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Forward Genetic In Planta Screen for Identification of Plant-
Protective Traits of Sphingomonas sp. Strain Frl against Pseudomonas
syringae DC3000
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Sphingomonas sp. strain Fr1 has recently been shown to protect Arabidopsis thaliana against the bacterial leaf pathogen Pseu-
domonas syringae DC3000. Here, we describe a forward genetic in planta screen to identify genes in Sphingomonas sp. Fr1 nec-
essary for this effect. About 5,000 Sphingomonas sp. Fr1 mini-Tn5 mutants were assayed for a defect in plant protection against a
luxCDABE-tagged P. syringae DC3000 derivative in a space-saving 24-well plate system. The bioluminescence of the pathogen
was used as the indicator of pathogen proliferation and allowed for the identification of Sphingomonas sp. Fr1 mutants that had
lost the ability to restrict pathogen growth before disease symptoms were visible. Potential candidates were validated using the
same miniaturized experimental system. Of these mutants, 10 were confirmed as plant protection defective yet colonization
competent. The mutants were subsequently evaluated in a previously described standard microbox system, and plants showed
enhanced disease phenotypes after pathogen infection relative to those inoculated with the parental strain as a control. However,
the disease severities were lower than those observed for control plants that were grown axenically prior to pathogen challenge,

which suggests that several traits may contribute to plant protection. Transposon insertion sites of validated mutants with de-
fects in plant protection were determined and mapped to 7 distinct genomic regions. In conclusion, the established screening
protocol allowed us to identify mutations that affect plant protection, and it opens the possibility to uncover traits important for

in planta microbe-microbe interactions.

lants are colonized by a variety of microorganisms, including

bacteria, fungi, and yeasts. In the above-ground parts of
plants, known as the phyllosphere, bacteria are the most abundant
inhabitants (31), and their populations in the phyllosphere are
estimated to number up to 10°° cells globally (34). Members of the
genus Sphingomonas are frequently found in the phyllospheres of
different plants (17, 29). It was recently shown that various
Sphingomonas strains protect Arabidopsis thaliana against bacte-
rial pathogens: upon pathogen application, Sphingomonas-inocu-
lated plants exhibited reduced pathogen cell numbers compared
to control plants, and plant phenotypes were similar to those of
uninfected plants (25). Different mechanisms by which biological
control agents can confer protection against plant pathogens have
been proposed (3, 26). These either may be on the level of bacte-
rium-bacterium antagonism through competition for space and
nutrients and the production of antimicrobial compounds or may
be plant mediated with the induction of systemic resistance. These
modes of action are not mutually exclusive, and plant-protective
microorganisms may employ more than one mechanism (26).

The mechanism by which Sphingomonas spp. suppress disease
is not yet known. The high overlap in carbon source utilization
between beneficial Sphingomonas spp. and Pseudomonas syringae
is consistent with substrate competition playing a role in the an-
tagonistic effect; however, direct evidence is lacking (25), and ad-
ditional mechanisms cannot be excluded. Two general strategies
can be used to decipher the mode of protection: (i) targeted
approaches to test presumed mechanisms individually or (ii) a
forward genetic screen. The screening of randomly generated mu-
tants for loss-of-function mutations is a commonly applied
method. For example, this approach was used to identify root
symbiosis-defective mutants of Bradyrhizobium sp. strain ORS278
(11), virulence-defective mutants of P. syringae (14), and antibio-
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sis-negative mutants of Erwinia herbicola (28). Screenings aimed
at the detection of plant-protective effects of presumed antibiotics
have often been performed by cultivating bacteria on agar plates
(28). However, it is well known that these plant-protective phe-
notypes, such as antibiosis, do not necessarily correlate with in
planta phenotypes (4, 12, 20, 26). Therefore, in planta analysis of
mutations for the loss of protective effects represents a more
straightforward method of screening.

