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Preface

All living organisms require nitrogen. It is an essential element and is placed next to carbon
for its requirement and great value throughout the plant life cycle. It is an important and
crucial constituent of various amino acids, proteins, nucleotides, chlorophyll, cofactors,
enzymes, vitamins, secondary metabolites, and growth hormones. It should be noted, that
although nitrogen is present/abundant in the atmosphere, plant can’t utilize it directly.
Nitrogen has to be converted first to an usable form for its assimilation to occur. In this
context, nitrogen cycle plays an important role in interconversion of various nitrogen forms.
For instance, lightening, ammonification, nitrification, denitrification, nitric oxide oxida-
tion, nitrate reduction, nitrite reduction, NOx emissions, bacterial nitrogen fixation via
symbiosis, and free living organisms play a role in the operation of nitrogen cycle.

Since nitrogen (N) is important for plant growth. N deficiency can cause damage to
growth, photosynthetic and reproductive ability, can ultimately affect the yield stability, and
can also greatly affect the plant resistance against several biotic and abiotic stresses. The
response of plants to utilize the supplied nitrogen should be taken into consideration while
determining the amount of fertilizer applied. Several parameters, such as volatilization,
denitrification, leaching, and soil erosion, play role in reducing or depleting N levels in
soil. In the current situation of N deficiency, the use of synthetic nitrogen fertilizers has
dramatically increased to meet N demand for crop productivity. But the increasing N
fertilizer application can also increase nitrogen oxide emissions that can primarily cause
ozone pollution and contribute towards increase of green house gases. Increasing nitrogen
use efficiency (NUE) can greatly improve plant productivity and fight against stress condi-
tions and reduce NOx emissions. Generations of cultivars with high NUE through breeding
approaches and genome editing can also greatly aid in sustainable plant productivity.
Leguminous plants have evolved mechanisms to associate with nitrogen-fixing bacteria.
The fixation of atmospheric nitrogen into ammonia by legumes helps them to obtain
sufficient nitrogen for their growth and development. Studying nitrogen metabolism is
essential for understanding plant growth, development and stress. In this Methods in
Molecular Biology series, several aspects of nitrogen metabolism are covered. This book
covers topics on nitrogen metabolism ranging from nitrogen uptake to assimilation.

Plant nitrogen assimilation involves a series of steps. Once nitrate is absorbed by the
roots, it is transported to other parts of the plant via well-efficient transport system. Once
nitrate is transported inside the cell, nitrate reductase converts nitrate to nitrite in cytosol,
and subsequently, the produced nitrite is reduced to ammonia by nitrite reductase present in
chloroplasts or plastids. Then, the produced ammonia is assimilated in to various pathways
via GS/GOGAT cycle. The important enzymes, such as nitrate reductase, nitrite reductase,
glutamine synthase, GOGAT, glutamate dehydrogenase, and alanine amino transferase, are
explained in the chapter by Kishorekumar et al. Nitrate reductase is a crucial enzyme. It plays
a role in the reduction of nitrate to nitrite. The same enzyme also plays a role in the synthesis
of nitric oxide, which is an important signal molecule involved in various plant growth and
developmental processes. Wany et al.’s chapter describes the measurement of NR activity,
nitrite, and NO.NR becomes active under certain conditions such as low pH, hypoxia, light,
etc. The measurement of NR under these conditions is well explained by Bulle et al. NO
reacts with protein and causes a modification called S-nitrosylation, which takes place when
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NO reacts with the sulfhydryl group (–SH) of cysteine residues of proteins or peptides. This
reaction leads to the production of S-nitrosothiols (SNOs). This NO-mediated PTM is
known to play an important role in signaling. The measurement of S-nitrosothiols is
explained by Mioto et al. S-nitrosoglutathione reductase (GSNOR) is a key enzyme regulat-
ing intracellular levels of S-nitrosoglutathione (GSNO) and protein S-nitrosothiols. Janku
et al. using spectrophotometric measurements and activity staining in native polyacrylamide
gels, describe the measurement of GSNOR in plants. Themeasurement of gene expression is
important to study the regulation of nitrogen metabolism; Bulle et al.’s chapter describes
detailed procedures for the measurement of various genes and their modulation under stress
conditions. Determination of activities of glutamate dehydrogenase and of the GABA shunt
enzymes as the markers under elevated CO2, temperature increase, flooding, and other
stresses. The detailed procedures are explained in the chapter by Eprintsev et al.

Nitrate and ammonium form of nutrition plays a different role in pathogen resistance.
Nitrate form of nutrition helps in plant defense via rapid hypersensitive response, whereas
under ammonium nutrition, the HR is slow and plants show susceptibility. Studying HR
requires the measurement of bacterial growth, ROS, NO production, electrolyte leakage,
etc., which are described in Singh et al.’s chapter. Arora et al. describes foldscope method-
ology to observe superoxide and cell death via trypan blue staining. Using differential nitrate
or ammonium feeding, it was shown how the N nutrition affects superoxide production and
cell death using foldscope.

The measurement of nitrogen content is crucial for various studies associated in nitro-
gen metabolism. Singh et al.’s chapter explains detailed methodology to detect the N
content in plants and microbes, while Bandyopadhyay and Prasad’s chapters explain detailed
methods to measure nitrogen use efficiency in foxtail millet (Setaria italica) in a pot-based
system under different nitrogen nutrition regimes. Studying nitrogen fixation and metabo-
lism requires the isolation and characterization of root nodule bacteria (RNB). These are
well explained in the Tak et al.’s chapter. Soil nitrification and denitrification play a role in
determining N levels in soil; hence, the measurement of gene expression is very important.
Pereira and Filho discuss detailed procedures for gene expression analysis of nitrifying
bacteria. Proteins are important parts of nitrogen metabolism. Proteomics play an important
role in studying nitrogen metabolism. The extracellular matrix proteins play an essential role
in several metabolic processes, including carbon and nitrogen metabolism. The process to
perform proteomics of ECM is explained by Elagamey et al.

I am very grateful to the scientists from nine countries who have contributed to the
methods described in this book. I extend my gratitude to John Walker for his continuous
guidance. I also thank our current Director, Ramesh Sonti, for his continuous support and
encouragement, Mallesham and Aprajita for the formatting, Aakanksha for the index,
Kishorekumar for the cover page preparation, and Werner Kaiser for introducing me to
nitrogen metabolism. Furthermore, I thank my mother and my young son, Rithwik, for
their patience during the preparation of this book and my almighty Shirdi Sai Baba for his
blessings throughout my journey.

New Delhi, India Kapuganti Jagadis Gupta
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Chapter 1

An Overview of Important Enzymes Involved in Nitrogen
Assimilation of Plants

Reddy Kishorekumar, Mallesham Bulle, Aakanksha Wany,
and Kapuganti Jagadis Gupta

Abstract

Nitrogen (N) is a macro-nutrient that is essential for growth development and resistance against biotic and
abiotic stresses of plants. Nitrogen is a constituent of amino acids, proteins, nucleic acids, chlorophyll, and
various primary and secondary metabolites. The atmosphere contains huge amounts of nitrogen but it
cannot be taken up directly by plants. Plants can take up nitrogen in the form of nitrate, ammonium, urea,
nitrite, or a combination of all these forms. In addition, in various leguminous rhizobia, bacteria can
convert atmospheric nitrogen to ammonia and supply it to the plants. The form of nitrogen nutrition is also
important in plant growth and resistance against pathogens. Nitrogen content has an important function in
crop yield. Nitrogen deficiency can cause reduced root growth, change in root architecture, reduced plant
biomass, and reduced photosynthesis. Hence, understanding the function and regulation of N metabolism
is important. Several enzymes and intermediates are involved in nitrogen assimilation. Here we provide an
overview of the important enzymes such as nitrate reductase, nitrite reductase, glutamine synthase,
GOGAT, glutamate dehydrogenase, and alanine aminotransferase that are involved in nitrogen
metabolism.

Key words Nitrogen, Nitrate, Ammonium, Glutamate, Glutamine, Alanine

1 Introduction

Plants require nitrogen (N) for their growth, development, and
resistance against biotic and abiotic stresses. Nitrogen is important
for the biosynthesis of amino acids, proteins, nucleic acids, chloro-
phyll, various primary and secondary metabolites, and hormones
[1]. Most plants assimilate nitrogen in the form of nitrate, which is
supplied in the form of inorganic and organic fertilizers [2]. Plants
also have the capacity to directly take up supplied ammonia. In
addition, leguminous plants are associated with symbiotic bacteria
that can fix atmospheric nitrogen to ammonia in specialized struc-
tures called nodules. Plant nitrogen assimilation involves various
steps. Once nitrate has been absorbed, it is transported to other

Kapuganti Jagadis Gupta (ed.), Nitrogen Metabolism in Plants: Methods and Protocols, Methods in Molecular Biology, vol. 2057,
https://doi.org/10.1007/978-1-4939-9790-9_1, © Springer Science+Business Media, LLC, part of Springer Nature 2020
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parts of the plant via various high- and low-affinity nitrate trans-
porters (HATs, LATs) [3]. When nitrate has been transported to
the cell, it is converted to nitrite by nitrate reductase in the cytosol.
The produced nitrite is further reduced to ammonia by nitrite
reductase in chloroplasts or plastids. Then, the produced ammonia
is assimilated to various pathways via the glutamine synthetase/
glutamine oxoglutarate aminotransferase (GS/GOGAT) cycle
[1, 4]. Ammonium generated via photorespiration and protein
degradation pathways is also reassimilated via the GS/GOGAT
cycle [1] In this chapter, we provide a detailed overview of nitrate
reductase, glutamine synthase, glutamate synthase, glutamate
dehydrogenase, and alanine amino transferase.

2 Nitrate Reductase

Nitrate reductase (NR; 1.6.6.1) is an important enzyme involved inN
metabolism.This enzyme is located in the cytosol. Themajor reaction
of NR is to convert nitrate to nitrite, which is then further reduced to
ammonium in plastids by nitrite reductase (NiR; EC 1.7.7.1)
[5]. The NR reaction requires nicotinamide adenine dinucleotide
(reduced) (NADH). NR has high affinity toward nitrite. The Km

value for nitrite is 100 μM. In the model plant Arabidopsis, NR is
encoded by two homologous genes (NIA1 and NIA2) [6]. Recent
evidence suggests that NR uses nitrite as a substrate and produces
nitric oxide (NO) [7, 8]. Several lines of evidence suggest that NO
originated by NR participates in several developmental and physio-
logical functions [7, 9, 10]: antioxidant metabolism [11, 12], stoma-
tal opening [13, 14], floral transition [15], lateral root formation,
root development [16, 17], osmotic stress response [18, 19], cold
stress [20], and regulation of respiration [12].

NR is a homodimer of 100–115 kDa [21], with a specific flavin
adenine dinucleotide (FAD), heme, and the molybdenum co-factor
(MoCo) [22–24]. NR exists in two forms: first, NADH-specific NR
(EC 1.6.6.1), which is the most common form present in crops,
and, in addition to this NADH-specific NR, in maize, barley, rice,
and soybean a second form, NAD(P)H-bi-specific NR (1.6.6.2), is
present [25].

Several internal (cellular) and external (environmental) cues are
involved in the regulation of NR. The steady state of NR protein
levels depends on its gene expression and posttranslational modifi-
cations. Environmental factors such as soil nitrate and ammonium
concentration, light, CO2, low and high temperature, hypoxia, and
salinity also influence NR induction [26–31]. The external supply
of nitrate induces NR and nitrate response-related gene expression,
and ammonium suppresses its activity and expression [12, 31,
32]. Castaings et al. [33] reported that NR is also regulated by
NODULE-INCEPTION-like proteins (NLPs) transcription fac-
tors. This regulation helps in modulation of genes involved in

2 Reddy Kishorekumar et al.



nitrate sensing including NR and nitrite and nitrate transporters.
Light and dark dynamics is also important in the regulation of
NR. For instance, light-induced regulation of NR gene expression
in turn mediates diurnal regulation of the phytochromes, which can
become crucial to modulate NR during light–dark transition in
maize [27]. Transgenic tobacco plants with 35S-NIA2-induced
NR gene expression revealed that NR is regulated by light, thus
providing evidence that NR is regulated by translational and post-
translational levels [34]. In addition to light, NR activity also
depends on CO2 availability [26, 31]. Ammonium and tungstate
also inhibit NR activity [31]. Anoxia under dark conditions pro-
motes the activation of NR and NO production in leaves and roots
[31, 35]. Experimental evidence suggests that energy and carbohy-
drate status influence NR gene expression as well as NR
activity [36].

Phytohormones such as abscisic acid (ABA) and cytokinin neg-
atively regulate the NR transcript levels in barley [37]. Very
recently, it has been elucidated in Arabidopsis, that cell-cycle gene
expression modulates cell-wall integrity in a cytokinin- and nitrate
reductase-dependent manner [38]. Salinity differentially regulates
NR activity in leaves and roots. Under salt conditions (150 mM),
NR activity increased in maize roots, in contrast to leaves, where it
was downregulated as much as fourfold [29]. Plant-derived protein
hydrolysates (PH) (amino acids and peptides) stimulates N metab-
olism by regulating key enzymes involved in N assimilation in
tomato, including NR [39].

NR is regulated by posttranslational levels as well. A rapid and
reversible interconversion of active and inactive states of the protein
decides the fate of the enzyme active state (Fig. 1). The posttrans-
lational modifications also modulate NR protein. NR is phosphory-
lated at the 543 position of spinach [40] in the hinge 1 region,
which leads to formation of a binding site for 14-3-3 proteins (R-X-
X-pS/pT-X-P).

It was reported that Ca2+-dependent (calmodulin domain)
protein kinases (CDPK) activate NR by phosphorylating at ser-
534. This position is bound by nitrate reductase inhibitor protein
(NIP), that is, 14-3-3, leading to its inactivation [40–42].

An Overview of Important Enzymes Involved in Nitrogen Assimilation of Plants 3



3 Glutamine Synthetase

The reduced ammonium from nitrate reduction in chloroplasts is
incorporated into amino acids through the glutamine synthetase
(GS) reaction [43]. GS (EC 6.3.1.2) is considered to be one of the
key enzymes involved in Nmetabolism [44]. This enzyme catalyzes
synthesis of glutamine from glutamate and ammonia and ATP.

The overall reaction catalyzed by glutamine synthetase is

L‐glutamateþ ATPþNH3 ! L‐glutamineþ ADPþ PiþH2O

This enzyme uses ammonia that is derived from various meta-
bolic pathways such as amino acid catabolism, the phenylpropanoid
pathway, and photorespiration, and also from ammonia fixed by the
rhizobia in nodules [2].Glutamine is present in veryhigh amounts in
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2-OG

Glu

GOGAT AAT

Pyr

Ala

Amino acid biosynthesis
Amide synthesis

NO2
⁻⁻NO3

⁻ NO3
⁻

NH4ᐩNH4ᐩ

Gln

Glu

GS1

NR
Nitrate 

transporter

Ammonium 
transporter

NiR

NO3
⁻

TCA 
Cycle2-OGNH4ᐩ

vacuole

Chloroplast

Mitochondria

(Storage)

2-OG
Photorespiration

Peroxisome

Fig. 1 Sequence of steps involved in plant nitrogen metabolism. Plants take up nitrate (NO3
�) and ammonium

(NH4
+) ions through nitrate and ammonium transporters. Nitrate is reduced to nitrite (NO2

�) via nitrate
reductase (NR), and the NO2

� is further reduced to NH4
+ by nitrite reductase (NiR) in the chloroplasts. Excess

NO3
� is mobilized to vacuoles for storage and osmoregulation. The resulting NH4

+ is utilized for amino acid
biosynthesis and other anabolic reactions via chloroplastic ammonium transporters and alanine transaminase
(AAT) reactions. Additionally, the directly transported ammonium from soil via ammonium transporters is
incorporated into the glutamine synthetase/glutamine oxoglutarate aminotransferase (GS/GOGAT) cycle in
chloroplasts. Additionally NH4

+ liberated from glutamate dehydrogenase (GDH) and glycine decarboxylase
(GDC) is readily utilized by cytosolic GS, followed by the GOGAT cycle
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xylem and phloem sap and is involved in nitrogenmobilization [45];
it also controls proline in the phloem [46]. Glutamine can be used
for biosynthesis of various amino acids, intermediates in the tricar-
boxylic acid (TCA) cycle, in chlorophylls, and also acts as a nitrogen
source for transamination reactions of various metabolic intermedi-
ates [47]. This enzyme is involved in nitrogen assimilation via the
GS/GOGAT pathway (main ammonium assimilation pathway in
plants), which is composed of glutamine synthetase (GS), glutamate
synthase (GOGAT), and glutamate dehydrogenase (GDH).

GS is involved in plant growth and grain filling, or yield in
cereals [48]. The activity of GS together with total N, chlorophyll,
and soluble protein can be considered as indicators for N assimila-
tion and recycling [49]. GS also regulates levels of auxin and root
growth [50]. GS exists in two forms, cytosolic (GS1) and plastidial
(GS2) [51]. GS1, encoded by three to five nuclear genes [52], is
involved in multiple pathways including ammonium transport, seed
germination and control of proline production in phloem in addi-
tion to primary ammonium assimilation and nitrogen use efficiency
[46, 53–55]. In maize, the five cytosolic GS genes that encode GS1
are differentially expressed in the roots, stems, and leaves
[56, 57]. GS1 is a heteromeric protein consisting of three subunits
of similar MW (38–40 kDa). The multigene nature causes the
relative expression and tissue specificity of the GS1 gene to vary
among different species.

The plastidial GS (GS2), encoded by Gln2, only expresses
photosynthetic tissues [58]. This gene is encoded by a single
nuclear gene [59]. In addition to chloroplast localization, the
mitochondrial localization of GS2 has been seen in Arabidopsis
[59, 60]. GS2 assimilates ammonia produced by the photorespira-
tory pathway and nitrate reduction in the mesophyll cells [61]. The
level of GS2 becomes low during senescence; in such conditions
GS1 becomes the principal enzyme to meet the cellular require-
ments associated with ammonium assimilation [62]. Recently, the
third isoform of GS (GS3) has been identified in wheat leaf
[63]. GS3 is homologous to GS2 at 42.1 kDa. The amino acid
sequence and subcellular localization are the same as GS2.

4 Glutamate Synthase (GOGAT)

Glutamate synthase (GS) is also called glutamate 2-oxoglutarate
aminotransferase (GOGAT). GOGAT is part of the GS/GOGAT
cycle, which is involved in the primary route of nitrogen assimila-
tion (Fig. 2). GOGAT transfers the amide group from glutamine to
2-oxoglutarate to produce glutamate.

Glutamineþ 2‐oxoglutarateþ 2 Fd redð Þ
! 2 glutamateþ 2 Fd oxið Þ
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The synthesized glutamate can be used for subsequent gluta-
mine synthetase catalysis or to form other nitrogen compounds. In
higher plants, GOGAT is available in two isoforms, ferredoxin-
dependent GOGAT (Fd-GOGAT; EC 1.2.7.1) and NADH-
dependent GOGAT (NADH-GOGAT; EC 1.4.1.14): these forms
differ in their structure and function [64, 65]. Fd-GOGAT is an
iron–sulfur-containing monomeric flavoprotein with a molecular
mass of 165 kDa. This enzyme is abundant in plastids and catalyzes
the assimilation of ammonium (NH4

+) generated during photores-
piration and the light-dependent reduction of nitrate (NO3

�)
[65]. This enzyme, which accounts for more than 96% of total
glutamate synthase activity, is located in the chloroplasts [66].

Glutamineþ2‐oxoglutarateþ2Fd redð Þ!2glutamateþ2Fd oxið Þ
Glutamineþ2‐oxoglutarateþNADH!2glutamateþNAD

Fig. 2 Integrated view of the GS/GOGAT pathway operation in plants. Ammonium is generated in plastids via
NiR or ammonium directly absorbed from soil via NH4

+, then feeds into the GS/GOGAT cycle of amino acid
biosynthesis, where the enzyme glutamine synthetase (GS) converts glutamate and ammonium to glutamine.
Glutamine oxoglutarate aminotransferase (GOGAT) then generates glutamate from glutamine produced via the
TCA cycle product 2-oxoglutarate (2-OG). Further, glutamate is incorporated into amino acids by aminotrans-
ferases. On the other hand, aspartate aminotransferase (AAT) and alanine amino transferase (AlaAT) catalyze
the reversible conversion of alanine and α-oxoglutarate to pyruvate and glutamate in cytosol
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In Arabidopsis, Fd-GOGAT is encoded by two different func-
tional genes, GLU1 and GLU2. The GLU1 gene is expressed in
leaves, whereas expression of GLU2 is more predominant in roots
and etiolated tissues [67, 68]. Light positively regulates GLU1 and
GLU2 gene induction; however, GLU2 gene induction is regulated
by sucrose in the dark [66, 68].

NADH-GOGAT is also an iron–sulfur flavoprotein with a sub-
unit molecular mass of 225–230 kDa. It is found in nonphotosyn-
thetic tissues and predominantly in root nodules of legumes such as
alfalfa [64]. It catalyzes the assimilation of NH4

+ imported from the
nitrogen-fixing bacteroides and then incorporated into amino
acids. Increased NADH-GOGAT gene expression is proportional
to nitrogen fixation and NH4

+ content.

5 Glutamate Dehydrogenase

NAD-dependent glutamate dehydrogenase (NAD-GDH; EC
1.4.1.2) catalyzes the deamination of glutamate to produce
2-oxoglutarate and generates ammonia (NH3) and NADH in a
reversible reaction:

L‐glutamateþNAD Pð Þ þH2O ! 2‐oxyglutarateþNH3

þNAD Pð ÞHþ PiþH2O

This reaction takes place in the mitochondria and is associated
with the tricarboxylic acid (TCA) cycle. This reaction occurs under
low energy conditions (C limited) and amide synthesis
[69–71]. This reaction also occurs in conditions such as salt stress
[72] or hypoxia [73].

In Arabidopsis, GDH is encoded by two nuclear genes, GDH1
and GDH2, composed of α- and β-subunits [74]. These subunits
associate differently and form seven active isozymes. All the iso-
forms may have similar metabolic functions, as they showed similar
activity ratios and kinetic properties in grapevine leaf crude extracts
[75]. GDH isoforms function in both vegetative and reproductive
stages during plant development [76]. The third GDH gene,
GDH3, which codes for the γ-subunit, was identified inArabidopsis
a decade later, and it is involved in the formation of heteromeric
complexes along with the α- and β-subunits [77, 78]. This enzyme
is localized in root companion cells [78]. GDH is prominently
localized in the mitochondria [79]. In conditions of high ammo-
nium accumulation, this enzyme also occurs in the cytosol
[80]. Mitochondrial expression of GDH is associated with low N
availability, whereas its cytosolic counterpart is correlated with
ammonium beyond threshold levels [80].

Tobacco transgenic plants overexpressing GDHA and GDHB
genes from Nicotiana plumbaginifolia exhibited additional GDH
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activity, increased leafy starch, enhanced metabolites of carbon and
nitrogen metabolism, and accumulation of digalactosylglycerol,
erythronate, and porphyrin, consequently contributing better
yield and stress tolerance [81]. Overexpression of Escherichia coli
NADPH-GDH in tobacco plants showed higher biomass as well
as exhibiting increased herbicidal resistance [82, 83]. E. coli
NADPH-GDH overexpression in maize caused increased grain
biomass under drought conditions [84]. Metabolic profiling of
GDH overexpressers showed increased accumulation of
di-galactosylglycerol (DGG), erythronate, porphyrin, and lower
aspartate content. These metabolites are known to function under
salt stress [85, 86] and temperature stress [87].

Dark and sucrose-starved conditions induce the expression of
GDH to increase energy efficiency [74]. GDH3 is regulated by N
starvation and cytokinin treatment in Arabidopsis [76]. Anoxia and
reoxygenation conditions increase GDH1 and GDH2 activity in an
ethylene-dependent manner [88]. Using the GDH triple mutant
(gdh1-2-3) lacking GDH activity, it was demonstrated that GHD is
involved in 2-oxoglutarate (2-OG) synthesis [89].

6 Alanine Aminotransferase

Alanine aminotransferase (AlaAT; E.C.2.6.1.2) is an important
enzyme in nitrogen metabolism. This pyridoxal phosphate-depen-
dent enzyme, distributed in various plant tissues and organs [90],
catalyzes the reversible transfer of an amino group from glutamate
to pyruvate to form 2-oxoglutarate and alanine [91]:

Pyruvateþ glutamate⇌Alanine Trasaminaseþ 2‐oxyglutarate

AlaAT activity is found in leaves, roots, flowers, and endosperm
[92, 93] and has been characterized in different plant species such
as soybean (Glycine max), legumes (Medicago truncatula), canola
(Brassica napus), Arabidopsis (Arabidopsis thaliana), rice (Oryza
sativa), and Lotus japonicas [90, 91, 94–97]. Studies on the AlaAT
gene family have mainly focused on Arabidopsis. In A. thaliana,
four AlaAT genes have been identified [98]. Previously, it was
shown that hypoxia treatment leads to increased expression of
AlaAT1 and AlaAT2 in Arabidopsis, and treatment has also
increased AlaT activity and increased alanine without any harmful
consequences [91]. The primary role of AlaT is to remove excess
alanine. Moreover, in a T-DNA knockout mutant of Arabidopsis
plants, alaat1-1 produced alanine despite reduced AlaAT activity
[91]. Later, it was found that AlaAT expression is regulated by
hypoxia, light, and differential N levels [99, 100]. AlaAT is critical
in rapid conversion of alanine to pyruvate during recovery from
hypoxic stress [91]. Plants overexpressing AlaAT have increased
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biomass and yield and consequently improved N use efficiency
(NUE) at low N supply (0.5–4 mM) [96, 101]. Similarly, trans-
genic sugarcane plants overexpressing barley AlaAT showed
improved NUE compared with untransformed plants under low
N conditions [102]. In Lotus japonicas, AlaAT is linked with gly-
colysis and the TCA cycle during hypoxia induced by waterlogging,
thus contributing to hypoxic stress tolerance [103]. It was demon-
strated that the high levels of AlaAT during reoxygenation follow-
ing the hypoxia phase drive rapid conversion of accumulated
alanine back into glutamate, suggesting that AlaAT also has a
function during the recovery phase [103].
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Lopes MS, Tercé-Laforgue T, Foyer CH,
Parry MA (2008) Gene expression, cellular
localization and function of glutamine synthe-
tase isozymes in wheat (Triticum aestivum
L.). Plant Mol Biol 67:89–105

53. Ishiyama K, Inoue E, Tabuchi M, Yamaya T,
Takahashi H (2004) Biochemical background
and compartmentalized functions of cytosolic
glutamine synthetase for active ammonium
assimilation in rice roots. Plant Cell Physiol
45:1640–1647

54. Guan M, Møller IS, Schjørring JK (2014)
Two cytosolic glutamine synthetase isoforms

play specific roles for seed germination and
seed yield structure in Arabidopsis. J Exp Bot
66:203–212

55. Zhang Z, Xiong S, Wei Y, Meng X, Wang X,
Ma X (2017) The role of glutamine synthetase
isozymes in enhancing nitrogen use efficiency
of N-efficient winter wheat. Sci Rep 7:1000

56. Sakakibara H, Shimizu H, Hase T,
Yamazaki Y, Takao T, Shimonishi Y, Sugiyama
T (1996) Molecular identification and charac-
terization of cytosolic isoforms of glutamine
synthetase in maize roots. J Biol Chem
271:29561–29568

57. Li MG, Villemur R, Hussey PJ, Silflow CD,
Gantt JS, Snustad DP (1993) Differential
expression of six glutamine synthetase genes
in Zea mays. Plant Mol Biol 23:401–440

58. Guiz C, Hirel B, Shedlofsky G, Gadal P
(1979) Occurrence and influence of light on
the relative proportions of two glutamine
sythetases in rice leaves. Plant Sci Lett
15:271–277

59. Taira M, Valtersson U, Burkhardt B, Ludwig
RA (2004) Arabidopsis thaliana GLN2-
encoded glutamine synthetase is dual targeted
to leaf mitochondria and chloroplasts. Plant
Cell 16:2048–2058

60. Mann AF, Fentem PA, Stewart GR (1979)
Identification of two forms of glutamine syn-
thetase in barley (Hordeum vulgare). Biochem
Biophys Res Commun 88:515–521

61. Kumagai E, Araki T, Hamaoka N, Ueno O
(2011) Ammonia emission from rice leaves in
relation to photorespiration and genotypic
differences in glutamine synthetase activity.
Ann Bot 108:1381–1386

62. Guo Y, Cai Z, Gan S (2004) Transcriptome of
Arabidopsis leaf senescence. Plant Cell Envi-
ron 27:521–549

63. Wang X, Wei Y, Shi L, Ma X, Theg SM (2015)
New isoforms and assembly of glutamine syn-
thetase in the leaf of wheat (Triticum aestivum
L.). J Exp Bot 66:6827–6834

64. Gregerson RG, Miller SS, Twary SN, Gantt
JS, Vance CP (1993) Molecular characteriza-
tion of NADH-dependent glutamate synthase
from alfalfa nodules. Plant Cell 5:215–226

65. Sakakibara H,WatanabeM,Hase T, Sugiyama
T (1991) Molecular cloning and characteriza-
tion of complementary DNA encoding for
ferredoxin-dependent glutamate synthase in
maize leaf. J Biol Chem 266:2028–2035

66. Suzuki A, Rothstein S (1997) Structure and
regulation of ferredoxin-dependent gluta-
mase synthase from Arabidopsis thaliana:
cloning of cDNA, expression in different

An Overview of Important Enzymes Involved in Nitrogen Assimilation of Plants 11



tissues of wild-type and gltS mutant strains,
and light induction. Eur J Biochem
243:708–718

67. LamHM, Coschigano KT, Oliveira IC, Melo-
Oliveira R, Coruzzi GM (1996) The
molecular-genetics of nitrogen assimilation
into amino acids in higher plants. Annu Rev
Plant Biol 47:569–593

68. Oliveira IC, Lam HM, Coschigano K, Melo-
Oliveira R, Coruzzi G (1997) Molecular-
genetic dissection of ammonium assimilation
in Arabidopsis thaliana. Plant Physiol Bio-
chem 35:185–198

69. Fox GG, Ratcliffe RG, Robinson SA, Stewart
GR (1995) Evidence for deamination by glu-
tamate dehydrogenase in higher plants: com-
mentary. Can J Bot 73:1112–1115

70. Purnell MP, Botella JR (2007) Tobacco iso-
enzyme 1 of NAD (H)-dependent glutamate
dehydrogenase catabolizes glutamate in vivo.
Plant Physiol 143:530–539

71. Miyashita Y, Good AG (2008) NAD(H)-
dependent glutamate dehydrogenase is essen-
tial for the survival of Arabidopsis thaliana
during dark-induced carbon starvation. J
Exp Bot 59:667–680

72. Skopelitis DS, Paranychianakis NV, Paschali-
dis KA, Pliakonis ED, Delis ID, Yakoumakis
DI, Kouvarakis A, Papadakis AK, Stephanou
EG, Roubelakis-Angelakis KA (2006) Abiotic
stress generates ROS that signal expression of
anionic glutamate dehydrogenases to form
glutamate for proline synthesis in tobacco
and grapevine. Plant Cell 18:2767–2781

73. Limami AM, Glévarec G, Ricoult C, Cliquet
JB, Planchet E (2008) Concerted modulation
of alanine and glutamate metabolism in young
Medicago truncatula seedlings under hypoxic
stress. J Exp Bot 59:2325–2335

74. Melo-Oliveira R, Oliveira IC, Coruzzi GM
(1996) Arabidopsis mutant analysis and gene
regulation define a nonredundant role for glu-
tamate dehydrogenase in nitrogen assimila-
tion. Proc Natl Acad Sci USA 93:4718–4723

75. Loulakakis KA, Roubelakis-Angelakis KA
(1996) The seven NAD (H)-glutamate dehy-
drogenase isoenzymes exhibit similar anabolic
and catabolic activities. Physiol Planta
96:29–35

76. Marchi L, Degola F, Polverini E, Terc-
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Chapter 2

Methods for Measuring Nitrate Reductase, Nitrite Levels,
and Nitric Oxide from Plant Tissues

Aakanksha Wany, Pradeep Kumar Pathak, and Kapuganti Jagadis Gupta

Abstract

Nitrogen (N) is one of the most important nutrients which exist in both inorganic and organic forms. Plants
assimilate inorganic form of N [nitrate (NO3

�), nitrite (NO2
�) or ammonium (NH4

+)] and incorporate
into amino acids. The metabolism of N involves a series of events such as sensing, uptake, and assimilation.
The initial stage is sensing, triggered by nitrate or ammonium signals initiating signal transduction
processes in N metabolism. The assimilation pathway initiates with NO3

�/NH4
+ transport to roots via

specific high and low affinity (HATs and LATs) nitrate transporters or directly via ammonium transporters
(AMTs). In cytosol the NO3

� is reduced to NO2
� by cytosolic nitrate reductase (NR) and the produced

NO2
� is further reduced to NH4

+ by nitrite reductase (NiR) in plastids. NR has capability to reduce NO2
�

to nitric oxide (NO) under specific conditions such as hypoxia, low pH, and pathogen infection. The
produced NO acts as a signal for wide range of processes such as plant growth development and stress.
Here, we provide methods to measure NR activity, NO2

� levels, and NO production in plant tissues.

Key words DAF-FM, Nitrate, Nitrate reductase, Nitrite, Nitric oxide

1 Introduction

Nitrogen (N) is the most abundant among other gases present in
the earth atmosphere which shares almost 78% of total gases. This
concentration is very high in comparison to other gases in atmo-
sphere such as oxygen (21%), argon (0.9%), carbon dioxide
(0.03%). Despite of this abundance (78%), plants don’t possess
mechanism to take atmospheric N directly. Plants have the capabil-
ity to take up N in various forms such as nitrate (NO3

�), ammo-
nium (NH4

+) or depending on various factors they also take
combination of both NO3

� and NH4
+. In most of the agricultural

soils and landscapes, NO3
� is the predominant utilizable form of N

for plants than ammonium [1]. Plant growth and developmental
processes are impacted by N and it has been a crucial component in
contributing towards higher crop productivity and yield stability
[2]. N plays a role not only in promoting optimal growth but also
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plays a major role in alleviating abiotic and biotic stresses [3]. Thus,
it plays a role in sustainable plant productivity under stress [4]. N is
also a constituent of many plant secondary metabolites, thus play-
ing an important role in providing tolerance to biotic stresses
[5]. In soil, the composition of N vary depending on physiochem-
ical properties of soil and presence of nitrifying, denitrifying micro-
bial activities and other parameters such as soil moisture, oxygen
and temperature [6]. Plant metabolism is highly flexible. Plants
have capabilities to adapt their metabolism to fluctuating
N. These adaptive mechanisms are sensitive and selective enough
to facilitate N uptake and assimilation and promote growth under
N-limiting conditions, thus playing an important role in achieving
nitrogen use efficiency (NUE). Nitrate not only acts as a nutrient,
but also an important regulatory signal [7].

The available soil NO3
� is taken up by several sets of nitrate

transporters. The operation of these nitrate transporters (NRTs) is
based on their affinity to the available nitrate present in the soil, and
these are classified as high affinity (HATs, i.e., NRT2.1, NRT2.2,
NRT2.4) and low affinity transporters (LATs; CLCa, NRT1.1,
NPF1.2) [8, 9]. Along with nitrate transporters, nitrite transporters
also play a role in N metabolism [10].

Once nitrate is taken up, the cytosolic NR (NR; 1.6.6.1) cata-
lyzes the reduction of NO3

� to NO2
� [Reaction (1)] [11]. This

reduction reaction yields NO2
� and also requires NAD(P)H as an

electron donor (Fig. 1b).

