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Preface

People love beautiful flowers; however, people usually don’t care about the roots
hidden in the soil. Most plants have roots, which anchor the plant in soil and
physically support the above-ground part of the plant. In addition, roots absorb
water and nutrients from the soil and transport this to the shoot. In return, roots
obtain photoassimilates from the shoots to support the root growth and function.
Although plants have a wide variety of above-ground parts with respect to size,
color, and shape of the flowers, leaves, and stems, the primary structure of the root
is surprisingly similar among plant species. The root initiates from a seed, root, or
stem, and the root grows by cell proliferation in the meristem tissue in the root tip,
and the cells differentiate into the epidermis, cortex, and stele. Water and nutrients
are absorbed through the cell membrane of epidermis and cortex via transporters
or channels. The water and nutrients are transported to the above-ground parts of
the plant via xylem vessels. The root growth and functions are affected by vari-

ous abiotic and biotic environmental conditions, such as levels of water, salt, acid
stresses, and the presence of soil diseases. However, beneficial microorganisms such
as rhizobia, mycorrhizal fungi, and some microbes in the rhizosphere help plant
growth and nutrient absorption. This book intends to provide some up-to-date
knowledge of root biology.

This book describes new aspects of root biology related to growth, physiology, and
functions. There are three sections in this book, 1) Root Structure and Function, 2)
Plant Microbe Interactions, and 3) Metabolites and Human Health.

In the first section, protease activity in the rhizosphere of tomato plants was
observed by rhizoboxes in relation to plant growth parameter and nitrogen
supply (Chapter 1). Chapter 2 presents the morphological and physiological
root plasticity in rice investigated by the relationship with water regime and

soil bacterial densities. Chapter 3 describes the analysis of nitrogen transport in
barley by tracer experiments using positron emitting 13N and stable 15N labeled
nitrate.

In the second section, Chapter 4 studies the importance of plant growth-promoting
rhizobacteria (PGPR) and the main mechanisms of the interaction between PGPR
and plants. Chapter 5 looks at the new findings of the short life span of the infection
unit of arbuscular mycorrhizal fungi (AMF) colonized in the host roots.

In the third section, Chapter 6 describes the changes in the concentration of
metabolites in salted white radish root, a traditional Japanese food, during food
processing.
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Chapter1

Protease Activity in the
Rhizosphere of Tomato Plants Is
Independent from Nitrogen Status

Hannah Holzgreve, Manuela Eick and Christine Stohr

Abstract

Rhizoboxes were developed in order to analyse root system and corresponding
protease activity in the rhizosphere of young tomato plants (Solanum lycopersicum
cv. Moneymaker). The activity of proteases exuded by tomato roots applying in
situ zymography was detected along the entire root system. The corresponding
root architecture as well as root and shoot biomasses was determined to cor-
relate protease activity with plant growth parameters under varying nitrogen
supplies. With higher nitrate fertilisation, the proteases in the rhizosphere
were more active than nitrogen-deficient plants. This may indicate that exuded
proteases were not solely a plant response to nitrogen deficiency with the aim to
increase nitrogen availability. Instead, they may have different roles, e.g. in root
development.

Keywords: rhizosphere, protease, nitrate supply, in situ zymography, exudation

1. Introduction

The rhizosphere is most concisely described as the soil influenced by plant
roots [1]. Itis considered as a dynamic system of interacting processes with major
implications for climate and environmental changes in aspects of greenhouse
gas emission, carbon sequestration and soil fertility management for sustainable
agriculture [2]. Various biotic interactions among plants and microorganisms occur
in the rhizosphere, influencing fluxes between organic and inorganic nutrient
pools, plant nutrient availability and plant health [3]. Both positive and negative
biotic interactions in the rhizosphere are considered to be vitally mediated by root
exudates, deeming them a focus in rhizosphere research [4, 5].

Root exudation is a process of excreting substances from plant roots and
assumed to be the main source of organic carbon in the rhizosphere [6, 7].
Exudation can occur by rhizodeposition (sloughing off of cells) and passive or
active exudation mechanisms of single compounds [8]. Exudation rate and compo-
sition have been suggested to vary between root zones with highest rates in apical
regions, declining towards older root parts [9]. Other models, however, suggest an
even exudation zone surrounding the whole root system [2].

While carbohydrates may constitute the bulk of root exudates, other compo-
nents like acids, single ions, allochemicals and proteins are of no less importance for
rhizosphere processes [4]. In focus of this study are proteases, hydrolytic enzymes
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cleaving peptide bonds which can be found in all cells and organelles of a plant body
[10]. Furthermore, proteases have been shown to occur in the rhizosphere [11].
While bacteria and fungi have long been known to excrete proteases among other
extracellular enzymes [12], the knowledge of exudation of proteases by plant roots
is more recent [13-15].

It is generally assumed that the main function of both microbial and plant-
exuded proteases is nutrient cycling, making nitrogen from organic compounds
available for consumption [12, 16]. A second function that has been identified for
certain proteases is pathogen defence, working in concert with other lytic enzymes
such as lipases and collagenases [15, 17]. A third function still sometimes under-
estimated is the processing of extracellular proteins, regulating cell growth and
development, occurring mostly in the cell wall [18].

Modern techniques allow the detection of enzymatic activity in the rhizo-
sphere, using rhizoboxes [19] and in situ zymography to obtain a potentially
realistic impression of enzyme activities, their distribution and intensities within
the rhizosphere [11]. This study aimed at localising activities of proteases using
gelatin as substrate. It has been shown that plants increase their exudation of
corresponding compounds to increase nutrient availability under deficiency [9].
Since exuded proteases are supposed to increase N availability [20], the focus was
set on protease activity in the rhizosphere of tomato plants grown under different
nitrate regimes.

2. Materials and methods
2.1 Plant material

Tomato seeds (Solanum lycopersicum cv. Moneymaker) were germinated and cul-
tivated in sand using nutrient solution [21] with different nitrate regimes (0.5, 1.0,
2.0,5.0,70,10.0, 15.0, 20.0 mM Ca(NOs), for plants in pots; 0.0, 2.5 or 10.0 mM
Ca(NO;); for plants in rhizoboxes). The nutrient solution without nitrogen con-
tained 3.2 mM CaSO, and 1 mM CaCl, to maintain osmolarity. The plants were
cultivated in a greenhouse (light/dark rhythm 14-10 h and 28-22°C). Seeds were
sown in pairs in small pots and transferred individually either to rhizoboxes after
7 days or to medium pots after 10 days. All plants were watered daily: the plants in
rhizoboxes with 50 ml of the corresponding solution and the plants in pots using
200 ml nutrient solution for six plants.

2.2 Rhizoboxes

After 7 days, eight seedlings per nutrient solution (four seedlings only for deion-
ised water) were transferred individually to rhizoboxes made of PTFE (internal
dimension 15 x 17 x 1.5 cm, Figure 1). The bottom of each rhizobox was perforated
to avoid dammed-up water but covered with nylon gauze (pore size 200 pm) to
retain sand particles. The removable and transparent front glass pane was mounted
by polycarbonate clamps and sealed by O-ring insertion (material NBR70).

For plant cultivation, the rhizobox was filled with sand and moistened with
nutrient solution. The pane was removed temporarily to insert the seedling. The
pane and the sand surface were covered with pond foil to reduce algal growth. The
rhizoboxes were kept inclined by 45° during cultivation with the glass pane pointing
downwards (Figure 1). Plants were cultivated for another 7 days. This procedure
allows the observation of root growth and non-invasive analysis of root exudation.
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Figure 1.

Dgign of a rhizobox with removable front lid. Front and side view of a rhizobox with a tomato seedling
growing inside the sand-filled box (internal dimensions 15 x 17 x 1.5 cm). The drainage holes at the bottom of
the rhizobox were covered by nylon gauze to retain the sand when watering from the top. The front wall was
replaced by a glass pane, which was held in place by plastic clamps. An O-ring sealed the gap between the glass
and the edges of the rhizobox. The drawing is not to scale.

2.3 In situ soil zymography
2.3.1 Performance of in situ soil zymography

In situ soil zymography was adapted from [11], who used 1% w/v agarose gels
with 0.1-0.01% w/v gelatin to determine protease activity. In this study, however,
gels with 5% w/v polyacrylamide as matrix and 0.1% gelatin (w/v) as substrate were
used. Gelatin was boiled for 10 min to denaturate contaminating enzymes before
usage. After polymerisation, gel sizes were adjusted to the inner rhizobox dimen-
sions (16 x 18 x 0.1 cm) and incubated in millipore water for 15 min to remove
remaining non-polymerised acrylamide.

Zymographies were performed on four plants per nutrient solution. The rhi-
zoboxes were irrigated with the correspondent solution 2-3 h prior to the experi-
ment. The glass pane was removed carefully, and the root system was documented
(Canon PowerShot G7 X) while being illuminated with UV light (365 nm; Blak
Ray® B-100 AP, 100 W). Due to the fluorescence of lignified cell walls and phe-
nolic compounds [22], the root system was emphasised (Figure 2). Preliminary
tests showed no influence on the protease activity due to the irradiation with UV
light, as well as the mechanical stress by pushing the glass pane off the root (data
not shown).

The gel was placed on top of the root system, locked into position with the pane
and wrapped in plastic foil overlaid with a dark cloth. It was incubated for 6 h at
28°C in the growth chamber. After incubation, the pane with the adhering gel was
removed, and plants were immediately harvested.

Gels were washed with millipore water for 15 min and stained with 0.1% (w/v)
Coomassie brilliant blue R-250 (in 50% (v/v) methanol, 7% (v/v) acetic acid)
(modified from [23]) for 15 h at room temperature. Gels were destained
(25% (v/v) methanol; 7% (v/v) acetic acid) and watered in deionised water for
15 min before documentation (biostep Felix 2000) on a daylight fluorescent plate.
To calculate the remaining gelatin calibration, gels ranging from 0.0 to 0.1% (w/v)
gelatin were stained and destained alongside the zymographies.
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2.3.2 Calibration of zymographical vesults

The digital images of the zymography gels and calibration gels were adjusted
with GNU Image Manipulation Program (GIMP) 2.8.22 to the same pixel amount
per cm using the scale within each image. Image analysation was performed with
Image] (https://imagej.nih.gov/ij/index.html). All images were converted to 8-bit
greyscale.

2.3.3 Non-linear calibration

The average grey value of the calibration gels containing 0 and 0.1% (w/v)
gelatin was measured and used as minimum and maximum to adjust the limits of
the display range of all images including the zymography gels by using the bright-
ness/contrast tool. Afterwards, the average grey value of each calibration gel slice
was calculated using areas of at least 100,000 pixels.

Using the calibration tool of Image], the measured grey values were plot-
ted against the corresponding gelatin concentrations to obtain a calibration
curve. This non-linear curve was fit using the logistic regression “Rodbard” and
applied to the zymography images. The images were coloured in pseudo-colours
for visualisation.

This calibration was preferred for evaluation since the resolution is higher at
low-medium gelatin contents of 0-450 ng gelatin (mm? gel area) ™, while all higher
contents merge to form the background noise.

2.3.4 Linear calibration

The Image] tool “histogram” was used to analyse and display the number of
pixels per grey value within the image. The grey values were then separated into
five classes according to the calibration curve. The classes were defined following
the intervals of 200 ng gelatin (mm? gel area) ™ from 0 to 1000 ng gelatin (mm? gel
area) ! and changed to pseudo-colours accordingly.

This calibration method results in a linear scale of remaining substrate per gel
area, yet at a resolution of 200 ng gelatin (mm? gel area) ™ only. Therefore, the
information of nuances amidst the intervals is lost. However, this method may
enable a quantitative analysis of soil in situ zymographies in other experimental
set-ups and allows a vivid visualisation (Figure 2).

2.4 Analysis of zymographies and root systems

Both zymography images and UV photographies were turned to greyscale
pictures for the analysis in WinRHIZO (Pro Version; Upgrade 2016a, Regent
Instruments Inc.). Each picture contained a length standard for scaling to real
values. The parameters obtained from UV photographies were total root length,
projected area and the number of root forks per root system. For the zymogra-
phies, only the projected area of proteolytic degradation along the root system was
obtained for comparison with the root system itself.

2.5 Harvesting of plant biomass

The plants grown in rhizoboxes were harvested immediately after in situ zymog-
raphy incubation. Plants grown in pots were harvested 25 days after sowing. For all
plants, the roots were rinsed thoroughly to remove all sand before shoot, and roots
were separated and dried at 70°C for 12 h.
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Figure 2.

Tognato root system and corresponding proteolytic activity. (A) Rhizobox vooted by tomato for 7 days and (B)
visualisation of the same root system by fluorescence during UV excitation. Corvesponding protease activity in
the rhizosphere was detected by (C) in situ zymography with gelatin as substrate and Coomassie brilliant blue
R-250 staining. (D) The intensity of the proteolytic activity was visualised in pseudo-colours scaled to remaining
gelatin [ng mm™] using a linear calibration.

2.6 Statistical analysis

Experiments were done in randomly blocked design having at least four inde-
pendent biological samples. ANOVA was performed to reveal statistical significance
at 95% confidence level followed by Tukey test for post hoc testing, both using
R (Version 3.4.4; 2018, The R Foundation for Statistical Computing) in RStudio
(Version 1.1.383; 2009-2017, RStudio Inc.).

3. Results

As in other plants, tomato shoots and roots respond to variation in the nitrogen
regime with altered growth and root architecture. To determine the optimum
and overload concentration of nitrate for tomato plants, biomass development
was analysed after growth in pots and irrigating the plants with nutrient solution
containing varying concentrations of Ca(NOs), (Figure 3). According to these
results, 10 mM nitrate in the nutrient solution was chosen as optimum, and in
further experiments, it was more accurately defined as a daily supply of 0.25 mmol
nitrate per plant. Excess of nitrate was determined at 20 mM nitrate in the nutrient
solution corresponding to 1.0 mmol nitrate per day and plant. Nitrogen deficiency
was applied with no additives of nitrate either in nutrient solution or in water. After
7 days cultivation in rhizoboxes (Figure 2), nitrogen-deficient plants showed a
shoot dry weight that was on average 5 (deionised water) to 8.5 (0 mM nitrate in
nutrient solution) times lower than the shoot dry weight of plants with optimum
supply (Figure 4A). Plants receiving an overload of nitrate showed less shoot dry
weight by one third on average than the optimum supply.

The root biomass revealed less difference between the varying cultivation solu-
tions. While the N-deficient plants differed from the optimally supplied plants by a
root dry weight 3.7 (deionised water) to 2 (0 mM nitrate in nutrient solution) times
less, the root dry weight of plants supplied with a surplus of nitrate did not differ
significantly from both optimum- and nitrogen-deficient plants.
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Figure 3.

Ef]g%ct of nitrate supply on overall dry weight biomass of young tomato plants. The plants were grown in pots
and supplied with the correspondent amount of nitrate per day in nutrient solution. The plants were harvested
25 days after sowing. Ervor bays indicate standard deviations (n = 5 for 0.50 mmol nitvate plant™ day™, n = 6
for other treatments, p < 0.001).

Plants grown under nitrogen deficiency or total deficiency (deionised water)
differed significantly in their shoot/root ratio from plants grown under optimum
amount and surplus of nitrogen, while no difference was visible within those two
groups (Figure 4B).

The root architecture of young tomato plants was analysed after 7 days growth
in rhizoboxes. With varying supply of nitrogen from deficiency to optimum and
overload of nitrate, tomato plants differed highly in root branching (Figure 5).
When considering the number of root forks per plant (Figure 5A), both shortage
and surplus of nitrate revealed lower fork counts than optimally supplied plants.
While the plants supplied with deionised water did not differ significantly in fork
number from the nitrogen-deficient plants, which showed on average three times
less forks than plants with optimum nitrate concentration, the plants grown with
a surplus of nitrate showed nearly twofold less forks on average than optimally
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Figure 4.

Ef]g%ct of nitvate supply on the biomass of young tomato plants. Plants were provided with the correspondent
amount of nitvate per day in either deionised water (oy,0) or nutrient solution and transplanted to rhizoboxes
after 1 week of cultivation. The plants were harvested 2 weeks after sowing. (A) Dry weights of shoot (white
bays) and root (grey bars) per plant as well as their proportions (B) are shown. Letters indicate group
differences at a p-value of <0.001 (n = 4 for deionised water, n = 8 for other nutrient solutions).
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Figure 5.

Effect of nitrate supply on the root architecture of young tomato plants. The plants were supplied with the
correspondent amount of nitvate per day in either deionised water (oy,0) or nutrient solution and transplanted
to rhizoboxes after 1 week of cultivation. Harvesting and analyses of the root system were performed after 1
more week. Root lengths were analysed using UV photographies and the software WinRHIZO, and the forks
were counted visually. (A) The number of root forks per root system and (B) the number of root forks in
relation to root length. Letters indicate group differences at a p-value of <0.001 (n = 4).
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Figure 6.

Effect of nitrate supply during plant growth on protease activity in the rhizosphere of young tomato plants.
Exemplary non-linearly calibvated in situ zymographies of root systems of plants grown on deionised water
(0m20) or different nutrient solutions were converted to pseudo-colours to reveal between different protease
activities.

supplied plants. When considering the number of forks in relation to root length,
however, plants with both total deficiency and nitrate deficiency showed the
lowest number of forks per cm root length, while plants with a surplus of nitrate
showed a higher number of forks per cm root length than the optimally supplied
plants (Figure 5B).

Protease activity in the rhizosphere in relation to plant nitrate supply was visual-
ised along the root system using in situ zymography (Figure 6). The area of gelatin
degradation was evaluated as proteolytic activity and converted to pseudo-colours
to reveal the intensity of proteolytic degradation. This data was used to estimate
the area of proteolytic gelatin degradation in relation to the projected root area
(Figure 7). Plants with nitrogen deficiency (either in deionised water or in nutrient
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Figure7.