The assessment of the beneficial effects of plant-colonizing
bacteria usually requires long-term monitoring of plant growth
and disease development in combination with quantification of
bacterial populations (6, 12). Most methods used for the quanti-
fication of plant-associated microbial populations are time-
consuming and invasive, thereby restricting dynamic observa-
tions or high-throughput applications (27). Bioluminescent
reporter strains offer an alternative, nondisruptive approach for
measuring bacterial growth on plants by detecting photons emit-
ted by the labeled bacteria (21, 42).

Here, our aim was to establish a space- and time-saving
system that allows for the screening of a library of Sphingomo-
nas sp. strain Fr1 mutants for defects in plant protection. The
screen is based on a chromosomally luxCDABE-tagged P. sy-
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ringae strain (18) whose infection and subsequent amplifica-
tion are monitored in A. thaliana.

MATERIALS AND METHODS

Strains and culture conditions. The plant-protective strain Sphingomo-
nas sp. Frl (25) was grown on nutrient broth without additional NaCl
(NB; Fluka) or on minimal medium (MM) (37) containing 0.5% glucose
as a carbon source at 28°C. Escherichia coli S17-1(\pir) carrying the sui-
cide vector pAG408 (46) was cultivated at 37°C on LB medium supple-
mented with 25 pg/pl kanamycin (10). The lux-tagged P. syringae
DC3000 (P. syringae DC3000 Ix) (18) was grown on King’s B medium
(KB) (30) at 28°C.

Transposon mutagenesis. Sphingomonas sp. Frl mutants were con-
structed by mini-Tn5 transposon mutagenesis. Biparental mating was
carried out overnight on MM plates without a carbon source at 28°C with
the conjugal donor E. coli S17-1(A\pir) containing the plasmid pAG408
(46) and the acceptor Sphingomonas sp. Frl. Cells were then scraped off
and suspended in 0.9% NaCl. Serial dilutions were plated onto selective
MM plates supplemented with glucose. To suppress the growth of cells
that had acquired a weak kanamycin resistance but did not insert the
transposon into the chromosome, kanamycin was used at a high concen-
tration (200 pg/wl). The donor E. coli cells were counterselected by the
addition of colistin (10 pg/pl) to the medium. Transconjugants were
selected after 5 days of incubation and were further maintained on MM
supplemented with glucose and kanamycin (50 wg/pl).

Growth conditions for Arabidopsis thaliana plants in 24-well
plates. A. thaliana Col-0 seeds were grown on Murashige-Skoog medium
(MS) (including vitamins [Duchefa]) (36) supplemented with 3% sucrose
and 0.55% plant agar (Duchefa) in 24-well plates, with each well contain-
ing 1.5 ml of medium. Seeds were surface sterilized as described by Schle-
sier et al. (41), placed in 24-well plates (1 seed/well), and then stratified at
4°C for 2 days. After inoculation (see below), plates were sealed with
Parafilm and placed in a growth chamber at 22°C under long-day condi-
tions (16-h photoperiod) for 1 week and then under short-day conditions
(9-h photoperiod). One day before infection with P. syringae DC3000 Ix,
the Parafilm was removed from the plates to reduce the relative humidity
within the plates and the variation between plates.

Inoculation and infection of plants in 24-well plates. Cells of 2-day-
old Sphingomonas sp. Frl mutants grown on MM (supplemented with
glucose and kanamycin [50 wg/pl]) agar plates were resuspended in 120
pl of 10 mM MgCl, in 96-well microtiter plates to obtain an optical den-
sity at 600 nm (ODy,) of approximately 0.5. Seeds were inoculated with 4
wl of bacterial suspension. As controls, seeds inoculated with a Sphin-
gomonas sp. Frl wild-type suspension or 10 mM MgCl, (axenic) were
included. Ten to 14 days after seed inoculation, the plants were infected
with P. syringae DC3000 Ix. The infection inoculum was prepared as de-
scribed previously (25), except that the concentration was adjusted to an
ODyyo of 3 X 107°, corresponding to approximately 1,500 CFU per ml.
Plants were infected by pipetting 15 to 20 .l of the suspension to the aerial
parts of the plants, distributing it to the leaves and the center of the plant.

