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High-resolution profiles of surface pH and growth along verti-
cally growing maize (Zea mays) primary root tips were determined
simultaneously by pH-sensitive microelectrodes and marking exper-
iments. Methodological tests were carried out that proved the
reliability of our kinematic growth analysis, while questioning the
validity of an alternative technique employed previously. A distal
acidic zone around the meristematic region and a proximal one
around the elongation zone proper were detected. This pattern as
such persisted irrespective of the bulk pH value. The proximal
acidic region coincided with maximum relative elemental growth
rates (REGR), and both characters reacted in a correlated manner to
auxin and cyanide. The distal acidic band was unrelated to growth,
but was abolished by cyanide treatment. We conclude that: (a) the
pattern of surface pH as such is a regulated feature of growing root
tips; (b) the correlation of extracellular pH and growth rate suggests
a functional relationship only along proximal portions of the grow-
ing root tip; and (c) the distal acidic band is not caused by pH
buffering by root cap mucilage, as suggested previously, but rather
is controlled by cellular activity.

According to a long-standing suggestion cell wall exten-
sibility and thus growth is partly under the control of
apoplast pH (Hager et al., 1971). Growth rates and cell wall
pH are correlated in shoot organs (Cleland, 1992; Peters et
al., 1998), and a molecular mechanism for acid growth has
been described (Cosgrove, 1997). Growth depends on ex-
tracellular pH also in roots (Edwards and Scott, 1974;
Evans, 1976; but see Büntemeyer et al., 1998); both param-
eters change in a correlated manner during auxin-
dependent growth inhibition (Evans et al., 1980; Mulkey et
al., 1982) and during growth enhancement induced by
fusicoccin (McBride and Evans, 1977) and anti-auxins
(Moloney et al., 1981).

It has been established since the pioneering work of
Hales (1727) that plant organ growth is restricted to de-
fined regions, which today are described in terms of rela-
tive elemental growth rate (REGR) profiles (Silk, 1984).
Therefore, attempts to identify and analyze growth-
relevant parameters without characterization of their spa-

tial patterns will remain inadequate (Spollen and Sharp,
1991). Despite the small size of their growing zone, primary
roots of various Poaceae have proven suitable for studying
the regulation of spatial growth patterns (Erickson and Sax,
1956; Pahlavanian and Silk, 1988; Sharp et al., 1988; Prit-
chard et al., 1993). In the case of cell wall pH, however,
reports are contradictory:

The correlation of maximum intensity of elongation
growth with acidic zones (Pilet et al., 1983; Zieschang et al.,
1993) and with more alkaline zones (Weisenseel et al., 1979;
O’Neill and Scott, 1983) on the root surface has been pos-
tulated. This ambiguity likely stems from methodological
deficiencies. Sentenac and Grignon (1987) demonstrated
that root surface pH might differ substantially from the pH
in the bathing solution. Therefore, the reaction of a pH
indicator in the growth medium (e.g. Weisenseel et al.,
1979; O’Neill and Scott, 1983) does not necessarily reflect
the pH in or near the cell wall. Second, spatial growth
patterns are usually determined by marking experiments.
Such experiments require observance of strict methodolog-
ical rules (Silk and Erickson, 1979; Silk, 1984). Not all of the
growth data published in the field appear sound. For ex-
ample, Pilet et al. (1983) claimed that longitudinal profiles
of rates of elongation growth correlated with surface acid-
ity in maize (Zea mays) roots. But this conclusion was based
on elongation measured over a period of not less than 6 h,
which demonstrably causes unacceptable systematic errors
(Peters and Bernstein, 1997). Third, roots may change their
spatial growth patterns rapidly, as exemplified by the geo-
tropic reaction (Ishikawa et al., 1991). Conclusions regard-
ing the correlation of spatial growth patterns with putative
growth controlling factors therefore will remain problem-
atic if both parameters are not measured simultaneously at
high spatial and temporal resolution.

In the present study, we sought to resolve these prob-
lems by simultaneous high-resolution measurements of
root surface pH by means of pH-sensitive microelectrodes
and methodologically sound REGR profile determination.

