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Abstract

Bacterial indole-3-acetic acid production: a key mediator of plant-micrabeactions between
Phaseolus vulgariand the foliar epiphytBPantoea agglomerar99R

by
Tracy Kathleen Powell
Doctor of Philosophy in Plant Biology
University of California, Berkeley

Professor Steven E. Lindow, Chair

The phyllosphere epiphytantoea agglomerar299R synthesizes indole-3-acetic acid
(IAA), an important plant hormone. IAA production was previously shown to confeakh lsat
significant fitness advantage Ra299R cells inoculated onto bedPh@aseolus vulgarjdeaves,
but the mechanism by which bacterial IAA exerts this effect is unknown.dnvtirk, we
investigated several hypotheses regarding how bacterial IAA enh&ecgotvth and survival
of leaf epiphytic microbes such Bs299R.

We first tested the hypothesis that bacterial IAA enhances the avgjlabplant sugars
to phyllosphere bacteria, thereby relieving carbon limitation of battgowth on the leaf
surface (Chapter Two). We inoculated sucrose- and fructose-inducible bioseriedatmnto
bean leaves, and investigated the effects of auxin availability on sugar s&sintanipulated
auxin availability in two ways: we compared sugar sensing by wildRga89R (IAA")
biosensors to that of the isogenic, [AAutantPaMX149; and sugar sensing PaM X149
bacteria inoculated with exogenous NAA to bacteria inoculated without NAApidsence of
auxin—whether endogenously synthesized or exogenously applied—was adssittate
significant decrease in sucrose sensing, and a small but significa@sadn fructose sensing.
Additionally, in vitro assays demonstrated tiR#E299R initiates growth more rapidly when using
glucose or fructose as a sole carbon source than when using sucrose. Togethggésis that
IAA biosynthesis may function as a resource conversion strategy to entebon acquisition
and rapid bacterial growth in an oligotrophic, environmentally dynamic phyllosphe

In addition to its role in carbon acquisition, we also investigated severalagiver
hypotheses of bacterial IAA production in the phyllosphere (Chapter Three). Ve steated
that bacterial IAA exerts no measurable impact on resistarfea280R to environmental stress.
We also found that bacterial IAA does not affect the autofluorescence ofaseltbsaf epidermal
cells that support large bacterial aggregatd3a@P9R. Finally, we describe unsuccessful efforts
to determine the role of bacterial IAA in another foliar epiphyte and cobipdtean pathogen,
Pseudomonas syring@e. syringaeB728a.
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Chapter |. Introduction

A remarkable range of plant-associated microorganisms is capablelugsymig the auxin
indole-3-acetic acid (IAA) (Spaepen al, 2007; Patteet al, 1996). When expressed
endogenously by the plant, this important growth hormone has been implicated in a variety of
fundamental plant developmental processes, including cell growth and division §Ebaha
2010), vascularization (Avsian-Kretchmadral,, 2002), organ initiation (Benkow al,, 2003;
Reindhardet al, 2000), apical dominance, and various tropisms, (reviewed in Woodward &
Bartelet al, 2005). When expressed exogenously by a microbial partner, IAA’s effects may be
equally diverse—but in many cases are less well understood. In thigatiesell have therefore
attempted to characterimeny microbes produce IAA. What, exactly, does microbial IAA do to
the host plant, and how does this benefit the bacteria? Due to the taxonomic and ecological
diversity of IAA-producing microbes, | have generally limited the scdpayoinvestigation to

IAA production by the gram-negative, plant foliar epiphyntoea agglomerans

Rationale for study of bacterial IAA

The adaptive function of bacterial IAA deserves attention for severangadn an immediate,
practical level, microbial IAA production has important agricultural icgilons—both positive
and negative. This renders the broader phenomenon of bacterial IAA important to economic
productivity, food security, and agroecology.

For example, IAA plays an important role in the disease etiology of maitylkgrally

important pathogens (reviewed in Kazral, 2009), includingAgrobacterium tumefaciens
(Gafniet al, 1995),Pseudomonas savastarftacobelliset al., 1994),Pantoea agglomeransv.
gypsophilagBarashet al, 2009),Pseudomonas syringge. syringae(Mazzolaet al, 1994), as
well as many pathogenic fungi (Maerral, 2004; Graveét al, 2007). When produced by such
organisms, IAA may help suppress plant defense responses (Siash1987; Jouanneaat

al., 1991; Navarret al, 2006), initiate and shape the architecture of plant galls€tak 2009;
Gafniet al, 1995), and/or contribute to the pathogen’s epiphytic fithess on the plant surface
(Manuliset al, 1998). In addition to mediating such plant-pathogen interactions, bacterial IAA
may also act as an endogenous regulatory signal, coordinating expressioeridlbaailence
factors (Yanget al, 2007; Mazzola&t al, 1994) or enhancing resistance to environmental stress
(Biancoet al, 2006; Biancaet al, 2009). Due to its importance in pathogenesis, a better
understanding of bacterial IAA production could offer new strategies fobatng plant

disease.

In contrast to its role in disease, IAA can actually be beneficial togplamen presented by
microbial partners in other ecological contexts. In particular, inooglatiops with IAA-
producing pant gowth gromoting_hizobacteria (PGPR) can enhance agriculturally important
traits such as disease resistance (Van Weak 2008; Conratlet al, 2006); lateral root and

root hair formation (Dobbelaest al, 1999; Patteert al, 2002); uptake of nitrate and other
mineral ions (Manteliret al, 2004); and resistance to drought, salt, and other abiotic stresses
(Yanget al, 2008). Such gains aren’t due solely to IAA—in addition to affecting plant growth
by secretion of IAA and other phytohormones, PGPR can suppress disease ({atistirplant
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systemic resistance, competitively excluding pathogens, or secaetibgptic compounds) and
biofertilize host plants (by enhancing the availability or plant uptake of ReFor other
minerals) (Van Weest al, 2010; Dodckt al,2010). Bacterial IAA production is therefore only
one component of a complex, additive phenomenon (Baethen 1997). It is, however, a very
important component: Khaliet al (2004) found thaauxin production was a powerful predictor
of a PGPR strain’s ability to promote wheat yields, and more than 80% dieneof some
important PGPR genera produce auxin (Ahreiadl, 2008).

Like these ectorhizal PGPR, root-nodulating bacteria commonly produce IAA e,

2007). Together with regulation of plant auxin transporters such as PIN proteins and AUX1 in
infected tissue, microbial IAA is believed to help coordinate the initiation amitecture of
nodules (Mathesiust al.2008); this function has been demonstrated in both leguminous
(Cameriniet al, 2008) and actinorhizal nodules (Perrine-Wakeal, 2010). Mycorrhizal fungi
have also been reported to synthesize IAA€E&L, 1983; Splivalleet al, 2009).

Thus, in both ectorrhizal plant growth promotion and the more intimate chemical excbhanges
root nodulation and mycorrhizal colonization, bacterial IAA plays an importantrrdlerieficial
plant-microbe interactions. A better understanding of how to manipulate thesevadiated
interactions could therefore suggest new, reduced-input strategiedifmateyn, pest and
pathogen control, and yield enhancement (Berg, 2009). Furthermore, IAA-producing PGPR
have been shown to enhance plant extraction of a variety of heavy metal contarkinane (
al., 2009), indicating that IAA production by beneficial bacteria may foster enhanced
remediation strategies for toxic compounds, as well as agricultural improteeme

Based on auxin’s important roles in both plant pathogenesis and plant growth promotion, the
practical incentive for researching bacterial IAA production isrcldawever, in many of the
examples mentioned above, IAA production is carried out by pathogens or root-asisociat
bacteria—model systems which are already active areas of stubg. festearch described in

this dissertation, | have focused instead on IAA production by foliar epiphytessaadl
organisms in which the effects of IAA production are less well understood; theatiresultural
utility of the phenomenon has therefore not been established.

Nonetheless, a case can be made for the importance of studying the adiatethinteractions
of foliar epiphytes. Competitive exclusion of foliar pathogens by non-pathogeyliogginere
bacteria is an established method of disease control (Lindow, 1987); to the lett&AAL
facilitates establishment of epiphytic bacterial communities drsigéaces, it could represent an
agriculturally useful microbial biodefense trait. Conversely, IAA productiosdme foliar
pathogens has been shown to specifically facilitate growth during the epipblginization

stage (Manuli€t al, 1998). Understanding how IAA affects the fitness of both desirable and
undesirable epiphytic microbes could therefore assist in manipulating foliaapopslof
bacteria to achieve desirable agricultural outcomes.

More broadly, leaf epiphytiP. agglomeransnay prove a useful model to understand the
function of IAA in other plant-microbe systems, including those in the rhizospheréhogpaic
systems. Previous work in the Lindow lab established an extensive prelimiresgtdagarding
the production, regulation, and adaptive importance of IAA productid?eB99R in the
phyllosphere of the common bedh@seolus vulgar)s My research capitalizes on these earlier
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efforts, further extending our knowledge of this model system for IAA-meb@s&ant-microbe
interactions.

Finally, the rationale for studying bacterial IAA production extende®béyhe immediate
practical imperatives of translational research. It is an intriguing phemamin its own right,
and understanding it better could have interesting implications in the fieldsrobral ecology.
In one sense, IAA appears to function as an inter-kingdom signal: althougldetintions limit
the term “signaling” to noncoercive social interactions such as quorum seDgjgteet al,
2007), generous definitions of “chemical signaling” include the deployment of ladcteri
chemicals to coerce responses from individuals of another species or kingdamdaet al,
2009; Pachecet al, 2009; Hughest al, 2008). In this broader sense, bacterial IAA may be an
intriguing example of how bacteria deploy chemical messages to maeipldat signal
cascades and elicit favorable responses from the host plant. IAA coufat@goan interesting
example of how small diffusible molecules function in intra- and interdfspeompetition
between microbes on the leaf.

Auxin signaling in plants

In order to delve into how bacterially derived IAA might be capable of impaptarg behavior,

it is worth reviewing the general details of how plants respond to auxin.yBrieplants, IAA
triggers two important response pathways (Figure 1). The first is mediataakin-Binding
Protein 1 (ABP1), and is still poorly understood; the second, more intensively studiedypathw
mediated by Transport Inhibitor Resistant 1/Auxin F-Box (TIR1/AFB)got

Upon application of IAA, early responses occur primarily at the plant cellceutf@A activates
Auxin-Binding Protein 1 (ABP1) proteins at the plasma membrane, which istioralates
activity of proton ATPases (Tromasal, 2010). As these enzymes pump protons into the
extracellular space, the resulting drop in apoplastic pH facilitates akllowsening, as cell wall
expansins with low pH optima begin to catalyze hydrolysis or latepglasie of the cross-
linking polysaccharides that immobilize cellulose microfibrils (Cosgr@®@0; Sanchez-
Rodriguezet al, 2010). As this cell wall remodeling occurs, inward-rectifyinigckannels are
activated at the plasma membrane in order to accommodate apoplasticamdifin turn, this
activates aquaporins, driving water uptake into the cell and providing increagedgressure
to fuel cell expansion (Tromas al, 2010). By 20-30 minutes after IAA exposure, further cell
wall remodeling occurs and soluble sugars and xyloglucans begin to accumulatepoplzest
(dos Santost al, 2004; Hoson, 1993; Badesetal, 2006; Sanchez-Rodriguet al, 2010).
ABP1 is therefore believed to orchestrate short-term, plasma membcatiezdd responses to
IAA—patrticularly the combined cell wall loosening and turgor-driven egflansion of the
“acid growth response,” as described above. ABP1 may also help to regpllalieision (Chen
et al, 2001; Davicet al, 2007) and downstream expression of auxin-responsive genes @raun
al., 2008), but these putative functions remain poorly understood.

As ABP1-mediated events unfold at the cell surface, IAA also crosses sheaptaembrane—
either by passive diffusion or via the auxin influx transporter AUX1. Once insédesl], a
second auxin response pathway is engaged: IAA binds and stabilizes thestytoplaxin
receptor TIR1, which in turn functions as part of the ubiquitin E3 ligase compleX*$CF
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(Dharmasiriet al, 2005; Kepinsket al, 2005). In the presence of IAA, SEE ubiquitinates
AUX/IAA repressor proteins, targeting them for degradation by the 26S poateat/pon
AUX/IAA degradation, Auxin Response Factors (ARFs) are free to mitrahscription of
auxin-inducible genes at promoter sites characterized by Auxin Respensents (ARES)
(Chapmaret al, 2009). The TIR1-mediated auxin response is therefore responsible for
orchestrating changes in gene expression in the plant nucleus (thoughyiaedesove,
downstream signaling from ABP1 may also exert some influence on geneiggulat

Interestingly, from a single, generic hormone stimulus, the TIR1-mediagedl cascade
generates a surprisingly broad array of developmentally and tissuBesmsponses.

Differential spatial and temporal regulation of genes within the functicgraleng classes

(TIRs, AUX/IAAs, and ARFS) is believed to generate the diversity aediBcity of IAA
responses. In addition to TIRL/AF®r example, an additional four F-box genes can act as
auxin receptors irabidopsis thalianathe gene family of Aux/IAA repressors contains 29
members, and the ARF gene family contains 23 (Loketraé, 2009). These same mechanisms
that generate temporally, developmentally, and tissue-specific reatiangin stimuli are also
presumed to generate the diversity of plant responses to IAA provided toprai@artners at
different times, locations, and concentrations.

A brief introduction to bacterial IAA production on plant surfaces

The bacterial species investigated in this rese&chgglomeran299R, is only one of a large,
taxonomically and ecologically diverse group of auxin-producing bactewal{ently reviewed
in Spaeperet al, 2007). As described above, IAA-producers range from gall-forming pathogens
such ag®’seudomonas savastarftacobelliset al, 1994) andPantoea agglomerarpv.
gypsophila(Barasthet al, 2009), both of which produce IAA directly; aAdrobacterium
tumefaciengAkiyoshi et al, 1983), in which IAA production is encoded on the Ti plasmid; to
phytopathogens such Bseudomonas syringg. syringae(Glickmannet al, 1998). Beneficial
IAA-producers include the majority of PGPR (Ahmetdal, 2008), including the model species
Pseudomonas fluorescefi&charet al.,2011) Azospirillum brasilensandEnterobacter
cloacae and root-nodulating bacteria suchRtszobiumBradyrhizobiumandFrankia (Perrine-
Walkeret al, 2010; Spaepeet al, 2007).

Though bacterial biosynthesis of IAA can occur by a variety of pathwaylpth®ne is
generally synthesized from a tryptophan precursor (Figure 2). Two pa&tarayparticularly
relevant to this research: the indole-3-acetamide (IAM) and indole-3-pgr(i?3tA) pathways.
In the 1AM pathway, the tryptophan precursor is first transformed to IAMdyle-2-
monooxygenase (laaM), then hydrolyzed to IAA by laM hydrolase (1&8phepert al,
2007). This pathway is employed by the foliar pathdgeaudomonas syringge. syringae it
is discussed in this context in Chapter 3.

The IPyA pathway entails transamination of tryptophan to IPyA, followed tgrdexylation to

an indole-3-acetaldehyde (IAAld) intermediate. This decarboxylation esgrethe limiting step

in IAA biosynthesis and is catalyzed by the enzyme indolepyruvate degiabeXIpdC). In the

final step, IAAId is oxidized to IAA (Spaepeat al, 2007). In addition to being the predominant
plant pathway for synthesizing endogenous auxin, the IPyA pathway is one of the most common
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bacterial biosynthetic pathways—including in the model foliar epipRstgoea agglomerans
(Brandlet al, 1996).

Previous work has implicated the indolepyruvate pathway of IAA biosynthesis igathe |
epiphytic fitness of foliar bacteria (described below). These findiaggrise the experimental
basis for my own research into the adaptive role of IAA productid?. lagglomeran299R.

The prevalence of IAA production among plant-associated bacteria suggestplays a useful
adaptive role: as many as 60% of bacteria from field-grown lettuce le¢ave®( al, 2011), and
more than 50% isolated from pear leaves and fruits (LinetoaV, 1998), produce IAA. An
adaptive value of IAA has also been demonstrated directly in somesspdaiauliset al, (1998)
found thatipdC-deficient knockouts of the pathogEnwinia herbicolapv. gypsophilae
exhibited significantly reduced growth relative to wild-type bactehan inoculated onto the
leaf surface o6Gypsophila paniculatats plant host, but no difference in its ability to cause
disease once inside the plant. (Interestinglygypsophilalso synthesizes IAA via the indole-3-
acetamide pathway; knocking out IAM biosynthesis affected pathogenesis bpiphytie
survival, suggesting that the two pathways act in distinct phases of the micrizbeysle.)
Similar results were obtained h agglomeran299R, in whichpdC bacteria also exhibited
reduced fitness relative to wild-type bacteria—a trend observed bé&thaseolus vulgaris
leaves and in pear flowers (Bramdlal, 1998). InPa299R,relative fithess was significantly
correlated with net bacterial growth, indicating that IAA production probablgresdd bacterial
proliferation on plant surfaces.

In a hint at the underlying mechanism of IAA-mediated fithess enhancemehgrthene’s
ability to improve bacterial growth was highly localized: wiy@hC mutants were co-inoculated
onto leaves with varying ratios of wild-type bacteria, the mutant’s Btd&snot increase along
with the proportion of IAA-producing cells (Branel al, 1998). This lack ofrans
complementation indicates that bacterial IAA does not alter the plant envinooméhe scale of
an entire leaf or even leaf region; instead, it suggests that bacterialct8At a single-cell or
subcellular scale to improve bacterial fitness. Further stughd@findicated that this rate-
limiting IAA biosynthetic gene was heterogeneously expressed on theitéades with 65% of
cells on the plant leaf exhibiting some transcriptional induction and 10% exhibrmg st
induction (Brandkt al., 2001). Upregulation occurred in responsetuitro water limitation
(including salt and matric stress), and these cues may play a role eritrggoppduction on the
leaf surface (Brandit al, 1997).

Cumulatively, the data indicate that the majorityaR99R cells on the leaf surface are
equipped to synthesize IAA via the IPyA pathway, though transcriptional aotivat
heterogeneous within the phyllosphere population. The resulting I1AA faeslitetcterial growth
on plant surfaces in a highly localized fashion. The mechanism by which thisédogi@avth
enhancement occurs is unknown, but many researchers have suggested thatdAédwsom
modifies plant behavior so as to facilitate bacterial proliferation.

Plants respond to microbial I1AA




Although bacterial IAA may sometimes act as an endogenous regulatory signahy cases
bacterial IAA is believed to diffuse into the host plant, where it interat¢kstivé native auxin
response machinery to influence host physiology. Decades of observation supposithis ba
model. Early research by Libbet al (1970a) demonstrated that corn coleoptiles that were
either nonsterile or specifically inoculated with IAA-producing bacteoiatained significantly
more free IAA than axenic coleoptiles; subsequent inoculations-{@ttabeled bacteria showed
that this excess IAA was bacterial in origin (Libbetral, 1970b). In the ensuing decades,
research demonstrated that auxin-producing bacteria affected a wvapént behaviors in an
IAA-dependent manner, including root growth and architecture (Leiper, 1986; Persello-
Cartieauxet al, 2001), and plant defense responses (Shetsdli, 1987; Jouanneaat al.,

1991). In more recent years, molecular evidence for engagement of the planeaprnse has
also accumulated. When IAA-producing bacteria were inoculatedAwatndopsis thaliana
plants carrying the auxin-inducible IAA2:GUS transcriptional repptteregulation occurred in
response to bacterial colonies on the root (O’Callaghah, 2001), and Persello-Cartieaux and
colleagues (2001) used a mutant screen to confirm that plant auxin-responseagenes w
necessary for PGPR-induced changes to root architecture. Microamlsgsdtave also
demonstrated upregulation of several auxin response geAethialianaplants inoculated with
eitherPseudomonas fluoresceRBT9601-T5 (Wangtal., 2005) or witlPseudomonas
thivervalensisMILG45 (Cartieawet al, 2003).

Clearly, bacterial IAA is capable of triggering plant auxin responsdsr experimental
conditions. However, the extent to which it does so under ecologically relevant conditions
likely subject to environmental constraints, including precursor availahiidydiffusional
limitations.

For examplein vitro assays of bacterial IAA production indicate that high-producing strains
such a¥. agglomeranandPseudomonas sppan generate more than 100pg/mL IAA (Lindow
et al, 1998). Based on estimates from radish root-inhibition asBag289R produces local IAA
concentrations equivalent to 50uM IAA when inoculated onto roots (Brandl and Lindow, 1998).
But these assays are typically conducted under optimal conditions for |Aynthesis—in
particular, with the addition of the IAA precursor tryptophan to assay media. Wihered in

the absence of supplemental tryptophan, bacterial IAA production is typicalkaktold lower
(Spaeperet al, 2007; Glickmanret al, 1998). The effective local concentration of IAA
produced by bacteria plantais therefore highly dependent upon availability of tryptophan to
plant-associated microbes—an observation supported by Kravcheak¢2004), who
demonstrated that the phytostimulatory ability of IAA-producing rhizolbactieepended upon
the concentration of tryptophan exuded from the roots of the host plant.

Although tryptophan is found in plant exudates, its quantity can vary by species avat-eulti
ranging, for example, from3 ng/day for tomato roots 800 ng/day for radish roots
(Kravchenkeet al, 2004). Tryptophan exudates also display heterogeneous distribution across
the surface of an individual plant. Jaegeal (1999), for example, reported localized tryptophan
levels in excess of 1M on mature root tissues of the annual géssna barbatabut 10-fold

lower concentrations near the root tip. Tryptophan has also been reported in wad-surf
washings (Morgaet al, 1964; Derridj, 1996). Although rigorous estimates of leaf-surface
tryptophan concentrations are difficult to find, Steinbaiexl (2009) reported foliar
concentrations of up to 10 ng/€mn eucalyptus leaves and Soldeizal (1996) reported roughly
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26 umol/nf (0.53ng/crf) on leaves of fouBenecispecies. These observations suggest that,
although highly variable, leaf surface tryptophan might be sufficient to suppotiibsynthesis
in some microhabitats. Additional tryptophan may also be provided by exudates from
diazotrophic phyllosphere bacteria (Rettal, 1994), epiphytic bryophytes (Wanekal., 2005),
or other leaf-dwelling organisms.

Even if tryptophan is sufficiently available for bacterial production of 1Ak the hormone to
influence the plant, it must also diffuse into the plant and engage the host’'s quotisee
machinery. Unlike the root surface, across which diffusion of bacteriaimfothe plant tissue
is relatively unimpeded, the leaf cuticle represents an additionaldaetigeen bacteria and
putative I1AA targets in the leaf interior. Although, cuticular diffusion has lieenonstrated for
synthetic auxin compounds (Riedeetral, 1985; Bakeet al, 2008), partitioning of IAA
through the cuticle is likely to depend on the pH of the leaf surface (Ketragr2006).
Diffusion may also be enhanced by bacterial production of surfactants—amphipatbaules
that can facilitate transfer of compounds across the waxy cuticle{(laly 2004; Schonhegt
al., 1996).

In summary, IAA generated by many plant-associated bacteria is cap&lgaging the host
plant’s native auxin response machinery. Depending on the concentration of the ldAeria
stimulus—as well as the species, exposed tissue, and developmental stage ofpllaatheat
variety of responses can be elicited. However, the ability of bacteria to sigeth®A is limited
by the availability of exogenous tryptophan. Once synthesized, the abilitytefiBRRAA to
engage the host plant may also be limited by diffusion into host tissue. Although mich wor
suggests that bacterial IAA overcomes these environmental constraintssirtmeaxtent to
which they limit the effect of bacterial IAA in foliar tissue remaiagyely unstudied.

The adaptive function of bacterial IAA in the plant phyllosphere

As described above, auxin can incite a variety of responses in the plant host deperdang
timing, location, and concentration of IAA produced by the bacterial partner hesearch, |
sought to understand how bacterial IAA producedbggglomeran299R might enhance
bacterial fitness in the phyllosphere. | tested two hypotheses thattareutually exclusive:
first, that IAA production byPa299R directly affects bacterial cells on the leaf surface, and
second, that bacterial IAA produced BPg299Rindirectly enhances microbial fithess by
engaging the plant auxin response

In the first hypothesis, IAA production 3a299R does not affect the host plant at all, but rather
exerts a purely endogenous effect on bacterial cells. This hypothesis geedesinantly from
work by Biancoet al (2006), who found that application of exogenous IAA to (non-auxin
producing)E. coliK12 cells triggered upregulation of several genetic and biochemical stress
response pathways, with an accompanying increase in bacterial survival undetysovan

vitro stress conditions. Subsequent experiments found similar effegitsarhizobium meliloti
when IAA was applied exogenously or overexpressed from a plasmid (Biaatc2009). If the
response oP. agglomeranso IAA were similar to that oE. colior S. melilotj it might suggest
that IAA production increases epiphytic fithesdPofagglomeran299R by promoting resistance
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to stressful conditions in the phyllosphere. Experiments testing this hypathesigscribed in
Chapter 3.

The second hypothesis proposes that bacterial IAA producBddyglomeran299R acts
exogenously to modify behavior of the plant host in order to benefit the bacterium. Abetescr
above, a wealth of prior research suggests that bacterial IAA enbagaant auxin response in
disease and PGPR model systems. In the phyllosphere, a plant-modificatipretation was
also favored by Moniegt al. (2005), who found that in an artificial inoculation system,
proximity to establishe®a299R colonies promoted the survival of immigrant cells arriving in
the phyllosphere; this suggested beneficial modification of the local envinbitoypeolonies of
IAA-producing cells. A similar explanation was proposed by Brandl (1998) to explain the
growth-correlated fitness advantage enjoyed by wild-type 299R cell@nvéA-deficient
mutant derivative in the phyllosphere.

The majority of the research described in this dissertation therefore Samusiee hypothesis
that bacterial IAA benefits the microbe by somehow modifying the host plamituencing its
behavior. One particular host cell characteristic that bacterial BsAleen proposed to modify
is cellular autofluorescence: Monietral (2005) reported the qualitative observation that
vulgarisleaf epidermal cells carrying large colonies of 299R exhibited increasedrelele
autofluorescence. If true, such epidermal cell fluorescence might besuagu@axy measure for
bacterial modification of the local plant environment. Efforts to quantitatiesiwihether this
association exists—and whether changes in plant cell autofluorescemcediaéed by IAA—
are therefore reported in Chapter 3.

A more compelling possibility is that bacterial IAA stimulates theagé of sugars from the host
plant. Carbon limitation is a primary obstacle to bacterial growth in the phyliesfitiercieret

al., 2000); this, combined with the observation that IAA-producing cells exhibited thesirea
fitness advantage over IABompetitors during periods of rapid growth (Braedal, 1998),
implicate nutrient acquisition as a likely fitness strategy.

Hypothesis: Bacterial IAA increases partitioning of plant sugars to the leaf surface

In order to increase sugar availability on the leaf surface, phyllosphdezibawould have to
increase partitioning of plant-derived carbon to the apoplast, from where l¢ak or diffuse to
the phylloplane (Figure 3). When bacteria colonize plant species that undergstppplaem-
loading (includingP. vulgarisandA. thaliang, this could be accomplished by two means: 1)
increasing the amount of photosynthate arriving into the apoplast (by incrdesinfux of
sugars from photosynthetically active mesophyll source cells); or 2) dewgehe amount of
sugar exported from the apoplast (by decreasing the efflux of sugar to the ptanatae or re-
uptake by mesophyll cells) (Voitsekhovskajaal, 2000). In another possible mechanism, 3)
bacteria could increase diffusion of apoplastic sugars across the cuticle detf theface.

As a powerful plant growth regulator, IAA could potentially act at any cfeltieree levels to
divert plant photosynthate to phyllosphere bacteria (Morris, 1996).



For example, IAA has been reported to influence the activity of key sucrose hetgynt
enzymes in photosynthetic source cells. Sakakld (2004) found that application of IAA to
sugar beet shoots significantly increased foliar activity of sucrose phosphtitase, an enzyme
that catalyzes a critical step of sucrose biosynthesis and acts aslgpbmanaway from starch
biosynthesis. IAA might therefore increase flux of photosynthate from mel$ophy to the
apoplast by diverting photoassimilates from intracellular storage pgshistarch) to export
pathways (sucrose). IAA application also appeared to prolong leaf productivdsidoying
breakdown of chlorophyll during senescence élial, 2009;Sakaloet al, 2004), suggesting
that IAA could act to prolong photosynthetic productivity of host plant cells—and bypsah,
the supply of leaked photosynthate to nearby bacteria.

Alternatively, bacterial IAA could also increase the rate of sughmxefifom mesophyll cells into

the apoplastic compartment by enhancing transport activity. Although thhemsm of cellular

sugar efflux remains a source of speculation, Giext (2010) recently identified a class of

glucose antiporters dubbed SWEET proteins that may fulfill this function (thougixplogt path

for sucrose, the primary photosynthate, remains uncertain). The effechofiptenones on

SWEET activity was not studied, but the researchers did find that the compatieleabac
pathogerPseudomonas syringg®. tomatoDC3000 stimulated transcriptional upregulation of
AtSWEETMRNA in an effector-dependent manner, suggesting that sugar efflux proteins may be
a common target for bacterial nutrient acquisition in the plant apoplast.

In contrast to increasing the flux of photosynthate out of source cells, 14t miiso increase
apoplastic sugar retention by preventing sugar efflux from the apoplast.dfoplex application
of IAA was shown to stimulate rapid, localized accumulation of sugars in &lthstem tissues
(Petzoldet al, 1992; Patriclet al, 1973; Morriset al, 1987). These changes in sink strength
were typically associated with stimulation of increased cell-wakrtase ¢winv)activity

(Morris et al, 1984; Morriset al, 1986). Such increased cell wall invertase activity could result
either from IAA-induced expression ovinvgenes (Longet al.,2002), or as a result of
increased enzyme activity following IAA-mediated apoplastic aciifon, which favors the
invertase’s low pH optimum (Roits&t al, 2004).In either case, higher cell wall invertase
activity is believed to promote localized sink strength by irreversiblyitigapoplastic sucrose
into its component monosaccharides, glucose and fructose.

In symplastically isolated sink tissues such as pollen, developing graimsnemrsot tissues,
conversion of sucrose into hexose sugars permits carbon uptake from the apoplast oelibssi
via monosaccharide transporters, while maintaining the sucrose diffusion gradigmoem
unloading (Roitsclet al, 2003). In source tissues such as leaves, in which transport machinery is
geared towards export rather than import of sugars, the net effect of increagkedtac
invertase activity is somewhat harder to predict. One possibility is thahsetténvertase
activity might prevent phloem loading by sucrose-specific transporter msptesulting in
increased local carbohydrate availability (Koegal, 2008). This hexose accumulation could
help the plant fuel energy-intensive defense or stress responses (Rbakck004); from a
bacterial perspective, the net increase in apoplastic sugars would &amslancreased leakage
of sugars to the leaf surface—and thus a net increase in phyllosphere carborigrailabi

Given that both plant hormones and plant sugars are embedded in fiendishly complex webs of
metabolic and signaling regulation (Leeial, 2003; Gibson 2003), this relatively clean-cut
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hypothesis is highly simplistic. Due to downstream sugar-signalingtgffiler example,
increased apoplastic carbon concentrations could instigate feedback reprepsimiaigf
photosynthetic productivity and sugar export by source cells (Radaald 2002; reviewed in
Roitsch, 1999), negating any initial increases in apoplastic sugars. Nonettedelsgpothetical
working model represents a useful starting point for thinking about IAA-mediagza s
interactions at the foliar surface. Furthermore, several plant-agsbaoi@trobes alter local
invertase activity of host plants (Bleeal.2002; Choprat al, 2004; Bergeet al, 2007),
suggesting that this represents a common strategy by which microbes atanimst carbon
partitioning (Biemelet al, 2006).

Having discussed possible ways in which bacterial IAA might promote influxrobodo the
apoplast from source cells—or prevent efflux of carbon from the apoplast to ssik-ited
worth mentioning a final mechanism by which the hormone might increasentairguisition
by phyllosphere bacteria: enhancing diffusion of carbon across the cuticle.tGatehe leaf
cuticle represents the major barrier to carbon diffusion from the plant apaypilast t
phylloplane, increasing its permeability to plant sugars could enhance Gtpaisition by
epiphytic microbes. Assuming that bacterial IAA activates apoplastectases, this might
enhance epiphytic carbon bioavailability by stimulating transformation ®tiéfsisible sucrose
into glucose, to which the cuticle is more permeable (Derridj, 1996). Alternatpigélhas been
shown to affect cuticular permeability to solutes (Aranhdl, 2010; Knochet al, 2000); IAA-
mediated acidification of the apoplast might therefore enhance outward diffusiarooh dy
altering physicochemical properties of epicuticular waxes.

Clearly, there are many possible mechanisms by which bacteAatdald elicit carbon release
from the host plant. Combined with previous reports suggesting that bacteriahlifehces
bacterial fitness in a highly localized, growth-dependent manner, ieseleighly plausible that
the hormone played a role in phyllosphere carbon acquisition. This hypothesis wWasdtsere
major focus of my research.

Experimental approach and challenges

Based on the lines of reasoning described above, my dissertation focusedypomari
investigating the hypothesis that IAA productionR8299R enhances bacterial fithess by
facilitating carbon acquisition in the phyllosphere. To test this hypotHesisployed single-cell
sugar biosensorsPa299R cells expressing sucrose- or fructose-inducible reporter genesr (Mill
et al, 2001; Leveawet al.,2001a)—to test whether bacteria sensed more canljgantawhen

IAA was present than when it was absent.

Naturally, the body of this dissertation focuses on the results of these biosgesonerts,
rather than technical details of their execution. However, pursuing a biosasso-approach
posed methodological challenges, requiring experimentation, optimization, an@stondiing
of a variety of techniques. In particular, developing methods for high-throughmitfigasion

of single-cell reporter activity is central to both this research and atbes af contemporary
environmental microbiology (Remus-Emsermanial, 2010; Leveaet al, 2002; Jansson,
2003; van der Meegt al, 2010). This is because single-cell measures enable much greater
understanding of population dynamics and inter-organismal variability than aggregarter
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measures such as ice nucleation or mean population fluorescence. Unfortgnatekingle-cell
approaches pose several challenges—particularly when applied to envirdreaeies.

One of the challenges to effective quantification of single-celled #gerd reporters is
interpreting patterns of biosensor expression. For example, the maturation anchtescaf the
chosen reporter protein contribute to varying intensities of cellular GBReficence, as does the
rate of cell division in the bacterial biosensor (Levetal.,2001b). Additionally, in the case of
Pa299R sugar biosensors, the bacteria metabolize the inducer molecule; biorepomtscénce
is therefore a sensitive bdynamicmeasure of “real-time” intracellular carbon consumption,
rather than a static measure of environmental carbon concentration. As,aheddattetics of
bacterial sugar import and metabolism complicate the interpretation cégtierce data. For
example, dose-response curves for both the sucrose and fructose biosensorghadicate
increasing carbon concentration does not always yield uniform increasdsler ¢eiorescence
throughout the population. Rather, populations can exhibit a bimodal, induced/uninduced
induction pattern, in which elevated carbon concentrations are reported as a high#iopropo
induced cells. In the case of a short-half-life GFP reporter, elevateohcemncentrations can
also be indicated by a longaéurationof induction, as cells take longer to consume the available
sugar before dropping back to an uninduced state (Leatesly2001a). Attempting to compare
reporter induction between two experimental populations is therefore not nggessanple
guestion of comparing mean fluorescence; it may instead require comparimgportion of
induced cells, or dynamic changes in reporter induction over time.

Given these quantitative demands, identifying an optimal technological piddoiquantifying
single-cell fluorescence represents another major challenge. Theigmand dim fluorescence
of bacterial cells call for powerful, precise optics; coupled with the inHgrieigh level of
background debris generated by environmental samples, the signal-to-noiseatién
unfavorable. Generating meaningful experimental data can tax standardcopiras flow
cytometric platforms. Methodological investigations addressing both ptatiptimization and
interpretation of fluorescence data are therefore discussed in Appendix 1.

Summary and Overview

In summary, my research investigates the adaptive role of bactefigdrb&luction by the
phyllosphere epiphytBantoea agglomerans

In Chapter 1, | address the hypothesis that IAA relieves bacterial carbtation by facilitating
carbon acquisition from the host plant. The putative role of plant cell wall invedasérget

for bacterial IAA receives particular attention. Additionally, methods agesl to conduct these
experiments—specifically, flow cytometric and microscopic techniqueguantifying single-
cell biosensor fluorescence—are discussed in Appendix 1.

In Chapter 2, | test additional hypotheses regarding bacterial IAA productionol€hef
bacterial IAA in enhancing environmental stress resistance is investiges well as its ability to
induce cellular autofluorescence in epidermal substrate cells of the host plalty, Bttempts

to characterize the role of IAA in foliar growth and pathogenedfsetidomonas syringge.
syringaeare described.
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Chapter |1. Bacterial auxin production facilitates resour ce conversion and carbon
acquisition by the phyllospher e epiphyte Pantoea agglomerans

Abstract

The phyllosphere epiphytantoea agglomerar299R synthesizes indole-3-acetic acid (IAA),
an important plant hormone. IAA production was previously shown to confer a small but
significant fithess advantage Ra299R cells inoculated onto bean leaves, but the mechanism by
which bacterial IAA exerts this effect is unknown. Here, we inve&itiad hypothesis that
bacterial IAA enhances the availability of plant sugars, therelgvirey) carbon limitation of
bacterial growth on the leaf surface. Sucrose- and fructose-inducible biosertsoalvaere
inoculated onto bean leaves, and the effects of auxin availability on sugar senesimated.
When reporter activity of wild-typBa299R (IAA") biosensors was compared to that of the
isogenic, IAA mutantPaMX149, endogenous auxin was found to stimulate a significant
decrease in sucrose availability, while fructose sensing was inctaasesimall but significant
amount. Coinoculation of biosensor bacterial with exogenous NAA also decreaseé sucros
sensing and increased fructose sendimgitro assays demonstrate tida299R growth begins
more rapidly when using glucose or fructose as a sole carbon source timansivigesucrose.
This suggests that IAA biosynthesis may function as a resource converategysto enhance
carbon acquisition in an oligotrophic, environmentally dynamic phyllosphere.

