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Burkholderia kururiensis M130 is one of the few rice endo-
phytic diazotrophic bacteria identified thus far which is 
able to enhance growth of rice. To date, very little is known 
of how strain M130 and other endophytes enter and colo-
nize plants. Here, we identified genes of strain M130 that 
are differentially regulated in the presence of rice plant ex-
tract. A genetic screening of a promoter probe transposon 
mutant genome bank and RNAseq analysis were performed. 
The screening of 10,100 insertions of the genomic trans-
poson reporter library resulted in the isolation of 61 inser-
tions displaying differential expression in response to rice 
macerate. The RNAseq results validated this screen and 
indicated that this endophytic bacterium undergoes major 
changes in the presence of plant extract regulating 27.7% 
of its open reading frames. A large number of differentially 
expressed genes encode membrane transporters and secre-
tion systems, indicating that the exchange of molecules is 
an important aspect of bacterial endophytic growth. Genes 
related to motility, chemotaxis, and adhesion were also over-
represented, further suggesting plant–bacteria interaction. 
This work highlights the potential close signaling taking 
place between plants and bacteria and helps us to begin to 
understand the adaptation of an endophyte in planta. 

Rice (Oryza sativa) is the most important cereal feeding a 
large proportion of the world population (Ladha et al. 1997). 
However, its production is not increasing at a rate that is ade-
quate to satisfy the demands of the growing population. It is 
estimated that, by 2020, it will be necessary to double the 
amount of nitrogen (N) fertilizer currently being used to achieve 
these higher yields (Ladha et al. 1997). An attractive alternative 
to chemical fertilizers in agriculture is the use of biofertilizers, 
consisting of bacteria which can provide N to the plant via 
biological atmospheric N2 fixation (Ladha and Reddy 1995; 
Reinhold-Hurek and Hurek 1998). 

The use of bioinoculants is currently growing at over 10% 
yearly in order to decrease the use of chemical additives in agri-
culture. Beneficial endophytes residing inside plants are attrac-
tive candidates for the development of bioinoculants because 

they increase plant growth and resistance to pathogens 
(Compant et al. 2010; Hardoim et al. 2008; Reinhold-Hurek 
and Hurek 2011). It is believed that bacteria colonizing the 
plant interior might interact more closely with the host when 
compared with rhizospheric bacteria having less competition 
for nutrients and living in a more protected environment 
(Reinhold-Hurek and Hurek 1998). In addition to providing 
essential nutrients to plants, endophytes are also known to 
directly promote plant growth by the production or regulation 
of phytohormones (Hardoim et al. 2008; Reinhold-Hurek and 
Hurek 2011). 

The most predominant and studied endophytes belong to the 
three major phyla Actinobacteria, Proteobacteria, and Firmicutes 
and, in addition to their in planta habitat, they are also nor-
mally found in the soil or rhizosphere, which represents the 
main source of endophytic colonizers. These soil- or rhizo-
sphere-inhabiting endophytes are thought to reach the inside of 
plants through the phyllosphere or through seed (Compant et 
al. 2010). Endophytes can colonize different compartments of 
the plant apoplast, including the intercellular spaces of the cell 
walls and xylem vessels, and some of them are even able to 
colonize plant reproductive organs, such as seed, which allows 
them to be vertically transmitted from one generation to the 
other (Compant et al. 2010). However, we currently have little 
knowledge of how bacteria adapt, colonize, and live as endo-
phytes in plants. Endophytes need to initially enter the plant 
endosphere, quickly adapt to the new environment, and over-
come plant defense responses (Compant et al. 2010; Hardoim 
et al. 2008; Reinhold-Hurek and Hurek 2011). Endophytic colo-
nization is believed to depend, in part, on motility, root pene-
tration, and adaptation to the plant intercellular environment. 

Endophytic Burkholderia kururiensis M130 was isolated 
from rice roots in Brazil and it was shown to promote plant 
growth, at least in part due to the increase in nitrogen availability 
(Baldani et al. 1997a and b, 2000). Inoculation experiments of 
rice with strain M130 have shown that up to 30% of the total ni-
trogen accumulated by the plant had been fixed by the bacteria, 
increasing rice growth and yield (Baldani et al. 1997a, 2000), 
which makes it a potential candidate for use as a biofertilizer or 
bioinoculant. Recently, we have sequenced the genome of B. ku-
ruriensis M130 and observed that it possesses several genes po-
tentially related to plant growth promotion, including the accD 
gene encoding 1-aminocyclopropane-1-carboxylate deaminase 
and the nif gene cluster (Coutinho et al. 2013b). However, as is 
currently the case for most identified endophytes, no infor-
mation is available on the molecular mechanisms that play an 
important role in plant colonization by these bacteria. 
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Shidore and coworkers (2012) recently used a whole-
genome microarray to investigate the response of the endo-
phyte Azoarcus sp. strain BH72 to rice root exudate. These ex-
periments revealed that 4.4% of the total protein-coding genes 
of the strain were differentially regulated in the presence of the 
exudate, including genes for pilin, signal transduction, and 
type IV secretion (Shidore et al. 2012). This work suggests 
that plant exudates may be an important switch for the endo-
phytic lifestyle of these bacteria. Although this and a few other 
studies were able to identify genes differentially regulated in 
the rhizosphere or in the presence of plant root exudates (dos 
Santos et al. 2010; Mark et al. 2005; Rediers et al. 2003; Shidore 
et al. 2012), our knowledge of bacterial gene regulation occur-
ring inside the plant is very limited. Cordeiro and coworkers 
(2013) performed proteomics experiments with endophytic 
Herbaspirillum seropedicae cultivated in the presence or ab-
sence of sugar cane extract (total plant macerate) and revealed 
a few proteins that might be differentially expressed inside the 
plant. These proteins were mainly related to metabolic changes 
and adaptations, which are probably involved in the establish-
ment of the endophytic lifestyle. However, a general mode of 
regulation and target genes common to bacterial endophytes 
has not yet been identified. 

In the present study, we analyzed the changes in gene expres-
sion of B. kururiensis M130 occurring during its interaction 
with the rice plant extract in order to have a btter understand-
ing of the mechanisms involved in endophytism in this model. 
This was achieved via a more traditional screening of a trans-
poson promoter-probe mutant genome bank and by a genome-
wide-scale RNAseq approach. 

RESULTS 

B. kururiensis M130 shows differential expression  
of chromosomal transcriptional gene fusions  
in response to rice plant extract. 

In order to determine the differentially expressed genes of B. 
kururiensis M130 in the presence of rice plant extract, we con-
structed a promoter-probe genomic mutant bank of this strain 
using mTn5-GNm. This mTn5-based transposon possesses a 
kanamycin (Km) resistance gene and a promoterless gusA 
reporter gene. The latter permits monitoring of gene expres-
sion when the transposon is inserted in the correct transcrip-
tional orientation of an open reading frame (ORF) (Reeve et al. 
1999). 

