
Sucrose synthase isozyme SUS1 in the maize root
cap is preferentially localized in the endopolyploid
outer cells
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Abstract: The structure of the maize (Zea mays L.) root cap was studied to quantitatively evaluate the relationship
among the size of the cells, their endopolyploidy level, and the abundance of the sucrose synthase isozyme SUS1. Me-
dian longitudinal root cap sections were analysed using immunolocalization, quantitative DNA staining, and image
cytometry. Both the immunolocalization signal for the SUS1 protein and the endopolyploidy level increased from ca-
lyptrogen towards the root cap periphery and were thus the highest in the outer cells. These cells had a nuclear DNA
content of mostly 8C or higher and the largest volumes of all root cap cells. The high amount of SUS1 protein in the
outer, endopolyploid cells suggests an association between endoreduplication and the abundance of this enzyme. The
outer cells are involved in mucilage production; hence, there is a possibility that sucrose synthase provides
monosaccharide precursors for mucilage synthesis.
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Résumé : Les auteurs ont étudié la structure de la coiffe racinaire chez le maïs (Zea mays L.), afin d’évaluer quantita-
tivement la relation entre la dimension des cellules, leur niveau d’endoploïdie et l’abondance de l’isozyme SUS1 de la
sucrose synthase. Ils ont analysé des sections longitudinales médianes à l’aide de l’immunolocalisation, de la coloration
quantitative de l’ADN, et de l’imagerie cytométrique. Le signal d’immunolocalisation de la protéine SUS1 aussi bien
que le niveau de ploïdie, augmentent des cellules calyptrogènes en allant vers la périphérie de la coiffe, et sont ainsi
les plus élevés dans les cellules externes. Ces cellules possèdent un contenu en ADN nucléique généralement de 8C ou
plus, ainsi que les plus gros volumes de toutes les cellules de la coiffe. La grande quantité de protéines SUS1 dans les
cellules externes endoploïdes suggèrent une association entre l’endoreduplication et l’abondance de cet enzyme. Les
cellules externes sont impliquées dans la production du mucilage et par conséquent les auteurs discute la possibilité
que la sucrose synthase produise les monosaccharides précurseurs à la synthèse du mucilage.

Mots clés : quantité d’ADM nucléique, endoreduplication, immunolocalisation, imagerie cytométrique, Zea mays L.
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Introduction

The root cap has several important physiological func-
tions. It protects the root apical meristem from physical
damage and pathogen attack, senses gravity, aids in the pas-
sage of the root in soil by decreasing the frictional resistance
through cell sloughing and mucilage secretion, modifies the
conditions in the rhizosphere, and regulates root growth as a
response to the received signals (Barlow 1975; Bengough
and McKenzie 1997; Hawes et al. 2000).

Cells of maize (Zea mays L.) root caps originate from the
calyptrogen, the distal part of the root apical meristem.

Calyptrogen cells divide to form additional layers of cells,
which then increase in size during the course of differentia-
tion (Kiesselbach 1949). The nondividing nuclei of the dif-
ferentiated cells outside the meristem zone still exhibit DNA
synthesis due to endoreduplication cycles (Barlow 1976).
Consequently, the endopolyploidy level of the nuclei in-
creases as the cells advance through the root cap, and the
outermost cells of the columella contain nuclei with DNA
content up to 16C (Barlow 1977). Endopolyploid cells have
an increased growth potential and metabolic activity, but
they lose the cell division capacity (Barlow 1978; Middleton
and Gahan 1979; Kondorosi et al. 2000; Edgar and Orr-
Weaver 2001). Because endopolyploidy occurs in tissues
with high metabolic activity, it is believed to provide a mo-
lecular basis for increased levels of gene expression (Joubès
and Chevalier 2000).