MATERIALS AND METHODS

Plant Material

Seeds of maize (Zea mays L. cv Helix) were sterilized
(70% [v/v] ethanol for 2 min, 150 mm NaOCl for 30 min),
incubated in distilled water for 6 h, and then allowed to
germinate on moist filter paper. After 2 d, seedlings were
transferred to hydroponics (constantly aerated solution
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containing KNO3, NaCl, and CaCl2, 1 mm each). On d 4,
when the elongation velocity of primary roots had become
constant at 2.5 mm h21, seedlings with roots 5 to 7 cm long
were selected for experiments.

Fabrication of Electrodes

pH-sensitive microelectrodes were produced as de-
scribed previously (Felle and Bertl, 1986; Felle, 1998). For
extracellular use in the present setup, long-shafted (9 cm)
electrodes with 20-mm tip diameters were pulled and bent
at a right-angle 1 cm behind the tip using the heating coil
of the pipette puller. Tips were silanized (0.2% [v/v] tribu-
tylchlorosilane in chloroform) and back-filled using a flex-
ible fused silica capillary (TSP-100170, 0.16-mm o.d., Com-
posite Metal Services, Worcester, UK) with a pH-sensitive
cocktail (Hydrogenionophor II Cocktail A, Fluka, Milwau-
kee, WI) dissolved at a ratio of 30:70 (v/v) in a mixture of
40 mg of polyvinylchloride/1 mL tetrahydrofuran. After
evaporation of the tetrahydrofuran, the electrodes were
filled with reference solution (0.5 m KCl and 0.1 m MES/
Tris adjusted to pH 6.0). Electrodes yielding more than 55
mV per pH unit were selected and could be used for up to
4 weeks. pH-sensitive electrodes were calibrated before
and after each experiment. Electrodes for the measurement
of surface electrical potential had narrower tips (5 mm) and
were filled with 0.5 m KCl.

Experimental Setup

Seedlings were mounted upright in a plexiglass chamber
(38-mL volume) with the primary root growing downward
into a medium containing KNO3, NaCl, and CaCl2 at 1 mm
each, and additional auxin or KCN when required. The
solutions were adjusted to the desired pH by 0.5 mm MES/
Tris or HCl. The chamber, which could be perfused at
controlled flux rates, was fixed in a horizontal microscope
so that root growth could be determined using eyepiece
graticules and a scale on the back wall of the chamber.
Following transfer to the chamber, root elongation velocity
usually dropped, but recovered during the following hour.
Plants in which root elongation velocity did not reach at
least 1.5 mm h21 within this period were discarded. A
semi-micro laboratory pH electrode (Mettler Toledo Inlab
423, Giessen, Germany) monitored bulk medium pH. Its
reference cell was also used as a reference for either a
pH-sensitive microelectrode or an electrical potential mi-
croelectrode fitted to a micromanipulator, by which the
vertically growing root was approached from the side (Fig.
1). The latter electrodes were connected to a high-
impedance amplifier (M 707, WP Instruments, Sarasota,
FL), and the output fed to a multichannel chart recorder
(W1W 314, Kontron, Eching, Germany).

Continuous monitoring of the signals from both the con-
ventional pH electrode and the pH-sensitive microelec-
trode facilitated identification of electrode drift in the lat-
ter. Profiles of surface pH and surface potential along the
root tip were measured in steps of 430 mm. Surface poten-
tials ranged between 0.1 and 1.8 mV, which will cause
errors in the interpretation of the signal from a pH-

sensitive electrode of 0.03 pH units in the worst case. This
artifact is negligible compared with pH gradients occurring
along roots (see below). Signals from single-barreled pH-
sensitive electrodes therefore represent valid measure-
ments of the actual pH under the conditions chosen.

