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Abstract

Enzymatic activities in soil are an important component of soil health and biodiversity.
Proteases catalyse the breakdown of proteins and peptidases resulting in release of amino
acids, which can be used by plants, microbes and other organisms for meeting their N
requirement. Microbes are the largest source of proteases in soil. We hypothesized that the
protease activity and proteolytic communities in soil gets affected by environmental and
biotic factors. The objective of this research was to identify potential factors that govern
the abundance, diversity and expression of genes encoding proteases. We studied the
response of protease encoding genes and proteolytic community structure of soil under

different conditions.

Measurement of enzyme activity was carried out by colorimetric determination of enzyme-
substrate complex after fixed incubation. To investigate diversity and structure of
proteolytic communities, PCR-DGGE as well as high throughput Illumina sequencing of
amplicons were used. Abundance of genes was studied using gPCR. Expression of protease
encoding genes was studied using lllumina sequencing of soil metatranscriptome. Three

different approaches have been used for our studies:

1. Using a rhizobox approach effect of root exudates from plants differing in Nitrogen
utilizing efficiencies (NUE), on protease enzyme activity, molecular diversity and abundance
of proteolytic genes was investigated. We observed a higher molecular diversity, abundance
and higher enzyme activity associated with higher NUE cultivar. Furthermore, effect of root
exudates can’t be ignored and rhizosphere soil exhibited significantly higher results. lllumina

sequencing results show that the OTUs from Bacillus spp. was dominant among npr



protease gene, wherease Pseudomonas spp. was major source of apr protease gene. We

also noticed that most proteolytic bacterias were also PGPRs.

2. Effect of elevated atmospheric CO, was studied on rhizosphere and bulk soil from a Free
Air Carbon dioxide Enrichment (FACE) field that was exposed to 550 ppm of CO,. We
observed a reduction in abundance of apr protease genes. This decrease has been observed
in both rhizosphere and bulk soil. We concluded that in eCO2 conditions, the action on soil
microbes is not limited via root exudates but also mediated through fixation of CO2 directly
by mircobes under high partial pressure.

3. Changes in expression of proteases during day and night has been studied in a green-
house experiment where Barley rhizosphere soil was subjected to metatranscriptome
analysis. Samples were collected during dark and light exposed period and mRNA was
isolated which was later sequenced on an Illumina sequencer. Bioinformatics analysis is
ongoing, but preliminary results suggest a significant difference in amino acid metabolism
pathway and shifts in some microbial orders during the light exposed period.

Results from above three approaches in a nutshell led to conclusion that protease enzyme
activity, proteolytic gene diversity and abundance are not only a direct outcome of microbial
activity but root exudates from plants have a strong influence on altering microbial
proteolytic community structure, and their diversity and abundance. Any environmental or
biotic factor affecting plants also affect the proteolytic gene profile and its expression in soil.
Apart from root exudates eCO, was also observed to control abundance of microbial
population and diversity, and a reduction in genes responsible for proteolytic activity in soil
treated with eCO, was observed. Day and night cycles of plants also affect the microbial

community structure and functions related to amino acid metabolism and proteolysis and



an increased protease expression was observed in Barley Rhizosphere soil in night time than

in day.
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1. Introduction

Nitrogen is an important element that is required by plants, animals and microbes for their
growth and maintaining cell structure. In soil Proteins, Chitin and Urea are major forms of
organic N. In soil largest fraction of organic N is constituted by proteins. Proteases and
peptidases are enzymes that carry out hydrolysis of proteins and peptides, respectively by
cleaving the peptide bond, thus releasing N as amino acids, which may be mineralized to
inorganic N to be used by plants (Nannipieri and Paul, 2009). Proteases and peptidases
control many important processes inside and outside cells, and have diverse biological
functions apart from controlling dynamics of protein and N turnover. Protease activity is one
of the many enzyme activities considered as an indicator of soil health. Activity of any
enzyme is an outcome of the response of cellular machinery mediated via genes. Thus
protease activity is an outcome of behaviour of proteolytic genes. Despite such an
important role in soil functioning, there is little understanding on effects of different
biological and environmental effects on protease activity and on diversity, abundance and
expression of genes encoding proteases. Understanding of various aspects and factors
affecting soil proteases and protease encoding genes can help in understanding soil

functions.

1.1 Classification

The classification of proteases, based on their catalytic site and action mechanism, gives 4

major groups: Serine proteases, thiol proteases, acid proteases and metal proteases



(a)

(b)

(c)

(d)

(Hartley, 1960). But with a better identification of the catalytic mechanisms and specificity,

proteases and peptidases have at present different classifications based on:

Active site and catalytic mechanism: Based on this, peptidases have been assigned 9 classes:
serine, cysteine, threonine, aspartic, glutamic, asparagine or metallo-catalytic type and
mixed catalytic type. (MEROPS database:

https://merops.sanger.ac.uk/about/classification.shtml).

Reaction catalysed: endopeptidases, omega-peptidases, carboxypeptidases, dipeptidyl-
peptidases, tripeptidyl-peptidases, peptidyl-dipeptidases and dipeptidases (Rawlings et al.
2012).

Molecular structure and homology: This classification is based more on mechanism of
action, specificity and physiological action (Rawlings and Barrett, 1993). According to this
classification, proteases and peptidases are grouped in families or in a group of related
families called clan.

Optimum pH requirement: based on their optimal pH proteases are classified as: acid

proteases, alkaline proteases and neutral proteases.

The Nomenclature committee of International Union of Biochemistry and Molecular Biology
(NC-IUBMB), has placed peptidases in Enzyme Class (EC): EC 3.4; Class 3 include hydrolases

(http://www.chem.gmul.ac.uk/iubmb/enzyme/EC34/). Based on site of action Proteases are

broadly subdivided in two sub-subclasses: exopeptidases (EC 3.4.11-19) and endopeptidases

(EC 3.4.21-24 and EC 3.4.99).


https://merops.sanger.ac.uk/about/classification.shtml
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC34/

Exopeptidases targets terminal peptide bonds and cleave di and tri-peptides into their
constituent amino acids, whereas endopeptidases attack peptide bonds of non-terminal
amino acids. Exodpeptidases and endopeptidases are further divided in many sub-

subclasses based on their action mechanism and active site as (Tablel).

1.2 General mechanism

Because of involvement of proteases in intracellular and extracellular, these enzymes have
been extensively studied. Many attempts have been made to understand the action
mechanism of specific types of protease. Mechanism of action depends on the type of
protease and its catalytic site (Williams, 1969, Drenth, 1980, Antonov et al. 1981, Nessi et
al., 1998, Polgar 2005). In general hydrolysis of the peptide bond involves the formation of a
tetrahedral intermediate and is an addition-elimination reaction, mediated by a nucleophilic
attack on peptide bond. Serine, cysteine and threonine proteases use a nucleophile from a
catalytic triad to perform a nucleophilic attack and this involves formation of an acyl —
covalent intermediate. On the other hand aspartic, glutamic and metallo-proteases activate

water molecule to carry out a nucleophilic attack on the peptide bond (Polgér, 1989).



Exopeptidases
(EC3.4.11-19)

Aminopeptidases (3.4.11)

Dipeptidases
(3.4.13)

Dipeptidyl-peptidases and
tripeptidyl-peptidases
(3.4.14)

Peptidyl-dipeptidases
(3.4.15)

Carboxypeptidases (3.4.16-
18)

Serine-type
Carboxypeptidases (3.4.16)

Metallocarboxypeptidases
(3.4.17)

Cysteine-type
carboxypeptidases (3.4.18)
Omega peptidases (3.4.19)

Proteases and peptidase
(EC 3.4)

Release single
amino acid by
acting at free N—
terminus of a
polypeptide chain
This
exodpeptidases is
specific for
dipeptide

Release dipeptide
or tripeptide by
acting at free N
terminus of a
polypeptide chain
Release a
dipeptide by acting
at free C-terminus
of a polypeptide
Release a
dipeptide by acting
at free C-terminus
of a polypeptide.
Based on the type
of catalytic
mechanism, these
are of 3 types

Act on terminal
residues that are
substituted,
cyclized or linked
by isopeptide
bonds

Endopeptidases
(EC 3.4.21-25 and EC 3.4.99)

Serine endopeptidases
(3.4.21)

Cysteine endopeptidases
(3.4.22)

Aspartic endopeptidases
(3.4.23)

Metalloendopeptidases
(3.4.24)

Threonine
endopeptidases (3.4.25)

Endopeptidases of
unknown catalytic
mechanism (3.4.99)

Tablel. Classification of proteases according to NC-IUBMB

These
endopeptidases
can’t be assigned
in any of the above
sub class



1.3 Databases:

MEROPS, is a well-known database dedicated to peptidases, proteases, proteinases and
protease inhibitors and the classification is based on the evolutionary relatedness (Rawlings
and Barrett, 1993). Since its introduction (Rawlings and Barrett, 1999), this database has
been updated from time to time (Rawlings et al 2004a, 2004b, 2006, 2008, 2010, 2012 and
2014, Barrett et al. 2001). 50 clans of peptidases are recognized by the recent version 9.9 of
the MEROPS database. Peptidase search is possible by its peptide name (Partial or full), or
by a known accession number belonging to a database like EMBL/GenBank, RCSC-PDB,

SwissProt, TrEMBL, and PIR.

ProLysED is a metaserver integrated database for bacterial protease systems and its dataset

also includes regulatory and inhibitory proteins acting on proteases (Firdaus et al. 2005).

MycoProtease-DB, is a database strictly for proteases belonging to selected 12 known
tuberculosis causing bacteria strains, whose complete genome has been sequenced (Jena et
al. 2012). Of these 8 strains belongs to Mycobacterium tuberculosis (MTB) and 4 strains

belongs to Nontuberculous Mycobacteria (NTM).

PMAP-CutDB maintains a data of curated proteolytic events, thus not only it contains
information about proteases but also other associated information with proteolysis like
pathway, substrates and structural profile of proteases.

Apart from above mentioned databases Swissprot, NCBI, EMBL, RCSC-PDB also maintain a
collection of sequences belonging to proteases, but none of these is protease specific

database like MEROPS.



1.4 Roles of proteases in soil

Both classical and modern analytical techniques have indicated that the most prevalent
form of organic N in soil is protein (Nannipieri and Paul, 2009). Initial breakdown of proteins
from the soil organic matter is virtually mediated by soil proteases. Break down of proteins
to constituent amino acids by proteases bring about N mineralization in soil (Ladd and
Jackson, 1982), thus they play an important role in making N available in forms that can be
readily used by plants, microbes and other soil fauna for their growth and nutrition.
Extracellular proteases regulate the releases of NH4+-N thus regulating the terrestrial N

cycle (Sardans et al 2008).

Proteolysis

SOM —»
Protease s

Figure 1 N mineralization brought about by proteases and incorporation of N in the
terrestrial N cycle (Hofmockel et al. 2010)



Soil protease activity not only represents the proteolytic potential of soil but may also have
a role in ecology of soil microbes (Burns 1982). These enzymes also play an important role in
maintaining soil health (Das and Varma, 2011). Application of exogenous protease in
agricultural fields showed that extracellular proteases brings down N deficiency and thus

help in improving soil fertility (Han and He, 2010).

