JJOURNAL O

AGRICULTURAL AND
FOOD CHEMISTRY

J. Agric. Food Chem. 2002, 50, 1897-1903 1897

Changes in the Cell Wall Network during the Thermal
Dehydration of Alfalfa Stems
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The effects of heat treatments used to dry alfalfa stems were investigated. Heating at 70 or 100 °C
caused no major change in the cell wall composition, but xylanase had lower activity on the cell wall
of heated material and the amount of xylose released varied with the temperature used. Chemical
fractionation of cell wall carbohydrates showed that the main changes occurring during stem
dehydration concerned pectic polymers and probably hemicelluloses. There was less material soluble
in ammonium oxalate from alfalfa heated at 100 °C than from fresh alfalfa. The results suggest that
heat processing causes some changes in the cell wall network. Environmental scanning electron
microscopy was used to examine fully hydrated tissues at high resolution. There was cell distortion
without disruption of cell walls as water was lost.
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INTRODUCTION until now, focused on the structure of the cell wall of food
treated by moist heating (sterilization or blanching)-0). It

has shown madifications of the structure of pectin polysaccha-
rides such as thermal condensations involvfhglimination
reactions 7, 11). Most of these studies have been done on poorly
lignified dietary fibers (fruits and vegetables), which have

Heating is one of the most widely used methods of preserving
food. Many industrial processes use wet heating, such as
blanching or canning, prior to drying. Forages are widely
produced around the world; however, different processes are

used depending on the country. Thus, foodstuffs can be "3" ) . . o
preserved by air-drying in the field, but artificial dehydration mainly pectin-rich primary walls. The possible modifications

of alfalfa is a very common industrial process in France. This ©f lignified cell walls during forage processing have not been

thermal dehydration involves a two-step drying process that studied ex_tenswely, apart from their overall composition.

converts fresh alfalfa into dry pellets. The chopped raw material Nonwood fibers from renewable sources such as forage crops
have drawn increased interest for nonfood potential use.

is gently heated at 70C prior to the main dehydration step, : : -
which involves heating to a temperature of 6@for a short Development of such agrofibers would gain from a better insight

time (~15 min). This lowers the moisture content of the alfalfa ©ON the effect of processing on forage cell wall. Particularly, the
from nearly 80 to 15%. Because the drying process does notP€havior of pectins under alfalfa processing is of interest because
aim for humidity values of<15%, the rate of water diffusion ~ alfalfa cell walls are pectin-rich, and the thermal processing of
from the sample is high and the alfalfa temperature should rangef00ds has already been shown to affect pectins. Studies about

over 70-80 °C during the high-temperature proceds.The the effect of forage processing (or storage) on cell walls are
nutritive quality of the fresh forage (fibers, vitamins, and Mainly based on data from Van Soest fractionation, which gives

proteins) is thus preserved (3). Proximate analysis of cell ~ an indication of the proportion of the main cell wall components.

walls indicates that industrial drying has no effect upon forage However, this method has limitations as some pectin substances
fibers (4—6). are lost in the detergent procedure (12). We have investigated

Plant cell walls are composites of cellulose microfibrils Some of the changes that occur in the cell walls (composition
imbedded in a hemicellulose—pectin matrix. Lignin also ac- and organization) during alfalfa drying on industrial and
cumulates in the thick walls of vascular tissues. These polymerslaboratory scales. The present research involves the main
are held together by various kinds of cross-linkages to give a findings from Iaboratory-_scale drying of alfalfa stems. The focus
true cell wall network. The complexity of the cell wall and the Nas been on the chemical changes that occur in the cell wall
range of plant processes may well result in many very complex during heating in a forced-air oven at 70 or T@with respect
changes in its structure and properties. These effects may belO the expected temperature in the industrially processed alfalfa.
relevant to the physical properties of the plant material and are The overall composition, in terms of the main polysaccharides
not yet well understood (7). Most research on the cell wall has, (neutral and acidic sugars) and lignin, of the cell walls of fresh

and dry alfalfa stems was measured. Changes in cell wall
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lignin—polysaccharides network of forage caused by heat at80°C for 1 h. The water-insoluble residue was recovered by filtration
treatment were thus investigated by chemicts,(14) and on a Bichner funnel equipped with a Whatman No. 40 filter paper
enzymatic (endoxylanase) (15) fractionation of cell walls. The and heated with 100 mL 0.5% ammonium oxalate with continuous
effect of water loss on stem-tissue integrity using an environ- stirring in a water bath at 80C for 1 h. The resulting residue was

