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Previous work on the growth biophysics of maize (Zea mays L.) 
primary roots suggested that cell walls in the apical 5 mm of the 
elongation zone increased their yielding ability as an adaptive re- 
sponse to low turgor and water potential (+,.,). To test this hypoth- 
esis more directly, we measured the acid-induced extension of 
isolated walls from roots grown at high (-0.03 MPa) or low (-1.6 
MPa) +, using an extensometer. Acid-induced extension was 
greatly increased in the apical 5 mm and was largely eliminated in 
the 5- to 10-mm region of roots grown at low JI,. This pattern is 
consistent with the maintenance of elongation toward the apex and 
the shortening of the elongation zone in  these roots. Wail proteins 
extracted from the elongation zone possessed expansin activity, 
which increased substantially in roots grown at low qW. Western 
blots likewise indicated higher expansin abundance in the roots at 
low +,.,. Additionally, the susceptibility of walls to expansin action 
was higher in the apical 5 mm of roots at low +,., than in roots at 
high +,.,. The basal region of the elongation zone (5-10 mm) did not 
extend in response to expansins, indicating that loss of susceptibility 
to expansins was associated with growth cessation in this region. 
Our results indicate that both the increase in expansin activity and 
the increase in cell-wall susceptibility to expansins play a role in 
enhancing cell-wall yielding and, therefore, in maintaining elonga- 
tion in  the apical region of maize primary roots at low +,.,. 
~ ~ ~ ~~ ~ ~ ~ 

Root and shoot growth respond differently to water 
stress. When plants are subjected to low GW, the growth of 
leaves and stems is rapidly inhibited, at least in part via a 
decrease in cell-wall-yielding properties (Van Volkenburgh 
and Boyer, 1985; Nonami and Boyer, 1990; Chazen and 
Neumann, 1994). In contrast, roots can continue to elongate 
at low +,,, even when shoot elongation is completely 
stopped (Westgate and Boyer, 1985; Sharp et al., 1988; 
Spollen et al., 1993). This differential response of roots and 
shoots to low @w is considered to be an adaptation of 
terrestrial plants to dry environments, since continued root 
growth would enable plants to reach water in deeper soil 
(Sharp and Davies, 1989; Spollen et al., 1993). 
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To understand how roots are able to maintain elongation 
at low +w, Sharp et al. (1988) analyzed the spatial distribu- 
tion of elongation within maize (Zea mays L.) primary roots 
grown in vermiculite at high +w (-0.03 MPa) or low qW 
(-1.6 MPa). They discovered that elongation at low +w was 
preferentially maintained toward the root apex, resulting 
in a shortened elongation zone (6 mm) compared to that at 
high +w (11 mm); importantly, elongation at low +w was 
completely maintained in the apical 2 to 3 mm. Pressure 
probe measurements showed that turgor throughout the 
root elongation zone was reduced from 0.7 MPa at high GW 
to approximately 0.3 MPa at low suggesting that the 
yielding ability of the cell walls had increased in the apical 
region of the roots at low +w (Spollen and Sharp, 1991). An 
increase in cell-wall-yielding ability in root cells at low +w 

was also proposed in studies of osmotic stress, in which 
cell turgor was reduced after imposition of low aW and yet 
root elongation recovered (Kuzmanoff and Evans, 1981; 
Hsiao and Jing, 1987; Itoh et al., 1987; Pritchard et al., 1993; 
Frensch and Hsiao, 1994, 1995). However, direct evidence 
to support this hypothesis is lacking. 

Cell-wall yielding is determined in a complex fashion by 
the polymeric components of the walls, physical arrange- 
ments of the polymers, biochemical activities of wall pro- 
teins, regulatory processes ( e g  wall pH, Golgi secretion), 
and wall stress. Cell-wall loosening and extension are 
thought, based on structural models of the plant cell wall 
(Carpita and Gibeaut, 1993), to depend on the cutting or 
rearrangement of tethers linking wall polymers, resulting 
in wall stress relaxation and consequently water uptake 
and cell enlargement (Passioura and Fry, 1992; Cosgrove, 
1993). The tethers may link wall structural polymers via 
covalent or noncovalent bonds. XET was recently shown to 
cut and rejoin xyloglucan molecules, which are believed to 
form tethers between cellulose microfibrils. As a result, 
XET has been proposed as a wall-loosening enzyme (Fry et 
al., 1992; Nishitani and Tominaga, 1992) and has been 
studied in detail (reviewed by Nishitani, 1995). Previous 
studies showed that XET activity was greatly enhanced in 
the apical 5 mm of maize primary roots at low $w com- 
pared to high @w (Wu et al., 1994). The results provide 

