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.Galilei: Also werden wir an die Beobachtung der Sonne hetaeag mit dem
unerbittlichen Entschluf3, den Stillstand der Er@gehzuweisen! Und erst wenn wir
gescheitert sind, vollstédndig und hoffnungslos bkegen und unsere Wunden leckend,
in traurigster Verfassung, werden wir zu fragenaagen, ob wir nicht doch recht
gehabt haben und die Erde sich dréWiif einem ZwinkernSollte uns aber dann jede
andere Annahme als diese unter den Handen zerrs®iendann keine Gnade mehr
mit denen, die nicht geforscht haben und doch reNehmt das Tuch vom Rohr und
richtet es auf die Sonne!”

Bertolt Brecht, Leben des Galilei, 1938/39
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Chapter 1- General introduction

1. General introduction

Agricultural productivity is severely affected bgilssalinity, with salt levels that are harmful
to plant growth affecting large terrestrial aredshe world. This makes salinity a common
agricultural problem throughout the world and, iedeone that has influenced ancient and
modern civilizations (Cramer, 1992; Yamaguchi arldnBvald, 2005). As summarized by
Munns et al. (2002), about 7% of the world’s td#add area is affected by salt, as is a similar
percentage of its arable land (Szabolcs, 1994).

The loss of farmable land to salinization is dikgdh conflict with the needs of the world
population for food, because most of the suitadhel lhas been cultivated, and any expansion
into new areas to increase food production is ygpeksible (Rangasamy, 2006). Moreover,
global food production will need to increase by 38%2025 and by 57% by 2050 if food
supply to the growing world population is to be ntained at current levels. Therefore,
increasing the yield of crop plants in salinizedds is an absolute requirement for feeding the
world population that is projected to increase by hillion over the next 20 years (Wild,

2003; Yamaguchi and Blumwald, 2005; Rangasamy, 006

1.1 Causes of soil salinity

Rahnama et al. (2011) defines salinization as toeiraulation of water-soluble salts in the
soil to a level that impacts on agricultural prodlut, environmental health and economic
welfare. A soil is considered saline if the elaxdticonductivity of its saturation extract (ECe)
is above 4 dS th (Richards, 1954). Most of this salt-affected |amas arisen from the
accumulation of salts over long periods of timeand and semi-arid zones (Rengasamy,
2002; Munns and Tester, 2008). Weathering is omeirtknt source of salts, because soils are
derived from the chemical and physical weatherihgpoks and other geological and organic

materials that release salts such as chloride addire (Rengasamy, 2006; 2010). Other
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cause of accumulation is the deposition of ocesailts carried by wind and rain (Munns and
Tester, 2008). Rainwater contains low amounts tflsa, over time, salt deposited by rain
can accumulate in the landscape (Rengasamy, 20069-transported materials from the soil
or lake surfaces further contribute to soil sahlian. Seawater intrusion onto coastal
lowlands, as in tsunami-affected regions or as icbecause of the rising water levels in
many parts of the warming world, and capillary elsan of shallow saline groundwater can
all deposit huge amounts of salts in the soil (Rez@and Flowers, 2008; Rengasamy, 2010).
In addition to natural salinity, Munns and Tes@0(8) report that cultivated agricultural land
has become saline following land clearing or iriga (Secondary salinity), both of which
cause water tables to rise and concentrate the wdhin the root zone. For example, forest
clearing allows salts present in the groundwateretach the surface (Rengasamy, 2006;
Flowers and Flowers, 2005). Irrigation has resultedhe accumulation of salt to above
normal concentrations in the rooting zone of ardhiel, as high rates of evaporation and
transpiration draw soluble salts from deep laydrghe soil profile. Poor quality irrigation
water exacerbates the problem of salt accumulationrigated soils (Rengasamy, 2006;
Flowers and Flowers, 2008; Rozema and Flowers, 2@33a result, 2% (32 million ha) of
dry land-farmed areas and 20% (45 million ha) ogated land in the world are affected by

secondary salinity (Munns and Tester, 2008).

1.2 Salinity inhibits leaf growth

The inhibition of leaf elongation growth is one tbe primary effects of salt stress (Neves-
Piestun and Bernstein, 2001). For this reasonpibais directly related to yield constraints
(Taleisnik et al., 2009). Munns (1993) has propotexl concept of the two-phase growth

response in order to interpret the way that saténsoil water inhibits plant growth.
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In the first phase, viz. the osmotic stress ph#se rate of shoot growth falls significantly
(Figure 1) immediately after the salt concentratwound the roots increases to a threshold
level of approximately 40 mM NaCl for most plantéis is largely attributable to the osmotic
effect of the salt outside the roots, viz. a desee the soil water potential (Munns et al.,
2006). This osmotic or water-deficit effect of s&ly not only reduces the expansion of
growing leaves, but also causes new leaves to emmeoge slowly (Munns, 2002; Munns and

Tester, 2008).

Figure 1. The effect of the salt outside the
roots, viz., the osmotic stress phase, on the
plant growth. Right plant: The presence of 100
mM NaCl at the roots over a period of 8 days
decreases the growth of maizée& mayslL).
Left plant: Control-treated maize (no salt).

The physiological mechanisms underlying the leafrdgh inhibition that occurs immediately
in response to the salt outside the roots are ultyt inderstood (Munns and Tester, 2008).
Although the ability of the plant to take up waterreduced (Munns et al., 2006), the cell
turgor is not the growth-limiting factor (De Costaal., 2007). The treatment of maiz&4
maysL.) with 80 mM NaCl immediately reduces turgor dedf elongation; however, 2.5 h
after salinization, turgor has recovered but Idahgation remains impaired (Cramer and
Bowmann, 1991). Moreover, the salt that is takerbyphe plant does not directly inhibit the
growth of newly developed leaves in this first phydsecause salt within the growing tissues

does not reach concentrations that are known titngrowth (Munns et al., 2006). First
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phase growth reduction is thought to be regulatethibitory hormonal signals coming from
the roots in saline soil (Munns, 1993, 2005; Saetexl., 2002; De Costa et al., 2007). Munns
and Cramer (1996) suggest that the hormone absaglanight function as a chemical signal
causing the reduction of leaf growth. However, thisot established as yet.

The second slower response phase results fromotie éffect of salt ions inside the plant
(Schubert and Lauchli, 1986; Fortmeier and SchulE¥95; Slabu et al., 2009). Munns
(2005) has described that the continued salt uptakeranspiring leaves results in extremely
high N& and Cl concentrations. As a result, vacuoles can no losgguester incoming salts
and, thus, salt concentrations in cell walls oopldsm rise and the leaves die. This is because
salts probably accumulate in the cytoplasm andihlkenzyme activity (Munns, 1993, 2005).
Alternatively, they might build up in the cell walbnd dehydrate the cell (Oertli, 1968). If
leaves die at a rate greater than new leaves atriged, the photosynthetic capacity of the
plant is no longer able to supply the carbohydratpirement of the young leaves, which

further reduces their growth rate (Munns, 1993,200unns and Tester 2008).

1.3 Significance of cell wall-loosening agents fgrowth processes

The salinity-induced reduction of leaf growth thatcurs in the osmotic stress phase is
probably induced by a decrease in the soil wateéential outside the roots. This growth
depletion might be controlled by hormonal signalsugns et al., 2006). However, the
growth-related processes that are altered by thatipe signal are not precisely known.
Bernstein et al. (1993) have reported that salireuces the leaf growth rate by shortening
the length of the leaf elongating zone and decngaiss growth intensity. This has led to the
assumption that the leaf growth inhibition obseruader salt stress might occur via an effect
on this region (Lazof and Bernstein, 1998). A miedif capacity of cell walls to expand

irreversibly has been suggested to be the majowthrbmiting factor causing growth
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inhibition under salt stress (Cramer and Bowmar®1}9Cell-wall enlargement begins with
wall stress relaxation, allowing the cells phydicdb enlarge.Following the acid growth
theory, an auxin-mediated acidification of the lagbplast is the major requirement for an
increase in wall extensibility (Hager et al., 197Auxin is assumed to activate the proton
pump of the plasma membrane (PM-ATPases) to pump protons from the cytosol into the
apoplast, resulting in wall-loosening and cell engpan (Figure 2) (Moriau et al., 1999). In
accordance with this, increasing growth rates hbeen found to be associated with
increasing acidification rates of the apoplast he teaves of maizeZéa maysL.) (Van

Volkenburgh and Boyer, 1985).

© Society for Experimental Biology 2000

R BXPANSIN B TRANSGLYCOSYLASE 3K ENDOGLUCANASE

) osE ﬁ MATRIX GLYCAMS

Figure 2. Model of the cell wall and some of the &gities that might alter cell wall extensibility. Cellulose
microfibrils are coated with matrix glycans suchagoglucan and are embedded in a pectin/hemicedul
matrix. Expansins are thought to loosen the adhesidhe matrix to the microfibrils, allowing slipge of the
microfibrils and extension of the cell wall in resse to the tensile forces generated by cell tupgessure. H
ATPases (star) in the plasma membrane can lowdrpkabhnd thereby activate expansins. Transglycesga
such as XET, can cut and ligate matrix glycansrte another, whereas endoglucanases can cut thglugdm
backbone, making the wall more sensitive to expaimsuced wall extension. Cross-linking enzymest (no
shown) could have the opposite effect. Figure atingrto Wu and Cosgrove (2000; as modified fromgtosge,
1997). Figure legend according to Wu and Cosgrade@). © Society for Experimental Biology 2000.
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The pH of the apoplast of growing cells is typigah a range in which acidification activates
expansin activity (Cosgrove, 2005). Expansins argreup of non-enzymatic cell-wall
proteins that are thought to mediate acid- indugeowth. The precise way in which
expansins mediate wall enlargement remains uncldamwever, experimental evidence
supports the idea that expansins intercalate witlairoohydrate matrices in the cell wall,
leading to a transient loosening of non-covaletgractions (Figure 3), and thus enhance the
ability of these matrices to move relative to eather (Cosgrove, 2000; 2005). Strong
correlations between the presence of expansing,extnsibility and cell elongation have
been demonstrated (Cho and Kende, 1997, Cosgro08).2Anterestingly, Pitann et al. (2009)
have revealed thgt-expansins are down-regulated in shoots of sadtet#tl maize plants in

response to salinity.
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Figure 3. A model of the wall-loosening action ofxg@ansin. Cellulose microfibrils are connected to each other
by glycans (thin yellow and red strands) that di&okgo the microfibril surface and to each othiEne expansin
protein (blue) is hypothesized to disrupt the bagdif the glycans to the microfibril surface (ajtorach other
(b). Under the mechanical stress arising from tyrg@xpansin action results in a displacement of wladl
polymers (c) and slippage at the points of polyradhesion (compare a and c). Figure and figure kkgen

according to Cosgrove (2000). © 2011 Nature PulnigsiGroup.

In addition to expansin, other candidate wall-loosg proteins are assumed to contribute to
cell elongation. For example, an enzymatic modiiicaof load-bearing xyloglucan tethers of
the cell wall must occur, because this is a prasttguin cell-wall loosening (Fry 1989).

Xyloglucan-metabolizing enzymes therefore repregastentially important agents in the
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control of wall extensibility. In this context, thavolvement of endo-1,8-D-glucanases
(EGases) and xyloglucan endotransglucosylase/hgso(XTH) has been suggested in
xyloglucan metabolism during cell elongation (Fr989; Nishitani, 1995). EGases are
thought to cause the release of xyloglucans treatrapped in cellulose microfibrils, whereby
this cleavage of load-bearing xyloglucan resultsnicreased wall extensibility relevant for
cell growth (Cosgrove, 2005). In accordance, EGesayme activity is known to be involved
in auxin-stimulated cell enlargement (Fan and Madin, 1966).

The enzyme XTH is a wall-loosening factor (Vissegpet al., 2005) that is weakly bound to
the cell wall where it possibly alters the architee of the cell wall by modifying polymer
cross-links (Genovesi et al., 2008). XTH can fumetin a transglucosylase (XET) mode,
whereby XET catalyzes the transfer of a load-bgamgloglucan molecules fragment to
another xyloglucan (Figure 4). This action is thiougo allow incremental slippage of
adjacent microfibrils by facilitating hydrostaticrgssure of the protoplasm against this
weakened wall. This results in the creep of ceflalmicrofibrils (Nishitani, 1995; Catala et

al., 1997; Vissenberg et al., 2005).

Figure 4. Polysaccharide-to-polysaccharide
transglucosylation of xyloglucan in the cell wall(Step
1; A-B) XTH cleaves a xyloglucan chain (red line),

which acts as a tether between two neighbouring

microfibrils (green). This xyloglucan chain is beskand
a xyloglucan—XTH complex is formed. If the cell is
turgid, the microfibrils can now move further apaas

indicated by the unbroken arrows. (Step 2; B-C)e Th

xyloglucan—XTH complex is now out of reach of thean

non-reducing terminus but within reach of the non-

reducing terminus of an adjacent xyloglucan chaing
line). The latter acts as an acceptor substrateaanther

is thereby re-formed between the two microfibritase

et al. (2002; revised from Thompson and Fry, 2001).
Figure legend changed according to Rose et al.2)200
©2002 by Oxford University Press.

©2002 by Oxford University
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1.4 Objectives

Salintiy inhibits the growth of young expandingJea because of the osmotic effect caused
by the salt outside the roots. A reduction of tregewn potential is predicted to reduce the cell
wall yielding properties (Epstein et al., 1980; @ex and Bowmann 1991; Munns and Tester,
2008). However, the mechanisms that down-regulaietty are not precisely known (Munns,
1993).

This thesis provides a broad analysis of the imp&an 8-day 100 mM NaCl stress treatment
on shoot growth-related factors of the cell walleapanding leaves. A comparative approach
by using twoZea maysL. hybrids that differ markedly in their salt resince has been
conducted in order to contrast features of phygickll function that may bear a causal

relation to the differences in the leaf growth @sges to salt stress.

In this thesis, it has been answered if an 8-ddyrh® NaCl stress treatment differentially

affect ...

— the transcript abundance (mRNA) of wall-looseniagtrs
— the abundance of growth-mediatipigexpansin proteins

— the growth-related apoplastic pH

... in expanding leaves of two different maize hybrildat contrast markedly in the intensity

of the NaCl-induced shoot growth reduction.

In order to answer the questions raised above,taade¢hat has enabled the ratiometric
guantitation of leaf apoplastic pH in intact plah&s been developed. Furthermore, the

2D Western blotting procedure has been improveutder to yield more reliable data.
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Salinity mainly reduces shoot growth by the inhibition of cell division and elongation. Expansins loosen
plant cell walls. Moreover, the expression of some isoforms is clearly correlated with growth. Effects of
salinity on B-expansin transcripts protein abundance were recently reported for different crop species.
This study provides a broad analysis of the impact of an 8-day 100 mM NaCl stress treatment on the
mRNA expression of different maize (Zea mays L.) f-Expansin isoforms using real-time quantitative
RT-PCR. The composite B-expansin protein expression was analyzed by western blotting using an anti-
peptide antibody raised against a conserved 15-amino-acid region shared by vegetatively expressed
B-expansin isoforms. For the first time, changes in B-expansin transcript and protein abundance have
been analyzed together with the salinity-induced inhibition of shoot growth. A salt-resistant and a salt-
sensitive cultivar were compared in order to elucidate physiological changes. Genotypic differences in the
relative concentration of six B-expansin transcripts together with differences in the abundance
B-expansin protein are shown in response NaCl stress. In salt-sensitive Lector, reduced B-expansin protein
expression was found to correlate positively with reduced shoot growth under stress. A down-regulation
of ZmExpB2, ZmExpB6, and ZmExpB8 transcripts possibly contribute to this decrease in protein abundance.
In contrast, the maintenance of shoot growth in salt-resistant SRO3 might be related to an unaffected
abundance of growth-mediating f-expansin proteins in the shoot. Our data suggest that the up-regulation
of ZmExpB2, ZmExpB6, and ZmExpB8 may sustain the stable expression of B-expansin protein under

conditions of salt stress.

© 2010 Elsevier Masson SAS. All rights reserved.

1. Introduction

Soil salinity is a major environmental constraint limiting agri-
cultural production worldwide. Up to 20% of the world’s arable land
and up to 50% of all irrigated land is adversely affected by salinity
mainly attributable to non-adapted irrigation practices [1—3]. The
mechanisms by which plants cope with salt is a subject of
increasing interest as the global problem of salinity increases [4].
Soil salinity stresses plants in two ways. The high concentration of
salts in the soil makes it harder for roots to extract water, and high
concentrations of salts within the plant can be toxic [5]. Immedi-
ately after the salt concentration around roots increases to
a threshold level, the rate of shoot growth falls significantly [6].
Thus, high concentration of salts in the soil are seen as a rapid
inhibition of the expansion rate of young leaves caused by an

Abbreviation: Real-time quantitative RT-PCR, real-time quantitative reverse
transcriptase-polymerase chain reaction.
* Corresponding author. Tel.: +49 431 8803359; fax: +49 431 8801625.
E-mail address: cmgeilfus@plantnutrition.uni-kiel.de (C.-M. Geilfus).