I ntroduction

A remarkable range of plant-associated microorganisms are capabiehesszing indole-3-
acetic acid (IAA), a plant growth hormone that controls endogenous developmentakpsoce
such as cell growth and division (Trongtsal, 2010), vascularization (Avsian-Kretchnegtral,
2002), organ initiation (Benkowt al, 2003; Reindhardtt al, 2000), apical dominance, and
various tropisms, (reviewed in Woodward & Baeehl, 2005). Several studies have shown that
between 50-60% of bacteria isolated from foliar surfaces produce auxire{kain2011;

Lindow et al, 1998). This enrichment for auxin-producing species suggests that the ability to
produce phytohormones might enhance bacterial fithess in some way, and therefelected

for in a plant environment. However, the precise nature of this fitness benedittyaxhat
bacterial auxin does to the plant, and how this benefits bacteria—is the targethof m
speculation and a growing body of research.

Here, we attempt to identify the mechanism by which I1AA biosynthesisieabditness of the
leaf epiphytéPantoea agglomeran$ormerly Erwinia herbicolg, a common environmental
bacterium that synthesizes IAA via the indole-3-pyruvigne() pathway (Brandét al, 1996).

Previous work has shown that IAA production confers a small but significant fadeastage
to P. agglomeran®n leaf surfaces (Brandt al, 1998). When coinoculated onto bean leaves
with an isogenic, IAAmutant, wild-typeP. agglomerangxhibited a selection rate constant of
0.067 per cell generation. This relative fithness advantage accrued |yichaing phases of
active growth—particularly the initial 10-15 hours after inoculation, as epgbtgtl populations
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expanded rapidly on the plant leaf. A similar trend was observed Rd299R was inoculated
onto pear flowers, where regression analysis indicated a significanveasitrelation between
the rate of net bacterial population growth and the rate at which the wildtrgoe outgrew the
IAA" mutant. In both leaf and floral environments, the relative proportion of IAA-prodaeiig)
stabilized or dropped when bacterial populations stopped expanding, suggesting thal bacteri
auxin confers fitness during periods of colonization or rapid cell growth, but doewolittle
enhance bacterial survival during stationary intervals or population contra&ramsliiet al,
1998).

It is worth noting that the periods of epiphytic proliferation in which IAA productionersrd
fithess advantage correspond to periods in which transcription of IAA biosyngjestes were
found to be upregulated (Braretial, 1997). A promoter-reporter fusion construct demonstrated
that indolepyruvate decarboxylagedC), the gene encoding the rate-limiting enzyme of IAA
biosynthesis, is rapidly induced upon inoculation onto tobacco leaves, reaching magufodd
induction by 20 hours post-inoculatidmpf). Combined with the relative success of wild-type
agglomeran®ver IAA° mutants, this transcriptional pattern clearly implicates IAA biosyighes
in enhancing bacterial fitness in the phyllosphere, particularly duringitted phase of leaf
surface colonization.

The exact nature of this fithess enhancement has never been addressediawether, the
observation that IAA’s fithess effect is growth-dependent suggests thatibblddA may act by
relieving constraints on bacterial proliferation. Carbon limitation has bemmsto be a primary
impediment to microbial proliferation in the phyllosphere (Mereteal, 2000), implicating
bacterial IAA in carbon acquisition. Additionally, Mercier and Lindow (2000) detnatesl a
significant positive correlation between total leaf surface sugapsebefoculation (mono- and
disaccharides, as determined by HPLC) and final bacterial cawgagity, further suggesting
that carbon availability limits bacterial proliferation. Based on this hgsis, Brandét al
(1998) estimated that, in order to sustain the additional growth observed in thepgilkstriyin
relative to the IAAmutant, bacterial IAA would have to make 7% more nutrients available to
bacteria—approximately 1microgram of extra phylloplane carbon per leaf.

Previous reports have demonstrated that auxin can promote localized increadssin ca
availability. For example, the hormone enhanced localized sink strength in rootspdeye
grains, seeds, and fruits (Roitsethal, 2003; Jiret al, 2009) by increasing invertase activity.
More relevant to phyllosphere bacteria, auxin has also been shown to stimulatalatoorof
sugars in foliar and stem tissues. Application of IAA/tda favaleaves elicited transport of
C-labeled photoassimilates to the site of application within 4 hours of incubationl @Rtz
al., 1992; Patriclet al, 1973). And wheirPhaseolis vulgarisnternodes were exposed to 10uM
exogenous IAA, localized accumulation of hexose sugars and sucrose was datbotetiw
hours (Morriset al, 1987). These changes in sink strength are typically associated with
stimulation of increased cell-wall invertase activity (Mogisal, 1984; Morriset al, 1986;
Roitschet al, 2004; Longet al.,2002).

Here, we test the hypothesis that microbial IAA facilitates carbon sitiqniby phyllosphere
bacteria. In addition to being a well-studied model of bacterial IAA produd®@299R has also
been used extensively as a bacterial biosensor to monitor environmental conosnbfat
sucrose (Milleret al, 2001) and fructose (Leveatial, 2001a). By mobilizing sugar-inducible
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biosensor plasmids ina299R and its IAAmutant derivativeaM X149 andPaXYLE, we
sought to compare the nutrient status of phyllosphere bacteria in the presdrsznoe af
bacterial IAA.

In particular, we sought to characterize the distribution of sugar searsioigg individual cells
of the population. Though average, population-level shifts in sugar availabilityfammative,
they can obscure important patterns in nutrient acquisition. For example | achiarade in mean
sucrose sensing in a phyllosphere population could represent a steep changeéan sucros
acquisition by a few cells, or a modest change in sucrose acquisition bycelsngimilarly,
changes in sugar availability might be experienced mainly by slowhggdacteria
experiencing low-carbon, oligotrophic conditions or, alternatively, by baat@relling in
carbon-rich “nutrient oases” and experiencing relatively rapid growth (Liradw@Brandl,
2003). Understanding which bacterial subpopulations are affected by auxin production and how
patterns of sugar availability change in response to bacterial IAA dhutdrate the
mechanisms by which bacterial auxin biosynthesis improves evolutionary fitness

Materials and M ethods
Culture Conditions

For routine culturing, all bacteria were grown in LB liquid or agar mediutim &ppropriate
antibiotics (Kanamycin &50ug/mL, Tetracycline=15ug/mL, Rifampicin=100pg/mL,
Natamycin=43ug/mL, Cycloserine=25ug/mL, Streptomycin=20ug/mL). Uolisswise
specified E. coliwere grown at 37°C, arfél. agglomeransit either 28°C (in liquid culture) or
37° (on agar plates).

Forin vitro carbon growth comparisons, virgin glass culture tubes were acid-washed, rinsed
repeatedly with freshly distilled water, filled with @ater, then autoclaved to remove any
residual carbon. The tubes were then emptied, rinsed repeatediywatdd, inverted, and dried

at 50°C before autoclaving to sterilize. All liquid media components were pdepasinilarly
cleaned glassware, with autoclavedaater. During each experiment, a single colony of freshly
streaked?a299R was inoculated into Minimal-A medium (Millet al, 1972) amended with
Rifampicin, Natamycin, and 0.4% Galactose; the inoculum was grown overnight wkthgsha
300rpm. The overnight culture was inoculated into 1x MinA medium=at:ad cells/mL,

divided into tubes, and amended with various concentrations of carbon. Tubes were incubated at
28°C with shaking at 300rpm. At designated intervals, liquid samples were removesti, dihd
spiral plated onto LB plates amended with Rifampicin and Natamycin. Colonies wer
enumerated by manual or laser counting after approximately 24 hours’ growth at 37°C

Plant Materials and Growth Conditions

P. vulgarisplants (cv. Bush Blue Lake 274) were grown in a greenhouse under mixed natural
and artificial lighting. Where indicated, average daily solar radiatianestimated using the
NASA atmosphere-ocean model for insolation in Berkeley, CA (GPS 37.87, -122.27)
(http://aom.qgiss.nasa.gov/srlocat.hinixperimental estimates of incident light intensity
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represent three measurements of photon flux density collected over a 5{peinatewith a Li-
Cor light meter.

For experiments in which light intensity was manipulated, plants were giitiven i full

sunlight, or under tents of four layers of cheesecloth. For experiments in whigbréture
intensity was manipulated, plants were grown in chambers set to 12 hours light/12 Hqurs dar
with temperature set to either 30°C (high-temperature conditions) or 20°C (lqertenre
conditions).

For experiments usingrabidopsis thalianac. Col-0, seeds for the wild-type and homozygous
mutant linesAt068113c ¢winv2), At094878c ¢winv4), andAt007233c ¢winvl) were acquired
from the Salk Institute (Alonset al, 2003). Plants were grown under long-day, greenhouse
conditions as prescribed (ARBC, 2004).

Plant Inoculation and Harvest

In plant inoculation experiments, a single, freshly streaked bactelasiycwas inoculated into
Minimal-A medium (Milleret al, 1972) amended with appropriate antibiotics, 0.4% Galactose,
and 2.5mM tryptophan. The inoculum was grown overnight with shaking at 300rpm, then
resuspended at ¥énL in 100mM KPQ buffer. Imnmediately before inoculation, samples were
amended as appropriate with 6.25mM sucrose and either 2100uM NAA in EtOH or an equal
volume of EtOH alone. Healthy, 2-3-week-old Blue Bush Bean plants with undamagesd le
were chosen and spray-inoculated until water ran off the ab- and adafaaks of all leaves.
Each plant was then loosely covered with a plastic bag fastened ateheitiea rubber band

(to maintain humidity) and placed in an illuminated growth chamber at room tdomeera

After the designated period of incubation on the plant surface, bacteria wezsted from
leaves. For microscopic analysis, two healthy primary leaves (as oppdsiéaliates) were
chosen from each pot, severed, and immersed in 20mL of K&f€r; for flow cytometric
analysis 15-20 leaves were immersed in a beaker of 200ml, KF€@r. In each case, leaves
were sonicated for 5 minutes, vortexed for 30 seconds, and then removed. Wherealindicate
leaves were blotted and weighed (to normalize foliar populations) beforediigca

To concentrate harvested cells, leaf washate samples were ceuntafs000 xy for 10 minutes
at 4°C in a Sorvall centrifuge. The supernatant was carefully removed by gpattththe cells
resuspended in approximately 2mL of KPgiffer. To remove leaf debris, each sample was
syringe-filtered through a 5pum TMTP filter (Millipore Isopore filt€AT# TMTP02500).
Filtered samples were once again concentrated by tabletop centafuga&000 >g for 10
minutes at 4°C. (At this step, microscopy samples were resuspended in 25y bufeO©and
stained with 4’,6-diamidino-2-phenylindole (DAPI£2.5ug/mL) for 10 minutes in the dark at
room temperature, then snap-frozen on dry ice before fixation.)

All samples were fixed overnight at 4°C after resuspension/addition of 1mL 4%
paraformaldehyde. After fixation, samples were washed with buffer andpended for
analysis. To prevent sample degradation, all samples were analyzedrascayy or flow
cytometry within one week of harvest.
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Bacterial inoculation oA. thalianaplants was performed as described above, with two
exceptions: inocula included 0.05% Silwet surfactant to reduce beading of the inecium
increase bacterial dispersal Anthaliands waxy leaves, and inoculum was sprayed onto the
plants using an airbrush. At harvest, three large, undamaged primary leageeMeted from
each pot and placed into 1mL tubes of 10mM phosphate buffer with 0.05% Silwet.

Ice nucleation assays

To quantify sucrose availability to phylloplane bacteria, the sucrose-indubterial biosensor
Pa299R (p61RYiceyas inoculated onto bean leaves. To harvest, two healthy primary leaves (as
opposed to trifoliates) were chosen from each pot, severed, and immersed in 20R{ of K

buffer. Leaves were then sonicated for 5 minutes, vortexed for 30 seconds, and réfeaved.
bacterial reporter induction in inocula and leaf harvest samples was ntehglice nucleation

assay (Lopeet al, 2002) and normalized to CFU counts derived from hand- or laser-counting of
spiral-plated samples.

Microscopy and Image Processing

Fixed cell samples were diluted as needed, spotted onto ProbeOn Plus (FistigicScad#22-
230-900) slides in 20uL droplets, and dried at 37°C for 30-45 minutes. Samples were then
covered with Aqua PolyMount anti-fade mounting reagent (Polysciences, cat# 28606 1
cover slip. Bacteria were viewed and photographed at 1000x magnification using a Roper
Quantix camera attached to a Zeiss Axiolmager M1 microscope equippestavitlard DAPI
and EndowGFP filter cubes. Optimum views, in which cells were abundant but not clumped
together, were photographed. For each treatment, 5-25 images were acquiredisisimg |
software (BioVision, 2010). For each view photographed, tandem DAPI and GFP ineges w
captured using the Multi-D Acquire function. The same exposure settingsisestéhroughout

a single experiment; exposure times ranged between 200-300ms for DAPI and 3@0f&00m
GFP.

For quantitative image analysis, the iVision FlatField function was appliedery image to
correct for uneven microscope illumination across the field of view (BioVisaihgubsequent
image analysis was performed on these corrected images. Bactisialere identified by using
the iVision segmentation function to separate DAPI-stained cells from tkgroand. The
selection threshold was manually adjusted such that segment masks wramthedltigg cell
boundaries as defined by DAPI staining. All segments with a size srtialerd0 pixels and
greater than 300 pixels were omitted, to avoid debris and large cell aggregat resulting
segment mask was pasted onto the corresponding GFP image and manually aégsacdeto
that no drift occurred between images. The mean GFP pixel intensity ofeggchrged cell
object was quantified using the “Measure Segments” function and exportediezel file. To
correct for variation in background fluorescence between images, mean pixetymess
calculated for three haphazardly selected background areas from egeh Mean background
pixel intensity of these three areas was calculated, then subtractethéromean pixel intensity
of every measured object in the image.

Background-corrected pixel intensity data were imported into Statisteraion 9.1, StatSoft),
which was used to generate basic descriptive statistics, histograms, aad probmbility plots.
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To calculate the GFP-positive proportion of each population, th@é&@entile of the 0-hour
GFP intensity was calculated for each strain; at all subsequent time pelilstthat exceeded
this strain-specific threshold induction value were considered GFP-positive.

Flow Cytometry

Flow cytometry was performed using a Partec CyFlow small-particlyzer. Particles were
excited using a 480nm laser, GFP fluorescence was detected with a 520nm baniipass fil
(FL1), and red fluorescence using 570nm long-pass filter (FL2). Dataawguéred and mean
relative GFP induction analyzed using FCS Express software (DeNovo).

To ensure sensitive detection of bacteria, forward-scatter (FS) andasideé8S) gain settings
were always adjusted to ensure optimum particle separation and idgiatifiof bacterial
subpopulations. Fluorescence gain was set such that 99% of non-fluorescent contralfblicte
within the first decade of a single-parameter fluorescence histogrisnexeeeding this
threshold were considered GFP-positive. For samples harvested from leavesifiticorGFP-
positive control strain was used to identify the biosensor cell population in eachrexgeby
selectively gating on GFP-positive fluorescent events, the biosenssulbptpulation was
identified from a complex mix of particles on the FS/SS scatterplot. A gatelnarevn around
this putative biosensor population, and all subsequent analyses of leaf washate sstnigtes! r
to this defined subpopulation.

Statistical Analyses

Basic data analysis and calculations were performed in Microsoétl E3007). Statistical
analyses were performed using Statistica (Version 9.1, StatSoft). Ngrafalellular
fluorescence within a given population was assessed by normal-probabilgy\fvhere
indicated, biosensor reporter induction was compared between treatmentsnasingy or
multifactorial ANOVA followed by post-hoc analysis using planned conti@efficients or
Tukey’s HSD test. Ice nucleation experiments were assessed via ANGOM estimated
insolation on the day of experiment as the continuous variable, and with treatment and
experimental replicate date as the categorical variables.

Results
Light intensity increases phyllosphere sucrose availability

To help control for inter-experiment variability in basal levels of phyllospkagars, the effect

of seasonal environmental conditions on leaf-surface sugar availabisitiwwestigated. In 6

replicate experiments conducted between June 2009 and January 2010, greenhouse-grown bean
plants were inoculated with the sucrose-inducible biosensor Baaitvea agglomerand X149
(p61RYice). Inoculated plants were then incubated under controlled conditions for 7 hours

before harvesting and assaying bacteria for sucrose-induced ice ioncéesivity (Figure 3).

When a downward trend was noted in mean sucrose sensing within the same treateent a
replicate experiments, analyses were undertaken to establish whetbatdbizzes were

significant (Table 1). A significant, negative correlation (r=-0.53.p1) was observed between
PaMX149 (p61RYice) biosensor induction and experimental date (expressed as the number of
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days from the initial experiment), suggesting that seasonal changes isuxasak availability
occur in the phyllosphere. A similar negative correlation was observed in the 100o8esucr
positive control (r=-0.73,40.01), but was absent in both auxin treatmdPt99R: r=-0.21,
p=0.45; NAA": r=-0.15, p=0.55). The negative control exhibited minimally detectable ice
nucleation activity throughout all experiments (data not shown).

To confirm the initial observation that seasonal conditions contribute to experiveam#on in
sucrose availability, two experiments were conducted. In the firsteR-old bean plants were
transferred either to a warm, long-day greenhouse (“summer” conditioagoat, short-day
greenhouse (“winter” conditiondpaMX149 (p61RYice)eported significantly higher levels of
sucrose on summer-grown plants than winter-grown plants (t=-17.23, df=4, p<0.001). This trend
persisted even in a positive control treatment in which sucrose biosensor lveetercm-

inoculated onto the plants with 100 uM exogenous sucrose, though the difference was no longer
significant (t=-2.32, df=4, p=0.08) (Figure l1a).

To further explore seasonal effects, bacterial sucrose sensing waaredon host plants pre-
adapted to different temperature and light intensity conditions. Two-week-ailzads were
maintained in either high- or low-intensity light in the same greenhouse feel pvior to
experimentation; photon flux density under low-light intensity was approxim2&ékyof the
high-intensity treatment (data not shown). As part of the same experimee¢k2eld bean
plants were moved into high-temperature (30°C) or low-temperature (20°C) incudator
maintained under similar light conditions for 3 days prior to experimentation. On thod tiheey
experiment, biosensor bacteria were inoculated onto all plants, incubated under,uniform
standard experimental conditions, and harvested at 7hpi to measure reporter inBiguiren (
1b). Biosensors on plants grown under high-intensity light reported significantigrtsgcrose
exposure than plants grown under low-intensity light (t=3.10, df=8, p=0.015). Temperature
exerted no measurable effect on sucrose sensing (t=0.99, df=8, p=0.35).

Based on these results, seasonal variations in light intensity or other emafitahconditions
appear to influence the basal amount of phyllosphere sucrose available t@albagignytes,
with summer conditions yielding higher quantities of leaf-surface s&&gémated insolation on
the date of each experiment was therefore included as a statistical teotscagecount for
variations in baseline sucrose sensing across experiments performeerantifimes of year
(Table 2).

The presence of auxin decreases sucrose availability to phyllosphere bacteria

As a preliminary test of whether bacterial auxin production alters sucratsbdirg in the
phyllosphere, bacterial auxin levels were manipulated by coinoculation of aestirmasible
bacterial biosensor with exogenous naphthalene acetic acid (NAA), a syatheticBean

leaves were spray-inoculated with the TAA agglomeranstrain MX149 bearing the plasmid
p61RYice, a sucrose-inducikileaZ bioreporter with a range of sensitivity betweeif 20d 10

M sucrose (Milleret al, 2001). Biosensor bacteria were inoculated with or without NAA, then
recovered from the plant at 3, 7, and 24 hours post-inoculation (hpi) and assayed for ice
nucleation activity (Figure 2).

Negative control bacteria lacking thraZ reporter exhibited negligible ice nucleation activity
throughout the experiment (data not shown), whereas positive control biosensors inodthated w
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6.25mM exogenous sucrose reported consistently elevated induction (Figure 2).-Sucrose
inducible biosensors in all treatments responded to leaf surface sugars with iaishh
increase in sucrose sensing at 3hpi. Multifactorial ANOVA confirmed thipdeal induction
pattern, showing a significant effect of time on reporter inductign 4£68.58, p<0.001); the
test also found a marginally significant, overall treatment effect of N#iAoculation on
sucrose sensing gh2=6.60, p=0.025) (Table 3). Planned contrast comparisons between the
NAA+ and NAA- treatments at each timepoint indicated that marginghjfsiant differences
emerged at 7 hpi, with auxin-inoculated cells reporting lower sucrose exge=u68, p=0.020,
df=1); this trend persisted at 24hpi, but was no longer statistically significainie(4). Based on
these results, samples were harvested at only the 7hpi timepoint in subseqicenésepf the
experiment.

The experiment was repeated a total of six times, though one replicate tasl aine to failed
induction of the positive control (Figure 3). Using plant insolation as a covariatpl&rexter-
experimental variability in baseline sucrose availability, ANCOVA wsialsuggested a
significant treatment effect of NAA coinoculation on sucrose sensing abtmssmaining five
experiments (fz53=77.696, p<0.001) (Figure 3; Table 5). To testahmiori hypothesis that
NAA coinoculation reduced sucrose availability across all five experimeoss-hoc
comparisons of NAAand NAA treatments were performed using contrast coefficients; these
confirmed that the presence of exogenous auxin significantly decreasesksanailability to
phyllosphere bacteria (f53=15.32, p<0.001) (Figure 4b; Table 6).

We also investigated whether physiologically relevant levels of endogendasddauxin

could reduce phyllosphere sucrose availability. As part of the same set afrexysrdescribed
above, bean leaves were spray-inoculated with the wild-type sucrose brosteaisPa299R
(p61RYice)or its auxin-deficient mutant derivatiieaM X149 (p61RYice). At 7hpi, bacteria
were recovered from the plants and assayed for ice nucleation actigitygB). Though
relative differences in sugar sensing were smaller betweehaAd IAA bacteria than between
exogenous NAAand NAA treatments, the same trend persisted: when auxin was present,
bacteria reported less sucrose. Using plant insolation as a covariate tofoonvaaktions in
basal sucrose levels, ANCOVA analysis suggested a significant net in¢afiieet of bacterial
auxin status on sucrose sensing across the four experimgnts=80.226, p<0.001) (Figure 3;
Table 7). Using contrast coefficients, post-hoc comparisons of mean suarsisg £ 299R
and MX149 confirmed tha priori hypothesis that wild-type bacteria experienced significantly
less sucrose on bean leaves than isogenic, tdukants (fr44=7.44, P<0.01) (Figure 4a; Table
8).

Auxin-dependent decreases in sucrose availability are minimally detectable ukiogeadent
bioreporter

To complement sucrose-sensing experiments performed using an ice nucleatrtar,reimilar
experiments were performed usiAgagglomerangacteria bearing the plasmid p61RYtir, a
sucrose-induciblgfp bioreporter with a range of sensitivity betweef® 26d 10 M fructose

(Miller et al, 2001). These results were inconsistent with those achieved using the ice nucleation
reporter, perhaps because the fluorescent reporter was tenfold lesgesensiti
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In an initial experiment, fluorescent biosensor induction was quantified usingytometry.
Sucrose bioreporter stralfe299R (p61RYtir)and its isogenic, IAAderivatives MX149 and
XYLE were inoculated onto bean plants. At 24hpi, the bacteria were harvested and their GF
fluorescence measured via flow cytometry (Figure 5). Due to variable, GREveeg
background, it was impossible to distinguish uninduced reporter cells from bankgr
particulates, so the proportion of induced versus uninduced cells could not be calcakated (s
Appendix 1 for a discussion of background contamination in flow cytometry). However, GFP
positive cell populations were easily identified, and the mean cellular fagres of induced
cells was compared between the experimental strains (Figure 6). Inpererental replicate, a
one-way ANOVA showed a significant treatment effect of bactemainsbn sucrose sensing

(Fe, 57427 78.746, p<0.001) (Figure 7). Post-hoc Tukey HSD comparisons (Table 9) of the three
strains found significant (p<0.001) differences in sucrose sensing betwdaeraktrains, with
PaMX149 sensing the most sucrose (x=1224.2, S.D.=195.8, n=224QY,LE sensing an
intermediate concentration (x=1178.9, S.D.=222.7, n=1806), and the wil®#290R sensing
the least (x=1138.2, S.D.=223.78, n=152)wever, attempts to replicate these results, or to
coinoculate the sucrose GFP biosensors with exogenous NAA, suffered from failed or
inconsistent biosensor induction (data not shown).

In an effort to gain more reliable results using the fluorescent sucksenbor, leaf inoculation
experiments were repeated using microscopy and digital image artalggiantify cellular GFP
content. Wild-type and IAAP. agglomeransucrose biosensors were spray-inoculated onto
bean plants, harvested at varying intervals, and their induction measured vizopgréss part
of the same experiment, bacterial auxin status was also manipulatednogaiating MX149
(p61RYtir) and XYLE (p61RYtirwith or without exogenous NAA.

Neither endogenous nor exogenous auxin exerted a consistent impact on bacteral sucros
sensing of p61RYtistrains as quantified by microscopy (Figure 8). As with the flow cytgmetr
experiments, this was due largely to failed induction of the biosensors: after 1.5 and 5 h on the
leaf surface, neither the mean cellular fluorescence of harvested bisseoisthe proportion of
GFP-positive cells exceeded that of the inoculum. The only exception waa26eR

treatment, which exhibited both a higher proportion of GFP-positive cells and fecaigfhy

higher mean cellular fluorescence at 1.5 hpi. However, this induction appeared spurious—
positive control treatments in which 299R and other p61Rfasensor strains were co-

inoculated with exogenous sucrose showed no significant induction, nor did any othenmtreatme

Exogenous auxin increases fructose availability to phyllosphere bacteria

To complement experiments performed with a sucrose-inducible biosensor and &stthert
auxin affects carbon availability in the phyllosphere, the effect of auxin o$ettducible
GFP biosensor strains was tested.

In an initial time course experiment, bean leaves were spray-inoculatedheviX P.
agglomeranstrain MX149 bearing the plasmid pFru44, a fructose-indugipeeporter
(Leveauet al.,2001a). Bacteria were inoculated onto plants with or without exogenous NAA,
then recovered from the plant and assayed for GFP cellular fluorescé)de ahd 24hpi using
flow cytometry (Figure 9). A multifactorial ANOVA found no significantt ieeatment effect of
NAA coinoculation across time points, but did report a significant treatmetitrleypoint

32



interaction (kz8=1402.29, p<0.001) (Table 1®ost-hocanalysis using contrast coefficients to
compare NAA and NAA treatments at each timepoint found that NAA-coinoculated cells
sensed marginally more sugar at 7 hpi, but significantly less at 24 hpi (Tabléné BxFeriment
was repeated two additional times, with reporter activity assayedw\cjttometry at 24 hpi
only. Results were inconsistent: the second experiment suggested thatdlisfexperienced
significantly more fructose than NAA&ells (t=-4.57, p=0.01, df=4; Figures 10-11a), while the
third experiment showed that they experienced no significant differex@828, p=0.46, df=4;
Figure 11b).

Because it expresses the relatively stable ASV protein variant of kd-Rté of cell growth.e.
how quickly GFP is diluted from individual cells) exerts a significant effectellular pFru44
fluorescence (Leveaet al, 2001b). This complicates interpretation of 24hpi fluorescence data,
and may have contributed to the indeterminate results achieved using the neparter

construct. To simplify interpretation of fluorescence data, subsequent expsrinezat

performed with bioreporter strains bearing the fructose-inducible pFruvraot, which uses

the less stable AAV GFP variant as a reporter. With a half-life of only 60tes when

expressed iE. coli (versus 110 minutes for ASV), the AAV variant offers a more sensitive
measure of real-time fructose availability (Leveaal, 2001b; Anderseat al., 1998; Appendix

1).

NAA coinoculation experiments were repeated on bean plants using the MX149 (pFru46)
bioreporter, and GFP induction measured via microscopy at 0, 1, 3, and 5 hpi. A negative control
strain, wild-typePaMX149, remained GFP-negative throughout the experiment (<10% GFP
positive at all time points), whileaMX149 (pKTbla), the constitutive-GFP control strain,

remained consistently induced (>92% GFP-positive at all time points) (Figurélthough all

pFru46 biosensor treatments showed strong induction upon foliar inoculation, cells coidoculate
with exogenous NAA or sucrose showed more rapid induction, with >90% of the population
becoming GFP-positive by 1 hpi; in contrast, only 29% of biosensors inoculated with buffe

alone became induced by 1 hpi (Figure 13). By 3-5 hpi, all treatments showed\ginigjlar
proportions of induced cells. (Data are summarized in Figure 14a)

In addition to the proportion of induced cells in each treatment, we also sought to measure t
strength of induction of the biosensor population; mean cellular fluorescencetynessi
therefore calculated for the GFP-positive bacterial subpopulation of eachdréatNegative
PaMX149 control cells displayed minimal fluorescence, with mean fluorescenderjeesities
of <90; positive control cells remained consistently GFP-positive throughoutpgbkdaraent
(Figure 12). As expected, mean fluorescence pixel intensity of biosensoincetlased
significantly upon foliar inoculation: multifactorial ANOVA confirmed thaffect, indicating

that time of observation exerted a significant effect on GFP fluorescepesdF70.90,

p<0.001) (Table 12). Despite early differences inptoportion of GFP-positive cells in NAA
versus NAA treatments, mediuorescencentensity of the induced cells was indistinguishable
at 1 hpi and 3 hpi (p>0.1). However, the ANOVA indicated a significant treatmentaepaint
interaction (kz, 1736717.37, p<0.001); post-hoc analysis with Tukey's HSD test indicated that at
5 hpi, the induced population of NAA-coinoculated cells displayed significantly higher
fluorescence than buffer-inoculated cells (p<0.001), with the N&tment sensing only 72%
as much sucrose as the NAteatment. (Table 13; Data are summarized in Figure 14b)
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Native bacterial IAA production increases fructose availability in the phyllogpher

Exogenous NAA appeared to transiently enhance fructose availability to pindlesbacteria;

to test whether fructose availability was similarly affected byspggical levels of native
bacterial IAA, bean leaves were inoculated with pFru46 biosensor strada-olefficient
PaMX149 or PaXYLE, the wild-typePa299R or Pa299R (pMB2), which carries an extra,
plasmid-borne copy of thipdC gene under its native promoter. At 24hpi, bacteria were
harvested and their GFP expression analyzed via flow cytometry (FigufddiBluorescent,
Pa299R negative control cells were consistently GFP-negativeRaz@PR (pKTbla) positive
control cells exhibited consistently elevated GFP expression—although oncehagfailevels

of nonfluorescent background particles made it difficult to differentiate leetweluced and
uninduced cell population$he experimental biosensor strains exhibited fluorescent induction
on leaves, and distributions of GFP-positive cells were approximately ndfigate 16). One-
way ANOVA showed a significant effect of bacterial strain on fructossisg

(F,10,6447162.27, p<0.001) (Figure 17). Tukey's HSD comparisons of the four strains at the
p<0.001 level suggested tHd299R (pMB2)(x=3554.1, S.D.= 379.0, n=3432) sensed
significantly more fructose than all other strains, wR#299R (x=3406.6, S.D.= 502.6,

n=3418) andPaXYLE (x=3395.3, S.D.=428.7, n=1638) sensed approximately equal amounts of
fructose PaM X149 sensed significantly less fructose than any other strain (x=3294.3,
S.D.=458.0, n=2160)—96.7% as much sugar as wildBg299R, and only 92.7% as much as
Pa299R (pMB2).)

To complement these flow cytometric data, a similar experiment wasmped using

microscopic quantification of fluorescent fructose biosensors. Bean leavesneculated with
wild-type Pa299R (pFru46) or its isogenic, IAA-deficient mut&aViX149 (pFru46) non-
fluorescenPaM X149 were used as a negative control, and constitutively GFP-positive
PaMX149 (pKTbla) cells as a positive control. Cells were harvested at O, 1, 3, and 10 hpi, and
GFP fluorescence assessed by fluorescence microscopy and subseqa¢nhdimgt analysis.

Negative controls exhibited minimal fluorescence at all timepoints,aasBaMX149 (pKTbla)
cells were consistently fluorescent throughout the experiment (Figur&Jdi@duced fructose
biosensors were nonfluorescent at t=0 (fluorescence thresholds were settsi@fotbacells
from the O0-hour inocula were GFP-positive) (Figure 19), with a right-handeskdistribution
(Figure 20). By 1-3 hpi, biosensors had rapidly shifted to a normally distributed popudéti
induced cells (>95% GFP-positive); by 10 hpi, as leaf-surface sugar suppleesxkhausted,
both strains had returned to a right-hand-skewed distribution, with only 24% GFReosills.
Similar proportions of MX149 and 299R cells were induced at all time points. (Data are
summarized in Figure 21.)

To compare the fluorescence intensity of induced cells, mean cellular 8enceswas

calculated for the GFP-positive bacterial subpopulation of each sampldaktalial ANOVA
confirmed a significant initial increase in fluorescence induction acrosealnents, with the
number of hours after inoculation exerting a significant effect on biosensor ol (igsi
23027300.42, p<0.001) (Figure 21a). Although there was no overall difference in induction
between the 299R and MX149 bacterial strains, a significant strain-by-timagenaiction was
detected ([, 2303713.86, p<0001); post-hoc analysis with Tukey’s HSD test indicated that at 1
hpi, Pa299R experienced significantly higher fructose induction #aviX149 (p<0.001). At

34



this time point, cellular fluorescence intensity of the IAfainPa299R (x=2037.20,
S.D.=830.87, n=273) was 21% higher than the IANtantPaMX149 (x=1618.26,
S.D.=701.38, n=342). There was no significant difference in fluorescence betwéeo the
strains at other time points (p>0.05)

Individual plant cell wall invertases do not mediate bacterial effects on phyllosphere sugar
availability in A. thaliana

The observed trends in bacterial sugar sensing in the phyllosphere, which indiattédt
increases fructose availability but decreases sucrose availabigjgested that IAA may

activate plant invertases. To probe the role of plant cell wall invertasasterial carbon
acquisition, auxin-mediated behavior of bacterial biosensors was investigaAeabatopsis
thalianainvertase mutants. (The experiment was also intended to test whether trendsrialbact
sugar sensing would persist on host plants otherRhaulgaris) In addition to wild-typéA.t.
Columbia-0 controlsswinv1 (At3g13790),cwinv2(At2g36190), andwinv4(At3g52600)

mutant plants were inoculated with sucrose biosenBadX149 (p61RYtir)) or fructose
biosensorsRaMX149 (pFru46)) in the presence or absence of exogenous NAA. After 1.5 hours
on the leaf surface, bacteria were harvested and assayed by fluoresiceoseomy to

determine the proportion of GFP+ cells and the mean fluorescence of the induced cell
population.

NAA-mediated changes in sugar sensing observed on wildAtyp€ol-0 plants did not

conform to those observed &nvulgaris No significant differences in sucrose availability were
detected between NAZand NAA treatments: a similar proportion of p61RMiiosensors were
GFP-positive in both treatments (Figure 22a), and mean cellular fluocese@s statistically
indistinguishable between the populations (Figure 22b; Table 15). Trends in fructosg sans
wild-type A.thalianawere opposite those observedPinvulgaris mean cellular fluorescence
was significantly higher in the NAA-coinoculated pFru46 cell population than therbuff
inoculated population (Table 15); the proportion of GFP-positive cells was also tiigher
buffer-inoculated cells (Figure 23a).

Sugar sensing trends on theinv4 (At094878¢ andcwinvl (At007233¢ mutants were similar
to those noted on wild-typ&. thaliana In contrast, thewinv2mutant At068113¢ supported
trends in sugar sensing that resembled those obsenredvatgaris Though mean cellular
fluorescence of the p61RY#ucrose biosensor was similar between NAAd NAA
treatments, a lower proportion of cells became GFP-positive in the NAA-coitextula
population (Figure 22). Conversely, NAA coinoculation yielded both a higher proportion of
GFP-positive pFru46ells and a significantly higher mean cellular fluorescence (Figure 23;
Table 15), suggesting increased fructose availability in the presengeitof a

P. agglomeran299Rgrowth is induced more quickly using glucose or fructose as a carbon
source than sucrose

Experimental data suggested that bacterial IAA increased avaylaifiihonosaccharides
(fructose) while decreasing availability of disaccharides (sucroedpst whether such a shift in
carbon availability might enhance bacterial growth, a serigs\ofro experiments was
conducted to compare growthB&é299R on sucrose, glucose, and fructose.
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Bacteria were cultured in Minimal A liquid medium with varying conceiung of sucrose,
glucose, or fructose as a sole carbon source, and cell populations measuriedsatinees after
inoculation. No growth differences were evident at 4hpi, but by 8-24hpi glucoseuatabé-
grown cells exhibited higher growth than cells cultured in similar concemtsabf sucrose
(Figures 24-25a). By 48 and 72hpi, carbon-dependent growth differences were ne@lodeetr
(differences between carbon treatments were occasionally present, butcseastent between
experiments) (Figure 25b-26). These results suggest that although net grea@99eR is equal
on all carbon sources, glucose and fructose confer a transient growth advantagesapgort

a more rapid induction of bacterial growth than sucrose.

