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Abstract Although the pellicle is one of the major growth
modes of microorganisms, the metabolic features of pellicle
cells and the determinative factors for pellicle formation are
largely unknown. In recent years, bioWlm development of
Shewanella oneidensis, an important model organism for
bioremediation studies, has been extensively studied. In
this paper, a transcriptional proWling of pellicle cells rela-
tive to planktonic cells indicated that cells in pellicles were
more metabolically active than the planktonic cells. Most
notably, up-transcription of general secretion system pro-
teins and iron/heme uptake and transport proteins was
observed in pellicle cells. Unexpectedly, neither the hmuT
nor hugA heme transport mutant exhibited a signiWcant
defect in pellicle formation. Expectedly, three type I secre-
tion system mutants were severely deWcient in pellicle for-
mation, suggesting an essential role of these proteins.
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Introduction

The air–liquid interface is a selectively advantageous niche
for aerobes due to the accessibility to oxygen. Various spe-
cies of aerobes (e.g. Bacillus subtilis and Pseudomonas Xuo-
rescens) form a bioWlm-like structure, pellicle, at air–liquid
interface (Kobayashi 2007; Solano et al. 2002; Spiers et al.
2003). In recent years, the subject of microbial pellicles has
drawn a lion share of attention since it is easily studied and
adaptable for mutant screens (Guvener and McCarter 2003).

As a special form of bioWlms, pellicles might be com-
posed of bacterial cells embedded in a matrix formed by
extracellular polymeric substances (EPS), which consist of
proteins, polysaccharide, humic acid, and DNA (Whitchurch
et al. 2002). Secreted proteins and exopolysaccharide pro-
ductions profoundly inXuenced pellicle development in a
number of organisms (Guvener and McCarter 2003; Kuma-
gai et al. 2011). Transposon insertion mutants of Vibrio
parahaemolyticus were obtained with defects in genes aVect-
ing multiple cell surface characteristics, including extracellu-
lar polysaccharide, mannose-sensitive hemagglutinin type 4
pili and secreted proteins or transporters of secreted proteins
(Enos-Berlage et al. 2005). FLO11 of yeast is essential for
unfavorable pellicle formation of wild pellicle-forming
yeasts by mechanisms other than increasing cell surface
hydrophobicity (Nakagawa et al. 2011). Pellicle formation by
spore-forming bacterium Bacillus subtilis follows a distinct
developmental pathway. In addition to the EPS component of
the matrix, three proteins, encoded in the three-gene operon
yqxM-sipW-tasA, were identiWed as involved in matrix
assembly in a transposon mutant screen for genes involved in
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bioWlm formation (Branda et al. 2004). A mutant strain of
Pseudomonas aeruginosa deWcient in the production of exo-
polysaccharides displayed poor pellicle-forming ability and a
growth disadvantage under static conditions compared with
the wild-type strain (Yamamoto et al. 2011). In the presence
of cellulase, glucose and cellobiose were released from the
pellicle of Asaia bogorensis AJ strain, suggesting that it is
made of cellulose (Kumagai et al. 2011).

Shewanella oneidensis MR-1, a facultative gram-negative
anaerobe with a remarkable respiratory versatility, is a
natural pellicle former. Because of the potential use of this
organism for the bioremediation of metal/radionuclide con-
taminants in the environment, S. oneidensis MR-1 bioWlm
has been extensively studied, including pellicle development
(Bagge et al. 2001; Vriendt et al. 2005; Windt et al. 2006;
Teal et al. 2006; Thormann et al. 2004, 2005; Liang et al.
2010). In order to characterize features of the pellicle life-
style, a microarray analysis on pellicle and planktonic cells of
S. oneidensis was performed. The results revealed that the
pellicle cells were more active in aerobic metabolism. The
planktonic cells appeared to be under anaerobic or microaer-
obic conditions once pellicle formation began. Genes
involved in iron/heme uptake and transport or the general
secretion pathway were up-regulated in pellicle cells.