NO3
� þNAD Pð ÞHþHþ þ 2e�

! NO2
� þNAD Pð Þþ þH2O ð1Þ

The above reaction is considered as a rate limiting step in the N
metabolism pathway [12]. The produced NO2

� is then reduced to
NH4

+ in plastids by plastidial nitrite reductase [Reaction (2)] (NiR;
EC 1.7.7.1).

NO2
� þ 6Fdred þ 8Hþ þ 6e� ! NH4

þ þ 6Fdox þ 2H2O ð2Þ
The activity of NR is directly dependent on various factors such

as NO3
� concentration (Km ~100 μM) and light conditions

[12, 13]. Moreover, several lines of evidence suggest that NR
activity is highly induced under hypoxia [12, 14, 15]. Under con-
ditions such as hypoxia/anoxia conditions the cytosolic pH
decreases that leads to inhibition of NO2

� reduction to NH4
+

(Fig. 1b). These events lead to accumulation of an intermediate
nitrite which is one of the limiting factors for the production of NO
by NR and subsequent nitrite-NO pathway mediated by mitochon-
drial electron transport chain [16]. For instance, the NO2

� levels
increases manyfold within several hours of hypoxia treatment in
wheat and spinach [11, 12, 17]. Interestingly nitrite acts as an
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inducer of nitrite reductase (NiR) in many plants such as beans
[18], Lemna [19], and radish [20]. The nitrite formed can be
recycled back to nitrate in plant tissues via phytoglobin nitric
oxide cycle [21–25]. Nitrite is also transported to mitochondria
where it is reduced to NO by cytochrome c oxidase (Complex IV)
and alternative oxidase (AOX) utilizing NAD(P)H and this reac-
tion can produce very low amount of ATP during anoxic conditions
for hypoxic survival [25].

The NO generated via NR and mitochondria has been shown
to play key roles in plants. For instance, NR derived NO plays role
in development, metabolism, seed germination, oxygen homeosta-
sis, root growth, reduction of ROS regulation of respiration, sto-
matal closure, and adaptive responses to abiotic stresses [26]. In
vivo NO measurements can be performed by using fluorescent
probes such as DAF-FM DA (4-amino-5-methylamino-20,7-
0-difluorofluorescein diacetate) [14, 15], DAF-2DA (4,5-diamino-
fluorescein diacetate) and DAR-4 M (diaminorhodamine-4 MAM;

NR

NO2
-NO3

- NH4
+

NAD+NADH

Hypoxia/low pH

NiR

NO

(a)

Cut plant tissues
Crush weighed 
pieces by micro 
pestle or mortar 

and pestle 

Add 2 ml NR 
extraction buffer

Homogenize in 
extraction buffer

Centrifuge, 14000 rpm, 
30 minutes, 4°C 

Clear
Supernatant

Determine 
NR actual + 

Mg2+

Determine 
NR max
+EDTA

Follow steps 
given in  

3.1.2 and 
3.1.3

Add 125 µl 0.5 M 
zinc acetate and 
Griess reagent

Incubate in dark 
for 10 minutes 

Measure absorbance 
at 546 nm

Griess positive 
result (magenta 
color of nitrite 

produced)

(b)

Prepare tissue 
slices

Fig. 1 Nitrate reductase activity measurement (a) Steps involved in the NR assay (b) Schematic overview of
steps involved in nitrate reduction. Cytosolic nitrate reductase (NR) reduces nitrate to nitrite and further
reduces to ammonium by utilizing NAD(P)H as an electron donor. Under conditions such as hypoxia or low pH,
NO2

� reduction to NH4
+ is inhibited, leading to the accumulation of nitrite and subsequent reduction of NO2

�

to NO
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30,60-bis(dimethylamino)-9-[2-acetomethoxycarbonyl-3-amino-4-
(N-methylamino)phenyl]xanthylium iodide [27].

NO-deficient mutants such as nia1, nia2, or nia1,2 are often
used to elucidate the role of NO. Another alternative approach to
diminish NR activity is to use tungstate. This approach has been
widely practiced to provide evidence on the role of NR-dependent
NO in many biological processes [28]. One should note that
tungstate also inhibits various other enzymes in addition to
NR. But it is widely used to control NO production in various
studies [29, 30]. In order to understand N metabolism, it is essen-
tial to measure NR, NO2

�, and for elucidating cell signaling func-
tion NO measurement is needed.

2 Materials

2.1 Nitrate

Reductase Activity

2.1.1 Reagents

1. NR extraction buffer: 100 mMHEPES-KOH pH 7.6, 3.5 mM
mercaptoethanol, 10 μM FAD, 15 mM MgCl2, 0.5% PVP,
0.5% BSA, and 0.3% of Triton X 100.

2. NR assay buffer I: 100 mM HEPES-KOH pH 7.6, 10 μM
FAD, 15 mM MgCl2, 5 mM KNO3, and 0.2 mM NADH.

3. Stop solution: 0.5 M Zinc acetate.

4. NR assay buffer II: 100 mM HEPES-KOH pH 7.6, 10 μM
FAD, and 15 mM EDTA.

5. NED Solution: 0.1% N-1-napthylethylenediamine dihy-
drochloride in water.

6. Sulfanilamide Solution: 1% sulfanilamide in 5% phosphoric
acid.

2.1.2 Equipment 1. Centrifuge.

2. Spectrophotometer/Colorimeter.

3. �20 �C freezer.

2.2 Nitrite

Measurement

1. NED solution: 0.1% N-1-napthylethylenediamine dihy-
drochloride in water.

2. Sulfanilamide solution: 1% sulfanilamide in 5% phosphoric acid.

3. Nitrite standard: 0.1 M potassium nitrite in water.

4. Extraction buffer: 100 mM HEPES-KOH pH 7.6, 3.5 mM
mercaptoethanol, 10 μM FAD, 15 mM MgCl2, 0.5% PVP,
0.5% BSA, and 0.3% of Triton X 100.

5. Activity buffer: 100 mM HEPES-KOH pH 7.6, 10 μM FAD,
15 mM EDTA, 5 mM KNO3, and 0.2 mM NADH.

6. 0.1 M KNO2 (potassium nitrite).

7. 20 mM EDTA.
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2.3 Nitric Oxide

(NO) Measurement

Using DAF-FM

Diacetate

Fluorescent Dyes

2.3.1 Chemicals

Required

1. 100 mM HEPES buffer (pH 7.2 to 7.4).

2. 10% Glycerol.

3. DAF-FM dye (10 μM- working concentration).

4. Carboxy- PTIO potassium salt (200 μM- working
concentration).

5. Anhydrous dimethyl sulfoxide (DMSO).

2.3.2 Equipment Fluorescence microscope (Nikon eclipse-80i, Japan).

2.4 NO Measurement

Using Gas Phase

Griess Reagent Assay

2.4.1 Chemicals

Required

1. NED solution: 0.2% N-1-napthylethylenediamine dihy-
drochloride in water.

2. Sulfanilamide solution: 2% sulfanilamide in 5% phosphoric acid.

2.4.2 Other Items Small air pumps.

A surgical syringe with needle.

Petri plates.

Microcentrifuge tubes (0.5 ml).

Nitrogen and oxygen gas cylinders.

3 Methods

3.1 Nitrate

Reductase Activity

NR activity can also be performed from tungstate (200–500 μM)
grown plants to check the active involvement of NR (Fig. 1a).

3.1.1 Preparation

of Extract

1. Excise the plant tissues with scissors and immediately shock
freeze grind in liquid nitrogen into a fine powder (1 gFW).

2. Homogenize the fine tissue powder in 2 ml of NR extraction
buffer using a micro pestle (Subheading 2.1.1).

3. Centrifuge the homogenate at 10,976 � g (maximum speed)
for 30 min at 4 �C until it yields a clear supernatant. Repeat this
step if needed.

4. Remove the clear supernatant carefully and the aliquots of this
supernatant can be directly used for the measurement of NR
activity, or store this supernatant at �20 �C until further use.

5. Measure the protein concentration present in the supernatant
using Bradford’s method [31].
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3.1.2 Determination

of NR Actual (+ Mg2+)

1. Add 100–200 μl of the extracted supernatant into the
800–900 μl of NR assay buffer I (Subheading 2.1.1). Incubate
it for 5 min (24 �C) after incubation stop the reaction by
adding 100 to 125 μl of zinc acetate (0.5 M).

3.1.3 Determination

of Maximal NR (+ EDTA)

1. Transfer 100–200 μl of the supernatant into another tube, and
add 20 mM EDTA and incubate at 24 �C for 10 min.

2. After incubation add the NR assay buffer II in 1 ml reaction
mixture.

3. Wait for few minutes and then add 5 mM KNO3 and 0.2 mM
NADH (this step will start the reaction again). Incubate this
reaction mixture for a period of 10 min.

4. Stop the reaction by adding 100–125 μl zinc acetate (0.5 M)
and Griess reagent (0.5 ml sulfanilamide and 0.5 ml NED
solution) and incubate it for 10 min in dark at room
temperature.

5. Centrifuge at maximum speed 10,976 � g for 2 min.

6. Measure the developed color (magenta) using spectrophotom-
eter or colorimeter set at 546 nm.

7. Calibrate the unknown values of nitrite with the nitrite stan-
dard reference curve (see Notes 1–9) to know the concentra-
tion of the NR extract.

8. NR activity should be expressed in μmol/mg protein/h.

3.2 Nitrite

Measurement

3.2.1 Preparation

of Standard Curve

1. Prepare the dilution series of potassium nitrite for the prepar-
ing nitrite standard curve (see Notes 3–9).

3.2.2 Griess Reaction

for Nitrite Measurement

1. Place the sulfanilamide solution and NED solution from refrig-
erator to room temperature in order to equilibrate at room
temperature (15–30 min).

2. Add 50 μl of supernatant (extract) to tubes in several replicates.

3. Dispense 50 μl of the sulfanilamide solution to all experimental
samples and to tubes/wells containing the dilution series for
the nitrite standard reference curve.

4. Incubate 5–10 min at room temperature in dark.

5. Dispense 50 μl of the NED Solution to all tubes/wells.

6. Incubate at room temperature for 5–10min, in dark. A purple/
magenta color will begin to emerge immediately (Fig. 2a).

7. Add 100 to 125 μl of zinc acetate (0.5 M) to each tube/well to
stop the reaction.
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8. Measure absorbance within 30 min in a plate reader or spectro-
photometer with a filter set at 546 nm (or a range between
520 nm and 550 nm).

3.2.3 Determination

of Nitrite Concentrations

in the Extracts

1. To prepare a nitrite standard reference curve, plot the average
absorbance value of each concentration of the nitrite standard
in Y axis with corresponding nitrite concentration as in X axis
(Fig. 2b).

2. Determine average absorbance value of each experimental
sample.

3. Determine the exact concentration by comparing to the nitrite
standard reference curve.

Increasing nitrite concentration (µM)
B    0.2   0.4  0.6    0.8  1.0    2.0    4.0   6.0

y = 0.2419x + 0.0607
R² = 0.9966

0

0.2

0.4

0.6

0.8

1

1.2

1.4
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)
mn

645(
ecnabro sb

A

Nitrite concentration (µM)

Absorbance
Linear (Absorbance)

(a)

(b)

Fig. 2 Standard nitrite curve from 0–6 μM nitrite mixed 1:1 with Griess reagent (NED Solution and
Sulfanilamide Solution) (a) The magenta color develops when the Griess reagent is added to the nitrite
solution. (b) A linear standard curve is shown with values ranging from 0–6 μM nitrite
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3.3 NO Estimation

3.3.1 In Vivo NO

Estimation from Roots

1. Carefully excise root segments (2 cm long) from plant seedlings
using sharp scalpel and fine forceps. Depending on tissue and
requirement of localization cross sections also can be prepared
by (10 mm) by free-hand sectioning using a sharp razor blade
[14, 15].

2. Place the freshly cut root segments in small petri dishes con-
taining nutrient solution or respective growth media or buffer.

3. For DAF-FM incubation transfer these fine root segments to a
1.5 ml microcentrifuge tube (amber) that contains 100 mM
HEPES buffer (pH 7.2) and 10 μM DAF-FM dye. Incubate
these tubes for 10 min in dark see Notes 10–15.

4. After 10 min of incubation wash the root samples three to four
times using 100 mMHEPES buffer and transfer the roots onto
the slide and mount with a drop of 10% glycerol and cover with
cover glass.

5. For cPTIO controls, take another 1.5 ml microcentrifuge tube,
add 10 μM DAF-FM and 200 μM of NO scavenger cPTIO to
the samples. Incubate, wash and transfer to the slides as same
way. cPTIO control act as an internal control to find the
observed fluorescence is due to NO or not.

6. Observe the samples in a fluorescence microscope (Nikon, 80i)
with 495 nm excitation and 515 nm emission wavelengths.

7. Quantify the DAF-FM fluorescence using Image J software.

3.3.2 In Vivo NO

Estimation from Leaves

1. Select the plants and infiltrate the abaxial side of the leaf
(attached to the plant) with a low concentration of DAF-FM
DA solution (~approx. 2 μM DAF-FM DA). Incubate the
entire plant in dark for 20–30 min. This allows DAF-FM to
react with basal NO present in the leaf.

2. After incubation, cut that infiltrated leaf with sharp scalpel and
peel off the abaxial side of epidermis very carefully with a sharp
sterile forceps having fine tips.

3. Cut the DAF-FM infiltrated area of leaf into (left after peeling
epidermis) into small pieces and again incubate these slices
10 μM DAF-DM DA dye for 10 min in dark. This will allow
the DAF dye to react with any residual NO produced (whether
it is control or treated leaf as per your experiment) see Notes
10–15.

4. After incubation, transfer the leaf segments in to a small petri
dish and wash three to four times using 100 mM HEPES
buffer and transfer onto the slide and mount with a drop of
10% glycerol with a cover glass.

5. For cPTIO control follow procedure of Subheading 3.3.1,
step 5.
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6. Observe the samples in a fluorescence microscope (Nikon, 80i)
with 495 nm excitation and 515 nm emission wavelengths
(Fig. 3a and b).

7. Quantify DAF fluorescence using Image J (Fig. 3c) software.

3.3.3 Gas Phase NO

Estimation

1. Create an inlet and outlet valve in customized flasks (Fig. 4).
Alternatively prepare 50 ml falcon tubes with inlet and outlet.

2. Put intact plant samples/roots/tissue of interest in the conical
flask.

3. Connect the inlet to air pump to flush gas and the outlet to
another conical flask containing the Griess reagent (0.2% NED
solution and 2% sulfanilamide in 5% phosphoric acid).

4. Depending on measurement requirement flush air or hypoxic
gas into the inlet of first conical flask for 1 h or more.

(a) Leaf section in 
DAF-FM DA

(b) Leaf section in 
DAF-FM DA + cPTIO
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Fig. 3 (a) DAF-FM fluorescence in abaxial leaf (peeled epidermis) pathogen infiltrated leaves in tomato (20�,
Scale bar-50 μm) with DAF-FM DA, (b) Another epidermal section in DAF-FM DA + cPTIO scale bar 25 μm,
(c) DAF fluorescence intensity in leaves calculated using Image J
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5. The color of the Griess reagent changes to purple/magenta
due to the NO reaction with Griess reagent, in presence of
oxygen.

6. Measure the color absorbance at 540 nm and perform calcula-
tions similarly to nitrite estimation.

4 Notes

1. Depending on available equipment NR activity can also be
measured in 48 or 96-microwell plates. Individual cuvettes
depending upon the number of samples.

2. Cantharidine (a PP2A inhibitor) can be added to prevent
dephosphorylation of NR. In the present protocol it is not
used, but this step is optional.

3. Nitrite standard reference curve must be prepared freshly for
each assay for accurate quantification of NO2

� levels in experi-
mental samples.

4. Always prepare reference curve(s) of nitrite in the same buffer
used for experimental samples for NR activity.

5. Always store Griess reagent components at 4 �C, protected
from light.

6. Keep the above solutions back to 4 �C immediately after use.

7. Store Griess reagent components separately; the shelf life is
decreased substantially when the reagents are stored as mixed
solution.

8. It is important to note that sulfanilamide and NED compete
for nitrite in the Griess reaction; the method achieves great
sensitivity when the two components are added sequentially.

Griess 
reagent, before 

reaction

Gas 
inlet

O2/ Nitrogen flush

After reaction with
NO,Griess reagent
changed to magenta

Measure the 
absorbance 
at 546 nm

Flask with 
intact plant 

sample

NO

Fig. 4 Gas phase Griess reagent assay to measure NO
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9. Add the sulfanilamide solution to the sample first, incubate for
5–10 min, then add the NED Solution. This gives better
results.

10. DAF-FM diacetate should be stored at �20 �C, and it should
be protected from light [32].

11. Prepare DAF-FM stock in high-quality anhydrous DMSO as
per the pack size.

12. For long term storage of DAF-FM stocks, distribute the solu-
tions into small aliquots in order to minimize freeze thawing.
These solutions can be stable for at least 6 months if stored
properly.

13. Working solutions (10 μM) should be prepared immediately
before use. The DMSO stock solutions can be easily diluted
into aqueous buffers.

14. Before starting the experiment, allow the solutions to equili-
brate at room temperature prior to opening.

15. It is recommended that the diluted reagent be not stored for
later use.
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Chapter 3

Measurement of Nitrate Reductase Activity in Tomato
(Solanum lycopersicum L.) Leaves Under Different
Conditions

Mallesham Bulle, Reddy Kishorekumar, Pradeep K. Pathak,
Aakanksha Wany, and Kapuganti Jagadis Gupta

Abstract

Nitrogen is one of the crucial macronutrients essential for plant growth, development, and survival under
stress conditions. Depending on cellular requirement, plants can absorb nitrogen mainly in multiple forms
such as nitrate (NO3

�) or ammonium (NH4
+) or combination of both via efficient and highly regulated

transport systems in roots. In addition, nitrogen-fixing symbiotic bacteria can fix atmospheric nitrogen in to
NH4

+ via highly regulated complex enzyme system and supply to the roots in nodules of several species of
leguminous plants. If NO3

� is a primary source, it is transported from roots and then it is rapidly converted
to nitrite (NO2

�) by nitrate reductase (NR) (EC 1.6.6.1) which is a critical and very important enzyme for
this conversion. This key reaction is mediated by transfer of two electrons from NAD(P)H to NO3

�. This
occurs via the three redox centers comprised of two prosthetic groups (FAD and heme) and a MoCo
cofactor. NR activity is greatly influenced by factors such as developmental stage and various stress
conditions such as hypoxia, salinity and pathogen infection etc. In addition, light/dark dynamics plays
crucial role in modulating NR activity. NR activity can be easily detected by measuring the conversion of
NO3

� to NO2
� under optimized conditions. Here, we describe a detailed protocol for measuring relative

NR enzyme activity of tomato crude extracts. This protocol offers an efficient and straightforward proce-
dure to compare the NR activity of various plants under different conditions.

Key words Nitrate reductase, Hypoxia, Light, Nitrate, Nitrite, Nitric oxide, Ammonium

1 Introduction

Nitrogen (N) is a crucial macronutrient required for plant, growth,
development and conferring resistance against biotic and abiotic
stresses [1]. In addition to these functions, N plays an important
role in sensing and signaling processes. The Inorganic nitrogen
assimilation pathway involves various important enzymes and
cofactors. Among these enzymes cytosolic NR is one of the well-
known and fully characterized enzymes. NR is a dimer that contains
two identical subunits of the size 100–115 kDa [2]. NR
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(EC 1.6.6.1) catalyzes the first reaction in nitrate assimilation via
the NAD(P)H dependent reduction of NO3

� to NO2
� in cytosol

of cell. This is considered as a rate-limiting step [3].

NO3
� þNAD Pð ÞHþHþ ! NO2

� þH2OþNAD Pð Þþ

Once NO2
� is produced, it is transported into the plastids by

putative nitrite transporters and reduced to NH4
+ by nitrite reduc-

tase (NiR; EC 1.7.7.1) [4].

NO2
� þ 6Fdred þ 8Hþ þ 6e� ! NH4

þ þ 6Fdox þ 2H2O

The produced NH4
+ is then incorporated into carbon skeleton

through glutamine synthetase and glutamate synthase (GS/
GOGAT cycle) which is crucial cycle for amino acid biosynthesis.
Operation of this process is tightly regulated and responsive to
various factors such as FAD, heme b557, and molybdenum cofactor
(MoCo).

NR is regulated by both transcriptional and posttranslational
levels [5, 6]. NO3

� concentration differentially regulates its expres-
sion [7]. In Arabidopsis it was shown that NO3

� and NH4
+ treat-

ment can differentially effect NIA1 and NIA2 expression [8].
Hypoxia and production of nitric oxide (NO) can also greatly
influence NIA1 and NIA2 expression [9]. It was demonstrated
that NIA1 gene in highly induced under hypoxia but NIA2 gene
expression has decreased [9]. In addition to hypoxia, light can also
affect its expression. Light and dark transition affects expression of
nitrate reductase gene in maize [5]. For instance, when dark
adapted etiolated seedlings or plants are transferred to light, then
it induces the gene via phytochrome mediated signaling [10].
NODULE-INCEPTION-like proteins (NLPs) are transcription
factors can modulate nitrate reductase encoded genes and also
nitrate assimilation [11]. LONG HYPOCOTYL 5 (HY5) and
HYH (HY5 Homologue) are bZIP transcription factors shows
NIR2 expression under continuous light conditions [12]. NR
activity also depends on various factors such as light, pH, hypoxia
,and pathogen infection [13]. Light mediates post translational
regulation of NR [6, 14]. However, an increased NR activity and
opposing effect under dark period was observed [13, 15]. Accumu-
lating evidence suggest that protein synthesis/degradation and
phosphorylation/dephosphorylation are the key mechanisms for
the regulation of NR activity during light–dark transition [16].
Under low cytosolic pH, NO2

� reduction to NH4
+ is greatly

inhibited that leads to increase in production of gaseous free radical
NO. This condition is most prevalent during hypoxia due to
increased fermentation. It has been shown that NO3

� and NO2
�

are major players in determining NR activity [13]. Furthermore,
NO production from NR requires low nitrate and high nitrite
[17]. NR dependent NO plays a role in stomatal moments during
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pathogen infection [18], drought tolerance via induction of several
antioxidants [19], operation of phytoglobin nitric oxide (Pgb-NO)
cycle for survival under hypoxia [9], aerenchyma formation [20],
and hypersensitive response during avirulent pathogen infection to
plants [21].

Here, we describe a detailed protocol for measuring NR activity
by its final product, nitrite through its absorbance under three
different conditions of Hypoxia/Normoxia, Light/Dark, and
Pathogen/MgCl2.

2 Materials

2.1 Nitrate

Reductase Activity

2.1.1 Reagents

1. Extraction Buffer: 100 mM HEPES–KOH pH 7.5, 3.5 mM
(see Note 1) mercaptoethanol, 0.3% Triton X-100, 15 mM
MgCl2, 0.5% PVP, 0.5% BSA.

2. Assay Buffer: 50 mM HEPES–KOH pH 7.5, 5 mM KNO3,
0.2 mM NADH.

3. NED Solution: 0.1% N-1-napthylethylenediamine dihy-
drochloride (see Note 2).

4. Sulfanilamide Solution: 1% sulfanilamide in 5% phosphoric
acid.

5. Stop solution: 0.5 M zinc acetate.

2.1.2 Strain Maintenance 1. Pseudomonas syringae pv. Tomato isolate DC3000.

2. King’s medium B Base Agar (for 1 L): 20 g Proteose peptone,
1.5 g MgSO4, 1.5 g K2HPO4, pH 7.0.

3. 10 mM MgCl2.

4. Rifampicin Antibiotic (50 mg/l) (see Note 3).

2.2 Equipment 1. Centrifuge/centrifuge tubes.

2. Microplate Reader/Spectrophotometer.

3. Magnetic stirrer.

4. Stirring bar.

5. pH meter.

6. Autoclave.

7. Phytotron.

8. Hypoxia Chamber.

9. Mortar and pestle.

10. Spectrophotometer.
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3 Methods

3.1 Plant Growth

and Conditions

1. Sow the tomato seeds cv. Pusa Ruby (PR) in plastic trays filled
with vermiculite-agropeat mixture in 3:1 ratio and moister the
soil with sterile distilled water.

2. Germinate the seeds in phytotron set at 26 �C for a week under
dark conditions.

3. After 7 days of germination, transfer the germinated seedlings
to individual pots filled with sterile vermiculite–agropeat
mixture.

4. Transfer the individual planted pots in phytotron which is set at
a photoperiod of 16/8 h light/dark cycle, day/night tempera-
ture regime of 26

�
/20 �C, RH- 60% and photon flux density of

300 μmol m�2 s�l.

5. Irrigate plants with water and half strength nutrient solution
twice a week alternatively for a period of 7 weeks.

3.2 Treatments

3.2.1 Hypoxia Treatment

1. Detach tomato leaves from 7-week-old plants using scissors
and stainless steel tweezers.

2. Dip petioles into the test tubes filled with 10 ml of 3 mM
nitrate in 25 mM HEPES-KOH pH 7.5.

3. Transfer the test tube sets with leaves to hypoxic chamber for
2 h (Fig. 1). Cover the hypoxic chamber with black cloth to
avoid photosynthesis.

4. Flash flush nitrogen gas for every 10 min until 2 h of complete
treatment.

3.2.2 Light/Dark

Treatment

1. Detach tomato leaves from 7-week -old plants described as
above.

2. Prepare the test tubes with detached leaves as described earlier.

3. Incubate leaves in the phytotron with continuous light
(300 μmol m�2 s�l) for 2 h.

4. For dark treatment transfer leaves into dark room for 2 h.

3.2.3 Pathogen

Preparation and Infiltration

1. Prepare 3 to 5 ml primary culture of Pseudomonas syringae
pv. tomato isolate DC3000 strain in a 50 ml sterile glass culture
vial containing sterile KB broth with rifampicin (50 mg/l) by
adding an inoculum of 20 μl from its stored glycerol stock.

2. Incubate the primary culture at 28 �C shaker and continuously
shake the culture at 220 rpm for a period of 24 h.

3. After incubation take few 10 μl of primary culture and add in to
100ml of sterile KB broth with rifampicin (50mg/l) in a sterile
250 ml conical flask for preparation of secondary culture (see
Note 4).
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4. Incubate the secondary culture flask in shaker at 28 �C and
shake 220 rpm for 12–16 h.

5. After incubation, transfer the secondary culture equally into
two 50 ml sterile centrifuge tubes.

6. Centrifuge these tubes at 2100 � g for 10 min at room
temperature.

7. Discard the supernatant in an autoclavable bag and resuspend
pellet in 1 ml of sterile 10 mM MgCl2 (see Note 5).

8. Measure the OD of the bacterial suspension at 600 nm in a
spectrophotometer (see Note 6).

9. For tomato leaf infiltration use OD600 0.2.

10. Transfer 7-week-old tomato plants from phytotron to the
infection room.

11. Infiltrate the bacterial suspension (OD600 ¼ 0.2) slowly on the
abaxial surface of marked leaves using a 1 ml needleless syringe
(see Note 7) (Fig. 1).

12. Allow the infiltrated leaves to dry and cover plants with a plastic
wrap to maintain humidity.

13. Keep the infected plants in the infection room for 6 h, or as per
required time (see Note 8).

14. For control treatment, similarly infiltrate other tomato plants
as well with 10 mM MgCl2.

Fig. 1 Measurement of nitrite from anoxia (upper panel) and pathogen infected (lower panel) For anoxia
treatment (a) Fill 5 mM nitrate solution (in 25 mM HEPES buffer, pH 7.5) filled in test tubes; (b) The petiole of
the detached leaves dipped inside the buffer solution (c) Anoxia treatment to the leaves inside the customized
hypoxia chamber (d) PstDC3000 infiltration to the abaxial side of tomato leaves using syringe (e) Grinding of
leaf tissue in mortar and pestle (f) Griess reaction set up in a 96-well microplate and (g) measurement of nitrite
at 546 nm in a microplate reader
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3.3 Nitrate

Reductase Assay

1. Harvest 0.5 g of tissue (FW) at different time points with a
sterile stainless steel forceps and a scissors. Alternately scalpel
blade can be used for harvesting tissue.

2. Label the different samples and immediately freeze in liquid
nitrogen.

3.3.1 Preparation

of Extract

1. Immediately after treatment grind preweighed tomato leaf
tissue with liquid nitrogen into a fine powder using mortar
and pestle (Fig. 1).

2. Homogenize the tissue powder in 500 μl of NR extraction
buffer (Subheading 2.1.1) (see Note 1).

3. Centrifuge the extract at 16,800 � g (maximum speed) for
20 to 30 min at 4 �C to yield a clear supernatant.

4. The obtained aliquots of this supernatant can be kept on ice
and directly used for the measurement of NR activity
immediately.

5. Alternatively supernatant can be stored at �20� or �80 � C for
several months until further assay.

3.3.2 Griess Reaction

for Measurement of Nitrite

1. Add 100–200 μl of the supernatant prepared at Subheading
3.3.1 to the 800 μl NR assay buffer (Subheading 2.1.1). After
5 min of incubation at 24 �C, stop the reaction by adding
125 μl of zinc acetate (0.5 M).

2. Transfer 100–200 μl of the supernatant into another centrifuge
tube, then add 5 mM of KNO3 and 0.2 mM of freshly prepared
NADH with NR assay buffer and incubate the mixture for
10 min.

3. After incubation immediately stop this reaction by adding
100 μl zinc acetate (0.5 M) and add Griess reagent (0.5 ml
sulfanilamide and 0.5 ml NED solution) and incubate for
10 min in dark.

4. Centrifuge at maximum speed for 2 to 5 min. Transfer 100 μl
of solution from each treatment into the prelabeled 96-well
microplate.

5. Measure the color (magenta) produced due to presence of
nitrite using microplate reader set at 546 nm (Fig. 2) (see
Note 9).

6. Calibrate the unknown values of nitrite with the precise nitrite
standard reference curve to know the actual concentration of
the NR extract in tomato leaves.

7. NR activity is expressed in nmoles/gFW/min or nmoles/mg
protein/min (Fig. 3).
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4 Notes

1. Extraction buffer should be prepared fresh, used immediately
and stored on ice for immediate activity measurement or stored
at �20 �C or �80 �C for long term use.

2. N-(1-naphthyl) ethylenediamine solution should be stored in a
dark bottle and if stored properly it can be stable for 1 month.

3. Rifampicin antibiotic is light sensitive, prepare stock in amber
vials.

4. The incubation time and temperature, sterile condition of the
primary and secondary culture should be followed strictly.

5. The bacterial pellet should always be resuspended in either
sterile 10 mMMgCl2 orMgSO4 and should be done in laminar
air flow.

NH2

NH2

NH2
HN

HNO2
H2O+ +

H2O+

OH

O

Nitrous Acid

O S

OH

O

N N
N-(1-Naphthyl) ethylenediamine

Dihydrochloride (NED)

O

p-Suphobenzene-azo-α naphthylamine
(water soluble red azo dye)

S

N+≡ N

OH

O

Sulfanilic Acid (Colourless) Diazotized sulfanilic Acid (Colourless)

O S

Fig. 2 Griess reagent reaction for measurement of nitrite. Nitrite first reacts with sulfanilic acid and forms a
colorless diazotized sulfanilic acid which is then reacts with N-(1-naphthyl) ethylenediamine (NED). This
overall reaction leads to formation of magenta colored sulfobenzene-azo-α-naphthylamine compound
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6. While taking OD at 600 nm, the proper handling of bacterial
culture should be done. The cuvette can be shaked if required
and the OD should be 0.2.

7. Bacterial or mock inoculation to abaxial side of the leaf should
be done without imposing much pressure in order to avoid
wounding effect.

8. The infection room should be different from the culture room
and sterile conditions should be maintained and after experi-
ment surface sterilization should be performed in the room.

9. Always perform the color development of the test and stan-
dards at the same time.
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Fig. 3 Nitrate reductase (NR) activity in crude leaves extract of tomato (a) NR activity under normoxia and
hypoxia dark conditions (30 min and 2 h) (b) NR activity in in response to 30 min and 2 h light treatment (c) NR
activity in mock and Pst treated samples at 0 and 6 h post infiltration. Bars represent the means� SE (n¼ 3).
A significant difference within the treatments is denoted by ∗ at p < 0.05 (two sample t-test)
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Chapter 4

Fluorimetric-Based Method to Detect and Quantify Total
S-Nitrosothiols (SNOs) in Plant Samples

Paulo T. Mioto, Alejandra Matiz, Luciano Freschi, and Francisco J. Corpas

Abstract

Accumulating experimental evidence indicates that S-nitrosylation (technically S-nitrosation) events have a
central role in plant biology, presumably accounting for much of the widespread influence of nitric oxide
(NO) on developmental, metabolic, and stress-related plant responses. Therefore, the accurate detection
and quantification of S-nitrosylated proteins and peptides can be particularly useful to determine the
relevance of this class of compounds in the ever-increasing number of NO-dependent signaling events
described in plant systems. Up to now, the quantification of S-nitrosothiols (SNOs) in plant samples has
mostly relied on the Saville reaction and the ozone-based chemiluminescence method, which lacks sensi-
tivity and are very time-consuming, respectively. Taking advantage of the photolytic properties of S-nitro-
sylated proteins and peptides, the method described in this chapter allows simple, fast, and high-throughput
detection of SNOs in plant samples.

Key words Ozone chemiluminescence, Saville, S-nitrosothiols, S-nitrosoglutathione, Nitric oxide,
Nitrosylated proteins

1 Introduction

Nitric oxide (NO) is a reactive nitrogen species (RNS) involved
in a wide array of biological processes. In plants, it has been
shown that RNS participate in abiotic and biotic stress responses
and other key physiological processes, such as seed germination [1],
root development [2, 3], leaf senescence [4, 5], stomatal closure
[6–8], sexual reproduction [9–11], flowering [12], and fruit ripen-
ing [13, 14]. The capacity of NO to act through post-translational
modification of proteins (PTMs) by S-nitrosylation (formally
S-nitrosation) is one of the most important mechanisms that diver-
sifies NO-related signals and may also act as a dynamic reservoir of
NO [15–20]. S-nitrosylation occurs when NO reacts with the
sulfhydryl group (�SH) of cysteine residues of target proteins or
peptides, giving rise to S-nitrosothiols (SNOs). So far, there is an
increasing amount of knowledge regarding which proteins can be
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S-nitrosylated in plant cells, as well as the effects of this PTM on
their function, demonstrating the relevance of this process under
physiological and stress conditions [21–23]. In this context, the
enzyme S-nitrosoglutathione (GSNO) reductase is a key element
since it regulates the level of GSNO and consequently the level of
SNOs [24–29].

Consequently, due to the importance of SNOs in plant
responses and signaling mechanisms, it is essential to have several
alternative and robust methods to detect and quantify these com-
pounds [28, 30–34]. Nowadays, two main quantitative methods
have been employed to analyze SNOs in plants: (1) The Saville
reaction, which is based on the replacement of a nitroso (�NO)
group from SNOs by mercury and subsequent formation of nitrite
(NO2

�). In this method, the samples are incubated in mercuric
chloride (HgCl2) and the formed nitrite is spectrophotometrically
measured. The difference between absorbance with and without
HgCl2 indicates the levels of total SNOs (proteins and peptides) in
the sample [30]. (2) The ozone chemiluminescence method, which
is based on the release of NO upon reductive decomposition of
nitroso species (�S�NO) from SNOs, with subsequent quantifica-
tion of NO by using a gas-phase chemiluminescence [33]. The
Saville reaction is one of the easiest and cheapest ways to quantify
SNOs, but it lacks sensitivity [32, 34, 35]. In contrast, the ozone
chemiluminescence-based method is highly sensitive, but it is time-
consuming and requires sophisticate and rather expensive reaction
and detection systems [32–34]. The present fluorescence-based
method is simple and sensitive allowing the quantification of NO
derived from SNOs by photolysis of the S-NO bond through UV
light exposure. The emitted NO is detected spectrofluorometrically
by using the NO-detecting fluorescent dye diaminorhodamine-4M
(DAR-4M). The DAR-4M method proved to be more sensitive
than the Saville assay, but not as sensitive as the ozone chemilumi-
nescence. However, it is easy and relatively cheap to perform.
Moreover, differently from the Saville and the ozone
chemiluminescence-based assay, the DAR-4M method is not influ-
enced by nitrite, a compound that may be found in relatively high
concentrations in plant tissues.

