plants) distilled water was supplied to the plants . 

Experiment 2 

3Ir-HPLA and 14c-HPL.A were first neutro.lized with dilute 

NaHC0
3 

solution to prevent wilting and o.dministered to 10 and 40 day­

old plants for 2 hours . 
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Experiment 3 
3H-HPLA and 14C-HPLA were administered after neutralization 

to 20 and 60 day-old plants for 2, 6 and 12 hours . 

Experincnt 4 

High specific nctivity 3H-HPLA was adninistored to 10 and 

40 day-old plants for 2 r-md 4 hours . 

In all experinents the plants wore plnced under continuous 

light ( cool white fluorescent tubes e. t an i n t ensity of approxi n8. tely 

35000 Jux) f or the dur o. ti on of i so tope incorpora tion tiDe . 

II.3.4 EXT"R.f'.CTJON / ND Plffi I P J CJ\.TJ ON OF TB-;: CJNN''~IJC AC JDS 

1 • Ethnnol-solublo cinnar:1ic ncids 

The i s ola tion of t ho cinn::mic ecicls wc.s by [:n 2.dap t a tion 

of tho nc thod used by D.R. l~C alla nnd ~ .C. Ne i sh ( 97) t o ex t r act 

anino acids frorJ. plant nnterinl. Af te r the t i ne c.ll owed f or 

isotope incorpore, ti on the pl ants we r e cu t up ,md plc.ced in hot 8(Jf{, 

e thnnol . After filtrRtion the pl ant nateric l was re-extrncted 3 to 

4 tines with e thrmol rmd t he filtrates c onbined . The r esidue wa s 

set aside for the isol nt i on of insoluble f erulic ncid and the 

e thanol-soluble fraction evapor P.t ed to dryness on n r ot11ry 

evrrporo. tor . A snall anount of hot wa t er was then added with sone 

Celi te .l\.nalytice.l Filter 1.id to ne.k c a pHste . The v ol wne wa s nade 

up to approximately 80 ~l with nore hot wa ter, the nixture filtered 

and the residue washed with a further 20 r;il of hot water . As the 

na jority of the cinnru:nic acids do not occur in the free foITl in 

whea t (68), base nnd acid trea t ment is required to hydrolyse 

glycoside and este r linkages . Suff icient (4gm ) NaOH pellets were 

added to the cqueous extrnct to make the solution 1N and , a fter 

boiling for 15 minutes, the pH of the solution w~s ndjusted to less 

than pH 2 with cone. HCl and boiled again for 15 minutes. The 

solution was allowed to cool and therr extracted continuously wi th 
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diethyl ether for 8 hours. A preliminary experiment using 

14c-ferulic acid showed that approximately 9Cf!0 of the label 

incorporated into the ethanol- soluble fraction was r ecoverable by 

this procedure . The ether extract was evaporated to dryness on a 

rotary evaporator and the r esidue taken up into 1 ml 80% ethanol. 

In each cas e 0,1 ml was counted. Thinlayer chromatography on 

cellulose (r,m 300G, with binder) was c arried out to gain an 

approximate idea of the quantity of ferulic acid present as in some 

cases, where the concentration ,ras low as to be invisible under 

u.v. light , cold ferulate was added prior to paper chromatography 

so that even small traces of act i vity could be recovered. A known 

a liq_uo t of the ext r act was then spotted on to h'ha tman no . 3 chroma to­

graphy paper and developed in one direction with the organic phase 

of benzene:acetic ac id :water (1 0: 7 :3, v/v) and in the second 

direction with 'do acetic acid. Ferulic ac id (and p-hydroxycinnamic 

acid when necessary) was i dentified by fluorescence under u.v. light 

and checked spectrophotometrically on an Hitachi r ecording s pectro­

photometer after elution of the spot with 50;6 e t hmol overnight . 

2. Ethn...11.o l-inso luble ferulic acid 

The proc edure of S . Z. El-Basyouni, A.C. Neish and 

G .H.N. Towers (37) was used for the isolation of ethanol-insoluble 

ferulic acid in Experiments 1, 2 and 4. The ethanol-extracted plant 

residue was air-dried and 300 mg suspen ded in 20 ml 1N NaOH at 30°c 

for 4 hours . The suspension was then acidified with cone. HCl, 

heated for 15 min and extracted continuously with ether for 20 

hours. The ether was evaporated off as before and the residue 

taken up in 1 ml 8(Jf6 ethanol. 0.1 ml was counted and a known 

aliquot chromatographed. Samples from Experiments 1 and 2 were 

chromatographed as above and samples from Experiment 4 were 

chromatographed in the solvent system used by H. A. Stafford (145), 
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the organic phase of benzene:acetic acid:water (40:12:2, v/v) and 

n-butanol:aromonium-hydroxide :water (40 :5 :5, v/v) . Further chroma­

tography of both e thanol-soluble and ethanol-insoluble f erulic acid 

from Experiment 4 was ca rried out in 2% acetic acid. Sample 

ident ifica tion under u.v . light was checked spectrophotomotrically. 