Materials and methods

Bacterial strains, plasmids, and culture conditions

Bacterial strains and plasmids used in this study are listed
in Table 1. Escherichia coli and S. oneidensis strains were
routinely grown in Luria–Bertani (LB) broth or on LB
plates at 37°C and the room temperature for genetic manip-
ulation, respectively. When needed, antibiotics were used at
the following concentrations: ampicillin at 50 �g/ml and
gentamycin at 15 �g/ml.

Pellicle formation, measurement of growth, 
and quantiWcation of pellicles

A fresh colony grown overnight on a LB plate was used to
inoculate 50 ml LB and incubated in a shaker (200 rpm) to an
OD600 of 0.8 at the room temperature. This culture was then
diluted 500-fold with fresh LB, resulting in the starting cul-
tures. Aliquots of 30 ml starting cultures were transferred to
50-ml Pyrex beakers. The beakers were kept still for pellicle
formation at the room temperature. Cells in pellicle and
underneath were separated based on published paper (Liang
et al. 2010). To quantify the pellicles formed by the S. oneid-
ensis wild-type and mutant strains, cells from pellicles were
collected, suspended in 30 ml fresh LB, violently vortexed,
and applied to the spectrometer at 600 nm.

Microarray experiments, data analysis and validation

For microarray analysis, aliquots of 30 ml starting cultures
were transferred to 50-ml Pyrex beakers and allowed to
develop pellicles at the room temperature. When a com-
plete but thin layer of pellicles (young pellicles) at the inter-
face were formed (about 30 h), the planktonic cultures and
pellicles were separated as described above and applied to
centrifugation at 8,000 rpm for 3 min at room temperature.
The resulting pellets were frozen immediately in liquid
nitrogen and stored at ¡80°C if not immediately used. Con-
struction of whole-genome DNA microarrays, total RNA
extraction, cDNA labeling, hybridization, and slide scan-
ning were conducted according to the standard procedure
(Gao et al. 2004). LOWESS was used to normalize the data
set which subsequently was applied to statistical analysis
by analysis of variance (ANOVA) with Benjamini and
Hochberg False Discovery Rate as multiple testing correc-
tion (Gao et al. 2004, 2008). Raw microarray data were
deposited to GEO with the accession number GSE14331.

Quantitative RT-PCR (Q-RT-PCR)

Q-RT-PCR was used to measure the mRNA expression
levels of four target genes in pellicle and planktonic cells.
Primers for chosen genes were listed in Table 1S.

Table 1 Strains and plasmids used in this study

Strain 
or plasmid

Description Reference 
or source

E. coli

WM3064 Donor strain for conjugation; 
�dapA

Lab stock

TOP10 F¡ mcrA � (mrr-hsdRMS-mcrBC) 
�80lacZ� M15 � l
acX74 deoR recA1 araD139

Invitrogen

�  (ara-leu)7697 galU 
galK rpsL (Smr) endA1 nupG

S. oneidensis strains

MR-1 Wild-type Lab stock

JZ3669K hugA deletion mutant 
derived from MR-1; �hugA

This study

JZ3673K hmuT deletion mutant 
derived from MR-1; �hmuT

This study

JZ4318K rtxB deletion mutant 
derived from MR-1; �rtxB

This study

JZ4319K emrA deletion mutant 
derived from MR-1; �emrA

This study

JZ4320K aggA deletion mutant 
derived from MR-1; �aggA

Liang et al.
2010

Plasmids

pDS3.0 Apr, Gmr, derivative from 
suicide vector pCVD442

Gao 
et al. (2006)
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Samples for Q-RT-PCR were prepared and collected the
same way that we did for microarray analysis. The reac-
tion was conducted for all primer pairs in an iCycler iQ
real-time PCR detection system (Bio-Rad, Hercules, CA)
as described previously (Gao et al. 2004). To standardize
the quantiWcation of the selected target genes, dsbB and
ftsA served as internal controls and were quantiWed on the
same plate as the target genes. The levels of expression of
the target genes as determined from the cycle threshold
(CT) values were normalized to the level of the average
value of dsdB and ftsA according to the manufacturer’s
instructions. The expression of each gene was determined
from triplicate cultures in a single real-time Q-RT-PCR
experiment.