To further characterize patternsRd299R carbon utilizationn vitro growth experiments were
repeated in the presence of cycloserine, an antibiotic that selectivelgdtiVely growing cells.
Under these culture conditions, a high proportion of surviving cells indicates ahicath
growth on a given carbon source, while a drop in the number of surviving cells indizates
onset of cell growth. After 4.5 hours of growth, glucose- and fructose-grown cell popsilaad
fewer surviving cells than sucrose-grown cells at all carbon concentrateatermgthan 0.05
mg/L, indicating that a greater proportion of cells had undergone cell divisgurér27). This
trend persisted weakly at 10hpi, but by 30hpi cells had died in all treatments.

Discussion

Sugar-specific bioreporter induction in the foliar epiplB#99R revealed that auxin alters
carbon availability on the leaf surface of the model host Bflamulgaris Contrary to
expectation, the change was not simply an overall increase in sugar &tsaiRbther, auxin
elicited a decrease in phyllosphere sucrose, and an increase in fructose.

Reduced sucrose in response to 1AA

Comparison of induction data to published dose-response curves suggestsRbsiXhd9
(p61RYice) sucrose biosensor experienced mean local sugar concentrations ohagiphpxi
3x10°M sucrose—similar to those previously reported on bean leaves, and below the limit of
detection of the p61RYtir GFP sucrose reporter (Méfeal, 2001). Our data, however, indicate
that phyllosphere bacteria sense lower concentrations of sucrose in thegodsanan. Wild-
type (IAA") Pa299R biosensors and cells co-inoculated with exogenous NAA both detected
significantly less sucrose than the I1APaM X149 mutant (88% and 84%, respectively). Based
on the aggregate nature of these ice nucleation bioreporter data, it was whelder auxin-
induced declines were attributable to a small, population-wide decrease in suveriad®lity or

to a large decrease in sucrose availability to a smaller subpopulatiorsof cell

In an attempt to differentiate between these hypotheses, the p6jR¢étir fluorescent protein
(GFP) biosensor was used to probe how auxin affected biosensor induction at theetlingle-
level. Unfortunately, differences in sucrose detected by the GFP biosemsaneansistent
across experiments. In the single flow cytometric experiment in wHitle@ments became
significantly induced, the data confirmed the trend noted in ice nucleation expeariafest 24
hours on bean leaves, the I1AiutantsPaM X149 and XYLE both sensed significantly more
sucrose than did wild-type 299R. However, in subsequent experiments employing both flow
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cytometric and microscopic evaluations, biosensors often failed to becomedifdeidzecome
GFP-positive after arrival on the leaf); no significant differences detected in either the mean
GFP fluorescence or the proportion of GFP-induced cells between the auxin anfiteaixin-
treatments.

These inconsistent results with the p61R¥éorter do not necessarily undermine the findings
of the p61RYiceeporter. Given that the mean sucrose concentrations detected by the inaZ
reporter fell below the threshold of sensitivity for p61RYtir (Figure 28), Itledscent
bioreporter’s failure to detect auxin-dependent changes in sucrose—or even te becom
consistently induced when inoculated onto bean leaves—may simply reflecttiésl Inamge of
sensitivity. Variation in basal quantities of sucrose from one experiment toxheossibly due
to difference in light intensity experienced by the plant, could also havebrdatt to
inconsistent data trends.

Data from the GFP-based sucrose sensor were also inherently diffimikrpret due to the
sensor’s pattern of induction. Sucrose dose-responsiveness of the p61RYtir bideessunt
arise simply from uniform, population-wide shifts in cellular fluorescencthdRabacterial cells
can exhibit heterogeneous responses to increasing inducer concentrations-mfile eaa
bimodal “induced-versus-uninduced” distribution, in which increasing sugar cortaargrgield
an increasing proportion of induced cells, versus a more traditional, dose-respuothsot®n,

in which increasing sugar concentrations yield uniform increases in indivaellalar
fluorescence. (Appendix 1; Milleat al, 2001; Leveaet al.,2001a). Interpreting leaf-surface
sucrose reporter data can therefore depend very heavily on accuratelyimgghguratio
between induced and uninduced biosensor cells on the leaf surface, as well as the mean
fluorescence of the biosensor population. Due to highly variable numbers of GFP-negative
particles contaminating flow cytometric data (ranging from 25-89% ofbtiaé putative cell
count), these calculations were not possible using flow cytometry. In contrastsoopic
guantification reduced the proportion of background contamination (typically <10% tfputa
bacterial particles). Unfortunately, microscopy experiments could gairache same large
sample sizes as are available from flow cytometry. That, combined wigetbistently low
number of induced cells on the leaf surface, reduced statistical povesralgring the
proportion of induced p61RYthioreporter cells on the leaf surface.

With these limitations in mind, tentative interpretation of data from the p@dBX¥periments
suggests no major auxin-dependent differences in either the proportiots dfucegescing or the
population mean fluorescence of induced sucrose biosensor cells. As p61RY8uagioty
only detecting the top 5% of most induced cells (Lewatal.,, 2001a), this argues against the
hypothesis that auxin alters sucrose availability to strongly inducksd(eslich would have
been detectable as a further reduction in the already small proportion gidSKRe cells). The
12-16% decline in sucrose availability detected by p61RYice bioreporters in Hes@eeof
auxin is therefore likely due to decreased sucrose availabilibhetestimated 95% of
phylloplane cells that fall below the p61RYdetection threshold. This interpretation suggests
that bacterial IAA may primarily benef®a299R occupying nutritionally marginal, C-limited
sites on the leaf surface, rather than the small proportion of foliar epiphgtdartd in sucrose-
rich nutrient “oases” capable of inducing the p61RWtorsensor.

Increased fructose in response to bacterial IAA
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When fructose-inducible biosensors were used to explore how auxin affects fruetitea|ay
on the leaf surface, they reported a trend opposite to that observed from suciiage isethe
presence of auxin, bacteria sensed more fructose.

In all treatments, biosensors became induced within 1-3 hours after inoculatioarenoed
fluorescent until initial sugar reservoirs were depleted, ca. 7-10 hourgnaftalation. This
observation conforms to a previous report using this biosensor (Letahu2001a), which
found that the majority of bacteria consumed initial leaf sugar reser#e@.H5-4.6 pg/cell
within 7 hours of arrival on the leaf surface.

Although experiments with the stable-gfp pFru44 gave a null result after 24 hotwes leaft
(possibly due to the confounding effects of promoter induction and bacterial cell division)
microscopy experiments with the short-half-life pFrivd@reporter suggested that in the
presence of auxin, bacteria experience an initial burst of elevated sugaradtgation on the
leaf. When co-inoculated with 200uM NAA in microscopy experiments, a much higher
proportion of bacteria became induced after one hour on the leaf surface (90%, versus 29% of
NAA" cells); by five hpi, similar proportions of the bacterial population in eactniezd had
become induced, but the population mean fluorescence of AU remained significantly
(28%) higher than that of NA&ells. When wild-typéa299R cells were compared to auxin-
deficient mutants, population mean fluorescence of induced 299R cells was amglyifi21%)
higher than that of the NAAtrainPaMX149 at one hpi, though the proportion of induced cells
was similar. In each case, auxin treatments displayed a transient géviargagar acquisition
between 1-5 hours, but this relative advantage disappeared by 10-24 hpi, as initisdsargasr
were consumed and the biosensor populations of bothaanxihauxintreatments returned to a
GFP-negative state.

Although microscopy experiments showed no significant differences between adaman-
deficient treatments at later experimental time points, a flow cytgraggreriment (which
benefited from much higher sample sizes) suggested that subtle differences iavsilgbility
may persist even beyond the first few hours after inoculation. When observegiditaurs on
bean leaves, population mean fluorescence of wildPg299R was 4% lower than that of
bacteria expressing an extra copy ofifthC gene under its native promoter; in turn, the
PaMX149mutant reported 3% lower mean induction than did the wild-type. These empirical
observations are in the range of the 7% net carbon advantage predicted byeBahi(998),
and roughly mirror the 7% decline in sucrose sensing detected by the p6hiogieesor in the
presence of auxin.

Given the specificity and range of the pFru46 bioreporter, it is unsurprisingrilyagmall
differences in fructose availability were detected between haxith auxintreatments. Although
the sensor is exquisitely responsive to fructose availabiliytro (with sensitivity reaching as
low as~2uM fructose), it is also induced by other sugars—particularly sucrose, wbioteis
the reporter with only 2-fold less sensitivity than fructose (Figure 29; uestesl, 2001a).

Thus, although pFru4ié a good reporter of overall carbon availability, it is a sub-optimal tool
for elucidating dynamic partitioning between sucrose and fructose on thedi@akes In mixed-
substrate environments such as the leaf surface, increases in fructosslivatald be
obscured by unrelated fluctuations in sucrose availability—or, crucially &dys®&A-induced
declinesin sucrose availability. Given that we observed an increase in fructosagdespite

38



the observed decreases in sucrose sensing indicated by the p61RYice biorepater, w
reasonably confident in asserting that phyllosphere fructose availabdigeises in the presence
of auxin. However, follow-up studies that employ more detailed chemical technmtrack
changes in leaf surface sugar profiles could generate more precise tjuam#imates of how
bacterial IAA modifies carbon availability in the microbial habitat.

Bacterial IAA facilitates carbon acquisition by resource conversion

Cumulatively, the experimental data presented here support the hypothesisteéraIbaA
production by phyllosphere epiphytes decreases bioavailability of sucrose,rbates
bioavailability of fructose. In conjunction with previous reports that auxin stinsutafgd,
localized plant apoplastic invertase activity (Roitstlal, 2004; Morriset al, 1984; Morriset
al., 1986), this pattern suggests that bacterial auxin may activate planasegdriving
cleavage of the disaccharide sucrose into its component monosaccharides, glucaszcsed f

This begs the question of why bacteria would expend cellular resources to giadlusenply

to transform one metabolizable sugar (sucrose) into another (fructose oegllrcaddition to
the energy, carbon, and amino acids required to induce transcription and translation of the
indolepyruvate decarboxylase enzyme, subsequent IAA biosynthesis would geplstef
tryptophan in the cell—making auxin biosynthesis a potentially costly metabolic bod®dogg

Several hypotheses could explain the adaptive value of IAA-mediated resonuegsion.
Perhaps the most obvious is that invertase-mediated cleavage of apoplasse puevents
phloem loading by sucrose-specific transporter proteins, thereby incrsagiggconcentrations
in the apoplastic compartment. Decreasing vascular sink strength viarciilaggiwhich also
impedes phloem loading, was found to increase the concentration of apoplastic shgai0Ow
60 minutes of application iicia faba(Ntsika and Delrot, 1986%pinacea oleraceand
Symphytum officinalleaves (Voitsekhovskagt al, 2000). Furthermore, a variety of fungal and
bacterial pathogens stimulate activity of extracellular invertdsgag pathogenesis, which
promotes source-to-sink transition and improves local access to photoassifBitedtet al,
2006). It remains unclear whether invertase activity is orchestratéa fasyviading pathogen for
its own benefit, or is induced by the plant to provide a ready source of hexose to fggl ene
intensive defense responses and provide metabolic feedback signals to the hdss i et
al., 2008; Kocalet al.,2008; Bonfiget al.,2010). Nonetheless, cell wall invertases play a crucial
role in determining source/sink balance and apoplastic sugar availability, gritlerefore
represent a carbon acquisition strategy for epiphytic organisms, as wetl@shytic pathogens.

Another possibility is that monosaccharides may diffuse more easilg#imesucrose from the
plant apoplast to the leaf surface. Derridj (1996) reported that glucose cowdherosaize leaf
cuticle fivefold more quickly than sucrose. Given that cuticle permeapogs a significant
barrier to carbon diffusion from the plant apoplast to the leaf surface (Derridj, 1886)ay
enhance epiphytic carbon bioavailability by stimulating transformation tigsisible plant
photoassimilates into glucose, to which the cuticle is more permeable. A resooveesion
strategy may therefore support more effective mobilization of carbondswacteria. (This
could also explain why bacteria would employ the small, diffusible molé&deo stimulate
plant invertases across the cuticle, rather than simply producing their owaseyevhich
would be unable to diffuse into the apoplast.) Interestingly, this hypothesis wouldtdhgties
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the effectiveness of bacterial IAA production may be environmentally tondl, as solute
mobility through the plant cuticle is temperature-dependent, increasind.B-fold for each
10°C increase in temperature (Schonle¢ml, 1996). As such, both diffusion of IAA into the
apoplast and the reciprocal diffusion of apoplastic solutes to the leaf surface whigtidreat
elevated temperatures. Bacterial IAA production may therefore beaglaptiigher, but not
lower temperatures.

Alternatively, bacteria may simply be able to use glucose and fructossadsoa source more
efficiently than they can use sucrose. Experiments described here shggesdthough net
bacterial growth after 48 hours is similar on all three carbon sources,ghibese or fructose
supports more rapid induction of bacterial cell division than does sucrose, watteualifél

growth most pronounced during the initial 6-24h after inoculation. This period of enhanced
vitro proliferation is similar to the period during which the majority of bioavailabtgars are
consumed by phyllosphere bactanalanta(Miller et al, 2001), as well as the period during
which wild-type Pa299R cells experience enhanced fitness relative to an I1AA-deficient mutant
when growing on leavg8randlet al, 1998).

The relatively rapid induction ¢ta299R growth using fructose or glucose as a carbon source
may result from regulatory differences between the metabolic pathwayousedk down

these sugars versus sucrose. As a close relatizeaaili, Pa299R likely absorbs glucose and
fructose via PEP-phosphotransferase (PTS)-mediated uptake under the combtzslof g
metabolic regulators (Deutschadral, 2006). Sucrose is also presumed to be absorbed via PTS-
mediated uptake, #a299R was found to harbor a functional, genosticoperon (data not
shown). But, rather than being under the control of global regulatorsgitbperon is only
conditionally induced: based on characterizatioklgbsiella pneumoniae, Salmonella
typhimuriumandErwinia amylovora(Cowanet al., 1991; Aulkemeyeet al, 1991; Bogt al,
2000), thescrKYABRoperon is autoinductively regulated—selectively derepressed in the
presence of the sucrose metabolite fructose-6-phosphatecildgenes are believed to exhibit
similar autoinductive regulation iRa299R, based both on strong homologgdtooperons in
better-studied organisms and on the induction pattesardfased P61RYtir sucrose biosensors,
which exhibit a strongly bimodal distribution in the presence of sucrose. akigwerpreted to
be a result of a dose-dependent proportion of cells rapidly becoming fully induceganse to
sucrose, while the remainder of the cell population remained uninduced @fl#ler2001).
Duringin vitro growth experimenta299R’s initial growth delay may therefore be attributable
to an operon induction lag, asr gene transcription and translation is initiated on a low-
frequency, stochastic basis within the cell population. By later time poithtsy e entire
population would eventually become induced, orstranduced subpopulation would have time
to consume all of the sucrose. In either case, net bacterial cell doublingsultouately be
comparable between sucrose-grown cells and the more rapidly consumed frarcgbhseose-
grown cells. Future monitoring str gene expression during bacterial growth on various carbon
substrates could be undertaken to test this hypothesis.

In addition to operon induction lag, another possibility not directly investigated iwainksis
catabolite repression (Deutscher, 2008)Staphylococcus xylosugiucose was shown to
represscr-mediated sucrose utilization via the global catabolite control protein A (CcpA
ensuring preferential consumption of glucose in mixed-substrate environidemits\(icet al.,
2007). Glucose is an important component of bean leaf-surface carbon reservoirer@f@ici
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2000); assuming th&a299Rexhibits similar patterns of catabolite repression, the ability to
consume sucrose might be repressed in the phyllosphere. Although catabolitmebres not
been studied directly iR. agglomeranghe scroperon of the related enterobacterial strain
Erwinia amylovoraexhibits catabolite repression in the presence of glucose @ad;is2000),
and the related eucalyptus pathogamtoea ananatisontains a CcpA homolog (Maayetral.,
2010). Assuming that the presence of glucose suppresses sucrose metabolisneai dloeih-
mediated resource conversion may ensure that sucrose reserves that wouldeotftenmused
in a mixed-carbon environment can be accessed rapidly. In the faturep experiments with
mixed carbon sources could establish whether catabolite repression oda299R, and how
it might affect growth on the leaf surface.

In a phyllosphere context, the results presented here suggest that symexsentse a less-
accessible carbon source fe299R during the initial hours of arrival on the leaf surface,
perhaps due toatabolite repression or induction lag of the sucrose metabolic operon. Thus,
although bacteria with access to disproportionately more glucose askeugbuld not
experience any net growth advantage over long periods of time, they would demiwe-term
advantage by inducing growth more rapidly upon onset of growth-permissive conditiasic Cla
r-selection theory suggests that IAA-mediated resource conversion woadhpve under
high-disturbance conditions where rapid, opportunistic proliferation was favonehig\set al,
1986). With its rapid shifts in temperature, UV exposure, water availability, and othe
environmental conditions, the phyllosphere fits this description. For examplel ébdél(2002)
showed that freshly inoculated bacteria experienced decreased water lgtyaitdhin 5-30
minutes after inoculation on®®. vulgarisleaves. With growth constrained by such brief
intervals of environmental hospitality, adaptations that effectively reldggghase by conferring
earlier, more rapid initial proliferation can be expected to contribute sigmilycto fithess
(Lenski, 1998).

Proposed model

Based on these observations, we propose the following model (Figure 30). Phy#idsgdteria
synthesize IAA, which diffuses into the plant across the leaf cuticleng &ontinuous aqueous
films into nearby stomata. In the plant apoplast, microbially derived IAAaate with auxin-
specific plant receptors such as ABP1 at the plasma membrane. The restiltatpaof H
ATPases is both rapid and localized—acidifying the apoplast, stimulatingyaoficell wall
invertases, and driving hydrolysis of sucrose into glucose and fructose. Apogligstrs diffuse
onto the leaf surface, where the shift in carbon content—increased monosacaczalathdity

at the expense of sucrose—enhances bacterial fithess. This adaptive advantagsenby
favoring more diffusible sugars, thereby enhancing carbon transit to the pagdoply shifting
the bioavailable carbon profile away from sucrose to more rapidly metabolizableces
(glucose and fructose); or by altering the plant environment in some other manner.

Future research might directly probe this model by testing the involvement b¥@uiant

targets using knockout mutants. Although study of the putative auxin receptor ABP1 gvas lon
hampered by embryo lethality of null mutants, generation of inducible RNAI knockdown
mutants inN. tobaccanow facilitates such investigation (Siemetsl, 2010; Essmanet al,
2008). If bacterial IAA elicits plant responses via ABP1, then auxin-dependienedces in
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carbon availability and bacterial fithess should disappear when bactemoaunlated onto
ABP1 leaves.

Similarly, a variety of plant invertase knockout mutants are now availadeigh preliminary
inoculations of sugar biosensors onto three diffeferthalianacell-wall invertase mutants
revealed no robust IAA-mediated effectsAmabidopsisCol-0, this observation does not rule out
the role of leaf invertases in mediating bacterial carbon acquisition. Wigutkve homologs

in theA.t. cell wall invertaseAtcwINV)gene family (Shersoet al, 2003), functionally

redundant homologs could complement individual gene knockouts. (Indeed, the very fact that
single-gene knockout plants exhibit only mild phenotypic irregularities suggessts tha
complementation may occur.) Based on published reports, complementation seembkatom
unlikely—the six genes have spatially and developmentally distinct expmgssiterns, and only
AtcwINV1(At3g13790)AtcwINV3(At1g55120), anditcwINV6(At5g11920) were reported to

be expressed in leaves (Shersbal, 2003); of these three gen@scwINV3andAtcwINV6

were found to be fructan exohydrolases with no invertase activity (de Ratiat, 2004). (A
single-knockout mutant of the only remaining foliar-expressed candidateAjem#NV1,was
tested here, as were the largely flower- and seed-expragseliNV2and4.) However, despite
this apparent lack of expression overlagwINV4was also reported to exhibit low levels of
expression in seedlings; gene complementation remains a formal posdvhilitiple-knockout
mutants should therefore be tested to see whether IAA-dependent changes sessing
emerge when functionally redundant plant genes are eliminated.

Alternatively,Nicotiana tabacuniines with inducible, RNAi-mediated silencing of cell wall
invertases have been generated and used to investigate plant-pathogeioimg@ieimenst
al., 2010; Essmanet al, 2008); these plants might also be used to probe trends in carbon
acquisition by IAA-producing bacteria. Exogenous chemical inhibitors cosidoa employed
to interfere with invertase activity (Huaegial, 2007).

IAA-mediated fitness benefits may be context-dependent

Other questions raised by sugar-sensing experimems thialianainclude the extent to which
IAA-mediated bacterial interactions vary depending on the plant host, or on environmenta
conditions.

Regarding host specificity, preliminary results suggested that-sediated trends in sugar
sensing detected dh vulgarisplants were not sustained on the wild-typ#halianaecotype
Columbia-0. One possible explanation for this result is the presence of 14 putabixé cwli
inhibitor proteins in thé\. thalianagenome (Huangt al.,2007). At least one of these proteins
has been shown to localize to the apoplast, where, under acidic conditions (maxinaiynadcti
pH=4.5), it inhibits invertase activity by competitively excluding sucrose the enzyme’s
active site (Hothormt al, 2010). Although the presence of invertase inhibitors has not been
studied inP. vulgaris similar proteins were described in tobacco and tomato (Grefirady
2000). Variation in the presence or regulation of invertase inhibitors betweenrdifitznet
species could therefore alter the dynamics of bacterial IAA-mediatedase activation in the
plant host. Inter-species variation in the kinetics of carbon transit through theshpogjaalso
explain differences in IAA-mediated carbon acquisitidnthaliana,for example, appears to
clear perfusions of exogenous carbon from its intercellular spaces muchapidig than does
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P. vulgaris(E. Ramos, pers. comm.). Such overall reductions in sugar availability could
minimize the effect of bacterially derived IAA on bacterial carbon atiipm in plant species
with rapid clearance of apoplastic nutrients.

In addition to being host-dependent, fithess benefits derived from bacterial auxintiomodusy
also be seasonally dependent. Our data indicated seasonal fluctuations inlihe d@seint of
sucrose available to microbes on the leaf surface, with repeated leabirmtekperiments
reporting progressively lower sugar concentrations as summer pedjiegswinter (Figure 3).
(Based on follow-up experiments, declines in light availability seencpktly likely to yield
diminishing concentrations of leaf-surface sugars.) As phyllosphere cavhtent is presumed
to arise from passive diffusion of apoplastic solutes, seasonal changes at seféee
probably reflect underlying shifts in apoplastic carbon content.

It is unclear whether such shifts in apoplastic carbon concentration arisecieanal declines

in source cell productivityi.e. a decline in sucrose export from mesophyll cells to the apoplast)
or from increased export to sink tissues. {ncreased uptake of photosynthate from the apoplast
into the vasculature). However, it is intriguing that, although co-inoculatiitnéa25mM

sucrose was expected to maximally induce the biosensor across all expgritreetreatment
instead exhibited significant seasonal declines (Figure l1a; FiguEssntially, plants appeared
to absorb exogenous sucrose more strongly in the winter than in the summerg yostein
biosensor induction at the leaf surface; this suggests that vascular sink strengtbresse

during the winter months, perhaps to improve scavenging of photosynthate needed to sustain
sink organs during periods of reduced primary productivity.

Increased sink strength could be caused by increased activity of sucrogerteaagsesponsible
for phloem-loading at major and minor veins of the leaf. Although seasonal flocsiafi

sucrose transporter activity has not been investigated specifically, lseseachers have
reported environmental regulation of proton-sucrose symporter proteins in leavegample,
transcription of the SUT1 and SUT4 transporters was shown to exhibit diurnal mstsliat
Solanum tuberosumvith maximal expression during the middle of the light period (Chincinska
et al, 2007); similar results were obtained in tobacco and tomato (&udin 1997).

Additionally, light was required for activation of AtSUC2 during major vein developmetit
tabacum(Wright et al,, 2003), indicating that in addition to environmental regulation, light may
play a broader developmental role in orchestrating the source-to-sinkidrairsleaf

vasculature. Environmental conditions may therefore influence the activity phkbem-

loading machinery, perhaps increasing activity during the fall and winter.

Seasonal changes in phloem uptake capacity might therefore explain vitgvtK&49 sucrose
biosensor detected less sugar on winter-grown bean leaves: as phloem sink sicezagid,
apoplastic sucrose concentrations decreased, along with the quantity of sutweseydi the
leaf surface. But what accounts for titessencef seasonal sucrose declines on leaves treated
with auxin? (NAA-treated cells, for example, consistently reported aroufiic@Guclei/cell, or
roughly 2x10°M sucrose, yielding no significant decline across experiments.) Thanetjsin
most likely lies in auxin-mediated stimulation of invertase activity: irpttesence of NAA,
whatever apoplastic sucrose is present (whether high concentrations in ther surtow
concentrations in the winter) is cleaved to glucose and fructose, minimizingjsabte
induction of bacterial sucrose biosensors. The presence of weakly inductive, bisigars
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(Miller et al, 2001) plus residual leaf surface sucrose could account for the remaining, low
induction values observed across seasons. As with exogenous NAA, the relatively lowe
concentrations of IAA generated by wild-typa299Rappeared sufficient to drive hydrolysis of
excess sucrose in the summer months, negating any seasonal decline in sosirugétiseugh

a shallow decline was discernable, it was not statistically signifidantpntrast, the auxin-
deficient mutanPaM X149 was unable to modify basal sucrose availability via plant invertase
activation, and therefore experienced high levels of sucrose during the suronties,mvhich
declined significantly in the winter.

This interpretation suggests that, in the context of auxin-mediated resourcesmm\seasonal
declines in sucrose availability might render IAA production maladaptivagitire dimmer
winter months. Although the presence of auxin resulted in large declines in ssemesey
relative to thePaM X149 mutant on sucrose-rich summer plants, relative differences between
auxin” and auxintreatments progressively shrank as baseline sucrose levels fell, dyentual
declining below significance late in the season. This suggests that the@kcetapense of IAA
production yields progressively smaller effects as sucrose avajlaaklines—presumably
because plant cell wall invertases targeted by bacterial IAA leagealvailable substrate to
convert to fructose and glucose.

Summary

By observing reporter activity of sugar-inducilBla299R biosensors inoculated with or without
auxin ontoP. vulgarisleaves, we found that bacterial IAA alters carbon availability to
phyllosphere bacteria. Whether provided by endogenous bacterial IAA biosyrithes-
inoculation of exogenous NAA, auxin reduced sucrose availability and increaseddructos
availability to biosensors on the leaf surface. These complementary trendststggbacterial
auxin may activate plant cell wall invertases to promote conversion of stcrglseose and
fructose, although preliminary experiments testing this hypothesis Asthglianainvertase
mutants were inconclusive. Such a resource conversion strategy might bertefiakia/
increasing carbon availability during crucial early hours of growtim agro experiments
suggested th&®a299R can initiate growth more rapidly when using glucose or fructose as a sole
carbon source than when using sucrose. Alternatively, increasing the monadatsiaose
ratio may increase local apoplastic carbon concentrations by preventiog eiksugars via
sucrose-specific phloem loading. However, invertase activation may repassamditionally
adaptive approach, as environmental factors, including seasonal conditionsitéigbity, host
plant identity, and the frequency of environmental disruption, are all expected to ihgact t
success of IAA-mediated resource conversion as a strategy for carbasitenqui
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Figure 1. Phylloplane sugar availability is affectsdenvironmental variables.
Sucrose availability to bacterial biosensors waghdt on leaves grown under long-
day (summer) conditions than under short-day (wirtenditions (A). In another
experiment, sucrose availability was significartigher under high-light conditions
than low-light conditions, but exhibited no sigodnt difference between hot and cool
conditions (B).
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Figure 3. The presence of auxin decreases sugdalaility to sucrose-inducible
bacterial biosensors in the phyllosphere. Repaitgvity of the IAA-deficient mutant
PaMX149 (open circles),PaMX149 co-inoculated with 100uM NAA (closed circles),
and the wild-typePa299R were compared (squares); MX149 co-inoculatéid wi
exogenous sucrose was used as a positive comtaolgles). Reporterle$2aM X149
was used as a negative control and exhibited minaciavity in all experiments (data
not shown). Results from 5 experiments are sumndéraeanged by experimental
date (A). Each data point represents a single leaf
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Figure 5.P. agglomerangp61RYtir) sucrose biosensor strain 299R (or its ésogy

IAA- mutant derivatives MX149 and XYLE ) were inocuddt onto bean leaves, then
assayed by flow cytometry fgfpinduction at 24hpi. Buffer-inoculated leaves, a
nonfluorescent 299R (p61RYice) negative control, emaistitutive-GFP 299R
(pKTbla) positive control are also shown. For eaelatment, the percentage of GFP-
negative (RN2) and GFP-positive (RN1) particles irhgaapulation is indicated;
mean GFP fluorescence (x) of each peak is depiatpdrentheses.
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Figure 7. IAA-deficient mutants of Pa299R sense significantly more sucrose thanafter
24 hours on bean leaves. Mean cellular fluorescence of each strain’s GFP-positive cell
populations are shown with 95% confidence intervals; one-way ANOVA results of
sucrose sensing flow cytometry are shown above.
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Figure 8. Neither endogenous nor exogenous auxin exerted a consistent effect on
sucrose sensing by P. agglomerans bacteria, due largely to failed induction of the
p61RYtir biosensor. Percent GFP-positive cells (A) and mean GFP fluorescence
intensity of the GFP-positive population (+S.D.) (B) are shown for auxin-deficient
PaMX149 and PaXYLE bacteria and the wild-type Pa299R parent strain, each
coinoculated with buffer, NAA, or exogenous sucrose (legend at top right); negative
control (MX149) and constitutively fluorescent positive control (pKTbla) treatments
are also indicated.
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Figure 10. Sample flow cytometry data from one experiment, in which the Pa299R
(pFru44) fructose biosensor was inoculated onto bean leaves with or without 100uM
NAA. Histograms of cellular fluorescence are shown for the 0-hour pFru44 biosensor
inoculum; and at 24 hpi for positive and negative controls, 3 replicate inoculations
with OuM NAA, and 3 replicate inoculations wth 100uM NAA. The percentage of
GFP-negative (RN1) and GFP-positive (RN2) particles in each population is indicated;
mean GFP fluorescence (x) of each peak is depicted in parentheses.
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Figure 12. Distribution of cellular fluorescence in nonfluorescent negative and

of GFP-positive cells in the population, and the number
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constitutively fluorescent (pKTbla) positive controls cells harvested from bean leaves.
of harvested cells are indicated to the right of each histogram.

Mean cellular fluorescence, %



5hpi

3hpi
1810.60+1022.10
86.07% positive

Mon WMM M W. Nmmo.wmw m 6aEE'ErEE
n i 2 0 118272608
2 AR 13 :
h 052 o 2 S mfo_ ST
% Hox et N @ 0TTTrE. E
o0 o % < o | O £2050602 & o]
e z0z ) IR : m o
i SEr 15 SRS
I \ 0€T — e |l €T n
= \ 90T W_A = > \| vere'ssor o
2 28 8 N 288L°2€8 o
\ 12285 99v1°8.5 | orezuss
T e /%%%W&é =

90
80
0
60
50
L}
kil
20
0

0
0
60
50

=3 B

and 7hpi.
distribution among harvested bacteria is shown; mean

% positive
n=
positive

%

1607.93+966.81
17

el Fuorescence (WP)
CellFlorescence (P)

1623.27+897.73
CellFurescence (VPI)

93.48

X=

X

X

| 6688'S6S
GES6'SYE

~ G980'865
0L0€'8YE

cellular fluorescence, the percent of GFP-positive cells
in the population, and the number of harvested cells

Figure 13. PaMX149 (pFrud6) fructose biosensors were
are indicated to the right of each histogram.

inoculated onto bean leaves. then assayed for gfp

induction at 0, 1, 3, 5,

Sq0 40 ON

V6EB'SLLE

63

1hpi

o lu S.mmwm - U~ \ H 825€085E
Q W H — .W o M.o .W y / 2998'782€ m ‘m_./ % W M
N ﬂ_ ﬂ w - _Q/J w F | 966608 W w cEm
) | @
m m- < N seorvosicz —.ﬂ_ o 92 H_ Q M ﬂ N.o_ m. g
~ o
00 o A ossosLveve = - X v n S g =39 X
n N N B ) T2 : O E3 = o — 9
S 8 D < < 8 Q. HE=}
DN STz § n . 6T < - i < .W & \n
H 0 g n % o M (9] g S Lo
- N s I Tk ° s %
) N 0LET 3 43 x +
x i 625201 ot m::
/m LYTEvSELO 165 mwm Mu..
£
AN  gorzezeze - /m0zee | MMHMMM

SO Jo ON

VVN-

50 Jo ON

VVN+

S0 J0 ON

u:m+

Cell Fluorescence (MPI)



100% -~

80% -
S
£ 60% —&—pFru46 (-NAA)
[«]
: == pFru46 (+NAA)
[
g 40% - pFru46 (+SUC)
=== pKTbla
20% -
= M X149
O% 1
0 1 3 5
Hpi
3500 -
E 3
B 3000 -
2500 -
i~
2 2000 -
c
2 1500 4 =&—pFru46 (-NAA)
[}
-§ ——pFru46 (+NAA)
= 1000 -
a pFru46 (+SUC)
o
500 - =>&=pKTbla
o _
-500 . . . .
0 1 3 5
Hpi

Figure 14. Coinoculation with exogenous NAA allows faster access to phyllosphere
sugars by fructose biosensor bacteria. Percent GFP-positive cells (A) and mean GFP
fluorescence intensity of the GFP-positive population (£S.D.) (B) are shown for auxin-
deficient PaMX149 (pFru46) bacteria coinoculated with buffer, NAA, or exogenous
sucrose; negative control (MX149) and constitutively fluorescent positive control
(pKTbla) treatments are also indicated. Mean + 1 S.D. are indicated; *= a statistically
significant difference between NAA+ and NAA- treatments (p<0.001).
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Figure 15. The Pa299R (pFru46) fructose biosensor strain (or its isogenic, IAA- mutant
derivatives MX149 and XYLE ) was inoculated onto bean leaves., then assayed by flow
cytometry for gfp induction at 24hpi. For each treatment, the percentage of GFP-
negative (RN2) and GFP-positive (RN1) particles is indicated; mean GFP fluorescence
(x) of each peak is listed in parentheses.
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Normal P-Plot: (GFP+) MX149
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16. Distribution histograms (left) and normal probability plots (right) of relat

GFP fluorescence intensity among individual GFP-positive cells harvested from bean
leaves at 24hpi (GFP-negative particles not shown). The fructose-inducible GFP

reporter pFru46 was expressed in the auxin-defic

igure

PaXYLE (B), wild-type Pa299R (C) and Pa299R pMB2, which bears an extra copy of the

ipdC gene under its native reporter (D).
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Figure 17. At 24 hpi, bacterial strain exerts a significant effect on mean fluorescence
induction in pFrud6 fructose biosensors inoculated onto bean leaves. Mean cellular
fluorescence of GFP-positive cells (as measured by flow cytometry) and 95%
confidence intervals are shown for wild-type Pa299R, its IAA-deficient mutant
derivatives MX149 and XYLE, and the IAA-overexpressor 299R (pMB2); letters indicate
significantly different mean GFP inductions.
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treatment). For each sample, the total N, % GFP-positive cells, and meanzS.D. of the GFP-
positive population are shown. The curve represents the calculated normal distribution.

Figure 18. Histograms describe the distribution of GFP fluorescence intensity among

PaMX149 (WT) and PaMX149 (pKTbla) cells inoculated onto bean leaves. The
fluorescence threshold for GFP-positive cells is indicated (top right, Ohpi of each
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treatment). For each sample, the total N, % GFP-positive cells, and mean#S.D. of the GFP-

positive population are indicated. The curve represents the calculated normal

Figure 19. Histograms describing the distribution of GFP fluorescence intensity among
distribution.