1.5 Sources

In soil both higher plants and microbes are sources of extracellular proteases. Plants secrete
large amounts of proteases during their early growth stages to get sufficient N from soil.
Seedlings of some plant species have shown to exudate proteases (Godlewski and Adamczyk
2007, Adamczyk et al 2007). Not only seedlings but plant themselves too are capable of
exudating proteases for their growth and can show independent protease exudation,
without any involvement of microbes and other soil fauna (Paungfoo-Lonhienne et al.,
2008). Biochemical properties of proteases from root exudates are different for different
plant species, but have a common role that is making N available for meeting the N nutrition

demand (Adamczyk et al 2010).

Despite plants are higher life forms, microbes leave plants far behind in production of
extracellular proteases and are major source of proteases in soil (Pansombat et al. 1997).
Among microbes certain fungi especially Aspergillus spp. cannot be ignored as contributor
to soil extracellular protease pool (Oseni, 2011, Choudhary and Jain, 2012, Kamath et al.

2010). Though fungal production of protease cannot be ignored, Bacteria are more



voracious producers of proteases (Sharma et al. 2015), and these are actually bacteria
among microbes that outnumber any other form and are major sources of extracellular
proteases in soil (Watanbe and Hayano, 1993 and 1994). In Andosol fields members of
Bacillus spp. are evidenced to be a dominant source of protease (Watanabe and Hayano,
1994). Bach and Munch (2007) revealed that Pseudomonas, Bacillus and Flavobacterium are
most important proteolytic species in soil. In soil proteases are also associated with organic
colloids, humic acid and often also found in immobilized forms bound to clay and humic
acids (Burns 1982). Often protease-humic acid complexes also show significant activity in
soil (Rowell et al. 1973), but binding of enzymes to clay particles results in a decreased

bacterial degradation or reduced activity (Marshman and Marshall, 1981).

1.6 Determination of microbial proteases

Most common methods of proteolytic activity determination in soil involves colorimentric or
fluormetric assays, as these assays are quick and senstivite. Enzyme activity is detected by
either: (i) measuring the decrease in initial substrate or (ii) measuring the increase of amino
acids or peptides released during the incubation period. In colorimetric activity assays the
change in the absorbance of the soil-suspenion after incubation with suitable substrate is
measured. Some of the commonly used substrates for soil proteases and peptidases are N-
benzoyl-Largininamide (BAA) which is specific for trypsin, N-benzyloxy-carbonyl-L-
phenylalanyl L-leucine (ZPL) specific for carboxypeptidases, and casein which is essentially
non-specific (Ladd and Butler 1972, Bonmati et al. 1998). After incubation with suitable
substrate for a specific time a coloring reagent like Folin’s reagent is added and absorbance

is measured on a spectrophotometer at a specified wavelength. Another method for



measuring soil protease activity involve use of fluorogenic substrate derived from 7-amino
4-methyl Coumarin (AMC). In this approach protease activity is measured as the hydrolysis
rate of L-Leucine 7-amido-4-methyl coumarin hydrochloride (Hendel and Marxsen, 2005,
Brankatschk et al, 2011). Here the fluorescence is measured on a fluorometer. Both
colorimetric and fluorimetric method can be performed using a cuvette or for many samples
microtiter well plates can be used. To identify nature of soil protease isolelectric focusing is

also used (Hayano et al, 1987).

1.7 Isolation of soil proteolytic bacteria and genes

In some of the previous studies culture dependent methods were used to isolate proteolytic
bacteria. These methods include use of selective media that often involve gelatin
incorporation in medium (Watanabe and Hayano, 1994b). In some advanced approaches to
estimate number of proteolytic organisms in soil most probable number (MPN) and plate
counting were also used (Watanabe and Hayanao, 1995, Bach and Munch, 2000). Culture
based methods, though need less resources, are tedious and not always reliable as very few

of total microbes are culturable.

With advances in molecular techniques, PCR primers and probes were developed for
identification of some key extracellular soil proteases of bacterial origin (Bach et al. 2001).
These primers allowed to study with better accuracy the diversity and distribution of
proteolytic genes in agricultural soil. These primers were used to study the abundance of
the proteolytic genes in soils from different sources using qpCR (Bach et al. 2002, Rasche et
al. 2014). The technique has been successfully used to detect subtilisin (sub), neutral

metalloprotease (npr) and alkaline metalloprotease (apr) gene fragments from the soil
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samples (Bach et al., 2001) but also to detect transcripts of sub and npr genes in the

rhizospheres (Sharma et al., 2004).

Diversity of apr and npr protease genes were also studied using a DGGE approach (Sakurai
et al. 2007) using the primers developed by Bach et al. 2001. Fuka et al. 2009 used Terminal
restriction fragment length polymerism (TRFLP), to study diversity of npr protease genes in
an agricultural soil. TRFLP is based on the restriction endonuclease digestion of fluorescently
end-labeled PCR products. The digested products are separated by capillary gel
electrophoresis and detected on an automated sequence analyzer. Molecular techniques
are more rapid, reliable and sensitive than culture based techniques to quantify and detect
proteolytic communities. To gain detailed information about the composition of the
proteolytic microbes, npr gene PCR products were also cloned and sequenced. Tsuboi et al.
2014, also sequenced cloned npr genes. However, not necessarily the fragments used for
guantitative PCR (gqPCR) or fingerprinting are well suited for sequencing of cloned fragments
and their phylogenetic analysis as the length of the generated sequences is too short, also
not percentage of successful inserts is also doubtful thus cloned sequences doesn’t
represent all amplified sequences. Furthermore this approach is not suitable for high
throughput analysis. There is scope of using better sequencing approaches like high
throughput Illumina sequencing of amplicons, study of metagenome and
metatranscriptome. Metagenome represent all the DNA and gene sequences from microbial
community of an environmental sample and likewise metatranscriptome represent all

expressed genes from a community.
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1.8 Hypotheses and Objectives

There are many environmental and biotic factors that govern the structure of microbial
communities and their function in soil. The effect of these factors is poorly known. We
hypothesize that the changes in soil protease activity and diversity and abundance of
protease encoding genes take place due to changes in biological and environmental

conditions.

To test our hypothesis, | proposed the following objectives for my research:

To study the differences in abundances of proteolytic microbial communities and proteolytic
genes under different biotic and environmental conditions.

To characterize the microbes involved in protease synthesis in rhizosphere soil and in bulk
soil. It is well established as already mentioned that microbes in the rhizosphere soil are
affected by rhizodeposition.

To determine the shifts in soil protease activity and protease encoding genes due to effect

of different plant physiology.

To verify my hypothesis, | have studied:

Effect of root exudates and plant varieties on protease activity and protease encoding
genes were studied using a rhizobox approach

Effect of atmospheric CO, on microbial community structure and abundance of protease
encoding genes was studied in a free-air CO, enrichment (FACE) experiment

protease expression under dark and light periods in Barley rhizosphere under green house
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2. Protease encoding microbial communities and protease activity of the rhizosphere and
bulk soils of two maize lines with different N uptake efficiency

2.1 Abstract

Present study was carried out to understand the interplay of plant Nitrogen utilizing
efficiency (NUE) with potential proteolytic activity and proteolytic community composition
of the rhizosphere and bulk soils, sampled from rhizoboxes with two inbred maize lines, LO5
and T250, with higher and lower NUE respectively. Microbial biomass was estimated as ATP
content and two key bacterial protease encoding genes: alkaline metallo-peptidases (apr)
and neutral-metallopeptidases (npr) were characterized by DGGE and Illumina sequencing
of amplicons. Higher protease activity and microbial biomass were observed in rhizosphere
soil of the plant line with higher NUE (LO5), which also had higher values for Shannon-
Weiner diversity indices (H) for DGGE band pattern, with npr gene showing higher overall
diversity in rhizosphere soil than in the lower NUE plant (T250) rhizosphere. Stronger root
effects were observed for apr gene than npr. lllumina sequencing showed differences in the
composition of proteolytic microbial communities in rhizosphere and bulk soils for both L0O5
and T250, and many unknown apr and npr gene sequences were also reported.
Furthermore, Illumina sequencing results agreed with DGGE data in highlighting higher
overall diversity for npr (1,520,600 unique sequences) than for apr (934,598 unique
sequences). Different members of Bacillus sp. were identified as most abundant
contributors to npr gene pool whereas apr gene pool was dominated by genes from
Pseudomonas sp. This research suggests that plants with different NUE select different
bacterial populations with protease encoding genes, which may affect the protease activity

of the rhizosphere soil.
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2.2 Introduction

Genetic and physiological mechanisms of N acquisition by important cereal plants are
increasingly known (Hirel et al., 2007) but currently, at field scale, the Nitrogen Use
Efficiency (NUE) in cereal production is still lower than 40% (Raun and Johnson, 1999). This
is because although the NUE is an inherent plant characteristic, regulated by complex
genetic and metabolic factors (Xu et al. 2012, Ngezimana and Agenbag, 2014; Zamboni et
al., 2015), the N acquisition by crop plants is also limited by N losses by volatilization, runoff
and leaching, and by microbial N immobilization. Moreover, there are increasing evidences
that plant NUE also depends on microbial activity in the rhizosphere, particularly on activity
of the proteolytic communities (Mooshammer et al. 2004). This is linked to the fact that the
most of soil N is of peptidic or protein origin, as 96-99% of soil total N is organic and after
acid hydrolysis, amino acidic N accounts for 30-50% of the N in soil (Nannipieri and Paul,
2009). The N phytoavailability in soil also depends on the hydrolysis of other organic N
forms, such as urea and chitin catalyzed by the urease and chitinases, the latter being
produced by fungi and bacteria (Metcalfe et al., 2002), Chitinase is, therefore, a key soil
enzyme, regulating the release of low molecular weight N-sugars from which N is rapidly
mineralized to inorganic N (Gooday 1994). Proteins in soil originate from plants, animals and
microorganisms, either through active excretion or passive release, and therefore a high
proportion of protein N in the rhizosphere is expected. In soil environment, protein N is
released after protein hydrolysis by extracellular proteases of plants, animals and microbial
origin (Adamczyk et al., 2010, Godlewski and Adamczyk, 2007; Hayano 1993; Watanabe,
2009), and previous studies indicated that metalloproteases of bacterial origin mainly
contribute to the measured soil protease activity (Hayano et al. 1987, Bach and Munch,

2000, Kammimura and Hayano, 2000).
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Soil management and environmental factors influence the abundance and distribution of
microbial genes encoding for neutral metallo-peptidases (npr), alkaline metallo-peptidases
(apr) and serine peptidases (sub) (Bach et al. 2001, 2002, Fuka et al. 2008a, Rasche et al.
2014; Fuka et al. 2008, 2009; Sakurai et al. 2007; Tsuboi et al. 2014, Fuka et al 2009).
Proteases catalyze the hydrolysis of the terminal amino acid of polypeptide chains
(exopeptidases) or of internal peptide bond (endopeptidases) on one or few related
substrates, with the majority of proteases acting on several substrates. However, the
number of assays for soil protease activity is limited to few substrates and optimal pH
values. Increased N mineralizing activities in response to the release of root exudates has
been reported (Renella et al., 2007), but in spite of their importance in determining N
availability to plants, studies on the link between the diversity of protease encoding genes
and protease activities in the rhizosphere are still scarce (Nannipieri et al., 2012). Little
information is also available on the relations between the proteolytic microbial community
of the rhizosphere and the plant NUE. Next generation sequencing technologies (NGS)
provide advanced tools to analyze microbial genes in soil: this approach has been applied
for the analyses of PCR amplicons of 16S rRNA (Vasileiadis et al. 2013), ITS (Internal
Transcribed Spacer) (McHugh and Schwartz, 2015) and ammonia monooxygenases (Pester
et al., 2012), but not yet for assessing the abundance and diversity of proteases genes in

soil.

