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Abstract

Biofilm bacteria have developed escape strategies to avoid stresses associated with biofilm growth,
respond to changing environmental conditions, and disseminate to new locations. An ever-
expanding body of research suggests that cellular release from biofilms is distinct from a simple
reversal of attachment and reversion to a planktonic mode of growth, with biofilm dispersion
involving sensing of specific cues, regulatory signal transduction, and consequent physiological
alterations. However, dispersion is only one of many ways to escape the biofilm mode of growth.
The present review is aimed at distinguishing this active and regulated process of dispersion from
the passive processes of desorption and detachment by highlighting the regulatory processes and
distinct phenotypes specific to dispersed cells.

Graphical Abstract

Modes of escape from the biofilm

Biofilms are surface associated communities of microorganisms encased in a self-produced
polymeric matrix. The sessile lifestyle affords bacteria multiple protective advantages,
allowing bacteria to remain within a favorable environmental niche or host. Compared to
free-swimming bacteria, biofilms are better adapted to withstand nutrient deprivation, pH
changes, oxygen radicals, biocides, and antimicrobial agents [1]. Adaptation to the sessile
lifestyle coincides with altered expression of surface molecules, nutrient utilization, and
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virulence factors, and resistance to the immune system and antimicrobial agents [2-4]. In
fact, bacteria living in biofilms can be up to 1000 times more tolerant to antibacterial
compounds than their planktonic counterparts [5,6]. In clinical settings, the extraordinary
resistance of biofilms to antimicrobial agents can be devastating, as conventional therapies
have proven to be inadequate in the treatment of many if not most chronic biofilm infections.
This extraordinary innate resistance to antimicrobial treatments renders biofilms extremely
difficult to control in medical settings [7]. It is thus not surprising that biofilms and potential
novel strategies to control or eradicate them have received considerable attention. While
much research has focused on the development of anti-adhesive surfaces and devices aimed
at preventing the formation of biofilms in the first place, recent findings have suggested
another promising avenue open for biofilm control: the manipulation of the biofilm lifestyle.

While the regulatory specifics of the biofilm developmental processes of various bacterial
species exemplify the remarkable diversity of the microbial world, studies of single-species
communities have illustrated some general features characteristic of the biofilm mode of
growth. Biofilm formation is initiated with surface attachment by a few planktonic, free-
swimming bacteria, which occurs in two stages — reversible and irreversible attachment. The
typically unstable reversible attachment is characterized by cells attaching to a surface by a
single pole and often returning to the bulk phase (Figure 1). Rod-shaped cells that commit
to a more stable surface existence are next seen to attach to the surface via their longitudinal
axis. This phenomenon is referred to as ‘irreversible attachment’. Once attached, cells will
grow into a more complex multicellular mature form, which in some bacterial species is
characterized by the presence of differentiated, mushroom- or pillar-like structures or
microcolonies interspersed with fluid-filled channels (Figure 1). The developmental
progression leading to a mature biofilm not only coincides with observable phenotypic or
architectural changes, but also requires multiple regulatory networks, which translate signals
to concerted gene expression changes thereby mediating the spatial and temporal
reorganization of the bacterial cells within biofilms [3,8,9]. While these molecular and
phenotypic changes provide biofilm-specific benefits, biofilm growth is also associated with
certain dangers. As a biofilm grows in size, some cells will become increasingly separated
from the bulk liquid interface and essential sources of energy or nutrients. Accumulation of
waste products and toxins can present an additional challenge. Being trapped deep within a
biofilm can, therefore, threaten cell survival. Thus, biofilm cells have evolved mechanisms to
escape the sessile mode of growth as a means of self-preservation and dissemination to new
locales [2,9].

Not surprisingly, the progression and regulation of the switches enabling bacteria to escape
from the biofilm, generally referred to as dispersal or dispersion, have become a major focus
of recent research endeavors. Much attention has also been paid to the agents inducing the
transition from a sessile to a planktonic, and thus a less protected and more antimicrobial
susceptible mode of growth. Studies of bacterial escape from biofilms have ranged from
observations of the process naturally occurring in older biofilms to the investigations of the
physical and chemical factors triggering the release of cells from the sessile communities.
Such factors include but are not limited to shear stress, matrix-degrading enzymes,
surfactants, chelating agents, signaling molecules, and environmental cues such as nitric
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oxide, oxygen levels and variation in carbon and energy source availability. The diversity of
biofilm release-inducing factors is matched by the variety of experimental conditions and
systems used to study them, which have included microtiter plates, continuous flow reactors
and flow cells, microfermentors, slides, drip flow and rotating disc reactors, aggregation in
batch culture and colony and pellicle biofilm models. The timing of the experiments have
also varied drastically, with induction of cell release tested in time frames ranging from 15
min to 40 hr on bacterial biomass that has been allowed to grow on a surface anywhere from
2 hr to 10 days. Yet despite all these notable differences, majority of these studies refer to
the described phenomena as biofilm “dispersion” or “dispersal”.