In total, 10,100 independent mutants from the saturated B. 
kururiensis M130 genomic mutant bank, constructed as de-
scribed below, were screened by patching them independently 
in duplicate in solid medium (containing X-GlcU) with or 
without macerated rice plant (Supplementary Fig. S1). Poten-
tial differentially regulated transposon insertions were selected 
on media plates by identifying colonies that displayed different 
levels of β-glucuronidase activity as observed by the naked eye 
in a medium-dependent color display. Independent colonies, 
each representing a single transposon insertion fusion, were 
scored based on a white-blue scale indicating upregulated or 
downregulated loci in the presence of rice plant extract by the 
variation in the color intensity (data not shown). This screen 
identified 61 transposon insertions showing differential regula-
tion, of which 36 were upregulated and 25 were downregulated 
in the presence of rice plant extract (Table 1). 

In order to validate these observations, the 61 transposon 
insertion fusions identified by the screening on solid medium 
were then subjected to β-glucuronidase activity quantification 
after growth in shaking-liquid media either in the presence or 
absence of macerated rice plant. Strain M130 presented simi-
lar growth rates in both conditions (Supplementary Fig. S2). 

In this experiment, 58 fusions showed differential expression 
in the presence of rice plant extract, with 36 being upregu-
lated and 22 downregulated. The fold changes of enzyme 
activity varied from 1.34 to 20.91 (Table 1; Supplementary 
Table S2). Almost all the insertions displayed an expression 
pattern similar to what was observed in solid media; 
interestingly, however, in the liquid enzyme assay, three of 
the transposon insertions presented a different type of regula-
tion. More precisely, in the presence of rice plant extract, 
insertions 2 and 34 were downregulated in solid medium and 
upregulated in the liquid medium. In contrast, genomic inser-
tion 160 displayed the opposite trend in solid and liquid con-
ditions (Table 1). Moreover, three of the transposon inser-
tions isolated on the solid media screen (i.e., mutants 19, 67, 
and 249) did not show differential regulation in the liquid 
enzyme assay (Table 1). These results suggest that the growth 
conditions (i.e., solid or liquid) might be important for regu-
lation of these loci. With the intent to verify whether the dif-
ferential response shown in the presence of macerated rice 
plant is dose dependent, we quantified the β-glucuronidase 
activity of eight transposon fusions in different concentra-
tions of rice extract and, interestingly, we observed that, for 
most of them, the differential regulation increased together 
with the concentration of plant extract (Supplementary Fig. 
S3). However, in the presence of 10% macerated rice material, 
in most cases, the differential regulation of expression of the 
loci was abolished; this is most probably due to the toxicity 
of the plant macerate because, at this concentration, it had an 
effect also on the growth of the bacteria (data not shown). 

In order to identify the genes in the differentially expressed 
transposon insertion mutants selected above, the location of 
the transposon was mapped using an arbitrary polymerase chain 
reaction (PCR) method (O’Toole and Kolter 1998a). Using this 
procedure, we were able to map 49 of the 61 mutants (Table 
1). In order to map the other 12 transposon insertion fusions, 
we also performed genomic digestions and subcloning, aiming 
to isolate the genomic region flanking the Km resistance gene 
of the inserted transposon. However, this approach was also 
not successful for these 12 insertions; the reason for this is cur-
rently unknown. It is possible that the DNA regions associated 
with the location of the transposon contain genes that have 
deleterious effects when overexpressed in Escherichia coli. 

The results obtained from the 49 mapped transposon inser-
tions revealed that most of the genes that were differentially 
expressed in the presence of rice macerate were related to cel-
lular processes and metabolism, including genes involved in 
the degradation of aromatic compounds, which are known to 
be abundant in the plant (e.g., p-hydroxybenzoate and proto-
catechuate) (Fig. 1). The second most abundant group were 
genes involved in transport of molecules across membranes, 
which are believed to be important for the exchange of nutri-
ents within the plant (Fig. 1). Interestingly, in seven transposon 
insertion mutants, the gusA gene mapped in the opposite orien-
tation with respect to transcriptional direction of an annotated 
gene of the B. kururiensis M130 genome (Tables 1 and 2; Fig. 
1). The presence of antisense transcripts could be related to the 
existence of unidentified reading frames in the opposite strand 
of currently annotated genes; however, none of the potential 
ORF identified encode peptides displaying similarity to any 
other known protein, which could indicate the presence of a 
noncoding RNA (ncRNA) in these regions (Table 1). Two of 
these transposon insertions map at different locations on the 
opposite orientation of the same annotated ORF (i.e., trans-
poson insertions 227 and 275), encoding a putative transmem-
brane protein (Table 2). 

Several other transposon insertions also mapped on the same 
locus (Table 1), as is the case for four different insertions in 
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the gene encoding a 5-dehydro-4-deoxyglucarate dehydratase 
(i.e., insertions 31, 65, 146, and 267, with insertions 31 and 
146 being siblings) (Table 1). This gene is most likely involved 
in the degradation of D-galacturonate, which is one of the ma-
jor sugars present in plant cell walls. Interestingly, all of the 
genes identified that were likely to be involved in iron uptake 
were downregulated in the presence of rice plant extract. A 
transposon (insertion 144) was also found in a gene coding for 
a response regulator receiver protein; this gene possibly could 
be involved in transcriptional regulation in the presence of 
plant macerate (Table 1). The gene encoding this protein seems 
to be part of an operon together with a transcriptional regulator 
of the Crp/Fnr family (Fig. 2). In summary, this genetic screen 
revealed that, in the presence of rice macerate, B. kururiensis 
M130 differentially regulates several metabolism-related genes 
and membrane transporter genes that are likely to allow this 
endophyte to cope with the new environmental conditions. 

In planta studies  
of the promoter probe transposon insertions. 

It was of interest to perform in planta studies with some of 
the transposon insertion mutants in order to evaluate the role 
of these genes in endophytic colonization and their expression 
in the plant environment. In order to carry out these experi-
ments in rice plants, the mutants 146 and 193, which had 
transposon insertions in loci that were highly upregulated in 
the previous screen, were used (Table 1). Results showed that 

the mutants were able to endophytically colonize the roots of 
rice plants at the same level as the wild-type (WT) strain (Fig. 
3A). The roots of plants inoculated with mutant 146 showed 
strong blue coloration when stained for β-glucuronidase activ-
ity, with the lateral roots displaying a more intense coloration 
(Fig. 3B). This qualitative result confirms high expression of 
the gene encoding a 5-dehydro-4-deoxyglucarate dehydratase 
in planta. However, roots of plants inoculated with mutant 193 
did not show blue coloration upon staining (data not shown), 
which indicates that either the gene encoding the starvation-
sensing protein RspA is not expressed in planta or, more likely, 
the expression is too low to be detected by this staining meth-
odology. In conclusion, neither of these two loci played a cru-
cial role for endophyte colonization; however, one of them dis-
played high expression on the surface of roots pointing to a 
role for this gene in planta. 

B. kururiensis M130 transcriptome  
in response to rice plant extract. 

In order to perform a comparative analysis of B. kururiensis 
M130 response to rice macerate extract by different methods, 
to validate the screen of the transposon promoter probe library, 
and to obtain overall transcriptional profiling of this rice endo-
phyte in plants, we performed strand-specific RNAseq analy-
sis. Total RNA was purified from B. kururiensis grown in rich 
liquid media in the presence and absence of macerated rice ex-
tract, as described below. 