We hypothesized that plants with different NUE select different proteolytic microbial
communities characterized by different levels of proteolytic activity in the rhizosphere. To
test our hypotheses, we studied the composition of the proteolytic microbial communities
and proteolytic activities in the rhizosphere and bulk soil of the LO5 and T250 maize lines,

characterized by high and low NUE, respectively. Previous work showed that these two
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maize lines have different genetic responses to N availability (Zamboni et al., 2014) and also
host different microbial communities in their rhizosphere (Pathan et al., 2015).
Furthermore, we have also applied a NGS assessment of neutral metallo-peptidases (npr)
and alkaline metallo-peptidases (apr) PCR amplicons, in order to unravel the diversity of
these genes in the bulk and rhizosphere soils of the two maize lines. We also measured the
urease and chitinase activities to understand their contribution to N availability in the maize
rhizosphere. Results of this research can improve our understanding of the effects of
microbial selection in the rhizosphere of maize plants with different plant NUE on the

turnover of protein-N in the rhizosphere.

2.3 Materials and methods

Soil properties and rhizobox set up

A sandy clay loam Eutric Cambisol (World Reference Base for Soil Resources, 2006), under
conventional maize crop regime, located at Cesa (Tuscany, Central Italy), was sampled from the Ap
horizon (0-25 cm). Soil had a pH value (in H,0) of 7.1, contained 32.1% sand, 42.2% silt, 25.7% clay,
10.8 g kg™ total organic C (TOC), 1.12 g kg™ total N and 6.45 g kg™ total P. The soil was sieved at field
moisture (< 2 mm), after removing visible plant material. After sieving, 600 g of soil were placed in
the soil compartment of the rhizoboxes as reported by Pathan et al. (2015). The LO5 and T250 maize
lines were grown for 21 and 28 d, respectively, a suitable growth period to allow the full colonization
of the plant compartment by plant roots and prevent nutrient starvation. Plants were regularly
watered with distilled sterile H,O and no fertilizers were applied during the plant growth. Full details
on the maize growth conditions were reported by Pathan et al. (2015). Five rhizoboxes replicates for
each maize line were prepared. The used rhizoboxes allowed precise sampling of rhizosphere due to
the presence of fixed sampling groves at precise increment distances from the surface of the plant

compartment. Rhizosphere (R) and bulk soil (B) samples of the LO5 and T250 maize lines were
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named as LO5 R, LO5 B, T250 R and T250 B, respectively. Rhizosphere and bulk samples were kept
separate after sampling, and immediately analyzed for the enzyme activities or stored at -80°C

before ATP determination or DNA extraction.

Soil microbial biomass and enzymatic activities

Soil microbial biomass was estimated by determining the ATP content according to Ciardi and
Nannipieri (1990). The N-benzoyl-L-argininamide (BAA) and casein hydrolyzing activities (protease
activities) were determined according to Ladd and Butler (1972) and Nannipieri et al (1974),
respectively. Concentrations of NH,"-N and tyrosine released by the assays with BAA or Na-
caseinate, respectively, were spectrophotometrically quantified (Perkin Elmer Lambda 2) from
calibration curves obtained using standards after reaction with the Nessler or Folin reagents after
subtracting of the absorbance of controls. Urease activity was determined using 6% urea solution as
substrate according to Nannipieri et al. (1980), and NH,"-N concentration was determined as above
described for the for the protease assay. To account for fixation of NH,*-N released by BAAase and
urease activities, NH,"-N solutions with concentrations in the range of those released by urease and
protease activities were incubated with the same soil, and recovery of NH,*-N were in the range 95-
98%. Chitinase activity was determined by the hydrolysis of 4-nitrophenyl-B-D-glucosaminidine
(SIGMA) in 0.1 acetate buffer at pH 5.2, for 1 h at 50°C using 1 g d.w. soil. The p-nitrophenol released
by the chitinase activity was spectrophotometrically quantified using calibration curves, after
subtracting of the absorbance of controls. Preliminary experiments have showed that 50°C was the

optimal temperature for soil chitinase activity.

Nucleic acids extraction and PCR-DGGE analysis

DNA was extracted by sequential extraction method from 0.5 g soil as described by Ascher et al.
(2009) using the FastDNA spin kit for soil (MP Biomedicals, USA ), and the intracellular DNA fraction

was used in this study. The DNA yield and purity were analysed with a Qubit 2.0 fluorometer (Life
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Technologies, USA) using Quant-iT dsDNA HS kit according to the manufacturer’s instructions, and
stored at -20°C till prior to analysis.

The primers Faprl/Raprll for apr gene and Fnprl/Rnprll for npr as mentioned in Bach et al. (2001)
were used for PCR and were amplified according to conditions as used by Bach et al. (2001). The
DGGE conditions for the fingerprinting of the apr and npr amplicons were those previously used
bySakurai et al. (2007). The DGGE fingerprints were performed using a INGENY PhorU System
(Ingeny International BV, Netherlands), the DGGE gels were stained with SybrGreen | (FMC Bio
Products, Rockland, ME, USA), and the banding patterns were analysed by a Gel Doc system (Bio-

Rad, USA).

Quantification of protease encoding genes

Quantitative PCR (qPCR) was conducted on a CFX Connect Real-Time PCR Detection System (Bio-rad
Laboratories) to determine the abundance of apr and npr genes, using the primer sets FP aprl/ RP
aprll for the apr gene and FP nprl/ RP nprll for the npr gene, according to Bach et al. (2001).
Pseudomonas fluorescence (isolated from an agricultural soil) and Bacillus cereus (DSM31) were used
as positive controls for apr and npr genes respectively. Each gPCR assay was conducted in a 96-well
plate and included three replicates for each standard, negative controls, and sample. Amplification
was performed using the iTaq Universal SYBR Green Supermix (Bio-rad Laboratories), adding to each
reaction mixture forward and reverse primers for both genes at concentration of 0.6 uM, 3% of
bovine serum albumin(BSA), 20 ng DNA template for apr gene and 30 ng DNA template for npr. The
PCR runs for both genes started with an enzyme activation step at 95°C for 3 min, followed by 42
cycles of denaturation at 94°C for 25 s. Annealing conditions were 54°C for 30 s for the apr and at
53°C for 30 s for the npr gene, respectively, followed by extension at 72°C for 30 s. The specificity of
amplification products were confirmed by melting curve analysis and expected sizes of amplified
fragments were checked by running the amplicons on a 2% agarose gel stained with ethidium

bromide for 90 mins at 100 V.
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lllumina sequencing of apr and npr genes

Alkaline metallo-peptidase (apr) and neutral metallopeptidase (npr) genes were targeted by PCR as
previously described (Bach et al., 2001), using primers pairs FP aprl/RP aprll for apr (amplicon length
194 bp) and FP nprl/RP nprll for the npr gene (amplicon length 233 bp), respectively. The PCR
reactions were carried out on a Biometra T Professional thermocycler (Biometra Biomedizinische
Analytik GmbH, Germany). For both apr and npr genes the reaction mixture contained 0.8 uM of
forward and reverse primers, 20 ng of template DNA, 0.3% BSA, 0.2 mM dNTP mix, 2.5 ul of 10X
DreamTaq Buffer having 20 mM MgCl, and 1 unit of Dream Taq Polymerase (Thermo Fisher
Scientific, USA). The PCR programs consisted of a hot start step for 5 min at 95°C, followed by 80 °C
for 5 min during which Tag polymerase was added. Thirty-five cycles of denaturation at 94°C for 30
s, annealing at 55°C for npr and 58°C for apr, respectively, followed by an extension step at 72°C for
30s and a final extension step at 72°C for 7 mins. After PCR, amplicons were run on a 2% agaorose
gel for 90 mins, single bands were excised and purified from gel using Nucleospin Gel and PCR
cleanup kit (MACHERY-NAGEL GmbH and Co. KG, Germany), according to the manufacturer’s
instructions. Purified amplicons were quantified on Qubit 2.0 fluorometer using Quant-iT

dsDNA HS reagent as per manufacturer’s instructions and sequenced using an lllumina HiSeq 2000 in
paired-end 150 x 2 bp at the Beijing Genomics Institute. For [llumina sequencing the five replicates
of each plant were pooled together for an in depth analysis of all gene sequences, according to the
[llumina sample preparation guide

(http://supportres.illumina.com/documents/documentation/chemistry documentation/16s

/16s-metagenomic-library-prep-guide-15044223-b.pdf). The obtained Illumina sequences of apr

and npr amplicons were processed separately, using the USEARCH and UPARSE pipelines (Edgar,
2010, 2013). Paired MiSeq reads from each sample were firstly assembled with the fastq_mergepairs

command. Assembled reads were then filtered allowing a maximum expected error of 0.5 and


http://supportres.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
http://supportres.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
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discarding reads with length <190 and < 230 bp for apr and npr gene, respectively. Barcode labels
were then added to the sequences, and 4 samples available for each gene were merged with the cat
command. Unique sequences were then identified, sorted by abundance, and singletons were
discarded. Gene sequences were assigned to operational taxonomical units (OTUs) at minimum
identity levels of 97% or 95%, according to the UPARSE algorithm. The OTUs were further filtered for
the presence of chimeras with the UCHIME tool, and reads were finally mapped back to obtain OTUs
abundance. For each gene, sequences were pooled together and dereplicated in order to identify

and count the unique sequences.

Data analyses

Microbial biomass and enzyme activities data were analyzed by ANOVA. The significance of
differences between mean values were determined by the Fisher PLSD. For PCR-DGGE analysis,
bands were identified and their intensities were measured after normalizing lanes and background
subtraction using Quantity-One” software (Bio-Rad Laboratories, USA). Band intensities were used to
calculate the Shannon-Weaver diversity index H (Shannon and Weaver, 1963) according to the eq. 1,

using the PAST software (Hammer et al. 2001),

H=-— Z (:;—f) log(ni/N) (eq. 1)

where n; is the relative intensity of each DGGE band, S is the number of DGGE bands for each lane
and N is the sum of intensities for all bands in a given sample (or lane). The DGGE banding pattern
was clustered to UPGAMA dendrograms based on Raup and Crick similarity indices (Raup and Crick,
1979) using the PAST software. A principal component analysis (PCA) for enzyme activity data and
Shannon-Wiener diversity index were carried out based on correlation matrix and results were

displayed as biplot using PAST.
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Analysis of the lllumina sequencing data

Mothur v. 1.32.1 was used for calculating diversity indexes and rarefaction curves from the OTU data
(Schloss et al., 2009). The OTUs fasta sequences were analysed and annotated on NCBI with blastx
and blastn using the Blast2go software (Conesa et al., 2005). Phylogenetic trees were constructed on
the aligned sequences with the PhyML (Phylogeny Maximum Likelihood) approach (Guindon and
Gascuel, 2003) by applying the Shimodaira—Hasegawa [SH]-aLRT test, and alighnments and tree

generation were carried out using the SeaView software (Gouy et al., 2010).

