
REGULAR ARTICLE

Microbial expression profiles in the rhizosphere of two maize
lines differing in N use efficiency

Shamina Imran Pathan & Tomáš Větrovský & Laura Giagnoni &
Rahul Datta & Petr Baldrian & Paolo Nannipieri & Giancarlo Renella

Received: 5 July 2018 /Accepted: 15 October 2018
# Springer Nature Switzerland AG 2018

Abstract
Aims Study of the microbial expression profile in the
rhizosphere of two contrasting maize lines, differing in
the Nitrogen Use efficiency (NUE).
Methods The Lo5 and T250 inbred maize characterized
by high and low NUE, respectively, were grown in
rhizoboxes allowing precise sampling of rhizosphere
and bulk soils. We conducted metatranscriptomic of
rhizosphere and bulk soil by m-RNA sequencing.
Results High activity of bacteria was observed com-
pared to archaea and fungi in both rhizosphere and bulk
soils of both maize lines. Proteobacteria and
Actinobacteria were involved in all processes, while
significant shifts occurred in the expression of
Bacteroidetes, Chloroflexi, Firmicutes, Acidobacteria,
Cyanobacteria, archaea and fungi, indicating their

possible role in specific processes occurring in rhizo-
sphere of two maize lines. Maize plants with different
NUE induced changes in microbial processes, especial-
ly in N cycling, with high NUE maize favouring ammo-
nification and nitrification processes and low NUE
maize inducing expression of genes encoding for
denitrifying process, likely favoured by longer N resi-
dence time in the rhizosphere.
Conclusions Overall our results showed that maize lines
with different NUE shaped not only microbial commu-
nities but also conditioned the microbial functions and
the N cycle in their rhizosphere. While the plant NUE is
genetically determined and an inherent plant physiolog-
ical trait, it also stimulates changes in the microbial
community composition and gene expression in the
rhizosphere, favouring microbial processes that miner-
alize and oxidize N in the high NUE maize. These
results can improve our understanding on plant-
microbe interaction in the rhizosphere of crop plants
with potential applications for improving the manage-
ment practices of the agro-ecosystems.

Keywords Metatranscriptomic . mRNA . Gene
expression . Functional diversity . Rhizosphere .

Nitrogen use efficiency

Introduction

Rhizosphere is themicroenvironment where soil chemical
properties, biochemical activity and microbial community
composition are profoundly influenced by the presence
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and metabolic activity of plant roots. Compared to bulk
soil, rhizosphere hosts larger and more active microbial
populations, sustained by the release of rhizodepositions
that stimulate microbial metabolic activity and prolifera-
tion (Baudoin et al. 2003; Berg and Smalla 2009;
Brimecombe et al. 2007; Renella et al. 2007). Interactions
between plants andmicroorganisms in the rhizosphere are
of global importance because the rhizosphere microbial
communities can influence the rates of nutrient minerali-
zation and immobilization, thus conditioning their avail-
ability for plant nutrition and crop productivity
(Bloemberg and Lugtenberg 2001; Philippot et al.
2009). Rhizosphere also host microbes which directly
interacting with plant roots, both beneficial and phyto-
pathogenic (Lynch 1990; Mendes et al. 2013). An impor-
tant feature of plant-microbe interactions in the rhizo-
sphere is the plant-induced selection of microorganisms,
which shapes the rhizosphere microbial community com-
position, depending on the plant species and genotype,
plant growth stage and nutritional status (Berg and Smalla
2009). While the plant’s selective action on the rhizo-
sphere microbiome is widely recognized, information on
the functional gene expression by rhizosphere microbial
communities is still limited.

Microbial activity in soil can be studied using geno-
mic, transcriptomic and proteomic approaches (Bland
and Armengaud 2014; Nannipieri 2014; Vestergaard
et al. 2017). While the metagenomic analysis has the
potential to reconstruct the potential metabolic pathways
present in the soil microbial community, only the anal-
ysis of gene expression through a metatranscriptomic
approach can inform on the functions actually expressed
by the soil microbial communities (Urich et al. 2008;
Carvalhais et al. 2012; Schöler et al. 2017).
Metatranscriptomics also allow to overcome the current
limitations of soil proteomics, caused by the inefficient
extraction and difficult identification of proteins directly
extracted from soil (Giagnoni et al. 2011, 2012). Fur-
thermore, metatranscriptomics better captures microbial
regulatory responses in the complex rhizosphere envi-
ronment than metaproteomics, because messenger RNA
(mRNA) is generally short lived, while proteins can be
stabilized in the soil matrix after release (Moran 2009).