PaMX149 (pFru46) and Pa299R (pFru46) cells inoculated onto bean leaves. The
fluorescence threshold for GFP-positive cells is indicated (top right, Ohpi of each
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Figure 20. Normal probability plots of the distribution of GFP fluorescence intensity
among PaMX149 (pFru46) and Pa299R (pFru46) inoculated onto bean leaves.
Normality of the GFP-positive cell population only (data not shown) was assessed via
the Kolmogorov-Smirnov test; results are shown in the top-left of each plot.
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Figure 21. Endogenous IAA increases access to phyllosphere sugars by fructose
biosensor bacteria at 1 hpi. Mean GFP fluorescence intensity of the GFP-positive cell
population (+S.D.) (A) and the percentage GFP-positive cells(B) are shown for Pa299R
(pFru46) and its auxin-deficient mutant derivative PaMX149 (pFru46); negative
control (MX149) and constitutively fluorescent positive control (pKTbla) treatments
are also indicated. Means + 1 S.D. are indicated; *= a statistically significant difference
between MX149 and 299R (p<0.001).
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Figure 22. Induction of PaMX149 (p61RYtir) fluorescent sucrose biosensor bacteria
inoculated with or without NAA onto wild-type Arabidopsis thaliana or 3 A.t. cell wall
invertase mutants. The proportion of GFP-positive cells (A) and mean cellular
fluorescence £1S.D. (B) are shown.
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Figure 23. Induction of PaMX149 (pFru46) fluorescent fructose biosensor bacteria
inoculated with or without NAA onto wild-type Arabidopsis thaliana or 3 A.t. cell wall
invertase mutants. The proportion of GFP-positive cells (A) and mean cellular
fluorescence +£1S.D. (B) are shown. *= a significant (p<0.01) difference between NAA+
and NAA- treatments on a given host plant.;
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Figure 24. Growth of Pa299R cells grown in varying concentration of sucrose, glucose,

or fructose after 4.5( A) or 8 hours in culture (B). (n=1)
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Figure 25. Growth of Pa299R cells grown in varying concentration of sucrose, glucose,
or fructose after 24 (A) or 48 hours in culture (B). Graphs depict mean % 1 standard
deviation (n=3).
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Figure 26. Growth of Pa299R cells grown in varying concentration of sucrose, glucose,
or fructose for 72 hours. Graphs depict mean + 1 standard deviation (n=3); each
graph represents an independent experiment. (A-G)
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Figure 27. Survival of Pa299R cells cultured in the presence of cycloserine with
varying concentrations of sucrose, glucose, or fructose after 6.5 (A), 12 (B), or 30 (C)
hours of culture.
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Figure 29. Dynamic ranges of the p61RYtir and pFru46 biosensors to sucrose and
fructose (Miller et al., 2001; Leveau et al., 2001a). The anticipated range of IAA-
induced changes in sugar availability is indicated as a gray vertical bar.
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Figure 30. Proposed model of bacterial auxin action in the phyllosphere. Bacterial IAA
diffuses across the cuticle into the plant apoplast, where it activates apoplastic cell
wall invertases (cwinv). Invertases cleave apoplastic sucrose as it transits from source
mesophyll cells into the vasculature. By converting photosynthate into glucose and
fructose, invertases divert transport photosynthates into monosaccharide pools
before they can be loaded into the phloem by sucrose-specific transporter proteins
(SUTs). The altered ratio of apoplastic sugars yields a relative increase in the
proportion of glucose and fructose that diffuses to the leaf surface (bold arrows), and
a relative decrease in the proportion of sucrose available for diffusion or phloem
loading (dashed arrows).
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Treatment Slope r p r2

p61RYice + Sucrose -0.005 -0.73 <0.001 0.53
p61RYice -0.003 -0.57 0.010 0.33
299R -0.001 -0.21 0.445 0.04
p61RYice +NAA 0.001 0.15 0.550 0.02

Table 1. Correlation and regression analysis of mean sucrose sensing versus time

across five replicate experiments.
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Experiment # Experiment Estimated Insolation

(mm/dd/yyyy) (W/m?)

1 06/12/2009 483.53

2 06/16/2009 484.19

4 09/16/2009 456.89

5 11/18/2009 201.53

6 01/21/2010 200.22
Figure Xa 05/03/2010 445.61
Figure Xb 09/19/2010 349.75

Table 2. Estimated insolation on the day of experiment and mean temperature in the
weak preceding to plant-inoculation experiments. Insolation values were used as
covariates for ANCOVA analysis of biosensor experiments using the ice nucleation
sucrose bioreporter.
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Univariate Results for Each DV (Spreadsheetl)
Sigma-restricted parameterization
Effective hypothesis decomposition

Degr. of mean mean mean mean

Freedom |log(inaz/cell) log(inaz/cell) log(inaz/cell) log(inaz/cell)
Effect SS MS F p
Intercept 1 341.8745 341.8745 2029.107 0.000000
Treatment 1 1.1127 1.1127 6.604 0.024554
Hpi 3 34.6642 11.5547 68.580 0.000000
Treatment*Hpi 3 0.4068 0.1356 0.805 0.514979
Error 12 2.0218 0.1685
Total 19 38.6182

Table 3. Multivariate ANOVA of PaMX149 (p61RYice) Biosensor Induction on Bean
Leaves Over Time
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Contrast Estimates (Spreadsheetl)

Dependent variable: mean log(inaz/cell)

Estimate | Std.Err t p -95.00% | +95.00%
Contrast Cnf.Lmt | Cnf.Lmt
Ohpi (NAA+ vs NAA-) 0.403 0.580 0.694 0.501 -0.862 1.668
3hpi (NAA+ vs NAA-) 0.180 0.335 0.537 0.601 -0.550 0.910
7hpi (NAA+ vs NAA-) 0.898 0.335 2.679 *0.020 0.168 1.628
24hpi (NAA+ vs NAA-) 0.629 0.335 1.876 0.085 -0.101 1.359

Table 4. Contrast Estimates of PaMX149 (p61RYice) Biosensor Induction on Bean
Leaves at Individual Time Points
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D.F. log(inaz/cell) log(inaz/cell) log(inaz/cell) log(inaz/cell)

Effect
SS MS F o]

Intercept 1 92.80726 92.80726 399.9879 0.000000
Insolation
(W/m?) 1 1.21496 1.21496 5.2363 0.026136
Treatment 2 36.05479 18.02739 77.6959 0.000000
Error 53 12.29733 0.23203
Total 56 49.56741

Table 5. ANCOVA analysis of four experiments comparing sucrose sensing of the IAA-
strain PaMX149 (p61RYice) inoculated onto bean plants with or without 100uM NAA
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Source Sum of Squares D.F. Mean Square F ¢]
Effect 3.55455 1 3.554555 15.32039 0.000261
Error 12.29678 53 0.232015

Table 6. Planned comparison between NAA+ and NAA- sucrose biosensor samples
using contrast coefficients
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D.F. | Log(inaz/cell) | Log(inaz/cell) | log(inaz/cell) Log(inaz/cell)

Effect
Ss MS F p

Intercept 1 83.14162 83.14162 379.3471 0.000000
Insolation
(W/m?) 1 0.89938 0.89938 4.1036 0.048883
Treatment 2 22.01594 11.00797 50.2257 0.000000
Error 44 9.64349 0.21917
Total 47 32.55882

Table 7. ANCOVA analysis of four experiments comparing sucrose sensing by wild-
type Pa299R with its isogenic, IAA- knockout strain PaMX149
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Source Sum of Squares D.F. Mean Square F ¢]
Effect 1.630371 1 1.630371 7.438833 0.009135
Error 9.643493 44 0.219170

Table 8. Planned comparison between 299R (p61RYice) and MX149 (p61RYice)
biosensor activity on bean leaves using contrast coefficients
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Tukey HSD test; variable GFP Fluorescence Intensity (FL1) (Spreadsheetl)
Approximate Probabilities for Post Hoc Tests Error: Between MS = 44986., df =

5742.0
Strain {1} {2} {3}
1 | Pa299R 0.000022 | 0.000022
2 | MX149 0.000022 0.000022
3 | XYLE 0.000022 | 0.000022

Table 9. One-way ANOVA of sucrose sensing flow cytometry; post-hoc analysis with
Tukey’s HSD test showed significant (p<0.001) differences between all treatments
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Univariate Tests of Significance for mean log(inaz/cell)
Sigma-restricted parameterization
Effective hypothesis decomposition

SS Degr. of MS F p
Effect Freedom
Intercept 1572572 1 1572572 5046.028 0.000
Treatment 27 1 27 0.087 0.776
Hpi 1311049 3/ 437016 1402.287 0.000
Treatment*Hpi 9451 3 3150 10.109 0.004
Error 2493 8 312

Table 10. Multivariate ANOVA of Pa299R (pFru44) Biosensor Induction on Bean

Leaves
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Contrast

Contrast Estimates (6.12.09 NAA coinoculation spreadsheet.stw)
Dependent variable: mean log(inaz/cell)

Estimate | Std.Err t p -95.00% | +95.00%

Cnf.Lmt | Cnf.Lmt

3hpi (NAA+ vs NAA-)
7hpi (NAA+ vs NAA-)

24hpi (NAA+ vs NAA-)

-15.3850 | 17.65349  -0.87150 0.408873 | -56.0940 25.3240
-53.8400| 17.65349 | -3.04982  0.015825| -94.5490| -13.1310
79.6400 17.65349  4.51129 0.001972 | 38.9310 120.3490

Table 11. Contrast Estimates of Pa299R (pFru44) Biosensor Induction on Bean Leaves

at Individual Time Points
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Univariate Tests of Significance for MPI (GFP+ Only) (4.22.10 Best Statistica spreadshe

Sigma-restricted parameterization
Effective hypothesis decomposition

SS Degr. of MS F p
Effect Freedom
Intercept 1.015635E+09 1 1.015635E+09 | 1221.706 | 0.000000
Hpi 1.768148E+08 3| 5.893826E+07 70.897 | 0.000000
Treatment 2.116903E+06 1 2.116903E+06 2.546 0.110726
Hpi*Treatment 4.331958E+07 3| 1.443986E+07 17.370 | 0.000000
Error 1.443180E+09 1736/ 8.313249E+05

Table 12. Multifactorial ANOVA results of fructose biosensor induction on bean leaves
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Cell No. 180.46 180.46 1159.6 1259.2 1810.6 1607.9 1368.0 1903.5

Tukey HSD test; variable MPI (GFP+ Only) (4.22.10 Best Statistica spreadsheet - FF area background correct.sta)
Approximate Probabilities for Post Hoc Tests
Error: Between MS = 8313E2, df = 1736.0

Hpi | Treatment {1} {2} {3} {4} {5} {6} {7} {8}

1.000000 | 0.000040 | 0.000032 | 0.000032 | 0.000032  0.000032  0.000032

1.000000 0.000040 | 0.000032 | 0.000032 | 0.000032 | 0.000032 | 0.000032

0.000040 | 0.000040 0.994139 0.000047 ' 0.012914 | 0.701816 | 0.000032

0.000032 | 0.000032 | 0.994139 0.000032 | 0.000172 | 0.733410 | 0.000032

0.000032 | 0.000032 ' 0.000047 ' 0.000032 0.203312 | 0.000032 ' 0.929455

0.000032 | 0.000032 ' 0.012914 0.000172 | 0.203312 0.016472 | 0.002212

0.000032  0.000032 ' 0.701816 0.733410 0.000032 0.016472 0.000032

0N |0~ W(IN |-

U Ulwwk koo
0000000

0.000032  0.000032  0.000032 ' 0.000032  0.929455  0.002212 0.000032

Table 13. Post-hoc analysis of fructose biosensor induction on bean leaves
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Strain A. Thaliana T Df p NAA- NAA+
host plant Mean (1S.D.), n Mean (1S.D.), n
373.36 (£36.39) 339.39 (+61.78)
- *
. Col-0 5.80 354 <0.001 n=135 n=221
3
> + +
= At068113¢ 322 | 133 | o0.002% | 36265(¥3879) 403.58 (+94.00)
Q n=63 n=72
(@]
<
o + +
x At094878c 539 | 134 | <0.001% | 36093 (29.93) 340.86 (£23.98)
% n=81 n=>55
Q
+ +
At007233c 0.92 134 0.36 383.75 (£57.05) 366.78 (+119.29)
n=47 n=89
+ +
Col-0 1.08 126 0.28 334.05 (+20.49) 330.83 (+12.71)
~ n=60 n=68
£
o + +
3 At068113c 1.87 67 0.07 328.88 (+17.45) 321.52 (+14.68)
<Y n=38 n=31
(@]
S + +
; At094878c 150 74 0.13 330.27 (+19.29) 338.71 (+29.31)
S n=40 n=36
S
Q
At007233c 1.26 71 0.32 331.45 (+19.55) 326.10 (+15.96)

n=40

n=33

Table 14. T-tests of Arabidopsis-inoculated Sugar Biosensors
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Organism/Strain Description Reference
. Common bean, cv. Bush Blue Lake
Phaseolus vulgaris n/a
274
Arabidopsis thaliana Wild-type, Columbia-0 ecotype n/a

At068113c (cwinv2) | Homozygous mutants of Col-0; T-
At094878c (cwinv4) | DNA insertions in various cell wall

At007233c (cwinvl) | invertase homologs

Pantoea agglomerans Spontaneous RifR mutant of Pa.

299R (formerly Erwinia herbicola)

n/a

IAA-deficient derivative of Pa299R;

PaMX149 Tn3-Spice insertion in ipdC; Sp/St? Brandl et al., 1996
PaXYLE IAA-deficient derivative of Pa299R; Brandl et al.. 1998
xyle insertion in ipdC v
Plasmid Description Reference
gfp.ASV reporter (half-lifex110 min)
pFru44 driven by a fructose-inducible X promoter Leveauet al., 2001b
gfp.AAV reporter (half-lifex60 min) driven
pFru4é by a fructose-inducible X promoter Leveauet al., 2001a
p61RYice {naZ r_eporter gene driven by the sucrose- Miller et al., 2001
inducible scrY promoter
D6 1RYtir gfp rgporter gene driven by the sucrose- Miller et al., 2001
inducible scrY promoter
KTbla gfp reporter gene driven by weak Miller et al., 2001
P constitutive bla promoter

Table 15. Table of Experimental Organisms and Constructs

95

Alonso et al., 2003




Univariate Results for Each DV (9.21.10 Plant Fructose Sensing - GFP only Spreadsheet.sta)

Sigma-restricted parameterization
Effective hypothesis decomposition

Degr. of MPI MPI MPI MPI
Effect Freedom SS MS F p
Intercept 1] 1.333101E+09 | 1.333101E+09 | 2521.259 | 0.000000
Hpi 3| 4.765393E+08 | 1.588464E+08 | 300.422 0.000000
Treatment 1| 6.699091E+05 6.699091E+05 1.267 | 0.260451
Hpi*Treatment 3| 2.198458E+07 | 7.328195E+06 13.860 | 0.000000
Error 2302| 1.217169E+09  5.287442E+05
Total 2309( 1.762323E+09

Table 16. Multifactorial ANOVA of fructose biosensor induction on bean leaves
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Chapter 111. Indole-3-acetic acid production by phyllosphere bacteria: Alternative
hypotheses.

Abstract

Many plant-associated bacteria produce the plant hormone indole-3-aa{{A&9i including
symbiotes, both gall-forming and systemic pathogens, and epiphytes (Spaehe2007). Due
to the wide variety of lifestyles such bacteria pursue, IAA may act Breift mechanisms in
different contexts; diverse hypotheses have therefore been proposed to wkylaiacteria
devote metabolic resources to synthesizing this auxin. Much of this dissertatimwéstigated
a single hypothesis: that bacterial IAA enhances carbon acquisition bggpimgre epiphytes
(Chapter 2). However, a number of other possible hypotheses were also examinethclhas
the role of bacterial IAA in 1) enhancing stress resistance of thepgédiyte Pantoea
agglomeran299R; 2) modifying the autofluorescence of epidermal leaf cells that supmst |
bacterial aggregates BBE299R; and 3) facilitating growth or virulence of the compatible
pathogerPseudomonas syringae. syringaen the common beaPlfiaseolus vulgar)s These
alternative investigations are summarized here. Briefly, bactAsalvas found to exert no
measurable impact on stress resistance, or on the autofluorescence psafistiate leaf cells.
Efforts to abolish auxin biosynthesis by knocking Bsyr1536the putativdaaaM biosynthetic
gene ofP. syringagwere unsuccessful; the monooxygenase §syed667is postulated to be a
functionally redundant homolog, and it was found to be upregulated on leaf surfaces.

I. Native | AA biosynthesis exerts no measurable effect on resistance of Pantoea
agglomerans 299R to environmental stress

| ntroduction

ThoughEscherichia colstrain K12 does not synthesize its own auxin, work by Bizthed
(2006) suggests that application of exogenous IAA can nonetheless improve tésicesis
environmental stress. When K12 cells were cultured for two hours in the presenbe of s
inhibitory (0.5mM) IAA, microarray analysis showed significant shiftgéne transcription
relative to an untreated control. Several of the upregulated genes weseeltte, including
yggB a solute channel which helps protect cells against lysis during osmotic shocfg, and
which encodes a cylopropane fatty acid biosynthetic enzyme involved in protedinstay
variety of stressful environmental conditions. IAA also stimulated upregualafithe DnaK
chaperone, cellular accumulation of the protective osmolyte trehalose, aras@tcre
lipopolysaccharide (LPS) secretion—all of which have been implicated irrioasteess
resistance. Finally, Biancet al demonstrated that these transcriptional and physiological
changes accompanied increased bacterial resistance to acidic pH, imggieresnditions, cold
and heat, oxidative stress, and UV radiation. Subsequent work has demonstrateeéféatisar
in the nodulating rhizobacteriu8inorhizobium melilotiwhich exhibits enhanced survival under
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a variety of abiotic stresses when IAA is applied exogenously or overesgpr@assa plasmid
(Biancoet al, 2009).

In each of these cases, it is unclear whether IAA acts as a spegiflator of stress resistance,
or if incubation with any weak acid might be sufficient to induce a similar respeas indole-
only negative control failed to trigger stress resistance (Biahab2006), but an alternate
weak-acid control has not been reported.

Nonetheless, there seems a compelling possibility that bacterial IAtAesys by plant-
associated microorganisms may not simply mediate interactions with theldrdstut may
instead (or additionally) regulate bacterial physiological responsesxboiple, previous work
by Brandlet al (1998) demonstrated that wild-type (IA#Pantoea agglomerar99R

exhibited a small but significant fitness advantage over an isogenic, adiciesttenutant when
growth was compareid planta Though enhanced carbon acquisition by IAA-producing cells
has been proposed as a mechanism for this increased fitness (see Chapter 2), impreaked sur
and replication under stressful leaf conditions could also account for the relativb grow
advantage enjoyed by wild-type 299R. Phyllosphere bacteria encountegty warapidly
fluctuating environmental challenges, including water limitation (Axedl, 2002), UV
exposure (Jacolet al, 2001; Sundiret al, 1999), oligotrophic growth conditions, and variable
temperatures (Lindowt al, 2003). Any IAA-mediated alleviation of such environmental
stresses would therefore be expected to contribute to epiphytic fithessrifrorhdranscription
of ipdC, which encodes the rate-limiting step of IAA biosynthesis, was shown to be sgBcific
upregulated under conditions of osmotic and matric stré3a23@9R (Brandkt al, 1997).

We therefore sought to determine whether endogenous auxin producka298R enhanced
bacterial survival under three common phyllosphere stress conditions: UV exmssuotic
stress, and oxidative stress.

Materialsand Methods
Culture Conditions and Stress Treatments

Bacterial inocula were prepared by suspending freshly streaked, stgiéees from selective

LB plates into M9 liquid medium (Milleet al, 1972) supplemented with 2.5mM tryptophan and
rifampicin (G=100ug/mL). Cultures were grown overnight at 28°C, washed once, and
inoculated into M9 minimal media amended with varying concentrations of NaGigmotic
stress experiments) orn@, (for oxidative stress experiments). Bacterial survival was estiimate
by spiral plating at the indicated timepoints, incubated for 24-48 hours at 28°C, andaerdme
by hand or laser counting.

For UV exposure experiments, overnight liquid inocula were prepared as desboledthen
diluted to 5x18 cells/mL in fresh M9/Trp and grown for 2-3 hours, until 0.5. Cells were
diluted to 2x1&/mL and plated onto LB+Rif plates at approximately 100 colonies per plate.
Plates were incubated at 28°C for 2-3 hours to allow acclimation to plate condheagar
surface was then exposed without the plastic lid to a germicidal lamp (GEleetac #G30T8;
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irradiance at 1m/254nm/100 hours=125pWAfar varying amounts of time (0-120 seconds) to
achieve different doses of UV radiation. Plates were then incubated at 28°C for 24-48naburs
the surviving colonies enumerated by hand or laser counting.

Induction of inhibitory levels of cellular stress was confirmed by coraglanalysis of stress
intensity and cell survival. Differential survival of IA&nd IAA strains was determined with
multifactorial ANOVA analysis, with bacterial strain and stress candés independent
categorical variables and surviving cell number as the dependent variable. Wheated,
Tukey’s post-hoc analysis was used to distinguish interactions between nudtiplges.

Results and Discussion

Auxin production by. agglomeran299R has no measurable effect on bacterial stress
resistance

To test whether bacterial IAA production contributed to osmotic stress residad®9R and

its auxin-deficient derivative MX149 were inoculated separately imbinmal media containing

0, 0.17, 0.33, or 0.5M NacCl and their survival was monitored by plating. After two hours in
culture, a significant negative correlation was observed between NaCl catioerdand cell
survival in both strains (r=-0.9, n=12, p<0.001), indicating that osmotic stress was indueed in t
cell cultures. But at a given salt concentration, cell survival was sib@taveen 299R and

MX149 (Figure 1a). A multifactorial ANOVA supported these observations, showing a
significant effect of NaCl concentration on growth (F=15.10, p<0.001, d.f.=3), but no effect of
bacterial strain on growth (F=1.24, p=0.28, d.f.=1) and no strain-by-concentration iateyact
(F=0.18, p=0.91, d.f.=3). Similar results were obtained in three replicate erp&i(figure 1).
These results conform to data reported by Brahdl. (1997), who saw no growth differences
between 299R and a different IAA-deficient derivative, XYLE, when the twnstveere co-
cultured in 0.2M NacCl.

Oxidative stress resistance was tested in a similar experiRe@®9R or MX149 bacteria were
inoculated into minimal media containing 0, 0.02, 0.2, or 2.GK,Hand bacterial survival
measured after two hours in culture (Figure 2). A significant negativelation was observed
between HO, concentration and cell survival in both treatments (r=-0,9, n=12, p<0.001). But
multifactorial ANOVA suggested no significant overall effect of baatestrain on cell survival
(F=4.44, p=0.05, d.f.=1), and no strain-by-concentration interaction (F=1.60, p=0.23, d.f.=3).

Resistance to UV radiation was the final environmental stress conditiodh. tdstéke, Biancoet
al. (2006), who irradiated shaken broth cultures, this experiment was designed to mimic
conditions ofde novabacterial immigration onto a leaf: freshly plated bacteria were inedbat
briefly at 28°C to acclimate to the media surface, then placed under a UV laugpyioig
durations to produce varying doses of net UV exposure. A UV survival curve was first
constructed to confirm the irradiation of the lamp and determine optimum exposure times
(Figure 3); exposure settings of 0, 40, 80, and 120 seconds were chosen for further
experimentation (an estimated 0, 50, 100, and 150aF/kdV radiation). Survival of the two
strains after exposure to each of these doses was then compared. (Due twedferaitial
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inoculum densities in the experiment, data were expressed as each straaris pawvival

relative to the inoculum.) Both 299R and MX149 cells exhibited dose-dependent impairment,
evidenced by a significant negative correlation between UV exposure andresiais(r=-0.9,
n=12, p<0.001). However, at a given UV dosage, no significant difference was detdstsehbe
cell survival of the two strains: multifactorial ANOVA confirmed a sigrafit negative effect of
UV dose on cell survival (F=233.72, p<0.001, df=3), but no significant strain effects (F=3.02,
p=0.9, df=1) or strain-by-UV interactions (F=2.68, p=0.06, df=3).

Conclusions

Although exogenous IAA induces a variety of physiological changes that endtees®
resistance ifEscherichia colK12 andS. melilotj endogenous production of IAA does not
appear to enhance stress resistance in the phyllosphere eptphtytea agglomeranyvhen
bacteria were exposed to moderately inhibitory doses of NaOh, Idr UV radiation, no
differences in cell survival were detected between wild-Bg#Z99R and the auxin-deficient
mutantPaM X149 (Table 1).

These results do not completely eliminate the possibility that IAA productijutates stress
responses in 299R. Subsequentitro experiments have suggested that the greatest
concentrations of IAA accumulate in media supernatant during late statjamasg-growth

(data not shown); this suggests that endogenous IAA might have stronger pligei@figcts
after 48 hours of inoculum growth than it does after 24, as studied here. More intensggsampl
and greater statistical power might also reveal subtle differendesterial survival between the
two strains that were not evident in these experiments.

However, preliminary results suggest that endogenous IAA biosynthesis doesyreotgiain
stress resistance in the phyllosphere epipRgi®oea agglomerans.

II. TAA biosynthesis by Pantoea agglomerans 299R cell aggr egates exerts no measurable
effect on the autofluor escence of substrate leaf epidermal cells

I ntroduction

Many hypotheses that attempt to account for the prevalence of baat&nmapeoduction posit
that bacterial IAA modifies the plant host in some way. Moeial (2005) suggested that such
modification might be directly observable by microscopy: they reporteavtinat colonized by
the leaf epiphyt®antoea agglomerargrain 299R, leaf epidermal cellsBhaseolus vulgaris
exhibited elevated autofluorescence (Figure 4e).

Though quantitative data were not provided, the authors reported that “almost altmgpide
cells colonized by “significant numbers” of 299R bacteria displayed elevatefiumrescence.
Of the 299R aggregates observed in this study, 55% were located on leaf dpreésmia a

small subset ot30 colonized epidermal cells, 87% reportedly exhibited autofluorescence
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(Monieret al, 2005). Though bacterial cell size was not quantified directly, modified plant
epidermal cells reportedly harbored larger bacteria than unmodified cellsrdang to previous
reports, an indication of higher bacterial metabolic activity (Mostied, 2003). And when
leaves with established bacterial populations were re-inoculated with gnauntii cells, newly
arrived bacteria were more likely to survive if they landed on modified epalgriant cells
(94.3% survival when immigrant cells were 299R; 91% when immigrant cellsRvesgingae
B728a) than if they landed on unmodified epidermal cells (25% survival of 299R; 47.2% of
B728a). This result suggested that cells with modified autofluorescence paavidies
hospitable environment to bacteria—possibly as a result of enhanced nutrient lieakegd by
bacterial IAA.

To test the putative association betwP@d99R aggregates and modified plant epidermal cell
fluorescencePa299R bacteria bearing the constitutively cyan fluorescent protein (CFP)-
expressing plasmid pWwM1009 (Millet al, 2000) were inoculated onto bean leaves and
visualized by epifluorescence microscopy; the distribution of bactetialameoss “modified” or
“unmodified” epidermal substrate cells was recorded. To assess whathendl IAA

production affected substrate cell fluorescence, the distribution of wikdP3209R was
compared to that of its isogenic, IAA-deficient mutant derivafiaiX149. If IAA were
responsible for substrate cell modification, plant epidermal cells coloniz283® aggregates
would be expected to include a higher proportion of autofluorescent cells than plantsecbloniz
by MX149 aggregates.

Materialsand Methods
Plant Inoculation and Harvest

Bacteria were freshly streaked onto LB plates amended with rifampigiri@Omg/L) and

kanamycin (E=50mg/L) and incubated for 48 hours at 28°C. Bacteria were scraped from plates,
resuspended at 1x36ells/mL in 2L buckets filled with 10mM KPuffer, and used to dip-
inoculate X-week-old, greenhouse-groRhaseolus vulgariplants (Blue Bush Lake 274

variety). Plants were assigned identification numbers to mask the treatmagotevent scoring

bias during microscopy. Plants were immediately placed in a mist chatt#Caand

maintained at 100% humidity for 4-5 days to allow bacterial growth.

For microscopic observation, five healthy leaves were randomly selestecéch pot; 4
sections of 1x1cm were haphazardly cut from each leaf with steskossi(avoiding the midrib)
for a total of 20 leaf sections per pot. A total of 56 leaf samples (28 each fradmvixid 299R)
were observed across 5 separate inoculations.

Fluorescence microscopy

Harvested leaf segments were placed on 100uL of molten 1% water agar omai@glassope
slide, then gently but firmly covered with a cover slip daubed with Aquapolymount. Skdes w
kept in the dark at room temperature for 10 minutes, and then observed using a Zeiss
Axiolmager M1 microscope equipped with a CFP/YFP 51057 Chroma filter to observe CFP
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excitation and a 650nm Melles-Griot short-pass filter to block leaf autofluerescUsing 40-
100x magnification, leaves were scanned for aggregates (defined asRutgb€led bacterial
cluster that appeared to have more than 10 cells at 100x magnification). Patgregates
were confirmed at 400x magnification, and the associated substrate egidelischaracterized
for autofluorescence.

Results and Discussion

Leaves ofP. vulgarisplants were inoculated with the naturally IAA-producing leaf epipRyte
agglomeran299R or its isogenic, IAA-deficient mutaRaMX149; each strain constitutively
expressed CFP via the plasmid pWM1009 (Mideal, 2000). After 48-72 hours of growth
under humid conditions, leaf samples were harvested and analyzed by microsctgnjalBac
aggregates of three or more cells were counted and scored for whethartibiats plant cell
exhibited autofluorescence or not (Figure 4). Epidermal cells which fluorestee absence of
bacterial aggregates were also noted.

A total of 250 bacterial aggregates were observed across 56 leaf sampkesh(28299R and
MX149) harvested from five replicate experiments. There was no signifitaraction between
the strain’s IAA status and the frequency with which it was found on an autofieote=l|

versus an unmodified celKf,s5=1.09, p=0.298), which suggests that auxin production does not
impact substrate plant cell autofluorescence (Table 2). Furthermore rgdattiae qualitative
observation by Monieet al. (2001) that substrate cell autofluorescence occurred under the
majority of large aggregates, only 30% of aggregates were found on plant dekdewated
autofluorescence.

One possible explanation for this discrepancy is that our operational definitioteoje “
bacterial aggregate” was too small; aggregate size may haveeedexcertain threshold before
IAA production is sufficient to impact the substrate plant cell. Though the defifiy Monier

et al of a large aggregate was vague, it was inferred to be on the ord)-200 cells. Given
that any cell cluster that appeared larger than 10 cells was included inalysis—and that
small clusters accounted for the majority of observations (Pgveef, obg—this experiment
would have missed distinct patterns of behavior exhibited by rare, largegamggeA previous
replicate of this experiment, in which aggregates were defined asusng of~2-3 cells, also
failed to show strain-dependent differences in substrate cell fluorescenéertunately, the

size distribution of epiphytic bacterial aggregates was strondit-nignd skewed, with large cell
clusters (>64 cells) making up only 0.7% of aggregates by 48 hours after irmc@latinieret
al., 2004). As a result, too few large bacterial aggregates were spotted in the ctluese of
experiment to permit conclusive analysis of their behavior. Sampling intercilg Wwave to be
scaled up considerably to achieve sufficient statistical power.

As with the definition of a “large aggregate”, the exact nature of the “enhanced
autofluorescence” plant cell phenotype was also difficult to define. Leafreateells

exhibited a variety of fluorescent phenotypes: fluorescent cellsddraya individual cells to

large rafts of contiguous cells, and from elevated blue fluorescence tergsant cell (as
depicted by Monieet al) to a paler, fibrous-looking zone of fluorescence concentrated around
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the margins of the plant cell (Figure 4a). In some cases, autofluoresppeeeaal to be out-of-
focus light emanating from deeper cell layers. Effort was made to coimdaime published
description, but it was often difficult to score heterogeneous autofluorescent pin@nome
Furthermore, many autofluorescent plant cells were observed in the abseolomiairg
bacteria, or in uninoculated negative controls (data not shown).

Within the defined parameters of aggregate size and autofluorescence, the obsarseggdst
that bacterial IAA production plays no role in plant cell autofluorescence. étyar
alternative explanations could account for the distinct phenotype of colonized legltscdH
autofluorescence of various wavelengths can be induced by osmotic or other setgka
(Weir, 2001) and increases strongly after cell death (Kbgd, 1988). In particular, infection
by fungal or bacterial pathogens (Russal, 1983; Hollidayet al, 1981) and the resulting
accumulation of phytoalexins may increase epidermal cell autofluorescemssorted plant
tissues. This could explain the variety of autofluorescent phenotypes observed irecoémuz
uncolonized epidermal leaf cells. It also calls into question the assumpthMarigr et al. that
large epiphytic aggregates induce leaf autofluorescence. Rather, the neagrse true: large
aggregates of leaf epiphytic bacteria may preferentially accumanaaessed or fungally
infected (and therefore autofluorescent) leaf cells, which presumablgni@a@knutrients and
therefore support larger bacterial populations.

The possibility that modified, autofluorescent plant cells might support lar¢gerisdeggregates
(rather than the other way around) was not tested directly. But of the 302 aetsxdkrrplant
cells observed in the experiment, 25% were colonized. In contrast, a tentamateestiggests
that far less than 10% of non-autofluorescent cells were colonized. (The totak mimbe-
autofluorescent plant cells was not counted, but a conservative estimatdsstiggdbere were
at least 10-fold more uncolonized plant cells than colonized cells.). Based @nthis/e
calculation, an autofluorescent plant cell is significantly more likely tbdraa bacterial
aggregate.

Ultimately, though there may be a positive association between the occlwfemtenced-
autofluorescent plant epidermal cells and large bacterial aggregaisality remains open to
interpretation. Furthermore, the autofluorescence of substrate epidelismiakbéits no
detectable association with bacterial IAA production.

II1. TheiaaM geneisnot necessary for auxin biosynthesis by P. syringae pv. syringae strain
B728a

| ntroduction

Microbial IAA production has been shown to enhance plant disease in a varietyaridbactd
fungal pathogens. In gall-forming organisms, the hormone plays a well-sls&biole in tissue
hyperplasia and tumor vascularization (le¢@l, 2009; Gafnet al, 1995). Auxin’s role in the
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pathogenesis of non-gall-forming organisms, however, is still an area of actisggatien
(reviewed in Kazaet al., 2009).

One possibility is that IAA promotes disease by acting as an endogenowaegtibacterial
virulence factors. Relative to wild-tyf&winia chrysanthenstrain 3937, an IAA-deficient
mutant showed reduced maceration of host leaf tissue accompanied by defigtate lpase
production; downregulation of the type-three secretion system (TTSS) and tted effactor
proteins; and altered expression of the global regulgm8andrsmA(Yanget al, 2007).
Knocking out IAA biosynthesis iRseudomonas syringge. syringaestrain Y30-53.29 led to
reduced production of syringomycin, an important virulence factor (Maetalg 1994).
Surprisingly, although these changes altered patterns of virulence and symptom developme
IAA " knockouts of both strains, the relationship between disease progression and bacterial
population was not straightforward. B chrysanthemithe auxin-deficient mutant displayed
reduced disease symptoms but no reduction in population grovRhsiyringae the mutant
actually triggered earlier symptom development and experienced fasteh gr planta (though

it exhibited no growth advantage when inoculated epiphytically).

In addition to its potential role in regulating bacterial virulence, receetireh has also
implicated bacterial IAA in suppression of plant defenses. Expd$inaiana tobacunto auxin
in vitro represses antifungal chitinase production (Shieshl, 1987) and pathogenesis-
response (PR) genes (Jouanneiaal, 1991). Bacterial IAA production may therefore be a
strategy to repress plant immune responses. For exampRsdhdomonas syringagpe-Il|
effector protein AvrRpt2 appears to promote accumulation of auxin, induction ofdgélated
genes, and disease susceptibilitAirthaliana Similarly, overexpression of IAA in the fungal
pathogen$usarium oxysporurandF. arthrosporioidesenhanced disease @robranche
aegyptiacaCohenet al, 2002).

More recent work has begun to elucidate details of the interactions betweemiadxlant
defense. Navarret al. (2006) demonstrated that as part of its innate immune response to
pathogen-associated molecular patterns (PAMRgRidopsis thalianaipregulates miRNA393,
a microRNA which targets the auxin F-box receptors TIR1, AFB2, and AFB3 foaahgn.
Pathogen challenge therefore elicits defensive downregulation of plargig@aling. This
repression of auxin signaling contributed significanthtdhaliands resistance to the
compatible bacterial pathogéh syringagov. tomatoDC3000: plants unable to repress auxin
signaling (due to constitutive overexpression of AFB1) had more severe syngidroarried
bacterial loads 20-fold higher than did wild-type plants. Conversely, plantothstitatively
repressed auxin signaling (due to overexpression of the defensive miRNA393) carffigd four
lower populations of DC3000 than did wild-typethaliana

These findings implicate plant auxin signaling in susceptibility to batfgthogens. By
extension, they also suggest that IAA production by bacterial pathogens may drelpnos

plant downregulation of auxin signaling. For example, coinoculation of DC3000—which does
not produce significant quantities of endogenous IAA (Glickmetral, 1998)—with the

synthetic auxin 2,4-D yielded greater lesion formatioA.ithalianathan did bacterial

inoculation alone, though it did not significantly impact bacterial growiilanta (Navarroet

al., 2006,supplementary materigls
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To further understand how IAA affects plant-pathogen interactions, we iratestigow IAA
biosynthesis facilitates the survival and fitness of the foliar bean patRsgeilomonas
syringaepv. syringaestrain B728a. We were particularly interested in the potential roles of
auxin in regulating expression of pathogenesis-related bacterial gemkatimgeplant defense
responses, and improving microbial fithess during epiphytic or endophyticalffesst

Like many bacterial pathogens (Spaepeal., 2007; Kazaret al, 2009), B728a was expected to
synthesize IAA via the indoleacetamide pathway, in which a monooxygenase (l@aMjts
tryptophan to indoleacetamide, which a hydrolase (laaH) then converts to inddie-&cak
(Figure 5c). In addition to Mazzokt al’s (1994) demonstration that interruptioniaaM

abrogated IAA synthesis in the closely relaedyringaestrain Y30, both indoleacetamide and
indole-3-acetic acid are found in culture supernatant of B728a cells culturedypitiphan

(Figure 10). Additionally, a canonicelaM gene (Psyr_1536) is present in the B728a genome: it
exhibits 99% nucleotide sequence identity to the MaM characterized by Mazzola and
colleagues (1994), and is located in a canomézd¥/iaaH auxin biosynthetic operon. A second
tryptophan monooxygenase (Psry_4667), with only 47% nucleotide sequence identity, is also
present in the B728a genome (Figure 5a-b).