Abbreviations: (J.,,,, water potential(s); XET, xyloglucan 
endotransglycosylase. 
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indirect evidence to support the idea that cell walls in the 
apical region of maize primary roots are more extensible at 
low qW compared to high iJW. However, the notion of XET 
as a wall-loosening enzyme has been challenged by exper- 
iments showing that it fails to cause wall extension in vitro 
(McQueen-Mason et al., 1993). 

In this study we have assessed cell-wall-yielding prop- 
erties by measuring acid-induced extension in walls from 
roots grown at high and low &,,, an approach that tests 
wall extension properties directly. Since acid-induced ex- 
tension is thought to be mediated by expansins (McQueen- 
Mason et al., 1992), we also assayed expansin activity and 
wall susceptibility to expansins to provide some biochem- 
ical basis for the observed changes in cell-wall extension 
properties. To our knowledge, expansins are the only wall 
proteins that, to date, have been shown to be able to induce 
wall extension in vitro, in part by disrupting noncovalent 
bonds between cellulose microfibrils and matrix hemicel- 
luloses (McQueen-Mason and Cosgrove, 1994). We report 
here that maize primary root tips (apical5 mm) at low t,bw 
are more extensible in the acid-induced extension assay 
compared to roots at high +w and that the increase in wall 
extension properties is associated with increases in expan- 
sin activity and in wall susceptibility to expansins. 

MATERIALS AND METHODS 

Maize Seedling Culture and Root Harvest 

Maize seeds (Zea mays L. cv FR27 X FRMol7) were 
soaked overnight in aerated water and germinated on 
moist germination paper for 31 h. Seedlings with radicles 
approximately 1 cm long were transplanted to vermiculite 
at either high rir, (-0.03 MPa) or low $w (-1.6 MPa) and 
grown in the dark at 29°C and near-saturation humidity; 
+w was set by mixing the vermiculite with different 
amounts of water (Sharp et al., 1988). Vermiculite $w was 
measured by isopiestic psychrometry (Boyer and Knipling, 
1965). Primary roots of seedlings grown at low $w were 
harvested 48 h after transplanting. Roots grown at high +w 

were harvested either at 20 h (developmental control), 
when the roots were of the same length as those at low $w, 

or at 48 h (temporal control). Illumination for harvesting 
was provided by a green safelight (Saab et al., 1990). The 
apical 1 cm was cut with a razor blade into apical and basal 
5-mm regions so that at high +w the elongation zone was 
equally divided into two halves and at low +w the elon- 
gating region was separated from the nonelongating region 
(Sharp et al., 1988). Samples were immediately frozen in 
liquid nitrogen. 

Acid-lnduced Extension 

Acid-induced extension assays were performed as de- 
scribed by Cosgrove (1989). In brief, frozen root segments 
were abraded with carborundum, thawed, and squeezed 
between two glass slides to remove cell sap. The segments 
were then secured between two clamps (with about 1-1.5 
mm between the clamps) on extensometers (Cosgrove, 
1989) and hung with a constant load. A 10-g weight was 
used for root segments of the low and high +w (temporal 

control) treatments, since roots of these treatments were 
very similar in cell-wall dry weight per unit length (Wu et 
al., 1994). A 20-g weight was used for root segments of the 
high +w (developmental control) treatment, since these 
roots were thicker and had approximately twice the cell- 
wall dry weight per unit length as roots in the other treat- 
ments (Wu et al., 1994). Movement of the lower clamp was 
detected with an electronic position transducer and re- 
corded on a microcomputer (Cosgrove, 1989). The wall 
segments were surrounded with a plastic cuvette and were 
incubated at first in a neutral pH buffer (50 mM Hepes, pH 
6.8) for 30 to 40 min while their extension was monitored. 
The solution was then exchanged for the extension assay 
buffer (50 mM sodium acetate, pH 4.5), and the extension 
measurement was continued for another 1.5 h. The differ- 
ence between the initial slope (estimated from the 15-min 
period before decreasing the pH) and the final slope (esti- 
mated from the 35-min period before ending the measure- 
ment) was normalized to the initial length of the segment 
(relative change in slope, % h-'). The extension activity 
was also assessed by measuring total length increase dur- 
ing the 1.5 h after changing to the extension assay buffer 
and normalizing to the initial length of the segment (rela- 
tive increase in length, in percent). 