0981-9428/$ — see front matter © 2010 Elsevier Masson SAS. All rights reserved.
doi:10.1016/j.plaphy.2010.09.011

inhibition of cell division and cell elongation. This effect is largely
caused by the osmotic effect of the salt outside the roots [7—10].

Plants differ in their resistance against salinity, whereas maize
(Zea mays L.) is classified as a salt-sensitive glycophyte plant
[11—14]. Phenotypic variation in salt resistance amongst glyco-
phytes was described [15], whereas the sensitivity of glycophytes
and the mechanism that decreases leaf growth and shoot devel-
opment under such stress is not precisely known [16]. Genes
controlling cell growth and leaf function genes that could increase
the growth rate of plants in saline soil would influence the rate of
production of new leaves and roots by controlling the rate of cell
division, the development of new primordia for shoot or root
branching, the rate of cell wall expansion, or the dimensions of
differentiated cells [17].

Salinity may restrict cell expansion by affecting the uptake rates
of water or osmolytes, turgor generation, and/or cell wall properties
[18]. However, numerous studies report changes in tissue growth
rate during stress, whereas turgor remains unaffected (reviewed by
Fricke [19]; [16]). Additionally, Munns [9] suggests that turgor does
not control growth but acts as an extending force on the cell wall
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and thereby is essential for growth. Moreover it was reviewed by
Cosgrove [20] that turgor-driven cell expansion is ultimately
controlled by stress relaxation in the cell wall. However, changes in
wall properties must occur, although their exact nature remains
unknown [6].

The precise molecular basis of wall properties is not known, but
increasing evidence indicates that wall properties are under
enzymatic, protein-biochemical, or chemical control. Vegetatively
expressed growth-mediating expansins are one important
component of the protein-biochemical activity. It is assumed that
expansins regulate cell wall enlargement in growing cells and have
been directly implicated in cell wall-loosening processes [21—-23].
The expression of some expansin isoforms is clearly correlated with
growth and the external application of expansins can stimulate cell
expansion in vivo in several systems [23,24]. Changes in expansin
transcript level were shown to correlate with the maintenance of
root growth and increase in wall extensibility at low water poten-
tials [25,26]. Furthermore, regulation of expansin mRNA pools
likely contributes to fast adjustment of cell wall-loosening in maize
under conditions of water deficit [27].

How expansins catalyse wall enlargement remains unclear. One
interpretation is that expansins intercalate within carbohydrate
matrices in the cell wall, leading to the transient loosening of non-
covalent interactions, and thus enhance the ability of these
matrices to move relative to each other [23].

Expansins are the primary mediators of acid-induced growth
[23]. The acid growth theory explains growth by auxin-mediated
cell wall elongation [28,29]. According to this theory, the acidifi-
cation of the leaf apoplast is the major requirement for increasing
cell wall extensibility, which then controls extension growth [30].
The theory is supported by the finding that auxin mediates the
acidification of the apoplast below a pH of 5.0 [31], thus stimulating
cell elongation in maize, Avena coleoptiles, and pea [29,32].
Moreover, the pH of the apoplast of growing cells typically spans
4.7—6 [33], which is the range in which acidification activates
expansin activity Moreover, it was shown that isolated cell walls
exhibit acid growth, which results from the action of pH-dependent
wall-loosening expansin proteins [23,34].

However, only a few reports have evaluated the effects of salinity
on the abundance of these growth-mediating proteins. Buchanan
et al. [35] report a salinity-induced increase in f-expansin transcript
abundance for Sorghum bicolor. Recently, Pitann et al. [36] have
shown results derived from two-dimensional proteome analyses
indicating a decrease in f-expansin protein in a salt-sensitive maize
cultivar, whereas B-expansin protein level in a resistant cultivar is
less affected by salinity.

In general, B-expansins are more numerous and more abundantly
expressed in maize tissue compared to o-expansins and are
hypothesized to function in cell enlargement and other processes in
which wall loosening is required [37]. B-Expansins are assumed to
have evolved specialized functions in conjunction with the evolution
of the grass cell wall, which has a distinctive set of matrix poly-
saccharides and structural proteins compared with other land plants
[37,38]. Furthermore it is suggested that that B-expansins might
have supplanted or replaced a-expansin function in grasses [39].

An understanding of the growth responses of maize shoot to
salinity is of great importance on the one hand for a better
comprehension of plant resistance and, on the other hand, for the
eventual screening or smart breeding of stress-adapted crop plants.
This study addresses the question as to whether salt stress differ-
entially affects growth-mediating B-expansin in resistant and
sensitive maize cultivars. For the first time, changes in -expansin
transcript and protein abundance have been analyzed together with
the salinity-induced inhibition of shoot growth. Moreover, we have
shown genotypic differences relevant to this effect within maize.

2. Results
2.1. Shoot growth reduction

Salinity affects shoot growth and leaf development [9].
Compared with control plants (1 mM NacCl), a significant decrease
of 65% in shoot growth was measured in salt-sensitive cultivar
Lector in response to a 100 mM NaCl treatment (Fig. 1). However, in
salt-resistant SRO3 plants, the decrease in shoot growth was only
11%, which was not significantly different from the control (Fig. 1).
These incremental measurements were based on expanding shoot
material of plants grown entirely under the influence of an 8-day
100 mM Na(l treatment.

2.2. Protein abundance of (3-expansin

The effect of 100 mM NaCl treatment on vegetatively expressed f3-
expansin protein in shoot material was investigated by using a poly-
clonal rabbit antibody (anti-ZmExpB; see Material section). The
loading control of the PAGE gels indicated equivalent levels of proteins
in all lanes (Fig. 2A). Western blot analysis revealed the presence of
a strong signal band at ca. 25 kDa in the salt-treated plants and cor-
responding controls (Fig. 2B). Signal was obtained in both maize
genotypes. For salt-sensitive hybrid Lector, a significant decrease of
50% in P-expansin protein abundance was detected densiometrically
in response to the salt treatment (Fig. 2C). In contrast to the salt-
sensitive hybrid Lector, no significant difference in protein abundance
was detected for SRO3. The negative control with preimmune serum
did not detect any specific bands (data not shown).

2.3. Relative (-expansin transcript abundance

The effect of salt treatment on the relative transcript abundance
of six vegetatively expressed Z mays P-expansin isoforms
(ZmExpB2, ZmExpB3, ZmExpB5, ZmExpB6, ZmExpB7, ZmExpB8; Fig. 3)
was studied on the basis of purified poly(A)"™ RNA by using real-
time quantitative RT-PCR. In comparison with various reference
genes, ubiquitin-conjugating enzyme was validated as the most
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Fig. 1. Growth inhibition analyses of plants grown in hydroponics. Biomass reduction
of young expanding maize shoot (Zea mays L.) under conditions of salt stress. Plants
were treated with 100 mM Nacl for 8 days (corresponding control plants with 1 mM
NaCl). For the evaluation of growth inhibition in response to salt stress, only fresh
weights (FW) of young expanding leaves entirely grown under the influence of an 8-
day NaCl treatment (and corresponding controls) were studied. The remaining older
shoot material was not considered. Sensitive maize hybrid, Lector; resistant hybrid,
SR03. AFW indicates treatment-induced shoot growth inhibition in %. The data are
means of three biological replicates, each run being carried out in triplicate & SE.
Asterisks indicate significant differences between genotypes (p <0.05%; ns, not
significant).
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Fig. 2. Western blot analysis of vegetatively expressed B-expansin. (A) Loading
controls of Western blots shown in (B) indicate equivalent protein levels in all lanes.
30 pg proteins per lane were separated on 15% SDS-PAGE. Gels were Coomassie-
stained (for details of the Western blot procedure, see Material section). Numbers 1-3
indicate the three biological replicates used. (B) Detection of vegetatively expressed f3-
expansin in shoot material of salt-treated (100 mM NacCl) and control-treated (1 mM
NaCl) Lector and SRO3 hybrids of maize. -expansin bands appear at 25 kDa. Numbers
1-3 indicate the three biological replicates. (C) Densitometric analysis (TINA 2.08) of
Western blot bands shown in (B). Bands were plotted as the average of the optical
density (OD). AOD indicates the decrease in signal intensity in response to salt treat-
ment (%). The data are means of three biological replicates + SE. Asterisks indicate
significant differences between genotypes (p < 0.05%; ns, not significant).

stable reference gene for salt stress [40]. Because this report was
also based on a monocot grass species (Brachypodium distachyon),
we also used ubiquitin-conjugating enzyme as the reference gene.

The pB-expansin isoforms ZmExpB2, ZmExpB6, ZmExpB7, and
ZmExpB8 of the sensitive hybrid Lector were down-regulated in
response to salt treatment. Within these isoforms, ZmExpB2 was
highly down-regulated (—850%). The other transcripts ZmExpB3
and ZmExpB5 were up-regulated in the same genotype. However,
the resistant hybrid SRO3 showed increased relative transcript
abundance of the isoforms ZmExpB2, ZmExpB3, ZmExpB5, ZmExpB6,
and ZmExpB8. Within this group ZmExpB2 exhibited the highest up-
regulation. In contrast, only ZmExpB7 was down-regulated in SRO3
after salt stress was applied (Fig. 3).

R-expansin isoforms
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Fig. 3. Real-time quantitative RT-PCR analyses of vegetatively expressed B-expansin
isoforms. Relative changes in expression of six vegetatively expressed B-expansin
isoforms (ZmExpB2, ZmExpB3, ZmExpB5, ZmExpB6, ZmExpB7, and ZmExpB8) in response
to an 8-day 100 mM NaCl treatment. SYBR-green-based real-time quantitative RT-PCR
analysis was carried out with reverse-transcribed highly purified maize poly(A)* RNA.
The gene for ubiquitin-conjugating enzyme was used as the endogenous control in an
Applied Biosystems 7300 real-rime PCR system. Data show effect of salt treatment on
relative transcript abundance with the control (1 mM NaCl) as a calibrator sample
(4+100% rel. expression changes=2-fold up-regulation). Grouped bars show salt-
sensitive Lector (grey) and salt-resistant SRO3 (black) cultivars. Expression data
correspond to means of three biological replicates, each being run in triplicate + SE.

No adequate primer pairs were found for the vegetative isoform
ZmExp4. Generally, in this study, only those B-expansin isoforms
expressed in vegetative tissue were included in this study; others
such as ZmExpB1 had a different origin, such as pollen.

3. Discussion

In this study, only young expanding shoot material entirely
grown under the influence of exogenously added 100 mM NaCl was
taken into account. Shoot material that had started developing
when full-strength NaCl concentration had not yet been applied to
the hydroponic culture was rejected. Thus, the shoot increments
measured in this study adequately reveal the effect of an 8-day
100 mM NaCl treatment. The maize hybrid Lector shows a signifi-
cant shoot growth reduction of 65% under salt stress (Fig. 1), which
is more marked than previously reported findings for maize
[14,41,42]. This is because the measurements have only been
carried out on young shoot material solely developing under saline
conditions. On the contrary, the highly salt-resistant SRO3 hybrid
shows no significant effect on shoot growth (Fig. 1). This indicates
differences in salt resistance mechanisms related to the shoot
growth within the two maize cultivars. This is remarkable because
an inhibition of shoot growth in response to salt treatment is
broadly described in literature [6,10,13]. The SR03 hybrid, which
was developed and characterised as being highly salt resistant,
shows no harvest deficits under 10dSm~' soil salinity [43],
whereas conductivity of 6dSm~! usually leads to 50% reduced
harvest of almost all recent maize genotypes [44]. Thus, the salt-
resistant SR0O3 hybrid exhibits a good tool for researching on
physiological changes. Besides this genotypic differences man-
ifested in shoot growth, a specific stress response in terms of
expression of growth-mediating vegetatively expressed f-expansin
protein was observed in the shoots of both cultivars: The salt-
sensitive cultivar Lector exhibits a significant decline in composite
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B-expansin protein expression (Fig. 2B), whereas B-expansin
expression in the salt-resistant cultivar SR03 is not affected by the
exogenously added 100 mM NacCl.

Since previous work on expansins had shown a strong correla-
tion between the presence of some isoforms, wall extensibility and
cell elongation [23,24], it can be assumed that these effects on
shoot growth are related to the expansin protein expression. In salt-
sensitive Lector the reduced p-expansin protein abundance
(Fig. 2B) was found to correlate positively with the reduced shoot
growth (Fig. 1) under salinity stress conditions. In contrast, for salt-
resistant SRO3 no stress effect on B-expansin abundance was
observed. Interestingly this genotype did not show an effect of the
salt treatment on the shoot growth.

In the shoot of salt-sensitive maize Lector, vegetative B-expansin
protein expression significantly decreases in response to exoge-
nously added 100 mM NacCl. Consequently, it can be suggested that
fewer Bf-expansin proteins act as softening factors on the wall, thus,
the decrease in protein abundance may damp wall-softening
processes in the sensitive maize Lector. This might hamper turgor-
driven cell wall elongation, possibly resulting in both reduced wall
expansion and reduced shoot growth as shown for the salt-sensi-
tive Lector under conditions of salt stress (Fig. 1). Reduced wall
extensibility can probably account for the observed effects on
growth, as cell elongation is highly dependent on extensibility [20].
In contrast, the expression of vegetative growth-mediating B-
expansin proteins is not affected in the salt-resistant SR03 cultivar.
Western signals obtained from control and salt treatment do not
differ (Fig. 2B). It can be suggested, that in response to salt treat-
ment B-expansin proteins remain acting as a wall-softening factor,
thus, enabling turgor-driven cell expansion. This probably explains
why no significant shoot growth inhibition had been measured for
the salt-resistant cultivar under 100 mM NacCl (Fig. 1), representing
a high level of salt stress for maize [43]. The maintenance of shoot
growth in salt-resistant SRO3 might be related to an unaffected
abundance of growth-mediating -expansin proteins in the shoot.

Besides expansin, enzymes like xyloglucan endotransglycosylase
(XET) and endo-1,4-B-p-glucanase (EG) have been proposed to act as
cell wall-loosening agents by cleaving the xyloglucans that hypo-
thetically knit cellulose microfibrils together [45]. However, this
function has not yet been proved neither for XET nor for EG. As
reviewed by Cosgrove [23] despite assertions in the literature that
XTH causes wall loosening, there is little direct evidence in support
of XTH as a primary wall-loosening agent. Furthermore, potential
function of EG for cell wall loosening have drawn surprisingly little
experimental attention, indicating that role EG in wall loosening is
not yet fully understood [23]. For this reasons, this study is specif-
ically focused on expansins, which regulate cell wall enlargement in
growing cells and are the primary mediators of acid-induced
growth [23,46].

Observations on expansins strongly suggest an important role of
expansins in the control of growth [22]. But which vegetatively
expressed B-expansin transcript isoforms contribute to salinity-
induced genotypic differences in the protein abundance? As far as
we know, specific functions for the vegetatively expressed Z. mays
B-expansin isoforms ZmExpB2, ZmExpB3, ZmExpB5, ZmExpB6,
ZmExpB7, and ZmExpB8 have not yet been reported. Only the
function for the generatively expressed Z. mays p-expansin 1
(ZmExpB1) is known. ZmExpB1 loosens maternal cell walls to aid
penetration of the stigma by the pollen tube [34]. In order to
elucidate the effect of salt treatment on six vegetatively expressed
transcript isoforms, we have employed the real-time quantitative
RT-PCR technique. Moreover, this study demonstrates genotypic
responses leading to a different expression of vegetatively
expressed B-expansin isoforms in the shoot of maize in response to
exogenously added 100 mM NacCl.