Simultaneous Determination of Surface pH and REGR

Marks were made with Indian ink about 0.8 mm apart on
root tips before transfer to the experimental setup; marking
and transfer required less than 4 min. After 1 h, when root
elongation velocity had recovered, the whole root length
was measured. A continuous series of segment lengths was
determined, with segments defined as the distance be-
tween the proximal edges of two consecutive ink marks. A
second series was determined independently using the
distal edges of the marks to define segments. Segment
lengths were determined to the nearest 10 mm. A surface
pH profile was measured as described above, and then
segment lengths and whole root length were determined

Figure 1. Sketch of the experimental setup. A maize seedling was
fixed on top of the test chamber so that the primary root grew
downward into a solution flowing through the chamber at an adjust-
able velocity. A semi-micro laboratory pH electrode measured bulk
pH continuously, and its reference cell also gave the reference signal
for a modified pH-sensitive micro-electrode mounted on a microma-
nipulator by which the vertically growing root was approached from
the side. The chamber was fixed upright in a horizontal microscope,
allowing control of the distance between pH-selective micro-
electrode and the root surface, as well as measurement of distances
between ink marks on the root. Whole root length could be measured
using a scale at the back of the chamber.
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again. The period between the two sets of length measure-
ments was 54 min on average. Relative growth rates (R,
here referring to elongation growth only) of all segments in
the two series were calculated according to:

R 5 ~ln Lt 2 ln L0! Dt21

where L0 and Lt denote the lengths of an individual segment
measured before and after pH profile determination, respec-
tively, and Dt the period between the measurements (Green,
1976). Segmental relative growth rates were plotted against
the average segment midpoints to yield estimates of REGR
profiles (Peters and Bernstein, 1997), which could then be
compared with pH profiles measured simultaneously.

Two checks for accuracy of individual REGR profiles
were routinely applied. First, since two continuous series
of segmental relative growth rates were obtained from each
root, errors in data acquisition could be expected to appear
as differences between the two REGR profiles derived from
the two data sets. Cases in which such deviations occurred
were rejected. Second, polynomials were fitted to the REGR
data, and root elongation velocity was computed as the
integral of the fitted functions. The computed elongation
velocity was compared with the velocity determined inde-
pendently from changes in whole root length during the
experiment. If the values differed by more than 16% (the
maximum error of direct elongation velocity determination
expressed as a percentage of average elongation velocity),
the experiment was discarded.

A methodological test for accuracy of our growth anal-
ysis was based on theoretical growth data generated by a
model REGR profile. For an elaboration of the rationale
behind this approach and a more detailed discussion of
mathematical principles, see Peters and Bernstein (1997)
and Peters et al. (1999). In the present case, a composite
polynomial (4th order for position 0.5–8 mm, 1st order for
position 8–10.5 mm, with identical values of derivatives at
8 mm) was fitted to a representative set of segmental
relative growth rate data (Fig. 2). The composite function
served as a model REGR profile, which by integration was
turned into the displacement velocity profile. The recipro-
cal displacement velocity function was integrated to yield
the trajectory function, i.e. the path of root elements in a
plot of time versus position. This function allowed calcu-
lation of segment length changes under conditions chosen
for a particular experimental situation. Systematic errors
inherent in a particular method of REGR profile determi-
nation were then disclosed by applying this method to the
growth data created by the model and comparing the re-
sulting REGR profile to the original model. Applied to the
artificial data, our method of REGR determination yields
results lacking any evidence for significant systematic error
(Fig. 2), indicating excellent reliability of the method under
the experimental conditions chosen. For comparison, an
identical test was performed using an alternative method
(Pilet et al., 1983), which proved less reliable (Fig. 2; see
legend for experimental details).

A particular strength of our method of combined pH/
REGR profile determination is that changes in local growth
in tensity and surface pH can be described on the level of

the individual plant. Therefore, we present results as rep-
resentative cases instead of averages. However, a sense of
the variance of primary data can be derived by comparing
Figures 6A, 7A, and 8A.