. p recovered as above. The filtrate was dialyzed (MWB500) against
mental scanning electron microscope (ESEMIB)(was also running water for 18 h and then against four changes of deionized water

examined. for 2 h. Two extractions with ammonium oxalate were performed to
remove pectin polysaccharidel3( 28). The oxalate-insoluble material
MATERIALS AND METHODS was treated twice with 50 mL of 0.05 N hydrochloric acid in a water
Plant Materials and Heating Conditions. Alfalfa (Medicago satia bath at 85°C for 30 min. The residue was recovered as before and the

L.) cv. Mercedes was sown at Reims, France, in 1998 and harvested aextraction repeated. Dilute hydrochloric acid extracts some cell wall
1/10 blooming stage during the spring of 2000. Plants were-&utm pectins (29). _ o _ _
above ground level. The leaves were discarded, and the stems were The pectin-free residues were treated with increasing concentrations
cut into 3 cm fragments and dried in a forced-air oven at78 °C of sodium hydroxide to extract the hemicellulose polysaccharitiés (
for 3.5 h or at 100+ 4 °C for 1.5 h. The fresh and dried materials 30)- The residues from HCI extraction were suspended in 100 mL of
were ground in a mechanical mortar (Retsch) in ethanol (80% v/v) at 1 N NaOH containing 3 mg/mL NaBHfor 3 h at 20 °C with con-
20 °C and the residues treated with ethanol (80% v/v) at@Q(15 tinuous stirring, filtered on a Blchner funnt_al, and washed with de-
min, 4 times) and with water at 4 (15 min, 3 times) to produce a ionized water. They were then extracted with 4 N NaOH as above.
cell wall residue (CWR). Fresh stems were also collected and directly 1he resulting final residue was neutralized with water and freeze-dried
used in microscopy studies. (Christ). The alkali extracts and the washes were combined, neutralized
Sugar Analysis. Neutral SugarsThe neutral sugar content of the with 6 N hydrochlqric acid, and dialyzed as 'above. The filtrates were
CWR was determined according to the method of Blakeney et ). ( reduced to 10 mL in a rotary evaporator (Heidolph 2000) and stored e_lt
CWRs (10 mg) were hydrolyzed using a modified Seaman hydrolysis —2_0 °C. Soluble extracts were analyzed for neutral sugars and uronic
(18) with 72% HSOs (W/v) (125uL) for 2 h at 20°C, followed by &~ acids.

second hydrolysis wit2 M H,SO; at 100°C for 2 h. Soluble fractions ESEM. ESEM allows the observation of hydrated tissues, in contrast
of CWR were hydrolyzed without the 72% (w/v),8Q; step. Neutral to the usual scanning electronic microscopy, for which samples must
sugars were quantified as their alditol acetates by gas chromatographyP® dried. The moisture and pressure in the specimen chamber can be
using the standard procedure of Englyst and Cummidgs (sing changed for dynamic studies. The environmental scanning electron

inositol as an internal standard. Alditol acetates were separated on anMicroscope (Philips ESEM-FEG XL30) combines a differential pump-
SP2380 column (Supelco; 30 m 0.25 mm internal diameter; 0.20 N9 sys.tem_wnh a gaseous secondary eleqtron detector to produce good
um film) with a temperature gradient of 23@50°C at 2°C/min. The resolution images of fully hydrated material (16). _

