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ABSTRACT

Soybean [Glycine max (L.) Merr.] is the most important legume cropped worldwide, with
an economic value attributed mainly to the high protein content of the grain, which, in
turn, demands a heavy supply of nitrogen. An environmentally friendly source of nitrogen
at low cost to farmers is represented by the biological fixation of atmospheric nitrogen
that takes place is association with symbiotic bacteria. For the soybean, the association
occurs mainly with bacteria belonging to the species Bradyrhizobium japonicum and
Bradyrhizobium elkanii, but our knowledge about gene expression associated with the
symbiosis is still poor. This work—part of an effort by the Soybean Genome Consortium
(Genosoja)—was conducted with the aim of achieving better understanding about
the functionality of the genes expressed in soybean roots in the early stages of the
interaction with B. japonicum. The study was performed with soybean plants growing
under greenhouse conditions, inoculated (or not) with strain CPAC 15 (=SEMIA 5079) of
B. japonicum, which is broadly used in Brazilian commercial inoculants. Total RNA was
extracted, the mRNA was isolated and a subtractive library was constructed. Sequencing
analysis generated 4,621,072 reads, which were assembled in 3,776 sequences, defined
as the differentially expressed sequences of the inoculated versus non-inoculated
treatments. The sequences were categorized according to their molecular function
and grouped with representatives of antioxidant activities, molecular transduction,
transporters and enzyme regulation activities, but with an emphasis on catalytic and
molecular binding/signaling.
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RESUMO

A soja [Glycine max (L.) Merr.] é uma leguminosa de grande expressdao mundial,
com valor econdmico atribuido, principalmente, ao teor proteico elevado dos graos,
que, por sua vez, demandam altas doses de nitrogénio. Uma fonte de nitrogénio
ambientalmente favoravel e de baixo custo para os agricultores é representada pela
fixacdo bioldgica do nitrogénio atmosférico, que ocorre através da associacdo com
bactérias simbidticas. Na soja, essa associagao ocorre, principalmente, com bactérias
das espécies Bradyrhizobium japonicum e Bradyrhizobium elkanii, mas o conhecimento
sobre a expressao génica associada com a simbiose ainda é escasso. Este trabalho —
parte integrante do Consércio do Genoma da Soja (Genosoja) — foi conduzido com o
objetivo de obter um melhor entendimento sobre a funcionalidade dos genes expressos
nas raizes de soja nos estagios iniciais da interacdo com B. japonicum. O estudo
foi conduzido com plantas de soja cultivadas sob condi¢ées de casa de vegetacao,
inoculadas (ou ndo) com a estirpe CPAC 15 (=SEMIA 5079) de B. japonicum, utilizada
em larga escala em inoculantes comerciais no Brasil. O RNA foi extraidos das raizes,
o mRNA foi isolado e a biblioteca subtrativa construida. O Sequenciamento gerou
4.621.072 leituras que, apds a montagem resultaram em 3.776 sequéncias, definidas
como diferencialmente expressas dos tratamentos inoculado versus nao inoculado. As
sequéncias foram agrupadas de acordo com sua fungao molecular, que resultou nas
categorias de atividade antioxidante, transducdo molecular, transporte, regulacido
de atividades enzimaticas, mas com énfase nas atividades cataliticas e de ligacdo/
sinalizacdo molecular.

Palavras-chave: Fixacdo bioldgica de nitrogénio, expressdao diferencial de genes,
genoma, Glycine max.
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INTRODUCTION

Soybean [Glycine max (L.) Merr.] is the most important legume cropped
worldwide, with an economic value attributed mainly to the high protein content
of the grain. Due to the high demand of nitrogen (N) needed to the synthesis
of proteins and other biomolecules, this nutrient usually represents a limiting
factor for soybean productivity (Panzieri et al., 2000). An important feature of
this legume is the ability to supply most of the crop’s N requirement by the
establishment of a symbiotic partnership with bacteria—belonging mainly to the
species Bradyrhizobium japonicum and Bradyrhizobium elkanii—that converts
atmospheric N, within root nodules into forms usable by the plant (Graham and
Vance, 2003).