RESULTS

Root Surface pH and Its Relationship to Apoplast pH

When a root incubated at a pH higher than 5.0 is ap-
proached by a pH-sensitive microelectrode at a position
just proximal of the growing zone (12 mm above the apex),
the pH drops before the electrode tip touches the outer-
most cell wall. The relationship between proton concentra-
tion and distance from the root surface is sigmoidal in a
double-logarithmic plot (Fig. 3). As expected, the steepness
of this gradient around the root changes with medium flux
velocity, an effect due mainly to flux-dependent changes of

Figure 2. Methodological test for reliability of REGR profile deter-
mination. The test is based on a known REGR profile, from which
segment length changes in theoretical marking experiments are com-
puted. From these data, derived REGR profiles are determined by
application of the method that is to be tested for reliability. Devia-
tions of the derived profile from the known one indicate systematic
errors induced by the method under consideration. The graph gives
the known REGR profile as a bold line. Two derived profiles are
marked by circles; each symbol represents the relative growth rate of
a root segment. In one case, data were created for experimental
conditions prevailing in the present study and processed by our
method (F; initial segment length 0.9 mm, time between measure-
ments 54 min, segmental relative growth rate plotted versus average
segment position), and the agreement with the original profile was
excellent. In a second case, alternative experimental conditions and
analytical methods as used in a previous study (Pilet et al., 1983)
were modeled (E; initial segment length 0.65 mm, time between
measurements 6 h, segmental relative growth rate plotted versus
initial segment position), resulting in significant distortion of the
original profile. The REGR peak is shifted apically by almost 2 mm,
the growing zone appears shortened, and the velocity of root elon-
gation (which equals the area under an REGR profile) is reduced by
47%. See text for more details.
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surface pH. When medium flux is stopped, the surface pH
drops to new stable values if the bulk pH is higher than
approximately 5.0 (Fig. 4). Conversely, at bulk pH lower
than 5.0, the surface pH rises to new stable values after
stopping medium flux. Therefore, if the difference between
surface pH as measured in stagnant medium and bulk pH
is plotted versus bulk pH, a curve results that allows the
determination of a bulk pH value at which no difference
exists between surface pH and bulk pH (Fig. 4, inset).

Surface pH seems to form part of a continuous pH gra-
dient between the inner cortex apoplast and the bulk solu-
tion. The fact that increasing buffer concentrations affect
surface pH in a similar manner as increasing flux velocities
(not shown) supports this conclusion. Although the inner
tissue apoplast solution pH cannot be equated with surface
pH, its value can be estimated, since a bulk pH can be
found at which bulk and surface pH are equal (pH 5.05 in
the example shown in Fig. 4, inset). At this critical value the
gradient of proton concentration has zero slope, indicating
diffusive equilibrium of apoplast and bulk pH.

Longitudinal Gradients of Surface pH

Stepwise measurements of surface pH reveal character-
istic patterns along the growing root tip, consisting of a
short acidic region near the meristem and a longer one in
the elongation zone, separated by a pH maximum 1 to 2
mm below the meristem apex (Fig. 5). Overall, minimal pH
values were found in the proximal acidic zone in most
individual plants, but in some plants (four out of a total of

36) the lowest pH occurred in the distal acidic zone (see
example given in Fig. 7A). The pattern as a whole is shifted
along the pH scale by changes in bulk pH in a similar way
as described above for pH values measured at a given
position (compare Fig. 4). The complete profile of surface
pH can be more acidic, intermediate, or more alkaline than
the bulk pH. Thus, the longitudinal pH pattern as such
does not depend on the orientation of the pH gradient
normal to the root surface.

Correlation of Surface pH and REGR

The existence of a pronounced acidic zone at 4 to 5 mm
above the meristem apex suggests a relation to elongation
growth, which in maize is known to peak at just that
position. Simultaneous measurements reveal good spatial
correlation between the proximal pH minimum and the
maximum elongation growth intensity (examples of three
roots shown in Figs. 6A, 7A, and 8A). To test the idea of a
causal relationship between these parameters, their re-
sponse to exogenous stimuli was investigated. The maxima
in surface acidity and growth intensity along the elonga-