Mutant construction

Deletion mutation strains were constructed using the
fusion PCR method illustrated previously (Gao et al.
2006). Primers used for mutagenesis were listed in
Table 1S. In brief, two DNA fragments Xanking the target
gene were generated from S. oneidensis genomic DNA by
PCR with primers 5F/5R and 3F/3R, respectively. Fusion
PCR was then performed to join these two DNA frag-
ments with primers 5F/3R. The resulting single fragment
was digested with SacI and ligated into the SacI-digested
and phosphatase-treated suicide vector pDS3.0. The resul-
tant vectors were electroporated into the donor strain,
E. coli WM3064 and then moved to S. oneidensis by con-
jugation. Integration of the mutagenesis construct into the
chromosome and resolution were performed to generate
the Wnal deletion strains. The deletion was veriWed by
PCR and DNA sequencing.

Results

Transcriptional proWlings of pellicle versus planktonic cells

When cultured in still LB media under aerobic condition,
Shewanella oneidensis MR-1 cells attached to the wall and
then quickly (about 10 h after inoculation) spread across the
surface to form a pellicle-like bioWlm at the liquid–air inter-
face (Fig. 1). S. oneidensis cells start to make decision to
either continue its planktonic living style or turn to form
pellicles. To screen for determining factors for the decision,
we employed the whole-genome microarray analysis to
compare mRNA proWles between the pellicle and plank-
tonic cells in the same cultures when a very thin layer of
complex (young pellicle) was formed. To simplify descrip-
tion throughout this article, up- and down-transcribed genes
refer to those whose mRNA levels in the pellicle cells were
higher and lower than those in the planktonic cells, respec-
tively. The quality of the microarray data was routinely
assessed with established methods (Gao et al. 2004), and
only qualiWed data were used for further analysis.

General overview of transcriptomic characterization 
of pellicle and planktonic cells

In total, 882 genes passed the criterion of P < 0.05 in the
statistical analysis as described previously (Gao et al.
2008), representing approximately 19.0% of the 4,648
ORFs spotted on the array. These transcription-altered
genes covered all functional classes (54% of these genes
encoding hypothetical or conserved hypothetical proteins),
implicating that changes in these two types of cells were
global, at least at the transcriptional level. Up-transcribed

Fig. 1 Growth of S. oneidensis 
pellicle cells in LB medium 
under aerobic condition
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genes were dominant in the following functional catego-
ries: energy metabolism, transport and binding proteins,
fatty acid and phospholipid metabolism, protein fate, and
protein synthesis, whereas the majority of genes in catego-
ries such as cell envelope, cellular processes, DNA metabo-
lism, and regulatory functions were down-transcribed
(Fig. 2).

Energy metabolism proteins

It is worth mentioning that almost all of genes encoding
TCA enzymes were up-transcribed in pellicle cells
(Table 2). In addition, all of 9 atpA-H genes encoding sub-
units of ATP synthase and 12 out of 13 nuoA-N genes
encoding subunits of NADH dehydrogenase were consis-
tently up-transcribed (Table 2). Consistently, the transcrip-
tion of a group of genes including so2361–64, which
encode subunits of cbb3-type cytochrome c oxidase and
catalyze the Wnal step of electron transfer between a cyto-
chrome c and the molecular oxygen in the respiratory
chain, was up-transcribed. All of these data suggested that
cells in pellicles were metabolically more active, especially
in pathways related to aerobic respiration. The microarray
results also demonstrated that the planktonic cells were in
fact under microaerobic conditions on the basis of that a
number of genes involved in anaerobic respiration were
drastically induced in planktonic cells. These included
so2178 (ccpA, cytochrome c551 peroxidase), so1429–30
(dmsAB, dimethyl sulfoxide reductase), so4512–15 (for-

mate dehydrogenase), and so0259–63 (ccm, heme exporter
protein) (Table 2).