2.4 Results

Microbial biomass and enzyme activities

Microbial biomass based on ATP content was significantly higher in the rhizosphere of the LO5 maize
line, as compared to its bulk soil, whereas no significant differences were observed between
rhizosphere and bulk soil of the T250 maize line (Figure 1a). BAA hydrolyzing activity was
significantly higher in the rhizosphere of both LO5 and T250 maize line, as compared to their
respective bulk soils (Figure 1b). Caseinase hydrolyzing activity was only enzyme activity that was
significantly lower in the rhizosphere of both LO5 and T250 maize line, as compared to their
respective bulk soils (Figure 1c), and also it was only enzyme activity that was significantly lower in
the rhizosphere of the LO5 than in the T250 maize line rhizosphere. Chitinase activity was
significantly higher in the rhizosphere of the LO5 than its respective bulk soil, whereas there was no
significant difference between rhizosphere and bulk soil of the T250 maize line (Figure 1d).
Moreover, the chitinase activity was significantly higher in the rhizosphere of the LO5 than in the
T250 maize line rhizosphere (Figure 1d). Urease activity was significantly higher in the rhizosphere of
both LO5 and T250 maize line, as compared to their respective bulk soils (Figure 1E). Moreover, the
urease activity was significantly higher in the rhizosphere of the LO5 than in the T250 maize line

rhizosphere (Figure 1d). The PCA analysis showed that ATP, Urease, BAAase hydrolysing and
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chitinase activities were related to each other, but not related to Caesinase hydrolysing activity

(Figure 7).
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Figure 1. Activity results (a) ATP content, (b) BAA-ase activity, (c) caseinase activity, (d)
chitinase activity, (e) urease activity of the rhizosphere and bulk soil of the Lo5 and T250
maize lines. Values are the mean of five replicates and the error bars represent the standard
deviation of the mean values.



PCR-DGGE microbial community composition

The DGGE analysis showed complex banding patterns for both npr and apr genes. The
UPGAMA based on Raup and Crick’s similarity index for npr and apr genes showed that the
rhizosphere and bulk soils of the LO5 and T250 maize lines clustered separately, although
the separation between clusters was not significant (Figure 2).The Shannon-Wiener diversity
indices for the apr gene showed a significantly greater (P < 0.05) diversity in the rhizosphere
of both maize lines, as compared to their respective bulk soils: the diversity indices for the

apr gene could be ranked as : T250B, > LO5R > LO5B > T250R. (Table 1) and npr gene

diversity didn’t show rhizosphere effect.

Shannon-Weiner diversity index (H) and standard deviation

apr gene npr gene
LO5R 1.359° +0.006 2.032° 10.018
LO5B 1.328° +0.020 1.729° +0.009
T250R 0.691° +0.001 2.040° +0.004
T250B 1.554°¢ +0.021 1.919°¢ +0.003

Table 1. Values of the Shannon-Weiner indices for DGGE bands for the npr and apr genes in
the rhizosphere and bulk soil of the LO5 and T250 maize lines. Values are shown as mean (n

=5) and standard deviation, and different superscripts indicate significant differences (P <

0.05) of values within each column.




Similarity

o © © © 9 9 O O =

ra w 1) w on =~ © w0 [S

L1

2(a)

-

T250 bulkl
T250 bulk2
T250 bulk4
1250 bulk3
1250 bulkS

LOS rhizo3
L0S rhizo4
L0S rhizo5

LO5 rhizo2
L05 rhizol

28

Similarity

LOS rhizo2

LOS rhizo3
L0S rhizo4
LOS rhizo5
LOS rhizol

T250 bulk5
T250 bulk?2

E_=
1250 bulkl
1250 bulk3
T250 bulk4
fe——t

2 (b)

Figure 2. UPGAMA custers based on Raup Crick similarity for (a) npr gene and (b) apr gene

Protease gene quantification

The gPCR analysis showed a significantly (P < 0.05) higher number of apr gene copies in the

rhizosphere and bulk soil of the LO5 as compared to the T250 maize line, whereas for the

npr gene there were no significant differences between the copy numbers regardless of the

maize line and soil type (Table 2). The PCA on gPCR, gene diversity, ATP data and enzyme

activities showed that the rhizosphere of the high NUE LO5 maize line clustered separately

from the respective bulk soil and from the T250 rhizosphere and bulk soil (Figure 7). The

PCA also showed that both apr and npr gene abundances clustered together, with higher

correspondence to the BAA-hydrolyzing activity than to the caseinase hydrolyzing activity

(Figure 7).
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Soil type Copy numbers and standard deviation
apr gene npr gene
LOSR 2.710°° +1.510° 7.110’° +1.110’
LO5B 1.8'10°° +1.410° 5.9110’° +1.110’
T250R 1.2'10°° +8.8'10% 4.2'10"° +1.2'107
T2508 1.410°° +6.5:10% 3.010’° +5.3110°

Table 2 Gene copy numbers per gram of soil for npr and apr genes in the rhizosphere and
bulk soil of the LO5 and T250 maize lines. Values are shown as mean (n = 5) and standard
deviation, and different superscripts indicate significant differences (P < 0.05) of values
within each column.

Protease high throughput sequencing analyses

Assembly of paired-reads was correctly performed for more than 99% of sequences for each
sample (Table 3). Rarefaction curves indicated a very good coverage for both apr (Figure 3a)
and npr (Figure 3b) genes, as confirmed by Good’s coverage values that were always higher
than 99.99% (Table 4). Rarefaction curves indeed show that approximately 100,000
sequences may be enough to get a good picture of apr and npr genes diversity in
agricultural soils. After discarding ambiguous sequences and sequences shorter than target
length for apr gene (190 bp) and npr (230 bp) amplicons, the retained sequences were 49.2

% and 72.4 % for the apr gene and npr genes, respectively.
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Figure 3. Rarefaction curves for of apr (a) and npr (b) amplicons sequences generated in
llumina.
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Label Gene Sample n of paired n of sequences totalnof finaln finaln
sequences passing filter® unique of of
assembled sequences OTUs OTUs
(%) at at

97%  95%

D1 apr LO5_rhizo 1,435,410 867,314 (60.4%) 934,598 1763 1136
(99.8%)

D2 apr LO5_bulk 1,215,724 879,698 (72.4%) 1844 1201
(100%)

D3 apr  T250_rhizo 1,110,522 766,169 (69.3%) 1797 1183
(99.9%)

D4 apr  T250_bulk 1,185,430 677,685 (57.2%) 1664 1041
(99.9%)

D5 npr LO5_rhizo 1,480,616 728,431 (49.2%) 1,520,600 1331 712
(99.8%)

D6 npr LO5_bulk 1,367,344 938,675 (68.6%) 1421 765
(99.8%)

D7 npr  T250_rhizo 1,399,313 806,304(57.6%) 1242 631
(99.9%)

D8 npr  T250_bulk 1,185,430 804,063 (63.7%) 1239 639
(99.9%)

®maximum error 0.5, length > 190 bp for apr, > 230 bp for npr

Table 3. Preprocessing and OTUs clustering of apr and npr lllumina reads.

Label Gene Sample Coverage Simpson Inverted Chao  Shannon non

eveness Simpson eveness parametric
Shannon

D1 apr  LO5_rhizo  99.99% 0.039 44.66 1292.3 0.645 4.53

D2 apr  LO5_bulk 99.99% 0.031 37.82 1318.7 0.626 4.44

D3 apr  T250_rhizo 99.99% 0.036 43.45 1297.1 0.649 4.59

D4 apr  T250_bulk 99.99% 0.034 35.99 1117.0 0.634 4.41

D5 npr  LO5_rhizo  99.99% 0.028 19.95 727.0 0.609 4.01

D6 npr  LO5_bulk 99.99% 0.025 18.96 776.3  0.597 3.97

D7 npr  T250_rhizo 99.99% 0.022 14.02 658.4 0.536 3.46

D8 npr  T250_bulk 99.99% 0.022 14.71 679.6 0.542 3.51

Table 4. Coverage, diversity and richness indexes in the analyzed apr and npr lllumina reads.

A total of 9,34,598 and 1,520,600 unique sequences were obtained for the apr and for the

npr gene respectively (Table 3). Clustering of these sequences at 97% similarity resulted in
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1767 and 1308 average OTUs for the apr and npr gene, respectively (Table 3). Blastx results
at 97% identity showed that many OTUs gave the same hits, albeit their nucleotidic
sequences were different; for this reason analyses were also performed with OTUs at 95%
similarity, in this case the number of detected OTUs per sample were as expected lower,
varying between 631 for T250 rhizosphere and 765 for LO5 bulk sample (Table 3). Results
herewith presented refer to the analyses of OTUs with 95% minimum identity. Analysis of
the OTUs was conducted on the first 50 most abundant OTUs covering 74% of total OTUs

diversity for apr and 85.4% for npr (Tables 5 and 6 ).

Table 5. Functional annotation of the first 50 most abundant apr OTUs, covering average of
74.7% of total diversity. Percentage per sample for each OTU is reported, together with the
results of MEROPS annotation.

LO5 LO5 T250 T250 MEROPS

OTuId rhizo bulk rhizo bulk code Annotation with best hit

subfamily M10B unassigned
OTU_1 7.2 5.7 7.1 8.1 MER005073 peptidases (Proteus mirabilis)

subfamily M10B unassigned
OTU_3 5.8 5.7 7.1 8.1 MER005073 peptidases (Proteus mirabilis)

subfamily M10B unassigned
OTU_ 2 2.6 6.7 2.7 1.7 MERO0O05073 peptidases (Proteus mirabilis)

subfamily M10B unassigned
OTU_8 3.1 2.8 3.6 4.4 MER005073 peptidases (Proteus mirabilis)

subfamily M10B unassigned
OTU_6 2.9 2.8 2.9 4.6 MER005073 peptidases (Proteus mirabilis)

subfamily M10B unassigned
OTU_12 2.0 6.4 2.2 1.5 MERO0O5073 peptidases (Proteus mirabilis)

subfamily M10B unassigned
OoTU 4 3.3 2.3 3.4 2.2 MER005073 peptidases (Proteus mirabilis)
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subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

streptogrisin B (Streptomyces
griseus).

subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

family 163 unassigned peptidase
inhibitors (Echinops telfairi)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

family 143 unassigned peptidase
inhibitors

subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily M10B unassigned
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peptidases (Proteus mirabilis)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

FtsH peptidase ({Thermotoga}-type)
(Nitrosococcus watsoni)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily M24A unassigned
peptidases (Beutenbergia cavernae)
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peptidases (Proteus mirabilis)

subfamily M10B unassigned
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subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily S26B unassigned
peptidases (Paenibacillus
mucilaginosus)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

subfamily M10B unassigned
peptidases (Proteus mirabilis)

repressor LexA (Bacillus
cellulosilyticus)
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Table 6. Functional annotation of the first 50 most abundant npr OTUs, covering on average the

85.4% of total diversity. Percentage per sample for each OUT is reported, together with the
results of MEROPS annotation.

