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Induction of sucrose synthase in the phloem of phytoplasma infected maize
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Abstract

In this study, we have analyzed the expression of the low oxygen inducible sucrose synthase isozyme SH1 (SUS-SH1)

in the phloem of maize (Zea mays L.) infected with maize bushy stunt phytoplasma. Immunolocalization and Western
blot analysis revealed several fold induction of SUS-SH1 in companion cells of phytoplasma inhabited phloem of leaf

sheaths and stems. The results imply higher rates of sucrose metabolism and intensified hypoxia in the phloem.
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The phloem of vascular plants is a unique cellular
complex of enucleate sieve tubes intimately connected
with metabolically hyperactive companion cells. The
phloem is conceivably the largest and the most intricate
cell continuum and it may not come as a surprise that it
hosts the smallest and the simplest cells — phytoplasmas.
This wuncultivable, wall-less bacteria of the class
Mollicutes inhabit the sieve tubes and cruise between
plants by specific phloem feeding insect vectors and with
the help of humans, i.e. by vegetative propagation and
global transportation. Phytoplasma cause several hundred
incurable plant diseases of considerable economic
significance (Seemueller et al. 2002). The reduced
translocation by the phloem was revealed by the
pioneering studies on phytoplasma diseases (Braun and
Sinclair 1978) however, its cause remains a black box.
The four sequenced phytoplasma genomes contain the
minimum sets of metabolic pathways identified in an
organism to date and no known pathogenesis genes
(Oshima et al. 2002, Bai et al. 2006, Kube et al. 2008,
Tran-Nguyen et al. 2008). Recently, unique phytoplasma
proteins that target plant cell nuclei (Bai e al. 2009) and
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influence plant development (Hoshi et al. 2009) have
been reported. Nevertheless, interference with the host
sugar metabolism could be at the core of phytoplasma
pathogenicity because the phloem transport is highly
sensitive to the changes in sugar metabolism and the
associate energy production (Van Bel 2003). The low
yield of phytoplasma energy production limited to
substrate level phosphorylation implies that they compete
substantially with the phloem cells for the primary cell
fuel, i.e. hexoses and, possibly, glycolytic intermediates.
The competition for hexoses has been implicated in
phytoplasma pathogenesis (Oshima et al. 2007). In order
to support the energy demanding transport processes that
maintain the sucrose gradient within the phloem, some of
the transported sucrose is metabolized, the first step being
cleavage by sucrose synthase (SUS) into fructose and
UDP-glucose (Geigenberger et al. 1993). Operation of
the SUS pathway in the phloem is consistent with the low
oxygen concentrations within the phloem that limit
phloem energy metabolism and sucrose transport (Van
Dongen et al. 2003). SUS genes are typically upregulated
by low oxygen concentrations (Geigenberger 2003).

Abbreviations: MBSP - maize bushy stunt phytoplasma; PVP - polyvinylpyrrolidone; SUS-SH1 - sucrose synthase isozyme SHI;
SUSI1- sucrose synthase isozyme 1
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Here we report analysis of sucrose synthase isozyme
SUS-SH1 protein expression in maize (Zea mays L.)
infected with maize bushy stunt phytoplasma (MBSP,
16SrI-B). In maize, contrary to sugar induced isozyme
SUSI involved in sink sugar unloading and starch or
cellulose biosynthesis, SUS-SH1 is typically induced by
low oxygen and seems to primarily support the energy
metabolism in low oxygen environment (Springer et al.
1986, Zeng et al. 1998, Subbaiah and Sachs 2001). The
reporter gene after sus-shl promoter was specifically
expressed in the phloem of potato (Graham et al. 1997)
and it was induced by hypoxia in tobacco plants (Yang
and Russel 1990).

The object of this study was to look at the crucial
enzyme of phloem sugar metabolism and a marker of
hypoxia in a phytoplasma infected plant. For this reason
SUS-SH1 and phytoplasma were detected by immuno-
localization, while the level of SUS-SHI1 protein in
different phloem rich tissues was analyzed by Western
blot.

To obtain infected plants 10-d-old seedlings of inbred
maize (Zea mays L.), cv. Mexican black sweet, line W22,
were exposed for 3 d to a population of vector (Dalbulus
maidis DeLong and Wolcott) acquisited with maize
bushy stunt phytoplasma (MBSP; ribosomal subgroup
16SrI-B; originating from Poza Rico, Mexico). Plants
were grown in two independent experiments in a
quarantine greenhouse.