2 Materials

2.1 Equipment 1. Measuring material (scales, pipettes, and other).

2. Vortex.

3. Refrigerated centrifuge (Sorvall™ ST 16R).

4. PCR plates (transparent 96-well 0.2 mL).
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5. Transilluminator commonly used for visualizing the stained
nucleic acids (Loccus L-PIX Touch).

6. Spectrofluorometer cuvettes (1 mL capacity).

7. Spectrofluorometer (Perkin-Elmer LS-55).

2.2 Reagents and

Solutions

1. S-Nitrosoglutathione (GSNO–Sigma-Aldrich) 1 mM for stan-
dard curve–prepared fresh.

2. Diaminorhodamine-4M (DAR-4M–Calbiochem) 5 mM.

3. Chilled acetone—Keep in the freezer at least 1 h before the
start of the protocol.

4. Phosphate buffer 50 mM, pH 7.2 with 80 mM of S-methyl
methanethiosulfonate (MMTS). The buffer without MMTS
can be stored at 4 �C, but the MMTS should be added on the
same day of the analyses.

5. Phosphate buffer 50 mM, pH 7.2 (without MMTS—can be
stored at 4 �C).

3 Methods

The fluorescence-based method uses the principle of cleavage of
S-NO bonds by UV light. It was based on a procedure developed
for animal samples [31], and a series of modifications were
incorporated to ensure sensitive and reproducible measurements
of plant samples of diverse origins [34]. Figure 1 shows a schematic
workflow of the method.

1. During the whole procedure, keep the extracts on ice (4 �C)
and in darkness whenever possible. Dim the lights in the room
during the procedure, because SNOs usually are
photosensitive.

2. Transfer the samples to the liquid nitrogen and grind into fine
powder. Do not let it thaw.

3. Weight approximately 0.1 g of powdered tissue and add 1 mL
of the phosphate buffer + MMTS (see Note 1). Vortex for
1 min. Centrifuge at 20,000 � g for 20 min at 4 �C.

4. Collect 0.5 mL of the supernatant and transfer to a 2 mL
microtube. Add 1.5 mL of chilled acetone.

5. Leave for 20 min at �20 �C to precipitate proteins and
peptides.

6. Centrifuge for another 20 min (20,000 � g; 4 �C).

7. Discard the supernatant and resuspend the pellet in 250 μL of
the phosphate buffer + MMTS. Afterward, centrifuge for
another 3 min to separate any insoluble material.
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8. Collect 200 μL of the supernatant into a new 1.5 mL micro-
tube. Keep the remaining supernatant to determine protein
concentration by the most convenient method—e.g., Bradford
method [36].

9. Add 1.5 μL of the 5 mM DAR-4M solution to the 200 μL
aliquot of your supernatant, to achieve a final concentration of
37.5 μM of the dye (see Note 2). Mix it well with the pipette.
Do not vortex, nor shake the microtube.

10. Collect 100 μL of the supernatant + DAR-4M mix and accom-
modate it in a well of the PCR plate (see Note 3). Leave the
remaining ~100 μL in total darkness at room temperature until
step 13. This is the blank for your sample. Each sample must
have a blank (Fig. 1).

11. Put the plate face down in a transilluminator for 5 min. The
liquid will not fall unless the plate is vigorously shaken or hit
(Fig. 2a). During this step, the fluorescence of the sample
frequently can be seen, and the intensity roughly correlates
with the SNOs content (Fig. 2b). Fluorescence should increase
with time, so the time of exposure should be keep constant
between different samples.

Fig. 1 Schematic workflow of the DAR-4M method

Fig. 2 (a) A 200 μL PCR plate inverted with liquid. (b) Visualization of the fluorescence of a GSNO standard
curve during step 11 of the protocol
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12. Carefully collect the entire sample from each well and transfer
to 1.5 mL microtube. Add 900 μL of phosphate buffer (with-
out MMTS) to each microtube. Also, add another 900 μL of
phosphate buffer to the blank samples (the ~100 μL that
remained in the tube during step 10).

13. Read all the blanks and samples in a spectrofluorometer with
560 nm excitation and 575 nm emission wavelength (5 nm
bandwidth). All samples not currently being read must be kept
in darkness, especially your blanks for each sample.

14. The difference in the fluorescence emission between each sam-
ple and its respective blank must be compared with a standard
curve of GSNO to estimate the amount of SNOs.

4 Notes

1. The proportion between sample amount and extractions buffer
may vary depending on species or treatment. Preliminary tests
are necessary to determine the optimal proportion.

2. DAR-4M is photosensitive. Keep it protected from light when-
ever possible.

3. Carefully add the liquid into the well to avoid the formation of
air bubbles. Use reverse pipetting if necessary.
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Chapter 5

Measurement of S-Nitrosoglutathione Reductase Activity
in Plants

Martina Janků, Tereza Tichá, Lenka Luhová, and Marek Petřivalský

Abstract

S-nitrosation as a redox-based posttranslational modification of protein cysteine has emerged as an integral
part of signaling pathways of nitric oxide across all types of organisms. Protein S-nitrosation status is
controlled by two key mechanisms: by direct denitrosation performed by the thioredoxin/thioredoxin
reductase system, and in an indirect way mediated by S-nitrosoglutathione reductase (GSNOR). GSNOR,
which has been identified as a key component of S-nitrosothiols catabolism, catalyzes an irreversible
decomposition of abundant intracellular S-nitrosothiol, S-nitrosoglutathione (GSNO) to oxidized gluta-
thione using reduced NADH cofactor. In plants, GSNOR has been shown to play important roles in plant
growth and development and plant responses to abiotic and biotic stress stimuli. In this chapter, optimized
protocols of spectrophotometric measurement of GSNOR enzymatic activity and activity staining in native
polyacrylamide gels in plant GSNOR are presented.

Key words S-nitrosation, S-nitrosothiols, Nitric oxide, S-nitrosoglutathione reductase, Plant stress

1 Introduction

Nitric oxide (NO), a reactive gaseous compound, has been identi-
fied as an important signaling and regulatory molecule in diverse
physiological and pathological processes in all types of organisms.
Signaling pathways of NO are involved in the regulation of plant
growth and development and growth and also in orchestration of
plant responses to environmental stress factors [1]. NO-dependent
signaling event are mediated mainly by fast NO reaction with
reactive oxygen species (ROS), by nitrosylation of transition metal
ions within protein structures and nitrosative modification of thiols
groups in proteins and low-molecular weight thiols. Cysteine S-
nitrosation has been recognized among important posttranslational
protein modifications and a multiple S-nitrosation targets have
been detected among plant proteins including enzymes, transcrip-
tion factors, and structural proteins [2]. S-nitrosoglutathione
(GSNO), as the most abundant low molecular weight S-
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nitrosothiol can under specific conditions release free NO radical or
participate in protein transnitrosation, [3]. Similarly to animals,
GSNO is considered as a stable form of NO bioactivity in plants
in vivo, capable to transfer NO-dependent signals both in local and
systemic responses of plant tissues [4]. Several reaction pathways of
combined NO and ROS reactivity are known to contribute to the
GSNO pool in plant cell; however, a specific enzymatic S-nitroso-
glutathione reductase (GSNOR) seems to exert crucial regulatory
role in GSNO decomposition and thus indirectly also in the regu-
lation of intracellular levels of NO and protein S-nitrosothiols [5].

GSNOR activity was originally identified as a physiologically
relevant activity of a previously characterized enzyme, S-(hydroxy-
methyl)glutathione dehydrogenase (EC 1.1.1.284, formerly
known also as glutathione-dependent formaldehyde dehydroge-
nase, EC 1.2.1.1), which catalyzes the conversion of S-(hydroxy-
methyl)glutathione (HMGSH), a spontaneous adduct of
glutathione and formaldehyde, to S-formylglutathione within the
formaldehyde detoxification pathway [6]. However, the denomi-
nation of this enzyme as GSNOR has been widely accepted due to
biological relevance of NADH-dependent reduction of GSNO to
oxidized glutathione and ammonium [7, 8]. Based on its structural
characteristics, GSNOR is classified among the family of
Zn-dependent class III alcohol dehydrogenases (ADH3; EC
1.1.1.1), recognizable from the class I ADH family by their high
affinity to long-chain alcohols [9]. Nevertheless, the comparison of
kinetic parameters for its substrates suggest GSNO is the physio-
logically relevant substrate as the Km value for HMGSH is approx.
two-orders of magnitude higher compared to GSNO [10].

Using both pharmacological approaches and mutant plants
with up-and down-regulated GSNOR, it has been confirmed that
GSNOR act as a master regulator of protein S-nitrosylation during
plant development and responses to abiotic and biotic stress stimuli
[11]. Plant GSNORs are unusually cysteine-rich proteins with
cytosolic localization, although also peroxisomal targeting has
been suggested by some previous reports [12]. GSNOR activity
can be determined as the amount of NADH consumed in the
enzyme-dependent GSNO reduction by monitoring the absor-
bance decrease at 340 nm, whereas in the dehydrogenase mode,
the oxidation of HMGSH is evaluated by the increase of absor-
bance at 340 nm. Native polyacrylamide gel electrophoresis
(PAGE), which can achieve efficient separation of sample proteins
under nondenaturing conditions by can be exploited to detect
enzyme activities and analyze isoenzyme pattern in plant extracts.
GSNOR reductase activity in the native PAGE gels can be followed
by recording of decreased fluorescence resulting from the oxidation
of NADH. Gels are sequentially incubated in filter papers soaked in
buffers containing the enzyme cofactor NADH and then the
enzyme substrate GSNO, where GSNOR activity is revealed as
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dark bands on gels to fluorescence-excitation illumination
[13, 14]. Alternatively, GSNOR dehydrogenase activity can be
stained after incubation with suitable substrates and electron accep-
tors such as nitroblue tetrazolium (NBT), which are reduced insol-
uble formazans observed as colored bands at the site of GSNOR
presence in the gels. HMGSH, which can be prepared by mixing of
corresponding solutions of reduced glutathione and formaldehyde,
or long-chain alcohols like octanol are usually used as substrates of
GSNOR/ADH3 dehydrogenase activity [15]. The dehydrogenase
staining of GSNOR in native PAGE gels has the advantage of
higher stability of used compounds and easier detection of visible
bands compared to requirements and equipment needed for the
detection of NADH fluorescence.

2 Materials

All solutions shall be prepared from chemicals of analytical grade
using ultra-pure water or HPLC-grade solvents and stored at room
temperature, unless indicated otherwise. Rules of safety disposal
and regulations of waste material disposal shall be followed.

2.1 Synthesis of

S-Nitrosoglutathione

(GSNO)

1. GSNO is synthetized from the reduced glutathione (GSH)
using acidified nitrite in HCl [16] (see Note 1).

2. Prepare 1 MHCl by adding drop-wise 4.3 mL of concentrated
HCl (36%) to 40 mL of water and adjust final volume with
water to 50 mL.

3. Dissolve 614 mg of reduced GSH (2 mM concentration) in
3mL of 1MHCl and place the solution on ice bath (seeNote 2).

4. Add slowly 138 mg of sodium nitrite (NaNO2, 2 mM) to the
acidic glutathione solution under vigorous stirring on ice bath
(see Note 3). The reaction mixture shall be stirred for at least
40 min on ice.

5. To precipitate synthetized GSNO out of the solution, add
5 mL of ice-cold acetone and stir for another 10 min on ice
(see Note 4).

6. Separate the precipitated GSNO from the reaction mixture
using a paper filter placed on a Buchner funnel and wash the
precipitate with successive portions of ice-cold water (2 times
10 mL), ice-cold acetone (2 times 10 mL) and ice-cold diethyl
ether (2 times 10 mL).

7. Dry the washed GSNO precipitate protected from the light
(i.e., in an aluminum foil) in desiccator under vacuum for
30 min. Store the final GSNO product at �20 �C (seeNote 5).
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2.2 Sample

Preparation

1. Extraction buffer: 50 mM Tris–HCl pH 7.5, 0.2% Triton
X-100, 2 mM DTT, 1 mM (4–2-aminoethyl)benzenesulfonyl
fluoride hydrochloride (AEBSF) (see Note 6). Weigh 0.606 g
Tris and 0.2 g Triton X-100 and dissolve in 75 mL of water,
mix and adjust pHwith concentratedHCl. Make up to 100mL
with water and store at 4 �C. DTT and AEBSF should be added
freshly before the use. To prepare 20 mL of the extraction
buffer, dissolve 6.2 mg DTT and 4.8 mg AEBSF in approx.
15 mL of the TRIS-HCl buffer, than make up to 20 mL with
water.

2. Equilibration and elution buffer: 20 mM Tris–HCl, pH 8.0.
Weight 2.423 g Tris and dissolve in 950 mL of water, mix and
adjust pH with HCl and make up to 1 L with water. Store at
4 �C.

2.3 Protein

Quantification by

Bradford Method

1. Stock solution of Coomassie Brilliant Blue (CBB): Weigh
50 mg CBB G250, dissolve it in 25 mL of methanol, add
50 mL of 85% H3PO4 and make up to 100 mL with water
(see Note 7).

2. Protein standard: 10 mg/mL bovine serum albumin (BSA) in
water. Aliquots can be stored at �20 �C.

2.4 Measurement

of GSNOR Reductase

Activity

1. Reaction buffer: 20 mMTris–HCl, pH 8.0. Weigh 2.423 g Tris
and dissolve in 950 mL of water, mix and adjust pH with HCl
and make up to 1 L with water. Store at 4 �C.

2. Working solution of NADH (2 mM): Weigh 1.42 mg NADH
disodium salt hydrate (Sigma-Aldrich, N8129) and dissolve in
1 mL of water. Should be prepared fresh on daily basis and kept
on ice during the measurements.

3. Working solution of GSNO (4 mM) GSNO: Weigh 1.34 mg
GSNO and dissolve in 1 mL of water. Should be prepared
fresh on daily basis and kept on ice protected from the light
(see Note 8).

2.5 Measurement

of GSNOR

Dehydrogenase

Activity

1. Reaction buffer: 20 mMTris–HCl, pH 8.0. Weigh 2.423 g Tris
and dissolve in 950 mL of water, mix and adjust pH with
concentrated HCl and make up to 1 L with water. Store at
4 �C.

2. Working solution of NAD+ (60 mM): Weigh 40 mg NAD+

hydrate (Sigma-Aldrich, N1636) and dissolve it in 1 mL of
water. Should be prepared fresh on daily basis.

3. Glutathione solution (40 mM): Weigh 123 mg GSH and dis-
solve it in 10 mL of water.

4. Formaldehyde solution (31.2 mM): Dilute 31 μL of 30%
formaldehyde (about 10 M) to 10 mL of water (see Note 9).
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2.6 Detection of In-

Gel GSNOR Activity

1. GSNOR reductase activity (fluorescence detection): weigh
either 7 mg NADH or 6.5 mg GSNO and dissolve them in
separate 5 mL volumes of 20 mM TRIS-HCl buffer, pH 8.0,
respectively. Prior the use, keep both solutions of NADH and
GSNO at 4 �C protected from the light.

2. GSNOR dehydrogenase activity (color staining): Enzyme
activity is detected by gel incubation in 0.1 M sodium phos-
phate buffer (pH 7.4) containing 0.1 mM NAD+, 0.1 mM
nitroblue tetrazolium (NBT), 0.1 mM phenazine methosulfate
(PMS), 1 mM reduced glutathione (GSH), and 1 mM formal-
dehyde. Weigh 6.6 mg NAD+, 8.2 mg NBT, 3.1 mg PMS, and
30.7 mg GSH, dissolve weighed compounds sequentially in
given order in 100 mL of 20 mM TRIS-HCl buffer, pH 8.0,
and finally add 30 μL of formaldehyde. Store staining solution
in dark prior to use (see Note 10).

2.7 Preparation

of Native

Polyacrylamide Gels

1. Resolving gel buffer: 1.5 M Tris–HCl, pH 8.8. Weigh 36.3 g
Tris and dissolve in 150 mL of water. Adjust pH with HCl and
make up to 200 mL with water. Store at 4 �C.

2. Stacking gel buffer: 0.5 M Tris–HCl, pH 6.8. Weigh 6.1 g Tris
and dissolve in approx. 80 mL of water. Adjust pH with HCl
and make up to 100 mL with water. Store at 4 �C.

3. Acrylamide–bisacrylamide (BIS) stock solution (30:0.8 acryla-
mide–BIS). Weigh 30 g acrylamide monomer and 0.8 g BIS
(cross-linker) and transfer to a glass beaker. Add water to a
volume of 60 mL and mix for about 30 min (see Note 11).
Make up to 100 mL with water. Store at 4 �C protected from
light.

4. Ammonium persulfate (APS, 10% solution in water): Weigh
25 mg APS and dissolve in 250 μL of water. Always prepare
fresh just prior the use (see Note 12).

5. N, N, N´,N´-tetramethylethylenediamine (TEMED). Store at
4 �C.

6. 60% glycerol (v/v) in water.

7. 0.02% bromophenol blue in 20% glycerol (v/v).

8. Running buffer (25 mM Tris–HCl, 0.192 M glycine, pH 8.3):
Weigh 6.05 g Tris, 28.82 g glycine (electrophoresis grade, e.g.,
Sigma-Aldrich G8898) and transfer to a glass beaker. Make
up to 2 L with water, do not adjust pH. Store at 4 �C (see
Note 13).
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3 Methods

All procedures shall be performed at room temperature, unless
otherwise specified.

3.1 Sample

Extraction

and Desalting

1. Add two volumes of extraction buffer (v/w) to the plant sam-
ples and homogenize e.g., using a mortar and pestle in liquid
nitrogen.

2. Centrifuge crude extracts 20 min at 16,000 � g at 4 �C.
Transfer carefully obtained supernatants into clean microtubes
and store at 4 �C.

3. Equilibrate desalting column (PD-10 or NAP-10 columns, GE
Healthcare, USA) with at least 15 mL of equilibration buffer.

4. Add 1mL of sample extract to the column and let the sample to
enter completely into the packed bed (see Note 14). Do not
collect the column eluate at this step.

5. Add 2 mL of elution buffer to the column and collect the
column eluate containing the protein fraction to a clean 2 mL
microtube. Store the eluate at 4 �C (see Note 15).

3.2 Total Protein

Assay by Bradford

Method

1. Prepare a set of BSA solutions in the concentration range of
0.05–1.4 mg protein/mL by dilution of stock 10 mg/mL BSA
solution (see Note 16).

2. Prepare working Bradford reagent by diluting the stock CBB
G-250 solution with water in ratio 1:4 (see Note 17).

3. Pipet 5 μL of BSA protein standard, extract sample or blank to
microplate wells. Elution buffer used in the extract desalting
step should be used as a blank. Protein samples, standards and
blanks are usually assayed at least in technical triplicates. Sam-
ples with the protein content higher than 1 mg/mL should be
appropriately diluted with the elution buffer.

4. Add 200 μL of Bradford reagent to each microplate well, mix
thoroughly and incubate 10 min at room temperature (see
Note 18).

5. Measure absorbance values at 595 and 450 nm and calculate
absorbance ratios as A595/A450. Subtract the mean of blank
A595/A450 ratio values from the measured A595/A450 ratio
values of standards and samples (see Note 19).

6. Protein sample concentrations are determined using standard
curves obtained by a linear regression ofA595/A450 ratio values
of protein standards versus their concentrations.
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3.3 Measurement

of GSNOR Reductase

Activity

1. GSNOR reductase activity is assayed spectrophotometrically at
25 �C by monitoring oxidation of the enzyme cofactor NADH
at 340 nm (see Note 20).

2. Prepare fresh 2 mM NADH and 4 mM GSNO. Store at 4 �C
in dark.

3. For microplate assay, add 225 μL of Tris–HCl reaction buffer,
15 μL of the desalted sample and 30 μL of 2 mM NADH to
96-well microplates in triplicate.

4. The reaction is started by addition of 30 μL of 4 mM GSNO;
as the blank use 30 μL of water (see Note 21).

5. Measure the decrease of absorbance at 340 nm during
1–10 min interval (see Note 22).

6. The GSNOR reductase activity is expressed as nmol of NADH
consumed per sec and mg of protein, using extinction coeffi-
cient of NADH ε ¼ 6.22 mM�1 cm�1 (see Note 23).

3.4 Measurement

of GSNOR

Dehydrogenase

Activity

1. GSNOR dehydrogenase activity is assayed spectrophotometri-
cally at 25 �C by monitoring the formation of the reduced
cofactor NADH at 340 nm with the glutathione-formaldehyde
adduct S-(hydromethyl)glutathione (HMGSH) as the enzyme
substrate (see Note 24).

2. Prepare fresh solutions of 60 mM NAD+, 40 mM reduced
glutathione and 31.2 mM formaldehyde. Store all solutions at
4 �C.

3. In a 2 mL microtube, mix 1 mL of 40 mM GSH and 1 mL of
31.2 mM formaldehyde to obtain 2 mL of 20 mM HMGSH
(see Note 25).

4. For the microplate assay, add 205 μL of 20 mM Tris–HCl
reaction buffer, 15 μL of the desalted sample and 10 μL of
60 mM NAD+ to 96-well microplate in triplicate.

5. The reaction is started by adding 15 μL of 20 mM HMGSH;
as the blank use 15 μL of water instead of the substrate (see
Note 21).

6. Measure the increase of absorbance at 340 nm during
1–10 min interval (see Note 22).

7. The GSNOR dehydrogenase activity is expressed as nmol
NADHproducedper sec andmgprotein (ε¼6.22mM�1 cm�1)
(see Note 23).

3.5 Protein

Separation by Native

Polyacrylamide Gel

Electrophoresis

1. The instructions described herein are specific to preparation of
two 0.75 mm-thick minigels on the Mini-PROTEAN® Tetra
System (Bio-Rad, USA) and can be correspondingly adjusted
to prepare larger or thicker gels (see Note 26).

2. Clean thoroughly before every use both short and spacer plates
cleaned with deionized water and finally with 95% ethanol.
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3. Assemble two pairs of short and 0.75 mm spacer plate and
insert them into the gel casting stand. Check tightness of the
casting plate assembly by pouring deionized water between the
plates. Remove the water and let the plates to completely dry.

4. Prepare the solution resolving gel solution by mixing 2.5 mL
of resolving buffer, 3.3 mL of 30% acrylamide–BIS mixture
and 4.1 mL of deionized water in a 50 mL conical flask (see
Note 27).

5. Degas the solution for at least 10 min under vacuum and
continuous stirring (see Note 28).

6. Add 10 μL of TEMED to the degassed resolving gel solution.

7. Add 100 μL of freshly prepared APS solution under continuous
stirring and after that pour the gel solution immediately
between assembled glass plates. The solution level should
reach approximately 1 cm below the lower end of the comb
(see Note 29).

8. Overlay the casted resolving gel solution with a thin layer of
n-butanol saturated with water using a suitable pipette and
allow to stand for approx. 30 min to enable gel polymerization
(see Note 30).

9. Remove butanol from the resolving gel and rinse the gel sur-
face with water. Remove the water and dry the area between the
glass plates above the gel surface using a piece of filter paper.

10. Prepare the stacking gel solution by mixing 1.25 mL of resolv-
ing buffer, 0.65 mL of 30% acrylamide–BIS mixture, and
3.05 mL of water in a 50 mL conical flask (see Note 27).

11. Degas this solution for at least 10 min under vacuum and
continuous stirring (see Note 28).

12. Add 10 μL of TEMED to the degassed gel solution.

13. Add 50 μL of APS solution under continuous stirring and pour
immediately the solution on the top of stacking gel between
assembled glass plates. The level of the solution should reach
the top of the short plates.

14. Immediately insert a 0.75 mm comb into the space between
the glass plates without introducing air bubbles and let the
stacking gel to polymerize for approx. 30 min (see Note 29).

15. Prepare protein samples by mixing desalted plant extracts with
60% glycerol in ratio 3:1 (v/v) (see Note 31).

16. When the polymerization of stacking gels is finished, take out
the glass plates with casted polyacrylamide gels from the cast-
ing stand, but keeping the comb inside the stacking gel.

17. Assemble the electrophoretic cell according the manufacturer
instructions and insert the plates carrying the polyacrylamide
gel facing the short plates inside the cell.
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18. Fill assembled electrophoretic cell with prepared the electrode
buffer to a level above the end of short plates, then carefully
remove the combs from the stacking gels and rinse the wells in
stacking gel with the electrode buffer thoroughly using a Pas-
teur pipette (see Note 32).

19. Check for air bubbles occasionally occurring at the bottom of
the electrophoresis cell under the glass plates - if present,
remove the bubbles using a Pasteur pipette (see Note 33).

20. Using a Hamilton syringe or gel-loader pipette tips, transfer
10–20 μL of prepared protein samples slowly into selected
wells. Do not use the two outer wells for sample loading,
instead load there a small amount of 0.02% bromophenol
blue in 20% glycerol (up to 5 μL) to follow visually the progress
of the electrophoretic run (see Note 34).

21. Place a lid on the electrophoretic cell, connect the cables to a
suitable power supply and set the power supply to a value of
100 V to initiate the electrophoretic separation of sample
proteins (see Note 35).

22. After the bromophenol blue zone reaches the upper limit of
the separation gel, increase the voltage to 150 V. Continue the
separation until the bromophenol blue migrates out from the
gel. Then turn off the power supply and disconnect the cables
from the power supply.

23. Disassemble the electrophoresis cell, pull out the glass plates
with the gel and gently remove the gel by slowly separating the
glass plates. Cut and discard the stacking gel and mark the
upper part of the running gel by cutting one of its lower
corners (see Note 36).

24. If required, separated proteins can be detected in polyacryl-
amide gels by any established method of total protein staining
like CBB or silver staining.

3.6 Detection

of GSNOR Activity

in Gels

3.6.1 Fluorescence

Detection of GSNO

Reductase Activity

1. Prepare four 8 � 5 cm pieces of thick (~1 mm) filter paper (see
Note 37).

2. After the end of electrophoretic separation, remove the stack-
ing gels to a trash container and transfer with caution the
separating gels to a suitable plastic tray (see Note 38).

3. Wash gels for 5 min in deionized water. Place evenly washed
gels on the surface of UV tray for fluorescence imaging (see
Note 39).

4. Soak two filter papers in 20 mM TRIS-HCl buffer, pH 8.0,
containing 2 mM NADH (see Note 40).

5. Place soaked filter papers on the gel surface and remove the air
bubbles between the gel and filter paper by rolling over a
glass bar.
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6. Incubate the gels in dark for 15 min and then remove the filter
papers soaked with NADH.

7. Prepare two filter papers soaked with 20mMTRIS-HCl buffer,
pH 8.0, containing 4 mM GSNO (see Note 40).

8. Place soaked filter paper on the surface of the gel and eliminate
the air bubbles between the gel and filter paper using a
glass bar.

9. Incubate the gels in dark for 15 min and then remove the filter
papers.

10. Place immediately the tray inside the documentation system
(see Note 41).

11. Set the exposure parameters using suitable UV excitation and
emission filter settings and start gel imaging (see Note 42).

12. Finally, the presence of GSNOR activity is associated with
appearance of dark bands on the gel, corresponding to the
disappearance of NADH fluorescence.

13. If required, a semiquantitative comparison of signal intensities
of detected bands can be performed using available software
tools for image analysis (proprietary software of documenta-
tion system or any available freeware as Image Lab).

3.6.2 Staining for GSNOR

Dehydrogenase Activity

1. Prepare suitable plastic tray and place the separation gel inside.

2. Pour in 50 mL of freshly prepared staining solution (Subhead-
ing 2.6) and incubate for 45 min at room temperature in dark
(see Note 43).

3. Remove the staining solution, wash the gel shortly twice with
deionized water and transfer the gel on White tray (see
Note 39).

4. Colored formazan produced by GSNOR dehydrogenase activ-
ity from NBT appear as purple-blue bands (see Note 44).

5. Place the tray inside a suitable documentation system, set the
parameters for the illumination by a white light source and start
imaging (see Note 42).

4 Notes

1. To avoid light-induced GSNO decomposition, all procedures
with GSNO compound and solutions should be performed
avoiding exposure to any light sources.

2. Reduced GSH stored at room temperature or at 4 �C under-
goes a slow oxidation by the air oxygen. The use of old and
inappropriately stored GSH results in decreased yield of the
reaction product.
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3. The reaction mixture will turn red, and intensive production of
bubbles and eventually formation of red precipitate can be
observed.

4. The precipitation yield and purity by subsequent wash steps are
achieved using acetone and ether previously kept for 1 h at
�20 �C.

5. The purity of synthesized GSNO can be verified by a measure-
ment of absorbance at 334 nm in comparison to commercial
GSNO sample (Calbiochem, San Diego, CA, USA) using the
molar extinction coefficient for GSNO ε ¼ 800 mM�1·cm�1.

6. To inhibit proteases in the plant extract, AEBSF is recom-
mended as a less toxic and more stable alternative to phenyl-
methylsulfonyl fluoride (PMSF). It can be purchased also
under the commercial name Pefabloc (Roche Diagnostic).

7. The stock CBB solution should have reddish-brown color. It
can be stored for several months in dark at 4 �C.

8. Freshly prepared GSNO solution should have a pink color. A
GSNO stock solution can be prepared just prior to its use by
dissolving GSNO in an organic solvent like DMSO purged
with an inert gas. Aqueous GSNO solution should be prepared
just prior to its use.

9. In contact with air, commercial concentrated formaldehyde
solutions oxidize to formic acid and eventually polymerize to
paraformaldehyde. It is therefore advisable to use formalde-
hyde from recently opened ampules. Alternatively, “fresh”
formaldehyde solutions can be obtained by heating of
paraformaldehyde.

10. The specificity of GSNOR activity staining can be checked by a
parallel staining of another gel in a staining solution without
glutathione addition.

11. Caution: Acrylamide is a neurotoxin. Always wear protective
gloves, safety glasses, and a surgical mask when working with
acrylamide powder. To avoid exposing your lab mates to acryl-
amide, work in the fume hood.

12. The use of freshly prepared ammonium persulfate solution is
crucial for the initiation of acrylamide monomer polymeriza-
tion to achieve the desired gel quality.

13. Running buffer for native PAGE can be reused several times, if
stored at 4 �C. A stock solution of 10-times concentrated
buffer can be alternatively stored at 4 �C and diluted prior
use with cold deionized water.

14. Samples of smaller volume can be desalted on NAP-5 desalting
columns (GE Healthcare, USA), loading 0.5 mL of extract
supernatant and eluting with 1 ml of elution buffer.
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15. Desalting columns are available as disposable consumables, but
the experience in our lab shows that by taking a proper care,
repeated uses are feasible without compromising the column
efficiency. After elution step, wash the column with at least
25mL of deionized water to clean the column before next desalt-
ing cycle. For long term storage, wash with at least 15mL of 20%
ethanol to avoid microbial contamination, and store at 4 �C.

16. Extract samples with higher amount of protein need to be
diluted to fall with their concentration into the range of the
calibration curve.

17. Prepared working Bradford reagent shall have bluish brown
color.

18. A known drawback of the Bradford method is the long-term
instability of color changes resulting from complexes formed
with Coomassie Blue, namely in samples with high protein
concentrations. For this reason, it is highly recommended to
read absorbance values less than 20 min after the addition of
the Bradford reagent to protein samples.

19. This modification of the Bradford assay reported by [16],
based on using ratios of absorbance measurements at 595 and
450 nm rather than measurements at 595 nm only, provides an
increased linearity of the function of absorbance ratios plotted
against known concentrations of the calibration protein, usu-
ally bovine serum albumin.

20. EDTA or similar chelating agents should not be used neither
during sample extraction nor during activity determination, as
this can result in the removal of zinc atoms from GSNOR
molecule and loss of the enzyme activity. Chelating agents
like EDTA completely inactivate the enzyme in the millimolar
range. Reducing agents like β-mercaptoethanol, dithiothreitol
or ascorbic acid inhibit both the reductase and dehydrogenase
reactions of GSNOR, and at 1 mM concentration they reduce
the enzyme activity by about 30% [10].

21. A separate blank measurement must be performed for each
sample. Ten to twenty microliters of desalted extract are usually
optimal to measure GSNOR activity in plant extracts.

22. This time interval has been established as an optimum for
measuring GSNOR activities in plant extracts. Analysis of sam-
ples with high GSNOR activity (i.e., purified recombinant
proteins) will probably require shortened measuring time to
obtain linear progress of the initial rate of the enzyme reaction.

23. For the calculation of concentration changes using Lam-
bert–Beer equation, the optical path lengths (OPL) of the
measured sample needs to be determined. If this option is
not available on the used microplate reader, the height of the
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solution in the microplate wells can be calculated using the
known volume and the well surface, which should be available
from the microplate manufacturer. Optical path length for each
well sample can be determined by measurements of absorbance
at 900 and 977 nm and calculations using formula OPL
(cm) ¼ (A977–A900)/0.18.

24. Other GSNOR substrates are also used for the determination
of dehydrogenase activity, namely long-chain alcohols as octa-
nol or geraniol. In this case, the reaction buffer needs to have
pH adjusted to 10.

25. S-(hydroxymethyl)glutathione (HMGSH) is an adduct of glu-
tathione (GSH) and formaldehyde [17]. Glutathione and
formaldehyde concentrations required for the preparation of
1 mM HMGSH were calculated using the equation and Keq

value as described previously [10, 18].

26. Preparation of two identical gels is suitable for the detection of
GSNOR in one gel and parallel detection of total proteins by
Coomassie Blue, silver staining or other available method in
the other gel.

27. Buffers and acrylamide solution are usually stored at 4 �C. It is
hence important to let the solution to equilibrate to the labo-
ratory temperature before preparation of gel solutions, as a low
temperature of the reaction solution is known to have negative
effect on the acrylamide polymerization and the quality of
resulting gels.

28. Acrylamide polymerization involves free-radical reactions,
which are inhibited by oxygen or other compounds with free-
radical scavenging properties. Solution degassing is therefore
substantial to remove the molecular oxygen dissolved in the
used solutions and buffers or adhered to the labware surfaces.

29. Acrylamide polymerization in the gel is initiated as soon as
ammonium persulfate is added to the solution, so all
subsequent actions must be performed promptly.

30. A butanol layer on the top of the gel limits the oxygen diffu-
sion, thus accelerating gel polymerization.

31. Glycerol is mixed with desalted plants extracts to increase the
density of sample solutions to enable their easy transfer to
preformed wells in the stacking gel.

32. The electrode buffer provides an electric connection between
the upper and lower ends of the gel assembly to generate an
electrophoretic movement of proteins from the analyzed
sample.

33. Air bubbles below the plates can result in irreproducible results
due to a non-homogenous electric field and currents passing
through the gels.
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34. The used amount of bromophenol solution should be as low as
possible; otherwise bromophenol can eventually diffuse to the
lanes of adjacent samples and affect the activity of present
proteins.

35. Electrophoresis power supplies should be used in accordance
with general rules of using electric appliances. Never connect
the lid and switch on the power supply before the lid is securely
placed on the electrophoretic cell.

36. Cutting on of the gel corners will facilitate the recognition of a
correct gel orientation in following steps of protein blotting.

37. For this purpose we successfully use papers available for the
germination of plant seeds, as an economic alternative to com-
mercial blotting papers provided by Bio-Rad or other suppliers.

38. In all manipulation steps with PAGE gels and blotting mem-
branes, always wear quality protective gloves.

39. Alternatively, place gels on a piece of a clean glass, such as old
glass plates for bigger gels.

40. The recommended volume is at least 2 mL for one piece of
filter paper.

41. When using a glass plate as the gel support, place it on the top
of a UV illuminator in the documentation system.

42. The exposure settings need to be optimised for each experi-
ment and specific documentation system.

43. All solutions should be prepared fresh and protected from the
light. Moreover, the staining solution should be thoroughly
mixed after the addition of each compound. We recommend
adding the compounds to the staining buffer strictly in the
given order. If required, the method sensitivity can be
increased by incubation of the gels with staining solution at
37 �C in dark.