Ways to leave a biofilm

Given the wide variety of agents and conditions attributed to cellular release from the
biofilm, however, one has to wonder whether the nature of the “escape” from the attached
biomass is indeed the same. This is particularly important considering that there is more than
one way for bacteria to leave the biofilm. In fact, there are at least three types of “escapes”
or ways for bacteria to leave the biofilm: desorption, detachment, and dispersion (reviewed
in [10]). The transfer of bacteria directly from a substratum to the bulk liquid is known as
desorption. Desorption may be observed at early stages of biofilm development, when the
first cell contact with the surface is initiated. Thus, desorption is in many ways a reversion of
the bacterial attachment process or factors involved in surface contact (Figure 1, Table 1).
Considering that attachment has been demonstrated in many bacterial species to be a
regulated process, desorption may likewise be an active process. Detachment has long been
considered the primary process that limits biofilm accumulation [11] and occurs when
external forces, such as shear stress (e.g. due to air bubbles), become sufficiently high or
alternatively too low to maintain the biofilm structure. In 1988, Bryers [12] categorized four
distinct mechanisms by which bacteria may passively detach from a biofilm. These are
abrasion, grazing, erosion, and sloughing (Figure 1). Abrasion is the release of cells from a
biofilm as a result of collisions with particles from the bulk liquid, while grazing is the act of
removal of biofilm cells by the feeding activity of eukaryotic organisms. Erosion is the
continuous loss of small portions of the biofilm due to fluid shear in a flowing system.
Organisms that are closest to the bulk water interface of a biofilm are the only cells
susceptible to this form of detachment. Cells not enmeshed within the biofilm matrix and
daughter cells that are produced at the interface are particularly prone to loss by erosion.
While similar to erosion [13], sloughing refers to the removal of intact pieces of biofilm or
the entire biofilm by fluid frictional forces. In addition to shear forces, the rate and degree of
detachment from a biofilm will be impacted by any modification of the biofilm structure,
such as exogenously induced degradation of the biofilm matrix by chemical or enzymatic
means. Considering that biofilms are encased in an extracellular polymeric matrix composed
of polysaccharides, proteins, and DNA, it is not surprising that most detachment agents have
degradative (Table 1), chelating [14], or detergent-like functions [15,16]. An example of a
matrix degrading detachment agent is the hydrolase Dispersin B from Aggregatibacter
actinomycetemcomitans that catalyzes the hydrolysis of the linear polymers of N-acetyl-D-
glucosamines. Exogenously added Dispersin B has been shown to coincide with the loss of
the structural integrity of the biofilm structure of the oral pathogen A.
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actinomycetemcomitans [17,18]. As N-acetyl-D-glucosamines is present in the matrix of
several Gram-positive and Gram-negative biofilm-forming bacteria, it is not surprising that
Dispersin B is capable of inducing detachment in a large variety of biofilm forming species
including Staphylococcal species [18,19]. Detachment has also been demonstrated for
various bacterial species upon treatment with periodate, cellulose, and proteinase K (Table
1). DNAse has been used in the treatment of pulmonary diseases since the early 90s,
primarily to reduce the viscoelasticity of the sputum from cystic fibrosis patients [20,21].
Since then, extracellular DNA has been recognized as one of the major matrix components
of bacterial biofilms [22]. It was shown that DNAse treatment led to the detachment of
young, but not mature, flow-chamber-grown P, aeruginosa biofilms [22], probably due to
mature biofilms harboring increasing amounts of matrix material other than extracellular
DNA. Treatment with DNAse coinciding with detachment has been described in a large
number of other biofilm forming species including P, putida, S. aureus, Shewanella
oneidensis, and Bacillus licheniformis [23-26].

The third mode of cellular release from biofilms, the process of dispersion, is distinct from
the passive release of cells occurring during desorption and detachment in that it is
characterized by an active phenotypic switch, which allows the bacterial cells to leave a
biofilm. Specifically, dispersion involves the sensing of certain signals or cues and their
transduction through regulatory networks to enable physiological changes that facilitate
cellular release from biofilm communities. Similarly to detachment, dispersion relies on
factors to weaken the biofilm matrix. However, in contrast to the exogenous addition of such
factors during detachment, dispersion requires the direct production by the biofilm bacteria
of matrix-degrading enzymes, such as alginate lyase, the glycosyl hydrolase PsIG, or -A\-
acetylglucosaminidase [17,27-30]. The source of the triggering signals distinguishes
between two classes of dispersion. While native dispersion occurs upon sensing of self-
synthesized signaling molecules, environmentally induced dispersion is triggered by factors
and changes in the external environment. Native dispersion, which is generally characterized
as the terminal stage in biofilm development, has also been referred to as seeding dispersal
[31], as it is assumed to lead to the translocation of bacteria to new sites for colonization.
Native dispersion has been observed in various biofilm forming species (Table 2) to occur
from within microcolonies. Following differentiation of the interior of the microcolony into
a motile phenotype and the periphery into a non-motile surrounding ‘wall phenotype’ [31],
cells coordinately evacuate the microcolony from local break out points and enter the bulk
liquid [2,31,32]. However, dispersion rarely involves the entire biofilm. Typically, only
selected microcolonies or areas within a biofilm will undergo a dispersion event at any
particular time, in a manner often dependent on microcolony diameter [31]. The evacuation
of bacteria from within a microcolony, first described in Davies in 1999 [33] and expanded
on by Tolker-Nielsen et al. [34], Sauer et al. [2], and Purevdorj-Gage et al. [31], is illustrated
in Figure 1. The factor responsible for native dispersion in Pseudomonas aeruginosa
biofilms has been identified as the fatty acid signaling molecule cis-2-decenoic acid (cis-
DA) [32]. Similarly, disaggregation of flocs by Xanthomonas campesitris in liquid has been
linked to the c¢/s-11-methyl-2-dodecenoic acid (DSF) [35]. Dispersion in response to cis-
unsaturated fatty acids is fairly conserved, as cis-DA has been shown to induce the
dispersion of Escherichia coli, Klebsiella pneumoniae, Proteus mirabilis, Streptococcus
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pyogenes, Bacillus subtilis, Staphylococcus aureus, and the yeast Candida albicans biofilms
[32], while the Burkholderia cenocepatia cis-2-dodecenoic acid BDSF has been shown to
trigger dispersion of Francisella novicidabiofilms [36]. In contrast, environmentally induced
dispersion occurs following the sensing of external conditions including starvation, oxidative
or nitrosative stress, host factors such as bile salts, and availability of oxygen, iron, and
carbon sources (Table 1) [37-43]. Induced dispersion coincides with 80% or more of the
biofilm biomass being removed [44], with the evacuating bacteria having been ascribed
phenotypes similar to those derived from native dispersion events [31,45,46]. These findings
have suggested that native and environmentally induced dispersion are subjects to
overlapping mechanisms that are likely conserved across kingdoms and domains [26,32].