Duplicates were prepared for each sample for the isolation 

of ethanol-insoluble f erula te and for the isola tion of the ethar1o l-

soluble acids each sampl e was divide d into two and t aken separately 

through th e extrac tion procedure af t er the initial ethano l 

ex traction. 

Tl\.BLE I Rf VALUES 

SOLV:<.:NT SY.JTEJ\1 

Benzene: acetic acid:water 
(10:7: 3 v/v) 

Benzene :acetic aci d: wat er 
(40:1 0:2 v/v 

TYROSINE . p-OHCA FERULATE HPLA 

0 0.20-0.25 0.70 0,08-0.10 

0 0 .25 0 .61 0 

2% ac etic acid 0.88 0 . 35,0.66* 0.31,0 . 61 * 0,85 

n-butanol: NH
4

0H:water 
(40: 5:5 v/v) 

0.17 0.14 0 . 07 0 .17 

*trans and cis isomers for p-hydroxycinnamate and f erulate in 2% 

acetic acid are recorded. 

3. Re-crystallization of p-hydroxycinnamic acid 

The solution containing ethanol-soluble p-hydroxycinnamic 

acid eluted from the chromatogram in Experiment 2 was divided into 

two parts. The r adioactivity in one part was determined and the 

other purified by re-crystallization with pure p-hydroxycinnamic 

acid. The sample was taken to dryness, 2 ml 50% ethanol added, 

and pure p-hydroxycinnamic acid added until no more dissolved. 

The solution was left overnight in the refrigera tor to cool. It 
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was then filtered and the crystals dried at 90°c . 10 mg was then 

weighed out into a vial and the activity determined. The 

remaining crystals were re-dissolved in 50% e thanol and the process 

repeated until the specific activity becilltle constant . 

II. 3. 5 ME.BUREMENT OF RADIO ACTIVITY 

Radioactivity measurements were made with a Packard 

Tri- Carb Model 3320 Liquid Scintilla tion Spectrometer . 10 ml of 

scintillation f l uid (containing FPO, POPOP, toluene and Triton-

) 3 14 X100 uas a dded to both H and C s amples and each s ample i:vas 

counted for 10 minutes or longer . Counts wer e adjusted for 

efficiency of counting (which was generally above 65::b for 14c and 

as l ow as 35% for 3H) and corrected for background r adia tion in 

each case . Activity i s express ed as a perc ent age of the activity 

absorbed by the plants in Figures 14 and 15 and as ac tua l c . p . m. 

as well as a percent i ge of the activity absorbed in Table II . 
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II • 4 RESULTS 

Experiment 1 

Preliminary experiments were carried out using L-( 14c-U)­

tyrosine to determine the time at which precursor incorporat ion into 

ferul a te was greatest . The assumption is made that this is also 

likely to be the time at which the plant is using HPLA in the bio­

synthesis of lignin as presumably HPLA is derived from tyro s ine as 

well as prephenic acid. It is possible that HPLA dehydration, if it 

does occur, does not r each a maximum a t the same time as tyrosine 

incorporation into ferulate and in Experiment 3 plants were allowed 

to metabolize HPLA for a range of time intervals . 

Th lt f 14c t . . t. . t th 1 e resu s o - yrosine incorpora ion in o e a.no -

soluble ferulate for wheat aged 10, 40 a..~d 60 days ~re presented in 

Fig. 14. Plants older than 10 days contained undetectable (by 

chromatography) amounts of ethano l-soluble ferulate and in order to 

measure traces of activity a small ammount of non-radio active 

f erulate was a dded to oach samplo spot immediately before chroma­

tography. After 4 hours there was an apparent increase in the 

incorpora tion of label into ferulate in 10 day plants and the time 

period for incorporation was extended to see if the pattern was 

r epeated for older plants but in each case the activity present in 

ferulate was not significantly hi gher than background. The maximum 

activity in feru l ate for 10 day plants was observed at 2 hours . To 

obtain some assessment of the flow of activity through to the 

cinnamic acids from tyrosine in 20 day plants the activity in p­

hydroxycinnamate was recorded (see Figure 14) and also found to be 

highest at 2 hours. As the activity in the aqueous extract was high 

in each case the bulk of the 14c-tyrosine is thought to have 

remained unmetabolized. 

As the activity incorporated into the ethano l-soluble 
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FIGURE 14. The incorporation of 14C-tyrosine with time into ethanol-soluble ferulate 
or p-hydroxycinnamate for wheat plants aged 10, 20, 40 and 60 days. 
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with age after 2 hours incorporation of 14c-tyrosine. 
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acids was generally low, ethanol-insoluble ferulate was isolated 

from the 2-hour samples for each age (10, 20, 40 and 60 days ) and 

the activity measured. 

