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altered during biofilm formation. In biofilms-attached cells, 
genes encoding proteins with diverse functions were over-
expressed including genes involved in membrane synthesis, 
transport and chemotaxis, repression of flagellin synthesis, as 
well as surface components (particularly exopolysaccharides 
and lipopolysaccharides), in combination with the presence 
of activators or stimulators of N-acyl-homoserine lactone 
synthesis This suggests that R. etli is able to sense surround-
ing environmental conditions and accordingly regulate the 
transition from planktonic and biofilm growth. In contrast, 
planktonic cells differentially expressed genes associated 
with transport, motility (flagellar and twitching) and inhibi-
tion of exopolysaccharide synthesis. To our knowledge, this 
is the first report of nodulation and nitrogen assimilation-
related genes being involved in biofilm formation in R. etli. 
These results contribute to the understanding of the physi-
ological changes involved in biofilm formation by bacteria.

Keywords  Sessile · Planktonic · Biofilm · Microarrays · 
Rhizobium etli

Introduction

Biofilms represent a very successful mode of microbial 
existence (Vorachit et al. 1995) because they contribute to 
increased resistance to environmental stresses as well as 
antimicrobial tolerance, protection from protozoan pre-
dation and the opportunity for horizontal gene transfer 
(HGT) (Danhorn and Fuqua 2007). Bacteria interacting 
with plants can be pathogens, commensals or mutualists. 
In many of these interactions, the ability to form biofilms 
is likely to be advantageous, if not essential, because it 
maintains a critical mass of cells in a specific location for 
long enough periods to initiate beneficial or antagonistic 
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interactions with hosts. Rhizobia are nitrogen-fixing sym-
bionts of legumes that employ a variety of strategies that 
allow them to exist in the soil and adapt to diverse environ-
mental conditions prior to infecting leguminous plant. In 
this symbiotic relationship, bacteria colonize plant roots to 
obtain carbon sources and provide the plant with nitrogen. 
The plant–bacterial interaction shows a high degree of host 
specificity, based on the exchange of chemical signals, and 
results in the development of specialized structures called 
nodules (Schultze and Kondorosi 1998; Karatan and Wat-
nick 2009). The process is mediated by molecular signal 
exchange between the host and the bacterial cells, which 
often requires cell-to-cell communication.

Biofilm formation is important in both free living and 
symbiotic life phases of Rhizobiales. In the free living 
phase, biofilm formation allows these non-spore-forming 
soil bacteria to colonize the surrounding habitats and to sur-
vive environmental stresses such as desiccation and nutri-
ent limitation. In symbiosis, biofilm formation is essential 
in the early stages of nodulation, as reported in Sinorhizo-
bium meliloti and R. leguminosarum bv. viciae (Fujishige 
et  al. 2006). Bacterial biofilms are widely distributed and 
play important roles in many environments. Environments 
faced by soil rhizobia range from a rhizosphere rich in 
nutrients and root exudates to soils deficient in nitrogen, 
phosphates, water and nutrients. Numerous microbial spe-
cies, including rhizobia, form microcolonies or biofilms 
when they colonize roots (Rinaudi and Giordano 2010). S. 
meliloti was first reported, and the rhizobia regulatory sys-
tem in this species and conditions for analyzing its ability 
to biofilm formation on biotic and abiotic surfaces and have 
been interested (Fujishige et al. 2005).

Previous reports on biofilm formation have focused on 
the role of specific genes, such as those involved in cellular 
aggregation, swarming, nitrogen metabolism in establish-
ing biofilms on abiotic and biotic surfaces such as glass, 
plastic microtiter plates, sand and soil (Donlan 2002).

Another essential requirement for biofilm formation is 
the attachment of the cells to a surface, where adhesins, 
exopolysaccharides, lipopolysaccharides and surface pro-
teins play a central role (Davey and O’Toole 2000). The 
production of the autoinducers like case N-acylhomoserine 
lactones (AHLs) has also described for Mesorhizobium tian-
shanense, a nitrogen-fixing symbiont (Zheng et al. 2006).

In this work, we used a microarray analysis to analyze 
gene expression changes in R. etli CFN42 during biofilm 
formation on a glass (abiotic) surface, as described previ-
ously for some pathogenic and nitrogen-fixing organisms 
(Christensen et  al. 2007; Rinaudi and Giordano 2010). 
We analyzed gene expression in the planktonic and sessile 
phases of growth (24 and 72 h).

This is the first transcriptomic study during biofilm for-
mation in R. etli CFN42. As opposed to the majority of 

previous studies in rhizobia using cells obtained in differ-
ent experiments (biofilms on abiotic or biotic surfaces; and 
planktonic cells from shaken cultures), we used planktonic 
and sessile cells, collected from the same culture and per-
formed transcriptomic analysis after carefully separating 
each cell type. We believe that this strategy enabled us to 
more reliably detect subtle metabolic and structural differ-
ences occurring during the transition from planktonic to 
sessile cells. Our main goal was to contribute to the under-
standing of even subtle metabolic, structural and regulatory 
changes occurring in R. etli during the process of biofilm 
formation, in contrast to previous reports examining only 
the planktonic and sessile phases. Thus, our approach 
focuses on differential gene expression during the change 
of phases, with the aim of understanding the expression 
changes needed for biofilm development in nature.