We therefore sought to characterize the role of the indoleacetamide biosypditievay in

B728a by generatingaM knockouts, intending to study the endophytic and epiphytic growth,
virulence traits, and gene transcriptional patterns of IAA-deficient nsutimprevious work,
knocking outaaM reduced IAA production to background levels as effectively as a double
iaaM/iaaH mutant, so the gene was believed to be a good target (Ma&zdlal994). The
epiphytic and endophytic transcriptional activities of the putadia®l homologs were also
investigated.

Materialsand Methods
Cloning of auxin-deficier?.s.sB728a knockout mutants

The intermediate cloning vector pENTR-MCSGent was generated by replaeikgmamycin
resistance cassette of pENTR/D entry vector (Invitrogen) witbraa@nycin resistance cassette.
The resulting construct features a gentamycin cassette flanked by tyue mmultiple cloning
sites used to insert 5" and 3’ regions of the gene being targeted for knockout. The \@stor is
compatible with the LR-Clonase system (Invitrogen), enabling cassetséetranto the suicide
knockout vector pLVCD (Marcet al, 2005) and subsequent mutagenesB.@&yringae

A gene deletion knockout of th@aM homolog Pss1536 (Figure 6) was generated by double-
homologous recombination. 1Kb segments flanking the 5’ and 3’ ends of Pss1536 were
amplified by PCR, then TOPO-cloned. Each flanking fragment was isolatestogtion digest
with appropriate enzymes and sequentially cloned into the MCS sites of the pANSRBent
entry vector, creating pENTR-D:Gent:1536_58&knockout cassette comprising the
gentamycin resistance gene flanked by the 5’ and 3’ regions of Pss1536. Thie vasse
mobilized into pLVCD via Clonase LR enzyme reaction as describe by thafacturer
(Invitrogen). The resulting pLVCD:1536-Gent_5’3’ construct was verifieddyuencing, then
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electroporated int&. colistrain S17Pseudomonas syring&aockouts were generated by
biparental mating between the S17 pLVCD_1536-Gent do8or strain and thessB728a
recipient. Putative knockouts were recovered on LB agar plates supplementethwighicin
(100pg/mL) and gentamycin (20ug/mL), to select for B728a carrying the gesitaimsert.
Surviving colonies were cultivated for several days in media amended witdngem, plated
for single colonies on LB supplemented with gentamycin (indicating maintenative of
insertion cassette), then replica plated onto LB supplemented with tétraqt&pg/mL) to
confirm tetracycline susceptibility (indicating loss of the integratedmld). Putative knockout
strains were verified by PCR to confirm excision of the Pss1536 gene; tiftengesiutant was
designatedPss\1536. A B728a gene-deletion knockout of the putate®# homolog Pss4667
(Figure 7) was generated using the same procedure, and desRFRA#B67.

Two separate single-crossover insertion knockouts of Pss1536 were also genethéefirst,
an internal 1Kb fragment of the gene was amplified with a 5 ACC overhang foohgatd
PENTR-dTOPO, to generate pPENTR:1536_KO. The resulting mutant was designated
Psd536*1. In the second, the amplified Pss1536 fragment was only 500bp long, and the
resulting construct was designated pENTR:1536_KO.2. The knockout casse&esokdized
into pLVCD via Clonase LR enzyme reaction, as described by the manufatiureogen) and
the resulting pLVCD:1536-KO constructs verified by sequencing befec&r@poration intde.
coli strain S17Psd536*2 knockouts were then generated by biparental mating, and putative
mutants selected on LB agar amended with rifampicin and tetracyclinesSirere verified by
PCR to confirm interruption of the Pss1536 gene, as well as the placement aradion@fthe
tetracycline cassette. (See Table 3 for a summary of knockout strains.)

Auxin Quantification

To quantify auxin production, bacterial strains were cultured in a darkened shagaid KB
amended with 2.5mM tryptophan and appropriate antibiotics. After 48 hours of growth at 28°C,
samples were centrifuged at 10,00@t 4°C for 5 minutes, and the supernatant collected.

For liquid auxin assays, culture supernatant or IAA standard solutions were niilxéceshly
prepared Salkowski reagent (as described by Gogtlah, 1951) in a 1:3 (vol:vol) ratio and
incubated in the dark at room temperature for 30 minutes. Absorption of each sample was
promptly measured at 530nm with a spectrophotometer.

For thin-layer chromatography assays, indolic compounds were extractedaftbreaenple as
described by Brandit al (1996). Briefly, culture supernatants were adjusted to pH=2.5-3.0 with
HCI, extracted twice with an equal volume aiCHsaturated ethyl acetate, vacuum-dried in a
darkened rotary-evaporator unit under moderate heat, and stored at -20°C until further
processing. For analysis, the residue was resuspended in 10uL ethyl aetapeatedly

spotted in 2uL droplets onto the same spot on the loading phase of a precoated sili€a gel T
glass plate with a layer thickness of 0.25mm. The plate was placed in an atpdlidiiamber

with 100mL of EIA reagent (45% ethylacetate, 35% isopropanol, 20% ammonium hydroxide by
volume) and monitored for solvent migration. When the solvent front of the mobile phase
reached the last 2.5cm of the plate, it was removed and dried at 45°C for 5-10 minutaB, until
trace of solvent had evaporated. The plate was then evenly sprayed with Valkdiks&a

reagent (Ehmann, 1977) using an atomizer, followed by heating at 100°C using yé&eheldr
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approximately 12" from the plate surface. When maximal color intensity develapetééore
the silica began to discolor), the plate was gently rinsed 3 times in distdled, \and dried at
45°C for 20-30 minutes; plates were scanned or photographed immediatelyrfanédyesis.

Cloning of promoter:reporter fusion constructs

Reporter constructs for each gene consisted of a transcriptional fusion adrtiegarregion
(defined as noncoding DNA extending 5’ from the gene of interest to the precedingaCdiF
inaZreporter gene (Leveart al, 2002). Briefly, the 5’ promoter region of Pss1536 was
amplified and restriction sites added by PCR (Table 3), then TOPO-cloned. &henas
isolated by restriction digest and gel purification, then ligated into the iceatiocleeporter
plasmid pProbe-GI’ to yield the reporter construct p1536(-500)3®E construct was then
electroporated int®. syringaestrain LK-2, aAinaZ, ice-nucleation-deficient derivative of
B728a.

The reporter construct for Pss4667 was generated in the same fashion as for Pssit%36, but
promoter region was ligated into the pProbe-GlI reporter plasmid, yielding p4667 (-6 )&
constructs were verified by PCR and direct sequencing.

Promoter Induction Assays

Single colonies oP. syringagrom 2-day-old plates were inoculated into KB liquid media
amended with natamycin, rifampicin, and appropriate antibiotics, and grown overnight at 28°C
with 300rpm shaking. On the day of experiment, 2-weekPbldseolus vulgariéBlue Bush

Bean variety) at the first emerging trifoliate stage of developmere selected from the
greenhouse.

For epiphytic induction assays, overnight liquid cultureB.afyringaewere diluted to 1x10
cells/mL in KPQ buffer. For each strain, three separate poB etilgaris(five plants per pot)
were dip-inoculated into the cell suspensions. Plants were incubated in a gnawitbec at

room temperature under 100% humidity with a 12-hour light/dark cycle. After 48 hunares, t
healthy primary leaves were harvested from each pot, and immersed tagétbess of 20mL

of 10mM KPQ buffer. To remove epiphytic bacteria from the leaf surfaces, the tubes were
sonicated for five minutes, vortexed for 10 seconds, and the leaves removed and discarded.

For endophytic induction assay’, syringaewvere scraped from 2-day-old plates, diluted to
1x1C cells/mL in KPQ buffer, and used to syringe-infiltrale vulgarisplants. Infiltrated areas
were visible as an approximately 1.5cm-diameter dark circle of waddirgy; the margins of the
infiltrated area were marked with a black Sharpie marker. Plants weoa léfe benchtop in a
plastic tub under ambient light conditions and bottom watered until harvest. After 48 hours,
leaves were severed at the petiole and rinsed three times in ABftoldurface sterilize,
followed each time with rinsing in ddB. Uniformly sized segments of inoculated leaf tissue
were punched from leaves using the cap of a 1.5mL Eppendorf tube, and the resulting leaf
samples macerated in their Eppendorf tube with a pestle in 500uL of b(Per.

Mean bacterial reporter induction in inocula and leaf harvest samples waseddasice
nucleation assay (Lopet al, 2002) and normalized to CFU counts derived from hand- or laser-
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counting of spiral-plated samples. Quantitative differences in reportettimlwere evaluated
using Tukey’s HSD test.

Results and Discussion
Knocking out Pss1536 or Pss4667 does not reduce IAA production by B728a

In an initial attempt to abolish auxin production®ysyringaeB728a, double-homologous
recombination was used to create a gene deletion knockoutiabtiénomolog and putative
auxin biosynthetic gene Pss158&eudomonas syringge. syringaehad previously been found
to produce up to 69.7 pug/mL IAA in liquid culture (Glickmaetral, 1998); our results
suggested comparable levels of IAA accumulation in B728a. However, a Sallassaki
indicated approximately equal IAA production in the wild-type and knockouhst(gigure 8).
Because this standard chromogenic assay can react nonspecifically tododgimunds other
than IAA (Glickmanret al, 1995), thin-layer chromatography was also used to visualize
bacterial production of individual indolic compounds. Again, roughly equal quantities of IAA
were detected in both wild-type and536 strains. A band of the approximate retention factor
and color of IAM appeared slightly reduced in the mutant relative to the wildfypere 10a),
though this qualitative observation was not quantitatively confirmed. This obserabwever,
would indicate that the mutant accumulated IAA despite reduced concentratiorpafdtiee
IAM precursor, suggesting that eitheridaH, and notaaM, was the rate-limiting enzyme, and
sufficient IAM was present in the cell to sustain IAA production even if the didi@aM
monooxygenase gene was knocked out; or 2) an alternate biosynthetic pathwpgnsibde for
IAA production.

To check whether a second, poorly conseraat¥ homolog might possess functionally
redundant 1AA biosynthetic activity, #Pss4667 gene deletion knockout was also generated.
Like theA1536 mutants, the single4667 mutants appeared to produce IAA at concentrations
similar to the wild-type strain (Figures 8,10). Though desirable, double-knockouieweis
generated.

Subsequent to these assays, several concerns arose regargily TReD:MCS-Gentonstruct
used to generate tiid 536 and\4667 deletion mutants. Despite seemingly normal PCR
confirmation that gene excision had occurred, several laboratory mematedeexperiencing
unusual difficulty recovering knockout clones from bacterial matings, possanfiethrough
expression from the gentamycin cassette into neighboring genes, and phenotypisteraasi
in the resulting knockouts—including inexplicably kanamycin-resistant clones,stimgge
aberrant recombination between the cloning and entry vectors (Pers. Comm.—A Aurch,
Parenguy). Between the unexpected maintenance of IAA productionAd 586 knockout and
irregularities in the knockout vector, we elected to generate new mutantaubffeyent
approach.

The Pss1536 gene was mutated via single-crossover insertional meisagesiag homologous
recombination between the B728a genome and a 1 Kb internal gene fragment cloretl into t

108



suicide vector pLVCD to generate the stB88536*1. The new mutant exhibited no reduction
in IAA production, as measured by either Salkowski assay or TLC (data not shown).

One possible explanation for this result was that because the fragmerd tesgetthomologous
recombination was a full 1Kb in length, recombination would have left the first 1.3 Kb of the
gene intact (the full-length ORF is 1.7 Kb). If this truncated geoéuyat were still functional,
this might explain the persistence of IAA in the knockout mutant. To address thisrgdheer
single-crossover mutant was redesigned using a 500bp fragment, such ¢hdisggution
occurred after the first 750bp. The resultifgpl536*2 knockout strain was again tested for
auxin production and, once again, IAA levels were indistinguishable from ypéltsing either
liquid Salkowski assay (Figure 9) or TLC (Figure 10b).

One possible explanation for continued IAA production in the knockout is that the truncated,
750bp mutant transcript is functional. Alternatively, the putate® homolog Pss 1536 may

not be necessary for IAA biosynthesis in B728a. Functional redundancy with a weakérved
monooxygenase, Pss_4667, could potentially complement loss of Pss_1536. Although knocking
out Pss_4667 alone did not appear to alter IAA production, a 1536/4667 double-knockout could
test this hypothesis.

Alternatively, IAA synthesis might not occur via the 1AM pathway in B728a. pbssibility

was recently lent credence by Howdaral (2009), who demonstrated that B728a is capable of
synthesizing IAA via an indole-3-acetonitrile intermediate. Inactivatichehitrilase homolog
Psyr_0007 abolished the strain’s ability to grow and produce IAA using indole-hackdt

(IAN) as a sole nitrogen source, while complementation with Psyr_0007 undativts

promoter restored growth and IAA biosynthesis to near wild-type levelsuBetlaesa vitro
assays were not conducted in tryptophan-rich media, the data do not directly adethes the
IAN pathway is solely responsible for thevitro IAA biosynthesis typically reported in B728a.
But when supplied with 1mM IAN, the strain produced approximately 128ug/mLAHA
almost twofold higher than the concentration of IAA reported from B728a supplied witivi2.5m
tryptophan. This suggests that Psyr_0007 at least has the physiologicalydapgenerate the
expected quantities of IAA solely via the IAN pathway. It is worth noting, kewehat the

A0007 knockout displayed significantly redugediitro growth relative to the wild-type strain,
indicating that the gene may also play a more basic role in nitrogenidoquasd metabolism
(Howdenet al, 2009).

The presence of an alternative IAN biosynthetic pathway in B728a is notssugprisimilar
pathways have been reported in other bacteria (Kobaghahi 1995; Spaepeet al, 2007). But
the observation that the putatie@M homolog makes no measurable contribution to IAA
synthesisn vitro is highly unexpected, given the presence of a highly conserved, canonical
iaaMH operon and previous results obtained with the closely related Btsagly 30 (Mazzola
et al, 1994). An undiagnosed technical problem with the mutants generated in this research
remains a formal possibility. Another possibility is thatiteeVIH operon is nonfunctional. For
exampleP. syringaepv. tomatostrain DC3000 possesses a highly conserved nitrilase gene
(PSPTO_0189) in an operon syntenous to that found in B728a (Havdén2009). But unlike
B728a, DC3000 possessed minimal nitrilase ability, could not use IAN a sole nitoagea,s
and could not synthesize significant quantities of IAA. Clearly, even gloskted strains with
apparently highly conserved genetics can exhibit unexpected differences in auxinipnoduct
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Another possibility is thataM is responsible for IAA production in B728a, but only under an
untested environmental condition. The nitrilase may be important under nitrogen atarvati
conditions or in basal media, for example, while iaaM/iaaH is induced only duriwthgoa
plants, or in some environmental conditions not tested in these smyilie experiments. Other
strains have been shown to use multiple, distinctly regulated IAA biosynthdtiegyast under
different conditions: the gall-forming bacterial pathoggwinia gypsophilafor example,
inducesaaM to synthesize IAA during pathogenesis, but inducep@@ gene to synthesize
IAA during epiphytic growth on the leaf surface (Mandisal, 1998).

In part to investigate this possibility that Psry_1#3tduced under alternate growth conditions,
a series of experiments was conducted to characterize the promotey at{itative auxin
biosynthetic genes.

Psyr1536 is modestly repressed on the leaf surface, while Psyr4667 is significantidinduc

To determine whether the putatiieaM homologs Psyr1536 or Psyr4667 are epiphytically or
endophytically induceth planta transcriptional reporters were generated. ihb&-deficient
B728a derivative LK2 was transformed with the plasmid pPROBE-GI':p1536(-500), oh whic
the Psyr1536 promoter drives expression of an ice nucleation reporter geneOCBHPR
Gl:p4667(-650), in which the Psyr4667 promoter drives reporter expreBsionlgarisplants
were inoculated with either one of the two reporter strains, with untraresfidrK2 as a

negative control, or with 31R1P6 (pJL24631-6) (which expresses weak but constiteitive i
nucleation activity) as a positive control. Reporter induction was measured in thiaiaod
again from cells harvested after 48 hours’ incubation on the leaf surface.

The LK2 reporterless negative control exhibited negligible ice nuateattivity in all
treatments. Mean fold induction at 48 hpi was calculated for the remaining tlaiae ahd
compared using Tukey’s HSD test. Relative to the constitutive control, the Pss1586gprom
exhibited a small, marginally significant reduction (p=0.02, df=4), suggesiuugpst repression
on leaves; in contrast, Pss4667 exhibited significantly elevated reponéy aetative to the
control (p<0.001, df=4) (Figure 11a-b). Similar results were obtained in a second, iretgpend
experiment (Figure 11c).

A similar experiment was performed to determine whether either of the tves gesre induced
by endophytic growtln planta,and yielded similar results to the epiphytic growth experiments
(Figure 12). When mean fold induction was compared using Tukey’'s HSD test, Pss1536
promoter activity was similar to the constitutive control (p=0.14, df=4), while 4683
construct reported significantly elevated activity inside leaves (p<0dd64).

As part of a separate study, gene induction data were also obtained by naycpoafiling of 3
putative IAA biosynthetic genes Psd8728a: thaaaM homolog Psyr_ 1536, the weaaM
homolog Psyr_4667, and the nitrilase Psyr_0007 (Russell Scott, unpublished dat&}. 8cott
harvestednRNA from cells grown in basal media, epiphytically inoculated onto beanslearve
perfused into the leaf apoplast; they then quantified cellular transcript admenokagenerating
and hybridizing cDNA to a Roche Nimblegen oligonucleotide microarra@$ds728a. The
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resulting data (Figure 13) generally support those generated by thecieation reporter
constructs reported above. Relative to cells grown in basal media, pddB&28a cells

exhibited modest (2.3-fold) but statistically significant repression af B5$86 on leaf surfaces
(t=4.97, p<0.001, df=10), but no significant change when inoculated endophytically (t=1.16,
p=0.27, df=10). Psyr_4667 was significantly upregulated nearly 7-fold on bean leavezb(
p<0.001, df=10); however, an apparently similar level of endophytic upregulation wasuhe re
of a single outlier, and was not statistically significant (t=-2.50, p=0.03, df¥hb@)nitrilase
Psyr_0007, which reportedly enables IAA produciioritro via the IAN pathway (Howdeet

al., 2009), was not significantly upregulated either epiphytically (t=-0.55, p=0.59, df=10) or
endophytically (t=-1.64, p=0.13, df=10).

Conclusions

The role of bacterial auxin production Bgeudomonas syringge®. syringaestrain B728a
remains murky, due to our inability to generate an IAA-deficient mutant streped®ed
attempts to knock out the putatigaM homolog Psyr_1536—by double homologous
recombination and two different single-crossover insertional mutationsdegli@pparently
successful gene interruption, but no accompanying reduction in IAA biosyntheseaasred
by Salkowski assay or thin-layer chromatography. This suggessittiat the mutants suffer
from undetected technical deficiencies, another gene (such as the weak homioldga6¥9
complements the activity of Psyr_1536, or the indoleacetamide pathway is nonfuraxspite
the presence of a canonit@MH operon—and that 1AA is therefore synthesized by an alternate
pathway, such as IAN. Gene expression profiles generated via promotéer&mion
constructs and microarray analysis both hint that Psyr_1536, which exhibited @\ ove
transcript abundance and modest repression on plant surfaces, may not play an ingp®rtant
IAA productionin planta (Despite Howdeet al.s (2009) preliminary report suggesting that
Psyr_0007 may facilitate IAA biosynthesis via the IAN pathway, micrgarafiling also found
little evidence that it is upregulated on or in plants.) Psyr_4667, however, display&dasigni
epiphytic upregulation. Only further study can confirm whether Psyr_4667 ptaisia IAA
biosynthesis ilPsd728a, but the gene does appear to exhibit leaf epiphytic (and possibly
endophytic) induction.
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Figure 1. An in vitro growth experiment failed to show growth differences between
wild-type Pa299R and its isogenic, IAA-deficient derivatives PaMX149 or PaXYLE
when cultured under varying concentrations of NaCl (A). Replicate experiments
produced similar results (B-C) (Each point represents the mean of 3 technical

replicates £ 1 S.D.)
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Figure 2. Pa299R survivorship when subjected to varying doses of hydrogen peroxide
(A) and a comparison of survivorship of Pa299R and its isogenic, IAA-mutant
derivative PaMX149 at 2 hpi (lines overlap) (B). Each point is the mean of three
technical replicates, + 1 S.D.
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isogenic IAA- mutant (B). Each point is the mean of three replicate plates, + 1 S.D.
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Figure 4. CFP-labeled epiphytic aggregates of Pa299R (pWM1009) (blue) on bean leaf
epidermal cells exhibiting elevated autofluorescence (green) (A-D). These observations were
similar to those described by Monier et al. (2005) (E). In addition to resident bacterial
aggregates, cells with modified fluorescence profiles also sometimes showed evidence of
fungal infection or other damage (i.e. granular surface irregularities) (F). Large aggregates
could also be found on plant epidermal cells that did not exhibit increased fluorescence (G).
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Figure 5. P. syringae pv. syringae B728a is believed to
synthesize auxin via the indoleacetamide pathway;, in
which a monooxygenase (iaaM) and a hydrolase
(iaaH) convert tryptophan to IAA (C). Nucleotide
sequence analysis suggests the presence of two
putative iaaM homologs in the PssB728a genome:
Psyr_1536 and Psyr_4667 (A-B).
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ATGGATGACCATTTTAATTCACCCAGTATTGATATTTTGTACGACTACGGTCCCTTTCTG
AAAAAATGTGAGATGACGGGAGGCATAGGCAGCTATTCATCCGGAACGCCCACCCCTCGG
GTAGCGATAGTCGGTGCCGGCATCAGTGGGCTGGTCGCTGCAACTGAATTATTACGTGCG
GGAGTCAAGGACGTTGTTTTATATGAGTCGCGTGATCGAATCGGGGGGCGGGTATGGTCT
CAAGTGTTCGATCAGACTCGTCCACGTTACATTGCAGAAATGGGTGCGATGCGCTTTCCT
CCCAGCGCAACTGGCCTTTTCCACTACCTGAAAAAGTTTGGTATTTCAACGTCGACCACC
TTTCCGGATCCAGGTGTGGTGGACACGGAGCTGCATTACCGTGGTAAACGCTATTACTGG
CCAGCGGGCAAAAAGCCGCCCGCATTATTCAGGCGAGTTTATGAGGGGTGGCAGTCTTTA
TTGCGCGATGGTTACCTCCTTGAAGGCGGTTCTTTAGTTGCCCCGCTGGACATTGCCTCC
ATGCTCAAGTCGGGTTGTTTGGAAGAGGCAGCGATCGCATGGCAAGGATGGCTCAATGTA
TTCCGAGATTGTTCATTCTACAACGCGATTGTCTGTATTTTTACCGGCCCCCACCCGCCA
GGCGGTGACCAATGGGCTCGCCCTGAAGACTTTGAGCTGTTCGGCTCGCTTGGCATAGGC
TCGGGTGGTTTTCTGCCAGTCTTTCAGGCTGGCTTCACGGAAATACTCCGGATGGTCATC
AATGGATACCAAAGTGATCAGCGACTGATTCCGGACGGGATATCCAGTCTGGCCACGAGA
CTCGCTGATCAGGCATTTGACGGCAAAACGTTAAGGGAGCGCATTTGTTTTAGTCGGGTA
GGCCGCATTTCCAGAGACTCTGAAAAAATCATCATCCAGACAACAGCAGGAGAACAGGGC
TTATTTGATCGAGTGATTGTCACTAGCAGTAATCGAGCCATGCAAATGATTCATTGCCTC
ACGGACAGCGAGCGCTTCCTGAGTCGTGACGTCGCTCGTGCTGTCCGCGAAACCCACCTG
ACCGGATCATCGAAGCTTTTCATTCTCACCCGTACCAAATTCTGGATAAAAAACAAACTT
CCGACCACCATCCAGTCGGACGGCTTGGTGCGCGGCGTCTATTGTCTGGATTATCAGCCC
GATGAACCTGATGGTCACGGAGTTGTTCTGCTCAGTTACACGTGGGAAGACGACGCTCAA
AAAATGCTGGCGATGTCTGACAAAAAGACACGTTGTCAGGTACTGGTTAATGACCTCGCT
GCGATGCATCCGACGTTCGCCAGTTATCTCCTGCCTGTTGAGGGGGATTATGAGCGGTAT
GTATTGCACCATGACTGGCTCACCGATCCCCATTCTGCGGGCGCTTTCAAACTCAATTAC
CCCGGCGAGGATGTTTACTCGCATCGATTGTTCTTTCAACCGATGACAGCGAACAGTCCC
GATAAAGACACGGGGCTCTATCTGGCTGGCTGCAGTTGCTCTTTTGCCGGAGGGTGGATC
GAAGGTGCTGTCCAGACAGCATTGAACAGTGCCTGTGCCGTGCTGCGCAGCACCGGAGGG
CAGGTGTCAGAAGGCAACCCGCTTGACTGTATTAACGCCTCCTATCGCTATTAG

Figure 6. NCBI sequence of P. syringae pv. syringae B728a gene Psyr_1536
(104043210), amine oxidase and putative iaaM homolog.
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ATGAAGAACAACCGTCACCCCGCCAACGGCAAAAAGCCGATCACCATGTTCGGCCCCGAC
TTCCCCTTCGCCTTCGATGACTGGATCGAGCACCCTAAAGGCCTGGGCAGCATTCCGGTG
GAGAACCACGGCGCTGAAGTGGCAATTATCGGTGCAGGGATAGCCGGTCTGGTGGCGGCC
TACGAATTGATGAAGATGGGCCTCAAGCCGGTGGTGTACGAAGCCTCGAAAATGGGCGGC
CGCCTGCGCTCGCAGGAGTTCGAAGGCGCCAAAGGCATCGTGGCCGAACTGGGCGGCATG
CGCTTTCCGGTGTCCTCGACGGCGTTCTTTCATTACGTCGACAAGCTGGGCCTTGAGTCC
AGGCCGTTCCCCAACCCGCTGACCGCGGCGTCTGGCAGCACCGTTATCGACCTGGAAGGC
ACCACCTACTACGCACAGATGCTCTCGGACCTGCCGGCGCTGTTTCAGGAAGTCGCCGAC
GCCTGGGCCGACGCACTGGAAAGCGGCTCGCAATTCGGCGACATCCAGCAGGCGATCCGC
GACCGCGATGTGCCGCGTCTCAAGGAACTGTGGAACAAGCTGGTGCCGTTATGGGACGAC
CGCACGTTCTATGATTTTGTCGCGACTTCCAAGGCCTTCGCCAAGCTGTCTTTCTTTCAC
CGCGAAGTATTCGGCCAGGTGGGCTTCGGCACCGGCGGCTGGGATTCGGACTTCCCCAAC
TCGATGCTGGAAATCTTCCGCGTGGTGATGACCAACTGCGATGAACACCAGCACCTGATC
GTCGGCGGCGTGCAGCAAGTGCCGGTCGGCTTGTGGAGCCATGTACCCGAGCATTGCGCG
CACTGGCCCAAGGGCACCAGCCTGTCGTCGTTGCACCGCGGTGCACCACGTCCCGGCGTG
AAGCGCATTGCGCGCGCCGAGGATGGCAGTTTTGCGGTGACCGACAATTGGGGCGACACC
CGGCAGTACGCCGCTGTGCTGACCACCTGCCAGAGCTGGCTGCTGACCACGCAGATCGAG
TGCGAAGAGTCGCTGTTCTCGCAGAAAATGTGGATGGCCCTGGACCGCACCCGCTACATG
CAGTCGTCAAAGACCTTCGTGATGGTCGACCGCCCGTTCTGGAAGGACAAGGACCCGGAA
ACCGGCCGCGACCTGATGAGCATGACCCTCACCGACCGGCTGACCCGTGGCACGTACCTG
TTCGATAACGGCGACGACAAGCCAGGCGTGATCTGCCTGTCCTACTCGTGGATGAGCGAT
GCACTGAAGATGCTCCCGCAGCCCATCGAGAAGCGGGTGAAGCTAGCGCTGGATGCCTTG
AAGAAGATCTACCCGAAAGTGGACATCGCCGCGCGGATCATCGGTGATCCGATTACCGTG
TCATGGGAAGCTGATCCGCACTTCCTGGGTGCGTTCAAGGGTGCGCTGCCGGGCCATTAC
CGCTATAACCAGCGCATGTACGCGCACTTCATGCAGCAGGATATGCCCAGCGAACAGCGC
GGCATGTTCATCGCCGGCGACGATGTCTCCTGGACACCGGCGTGGGTCGAAGGCGCTGTG
CAGACCTCACTGAACGCCGTGTGGGGGATCATGAACCACTTCGGCGGCAAGACTCACGCC
GAGAACCCCGGCCCCGGTGATGTGTTCCACGAAATCGGCCCGATAGCACTGGGCGACTGA

Figure 7. NCBI sequence of P. syringae pv. syringae B728a gene Psyr_4667
(104198922), tryptophan monooxygenase and weak iaaM homolog.
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Figure 8. A Salkowski assay showed no significant difference between in vitro 1AA
production by wild-type PssB728a, the Pss_1536 deletion mutant (clones # 3 and 5),
or the Pss_4667 deletion mutant (clones # 1 and 6). Standard IAA controls of known
concentration are shown for reference.
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Figure 9. A Salkowski assay of Pss_1536 single-crossover insertion mutant Psyr1536*2
(clones # 2 and 10) shows IAA production similar to wild-type PssB728a. Standard IAA
controls of known concentration are shown for reference.
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Figure 11. Leaf epiphytic induction of Ps_1536 and Ps_4667 promoter:reporter fusion
constructs relative to an untransformed control (LK2) and a weak constitutive positive
control (pJL24631-6) (A). Mean fold induction data from the same experiment (B)
reveal significant induction of Ps_4667 and modest repression of Ps_1536 relative to
the constitutive control (B). Similar data were obtained in a second experiment (C).
Each point represents the mean of three samples + 1 S.D; *=significant difference
from the pJL24631-6 control (p<0.001).
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Figure 12. Leaf endophytic induction of Ps_1536 and Ps_4667 promoter:reporter
fusion constructs relative to an untransformed control (LK2) and a weak constitutive
positive control (pJL24631-6) (A). Mean fold induction data from the same
experiment (B) reveal significant induction of Ps_4667 and modest repression of
Ps_1536 relative to the constitutive control (B). Each point represents the mean of
three samples £ 1 S.D; *=significant difference from the pJL24631-6 control
(p<0.001).
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Figure 13. Microarray expression profiles of 3 putative IAA biosynthetic genes after
PssB728a were grown in basal media, on bean leaves, or inside the bean leaf
apoplast. Each point represents the mean of 6 independent experiments + 1 S.D;
*=significant difference from basal media control (p<0.001).
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% Survival % Survival
E. Coli K12* P. agglomerans
" 299R XYLE
Condition IAA+ IAA- (AA) (1AA)
Osmotic shock . .
0.2-0.5M NaCl 72 £1 52 +1 10-90% i 10-90%
(no diff.) (no diff.)
UV Stress
Bianco=100 J/m2, liquid 81 +2 46 5 15.5 14.8
Powell=62.5 J/m?, plate
Oxidative stress
Bianco=2.0mM H,0, 97 +6 56 +2 65.8 65.9
Powell=0.2mM

*(Bianco et al., 2006)

Table 1. Comparison of IAA-Induced Stress Resistance Data in E. coli K12 versus P.

agglomerans 299R




Aggregate on

Aggregate on

Strain Dark Cell Fluorescent Cell  Row Totals
Pa299R aAa+) 88 33 121
PaMX149 aA) 86 43 129

Column Totals 174 76 250

Table 2. Occurrence of bacterial aggregates on modified (blue-green autofluorescent)
versus unmodified (nonfluorescent) epidermal cells of bean plants.
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Organism/Strain

Description

E. coli S17

Donor strain for conjugative plasmid transfer via
biparental mating; RP4-Tc::Mu-Km::Tn7 ; Spec®?/Strep®
(Simon et al., 1983)

Pseudomonas syringae pv.

syringae B728a

Parent strain; Rif® (Feil et al., 2005)

B728a derivative; Putative deletion knockout of

PssA1536 Pss_1536; Rift/Gent® (this study)
B728a derivative; Putative deletion knockout of
Pssn4667 Pss_4667; Rif*/Gent?( this study)
B728a derivative; single-crossover insertion knockout of
* ’
Pss1536™1 Pss_1536; Rift/Tet® (this study)
Pss1536%2 B728a derivative; single-crossover insertional knockout

of Pss_1536; Rif?/TetR (this study)

Table 3. Strains involved in generating auxin biosynthetic knockouts of P. syringae pv.

syringae B728a
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Chapter IVV. Conclusions

The ability to biosynthesize indole-3-acetic acid (IAA), an important plant horm®oemmon
among plant-associated microbes (reviewed in Spastpan 2007), in which it has been shown
to enhance microbial fitness and influence a variety of host-microbe interadtiohis work, |
have presented a series of investigations intended to elucidate mechanvgshbhAA
production enhances the fitness of plant-associated bacteria.

The majority of the research discussed focuses on the phyllosphere epiahtgea
agglomeran®99R, an enterobacterial species previously shown to induce IAA biosynthesis on
leaf surfaces (Brandit al, 2001). Past work demonstrated that wild-type 299R bacteria
experience a small but significant growth advantage over auxin-deficieantsintplanta

(Brandlet al, 1998). A variety of hypotheses could be invoked to account for this fithess benefit.

IAA and bacterial stress resistance

One possibility is that bacterial IAA acts endogenously to improve survivadaRdsby Bianco

et al (2006) showed that application of exogenous IA/taitro cultures ofE. colistrain K12
increased both transcriptional activity of stress-related genes and sundea a variety of

stress conditions. More recently, the same group reported that either exogenous emarsliog
(transgenic plasmid-encoded) IAA production confers stress resisteBt®rhizobium meliloti
(Biancoet al, 2009), which suggests that native auxin production by bacteria may also confer
stress resistance. Particularly given that matric and osmots ste¥e shown to increase
transcription of théa299R indolepyruvate decarboxylagedC) gene, which encodes the rate-
limiting enzyme in IAA biosynthesis (Brandt al, 1997), the hypothesis that auxin production
improves bacterial fithess by enhancing stress resistai@89R seemed plausible.

However, ouiin vitro experiments (Chapter Three) to test whether endogenous auxin production
enhanced bacterial resistance to harsh conditions likely to be encountered ondiwddeaf—

matric, osmotic, or UV stress—detected no significant differences in thieawf wild-type

(IAA+) versus mutant (IAA-) strains. We therefore concluded that endogenodiggbion of

IAA by Pa299R does not enhance fitness via increased stress resistance umdeitrihe

conditions tested. This conclusion hints that water-stress-inducibility disitteriaipdC gene

(and therefore of IAA production) may not serve as a direct physiologicalatidapto

withstand matric or salt strepsr se rather, water stress may act as a proxy indicator that the
bacteria has arrived in a leaf environment, and should therefore commence |AAtHBSss/for
adaptive purposes other than stress resistance.

This negative result was not entirely surprising, given that wildBg299Rexperienced the
greatest relative fitness benefit over IAA-deficient mutants duringg®of bacterial population
expansion on the leaf; in contrast, auxin production was found to confer little or no benefit
during periods of population stability or decline (Braedal, 1998). If IAA actually functioned
to maximize bacterial survival under stress, the opposite pattern would be dxpeate
mediated fitness advantages would emerge during stressful periods of populatiactioontr
stagnation, as auxin-deficient mutants became less able to resistqiigaiotonstraints
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imposed by stressful phyllosphere conditions. The observation that IAA-meditatestfi
benefits instead accrued primarily during periods of population growth dheriggested that
IAA did not improve fitness by preventing bacterial death, but rather by promotiteyibh
proliferation.

IAA and modification of host cell autofluorescence

A second hypothesis for IAA-mediated bacterial fitness in the phyllospherat isacterial IAA
acts upon the plant host, modifying the local foliar environment in a way that enhaocssah
proliferation. Monieret al. (2005) suggested this hypothesis to explain their observation that
recent immigrant bacteria were more likely to survive and replicate ifidinelgd on a leaf
epidermal cell already inhabited bya299R colony—indicating that the presence of a large,
preexisting population of auxin-producing cells rendered the environment more hesfaitabl
subsequent growth. In advancing this hypothesis, the researchers also notedyhdAanta
epidermal cells occupied BBa299R colonies exhibited elevated cellular fluorescence under the
microscope. They therefore suggested that plant epidermal cell autoflinzescese in

response to local IAA production by resident colonieBa#f99R bacteria.

As described in Chapter Three, we therefore sought to further charactenektiomship
between bacterial auxin production by phyllosphere epiphytes and the autotnceest their
substrate plant cells. These experiments suggesteddP@®R colonies were indeed more likely
to be located on autofluorescent leaf epidermal cells than on nonfluorescenticaléver, a
wild-type colony was no more likely to reside on an autofluorescent lédahaslan auxin-
deficient mutant colony, suggesting that bacterial IAA production did not cheysdezl leaf
cellular fluorescence.

Other aspects of bacterial colonizatiae.(other chemicals produced or secreted by the cell)

may instead be responsible for eliciting altered fluorescence in sulegirdéemal cells of the

host plant. Alternatively, cause and effect may be reversed: cellutdiuauéscence may be an
independent phenomenon indicating that a cell was previously damaged or subjectedyempatho
attack, making it inherently more hospitable to incoming bacteria (perhaps dugiéent

leakage from compromised membranes and cell walls). In either cage;qilaautofluorescence
did not appear to be a particularly useful phenomenon for studying the adaptive raeenéba

IAA production.

