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1. Introduction

1.1 Abiotic stress

The sessile nature of plants is a challenge: Abiotic stresses - arising from an excess or deficit in the
physical or chemical environment - are threatening the plants” development on a regular basis.
Examples for these physical or chemical constraints are: Nutrient excess or deficiency, heavy-metal
toxicity, cold, heat, excess water, or water-limiting conditions. Even in agricultural systems, the
total avoidance of abiotic stress is nearly impossible for plants. Consequently, crops rarely achieve
their genetically predetermined maximum yield potential. Boyer (1982) estimated that field-grown
crops in the United States just achieve 22% of their potential genetic yield due to abiotic stress.
However, given the fact that plants face multiple situations with one or more abiotic stress events
during their lifespan, plants have evolutionary determined strategies and mechanisms to cope with
abiotic stresses. The extent to which a specific plant can cope with abiotic stress depends on the
stress intensity, the plant’s individual evolutionary set of available strategies, and their underlying
mechanisms to counter the stress impact. These sets of countermeasures are species or even
genotype- specific. However, some strategies can be found in nearly all land plants, e.g. the strategy
to accumulate osmotically active solutes under drought stress in order to decrease the osmotic
potential in cells to ensure water uptake by roots. Many others strategies and especially their
underlying mechanisms are often very specific among plant species. Mostly they are still unknown
even for important agricultural crop plants. Understanding of these strategies and mechanisms is
imperative in order to use this knowledge to increase yield security in the plant breeding process
(Cramer et al., 2011). Improving crops by plant breeding is the only viable way, since crop plants

are of a sessile nature, and the extent to which plant production systems can reduce abiotic stresses



is limited. This is especially true for the most important crop plants on which world food security

depends on.

1.2 Maize

Maize is one of the world’s most important crop plants. It is the second largest agricultural
commodity in terms of tons, stressing its worldwide importance. The world production of the
commodity maize increased from roughly 600 million tons in the year 2000 to over 1 billion in

2014 which means a yearly growth rate of 4% (FAO, 2015).

Maize or corn (Zea mays L.) belongs to the family Poaceae together with its ancestor the wild plant
teosinte. Its origin is the region of Mesoamerica where the C4 plant was domesticated by selection
of key mutations (Matsuoka et al., 2002). The grains are used for human and livestock consumption
as well as for the ethanol production; therefore, total grain yield is an important agronomical factor.
There are two components of grain yield: Kernel number and kernel weight. Both components can
be negatively affected by abiotic stress. However, a lower kernel number is often partly
compensated by a higher grain weight, depending on stress intensity and the physiological stage in
which the stress occurs (Borras et al., 2003). There is apparently an evolutionary-conserved
strategy to maintain the full kernel set. Schubert et al. (2009) developed salt-resistant maize hybrids
which are able to maintain kernel set under salt stress. In contrast, kernel setting of salt-sensitive
genotypes is affected by salt stress. This example shows that maize has an unexplored genetic
potential to implement strategies in future breeding processes which could prevent the reduction of
yield due to abiotic stress. These strategies and their underlying mechanisms have to be identified

and understood in order to use this knowledge in plant breeding programs.



1.3 Plasma membrane H*-ATPase

The plasma membrane (PM) H"-ATPase is the powerhouse of the plant metabolism, since it is
responsible for the energization of most transport processes in plants. The energization is conducted
by the establishment of an electrochemical proton gradient across the plasma membrane (Palmgren,
2001). The active transport of protons is fueled with the substrate Mg-ATP (Hanstein et al., 2011).
The proton transport into the apoplastic space acidifies the cell wall. This acidification of the cell
wall is a requisite for cell-extension growth (Hager et al., 1971; Diinser and Kleine-Vehn, 2015).
Additionally, cations cross the plasma membrane through ion channels, attracted by the negative
membrane potential of the cytoplasm. The electrochemical gradient energizes transport processes

of symporters and antiporters in the PM (Palmgren, 2001).

Since the PM H*-ATPase is so important for plant physiological processes, it is not astonishing
that abiotic stress has an impact on the function of the enzyme (Palmgren, 1991; Falhof et al.,
2016). The enzyme has an auto-inhibitory domain at the C-terminus. Binding of effector molecules
or phosphorylation at the auto-inhibitory domain has a strong influence on the enzymes activity.
There are two activity states: an auto-inhibited state, where ATP hydrolysis is only loosely coupled
to H™ transport, and an upregulated state with tight coupling between ATP hydrolysis and H*
pumping (Falhof et al., 2016). There are various phosphorylation sites at the auto-inhibitory domain
that can be affected either by phosphorylation or dephosphorylation reactions caused by various
environmental stimuli including abiotic stress. This flexibility of the enzyme regarding the H*
pumping activity can be used for breeding strategies. Therefore, alteration of the PM H*-ATPase
activity can play an important role in strengthening mechanisms that help to counteraffect abiotic

stress.



For example, Gévaudant et al. (2007) showed that salt resistance of tobacco was improved since
one isoform of PM H™-ATPase was constitutively activated and expressed in transgenic tobacco.
It was confirmed that these transformed plants were able to increase the pH gradient at the plasma
membrane of root cells. The electrochemical gradient that is generated by the PM H*-ATPase
energizes the SOS1 Na'/H* antiporter. It is believed that the higher pH gradient increased the
pumping activity of SOS1, which excluded potential toxic Na* from the cytoplasm and increased
growth of the transformed tobacco compared to the wildtype under salt stress. There are other
examples: It was also shown that the maize hybrid Pioneer 3906 was not able to maintain apoplastic
acidification in developing leaves under salt stress, which resulted in a reduction of turgor-driven
cell-extension growth. In contrast, a salt-resistant maize genotype (SR03) that was bred from the
same genetic background as Pioneer 3906 was able to maintain or even to increase the apoplastic
acidification and to decrease growth reduction under salt stress (Zorb et al., 2015). Thus, the genetic
potential to reduce the impacts of salt stress on growth by improving the pumping activity of PM

H*-ATPase had already been available and was brought into light in a newly bred hybrid.

1.4 Mg deficiency

1.4.1 Mg — the forgotten macronutrient in crop production

Mg is one of the nine macronutrients for plants and a deficiency in only one plant nutrient
unavoidably leads to a disturbed plant development and a consequent yield loss. Astonishingly,
magnesium (Mg) is often neglected in the agricultural fertilization practice (Guo et al., 2016). The
negligence of Mg fertilization is responsible for crop yield losses worldwide caused by Mg

deficiency in plants.



In plants, Mg plays an important role in the structure of chlorophyll, the assembly of ribosome
subunits during translation, and the activation of various enzymes (Shaul, 2002; Hawkesford et al.,
2012). Moreover, Mg is essential for the formation of Mg-ATP which is the true substrate for the
plant PM H*-ATPases (Palmgren, 2001; Hanstein et al., 2011). In recent years, studies on Mg
transporters and their efficiency under low Mg conditions were conducted (Hermans et al., 2013;
Kobayashi and Tanoi, 2015), increasing the knowledge about Mg uptake by plants considerably.
However, little is known about the physiological processes which are impaired under Mg
deficiency and inhibit plant growth. Particularly, it is important to know which physiological
process is most sensitive to a developing Mg deficiency and is responsible for impaired vegetative
growth. (Cakmak et al., 1994a) described that one of the first processes affected under Mg
deficiency was the translocation of sucrose from source leaves to roots. It was concluded that a
lack of assimilates led to growth inhibition of roots, since roots as a sink organs are like developing
young leaves dependent on assimilates from source tissue: Photosynthetic active leaves. An
accumulation of sugars in source leaves was also found in other plant species due to Mg deficiency:
Bean plants (Cakmak et al., 1994a), maize (Mengutay et al., 2013), spinach (Fischer et al., 1998),

and sugar beet (Hermans et al., 2004a).

Some authors supposed that a decrease of PM H*-ATPase activity was responsible for a reduced
phloem transport of sucrose from leaf source tissue to sink tissues (e.g. (Cakmak et al., 1994a;
Neuhaus et al., 2013). Since sucrose is mostly loaded into the phloem by sucrose/ H cotranporters,
a decrease in the substrate Mg-ATP for the PM H*-ATPase undoubtedly leads to a lower pH
gradient which in turn reduces the transport rate of sucrose as well. However, even if PM H*-

ATPase activity is partially impaired under Mg deficiency (which was never measured), the



question remains whether a reduced loading of photoassimilates into the phloem in source leaves

would also mean that there is a lack of photoassimilates in the sink tissue that reduces plant growth.

For example, Hermans and Verbruggen (2005) using radiolabeled sucrose, showed that sucrose
transport from the source leaves of Arabidopsis to the roots was not inhibited. Fischer et al. (1998)
found for spinach that sugars also accumulated in sink leaves that were shaded. This shading
prevented photosynthetic activity of these sink leaves, making the sink leaves entirely dependent
on photoassimilates from source leaves. From these findings, it can be concluded that apparently

photosynthesis is not the primary limiting process of plant growth under Mg-limiting conditions.

However, since growth of sink organs such as roots or developing leaves is impaired by Mg
deficiency, there have to be other reasons. To our knowledge no study has been conducted which
considered the effect of Mg deficiency on the two growth processes cell division and cell extension
separately. In order to identify the process that is most sensitive to Mg deficiency, these growth
processes cell division and cell extension were studied in the present work including their

underlying physiological mechanisms.

Both, DNA replication and gene expression determine the rate of cell division. The Mg
concentration in the cytoplasm has to be in an optimal range for both processes for normal function
(Stout and Arens, 1970; Robinson and Bryant, 1975; Kiss, 1988). Therefore, if a lack of Mg inhibits
the DNA polymerase activity, a lower number of DNA will be present in the analyzed tissue. Since
DNA replication is required for cell division, a lower DNA content indicates a lower number of

cells. The proportion of mitochondrial and chloroplast DNA of maize just account for about 0.4%



of the total cell DNA and is therefore negligible (Lutz et al., 2011). Additionally, cell division in
maize just occurs in a thin cell layer close to the apex (Jackson, 2009). Above this thin cell layer,

the meristematic tissue, cell growth is only realized by cell-extension growth in maize.

Cell-extension growth is driven by apoplastic acidification that is necessary for the loosening of
cell-wall compounds, which in turn enables turgor-driven extension growth (Figure 1). Plasma
membrane (PM) H™-ATPases play an important role in cell-extension growth, because these
enzymes are responsible for cell-wall acidification (Bogoslavsky and Neumann, 1998; Waldron

and Brett, 2008; Pitann et al., 2009; Diinser and Kleine-Vehn, 2015).
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Figure 1: Apoplastic acidification is mainly driven by plasma membrane (PM) H*-ATPase (red
oval). Cell wall loosening enzymes (blue circles) are activated by low pH, breaking connections
between polysaccharide chains such as pectin, cellulose, and hemicellulose (grey lines). Turgor
facilitates cell-extension growth. (inspired by Diinser and Kleine-Vehn, 2015)

In order to identify the limiting process for vegetative growth of maize under Mg deficiency, time-
course experiments with maize were conducted under control and Mg-deficient conditions to
identify which physiological process is most sensitive to Mg deficiency. It was tested whether
assimilate availability and/ or cell division in sink tissue limits growth. In addition, it is

hypothesized that a reduced apoplastic acidification limits extension growth by decreased PM H™-



ATPase activity and that the expression pattern of H*-ATPase isoform transcripts is altered under

Mg deficiency.

1.4.2  Stumbling blocks for the determination of concentration in Mg deficient plant
material

Approximately 10% of Mg in plants are bound as central atom of chlorophyll and a reduction in
chlorophyll concentration is often found under Mg deficiency (Hawkesford et al., 2012). However,
some studies showed that the chlorophyll concentrations under Mg deficiency were affected a few
days after plant growth and other physiological parameters (Hermans et al., 2004b; Cakmak and
Kirkby, 2008). It is astonishing that other physiological processes are impaired when such a big
share of the plants” total Mg content is used for chlorophyll. Therefore, it was questioned whether
the standard method for chlorophyll determination in leaves is suitable for leaf tissue that was

cultivated under Mg-deficient conditions.

A standard method for chlorophyll determination is the extraction of pigments with organic
solvents such as acetone, ethanol or methanol and the following quantification. Before extraction,
MgCO; is often added to the leaf tissue in order to avoid the loss of Mg as central atom of
chlorophyll during the extraction process (Wrolstad et al., 2004; Z6rb, 2004). However, Mg could
be inserted non-enzymatically or enzymatically into Mg-free chlorophyll precursors or metabolites
during pigment extraction of leaf tissue with organic solvents (Figure 2). This could lead to an
overestimation of chlorophyll concentrations, especially in plants grown under Mg-deficient
conditions. Highly concentrated organic solvents do not guarantee a total inhibition of enzymes.

Hu et al. (2013) showed that chlorophyll was converted to chlorophyllide during pigment extraction



with organic solvents, because the ester bond of chlorophyll was hydrolyzed by means of the still
active enzyme chlorophyllase (EC: 3.1.1.14), resulting in chlorophyllide and a phytol chain.

Pheophytin a Chlorophyll a
CH2

Sk
pvives

/

2
COOCH 1 " coocH,©
N 3 CH, s CH, CH; CHy; CH,
| 1
0=¢-o0- CH,-CH= c o=c-0»CH2»CH=C\/\A/\A/\)\
CHs CH,
Phytol chain Phytol chain

2+
Figure 2: Theoretical transformation of pheophytin a into chlorophyll a by addition of Mg as
MgCOs or other Mg salts. Other pheopigments such as protoporphyrin IX may also be susceptible.

One goal of this study was to investigate the effect of MgCO3 addition before extraction of plant
pigments on chlorophyll concentrations, in order to evaluate the conventional photometric
chlorophyll determination procedure in maize leaves grown under Mg deficiency. Consequently,
it is hypothesized that the Mg chelatase (EC: 6.6.1.1) is still active in an aqueous acetone extract
and inserts free Mg, added as MgCO; prior extraction, into protoporphyrin IX or other Mg-free
porphyrin molecules, especially in plant tissue grown under Mg-deficient conditions. As a

reference method, the non-destructive chlorophyll determination with the N-tester was used.



1.5 Salt stress

Salinity is one of the major reasons for yield losses of crops in areas where evapotranspiration
exceeds precipitation. This natural occurrence is worsened by irrigation practices that are not
adapted to the environmental conditions in arid and semiarid areas (Qadir et al., 2006). Besides
increasing efforts to avoid anthropogenic salinization of soils and active attempts of soil
desalinization salt-resistant crops are grown to diminish salt stress effects. In order to develop those
crops the physiological processes which lead to yield losses under salt stress have to be understood

(Munns, 2011).

A model explaining the main physiological effects of salt stress on wheat was first developed by
Munns (1993) and refined by Munns and Tester (2008). The model describes two phases of salt
stress that affect wheat growth. The model was confirmed for maize by Schubert (2011) and
extended to an additional phase (Figure 3). Phase 0 occurs directly after initializing salt stress,
affecting plants” water uptake and causing a strong decrease of growth. Phase 0 is followed by
Phase I that exhibits a recovery of growth rate which is however still lower than under unstressed
conditions. This osmotic phase is similar to drought stress (Munns, 2011). Phase II is entered when
salt concentrations reach toxic levels in plant tissues. In maize, Na* accumulates especially in older
leaves, causing necrosis of leaf tissue (Fortmeier and Schubert, 1995). The described effects mainly
occur in the vegetative growth stage. However, they have also consequences for the generative

growth stage.
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Figure 3: Model of three-phase growth reduction of maize by salt stress (Schubert 2011).