Table 1. Burkholderia kururiensis M130 mTn5-GusNm insertions that show differential expression of β-glucuronidase in the presence of rice plant extract 

     Fold changea  

Mutant Scaffold_siteb ORF start-endc Predicted function Scored β-Gluce RNAseq FDRf 

2 5_1145152 (–) 1,145,980–1,144,556 Permeases of the major facilitator superfamily – 1.8 2.35 0.003 
19 1_1316554 (–) 1,316,527–1,315,403 Porin ++ NS –1.53 0.03 
21 ND ND ND +++ 2.0 ND ND 
28g 1_984753 (–) ND Unknown – –1.98 ND ND 
30g 8_351373 (–) ND Unknown ++ 2.16 ND ND 
31 5_301794 (–) 302,442–301,495 5-dehydro-4-deoxyglucarate dehydratase ++ 4.86 5.16 2.7e-07 
34g 7_928794 (–) ND Unknown – 1.75 ND ND 
36g 7_351364 (–) ND Unknown + 1.82 ND ND 
37 ND ND ND +++ 1.71 ND ND 
38 5_562245 (+) 561,131–562,321 P-hydroxybenzoate hydroxylase +++ 2.79 7.39 5.28e-18 
43 5_1525790 (+) 1,525,761–1,525,934 Hypothetical protein – –1.93 LNR LNR 
47 4_312320 (–) 312,375–311,863 Hypothetical protein – –2.01 1.47 0.37 
48 7_2367 (–) 2,629–2,150 Hypothetical protein + 1.72 9.48 0.0005 
50 8_154092 (+) 154,059–155,186 Hypothetical protein – –2.2 –2.12 3.8e-07 
55 8_220645 (+) 220,493–221,701 Starvation sensing protein RspA ++ 2.48 1.22 0.82 
57 7_461873 (–) 462,221–461,949 Hypothetical protein – –2.4 3.0 0.0001 
62 8_310198 (–) 310,785–310,081 Protocatechuate 3,4-dioxygenase β chain ++ 2.78 1.88 1.5e-11 
64 ND ND ND – –1.94 ND ND 
65 5_301785 (–) 302,442–301,495 5-dehydro-4-deoxyglucarate dehydratase ++ 6.02 5.16 2.7e-07 
66g 7_941975 (+) ND Unknown ++ 2.25 ND ND 
67 1_77081 (–) 77,084–76,680 Holin-like protein CidA – NS 1.3 0.8 
71 5_1194214 (-) 1,194,214–1,192,490 L-lactate permease – –1.58 –1.24 0.62 
73 8_319309 (–) 319,413–318,259 Porin ++ 3.2 6.75 2.16e-61 
76 1_1682424 (+) 1,681,913–1,682,509 Hypothetical protein + 3.0 3.86 3.7e-09 
79 5_1155999 (–) 1,156,180–1,154,984 Outer membrane porin protein 32 precursor, putative  

3-hydrixyphenylpropionic acid porin 
 
+ 

 
1.48 

 
7.08 

 
7.03e-11 

87 1_980199 (+) 979,982–980,416 Hypothetical protein – –1.49 LNR LNR 
99 1_1536526 (+) 1,535,599–1,537,965 Nonribosomal peptide synthetase modules, pyoverdine-

like 
 
– 

 
–9.66 

 
–1.4 

 
0.64 

     (continued on next page)
a  Negative and positive values represent down- and upregulation, respectively, in the presence of rice plant extract. NS= not statistically different, ND = not 

determined, and LNR = low number of reads. 
b Scaffold_site of transposon insertion: + or – indicates the DNA strand of the B. kururiensis M130 genome in which the coding strand of the gusA gene of 

the transposon insertion was inserted. 
c Open reading frame. 
d Plate experiment score.  
e Fold change for β-glucuronidase activity. 
f False discovery rate (FDR) value for RNAseq. 
g Mutants that have the transposon inserted opposite to the transcriptional orientation of the annotated gene (antisense transcripts). 
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Comparison of the RNAseq data with the transposon-inser-
tion promoter-probe assay. The major reason for performing 
the RNAseq experiment was to validate the data obtained via 
the genetic screen of the transposon promoter-probe insertions 
in response to rice macerate. Therefore, we carefully compared 
the RNAseq data with the 49 mapped transposon insertions, 
keeping in mind that the growth media used in the two ex-
perimental set-ups was identical. However, there are two dif-
ferences among the two experiments to consider: i) the ge-
netic screen was performed using colonies in solid media, 
whereas the RNAseq data resulted from bacterial RNA purified 
from bacteria grown in shaking-liquid media; in order to make 
the comparison closer, the results generated with the RNAseq 
were compared with the ones derived from the β-glucuronidase 
enzyme quantification of the transposon insertions obtained 
when bacteria were also grown in liquid-shaking cultures; and 
ii) the screening using the transposon genomic library meant 
that each CFU was a knock-out mutant in a specific locus, 
which could have a direct or indirect effect on its own ex-
pression. This data comparison revealed that 27 of the 49 loci 
that were differentially expressed in the genetic screen also 
showed a similar trend of differential gene expression profiles in 
the RNAseq experiment with an false discovery rate (FDR) 
value ≤ 0.01 (Table 1). These loci are mostly related to metabo-
lism (especially of aromatic compounds) and different types of 
membrane transport systems. However, loci 57, 144, 178, 201, 
and 250 identified in the transposon screen presented a different 
type of regulation in the RNAseq experiment. The β-glucuroni-

dase activity assays of these five transposon insertions showed a 
downregulation of these genes in the presence of rice plant 
extract whereas, in the RNAseq data, they were being upregu-
lated (Table 1). To further analyze the expression of these five 
loci, we performed semiquantitative reverse-transcription poly-
merase chain reaction (SQ RT-PCR) and observed that, for two 
of them (i.e., transposon fusions 144 and 178), the patterns of 
expression correlated with the RNAseq results (Supplementary 
Table S3). We did not see difference in expression for the other 
three genes with this method and this is probably due to the low 
sensitivity of the SQ RT-PCR and the lower fold-change ob-
served for these loci (Table 1). These results might suggest that 
the products of these genes may be involved in their own regula-
tion, because the mutation caused by the transposon insertion 
might affect their pattern of expression. To further validate the 
RNAseq data, we selected four other genes to analyze by SQ 
RT-PCR and the results were comparable with the ones ob-
served in the RNAseq. 

The three transposon insertion loci which displayed differ-
ential expression only on plate solid medium and not in β-glu-
curonidase liquid assays (i.e., mutants 19, 67, and 249) were 
also not differentially expressed in the RNAseq experiment, 
which is in accordance because the RNAseq was also performed 
in shaking-liquid media (Table 1). Therefore, the expression of 
these three loci is possibly influenced by static growth in solid 
media and not liquid-shaking growth. 