Methods

Biofims formation assay

Biofilm formation was assayed by the ability of R. etli 
cells to adhere to the wells of 96-well PVC microliter 
dishes (Falcon 3911 Microtest III flexible assay plate; 
Becton–Dickinson Labware, USA) using a modification 
of a previously reported protocol (O’Toole and Kolter 
1998a). One-hundred microliters per well of rich medium 
[PY; (3 g/L yeast extract, 5-g/L bacto peptone and 7 mM 
CaCl2·2H2O)], or minimal medium (MM) with succinate 
or glucose as carbon source, was inoculated to an initial 
OD540 of 0.05, and the plates were without shaking incu-
bated at 29 °C. Culture growth (OD540) was determined at 
intervals with a microplate reader (Bio Rad Model 3550-
UV). For biofilm assays, unattached cells were removed by 
thoroughly rinsing with water, and then, 125 μl of a 1 % 
aqueous solution of crystal violet was added to each well 
(this dye stains cells but not PVC). The plates were incu-
bated at room temperature for 15 min and rinsed repeatedly 
and thoroughly with water and scored for the formation 
of biofilm. Growth curves were determined at 29 °C with-
out shaking. OD540 readings were taken over time using a 
Microplate Reader Bio Rad Instruments Model 3550-UV 
USA. The amount of CV bound to the biofilm (and there-
fore the amount of biofilm material) can be quantified via 
solubilization of CV in dimethyl sulfoxide (DMSO) and 
subsequently measuring the absorbance of each sample at 
570 nm (O’Toole and Kolter 1998a).

Twitching and flagellar motility assays

Twitching motility was assessed by stabbing cells into 
a thin (2-mm) PY agar plate (1.5  % agar) according to 
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O’Toole and Kolter (1998a). A haze of growth at the agar-
plate interface and the characteristic flat spreading colony 
morphology indicates strains having twitching motility. 
Flagella-mediated motility was assessed on PY medium 
with 0.3 % of agar at 29 °C.

Planktonic and biofilm culture for transcriptomic 
and microscopy analysis

R. etli CFN42 cultures were grown in 250-ml Erlen-
meyer flasks containing 15  ml liquid PY medium and 
40 g of glass pearls as an abiotic adhesion surface. Cul-
tures were inoculated at an initial OD540 of 0.2 (Beck-
man DU 800 spectrophotometer, USA). Cultures were 
incubated at 29 °C with 60 % relative humidity in a Bio-
tronette Plant Growth Chamber (Lab-line Instruments, 
INC. USA), without shaking. The same culture served 
as a source of both planktonic and sessile cells, which 
were separated after 24 and 72 h of incubation by decan-
tation. The supernatant contained the planktonic cells. 
The pearls containing adhered cells were gently washed 
with DEPC water to remove remaining planktonic 
cells. Sessile cells were re-suspended from the washed 
pearls in 15  ml DEPC water with vigorous shaking. 
Pools were made of 10–15 suspensions of sessile and 
planktonic cells to obtain a total of 150  ml of sample, 
in triplicate for each condition. These were centrifuged 
(13,000g 10 min) to concentrate the cells, and RNA later 
(AMBION) was added.

For confocal microscopy analyses, cells were grown in 
250-ml Erlenmeyer flasks with 30 ml PY medium contain-
ing a microscope slide, which served as a surface for bio-
film formation.

Microscopy analysis

Microscopic slides with biofilms attached on glass 
slides after 24 and 72  h of incubation the slides were 
removed and transferred to 50-ml conical tubes and 
washed once with PBS and stained for 30  min, using 
the BacLight LIVE/DEAD staining system accord-
ing to the manufacturer’s protocol (#L7007, Molecular 
Probes), washed once with PBS and observed with a 
Zeiss LSM 510 META confocal laser scanning micro-
scope equipped with 488-, 514-, 543- and 633-nm laser 
lines.

RNA extraction and cDNA synthesis

 RNA was extracted from 100  ml of planktonic and ses-
sile cell preparations. Total RNA was isolated by acid hot 
phenol extraction as described by de Vries et  al. (1989). 
RNA concentrations were determined by their absorbance 

at 260 and 280 nm. RNA integrity was determined by run-
ning samples on a 1.3 % agarose gel. Purified RNA (10 µg) 
was used as a template for cDNA synthesis, which was dif-
ferentially labeled with Cy3-dCTP and Cy5-dCTP using 
a CyScribe first-strand cDNA labeling Kit (Amersham 
Biosciences).

Microarray experiments

The whole-genome oligonucleotide set on the array con-
tained 6,034 70-mers, representing all (6034) predicted 
R. etli open reading frames (ORFs) (Salazar et  al. 2010). 
Microarray experiments were carried out using three bio-
logically independent RNA samples prepared at 24 and 
72  h from both biofilm formation stages (planktonic and 
sessile). Pairs of Cy3- and Cy5-labeled cDNA samples 
were mixed and hybridized on the array (Hegde et  al. 
2000; Locke et al. 2015). A second hybridization was per-
formed using a dye swap, reversing the assignment of Cy3 
and Cy5 to sessile or planktonic samples. The arrays were 
washed and scanned using a pixel size of 10 μm with a 
ScanArray Lite microarray scanner (Perkin-Elmer, Boston, 
MA). Microarray data have been deposited at the NCBI 
gene expression and hybridization data repository (http://
www.ncbi.nlm.nih.gov/geo/), (GEO accession number 
GSE67656).

Statistical analysis

Spot detection, determination of mean signals and mean 
local background intensities, image segmentation, and 
signal quantification were performed on the microarray 
images using the Array-Pro Analyzer 4.0 software (Media 
Cybernetics, L.P.).

Microarray data were analyzed to assess the statistical 
significance of expression differences between planktonic 
and sessile cells after 24 and 72 h of growth in conditions 
favorable for biofilm maturation. The analysis consisted of 
three steps: background subtraction and data normaliza-
tion, analysis of variance and controlling for the expected 
number of false positives (Quackenbush 2002). Microar-
ray data were normalized to have comparable signal values 
between the different slides. After background subtraction, 
data were quantile-normalized using the q-spline method 
(Workman et  al. 2002), attaining signal intensities with 
the same distributions between all microarray slides in 
the red and green channels. The signals were transformed 
to logarithmic scale (log2), and the resulting signals were 
examined using M–A plots (Supplementary Material 
Figure S1), where no intensity-dependent artifacts were 
identified.