It is well known that abiotic stress such as salt stress reduces the number of maize kernels reaching
maturity (Schubert et al., 2009; Hiitsch et al., 2015). Earlier studies found that a reduction in kernel
number is caused by decreased sugar availability in the maize kernels if drought stress occurs in
the weeks around husk emergence and right after silk pollination (Zinselmeier et al., 1999). The
authors concluded that the assimilate supply to the kernels was reduced due to the decrease of acid
invertase activity under drought stress. More recently, Oury et al. (2015) and Oury et al. (2016)
showed that maize silk development was impaired by drought stress, leading to a reduced
fertilization of ovaries and thus to less kernels, especially in the apical part of maize cobs. In these
drought-stress studies, acid invertase activity was reduced. However, not only sucrose accumulated
in kernel tissue, but also hexose concentrations were higher or at least not reduced under drought
stress. Therefore, the authors argued that not a lack of hexoses led to kernel abortion, but rather a

reduction in successful ovary fertilization.

12



In our previous study we also found that a reduction of acid invertase activity around pollination
occurred under drought stress as well as under salt stress (Hiitsch et al., 2015). Additionally, we
showed that while acid invertase activity was strongly reduced, the hexose concentrations were
not. Instead, they were even higher under both stress conditions. While a higher sucrose
concentration is a good parameter to exclude that source limitation is responsible for kernel
starvation and abortion (Henry et al., 2015; Hiitsch et al., 2015; Oury et al., 2016), higher hexose
concentrations do not necessarily rule out kernel starvation. On the opposite, higher hexose
concentrations could very well point to kernel starvation and subsequent abortion. The maternal
and daughter cell tissues of the kernels are physically isolated from each other due to a lack of
plasmodesmata (symplastic) continuity (Tang and Boyer, 2013). Therefore, after unloading of
sucrose from phloem, driven by acid invertase activity, the resulting hexoses have to be transported
from the apoplast of pedicle and placento-chalaza tissue into the cytoplasm of the endosperm tissue
by hexose carriers (Bihmidine et al., 2013). These carriers are hexose/ H* symporters which are
energized by the pH gradient at the plasma membrane (Figure 4). This pH gradient is established

by the PM H*-ATPase (Sondergaard et al., 2004).
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Figure 4: (A) Morphology of young maize kernels (redrawn after Bihmidine et al., 2013). (B)
Sucrose (Suc) transport from source (leaves) to the sink (kernels) of maize. Suc moves through the
phloem to the sink where it is released non-selectively trough the plasma membrane (orange). In
the kernels apoplast it is hydrolyzed by means of acid invertase to Glucose (Glu) and Fructose
(Fru). The daughter cells take up Glu und Fru selectively with hexose transporters (black). The
transporters are energized with the pH gradient, established by the PM H*-ATPase (red). (Partly
redrawn after Tang and Boyer, 2013).
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Under salt stress, the activity of this enzyme is often reduced in maize leaves during the vegetative
stage (Zorb et al., 2005b; Hatzig et al., 2010). If the activity of the PM H*-ATPase is also reduced
in the developing maize kernels under salt stress, the pH gradient will not be properly established,
resulting in an accumulation of hexoses in the apoplast. Reduced transport of hexoses into the
cytoplasm could than lead to kernel starvation in the first days after fertilization. No others studies
are known which investigated the relationship between PM H'-ATPase activity and kernel
abortion. Therefore, it was hypothesized that kernel PM H"-ATPase activity is inhibited by salt

stress, resulting in reduced hexose uptake which in turn leads to kernel abortion.

1.6 Hypotheses

In the first part of this thesis the effect of the abiotic stress Mg deficiency on the PM H*-ATPases’
and their involvement in the vegetative growth process of maize were examined. In addition, other
physiological parameters which are not directly dependent on the PM H'-ATPase were also
investigated in order to determine their contribution to reduced vegetative growth under Mg
deficiency. A standard method for chlorophyll determination was examined to evaluate if it is

applicable for Mg-deficient plant material. Therefore, the following hypotheses were tested:

1. The photometric standard method using acetone extracts to determine chlorophyll

concentrations is applicable to Mg-deficient maize tissue.

2. Reduced assimilate availability in growing sink tissue is responsible for early growth inhibition

under Mg deficiency in maize.

15



3. Reduced cell division in growing sink tissue is responsible for early growth inhibition of maize

under Mg deficiency.

4. Altered PM H*-ATPase activity is responsible for reduced leaf apoplastic acidification reducing

extension growth under Mg deficiency in maize.

In the second part of this thesis the effect of the abiotic stress salinity on the PM H*-ATPases and
their role in the generative stage, namely in the development of young maize kernels and grain

yield were examined by testing the following hypotheses:

5. Source leaf sugar supply limits maize kernel development under salt stress.

6. Sink hexose supply limits maize kernel development under salt stress.

7. Plasma membrane H*-ATPase activity of young maize kernels is reduced under salt stress,

inhibiting hexose uptake of the sink tissue, leading to kernel starvation.
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2. Materials and methods

2.1 Stumbling blocks for chlorophyll concentration measurements in
Mg-deficient plant material

2.1.1 Plant cultivation and harvest

The experiment was set up in hydroponics in a completely randomized design with four replications
and two Mg treatments: Mg control (500 uM) and Mg deficiency (25 uM). Maize seeds (Zea mays
L. cv. Amadeo) were soaked in aerated 1 mM CaSOj solution for 1 d and then packed between
filter paper moistened with 1 mM CaSOs. The seeds germinated in the dark for 3 d and in the light
for 4 d. The experiment was conducted in a climate chamber under the following conditions: light
intensity was 500 uE m2 s7! (Philips Master HPI-T Plus 400 W) for 16 h at 26°C and 18°C for 8
hin the dark period, respectively. The relative humidity was 50%. On day 8, plants were transferred
into plastic pots (eight plants per pot) containing 10 L of aerated half-strength nutrient solution.
The plants received full-strength nutrient solution on day 12 (4 d after start of differential Mg
treatment). The full-strength nutrient solution for control plants contained (in mM): Ca(NO3)2, 2.0;
K2S0s4, 1.0; KH2PO4, 0.2; MgS0s4, 0.5; CaCls, 2.0; NazSiOs, 1.0 (in uM) H3BOs, 1.0; MnSO4, 2.0;
ZnSO0y4, 0.5; CuSOs, 0.3; (NH4)sM07024, 0.01; Fe-EDTA, 200; NiSO4, 0.1. In the Mg-deficiency
treatment (25 pM Mg), 475 pM CaSO4 were used to supplement the missing S. Plants were
harvested 5 d and 8 d after onset (DAO) of differential Mg treatment. Before each harvest, the light
transmission was measured individually for each investigated leaf (30 measurements leaf! pot™)
with a chlorophyll meter (N-tester®, Yara International ASA, Oslo). Fresh weight was determined

separately for each leaf and plant material was immediately frozen in liquid N». Plant material was
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ground with mortar and pestle in liquid N> and stored at -20°C until further analysis. Part of the

ground plant material was lyophilized for dry-weight determination.

2.1.2 Pigment extraction

Chlorophyll concentration was determined after aqueous acetone extraction (Zorb, 2004). Frozen
plant material (0.8 or 1.0 g) was extracted with acetone. The final acetone concentration was 80%;
the individual water contents of the different leaves were considered to adjust the target acetone
concentration. Each biological replicate was extracted twice: with and without MgCO3 addition
(50 mg) to the frozen plant material before extraction with acetone. The samples were kept in the

dark and on ice before and after extraction until spectrophotometric measurement at 5°C.

2.1.3 Determination of chlorophyll concentrations

Chlorophyll a and b concentrations were measured photometrically at 664 nm and 647 nm in quartz
cuvettes (Cary 100, Agilent). In addition, an absorption spectrum for each sample was recorded
ranging from 350 to 900 nm. The concentrations were calculated by means of the equations given

by Porra et al. (1989):

Chlorophyll a conc. (ug mL™") = 12.25 Ages - 2.55 Ae47, (1)
Chlorophyll b conc. (ug mL™") = 20.31 Ae47 - 4.9 Ages, 2)
Chlorophyll a+b conc. (ug mL™") = 17.76 Aes47 + 7.34 Ages. 3)
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In order to investigate the possibility of subliminal enzymatic or non-enzymatic reactions in the
filtered leaf-acetone extract, the extracts were also incubated at 25°C for 10 min and the light
absorbance was measured afterwards as described above. In addition to the normal extraction
method, a modified extraction method was used. The plant material was incubated with deionized
water (with and without 50 mg MgCOs3) at 25°C for 10 min before acetone extraction. This was
done to exclude the possibility that protoporphyrin IX or other Mg-free porphyrine molecules,
already existent in plant leaves and especially in plant tissues grown under Mg deficiency, were
converted to chlorophyll during the extraction process. To quantify the pheophytin concentrations
in the pigment extracts, each plant acetone-extract was acidified immediately after photometrical
measurement by the addition of 10 uL 8§ M HCI (3 mL chlorophyll extract), which resulted in a pH
in the range of 2.0-2.5. Chlorophyll was transformed to pheophytin by HCI addition and the extracts
were measured again at 665 nm to calculate the pheophytin concentrations. The pheophytin

concentrations were calculated by means of the equation given by Lorenzen (1967):

Pheophytin a conc. (ug mL™") =

26.7 [1.7 Aees (after acidification) - Ase4 (before acidification)]. 4)

2.1.4 Statistical analyses

Data shown are means of four biological replications. Variations among biological replications are
characterized by standard errors (+ SE). Control and Mg-deficient treatments were compared using
the two-tailed student’s t-test. Likewise, the samples augmented with MgCO3 were compared to

the samples without MgCO3 addition by means of the two-tailed student’s t-test.
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2.2 Effect of Mg deficiency on plasma membrane H-ATPase activity and the
implications for maize growth

2.2.1 Plant cultivation and harvest

In order to identify the most sensitive physiological process under Mg deficiency several
parameters were measured. For these measurements a sufficiently large amount of plant material
was needed, making several experiments necessary. All experiments were conducted under the
same experimental conditions. The first experiment was conducted to determine the time frame in
which growth reduction occurred after onset of Mg deficiency, as well as for the determination of
DNA content and concentrations of sugars, chlorophyll, and protein. The second experiment was
conducted to determine the effect of Mg deficiency on the apoplastic pH of developing leaves. The
third experiment was conducted to confirm the results of Experiment 2 and to measure the relative
RNA abundance of different H'-ATPase isoforms. The last experiment was conducted to isolate
plasma membrane vesicles for the determination of hydrolytic and pumping activity of PM H*-

ATPases.

The experiments were set up in a completely randomized design in hydroponics with four
replications and two Mg treatments: Mg control (500 uM) and Mg deficiency (25 pM). Maize
seeds (Zea mays L. cv. Amadeo) were soaked in an aerated 1 mM CaSOq solution for 1 d and then
packed between filter paper moistened with 1 mM CaSOs. The seeds were germinated for 3 d in
the dark and 4 d in the light. Plants were grown in a climate chamber at 26°C for 16 h light period
(light intensity was 500 uE m™2 s7!) and at 18°C for 8 h dark period. The relative humidity was
50%. On day 8, 70 plants were transferred into boxes containing 40 L of aerated half-strength

nutrient solution (eight boxes control, eight boxes Mg deficiency). At this time, the different Mg
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treatments were started. Plants received full-strength nutrient solution 1 d after the onset (DAO) of
differential Mg nutrition. The control full-strength nutrient solution contained (in mM): Ca(NO3)a,
1.0; NH4NOs3 1.0 K2SO4, 1.0; KH2PO4, 0.2; MgSOs, 0.5; CaClz, 2.0; Na2SiOs3 1.0; (in uM) Fe-
EDTA, 200; H3BO4, 1.0; MnSOs, 2.0; ZnSOs4, 0.5; CuSOs, 0.3; (NH4)sM07024, 0.01; NiSOs, 0.1.
In the Mg deficiency treatment (25 M Mg), 475 uM CaSO4 were used to supplement the missing
S. In order to obtain a time course of emerging Mg deficiency, plants were harvested every day or
every second day. The nutrient solution was renewed every second day. In the morning of each
day, the widths and lengths of individual leaf blades were measured. Leaf blade area was calculated
as the product of width and length divided by 2. The plant organs (shoots and roots) were pooled.
Shoots were divided into separate leaves; leaves 1 and 2 were preserved together. Fresh weights
were determined for every individual plant part and plant material was frozen immediately in liquid
Na. Roots were sopped in 1 mM CaSOj4 solution, washed with deionized water and blotted dry with
paper towels before fresh-weight determination. Plant material was ground with mortar and pestle
in liquid N> for further analyses and stored at -80°C. A part of the ground plant material was
lyophilized for the determination of soluble sugars. An aliquot of the plant material was oven-dried

at 105°C for cation determination.

2.2.2 Analyses of cation, chlorophyll, sugar, and protein concentrations

Cations were analyzed after dry-ashing of the plant material at 550°C. The ash was boiled with
SmL 5 M HNOs; and, after filtration, cation concentrations were measured with AAS (Varian
Spectra AA 220FS). Pigments were extracted with aqueous acetone (80%) from the frozen plant
material, in the presense of MgCOs. The chlorophyll a+b concentrations were measured according

to Zorb (2004). The sugars glucose, fructose, and sucrose were determined enzymatically with UV

21



test kits (Boehringer Mannheim/Roche-Biopharm). Approximately 10 mg of lyophilized plant
material were extracted in 75°C hot deionized water for 30 min. After centrifugation, the extracts
were analyzed according to the manufacturer’s instructions and measured photometrically at 340
nm. Protein concentrations were determined with the Bradford method (Bradford, 1976) after

extraction of 100 mg lyophilized plant material with phosphate-buffered saline Tween (PBST).

2.2.3 Analyses of DNA content

DNA was isolated from frozen plant material (100 mg) using the Qiagen®DNeasy Plant Mini Kit
according to the manufacturer’s instructions. DNA concentration was determined photometrically
(Varian Cary 4 Bio) with a TrayCell (Model 105.810-UVS by Hellma) at 260 nm and purity was
determined as the 280 nm : 260 nm ratio. DNA content was calculated by multiplication of DNA

concentrations and leaf or root dry weight.