The regions of the seven transposon insertions identified as 
antisense transcripts were also analyzed on the RNAseq data 

Table 1.  (continued from preceding page) 

     Fold changea  

Mutant Scaffold_siteb ORF start–endc Predicted function Scored β-Gluce RNAseq FDRf 

103 1_1024300 (+) 1,023,985–1,026,093 TonB-dependent receptor – –2.06 –31.4 1.37e-95 
121 ND ND ND +++ 1.71 ND ND 
123 4_65298 (–) 66,227–65,079 Porin ++ 3.7 2.78 7.27e-09 
124 1_1528111 (+) 1,516,822–1,533,051 Nonribosomal peptide synthetase modules, pyoverdine-

like 
 
– 

 
–20.91 

 
1.38 

 
0.7 

130 ND ND ND +++ 1.9 ND ND 
131 5_1086991 (+) 1,086,275–1,087,477 Acetyl-CoA acetyltransferase β-ketoadipyl CoA thiolase – –2.25 –1.33 0.12 
135 ND ND ND +++ 2.03 ND ND 
137 5_856719 (+) 856,003–856,830 4-hydroxycinnamoyl CoA hydratase/lyase + 6.21 2.99 8.8E-07 
144 5_1487519 (–) 1,487,503–1,487,195 Response regulator receiver protein – –4.04 9.82 0.0 
145 9_92313 (–) 92,762–91,146 RND efflux system, outer membrane lipoprotein, NodT 

family 
 
+ 

 
1.92 

 
1.42 

 
0.123 

146 5_301785 (–) 302,442–301,495 5-dehydro-4-deoxyglucarate dehydratase ++ 6.51 5.16 2.7E-07 
150 9_88340 (–) 88,688–87,810 Membrane fusion component of tripartite multidrug 

resistance system 
 
– 

 
–2.2 

 
–2.2 

 
2.01E-07 

160 ND ND ND ++ –1.55 ND ND 
163 1_1005739 (+) 1,005,244–1,005,789 XdhC protein (assists in molybdopterin insertion into 

xanthine dehydrogenase) 
 
+ 

 
2.5 

 
9.76 

0.00995 

164 5_303947 (+) 303,844–304,677 UDP-glucose 4-epimerase ++ 3.79 8.62 9.34e-07 
178 7_512666 (+) 512,658–512,861 Hypothetical protein – –2.62 41.21 3.2e-12 
187 1_715354 (+) 714,919–715,893 Threonine dehydratase, catabolic – –2.05 –2.23 4.48e-08 
193 8_220645 (+) 220,493–221,701 Starvation sensing protein RspA +++ 2.97 1.22 0.82 
194 ND ND ND +++ 1.95 ND ND 
201 5_652044 (–) 652,547–651,849 Phosphatase CheZ – –1.7 4.38 5.82e-13 
219 ND ND ND +++ 1.93 ND ND 
226 1_1543336 (+) 1,541,329–1,543,323 Ferric hydroxamate ABC transporter, permease component 

FhuB or 4′-phosphopantetheinyl transferase 
 
– 

 
–17.6 

 
–1.65 

 
0.45 

227g 5_90359 (+) ND Unknown ++ 1.82 ND ND 
230 1_911723 (+) 911,073–911,855 Sorbitol dehydrogenase + 2.0 4.6 1.59e-20 
243 7_306591 (+) 306,335–309,208 Extracellular Matrix protein PelA – –2.12 –1.03 0.86 
244 1_793114 (–) 793,611–792,112 Glycerol kinase – –2.02 –2.42 7.48e-11 
248 ND ND ND +++ 1.34 ND ND 
249 4_96716 (–) 97,427–96,465 Agmatinase – NS –1.43 0.45 
250 1_625434 (+) 624,594–626,030 Ammonium transporter – –2.32 4.04 5.06e-13 
251 ND ND ND +++ 1.37 ND ND 
262 ND ND ND +++ 1.47 ND ND 
267 5_301748 (–) 302,442–301,495 5-dehydro-4-deoxyglucarate dehydratase ++ 5.7 5.16 2.7e-07 
270 1_1165866 (+) 1,164,892–1,166,553 3-methylmercaptopropionyl-CoA ligase (DmdB) + 2.2 2.13 2.45e-07 
275g 5_90553 (+) ND Unknown ++ 1.76 ND ND 
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and the presence of complementary RNA reads was confirmed 
for all but two (i.e., insertions 36 and 66) (Supplementary Fig. 
S4). However in the absence of data corresponding to the size 
of the transcripts, no quantification could be performed. Inter-
estingly, in the case of three antisense transcripts (i.e., inser-
tions 28, 30, and 34), their sense-annotated ORF were also 
shown to be differentially regulated in the presence of rice 
plant macerate in the RNAseq results (Table 2). 

We were not able to properly evaluate the expression of two 
loci of the transposon genetic screen because the number of 
RNA reads for these loci was below the quality threshold (i.e., 
for insertions 43 and 87) (Table 1). 

Interestingly, the gene encoding the starvation-sensing pro-
tein RspA identified in transposon insertions 55 and 193, and 
which was upregulated in the presence of rice plant extract in 
the genetic screen, was not differentially expressed in the 
RNAseq experiment (Table 1). In the in planta studies described 
above, we did not detect expression using staining method-
ology of the root colonized by this strain carrying the trans-
poson insertion. Thus, it is likely that the mutation on this gene 
affects its own expression. 

Global analysis of the RNAseq transcriptome studies. Results 
of the RNAseq experiment showed that the expression of a 
large number of genes was significantly altered (FDR value ≤ 
0.01) in response to rice macerate, with 1,825 genes being dif-

ferentially expressed by twofold or more representing 27.7% 
of the protein-coding genes of B. kururiensis M130. Moreover, 
69% of the differentially expressed genes were upregulated 
(Fig. 4) and 31% were downregulated. 

The highest percentage of differentially regulated genes cor-
responded to hypothetical proteins (24.7%), the second most 
abundant group were genes involved in various cellular pro-
cesses and metabolism (22%), and the third were genes involved 
in secretion and transport (13.8%) (Fig. 4). Interestingly, 7.8% 
of the differentially expressed genes were transcriptional regu-
lators of several different regulatory families (Fig. 4), which 
results in a 1:12.8 ratio of genes coding for regulatory proteins 
to target genes. Moreover, 2.4% of the differentially regulated 
genes (predominantly upregulated) were found to code for pro-
teins involved in degradation or biosynthesis of plant-related 
compounds; these include genes involved in the degradation of 
aromatic compounds such as vanillic and salicylic acids and 
genes involved in the production of molecules important for 
plant-growth promotion such as IAA and phenazines (Supple-
mentary Table S4). Genes potentially involved in plant adhesion 
and colonization (e.g., type IV pili) as well as genes coding for 
efflux pumps were also found to be differentially regulated in 
the presence of plant macerate. Some of the pumps belong to 
resistance nodulation and cell division family (RND) efflux 
systems that might be involved in bacterial defense against 

Fig. 1. Functional classification of the genes showing differential expression of β-glucuronidase in the presence of rice plant extract. 