Ef]gect of plant nitrate supply on protease activity in the vhizosphere of young tomato plants. The comparison
of the area of proteolytic activity along the root system to the total projected voot avea per plant is based

on non-calibrated 8bit (greyscale) root zymographies and UV photographies of root systems analysed in
WinRHIZO. Letters indicate group differences at a p-value of 0.008 (n = 4).

solution) had an on average 3.2 times lower proteolytic activity per projected root
area than well-supplied plants. However, the ratio of proteolytic degradation per
root area was not significantly different between optimally fed plants and plants
with a surplus of nitrate, clearly indicating that the increase in proteolytic activity
was not a response to nitrogen deficiency.

4. Discussion

For understanding of plant health and root adaptation to biotic and abiotic
factors, three aspects of the rhizosphere are crucial: root development, biotic
interactions and water and nutrient uptake [24]. This study focused on the aspect
of nitrogen uptake, inquiring how protease activity in the rhizosphere may depend
on nitrate availability. The results obtained using in situ rhizosphere zymography
indicate that exuded proteases may serve purposes additional to nitrogen acquisi-
tion from organic compounds.

4.1 Plant growth in response to nitrate regime

Plants respond to nitrogen regimes with changes in growth and biomass parti-
tioning as well as in root architecture [25-28], so according parameters were chosen
to evaluate the deficient, optimum and excessive nitrogen supply. Plants with nitro-
gen deficiency showed a strongly reduced shoot biomass compared to optimally
supplied plants, while the reduction in root biomass was not as grave (Figure 4A).
This corresponds well with the general assumption that nitrogen deficiency
results in overall reduced biomass due to metabolic limitation. Because nitrogen
is an essential element for nucleic acids, proteins and diverse vital molecules from
phytohormones to cell wall components like proteoglycans [29], its absence leads to
similarity in growth of both total nutrient deficiency (deionised water) and nitrate
deficiency only (Figure 4A). As an adaptation to nitrogen insufficiency, plants
show higher root growth than shoot when nitrogen is low [30]. However, it has been
proposed that reduced growth—especially of leaves and shoot—is not only a result

10
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of metabolic limitation but an adaptive response to prevent internal starvation
[28]. Nitrogen surplus can be detrimental to plants [25, 31] as indicated by reduced
shoot biomass of plants with excessive nitrate supply. The root biomass and shoot/
root ratio, however, did not differ significantly from optimally supplied plants
(Figure 4A). Under nitrate overload, total plant growth would be reduced, and a
constant C/N ratio has to be maintained [25].

Root architecture

In the applied rhizoboxes, the root system can only expand along the glass pane
of the box, resulting in an artificially two-dimensional root system that can be
easily evaluated. Changes in the root system architecture (RSA) at different external
nitrate concentrations have been shown in Arabidopsis [27] but may be present in
most plants [28].

The number of root forks was similar for plants supplied with both shortage and
excess of nitrate, while plants under optimum nitrate conditions showed higher
fork counts as earlier reported for Arabidopsis [27]. While low nitrate concentration
is assumed to increase root elongation in primary and secondary roots at an overall
reduced root weight, high concentrations of nitrate would reduce root elongation at
a higher root weight [27], which is consistent with the presented findings. Higher
root elongation at comparable root branching under nitrogen deficiency is typical
for roots foraging for nitrogen [29] to achieve higher nitrogen uptake efficiency.
For high nitrogen supply, on the other hand, the typically reduced branching and
growth are assumed to result from nitrogen accumulation in the shoot, inhibiting
auxin flux to roots and thus preventing lateral roots to pass an auxin-requiring
checkpoint that is vital in lateral root development [32].

4.2 Proteolytic activity in the rhizosphere

While inorganic nitrogen forms such as ammonium and nitrate are usually in
focus for plant nitrogen nutrition, plants are also able to take up organic nitrogen
in the form of amino acids [28, 33]. Because of root-derived protease activity, even
the uptake of small proteins was suggested for root hairs [34]. Plant roots can exude
both endo- and exopeptidases [16]. Endopeptidases cleave within peptide chains,
while exopeptidases only cleave amino acids at the termini of the substrate [10].
Additionally, proteases can be of different specificity for a substrate, ranging from
unspecific to highly regulated hydrolysis, the latter depending on a certain amino
acid sequence or pattern [35].

Gelatin as protease substrate is processed mainly by endopeptidases due to the
molecule structure. Gelatin is a complex biopolymer made of solubilised collagen,
long polypeptide-chains composed of the amino acid triplet gly-x-y with x often
being proline and y hydroxyproline [36]. While a total of 16-20 amino acids can
occur in gelatin, it is approximately made of 33% glycine and 15-25% proline plus
hydroxyproline [37, 38]. Chain lengths of roughly 1000 amino acids [37] hugely
increase the probability of endopeptidase activity, while the monotony of the triplet
pattern suggests higher rates of unspecific proteolytic activity. The addition of an
organic nitrogen source (gelatin) several hours previous to the zymography did not
result in any priming effect (data not shown).

The zymographically observed increase in proteolytic activity in the rhizo-
sphere with increasing nitrate availability suggests an additional function of the
exuded proteases. Nitrogen acquisition as the main protease function would result
in an opposed pattern with high proteolytic activity under nitrate limitation. The
controlled growth conditions should also limit pathogen occurrence, hence limit-
ing the number of proteases exuded for pathogen defence. Thus, developmental
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functions of exuded proteases might be worth investigating. Recently, a subtilase
TREXS has been identified in Nicotiana tabacum root exudates and is assumed to
fulfil a role in root development according to its relative SDD1 in Arabidopsis which
is involved in stomata development [39]. For the intracellular subtilases XSP1 and
AIR1 in Arabidopsis, a function in lateral root formation has been proposed due

to the specific expression in the respective tissues [40, 41]. Papain-type cysteine
endopeptidases are expressed in root epidermis cells that are separated for lateral
root emergence. Loss of papain-type endopeptidases AtCEP1 or AtCEP2 in maize
caused delayed emergence of lateral root primordia [42].

4.3 Localization of proteolytic activity

The activity detected in the in situ zymographies results from extracellular
proteases. Like other extracellular enzymes, extracellular proteases may diffuse
from the cell wall of their mother cell to the rhizosphere soil unless they are held
back, e.g. by root or microbe mucus [12].

In contrast to other studies [9] reporting high protease activities at root zones
of high exudation rates, especially at root tips, the distribution of protease activity
was observed roughly along the whole root system in this study. Protease activity
was documented for 70-90% of the root length for all treatments. This corre-
sponds with the exudation zone proposed by [2] to surround the whole root sys-
tem. In grasses, this zone forms the rhizosheath where microbial activity has been
suggested to be especially high due to carbon deposits [43]. This phenomenon
may also occur in dicots [2], suggesting microbial activity as part of the observed
proteolysis in the rhizosphere. However, proteolytic degradation along the root
system was also visible with plants grown from surface-sterilised seeds under
aseptic conditions (data not shown, plants grew untypically/were deformed). The
cultivation of plants on sand instead of microbe-rich soil, the short time span and
the greenhouse conditions may all put a limit to microbial colonisation in compar-
ison to natural conditions. Additionally, rhizosphere bacteria usually absorb and
assimilate nitrate only in the absence of either organic N—e.g. plant exudates—or
ammonium [44], while it is a major N source for most higher plants [45]. Nitrate
might even decrease microbial growth in comparison to ammonium or anorganic
nitrogen compounds [46, 47]. Hence, the participation of bacteria in proteolytic
activity in rhizobox experiments can be assumed to be of limited importance.

Since the root system was always clearly outlined in the zymographies, the
spatial definition for the rhizosphere observed in this context is straightforward and
restricted to those areas of proteolytic degradation that were linked to the root sys-
tem. Apart from this, however, minor to moderate proteolytic degradation could also
be observed at small, random spots across the substrate. These might coincide with
colonies of microorganisms. Interestingly, the intensity of the proteolytic degrada-
tion occurring in these spots increased with increasing nitrogen supply, suggesting
higher growth rates at higher nitrogen supply. In comparison to proteolytic activity
in the rhizosphere, however, both size and number of these spots were very low.

5. Conclusion

Differences in protease activity between the nitrogen treatments could be a
result of two different regulative possibilities: firstly, the differences in protease
amounts—based on expression and exudation of the proteases—and, secondly,
the differences in activity of the available proteases depending on abiotic fac-
tors and protease processing [48]. Since proteolytic activity in the rhizosphere of
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young tomato plants increased with increasing nitrate availability, a function of
the observed proteases for nitrogen acquisition seems unlikely. The supplication

of nitrogen as inorganic nitrate alone probably limited the microbial growth in the
rhizosphere and additionally avoided any priming for organic N hydrolysis.
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Chapter2

Morphological and Physiological
Root Plasticity and Its
Relationships with Shoot Growth
of Rice with Water Regimes and
Microbial Densities

Abha Mishra

Abstract

There is renewed interest in root research for undergirding a second Green
Revolution. The modular nature of root systems makes them amenable to both
morphological and/or physiological plasticity when encountering heterogeneous
environments. Such plasticity, the ability to change and adapt in response to
variations in the underground environment, is linked to a shoot response and to
consequent dry matter production, which is an important subject of research. This
exploration is relevant in paddy production, especially in the context of climate
change where rice production needs to be intensified with reduced water applica-
tion and with reduced methane emission. This chapter reviews the plastic response
of roots and illustrates some preliminary findings on the effects of biotic (soil
microbes) and abiotic (water regimes) stimuli on root growth and activity and
their relationships with shoot growth and its implications for mitigation of methane
production without compromising grain yield.

Keywords: root plasticity, paddy, rice physiology, methane emission, climate change

1. Introduction

There is renewed interest in root research for undergirding a second Green
Revolution. An article in Nature [1] reports on four of the most promising ways for
boosting food production through modifications in roots: designer roots, stealth
scavengers, microbial manipulation, and healthy fixation. All four ways, involving
genetic manipulation of belowground traits, are undergoing evaluation. However,
environmentally induced phenotypic variation in plants is often observed and is
considered to be a functional response that maximizes fitness in variable environ-
ments. Such response is termed as reaction norms. The reaction norms may or may
not be plastic. If it is plastic, then plasticity and reaction norms are used inter-
changeably. Basically, it refers to the set of phenotypes that can be produced by an
individual genotype that is exposed to different environmental conditions [2].

Various studies have shown the modular nature of root systems that make them
amenable to both morphological and/or physiological plasticity when encountering
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heterogeneous environments. For example, a variety of crops proliferate roots

in areas of high nutrient concentration, and that plant nutrient concentration
and yield could be higher in heterogeneous soil than in homogenous soil [3, 4].
Increased uptake and growth responses were attributed both to root proliferation
increasing uptake potential and to the fact that a given soil volume has the limited
binding capacity and thus as nutrient supply increases [5]. Such root proliferation
in response to locally elevated soil resource levels is simply one example of mor-
phological plasticity to an environmental signal, one of many forms of phenotypic
plasticity exhibited by plants. Such malleability, the ability to change and adapt
in response to variations in the underground environment, means that many root
traits are tailored by their environment.

With increasing evidence that environmental heterogeneity is increasing, due to
climate change effects, it is important to investigate how roots will respond in dif-
ferent environments. In particular, root traits linked to shoot growth and dry matter
production should be investigated in order to understand how the roots’ plasticity
can have a role in enhancing grain yield in a dynamic soil environment and whether
roots’ morphological and physiological plasticity is linked to a shoot response and to
consequent dry matter production. This is an important and increasingly relevant
subject of research especially in paddy cultivation where there is an increasing
demand to grow rice with reduced water application.

With regard to dry matter production in rice, there are several reports that
show that many shoot morphological and physiological traits contribute to high
yield, such as larger sink size, higher leaf area index, larger leaf area duration,
higher photosynthetic rate, slower leaf senescence, stronger lodging resistance,
greater biomass accumulation before heading, and more translocation of carbo-
hydrates from the vegetative parts to the panicle during the grain-filling period.
Fewer studies have been conducted on root morphological and physiological
traits that may be linked with shoot growth and yield. Studies so far conducted
mainly consider the effects of genetic variability on root morphological and
physiological traits [6].

These studies do not reflect the effects of the soil environment that could greatly
alter root architecture since root systems’ growth and functioning are regulated not
only by genetic programs but also are influenced by abiotic and biotic stimuli [7].
In particular, root traits that are linked to shoot growth and dry matter production
should be investigated in order to understand the roots’ plasticity and their possible
role in enhancing grain yield in a dynamic soil environment.

Given the climate variability, methane emission from paddy fields, and water
constraints facing the rice sector in many countries, the most important crop man-
agement practice which has got major attention, both from farmers and researchers,
is the cessation of continuous flooding, either through intermittent irrigation or by
keeping soil moist but not continuously inundated. The intermittent irrigation of
rice is not something new, and recently it has been supported in some rice-produc-
ing countries in an attempt to reduce the volume of irrigation water used [8].

Some earlier reports on the effects of cessation of flooding have suggested that
under unsaturated soil moisture conditions, there is a significant decrease in dry
matter production and grain yield for rice [9, 10]. It is suggested that this could be
due to a rapid rate of loss of nitrogen facilitated by nitrification and denitrification
[11]. However, others have reported a higher yield correlated with intermittent
irrigation during the vegetative stage when accompanied by SRI management prac-
tices (transplanting younger seedlings 1-2/hill, avoiding continuous soil saturation,
aerating soil, and applying organic manure as much as possible) due to healthy root
growth and greater soil microbial activity [12, 13] and even under post-anthesis
water-deficit conditions when organic matter has been applied to the soil [14]. It
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has been reported that skillful soil drying post-anthesis improves remobilization of
carbon reserve and grain filling [15].

Such inconsistent reports on the effects of intermittent irrigation and/or
nonflooded water regimes for rice production leave some important questions
unanswered since they did not assess how rice plants’ roots and shoots will respond,
respectively and jointly, when subjected to different soil moisture conditions in
combination with varying soil microbial condition. There is limited information
whether these responses, if they occur, will lead to greater dry matter production or
to less and whether these recommended practices and resultant morphological and
physiological plasticity can have any contribution toward mitigation of methane
emission from the rice fields. This is a research area warranting investigation.

This chapter reports some initial research findings on the plastic response of rice
plants that resulted due to change in water regimes and microbial density. Further,
it illustrates the causal relationship between rice root and shoot growth and also
discusses the implication of root plasticity for mitigation of methane emission from
rice fields. The study was conducted to assess the effects of differences in the soil
biota in conjunction with alternative water management practices in rice.

In this context, the term alternative water management practices have been
introduced here as “water-saving irrigation” to describe producing more rice with
less water. This involves (i) reducing the depth of ponded water; (ii) keeping the
soil just saturated, not continuously flooded; or (iii) employing intermittent irriga-
tion or alternate wetting and drying, i.e., allowing the soil to dry out to a certain
extent before reapplying irrigation water.

2. Methodology

Black clay soil was collected from the rice research farm of the Asian Institute of
Technology where the previous crop grown was rice. The average composition of
the soil was 10.2% sand, 23.2% silt, and 66.2% clay, with pH (1.1) of 5.0. Organic
C was 1.38%, total N 0.14%, available P 11 mg kg™, and available K 212 mg kg™
Cation exchange capacity was 22.6 cmol kg ™.

After air drying, the soil samples were crushed, and crop residues were removed
by hand. In each plastic pot (60 cm high with diameters 50 cm at the top and 40 cm
at the bottom), 65 kg of soil was placed. All pots were flooded by the addition
of distilled water to a depth of 3-4 cm for a week before transplanting and were
dressed with 138 mg N and 12.3 mg P per kg of soil applied in NPK fertilizer 16:16:0
as basal application and urea (46:0:0) at 15 and 45 days after transplanting (DAT).
Single 15-day-old seedlings (variety Pathumthani: maturity period = 120 days,
nonphotosensitive) with two fully expanded leaves grown in a dry seedbed were
transplanted within 2 hours of uprooting from the nursery seedbed with a sow-
ing depth of 1.5 cm. Water treatment was started 7 days after transplanting when
transplanting shock had disappeared.

3. Experiment 1
The first experiment was set up to evaluate the effect of water regimes. Root
length density, root-oxidizing activity rate, and chlorophyll content of lower leaf

were studied under four water regimes:

1. Intermittent flooding (IF-I)—Pots were maintained with 5 cm depth of water
from the soil surface and maintained for 12 days, then drained for 3 days, and
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again reflooded with the same depth of ponded water. Three 3-day drying peri-
ods were provided at 19, 34, and 50 days after transplanting (DAT) followed by
flooded water treatment (5 cm water depth continuously) until maturity.

2. Intermittent flooding (IF-II)—In another pot, similar procedure like IF-I was
followed for 5 times at 19, 34, 50, 66, and 82 DAT, followed by flooded water
until maturity.

3.Nonflooded (NF)—Pots were maintained under the continuous nonflooded
condition and at field capacity (FCp) at the rooting zone.

4. Continuous flooded (CF)—5 cm depth of ponded water was maintained until
maturity.

For root study, soil samples were collected from pots at flowering (72 DAT) and
at 20 days after flowering (DAF), i.e., at 92 DAT, from the upper (15-20 cm) and
subsoil (35-40 cm) layers for root length and root-oxidizing activity.

Roots after being washed with water were cut into small pieces. The root length
was calculated using the line intersection method described by Tennant [16]. Root
length density (RLD) was then calculated by using the formula: RLD = RL/V, where
RL = root length and V = volume of the soil core soil.

Root activity (ROA) rate was measured by assaying the oxidation of alpha-naph-
thylamine. Five grams of fresh roots were transferred into a 150 ml flask containing
100 ml of 20 mg ™" alpha-naphthylamine. The flask was incubated for 4 hours
at room temperature (25 + 1°C) in an end-over-end shaker. After incubation, the
aliquots were filtered, and 2 ml of aliquots was reacted with 10 ml of 0.1% sulfanilic
acid and then with 2 ml of 50 ppm NaNO;. The resultant color was measured by
spectrophotometer at 530 nm, and the value is expressed as pg (g Fw) " h™".

Chlorophyll content of the flag leaf and of the third leaf was recorded at inter-
vals of 7 days from flowering to physiological maturity stages, using a chlorophyll
meter (SPAD 502; Minolta Corp; Tokyo) calibrated by using spectrophotometric
assays in order to determine the exponential equation to directly convert its output
to leaf chlorophyll concentration [16]. These data were collected from undisturbed
pots for each treatment combination which had not been used for root study and
nitrogen estimation.