2.2.4 Determination of apoplastic pH

In Experiments 2 and 3, leaf-blade tissue of 3 cm? of the growing zone of developing leaves was
excised with a razor blade. The apoplast of leaf segments was infiltrated with S0 mM fluorescein
isothiocyanate (FITC)-dextran (MW = 10,000 g mol!, Sigma-Aldrich, Germany) by means of the
vacuum-infiltration technique (Miihling and Lauchli, 2000). The apoplastic pH was calculated after
measuring the fluorescence-emission intensity of several spots of each leaf blade (Pitann et al.,

2009).
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2.2.5 Plasma membrane (PM) isolation

Plasma membrane vesicles were isolated from the growing 4™ leaf blade 5 d after onset of
differential Mg nutrition. The lower part of this leaf blade, which was still partly covered with the
surrounding 3 leaf, was used for vesicle isolation. This leaf part was chosen to obtain still
expanding leaf tissue. The plant material was placed on ice immediately after cutting. The material
was homogenized according to Briskin and Poole (1983), De Michelis and Spanswick (1986), and
Galtier et al. (1988). Phase partitioning of membranes was performed with a polymer concentration
of 6.2% (Zorb et al., 2005a; Hanstein et al., 2011). Quantification of proteins was done with the
method of Bradford (1976). Vesicle aliquots were stored in liquid N2. Vesicle purity was confirmed
using specific ATPase and pyrophosphatase inhibitors (Gallagher and Leonard, 1982; Yan et al.,

1998; Hanstein et al., 2011).

2.2.6 Kinetic assays of hydrolytic PM H*-ATPase activity

In order to determine the Michaelis constant (Ky,) and turnover number (K;) of the PM H*-ATPase
(EC: 3.6.3.6) the hydrolytic activity of each sample was measured for ten different ATP
concentrations in each assay. The hydrolytic activity assays were conducted in the presence of
either 5 or 1 mM Mg according to Hanstein et al. (2011). The Michaelis constant (Kn) is the
substrate concentration at which the reaction rate is half of Vimax, which represents the maximum
reaction rate achieved by an enzyme at maximum substrate saturation. The turnover number (K;)
is defined as the maximum number of chemical conversions of substrate molecules per second that
a single catalytic site executes for a given enzyme concentration. It is calculated by dividing Vmax

by the catalyst site concentration [E]r.
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Normalization of ATPase activities

The normalization procedure eliminated slight variations in enzyme concentrations of replicates.
Such differences could have occurred when enzyme concentrations slightly differed between stored
vesicle aliquots for replicates. Normalized activities were determined for each replicate as follows:
(1) calculating the sum of activities over the whole range of ATP concentrations for each replicate
(individual sum), (ii) determining the mean sum of all replicates, and (iii) multiplying the activity
values of a replicate with the ratio between the mean sum and the individual sum of that replicate

(Hanstein et al. 2011).

Non-linear regression analysis with DynaFit

The measured activity data were subjected to non-linear regression analysis as described by
(Hanstein et al., 2011). DynaFit was used to fit a mechanistic model to the measured enzyme
activities (Kuzmic, 1996). All calculations were based on the measured activities of four biological
replicates. In all fitting procedures, the rate constants for association were used as constants (based
on literature values), and the rate constants for dissociation were used for fitting. The fitting
procedure requires that initial values are specified which were also derived from literature values
(Wang et al., 2013). All constants and initial values are defined in the used DynaFit script

(Appendix Figure 1).

2.2.7 Measurement of proton-pumping activity

The formation of a pH gradient across the plasma membrane of inside-out vesicles was measured

as the quenching of absorbance by acridine orange (AO) at 492 nm (A4492) at a Mg concentration
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of 5 mM (Yan et al., 1998) (Figure 5). Proton transport was characterized using the following
parameters: Active transport was quantified as initial rate during the first 2 min after addition of
Mg-ATP. The maximum pH gradient was determined as the maximum quenching of absorbance
(AA492), and passive proton transport was determined as initial rate of proton efflux for 1 min after

addition of the specific inhibitor of PM ATPase vanadate.

AO (A492)

Figure 5: Determination of the pH gradient across the plasma membrane of inside-out vesicles,
measured as the quenching of absorbance by acridine orange (AO).

2.2.8 Relative abundance of RNA plasma membrane H*-ATPase isoforms

In silico analysis of the maize genome (http://www.maizegdb.org/; Maize B73 RefGen v2)
allowed the identification of ten candidate genes for PM H*-ATPase isoforms. However, only six
of the candidates were reported to be transcribed in leaf tissue (Sekhon et al., 2011). These six leaf
isoforms of PM H™-ATPase were defined as MHA1-6 in the present study. The stability of
transcription level of six reference genes, which were suggested by Manoli et al. (2012), were
tested in the selected leaf segments. Cullin (CUL) and ubiquitin carrier protein (UBCP) were
assessed as most stable reference genes using the algorithm of the Normfinder software
(http://moma.dk/normfinder-software) and were used as normalization base for the present

experiment. Primer pairs representing six different PM H*-ATPase isoform genes were designed
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using Primer3Plus (ver. 0.4.0; http://frodo.wi.mit.edu/primer3) and the PRaTo software
(http://prato.daapv.unipd.it/) was used to rank the primer pairs according to their gPCR performing
potential (Nonis et al. 2011). To increase the specificity of amplification primers were designed in
the 3 _UTR region of the genes and were tested in silico for specificity by means of NCBI primer
blast (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). Accession number, primer sequence, their

position on transcript, and expected size of amplicon are provided in Appendix Table 1.

Approximately 100 mg frozen plant material derived from the same growing leaf blade segments
as for the apoplastic pH determination were used to extract RNA with the Qiagen RNeasy Plant
Mini Kit according to the manufacture’s instruction. The RNA extractions and all further steps
were performed in triplicate. RNA purity was checked by measuring the absorbance ratio
(A260/A280). Qiagen’s QuantiTec Reverse Transcription Kit was used to reverse-transcribe 10 ng of
the isolated RNA according to the manufacturer’s instructions. Sigma’s SYBR® Green
JumpStart™ Taq ReadyMix™ for High Throughput qPCR was used to set up the qPCR reactions.
The sample cDNA concentration was 100 ng in a final reaction volume of 20 pL. The final
concentration of primers was 2 pmol uL! for reference genes and genes of interest. Candidate
transcripts were amplified with the Rotor Gene 3000 system (Corbett Research, Mortlake,
Australia). The Following cycling parameters were chosen: Initial inactivation at 94°C for 2 min;
40 cycles: denaturation at 94°C for 15 s, annealing at primer pairs specific temperature (Appendix
Table 1) for 30 s, elongation at 72°C for 30 s. At the end of each cycle the fluorescence signal was
measured. After the 40" cycle, a melt-curve analysis (melting: 60-99°C) was performed to control
specificity of the primer pairs. All samples and reference genes were run in triplicate. In each run
and for each primer pair, a negative template control (NTC) was included to ensure the absence of
contamination. In addition, the presence of genomic DNA contamination was excluded by running

no RT-controls. The specificity of amplification was confirmed by sequencing.
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2.2.9 Gel electrophoresis and immune detection of plasma membrane H*-ATPases

The abundance of PM H*-ATPases was measured according to Zorb et al. (2005a) with some
modifications after separation of isolated vesicle proteins (0.2 pg) by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE). After separation of proteins with SDS-PAGE, samples were
transferred onto polyvinylidene difluoride (PVDF) membrane filters (0.2 pm, Macherey-Nagel)
using a semi-dry blotting system. A polyclonal antibody specific for the central part of plant H'-
ATPase (Agrisera) was used. Alkaline-phosphatase-conjugated anti-rabbit IgG (Agrisera) was
used as secondary antibody. The H'-ATPase immunoreactive bands were quantified
densitometrically with the software ImageJ 1.49v (National Institutes of Health, USA). Controls

and samples were run in triplicate.

2.2.10 Statistical analyses

Data shown are means of four biological replications. Variation among the biological replications
is characterized by standard errors (+ SE). Control and Mg-deficiency treatments were compared
using the two-tailed student’s t-test. The enzymatic constants were evaluated using a two-way

ANOVA, the means were then compared with HSD (SigmaStat 3.5, Systat, Germany).

2.3 Effect of salt stress on plasma membrane H*-ATPase activity and its
implications for kernel development of maize

2.3.1 Plant cultivation and harvest

Maize plants (Zea mays L. cvs. Pioneer 3906 and Fabregas) were cultivated according to Hiitsch

et al. (2015) using the container technique. 120 L plastic containers were filled with 145 kg of a
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Brown Earth subsoil (loamy sand: 15.8% clay, 30.8% silt, 53.4% sand; pH (CaClz) 7.1). The topsoil
layer was fertilized with a compound fertilizer and micronutrients according to Hiitsch et al. (2015).
The plants were cultivated in the vegetation hall of the experimental station of the Institute of Plant
Nutrition in Giessen under natural light conditions. The containers were set up in a completely
randomized design and their position was changed at least once a week. The containers were
repeated four times with four plants per container. There were two treatments, a control treatment
and a salt stress treatment (NaCl). The salt stress treatment was established by mixing NaCl into
the soil to achieve 11 dS m™! electrical conductivity throughout the soil profile of 90 cm. Silks were
hand-pollinated with fresh pollen from unstressed maize plants 5 d after first silk appearance. Just
prior to pollination silks were cut 1 cm above the tips of the husk leaves and silk fresh weight was
determined. For each individual treatment and genotype three harvests were conducted: Two
intermediate harvests were conducted 0 and 2 d after pollination (0 and 2 DAP) and one harvest at
kernel maturity. This resulted in different pollination and harvest dates depending on treatment and

genotype (Table 1).

Table 1: Harvest of developing kernels: days after sowing (DAS); days after pollination (DAP).

DAS Treatment
66 DAS Fabregas Control 0 DAP
68 DAS Fabregas Control 2 DAP
69 DAS Fabregas NaCl 0 DAP
71 DAS Fabregas NaCl 2 DAP
72 DAS | Pioneer 3906 Control 0 DAP
74 DAS | Pioneer 3906 Control 2 DAP
75 DAS Pioneer 3906 NaCl 0 DAP
77 DAS Pioneer 3906 NaCl 2 DAP

Plants were harvested according to Hiitsch et al. (2015). For each maize genotype and treatment
four containers with four plants were harvested (Figure 6). In case a second or third cob developed,

it was immediately removed after appearance, the weight recorded and added to the shoot weight.
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Shoots were cut into pieces of 10-20 cm and dried at 105°C for 72 h for dry-weight determination.
For laboratory analyses, the frozen kernels were ground under liquid N2 using mortar and pestle
and stored at -80°C until further analysis. Due to the difficulty to discriminate between maternal
and daughter tissue in the first days after pollination (Wang and Ruan, 2013) in this and other
studies enzyme activities and assimilate concentrations were determined in a mixture of maternal
tissue (nucellus, pericarp, placenta-chalaza and pedicle) as well as of endosperm and embryonic
tissue (Zinselmeier et al., 1999; Hiitsch et al., 2014) (Figure 4). In the mature maize plants straw
and cob fresh and dry mass, and kernel dry mass (105°C drying), as well as kernel number and

kernel weight were determined.

Figure 6: Photograph of a young maize cob 2 d after pollination (DAP).

2.3.2 Sugar determination

An aliquot (100 mg) of frozen, ground kernels was lyophilized for 48 h. Sucrose, glucose, and
fructose were analyzed in approximately 10 mg dry weight of pulverized samples. Samples were

extracted with 1.8 mL double-deionized water in a shaking heat block at 75°C for 30 min. The
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extracts were centrifuged until they were free of plant residues. The supernatants were stored
at -20°C. Enzymatic sugar determination was conducted with UV test kits (Boehringer
Mannheim/Roche-Biopharm). Each kernel sample was extracted in duplicate prior to sugar
analysis. Sugar contents were calculated by multiplication of sugar concentrations and total kernel

fresh weights.

2.3.3 Acid invertase enzyme extraction and activity measurements

Extraction of enzymes and incubation for the determination of acid invertase (EC 3.2.1.26) activity
were performed according to Zinselmeier et al. (1999) modified by Hiitsch et al. (2015). In the
present study, only acid invertase activity was determined, since it was shown by Hiitsch et al.,
(2014 and 2015) that activities of other invertases or sucrose synthase (EC 2.4.1.13) were negligible

in maize kernels around pollination.

2.3.4 Plasma membrane (PM) isolation of maize kernels

Frozen and ground kernels were used for the isolation of PM vesicles. Otherwise the isolation was

conducted in the same manner as described in Chapter 2.2.5 for maize leaves.

2.3.5 Kinetic assays of hydrolytic PM H*-ATPase activity of maize kernels

PM H'-ATPase hydrolytic activity of maize kernels was determined as described in Chapter 2.2.6
with the exception that the measurements were conducted with 10 mM Mg present in the in vitro

assay. The activity data were subjected to non-linear regression analysis with DynaFit, as described
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in Chapter 2.2.6. However, all data shown here were not normalized and based on a model

assuming a Michaelis-Menten relationship which was the best fitting model.

2.3.6 Measurement of proton-pumping activity of PM H*-ATPase of maize kernels

Active transport rate, passive transport rate, and maximum pH gradient were measured as described

in Chapter 2.2.7.

2.3.7 Relative abundance of RNA plasma membrane H*-ATPase isoforms

The qPCR analyses for maize kernel was conducted as described in Chapter 2.2.8 for maize leaf

tissue.

2.3.8 Gel electrophoresis and immunodetection of plasma membrane H*-ATPase

The abundance of PM H'-ATPase was measured according to Zorb et al. (2005a) with
modifications (described in Chapter 2.2.9) after separation of isolated vesicle proteins (0.5 pg) with

SDS.

2.3.9 Statistical analyses

Means were calculated from four replicates per treatment and genotype. Variation among the
biological replications is characterized by standard errors (+ SE). Planned contrasts were conducted

between control and salt stress treatments when a priori differences were hypothesized. Significant
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differences are indicated by *P < 5%, **P < 1%, and ***P < 0.1%. Additionally, three-way
ANOVAs were conducted to test for unanticipated differences (a posteriori). Multiple
comparisons separating means in homogenous subgroups were performed using the post hoc Tukey
test (P <5 %). Significant differences are indicated by different small letters. All statistical tests

were performed by means of Statistica (version 12, Dell, Inc., USA).
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3. Results

3.1 Stumbling blocks for chlorophyll concentration measurements in Mg-
deficient plant material

3.1.1 Effect of Mg deficiency on maize growth and N-tester results

At the first harvest (5§ DAO), the plant fresh weights were not significantly reduced under low Mg
supply. However, for the 3™ leaf that had emerged a decrease of fresh weight under Mg deficiency
was observed (control 500 uM Mg = 0.47 + 0.02 g; Mg deficiency 25 uM Mg = 0.43 + 0.03 g),
becoming significant (P = 1%) 3 d later at the second harvest (8 DAO: control 500 pM Mg = 1.04
+ 0.03 g; Mg deficiency 25 uM Mg = 0.88 + 0.02 g) (Figure 7). Already at the first harvest (5
DAO), the N-tester-values were reduced significantly for all leaves under low Mg supply (Table

2).
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Control Mg deficiency
500 M Mg 25 pM Mg

Figure 7 Effect of Mg nutrition on maize appearance 8 d after onset (DAO) of differential Mg
treatment; control nutrient solution with 500 uM Mg, Mg deficiency with 25 uM Mg.