Table 2. Burkholderia kururiensis M130 mTn5-GusNm insertions that had the transposon inserted in the opposite orientation of the annotated gene

  Annotated ORFa   RNAseq 

Mutant Scaffold_siteb Start End Transposon/ORFc Predicted function of the annotated ORF Fold changed FDRe 

28 1_984753 984,226 984,864 –/+ Alkyl hydroperoxide reductase subunit C-like protein 1.34 4.1e-08 
30 8_351373 350,600 351,676 –/+ Dipeptide transport system permease protein DppB 2.89 0.00013 
34 7_928794 928,620 928,934 –/+ Hypothetical protein 2.83 1.9e-07 
36 7_351364 351,147 352,178 –/+ 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoate hydrolase –1.47 0.16 
66 7_941975 941,976 940,525 +/– Catalase 1.21 0.48 
227 5_90359 90,922 90,299 +/– Probable transmembrane protein 1.04 0.9 
275 5_90553 90,922 90,299 +/– Probable transmembrane protein 1.04 0.9 
a Annotated open reading frame (ORF). 
b Scaffold_site of transposon insertion. 
c Strand transposon/annotated ORF. 
d Gene expression values expressed as fold change; negative and positive values represent down- and upregulation, respectively, in the presence of rice plant 

extract. 
e False discovery rate (FDR) value. 
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toxic-plant metabolites. Other loci that might be involved in 
plant–bacteria interactions were related to chemotaxis, flagella, 
the type VI secretion system, and the BraI/R quorum-sensing 
system. 

DISCUSSION 

In this study, we have used a transposon-promoter-reporter-
system and RNAseq to study gene expression of the endophyte 
B. kururiensis M130 when exposed to rice plant macerate. To 
interpret this data, one has to keep in mind that the transposon 
insertion might have an effect on the phenotype of the screen 
because it inactivates the gene (or possibly genes if there is an 
operonic organization) in which it inserts. This is not the case 
for the transcriptomic experiments using strand-specific 
RNAseq, in which the WT strain was used. The RNAseq ex-
periment provided a global view of the gene expression profile 
and was validated by the genetic screen of the transposon pro-
moter-probe library. Another remarkable difference of the two 
experimental set-ups is that, in one, the screen involves bacte-
ria grown on solid-plate media, whereas the RNAseq experi-
ment indicates gene expression when bacteria are grown in liq-
uid-shaking cultures. Moreover, in addition to annotated genes, 

the combination of both techniques allowed us to also identify 
antisense transcripts potentially involved in plant–bacteria 
interactions. 

Both experimental set-ups presented here used total auto-
claved rice macerate as a source of plant molecules. Because 
B. kururiensis M130 is an endophyte which can live inside the 
rice plant in different locations and tissues, we believe that 
bacteria will be exposed to many different plant-produced 
molecules; hence, using complete plant macerate should pro-
vide a gene expression profile that includes all the important or 
major loci. It is likely, however, that some plant components to 
which B. kururiensis responds might have been inactivated or 
degraded by autoclaving the macerate. Preparation of the rice 
macerate performed here has been described previously and it 
allowed the identification of a novel subfamily of LuxR regu-
lators that responds to plant compounds (Ferluga and Venturi 
2009; Ferluga et al. 2007; Subramoni et al. 2011). 

Results presented here indicate that the B. kururiensis endo-
phyte undergoes major changes in its metabolism when exposed 
to plant macerate, probably as a result of the availability of a 
new range of nutrients and signals. This result is in agreement 
with observations from transcriptome and proteomic analysis 
of other bacteria growing in the presence of root exudates and 

Fig. 2. Graphical representation of the region of transposon insertion 144 in Burkholderia kururiensis M130 mTn5-GNm. Genes were annotated using the
RAST-Server. The black arrow represents the insertion site of the transposon and the orientation of its gusA gene. The gene in yellow is a transcriptional regulator 
of the Crp/Fnr family. 

Fig. 3. Rice colonization assays performed with Burkholderia kururiensis M130 (wild type [WT]) or its mTn5-GusNm mutants 146 and 193. A, Endophytic 
root colonization levels; bacterial endophytic colonization was measured by grinding and plating surface-sterilized roots after 14 days, and CFU/g levels of 
eight replicates from two independent experiments are plotted. Bars indicate means ± standard deviations. B, β-Glucuronidase (GUS) staining of roots of rice 
plants 14 days after inoculation with WT strain or with mutant 146. Control plants inoculated with the WT strain showed no GUS activity. GUS activity on 
plants inoculated with mutant 146 was observed on all roots, with the most intense color development on the lateral roots. 
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plant extracts. In these reports, a major change in the expres-
sion of genes related to different aspects of metabolism such as 
aromatic compound catabolism, energy generation, and amino 
acid biosynthesis and metabolism was observed (Cordeiro et 
al. 2013; Mark et al. 2005; Shidore et al. 2012). In addition, 
differential expression of several loci encoding for families of 
transporter proteins have also been observed, indicating that 
several molecules (e.g., aromatic compounds and toxic plant 
metabolites) are most probably transported inside or outside 
bacteria when they grow in planta. 

Both experimental approaches identified that loci involved 
in the uptake of iron were downregulated in the presence of 
rice macerated extract. The medium used for these experi-
ments (i.e., King’s B [KB] medium) is poor in available iron 
when compared with other rich media (King et al. 1954); thus, 
these results indicate that the plant extract provides iron to B. 
kururiensis, decreasing the expression of genes involved in 
iron uptake. 

The gene encoding for a response regulator receiver protein 
identified with the transposon-reporter system (i.e., transposon 
insertion 144) was shown to also be highly upregulated in the 
presence of plant macerate, according to the RNAseq experi-
ment (Table 1). Interestingly, the RNAseq data revealed that 

the transcriptional regulator located downstream of this locus, 
which belongs to the Crp/Fnr family (i.e., 8.6-fold-change) 
was also upregulated (Fig. 3). The Crp/Fnr family of regulators 
is often involved in the regulation of bacterial metabolic versa-
tility, virulence factors, degradation of aromatic compounds, 
nitrogen fixation, photosynthesis, and various types of respira-
tion and stress-related features. The regulators are able to 
respond to a broad spectrum of intracellular and exogenous 
signals such as cAMP, anoxia, oxidative stress, carbon monox-
ide, or temperature (Körner et al. 2003) and, in plant-related 
bacteria, this family of regulators is well known for its role in 
the regulation of the symbiotic nitrogen fixation process in rhi-
zobia (Fischer 1994). 

Interestingly, the type VI secretion system (T6SS) of B. ku-
ruriensis M130 is downregulated in the presence of plant rice 
extract. The T6SS in bacteria has recently been identified and 
its mode of action is still being characterized; however, it is 
known that it can power secretion of proteins between cells by 
utilizing a contractile phage sheath-like structure (Basler et al. 
2012; Leiman et al. 2009). Moreover, there is increasing evi-
dence that the T6SS has important roles in the interaction with 
eukaryotic hosts as well as with other bacteria (Basler et al. 
2013; Bingle et al. 2008; Cascales 2008; Filloux et al. 2008). 