A predominant decrease of ZmExpB2 transcripts (Fig. 3) has been
observed for salt-sensitive Lector. This confirms previous results
derived from two-dimensional proteome analyses, reporting about
a down-regulation of this particular isoforms in a sensitive maize
cultivar after salt stress [47]. As this isoform is down-regulated in
response to salt treatment, at both the transcript and protein levels,
it can reasonably be considered to have an impact on shoot growth
under conditions of salt stress. Moreover, this isoform experiences
the strongest down-regulation (—850%). Beside ZmExpB2, two
further transcripts, viz., ZmExpB6 and ZmExpB8 are down-regulated
in the salt-sensitive maize cultivar Lector (Fig. 3). This down-
regulation of these three B-expansin transcripts may contribute to
the decreased abundance of growth-mediating f-expansin protein
in salt-sensitive Lector in response to salt stress (Fig. 2B). In
contrast, the resistant SR03 hybrid is able to up-regulate these
particular B-expansin transcripts, viz., ZmExpB2, ZmExpB6, and
ZmExpB8, in response to salt treatment (Fig. 3). This up-regulation
of transcripts may sustain the expression of f-expansin protein
under conditions of salt stress in SRO3 cultivar (Fig. 2B). An up-
regulation of ZmExpB5 in SRO3 may also contribute to the stable
level of this protein (Fig. 3). Transcripts of isoform ZmExpB7 were
equally down-regulated in both genotypes, thus, this isoform might
not contribute to the genotypic differences at the protein level.
Transcript levels of ZmExpB3 were up-regulated in both genotypes
(Fig. 3), with a higher increase in the salt-sensitive Lector. Never-
theless, this up-regulation of ZmExpB3 transcripts is not able to
compensate for the decrease of B-expansin protein in the salt-
sensitive cultivar.

In conclusion, genotypic differences in the relative concentra-
tion of six B-expansin transcripts together with genotypic differ-
ences in the abundance of vegetatively expressed B-expansin
protein are shown in response to salinity using real-time qRT-PCR
and western blotting with an anti-peptide antibody. In shoot of
salt-sensitive Lector, reduced B-expansin protein expression was
found to correlate positively with reduced shoot growth under
salinity stress conditions. Since expansins regulate cell wall
enlargement in growing cells and expansins are the primary
mediators of acid-induced growth [23,46], the decrease of -
expansin protein in the shoot possibly accounts to the inhibition of
shoot growth. A down-regulation of ZmExpB2, ZmExpB6, and
ZmExpB8 transcripts may contribute to this decrease of protein. In
contrast, the maintenance of shoot growth in salt-resistant SRO3
might be related to an unaffected abundance of growth-mediating
B-expansin proteins in the shoot. Our data suggest that the up-
regulation of ZmExpB2, ZmExpB6, and ZmExpB8 may sustain the
stable expression of f-expansin protein in shoot under conditions
of salt stress. Thus, indicating a function of these individual
isomers, viz., ZmExpB2, ZmExpB6, and ZmExpB8 in response to the 8-
day 100 mM NaCl treatment.

4. Materials and methods
4.1. Plant cultivation

A salt-sensitive maize hybrid Lector and a salt-resistant maize
hybrid SRO3 (Z. mays L.; [43]) were grown in the greenhouse under
hydroponic culture conditions. The experimental set-up consisted
of three independent replicates of the salt-treated plants (100 mM
NaCl) and the corresponding control plants (1 mM NaCl). Each
biological replicate was run in triplicate in a completely random-
ized design. Seedlings were imbedded in 1 mM CaSOg4 in an aerated
solution at 25°C for 1 day and placed between filter papers
moistened with 1 mM CaSOy4 for a period of 3 days. Subsequently,
the seedlings were transferred to 4.5 1 plastic pots (3 plants per pot)
containing one quarter-strength nutrient solution. After 2 days
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cultivation, the concentration of nutrients was increased to half-
strength and after 4 days cultivation to full-strength, respectively.
The full-strength nutrient solution had the following concentration
(in mM): Ca(NO3); 2.5; K3S04 1.0; KH,PO4 0.2; MgSO4 0.6; CaCly
5.0; and (in pM), H3BO4 1.0; MnSO4 2.0; ZnSO4 0.5; CuSO4 0.3;
(NH4)gMo7024 0.005; Fe-EDTA 200. The solution was changed
every 2nd day to avoid nutrient depletion. NaCl treatment was
started 2 days after the full-nutrient concentration had been
reached and was increased stepwise by 25 mM increments every
2nd day. Temperature was kept constant at 26 °C for the light
period and at 18 °C for the dark period; relative humidity was ca.
70%. In this study, only young expanding shoot material that
developed entirely under the full influence of the 8-day 100 mM
NaCl treatment was harvested for investigation. The remaining
older shoot material that had started to develop when full-strength
NaCl concentration had not yet been reached was rejected. After
measurement of fresh weights of this young shoot material, leaves
were ground in liquid nitrogen and stored at —80 °C for Western
blot and real-time quantitative reverse transcriptase (RT)-PCR
(real-time quantitative RT-PCR) analysis.

4.2. Isolation of expansin protein

Aliquots of 100 mg ground shoot material were extracted with
1 ml PBST buffer (0.1% v/v Tween 20; 10 mM PMSF; pH 7.4) and
incubated for 2 h at 4 °C with agitation. After removal of cell wall
fragments by centrifugation (14,000g, 3 min), proteins were
precipitated by the addition of 390gl~' (NH4),SO4 [48] and
resuspended in 15 mM MES (pH 6.5). Protein concentrations were
determined by the method of Bradford [49].

4.3. Antibodies and Western blot

For reporting on the composite maize B-expansin protein
expression an anti-peptide antibody raised against a conserved 15-
amino-acid region shared by seven different, vegetatively
expressed, beta-expansin isoforms was used. The synthetic 15-
amino-acid peptide used for antibody production was designed
according to the amino-acid sequence L152-LVARNVIPANWRPN-
T166 of ZmExp2. This is the region with highest sequence
homology of all vegetatively expressed Z. mays P-expansin iso-
forms, thus providing the highest probability for detecting them
simultaneously (Table I; see Supplementary data). Since this
peptide represents the specific antibody binding site within the
expansin protein, this conserved 15-amino-acid sequence was
checked by BLASTP against a Z mays non-redundant protein
sequences (nr) for its specific appearance in the vegetatively
expressed B-expansin protein sequence. According to an alignment
with an X-ray-based three-dimensional structure of ZmExpB1 [50],
the newly generated antibody, viz., anti-ZmEXpB, is predicted to
bind at the surface of the f-expansin (data not shown). The anti-
body was produced commercially (BioTrend, Cologne, Germany).
Preimmune serum was taken before booster injections. For
Western blots, 30 pg proteins were separated by 15% SDS-PAGE and
transferred to a PVDF transfer membrane (BioTrace, PALL Life
Sciences, Pensacola, USA) by using a semi-dry transfer system
(SemiPhor, Hoefer Pharmacia Biotech, San Francisco, USA; Towbin
buffer: 25 mM TRIS-base, 192 mM glycine, 20% v/v methanol, 0.01%
w/v SDS, pH 8.3). Proteins from each maize cultivar, viz., Lector and
SRO3, were separated by using two different SDS gels, which were
then blotted together onto the same PVDF membrane. Subse-
quently, the membrane was saturated in a solution of milk powder
in TBST (2.5% w/v bovine skimmed milk; 0.1% v/v Tween) for 2 h.
The membrane was then incubated with the antibody (ZmExpB,
1:250) in the same buffer for 2 h and washed three times with TBST

(0.1% v/v). Subsequently the second antibody was applied for 1 h
(1:38,000, goat anti-rabbit IgG conjugated to horseradish peroxi-
dase; Sigma—Aldrich, St. Louis, USA). Finally, the membrane was
washed once in TBST buffer (0.1% v/v Tween) containing 0.1 M NaCl,
two times in TBST (0.1% v/v Tween), and finally in TBS. Proteins
were detected by using chemiluminescent peroxidase subtrate-3
on Kodak BioMax light film (Sigma, Munich, Germany).

4.4. RNA extraction and cDNA synthesis

Aliquots of 100 mg ground shoot material were used for RNA
extraction. Total maize RNA was isolated according to a modified
method of Cox and Goldberg [51]. The quality and quantity of RNA
was checked by OD-go. Poly(A)" RNA purification was carried out
with oligo(dT)zs-coupled paramagnetic particles (Dynabeads®
mRNA Purification Kit, Invitrogen GmbH, Karlsruhe, Germany) by
using 75 pg total RNA according the instructions of the manufac-
turer. Highly purified maize poly(A)"™ RNA (3 ug) was reverse-
transcribed in a 10 ul cDNA reaction with a first-strand cDNA
synthesis system following the manufacturer’s instructions
(SuperScript® VILO cDNA synthesis kit, Invitrogen, Karlsruhe,
Germany). Single-stranded cDNA was diluted at a concentration
depending on the level of expression of the studied gene; cDNA was
aliquoted to avoid discrepancy in the data attributable to the
repetition of freezing-thawing cycles.

4.5. Real-time quantitative reverse transcriptase-polymerase
chain reaction

The SYBR-Green-based real-time quantitative RT-PCR technique
was performed on an Applied Biosystems 7300 real-time PCR
system. For each reaction, 2 pl diluted single-stranded cDNA were
used in a total volume of 20 pl (forward and reverse gene-specific
primer, 0.8 pM each; dNTP mix, 0.82 mM; SYBR-Green, 0.1 x; ROX,
1x; Tag DNA polymerase 0.6 U,Invitek, Berlin, Germany). After an
initial denaturation step (92 °C, 2 min), real-time quantitative RT-
PCR was carried out over 40 cycles (denaturation: 92 °C, 30s;
amplification and quantification: 40s [for primer-pair-specific
temperatures see Table II; Supplementary data], elongation: 72 °C,
20 s). To check the specificity of annealing of the oligonucleotides,
dissociation kinetics was performed by the real-time PCR system at
the end of the experiment (60—95 °C, continuous fluorescence
measurement). In a study exploring reference genes for real-time
PCR gene expression studies in a grass species ([40]; B. distachyon),
the gene for the ubiquitin-conjugating enzyme was validated as the
most stable reference gene, being particularly useful for the anal-
ysis of genes in high-salt- and drought-treated samples.

The comparative Ct method of relative quantification was used
to analyze the real-time quantitative RT-PCR data (threshold cycles;
Ct). With this method, the Ct values were normalized by compar-
ison to the endogenous reference gene, viz., ubiquitin-conjugating
enzyme. The normalized Ct values were then used to compare
NaCl-treated plants and corresponding controls. Data were
expressed as the relative change in transcript expression (+100%
rel. expression changes = 2-fold up-regulation). Threshold cycles
were calculated by the internal software of the real-time PCR
system and were means of three biological replicates each run in
triplicate. The sizes of amplified products were confirmed by gel
electrophoresis. Negative controls with no templates were carried
out concurrently.

4.6. PCR primer design

Specific primer pairs for six vegetatively expressed p-expan-
sins (ZmExpB2, ZmExpB3, ZmExpB5, ZmExpB6, ZmExpB7, and
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ZmExpB8;Table I; see Supplementary data) were designed on the
basis of nucleotide alignments (ClustalW, http://www.clustal.
org). The primer pair for the ubiquitin-conjugating enzyme
(ZmUbc) was designed by using Primer3Plus and Primer-BLAST
software (http://bioinformatics.nl/cgi-bin/primer3plus/primer3
plus.cgi; http://www.ncbi.nlm.nih.gov/). Primers were prepared
commercially by Eurofins MWG Operon (Ebersberg, Germany).
Additionally, for the prevention of false priming sites, all primer
pairs were checked in silico by BLASTN against a Z. mays nucle-
otide collection (nr/nt) and Z. mays reference mRNA sequences
(refseq_rna). In order to avoid primer—dimer formation and the
formation of hairpin structures, primers were evaluated in silico
by using Primer-BLAST and Primer3Plus.
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Supplementary data

Table | Synthetic peptide used for production of vegetativ@-expansin antibody in

rabbit

Region of highest sequence homology

Detail with highest

. . Homology to
Gene Position of amino-  sequence homology svnthetic peptide

(Genbank acid residue (grey shadow) y Pep
(%)

Acc. No.)

ZmExpB2

AF332175 L152-T166 LVARNVI PANVRPNT 100

ZmExpB8

AF332176 L163-T177 LVANNVI PANVRPNT 93.4

ZmExpB5

AF332177 L193-N207 LVATRVI PANWAPNT 80.0

ZmExpB7

AF332178 L254-V268 LVADHVI PANVWPNT 80.0

ZmExpB3

AF332179 L154-T168 LVVADQVI PADWQPDN 60.0

ZmExpB6

AF332180 L246-T160 LVAKNVI PANYI PDV 66.7

ilr:nBE:BXZplgi L175-K189 LVANNAT PAAVKPCK 60.0

Legend table |

An antibody (anti-ZmExpB) was generated for detegtsimultaneously seven vegetatively
expresse@-expansin isoforms in maiz&€€a mayL.). For this reason, amino-acid sequences
of all seven isoforms flcolumn) were compared by multiple sequence aligrrireorder to
find a peptide with the highest sequence homologhimvall isoforms (CLUSTAL 2.0.12
detail with highest sequence homology of all isofsrshown in %8 column; grey shadow
means that the residues in that column are idénticall sequences in the alignment). The
15-amino-acid oligopeptide LVARNVIPANWRPNT, whiclepresents the sequence with
highest homology within all sevghexpansin isoforms, was synthesized and used bditra
immunization. This synthetic peptide is equivalemthe amino-acid residue L152-T166 of
ZmExp2. The homology of all seven vegetatjrexpansin isoforms to the synthetic peptide
is given in 4 column (shown in %). Gene bank numbers are aaogrdio

http://www.ncbi.nlm.nih.gov/
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Table Il Parameters for real-time quantitative RT-PCR primers

Gene GC- Specific  Product
(Genbank Acc. Length T, content annealing length
No.) Sequence (5'->3") [bp] [°C] [%0] temp. [°C]  [bp]
ZmExpB2 Sense  CTACCGCTCCTTCGTCCAGT 20 62 60
64.6 225
(AE332175  antisense GCAACGACTCAAAGGACCAT 20 60 50
ZmExpB3 sense ACTACTACCCGGTGGgcccecc 20 66 70
63.3 105
(AE33217§  antisense CGATGATTCCTGCGTGCCTT 20 66 55
ZmExpB5 Sense  TCCATCTGGAGGCTGGACG 19 65 63
56.0 107
(AE332178  antisense TTGGCAGGGATGACCCGAG 19 67 63
ZMEXxpB6 sense GCTCCGGCGTGGCTCAG 17 67 76
53.9 337
(AE332179  antisense ATGGAGCCCCAGGACTCGT 19 64 63
ZmExpB7 Sense CAACCTTGTCCTCCACAGTAG 21 57 52
63.3 109
(AE332180  antisense GTGAGGTCGGAGGCGTTAAA 20 62 55
ZmExpB8 sense TTCAAGCACACCAACCAG TA 20 58 45
63.3 106
(AE33218])  antisense TGCACCGAATCTTGTAGCAG 20 60 50
ZmUBC sense  grcereerctccatcteete 20 61 60 113
52-65

(A—F034946 1 antisense CGGGCCGTCGACTCGTACTT 20 64 65

Legend table II

Table of primer pairs for the detection of vegeliy expressefl-expansins of maize as used
in real-time quantitative RT-PCR experiments. Gdrenk numbers are according to

http://www.ncbi.nlm.nih.gov/ Specific annealing temperature for the sense amitsense

primer pair used are shown iff' Zolumn.ZmUBC primer pairs have excellent annealing
quality in a range between 52°C to 68°C. The pteditength of all PCR-product is given in

8" column.
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Abstract Salt-sensitive crop plants such as maize
(Zea mays L.) exhibit a strong and rapid growth reduction in
response to NaCl stress. The unique salt-resistant maize
hybrid SRO3 and the salt-sensitive maize hybrid Lector pro-
vide good tools to characterize various genotypic responses to
salinity in terms of shoot growth, shoot extensibility, and the
expression pattern of wall-loosening candidates. The mRNA
transcript levels of wall-loosening candidates such as xylo-
glucan endotransglucosylase (XET), endo-1,4-f-D-endoglu-
canase (EGase), o-expansins (EXPA), and the plasma
membrane proton pump (PM-H'-ATPase) are correlated
with cell-wall extensibility and with shoot growth under NaCl
stress. We have found for the salt-sensitive maize that a
decrease in the relative transcript abundance of ZmXET],
ZmEXPAL1, and the composite PM-H"-ATPase mRNAs
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correlates with a decrease in wall extensibility and shoot
growth. We suggest that this downregulation of wall-loos-
ening candidates contributes to a reduction in extensibility
and consequently in growth. In contrast, the decrease in wall
extensibility is less strong in the salt-sensitive hybrid SR03. In
the salt-resistant maize genotype, an upregulation of
ZmXET1, ZmEXPA1 and PM-H" ATPase transcripts pos-
sibly mitigates the salinity-induced decrease in wall extensi-
bility and thus in shoot growth.