Each value shown in Figur es 14 o.nd 15 .LS the ac tivity in 

the tota l amount of ferula t e (or p-hydroxycinnamate) for each sample 

expressed as per centage of the activity t aken up by the plants . 

Variation was in all cases within 1 CJfo of the mean va lue fo r 

duplicat e sampl es . 

Experiment 2 

On the basis of t he info rmati on obtui ned in Experiment 1 

3H-HPLA and 14C-HPLA wer e a dminist er ed to 10 and 40 day-old plants 

for 2 hours only. No detectabl e activity was present in ethanol­

soluble or ethano l-inso lubl e feru lic ncid for either age . Low 

acti vity (appr ox i ma t ely 5X background) was however r ecorded in 

e thanol-soluble p-hydroxycinnamic ac id i 3o l ated from the 10 day-old 

plants from both the 3H-HPLA and 14c-HPLA s amples . Upon re-crysta l­

lization with authentic p-hyd.roxycinnarnic acid the act ivity 

dis appeared and is thought to have r esulted from s light contamination 

from unmetabo lizcd subst r ate . Counts i n the et her extract were high 

because of the unmetabolize d HPLA present . (For 10 day wheat, 4 . 2:Ji 

of the activity absorbed by the pl ants was present in the ether 

extract of the 3H-HPLA sample and 5. 6% for the 14c-HPLA sample; for 

40 day wheat 4 . 4% for the 3H-HPLJ1 sampl e and 2. <Jfo for the 14c-HPLA 

sample.) The r el a tively high activity r ecorded in the aqu eous 

extra ct in 14c-HPLA samples suggests that this was possibly 

. 3 
converted to tyrosine . In the case of H-HPLA, l abel would presumably 

be transferred to NAD an d distributed around the plant. The Rf 

values for HPLA and p-hydroxycinnamic acid, while very different 

in 2% ac~tic acid a r e closer in the first dimension of chromato­

graphy, benzene:acetic acid:water (10 :7 :3 ) (see Table I) 
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and even slight "tailing" of the HPLA would have been sufficient to 

contribute the ac tivity presumed present in the p-hydroxycinnamate . 

Alt ernatively the activity pr esent in the p-hydroxy­

cinnaruat e may have bGen di l uted by the non-radioactive mat eri a l 

adde d for r e-crystalliza tion and this poss i bility is inves tigated 

for 3H-HPL.l\. by us ing precursor vr i th a high s pecific activity ( seG 

Appendix 1) in Expe riment 4 . 

Experiment 3 

To a ccount for the poss i bility tha t maximum HPLA 

me t abolism may have been occurring a t a time l a t er than 2 hours 

3n-HPL1c and 14c-HPLA wer e admini stered to 20 and 60 day-old plants 

for 2, 6 and 12 hours. Activity in ferulo.te uas a lso unde t ected in 

these experiments . 

Experiment 4 

/.fter fai ling to detect the i ncorpora tion of Qc ti vity into 

ei ther ethanol-solubl e or e thmiol-inso l ubl e feru l ate in Experiments 

2 cm d 3 a s ample of high specific acti vi ty 3H-HPL,·,. wo.s prepar ed 

(Appendix 1) and a dminister ed to 10 and 40 day-oh, wheat plants for 

2 an d 4 hours . The r esults of this experiment ar o ;3et out in Tabl e 

II. A comparison of Columns : .. an d B t,,i th C and D shows the doc line 

of activity in f orulate upon further purifica tion . From 5 X 10-4% 

to 8 X 10- 4% only of the activity absorbed by the plants is 

incorporated into the ferulate ,'.llld is not thought to be significant . 

Va lues for duplic a te samples a re not consistent with each other and 

this could indicate that the f ew counts pres ent are most probably 

contamination. 



TABLE II The activity in ethanol-soluble and ethanol-insoluble ferulate after the uptake of 3H-HPLA 
by wheat shoots 

ACTIVITY IN FERULATE AFTER ACTIVITY IN FERULATE AFTER FURTHER 
INITIAL CHROMATOGRAPHY* CHROMATOGRAPHY IN 2% ACETATE•~ 

AGE !uPTAKE 'H-HPLA ETHANOL-SOLUBLE ETHANOL-IN30LUBLE ETHilNOL-SOLUBLE ' ETHANOL-INSOLUBLE 
jTIME TAKEN UP 

(DAYS (HOURS) (µCi) c.p.m.(A) c .p. m (B) 
: 

c.p.m. (c) i dilution c.p.m. (D) dilution dilution 

49850 2145 500 294 
10 2 46.5 0.057* 0. 0046 0.0005 

8900 2642 66 190 

15500 5446 273 752 
10 4 51.3 0.033 0.0072 0.0005 

22580 2774 320 27 

37920 7383 393 373 
40 2 51.7 0.048 0.0170 0.0006 

17460 12154 286 539 

21960 8586 240 497 
40 4 51.7 0.033 0.0127 0.0005 

15700 6014 353 373 I 
I I 

*The values for duplicate samples are included in columns (A), (B) , (c), and (D). The sum of each pair of 

duplicates is expressed as a percentage of the activity taken up by the plant in the columns immedia tely 

following (A), (B), (c) and (D). 