Fig. 4. Functional classification of differentially expressed genes in Burkholderia kururiensis M130 in response to rice plant extract by transcriptome 
analysis. Only genes with a fold difference greater than 2 are included. M = membrane and CW = cell wall. 
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Mutations in the T6SS of the potato pathogen Pectobacterium 
atrosepticum led to increased virulence (Mattinen et al. 2008), 
whereas T6SS mutations in the endophyte Azoarcus sp. strain 
BH72 resulted in enhanced colonization of rice plants (Shidore 
et al. 2012). Similarly, inactivation of T6SS of Rhizobium le-
guminosarum enabled a strain that is normally not able to form 
functional nodules on pea to infect pea plants and fix nitrogen 
(Bladergroen et al. 2003). Therefore, it is possible that the T6SS 
elicits a host defense response and, thus, it will be important to 
repress its expression in a beneficial endophyte. 

It was observed that genes involved in flagella biosynthesis 
are mostly being downregulated; however, genes involved in 
chemotaxis and in the flagellar motor rotation are upregulated 
in the presence of rice macerate. Chemotaxis is the mechanism 
through which bacteria are able to efficiently respond to changes 
in the chemical composition of the environment, moving toward 
favorable environments and avoiding unfavorable ones by con-
trolling the flagellar movement. However, flagellins are known 
to elicit defense responses in plants because they are recog-
nized as pathogen-associated molecular patterns (PAMPs) (Felix 
et al. 1999). Hence, the downregulation of genes involved in 
flagellin synthesis would allow B. kururiensis to escape host 
defense responses. This has been observed in transcriptome 
experiments with Pseudomonas aeruginosa PAO1 and Azoarcus 
sp. strain BH72 in response to root exudates (Mark et al. 2005; 
Shidore et al. 2012). Taken together, the downregulation of 
flagella biosynthesis and the upregulation of functions related 
to flagellar motor rotation and chemotaxis might indicate that, 
at the same time, bacteria is induced to hide its flagellin 
PAMPs and move faster in the plant environment. Swimming 
experiments further confirmed these results and showed that 
the macerated rice plant induces motility (results of these 
experiments were 5.52 ± 0.1 cm swimming zone in KB me-
dium and 6.68 ± 0.2 cm in KB medium with 5% macerated 
rice plant) (Supplementary Fig. S5). 

Similarly, genes probably involved in root surface coloniza-
tion (e.g., encoding type IV pili) are also differentially regu-
lated in the presence of rice macerate, as well as genes encod-
ing components of efflux systems. The differential regulation 
of type IV pili-encoding genes also has been reported in plant-
associated bacteria grown in the presence of root exudates 
(Mark et al. 2005; Shidore et al. 2012). This type of pili was 
reported to be important for endophytic rice colonization, root 
attachment, twitching motility, and biofilm formation (Bohm 
et al. 2007; Dörr et al. 1998; O’Toole and Kolter 1998b; Shidore 
et al. 2012). Efflux pumps are transport proteins involved in 
the extrusion of toxic substrates into the external environment. 

Several of these pumps were shown to be differentially regu-
lated in the presence of rice macerate, such as components of 
the RND efflux system, which has been reported to play an 
active role in the successful colonization of the apple tree by 
the phytopathogen Erwinia amylovora (Burse et al. 2004). The 
study of Burse and coworkers (2004) suggests that the AcrAB 
system of E. amylovora is induced in planta and is involved in 
the resistance toward phytoalexins (plant secondary metabo-
lites with antimicrobial activity). Our results obtained with the 
RNAseq experiments suggest that, for endophytes, this type of 
efflux system might be important in their survival against plant 
defenses, because they are highly upregulated in the presence 
of plant macerate with fold changes as high as 97. 

N-acyl homoserine lactone (AHL) quorum-sensing (QS) via 
the BraI/R system has been shown to play a role in endophytic 
colonization and plant-growth promotion in B. kururiensis 
M130 (Suárez-Moreno et al. 2010). The BraI/R QS system 
was found to be upregulated in the presence of rice plant 
macerate in the RNAseq experiment. Transcriptome studies 
have been performed to identify the BraI/R regulon in other 
closely related species of plant-beneficial Burkholderia spp., 
highlighting the fact that it is species-specific and no core 
regulon is present (Coutinho et al. 2013a). Currently, the 
BraI/R regulon of B. kururiensis M130 is unknown and it is 
likely that it regulates loci that play important roles in endo-
phytism. In addition, the BraI/R regulator called RsaL (Suárez-
Moreno et al. 2008) was not shown to be differentially ex-
pressed in response to rice macerate, which indicates that a 
currently unidentified regulator is most probably involved in 
the regulation of this QS system in response to plant macerate. 

Cordeiro and coworkers (2013) used total plant extract and 
proteomics in order to identify genes important for the endo-
phytic lifestyle of the H. seropedicae endophyte. They ana-
lyzed differences in the proteome in the presence or absence of 
sugar cane extract and were able to identify 16 differentially 
expressed proteins, most of them being metabolism related 
(Cordeiro et al. 2013). In B. kururiensis M130, we observed 
six orthologs of the 16 reported in the proteomics study with 
fold-changes higher than 2 and FDR values lower than 0.01 in 
response to rice macerate (Table 3). Most of these loci display 
differential expression, with a pattern similar to that seen for 
H. seropedicae. Interestingly, one of these is the FusA elonga-
tion factor G1, and B. kururiensis has two copies of this gene. 
One of the fusA genes is upregulated like the one of H. serope-
dicae while the other is downregulated. In addition, the RpsA 
30S ribosomal subunit S1 is upregulated in H. seropedicae and 
the corresponding gene is downregulated in B. kururiensis. 

Table 3. Differentially expressed proteins and genes of the endophytes Herbaspirillum seropedicae SmR1 and Burkholderia kururiensis M130 grown in the 
presence of sugar cane or rice plant extract, respectivelya 

    Gene location Blast RNAseq 

ID HSb Gene function FC HSc ID BKd Contig Start Stop Scoree E-valuef FC FDR 

Hsero_3276 DapA dihydrodipicolinate synthase protein 2.09 fig|984307.6.peg.470  7 543,771 542,884 175 5.0e-45 8.68 8.5e-13 
Hsero_0111 FusA elongation factor G1 2.52 fig|984307.6.peg.5368  7 838,255 840,360 1,144 0.0 –3.18 9.4e-09 
   fig|984307.6.peg.756  8 18,080 20,182 1,118 0.0 2.3 0.0 
Hsero_0415 Bifunctional 

phosphoribosylaminoimidazolecarboxamide 
formyltransferase/IMP cyclohydrolase 

 
 
Absent 

 
 
fig|984307.6.peg.893  

 
 
7 

 
 

981,193 

 
 

982,758 

 
 

815 

 
 

0.0 

 
 

–2.16 

 
 