Characterization of Acid-lnduced Extension in Maize 
Primary Roots 

To determine whether the acid-induced extension in 
maize primary root walls possessed biochemical sensitivi- 
ties similar to those observed in cucumber hypocotyl cell 
walls (Cosgrove, 1989), we tested the effects of DTT, A13+, 
pH 5.5, and methanol boiling on wall extension. These 
sensitivities were characteristic of expansin activity from 
cucumber hypocotyls (McQueen-Mason et al., 1992) but 
only partially so for expansins from other sources (Keller 
and Cosgrove, 1995). To measure acid-induced extension in 
the treatments with DTT, A13+, and pH 5.5, root wall 
samples were prepared as described above. The clamped 
walls were incubated in a neutral pH buffer (50 mM Hepes, 
pH 6.8) for about 35 min and then switched to the extension 
assay buffer (pH 4.5) containing 10 mM DTT, 10 mM A13+, 
or extension assay buffer adjusted to pH 5.5 (50 mM so- 
dium acetate). For the methanol-boiling treatment, root 
segments were boiled in methanol for 5 min and then 
tested for acid-induced extension at pH 4.5 as with the 
untreated root segments. For a11 treatments, a constant load 
of 10 g was hung on the root segments during the extension 
measurement. 

Extraction of Expansins from Cell Walls 

Crude wall proteins were prepared as described by Mc- 
Queen-Mason et al. (1992). Briefly, about 30 to 40 g of root 
segments were homogenized with 200 mL of 25 mM Hepes 
buffer (pH 6.8) containing 2 mM EDTA, 0.1% Triton X-100, 
and 3 mM sodium meta-bisulfite (extraction buffer A) in a 
Waring blender. The wall fragments were collected by 
filtration through a nylon screen (70-pm mesh), washed 
twice with the same buffer without Triton X-100 (extraction 
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buffer B), and extracted for 2.5 h at 4°C in extraction buffer 
B plus 1 M NaC1. Cell-wall fragments were removed by 
filtration, and the solubilized fraction was precipitated by 
addition of 0.39 g of (NH,),SO,/mL. The precipitated pro- 
teins were resuspended in extension assay buffer and as- 
sayed for extension activity as detailed below. Proteins 
were quantified colorimetrically using the Coomassie pro- 
tein assay reagent (Pierce). 

Assay for Extension Activity of Expansins 

To assay the extension activity of maize root expansins, 
we used walls prepared from cucumber hypocotyls (Cucu- 
mis sativus cv Burpee Pickler) in the reconstitution system 
of McQueen-Mason et al. (1992). Cucumber seedlings were 
grown in the dark for 4 d at 27°C. The apical 3 cm of the 
hypocotyl was excised and frozen at -20°C. The frozen 
segments were abraded with carborundum, washed, and 
incubated in distilled water at 80°C for 10 min to inactivate 
endogenous expansin activity. The apical 1 cm of the heat- 
treated segments was then flattened and secured in the 
extensometer (with about 3 mm between the clamps, using 
a 20-g weight), and incubated in extension assay buffer for 
45 min. The buffer was then replaced with 0.3 mL of the 
same solution containing the maize wall protein extract, 
and the extension measurement was continued for another 
1.75 h. The amount of wall protein used for each extension 
assay was based on an equivalence in cell-wall dry weight; 
in both the apical and basal regions the roots at low GW 
contained slightly less total extractable wall protein per 
unit of wall dry weight. Extension activity was assessed as 
both relative change in slope and relative increase in length 
as described above. 

Assay for Wall Susceptibility to Expansins 

Wall susceptibility to expansins was assayed in the re- 
constitution system described above, except that heat- 
inactivated maize root cell walls and a fixed aliquot of 
crude cucumber wall protein extract containing expansins 
were used (Cosgrove and Li, 1993). Based on comparable 
experiments with cucumber hypocotyls, the amount of ex- 
pansins added should have been severalfold greater than 
that required for saturation of the walls (McQueen-Mason 
and Cosgrove, 1995). Therefore, the difference in mass of 
cell wall between the segments of roots grown at high and 
low +w probably did not influence the results. For the 
crude expansin preparation, proteins were extracted from 
growing cucumber hypocotyl walls using extraction buffer 
A, precipitated with ammonium sulfate, and redissolved in 
50 mM sodium acetate, pH 4.5 (McQueen-Mason et al., 
1992). 