escapes are not created equal

Considering these diverse findings, the question arises of whether the manner by which
bacterial cells escape from the biofilm matters. The answer is yes, as the way bacterial cells
escape from the biofilm affects the physiology and phenotype of the respective cells. In
contrast to detachment or desorption, which involve the passive release of cells from a
biofilm structure, native and induced dispersion involves the active release of bacteria from a
biofilm as a physiologically regulated response to internal or external stimuli, with
dispersing cells experiencing a change in their behavior. While cells freed via detachment or
desorption may ultimately undergo a phenotypic change as a result of their release from the
biofilm environment, signal transduction and phenotypic changes are required for cells to be
released from a biofilm via dispersion. This is supported by the findings that dispersed cells
differ significantly from biofilm cells with respect to gene expression, protein production,
and posttranslational modification [2,9,44,47-49]. Compared to biofilm cells, dispersed cells
are furthermore characterized by decreased levels of the intracellular signaling molecule c-
di-GMP and increased production of matrix degrading enzymes [27,38-40,50,51]. While
dispersion has often been described to coincide with increased motility of the escaping
bacteria, several studies demonstrated that motility is not required for dispersion
[42,44,52,53], suggesting that motility may be an indicator of dispersed cells returning to the
planktonic mode of growth, but is not part of the mechanism enabling dispersion. Findings
such as these have suggested that the process of dispersion may be a simple reversal of the
motile-sessile transition and the switch of biofilm cells to planktonic cells. However,
dispersed cells are distinct from planktonic cells with respect to gene expression, release of
matrix-degrading enzymes, and pathogenicity [27,29,54,55], with dispersed cells being
highly virulent against macrophages and Caenorhabditis elegans compared to planktonic
cells [29] and contributing to the severity of both acute and chronic lung infections [27].
Moreover, gene expression and protein production profiles of dispersed cells are also
markedly different form those of the biofilm cells from which they are derived
[2,27,29,44,54]. In contrast, very little to no difference has been noted between intact and
detached biofilm cells. Fux et al. [46] demonstrated cell aggregates detached from S. aureus
biofilms to be highly tolerant to the antibiotic oxacillin compared to exponential-phase
planktonic cultures. The same study, however, demonstrated that cells dispersed from S.
aureus biofilms due to native dispersion events were as susceptible as exponential-phase
planktonic cultures to oxacillin [46]. In a manner similar to native dispersion, induced
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dispersion has been linked to released cells being rendered significantly more susceptible to
antimicrobial agents compared to biofilm cells [44,45,52]. Synergistic activity was noted
upon exposure of £ aeruginosa biofilms to citrate with amikacin disulphate, colistin
methanesulphonate or erythromycin, succinic acid with colistin methanesulphonate [45], and
various carbon sources with hydrogen peroxide [44], but not nitric oxide with colistin[56].

A tale of c-di-GMP modulation

While desorption and detachment are dependent on exogenous cellular release factors and
may lead to eventual phenotypic switches, physiological changes in biofilm cells and
production of the release factors by biofilm cells appear to be a prerequisite for dispersion to
occur. But what are the regulatory events underlying and driving these phenotypic
transitions? The dispersion response, induced upon sensing cues such as cis-unsaturated
fatty acids, NO, or changes in carbon availability via cue-specific membrane-bound sensory
proteins such as RfpCG, NicD, and NbdA [35,38,39,57], requires specific regulatory events
including phosphotransfers and coincides with coordinated changes in protein
phosphorylation and gene expression [40,44,49].