Figure 4. Dependence of root surface pH on bulk pH. Original tracks
from consecutive experiments at different bulk pH values (8.45, 7.00,
5.80, and 4.20) obtained from one root are shown. All tracks start
with the pH-sensitive micro-electrode positioned in the bulk solution
at 2-mm distance from the root surface, with the medium flowing
through the chamber with a bulk velocity of 10 mm min21. At 3 min
the electrode tip was advanced until it made contact with the root
surface at a position 12 mm above the apex (S), leading to a sudden
change in the pH signal. At 6 min medium flux was turned off (2F),
causing a further change in pH. After the signal had become stable,
the flux was turned on again (1F), and the electrode tip was retracted
to the initial position (B), which resulted in a reversal of the pH
changes. Note that if bulk pH is below a critical value, shifts in the
pH measured after electrode positioning and flux stop occur in the
opposite direction. The inset shows the difference between bulk pH
and stable surface pH at zero flux velocity (DpH) plotted versus bulk
pH. The critical bulk pH (surface pH 5 bulk pH) can be derived to
be 5.05. The experiment was repeated four times on different roots
with similar results.

Figure 3. Dependence of pH on the log of perpendicular distance
from the root surface measured 12 mm above the root tip. The
chamber was perfused with pH 8.25 medium at a flow velocity along
the root of 0, 12.5, and 95 mm min21, as indicated. Data points are
means of three measurements each, all performed on the same root;
SD was less than 0.026 in all cases. Repetition on different roots and
at different bulk pH yielded similar results. Note that not only the
steepness of the pH gradient perpendicular to the root surface, but
also the surface pH depends on flow velocity.
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tion zone are both eliminated by high concentrations of
auxin (1025 m; Fig. 6), and both are reduced by lower
concentrations (1027 m; not shown). When cellular energet-
ics are disturbed by cyanide, growth ceases and the sur-
face pH pattern breaks down concomitantly (Fig. 7). In
individual plants with low endogenous root elongation
velocity, shifting the bulk pH from neutral to acidic in-
creases REGR and decreases surface pH along the growing
zone (Fig. 8). However, we failed to demonstrate this effect
unequivocally in fast-growing roots (elongation velocity
.1.6 mm h21).

In contrast to the proximal acidic zone, the distal zone
near the meristem did not correlate with local elongation
rates (Figs. 6A, 7A, and 8A) and was insensitive to auxin
(Fig. 6). It might be assumed that this acidic region is
caused by buffering effects of the root cap mucilage, but
gentle removal of the calyptra before the experiments did
not prevent the occurrence of the acidic region around the
meristematic zone (not shown). Moreover, the cyanide sen-
sitivity of the distal acidic zone (Fig. 7; an individual in
which this distal acidic zone was more acidic than the
proximal one is shown) indicates its dependence on oxida-
tive phosphorylation.

DISCUSSION

Significance of Surface pH

In a previous study on extracellular pH regulation in
maize root tips (Felle, 1998), two conclusions were drawn
that bear on the present study: (a) the root cortex is able to
control its surface pH despite considerable variation in the
incubation medium pH; and (b) a complex pH pattern
exists along the root tip, consisting of two acidic regions
separated by a zone of higher pH. In the present study the
experimental setup was modified to facilitate the simulta-
neous measurement of spatial growth profiles and surface
pH gradients; the manipulation required for transferring
whole plants into the setup was minimized, and roots grew
vertically instead of horizontally. Because apoplast pH
(Taylor et al., 1996), surface pH gradients (Collings et al.,
1992), and membrane potential (Behrens et al., 1985; Ish-
ikawa and Evans, 1990) react rapidly to geotropic stimula-
tion in roots, it became necessary to verify our previous
interpretations under the changed circumstances.

Figure 5. Profiles of surface pH along the apical 12 mm of one
growing root (position 0 refers to the tip of the root cap) measured
consecutively in stagnant media at pH 7.8, 6.5, and 4.2, as indicated.
A distal acidic region around the meristematic zone (between about
position 0–1.5 mm) can be distinguished from a proximal acidic zone
along the elongation zone proper (about 2.5–8 mm). The pattern as
such is independent of bulk pH, although the pH range covered by
one profile tends to decrease with decreasing bulk pH. Note that the
complete profile of surface pH is more alkaline than the bulk at
medium pH 4.2. Similar results were obtained from four repetitions
with different plants.