Table 2: Effect of Mg nutrition on maize leaf N-tester readings (dimensionless) 5 and 8 d after
onset (DAO) of differential Mg treatment; control nutrient solution with 500 uM Mg, Mg
deficiency with 25 uM Mg; means (n = 4) + SE; P = 1% = ""P = 0.1%; difference in percentage
between control and Mg-deficiency treatment on the same harvest date.

Treatment Harvest 2" Jeaf 314 Jeaf
Control (500 uM Mg) 5DAO 552+10 376 +13
Mg deficiency (25 pM Mg) 3657+ 23 | -34% | 277% =13 | -26%
Control (500 uM Mg) 8§ DAO 648 £ 10 617+12
Mg deficiency (25 uM Mg) 32095 £ 18 | -51% | 279%%%+6 | -55%
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3.1.2 Effect of addition of MgCO3 during extraction of maize leaves grown under Mg
deficiency on chlorophyll concentrations

The classical destructive method to measure chlorophyll concentration showed always a significant
reduction of chlorophyll concentration for the 2" leaf (Figure 8 A) and the 3™ leaf under Mg
deficiency (Figure 8 B). No differences in chlorophyll a and chlorophyll a+b concentrations were
observed between samples with and without MgCO; addition (Figure 8). However, 8 d after onset
of differential Mg treatment (8 DAO), the chlorophyll b concentration of the 3" leaf decreased
slightly but significantly when MgCOs had been added before extraction. At the first harvest (5
DAO), only a trend of decrease in chlorophyll b concentration was observed after addition of
MgCO; (Figure 8). There was no indication that new chlorophyll was formed enzymatically or
non-enzymatically from the extracted pigments, when the plant acetone extract was incubated at
25°C for 10 min, or when the plant material was incubated in deionized water at 25°C for 10 min

before acetone extraction (data not shown).
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Figure 8: Effect of Mg nutrition on chlorophyll concentrations of the 3" maize leaf 5 d (A) and 8
d (B) after onset (DAO) of differential Mg treatment; control nutrient solution with 500 uM Mg,
Mg deficiency with 25 pM Mg, with +MgCO; and without -MgCOs3 addition before pigment
extraction with aqueous acetone; means (n = 4) = SE; differences between treatments extracted
with and without MgCO; addition during extraction are significant with *P = 5%; significant
differences between control and Mg-deficiency treatment not marked in figures with P =0.1%; FW
= fresh weight.
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3.2 Effect of Mg deficiency on plasma membrane H-ATPase activity and the
implications for maize growth

3.2.1 Effect of slowly developing Mg deficiency on maize growth

The Mg deficiency was induced in the Mg-deficiency treatment right from the start of maize
cultivation, when plants were transferred first into nutrient solution. Four days after onset of
differential Mg nutrition, the Mg concentration of roots was reduced by 61% relative to control
roots; in the 1% and 2" leaf the Mg concentration was reduced significantly by 30% (Appendix
Figure 2). Shoot and root concentrations of potassium and calcium were not significantly affected

during the first days (data not shown).

The first evidence of reduced growth was found on days 5-6 after the onset of differential Mg
nutrition. The growth rate of the 4" emerged leaf blade was significantly reduced (Figure 9). Leaf
blade 4 was not visible yet at onset of Mg deficiency and reached its final size 8 d later. Therefore,
leaf 4 was a developing leaf during this timeframe. It is important to note that the final size of each
leaf blade was the same at the end. However, leaf growth was delayed in the Mg-deficiency
treatment. There was no evidence for a reduction in root fresh weight in the first 10 d after onset
of Mg deficiency (Figure 10). Shoot fresh weight production was significantly reduced by Mg
deficiency on day 7 (Figure 10). 10 DAO dry weight of leaf blade 3 was significantly higher under
Mg deficiency (data not shown). Dry weights of the whole shoot or leaf blade 4 were not altered
during the duration of the experiment (data not shown). These results were confirmed by three

independent experiments for maize under the described growth conditions.
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Figure 9: Effect of Mg nutrition on the growth rate of leaf 4 of maize grown with two different Mg
treatments. Control (blue) nutrient solution with 500 uM Mg, Mg deficiency (red) with 25 pM Mg.
Means (n = 4) + SE. Significant differences at "P = 5% between control and the Mg-deficiency
treatment.
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Figure 10: Effect of Mg nutrition on shoot and root fresh weights of maize. Control (blue) nutrient
solution with 500 uM Mg, Mg deficiency (red) with 25 uM; means (n = 4) + SE. Significant
differences at “P = 5% between control and Mg-deficiency treatment.
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3.2.2 Effect of Mg deficiency on chlorophyll, sugar, and protein concentrations of maize

The chlorophyll, sugar, and protein concentrations were measured in source and sink tissue, to

determine if any of these parameters could have limited growth.

A significant decrease in chlorophyll concentration was found in the older leaves 8 d after onset of
differential Mg nutrition (Figure 11). Hence, this difference occurred 3 d after the first measured
effect on growth of leaf 4 (Figure 9). A parameter for photosynthesis output is the sugar
concentration of leaf blade tissue. The soluble sugars glucose, fructose, and sucrose accumulated
in the mature leaves 6 d after onset of treatment (Figure 12). There was no reduction in hexose
concentrations in the younger leaves while the leaf blades were still growing (leaf blade 4 and 5)
in Mg-deficient plants (Figure 9). There was a clear pattern when leaf blades had reached the final
size: First there was an accumulation of sucrose, followed by an accumulation of glucose and
fructose. In roots and root tips there was a decrease in sucrose concentration on day 8, but this
difference disappeared on day 10 (Figure 12). Therefore, no lasting changes in sugar concentrations

were observed during the timeframe when the first decrease in leaf growth occurred.

Protein concentration was measured to assess whether amino acid supply or the translation process
itself might be inhibited under Mg deficiency in sink tissues. The concentration of soluble proteins
was significantly decreased in the roots of the Mg-deficient treatment on day 8 after the onset of
differential Mg nutrition (Figure 13). However, there was no reduction of soluble proteins in root
tips. In growing leaves, protein concentrations were not affected by low Mg supply during the

timeframe of the experiment, either (Figure 13).
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Figure 11: Effect of Mg nutrition on chlorophyll (a + b) concentrations of leaves of maize. Control
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+ SE. Significant differences at ‘P = 5%, “"P = 1%, P = 0.1% between control and the respective

Mg-deficiency treatment.
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dry weight.

41



Protein concentration (ug protein mg™ leaf or root FM)

5t leaf

16 4 = Control
m Mg deficiency
12 4
8 4
4
0-
4th |eaf

16 4
12 4
8 -
4
0

3d leaf

8 4
4
0+

1. & 2. leaf

root

wx

4 N
e mm B OBm

root tip

4 6 8 10
Days after onset of differential Mg treatment

Figure 13: Effect of Mg nutrition on soluble
protein concentration of leaves and roots of
maize. Control (blue) nutrient solution with 500
uM Mg, Mg deficiency (red) with 25 pM Mg;
means (n = 4) £+ SE. Significant differences at *P
=5% and **P = 1% between control and the Mg-
deficiency treatment.

42



3.2.3 Effect of Mg deficiency on DNA contents of maize

In order to quantify the effect of Mg deficiency on the process of cell division, DNA contents of
leaves and roots were determined. The results show no significant differences in DNA content
between control and Mg-deficiency treatments in the growing 5™ leaves (Figure 14). There was a
slightly reduced DNA content in leaf 4, 8 d after onset of Mg deficiency, however this reduction
disappeared on day 10. Hence, when the first reduction in growth of either leaf 4 or 5 occurred, the

DNA content was not altered in these leaves.
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3.2.4 Effect of Mg deficiency on apoplastic pH of young developing leaves

Cell-extension growth was characterized by the parameter growth rate, which was inhibited under
Mg deficiency in leaf 4 (Figure 9) 5-6 DAO. One requirement for cell-extension growth is an
acidification of the plant’s cell wall. Therefore, the apoplastic pH was measured in the growing
leaf tissue during the time course of the experiment. The apoplastic pH was significantly higher in
growing leaf blades in the Mg-deficient treatment, indicating a lower apoplastic acidification.
However, as shown for leaf 4 the difference disappeared when the leaf blade reached its final size.
On day 5 and 6, the apoplastic pH was higher for leaf 4, in the Mg-deficient treatment; on day 7
this difference vanished, while for the still growing 5 leaf blade a higher pH was measured (Table
3). Hence, one important prerequisite for cell-extension growth, the acidification of the apoplast

was impaired when a reduction in growth was measured in the same tissue.

Table 3: Effect of Mg nutrition on apoplastic pH of maize leaves after onset (DAO) of differential
Mg nutrition; means (n = 4) + SE; significant differences between control (500 pM) and Mg-
deficient (25 pM) treatment at each harvest are marked with *P = 5%, **P = 1%, ***P = 0.1%.

4DAO 5DAO 6 DAO 7DAO 7DAO
(37 Jeaf) (4t Jeaf) (4t Jeaf) (4th Jeaf) (5t leaf)
Control | 55400 | 56+00 | 56+00 | 60+00 | 55+0.1
Me 58 £00 | 57 00 | 58 0.0 | 6000 |58 +0.1
deficiency . : : : . . ’ ' : :
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3.2.5 Effect of Mg deficiency on plasma membrane H*-ATPase activity

Plasma membrane (PM) vesicles were isolated from the 4 leaf blades 5 d after onset of treatment.
This day and leaf were chosen, because on this day the first sign for leaf growth inhibition in the
Mg-deficiency treatment was found and an increase in leaf apoplastic pH was measured which is

mainly determined by PM H*-ATPase activity (Table 3).

Two different Mg concentrations were used to mimic conditions in the in vitro assay: 5 mM to
mimic a sufficient Mg supply and 1 mM to mimic a low Mg supply. Plasma membrane H*-ATPase
of the Mg-deficiency treatment showed a significant higher hydrolytic activity at each given Mg-
ATP substrate concentration with 5 mM Mg in the in vitro assay compared to vesicles isolated
from control plants (Figure 15). This difference in hydrolytic activity between control and Mg-
deficiency treatment disappeared with 1 mM Mg used in the in vitro assay. The hydrolytic activity
decreased when ATP concentrations were higher than the corresponding Mg-assay concentration.
The enzymatic constants were calculated after modeling the normalized data from the hydrolytic

activity measurements.
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Figure 15: Effect of Mg nutrition on hydrolytic PM H -ATPase activity of leaf 4, 5 d after onset
(DAO) of differential Mg nutrition with different ATP and Mg-assay concentrations (1 mM and 5
mM Mg); normalized data; means (n = 4) + SE; significant differences between control and Mg-
deficient treatment at each ATP assay concentration are marked with **P = 1% and ***P = 0.1%.
Lines show calculated models for each Mg treatment and Mg-assay concentration.

The turnover number (K;), is the enzymatic constant for the maximum number of chemical
conversions of the substrate at a single catalytic site. K: was higher in the plant material derived
from the Mg-deficiency treatment compared to the control with 5 mM Mg in the in vitro assay
(Table 4). K, was significantly lower with 1 mM Mg in the in vitro assay and the difference between
control and Mg-deficiency treatment vanished. The calculated affinity of the H*-ATPase to its
substrate Mg-ATP (Kn) did not significantly differ between control and Mg deficiency at 5 or 1
mM Mg in the assay, respectively. However, the Ky, in the control treatment was lower under 1

mM Mg assay concentration than with 5 mM Mg assay concentration. Although in the Mg-
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deficiency treatment the K was lower at 1 mM Mg assay concentration compared to 5 mM Mg,

this difference was not significant under the tested in vitro conditions.

Table 4: Effect of Mg nutrition on PM H*-ATPase enzymatic parameters of isolated PM vesicles
from leaf 4: catalytic rate constant K; and Michaelis constant Ky, 5 d after onset (DAO) of
differential Mg treatment (25 uM or 500 pM Mg) were calculated for two Mg assay concentrations
from normalized data, assuming competitive substrate inhibition; means (n = 4) + SE; small letters
indicate significant differences between the treatments and Mg assay concentrations at P = 5% by
HSD-test.

5 mM Mg 1 mM Mg
K, Control (s") 66+5b 3l+lc
K, Mg deficiency (s 80+2a 35+3¢
K, Control (uM ATP) 7124272 474+35b
K, Mg deficiency (1M 682+23a 587+110a
ATP)

In order to characterize the PM H'-ATPases proton pumping activity, the parameters active H*
transport rate, passive H' transport rate and maximum pH gradient were measured. No significant
differences in the active H* transport rate or in the passive H* transport rate were detectable (Table
5). However, a higher maximum pH gradient between the inside and the outside of the isolated
vesicles was measured with 5 mM Mg present in the in vitro assay in the Mg-deficiency treatment.
The higher hydrolytic activity and the higher maximum pH gradient in the Mg-deficiency treatment
indicate an adaption of the PM H*-ATPase under Mg deficiency. The PM H*-ATPase activity is
altered in the same tissue and on the same day after onset of Mg deficiency on which apoplastic

acidification and leaf extension-growth was impaired.
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Table 5: Effect of Mg nutrition on PM H*-ATPase active H™ transport, max. pH gradient and
passive H transport in isolated PM vesicles from leaf 4, 5 d after onset (DAO) of differential Mg
treatment (25 pM or 500 uM Mg) at Mg-assay concentration of 5 mM; means (n = 3) + SE;
significant differences between control and Mg-deficiency treatment are marked with *P = 5%.

. + . +
Active H i transport rate Max. H* gradient Passive H' transport rate
(influx) (M) (efflux)
(AA492 pg protein! mint) 92 (AAus2 pg protein! mint)
Control 0.10+0.03 0.046 + 0.004 0.28 +0.05
Mg “
deficiency 0.20+0.03 0.057% £+ 0.003 0.41 +0.04

In order to investigate why the PM H*-ATPase activity was altered in the Mg-deficiency treatment
compared to the control, the total abundance of the protein was measured. However, the western-
blot analyses of H*-ATPase protein in plasma-membrane vesicles revealed no change in the total
abundance of the protein (Figure 16). Therefore, it was examined whether the relative RNA
abundance of different PM H*-ATPase isoforms was altered. Transcription of five of six isoforms
was confirmed in the investigated segment of leaf 4 (Figure 17). A higher relative abundance of
MHA4 was found 4 d after onset of differential Mg nutrition in the Mg-deficiency treatment
compared to the control. The higher relative abundance of MHA4 was also found 5 d after onset of
differential Mg nutrition but disappeared on day 6 after onset of differential Mg nutrition. All
investigated isoforms showed a lower abundance (except MHAS5) under Mg deficiency compared

to the control on day 6.
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Figure 16: Effect of Mg nutrition on PM H*-ATPase protein abundance in isolated PM vesicles of
leaf 4, 5 d after onset (DAO) of differential Mg treatment (500 pM = control and 25 uM Mg = Mg
deficiency); no significant differences were found.
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Figure 17: Effect of Mg nutrition on relative RNA abundance of PM H*-ATPase isoforms of leaf
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The time course of the physiological responses of young maize plants subjected to Mg deficiency
is summarized in Figure 18.

