





Table 1. Strains used in this study
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Bacterial species (strain) Relevant Growth Growthb Reference/
Characteristics® temperature  medium Source
Gram-negative
Aeromonas hydrophilia Km', Rf 28°C TSA (32)
AHIR)
,(Agrobacterium tumefaciens Km', Nal’, Sm", 28°C TSA S. Lindow (UC-
(At B6) Sp' Berkeley)
Enterobacter aerogenes Ery’ 37°C TSA ATCC 13048
Erwinia amylovora (Ea8R) Rf 28°C TSA M. Wilson
(Colorado
College)
Escherichia coli (DH5a.) Nal’ 37°C LA Gibco-BRL,
Rockville, MD
Klebsiella pneumoniae no resistance 37°C TSA ATCC 13883
Methylobacterium Gm', Nal' 28°C NA (43)
organophilum (SH1PK)
Pantoea agglomerans Rff 28°C TSA 4)
(BRT98)
Pseudomonas fluorescens Cm', Ery', Rf, 28°C TSA (20)
(A506) sm', Sp’
Pseudomonas putida Cm', Ery’, Nal', 28°C TSA L. Halverson
(LH0001) Rf', Sm', Sp', (lowa State
derived as Rf' University)
mutant of mt-2
(30)
Rhizobium etli (KIM5S) Ery", Nal', Sm', 28°C TSA (3)
Sp'
Rhizobium meliloti {no resistance) 28°C TSA S. Lindow (UC-
(102FB4a) Berkeley)
Salmonella typhimurium Ery’, Rf', Sm', 37°C TSA (32)
(STIR) Sp'
Vibrio natrigens Sm', Sp’ 28°C BHIA ISU Microbiology
Culture Collection
Xanthomonas maltophilia Cm', Ery", Km', 28°C TSA (43)
(BP1) Gm', Sm', Sp’
Gram-positive
Bacillus subtilis (AS502) Rf", Sm', Sp’ 37°C TSA (35)
Clavibacter michiganensis Nal', Rff 28°C NBY (4)
(GH2390)
Mycobacterium smegmatis Nal 37°C NA ISU Microbiology
Culture Collection
Staphylococcus aureus Nal’, Sm" 37°C TSA ATCC 25923
Streptococcus thermophilus Nal’ 37°C TSA ISU Microbiology

Culture Collection

? Ap', ampicillin resistance; Cm', chloramphenicol resistance; Ery', erythromycin; Gm',
gentamycin; Km', kanamycin reS|stance Nal', nalidixic acid resistance; Rf", rifampin
resistance; Sm' streptomycm resistance; Sp', spectinomycin resistance; Tc', tetracycline
resistance;. Antlblotlc resistances in bold were used for selection.
® TSA, tryptic soy agar (Microtech Scientific, Orange, CA); NBY, nutrient broth yeast agar
(39); LA, luria agar (27); NA, nutrient agar (Microtech Scientific, Orange, CA); and BHIA,
brain heart infusion agar (Difco, Sparks,MD)
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Table 2. Plasmids used in this study
Plasmids Relevant Characteristics Reference/Source
pPROBE-KT'  Broad-host-range plasmid, Km', MCS upstream of  (28)
promoterless gfp gene

pVSP61 Broad-host-range cloning vector containing the lacZ (17, 21, 38)
promoter, Km'

pVSP61-Lac pVSP61 without P,z (Hindlll-Pvull deletion) This study

pV'Green pVSP61-Lac containing the promoterless gfpo gene  This study
from pGreenTIR (29) in the EcoRl site

pRK2073 Tra®, Mob®, Sm', Sp' ()

pPProGreen pPROBE-KT’ containing a proU-gfp fusion, Km' (2)

pVLacGreen pV'Green containing a /lacZ-gfp fusion, Km' (2)

pVNptGreen pV'Green containing a 364-bp Sall fragment with This study
Pt from Tnb (5, 26) cloned upstream from the gfp
gene

Characterization of GFP expression on solid medium

The effect of NaCl on Ppr-gfp, Pracz-gfp and P,.u~gfp was determined using cells on
solid K medium amended with 0, 150, or 300 mm NaCl. Cultures were grown at optimal
growth temperatures (Table 1). Two days of growth were required before analysis for A.
tumefaciens, E. aerogenes, E. amylovora, E. coli, P. agglomerans, S. typhimurium, and V.
natrigens; 3 days for Ps. fluorescens, Ps. putida and R. meliloti; and 4 days for M.
organophilum, C. michiganensis and S. aureus. Several strains, including A. hydrophilia, K.
pneumoniae, R. etli, X. maltophilia, B. subtilis, M. smegmatis and S. thermophilus, were not
tested due to the attempts to introduce the plasmids by conjugation being consistently
unsuccessful. Cells were resuspended in K broth directly before analysis.

Results

Comparison of fluorescence levels for proU-gfp, nptll-gfp and lacZ-gfp

Following the introduction of the fusions proU-gfp, nptll-gfp and lacZ-gfp into a
diversity of strains, the fluorescence of the cells indicated that there was a strong strain
specificity affecting the level of expression of each fusion (Fig. 1). proU-gfp expression in
the absence of elevated osmolarity consistently resulted in less than 30 RFU. Strains M.
organophilum, Ps. fluorescens, Ps. putida and E. amylovora exhibited low levels of
fluorescence (<1 RFU), whereas relatively high levels were seen in S. aureus (251 +4.8
RFU) and P. agglomerans (18.7 + 1.2 RFU). lacZ-gfo expression was not detectable in M.
organophilum, Ps. fluorescens or Ps. putida (Fig. 1B), but in the remaining strains, it ranged
from 6.2 + 0.3 RFU (A. tumefaciens) to 149.8 + 8.9 RFU (P. agglomerans). The plasmid
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pVNptGreen was not successfully transferred into M. organophilum or V. natrigens.
Expression of nptll-gfp was much higher than lacZ-gfp expression in Ps. fluorescens and
Ps. putida (22- to 25-fold), and slightly higher in E. aerogenes and A. tumefaciens (1.3- and
1.9-fold) (Fig. 1B and 1C). lacZ-gfp and nptll-gfp were expressed at similar levels in C.
michiganensis, whereas lacZ-gfp expression was 1.6- to 4.2-fold higher than nptll-gfp
expression in the 5 remaining strains (Fig. 1B and 1C). Among the strains, nptll-gfp
expression was the highest in E. amylovora (170.4 £ 15.9 RFU).

Effect of NaCl concentration on the fluorescence of lacZ-gfp-containing strains

The fluorescence of nine of the twelve strains was less than two-fold greater in the
presence of 300 mM NaCl than in 0 mM NaCl (Table 3), indicating that osmolarity had
relatively little influence on P,cz expression or GFP fluorescence. The fluorescence of two
of the remaining strains, E. aerogenes and C. michiganensis, was directly related to the
NaCl concentration, with an approximately 4-fold greater level in the presence of 300 mM
NaCl (Table 3). V. natrigens was unique in exhibiting > 4-fold higher fluorescence levels in
the presence of each 150 mM NaCl and 300 mM NaCl (Table 3).

Effect of NaCl concentration on the fluorescence of nptll-gfp-containing strains

In the presence of 300 mM NaCl, most strains containing the nptll-gfp fusion
exhibited fluorescence levels that were less than 2-fold greater than those at 0 mM NaCl,
with two strains (Ps fluorescens and S. aureus) exhibiting up to 3.2-fold greater levels (Table
3). These data indicate that NaCl has relatively little impact on npt// promoter expression or
on GFP fluorescence.

Effect of NaCl concentration on proU-gfp expression

Three major trends of induction were observed for strains containing the proU-gfp
fusion (Fig. 3). The first trend was exhibited by strains M. organophilum, E. amylovora, S.
aureus, and A. tumefaciens, and involved an induction ratio of less than two at 300 mM
NaCl (Fig. 2A). The strains M. organophilum and S. aureus grew poorly on solid K medium;
however, when grown on media that supported ample growth (NA and TSA), the proU-gfp-
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Figure 1. Fluorescence of various bacterial strains containing the fusions A) proU-gfp, B)
lacZ-gfp and C) nptll-gfp on K medium amended with 0 mM NaCl. Values represent the
mean t standard error of the mean for n=3 samples. These data are representative of two
independent studies. NA = not available for testing, RFU = relative fluorescence units.
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containing M. organophilum and S. aureus strains exhibited similarly low levels of
fluorescence at all NaCl concentrations examined. A second trend was exhibited by strains

P. agglomerans, Ps. fluorescens, Ps. putida, S. typhimurium and E. aerogenes and involved

a larger difference in the level of induction between 150 and 300 mM NaCl than between 0
and 150 mM (Fig. 2B). This group exhibited a 3- to 6-fold induction level by 1560 mM NaCl

Table 3. Effect of NaCl on fluorescence of lacZ-gfp- and nptll-gfp-containing strains. The
induction ratio was the mean fluorescence of the cells grown with the indicated NaCl
concentration relative to the mean fluorescence of cells grown with 0 mM NaCl. Values
represent the mean t standard error of the mean for n=3 samples. (NA = not available for

testing)
Induction Ratio in Response to NaCl
Species lacZ-gfp nptll-gfp
150 mM 300 mM 150 mM 300 mM