Throughout this paper, the term inoculation is used for the applica-
tion of commensal Sphingomonas, whereas the term infection refers to the
application of the pathogenic Pseudomonas.

Luminescence detection. Luminescence signals (photon counts per
seconds [cps]) were quantified with a plate reader (Victor3; Perkin-
Elmer). Preliminary tests revealed 6 days postinfection (dpi) with P. sy-
ringae DC3000 Ix as a suitable time point to monitor luminescence of
protected and nonprotected plants; as a visual aid, luminescence images
were taken at 6 dpi with the IVIS Spectrum imaging system (Xenogen)
using the Living Image software 3.2. For luminescence imaging, a 20-s
exposure and a 500-nm emission filter were used. The filter allowed for the
detection of photons emitted during the luciferase reaction that peaked at
490 nm (49) but blocked the detection of plant phosphorescence. A Tn5
mutant was considered a putative candidate with a defect in plant protec-
tion when the photons exceeded a threshold level of 600 to 2,000 cps
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TABLE 1 Oligonucleotides used for arbitrary primed PCR to identify
transposon insertion sites

Primer name Sequence (5" —3’) Reference

Arbl GGCCACGCGTCGACTAGTCA This study
NNNNNNNNNNGCTCG”

Arb2 GGCCACGCGTCGACTAGTCA This study
NNNNNNNNNNGACTC?

Arb3 GGCCACGCGTCGACTAGTCA This study
NNNNNNNNNNGATAC”

Iseq TACGTGCAAGCAGATTACGG 35

Oseq TTGTGCCCATTAACATCACC 35

PCR2 GGCCACGCGTCGACTAGTCA 15

pagl CAATTCGTTCAAGCCGAGAT 35

pagO TGGGACAACTCCAGTGAAAA 35

@ As described by Das et al. (15) but with a modified 3’-pentamer varying in GC
content. N, ATCG.

(corresponding to at least a 20-fold increase in cps relative to background
level). The adjustment of the absolute luminescence intensity threshold
was set for each screening round due to variations in the baseline lumi-
nescence, which may have been caused by slightly varying concentrations
of the initial P. syringae DC3000 Ix inoculum and differing environmental
conditions.

Validation of candidate mutants from the initial screen in 24-well
plates. Each candidate was validated in the 24-well assay with 12 replicates
distributed on three 24-well plates (at different positions to exclude local
site effects). Luminescence values for wells with ungerminated seeds or
plants with a strong growth delay were not considered for statistical anal-
ysis. For mutants that showed significantly higher log-transformed cps
than wild type controls (one-way analysis of variance [ANOVA] with
Tukey’s post hoc test, P < 0.05), Sphingomonas sp. Frl colonization was
determined on 6 plants at 7 dpi as described previously (25). Aerial parts
of plants were separated from the roots and placed into 2-ml tubes con-
taining 1.3 ml phosphate buffer (100 mM, pH 7) amended with 0.2%
Silwet L-77 (GE Bayer Silicones). The tubes were shaken for 15 min at 25
Hz in a Retsch tissue lyser (Retsch) and sonicated in a water bath for 5 min.
Dilution series were spotted onto MM (with glucose and streptomycin [20
wg/wl]) agar plates; for mutants, 50 pg/pl kanamycin was added. After
incubation at 28°C for 3 days, plates were inspected for CFU. The remain-
ing plants were incubated to monitor disease phenotypes of plants after 3
weeks postinfection. Mutants were considered tentatively validated can-
didates when their bioluminescence signals were elevated (determined by
the test described above) and/or when disease phenotypes (determined by
visual inspection) were observed, and the mutants could be recovered
from the phyllosphere of the tested plants.

