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Roots are the primary site of interaction between plants and 
microorganisms. To meet food demands in changing cli-
mates, improved yields and stress resistance are increasingly 
important, stimulating efforts to identify factors that affect 
plant productivity. The role of bacterial endophytes that re-
side inside plants remains largely unexplored, because 
analysis of their specific functions is impeded by difficulties 
in cultivating most prokaryotes. Here, we present the first 
metagenomic approach to analyze an endophytic bacterial 
community resident inside roots of rice, one of the most im-
portant staple foods. Metagenome sequences were obtained 
from endophyte cells extracted from roots of field-grown 
plants. Putative functions were deduced from protein do-
mains or similarity analyses of protein-encoding gene frag-
ments, and allowed insights into the capacities of endophyte 
cells. This allowed us to predict traits and metabolic proc-
esses important for the endophytic lifestyle, suggesting that 
the endorhizosphere is an exclusive microhabitat requiring 
numerous adaptations. Prominent features included flagella, 
plant-polymer-degrading enzymes, protein secretion sys-
tems, iron acquisition and storage, quorum sensing, and 
detoxification of reactive oxygen species. Surprisingly, endo-
phytes might be involved in the entire nitrogen cycle, as pro-
tein domains involved in N2-fixation, denitrification, and 
nitrification were detected and selected genes expressed. Our 
data suggest a high potential of the endophyte community 
for plant-growth promotion, improvement of plant stress 
resistance, biocontrol against pathogens, and bioremedia-
tion, regardless of their culturability. 

Rice is the staple food for the largest number of people on 
Earth, and rice cultivation is resource intensive. Annually, irri-
gated rice production consumes approximately 10% of global 
fertilizer N production and approximately 40% of developed 
water supplies in Asia; however, it also contributes to green-
house gas emissions by microbial conversions. The competi-
tion for arable land and water and the rise in rice consumption 

demand increased yields and improved management practices 
(FAO 2008). In particular, endophytes that reside inside tissues 
of healthy plants are likely to positively affect the host 
(Weyens et al. 2009); however, the potential of applying endo-
phytic bacteria is still underexplored (Mano and Morisaki 2008). 
Rice roots harbor endophytes (Hurek et al. 1994), which can 
reach up to 108 cultivable N2-fixing bacteria per gram of root 
dry weight (Barraquio et al. 1997) and even larger numbers of 
bacteria that have defied cultivation so far (Engelhard et al. 
2000; Knauth et al. 2005; Mano and Morisaki 2008). Thus, 
endophytes are likely to considerably affect their host plant. 

To understand and manipulate their contribution, it is impor-
tant to decode metabolic processes, adaptations, and beneficial 
characteristics. However, assessing microbial functions is im-
peded by difficulties in cultivating most prokaryotes, and 
endophytes inside host tissues are not easily amenable to bio-
chemical or genetic analyses. Endophytic bacterial cells inside 
plant tissues, tightly attached to host cells, are difficult to ex-
tract and separate from plant cells and contaminating surface 
bacteria. Mechanical removal of rhizoplane populations had 
been demonstrated previously, using vigorous shaking with 
glass beads (Reinhold et al. 1986). Because the culturable en-
dorhizosphere population was found to be entirely different 
from the rhizoplane population (Reinhold et al. 1986), this 
treatment appeared to be efficient. In roots of flooded plants 
with large aerenchymatic tissue such as Kallar grass (Reinhold 
et al. 1986) or rice (Barraquio et al. 1997), the population of 
culturable root endophytes was reported to be high compared 
with the rhizoplane population, making rice roots a promising 
microhabitat in which to study endophytes. 

Our knowledge of functions, niche adaptations, host–mi-
crobe interactions, and putative beneficial traits depends, thus 
far, on cultivated endophytes from rice (Krause et al. 2006; 
Yan et al. 2008) and other plants (Compant et al. 2010). Cellular 
capacities of uncultured microbial communities can be deci-
phered using metagenomic approaches (Dinsdale et al. 2008), 
in which DNA extracted from the entire population is analyzed 
for its gene content. We applied this strategy to investigate, for 
the first time in a culture-independent manner, key biological 
processes contributed by an endophytic bacterial community 
in roots of Oryza sativa. Analysis of protein-coding genes 
allowed identification of metabolic and interactive potential of 
the endophyte community. In addition, we performed mRNA 
expression analysis for selected bacterial genes. 
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RESULTS AND DISCUSSION 