Agrobacterium tumefaciens 068+0.01 080+003 1.50+£002 1.69+0.12
Clavibacter michiganensis 225+0.00 371+0.38 1.11+£0.06 1.5910.07
Enterobacter aerogenes 240+031 395+053 1511022 2031048
Erwinia amylovora NA NA 0.982+£0.01 0.95+0.02
Escherichia coli 20712027 17312024 1331029 1.1510.04
Methylobacterium organophilum 090+ 0.17 214+043 NA NA
Pantoea agglomerans 1.38£002 151+008 1.331£0.04 20210.09
Pseudomonas fluorescens 1.15+025 1151004 215+0.07 3.21+0.43
Pseudomonas putida 099+009 1.03+0.12 141+005 1.92+0.07
Rhizobium meliloti 1.32+001 14112002 1.711+0.18 1.97+0.06
Salmonella typhimurium 205+028 2281018 1.17+£0.03 1.53+0.17
Staphylococcus aureus 093+£0.22 212+1.07 168009 2.88+0.53
Vibrio natrigens 6.05+3.91 20421288 NA NA

and an 8- to 15-fold induction level by 300 mM NaCl with the exception of S. typhimurium,

which exhibited a 30-fold increase at 300 mM NaCl. The third trend was exhibited by E. coli,
C. michiganensis, V. natrigens and R. meliloti, all of which exhibited a 7- to 13-fold induction
by 150 mM NaCl, and a 15- to 18-fold induction at 300 mM NaCl, all except V. natrigens (Fig
2C). V. natrigens exhibited a 25-fold increase at 300 mM NaCl. These data reflect the
results of two independent studies.
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Discussion

We demonstrated the ability to constitutively mark a variety of gram-negative and
gram-positive organisms. Marking bacterial cells and populations with a gfp fusion can
allow the detection of individual bacterial cells in a habitat (11, 13, 19), as well as promote
their detection in situ using fluorescence microscopy (9, 31, 42). This is not the case with
the typical antibiotic resistance markers. The extent of fluorescence exhibited by lacZ-gfp-
and nptl/l-gfp-expressing bacteria varied among strains. This suggests strain variability in
promoter expression and indicates the need to identify the optimal promoter for each strain.
For example, Ps. fluorescens and Ps. putida did not exhibit detectable fluorescence with the
lacZ-gfp fusion, but did with the npt//-gfp fusion. The remaining strains all exhibited
detectable fluorescence with each fusion, but differed in terms of which fusion, lacZ-gfp or
nptll-gfp, conferred greater fluorescence.

In this study, we also demonstrated that the proU-gfp fusion is osmoregulated in a
diversity of species. Consequently, this fusion can be used as a reporter of water availability
in diverse habitats by introducing it into species adapted those habitats. The proU promoter
was not osmoresponsive in S. aureus, M. organophilum, E. amylovora, or A. tumefaciens.
The fluorescence of S. aureus containing lacZ-gfp and nptll-gfp demonstrates that proper
GFP folding occurs in this strain. Proper folding of GFP into the three dimensional structure
involves the processes cyclization of the chromophore and oxidization of the cyclized
chromophore. Without proper folding of the protein, fluorescence yield can either be
reduced or non-existent in some strains. The visible fluorescence in S. aureus with lacZ-gfp
and nptll-gfp is supported by other reports demonstrating the effective use of GFP as a
reporter protein in S. aureus (33). The proU promoter in S. aureus has a relatively high
basal level of expression in the absence of NaCl suggesting that the promoter is recognized
in this organism; however, the proU promoter is not osmoregulated in S. aureus. The basal
fluorescence for proU-gfp was low for M. organophilum, E. amylovora, and A. tumefaciens,
indicating that the promoter may be poorly recognized in these strains. The lack of
fluorescence of these strains when they contained proU-gfp was not due to improper GFP
folding based on their significant fluorescence when they contained the lacZ-gfp or nptli-gfp
fusions. Another researcher also observed poor or undetectable proU recognition in E.
amylovora (J. Norelli, personal communication). Two distinct patterns of induction were
observed in the remaining 9 strains. For P. agglomerans, Ps. fluorescens, Ps. putida, S.
typhimurium and E. aerogenes, a greater increase in fluorescence occurred between 150
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and 300 mM NaCl than between 0 and 150 mM NaCl, suggesting a possible logarithmic
increase in expression with increasing NaCl. On the other hand, a linear induction pattern
was seen for the strains E. coli, C. michiganensis, V. natrigens and R. meliloti in this range
of NaCl concentrations.

Some strains such as Ps. fluorescens and Ps. putida exhibited particularly low
fluorescence levels regardless of the fusion or inducing conditions. The low levels of
fluorescence may be due to dimerization of GFP which reduces absorption (41), improper
GFP folding (8), or the reducing environment in the cytoplasm (16). The fluorescence level
of Ps. fluorescens and Ps. putida containing /acZ-gfp was too low for effective strain
detection in environmental samples; therefore, the nptl/l-gfp fusion would be a better
construct for marking these strains. We previously reported lower fluorescence levels for all
three fusions in Ps. syringae pv. syringae when compared to E. coli and P. agglomerans (2).

In general, elevated NaCl concentrations up to 300 mM NaCl did not alter P,y or
P..cz expression or GFP fluorescence. Therefore, the nptli-gfp and lacZ-gfp constructs can
be used as controls to evaluate the effect of other environmental conditions on GFP activity.
The use of such controls is necessary to account for non-target effects on cellular
fluorescence, and thus to accurately attribute increases in the fluorescence of proU-gfp-
containing strains to limitations in water availability. For example, GFP activity has been
shown to be hindered by extremes in pH, temperature, and sunlight (37)(C. Chen, personal
communication).

We have demonstrated the ability to mark a wide variety of microorganisms with
either lacZ-gfp or nptll-gfp. For some applications, such as monitoring an organism in the
soil or on plants, GFP production may confer a fitness cost on the organism; therefore, a
fusion producing less GFP may be preferable. However, fusions conferring fluorescence at
levels above the detection limit of a flow cytometer or microscope are necessary for
applications using this techniques. For example, if Ps. putida(pVLacGreen) cells were
inoculated onto a leaf and then recovered and analyzed using a flow cytometer, the GFP-
expressing cells could not be distinguished from plant debris or non-fluorescing cells due to
the low levels of fluorescence. We also demonstrated that the proU promoter was
osmoresponsive in a variety of gram-positive and gram-negative bacteria. The fact that the
species examined represent organisms from a variety of habitats indicated that proU-based
water deprivation-responsive bacterial biosensors could be constructed for examining the
availability of water in diverse bacterial habitats.
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General Conclusions and Future Directions

We have been able to measure the water deprivation encountered by
microorganisms both in and on aerial leaves. We developed a water-responsive bacterial
biosensor that allows us to measure the amount of water limitation bacteria encounter in the
environment. We fused the proU promoter to a reporter gene, either gfp or inaZ, and placed
the fusion on a broad-host-range plasmid. The bacterial biosensor was very sensitive,
responded to water deprivation in a quantitative manner and had a broad range of detection.
The muilti-copy plasmid was determined to be stable for at least 30 generations and allowed
for amplification of the response to water deprivation. We observed osmoresponsiveness in
a variety of microorganisms including Vibrio natrigens, Pseudomonas syringae and
Clavibacter michiganensis. This supports previous literature stating that the proU promoter
does not require a specific regulatory element. We were able to measure proU-gfp
expression in a saprophyte, Pantoea agglomerans BRT98, on bean leaves when exposed to
various RH levels. Little water deprivation was encountered by BRT98. In fact, growth in
culture indicates that this level of water deprivation does not kill BRT98 cells, but does
increase their lag time and reduce their growth rate. We also investigated the driving factor
for the bacterial population dynamics reported by previous researchers during pathogenesis
and HR. Using an InaZ-based biosensor in Ps. syringae pv. tomato strain DC3000 in
Arabidopsis thaliana, we demonstrated that DC3000 encountered lower water potentials
during HR than during pathogenesis. Based on the effect of low water potential on DC3000
growth and survival in culture, the water potentials encountered by cells during
pathogenesis should have enhanced the growth rate of DC3000, whereas the water
potentials encountered during HR should have inhibited DC3000 growth, but not killed it.
We also measured the amount of water deprivation encountered by a saprophyte in the A.
thaliana leaf and demonstrated that saprophytes encounter significantly higher water
potentials than pathogens. These results suggest that pathogens can actively manipulate
the internal spaces of the plant to create a more favorable environment for growth.

Although we were able to measure the water potential encountered by BRT98 on
leaf surfaces and DC3000 in leaves, there are two limitations of the bacterial biosensors that
were constructed. The first limitation was the ineffectiveness of GFP as a quantitative
reporter protein under field conditions. Specifically, during the field studies we observed a
dramatic decrease in the fluorescence of the biosensor cells. Subsequent studies
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performed by others in the laboratory concluded that GFP is sensitive to sunlight (Chen and
Beattie, unpublished data); therefore, successful field studies would require minimizing
bacterial exposure to sunlight, such as by covering the plants. However, a cover could alter
the conditions on the aerial leaf surface therefore altering the environmental conditions that
are being evaluated. The second limitation was the potential detrimental effect of
environmental stress on transcription within the cell under conditions in which metabolic
activity is hindered. Specifically, expression of the promoter that is central to a transcription-
based bacterial biosensor may be decreased by factors influencing general metabolic
activity such as severe environmental stresses, and thus may not report on the actual target
environmental conditions.