Leaf 4:
reduced
Leaf 4:
young leaf,
just leaf tip
visible

growth Total shoot
rate fresh Leaf 4:
= reduced weight final size
extension reduced
Increase of
® 0 0 O.:
deficiency

growth

Leaf 4:
reduced Leaf 4:
PM H*- apoplastic Leaf 4: Reduced
ATPase acidification Accumulation chlorophyll
isoform of sucrose concentration
MHA4 and
upregulated PM H*- accumulation
ATPase of glucose
activity and fructose
altered

Figure 18: Summarized effects of Mg deficiency on maize. Numbers indicate days after onset
(DAO) of Mg deficiency.
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3.3 Effect of salt stress on plasma membrane H*-ATPase activity and its
implications for kernel development of maize

3.3.1 Effect of salt stress on maize yield determinants

Maize was cultivated under control conditions and salt stress in order to determine the reasons for
grain-yield reduction at plant maturity. Therefore, maize kernel development and grain yield

formation were investigated 0 and 2 d after pollination (DAP) as well as at plant maturity.

As expected, the grain yield of both genotypes was reduced in the salt-stress treatment compared
to the control (Figure 19 A). However, the reasons for the yield reduction were different for the
genotypes. There was a lower kernel number at the apical part of the cobs in the salt stress treatment
(Figure 19 B and Figure 20), with a stronger reduction of kernels for Pioneer 3906 than for Fabregas
(Figure 19 B). The kernel fresh weight showed a different picture, with no change for Pioneer 3906
and a reduction for Fabregas in the salt-stress treatment. This reduction in kernel weight for
Fabregas was already discussed in an earlier study (Hiitsch et al., 2015). In conclusion, the two
yield determinants kernel number and kernel weight were affected differently by salt stress for the
two genotypes. In order to investigate why the kernel number was reduced at maturity, the

physiological reasons for kernel abortion were investigated 0 and 2 DAP.
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Figure 19: Effect of salt stress on grain yield (A), kernel number (B), and kernel weight (C) at
kernel maturity of two maize cultivars (Pioneer 3906 and Fabregas); data show means of four
replicates + S.E.; difference in percentage between control and stress treatment of one cultivar is
given, and significant differences are indicated by different letters regarding all experimental
factors (ANOVA and post-hoc HSD test).
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Pioneer 3906 Fabregas

Figure 20: Maize cobs of two cultivars (Pioneer 3906 and Fabregas) at maturity after growth under
control conditions and salt stress (EC: 11 dS m™").

The vegetative shoot growth (straw fresh weight) of both genotypes was significantly reduced due
to salt stress compared to the control (Figure 21 C). However, at pollination (0 DAP) no difference
in cob or kernel fresh weight was measurable, regardless of the genotype (Figure 21 A, B). Just
two days later (2 DAP) the cob and kernel fresh weights were significantly reduced for both

genotypes under salt stress (Figure 21 A, B).
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Figure 21: Effect of salt stress on maize fresh weight (FW) (A) kernel FW (B), and straw FW (C)
of two corn cultivars (Pioneer 3906 and Fabregas) 0 and 2 d after pollination (DAP); data show
means of four replicates + S.E.; significant differences between control and salt stress treatment of
one cultivar at the same harvest date are indicated by *P =5 %, **P =1 % and ***P = 0.1% (a
priori planned contrasts), and by different letters regarding all experimental factors (ANOVA and
post-hoc HSD test).
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Silk fresh weight was determined at the day of pollination for each individual treatment and
genotype. Silk fresh weight was reduced for both genotypes (Figure 22). However, the reduction

was much stronger for Pioneer 3906 than for Fabregas under salt stress.
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Figure 22: Effect of salt stress on silk fresh weight of two maize cultivars (Pioneer 3906 and
Fabregas) 0 d after pollination (DAP); data show means (n=4) + SE; different letters indicate
significant differences regarding all experimental factors (ANOVA and post-hoc HSD test).

3.3.2 Effect of salt stress on maize kernel sugar metabolism

The concentrations of soluble sugars in the tissue of developing kernels were determined because
sugar availability is one of the main determinants for successful kernel development in the first
days after pollination. The hexose concentrations (glucose and fructose) were higher under salt
stress regardless of harvest date or genotype (Figure 23 A, B). The sucrose concentrations were

also higher under salt stress, with larger differences to the control at 0 DAP than at 2 DAP (Figure
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23 C). The hexose contents did not differ significantly, when comparing the salt stress treatments
with their corresponding controls (Figure 24 A, B). However, 2 DAP the glucose and fructose
contents were often significantly higher compared to 0 DAP (Figure 24 A, B). The sucrose contents
were significantly higher under salt stress at 0 DAP for both genotypes, whereas no difference was

found between control and salt stress at 2 DAP (Figure 24 C).
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Figure 23: Effect of salt stress on glucose (A), fructose (B), and sucrose (C) concentrations of
kernels of two maize cultivars (Pioneer 3906 and Fabregas) 0 and 2 d after pollination (DAP); data
show means (n=4) + SE; different letters indicate significant differences regarding all experimental
factors (ANOVA and post-hoc HSD test).
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Figure 24: Effect of salt stress on glucose (A), fructose (B), and sucrose (C) contents of kernels of
two maize cultivars (Pioneer 3906 and Fabregas) differences between control and salt stress
treatment of each individual genotype and harvest are indicated by *P = 5 % (a priori planned
contrasts), and by different letters regarding all experimental factors (ANOVA and post-hoc HSD
test).
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In line with the high sucrose concentrations at 0 DAP under salt stress (Figure 23 C), the in vitro
acid invertase activity was strongly reduced by 68% for Pioneer 3906 and 46% for Fabregas (Figure
25). However, 2 DAP there was no difference in the in vitro acid invertase activity between control
and salt stress of either genotype (Figure 25), although the sucrose concentrations were also higher
in the salt-stress treatment (Figure 23 C). Additionally, the activity in the controls of both genotypes

was significantly higher at 0 DAP compared to 2 DAP (Figure 25).
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Figure 25: Effect of salt stress on in vitro acid invertase activity of kernels of two maize cultivars
(Pioneer 3906 and Fabregas) 0 and 2 d after pollination (DAP); data show means (n=4) + SE;
difference in percentage between control and stress treatment of one cultivar at the same harvest
date is given, and significant differences are indicated by different letters regarding all experimental
factors (ANOVA and post-hoc HSD test).

3.3.3 Effect of salt stress on maize kernel PM H*-ATPase activity

Since the PM H*-ATPase is important for the uptake of hexoses into the kernel cytoplasm, kernel

PM vesicles were isolated to characterize the PM H*-ATPase activity in vitro.

The hydrolytic activity of the PM H*-ATPase was characterized by a kinetic model of the enzyme

which allowed to calculate the kinetic parameters K and K. K describes the maximum turnover
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rate of the substrate Mg-ATP at the enzyme binding site and K, characterizes the affinity of the
enzyme to its substrate. The calculations of these constants were performed by fitting a model to
the measured activity data assuming a Michaelis-Menten relationship. At time of pollination (0
DAP) Pioneer 3906 showed no significant difference in the hydrolytic activity between salt stress
and control treatment (Table 6 and Figure 26 A). However, 2 DAP the hydrolytic activity was
higher compared to 0 DAP, regardless of the treatment. In addition, 2 DAP the hydrolytic activity
was significantly lower in the salt stress treatment compared to the corresponding control (Table 6
and Figure 26 A). A significantly reduced activity under salt stress compared to the control
treatment was also observed for Fabregas 2 DAP (Table 6 and Figure 26 B). In contrast to Pioneer
3906, 0 DAP a higher hydrolytic activity was observed for the stress treatment of Fabregas kernels
compared to the control (Figure 26 B). No significant difference was observed for the affinity of
the isolated PM H'-ATPase enzyme to its substrate: The level of the K, constant was similar for

each treatment, harvest date and genotype (Table 6).

Table 6: Effect of salt stress (EC: 11 dS m™") on PM H*-ATPase kinetic parameters of isolated PM
vesicles from kernels of two maize cultivars (Pioneer 3906 and Fabregas): catalytic rate constant
K and Michaelis constant Ky; means (n = 3-4) + SE; significant differences between control and
salt-stress treatment of one cultivar at the same harvest date are indicated by *P = 5% (a priori
planned contrasts), and by different letters regarding all experimental factors (ANOVA and post-
hoc HSD test).

Pioneer 3906 | Pioneer 3906 Fabregas Fabregas

0 DAP 2 DAP 0 DAP 2 DAP
K, Control (s'l) 48+6D 74+2a 44+2b 58 +4ab
K, NaCl (s'l) 52+6Db 61*+1 ab 56* +4 ab 44*+2b

K, Control (1M ATP) 1255+159a 994+ 108 a 1130+76 a 1157+314 a

K, NaCl (uM ATP) 1343 £314a 1019+ 63 a 955+ 66 a 848+ 59a
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Figure 26: Effect of salt stress on PM H'-ATPase hydrolytic activity in isolated plasma-membrane
vesicles of developing kernels of maize cultivars Pioneer 3906 (A), and Fabregas (B) 0 and 2 d
after pollination (DAP); data show means (n=4) + S.E.; Significant differences between control
and salt stress treatment of each individual harvest are indicate by *P =5 %, **P = | and ***P =
0.1% (a priori planned contrasts).

The pH gradient of isolated PM vesicles is established by the PM H*-ATPase, which is measured
as the quenching of absorbance by acridine orange (AO) at 492 nm (AA492), after addition of Mg-
ATP as substrate. The active H" transport rate (influx) was significantly higher 2 DAP compared
to 0 DAP, regardless of genotype or treatment (Table 7). No difference was found between the salt-

stress treatment and its corresponding control (Table 7). The maximum pH gradient was also higher
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2 DAP for Pioneer 3906 compared to each respective treatment at 0 DAP. For Pioneer 3906 the
max. pH gradient was significantly lower in the salt stress treatment compared to the respective
control 2 DAP (Table 7). No other significant differences in the max. pH gradient between controls
and their corresponding salt stress treatments were observed (Table 7). The passive H* transport
rate (efflux), a measure for the leakage of protons out of the isolated PM vesicles, was not altered

by treatment, genotype, or harvest date (Table 7).

Table 7: Effect of salt stress (EC: 11 dS m™) on PM H'-ATPase active H'" transport, max. pH
gradient and passive H' transport in isolated PM vesicles from kernels of two maize cultivars
(Pioneer 3906 and Fabregas); means (n = 3-4) + SE; significant differences between control and
salt-stress treatment of one cultivar at the same harvest date are indicated by *P = 5% (a priori
planned contrasts), and by different letters regarding all experimental factors (ANOVA and post-
hoc HSD test).

Pioneer 3906 Pioneer 3906 Fabregas Fabregas
0 DAP 2 DAP 0 DAP 2 DAP
Active H' transport | Control 0.21+£0.03d 0.85+0.06 a 0.12+0.02d 0.58+0.02 ¢
rate (influx)
(AA492 pg protein™
min™) NaCl 0.23+0.06d 0.76 +0.02 ab 0.14+0.02d 0.62 +0.04 be
Control | 0.048 +0.005 bed [ 0.065+0.002 a 0.040 +£0.002 cd | 0.051+0.001 be
Max. pH gradient
(AA492)
NaCl [ 0.046+0.001 bed | 0.058% +0.001 ab | 0.037+0.002d | 0.048 +0.001 bed
Passive H' transport | Control 028 +£0.05a 045+0.04a 034+0.03a 0.35+0.04a
rate (efflux)
AA rotein™!
( Rk NaCl | 035+0.03a 036003 a 0300052 0260042

The relative RNA abundance of PM H'-ATPase isoforms was assessed as a measure of PM H'*-
ATPase adaption under salt stress at the transcriptional level. The PM H*-ATPase isoforms MHA2
— MHAS5 were measurably expressed in the kernel tissue at the transcriptional level. However, with
the exception of Fabregas 2 DAP (MHA 4 and MHAS5) no significant differences in the relative

expression were observed between control and salt stress treatment (Figure 27).
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Figure 27: Effect of salt stress on relative RNA abundance of four different PM H -ATPase
isoforms isolated from developing maize kernels. Pioneer 3906 0 DAP (A), Pioneer 3906 2 DAP
(B), Fabregas 0 DAP (C), and Fabregas 2 DAP (D) (DAP = days after pollination); data show
means (n=4) + SE; significant differences between control and salt stress are indicated by *P = 5%.

The total abundance of H'-ATPase protein of the isolated PM vesicles was assessed by western-
blot analyses with specific H'-ATPase antibodies. Whereas no significant difference in band
intensity was found for Fabregas, for Pioneer 3906 a reduction by 12% was found in the salt-stress

treatment compared to the control 2 DAP (Figure 28).
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Figure 28: Effect of salt stress (EC: 11 dS m™) on total protein abundance of PM H*-ATPase of
vesicles isolated from maize kernels of Pioneer 3906 2 d after pollination (DAP); data show means
(n =4) £ SE; difference in percentage between control and salt-stress treatment is given; Control
and salt stress treatment were compared using two-sample student’s t-test (*P =5 %).
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4. Discussion
The aim of this study was to characterize the physiological response of PM H"-ATPase to abiotic
stress in vegetative and generative plant tissue. More precisely the effect of Mg deficiency on maize
vegetative growth as well as the effect of salt stress on maize grain yield development were
examined with a focus on the alterations of PM H'-ATPase activity and the impact of these
alterations on plant physiology.
4.1The photometric standard method using acetone extracts to determine
chlorophyll is applicable to Mg-deficient maize tissue
One goal of this study was to evaluate a standard method for chlorophyll measurements, since the
correct determination is essential to characterize the chronology of the impact of Mg deficiency on
plant physiological processes. The concern with the standard method was that due to the addition
of MgCO; as a pH buffer during acetone extraction of pigments, Mg might be inserted into
pheopigments of Mg-deficient leaf tissue, resulting in an overestimation of the chlorophyll
concentration in this tissue. However, the results clearly showed that the chlorophyll at+b
concentrations were identical, whether MgCO3 was added before extraction or not (Figure 8). This
was the case under normal extraction conditions and also when the leaf material was incubated (at
25°C for 10 min) prior to pigment extraction (data not shown). In a pretest (data not shown), it was
assessed if Mg from MgCl, or MgCOs could be inserted into pure pyropheophorbide dissolved in
an aqueous acetone solution under different conditions (temperature, concentration, and incubation
time). From this pretest it was concluded that it is not possible to insert Mg from MgCO; under
these conditions without catalyzing the reaction enzymatically. However, it was previously

described that this is possible - non-enzymatically - using highly reactive methylmagnesium iodide
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as a Mg donor, to insert Mg into pheophytin successfully (Willstitter and Stoll, 1913) resulting in

new-formed chlorophyll.