Figure 6. Correlated response of growth and surface pH to indole-
acetic acid (IAA). Profiles of surface pH (M) and REGR (F) were
measured simultaneously on a root growing initially at 2.0 mm h21

in stagnant pH 6.75 medium before (A) and after (B) the addition of
1025 M IAA (measurement started 20 min after the addition of the
hormone). The proximal acidic zone correlates well with the position
of maximum REGR; both features vanish in the presence of IAA. The
distal acidic zone remains practically unaffected. The experiment
was repeated four times on different roots with similar results.
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The present data show that the earlier conclusions hold
under the modified conditions. Maize root tips create a
radial pH gradient in the surrounding medium, the slope
of which depends on the perfusion rate (Fig. 3) and the
bulk pH of the medium (Fig. 4). In addition, a complex
longitudinal gradient exists that is shifted along the pH
scale by changes in bulk pH (Fig. 5). We conclude that root
surface pH forms part of a continuous pH gradient be-
tween the inner apoplast and the bulk medium. Compari-
son of surface pH profiles at different bulk pH values (Fig.
5, interpreted in analogy to Fig. 4, inset) tempts us to
hypothesize that a bimodal longitudinal pH profile with
two acidic maxima exists in the subepidermal cortex apo-
plast, which ranges from minimum pH values of about 4.5
at 4 to 5 mm behind the apex to pH 5.2 at the proximal end
of the elongation zone. These figures are in agreement with
direct measurements presented previously (Felle, 1998).

Our surface pH profiles (Fig. 5) are similar to those
reported for root tips of Phleum pratense L. (Zieschang et al.,

1993; Monshausen et al., 1996). There surface pH profiles
were determined at an intermediate bulk pH, i.e. the two
acidic bands were more acidic than the medium, while the
pH maximum between them was slightly more alkaline
than the medium. The pH gradients normal to the root
surface were interpreted as indicative of proton fluxes: The
acidic region in the elongation zone was thought to corre-
spond to a current efflux zone, while the pH maximum was
identified with a region of current influx. This interpreta-
tion rendered the pH profiles consistent with the hypoth-
esis that the natural currents traversing growing root tips
(Weisenseel et al., 1979; Miller et al., 1988; Meyer and
Weisenseel, 1997; Taylor and Bloom, 1998) are carried
mainly by protons. Our finding that the complete surface
pH profile can be more alkaline or more acidic than bulk
pH (Fig. 5) is difficult to reconcile with this interpretation.
A systematic investigation into the dependence of longitu-
dinal and radial pH gradients and electrical currents on
bulk medium pH is clearly needed.

Figure 8. Response of growth and surface pH to medium acidifica-
tion in a slowly growing root. Profiles of surface pH (M) and REGR
(F) were determined on a root growing at 1.4 mm h21 in stagnant pH
6.75 medium (A) and after medium acidification to pH 5.0 had
induced an elongation velocity of 2.1 mm h21 (B) (measurement
started 15 min after the pH decrease). For the proper understanding
of the figure it should be remembered that the velocity of elongation
equals the integral of the REGR profile, i.e. the area under the curve
described by the REGR data (F). Note different scaling of ordinates in
A and B.

Figure 7. Effect of cyanide on growth and surface pH. Surface pH (M)
and REGR (F) profiles were measured simultaneously on a root
growing initially at 1.9 mm h21 in stagnant medium at pH 6.75
before (A) and after (B) the addition of 3 mM KCN (measurement
started 5 min after the addition of the toxin). This particular root is
one of the few individuals in which lower pH values prevailed in the
distal acidic zone than in the proximal zone (A). Both distal and
proximal acidic zones are abolished by the respiration inhibitor, but
surface pH along the root tip remained more than 0.5 units below
medium pH in its presence. Similar results were obtained in two
repetitions of this experiment with different roots.
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Acid Growth in Roots?