2.3e-11 
Hsero_3923 Glutamate synthase small subunit oxidoreductase Absent fig|984307.6.peg.5425  8 67,839 69,305 801 0.0 –2.61 5.5e-16 
Hsero_3689 RpsA 30s ribosomal protein S1 2.58 fig|984307.6.peg.3690 5 173,542 175,272 934 0.0 –2.34 2.7e-08 
Hsero_0097 TufB EF-Tu elongation factor protein Absent fig|984307.6.peg.5356  8 1,002 2,192 736 0.0 –2.68 4.3e-66 

a ID = gene identification, FC = fold change, and FDR = false discovery rate value. 
b Gene identify for H. seropedicae. 
c Fold change for H. seropedicae according to Cordeiro and associates (2013). “Absent” indicates protein absent in the presence of sugar cane extract.  
d Gene identity for B. kururiensis according to annotation performed by the RAST-Server (Aziz et al. 2008). 
e Score (bits). 
f Expect value. 
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The 30S ribosomal protein S1 (RpsA) is the largest ribosomal 
protein in the 30S subunit of Escherichia coli ribosome; how-
ever, its association with the ribosome is weak and reversible 
(Subramanian 1983). Moreover, RpsA is the only ribosomal 
protein with documented affinity for mRNA (Draper et al. 
1977) and is essential for growth, being required for transla-
tion of bulk mRNA in E. coli (Briani et al. 2008; Sorensen et 
al. 1998). For these reasons, RpsA has been considered a trans-
lation factor rather that a ribosomal protein. The reason for dif-
ferential regulation of this protein upon exposure to plant mac-
erate is currently unknown. Interestingly, RpsA expression has 
also been shown to be regulated in other plant–bacteria associ-
ations; for instance, in the sugar cane associated bacterium 
Gluconacetobacter diazotrophicus (dos Santos et al. 2010; 
Lery et al. 2008) 

Elongation factor (EF)-Tu is one of the most abundant pro-
teins in bacteria and it plays an essential role in the elongation 
phase of protein biosynthesis. However EF-Tu, just like flagel-
lin, is also recognized by the plant as a PAMP, activating the 
plant innate immune response (Kunze et al. 2004). These results 
suggest that the downregulation of EF-Tu and flagellin by plant 
macerate is part of a coordinated regulation of proteins able to 
elicit plant defense mechanisms to enable temporal control of 
plant response and allow plant colonization by the endophyte. 

In our genetic screen, we have identified potential antisense 
RNAs (asRNAs) that are differentially expressed in the pres-
ence of rice plant extract. A similar methodology or approach 
was used in the identification of asRNAs of Mycoplasma geni-
talium, proving to be a robust technique for this type of analy-
sis (Lluch-Senar et al. 2007). The RNAseq experiments further 
confirmed the transcription of these asRNAs and revealed that, 
for some of them, the sense mRNA is also differentially ex-
pressed in the presence of plant macerate (Table 2). The pres-
ence of antisense transcripts has been linked to the regulation 
of gene expression in bacteria. asRNAs are encoded on the 
DNA strand opposite another gene and are able to form exten-
sive base-pairing interactions with their corresponding sense 
RNA. This type of ncRNA has been shown to have roles on 
the repression of transposases and toxic protein synthesis, 
regulation of the levels of transcriptional regulators, and 
modulation of the levels of metabolic and virulence proteins 
(Thomason and Storz 2010). It is likely that the expression 
level of an asRNA is coupled to the expression level of its cor-
responding mRNA, and evidence is accumulating that some 
asRNA respond to environmental cues (Georg and Hess 2011). 
For instance, the transcription of as_mccA, an asRNA from 
Clostridium acetobutylicum that controls a sulfur metabolic 
operon, is regulated in response to sulfur availability (Andre et 
al. 2008). It was not the scope of this work to focus on 
asRNAs; however, recent research has shown that they are 
widespread in bacteria, being found also in plant pathogens 
(Filiatrault et al. 2010; Georg and Hess 2011; Schmidtke et al. 
2012); currently, to our knowledge, there are no studies on 
their role in plant–bacteria interactions. 

The reasons for the lack of RNA reads in the direction of the 
gusA gene in transposon insertions 36 and 66 is unknown; 
however, from the β-glucuronidase quantification results, it is 
possible to observe that these loci have a low transcription 
rate. Moreover, the RNA isolation procedure used here does 
not efficiently purify low molecular weight RNAs (e.g., small 
RNAs); therefore, it is likely that we did not detect a complete 
representation of ncRNAs expressed under the conditions 
evaluated here. 

In this study, we have identified genes potentially regulated 
during the endophytic establishment of B. kururiensis M130 in 
rice plants. It is likely that endophytic bacteria utilize different 
strategies to interact with their hosts; however, some of these 

features such as the differential regulation of molecules that 
elicit plant immune responses and those involved in root 
attachment are likely to be common. It is important to under-
stand the mechanisms of regulation of these loci and the mole-
cules or signals of the plant involved in inducing major 
changes in the bacterial behavior required for in planta adapta-
tion. A careful analysis of the transcriptional regulators and of 
the potential ncRNAs being differentially expressed in the 
presence of plant macerate is an important step in addressing 
these questions. 

MATERIALS AND METHODS 

Bacterial strains, plasmids, media, and  
recombinant DNA techniques. 

Rifampicin (Rif)-resistant B. kururiensis M130 WT (Baldani 
et al. 1997a) and its derivative strains were grown at 30°C in KB 
medium (King et al. 1954) or M9 minimal medium supple-
mented with glucose (Sambrook et al. 1989). Medium contain-
ing macerated rice material was prepared as follows: 20 to 25 g 
of rice plant was macerated in the presence of liquid nitrogen, 
added to 400 ml of KB or M9 medium, autoclaved, and fil-
tered to remove large plant materials. E. coli strains were 
grown in Luria-Bertani (LB) medium at 37°C. The plasmid 
pGEM-T Easy Vector (Promega Corp., Madison, WI, U.S.A.) 
was used for cloning. Antibiotics were added when required 
at the following final concentrations: ampicillin (Amp) at 
100 µg ml–1, Km at 50 µg ml–1 (E. coli) or 100 µg ml–1 (B. 
kururiensis), nitrofurantoin (Nf) at 100 µg ml–1, and Rif at 
100 µg ml–1. The β-glucuronidase substrate X-GlcU (Life 
Technologies, Carlsbad, CA, U.S.A.) was incorporated in 
solid medium at 40 µg ml–1. 

All recombinant DNA techniques were performed as de-
scribed previously (Sambrook et al. 1989). Plasmids were 
purified by using EuroGold columns (EuroClone, Italy); total 
DNA from Burkholderia spp. was isolated by sarkosyl-pronase 
lysis, as described previously (Better et al. 1983). Generated 
plasmids were sequenced-verified by Macrogen (Europe). The 
sequences of the primers used are given in Supplementary Ta-
ble S1. 

Construction of the transposon promoter-probe  
genomic mutant bank in B. kururiensis and mapping  
of transposon insertion sites. 

Plasmid pCRS530 (Reeve et al. 1999) carrying the mTn5-
GNm (containing gusA-Ptac-nptII-TtrpA) was harbored in E. coli 
S17-1 (Simon et al. 1983) and biparental conjugation was per-
formed in order to conjugate this plasmid into B. kururiensis 
M130. The transconjugants harboring the mTn5-GNm into the 
chromosome were selected on KB plates containing Km, Nf, 
and Rif and incubated for 18 h at 30°C. Several conjugations 
were performed in order to obtain over 100,000 independent 
transposon insertions. The DNA sequence-flanking transposon 
mutants in B. kururiensis M130 were determined using an 
arbitrary PCR procedure, as previously described (O’Toole 
and Kolter 1998a). In this method, the DNA flanking the trans-
poson insertion site was enriched in two rounds of amplifica-
tion using primers specific to the ends of the mTn5-GNm ele-
ment and primers of random sequence that annealed to chro-
mosomal sequences flanking the transposon. 

