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ABSTRACT 

Cell-wall material was isolated from the alcohol-insoluble residue of carrot 

by treatment with Pronase, phenol-acetic acid-water, and aqueous 90% methyl 

sulphoxide. Some pectic material was solubilised, but the major component was a 

highly esterified, acidic arabinogalactan. The purified cell-wall material, which con- 

tained -1% of protein, was sequentially extracted with water at 80”, ammonium 

oxalate at 80”, and M and 4M KOH at 20”, to leave a residue of a-cellulose, which 

contained some pectic material. From the hot-water-soluble fraction, a major pec- 

tic polymer was isolated by anion-exchange chromatography. Methylation analysis 

showed that it was a rhamnogalacturonan, probably having highly branched arabi- 

nan and slightly branched galactan side-chains linked to O-4 of rhamnopyranonyl 

residues. An unusual feature of this pectic polymer is that it contained a small but 

significant proportion of 1,Clinked xylopyranosyl residues. From the alkali-soluble 

fractions, a range of pectic polymers associated with various amounts of xylans and 

possibly xyloglucans was isolated. The main linkages present in these complexes 

were 1,6linked galactopyranosyluronic acid, 1,Clinked galactopyranosyl, and 1,5- 

linked arabinofuranosyl residues, terminal arabinofuranosyl and galactopyranosyl 

groups, and, in some fractions, 1,Clinked xylopyranosyl residues. The possible as- 

sociation of some of these polymers with proteins and phenolics is discussed. 

INTRODUCTION 

The composition and structure of cell-wall polymers of aerial organs from a 

range of dicotyledonous plants have been extensively studied’-’ but few, if any, 

detailed studies have been made of polymers of the primary cell-walls of storage 

root tissues. Carrots have attracted attention as sources of pectin” and dietary 

fibre7,‘. The composition of the alcohol-insoluble residue of carrot used as a source 

of dietary fibre in clinical feeding trials has been studied with a view to obtaining 

a better understanding of the physiological effects observed”. The results of a more 

detailed investigation into the structural features of the cell-wall polymers of carrot 

are reported here. 

0008-6215/84/$03.00 Q 1984 Elsevier Science Publishers B.V. 
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RESULTS AND DISCUSSION 

Isolation of cell-wall material (CWM). - The alcohol-insoluble residue of 

carrot contained coprecipitated intracellular proteins, starch, and pigments which 

had to be removed. The purification treatments solubilised 32.4% of the initial re- 

sidue as polymeric material, including 21% of the arabinose originally present, 

27% of the galactose, and 39% of the uranic acid-containing material. Some of the 

carbohydrate polymers solubilised during the purification stages may have been of 

intracellular origin, and these were isolated and their carbohydrate compositions 

determined (Table I). It appears that pectic substances constituted most of the ma- 

terial solubilised. Of the total non-dialysable material extracted, 60% of the 

arabinose, 73% of the galactose, and 56% of the uranic acids were from polysac- 

charides isolated from the supernatant solution obtained after wet ball-milling. 

Most of the initial protein content (107 ) o was removed by the Pronase and phenol- 

acetic acid-water treatments. 

The material precipitated by ethanol from the supernatant solution after ball- 

milling was dispersed in phosphate buffer, an insoluble residue (A, Table I) re- 

moved by centrifugation, and the soluble material chromatographed on a column 

of DEAE-Sephacel, to yield one acidic fraction (B, Table I). 

The carbohydrate recovery of fraction A was relatively low (Table I), proba- 

bly because it contained the bulk of the soluble protein (10.8%) present in the orig- 

inal supernatant. However, some of the proteins may be covalently linked to 

carbohydrates5. The results in Table I indicate that fraction B is a pectic polysac- 

charide containing arabinose and galactose as the preponderant neutral sugars. Be- 

cause of its extractability in cold water and relatively high degree of esterification 

(49%), it was probably derived from the middle lamella. 

The fraction solubilised by the Pronase treatment contained 33% of carbohy- 

drate” and accounted for 26% of the extractable uranic acid (Table I). The treat- 

ment with methyl sulphoxide, which was included to remove residual starch and 

pigments, also solubilised a small proportion of pectic material. The residue re- 

maining after these treatments was designated as purified CWM and was white, 

showing the virtual absence of pigments, etc., which coloured the original alcohol- 

insoluble residue. 