One of the most noticeable regulatory consequences of induction of dispersion is the
modulation of the intracellular signaling molecule cyclic di-GMP (c-di-GMP), high levels of
which promote sessile growth, while low levels correlate with planktonic existence [58].
Levels of c-di-GMP are enzymatically modulated by diguanylate cyclases (DGCs), proteins
containing a GGDEF domain, and phosphodiesterases (PDEs) harboring either an EAL or
HD-GYP domain. In £ aeruginosa, dispersion upon exposure to NO and elevated nutrient
concentrations has been linked to the reduction of the cellular c-di-GMP levels, requiring the
PDEs DipA, NbdA, and RbdA [40,51,52,59]. The finding of dispersed cells being
characterized by reduced c-di-GMP levels has led to the hypothesis that dispersed cells can
be generated by reducing the intracellular c-di-GMP content through modulation of PDEs
[60]. In P, putidaand £ fluorescens, the large adhesive outer-membrane protein LapA
mediates attachment to surfaces and matrix components and is required for the transition
from reversible to irreversible attachment [41,61-63]. Elevated c-di-GMP levels contribute to
the localization of LapA to the cell surface, while low c-di-GMP levels, as in the case of
phosphate limitation, result in LapA being released from the outer membrane via cleavage
by the periplasmic cysteine protease LapG and consequently in impaired attachment [62]. It
is thus not surprising that lowering the intracellular c-di-GMP level via induction of y/ijH, an
E. coli-derived PDE, led to the disaggregation of 2 putida pellicles. Considering that no
disaggregation was noted in A/apG mutant pellicles, the finding suggested that LapG exerts
its activity on LapA in response to a decrease in the intracellular c-di-GMP level [41]. The
adhesin controlled by LapG in £ aeruginosa, a strain lacking LapA, has recently been
demonstrated to be CdrA [63,64]. Disaggregation of P putida pellicles was furthermore
accomplished upon treatment with proteinase K, which the authors attributed to the
proteolytic degradation of LapA [41]. While both disaggregation events coincide with LapA
being released from the cell surface and thus, cells being released from the substratum, the
mechanisms by which this is achieved likely differ. While the phenotype of the escaped
bacterial populations was not investigated, it is likely that protease treatment induces
detachment or sloughing rather than dispersion events, while modulation of the c-di-GMP
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level may induce dispersion. However, it is likely that reduced c-di-GMP levels coincide
with escaped cells being rendered susceptible to antimicrobial agents. This is supported by
the finding that in 2 aeruginosa, reducing cellular c-di-GMP levels of biofilm cells from >75
to <40 pmol/mg correlated with increased susceptibility to antimicrobial agents [65].
Regardless of the mechanism, the contribution of LapA to the escape from the biofilm raises
the question of whether conditions that prevent biofilm formation can induce dispersion. In
P, fluorescens, phosphate limitation functions as an inhibitor of biofilm formation. This is
likely due to reduced c-di-GMP levels, as activation of the Pho regulon, the major pathway
for adaptation to phosphate limitation, results in expression of the PDE RapA, with rapA
overexpression inhibiting biofilm formation in a manner similar to P; limitation [62,66].
Interestingly, the same conditions that prevent 2 fluorescens biofilm formation also inhibit
LapA secretion [62]. These conditions are in stark contrast to the rapid changes in the
carbon concentration that trigger dispersion but are unlikely to prevent biofilm formation
and development (Table 1).

Similar to Gjermansen et al. [41], Mikkelsen et al. [67] linked modulation of c-di-GMP to
the disaggregation of £ aeruginosa biofilms, a phenotype noted upon overexpression of the
response regulator RcsB. RcsB has previously been described to activate the expression of
genes involved in the Chaperone Usher Pathway (Cup), which leads to the production of
CupD fimbriae and increased attachment [68]. The authors linked the dispersal phenotype
upon overexpression of RcsB to the increased expression of pvrR encoding a PDE, with
PvrR having previously been demonstrated to counteract that activity of RcsB on cupD gene
expression [67,68]. The findings suggest that the reversion of mechanisms and factors
involved in attachment contribute to dispersion. However, the effect of c-di-GMP
modulation on attachment factors can also be seen in a context different from that of biofilm
development.

While most developmental processes are governed by hierarchically organized genetic
networks that establish checkpoints in the developmental process, which once passed,
commit cells to a specific fate [3], there is an increasing body of literature indicating that the
formation of biofilms is reversible. In P aeruginosa, at least four two-component regulatory
systems, namely SagS, BfiRS, BfmRS, and MifRS, are required to coordinate the
progression of 2. aeruginosa biofilm development in a stage-specific manner. Together, these
systems form a coordinated signaling network that regulates three committed steps of the 2
aeruginosabiofilm life cycle, in particular the transition to three later biofilm developmental
stages following initial attachment [8]. Despite the presence of this coordinated signaling
network, loss of expression of the respective regulatory systems coincided with biofilm
architecture collapse, with the remaining biofilm cells demonstrating phenotypic
characteristics of earlier biofilm stages [8,69]. Such findings suggest the likelihood of a 4t
mode of escape from the biofilm lifestyle, that of collapse. However, additional studies will
be required to determine the manner by which cells escape during biofilm architectural
collapse and whether modulation of c-di-GMP levels contribute to collapse or dispersion of
biofilms.
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Conclusions

Various modes of bacterial escape from biofilm communities differ in the means of cell
release, as well as in the distinct phenotypic manifestations and properties of the released
cells. Thus, it is essential to consider the conditions and characteristics of the respective
processes in both basic research and transitional applications targeting biofilms. It is now
becoming clear that biofilm disruption approaches have to consider interspecies and
interkingdom signaling in polymicrobial biofilms [36,54,70], as well as the effect of the host
environment on bacterial biofilms [54,55,71]. Eliciting the release of cells from a biofilm
represents a promising strategy for controlling biofilms in industrial and medical settings.
Yet, it is important to consider the manner by which cells are released, as this will determine
their physiology, particularly with respect to differences in susceptibility to antimicrobial
agents and their pathogenicity. For instance, while detachment agents have proven beneficial
in eliminating pathogenic biofilms from the oral cavity or from medical equipment [72],
induction of detachment and release of large cellular aggregates may be undesirable in the
treatment of chronic infections as it may lead to complications such as emboli [46].
Similarly, bacterial dissemination from the peritoneal cavity of mice to the spleen was noted
upon overproduction of the PDE YhjH [73]. In order to promote such transitional research
and proper practical applications for biofilm control, there is an increasing need from the
basic research side to integrate the findings from the various biofilm escape studies to map
complete dispersion signaling networks and gain a better understanding of the phenotypic
switches associated with the release of biofilm cells. While dispersion pathways have begun
to be mapped for such species as £, aeruginosa, P. putida, P. fluorescens, and V. vuinificus
[38,39,41,49,71], the bridging of the dispersion-inducing cues with the detachment factors
via specific regulatory networks has remained limited and represents an important focus of
the biofilm escape research.
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Highlights

e At least three types of “escapes” or ways for bacteria to leave the biofilm are
known; desorption, detachment, and dispersion