Metagenome characteristics. 
We first established successfully a protocol for endophyte 

cell extraction and enrichment from roots, using flowering 
Oryza sativa ‘APO’ plants grown on experimental fields at the 
International Rice Research Institute, Philippines (IRRI). For 
our experiment, the stepwise removal of non-endophytic bac-
teria from roots and the stability of the endophyte consortium 
was confirmed by nifH-DNA-based community analysis (re-
striction fragment length polymorphism [T-RFLP]) of N2-fix-
ing bacteria in samples from different stages of the procedure 
(Supplementary Fig. S1A). The nifH gene profiles obtained 
from total roots were altered by surface treatment: the relative 
abundance of several OTU ((operational taxonomic units)) de-
creased. Surface-treated roots harbored OTU profiles similar to 
those of endophyte cells extracted from the same root pool 
(plot 1), indicating that endophyte extraction was successful and 
endophytes had been enriched. Moreover, the phylogenetic 
distribution of nifH fragments retrieved from DNA of untreated 
roots was entirely different from that encountered in the endo-
phyte metagenome (discussed below), suggesting that a major 
contamination with rhizoplane bacteria was unlikely. 

Small-insert shotgun libraries were generated from DNA ex-
tracted from the endophyte community, and Sanger sequencing 
yielded approximately 47 Mb of bacterial DNA sequences. 
The average endophyte genome size based on typical single-
copy genes (Raes et al. 2007) was calculated as 5.7 Mbp. Of 
more than 64,000 protein-encoding genes, 36% of the anno-
tated genes could be categorized into a COG category and 
37% encoded defined pfam domains. 

Community composition. 
Phylogenetic distribution of endophytes, based on rRNA 

genes in the metagenome library and, thus, not biased by poly-

merase chain reaction (PCR) amplification in addition to the 
cloning bias, corresponded very well with the taxonomic dis-
tribution of protein-coding genes. Members of phylum Proteo-
bacteria dominated the endophyte community, Gammaproteo-
bacteria, comprising mostly Enterobacter-related endophytes, 
and Alphaproteobacteria, including many rhizobia, being 
highly abundant (Fig. 1). Thus, they are likely to contribute the 
predominant genomes covered by our functional analysis be-
low. Within the family Enterobacteriaceae, predominant se-
quences were related to an endophyte strain previously iso-
lated from rice (Enterobacter sp. strain CBMB30) (Lee et al. 
2006). In addition to Proteobacteria, Firmicutes and a few 
members of other phylogenetic lineages were detected that 
typically occur in soil but were not expected inside plants (phyla 
Verrumicrobiae, Planctomycetes, and Fusobacteria). Thus. the 
taxonomic range of putative endophytes was extended by our 
study. Also, other 16S rDNA-based studies suggested a quite 
high diversity of rice root-associated bacteria (Sun et al. 2008). 
Other common soil prokarya, such as Acidobacteria or Archaea, 
were absent, despite methanogens being generally important 
members of the rice rhizosphere community (Lu and Conrad 
2005; Shrestha et al. 2009). Rice roots that develop aerenchyma 
provide a source of oxygen in an otherwise anoxic flooded soil. 
Therefore, a redox gradient is formed, allowing diverse meta-
bolic activity to take place inside root tissues (discussed below). 
Oxygen may deter methanogens from colonizing the rice root 
interior; however, the detection of various genes required for 
methane oxidation in the metagenome, including pmo, mmo, 
and mxa genes, provided evidence for the presence of endo-
phytic methane-oxidizing bacteria. In agreement with that, a 
16S rRNA gene-based cultivation-independent analysis con-
firmed the presence of methanotrophs (P. Hardoim, unpublished 
data). Thus, the predominant endophyte community was quite 
different from the consortia that are typically encountered in 
rice paddy soil (Lu and Conrad 2005; Shrestha et al. 2009). 

 

Fig. 1. Neighbor-joining phylogenetic tree of prokaryotic and eukaryotic 16S/18S rRNA sequences showing the phylogenetic distribution of microbial endo-
phytes detected in the metagenome sequences. Sequences were aligned and the tree was constructed using the ARB phylogenetic software package. The bar
indicates 10% evolutionary distance. Approximately one-third of the 16S rRNA genes found in the metagenomic library showed less than 97% identity with
sequences deposited in public databases. In parenthesis: numbers of clones, percentage given for prokaryotic sequences. 
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Establishment of endophytes in the host. 
Due to Sanger sequencing, sufficiently large sequence tags 

were obtained to permit us to predict more than 64,000 pro-
tein-coding genes. Annotation based on protein sequence iden-
tities and protein domain analyses allowed us to identify meta-
bolic capacities, potentials related to plant-growth promotion, 
and features presumably important for interaction with the plant, 
and provided novel targets for future research (e.g., on interac-
tion mechanisms). 

Several sets of protein-coding genes were abundant in the 
endophyte metagenome, which allowed us to ascribe numer-
ous capacities to this community. Some of these features might 
reflect adaptations of the bacterial community to the endo-
rhizosphere as an exclusive microhabitat. 