For Western blot analysis five healthy and five
infected plants were sampled 10 weeks after infection.
From the six uppermost internodes, samples of leaf
blades (n = 13), midribs (n = 5), leaf sheaths (n = 12) and
stems (n = 10), along with axial roots (n = 7) previously
washed in water, were collected in pairs from healthy and
infected plants and immediately frozen in liquid nitrogen.
The soluble and membrane proteins were extracted
according to modified method of Subbaiah and Sachs
(2001) and the protein content was determined by RC DC

protein assay (Bio-Rad, Hercules, USA). Samples of
10 pg of protein were separated by polyacrylamide gel
electrophoresis (3 % stacking, 7.5 % running gel) and
electro blotted on PVP membranes. The membranes were
blocked and probed with monoclonal anti-SUS-SH1
antibodies (1:20000; provided by Dr. Prem S. Chourey,
Department of Plant Pathology, University of Florida,
Gainesville, FL, USA), followed by anti-mouse
antibodies conjugated with alkaline phosphatase (1:8000;
Sigma, Taufkirchen, Germany). After the signal
developed, (AP substrate, Bio-Rad) the membranes were
dried and scanned. The band absorption was determined
and the background subtracted by Gel-Pro analyzer 4.0
software (Media Cybernetics, Bethesda, USA). To
standardize the band intensities on individual blots,
relative band absorption was calculated by normalizing
the band absorption of each sample to that of a Western
blot control loaded in aliquots on each gel.

For microscopic analysis, blocks of tissue were fixed
(for 1 h at 4 °C in 4 % paraformaldehyde in phosphate
buffered saline; PBS) and hand cut with a razor blade.
For immunofluorescence (IF) microscopy, sections were
double labelled with rabbit anti-SUS-SH1 serum (Echt
and Chourey 1985) and mouse anti-MBSP monoclonal
antibodies (Chen and Jiang 1988) followed by goat anti-
rabbit Alexa fluor 546 and donkey anti-mouse Alexa
fluor 488 conjugated secondary antibodies (Molecular
Probes, Eugene, Oregon, USA). Red-green-blue (RGB)
images were collected with a fluorescence microscope
(Nikon Eclipse E800, Tokyo, Japan) equipped with a
colour CCD camera, under ultraviolet (UV), blue and
green excitation using appropriate filter sets. The blue
emission from the image taken with UV excitation,
corresponding to the background autofluorescence and
the emission colour of each fluorochrome, i.e. green and
red, from the images taken at blue and green excitation,
respectively, were extracted using Lucia G software
(Laboratory Imaging, Prague, Czech Republic). The

Table 1. Total proteins and SUS-SH1 protein in soluble and membrane fractions of tissues of healthy and infected plants. Mean + SE.
The differences between the samples from healthy and infected plants were evaluated by Student ¢-test (* - P < 0.05; ** - P <0.01;

8% - P <0.001).

Tissue Fraction Total proteins [mg g (f.m.)] SUS-SHI1 protein [arbitrary units]
healthy infected healthy infected

Leaf lamina soluble 4.55+0.27 3.72+0.27 * 0.02+0.01 0.03 £0.01
membrane 0.68 +0.06 0.54 +0.09 0.06 + 0.02 0.13 £0.04

Midrib soluble 091+0.13 1.06 +0.18 0.22 +0.07 0.36 £0.13
membrane 0.05+0.01 0.11+0.03 * 0.18 £ 0.09 0.26 +0.16

Leaf sheath soluble 0.65+0.08 1.04 +0.10 ** 0.19 £ 0.08 1.30 £0.14 ***
membrane 0.07 £0.01 0.10+£0.02 0.30+0.11 1.47 £0.35 **

Stem soluble 1.01£0.13 1.35+£0.19 2.30+0.39 6.34+1.15 **
membrane 0.11 +£0.03 0.10£0.02 2.17+0.35 3.93+£0.45 **

Roots soluble 0.23 £0.03 0.33+£0.05 1.82+0.38 1.69+£0.21
membrane 0.02 +0.00 0.02 +0.00 1.02+0.32 1.36 £0.22
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Fig. 14,B. Immunolocalization of phytoplasma and SUS-SH1 in a cross section of major vascular bundles in stem. Phytoplasma
(green fluorescence, arrowheads) are present in sieve elements (SE). SUS-SH1 (red fluorescence, arrowheads) is localized in

companion cells (CC); X - xylem.

extracted colours were merged back into RGB images, in
which green and red represent the specific signal of
fluorochromes, while the background autofluorescence
covers the rest of the spectrum.