44. The resulting color will depend on the choice of tetrazolium
salt used for the staining. Generally, we have observed compa-
rable results using NBT or MTT to detect GSNOR dehydro-
genase activity. For some samples MTT provides more intense
staining; this is however usually accompanied by a more intense
background staining of the whole gel compared to NBT.
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Chapter 6

Expression Analysis of Important Genes Involved
in Nitrogen Metabolism Under Hypoxia

Mallesham Bulle, Reddy Kishorekumar, Aakanksha Wany,
and Kapuganti Jagadis Gupta

Abstract

Hypoxia or anoxia condition can occurs during flooding or waterlogging and can cause intense damage to
the plants. Since oxygen is important for active operation of electron transport chain in mitochondria to
generate energy production (ATP) any drop in oxygen can cause an energy crisis during flooding/water-
logging. To cope with this energy crisis plants have developed various anatomical, physiological, and
biochemical adaptations. Perception of signals and induction of genes are required for initiation of these
adaptive responses. Various genes involved in nitrogen, carbon, and fermentative metabolism play a role in
hypoxic tolerance. Regulation of genes involved in nitrogen metabolism also plays a role under hypoxia.
Hence in this present chapter we describe the expression of nitrate reductase-1 (NIA1), nitrate reductase-
2 (NIA2), and glutamine synthetase-1 (GLN-1) during hypoxia in Arabidopsis.

Key words Nitrogen, Nitrate reductase 1 (NIA1), Nitrate reductase 2 (NIA2), Glutamine synthetase
1 (GLN1)

1 Introduction

Nitrogen (N) is requirement for plant growth, development, and
resistance against various biotic abiotic stresses. Numerous pro-
cesses are mediated by N including synthesis of amino acids, sec-
ondary metabolites, nucleic acids, vitamins, and operation of
various primary and defense regulatory pathways. N composition
is not the same in all soils. It varies greatly, and environmental
factors play an important a role in determining N concentration
and its form in the soil [1]; thus, nitrogen concentration indeed
plays a role in resistance against stress [2].

Plants are equipped with a wide array of sophisticated mechan-
isms for sensing, uptake, and translocation of N in to their cells for
assimilation as per cellular requirements. Nitrate is taken up by the
roots. Once it is taken up it is reduced to nitrite or ammonium or
stored in vacuoles for the purpose of osmoregulation [3]. Nitrate is
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also rapidly transported to the leaves where it is reduced to ammo-
nium, whereas ammonium directly taken up by the roots is assimi-
lated via the GS/GOGAT pathway. The operation of this pathway
leads to formation of glutamine/glutamate which then acts as a
substrate for amino acid biosynthesis via transamination
reactions [4].

Plant metabolism is affected by nitrogen concentration, such
that optimum nitrogen concentration leads to active operation of
the primary metabolism, leading to higher levels of proteins and
faster growth [5, 6]. Low levels of N can cause repressive effects on
growth and can compromise plant defense response to stress [5, 6].

As mentioned above nitrogen metabolism plays an important
role under stress conditions as well. For instance under low oxygen
conditions genes and enzymes of nitrogen metabolism are sup-
pressed under ammonium form of nutrition in comparison to
nitrate form of nutrition [7]. In response to low oxygen availability,
plant induces differential gene expression involved in primary car-
bon and nitrogen metabolism [8] and this strongly effects induc-
tion of fermentations pathways such as alcohol and lactate
fermentative pathways [7, 9] to generate ATP under hypoxia
[10, 11]. This process was demonstrated in various species such as
rice, Arabidopsis, and Populus [12]. Due to requirement of oxygen
any depletion of oxygen via hypoxia/flooding inhibits the mito-
chondrial oxidative phosphorylation leads to reduced respiration
via cytochrome pathway and induction of alternative pathway
[13]. Under such circumstances nitrate reduction and nitric oxide
production helps in generation of energy via phytoglobin nitric
oxide cycle thus considered as alternative routes of fermentation
for production of limited amount of energy [14]. Previously it was
shown that both hypoxia and anoxia induce the expression of
several key genes involved in N metabolism pathway such as nitrate
reductase genes NIA1, Nitrate/chlorate transporters, and gluta-
mate decarboxylase in Arabidopsis [15]; glutamine synthetase in
rice [16]; and alanine aminotransferase in barley [17] and soy bean
[18]. Root tissues exposed to hypoxia-induced cytosolic NR greatly
suppressed the nitrite reductase activity [7, 19–21]. In Arabidopsis
root cultures, NR genes are hypoxically inducible. NR1 gene was
upregulated after 2–4 and 20 h of hypoxic treatments [15]. A
fivefold induction of NIA1 transcript levels were reported in Ara-
bidopsis under nitrate nutrition [7]. The expression of GDH1 iso-
forms enhanced during the different hypoxic conditions but only
slight elevation of these transcripts were observed in GDH3 in
Medicago, however the enzyme activity remained lower than the
normoxic conditions [22]. These authors speculated that the GDH
expression during hypoxia could be a priming response which can
assist during post hypoxia recovery [22]. Accumulation of several
metabolites such as Alanine and ɣ aminobutyric acid (GABA) were
also observed [8, 18]. During hypoxia, NADH-GOGAT activity in
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roots can regenerate NAD+, to help in maintenance of glycolysis
[22]. Under hypoxic conditions the accumulated pyruvate is con-
verted to 2-oxoglutarate via AlaAT reaction, mobilizes to TCA
cycle and used by oxoglutarate dehydrogenase (OGDH) and suc-
cinate CoA ligase to generate some ATP. The required NAD+ for
reduction of 2-OG can be obtained by increased activity of malate
dehydrogenase (MDH) [8]. Hypoxic conditions activates the fer-
mentation pathway related genes such as lactate dehydrogenase,
alcohol dehydrogenase, and pyruvate decarboxylase [23]. The
operation of fermentative pathways help in generation of more
ATP via split TCA linked to nitrogen metabolism via AlaAT. Since
plants adaptive response requires ATP, the coordination of glycoly-
sis, TCA cycle, and nitrogen metabolism helps in hypoxic tolerance
in plants.

2 Materials

2.1 Plant Material Arabidopsis thaliana (Columbia-0) seedlings (14 days old).

2.2 RNA Isolation,

cDNA Synthesis,

and Quantitative Real-

Time PCR

2.2.1 Reagents/

Chemicals

1. Tri Reagent (MRC, USA) or TRIzol (RNA IsoPlus, TaKaRa).

2. Liquid nitrogen.

3. Chloroform (see Note 1).

4. Prechilled isopropanol.

5. Prechilled 3 M Sodium acetate (pH 5.2).

6. 70% DEPC ethanol

7. DEPC water (nuclease free-water) (see Note 1).

8. Triton X-100.

9. First strand cDNA synthesis kit (Fermentas, USA).

10. SYBR Green Master Mix (Applied Biosystems, USA).

11. Diluted cDNA template (25–100 ng/μl).
12. Forward Primer (see Table 4).

13. Reverse Primer (see Table 4).

14. Murashige and Skoog media (PT021, Himedia, India).

2.2.2 Miscellaneous

Items

1. 1.5 ml microcentrifuge tubes (Eppendorf).

2. Sterile mortar and pestle.

3. 0.2 ml PCR tubes.

4. DEPC-treated tips (see Note 2).

2.3 Equipment 1. Hypoxia chamber (Bioxia, IMSET, India) with Nitrogen and
oxygen gas cylinders.

2. Centrifuge.
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3. NanoDrop 1000 spectrophotometer (Thermo Scientific,
USA).

4. Thermal cycler (Applied Biosystems, USA).

5. 96-well qPCR plates (Applied Biosystems, USA)

6. ABI Prism 7900 sequence detection system (Applied Biosys-
tems, USA).

7. Growth chamber.

3 Methods

3.1 Plant Growth

and Conditions

1. Surface sterilize the Arabidopsis seeds (~100 seeds) by adding
400–500 μl of Triton X-100 + 75% ethanol after that keep the
vials in a shaker for 5 min at room temperature.

2. After shaking replace the above solution by equal amount of
100% ethanol and keep in shaker under the same condition for
another 2–3 min.

3. Remove the seeds over sterile filter paper under the laminar air
flow using a sterile micro tip, and keep them for some time until
all the seeds are dried.

4. Transfer 15–20 sterile seeds in a row with sterile toothpick to
the plates containing 0.5� MS media.

5. Keep the inoculated seed plates for stratification in the cold
room (4 �C) for 2 days in dark.

6. After 2 days, transfer the plates to the growth chamber for
14 days at a photoperiod of 8/16 h light/dark cycle, day/night
temperature regime of 23

�
/18 �C, RH- 60% and photon flux

density of 180–200 μmol m�2 s�l.

3.2 Treatments

3.2.1 Hypoxia Treatment

1. Incubate 14-day-old plants in Bioxia chamber set at 0.4% oxy-
gen for 3 h (Fig. 1).

2. Immediately freeze samples after hypoxia in liquid nitrogen.

3.2.2 Light Treatment 1. Grow 14-day-old plants under continuous light using Phillips
TLD 36 W 1/830 light bulbs (150 μmol m�2 s�1 188 PAR) at
23 �C for 3 h.

2. Shock freeze samples after hypoxia in liquid nitrogen.

3.3 RNA Isolation 1. Grind 500 mg freshly harvested plant material to a fine powder
with liquid nitrogen (see Note 3).

2. To this powder, add 600–800 μl of TRIzol reagent and
homogenize for 15 min at room temperature using a sterile
mortar and pestle.
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3. Transfer the homogenate to a fresh Eppendorf tube to this add
300 μl chloroform and vortex gently (and frequently) for
12–15 min at room temperature.

4. Centrifuge this mixture for a period of 15 min at 14,500 � g at
4 �C.

5. Transfer supernatant to fresh 1.5 ml microcentrifuge tubes and
again, add 400 μl of chloroform (see Note 4).

6. Centrifuge for 10 min at 14,500 � g at 4 �C.

7. Gently recover the aqueous phase to a fresh 1.5 ml
microcentrifuge tube.

8. Add 300 μl prechilled isopropanol and 100–150 μl pre-chilled
3 M sodium acetate.

9. Mix gently and incubate at �20 �C for 3 to 6 h or overnight.

10. After incubation centrifuge for 20 min at 16,800 � g at 4 �C
and discard supernatant.

11. Wash the pellet with 75% ethanol for 5 min at 16,800 � g at
4 �C in a centrifuge.

Fig. 1 Hypoxia treatment using BioXia-800 chamber and analysis of gene expression: Various steps are
described in the figure starting from growth of plant material to analysis of gene expression
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12. Repeat the pellet washing step again with 500 μl of 75% etha-
nol, and discard the supernatant completely.

13. Air-dry the pellet for 2–3 min at 37 �C set in a thermoblock.

14. Air-dry it again for 5–10 min with open lid.

15. Resuspend the RNA pellet in 20μl RNAse-free water.

16. Quantify RNA in NanoDrop spectrophotometer.

3.4 cDNA Synthesis Follow the protocol given in the kit used for cDNA synthesis. Here
we used cDNA synthesis kit from Verso (Thermo Scientific, USA).
Follow these steps (see Note 5).

1. For a single reaction (20 μl), in a 0.2 ml PCR tube, add
stepwise the ingredients in the Table 1 below: (see Note 6).

2. Program the conditions in a PCR machine as described below
in Table 2:

3. Store the synthesized cDNA in 4 �C or �20 �C for prolonged
storage.

3.5 Quantitative

Real-Time PCR

1. Set up a 96/384-well optical plate.

2. Prepare a PCRmixture (20 μl) using the following proportions
per reaction in Table 3:

Table 1
Components, reagents required for synthesis of cDNA

Ingredients Volume Final concentration

5� cDNA synthesis buffer 4 μl 1�
dNTP mix 2 μl 500 μM each

RNA primer 1 μl

RT enhancer 1 μl

Verso enzyme mix 1 μl

RNA template 1–5 μl 1 μg

Water, nuclease-free To 20 μl

Total volume 20 μl

Table 2
Program and the conditions for setting in PCR for cDNA synthesis

Temperature Time Number of cycles

cDNA synthesis 42 �C 30 min 1 cycle

Inactivation 95 �C 2 min 1 cycle
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3. Tightly seal the 96-well plate with the qPCR sealing film.

4. Centrifuge the plate briefly to eliminate any air bubbles in
wells.

5. Place the samples in thermal cycler ABI Prism 7900 sequence
detection system (Applied Biosystems, USA) programmed for
the amplification:

95 �C for 2 min, 40 cycles at 95 �C for 30 s, 60 �C for 30 s,
72 �C for 30 s; 60 �C for 15 s and 95 �C for 15 s.

6. Calculate fold expression values according to 2ΔΔCt method
(Fig. 2).

7. Use internal reference gene (18sRNA) for data normalization
(Table 4).

8. Prepare graphs of relative expression values w.r.t. normoxic
conditions.

4 Notes

1. DEPC, chloroform, ethanol, and ethidium bromide are very
hazardous and must be handled with caution.

2. Use DEPC-treated pipette tips, PCR tubes, mortar and pestle,
and microcentrifuge tubes.

3. Always use ethanol-cleaned area of the laboratory for
RNA work.

4. Keep the aliquots on ice.

5. Do not vortex the Verso Enzyme Mix.

6. Use good-quality RNA, and it should be free of DNA and
nucleases.

Table 3
Components used in each well for real-time PCR

Ingredients Volume

SYBR green dye 10 μl

Forward primer 0.5 μl

Reverse primer 0.5 μl

cDNA template (100 ng) 1 μl

Water, nuclease-free To 20 μl

Total volume 20 μl
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Fig. 2 Relative expression of genes involved in nitrogen metabolism: (a) NIA1 (NITRATE REDUCTASE1;
AT1G77760), (b) NIA2 (NITRATE REDUCTASE2; AT1G37130), (c) Gln1 (GLUTAMINE SYNTHETASE-1;
AT1G48470). Values are means (n ¼ 3) � SE. Asterisk (∗) indicates that statistical significance between
light and dark treatments is evaluated by t-test at p < 0.05 (∗)

Table 4
List of primers used in real time PCR

Gene Accession number Primer sequence (50-30)

NITRATE REDUCTASE1 (NIA1) AT1G77760 F-TATGGGAAGTTCTGGTGTTG
R-CTTCACTCTAAACCAGCAGT

NITRATE REDUCTASE2 (NIA2) AT1G37130 F-TATGGGAAGTTCTGGTGTTG
R-CTTCACTCTAAACCAGCAGT

GLUTAMINE SYNTHETASE-1
(GLN1)

AT1G48470 F-TTACTGAGATATGCGGTGTG
R-CTTCACCATAAGCAGCAATG

18SrRNA GQ380689 F-TCCTAGTAAGCGCGAGTCATCA
R-CGAACACTTCACCGGATCAT
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Chapter 7

Enzymatic Conversions of Glutamate and γ-Aminobutyric
Acid as Indicators of Plant Stress Response

Alexander T. Eprintsev, Natalia V. Selivanova, and Abir U. Igamberdiev

Abstract

Glutamate plays a central role in amino acid metabolism, in particular, in aminotransferase reactions leading
to formation of many other proteinogenic and nonproteinogenic amino acids. In stress conditions,
glutamate can be either metabolized to γ-aminobutyric acid (GABA) by glutamate decarboxylase which
initiates a GABA shunt bypassing several reactions of the tricarboxylic acid cycle or converted to
2-oxoglutarate by glutamate dehydrogenase. Both reactions direct protein carbon to respiration but also
link glutamate metabolism to other cellular pathways, resulting in the regulation of redox level and pH
balance. Assays for determination of activities of glutamate dehydrogenase and of the GABA shunt enzymes
as the markers of stress response is described in this chapter. These assays are important in the studies of the
strategy of biochemical adaptation of plants to changing environmental conditions including elevated CO2,
temperature increase, flooding, and other stresses.

Key words Amino acid metabolism, γ-aminobutyric acid (GABA), Glutamate, Respiration, Stress

1 Introduction

The mechanism of plant response to stress includes modulation of
cellular biochemical processes constituting the oxidative branch of
the primary and secondary metabolism [1]. Metabolic conversions
of free amino acids occupy a major place in stress response, while
glutamate plays a key role in these conversions [2–4]. Physiological
state of plants can be estimated based on the levels and changes of
activities of the enzymes controlling these conversions. Stress meta-
bolites and the enzymes producing them can serve as biochemical
indicators of physiological state of plants in changing environmen-
tal conditions. Among the stress metabolites derived from glutamic
acid, in addition to such amino acids as proline and arginine [5, 6],
γ-aminobutyric acid (GABA) represents the most abundant non-
proteinogenic amino acid which serves as a reserve of reduced
nitrogen that is not used directly for protein synthesis and
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represents the less abundant nitrogen pool as compared to the pool
of proteinogenic amino acids [7–9].

GABA was first detected in plants in 1940s [10] and then
attracted much interest because of the increase of its levels under
different kinds of abiotic stresses [2, 4]. The increase of GABA
content in plant tissues is observed under the influence of anaero-
biosis, flooding, drought, impaired mineral nutrition, low temper-
ature, radiation, wounding, low light, and low pH [8, 11, 12]. It
has been shown that GABA serves as a modulator of ionic transport
in plants and thus participates in the transmission of stress signals
[7]. GABA is produced from glutamate by glutamic acid decarbox-
ylase (GAD; EC 4.1.1.15), the reaction consuming proton and
releasing CO2, while glutamate dehydrogenase (GDH; EC
1.4.1.2) catalyzes the alternative reaction of conversion of gluta-
mate to 2-oxoglutarate using NAD+ or NADP+ as a cofactor
(Fig. 1).

GABA is transaminated by the enzyme GABA transaminase
(GABA-T; EC 2.6.1.19) into succinic semialdehyde (SSA) which
can be further converted to succinate by SSA dehydrogenase
(SSADH; EC 1.2.1.24). Succinate then enters the tricarboxylic
acid (TCA) cycle [13]. Alternatively, SSA is reduced to
γ-hydroxybutyrate (GHB) by γ-hydroxybutyrate dehydrogenase
(GHBDH; EC 1.1.1.61) which is accumulated under stress
[14]. Under oxygen deficiency, SSADH activity is limited by the
increased reduction level, inhibition by adenylates and low pH,
which facilitates GABA accumulation [15, 16]. In these conditions,
SSA is metabolized to GHB by GHBDH which acts as SSA reduc-
tase [17, 18]. GHBDH was detected in plant tissues where it is
induced in response to oxygen deficiency [14, 19]. Metabolism of

Fig. 1 Enzymatic conversions of glutamate and γ-aminobutyric acid (GABA) in plants. Abbreviations: 2-OG
2-oxogutarate, SSA succinic semialdehyde, GHB γ-hydroxybutyrate. Enzymes: 1—glutamate dehydrogenase;
2—glutamate decarboxylase; 3—GABA transaminase; 4—succinic semialdehyde/glyoxylate reductase; 5—
succinic semialdehyde dehydrogenase
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SSA to GHB is considered a type of fermentation in addition to the
fermentative reactions catalyzed by lactate dehydrogenase and alco-
hol dehydrogenase [20]. Thus GHBDH can participate in the
protection of plants against oxidative stress [21].

Due to the coordinated action of all above mentioned enzymes,
the incorporation of amino groups into different amino acids takes
place and simultaneously such parameters as pH, energy state, and
redox level are regulated. Since GABA shunt and related processes
play an important role in bioenergetics of stressed plants, the
measurement of GDH, GAD, GABA-T, SSADH, and GHBDH
becomes important for tracing metabolic changes occurring in
plants under the influence of different types of abiotic stress.

2 Materials

The chemicals for measurement of enzyme activities could be
obtained from Sigma-Aldrich or other suppliers. The instrumenta-
tion includes any refrigerated centrifuge and UV-Visible spectro-
photometer. In some cases HPLC and scintillation counter can be
used, however, the methods that involve this instrumentation are
supplementary to the simple spectrophotometric methods of mea-
surement of enzyme activities. Preparation of enzyme extracts can
be performed by grinding of plant samples in liquid nitrogen using
mortar and pestle or a homogenizer and then extracting the pow-
der to ice-cold 100mMTris–HCl buffer, pH 8.0, containing 1mM
EDTA, 2 mM dithiothreitol, and 2 mMMgCl2. It is recommended
to add 1% (v/v) cocktail of protease inhibitors and 10% (v/v)
glycerol for stabilization of the studied enzymes. The composition
of buffer and its pH value can vary depending on the studied
enzyme, however, in all cases the range of pH 7.5–8 is suitable for
extraction. After centrifugation at 10,000 � g for 10 min at 4 �C
the supernatant is used for analysis of enzyme activities and for
quantitative estimation of total protein. For more precise measure-
ments the supernatant can be subjected for gel filtration on the
column packed with Sephadex G-10, G-25, or a similar sorbent
material. In advanced studies the fractionation of cellular compart-
ments (mitochondria, cytosol) using ultracentrifuge and gradients
of Percoll or sucrose precedes enzyme measurements. This is not
described in the current chapter and is available in the literature.

3 Methods

3.1 Measurement

of Glutamate

Dehydrogenase

Activity

Many different aminotransferases (transaminases) use 2-oxogluta-
rate as amino group acceptor forming glutamate as a product.
Glutamate further can be either oxidized with the release of ammo-
nia or decarboxylated (see Note 1). Oxidative deamination of glu-
tamate is catalyzed by GDH which usually represents a hexamer
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having a molecular weight of more than 300 kDa, localized in
mitochondria and can use NAD+ or NADP+ as a coenzyme
[22]. The action of this enzyme completes preceding deamination
of many amino acids, while ammonia released in this reaction can be
used for urea synthesis and other processes [23].

The reaction of GDH can be measured in the direction of
glutamate conversion in 100 mM Tris–HCl or bicarbonate buffer,
pH 8.1, containing 1 mM glutamate and 1.5 mM NAD+. The
reverse reaction needs high concentrations of ammonium and
therefore is considered unfavorable in physiological conditions,
although in the conditions of high ammonium supply it can provide
a marked rate of glutamate synthesis [24]. To measure the reaction
of glutamate formation, it is recommended to use 100 mM
Tris–HCl buffer, pH 7.5, containing 2.5 mM 2-oxoglutarate,
0.2 mM NADH and 50 mM ammonium chloride. Both reactions
are monitored spectrophotometrically at 340 nm [25, 26] and the
rate is calculated using the extinction coefficient of NADH and
NADH of 6.22 mmol�1 cm�1.

3.2 Measurement

of Glutamate

Decarboxylase Activity

GAD catalyzes the conversion of glutamic acid to GABA and CO2

according to the following equation:

�OOC� CH2 � CH2 � CH NH3
þð Þ � COO� þHþ

! CO2 þ �OOC� CH2 � CH2 � CH2 �NH3
þ

It has been characterized in animals, plants, yeast and bacteria
[27, 28].

Activity of GAD in plants can be measured at pH 6.8 which
represents average cytosolic pH value under hypoxic conditions,
although pH optimum of GAD can be lower. For the assay
medium, 50 mM potassium phosphate buffer, pH 6.8, containing
0.1 mM pyridoxal phosphate, 0.1 mM dithiothreitol and
5 mM L-glutamate can be used. After the incubation for 30 min,
the reaction is stopped by boiling for 10 min to inactivate the
enzyme. Prior to boiling some authors recommend adding the
equal volume of 0.2 M borate, pH 10.0 to achieve fast stopping
the reaction [29]. The formed GABA can be quantified either by
HPLC or by the method described in Park et al. [30] using the
preparation of GABase (Sigma) which represents a mixture of
GABA transaminase and SSADH (see Note 2). One milliliter assay
mixture consists of 0.4M potassium pyrophosphate buffer, pH 8.6,
0.6 mM NADP+, 0.05 units of GABase (Sigma), and 1 mM
2-oxoglutarate. The initial absorbance is read at 340 nm before
adding 2-oxoglutarate, and the final absorbance is read after 60 min
incubation at 25 �C. The difference used to calculate GABA con-
tent in the sample using the equation of the GABA standard curve:
A340 ¼ 0.0062X�0.0027, where X ¼ concentration of GABA in
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mM. One unit of GAD activity is defined as the amount of enzyme
producing 1 μmol GABA per minute.

The method of GAD assay using radioactive glutamate and
trapping 14CO2 [31] has some advantages because it does not
require the additional step of measuring GABA, however, its appli-
cation is limited by availability of the isotope lab. This method can
be modified for plants by using 50 mM potassium phosphate
buffer, pH 6.8, containing 0.1 mM pyridoxal phosphate, 0.1 mM
dithiothreitol and 5 mM L-glutamate containing 0.02 μCi 14C-
glutamate. The released 14CO2 is trapped by filter paper fixed by
needle on the cork top of the assay tube and soaked with either 1 M
NaOH or with monoethanolamine. After the period of incubation
(1 h or 30 min) the filter paper is removed and placed in the
scintillation fluid for counting. The GAD activity is calculated
taking into account the incubation time, protein concentration
and specific radioactivity per μmol glutamate. Activation of GAD
by calcium and calmodulin can be a matter of a separate study while
adding of Ca2+ is not necessary for GAD assay that reflects the
existing activation level of this enzyme in the cell.

3.3 Measurement

of Succinic

Semialdehyde

Dehydrogenase

Activity

SSADH is the enzyme that is most active at alkaline pH values. The
bifurcation of SSA transition either to GHB or to succinate can be
controlled by pH values in the mitochondrial matrix. For the
extraction of SSADH 25 mM sodium phosphate buffer (pH 9.0)
containing 1 mM DTT can be used. The standard assay of this
enzyme can be performed in 0.1 M sodium phosphate buffer,
pH 9.0, containing 1 mM DTT, 0.1 mM SSA and 0.5 mM
NAD+. Spectrophotometric detection of the formed NADH is
monitored at 340 nm [14].

3.4 Measurement

of GABA Transaminase

Activity

Spectrophotometric determination of GABA-T activity can be per-
formed in 50 mM Tris–HCl buffer, pH 8.0, containing 1.5 mM
DTT, 0.75 mM EDTA, 0.1 mM pyridoxal-5-phosphate (PLP),
10% (v/v) glycerol, 16 mM GABA and 4 mM pyruvate. The
volume of 0.15 ml should contain ~30 μl protein. Control sample
contains boiled enzyme instead of the native enzyme extract. After
the incubation at 30 �C for 60 min the samples are placed to water
bath at 97 �C for 7min to stop the reaction. The GABA-T activity is
then estimated enzymatically via quantitative determination of the
product L-alanine by using alanine dehydrogenase (AlaDH). For
this purpose, 40 μl sample is added to 160 μl of sodium carbonate
buffer, pH 10.0, containing 1 mMNAD+ and 0.02 units of AlaDH
from Bacillus subtilis (Sigma) (see Note 2) and the increase in
optical density at 340 nm is measured. The value of optical density
obtained by using the control sample with boiled enzyme should be
subtracted. The amount of L-alanine is calculated from the calibrat-
ing curve prepared with different concentrations of L-alanine [32].
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3.5 Measurement

of γ-Hydroxybutyrate
Dehydrogenase

Activity

GHBDH from Arabidopsis thaliana does not show significant
homology with GHBDH from bacteria and animals, but its
sequence shows similarity to several plant dehydrogenases includ-
ing β-hydroxyacid dehydrogenases and 6-phosphogluconate dehy-
drogenase [14]. Spectrophotometric analysis of GHBDH activity
in the direction of SSA reduction can be performed in 100 mM
MOPS-KOH buffer, pH 7.2, containing 5 mM SSA, 0.25 mM
NADPH, 10 mM MgCl2, 10 mM KCl, and 1 mM MnCl2. For
measurement of the reaction in the direction of GHB oxidation,
SSA and NADPH should be replaced by 5 mM GHB and 1 mM
NADP+, and 100 mM Tris–HCl buffer, pH 8.8 should be used.
The reactions are initiated by adding SSA or GHB correspondingly
and controlled by measuring of change in NADPH concentration
at 340 nm [33].

GHBDH can also convert glyoxylate to glycolate [19, 21]; the
latter can be considered a major hypoxic metabolite accumulating
under low oxygen stress [34]. It can be also considered an end
product of fermentation originating from the nonphotorespiratory
pathways of serine synthesis that represent alternative pathways of
glycolysis [35]. Serine formed in these pathways is metabolized to
glycine, glyoxylate, and then glycolate. To measure the glyoxylate
reductase activity of GHBDH, SSA in the assay medium should be
replaced by 5 mM glyoxylate [36].

4 Notes

1. Assays of the enzymes involved in glutamate and GABAmetab-
olism are important for studying changes in nitrogen metabo-
lism in plants in stress conditions which reflect accumulation of
stress metabolites such as GABA and GHB and provide impor-
tant information on rearrangement of the metabolic pathways
of nitrogen metabolism to cope with the changes in pH and
redox level in stressed cells. The assessment of enzyme activities
described in this study represents valuable characterization of
metabolic shifts and flexibility in response to environmental
changes.

2. The application of biochemical methods for the study of gluta-
mate and GABA conversions has certain limitations which
consist in the relative instability of the enzymes, in their depen-
dence on experimental conditions such as pH, temperature,
and substrate concentration. The particular difficulty in the
methods of measurement of GAD and GABA-T consists in
the necessity of using auxiliary enzymes which may increase
the inaccuracies in measurements. This means that in more
advanced studies the traditional methods of activity measure-
ment are usually complemented by other methods including
Western blot analysis with monoclonal antibodies, molecular
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genetic methods such as quantitative PCR with gene specific
primers, and metabolomics profiling with NMR spectroscopy
and mass spectrometry. However, despite the obvious advan-
tages of these modern methods, they usually remain quite
costly, time-consuming and do not always provide direct infor-
mation on functional operation of enzymes; therefore, the use
of the biochemical methods of analysis of enzyme activities
remains feasible and they are often used for the diagnostic
detection of stress reactions in plants.
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Chapter 8

Using Different Forms of Nitrogen to Study Hypersensitive
Response Elicited by Avirulent Pseudomonas syringae

Namrata Singh, Pooja Singh, Pradeep Kumar Pathak,
and Kapuganti Jagadis Gupta

Abstract

Nitrate, ammonium, or a combination of both is the form of N available for nitrogen assimilation from soil
by the plants. Nitrogen is an important and integral part of amino acids, nucleotides, and defense
molecules. Hence it is very important to study the role of nitrate and ammonium nutrition in plant defense
via hypersensitive response (HR). Shifting plants from ammonium nitrate Hoagland solution to nitrate
Hoagland nutrition slightly enhances root length and leaf area. HR phenotype is different in nitrate and
ammonium grown plants when challenged with avirulent Pseudomonas syringae DC3000 avrRpm1. HR is
also associated with increased production of reactive oxygen species (ROS) and nitric oxide (NO). Hence to
understand HR development it is essential to measure HR lesions, cell death, ROS, NO, and bacterial
growth. Here we provide a stepwise protocol of various parameters to study HR in Arabidopsis in response
to nitrate and ammonium nutrition.

Key words Nitrate, Ammonium, Nitric oxide, Reactive oxygen species, Hypersensitive response,
Pseudomonas syringae

1 Introduction

Nitrogen is an essential element which is required for the plant
growth, development and resistance against wide range of biotic
and abiotic stresses. Nitrogen also effects cell size, growth, and cell
wall composition [1]. Plants obtain nitrogen mainly from two
different sources (1) atmospheric nitrogen via symbiotic nitrogen
fixation and (2) from soil in various forms, mainly nitrate, ammo-
nium, or a combination of both. The availability of different nitro-
gen forms in soil depends on various factors that include formation
of inorganic nitrogen from organic nitrogen and further nitrifica-
tion and denitrification processes [2]. These processes are influ-
enced by soil conditions, crop cultivar, soil pH, oxygen availability,
availability of minerals such as NaCl and conditions such as temper-
ature [3–5]. Nitrate is first converted to ammonia then
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incorporated to amino acids such as aspargine, aspartate, gluta-
mine, and glutamate [6]. Plant can take up ammonium directly.

The ratio of nitrate (NO3
�) or ammonium (NH4

+) significantly
affects growth and also plant defense against biotic and abiotic
stress [7–10]. It has been shown that plant N-status affects suscep-
tibility of plants toward fungal and bacterial pathogens [8, 9,
11]. Nitrogen fertilization affects the outcome of plant pathogen
interaction. For instance, application of N-fertilizer in the form of
NO3

� generally enhances HR-linked resistance; a phenomenon
that was associated with increased generation of nitric oxide
(NO), ROS, biosynthesis of the key defense signal molecule sal-
icylic acid (SA) and polyamines accumulation [8] whereas, ammo-
nium nutrition increases susceptibility via production of apoplastic
sugar, γ aminobutyric acid (GABA) a glutamate-derived metabolite
and very high levels of ROS generation. Under nitrate nutrition
nitric oxide a free radical molecule production is predominant
which plays a role in increased resistance via production of perox-
ynitrite (ONOO�) during HR. Nitric oxide is produced by various
enzymes [12]. Growing plants on nitrate nutrition leads to activa-
tion of nitrate reductase via production of intermediate nitrite
[13]. Previous it was shown that nitrate and ammonium nutrition
also influence reactive oxygen species which are important for
development of HR [14]. Their ratios play a role in determining
HR [8] and production of NO [15].

Hence in order to understand plant resistance against patho-
gens in response to various N regimes, there is a need to analyze
various parameters such as observation of phenotype, cell death,
analysis of bacterial growth, and determination of ROS and NO
[16]. Hence here we describe in detail a protocol to analyze the
plant resistance against bacterial pathogen avr Pseudomonas syringae
DC3000 in Arabidopsis under nitrate, ammonium, or a combina-
tion of both (control) medium.

2 Materials

2.1 Plant Material Arabidopsis thaliana wild type (Col-0) plants.

2.2 Chemicals

Required

1. Sodium hypochlorite (4%).

2. 10 mM MgCl2.

3. 100% ethanol.

4. Hydroponics Medium (Hoagland’s medium):
Control medium: Macronutrients: 1 mM NH4Cl, 1 mM

KNO3 1 mM CaCl2, 1 mM MgSO4, 1 mM·K2HPO4, 1 mM
KH2PO4 and micronutrients: 15 μM H3BO3,
3 μM·MnCl2·4H2O, 0.25 μM ZnSO4·7H2O, 0.1 μM
CuSO4·5H2O, 0.04 μM Na2MoO4, 25 μm NaFe–EDTA.
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Nitrate medium: Hoagland medium containing only
3 mM KNO3 as N source.

Ammonium medium: Hoagland medium containing only
1 mM NH4Cl as N source.

5. 3,30-Diaminobenzidine (HiMedia).

6. Tween 20 liquid (molecular biology grade).

7. Sodium phosphate (Na2HPO4).

8. HCl.

9. Acetic acid.

10. Glycerol.

11. Nitrotetrazolium blue chloride (NBT).

12. 50 mM sodium phosphate buffer (pH 7.5).

13. Trypan blue.

14. Lactic acid 85% (w/w).

15. Phenol solution (TE buffer equilibrated, pH 7.5–8.0).

16. Glycerol �99%.

17. 100 mm HEPES buffer (PH 7.2).

18. 4-amino-5-methylamino-20,70-difluorofluorescein (DAF-FM).

19. Carboxy-PTIO potassium salt.

20. MgSO4.

21. Dipotassium hydrogen orthophosphate (K2HPO4).

22. Peptone.

23. Kings medium B Base (HiMedia).

2.3 Equipment

Required

1. Plant growth facility (culture room): 8 h light and 16 h dark
period, day/night temperature of 21/19 �C and relative
humidity 55–60%.