dilution 

0.0005 

0.0007 

o·.0008 

0.0008 I 
I 

I 

-J 
{)'.) . 
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II.5 DISCUSSION 

The results of these experiments suggest t hat it is 

unlikely that the direct conversion of p-hydroxyphenyllactic acid to 

p-hydroxycinnamic acid takes plac.:e in Nheat. This study is not 

however definitive as no activity from 14c- HPLA was detected in 

either p-hydroxycinnamate or ferulate. The high dilu t ion values 

observed in some cases for phenylactate and hydroxyphenyllactate 

incorporation into lignin (20) and lignin precursors (98) make t he 

use of a highly radioactive precursor necess ary and the failure to 

detect label in the cinnamic aci ds i s thought to be due to the l ow 

specific ac tivity (0.01 02µCi;µmo le) of the 14c-HPLA used. Increasing 

the specific activity of the 3H-HPLA from 0.091 to 6.878µCi/µmole 

could therefore be expected to demonstrate the direct conversion of 

even minor amounts through to the cinnamic ac ids and so to lignin. 

The activity of the 3H- HPLA used in Experiment 4 is approximatel y 

120X that of HPLA administered to ,·,heat by S . A. Brown, D. 1.Jright 

and A.C. Neish (20 ) when they found a signi ficant quantity of 

p-HPLA was incorporated into the lignin aldehydes , p-hydroxy­

benzaldehyde , vanillin and syringaldehyde . 

Alternatively the HPLA may not have been metabo lized by 

the plants but is more likely that the bulk of it was converted to 

tyrosine and subsequently pro tein (in the case of 14c-HPLA) or 

transferred to nicotinamide adenine dimucleotide (NAD) (in the case 

of 3H-HPLA) and distributed throughout the plant . 

10 and 40 days were chosen in the final experiment as the 

most critical time at which the regulation of lignin biosynthesis 

may have been taking place. 10 days because this is the time at 

which L-tyrosine ammonia-lyase activity is known to be high (171) 

and 40 days because this is the time of rapid lignification (see 

Part I of this study and J.E. Stone, 1951 (154)) .While it is 
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still possible that HPLA may, at some other time during the develop-

ment of the plant, contribute t o the "pool" of lignin precursors via 

direct conversion to p-hydroxycinnamic ac id, this contribution is 

not likely to be of regulato r y significance, 

O.L. Gamborg and A.C . Neish, 1959 (50 ) suggested that 

IIPLA was in feet part of the tyrosine 11 poo l" in wheat and buclrnheat 

plants (similarly FLA is part of the phenylalruiine "poo l", see 

below) and so may be incorpora t ed i n to either protein or cinnamic 

acids. It may be that the separate regulation of the pathways of 

protein and phenolic biosynthesis is dependent upon the spatial 

separation of precursors . The possibl e spatial separa tion of 

precursor 11 poo l s 11 occurring in fl avonoid biosynthesis af t er the 

formation of phenyla l anine in Pisum sat ivum has been suggested by 

D.B. Harper et a l (71) and it is pro bable that spatial r egulation of 

some kind is required to mai ntain the balance between the more 

comprehensive plant processes of protein synthesis and lignifica tion . 

R1 - CH - CH (NH )-COOR 
2 t l 2 

shikimic acid ~ R1-CH2-CO-COOH 

t! 
R' - CH2- CH (OH) - COOH 

R = phenyl and R' = p-hydroxyphenyl 

FIGURE 16 The role of HPLA an d PLA as "pool" metabolites contri-

buting to the origin of tyrosine and phenylalanine (O.L. Gamborg 

and A.C. Neish, 1959). 