To determine the significance of expression differences 
between planktonic and sessile samples, an ANOVA test 

http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
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was conducted for each gene at 24 and 72 h. The ANOVA 
model used to fit the data was:

where rgabj is the normalized intensity for gene g 
(g  =  1,…,6038), treatment a (a  =  0, 1), probe b 
(b =  1,…,12,076) and array j (j =  1,…,3). Treatments 0 
and 1 correspond to planktonic and sessile samples, respec-
tively. The g subindex in the model shows that the model 
was fitted gene by gene. Tga is the main effect of the treat-
ment for gene g, Pgb is the main effect of each probe, TPgab 
is the probe-specific treatment effect on each gene, Agj is 
the main effect of the array slide on each gene, and APgjb is 
the interaction effect between array and probe. We assumed 
that the error term γgabj was normally distributed with zero 
mean and variance σγ2. The term of interest is Tga, which 
expresses the differential expression between the two meta-
bolic states, biofilm and planktonic.

The ANOVA resulted in one p value for each of the 6038 
genes for each time point. These p values indicate the prob-
ability that the samples from both origins (planktonic and 
sessile) came from equal populations, given their differ-
ences in expression. Since thousands of hypotheses were 
tested, it is expected that a number of low p values were 
obtained only by chance (false positives), while others 
reflect real expression changes. The q value method (Sto-
rey and Tibshirani 2003) was used to control the fraction 
of false-positive results, called false discovery rate (FDR). 
This method allowed us to determine a p value threshold 
that corresponded to a FDR of 0.05. Thus, an expected 5 % 
of false positives were accepted.

Real‑time PCR measurements

To validate the results of the microarray experiments, sev-
eral genes showing expression changes were analyzed by 
quantitative real-time PCR (qRT-PCR), and oligonucleo-
tides were designed using the Primer Express 3.0 program 
from Applied Biosystems and synthesized at the “Unidad de 
Síntesis del Instituto de Biotecnología, UNAM.” RNA was 
incubated with 1 U μg−1 RNase-free DNase I according to 
the manufacturer’s protocol (Fermentas Life Sciences), and 
the absence of DNA contamination was confirmed by PCR. 
Amplifications were performed with the Thermoscript RT-
PCR system (Invitrogen) with a reduced number of cycles 
in order to avoid the reaching plateau DNA amplification 
reaction. The relative quantification of gene expression 
was done using the fixL gene. This is reference gene to use 
gene expression. The normalization our data is an impor-
tant step to control experimental errors. In biofilm condi-
tions, the expression fixL is constitutive and we used as 
an endogenous control. fixL primer sequences for forward 

rgabj = Tga + Pgb + (TP)gab + Agj + (AP)gjb + γgabj

and reverse were F<CGGGACGATCACGCACTG>, 
R<CGGGACGATCACGCACTG>, respectively. qRT-
PCR was used to acquire an independent assessment of the 
expression of selected genes, under the same growth condi-
tions as for the microarray analysis.

The following primers were used: flagellin synthesis reg-
ulator (repressor) protein-related gene (RHE_CH00683): 
F<GGGCAAGGACCACTCGACGG>, R<GCGTAGAGA 
CCGCGGATGGC>; multidrug efflux system, acriflavine 
resistance protein-related gene (RHE_CH03348): F<GGCTT 
CACCAACTCCTCGAA>, R<CCAGAAAGGTCCGGTGT 
CTTAC>; and malate dehydrogenase (oxaloacetate decar-
boxylating; NADP+) protein-related gene (RHE_CH02355):  
F<TCTACGAGGGCCGCACCGAA>, R<CGCCAGCAGC 
TCCGGTTTCA>. Each reaction mixture contained 12.5 μl 
SYBR green PCR master mixture (Applied Biosystems), 
3.5 μl H2O, forward and reverse primers in 5 μl at 5 pM con-
centration, and 4 μl of the template. PCRs were performed 
with the ABI Prism 7700 sequence detection system (Applied 
Biosystems) using the following program: start at 50 °C for 
2 min and 95 °C for 10 min, followed by 40 cycles of 95 °C 
for 15 s and 62 °C for 1 min. The dissociation protocol was 
95 °C for 15 s and 62 °C for 20 s, followed by a ramp from 
62 to 95 °C for 20 min. Ct values for the target genes were 
normalized using fixL as reference for relative quantification. 
The data were analyzed using the ΔΔCT method, and the data 
are expressed as relative expression level. Each sample was 
assayed three times.

Functional classification based on COG annotations 
and interacting partners of gene product prediction

Differentially expressed genes in the planktonic and bio-
film stages were classified using the Clusters of Ortholo-
gous Groups (COG) annotations (Tatusov et  al. 2003). 
Prediction of interacting partners of the protein products of 
certain genes was done using the STRING database using 
default conditions.

Results and discussion

Biofilm formation

The effect of growth phase and nutritional requirements on 
biofilm development in R. etli was examined. Cells were 
grown at room temperature without shaking in PVC micro-
titer plates and biofilm formation quantitated by crystal 
violet staining as described in “Materials and methods”). 
The ability to form biofilms was strongly influenced by 
the nutritional environment. Biofilm formation occurred 
in PY and in minimal media containing casamino acids 
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(CAAs), although less efficiently (Fig. 1). In contrast, mini-
mal media without CAA (with succinate as carbon) did not 
support biofilm formation (Fig. 1). Rhizobia confront soil 
environments ranging from rhizospheres rich in nutrients 
and root exudates to soils deficient in nitrogen, phosphates, 
water and other nutrients. Our results suggest that soil con-
taining diverse carbon sources would favor biofilm forma-
tion by R. etli. For this reason, we used rich medium (PY) 
to perform additional biofilm formation studies.

Biofilm development begins with an initial attachment 
of planktonic cells to a surface. This is followed by cell 
division and the recruitment of additional planktonic cells 
to form a complex three-dimensional structure consisting 
of exopolysaccharide-encased microcolonies punctuated 
by aqueous channels. This stage typically represents the 
mature biofilm structure. We indirectly monitored biofilm 
development by following the increase in CV staining over 
time and found R. etli initiates biofilm formation in satu-
rated stationary-phase cultures after 24 h (Fig. 2). We chose 
this time point to represent the surface attachment phase for 
our transcriptomic analysis. In addition, we analyzed gene 
expression in mature 72-h biofilms (Fig. 2).