The establishment of a successful symbiosis involves an intensive molecular
dialogue between the host plant and the microsymbiont. Molecular signals
released by the roots, mainly flavonoids, result in the transcription of nodulation
genes in compatible rhizobia, leading to the formation of lipochitooligosaccharide
molecules (Nod factors) that, in turn, act as signals to the host plant, initiating
nodule organogenesis (Long, 1996). Numerous changes in gene expression
occur both in the host plant and in the bacterium during root infection, nodule
development and onset of N, fixation (Vance, 2002).

Inoculation of soybean seeds with selected strains of B. japonicum and B.
elkanii represents an environmental friendly technology that can fulfill most of
the crop’s need for N. Also, inoculation is highly economically advantageous in
comparison with applying N fertilizers (Hungria et al., 2006).

Advanced genetic analyses are providing improved comprehension of the
complex process of the symbiosis, from the first steps of molecular signal exchange
between the host plant and the microsymbiont to the full development of active
nodules fixing nitrogen (Stacey et al., 2006). To improve our understanding
of nodule formation, we used subtractive library technology, described by
Diatchenko et al. (1996), to identify genes differentially expressed in soybean
roots in symbiosis with compatible B. japonicum strain CPAC 15 (=SEMIA 5079),
used in commercial inoculants in Brazil, to get a better understanding of the
functionality of the genes expressed in response to the bacterium.
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MATERIAL AND METHODS

Plant material

Soybean seeds of cultivar MG/BR46-Conquista were carefully selected for
homogeneity and surface sterilized with a solution of 70% ethanol (one minute),
followed by hypochlorite solution (three minutes), and then rinsed five times
with sterile distilled water (Vincent, 1970). The seeds were placed between two
layers of germination paper, moistened with sterile distilled water and incubated
at 22+ 2°C (in the dark) for three days. Healthy-looking germinated seeds were
selected and transferred to sterile plastic bags, each containing 200 mL of N-free
nutrient solution (Broughton and Dilworth, 1970).

Treatments

Treatments consisted of: soybean inoculated with Bradyrhizobium
japonicum strain CPAC 15 (=SEMIA 5079) and non-inoculated soybean (mock-
inoculated with sterile distilled water). The experimental design was completely
randomized, with three replicates, each of twenty plants.

Inoculum preparation and inoculation

The microorganism used for inoculation was B. japonicum strain CPAC
15, which has been used in commercial inoculants in Brazil since 1992 for its
outstanding symbiotic efficiency and competitiveness (Hungria et al., 2006). The
bacterium was cultured in yeast-mannitol broth (YMB) until the exponential phase
of growth (Vincent, 1970), when the cells were centrifuged and washed with
saline solution (0.85% NaCl). Subsequent counting of a washed cell suspension
in YMB revealed a concentration of 2.27 x 107 cells mL™.

For the inoculation treatment, 1 mL aliquots of washed bacterial were
used to inoculate the basis of the soybean radicles. Plants were grown under
greenhouse conditions, with a 12-h day/night period and mean temperature of
25-38°C/15-18°C (day/night) for ten days. Subsequently, the roots were separated
from shoots, immediately frozen in liquid N and stored at —80°C pending RNA
extraction.

RNA extraction and isolation of mRNA

For the subtractive library construction, roots of both, inoculated (treatment
receiving inoculum) and non-inoculated (treatment without nodules, control )
were macerated in liquid N and frozen at -80°C until total RNA extraction by using
Trizol® Reagent (Invitrogen), at arate of 1 mL 100 mg™ tissue, at room temperature

4.
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(25+2°C). Assessment of RNA integrity and quantification were verified in a
Nanodrop 1000 spectrophotometer (Agilent). The mRNA was obtained from 2 pg
of total RNA using the FastTrack MAG mRNA lIsolation Kit (Invitrogen), according
to the manufacturer’s specifications.

Construction of suppressive subtractive hybridization library

The suppressive subtractive hybridization (SSH) library was obtained by using
the PCR-Select cDNA Subtraction Kit (Clontech), according to the manufacturer’s
instructions. A cDNA library was built, containing clones from the subtraction of
inoculated versus non-inoculated soybean plants. This subtractive hybridization
was performed using a sample of cDNAs (tester) from inoculated plants, which
was subtracted with cDNAs (driver) from non-inoculated plants.