Transport proteins

Since EPS, essential biopolymers for the formation of pelli-
cles have to be manufactured mostly by microbes them-
selves, genes encoding proteins involved in synthesis and
transport of EPS are likely to be transcribed diVerently
between the two types of cells. Indeed, expression of a total
of 64 (37 up-transcribed and 27 down-transcribed) genes
encoding transport proteins was signiWcantly altered.
Among these, genes encoding iron or heme uptake and
transportation proteins consistently showed the largest tran-
scription diVerences. These included so1580 (TonB-depen-
dent heme receptor), so3030–3 (siderophore biosynthesis
proteins and receptor), and so3667–75 (so3667-so3668-
hugA-tonB1-exbB1-exbD1-hmuT-hmuU-hmuV, heme/
hemin transport proteins) (Table 2). Importance of iron in
both canonical bioWlm and pellicle formation has been well
documented (Banin et al. 2005). Iron or heme from the var-
ious resources, such as soluble and insoluble iron-contain-
ing chemicals and iron/heme-containing proteins, can be
captured by siderophores secreted by cells or by outer
membrane receptors (Braun and Braun 2002). These data
implicated that iron may have a role in pellicle formation or
more iron was biosorpted by pellicle cells.

Three proteins including RtxB, EmrA, and AggA
(S04318–4320) are predicted to be the cytoplasmic mem-
brane localized ATP-binding protein, membrane fusion
protein and outer membrane protein component, respec-
tively, of a type I secretion system (TISS). Microarray data
showed that so4318–4320 were consistently up-regulated
in pellicle cells (Table 2), suggesting certain substrates
secreted by TISS may play important role in pellicle forma-
tion.

gspF, encoding individual component of the general
secretion pathway protein F, was a known gene of S. oneid-
ensis MR-1 that participate in the process of electron
transfer (Shi et al. 2007; Py et al. 2001). Some best charac-
terized proteins, which are involved in bioWlm formation,
depend on general secretion pathway to transport across the
cytoplasmic membrane (Lasa and Penades 2006). Micro-
array data showed that gspF was up-regulated in pellicle
cells (Table 2).

Regulatory proteins

In our study, transcription of 46 (11 up-transcribed and 35
down-transcribed) genes encoding regulatory proteins was
signiWcantly diVerent. Although the majority of these genes
encode proteins whose function is currently unclear, several
genes are worth noting because their products have been

Fig. 2 DiVerentially expressed genes in pellicle cells grouped by
functional classiWcation according to the TIGR S. oneidensis genome
database (http://www.tigr.org). Columns: 1 amino acid biosynthesis; 2
biosynthesis of cofactors, prosthetic groups, and carriers; 3 cell enve-
lope; 4 cellular processes; 5 central intermediary metabolism; 6 DNA
metabolism; 7 energy metabolism; 8 fatty acid and phospholipid
metabolism; 9 hypothetical proteins; 10 mobile and extrachromosomal
element functions; 11 protein fate; 12 protein synthesis; 13 purines,
pyrimidines, nucleosides, and nucleotides; 14 regulatory functions; 15
signal transduction; 16 transcription; 17 transport and binding proteins;
18 unknown function
123
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Table 2 Genes with signiW-
cantly altered transcription and 
discussed in the text