Examination of 24- and 72-h biofilms using confocal 
laser scanning microscopy (CLSM) showed that at 24  h, 
the biofilm structure is not yet stable (Fig. 3a). At this sta-
tionary growth phase, the limited availability of nutrients 
could be one of the triggers initiating the biofilm formation 
process. This is supported by previous report showing that 
biofilm formation was enhanced by nutrient limitation in 
R. leguminosarum (Fujishige et al. 2006). Moreover, it has 
been shown that in the symbiosis between Bradyrhizobium 
sp. and peanut, the attachment level varies depending on 
the metabolic state of the rhizobia (Rinaudi and Giordano 
2010). Similarly as our case, in another study, an optimal 
attachment was observed when cells were harvested at 

the late log or the early stationary phase (Dardanelli et al. 
2003). Nutrient availability thus appears to play a major 
role in the transition from a planktonic to a sessile mode of 
life, similar to our findings with in R. etli.

At 72 h, the CLSM obtained after LIVE/DEAD images 
staining showed that biofilm maturation is accompanied by 
significant alterations in cell viability in the different bio-
film layers (Fig. 3b). A decrease in viability might be due to 
major restrictions in nutrient availability and accumulation 
of toxic metabolites as the biofilm thickens. It is expected 
that differential gene expression would allow the bacteria 
to adapt to different ecological microenvironments. Recent 
studies have shown that the regulated death of bacterial 
cells is important for biofilm development. Following cell 
death, a subpopulation of the dead bacteria lyse and release 

Fig. 1   Nutritional effects on biofilm formation. R. etli CFN42 cells 
are grown at 29 °C without shaking for 48 h in PVC microtitre dishes 
containing: a succinate–ammonium, b glucose–casamino acids, c 

succinate–casamino acids and d rich medium (PY). Biofilms are 
stained with crystal violet as described in “Materials and methods”

Fig. 2   In R. etli CFN42, biofilm formation (a) occurs during early 
stationary-phase growth (b). Cultures are grown at 29  °C in PY for 
the times indicated. Arrow indicates the correlation between early sta-
tionary phase (24 h) and incipient biofilm formation. Similar results 
are observed in PVC and glass
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Fig. 3   Confocal laser scanning 
microscopy and LIVE/DEAD 
staining system are used to 
identify the phases of biofilm 
formation in R. etli. a At 24 h 
after incubation, cells are 
visualized in initial attachment; 
most microscopic fields had 
no cells attached at all. b At 
72 h after incubation, images 
staining showed a biofilm more 
structured, and biofilm matura-
tion is accompanied by signifi-
cant alterations in cell viability 
in the different biofilm layers. 
Below the original signal, a Z 
projection is shown
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genomic DNA, which has a central role in intercellular 
adhesion and biofilm stability (Bayles 2007).

Genes expressed in the initiation of biofilm formation

As described above, the biofilm formation process starts 
at about 24  h. This observation was supported with the 
CLSM images, and where we can observe that the adhe-
sion of microbes to the surface is beginning (Fig.  3a). 
Diverse genes having changes in their expression at this 
time point were identified (Supplementary material Table 
S1-S2) and could be involved in the establishment of the 
biofilm. One such gene that was upregulated in sessile 
cells is raiR, homologous to raiR of Rhizobium legumi-
nosarum whose product is a transcriptional activator of 
the LuxR family. Many rhizobia use N-acyl-homoserine 
lactone (AHL)-based quorum sensing (QS) systems to 
monitor their population density and regulate their symbi-
otic interactions with their plant hosts (Fuqua and Winans 
1994; Zarkani et  al. 2013; Oh and Choi 2015). In R. etli 
CFN42, a knockout mutation in raiR causes lower levels 
of fixation activity (Zheng et  al. 2015). In R. legumino-
sarum, the inactivation of praR has increased competitive-
ness for nodule infection, increased biofilms formation on 
pea roots and required the rap and gmsA genes (Frederix 
et al. 2014). Previously, the QS response has been impli-
cated in biofilm formation in R. etli CNPAF512 (Daniels 
et al. 2006) and the overexpression of raiR in early steps 
of biofilm formation in CFN42 suggests its role in this 
process by enhancing QS signaling during early biofilm 
formation.

We observed an upregulation of RHE_PE00141, encod-
ing a putative trifolitoxin immunity protein (TFX). TFX is 
homologous to a peptide antibiotic produced by R. legumi-
nosarum bv. trifolii T24 that inhibits growth of members of 
the alpha proteobacteria. It has been reported that treatment 
of R. etli CE3 with TFX significantly increases nodule 
occupancy and competitiveness in field-grown plants (Rob-
leto et al. 1998). This finding suggests that R. etli CFN42 
expresses this gene, possibly in preparation for the biofilm 
formation.

Eight genes were overexpressed in planktonic cells, 
including a putative pilA pilus assembly protein (RHE_
CH00202) that participates in the synthesis of pili. 
Although not formally assigned to this category, RHE_
PE00148 encodes another putative pilus assembly protein 
that was overexpressed in sessile cells. It has been shown in 
P. aeruginosa that some type of pili is required for a form 
of surface-associated movement called twitching motil-
ity, which does not require flagella, but depends on the 
extension and retraction of the pili, allowing the cells to 
move across a surface (O’Toole and Kolter 1998a, b). On 
the other hand, previous studies with S. meliloti and other 

alpha proteobacteria, such as Agrobacterium, Azospiril-
lun, Caulobacter and Rhodobacter, have demonstrated 
flagella-mediated motility. We found that R. etli is capable 
of twitching motility on PY motility medium containing 
0.3 % agar (Fig. 4). This ability could be important in the 
first stages of biofilm formation. Pratt and Kolter (1998) 
suggest that pili and flagella could be directly required 
for attachment to abiotic surfaces, thus facilitating the ini-
tiation of biofilm formation, and also might be required for 
the bacteria within a developing biofilm to move along the 
surface.