Four weeks after infection, the first symptoms
appeared on the leaves as irregular interveinal redness,
and phytoplasma were observed by IF microscopy in the
sieve tubes. At the time of sampling for biochemical
analysis, plants were stunted with underdeveloped roots.
Leaves had symptoms of sugar accumulation (Junqueira
et al. 2004). The reduced level of proteins in leaf lamina
(Table 1) could be attributed to repression of
photosynthetic genes in sugar accumulating leaves (Paul
and Pellny 2003).

SUS localized to companion cells of the phloem by
Nolte and Koch (1993) has been in this study identified
as isozyme SUS-SH1 (Fig. 1). Besides the companion
cells throughout the plant, SUS-SH1 signal was only
seldomly observed in xylem parenchyma cells of the
major veins. By Western blot analysis, the highest levels
of SUS-SH1 were found in stem and very low in leaf
lamina in both healthy and infected plants (Table 1).
While this in one sens reflects the different proportions of
vascular tissue in samples, it appears that SUS-SHI1
operates primarily in the transport phloem. Importantly,
SUS-SH1 was induced several fold in leaf sheaths and
stem of infected plants (Table 1), which is a strong
indication of a higher level of sucrose metabolism and
intensified hypoxia in the phloem. These results, the
induction of SUS and alcohol dehydrogenase in
phytoplasma infected grapevine (Hren et. al. 2009) along
with the low ATP/ADP ratio and high reducing sugar
concentrations in the phloem sap of phytoplasma infected
apple trees (Kollar and Seemiiller 1990), manifest that
phytoplasma infection in diverse plants leads to sucrose
mobilization, lack of oxygen and switch to the
fermentative metabolism in the phloem.

Plants decrease their oxygen consumption in response
to low oxygen concentrations to avoid internal anoxia
(Zabalza et al. 2009). This adaptive response involves a
rapid restriction of glycolytic flux and respiration, well
before oxygen concentration becomes limiting for the

respiration itself (Geigenberger 2003). However, in plant
tissues with slow diffusion of oxygen, like tubers (Bologa
et al. 2004) and the phloem (Zuther et al. 2004,
Geigenberger et al. 2004), unregulated increase in sugar
metabolism by genetic modification leads to a stimulation
of respiration, resulting in a decrease in oxygen tension to
almost zero, and a decrease in energy status. We propose
that similarly, due to the near equlibrium reaction of SUS
in the phloem and feed-back inhibition by fructose
(Geigenberger et al. 1993), a simple competition for
fructose in phytoplasma infested phloem stimulates
sucrose breakdown and increases the rate of UDP-glucose
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Fig. 2. The proposed model of Mollicutes pathogenesis. The
competition for fructose stimulates sucrose breakdown because
of alleviated feed-back inhibition of sucrose synthase (dashed
line). More UDP-glucose enters glycolysis and respiration of
the host cell (bold arrow). Oxygen supply by diffusion cannot
keep up with the increased oxygen consumption in respiration,
causing oxygen shortage in the phloem. Hypoxic metabolism
cannot support the energetically demanding sucrose pumping
that maintain high sucrose content within phloem (grey arrows).
A possible competition for glycolytic intermediates is marked
by ?. Fru - fructose, Suc - sucrose, SUS - sucrose synthase,
UDP-Glc - UDP glucose.
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metabolism by host cells that leads to intensified hypoxia
in the phloem (Fig. 2). The fact that fructose and not
glucose utilization is crucial for pathogenicity of
phytoplasma’s relative, Spiroplasma citri (André et al.
2005), supports the proposed model as a common basis of
pathogenesis in plant-pathogenic Mollicutes.

New experimental approaches for measuring oxygen
in the phytoplasma inhabited phloem need to be
employed to verify the model. Nevertheless, the low
energy state of hypoxic phytoplasma inhabited phloem
could explain the impaired phloem transport and its
associated symptoms. The low energy state causes
sucrose leaking from the transport phloem, which
disrupts sucrose gradient, i.e., the driving force of phloem
transport on the whole plant level (Wright and Oparka
1997, Ayre et al. 2003). An indication of sucrose leaking
from the phytoplasma inhabited phloem are elevated
protein contents in the tissues rich in transport phloem
(Table 1), that could be due to sucrose induced protein
synthesis (Geigenberger et al. 2000). A low oxygen
environment reduces oxidative DNA damage, which
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