For several studies, an InaZ-based biosensor was used because DC3000 cells
labeled with GFP were unable to be distinguished from plant debris following recovery of the
cells by homogenization because of the low level of fluorescence. Although there are
several advantages of InaZ as a reporter gene, such as its sensitivity and wide range of
activity, there are several limitations. First, the water potentials encountered can only be
estimated for the entire population rather than on a cell by cell basis. Second, assays used
to quantify ice nuclei tend to be very laborious. And third, ice activity is very temperature
dependent. Temperatures greater than 24°C can reduce ice activity.

Initially, we wanted to examine the water deprivation encountered by a saprophyte
and pathogen on the aerial leaf surface. We successfully measured the water potential
encountered by a saprophyte, P. agglomerans, on the aerial leaf surface (as mentioned
above). Our efforts to quantify water potentials encountered by the pathogen Ps. syringae
pv. syringae strain B728a were not successful. Compared to saprophytes, B728a
populations are generally found to be higher inside the leaf; therefore, this microorganism
may be able to avoid environmental factors by moving inside the leaf. Water relation
comparison between saprophytes and pathogens is still a very exciting avenue to pursue in
the future. We observed fluorescence of B728a(pPProGreen) cells in a larger area on bean
leaves when compared to BRT98(pPProGreen) cells using epifluorescence microscopy.
This observation suggests that a greater number of B728a cells were exposed to water
limitation on leaf surfaces. Therefore, determining the water potential B728a compared to
BRT98 encounters on leaf surfaces might be a first step in understanding the differences in
environmental stresses encountered between a pathogen and a saprophyte. To evaluate
B728a water deprivation on leaves, we proposed the use of a second marker to separate
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the B728(pPProGreen) cells from background debris. We investigated a wide variety of
GFP derivatives and dyes that could serve as second markers. One dye, PKH26, which
binds to cell membranes, looks promising for future studies, at least in the laboratory.
Another possibility that should be investigated is to identify a monoclonal antibody for B728a
and label it with a fluorescent tag. Although this strategy is promising, our initial objective
was to create a fluorescent marker that can be transferred to multiple microorganisms. To
amplify the fluorescence of the uninduced proU-gfp fusion-containing B728a cells, we could
also introduce the plasmid pVProGreen containing the proU-gfp fusion as was discussed in
Chapter 2. pVProGreen does not have the downstream silencer region of the prolU
promoter; therefore, the basal level of expression may be high enough to separate the
labeled B728a cells from the non-fluorescing cells and plant debris. This deletion could,
however, reduce the range of detection of the biosensor.

Water deprivation is not the only environmental stress that may impact bacterial
survival and growth on aerial leaf surfaces. It would be fascinating to investigate what role
other environmental factors including UV radiation and hydrogen peroxide play in the
development of bacterial populations on leaves. Biofilm or aggregate formation on leaf
surfaces is also an important avenue of study. As our results indicate, biofilms may reduce
bacterial exposure to water stress. Future studies may show more detail on water stress as
well as if exposure to other environmental factors is reduced in biofilms.

We have reported a very exciting difference in water relations encountered by
bacteria during HR versus pathogenesis. We have proposed two models to explain the
decreased water availability encountered by bacteria during HR. In the first model, bacteria
encounter water deprivation due to matric stress, i.e. the lack of water; however, in the
second model, bacteria encounter high osmolarity. The biosensor we constructed does not
differentiate between the two models because the proU promoter responds to both osmotic
and matric stress. The actual conditions cells encounter during the progression of HR and
pathogenesis would greatly enhance our understanding of this process. Future work could
include differentiating between the two proposed models by using biosensors with fusions
specific to matric or osmotic stress.

We demonstrated that the proU promoter is osmoresponsive in a variety of gram-
negative and gram-positive bacteria including Ps. fluorescens, Enterobacter aerogenes,
Clavibacter michiganensis and Rhizobium meliloti. Therefore, the proU-gfp fusion could be
used to investigate water deprivation encountered by bacteria in a variety of environments.
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The water-responsive bacterial biosensor could be used to measure the amount of water
deprivation encountered by bacteria in soil and food. For example, a previous researcher
used corn mutants that differed in their cuticle composition to demonstrate that the cuticle of
the leaf influences bacterial colonization (Marcell, L. M. and G. A. Beattie, 2002, MPMI
15:1236-1244). It may be possible that the nature of the crystals influences the extent of
evaporation of the water on the leaf surface, and thus influences how favorable the
environment is for bacterial survival and growth. The water-responsive bacterial biosensor
could be used to test this hypothesis. In addition to future studies on water availability with
these bacterial biosensors, studies directed at generating a broader picture of the
environmental stresses encountered by bacteria on leaf surfaces and the impact of these
stresses on cells is very important for the development of phyllosphere microbiology
including for the improvement of disease management.
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Appendix 1: Plasmid Stability

in our research, we have measured gene expression in vitro and also on bean leaf surfaces.
The ability of a strain to maintain a plasmid during growth is critical for the effective use of
our plasmid-based bacterial biosensors. Plasmid stability is not an issue when gene
expression measurements are conducted in vitro because antibiotic selection can be
maintained. There are, however, many experiments such as experiments in planta in which
the addition of antibiotics is not possible. Two plasmids, pVSP61(2, 3, 6) and pPROBE-KT
(4), harbored the fusions of interest for our studies. Although the plasmid pPROBE is known
to be stable in rich medium (Luria-Bertani) for more than 30 generations (4), low nutrient
media are more relevant to the oligotrophic habitat of a leaf surface than rich media.
Plasmids that are not essential for bacterial survival may be lost due to the additional fithess
cost they confer on the organism. To test if low nutrients or low water potentials reduced
plasmid stability, we examined plasmid stability in low osmoticum, low nutrient medium 2-
21C (1, 5) in the absence of NaCl (Table 1) and in the presence of NaCl (Table 2). We
report that the plasmids were stable for the test period in ¥2-21C broth and on %2-21C plates
amended with NaCl.



Table 1. Stability of various plasmids in Escherichia coli strain DH5«, Pseudomonas syringae pv. syringae strain B728a, and

Pantoea agglomerans strain BRT98. Strains were grown at 28°C (BRT98 and B728a) or 37°C (DH5a,) in either %4-21C broth or
on solid %2-21C medium.

Plasmid stability during growth in %2-21C broth®

Plasmid stability during growth on %-21C plates®

Strain ID - Log(CFUITR e Percent Km' - Log(CFU/TR e Percent Km'
BRT98 pPROBE-KT 9.77 £ 0.04 9.76 £ 0.04 97.51+£0.25 9.10 9.13 107.02
BRT98 pPProGreen 9.89 £ 0.07 9.91+£0.10 104.89 £ 7.11 9.28 9.26 96.55
BRT98 pVLacGreen 9.86 £ 0.27 9.90+0.25 109.84 £ 7.14 9.27 9.24 94.12
B728a pPProGreen 9.87+0.18 9.841+0.23 95.12 £ 11.54 9.09 9.06 92.86
DH5a pPProGreen 9.12 £ 0.01 9.14 £ 0.02 103.27 £ 1.57 8.44 8.45 102.96

2 A single colony was inoculated into 5 mi of %:-21C broth and was placed on a shaker. After 24 h, 5 pl of the culture was
transferred to 5 ml of ¥2-21C broth and an aliquot was plated onto solid Luria-Bertani medium (LA) with and without kanamycin
(50 pg/ml). This procedure was repeated 4 times. Values shown represent the mean + standard error of the mean for n = 2
samples at the final sampling. Each 24 h period was calculated to be equivalent to 10 generations; therefore, plasmids were
determined to be stable for at least 40 generations in %2-21C broth.
® A single colony was resuspended in %-21C broth and an aliquot was plated onto solid %4-21C medium. After 24 h (DH5q or
BRT98) or 48 h (B728a), a colony was resuspended in ¥2-21C broth and aliquots were plated onto ¥%2-21C medium as well as

onto LA with and without kanamycin (50 pg/ml). This procedure was repeated 3 times. Values shown were generated in the final
sampling. Every sampling time was calculated to be equivalent to 15 generations; therefore, plasmids were stable for at least 45

generations on ¥2-21C plates.

49"



Table 2. Lack of an effect of elevated osmolarity on the stability of the lacZ-gfp-containing plasmid in Pantoea agglomerans

strain BRT98. BRT98 pVLacGreen cells were inoculated into ¥2-21C broth without antibiotics containing either 0, 200 or 400 mM
NaCl and incubated at 28°C. Every 2 d for 10 d, 100 pl of the culture were transferred to 5 ml of fresh medium and samples were
plated onto solid Luria-Bertani medium (LA) containing rifampin (50 pg/mi) or rifampin (50 pg/ml) and kanamycin (50 ug/ml). The
plasmid was determined to be stable in the presence of NaCl for at least 30 generations at all NaCl concentrations tested. There

were no significant differences in stability over time or among concentrations at each time point throughout the study based on
Fisher's LSD test (P < 0.05). Values represent the mean + standard error of the mean for n = 3 samples.