Transcriptomic analysis shows that a large number 
of genes are differentially expressed in sessile 
and planktonic cells at 72 h

Significant changes in gene expression were observed at 
72 h, corresponding to a mature-stage biofilm (Fig. 3b and 
Supplementary material Tables S3–S4). In biofilm-attached 
and planktonic cells, 209 and 273 genes, respectively, were 
overexpressed, representing 3.3 and 4.4  % of the total 
genes in R. etli.

 The classification of the biofilm and planktonic over-
expressed genes based on their COG categories is shown 
in Fig. 5. The majority of genes belonged to the “General 
function prediction only” (18 and 26 genes), “Function 
unknown” (20 and 21 genes) and “Not in COGs” (62 and 
74 genes). Other COGs highly represented in one or both 
conditions (sessile and planktonic) were transcription (K), 
with 7 and 14 genes, respectively; replication, recombina-
tion and repair (L), 8 and 15 genes; energy production and 
conversion (C), 10 and 9 genes; carbohydrate transport and 
metabolism (G), 16 and 23 genes; and amino acid trans-
port and metabolism (E), 19 and 24 genes (Supplementary 
material Table S5). In the following sections, we describe 
the genes most relevant to biofilm formation that were 
identified in this analysis.

Fig. 4   Twitching motility assays of R. etli. Thin agar plates (1.5 %) 
are stab inoculated with a toothpick to the bottom of the plate and 
incubated for 48 h at 30 °C. The light haze of grow that the agar-plate 
interface is a measure of twitching motility. The smaller, denser zone 
represents surface colony growth
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Information storage and processing

Translation, ribosomal structure and biogenesis (J)

In sessile cells, six genes in this category were upregulated, 
including RHE_CH00602, a probable translation initiation 
inhibitor protein. Using the STRING database, we found 
that RHE_CH00602 interacts with RHE_CH00601, a TetR 
family transcriptional regulator. This protein is involved in 
the transcriptional control of multidrug efflux pumps, path-
ways for the biosynthesis of antibiotics, response to osmotic 
stress and toxic chemicals, control of catabolic pathways, 
differentiation processes and pathogenicity (Ramos et  al. 

2005). STRING also predicts an interaction of this gene 
with the sigma factor rpoZ as well as a probable interac-
tion with RHE_CH02879, a putative translation initiation 
inhibitor protein that allows the bacteria to conserve energy. 
However, experimental evidence of these interactions is not 
available so far. These results are consistent with nutrient 
depletion in the biofilm generating stress conditions, caus-
ing the bacteria to downregulate translation to save energy 
and maintain cellular homeostasis (Metselaar et al. 2015).

In planktonic cells, we identified six overexpressed 
translational genes (Supplementary material Table S4), 
including a tRNA 5-methylaminomethyl-2-thio uridylate-
methyltransferase protein-related gene (mnmA), which is 
conserved in the anticodon wobble position of the tRNAs 
(Numata et  al. 2006). STRING predicts an interaction of 
this gene with lepA, which is required for accurate and 
efficient protein synthesis under certain stress and with the 
translation initiation factor IF-1 (encoded by infA) which 
was also detected overexpressed. In this context, an orthol-
ogous factor seems to stimulate the activities of IF-2 and 
IF-3 in the bacterium Escherichia coli (Belotserkovsky 
et al. 2011). In E. coli, the translation initiation mechanism 
requires, in addition to mRNA, fMet-tRNA and ribosomal 
subunits, the presence of three additional proteins (initia-
tion factors IF-1, IF-2 and IF-3) and at least one GTP mol-
ecule (Celano et al. 1988). The infA gene encodes initiation 
factor I in E. coli, which is a small protein involved in the 
initiation step of protein synthesis. The protein level of IF-1 
increases when E. coli cells are subjected to cold shock 
(Ko et al. 2006). Because these proteins share similarity at 
sequence level (based on PFAM assignation), it is possible 
that the overexpression of infA also plays a significant role 
in protein synthesis in planktonic conditions. These results 
propose a continued protein synthesis in planktonic cells. 
In contrast, in P. fluorescens a continued protein synthesis 
is not required after the initial events of biofilm formation 
on an abiotic surface (O’Toole and Kolter 1998b), suggest-
ing that the earliest events of biofilm development can be 
divided into two stages. The initial interaction with the abi-
otic surface requires protein synthesis. However, the subse-
quent stage (short-term maintenance of the attached cells) 
does not require synthesis of new proteins (O’Toole and 
Kolter 1998b).

Transcription (K)

In the sessile phase, seven genes related to transcription 
were overexpressed, including rpoA, which encodes the 
DNA-directed RNA polymerase alpha subunit (Jafri et  al. 
1995; Ribeiro et al. 2009). In Agrobacterium tumefaciens, 
rpoA interacts with TraR, a quorum sensing (QS) activa-
tor to activate gene expression (Qin et al. 2004). This is the 
first report describing a possible role for rpoA in biofilm 

Fig. 5   Differentially expresed genes classified in COG categories. 
All the genes in each functional group are considered, and numbers 
of gened with expression changes are shown as proportion. Fractions 
represented are overexpressed in sessile cell (black), overexpressed in 
planktonic cells (gray) and without changes in expression (dotted)
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formation in R. etli CFN42. Genes such as RHE_CH02976, 
encoding products belonging to the LysR family of tran-
scriptional regulators, were also overexpressed, and further 
analyses are required to characterize their function.

rpoE4 is overexpressed in sessile cells and is a master 
regulator in bacteria, and in R. etli, it is upregulated under 
oxidative, saline and osmotic stress, and microaerobic and 
stationary-phase growth (Martinez-Salazar et  al. 2009a, b). 
In aggregated cells, the low availability of oxygen and nutri-
ents could provoke stress, causing rpoE4 upregulation. Prob-
able transcriptional factors from the AsnC, LysR and TetR 
families were also overexpressed in biofilms (Supplemen-
tary material Table S3), and this is the first report associating 
these proteins with biofilm formation in R. etli CFN42.