IAA facilitates carbon acquisition by Pa299R

As an alternative approach to investigating whether microbial IAA imgrbaeterial fithess by
modifying host plant behavior, we tested whether bacterial auxin stéatedflocal carbon
availability to bacterial cells (experiments described in Chapter.TRegearchers studying

microbial hormone production have long posited a role for bacterial IAA in nuéreepiisition
(Monieret al, 2005; Brandet al, 1998). Furthermore, in the carbon-limited phyllosphere
(Mercieret al, 2000), hormone-mediated increases in plant carbon exudation are consistent with
the report of elevateid plantagrowth by IAA-producing?a299R cellgelative to IAA-deficient
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mutants (Brandét al, 1998), and increased survival of immigrant cells that arrive near wild-type
Pa299R colonies on the leaf surfa@donier et al, 2005). In conjunction with IAA’s well-
characterized ability to affect endogenous plant carbon metabolism and transpbciapky

via the stimulation of apoplastic cell-wall invertases (Roitstchl, 2004)—these observations
suggested a plausible role for IAA in facilitating microbial access togdtast carbon reservoirs.

To test this hypothesis, we transfornia99R and two of its IAA-deficient mutant derivatives,
PaMX149 andPaXYLE, with plasmids bearing sugar biosensor constructs. These plasmids
included the fructose-inducible GFP biosensor pFru46 (Lestall,2001a), and the sucrose-
inducible biosensors p61RYiemd p61RYtinMiller et al, 2001), which encode an ice-
nucleation protein reporter or GFP reporter, respectively. By assayinyéhe dé fructose or
sucrose detected by each striaiplanta we sought to determine whether IAA-producing
bacteria experienced higher levels of carbon availability than isogenic kn@tiaos. As an
additional test, IAA status was also manipulated by co-inocul&aWjX149 mutants with or
without exogenous NAA (a synthetic auxin).

As might be expected given that IAA production was reported to yield avedyatnodest fitness
benefit (roughly 7% more cells per generation [Brastdil, 1998]), differences in carbon
sensing between the two strains were subtle, but detectable. Sucrose seasigpificantly
(12-16%) lower in the presence of exogenous NAA or endogenously produced bacteres 1A
detected by the p61RYigeporter. (The p61RYtir reporter yielded inconsistent results, most
likely due to its relatively weaker sensitivity to low concentrations of sugrGeamversely,
fructose sensing increased significantly in the presence of exogenous Nbasterial I1AA,

with higher proportions of cells becoming induced sooner after inoculation onto the leaf

In both sucrose and fructose sensing experiments, auxin-mediated diffeneceasdson
availability were transient, typically occurring within the initia¥ rours after inoculation onto
Phaseolus vulgariteaves. This span coincides with the period of rapid population expansion
typically observed in leaf-dwelling bacteria as newly arrived immigrdepete existing carbon
reservoirs on the phylloplane. At later time points (12-24 hpi), after initiaboareservoirs
became depleted, differences were generally not detected betweamatinet of carbon sensed
by IAA" and IAA treatments. (In a single flow cytometry experiment, the pFbigensor did
report a subtle but significant carbon advantage persisting i iéterial strains at 24 hpi.)

These sugar sensing data generally support Bedradls (1998) finding that auxin-mediated
fitness differences are positively correlated with periods of rapid pigulexpansion. There is,
however, a discrepancy in the timing between the two studies: Brbalds earliest collected
timepoint was at 24 hpi, while our experiments indicate differences in sugargsang-9hpi.
This difference could be due to the different types of data collected, witAAkddpendent
differences in sugar availability described in this study occurringee#nbn the IAA-dependent
growth differences detected by Bramdlal It may also be that Brandt al would have detected
larger growth discrepancies between [Asd IAA strains, had they measured bacterial
populations at an earlier timepoint.
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IAA and bacterial carbon acquisition: a resource conversion strateqy targeting plant cell wal
invertase?

The observed trends in carbon sensing suggest that IAA decreases sucrabgitgaaild
increases fructose availability to bacteria inB@aseolus vulgariphyllosphere. In turn, this
pattern implicates bacterial IAA in the stimulation of cell wall investa-an extracellular plant
enzyme that cleaves the disaccharide sucrose into its component monosacgiacioss and
fructose (Roitsclet al, 2003).

To test whether IAA-mediated changes in phyllosphere carbon availakelityinvertase-
dependent, we inoculated biosensor bacteria onto wildAygeidopsis thalianand three
A.thalianacell wall invertase mutantsyinvX, cwinvXandcwinvX)under IAA" or IAA”

conditions (Chapter 2). The experiment yielded two important results: 1) usir@soapic
guantification of fluorescent fructose and sucrose biosensor bacteria, we founigmmc in
carbon status between IAAnd IAA treatments on wild-typA. thaliang suggesting that

bacterial IAA’s ability to elicit changes in sugar availaliig host-dependent; and 2) we found

no consistent differences in sugar sensing among bacteria inoculated ldrtgp@/iversus
mutantArabidopsis Thus, although the experiment did not support the hypothesis that bacterial
IAA modulates carbon availability by targeting plant invertases, neithet ditkiit out;
Arabidopsissimply turned out to be a poor model for auxin-mediated phyllosphere interactions.
In the future, experiments testing whether invertase function is requiredi¥atdpendent

carbon shifts should be executed in host plants, sueh\adgaris that are susceptible to
manipulation by microbial IAA—perhaps using chemical inhibitors (Huegtred, 2007) or

inducible gene silencing (Siemems,al, 2010; Essmanet al, 2008) to inactivate cell wall
invertases. In the meantime, invertase remains a plausible—but hypothegdicgdt-ef bacterial

IAA.

Although the involvement of plant cell wall invertases in IAA-mediated carbguigition

awaits further experimental confirmation, we proceeded to conduct prelngxperiments to
assess whether resource conversion represented an adaptive strd?eg99& (Chapter 2).
Expending cellular resources simply to transform one metabolizable cannwe $sucrose) into
another (fructose and, presumably, glucose) would only make sense if the bacieeiad
growth advantage from this transformation. By monitoringrhetro growth ofPa299R with
sucrose, glucose, or fructose as a sole carbon source, we determined that duahtageadid
exist: although net growth of the bacteria was similar on all three carboresatier 24-48
hours of growthPa299R was able to induce growth more quickly on glucose and fructose than
on sucrose, yielding higher growth at early time points. (Delayedtromvsucrose may be due
to metabolite repression or to slow induction ofgsbhegenes required for transport and
metabolism of sucrose.)

In conclusion, IAA may foster quicker onset of phyllosphere growth by transfgiess-
accessible sucrose into more easily metabolizable glucose or fructtesgvdrgrowth

differences on the three sugars appeared particularly strong it Wtvwo carbon concentrations;
this observation is especially relevant given that 89% of phyllosphere egsftgite access to
only 0.15-4.6 pg of sugar (Leveatial, 2001). Maximal growth benefits are therefore expected
to accrue under exactly the sorts of oligotrophic conditions that prevail on tseiteade.
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Particularly in highly dynamic phyllosphere conditions, which can limit bat{@roliferation to
brief windows of environmental opportunity (Lindatal, 2003; Axtellet al, 2002), the ability
to exploit local nutrients more rapidly than auxin-deficient competitors woudkbected to
significantly enhance bacterial fithess (Lenski, 1998).

Methodological considerations in working with single-cell bacterial biosensors

In using fluorescent bacterial biosensors to make nuanced measurements gbgpblédion-
wide phenomena, we gained extensive experience with the potential and limibétioase
tools—particularly in complex environments. Though only briefly considered in thed§alig
dissertation, Appendix 1 contains an extended discussion of methodological and technical
investigations pertaining to the quantification and analysis of fluoresaesgrsors. This
information may prove valuable to researchers considering similar appsogctheir own
research.

In short, although reporters suchim&Z can detect aggregate changes in gene expression across
a population, they reveal little about differential patterns of reporter tgotrithin a given

population. In contrast, single-cell quantification of fluorescent bioreportergsasensitive
measurement of the distribution of reporter activity among individuals withaceerial

population (so long as the gene/trait is expressed at a level suffidiggttlyo detect at the
single-cell level with reporters such as gfp).

Two primary methods enable quantification of cellular fluorescence of digsensors: flow
cytometry and fluorescence microscopy. Each approach demands differgnbcoses
between precision and expedience. Assuming access to a flow cytometiécayesiitable for
small-particle analysis, flow cytometry permits high-throughputysmglmassive sample sizes,
and sensitive detection of a wide range of GFP expression among induced cells. Hiowever
complex environmental samples, flow cytometry suffers from significagtyhvariable
background contamination (25.5-88.5% of putative cell events from leaf-wash sarapes w
background particles), making it difficult to discriminate uninduced cells frartkgoaund

debris without some sort of secondary labeling. Variability in how each cell¢artibvbugh the
optical path of the machine’s analytical module may also reduce resolution, imigpdac
additional source of error that can obscure subtle differences betwedodvesdéent
populations. In contrast, epifluorescence microscopy enjoys consistemtybdackground
contamination (typically <10% of putative cell events from leaf-wash ss)@llowing greater
confidence in determining the proportion of induced versus uninduced cells in the population, as
well as sensitive detection of GFP expression among induced cells. Howes/prettision
comes at the expense of throughput, as fluorescence microscopy is extrdpidinari
intensive and time-consuming; this limits sample sizes to a fraction ofplssile using flow
cytometry—in turn restricting an experiment’s statistical power.

In an effort to better distinguish inoculated bacteria from native microbes lagrdoaickground
leaf debris during flow cytometry, a variety of secondary fluoresceningkepproaches were
tried. To complement the use of a GFP reporter, we first attempted to constitexpetss red
fluorescent proteins including mRFP1, dsRed.T3_S4T, and mCherry in the biosensaa;bacter
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unfortunately, when co-expressed with GFP, these reporters exhibited af@ngelems: most
were too dim to detect reliably via flow cytometry, several exhibitediigper other
interference with GFP (particularly when strongly expressed), aedsttdne exhibited cellular
toxicity in Pa299R. As an alternative, attempts to label cells by staining with the nonspecifi
fluorescent membrane dye FM4-64 did little to improve flow cytometric deteciiell labeling
with strain-specific fluorescent antibodies could potentially improve baktietection, but the
commercially available-P.agglomeransintibody tested failed to birfea299R in an
agglutination assay, so an effective antibody would first have to be identified.

In short, secondary labeling for flow cytometry proved to be a nontrivial challBngi@ninary
experiments did suggest that fluoresceincgtu hybridization may hold some promise. After
screening a variety of potentlRb299RFISH probes, moderate success was achieved: roughly
50% of constitutive GFP-expressiRg299R recovered fromR. vulgarisleaf were successfully
identified using the red-labeled (DH-480) Eh299R FISH probe. However, due to migaed dat
indicating some false positive labeling in a negative control treatment, agswelborts that cell
permeabilization during FISH staining can result in diminished GFP rejoigétness (Remus-
Emsermanret al, 2010; Leveawet al, 2001), FISH labeling was not integrated into standard
experimental procedures in this study. Future researchers, however, shap wkplore further
optimization of FISH staining protocols.

IAA in P. syringae pv. syringae B728a pathogenesis

In addition to extensive investigation of the adaptive function of bacterial |1AAeiepiphyte
Pa299R, experiments were also performed to explore the role of IAA production wiidre f
pathogerPseudomonas syring@e. syringae Previous research has indicated that IAA
production by bacterial pathogens may act as an endogenous regulatory signal, swltesnof
pathogenesis-related genes (Yab@l, 2007; Mazzol&t al, 1994). Additionally, given that
auxin appears to promote disease susceptibility in plants by repressingnt® qg¢fense
response (Shinslet al, 1987; Jouanneaat al, 1991; Navarret al, 2006), IAA may also
facilitate pathogenesis by impairing host defenses.

To investigate the role that bacterial IAA play$isB728a pathogenesis, we knocked out the
indoleacetamide monooxygenaseaM) gene (Pss_1536), which was presumed to be
responsible for the ultimate step in IAA biosynthesis via the well-charastiendoleacetamide
(IAM) pathway. Despite the generation of three diffeiaaiV knockout strains (via double-
homologous recombination, and via single-crossover insertional mutagenesisondtiffénent
insertion constructs), no reductionimvitro IAA production was ever achieved, as measured by
both Salkowski assay and TLC chromatography. Barring undiagnosed techobdahgs with
these mutants, it appears ti@M is not required for auxin biosynthesisRaB728a.

This result was quite surprising, given that the B728a genome contains a highlyednser
canonicalaaMH operon, and thaaaM inactivation was sufficient to knock out IAA production
in the closely related stralPssY30. The apparent irrelevance @faM could be due to functional
redundancy betweaaaM and another, weakly conserved monooxygenase gene (Psyr_4667).
AlthoughA4667 single-gene mutants produced wild-type levels of idtro, a double-mutant
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was never generated to test for redundancy. Alternatively, a non-indal@adebiosynthetic
pathway may be responsible for IAA production in B728a. Hovedexh. (2009) recently
demonstrated th&s8728a can synthesize IAA from an indole-3-acetonitrile precursor via the
nitrilase Psyr_0007. Although it is unclear how important this pathway is in contrithatimeg
cellular IAA production under physiologically relevant conditions. (sing tryptophan as a
precursor), it is possible that the indoleacetonitrile pathway, and not |IAMdyuats for IAA
production in B728a.

Implications

Ultimately, the research described in this dissertation sought to clarifpacterial IAA

facilitates the survival and proliferation of phyllosphere bacteria. In pyshis goal, we

explored flow cytometric and fluorescent microscopic approaches to the quéntfigisingle-

cell fluorescent biosensors, and made preliminary forays into studying tha tAl in foliar
pathogenesis d?s8B728a. However, the main advances achieved here lie in understanding IAA
production by plant epiphytic bacteria—specifically, by the model epiPg269R.

In demonstrating that bacterial IAA alters carbon availability in théigdphere, we have
confirmed that bacterial auxin can affect nutrient acquisition from the hogtgtelstering a
longstanding hypothesis regarding the adaptive function of microbial hormone pyoduct
Furthermore, the observed pattern of auxin-induced sugar conversion (decreasecdhgsdcrose
increased fructose) implicates plant cell wall invertase as a plantufari¢arget of bacterial
IAA, although it is important to point out that this evidence remains circumatahtiese results
add to a growing body of research indicating that apoplastic invertases ket mediators of
source-sink partitioning within plants, as well as between plants and theéemesicrobial
communities (Roitschkt al, 2003). Assuming that invertase activation occurs via ABP1-
mediated induction of ATPases, rather than by TIR1-mediated signal transdinggmnresults
could also suggest that experiments which monitor the effects of microbialolak by
tracking changes in plant transcriptional activity may overlook importarsiglogical responses
that occur at the plant plasma membrane.

Finally, the research conducted for this dissertation demonstrates tyeofitifiicrobial
bioreporter systems in probing the underlying dynamics of plant source-sitdgtés
(Biemeltet al, 2005)—particularly in tracking sugar flux through the apoplastic compartment
and onto the leaf surface. Our bioreporter observations suggest complex intetsativaen the
environment, the host plant, and the relative success of bacterial survivalestrateige
phyllosphere. Bacterial IAA production may, for example, be adaptive only tairckost
plants (.e. P. vulgarisput notA. thaliang. Similarly, it may be adaptive only under high-light,
long-day conditions, when high photosynthetic productivity leads to the relative satwfati
phloem loading and elevated concentrations of apoplastic photosynthate; undeoniagsans,
IAA-activated invertases would have abundant substrate to cleave—and the imetgieise
of synthesizing IAA would yield a greater carbon advantage to phyllospheteziba

IAA-mediated interactions between plants and their resident microbettieesippear both
complex and environmentally contingent. In unraveling these interactions,d&#s ¢k increases
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understanding of the interactions between bacterial IAA production, plant invactasty,
photosynthate partitioning, and cultivation conditions—and ultimately, how these featobe
manipulated to establish beneficial bacterial populations and impede plant patimogens i
agricultural context.
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Appendix |. Methodsfor single-cell fluorescence quantification of bacterial biosensors. A
critical evaluation of flow cytometry and epifluor escence microscopy applied to
environmental samples

Abstract

Many environmental bioreporters permit measurement of mean reporter induithionav
population. But in order to understand gene expression dynamics in complex environmental
settings, knowledge of reporter induction at the single-cell level is truciarder to facilitate
such single-cell analysis, two methods were investigated that mightdé&upeantify
fluorescent reporter induction of individual bacterial biosensors: flow cytgnaetd
epifluorescence microscopy coupled with quantitative digital image asdhgs each technique,
various methodological and analytical approaches were assessed, anddladasensitivity of
the approach was assessed. To facilitate fluorescence analysis bychoitjues, secondary
labeling of bacterial cells was also explored, including constitutive expnesisthe red
fluorescent proteins mRFP1, mCherry, and dsRed.T3_SA4T; cell labeling via kdStthgbody
staining; and nonspecific cellular dyes. Though flow cytometry holds somedimumiiity in
detecting large shifts in fluorescence among GFP-positive cell pamdati was found to suffer
from high background and limited sensitivity to dim fluorescence—partigushdecondary red
fluorescent proteins. In contrast, fluorescence microscopy provided lowerdac#gand
sensitive detection, but was labor-intensive, slow, and provided only small samgld=fiaes
towards secondary cell labeling were largely unsuccessful, but bear smmeeofor future
applications.

I ntroduction

In order to measure the carbon concentrations available to leaf epiphytitahacteethod was
required to measure the reporter activity of sugar-inducible bacteriahbarsevashed from the
leaf surface. To accomplish this, preliminary experiments exploited a stinthgibleinaZice
nucleation reporter; unfortunately, these data could only provide information abcagever
population-wide exposure to leaf surface sugars.

Though population-level data are informative, detailed knowledge about the distribusiogaof
availability among individual leaf-surface bacteria are crucial to stalgting the role of IAA in
determining bacterial fithess in a complex and dynamic leaf environmergx&ample,
preliminary research suggested a small, auxin-dependent decrease in oeNali sucrose
sensing (Chapter 2). But did decreased sucrose availability at the popléagl represent a
steep drop in sucrose acquisition by a few bacteria, or a modest drop in sucroseoschyis
many bacteria? Were changes in sugar acquisition experienced by eleinegbacteria in low-
carbon, oligotrophic conditions? Or by bacteria dwelling in carbon-rich “nutresgs” and
experiencing relatively rapid growth (Lindow, 2003)? The answers to theseqgeeuld
reveal broad patterns in auxin-dependent sugar acquisition, which could in turn iliuthmat
mechanisms by which bacterial auxin biosynthesis confers evolutionagsfitne
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In order to gain more precise information about the induction of individual biosensoorcétie
leaf surface, a method was required to quantify GFP expression at thecgih{ggel. To this
end, multiparametric flow cytometry and epifluorescence microscopyassessed for their
ability to measure sugar-inducible GFP expression in bacterial biosenstrsdfeom leaves.

For both methods, bacterial biosensors were inoculated onto the leaf, allowed tb witbréhe
phylloplane for an appropriate interval, then washed off. In microscopy exqyes, this
“washate” was dried onto microscope slides and the cells’ GFP intensityizesuasing an
epifluorescence microscope, then quantified using image analysis softwfiow cytometry
experiments, the dilute suspension of cells was instead fed through a premgeslled flow
chamber, where the instrument collected detailed data on each cell’'s Gidtyrdad other
spectral characteristics.

In principle, flow cytometryshouldbe an ideal approach for analyzing population-wide data
from environmental samples. As samples flow through the analytical chasalobrcell crosses
an interrogation point, where it is excited with a laser. The cell's respoteser excitation is
measured in several different parameters: forward-light-seagtéeSC) indicates the cell’s size;
sidescattering (SSC) indicates the cell’'s granularity or intestnattural complexity; and the
cell's fluorescence emission can be simultaneously measured in sevferahtifvavelengths
(reviewed in Shapiro, 1995). High flow speeds allow rapid, massively high-throughglyses.
Millions of individual cells can be measured in minutes. The resulting datasetsadily
analyzable, as they index detailed cellular data on millions of individualin&sl a computer
file. Furthermore, by incorporating multiparametric data on cell sizaclearregularity, and
secondary (non-GFP) fluorescence, leaf surface debris and native legicbean in theory be
excluded from analysis of GFP fluorescence intensity.

Flow cytometry is also a well-characterized, extensively used techniguereésult, there are
abundant software tools and user facilities devoted to its use. Though the majorisedrthe
geared towards immunological and mammalian applications, flow cytometrisbasean
applied to microbiological research—maostly fiorvitro experimentation (Choet al, 2005), but
the literature also contains reports of its use with environmental sarapleasactivated sludge
(Lenaertset al, 2007), seawater (Margt al, 2010), and plant surfaces (Rockaal, 2010a, b).
On first glance, it therefore seems that applying flow cytometry would bsptexliest, best-
supported, most precise approach to monitoring bacterial biosensor induction.

In contrast, epifluorescence microscopy is a powerful but inefficient agpré#though it has
been used to monitor fluorescent bioreporters in the environment (Levagl2001; Dullaet
al., 2008; Remus-Emsermaenal, 2010), it is a highly labor-intensive method and therefore
precludes the large sample sizes permitted by flow cytometry. Whereytometry allows
hundreds of millions of cells to be analyzed in an hour, microscopy requires days/aeanal
hundreds or thousands of cells. Similarly, although leaf debris and native beateatien be
distinguished from biosensor cells in microscopic images, this segregdigsnoresubjective
visual discrimination rather than the strictly quantitative parameteldeshiby flow cytometric
software. As such, it is both more labor-intensive and more difficult to maintairstsoris
standards across large experiments.

Microscopy, like flow cytometry, is widely used and well-supported on the UKeBsr campus
and many other research facilities. But though the facilities and seftieaoted to microscopic
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analysis are sophisticated, they are not specifically designed to amgtblinroughput,
multiparametric particle analysis. For example, flow cytometrinwsoe automatically links the
various fluorescence and light-scattering data collected from each indipaitigle; in contrast,
microscopy requires laborious manual curation to properly align particles iiplmuhage
exposures collected from different emission wavelengths. Once thisoismplished,
measurement of GFP intensity is time-consuming, and subsequent data manipulatsn and r
analysis are difficult.

For all of these reasons, at the outset of this research flow cytometrydsérenadvious choice
for the quantification of single-cell GFP intensity in recovered leaf bactdgedless to say, in
practice the answer was not so simple. In the course of this research, botdthppwere
explored in an attempt to collect GFP fluorescence data from bacteriaisnosdarvested from
leaves. Though systematic, side-by-side comparisons of the two technigaesotveerformed,
extensive experience with both nonetheless allows critical comparisons.

Each technique’s ability to meet the following criteria was assessed

1) Does the technique sensitively measure GFP fluorescence of bat¢temahduced
are the cells?)

2) Does the technique allow discrimination between biosensor bacteria aladysim
sized debris and native leaf bacteria? (What proportion of cells is induced)?

As an extension of the second criterion, methods were also investigated to hejjidisthe
total population of bacterial biosensors recovered from leaves from otherdanttgarticles.
This was particularly necessary to measure weakly induced cells rhitlonly dim or no GFP
fluorescence, as these are difficult to distinguish from native bacterigs,dait other GFP-
negative particles recovered from the leaf. While flow cytometry could, in pkénepply
forward-scatter, sidescatter, and fluorescence gating to discrimetatedn particle
subpopulations, in practice a more specific method was necessary.

Several different approaches were eveluated. Co-expression of a secontlito@nitiorescent
marker in GFP biosensor cells was particularly appealing, as it wouldeeqimimal staining or
post-harvest manipulation of samples. A variety of red-shifted fluoresgarteeconstructs
have been developed, including mRFP1 (Campiell, 2002), mCherry (Shanet al, 2004),
and dsRed.T3_S4T (Sorengral, 2003); the ability of each to distinguish biosensor bacteria
from background particles was tested. Fluorescensitu hybridization (Amanret al, 1995)
and cell-specific labeling with fluorescent antibodies (McCaethgl., 2011) are also commonly
used strategies to identify target cells from complex populations. Though morenbnused

in cultured samples, counterstaining with cellular stains such as the memyedrd4t 64
(Pogliancet al,, 1999) or nucleic acid-specific DAPI (Sgorbettial., 1996) can also be used to
identify cells. Each of these approaches was evaluated for specifgitgl mtensity, and
spectral compatibility with GFP and the available optics.

Materialsand Methods

Culture Conditions
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For routine culturing, all bacteria were grown in LB liquid or agar mediuth, amtibiotics as
appropriate (Kanamycing€50ug/mL, Tetracycline=15ug/mL, Rifampicin=100ug/mL,
Natamycin=43ug/mL)E. coliwere grown at 37°(R. agglomerangat 28°C.

Dose-response experiments with bacterial biosensors were conducted asdlestebealet

al. (2001). Briefly, biosensors were grown to mid-log phase in liquid M9 minimal medium

(Miller et al, 1972) supplemented with 0.2% casamino acids and 0.4% galactose. At the start of
the experiment, cells were washed once with 10mM phosphate buffer (pH=7.0) and inoculated
into fresh M9 amended with 0.2% casamino acids, 0.4% galactose, and fructose as appropriate
cell fluorescence was then measured at the indicated timepoints.

Plant Inoculation and Harvest

In plant inoculation experiments, a single, freshly streaked colony wasatedihto Minimal-
A medium (Milleret al, 1972) amended with appropriate antibiotics, 0.4% Galactose, and
2.5mM tryptophan. The inoculum was grown overnight with shaking at 300rpm, then
resuspended at a final concentration dfdélis/mL in 100mM KP@buffer. Healthy, 2-3-week-
old Blue Bush Bean plants with undamaged leaves were spray-inoculated umtilanai#f the
ab- and adaxial surfaces of all leaves. Each plants was then loosely coikraglastic bag
fastened at the base with a rubber band (to maintain humidity) and placed in amaii@dni
growth chamber at room temperature.

After the designated incubation period (usually 7 or 24h), bacteria were tedrfresn leaves.

For microscopy analysis, two healthy primary leaves were chosen fanpeg severed, and
immersed in 20mL of KP©buffer; for flow cytometric analysis 15-20 leaves were immersed in
a beaker of 200mL KPf{buffer. Leaves were sonicated for 5 minutes, vortexed for 30 seconds,
removed, and discarded.

Others have used filtration to concentrate cells isolated from environmamiales (Goyat

al., 1980). However, preliminary attempts to use this method for leaf surface samplesgrodu
relatively high levels of background debris—particularly bacterialdsizsd autofluorescent
particles presumed to be chloroplasts (data not shown). Cell concentration nefs¢he
performed via centrifugation for all experiments shown.

To concentrate cells, leaf washate was centrifuged at 500rxL0 minutes at 4°C. The
supernatant was removed by pipetting, and the pellet resuspended in approXmately

KPO, buffer. To remove leaf debris, each sample was syringe-filtered theo6gm TMTP

filter (Millipore Isopore filter, CAT# TMTP02500). Filtered samples wenee again

concentrated by centrifugation at 5000 for 10 minutes at 4°C. (At this step, microscopy
samples were resuspended in 25uL KBGffer and stained with 4’,6-diamidino-2-phenylindole
[DAPI, Ce=2.5ug/mL] for 10 minutes in the dark at room temperature, then snap-frozen on dry
ice before fixation.)

To fix, ImL of 4% paraformaldehyde was added to samples, which were then storedhb\arnig
4°C, washed with KP©buffer, and resuspended for analysis. To prevent sample degradation, all
samples were analyzed via microscopy or flow cytometry within one ofdekrvest.

Flow Cytometry
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The majority of flow cytometric analyses described were performed on dwe aistruments.
The first was a Beckman-Coulter EPICS XL flow cytometer equipped wig8am, 15mW
argon laser. On this machine, GFP fluorescence was detected with a 525nm bétidrpass
(FL1), orange-red fluorescence using a 575nm band pass filter (FL2), and redd&rae using
a 620nm (FL3) band pass filter. Data were analyzed using EPICS-XL datatsmgaisd
display software, version 1.5. The second instrument used was a Partec CyFlopasinkd
analyzer equipped with 480nm and 405nm lasers. GFP fluorescence was detected with a 520nm
band pass filter (FL1) and red fluorescence using 570nm long-pass fil®r Pdta were
acquired and analyzed using FloMax software. Additional samples wereethalya
Beckman-Coulter EPICS Elite cell sorter and Cytopeia INFLUX cetes. Post-acquisition
analysis and data visualization was performed in FCS Express (Version 3, Dedfiovars).

To ensure sensitive detection of bacteria, gain settings were alwaygddpehsure optimum
separation and identification of bacterial subpopulations. Except where inditabeelséence
was collected using logarithmic signal amplification, and gain was detlsatc99% of non-
fluorescent control bacteria fell within the first decade of a singlepetea fluorescence
histogram; cells exceeding this threshold were considered GFP-positivearkples harvested
from leaves, a constitutive GFP-positive control strain was used to identifyoensor cell
population in each experiment: by selectively gating on GFP-positive fluoresenis, the
biosensor cell subpopulation was identified from a complex mix of particles on th® FS/S
scatterplot. A gate was drawn around this putative biosensor population, and all subsequent
analysis of leaf washate samples restricted to this defined subpopulation.

Microscopy

Fixed, DAPI-stained cell samples were diluted as appropriate, spotted ont@R el (Fisher
Scientific, cat#22-230-900) slides in 20uL droplets, and air-dried in the dark at@73C-45
minutes. Samples were then covered with Aqua PolyMount anti-fade mounting reagent
(Polysciences, cat#18606) and a #1 cover slip. Bacteria were viewed and photbgtafyEOx
magnification using a Hamamatsu digital camera attached to aAéeadsager M1
microscope. Samples were excited using a broad-spectrum mercury pratahvisualized
using standard DAPI and EndowGFP filter cubes. To ensure sensitive detectiotenépac
exposure times were adjusted to ensure that relative pixel intensity did aete2600 in
maximally induced samples (to avoid saturation) and negative control cells exd®edgo
ensure detection of dimly fluorescent cells). Typical exposure settingsd&mm 200-300ms
for DAPI and 3000-500ms for GFP; the same exposure settings were used througtgiat a sin
experiment. Optimum views, in which cells were abundant but not clumped together, were
chosen to be photographed. For each treatment, 5-25 images were acquired using iVision
software. For each view photographed, tandem DAPI and GFP images weredaping the
Multi-D Acquire function.

Image Processing

Where specified, images were corrected for uneven illumination or opteguliarities across
the image field using the iVision FlatField function (BioVision, 2010). Contralges were
acquired during microscopy by photographing one dark image with the shutter citasedgea
empty image with the shutter open; images were acquired using the gaosarexsettings and
filters as the experiment. Using these blank images, the iVision softreates an image mask
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to correct any pixel variability detected in the blank image, then appliesable to each data
image. This FlatField image correction was performed by applying rinegé Ratios” function
to every DAPI and GFP image in the experiment prior to subsequent GFP intaabjsisa

For all images, bacterial cells were identified by using the iVisigm®@atation or
Autosegmentation function to separate DAPI-stained cells from the backgrdwencesulting
segment mask was copied and pasted onto the corresponding GFP image. Whia, $heci
image mask was manually aligned with the underlying image. Mean GHRnpexesity of each
segmented cell object was quantified using the iVision “Measure Segmemtsoh.

Where specified, images were corrected for background fluorescence by hdiyteedacting
three dark background segments within the image. Mean pixel intensitiesad@riated for
each background segment using the “Measure Segments” function, and a mean image
background intensity was calculated from these values. Within an imageimaggn
background intensity was subtracted from the mean GFP pixel intensity ofegacbrged
object, thereby generating a background-adjusted fluorescence valaetiared.

Pixel intensity data were imported into Statistica (Version 9.1, Stat8diigh was used to
generate basic descriptive statistics, histograms, and normal priybaloiis.

For co-localization analysis, images were analyzed using the Imoérisee. The co-
localization function was used to analyze red and green fluorescence ineseparaels, and
the Pearson correlation constant calculated to assess the degree of piapl over

Cell Staining

Where specified, fluorescenuesitu hybridization was performed as described in Lenastréd.
(2007). Briefly, bacterial samples were resuspended’airilf cells/mL and fixed overnight in
4% paraformaldehyde. Samples were washed 3 times in K#f€@r, resuspended in 1mL of 1:1
PBS:ethanol mix to permeabilize cells, and stored at -20°C. To stain, sarepéethawed,
resuspended in 200uL of hybridization buffer (900mM NacCl, 20mM Tris/HCL (pH=7.5), 0.01%
SDS, 0-50% formamide as appropriate), and split into 2 tubes of 100uL each. Probe was added
to one sample (&5ng/uL) and HO to the other as a negative staining control. Samples were
incubated at 46°C for 3 hours, then centrifuged at 89@@x5 minutes and resuspended in

500uL of fresh hybridization buffer. Samples were incubated for 20 minutes at 48°C, then
centrifuged at 800Qxfor 5 minutes and resuspended in 500uL of fresh washing buffer (900mM
NaCl, 20mM Tris/Hcl (pH=8.0), 5mM EDTA, 0.01% SDS). Samples were incubated for 20
minutes at 48°C, then centrifuged at 80g@xr 5 minutes and resuspended in 500uL of cold
PBS. Samples were stored in the dark at -20°C for <48 hours before processing with flow
cytometry or microscopy. Oligonucleotide probes were conjugated to a 5'dteimeprobe for
validation screens (Bioneer, USA), or a 5’ DY480XL red fluorescent probe foritrs S#P
biosensor cells (Biomers.net, Germany).

Where specified, FM4-64 staining was performed by adding stain to gedirsisns to a final
concentration of 1.5uM, then incubating samples in the dark at room temperature for 15.minute
Cells were washed three times to remove excess stain (leaf-wagbgsekre washed only

once, to minimize sample loss), then fixed with 4% paraformaldehyde.
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For antibody binding assays, TetraCore polyclonal rabbittamtinia herbicolalgG antibody
was tested for agglutination activity agaiRstagglomeranstrain 299R (pKTbla). Bacterial
cells were incubated at 28°C with or without antibody, then wet-mounted onto micre$idese
and visualized at 400x or 1000x.

Results and Discussion: Flow Cytometric Analysis of Fluorescent Biosensors

In an attempt to optimize flow cytometric analysis of bacterial biosehsovested from leaves,
two different machines were evaluated: a standard Beckman-Coultef E®I@nd a Partec
CyFlow small-particle analyzer. (Limited tests were alsogueréd using Cytopeia INFLUX and
Beckman-Coulter EPICS Elite cell-sorters.) For each of the twersgsta sampl& vitro
experiment was analyzed—typically a dose-response curve with a friatiosgble fluorescent
biosensor—in order to test the machine’s ability to resolve small particles iatl GEP
fluorescence under optimum conditions. Bacterial samples harvested froswesreethen
analyzed in order to test the machine’s ability to resolve cells from crrapleronmental
samples.

Resolution of standard BC-EPICS XL flow cytometers is sufficiemnt fatro, but not
environmental bacterial samples

To test the machine’s ability to detect bacterial sampleis, @tro time course experiment was
performed in which the fructose-inducible bacterial bioseRsagglomeran299R (pFru46)
was cultured with various doses of fructose for seven hours, and samples collegjathat re
intervals. All samples were analyzed in parallel using a standard labditatorsneter and the
EPICS XL flow cytometer, and the results compared.

The two methods produced broadly similar results. Negative controls and O hpi inoeila we
GFP-negative, while positive controls exhibited right-shifted, GFP-positivesgleoughout the
experiment (data not shown). At the highest dose of fructosBa289R (pFru46) biosensor
cells were strongly induced by 2-3 hpi, as indicated by the significant agthtshift of
biosensor cells’ fluorescence intensity in the sample GFP histogram;xqeiisee to lower
doses of fructose experienced a lesser, dose-dependent induction beginning at Sghirlepl JFi

This indicated that undém vitro conditions, the flow cytometer was able to collect informative
GFP fluorescence data from bacterial biosensors. Despite this appaoesssetoser inspection
of the FSC/SSC plots suggested that the machine would be unable to resolved baliteina
complex environmental samples (Figure 1c). Even at maximum gain setting$-tBGhend

SSC channels, bacteria were visible only as a dense cluster of cellseneagith at the limit of
detection. Under clean culture conditions, when the only particles enteringwheyfometer
were the cells of interest, this was no great obstacle—an inclusiveogédebe drawn around
every particle analyzed because few background particles existieh. #&amples with many
small contaminating particles, the ability to detect and exclude subpopulationallgrslarger,
or more irregular particles from the population of biosensor cells could balcritic

To test whether the EPICS XL possessed sufficient resolution to measuesdlence from
environmental samples, bean leaves were inoculated with phosphate buffer, e/fd-typ
agglomeran299R, constitutively GFP-expressing 299R(pKTbla), or the fructose-inducible
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biosensor 299R (pFru46). Bacteria were allowed to interact with the phylldplazae
appropriate amount of time, then harvested and analyzed by flow cytometry.

The results confirm the EPICS XL'’s unsuitability for environmental samp&S/$SC plots of
the plant-harvested samples displayed a broad smear of particlesediystamarily around the
origin (Figure 2). The cytometer did enable crude distinctions betweerpGstitre samples
and GFP negative samples: both the pKTbla and pFru46 strains displayed rigittiftat-
fluorescence peaks in the GFP histogram, while the buffer and WT 299R negative controls
lacked GFP-positive peaks (Figure 3). However, in the pKTbla sample, which showalioh cont
only GFP-positive cells, the fluorescent cells were barely distinguisfrabtea significant
population of GFP-negative particles. Modifying gating of the total particle ppualto select
different areas on the FSC/SSC plot did not improve the specificity offRar@ensity results
(data not shown). Native bacteria and leaf surface debris therefoferedewith resolution of
the positive control cell population; the pFru46 treatment was similarly obscured.

