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The phytopathogenic actinomycete Rhodococcus fascians
D188 relies mainly on the linear plasmid-encoded fas op-
eron for its virulence. The bacteria secrete six cytokinin
bases that synergistically redirect the developmental pro-
gram of the plant to stimulate proliferation of young shoot
tissue, thus establishing a leafy gall as a niche. A yeast-based
cytokinin bioassay combined with cytokinin profiling of bac-
terial mutants revealed that the fas operon is essential for
the enhanced production of isopentenyladenine, frans-zeatin,
cis-zeatin, and the 2-methylthio derivatives of the zeatins.
Cytokinin metabolite data and the demonstration of the
enzymatic activities of FasD (isopentenyltransferase), FasE
(cytokinin oxidase/dehydrogenase), and FasF (phosphoribo-
hydrolase) led us to propose a pathway for the production
of the cytokinin spectrum. Further evaluation of the patho-
genicity of different fas mutants and of fas gene expression
and cytokinin signal transduction upon infection implied
that the secretion of the cytokinin mix is a highly dynamic
process, with the consecutive production of a tom initiation
wave followed by a maintenance flow.

Rhodococcus fascians is a phytopathogenic actinomycete
with a very broad host range that causes important commercial
losses in the ornamentals industry because it triggers severe
malformations of shoots, referred to as leafy galls (Depuydt et
al. 2008b). In strain D188, the virulence determinants are en-
coded by a large conjugative linear plasmid, pFiD188 (Crespi
et al. 1992), and the pathology is induced by the secretion of a
mix of six synergistically acting cytokinins: isopentenyladenine
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(iP), trans-zeatin (tZ), cis-zeatin (cZ), and their 2-methylthio
(2MeS) derivatives (Pertry et al. 2009). In Arabidopsis thaliana,
these cytokinins are perceived by the receptors AHK3 and
CRE1/AHK4 (Pertry et al. 2009), activating a signaling cascade
that stimulates cell proliferation and meristematic gene expres-
sion and, ultimately, results in the establishment of a specific
niche (Depuydt et al. 2008a, 2009).

Comparison of the cytokinin profiles of two near-isogenic
strains, D188 and its plasmid-free derivative, D188-5, has shown
that a basal level of the six cytokinins is produced by a chro-
mosomally encoded pathway. However, the much higher levels
of iP, ¢Z, tZ, 2MeScZ, and 2MeStZ secreted by strain D188
strongly suggest an additional linear plasmid-encoded de novo
biosynthetic pathway (Pertry et al. 2009). By sequence analy-
sis of pFiD188, the fas operon was identified, consisting of six
genes putatively involved in cytokinin biosynthesis and essen-
tial for virulence (Crespi et al. 1992) (Fig. 1). FasA is similar
to P450-type cytochrome monooxygenases. The N-terminal
region of FasB corresponds to 4Fe-3S-type ferredoxins of Ac-
tinomycetes, whereas its carboxy-terminus is homologous to
the a subunit of pyruvate dehydrogenase. FasC is similar to
the B subunit of the latter enzyme. Both FasB and FasC have a
binding site for the cofactor thiamine pyrophosphate (Crespi et
al. 1994). FasD is an isopentenyltransferase (Ipt) protein that
mediates the first dedicated step in cytokinin production (Crespi
et al. 1992). FasE shows homology to plant cytokinin oxi-
dases/dehydrogenases (CKX) (Schmiilling et al. 2003), and
FasF has low sequence similarity with glutathione S-transferases
(Goethals et al. 2001). Based on these features, the following
biosynthetic pathway had been postulated (Goethals et al. 2001):
the P450 cytochrome monooxygenase hydroxylates the iso-
pentenyl side chain of the cytokinin produced by FasD, while
FasB and FasC deliver the required energy via the ferredoxin-
like domain by using pyruvate as an electron donor; FasE does
not degrade cytokinins but, instead, carries out an extra modi-
fication, possibly the addition of a glutathione or a different
oligopeptide delivered by FasF.

De novo biosynthesis of iP and tZ has been well described in
bacteria and plants (Sakakibara 2006). cZ, on the other hand,



originates from tRNA degradation in Arabidopsis (Miyawaki et
al. 2006) but, in other plant species, would be derived indirectly
via the release from unidentified conjugates or from de novo cZ
biosynthesis (Veach et al. 2003; Stirk et al; 2008). In bacteria,
the biosynthetic pathway for cZ and 2MeS derivatives is still
unclear but these cytokinins are often thought to be derived
mainly or strictly from tRNA degradation (Anton et al. 2008).
The tRNA of R. fascians has been considered to be the primary
source of c¢Z and 2MeScZ because of the relatively constant
balance between tRNA-bound and free forms in culture superna-
tants (Matsubara et al. 1968; Einset and Skoog 1977). R. fas-
cians tRNA also contains iP but this cytokinin has been hypothe-
sized to be synthesized de novo (Crespi et al. 1992).