Scarce knowledge of microbial gene expression
limits our current understanding of microbial activity
in the rhizosphere, and therefore our capacity to even-
tually control and optimize the microbe-plant interac-
tions, particularly in crop plants. Maize (Zea mays L.) is
the third most important crop after rice and wheat,

worldwide grown for food, fodder and fibre production,
and its root microbiome has been well characterized
(Chelius and Triplett 2001; Aira et al. 2010;
Dohrmann et al. 2013; Li et al. 2014a, b). However,
different maize cultivars express different metabolic
pathways and have different root exudate profiles
(Varanini et al. 2018). In previous studies, it was report-
ed that high NUE L05 maize line induced faster inor-
ganic N depletion in rhizosphere than the low NUE
T250 and had a different microbial community structure
and enzymatic activities (Pathan et al. 2015a). More-
over, both maize line had different selection of bacterial
groups carrying β-glucosidase- and protease encoding
genes (Pathan et al., 2015 b; Baraniya et al. 2016) in the
rhizosphere. It was reported that Microbial biomass and
soil enzymatic activities were increased after the expo-
sure to different N forms of both maize lines and the
plant exposure to different N forms also induced chang-
es in the composition of rhizosphere bacterial and fungal
communities (Giagnoni et al. 2016).

We hypothesized that maize lines with different NUE
selected not only different microbial communities in
their rhizosphere, but also selected the metabolic path-
ways active within the rhizosphere microbial communi-
ties, as compared to those of the bulk soil. In particular,
we hypothesized a relation between the expression of
microbial functional genes that are involved in the N
turnover and the different maize NUE that induced
different N starvation conditions in the rhizosphere.
We tested our hypothesis through a comparative rhizo-
sphere metatranscriptomic profile. Growing the high
NUE Lo5 and low NUE T250 maize lines in rhizoboxes
allowing the monitoring on N availability and precise
sampling of the rhizosphere and bulk soil.

Materials and methods

Soil properties, maize plants, and rhizobox setup

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). The soil was
sieved at field moisture (<2 mm) after removing visible
plant material. Soil had a pH value of 7.10, contained
32.1% sand, 42.2% silt, 25.7% clay, 10.8 g kg−1 total
organic C (TOC), 1.12 g kg−1 total N, and 6.45 g kg−1

total P. After sieving, 600 g of soil were placed in the soil
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compartment of each rhizobox, consisting of two bulk soil
compartments separated by the plant compartment, sepa-
rated using 0.22-μm mesh nylon tissue. The rhizoboxes
allowed precise sampling of rhizosphere due to the pres-
ence of fixed sampling grooves at precise distances from
the plant compartment; full details on the used rhizoboxes
and maize growth conditions have been reported previ-
ously (Pathan et al. 2015a). The Lo5 and T250maize lines
having high and low NUEs, respectively, were grown for
21 and 28 days, respectively, a suitable growth period to
allow the full colonization of the plant compartment by
plant roots and to avoid nutrient limitation as indicated by
previous experiments (Pathan et al. 2015a). Plants were
regularly watered with distilled sterile H2O, and no fertil-
izers were applied during the plant growth. Plant growth
was stopped when the inorganic N concentration
approached the plateau of the lower concentration and
immediately before N deficiency symptoms and then
rhizosphere and bulk soils were samples. All rhizoboxes
were prepared in three replicates for each maize line.
Rhizosphere (R) and bulk soil (B) samples of the Lo5
and T250 maize lines were named as Lo5R, Lo5B,
T250R, and T250B, respectively. Sampled rhizosphere
and bulk soils were kept separate after sampling and
stored at −80 °C before RNA extraction.

RNA extraction, rRNA removal and library preparation

Total soil RNAwas extracted using the RNA PowerSoil
Total RNA Isolation Kit (MOBio Laboratories), and
purified using RNeasy MinElute Cleanup Kit
(QIAGEN). Extracted and cleaned RNA was treated
with DNase I using the TURBO DNA-free Kit
(ThermoFisher Scientific). After DNase treatment,
RNAwere used as template for 16S rRNA PCR to check
further DNA contamination. Amplicons has been
checked on electrophoresis gel and only in case of no
amplification; the samples were used for cDNA synthe-
sis, whereas the DNA contaminated samples were treat-
ed with DNase until the DNA contamination was
completely removed. Five aliquots (5 × 1 g of soil) were
extracted per sample and quintuplet RNA extracts from
each soil replicate were pooled together.