4. Experiment 2

In another experiment, IF-I, IF-II, and CF water regimes were tested with three
soil conditions that differed in soil microbial density. The three soil conditions were
untreated normal soil (NS), autoclaved soil (AUS) in which soil biota had been
mostly minimized, and soil in which the abundance of soil biota had been enhanced
by applying a solution of effective microorganisms (EMS).

A commercial preparation of effective microorganisms known as “Bio EM” was
obtained from EMRO Thailand. The Bio EM was prepared by using a concentrated
stock solution of effective microorganisms, EM-1. The formulation of EM-1 is kept
secret, although according to one of the EMRO centers (BIONOVA Hygiene GmbH,
Stans, Switzerland), EM-1 contains 1.3 x 10 colony-forming units (cfu) of lactic
acid bacteriaml™, 3.3 x 10* cfu photosynthetic bacteria ml™}, and 1.3 x 10* cfu of
yeast ml™". Bio EM was processed from EM-1 by fermentation under anaerobic
conditions with water and sugarcane molasses for 7 days.
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In the EMS soil pots, the Bio EM solution was first applied at 7 DAT, with 6.75 ml
of concentrated EM solution mixed in 4.5 I of water. Before the start of any irriga-
tion of these trials with EM-treated soil (EMS), 0.51 of this mixed solution was
applied. After that, water levels were maintained in all EMS pots according to the
treatment schedules. The EM application was repeated at weekly intervals until
1 month before harvesting, unless a draining period coincided with the EM applica-
tion. EM application was avoided during draining periods and was applied with the
next scheduled irrigation, immediately following a drainage period.

For further experimental details, see [17].

5. Results
5.1 Effects of varying water regimes

The result indicated significant effects of varying water regimes on root length
density, both at the upper and subsoil layer. At flowering, there was no difference
recorded in the root distribution in the upper soil depth in the intermittent irriga-
tion followed until vegetative stage (IF-I) and continuously flooded treatments
(CF), and in these treatments, most of the roots were observed to be distributed in
the upper soil layer. In contrast, fewer roots were observed at lower soil depth in the
CF than the IF-II. The distribution pattern was different in the nonflooded treat-
ment (NF) treatments compared to the other three water regimes. In this treatment,
almost half of the total root length density was distributed at the lower soil depth.
At the later growth stage, a drastic reduction in root growth was observed under
the continuously flooded treatment compared to other water regimes at both soil
depths. Almost 70% root reduction was observed under the continuously flooded
condition in the upper soil depth (Figure1).

Further, it was observed that the physiological activity of the roots, i.e., root-
oxidizing activity rate, was higher in the IF-I water regime than in the continuously
flooded condition and continuously intermittent irrigation at a later growth stage
(Figure 2). The experiment revealed that there was a positive correlation between
chlorophyll content of lower leaves and root activity in all water regimes (Figure 3)
depicting the causal relationship with those shoot traits which are linked to
increased dry matter production.
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Figure 1.

Root length density (RLD) (cm/cm?) in the upper and subsoil layer at flowering and 20 days after flowering of
rice plant grown in pots under different water vegimes (IF-I, IF-II, NE, and CF). The number above the gray
bays shows percentage reduction in voot length density at 20 days after flowering. Ervor bars show SE.
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Root-oxidizing activity vate under varying water vegime. IF-I, intermittent draining three times; IF-II,
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Figure 3.
Relationship between chlorophyll content of lower leaf and root-oxidizing activity at 20 days after flowering.

5.2 Effects of varying water regimes and soil microbial density

EMS treatment increased the number of spikelets/panicle and filled grains/pan-
icle under all water regimes. Also, at the flowering stage, both root length density
and root activity were higher in EM-treated rice plants under all three water regimes
evaluated. However, at later growth stages, the EM-treated plants grown under IF-I
and IF-II showed lower root activity rates compared to plants that were grown in
autoclaved or normal soil (Table1).
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Water regimes Soil conditions

Normal soil EM-treated soil Autoclaved soil

Number of spikelets per panicle

IF-1 22775 +2.09 244.00 +1.90 203.63 + 1.82
IF-II 187.38 £+ 1.16 19613 £+ 1.72 166.50 + 1.22
NF 191.50 £ 1.27 206.25 + 1.74 173.88 + 2.36

Filled grains per panicle

IF-I 22775 +2.09 244.00 +1.90 203.63 + 1.82
IF-1I 187.38 + 1.16 19613 £+ 1.72 166.50 + 1.22
NF 191.50 + 1.27 206.25 + 1.74 173.88 + 2.36

RLD at 15-20 cm soil depth (at flowering)

IF-I 4546 + 0.78 63.51+1.75 54.83 +1.36
IF-1I 45.53 +1.59 62.06 +1.26 5338 +1.21
NF 2277 £ 161 2357 +1.70 2218 +2.03

Root-oxidizing activity rate (pg/g FW/h)at flowering

IF-I 6340 + 0.74 66.31+0.77 64.35+ 0.93
IF-1I 63.10 £ 0.35 66.53 £ 0.38 64.20 + 0.40
NF 53.50 + 0.49 59.23+0.43 52.31+0.56

Root-oxidizing activity rate (pg/g FW/h)at 20 days after flowering

IF-I 42.28 + 0.57 40.01+149 58.30 + 0.35
IF-1I 331+0.33 3210+ 0.58 3354+ 046
NF 41.31+0.57 40.15+ 0.60 49.70 + 0.44

Grain weight per plant (gm/pot)

IF-I 165.74 + 4.07 186.23 + 5.2 198.27 + 4.37
IF-1I 101.75 + 7.28 11541+ 711 103.37 £ 6,11
NF 11646 +2.19 134.59 + 5.6 125.71 + 1.58

Total biomass (g/plant)

IF-I 341.71+10.22 363.67 + 15.57 3989 +20.76
IF-1I 215.73 £ 767 201.38 £ 9.37 218.61 + 4.59
NF 248.14 £ 9.75 25762 +5.29 24395+ 1113

IF-1, intermittent draining three times; IF-I1, intermittent draining five times; and NF, nonflooded, and varying soil
conditions: NS, normal soil; EMS, soil treated with effective microorganisms solution; and AUS, autoclaved soil on
morphological and physiological voot, shoot traits, and grain yield. Values show mean + SE.

Table 1.
Effect of varying water regimes and soil types on morphological and physiological root, shoot traits and grain yield.

To gain further understating, soil nitrogen status was studied. At flowering, an
appreciable increase in the concentration of available nitrogen (N), and of NH," in
particular, was found in the rhizosphere soil with EMS treatment under IF-I and
IF-II water regimes, but not with NF (Table 2). This indicates the possible impact
of drying and rewetting of soil on the microbial populations. It seems that repeated
application of EM solution in the EMS pots increased the amount of soil-available
N due to the rapid rate of mineralization. However, at 20 days after flowering, the
concentration of N was higher in the AUS treatment compared to EMS and NS
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Intermittent draining, Intermittent draining, 5 Nonflooded
three times (IF-I) times (IF-II) (NF)
F 20 DAF F 20 DAF F 20
DAF
Autoclaved soil 48.76 55.3 37.09 1372 76.77 4848
(AUS) (64.62) (4719) (39.71)
EM-treated soil 3721 2338 25.23 8.1 66.64 24.24
(EMS) (91.09) (64.87) (42.6)
Normal soil (NS) 56.32 43.62 411 10.66 74.71 36.04
(56.31) (42.6) (37.33)

IF-I, intermittent draining three times; IF-II, intermittent draining five times; and NF, nonflooded, and soil types:
NS, normal soil; EMS, soil treated with effective microorganisms solution (EM); and AUS, autoclaved soil on soil
nitrogen status (NH," and NO5™) — N (mg kg’l) at flowering (F) and total available nitrogen (mg kgil) at 20 days
after flowering (DAF). The number under paventhesis shows the content of NH," at flowering.

Table 2.
Effect of varying water regimes and soil types on soil nitrogen status.

under IF-I and NF water regimes. Significant differences at both growth stages were
observed in the IF-I and NF water regimes, but not in the IF-II regime, probably due
to the higher rate of nitrogen loss from the soil, facilitated by a greater number of
repeated drying-wetting cycles.

Within IF-I, the low availability of N in the EMS soil at 20 days after flowering
indicated that either (a) the plants’ N uptake rate was higher in EMS soil compared
to AUS and NS soil, or (b) competition between plant roots and soil microbes was
increased for the NV at later growth stages due to higher microbial population and
thus to a higher rate of immobilization of NH,", or (c) the rate of denitrification
was increased after reflooding due to reduced soil conditions and a relatively higher
rate of oxygen demand by microorganisms. Upon flooding, under the reduced soil
conditions of IF-I, the possibility of leaching loss of NO;~ was very small. Hence, it
seems that either this N was taken up by the plant or any remaining nitrate moving
downward after reflooding could have been intercepted by anaerobic microorgan-
isms to use as terminal electron acceptors for anaerobic respiration.

In the IF-II water regime, soil nitrogen content was lower than either IF-I or
NF water regimes, probably due to an increased rate of nitrogen loss caused by the
greater number of times that draining-reflooding was done, facilitating a higher
rate of denitrification and immobilization compared to the IF-I and NF water
regimes.

Assessment of the available forms of N in AUS and NS soils under IF-I and IF-II
water regimes at flowering stage indicated that almost half of the nitrogen was pres-
ent in NO;~ form, whereas with EMS, the percentage of NH," was greater (Table 2).
The higher percentage of NH," in the EMS treatments reflects a higher rate of
mineralization due to higher soil microbial populations.

The presence of significant amounts of NO;™ in the autoclaved and normal
soil in IF-I treatments at flowering indicates that in soil planted with rice, the O,
released from the rice roots may also be supporting nitrification along with that
produced in the upper oxygenated soil layer. Transpiration of the rice plants causes
mass flow of water, resulting in mass flow of NH," as well toward the roots, sup-
porting nitrification even under the anaerobic soil layer. As indicated earlier, a
combination of NH," and NO;™ leads to higher yields, greater by 40-70%, than does
provide the same amount of N only as NH,4" [18]. Therefore, it appears that higher
root activity for a longer duration, especially at the grain-filling stage, may help
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plants to get more of both forms of nitrogen even under flooded conditions, by sup-
porting higher nitrification through the better supply of oxygen to the rhizosphere.
This could be another reason for getting higher grain yield under the IF-I water
regime than the IF-II and NF water regimes.

The study further revealed that the kinetics of available N and NH," was some-
what different in nonflooded soil (NF). The total available N was similar to that of
IF-1, but it was present mainly in the form of NO;™. At the flowering stage, there
was no effect of soil treatments on the available N content in the NF treatment.
However, at 20 DAF, the EMS treatment had less N than AUS and NS treatments.
Some case studies have demonstrated that the nitrogen requirement of microorgan-
isms that decompose organic matter in aerated soils is higher than for decomposers
in flooded soils, which results in higher net N immobilization in aerobic soils than in
flooded soils [19]. This might be the reason for low soil N status in the EMS treat-
ments compared to AUS and NS and so the lower root activity and early senescence.
However, the biomass production was similar in all soil types under the NF water
regimes (see Table 1), and the highest grain weight was recorded in the EMS and
AUS treatments who received IF-I treatment.

Further, it can be seen that although there was no limitation of soil nitrogen in the
NF water regimes, still plant biomass was not as significant as seen with IF-II. The
possible reason could be a slower growth rate during the vegetative stage and lower
cytokinin content in the roots. It is known that cytokinin content is regulated by soil
nitrogen content and that the production of cytokinin as well as biomass is stimu-
lated by having mixed source of nitrogen rather than only single source.

6. Discussions
6.1 Morphological and physiological plasticity of root architecture

Root length density—an important parameter of root morphology reflecting
root architecture—is known to influence not only root-microbial interaction but
also the physiological activity of roots, which plays an important role in increasing
plants’ photosynthetic capacity [20, 21]. Researchers have demonstrated that rice
plants with higher root-oxidizing activity rate during their later growth stages have
higher grain yield [22]. However, these findings were derived from rice plants with
hybrid and “super” rice varieties which are known to have greater root activity than
any traditional varieties [23].

Our preliminary studies [17] showed the significant effects of management
practices such as intermittent irrigation or nonflooded water regimes on root
development. The root architecture—defined here as root length density—signifi-
cantly changed with mild water deficit. The response was not just at morphological
level, but root activity also changed due to the effect of water and soil-available
nitrogen and consequently also affected yield contributing parameters and finally
grain yield. The root activity was higher in those plants who had higher chlorophyll
content in their lower leaves at the later growth stage. Indeed this was related to
high soil nitrogen content at later growth stage.

Many reports suggest that exploitation of soil resources through root activity
may consume more than half of the available photosynthate in mature plants [24].
Given competing demands for internal plant resources for photosynthesis, sup-
port, defense, and reproduction, it is reasonable to expect that plastic response has
favored plants that directed root activity to exploit efficiently, i.e., with a favorable
balance of resource investment versus resource acquisition.
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Knowing the effect of soil microbial density on soil nitrogen status, on impor-
tant root traits under alternative soil water regimes, and the resulting effects on
plant growth and performance helped to clarify the adaptive physiological response
of plants under such different conditions.

It appeared that the combination of higher root-oxidizing activity rate, higher
availability of NH,*/NO;™ nitrogen, and higher chlorophyll content of the lower
leaves at the later growth stage was one of the reasons for having higher yield under
the two water conditions, IF-II and NF, compared to IF-II.

But we also noted that plants grown in autoclaved soil, either with IF-I or NS,
had higher root activity rates than the other soil treatments. This increment did
result in higher grain yield than with the other soil conditions; however, even with
EM application, the root activity rate at a later growth stage was reduced signifi-
cantly, but grain yield was similar to that of AUS soil treatments.

It seems that this physiological response of roots, i.e., their root activity rate,
depends on the relative costs and benefits to the plant. If the supply of photo-
synthate to the roots, which comes mostly from the lower leaves of the plant, is
restricted, or if the soil is limited in its nutrient availability and roots are unable to
supply sufficient nutrients to the aboveground parts, the plasticity of response of
plants’ roots—either morphological proliferation or higher physiological activity—
will be a burden for the plant.

Ultimately, the cost to the plant will depend on what is actually limiting its
growth, whether nutrients or photosynthate supply. Therefore, the physiological
basis of the plasticity of root and shoot growth needs to be understood inclusively
within the context of environmental variables they are encountering with.

These works were the preliminary investigation and warrant further investiga-
tion at field level under different soil and weather conditions. However, the initial
findings clearly showed that root architecture and root activity is greatly influenced
by soil environment, particularly by water and soil microbial conditions. This flex-
ibility arises due to the modular structure of roots which enables root deployment
in zones rich in water and nutrients. The genetic control on this root deployment is
still largely unknown, although the gene ANRI1 is involved in the first stages of the
nitrate (NO;") signaling system when NOjsc- levels are locally enhanced [25]. This
needs to be further studied under the subject of epigenetics.

6.2 Root plasticity under intermittent irrigation and opportunities for
mitigation of methane production in the rice field

While there is a need to continue research to identify and/or induce more
productive genotypes in general, concern for dealing with climate change should
prompt more research particularly on how best to modify crop management to
take advantage of plants’ inherent plasticity of morphological and physiological
response to environmental influences that would otherwise be limiting factors and
constraints.

It is known that up to 90% of the CH, emitted in rice paddies is released
through rice transport [26], while between 19 and 90% of the CH, produced is
oxidized, with up to 75% of the CH, oxidation taking place in the rhizosphere [27].
Accordingly, strategies to lower net CH, emission from rice fields include reduction
of CH, production, increasing CH, oxidation, and lowering CH, transport through
the plant. Among the CH, emission mitigation strategies that do not compromise
rice productivity, the introduction of drainage periods during the crop cycle appears
to be the most efficient [28]. Thus, it has been estimated that intermittent drain-
age periods by applying intermittent irrigation in poorly drained rice fields could
reduce 10% the agricultural CH, emissions [29].
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It is expected that the higher root activity rate for a longer duration, as appeared
in our studies, should further enhance CH, oxidation in the rhizosphere because of
the prolonged oxygenated rhizosphere. This benefit will be relatively higher under
intermittent irrigation water regimes, but even under flooded condition, a relative
mitigation benefit can be achieved through minimizing intra-hill competition since
minimizing intra-hill competition can also enhance root activity [30].

In the present study, aerobic soil was maintained for some period in IF-I, IF-II,
and for the whole crop growth period in the NF water regime. It could be assumed
that under continuously flooded water regimes, the soil would be anaerobic except
2-5 cm depth from the surface of the soil. But even under this condition, the root
length density was better at 15-20 cm soil depth at the flowering stage (Figure1).

It shows that oxygen concentration required for the development of laterals was
present in this zone even under continuously flooded water regimes.

The earlier findings suggest that for an aerobic rhizosphere, spacing is critical
along with the number of primary roots per plant [31]. For example, if the number
of primary roots is 500, and the hill spacing is 25 x 25 cm, then the numbers of
root/cm? = 0.8 root cm 2. Thus for FO, Ag (where FO, = flux of OXygen across root
surface, and Ay = surface area of roots capable of absorption) = 0.2 nmol s~ (which
is standard rate under flooded condition), the rate of release of oxygen will be
160 pmol cm™ (soil surface) s™*. This amount of oxygen is sufficient for the growth
of laterals as well as nitrogen uptake by the plants in the form of ammonium and
nitrate under flooded condition.

Typically, the maximum rate of nitrogen uptake by rice crop are <5 kg h™ day™
[32] or 40 pmol cm ™2 (soil surface) s7*. Therefore, if half the oxygen released
from the roots was used to nitrify ammonium in the rhizosphere (NH," +
20, -» NO;s™ + 2H" + H,0), and half the nitrate produced was recovered by the roots,
an oxygen release of 160 pmol cm ™ (soil surface) s™* would be sufficient to nitrify
half the nitrogen by the roots and also methane oxidation. This would facilitate
uptake of nitrogen in the form of nitrate and ammonium as well for higher biomass
production along with methane emission reduction from paddy fields. Therefore,
aerobic rhizosphere can be maintained even under shallow flooded condition by
minimizing intra-hill competition, by transplanting fewer seedlings/hill with wider
spacing.