Microbox in planta assay. For further evaluation of the mutants iden-
tified in the 24-well plate system, the effect of the mutants was analyzed in
a previously established microbox system as described previously (25),
except that the bacterial cultures used for seed inoculation were grown in
MM supplemented with glucose instead of in NB. Bacterial cell numbers
on aerial plant parts at the day of infection and at 21 days postinfection
were determined as described previously (25). Dilution series were spot-
ted onto different selective media. For Sphingomonas sp. Frl, MM with
glucose and streptomycin (20 g/ l) was used, and for mutants, kanamy-
cin (50 pg/pl) was added. P. syringae DC3000 Ix was selected on KB
supplemented with rifampin (50 wg/pl). CFU were counted after 2 to 3
days of incubation at 28°C. Additionally, disease phenotypes of plants
were scored at 20 dpi with a disease severity index from 1 (no visible
disease symptoms) to 5 (dead plant), as described by Whalen et al. (51).
The weighted arithmetic means were calculated per mutant and then nor-
malized to results for the wild-type (0) and noninoculated (1) controls.

Identification of transposon insertion sites. The regions flanking the
transposon insertion sites were amplified by arbitrarily primed PCR using
primer sequences (Table 1) modified from those described by Das et al.
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FIG 1 Detection of photons emitted by the lux-tagged pathogen P. syringae DC3000 on plants. (A) Luminescence image and microplate reader photon counts
of a 24-well plate with A. thaliana plants at 3 days postinfection (dpi) with P. syringae DC3000 Ix. Plants were seed inoculated with wild-type Sphingomonas sp.
Frl (unmarked) or kept axenically (marked with a circle on the luminescence image) prior to P. syringae DC3000 Ix application. The photon counts (cps)
measured with the microplate reader were converted to a color image, where red indicates high values and blue low values. (B) Exemplary luminescence images
of 24-well plates used for screening at 6 dpi. Each well harbors a plant inoculated with a different Sphingomonas sp. Frl mutant. The luminescence signals are
represented in colors as indicated by the scale bar (in arbitrary units). Sphingomonas mutants unable to restrict P. syringae DC3000 Ix proliferation showed higher

luminescence signals and are circled in green.

(15). Genomic DNA was extracted from freshly grown plate cultures with
the MasterPure DNA purification kit (Epicentre Biotechnologies). Trans-
poson-specific primers, Iseq (inner end) or Oseq (outer end), were paired
with the arbitrary primer Arbl, Arb2, or Arb3 in a first-round PCR with
100 ng chromosomal template DNA. PCR products were purified using
the Gel and PCR Cleanup kit (Macherey-Nagel), and 1/10 was used as the
template for the second-round PCR with the primer PCR2 paired with
pagl (inner end) or pagO (outer end). Primer concentrations and PCR
conditions were as described elsewhere (15). The PCR products were sep-
arated on 1.5% agarose gels, and single bands were excised, extracted with
the Gel and PCR Cleanup kit (Macherey-Nagel), and sequenced (Mi-
crosynth) with the corresponding transposon primer, pagO or pagl. The
obtained DNA sequences were compared, using BLAST (1), to the auto-
matically annotated Sphingomonas sp. Frl draft genome sequence on
RAST (5) to identify transposon insertion sites.

RESULTS

Establishment of an in planta screening assay. For the successful
implementation of an in planta forward genetic screen, medium-
to high-throughput procedures are needed. Because the identifi-
cation of Sphingomonas sp. Frl mutants with defects in plant pro-
tection requires the testing of mutants one by one, we established
an experimental setup that allowed for a reduction in the time and
space required for such a screen. This screen was based on a pre-
viously established microbox assay (25) with the following adjust-
ments: (i) a 24-well microtiter plate system was used, (ii) plant
infection was carried out at an earlier time point, and (iii) a pre-
viously described lux-tagged Pseudomonas syringae DC3000 de-
rivative (P. syringae DC3000 Ix) was used as reporter strain for
pathogen proliferation because it was shown that luminescence
and pathogen population size are positively correlated in planta
(18). The luminescence of the strain could be measured in a non-
destructive way (Fig. 1A), and it allowed for the prediction of
disease incidence at 6 days postinfection rather than 2 to 3 weeks
postinfection, as is required for disease symptoms to be easily
scored.