The RNAwas checked for quality (RIN number) and
length distribution using an Agilent 2100 Bioanalyzer
(Agilent Technologies). Subsequently, 100 ng of RNA
were treated with an equimolar mixture of RiboZero
rRNA Removal Kits Human-Mouse-Rat and Bacteria
(Epicentre) to remove both prokaryotic and eukaryotic

rRNA. The rRNA removal was verified using Agilent
2100 Bioanalyzer. Treated RNA served as the input for
the ScriptSeq v2 RNA-Seq Library Preparation Kit
(Epicentre), and the library size distribution was
rechecked using the Agilent 2100 Bioanalyzer. One
replicate from each plant and soil fraction failed to pass
quality control criteria after the mRNA purification and
was discarded. Therefore, libraries were prepared using
only two replicates for all samples. The mRNA Librar-
ies were sequenced on an Illumina HiSeq2000 at the
Brigham Young University DNA Sequencing Centre,
USA, to generate 250-base paired-end reads.

Sequence data processing and analysis

Generated metatranscriptomic sequences were proc-
essed as described by Žifčáková et al. (2016). Briefly,
reads were quality trimmed by removing adapters with
Trimmomatic (v 477 0.27) using Illumina TruSeq2-PE
adapters with a seed mismatch threshold, palindrome
clip threshold, 478 and simple clip threshold set at 2, 30,
and 10, respectively (Bolger et al. 2014). Furthermore,
sequencing reads were filtered by base call quality using
the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_
toolkit/index.html), specifically fastq_quality_filter
with the following parameters: -Q33 -q 30 -p 50.
Resulting sequences were normalised using previously
described methods (Howe et al. 2014; Pell et al. 2012),
Khmer (v 0.7.1) and command normalise-by-median.py
with the following parameters: -k 20 -C 20 -N 4 -x 50e9.
Next, errors were trimmed by removing low abundance
fragments of high coverage reads with Khmer and com-
mand filter-abund.py -V. The paired-end assembly of
the remaining reads was performed with the Trinity
assembler (v2.0.6). Broadly, protocols for this
metatranscriptome assembly can be found at
h t t p : / / k h m e r - p r o t o c o l s . r e a d t h e d o c s .
io/en/latest/mrnaseq/. Sequence data of all contig
sequences have been deposited in the MG RAST
public database (Meyer et al. 2008), 4,667,770.3,
http://metagenomics.anl.gov/, data set number 15341
/Project TrainbiodiverseS). Contig annotation was per-
formed in MG RASTwith an E value threshold of 10−4.

For the metatranscriptomic data, individual quality
filtered sequence reads from each sample were mapped
onto contigs using bowtie 2.2.1 (Langmead et al. 2009)
with the default settings of: end to end alignment –
sensitive. The mapping was used to calculate transcript
abundance, and data were expressed as: per base
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coverage = mapped read count x read length / contig
length. Abundances were reported as normalised values,
i.e., shares of all transcripts in given sample, or, where
indicated, shares of all transcripts of a selected microbial
taxon. For the analysis of functional features, such as the
KEGG categories, only those contigs belonging to ar-
chaea, bacteria and fungi were considered.

Statistical analysis

PAST 3.03 (Hammer et al. 2001) and R Statistical
Environment (R Development Core Team 2008) were
used for all statistical analysis. Differences in relative
abundance of individual features (transcripts, microbial
taxa and functional processes) were tested using
ANOVA followed by Tukey post-hoc test. Phylogenetic
assignment to microbial phyla was estimated by divid-
ing the number of sequences belonging to each phylo-
genetic group by the total number of quality filtered
sequences in the given sample. PCoA (Principal Coor-
dinate Analysis) and PERMANOVA test were also per-
formed based on Bray-Curtis similarity distance (Bray
and Curtis 1957) to visualise differences among the
transcription profiles of microbial genera and to observe
weather these differences are significant or not. The
similarity percentage (SIMPER) test was performed on
abundance data at phylum/genus level to identify those
taxa that most contribute to differences in functional
taxonomic profiles for different regulated processes.
To visualise the differences between different pathways
dual hierarchical clustering (was performed and
heatmap was constructed using heatmap.2 function in
the gplot package of R. Venn diagram was constructed
to illustrate dissimilarity of unique expressed genes
using Venny 2.1 (BioinfoGP, CNB-CSIC).