Western Blot Analysis 

Following precipitation and resuspension as described 
above, the crude wall protein extract from maize roots 
(apical 5 mm) was desalted and concentrated with a 
Centricon-30 microconcentrator (Amicon, Beverly, MA). 
The same amount of total wall protein was loaded on each 
lane. Proteins were separated by SDS-PAGE on a 14% 

polyacrylamide gel and transferred electrophoretically to a 
nitrocellulose membrane in a solution of 192 mM Gly, 25 
mM Tris, and 20% (v/v) methanol at 10 V cm-' for 14 to 
16 h. The membrane was blocked with 3% BSA in PBS 
containing 0.05% Tween 20 (PBST), incubated for 2 h in 
PBST containing antiserum (1:3000 dilution), washed four 
times with PBST, and then incubated for 1 h with goat 
anti-rabbit IgG-conjugated alkaline phosphatase (Sigma; 
dilution of 1:4000) in PBST. The western blot was devel- 
oped using bromochloroindolyl phosphate/ nitroblue tet- 
razolium, and the reaction was stopped with 10 mM EDTA 
(Cosgrove and Li, 1993). The antiserum was obtained from 
a female New Zealand White rabbit that had received 
purified expansin-29 (S1 fraction) from cucumber hypoco- 
tyls (Li et al., 1993). Prestained molecular weight markers 
were from Sigma. 

Stress Relaxation Assays 

Crude wall protein from maize roots was tested for its 
ability to enhance wall stress relaxation in cucumber hy- 
pocotyls, following the procedure described previously 
(Cosgrove, 1989; Keller and Cosgrove, 1995). One- 
centimeter-long segments from the apical region of the 
cucumber hypocotyl were frozen, thawed, abraded, and 
heat inactivated in hot water (100OC) for 15 s. The samples 
were incubated for 30 min in cold (4°C) 50 mM sodium 
acetate, pH 4.5, with or without crude maize wall protein 
(about 10 mg mL-'). After incubation the walls were 
clamped in an Instron-style extensometer (Cosgrove, 1989) 
at room temperature and stretched rapidly until a force of 
20 g was reached. Segment length was thereafter held 
constant, and the decay in the holding force was recorded 
on a microcomputer. Stress relaxation spectra were calcu- 
lated as the rate of change in force per log time, and spectra 
from 6 to 10 samples were averaged to obtain the average 
spectrum for each treatment. Wall proteins were extracted 
from the 10-mm apical region of maize roots grown at low 
$w as described above, precipitated with (NH,),SO,, and 
redissolved in 50 mM sodium acetate buffer. The protein 
solution was adjusted to pH 4.5 with acetic acid. 

We also measured the stress relaxation spectrum of na- 
tive walls from maize roots, following the protocol of Cos- 
grove (1989). In brief, 5-mm apical segments from roots 
grown at high or low +w were frozen, thawed, lightly 
abraded with Carborundum, incubated in pH 4.5 acetate 
buffer for 15 min, pressed to remove cell sap, clamped in 
the extensometer, and rapidly stretched until 10 g of force 
was attained. Eight to 10 replicates per treatment were 
measured and averaged. 

RESULTS 

Walls from the elongation zone of the maize primary 
root possessed a robust acid-induced extension, which in 
the apical region was greater in roots grown at low +w than 
at high +w. Figure 1A shows representative traces of acid- 
induced extension of cell-wall specimens from the apical 
5-mm region, and results from replicated experiments are 
quantified in Table I. Acid-induced extension was in- 
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Figure 1. Acid-induced extension of roots grown at high (-0.03 
MPa) or low (-1.6 MPa) qW. A and B show extension of the apical 
and basal 5-mm regions of the elongation zone, respectively. Two 
high qW controls were included in this experiment, a developmental 
control (the same root length as at low qW) and a temporal control 
(the same age as at low @J. Individual root segments were secured 
between two clamps on extensometers and hung with a constant 
load. Wall extension was monitored before and after switching from 
a neutra1 pH bathing buffer (pH 6.8) to an acidic buffer (pH 4.5). 
Representative traces were selected based on mean behaviors of the 
different treatments. Replicated data are presented in Table I .  

creased at low qW by approximately 3-fold when assessed 
as relative change in slope and 2-fold on the basis of 
relative increase in length. The two high qW controls (de- 
velopmental and temporal) had very similar acid-induced 
extensions; there was no difference based on relative 
change in slope, and although they were significantly dif- 
ferent based on relative increase in length, this difference 
was small when compared with the roots grown at low qW. 