In addition, intermittent irrigation or keeping soil “preferably moist” or in
nonflooded condition will reduce aerenchyma formation rate. Since the aerenchyma
acts as a channel for oxygen transport from the atmosphere to the roots and CH,
transport from the site of production to the atmosphere, therefore, reduced aeren-
chyma formation will lead to lowering CH, transport through the plant.

These benefits become more relevant in the prospective scenario where rice
production needs to be increased with both reduced water applications and reduced
“climate-forcing” practices.

These initial findings are opening up many possibilities for better understanding
of plants’ growth response and root plasticity under varied soil environments which
could be exploited and manipulated to enhance crop production through enhanced
root/rhizosphere activity.

Since, agronomic crop management practices (avoiding continuous soil satura-
tion, minimizing intra-hill competition, applying effective microorganism, organic
manure, aerating the soil, etc.) are seen to increase root growth and yield from
practically any variety. Our research suggests that positive responses can be induced
through appropriate water management practices and with an increased microbial
density that can increase the total root and shoot growth and plant biomass. It also
suggests that the roots and shoots are not necessarily in a zero-sum relationship, as
posited by harvest index thinking; with appropriate agronomy, there can be positive
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feedbacks between each, as evident from this study. Therefore, such management
practices should be explored in detail to gain a better understanding of root and
rhizosphere activity.

7. Conclusions

Climate change is altering the growing environments for plants, particularly
aboveground, but there are also belowground effects as changes in precipitation
and in ambient temperature have a strong influence on soil conditions. Plant species
are genetically programmed to adjust to the novel conditions through phenotypic
plasticity. While there is a need to continue research to identify and/or induce more
productive genotypes in general, concern for dealing with climate change should
prompt more research particularly on how best to modify crop management to
take advantage of plants’ inherent plasticity of morphological and physiological
response to environmental influences that would otherwise be limiting factors and
constraints.

Our results and discussion document that rice root morphology and physiology
and consequently rice shoot growth are significantly affected by variations in soil
water conditions. Root architecture and roots’ oxidizing activity rate are important
factors--influencing higher yield--are quite plastic in nature and vary considerably
with varying water regimes and with varying soil microbial population. Modifying
water management to take advantage of plants’ inherent plasticity of morphological
and physiological response can be one of the adaptive strategies for achieving higher
yield under reduced water condition along with mitigation of methane production
from rice fields. Such an investigation would be useful to develop alternative crop
management practices that will reduce “climate forcing” and will provide better
ecosystem services.
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Chapter 3

Nitrogen Transport in Barley
Salwa Abdel-latif, Hanan Abou-Zeid and Kuni Sueyoshi

Abstract

The translocation of nitrate in intact plant of barley (Hordeum vulgare L.
cv.) two genotypes, wild type Steptoe and a mutant Az12, was visualized by a
positron-emitting tracer imaging system (PETIS) after supplying positron-emitting
13N-labelled nitrate (*NO;") to the seedlings. BN movement was monitored to
visualize the distribution of radioactivity in the two genotypes. N sufficient seed-
lings causes enhanced N uptake and translocation to shoots in time course from (0,
10, 20, 30, 40 min). The N-depleted seedlings were exposed to a nutrient solution
containing nitrate and nitrite, and were labeled with >N for 38 h under (14L/10D)
cycles. The two genotypes utilized "NO;~ and accumulated it as reduced N,
predominately in the shoots. In the Az12, nitrate accumulation in shoots was 78%
higher than that in the Steptoe. Accumulation of reduced N in the Az12 roots was
nearly similar to that of the Steptoe roots, but 8% lower in the Az12 shoots than in
the Steptoe shoots at the end of the experiment.

Keywords: barley, mutant, nitrate reduction, light/dark, bN incorporation model,
PETIS—a positron-emitting tracer imaging system

1. Introduction

The two barley genotypes were specifically chosen since they differ only in the
distribution of nitrate reductase (NR). Imaging technologies using high-energy
emitting radio isotopes and radionuclide tracers allow researchers to visualize the
dynamics (absorption, translocation and distribution) of mineral movement in plant,
understand the dynamics of water, nutrient, pollutants in plants and to analyze the
plant physiology of a test plant. The use of y-rays emitted from positrons in "'CO,

[1-3] ®NH or ®NO [4, 5] and H,*®F [6] has been adopted in plant nutrition research.
Among these technologies, the positron-emitting tracer imaging system (PETIS) [7]
which was designed for studying plant physiology and agriculture, has often been used
to examine the distribution and translocation of nutrients using positron-emitting
tracers. Several positron emitting radioisotopes such as "'C and N can be used in plant
biology research. In general, radioisotope tracers are useful tools for analyzing the
spatial distribution or temporal change in the amount of a substance in the plant body.

The PETIS was recently used to visualize the accumulation of photo assimilates
in grains of a wheat ear [8] with 2.3 mm resolution. In recent years, the PETIS has
been employed to study various physiological functions in intact, living plants
[9, 10] one of the most advanced radiotracer-based imaging methods available
today. This system enables not only monitoring of the real-time movement of the
tracer in living plants as a video camera might, but also quantitative analyses of the
movement of the substance of interest by freely selecting a region of interest on
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the image data obtained. Short-lived radioisotope techniques provide data that are
crucial for developing models that quantitatively link the underlying biochemical
reactions to physiological responses.

2. Visualization of N accumulation in barley using (PETIS)
2.1 N analysis in Steptoe

Short incubation times are used in order to determine the fate of nitrate trans-
ported in the shoot of two barley genotypes. Therefore, "NO;~ was applied to
barley seedling and short-term °N distribution was determined using PETIS. The
imaging pictures of N radioactivity were monitored after ®NO;~ was supplied to
the medium containing 2.0 mM KNO; PETIS images show high >N accumulation in
Az12 shoot than in Steptoe shoot (Figure 1).
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Figure 1.
Imaging of radioactivity in barley shoot supplied with NO;~ for 40 min using PETIS.
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Figure 2.
Changes in the relative counts radioactivity for 40 min in barley shoot of wild type Steptoe and mutant Az12
measured by PETIS.
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The NO;™ was supplied to barley seedlings for the two genotypes and the trans-
location of >NO;~ were monitored using PETIS. The seedlings were incubated with
2.3 mM KNOj", one seedling was selected and transferred to a feeding container
that contained 8 mL of pretreatment solution. Subsequently, 100 pL of 2.3 mM
KNO;™ and 2 mL of ®*NO;™ solution (113 MBq) were immediately added (final
concentration of KNO;™ is 2.0 mM).

A plot of relative radioactivity was shown in Figure 2. The radioactivity was
shown at 40 min after the addition of ’NO;™ containing 2.0 mM KNO;~ in the
Steptoe and Az12 plants. The radioactivity linearly increased over time after a lag
of several minutes for both genotypes. The count of radioactivity of Az12 shoots at
40 min after ®NO;~ supply was about four times higher than that of Steptoe. These
results suggest that the excess nitrate accumulation in Az12 plants shoots is prob-
ably due to the lower capacity of the mutant to reduce nitrate [11, 12].

3. Nitrate reduction and allocation of reduced nitrogen in roots and
shoots of the wild type Steptoe and the mutant Az12 using °N-tracing
method to determine accumulation, uptake, translocation and
reduction of nitrate, together with transport of reduced N in intact
N-starved seedlings under light/dark cycles

Barley besides its importance as a crop is an established model plant for both
genetic and physiological studies [13]. In the two barley genotypes (Hordeum vul-
gare L.) wild type Steptoe and the mutant Az12 using “N-tracing method to deter-
mine accumulation, uptake, translocation and reduction of nitrate, together with
transport of reduced "N in intact N-starved seedlings under light/dark cycles. Also
for both genotypes root contribution increased during L/D cycles and decreased
during the subsequent light cycle. Shoot nitrate accumulation in Az12 was higher
than in Steptoe. Nitrate-deficient barley seedlings showed negligible accumulation
of short-lived tracer ’NOs- in shoots than did N-sufficient barley and in Az12 more
than in Steptoe genotypes revealing that the N sufficient seedlings caused enhance-
ment of nitrate uptake and translocation to shoots [14]. Barley is a highly adaptable
cereal grain and ranks 5" among all crops for dry matter production in the world
since it is an important food source of protein in many parts of the world. Nitrogen
is considered as one of the three macronutrients required for high crop yields and
has a critical role in plant growth and development [15, 16]. Three quarters of our
atmosphere consists of nitrogen gas (N,) and elemental nitrogen must be trans-
formed to usable forms before it is available for plant uptake. Addition of NO;™ to
the incubation medium of dark-grown NO; -starved Steptoe seedlings resulted in
a greater accumulation of NO;™ in leaves and roots more than those of illuminated-
grown seedlings [17]. Plants require more nitrogen than any other nutrient [18].
Nitrogen is an important component of various compounds such as amino acids,
amides and proteins, quaternary ammonium compounds and polyamines [19-21].
Nitrate (NO;") is the major N-source for cultivated plants and is an important
signaling ion that influences plant growth and differentiation [22]. NO;™ uptake,
transport, and responses have been a major focus of research. In addition to its role
as a nutrient, NO;™ can act as a signaling molecule that modulates gene expression
and a wide range of processes including plant growth, root system architecture
[23, 24]. Roots are crucial for perception and uptake of nitrate in plants [25-27].

The first enzymatic step of nitrate after its active transport into the cell, is the
reduction to nitrite which achieved by nitrate reductase (NR). In higher plants
NR exists in two forms: NADH:NR (E.C 1.6.6.1) and NAD(P)H:NR (E.C.1.6.6.2).
The bispecific NAD(P)H:NR is found in the non-green tissues of monocotyledons
and in both green and non-green tissues of legume. NR is a key enzyme in a plant’s
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nitrogen assimilation pathway, this step of the reduction often considered to be rate
limiting step and nitrite transfers to plastids where it quickly reduced to NH," by
NiR enzyme [28]. In a second step, nitrite reductase which is localized in the chloro-
plast, catalyses the reduction of nitrite to ammonia before incorporation into amino
compounds so, for protein synthesis [29-31]. This reduction can take place in either
roots or leaves, depending on plant species, age and nitrate supply rate. It has been
reported that the factors which regulate nitrate reductase enzyme are inorganic salts
and ions, antibiotics and metabolic inhibitor, fungicides and herbicides, seedling
age and diurnal rhythms, temperature, water stress and gaseous environment,
atmospheric pollutants and external pH [32]. For higher plants, nitrate is the major
source of inorganic nitrogen, which is translocated to the leaf, and assimilated

and metabolized into various organic compounds utilizing reductant provided by
photosynthesis. The reduced nitrogen compounds are incorporated into various
biomacromolecules, such as proteins and nucleic acids. Nitrate uptake and reduc-
tion are considered the initial processes by which NO;™ is metabolized by higher
plants, are modulated by light and dark [33] and also of interest in understanding
plant nitrogen nutrition and the plant nitrate assimilation pathway. Nitrogen
assimilation is a fundamental biological process that has a marked effect on plant
productivity, biomass and crop yield. It is well established that plants supplied with
excess nitrate of current demand have the ability to accumulate nitrate. The manner
in which nitrate stored or reduced and assimilated in both roots and shoots depends
on plant species [34]. Depending on the nitrogen demand, nitrate is directed into
several routes after uptake into the root cells: it can be translocated to the shoot,
stored in the vacuole, or added to the cytosolic pool. Some aspects of plant nitrogen
metabolism have been studied in detail in barley [5, 35, 36]. Several studies with
mutants or trasformants with altered NR expression clearly showed that there is

no direct correlation between plant growth and the nitrate reduction capacity of
the plant also showed a reverse relation between nitrate content and NR activity,
i.e., plants with decreased NR activity contain more nitrate and are phenotypi-
cally not different. It is only when NR activity is decreased below 10% of the wild
type level is plant growth and protein affected [37-39]. Both roots and shoots of
wild-type Steptoe contain the two characterized isozymes of NR (NADH-specific
and NAD(P)H-bispecific) typically found in barely, where the NAD (P) H-specific
NR is not expressed in leaves, but is induced by nitrate in roots. In Az12, NAD(P)
H-specific NR is present in roots and shoots, since Az12 is a mutant that is affected
by partial or complete loss of its capacity to either reduce nitrate or produce nitrite
under NR assay conditions, yet has low levels of NR activity by some unknown
nitrate assimilatory pathway [11].

Nitrate assimilation is the primary pathway by which plants obtained reduced
nitrogen. In many species of higher plants most organic N is derived from the
assimilation of nitrate in the shoots [12, 40]. Short-time labelings are generally
used by several authors [41-44] to prevent the minor allocation of reduced N
onto and out of the roots. Most studies showed that when plants are exposed to
nitrate a continuous increase of nitrate uptake was achieved by the roots. However
long time exposure to nitrate may inhibit nitrate uptake [45]. Use of Az12 mutant
provide a simpler system to study the characteristics of nitrate reduction since the
two genotypes are phenotypically the same but differ only in the distribution of NR
[46]. For that the whole plant contribution to nitrate reduction occurred upon the
early stages of N utilization when the induction is not fully achieved.

Since many studies on the physiological characterizations of over expression
and under expression NR genotypes include no measurements of the in vivo nitrate
reduction rate. The fact that using whole plant in experiments to investigate the
contribution between shoots and roots to reduced N is complicated although it has
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an advantage for measuring the assimilation and translocation of reduced N in intact
seedlings and consequently to the measurement of the whole plant nitrate reduc-
tion. Since some limitations and disadvantages may be involved as a result of using

Az12
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Root Root
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412 4.87
Root Root
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Figure 3.

Balance sheets for uptake, accumulation, reduction, and translocation of nitrate, and accumulation and
translocation of reduced N in barley seedlings.

35



Root Biology - Growth, Physiology, and Functions

excised tissues [47]. The present study was conducted to investigate the differences
between the wild-type (Steptoe) and the mutant (Az12) in nitrate reduction, uptake
and the transport of reduced N between roots and shoots using N labeling in a
split root experiment. Also, to study the upward and downward translocation of
reduced N in intact barley seedlings which were assimilating nitrate from a mixed
N-medium, by using the °N incorporation model [48, 49]. The mutant Az12 plants
deficient in NADH-specific NR was used with wild-type Steptoe as a control.

Nitrate reduction during the first 14 h light period accounted for 54 and 46%
of total nitrate absorbed by the plants, respectively, in Steptoe and Az12. In both
genotypes, nitrate accumulation in root was occurred mainly during the first 14 h
light period and accounted for about 19% of the total amount of absorbed nitrate. In
the other hand, reduced "N accumulation in roots was low and quit constant during
whole period as amounted to about 8% of total absorbed nitrate. Shoot nitrate
reduction during the first 14 h light period accounted for 33 and 27% of total nitrate
uptake, respectively, in Steptoe and Az12, and for 25 and 30% during the dark
period, and for 86 and 75% during the second light period. In both genotypes about
60% of absorbed nitrate was transported to the shoot via xylem during the first 14 h
light period and the proportion decreased during dark period, then increased again
at the subsequent light period and this may be due to light/dark transition. From the
same reason also fluctuation was observed in both shoot reduced N accumulation
and shoot nitrate reduction in Steptoe where at first 14 h light period, shoot nitrate
reduction accounted for 33, 25 and 86% of total nitrate uptake, respectively, in light/
dark/light periods. On the other hand, shoot nitrate reduction in Az12 accounted
for 27, 30 and 75% of total nitrate, respectively, in light/dark/light periods. Nitrate
translocation to shoots at 14 h light for both genotypes was 59% in Steptoe and 62%
in Az12 of total nitrate uptake then decreased to about 34% for both genotypes at
dark period and increased to 91% in Steptoe and 75% in Az12 at subsequent second
light period (Figure 3).

Az12 was used as a tool in order to assess the importance of root and shoot
nitrate reduction and allocation of reduced N for the N-nutrition of barley plants.
Although some differences between Az12 and Steptoe in this study, it could be
concluded that the overall fate of the absorbed nitrate was basically similar between
the two genotypes under light/dark cycle.

4, Nitrate accumulation

The accumulation of nitrate in barley (Hordeum vulgare L. cv. Giza 123) changed
in roots and leaves at light/dark 14:10 h cycle (Table 1). The root nitrate content was
0.65-1.68 pmol plant ™" respectively during the 14 h light and 10 h dark periods after
the transfer to nutrient solution containing nitrate. In the dark nitrate content of
both roots and leaves was elevated. However, the nitrate content decreased in roots

Plant part 14 h (light) 24 h (light-dark) 38 h (light-dark-light)
Roots 0.65 + 0.06 1.68 + 0.13 112+ 0.15
Shoots 0.79+0.11 1.23+0.11 0.53+0.17
Total plant 144 +0.14 291+0.23 1.65+0.27

N-depleted seedlings (9-d-old) were treated with a nutrient solution containing 2.5 mM KNO;™ under a light-dark
cycle of 14:10 h at 25°C. Leaves and roots were harvested after 14, 24, and 38 h in the nutrient solution. Results ave the
means of three replicates (3 x 5 plants) + SE.

Table 1.
Nitrate accumulation in roots and leaves of barley seedlings after treatment with a N-medium.
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and leaves during the 38 h light period and significantly low nitrate contents were
measured in roots and leaves. On a whole plant basis, roots accounted for 45 (14 h),
58 (24 h) and 68% (38 h) of the nitrate accumulation of the whole plant during
light/dark/light period [17].
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Promoting Bacteria in the Growth
of Cereals under Abiotic Stresses
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Abstract

Plant growth-promoting rhizobacteria (PGPR) are known to improve plant per-
formance by multiple mechanisms, such as the production of beneficial hormones,
the enhancement of plant nutritional status, and the reduction of the stress-related
damage. The interaction between plants and PGPR becomes of particular interest
in environments that are characterized by suboptimal growing conditions, e.g.,
high or low temperatures, drought, soil salinity, and nutrient scarcity. The positive
role of PGPR will become even more appealing in the future, as world agriculture
is facing issues as climate change and soil degradation. This chapter aims to discuss
the main mechanisms of the interaction between PGPR and plants and will focus of
how PGPR can decrease abiotic stress damage in cereals, which are critical crops for
human diet.