Results

Metatranscpritome sequencing yielded 63,614,825
reads that were assembled into 558,944 contigs over
200 bases and the longest contig had a length of 2808
bases (Supplementary Table 1). Microbial sequences
assigned to either bacteria, fungi or archaea represented
95.9% of annotated contigs (Fig. 1a). Of the other
identified contigs, the most represented were
Sterptophyta (0.7%), Arthropoda (0.39%) and Chloro-
phyta (0.29%), other Eukaryotes (2.49%), whereas
contigs identified as Viruses represented only 0.05%

(Fig. 1a). Overall, a total of 1104 genera were identified
as the best hits of the assembled contigs. The contribu-
tion of microbial taxa to transcripts was similar between
rhizosphere and bulk soils of both maize lines; among
them, 88–92% of transcripts were assigned to bacteria,
6–9% to archaea and 1% of transcripts were assigned to
fungi (Fig. 1). Within the bacterial community, differ-
ences were observed mainly in Actinobacteria,
Proteobacteria and Acidobacteria (Fig. 1b). For the
Lo5 maize line, abundance of Actinobacteria was lower
in rhizosphere soil, whereas Proteobacterial transcripts
were higher than in the bulk soil (Fig. 1b); for the T250
maize line, Proteobacterial transcripts were lower in
rhizosphere soil than in the bulk soil, while
Actinobacteria showed the opposite trend (Fig. 1b). In
general, archaea were slightly more active in the rhizo-
sphere than in the bulk soil of both maize lines (Fig. 1b).
Bacteroidetes , Chlorof lexi , Fi rmicutes and
Verrucomicrobia also contributed substantially to ex-
pression across all treatments (Fig. 1b).

The PCoA results of taxonomic profiles at a genus
level showed that rhizosphere and bulk soils of Lo5 and
T250 maize lines were clearly clustering separately from
each other (Fig. 2). PERMANOVA results showed that
plant NUE and soil type (rhizosphere and bulk) and their
interaction significantly affect community’s taxonomic
profile at a genus level (Table 1). The SIMPER test
revealed that transcripts with the best hit to the genus
Proteus (Gammaproteobacteria), Nitrosopumilus (ar-
chaea), Conexibacter (Actinobacteria), Nitrospira
(Nitrospiare), and Arthrobacter (Actinobacteria) contrib-
uted most to the differences in microbial transcriptomic
profiles of the analysed soils, being responsible for
2.78%, 2.25%, 2.18%, 1.97%, 1.85% of total dissimilar-
ity, respectively (Supplementary Table 2). Proteus was a
highly abundant genus in the rhizosphere of Lo5 maize
line (Supplementary Table 1) and Nitrosopumilus and
Nitrosophaera (archaea) were more active in the rhizo-
spheres of both maize lines than in the bulk soil (Supple-
mentary Table 2). Transcriptional activity of
Conexibacter was high in the Lo5 bulk soil, whereas
Nitrospira was most active in the rhizosphere soil of
Lo5 maize line (Supplementary Table 2). Additional
contributing taxa were Candidatus Solibacter
(Acidobacteria, 1.74%), Yersinia (Gammaproteobacteria,
1.73%), Streptobacillus (Fusobacteria, 1.34%),
Geobacillus (Fermicutes, 1.28%), Chitinophaga
(Bacteoidetes, 1.24%), Xylanimonas (Actinobacteria,
1.21%; very high in T250 rhizosphere), Comamonas
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(Betaproteobacteria, 1.02%; very high in T250 rhizo-
sphere), and Chelativorans (Alphaproteobacteria,
0.97%; Supplementary Table 2).

Concerning the functional composition of the
metatranscriptomes, the Venn diagram illustrating the

dissimilarity of expressed genes between the rhizo-
sphere and bulk soils of both maize lines, showed that
on the KEGG level 4 it differed among the rhizosphere
and bulk soils of both plants (Fig. 3). The number of
specifically expressed genes ranged from 7175 (LO5R)

Fig. 1 Taxonomic affiliation of identified contigs. a Overall taxonomic assignment of assembled contigs, b Contribution of Archaea,
Bacteria and Fungi to transcripts in rhizosphere and bulk soil of maize lines Lo5 and T250

Fig. 2 Principal Coordinate Analysis (PCoA) based on Bray-Curtis similarity distance on taxa (genus level) in rhizosphere and bulk soil of
maize lines Lo5 and T250. a PCoA based on coordination 1 and 2, b PCoA based on coordination 1 and 3
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to 19,493 (T250B), with the ranking order being:
T250B > Lo5B > T250R > Lo5R. Only 912 out of
2301 unique expressed genes (39.7%) were shared by
all soil samples, 19 genes (0.8%) were shared between
rhizosphere of Lo5R and T250R maize lines, and 166
genes (6.3%) were shared between bulk soils (Lo5B and
T250B) (Fig. 3). In Lo5 plant, rhizosphere and bulk
soils shared 1.7% (38) genes, whereas in T250 plant
4.2% (97) genes were shared by rhizosphere and bulk
soil (Fig. 3).