Screening and validation. A library of Sphingomonas sp. Frl
mutants was obtained by mini-Tn5 random mutagenesis. To cir-
cumvent the selection of auxotrophic mutants that are likely to be
colonization deficient, a minimal medium containing glucose as
the carbon source was used to grow cells after transformation and
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prior to plant inoculation. The genome size of Sphingomonas sp.
Frl is predicted to be in the range of 4 Mbp based on a draft
genome sequence generated by 454 shotgun sequencing (unpub-
lished data). In total, 5,088 mutants were screened in 11 screening
rounds, and controls (wild-type Sphingomonas sp. Fr1-inoculated
plants infected with the pathogen and plants grown axenically
prior to pathogen infection) were included in each of the screens.
Exemplary luminescence images are shown in Fig. 1B. Mutants for
which light intensity exceeded the threshold level were selected for
validation. To account for the possibility of several mechanisms
acting in concert, the luminescence threshold was set below inten-
sities measured for axenic controls. This was due to the assump-
tion that potential candidates were expected to show phenotypes
intermediate between those of wild-type and axenic controls. Low
threshold levels thus reduced the risk of missing mutants mildly
affected in plant protection. In total, 121 mutants passed the
threshold criteria and were subsequently validated further.

Mutants with a potential defect in plant protection were vali-
dated in replicates (n = 12) using the in planta screening protocol
described above. Mutants either allowing pathogen growth on
plants and/or failing to prevent disease symptoms were further
investigated (exemplary validation results are shown in Fig. 2 and
3). To ensure that the elevated luminescence signals or enhanced
disease symptom development did not result from a loss in phyl-
losphere colonization, the presence of Sphingomonas mutants on
the aerial plant parts was checked by plating assays. Of the 15
mutants investigated, five did not show consistent plant coloniza-
tion; therefore, they likely had a negative plant-protective pheno-
type. Overall, of the 121 validated mutants, 10 were further con-
sidered plant-protective-negative and five were considered plant
colonization-negative candidates.

Evaluation of mutants in microboxes. To test whether the
plant-protective-deficient phenotype was also observable in the
previously established microbox system, the 10 mutants showing
plant colonization and reduced plant protection in the 24-well
plate system were further evaluated as described previously (25).
Cell numbers of Sphingomonas were determined at 0 and 21 dpi
and those of Pseudomonas at 21 dpi. Sphingomonas population
sizes were in the range of 10° to 10° CFU per gram of leaf fresh
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FIG 2 Exemplary luminescence data of mutants validated in replicates of 12 in
24-well plates. Shown are log-transformed photon counts per second (cps) at
6 days postinfection with P. syringae DC3000 Ix of mutant-inoculated plants
that showed significantly higher log cps (Tukey’s posttest, P < 0.05) than
plants inoculated with wild-type Sphingomonas sp. Frl or allowed disease
symptom formation (closed symbols). Values for control plants that were
inoculated with wild-type Sphingomonas sp. Fr1 (Fr1 wt) or grown axenically
(axenic) prior to pathogen infection are included (open symbols). Horizontal
bars indicate the median. Sphingomonas sp. Frl mutants that were coloniza-
tion defective on plants harvested are marked with an asterisk. Sphingomonas
sp. Frl mutants that allowed disease symptom formation but did not show
significantly higher log cps than the wild-type control are marked with a num-
ber sign.