Keywords Salinity - Growth inhibition - Wall
extensibility - XET - EGase - PM-H"-ATPases -
o-expansins - Real-time quantitative RT-PCR

Introduction

Plant growth responds to salinity in two phases: a first rapid
osmotic phase that decreases the growth rate of young leaves
and a second ionic-toxic phase in which the senescence of
mature leaves accelerates. The mechanism that downregu-
lates the growth of young leaves under salt stress is not
precisely known. Changes in the mechanical properties of
the cell wall have been demonstrated to control elongation-
type growth in most systems studied so far and are predicted
to be involved in salinity-related growth adaptations (Cramer
and Bowmann 1991; Munns 1993; Munns and Tester 2008).

The primary cell wall of plants is a complex polymeric
network that must provide a rigid constraint to cell turgor
and yet be sufficiently compliant to allow controlled cell
expansion. The cell-wall framework is composed primarily
of cellulose microfibrils embedded in matrices of hemicel-
lulosic and pectic polymers, with additional minor compo-
nents such as structural proteins (Carpita and Gibeaut 1993;
Catala and others 1997; Cosgrove 1997). According to

@ Springer
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current models of primary walls (Carpita and Gibeaut
1993), cellulose microfibrils interact with matrix compo-
nents such as hemicelluloses and form a complex network.
Xyloglucan, an extremely abundant hemicellulosic com-
pound in primary cell walls, binds noncovalently to cellu-
lose microfibrils and thus coats and crosslinks adjacent
microfibrils. This results in an extensive xyloglucan-cellu-
lose network that is thought to act as the major tension-
bearing structure in the primary wall (Hayashi 1989;
McCann and others 1990; Rose and others 2002). However,
the primary cell wall is also capable of expanding, indi-
cating that the interactions between wall polymers can be
modified to make walls extensible for elongation (Wu
and others 2001; Cosgrove 2005). Nevertheless, cellulose
microfibrils are neither extensible nor degradable during cell
elongation; they can only move apart. This explains why the
network between microfibrils is crucial for determining
cell-wall yielding behavior (Wu and others 2001).
Cell-wall enlargement begins with wall stress relaxation,
allowing the cells physically to enlarge. According to the
acid growth theory, an auxin-mediated acidification of the
leaf apoplast is the major requirement for increasing wall
extensibility (Hager and others 1971; Hager 2003). This
theory is supported by the finding that the fungal toxin
fusicoccin and, at least in part, the plant hormone auxin
mediate the acidification of the apoplast below a pH of 5.0,
thus stimulating cell elongation in maize and pea (Jacobs and
Ray 1976; Peters and others 1998). Auxin is assumed to
cause the plasma-membrane proton pump (PM-H"-ATPase)
to actively pump protons from the cytosol into the apoplast,
resulting in wall-loosening and cell expansion (Moriau and
others 1999). The pH of the apoplast of growing cells typi-
cally lies between 4.7 and 6 (Miihling and others 1995),
which is the range in which acidification activates expansin
activity (Cosgrove 2005). Expansins are a group of nonen-
zymatic cell-wall proteins that are thought to mediate acid-
induced growth. In this context, isolated cell walls have
been shown to exhibit acid growth resulting from the action
of these pH-dependent wall-loosening proteins (Cho and
Kende 1997). However, the precise way in which expansins
mediate wall enlargement remains unclear. One interpreta-
tion is that expansins intercalate within carbohydrate
matrices in the cell wall, leading to the transient loosening of
noncovalent interactions, and thus enhance the ability of
these matrices to move relative to each other (Cosgrove
2000, 2005). In addition to expansin, other candidate wall-
loosening proteins are assumed to contribute to cell elon-
gation. Catala and others (1997) have summarized that
xyloglucan undergoes substantial depolymerization and
solubilization during auxin-induced cell elongation, sug-
gesting that xyloglucan turnover is integral to auxin-induced
cell-wall loosening. An enzymatic modification of load-
bearing xyloglucan tethers, resulting in cell-wall loosening,

@ Springer

is considered a key process necessary for cell expansion
(Fry 1989). Xyloglucan-metabolizing enzymes therefore
represent potentially important agents in controlling wall
strength and extensibility. The basis of xyloglucan metabo-
lism during cell elongation is not precisely known, but the
involvement of endo-1,4-f-D-glucanases (EGases) and
xyloglucan endotransglucosylase/hydrolase (XTH) has been
suggested (Fry 1989; Nishitani 1995).

Ithas been proposed that EGases act primarily on the f3-1,4-
linked glucan backbone of xyloglucan in the plant cell wall
(Hayashi 1989; Catala and others 1997). The enzyme is
thought to digest the noncrystalline regions of cellulose
microfibrils and to release trapped xyloglucans, whereby this
cleavage of load-bearing xyloglucan allows cell growth
(Cosgrove 2005). Moreover, increased EGase enzyme activ-
ity is associated with auxin-stimulated cell enlargement. The
enzyme xyloglucan endotransglucosylase/hydrolase (XTH) is
involved in the modification of cell-wall structure by acting on
the xyloglucans attached to cellulose microfibrils. One action
of XTH proteins is referred to enzymologically as xyloglucan
endotransglucosylase (XET) activity (Rose and others 2002;
Vissenberg and others 2005; Genovesi and others 2008).
XETs cleave and rejoin xyloglucan chains or suitable xylo-
glucan-derived oligosaccharides and are therefore candi-
dates for wall-loosening. XET-mediated transglucosylation
between two potentially load-bearing xyloglucan molecules is
thought to allow incremental slippage of adjacent microfibrils
by facilitating hydrostatic pressure of the protoplasm against
this weakened wall. This results in a “creep” of cellulose
microfibrils (Nishitani 1995; Catala and others 1997,
Vissenberg and others 2005).

Because salinity inhibits cell elongation in young leaves
and because proteins such as xyloglucan endotransglucos-
ylases, endo-1,4-f-D-glucanases, PM-H"-ATPases, and
expansins are believed to play key roles in cell-wall
extension, the transcript expression patterns of these wall-
loosening candidates have been correlated with the wall
extensibility and growth of maize shoots under conditions
of salt stress.

Materials and Methods
Plant Cultivation

The salt-sensitive maize hybrid Lector and the highly salt-
resistant maize hybrid SR03 (Zea mays L.; Schubert and
others 2009) were grown in greenhouses under hydroponic
culture conditions. The experimental setup consisted of three
independent replicates of the salt-treated plants (100 mM
NaCl) and the corresponding control plants (1 mM NaCl).
Each biological replicate was run in triplicate in a completely
randomized design. The roots of seedlings were embedded in



J Plant Growth Regul

1 mM CaSQy in an aerated solution at 25°C for 1 day and
placed between filter papers moistened with 1 mM CaSQO,4
for a period of 3 days. Subsequently, the seedlings were
transferred to 4.5-L plastic pots (3 plants per pot) containing
one-quarter-strength nutrient solution. After 2 days of cul-
tivation, the concentration of nutrients was increased to half-
strength and, after 4 days of cultivation, to full-strength. The
nutrient solution had the following composition: 2.5 mM
Ca(NOs),, 1.0 mM K,SO,4, 0.2 mM KH,PO4, 0.6 mM
MgSOy, 5.0 mM CaCl,, 1.0 uM H3BOy4, 2.0 puM MnSOy,,
0.5 pM ZnSOy, 0.3 pM CuSO,, 0.005 pM (NH4)eM070,4,
and 200 pM Fe-EDTA. The solution was changed every
second day to avoid nutrient depletion. NaCl treatment was
started 2 days after the full-nutrient concentration had been
reached and was increased stepwise by 25-mM increments
every second day. Temperature was kept constant at 26°C for
the light period and at 18°C for the dark period; relative
humidity was set to about 70%.

In this study, only young expanding shoot material that
had developed entirely under the full influence of the §-day
100-mM NaCl treatment was harvested. Any remaining
older shoot material that had started to develop before the
full-strength NaCl concentration had been reached was not
taken into account. After the measurement of fresh weight,
leaf material was immediately frozen in liquid nitrogen.
Tissues used for extensibility measurements were then
stored at —20°C. For RNA analysis, leaves were ground in
liquid nitrogen and stored at —80°C.

Nereep Measurement

Measurement of cell-wall extensibility was carried out as
described previously (Biintemeyer and others 1998).
Briefly, frozen-thawed basal sections of leaves were
clamped between the tips of an extensiometer and incu-
bated in a 10-mM K-phosphate buffer, pH 7.2. Extension
was measured by using a positional angular transducer
(TWK Instruments, Diisseldorf, Germany), which could be
equilibrated with a counterweight. Further weights could
be placed on the counterweight axis to induce extension.
For inducing creep, we used a weight of 20 g. Time
courses of creep were found to be excellently represented
by a logarithmic function of the type

L = Lo + Ncreep * logt

with ¢ being the time that had elapsed since the application
of the weight. Nyeep, 18 a measure of the slope of the cell-
wall creep; this has previously been shown to represent
growth-relevant changes in the cell-wall rheology of maize
root cell walls (Biintemeyer and others 1998). L, reflects
the initial change in length once the weight had been
added. The extensiometer software and the data regression
software were developed in house by HL.

Primer Design for Polymerase Chain Reaction

For analyzing the mRNA transcript level of wall-loosening
candidates, group-specific, that is, degenerated, and isoform-
specific polymerase chain reaction (PCR) primer pairs were
designed (Table 1). Primer pairs for amplifying Zea mays
xyloglucan endotransglucosylase homolog 1 (ZmXETI) and
Zea mays ubiquitin-conjugating enzyme (ZmUBC; used as
reference gene for real-time quantitative reverse transcrip-
tion [qRT]-PCR) were designed by means of Primer3Plus
and Primer-BLAST software (http://bioinformatics.nl/cgi-
bin/primer3plus/primer3plus.cgi; http://www.ncbi.nlm.nih.
gov/). Primer pairs for analyzing three Zea mays «-expansin-
isoforms (ZmEXPA1, ZmEXPA3, and ZmEXPA4, Table 1)
were designed on the basis of nucleotide alignments
(ClustalW, http://www.clustal.org). To measure the tran-
script level of four composite Zea mays membrane-H™-
ATPases (ZmMHAI, ZmMHA2, ZmMHA3, and ZmMHA4),
we created a degenerated, that is, group-specific, primer that
was designed by first generating a multiple alignment and
then manually identifying the most conservative regions for
primer design. Henceforth, this degenerated primer pair
is referred to as primer pair ZmMHA_fam (Table 1). A
degenerated, that is, group-specific, primer pair for Zea mays
endoglucanases was designed on the basis of three sequences
available at the NCBI GenBank (http://www.ncbi.nlm.nih.
gov; Zea mays endoglucanase 1 LOC100285069, Zea mays
endoglucanase 1 LOC100285091, and Zea mays endoglu-
canase cl6880_1; see Table 1 for GenBank accession num-
bers). This group-specific primer pair (ZmEGases; Table 1)
allows the quantitation of the composite transcript level and
was designed as described for ZmMHA_fam. All primer pairs
were purchased from Eurofins MWG Operon (Ebersberg,
Germany). For the prevention of false priming sites, all
primer pairs were checked in silico by BLASTN against a
Zea mays nucleotide collection (nr/nt) and Zea mays refer-
ence mRNA sequences (refseq_rna). To avoid primer-dimer
formation and the formation of hairpin structures, primers
were evaluated in silico by using Primer-BLAST and
Primer3Plus.

For demonstrating the specificity of the degenerated pri-
mer/template interactions, and for proving that no cross-
amplifications bias the measurements, the real-time qRT-
PCR products were sequenced (MWG Eurofins, Munich,
Germany). DNA sequencing of the amplicons that were
generated with the degenerated primer pairs (ZmMHA_fam or
ZmEGases) revealed correct products. No undesired PCR
products were generated (Supplementary Table 1). Moreover,
dissociation curve analysis (data not shown) gave no sugges-
tion of erroneous amplification of templates during real-time
gRT-PCR. Furthermore, after real-time qRT-PCR measure-
ments, agarose gels were run to ensure that only a PCR product
with the correct length was amplified (Supplementary Fig. 1).
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Table 1 Real-time quantitative RT-PCR primer pairs for maize (Zea mays L.)

Primer name GenBank accession No. Sequence of forward (f) and reverse (r) primers (5'-3') Annealing Product
temp (°C) size (bp)
ZmXETI1 NM_001111897.1 f CTACCAGGACGTGGACATCA 63.3 208
r ACCCTGCGACGAAAGATAGA
ZmEGases NM_001157986 f SMGSVVGCAGRTGGACTAC 60.0 200
NM_001157964 r CGRYGAGCWSGTTGGGRTT
NM_001158465
ZmMHA_fam NM_001111890 f AGCCAGGCYCTKATCTTCGT 64.0 195
NM_001112000
AJ441084 r SACGATGYTGTASAGCCAGA
AJ539534
ZmEXPA1 AAK56119 f ATGGCGGCAGCTGCTAGTG 65.9 100
r CGCTCTGCCACGAGCCGTA
ZmEXPA3 AAK56121 f CGCCACCTTCTATGGCGGTA 633 171
r GCCTGGTAGTCGCAGGAGAT
ZmEXPA4 AAK56122 f GTGCCGTGCCGCAAGTCC 65.5 126
r GCTGGCCGCCTTGACGCT
ZmUBC AF034946.1 f GTCCTGCTCTCCATCTGCTC 52.0-65.0 113
r CGGGCCGTCGACTCGTACTT

XET = xyloglucan endotransglucosylase; EGases = endoglucanases; MHA = plasma membrane (PM) proton pump (H')-ATPase;

EXPA = a-expansins; UBC = ubiquitin-conjugating enzyme

The letter code Y, K, S, R, or M within the primer sequences represents abbreviations for nucleotide combinations following IUPAC recom-
mendations (Nomenclature Committee of NC-IUB and ITUPAC-IUB Joint Commission on Biochemical Nomenclature)

No adequate primer pairs were found for the o-expansin
isoforms ZmEXP2 and ZmEXPS5.

RNA Extraction and cDNA Synthesis

Aliquots of 100 mg ground shoot material were used for
RNA extraction. Total maize RNA was isolated according to
a modified method of Cox and Goldberg (1988). The quality
and quantity of RNA was checked by OD,¢. Poly(A)"™ RNA
purification was carried out with oligo(dT),s-coupled para-
magnetic particles (Dynabeads® mRNA Purification Kit,
Invitrogen GmbH, Karlsruhe, Germany) by using 75 pg
total RNA according the instructions of the manufacturer.
Highly purified maize poly(A)* RNA (3 pg) was reverse-
transcribed in a 10-pl cDNA reaction with a first-strand
cDNA synthesis system following the manufacturer’s
instructions (SuperScript® VILO cDNA synthesis Kit,
Invitrogen). Single-stranded cDNA was diluted to a con-
centration dependent on the level of expression of the studied
gene; cDNA was aliquoted to avoid discrepancy in the data
attributable to the repetition of freezing-thawing cycles.

Real-time Quantitative RT-PCR

The SYBR® Green-based real-time qRT-PCR technique
was performed on an Applied Biosystems 7300 real-time
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PCR system. For each reaction, 2 pl diluted single-
stranded cDNA was used in a total volume of 20 pl
(0.8 pM each forward and reverse primer, 0.82 mM
dNTP mix, 0.1 x SYBR Green, 1 x ROX, 0.6 U Tagq
DNA polymerase; Invitek, Berlin, Germany). After an
initial denaturation step (92°C, 2 min), real-time qRT-
PCR was carried out over 40 cycles [denaturation: 92°C,
30 s; amplification and quantification: 40 s (for primer-
pair-specific temperatures, see Table 1), elongation:
72°C, 20 s]. To check the specificity of the annealing of
the oligonucleotides, dissociation kinetics were performed
by the real-time PCR system at the end of the experiment
(60-95°C, continuous fluorescence measurement). The
comparative C; (threshold cycles) method of relative
quantification was used to analyze the real-time qRT-
PCR data. With this method, the C, values were nor-
malized by comparison with the endogenous reference
gene, that is, the ubiquitin-conjugating enzyme. The
normalized C, values were then used to compare NaCl-
treated plants and corresponding controls. Data were
expressed as the relative change in transcript expression
(+100 relative expression = 2-fold upregulation; —100
relative expression = 2-fold downregulation). Threshold
cycles were calculated by the internal software of the
real-time PCR system and were the means of three bio-
logical replicates of each run in triplicate. The sizes of
amplified products were confirmed by gel electrophoresis.
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Negative controls with no templates were carried out
concurrently.