carrier gas was helium (1 bar), and detection was performed by flame Hand-cut sections of fresh alfalfa stems (1) were obtained

ionization. from the middle part of the stem. Sections were placed on a Peltier

Total Uronic Acids.Samples were hydrolyzed with sulfuric acid as ~ cooler, chilled block to keep the sample temperature at 0 afd.3
above, and total uronic acids were determined by usingrifghen- The relative humidity was 100% for a water vapor pressure of 10 Torr.
ylphenol method Z0) with galacturonic (CWR and isolated pectin Dehydration of two sections obtained from three distinct stems was
fractions) or glucuronic acid (isolated hemicellulose fractions). thus examined.

Reducing Sugar®educing sugars released by enzymatic hydrolysis  Statistics.Experiments were run in duplicate, analytical data varying
of CWR were quantified spectrophotometrically using ferricyanide PY <5% were obtained, and a Student's one-wagst was used with
reduction (21). confidence limits of 5 or 10%.

Lignin Analysis. The lignin content was determined spectrophoto-
metrically using the acetyl bromide reagep?(23) and spruce milled RESULTS AND DISCUSSION

wood lignin as reference. This reference containéd6 neutral sugar The initial moisture content of the fresh alfalfa stems samples
as determined by Kurek et al. (24).

The lignin monomer composition was determined by thioacidolysis. was 81%. They were heated to a final water content of nearly

A sample of CWR (12 mg) was heated in 10 mL of dioxane/ethanethiol 15%. Which is the value obtained by industrial processing. The
(9:1, v/v) containing 0.2 M boron trifluoride etherate fbh at 100 °C water content of the samples was checked during drying. The
(25). Monomer products were analyzed by capillary column gas rate of drying changed with the temperature; o@h was
chromatography as trimethylsilyl derivatives. They were separated on required for drying at 70C and only 1.5 h for drying at 100

an SPB1 column (Supelco; 30 m 0.3 mm; 0.25m film thickness) °C. Differences in the drying temperatures and rate of water
using a temperature gradient of 26880 °C at 2°C/min. Helium was loss could have distinct effects on the cell walls.

the carrier gas at 0.6 _bar, detection was done by flame ionization, and  ce|| Wall Composition. The cell wall residues remaining
tetracosane was the internal standard. after the ethanol and water extractions could not be quantified

ﬁ_()l(ﬂj;'_i?g:gesi'?éeg 3F£aft§§rﬁfg@gff;%fgﬂiﬁ?ﬁgﬁf; due to the procedure used in cell wall isolation. Indeed, grinding
sp. and purified to homogeneity as previously descritd7). The using _the mechamc_al mortar was conv_enlent for directly
purified enzyme had an activity of 400 Ul/mL, a molecular mass of '€mMoving the extractives, but some material loss could not be

20.7 kDa, and a pbf 7.7. avoided. However, estimation of the proportion of alfalfa CWR
Enzymatic HydrolysisCWRs were swollen in deionized water at ~ did not result in significant differencep  0.05) between fresh
60 °C for 16 h to release water-soluble sugars. CWRs (2% w/v) were and industrially dried alfalfa (Hamm et al., unpublished
hydrolyzed with endoxylanase (14 Ul/mL) at 6C for 24 h with observations). The cell walls of alfalfa stems were mainly
constant stirring. Samples were withdrawn periodically, placed in a structural polysaccharides and lignin. They accounted for nearly
boiling water bath (IKA Labortechnik) for 5 min, and centrifuged 9go4 of the CWR from fresh and 70 or 10C-dried alfalfa
(Beckman, Avanti 30) at 10500 rpm for 5 min. The supernatants were stems (Table 1). Almost 6% was total protein in the CWRs
further analyzed for reducing sugar. In addition, the amount of xylose (total nitrogenx 6.25) (data not shown)

in the released carbohydrate was determined after acid hydrolysis of . .
the supernatant when the reaction was completed. Neutral sugars and uronic acids accounted~§@0% of the