The outcome of plant–bacterium interactions is often deter-
mined by bacterial protein secretion systems (Downie 2010). 
In the endophyte metagenome, all known protein secretion 
systems for translocation across the cytoplasmic and outer 
membranes were present (Supplementary Table S1). An excep-
tion was the type III secretion system (T3SS) commonly used 
by symbiotic (Downie 2010) and pathogenic bacteria to inject 
effector proteins directly into the host cytoplasm and, thereby, 
to modulate the host response. For the T3SS, not all essential 
elements could be found in the metagenome, suggesting that it 
was not highly conserved among the rice endophytes. This 
correlates with the suggestion that endophytes, though plant 
associated, considerably differ from pathogens (Krause et al. 
2006); genomes of cultivated endophytes do often not contain 
a T3SS (Reinhold-Hurek and Hurek 2011), although the Her-
baspirillum seropedicae genome, for example, contains one 
(Pedrosa et al. 2011). 

New targets for functional studies are proteins whose role in 
interactions has not yet been studied in cultivated endophytes. 
A high representation of genes encoding components of type 
VI secretion systems, suspected to deliver effector proteins 
into cells of eukaryotic hosts (Pukatzki et al. 2009), suggests 
their importance in beneficial plant–microbe interactions. In 
rhizobia, the type VI secretion system may contribute to host 
specificity (Bladergroen et al. 2003). With hcp genes at 
approximately 0.15/Mbp and a calculated genome size of 5.7 
Mbp, almost every endophyte genome would contain an hcp 
gene, which encodes a key protein forming the secretion chan-
nel. Interestingly, this distribution is also reflected in genomes 
of cultivated endophytic bacteria: among 12 published genomes, 
seven harbor at least two putative type VI secretion gene clus-
ters (Reinhold-Hurek and Hurek 2011; Weilharter et al. 2011). 
Also striking was the high relative abundance of genes encod-
ing domains typical for autotransporters and the chaperone/ 
usher pathway. An abundance of 0.2 or 0.3/Mbp was detected 
for domains typical for autotransporters (pfam03797) or the 
chaperone/usher pathway (pfam00577), respectively. The auto-
transporter secretion pathway exports proteins with diverse 
pathogenicity-related functions through the outer membrane, 
including proteases, toxins, adhesins, and invasions, while the 
chaperone/usher pathway is used to translocate fimbrial com-
pounds of the P or type I pili to the cell surface. 

Hydrolytic, plant-polymer-degrading enzymes were identi-
fied as another putatively important feature. High gene abun-
dance (domains represented in cellulases, xylanases, cellobio-
hydrolases, and cellulose-binding proteins, 2.2/Mbp; domains 
typical in pectinases, 0.25/Mbp) suggested more than one set 
per endophyte genome. Pectinases were especially prominent 
in the metagenome and may contribute to endophyte entry into 
and spreading inside roots by degrading middle lamella. The 
role of hydrolytic enzymes has been shown (e.g., for the en-
doglucanase EglA in the endophyte Azoarcus sp. strain BH72 
involved in rice root invasion) (Reinhold-Hurek et al. 2006). 

Although flagellins are known to elicit an innate immune 
response in Arabidopsis (Zipfel et al. 2004), all components of 
the flagellar apparatus were encoded in the rice endophyte 
metagenome. Because they were abundant among the endo-
phytes, with pfam00669 (Flagellin_N)-containing genes at 
0.4/Mbp, which approximates 2/genome, motility or flagella-
mediated adhesion may be required for establishment in the 
rice endosphere. A putative role in root-associated lifestyle was 
also supported by detection of transcription of flagellin-
encoding endophytic fliC in rice roots (Fig. 2A). 

The rice endophyte metagenome contained a high number 
and diversity of genes encoding enzymes potentially involved 
in the detoxification of reactive oxygen species (ROS), as well 