2. Cold room.

3. Fluorescence microscope (Nikon ECLIPSE-80i, Japan).

4. Nikon stereozoom AZ 100 microscope.

5. Shaker.

6. Autoclave.

7. Hot air oven (60 �C).

8. Weighing balance.

9. Magnetic stirrer.

10. PH meter.

11. Biological safety cabinet.

12. Nikon COOLPIX camera.
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2.4 General Items

Required

1. Square petri dishes disposable (120 � 120 mm).

2. Round petri dishes disposable (90 mm).

3. 6-well microtiter plate.

4. Glass slides.

5. Coverslips.

6. Dropper.

7. Scissors.

8. Plastic cups disposable.

9. Razor blade.

10. Forceps.

11. Brush (0 size).

12. Glass marker pens, stickers, tags.

13. Sterile MQ water.

14. Tooth picks.

15. Whatman paper.

16. Soilrite and agro peat (1:1).

17. Measuring cylinder.

18. Aluminum foil.

19. Tips.

20. Conical flasks.

21. 50 ml Falcon tube.

22. Para film.

23. 1 ml needleless syringe.

24. Cork borer.

25. Scale.

3 Methodology

3.1 Surface

Sterilization of Seeds

and Plant Growth

1. Use 2% sodium hypochlorite solution for surface sterilization.

2. Addminimum quantity of sterilizedMQ into the 1.5 ml micro-
centrifuge tube containing the seeds (200–300 seeds).

3. Soak it for 30 min at 4 �C.

4. Remove the MQ from the tube and add 1 ml of 2% sodium
hypochlorite solution into Eppendorf tube containing the
seeds. Incubate for 7–8 min, then wash with autoclaved dis-
tilled water for 6–7 times.

3.2 Plant Growth

on ½ MS

1. Prepare ½ strength MS medium containing 2.212 g MS, 15 g
sucrose, and 8 g of agar in 1000 ml distilled water.
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2. Autoclave at 121 �C for 15 min.

3. Pour the media into square petri plates.

4. Once the media solidifies, place the seeds using pipette on ½
MS plates and store at 4 �C for 3 days for stratification.

5. After stratification transfer the plates into culture room under
8 h light and 16 h dark period (SD) maintain day/night
temperature of 21/19 �C and relative humidity 55–60%.

6. Once the seedlings are 10 days old, transfer into individual pots
containing Soilrite and agro peat (1:1).

3.3 Preparation

of Hydroponics

Medium

1. Prepare nitrate, ammonium, and control medium in MQ water
and set the pH to 6.3.

2. Once the plants are 3 weeks old transfer them into plastic cups
(hydroponics) (Fig. 1a) containing nitrate, ammonium, and
control medium and allow the plants to adapt.

3. Keep the hydroponics cups into culture room under short day
condition (8 h light and 16 h dark period).

4. Consecutively change the nutrient solutions in every 2–3 days.

5. Allow the plants to grow for 10 days. Observe the root pheno-
type (Fig. 1b).

3.4 Root Length

and Leaf Area

Measurement After

Nitrate, Ammonium,

and Control Treatment

1. Place the cup on filter paper.

2. Carefully hold the plant containing lid.

3. Measure the root length (Fig. 1b).

4. Immediately place the plant into the cup along with lid.

5. For measuring leaf area place the scale and measure the length
and width and calculate the area (Fig. 2).

3.5 Growth

of Bacteria

3.5.1 KB Broth

Preparation

1. Mix 2 g of peptone, 0.15 g of K2HPO4, and 0.15 g of
MgSO4·7H2O into 100 ml of distilled water.

2. Autoclave at 121 �C for 15 min for sterilization.

3.5.2 Primary Culture

Preparation

1. Inoculate 20 μl glycerol stock of Pseudomonas syringae DC
3000 AvrRpm1 into 5 ml of KB broth containing rifampicin
(50 mg/ml), then incubate at 28 �C and 200 rpm for 48 h.

3.5.3 Secondary Culture

Preparation

1. Inoculate 1 ml of primary culture into 100 ml KB broth and
incubate at 28 �C and 200 rpm for 12 h.

3.5.4 Pathogen Working

Stock Preparation

1. Precool the centrifuge to 4 �C.

2. Centrifuge the bacterial culture at 2200 � g for 10 min.
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3. Discard the media into a flask and dissolve the pellet in 1 ml of
autoclaved 10 mM MgCl2.

4. Resuspend the pellet in 10 mM MgCl2 until OD reaches to
0.2, which correspond to approximately 108 CFU/ml.

Fig. 1 (a) Phenotype of 4-week-old Arabidopsis plants growing on hydroponics solution. Plants were
transferred to hydroponics at 3-week-old stage from soil. (b) Roots of hydroponically grown plants
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Fig. 2 Leaf area of hydroponically shifted plants on control, NO3, or NH4. At 3 week old stage, plants were
shifted from soil to hydroponics and observed phenotype on tenth day. Error bars represent n ¼ 4 � SD.
Statistical significance is determined by t-test with respect to control treated plants. (∗∗ sign represent
P values <0.02)
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3.5.5 Pathogen

Infiltration to the Plants

1. Infiltrate Arabidopsis plants with avr Pseudomonas syringae DC
3000 by using 1 ml needleless syringe (see Note 1).

2. After 24 h of infiltration take pictures (Fig. 3) to observe
hypersensitive response (HR) phenotype.

3.6 Trypan Blue

Staining

3.6.1 Staining Solution

Preparation

1. Mix 10 ml lactic acid (85% w/w), 10 ml phenol (TE buffer
equilibrated, pH 7.5–8.0), 10 ml glycerol (� 99%), 10 ml of
autoclaved distilled water and 40 mg of trypan blue stain in a
flask and make the final concentration of 1 mg/ml solution (see
Note 2).

3.6.2 Staining Procedure 1. After 24 h post infiltration, harvest the leaves by using scissors.

2. Place the leaves into plates containing trypan blue staining
solution (1 mg/ml) and incubate them for 8 h.

3. Remove the staining solution and refill the plates with absolute
ethanol (100% ethanol) to remove the chlorophyll.

4. Incubate tissue in ethanol for at least 12 h and replace the
ethanol with fresh solution for every 3–4 h until the chlorophyll
is removed.

5. After chlorophyll removal, replace the ethanol solution with
50% glycerol.

6. Capture picture of the leaf (Fig. 4).

Fig. 3 Hypersensitive response phenotype in control and NO3 or NH4 treated plants challenged with avirulent
Pseudomonas syringae DC3000 after 24 h post infiltration. Image is representative of three biological
replicates
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3.7 Bacterial Growth

3.7.1 KBA Plates

Preparation

1. Dissolve 42.23 g of King’s medium B Base in 1000 ml distilled
water.

2. Mix completely by using magnetic stirrer.

3. Autoclave at 121 �C for 15 min.

4. Aseptically pour into sterile round Petri plates inside the lami-
nar flow hood.

3.7.2 CFU Count 1. Cut the leaf discs with cork borer from infected leaves and
sterilize with 0.2% H2O2 for 8 min.

2. Remove the leaf disc with forceps and place in fresh microcen-
trifuge tube containing 1 ml of 10 mM MgCl2.

3. Crush the leaf discs by using micro pestle (Fig. 5a).

4. Serially dilute until 107 dilution factor.

5. Spread 100 μl of the diluted bacterial on KBA plates containing
Rifampicin (10 mg/ml) and keep at 28 �C for 48 h (Fig. 5b).

6. Count bacteria manually after 48 h of incubation (Fig. 5c).

3.8 DAB Staining

3.8.1 Staining Solution

Preparation

1. Add 50 mg of DAB and 45 ml of sterilized distilled water in a
100 ml conical flask to prepare final concentration of DAB
solution (i.e., 1 mg/ml) (see Note 3).

2. Add magnetic stirrer and adjust the pH of staining solution to
3.0 with 1 N HCl to dissolve DAB.

3. Add 25 μl of tween 20 (0.05% v/v) and 2.5 ml 200 mM
Na2HPO4 into the solution.

Fig. 4 Trypan blue staining in control, NO3 or NH4 treated plants challenged with avirulent P. syringae DC3000
after 24 h post infiltration. Image is a representative of three biological replicates
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4. Adjust the final volume into 50 ml. This will generate 10 mM
Na2HPO4 DAB solution which will pull the pH back up again.

3.8.2 Staining Procedure 1. Place the DAB solution in 6-well microtiter plate.

2. Harvest pathogen infiltrated leaves by using scissors. Sample at
least 3 leaves per plant from four independent biological
replicates.
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Fig. 5 Bacterial levels in control, NO3 or NH4 treated WT plants inoculated with avr P. syringae DC3000 was
monitored at 6 and 24 hpi. Bars represent the SD values. Statistical significance is determined by t-test with
respect to control treated plants. (Asterisk (∗) sign represents P values <0.05)
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3. Cut the leaves at the desired time (In this case 24 h) point by
using scissors and put it in 6-well microtiter plate.

4. Add enough volume of DAB staining solution. Ensure that all
the leaves are submerged in the solution.

5. Incubate the leaves in staining solution for 5–6 h. Plates should
be covered with aluminum foil (see Note 4).

6. After incubation remove the DAB staining solution and replace
with the Bleaching solution (Ethanol: acetic acid:
glycerol ¼ 3:1:1).

7. Place the 6-well plate in a boiling water bath (~90–95 �C
temperature) for 10–15 min. This process will remove all the
chlorophyll from the leaves, and only leaves that contain hydro-
gen peroxide will react with DAB form brown precipitate (see
Note 5).

8. After boiling replace the solution with fresh bleaching solution
and at this point tissue can be store for 3–4 days at 4 �C
temperature.

9. Capture the image with camera or stereomicroscope (Fig. 6).

Fig. 6 Picture showing DAB staining of P. syringae DC3000 treated and mock infiltrated leaves after 24 h of
infiltration
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3.9 NBT Staining

3.9.1 Staining Solution

Preparation

1. Dissolve 0.1 g NBT in 50 mM sodium phosphate buffer and
make the volume 50 ml to get 0.2 mg/ml solution.

2. Cover the flask with aluminum foil because NBT is light
sensitive.

3. Mix the solution by using magnetic stirrer.

3.9.2 Staining Procedure 1. Place the NBT staining solution in 6-well microtiter plate.

2. Harvest the leaves of desired time point by using scissors and
put into 6-well plate containing NBT solution. Insure that
leaves are immerged into the solution.

3. Cove the plate with aluminum foil and incubate for 5–6 h on a
shaker.

4. Remove the staining solution after 5–6 h and refill with abso-
lute ethanol to remove chlorophyll from the leaves.

5. Put the 6-well plate into boiling water bath (~90–95 �C tem-
perature) for 10–15 min depending upon the sample. After
boiling all the chlorophyll will remove and only dark blue
stain of formazan compound will remain.

6. Replace the solution with fresh 50% ethanol solution. It can be
stored at 4 �C temperature for 3–4 days.

7. Capture the image using camera or stereomicroscope (Fig. 7).

Fig. 7 Picture showing NBT staining of leaves challenged with avirulent
P. syringae DC3000 and mock infiltrated leaves after 24 h of infiltration
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3.10 Nitric Oxide

(NO) Estimation by

Using DAF-FM Dye

1. Infiltrate Arabidopsis leaves with 10 μmDAF-FM dye prepared
in 100 mM HEPES buffer (pH 7.2) by using 1 ml needleless
syringe.

2. Incubate the plants in dark for 30 min. For control infiltrate
200 μm cPTIO along with 10 μM DAF-FM dye into the
treated plants under same set of conditions.

3. After incubation remove the epidermis from abaxial side of the
leaves by using fine forceps.

4. Cut leaves into small segments around the infiltrated region.

5. Wash the leaf segments 2–3 times by using 100 mm HEPES
buffer.

6. Put the segments onto the slide and place cover slip on it.

7. Visualize the sections under fluorescence microscope with
495 nm excitation and 515 nm emission wavelength and cap-
ture image (Fig. 8).

Infiltrated with 10 µm DAF 
dye and kept in dark for 30 

min 

Removed the epidermis 
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under fluorescence 
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Fig. 8 Localization of NO production in Arabidopsis plants, grown on Hoagland’s media supplemented with
different N modified nutrient solutions
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4 Notes

1. Infiltrate slowly to avoid wounding.

2. All the staining solutions should be freshly prepared.

3. While performing DAB staining always take laboratory
precautions.

4. Staining solutions are light sensitive so that it has to be covered
with aluminum foil.

5. For chlorophyll removal, boiling temperature should be
depends on the type of tissue.
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Chapter 9

Using Foldscope to Monitor Superoxide Production and Cell
Death During Pathogen Infection in Arabidopsis Under
Different Nitrogen Regimes

Reena Arora, Pooja Singh, Aprajita Kumari, Pradeep Kumar Pathak,
and Kapuganti Jagadis Gupta

Abstract

Nitrogen nutrition plays a role in plant growth development and resistance against biotic and abiotic stress.
During pathogen infection various signal molecules such as reactive oxygen species, calcium, reactive
nitrogen species, salicylic acid, and ethylene plays an important role. The form of nitrogen nutrition such
as nitrate or ammonium plays a role in production of these molecules. Under nitrate nutrition NO is
predominant. The produced NO plays a role in reacting with superoxide to generate peroxynitrite to induce
cell death during hypersensitive response elicited by avirulent pathogens. Excess of ROS is also detrimental
to plants and NO plays a role in regulating ROS. Hence it is important to observe superoxide production
during infection. By using an avirulent Pseudomonas syringae and Arabidopsis differential N nutrition we
show superoxide production in leaves using a paper microscope called Foldscope, which can be applied as a
simple microscope to observe objects. The data also compared with root system infected with pathogenic
Fusarium oxysporum. Taken together here we show that Foldscope is a cost-effective and powerful
technique to visualize superoxide and cell death in plants during infection.

Key words Foldscope, Nitrate, Ammonium, Arabidopsis, Pseudomonas syringae, Fusarium oxysporum

1 Introduction

During the operation aerobic metabolism several forms of ROS are
produced as superoxide (O2

l�), hydrogen peroxide (H2O2),
hydroxyl radical (OH

l

), singlet oxygen (1O2) [1]. ROS are mainly
produced by various cellular enzymes and compartments such as
plasma membrane NADPH oxidase, peroxisomes, mitochondria,
chloroplasts etc. ROS acts as signals when produced at physiologi-
cal range and if produced in excess amount they can be very
cytotoxic. For instance, low levels of ROS play role in modification
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https://doi.org/10.1007/978-1-4939-9790-9_9, © Springer Science+Business Media, LLC, part of Springer Nature 2020

Reena Arora and Pooja Singh contributed equally to this work.

93

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-9790-9_9&domain=pdf


of cysteine residues of proteins leading to structural and conforma-
tional changes thus play a role in changing the activities of proteins.
One of such prominent examples is oxidation of Cys thiolate anions
(Cys–S�) at to their sulfenic form (Cys–SOH) of proteins by
(H2O2). This kind of modification can affect the function of pro-
teins and thus play a role in signaling [2, 3]. Thus maintaining of
basal levels of ROS is essential for redox based reactions and various
processes such as regulation of cell cycle, stress recognition, stress
acclimation, pathogen defense and programmed cell death [1]. If
ROS are produced in larger amounts they cause DNA fragmenta-
tion, lipid peroxidation cytochrome c release, decreased ATP/ADP
ratio, cytoplasmic acidosis, swelling of mitochondria, and loss of
membrane integrity [4, 5]. These hallmarks of programmed cell
death caused by increased reactive oxygen species. Hence plants
have developed various antioxidant mechanisms to keep ROS low.
For example, superoxide dismutases causes dismutation of O2

� to
H2O2, and catalase (CAT) dismutates H2O2 to oxygen and water,
thereby reducing H2O2 concentration. Ascorbate peroxidase
(APX) is an important enzyme involved in ascorbate glutathione
cycle; it reduces H2O2 to water by using ascorbate (ASC) as an
electron donor [6]. Copper amine oxidase, flavin polyamine oxi-
dases, and oxalate oxidase also directly generate H2O2 [7]. It has
shown that horseradish peroxidase can generate H2O2 during lig-
nin biosynthesis [8]. Presence of high levels of H2O2 can produced
toxic

l

OH via interaction with transition metals [6]. H2O2 produc-
tion also helpful to giving strength to cell walls during pathogen
infections thus it aids in spread of pathogen from one cell to
another cell. It also helps in activation of defense responses.

Transgenic manipulation of several antioxidants enzymes such
as superoxide dismutase, catalase, and ascorbate peroxidase) exited
differential cell death suggesting that redox balance between ROS
and antioxidant plays a role in cell death.

In response to plant pathogen attack a fine balance between
ROS and antioxidant defenses play important role. For instance,
plants within few minutes of pathogen attack plants produce ROS
[9]. Levine et al. [10] first demonstrated that hydrogen peroxide
plays a role in development of cell death [4, 11, 12]. Increased
antioxidant levels were observed in response to powdery mildew
infection [13]. Suppression of APX was shown during HR devel-
opment [14]. An increased induction of alternative oxidase was
observed in response to TMV infection, elicitor treatments
[15]. Increased induction of antioxidant defenses were observed
in response toRhizoctonia solani infection [16]. The induced AOX
plays a role in regulation of ROS. It has been demonstrated that
nitric oxide is an important molecule involved in induction of cell
death via production of peroxynitrite through it reaction with
superoxide [4]. The production of these free radicals may vary in
nitrate or ammonium nutrition. Application of nitrate form of
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nutrition leads to increased resistance in tobacco plants challenge
with avirulent and virulent Pseudomonas [17]. Nitrate nutrition
generates NO via activation of nitrate reductase [17]. Nitrate
reductase deficient nia1,2 mutant was unable to produce NR and
become susceptible to Pseudomonas infection. Application of nitrite
elevated NO in nia mutant [18].

ROSmeasurement is required for assessment of plant resistance
or susceptibility. Several methods are available for measurement of
ROS such as Nitro blue tetrazolium (NBT) [19], Electron spin
resonance spin-probe [20], and fluorescence techniques [5]. NBT
is widely used to check superoxide during pathogen infection
[21, 22].

Localized programed cell death is a feature of HR [23] in
plants. HR can be detected and quantified by several methods
such as measurement of released electrolytes into water in response
to pathogen infiltration in the leaves [17, 24] and by using evans
blue staining [25] and trypan blue staining method [26]. Trypan
blue is a cell membrane impermeable azo dye and it can enter only
in cells with ruptured membranes (dead cells). After entry in to the
cell trypan blue binds to intracellular proteins therefor it allows
direct detection of dead (blue) and live cells (unstained). Trypan
blue was used to detect hypersensitive-response-associated necrosis
in tobacco leaves [27], Arabidopsis leaves [28, 29] and other sys-
tems during plant pathogen interaction.

2 Material and Equipment

2.1 Bacterial

Inoculation

1. King’s Medium B base.

2. Weighing balance.

3. Autoclave.

4. Oak ridge tube.

5. Rifampicin (50 mg/mL).

6. P. syringae pv. tomato DC3000.

7. Incubator shaker (28 �C).

8. MgCl2.

9. Conical flask.

10. Cotton plug.

11. Laminar hood.

12. Pipetman.

13. Culture vials.

14. Cuvette.

15. Spectrophotometer.
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16. Pathogen infection room.

17. 1 mL syringe (Without Needle).

18. Nitrile gloves.

2.2 Fusarium

oxysporum (f. sp.

conglutinans)

Inoculation

1. Fusarium oxysporum (f. sp. conglutinans) inoculum.

2. Potato dextrose agar (PDA).

3. 20 mm test tube.

4. Test tube stand.

5. Incubator (25 �C).

6. Blade.

7. Laminar hood.

2.3 Plant Growth 1. Murashige and Skoog medium (MS Medium).

2. Cold room.

3. Soilrite.

4. Agropete.

5. Plant growth chamber.

6. Seed sterilization solution (70% ethanol, 0.1% TritonX100).

7. 100% Ethanol.

8. Filter paper.

9. Micro centrifuge tube.

10. Hogland media (Macronutrients: 3 mM KNO3, 3 mM
NH4Cl, 1 mM CaCl2, 1 mM MgSO4, 1 mM K2HPO4,
1 mM KH2PO4 and Micronutrients: 25 μM NaF-EDTA,
15 μM H3BO3, 3 μM MnCl2.4 H2O, 0.25 μM ZnSO4.7
H2O, 0.1 μM CuSO4.5H2O, and 0.04 μM Na2MO4.

2.4 Staining for NBT

and Trypan Blue

1. Nitro blue tetrazolium (NBT).

2. Sodium phosphate buffer.

3. Trypan blue.

4. Lactic acid (85%).

5. Phenol.

6. Glycerol (99%).

7. Measuring cylinder.

8. Distilled water.

9. Beaker.

10. Brush.

11. Shaker.

12. Scissors.

13. Slide.
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14. Coverslip.

15. Arabidopsis leaves (4 weeks old).

16. Arabidopsis root (15 days old).

17. Magnetic stirrer.

18. Magnet beads.

19. Aluminum foil.

20. Fold scope.

3 Methods

3.1 Growing

Arabidopsis Plants

1. Sterilize Arabidopsis seeds with the seed sterilization solution
(70% ethanol, 0.1% TritonX100) for 5 min. Short spin the
microcentrifuge tube containing seed, discard the supernatant
and add 1 mL 100% ethanol. Keep it for 5 min then transfer the
seed on filter paper in laminar hood.

2. Keep the sterilized seeds on MS media plate.

3. Stratify the MS plates in cold room for 2 days in dark.

4. Transfer the plates to Arabidopsis growth chamber for 15 days
at 22 �C in a photoperiod of 16 h of light/8 h of dark.

5. Transfer some seedlings (15 days old) to individual pots con-
taining the Soilrite and agropeat (1:1 ratio).

6. Add nitrate and ammonium media to the individual Arabidop-
sis plant at alternate days.

3.2 Bacterial

Inoculation

1. For primary bacterial culture preparation add 20 μL of frozen
P. syringae pv. tomato DC3000 to 5 mL of KB broth contain-
ing rifampicin (50 mg/mL). Incubate on shaker at 28 �C for
24 h.

2. Take 1% of primary culture and mixed with 100 mL of KB
broth containing the same antibiotic. Grow the culture till
OD600 set to 0.6.

3. Centrifuge at 2200 � g for 10 min at 4 �C in Oakridge tube.

4. Discarded the supernatant and dissolve the pellet in 1 mL
autoclaved 10 mMgCl2 till OD600 set to 0.235.

5. Infiltrate the Arabidopsis leaves with suspension of P. syringae
DC 3000 on abaxial side with the help of 1 mL syringe (see
Note 1).

3.3 Fusarium

oxysporum (f. sp.

conglutinans)

Inoculation

1. Add 39 g of Potato Dextrose Agar (PDA) to 1 L MQ.

2. Autoclave for 30 min.

3. Make the PDA slants. Cut the Fusarium mycelium with the
help of fine blade and place it on PDA slant surface.
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4. Incubate the slant at 25 �C for 7 days and allow the mycelium
to grow. Store the PDA slant at 4 �C for further use.

3.4 NBT Staining

Solution Preparation

1. Take the conical flask, dissolve 0.1 g NBT in 50 mM sodium
phosphate buffer (pH 7.5).

2. Make up the volume with MQ to 50 mL to get a 0.2% solution
(see Note 2).

3.5 NBT Staining

Procedure

1. Cut the leaf from the Nitrate and Ammonium treated Arabi-
dopsis plants (0 h MgCl2 and 24 h P. syringae pv. Tomato DC
3000 Avr infiltration). Wash the leaves with distilled water.

2. Keep the leaves in 60 mm small petri dish containing NBT
staining solution (0.2% solution). Wrap the 60 mm small petri
dish with aluminum foil and keep it for 6 h at room tempera-
ture on shaker.

3. Drain off the NBT solution from the 60 mm small Petridish
and add absolute ethanol to destain the leaves. Place the 60mm
small Petridish in a boiling water bath (~90–95 �C setting) for
10 min to remove the chlorophyll (see Note 3).

4. Visualize the leaves using Foldscope and capture the image
using smartphone connected to Foldscope (Figs. 1 and 2).

3.6 Trypan Blue

Staining Procedure

1. Take 10 mL lactic acid (85% w:w), 10 mL phenol (TE buffer
equilibrated, pH 7.5–8.0), 10 mL glycerol, 10 mL of distilled
water, and 40 mg trypan blue to prepare final concentration of
10 mg/mL trypan blue solution.

Leaves infiltered with 
P. syringae pv. 
tomato DC3000

Cut the infiltered leaf Dip leaf in trypan blue solution thoroughly mix the soultion

Destain the leaf in absolute ethanol Transfer on slide 

Visualization using 
Foldscope

Paper Foldscope

Fig. 1 Visualization of superoxide from Pseudomonas-infected leaves of Arabidopsis using Foldscope. Various
steps are indicated in the figure
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2. Take leaves of respective treatment and incubate them in trypan
blue staining solution for 1 h.

3. Drain off the trypan blue staining solution and add absolute
ethanol to destain the leaves (overnight).

4. Visualize the leaves using Foldscope (Fig. 3).

Fig. 2 Visualization of superoxide production by NBT staining. Control or NH4
+ or

NO3
� grown leaves were infiltrated with avirulent Pst DC 3000 and stained with

NBT solution and visualized using Foldscope and captured image using a smart
phone
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4 Notes

1. Try to avoid the physical damage to the leaf during the syringe
infiltration.

2. Make fresh NBT staining solution.

3. Place the 60 mm small petri dish carefully in a boiling
water bath.

Fig. 3 Trypan blue staining of Arabidopsis leaves infected with avirulent Pseu-
domonas syringae. Leaf Images were captured by using Foldscope after 24 h of
infiltration in Control or NH4

+ or NO3
� grown plants
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Chapter 10

Methods for Estimation of Nitrogen Components in Plants
and Microorganisms

Pratiksha Singh, Rajesh Kumar Singh, Qi-Qi Song, Hai-Bi Li, Li-Tao Yang,
and Yang-Rui Li

Abstract

Nitrogen (N2) is the most necessary element in the atmosphere, it is an energetic micronutrient for plant
growth and development after water, besides its key role in chlorophyll production, which is crucial for
photosynthesis process. Biological nitrogen fixation is measured to be the most potent method to deliver a
fixed way of nitrogen to the plants. Plant depends on free-living and symbiotic microbes present in the soil
for nitrogen because it cannot be absorbed by the plant itself directly from the atmosphere. Many
techniques were reported in the laboratory for nitrogen estimation till now, but Kjeldahl digestion and
acetylene reduction assay (ARA) techniques became the most popular. In this chapter, we focus on the most
common and popular methods used to determine plant N2; awareness obtained through the wide applica-
tion of these methods should offer the source for the N2 fixation rate in agriculture system.

Key words Acetylene reduction assay, Combustion method, Kjeldahl, Microbial bioassay, 15N2

1 Introduction

Nitrogen (N2) is an essential nutrient that is required to all living
being on Earth, and it is also necessary for the production of nucleic
acids, amino acids, chlorophyll, enzymes, and proteins including
DNA for growth. In 1886, German scientists Hellriegel and Wil-
farth discovered N2 fixation and stated that legumes bearing root
nodules can use gaseous (molecular) nitrogen. Then, in 1988,
Beijerinck isolated a bacterial strain from root nodules which is
known as Rhizobium leguminosarum [1]. Biological nitrogen fixa-
tion is accountable for N2 fixation of complicated nitrogenase
enzyme, which comprises three subunits and is controlled by a
complex arrangement with several genes [2]: nitrogenase I, nitro-
genase II, and nitrogenase III. Nitrogenase I is dependent on iron
and molybdenum encoded by nif gene, nitrogenase II is vanadium
encoded by vnf gene, and nitrogenase III is iron encoded by anf
gene [3, 4]. Out of these nif genes encodes conserved subunits in
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free-living and associated microorganisms [4–6]. The nifgenes
include nifD, nifH, and nifK, which totally encodes proteins of
the nitrogenase enzyme complex [2]. There are several methods
evolved for the estimation of nitrogen from soil and plant. In
laboratory, several methods evolved for nitrogen estimation by
living organisms. According to Hardy et al. [7], some of them are
Kjeldahl analysis and l5N-enrichment by mass spectrometry [8],
13N2-incorporation by radioactive counting [9, 10], N2 fixation
by nitrogenase in cell-free extracts by l5N2 enrichment [11], Con-
way microdiffusion technique with titrimetric [12] colorimetric
analysis of NH3 [13], and N2–H2 uptake [14]. In this chapter, we
discuss some popular conventional methods.

1.1 Kjeldahl Analysis

[15]

This method is known as Kjeldahl digestion, and it has been widely
used for nitrogen determination on food, beverages, meat, feed,
grain, manure, wastewater, soils, and plant tissue. It is considered a
method of reference for biological sample nitrogen estimation [16]
(Fig. 1a).

1.2 15N2 Abundance

Determination (Mass

Spectrometry)

15N2 abundance determination and 15N2 isotope dilution is a
recent, rapid, and highly sensitive method for determination of
N2 in plants and other biological samples, as well as applicable for
low and small sample volumes. This method is based on the theory
that the concentration of 15N2 in the atmosphere is different from
the plants and thus the analysis of 15N2 of the nitrogen fixing and
nonfixing plant is measured as the amount of nitrogen fixed [1]
(Fig. 1b).

1.3 Dumas

Combustion Method

This method of total nitrogen determination in organic and inor-
ganic samples was proposed by Jean-Baptiste Dumas in 1831 [17].

Fig. 1 (a, b) Effect of inoculation of strains Bacillus megaterium (CY5) and Bacillus mycoides (CA1) on N and
percent 15N parameters for dry biomass of sugarcane varieties GT11. The columns represent the mean of the
data for each treatment and bars represent the standard error
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1.4 Acetylene

Reduction Assay

Quantification of N2 fixation by nitrogen-fixers is essential for
knowing their involvement in total nitrogen budget in a particular
ecosystem [18]. Dilworth [19] provided a useful assay for quan-
tification of N2 fixation rate which relies on the preferential reduc-
tion of acetylene (C2H2) to ethylene (C2H4) by nitrogenase,
instead of reducing N2 to NH3 [20]. Here, we discuss the method
of acetylene reduction assay which was modified by Castle [21]
(Fig. 2).

1.5 Microbial

Bioassay

Das and De [22] proposed a new method “microbial bioassay”
for determination of nitrogen fixation rate and in this technique
nitrogen fixers are cultivated in a specific medium, after required
time of interval the amount of nitrogen fixed by them is calculated.

2 Materials

2.1 Kjeldahl Analysis 1. Azotometer (K-05 type automatic azotometer).

2. Digestion apparatus (X20A aluminum module automatic
digestion device).

3. The catalyst consists potassium sulfate, copper sulfate, and
selenium powder in a ratio of 100:10:1.

4. Indicator: 0.5 g of bromocresol green and 0.1 g of methyl red
were dissolved in 100 mL of absolute ethanol to prepare an
indicator liquid.

5. Boric acid absorption liquid: 5 mL of indicator stock solution
was added in 500 mL of 2% boric acid solution.

6. Concentrated sulfuric acid (98%).

7. Sodium hydroxide solution (40%): 400 g of NaOH dissolved in
1000 mL of distilled water (see Note 1).
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Fig. 2 Acetylene reduction assay for control and treatment with potent strain showing different peaks in three
replicates
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2.2 15N2 Abundance

Determination (Mass

Spectrometry)

1. Mass spectrometer Thermo-Fisher Delta V Advantage IRMS,
measured by DI measurement.

2. Lithium hypobromide solution: 90 g of lithium hydroxide is
weighed and dissolved in 1000 mL of distilled water. The mix-
ture is placed in ice water, and 30 mL of liquid bromine (density
3.12 g mL1) is added slowly, and the mixture is shaken to
complete the reaction, refrigerate after overnight (see Note 2).

2.3 Dumas

Combustion Method

1. Thermoelectric cooler.

2. Reduction heater.

3. Thermal conductivity detector (see Note 3).

2.4 Acetylene

Reduction Assay

1. A 24-in. section of Tygon tubing with a needle fitting.

2. 1000 mL volumetric flask with armhole and appropriately sized
rubber stopper.

3. The tedlar gas collection bag.

4. 5 cm PVC coring cylinders with yellow caps.

5. 500 mL canning jar with lid bottom drilled hole.

6. One hole rubber stopper fitted with glass tubing.

7. Septa Cyl Half-hole 1/4 in. 100 pk.

8. 1000 μL pipette.

9. 60 mL gastight syringes with two-way stopcocks.

10. 22 gauge syringe needles.

11. Labco Exetainer sample tubes (pre-evacuated).

12. Calcium Carbide (CaC2) (1 g CaC2 ¼ 130 mL of C2H2 gas; or
~0.3 g per sample).

13. Nanopure DI water (see Note 4).

2.5 Microbial

Bioassay

1. Phosphate buffer isotonic solution.

2. Jensen’s medium (Composition: sucrose 20 g L�1, dipotas-
sium phosphate 1 g L�1, magnesium sulfate 0.5 g L�1, sodium
chloride 0.5 g L�1, ferrous sulfate 0.1 g L�1, sodium molyb-
date 0.005 g L�1, calcium carbonate 2 g L�1, agar 15 g L�1

(see Note 5).

3 Methods

3.1 Kjeldahl Analysis 1. This method can be completed in three steps:

Wet digestion ! Distillation ! Ammoniuam estimation

2. The plants samples (0.1–0.3 g; depending on different vari-
eties, different parts of plants, and different periods) and the
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soil samples (1–5 g) are accurately weighed. Keep it inside the
digestive tube.

3. Add 1 g of catalyst in each sample (potassium sulfate–copper
sulfate–selenium powder; 100:10:1).

4. Add 5 mL of concentrated sulfuric acid to the plant sample,
while 8–10 mL of concentrated sulfuric acid is added to the soil
sample.

5. Place the digestive tube on a digestion apparatus and set the
temperature to 410 �C. After the complete digestion of plant
samples, continue digestion for 2 h; however, after digestion of
the soil samples, continue digestion for 4 h.

6. Add 20–30 mL of 40% sodium hydroxide solution in the
digestive tube; carry out distillation and absorb the distillate
in 10 mL of 2% boric acid solution, and the indicator is methyl
red-bromocresol green. The distillation time is 6 min.

7. Titrate with calibrated sulfuric acid and record the titration
volume.

8. Add one drop of 1N sulfuric acid in the triangular flask, then
concentrate on an electric heating plate and concentrate to
about 1 mgN mL�1 to measure the abundance of 15N2.

Calculation:

N% ¼ 1:401�N � V � V 0ð Þ=W
Blank titration volume: V0 (mL); sample titration volume:

V (mL); standard acid equivalent concentration N; sample
weight W (g).

3.2 15N2 Abundance

Determination (Mass

Spectrometry)

1. Add 1 mL (about 1 mg NmL�1) of the concentrated sample
after Kjeldahl method to the side of the Y-shaped bottle, then
add 1 mL of lithium hypobromide solution to the other side of
the Y-shaped bottle, freeze with liquid nitrogen, and evacuate
to 2 � 10�4 mBar, thaw, mix the reaction liquid on both sides
of the Y-shaped bottle to convert NH4

+ into nitrogen. The
chemical reaction is as follows:

2NH4
þ þ 3BrO� þ 2OH� ! N2 þ 3Br� þ 5H2O

2. The generated N2 enters the ion source ionization under high
vacuum conditions (1 � 10�7 mBar), converts N2 to [N2]

+,
and records the [28N2]

+, [29N2]
+, [30N2]

+ ion peak intensity.

3. Sample 15N Atom% (�10%) is calculated as follows:

R ¼ 28N2

� �þ
= 29N2

� �þ

15N Atom% ¼ 1

2� R þ 1
� 100%
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4. Sample 15N% (>10%) is calculated as follows:

15N Atom% ¼
29N2

þ� �þ 2� 30N2

� �þ

2� 28N2½ �þ þ 29N2½ �þ þ 30N2½ �þ� �� 100%

3.3 Dumas

Combustion Method

1. Weigh 200–300 mg sample into a tin capsule.

2. Heat a tin capsule containing a sample at 800–1000 �C
temperature.

3. After combustion, some gases such as carbon dioxide, oxygen,
nitrogen oxides, gaseous nitrogen, and water vapor, are gener-
ated as a by-product. Can remove water vapor by different
water removal methods (e.g., perchlorate trap) [23], by passing
gas products through a thermoelectric cooler [24] or an
equivalent.