Little acid-induced extension was detected in the basal 
5-mm region (5-10 mm from the apex) of the roots grown 
at low qw, whereas a small but significant extension oc- 
curred in the basal region of high qW roots (Fig. 1B; Table 
I). As above, the two high qW controls were similar. These 
results are consistent with the distribution of elongation 
along the root axis in maize seedlings grown under the low 

and high qW conditions (Sharp et al., 1988), as detailed in 
the introduction. It should be noted that, when the exten- 
sion responses of the basal segments were calculated as the 
relative change in slope (Table I), there was no extension 
activity at either high or low qW. This indicates that the 
basal 5-mm region of the root elongation zone at high qW 
possessed only a transient response to acid pH and that 
low qW diminished even this transient response. Because 
there was little difference between the two high qW controls 
in either the apical or basal regions, only the developmen- 
tal control was used for the rest of the study. 

Since acid-induced extension is an indicator of the in- 
volvement of expansins (McQueen-Mason et al., 1992), we 
tested the acid-induced extension in maize roots for four 
biochemical traits characteristic of expansins from cucum- 
ber hypocotyls, namely, stimulation by thiol reductants 
such as DTT, inhibition by A13+, dependence on acidic pH, 
and resistance to boiling methanol treatment. To assess the 
maximum effects of these treatments, the apical5-mm seg- 
ments from roots grown at low qW were used, since they 
exhibited the greatest acid-induced extension (Table I). 
Wall extension in pH 5.5 buffer was much reduced com- 
pared with that in pH 4.5 buffer (Fig. 2). DTT (10 mM, data 
not shown) had a negligible effect. Acid-induced extension 
was partially inhibited by 10 mM A13+ (Fig. 2), but 1 mM 
A13' had little effect (not shown). Treatment with boiling 
methanol partially inhibited acid-induced extension (Fig. 
2), whereas treatment in hot water (80°C for 10 min) com- 
pletely eliminated the acid-extension response (data not 
shown). These results were suggestive of an expansin- 
mediated process but one with properties more like those 
found in tomato leaves (insensitivity to DTT, partia1 sensi- 
tivity to methanol boiling, and weaker inhibition by A13+; 
Keller and Cosgrove, 1995) than in cucumber hypocotyls. 

To determine whether the differences in acid-induced 
extension between roots at low and high qw might indeed 
be due to differences in expansin activity, we extracted 
wall proteins from the apical and basal 5-mm regions of 
maize root tips and assayed expansin activity by reconsti- 
tution of acid-induced extension in heat-killed cucumber 
hypocotyl walls (McQueen-Mason et al., 1992). Cucumber 
walls were used because they are sensitive substrates for 
this assay. The crude wall protein extract from maize roots 
induced wall extension (Fig. 3A) in a fashion characteristic 
for expansins (Cosgrove and Durachko, 1994; Cosgrove, 
1996). Moreover, protein from roots grown at low qW had 
higher activity in this reconstitution assay, exhibiting in- 
creases of approximately 4-fold (apical region) and 2-fold 
(basal region) when expressed as a relative change in slope 
and 40% (apical region) and 23% (basal region) when ex- 
pressed as a relative increase in length, compared to roots 
grown at high qW (Fig. 3, B-E). Since expansins mediate a 
prolonged extension of walls in cucumber hypocotyls (Cos- 
grove, 1989; McQueen-Mason et al., 1992), the change in 
slope may be the better indicator of expansin activity in 
these assays. Although the increase in expansin activity in 
the apical region at low qW is consistent with the increase 
in acid-induced extension (Fig. lA), the increase in activity 
in the basal region was unexpected, given the greatly de- 
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Table I .  Acid-induced extension in maize primary roots at  high or low $, 
Data were calculated from experiments as described in Figure 1 for the apical and basal 5-mm regions of the elongation zone. The relative 

change in slope (% h-’) was calculated from the difference between the initial slope (estimated from the 15-min period before decreasing the 
pH) and the final slope (estimated from the 35-min period before ending measurement), normalized to the initial length of the segment. The 
relative increase in length (%) was calculated by measuring the total length increase over 1.5 h after changing to the acidic buffer and normalizing 
to the initial length of the segment. Data are means i SE ( n  = 15 - 46) combined from three experiments. Data followed by different letters within 
a column are significantly different at the 0.01 leve1 usina LSD. 