In the absence of a second fluorescent label to help resolve the inoculated calignofnaim
background cells and debris, the EPICS XL was unable to sufficiently resotegidldmosensor
cells. The machine’s inability to logarithmically amplify FSC andC3®)nals was particularly
crippling, as it prevented segregation of particle subpopulations based on size@ndastr
irregularity. The machine’s flow chamber and optical array, which are @athior much larger
mammalian cells, also may have impeded accurate detection and measurdeadrgusface
bacteria.

The Partec small-particle analyzer possesses sufficient resolution to analyaesbiolsacteria
from complex environmental samples

In contrast to the EPICS XL, Partec’s CyFlow analyzer possessealsesgn features
intended specifically for use with small particles. The machine pelagarithmic gain
amplification on all channels, including FSC and SSC, which enhances resolution Isf signa
from tiny bacterial cells. Its precision flow chamber is designed to naaipositional variation
of particles flowing through the interrogation point, reducing signal vamyakilat arises from
bacteria tumbling askew through the path of the laser and optical measureaaentia optics
are tentatively suitable for dual-fluorescence detection: a standard 520npasanidter (FL1)
for visualizing GFP, and a 570nm long-pass filter (FL2) for visualizing texdscence.

In order to evaluate the machine,iaritro dose-response timecourse experiment was
performed, as with the EPICS-XL. Two different fructose-inducible fluanetsbiosensors were
testedP. agglomeran299R (pFru46), which employs the faster-maturing, short-half-life GFP
variant AAV (Anderseret al,, 1998), and pFru44vhich uses the stable GFP variant ASV. Each
strainwas cultured with various doses of fructose for seven hours, and samples collected at
regular intervals.

Negative controls and Ohpi inocula were GFP-negative, whilBa#89R (pKTbla) positive
control was weakly fluorescent throughout the experiment (Figure 4). Both biosenstnucts
exhibited dose-dependent responsiveness to fructose. However, fluorescenadappear
accumulate more rapidly in the stable-GFP pFru44 reporter—particidaHg 167 and 16.7uM
treatments, which reached maximal induction 2 hours earlier than the pitoudigorter
cultured in the same concentration of fructose. Once maximal fluoressasceached, GFP

148



fluorescence was also maintained more stably in the pFru44 bioreporterlstgzart due to this
stability, the lowest dose of fructose (1.67uM) was weakly detectable witd4gHout not with
pFru46. These observations conform to previous reports which quantified the effects oépromot
strength, cellular growth, and GFP half-life on reporter induction actig¢yeauet al, 2001).

These results indicated that the Partec CyFlow had sufficient resolutiogasure GFP
fluorescence of bacterial biosensors grown in culture. Furthermore, inspedienF8C/SSC
plots suggested that the cytometer’s optics enabled much clearer visualizatbomobéx
samples: in contrast to the barely-visible cluster of cells at the EPIGSs¥atterplot origin, the
Partec’s logarithmic signal amplification settings rendered aedespopulation of cultured
bacterial cells identifiable, even at moderate gain settings @-gif).

To evaluate whether the machine’s superior optics could be successfullyl apglre
environmental sample of leaf bacteria, a leaf inoculation experimerievismed. Bean leaves
were inoculated with either phosphate buffer, wild-tipp@gglomeran299R, constitutively
GFP-expressing 299R(pKThbla), or the fructose-inducible biosensor 299R (pFru@yidBac
were allowed to interact with the phylloplane for an appropriate amount@fttven harvested
and analyzed by flow cytometry. As predicted from the culture-based mvgras, FSC/SSC
plots of the plant-harvested samples were able to resolve bacterial subpopofations
approximately the same size and granularity as cultured samples usingooleisata gain
settings (Figure 5). Sensitive detection of GFP fluorescence wablpogsth GFP-positive
cells of the pKTbla-expressing positive control and pFru46 biosensor visibldiastdis
rightward-shifted peaks in the FL1 channel (Figure 6).

Despite this improved detection of sample cells with the Partec CyFlow, background
contamination remained a problem. Fluorescent background was extremely pd2oaf
recovered wild-typ&a299R cells were GFP-positive (Figure 7f). However, nonfluorescent
background was high. When leaves were inoculated with the constitutively GFP-psis#tine
Pa299R(pKTbla), GFP-negative particles nonetheless comprised 25.5-88.5% of the population
recovered from leaves, even when gating selectively on the putative bastbpapulation

(Figure 7a-e). This demonstrated that even with superior optics, size ancgrtaalbne were

not sufficient to distinguish biosensor bacteria from leaf debris and natiweibact

Based on these results, the Partec was used to monitor shifts in reportr aciong the
induced, GFP-positive portion of the bacterial population. However, as a result 6€aigrand
variable GFP-negative background, it was impossible to use flow cytometry to $tedy G
induction patterns of weakly fluorescent cells, or calculate induced-versus-usdncklcratios
within the bacterial population. Given that such ratios are important to interpitetngscence
data for both the sucrose- and fructose-inducible bacterial biosensors, tlad timeitscope of
flow cytometric experiments.

Conclusion: Despite improved particle resolution, GFP-negative background contamination
remains a problem

Flow cytometry remains a promising but ultimately problematic technmyusrigle-cell
fluorescence quantification. Though standard flow cytometers appropriateafomalian work
often lack sufficient resolution to process bacterial samples—particatarplex
environmental samples—cytometers specialized for small-particletidetesuch as the Partec,
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are powerful tools for study of single-cell biosensor induction. Unfortunatelg, sweh high-
resolution cytometers suffer from several technical limitations.

Perhaps because of the machine’s sensitivity, spurious background particleiseangmge
proportion of the data collected, impeding quantification of dimly fluorescent om@g&tive
biosensor cells. In principle, an appropriate combination of secondary cellulasfiteoce and
complementary optics should allow separation of biosensor cells from backgroucie qpdtit
such a combination was not attained in the course of this research.

Flow cytometry does offer limited utility for observing the fluorescenaadicedcells, as
GFP-positive populations are clearly detectable when recovered from tkareak. Others
have therefore exploited bacterial biosensors with high baseline fluoredoemeasure broad
shifts in fluorescence of biosensors recovered from roots grown in a spikftéicial system
(Rochatet al, 201@&-b).

Unfortunately, even within this limited application, flow cytometry suffeosnftradeoffs
between the range and resolution of fluorescence detection. When operated achjoéstion
mode, the machine can collect detailed information about fluorescence distribittionay
narrow range of sensitivity. However, biosensors from environmental satypiealy exhibit a
wider range of induction than can be captured in the linear range. When operatedtimhoga
acquisition mode, the machine has a broad range of sensitivity and can measure 10Q@0er
fold shifts in fluorescence, permitting analysis of the full range of reporduction. However,
because the machine has a fixed number of detectors, increased range tenespanse of
decreased sensitivity: as a fixed number of detectors monitor a broader sp#atrdaction,
each detector must bin together a broader cohort of fluorescent cells. otias gformative,
fine-scale differences in GFP induction, particularly at the upper rangdwidtion. Flow
cytometry, though useful for detecting broad changes in GFP-positive populasinriserefore
be poorly suited to monitoring subtle shifts in reporter activity.

Mindful of these limitations, flow cytometry was employed in a limitgglacity to probe the
behavior of strongly induced biosensors on the leaf surface. But in order to addresstia be
of weakly induced or GFP-negative populations—a central goal of this researamatalee
methods were explored to quantify single-cell biosensor induction.

Results and Discussion: Developing a M ethodology for Digital Image Analysis

Due to limited equipment availability and the technical challenges of apglgingytometry to
debris-laden environmental samples, microscopy was investigated &sraatade tool to
characterize environmental populations of bacterial biosensors. But beforecaperinental
data could be analyzed, an image processing method was developed to quantifgugieni

In order to develop the most efficient and accurate method to analyze micrdstaps sample
dataset was constructed from fluorescence microscopy imagesgflomerand1xX149 cells
bearing the pKTblalasmid, which encodes weak but constitutive GFP expression.
Representative photographs were chosen to represent the 0-hour inoculum (5 images), and
samples washed from bean leaves at 1 and 3 hours after inoculation (7 and 5 images,
respectively). The objective was to develop an analytical method that boideatified each
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cluster of fluorescent pixels as a discrete object (segmentation), niedsiraean fluorescence
of the object, and compiled the fluorescence data for all the objects in a gagss iior accurate
guantification of fluorescence induction within a bacterial biosensor populationsegciented
object ideally represents an individual bacterial cell. Images arelyzed using various digital
processing methods in order to assess how cellular fluorescence dasdfectesl by digital
image manipulations including: segmentation method, size- and eccentrexty-¢eclusion of
image objects, segment mask alignment, correction for background fluorescehdai-field
correction for uneven microscope illumination.

Digital image processing: Size-dependent exclusion of particles improves ceflianaly

Because DAPI segmentation is fully or semi-automated, selection eftemsoccur. For
example, the software can pick out small patches of fluorescence atteltotdebris or out-of-
focus cells; it can also highlight cell aggregates, mistakenly idergifyihuge raft of clustered
cells as a single large object. Both errors distort experimental date. ¢ate of cell aggregates,
other researchers have noted a “halo” effect, in which densely clustdeedigglay artificially
elevated fluorescence due to their proximity to other bright neighbors (G, peitta comm.).
This suggests that large segmented objects (representing clumps of ilaksidro have higher
fluorescence—an observation supported by the positive correlation betweemnssgi@ and
fluorescence (Figure 10). Similarly, very small objects (partibutangle-pixel objects)
disproportionately tend to be GFP-negative debris, as determined both by theszs:énce
correlation and by visual inspection of segmented images.

As a result, segmented objects were subjected to size-dependent exclusiathasieom

excluding both tiny debris and large clusters of cells. Optimal microscopges, in which cells

were abundant and discrete(not clustered together, but scattered as single cells), were chosen
from the O-hour inoculum samples. The images were manually segmented tooptisouen
segmentation, and the resulting distribution of object sizes plotted on a histéggane @).

Typical P. agglomeransells were defined as segmented objects between 40-300 pixels in size—
a range of values that covered 99% of the segmented objects, and which conforiseal t
inspections of cell size. As a result, only objects within this range wertalettin analyses of

GFP intensity; larger or smaller objects were excluded to omit mult@etillsters and debris.

Despite its potential advantages, size exclusion is not without concern, as it patetti@l to
distort population-wide fluorescence data. In inoculum samples, where sedmbjetets were
primarily single cells, size exclusion had little effect on the distiwioutif fluorescent cells in the
population (Figure 9). But bacteria shrink when inoculated onto leaves (Mxr@ier2003).

This suggests that lower bounds of cell size based witro cultured cells could inadvertently
result in omission of many shrunken bacterial cells when applied to samplesdthfi@st
leaves. This omission is of some concern: assuming that cell shrinkage is afresliliar
stress, systematic exclusion of smaller cells could bias resulted®ieaf surface bacteria in
relatively hospitable environments, while excluding cells from stressfubhmabitats with
marginal resources. However, the tradeoff of excluding smaller-sizedolgelat fewer pieces
of debris are admitted as data. Visual inspection of segmented imageseitjugtssize-
exclusion successfully disqualified many pieces of leaf debris that wthédiase have entered
analysis (data not shown). This observation was confirmed quantitatively by cognpari
histograms of fluorescence data analyzed with or without size excl&sgund 9b-c). When all
particles were included in the analysis, the leftmost column of the histogpeesents a large
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population of GFP-negative particles; if only particles that fell within tHestzd boundaries
were included in the analysis, nonfluorescent particles make up a relathadlgrsproportion of
the total distribution.

Size exclusion of objects outside of the defined cellular range also madlisize-dependent
variability in fluorescence. Regression of object fluorescence against alga suggested that,
in samples including all segmented objects, fluorescence increased aighifigith object size
(Figure 10). When cells <40 pixels or >300 pixels were excluded, this correlasabslished
or dramatically reduced in both the inoculum and leaf surface samples. It is uviobther this
was due to the omission of small, nonfluorescent debris; the exclusion of large,
disproportionately fluorescent aggregates; or a combination of both. In eifegrsize exclusion
minimizes distortion of fluorescence data.

An object area of 40-300 pixels was therefore used as an inclusion criterionsidvsgquent
analyses. Segmented objects outside of this area range were excluded.

Digital image processing: Object eccentricity does not discriminate celts leaf debris

In addition to the size of each segmented object in an image, the iVision softalkeigeaan
calculate the “eccentricity”, of each segment—a standard measurap# sregularity, in which
Ois acircle and 1 is a line segment (Cappedleal, 2010). As a 2-dimensional approximation
of the flow cytometric sidescatter measure, the eccentricity panawatanvestigated as a
possible method to identify and exclude non-cellular debris.

To test whether eccentricity was a good predictor of noncellular debris, olgegciarity was
plotted against mean GFP for the sample dataset of constitutively GFP-posiisvés debris
were expected to be more irregular in shape than the fluorescent bactksji@ cetative
correlation was expected between fluorescence and eccentricity. I@dattiais expectation, a
weakpositivecorrelation existed between object eccentricity and fluorescence in the 0-hour
inoculums (Figure 11). This may suggest that irregularly shaped, muli@geeatlukters at the
upper range of the size inclusion limit exhibited slightly elevated fluoneseepossibly as a
result of the “halo” effect. However, there was no significant corogldietween eccentricity
and fluorescence in samples harvested from leaves—the context in which delbggaxs
most relevant. As a result, eccentricity was rejected as a diagndstiorfor cell
identification, and eccentricity data were not collected in subsequent analyses

Digital image processing: Autosegmentation contributes to significant edge-effesis w
calculating cellular GFP fluorescence.

Segmentation, in which DAPI-stained cells are identified against aieldrkbckground, is the
most labor-intensive step of digital image analysis. Using sliders it pelgions of a pixel-
intensity histogram for each image, the user modifies the brightness tkreshblthat the
selection mask conforms tightly to fluorescent cell boundaries visible imémgel Automation
of this step would reduce processing time from hours to minutes. It would also impaseunif
processing for each image, rather than the variable, subjective selegpimyeshrduring manual
segmentation. The sample dataset was therefore analyzed using bothsegmsstation and
iVision’s Autosegmentation function, which automatically defines a segnmantatisk based
on program defaults.
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Visual inspection of the resulting segment masks showed obvious differencesil ma
segmentation produced small segments that conformed tightly to the contowis oéléavhile
autosegmentation produced large segments extending beyond the perimeter btaheactede
dimly illuminated (“halo”) portions of the surrounding background (Figure 12). Asudt mds
these larger segments, autosegmented images contained fewer segmentedooénalyze
(Table 1), and a corresponding increase in the number of very large objects (>6880gsx
individual cells with bloated segment masks were absorbed into large clumse(E2)
Attempts to adjust the autosegmentation default settings in order to improueseaigteria
were unsuccessful (data not shown).

In addition to reducing the number of individual cells detected during image analysi
autosegmentation also affected the distribution of cellular GFP fluorescalicatated from

each image. At 0, 1, and 3 hpi, mean cellular fluorescence estimates were 16-26%hemwe
generated by autosegmentation than from manual segmentation (Tabésdynaioly because
inclusion of surrounding low-intensity background pixels during autosegmentatiore detthec
mean fluorescence of each object (Figure 13, Table 1). The lower selectitwlihfes object
autosegmentation may also have led to erroneous inclusion of dimly stained background
particles. For example, at 1 hpi, 31% of autosegmented objects had an MPI<500, while only 12%
of objects had an MPI<500 when the same image was subjected to manual segmeéigaten (
13). The higher proportion of GFP-negative objects suggests that autosegmentatilb® defa
permit inclusion of weakly stained, noncellular debris that are excluded tteistrianual
segmentation.

The bloated segment masks produced by autosegmentation clearly produced edgéneffect
which selection of surrounding background pixels reduces the mean fluorescensiéyinfe
each object. If such edge effects uniformly reduced the mean fluoresufesit cell objects,
their impact might be discounted. But as an object’s radius increases, itscaeages
exponentially while its circumference increases linearly; effgets can therefore be expected
to reduce the calculated fluorescence of small objects more than thafeoblbgects.

To test whether the segmentation method contributed to size-dependent distortion of GFP
fluorescence intensity, object size was plotted against mean pixel iptenshe three
timepoints in the dataset. When the images were analyzed via autosegmensagioificant
positive correlation between size and fluorescence was detected in aflahmeles (Figure 14).
In contrast, when segmentation was performed manually, no significariatiorrevas detected
in either of the leaf washate samples; though a significant correlatioatpdrnsi the inoculum
sample, it was much weaker than that generated by autosegmentation. Thitsghppor
hypothesis that autosegmentation distorts cellular GFP fluorescence eadegendent manner
and that, though laborious, manual segmentation minimizes edge effects.

Unfortunately, manual segmentation requires imposing slightly differesghblds in each

image in order to achieve the best segment mask. (Attempts to define optistablifisen one
image, then manually apply uniform settings to all images, resulted irywiftérent image

masks from one image to another; data not shown.) Though this element of subjectiwdty woul
normally be frowned upon as introducing variability, in this case judicious rhizupush

enhanced the uniformity of segmentation across images, increasing uniforfhutyrescent
estimates by eliminating edge effects.
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Digital image processing: Manual alignment of the segment mask further reduces eclgeareffe
fluorescence quantification

After the initial segmentation mask is created using the DAPI imageemsplate, it is pasted
onto the GFP image in order to quantify the distribution of fluorescence intensisg dlce total
cell population. Although tandem DAPI and GFP images of each view are augdipatic
acquired in rapid succession, image drift can occur between one photograph and-+the next
particularly at 12000x magnification. Unfortunately, manually aligningoidted segment mask
with the underlying GFP image is the second most labor-intensive step of imagesaia test
whether it was worth the effort, the sample dataset was analyzed withithodt mask
alignment and the results compared. (All data were analyzed using manmaahssgpn on the
DAPI image.)

Based on visual inspection, the majority of images required small adjustmenggy® im
alignment. Quantitative analysis of the resulting data reveals tHaaigonments exert a small
but significant effect on fluorescence intensity distribution. As with thesagtmentation
analysis, mask misalignment resulted in size-dependent edge .€feetsisaligned segment
inadvertently selected a crescent of dark background pixels along the rimsefythented cell,
reducing the mean fluorescence of the segmented object; this effect grafiedan larger
cells, yielding a positive correlation between object size and mean pewesityt (Figure 15).
Compared to the unaligned samples, manual alignment obliterated any masigraficant
correlation between size and fluorescence in the leaf washate samplgh;dtsgnificant
correlation persisted in the inoculum sample, it was further weakened by magualest.

The lingering correlation between size and fluorescence intensity in théunmosample could
be an artifact of segmentation. When creating segments in the DAPI imadmuwelaries were
established slightly within the region defined by staining, so that the paesiatent would fall
inside the region of GFP fluorescence and omit any edges. However, in caseBDMRkre
staining was very bright and GFP fluorescence was very dim, the selegtedrg may have
exceeded the zone of GFP fluorescence; this would exacerbate edgarefientsells more
than in large cells. Alternatively, this positive correlation may represbitlogically relevant
relationship. Larger cells, for example, may not have undergone recent ctrdiissuming
that these cells had accumulated larger quantities of GFP protein thier sreeéntly-divided
cells, it could explain the weak positive relationship between object size arestlance
intensity.

Digital image processing: Correction for background fluorescence provides minor
enhancements to data quality

Previously published work using digital quantification of biosensor fluorescence teporte
correction for image background fluorescence (Lewtal, 2001), to adjust for variability in
basal fluorescence between different images. However, collecting bacégralues and
calculating the corrections adds several hours to each analysis. To tesr Whgtstep was
necessary, the sample dataset was analyzed with and without backgrourtcboaretthe
results compared. (All data were analyzed using object size exclogonal segmentation, and
manual mask alignment.)
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Mean background fluorescence was calculated for all images in the sampkewell as images
of PaMX149 (pKTbla)cells from a separate experiment (Figure 16). In both exgeisimean
background fluorescence was similar in all images of leaf-harveglesrbut significantly
higher in the inocula; variance was heteroscedastic, and increased with nieaouwat
fluorescence (Table 2). Increased background fluorescence in inoculyiesavas probably
attributable to higher cell density in the field of view, which seemed to credfesedialo
effect.

For each image in the sample set, mean background fluorescence was sulbtractied GFP
fluorescence of every object analyzed. Histograms of background-cdreeataincorrected data
were compared (Figure 17). Corrected samples displayed a lower measdarare, as the
subtraction of background fluorescence caused a linear decrease in eacls gapplation
mean. However, correction for background fluorescence made no perceptible altertiteon t
distribution of GFP fluorescence: uncorrected and background-corrected histaytaibited
identically shaped distributions (as established by visual inspection of histagstribution and
normal probability plots) as well as nearly identical standard deviations, dispghift in mean
fluorescence. This suggested that background correction had minimal impact atribetidin

of GFP fluorescence within a population.

Given that inocula from both experiments had systematically higher mearrdawtg
fluorescence than samples harvested from means (probably as a result debtddrem
images with more densely packed cells), background correction did have a mgdsfatt on
the relative GFP intensity of the 0-hour sample relative to samples leahhesh leaves. As a
result, background-adjusted analyses suggested that bacteria experiggitaracstase in
fluorescence when inoculated onto leaves, as previously reported (RemusaBnmstral.,
2009), rather than the steep decrease in fluorescence indicated by the urncdatacté/ithin
the sample dataset, this normalizing effect between timepoints was thpgratvantage of
background correction. In other experiments, however, some leaf sample imeges we
occasionally found to have significantly elevated background relative to othglesamthin the
treatment, or between treatments (data not shown). As a result, backgrounibcowast
included as part of routine fluorescence analysis, despite its minimal ioipdata in the
sample set.

Digital image processing: Flatfield correction for uneven illumination provides nainim
enhancement to data quality

In addition to variation between the background fluorescence of different imegastuzl
variation can occur due to uneven microscope illumination or variations in the dagntata’'s
acquisition of pixels across the field of view. When banding patterns of light and dasknerea
noted in a supposedly uniform, blank image, the possibility of such artifactualaamats
investigated.

To test for background variation in camera acquisition, a blank image was acqthiréueew
camera shutter closed. The raw pixel intensity data were then exported aredhaly
systematic variations in fluorescence intensity. To test whethécaldysands were present in the
image, the mean pixel intensity of each column was calculated and plottechitegpdot against
column order; to test whether horizontal bands were present in the image, the mean pixel
intensity of each row was calculated and plotted against row order (FiguiEh&8esults
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suggest systematic variation: though intensity varied within a narrow rpixgéi(tensities
fluctuated between 55-75 units), a clear vertical band of brightness ocduitnededt edge of
the negative-control images, and a relatively bright horizontal band across the. BeltHuse
these images were collected with the shutter closed, this suggests thabiadlexcitation of
the digital detectors in the camera introduce pixel intensity variatiasstne image field.

Assuming that bacterial cells were scattered evenly and randomly alinosages, this
systematic bias in pixel fluorescence intensity would be applied equadlysaceatments (and
therefore controlled for). However, while bacterial distribution across ezete is fairly
random, it is not even, particularly in leaf-surface samples, bacterntaneclustered in one
portion of the image. With only 5-15 images collected for each treatment, stiodedist
distribution into inherently dimmer or brighter regions in the camera’sdielikw in one or
more pictures could potentially introduce errors into analysis of fluoresdistabution.

To correct for this possibility, the iVision FlatField correction function wasdoerd. Two
images were collected—one with the camera shutter closed, in order to neageund
excitation from dark currents in the camera detector, and another with the shutten apéer, i
to measure variations in pixel intensity due to uneven illumination of the field of \reagé¢s
were captured using the same exposure settings and filters as the erfrsamples.) Based
on these calibration images, the FlatField function automatically catrbatkground variations
in pixel intensity for each image in the sample set. To characteriséféot of flat-field
correction on bioreporter data, cell segmentation analysis was performed areciecband flat-
field-corrected sample images, and the resulting GFP pixel intensityldétibutions were
compared.

When the cellular fluorescence distribution of uncorrected images was conp#ratdf flat-
field-corrected images, no difference was evident in the basic shapedadttitmution (Figure
19). Correction did result in a uniform, linear downward shift of approximately 200 slcemee
units, but this shift appeared consistent between all images. It therefesrsapmt flat-field
correction exerted no significant effect on the data, despite some minor oiogiahs
evident in the image field. Combined with the extra labor and time required to condistehi
flat-field correction was therefore not used in routine data analysesMdgwesitive and
negative control images were collected for each experiment as a pyecaoti future
researchers who wish to pursue similar techniques should be attentive to the tyoskdplical
distortions that make it necessary to apply flat-field correction.

Digital image processing: Semi-automation of microscopy image processing imprasea®ffi
of analysis

Based on the results presented above, microscopy images were processedmusahg m
segmentation, size-dependent exclusion of segmented objects, manual nmas&rdlignd
correction for background fluorescence. Even though the digital camera introtighed s
artifactual variations in background pixel intensity, FlatField image psowpsvas rejected as
having minimal impact on data quality; depending on the level of background noise in a given
microscopy system, however, this correction may be worthwhile.

Due to the manual steps required to achieve optimal image analysis, this approautiereasly
slow and labor-intensive, particularly when applied to datasets comprising tisiodienages.
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To speed the process, iVision macros were scripted to automate as many gosshbes
(Figure 20). As a rule of thumb, scripting enabled segmentation data to be djatberéanage
files at a rate of roughly 100 images/hour.

Results and Discussion: Digital Image Analysis of Fluorescent Biosensors

After establishing a standard image processing method, the microscpmeapwas evaluated
for its ability to describe the distribution of GFP fluorescence intensityvitro-grown and
leaf-inoculated biosensor cells.

Microscopic image analysis sensitively resolves GFP fluorescence of duttoreporter cells

To test whether microscopy was able to detect bioreporter fluorescerateomaann vitro
timecourse experiment was performed in which the fructose-inducible ibhbtesensoP.
agglomerangX149R (pFru46)wvas cultured with various doses of fructose, and samples
collected at regular intervals.

As previously reported (Leveaat al, 2001), the bioreporter strain experienced transient, dose-
dependent induction of GFP in response to fructose (Figure 21). From an uninduced 0-hour
inoculum, the OuM and 1.67uM fructose samples remained negative throughout the timecourse.
The 16.7uM sample experienced a modest elevation in GFP fluorescence at 1hpi, but t@turne
GFP-negative status by 3hpi, as the fructose inducer was consumed. The 167uM sample
experienced strong, rapid induction by 1hpi which persisted at 3hpi; at both timepoungiishe
exhibited an unexpectedly bimodal fluorescence distribution, but the basic cestgtspond to
those described in the initial characterization of reporter construct (LewvebLindow, 2001).
These results place the sensitivity of microscopic quantification in lifetiaat achieved by

flow cytometry. Furthermore, the full range of sample induction was detectatdewnsform
exposure settings and a linear display axis, suggesting that the microscopiigtyeand linear
range of detection are both appropriate for use with bacterial biosensors.

Microscopic image analysis minimizes background contributions from native bacteria and leaf
debris

After establishing that microscopy was capable of detecting smiativas in GFP fluorescence
in in vitro samples, the technique’s ability to resolve complex environmental samplestgds te
Bean leaves were inoculated with eitReragglomeran81X149 as a negative control,
constitutively GFP-expressing MX149 (pKTbla) as a positive control, or theéeienducible
biosensor MX149 (pFru46). Bacteria were allowed to interact with the phylebba an
appropriate amount of time, then harvested and analyzed by microscopy.

Negative control samples were uniformly nonfluorescent at all timepoirtspwly a few
scattered objects above background fluorescence at 3hpi. In contrast, the MX1BR)pKT
samples were weakly GFP-positive, with a log-normal (1, 3hpi) or normal (10hpifwtisin
(Figure 22). Unlike flow cytometry samples, in which nonfluorescent backgroundgsart
comprised a highly variable but significant proportion of the collected data, coatargidebris
were minimal in microscopic analysis. Even after a small rise in the numBd#bhegative
particles at 10hpi, nonfluorescent cells represent only 7.5% of the totlrtacéthn (compared to
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5% at 1 hpi, and 4.6% at 3 hpi); these GFP-negative objects could represent nativetdeat ba
foliar debris, or biosensor bacteria that had lost the reporter plasmid. Though thiel igas

stably maintained iPa299R, approximately 5% of cells appear to lose the plasmid after 4 hours’
growth in culture (Leveaat al, 2001); it is therefore reasonable to assume that 2.5% of cells
could lose the plasmid between 3 and 10 hours after inoculation on the leaf surface.

A broader comparison of constitutively fluorescent cells harvested froasled multiple
timepoints across several independent experiments revealed slight vgriabiig proportion of
GFP-negative particles. In several cases, the nonfluorescent paitictdyg appear to be the
lowest-expressing cells of a normally or log-normally distributed, wefikbyescent population
(Figure 23b,d,and e-g), and are therefore unlikely to represent backgrouokgalriother
samples, there appears to be a distinct peak of GFP-negative particlesZBayweand h),
suggesting background contamination with debris, native bacteria, or biorepogeviieh
have lost the plasmid. However, even in populations with small background peaks, GiRRnegat
particles typically make up less than 10% of the total cell population, compared t&c25%-88
particles in positive control samples measured by flow cytometry. Micrgsbhepefore appears
to be a superior technique with regard to excluding non-biosensor particles frgsisanal

Microscopic image analysis improves sensitivity to variations in the distributiGfBfintensity
among bacterial biosensors isolated from bean leaves

Though it is a labor-intensive method that limits the number of cells analyzddwohaindred
per treatment, microscopy ultimately provides the greatest sensitiwariations in single-cell
GFP induction of bacterial biosensors. Using a carefully validated method to yatitifar
fluorescence using digital image analysis, expected patterns of biosehstiion were
confirmed in bothn vitro cultures and plant-inoculated cells. Perhaps most importantly,
contaminating, GFP-negative background particles comprised less than 10% woé pmusitrol
samples; though not completely clean, this offers a significant advantagéoaveytometry in
discriminating weakly fluorescent or GFP-negative biosensor cells #ahuébris and native
bacteria.

Results and Discussion: Secondary Red Fluorescencefor Total-Cell | dentification

Distinguishing biosensor cells from background particles was a persistdienge in flow
cytometry and, to a lesser extent, microscopy. Various methods of distingulshitagget cell
population were therefore explored. All of these techniques—including expressioaeof thr
different red fluorescent proteins, cellular dyes, FISH staining, andsarglattempt at antibody
labeling—attempted to use red fluorescence as a secondary label to ithentitfial population
of inducible-GFP biosensor cells (Table 3).

Red fluorescent proteins: mRFP1 suffers from quenching interactions with GFP

To test whether constitutive co-expression of mRFP1 with inductible GFP would stdefea
strategy for analysis via microscopy or flow cytometryEaoli strain was constructed bearing
both of the compatible plasmids p519mRFP1 and pKLN42<Tet>, which encode constitutive
expression of mMRFP1 and GFP, respectively.
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Cells were first visualized via fluorescence microscopy. Bright replemn fluorescence were
clearly visible in the single-expressing positive control strains (F2ireBut although both red
and green fluorescence were detectable in the dual-expression strain,gyezsténce looked
dim relative to the single-fluorescent GFP positive control. Quantitativgsiaf mean pixel
fluorescence intensity supported this observation (data not shown).

The same fluorescent cell samples were analyzed in parallel usmgytometry. Although the
standard BC and Partec flow cytometers lacked sufficient resolution oalogapacity for red-

green dual fluorescence imaging, the flow cytometry facility hachtBcacquired a Cytopeia

cell sorter equipped with both 488nm and 567nm lasers, and therefore capable of exciting both
mRFP1 and GFP. Unfortunately, flow cytometric analysis confirmed thés@btained during
microscopy: the machine could detect red or green fluorescence in bothesipgdssion strains,

but the dual-expression strain exhibited only red fluorescence (Figure 25).

Microscopic and flow cytometric analyses therefore suggested that IrdrfeFGFP are
incompatible when co-expressed in a bacterial cell. Plasmid incompaitb#gityunlikely
explanation, as the two replicons—RSF1010 for p519mRFP, and pBBR1 for pKLN42<Tet>—
are known to be compatible (Antoieeal, 1992) and dual-plasmid transformed strains
exhibited antibiotic resistance to standard concentrations of both Tetra@mtinéanamycin,
indicating maintenance of both plasmids.

Some form of fluorescence quenching or energy transfer is a more liketyatiph for the
observed spectral incompatibility. Anecdotal reports from staff of the CidiBging Facility
support this interpretation (pers. comm., Denise Schichnes). Although the emission and
excitation spectra of the two proteins appear distinct, the original papertehamg mRFP1
describes a distinct, nonexcitat@lysorptionpeak around 500nm—near the GFP 510nm
emission maximum (Figure 26; Campbstlal, 2002). mRFP1 absorption of GFP fluorescence
could account for the GFP quenching observed in the presence of mRFP1, though not for the
slight increase in red fluorescence of the dual-expression strain. Fessieance energy
transfer (FRET) has been reported between GFP-mRFP1 and GFP—mCingrianglacould
account for this increased brightness (van der Kebgt, 2008). Such FRET transfer would
normally only be expected between proteins in extreme molecular proximi60@0Gadellaet
al., 1999), but at high levels of expression bacterial cells may be sufficierfiigadfwith

protein that such proximity is achieved. Alternativegifp andmRFPmay interact to form toxic
aggregates (Campbeit al, 2002; Laufet al, 2001).

The guenching interaction between mRFP1 and GFP posed a frustrating dilémama: f
cytometry theoretically permits linear compensation to normalize quenchotyer spectral
interactions, but is not sensitive enough to detect the quenched fluorescence; cqonversely
microscopy is sensitive enough to detect diminished GFP fluorescence in th&pteak®mn
strain, but does not allow linear compensation, making GFP an unreliable reparntiradioin in
dual-labeled strains.

Red fluorescent proteins: mCherry exhibits incompatibility with GFP

Another of the red fluorescent proteins tested, mCherry, also exhibited incontgatiithl GFP.
As before, when viewed under a microscope strains consitutively expressimgretheor gfp
were brightly red or green fluorescent, respectively (flow cytometiservation was not
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performed). But based on visual inspection, strains stably expressing both prat@ios di
exhibit dual fluorescence—instead, cells looked either red or green.

These qualitative observations were evaluated quantitatively: colowalizaialysis was

performed on the dual-expression stf@a299R (pKTbla)(p519mChe), which constitutively
expresses both GFP and mCherry (Figure 27a). Colocalization was weakl % treghtest

pixels (Pearson’s coefficient=0.10), though colocalization rose to 0.47 in the 10%4dirighte
pixels, and 0.808 in the 75% brightest. (A Pearson’s correlation coefficient of 1 asdieatect
overlap and -1 indicates mutual exclusion; 0.5 is typically considered tisbakador

significant colocalization (Zinchuét al, 2008).) This pattern was even more pronounced in the
dual vectoPa299R (pFru46)(p519mChe), which expresses constitutive mCherry and a fructose-
inducible GFP reporter (Figure 27b). When grown under inducing conditions (167uM fructose,
sampled at 3hpi), the brightest 1-10% of pixels possessed a Pearson’s coeffigi@&ff and the
brightest 75% a coefficient of only 0.20. For both dual-expression strains, redigogeacence
scatterplots confirm that most cells are either bright red or bright gréde,aglls that exhibit

both forms of fluorescence are much dimnidre nature of this incompatibility was unclear, but
others report similar difficulties co-expressimgheandgfpin Pa299R(M. Remus-Emsermann,
Pers. Comm.).

Red fluorescent proteins suffer from low brightness and optical incompatibility ewth fl
cytometers

Microscopes, with their easily swappable filter sets, permit flexiebinations of excitation

and emission wavelengths; by lengthening exposure times, they also @aynriseialization of
even very dim fluorescence. In contrast, the flow cytometers avaitatileis research possessed
a fixed and narrow repertoire of excitation and detection capabilities, makimgjlenging to

find secondary fluorescent markers compatible with the lasers and fikenstilled in each
machine. Additionally, rapid flow rates are maintained through the analgheatber in order to
achieve high-throughput analysis during flow cytometry—meaning that etidéh subjected to

an exposure time of mere microseconds, reducing the machine’s sengitdiity fluorescence.
This is particularly problematic given that red fluorescent proteins oftabierelatively low
fluorescence relative to GFP (Camplatlhal, 2002)

Poor excitation capability was a major impediment, as 488nm lasers weodetineesins of
excitation for both the Partec and EPICS-XL flow cytometers. While thielgngth efficiently
excites GFP, it barely tickles the edge of either the mRFP1 or mChengt®n spectrum
(Figure 28; Table 4). Given that both of these red fluorescent proteins suffer gdanbss and
guantum yield even under optimum excitation at 585nm (Table 3), the weak excitaiiole@ff
by a 488nm laser made any red fluorescent signal extremely difficultetct det

It was therefore unsurprising that flow cytometric detection of red fluenegcwas minimally
successful. When mRFP1 was constitutively expressedanli (Figure 29) oiPa299R(Figure

30) on the plasmid pVSP61_KANMRFP1, a high-copy-number vector with a strong promote
cells could be left to grow on a plate until they looked aggressively fuchsianakbd eye;

under these conditions, cells exhibited significant red fluorescence in FL3 akdpikover
fluorescence in FL2 when viewed with a flow cytometer. Fluorescence vekerybut still
detectable, when cells were sampled during logarithmic growth in liquisre {Eigure 31).
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However, red fluorescence could never be detected in cells recovered drdsysding either
the Partec or EPICS-XL (data not shown).