Sampling 0 mM NaCl 200 mM NaCl 400 mM NaCl
) Log(CFU/mI) r Log(CFU/mI) r Log(CFU/mi) r
time CA+TRIf CA+RIT+Km Percent Km LATRIf LA+RITEKm Percent Km CATRIf LA+Ri"Km Percent Km
2d 8.21+0.06 {8.07x0.08 74312730 | 794+00517.96+005 | 106.96+7.03 |7.48+0.08 | 7.56+0.05 126.12 + 24.15
4d 8.06 +0.04 | 8.03+0.03 9286+626 |793+£0.08|792+£007 |103.43+£2349 |7.54+0.03 |7.50+£0.05 91.49+6.16
6d 792+005 |794+0.03 | 106.38+9.01 | 7.76£0.05 | 7.79+0.03 | 107.00+6.11 7.36+£0.03 | 7.39+£0.03 104.29 + 13.21
8d 8.04+0.02 | 8.00+£0.01 90.85+552 |785+004 | 7862003 |102.75+356 |7.26+£0.05 {7.33£0.08 118.17 £ 14.63
10d 744+031 [ 779+£013 | 1095422514 | 7.74+0.16 | 7.79+0.05 | 13167 +£+54.07 | 7.24+0.06 | 740+ 0.22 | 208.97 + 122.12
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Appendix 2. Comparison of Fluorescent Markers as Second Markers for GFP-Based
Reporter Systems

introduction

Since the original isolation of the green fluorescent protein (GFP) from the jellyfish
Aequorea victoria, GFP has been used as a reporter in a wide variety of applications,
including studies on gene expression, protein localization, and localization of
microorganisms in their natural habitats. Some advantages of GFP are its substrate
independence, stability, low toxicity, and ease of detection. For our studies, we would like to
identify one or more GFP derivatives or other fluorescent markers that can function as a
second marker in bacterial cells that contain a GFP fusion. Although GFP derivatives have
been used to mark distinct bacterial populations, they have not been extensively examined
for their use as dual, independent markers within individual bacterial cells. A dual marker
system could be utilized to measure expression of two distinct genes in an individual cell or
to isolate cells from a population based on two distinct markers using flow cytometry. We
attempted to find a fluorescent marker that could be used as a second, independent marker
in a gfp-expressing cell. Our criteria for this marker were that: 1) it was non-toxic to the
bacterial cell, 2) it was detectable for multiple generations, and 3) it exhibited a distinct
excitation and/or emission spectrum from the red-shifted variant of GFP.

A variety of GFP derivatives and fluorescent dyes have been developed which
exhibit separate excitation and/or emission spectra from the wild-type GFP. Due to the non-
overlapping spectra of some GFP derivatives, they may be used to label multiple targets for
simultaneous detection. GFP derivatives are most often constructed by altering the three
amino acids Ser-Tyr-Gly (65-67) involved in chromophore formation. These derivatives offer
the same advantages as GFP when used as marker proteins. Similar to GFP derivatives,
fluorescent proteins isolated from the organisms Obelia and Renilla may be used as marker
proteins. Substrates that become fluorescent could also be used as cellular markers. In
this case, a gene for the catalytic enzyme could be introduced into the strain of interest and
a fluorescent substrate could be added prior to analysis. Fluorescent dyes that bind DNA or
membranes can be employed to mark the population of interest. Lastly, fluorescent-labeled
oligonucleotides and antibodies could be effective second markers. These must be tailored
to each individual strain and thus are not amenable to marking many diverse strains.
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Although there are a variety of GFP derivatives available, we chose three to
examine: the blue fluorescent protein (BFP), Sapphire and the yellow fluorescent protein
(YFP). These derivatives differ due to changes in the sequence of the chromophore (Table
1). Recently, reports have been published that involve labeling individual eukaryotic cells
with multiple GFP derivatives. For example, YFP and the cyan fluorescent protein (CFP)
were used to detect distinct structures in neurons and muscle tissue in mammalian cells
(14). GFP derivatives have also been used to examine intra- and inter-protein interactions
by exploiting the requirement that two derivatives must be in close contact (<100A) for
fluorescence resonance energy transfer (FRET) to occur. This phenomenon occurs when
one derivative emits energy that can then be used to excite another. FRET has been
reported between BFP and GFP in Escherichia coli (10, 17), and between BFP and GFP,
and CFP and YFP, in mammalian cells (18).

Table 1. Maximum excitation and emission wavelengths of the fluorescent proteins used in

this study.
Derivative Mutation? Max. Max. Reference/
excitation emission Source
Green fluorescent protein® S65T, F64L 488 nm 510 nm (23)
Yellow fluorescent protein  S65G, V68L, S72A, 513 nm 527 nm (23)
T203Y
Blue fluorescent protein Y66H 380 nm 440 nm (23)
Sapphire T203I, S72A, Y145F 399 nm 511 nm (23)
DsRed None 558 nm 583 nm Clontech,
Inc, Palo
Alto, CA

@ Substitutions from the primary sequence of GFP are shown
® This red-shifted variant that exhibits a similar emission spectrum to the wild-type GFP is
referred to simply as GFP in this study.

Other fluorescent proteins including those from the organisms Obelia and Renilla
have been isolated. Clontech, Inc. released pDsRed that encodes the red fluorescent
protein (DsRed) cloned from the IndoPacific sea anemone-relative Discosoma sp. Due to its
spectral properties DsRed can be excited by the same wavelength that excites GFP,
488nm, but is separable from GFP based on its emission spectrum.

Other possible second markers were fluorescent substrates for reporter proteins
such as S-Gal and PhoA. A population that contained a gene for one of these reporter
proteins could be amended with the substrate immediately before analysis. Ideally, the
substrate would be cleaved to produce a fluorescent product. A variety of fluorescent
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substrates are available for - galactosidase, including fluorescein digalactoside (FDG) (ex.
max 490nm; em. max 514nm), which can be used in prokaryotes. Similarly, the substrate
for alkaline phosphatase 4-methylumbelliferyl phosphate (MUP) (Molecular Probes, Inc.,
Eugene, OR) fluoresces (ex. max 360 nm; em. max 449nm) after cleavage by PhoA in
prokaryotes.

Many fluorescent DNA and membrane-binding dyes are known and could be used as
second markers. These dyes are widely used in eukaryotic systems but are rarely used in
prokaryotes. For example, a variety of DNA dyes, designated Syto Red dyes (Molecular
Probes, Inc., Eugene, OR), may be promising based on the manufacturer’s claim that they
mark eukaryotic cells without influencing cellular viability, and that they are maintained
through multiple generations (Molecular Probes, personal communication). Similarly, a
membrane dye called PKH26 cell tracker dye (Sigma-Aldrich Corp., St. Louis, MO) (ex. max
551 nm and em. max 567 nm) binds to eukaryotic cell membranes and is maintained for ten
generations. This dye has been used successfully in Gram-positive bacteria, including
Mycobacterium sp. and Bacillus sp. (5, 19), but has not yet been tested with Gram-negative
species.

The long-term goal of our research is to understand how bacteria colonize aerial leaf
surfaces and how this colonization is influenced by environmental factors such as water
deprivation. We have constructed bacterial biosensors that produce GFP in response to
water deprivation (1), and have introduced the required gfp-fusion containing plasmids into
bacteria that are well adapted to a leaf habitat, specifically Pseudomonas syringae and
Pantoea agglomerans. Although P. agglomerans cells that were exposed to only low levels
of water deprivation before recovery from leaves exhibited sufficient fluorescence to
distinguish them from the plant debris in the sample, the Ps. syringae cells did not.
Evaluation of the water deprivation sensed by the Ps. syringae cells on leaves thus requires
a secondary fluorescent marker that will enable us to distinguish the Ps. syringae cells from
plant debris and non-fluorescing cells.

The objective of this study was to identify a second fluorescent marker that can
function as a continuously expressed marker in the water-responsive bacterial biosensors.
This marker would allow us to distinguish biosensors cells that are not expressing GFP, or
are expressing it at low levels, from non-biosensor cells. |deally, this marker would not
interfere with our ability to quantitatively relate GFP fluorescence to bacterial exposure to
water stress. Here we describe our evaluation of three GFP derivatives, YFP, Sapphire, and
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BFP, as well as DsRed, Syto Red #64 nucleic acid dye and the membrane dye PKH26 as
second markers to label GFP-producing cells.

Materials and Methods

Strains, plasmids and growth conditions

The bacterial strains and plasmids used in this study are shown in Table 2. For
routine maintenance, strains were grown on Luria-Bertani (LB) medium (15) at 37°C for
Escherichia coli strain DH5a. and 28°C for Pantoea agglomerans strain BRT98 and
Pseudomonas syringae pv. syringae strain B728a. A low-osmoticum medium, one-half-
strength 21C (¥2-21C) (8, 21), amended with NaCl was used for induction assays. %2-21C
was amended with vitamin B; (0.0005%) for growth of DH5a.. The following antibiotics and
concentrations (ug/ml) were used: ampicillin (50), kanamycin (50), rifampin (50),
spectinomycin (20), streptomycin (20) and tetracycline (20). Plasmids were mobilized by
triparental matings using the helper plasmid pRK2073.

Fluorescence Detection

The fluorescence of cells grown in ¥2-21C broth were quantified using one of two flow
cytometers, a Beckman-Couiter (Fullerton, CA) EPICS-XL-MCL or a Beckman-Coulter
(Fullerton, CA) EPICS-ELITE. Excitation and emission settings for all fluorescent markers
are shown in Table 3. Fluorescent bacterial cells were detected based on fluorescence,
forward scatter (FS) and side scatter (SS) signals above baseline thresholds using controls
for each experiment. Fluorescence, FS and SS were collected with logarithmic amplifiers.
Data analysis and graphical representation were done with FCS Express (version 2.0)
software (De Novo Software). At least 25,000 cells were examined for each sample. The
geometric means of fluorescence and FS were calculated for all samples. Fluorescence
was expressed as relative fluorescence units (rfu).