The consistent shape of the extracellular pH profile sug-
gests tight regulation and hence physiological significance.
What springs to mind is an involvement in the control of
elongation growth. Frequently, the possibility of an acid-
growth mechanism in roots was evaluated by scrutinizing
the relationship between root elongation growth and bulk
medium pH. However, pH on the root surface differs from
medium pH depending not only on the latter’s actual value
(Fig. 4), but also on medium flow velocity (Fig. 3), buffer
capacitance (not shown), and time, if the medium is stag-
nant (Felle, 1998). Moreover, the relationship of surface pH
and apoplast pH in the inner cortex layers, which probably
limit elongation growth (Pritchard, 1994), is unclear. There-
fore, any dependence of growth on bulk pH in a particular
experimental setting is hard to interpret, even if the addi-
tional complication of longitudinal gradients of growth
and cell wall pH is disregarded. It is therefore not surpris-
ing that this type of experiment provided controversial
evidence (Edwards and Scott, 1974; Büntemeyer et al.,
1998).

The correlation between spatial patterns of growth and
extracellular pH offers a promising alternative to test the
putative causal connection. Such a relationship was im-
plied by Pilet et al. (1983). However, the method by which
growth rate profiles were determined in that work is prob-
lematic, as discussed below. Moreover, the technique of pH
measurement used did not fully resolve the complexity of
the longitudinal pH gradient. Our simultaneous measure-
ments of gradients of surface pH and growth intensity
(Figs. 6, 7, and 8) demonstrate a coincidence of spatial
patterns only along a certain portion of the root tip, namely
proximal of a position 2 to 3 mm above the meristem apex.
Since surface pH depends on experimental conditions, as
discussed above, an elucidation of the nature of this coin-
cidence cannot be expected from comparisons of numerical
values of growth rates and pH. The correlated response of
the spatial patterns to exogenous stimuli (Figs. 5 and 6)
provides more convincing evidence for a functional rela-
tionship. The nature of this putative causality cannot be
inferred from our data alone.

The fact that higher growth rates can be induced by
lowering medium pH only in slowly growing individuals
(as shown in Fig. 8) suggests that cell wall pH contributes
to growth control, but that additional factors may overrule
its influence. The conclusion is supported by the existence
of a distal acidic zone unrelated to longitudinal growth. Its
sensitivity to cyanide indicates that this acidic zone is not
due to pH buffering by root cap mucilage (compare with
Zieschang et al., 1993). Baluška et al. (1994) proposed that
a peak of growth intensity in the radial direction exists near
root meristems, which would coincide spatially with the
distal maximum in surface acidity. However, the validity
of the analysis suggesting the existence of a radial growth
rate peak is disputed (Baskin and Beemster, 1997), and
neither a recently published study (Liang et al., 1997) nor
our own calculations (not shown) provide supporting
evidence.

Validity of Growth Analysis

The methodological accuracy of REGR profile determi-
nation, which is critical for the validity of conclusions in
studies like the present one, has to be demonstrated. Fol-
lowing our previous argumentation (Peters and Bernstein,
1997), we computed segmental growth data from a known
(i.e. theoretical) REGR profile and applied our method of
REGR profile determination to these data. Any deviation of
the resulting derived profile from the original one must be
attributed to errors inherent to the profile determination
method used. The reliability of our method of REGR profile
determination was proven in this test (Fig. 2 and “Materials
and Methods”).

In the most elaborate previous study on this topic, Pilet
et al. (1983) concluded that pH and local growth rates
correlate along maize roots. However, the long duration of
the growth tests in this study prevents sound conclusions
(Silk, 1984; Peters and Bernstein, 1997). We repeated the
methodological test under the experimental conditions of
the previous study. A significantly distorted profile re-
sulted (Fig. 2). Benefiting from hindsight, we feel that Pilet
et al. (1983) were lucky in reaching a correct conclusion,
probably because errors in growth analysis and poor res-
olution of pH measurements cancelled each other out. If
they had combined their growth analysis with a high-
resolution surface pH detection (like the one used in the
present study), their data would not have indicated a cor-
relation between maximum growth intensity and mini-
mum pH. Rather, it would have appeared that the REGR
peak was localized intermediately between the two pH
extremes.

This case exemplifies the problems caused by insufficient
accuracy of spatial growth analysis regarding both data
acquisition and processing. Methodological tests like the
ones performed here should become a matter of routine in
similar studies to ensure the validity of conclusions regard-
ing the physiology of growth control.
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