LOS LOS T250 T250 MEROPS
oTuld rhizo  bulk rhizo bulk code Annotation with best hit
OTU_ 1 12.2 11.9 11.8 11.9 MER001031 thermolysin (Bacillus megaterium)
OTU_5 8.7 10.2 13.6 13.2 MER109427 stearolysin (Bacillus sp. SG-1)
OTU_3 111 10.6 10.9 10.8 MER001031 thermolysin (Bacillus megaterium)
OTU_6 7.8 9.0 12.2 11.3 MER109427 stearolysin (Bacillus sp. SG-1)
OTU_9 5.3 5.5 6.7 6.5 MER038281 stearolysin (Bacillus vietnamensis)
OTU_10 5.0 5.0 6.3 5.9 MER038281 stearolysin (Bacillus vietnamensis)
OTU_11 2.5 2.5 2.8 2.9 MER038281 stearolysin (Bacillus vietnamensis)
OTU_13 2.5 2.2 2.7 2.7 MER038281 stearolysin (Bacillus vietnamensis)
OTU_17 2.1 2.1 2.5 2.8 MER109427 stearolysin (Bacillus sp. SG-1)
OTU_19 2.2 2.1 2.4 2.6 MER109427 stearolysin (Bacillus sp. SG-1)
stearolysin (Clostridium
OTU_27 1.0 1.0 1.3 1.3 MER014941 acetobutylicum)
stearolysin (Clostridium
OTU_23 0.9 0.8 1.2 1.1 MERO014941 acetobutylicum)
immunoproteasome catalytic subunit
OTU 2 0.9 1.0 0.8 1.1 MER003136 3 (Sus scrofa)
amblin inhibitor unit 2 ({Amblyomma
OTU_8 0.9 1.0 0.7 1.0 MER169972 hebraeum})
subfamily M15C unassigned
OoTU 7 0.9 0.7 0.7 0.9 MER253284 peptidases (Spirochaeta caldaria)
subfamily C14B unassigned peptidases
OoTU 4 0.9 0.7 0.7 0.8 MER025290 (Streptomyces coelicolor)
OTU_28 0.6 0.5 1.0 0.9 MER224756 stearolysin (Brevibacillus agri)
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thermolysin (Bacillus
thermoproteolyticus)
stearolysin (Brevibacillus agri)
thermolysin (Bacillus megaterium)
thermolysin (Bacillus megaterium)

thermolysin (Bacillus
thermoproteolyticus)

stearolysin (Bacillus pseudomycoides)

neutral peptidase
({Thermoactinomyces}-type)
(Thermoactinomyces sp. 27a)

stearolysin (Bacillus vietnamensis)
stearolysin (Bacillus pseudomycoides)
stearolysin (Brevibacillus agri)
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neutral peptidase
({Thermoactinomyces}-type)
(Thermoactinomyces sp. 27a)

thermolysin (Lactobacillus sp.)
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neutral peptidase
({Thermoactinomyces}-type)
(Thermoactinomyces sp. 27a)

stearolysin (Bacillus sp. SG-1)
stearolysin (Planococcus donghaensis)

neutral peptidase
({Thermoactinomyces}-type)
(Thermoactinomyces sp. 27a)

stearolysin (Bacillus sp. SG-1)

subfamily M15B non-peptidase
homologues (Streptococcus
intermedius)

thermolysin (Bacillus megaterium)
stearolysin (Bacillus sp. SG-1)
thermolysin (Bacillus cereus)
thermolysin (Bacillus cereus)

FtsH peptidase ({Thermotoga}-type)
(Nitrosomonas sp. Is79A3)

thermolysin (Lactobacillus sp.)

stearolysin (Planococcus donghaensis)
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The most abundant apr OTUs revealed high phylogenetic similarity with Pseudomonas sp,

followed by Caulobacter sp. and Dickeya sp. (Figures 4a and 4b).
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Both hierarchical clustering (Figures 5a and 5b ) and PCA (Figures 6a and 6b) analyses
indicated that the protease gene diversity was influenced by the maize line, less from the
rhizosphere or bulk soil, particularly for the T250 maize line (Figures 6a and 6b).
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Figure 5a. Phylogenetic tree of aligned nucleotide sequences for the 50 most abundant apr
OTUs.
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Figure 5b. Phylogenetic tree of aligned aminoacidic sequences for the 50 most abundant apr

OTUs. Reference sequences of the most abundant blastx hits are also reported
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Figure 6 Principal Component Analysis of (a) apr OTU data and (b) npr OUT data covering

the 99.9% of total diversity. Sample grouping is reported, together with ordiplot of OTUs

scores.
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Analysis of the most abundant npr OTUs revealed that majority of OTUs assigned to
uncultured bacteria; most of the others showed high phylogenetic similarity with members
of Bacillus sp. (Figure 4). Based on their sequences, the npr OTUs were more diverse than
apr OTUs (Figure 4).

Multivariate analysis was conducted to explore the discrimination between samples, and to
identify OTUs mostly responsible for differences. For the T250 variety, bulk and rhizosphere
samples are closely grouped, while for LO5 variety differences between rhizosphere and bulk
soil apr OTUs patterns were higher. PCA also highlighted a number of OTUs that were more

related to samples, especially for LO5 bulk and rhizosphere (Figure 5).
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Figure 7. PCA on BAA-ase, Caesinase, Chitinase,Urease, ATP, npr gene copy numbers, apr
gene copy numbers and diversity of apr and npr genes based on Shannon-Weiner indices of
DGGE bands. Solid dots represent LO5 rhizosphere samples, cross represent LO5 bulk
samples, circles represent T250 rhizosphere samples and stars represent T250 bulk samples
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2.5 Discussion

With the exception of the casein hydrolyzing activity, all enzymatic activities and microbial
biomass were found to be higher in the rhizosphere of the LO5 maize as compared to T250
maize line, indicating that the high NUE LO5maize line has a higher N mineralization rate in
the rhizosphere than the low NUE T250 maize line. These results are in agreement with
previous reports on the greater capability of the LO5 maize line to acquire N from the
rhizosphere (Zamboni et al., 2015; Pathan et al., 2015). The rhizosphere of the LO5 and T250
maize lines also differed for the type of protease activities, as the LO5 rhizosphere displayed
a higher BAA- hydrolyzing activity whereas the rhizosphere of the T250 had a higher casein
hydrolyzing activity (Figure 1). It is important to note that casein hydrolysing activities
probably measured protease activity acting on high molecular weight substrates that
generally are associated to microbial death events or release of extracellular enzymes
degrading organic polymers (Nannipieri et al., 2012). These differences could depend on
different factors including genetic diversity of the protease encoding genes, molecular
integrity and extracellular stabilization of different proteases by the rhizosphere organic
matter (Bonmati et al., 2009, Overall these results indicated that in the rhizosphere of the
two maize lines the protein N mineralization depended on different proteolytic

mechanisms.

Analysis of the DGGE fingerprints indicated higher complexity of the proteolytic
communities in the rhizosphere of the LO5 than those of the T 250 maize, showing that the
two plant lines selected different proteolytic populations during the plant growth. These
results are in line with those of Sakurai et al. (2007) who also reported rhizosphere effects
on the diversity of the apr gene. Gene copy numbers were also significantly affected for the

apr gene. These results support overall positive rhizosphere effect of high NUE on the apr
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as compared to the npr, as shown by the significantly higher apr abundance in rhizosphere
of LO5 than T250 (Table 2). Previous studies on Maize rhizopshere by Aira et al. (2010),
revealed that different genotypes modifies the structure of rhizospheric microbial
communities, but not their abundance and no significant changes in biomass of main
microbial groups were reported. But in our studies we have noticed significant changes in

copy numbers of apr gene, but no significant changes in abundance of npr gene.

Our results based on the composition of the proteolytic community of the rhizosphere and
bulk soil of the two maize lines indicate a significantly higher richness for npr than apr gene,
and significant differences between rhizosphere of LO5 and T250 maize lines. Analysis of
OTUs confirmed results by Watanabe and Hayano (19944, b) that Bacillus spp. are the main
source of npr genes in soil. However, several unknown metallo-peptidase npr gene
sequences outnumbered other known OTUs in both rhizosphere and bulk of the studied
maize lines. This is indeed the first work dealing with the high-throughput assessment of
protease genes in bulk and rhizosphere soils. Results indicate a high diversity of these genes
in soil, as shown by the number of unique sequences and OTUs. However, together with the
high number of unassigned sequences suggest that our current knowledge on the
abundance and distribution of the protease encoding genes in soil is still very limited. Taken
together, the genetic and biochemical analysis of the rhizosphere of the both maize lines
indicated that the LO5 maize line with higher NUE selected more strongly the proteolytic
microbial communities in the rhizosphere as compared to the low NUE T250 maize line, with
potential influence on the predominant protease mechanism. In fact, while the BAA
hydrolyzing activity has a trypsin-like protease activity, the casein hydrolyzing activity is less

specific serine proteases (Ladd, 1972). It can’t be excluded that a more specialized
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proteolytic community may contribute to the observed higher NUE of the LO5that the T250

maize line.

For apr, the most abundant OTUs were reported from different members of Pseudomonas
sp.; this confirms previous studies reporting high proteobacteria populations in maize
rhizopshere (Peiffer et al., 2013). Furthermore these OTUs were significantly more abundant
in the rhizosphere of the LO5 than in the T250 rhizosphere. Other abundant apr OTUs
detected in the maize rhizosphere such as S. griseus and Caulobacter sp., N. watsoni and
Clostridium sp., Brevibacillus sp. and Thermoactinomyces sp. play important roles in maize
growth, being involved in chitinase activity, plant pathogen biocontrol, non-symbiotic N
fixationNO3™-N reduction, or N and P mineralization (Jackson et al., 1997; Philippot et al.
2002; Bressan and Figueiredo, 2008; Peiffer et al., 2013; Yadav et al., 2013; Li et al., 2014).
Interestingle another dominant OUT was Dickeya sp., a plant pathogen, also detected in
maize rhizosphere (Chaparro et al., 2014); this may be related to the past use of the soil for

maize cultivation.

Very interestingly many identified organisms contributing to both apr and npr OTUs, like
Bacillus sp, Paenibacillus sp, Clostridium sp., Pseudomonas sp., Azoarcus sp., are plant
growth promoting rhizobacteria (PGPR) (Hurek and Reinhold-Hurek, 2003, Kumar et al.,
2011, Goswami et al., 2015, Kefela et al., 2015). Certain plant growth promoting microbes
have been found to enhance N uptake from soil, primarily by nutrient mobilization and
increase plant NUE (Parra-Cota et al., 2014). Present results also support the fact that most
soil proteolytic communities play an important role as PGPRs, thus supporting their roles in

soil fertility.
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In conclusion, our work showed that maize line differing for NUE also host different
microbial communities and select different protease encoding genes in their rhizosphere. In
particular, the two maize lines mainly influenced the abundance and diversity of the apr
gene than npr gene. Though npr gene is less affected by rhizosphere and plant properties, it
has been unraveled that most npr OTUs were from unknown organisms and this suggests
the need for a future research identifying hidden players behind npr gene pool. NUE
dependent selective effect also results in differences in the functional potential of the
rhizosphere microbial communities and apparently in the mechanisms responsible for the
protein N mineralization. Future research should also characterize the N forms in the
rhizosphere of the two maize lines and the maize root exudate profiles to further clarify the
link between the protease gene diversity and the protein N fate in the rhizosphere of the

studied maize lines.
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3. Soil microbial diversity, protease encoding genes and ammonium monooxygenase
genes in response to elevated atmospheric Carbon dioxide