During the extraction process, enzymatic activity is still possible (e.g., chlorophyllase activity; Hu
et al., 2013). Therefore, it could not be ruled out beforechand that the Mg chelatase catalyzed the
insertion of Mg into protoporphyrin IX during the extraction process in aqueous acetone. In this
study, Mg-chelatase activity was not measured directly, so it is also possible that Mg chelatase was
still functional, but the lack of substrates, either ATP or protoporphyrin IX, prohibited a possible
catalytic function. Likewise, pheophorbide inhibits Mg chelatase during senescence (Popperl et al.,
1997). Since pheophytin and chlorophyll can lose the phytol chain during extraction with organic
solvents (due to chlorophyllase activity) and are thus converted to pheophorbide and chlorophyllide
(Hu et al., 2013), this inhibition of Mg chelatase could actually occur in the acetone extract.
Precursors of chlorophylls and degradation products are strong photo-sensitizers and therefore their
concentration is tightly controlled. During chlorophyll degradation in the course of leaf senescence
or fruit ripening, pheophytin and pheophorbide are rapidly metabolized to avoid oxidative stress
(Krautler, 2008; Hortensteiner and Kréautler, 2011). Consequently, it is unlikely that there was a
high concentration of protoporphyrin IX in Mg-deficient leaves. It can be concluded that there were
no differences in photometrically determined chlorophyll a and chlorophyll a+b concentrations,
whether MgCO3 was added or not (Figure 8). Therefore, Mg-chelatase activity during the
extraction process was unlikely and no new chlorophyll was formed during the extraction process.
Consequently, the method is suitable for the determination of chlorophyll concentrations in Mg-
deficient leaves. Due to the fact that chlorophyll a+b concentrations were the same, whether

MgCO; was added or not (Figure 8), there is no need to add MgCOs for extract-buffering. Some
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authors recommended to use pH-buffered acetone [80% (v/v) acetone with 20% (v/v) 0.2 M Tris-
HCI, pH 8]. The alkaline pH may exclude the possibility of displacement of Mg from chlorophyll

molecules by protons (Hu et al., 2013).

The chlorophyll meter (N-tester) measurements showed a higher decrease (in %) in chlorophyll
concentration, compared to the destructive photometric measurements, when control and Mg-
deficient leaves were compared (Table 2). However, plenty of studies (e.g., Bullock and Anderson,
1998; Koning et al., 2015) showed that there is a high correlation between N-tester values and the
chlorophyll concentrations measured photometrically after pigment extraction with organic
solvents. The N-tester measurements showed that the values are also reliable for plants grown
under Mg deficiency. It can also be ruled out that the synthesis of anthocyanins in Mg-deficient

leaves overlapped the chlorophyll breakdown and biased the N-tester results.

In conclusion, both methods, non-destructive N-tester readings and photometric chlorophyll
determination after aqueous acetone extraction proved to be reliable methods for the determination
of chlorophyll in Mg-deficient leaves. For chlorophyll extraction, MgCOs3 addition is not required
but it is recommended to buffer the pH of the extraction medium in an alkaline range to avoid
exchange of Mg ions from the chlorophyll against protons. The hypothesis that “the photometric
standard method using acetone extracts to determine chlorophyll is applicable to Mg-deficient

maize tissue,” was accepted.
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4.2 Reduced assimilate availability in growing sink tissue is responsible for
early growth inhibition under Mg deficiency in maize

One objective of this study was to identify the most sensitive process that is impaired in maize

under Mg deficiency and that primarily limits the vegetative growth of maize during insufficient

Mg supply. One of these sensitive physiological processes might be the plants sugar metabolism.

The accumulation of sugars in leaf tissue has been described as an early sign of Mg deficiency
(Cakmak et al., 1994a; Cakmak et al., 1994b; Hermans et al., 2004a; Hermans et al., 2004b;
Hermans and Verbruggen, 2005; Mengutay et al., 2013). Since sugars from photosynthetically
active source leaves are an important energy source for the development of sink leaves and the only
energy source for roots, they are essential for both growth processes: Cell division and cell-
extension growth (Wang and Ruan, 2013). Cakmak et al. (1994a, 1994b) ascribed the accumulation
of sugars in leaves to an inhibition of phloem loading, which requires the establishment of a pH
gradient by H*-ATPase activity. Under Mg deficiency, the substrate Mg-ATP may limit H-ATPase
activity and thus phloem loading. The authors mentioned above found a change in sugar
partitioning after 11 d of differential Mg treatment in Arabidopsis (Hermans and Verbruggen
2005), for beans after 6 d (Cakmak and Kirkby, 2008), and for sugar beet after 12 d (Hermans et
al. 2004) of Mg deficiency. An accumulation of sugars in the older maize leaves was found in this
study, too. However, there was no consequent decrease in sugar concentrations in the younger
growing leaves (Figure 12), when the first growth inhibition occurred (Figure 9). Therefore, sugars

are not the limiting factor for the early leaf-growth reduction in the Mg-deficiency treatment.

A reduction of the protein concentration would indicate a possible shortage of amino acids or an

inhibition of the translation process itself. It has been shown that Mg assists during assembly of
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ribosome subunits in the translation process (Kiss, 1988). Jezek et al. (2015) also found that protein
concentrations of maize were not affected by severe Mg deficiency over 54 d. They concluded that,
even though the free amino acid concentrations were higher under Mg deficiency, protein synthesis
was not the limiting factor for growth. In this experiment, the translation process was not limited
by Mg deficiency either (Figure 13). This clearly shows that neither assimilate production nor
assimilate availability in sink tissues was primarily limiting growth under Mg deficiency.
Therefore, the hypothesis that “reduced assimilate availability in growing sink tissue is responsible

for early growth inhibition under Mg deficiency in maize,” was rejected.

4.3 Reduced cell division in growing sink tissue is responsible for early growth
inhibition of maize under Mg deficiency

Plant growth is realized by cell division and cell extension. Since the assimilates were in the same
concentration range under Mg deficiency as in the control treatment, cell division was not limited
by sugars or protein availability (see above). As an important parameter for cell division, DNA
contents of leaves, roots, and root tips were determined. Magnesium is essential for the function of
DNA polymerase (Stout and Arens, 1970). Therefore, Mg deficiency could result in a lower
number of DNA present in the analyzed tissue. Since DNA replication is required for cell division,
a lower DNA content would mean a lower number of cells. Throughout the experiment, Mg
deficiency did not permanently affect DNA contents of the growing tissues (Figure 14), indicating
that Mg as a cofactor for DNA polymerases did not limit cell division (Stout and Arens, 1970;
Yang et al., 2004). Especially, when the growth rate was reduced in leaf 4, there was no difference
in DNA content (Figure 9). Niu et al. (2015) did not find a reduction of meristematic cell numbers

of root tissue in Arabidopsis grown under Mg deficiency, either. In conclusion, cell division of
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growing leaves and root tips was not sensitive to Mg deficiency. Therefore, the hypothesis that
“reduced cell division in growing sink tissue is responsible for early growth inhibition of maize
under Mg deficiency,” was rejected. Since leaf growth was affected by Mg deficiency the other

growth process, cell extension, must have been inhibited.

4.4 Altered PM H*-ATPase activity is responsible for reduced leaf apoplastic
acidification reducing extension growth under Mg deficiency in maize

Reduced apoplastic acidification limits extension growth.

Apparently, it was cell extension that significantly inhibited leaf-area development (Figure 9).
According to the acid-growth theory apoplastic acidification is necessary to loosen cell-wall
compounds (Figure 1; recently reviewed by Diinser and Kleine-Vehn, 2015). This process is the
basis for the cell expansion driven by turgor pressure (Hager et al., 1971). In this study, it was
shown for the first time that apoplastic pH was increased under Mg deficiency (Table 3). Some
authors suggested a possible change in apoplastic acidification without having measured this
parameter (Cakmak and Kirkby, 2008; Neuhaus et al., 2013; Jezek et al., 2015). An apoplastic pH
increase occurred in leaf 4 for which a decrease in growth was detectable 1 d later (compare Table
3 and Figure 9). None of the other parameters discussed above were altered in any way or to any
time point, which could explain the Mg deficiency-induced growth inhibition. Therefore, in
accordance with the acid-growth theory the higher apoplastic pH inhibited cell-extension growth

(Hager et al. 1971; Diinser and Kleine-Vehn 2015).
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Altered PM H*-ATPase performance is responsible for reduced apoplastic acidification

The PM H*-ATPase is responsible for cell-wall acidification (Palmgren, 2001), which in turn has
a direct effect on cell-extension growth. It was tested whether a reduction of total PM H'-ATPase
protein abundance might be responsible for the observed increase in apoplastic pH. No difference
in the abundance was found (Figure 16), ruling out a decrease in acidification induced by a lack of

total protein abundance in the plasma membrane.

There are other possible factors influencing the PM H'-ATPase activity and ultimately the
apoplastic acidification in vivo, besides posttranslational modifications of the enzyme (recently
reviewed by Falhof et al., 2016). It was shown by Hanstein et al. (2011) that Mg is necessary as a
co-factor of ATP to activate the maize plasma membrane H*-ATPase. If Mg is not present as a co-
factor or present at lower concentrations than ATP, ATP itself causes a competitive inhibition of
the H-ATPase (Hanstein et al. 2011). Therefore, the behavior of the PM H*-ATPase was
characterized in vitro. In this experiment, it was assumed that 5 mM Mg was an optimal
concentration for PM H*-ATPase activity measurements, similar to the concentration expected in
vivo for plants grown under optimal nutrient supply. Yazaki et al. (1988) estimated that 3.8 mM
Mg-ATP were present in the cytoplasm of mung bean root tips in vivo. In contrast, a Mg assay
concentration of 1 mM was chosen to reflect conditions found in the cytoplasm of plants during

Mg deficiency.

The turnover number (K;), which indicates the amount of Mg-ATP hydrolyzed per second by the
catalytic center of PM H'-ATPase, was determined in vitro at | mM and 5 mM Mg. K; was
significantly lower when the Mg concentration was 1 mM compared to 5 mM Mg (Table 4). This

was true for control and Mg-deficient leaves. The results on the one hand confirm the findings of
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Hanstein et al. (2011) that if the ATP concentration is higher than the Mg concentration, Mg-free
ATP acts as a competitive inhibitor for Mg-ATP, decreasing the PM H*-ATPase activity. On the
other hand, they explain why a decrease of apoplastic acidification was found in vivo for maize
leaves growing under Mg deficiency (Table 3). The lack of cytoplasmatic Mg probably caused a

competitive inhibition of PM H*-ATPase by Mg-free ATP.

However, the PM H*-ATPase activity was also altered in vesicles from Mg-deficient plants
compared to those from control plants when 5 mM Mg were present in vitro (Figure 15). A higher
hydrolytic activity was found for vesicles isolated from Mg-deficient plants indicating an
adaptation of the enzyme. This adaptation was confirmed by altered enzymatic constants (Table
4). K was higher for the Mg-deficiency treatment compared to the control, indicating a higher
substrate turnover at the catalytic site of the enzyme. However, the Ky, of the hydrolytic activity
was higher at 5 mM Mg assay concentration compared to the same samples at | mM Mg in the
assay in the control, while there was no significant difference in the Mg-deficiency treatment
between 5 and 1 mM Mg assay concentrations. It is concluded that an adaptation of the PM H*-
ATPase occurred during Mg deficiency, which increased the turnover of Mg-ATP at the catalytic
site, while the affinity of the enzyme to its substrate (Mg-ATP) remained unchanged, regardless of

the Mg assay concentrations.

This adaptation was also seen in the higher maximum pH gradient in vesicles isolated from Mg-
deficient plants (Table 5). The maximum pH gradient is a parameter which can be achieved with a
given abundance of proton pumps and describes the plant vesicles” H" influx and H* efflux in an

equilibrium. Since the maximum pH gradient was higher in vesicles derived from the Mg-deficient
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plants the composition of proton pumps must have been different from the composition of control
vesicles (Table 5). The passive H™ transport rate (H" efflux) were not altered in the Mg-deficiency
treatment, indicating that the plasma membrane itself was not modified (Table 5). However, this
adaption of the enzyme is only measurable at 5 mM Mg present in the in vitro assay. The hydrolytic
activity in vitro measurements with just | mM Mg present in the assay suggests that this adaption
was not sufficient in vivo since at these low Mg assay concentrations the hydrolytic activity was
the same in vesicles derived from control and Mg-deficiency treatment (Table 4 and Figure 15).
The in vivo measured higher apoplastic pH (Table 3) indicates that the adaptation in the Mg-
deficiency treatment was not sufficient to maintain the in vivo pH gradient at the PM on the control
level. A lack of available Mg as co-substrate in vivo probably caused a lower proton-pumping
activity of the PM H'-ATPase, resulting in a lower PM pH gradient, lowering the apoplastic
acidification (Table 3), which finally caused a reduction in leaf extension growth (Figure 9). In
conclusion, the hypothesis that “altered PM H*-ATPase activity is responsible for reduced leaf

apoplastic acidification reducing extension growth under Mg deficiency in maize,” was accepted.

Altered expression of PM H*-ATPase isoforms may be responsible for altered PM H*-ATPase
activity

One explanation amongst others (e.g. posttranscriptional and posttranslational modifications,
recently reviewed by Falhof et al., 2016) for the detected adaptation of the enzyme is the
transcription of different PM H*-ATPase isoforms. It was shown by Palmgren and Christensen
(1994) that different isoforms of Arabidopsis thaliana exhibited different hydrolytic and pumping
characteristics when heterologously expressed in yeast. The differences in hydrolytic activity and
maximum pH gradient in the Mg-deficiency treatment at high Mg assay concentrations compared

to the control was measured, too (Figure 15 and Table 5). Therefore, it was checked whether the
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relative RNA abundance of the H*-ATPase isoforms was different in the Mg-deficiency treatment
compared to the control. A higher transcript abundance of the MHA4 isoform was found,
suggesting a role in adaption to Mg deficiency (Figure 17). Neuhaus et al. (2013) also showed that
H*-ATPase isoforms were differently transcribed in Mg-deficient bean plants compared to control
conditions with sufficient Mg supply. They concluded, without showing data of H*-ATPase activity
or apoplastic acidification, that the different isoform composition could have altered H" pumping
and apoplastic acidification.

In order to explain the adaptation of the enzyme activity (lower Ky, and higher K;) it was tested
whether there were any mutations at the amino acid level when MHA4 was compared to other PM
H*-ATPase isoforms, including AHA?2 of Arabidopsis thaliana. Most regions of the PM H*-ATPase
isoforms are highly conserved. Only one amino acid in proximity to the phosphorylation site and
to the Mg?*-binding site of the enzyme was identified as a mutation, which led to an amino acid
with different side-strain polarity in the protein. Here, the serine in MHA2 of maize and in AHA2
of Arabidopsis (amino acid position 445) was replaced by glycine in MHA4. However, a closer
look at the 3D folding of the protein revealed that this mutation is located in the alpha helix on the
opposite site of the nucleotide binding domain and points away from the Mg-ATP binding site
(Pedersen et al., 2007). Given the relative lack of reactivity of the identified residues, in conjunction
with the large distance from the Mg?* binding site, it is highly unlikely that this mutation is

responsible for the observed adaptation effect.