At the subsystem 2 level, transcripts were classified
into 20 functional categories shown in Table 2. In gen-
eral, distribution of processes was similar in both soil
fractions of both maize lines, with statistical differences
only observed in the translation process, folding, sorting
and degradation process, membrane transport, and rep-
lication and repair process (Table 2). Among the 20

identified subsystems, the highest percentage of
expressed sequences belonged to the translation process
followed by nucleotide metabolism, folding, sorting and
degradation, energy metabolism and carbohydrate me-
tabolism (Table 2).

Pathways of amino acid, carbohydrate, energy and
nucleotide metabolism were further analysed to link the
microbial metabolic activity to the plant growth
(Supplementary Figs. 1, 2, 3, 4). The results showed
that rhizospheres of the Lo5 and T250 maize plants
clustered separately from their respective bulk soils.
Different pathways of amino acid, carbohydrate and
energy metabolisms were less expressed in the Lo5R
followed by T250R, Lo5B and T250B, whereas nucle-
otide metabolism, particularly the purine metabolism,
was more expressed in rhizosphere soils, especially in
high NUE Lo5 line (Supplementary Fig. 4). The least

Table 1 Results from Multivariate permutational analysis (PERMANOVA) based on Bray-Curtis similarity distance of differences among
taxa (genus level) in rhizosphere and bulk soil of maize lines Lo5 and T250

Factor df# Sum of Sq Mean Sq Pseudo-F p Permutations

Plant type (P) 1 0.08216 0.08216 2.25E + 07 0.0046 999

Soil (S) 2 0.080659 0.04033 1.11E + 07 0.0087 999

P x S 2 0.038913 0.019456 5.34E + 06 0.0072 999

Residual 2 7.29E-09 3.65E-09

Total 7 0.20173

Fig. 3 AVenn diagram
displaying the degree of
overlapping of unique expressed
genes (KGGE level 4) between
the rhizosphere and bulk soil of
maize lines Lo5 and T250
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expressed pathways were lysin degradation (amino acid
metabolism), pentose glucuronate interconversion (car-
bohydrate metabolism) in Lo5R, pentose phosphate
pathway (carbohydrate metabolism) in T250R, photo-
synthesis (energy metabolism) in Lo5B, purine metab-
olism (nucleotide metabolism) in T250B and ascorbate
aldarate metabolism (carbohydrate metabolism) in
T250B (Supplementary Figs. 1, 2, 3 & 4).

Furthermore, to test the hypothesis on the relation
between maize NUE and microbial transcriptomic re-
sponses of genes involved in the N turnover, pathways
of N metabolism were further analysed at KEGG level 4
(Supplementary Fig. 5). All main genes involved in
different pathways of N cycle were identified in the
metatranscriptomes (Fig. 4). Most of the genes were
more expressed in rhizosphere of T250 maize line com-
pared to the Lo5 maize line (Supplementary Fig. 5),
whereas different subunits of same genes were selected
and expressed in rhizosphere of both maize lines. In
particular, the nirA/B (nitrite reductase gene) were more
expressed in T250R whereas, the nirK was more

expressed in the Lo5R. Expression of genes encoding
genes the nitrate reductase (nasA) was higher in Lo5R,
whereas the nasB was more expressed in the T250B.
Moreover, the nitric oxide reductase encoding genes
norB/C and nitrous oxide reductase encoding genes
nosZ were highly expressed in T250R, whereas the
and hao gene (hydroxylamine dehydrogenase) was
highly expressed in Lo5R.

The functional microbial affiliation and Simper anal-
ysis showed that most of the processes were dominated
by bacteria compared to archaea and fungi, with fungi
being less active in various processes (Fig. 5, Supple-
mentary Table 3), and significant differences were ob-
served between rhizosphere and bulk soils of the Lo5
and T250 maize lines (Supplementary Table 3). Among
bacteria, Proteobacteria was most active phyla in differ-
ent processes , fol lowed by Actinobacter ia ,
Bacteroidetes, Chloroflexi, Firmicutes, Acidobacteria
and Cyanobacteria (Fig. 5, Supplementary Table 3).
Within specific functional processes, significant differ-
ences were observed for Bacteroidetes, Chloroflexi,

Table 2 Relative abundance (%) of identified metatranscriptomic reads in rhizosphere and bulk soil of maize lines Lo5 and T250 at KEGG
level 2

KEGG Level 2 LO5R Lo5B T250R T250B

Translation 26.58 ± 0.15 30.64 ± 0.64 24.41 ± 3.49 19.15 ± 1.58

Overview 17.16 ± 0.01 15.58 ± 0.31 18.65 ± 1.45 20.85 ± 1.16

Nucleotide metabolism 12 ± 0.06 11.88 ± 0.15 10.78 ± 0.07 10.02 ± 0.01

Folding, sorting and degradation 9.78 ± 0.09 9.24 ± 0.07 8.57 ± 0.11 7.39 ± 0.75

Energy metabolism 6.1 ± 0.49 6.3 ± 0.6 6.55 ± 0.35 6.77 ± 0.75

Carbohydrate metabolism 5.1 ± 0.4 4.71 ± 0.23 6.03 ± 0.93 6.72 ± 0.67

Metabolism of cofactors and vitamins 3.84 ± 0.08 3.95 ± 0.17 4.1 ± 0.12 4.34 ± 0.41