Total RNA isolation. 
RNA isolations were carried out from three independent cul-

tures of B. kururiensis M130 grown in KB medium and KB me-
dium supplemented with rice plant macerate. The cultures were 
incubated at 30°C and 180 rpm until they reached an optical 
density at 600 nm of 3.0; this stage was chosen because it is the 
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beginning of the stationary phase. RNA isolation was carried out 
from 2 × 109 cells using the Ribopure bacteria RNA isolation kit 
(Ambion Inc., Austin, TX, U.S.A.), following the manufac-
turer’s instructions. Isolated RNA was treated with DNase at 
37°C for 1 h and purified. The purity of RNA was assessed by 
PCR on total RNA (250 ng) with GoTaq polymerase (Promega 
Corp.) using 16S_M130 primers. RNA quality and concentra-
tion were assessed by Nanodrop (Thermo Scientific, Wilming-
ton, DE, U.S.A.) and agarose gel electrophoresis. 

RNAseq experiment and analysis. 
RNAseq experiments were performed by IGA Technology 

Services Srl (Udine, Italy). Briefly, RNA samples were first 
treated with the Ribo-Zero Magnetic Kit specific for gram-
negative bacteria (Epicentre, Madison, WI, U.S.A.) in order to 
deplete ribosomal RNA (rRNA). Total RNA (1.5 µg) was used 
as starting material following the standard protocol. The purifi-
cation of rRNA-depleted samples was performed by using 
Agencourt RNAClean XP kit (Beckman Coulter, U.S.A.), as 
described in the manufacturer’s protocol. rRNA-depleted RNA 
samples were then processed using Encore Complete Prokary-
otic RNA-Seq Library Systems from Nugen (NuGEN Technol-
ogies, Inc., CA, U.S.A.). Pools of six samples were loaded on 
one lane of Illumina flowcell and clusters created by Illumina 
cBot. The clusters were sequenced on the Illumina HiSeq2000 
(Illumina Inc.). One lane in six-plex was run, obtaining ap-
proximately 20 million single reads per sample; each read was 
50 bp long. Raw reads were deposited in the Sequence Read 
Archive of the National Center for Biotechnology Information 
with the number SRP044730. 

CLC-Bio Genomics Workbench software (CLC Bio, Den-
mark) was used to calculate gene expression levels based on 
the approach of Mortazavi and associates (2008) and fold-
changes between samples. Gene functions were annotated using 
the RAST-Server (Aziz et al. 2008). The cutoff FDR-adjusted 
P value used was 0.01, with a minimum twofold change. 

SQ RT-PCR and analysis. 
RT was performed in a 20-µl reaction mixture containing 

2.5 µg of total RNA, random primers at 200 ng/µg of RNA 
(Promega Corp.), and 30 U of Avian myeloblastosis virus 
reverse transcriptase, following the manufacturer’s instruc-
tions. Conditions used for RT were 65°C for 3 min, 25°C for 
10 min, 42°C for 90 min, and 70°C for 10 min. The primers 
16s_M130_Rv/Fw were used to measure the transcription of 
16S rRNA. Second-strand synthesis was performed using 
GoTaq Flexi polymerase (Promega Corp.) with 1 µl of undi-
luted (any test gene) or 1:1,000 diluted (16S rRNA) cDNA 
reaction as template. The number of PCR cycles for each gene 
was standardized so that the product amplification was in the 
linear range; 10 to 20 µl of the PCR product was analyzed by 
agarose gel electrophoresis. The intensities of the bands were 
measured and normalized to that of 16S rRNA using Kodak 
1D software (Pizzonia 2001) to obtain the fold difference. The 
validation of each gene was performed with samples from 
three independent isolations. 

Plant endophytic colonization assays. 
‘Baldo’ rice seed were surface sterilized through a 1-h wash 

with 2.5% sodium hypochlorite, followed by several washes 
with sterile water. Seed were then aseptically transferred to 
sterile boxes with a thin layer of sterile water for seed preger-
mination. Following incubation for 5 days at 28°C in the ab-
sence of light, the pregerminated rice seed were aseptically 
transferred to 50-ml Falcon tubes containing 35 ml of a modi-
fied Jensen’s N-free plant nutrient medium (Somasegaran and 
Hoben 1994) with 0.3% agar. 

Plant infection and endophytic bacteria isolation was con-
ducted as previously described (Mattos et al. 2008). Briefly, 
plantlet infection assays were carried out by inoculation of 2 × 
107 CFU into each Falcon tube containing rice plantlets. After 
incubation for 14 days with a 12-h photoperiod at 28°C, plant-
lets were collected and cut, in order to gather only the roots. 
The excised plant segments were subjected to surface steriliza-
tion with 1% sodium hypochlorite for 5 min, followed by sev-
eral washes with sterile water. The roots were then weighed, 
transferred to sterile mortars containing 1 ml of sterile phos-
phate-buffered saline (PBS), and macerated with a pestle. 
From each suspension, a series of 10-fold dilutions were pre-
pared using sterile PBS, and aliquots of 100 µl were spread 
plated onto KB medium containing Rif for the isolation of B. 
kururiensis M130 WT, or Rif and Km for the isolation of B. 
kururiensis M130 derivatives. Plates were incubated for 2 days 
at 28°C. Bacterial quantification was expressed as CFU per 
gram of fresh weight plant tissue and eight replicates from two 
independent colonizing assays were used to determine the 
average CFU values. 

β-Glucuronidase assays and histochemical staining  
for β-glucuronidase activity. 

β-Glucuronidase activities were determined as described 
previously (Ferluga and Venturi 2009) with B. kururiensis mu-
tants grown in the presence or absence of rice plant extract. All 
experiments were performed in triplicate, and the mean value 
is given. 

For histochemical staining, at least three seedlings from two 
independent inoculations were collected 12 days after inocula-
tion and their roots stained for β-glucuronidase activity in 50 
mM potassium phosphate buffer (pH 7.0) containing X-GlcU 
at 500 µg ml–1 overnight at 37°C in darkness. The reaction was 
subsequently cleared in 70% ethanol before visualization. β-
Glucuronidase expression was examined with an stereomicro-
scope (MZ125; Leica) and images were recorded with a digital 
microscope camera (DFC420c; Leica). 

Swimming motility assay. 
For bacterial motility assays, B. kururiensis M130 was 

grown in KB media for 24 h at 30°C and adjusted to an optical 
density of 1.0. Adjusted culture (1 µl) was spotted onto the 
center and inside of 0.3% KB agar plates containing or not 
containing 5% macerated rice plant. The plates were incubated 
at room temperature, the diameter of swimming was measured 
in three dimensions after 48 h, and the mean values were cal-
culated. All the experiments were performed in triplicate and 
the mean values and standard deviations are presented in the 
text. 
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