In planktonic cells, fourteen genes were overexpressed 
and some of them were identified as probable transcrip-
tional regulator, three LysR families, one LuxR, LacI and 
AsnC family. Among these, the rpoH1 RNA polymerase 
factor sigma-32 stands out. This sigma factor is associ-
ated with stress responses in diverse organisms, such as in 
the S. meliloti 1021 pH stress response (de Lucena et  al. 
2010). A R. etli rpoH1 rpoH2 double mutant had increased 
sensitivity to heat shock and oxidative stress when com-
pared with the rpoH1 single mutant. This suggests that in 
R. etli, RpoH1 is the main heat-shock sigma factor, but a 
more complete protective response could be achieved with 
the participation of RpoH2 (Martinez-Salazar et al. 2009a, 
b). The overexpression of rpoH1 could be associated with 
stresses experienced in both metabolic states. The RNA 
polymerase sigma factor 24 (rpoE2) was also overex-
pressed in planktonic cells, and its homologs in S. meliloti 
1021 are associated with osmotic stress-related genes 
(Flechard et al. 2010). Other probable transcription factors 
identified in the planktonic phase included some belonging 
to the LysR, AsnC and LuxR families. LysR proteins regu-
late diverse stress conditions, and we suggest that they may 
function in regulating genes for resisting stresses unique to 
the planktonic state.

In summary, we show that different stress-related pro-
teins were induced in the planktonic and sessile states, 
both of which appear to be stressful conditions. Stresses 
occurring in planktonic cells are expected to include those 
caused by long culture age and nutrient limitation, which 
could predispose them to attach to surfaces. These could 
represent early changes in gene expression occur before 
the initiation of biofilm formation. On the other hand, the 
sessile cells also showed expression changes indicative 
of a stress response, such as the overexpression of rpoE4, 
suggesting that biofilm formation involves adjustments 
to specific stresses. As mentioned, limitations in nutrient 
availability in high cell density biofilms could play a role in 
triggering this response.

Cellular processes and signaling

Signal transduction mechanisms (T)

The five genes that were overexpressed in sessile cells 
include ntrC, encoding a global activator of nitrogen 
assimilation that allows cells to take up ammonia (Leigh 
and Dodsworth 2007; Yeom et al. 2010). Analysis with the 
STRING database indicated that ntrC interacts with two 
other genes for nitrogen regulation: the two-component 
sensor histidine kinase ntrB and RNA polymerase fac-
tor sigma-54 (rpoN). Vibrio vulnificus has been shown to 
require ntrC for mature biofilm development via control-
ling lipopolysaccharide and exopolysaccharide biosyn-
thesis (Kim et  al. 2009). In addition, in Rhodospirillum 
rubrum the phosphorylated form of NtrC acts as a tran-
scriptional activator of nifA and glnA, and other genes 
involved in nitrogen fixation and assimilation (Zhang et al. 
2005) and may play a similar role in R. etli.

The nodW gene was also overexpressed in sessile condi-
tion. NodW in B. japonicum positively regulates nod gene 
expression in response to plant-produced isoflavones (Loh 
et  al. 1997) and is thus critical for Nod-factor production 
and nodulation, as has been shown in B. japonicum and 
other rhizobia (Jitacksorn and Sadowsky 2008). Nod fac-
tors are indispensable for the development of nitrogen-fix-
ing nodules (Lerouge et  al. 1990) and are critical for the 
establishment of a mature rhizobial biofilm (Fujishige et al. 
2008). These dual functions of Nod factors involve differ-
ent control mechanisms: one dependent on flavonoid induc-
tion (for nodulation) and the other independent of flavo-
noids for biofilm production (Rinaudi and Giordano 2010).

Six signal transduction genes were overexpressed under 
planktonic conditions, including, phoR, a two-component 
sensor histidine kinase required for phosphate acquisition 
in E. coli grown under phosphate limitation (Gardner et al. 
2014). The induction of phoR in planktonic conditions 
probably reflects phosphorus deficiencies caused by pro-
longed growth in liquid medium, a condition that in other 
bacteria is needed prior to biofilm establishment (Israel 
1987; Jayasinghearachchi and Seneviratne 2006).

Genes associated with motility (N)

Several genes associated with motility were overexpressed 
under sessile conditions (Supplementary material Table 
S3). These included flbT, which encodes the flagellin syn-
thesis repressor protein present in most Gram-negative bac-
teria including Rhizobeaceae, where it promotes the deg-
radation of flagellin mRNA (Anderson and Gober 2000). 
During biofilm formation, motility is required in the initial 
stages, while in late stages it may destabilize the biofilm 
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structure (O’Toole and Kolter 1998a; Rasamiravaka et  al. 
2015). Once cells are established in biofilm, the metabolic 
cost of flagella synthesis is probably prohibitive, leading to 
its repression (Smith and Chapman 2010; Dressaire et  al. 
2015). We suggest that flbT could be associated with cellu-
lar aggregation because its role in post-transcriptional con-
trol of flagellin expression (Belas et al. 2009). In Rhizobia, 
flagellar motility allows access to attachment sites on the 
plant, and flagellar motility is also involved in biofilm mat-
uration. In S. meliloti, flagellar mutants are reduced in bio-
film formation and delayed in nodule formation (Fujishige 
et al. 2006).

Genes encoding chemotaxis methyltransferases 
(cheRCh2, mcpZch1 and mcpV2) were also overexpressed 
in sessile cells, and methyl-accepting chemotaxis proteins 
(MCPs) are localized in the cytoplasmic membrane and 
typically consist of a periplasmic ligand-binding domain, 
two transmembrane helices, and a highly conserved cyto-
plasmic signaling domain. The proteins encoded by those 
genes could modulate chemotaxis. According to STRING, 
the products of cheRCh2 and cheBch2 are interacting 
chemotaxis-specific methylesterase protein. In this regard, 
motility and chemotaxis impact different important aspects 
of the biofilm formation, including dispersion and re-
attachment, increasing the efficiency and frequency of sur-
face sampling by the bacteria (Schmidt et al. 2011).