3.1 Abstract
Elevated CO; (eCO,) results in N-limitation that brings about increase in N-immobilization
and a reduced N-mineralization. Proteases are main enzymes responsible for N-
mineralization and previous studies suggest close association of reduced N-mineralization
with shifts in ammonium oxidation pathways under elevated CO,. We have hypothesized
that the microbial communities respond by changing their community structure under N-
limitation resulting from high atmospheric CO,, it should also affect the diversity and
abundance of genes involved in proteolysis and in ammonium oxidation. This study was
carried out to understand the effect of elevated CO, on the microbial communities,
proteolytic genes and bacterial amoA genes mediated via N-limitation in the eCO; system. A
Free Air Carbon dioxide Enrichment (FACE) field was established and maintained at 550 ppm
CO; and in parallel a control plot having ambient atmospheric CO, was maintained. On both
the plots Cappelli cultivar of wheat was grown. Rhizosphere and bulk soil from FACE field
and from control field were sampled to proceed with further studies. To study the diversity
of bacterial alkaline metallo-peptidase genes (apr) and bacterial ammonium
monooxygenase genes (amoA), we have used the PCR-DGGE approach. Gene abundance
was studied using quantitative PCR (gPCR). To look for shifts in microbial communities we
have applied lllumina sequencing of 16S genes of bacteria. DGGE results show a shift in
diversity of apr genes and amoA genes. Our results shows a significant (P<0.05) reduction in
gene copy numbers of both protease genes and of amoA genes. Reduced abundance was

noticed not only in rhizosphere soil but also in bulk soil. lllumina sequencing results also
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shows a shift in communities. Results suggest that the proteolytic communities in soil adapt

themselves in response to rising CO; in soil, particularly in rhizosphere.
Keywords: elevated CO2, FACE, protease encoding gene, qPCR, PCR-DGGE,
3.2 Introduction

Microbial communities are important drivers of biogeochemical cycles in soil and play an
important role in soil functioning. For ecosystem processes, functional diversity is a more
common measure than taxonomic diversity and functional diversity can also be measured
by measuring functional genes that play roles in ecosystem processes. Structure of microbial
communities and their functional diversity is affected by different C and N inputs to the soil
(Minz et al 2013). Increased atmospheric CO, leads to increased C input in soil (Kessel et al
2000, Adair et al. 2000, Jastrow et al. 2005) and also a shift in microbial community
structure in soil (Ginkel et al. 2000). Increased atmospheric CO, not only changes C input but
also affect the N availability and leads to N limitation in eCO, environments. Changes in N
and C dynamics and an increased N immobilization and reduced N mineralization results in

N limitation in eCO, exposed ecosystems (Schlesinger et al. 2006, Finzi et al., 2006).

Protease activity is one of the major activities that bring about N mineralization by
depolymerization of proteins and peptides (Nannipieri and Eldor, 2009). Most previous
studies focused on protease enzyme activity under eCO, and depicted an increased
proteolytic activity in soil under N limitation (Sims and Wander 2002, Kandler et al., 2006,
Xuexia et al., 2006, Drissner et al., 2007), but there is a lack of study on genes encoding
proteases under eCO; environment. Study of protease encoding genes should give
information on real proteolytic potentials of soil under N limitation resulting from eCO,

environment.
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In soil concentrations of C and N regulate protease activity, an increased input of Carbon not
only reduces protease activity but also induce shifts in NH4" assimilation pathway (Geisseler
and Howarth, 2008). Thus we expect that the genes involved in NH;" metabolism should
also respond to increased C input in soil. Consequently, the underlying hypothesis is that a
reduced content of proteins in organic residues derived from crops cultivated under
elevated CO; is inhibiting the abundance of proteolytic genes and thus subsequently
depressing the abundance of genes involved in nitrification and denitrification. At molecular
level not much information is available about the response in the structure and abundance
for the proteolytic genes and ammonium monooxygenase (amoA) genes under eCO,, to
bridge this gap present studies were carried out. We have selected alkaline metallo-

peptidase gene (apr) and amoA gene for this investigation.

Free-Air Carbon dioxide Enrichment (FACE) allows the fumigation of natural ecosystem and
helps in understanding the changes in exposed ecosystem due to elevated CO, (eCO;) (Allen
et al. 1992, Ashenden et al. 1992). This approach allows study of a wide range of processes
in their natural environment unlike other microcosm approaches, where natural conditions
are manipulated. We used a FACE approach to study the changes in bacterial community
structure and proteolytic gene diversity and abundance in the rhizosphere soil of Cappelli
wheat cultivar, with the bulk soil from a plot exposed to 550 ppm CO,. In parallel, soils from
a plot with same conditions that of FACE plot, but with ambient atmospheric CO, (aCO,) was
studied as a control. Microbial community structure was studied using illumina sequencing
of 16S amplicons and changes in proteolytic gene abundances were studied using qPCR. To

study structure of proteolytic communities DGGE approach was applied.
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3.3 Materials and methods

Study site and plot setup: Study site is located in Fiorenzuola d’Arda (44.927°N, 9.893°E).
Soil was a fine silty,mixed, mesic Udic Ustochrepts with pH PH 7.9., 1.5 % total N,and 2.2 %
organic matter. Wheat genotype Capelli was grown within the FACE facility of the Genomics
Research Centre of the Consiglio per la Ricerca e sperimentazione in Agricoltura (CRA-GPG)
at Fiorenzuola d’Arda (44.927°N, 9.893°E) applying a split plot design with FACE and control
octagons distributed at random within the experimental field (3 FACE, 3 controls). The single
FACE and control systems contained two blocks (northern and southern side) with plots
(1.32 x 2.2 m) for the genotype as split plots. Cappelli is a variety with a prominent role in
Italian durum wheat breeding. Sowing at optimal sowing time (October 19th 2011) was
assured by a pre-harrowing irrigation due to dry soil conditions. The CO, mixing ratio for the
FACE treatment target was fixed at 570 ppm representing a value within the upper range of
scenarios for the mid Century atmospheric mixing ratio. FACE treatment was started on

November 16th, 2011 and stopped when leaves were senescent at June 14th, 2012.

FACE treatment was interrupted for 20 days in February 2012 when the plots were covered
with snow. Apart from the CO, fumigation, the experiment was performed according to
standard local agronomic practice and with the objective to avoid major pests and diseases.
The plots were fertilised with application of an N:P:K fertiliser at pre seeding and two top
dressings with ammonium nitrate for a total of 149 kg N ha-1. Final harvest was carried out
manually in July 2012.

Sampling: Rhizosphere and bulk samples were collected in triplicates from each, FACE plot
and control plot, ending up in 12 samples. Immediately after collection samples were kept
at 4°C, till they were transported to laboratory. In laboratory soil was sieved through a 2mm

sieve and was preserved at -20°C till nucleic acid extraction.
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For extraction 0.5 g soil was weighed in lysing matrix tube (MP Biomedicals) and sequential
extraction of DNA was carried out as mentioned in Ascher et al 2011. Only intracellular

fraction of DNA was used for further studies. DNA was kept at -20°C till further analyses.

Nucleic acids extraction and PCR-DGGE analysis: DNA was extracted by sequential
extraction method from 0.5 g soil as described by Ascher et al. (2009) using the FastDNA
spin kit for soil (MP Biomedicals, USA), and the intracellular DNA fraction was used in this
study. The DNA yield and purity were analysed with a Qubit 2.0 fluorometer (Life
Technologies, USA) using Quant-iT dsDNA HS kit according to the manufacturer’s

instructions, and stored at -20°C till analysis.

PCR-DGGE: The DGGE fingerprints were performed using an INGENY PhorU System (Ingeny
International BV, Netherlands). Primer pair FPaprl/RPaprll for alkaline protease (apr) genes
were adapted from Bach et al. 2001. The DGGE conditions for the fingerprinting of the apr
amplicons were those previously used by Sakurai et al. (2007). For amoA gene primer pair
were used as mentioned in Rotthauwe et al 1997 and the DGGE was performed according to
Ceccherini et al 2007. The DGGE gels were stained with SybrGreen | (FMC Bio Products,
Rockland, ME, USA), and the banding patterns were analysed by a Gel Doc system (Bio-Rad,

USA).

Quantification of genes: Quantitative PCR (qPCR) was conducted on a CFX Connect Real-
Time PCR Detection System (Bio-rad Laboratories) to determine the abundance of apr and
genes. Each gPCR assay was conducted in a 96-well plate and included three replicates for

each standard, negative controls, and sample. Amplification was performed using the iTaq
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Universal SYBR Green Supermix (Bio-rad Laboratories), adding to each reaction mixture
forward and reverse primers for both genes at concentration of 0.6 uM, 3% of bovine serum
albumin (BSA), 20 ng DNA template for both genes. For apr gene primer sets FP aprl/ RP
aprll were used according to Bach et al. (2001). Pseudomonas fluorescence (isolated from an
agricultural soil) was used as the source of positive control for apr gene. The PCR runs for
apr gene started with an enzyme activation step at 95°C for 3 min, followed by 42 cycles of
denaturation at 94°C for 25 s., annealing was carried out at 54°C for 30 s, followed by
extension at 72°C for 30 s. For amoA gene primer pair amoA1F and amoA2R were used
according to Rotthauwe et a., 1997 and N. multiformis (ATCC 25196) was used as positive
control. The PCR runs for amoA gene also started with an enzyme activation step at 95°C for
3 min, followed by 42 cycles of denaturation at 94°C for 25 s., annealing was performed at
60°C for 30 s and an extension step at 72°C for 25s. The specificity of amplification products
were confirmed by melting curve analysis and expected sizes of amplified fragments were
checked by running the amplicons on a 2% agarose gel stained with ethidium bromide for 90

mins at 100 V.

16 S gene Sequencing: PCR for preparing amplicons for sequencing were prepared in two
steps as mentioned in Berry et al 2011. Amplification was performed using Phusion Flash
PCR Master Mix (Thermo Fischer Scientific), adding to each reaction mixture forward and
reverse primers for both genes at concentration of 0.6 uM, 1 ng DNA template in a 25 pl
reaction. Original DNA was diluted to 0.1ng/ul concentration to be used as template and 1
ul of template was used for PCR for bacterial 16 S genes. Primers used here target V3-V4
regions of bacterial 16 S sequence. 1* step of PCR consisted of 20 cycles and for 2" step of

PCR, which had 10 cycles, 1 pl amplicon from 1% step were used as template. PCR mix was
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prepared using reverse primer, Flash master mix and nuclease free water. Forward primer
with barcode for each sample was added directly in PCR tube for each sample, 48 different
barcodes were used that were unique to each sample. After 2" step of PCR, DNA
guantification was carried out using Qubit ds DNA high sensitivity method. Amplicons with
barcodes resulted from 2™ step of sequencing having V3-V4 regions were sequenced on an
Illumina HiSeq sequencer.

Reads were filtered using the RDP sequencing pipeline (Cole et al. 2009).Clustering,
alignment and chimera removal were performed using QIIME software package (Caporaso
et al. 2010). Each trimmed FASTA sequence was BLASTed against SILVA 16S database (Quast
et al. 2013) and later analysis was performed on MOTHUR (Schloss 2009). Principal
component analysis (PCA), statistical calculations and graphs were plotted on R

(http://www.R-project.org.).

Statistical analyses: gPCR data were analyzed by using Biorad software and later ANOVA
was performed and the significance of differences between mean values were determined
by the Fisher PLSD. For PCR-DGGE analysis, bands were identified and their intensities were
measured after normalizing lanes and background subtraction using Quantity-One® software
(Bio-Rad Laboratories, USA). The DGGE banding pattern was clustered to UPGAMA
dendrograms based on Raup and Crick similarity indices (Raup and Crick, 1979) using the
Quantity-One” software. Range weighted richness (Rr), for DGGE bands were measured as

mentioned in mazorati et al. 2008.


http://www.r-project.org./
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3.4 Results
PCR-DGGE

Range weighted richness (Rr) for DGGE bands was higher for bulk samples than rhizosphere
samples (Figure 1a and 1b) for both the genes indicating rhizosphere selection for bands

whereas bulk soil had less selected communities and more diversity.
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Figure 1. Range weighted richness (Rr) for DGGE bands of (a) apr gene and (b) amoA AOB
gene. Standard deviations are shown by error bars and different superscripts indicate
significant differences (P < 0.05) of values within each soil type.