4. Reduce nitrogen oxides into gaseous nitrogen N2. This can be
done by passing gasses through pure copper fillings in a reduc-
tion heater.

5. Separate remnant gases, such as carbon dioxide and gaseous
nitrogen, and trap CO2 to measure only the gas nitrogen
concentration.

6. In the last step, measure the nitrogen concentration through a
thermal conductivity detector by using differences in thermal
conductivity of the gases.

3.4 Acetylene

Reduction Assay

1. Acetylene gas is prepared by mixing a suitable amount of
calcium carbide rocks and ½ cup of water in a flask. Rapidly
cover flask opening with a rubber stopper let flask vent for
several seconds before inserting syringe needle into the collec-
tion bag. Make sure that needle does not puncture the gas bag.
Allow bag to fill with acetylene. Take out the needle from bag
and flask when completed. Place flask in the hood or allow flask
to vent out the window until the reaction is complete.

CaC2 þH2O ! C2H4

2. Sample “wet-up” is done by adding a suitable volume (Vwater)
of nanopure DI water to 5 cm sample core by a pipette. Place
soil core into incubation chamber for 4 h. Chambers condi-
tions: On all lights (88), set temperature and humidity 10%.

3. Create 10% acetylene atmosphere by placing soil cores into
incubation jars and stops the jar. Remove 38 mL of air from
the jar (for a 500 mL Mason jar has a full 5 cm core volume)
with a gastight syringe. Then inject 38mL acetylene into the jar
and let the acetylene equilibrate with the atmosphere by vent-
ing the jar with a needle so the jar is not overpressurized.
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4. Push the air in the jar smoothly with a syringe to mix the
acetylene in the jar and remove 24 mL from the sample jars
through a gastight syringe and insert into a pre-evacuated
Labco Exetainer. Exetainer vials should be overpressurized.
Record the time (t0) during sampling.

5. Return sample jars to the incubator at the same settings as
“wet-up” incubation for the time period of interest (generally
3 h). Again, remove 24 mL from jars and inject into Exetainer.
Record the time (tf).

Calculations:

1. Calculate Δt ¼ tf – t0.

2. Assuming a particle density of 2.6 g mL�1, calculate the vol-
ume of solids: Vsolid ¼ WOD/2.6.

3. Calculate the headspace volume: Vheadspace ¼
Vtotal – Vwater – Vsolid.

4. Calculate the ethylene concentrations for the t0 andtf measure-
ments from the calibration:

μmol C2H4 mL�1 ¼ a + bx (x is the peak area from the gas
chromatograph, a and b are derived from the calibration
curve).

5. Calculate the Δmol of ethylene in the jar at t0 and tf:
Etotal ¼ (Δmol C2H4 mL�1) � Vheadspace

(For simplicity, we are ignoring any C2H4 dissolved in pore
water).

6. Calculate the rate of acetylene reduction to ethylene:
Rate ¼ [(Etotal)tf – (Etotal)t0)]/(Δt xWOD).

3.5 Microbial

Bioassay

1. Homogenize soil sample with the sterilized phosphate buffer
isotonic solution.

2. Filter soil suspension through a membrane filter (pore size,
0.8 mm).

3. The filtrate contains only bacterial cells after filtration. Make
serial dilution up to 10�4 using sterilized phosphate buffer
isotonic solution and inoculate 1 mL of this diluted bacterial
suspension into 30 different petri plates containing 15 mL of
nitrogen-free medium (Jensen’s medium) [25].

4. Incubate plates at 30 �C under an N2 atmosphere of 5 ppmv of
concentration in an isolated incubation chamber for 14 days.
Obtain pure colonies by repeating subculture through streak-
ing on Jensen’s medium.

5. Subculture morphologically different colonies for ten genera-
tions to confirm the plates contain only free-living N2-fixing
bacteria. Isolate pure culture obtained from the tenth genera-
tion from the medium with phosphate buffer saline solution.
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6. Make serial dilution up to 10�4 from this bactertial suspension
by using sterilized phosphate buffer isotonic solution and inoc-
ulate 1 mL of this solution on petri plates containing 15 mL of
Jensen’s medium then incubate under atmospheric N2. Repeat
this two times. Monitor petri plates at an interval of 12 h to
count the increase in the number of colony-forming units.

Total bacteria cell ¼ cfu� number bacteria cell present in that colony

7. Monitor each colony by hemocytometer for quantification of
free-living N2-fixing bacteria.

8. Calculate total generated bacterial cell by multiplication of
colony number and the bacterial cell found in the respective
colony.

9. From the replicate, analyze petri plates microbial sample for
quantification of nitrogen present in their cell by the high-
temperature catalytic oxidation (HTCO) method [26].

10. Get the N2 fixation rate by the amount of N2 fixed by the free-
living N2-fixing bacteria divided by the incubation period.

Calculation:

Rate of N2 fixation¼ amountof N inbacterial cellð Þafter 2 weeks� amountof N inbacterial cellð Þinitial
Incubationperiodð Þ�mass of dryweight of soil

4 Notes

1. Kjeldahl analysis.
All reagents prepared in autoclave bottle with HPLC grade

water.

(a) 2% boric acid absorbing solution is containing an
indicator.

(b) During acidification, the acid addition should not be too
much, otherwise, bromine gas will begenerated during
mass spectrometry, and the ion source will be
contaminated.

Br� þOBr� þ 2Hþ ¼ Br2 þH2O

2. 15N2 abundance determination (mass spectrometry).

(a) High sensitive expensive and accurate method requires
specialized equipment and skills; therefore each step
should be done carefully.

3. Dumas combustion method.

(a) Weighing of a sample should be done carefully due to the
requirement of a small sample weight in Dumas combus-
tion method.
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(b) Pure oxygen is added to accelerate combustion.

(c) The final product is N2 instead of ammonia.

4. Acetylene reduction assay.

(a) Take care to evenly disperse water over the entire surface
of the sample core without disturbing the surface.

(b) Samples can be stored in Exetainer vials for a long time.
But it is suggested that you run the samples as soon as
possible.

(c) Injecting ethylene standard into vial will also help to
identify whether or not vials are leaking over time.

5. Microbial bioassay.

(a) The filtration process is done for the separation of bacterial
cells from other microbes because soil bacterial cells may
achieve a maximum of 0.5 mm in diameter [27].
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Chapter 11

A Precise Method for Analyzing Nitrogen Use in Foxtail
Millet

Tirthankar Bandyopadhyay and Manoj Prasad

Abstract

Optimization of biological nitrogen (N) use is instrumental in ensuring higher crop yields and preventing
environmental degradation due to excessive N fertilizer application. Furthermore, understanding how
genetic differences differentially influence N remobilization into seeds under contrasting nitrogen nutrition
regimes is crucial to our understanding of nitrogen use efficiency (NUE) in crops in addition to enabling a
deeper mechanistic understanding of the dynamics of nitrogen metabolism in plants. In this chapter, a
method is proposed to precisely measure and analyze nitrogen use efficiency (NUE) in a pot-based system
under different nitrogen nutrition regimes in foxtail millet (Setaria italica L.), a climate change-resilient C4

model crop with great promise for food security and nutrition in the twenty-first century.

Key words Foxtail millet, C4 crops, Nitrogen use efficiency, Dumas method, Yield per plant

1 Introduction

The aim to reduce N fertilizer input and breed plants with
enhanced NUE is one of the major goals of plant nutrition research
globally [1, 2]. A precise analysis of NUE traits especially under low
and sufficient N conditions and to account for the allelic variation
in N use in crops requires a growth system that enables accurate
measurements of major parameters determining the same. We pro-
pose a pot-based full-cycle growth system that is ideal for analyzing
NUE, NRE at the metabolic, genomic and physiological levels,
thereby facilitating the establishment of a robust system for under-
standing nitrogen metabolism in this important C4 model crop.
The method has certain specific advantages: higher control of N
provisioning; calculation of N uptake by the plant; a relatively N
inert growth system; no N leaching; portability of the experimental
set up for high-throughput phenotyping. The present method is
based on successful N stress phenotyping optimization at five dif-
ferent N growth conditions for Setaria italica accession
IC-480117 (IC-41). The method aims to estimate major NUE

Kapuganti Jagadis Gupta (ed.), Nitrogen Metabolism in Plants: Methods and Protocols, Methods in Molecular Biology, vol. 2057,
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related traits in the crop, namely, NUE [3] as well as to analyze seed
N content (%) (Dumas method).

2 Materials

1. Growth Substrate: Soilrite mix–vermiculite (2:1 w/w). Mix
thoroughly, keep dry.

2. Plastic Pots: 19.5 cm high � 20 cm diameter. Fill 2.5 kg of dry
substrate mix in each pot.

3. Seeds for the experiment.

4. Nutrient solution: Modified Hoagland solution with five dif-
ferent levels of Ca (NO3)2�4H2O (Table 1).

3 Methods

1. Growth system: Foxtail millet, being an arid annual crop needs
drier and warmer growing conditions. Ideally, the seeds can be
sowed in April/May and seeds harvested in July/August each
year. Therefore, the greenhouse conditions were maintained at
30–35 �C/20–25% RH/10:14 photoperiod with 350 μmol/
m2/s illumination.

2. Substrate for plant growth: Plastic pots (19.5 cm high� 20 cm
diameter) were filled with 2.5 kg of the Soilrite mix–vermiculite
(2:1 w/w; nutrient and nitrogen free) and soaked in 1500 ml
of demineralized (DM) water for 1 day.

3. Seed treatment and sowing: Seeds were soaked in 2 g/l of
Mancozeb 75% WP broad-spectrum fungicide for 20 min, air
dried and sown (between 09:00 and 12.00 h) in pots (5 seeds/
pot) and left for germination for next 6 days. Accessions were
accessed for germination on the 7th day of sowing (DOS),
watered (300 ml RO) and observed for vegetative growth for
the next 7 days. Four plants per pot with uniform and similar
vegetative growth were retained for subsequent study.

4. N dosage: Plants at 14 DOS or 7 days after germination(DAG)
were initiated into fertigation with 500 ml of modified Hoag-
land solution [4] prepared in demineralized water with three
varying concentrations of Ca(NO3)2 at 2000 μM (full nutri-
tion, control), 500 μM (25%N, low N) and 200 μM (10%, very
low N) (Table 1). Pots were fertigated once every week period-
ically between 16.00 and 17.30 h till seed maturity (17 weeks).

5. Upon maturity (Figs. 1 and 2), shoots (including the panicle)
and roots (after carefully removing the growth substrate by
gently rinsing them in RO water followed by tissue drying)
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Table 1
Modified Hoagland nutrient solution

Component
Mol.
mass

Strengthof 1�
(mM)

Stock
strength

Amount for respective stock
(g) in 1 l

1. KH2PO4 136.09 1 1000� 136.08

2. KCla 74.55 4.9 400� 372.7

3. MgSO4 120.7 1.99 1000� 240.32

4. MnCl2 197.91 0.009 1000� 1.81

5. H3BO3 61.83 0.0462 1000� 2.86

6. Na2MoO4 241.95 0.0001 1000� 0.025

7. CuCl2 170.48 0.0026 1000� 0.045

8. ZnCl2 136.28 0.00807 1000� 0.11

9. EDTA ferric
monosodium salt

367.05 0.089 1000� 33.0

10. Ca (NO3)2�4H2O 236.5 2 (N100) 1000� 473
236.5 1.0 (N50) – Diluted from stock for 2 mM)
236.5 0.5 (N25) – Diluted from stock for 2 mM)
236.5 0.2 (N10) Diluted from stock for 2 mM
236.5 0.0 (N0) – –

11. CaCl2�2H2O
a 147.02 2.07(N100) – Diluted from stock for 3.9 mM

147.02 3.0 (N50) – Diluted from stock for 3.9 mM
147.02 3.5 (N25) – Diluted from stock for 3.9 mM
147.02 3.9 (N10) 500� 573.37
147.02 0.0 (N0) – —

a1000� KCl and CaCl·2H2O stock solution cause precipitation, therefore 400� and 500� of the same were prepared,

respectively (see Note 1)

Fig. 1 Mature foxtail millet plants grown at five N dosages. Full-cycle growth (17 weeks) experiment was
carried out under controlled conditions to optimize nutrient dosage and growth condition. N0, N10, N25, N50,
and N100 represent 0, 10, 25, 50, and 100% of the full dosage of Ca(NO3)2�4H2O(2 mM) as part of modified
Hoagland nutrient solution
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were sun-dried individually for 2 days and weighed as shoot dry
weight (SDW) and root dry weight (RDW) (Fig. 3).

6. The yield per plant (YPP) was measured as the average total dry
weight (g) of seeds per plant per treatment from four biological
replications (Fig. 3).

7. Hundred seeds per plant per treatment were counted by using
the programmable seed counter (Indosaw, Model 6709) and
subsequently weighed.

8. 500 mg of seeds from each sample was manually crushed into
fine dry powder using mortar and pestle, labeled and processed
for N and C content analysis (as percentage of dry weight) as
per the standard protocol for CHN(S) elemental analyzer
(Thermo Finnigan, FLASH EA 1112 series, Italy) using
Dumas method (Fig. 4). The analysis was carried out at three
N conditions (N10, N25, and N100) to obtain an idea of
variation of N content across five N conditions (N0 and N50
were excluded from the study).

9. The nitrogen use efficiency (NUE) for each treatment was
calculated as

Fig. 2 Panicle morphology and size after maturity grown at maturity five when grown under five different N
levels as indicated
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Total seed weight (g) per plant (YPP)/total N supplied [5] as well
as (N% seeds � DW seeds)/N supplied (Griffith Lab).

The amount of N supplied per dose is calculated as follows:

(a) Amount of Ca (NO3)2�4H2O in 2 mM Solution of volume
1 l ¼ (Mol. Wt/1000) � 2.

Fig. 3 Mean dry weight of root, shoot, YPP, total plant weight, 100-grain weight and NUE at maturity as
indicated. N0, N10, N25, N50, and N100 represent 0, 10, 25, 50, and 100% of the full dosage of CaNO3�4H2O
(2 mM) as part of the Hoagland nutrient solution. Error bars represent standard deviation while Bars with astrix
(∗) represent significance at α� 0.05 against control (N100) calculated using students t-test. Values in Y-axis
for all parameters except NUE (values) represent weight in grams. All data except NUE are a mean of four
individual replications. Data for NUE are a mean of three replications

Fig. 4 CHN analysis output indicating C, N and H content (in percentages of unit sample weight) from N10,
N25, and N100 using Dumas method. K factor-based calibration method was used for the analysis with a
constant protein factor of 6.25
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(b) Mole Fraction of N in Ca (NO3)2�4H2O ¼ Atomic weight
of N in Ca(NO3)2�4H2O/Molecular weight of Ca
(NO3)2�4H2O.

(c) Multiply a � b to get the amount of N in 1 l of Ca
(NO3)2�4H2O in 2 mM.

(d) Divide the value obtained in (c) above by 2 (500 ml applied
per pot) to get the amount of N applied per dose of N100
(2 mM Ca (NO3)2�4H2O in 2 mM in Hoagland solution).
Calculate for other doses (N50, N25, N10, and N0)
accordingly.

4 Notes

1. 1000� stock solution for KCl and CaCl·2H2O collects precip-
itate, so prepare 400� and 500� stocks, respectively (Table 1).
Stocks and working solution to be prepared in deionized water
and pH of the working solution (1�) adjusted to 5.8 � 0.3
using 5 N NaOH or HCl and stored at room temperature.
EDTA ferric monosodium salt to be stored in an amber-col-
ored bottle. Modified from [4], refer to component list in
Table 1.
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Chapter 12

Methods for Isolation and Characterization
of Nitrogen-Fixing Legume-Nodulating Bacteria

Nisha Tak, Garima Bissa, and Hukam S. Gehlot

Abstract

Symbiotic nitrogen fixation (SNF) is a characteristic feature of nodulating legumes. The wild legumes are
comparatively less explored for their SNF ability; hence, it is essential to study nodulation and identify the
microsymbiont diversity associated with them. This chapter aims to describe the methodology for nodule
hunting; trapping, isolation, and characterization of root nodule bacteria (RNB) at phenotypic, genotypic,
and symbiotic levels. The documentation of nodulating native legume species and the rhizobial diversity
associated with them in various parts of world has gained attention as this symbiotic association provides
fixed nitrogen, improves productivity of plants in an ecofriendly manner. Before field-based applications the
symbiotic bacteria need to be assessed for their N fixing ability as well as characterized at molecular level.
The phylogeny based on symbiosis-essential genes supplemented with the host-range studies helps in better
understanding of the symbiotaxonomy of rhizobia. More efficient symbiotic couples need to be screened by
cross-nodulation studies for their application in agricultural practices.

Key words Legume root-nodules, Rhizobia, DNA fingerprinting, Housekeeping and symbiotic
genes, Phylogeny, Host-range

1 Introduction

The Leguminosae (Fabaceae) is the third largest family of flowering
plants with about 750 genera and more than 19,500 species, tradi-
tionally divided into three subfamilies, of which Mimosoideae and
Papilionoideae comprises of many nodulating genera in contrast to
Caesalpinioideae with few nodulating genera [1, 2]. As per the
recent classification of legumes the six subfamilies proposed are
Caesalpinioideae, Cercidoideae, Detarioideae, Dialioideae, Dupar-
quetioideae, and Papilionoideae [3]. The species within four (Cer-
cidoideae, Detarioideae, Dialioideae, and Duparquetioideae) newly
described sub-families are nonnodulating. The members of the old
Mimosoideae have been nested in mimosoid clade within the rede-
fined Caesalpinioideae which now comprises nodulating genera in
tribes Ingeae, Mimoseae, Caesalpiniae, and Cassiae [4–6]. Legumes
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are cultivated since ancient times for food-feed, shelter, medicines,
and livelihood. Earlier researches on legume-rhizobia symbiosis
were restricted to few agriculturally important food legume crops
and associated species of rhizobia. Since the beginning of explora-
tion of native and wild legumes from various geographical and
agroclimatic regions all over the world the number of rhizobial
genera has increased to 18 with more than 250 validly defined
species (List of Prokaryotic Names with Standing in Nomenclature
(LPSN); http://www.bacterio.net) [7–9]. Nowadays, emphasis has
been given to research that may greatly help in reducing chemical
fertilizers and facilitate the agricultural industry by providing a basis
for identifying the best host–rhizobia combinations [10]. The root
and stem nodulating rhizobia are classified into 18 genera of which
16 belongs to class alpha-proteobacteria and two to beta-
proteobacteria [9]. Also, few unconfirmed gamma-proteobacteria
have been reported from root nodules of legumes [7]. The initial
approach used for recognition of RNB was dependent mainly on its
ability to nodulate legumes and biased toward agronomically
important hosts [11]. Later, the advancement in polyphasic
approaches toward bacterial taxonomy provided a better insight
of the diversity and phylogenetic relationships among RNBs. Pres-
ently, along with morphological and phenotypic traits; metabolic
patterns analyzed through BIOLOG; and molecular characteriza-
tion including DNA fingerprinting, phylogenies based on 16S
rRNA and protein-coding housekeeping genes, whole genome
sequencing, in silico DNA–DNA hybridization, and average nucle-
otide identity (ANI) are contributing in the description of new
genera and species of rhizobia [12, 13]. Sequencing of ribosomal
genes of several strains could be expensive therefore PCR-based
locus-specific RFLP pattern (ARDRA, Amplified Ribosomal DNA
Restriction Analysis) and RPO1 primer [14] based DNA finger-
printing is performed for grouping of rhizobial isolates from differ-
ent sampling sites based on genetic diversity which generally shows
high reproducibility and good agreement with partial or complete
gene sequencing.

Multi Locus Sequence Analysis (MLSA) involves genotypic
characterization of prokaryotes using the sequences of multiple,
conserved protein-coding core genes. MLSA based on individual
or concatenated sequences of three to four housekeeping (e.g.,
recA, atpD, glnII, and dnaK) genes can provide sufficient and
accurate genetic information of rhizobia [15, 16]. Unlike the con-
served housekeeping genes which are located on chromosome, the
plasmid-borne accessory genes are strain-specific, subject to hori-
zontal gene transfer (HGT) and help in adaptation of strain to local
environmental conditions. Although, accessory symbiotic genes do
not reflect the taxonomic position of a strain, characterization of
some symbiotic genes (nodA, nodC, and nifH) supplemented with
host range studies is routinely performed for symbiotic
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characterization of RNB and for screening of symbiovars. Cross-
inoculation experiments demonstrate the ability of the test strains
to elicit effective nodules and helps in determining their host range.

In India studies on nodulation, molecular and symbiotic char-
acterization of the RNB have been carried out from more than
decade at BNF and Microbial Genomics Laboratory, Department
of Botany, Center of Advanced Study, Jai Narain Vyas University,
Jodhpur and the methodology for exploration, identification and
characterization of rhizobial diversity associated with various unex-
plored wild legumes of Indian Thar Desert such as species of
Vachellia, Senegalia, Mimosa, Prosopis, Tephrosia, Rhynchosia, Cro-
talaria, and Alysicarpus [17–28] have been standardized. Using
similar methodology the microsymbiont(s) of less explored native
legumes from the biodiversity hotspot in North-Eastern region
(Meghalaya) of India have been characterized and novel N-fixing
strains of Bradyrhizobium are reported [29]. The identification and
characterization of indigenous rhizobia associated with various wild
and crop legumes provides the basic information of the indigenous
rhizobial diversity that has coevolved with host legumes in particu-
lar land area and this can be used in future for expanding the
cultivated area of legume cash crops. Effective N-fixing bacterial
strains with broad host range need to be identified. This will help in
developing consortium of promiscuous RNB strains that can be
used for preparation of rhizobial inoculums. Cross-inoculation
studies provide a base and helps in introducing new crop legumes
compatible with native rhizobia in particular area. Here, we explain
the general methods for excavation of legume plants with nodules,
isolation of rhizobial strains and their preservation, study of some
phenotypic traits, and molecular characterization using DNA fin-
gerprinting, phylogenetic analysis based on housekeeping and sym-
biotic gene sequences. Further, the procedure for tagging of
rhizobia with green fluorescent protein (GFP) is explained that
facilitates host authentication and cross-inoculation studies by
localization of bacteroids. With the help of pipeline of experiments
mentioned in this chapter and comprehensive methods described in
books such as “The handbook for rhizobia: methods in legume
rhizobia technology” by Somasegaran andHoben [30] and “Work-
ing with rhizobia” by Howieson and Dilworth [31] the N-fixing
RNB strains can be characterized.

2 Materials

2.1 Collection

of Nodules

1. Spade for excavation of plants with nodules from field.

2. Plastic bags for collection of rhizospheric soil.

3. GPS device for recording coordinates of the sampling site.

4. Activated silica beads for nodule storage.
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5. 1% glutaraldehyde prepared in 0.4 M phosphate buffer for
fixation of nodules for anatomical/microscopic studies.

6. Small pots of approximately 10 � 10 cm or small polybags for
rhizobia trapping experiment specifically for tree species.

7. Sterilizing agents [90% ethanol, 0.1% BavistinR (fungicide) and
1% sodium hypochlorite] for seed sterilization, moist filter
paper or 1% water agar, germinated seedlings of desired
legume, sterile sand, sterile distilled water (DW) and electronic
weighing balance.

2.2 Isolation and

Preservation of

Rhizobia

1. Surface sterilizing solutions including 90% ethanol, 1% sodium
hypochlorite and 0.1% BavistinR. Muslin cloth or tea strainers
for avoiding the direct contact of nodules with the sterilizing
solutions.

2. Petri plates with Yeast Extract Mannitol Agar (YEMA) media
with Congo red (CR) dye, inoculating loops, autoclaved for-
ceps, DW and parafilm for sealing.

3. The CR dye is used as an indicator for differentiation of rhizo-
bia (do not absorb the dye) with other nonrhizobial endo-
phytic bacteria. Stock solution of dye is prepared by adding
0.25 g/100 ml of DW. In CR-YEMA medium the final con-
centration of CR is adjusted to 25 μg ml�1 [30].

4. YEMA media: Add 10 g Mannitol, 0.2 g MgSO4�7H2O, 0.5 g
K2HPO4, 0.1 g NaCl, 0.4 g Yeast Extract, 15 g agar-agar in
DW and make volume up to 1 l. Set pH at 6.8.

5. Tryptone Yeast (TY) media: Add 5 g Tryptone, 3 g Yeast
Extract, 0.87 g CaCl2�6H2O, 15 g agar-agar in DW and make
volume up to 1 l. Adjust pH at 6.8–7.0.

6. Agar slants/stabs prepared of preferred growth medium
(YEMA or TY).

7. Cryopreservation: Deep freezers, 80% glycerol, activated broth
of pure rhizobial culture, 0.89% saline/TY broth, 2 ml sterile
cryo-tubes and vortex.

8. Lyophilization: 1:1 mixture of 10% (w/v) peptone and 10%
(w/v) glutamate recommended specially for rhizobial cultures,
cotton wool, broth suspension of rhizobia, high quality glass
ampoules, Pasteur pipette, lyophilizer machine, etc.

2.3 Phenotypic

Characterization

of Rhizobia

1. Activated pure broth cultures of rhizobia and 0.89% saline.

2. YEMA media with different concentrations (0.5%, 0.75%, 1%,
2%, and 3%) of NaCl salt.

3. Different buffers for adjusting at a desired range of pH:
HOMOPIPES (Homopiperazine-N, N0-bis-2-ethanesulfonic
acid) for pH 4.0–5.0; MES (2-[N-morpholino]-ethanesulfonic
acid) for pH 5.5, 6.0; HEPES (4-[2-Hydroxyethyl] piperazine-
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1-ethanesulfonic acid) for pH 7.0, 8.0, 8.5; CHES (N-Cyclo-
hexyl-2-aminoethanesulfonic acid) for pH 9.0, 9.5, 10.0 [32];
1 N HCl and 1 N NaOH for adjusting pH.

4. Different HiMedia antibiotic discs: chloramphenicol
(20μgml�1), gentamycin (40μgml�1), kanamycin (50μgml�1),
nalidixic acid (75 μg ml�1), spectinomycin (100 μg ml�1), and
streptomycin (100 μg ml�1) used for rhizobia [30], cotton
swabs and scale for measurement of zones of inhibition.

5. Andrade’s peptone water: Add 10 g Peptone, 5 g NaCl, and
5 ml Andrade’s indicator to 1 l of DW and adjust pH to 7.4.
Prepare Andrade’s indicator by adding 0.1 g Acid fuschin to
16 ml 1 NNaOH solution and make volume up to 100 ml with
DW. 24-well plates, HiMedia discs of different sugars to be
tested (e.g., adonitol, arabinose, cellobiose, dextrose, dulcitol,
galactose, fructose, inositol, inulin, lactose, maltose, mannitol,
mannose, melibiose, raffinose, rhamnose, salicin, sorbitol,
sucrose, trehalose, and xylose).

2.4 Molecular

Characterization

of Rhizobia

1. For DNA isolation: activated TY broth, Tris-saturated phenol,
chloroform, RNase A (10 mg ml�1), 1.5 ml microcentrifuge
tubes, STE (Sodium Chloride Tris–EDTA) buffer (100 mM
NaCl, 10 mM Tris–HCl, 1 mM EDTA and adjust pH to 8.0),
and TE (Tris–EDTA) buffer (10 mM Tris–HCl, 1 mM EDTA
and adjust pH to 8.0).

2. Cell template preparation: TY agar media and 0.89% saline.

3. PCR reactions: 0.2 ml PCR tubes, 10� Taq buffer, 25 mM
MgCl2, 10 mM dNTPs mix (2.5 mM each), 3 Uμl�1 TaqDNA
polymerase, dimethyl sulfoxide (DMSO), nuclease-free water,
and the primers listed in Tables 1 and 2 for amplification of
various gene fragments.

4. For ARDRA (Amplified rDNA restriction analysis), amplified
products of 16S rDNA, tetracutter restriction enzymes such as
MspI or AluI (10 Uμl�1), 10� buffer and nuclease free water
are required.

5. For sequencing reactions: PCR product purification kit,
3.2 pmol of terminal and internal primers, Applied Biosystems
Big Dye terminator and 5� sequencing buffer, 30–40 ng of
purified PCR product, nuclease free water, 125 mM EDTA,
3 M sodium acetate, 80% ethanol, 70% ethanol, and Kimwipes.

6. For gel electrophoresis: Mini or midi electrophoresis system,
agarose, SYBR Safe or EtBr, 6� gel-loading buffer, DNA
ladder, and 1� TAE buffer (4.85 g l�1 Tris, 2 ml l�1 of
0.5 M EDTA [pH 8.0], and 1.142 ml l�1 glacial acetic acid in
deionized water).

7. Bioinformatics software(s) for analysis of DNA sequences and
phylogenetic tree reconstruction.
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2.5 Authentication

and Cross Inoculation

Studies

1. Autoclavable draining plastic pots (15 � 11 cm), polyvinyl
chloride (PVC) pipes with rubber lids, small marbles/plastic
beads, mixture of soil and river sand or vermiculite/soilrite and
river sand.

2. Healthy viable seeds of legumes, surface sterilizing solutions
(90% ethanol, 1% sodium hypochlorite, 0.1% BavistinR), auto-
claved DW, sterile plates containing sterilized moist filter paper
or 1% water agar for seed germination.

3. To prepare stocks 1–6 for nitrogen free nutrient solution
[31, 43] the chemicals are listed in Table 3. First prepare
solution A as described in Table 3, then prepare solution B
(N- solution) by adding 200 ml of stock A + 400 ml of stock
5 + 1400 ml of DW, adjust pH to 6.5. For preparing starter
solution add 0.5 g l�1 KNO3 to solution B.

4. Pure RNB strains activated on TY agar plates and 1% (w/v)
sucrose solution. CR-YEMA plates and other materials for
reisolation of rhizobia from root nodules. Materials for RPO1
DNA fingerprinting to compare the parental and reisolate
strains.

2.6 GFP Tagging 1. TY agar and broth, Luria broth (Add 10 g Tryptone, 5 g Yeast
Extract, and 10 g NaCl to 1 l DW), 10 mM MgSO4 solution,
and L-shaped spreaders.

Table 3
Chemical composition for nitrogen-free nutrient solution

Stock 1 MgSO4�7H2O 24.6 g/500 ml

Stock 2 KH2PO4 13.6 g/500 ml

Stock 3 K2SO4 35.0 g/500 ml

Stock 4 Sodium ferric EDTA 5.0 g/500 ml

Stock 5 CaSO4�2H2O 2.49 g/2 l

Stock 6 Trace elements Composition for 100 ml (store at 4 �C)
H3BO3 0.046 g
Na2MoO4�2H2O 0.001 g
ZnSO4�7H2O 0.053 g
MnSO4�5H2O 0.004 g
CoSO4�6H2O 0.014 g
CuSO4�5H2O 0.012 g

Solution A¼ 500ml stock 1 + 500ml stock 2+ 500ml stock 3 + 500ml stock 4¼ 2000ml + 4ml of trace
stock 6

Solution B (nitrogen free nutrient solution) ¼ 200 ml of solution A + 400 ml of stock 5 + 1400 ml DW

Starter solution ¼ solution B + 0.5 g/l KNO3 (pH after autoclaving is 6.5)
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2. E. coli strains with donor plasmid pHC60 (containing gfp gene)
[44] and helper plasmid pRK2013 [45], and the recipient
rhizobial strains.

3. Preparation of antibiotics stocks: Streptomycin- 100 mg in
1 ml of autoclaved DW; Tetracycline- 10 mg in 1 ml of 80%
ethanol; Kanamycin- 50 mg in 1 ml of autoclaved DW. Anti-
biotics stocks are filter sterilized (0.2 μm filter) and stored at
�20 �C. Tetracycline is light sensitive therefore the vial should
be covered with foil.

4. RDM stock A solution: Add 6 g KNO3, 1 g CaCl2�2H2O, and
2.5 g MgSO4�7H2O in 1 l DW. RDM stock B solution: Add
10 g K2HPO4, 10 g KH2PO4, 0.1 g FeCl3�6H2O in 1 l DW.

5. Biotin stock (0.25 mg ml�1) solution: Add 0.025 g in 100 ml
autoclaved deionized water, mix the solution properly and
filter-sterilize. Store the vial at 4 �C wrapped in foil.

6. Thiamine stock (10 mg ml�1) solution: Add 0.5 g in 50 ml
autoclaved deionized water and filter sterilize. Store the vial at
4 �C wrapped in foil.

7. Rhizobium Defined medium (RDM): For 500 ml media add
50 ml RDM stock A, 50 ml RDM stock B, 2.5 g sucrose, 7.5 g
agar-agar and make up the volume with DW. Autoclave at
121 �C for 20 min, and cool to approximately 55 �C then
add 2 ml of biotin stock, 500 μl of thiamine stock, 500 μl
each of tetracycline and streptomycin stocks.

3 Methods

3.1 Field Survey,

Rhizobia-Trapping

Experiment, and

Nodule Hunting

1. Prepare the list of native legumes of the area/region to be
explored. Do extensive surveys for nodulating native/wild
legumes and identify plants with the help of local flora and
taxonomist. Dig out healthy plant with a spade after making a
circle of approximately 10 cm radius and 30 cm depth around
the plant (Fig. 1a). Place the excavated plants in a sieve and
flush under the gentle stream of water to remove all the adher-
ent soil particles. Record the GPS coordinates of the sampling
site, data related to number of nodules per plant (Fig. 1b) and
type of nodules (Fig. 1c, d). Prepare the herbarium sheets
(both digital and hard copy) of each species and deposit them
in herbarium to obtain accession numbers.

2. Collect 10–15 nodules per plant for isolation of rhizobia. Air
dry few nodules and then transfer in vials containing activated
silica beads for storage, and also fix some nodules in vials
containing 1% glutaraldehyde for anatomical/microscopic
studies.
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Fig. 1 Excavation of Tephrosia purpurea plantlet from field (a), excavated plants of Cyamopsis tetragonoloba
with nodules attached to roots (b), determinate nodules of Aeschynomene americana (c), indeterminate
nodule of Trigonella foenum-graecum (d), plate showing growth of Ensifer strain PA9 on CR-YEMA media (e),
intrinsic antibiotic resistance (f), and carbon utilization patterns of RNB strains using HiMedia discs (g)
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3. For trapping experiment setup collect the rhizospheric soil and
fill it in pots/polybags with proper labeling (seeNote 1). Seeds
of wild/native legumes often possess seed dormancy. Hot
water treatment, acid treatment or scarification of seeds with
sandpaper is needed to break the dormancy. In laboratory,
surface sterilize the seeds of legume with 90% ethanol for
1 min, 0.1% BavistinR for 1 min followed by two times washing
with DW, then transfer seeds in 1% sodium hypochlorite for
6 min followed by six times washing with DW. After giving hot
water treatment to seeds for 15 min, place them on a moist
filter paper or 1% water-agar and keep in dark within the seed
germinator maintained at 28 �C.

4. The germinated seedlings (after 2–4 days) are transferred in
pot/polybags filled with rhizospheric soil. Keep the pots under
natural environmental conditions in the net house/poly house
and regularly water them with sterile water. After 8–10 weeks,
excavate the plants for their nodules; record the number of
nodules per plant; root and shoot length; and fresh and dry
weight/biomass of the plants.

3.2 Isolation and

Preservation of Root

Nodule Bacteria

1. Properly wash the excavated root nodules with sterile
DW. Immerse the dried (in case of nodules preserved in silica
gel) nodules in sterile DW for 3–4 h for rehydration.