Results
Shoot Growth and Wall Extensibility

All measurements were based on expanding leaf material
derived from plants grown entirely under the influence of
an 8-day 100-mM NaCl treatment. In response to the salt
treatment, a significant decrease in shoot fresh weight of
about 60% was measured for the salt-sensitive cultivar
Lector when compared with control plants (Fig. ). In
contrast, only a slight decrease in shoot fresh weight was
measured for the salt-resistant SR03. This was not signif-
icant. Creep activity (Nereep) Was used as a rheological
parameter to monitor wall extensibility in shoots (Table 2).
Under conditions of salt stress, Nereep decreased in both
genotypes. The percentage of Npeep(100 mM NaCl) on
Nereep(control) was about 80% for Lector and 90% for
SRO3. Thus, in response to salt treatment, N ., decreased
about 20% in the salt-sensitive hybrid Lector and about
10% in the salt-resistant hybrid SRO3.

Relative Transcript Expression

The effect of salt treatment on the relative transcript
abundance of wall-loosening candidates was studied on the

60 * ns
50
40
30

20

10 O control
B 100 mM NaCl

Fresh weight (g/pot) of shoot
after 8-day salt treatment

Lector SRO3
Maize hybrid

Fig. 1 Effect of salt treatment on shoot growth. Biomass reduction
of expanding maize shoots (Zea mays L.) under conditions of
salinity. Plants were treated with 100 mM NaCl for 8 days. Only
expanding leaves grown entirely under the influence of the 8-day
NaCl treatment and corresponding controls were studied. The
remaining older shoot material was not considered. Control (light
gray); 100 mM NaCl (dark gray). Data are means of three
biological replicates = SE. Each measurement was carried out in
triplicate. Asterisk indicates significant differences between treat-
ments (p < 0.05%; ns, not significant)

basis of purified poly(A)™ RNA by using the real-time
gqRT-PCR technique. In comparison with various reference
genes, the ubiquitin-conjugating enzyme was validated as
the most stable reference gene, being particularly useful for
the analysis of genes in salt-treated samples (Hong and
others 2008). Because the report of Hong and others (2008)
was based also on a monocot grass species (Brachypodium
distachyon), we used ubiquitin-conjugating enzyme as the
reference gene. In response to the 8-day 100-mM NaCl
treatment, ZmXET1 was downregulated in the salt-sensitive
hybrid Lector but upregulated in the salt-resistant hybrid
SRO3 (Fig. 2a). The composite transcript abundance of
ZmEGases was downregulated in both genotypes, whereas
this downregulation was not noticeably different between
the two genotypes (Fig. 2b). ZmEXPAI was downregulated

Table 2 Effect of 8-day 100-mM NaCl treatment on Nereep activity

Hybrid Treatment Nereep
Mean n  SE % Nereep(100 mM
NaCl) on Npeep(control)
Lector Control 391 30 0.77 80.8
100 mM NaCl 3.16 29 043
SR03  Control 2.55 36 033 90.1

100 mM NaCl 230 34 0.19

SE standard error of the mean, n number of replicates

Maize genotypes: Lector, salt-sensitive; SR03, salt-resistant
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Fig. 2 Effect of salt treatment on relative XET1 and EGases
transcript abundance as measured by SYBR Green-based real-time
quantitative RT-PCR. Relative expression changes in response to an
8-day 100-mM NaCl treatment of (a) xyloglucan endotransglucosy-
lase homolog 1 (ZmXETI) and (b) endoglucanases (ZmEGases).
Isoforms of three endoglucanases were detected simultaneously by
using a degenerated, that is, family-specific, primer pair (see
Materials and Methods section). The transcript for ubiquitin-conju-
gating enzyme was used as the endogenous control in an Applied
Biosystems 7300 real-time PCR system. Data show the effect of salt
treatment on the relative transcript abundance, with the control as the
calibrator sample (4100 relative expression = 2-fold upregulation,
—100 relative expression = 2-fold downregulation). Salt-sensitive
Lector (light gray); salt-resistant SRO3 (dark gray). Expression data
correspond to means of three biological replicates, each being run in
triplicate, =SE
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Fig. 3 Effect of salt treatment on the relative transcript abundance
of EXPA1, EXPA2, EXPA3, and MHA1-4 as measured by SYBR
Green-based real-time quantitative RT-PCR. Relative expression
changes in response to an 8-day 100-mM NaCl treatment of
(a) oa-expansin-isoforms (ZmEXPAI, ZmEXPA3, and ZmEXPA4)
and (b) four plasma membrane H™-ATPase isoforms (ZmMHAI,
ZmMHA2, ZmMHA3, and ZmMHA4). Isoforms of four plasma
membrane H'-ATPases were detected simultaneously by using a
degenerated, that is, family-specific, primer pair ZmMHA_fam (see

in the salt-sensitive hybrid Lector but upregulated in the
salt-resistant hybrid SR03 (Fig. 3a). The isoform ZmEX-
PA3 was upregulated in both genotypes, whereas ZmEX-
PA4 was not affected under conditions of salt stress
(Fig. 3a). The composite relative transcript expression of
all four PM-H"-ATPase isoforms was downregulated in
the salt-sensitive hybrid Lector but upregulated in the
salt-resistant hybrid SRO3 (Fig. 3b).

Discussion

This study was based on the use of young expanding leaf
material (Zea mays L.) grown entirely under the influence
of exogenously added 100 mM NaCl. For this reason, the
tissue adequately reveals the effect of the 8-day salt
treatment on growth. The salt-sensitive maize hybrid
Lector showed a significant shoot growth reduction of
60%, whereas the highly salt-resistant SRO3 hybrid
exhibited no significant growth reduction under conditions
of salinity (Fig. 1). These findings are in line with previ-
ously reported results describing the effect of salinity on
shoot growth for these two genotypes (Geilfus and others
2010). The ability of the salt-resistant hybrid SRO3 to
maintain growth under condition of salt stress is remark-
able, because salinity has been widely described in the
literature as inhibiting the growth of young leaves via an
inhibition of cell division and cell elongation (Miihling and
Lauchli 2002; Munns and Tester 2008). SR03 maize was
originally developed and characterized as being highly salt-
resistant; it shows no harvest deficits under 10 dS m~! soil
salinity (Schubert and others 2009), whereas a soil con-
ductivity of 6 dS m™' usually leads to a 50% reduced
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Materials and Methods section). The transcript for ubiquitin-conju-
gating enzyme was used as the endogenous control in an Applied
Biosystems 7300 real-time PCR system. Data show the effect of salt
treatment on the relative transcript abundance with the control as the
calibrator sample (4100 relative expression = 2-fold upregulation,
—100 relative expression = 2-fold downregulation). Salt-sensitive
Lector (light gray); salt-resistant SR03 (dark gray). Expression data
correspond to means of three biological replicates, each being run in
triplicate, +SE

harvest of almost all recent maize genotypes (Doorenbos
and Kassam 1976).

Taking into account that the mechanisms that down-
regulate leaf growth under salt stress are not precisely
known, the unique, highly salt-resistant maize genotype
SRO3 and the salt-sensitive genotype Lector provide good
tools to characterize differences in wall extensibility and
growth and, thus, differences in the expression patterns of
wall-loosening candidates.

Cell-wall Extensibility of Maize Shoots in Response
to Salinity

Under salinity, rheological changes are predicted to occur in
cell-wall properties, although their nature remains unknown
(Cramer and Bowmann 1991; Munns and Tester 2008). In the
current study, the salinity-induced rheological properties of
the wall have been monitored by measuring creep activity
(Nereep)- Nereep has been shown to follow changes in the vol-
umetric extensibility parameter from the Lockhart equation,
which cannot be directly determined. Thus, creep activity is
an adequate parameter for measuring growth-relevant pro-
cesses in the cell wall of maize (Biintemeyer and others 1998).
In response to salt treatment, creep activity decreases more
strongly in the shoot of the salt-sensitive hybrid Lector as
compared with the salt-resistant hybrid SR03 (Table 2).
Because creep activity reflects changes in the volumetric
extensibility (Biintemeyer and others 1998), these results
show that the decrease in wall extensibility is more pro-
nounced for the salt-sensitive hybrid Lector than for the salt-
resistant SRO3. This probably contributes to the remarkable
genotypic differences in terms of shoot growth, with reduction
being greater in the salt-sensitive Lector (Fig. 1).
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These detected changes in wall extensibility strongly
suggest an effect of salinity on elements that alter the
rheological properties of the cell wall. In favor of this
assumption, we have detected a genotype-specific stress
response in terms of ZmXETI transcript expression
(Fig. 2a).

Genotype-specific XET1 and EGases Transcript
Abundances in Response to Salinity

Genovesi and others (2008) have suggested that ZmXET1
is bound to the cell wall, thereby encouraging the idea that
ZmXET action affects the physical properties of the cell
wall. Moreover, Saab and Sachs (1995) have assumed an
involvement of ZmXET in cell-wall metabolism during
processes leading to structural wall modifications. Fur-
thermore, XET is proposed to play a role in wall-loosening
during cell expansion, thereby allowing molecular grafting
between polysaccharide chains that crosslink cellulose
microfibrils (Fry and others 1992; Nishitani and Tominaga
1992). A decrease of ZmXETI mRNA as detected in the
salt-sensitive Lector (Fig. 2a) probably contributes to the
lower abundance of this enzyme in the cell wall of salinity-
affected shoots. On the other hand, an increase of ZmXET1
mRNA in the salt-resistant SR0O3 (Fig. 2a) indicates the
higher abundance of this protein under salinity. This higher
abundance probably improves wall extensibility by facili-
tating the creep of cellulose microfibrils as described
by Vissenberg and others (2005). In agreement with
this assumption, creep activity is strongly reduced when
ZmXETI is downregulated (Table 2), whereas creep
activity is only weakly reduced when ZmXET] is upregu-
lated. This is supported by the findings that XET activity is
correlated with an increasing growth rate (Nishitani and
Tominaga 1992; Fry and others 1992). Thus, an increase in
XET transcript abundance seems to counteract the salinity-
induced decrease in creep activity in salt-resistant plants.
In addition to the involvement of XETS, a contribution
of EGases has been assumed in xyloglucan metabolism
during cell elongation (Catala and others 1997). EGases are
thought to cause the release of xyloglucans trapped in
cellulose microfibrils, resulting in increased wall extensi-
bility and cell growth (Cosgrove 2005). In this study, the
composite transcript abundance of ZmEGases is equally
downregulated in both genotypes (Fig. 2b); thus, EGases
are unlikely to contribute to the genotypic differences in
creep activity described in response to salinity (Table 2).

a-Expansin and Total PM-H"-ATPase Transcript
Abundance and Apoplastic pH

XETs are considered to be directly involved in xyloglucan
metabolism during cell elongation, whereas expansin

proteins are thought to act at the interface between cellu-
lose microfibrils and hemicelluloses, making them obvious
candidates for mediating cell-wall enlargement in growing
cells (Cosgrove 2000). Expansins are grouped into o- and
p-expansins. The f-expansins appear to have specialized
roles in the loosening of the cell walls of grasses, whereas
the o-expansins have been found to promote cell-wall
growth in many species, including monocots and dicots
(Cho and Kende 1997; Brummell and others 1999).

After an 8-day 100-mM salt treatment, the reduced
f-expansin transcript and protein expression correlated
positively with reduced shoot growth in the salt-sensitive
hybrid Lector. On the other hand, an unaffected abundance
of growth-mediating ff-expansin protein in the salt-resistant
hybrid SRO3 was related to the maintenance of shoot
growth under salinity (Geilfus and others 2010). In the
present study, a genotype-specific stress response in terms
of ZmEXPAI transcript expression has been detected in the
shoots of both cultivars. A decrease of ZmEXPAI tran-
scripts in the salt-sensitive Lector (Fig. 3a) indicates a
decrease in ZmEXPAT1 protein abundance in the walls of
the salinity-affected leaves. Consequently, fewer ZmEX-
PA1 proteins seem to act as softening factors on the wall,
thus mitigating wall-loosening processes in the salt-sensi-
tive hybrid Lector. This is supported by the reduced creep
activity (Table 2), reflecting a decrease in wall extensibil-
ity. On the other hand, the increased ZmEXPAI expression
in the wall of the salt-resistant cultivar SR0O3 can be sug-
gested to counteract these decreases in creep activity,
explaining the less pronounced creep reduction in the salt-
resistant cultivar under salinity. In favor of this assumption,
Veselov and others (2007) have proposed a rapid increase
of ZmEXPAI expression as a mechanism contributing to
rapid cell wall-loosening and the maintenance of elonga-
tion-type growth in maize leaves under conditions of
salinity-induced water deficit. In addition, ZmEXPAI has
been reported to increase leaf extensibility and growth
resumption after osmotic stress (Sabirzhanova and others
2005). Moreover, ZmEXPAI was expressed specifically in
the growing region in maize roots at low water potentials
(Wu and others 2001).

The upregulation of ZmEXPA3 transcripts in Lector
(Fig. 3a) is obviously not able to compensate for the
decrease in salinity-induced growth reduction. Thus, this
expression pattern is not consistent with a role in wall-
loosening for shoot cell elongation under conditions of
salinity, indicating the different physiological function of
this isoform. For instance, in Zinnia elegans, ZeEXPA3 was
xylem cell-specific and possibly involved in the intrusive
growth of the primary walls of differentiating xylem cells
(Im and others 2000). In Cicer arietinum, CaEXPA3 tran-
scripts are related to radicle development (Sanchez and
others 2004). The expression of the a-expansin isoform
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ZmEXPA4 is not affected by salinity, in either Lector or
SRO3 (Fig. 3a), indicating that this isoform does not par-
ticipate in salinity-induced differences in terms of shoot
expansion growth. Muller and others (2007) have demon-
strated the high correlation between ZmEXPA4 transcript
expression and the relative widening rate of the maize leaf,
whereas a poor correlation has been observed between
ZmEXPA4 and the relative leaf elongation rate. In deep-
water rice internodes, the transcript levels of OsEXPA4
were induced by submergence (Cho and Kende 1997).

Expansin protein isoforms have an acidic pH optimum
(Cosgrove 2000). This observation gains in importance
because Pitann and others (2009) have reported apoplastic
alkalinization in the shoots of a salt-sensitive maize
genotype. Moreover, Zorb and others (2005) have dem-
onstrated that salt stress decreases PM-H"-ATPase pump-
ing activity in a salt-sensitive maize hybrid, whereas
hydrolytic activity is not affected. Apoplastic alkalization
has been suggested to inactivate expansin activity, causing
growth reduction under salinity (Pitann and others 2009).
In the present study, a decrease in the transcript expression
of the four PM-H"-ATPase isoforms has been detected in
the salt-sensitive hybrid Lector (Fig. 3b). This decrease
probably contributes to the lower abundance of this
enzyme in the plasma membrane of the sensitive genotype,
possibly explaining the alkalization of the apoplast as
detected by Pitann and others (2009). In contrast, Pitann
and others (2009) have reported that the apoplastic pH is
not affected in the salt-resistant SR03. In the current study,
the transcript expression of the four PM-H"-ATPases was
determined to be upregulated in the salt-resistant hybrid
SRO3 (Fig. 3b). A higher PM-H"-ATPases protein abun-
dance might impede apoplastic alkalization by pumping
protons from the cytosol into the apoplast. In both geno-
types, the total mRNA of the composite PM-H'-ATPases
transcript correlates positively with changes in the apo-
plastic pH under salinity. In salt-resistant SRO3, an
upregulation of PM-H*-ATPase transcripts possibly con-
tributes to the maintenance of the apoplastic pH within a
range in which the pH activates expansin activity, thus
promoting wall-loosening and cell expansion.