Chemical Fractionation of Cell Walls. CWRs from fresh and 100 ~CWR (Table 1). There was no significant change in the
°C-dried alfalfa were extracted to remove pectin polysaccharides and Carbohydrate content after the experimental treatments. Glucose

hemicellulose polysaccharides. CWRs (600 mg) were first extracted Was the main sugar, mainly from cellulose, the main cell wall
with 100 mL of distilled water and continuous stirring in a water bath component. Xylose, the second most abundant monosaccharide,
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Table 1. Cell Wall Composition of Fresh, 70 °C-Dried, or 100

°C-Dried Alfalfa Stems? )
fresh 70°C 100 °C
acetyl bromide lignin 17.3 15.92 17.6
guaiacy! 722 737 750
syringyl 417 442 392 -
total S + G 1139 1179 1142
ratio S/G 0.58 0.60 0.52
uronic acids 142 135 134
total neutral sugar 56.3 55.0 52,9 ‘
rhamnose 0.9 0.9 0.9 30
fucose 0.3 0.3 0.3 .
arabinose 48 44 46 time (h)
xylose 18.8 18.2 20.2
mannose 35 33 34 ; ; ;
galactose 35 22 P Figure 1. Reducing-sugar content of carbohydrates released during

glucose 68.2 69.7 674 en_doxylanase hydrolysis of fresh () and 70 °C-dried (M) or 100 °C-
dried (a) alfalfa cell walls.

@ Lignin, uronic acids, and total neutral sugar contents expressed as percent of
total CWR. Yields of lignin monomer products recovered by thioacidolysis expressed
in micromoles per gram of lignin. Individual neutral sugars expressed as percent
of total sugar content. Values followed by a letter are significantly different from
other values within the same row.

Table 2. Xylose Content of Carbohydrates Released after 24 h of
Endoxylanase (14 Ul/mL) Hydrolysis of Fresh and 70 or 100 °C-Dried
Alfalfa Cell Walls (Expressed as Percent of Initial Xylose)

cell wall residue % xylose
L . fresh stems 113+01
indicated the presence of xylan-type hemicelluloses such as 70 °C-dried stems 94+04
glucuronoxylans and xyloglucans usually found in dicotyledons 100 °C-dried stems 76+0.2

(31). The total amount of (Gld- Xyl) accounted for 90% of
the total neutral sugars, which is characteristic of mature alfalfa
(32). Overall, fresh and dried stems had similar CWR carbo-
hydrate compositions (as neutral sugars), indicating that oven-
drying at 70 and 100C had no major effect on the repartition
of the main structural carbohydrates (Table 1).