2. For surface sterilization, the nodules are either tied in small
pieces of muslin cloth or placed in tea strainers and rinsed for
1 min in 90% ethanol, 1 min in 0.1% BavistinR followed by two
times washing with sterile DW, then placed in 1% sodium
hypochlorite for 6 min followed by six times washing with
sterile DW.

3. After surface sterilization the individual nodules are placed in
an aseptic watch glass, cut into two halves with sterile scalpel
and one drop of sterile DW is added to each section of nodule.
Streak the white exudate from each nodule on the CR-YEMA
petri plates, and incubate the plates at 28 �C. Observe the
plates for growth of colonies. Pick up the raised, entire, circular,
white, translucent or opaque, exopolysaccharide secreting
rhizobia-like colonies (seeNote 2). Perform quadrant streaking
on CR-YEMA media for purification of colonies from the
master plate. Record the duration of growth and morphologi-
cal characteristics of pure strains (Fig. 1e).

4. For short term preservation the pure RNB strains are regularly
sub-cultured and preserved on agar slants/stabs kept at low
temperature (4 �C).

5. For long term storage the cultures are preserved as glycerol
stocks in deep freezer at�20 �C or�80 �C. To 1.7 ml of 0.89%
saline/TY broth 300 μl of 80% glycerol is added in a 2 ml cryo-
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tube. To this mixed solution 3–4 loops full of pure fresh culture
is added, vortexed and stored at �20 �C or �80 �C.

6. Lyophilization: As described by Howieson and Dilworth [31]
for long term storage (by freeze-drying) the purified cultures
are first suspended in a 1:1 solution of 10% (w/v) peptone and
10% (w/v) glutamate. The ampoules are prepared by placing
the sterile cotton at its bottom, the open end of ampoule is
loosely plugged and autoclaved at 121 �C for 30 min. Few
drops of the bacterial suspension is added to sterile cotton
wool placed at the bottom of sterile ampoules. After labeling
the ampoules are placed under vacuum for dehydration follow-
ing the manufacturer’s instructions. After proper freeze-drying
the ampoules are sealed and stored at 4 �C. For each strain
about 6–8 ampoules are prepared.

3.3 Study of

Selective Phenotypic

Traits of Root Nodule

Bacteria

1. Salt tolerance: Prepare dilutions of activated broth culture
concentrated at OD600 ¼ 1 in 0.89% saline. Spot inoculate
10 μl of this bacterial suspension on YEMA media buffered
with 20 mMHEPES and supplemented with different concen-
trations (0.5%, 0.75%, 1%, 2% and 3%) of salt (NaCl). Spot
inoculated plates are incubated at 28 �C for 5–10 days and the
growth of rhizobial strains at different concentrations of NaCl
is recorded.

2. pH tolerance range: Spot inoculate 10 μl of activated broth
suspension (as mentioned earlier) on YEMA media adjusted at
different pH with buffers as described in Subheading 2.3.
Incubate the plates at 28 �C for 5–10 days and observe the
growth of rhizobial strains at different pH.

3. Intrinsic Antibiotic Resistance (IAR) pattern: it is tested
according to Kirby Boyer’s Disc diffusion method [46]. Swab
the individual rhizobial strains on petriplates containing YEMA
media and aseptically place HiMedia antibiotic discs with dif-
ferent concentration mentioned in Subheading 2.3. Incubate
plates for 2 days at 28 + 2 �C. After incubation record the zone
of inhibition in mm (Fig. 1f).

4. Carbon utilization pattern: In sterile 24 well plates add indi-
vidual HiMedia sugar discs and Andrade’s peptone water to
each well, inoculate each well with activated broth culture.
Keep the plates at 28 �C and observe after every 24 h. Metabo-
lism of particular sugar by the strain will release acids thus,
lowering the pH of media and changing the color of medium,
from pale straw color to pink color (Fig. 1g).

3.4 Genotypic

Characterization of

Root Nodule Bacteria

1. For bacterial DNA isolation as described by Cheng and Jiang
[47] take 1 ml of activated bacterial broth in 1.5 ml microcen-
trifuge tube. Centrifuge at 9000 � g for 5 min at room tem-
perature. Remove the supernatant and wash the pellet with

130 Nisha Tak et al.



STE buffer twice by vortexing and centrifugation at 9000 � g
for 5 min. Resuspend the pellet in 200 μl TE buffer and add
100 μl saturated phenol to it. Vortex to lyse the cells. Centri-
fuge at 15,000 � g for 5 min at 4 �C to separate the aqueous
phase from the organic phase. Take 155 μl of upper aqueous
phase and transfer in a new vial. To this add 40 μl TE buffer and
5 μl RNase A, incubate at 37 �C for 15 min. Now after incuba-
tion add 100 μl of chloroform to it and invert the vials upside
down to mix the components well, then centrifuge at
15,000 � g for 5 min at 4 �C. Transfer 160 μl of upper aqueous
phase in a new vial and dilute with 40 μl TE buffer. Determine
the concentration (ng/μl), 260/230 and 260/280 ratio using
nanodrop spectrophotometer and run the pure DNA on a 0.8%
(w/v) agarose gel for half an hour.

2. Cell template preparation: Activate pure cultures of RNB
strains on TY agar medium. Scrap four to five loops full of
cells from freshly activated plates in 1 ml of 0.89% (w/v) sterile
saline solution. Vortex the suspension and centrifuge at
9000 � g for about 10 min. Discard the supernatant and
resuspend the pellet in 1 ml saline (see Note 3). One hundred
microliter of thoroughly vortexed suspension is taken in a new
vial and to it 900 μl of saline is added. After vortexing its
absorbance/optical density is taken at 600 nm. Total OD is
calculated from dilute OD and is used to make final required
volume. One hundred microliter of saline of OD 2 and OD
6 are prepared for gene amplification and DNA fingerprinting
respectively. Store the templates at 4 �C.

3. Agarose gel preparation: agarose gel prepared in 1� TAE
buffer is casted to a thickness of 8 mm. Gels are prestained by
incorporating SYBR Safe (8 μl/100 ml) or EtBr (3 μl/100 ml)
in molten agarose. For genomic DNA and 16S rDNA PCR
products, less concentrated gel, that is, 0.8% (w/v), for other
housekeeping and sym genes 1.5% (w/v) gel and for DNA
fingerprinting 2% (w/v) gel is required.

4. DNA fingerprinting (RAPD-randomly amplified polymorphic
DNA) using RPO1 primer: single nif-directed RPO1 primer
(50AATTTTCAAGCGTCGTGCCA30) described by Richard-
son et al. [14] is used for DNA fingerprinting. Prepare 20 μl
reaction mixture containing 1 μl of cell template (OD600 ¼ 6)
or DNA sample diluted to 50–100 ng/μl, 2 μl of 10� Taq
buffer, 3 μl of 25 mM MgCl2, 1.2 μl of dNTP mix (2.5 mM
each), 1 μl of DMSO, 1.2 μl of 50 μMRPO1 primer, 0.35 μl of
3 Uμl�1 TaqDNA polymerase and nuclease free water to make
its volume up to 20 μl. Set up the thermal cycler with cycling
conditions as follows: 5 min 94 �C, 5 � (30 s 94 �C, 1 min
55 �C, 1.5 min 72 �C), 30 � (30 s 94 �C, 25 s 58 �C, 30 s
72 �C), followed by final extension of 7 min at 72 �C. Load the
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PCR products (20 μl) and DNA ladder in wells of a 2% (w/v)
gel and run at 80 V for 1–2 h. Observe the banding patterns for
grouping of strains on the basis of genetic fingerprints
(Fig. 2a).

5. ARDRA (Amplified Ribosomal DNA Restriction Analysis):
Prepare a reaction mixture by adding 10 μl of 16S rDNA
PCR product, 2 μl of 10� buffer, 0.5 μl of AluI or MspI
enzyme (10 Uμl�1) and 7.5 μl of nuclease free water. Keep
the mix at 37 �C overnight in incubator and run the digested
product along with DNA ladder on a 2% (w/v) gel for 1–2 h. at
80 V. Observe the banding patterns using gel documentation
system for analysis of genetic fingerprints.

6. PCR amplification of housekeeping and symbiotic genes: Pre-
pare reaction mixture of 25 μl volume containing 1.25 μl sam-
ple DNA, 2.5 μl 10� Taq buffer, volume of 25 mM MgCl2
depending on the type of gene fragment amplified (Tables 4
and 5), 1.5 μl of dNTP mix (2.5 mM each), 1.25 μl of DMSO,
0.6 μl each of forward and reverse primer, 0.25 μl of 3 Uμl�1

Fig. 2 Gel showing RPO1 DNA fingerprinting pattern of RNB strains isolated from Tephrosia sp. (a), gel with
approximately 600 bp band of recA (b), and 550 bp band of nodA (c) gene amplified in Bradyrhizobium strains
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TaqDNA polymerase, and nuclease-free water according to the
reaction mixture to make its volume up to 25 μl. Set and save
the different thermal cycling protocols in the PCR, as described
in Tables 4 and 5 corresponding to various genes. After cycling,

Table 4
Thermal cycling conditions for amplification of housekeeping genes in rhizobia

Primer pair
MgCl2 final
conc. (mM) PCR cycling conditions

fD1 and rD1 1.5–1.8 5 min 95 �C, 30 � (1 min 94 �C, 1 min 55 �C, 2 min 72 �C),
7 min 72 �C

18F and 1492R 2.0 5 min 95 �C, 35 � (1 min 94 �C, 1 min 53 �C, 1 min 72 �C),
7 min 72 �C

atpD352F and atpD871R 1.75–2.0 5 min 95 �C, 3 � (2 min 94 �C, 2 min 64 �C, 1 min 72 �C),
30 � (30 s 94 �C, 1 min 64 �C, 1 min 72 �C) 5 min 72 �C

atpD294F and atpD771R 2.0 5 min 94 �C, 35 � (45 s 95 �C, 30 s 58 �C, 1.5 min 72 �C),
7 min 72 �C

recA6F and recA555R 1.0–2.0 5 min 94 �C, 30 � (45 s 94 �C, 1 min 60 �C, 1.5 min 72 �C),
7 min 72 �C

TSrecAF and TSrecAR 1.0–2.0 5 min 94 �C, 30 � (45 s 94 �C, 1 min 57 �C, 1.5 min 72 �C),
7 min 72 �C

TSglnIIF and TSglnIIR 2.0 5 min 95 �C, 3 � (2 min 94 �C, 2 min 60 �C, 1 min 72 �C),
30 � (30 s 94 �C, 1 min 62 �C, 1 min 72 �C), 5 min 72 �C

GSII-1 and GSII-2 1.5–2.0 5 min 95 �C, 3 � (2 min 94 �C, 2 min 50 �C, 1 min 72 �C),
30 � (30 s 94 �C, 1 min 54 �C, 1 min 72 �C), 5 min 72 �C

TSdnaK2 and TSdnaK3 1.5–2.0 5 min 95 �C, 35 � (30 s 94 �C, 30 s 62 �C, 45 s 72 �C),
5 min 72 �C

Table 5
Thermal cycling conditions for amplification of symbiotic genes in rhizobia

Primer pair
MgCl2 final
conc. (mM) PCR cycling conditions

nodA1 and nodA2/nodA3 2.0 5 min 94 �C, 5 � (30 s 94 �C, 30 s 55 �C, 1 min 72 �C),
30� (30 s 94 �C, 45 s 62 �C, 1.5 min 72 �C), 7 min 72 �C

nodAf.brad and nodAr.
brad

1.75–2.0 5 min 95 �C, 35 � (1 min 94 �C, 45 s 57 �C, 1 min 72 �C),
10 min 72 �C

nifHF and nifHI 2.0 5 min 94 �C, 25 � (30 s 94 �C, 30 s 57 �C, 30 s 72 �C),
7 min 72 �C

nifH1 and nifH2 2.0 30 s 95 �C, 5 � (30 s 94 �C, 30 s 55 �C, 1 min 72 �C),
30 � (30 s 94 �C, 30 s 65 �C, 1 min 72 �C), 5 min 72 �C

nodCF and nodCI 2.0 3 min 95 �C, 35� (1 min 94 �C, 1 min 55 �C, 2 min 72 �C),
3 min 72 �C
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load the PCR products along with DNA ladder on a 1.5%
(w/v) gel at 80 V for 30 min. The band size is confirmed
(Fig. 2b, c) before proceeding for more reactions to pool up
the amplicons for sequencing.

7. PCR product purification and sequencing: Purify the PCR
products to remove primers, dNTPs, Taq DNA polymerase
and primer dimers using the PCR product purification kit as
per the manufacturer’s instructions. For carrying out
sequencing-PCR prepare a quarter reaction mix of 10 μl vol-
ume by adding 2 μl of Big Dye Terminator, 1 μl of 5� sequenc-
ing buffer, 4 μl of 30–40 ng of purified PCR product, 1 μl of
3.2 pmol of primer, and 2 μl of nuclease-free water. Proceed for
sequencing-PCR with following cycling conditions: 2 min
96 �C, 25 � (10 s 96 �C, 5 s 50 �C, 4 min 60 �C) and store
at 14 �C. For ethanol/EDTA precipitation method, add 1 μl of
125 mM EDTA, 1 μl of 3 M sodium acetate (pH 5.2), and
25 μl of 80% ethanol to 10 μl of amplified sequencing-PCR
product. Thoroughly mix the components with pipette and
keep at room temperature for 20 min. Centrifuge the reaction
mix at 18,000 � g for 30 min. Remove supernatant with the
pipette and immediately add 125 μl of freshly prepared 70%
ethanol. Centrifuge at 18,000 � g for 5 min at room tempera-
ture. Completely remove the supernatant with the help of Kim
wipes and store at�20 �C when completely dried (seeNote 4).
After ethanol precipitation all DNA sequencing steps are car-
ried out as described by the manufacturer (Applied Biosystems)
by using a dye terminator cycle sequencing ready reaction kit
and automated sequencer (ABI Model).

8. Sequence analysis and editing: Observe the chromatograms, edit
and assemble the sequences using BioEdit software (http://
www.mbio.ncsu.edu/BioEdit/bioedit.html) or GeneTool Lite
(version1.0 Double twist Inc., Oakland, CA, USA) (Fig. 3a).
The NCBI (National Center for Biotechnology Information)
nucleotide BLAST (Basic Local Alignment Search Tool, https://
blast.ncbi.nlm.nih.gov/) online tool can be used to identify and
search similar sequences in the NCBI’s nucleotide sequence
database. The assembled sequences can be deposited in the
GenBank database using the NCBI Sequin software (https://
www.ncbi.nlm.nih.gov/Sequin/). To obtain the GenBank
accession numbers Sequin files prepared for individual gene
sequences must be mailed to gb-sub@ncbi.nlm.nih.gov.

3.5 Phylogenetic

Analysis

1. For constructing phylogenetic trees the most widely used and
freely available software, MEGA (Molecular Evolutionary
Genetics Analysis) version 7 (http://www.megasoftware.net/)
or the latest version available can be used [48].

2. For creating a new alignment in MEGA click on “align” and
then on “edit/build alignment.” Select the option to “create a
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new alignment” and ‘DNA’ in the next dialogue box for
building a DNA sequence alignment. The alignment explorer
will open, click on insert a new blank sequence or just press
‘Ctrl+N’ to add the sequences (in FASTA format) to be
aligned.

3. Download the sequences in FASTA format for all type/refer-
ence strains and close relatives from the NCBI GenBank
(https://www.ncbi.nlm.nih.gov/nucleotide) and create
“mas” files for different genes separately by pasting the
sequences one by one in the alignment explorer. Edit the
names of species in the Species/Abbrv column and sort them
alphabetically. Go to “Edit” option and select all the unaligned
sequences and then click on “align by ClustalW” under “Align-
ment” tool to align the selected sequences. After pairwise and
multiple alignment save the aligned session with the extension
‘.mas’ (Fig. 3b).

Fig. 3 GeneTool Lite software used for editing and assembly of DNA sequences (a), Alignment Explorer (b), and
Tree Explorer (c) of MEGA (version 7) software used for phylogenetic analysis
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4. In the alignment explorer click on ‘Data’ and then select “Phy-
logenetic Analysis.” A new dialogue box asking “protein-cod-
ing nucleotide sequence data” will appear, depending on the
sequence type, click on “Yes” or “No.”

5. A new “Sequence Data Explorer” file will open, select or dese-
lect the sequences of different strains for construction of phy-
logenetic tree. Save this MEGA session file with the extension
“.mdsx”.

6. Select the option “Models” in the main MEGA window and
find best model needed for the construction of phylogenetic
tree. Once the strains and model is finalized click on “Phylog-
eny” in the main MEGAwindow to decide which type of tree is
to be constructed. In general, for rhizobia, to reconstruct tree
using neighbor-joining method the Kimura 2-parameter
model with bootstrap values between 500 and 1000 replica-
tions is used and for tree using Maximum Likelihood statistical
method, the General Time Reversible model is used with simi-
lar bootstrap values.

7. After computation the tree will be seen in a new window of
“Tree Explorer.” Save the tree session in “MTS format” that
can be edited. Also, copy the tree in word file using the option
of “Copy to Clipboard” under “Image” or can be saved in
other formats such as PDF, TIFF, etc. For editing the tree
click on “tree options” and edit labels, change font, add
taxon markers, etc. (Fig. 3c). Lower bootstrap values (<50)
can be hidden by using the “branch” tab.

3.6 Nodulation

Assays and

Symbiotaxonomy

1. The RNB strains are confirmed as microsymbiont of their host
legume through inoculation/infection in sterile conditions and
reisolation of symbiotic bacteria from nodules formed on the
infected/treated plants in glasshouse pot experiments/free-
draining pot method described by Yates et al. [49]. Select
wild as well as crop legumes to be tested for cross-inoculation
studies to reveal the host range of rhizobial strains.

2. Autoclave the PVC pipes along with lids and marbles/beads at
121 �C for 45 min. Fill the plastic pots with equal quantity of
river sand and soil or mix 1/4th quantity of vermiculite/soil-
rite and 3/4th quantity of river sand. At the bottom of each
pot absorbent paper is placed to prevent sand leakage. Flush
the mix filled in pots with hot boiling water for about two
to three times to remove the inorganic nitrogen. Cover the
well-drained pots with foil and autoclave at 121 �C for about
2–3 h.

3. Meanwhile, for germinating the seeds of selected legumes first
scarify them with the help of sandpaper; then surface sterilize
with 90% ethanol, 0.1% BavistinR, followed by two times
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washing with sterile DW and then immerse in 1% sodium
hypochlorite followed by six times washing with sterile
DW. After sterilization the seeds are kept imbibed for
15–20min and later transferred to sterile petriplates containing
filter paper (moistened) or 1% water agar (see Note 5). Plates
are covered with foil, kept in seed germinator at 28 �C and
monitored until adequate growth (emergence of radicles) for
transplanting.

4. For preparation of inoculums, the RNB strains are streaked on
TY agar plates and incubated at 28 �C for 3–5 days, until
confluent growth had occurred. After sufficient growth appears
the cells are scraped in 1% sucrose solution when the germi-
nated seedlings have to be transplanted into the pots. Six
germinated seeds with approximately 1–2 cm radicles are
sown in each pot. The germinated seeds are sown to a depth
of 5–10 mm using sterile forceps. Hypocotyls of each seedling
are inoculated with 1 ml suspension of bacterial strains contain-
ing approximately 107 cells for infection and nodulation (see
Note 6).

5. The pots for each strain tested on a particular legume host and
controls are prepared in triplicates. The un-inoculated controls
supplemented with nitrogen source KNO3 (10 ml of 0.25 M
KNO3 per pot weekly) serve as “N+” controls and the
un-inoculated controls without supplements of nitrates serve
as “N�” control (Fig. 4a) (see Note 7).

6. Growth conditions and watering of pots: The plants are main-
tained at 28�32 �C in a naturally lit glasshouse or polycarbon-
ate growth chambers. After every second day cooled autoclaved
water or N free nutrient solution is added to plants. 20 ml of
starter solution containing KNO3 is added to all the pots after
sowing for establishment of young seedlings. 20 ml of N free
nutrient solution is added weekly to the pots till 3 weeks and
then increased to 40 ml thereafter depending upon the growth
of plants.

7. After 8 weeks excavate the plants and analyze each treatment
for nodulation (Fig. 4b). Note nodule morphology, color,
position on the roots, and number per plant for each treatment
which has nodulation. Both fresh and dry weight of the plants
is recorded. Even the bacteria are reisolated from few nodules
of the treated plants and the cell templates are prepared
which can be used for RPO1 DNA fingerprinting
(as described in Subheading 3.4) to compare the banding
patterns of reisolates with the parental strains in order to con-
firm nodule occupancy.
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3.7 Insertion of GFP

Reporter Gene in

Rhizobia and

Screening of

Transformants

1. Inoculate 5 ml TY broth with single colony of recipient rhizo-
bial strain and add 5 μl of streptomycin stock to it giving final
working concentration of 100 μg ml�1. Incubate the broth
cultures at 28 �C in shaker for 2–3 days at 120 rpm. After
sufficient growth of recipient strains, the E. coli strains are
activated. Activate the E. coli strain containing donor
(pHC60) plasmid in Luria broth + tetracycline (10 μg ml�1).
Similarly activate the E. coli strain with helper (pRK2013)
plasmid in Luria broth + kanamycin (50 μg ml�1). Incubate
these E. coli strains at 37 �C overnight in shaker at 120 rpm.

2. After sufficient growth of all three types (recipient, donor and
helper) of strains, triparental mating (conjugation) is per-
formed. Take 1 ml broth of recipient strain in 1.5 ml micro-
centrifuge tube and centrifuge at 9000 � g for 1 min. Remove
the supernatant; add 1 ml of 10 mM MgSO4 to resuspend the
pellet and vortex. Similarly, wash the pellet twice for removing
antibiotics and resuspend the pellet finally in 100 μl of 10 mM
MgSO4. Similarly the helper and donor strains are processed

Fig. 4 Image showing set up for free draining pot-experiment (a), nodulation observed in Vigna unguiculata
plants inoculated with Ensifer sp. PC2 and pale yellow N-control plant without nodulation (b), GFP-tagged
bacterial rods (c), and expression of GFP within root nodule (d)
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and suspension of 100 μl is prepared. Now add 45 μl of recipi-
ent strain, 15 μl of donor strain and 15 μl of helper strain on a
TY plate and uniformly spread bacterial cells with the help of
L-shaped spreader. Also streak the three types of strains indi-
vidually on TY control plate and incubate all plates at 28 �C for
overnight. The control plate is prepared to ensure growth of all
three mating strains in conjugation plate.

3. After overnight incubation, for screening the trans-conjugants
the TY plate is flooded with 3 ml of 10 mM MgSO4 and the
cells are scraped. One ml of conjugation mixture is transferred
to 1.5 ml microcentrifuge tube (seeNote 8). Serially dilute this
homogenous cell suspension at different concentrations- 1:10,
1:100 and 1:1000. Spread 50 μl from each dilution on RDM
selective medium containing antibiotics streptomycin (Sm100)
and tetracycline (Tc10) (see Notes 9 and 10). Incubate the
RDM plates at 28 �C and wait for the colonies to appear.
Observe the bacterial colonies for expression of GFP under
fluorescent microscope (Fig. 4c). When excited with blue
light of 488 nm GFP emits bright green fluorescence
(507–515 nm) in visible spectrum. The tagged rhizobial strains
expressing GFP are inoculated on selective host legume as
described in Subheading 3.6. After about 6–8 weeks from day
of inoculation the plants are harvested from pots to record
nodulation and to check expression of GFP within nodules
(Fig. 4d) formed to confirm the occupancy of microsymbiont.
The GFP tagged RNB strains can also be used to study the
symbiotic interactions between legume host and rhizobia.

4 Notes

1. In case the rhizospheric soil is insufficient to fill the pots for
trap experiments, the sterile river sand can be mixed with it to
fill the pots for rhizobia trapping. Or a suspension of rhizo-
spheric soil can be made in sterile water and used for inoculat-
ing the roots of germinated seedlings to be transplanted in
sterile soil.

2. To ensure proper surface sterilization of nodules the sixth
washing water as well as the intact nodules can be streaked on
CR-YEMA plate to ensure that no surface contaminants are
left. Rhizobia generally do not absorb red dye while the con-
taminants strongly absorb the dye. However, now it is widely
accepted that rhizobia too can take red dye if cultured for
longer period on media containing CR.

3. For preparing the cell templates bacterial cultures must be pure
and freshly activated. For high exopolysaccharide producing
strains wash the pellet two to three times with saline. Cell
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templates must be used within 1 month for PCR reactions.
Vortex the cell templates prior to adding to the PCR reaction
mix to ensure resuspension of the cells.

4. If salts and unincorporated dyes are not removed from the
sequencing reaction, they will compete with the extension
fragments during electro kinetic injection resulting in weak
signals.

5. The procedure for scarification varies with the type of seeds; for
few crop legumes hot water treatment is sufficient, whereas for
seeds of few wild legumes acid-treatment is required to break
their dormancy. The duration of sterilization with a particular
sterilizing agent depends upon the size and number of seeds
being processed. The use of water agar or moistened filter
paper for germination depends upon the better response of
seeds while pretesting the viability of seeds.

6. Polyvinyl chloride tubes with lids are autoclaved and inserted in
the middle of pots aseptically for adding water and nutrient
solution periodically. Thoroughly washed, sterile marble/plas-
tic beads are used to cover the soil surface to a depth of 15 mm
in order to protect the soil from contaminates.

7. The biomass of treated/inoculated plants is compared with
two types of controls (N+ and N�). More biomass of treated
(nodulating) plants in comparison to N+ control indicates
effective nodulation and nitrogen fixation by tested rhizobial
strains. No nodulation should be observed in the N+ and N�
control plants. Chances of contamination occur if seeds and soil
mixture are not properly sterilized. To get authentic results of
cross-infection tests the rhizobial strains can be tagged with gfp
reporter genes and the expression of GFP within root nodules
formed by infection of these tagged bacterial strains confirms
their localization.

8. The homogenous triparental mating mixture can be stored at
4 �C and can be used to repeat serial dilution if required. In this
experiment through triparental mating/conjugation the donor
plasmid (pHC60) containing the gfp gene is transferred to the
recipient RNB strain using the conjugation/DNA transfer
machinery encoded by the helper plasmid (pRK2013).

9. For preparing solid agar plates with antibiotics the autoclaved
media is cooled down and kept in water bath at 55–60 �C to
prevent heat inactivation of antibiotics. When the temperature
of the media is uniformly maintained at 55–60 �C, the anti-
biotics stocks are added as per dilution required. For example
to prepare 500 ml RDM to screen trans-conjugants add 500 μl
each of the streptomycin (100 mg ml�1) and tetracycline
(10 mg ml�1) antibiotic stock solution this will give final

140 Nisha Tak et al.



working concentration of 100 μg ml�1 and 10 μg ml�1

respectively.

10. The transformed cells of the recipient rhizobial strain will be
able to grow on selective RDM containing antibiotics Sm100

and Tc10. The donor and helper E. coli strains will not grow on
the RDM as they are unable to metabolize the sucrose present
in it. The rhizobial strains are generally resistant to streptomy-
cin and due to insertion of the pHC60 plasmid the trans-
formed rhizobial strains acquires resistance to tetracycline
also. In case the recipient rhizobial strains to be tagged are
sensitive to streptomycin any other antibiotic marker can
be used.
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Chapter 13

Detection and Quantification of Nitrifying Bacteria
Using Real-Time PCR

Engil I. P. Pereira and Marcelo C. M. Teixeira Filho

Abstract

Nitrification is the microbial-mediated transformation of ammonium (NH4
+) into nitrate (NO3

�). Many
plant species depend on the availability of NO3

� as the main source of nitrogen (N). On the other hand,
because NO3

� is highly mobile in the soil profile, its excess concentration can cause environmental
pollution. Nitrification can be estimated at the process level, but with the development of molecular
techniques it is also possible to estimate the abundance of nitrifying bacteria in the soil. Hence, in this
chapter we describe the procedure for detection and quantification of nitrifying bacteria in soil samples
using real-time quantitative polymerase chain reaction (PCR).

Key words Nitrification, Nitrosomonas europaea, Nitrifying gene, DNA extraction, Amplification
efficiency

1 Introduction

Nitrogen (N) is the mineral element required in largest quantity by
plants; it plays a central role in plant metabolism as a constituent of
proteins, nucleic acids, chlorophyll, coenzymes, phytohormones,
and secondary metabolites [1, 2]. In order to achieve efficient
growth, development, and reproduction, plants require adequate,
but not excessive, amounts of N [1, 2]. Therefore, low soil N
availability or a decline in root uptake capacity will negatively affect
plant productivity and ecological competiveness [1].

In agricultural crops, N is the most limiting nutrient and
accounts for a significant share in the production cost of these
crops. Noncrop plants rely mostly on microbial-mediated processes
such as mineralization and nitrification, for N supply. However, the
efficiency of N use by plants is still low due to various loss factors
such as ammonia volatilization, NO3

� leaching, erosion, nitrifica-
tion, denitrification, and nitrous oxide emissions [3].

The reduction of nitrification rates in the soil can contribute to
improve nitrogen use efficiency (NUE) due to the reduction of
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nitrate (NO3
�) leaching, reduction of nitrous oxide (N2O) emis-

sion and a higher supply of N in the ammoniacal form to the plant.
Nitrate is soluble in water and has low binding energy with soil
colloids [4], which contributes to the contamination of surface and
subsurface waters. Another aspect of NO3

� leaching is the favoring
of cation leaching. The anions SO4

2� and NO3
� from the mineral-

ization of organic residues and fertilizers may promote, under
certain conditions, the downward movement of the basic cations
(Ca2+, Mg2+ and K+) in the profile, due to the ionic association in
the soil solution (formation of ion pairs) with the momentary
charge neutralization [5, 6]. Thus, NO3

� leaching could also con-
tribute to increase cation leaching as shown in some studies [7–9].

High levels of NO3
� in soil can also result in accumulation of

this N form in plant tissue, which may compromise the quality of
plants for human and animal consumption [10]. Moreover, under
O2 deficiency conditions, some bacteria use N-NO3

� as the final
electron acceptor in the respiratory chain, reducing it to N2 in the
denitrification process [11]. One of the intermediate gases of this
process is nitrous oxide (N2O), which can affect the ozone layer,
besides contributing to global warming [12].

Ammonium oxidation is the key process of nitrification. Only a
few known groups of microorganisms are able to carry it out [13].
Traditionally, beta and gamma-proteobacteria have been recog-
nized as exclusive agents in this process [14]. Heterotrophic organ-
isms such as fungi, chemotrophic bacteria, and even plants can also
perform nitrification by different biochemical processes; however,
chemoautotrophic nitrification is the main route of nitrification in
soil [15, 16].

For nitrification to occur, optimal population conditions of
nitrifying microorganisms, pH, temperature, oxygen, moisture,
and substrate availability are important. The optimum temperature
for nitrification seems to be between 25 and 35 �C, at which point
nitrifying bacteria develop best [16].

Clay soils generally have higher fluxes and mineralization nitri-
fication than sandy soils. Clay limits N mineralization and nitrifica-
tion by reducing the diffusion of organic matter. During periods of
high humidity, the clay protects the organic N from the attack of
microorganisms. Cycles of moistening and drying, however, break
the physical protection promoted by the clay. The presence of a
larger contact surface increases the establishment of bacterial bio-
mass by providing fixation sites and concentrating diluted nutrients
in solution, which favors nitrification [16]. Therefore, in general,
nitrification appears to be faster in clay soils.

High humidity with reduced soil aeration impairs nitrification,
which depends on oxygen. The nitrification rate in the soil is
maximum in the field capacity [16]. Evidence shows that high
humidity is more harmful than low humidity. Depending on the
soil texture, the same gravimetric water content may result in
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different potential potentials, which implies different water avail-
ability for soil microorganisms, affecting the activity of nitrifying
bacteria in low water content, both by cell dehydration by the
substrate limitation [16].

In turn, the quality of organic matter directly affects nitrifica-
tion, especially its C:N ratio. High C:N ratio favors the immobili-
zation of ammonium, resulting in a smaller amount of the ion
available for nitrifying organisms [16].

It is also known that soil pH is the main regulator of nitrifica-
tion. The process occurs at pH values between 5 and 10, with an
optimum value around 8.5 [16]. However, even the most acidic
soils (pH � 3) have reported the occurrence of nitrification. The
substrate for the ammonia monooxygenase enzyme is ammonia
(NH3) and not NH4

+ [17]. Excessively acidic environments may
limit the formation of NH3. Some researches have shown an
increase in nitrification intensity due to liming [5, 18].

The nitrification reaction releases hydrogen (H+), which results
in soil acidification [16]. Over time, this acidification may end up
limiting the process of nitrification in the soil. Thus, correction of
soil acidity through liming could stimulate nitrification, especially
in no-tillage systems, where surface liming is used. In this case the
soil surface area that also receives the nitrogen fertilizer would
present ideal conditions for nitrification [5].

Nitrification occurs rapidly in most agricultural soils with ade-
quate pH, with most of the NH4

+ being nitrified in 4 weeks. As a
cation, ammonium is bound electrostatically to negatively charged
surfaces of clay minerals and functional groups of soil organic
matter (mainly carboxylic groups), which limits leach losses
[19, 16]. The same does not occur with NO3

�, which is highly
mobile in the soil, and therefore more subject to leach losses. Thus,
maintaining nitrogen in the form of NH4

+ extends its residence
time in the root zone, remaining available to the plant for longer
[19], thus allowing greater N absorption by plants.

It is noteworthy that in similar proportions in the cultivation
medium or soil, the plant absorbs more NH4

+, probably because
the assimilation of N occurs without the energy expenditure of the
assimilative NO3

� reduction [20], thus being more interesting for
plant due to the lower consumption of ATP. However, excessive N
uptake as NH4

+ will cause a reduction in the development of the
plant, given that the plant would not have the capacity to incorpo-
rate all the N from the NH4

+ in the C skeletons (for lack of
skeletons) in a timely manner, and with alkaline (high pH) would
have the conversion of NH4

+ into NH3, which would result in
phytotoxicity, that is, the pH gradient would be dissipated in the
plant [20]. However, the largest N uptake by plants occurs in the
form of NO3

�, due to the nitrification process that makes this form
of mineral N more available in the soil.
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Therefore, is important to detect and quantify the nitrification
caused by bacteria in the soil, aiming at higher nitrogen use effi-
ciency, with a reflection on N metabolism in plants.

Here, we describe a procedure to detect and quantify nitrifying
bacteria in soil samples using real-time qPCR. The primers and
PCR conditions were developed by Holmes et al. [21] and Okano
et al. [22]. We complement their descriptions by describing the
procedure for production of positive standard controls, handling of
soil samples, and issues that may arise during the procedure.

2 Materials

2.1 Soil Sampling We suggest referring to Pennock et al. [23] for appropriate deter-
mination of sampling design. Materials usually used for soil samples
include the following:

1. Soil auger.

2. Bucket for soil mixing.

3. Spatula.

4. Ethanol.

5. Disposable gloves.

6. Task wipers.

7. Store soil samples in DNA-free bags or containers.

8. Coolers.

9. Ice packs.

10. Soil moisture sensor.

2.2 DNA Extraction Several commercial DNA extraction kits are available for soil sam-
ples. Examples:

1. MP Bio—FastDNA™ SPIN Kit for Soil (Catalog number:
16560200).

2. Norgen—Soil DNA Isolation Kit (Catalog number: 26500).

3. Qiagen—DNeasy PowerLyzer PowerSoil (Catalog number:
12855–50).

4. Zymo Research—Quick-DNA Fecal/Soil Microbe Kits (Cata-
log number: D6012).

The performance of each kit may vary with soil type and micro-
bial biomass. Ideally, the user should screen the available kits for the
best concentration and quality of DNA. Furthermore, it is impor-
tant to use the same DNA extraction procedure within the same
study to avoid variation from kit-specific extraction efficiency.