The possibility that the ethanol-soluble and ethanol­

insoluble derivatives of ferulate may each be intermediates in the 

biosynthesis of lignin was accounted for in thes e experiments by 

isolating both. The radioactivity incorporated into the ethanol-
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soluble ferulate after 2 hours follows the pattern of T.l\.L activity 

with increasing age observed for wheat by :M . Young, 1966 ( 171) and 

a comparison of Figure 15 with Figure 2 shows this clearly. It 

appears that only in very young wheat plants are l a rge quantities of 

ethanol-soluble ferulate present. It was thought initially tha t 

the presence of only trace amounts of ethanol-soluble f erulat e and 

the absence of any ac tivity at 40 days may have been due to the 

rapid turnover of this substance a t this age . This is r easonable in 

view of the r apid lignification a t this time . However an experiment 

to evaluate this hypothes is in which the incorpora tion times of 

L- 14c-tyrosine wer e very bri ef (30 , 60 and 120 minut es) in fact 

gave no indication of a r apid turnover, no activity being detected 

in the ethanol-soluble f erulate . Thes e r esults a re not in aereement 

with those of S. ;i.. Bro,m e t a l (20 ) who found tha t aft er an 

incorpora tion time of 24 hours f erula t e i s forme d from tyrosin e in 

wheat plants tha t ar e about t o flo wer. Differ ences in growing 

conditions, for example, pho t operiod, may ac count for differ ences 

in the pattern of incorpor a tion at specific times during t he life of 

the plant . 

10, 20 and 40 day plan t s e::1.ch incorpora ted a much l a r ger 

percentage of the a dmini s t er ed L-14c-tyrosine into the e t hanol­

insoluble f erulate deriva tives . The change with increasing age in 

the quantity of activity incorpora t e d into the insoluble f erula te 

derivatives supports their role as the na tura l intermediates in 

lignification. The values for 10 day plants correspond to values 

S.Z. El-Basyouni, A.C. Neish and G.H.N. Towers (37) obtained for 

8 day-old wheat plants. After an incorporation time of 24 hours 

for 8 day-old plants (short er time-periods were not investiga ted) 

2.6% of the 14c-tyrosine administered was found in the insoluble 

ferulate derivatives and 0.28% in the soluble ferulate. This 
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compares with 0. 7% in insoluble ferul a te and 0. 3;{ in soluble 

ferulate after 2 hours in Experiment 1. The complet e absence of 

activity in the inso luble f erula t e esters a t 60 days shows tha t 

either t he plan t i s not nnking use of t yros ine in lignification, or 

tha t the l abel from tyrosine t ak es longer than 2 hours to become 

incorpora t ed i nto precursors, at thi s age . Large quanti t i es of 

ethanol-insoluble ferul ate derivatives were s till present in 60 dny 

plants (an intensely fluorescent spot i:ms vi s i bl e af t er chromato­

tography of t he ether-extracted alkaline hydro l ysate ) and it may be 

tha t the conc entra tion nt this age is hi gh enough to exer t some 

inhibitory (regul a tory?) influence over the format i on of more ligni n 

precursors. 

There is the suggestion by El-Ba.syouni e t al an d l a t er by 

H. A. Stafford (1 50 ) that at no time i n the na tura l s itua tion are 

lignin precursors, onc e bound to an ac tive enzyme complex a t the 

tyrosine and phenyla l anine stage , r e l ease d in an ethnno l-so l ubl e 

form. This would explai n the f ailur e to detect e thano l-solubl e 

derivatives of ferulate at ages gr eater t han 10 days in these 

experiments . It i s _possibl e that ti1e l arge quan ti ti es of f erula te 

obtained by a lkaline hydro l ys i s of the ethanol-insoluble fraction 

a r e not intermediates in lignification.Compounds such as the f er uli c 

es t er of xylan, for example , m.1.y be present and need not be 

regarded as int ermediates (42). 

The unc ertaint y as to the nature of gr as s lignins (14) 

provides a stumbling block to speculation on the nature of control 

mechanisms both before and after· the formation of the cinnamic 

acid esters. The extent of transforma tions in the cell wall 

itself of the lignin monomers i s not known. There is the 

sugges tion by H. A. Stafford (145) that p-hydroxycinnamic acid, 

once bound to the wall, may be convert ed to either f erulyl or 
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sinapyl derivatives and the possibilities of the conversion of 

sinapa te to 5-hydroxyferu.Jate (81)tJ.nd p-hydroxycinnama t e ( 37) and a lso 

to a l esser degr ee , the conversion of f orula t e to p-hydroxycinnamate 

(37) are known to exist . Kinetic studies on the enzymes tha t are 

involved in the r eduction of p-hydroxycinnarnate, f erula t e and 

sinapa te to the corresponding a lcohols prior to incorpora tion into 

lignin may provide some of the answers an d the study of the taxonomic 

distribution of these enzymes (1 02) may be the first step in an 

invos tigation of thei r role in the r egul a tion of lignification. 