Relative Change in Slope Relative lncrease in Length 
Treatment 

Apical 5 m m  Basal 5 m m  Apical 5 mm Basal 5 mm 

% h-’ % 

High $w (developmental control) 3.9 i 0.4 a N o  change 18.9 2 0.8 a 7.0 2 0.5 a 
High GW (temporal control) 2.9 ? 0.3 a No change 14.7 i 0.7 b 6.2 rt 0.4 a 
Low A, 10.5 ? 1.4 b No chanae 34.1 rt 2.2 c 2.4 2 0.5 b 

creased acid-induced extension in that region (Fig. 1B). 
This discrepancy is presumably explained by a decreased 
wall susceptibility to expansins in the basal region (see 
additional results below). 

As a further test for expansins, we analyzed the wall 
proteins from the apical 5-mm region of maize roots by 
western blotting, using an antibody raised against the cu- 
cumber (S1) expansin (Li et al., 1993). Two bands were 
detected with apparent sizes of about 27 and 30 kD (Fig. 4). 
The 27-kD band may be a doublet. These size estimates are 
similar to those of expansins from the cucumber hypocotyl. 
Roots at low &,, gave a stronger western blot signal than 
did roots at high qW, indicating an increase in expansin 
abundance per unit of cell-wall dry weight. Furthermore, 
the signal from the 27-kD band increased more than that 
from the 30-kD band, suggesting that there might be dif- 
ferential regulation of these two proteins during water 
stress. A western blot of wall proteins from the basal (5-10 
mm) region likewise indicated higher expansin abundance 
in the low $w roots (data not shown). 

An unusual, if not unique, trait of expansins is their 
ability to enhance stress relaxation of isolated walls 
(McQueen-Mason and Cosgrove, 1995). When we assayed 
the crude maize wall protein (again, on cucumber walls), 
we observed an enhancement of relaxation for times 
greater than 30 s (Fig. 5A). This result is similar to the effect 
of the S2 expansin (CuExS2) from cucumber hypocotyls 
(McQueen-Mason and Cosgrove, 1995). Furthermore, we 
found that walls from roots grown at low (tW showed 
somewhat greater relaxation than walls from roots grown 
at high (Fig. 5B), which is consistent with the idea that 
expansin activity is increased in these roots. 

In addition to the changes in expansin activity and abun- 
dance that occurred in roots at low i jw,  we also examined 
whether the walls were modified in their susceptibility to 
expansin action. Such a modification of the cell walls could 
contribute to the enhanced acid-induced extension in the 
apical 5 mm and could also account for the decreased 
acid-induced extension in the basal region (above). These 
possibilities were tested by assaying the ability of heat- 
inactivated maize root cell walls to extend upon addition of 
a crude cucumber expansin preparation (cucumber expan- 
sin was used because it was in more plentiful supply than 
expansin from maize root tips). Figure 6 shows that the 

apical5-mm region of roots at low qW exhibited an almost 
4-fold greater response to the exogenous expansins when 
expressed as a relative increase in slope and a 2-fold 
greater response when expressed as a relative increase in 
length, compared to the roots at high GW. The basal5-mm 
region from roots grown at low I ) ~ ,  as well as at high qW, 
did not extend in response to exogenous expansins (data 
not shown). Evidently, the walls in the basal region of the 
root elongation zone lose their susceptibility to expansin 
action, a type of ”wall stiffening” that might underlie the 
cessation of elongation in this region. 