» Dispersion is a highly regulated, active process, coinciding with a physiological
change in the dispersing population

« Dispersed cells are characterized by altered susceptibility to antimicrobial
agents and virulence compared to planktonic and biofilm cells

e The degree of detachment from a biofilm will be impacted by shear forces and
modification of the biofilm matrix

»  Collapse of the biofilm architecture may be linked to reversion of biofilm
developmental regulatory networks
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Figure 1. Model of biofilm development and modes of escape
Based on the analysis of single species biofilms, the formation of biofilms occurs in a stage-

specific and progressive manner. The developmental process is initiated by single planktonic
cells making contact with the surface. With respect to biofilm formation, several
developmental steps are discernable as reversible attachment, irreversible attachment, and
biofilm maturation [2,8]. Cells can escape from the biofilm via desorption, detachment, and
dispersion. Detachment mechanisms include erosion and sloughing. Erosion describes the
continuous removal of biomass while sloughing entails the removal of intact pieces of
biofilm or the entire biofilm. In biofilm dispersion, the inside of a biofilm microcolony
becomes fluid, and cells within this zone begin to show signs of agitation and movement.
Cells escape the biofilm microcolony via a disruption in the microcolony wall through which
cells evacuate, entering the bulk liquid as single bacteria.

Curr Opin Microbiol. Author manuscript; available in PMC 2017 April 01.



Page 17

Petrova and Sauer

(tougyur
aseyeydsoyd yyum panqgiyuir asuodsai)

juan|ye wyiyolq pue ‘Adoasoloiw ‘N4
Aq wyyoiq Butioyuow ‘supyolq p G- (s1199

[zs' TS vl Buieubis yuspuadap-uonejAioydsoyd « MO[} ‘S103083J 30N}) $10}0B8J MOJ} SNONUIUOD osoulbnioe o 3pLIoJYd WnuoWwwy
Wwawiean 1y z {(sO3YH) si199 [eljpynda UOITJIUAIUO0D 324N0S

[¥s] Aojedidsal uewny uo umolb swiiolq 1y g/ oeluownaud ‘s u0QJed JO asealoul-dars usppns
Adooosoiw Aq pasojiuow asuodsal UOI3RIUIUOI 32IN0S

[os] uoisladsip ‘a1nynd apljs Moj-snonunuoD as Jajoeqo)aUIY uogJed 0 aseasoul-dals usppns

[61'26-6v'vv'6'8€" L]

sisAjeue o1woidosuel] o

adAlouayd uoisiadsiq «

uolssaidxa auab aous|nIIA «

sawAzua Buipeifap XLiiew Jo ases|ay «
A1Anoe 3ad ‘vpaN utsiodd Alosuas e
AIAoe D9 ‘goIN uteiold Alosuss «
V09 090

vdigaad »

dIND-1p-0 Aq patenpow UoljeAllde pue
abenes|d v|pg ‘Buisusas aes ABiaus/xopal
Ul PaAjOAUL 3] AeW PG PaleIonsSe-aWaH «
VIPg Jaonpsues] sIXejowsay «

S[aAd] dIND-1p-9 Je|nj|8d paseatdsq «
AlAIOR 3Qd Je[n|[a0 pasealou] «
(1onquyur

asereydsoyd yim paugiyul asuodsai)
Bureubis Juspuadap-uonejAloydsoyd «

sjueINW JuaIdlap-uolsiadsip

Buisn ‘|apow 8oUBINJIA BULINW JIUOIYD pUR 3INIY
uiw QT UIYHNM 3]qeAISSO 9IBLINS Y3 WOJY S|[89
J0 asesajal Yum ‘utw 09 01 dn oy Adoosoloiw pue
N9 Ag wyyorq Burioyuow ‘swiyolq p G- (s]189
O]} ‘S1030B3J 80N}) S10310B3J MOJ) SNONUIIUOD

vsoulbnige o

(a184210 ‘81RUI09NS ‘ajewWeIn|B
‘3500N|6) UO1ILIIUIIUOI 3IINOS
uogJed 0 asealaul-dals usppns