In an attempt to evaluate whether other types of biosensors might be more anwefiaie
cytometric evaluation, additional experiments were performedRagdudomonas syringae
B728a biosensors in an attempt to replicate successful, published biosensor iteigwks ata
microscopy (Dulleet al, 2008). As with th&a299R biosensor§sB728a-based biosensors
exhibited minimal red fluorescence when observed with the flow cytoméiether cells were
grownin vitro or harvested from plants (data not shown).

The Partec and EPICS-XL cytometers permit minimal user control overrbashine functions
that influence sensitivity to fluorescence, such as laser intensityamggleed. In attempt to
improve detection of red fluorescence, cells were therefore viewed usERI€S Elite cell
sorter. This allowed the operating technician to elevate laser intesimagimize excitation of
red fluorescence) and slow flow speed (to maximize each cell’s tiamsjtand therefore
exposure duration, as it passed through the detector). However, neither adjusjmeaved
detection of red fluorescence (data not shown).

Attempts to view red fluorescence were repeated when the flow cytofaeiity acquired a
new Cytopeia INFLUX sorter, which boasted a second laser (575nm) dedicateddtaxof
red fluorescence, as well as an expanded repertoire of detectors. Though theerew sor
possessed overall sensitivity and resolution similar to the Partec, with discnighination of
the leaf microbial subpopulations in FS/SS and good detection of GFP, it wablenly detect
minimal red fluorescence oklls grown in liquid culture, even in strongly overexpressing red
fluorescent strains (Figure 25). (In contrast, fluorescence of the sameasksmsily detectible
with microscopy). Red fluorescence was not detected in cells harvestepl&rmis

Based on these results, it was concluded that even under optimal excitation anshdetect
conditions, a combination of small bacterial cell size, low absolute protein cesmraitid the
inherently low quantum yield and brightness of mRFP1 render the protein onlynailgrgi
detectable by flow cytometry under optimum culture conditions, and undetectable in
environmental samples.

Red fluorescent constructs exhibit cellular toxicity

Due to mChe and mRFP1’s apparent quenching of GFP, low brightness, and spectral
incompatibility with available flow cytometers, neither protein was swatédsl flow cytometric
applications. Reports of an improved red fluorescent protein suitable for flow cyitomet
applications were therefore intriguing. Sorenstal (2003) described a dsRed derivative
efficiently excitable at 488nm (the same wavelength as GFP) but with Istragig-shifted
emission, making it compatible with standard flow cytometric optics. It ¥sas@ported to be
brighter than other red fluorescent protein variants.

Promisingly, theE. colihost strain bearing pGMR7, a constitutive T3_S4T expression plasmid,
exhibited robust red fluorescence based on visual inspection, microscopy (data not shbwn), a
flow cytometric evaluation with the EPICS-XL (Figure 29). However,fhearescence was

weaker when the construct was transformed int@?d299Rbiosensor strain (Figure 30).
Additionally, the bacteria exhibited frequent, spontaneous inactivation or loss of red
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fluorescence, even when freshly streaked from freezer stocks (B@jurdttempts to transform
a high-copy-number vector with strong constitutive expressiaisRéed.T3_S4ihto P.
agglomeransepeatedly failed to yield transformants. Though reportedly nonto¥c ¢oli,
Salmonella entericéSorenseret al, 2003), andP’seudomonas fluorescefidandieet al, 2005),
these observations suggested that T3_S4T was nonetheless toxic in 299R.

Though toxicity was much less pronounced, there was also evidence of reducedfitediss
strongly expressing thCherryprotein. mCherry-expressing cells appeared to grow normally in
culture, but when separate 299R strains expressing either constit@heor gfp were

coinoculated onto bean plants, the recovered green fluorescent cells greWynaerhila

recovered red fluorescent cells failed to form colonies. In contrast, [@atfrigpth inocula grew
normally. (Pers. Comm., Adrien Burch) This suggests that though strong overexpoéss
mRFP1may not impair cell growth under culture conditions, it may reduce cell diunaser
stressful conditions such as epiphytic growth on plants.

Though high-copy expression wiChewas unsuccessful under the experimental conditions
tested here, mCherry may prove useful in other systems. In particulaf;t@3$ed system for
introducing targeted, single-copy genomic integrationea@hehas been successfully used to
label several species Bseudomonas, Burkholderiand other bacteria for microscopic
evaluation (Tecoet al, 2009; Lambertson, pers. comm). When Teebal used aimmChe
markedBurkholderia sartisolstrain as a host for an inducible GFP biosensor of polycyclic
aromatic hydrocarbons, they observed no apparent interference between reskand gr
fluorescence, and reported no toxicity (2009). Their success may have hbetahte to higher
tolerance of their reporter strain to fluorescent protein accumulatiomatlteely, genomic
integration of thenChegene may have relieved any plasmid incompatibility suffered here, or
weak expression from the singly integrated gene copy may have provémxlesslowever,
Emsermanret al report that when a similar strategy was employdea209R, Tn-7-mediated
genomic integration ahCheyielded undetectably low fluorescence; only late stationary-phase
cells exhibited detectable levels of red fluorescence (Pers. Comm.). See despromise of
low-copy genomic integration in some bacterial strains, mCherry does not &ppeaa feasible
approach irPa299R biosensor strains.

FISH staining: Design and optimization oPa agglomeranspecific FISH probe

After unsuccessfully attempting to co-express a variety of red fluoregagteins with GFP, we
sought to avoid toxicity and incompatibility issues by exploring an alternagtbod to
fluorescently label bacterial biosensors in a cell-specific mannekd.eld fluorescent proteins,
which exhibit restrictive spectral properties, synthetic fluorophoreawaiéable to suit a wide
range of excitation and detection wavelengths. This made fluoresoesitehybridization an
appealing possibility for secondary fluorescent labeling, as oligonuclgontthes can be
conjugated to a variety of commercially available fluorescent tags.

Before testing the viability of FISH as a staining strategy tangigish between inoculated
biosensor cells and native leaf bacteria, an appropriate probe first hadiémtieed. Brandet

al. (2001) previously visualize®.agglomeran299R during microscopy using the fluorophore-
conjugated DNA oligo Eh299R. But based on reports of improved design algorithms for FISH
probes (Kumaet al, 2005; Kumaset al.,2006; Hugenholtet al, 2001), the possibility of
identifying a superior oligo sequence was also investigated.
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Because no record existed of the 16S sequence used to design the origin&g2@®ir,rDNA
was re-sequenced using standard 16S primers 27F (5-AGAGTTTGATCMTG&G-3’) and
1525R (5-AAGGAGGTGATCCAGCC-3). The resulting sequence clustevigh other strains
of P. agglomeransandP. anantiswhen analyzed by BLASTn (Altschat al, 1997) and
comparison to the ARB database of bacterial 16s sequences (Letdaljg?004). The query
sequence exhibited 99% similarity to otfk@mtoea anantiandPantoea agglomerarentries,
confirming the strain’s identity. Interestingly, the existing Pa299R pdabaot hybridize within
the sequenced region, suggesting the presence of a second 16s gene in the 299R genome
(Convilleet al, 2007), from which the original probe was presumably designed.

When the ARB 16s alignment and FISH probe design modules (Lwdwaig 2004) proved
intractable, candidate probe sequences were generated and evaluated/masinglthe

MegAlign function of the DNAStar sequencing software package (DNAB&), the newly
sequenced 16s gene was aligned with a reference sequéhambK-12 DSM 30083 that was
previously annotated to indicate experimentally determined regions of prassiaday (Fuchs

et al, 1998). Due to the close phylogenetic relationship betWeagglomeranand its fellow
enterobacteE. coli(Tothet al, 2003),the reference sequence was expected to serve as a reliable
template for identifying regions of the 16s structure that are accessibI8H probe

hybridization. Based on manual identification of accessible, homologous 1éssegthin the

299R sequence, 7 candidate probes were designed (data not shown). The phykjgsiftity

of each probe was then checked using the ProbeMatch databast 8. &007), and probes

with broad hybridization specificities were rejected. This analysidgdeone noveP.
agglomeransspecific probe, named PAG299R-579, targeted to a putatively accessible region of
the 16s rRNA subunit and with hybridization specificity concentrated iEmvenia spp. and
Pantoeaspp..

In addition to the original Pa299R and newly designed PAG299R-579 probe, four additional
candidate probes were identified based on published reports: PAG59 (Nakaaisi#006),
Enterobact D (Ootsubet al, 2002), Ent* (Kempgt al, 2000), and Ent183 (Friedrigt al,

2003).

All six 5’ fluorescein-conjugated oligonucleotide probes (Table 5) wereddst hybridization
efficiency and specificity by staining the 299R target strain and an weudelagative-control
strain Pseudomonas syring&¥28a) under a range of hybridization stringencies. Cell
fluorescence was then measured by flow cytometry with the ParteowZyiFbr each probe, the
percentage of positively labeled cells was identified relative to an unstanaadl (Figure 33).
Pa299R and PAG59 demonstrated the greatest hybridization specificity yitgndif10% of
Pa299R cells under optimum hybridization conditions, but only 1% oPH8¥28a negative
control cells. Cells labeled with these probes also exhibited the highest natiae re
fluorescence (data not shown). The remaining probes exhibited only weak fgfividio the
target strain.

Based on these results, subsequent FISH experiments were conducted usingoihe&ypre
published Pa299R probe.

FISH staining: FISH staining of bacteria from leaves provides modest power to distinguish
inoculated populations from background particulates
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To determine whether FISH staining could distinguish bacterial biosensofroetl background
debris, the 5’ DY480XL-conjugated Pa299R probe was used to stain bacteria harvested from
bean leaves (Table 3). Sample fluorescence was then quantified via flovetrytom

When constitutively GFP-expressiRg299R (pKTbla)cells were stained with the Pa299R
probe, the proportion of green cells that were also red rose from 10.4% in the unstaired contr
to 57.6% (Figure 34). Similar values were achieved in an independent replicaienerpédata
not shown), suggesting that approximately 50% of biosensor cells recovered froncéabes
identified by FISH staining. Based on staining of a mock-inoculated negatnmol sample, the
FISH probe produced minimal background staining of native leaf bacteria and delweszée,
background staining did occur in a B728a-inoculated negative control, with 7.3% labeled
positive in the stained sample, compared to 0.4% in the unstained control. These results we
roughly in line with those ah vitro staining experiments, where staining of B728a negative
control samples labeled approximately 10-17% as many cells as stditiegtarget 299R
samples.

By applying more stringent gating, it would be possible to measure GFP éxpras®ng only
the most brightly FISH-labeled cells, thereby omitting weakly staiakse fpositive events.
Kalyuzhnayeet al.(2006) adopted this approach when using flow cytometry to identify
methylotrophic bacteria from lakewater sediment samples, selectinghe brightest 0.2-2% of
stained cells. However, while this approach would omit most background contamination, by
omitting dimly stained cells it would also systematically excludegelaroportion of the
biosensor cell population. Given that rRNA hybridization intensity is positivehgleded with
bacterial growth (Leveaet al, 2001), systematic exclusion of dimmer, less active cells
contradicts the basic aim of single-cell biosensor monitoring, which is toiresane

distribution of reporter activity across thatire cell population. The conditions experienced by
cells at the environmental margins—the same dimly stained cells that wouldlbeeekby
stringent gating of FISH-stained samples—may be the exact conditiohsetevant to
research. So although FISH offers modest success at distinguishing biosks $mmnce
background, it demands difficult tradeoffs.

In addition to questions regarding the functional specificity of the available pii&e under
environmental conditions, concerns also arose regarding the effect of FISiHgstai GFP
fluorescence. FISH protocols, which require permeabilization of bactelis| lsave been
reported to reduce GFP fluorescence by up to fourfold (Remus-Emseetra&n2010; Leveau
et al, 2001). In our leaf inoculation experiment, FISH staining reduced the fluoresufeGE®-
positive control cells to an average of 79% that of unstained controls. The possiatliySH
staining could reduce sensitivity to bioreporter fluorescence is theretorecarn in both flow
cytometry and microscopy.

Labeling with fluorescent-conjugated antibodies

Given the equivocal results yielded by FISH labeling, we explored fluoresosjugated
antibodies as an alternative method to achieve cell-specific flemiesdeling. A commercially
available polyclonal rabbit-Erwinia herbicolaantibody (TetraCore) was identified. To test
whether the antibody would bind to tR@299R biosensor strain, an agglutination assay was
conducted: cultured, constitutively fluorescent bacterial cells were itemiiaath the antibodin
vitro, spotted onto a microscope slide, and then inspected with a fluorescence microsttape for
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appearance of cross-linked cell rafts that indicate antibody binding. Ndwalbs were
consistently visible (a single cluster formed in the 0.03ng/uL treatmentasuhot repeatable),
suggesting that the antibody failed to bind to the biosensor digure 35). This may be a
result of imprecise naming of bacterial speciesagglomeransvas formerly calledErwinia
herbicola but was reassigned Rantoeaon the basis of 16S sequence (Kado, 2006). The
antibody may therefore have specificity torherbicolarather tharP. agglomeransTetraCore
was unable to provide information regarding which strai.dferbicolawas originally used to
generate the antibody, but the polyclonal &therbicolaproduct they carry appears unable to
bind Pa299R.

Although future identification of an antibody specific for the biosensor strain couldeenabl
fluorescent labeling, experiments were discontinued upon discovering that thenmesliately
available antibodies did not possess the required specificity. The techniqudycbdars
further exploration if an appropriate commercial antibody reaches themaHernatively,
Pa299R-specific polyclonal or monoclonal antibodies could be custom-generated for this
purpose.

Nonspecific Cell Stains: FM4-64, DAPI

Difficulties with endogenous expression of red fluorescent constructgpednmvestigation of
other methods to distinguish bacterial biosensors from background particles. Aszetiag,

we first explored the possibility of fluorescent-conjugated moleculalslabeh as anfra299R
antibodies and FISH oligo probes, hoping that these approaches might yield both improved
fluorescence and high specificity for the target cells. Unfortunateither approach appeared
promising. We therefore went on to explore whether FM3-64, a nonspecific cellinanstald
aid in discriminating biosensor signals from background noise.

FM4-64 is a red-fluorescent, amphiphilic styryl dye commonly used to staieriadct
membranes (Doctaat al, 2002). It is a nonspecific stain, so it was unclear how useful it would
be in distintinguishing between biosensor cells and debris. If the majoritylajrbaad

particles represent dust and non-membraneous debris, then FM4-64-stain &b peotitd be
highly enriched for experimental biosensor cells. If, however, backgroundutetes comprise
native leaf bacteria or membraneous cell debris, then FM4-64 staining wouisefialty
discriminate between signal and noise.

We first conducted am vitro experiment to determine whether FM4-64 staining would aid in
biosensor cell identification under ideal conditioRa299R cells oPa299R (pKTbla) cells
grown in liquid culture were stained with FM4-64 and compared to unstained control$lasing
cytometry. In both strains, the red-fluorescent cell population went fromix 3¢ negative
controls to 90-97% in the stained samples (Figure 36). This demonstrated that FMai6g sta
was visible by flow cytometry, and could effectively identify targdéisda pure culture.

To test whether FM4-64 staining would be useful in environmental samples, baeterigpray-
inoculated onto bean leaves, harvested after 24 hours, and split into stained and unstained
treatments. Unfortunately, in this experiment FM4-64 staining did not havestrectit
discriminatory power observed iim vitro experiment: when analyzed by flow cytometry, red
fluorescence of stained samples was only modestly higher than unstaineess@igpire 37).
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Nonspecific staining of biosensor cells was therefore abandoned as atihometryc approach.
Another nonspecific bacterial stain, DAPI, was employed to counterstaiedtent bioreporter
cells for microscopy, based on standard protocols communicated by others mdeng si
techniques (A. Burch, M. Remus-Emsermann, Pers. Comm.). However, DAPI was never
evaluated experimentally in a flow cytometric context.

Conclusion: Secondary fluorescence was a lost cause, at least in my experimental system

Constitutive expression of three different red fluorescent constra&ER1 mCherry and
dsRed_T3.S4Wwas plagued by dim fluorescence, cellular toxicity, spectral or expnets
incompatibility with GFP, and the optical constraints of the available flow @tens1 Other
labeling techniques, including a commercially availablR. agglomeransntibody and the
FM4-64 membrane dye, lacked sufficient specificity to recognize or distinthesbiosensor
cell population from background. FISH labeling of leaf surface samples offarezlability to
resolve bacterial cells from background debris, but suffered from backgroumdgstand
additional concerns about the possibility of lost GFP fluorescence as aofdakellabeling
process. Although these approaches to secondary fluorescence might suttcaether
optimization or in a different experimental system (particularly F&tthing, if slight loss of
GFP intensity is not a concern), such optimization extended beyond the scope of¢hé pre
research.

Conclusions

Single-cell quantification of bacterial biosensors remains a chaligegideavor. Although both
flow cytometry and microscopy can be applied to the task, each approach sutfaes uni
strengths and weaknesses. Flow cytometry with high-resolution machines shelPartec
CyFlow or Cytopeia offers high throughput, massive sample sizes, and quick proc¢esss;
however, it is hampered by high levels of background leaf debris as welllesftssbetween
high linear sensitivity and logarithmic detection range when charaaigtizé distribution of
fluorescence within a population. In contrast, microscopy provides high sensguffigient
range of detection, and lower levels of GFP-negative background; unfolyuitatemassively
labor-intensive, slow, and provides relatively tiny sample sizes—weakdmarggdtistical power
of any resulting analysis.

In the research detailed throughout this dissertation, the two techniques wel@ ¢hemployed
to complement each other as best as possible: microscopy was used to makk detaile
observations of fluorescence distribution within smaller samples, while (wheblpddsiw
cytometry was used to make broader observations about GFP-positive or bri§htigtained
subpopulations using larger sample sizes. For each technique, methods werbedtablis
maximize accuracy and throughput.

In the future, flow cytometry might be of greater use in experimergéisg that employ
bioreporter cells with high basal fluorescence, particularly to detetiviedly large changes in
cellular GFP fluorescence. Rocledital (201() recently exploited this approach to characterize
the strength of GFP bioreporter induction on roots of different plant species. Untelgutiae
p61RYtirand pFru46 sugar biosensors used in this research have low basal expression under
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non-inducing conditions—traditionally a good characteristic for discrinmgdietween induced
and uninduced cells, but in this case making it difficult to distinguishing dim, uninduced cells
from debris.

Both flow cytometry and, to a lesser extent, microscopy would benefit froettzod that
allowed constitutive secondary labeling to identify the total biosensor cellgimpulSuch
labeling would overcome difficulties resolving dimly fluorescent or GFP-negatosensor
cells from leaf debris and native bacteria. Unfortunately, a varietglofitgues ranging from
constitutive expression of three different red fluorescent proteins, Fiigting, membrane
dyes, and a cursory attempt at antibody labeling, proved inadequate foskhis ta

Some of these strategies for red fluorescence could eventually prove usefudfereatdi
experimental system. For example, despite concerns surrounding individual probeitypeci
FISH staining could prove a generally useful technique for secondatglwaihg in flow
cytometry. This is particularly true if probe brightness and speciftcityd be further

maximized, or if systematic exclusion of dimly stained cells is an addemampromise within
the given experimental system. FISH is already broadly applie@liadentification in
microscopy (Leveaet al, 2001), though reports of diminished fluorescence as a result of the
staining process suggest that the technique may be most suitable when used glittya bri
fluorescent bioreporter, or when strongly induced subpopulations are of primargtintere

Similarly, single-copy genomic integrationmiCherrycould make a useful marker for
microscopy with pseudomonads—though given the incompatibility observed here béteeen t
two fluorescent proteins, it would be prudent to confirm that low levels of mChergssion

do not interfere with quantitative detection of GFP reporter activity. AddityprddRed. T3_S4T
possesses enhanced brightness and desirable spectral qualities cetdhee ited fluorescent
proteins, making it attractive as a potential marker for flow cytometrizoAth it proved toxic

to thePa299R strain used throughout these experiments, researchers have reported it to be
nontoxic in other bacterial species.

Unfortunately, such optimization falls to future efforts, as it extended beyondape stthe
present research.
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Figure 1. A fructose dose-response curve of the P. agglomerans 299R (pFru46)
fructose biosensor, as measured by a fluorimeter (A) and a standard flow cytometer
(B) over 9 hours of incubation in vitro. Sample cell-fluorescence data are also shown
from flow cytometric analysis of the 2Hpi, 167uM treatment (C-E). The Forward
Scatter (FS=particle size) versus Sidescatter (SS=particle granularity) plot shows all
particles detected(C). The GFP-fluorescence scatterplot (D) and histogram (E) show
the distribution of GFP intensity within the gated,GFP-positive subpopulation.
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particles; GFP histograms show the distribution of fluorescence intensity within the
gated population. Data were collected from plants inoculated with buffer only (A),
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175



A p61RYice (negative control) B pKTbla (positive control)
80 30
70 25
g 0 i
G 50 6 20 F ]
2w 215 —
8 30 L | ~—"
© 20 o [ = \i
10 5
0 % * . s# . 5 0
0 15 4 6 0 2 4 6
Hours After Inoculation Hours After Inoculation
C pFrud4 (stable GFP variant) D pFrud6 (unstable GFP variant)
80 80
70 28 P
60
o ~ & 50 4
I 50 T~ 0 49 < —
0 40 / ] 30 )/
2 N 5]
g2 = i G 10 —p—— I I
5 1 L4 ] i —— —4
o 1 1 T 10
0T — ' — * 0 2 1 6
1070 2 i 6
Hours After Inoculation Hours After Inoculation

E 1000 F 1600 [Gae. R
100 ] 12809 g
m RN2
. 2 RN3
O qp 4 ] ]
[72]
» 3540 -
! 1 320
01 LERELELELL B RLRL| LELELRALLL L O LR LELELLELLL B LRLL LR
0.1 1 10 100 100C ] 0.1 1 10 100 1000
FSC - FL1 GFP

Figure 4. A fructose dose-response curve of the P. agglomerans 299R fructose
biosensor, as measured by the Partec small-particle analyzer. The nonfluorescent ice-
nucleating biosensor 299R (p61RYice) was used as a negative control (A) and the
constitutively GFP-positive strain 299R (pKTbla) as a positive control (B); biosensor
responsiveness was measured using 299R (pFru44) (C), which carries a stable GFP
variant, and 299R (pFru46) (D), which carries an unstable GFP variant. A sample

FSC/SSC plot (E) and GFP distribution histogram (F) are shown from the 2hpi, 167uM
fructose treatment.
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Figure 7. Native leaf bacteria and other debris comprise variable but significant GFP-
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strain 299R (pKTbla) was inoculated onto bean leaves in five independent
experiments (A-E); histograms depict the distribution of GFP intensity in the
recovered cell populations. One sample of 299R WT negative-control bacteria
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Figure 9. The distribution of cellular GFP fluorescence in MX149 (pKTbla) cells with
constitutive GFP expression. Samples of 0-hour inoculum (A) and cells washed from

bean leaves at 1Hpi (B), and 3Hpi (C) were analyzed via manual segmentation. The
distribution when all objects of less than 40 pixels or greater than 300 pixels were
omitted (size-sorted, right). Red lines indicate a calculated normal distribution.

distribution of the total object analysis (unsorted, L) was compared to the
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Figure 10. Size-based exclusion of segmented objects abolishes size-dependent
variation in fluorescence. For PaMX149 cells expressing constitutive GFP, scatterplots
of object GFP fluorescence intensity versus object area are shown for 0-hour
inoculum, and cells washed from bean leaves at 1 hpi and 3 hpi. The same data were
analyzed by either including all objects (left), or excluding objects <40 pixels or >300
pixels (right). For each sample, the regression line, correlation coefficient (r), p-value
(p), and rZ are shown.
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Figure 11. Segmented object eccentricity is a poor criterion for identifying noncellular
debris in leaf wash samples. For PaMX149 cells expressing constitutive GFP,
scatterplots of object GFP fluorescence intensity versus object irregularity are shown
for 0-hour inoculum (A), and cells washed from bean leaves at 1Hpi (B) and 3Hpi (C).
For each sample, the correlation coefficient and p-value (r, p) and the r? value are
shown.
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Raw Image Autosegmentation Manual Segmentation

(A) OHpi Inoculum

(B) 1Hpi Leaf Washate

Figure 12. Different segmentation methods alter software estimates of cell-object
boundaries in images of MX149 (pKTbla) cells with constitutive GFP expression.
Sample DAPI-stained images are presented from OHpi cell inoculum (A) and 1Hpi cells
washed from bean leaves (B). Cells were identified using either the autosegmentation

function or manual segmentation.
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Figure 13. Histograms depicting the distribution of cellular GFP fluorescence in

MX149 (pKTbla) cells with constitutive GFP expression. Samples of 0-hour inoculum

(A), and cells washed from bean leaves at 1Hpi (B) and 3Hpi (C) were analyzed via
manual segmentation (left) and autosegmentation (right) in 1Vision software. Red

lines depict a calculated normal distribution.
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Figure 14. Autosegmentation contributes to significant edge-effects when calculating
cellular GFP fluorescence. Scatterplots of area versus GFP fluorescence in MX149
(pKTbla) cells with constitutive GFP expression. Samples of 0-hour inoculum (A), and
cells washed from bean leaves at 1Hpi (B), and 3Hpi (C) were analyzed via manual
segmentation (left) and autosegmentation (right) in 1Vision software. Correlation and
regression statistics for each sample are shown at the top right.
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Figure 15. Manual alignment of the DAPI-generated segment mask over the GFP
image reduces edge-effects when calculating cellular GFP fluorescence. Scatterplots
of area versus GFP fluorescence in MX149 (pKTbla) cells with constitutive GFP
expression. Samples of 0-hour inoculum (A), and cells washed from bean leaves at
1Hpi (B), and 3Hpi (C) were analyzed without (left) and with (right) alignment.
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Figure 16. Variation in mean background fluorescence in microscopic images of
PaMX149 (pKTbla) cells with constitutive GFP expression. Box-and-whisker plots from
the sample image dataset (A) and a second, independent experiment (B) display
mean background fluorescence at a given timepoint (solid squares), 95% confidence
intervals, and the distribution of individual datapoints (open circles).
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analyzed without (left) and with (right) correction for background fluorescence. Mean

Figure 17. Background correction for variations in basal fluorescence between images
causes a linear, downward shift in mean fluorescence in the inoculum population.
Histograms display the distribution of GFP fluorescence within populations of
fluorescence + standard deviation is indicated for each histogram.

PaMX149 (pKTbla) cells with constitutive GFP expression. Samples of 0-hour
inoculum (A), and cells washed from bean leaves at 1Hpi (B), and 3Hpi (C) were
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Figure 19. Flatfield correction for uneven microscope illumination has little effect on
the distribution of GFP fluorescence intensity within the population. Normal

probability plots of MX149 (pKTbla) cells with constitutive GFP expression. Samples of
0-hour inoculum (A), and cells washed from bean leaves at 1Hpi (B), and 3Hpi (C)

were analyzed without (left) and with (right) flatfield correction.
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response curve as imaged by fluorescence microscopy and

concentrations of fructose (indicated at left) and GFP reporter activity sampled at 1

quantitative digital image analysis. Pa299R (pFru46) cells were cultured in varying
and 3hpi (indicated above).

Figure 21. Fructose dose-



x= 638 + 389
=5.0
n= 455

% negative

¢

///

/

kW/////////////////////ﬂ
/////////////////////////////%

540 40 ON

0LYZ'E6TE

6.18'LS0T

0889°€98

222222222222

1111111
50 J0 ON

IdHT

Mean Pixel Intensity

Mean Pixel Intensity

m OYSEOvE

¥6S0'96TE

=4.7
n=170

2016102

SSLT'TLSC

60882967

x=628 + 380

% negative

£985°VSTZ

L162°976T

Mean Pixel Intensity

/ S 62ST
6.0V TZET
mmﬂ ETTT

N 9818706

- -
A//%%

80

70
60
5
4
3
20
10

540 Jo ON

Mean Pixel Intensity

400

350
300
250
0
150
100
50

540 Jo ON

IdHE

+272
=75
n=228

x=534
% negative

540 40 ON

350
300
250
200
150
100

50

50 0 ON

IdHOT

Mean Pixel Intensity

Mean Pixel Intensity

Figure 22. Sample fluorescence microscopy analyses of bacteria harvested from

leaves at 1

or 10 Hpi. GFP histograms display the distribution of fluorescence

3,

4

intensity within each population. Data were collected from plants inoculated with

(A), or constitutive GFP-expressing 299R (pKTbla)(B). For

nonfluorescent PaMX149
299R (pKTbla) samples, the mean (x)

+ S.D, sample size (n), and percent of the

population that was GFP-negative are indicated at top right. (GFP- cells are defined as

MPI<93, which is the threshold defining the lowest 5t percentile of cellular

fluorescence in the 1 hpi sample.)
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Figure 23. Constitutively positive PaMX149 (pKTbla) samples recovered from bean
leaves in multiple experiments or timepoints. The percentage of GFP-negative

(contaminating) particles is also indicated.
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Figure 24. Evaluation of single- and dual-fluorescentce bacterial strains for
mRFP1/GFP fluorescence using fluorescence microscopy. Bacteria expressing GFP

(pKLN42<tet>), mRFP1 (p519:mRFP1), or both plasmids were photographed using
GFP or dsRED filters and equal exposure settings.
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Figure 25. Evaluation of fluorescent bacterial strains for dual mRFP1/GFP
fluorescence using the Cytopeia cell sorter, with dual excitation for GFP (488nm) and
mRFP1 (575nm). Scatterplots depict relative fluorescence intensity of GFP (530/40; x-
axis) versus mRFP1 (593/40; y-axis). The percentage of gated bacteria falling into the
GFP-positive, mRFP1-positive, and dual-positive domains is also indicated. Results are
shown for wild-type E. coli (A), constitutively green E.c.(pKLN42) (B), constitutively
red E.c.(p519mRFP1) (C), and dual red/green E.c.(pKLN42/p519mRFP1)(D) strains.
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Figure 26. Excitation (dashed lines) and emission (solid lines) spectra of GFP (left) and
mMRFP1 (right) do not appear to overlap (A). However, mRFP was reported to have a
nonexcitatory absorption peak at 500nm (figure from Campbell et al., 2002) that
could explain GFP quenching observed in dual-expression biosensors (B).
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Figure 27. Microscopic image analysis of dual-fluorescent Pa299R strains
constitutively expressing mCherry and GFP (p519mCherry/pKTbla) (A) or constitutive
mCherry and a fructose-inducible GFP construct, grown under inducing conditions
(p519mCherry/pFru46) (B). Colocalized images (top) display red and green
fluorescence, with colocalized fluorescence in yellow. The same data as scatterplots
(bottom) display the red (x-axis) and green (y-axis) fluorescence of each cell detected.
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Figure 28. Emission spectra of mRFP1 and dsRed.T3_S4T as collected by confocal
microscopy at excitation 488nm. From left to right, approximate detection ranges of
the EPICS-XL flow cytometer for FL1 (green), FL2 (orange), and FL3 (red) are indicated
as colored overlays.
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Figure 29. Cellular fluorescence among cultured E. coli cells expressing red

FL3

fluorescent constructs, as detected by EPICS-XL flow cytometer. Fluorescence
intensity histograms are displayed for FL1 (green), FL2 (orange), and FL3 (red)
channels. Wild-type E. coli is shown as a negative control (A); E. coli expressing
mRFP1 (B) or the dsRed derivative T3.54T (C) are also shown.
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Figure 30. Cellular fluorescence among cultured P. agglomerans 299R cells expressing
red fluorescent constructs, as detected by EPICS-XL flow cytometer. Fluorescence
intensity histograms are displayed for the FL1 (green), FL2 (orange), and FL3 (red)
channels. Wild-type 299R is shown as a negative control (A); Pa299R expressing
mRFP1 driven by a strong promoter (B) or the dsRed derivative T3.54T (C) are also
shown.
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Figure 31. Fluorescence intensity accumulates over time in P. agglomerans 299R
cultures expressing red fluorescent constructs, as detected by EPICS-XL flow
cytometer.
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Figure 32. P. agglomerans 299R cultures expressing dsRed.T3.54T. often experienced
spontaneous loss or inactivation of the red fluorescent plasmid, even in cultures
recently streaked from frozen stocks. Mixed (A) and sectored colonies (B) are
indicated.
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Figure 33. FISH hybridization efficiency of 6 candidate probes under a range of
fixation stringencies. Probes were hybridized to cultured cells of either the target
strain, P. agglomerans 299R (blue diamonds), or Pseudomonas syringae B728a

(purple squares) as a negative control. Graphs indicate the percentage of positively
labeled cells as determined by flow cytometry.
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Figure 34. FISH staining of leaf-harvested bacterial samples with the Pa299R-specific ,
red-fluorescent conjugated probe Pa299R. Scatterplots of green (FL1) versus red
(FL2) fluorescence are shown for unstained (left) or FISH stained (right) bacterial
samples harvested from bean leaves. The % of red-fluorescent target cells is also
indicated for the Pa299R (pKTbla) treatments.
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Figure 35. Agglutination assays were conducted by incubating Eh299R or a negative
control strain in various concentrations of rabbit anti-Erwinia herbicola antibody. No
consistent agglutination was observed.
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Figure 36. FM464 staining of Pa299R (A) or constitutively GFP-positive Pa299R
(pKTbla) (B). Scatterplots and single- parameter histograms of green (FL1) and red
fluorescence (FL2) are shown for unstained (-FM464) and stained (+FM464) samples

of in vitro cultured cells.
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Figure 37. FM464 staining of samples harvested from bean leaves inoculated with a
mock treatment (A), Pa299R (B), or constitutively GFP-positive Pa299R (pKTbla) (C).
Scatterplots of green (FL1) and red fluorescence (FL2) are shown for unstained (-
FMA464) and stained (+FM464) replicates of each sample. Similar results were
obtained in 2 independent experiments.
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Hpi

Segmentation

Mean Cellular
Fluorescence

Minimum

Maximum

S.D.

Method (MPI)
Auto 2342 1376.1 413.2 3145.0 287.1
’ Manual 1963 1718.5 415.1 3936.8 401.6
Auto 376 668.4 276.2 2358.0 291.7
' Manual 467 799.4 280.3 2679.3 330.8
Auto 156 604.8 277.5 1828.3 265.3
’ Manual 184 801.1 279.3 3248.7 341.5

Table 1. Mean fluorescent pixel intensity (MPI) in auto- versus manually segmented

images of PaMX149 (pKTbla) cells

210




Hpi n N':::In Mi:/i:':lum Mal)\(/ilr;um Variance S.D. S.E.
0 5 393 367 413 305.10 17.47 7.81
1 5 282 279 285 7.81 2.79 1.25
3 7 277 274 280 3.47 1.86 0.70

B

Hpi n I\/“I::In Mi:/ilr::lum Mal)\(/ilr;um Variance S.D. S.E.
0 10 | 349 322 454 1998.65 44.70 14.13
1 10 | 326 322 335 13.61 3.69 1.16
3 10 | 334 320 359 162.43 12.74 4.03
5 10 | 326 322 329 4.63 2.15 0.68
7 10 | 337 328 377 216.49 14.71 4.65

Table 2. Descriptive statistics for mean background fluorescence of microscopy
images taken of PaMX149 (pKTbla) cells from the sample image dataset (A) and a
second, independent experiment (B)
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Fluorescent Material

Excitation
maximum (nm)

Emission
maximum (nm)

Reference

GFP 488 507 Shaner et al., 2005
5-FAM (5’-conjugated 492 518 n/a
fluorophore)

560 (excites
DsRed.T3_S4T efficiently at 488) 589 Sorensen et al, 2003
mRFP1 584 607 Campbell et al., 2002
mCherry 587 610 Shaner et al., 2004
FM4-64 (membrane 506 750 n/a
dye)
DY-480XL (5’
conjugated 500 630 n/a

fluorophore)

Table 3. Properties of red fluorescent proteins, dyes, and fluorophores
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Flow Cytometer

Excitation (nm)

Detection of GFP
Fluorescence

Detection of Red
Fluorescence

Beckman-Coulter

575nm bandpass (FL2)

EPICS XL 488 425nm bandpass 620nm bandpass (FL3)
Partec CyFlow 575nm bandpass (FL2)
particle analyzer 488 425nm bandpass 620nm bandpass (FL3)
Beckman-Coulter 575nm bandpass (FL2)
EPICS Elite cell sorter 488 425nm bandpass 620nm bandpass (FL3)
Cytopeia INFLUX cell 488, UV, 405,

sorter

567, and 632

11 different detectors

11 different detectors

Table 4. Optical properties of flow cytometers used in this work.
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Probe Sequence (5 2 3') MT (°C) Source
Eh299R GAG TTC CCG CCA TCA CG 56.2 Brag%'oel‘ al.,
PAG59 TGT GCT ACC GTC CGA CTT 56.1 Nz‘ﬁ‘giggéet
[E)merObaCt TGC TCT CGC GAG GTC GCTTCT CTT |  64.0 00‘33382?‘ al.,
Ent* CCC CCT CTT TGG TCT TGC 56.3 Ke”;%foeot al.,
Ent183 CTC TTT GGT CTT GCG ACG 53.7 | Fredeheral.
E‘;‘gzggR' TTA ACA GAC CGC CTG CGT 57.0 This work

Table 5. Candidate FISH probes for fluorescent labeling of P. agglomerans 299R.
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