UPGAMA cluster analysis for apr gene (Figure 1a) and amoA gene (Figure 1b) shows that
irrespective of the treatment all the Rhizosphere samples clustered together whereas all the
bulk samples clustered together. It indicates that the difference in diversity between
rhizosphere and bulk soil were stronger that the difference in diversity between treatment
or it could also mean that the effect of CO, treatment on these 2 genes was not strong

enough to be identified using DGGE.
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in FACE soil. This decrease in gene copy numbers is observed both in rhizosphere and in bulk

soil (Figure 1a and 1b). Higher gene abundance was noticed for both apr and amoA genes in

respective rhizosphere soils.
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Figure 2: (a) apr gene copy numbers per gram of soil (b) amoA gene copy numbers per gram
of soil. Standard deviations are shown by error bars and asterisk sign indicate significant
differences (P < 0.05) of values within each soil type.

Sequence analysis results

Number of sequences retrieved for eCO, treated rhizosphere soil showed a significant (p <
0.05) reduction whereas for bulk soil number of sequences were not affected by the

treatment with eCO, (Figure 3).
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Figure 3. Average no. of sequences retrieved from each soil type

Standard deviations are shown by error bars and different superscripts indicate significant
differences (P < 0.05) of values within each soil type.
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Figure 5. PCA on taxonomy data

Principal Component Analysis (PCA) on the taxonomic data showed that all the bulk samples
irrespective of the treatment were clustering together whereas rhizosphere samples were
discretely distriputed on a PCA plot (Figure 4), indicating that the bulk samples had very
similar taxonomic makeup but the rhizosphere samples had complex heterogenous
taxonomic diversity. There was a marked reduction in OTU diversity in eCO, treated
rhizosphere samples as indicated by the Simpson’s index of diversity values for different

samples (Figure 6).
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3.5 Discussion

Results based on DGGE and gPCR for both bacterial genes (apr and amoA), indicate a higher
diversity and abundance in rhizosphere soil than in bulk for both the eCO, treated and in
aCO, envirnments. This study shows that irrespective of the treatment, rhizosphere soil
harbours higher genetic diversity and abundance for bacterial genes involved in protease
activity and for ammonium oxidation. This fact is supported by the previous findings that
rhizo-deposition support higher microbial diversity in rhizosphere soil than in bulk (Morgan
et al. 2005) and we in our studies noticed that this capacity of rhizosphere to harbour higher
microbial populations in rhizosphere soil is not affected by the effect of eCO,. We noticed a
drop in abundance of genes in bulk soil too which indicates that the effect of eCO, can show
its effect independent of plant mediated influence on soil. Plant root zone is a complex
system, where interaction of microbes and plant is controlled by a plethora of different

inputs from both plant and soil (Huang et al. 2014).

In our studies we noticed a reduction in the abundance of apr gene, which is possibly just
one side of the story and there may be some other protease encoding gene taking over apr.
Most previous studies noticed an increase in protease enzyme activity in soil (Sims and
Wander 2002, Kandeler et al 2006). In our studies we have studied genes for only one of the
many types of proteases. A drop in abundance of apr gene does not represent reduction in
abundance of whole proteolytic gene communities. It possibly could be due to some other
proteolytic gene take over the communities responsible for apr gene. We also observed a
decrease in abundance of bacterial amoA genes on exposure to eCO2. Previous studies

reported a reduction in amoA AOB genes (Kelly et al. 2013, Zhang et al. 2013), an increase
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(He et al. 2014) or no response at all (Nelson et al. 2010), depending on other factors like N

fertilization, crop type and soil.

Irrespective of the treatment, all the bulk samples clustered together in PCA graph for
taxonomy, whereas rhizosphere samples were more discrete and scattered on PCA bi-plot.
Exudates from roots affect the microbial community structure in the rhizosphere soil (Bais
et al., 2006, Huang et al. 2014) and it is evident that microbial community structure and
functions in rhizosphere are different from that of the bulk soil (Minz et al. 2013, Philipot et
al, 2013). Results shows that rhizosphere samples had more diversity deviations within
replicates, whereas bulk samples share similarity with each other. Simpson’s index of
diversity significantly reduced (P<0.05), in rhizosphere samples and this change in microbial
diversity was expected as eCO; alters the microbial community composition in FACE field
(Lesaulnier et al 2007) and the microbially mediated C and N cycling (Xu et al. 2013). Studies
from He et al., 2012 reported a mixed response from different members of same phyla and
class under the eCO2 effect. Some members of phyla responded by showing an increased
abundance whereas some others from same phyla showed a reduction in diversity and
abundance. Similar results were obtained for gamma-Proteobacteria which consist most

members with apr gene like Pseudomonas spp. and Proteus mirabilis.

As gene abundance alone doesn’t account for the expressed activity, an in-depth study of
gene expression behaviour in high CO, should give some insights. Furthermore, the type of
protease genes should also be studied to get a complete picture. Future research should
focus also on the expression of the protease gene and a metatranscriptome study should

reveal more about the shifts in overall pathways due to N-limitation.
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4. Microbial activities and protease expression in Barley rhizosphere during dark and

light photoperiods: a metatranscriptome study

4.1 Abstract

Rhizosphere is the zone of nutrient exchange between plant and microbes and microbial
activity in this zone gets influenced by the nutritional outputs from the plants, that depends
on plant physiology and metabolism. Plants have different biochemical physiology during
day, in exposure to light and in night during dark. The objective of this study was to
investigate activities of the microbial populations during night and day in Barley
rhizosphere. We studied active microbial pathways and protease expression in Barley
rhizosphere (Hordeum vulgare) using metatranscriptome approach in a green -house
experiment. Night samples showed significantly higher (p<0.05) activities for metabolism of
nucleotides, vitamins and cofactors, Carbohydrate metabolism and amino acid metabolism
pathways. Actinobacteria were among the most active organisms in both night and day
samples. At class level higher significant activity was noticed for Alphaproteobacteria and
Betaproteobacteria and at order level Burkholderiales, Rhizobiales, Xanthomonadales and
Sphilngomonadales were more active in night samples than in day samples. Subtilisin type
serine peptidases of family S8 and metallo-endopeptidases of family M4 peptidases, both
had higher expression in night samples than in day samples. Micromonosporacea were
dominant source of both types of studied proteases in all samples. This study report higher
microbial activities in night samples than day samples for pathways related to Cand N

metabolism in Barley rhizosphere soil.
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4.2 Introduction

In soil microbial diversity, Biomass, activities and functions are influenced by physiology of
plants, their metabolism and distribution on a landscape (Garbeva et al., 2006, Helal and
Sauerback, 2007, Lamb et al 2011, Lange et al 2015). Any factor affecting plant physiology
has an impact on microbial population in soil and this effect on soil microbes is because of
root exudates as confirmed by labeled isotope based studies (Bottner et al., 1999).
Furthermore, effect due to plants is more pronounced in the rhizosphere and it exhibits
higher microbial activities than bulk soil (Badalucco et al. 1996, Brzostek et al., 2013). Plants
exhibit different metabolisms during day and night. During day plants carry out
photosynthesis to fix atmospheric C and assimilate it in organic forms and during night
plants utilize assimilated C. This difference in day and night metabolism leads to different
natures of root exudates and higher exudation rates were reported during day than in night
in Barley roots (Hordeum vulgaris) (Liljeroth et al. 1990). Because of different natures of
root exudates fluctuations in soil redox potential has been observed resulting in diurnal

shifts in microbial activities in rhizosphere soil (Nikolausz et al. 2008).

There are different approaches used to study the microbial population in soil. Most popular
approaches are based on 16S gene based identification of bacteria (Janssen 2006,
Vasilieadis et al. 2012). Identification of microbial populations based on 16S gene is not
enough as it only gives information about communities present in soil but no information
about functions. Another approach involves study of functional genes involved in important
processes controlling N and C metabolism (Wallenstein and Vilgalys 2005, Hai et al. 2009,
Wang et al. 2012, Yergeau et al. 2007). In another advanced improvement to study soil

microbial populations metagenome is studied that include study of all the genes from a



79

microbial community in an environmental sample (Daniel 2005, Fierer et al. 2012). Study of
DNA based approaches have a limitation that it only gives a picture about the potential of
fuctions and not real activity. For assessing real activities, RNA based approaches are often
more reliable. A metatranscriptome that involves study of messenger RNA (mRNA) gives an

expression profile of a soil microbial population from an environmental sample.

Present study was carried out to determine the rhizospheric microbial population activities
and protease expression in response to the changes in plant metabolism during dark and
light photoperiods. To investigate the rhizospheric microbial activities during dark and light
photoperiods we have used a metatranscriptome approach on rhizosphere soil from Barley
plant (Hordeum vulgare, Barke cultivar) in a green-house experiment. Samples were
collected 1 hour before and 1 hour after sunrise. Obtained metatranscriptome sequences
were BLASTed against different databases to study differences in active pathways in night
and day samples and to study the active microbial populations. Two types of proteases;
Subtilisin type serine endopeptidases (S8 peptidase family) and Metallo-endopeptidases of

M4 peptidase family were studied.

4.3 Materials and methods

Experimental setup: Soil for this experiment was collected from an agricultural farm located
in Schyern in Germany (48°N, 11°E) and had organic C content of 16+0.8 mg g%, N content
of 1.7620.1 mg g}, a C/N-ratio of 9.0+0.4 and a pH value (CaCl,) of 6.6+0.1. Soil was sieved
through 2 mm mesh and was adjusted to 50% water holding capacity and were filled in

plastic pots of dimensions 9x9x11 cm were filled with 700 kg soil.



80

After an equilibration time of 7 days, Barley seedlings were sowed in each of the pots.Prior
to sowing Barley in pots, healthy Barley seeds were selected, were surface sterilized with
hypochlorite solution and after thorough rinsing with sterile distilled water, seeds were
germinated in sterile petrilplates at 37 ° C for 2-3 days. 8 healthy looking sprouts were
selected and were planted one in each of the prepared pots. Pots were then kept in green
house under alternate light and dark periods. Dark periods were maintained from 20.00 to
6.00 hrs., at temperature of 18 °C, whereas light period were maintained from 6.00 to 20.00
hrs., at temperature of 20 °C. Pots were regularly watered 3 days a week with 100 ml of

distilled water.

Sampling, nucleic acid extraction and metatranscriptome library preparation: Samples
were collected on 20th day that corresponds to tillering stage of Barley growth. Samples
were collected in triplicates. Night samples were named N1, N2 and N3, and day samples
were named D1, D2 and D3. Night sampling was carried out at 4.00 am 1 hour before
sunrise and day time sampling was carried out at 6.00 am 1 hour after sunrise. Samples
were collected by uprooting the plants from pots carefully so as to prevent breaking of
roots. Roots were shaken well to remove loosely adhered soil, roots along with soil that was
left after shaking was immediately preserved in Lifeguard solution (MO BIO) and stored in -

20°C till extraction.