Adoasouyoads Ag uoiessad
Mmol4 1sod p € passasse uolsiadsip ‘swyioiq

Sudasalonf) o

[82-6/1 p ¥ ‘slo1oeal wyioiq mojy Arejjides o moyy dug vsoulbnioe o MOJ} JO UOINESSaI ‘UOIBAIRIS
UoI7esSad Moy 3sod uiw
[es] GT PaAIaSUO JUWYDEIBP ‘SW|1OIq Pir |18 MO] spnnd o MOJ4 JO UOIIESS8D ‘UOIIRAIRIS
g uisladsiqg |8pow UO198)ul $S89SCE BULINW PUE ‘Swijolq
[o2] Buipoous uoissaidxa gadsp Jo uonenbal-dn Au0]02 4y- ¢ 10 SWIH0Iq YSIP J81110401W 1Y 9 suBHLW 0W3IAUIOUI® B apixoJad uaboipAH
MOJ} JO UOIeSSaD 1s0d ulW G uIym Adodasoudiw MOJJ
[v2ev] d¥D pue yaly sioyejnbal [euondiosuel | Aq pajou uolsIadsip ‘swyioiq 1y 9T |89 MOj4 SISUBPIBUO E[faUEMIYS 30 uonessad ‘uonajdap usbAxo
Buiureis AD Aq uononpal
SSeWoIq JO UOIII81ap ‘SWiloIq Pz :89ens
[6s] vpPay 3ad auaifsAjod Buisn walsAs yimoah yoreg-1wss 2sou10n19e Seuowopnasd uona|dap usbAxo
uoIsJ1adsIp WiyoIq 4O UOIIINPUL 03 PaXUl| SUOIHIPUOD
1usWIYeaI]
924N0S wRlsAs Alorenbay 10109143 pue afie wyyorg /poyiaw ymoihb wyoig sa10ads s10108} ‘[eubis ‘and

*apissnidoaiu WnIpos ‘dNS ‘sHun Buiwioy AUojod Uo paseq Junod AlljIgeIA ‘N4 18]0IA [BISAID UIIM paulels Sem ssewolq wiiyolq ‘Bururels
AD ‘ymolb wyyolq Jo 8sIn0d 8y JaA0 pade|dal Buiag winipaw INOYNM SIauIeIu0d JaYlo Jo saysip 1ad ‘satejd Ja3inoloiw ul umolb swiiolq ‘swiiyolq
umoJB-yareq ‘asejoka arejAuenbip ‘Do @ ‘esesaisaipoydsoyd ‘3ad "wijoig ayr woiy sadeasa Jo Sapow Juaiaplip ayl 01 payul] siusbe pue speubis ‘san)

Author Manuscript

Author Manuscript

T alqeL

Author Manuscript

Author Manuscript

Curr Opin Microbiol. Author manuscript; available in PMC 2017 April 01.



Page 18

Petrova and Sauer

JuaWIeal] Iy 9-g ‘swialsAs ysip 1iad Jo sarerd

snaine s

[v8'c8'61] deg uajoid pajeroosse-wyjijorg 18113001W Ul SWIIOI] 1Y Z/-¥Z UmolB-yoreg sisuaunpbny ‘s M aseulslold
[tv] wde uisaype Jo sisAj0s10id | Iuswieas) Jytiswiiolg ajdifad p £-g umoib-yoreg gonnd o M 8seulslold
[tv] Jusuodwod Xijew axi|-asoin||8d JusWIIes.) YT swiiolq p £-2 goind o ase|n|1v0

(syusuodwiod xia1ew Jo uolrepeafisp d11eWAZUT) JUBWYILISP W10Ig 01 Payul| S1030eH
Adoasotoiw pue Bulurels AD 4y g-T
UIYHM swiioliq agni sse|b Jy g Woiy Wawyoelep
1199 sasneD ‘winipaw yimoJb ui Jussald usym
[5s] saqn] sse|f ul uoiewloy Wiyolq Iy ¥z SIanald aLI30U2 OLIGIN are|oydoine) Jjes a|ig
ulW QT UIYIM 8]qeAIasqo 89epns
3} WOJJ S||39 JO 3Sea|as Yim ‘uiw 09 031 dn oy
SlusWaINSEaW Juanjya wiyolq pue Adoasooiw
Aq wiyolq Butionuow ‘swyyoiq p G- (1189
MOJ} ‘51030€3J 80N}) S1019€31 MOJ} SNONUNUOD
Buluress AD
Aq uonen|ens ssewolq ‘s1y gy 10} Juswieal}-0d
[z8'L€] ‘ale1d JalnoIoIW Ul swyolq Jy 8y umolb-yareg osouIbnioe o uol|
supalgeD
sauabofd ‘s
sAesse uoisiadsip sneine 's
a1e|d J1110101W pue SUOIIPUOD BulMmoly Japun sijIqeii o
asuodsaJ uoisiadsip Jo uonenjens 91doasoloIw sinqns'g
10941 {pIJe 210U3I3P Z-SI9 JO uonIppe snouaboxa gluownaud
pue snousBopua ‘swlyolq p /-7 ‘swiisolq 109 '3 (ajnoajow Burjeubis
[z€] 1ds@ aseyuAs pioe Ajreq a1e|d 191130101W puUe SI10}9Ba] MOJJ SNONUIIUOD osoulbnioe o p1oe Ale}) p1oe 910Ua28p Z-SI1D
Buiurels AD Aqg paroslap ssewolq ‘y
¢ [eUOIIPPE 104 pajeal) swiiolq ayeld Jaiosolw J19ZIPIXO BlUOWWY
[18] 10 S|[am 0} paydele swiiolq 4y ¥z umolb-yoreg 2ard0.IN3 SeUoLWOSOLIN (dNS ®IA) 8pIX0 LN
adAjouayd uoisiadsiq «
uoissaldxa auab aoua|nlIA o
saWAzus Buipelfap X1jew Jo ases|ay e
VIpg Jaonpsuel) sixejowsy e suonipuod Buimopy Japun Adodsooiw
(09a ‘3ad) AAnoe enp *Hon « | pue JUBWBINSESW JUBN|HYS BIA PasSasse uolsadsip
[6g‘22] A1Anoe 3ad ‘vpaN uisiodd Alosuas e ‘SWI0Iq P 9 {$10}98aJ MOJJ SNONUIIUOD vsouloniae o (dNS ®IA) 3pIX0 NN
sisAeue o1woldiosuel] e
VP9 Jadnpsues) SIXejoway « Adoasouaiw pue Bulurels O1LAS
S|aA3] dIND-1P-0 Je|nj|ad pasealdaq « ‘1Y 7z 10} ON 01 pasodxa swyiolq ‘saysip 1ad
[ov] Annnoe 3ad sein| s paseaiou] « Ul S3pI|S 0} PaydeHe SWIoIq 4y ¥z UmolB-yoreg esoutbnioe o (dNS ®eIA) 3pIxo OLNN
UIW QT UIYNM 8]qeAIaSqO 89BNS 8} WOJS S||3d
10 8seajaJ YUM ‘uiw 09 01 dn 1oy sjuswainseaw
V999 09Q uaN|ys wyiolq pue ‘Adoasoldiw ‘N4D
vdig 3ad « Aq wyyolq Buuoyuow ‘swiiolq p G- ‘(S1199 SJeJ}U JBA|IS ‘(3TeUas e WNIPOS
[zs-05] VIpg Jaonpsuel) sixejowsy e MO[} ‘S1010B31 30N}) $10}0B8J MO[} SNONUIUOD osoulbniee o ‘apliojyd Aindusw) sfersw AneaH
vdig3ad « UIW QT UIYNM 3]qeAIaSqO 89BHINS 8U) WOJS S||3d
VP9 Jaonpsues] SIXelowsay « 10 8seajal YUM ‘Ui 09 031 dn oy sjuswaInseall
JusWIeal)
904n0S wiasAs Aioje|nbay 4010813 pue afe wyyolg /poyiaw ymodb wiyoig sa10ads s1030e} ‘[eubis ‘and