The endopolyploid cells in the outer part of the maize root
cap contain hypertrophied Golgi bodies, which form large
polysaccharide-filled secretory vesicles involved in accumu-
lation and secretion of mucilage (Morre and Jones 1967).
Secreted polysaccharides are characteristically rich in fu-
cose, with glucose, galactose, arabinose, xylose, and man-
nose as other major monomers (Harris and Northcote 1970;
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Chaboud 1983; Bacic et al. 1986; Osborn et al. 1999). A
substantial fraction of glucose in mucilage is present in the
free monosaccharide form (Osborn et al. 1999). Mucilage
synthesis per se has received little attention. Nevertheless,
Harris and Northcote (1970) proposed a pathway for muci-
lage biosynthesis that was deduced from its chemical
composition. They suggested that all monosaccharide com-
ponents of mucilage may be synthesized from the incoming
sucrose via UDP-glucose and D-fructose. Consistent with
this notion are the results of Ricard et al. (1998), which also
suggest that sucrose, and not hexose, is the principal carbon
source in maize root tissues.

Sucrose synthase (UDP-glucose: D-fructose 2-α-D-
glucosyltransferase, EC 2.4.1.13) catalyses reversible con-
version of sucrose and UDP to fructose and UDP-glucose.
The enzyme plays an important role in energy metabolism
by mobilizing sucrose into diverse pathways related to the
metabolic, structural, and storage functions of plant cells.
Both biochemical and genetic studies suggest that the in
vivo role of sucrose synthase is the production of UDP-
glucose, a precursor for synthesis of UDP-galactose, starch,
cellulose, and callose (Amor et al. 1995; Ruan et al. 1997;
Chourey et al. 1998; Sturm and Tang 1999). All plant spe-
cies studied thus far have shown two or more molecular
homologous genes (orthologues) leading to multiple forms
of sucrose synthase, which often display tissue- and cell-
specific patterns of accumulation (Carlson et al. 2002 and
references therein). In maize, three sucrose synthase genes,
Sus1, Sh1, and Sus3, have been described, with the first two
contributing to more than 99% of the total sucrose synthase
protein in various tissues of the plant (Carlson et al. 2002).
Although both SUS1 and SH1 isozymes, encoded by the
Sus1 and Sh1 genes, respectively, are expressed in young
roots, only the SUS1 protein was detected in the root cap
cells (Rowland et al. 1989). Similarly, a single sucrose syn-
thase gene is expressed in the root caps of barley (Guerin
and Carbonero 1997) and potato (Fu and Park 1995). There
is, however, no study to date on the spatial distribution of
the sucrose synthase protein within the root cap.

In the present study, we quantitatively evaluated the rela-
tionship among cell size, endopolyploidy level, and abun-
dance of the sucrose synthase isozyme SUS1 in the maize
root cap. To the best of our knowledge, the results of this
study are the first demonstration of an association between
endopolyploidy and increased enzyme content in plant cells.

Materials and methods

Preparation of root sections
Maize caryopses of the W22 inbred line were surface ster-

ilized for 15 min in 25% (v/v) commercial bleach, imbibed
overnight in distilled water, and germinated in the dark at
room temperature in a Petri dish layered with moistened
filter paper. When the primary roots were about 30 mm long,
the seedlings were transferred to styrofoam rafts floating on
distilled water. After 72 h (primary root length approxi-
mately 80 mm), the root tips were excised and fixed in a
mixture of 3.7% formaldehyde, 5% glacial acetic acid, and
50% ethanol for 24 h at 4 °C, dehydrated in a series of etha-
nol and tertiary butyl alcohol (Sigma, St. Louis, Mo.), and
embedded in Paraplast (Sherwood Medical Co., St. Louis,

Mo.). In total, the median longitudinal sections of nine root
tips were analysed: three root tips were used for immuno-
localization (section thickness 10 µm) and six were used for
measurement of the nuclear DNA amount (section thickness
16 µm).

Image analysis setup
The image analysis system used for all measurements

consisted of an Axioskop 2 MOT microscope (Carl Zeiss,
Jena, Germany) equipped with a CCD camera (DXC-950P)
(Sony, Tokyo, Japan) and the KS400 software package (Carl
Zeiss Vision GmbH, Hallbergmoos, Germany). We devel-
oped macro programs for the different image analysis appli-
cations described below.

Cell size and the number of cells in the root cap
Cell size was measured according to Vilhar et al. (2002).