D I SC U SSI O N  

Our results are nove1 in severa1 respects. First, they 
demonstrate that the cell walls of growing maize roots 
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Figure 2. Effect of AI3+, methanol boiling, and pH 5.5 o n  acid- 
induced extension of the apical 5 m m  of roots grown at low qW. For 
the methanol-boiling treatment, segments were first boiled in meth- 
ano1 for 5 min. After the segments were incubated in a neutra1 pH 
buffer (pH 6.8) for about 35 min, the solution was changed (arrow) to 
the following: pH 4.5 buffer (UNTREATED and METHANOL- 
BOILED), pH 4.5 buffer plus 10 mM AI3+, or pH 5.5 buffer. Experi- 
ments were conducted at least twice for each treatment, and repre- 
sentative traces are shown. 
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Figure 3. Effect of low i//w on the extractable expansin activity in the
cell walls of maize primary roots. Activity was assayed by addition of
maize root wall protein extract to heat-inactivated cucumber hypo-
cotyl segments. A, Representative traces obtained for the apical
5-mm region. B to E, Mean ± SE activities (n = 18-28 from two
experiments) for the apical and basal 5-mm regions of the elongation
zone, expressed as a relative change in slope (B and C) or a relative
increase in length (D and E). In panels B to E, treatments are signif-
icantly different at the 0.05 level using LSD.

pansins may play a key role in the regulation of root cell
expansion in response to water stress. Also of importance
are changes in the wall structure that modulate the suscep-
tibility of the wall to expansin action.

Several previous studies have proposed that cell-wall-
yielding properties are increased in roots when i|/w and
turgor are reduced (Kuzmanoff and Evans, 1981; Hsiao and
Jing, 1987; Itoh et al., 1987; Spollen and Sharp, 1991; Prit-
chard et al., 1993; Frensch and Hsiao, 1994, 1995). These
suggestions were based on interpretations of the growth
biophysics in living roots and did not offer direct evidence
or a biochemical or molecular basis for such changes in
wall yielding. In this study we assessed cell-wall properties
in maize primary roots by measuring their acid-induced
extension and found that the apical 5-mm region of the
roots at low i/»w was much more extensible compared to
roots at high t//w, whereas the 5- to 10-mm region was much
less extensible. These observations of altered wall exten-
sion responses may explain not only why the apical region
of maize primary roots at low t//w is able to maintain
elongation when turgor is reduced (Spollen and Sharp,
1991; Pritchard et al., 1993) but also why the roots at low i|/w
have a shortened elongation zone compared to roots at
high i//w (Sharp et al., 1988). Evidently, the reduction of the
growth zone is not simply due to low turgor but also to
diminished wall yielding.

At least part of the increase in expansin activity in the
apical region of maize primary roots at low t//w involves an
increase in expansin abundance. Two root expansins, with
apparent sizes similar to cucumber hypocotyl expansins,
were detected on the western blot. It is interesting that the
expression of the two expansins appeared to be differen-
tially regulated at low i/(w; the 27-kD expansin increased
more than the 30-kD expansin. This differential response
suggests that the 27-kD expansin might play a more im-
portant role in the maintenance of root elongation at low
t//w. Related to this suggestion, the two expansins in cu-
cumber hypocotyl were found to have different properties,

possess proteins that resemble expansins from cucumber
hypocotyls, oat coleoptiles, and tomato leaves with regard
to activity, size, antigenicity, and effect on wall rheology
(McQueen-Mason et al., 1992; Li et al., 1993; Keller and
Cosgrove, 1995). These results indicate that expansins cat-
alyze cell-wall extension in roots as well as in shoots.
Second, the results provide direct evidence for the idea that
the apical region of maize roots adapts to water stress by
making the cell walls more extensible. This presumably
permits continued cell elongation at reduced turgor (Spol-
len and Sharp, 1993). Furthermore, the results show that
the adaptation of the apical region is complex, involving
both an increased activity of expansins and an alteration of
the wall to increase its susceptibility to expansin action.
The fact that expansin activity is up-regulated in stressed
roots, in combination with the known loosening action of
these proteins on cell walls, leads us to suggest that ex-
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Figure 4. Western blot analysis of proteins extracted from the walls
of maize primary roots (apical 5 mm) grown at low or high <|/w. The
same amount of crude wall protein (40 /xg, from (NH4)2SO4 pellet)
was loaded on each lane, separated by SDS-PACE, and analyzed by
western blotting using antibody raised against cucumber S1 expansin
(Li et al., 1993). The experiment was repeated twice, with similar
results.
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Figure 5. Stress relaxation spectra of cucumber walls treated with 
and without maize wall protein (A) and native maize walls from roots 
grown at low or high $w (B). A, Cucumber hypocotyl walls were heat 
inactivated and preincubated in pH 4.5 buffer with or without addi- 
tion of crude maize wall protein (about 1 O mg mL-'). B, Native walls 
(apical 5 mm) from maize roots grown at high or low (k, were frozen, 
thawed, incubated in pH 4.5 buffer, and then  rapidly extended until 
1 O g of force was reached. The  spectra were calculated as the rate of 
change of force (in g) per log u n i t  of time (in s). Each curve shown is 
the average of six to eight separate measurements. 

e.g. pH dependence and effects in stress relaxation assays 
(McQueen-Mason and Cosgrove, 1995). 