weight, at both 0 and 21 dpi (Table 2). All mutants were able to
colonize the plants; however, most mutants showed colonization
levels lower than that of the wild type, which showed colonization
in the range of 10® CFU per gram of leaf fresh weight, as previously
shown (25). Exceptions were the mutants 17EH7 and 5BCl1,
which showed population sizes at 0 dpi that were similar to that of
the wild type. Pathogen cell numbers at 21 dpi determined on
plants inoculated with different Sphingomonas mutants were in
the range of 10% to 10'° CFU per gram of leaf fresh weight and were
thus elevated for most of the mutants compared to the wild type.
Not only were pathogen cell numbers different, but plants inocu-
lated with the different mutants also showed different levels of
disease symptom formation, ranging from mildly diseased with a
few small lesions to a strongly diseased phenotype comparable to
that of plants that were grown axenically prior to pathogen infec-
tion (see Fig. SI and S2 in the supplemental material). Disease
severity scores at 21 dpi normalized to wild-type (0) and nonin-
oculated (1) control phenotypes were determined. This was based
on the disease severity index as described by Whalen et al. (51).
The normalized index ranged from 0.3 to 0.8 for the different
mutants (Table 2). For some mutants, such as mutant 16BG1, a
pronounced plant-to-plant variation was observed, even for
plants present in the same microbox. For others, such as mutant
16AB2, some phenotypic differences were apparent between mi-
croboxes, but nevertheless, most plants showed an enhanced dis-
ease phenotype compared to that of the wild-type-inoculated
plants (see Fig. S1 and S2 in the supplemental material).
Identification of transposon insertion sites. For all mutants
that were evaluated in the microbox system, transposon insertion
sites were identified (Table 2). Insertions were found within the
following genes: spoT (2BB5); genes encoding a sensor histidine
kinase (4JA3), a multimodular transpeptidase-transglycosylase
(16AB2), and Mo cofactor biosynthesis protein C (16BG1); genes
belonging to an operon encoding a cytochrome o ubiquinol oxi-
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FIG 3 Exemplary photographs of three replicate validation plates at 21 days
postinfection. A. thaliana plants were seed inoculated with wild-type Sphin-
gomonas sp. Frl (Frl wt) or the plant protection-deficient mutants 2BB5,
4CAS8, and 4JA3 or grown axenically prior to pathogen application (axenic).
Ten-day-old plants were infected with the lux-tagged pathogen P. syringae
DC3000 Ix or mock treated with 10 mM MgCl, (indicated by an asterisk). Note
that this figure is for illustrative purposes; in standard validation plates, can-
didates were inoculated at different positions to avoid site effects.

dase (17DF5, 17EH7, and 5BC11); and a gene encoding a putative
membrane protein (4CA8 and 16EC12). In one mutant, the trans-
poson insertion was intergenic (17CC8) and upstream of genes
encoding a sugar transporter and an acyl coenzyme A (acyl-CoA)
dehydrogenase.

DISCUSSION

The identification of traits involved in plant protection requires
genotype-phenotype correlations and causality. In this study, we
established and applied a forward genetic screen to identify genes
affecting plant protection by Sphingomonas sp. Frl against the
bacterial pathogen P. syringae DC3000. The in planta screening of
a mutant library provides a number of advantages: (i) it does not
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TABLE 2 Colonization levels of and disease severity caused by Sphingomonas sp. Fr1 mutants and controls with genes disrupted by transposon

insertion and the corresponding gene in Sphingomonas sp. S17

Population in the phyllosphere,
log(CFU/g)"