Table 2. Strains and plasmids used in this study
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Strain/Plasmid

Relevant Characteristics®

Reference/Source

Escherichia coli
BL21

DH5a
Top10F’

Pantoea agglomerans

BRT98
Pseudomonas

syringae pv. syringae

B728a
Plasmids
puc18
puUC19
pPD16.43
pRSETa

pVSP61
pPROBE-KT'
pVSP61-Lac
pRK2073
pPNptGreen
pPProGreen

pVLacGreen
pDsRed

pEBFP
pEYFP

pMS2B6
pSapphire

pPLRProGreen®

pPLRNptGreen®

pVLacRed

contains T7 RNA polymerase gene under
control of lacUV5 promoter

NI*

lacP, Tn10, Tc', Sm'

Rff

Rff

Cloning vector with ColE1 replicon, Ap"
Cloning vector with ColE1 replicon, Ap"
pUC19 derivative, Ap'

pUC derived expression vector; N-terminal 6-
His tag; Ap'

Broad-host-range cloning vector containing
the lacZ promoter, Km'

Broad-host-range cloning vector, Km", MCS
upstream of promoteriess gfp gene
pVSP61 without Piacz (Hindllil-Pvull deletion)
Tra®, Mob®, Sm', Sp’

pPROBE-KT containing the Tn5 npt/l
promoter fused to gfp

pPI?OBE-KT’ containing a proU-gfp fusion,
Km

pV'Green containing a lacZ-gfp fusion, Km"
Piacz-DsRed on pUC18, Ap'

pPD16.43 containing P;,c-bfo, Ap
pPD16.43 containing Pj.cz-yfp , Ap”

pilA-phoA fusion on pUC18, Ap'
Pr~sapphire on pRSETa, Ap

pPProGreen containing a Pvull-Stul Pjzcz-
DsRed fusion from pDsRed
pPNptGreen containing a Pvull-Stul Pscz-
DsRed fusion from pDsRed
pVSP61-Lac containing a Pvull-Stul P ez
DsRed fusion from pDsRed

Novagen, Madison, WI

Gibco-BRL, Rockville, MD
Invitrogen Corp.,
Carlsbad, CA

(3)

(13)

(25)

(25)

(6)

Invitrogen Life
Technologies, Carlsbad,
CA

(11, 12, 24)

(16)

This study
4)
(1)

(1

(1)

Clontech, Inc., Palo Alto,
CA

Clontech, Inc., Palo Alto,
CA

Clontech, inc., Palo Alto,
CA

(22)

Aurora Corp., Madison,
Wi

This study

This study

This study

2 Ap', ampicillin resistance; Km', kanamycin resistance: NI', nalidixic acid resistance; Rf,
rifampin resistance; Sm', streptomycin resistance; Sp’, spectinomycin resistance; Tc',

tetracycline resistance

® The P.c-DsRed fusion from pDsRed was inserted in the opposite direction of the existing
gfp fusions; the orientation was confirmed by sequencing.
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Table 3. Flow cytometer settings for dual marker studies.

Secondary GFP fluorescence Secondary fluorescence Instrument
marker Excitation  Emission®  Excitation  Emission®
BFP® 488 nm 525-535 BP 350 nm 440DL EPICS-ELITE
DsRed 488 nm 510-520 BP 488 nm 565-585 BP EPICS-XL
Sapphire 488 nm 525-535 BP 408 nm 515-535 BP EPICS-ELITE
YFP 488 nm 510-520 BP 488 nm 565-585 BP EPICS-XL
PhoA® 488 nm 525-535 BP 350 nm 440 DL EPICS-ELITE
PKH26 488 nm 510-520 BP 488 nm 565-585 BP EPICS-XL

Syto Red #64 488 nm 525-535 BP 633 nm 665-685 BP__EPICS-ELITE

2 DL = dichroic longpass; BP = bandpass
® A UV blocker was used (<350 nm)

Characterization of fluorescence in culture

For characterization of GFP-expressing cells that also produced either YFP, BFP,
Sapphire or DsRed, cells were grown in %-21C broth amended with 0, 50, 100, 200, 400 or
600 mM NaCl for 48 h at either 28°C or 37°C. Cultures were diluted to approximately 10’
cells/ml and were analyzed using flow cytometry. To stain cells with the nucleic acid Syto
Red stain #64 (Molecular Probes, Inc., Eugene, OR), 1 ml of cells at a concentration of 10°
cells/ml was washed twice in 10 mM phosphate buffer. Syto dye was added at a final
concentration of 0.01 mM and cells were incubated at room temperature for 30 minutes.
The stained cells were pelleted and diluted to 107 cells/ml in %-21C broth. Cultures were
examined over a 48 h time period. For staining cells with the cell membrane dye PKH26
(Sigma-Aldrich Corp., St. Louis, MO), overnight cultures were diluted to 107 cells/ml, and
cells were washed twice with 10 mM phosphate buffer and resuspended in 10 pl of
phosphate buffer. 100 pl of diluent C (Sigma Corp.) was added to the cells. PKH26 dye
was added to the cells suspensions at a final concentration of 10 uM/ul and the cells were
incubated for 3 minutes at room temperature. The reaction was stopped using 20% BSA.
Cells were pelleted and resuspended in %4-21C broth and were examined over a 48 h
period. For phoA-expression analysis, cells were grown in %-21C broth amended with NaCl
at 28°C for 48 h. Cells were pelleted and resuspended in 10 mM phosphate buffer and the
optical density (ODsqo) was adjusted to 0.3. Cells (2 mi) were transferred to a new tube and
2 ml of 10 mM phosphate buffer containing 0.04 M glycine and 25 mM MUP (4-
Methylumbelliferyl phosphate, Molecular Probes, Inc.) (pH 8) was added. The mixture was
incubated at 37°C for 30 minutes and analyzed.
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Evaluation of Toxicity

The effect of NaCl concentration on the growth of the GFP-expressing strains
carrying the second marker was assessed by growing cells in ¥2-21C broth, amended with
NaCl as described above. After 48 h, growth was assessed based on turbidity or cell counts
on solid Luria-Bertani (LB) medium.

Results and Discussion

Yellow fluorescent protein

We introduced a plasmid containing a constitutively-expressed /acZ-yfp fusion into E.
coli in the presence or absence of either the proU-gfp or lacZ-gfp fusion. The co-expression
of the two GFP derivatives in a cell did not reduce the size of the population that developed
in ¥2-21C medium in 48 h, when compared to the size of the population of strains expressing
only one GFP derivative or no GFP derivative (data not shown). Therefore, co-expression of
GFP and YFP was not toxic to the cells. YFP-expressing cells could be distinguished from
non-fluorescent cells based on fluorescence, but approximately 25 to 30% of the YFP-
expressing cells were below the threshold levels established for optimum separation of
populations of YFP- and GFP-expressing strains (pPEYFP, Table 4 and Fig. 1). Due to the
high level of fluorescence of the GFP-expressing strains, the detection threshold allowed for
the detection of the vast majority of the GFP-expressing population (pVLacGreen, Table 4
and Fig. 1).

When approximately equal cell numbers of DH5a(pVLacGreen) and DH5a(pEYFP)
were combined, the two cell populations were clearly separable (pEYFP and pVLacGreen,
Table 4). Approximately 50% of the cells appeared to be GFP-expressing cells, based on
their assignment to quadrant 2. Similarly, 50% of the cells appeared to be YFP-expressing
cells: 30% were assigned to quadrant 3 and the remainder celis were assigned to quadrant
1, as predicted. In a 1:1 mixture, the mean fluorescence of YFP- and GFP-expressing cells
was similar to when cells were alone in cultures (pVLacGreen, pEYFP, and pVLacGreen
and pEYFP, Table 5 and Fig. 2).

The fusion of GFP to two distinct promoters, one of which was inducible, provided a
means of testing for the effect of YFP production on GFP fluorescence and cell viability at
various GFP expression levels. As is illustrated in Table 5, the uninduced proU-gfp fusion
(pPProGreen, 0 mM) was expressed at a higher level than the constitutively expressed lacZ-
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gfp fusion (pVLacGreen), and the proU-gfp fusion was induced by NaCl (pPProGreen, 400

mM), as expected.

a) 3
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Figure 1. Density plots of E. coli DH5a cells with the fusions a) lacZ-gfp and b) lacZ-yfp.
Quadrant 1 contains cells or debris with no or low levels of fluorescence. Quadrant 2
contains cells exhibiting GFP fluorescence. Quadrant 3 contains cells exhibiting YFP
fluorescence. Quadrant 4 contains cells exhibiting both GFP and YFP fluorescence.

Table 4. Percentage of cells selected to distinguish GFP fluorescence from YFP

fluorescence in quadrants 1-4 as described in Figure 1. Values represent the mean percent
of events represented in a quadrant + standard error of the mean (SEM) for n = 3 samples.