Another amino acid substitution in MHA4 was found at amino acid number 895, where the neutral
amino acids proline in AHA2 (Arabidopsis) and asparagine in MHA2 (maize) were exchanged
against the basic amino acid histidine. This exchange took place in direct proximity to two
phosphorylation sites (T881 and S899) in the R-domain of the PM H*-ATPase. Phosphorylation

reactions at these sites were responsible for up- and down-regulation of H* pumping activity
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(Fuglsang et al., 2014; Haruta et al., 2015). An amino acid exchange in close proximity of these
phosphorylation sites could influence the function of these sites with regard to changes in pumping
activity. The basic nature of the histidine in MHA4 may change the 3D structure and influence the
phosphorylation site 881 compared to the neutral amino acid in MHA2 and AHA2. Unfortunately,
the exact 3D structure of AHA2 of Arabidopsis thaliana of this region (844 to 899) is unknown
(Pedersen et al. 2007). Consequently, the hypothesis that an exchange of a neutral against a basic
amino acid in MHA4 at site 895 enabled active adaptation found in the hydrolytic activity under
Mg deficiency remains pure speculation. It is concluded that the main parts of the PM H™-ATPase
are highly conserved, regardless of the expressed isoforms. Therefore, the differential abundance
of the isoform MHA4 probably does not explain the adaption of the enzyme under Mg deficiency

observed in the kinetic parameters.

4.5 Source leaf sugar supply limits maize kernel development under salt stress

Salt stress reduced the kernel number in both genotypes (Figure 19 B). However, the reduction was
stronger for Pioneer 3906 than for Fabregas, which is in line with the results of a previous study
(Htitsch et al., 2015) that was conducted under similar experimental conditions in the years 2011
and 2012. A reduction in kernel number is often observed when maize is subjected to abiotic stress.
Kernel development is often terminated in a timeframe of just a few days after pollination.
Especially kernels at the apical end of cobs are susceptible to kernel abortion and abiotic stress can
increase the number of aborted kernels (Oury et al., 2015). Therefore, the physiological causes for

kernel abortion at 0 and 2 DAP under salt stress were investigated.
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A reduction in kernel FW was found in the developing kernels 2 DAP in 2012 (Hiitsch et al., 2015)
and also in the present experiment (Figure 21 B). The reduction of the kernels FW is the first
indicator for the observed number of aborted kernels at maturity (Figure 19 B and Figure 21 B).
Sucrose and hexoses accumulated in the kernel tissue in both years 2 DAP (Hiitsch et al. 2015 and
Figure 23). The higher sucrose concentrations in the sink tissue (Figure 23 C) along with just a
slight decrease in transpiration rate in the experiments 2011 and 2012 (Hiitsch et al., 2015) and
2014 (data not shown) suggest that assimilate supply was not limited. While overall photosynthesis
is often reduced under salt stress, this reduction seldom impairs photoassimilate availability in sink
tissues (Ruan et al., 2012; Henry et al., 2015; Hiitsch et al., 2015; Hiitsch et al., 2016). Since there
was no limitation in photoassimilate supply, source limitation can be ruled out as a reason for early
kernel abortion. Therefore, the hypothesis that “source leaf sugar supply limits maize kernel

development under salt stress,” was rejected.

4.6 Sink hexose supply limits maize kernel development under salt stress

The unimpaired hexose supply of the kernels is a necessity for kernel development. The endosperm
undergoes a period of very rapid cell division and cell elongation during the first 12 DAP (Scanlon
and Takacs, 2009). The cell’s energy status has to be in an optimal range for both growth processes
to work properly. Hexoses are the fuel for ATP synthesis which is the universal energy source for
metabolism. The sinks are entirely dependent on sugar supply from source leaves during the first
days after fertilization (Bihmidine et al., 2013). Since source limitation can be excluded (see
above), a limitation in the sink tissue is probably the reason for kernel starvation. The high hexose
concentrations (Figure 23 A, B) demonstrate that the sugars were not metabolized in the growing

tissue. Either metabolic processes in the cytoplasm of kernels were inhibited under salinity, or the
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hexoses resulting from acid invertase catalyzed hydrolysis of sucrose (Figure 25) remained in the
apoplast and were not transported into the cytoplasm (Figure 23). Henry et al. (2015) also found
an accumulation of sucrose and hexoses in kernel tissue 3 DAP under salt stress. They also found
lower concentrations of citric acid cycle intermediates in this tissue and concluded that respiration
in the kernels was impaired, indicating a low energy status. Astonishingly, the kernel fresh weight

increased in the salt stress treatment under their experimental conditions at 0 and 3 DAP.

The transport of hexoses through the plasma membrane is most likely conducted by hexose carriers
(Hiitsch et al., 2015) powered by the pH gradient at the PM membrane (Sondergaard et al., 2004).
The transport by carriers is the main way of sugar transport into the kernel daughter cells, since
there is no symplastic continuum by plasmodesmata between maternal kernel cells and daughter
kernel cells (Bihmidine et al., 2013). The pH gradient is built up by the PM H*-ATPase (Zhao et
al., 2000) and the ATPase is activated e.g. by high sugar concentrations, which mediates the
binding of 14-3-3 proteins to the regulatory (R-) domain (Okumura et al., 2016). It has been shown
previously that the PM H*-ATPase activity is lower under salt stress in shoot tissue of maize in the
vegetative stage. In these studies the lower PM H*-ATPase activity often caused a reduction in
apoplastic acidification (Zorb et al., 2005b; Hatzig et al., 2010), which means that the pH gradient
at the PM was reduced. However, no study is known in which the activity of PM H*-ATPase was
assessed in developing kernels under salt stress. In conclusion, the hypothesis that “sink hexose

supply limits maize kernel development under salt stress,” was accepted.
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4.7 Plasma membrane H*-ATPase activity of young maize kernels is reduced
under salt stress, inhibiting hexose uptake of the sink tissue, leading to
kernel starvation

The results show that in the analyzed kernel tissue the in vitro PM H*-ATPase activity was altered

in the salt stress treatment (Table 6). The hydrolytic activity was significantly reduced for both

genotypes 2 DAP, while there was no difference in hydrolytic activity just before pollination (0

DAP) for Pioneer 3906 and even an increase in hydrolytic activity in the case of Fabregas (Table

6 and Figure 26). The maximum pH gradient was reduced in Pioneer 3906 2 DAP in the salt stress

treatment (Table 7). The maximum pH gradient is influenced by active H* transport rate (H" influx)

and the passive H" transport rate (H" efflux) which is a parameter to characterize the proton leakage
of the PM. Since neither H" transport rate nor the passive H' transport rate were altered, there has

to be another factor involved.

The composition of isoforms of the PM H*-ATPase can also have a significant influence on the pH
gradient, since some isoforms are more efficient in proton pumping than others (Palmgren and
Christensen, 1994). However, no difference in the expression pattern at the RNA level was found
between Pioneer 3906 control and Pioneer salt stress 2 DAP (Figure 27). Yet, the only other factor
that could explain the difference in the maximum pH gradient is the total protein abundance of the
PM H*-ATPase, which was lower in the salt stress treatment compared to the control (Figure 28).
This indicates that a lower number of proton pumps were present in the kernel PM of the salt stress
treatment at this point after fertilization. Since the composition transcripts of the PM H*-ATPase
isoforms apparently did not change (Figure 27), the lower total abundance of PM H'*-ATPases in
pioneer 3906 (Figure 28) was responsible for the reduced maximal pH gradient (Table 7). In the

same treatment, there were also a lower hydrolytic activity (Figure 26) and a lower K, (Table 6).
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The lower number of PM H*-ATPases present in the PM also means a lower number of Mg-ATP

binding sites, which explains the measured lower turnover rate (K;) of the substrate Mg-ATP.

In conclusion, the hexose uptake into the endosperm was most likely reduced due to a lower pH
gradient energizing the hexose transport (Sondergaard et al., 2004). The lower hexose availability
in endosperm and embryo probably caused kernel abortion, which resulted in the reduction of
kernel number at maturity (Figure 19 B, Figure 20). The decrease in kernel number in the salt stress
treatment was more severe for Pioneer 3906 (-34%) than for Fabregas (-19%) (Figure 19 B, Figure
20). For Fabregas just a slight reduction of the PM H*-ATPase hydrolytic activity was found
(Figure 26 B), along with a small significant reduction in the relative RNA abundance of some PM
H*-ATPase isoforms. The other parameters to characterize the PM H*-ATPase performance were
not as negatively affected as they were in Pioneer 3906. The smaller impact of salt stress on the

PM H*-ATPase activity may explain the lower number of aborted kernels in Fabregas.

The hexose concentrations were higher in the salt stress treatment just prior to pollination (0 DAP)
in both genotypes, too (Figure 23 A, B). However, at this harvest date, no lower in vitro PM H*-
ATPase activity (Table 6 and Table 7) was detectable and no reduction in kernel fresh weight,
either (Figure 21 B). The PM H'-ATPase pumping activity is tightly controlled by
posttranscriptional modifications (recently reviewed by Falhof et al., 2016) which could be

responsible for changes in the PM H*-ATPase activity in vivo, which were not measurable in vitro.
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However, besides hexose concentrations, sucrose concentrations were increased 0 DAP, too. They
were even more elevated 0 DAP than 2 DAP at least in Pioneer 3906 (Figure 23). This
accumulation suggests, that maybe another growth process was inhibited by a lack of hexose uptake
already at 0 DAP. The investigated kernel tissue is not the only sink tissue on the cobs, that was
still developing 0 DAP and has no viable symplastic connection to the rest of the plant to transport
photoassimilates. The silks belong to the daughter cell tissue of the kernel (Figure 4), like embryo
and endosperm (Bedinger and Fowler, 2009). Every single kernel has an elongated stigma (the
silks) that originates near the embryo and grows from there out of the husk leaves till it reaches its
final size or gets pollinated. Since it is growing quite fast (approximately 3.8 ¢m d'), nearly
exclusively by cell extension growth, the silk cells have a high demand for hexoses for metabolism,
too. The silk fresh weight was reduced on the day of pollination in the salt-stress treatment,
indicating that the growth process was inhibited (Figure 22). Oury et al. (2016) studied the
reduction of silk elongation rates and fresh weight under drought stress. Under drought stress they
found a reduced upregulation at the transcript level of enzymes for cell-wall modifying enzymes

that are involved in cell-extension growth.

Since the kernel development in the first phase of salt stress is similar to the development during
drought stress (Hiitsch et al., 2015) it could be hypothesized that a similar modification also
occurred in the present experiment. Oury et al. (2016) also found an accumulation of sugars in the
kernel tissue along with a reduced acid invertase activity 0 DAP, and no reduction in kernel growth,
(compare Figure 21 B, Figure 23, and Figure 25). There seem to be many similarities between the
effect of drought stress and salt stress of the first phase on maize silk development. Future studies

should address this and focus on the reasons for reduced silk extension growth. Since the
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accumulation of sugars at 0 DAP in the kernel tissue hints to a similar reason for growth reduction
for silks as for the kernels 2 DAP, the hexose concentration of silks should be analyzed separately.
In addition, it is not unreasonable to speculate that the PM H'-ATPase also plays a major role in
growth reduction of silks by means of reduced apoplastic acidification. In conclusion, the
hypothesis that “plasma membrane H*-ATPase activity of young maize kernels is reduced under

salt stress, inhibiting hexose uptake of the sink tissue, leading to kernel starvation,” was accepted.
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5. Conclusions

This thesis shows that under both environmental constrains (Mg deficiency and salt stress) the

PM H'-ATPase plays a major role in the plants” response towards these abiotic stresses.

5.1 Reduced PM H*-ATPase activity limits cell-extension growth under Mg
deficiency in maize

Magnesium is involved in a number of physiological processes that determine plant growth. It was

demonstrated for the first time that reduced apoplastic acidification primarily limits plant growth

under Mg deficiency.

The plant firstly reacts to Mg deficiency with an increase of the relative RNA abundance of the
PM H*-ATPase isoform MHA4 (Figure 17). This increased the PM H*-ATPase activity in vitro
compared to control under high Mg assay concentrations (5 mM), implicating an adaption of the
enzyme (Table 5). This adaptation was not sufficient to maintain apoplastic acidification under low
Mg concentrations in vivo: A lack of Mg as a co-substrate for PM H-ATPase inhibited its activity,
which measurably reduced apoplastic acidification regardless of the enzyme adaptation (Table 4
and Table 5). This resulted finally in reduced extension growth of maize leaves under Mg
deficiency (Figure 9). The sequential physiological responses of maize to Mg deficiency are

summarized in Figure 29.
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Figure 29: Proposed mechanism for reduced growth under Mg deficiency in young maize plants.

The lower apoplastic acidification (Table 3) is the reason for the initial growth inhibition of maize
under Mg deficiency. However, as the severity of Mg deficiency increases with further growth
other physiological factors may limit the development of the plant even further. In this thesis and
in other studies a strong accumulation of sugars was observed in the mature source leaves (Figure
12 and Cakmak et al., 1994b; Fischer et al., 1998; Hermans et al., 2004b; Mengutay et al., 2013).
These accumulated sugars are potentially missing for the metabolic processes of sink tissues in
other parts of older plants. Since the accumulation gets more severe over time, sooner or later, the
sink tissues will be subjected to a source limitation by a lack of photoassimilates. Some authors
(e.g. Cakmak et al., 1994a; Neuhaus et al., 2013) suggested that a decrease of PM H*-ATPase
activity could be responsible for an inhibited phloem transport of sucrose from leaf source tissue
to sink tissues. Since sucrose is mainly loaded into the phloem by means of sucrose/H*
cotransporters, a lower pH gradient would reduce the transport rate of sucrose (Sondergaard et al.,

2004). However, this hypothesis has not been tested yet and should be tested in future studies.
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5.2 Reduced PM H*-ATPase activity limits maize kernel sugar uptake under
salt stress

It was shown for the first time that young maize kernel PM H*-ATPase activity is negatively

affected under salt stress, probably playing a key role in kernel abortion under these environmental

constraints.

In contrast to shoot growth, kernel growth was not inhibited by salt stress till fertilization (Figure
21 B, C). The first reduction of kernel development occurred in the timeframe between the
pollination of silks and the next harvest 2 d later. It takes a maximum of 24 h from the pollination
of silks till the fertilization of the ovule. In the first days after fertilization rapid cell division and
extension growth takes place in the endosperm and the embryo (Bihmidine et al., 2013). The cells
of these tissues need hexoses to energize the underlying physiological processes. However, salt
stress inhibited kernel growth 2 DAP (Figure 21 B), while sugars accumulated at the same time in
kernel tissue (Figure 23). Plasma membrane H*-ATPase activity was only impaired 2 DAP (Table
7 and Figure 26) when kernel growth was reduced, but not 0 DAP when growth was not reduced
(Figure 21 B). The pH gradient across the PM is important to energize hexose transporters which
are also localized in the PM. Since this pH gradient was reduced under the salt stress treatment, it
is assumed that due to the reduced energization of hexose transporters, a lower amount of hexoses
was transported into the daughter cells. This resulted in an accumulation of sugars in the whole
kernel (Figure 23) and in a lower hexose availability for the biochemical processes in the cytoplasm
of daughter cells. The lower availability of hexoses in the cytoplasm of endosperm and embryo
probably limited cell division and extension, which caused the reduced kernel growth. This

proposed chain of events is summarized in Figure 30.
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Figure 30: Sucrose (Suc) transport from source (leaves) to the sink (kernels) of maize. Suc moves
through the phloem to the sink where it is released non-selectively trough the plasma membrane
(orange). In the kernels apoplast it is hydrolyzed by means of acid invertase to Glucose (Glu) and
Fructose (Fru). The daughter cells take up Glu und Fru selectively with hexose transporters (black).
The transporters are energized with the pH gradient, established by the PM H+-ATPase (red).
Green arrows indicate measured changes of processes; red arrows indicate proposed changes of
processes (Partly redrawn after Tang and Boyer, 2013).