Several approaches were taken to investigate the origin and
biosynthetic pathway of the R. fascians cytokinins. We estab-
lished the contribution of the fas operon to cytokinin biosyn-
thesis by analyzing the cytokinin profiles of the supernatants
of a fasD mutant and a fas-overexpressing strain. The enzymatic
activities of FasD, FasE, and FasF were determined and the
role of each of the predicted functional modules of the Fas
machinery was assessed by cytokinin profiling of four fas mu-
tants. The significance of the production of the complete cyto-
kinin complement in virulence was addressed by infecting to-
bacco (Nicotiana tabacum) plants with these mutants. Finally,
to get insights into the mode of cytokinin delivery into the
plant tissues, we evaluated the kinetics of fas gene expression
during the interaction and of cytokinin signal transduction in
Arabidopsis cytokinin-receptor mutants. Based on our data,
each of the Fas proteins appears to have a dedicated role in
cytokinin production and virulence. To conclude, we propose
an adjusted biosynthetic pathway and extend our model on the
modus operandi of the R. fascians cytokinins.

RESULTS

The fas operon is involved in the production of cytokinins.
Previously, we have shown that R. fascians produces patho-
logical levels of five of the six cytokinin bases in a linear plas-
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Fig. 1. Schematic representation and (putative) enzymatic functions of the
genes of the fas operon. Four functional modules of the biosynthetic ma-
chinery are shown in different gray shades. Numbered arrows mark the
different fas mutants used for cytokinin and virulence profiling: 1, D188-
fasA; 2, D188-fasD; 3, D188-fasE; 4, D188-fas5; and 5, D188-fasF.

Table 1. Kinetic parameters of the FasD isopentenyltransferase reaction®

mid-dependent manner but the direct involvement of the fas
genes in this biosynthesis remained to be demonstrated (Pertry
et al. 2009). Here, for the identification of fas-dependent me-
tabolites, three strains were compared: the wild-type strain
D188, the nonvirulent D188-fas1 mutant with an insertion in
the fasD gene (designated D188-fasD hereafter), and the
D188-fas5 mutant with an insertion at the 3’ terminus of the
fasE gene (Crespi et al. 1992) (Fig. 1) that carries a plasmid
overexpressing the entire fas operon from the strong endoge-
nous att promoter (D188-fas5OE-A/F) (discussed below). These
strains were grown under fas-inducing conditions (Temmerman
et al. 2000) and their supernatants were collected, extracted,
and separated by high-performance liquid chromatography
(HPLC), first under acidic and then under alkaline conditions.
The fractions were tested in a bioassay in which conditional
survival of the recombinant yeast strain sin/A p415CYC-
CRE1 depends on the presence and perception of a variety of
cytokinins (Inoue et al. 2001). The suitability of this assay was
verified by evaluating its substrate specificity and sensitivity
which showed that, whereas iP, BAP, 2MeSiP, and 2MeStZ
were effective already at 1 uM, cZ and DZ only rescued the
yeast cells at very high concentrations (100 uM); tZ and
2MeScZ had intermediate activities (Supplementary Fig. 1).
With this approach, two fas-dependent fractions with strong
cytokinin activity were isolated. After final purification by
immunoaffinity chromatography, the identity of the bioactive
molecules was determined by mass spectrometry. iP, 2MeSiP,
and 2MeScZ were detected in the active fractions of the three
strains (Supplementary Table 2), confirming that R. fascians
has a chromosomal pathway, likely tRNA turnover, that releases
these cytokinins. More importantly, quantitative comparison of
the biological activity of the fractions in each of the three
strains revealed the fas-enhanced production of iP and 2MeScZ
(Supplementary Fig. 2). Because the yeast bioassay was rather
insensitive to ¢Z and tZ and 2MeStZ were produced in very
low quantities (Pertry et al. 2009), these cytokinins could not
be linked to the fas operon with this activity-based approach.

The FasD Ipt produces iP and Z-type cytokinins.