Composition of CWM. - Analysis of CWM’ (Table II) showed that galac- 

tose, arabinose, and uranic acids were the main sugars present in the non-cellulosic 

polysaccharides, indicating a high level of pectic substances. The protein content of 

the CWM is -1% and it is probable that a small proportion was solubilised by the 

Pronase treatment. The amino acid composition of the remaining wall-protein is 

shown in Table III. Studies with cabbage” have shown that Pronase solubilises 
some of the cell-wall proteins. 

Fractionation of CWM. - To obtain a clearer indication of the types of 

polymers constituting the cell-wall complex, the CWM was sequentially extracted 

with hot water, hot ammonium oxalate, and M and 4M KOH, to leave a residue of 
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cY-cellulose. The proportions of the fractions obtained and the sugar composition 

(after hydrolysis) are given in Table II. Although most of the pectic polysac- 

charides were extracted by the hot-water and oxalate treatments, a significant 

amount, more strongly bound, remained to be extracted by M KOH. This increase 

in binding was probably caused by the procedure used in the preparation of the al- 

cohol-insoluble residue; a similar effect has been observed in the fractionation of 

CWM from cabbage3. However, the association between the polymers, caused by 

the initial alcohol treatment during preparation of the alcohol-insoluble residue 

from fresh carrot, was largely (if not completely) nullified by fractionation of the 

polymers on anion-exchange columns. As with other plant tissues3.4*‘0, the final 

cellulose residue contained some pectic material. 

The hot-water-soluble polysaccharides were chromatographed on DEAE- 

Sephacel to yield two fractions, Wl and W2 (Table IV). WI contained less acid, but 

more arabinose and galactose, than W2 and may have been a product of degrada- 

tion by p-elimination, because the cold-water-soluble material only yielded one 

fraction. 

After removal of a water-insoluble residue, the M KOH-soluble material was 

chromatographed on DEAE-Sephacel to yield two fractions, KA (not retained on 

the column) and KB (eluted with NaCl) (Table IV). These fractions were re-chro- 

matographed on a longer column, using acetate buffer, to yierdfurther fractions 

KAl, KA2, and KBl-KB4 (Table IV). With the exception of fraction KAl, which 

contained mannose and less uranic acid, the fractions were comparable, with 

arabinose, galactose, and uranic acid as the main components. Fractionation of the 

water-soluble portion of the 4M KOH-soluble material on DEAE-Sephacel gave 

two fractions 4KA and 4KB. The component 4KA was resolved on a cellulose col- 

umn into fractions 4KAl-3 (Table IV), containing mainly arabinose, galactose, 

glucose, and uranic acid. Interestingly, the water-insoluble residues from both M 

and 4M KOH-soluble fractions were rich in glucose, as were the fractions 4KA2 

and 4KA3. The carbohydrate compositions of the latter fractions suggest that they 

may be xyloglucans associated with pectic polymers. Similar complexes have been 

isolated from cabbage cell-walls5. 

The water-insoluble residues from the M and 4M KOH-soluble material con- 

tained appreciable proportions of protein (Table III). That from the M KOH-solu- 

ble fraction had an amino acid composition comparable with that of a similar glyco- 

protein fraction from cabbage cell-wall?, except that, in the fraction from carrot, 

the hydroxyproline content was low. The sugar composition of the carrot fraction 

was comparable to that of the soluble fraction KAl, which suggests that they both 

may have been derived from a more complex proteoglycan. The same may be true 
of the insoluble residue from the 4M KOH-soluble material and the fractions 4KA2 
and 4KA3. The above fractions are rich in glucose and, like xyloglucans, may be 

strongly associated with cellulose since strong alkali is required to release them. It 

would appear that carrot cell-walls contain small but significant proportions of pro- 

teoglycans, which may serve to cross-link the cell-wall polymers. Proteoglycans 
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have been isolated from the aqueous extracts of a range of plant tissues” and, al- 

though some of them may be of intracellular origin, there is growing evidence to 

suggest that a large proportion of them are of cell-wall origin2 and may have an im- 

portant structural role. 