The cell walls were visualized using epifluorescence (UV
excitation) and interactively outlined. The recorded cyto-
metric parameters were cell area, minimum and maximum
cell diameter, and cell centroid coordinates. The total num-
ber of cells in the root cap was estimated essentially as de-
scribed in Bengough et al. (2001) by rotation of the median
longitudinal section for 180°. The volume of individual cells
was estimated by multiplying the cell area either by the min-
imum cell diameter (cell area larger than 180 µm2) or by the
maximum cell diameter (cell area smaller than 180 µm2). In
the same sections, either cell size and endopolyploidy level
or cell size and the staining intensity of SUS1 immuno-
localization were measured (see below).

Measurement of nuclear DNA amount
Nuclear DNA amount was measured with image densito-

metry using the interphase-peak method (Vilhar et al. 2001;
Vilhar and Dermastia 2002) adapted for use with tissue sec-
tions (Vilhar et al. 2002). Root tip sections were dewaxed in
xylene, rehydrated through an ethanol series to water, hydro-
lysed in 5 mol/L HCl for 75 min at 20 °C, stained with
Feulgen reagent for 120 min at 20 °C, washed for 45 min
in several changes of 0.5% potassium metabisulphite in
50 mmol/L HCl, dehydrated, and mounted in DPX (Fisons
Scientific Equipment, Loughborough, U.K.).

Integrated optical density (IOD) was measured on a series
of greyscale images of the root cap recorded with a 40×
objective (Fig. 1A). IOD was used to estimate the relative
amount of DNA in individual nuclei. The coordinates of the
nuclei were also recorded. IOD values for nuclei in individ-
ual root cap sections were plotted as frequency polygons
with the logarithmical scale for IOD, revealing peaks of in-
creasing endopolyploidy levels at theoretically equal dis-
tances (Fig. 1B). For comparison of different sections, the
nuclear DNA amount was expressed in C value units, where
1C represented the nuclear DNA content of a nonreplicated
haploid genome. The 2C value was assigned to the mode of
the first peak in the IOD frequency histogram as an internal
standard for each section (Barlow 1977). The nuclei were
separated into C value classes at midpoints between peak
modes into 2C, 4C, 8C, and 16C classes. A small peak cor-
responding to the 32C value was also detected, but because
of the low number of these cells, the 16C and 32C data were
pooled together into a class labelled 16C+ for further analy-
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sis. The three most median sections were measured for each
root cap to obtain a sufficient number of nuclei for accurate
determination of the positions of the peaks. The endo-
polyploidy data were linked with cell size using the nearest
neighbor method (Vilhar et al. 2002).

Immunolocalization
Sucrose synthase isozyme SUS1 was localized with poly-

clonal rabbit antibodies raised against the SUS1 protein
(Echt and Chourey 1985). A HistoGold staining kit (Zymed,
San Francisco, Calif.) was used to detect the SUS1-bound
rabbit antibodies, essentially following the manufacturer’s
protocol. Root tip sections were dewaxed in xylene and
rehydrated through an ethanol series to water and then equil-
ibrated in phosphate-buffered saline (137 mmol/L NaCl,
3 mmol/L KCl, 8 mmol/L Na2HPO4, and 1.5 mmol/L
KH2PO4, pH 7.4). Nonspecific binding sites were inactivated
with the blocking solution from the kit. Sections were incu-
bated with primary anti-SUS1 antibodies (dilution 1:500) for
30 min at room temperature. A negative control was per-
formed using nonimmune rabbit serum. After washing the
sections with phosphate-buffered saline, the primary anti-
bodies were detected with antirabbit gold-conjugated goat
antibodies. The signal was amplified with silver enhance-
ment solution. Sections were mounted in Permount (Electron
Microscopy Sciences, Fort Washington, Pa.).

A greyscale image of immunostained section (Fig. 1D)
was recorded using a 10× objective. The image was pro-
cessed with the median filter to lower the local variation in
pixel values. The image of cell outlines generated during the
measurement of cell size was used to separate the immuno-
localization image into individual cells. The minimum grey
value in each cell was used as an estimate of the amount of
the SUS1 protein. Cells were classified into two groups
(strong or weak immunosignal) that, by our postulate, occu-
pied equal volumes in each root cap. This classification pro-
cedure also mitigated the effects of variable staining
intensities among replicate microscope slides resulting from
different overall levels of silver deposition. According to the
postulate, a threshold grey value was determined for each
root cap section. Cells with the minimal grey value from
zero to the threshold grey value were classified as containing
a strong immunosignal for the SUS1 protein (darkly stained
cells, “strong SUS1” class) and cells with the minimal grey
value higher than the threshold as containing a weak signal
(lightly stained cells, “weak SUS1” class) (Fig. 1E).