Under planktonic conditions, four genes related to fla-
gellum synthesis were overexpressed, including flaCch4 
(flagellin C protein) and flgLcl (flagellar hook-associated 
protein). In contrast to sessile conditions, the planktonic 
state expression of these genes allows motility, enabling the 
bacteria to obtain nutrients, evade host defense systems and 
improve the ability to contend with hostile environments 
(Ottemann and Miller 1997). As mentioned, pili and fla-
gella are involved in the attachment and microcolony for-
mation steps of biofilm development in R. etli. Our results 
suggest that flagella may not be required for the mainte-
nance of a mature biofilms but that they are involved in 
early steps in biofilm development.

Metabolism

Carbohydrate transport and metabolism (G)

Sixteen genes in this functional category were overex-
pressed in sessile cells. These include, like ndvB, encoding 
beta (1–>2) glucan biosynthesis protein that could contrib-
ute to the formation of the cellular matrix in biofilms. In P. 
aeruginosa, ndvB gene is also involved in producing glyc-
erol-phosphorylated beta-(1–>3)-glucans that bind ami-
noglycosides and provide high-level antibiotic resistance 

(Sadovskaya et al. 2010). The gene encoding the permease 
protein of a trehalose maltose ABC transporter (thuG) also 
had increased expression in planktonic cells. thuG in S. 
meliloti is part of a six-gene cluster involved in trehalose 
transport and utilization as an energy source (Jensen et al. 
2002). All of these genes are important for root coloniza-
tion, but no clear participation in nodulation or in nitrogen 
fixation has been reported (Jensen et al. 2002). In R. etli, 
this operon is conserved, but only thuG overexpression 
was observed (Table S3). ThuG could be associated with 
the adhesion system of R. etli in biofilm formation.

Finally, genes related to transport systems (probable 
sugar ABC transporters) were overexpressed in sessile cells 
and their products could be used in sugar import for build-
ing the extracellular matrix, as well as for metabolism.

In planktonic cells, twenty-three genes in this category 
were overexpressed, including some related to sugar trans-
port, such as gguB, encoding the permease of a xylose ABC 
transporter, and glgA, encoding glycogen synthase. During 
the transition from the planktonic to the biofilm state, the 
products of these genes could participate in the synthesis 
of matrix polysaccharides necessary for biofilm formation, 
import of carbohydrate for use as an energy source, or gly-
cogen synthesis.

Downregulated metabolic genes detected during bio-
film formation, included those related to carbohydrate 
transport and metabolism (19 out of 20 differentially 
expressed genes), energy conversion and production 
(17 out of 21 differentially expressed genes), nucleotide 
transport and metabolism (one out of six differentially 
expressed genes), and cell motility (eight out of eight 
differentially expressed genes). This is consistent with 
reports of a decreased metabolism in sessile cells (Java-
herdashti et al. 2013).

Nucleotide transport and metabolism (F)

In this COG, cells in biofilms differentially expressed 6 
genes, 1 upregulated and 5 downregulated), as compared 
to planktonic cells. Sessile cells only overexpressed gmk2, 
encoding guanylate (GMP) kinase (GMK). GMP kinase 
catalyzes the ATP-dependent phosphorylation of GMP to 
produce GDP and is essential for GMP recycling and the 
indirect regulation of cGMP levels. In prokaryotes like E. 
coli, lower eukaryotes, such as yeast, and in vertebrates, 
GMK is a highly conserved monomeric protein required for 
the synthesis of nucleotide precursors and thus indirectly 
modulating the synthesis of DNA and RNA. In P. aerugi-
nosa, bis-(3′-5′)-cyclic dimeric guanosine monophosphate 
(c-di-GMP) controls the expression of genes required for 
biofilm formation and dispersal (Chua et  al. 2015). The 
expression of this gene and its participation on the specific 
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metabolites synthesis could be part of the metabolic predis-
position on planktonic cell previous to their transformation 
into sessile cells.

In planktonic cells, five genes were overexpressed 
including, ndk (nucleoside-diphosphate kinase), which is 
associated with quorum sensing in P. aeruginosa (Kamath 
et al. 1998), and adeC2 (adenine deaminase), whose prod-
uct degrades adenosine. Exogenous adenosine strongly 
inhibits biofilm formation in P. aeruginosa and Acidovo-
rax sp., suggesting that adenosine could act as a biofilm 
formation inhibitor. Acyl homoserine lactones (AHLs) 
induce the expression of adenosine deaminase in these 
organisms (Kusada et al. 2014). We confirmed ndk expres-
sion in planktonic cells using RT-PCR and suggest that its 
overexpression could be the part of the initial metabolic 
changes in planktonic cells that occurs prior to surface 
attachment.

Inorganic ion transport and metabolism (P)

It is likely that bacteria in the biofilms suffer from iron 
limitation. In biofilm cells, afuB1, encoding the permease 
protein of an iron (III) ABC transporter, was overexpressed. 
We previously reported the central role of iron in the for-
mation of mixed biofilms by Candida albicans and P. aer-
uginosa, where iron concentration alters the expression of 
several proteins during mixed biofilm formation (Andrade-
Dominguez et al. 2014). Iron limitation also stimulates the 
production of AHLs, a major class of autoinducer signals 
used by Gram-negative bacteria to regulate biofilm forma-
tion (Modarresi et al. 2015). Thus, iron limitation could be 
a signal to produce more the AHLs, which would induce 
biofilm formation.