The hot-water-soluble fraction W2 and fractions KAl-2 and KBN of the M 

KOH-soluble material and 4M KOH-soluble fraction 4KAl were subjected to 

methylation analysis, and the results are given in Table V. The results for fractions 

KAl and KB3 were difficult to quantify because insufficient amounts of sample 

were available. The results for fraction W2 indicate that it contains the well-estab- 

lished pectic rhamnogalacturonan-backbone to which neutral sugar side-chains, of 

variously linked arabinosyl and galactosyl residues, are mostly attached at O-4 of 

the rhamnosyl residues. Evidence for this mode of attachment in the carrot pectin 

was confirmed by carboxyl-reduction and partial hydrolysis, as carried out in 

studies on cabbage pectins4. From the proportions of galactosyl and arabinosyl re- 

sidues to (l-+2,4)-linked rhamnosyl residues, it can be deduced that the side chains 

contain an average of -10 arabinosyl residues, of which about one-third are 

branched, and 9 galactosyl residues. The galactosyl residues were mainly (l-4)- 

linked with only 10% of the total residues branched, mainly (l-+4,6)-linked, which 

suggests that only a small proportion of an arabinogalactan moiety is present. It is 

possible that a galactan is present as a fairly long chain, as in some other pectic 

polysaccharides’2,‘3. 

The small proportion of xylose in fraction W2 is present mainly as (l-t4)- 

linked residues which, although rare in pectic polysaccharides from parenchymat- 

ous tissues, have recently been found in pectic fractionsI from apple cell-wall. 

The fractions from the M KOH-soluble material were comparable in compo- 

sition and structural features to fraction W2, although fraction KAl contained an 

appreciable proportion of (144)-linked mannose, less uranic acid, and an 

arabinose-to-galactose ratio of 0.5 compared with ratios of 1.1 to 1.6 for the other 

fractions, including 4KAl. All of the fractions contained small proportions of 

(l-4,6)-linked galactosyl residues, which are uncommon in dicotyledonous tissues 

but have been found in field-bean hulls’5. 

The low recoveries of carbohydrate in fractions KA, KAl, KBl-4, and 

4KAl-3, and in the M KOH and 4M KOH-insoluble residues (Table IV) suggested 

that the carbohydrate may have been complexed with polyphenolic material by a 

non-ester linkage (ester linkages would have largely been hydrolysed during the ex- 

traction with alkali). Arabinose- and galactose-ferulic acid complexes have re- 

cently been found in pectic polysaccharides of suspension-cultured spinach16. 

Monitoring of the elution sequence of fraction KA at 280 nm revealed a high u.v.- 

absorbance. Subsequently, the U.V. spectra of the portion of KA soluble in aqueous 
10% methyl sulphoxide’7 were examined at pH 7 and 14, and then after adjust- 

ment” to 2.5, and compared with those of ferulic and p-coumaric acids in the same 

solvent and pH ranges. The spectral shifts in KA, although not strictly comparable 
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to those of the phenolic acids tested, clearly suggested the presence of phenolic 

compounds. 

The 4M KOH-soluble fraction 4KAl contained an appreciable proportion of 

(l-+4)-linked xylosyl residues, in addition to arabinosyl, galactosyl, and rhamnosyl 

residues having the same linkages and comparable proportions as in the M KOH- 

soluble fraction>. To ensure complete esterification of the carboxyl groups, methyl- 

ated 4KAl was treated with diazomethane and then reduced with lithium boro- 

deuteride. After conversion into partially methylated alditol acetates, g.l.c.-m.s. 

revealed that only the 2,3-di-0-methylgalactitol derivative increased in amount 

and was deuterated at C-6, which showed that it was derived from (l-+4)-linked 

galacturonic acid. Because of the losses of uranic acid which occur during methyl- 

ation and reductionJ, and in order to facilitate comparison with the unreduced 

polysaccharide, the values in parentheses in Table V are scaled to correspond with 

27.3 mol% of uranic acid (assumed to be all galacturonic acid) determined col- 

orimetrically on the unmethylated fraction. 