Conclusion

In conclusion, salinity has been shown to change the
transcript expression of wall-loosening candidates such as
ZmXET1, ZmEGases, a-expansins, and PM-H'-ATPases
in the shoot of maize. For the first time, genotypic differ-
ences in the expression patterns of ZmXETI, ZmEXPAI,
and the composite PM-H"-ATPase transcripts have been
demonstrated between a salt-sensitive and a highly salt-
resistant maize hybrid in response to salinity, together with
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genotypic differences in wall extensibility and growth. A
decrease in the relative transcript expression of ZmXET]I,
ZmEXPAI, and the composite PM-H"-ATPase mRNAs
has been detected in the salt-sensitive hybrid Lector. This
downregulation of wall-loosening candidates correlates
positively with a decreased wall extensibility and with
decreased shoot growth. In contrast, the decrease in wall
extensibility is less strong in the salt-sensitive hybrid
SRO3. An upregulation of ZmXETI, ZmEXPAI, and PM-
H' ATPase transcripts possibly mitigates the salinity-
induced decrease in wall extensibility and thus the decrease
in shoot growth in the salt-resistant maize genotype.
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Western transfer after the electrophoretic separation of proteins onto an adsorbent membrane,
with subsequent immunodetection, is a powerful tool for detecting and characterizing a
multitude of proteins. An important aspect of the study of proteins is that they often exist as
isoforms with structural microheterogeneity giving rise to differences in biological activity.
Western blotting (WB) in combination with two-dimensional SDS-polyacrylamide gel
electrophoresis (2D-SDS-PAGE) allows the specific quantification of single isoforms of a
protein. We have investigated whether a methodical modification of 2D-SDS-PAGE improves
the quality of quantifiable 2D-WB data. The effect of a combined separation of three previously
electrofocused protein extracts lying side by side on a single SDS-gel in parallel has been tested
against the traditional procedure, viz., the separation of one protein extract per SDS-gel. The
modified procedure results in a more reliable and better quality data than the traditional
procedure, which seems to be prone to producing systematic or random errors. Our simple
practical procedure improves immunoblotting accuracy by excluding numerous sources of

errors and saves time, immunoblotting reagents and costly antibodies.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Western transfer of proteins separated by SDS-polyacryl-
amide gel electrophoresis (PAGE) onto an adsorbent mem-
brane, with subsequent immunodetection, has found wide
application in the field of life sciences and biochemistry. It is a
powerful tool for detecting and characterizing a multitude of
proteins, especially those that are of low abundance (Kurien
and Scoflied, 2006). In combination with two-dimensional
electrophoretic (2-DE) gels, Western blotting (WB) allows the
subsequent immunodetection of relevant antigens among
several thousand individual proteins separated by using 2-DE
(Canelle et al., 2005). 2D-blotting includes the separation of
proteins according to their molecular characteristics (i.e.,
molecular weight and isoelectric point) before immobilization
onto a membrane for immunostaining (Towbin et al., 1979).

Abbreviation: (TCA), trichloroacetic acid.
* Corresponding author. Tel.: 449 0431 8803359; fax: +49 0431 8801625.
E-mail address: cmgeilfus@plantnutrition.uni-kiel.de (C. Zorb).

0022-1759/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jim.2010.09.006

This enables the specific quantitation of single isoforms, even
when the antibody itself does not differentiate between them
(Zellner et al., 2008). This feature is of special importance, as a
determination of the various isoforms directly with conven-
tional immunoassay methods is rarely possible, because of the
difficulty of making high-affinity non-crossreacting antibodies
directed against all the epitopes of interest (Lonnberg and
Carlsson, 2000).

The structural microheterogeneity of protein isoforms
often gives rise to differences in their biological activity. Such
changes have functional significance and therefore need to be
studied. The most common microheterogeneities result from
variations in the carbohydrate structures of glycoproteins.
Other examples include the changed functional groups in the
side chain of one or several amino acids or missing amino
acids following degradation processes occurring in vivo
(Lonnberg and Carlsson, 2000).

The combination of 2-DE with WB represents a suitable
technique for qualitative and quantitative measurements
of isoform abundance and modification states and might
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provide information to aid the understanding of their role in
diverse physiological processes. Accurate quantitation of the
data is essential for the interpretation of these experimental
results. A large amount of reproducible and quantitative high-
quality data with low variance is required. The processing of
such data is a costly time-consuming multi-step procedure
prone to systematic or random errors (Aksamitiene et al.,
2007).

We propose a simple modification of the 2D-WB proce-
dure that improves the reliability of quantifiable data, thus
decreasing variance. Additionally, the procedure increases
throughput and saves time, immunoblotting reagents and
costly antibodies.

2. Materials and methods
2.1. Plant material and cultivation

Zea mays L. hybrid Lector (Limagrain, Rilland, NL) was grown
in the greenhouse under hydroponic culture conditions. The
nutrient solution had the following composition: 2.5 mM Ca
(NOg)z, 1.0 mM K2504, 0.2 mM KH2P04, 0.6 mM MgSO4, 5.0 mM
CaCl,, 1.0 M H3BO4 2.0 M MnSOy, 0.5 UM ZnS0y, 0.3 M CuSOy,
0.005 uM (NH4)gMo07054, 200 UM Fe-EDTA. Temperature was
kept constant at 26 °C for the light period and at 18 °C for the
dark period; relative humidity was ca. 70%. Plant material was
ground in liquid nitrogen and stored at —80 ° C.

2.2. Protein extraction

Proteins for isoelectric focusing (IEF) were prepared by
using a dithiothreitole (DTT)-trichloroacetic acid (TCA)-
acetone precipitation method adopted from Zorb et al
(2004). Protease activity was kept low by maintaining the cell
material at 4 °C and addition of 6 M urea plus 2 M thiourea to
the protein sample buffer supplemented by protease inhibitors
(Pefabloc; Roche, Freiburg, Germany). A total of 1.8 mL lysis
solution (10% TCA in acetone) was added to 100 mg ground
plant material. After vigorous shaking, samples were incubated
for 10 min in an ice-cold ultrasonic bath and subsequently
incubated for at least 1h at —20 °C before centrifugation
(20000x g; 15 min; 4 °C). The precipitant was resuspended in
1 mL ice-cold solution (50 mM DTT; 2 mM EDTA in acetone).
Samples were incubated for 5 min in an ice-cold ultrasonic
bath. The procedure was repeated and precipitated proteins
were lyophilized under N,. The pellets were then resuspended
in 1 mL protein sample buffer (8 M urea; 2 M thiourea; 0.5% v/v
pharmalyte buffer, pH 3-10; 4% w/v CHAPS; 30 mM DTT;
20 mM TRIS, pH 8.8; 5 mM Pefablock). For protein solubiliza-
tion, samples were incubated for 2 h at 33 °C, followed by a 10-

Table 1
Coefficient of variation of densiometric 2D-Western blotting data.

Coefficient of variation (n=3)

Two-dimensional separation procedure

Traditional Modified
Isoform | 48.8% 3.7%
Isoform 1I 6.5% 1.5%
Isoform I1I 8.2% 1.0%

min incubation in an ultrasonic bath. Samples were centrifuged
(18000xg; 30 min) and the resulting supernatant was sub-
jected to IEF. Protein concentrations were determined by using
a 2D QUANT protein determination kit (GE-Healthcare,
Miinchen, Germany).

2.3. IEF and 2D PAGE

First-dimension IEF was carried out on a Protean IEF Cell
system, with a focusing tray accommodating up to 12
immobilized pH gradient (IPG) strips (Biorad, Munich,
Germany). Proteins (60 ng) were diluted in a total volume
of 125 pL IPG sample buffer. The sample was loaded on pre-
cast IPG strips (70x3.0x 0.5 mm, pH 3-11, non-linear, GE-
Healthcare, Munich, Germany). This was repeated six times
and, thus, six technical replicates of this protein extract were
conducted in parallel. All IPG gel strips were covered with
paraffin oil to prevent evaporation. Gels were rehydrated for
12 hat 50 V and 20 °C. IEF was performed for 11831 Vh with
the initial voltage set to 250 V for 30 min, then a gradient up
to 500 V for 30 min, followed by a gradient up to 3000 V for
30 min, and finally separation at 3000 V for 4 h. The system
temperature was 20 °C. To run the second dimension, strips
were placed in equilibration buffer (50 mM TRIS-HCI, pH 8.8;
6 mM urea; 30% v/v glycerol; 2% w/v SDS; and 0.001% w/v
bromophenol blue containing 1% w/v DTT) and gently agitated
for 10 min. Strips were incubated again for 10 min in
equilibration buffer containing 4% w/v iodoacetamide instead
of DTT, under gentle agitation, and rinsed with SDS-PAGE
running buffer (25 mM TRIS; 192 mM glycine; 0.1% w/v SDS).
Up to this point, all six replicates were treated in parallel.

For the 2D-PAGE, the six electrofocused protein extracts
were divided into two experimental groups. The experimental
setup was as follows: three of six IPG gel strips were separated
each on a different 20 cm x 20 cm SDS-gel (control, Fig. 1). The
remaining three gel strips were combined together side by side
onto a single 20 cmx 20 cm SDS-gel, thus being separated on
the same gel in parallel (modified procedure). However, three
7-cm long IPG gel strips were too long to be embedded side by
side on a common 20 cm SDS-gel. Moreover, contact between
the adjoined gel strips had to be avoided in order to avoid any
diffusion of protein from one strip to another. Hence, the length
of each of the three IPG gels had to be reduced, allowing us to
combine them on a single 20 cmx20 cm SDS-gel (Fig. 1).
Before reducing the length of the equilibrated gel strips,
attention had to be paid to ensure that the isoforms of interest
were not located on the outermost region of the gel strip, as this
region was discarded during length reduction. For this, pilot WB
experiments and an in-silico calculation of the pl were carried
out to determine the position of the dedicated isoforms on the
IPG gel strip (data not shown). In this work, 0.5 cm of both gel
ends was cut off, reducing the gel length from 7 cm to 6 cm. In
order to avoid contact between gel strips, molten agarose was
use to fill in the gaps between the gel strips. In total, four SDS-
gels, viz., three single SDS-gels loaded with one protein extract
replicate (traditional) and one SDS-gel loaded with three
protein extract replicates (modified procedure), were run
(Fig. 1).

Two-dimensional separation was carried out with a multi-
gel electrophoresis unit that enabled all four gels to be run in
parallel (Protean 2 Multi Cell, Biorad, Munich, Germany) and
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A IPG gel strips
(70%3.0x0.5 mm)

shortened gel strips
(60x3.0x0.5 mm)

discard gel strip ends :

20 cm

20 cm
modified procedure

B IPG gel strips
(70x3.0x0.5 mm)

20 cm

20 cm
traditional procedure
(control)

Fig. 1. Representation showing 2D-SDS-PAGE preparation. All six IPG gel strips were loaded with identical protein samples (technical replicates). The gel strips
were rehydrated, electrofocused and equilibrated in parallel and then split into two groups, viz., the modified versus traditional procedure. Modified procedure: in
order to separate three previously electrofocused protein extracts side by side onto a single 20 cmx 20 cm SDS-gel, the strips were shortened (A). Traditional
procedure (control): the remaining three protein extracts were embedded each onto a different SDS-gel (B). M, pre-stained protein marker.

that was equipped with a continuous flow cooling system. The
equilibrated IPG gel strips were embedded at the top of 12% w/v
acrylamide (20 cmx 20 cm) gels in molten agarose (1% w/v in
running buffer). All four SDS-gels were run at 30 mA/gel for
6.5h (120W) at 15°C. The apparent molecular mass of
proteins was determined by co-electrophoresis of protein
markers (pre-stained molecular weight standards from 8 to
210 kDa; Sigma, Hamburg, Germany).

2.4. 2D-blotting procedures

Proteins in cropped SDS-gel fragments derived from both
procedures, viz., traditional and modified, were electroblotted
together onto the same polyvinylidene difluoride (PVDF)
membrane (Fig. 2; PVDV-membrane: pore size 45 um, BioTrace,
PALL Life Sciences, Pensacola, USA) by using a semi-dry transfer
system (SemiPhor, Hoefer Pharmacia Biotech, San Francisco,
USA).The gel fragments with the isoforms could be cropped, as
the molecular size of the isoform of interest was known. The
region of interest could easily be located with the help of the
visible pre-stained marker. In this study, gel fragments with

markers of less than 35kDa were used for the blotting
procedure. The SDS-gel fragment above this level was used as
a loading control. For electroblotting, SDS-gel fragments were
equilibrated in Towbin buffer (25 mM TRIS-base; 192 mM
glycine; 20% v/v methanol; 0.01% w/v SDS; pH 8.3) for 15 min.
At the same time, the PVDF membrane was hydrated initially in
methanol for 10 s and then equilibrated in Towbin buffer for
15 min. For protein transfer, the transfer stack was assembled
as follows. Three sheets of filter paper (Whatman gelblot paper;
1.2 mm, Sigma, Munich, Germany) soaked in Towbin buffer
were placed on the horizontal anode plate followed by the
hydrated PVDF membrane. The equilibrated gel fragments
were placed on top and covered with three sheets of gelblot
paper soaked in Towbin buffer (Fig. 2). Transfer was conducted
for 75 min at 40 to 50 V, 0.8 mA/cm?. Transfer efficiency was
checked with the pre-stained protein marker.

2.5. Immunodetection

For immunostaining, the 2D-blot membrane was saturated
in a solution of milk powder in TRIS-buffered saline (TBS) with



92 C.-M. Geilfus et al. / Journal of Immunological Methods 362 (2010) 89-94

A
(}_‘_:. . .
B [

B

o o o
- ° . .
L] L] L]
- o e . .
oo
L]
.
oo
- °
LY
marker band —= N

[ ] [ J [ ) )
. T— PVDF membrane
. BRI SDS-gel fragment
with ROI
(1]

Fig. 2. Representation showing transfer stack preparation. The spots shown are hypothetical. Modified procedure: three technical replications on one SDS-gel (A).
Traditional procedure (control): three technical replications on three different SDS-gels (B). The preparation of transfer stack was done by combining proteins in
cropped SDS-gel fragments (region of interest, ROI) derived from different gels onto the same PVDF membrane. The pre-stained molecular weight marker (M)

reveals the position of isoforms on the SDS-gel (C).

Tween (TBS-T; 2.5% w/v bovine skimmed milk; 0.1% v/v Tween)
for 2h at room temperature and then incubated with the
antibodies. We used an anti-peptide rabbit IgG antibody raised
against maize beta-expansins (BioTrend, Kéln, Germany). The
blot was incubated in plastic bags containing antisera diluted
1/250 in the same TBS-T (0.1 mL/cm? PVDF membrane) for 2 h
and washed three times with TBS-T (0.1% v/v). Subsequently,
the membrane was incubated with horseradish-peroxidase-
conjugated goat anti-rabbit IgG (Sigma-Aldrich, Munich,
Germany), diluted 1/38000 in TBS-T, for 1 h at room temper-
ature, as described for the first antibody. Finally, the membrane
was washed three times in TBS-T and once in TBS. Signals were
detected by using chemiluminescent peroxidase subtrate-3 on
Kodak BioMax light film (Sigma, Munich, Germany) with an
exposure time of 3 min.

3. Data evaluation
The X-ray film was scanned with an image scanner (HP

Scan-Jet 4890, UNS; 300 dpi and 16 bits per pixel, Boblingen,
Germany). WB images were analysed with TINA 2.08 software

(Raytest, Straubenhardt, Germany). The F-max test, as outlined
by Kohler et al. (1984), was used to test homogeneity of
variances between the two methodical procedures by means of
the Microsoft Excel program.

4. Results and discussion

We tested whether a combined 2D separation of three
previously electrofocused protein extracts improved the quality
of quantifiable 2D-WB data. For this, three IPG gel strips were
embedded side by side onto a single SDS-gel and separated
electrophoretically in parallel (modified procedure). The
reliability of this procedure was compared with that of a control
that was handled according the traditional 2D separation
procedure. For this, the three electrofocused protein extracts
were each separated on a single SDS-gel. For an adequate
comparison of the two procedures, all six IPG gel strips (three for
the modified procedure and three for the traditional control
procedure) were loaded with identical protein extract and were
thus technical replicates. Consequently, the loading controls of
the WB shown in Fig. 3 indicate an equivalent protein level, viz.,
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replicate No. 1 replicate No. 2 replicate No. 3
.. -
traditional procedure & & - =~ 90kDa
.
] . .
— ]
k . 90 kDa
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Ll E o 65 kDa
| N 40 kDa
40 kDa
B 30 kDa
replicate No. 1 replicate No. 2 replicate No. 3 20 kDa
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modified procedure
vie i ! =
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Fig. 3. Coomassie-stained loading controls (60 ug protein) corresponding to the Western blot shown in Fig. 4. The gel region smaller than 35 kDa was used for
the 2D-blotting procedure, whereas the upper part of the gel was used for indicating equivalent protein level loaded on each gel: (A) traditional procedure and
(B) modified procedure. Numbers 1-3 indicate protein extract replicate for each procedure. Right panel (C) represents the complete Coomassie-stained image of
the 2D-SDS-gel. The frame corresponds to the gel region that was used for 2D-blotting procedure.

60 pg, loaded onto each IPG gel strip (Fig. 3). Moreover, in this
study, all protein extracts were strictly treated equally. IPG gel
strips were rehydrated and electrofocused in parallel by using a
multiple focusing tray. 2D separation of all SDS-gels was
performed in a multi-gel electrophoresis unit simultaneously.
Proteins in cropped SDS-gel fragments derived from different
gels were electroblotted together onto the same PVDF
membrane, followed by immunodetection. This approach allows
the elimination of other source of errors that would increases
data variability and thus restricts the comparative quantitative
analysis of signals that are visualized on different blots
(Aksamitiene et al.,, 2007). Such sources of error arise because
each electrophoresis and the following immunoblotting cycles

are performed under slightly different conditions because of
differences in, for example, the shape of the fibre pads for
electroblotting, the time of protein transfer onto the membrane,
the strength of contact between the gel and membrane, the
quality and dilution of antibodies, the washing of the membrane
or the detection of the signal (Aksamitiene et al., 2007).