Keywords: PGPR bacteria, global warming, abiotic stresses, cereals,
growth-promoting mechanisms

1. Introduction

Global agriculture is facing the difficult challenge of increasing the productivity
and output required to feed a growing population. Additionally, fertile land areas
available for agriculture are gradually decreasing due to climate change, soil deg-
radation, and pressure from urban developments. These concerns are particularly
relevant as they negatively affect yields of cereal crops, which are a fundamental
diet component in global society [1].

To help overcome this problem, researchers have turned their attention to
understanding interactions between plants and soil microorganisms. Plant roots
interact with the soil microbiota, which have various effects on plant growth and
development, ranging from beneficial to pathogenic [2]. Plant growth-promoting
rhizobacteria (PGPR) play important, but still poorly understood, roles in plant
growth promotion, especially under environmental stress such as drought, tem-
perature, and salinity [2-4].

There are various mechanisms through which PGPR improve plant perfor-
mance, often in a synergic manner; some examples include the production of
plant growth-promoting hormones, improvement of plant nutritional status, and
decreased stress damage [2]. Interactions between plants and PGPR can result in
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improvement of plant performance and enhanced resistance to biotic and abiotic
stresses which are important traits for cultivated crops [5].

2. Importance of cereals in global nutrition

Cereals are annual plants belonging to the monocotyledonous Poaceae family
and are a vital food source for humans as they provide almost one half of the calo-
ries that are consumed daily in the world [6]. Furthermore, cereals are also exten-
sively used as animal feed, mainly for livestock and poultry, and as raw materials for
many industrial processes, primarily the production of alcoholic beverages [1].

In the last 50 years, the increase of cereal production (+240% in the time window
1961-2017 shown in Figure 1) is the result of increased yields per hectare (+201%)
rather than the expansion of land allocated to cereal production (+12%) (Figure1).
However, this trend has recently decreased. The average production rate of cereals
was 3.6% per year between 1961 and 2007, and it decreased to an average of 2.7%
between 2007 and 2017 [7]. This is likely to be linked to multiple factors, including
climate change, soil degradation, use of soil for non-alimentary purposes, restrictions
on water, nutrients and land for agriculture, and limitations of traditional breeding.

Cereals and World Population 1961-2017
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Figure 1.

Cereal cultivation records and world population data since 1961. Cereals cultivated land, soil productivity as
yield, world grain production, and world population are displayed [7].

3. Abiotic stress effects on agriculture

Most cultivated soils in the world are characterized as being suboptimal. Any
deviation from optimal growth conditions causes several interconnected reactions
in plants that can be described as an attempt to adapt to new environmental condi-
tions in an effort to maintain homeostasis. If the stress endures too long or is too
severe, it can permanently damage plant physiology or result in death. While many
plants are able to adapt to stress, the process requires energy that is diverted from
active growth, resulting in smaller acclimated plants [8]. Abiotic stresses, that is,
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stresses caused by nonliving factors, are thought to be the main cause of global
crop loss with decreased productivity of more than 50% annually [9]. Drought and
salinity stress are potent environmental hazards for agriculture, particularly in arid
and semiarid regions which are already approaching the limits of crop productivity,
and due to global warming and degradation of agricultural soils, these regions may
no longer support crop plants in the future [10, 11].

3.1 Climate change

Food security is positively correlated with social and economic stability; given
climate change is threatening food production, there are extended and complex
implications. Since the mid-nineteenth century, average temperatures have
increased by 0.8°C, and by the end of this century, temperatures are predicted to
increase between 1.8 and 4°C compared to the end of the last century [12]. This
change is causally related with human activities by the production of greenhouse
gases such as carbon dioxide, the concentration of which rose from ~284 ppm in
1832 to 397 ppm in 2013 [13].

While CO, is generally accepted as a greenhouse gas, there is now increased
interest in the role of nitrous oxide (N,0). This compound can originate from the
denitrification of N fertilizers, which are commonly used in modern agriculture.
In 2014-2015, more than half of all N fertilizer was applied to cereal crops alone
[14]. The reintroduction of N in N-depleted soil is an essential agricultural practice
that has led to increased yields over the last few decades. However, the application
of N fertilizer is inefficient, and it is estimated that only one third of the applied
N is absorbed by plants, with the excess being lost in surface runoff, leaching in
groundwater, or volatilization into the atmosphere [15]. Atmospheric N,O, while
less abundant than CO,, is 300 times more potent as a greenhouse gas [16].

Climate change caused by greenhouse gas emissions is predicted to directly
impact the productivity of agricultural systems in almost every part of the planet.
While many agricultural sites in cold-continental areas will benefit from the
increased temperatures, regions characterized by temperate, tropical arid, or
subarid climates are likely to face decreasing yields [17]. By modeling the effects of
climate change on the yields of various cereals in different areas of the world, it was
predicted that by the end of the century, heat stress events will increase in areas of
Central and Eastern Asia, Southern Australia, Central North America, and Southeast
Brazil (rice); Northern India, the Sahel region, Southeast Africa, and Central South
America (maize); and Central Asia (wheat) [18]. Kompas et al. [10] estimated that
if no measures are taken to reduce greenhouse gas emissions, the average world
temperature increase of 4°C by 2100 will severely decrease food production in
almost all countries in the world. This will result in economic loss of approximately
23 thousand billion US$ on average, with Southeast Asia and developing countries of
Africa predicted to face the largest losses (21 and 26% of GDP, respectively).

3.2 Agricultural soil degradation

Soil degradation is one of the main concerns impacting agricultural productiv-
ity, especially in tropical and subtropical areas [19]. Globally, one third of land is
affected by some form of deterioration [20]. Unsuitable agricultural techniques,
together with excessive crop residue removal and unbalanced use of chemical fertil-
izers, can decrease soil quality, deplete organic matter stocks, and increase erosion.
Crop removal from the production site causes the loss of elements that are essential
for plant growth, and these elements must be constantly reintroduced to avoid
productivity decreases [21].
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Using soils for agricultural purposes can cause degradation of water sources,
due to leaching of degraded fertilizers into groundwater. Many rivers in develop-
ing countries have severe water pollution and eutrophication issues. Irrigation is
an essential management strategy to obtain sufficient productivity to meet food
demands in many arid and semiarid areas, but it can lead to undesirable effects.
Improper irrigation techniques have increased saline-sodic soils that now occur in
more than 20% of irrigated lands [22].

4. Plant growth-promoting bacteria

A common misconception during the nineteenth century was that healthy plants
should be sterile, not interacting with any microorganisms. This assumption was
initially questioned by Victor Galippe [23], who proved that healthy plants could host
various microbes in their tissues. Today, we know that almost all terrestrial plants from
various environments interact with the surrounding microbiota during all stages of
plant development. The relationship between host plant and microbe can range from
parasitism, commensalism or mutualism, or neutral or beneficial for plant growth
and can vary greatly due to a multitude of factors, both biotic and abiotic. PGPR are
attracted to plants by organic exudates released through roots and colonize the root
surface and the soil directly in contact with the root. The soil matrix directly in contact
with plant roots is called the rhizosphere [24], and the extracellular surface of roots
is termed the rhizoplane [25]. Here, colonizing microorganisms can establish the
exchange of nutrients and various compounds with the plant, summarized in Figure 2.

Nutrients and organic compounds released into the rhizosphere from roots are
derived from photosynthesis, and plants release up to 30% of their photosynthates
through the roots [26]. These include a variety of compound classes such as carbohy-
drates, amino acids, organic acids, flavonoids, and lipids that can be used as energy
sources for microbes [27]. The sensing and active migration of bulk soil bacteria toward
these compounds is called chemotaxis, leading bacteria to colonize the rhizosphere
and rhizoplane [28]. By producing exudates, plants can select bacterial species that
are attracted to specific compounds, thereby directing the abundance and diversity of
microbes in the rhizosphere [29, 30]. Wild oat has been reported to modify the bacterial
population of its rhizosphere enriching mainly the Firmicutes, Actinobacteria, and
Proteobacteria [31]. The latter group in particular is commonly believed to be the main
microbial component in PGPR interactions, due to their capacity for fast growth and
diverse metabolic pathways capable of utilizing a great variety of exudate compounds
asan energy source [29]. In the model cereal plant Brachypodium, the rhizosphere
microbiome changes not only within the loosely bound rhizosphere soil and tightly
bound rhizosphere soil but also within seminal and nodal roots [32]. It is noteworthy
that plants can indirectly influence the colonization of the rhizosphere, by changing
the environment conditions. Some examples are changes in pH levels by ion uptake, the
reduction of O, and H,0 levels caused by root respiration, and water absorption [29].

Different types of root exudates can attract different PGPR. For example,
various strains of Azospirillum brasilense, a gram-negative Alphaproteobacteria,
showed different degree of attractions to various compounds released by different
host plants [33]. The composition of root exudates can vary greatly among different
plant species. Two different studies [34, 35] reported how even different genotypes
of the same plant species can host different bacterial populations in their rhizo-
sphere. Exudates vary between different parts of the roots, different developmental
stages of the plant, or as a response to different growth conditions [36]. This means
that the same plant can interact with a multitude of different soil bacterial strains
over time and space [37].
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Figure 2.

A model of interactions between plants and PGPR. Exudates released by plant roots attract soil bacteria that
can colonize rhizosphere and/or plant tissues. Here, they provide various beneficial compounds to the plant in
exchange of nutrients, mainly photosynthates.

Nehl et al [38] use the term “rhizobacteria” to describe rhizoplane/rhizosphere
bacteria, but there are also endophytic bacteria that can reside inside plant tissues. To
date, numerous interactions between plants and rhizosphere-/rhizoplane-
colonizing bacteria have been described, but some microbes are even more special-
ized. Once they have colonized the rhizoplane, they are able to penetrate root tissues
and directly access apoplastic organic compounds, thereby avoiding competition with
other microbes in the rhizosphere [39]. Root penetration can be both active, by the
production of cell wall-degrading enzymes such as cellulase, and passive, for exam-
ple, entering via the cracks that form on the root surface during lateral root develop-
ment [40]. Colonization beyond the rhizosphere into the apoplast requires specialized
microbial morphology. Czaban et al. [41] described how the occurrence of flagellar
motility in bacterial strains isolated from the internal root tissue of wheat was five
times higher than what was observed in bacteria isolated from the rhizosphere.

Bacillus, Pseudomonas, Enterobacter, Klebsiella, Servatia, and Streptomyces are
some of the most commonly found genera of endophytic bacteria in plant tissues
[42]. By passing the endodermis, many bacterial species are able to spread from the
roots, reaching and colonizing other organs of the stems [43]. Endophytic bacteria
can also spread from plant tissue to seeds becoming the starting inoculum for the
colonization of subsequent generations of plants. The transmission of bacteria
through generations of plants is a process known as vertical transmission. Johnston-
Monje and Raizada [44] described how modern varieties of maize and their wild
ancestors share common endophytic bacteria communities hosted in their seeds,
and a following study conducted on wheat demonstrated how these communities
play a positive role in plant growth [45].

4.1Plant growth promotion driven by rhizobacteria
Galippe’s intuition that plants interact with microbes throughout their life led to

a significant increase in the comprehension of the beneficial role that bacteria can
have on plant growth. PGPR interactions can result in higher plant biomass, higher
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nutritional value, better survival rates, and generally require lower agricultural
inputs. Focusing on cereals, PGPR can significantly improve plant performance

in several environments, particularly those characterized by suboptimal growth
conditions. Some of the main benefits that plants obtain are increased root develop-
ment which imparts improved resistance to temperature and osmotic stress, soil
pollutants, pests, and pathogens [46].

It is well established that plant responses to biotic and abiotic stresses require
complex adaptations to structure and metabolism. When biotic and abiotic stresses
are applied simultaneously, plants respond much differently compared to stresses
applied separately [9]. It is therefore reasonable to assume if a plant is exposed to
both biotic and abiotic stresses that PGPR may directly mitigate the effect of biotic
stresses by improving plant resistance to abiotic stresses.

4.1.1 Hormone-related mechanisms

The most well-described mechanism by which PGPR can improve cereal pro-
ductivity is the productions of various plant growth-promoting hormones that
usually co-affect the performance of the plant in a highly integrated manner [47].
Auxins are a class of hormones typically synthesized by apical buds, and from there
they are transported to other parts of the plant. In this class of hormones, the most
characterized is indole-3-acetic acid (IAA), which enhances cell elongation and
differentiation and, in roots, stimulates lateral root development [42, 48]. Various
reports have shown how the production of auxins from PGPR is one of the most
important mechanisms for plant growth promotion. Barbieri and Galli [49] inocu-
lated wheat with two strains of Azospirillum brasilense, of which one was a mutant
with impaired IAA production. They observed how only the wild-type strain
promoted lateral root development, a result that suggests a primary role of IAA
in improving plant root development. IAA can indirectly improve the nutritional
status of the plant by increasing root development (specifically lateral roots), hence
allowing the plant to explore a higher portion of soil substrate, an important trait
particular for the acquisition of low-mobility nutrients such as phosphorus [50].

Gibberellins (GAs) can be produced by PGPR [51] and are believed to play an
important role in promoting plant growth. These diterpene hormones are naturally
present in plants, regulating key processes such as seed germination, stem elonga-
tion, leaf expansion, root growth, and root hair abundance [52, 53]. One of the best
known GAs is GA;, commonly known as gibberellic acid, which plays a key role in
determining plant source-sink relations. The role of gibberellins in the response of
cereals to stresses varies depending on the stress type [54], but in general, plants
tend to reduce GAs levels when growing in suboptimal conditions. The exogenous
application of gibberellins has been reported to improve wheat and rice perfor-
mance undergoing saline stress [55, 56] and to reduce heavy metal stress symptoms
in rice [57].

Many PGPR are able to degrade 1-aminocyclopropane-1-carboxylic acid (ACC)
through the enzyme ACC deaminase and use the degradation products as a nitrogen
source [42]. ACC is the biosynthetic precursor of ethylene, a hormone naturally
present in plants, and its abundance is often increased in response to stresses.
While at optimal levels, ethylene is involved in essential processes such as tissue
differentiation, root development, flowering, grain development, and natural tissue
senescence and abscission; when overproduced it can decrease plant performance
[58]. In abiotically stressed plants, the increase of ethylene can trigger chlorosis and
early maturation and senescence of organs, seeds in particular [59, 60], and have an
inhibitory effect on root growth [42]. By impairing the ethylene signaling pathway,
the interaction with PGPR can decrease the stress-related damage in the plant [2].
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Similar to ethylene, abscisic acid (ABA) is a hormone commonly produced
by plants in response to various types of stress, particularly osmotic stress [61].
Naturally involved in seeds and buds dormancy, ABA shares the first biosynthetic
steps with cytokinins, a phytohormone class that often plays an antagonistic role to
ABA. In dry or saline soils, reactive oxygen species (ROS) increase the biosynthesis
of ABA, which is then transported to leaves, where it causes stomatal closure to
reduce transpiration and water loss [62]. As a consequence, the diffusion of CO, into
leaves is decreased, lowering photosynthetic rates [63, 64]. PGPR have been reported
to increase the resistance of plants to salinity, hence decreasing the stress-related
ABA accumulation in plants and preserving photosynthetic efficiency [65, 66].

5. Plant-bacterial interactions enhance abiotic stress responses

Bacteria can have various effects on their host plant. PGPR can affect plant
growth both directly, such as by fixing atmospheric N, into biologically available
N compounds or by producing growth-promoting hormones [52], and indirectly,
by preventing the growth of plant pathogens or increasing plant resistance to them
[43]. A necessary condition for bacteria to be beneficial to a plant is rhizosphere
competence as the competition and conditions in the rhizosphere are vastly differ-
ent to that of bulk soil. The rhizosphere contains a higher abundance of bacteria
than bulk soil, but the diversity is much lower. The colonization of the root system
of plants is not homogenous; the density of specific bacteria varies in different parts
of the root system and is likely to be related to different root exudates released by
different parts of the roots [37]. Another mechanism likely to regulate the coloni-
zation of the rhizosphere is bacterial quorum sensing, which is the regulation of
gene expression driven by bacterial population density and can occur both within
bacteria of the same species and among different species [67]. Quorum sensing can
influence the bacterial competitiveness, therefore affecting the roots colonization
patterns [37].

5.1 Thermic stress adaptation

Temperature stress causes a shift in hormone production, particularly ethylene,
which can often impair plant growth [58]. High-temperature stress causes dena-
turation and aggregation of cellular proteins that, if left unchecked, leads to cell
necrosis. Imbalance between ABA and cytokinins derived from prolonged heat
stress during the reproductive stage can lead to grain abortion [68]. Heat responses
include inhibition of normal transcription and translation and increased expression
of genes coding for heat shock proteins and thermotolerance induction [69]. Low-
temperature stress, conversely, damages metabolic processes, changes membrane
properties, causes structural changes in proteins, and inhibits enzymatic reactions
[70]. If it occurs during spore formation, cold can cause sterility of flowers by
interfering with meiosis [71].

The literature on PGPR interactions with cereals at suboptimal temperatures is
relatively scarce, and the mechanisms by which cereals adapt are not well defined.
It is suggested that the geographical origin of the bacteria determines the optimal
growth range at which they interact beneficially with plants. In a study on wheat,
bacteria isolated from cold climates have been reported to efficiently colonize the
plant rhizosphere and improve their resistance to low-temperature stress, and
the same trend was observed when wheat plants were inoculated with bacteria
isolated from warm environments and subjected to high-temperature stress [72].
It is possible that the bacteria isolated from different temperatures can outcompete
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the indigenous microbial population by tolerating either cold or warm conditions
giving rise to a higher abundance and colonization of the rhizosphere.