The construction of the subtractive library consists of: (i) synthesis from the
first and second strands of cDNA,; (ii) digestion of the cDNAs with the restriction
enzyme Rsal; (iii) binding of adapters to the cDNAs; (iv) first and second
hybridization reactions; (v) amplification of the first product hybridization by PCR
(Nested PCR); and (vi) the second amplification by PCR. This last step allowed an
enrichment of differentially expressed cDNA sequences. PCR products resulting
from the library were transferred for in vitro cloning and subjected to sequence
analysis.

Sequencing and analysis of sequences

Sequencing analysis was performed in a Genome Analyzer Il (lllumina),
at the Fasteris S.A., Switzerland. Generated sequences were assembled and
analyzed at the Laboratory of Genomic and Expression-UNICAMP, Campinas,
Brazil. The construction of the soybean database, to serve as a reference genome,
was conducted using the database of ESTs (expressed sequence tags) from the
National Center of Biotechnology Information (NCBI) and the data of the soybean
genome were provided by the DOE Joint Genome Institute (Phytozome). The
SOAP2—Short Oligonucleotide Alignment Program (Li et al., 2009)—was used to
anchor all reads in the reference genome with parameters that allowed alignment
with, at most, two mismatches between the sequences. Finally, the de novo
assembly was conducted with the EDENA software—Exact De Novo Assembler
(Hernandez et al., 2008)—using its default parameters. Both SOAP2 and EDENA
also verify the quality of the sequences. The assembled contigs were aligned to
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the reference genome. The library was also validated by the comparison of the
differential genes in the control and in the inoculated treatment. Only the genes
over expressed or absent in the control were confirmed in the subtraction library.

Bioinformatics tools used to analyze the data

Due to the large number of reads, the AutoFACT program (Koski et al.,
2005) was used for automatic annotation. Subsequently, the resulting sequences
were deposited in the database library of GenoSoja, which is available at http://
bioinfo03.ibi.unicamp.br/soja. Several public databases were used to support the
analysis, e.g. NCBI (http://www.ncbi.nIm.nih.gov/), Gene Ontology (http://www.
geneontology.org/), KEGG (Kanehisa and Goto, 2000) and Phytozome (http://
www.phytozome.net/soybean).

RESULTS AND DISCUSSION

Methodology chosen for the study

Using intact, high-quality mRNA represents a key step for the successful
application of modern molecular biological methods, especially in cDNA-library
constructions and quantitative RT-PCR assays (Fleige and Pfaffl, 2006). Instability
and degradation of mRNA have been attributed mainly to the action of RNAses,
introduced during handling (Fleige and Pfaffl, 2006). In general, the best RNA
yields are obtained from tissues that have been diced into small fragments prior to
being frozen by submergingin liquid N, and then homogenized by using a bead mill
or a mechanical homogenizer (Bustin and Nolan, 2004). Using this procedure, we
obtained adequate quantities of good quality RNA. For RNA extraction, we chose
Trizol, which is a monophasic solution of phenol and guanidine isothiocyanate
that allows extraction of RNA in a single step.

Suppression subtractive hybridization (SSH) was chosen to investigate the
molecular changes in soybean roots caused by inoculation with B. japonicum.
It’s an effective approach to analyze gene expression. The technique is often
used in higher eukaryotes to study molecular-regulation mechanisms, improving
our insights about the molecular mechanisms underlying biological processes
(Huang et al., 2007).
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Functional distribution of genes of the SSH library of inoculated X non-
inoculated soybean roots

Sequencing of the SSH library (inoculated versus non-inoculated plants)
in the Genome Analyzer Il platform, with thirty-six cycles, generated 4,621,072
reads. The assemblage generated 3,776 differentially expressed sequences.
Following, Blast2GO—with numerous functions for visualization, management,
and statistical analysis (Conesa and GoOtz, 2008)—was chosen for functional
annotation and data mining, with grouping based primarily on gene ontology
(GO).