Signal transduction 2.69 ± 0.39 2.49 ± 0.04 3.48 ± 0.03 4.25 ± 0.6

Cell growth and death 2.16 ± 0.04 2.45 ± 0.06 2.36 ± 0.83 2.58 ± 0.62

Amino acid metabolism 2.85 ± 0.19 2.4 ± 0.03 3.01 ± 0.44 3.03 ± 0.16

Membrane transport 2.9 ± 0.02 2.4 ± 0.13 3.19 ± 0.14 4.44 ± 0.39

Replication and repair 1.82 ± 0.2 2 ± 0.13 2.4 ± 0.254 3.03 ± 0.16

Transcription, Transport and catabolism 1.14 ± 0.12 1.23 ± 0.04 0.92 ± 0.19 0.63 ± 0.16

Others 1.42 ± 0.04 1.02 ± 0.12 1.21 ± 0.27 1.17 ± 0.25

Lipid metabolism 1.13 ± 0.12 0.98 ± 0.12 0.98 ± 0.07 1.37 ± 0

Metabolism of terpenoids and polyketides 1.13 ± 0.01 0.97 ± 0 1.21 ± 0.04 1.47 ± 0.05

Metabolism of other amino acids 0.81 ± 0.12 0.72 ± 0.05 0.63 ± 0.05 0.86 ± 0

Glycan biosynthesis and metabolism 0.65 ± 0.09 0.59 ± 0.06 0.85 ± 0.15 1.02 ± 0.31

Xenobiotics biodegradation and metabolism 0.4 ± 0.03 0.31 ± 0.02 0.4 ± 0.13 0.54 ± 0.13

Cell motility 0.34 ± 0.11 0.13 ± 0.01 0.26 ± 0.03 0.36 ± 0.23

The data represent means and standard error of two replicates. Differences among pairs of treatments were tested for statistical significance
using Tukey’s Test, differences at P < 0.05 are indicated in bold script
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Firmicutes, Acidobacteria and Cyanobacteria, whereas
Proteobacteria and Actinobacteria were active in all
processes (Fig. 5, Supplementary Table 3). Archaea
were more active in transcription, transport and catabo-
lism (average dissimilarity 3.0, contribution 23%) pro-
cesses, followed by energy metabolism (av. diss. 3.2,

cont. 20%), metabolism of cofactors and vitamins (av-
erage dissimilarity 2.2, cont. 20%), Nucleotide metabo-
lism (average dissimilarity 2.2, cont. 12%), and over-
view (average dissimilarity 0.9, cont. 7%) processes
(Fig. 5, Supplementary Table 3). Proteobacteria highly
dominated (80–50%) in cell motility and signal

Fig. 4 Distribution and
differences in the expression of N
cycling genes in rhizosphere soil
of maize lines Lo5 and T250.
Purple and pink colours indicate
the high expression of genes in
Lo5 and T250 maize line,
respectively, whereas black
colour indicates no changes
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transduction processes, whereas Actinobacteria were
more active (up to 65%) in xenobiotic biodegradation
and metabolism and lipid metabolism processes com-
pared to other bacterial groups (Fig. 5). Fungi displayed
activity in cell motility (average dissimilarity 4, contri-
bution 17%), lipid metabolism (average dissimilarity
1.9, cont. 8%), signal transduction (average dissimilarity
0.72, cont. 5%) and transcription, transport and catabo-
lism (average dissimilarity 0.85, cont. 6%) processes,
(Fig. 5, Supplementary Table 3).