Sphingomonas sp. Frl

Corresponding gene

P. syringae Disease in Sphingomonas sp.
Inoculation 0 dpi 21 dpi DC3000, 21 dpi index’  Gene annotation Identifier’  S17¢
Frl (wild type) 8.0*0.2 83*+04 81=*1.1 0.0
17DF5 76 06 7.0*0.8 8.6=*0.7 0.3 Cytochrome o ubiquinol oxidase subunit II 2,537 SUS17_373
17CC8 70*03 64*07 8.6*09 0.4 Intergenic 1,536/1,537 —°
16BG1 73*+05 81*+09 83*x14 0.4 Mo cofactor biosynthesis protein C 990 SUS17_830
4JA3 57*07 63*10 9.1=*0.6 0.5 Sensor histidine kinase 1,140 SUS17_272
4CA8 74*03 69*06 95*04 0.6 Putative membrane protein 1,490 SUS17_2491
17EH7 75+10 7.8=*07 89=*0.38 0.7 Cytochrome o ubiquinol oxidase subunit IV 2,534 SUS17_370
2BB5 70*+12 75%+0.7 95*0.7 0.7 GTP pyrophosphokinase (SpoT) 155 SUS17_3068
16EC12 7.7%03 67*06 94*0.7 0.7 Putative membrane protein 1,490 SUS17_2491
5BCI11 84+04 82*05 93=*05 0.7 Cytochrome o ubiquinol oxidase subunit II 2,537 SUS17_373
16AB2 65*07 74%07 91*0.6 0.8 Multimodular transpeptidase-transglycosylase 869 SUS17_3528
Axenid’ 9.4+ 04 1.0

@ Sphingomonas sp. Frl and P. syringae DC3000 populations in the phyllosphere at 0 and 21 days postinfection. Shown are means = standard deviations of log-transformed CFU

per gram of leaf fresh weight (n = 12).

b Disease severity at 20 dpi. Each plant was given a rank of 1 to 5 (healthy to diseased). Shown are normalized data for the weighted arithmetic means (n = 16 to 24).
¢ Gene identifier according to a RAST annotation of a Sphingomonas sp. Frl draft genome (unpublished).

4 From reference 19.
¢ —, no microsynteny in Sphingomonas sp. S17.
f Control plants that were grown axenically prior to pathogen application.

rely on in vitro culture conditions, which are usually not adequate
to reflect in situ conditions, and (ii) an unbiased approach has the
potential to uncover novel mechanisms. The presented procedure
corresponds to a miniaturized setup of a previously described
standardized microbox system with similar cultivation, inocula-
tion, and infection. The use of a bioluminescent reporter strain
served in a nondestructive way as a proxy for pathogen counts (18,
21) and allowed us to predict disease outcome at 6 days postinfec-
tion, before disease symptoms can be readily detected. In total, the
modifications reduced the time needed for in planta screening for
disease outcome to 3 weeks.

For Sphingomonas sp. Fr1, 3,539 genes are predicted according
to the automatic annotation of the draft genome sequence. Con-
sidering this number and the completion of a screen using a total
of 5,088 Tn5 mutants of Sphingomonas sp. Frl for loss of plant
protection in the model system A. thaliana/P. syringae DC3000,
we have not achieved a full statistical coverage screen of knocking
down all nonessential genes. However, the fact that we identified a
number of targets two or three times (independent insertions)
suggests that a substantial coverage of mutants was achieved. This
observation also indicates a certain robustness of the screening
procedure, although variability of the disease severity from plant
to plant within one experiment and between experiments using
the same genotypes was observed. Such variability may be due to
small differences in the environment, such as relative humidity
and temperature, that may affect the plant-pathogen interaction
(7). It may also be due to stochastic events introduced by the
localization of the tested antagonist and/or the pathogen in heter-
ogeneous microniches (40) or to effects occurring as a conse-
quence of phenotypic variation of one of the three partners.

Although we have chosen the candidates tested in the micro-
box system based not only on the bioluminescence of the patho-
gen but also on the colonization ability of the candidate in the
24-well system, most candidates identified showed lower popula-
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tion densities than the wild type in the microbox system. It is
known that preemptive colonization of target sites can be impor-
tant for efficient biological control in some pathosystems (22, 52),
whereas in others, a reduction in plant colonization by one order
of magnitude does not affect plant protection (50). In our system,
we cannot exclude that some of the biocontrol reduction may be
accounted for by reduced population density. However, no corre-
lation between reduced Sphingomonas and increased Pseudomo-
nas population densities was observed (Table 2). Therefore, we do
not expect that all phenotypes can be explained solely by the col-
onization abilities of the different Sphingomonas mutants. Clearly,
colonization ability is not the determinant of loss of protection for
mutants with insertions within the operon encoding the cyto-
chrome o ubiquinol oxidase, as these population densities are
comparable to that of the parental strain.