Inoculation with a Pseudomonas aeruginosa strain isolated from a hot semiarid
environment improved survival rate, development, and biochemical parameters of
sorghum seedlings when the plants were exposed to heat treatment, while the bio-
mass production was not affected at optimal temperatures [73]. In another study,
various cold-tolerating Pseudomonas spp. were inoculated onto wheat grown at low
temperatures, giving analogous results. The authors suggest the beneficial effect
was linked to a better root development in inoculated strains that improved nutrient
uptake and, in general, caused a better adaptation to cold [74].

As global warming threatens to change significantly the temperature of most
cultivated lands [17], the development of cereals with enhanced adaptation capacity
to heat or cold stress is an essential task in order to sustain profitability and produc-
tion at suboptimal temperature conditions. While further research is necessary to
better understand the mechanisms that regulate PGPR-plant interactions in such
conditions, the studies done so far suggest how PGPR can be a valuable source of
temperature-stress resistance, especially when they evolved in areas characterized
by warm or cold climates, depending on the case.

5.2 Osmotic stress adaptation

Both dry and saline soils can cause osmotic stress in plants, which results in cell
dehydration due to lack of water (drought) or unavailability of water (salinity).
These two stresses are often agronomically significant, as high salinity in soil is
mainly caused by irrigation, a necessary practice for increasing yields in many areas
of the world characterized by insufficient rainfalls. When water supply is insuffi-
cient to remove ions from superficial soil layer, they accumulate causing an increase
of salinity [75].

Salinity is also the result of land clearing, as deep subsurface roots no longer are
able to keep the water table below ground level. As the water table rises, it brings
with it saline water that can render hundreds of square kilometers of agricultural
land uncultivable [76]. Plants growing on such soils often suffer from osmotic stress
that reduces water absorption and increases ionic concentration in tissues to toxic
levels [77]. PGPR can decrease these stress symptoms through various mechanisms,
such as production of Na*-binding exopolysaccharides [78], improvement of ion
homeostasis [79], decrease of ethylene levels in plants through ACC deaminase
[80], and synthesis of IAA [81]. Wheat seeds inoculated with a species from the
genus Pseudomonas showed increased germination rates in a saline environment;
Egamberdiyeva [82] ascribed this to the production of plant growth regulators by
the bacteria.

Drought is considered as the major cause of yield loss [83], negatively affecting
most physiological processes in plants. Plant cells respond to water loss by increas-
ing the production of abscisic acid (ABA) in roots that increases water uptake and
causes leaf stomatal closure and reduces leaf expansion to reduce dehydration [84].
Smaller leaves cause impaired photosynthesis, consequently decreasing dry mat-
ter accumulation and grain yield [85]. Under water deficiency, both cell division
and enlargement are lowered due to damaged enzyme activities, leading to overall
smaller plant organs. Grain production is also reduced in cereals due to flower
abortion [86, 87].

Plants often react to drought by increasing the amount of osmolytes in their
tissues and consequently increase their osmotic potential [88]. Drought can also
cause an increase of ROS in plant tissues. Proline, an amino acid whose abundance
is increased under water deficiency, can both work as an osmolyte and scavenger
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for ROS under stress [89]. In general, PGPR can improve the performance of plants
in dry environments by exudating osmolytes that increase the osmotic potential of
plants [42, 90, 91].

Another mechanism for improving resistance to drought is the synthesis of
beneficial hormones (IAA) and enzymes (ACC deaminases) and the decrease of
stress-related hormones such as ethylene and ABA in the plant. Naveed et al. [92]
reported that two maize cultivars exposed to drought showed reduced damage
when inoculated with two different PGPR, probably due to hormones produced
by the bacteria and stress-reducing enzymes synthesized by both the plants and
the bacteria during the interaction. Wheat plants inoculated with various PGPR
showed an improved resistance to salt and drought treatments, linked to decreased
ABA and ACC levels in plant tissues [65]. In a similar study [66], rice plants showed
decreased endogenous ABA levels and increased biomass when inoculated with
Bacillus amyloliquefaciens; the authors hypothesize that inoculation increased salt
tolerance in plants through an ABA-independent pathway, and this prevented the
stress-dependent ABA accumulation and the resulting growth impairment [63].

Sarig et al. [93] report that sorghum plants subjected to osmotic stress after their
emergence showed decreased damage when colonized by Azospirillum brasilense.

It is unclear, however, if the observations were a drought-specific response or an
indirect effect of inoculated plants showing a better root development and higher
hydraulic conductivity at the time of the stress. In two successive studies [94, 95]
conducted on various Azospirillum spp., inoculated wheat plants subjected to
drought had decreased grain loss, better water status, and higher K and Ca content,
with the latter in particular suggested to be involved in the adaptation of the plants
to environmental stress. Bacterial nitrate reductase was also suggested to play an
important role in nitrate assimilation of plants under drought [95].

As previously mentioned, drought and saline stress are related, since salinity
is often the result of irrigation practices to avoid plant desiccation from drought
stress. This concern may become more relevant in future years, as higher tempera-
tures caused by global warming will result in higher evapotranspiration, hence
requiring increased irrigation. By the year 2050, 50% of all arable lands might
be affected by serious salinization [96]. Improving the resistance of plants to dry
environments would decrease the necessity of irrigation, indirectly decreasing the
ongoing salinization process in agricultural land.

5.3 Improvement of the plant nutritional status

In natural environments, plants die and decompose where they grew, and the
subsequent detritus reintroduces soils with most of the nutrients they absorbed
during their growth. In cultivated lands, those nutrients are removed at harvest
and must be constantly replaced to avoid productivity decrease. Among the mac-
ronutrients, nitrogen, phosphorus, and potassium are the most important for plant
growth, and they are typically reintroduced using synthetic fertilizers. Unbalanced
use of fertilizers can decrease soil quality, consume organic matter stocks, and
increase erosion risk. Soil bacteria can improve the nutritional status of plants
directly by increasing nutrient bioavailability and/or indirectly by improving plant
root development, hence allowing them to explore higher areas of soil [97].

5.3.1 N, fixation and absorption
Several bacterial species are classified as diazotrophs, which are microorganisms

that are able to utilize the nitrogenase enzyme to fix atmospheric N,. Diazotrophic
bacteria can fix N, in either a free-living form or in association with a host as an
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endosymbiont. The most well-described interaction between plants and diazo-
trophic bacteria is the rhizobia-legume symbiosis. Rhizobia are a group of various
Proteobacteria that can colonize plant roots and fix atmospheric nitrogen, which

is then partly provided to the plant in exchange of photosynthates [98]. While this
association has been observed mainly in legumes, some species of rhizobia can also
colonize cereals. Gutierrez-Zamora and Martinez-Romero [99] showed how maize
and bean plants cultivated in association shared the same Rhizobium etli strains,
with the bean plants probably constituting the source of inoculum for maize. The
interaction with the rhizobia increased the biomass of both crops, but in maize this
outcome might have been linked to mechanisms other than N, fixation, such as hor-
mone production. Rice inoculated with an Azoarcus sp. showed improved growth
regardless of colonization by the wild-type strain or with a mutant strain deficient
in the nitrogenase genes [3]. When spring wheat and maize were inoculated with
two different rhizobia and grown at various soil N levels, the two strains were effec-
tive in enhancing plant growth only at low and intermediate levels of soil N. The
authors suggest that plant growth-promoting hormones released by the bacteria
caused a better root development in inoculated plants that were able to absorb more
nutrients from the soil [100].

In general, diazotrophic bacteria associated with cereal roots often carry the
nitrogenase genes necessary for the fixation of atmospheric nitrogen, but the relative
enzymes are not always synthesized inside plant tissues. Furthermore, the amount
of fixed N provided to the plant is often negligible, due to low presence of diazotroph
bacteria or because bacteria use fixed nitrogen for their own growth [101]. The
nitrogenase enzyme cannot function in the presence of O,, so it may be desirable
to engineer free-living diazotrophic bacteria that are able to colonize plant tissues.
Other possible ways might be to increase the fixing bacteria population by engineer-
ing plants capable of exudating diazotroph favorable compounds or engineering
bacteria capable of providing the plant with higher levels of nitrogen [102].

Fox et al. [103] modified a Pseudomonas sp. genome by adding a gene cluster
with nitrogenase activity that improved the performance of wheat and maize by
fixing N,. This is an example of some of the approaches toward nitrogen-fixing
cereals, that is, plants capable of sourcing the N necessary for their growth from the
atmosphere via endosymbionts [104].

Farmers have benefited from the rhizobia-legume symbiosis for centuries, and
extending this characteristic to cereals would be a decisive benefit for modern agri-
culture, providing a continuous, ecologically, and economically sustainable source
of N to the most important crops.

5.3.2 Improvement of soil nutrient uptake

Despite the benefits PGPR impart on plant nutrient content, it is often unclear
if this improvement is related to an enhanced mineral uptake or if it is the result of
improved root system development in inoculated plants due to bacterial hormones
and/or enzymes [48].

Various bacterial strains are known to increase bioavailability of phosphorus in
soil, due to the mineralization of organic phosphate and solubilization of inorganic
phosphate. Some of the bacterial compounds linked to these two processes are
acid phosphatases and organic acids, respectively [105]. Phosphate-solubilizing
bacteria have been reported to improve the growth of maize [106], rice [107], and
wheat [108].

PGPR can also synthesize siderophores that are low-molecular-weight com-
pounds with high iron-binding affinity [109] that can complex with Fe (pre-
dominantly Fe*) in soil. The iron-siderophore complex is then assimilated by the
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bacterium using a complex-specific receptor [110]. This has various effects, it
depletes the soil iron supply, thereby preventing the growth of other potentially
pathogenic microbes, and, if the iron is then provided to the plant, it can directly
improve plant growth [48]. Furthermore, the bacterial nitrogenase activity and nif
gene expression are iron dependent [111, 112]; hence, the absorption of iron from
the soil enables diazotroph bacteria to convert atmospheric N, to a form that is
bioavailable for the plant.

PGPR can indirectly improve plant performance neutralizing the stress-related
hormones produced by the plant in poor soils. Wheat plants grown at various
levels of N, P, and K, showed increased grain yield and biomass production when
colonized by Pseudomonas spp., with the bacterial growth promotion being nega-
tively correlated with the amount of provided nutrients [97]. The authors ascribe
this outcome to bacterial production of ACC deaminase that decreased ethylene
levels produced by plants as a response to low nutrients levels, which impaired root
development in uninoculated plants.

Overall, plant growth promotion is ascribed to a combination of multiple
mechanisms. Egamberdiyeva [113] inoculated maize seeds with PGPR with nitro-
genase and/or IAA activity and grew them on two soil types with different nutrient
availabilities. Inoculated plants generally developed a higher root and shoot biomass
and had higher N, P, and K contents, the improvement being more pronounced in
plants grown on nutrient-poor soils. However, this study did not consider the pos-
sible interactions of inoculated strains with the native microbial populations that
may have affected the results.

In 2014-2015, out of 182 million metric tons (Mt) of consumed fertilizer, one
half was applied to cereals [14]. Cereals consumed more than one half of N fertil-
izers and more than one third of P and K fertilizers. As previously mentioned, these
amendments have both a high economical and environmental cost, as they can
cause soil degradation, pollution of water, and eutrophication. While developing
N-fixing PGPR is a task yet to be achieved in cereal agriculture, it is well docu-
mented how PGPR can improve the efficiency of nutrient uptake in crops. This can
occur by either increasing the bioavailability of nutrients in the soil or as a conse-
quence of better root development, resulting in better soil exploration.

6. Issues and perspectives

Cereal-PGPR interactions have been widely studied over the last few decades,
and the positive influence that they can have on plant growth is still being estab-
lished. However, the lack of consistency among different studies is still a concern,
highlighting that when multiple biological actors are involved, no generalizations
can be made. The same bacterial strain can be beneficial to a plant species and dam-
age another [114] or have no effects or even be detrimental for plant performance
when the growing conditions are optimal but become beneficial when growing
conditions worsen [2-4]. In two studies on maize and rice subjected to water defi-
ciency [90, 115], the beneficial effects of various bacterial isolates on plant growth
increased with the severity of the stress. Studying the interaction between PGPR
and gum rockrose (Cistus ladanifer), Solano et al. [116] hypothesized that a possible
explanation for this is that poor environments may impair the growth of indigenous
microbial communities, this way decreasing the competition for those microbes
that establish advantageous relationships with plants. Another possible explanation
is that when the main bacterial mechanism of plant growth promotion is providing
them with nutrients, the benefit might be limited in nutrient-rich soil, while it can
be significant in the case of limiting nutrients [117].
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The observed outcomes change particularly from laboratory and climate cham-
ber trials to more open setups such as greenhouses and field, in which bacteria
often fail to improve plant growth [37]. Most of the studies conducted so far on
the interaction between cereals and PGPR were performed in controlled environ-
ments, usually applying only one single stress at a time. While this is a necessary
compromise when starting to study this interplay, it often entails a significant
bias from realistic field environment [2], in which plants frequently face more
variable growing conditions and face multiple stresses at the same time, trigger-
ing unique responses in plants that are different from the sum of plant response
to stress applied individually [118]. So far, very few experiments have studied the
interaction between bacteria and crops under multiple stresses, but replicating as
accurately as possible real field conditions is an essential step for understanding and
exploiting the role of PGPR in agriculture. In addition to the more unstable growing
environment, another important variable added in field experiments is the interac-
tion with the native microbiota. Often inoculated bacteria in the field show lower
rhizosphere or root colonization than laboratory, climate chamber, and greenhouse
trials [119], in which the growth medium is usually sterilized at the beginning of the
experiment.

One of the hypotheses that can be drawn from the current literature is that the
origin of the inoculated bacteria is often a decisive factor for the interaction to
improve plant growth. Bacteria isolated from the same plant species used in trials
are more likely to play a beneficial role, probably due to the plant-specific exudates
that have a key role in the early phases of the interaction [100]. Similarly, bacteria
isolated from environments characterized as suboptimal (temperature in particular)
that are similar to the conditions and stress applied in plant trials may be more
beneficial than bacteria isolated from optimal conditions, delivering more benefits
to the plant, due to adaptations that allow the bacteria to be more competitive than
the native microbiota [72]. Unfortunately, inoculum used in trials may become less
effective due to continual cultivation in laboratory environments, and when plan-
ning a plant trial, this should be taken into consideration.

One of the problems facing commercialization of PGPR on markets is the
inoculation delivery method on plants. In the laboratory, a common method is dip
inoculation where seedling roots are immersed in bacterial culture and then trans-
planted into the growth substrate, but this approach is not feasible for annual cere-
als on the field scale. The on-field application of bacterial solutions after seedling
germination, while less laborious, still requires considerable equipment and techni-
cal knowledge. The most feasible way to apply PGPR on field is probably the use of
pre-inoculated seeds (this is already used for rhizobia-legume inoculation) allow-
ing farmers to bulk sow, relieving them from the inoculation step. When the seed
bacterial treatment is done immediately before germination, the required strength
of bacterial inoculum is typically smaller than in seedling treatments, but ideally
inoculants should survive long enough on seed coats to be present during germina-
tion; however, prolonged survival of microbial treatment on seeds is still a challenge
[120]. Moreover, inconsistencies between performances of seed inoculants are
often observed in different trials, and further research is required to address this
issue [121]. Utilizing vertical transfer of microbial endosymbionts in seeds may also
present a possible inoculation technology that has not been explored extensively
and may provide economic benefits to farmers [120] and could potentially mitigate
the problem of inoculum viability in seed coats. Recently, studies on bacterial
strains vertically transmitted in cereal seeds have shown promising plant growth-
promoting effects, likely linked to their ability to solubilize phosphorus, produce
hormones, siderophores, and ACC deaminase [122]. By exploiting the existing
interactions between plants and known seed endophytic bacteria or isolating new
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bacterial strains capable of inhabiting seeds for vertical transmission by crops, new
technologies may emerge that have large-scale economical applications.

During the last decades, selection of crops has been driven by increased pro-
ductivity in nutrient-rich environments, with scarce focus on the positive effects of
PGPR, and this trend might have led to the loss of plant traits associated with the
microbial interaction [5]. The identification and reintroduction of the genes associ-
ated with those traits might enhance the positive effects of PGPR, especially in poor
environments, and selecting plants that have superior interaction with rhizosphere
microbiota should be considered in plant breeding programs. Additionally, a more
immediate way to alleviate temperature stress could be to inoculate plants with
bacteria originated from hot-climate regions that as a consequence are more likely
to help their host to perform better in a warming environment [29, 72].

The interaction with microbes will gain more attention in the future, consider-
ing the effects of climate change, due to the microbial genetic plasticity compared
to plants. PGPR may evolve rapidly, developing efficient adaptation strategies to the
benefit of the plant host as well.
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Chapter 5

The Infection Unit: An Overlooked
Conceptual Unit for Arbuscular
Mycorrhizal Function

Yoshihiro Kobae

Abstract

Most land plant species have their roots colonized by arbuscular mycorrhizal
fungi (AMF). These symbiotic associations are often found in the roots of field
crops. The biological basis and practical significance of this symbiosis have been
extensively studied, and the molecular mechanisms underlying the initial coloniza-
tion process and the nutrient exchange between the host plant and the AMF have
been elucidated. However, developmental processes and turnover of elements of
the mycorrhiza, and the resulting changes in mycorrhizal function, are not well
understood. The enigmatic nature of the development-function relationship is
probably due to the short life span of the infection unit, which has largely been
overlooked in studies investigating mycorrhizal function at the macroscopic level.
This paper outlines the concept of the infection unit and functional expression
patterns in terms of the transient aspects of the micro-symbiont during its life cycle
in this symbiosis.