Locusa Gene Ratiob Predicted function

Respiration

TCA cycle

SO0343 acnA 2.12 Aconitate hydratase 1

SO0424 aceE 0.61 Pyruvate dehydrogenase complex, E1 component

SO0425 Ace 1.28 Pyruvate dehydrogenase complex, E2 component

SO0426 lpdA 0.82 Pyruvate dehydrogenase complex, E3 component

SO0432 acnB 0.74 Aconitate hydratase 2

SO0770 Mdh 1.48 Malate dehydrogenase

SO1483 aceB 0.87 Malate synthase A

SO1484 aceA 2.29 Isocitrate lyase

SO1926 gltA 1.63 Citrate synthase

SO1927 sdhC ¡0.53 Succinate dehydrogenase, cytochrome b556 subunit

SO1928 sdhA 0.56 Succinate dehydrogenase, Xavoprotein subunit

SO1929 sdhB 0.23 Succinate dehydrogenase, iron-sulfur protein

SO1930 sucA 1.03 2-Oxoglutarate dehydrogenase, E1 component

SO1931 sucB 1.42 2-Oxoglutarate dehydrogenase, E2 component

SO1932 sucC 2.53 Succinyl-CoA synthase, beta subunit

SO1933 sucD 1.41 Succinyl-CoA synthase, alpha subunit

SO2222 SO2222 ¡0.23 Fumarate hydratase, class I, anaerobic, putative

SO2629 Icd 0.75 Isocitrate dehydrogenase, NADP-dependent

ATP synthase

SO4746 atpC 0.70 ATP synthase F1, epsilon subunit

SO4747 atpD 1.12 ATP synthase F1, beta subunit

SO4748 atpG 1.17 ATP synthase F1, gamma subunit

SO4749 atpA 1.45 ATP synthase F1, alpha subunit

SO4750 atpH 1.43 ATP synthase F1, delta subunit

SO4751 atpF 1.30 ATP synthase F0, B subunit

SO4752 atpE 0.36 ATP synthase F0, C subunit

SO4753 atpB 0.94 ATP synthase F0, A subunit

NADH dehydrogenase

SO1009 nuoN 1.33 NADH dehydrogenase I, N subunit

SO1010 nuoM 1.63 NADH dehydrogenase I, M subunit

SO1011 nuoL 1.53 NADH dehydrogenase I, L subunit

SO1012 nuoK 1.19 NADH dehydrogenase I, K subunit

SO1013 nuoJ 1.51 NADH dehydrogenase I, J subunit

SO1014 nuoI 1.71 NADH dehydrogenase I, I subunit

SO1015 nuoH 1.45 NADH dehydrogenase I, H subunit

SO1016 nuoG ¡1.60 NADH dehydrogenase I, G subunit

SO1017 nuoF 0.16 NADH dehydrogenase I, F subunit

SO1018 nuoE 0.97 NADH dehydrogenase I, E subunit

SO1019 nuoCD 0.27 NADH dehydrogenase I, C/D subunits

SO1020 nuoB 1.06 NADH dehydrogenase I, B subunit

SO1021 nuoA 0.53 NADH dehydrogenase I, A subunit

Other respiration genes

SO0259 ccmE ¡0.61 Cytochrome c biogenesis protein CcmE

SO0260 ccmD ¡0.23 Heme exporter protein CcmD

SO0261 ccmC ¡0.75 Heme exporter protein CcmC
123
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reported to be involved in bioWlm formation in other bacte-
ria, suggesting that these proteins may be involved in
S. oneidensis pellicle formation as well. These included
genes encoding two-component systems PhoP-PhoQ and
PhoB-PhoR, and regulatory protein HlyU (Danhorn et al.
2004; Li et al. 2001; Prouty and Gunn 2003) (Table 2). A
previous study reported that global regulators ArcA and
CRP had strong impacts on bioWlm detachment and forma-
tion in S. oneidensis (Thormann et al. 2005). However,

transcription of arcA and crp was not signiWcantly altered
in our transcriptional proWlings.

Validation of gene microarray results by reverse 
transcription-quantitative PCR

Genes encoding transport proteins were signiWcantly
altered, and reverse transcription-quantitative PCR (RT-PCR)
was employed to measure the mRNA expression levels of