Strain ID Quadrant 1 Quadrant2 Quadrant3 Quadrant 4
pVLacGreen 243+013 96431012 0302002 0.85+£0.02
pEYFP 25.07£0.84 0.15+0.01 7330072 151+0.13
pPProGreen (0mM) 240+007 97431007 0041001 014+0.00
pPProGreen (400mM) 63.10+020 13.40+040 17.87+046 561+0.14
pEYFP and pVLacGreen (1:1) 156.30+1.08 49.13+1.20 30.17+230 5411034
pEYFP/pVLacGreen (OmM) 51.87 £ 0.03 4,07 £0.11 4280+£0.10 1.29+0.04
pEYFP/pPProGreen (OmM) 339+0.15 9357+£0.15 0.30+£003 276+0.03
pEYFP/pPProGreen (400mM) 11.37+0.09 5153+0.15 0.80+0.03 36.27 +0.22

When the GFP and YFP derivatives were co-expressed as was the case with

DHSa(pEYFP/pPProGreen and pEYFP/pVLacGreen), the fluorescence intensity of each

derivative was different than its fluorescence when present alone (Table 5). The

fluorescence of YFP appeared to be slightly reduced in the presence of low concentrations
of GFP in DH5a(pEYFP/pPProGreen) or DH5a(pEYFP/pVLacGreen) cells when compared
to DH5a(pEYFP) cells. This may be due to YFP-GFP protein interactions reducing the

quantum yield of YFP. In contrast, the fluorescence of YFP was increased when a

moderate or high concentration of GFP was present. This resuit strongly suggests that

fluorescent resonance energy transfer (FRET) occurs from GFP to YFP (Fig. 3). We

hypothesize that FRET occurs more extensively at higher concentrations of proteins

because of enhanced opportunities for protein-protein interactions. In this study, however, it
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is not clear why at low GFP concentrations (i.e. in the strain with pEYFP/pVLacGreen), the
GFP fluorescence was reduced so dramatically.
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Figure 2. Representative histograms of the fluorescence from the lacZ-gfp expressing cells

(green line) and lacZ-yfp expressing cells (yellow line) collected by a) the GFP detector and
b) the YFP detector.

Table 5. The mean fluorescence of cells exhibiting GFP fluorescence (from quadrant 2 in
Table 4) and cells exhibiting YFP fluorescence (from quadrant 3 in Table 4) in one
representative study. Representative histograms of the fluorescence of the cells are found in
Figure 2. Values represent the mean + SEM for n = 3 samples.

Strain GFP (RFU)? YFP (RFU)°
pVLacGreen 18.47 +0.07 0.59 +0.00
pEYFP ND° 2.69 +0.00
pPProGreen (0mM) 37.67 £0.18 0.62 +£0.02
pPProGreen (400mM) 285.50 +25.63 0.85 £ 0.05
pPEYFP and pVLacGreen (1:1) 18.37 £ 0.09 2.25 +0.01
pEYFP/pVLacGreen ND° 0.62 £ 0.00
pEYFP/pPProGreen (0mM) 30.70 £ 0.06 0.98 + 0.01
pEYFP/pPProGreen (400mM) 81.83+1.59 5.97 £ 0.21

2The data were generated using Aex = 488 nm and Aey, = 510-520 nm.
® The data were generated using A« = 488 nm and Aem = 565-585 nm.

® When percent of cells in a quadrant was less than 3%, the mean fluorescence was not
meaningful and, therefore, was considered to be not detected (ND).
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pPProGreen (OmM) pPProGreen (400mM)

YFP =27 YFP =0.6 YFP =0.6 YFP =0.9
GFP =ND GFP =18.5 GFP =37.7 GFP =285.5

pPEYFP/pVLacGreen pEYFP/pPProGreen (OmM) pEYFP/pPProGreen (400mM)

YFP =1.0
GFP =30.7

GFP =ND
N

YFP =0.6 YFP =6.0

GFP =81.8

Decrease in GFP and
increase in YFP
fluorescence

Figure 3. Proposed model of YFP-GFP interactions. All values represent the mean
fluorescence of the indicated fluorescent protein. (O = YFP,® = GFP)

Sapphire

The Sapphire derivative was also investigated as a second marker for GFP-
expressing cells. It is excited by distinct wavelengths from GFP (optimum 399 nm), but
exhibits a similar emission profile. Theoretically, distinct lasers could excite both GFP and
Sapphire fluorescence and the emission could be collected by the same detector. The
detection of fluorescence by the GFP-containing strain DH5c(pVLacGreen) after excitation
with Aex = 408 nm indicates that this A., results in detectable GFP fluorescence, even after
compensation (pVLacGreen, Table 6). Similarly, the detection of fluorescence by
DH5a(pSapphire) after excitation with the A., = 488 nm indicates that this wavelength results

in detectable Sapphire emission, even after compensation (pSapphire, Table 6). The resuits
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in detectable Sapphire emission, even after compensation (pSapphire, Table 6). The results
with all of the strains in Table 6 are consistent with this cross-over, demonstrating the
inadequacy of Sapphire as a second marker for GFP-marked cells. This was further
demonstrated by the reduced growth of the cells due to the presence of the Sapphire
derivative and elevated levels of GFP (data not shown). The unexpectedly high level of
fluorescence of DH5a(pSapphire/pPProGreen) in the presence of 200 mM NaCi could not
have occurred by FRET, since the two derivatives have the same emission profile.

Table 6. The mean fluorescence of strains using Aex of 488 nm and A, of 525-535 for

detecting GFP, and A, of 408 nm and A, of 515-535 nm for detecting Sapphire. Values
represent the mean + SEM for n = 2 samples.

Strain NaCl concentration =~ GFP (RFU) Sapphire (RFU)

(mM)
pVSP61 0 4.8110.01 3.94 £ 0.01
pVLacGreen 0 5.01£0.06 403+0.04
pSapphire 0 4.89+£0.02 417 £0.02
200 4.86 1+ 0.00 4.00 £ 0.01
pPProGreen 0 6.24 £ 0.61 470+ 0.18
200 30.60+11.60 30.70% 11.50
pSapphire/pVLacGreen 0 6.05 1 0.41 5.83+0.50
pSapphire/pPProGreen 0 6.33 £ 0.03 5.85+0.08
200 51.15+085 41.3510.35

Blue fluorescent protein

The BFP has very distinct excitation and emission spectra when compared to GFP
and therefore should be easily distinguished. Unfortunately, the 350 nm A used to excite
BFP also excited GFP (pVLacGreen, Table 7), and the fluorescent yield of BFP was
exceptionally low (pEBFP, Table 7), as has been shown by others [e.g. (9, 10, 20)]. Due to
this overlap and the relatively low fluorescence of BFP, we were unable to distinguish BFP-
expressing cells from non-fluorescent cells (pEBFP vs. pVSP61, Table 7). Co-expression of
the /acZ-bfp fusion with the proU-gfp fusion significantly reduced the GFP fluorescence of
DH50(pEBFP/pPProGreen) at various NaCl concentrations when compared to
DH5a(pPProGreen) at comparable concentrations (P<0.05 Student's test) (Table 8).
Cultures of DH5o(pEBFP/pPProGreen) grew less at higher NaCl concentrations than
cultures producing a single fluorescent protein, suggesting that co-expression of BFP and
high levels of GFP was toxic to cells. The reduction of growth may account for the loss of
GFP fluorescence at the higher NaCl concentrations because celis may have had an
excessive metabolic load.



125

Table 7. Mean fluorescence of cells of DH5a containing various plasmids grown in ¥2-21C
broth based on histograms. Values represent the mean + SEM for n = 2 samples.

Sample ID GFP (RFU)® BFP (RFU)°
pVSP61 ND°® 0.62 £ 0.03
pVLacGreen 564 1+0.17 1.04 £ 0.17
pPProGreen 9.43+0.19 0.99+0.12
pEBFP ND°® 0.42+0.01
pEBFP/pVLacGreen 473 10.52 0.46 £ 0.01
pEBFP/pPProGreen 7.00 £ 0.56 0.99 £ 0.02

?The data were generated using Aex = 488 nm and Aem = 525-535 nm.

®The data were generated using Aex = 350 nm and Aem = 440DL nm

© When percent of cells in a quadrant was less than 3%, the mean fluorescence was not
meaningful and, therefore, was considered to be not detected (ND).

Table 8. Osmoresponsiveness of proU-gfp fusion with and without the presence of BFP.
Values represent the mean + SEM for n = 2 samples.

NaCl pPProGreen pEBFP/pPProGreen

Concentration GFP Mean Fold Induction GFP Mean Fold Induction
Fluorescence Fluorescence
OmM 9.43+0.19 1.00 £ 0.02 7.00+£0.56 1.00+0.08
50mM 18.85+£0.75 2.00£0.08 1545+ 0.35 2.21%£0.05
100mM 36.85+0.65 3.91+0.07 2600+ 0.70 3.72+£0.10
200mM 76.40 £ 12.40 8.11+£1.32 4230+ 390 6.05+0.56
400mM 161.30£10.80 17.11+1.15 2110150 3.02+0.21
DsRed

The DsRed protein is not a GFP derivative, and thus it may have less propensity to
interact with GFP than the GFP derivatives examined. The use of a similar wavelength to
excite both GFP and DsRed simplifies their analysis by flow cytometry. When examining
DH5a(pVLacGreen) and DH5a(pPProGreen) by flow cytometry, it was clear that GFP
fluorescence did not cross-over to the DsRed detector to any significant degree (Table 9).
In contrast, when DsRed was produced in abundance, as in DH5a(pDsRed), the DsRed
fluorescence did cross-over to the GFP detector (Table 9). When DsRed was produced in
much lower quantities, as occurred in DH5a(pVLacRed), this cross-over was not detected
(Table 9). The amount of fluorescence in the lacZ-DsRed-expressing strains was sufficient
to distinguish them from non-fluorescent cells, which often exhibited fluorescence detected
by the DsRed detector at a background level of approximately 4 (data not shown). When
the GFP fluorescence of DH5a(pPLRProGreen), which expressed both /acZ-DsRed and

proU-gfp, was compared to that of DH50(pPProGreen) at various NaCl concentrations, the
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GFP fluorescence of DH50(pPLRProGreen) was consistently higher, with the magnitude of
the difference being higher at elevated NaCl concentrations (Table 10). Thus, the presence
of DsRed in the cell did increase GFP fluorescence in the presence of NaCl. During
maturation, DsRed assumes a conformation that has spectral properties similar to those of
GFP; this intermediate could account for the additional GFP fluorescence detected. If the
GFP fluorescence of a cell is used as a quantitative indicator of promoter expression, as is
true with the transcriptional fusion-based biosensor strain that we have constructed (1), then
the quantitative contribution of DsRed to the GFP fluorescence would have to be accounted
for when using a dual-marked strain.