Keywords: arbuscular mycorrhiza, functional molecular markers, infection unit,
life cycle, live imaging

1. Introduction

The roots of approximately 95% of vascular land plant species, with the excep-
tion of some families (e.g., the Brassicaceae, Amaranthaceae, and Polygonaceae),
are colonized by symbiotic fungi which form a mutualistic relationship (mycor-
rhiza) with the host plant roots [1, 2]. Approximately 10% of vascular plant species,
mostly woody species, are colonized by ectomycorrhizal fungi, which belong to the
Basidiomycota, Ascomycota, and (less commonly) Zygomycota, and the fungal hyphae
grow extracellularly, forming a mantle of mycelium around the roots [3, 4]. Most of
the remaining mycorrhizal fungi, with the exception of family-specific mycorrhiza,
such as the ericoid or orchid-specific mycorrhizal fungi, colonize nonwoody plant
species and belong to the subphylum Glomeromycotina [3, 5]. This fungal group is
generally known as the arbuscular mycorrhizal fungi (AMF), because these fungi
form highly branched hyphal structure, known as arbuscules, in root cortical cells,
and spread intercellularly (Arum-type) or intracellularly (Paris-type) [6]. The for-
mation of arbuscules has been regarded as the unique morphological feature of this
symbiosis responsible for the nutrient (particularly phosphorus) exchange between
the host plant and the AMF [7]. Arbuscule formation occurs in parallel with the

67 IntechOpen



Root Biology - Growth, Physiology, and Functions

expression of a specific cellular system to allow the accommodation of AMF within
the root tissue and to achieve nutrient (e.g., phosphorus and nitrogen) uptake via
AMF mycelia [8, 9]. Genetic disruption of genes in the symbiotic system of model
plants (e.g., Medicago truncatula, Lotus japonicus, Oryza sativa) has revealed the
nutritionally beneficial relationships between plants and AMF [10-12].

AMF can also colonize thalli of the early nonvascular land plants, namely, the
liverworts and hornworts [13, 14]. Phylogenetic analyses indicated that symbiotic
genes are present in the genomes of these early land plants, with the functions of
the encoded proteins being conserved, suggesting that this symbiosis is phyloge-
netically widespread in plants [15]. AM symbiosis is beneficial for plants in relation
not only to nutrition but also to the mitigation of biotic and abiotic stresses (e.g.,
resistance to pathogens, tolerance of drought and toxic element stress, increased
biomass production, and secondary metabolite accumulation) [16-19]. Hence, the
functionality of AM symbiosis can influence the productivity and quality of crops.

The effects on the host plant of AM symbiosis are commonly investigated by
inoculation of the roots of the host plant with a (usually) single-species AMF in pot
culture. However, field-grown inoculated roots can harbor AMF species other than
the test AMF species, the functionality of which would not have been tested using
an inoculation test because not all AMF in the roots can sporulate [20]. In addi-
tion, not all AMF which colonize roots are active and functional [21, 22], and the
colonization process and the stability of the colonization by diverse AMF species
in the same field-grown roots are unclear [23]. Overall, under field conditions, the
functionality of AM symbiosis is probably based on unknown but highly dynamic
associations between plants and a diverse range of AMF species. To better under-
stand this complex association, in the current article, the colonization dynamics
of AMF species in roots will be discussed. To understand the functional unit of the
plant-AMF symbiosis, it is important to outline the concept of the colonization unit.

2. Latent colonization dynamics in arbuscular mycorrhizas

In 1905, an illustration by Gallaud showed that root cortical cells often contain
“clumps” of arbuscules (Figure 1) [24]. Subsequent morphological examination
of mycorrhizal roots at the cellular level suggested that this intracellular coloniza-
tion may be ephemeral [25-27]. Following this, morphometric studies, coupled

arbuscule

Figure 1.

Arbuscule has a short life span. Image of sunflower (Helianthus annuus) mycorrhizal roots grown in field
soil. 3,3'-diaminobenzidine (DAB) staining with hovsevadish pevoxidase (HRP)—Wheat germ agglutinin
(WGA) [65]. Bar = 50 um.
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with electron microscopy, calculated that the life span of an intact arbuscule in
several plant species was a minimum of 2.5 days [28, 29]. Such a limited life span
of the units of intracellular colonization by AMF can be generalized because
these arbuscule clumps have been observed in many plant species, including the
relatively primitive nonvascular plant, the liverwort [13]. Why does this mutually
beneficial association exhibit such short-lived units of intracellular colonization?
Unfortunately, our understanding of this phenomenon has not increased much
since the first observation of arbuscule clumps by Gallaud more than 110 years ago.
Advances in the forward and reverse genetic approaches available to decipher
the molecular mechanism for the AMF colonization process have shown that several
signaling mutants of model plants exhibited compromised AMF epidermal penetration
and altered chemical and cellular crosstalk in the initial stages between plants and AMF
[10, 30]. Recently, several mutant lines exhibited suppressed intraradical colonization,
forming prematurely senescent or stunted arbuscules [11, 31]. Some plant genes have
been implicated in the cellular process of arbuscule degeneration [32-35]. The degen-
eration process of arbuscules has also been shown to be related to colonization level,
illustrating the importance of arbuscule life cycle to the development of mycorrhiza.
In addition, live imaging of the green fluorescent protein (GFP)—symbiotic phosphate
transporter (PT11) fusion protein in the roots of mycorrhized rice seedlings—also
revealed the limited life span of the units of intracellular colonization, in which the
rapid collapse of arbuscules was observed [36]. The mechanism of mycorrhization,
coupled with such a short life span of the individual colonization unit, has been
addressed by continuous (long-term) live imaging of the symbiotic marker secretory
carrier membrane protein (SCAMP) [37], where successive de novo colonizations
underlie AM development (SubSection 2.2). These findings emphasize the importance
of the life cycle of colonization when we consider the dynamics of AM functionality.

2.1 Concept of the infection unit

In soils, there are many different AMF species, and no strict host-AMF specific-
ity has been observed [38, 39]. Accordingly, under field conditions, co-colonization
of the same root by multiple AMF species can occur [2]. It is likely that the func-
tionality of these diverse AMFs is not the same, and colonization by each AMF may
last only a short time. Therefore, to correctly characterize the functionality of field
mycorrhizas, the colonization process, the dynamics, and the functionality of the
diverse AMFs in the roots need to be understood.

When the fungal spore germ tubes approach the root surface, chemical crosstalk
occurs between the roots and the AMF hyphae, triggering the molecular and cel-
lular remodeling process necessary for hyphal entry into the roots [11]. Coinciding
with this pre-symbiotic crosstalk, AMF hyphae around the roots are often highly
branched, giving rise to a characteristic cascade-like mycelium, composed of lateral
branches [2]. Several plant mutants exhibiting disruption of the early signaling
process fail to allow hyphal penetration of the epidermal layer [10, 11], suggesting
the importance of this initial mutual recognition process.

After hyphopodia are formed, hyphae penetrate the rhizodermal layer and grow
longitudinally in the root cortex. Short branches from the longitudinally extending
hyphae penetrate the cortical cell walls and branch dichotomously in the cell lumen to
give rise to arbuscules. Importantly, the maximum elongation in the cortex of hyphal
structures derived from a single or a few hyphal penetrations of the epidermis are
reported to be up to 20 mm [2]. In rice seedlings, however, the maximum elongation
in the cortex of hyphal structures derived from the entry point is only 0.5 mm [37]. In
general, the area occupied by each colonization unit derived from a single epidermal
entry is difficult to recognize, because intraradical hyphae derived from different
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entry points immediately overlap one another to form a larger colonization area within
the cortex. The rates of growth of intraradical colonization are reported to range

from 0.13 to 1.22 mm/day [2]. In the live imaging of mycorrhizal rice roots, the rate
varied from 0.42 to 1.68 mm/day [36]. Although the maximum length of intraradical
colonization derived from one or a few penetrations varied greatly among studies,
these independent colonies of mycelia are called the “infection unit” (Figure 2) [25].

2.2 Development and functionality of mycorrhizas: an infection unit-based view

The development of the mycorrhiza and the dynamics of the infection unit are
tightly linked processes during mycorrhization. It is also likely that the functionality
of mycorrhiza in the field is also variable, depending on the functionality of the infec-
tion unit that is derived from different AMF species. Live in situ imaging revealed
that multiple infection units overlap to form a larger infection (“colonized region”)

A - IU: infection unit

B Spore

arbuscule
hyphﬂﬂﬁdium
) colonized region }

Figure 2.

Thge relationship between infection unit and mycorrhizal development. (A) Image of Lotus japonicus

seedlings grown in field soil taken at 14 days post plantation. 3,3"-diaminobenzidine (DAB) staining with
horsevadish peroxidase (HRP)—Wheat germ agglutinin (WGA) [65]. Bar = 200 um. (B) Model diagram of
mycorrhigation process. AMF spores germinate in the soil, and germ tubes approach the root surface and form a
hyphopodium. The young infection unit, comprising an internal mycelium arising from one hyphal entry, grows
and develops new arbuscules at the infection fronts. In many cases, new infection units develop immediately
adjacent to established infection units. Colonized regions that were bound by two infection fronts, comprising
intercellular and intracellular hyphae, develop through the successive formation of infection units. Arbuscules
collapse from near the hyphopodia as a result of their short life span.
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within a few days [36, 37, 40], making the delimitation of each infection unit experi-
mentally difficult. Coupled with the difficulty of differentiating between different
AMF species in the roots, using morphological or molecular approaches [41, 42], the
dynamic process of mycorrhization has probably hampered progress in character-
izing the infection unit-based functionality of field mycorrhizas. Live imaging of

rice mycorrhizal roots revealed that the expansion of the colonized region occurs in
concert with successive de novo formation of multiple infection units (Figure 2) [37].

However, a better understanding of the dynamics of the mycorrhization process
depends substantially on the quality and the ease of imaging of the hyphae within
the roots. Traditionally, cytological studies of the colonization process have been
performed with chemical staining of fixed (i.e., dead) AMF structures or in situ
visualization of their enzymatic activities. In recent studies, however, imaging of
non-fixed root samples by means of fluorescent molecular markers of the symbiotic
process has been used to improve our understanding of colonization dynamics at
the cellular level. As many parts of the molecular mechanism implicated in AM
symbiosis are common to nodule symbiosis, several molecular markers are avail-
able in the model legume plants, M. truncatula and L. japonicus [30]. However, live
imaging of mycorrhizas in model legumes by means of fluorescent markers is dif-
ficult due to the presence of highly autofluorescent materials in the root tissue and
the presence of thick (multiple) cortical cell layers that decrease transparency [43].
Such poorly transparent root tissues are not particularly useful for macroscopic
imaging of the dynamics of the infection unit.

Rice (O. sativa) is commonly grown in paddy fields, where it is rarely colonized
with AMF. However, rice roots are colonized with AMF under semidry conditions.
The root systems of leguminous species have cambium, and the diameters of pri-
mary and lateral roots are generally uniformly large. On the other hand, grass roots
do not have cambium, and lateral roots are smaller in diameter than the primary
(crown) root. In rice seedlings, lateral roots with a few cortical layers are the main
site of AMF colonization, and the average diameter of roots is less than 200 pm [36,
44]. In addition, the concentrations of autofluorescent root materials are quite low,
and some symbiotic molecular markers are available for live imaging [36, 37, 45].

Transcriptome analysis of mycorrhized rice roots revealed that an AM-specific
marker gene of rice, AM42, which encodes a SCAMBP, is specifically expressed in
mycorrhized roots [46, 47]. A GFP-tagged SCAMP protein was localized in the
endomembrane systems of colonized cells and even in cells with collapsed arbuscules,
allowing live imaging, coupled with GFP-SCAMP, to evaluate the colonization and
recolonization sequences. Live imaging of GFP-SCAMP revealed that the average life-
time of intact arbuscules was 1-2 days. Cortical cells with collapsed arbuscules were
rarely recolonized, whereas new colonizations occurred in close proximity to cells con-
taining collapsed arbuscules, contributing to the expansion of the colonized region.
Collapsed arbuscule-containing cells are intact [2]; however, colonization spread read-
ily into an uncolonized region of roots but sparsely into a previously colonized region,
suggesting that successive formation of new infection units is required for continuous
mycorrhization [37, 48]. It is unlikely that the collapse and the presumed digestion of
arbuscules play a significant role in nutrient transfer from fungus to plant [2].

The concept that mycorrhization is linked to the successive formation of infec-
tion units is supported by the observation that decreased hyphopodium formation
leads to decreased mycorrhization. Under low-phosphate conditions, roots secrete
strigolactones (SLs), which are carotenoid-derived phytohormones. A chemical
analog of SLs, GR-24, activated mitochondrial respiratory activity and facilitated
hyphal branching of Gigaspora margarita or G. rosea under in vitro conditions
[49-51]. In SL biosynthesis-defective rice mutants, the hyphal branching of a model
AMTF, Rhizophagus irregularis, around the roots (rhizospheric hyphal branching) was
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Fungal cell wall Metabolic activity
staining staining

Figure 3.

N(;gt all infection units revealed with fungal cell wall staining are metabolically active. Roots colonized with
native AM fungi in field soils were subjected to cell wall (chitin) staining and vital staining to detect the
presence of AMF and metabolically active AMEF, respectively [60]. Vital staining, which histochemically
visualizes the activity of succinate dehydrogenase (SDH), a tricarboxylic acid cycle enzyme in AM fungi,
using the veduction of nitroblue tetrazolium (NBT) into insoluble formazan, detects metabolically active
colonization [66]. The number of infection units detected by vital staining was lower than that determined by
cell wall staining. In this analysis, vice (Oryza sativa L.) was used as the host plant because (i) the morphology
of the development of infection units is well understood [36, 37]; (ii) active infection units varely coalesce

in roots [37], probably due to the small number of cortical cell layers [67, 68]; and (iii) the vital staining is
convenient for detecting a single infection unit [36, 44].

normal [48]; however, in the SL biosynthesis-defective mutants of pea, tomato, and
rice, the percentage root length colonization was significantly reduced [52-55]. In
the rice SL biosynthesis mutants, the formation of the hyphopodium was delayed,
compared with the wild type, but intraradical colonization was normal, indicating
that the early formation of infection units, initiated by timely hyphal entry into
epidermal cells, is necessary for the normal development of a colonized region [48].
In the field, multiple AMFs, from different species, can co-colonize roots, with
multiple AMF species being detectable in only a 1-cm-long root fragment [56].
Thus, field roots can be regarded as a mosaic of the various functionalities of the
different AMFs [57]; alternatively, only a portion of the AMF infection unit colo-
nizing the roots may temporarily contribute to particular functions in response to
specific environmental conditions [58]. However, the dynamics of the functionality
of the respective AMFs in field roots have been little studied. Abiotic and biotic fac-
tors may influence the AMF composition, at least over a long time period [59], but
the short-term effects of such environmental factors may also influence the vari-
ous active (functional) AMFs as well as the functionality of the mycorrhiza as an
entirety under field conditions. For example, not all infection units containing fine-
branched arbuscules in roots grown in field soils are metabolically active (Figure 3)
[60]. Further study will be needed to understand the functional dynamics of field
mycorrhizas by considering infection unit-based colonization dynamics.
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3. Conclusion

Our understanding of the molecular mechanism underlying the plant nutrient
uptake system has been greatly advanced by the use of molecular studies and genet-
ics. These studies have been based almost entirely on the plant alone. However, the
plant nutrient uptake system is largely dependent on the largely undiscovered func-
tionalities of diverse soil microorganisms. Roots of plants in the field are generally
colonized with a range of different AMFs, but the functionality of these individual
species is largely unknown. In addition, the genetic structure of AMF is quite enig-
matic [41]. Recent studies into single-nucleus sequencing of some AMF culture lines
demonstrated the presence of not only homokaryons but also dikaryons and hetero-
karyons [61, 62]. Furthermore, long-read whole-genome sequencing of R. irregularis
DAOM197198 indicated that the genome contained 10 different rDNA sequences that
were scattered (i.e., non-tandem repeats) around the chromosome [63]. These find-
ings mitigate against the use of rDNA sequences to identify individual AM species in
field AMF infection units, as a one-to-one relationship may not be applicable to the
rDNA sequences and the genetic identities of the individual component species.

As mentioned before, AM infection units have a short life span and collapse
within a few days, at least in the live imaging of rice seedlings [36, 37]. The develop-
ment of mycorrhizal roots is associated with the turnover and de novo colonization
by new AMFs, providing the opportunity to allow different AMF species to colonize
the roots, depending on the context (environmental factors, plant growth stage,
nutrition, etc.). Accordingly, field mycorrhizal roots can comprise multiple func-
tionalities with different AMF species.

Plant breeding programs are not able to select for the genomic properties of
plants adapted to all field conditions (soil type, water content, nutrient level,
climate, etc.). On the other hand, plant roots closely interact with the native fungal
partners that may have genetically recorded beneficial traits for adapting to the
local environment. The specific phenotype (functionality) of native AMFs may be
conferred by accessory genes that are not shared by all members of a species [64].
However, due to the complexity of the genetic basis of AMF individuals, it is dif-
ficult to understand which AMF genes are really functional in the roots. In a model
plant (e.g., rice), the thin root cortex would allow us to isolate the genetic informa-
tion of AMF individuals in the form of the infection unit. Furthermore, rice roots
are technically suitable for detecting metabolic activities by means of vital stain-
ing. Furthermore, transgenic rice producing fluorescent molecular markers (e.g.,
phosphate transporter, GFP) is available to assess the functionality of the AMFs in
situ. Thus, future studies should focus on the functionality of field AMF individu-
als, with emphasis on the genetic information and the dynamic functionality.
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Salted Radish Root Biology during
Food Processing

Hiroki Matsuoka, Kei Kumakura, Taito Kobayashi,
Wataru Kobayashi and Asaka Takahashi

Abstract

White radish root (daikon) is an important vegetable in Japanese food culture
and has spawned the development of various cooking and processing methods.
takuan-zuke is the major processed food derived from daikon. Takuan-zuke is
prepared by the dehydration of the root using a salt-press or a weighted stone, or
by sun-drying, followed by salt-aging using salt or salted rice bran. The color of
takuan-zuke changes to yellow during salt-aging. We determined the effects of
dehydration and salt-aging on the metabolism of daikon using takuan-zuke. In
the yellowing reaction, the generation of daikon isothiocyanate was significant,
requiring a temperature of >10°C and pH >5. The color change of the sun-dried
takuan-zuke was the most significant. Moreover, we investigated the nutritional
characteristics of takuan-zuke. In the sun-dried daikon, metabolism progressed
for 3 weeks during drying, with increase in the concentrations of y-aminobutyric
acid (GABA) and proline as well as drying stress metabolites. In the salt-pressed
daikon, GABA concentrations temporarily increased due to osmotic stress but
then decreased on metabolic inhibition by salt permeation. In addition, no change
in the concentration of proline was observed under salt-press conditions. The
results showed a marked difference between the stress response of the living and
processed root.