Previously, it has been shown that auxin plays an important role in PM H*-ATPase activity,
apoplastic pH decrease, and cell-extension growth of developing maize kernels. Indole-3-acetic
acid (IAA) activates the PM H'-ATPase and determines the extent of apoplastic acidification and
cell-extension growth (Rober-Kleber et al., 2003). Furthermore, it has been shown that cell cell-
wall invertase-deficient maize kernels produced lower concentrations of IAA (LeClere et al.,
2010). In this experiment the hexose concentrations were lower in the mn/ (miniaturel) mutant
kernels compared to wild-type kernels. Therefore, it can be assumed that cell-wall invertase activity

and auxin synthesis are positively correlated. Additionally, differences in IAA and IBA (indole-3-
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butyric acid) concentrations in vegetative maize plant tissue (shoot and root) were observed under
salt stress. The degree of altered auxin concentration seemed to be correlated with the degree of

salt resistance of two maize genotypes (Zorb et al., 2013).

Therefore, there is a possible link between cell-wall invertase activity, the concentration of hexoses
and auxin production on the one hand, and PM H*-ATPase activity, apoplastic acidification and
cell-extension growth on the other hand. Regrettably, these parameters have not yet been
investigated together. In the present thesis, the auxin concentrations were not determined, hence in
future studies all mentioned parameters should be measured regarding maize kernel development
under abiotic stress. Especially, since it was already shown that the salt-resistant genotype SR03
can maintain or even increase auxin concentrations in its vegetative tissue as well as apoplastic

acidification and extension growth compared to salt sensitive genotypes (Zorb et al., 2013).

5.3 Contribution of the PM H*-ATPase to physiological responses under
abiotic stress differs depending on plant organ

The establishment of an electrochemical gradient by pumping protons from the cytoplasm into the

apoplast has two main functions:

The acidification of the cell wall as a prerequisite for cell extension growth and the energization of
transport processes of symporters and antiporters at the PM (Sondergaard et al., 2004). The

importance of these main functions differ under abiotic stress, depending on the affected tissue.

1. In growing vegetative leaf sink tissue, the reduced apoplastic acidification is the main

problem for the plant under abiotic stress. There is a symplastic continuum which connects
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autotrophic source leaves and heterotrophic sink leaves, making symplastic transport the
preferred transport route for photoassimilates to leaf sink tissue (Hiitsch et al., 2016). Thus,
unloading of sucrose from the phloem via the apoplastic pathway is negligible, reducing
the importance of the PM H*-ATPase to build up a pH gradient for the energization of
carrier-mediated hexose uptake. Since the hexose concentrations were not reduced in
growing leaves (Figure 12), but apoplastic acidification (Table 3) and leaf extension growth
(Figure 9) was reduced under Mg deficiency, not a lack of photoassimilates reduced cell-
extension growth, but a lack of apoplastic acidification.

. The situation is different for generative kernel tissue. Here, the main problem for the plant
is the impaired establishment of the pH gradient for the energization of transport processes.
There is no symplastic continuum between autotrophic source leaves and heterotrophic
tissue of daughter cells in the kernels. Therefore, the apoplastic pathway is mandatory for
the transport of photoassimilates (Bihmidine et al., 2013). An accumulation of sugars was
found in the tissue of the whole kernels in the salt-stress treatment (Figure 23) indicating
that this apoplastic route was partly blocked. The blockade was probably caused by a
reduced pH gradient across the PM (Table 7). Here, the proper establishment of a pH
gradient for the energization of transport processes with carriers for hexose uptake is
obligatory. The lower pH gradient presumably reduced the hexose uptake, which probably
resulted in a reduced energy status of the cells in the daughter tissue. The lower energy
status supposedly inhibited cell division which resulted in the measured reduced kernel
growth (Figure 21 B) 2 DAP and a reduced number of kernels at maturity (Figure 19 B and

Figure 20).
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6. Summary

The plasma membrane (PM) H*-ATPase is the powerhouse of the plant. The enzyme establishes
an electrochemical proton gradient across the PM. This gradient is responsible for cell-wall
acidification which is a requisite for cell-extension growth and it energizes transport processes of
symporters and antiporters at the PM. Abiotic stresses often have a negative impact on the functions
of enzymes which can disturb major physiological processes and interfere with plant development.
Therefore, the effect of abiotic stress on the PM H"-ATPase’s two main functions were investigated
in this thesis. The effect of Mg deficiency on apoplastic acidification was studied in developing
maize leaves and the effect of salt stress on energization of transport processes was examined in

developing maize kernels.

Magnesium (Mg) deficiency is often observed in agricultural crops with an insufficient Mg
fertilization regime, finally resulting in yield depression. One goal was to identify the process that
primarily limits maize (Zea mays L.) growth and yield under insufficient Mg supply. A sufficient
(500 uM) and a low (25 pM) Mg concentration were used in time-course hydroponic experiments
to investigate parameters which are considered to be important for the characterization of the key
processes of growth, namely cell division and cell-extension growth. It was shown that cell division
was not susceptible to Mg deficiency, since neither DNA replication nor sugar or protein
availability limited this growth process. However, PM H*-ATPase activity was inhibited by a lack
of the enzyme’s co-substrate Mg under Mg deficiency. The inhibition of the PM H*-ATPase
reduced apoplastic acidification causing a reduced cell-extension growth. This primarily limited

maize growth under Mg deficiency.
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Salt stress affects yield formation of maize at various physiological levels resulting in an overall
decrease of grain yield. In this thesis it was investigated how salt stress affects kernel development
at and shortly after pollination. Maize kernels grown under control and salt stress were harvested
0 and 2 d after pollination (DAP) and at kernel maturity. Kernel development was not inhibited 0
DAP, but it was inhibited 2 DAP under salt stress. On this day, kernel PM H*-ATPase activity was
reduced which caused a lower pH gradient across the plasma membranes of endosperm and embryo
tissue. The lower pH gradient supposedly resulted in a decreased energization of transporters
responsible for hexose import into the cytoplasm of the kernels. A lack of hexoses reduced the
energy status of the cells which impaired cell division. The impaired cell division probably caused
the observed growth reduction of kernels 2 DAP, which resulted in an observed lower kernel

number and grain yield at maize maturity under salt stress.

It is concluded that the impairment of PM H*-ATPase by Mg deficiency and salt stress in maize is
a major reason for growth and yield reduction under these environmental constraints. However,
while the impairment of the cell-wall acidification is the reason for a reduced extension growth
under Mg deficiency in leaves, the decrease in pH gradient at the PM caused kernel abortion under

salt stress.
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7. Zusammenfassung

Die Plasmamembran (PM) H'-ATPase wird aufgrund ihrer herausragenden Stellung im
pflanzlichen Stoffwechsel als Kraftwerk oder als Masterenzym der Pflanze bezeichnet. Sie baut an
der Plasmamembran pflanzlicher Zellen einen elektrochemischen Protonengradienten auf, der
zweierlei Funktionen hat: 1. Die Ansduerung der pflanzlichen Zellwand, welches die
Voraussetzung fiir die Turgor-getriebene Zellstreckung ist. 2. Den Antrieb von Transportprozessen

durch die Plasmamembran.

Abiotischer Stress hat oft einen negativen Einfluss auf diese Funktionen. Eine Storung einer dieser
beiden Funktionen hat oft negative Einfliisse auf wichtige physiologische Prozesse, wodurch
wiederum die normale Entwicklung der Pflanze gestort werden kann. Daher wurde in dieser Arbeit
untersucht, welche Auswirkungen abiotischer Stress auf die beiden Funktionen des pH-Gradienten
hat. Der Einfluss von Magnesiummangel auf die Ansduerung des Apoplasten wurde in noch
wachsenden Maisblittern untersucht, wiahrend in sich entwickelnden Maisk6rnern der Einfluss von

Salzstress auf den Antrieb von Transportprozessen in der PM untersucht wurde.

In landwirtschaftlichen Kulturen wird haufig Magnesiummangel aufgrund einer unzureichenden
Magnesiumdiingung beobachtet, welcher zu einem reduzierten Ertrag fiihren kann. Ein Ziel dieser
Arbeit war es daher, den Prozess zu identifizieren, der unter Magnesiummangel primér das
Wachstum und den Ertrag von Mais (Zea mays L.) reduziert. Mit einer niedrigen (25 uM) und einer

hohen Magnesiumkonzentration (500 uM) wurden daher Néhrlgsungsversuche durchgefiihrt, um
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Parameter fiir die physiologischen Wachstumsprozesse wie Zellteilung und Zellstreckung zu
erfassen. Es konnte gezeigt werden, dass die Zellteilung weder durch die DNA-Replikation noch
durch die Verfiigbarkeit von Zuckern oder Proteinen negativ durch Magnesiummangel beeinflusst
wurde. Jedoch war unter Magnesiummangel die Aktivitit der PM H*-ATPase durch einen Mangel
an dem fiir das Enzym notwendigen Co-Substrats Magnesium reduziert. Durch die Hemmung der
Aktivitit der PM H*-ATPase unter Magnesiummangel konnte die Ansduerung des Apoplasten
nicht aufrechterhalten werden, sodass hierdurch das Zellstreckungswachstum eingeschrankt
wurde. Dies war der primdre Grund fiir das reduzierte Wachstum von Mais unter

Magnesiummangel.

Salzstress behindert die Ertragsbildung von Mais auf verschiedenen physiologischen Ebenen, was
schlieBlich zu einem verminderten Ertrag fiihrt. In dieser Arbeit wurde daher untersucht, welche
Auswirkungen Salzstress auf die Entwicklung von jungen Maiskdrnern wihrend oder kurz nach
der Bestaubung hat. Hierzu wurde Mais unter Kontrollbedingungen und unter Salzstress angebaut
und die Korner am Tag der Bestdubung, zwei Tage spiter und zur Kornreife geerntet. Das
Wachstum der Korner war zum Zeitpunkt der Bestdubung noch nicht durch den Salzstress
reduziert, jedoch zwei Tage spiter schon. An diesem Tag wurde eine Reduktion der Aktivitit der
PM H*-ATPase gemessen, die einen reduzierten pH-Gradienten an den Plasmamembranen von
Endosperm und Embryo zur Folge hatte. Diese Reduktion verursachte wahrscheinlich einen
reduzierten Transport von Hexosen in das Cytoplasma der Korner. Der Mangel an Hexosen im
Cytoplasma rief mutmaBlich einen verringerten Energiestatus der Zelle hervor, der in einer

verringerten Zellteilung resultierte. Dies war vermutlich die Ursache fiir die beobachtete
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Wachstumsreduktion der Korner zwei Tage nach der Bestdubung. Dies mindete in eine

verminderte Anzahl von Kérnern und in einen verringerten Ertrag bei der Kornreife.

Es bleibt festzuhalten, dass die Reduzierung der Aktivitit PM H'-ATPase durch
Magnesiummangel und Salzstress ein Hauptgrund fiir vermindertes Wachstum und
Ertragsdepression war. Die reduzierte Ansduerung des Apoplasten war der Grund fiir das reduzierte
Streckungswachstum der Blitter unter Magnesiummangel, wihrend der reduzierte pH-Gradient an

der Plasmamembran unter Salzstress das Absterben der Korner verursachte.
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Appendix

Table 1: RT-PCR primer pairs for Zea mays L. PM H"-ATPase and reference genes cullin (CUL)

and ubiquitin carrier protein (UBCP)

ATGTTCGGGTGGAAAACCTT

. Product | Annealing
Primer . . .
Accession number Sequence of forward primers size temperature
name 0,
(bp) ©C)
f| CTCTATACCACCAGATACTGCCA
MHA 2 | GRMZM2G019404 126 55.5
r| ATTACAACACGCGCACACTC
f| ATCGAGACCATCCAGCAGTC
MHA 3 | GRMZM2G104325 162 55.5
T TCATTCATTTCCCGCGAACC
f| ATCGACACCATCCAGCAGAA
MHA 4 | GRMZM2G006894 90 55.5
r| CAAGAACAACAAGGGTGGCA
f| ACCATCCAGCAGTCCTACAC
MHA 5 | GRMZM2G035520 103 55.5
r| GAAGCCAGCCACCATCAAAT
f ATGGAGTCCGTCGTCAAGC
MHA 6 | GRMZM2G341058 80 55.5
r| CTACACGCATTCACTCACAGG
f| GAAGAGCCGCAAAGTTATGG
CUL 274 60.0
r| ATGGTAGAAGTGGACGCACC
f| CAGGTGGGGTATTCTTGGTG
UBCP 97 60.0




Figure 1: Dynafit script for model comparison between competitive, noncompetitive,
uncompetitive, and Michaelis-Menten kinetics; enzymatic constants and initial values are included.

: PH-aTPase at 5 nM Mg, medel comparisen. confidence intervals ;
No discrimination between ATP species F ' ' ' ' ' ' ' ' e

elocities
nodel = competitive ?

[mechanism]
: kamg kdng
: kas kds
i kr
: ka kd

[constants]
kamg = 1, kdng - 28.18 ; Kd(MgATP) = 28.18 uM [IUPAC, 1991]
kas = 10, kds = 1200 ?7 Km = 128 ull 2

kr = 58 77 ; kr = .0B58/[ET] = 58 / s ?

ka = 10, kd - 3000 27 ; Kd = 308 un ?

[responses]
[

[concentrations]
E - 0.8001, Mg - 5000 3 [ET] = 18 pg/L - 180 pH

[progress]
delay - 3 ; 3 second mixing delay time

[veloc]
directory ./examples
extension txt
variable ATP

file ControlNSniHg

[output]
directory ./ControlNSmHMgalles
[task]
data = velocities
task = fit
nodel = uncompetitive 7
[mechanisn]
Hg + ATP <-—-=> § = kamg kdmg
E+35< E.S : kas kds
EuS el Bk B : kv
E.S + ATP <-=-=> E.S.ATP = ka2 kaz
[constants]
kamg - 1, kdmg - 28.18 ; Kd(HgATP) - 28,18 uM (IUPAC, 1991)
kas = 18, kds = 1280 77 ; Km = 128 un ?
kr = 58 77 ;5 kr = B.058/[ET] = 58 / s 7
ka2 = 18, kd2 = 3009 77
[task]
data = velocities
task = fit
nodel = noncompetitive ?
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: kamg kdnmg
: kas kds
i kr
: ka kd
: ka kd
: kas kds
[constants]
kang = 1, kdmg = 28.18 ; Kd(mgATP) = 28.18 uW (IUPAC, 1991)
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kr 58 77 ; kv = B.058/[ET] = 58 / 5 7
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[end]
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