Discussion

The metatranscriptomes provided a comprehensive picture
of expressed functions in the rhizosphere of maize plants
differing in their N use efficiencies. Two maize lines with
different NUE showed not only the presence of different
microbial communities in their rhizosphere with selection
of specific bacterial groups carrying functional genes, com-
patible with previous findings (Pathan et al. 2015a, b;
Baraniya et al. 2016), but also showed differences in
expression of various function and their assignment to
microbial taxa. Over 1.6.104 unique expressed genes/
proteins were identified in assembled contigs, indicating
that proteins expressed within a single strain were in the
order of 102, and indicating that thousands of microbial
species were active at same time (Žifčáková et al. 2016).
The highest proportion of sequences assigned to bacteria
(up to 92%) followed by archaea (8%), and only 1% to
fungi thus, confirming previous results (Chauhan et al.
2014; Li et al. 2014a; Nacke et al. 2014), although the
assignment of sequences to fungi with the current methods
may be underrepresented (Žifčáková et al. 2017). Within
bacterial community, Proteobacteria were highly active,
followed by Actinobacteria in rhizosphere of both maize
lines, in agreement with previous results on relative dom-
inant phyla in maize rhizosphere (Aira et al. 2010;
Chauhan et al. 2014; Peiffera et al. 2013), and interestingly
such dominance was not related to the maize NUE.
Proteobacteria react rapidly to labile C availability and
are considered to be r-strategists fast-growing bacteria
(Fierer et al. 2007; Peiffera et al. 2013), and higher C
availability in the rhizosphere soil is assumed to support
fast growing microbes, which apparently prevail over
Acidobacteria (Kielak et al. 2009). The preference of
Acidobacteria for bulk soil could be explained by their
oligotrophic lifestyle (Fierer et al. 2007). However, genus
level- community structure is significantly different

between two plants and within rhizosphere and bulk soil
of same plants, which could be due to high and low, NUE
of plant and their effect on plant root exudation. Proteus
was a highly active bacterial genus in rhizosphere of Lo5
maize line, andwe hypothesize that this genus with its high
heterotrophic nitrifying characteristics (Zhang et al. 2014)
could have been selected in the highNUELo5 line because
it may ensure efficient NO3

−-N supply for plant uptake.
Comamonas is well known denitrifying bacteria and in-
volved in denitrification process, particularly in nitrate and
nitrite reduction, which could explain the higher activity of
Comamonas in the rhizosphere of T250 maize, line with
low NUE. (Patureau et al. 1996; Etchebehere et al. 2001;
Gumaelius et al. 2001). The Nirosopumilus and
Nitrosophaera ammonia oxidising archaea genera detected
in the present study, were also previously reported in
rhizosphere of different plants (He et al. 2017).

The rhizosphere soil of both maize lines had lower
numbers of expressed genes than the bulk soils,
paralleling the previous result of microbial selection in-
duced by the plant growth (Berg and Smalla 2009). These
results also confirm previous finding that less number of
OTUs for eubacterial and β-glucosidase encoding genes
in rhizosphere of the Lo5 and T250 maize lines compared
to bulk soils (Pathan et al. 2015b; Varanini et al. 2018).
Further, less expressed genes were shared by the rhizo-
sphere of the two maize lines (0.8%), whereas 6.3% of
genes were shared by bulk soils, and within each maize
line, the Lo5 shared less numbers of expressed genes
between rhizosphere and bulk soil than the T250 line
(Fig. 3). This result could be explained by different root
exudate profile of these two maize line due to their NUE
characteristic (Varanini et al. 2018), and in general by the
strong differences in the physiology of the two studied
maize lines (Zamboni et al. 2014). Overall, these results
confirm that maize lines with different NUE can select
different microbial species in their rhizosphere. Moreover,
the highNUELo5maize line depleting significantly faster
NO3-N in the rhizosphere than the T250 line (Pathan et al.
2015a), which showed a higher activity of nitrifying
bacteria and induced a stronger selection of the active
metabolic pathways in the rhizosphere than the low
NUE T250.

High numbers of identified transcripts were classified
to metabolism and genetic processing categories, and in
particular to subcategories such as energy, nucleotide,
carbohydrate, amino acidmetabolism aswell as translation
and replication and repair. These results were in agreement
with the previous findings (Poretsky et al. 2009; Nacke
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et al. 2014), confirming that the majority of the microbial
transcriptional activity in soil is due to the expression of
various housekeeping genes (Damon et al. 2012). The
carbohydrate and amino acid metabolism processes were
slightly upregulated in the rhizosphere, especially in Lo5
maize line, possibly due to a significantly higher release of
low molecular weight organic molecules released by Lo5
maize line (Varanini et al. 2018). The transcriptomic pro-
file of different pathways of amino acid, carbohydrate
energy and nucleotide metabolisms responded more in
the rhizosphere compared to bulk soils. Within amino acid
metabolism, lysine degradation was significantly down-
regulated in rhizosphere of Lo5 line. In carbohydrate
metabolism, pentose-glucuronate conversion and pentose
phosphate pathway were down regulated in rhizosphere
soil. These result confirmed those by Saia et al. (2015),
who suggested that N availability in soil can down-
regulate the biosynthesis and interconversion metabolisms
of amino acid and carbohydrate and metabolic pathway
such as TCA cycle and others. The purinemetabolismwas
highly upregulated in the rhizosphere of both plants, espe-
cially in Lo5, indicating by the higher expression of urease
encoding genes (ureC). This result could be related to the
stronger N depletion in rhizosphere of Lo5 than in T250
maize line (Varanini et al. 2018), as urease is an enzyme
involved in N mineralization. Higher expression of urease
encoding genes paralleled the previous results of signifi-
cantly higher urease activity in rhizosphere soil of Lo5
maize line than T250 (Pathan et al. 2015a).