Modification of the cell-wall structure also appears to 
play an important role in the responses of root cell elon- 
gation to low These changes, detected as susceptibility 
of walls to exogenous expansins, are associated with the 
maintenance of elongation toward the apex and the short- 
ening of the elongation zone. For instance, in the reconsti- 
tution assay the apical 5-mm region of heat-killed roots 
grown at low I),,, exhibited a greater response to exogenous 
expansins than did the same region of roots grown at high 
I),,,. Conversely, the basal (5-10 mm) region of the root 
showed little or no acid-induced extension, even though 
extractable expansin activity in this region was as high or 
higher than in the apical region. These results indicate that 
the pattern of growth along the root axis is not simply a 
function of expansin activity but also a function of wall 
susceptibility to expansins (and perhaps other wall- 
loosening agents). These results are similar to those ob- 
served in the oat coleoptile (Cosgrove and Li, 1993). The 
nature of the change in wall susceptibility is uncertain at 
this time. It could be an alteration in cross-linking between 
polymers, or a change in polymer structure, or perhaps a 
change in the charge density or porosity of the wall, which 
might change the mobility of expansins or the accessibility 
of expansins to their substrates. A recent study showed 

that hemicelluloses varied in their ability to bind expansins 
(McQueen-Mason and Cosgrove, 1995). Thus, it is possible 
that a change in hemicellulose composition increases the 
wall susceptibility to expansins in roots grown at low I)w. 
XET and related enzymes may play a role in these wall 
modifications. 

It is curious that the basal5 mm of the elongation zone of 
roots grown at high $,,, gave a modest acid-induced exten- 
sion, but heat-killed roots from this region did not respond 
to exogenous expansins. Likewise, exogenous expansin 
failed to elicit an extension response from the basal region 
.of low I),,, roots. This might suggest that wall-loosening 
processes other than the expansin-mediated process play a 
dominant role for cell elongation in this region of the root. 
However, it is also possible that a change in the wall 
structure (perhaps developmental, perhaps an artifact of 
heat treatment) interfered with effective reconstitution, i.e. 
feeble expansin penetration or access to the site of expansin 
action. Experience to date shows that reconstitution of 
extension with expansins is less effective in grass walls 
than in walls from other species (McQueen-Mason et al., 
1992; Cosgrove and Li, 1993; Keller and Cosgrove, 1995). 
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Figure 6. Effect of low GW on the susceptibility of cell walls of maize 
primary roots to cucumber wall proteins. Susceptibility was tested by 
addition of cucumber wall protein extract containing expansins to 
heat-inactivated maize root segments (apical 5 mm).  Data are 
means ? SE (n  = 7-1 2)  from one experiment. The 5- to 1 O-mm region 
of roots grown at either low or high $,,, did not exhibit any extension 
after addition of cucumber expansins (data not shown). The experi- 
ment  was repeated with similar results. In panels A and B, treatments 
are significantly different at the 0.05 leve1 using LSD. 
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We do not know whether this deficiency in grass walls 
hints a t  a n  alternative wall extension mechanism or is 
simply due to technical problems in the reconstitution 
assay (there are  many reasons why a reconstitution might 
fail). Thus, until we better understand the molecular or 
structural determinants of wall susceptibility to  expansin 
action, some caution must  be used i n  the interpretation of' 
these reconstitution results. 

In  conclusion, this s tudy demonstrates that cell-wall- 
yielding, based on i n  vitro acid-induced extension, is 
greatly increased i n  the apical5 mm of maize primary roots 
grown at low $w. The increase i n  acid-induced extension is. 
associated with increases i n  both extractable expansin ac- 
tivity and wall susceptibility to  expansins. These results, 
together with the fact that  XET activity w a s  also increased 
i n  the apical 5 mm of roots a t  low i,bw (Wu e t  al., 1994), 
indicate that  changes i n  wall protein activities and  wall 
structure are  contributing factors to root growth mainte- 
nance under water  stress. 
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