II. 6 CONCLUSION 

1. I t i s un likel y tha t the direc t conver s ion of 

p-hydroxyphenyllactic acid to p- hydroxycinn::imic acid t akes place in 

10 and 40 day- old whea t pl ants . Since these ages are critica l for 

the r egul a tion of phenolic biosynthesis it i s ther ef ore highly 

unlikel y that this conver s ion i s of signifi cance in r egul ation. 
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PART III .AN OUTLOOK ON THE CONTROL OF LIGNIFICATION 

The growth, development and diff er entia tion of any 

organism is seen as the r esult of continuous gene expression 

modifi e d by inter action wi th tho environment (86, 151, 12) . Bet we en 

the ex t erna l environment an d t he genome of the i n dividua l cell in the 

plant, as in other organisms, t here may be many opportunities for the 

r egula tion of any one met abolic proces s . im under s t anding of a 

problem as complex as the control of lignification mus t ther efore be 

on s ever a l l evels s imultaneous ly. 1.Thile i ndivi dua l cells, di scr e t e 

tissues and organs a r e l eve l s of or gani zati on that may usefully be 

consider ed sepa r a t ely, the r ol e of each within the i nto.c t pl ant i s 

import2.n t over a ll. 

J,ny mechani sm for contro lling lignifi cation would have t o 

a ccount for a number of obser vat i ons . Fi r s tly ligni n compos i t i on may 

differ acco rding t o cell type (1 66 ) and speci es (1 31) ; it is 

aff ected by genet i c l es i ons and maize mutants containi ng :.1bnorm.J. l 

lignin ar e known to exist (93) . Secondly, ligni f i cati on may be 

influence d both by environmental condi t i ons ext ernal to t h e plant and 

the extracellu l a r phys i ol ogica l envi ronment . For example , light may 

s timulate the devel opment of diffe r enti a t ed t i ssues (142) and ligni­

fic a tion filD.y be prematurely i nduced in cultured plant tissue by 

a ltering the composition of the medium (44, 88, 67) . Thirdly, growth 

and lignifica tion are in most cases incompa tible (140, 165). Fourthly, 

lignifica tion is on a cell by cell basis, a completely lignified cell 

often being situa ted next to an unlignified one (161). And finally, 

in any one cell lignin deposition starts at a point in the wall 

furthes t from the cytoplasm - the middle lamella - and may no t 

always follow the same pattern (161, 74) , Compare for example , 

spiral, annular or reticula te xylem wall thickening with the l argely 

homogeneous lignification of fibre cell walls . How precursors are 
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prevented from polymerizing until they r each the middle lamella or 

a lterna tive sites of depo s ition, and how t hey are transported a cross 

the plasmalemma and through the cell wall are addi t ional unanswered 

questions . 

The i nfo r mation presented i n this s tudy has been obtai ned 

from inquiry a t thr ee l evels - t he development of the uho l e wheat 

plant, the lignifica tion of stem t i ssues and the metabolism of a 

possible inter medi a t e in the biosynthesis of lignin . The following 

di scussi on will be of the problems associate d wi th identifyi ng 

r egul ators of lignifica tion at each of these three l eve l s , 

lm examina tion of t he who l e plant h:is r eve.::i.led events 

during development that ar e likel y to be rela ted to each other and 

informat ion about one process m:iy be of us e in thinking about ano ther , 

More specifically , the way in which pl:mt hormones r egula te flower ing 

and mnturation may be s i milar to the hormona l contro l of lignifica•­

tion. 

Gi bberollic acid, which i s known to induc e "bol t ing" and 

flowering in some l ong day pl :::.n t s (84 ), has dlso been r eport ed to 

promote lignificnt i on ( 54 , 55, 112 ). In addi tion, the suggestion has 

been made tha t gi bberellic acid may play a pa r t i n the induction of 

L-phenyla l ani ne ammoni a-lyase and tha t this may be r e l ;1ted to an 

increase in lignin formation in dNarf pea ( 25 ) . However, this is 

likely to be an indirect ef fe ct becaus e of the time l ag (16 to 18 

days) between application of the hormone and increase in enzyme 

activity. 

The role of auxin i n lignin biosynthesis is unclear . 

The well known participa tion of auxin in promoting cell enl argement 

and meristematic activity •seemingly conflicts wi th the observation 

that it is a lso a promoter of xylem diff erentiation which requires 

an increase in wall thickening and a r epression of cell enlargement. 
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It is possible t hat t he "produc ts 11 of mori s t ema tic ac t ivity more 

directly i nf l uence cell dif f eren t i ation thnn does auxi n its elf (1 42 ). 

The action of auxin on lignif i ca tion i s not a l ways cons i stent . 1'l11ilo 

the i nhibition of ligni f i ca tion ~n d othor per oxi dn. t ions by auxi n i n 

model s ys tems has been obs erved ( 139) , root v1::.scul ar cells respond 

very early i n deve l opment to tho applica tion of auxin by produci ng 

peroxi dase and becomi ng active in l igni n fo r mation (89). The change 

fro m a r e ducing to an oxi di s ing extracellul ar environment may i n 

itse lf be suffici ent to mo.into.i n the bRl nncc be t woen growth :md 

ligni f i ca t i on ( 140) . The pr i mar y o.ction of growth r egul a tors on 

ligni n format i on may, ther efo r e , be through :1 has t ening of gr owth 

pr ocesses . 