The rhizosphere of the two maize lines also showed
different transcriptional activities in terms of N miner-
alization, ammonification, nitrification and denitrifica-
tion, and different expression of subunits of the same
genes, indicating that the two plants with different NUE
did not only selected specific microbial communities in
their rhizosphere, but also influenced the gene expres-
sion for same function. The fact that the Lo5 rhizosphere
was characterized by higher expression of genes in-
volved in N mineralization process such as ureC and
hao, whereas the rhizosphere of the T250 line had
higher expression of norB/C and nosZ genes
(denitrifying activity) in rhizosphere, supported our
working hypothesis that maize plants with different
NUE can condition not only the microbial community
composition but also the microbial transcriptional pro-
file, especially in N cycling. Faster inorganic N deple-
tion in rhizosphere of Lo5 (Pathan et al..., 2015a) could
favour high N mineralization in Lo5 maize line, while
longer retention of inorganic N in rhizosphere soil of

T250 could support higher denitrification process. Fur-
ther, these results demonstrate that how plant influence
or regulate the behaviour of rhizosphere microbial com-
munity for its own favours.

Our results further showed that most of the microbial
transcriptional activities were dominated by Proteobacteria
andActinobacteria; these results were in linewith previous
finding by Li et al. (2014a) who found the genes involved
in C, N, P, S cycling triggered in the maize rhizosphere
mainly belonged to Proteobacteria and Actinobacteria.
Further, these two phyla were the most enriched phyla in
soil (Janssen 2006), and their members are good colo-
nizers of maize rhizosphere (Li et al. 2014b). Whereas,
Proteobacteria and Actinobacteria represented in all pro-
cesses, significant fluctuation has been observed for
Bacteroidetes, Chloroflexi, Firmicutes, Acidobacteria and
Cyanobacteria, archaea and fungi expression which point
out their role in specific processes and plant selection trait
for microbes for specific process in rhizosphere soil. Fungi
and Bacteroidetes were more active in lignin metabolism,
especially in rhizosphere of Lo5 maize line. Previous
Geochip analysis showed that genes involved in lignin
degradation were mainly from fungi in maize rhizosphere
soil (Li et al. 2014a) and Bacteroidetes are known to
degrade more recalcitrant carbon compounds such as cel-
lulose, lignin and chitin (Aislabie and Deslippe 2013).

Transcriptional activity of different Actinobacteria
such as Mycobacterium, Actinomycetes and Streptomy-
ces could be related to the microbial degradation of aro-
matic compounds such as benzoxazinones (DIBOA,
DIMBOA, TRIBOA) and other phenolic metabolites,
reported to be present in the maize rhizosphere
(Villagrasa et al. 2008; Jonczyk et al. 2008). Varanini
et al. (2018) detected methoxybenzoxazolin-2(3H)-one
(MBOA) and its glucoside derivative in the root exudates
of the Lo5 and T250 maize lines. Increase of archaea
transcripts in energy metabolism could be explained by
their flexibility in using different energy sources, includ-
ing their hydrogen based metabolism. Moreover, archaea
are likely encountered in anoxic environments (Robertson
et al. 2005) such as rhizosphere soils, where greater
oxygen consumption by other microbes and plant roots
compared to the bulk soils.

Conclusions

Metatranscriptomes analysis showed plant NUE seems to
be the key driver to regulate rhizosphere microbial
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transcription profile, particularly to genes, involved in N
mineralization, ammonification, nitrification and denitrifi-
cation. Moreover, NUE could also regulate/influence ex-
pression of genes, are encoded for the same functions.
Due to its high NUE characteristic, Lo5 maize line
favoured the expression of N mineralization, while T250
maize line induced expression of genes that are involved
in denitrification. Hence our results affirm that plant and
its different characteristic triggered microbial functions in
rhizosphere soils for its own nutrient requirement. Future
research is needed to set up suitable root exudates collec-
tion methods directly from the soil as root exudation
profile is completely different in soil compared to those
are collected in hydroponic solutions. These future
methods may enable us to directly link microbial expres-
sion profile and their functions with released exudate
compounds. Besides, further research should also concern
about the demonstration of synthesized protein to confirm
our results on the expressed transcripts.
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