The proportions of uronic acids in the stems of the various

alfalfa CWR were similar. These values are consistent with material (Table 2). The amount of xylose present in carbohy-
pre\_/logs findings for mature alfalfa stem CWRS0(31). drates released from alfalfa dried at 100 was even lower
Lignin represented 17% of the CWRs from both fresh and (3094 |ess). Thus, heat treatment of alfalfa made the in situ
dry stems. Thioacidolysis released thioethylated derivatives of xylans less accessible to xylanase hydrolysis.
the_guaiacyl_and syriqul residues spe_cifically in_volved in the The xylose content of enzyme-released carbohydrates ac-
labile-ether-linked lignin structureg). Thioacidolysis of CWR o nted for a low proportion of initial xylose content of alfalfa
from fresh and dried alfalfa resulted in similar yields of ether- \\ais. The limited xylanase hydrolysis was due to the way the
linked monomers. Total yields ($ G) were~1150umol/g of ~ gn7yme acts; it cannot cleave xylose chains near branch points,
lignin, reflecting the proportion of labile-ether-linked lignin 54 that glucuronoxylan in lignified secondary walls, as in alfalfa
structures, reported as the uncondensed lignin fraction. Th'sstems, could hamper hydrolysis. In addition, the cell wall
fraction was roughly 20% of the whole lignin polymer, in netyork and environment of hemicelluloses could cause dif-
agreement with previous findings in alfalfa stem lignin. The terences in accessibility. The presence of lignin could implicate
S/G molar ratio indicated the lignin type usually found in mature ieric hindrance, as suggested by studies on the enzymatic
alfalfa (14). degradation of wheat stra\84) or the partial binding of enzyme
The chemical data for alfalfa CWRs were consistent with g lignin (15, 35). There were differences between the CWRs
the cell wall features of mature alfalfa; this stage corresponds from fresh and dried samples, despite the rather poor enzymatic
to harvesting alfalfa having nearly 10% in bloom. The stem is degradation. The changes in xylan accessibility, in particular,
mainly xylem with thick secondary cell walls containing can be regarded as due to heating of the cell wall network; that
cellulose, lignin, and xylan. The proportion of xylose to s the cross-linkage pattern between such cell wall components
arabinose increases with the formation of syringyl lignin type a5 lignin/fhemicellulose may be altered.
deposits (1433). Pure enzymes can thus be efficient tools for detecting subtle
Thus, these compositional data agreed with previous datachanges in the cell wall. In contrast, the combined action of
based on proximate analysis of the cell walls, despite the fact nonspecific mixed-enzyme preparations may minimize differ-
that information on pectins was not available. Present findings ences in cell walls, especially for very minor changes in the
indicate that the pectins of the CWR undergo no noticeable cell wall network, as shown here for heated alfalfa.
degradation during heat treatment, in contrast to moist thermal Chemical Fractionation of Alfalfa Cell Walls. Chemical
food processing which leads to pectin degradatiori(). fractionation was used to estimate the extractibility of the
Xylanase Fractionation of Alfalfa Cell Walls. The acces- structural carbohydrates from CWRs to better understand the
sibility of in situ hemicelluloses of fresh and dried alfalfa stems changes in the cell wall network after heating. Sequential
was evaluated using xylanase hydrolysis (14 Ul/mL) for 24 h. fractionation of alfalfa CWR was not used to isolate homoge-
The enzyme hydrolyzes xylans by disrupting the-4) glyco- neous polysaccharides groups. Pectin polysaccharides were
sidic bonds between two xylose residues but does not cleaveextracted with hot water, ammonium oxalate, and dilute
the glycosidic bond between xylose residues where one of thehydrochloric acid. Ammonium oxalate released Geomplexed

residues is substituted. The course of hydrolysis was followed
by the determination of reducing sugar and was the same for
all the types of alfalfa stems (Figure 1). Hydrolysis was rapid
during the first 5 h and then slowed to reach a plateau. However,
less xylose was found in the enzyme products after 24 h of
hydrolysis of CWR from 70°C-dried alfalfa than from fresh
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Table 3. Total Neutral Sugar Content of the Fractions Solubilized by

Chemical Extraction?

fresh stems 100 °C-dried stems
% initial % initial % initial % initial
CWR total sugar CWR total sugar
initial 56.34 100 52.94 100
H,0 1.47 2.61 1.002 1.892
oxalate 0.73 1.30 0.66 1.25
HCI 1.99 3.53 1.87 353
1 N NaOH 7.54 13.38 7.33° 13.840
4 N NaOH 3.38 5.99 3.94 7.45
total extracted 15.11 26.81 14.80 27.96

2 Results expressed as a percent of initial CWR or initial total sugar. Values for
dried stems followed by a letter are significantly different from values for fresh

stems (a, p < 0.05; b, p < 0.1).

Table 4. Total Uronic Acid Content of the Fractions Solubilized by

Chemical Extraction?

fresh stems

100 °C-dried stems

% initial % initial % initial % initial
CWR UA CWR UA

initial 14.19 100 13.38 100
H,0 0.44 3.11 0.302 2.262
oxalate 2.57 18.10 2.022 15.062
HCI 0.74 5.18 0.65 4.90
1 N NaOH 1.19 8.37 1.23 9.17
4 N NaOH 0.28 1.95 0.400 3.00°
total extracted 5.22 36.71 4.60 34.39

@ Results expressed as a percent of initial CWR or initial uronic acid (UA).
Values for dried stems followed by a letter are significantly different from values
for fresh stems (a, p < 0.05; b, p < 0.1).