In the current study, WB analysis revealed the presence of
three signals, each indicating a protein isoform henceforth
referred to as isoforms I, I and III (Fig. 4). However, isoform I
was not detected in the second replication of the traditionally
separated protein extract (Fig. 4). As this isoform was
detectable in all other protein extracts, and as all six protein
extracts were technical replicates, this isoform must have

replicate replicate replicate
No. 1 No. 2 No. 3
m i1t 111
traditional *
. $ ]
procedure 1 1 .
I 1 n 1 1I
1 11} 111
modified - : | g :
procedure
I 1 1 I 1
replicate replicate replicate
No. 1 No. 2 No. 3
Fig. 4. X-ray film showing enhanced chemiluminescence signals on 2D-WB. Roman numbers I-1Il indicate the three detected protein isoforms. Arabic numbers 1-3

show the replicates for each procedure. Upper half of the X-ray film: traditional control procedure; lower half: modified procedure. Representation indicates

position of replicates or cropped SDS-gel fragments.
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Fig. 5. Densiometric analysis of 2D-WB signals. The signals were grouped
according to the isoform and plotted as the average of the optical density
(od) per mm? n=3+SD. Asterisks indicate significant heterogeneity of
variances calculated between the two procedures. This was carried out for
each isoform (F-max test; p<0.05%; ns, not significant). Densiometric
analysis was performed with TINA 2.08 software.

existed in the mentioned extract. This indicated that the
modified procedure was superior to the traditional procedure
in terms of reliability. Moreover, statistical analysis revealed
smaller standard deviations for all densiometric WB data that
were generated with the modified procedures as compared
with the control procedures (Fig. 5). Thus, the modified
procedure decreased the variability of the densiometric data
not only for isoform I, but also for isoforms II and IIl. To
confirm this, the F-max test was used to test whether any
significant differences in the variance homogeneity had
occurred. Heterogeneities of variances between both treat-
ments were found for isoforms I and III (F-max test, p <0.05%;
Fig. 5). The high coefficients of variation (Table 1) of the
control procedure clearly showed that these heterogeneities
must have been caused by a higher variability of the data
obtained by this conventional procedure.

A combined 2D separation of three IEF strips in parallel on a
single SDS-PAGE gel improved the reliability of 2D-WB. The
traditional procedure, viz.,, 2D separation of electrofocused
protein extracts each on a single SDS-gel, seems to be prone to
systematic or random errors. These findings are remarkable
since, in 2D-PAGE studies, replicates (technical and biological)
are routinely performed by using different SDS-gels. The
inferiority of the traditional procedure might be explained by
the use of different SDS-gels for the second dimensional
separation of electrofocused protein extracts. In favour of this
assumption, Aksamitiene et al. (2007) have reported an
augmentation of errors, such as an increased variability of the
standard deviation of signal intensities caused by increased gel
heterogeneity in terms of one-dimensional proteins separation
by using SDS-PAGE.

The suggested multi-strip procedure not only improves the
accuracy of immunoblotting, but is also very economical: (i)
different or repeated electrofocused protein extracts are
separated by using only one SDS-gel, (ii) several SDS-gel strips
(each containing multiple protein extracts migrating side by
side) are transferred onto a single membrane, and (iii) an
analysis of different or repeated protein extracts can occur in
one immunoblotting cycle. As a result, this modified procedure
saves labour-costs (time), 2D-PAGE and immunoblotting
reagents and costly antibodies.

5. Conclusion

A combined 2D separation of electrofocused protein extracts
side by side on one SDS-PAGE improves the quality of
quantifiable 2D-WB data and decreases the costs of labour,
immunoblotting and reagents. Moreover, this modified
procedure enables multiple protein extracts to be analysed in
one immunoblotting cycle, thus increasing throughput. This
alternate method can easily be adopted, since no additional
equipment or reagents are needed.
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INTRODUCTION

The apoplast is of major significance for the nutrition of higher
plants (Sattelmacher et al., 1998). Knowledge of the apoplastic ion
concentrations is necessary for the understanding of many trans-
port processes across the plasma membrane, of membrane poten-
tials,and of cell expansion. The activity of extracellular enzymes, the
binding of ligands to receptors, and the wall structure are all likely
to be affected by the apoplastic environment, which is known to be
a polarized microenvironment for selective ion binding (Grignon
and Sentenac, 1991; Canny, 1995; Miihling and Sattelmacher, 1995;
Fricker etal., 1999). Because of the quantitative importance of ions
and the impact of their apoplastic distribution on metabolic regula-
tion, the localization, and quantification of ions is important for
the understanding of the nutritional physiology of higher plants
(Grignon et al., 1997).

The combination of ion-sensitive fluorescent probes with quan-
titative imaging techniques provides opportunities to localize, visu-
alize, and quantify ion dynamics in situ via the technique of ratio
imaging (Fricker et al., 1997a, 2008). Use of ratiometric analysis
allows high temporal and spatial resolution with a minimum of
perturbation to be achieved (Fricker et al., 1999). Although ratio
imaging has been successfully employed to measure cytoplasmic
calcium and pH in plants (as summarized by Fricker et al., 1994),
little information is available on the application of this technique
to the measurement of apoplastic ion concentrations (Taylor
et al., 1996). The method has however been successfully used to
measure apoplastic pH (Hoffmann et al., 1992; Hoffmann and
Kosegarten, 1995; Miihling et al., 1995; Taylor et al., 1996; Bibikova
et al., 1998; Miihling and Lduchli, 2000; Yu et al., 2001; Pitann
etal.,2009) and, to a lesser extent, apoplastic potassium (Miihling
and Sattelmacher, 1997; Miihling and Liuchli, 2000), calcium
(Miihling et al. 1998), and sodium (Miihling and Lauchli, 2002).

Abbreviations: CLSM, confocal laser scanning microscopy; ROI, region of interest.

Knowledge concerning apoplastic ion concentrations is important for the understanding of many
processes in plant physiology. lon-sensitive fluorescent probes in combination with quantitative
imaging techniques offer opportunities to localize, visualize, and quantify apoplastic ion dynamics
in situ. The application of this technique to the leaf apoplast is complicated because of problems
associated with dye loading. VWe demonstrate a more sophisticated dye loading procedure that
enables the mapping of spatial apoplastic ion gradients over a period of 3 h. The new technique
has been used for the real-time monitoring of pH dynamics within the leaf apoplast in response
to NaCl stress encountered by the roots.

Keywords: apoplastic pH, live cellimaging, apoplastic ions, abiotic stress, salinity, pH regulation, fluorescence ratio imaging

To the authors’ knowledge, no ratiometric, non-transgenic in planta
measurements are available that show leaf apoplastic ion dynam-
ics by using ratio imaging. This is mainly attributable to problems
associated with gaining access to the intact leaf apoplast (Fricker
et al., 1994). The major difficulty here remains the development
of appropriate loading protocols to introduce the fluorescent ion
probe into the apoplast of a living plant without destroying the
cell membranes, which in consequence would allow the dye to
diffuse into the symplast, leading to an erroneous quantification
of cytosolic pH signals. However, in planta analysis is important
because it assures that the apoplast operates in a correct physi-
ological context and hence includes the effects of cell—cell interac-
tions and the mechanical, ionic, and physiological effects of the
extracellular matrix of cell-wall interactions (Errington et al., 1997;
Fricker et al., 1997b).

Here we present a non-invasive approach for loading a fluores-
cent ion indicator into the leaf apoplast of an intact plant (Vicia
faba L.). In combination with camera-based inverse fluorescence
microscopy, ratiometric in planta mapping of ion dynamics in vari-
ous apoplastic components was achieved over a period of hours.

MATERIALS AND METHODS

CULTIVATION OF PLANT MATERIAL

Vicia faba L., minor cv. Scirocco (Saaten-Union GmbH, Isernhagen,
Germany) was grown under hydroponic culture conditions in a
climate chamber (14/10 h day/night; 20/15°C; 50/60% humid-
ity). Seeds were soaked in an aerated CaSO, solution (0.5 mM) for
1 day at 25°C and subsequently placed into quartz sand moistened
with CaSO, (1 mM). After 7 days of germination, seedlings were
transferred to plastic pots containing one-quarter-strength aerated
nutrient solution. Following 2 days of cultivation, the concentra-
tion of nutrients was increased to half-strength and, after 4 days of
cultivation, to full-strength. The nutrient solution had the following
composition: 0.1 mM KH,PO,,1.0mM K,SO,,0.2 mM KCl, 2.0 mM
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Ca(NO,),,0.5mM MgS0,, 60 uM Fe-EDTA, 10 uM H,BO,, 2.0 uM
MnS0O,,0.5uM ZnSO,,0.2 uM CuSO,,0.05 pM (NH,) Mo_O, . The
solution was changed every third day to avoid nutrient depletion.
After 30 days of plant cultivation, intact growing leaves with an

average leaf area of 7 cm? were sampled for in situ pH recording.

DYE LOADING

For the purpose of ratiometric in planta measurements, the fluores-
cent pH indicator was loaded into the leaf apoplast of an intact plant.
For this, the opening of a syringe was carefully pressed onto the abax-
ial leaf side (no needle was attached on the top of the syringe). By
means of gentle pressure, 50 pL of 25 uM Oregon Green 488 dextran
(Invitorgen GmbH, Darmstadt, Germany; dissolved in deionized
water) were fed into the apoplast, whereby not the complete, but
only a small part of the apoplast was loaded. The loading procedure
could easily be monitored because the loaded area appeared darker
than its surroundings (see Figure A1 in Appendix). In order to avoid
measurement artifacts caused by the possible impact of the loading
procedure on leaf physiology, images were collected (1) adjacent to
the area that had been loaded and (2) at the adaxial leaf side. This
was possible since the dye proved to be mobile within the apoplast
(described in detail in section Results and Discussion).

INVERSE MICROSCOPY IMAGING

A Leica inverted microscope (DMI6000B; Leica Microsystems,
Wetzlar, Germany) connected to a DFC-camera (DFC 360FX; Leica
Microsystems, Wetzlar, Germany) via a 20-fold magnification, 0.4
numerical aperture, dry objective (HCX PL FLUOTAR L, Leica
Microsystems, Wetzlar, Germany) was used for image collection.
An HXP lamp (HXP Short Arc Lamp; Osram, Miinchen, Germany)
was used for illumination at excitation wavelengths of (ex) 440/20
and 495/10 nm. Exposure time was 25 mS for both channels. Light
intensity and camera gain were coupled for both channels, ensur-
ing identical excitation conditions. Excitation filters were switched
by means of a filter wheel. The dye fluorescence at both excita-
tion channels was collected by using a 535/25 nm emission band-
pass filter (BP 535/25; ET535/25M; Leica Microsystems, Wetzlar,
Germany) and a dichromatic mirror (LP518; dichroit T518DCXR
BS, Leica Microsystems, Wetzlar, Germany). Time series were col-
lected with a time interval of 2 or 5 min. During the measurements,
leaves were not detached from the plant and the plants were sup-
plied with aerated nutrient solution. The use of microscopy-based
techniques for mapping ion concentrations in the leaves of living
plants over several hours involves the problem that, from time to
time, the specimen shifts out of the focal plane. This can be ascribed
to the growth of the stem or the leaf; the latter growth can attain
4-6.25 mm?*/h (Dennett et al., 1978). In order to avoid any shifting
of the specimen, care must be taken that the region of interest is
firmly attached to the measuring device.

RATIOMETRIC ANALYSIS

Fluorescence ratio analysis corrects quantitative fluorescence imag-
ing with regard to artifacts in signal strength associated with sample
path length, dye distribution, leakage, and photobleaching (Bright
etal., 1989; Gilroy, 1997). As a measure of pH, the fluorescence ratio
F,./F,, (Pitann etal.,2009) was obtained by using the pH-sensitive
fluophore Oregon Green 488 that is conjugated to 10 kDa dextran.

The F,,; signal was captured because this fluorescence is almost
insensitive to protons, whereas the F, , signal highly depends on
protons. An analysis of a time series was carried out by using Leica
Application Suite Advanced Fluorescence, (LAS AF software, version
2.3.5, Leica Microsystems, Wetzlar, Germany). Ratio images were
calculated on a pixel-by-pixel basis as F,./F,,, . The background noise
values were subtracted at each channel. For pseudo-color display,
the ratio was coded by hue on a spectral color scale ranging from
purple (no signal), over blue (lowest pH signal; pH 3.9), to pink
(highest pH signal; pH 6.3), with the limits being set by an in situ
calibration. Ratios below 1.1 (corresponds to pH <3.9) and above 3.6
(corresponds to pH 2 6.3) were not considered, because they proved
to lie outside the linear range of the in situ calibration (Figure A2 in
Appendix). Quantitative measurements were calculated as the ratio
of the mean intensity for user-defined regions of interest (ROIs).

IN SITUAPOPLASTIC PH CALIBRATION

For converting fluorescence ratio data taken from living plants
into apoplastic pH values, an in situ calibration procedure was
performed. Hence, 25 pM Oregon Green dye solutions buffered
with 100 mM (2-[ N-morpholino]ethanesulfonic acid, MES) to a
pH ranging from 3 to 7 (steps of 0.5 pH units) were loaded into the
leaf apoplast. The Boltzmann fit was chosen for fitting sigmoidal
curves to calibration data (Figure A2 in Appendix) as described
by Schulte et al. (2006). Fitting was performed by using Origin 7.0
(OriginLab Corp., Northampton, MA, USA).

CONFOCAL LASER SCANNING MICROSCOPY

To demonstrate that no Oregon Green 488 dextran had entered the
cytosol unintentionally, CLSM-imaging via a Leica TCS SP1 confo-
cal laser scanning system (Leica Microsystems, Wetzlar, Germany)
was carried out. For dye excitation, the 488 nm beam line of the
Argon laser was chosen. The dye fluorescence was collected by
using an emission bandwidth at 514-556 nm (green channel). A
planapochromatic objective (HC PL APO CS 10.0 X 0.40; Leica
Microsystems, Wetzlar, Germany) was used for image collection.
The three-dimensional XYZ-image stack was created on the basis
of 30 xy sections. Step size was 2.04 um.

GAS EXCHANGE AND SPAD READINGS

Gas-exchange parameters such as stomatal conductance to H,O
(mol H,0 m~s™") were measured with an open-flow gas-exchange
system (portable photosynthesis system; LI-COR Biosystems
GmbH, Bad Homburg, Germany) with an integrated fluores-
cence chamber head (LI-COR Biosystems GmbH, Bad Homburg,
Germany). Leaves were placed across a 2 X 3 cm leaf cuvette. The
conditions for the measurements inside the chamber were equal
to the outside conditions in the climate chamber. Light was pro-
vided by an LED red light source built into the top of the leaf
chamber (100 umol quanta m~s™) and the CO, concentration
was controlled by a Li-Cor LI-6400 CO, injection system. Stomatal
conductance was calculated by the internal software. The relative
chlorophyll concentration of the leaves was measured with a port-
able chlorophyll meter (SPAD-502, Minolta, Japan). At least fifteen
SPAD-502 readings for each leaf were averaged by the internal soft-
ware of the SPAD-502 meter and were taken as a single data point
for each biological replicate.
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LEAF AREA

Leaf area was calculated by means of measuring the length and
maximum breadth of the leaflet, whereas lengths and breadths were
converted to area by multiplying their product by 0.764 according
the formula given by Dennett et al. (1978). Leaf area (cm?) was
chosen as a measure for leaf growth.

DATA EVALUATION
The #-test and the paired t-test, as outlined by Kohler et al. (1984),
were used to test for differences between mean.