Based on these positive results, we introduced pPLRProGreen into BRT98 and
B728a and observed similar results to those of DH5« (Table 10). Following introduction of
these strains onto bean plants, the DsRed fluorescence decreased dramatically and the
introduced bacteria could not be distinguished from plant debris and non-fluorescent
bacteria on the basis of DsRed fluorescence (data not shown). This loss of fluorescence
may be due to the reduction in chromophore absorbency caused by the weak dimerization
of the tetramers (2). Researchers have also reported that maturation of the protein can take
hours to days and often incomplete maturation occurs (7). The loss of fluorescence may
also be due to toxicity of the two proteins to the cells in planta; however, the presence of
both DsRed and GFP in a cell did not alter the growth of B728a in culture even at 600 mM
NaCl (Table 11). [f toxicity in planta did occur, the construction of a fusion between a
stronger promoter, P, and an enhanced derivative of DsRed, DsRed2 (Clontech, inc.,
Palo Alto, CA), which is generally less toxic to cells than DsRed (www.clontech.com), could

overcome the detection problems encountered in planta. Our efforts thus far to construct

this fusion, however, have not been successful.

Table 9. Mean fluorescence of strains in ¥2-21C broth amended with 0 mM NaCl . Values
represent the mean + SEM for n = 3 samples.

Strain ID DH5a BRT98
GFP DsRed GFP DsRed
pVLacGreen 40.17 £ 3.30 0.51 £0.00 71.07 £ 3.93 0.96 £ 0.01
pPProGreen 11.13 £ 0.41 0.43 £0.00 9.72 +£0.08 0.61+0.03
pDsRed 8411080 2200+£0.10 NT NT
pVLacRed 0.00+0.00 5.37 £ 0.24 0.00+0.00 18.93 £ 4.89

pPLRProGreen 12.50 £ 0.06 7.32£0.12 2110+ 1.19 9.68 + 1.04
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Table 10. GFP fluorescence of proU-gfp-containing DH5c, BRT98 and B728a with and
without the /acZ-DsRed fusion. Values represent the mean + standard error of the mean for

n = 3 samples.

NaCl DH5q, BRT98 B728a
Concn | pPProGreen |pPLRProGreen| pPProGreen |pPLRProGreen| pPProGreen |pPLRProGreen
OmM | 10.97+0.26] 12.50+0.06 9.72+0.08 21.10+1.19) 64.33+590] 21.10+x1.19
200mM| 2050+ 1.85| 45.97+0.03] 3460x+1.85| 7037+244, 3460+1.85 7037244
400mM| 4267 +2.76] 106.33+£3.03| 85.77+213/173.00+£29.16; 85.77+£2.13]| 173.00 £ 29.16
600 mM| 66.63+0.94] 129.20+7.91| 175.43+£2496) 97.93+9.89| 17543+24.96] 97.93+9.89

Table 11. Optical density at 600 nm (ODsgq) for the strain B728a in ¥2-21C broth amended

with NaCl after 48 h at 28°C. Values represent the mean + standard error of the mean for n
= 3 samples. Samples with an asterisk significantly differed from the corresponding sample

of strains expressing only GFP fluorescence.

NaCl Concn pPProGreen | pPLRProGreen | pPNptGreen | pPLRNptGreen
0mM 1.30 £ 0.02 1.24 £ 0.00[ 1.28 £ 0.00 1.28 £ 0.02
200 mM 0.73 £ 0.06 0.80+0.02] 0.83+0.02) *0.7410.02
400 mM 0.69+0.17 0.55+0.06| 0.48+0.16 0.44 + 0.07
600 mM 0.03 + 0.00 *0.02+0.00] 0.02+0.00 0.02 £ 0.00
PhoA

We introduced a constitutively expressed phoA gene into E. coli and evaluated the

use of PhoA and a fluorescence substrate as a second marker in a proU-gfp-containing
strain. The PhoA protein, alkaline phosphatase, cleaves the substrate MUP into a
fluorescent product. The co-expression of GFP and PhoA in a cell did not reduce the size of
the population that developed in %2-21C medium in 48 h (data not shown); therefore, co-
expression of GFP and PhoA was not toxic to the cells. However, PhoA-expressing cells

could not be distinguished from non-fluorescent cells because the MUP-based fluorescence
was quite low (pMS2B6, Table 12); in fact, it was lower than the small cross-over of the GFP
fluorescence onto the MUP detector (pVLacGreen, Table 12). The fluorescence of
pVLacGreen and pPProGreen cells with and without co-expression of phoA demonstrated
that the presence of phoA reduced GFP fluorescence (Table 12). Furthermore, the
presence of the phoA fusion significantly reduced proU-gfp expression at all salt

concentrations (Tables 13).
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Table 12. Mean fluorescence of E. coli Top10F'cells containing various fusions in ¥2-21C
broth amended with 0 mM NaCl. Values represent the mean + SEM for n = 2 samples.

Sample ID GFP? MUP®
pVSP61 0.43 £ 0.00 ND°
pVLacGreen 6.32 £ 0.00 0.76 £ 0.09
pPProGreen 5.52 £ 0.08 0.53+0.02
pMS2B6 ND°® 0.42 +0.02
pMS2B6/pVLacGreen 1.04 £ 0.00 0.46 £ 0.01
pMS2B6/pPProGreen 2.25+0.24 0.42 £ 0.01

®The data were generated using Aex = 488 nm and Aem = 525-535 nm.

® The data were generated using Aex = 350 nm (a UV blocker was used (< 350 nm)) and Aem
= 440DL nm

“When percent of cells in a quadrant was less than 3%, the mean fluorescence was not
meaningful and, therefore, was considered to be not detected (ND).

Table 13. GFP fluorescence of proU-gfp-containing E. coli Top10F cells with and without
the phoA fusion. Values represent the mean + SEM for n = 2 samples.

pPProGreen pMS2B6/pPProGreen
NaCl Concn (mM) MnX ___ Fold Induction | MnX Fold Induction
omM 5524008  1.00£008 | 2.25+0.24 1.00+015
50mM 13304005  2.41:005| 1.360.07 0.60  0.02
100mM 2210£024 4014024 | 143 £0.07 0.64 £ 0.02
200mM 2780+ 016 504016 | 1.84 £ 0.05 0.82 £ 0.01
400mM 2350+ 045 426+ 045 | 4.38 £ 0.00 1941014

Syto red stain #64

We evaluated the effectiveness of the nucleic acid binding dye Syto Red dye #64 as
a second fluorescent marker in proU-gfp-expressing cells. Based on its use in eukaryotes
and some prokaryotes, this dye had the potential to mark cells without influencing cellular
viability, and to be maintained through multiple generations (Molecular Probes, personal
communication). Syto Red dye #64 was selected after finding that cells stained with the
Syto Red dyes # 17, 59, 60, 61, 62 and 63 could not be distinguished from non-fluorescent
cells throughout a 48 h staining period, whereas cells stained with Syto Red dye #64 could.

Populations of the 3 strains, DH5a, BRT98 and B728a, were non-uniformly stained
with Syto Red dye #64 (Fig. 4 and Table 14). E. coli stain DH50. exhibited the most efficient
uptake of the dye. Based on the percent of events in quadrants 3 and 4, approximately 72%
of the DH5a cells were stained, whereas only 33 to 38% of the BRT98 and B728a
populations were stained, respectively (Fig. 4 and Table 14). The presence of the dye
significantly reduced GFP fluorescence of the proU-gfp expressing cells for all three strains
(Table 15). Bacterial cell growth for all strains was severely reduced by the presence of the
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dye when compared to cells without the dye. This was true even at the initial time point (Fig.
5). BRT98 and B728a cells stained with the dye recovered within 20 h and 30 h,
respectively. The DH5a cells exhibited growth only after 35 h and by 48 h had not reached

the population size of the culture without the dye.

a)

Syto #64

fluorescence i
1 ' K

GFP fluorescence

Figure 4. Density plots of cells stained with Syto red dye #64. a) E. coli strain
DH5a(pVLacGreen), b) P. agglomerans strain BRT98(pVLacGreen), and c) Ps. syringae
strain B728a(pPNptGreen). Quadrant 1 contains cells or debris with no or low levels of
fluorescence. Quadrant 2 contains cells exhibiting GFP fluorescence. Quadrant 3 contains
cells exhibiting Syto fluorescence. Quadrant 4 contains cells exhibiting both GFP and Syto
fluorescence. Values represent the mean + SEM for n = 2 samples. The x- and y- axes
represent GFP and Syto Red dye #64 fluorescence, respectively (range from 0.1 to 1000).