Fig. 2. A, Transcripts of selected gene fragments in RNA extracts of roots of 
Oryza sativa cv. Apo related to the N cycle (left) and other features (right), as
detected by reverse-transcription polymerase chain reaction. C = control for 
DNA contamination (heat-inactivated reverse transcriptase) and R = reaction 
with reverse transcription. nirK, encoding nitrite reductase related to Brad-
yrhizobium, 416 bp; amoA, encoding gammaproteobacterial ammonium 
monooxygenase, 270 bp; nifH, encoding iron protein of nitrogenases, 362 
bp; fliC, encoding gammaproteobacterial flagellin, 141 bp; gst, encoding 
Bradyrhizobium-related glutathione-S-transferase, 327 bp. B, Pathways of 
nitrogen metabolism represented in the endophytic metagenome of rice, 
adapted with modification from Kyoto Encyclopedia of Genes and Genomes. 
Arrows indicate nitrogen fixation in blue, denitrification in green, nitrifica-
tion in brown, and nitrate assimilation in gray. Numbers inside boxes depict 
the EC number of the enzymatic reaction for which protein or proteins were 
detected in the endophytic metagenome. 
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as glutathione synthases and also glutathione-S-transferases 
(GST). Genes encoding glutathione synthetases (pfam02955 
prokaryotic glutathione synthetase, ATP-grasp domain; 
pfam02951 prokaryotic glutathione synthetase, N-terminal 
domain; pfam04262 glutamate-cysteine ligase) occurred at 
0.3/Mbp, while domains generally potentially involved in de-
toxification of ROS and products of oxidative stress were har-
bored at 3.3 genes/Mbp. In accordance with these findings, a 
glutathione synthetase gene was also found to be transcribed in 
association with rice roots (Fig. 2A). Because plants produce a 
range of ROS in response to abiotic stress or to colonizing 
microorganisms which elicit an oxidative burst, the abundance 
in the metagenome and in cultivated plant-associated bacteria 
(Fouts et al. 2008; Taghavi et al. 2010) suggests that endo-
phytes require these enzymes to be able to successfully colonize 
plants. 

Although, in an anoxic paddy soil, iron should not be limit-
ing, the rice root itself obtains some oxygen through its aeren-
chyma and, therefore, the bioavailability of iron should be 
reduced. Indeed, our gene analysis indicates that the root inte-
rior appears to be a microenvironment extremely depleted of 
bioavailable iron: the endophyte metagenome showed a high 
number of genes encoding proteins that are potentially involved 
in siderophore biosynthesis (compounds of low molecular mass 
with high specific affinity toward ferric iron or other metal ions, 
typically secreted to the extracellular milieu, at 0.3 genes/Mbp). 
Accordingly, siderophore receptors, the so-called TonB-de-
pendent receptors required for the uptake of ferric-siderophore 
complexes, or other elements for the uptake of iron as well as 

iron storage proteins, were also found in abundance at 2.2 or 
1.6 genes/Mbp, respectively. Also, in all genomes of cultivated 
and sequenced endophytes, these genes were abundantly present 
(Reinhold-Hurek and Hurek 2011), suggesting a high potential 
of the rice endophyte community to compete for iron with 
other members of the microbial community and, perhaps, with 
the plant host. 

The endophyte microbiome comprised high diversity (more 
than 80% of the known pfam domains were detected) and 
abundance of transcriptional regulators. A subset was well rep-
resented, such as the LysR family (pfam00126 HTH_1 and 
pfam03466 LysR_substrate, at 4.2 genes/Mbp), AraC family 
(at 3.6 genes/Mbp), Crp family (at 0.5 genes/Mbp), and the 
IclR families (at 0.5 genes/Mbp) of transcriptional regulators, 
which are relevant for bacterial virulence, quorum sensing, and 
metabolic adaptation (Maddocks and Oyston 2008; Molina-
Henares et al. 2006; Sun and Shi 2001). Analysis of the major 
protein domains responsible for production (GGDEF), binding 
(PilZ), and degradation (EAL and HD-GYP) of the second-
messenger cyclic-di-GMP revealed that the amount of genes 
encoding phosphodiesterase A (PDEA) is high in the rice 
endophyte microbiome (at six genes/Mbp). PDEA reduce the 
level of c-di-GMP and, therefore, enable bacteria to stay mo-
tile and, in the case of pathogens, stay virulent, whereas high 
levels of c-di-GMP enhance biofilm formation and lower 
infectivity. Because the intensive investigation of c-di-GMP-
mediated signaling started only recently, little is known about 
the regulation of this pathway. Cyclic-di-GMP-mediated sig-
naling might be of great importance for endophytic communi-

Fig. 3. Quorum sensing (QS) systems detected in metagenome by domain and sequence similarity analyses. Proteins for signal molecule synthesis and detec-
tion that were encoded in the endophyte metagenome are boxed in green. Known QS systems for which no evidence was found are crossed out. QS systems
are labeled as AHL (acylhomoserine lactone system), AI-2 (autoinducer-2 system), DSF (diffusible signal factor system), A-signal system, CSF (sporulation 
factor system), ComX system, CSP (competence stimulating peptide system), AIP (autoinducing peptide system), 3-OH PAME system, and Nisin/Subtilisin
system. Proteins that are involved in signal molecule synthesis (yellow arrows), detection (blue ellipses and blue boxes), and transport (green ellipses and
barrels) are indicated with the particular protein name. 
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ties, as was already shown for prokaryotic biofilm lifestyle and 
pathogenesis (Cotter and Stibitz 2007). 

Taken together, this suggests a very high degree of plasticity 
of responses to varying environmental stimuli such as plant 
signals, although the endosphere microenvironment was previ-

ously thought to be a rather stable, protected environment 
(Krause et al. 2006). 