Sequences differentially expressed in soybean roots in response to
inoculation were annotated according to their molecular function (level 3) and
are displayed in Figure 1.

Figure 1. Functional categorization of the transcripts obtained in the analysis of a suppressive subtractive
hybridization library built with soybean roots inoculated versus non-inoculated with Bradyrhizobium

japonicum strain CPAC 15 (=SEMIA 5079). Percentage of sequences (%) classified according to their
molecular functions.

The major category of differentially expressed genes (54%) fit into the
binding function (G0O:0005488). As the establishment of the symbiosis requires
close coordination in the exchange of molecular signals between the host plant
and rhizobia, genes that perform this function may be involved in signaling
(Ferguson et al. 2010). Within this category, the interaction of molecules can
occur with one or more specific sites. The symbiosis starts with the release
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of phenolic compounds by the host plant, particularly flavonoids, that induce
the transcription of nodulation genes in the bacterium (Hungria, 1994). The
rhizobium responds with the production and secretion of other signaling
molecules, the Nod factors (lipochitooligosaccharides), that can partially
determine host specificity (Hungria, 1994). Nod factors are recognized by the
host plant by binding to specific receptors, initiating a signal transduction cascade
(Stougaard, 2000; Ferguson et al., 2010). This downstream response involves the
interaction/binding of biomolecules, in order to transmit the required signals for
starting root deformation, allowing the invasion of bacteria and the formation
of infection threads, necessary for nodule establishment (Limpens and Bisseling,
2003; Oldroyd and Downie, 2004). Directly related to signaling are also the genes
in the category of molecular transducer activity (GO:0060089), representing 1%
of the genes differentially expressed. In addition, about 1% of the genes are in
the category of regulators of transcription (GO:0001071). It is well known that a
successful nodulation requires a balance between induction and repression of
genes (Ferguson and Mathesius 2003); therefore, regulators include key genes
for the symbiosis.

One category that showed a large number of genes (32%) is related to
catalytic activity (GO:0003824). These genes may act on specific substrates
in response to the bacterium, such binding of the bacterium to the plant cell
(Ferguson et al., 2010), and modifications of the plant cell wall (Reiter, 2002). For
nodule organogenesis, the signaling cascade triggers several changes in the cells,
including root hair deformation, development of infection threads and nodule
development (Schmidt and Panstruga, 2007). Therefore, genes with catalytic
activity are directly involved with root development. In addition, 5% of the
genes were related to structural molecule activity (GO:0005198), a category that
includes, among others, genes acting in the organization of the cytoskeleton of
the roots; due to the contact with rhizobia, the roots undergo a rearrangement
of cells, critical for nodule organogenesis (Blancaflor et al., 2006).

This study also highlights genes that play a role in transport activity
(G0:0005215)—associated with all kinds of transport of molecules in a cell—
that represented about 5% of the genes; they are responsible for the movement
of biomolecules within the cells or transmembranes. This functional class
also participaes in the rapid response of the plant to the presence of rhizobia
(Kaldenhoff and Fischer, 2006). Enzyme regulator activity (GO:0030234) is a
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functional class that includes genes that modulate the activity of enzymes
involved in the infection process, and accounted for 1% of the genes.

Finally, antioxidant activity (GO:0016209) included 1% of the genes, possibly
related to differentiation of tissues and/or to the production of signal molecules
involved in auto-regulation of nodulation by the host plant (Bueno et al., 2001).
The presence of microorganisms results in large amounts of ROS (reactive
oxygen species), which are described as secondary messengers in many signaling
processes in plants (Cardenas et al., 2008; Marino et al., 2009); therefore, genes
with antioxidant activity help in the protection of cells against oxidative damage
by regulating the levels of ROS within the cells (Marino et al., 2009).

CONCLUSION

High throughput analysis of differential gene expression represents a
powerful tool helping to obtain additional information about genomic responses
in a given condition (Holtorf et al., 2002). In this preliminary analysis, we may
say that the approach of sequencing and analysis of a suppressive subtractive
hybridization library of inoculated versus non-inoculated soybean roots has
allowed the identification of groups of genes differentially expressed in response
to B. japonicum. Key genes were identified that will be now studied with more
details.
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