The enhancement of lignif i ca tion i n the pr esence of 

k i n e t i n i s thought to r esult from ,q_ s timu l n. t i on of co.rbohydrat e 

me t a bo l i s m, in particul ar t he producti on of shi J:i mic aci d (8 ), which 

then activates phenylpropanoid me t abolism . I t has a l so beon 

sugeestod tha. t cytokini ns pr omot e the a dher enc e of c olls to ea.ch 

other (67 ) - a necessar y prel i mi nary to further wall deve l opment . 

Light i s known to inf l u ence bo t h f l owering an d s econdary 

me t abo li sm i n I'.lany plants but wh e ther t h e eff ect on lignifi ca tion is 

by suppl yi ng carbohydra t e for incorpor a t i on i n t o lignin precursor s or 

by the phyto chrome- medi a ted i nducti on of ammonia- l yas o a ct i vi ty ia 

unc ertai n . The presence of a light-indu ced, phytochr ome- medi2t ed 

increase in PAL has so f a r been r epor t ed f or one mono cotyl edon only , 

ba rley, and is in t hi s ins t ruice correl a t ed with flavonoid pr oduction 

( 99) . 

The i nter action between the envi ronmen·~ ( e . g. changi ng day 

l ength), "bol t ing 11
, flowering and l i gnific o..tion a t a ll s t ages in the 

deve lopment of wheat needs to be defined more closely. The 

t empora l separ a tion of thes e pro cesses as well as their dif f er entia l 
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sensitivity to the environment will be an important base for 

establishing causal relationships. The main problem in this field, 

as in almost every aspect of the coordination of whole plant devel­

opment, is the paucity of information. 

A study of the problem a t the tissue level r evea led that 

cells distributed differently within the stem, and fulfilling diverse 

functions, lignify a t different times during development mid contain 

lignin with differences in composition. This is an indica tion · that 

either the s timulus inducing lignification changes during development, 

or tha t the cells of specific tissues transla te similar stimuli 

differ ently. It is probable tha t both occur to some extent. The 

later differenti a tion of scler enchyma compared with xylem vessels, 

and the coincidence of this with extensive changes in the whole plant, 

is compa tible with the idea that the extracellular environment is 

chi efly responsible for bringing about lignin formation. However, 

the simultaneous forma tion of xylem vessels and fibres and the 

lignifica tion of the former only in decapita ted Xan thium (136) 

suggests tha t the diff erenc e may lie in the capacity or potentin.J. of 

different tis sues to r espond to like stimuli. The degree to which 

cells within a tissue communicate during wa ll development is a lso 

unknown . Presumably the alignment of pits during xylem wall 

thickening to maintain an efficient transport system, for example 

would require some form of intercellular communication, possibly via 

the plasmodesmata. While gross morphological differences exist 

between vessels and tracheids and fibres, biochemical differences, 

so far as is known, are restricted to the presence or absence of 

syringyl and p-hydroxycinnamyl uni ts ( 1 31 ) • 

Studies on the enzymology of separate tissues are likely 

to yield more useful informa tion than studies on whole plant 

extracts at this stage and a priority in this field is the devel-
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opment of adequate techniques for dealing with homogeneous tissues. 

The technical difficulties associated with the isolation of specific 

tissues while maintaining their unique characteristics ar e no less 

than tho difficulties .:l.ssociated with the in vitro cultivation of 

plant c ells, a somewhat artificia l situation tha t may lack r el evance 

to the process of lignification as it occurs in the intact plant. 

At the raetabolic l evel it i s unlikely that p-hydroxy­

phenyllnctic acid is dehydra t ed directly to p-hydroxycinnamic acid 

and neither does this compound appear to play an i mportant part in 

the biosynthesis of precursors a t the critical times of lignification 

in wheat shoots. It is possible that the treat ment of the who l e 

shoot as if it were homogeneous may have mQsked the slight conversion 

of p-hydroxyphenyllactic acid to p-hydroxycinnamic acid in any 

particular tissue and the detection of even mino r amounts of activity 

would have justified working with this probl em at the tissue. l ovol. 

In conclusion it is prob<'.lble that the ammoni a-lyases do have 

s ome influence over the supply of precursors for secondary matabolism 

in general, but it i s unlikely that the finer control of lignific­

a tion operates a t this stage i n the pa thway. ltn inves tiga tion of the 

rela tionship between the activity of the enxymes involved in the fina l 

stages of biosynthesis (e.g. the a roma tic alcohol oxidoreductases) and 

lignin composition may provide some answers. Time-studies on the 

activity of these enzymes similar to those carried out by M. Young 

for PAL andTAL (1'n)andA.D.M. Glass andB.A. Bohm (53) for 

caffeic acid 0-methyl transfer ase would indicate their significance, 

if any, during and immedia tely prior to the time of r apid lignifi­

cation in wheat. 