Hamm et al.

of weak ester cross-links. The resulting residues were treated
with sodium hydroxide to extract hemicelluloses. Various
amounts of heterogeneous polysaccharide fractions were re-
leased from alfalfa CWR, as shown rables 3 and 4 and
Figure 2.

Extracts of Pectin Polymers. Water-soluble polymers of
dried alfalfa stems contained significantly less uronic acid than
did extracts of fresh stemJ#ble 4). The amounts of water-
soluble polysaccharide containing neutral sugars followed the
same trend (Table 3). However, the relative compositions of
the polysaccharides released from fresh and dried stems, as
neutral sugars, were simildfigure 2). Water-extracted neutral
and acid pectins [polygalacturonic acid (PGA), arabinans,
arabinogalactans, and rhamnogalactans] and some xyloglucans
are present in primary cell walld4, 36).

The polysaccharides extracted by ammonium oxalate con-
tained a large proportion of uronic acid (Table 4), which
accounted for 80% of the total soluble sugar. Galacturonic acid
was the major uronosyl residue in these isolated fracti28} (
with almost exclusively polygalacturonic acid. The acid pectin
in dried stems was less accessible than that in fresh stems. In
addition, the neutral sugar composition of oxalate-extractable
polysaccharides from oven-dried stems contained less arabinose
than extracts of fresh stemBi§ure 2). Nevertheless, the same
proportions (10%) of arabinose, with respect to the initial CWR,
were released from fresh and 10C-dried stems. Thus, the
same major neutral sugars were extracted from both the fresh
and dried residues.

Hydrochloric acid released similar amounts of neutral and
acid-containing polysaccharides from the fresh and dried
residues (Tables and4), and their neutral sugar compositions
were quite similar Figure 2). Indeed, the proportions of
arabinose, the major monomer sugar in the fraction, were not

polymers. Most of the oxalate-insoluble pectins were subse- significantly different. However, 48% of the initial arabinose
quently extracted with dilute HCI, presumably by hydrolysis was soluble from dried alfalfa compared with only 42% from
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Figure 2. Relative composition in neutral sugar of the soluble fractions (expressed as a percent of total releasing neutral sugars) and of the final
lignocellulosic residues (expressed as a percent of total sugar content).
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Figure 3. Transverse section of dehydrating alfalfa stem observed by ESEM at water vapor pressure varying from 10 Torr (A) to 1.5 Torr (F). Epi,
epidermal cells; Scl, sclerenchyma; Xyl, xylem; Pi, pith.

fresh stems. Extractable neutral pectins (arabinans and araindicated that glucuronoxylan extraction was not altered by heat
binogalactans) could be thus affected by the heat treatment. treatment.

The successive fractionations of pectins (neutral and acid Hemicellulose polymers released by 4 N NaOH contained
ones) indicated that the extraction of these polysaccharides wadess uronic acid than those released by 1 N NaOH (Table 4).
influenced by the oven-drying. The physical environment of This reagent released heterogeneous classes of hemicelluloses,
these components and cross-linkages could be altered. Similarsuch as glucomannans and xylogluca2t 80). However, they
alterations have been recently found in the case of the industrialwere more readily extracteg (< 0.1) from dried stems. The
processing of alfalfa at high temperatures (Hamm et al., hemicelluloses extracted with concentrated alkali seemed more
unpublished observations). These data indicate that the wallaccessible after heat treatment, and the xyloglucans differed
network involving pectin/hemicelluloses may be affected by presumably in their affinity for cellulose microfibrils after
drying, although the general composition of the cell walls is drying. Hydrogen bonds could be more readily broken in
not modified. dehydrated alfalfa28, 37). However, the relative compositions