These results suggest that fraction 4KAl contains a pectic polysaccharide 

similar to those in the water-soluble and M KOH-soluble fractions, but associated 

with a polysaccharide containing (l-4)-linked xylosyl residues terminated by 

other sugars, because terminal xylosyl groups were not detected. The higher pro- 

portion of xylosyl residues in 4KAl suggests that a longer chain xylan may be pre- 

sent, instead of the shorter chains that are probably present in the water- and M 

KOH-soluble polymers. Although fraction 4KB was not methylated, the sugar 

composition (Table IV) indicates that it is similar to 4KAl. 

The relatively low levels of xylose and glucose in fraction 4KA and the low 

yields of fractions 4KA2 and 4KA3 suggest that xyloglucans, which are the main 

hemicellulosic polysaccharides of most dicotyledonous primary cell-walls’, are pre- 

sent only in small proportions in cell walls of carrot root. Again, the low recovery 

of carbohydrate and relatively high u.v.-absorption of these fractions suggest the 

presence of phenolic complexes. 

The results of this study show that the preponderant polymers in cell walls of 

carrot root are pectic polysaccharides with associated arabinans and galactans, and 

that they are probably complexed with proteins and polyphenolic material. The 

numerous fractions obtained suggest that a range of pectic complexes is present, 

perhaps reflecting the composition of tissues in early stages of differentiation. Ma- 

ture carrot contains both parenchymatous and lignified tissues, and some of the 

xylem (ray) parcnchyma cells have thickened walls. Therefore, the cell walls from 

immature carrot would be expected to contain a heterogeneous collection of cell- 
wall complexes, as shown in this study. The occurrence of similar complexes in SUS- 

pension-cultured sycamore cells, which have the potential to differentiate into a 

range of cell types, has been reported”, and ranges of closely related hemicel- 

lulosic polymers have been found in cabbage’ and runner bean2,2U cell-walls which 

are also capable of varied differentiation. 
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EXPERIMENTAL 

Chemicals. - Methyl sulphoxide was vacuum-distilled over CaHz and stored 

over molecular sieve 3A. Tetrahydrofuran was distilled over LiAIHJ and stored 

under Ar. All other chemicals were of the highest purity available. DEAE- 

Sephadex and DEAE-Sephacel were purchased from Pharmacia (Uppsala, Swe- 

den). 

General methods. - Neutral sugars were released by Saeman or M HIS04 

hydrolysis, and analysed as their alditol acetates by g.1.c.“‘. Uranic acid was deter- 

mined calorimetrically by a modification*’ of the method of Blumenkrantz and 

Asboe-Hansen”. The degree of esteritication was calculated from the methanol 

content (determined calorimetrically*“) as a molar proportion of the uranic acid 

content. Amino acids were determined by g.1.c. as their n-propyl hep- 

tafluorobutyryl derivatives24. Diazomethane was prepared by the method of 

Bjerke and Herman . 25 U.v measurements were made with a Perkin-Elmer 550s 

spectrophotometer, and i.r. spectra were recorded with a Pye-Unicam SP200 Cr 

spectrophotometer, using KBr discs. 

Preparation of CWM. - The alcohol-insoluble residue of carrot (20 g), as 

used by Cummings et ~f.‘~, was passed through a grain mill (OS-mm aperture 

sieve), ball-milled in water, and treated with Pronase, phenol-acetic acid-water 

(2: 1: I), and methyl sulfoxide, as described previous1y2’, to yield 9 g of purified 

CWM. 

Sequential extraction of CWM. - CWM was fractionated by sequential ex- 

traction with water at SO”, ammonium oxalate (pH 5.0) at 80”, and then M and 4M 

KOH containing lbM NaBH,, as described previously”, to leave a residue of (Y- 
cellulose. 

Ion-exchange chromatography. - System a. Cell-wall fractions were sus- 

pended in potassium phosphate buffer (lotTIM, pH 6.4), insoluble material was re- 

moved by centrifugation, and the soluble material was applied to columns of 

DEAE-Sephacel (Cl- form). Elution was with the potassium phosphate buffer (30 
to 140 mL) initially, and then with this buffer in a linear gradient of NaCl (t&M) 

(150 to 200 mL). Fractions (2-3 mL) were collected, and monitored for carbohy- 

drate by the reaction with phenol-sulphuric acid”. Appropriate fractions were 

combined, dialysed, and freeze-dried. 