Microbial communication by autoinducer molecules might 
be highly important for the rice endophytic community. 
Three systems—autoinducer-2 system (AI-2), the diffusible 

Fig. 4. Reconstruction of rice–endophyte interactions inferred from gene content analyses of the rice endophyte metagenome. The endophyte community is
depicted as one cell for reasons of simplicity; however, it should not be inferred that all processes are active in one cell simultaneously. In red, processes 
putatively related to ingress into roots, spreading, and establishment within roots; in brown, processes putatively related to plant growth promotion, biocon-
trol, and phytoremediation; in blue, putative metabolic adaptations. Question mark (?) indicates unknown effector proteins of protein secretion system and
unknown transfer of fixed nitrogen to the plant. 
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signal factor system, and the acylhomoserine lactone system—
were identified in the endophytic rice microbiome (Fig. 3; 
Supplementary Table S2). The AI-2 system (which has been 
commonly found in metagenomes) is known for both gram-
negative and gram-positive bacteria, where it acts as a global 
signal molecule for interspecies communication (Williams et 
al. 2007). All LuxS sequences found in the rice endophytes 
were gammaproteobacterial. Interestingly, the DNA-binding 
transcriptional activator SdiA was detected in the rice endo-
phyte metagenome. In Escherichia coli and Salmonella en-
terica, SdiA appears to encode a receptor that exclusively de-
tects signal molecules of other species (Michael et al. 2001), 
indicating the importance of quorum-sensing molecules and 
their receptors in a diverse bacterial community. This diver-
sity of systems is relatively high compared with other 
Sanger-based, similar-sized metagenomes of eukaryote-asso-
ciated communities; in human gut (National Center for Bio-
technology Information [NCBI] 16729) and termite gut 
(NCBI 19107), only the AI-2 system was detected whereas, 
in the Olavius algarvensis endosymbionts (NCBI 17779), 
none could be identified. Thus, a high diversity among endo-
phytes probably reflects a need for concerted gene regulation 
for virulence and colonization, even across species borders. 

Metabolic adaptations. 
Our gene analysis suggested numerous metabolic adapta-

tions of endophytes to their microenvironment. Partially, they 
might relate to a gradient of oxygen concentrations between 
anoxic soil, microaerobic aerenchymatic tissues, and O2 de-
pletion in bacterial microcolonies. Depending on the distance 
to the root base and on the root diameter, in aerenchymatic 
roots of typical flooded wetland plants in an anoxic soil, a 
concentration of 40 to 60% of atmospheric O2 concentration 
can be expected, with a sharp decline at the outer wall layer 
and a decrease to 0 to 20% in the inner stele (Bodelier et al. 
2006). Similar values were obtained for rice roots (Revsbech 
et al. 1999). Thus, different redox niches can be expected in 
rice roots and different metabolic capacities of the endo-
phytes. In addition to fermentative abilities, which might be 
required to cope with anoxic niches, the abundance of alco-
hol dehydrogenases (at 2.3 genes/Mbp) indicated that ethanol 
accumulated by rice roots at low O2 concentrations might be 
an important carbon source, as suspected for the grass endo-
phyte Azoarcus sp. strain BH72 (Krause et al. 2006). Transport 
systems belonged to the most abundant COG category (11.3% 
of genes, which could assigned to COG categories) (Supple-
mentary Table S3), comprising mainly ATP-binding cassette 
family transporters for several amino acids or polyamines 
(11.1 genes/Mbp), indicating that they may be important N or 
C sources derived from the plant. The high abundance of genes 
involved in the degradation of aliphatic and aromatic com-
pounds (4.5 genes/Mb) was striking, which suggests that the 
rice endophyte community is well equipped to degrade a wide 
range of aromatic compounds derived from the plants’ secon-
dary metabolism. The presence of genes encoding enzymes in-
volved in the degradation of halogenated aromatic compounds 
(0.9 genes/Mb) may be required for degradation of lignin pre-
cursors, and might additionally play a role in the break down 
of pesticides and herbicides applied in agriculture. 

The abundance of genes encoding proteins for the synthesis 
and degradation of carbon storage compounds such as polyhy-
droxyalkanoates or polyhydroxybutyrate (PHB) (1.6 genes/ 
Mbp) indicates that the ability to produce storage compounds 
may enhance survival during starvation and tolerance to stress 
(Kadouri et al. 2003). PHB may also serve as a redox regulator 
for the removal of growth inhibitory metabolites (Aneja et al. 
2004) such as plant secondary metabolites. 