Keywords: salted radish root, takuan-zuke, Tsukemono, isothiocyanates, metabolome
analysis, GABA

1. Introduction

Daikon (Japanese white radish, Raphanus sativus L. var. longipinnatus Bailey)
is an important vegetable in Japanese food culture (Washoku). The literal transla-
tion of daikon to English is big (or giant) root. In Japan, the weight of one root is
1.5-2 kg. Daikon is an indispensable ingredient of Washoku and has been used in
salads, simmered dishes (Nimono), pickles (Tsukemono), and in the form of grated
radish root (Daikon oroshi). In Japan, pickled daikon (salted radish root), which
has been salt-aged for several months with salt or salted rice bran, is called takuan-
zuke. It is presumed that the original form of takuan-zuke was made over 300 years
ago. Currently, takuan-zuke is made by dehydrating raw daikon by sun-drying or
salt-pressing followed by aging with salt or salty bran. The amount of salt and the
length of salt-aging are dependent on the shipping time. With the modernization
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Table 1.
Volatile isothiocyanates in Japanese vadish roots [1]. Relative data was obtained by gas chromatograph with a
flame ionization detector [1]. Symbols: +, <1%; ++, <1-5%; +++, 5~10%; +++++, >70%.

of pickles, the term “Genboku” refers to aged takuan-zuke, while low-salted
radish roots stored at low temperatures in seasoning liquid are currently known as
takuan-zuke. In Japan, takuan-zuke is a representative pickle, eaten as a side dish
to steamed rice (Gohan), while in Europe and the United States, pickles are used as
ingredients for cooking.

The flavor of raw daikon and its processed products is derived from a
characteristic, pungent chemical component [1]. As shown in Table 1, this
component, 4-methylthio-3-butenyl isothiocyanate (MTBITC), is formed by
the enzymatic conversion of glucoraphasatin (GRH), which is a glucosinolate
(GSL), by myrosinase (Figure 1). Isothiocyanates (ITCs) act as protective
agents against pests in plants. In processed radish roots, such as takuan-zuke,
MTBITC contributes by imparting its characteristic flavor and color [2-4].
Nakamura et al. reported the presence of 37-420 pmol/100 g of MTBITC and
280-1270 pmol/100 g of GRH in raw radishes, based on analysis results from a
total of 83 samples from 7 varieties [5].

Owing to their antimicrobial properties, naturally occurring GSLs and ITCs
have been studied for a long time, with 132 types identified by 2011 [6-9].
Recently, the role of ITC in human redox regulation and the activation of detoxi-
fication enzymes which act against carcinogens have been studied [10, 11]. It has
also been reported that the phototropism of radish hypocotyls promotes myrosi-
nase gene expression, leading to MTBITC production in the illuminated side of
the plant [12, 13]. Increased MTBITC has been shown to induce expression of a
heat shock protein that increases the heat resistance of the plant [14]. In shredded
cabbage, allyl isothiocyanate (AITC) has been shown to inhibit browning, ethyl-
ene production, and respiration [15]. Furthermore, downregulation of phenylala-
nine ammonia-lyase gene expression by AITC treatment has been observed [16].

However, ITCs are unstable in aqueous solution, and their retainment in
processed foods with long shelf lives is difficult. Specifically, the degradation of
MTBITC is faster than other ITCs and is completely gone within a few hours in
processed Daikon oroshi (grated radish) [17, 18].
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Figure 1.
Pathway of yellowing reaction of radish isothiocyanate.

We present a study of the multistep mechanism of white daikon to yellow
takuan-zuke during the process of pickling. This process has shown to induce
secondary metabolism in the radish leading to accumulation of hypotensive factor,
y-aminobutyric acid (GABA). We also show that intake of takuan-zuke, containing
GABA, is effective in hypertensive model rats. Therefore, our study provides useful
information to both consumers and pickle manufacturers.

2. Yellowing mechanism of salted radish root (takuan-zuke)

For takuan-zuke production, dehydration of the raw radish is required as a
pre-treatment process. This process destroys the cells and tissues of the plant and
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activates isothiocyanate production. The yellow-color change of takuan-zuke is the
result of a four-step reaction (Figure1).

Step 1: Physical damage to plant cells and tissues by osmotic shock or stone
weight activates the myrosinase reaction to generate MTBITC from GRH.

Step 2: MTBITC is converted to 2-thioxo-3-pyrrolidinecarbaldehyde (TPC)-
releasing methanethiol due to high reactivity with water molecules [17, 19].

Step 3: The aldehyde group of TPC and the amino group of tryptophan, which
is produced by microorganisms or self-maturation in the fermentation process, are
condensed by the Pictet-Spengler reaction and converted to 1-(2-thioxopyrrolidine-
3-y1)-1,2,3,4-tetrahydro-p-carboline-3-carboxylic acid (TPCC) [2, 20]. This reac-
tion occurs under acidic pH conditions.

Step 4: The ring structure of TPCC is cleaved to form a yellow pigment,
2-[3-(2-thioxopyrrolidin-3-ylidene) methyl]-tryptophan (TPMT). This reaction can
occur under either weakly acidic or neutral pH conditions [21].

Steps 1 and 2 occur during the dehydration process. TPC, which is a major degra-
dation product of 4-methylthio-3-butenyl (MTBI), is an important intermediate. In
Daikon oroshi, the MTBI produced is rapidly converted to TPC, with the conversion
rate reaching 85% after 2 hours [17]. In takuan-zuke, the radish turns yellow, with-
out browning, by passing through this reaction pathway. Therefore, the yellowing
reaction is an indicator of the degree of salt-aging.

2.1 Behavior of yellow pigment and related components during the
salt-aging process

We prepared sun-dried and salt-pressed takuan-zuke under normal-
temperature conditions (02 months at 5°C, 2-4 months at 10°C, and 4-8 months
at 20°C) and low-temperature conditions (0—8 months at 5°C). The salt-aging
conditions of takuan-zuke were as follows: sun-dried normal-temperature (DN)
takuan-zuke, sun-dried low-temperature (DL) takuan-zuke, salt-pressed normal-
temperature (SN) takuan-zuke, and salt-pressed low-temperature (SL) takuan-
zuke. After 8 months, the salinity of the DL and SL samples was 8-9%, and the
salinity of DN and SN samples was 15-16%.

Figure 2 shows the yellowing of DN samples. The effect of pH on the TPCC/
TPMT yellow-color change reaction of the long-term salt-aging process was
analyzed over time (Figure 3). The yellow pigment, TPMT, was produced at
9 + 3 pmol/kg after 4 months of salt-aging and reached 63 pmol/kg after 8 months
in the DN sample. Although the other samples did turn yellow, compared to the DN
sample, they had smaller amounts of TPMT.

The pH of the DN sample was maintained at >5, while the other samples
became acidic during the salt-aging treatment. It was suggested that the pH of
the sample during salt-aging contributes to the yellowing reaction. However,

- %
o

] 1 2 4 6 ]

Figure 2.
Yellowing of sun-dried normal-temperature takuan-zuke (DN). Zero number indicated sun-dried daikon,
other numbers indicate salt-aging time (months).
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Figure 3.

Change in pH value and concentration of yellow pigment and related components in takuan-zuke. pH value
of the brined liquid during the salt-aging process. ®, salt-pressed normal-temperature takuan-zuke (SN); O,
salt-pressed low-temperature takuan-zuke (SL); o, sun-dried normal-temperature takuan-zuke (DN); o,
sun-dried low-temperature takuan-zuke (DL).

it is unclear what role the reaction has on the radish itself. It is reported that
TPC has biological functions in humans, including antibacterial activity against
food poisoning and cariogenic bacteria and antimutagenic activity against
carcinogenic heterocyclic amines [22, 23]. Recently, TPCC and TPMT, which
increase with salt-aging, have also been revealed, in our research to have anti-
oxidant activities [24], thereby enabling elucidation of the health benefits of
takuan-zuke.
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3. Metabolomic analysis of salted radish root (takuan-zuke)

Recently, metabolomic analyses involving nuclear magnetic resonance and mass
spectrometry have been introduced in the field of food science [25, 26]. Metabolomic
analysis enables determination of features by performing comprehensive instrumen-
tal and multivariate analyses on a metabolite at a specific moment in time. In the fields
of agronomics and food science, it is used for the determination of characteristic
secondary metabolites through analysis of variations in different varieties of samples
during cultivation, storage, and processing. A mass spectrometer is nonessential, as
it is possible to perform multivariate analysis on results obtained from a conventional
detector. A description of the application of the latter method to the metabolomic
analysis of takuan-zuke can be found in our previously published study [27].
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Figure 4.

Mgltivariate analysis of all takuan-zuke groups. (a) PCA scove plots generated using all samples. (b) PCA
loading plots from all samples. SN, salt-pressed normal-temperature takuan-zuke; SL, salt-pressed low-
temperature takuan-zuke; SB, salt-pressed low-temperature takuan-zuke with rice bran; DN, sun-dried
normal-temperature takuan-zuke; DL, sun-dried low-temperature takuan-zuke; DB, dried low-temperature
takuan-zuke with rice bran. Numbers indicate salt-aging time (months).
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Past research of daikon has focused on its characteristic, pungent flavors. Therefore,
we focused on hydrophilic components including amino acids, organic acids, and sugars
that were different from those of the pungent flavor. We examined the differences
between salt-pressed and sun-dried takuan-zuke, conventional high-salt normal-tem-
perature storage and more recent low-salt low-temperature storage, and the influence of
rice bran during salt-aging using the metabolomic analysis method.

We analyzed the components over time in the salt-pressed and sun-dried
takuan-zuke for 8 months under the conditions of normal temperature (high-salt),
low temperature (low-salt), and low temperature (low-salt, rice bran). In takuan-
zuke prepared in 2010, amino acids (glutamine and GABA), organic acid (malic
acid), sugars (glucose and fructose), and free fatty acids (a-linolenic, palmitic, and
linoleic acid) were detected as major components. Principal component analysis
(PCA) shows that the differences in the components of each takuan-zuke depend
on the method of dehydration applied (Figure 4a). The results of the PCA loading
plot show components such as sucrose, proline, and GABA were detected in the first
quadrant of Figure 4b which corresponds to sun-dried takuan-zuke. In addition,
fructose and glucose were detected in the fourth quadrant, which corresponds to
raw daikon. However, no characterization of salt-pressed takuan-zuke was found.

Plants under osmotic stressors such as salt and dryness promote the synthesis
of proline, a low-toxicity, and compatible solute for water retention [28, 29]. In the
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Figure 5.

Time-dependent changes in metabolite concentrations. The x axis denotes processing time (months), and the
y axis denotes concentration (mg/g of dry weight, mean + SD). Zero time denotes the start of salt-aging for
dehydration. Symbols denote the following: o, DN; o, DL; A, DB; e, SN; B, SL; A, SB.
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Time-dependent changes in concentrations of metabolites related to Glu and GABA. The x axis denotes processing
time (months), and the y axis denotes concentvation (mg/g of dry weight, mean + SD). Zero time denotes the start
of salt-aging for dehydration. Symbols denote the following: o, DN; O, DL; A, DB; o, SN; B, SL; A, SB.
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Time-dependent changes in concentration of metabolites related to BCAA. The x axis denotes processing time
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sun-dried takuan-zuke samples, concentrations of sucrose and proline increased
significantly with processing time. In the salt-pressed radish samples, it was sug-
gested that metabolic rates decreased due to the mechanical pressure and osmotic
dehydration treatments imposed upon the raw daikon. This dehydration process is
called shio-goroshi among Japanese manufactures.

Figures 5-7 show analyses of carbohydrate, Glu-GABA, and BCAA composition
in the form of metabolic maps. Under both dehydrating conditions, branched-chain
amino acids (Val, Leu, Ile), GABA, and other minor components with known
functionalities tended to increase with processing time. Furthermore, free poly-
unsaturated fatty acids and pyroglutamic acid increased with salt-aging time. In
salt-aging samples treated with rice bran (SBs and DBs), niacin, glutamic acid, and
acetic acid, derived from the rice bran, were found to be dependent on salt-aging
time rather than the method of dehydration when under the same temperature
conditions (data not shown).

The above reactions are significant for sun-dried takuan-zuke, relating to its
yellowing reaction tendency. The concentration of total metabolites in the sun-
dried samples is higher than those of salt-pressed takuan-zuke. This shows that
in the sun-dried takuan-zuke, it is not the simple effect of drying but the induced
secondary metabolic reaction from dehydration that affects the metabolism of the
functional components.

4. GABA accumulation during daikon dehydration

Plants accumulate GABA in their cells when they are subjected to physicochemical
stressors. This is because the proton-consuming glutamate decarboxylase (GAD) reac-
tion is activated to prevent acidification in cells due to stress, and the pH is simultane-
ously neutralized with GABA production [30, 31]. This pathway is called “the GABA
shunt” and involves synthesis of glutamate from a-ketoglutaric acid, an intermediate
of the tricarboxylic acid cycle (TCA), to the synthesis of GABA by the GAD reaction.
Following the removal of the stressor, succinic acid is further synthesized by GABA
transaminase (GABA-T) and succinic semialdehyde dehydrogenase (SSADH) and
enters the TCA cycle. Bown reported that the metabolism of glutamate to succinate via
the GABA shunt is energetically less favorable than it is via the TCA cycle [32].

The dehydration treatments imposed by salt and weight are strong stressors
on vegetables. As a result, they are convenient for activating GABA synthesis with
simultaneous inhibition of GABA metabolism. Since our metabolomic analyses of
takuan-zuke (Section 2) demonstrated an increase in GABA production, we further
studied Glu-GABA during dehydration [33].

4.1 Effects of dehydration processes on GABA concentration and GAD activity

The GABA content of raw daikon harvested in 2013 was 0.28 + 0.01 mg/g, which
increased to 4.9 + 0.0 mg/g (DW) with salt-pressing treatment and 9.1 + 0.1 mg/g
with sun-drying treatment; the substrate glutamate decreased (Figure 8). In gen-
eral, the GABA content of Japanese radish differs from harvest year to harvest year
due to various factors such as weather, temperature, and soil moisture. Analysis
of raw radish from 2012 to 2015 revealed a negative correlation between GABA
and the glutamate content (y = —0.429x + 3.14, 7 = 0.884). It also seemed that the
GABA content fluctuated with postharvest storage conditions. Therefore, all daikon
samples were frozen within 8 hours of their harvest.

For the salt-pressed daikon samples, GABA production reached a plateau
2 days after salting. In contrast, in the sun-dried daikon samples, GABA synthesis
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continued for 3 weeks. The pH values of the sun-dried daikon samples remained
between 6.0 and 6.5, while those of the salt-pressed daikon samples decreased

over time.
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Figure 8.
Time-dependent changes of GABA, Glu, and pH during dehydration process. Symbols denote the following:
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Time-dependent changes of GABA, Glu, and pH during dehydration process.
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Figure 11.
Distribution of GABA and GAD in dehydrated radish roots. DR, sun-dried vadish after 2 weeks; SR, salt-
pressed radish after 2 weeks.

Regarding GAD activity, which is involved in GABA synthesis and pH control,
the fresh radish had the highest activity, and activity decreased with dehydration
treatment time. The enzyme activity decreased gradually with the sun-drying treat-
ment, while it decreased rapidly with the salt-pressing treatment (Figure 9). From
these results, it was suggested that the glutamate biosynthesis pathway of glutamine
is maintained during sun-drying and the GABA synthesis reaction is maintained. It
was also revealed that the addition of high amounts of salt inactivated GAD activity,
reducing its pH control function.

We prepared GABA-enriched takuan-zuke with the addition of monosodium
glutamate (MSG) at the start of salting. As aresult, not only GABA concentration
in the salted radish increased but also that in the brine (Figure 10). The penetration
rate of MSG into the radish root is slower than that of NaCl. Thus, GABA, which
was converted from MSG in the brine, penetrated into the radish root depending
on the concentration gradient. Ueno et al. isolated high-GABA-producing lactic
acid bacteria from Senmaizuke, a traditional Kyoto pickle [34]. In takuan-zuke, it
is expected that a high-GABA-producing lactic acid bacterium is activated by MSG
addition.

4.2 Distribution of GABA concentration and GAD activity in dehydrated
radish roots

The distribution of GAD in radish samples was relatively high in the upper root
portions, including the base and outer vascular cambium (Figure 11). There was no
correlation found between residual GAD activity and GABA production. It has been
reported that myrosinase, an enzyme involved in MTBITC synthesis, is localized
to the epidermis and cambium, and its activity ratio is reported to be 19-fold [35].
The lack of GAD localization showed that the system responding to environmental
stressors is functional entirely at the base and root.
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5. Conclusion

Takuan-zuke, which is a fermented food, changes the microflora such as lactic acid
bacteria and yeast during salt-aging. However, it was not possible to find a dynamic
chemical change contributing to microbial fermentation, because the chemical
changes derived from the endogenous radish component are large. Kato reported that
the presence of long-term-salt-aging-activated Debaryomyces hansenii, which is a halo-
tolerant yeast; consumption of lactic acid; and generation of ammonia from amino
acid during fermentation suppress the decrease in pH [36]. This is presumed to be the
reason why the pH of sun-dried normal-temperature takuan-zuke (DN samples) was
maintained. The pH condition was optimal for the yellowing reaction.

Recently, taste research studies have revealed that GABA, which in the past had
been considered tasteless, affects other tastes. It has also been shown that GABA has an
enhancement effect on salty taste [37, 38]. We reported that the intake of takuan-zuke,
containing GABA antihypertensive factor, improves renal function and suppresses
blood pressure elevation in hypertension model rats [39]. The report also revealed that
antihypertensive effects are high in salt-pressed takuan-zuke, which has low GABA
content. These results suggest the presence of another antihypertensive factor, different
from GABA. In particular, GABA production by simple pickle processing seems to be
the key to developing future pickles in terms of both taste function and health benefits.
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