Table 14. Percent of population for each strain stained with Syto red dye #64 in the
quadrants described in Figure 4. Values represent the mean + standard error of the mean
for n = 2 samples.
Strain ID Quadrant 1 Quadrant2  Quadrant 3 Quadrant 4
DH5a pVLacGreen 25851095 140x+0.00 2580+1.60 46.9510.65
BRT98 pVLacGreen 65.95+£8.05 0601040 2060+£3.00 12.85+10.65
B728a pPNptGreen 5455+325 740+1.00 18.20+0.30 19.95%2.55

Table 15. The mean GFP and Syto Red dye #64 fluorescence of three strains in ¥2-21C
broth after 48 h. Values represent the mean + SEM for n = 2 samples.

Strain ID Syto stain GFP Syto
E. coli pVLacGreen - 470+0.08 0.23+0.12
+ 3.11+£0.10 1.331+0.03
BRT98 pVLacGreen - 7.52+0.23 0.29 £ 0.01
+ 4.18 £ 1.01 0.39+£0.11
B728a pPNptGreen - 1.80+£0.03 0.29+£0.00
+ 1.09 + 0.01 0.39 £ 0.02

PKH26 cell tracker

We also examined the effectiveness of PKH26 cell tracker dye to stain bacterial

cells. This dye binds to cell membranes and although it is reduced in half with each
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subsequent generation, it remains detectable for ten generations in eukaryotic cells. Similar
to the Syto Red stain #64, the cells were not uniformly labeled by the PKH26 stain; however,
a higher percent of cells of each strain were stained when compared to the Syto stain (Fig. 4
and Table 16). After 3 min of incubation with PKH26, approximately 64%, 53% and 14% of
the DH5a, BRT98, and B728a cells were stained, respectively. PKH26-stained cells were
easily distinguished from non-fluorescent cells. The stain was lost as the populations grew,
as expected (Fig. 5). For the E. coli strain, the stain was lost within 1 generation and for
both P. agglomerans and Ps. syringae strains, the stain was lost within 10 generations (Fig.
5). The presence of the PKH26 stain reduced GFP fluorescence in DH50. and BRT98, but

actually increased GFP fluorescence in B728a cells (Table 17).
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Figure 5. Population sizes for Escherichia coli strain DH5a,, Pantoea agglomerans strain
BRT98 and Pseudomonas syringae pv. syringae strain B728a in ¥2-21C broth in the

presence (@) and absence (O) of Syto Red dye #64 (0.01 mM/ul). Values represent the
mean + SEM for n = 2 samples.
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Figure 6. Density plots of cells stained with PKH26 cell tracker dye. a) E. coli strain
DH5a(pVLacGreen), b) P. agglomerans strain BRT98(pVLacGreen), and c) Ps. syringae
strain B728a(pPNptGreen). Quadrant 1 contains cells or debris with no or low levels of
fluorescence. Quadrant 2 contains cells exhibiting GFP fluorescence. Quadrant 3 contains
cells exhibiting PKH26 fluorescence. Quadrant 4 contains cells exhibiting both GFP and
PKH26 fluorescence. Values represent the mean + SEM for n = 2 samples. The X- and Y-
axes represent GFP and PKH26 fluorescence, respectively (range from 0.1 to 1000).

Table 16. Percent of population for each strain stained with PKH26 cell tracker dye in the
quadrants described above.

Strain ID Quadrant 1 Quadrant 2 Quadrant 3 Quadrant 4
E. coli pVLacGreen 33.2 0.80 0.80 64.4
BRT98 pVLacGreen 43.7 0.39 0.39 52.8
B728a pPNptGreen 15.4 70.8 0.12 13.7

Table 17. The mean GFP and PKH26 fluorescence based on histograms of all three strains
in ¥2-21C broth after 20 h. Values represent the mean + standard error of the mean for n = 2
samples.

Strain ID PKH26 stain GFP PKH26
E. coli pVLacGreen - 49.20 £ 1.10 1.09 £ 0.00
+ 2445+275 26.00+£1.10
BRT98 pVLacGreen - 87.50 £ 2.50 1.76 £ 0.09
+ 49.25 +0.25 8.51+£3.30
B728a pPNptGreen - 36.60 £ 0.40 1.05 £ 0.01
+ 40.90 £ 1.70 7.68 £ 0.46




133

4 £10
—=%9

3q —=="
R ./;/ "8
/o/ L 7

2 1 A

«/ - 6
1 A -5
L 4
0 = ®3

: 1
4 1B) BRT98 pVLacGreen 40

Log(CFU/ml)

PKH26 Fluorescence (RFU)

s I S ® et ————
0 2 4 6 8 10 12 14 16 18 20
Time (hours)

Figure 7. PKH26 fluorescence (solid lines) and population sizes (dotted lines) for
Escherichia coli strain DH5a(pVLacGreen), Pantoea agglomerans strain
BRT98(pVLacGreen) and Pseudomonas syringae pv. syringae strain B728a(pPNptGreen)
in the presence (@) and absence (O) of the PKH26 stain. Values represent the mean +
standard error of the mean for n = 2 samples.
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Conclusions

We have attempted to identify a suitable second marker for our GFP-based reporter
system. Unfortunately, we were unable to identify a marker that fulfilled all of our
requirements for distinguishing our water-responsive bacterial biosensor from non-
fluorescent bacteria or debris in planta while retaining GFP fluorescence as a quantitative
measure of water availability. We investigated a variety of secondary markers including
GFP derivatives, DsRed, PhoA, PKH26 and Syto Red dye #64, and characterized the
strengths and limitations of each (Table 18). Our studies with the biosensor cells on plant
leaves do not involve significant changes in population size of the biosensor cells, and are
not weakened by the presence of unlabelled cells, since we will evaluate the GFP
fluorescence of only those cells exhibiting the marker fluorescence. Thus far, the PKH26
stain shows the most promise for use in our studies; however, based on our results with
DsRed, it is important that PKH26 stained cells be examined on the leaves. Furthermore,
alternative staining conditions should be examined to evaluate if the proportion of cells in a
population that are PKH26 stained can be enhanced. ldeally, we want a genetic system that
can be easily transferred to a variety of strains to evaluate the water deprivation that
bacteria sense on leaf surfaces. In the absence of a marker that could easily identify a
variety of strains, strain-specific markers including antibodies and DNA probes can be

developed.

Table 18. Limitations of the second markers tested

Fluorescent Toxicin Sufficient GFP GFP FRET Lost Population
marker culture  fluorescence fluorescence excited by occurred from of cells
to distinguish  affected by Aex Used cells were
from non- 2" marker for 2" during uniformly
fluorescent marker division stained
cells
YFP No Yes Yes No Yes NA NA
Sapphire Yes No Yes Yes No NA NA
BFP Yes No Yes Yes No NA NA
DsRed No Yes Yes NA No NA NA
MUP/PhoA No No Yes Yes NA NA NA
Syto #64 Yes Yes Yes No NA Yes No
PKH26 No Yes Yes Yes NA Yes No

NA = not applicable

We report that FRET occurred between GFP and YFP within a cell when a high
concentration of the proteins was present. Previous researchers have demonstrated FRET
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between two fused proteins, with the return of fluorescence when the proteins dissociate.
Several researchers have reported FRET either between BFP and GFP (10, 17, 18) or CFP
and YFP (18). In all cases the proteins had been fused. Therefore, to our knowledge this is
the first report that demonstrates energy transfer between GFP and YFP when the proteins
are not fused. Generally, FRET is believed to occur when two proteins are within 100
angstroms of each other. If this is true, then the FRET that was observed at higher protein
concentrations due to the induction of proU-gfp may have been caused by the crowding of
the molecules.

In our experiments, many of the markers tested would not be suitable as a dual
marker. For example, BFP, Sapphire and PhoA did not have sufficient fluorescence to
distinguish the cells from non-fluorescing cells, and the BFP and Sapphire derivatives were
toxic to the cells. Therefore, even in studies in culture, these three labels would not work to
mark cells. The nucleic acid stain Syto Red #64 does label cells; however, the cells were no
longer viable after staining. The YFP derivative could potentially be used depending on the
application. For example, if the expression of the inducible gene was known to be
sufficiently low, crowding and subsequent FRET would not occur. Also to avoid FRET, it
may be possible to fuse a weak constitutive promoter to GFP and fuse the inducible
promoter to YFP. Several characteristics of the markers tested may be advantageous for
marking a strain with two fluorescent labels. For example, DsRed and GFP were
successfully co-expressed without any detrimental effects on the cells, and were readily
distinguished from each other. The limitation with DsRed is its interference with
quantification of the GFP protein due to the apparent GFP-like fluorescence of the GFP-like
intermediate. Even if the inducible promoter was fused to DsRed and the constitutive
promoter fused to GFP, quantification still could not occur. Pairing DsRed with a different
GFP derivative could overcome this problem. DsRed could work well with GFP in the same
cell if both derivatives were under the control of constitutive promoters. Finally, the cell
membrane dye, PKH26, successfully labeled several gram-negative bacteria, and could be
useful in applications that do not involve extensive population growth since the dye is
progressively lost from each subsequent generation.
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