Plant growth promotion and biocontrol. 
Our analysis also revealed features of endophytes that are 

likely to affect plant yield. We detected numerous traits in 
the endophyte metabiome that are likely to shape the fitness 
and performance of their host and, therefore, might be ex-
ploited for improvement of agricultural management prac-
tices. Plant growth may be promoted, and stress tolerance 
and nutrient uptake improved by providing phytohormones 
such as indole acetic acid (IAA) (Spaepen et al. 2007) or cy-
tokinins (Timmusk et al. 1999) and by producing the enzyme 
ACC deaminase (Glick 2004). All corresponding genes were 
detected in the endophyte metagenome for IAA production 
even for the three pathways: the indole-3-acetamide, indole-
3-pyruvate, and tryptamine pathways. Also, numerous anti-
oxidant activities (discussed above) might foster stress toler-
ance of the host plant. 

With respect to plant health, the presence of genes for 
siderophore production indicates strong biocontrol capacities 
allowing competition with pathogens for iron, as suspected 
for some cultured endophytes (Krause et al. 2006; van der 
Lelie et al. 2009). Also, bacterial quorum-sensing autoinduc-
ers may participate in the interaction of plants with patho-
gens and symbionts by induction of plant gene expression 
(Mathesius et al. 2003) (e.g., conferring systemic resistance 
to pathogens) (Schuhegger et al. 2006). The high diversity of 
autoinducer molecules represented in the endophyte micro-
biome (discussed above) and the possibility of novel autoin-
ducers (Krause et al. 2006) advocate a strong, underexplored 
impact of endophytes. 

Although degradative capacities for aromatic compounds are 
commonly found in soil bacteria, the endophyte metagenome 
surprisingly harbored a high number of genes for ring-cleaving 
enzymes (3.4 genes/Mbp). This emphasizes the potential of 
endophytes for bioremediation. Because iron and metal trans-
port and storage mechanisms were well represented (discussed 
above), endophyte–plant systems might also be developed to 
affect heavy metal transport and phytoremediation. 

Nitrogen cycle. 
Nitrogen is the nutrient most limiting to plant productivity in 

terrestrial ecosystems and in rice production. Losses of N fertil-
izer depend on nitrogen use efficiency, which can be affected by 
microbial N cycling that is mainly thought to occur in soil (Li et 
al. 2008). Surprisingly, microbial nitrogen cycling was almost 
completely represented in the endophyte metagenome, although 
different steps require different oxygen concentrations: we 
found gene-based evidence for aerobic (nitrification), micro-
aerobic (nitrogen fixation), and anaerobic (denitrification) parts 
of the N cycle (Fig. 2B). Among several domains of enzymes 
typical for denitrification, the NapE domain (pfam06796, peri-
plasmic nitrate reductase) was detected. Furthermore, domains 
for formate and nitrate transporters and nitrous oxide reductase 
NosZ were also found. Additionally, components of the assimi-
latory nitrate reductase pathway to assimilate ammonium from 
nitrate were present. AmoA (pfam05145), which can be consid-
ered to specifically represent putative bacterial ammonia mono-
oxygenases for nitrification, was represented in the endophyte 
metabiome. Transcript detection by reverse-transcription (RT)-
PCR even suggested concurrent root-associated microbial activ-
ity in the three major branches of the N cycle, including nitrogen 
fixation (Fig. 2A). Nitrification and bacterial ammonia oxidation 
in the rhizosphere were thought to be major contributors to rice 
nutrition (Li et al. 2008); however, our data suggest that rice root 
endophytes also may impact growth and nitrogen use efficiency 
in rice. Their activities should particularly be taken into account 
when consequences of shifting flood regimes to aerobic rice cul-
tivation are assessed. 
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The high apparent density of diazotrophic endophytes was 
remarkable, suggesting an N-poor microenvironment. Among 
an average of eight sequenced genomes, five nifH genes were 
detected, indicating that more than 50% of the endophytes 
were diazotrophic. Three were distantly related (89%) to Bra-
dyrhizobium sp. strain BTAi1, one to Xanthobacter autotro-
phicus Py2 (88%), and one to Dickeya dadantii (84%). Despite 
moderate N-fertilizer application, root-associated nifH tran-
scription was active (Fig. 2A), which underscores the role of 
biological nitrogen fixation (BNF) in this habitat. Phylogenetic 
analysis of nifH clone libraries prepared from DNA and mRNA 
of total roots showed that the entire community was rather 
diverse, also comprising Geobacter spp. typically occurring in 
soil. However, only a minority of root-associated diazotrophs 
was active in BNF as indicated by nif gene expression. 
Activity was mostly located in the alphaproteobacterial clade 
related to Rhizobium or Bradyrhizobium spp., clustering with a 
sequence found to be expressed in sugar cane roots (Burbano 
et al. 2011), which extends the typically root-nodule-associ-
ated rhizobial nitrogen fixation activity to cereals. Rhizobia 
have been reported as plant-growth-promoting endophytes of 
rice; however, considerable nitrogen fixation has not been 
reported (Saxena et al. 2000; Yanni et al. 1997). An exception 
is the recently discovered predominant expression of nif-genes 
of Rhizobium rosettiformans in roots of sugarcane from several 
continents (Burbano et al. 2011). 