Linking of the SUS1 signal to the endopolyploidy level
The immunolocalization and quantitative DNA staining

techniques could not be performed on the same tissue sec-
tions because of methodological constraints. Therefore, the
SUS1 protein signals and the nuclear DNA amounts in the
root cap cells were linked on the basis of the position of in-
dividual cells in different sections. The image of a Feulgen-
stained root cap was superimposed over the image of an
immunostained root cap using the root body–cap junction as
a reference point for image alignment. The endopolyploidy
level was assigned to each immunostained cell by finding
the nearest Feulgen-stained cell on the basis of cell centroid
coordinates. Images of all six Feulgen-stained root caps
were superimposed in turn, resulting in six assigned endo-
polyploidy values for each immunostained cell. The median
of these six values was used as the final estimate for the
endopolyploidy level of each immunostained cell. Using an
analogous procedure, the amount of SUS1 (strong or weak
immunosignal) was assigned to each Feulgen-stained cell.
As a result of this estimation procedure, both the level of
immunostaining and the endopolyploidy level were deter-
mined for each cell in the nine examined root cap sections.

Results and discussion

Root cap morphology
The image analysis tools developed for the purposes of

this study allowed for the estimation of morphological para-
meters in the entire root cap. The estimated number of cells
in the root cap of the W22 line was 6950 ± 290 (mean ± SE,
N = 9). Our estimate is comparable with the 7900 cells
(range 3900 – 20 900) found in Z. mays ‘Golden Bantam’
(Clowes 1976) and the 8870 ± 390 cells found in Z. mays
‘Mephisto’ (N = 6) (Bengough et al. 2001). The estimated
volume of the root cap in the W22 line was 0.039 ±
0.005 mm3, the length of the root cap was 320 ± 15 µm, and
the average root growth rate was 0.7 µm·h–1. According to
the classification of Pilet (1986), the examined roots grew at
an intermediate rate.

Endopolyploidy level in the root cap cells
The spatial distribution of cells with different endo-

polyploidy levels in one of the examined root caps is shown
in Fig. 1C. The meristematic region (calyptrogen) contained
the cells with a DNA amount of 2C and 4C. The rest of the
root cap was occupied predominantly by 4C and 8C cells,
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Fig. 1. Endopolyploidy level and immunolocalized sucrose synthase isozyme SUS1 in the maize (Zea mays) root cap. (A) Median lon-
gitudinal section quantitatively stained with the Feulgen reaction; the size of individual images recorded for measurement of integrated
optical density of the nuclei is indicated by a dashed rectangle. (B) Frequency polygon of relative nuclear DNA amounts in the root
cap cells shown in Fig. 1A expressed in C value units. The cells were separated into C value classes corresponding to different
endopolyploidy levels (2C, 4C, 8C, and 16C+) by setting the class limits at midpoints between the consecutive peak modes in the fre-
quency polygon (dashed vertical lines). (C) Endopolyploidy level of individual cells in the longitudinal root cap section shown in
Fig. 1A. (D) Median longitudinal section immunostained with the SUS1 antiserum, with inset showing the negative control treated with
the nonimmune serum. (E) Frequency polygon of the minimal grey values of cells in the immunostained root cap section shown in
Fig. 1D. The cells with the minimal grey value lower than the threshold value (broken vertical line) were classified as containing a
high amount of the SUS1 protein (darkly stained cells) and cells with the minimal grey value higher than the threshold as containing a
low amount of the SUS1 protein (lightly stained cells). The threshold was set so that the volume occupied by cells with either a strong
or a weak SUS1 signal equalled 50% of the total root cap volume. (F) Level of immunolocalization staining in individual cells in the
longitudinal root cap section shown in Fig. 1D.
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with some 16C+ cells occurring at the periphery of the root
cap (Fig. 1C). The cells with the smallest volumes were
mainly of the 2C level. With increasing cell volume, the
proportion of cells with relatively high C values increased;
hence, the largest cells had nuclei with a DNA amount of
16C and higher (Fig. 2A). The median cell volume increased
with increasing endopolyploidy level (Fig. 2B, inset). A sim-
ilar correlation between the amount of nuclear DNA and the
volume of cells has been recently shown in developing
maize endosperm (Vilhar et al. 2002). Although the number
of cells with high endopolyploidy levels was low (Fig. 2A),
they occupied a large portion of the root cap volume
(Fig. 2B). The 2C and 4C cells represented 76% ± 2% of all
root cap cells (mean ± SE, N = 6), but they represented only
44% ± 4% of the root cap volume. On the other hand, cells
with endopolyploid nuclei with C values of 8C or higher