For quantification of DNA concentration, two instruments are
commonly used:
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1. NanoDrop™ (Thermo Scientific): This instrument measures
DNA concentration through absorbance readings performed
at 260 nm (A260) that is where DNA absorbs light most
strongly.

2. Qubit Fluorometer (Invitrogen): This instrument requires the
use of DNA-binding dye that allows for specific measurement
of DNA.

2.3 Positive Control

Standards

To calculate the abundance of nitrifying gene in a given sample, a
standard curve using serial dilutions of positive control samples
need to be included in the real-time PCR run. Materials needed
are as follows:

1. Nitrosomonas europaea (ATCC 19718) containing amoA gene
(GenBank: Z97833).

2. DNA extraction kit: QIAprep Spin Miniprep Kit (Catalog
number: 27104).

3. Forward primer (A189): GGHGACTGGGAYTTCTGG
designed by Holmes et al. [21].

4. Reverse primer (amoA-2R): CCTCKGSAAAGCCTTCTTC
designed by Okano et al. [22].

5. Conventional PCR system.

6. GoTaq® DNA Polymerase from Promega (Catalog number
M3001).

7. DNase-free water.

8. Phage vector (e.g., M13 bacteriophage vectors).

9. T4 DNA Ligase from Thermo Scientific (Catalog number
EL0014).

10. Competent E. coli cells fromMillipore Sigma (Catalog number
CMC0007).

2.4 Real-Time PCR Instruments:

1. Real-Time qPCR system: There are several Real-Time PCR
systems produced by different manufacturers. For this proto-
col, we will suggest the use of PCR Applied Biosystems® 7500
Real-Time PCR and matching reagents.

2. Centrifuge with plate adaptors.

Reaction components:

1. Power SYBR Green RT-PCR Master Mix by Applied Biosys-
tems (Catalog number 4368711) contains the polymerase
enzyme, nucleotides, pH buffers, and the SYBR Green dye
that binds to double-stranded (ds) DNA, providing a
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fluorescent signal that reflects the amount of dsDNA product
generated during PCR.

2. Forward primer (A189): GGHGACTGGGAYTTCTGG
designed by Holmes et al. [21].

3. Reverse primer (amoA-2R): CCTCKGSAAAGCCTTCTTC
designed by Okano et al. [22].

4. DNA template.

5. Positive control standards.

2.5 Materials 1. 96-well plate for qPCR: MicroAmp™ Fast Optical 96-Well
Reaction Plate with Barcode, 0.1 ml (Catalog number
4366932).

2. MicroAmp™ Optical Adhesive Film (Catalog number
4311971).

3. 96-well plate rack.

4. 2 ml centrifuge tube.

5. Pipettes (10, 100, 200, and 1000 μl).
6. Pipette tips.

7. Nuclease-free water.

8. Ice bucket.

9. Ice.

10. PCR workstation with UV light.

3 Methods

3.1 Soil Sampling In order to avoid degradation of bacterial DNA and sample con-
tamination, make sure to:

1. Maintain samples stored in a cooler with ice while sampling and
transporting.

2. Clean tools and devices with ethanol or DNase-free cleaning
products to avoid cross-sample contamination.

3. Extract the DNA immediately or store samples in �20 �C
freezer for short-term storage.

The content of soil moisture per sample need to be assessed in
order to correct and express the copies of nitrifying genes per mass
of dry soil. To assess soil moisture, the researcher can collect this
information in the field using portable devices or estimate gravi-
metric soil moisture in the laboratory using a subsample.

3.2 DNA Extraction Carry out DNA isolation according to instructions provided by the
kit’s manufacturer. A minimum of 1 μg of DNA per gram of dry soil
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should be obtained per sample. If higher DNA concentrations need
to be achieved, the user may consider increasing the initial sample
amount or lysing period. Highly concentrated samples can be
diluted with purified water before further application.

3.3 Preparation

of Positive Control

1. Extract the genomic DNA from Nitrosomonas europaea
(ATCC 19718) pure culture.

2. Use the extracted DNA as template in a regular PCR reaction
to amplify copies of amoA.

3. Clone the PCR product into a vector (i.e., M13) by incubating
them with T4 DNA Ligase.

4. Then the plasmid can be inserted into competent E. coli cells,
by integrating the plasmids as they grow.

5. Stock cultures of E. coli containing the plasmid can be frozen,
and thawed and regrown later.

6. Before performing real-time qPCR, the plasmid DNA can be
extracted from the E. coli culture.

7. The concentration of plasmid DNA needs to be quantified
using the available methods in the laboratory (e.g., Nano-
Drop™ or Qubit).

8. The number of amoA copies is calculated from the respective
concentrations of extracted plasmid DNA.

9. Serial dilutions of stock plasmid DNA will be used to generate
the standard curves during the real-time qPCR.

3.4 Real-Time PCR 1. About 30 min before start preparing the reactions:

(a) Bring all materials to the workstation PCR hood and
maintain them under UV light for 30 min.

(b) Thaw samples on ice.

(c) Thaw primers on ice.

(d) Thaw standards on ice.

(e) Calculate the volume of all solutions composing the mas-
ter mix:

Component Vol. per reaction (μl)

SYBR Green 10

Forward primer (A189; 5 μM) 1.2

Reverse primer (amoA-2R; 5 μM) 3.6

Water 0.8

Total per reaction 15
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(f) Create a run-file on the computer using the qPCR soft-
ware identifying all samples, standards, and non-template
controls (see Note 1).

(g) On the run-file insert the PCR program: 15 s at 95 �C,
and then 40 cycles consisting of 15 s at 95 �C, 30 s at
55 �C, and 31 s at 72 �C (set as data acquisition stage),
followed by a dissociation stage of 15 s at 95 �C, 30 s at
60 �C, and 15 s at 95 �C [23].

(h) Save with date, gene, initials, and format “.sds”.

2. Prepare a “master mix” based on calculations (e) (see Note 2).

3. Distribute total volume of master mix on all wells of the
96-well plate.

4. Quickly spin standards.

5. Add standard to designed wells (5 μl).
6. Spin samples.

7. Add samples to designed wells (5 μl).
8. Cover plate with adhesive film.

9. Spin for 60 s at 2000 � g.

10. Insert plate in the machine, upload running file, make sure all
cells were correctly identified on the system’s software, and the
run is ready to be started.

11. At the end of the run, export your file as an Excel file (.xls).

4 Notes

1. When preparing the table (Subheading 3.4) make sure to
include wells for standards, blanks, and nontemplate control
(NTC) in addition to your samples, all in triplicate.

2. When preparing the master mix, calculate the volume of com-
ponents considering an extra 5% of samples for potential pipet-
ting errors.

3. The amplification efficiency (E) will be estimated by the instru-
ment by using the slope of the standard curve according to the
following formula: E ¼ (10–1/slope) � 1.

4. Acceptable r2 or coefficient of determination of the standard
curve should be >0.99.

5. The qPCR system will provide a cycle quantification value per
sample, often called the “threshold cycle (Ct).” The Ct is a
relative measure of the concentration of target in the PCR
reaction and based on the Ct values of the positive controls, it
will be possible to estimate the amount of amoA gene copies in
each sample.
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Chapter 14

Extracellular Matrix Proteome: Isolation of ECM Proteins
for Proteomics Studies

Eman Elagamey, Kanika Narula, Niranjan Chakraborty,
and Subhra Chakraborty

Abstract

Understanding molecular mechanisms and cellular metabolism in varied plant processes necessitates
knowledge of the expressed proteins and their subcellular distribution. Spatial partitioning of organelles
generates an enclosed milieu for physiochemical reactions designed and tightly linked to a specific organelle
function. Of which, extracellular matrix (ECM)/cell wall (CW) is a dynamic and chemically active com-
partment. The ECM proteins are organized into complex structural and functional networks involved in
several metabolic processes, including carbon and nitrogen metabolism. Organellar proteomics aim for
comprehensive identification of resident proteins that rely on the isolation of highly purified organelle free
from contamination by other intracellular components. Extraction and isolation of plant ECM proteins
features key caveats due to the lack of adjoining membrane, the presence of a polysaccharide–protein
network that traps contaminants, and the existence of high phenolic content. Furthermore, due to diverse
biochemical forces, including labile, weakly bound and strongly bound protein in the protein–polysacchar-
ide matrix different elution procedures are required to enrich ECM proteins. Here, we describe a method
that allows efficient fractionation of plant ECM, extraction of ECM proteins and protein profiling from
variety of crop plants, including rice, chickpea and potato. This method can easily be adapted to other plant
species for varied experimental conditions.

Key words Plant, Organellar proteomics, Extracellular matrix, Cell wall, Protein enrichment, Gel
electrophoresis, Mass spectrometry

1 Introduction

Proteins epitomize informational macromolecules with diverse con-
formations, modifications and subcellular localization involved in
variety of cellular reactions, cascades, and pathways with specific
function. Spatial proteomics aims to study organelle specific protein
and proteoforms that yield relatively simpler datasets from which
biologically relevant information can be extracted as compared to
whole-cell proteomes [1]. Nitrogen is one of the most important
nutrients for plant growth and a major constituent of proteins that
regulate various biological processes [2]. Extracellular matrix (ECM)
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is a reservoir of organic carbon and a major nitrogen sink having
nitrogen content ranging from 0.4 to 2.2% in primary wall of several
plant species [3, 4] It is highly organized supramolecular assembly of
complex structural components unique to the specific tissue, organ
and taxonomic clades. It also features meshwork of cross-linked
proteins associated with biophysical and biochemical cues involved
in cell communication, signaling, proliferation, survival and differen-
tiation [5]. The intricate balance among carbon and nitrogenmetab-
olism, ECMbiogenesis and ECM protein turnover play a critical role
in plant development and response to extra and intracellular stimuli
[6]. However, the physiochemical properties of ECM proteins: large
size, basic in nature, heavily glycosylated, highly cross-linked, poor
solubility rendered its biochemical analyses a challenging task. ECM
turnover, fractionation, quality and purity are of the utmost impor-
tance for its successful analysis. Methods of ensuring ECM purity
include assays for marker enzyme activities. Its composition reflects
the sublayering feature of primary and secondary wall that eases
monitoring of the isolation procedure by transmission electron
microscopy [7]. Plant ECM proteomics has considerably developed
since the first plant ECMproteomewas published [8]. Several studies
of plantECMprotein complements have added toour understanding
in a wide range of species [5, 9, 10].

Perhaps the primitive method of plant ECM protein isolation
involves the direct extraction in solution containing CaCl2 gradi-
ents and plasmolysis of plasma membrane to shrink ECM
[11, 12]. Major drawbacks of this non-disruptive method are low
yield of ECM proteins and the possibility of contamination with
cytosolic and membrane proteins [13]. Shortcomings of above-
mentioned method highlight the need for modification, optimiza-
tion, and refinement of isolation protocols utilizing destructive
methods which may suit different tissues/species. Another isola-
tion protocol, include disruptive method in which cells were passed
through N2 disruption bomb or were homogenized in cell
disrupter followed by sedimentation ECM fraction for further
analysis [14–16]. ECM proteins were categorized based on their
physiochemical association with wall components and extraction
methods into water soluble and loosely ionically bound, tightly
ionically bound, and covalently bound [17]. Ionically bound
ECM proteins were eluted by incubating cultured cells in 1 M
NaCl buffer followed by homogenization, vacuum infiltration,
and extraction. 0.2 M CaCl2 and potassium phosphates were used
to extract tightly ionically bound (fraction 2) ECM proteins. How-
ever, covalently bound ECM proteins were eluted by treating wall
fraction with mixture of cellulase/macerozyme to digest wall
carbohydrates [18].

Owing to the fact that ECM is rich in polyphenolics and ECM
proteins are mostly basic glycoproteins, their separation is best
achieved by one-dimensional electrophoresis (1-DE) and
two-dimensional electrophoresis (2-DE) [19]. Gels can then be
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stained using different reagents with varied sensitivities followed by
excision and enzymatic digestion of protein bands to generate a
defined set of peptides prior to mass spectrometry [20]. The
method described here was established as a large-scale approach
for comparative ECM proteomics of diverse plant species. It is
based on our understanding of past 10 years ([5, 7, 21–26], see
Subheading 4) and information found at http://cellwall.genomics.
purdue.edu. Briefly, each step described in Fig. 1 can be optimized
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Fig. 1 Schematic representative of ECM isolation, protein extraction and proteomics analysis
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to yield reproducible results. The protocol for ECM isolation,
protein extraction, and mass spectrometry coupled gel-based anal-
ysis described in this chapter is simple, reproducible, robust, and
easy to carry out, that yield intact and pure ECM fraction and ECM
proteins. The major steps involved mechanical disruption, density-
based gradient centrifugation and series of stringent washes to
remove contaminating proteins and extraction of ECM proteins
with commonly used wall protein extractants, CaCl2 (Subheadings
3.1 and 3.3). Rigorous purity assessment is performed at organellar
and protein levels. Isolated ECM fractions are subjected to light
microscopic analysis (Subheading 3.2) while extracted ECM pro-
tein enrichment is checked by enzyme assays (Subheading 3.4) and
SDS–polyacrylamide gel electrophoresis (PAGE) (Subheading 3.5)
gels. Enriched ECM proteins are further used for identification
using either matrix-assisted laser desorption ionization-time of
flight mass spectrometry (MALDI-TOF-MS) or liquid chromatog-
raphy tandem mass spectrometry (LC-MS/MS) (Subheading 3.6).
The major caveats include presence of polysaccharides and poly-
phenolics that interfere with isoelectric focusing in first dimension
causing streaking and background staining in second dimension (see
Notes 19 and 20). These difficulties were minimized resulting in
ECM protein preparations free of contamination that yielded sev-
eral hundred proteins.

2 Materials

2.1 Plant Material 1. Chickpea (Cicer arietinum L. cv. WR-315) seedlings are grown
in an environmentally controlled growth room maintained at
25 � 2 �C, 50 � 5% relative humidity under 16 h photoperiod
(270 μmol m�2 s�1 light intensity).

2. Three-weeks-old seedlings are used as experimental material
and store at �80 �C after quick freezing in liquid nitrogen
until further use or process immediately (see Notes 1and 2).

2.2 Chemicals

and Equipment

1. Ultrapure water (double-distilled, deionized) was used to pre-
pare all reagents.

2. High grade reagents were used for buffer preparation and
electrophoresis.

3. Mortar and pestle and Liquid N2: to disrupt plant material
mechanically (shoot and root) (see Subheading 3.1 and Note
3).

4. Spatula, funnels, flasks (see Note 4).

5. 2-D Quant kit (GE Healthcare).
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6. Immobilized pH gradient (IPG; linear and nonlinear pH gra-
dient from 3 to 10, 24 cm; 4 to 7, 13 cm and 24 cm length
(GE Healthcare).

7. IPGphor Strip holders.

8. IPGphor apparatus for isoelectrofocusing of proteins Ettan™
IPGphore™ Isoelectric Focusing System.

9. Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) molecular weight standards low range.

10. SDS-PAGE electrophoresis.

11. Glass plates for casting gels.

12. Silver stain Plus kit is used for staining protein spots.

13. Light microscope Nikon, Ninato, Tokyo, Japan.

2.3 Stock Solutions 1. 10 mM PMSF (phenylmethanesulfonyl fluoride) stock solu-
tion: dissolve 17.4 mg PMSF and add isopropanol to 10 mL.
Aliquots are stored at �20 �C (see Note 5).

2. Store acetone at �20 �C.

2.4 Buffers

2.4.1 ECM Isolation

All buffers should be freshly prepared, either directly or as stock
solutions, without adding protease inhibitors (it should be added
fresh before use).

1. Homogenizing buffer: 5 mM K3PO4, pH 6.0, 5 mM DTT,
1 mM PMSF.

2.4.2 ECM Protein

Extraction

and Quantification

1. Protein extraction buffer: 200 mM CaCl2, 5 mM DTT, 1 mM
PMSF, 0.3% (w/w) PVPP.

2. Protein dilution buffer: 100 mM Tris–Cl (pH 8.5), 20% (v/v)
glycerol, 4% (w/v) SDS, 20 mM DTT, and 1 mM PMSF.

3. 2-D rehydration buffer: 8 M urea, 2 M thiourea, 4% (w/v)
CHAPS, 20 mM DTT, 0.5% (v/v) Pharmalyte, and 0.05%
(w/v) bromophenol room temperature (25 �C). Aliquots are
stored at �20 �C.

2.4.3 Enzyme Assays Stock solutions for the buffers can be made a day before and stored
at 4 �C. On the day of the experiment, the buffers can be diluted as
required and used.

1. 0.2 M phosphate buffer pH 7.5: dissolve 1.4 g KH2PO4 in
50 mL water. Dissolve 17.4 g K2HPO4 in 500 mL water. Mix
the two solutions, which give 550 mL of a 0.2 M phosphate
buffer, pH 7.5. Store at �20 �C for several months.

2. 3% H2O2.
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3. 0.1 mM orthovanadate: Add 1.839 g sodium orthovanadate to
a falcon tube. Make up to 8 mL with distilled water. Adjust
pH -10. If solution is yellow, place in boiling water until clear.
Recheck pH and repeat as necessary. Store at �20 �C.

2.4.4 Light Microscopy 1. 0.1 M phosphate buffer pH 7.4: dissolve 35.5 g of sodium
phosphate dibasic in a final volume of 500 mL of H2O. Some
crystallization will occur if stored at 4 �C. Stir the solution until
crystals dissolve. Prepare sodium phosphate monobasic stock
(0.5 M) by dissolving 30 g of anhydrous sodium phosphate
monobasic in a final volume of 500 mL of H2O. Take 80 mL of
sodium phosphate dibasic stock (0.5M) and add H2O to give a
final volume of 400 mL. Prepare 0.1 M sodium phosphate
monobasic solution by dissolving 30 mL of sodium phosphate
monobasic stock (0.5 M) to final volume of 150 mL in water.
Bring the 0.1 M sodium phosphate dibasic solution to pH 7.4
by adding as much as needed of the 0.1 M sodium phosphate
monobasic solution from.

2. 4% formaldehyde: dissolve paraformaldehyde powder into
0.1 M phosphate buffer pH 7.4 using a stirring hot plate.
Once the solution is dissolved, it is quickly chilled on ice back
to room temperature prior to use.

2.4.5 SDS–Polyacry-

lamide Gel

Two main gel-based methods (1-DE and 2-DE) are used to sepa-
rate the ECM proteins using standard protocol for buffer prepara-
tions (see Notes 6 and 7).

1. Gel casting buffers.
For discontinuous gels, the buffers required to prepare

resolving gel and stacking gel are different.

(a) Resolving gel buffer: 1.5 M Tris–HCl, pH 8.8: dissolve
18.15 g of Tris base in 80 mL distilled water. Adjust
pH 8.8 using 6 N HCl. Make final volume to 100 mL
with distilled water.

(b) Stacking gel buffer: 0.5 M Tris–HCl, pH 6.8: dissolve 6 g
of Tris base in 80 mL distilled water. Adjust pH 6.8 using
6 N HCl. Make final volume to 100 mL with distilled
water.

2. 1� Laemmli loading buffer: dissolve bromophenol blue
(0.004%), 2-mercaptoethanol (10%), glycerol (20%), SDS
(4%), and Tris–HCl 0.125 M. 2-mercaptoethanol should be
added just before use.

3. Acrylamide–bis-acrylamide solution: Dissolve 30% acrylamide
and 0.8% methylene bis-acrylamide (see Note 8) in 60 mL
ddH2O. Add a spatula of AG501-X8 (D) mixed-resin beads
(Bio-Rad) and mix for about 30 min. Make up to 100 mL with
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ddH2O. Store at 4 �C, in a bottle wrapped with aluminum foil
(see Note 9).

4. 20% (w/v) SDS (sodium dodecyl sulfate).

5. 10% APS (ammonium persulfate). Keep at 4 �C and/or make
fresh.

6. 10� running buffer (1 L): 30 g Tris, 144 g glycine, and 10 g
SDS dissolved in ddH2O and make up to 1 L (see Note 10).

7. Coomassie Blue stain: 50% methanol, 10% (v/v) acetic acid,
0.4% (w/v) Coomassie Blue dye, and 40% ddH2O.

8. Destaining solution: 50% methanol, 10% (v/v) acetic acid and
40% ddH2O.

9. IEF rehydration buffer: 8 M urea, 2 M thiourea, 4% (w/v)
CHAPS, 20 mM DTT, 0.5% (v/v) pharmalyte (pH either 4–7;
GE Healthcare), and 0.05% (w/v) bromophenol blue.

10. Equilibration buffer: 6 M urea, 75 mM Tris–HCl (pH 8.8),
30% (v/v) glycerol and 2% (w/v) SDS. Aliquot and store at
�20 �C until use.

11. Agarose sealing solution: Add 0.5% agarose in 1� SDS running
buffer with a pinch of bromophenol added as tracking dye.
Heat in a microwave oven so that agarose dissolves completely.
Prepare just before use.

3 Methods

3.1 ECM Isolation Buffers, glassware, tubes, and equipment should be precooled to
4 �C or kept on ice. Centrifuge rotors should be cooled down to the
same temperature.

1. Ground 10 g tissue into powder in a prechilled mortar and
pestle using liquid nitrogen (see Notes 1–3). Add 0.3% (w/w)
PVPP to the ground powder and mix thoroughly (see Note
11).

2. Use spatula to transfer the ground powder immediately into a
50 mL ice-cold centrifuge tube containing chilled homogeniz-
ing buffer (see Notes 12 and 13).

3. Gently stir the contents for 2–3 min at 4 �C for the complete
lysing of the cell and to preserve the ionic bonds and to dilute
the ionic strength of the ECM.

4. Vortex this suspension for complete homogenization.

5. Pellet the homogenate by differential centrifugation with a
fixed-angle rotor (1000 � g) at 4 �C for 5 min (see Note 14
and Precaution).
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6. Separate the supernatant and gently wash the pellet with
ten times with deionized water to remove contaminants (see
Note 15).

7. Resulting ECM pellet can be store on ice for further purity
experiments or directly use for protein extraction.

3.2 Light Microscopy 1. Place 50 μL aliquot of the purified ECM fraction in 0.1 M
phosphate buffer on glass slide.

2. Perform fixation in 4% (v/v) paraformaldehyde for about 1 h.
Allow the suspension to fix at 4 �C.

3. Wash the slides having ECM fractions two to three times in
0.1 M phosphate buffer pH 7.4.

4. Add one to two drops of toluidine blue and allow to incubate
for 2 min.

5. Rinse the sample by adding water and apply coverslip.

6. For microscopic analysis examine the slides by stereo zoom
microscopy (Nikon, Ninato, Tokyo, Japan) and record the
images (Fig. 2a).

3.3 ECM Protein

Extraction

and Quantification

1. Resuspend the ECM pellet completely in three volumes of
extraction buffer containing CaCl2.

2. Dissolve the pellet by repeated pipetting of the suspension.

3. Shake the ECM pellet with extraction buffer on a shaking
platform for 2 h at 4 �C to remove any further contaminants
and to release ECM proteins (see Note 16).

4. Following centrifugation at10,000 � g for 10 min at 4 �C, the
ECM proteins gets separated from the insoluble fraction (see
Note 17).

5. Filter the suspensions through 0.45 μm filter.

6. Concentrate the filtrate using Centricon YM3 and then dialyze
overnight against 1000 volumes of deionized water with one
change.

7. Dilute ECM proteins in dilution buffer and boil for 5 min.

8. Allow the protein samples to cool to room temperature
(25 �C).

9. Add 9 volumes of 100% acetone to each tube and mix by
inversion. Complete precipitation of proteins can be achieved
by incubation for overnight at �20 �C (see Notes 18 and 19).

10. Remove the supernatant and recover the protein pellet by
centrifugation at 10,000 � g for 10 min at 4 �C.

11. Wash the protein pellets two times with 80% acetone to remove
excess SDS (see Note 20).
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Fig. 2 Analysis of isolated chickpea ECM fraction and determination of its purity. (a) Stereo zoom micrograph
of purified ECM fraction stained with toluidine blue. (b) Determination of catalase specific activity in ECM and
cytosolic fraction (positive control). (c) Determination of vanadate inhibited H+ ATPase activity. The plasma
membrane fraction was used as positive control. (d) Representative analytical 1-D electrophoresis profile
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12. Centrifuge at 10,000 � g for 10 min at 4 �C Discard the
supernatant.

13. Air-dry the ECM proteins pellet (see Note 19) and dissolve in
2-D rehydration buffer.

14. Resuspend the protein pellet in minimum amount of 2-DE
sample buffer (see Note 20). The protein concentration can
be determined using the 2-D Quant kit (GE Healthcare)
according to the manufacturer’s instructions.

3.4 Enzyme Assay Purity of the ECM fraction can be also determined on the basis of
marker enzyme activities specific for different organelles, viz., cata-
lase for microbodies and vanadate inhibited H+ ATPase for plasma
membrane (see Note 21 and Fig. 2b, c)

1. Determine the activity of catalase using 10 μg of organellar
protein for each reaction. Prepare the reaction mixture by
adding 50 μL of protein extract to 940 μL of 70 mM potassium
phosphate buffer. Initiate the reaction by adding 10 μL of
H2O2 (3% v/v) and monitor the decrease in absorbance at
240 nm for 5 min. Baseline correction can be done by sub-
tracting the absorbance taken without the addition of H2O2.

2. Vanadate inhibited H+ ATPase activity can be determined with
20 μg of protein in 120 μL of assay buffer. Perform the assay in
the presence and absence of freshly prepared 0.1 mM orthova-
nadate and boil the buffer prior to addition of 0.05% Triton
X-100 (see Note 22). Initiate the reaction by addition of ATP
and incubate at 37 �C for 30 min. Run blank lacking MgSO4 in
parallel and determine the release of inorganic phosphate.
Measure the relative activity of the enzyme by taking the differ-
ence between the absorbance at 700 nm in absence and pres-
ence of orthovanadate.

3.5 1-DE Based

Separation

and Staining of ECM

Protein

1. Clean the glass plates and spacers of the gel casting unit with
detergent and water followed by ethanol. Assemble the gel
cassette (16 � 18 cm; plates and spacers) on the stable even
surface and attach this assembly in the gel electrophoresis
apparatus (see Note 23 and Fig. 2d).

2. Prepare polyacrylamide gel according to standard protocol (for
12.5% gel, resolving gel solution (30 mL): 12.5 mL
acrylamide/bis-acrylamide solution, 7.8 mL resolving gel
buffer, 150 μL 20% SDS, 200 μL 10% APS, 40 μL TEMED,
and 9.6 mL ddH2O). Add TEMED and APS at the end.

3. Pour the gel solution in the plates assembled with spacers. To
maintain an even and horizontal resolving gel surface, layer the
surface with water or isopropanol or butanol.
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4. Liquid interface will be visible within 1 h. Allow the gel to
polymerize for another 2 h at least. Rinse the surface of the gel
with ddH2O before pouring the stacking gel (4% stacking gel
(10mL): 1.35mL acrylamide/bis-acrylamide solution, 2.5 mL
stacking gel buffer, 50 μL 20% SDS, 100 μL 10% APS, 10 μL
TEMED, and 6 mL ddH2O). Insert the 15 -well comb taking
care not to trap any bubbles below the teeth.

5. Add the laemmli loading buffer (1:1) to the sample (200 μg)
and boil at 100 �C for 3–5 min. Allow the sample to cool at
room temperature until loading.

6. Load samples and run gel at 25 mA in 1� SDS running buffer.

7. At this point, the gel can be stained with Coomassie blue (see
below).

8. Place gel in a container. Cover with staining solution and shake
at room temperature for 4 h.

9. Pour off staining solution. Add destaining solution to Coo-
massie blue stained gel and shake at room temperature for 2 h.

10. Decant the destaining solution.

11. Repeat step 10 till bands become visible and no background
could be observed in the gel.

12. Keep gel in water at room temperature. Digitize the gel image
(Fig. 2d).

3.6 2-DE The authors’ laboratory performs 2-DE according to standard
procedure with few modifications. The entire protocol is described
in brief.

1. Perform isoelectric focusing (IEF) on 13 cm IPG strips with
250 μg of protein for pH range 4–7 13 cm and 1000 μg
of protein for pH 4–7 24 cm strips (see Notes 24–28 and
Fig. 3a–c).

2. For pH gradient strip 4–7 13 cm and 24 cm, dilute aliquots of
proteins with IEF rehydration buffer (see Note 26) and load
250 μL and 450 μL, respectively solution by the in-gel rehy-
dration method (see Notes 25 and 27).

3. Perform IEF at 20 �C up to 42,000 and 78,000 Vh for 4–7
13 cm and 24 cm IPG strips, respectively (see Notes 29 and
30).

4. For reduction, treat the focused strips with 1% (w/v) DTT in
10 mL and 15 mL of equilibration buffer (see Note 31) for
20 min and 30 min, respectively for 4–7 13 cm and 24 cm IPG
strips.

5. Treat the strips with 2.5% (w/v) iodoacetamide in equilibration
buffer for another 20 min and 30 min, respectively for 4–7
13 cm and 24 cm IPG strips.
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6. Dip the strips in 1� running buffer and then load on the top of
12.5% polyacrylamide gels for SDS-PAGE. Position the IPG
strips between the plates on the surface of the second dimen-
sion gel with the plastic backing against one of the glass plates

pH3 pH10

pH4 pH7

pH4 pH7

97.4

66.2
45.0

21.5

14.4

31.0

kDa

97.4
66.2
45.0
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B

C

Fig. 3 Different Resolution of ECM proteins on 2-DE separated onto 12.5%
SDS-PAGE and stained with silver stain. ECM proteins were electrofocused
and zoomed onto (a) 13 cm IPG strip (pH 4–7); (b) 24 cm IPG strip (pH 3–10)
and (c) 24 cm IPG strip (pH 4–7)
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(see Note 32). Add the molecular weight markers to Whatman
paper in a volume of 5 μL and apply to the top of the gel at one
end of the IPG strip. Seal the strips in place using the agarose
sealing gel.

7 days5 daysControl 12 days

A

Acetone -80 °C

Control

Dried precipitated ECM protein 
kept at -80 °C 

B

3 days 5 days

Glass plates not 
cleaned

C

Interfering 
impurities 

Distortion of pH 
strip

Changes in 
buffer pH

Fig. 4 Representative 2-DE gels. Stability of ECM proteins kept in �80 �C over a period of 12 days (a) with
acetone, (b) dry pellet, then separated onto 13 cm strip pI 4–7 and stained with silver, (c) causes of improper
resolution of ECM proteins on 2-DE gels
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7. Perform electrophoresis at constant current in two steps, initi-
ally fixed at 15 mA and 25 mA per gel (during transfer of
protein from IPGstrip to second dimension gel), respectively
for 13 cm and 24 cm IPG strips and then 30 mA and 70mA per
gel, respectively for 13 cm and 24 cm IPG strips till the dye
front reaches approximately 1 mm from the bottom of the gel
(see Note 33).

8. Disassemble the gel stacks. Electrophoresed proteins can be
stained with Silver Stain Plus kit (Bio-Rad) as per the manu-
facturer’s instructions. Gel images can be digitized with a
Bio-Rad FluorS equipped with a 12-bit camera (see Notes 34
and 35, Fig. 4).

4 Notes

1. Seedlings ground after they are frozen and thawed shows a
slightly different protein profile than those that are ground
fresh or those that are ground while frozen. Decide which
method works best. Consistency while grinding is important.

2. The yield of ECM protein for that amount of seedling should
be more than 5 mg.

3. Grinding with a mortar and pestle rather than disrupting with a
homogenizer yielded more reproducible results in our
experiments.

4. All glasswares should be sterilized by autoclaving at 121 �C
under 15 lb. psi pressures for 15 min.

5. PMSF is unstable in aqueous solutions with a half-life of
approximately 30 min. Add solution immediately before use.

6. Prepare all the solutions in ultrapure water and analytical grade
reagents.

7. Store all reagents at room temperature (unless indicated
otherwise).

8. Acrylamide and bis-acrylamide are neurotoxic in nature. All the
steps should be performed wearing powder-free gloves.

9. In acrylamide solution mixed resin AG 501-X8 (D) (anion and
cation exchange resin) removes charged ions (e.g., free radi-
cals) and allows long storage. Upon exhaustion of the exchange
capacity, the color of resin changes from blue–green to gold.
The used mixed resin can be filtered out before storage at 4 �C.

10. Initially add only Tris and glycine to 800 mL of water. Let it
dissolve and then add SDS and make up the volume.

11. Homogenization buffer for ECM isolation is supplemented
with PVPP to absorb phenolic compounds.

168 Eman Elagamey et al.



12. Freezing of plant tissues may lead to disintegration of tissues
and thus fresh biomaterials should be preferred. However, our
protocol was equally effective with the use of frozen plant
materials.

13. Ratio of homogenization buffer to tissue weight needs to be
optimal as inadequate buffer amount may result in impure
ECM preparations.

14. Higher speed centrifugation would form a firmer pellet, but it
would also pull proteins out of the supernatant. Precaution:
Don’t increase the centrifugal speed beyond 1000 � g to
prevent sedimentation of other cellular components.

15. Perform sufficient volume and number of washes to ensure
clean ECM. Recommended ratios are approx. 5 mL/g) that
for each H2O wash, and ten times for acetone wash.

16. Keep samples at low temperature during extraction and
extracted protein samples should be kept at 22–25 �C to
avoid urea precipitation.

17. Acetone precipitates proteins, disrupts membranes and allows
the removal of membrane proteins, chlorophyll, and other
contaminating substances.

18. Protein yield is higher if the ECM is extracted overnight in the
cold, but a reasonable protein yield can still be obtained with a
shorter extraction (2 h).

19. Cell wall protein fraction is stable when kept in acetone at
�80 �C for 10 days while degradation will be there if the cell
wall protein fraction was kept as dry pellet in �80 �C.

20. Aliquots of lysis and rehydration buffers are stored indefinitely
at �20 �C.

21. Marker assays should be carried out in triplicate to evaluate
possible contamination.

22. The assay was performed in the presence of a detergent to
expose all hidden sites for the cell wall bound plasma mem-
brane, if any.

23. Use of dirty plates gel casting or presence of particulate mate-
rial on the surface of the gel leads to streaking and change in
spot morphology.

24. Protein samples containing Interfering substances or nonpro-
tein impurities can interfere with IEF causing horizontal
streaking.

25. Always use the recommended amount of rehydration buffer
depending on the length of IPG strips and ensure that there are
no bubbles between the rehydration solution and the gel
surface.
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26. Never heat urea solutions above room temperature. Heating
converts urea into isocyanic acid that carbamylate amino acids
resulting in charge shifts during isoelectric focusing.

27. Profile changes as pH strip touched surface while isofocusing.

28. Rehydrated IPG strips should always be under IPG cover fluid
to prevent strip dehydration that would lead to improper
focusing.

29. As isoelectric focusing proceeds, the bromophenol blue track-
ing dye migrates toward the anode. If the dye does not migrate,
it indicates that no current is flowing. In this situation, check
the contact between the strip holder electrodes and the elec-
trode areas on the IEF system, and between the rehydrated gel
and the internal face of the electrode.

30. Avoid both underfocusing and overfocusing.

31. Protein spot distribution and profile changes with change in
buffer pH.

32. Entire lower edge of the IPG strip should be in contact with
the top surface of the second dimension gel for effective pro-
tein transfer. No air bubbles should be trapped between the
IPG strip and the gel surface or between the gel backing and
the glass plate.

33. During second dimension electrophoresis it is important that
add the buffer slowly to prevent bubbles formation on lower
gel edge. We typically do not add the buffers until samples are
ready to load to minimize diffusion of buffers between gel
and tank.

34. Avoid dehydration of the gels by keeping it in water or 1%
acetic acid solution for several days.

35. If TCA/acetone or methanol is used the following problems
would arise:

(a) Difficulty in isoelectric focusing (IEF). Horizontal and
vertical streaking in 2-DE gels due to polysaccharide or
other contaminants in TCA/acetone precipitated ECM
protein samples.

(b) Low resolution of proteins in methanol-precipitated
samples.
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