Conclusions. 
Most functional information on bacterial endophytes is de-

rived from the (genomic or mutational) analysis of model 
strains, whereas our metagenome analysis revealed insights 
beyond the genome information of individual bacterial strains. 
Without cultivation bias, we analyzed the genomic characteris-
tics of the most abundant bacterial endophytes colonizing rice 
roots under field conditions. Our analysis revealed that bacterial 
endophyte communities seem to be highly adapted to proliferate 
and spread within plants (Fig. 4). Rice and other plants may be 
considered to be rich reservoirs of bacterial activities affecting 
plant growth and health. Bacterial gene expression analysis at 
different stages of rice growth will help us to understand the dy-
namics of the plant–endophyte system. A deeper understanding 
of endophyte functions and mechanisms for their establishment 
in the endosphere could be exploited to improve agricultural 
management practices with respect to biocontrol, bioremedia-
tion, and plant nutrition. 

MATERIALS AND METHODS 

Extraction of endophyte cells from rice roots. 
Rice, O. sativa APO (IR55423-01), was grown on three 

plots at IRRI, Los Baños, Philippines, with N-P-K fertilizer at 
90-30-30 kg/ha. Root samples from flowering plants were 
taken within 2 weeks (September to October 2006) and proc-
essed daily for endophyte extraction, and cells were pooled for 
metagenome analysis. Roots were thoroughly washed with tap 
water and small lateral roots were removed. The rhizoplane 
was chemically sterilized (approximately 5% sodium hypo-
chlorite for 2 min), and rhizoplane bacteria were physically 
removed by established methods (Reinhold et al. 1986) using 
vigorous shaking with sterile glass beads in sterile water. Roots 
depleted of surface bacteria were then disrupted by scalpel in 
order to release the endophytes, and then shaken again with 
glass beads in sterile saline (0.9% NaCl) for 4 h at 30C to 
detach microorganisms. Large plant and fungal cells and iron 
particles were removed from the supernatant by filtration (5-µm 
pore size), and residual cells were pelleted at 4C at 15.000 × g 
and were stored in liquid nitrogen. 

Extraction and purification of genomic DNA. 
Endophyte cells were suspended in 200 mM Tris-HCl (pH 

8.5), 25 mM EDTA, and 1% sodium dodecyl sulfate, and the 
lysis of the cells was performed by bead-beating (FastPrep in-
strument; BIO 101, La Jolla, CA, U.S.A.). The suspension was 
incubated with Proteinase K for 1 h at 60C and extracted with 
phenol/chloroform/isoamylalcohol, and nucleic acids were 
precipitated with ethanol and dissolved in Tris-EDTA (TE) 
(pH 8.0). After purification by gel filtration and RNase One 
treatment for 2 h at 25C, the DNA was again extracted with 
phenol/chloroform/isoamylalcohol, precipitated with ethanol, 
and resuspended in TE buffer (pH 8.0). 

Analysis of nifH pools and bacterial transcripts. 
For mRNA analysis and DNA-based clone library construc-

tion, roots were briefly washed and shock frozen in liquid 
nitrogen. Root total DNA for profiling (Engelhard et al. 2000) 
or RNA and DNA for clone libraries (Hurek et al. 2002; 
Knauth et al. 2005) were essentially extracted as previously 
described after homogenization of roots in liquid nitrogen and 
cell disruption by bead beating. Amplification of nifH frag-
ments (Hurek et al. 2002) was slightly modified by using 
cDNA from RT (1 of 50 µl) for amplification in a separate re-
action (MolTaq; Molzyme, Bremen, Germany). Either T-RFLP 
analysis (Knauth et al. 2005) was performed after electroelu-
tion of fragments from agarose gels or clone libraries were 
constructed. nifH fragments were cloned into the pJET 1.2 
vector using the CloneJet PCR cloning kit (Fermentas, St. 
Leon-Rot, Germany). Sequence analysis of 70 clones included 
rarefaction analysis (PAST program), construction of a phyloge-
netic tree based on nifH protein sequences from related cultured 
and uncultured diazotrophs, and in silico restriction analysis of 
the clones. 