Extracts of Hemicellulose P0|ymersNaOH (1 N) extracted of neutral sugar in the solubilized fractions of fresh and 100
8.4—9.2% of the uronic acid and 13.5% of the neutral sugar °C-dried alfalfa were not significantly different (Figure 2).
from the initial CWRs Tables 3and4). The relative composi- ~ These data suggest that similar types of hemicelluloses were
tions of neutral sugars indicated that there were similar alkali- released despite the slightly greater yield from dried alfalfa
soluble polysaccharides in fresh and dried alfalfa CWiRg-( CWRs.
ure 2). Xylose accounted for 85% of the 1 N NaOH soluble Lignocellulosic ResiduesLess mass was lost from heated
sugars; this reagent thus extracted 60% of the initial xylose in stems (48%) than from fresh stems (52%) by cell wall
CWRs. These results confirm those of HalfieBJ for alkali fractionation. Neutral sugar represented1% of the residual
fractionation. The concomitant occurrence of uronic acids CWR in both fresh and dried alfalfa. Chemical fractionation
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did not completely extract all non-cellulose polysaccharides
(Figure 2), as previously shown for secondary lignified cell
walls (14,30). The cell wall network involves various kinds of
covalent and non-covalent cross-linkages between constituents,
and lignin is said to hamper the complete removal of associated
pectic compound2g). As expected, most of the initial glucose
(86%) representing cellulose was not extracted. The amounts
of residual lignin in fresh and dried alfalfa were similar. These
values indicate that some lignin was lost during polysaccharide
extraction. Vallet et al.14) found a similar loss of lignin during
the chemical fractionation of alfalfa cell walls. Less lignin was
extracted from fresh alfalfa CWRs (45%) than from the dried
material (51%). However, the monomer compositions of the
residual uncondensed lignin fractions were not significantly
different. The lower S/G molar ratio in residual CWR (0.45—
0.48) than in the initial CWR (0.520.58) indicates that the
soluble lignin fraction corresponds to a syringyl-rich lignin
fraction. Previous studies have shown that such lignin is mainly
removed by alkali extraction of CWRd4). Alkali removes
lignin from grass by disrupting ester link8§), in contrast to
legume lignin (39,40). The present findings indicate that
chemical reagents extract 50% of lignins once fractionation of
the cell walls allowed removal of pectins. Therefore, alkali-
soluble lignin may not be extracted because of its intimate
pectin/hemicellulose association. Lignin is probably extracted
as lignin—polysaccharide (LCC) complexes involving glucu-
ronoxylan (41,42).

ESEM. The stems of alfalfa were examined by ESEM as
water was removed. The temperature of the analysis chamber
was kept near 3C to obtain water pressure saturation (100%
relative humidity). Dynamic studies of stem tissue dehydration
were done by gradually decreasing the vapor pressure from 10
to 1.9 Torr. Fully hydrated tissues were not clearly visible
because of water masking; details became clearer as dehydration
progressed.

Epidermal cells were first visible at-13 °C when the
humidity of the specimen decreased from 80 to 60%gre
3). Pieces of alfalfa stems contracted within a few seconds of
water loss at 55% relative humidity, corresponding to 2.5 Torr
(Figure 3). The outermost cells (poorly lignified) were crushed,
whereas the lignified vessels and fibers (xylem) were not. The
pith was the last tissue to become dehydrated. Water was lost
from alfalfa tissues without disrupting the cell walls, in contrast
to the observations of Thiel and DonaHi3) on carrot tissues.
Preliminary data were obtained for the cell and tissue integrity
of dehydrating secondary wall-rich tissues. Further observations
are needed to obtain a more comprehensive view of the
temperature effect, which could not be examined in this study.

ABBREVIATIONS USED

CWR, cell wall residue; ESEM, environmental scanning
electron microscopy; UA, uronic acid; Glu, glucose; Gal,
galactose; Xyl, xylose; Man, mannose; Rha, rhamnose; Fu,
fucose; Ara, arabinose; S, syringyl; G, guaiacyl.
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