represented only 24% ± 2% of all cells, but they comprised
56% ± 4% of the root cap volume.

Localization of the SUS1 protein
The location and relative amount of the SUS1 protein

were determined by quantitative evaluation of immuno-
staining with image analysis. The pattern of the immuno-
signal was similar in all examined root tip sections. The
cells in the central part of the root cap showed relatively
weak immunostaining (Figs. 1D and 1F); the peak in Fig. 1E
comprises these cells. The dark staining, indicating a high
amount of the SUS1 protein, was detected mainly in the
outer root cap cells (Figs. 1D and 1F). These cells are con-
tained in the long left tail of the peak in Fig. 1E. Addi-
tionally, the relationship among the amount of the SUS1
protein, the cell volume, and the number of cells in the root
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Fig. 2. Frequency distribution of maize (Zea mays) root cap cells in relation to cell volume. Data were obtained with the three-
dimensional rotational model of the root cap (Bengough et al. 2001). (A) Number of cells with different endopolyploidy levels.
(B) Contribution of cells with different endopolyploidy levels to the total root cap volume. Inset: relationship between the endo-
polyploidy level and the median cell volume; the mean ± SE is shown (number of root caps N = 6). (C) Number of cells with a strong
or weak signal for the SUS1 protein. (D) Contribution of cells with a strong or weak signal for the SUS1 protein to the total root cap
volume. The shaded areas around the frequency polygons in the four panels represent the standard errors for six (Figs. 2A and 2B)
and three (Figs. 2C and 2D) root caps analysed.
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cap was analysed. The mean volume of cells with a strong
SUS1 signal, calculated from medians for individual caps,
was 12 100 ± 3800 µm3 (mean ± SE, N = 3) compared with
2700 ± 200 µm3 for cells with a weak SUS1 signal. The
cells with small volumes mostly showed a weak SUS1 sig-
nal, while the proportion of cells with a strong SUS1 signal
increased with increasing cell volume (Fig. 2C). According
to the postulate of cell classification, the cells with a strong
SUS1 signal occupied half of the total root cap volume
(Fig. 2D). However, because of their large volume, the cells
with a strong SUS1 signal represented only 28% ± 7% of the
total number of cells.

Association of the sucrose synthase isozyme SUS1, but
not SH1, with the maize root cap has been previously shown
at the gene expression and protein level (Rowland et al.
1989). It was suggested that the enzyme is involved in plant
responses to anoxia and (or) hypoxia (Chen and Chourey
1989; Rowland et al. 1989; Koch et al. 1992; Zeng et al.
1998). Nevertheless, the detailed localization pattern of su-
crose synthase in the maize root cap has not been consid-
ered. Guerin and Carbonero (1997) proposed that sucrose
synthase in the root cap of barley may be primarily involved
in biosynthesis of starch in the central cap cells. However,
the spatial distribution observed in this study suggests that
sucrose synthase in maize may be more important for the
function of the outer root cap cells. These cells contain hy-
pertrophied Golgi-derived vesicles (Moore and Jones 1967)
filled with fucose-rich polysaccharides (Roy et al. 2002). It
has been previously shown that the sucrose synthase protein
is associated with the Golgi membranes (Buckeridge et al.
1999) and with the plasma membrane (Carlson and Chourey
1996), presumably as a provider of UDP-glucose for poly-
saccharide synthesis. Sucrose synthase activity in the outer
cells of the maize root cap may thus provide UDP-glucose
for biosynthesis of mucilage polysaccharides and free he-
xose sugars.