Table 2 continued Locusa Gene Ratiob Predicted function

SO0262 ccmB ¡0.96 Heme exporter protein CcmB

SO0263 ccmA ¡1.05 Heme exporter protein CcmA

SO1429 dmaA-1 ¡3.21 Anaerobic dimethyl sulfoxide reductase, A subunit

SO1430 dmsB-1 ¡3.53 Anaerobic dimethyl sulfoxide reductase, B subunit

SO2178 ccpA ¡4.36 Cytochrome c551 peroxidase

SO2361 ccoP 1.32 Cytochrome c oxidase, cbb3-type, subunit III

SO2362 ccoQ 0.48 Cytochrome c oxidase, cbb3-type, CcoQ subunit

SO2363 ccoO 0.44 Cytochrome c oxidase, cbb3-type, subunit II

SO2364 ccoN 0.97 Cytochrome c oxidase, cbb3-type, subunit I

SO4512 SO4512 ¡1.79 Conserved hypothetical protein

SO4513 SO4513 ¡1.62 Formate dehydrogenase, alpha subunit

SO4514 fdhB-2 ¡1.02 Formate dehydrogenase, iron-sulfur subunit

SO4515 SO4515 ¡1.41 Formate dehydrogenase, C subunit, putative

Transport protein

SO0168 gspF 0.21 General secretion pathway protein F

SO1580 SO1580 5.29 TonB-dependent heme receptor

SO3030 alcA 3.87 Siderophore biosynthesis protein

SO3031 SO3031 3.59 Siderophore biosynthesis protein, putative

SO3032 SO3032 3.44 Siderophore biosynthesis protein, putative

SO3033 SO3033 3.66 Ferric alcaligin siderophore receptor

SO3253 SO3253 ¡0.016 Flagellar basal-body P-ring formation protein FlgA

SO3667 SO3667 3.77 Conserved hypothetical protein

SO3668 SO3668 3.89 Conserved hypothetical protein

SO3669c hugA 4.36 Heme transport protein

SO3670 tonB1 5.27 TonB1 protein

SO3671 exbB1 3.57 TonB system transport protein ExbB1

SO3672 exbD1 2.46 TonB system transport protein ExbD1

SO3673c hmuT 3.65 Hemin ABC transporter, periplasmic hemin-binding protein

SO3674 hmuU 2.52 Hemin ABC transporter, permease protein

SO3675 hmuV 3.19 Hemin ABC transporter, ATP-binding protein

SO4318c rtxB 0.66 Toxin secretion ATP-binding protein

SO4319c etrA 0.51 HlyD family secretion protein

SO4320c aggA 0.38 Agglutination protein

Regulatory function

SO1945 phoQ ¡1.73 Sensor protein PhoQ

SO1946 phoP ¡2.20 Transcriptional regulatory protein PhoP

SO1558 phoB ¡3.34 Phosphate regulon response regulator PhoB

SO1559 phoR ¡0.68 Phosphate regulon sensor protein PhoR

SO3538 hlyU ¡2.26 Transcriptional regulator HlyU

a According to TIGR annotation
b log2 ratio (mRNA of pellicle 
cells/mRNA of planktonic cells)
c Subjected to mutational 
analyses
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six genes. These genes are so0168 (gspF 0.21-fold (log2),
general secretion pathway protein F), so3669 (hugA,4.36-
fold, heme transport protein), so3673 (hmuT 3.65-fold,
hemin ABC transporter), so4318 (rtxB 0.66-fold, toxin
secretion ATP-binding protein), so4319 (emrA 0.50-fold,
HlyD family secretion protein), and so4320 (aggA 0.38-
fold, type I secretion outer membrane protein, AggA). Two
genes, dsbB and ftsA, were chosen as the internal controls
based on that their expression was close to the average of
each channel (Cy3 or Cy5) in the microarray analysis.
Expression of hugA, hmuT, gspF, rtxB, emrA and aggA in
pellicle cells from samples collected independently (from
microarray analysis) was induced approximately tenfold,
eightfold, 1.2-fold, 3.1-fold 2.2-fold and 1.9-fold, respec-
tively (Fig. 3). In contrast, none of these genes in plank-
tonic cells displayed an expression level signiWcantly
diVerent from that of either dsbB or ftsA (Fig. 3). These
results indicated that six genes selected were particularly
active in the pellicle cells but not in the planktonic cells.
The ratios (pellicle cells/planktonic cells) from Q-RT-PCR
were similar to those observed in the microarray analysis,
further validating the transcriptomic results.