System b. Cell-wall fractions were suspended in water, insoluble material was 

removed by centrifugation, and the soluble material was applied to columns of 

DEAE-Sephacel (acetate form). Elution was with water (75 mL) initially, and then 

with a linear gradient (bM) of potassium acetate (pH 6, 200 mL), and finally with 
5M potassium acetate (60 mL). Fractions were collected, monitored, and processed 
as in system a. 

Fractionation of cold-water-soluble material. - The material (200 mg) pre- 

cipitated by ethanol (90% v/v) from the supernatant solution after ball-milling was 

chromatographed (system a; 24 X 1.5 cm column), after removal of an insoluble re- 
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sidue (A, 32 mg), to yield one fraction, B (136 mg), which was eluted with NaCl up 
to 0.3M. 

Fractionation of hot-water-soluble material. - Hot-water-soluble material 

(150 mg) was chromatographed (system a; 34 x 0.9 cm column), to yield fraction 

WI (32 mg), which was not retained on the column, and W2 (73 mg), which was 
eluted with NaCl up to O.lsM. 

Fractionation of M KOH-soluble material. - After removal an insoluble re- 

sidue (5 mg), the soluble portion (145 mg) of the M KOH-soluble material was 

chromatographed (system a; 30 x 0.9 cm column), to yield fraction KA (60 mg), 

which was not retained on the column, and KB (42 mg), which was eluted with 

NaCl up to O.lM. In addition to monitoring with phenol-sulphuric acid, fractions 

were also monitored for U.V. absorption at 280 nm. Fraction KA (30 mg) was re- 

chromatographed (system 6; 33 X 1 cm column), to yield KAl (4 mg, not retained 

on the column), a trace (<l mg) eluted with 0.05~ potassium acetate, and KA2 (17 
mg) which was eluted with 0.5M potassium acetate. Fraction KB (29 mg) was re- 

chromatographed under the same conditions, to yield KBl (14 mg), which was 

eluted with 0.141.25~ potassium acetate, and KB2 (5 mg), which was eluted with 

5M potassium acetate. Further elution with 0.2M NaOH (80 mL) yielded KB3 (3 

mg) and KB4 (3 mg). In addition to monitoring with phenol-sulphuric acid, frac- 

tions were also monitored for U.V. absorption at 280 nm. 

Fractionation of 4M KOH-soluble material. - The 4M KOH-soluble material 

(130 mg) was dispersed in phosphate buffer (pH 6.4), an insoluble residue (10 mg) 

removed, and the soluble portion chromatographed (system a; 12 x 1 cm column) 

to yield fractions 4KA (68 mg), which was not retained on the column, and 4 KB (28 

mg), which was eluted with NaCl up to 0.15~. Fraction 4KA (50 mg) in water (10 

mL) was re-chromatographed on a column (34 X I cm) of cellulose (Whatman 

CC31). After elution with water (100 mL), a linear gradient of NaOH ((kM, 50 

mL) was used. Fractions (2 mL) were collected and, in addition to monitoring with 

phenol-sulphuric acid, they were monitored for absorption at 280 nm. Appropriate 

fractions were combined, adjusted to pH 5 with acetic acid, dialysed, and freeze- 

dried, to yield five fractions: 4KAl (27 mg) not retained on the column, 4KA2 (4 

mg), 4KA3 (3 mg), and two further broad peaks that were eluted with o.i'M to M 

NaOH. 

Methylation analysis. - Polysaccharides were methylated by a modification 

of the Hakomori method and then converted into partially methylated alditol ace- 

tates, which were separated by g.1.c. on OV-225 and ECNSS-M columns, and 

examined by g.l.c.-m.s. with an OV-225 column, as described previously3’. Meth- 
ylated fractions showed negligible hydroxyl absorption in their i.r. spectra. 

Carboxyf reduction. -The carboxylic acid groups in the methylated polysac- 

charide were esterified with diazomethane and then reduced with LiBD4 as de- 

scribed previously”. 
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