The following primers were designed based on metagenomic 
sequences and used for RT or amplification by PCR; under-
scored positions represent locked nucleic acid modifications to 
improve the sensitivity of RT (Burbano et al. 2010): NirK, nitrite 
reductase gene related to nirK of bradyrhizobia, NirK_RT_ 
Brady_96 TTCACCTGGGTCATCAGAT; NirK_f_Brady_96 
GACGAGAAGGGCAATTTC; NirK_r_Brady_96 ACTTGCC 
TTCGACCTTGAA. fliC, gene for gammaproteobacterial 
flagellin, FliCmet_RT GGMASCTGGTTGGCCTG, FliCmet_f 
TGGGTGCMTCSCAGARCCG, FliCmet_r GCCGGCTATGC 
GMGCGG. gst, gene for glutathione-S-transferase, GST_f 
CTGGAAGGCCAAGACCAAC; GST_r ACCAGATCTTGAC 
CGAGG. amoA, gene for gammaproteobacterial ammonium 
monooxygenase, AmoA_gamma_RT GCCGAMGCRGTCAC 
CATCAA; AmoA_f_gamma GTTCCKGCKGCRCTGTTGC; 
AmoA_r_gamma CCAGGTKCCGGTCGTTCC. After RT for 
30 min at 47C, conditions for amplification were as follows. 
For fliC, an initial denaturation at 94C for 1 min; then, 40 
cycles of denaturation for 30 s at 94C, annealing for 30 s at 
58C, and extension for 30 s at 72C; and a final extension for 
5 min at 72C were used. For gst, annealing was modified to 
56C. For nirK, initial denaturation was done at 95C for 5 
min; then, 40 cycles of denaturation for 1 min at 95C, 
annealing for 2 min at 58C, and extension for 2 min at 72C; 
and a final extension for 10 min at 72C were used. For amoA, 
annealing was modified to 51C. 

Shotgun library construction and Sanger sequencing. 
A small insert library of the metagenome was constructed 

using approximately 1 µg of metagenomic rice endophyte 
DNA. Briefly, the DNA was randomly sheared to 2- to 4-kbp 
fragments using a HydroShear (GeneMachines, San Carlos, 
CA, U.S.A. and the sheared DNA purified using AMPure SRPI 
beads (Agencourt, Beverly, MA, U.S.A.) according to the 
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manufacturer’s instructions. The metagenomic DNA was then 
end repaired using the End-it DNA End-Repair kit (Epicentre, 
Madison, WI, U.S.A.), followed by phenol/chloroform/ 
isoamylalcohol extraction and ethanol precipitation. Approxi-
mately 20 ng of DNA was then blunt-end ligated into 100 ng 
of pUC19 vector overnight at 16C using T4 DNA ligase 
(Roche Applied Science, Indianapolis, IN, U.S.A.) and 10% 
(vol/vol) polyethylene glycol (Sigma-Aldrich). After phenol-
chloroform extraction and ethanol precipitation, 1 µl of liga-
tion product was electroporated into ElectroMAX DH10B Cells 
(Invitrogen, Carlsbad, CA, U.S.A.), and clones were prepared 
and sequenced on an ABI PRISM 3730 capillary DNA se-
quencer (Applied Biosystems, Foster City, CA, U.S.A.) accord-
ing to the JGI standard protocols. End sequencing yielded 
175,872 reads totaling 108.29 Mbp of Sanger sequence. 

For phylogenetic inference of Bacteria and Archaea, 16S 
rRNA gene sequences were analyzed using the ARB phyloge-
netic software package (Ludwig et al. 2004) against a represen-
tative subset of an internally curated 16S rRNA gene database. 

Metagenome assembly. 
The sequence reads were vector and quality trimmed with 

Lucy version 1.19p (Chou and Holmes 2001), resulting in 
138,989 reads, which were screened for contamination with 
rice plant DNA using megablast against the O. sativa genome 
(98% i.d., min e-30). After removal of 59,331 rice sequences, 
the resulting 79,658 host plant-free metagenomic endophyte 
reads were assembled using the Paracel Genome Assembler 
2.6.2. The assembly size comprised 14,739,389 bp in 10,583 
contigs, 236 of which were major contigs defined as being at 
least 10 reads deep and 2 kbp long. The N50 contig length was 
1,420 bp and the longest contig was 13.4 kbp. 

To estimate the effective genome size, the method of Raes 
and associates (2007) was applied. In brief, it assesses the 
number of 35 selected marker genes that are generally single-
copy genes; thus, their density is inversely linear to a represen-
tative microbial genome size prevalent in the metagenome ana-
lyzed. 

Gene prediction and annotation. 
The metagenomic assembly was loaded into IMG/M-ER for 

gene predictions and annotation as described in the “Standard 
Operating Procedure for the Annotations of Genomes and Meta-
genomes submitted to the Integrated Microbial Genomes Ex-
pert Review (IMG-ER) System” document. Additionally, pro-
teins were routinely identified by domains for specific functions 
(pfam or TIGRFam); by COG category; or, in some cases (quo-
rum-sensing systems, nitrogenase, ACC deaminase, IAA pro-
duction, and so on), by sequence similarity searches (BLASTP, 
e value < 1e-5) compared with well-studied proteins. 

The sequence data were deposited in GenBank under project 
accession number ADIE01000000. 
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