Mutational analysis of candidate genes

Based on our microarray data and reports published previ-
ously, we picked up four genes relevant to protein transport
for a mutational analysis to determine their involvement in
pellicle formation. These genes are so3669 (hugA), so3673

(hmuT), so4318 (rtxB), so4319 (emrA). Gene hugA and
gene hmuT were not only among those showing the highest
induction in pellicles but also reported to be crucial in iron
transport and bioWlm formation (Rhodes et al. 2007). Three
genes encoding TISS proteins were consistently up-regu-
lated in pellicle cells. Our previous data showed that the
pellicle was severely deWcient in the in-frame deletion
mutant of aggA which blocked secretion via TISS (Liang
et al. 2010).

Mutants carrying in-frame deletion in one of targeted
genes were constructed. A relatively comprehensive char-
acterization revealed that mutation hmuT or hugA did not
elicit any distinguishable phenotype regarding a variety of
physiological features, including agitated aerobic growth,
swimming and swarming, and bioWlm and pellicle forma-
tion (Fig. 4). This observation suggests that iron/heme
transport may not be important in pellicle formation of
S. oneidensis.

Similar to aggA mutant, the other two TISS mutants
so4318 (rtxB) and so4319 (emrA) were severely deWcient in
pellicle formation (Fig. 4). Unlike the wild-type strain,
which formed Xat, uniform pellicles, each of the three TISS
mutants strain culture remained turbid and was composed
of independent planktonic cells that were not held together
by a matrix. However, the mutant was able to attach to the
glass wall at the air–liquid interface, suggesting that TISS
is not essential for this step of bioWlm formation. The phys-
iological characterization revealed that TISS mutant grew
at the rate comparable to that of the parental strain either in
the shaking or static conditions. All these data implicate
that TISS is required for pellicle formation.

Discussion

The bacterial bioWlm, a sessile community with high cell
density, is ubiquitous in natural, medical, and engineering
environments. As a special form of bioWlms, pellicles of
facultative bacteria formed at the liquid–air interface can be
selectively advantageous given that aerobic respiration with
oxygen as the terminal electron acceptor is the most pro-
ductive. In addition, pellicle confers a number of advantage
for survival including nutrient availability with metabolic
cooperation and protection from the environment (Li et al.
2001).

Transcriptional proWling has been used to gain insight
into the general physiology of the bioWlm community and
to identify genes that contribute to their formation (Folsom
et al. 2010; Hamilton et al. 2009; Stewart and Franklin
2008). In the present study, whole genomic DNA micro-
array was successfully used to generate the gene expression
proWles of a S. oneidensis pellicle relative to suspension cells in
the same culture, and the results of replicated experiments

Fig. 3 Q-RT-PCR assays of genes used in the mutational analysis. All
strains were grown in static LB under aerobic conditions until the
young and manageable pellicles were formed. Q-RT-PCR was used to
quantify the mRNA levels of hmuT, hugA, gspF, rtxB, emrA and aggA
in the pellicle cells (light gray) and planktonic cells (dark gray). All
data were normalized to the expression of the average of dsbB and ftsA.
Relative expression was determined using the method described in
“Materials and methods”. Presented are averages of triplicate cultures
with the standard deviation indicated by error bars
123
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were consistent. Genes clustered in the same operons were
found to be induced/repressed together, indicating the data
are sound. In addition, Q-RT-PCR analysis validated the
transcriptomic results.

One of the main environmental diVerences between pel-
licle cells and suspension cells in the present study was the
oxygen concentration. Our former data revealed that cells
of S. oneidensis at the periphery of a pellicle quickly con-
sume oxygen, producing a decreasing gradient from the
surface to the interior (Liang et al. 2010). As revealed by
the transcriptional analysis, cells of S. oneidensis in pelli-
cles were more active in aerobic metabolism while plank-
tonic cells actually lived in microaerobic or anaerobic
environments due to the existence of the thick pellicle. Bel-
iaev et al. (2002) have studied anaerobic metabolism with
DNA microarrays and found a global change in gene
expression between aerobic growth and anaerobic growth
with the above anaerobic genes of our studies (e.g. ccpA,
dmsAB and ccm) induced during fumarate and nitrate

reduction condition. These data indicated that the majority
of dissolved oxygen is likely consumed by the cells close to
the surface, and planktonic cells underneath alter the
expression of respiratory chain components to maximize its
eYciency under microaerobic conditions. There was evi-
dence of this in several bioWlm transcriptomes (Ren et al.
2004; Beloin et al. 2004; Yamamoto et al. 2011). In addi-
tion, the capacity of S. oneidensis cells to form pellicles
was abolished under anaerobic conditions with fumarate,
nitrate, DMSO, TMAO, or ferrous citrate as the electron
acceptors, indicating that oxygen is required for the pro-
cess.