Poorly characterized

General function prediction only (R)

Under sessile conditions, we identified eighteen overex-
pressed genes in this COG, including RHE_CH03381, 
encoding a probable exopolysaccharide (EPS) polymeriza-
tion/export protein; EPS is required for biofilm formation, 
for example, in S. meliloti and M. tianshanense (Fraysse 
et  al. 2003; Wang et  al. 2008). Inactivation of genes for 
EPS polymerization and translocation in R. leguminosarum 
bv. viciae (Young et  al. 2006) and bv. trifolii (Laus et  al. 
2004) show that these genes are essential for biofilm for-
mation. In the STRING database, the RHE_CH03381 pro-
tein associates with the PssP (exopolysaccharide polymeri-
zation) ExoY, and PssA3 (exopolysaccharide production) 
proteins, which could be essential for biofilm formation. 
pssA is required for EPS synthesis, and its inactivation in 

R. leguminosarum causes a drastic decrease in biofilm for-
mation in static cultures (Russo et al. 2006). In planktonic 
conditions, 26 genes were overexpressed including exoR2, 
encoding a negative regulator of EPS production. This 
might act to prevent the unnecessary production of EPS by 
cells once they have formed biofilms.

Function unknown (S)

In sessile and planktonic cells, 20 and 21 genes, respec-
tively, in this category were overexpressed. The analysis 
and study of those proteins will allow the discovery of new 
functions in the bacteria. We carried out a computational 
search for domains (http://www.uniprot.org) and found that 
in sessile cells at least three genes (RHE_CH01640, RHE_
CH01940 and RHE_CH01503) encode proteins with trans-
membrane regions (Supplementary material Table S6). In 
planktonic cells, we identified gene products with (1) PIN 
domains involved in virulence, (2) peptidases, (3) vitamin 
synthesis, (4) toxins degradation and (5) antibiotic biosyn-
thesis (Supplementary material Table S6). The presence of 
these domains in the products of genes overexpressed in 
sessile or planktonic cells indicates important differences 
in defense mechanisms or metabolic processes between the 
two cell types. Additional experiments are needed to deter-
mine their roles.

NOT in COG

Under sessile conditions, 61 of the overexpresed genes 
were assigned this COG, the majority of which were hypo-
thetical proteins. However, the gene product of RHE_
PE00148 (putative pilus assembly protein) could be impor-
tant in biofilm formation, since, as mentioned, flagella 
and pili are necessary for the initial surface attachment 
(O’Toole and Kolter 1998a). Flagella or flagella-mediated 
motility appears to be important for the formation of a bac-
terial monolayer of the abiotic surface, while pili appear to 
play a role in downstream events such as microcolony for-
mation and have been shown to be important for the adher-
ence and colonization to eukaryotic cell surfaces and are 
thought to play a role in pathogenesis (O’Toole and Kolter 
1998a, b).

The product of another notable overexpressed gene, 
rapB2, belongs to the RAP (Rhizobium-adhering proteins) 
family (Ausmees et al. 2001). RAP proteins associated with 
calcium promote rhizobial autoaggregation, root attach-
ment and rhizosphere colonization (Dardanelli et al. 2003; 
Mongiardini et  al. 2008). We found that the casA gene 
encoding a calcium binding protein was overexpressed, and 
this, along with rapB2, could have an important role during 
the cellular attachment to surfaces.

http://www.uniprot.org
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Validation of gene expression by qPCR

We quantified the expression of three genes showing 
expression changes in the microarrays using qRT-PCR. 
These genes were selected randomly to exclude any bias 
in the analysis. In all cases, we found the same differential 
expression as in the microarrays (Supplementary Material 
Figure S2).

In sessile conditions, flbT, a flagellin synthesis regulator 
(repressor) protein, was analyzed as a reference for sessile 
conditions and showed a twofold increase relative to plank-
tonic cells. mexF1, encoding a multidrug efflux protein, 
was 2.5-fold overexpressed relative to planktonic condition, 
and malate dehydrogenase (RHE_CH00672) was twofold 
more highly expressed under planktonic conditions. This 
analysis shows that our gene expression data are robust 
enough to detect genes whose modified expression rates are 
significant in the context of biofilm formation.

Concluding remarks

Microarrays are a robust method to globally evaluate gene 
expression in diverse organisms. Here, we used this tech-
nology in R. etli CFN42 during biofilm formation by ana-
lyzing cells in the sessile, attached, and planktonic states.

This is the first report closely analyze gene expression 
during biofilm formation in R. etli, using planktonic and 
sessile cells collected from the same experiment culture, 
in contrast to previous studies where the metabolic, physi-
ological and structural comparisons were analyzed using 
cells obtained under different experimental conditions. 
We believe that this approach allowed us to detect subtle 
differences in gene expression taking place throughout 
the transition from the planktonic to sessile phase during 
biofilm initiation. We identified various sets of differen-
tially expressed genes specific for each condition. The fold 
changes observed in our study were small as compared to 
many other microarray studies. This is due to our focus in 
the early stages of the process, with planktonic cells that 
might already be preparing for attachment. Nevertheless, 
the changes observed were statistically significant, and 
independent validations were successful. Thus, we have 
confidence of the relevance of these expression changes, 
which are as subtle as the phenomenon being studied.

In the biofilm phase, overexpressed genes included those 
encoding proteins with diverse functions, such as membrane 
synthesis, transport and chemotaxis, EPS and lipopoly-
saccharide, AHL synthesis, autoaggregation and cellular 
attachments components as well as a repressor of flagellin 
synthesis, all of which are potentially crucial for biofilm 
formation. In contrast, planktonic cells overexpressed genes 
associated with transport, motility (flagellar and twitching) 

and the inhibition of EPS synthesis. The results of this work 
give insight into how the bacteria modify their metabolism 
by the expression of genes with opposing functions prior 
to and during the transition between planktonic and sessile 
stages. One of the principal contributions of this work was 
detecting changes in the expression of symbiosis-related 
genes such as nodW and ntrC. This work provides a basis 
for future studies that will describe gene expression changes 
during the early stages of the symbiotic relationship with P. 
vulgaris.

In summary, this study extends our understanding of the 
physiological, metabolic and structural requirements dur-
ing the transition from the planktonic to sessile states. Fur-
ther studies of transcriptional profiles with selected gene 
deletion mutants will elucidate the functions of these gene 
products during biofilm formation.
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