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Curr Opin Microbiol. Author manuscript; available in PMC 2017 April 01.



Page 19

Petrova and Sauer

Jesjoun adeass Jo wisiueyoasw ‘sajnasjow Buijeubi

[89-0)-118D

ode] asesjoud «
wde uoisaypy «

Bururels AD Aq uonenjens ssewolq wjiyolq ‘sarejd

[tv] HluA 3ad - 13I0.01W Ul ‘swyoIq 1y y2-0T umolb-yoreg gpund o dIND-1P-0 JO uohonpay
uoIYessad Moy 1sod pe passasse uoisiadsip
[22] ‘s1030e31 Wyigoiq Moy Asefjided Jo mojs dup py osoulbnioe o dIND-1p-9 JO uonaNpay
[eAowal wyiolq
819]dwo9 10} 1y 8T 03 1IN0 UdNE] JuBWIIadxXa
YUM ‘Ul G uiyum yualedde (ssewolq AD
U1 uonINPal) uoisiadsip pue ‘gass Jo uoKRINPUI
‘14 9 Jaye saje|d ||9Mm g 0} paydee s||9D
d4nd 3Ad J0 uondnpuj « "sAep ¥ 10} SI0JUBLLIB0IDIW Ul UMOIB swiyolq
[29] gsoy Jore|nbal asuodsay « 10 uonew.oy siredwi gsa/ JO UOISSaIAXaIaND esoulbnise o dIND-Ip-2 JO uonanpay
asde||09 [e4n1931ydJe WiHolq J0 Uoisiadsip 01 payul| SUORIpUoD
suonIpuod Buimopy (ajnoajow Burjeubis
[z€] Japun Ado2s0J01|A {$1019B34 MOJ4 ShONUIIUOD osoulbniee o p1oe Aje}) pioe 910UdI8p Z-SI1D
suealqgye epipue)
winyeajanu Wntigoeqosn-
S|189 JO Jaquinu SIpIuLIgpIas S
10y Ad023SOIDIIN {AD YNM pauIels pue paysem SILIojIuaYalf SnjjIoeg
SapI|S ‘apl|s sse|b a[1ials e uo Y ¢ 1oy yoene 1109 '3
01 pamoje s||82 pue pappe dNS -T°0 40 00900 ue oeId[0HI N
[98] 0} Ylo.g Ja|paeyds ul A|feaiqolaeue umoib |18 SUBISBIIBL BIELIIS (dNS ®IA) 8pIX0 LN
awiesn
[tv] wde uoisaypy YT ‘swyyoiq aja1fjad p €-z umolb-yareg gpnnd o M aseuldlold
uond.10sap 03 payui| SUOIPUOD
[o1] JuBWIIeal] Y T ‘SWIS0Iq |39 MOJY JU-8T SIpILLIBPIAE 'S (spidijouwreyd) weideLINSOIg
JUBWILa} 1Y G'6 ‘SW|140Iq 18)10401W
[o1] IY-G'/T-G"/ ‘Swiso1q umolb-||ad moyy p-T Susasalonyy o (u1s09s1A) JUBIdRLINSOI]
[g8] wasAs ysip 11ad ui umolb swiiyolg vsouloniae o aseA| areulby
[v8] JuswWIeal} 4y g ‘swiisolq Bad auaifisAjod Jy-z, Ssauaboifoouow 7 aseNd
Juawiea Jyg ‘areld
J131130491W Ul SWIH01q 1Y $Z-8T UMoib yaleg SIpILLIBPIdd S
jusuodwod Xuyew JuBwWIeal} Jyz ‘auaifisAjod aeluownaudoinsld v
[6T-21] ‘saulwesodn|B-g-1A189e-N 40 siawAjod Jeaul| 0} payoene sw|iyolq 1y vz umolb yoreg SuB)L 02UWIAWIOUI® Y g uisiadsig
JuBWIeal} Iy Z ‘swialsAs ysip Liad
[61] Jusuodwod xrew ax1-aso[n||aD | 4o saled Jsinoloiw Ul swiyolq Jy ¥z umolb-yareg SIpIuLIgpIas 'S ayepoLad
awiesn
[tv] Jusuodwod XLijew ax1]-asoin||8d YT ‘swipyoiq apdijad p g-z umolb-yoreg gonnd 4 a1epoliad
SauaboifaouoL eliais1 7
JusWIeal)
904n0S wiasAs Aioje|nbay 4010813 pue afe wyyolg /poyiaw ymodb wiyoig sa10ads s1030e} ‘[eubis ‘and