APPENDIX 1 

THE PREPAr1ATION AND PURIFICATION OF 3H-HPLA AND 14C-HPLA 

1. 3H-HPLA 

89. 

20 mg HPPA wa.s dissolvGd in 1 ral ethyl alcohol and 5 mg 

NaB3H
4 

added. Approxima tely 5 mg of non-radioactive HPLA was added 

a t tho completion of the r eaction to assist in identification. The 

r eaction mixture was acidifi0d with 1N HCl, 50 ml of distilled wa ter 

added and continuously extracted for 4 hours with 150 ml of diethyl 

ether . Tho ether was cva.porated, 1 ml of e thanol a dded to the 

r esidue and the so lution applied in a narrow b!-1.Ild to Wha tman no . 3 

chroma togr aphy paper . A small nmount of pure HPLA was run as a 

standard alongside this band on the s.::une paper. Aft or chromatogrnphy 

in 2% 2cetic acid (Rf HPLJ., 0 . 85) th0 s ide- s trip containing the 

stand:1rd HPLA was cut away and sprc.yed firstly with diazotized 

p-nitroMiline (0.3% p-nitroaniline in 8% HCl (w/v) :2o%(w/v) sodium 

acetate:5%(w/v) sodium nitrite, 5:10:15 (v/ v) ) and secondly with 

O. 5N NaOH . HPLli i s 'l mauve colour i n this s pray. Thi s strip was 

place d beside the renaindor of the chromatogram to find the position 

of the prepa r ed 3H-HPLA. Also a narrow strip, 5 C1L1 wide and the 

length of the chromatogr3.Ill, was cut into segments, the segments 

placed with 0 . 5 ffil e thanol in a vial, scintill2tion fluid a dded and 

the activity in each measured. The segment of paper with the highest 

activity corresponded to an Rf of 0. 85 and was taken to be 3H-HPLA 

(see Figure 17A) . The band of high activity was cut out and eluted 

for 20 hours with 7CJ/o ethanol simultaneously with a control strip 

from a blank chromatogram a lso run in 2% acetic acid. This 

solution was checked for contQl!J.inants by co-chromatography with 

authentic HPLA in toluene: acetic acid:water (4:1 :5, v/v) (Rf 0. 0) 
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FIGURE 17. (A) Radioactivity in segments cut from a narrow 
strip after chromatography of the reaction mixture in 2% acetic 
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FIGURE 17. (C) Chromatography of an aliquot of purified 3H-HPLA 
in benzene:acetic acid:water (10:7:3) and the scan of this strip for 
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and benzene: acetic acid:water (10:7 :3, v/v) (Rf 0.08 -0.10) a s well 

as do acetic acid and after chromatography strips were scanned for 

radioactivity by a radiochromatograrn scanner (Packard Model 7200) to 

check tha t the activity and the :·10..uve spot revealed aft er spr[l.ying 

were coincidenta l (see Figures 17B and 17C). 

The solution was r:13.de up to 100 ml and quantified spectro­

photometricnlly on an Hitachi r ecording spectrophotometer. The 

a bsorbance spectrum for the prepar ed 3H-HPLA corresponded to the 

spectrum for pure HPLA, the maximum a t 279 nm indica ting the concen­

tration of the solution to be 170 µg/ nl. The specific activity was 

shown to be • 091 µCi/µmole. The so lution was concentrated to a 

volume of 10 ml and 1 ml aliquots of this were t aken to dryness on a 

rotary evapora tor and re-dissolved in dil . NaHC0
3 

i mmedi a t ely prior 

to administra tion to the plants in Experi ments 2 and 3. 

This procedure was r epented for the prepar a tion of the 

3H-HPLA used in Experiment 4. The tota l activity of the Na:s3H
4 

used 

f or this was 25 mCi. After purification, the specific activity of 

the prepared 3H-HPLA was 6. 878 µC:Jimo l e . For each srunpl e in 

Experiment 4 one t enth of the total 3H-HPLA prepared was administer ed 

to the plants an d in each case contained approxim~t e ly 52.7 µCi. 

compar ed with approximat ely 0 . 85 µCi per s ample in Experiments 2 

and 3. 

2. 14C-HPLA 

This was prepared as for 3H-HPLA except that the substrates 

for the reaction were 14C-HPLA l abelled at the B-carbon and NaBH
4

• 

The final specific activity was low, 0.0102 µCi/µmole and approxi­

mately 0.18 µCi. were included in each of the samples in 

Experiments 2 and 3. 
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