Prior to nucleic extraction, RNA lifeguard solution was completely removed by centrifuging
at 1500 g for 5 minutes. 0.5 g soil was weighed in BIO101 lysing matrix tubes (MP
Biomedicals) and nucleic acids were extracted as per Griffith’s protocol (Griffith et al., 2000),
with slight modification where 10ul/ml B-Mercaptoethanol was added to phosphate buffer
before use.DNA-RNA co-extract pellet thus obtained was dissolved in 50 ul of deionized-

DEPC treated water. DNA was depleted using MOBIO DNase Max kit. Purity of RNA was
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confirmed by 16S gene universal PCR using primers 27f/1492r (Lane 1991). The reaction
mixture contained 2.5 ul of each Top Taq Buffer (Qiagen), Coral solution (Qiagen), 1.5 ul of
Q-solution (Qiagen), 2nM dNTPs, 0.2 uM of each primer and 1 pl of template in a 25 pl
reaction. Quality and integrity was checked on Agilent Bioanalyzer 2100 using Agilent

RNA 6000 Nano Kit (Agilent technoilogies). RNA was quantified using Quant-iT™ RiboGreen®
RNA Assay Kit (ThermoFischer Scientific) and fluorescence was measured on a Gemini EM
microplate reader (Molecular devices, USA) using SoftMax Pro data acquisition and analysis
software V5.0 (Molecular devices, USA)

rRNA was depleted using Ribo-Zero kit (Bacteria)-Low input( Epibio). Depleted mRNA was
fragmented, reverse transcripted and metatranscriptome libraries were prepared using
Script-seq complete Kit (Bacteria)-Low input (Epibio) as per manufacturer’s instructions
except where only 0.5 ul of primers were used for library preparation instead of 1 pl.
Quality of libraries prepared were checked on Agilent Bioanalyzer 2100 using Agilent High

Sensitivity DNA kit as per manufacturer’s instructions.

Sequencing and sequence analysis: Metatranscriptome libraries were sequenced on a
MiSeq Illumina sequencing system (lllumina). Obtained sequences were in FASTQ form.
Reads were first concatenated, then adapters were removed, followed by removal of
contaminants by deconseq (Schmeider and Edwards, 2011). Reads were then converted to
FASTA format and ribosomal RNA was removed using SortMeRNA (Kopylova et al. 2012).
Non-ribosomal RNA was then BLASTed against NCBI (Sayers et al. 2008) and KEGG (Kanehisa
and Goto, 2000) databases to get an overview of the taxonomy and expressed functions.
Later analyses were performed on MEGAN (Huson et al. 2007). For other statistical analyses

R was used. For protease analysis sequences were BLASTed against MEROPS database.
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4.4 Results

Most active pathways

Sequences were annotated at different levels of pathways against KEGG database. Figure 1a
shows an overview of most active pathways in day and night samples at level 3.
Metabolisms of nucleotides, vitamins and cofactors, carbohydrates were significantly higher
(p<0.05) in night samples than in day samples. At level 4 among most active pathways
significant differences were observed for pyruvate, Pyrimidine and Purine metabolism,
Citrate cycle and prokaryotic Carbon fixation pathway (Figure 1b). Most pathways with high
activity were related to Carbon and N metabolism, genetic information processing and

nucleotide metabolism.
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Figure 1a. Most active pathways at level 3 of KEGG database
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Figure 1b. Most active pathways at level 4 of KEGG database
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At taxonomic level, highest activity was observed for Actinobacteria which play an

important role in organic matter decomposition, but these organisms didn’t show any
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Condition

W =y

night

significant differences in day and night samples. Apart from actinobacteria, most active

organisms were those who plays active role in C and N cycling especially those involved in N

fixation like alphaproteobacteria and betaproteobacteria (Figure 1a), among

alphaproteobacteria it was Rhizobiales, Burkholderiales among betaproteobacteria (Figure

2b)which were most abundant, both of these are well known for their roles in N-fixation.

These results indicate a higher N fixation activity in night samples. At family, genus,

kingdom, phylum, species and superkingdom level differences between day and night

samples were not significant.
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S8 peptidase family consist of subtilisin type serine endopeptidases and M4 family consist of

extracellular metalloendopeptidase. We observed a significant higher S8 and M4 peptidase

expression in night samples than in day samples (Figure 3). We looked at most abundant 23
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orders and families for S8 peptidases and 13 most abundant orders and 21 most abundant
families for M4 peptidases. At order level most important contributors were
Actinomycetales in both S8 and M4 peptidase families, contributing 31.80 % of all identified
S8 sequences and 49.49% of all identified M4 sequences(Figure 4a and 4b).
Micromonosporaceae that belongs to Actinomycetales order are most important
contributor at taxonomic family level, contributing 9.86% of total sequences from S8 family

and 13.35 % of total sequences from M4 family (Figure 5a and 5b).
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Figure 3 Expression of S8 and M4 peptidases in day and night samples
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Figure 5 Abundance of best hits family level for (a) S8 protease and (b) M4 protease

4.5 Discussion

We noticed a higher activity related to Carbohydrate metabolism in night samples (Figure
1a) and particularly prokaryotic carbon fixation pathways (Figure 1b). Higher relative
humidity during night favors higher activity of microbiota and higher respiration (Medina
and Zelwer, 1972). Harris and Van Bavel, 1957 reported highest plant respiration at 4.00 am
in cotton, tobacco and corn plants. During day there is a negative priming effect due to
photosynthesis resulting in reduced soil organic matter (SOM) mineralization (Kuzyakov and
Cheng, 2004), in night due to respiration . Another factor that controls soil priming effect is
temperature and higher temperature leads to a positive priming effect (Li et al. 2011), but
since in our experiment the difference between day and night temperature was only 2°C, we
assume that the effect is due to photosynthesis. Higher respiration results in higher
metabolism of stored carbon sources in cells and higher priming effect. Apart from carbon
metabolism we noticed higher activities in pathways involved in metabolism of amino acids,
co-factors, vitamins and nucleotides in night samples. Metabolism of amino acids, co-

factors, vitamins and nucleotides indicate adaption to specific environmental adaption
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strategy (Gianoulis et al. 2009). This indicates that during dark hours rhizospheric microbes
change environmental strategies to adapt to changed conditions to nutrient input in soil and

root exudates from plants.

Actinobacteria were among the most abundant class of bacteria in both night and day
samples (Figure2a). Though we didn’t notice significant differences in abundance between
day and night samples previous studies by Bulgarelli et al. 2015 also confirmed high
abundance of Actinobacteria and Proteobacteria in Barley Rhizosphere, and Actinobacteria
are known for their multiple roles in soil (Aislabie et al. 2013). Night samples showed higher
expression for orders Rhizobiales, Xanthomonadales, Sphingomonodales and
Burkholderiales. Members of order Rhizobiales (class Alphaproteobacteria) have an
important role in Biological N fixation (Carvalho et al. 2010, Jones 2015). Xanthomonadales
order (class Gammaproteobacteria) consists of well known phyto pathogens that use
different mechanisms to infect plants (Alfano and Colmer, 1996, Sanchez 2011). Bacteria
from order Sphingomonadales can utilize C from both root exudates and soil organic matter
(Lakshmanan et al. 2014). Burkholderials are known as N fixers (Caballero-Mellado et al.
2007)in addition to this they also have role in suppressing soil borne diseases induced by
mixed hay-cropping system (Benitez and Gardener 2009). Higher activity of these organisms
in night samples should be a result of more favorable conditions during dark for the type of
activities these microbes are involved in. During day plants produce more Reactive oxygen
species (ROS) due to higher temperature and photosynthesis (Michelet and Krieger-Liszkay,
2012). In night time mitochondria are main sources of ROS production due to respiration
(Rhoads et al. 2006), unlike during day photorespiration and photosynthesis are main source

of ROS production. Nitrogenase is an oxygen sensitive enzyme and this could be a possible
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explanation for the higher activities of microbial taxons involved in N fixation in night

samples.

Bacteria secrete M4 metallo-peptidases extensively in soil and sediments and have been
proposed to play an important role in environmental protein degradation (Rao et al. 1998,
Wu and Chen 2011). Similarly S8 peptidases are produced by a wide range of organisms and
are present in various soil environments (Tripathi and Sowdhamini, 2008). We have
observed a lower expression in day samples compared to night samples for both these
protease families. Previous studies in grass seedlings have reported that during day
oxidative denaturation of proteins takes place due to action of ROS from plants takes place
and in night oxidized proteins from plant roots and rhizospheric microbes carry out
proteolysis, and amino acids thus produced are used by plants for nutrition and growth
(White et al. 2015). Furthermore higher expression of proteases in night samples could be

explained again by the bacterial mining for SOM decomposition due to priming effect.

In summary microbes in Barley rhizosphere responds to different inputs from plants by
changing their metabolic strategies. During night they exhibited higher activity of pathways
that involve carbohydrate metabolism, prokaryotic C fixation, and metabolisms of amino
acids, vitamins, co-factors and nucleotides. Activities of certain organisms particularly those
involved in N-fixation which use oxygen sensitive nitrogenase complex, gets suppressed
during day time when there is higher production of ROS resulting from photosynthesis,
photorespiration and cellular respiration, compared to higher activity during night when
only cellular respiration is the source of ROS production. Higher expression of protease

enzymes were also reported in night samples. This study will help us in understanding the
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diurnal response of rhizospheric microbes to photosynthetic and non-photosynthetic phases

of plants in day and night.
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5. Conclusions and perspectives

Studies in this thesis contribute to our knowledge of soil proteases and the response of
proteolytic genes triggered by various biotic and environmental factors. In all the three
approaches, we have observed a strong influence of root exudates on microbial functional
diversity and abundance. Inherent plant NUE that is governed mainly by a plant’s genetic
makeup has potential to trigger an increased protease enzyme activity, diversity and
abundance of genes encoding proteases, apart from proteases we noticed a positive trigger
for other enzyme activities (Chitinase and Urease activities) involved in soil N-minerlaization
( as observed in chapter 2). Through rhizobox approach we noticed that the significant
influence on proteolytic genes was limited to rhizosphere soil and bulk soil wasn’t affected
much, neither in terms of abundance nor in diversity. So we conclude that the root exudates
strongly affect microbial proteolytic genes and microbial proteolytic communities in soil,
and a higher NUE plant often trigger-on proteolytic genes for a higher extracellular protease
enzyme activity in soil. A large population of bacteria contributoring towards protease gene
pool in soil are also plant growth promoting rhizo-bacterias (PGPRs). This confirms the
integral role of proteases in maintaining soil health and fertility of soil.

On one hand we have used a biotic factor as a variable, in another approach we used an
environmental factor that is CO, as a variable to look for its effect on abundance in
rhizosphere and bulk soil. On raising CO, to 550 ppm concentration in air using a FACE setup
we noticed a shift in abundance of proteolytic genes and also of amoA genes. We looked for
diversity and abundance of apr protease gene and bacterial amoA gene along with study of
microbial diversity by [llumina sequencing of 16S genes. Shifts in mentioned two genes and

microbial diversity was visible not only in rhizosphere soil but also in bulk soil and so we
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assume that here eCO, has a direct effect on soil, apart from plant mediated effect. Effect
of plants is not limited due to inherent plant metabolism but plant physiology also affects
proteases, particularly in rhizosphere soil. In chapter 3 we observed that peptidase families
S8 and M4 are higher expressed in night than in day in Barley rhizosphere soil in a green-
house experiment. Overall results indicate that in soil, activity, diversity and expression of
protease encoding genes are affected by a plethora of different factors and plants have a
strong influence on controlling activity, diversity and abundance of these genes. This
research has unravelled the so far unknown response, diversity and distribution of protease

encoding genes in soil and this information can be used to improve soil health and fertility.
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