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Curr Opin Microbiol. Author manuscript; available in PMC 2017 April 01.



Page 20

Petrova and Sauer

aseajoud

onAjoisels ue Buiposus Faa4 Buipnjoul
1UBWIYEISP YUM PaleIdosse asoy) sare|nfial
-dn pue uorew.oy WoIq YHm pajerdosse
sauab sarejnBalumop &aws (uoissaidxa

S|189 payoelep
Aynuenb 01 s)unod N4 ‘s[189 paydene Aiuenb

[t2] (Bojowoy YxnT) Yows asealoul S92 1s0H | 01 Buluieis AD ‘sare|d Ja110401W Ul SWyolq 1y g1 SnoLILINA A v
1y € uyum uoneBalbbesip sasned 45Q ‘ymmolh
JyBIUIBA0 Ja)Je WnIpaw yajeq ul sajebalbby
1y € ulyum uoiefaibbesip
8]9]dwod asned Jo uoiew.oy ayebalbbe
X11ew ay) sapelbap Yolym aseueuuew Juanald Ued 4SQ ‘uiw Qg ulynm uolehaibbesip
-1 T-¢-0pus papooua-t/uew Jo SISaYIuAS sasned awAzu3 ‘syueinw 44di Jo ymouh
[se] 103u09 AjaAnisod sauab ydy pue 4@ YBIUIBAO Ja)ye WinIpaw yareq ul sayebalfby SLjsadwed seuoweljuex 4sd
uonajdap asoan|b Jo sAep g 1sod uonajdap asoonjf 1sod p z-T paiojiuow ssewoiq
[68] JueINW /62 Ul Pajou SSOj SSewolq Wiiolq oN wii401q JO SSOJ ‘swiyolq pjo Aep-g s||99 mo|4 snaing ‘s 1By ‘Buisuas wniond)
pinbiy ur uonebaibbeiadAy
pue adAjouayd Auojod proonwi ul synsal
‘aseyluAs auoyae| auLlasowoy(jAouadspelial)
-N-S19-8°/ & BuIpodus /89 JO UOITeAldRU|
[88] anirebealbbeladAy Saplolaelds 18108qopoyy (STHV) Sau01aR| BuLIasOWoy
[28] ase Ysd A Bojowoy ¥xnT Jo Jueiniy aImynd ydreq ui uonehialbby S1S0{n219qnIopnasa eIuISIaL parejAoy :Buisuas wniond
JusWIeal)
904n0S wiasAs Aioje|nbay 4010813 pue afe wyyolg /poyiaw ymodb wiyoig sa10ads s1030e} ‘[eubis ‘and

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Curr Opin Microbiol. Author manuscript; available in PMC 2017 April 01.



Page 21

Petrova and Sauer

aseA|
[v6] Sd3 ue Ag pajeIpaw ‘Siy O UIYHNM Palou SSewolq JO Ssoj/uolsiadsiq ‘walsAs ainynd yareg ui umolb ‘sapijs sse|b uo payaene sjj8d suaasalonyy o
‘as $n220203d8.11S
18I0 SIIW SN29020102.1S Snfiydo.iyade
SnjIyadowaeH SUBHWoIWSIBIAWIOUIIIE
[e6] 1Yg uiynm juasedde asesjal 1199 ‘yimolb ypz ‘eaepins ysip 1ad auaifisAjod yoreg SN|[198QOURIY, BABLIQNS BIISSSISN
[z6] *J319W0}A20WaY pue UoIeIawnua |32 Ag palou ssewolq Jo uoisiadsiq {4y g 104 suonipuod Buimoly Japun umoif swiyolg suealqgye epipuE)
[16'1€'sT 2] swiiyoiq p 9 < ul pajou Buimojjoy pue uoisiadsip ‘suonipuod Buimoly Jspun umoih swiigolg 2sou1bn.1ae Seuowopnasd
921n0S SUOITBAISSCO pUR SUOIIPUOD YIMOID) sa10ads
"91942 34| re1uswdojanap wiisolq Jo ued Bulaq uoisiadsip Yim ‘uoieulwexa 21dodsoloiw 19a41p Ag pawILU0d SJuUaAs uoisiadsiq
¢ 3lqeL
Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Curr Opin Microbiol. Author manuscript; available in PMC 2017 April 01.