It is particularly worth discussing roles of iron/heme
transporter including HmuT HugA in pellicle formation of
S. oneidensis. As revealed by the microarray and Q-RT-
PCR analyses, genes encoding proteins involved in sidero-
phore biosynthesis, iron or heme uptake and transport were
highly transcribed in pellicle cells. Irons are important in
pellicle formation although not so crucial as Cu (II), Ca (II),

Fig. 4 Relative pellicle formation of mutant strains including gspF, hmuT, hugA, rtxB, emrA and aggA. Mutation hmuT or hugA did not elicit any
distinguishable phenotype in pellicle formation. All the three TISS mutants were severely deWcient in pellicle formation

MMR-1 ΔrtxB ΔemrA ΔaggA ΔhugA/hmuT
123



Arch Microbiol (2012) 194:473–482 481
Mn (II), and Zn (II) (Liang et al. 2010). However, pellicle
formation of S. oneidensis was barely aVected by mutations
in hugA and hmuT. When hugA or hmuT deletion mutant
grew in the LB medium, even if the iron was limited, other
cations in LB medium could replace the iron, so these two
mutant strains could still form the pellicle. In addition,
these two genes reside in a large gene cluster encoding iron/
heme uptake and transport proteins, and all these genes
have been found to respond to the environmental changes
consistently (Beliaev et al. 2005; Braun and Braun 2002;
Gao et al. 2006). The substantial diVerences in transcription
of these genes between two diVerent types of cells may be
resulted from an imbalance in metabolism. In conclusion,
the Wnding that HmuT and HugA have little impacts on pel-
licle formation demands a further investigation.

The type I secretion apparatus is a rather simple machine
containing only three diVerent transport components, two in
the inner membrane, which are speciWc for the passenger
protein, and one that forms a general pore in the outer
membrane (Holland et al. 2005). Three genes encoding
TISS proteins were consistently up-regulated in S. oneiden-
sis MR-1 pellicle cells. At the same time, all the three TISS
mutants were severely deWcient in pellicle formation. In
addition, Theunissen et al. subjected MR-1 to random
transposon insertion mutagenesis to identify genes contrib-
uting to the ability of the organism to form bioWlms on
polystyrene surfaces. RTX, a novel 285-kDa multi-domain
protein, is secreted by TISS to the cell surface, where it is a
requisite for solid surface-associated bioWlm development
(Theunissen et al. 2010). These data suggested that type I
secretion pathway is directly related to bioWlm formation.

Pellicle formation is a complex process. Many factors,
including oxygen, secreted proteins, extracellular organ-
elles such as Xagella, and chemical agents supplemented
in media such as iron and calcium, played important roles
in bioWlm formation of S. oneidensis MR-1 (Liang et al.
2011). The results presented here provided the compre-
hensive insights into pellicle formation of S. oneidensis.
However, the events in transcriptional regulation during
pellicle formation are incompletely understood. As we
know, the S. oneidensis MR-1 cells formed solid surface-
associated (SSA) bioWlms on the Xask wall and another
kind of suspension cells in LB when aeration of the media
was provided by shaking, which the dissolved oxygen
level was as high as the surface growing pellicle cells.
Since one of the signiWcant environmental diVerences
between pellicle cells and planktonic cells in the present
study was the oxygen concentration, the suspension cells
in the agitated medium could be another control. In the
future, we can expect the combination of genetics, bio-
chemistry, and microscopy to yield an ever-increasing
understanding of the molecular mechanisms of pellicle
formation.
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