Plant protection may be multifactorial; i.e., several traits can
contribute to the biocontrol activity of bacterial strains (28, 45). It
is therefore not unexpected that none of the 10 candidates identi-
fied showed a complete plant protection-deficient phenotype but
that they displayed intermediate phenotypes instead (Table 2).
However, it is also possible that some mutations may not lead to a
fullloss of functionality of the gene product or may partially affect
the expression of other genes or the expression of downstream
genes (16). Such positional effects may also explain the differences
in the severity of the phenotypes of mutants in the same genomic
region (Table 2). Additionally, redundancy may be present in the
system, thus rendering the identification of candidate genes diffi-
cult. The generation of “clean” knockouts and multiple knockout
mutants of the most promising candidate genes will allow for fu-
ture validation of the genes identified in this study and further
examination of whether the effect of plant protection is additive.

Three mutants showed insertions within an operon encoding a
cytochrome o ubiquinol oxidase, a terminal oxidase in the respi-
ratory chain. Because these mutants show as high a level of plant
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colonization as the wild type, we do not expect that they are af-
fected in growth per se. Interestingly, Pseudomonas putida cyto-
chrome o ubiquinol oxidase was shown not only to act as an im-
portant terminal oxidase but also to contribute to global control of
gene expression (33). The loss of a terminal oxidase can also in-
fluence the transcriptome comprehensively in other bacteria (43).
It is possible that the mutations in the genes for cytochrome o
ubiquinol oxidase identified in Sphingomonas sp. Frl are also of
regulatory importance and thus have indirect effects on the
trait(s) affecting plant protection. Another mutant impaired in
plant protection was disrupted in SpoT, a GTP pyrophosphoki-
nase. This enzyme catalyzes the reactions of GDP and GTP to
ppGpp (guanosine 3',5'-bipyrophosphate) and pppGpp (guanos-
ine 3’-diphosphate 5'-triphosphate), respectively. These mole-
cules are synthesized in response to different environmental
stresses (e.g., starvation) and are involved in the regulation of
various cellular processes, such as growth, survival, production of
secondary metabolites, motility, biofilm formation, and others
(reviewed in reference 38). In mutant 4JA3, the insertion mapped
to a gene encoding a histidine kinase which shares homology with
ChvG from Agrobacterium tumefaciens C58 (38% amino acid
identity) and ExoS from Sinorhizobium meliloti 1021 (38% amino
acid identity). ChvG is the sensor kinase of the ChvG/Chvl two-
component system. This two-component system and its ortho-
logues have been found to be important in the regulation of dif-
ferent host-microbe interactions (8, 13, 23, 39, 48), and mutations
in this system can affect various cellular processes, such as metab-
olism, exopolysaccharide synthesis, motility, and biofilm forma-
tion (8, 48). For all of these regulatory mutants, pleiotropic phe-
notypes are expected, and it will be important to deduce which
factors are most important for plant protection.

In mutant 16AB2, a transposon insertion was mapped to a gene
encoding a multimodular transpeptidase-transglycosylase with
homology to penicillin-binding proteins, the main peptidoglycan
biosynthesis enzymes in E. coli (24). The putative membrane pro-
tein disrupted in the mutants 16EC12 and 4CA8 shares homology
with RodZ, a protein required for proper actin cytoskeleton as-
sembly and cell shape (2, 9, 44, 47). It is also possible that a regu-
latory function in these mutants was disrupted, as it was recently
shown that in Shigella sonnei, RodZ is important not only for cell
shape but also for posttranscriptional regulation of the type III
secretion system (32).

Using a forward genetic screening procedure, we were able to
identify a number of genes in Sphingomonas sp. Fr1 that affect the
outcome of pathogen proliferation on A. thaliana. In-depth stud-
ies of these candidates will be the subject of future research.
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