Association between endopolyploidy and the amount of
the SUS1 protein

We also examined the association between the endo-
polyploidy level of cells and the amount of the SUS1 pro-
tein. The level of immunostaining signal for SUS1 (Figs. 2C
and 2D) exhibited a similar relationship with cell volume as
the endopolyploidy level (Figs. 2A and 2B). Additionally,
the location of cells with strong SUS1 signal overlapped pre-
dominantly with the position of cells with higher endo-
polyploidy levels; about 90% of 16C+ cells exhibited a
strong SUS1 signal compared with only 5% of 2C cells
(Fig. 3). It should be noted that the strong SUS1 signal may
be completely absent from the 2C cells, and the 5% value
estimated for these cells may be largely due to methodologi-
cal noise linked to superimposition of images. With respect
to the spatial distribution, the cells with a strong SUS1 sig-
nal were located in the outer part of the root cap (Fig. 1F),
where cells with a nuclear DNA content of 8C and higher
prevailed (Fig. 1C).

Several proteins associated with mucilage were recently
reported to have a similar spatial distribution in the maize
root cap as sucrose synthase. GDP-D-mannose-4,6-dehydratase
is primarily expressed in the outer root cap (Ponce et al.

2000). The enzyme catalyses the first step in de novo syn-
thesis of GDP-L-fucose (Bonin et al. 1997), which is a major
and specific component of the mucilage polysaccharides in
maize (Harris and Northcote 1970; Bacic et al. 1986; Osborn
et al. 1999). A zmGRP4 gene, encoding a glycine-rich pro-
tein, is strongly expressed in the peripheral root cap and
weakly in the root epidermis (Matsuyama et al. 1999; Ponce
et al. 2000). An arabinogalactan protein component of maize
mucilage (Bacic et al. 1986) is also specifically expressed in
the outer root cap (Ponce et al. 2000). Although endopolyploidy
was not measured in these cases, a similar root cap structure
reported in different cultivars of maize (Bengough et al.
2001 and references therein; this study) suggests that the pe-
ripheral occurrence of mucilage-related proteins other than
SUS1 also coincides with cells of higher endopolyploidy.

Endopolyploidy level may not be the only factor influenc-
ing accumulation of SUS1 protein in the outer maize root
cap. For example, the cell positional information is likely to
be important also. Nevertheless, cells of higher endopoly-
ploidy levels may possess a greater capacity for enzyme ex-
pression, accumulation, or activity. In highly metabolically
active tissues, endoreduplication may provide an increased
number of gene copies to increase the level of gene expres-
sion (Baluška and Kubica 1992; Edgar and Orr-Weaver
2001; Joubès and Chevalier 2000) and to accommodate the
enhanced transcription of nuclear genes needed for the as-
sembly of a higher number of organelles per cell (Joubès
and Chevalier 2000). Indeed, in the maize root cap, the num-
ber of organelles per cell increases as the distance of the cell
from the meristem increases during the course of cell differ-
entiation (Juniper and Clowes 1965), and the higher number
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Fig. 3. Relationship between endopolyploidy level and the
amount of the SUS1 protein in the cells of the maize (Zea mays)
root cap. Data were obtained with the three-dimensional rota-
tional model of the root cap (Bengough et al. 2001). The endo-
polyploidy and immunostaining data were linked on the
positional basis of cells. The mean percentage of cells with a
strong SUS1 signal was calculated for each endopolyploidy level
from data for nine caps; error bars represent the standard error.
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of Golgi vesicles (Morre and Jones 1967) may support the
intensive synthesis of mucilage polysaccharides.

In conclusion, the expression of genes and accumulation
of several mucilage-associated proteins in the endopolyploid
outer maize root cap cells (Matsuyama et al. 1999; Ponce et
al. 2000; this study) indicate that these processes might be
enhanced through endoreduplication. Nevertheless, these ob-
servations do not provide conclusive evidence for the causal
link between an increased number of gene copies and in-
creased protein synthesis. In this respect, it would be of spe-
cial interest to investigate mucilage synthesis in plants that
do not possess endoreduplicated root cap cells.
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