RESULTS AND DISCUSSION

DYE LOADING PROCEDURE

In planta measurements of apoplastic ion dynamics by using
microscopy-based ratio analysis require that the ion indicator is
inserted into the leaf apoplast of an intact leaf. Traditional dye
loading procedures, such as the time-consuming transpiration-
driven loading technique via the petiole or the pressure loading
technique of cut leaf discs, do not allow the in situ monitoring of
ion concentrations over an extended period of time. In both cases,
such monitoring is not possible because the leaves are detached
from the plant. However, by gently feeding the ion indicator into
the leaf apoplast with the above-described method (see section
Materials and Methods), the dye can be inserted into an intact
plant system. A prerequisite for in situ studies of the apoplastic
microenvironment is that the ion indicator is linked to a dextran
molecule that avoids compartmentalization of the indicator into
the symplast. Inverse fluorescence microscopy images at ex 495 and
ex 440 nm (Figure 1) and CLSM images at ex 488 nm (XYZ-image
stack; Movie S1 in Supplementary Material) indicate that the dye
does not enter the cells. If the dye had entered the tissue unin-
tentionally, then the dye signals would be emitted from the cells.
However, the dye signals solely have their origin in the apoplastic
space, whereas the tissue appears dark, indicating that no fluores-
cence signal is emitted from the cells themselves (Figures 1A,B;
Movie S1 in Supplementary Material ). Immediately after the dye is

loaded, the flooded apoplastic area is filled with water. This repre-
sents an artificial surrounding for the plant because, under normal
physiological conditions, the apoplastic fluid is only a thin film
(Felle, 2001). For this reason, measurements should not be started
before the water has disappeared through the stomata of the intact
leaves. Evidence that the loaded water can exit the plant apoplast is
demonstrated in Figure 2 and in Figure A1 in Appendix. The water
droplets on the bright-field images in Figures 2B-iand C-i strongly
suggest that the water has left the apoplast through the stomata.
The corresponding fluorescent images in Figures 2B-ii and C-ii
demonstrate that no dye exits the apoplast together with the water
droplets. Otherwise, these droplets would appear in pseudo-green
when illuminated with ex 495 nm. The finding that the apoplastic
space becomes free of excess water is important for the ratio analy-
sis, because (1) the presence of water within the apoplast causes an
acute lack of oxygen to which all the involved cells respond and (2)
the water would dilute the apoplastic ion concentration (Felle and
Hanstein, 2002). Another point that needs to be considered is the
potential mechanical stress to which the leaf is exposed during dye
loading. Although only small volumes (max. 50 uL/leaf apoplast)
are gently fed into a part of the leaf apoplast, the fluid might interact
through adhesive forces with the cell walls and plasma membranes
and might thus stretch-activate channels that then release ions and
organic acids (Felle and Hanstein, 2002). Hence, images are col-
lected (1) at the earliest at 1.5 h after loading and (2) not at the
dye-loaded area itself but adjacent to the loaded area. The latter is
possible because the dye is mobile within the leaf apoplast of the liv-
ing plant and is carried to the faces of the leaf edges (Figure 3). The
mobility of the dye suggests possible alterations of the initial dye
concentration (25 uM) within the apoplast. We have tested whether
differences in dye concentration ranging from at least 10—150 pM
Oregon Green 488 dextran still produce stable F,,./F, ratios. Atall
concentrations, the ratios are constant at 2.5 (Table 1). Moreover,
changes in dye concentration do not represent a major problem,
because differences in local indicator concentrations are corrected
by mean of the ratio analysis (Gilroy, 1997).

pm 100

FIGURE 1 | Distribution of the dextran-conjugated dye Oregon Green 488
within the leaf apoplast of Vicia faba L. directly after loading.

(A) Cross-section. Overlay of ex 495 nm pseudo-green fluorescence image
and ex 440 nm pseudo-red fluorescence image. a, adaxial epidermis cell; b,
palisade cell; ¢, spongy cell; d, abaxial epidermis cell; e, stomatal apparatus.

(B) Adaxial leaf face. Pseudo-green fluorescence image at ex 495 nm. a,
stomatal cavity; b, palisade cell. Tissue in (A) and (B) appears dark indicating
that no fluorescence signals are emitted. This demonstrates that no dye has
entered the cells. In contrast, the apoplastic space appears in pseudo-color
because of the dye emission.
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0 pm100

#

0 pm100

0 pm100

FIGURE 2 | Excessive water exits the apoplast through the stomata.
Bright-field images of the adaxial leaf face (gray-scaled; A-i, B-i, and C-i) and
corresponding pseudo-green fluorescence images at ex 495 nm (A-ii, B-ii, and
C-ii). Images were collected (A) immediately after dye loading and at (B) 2 min
and (C) 10 min after loading. (A-i, -if) Immediately after loading, no water
droplets are found to be located onto the stomata. (B-i) Water droplets that had

0 um100

B-ii

#
0 pm100

(o]

0 um100

left the apoplast through the stomata 2 min after dye insertion are indicated by
#. (B-ii) The corresponding fluorescence image at ex 495 nm reveals that these
droplets did not contain any dye, as otherwise fluorescence signals would be
emitted at ex 495 nm and appear in pseudo-green. (C-i and C-ii) After 10 min,
more water had left the apoplastic space as indicated by #. a, stomatal cavity; b,
palisade cell.

FIGURE 3 | Distribution of the dextran-conjugated dye Oregon Green 488

at 1.5 h after the loading event. Adaxial leaf face. Overlay of pseudo-green
fluorescence image at ex 495 nm and pseudo-red fluorescence image at ex

440 nm. Images were collected at the leaf edges adjacent to the area that was
loaded with the dye. The detection of dye emission signals at an area that was not
loaded with the dye itself indicates that the dye is mobile within the leaf apoplast.
This allows apoplastic pH to be measured in areas of the leaf apoplast not affected
by the dye loading. a, stomatal apparatus; b, epidermal apoplast; c, palisade cell
(dark structure; no dye signal); d, apoplast surrounding palisade mesophy/l.

Table 1 | Effects of various Oregon Green 488 concentrations on the F,../

F,,, ratio.

Oregon Green 488
dextran (pM)

In situ ratio F,../F,,|

Mean SE
0 / /
10 2.54 0.037
20 2.52 0.039
30 2.58 0.040
40 2.50 0.019
150 2.55 0.028

Testing the effect of dye concentration on the F,,/F,, ratio was performed by
using the same dye loading procedure and the same optical set-up as for in
situ measurements. At all concentrations, ratios were constant at =2.5. At a
concentration of 0 um Oregon Green 488, no signal was obtained as indicated
by /. Values represent the mean + SE (n = 4 biological replicates). t-test revealed

no significant mean differences at p < 0.05.
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IN PLANTA REAL-TIME IMAGING OF LEAF APOPLASTIC PH DYNAMICS

To demonstrate that the improved dye loading procedure enabled
in planta monitoring and the quantification of apoplastic pH
dynamics in real-time, an intact Vicia faba leaf was prepared with
the pH indicator. Subsequently, the intact leaf was placed on the
measuring device. Throughout the experiment, the plant itself was
well supplied with aerated nutrient solution. An effect of the leaf
apoplastic pH was induced by adding 50 pL of a 10 mM NaCl
solution onto the surface of a Vica faba leaf. Within 5 min, leaf
pH within the stomatal cavity, the epidermal apoplast, and the
apoplast surrounding the palisade tissue transiently increased,
whereas the pH within the palisade apoplast became the most
alkaline (Figure 4). After 25 min, the pH began to normalize and
finally reached the range at which the alkalinzation had started
before the leaves were treated with NaCl stress. This time course

demonstrated the suitability of this dye loading approach for quan-
titatively monitoring leaf apoplastic pH dynamics. In general, such
monitoring is also possible with ion-sensitive micro-electrodes.
However, micro-electrodes take measurements at a single point, i.e.,
the stomatal cavity, whereas microscopy-based techniques enable
quantitative data to be averaged over a larger area of the leaf apo-
plast. Furthermore, the high resolution of these microscopy-based
imaging analyses allows spatial ion gradients to be discriminated in
various apoplastic components (Figure 4). Therefore, the informa-
tive value of a single measurement now increases since the data
provide more information about the spatial concentration and
the temporal course of the ion of interest. For this reason, a single
measurement enables for a more detailed and accurate detection
of the stress responses, which in consequence, facilitates the physi-
ological interpretation of the data.

A

5.4

5.0

g -4 palisade apoplast
I 46 -o- stomatal apoplast
o -®- epidermal apoplast
+ 10 mM NaCl
4.2
0 5 10 15 20 25 30 35 40 45 50
Time (min)

00:31:27.828

FIGURE 4 | Ratiometric real-time quantitation of leaf apoplastic pH in
response to the addition of 50 pL of a 10 mIM NaCl solution onto the leaf.
(A) pH as recorded at the adaxial face of Vicia faba leaves is plotted over time.
Black arrow indicates the time of the addition of the 10 mM NaCl stress stimulus
onto the surface of the leaf. Leaf apoplastic pH was discriminated within three
apoplastic components, viz. in the stomatal cavity (n = 10 ROI; green kinetic;
mean £ SE of ROIs), in the epidermal apoplast (n = 20 ROI; red kinetic;

00:23:59.984

pm 250

00:43:27.813
D

mean + SE of ROIs) and in the apoplast surrounding the palisade mesophyll
(n=20 ROI; blue kinetic; mean + SE of ROIs). Ratiometric images (B-D) show
the time series of apoplastic leaf pH at (B) 23, (C) 31, and (D) 43 min after
measurement had started (time of image acquisition is presented in the upper
right corner of the ratio images). Ratios were colorcoded on a spectral color
scale (see lookup-table as inset in B). Representative kinetics of five equivalent
recordings of plants gained from independent experiments.
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In a second experiment, we demonstrated that the new dye
loading procedure also enabled in planta monitoring of leaf apo-
plastic pH dynamics in response to a NaCl stress treatment applied
to the roots. NaCl was added to the nutrient solution yielding a
concentration of 20 mM (Figure 5). The pH transiently increased
over a period ranging from 60 to 70 min, with an alkalinization

occurring in the three apoplastic compartments, viz. the stomatal
cavity, the epidermal apoplast, and the palisade apoplast, starting
circa 20 min after NaCl was added to the roots. Similar to the
transient alkalinization described in Figure 4A, the pH was the
most alkaline within the apoplast built by the palisade tissue. To
the authors’ knowledge, this is the first time that a physiological
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-® epidermal apoplast
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FIGURE 5 | Ratiometric real-time quantitation of spatial leaf apoplastic pH
gradients in response to 20 mM NaCl stress added to the roots. (A) Leaf
apoplastic pH response was discriminated within three apoplastic components,
viz. in the stomatal cavitiy (n = 9 ROI; green kinetic; mean = SE of ROIs), in the
epidermal apoplast (n = 20 ROI; red kinetic; mean + SE of ROls) and in the
apoplast surrounding the palisade mesophyll (n = 20 ROI; blue kinetic;

mean £ SE of ROIs). Black arrow indicates the time of the addition of the 20 mM
NaCl stress stimulus into the nutrient solution. Ratiometric images (B-E) show

60 80 100 120 140 160 180 200

Time (min)

the time series of apoplastic leaf pH at (B) 25, (C) 50, (D) 110 min, and (E)

170 min after measurement had started (time of image acquisition is presented
in the upper right corner). Ratios were colorcoded on a spectral color scale (see
lookup-table as inset in B). The ratio images under the most alkaline conditions
suggest that fluorescent signals come directly from the palisade cells as
indicated by the # in (D). This phenomenon is explained in section “Discussion.”
Representative kinetics of four equivalent recordings of plants gained from
independent experiments.
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stress response that was induced by adding NaCl to the roots has
been ratiometrically monitored within the intact leaf apoplast in
a resolution that allows spatial ion gradients to be discriminated
in various apoplastic components over a period of 3 h in planta.

The pseudo-color ratios presented in Figures 4 and 5 require
additional comment. The ratio images at the most alkaline condi-
tions suggest that fluorescent signals come directly from within
the palisade cells (indicated by # in Figure 5D). This implies that,
in addition to the apoplastic pH signals, cytosolic pH signals have
been quantified erroneously. Such an idea can however be rejected
for several reasons. (1) A XYZ-image stack showing the leaf apo-
plastic space that was labeled with Oregon Green 488 dextran was
created using CLSM. Dye excitation with an Argon laser line at
488 nm (Movie S1 in Supplementary Material) clearly demon-
strated that the dye signals were solely emitted from the apoplast.
The mesophyll cells appeared dark, providing evidence that no
dye had unintentionally entered the cells. Thus the appearance of
cytosolic or cellular pH signals can be rebutted. (2) The pH probe is
covalently linked to a 10 kDa dextran, which would require pressure
microinjection for loading into the cytoplasm (Fricker et al., 1999).
(3) The cytosolic pH is known to be around 7.2 (Schwarzlinder
et al., 2008; D’Onofrio and Lindberg, 2009), whereas the quanti-
fied pH-values shown in Figures 4A and 5A do not exceed a value
of pH 5.4 and 5.6, respectively. (4) Even supposing the dye had
entered the cytosol unintentionally, the apoplastic pH response
shown in Figures 4 and 5 could not drop back to its initial level
at pH 4.2, because the cytosol never reaches such an acid milieu.
Nevertheless, why do the ratio images at the most alkaline condi-
tions suggest that fluorescent signals come directly from within
the palisade cells (indicated by # in Figure 5D)? Immediately after
dye was loaded into the apoplast, the inserted water exits the leaf
through the stomata (shown in Figure 2). However, the dye has
been demonstrated to remain within the apoplast (Figures 2A-ii,
B-ii, and C-ii). We presume that the dye is dissolved within the
apoplastic fluid, which is a thin film that is attached to the surface of
the cells (Felle and Hanstein, 2002). Consequently, the fluorescent
dye is closely attached around the palisade cells, thus, light that
is emitted by the dye mimics the shape of the cells. However, in
response to a physiological alkalinization of the apoplastic fluid that
surrounds the palisade cells, the intensity of the emitted light raises,
because the emission triggered by the F,,, channel increases with
decreasing [H*]. This strong F,,, fluorescence erroneously conveys
(see above) the impression that these signals arise within the cell
(indicated by # in Figure 5D).

POTENTIAL ARTIFACTS

Several potential artifacts might occur during ratio imaging experi-
ments and, if not considered, might introduce errors in quantita-
tion. A point that needs to be considered during imaging is the
level of background signals, viz. autofluorescence coming from the
measuring devices (i.e., lens elements), the specimen (i.e., cell wall
or chloroplasts), the shot noise associated with sampling of the sig-
nal (Fricker etal., 1997b,2001), and the noise arising from residual
light in the laboratory (i.e., computer LEDs, monitor screens). For
the testing of the level of autofluorescence, the specimen without
the dye is illuminated (background signal intensity) and compared
with the specimen plus dye (total signal intensity). Only negligible

noise has been detected (0.1% of the weakest fluorescence signals
and 0.03%o of the strongest; Figure 6). The background noise values
are subtracted at each channel. In addition to the occurrence of
background fluorescence, confirmation is required that the NaCl
molecules themselves do not influence the F,,,/F,, ratio and thus
the quantification. Such an effect might occur because the NaCl that
is added to the nutrient solution might be transported through the
xylem into the leaf apoplast where it might interact with the fluoro-
phore. In order to exclude such an effect, we have demonstrated
that NaCl concentrations ranging from 0 to 125 mM do not affect
the Oregon Green 488 ratio (Figure 7). Moreover, we have tested
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FIGURE 6 | Specific dye signals versus unspecific noise signals.

(A) Adaxial leaf face. Overlay of ex 495 nm pseudo-green fluorescence image,
ex 440 nm pseudo-red fluorescence image, and the corresponding bright-field
image (gray-scaled). The apoplast was partially loaded with the dye (lower right
part of the image). Dye-loaded areas appear light green when illuminated,
because pseudo-red and pseudo-green are mixed within the overlay. The gray
area was not loaded with the dye (upper left part of the image). Such a
specimen represents a suitable object to compare the amount of unspecific
signals (noise) to specific signals being emitted from the dye. The intensity of
gray values was chosen as a measure for signal intensity. A profile of the
gray-value intensity was taken from the area tagged with the scale bar

(1.175 mm length; white line in A) and is presented in (B). This profile is
displayed for both fluorescence excitation channels (ex 495 and ex 440 nm).
Negligible signals were emitted from the area of the leaf without dye (i.e.,
detail 1). The signals were much higher in the dye-loaded areas (i.e., detail 2
and 3; in both cases, signal intensity at stomatal cavity).
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FIGURE 7 | Dependency of the Oregon Green 488 F,../F,, ratio on NaCl.
Ratios are displayed against NaCl concentration. NaCl ranging from 0 to

125 mM was mixed into the dye solution (25 pM Oregon Green). Ratios were
stable and thus not affected by NaCl. Values represent the mean + SE (n=4
biological replicates). t-Test revealed no significant mean differences at p< 0.05.

treatment. Furthermore, the dye loading procedure represents a
potential event of (local) mechanical stress and the presence of
the dye itself within the apoplast might have an impact on the
apoplastic space. Hence, leaf growth, stomatal conductance, 