To gain more insight into the biosynthesis of the mixture of
cytokinins secreted by R. fascians, we analyzed the enzymatic
activity of the FasD, FasE, and FasF proteins. With AMP and
dimethylallyl diphosphate (DMAPP) as a side-chain acceptor
and donor, respectively, Ipt activity had been demonstrated in
crude protein extracts of fasD-expressing Escherichia coli
cells and of R. fascians D188 cultures grown under fas-induc-
ing conditions but not in protein extracts of the D188-fasD
mutant (Crespi et al. 1992). We reassessed the biochemical
activity of FasD by heterologous expression of an N-terminal
His-tagged version of the protein in E. coli (His-FasD). After
purification (discussed below), the substrate specificity of
His-FasD was determined by steady-state kinetic analyses.
DMAPP and 4-hydroxy-3-methyl-2-(E)-but-2-enyl diphosphate
(HMBPP) were tested as side-chain donors in combination
with AMP, ADP, or ATP as side-chain acceptors. Similarly to
other bacterial Ipt (Kakimoto 2003), His-FasD preferred
DMAPP as a side-chain donor and most efficiently prenylated

Side-chain donor Acceptor Vmax (Mol s71) K,, (uM)® Keat (71 Keat/Kiy (sTM™Y)

Dimethylallyl diphosphate AMP 8.39E-09 0.030 £ 0.016 7.93E-03 264,376

4-Hydroxy-3-methyl-2-(E)-but-2-enyl diphosphate AMP 7.17E-10 0.026 £ 0.003 6.77E-04 26,454
ADP 9.96E-10 0.550 % 0.020 9.42E-04 1,744

# Measurements were done at 25°C, pH 8.0, and the reactions were stopped at defined time points. Parameters were derived from data obtained from

Michaelis-Menten plottings with Hyper32 software.
b Mean of three measurements + standard deviation.
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AMP to form iP-type cytokinins (Supplementary Table 3).
Nevertheless, His-FasD also utilized HMBPP as side-chain
donor and hydroxyprenylated AMP and ADP, thus producing
Z-type cytokinins in vitro. Consequently, although the k.,/K,,
value for DMAPP was 10-fold higher than that for HMBPP
(Table 1) and very little tZ could be detected in the superna-
tants of induced D188 cultures (Pertry et al. 2009), the activity
of the FasD protein potentially accounts for the production of
both the iP and Z-type cytokinins in the bacterial mix.

FasE is a cytokinin oxidase/dehydrogenase
with a strong affinity for iP-type cytokinins.

The FasE protein is homologous to CKX of plants (£30%
identity, £50% similarity) and contains the conserved N-termi-
nal GHS motif that is involved in binding of the FAD cofactor
(Supplementary Fig. 3). Although the FasE protein is also
similar to hypothetical proteins from other bacteria (Supple-
mentary Fig. 4), no functional data on these bacterial enzymes
have been reported to date.

Radioactive feeding experiments provided a first glimpse of
the enzymatic activity of FasE. Supernatants of D188, D188-
fasD, D188-fasDOE-A/F (overexpressing the complete fas
operon), and D188-fasDOE-A/D (overexpressing only the first
four genes of the fas operon) grown under fas-inducing condi-
tions in the presence of U-'*C adenine were subjected to thin-
layer chromatography (TLC) analysis. A fas-dependent spot
was detected that was most intense for strain D188-fasDOE-
A/D in which fasE (and fasF) was not overexpressed, suggest-
ing that the FasE protein degrades fas-derived products. This

Table 2. Cytokinin oxidase/dehydrogenase activity of FasE*®

Ferricyanide 0,
Substrate® pkat/mg % pkat/mg %
iP 183.1 100 34.8 100
iPR 162.9 89 36.5 105
iPRMP 246.8 135 54.2 156
iP9G 5.1 3 8.1 23
2MeSiP 299.9 164 37.2 107
cZ 452 25 n.d. n.d.
2MeScZ 30.4 17 n.d. n.d.
tZ 18.9 10 34 10
2MeStZ 14.3 8 5.1 15

* Substrate specificity of FasE in dehydrogenase (500 puM ferricyanide)
and oxidase (O,) mode at pH 6.0 given as absolute (pkat/mg) and relative
activities compared with its ability to degrade isopentenyladenine (iP) (set
at 100%). All data are mean values of four biological replicates. Devia-
tions between replicates did not exceed 15%; n.d. = oxidative degrada-
tion of cis-derivatives could not be determined due to cyclization of the
degradation product (Galuszka et al. 2007).

b 2MeS = 2-methylthio-derivatives, cZ = cis-zeatin, and tZ = trans-zeatin.

conclusion was supported by the gradually intensifying fas-
dependent spot, with increasing amounts of thidiazuron (Sup-
plementary Fig. 5), known to inhibit CKX activity (Chatfield
and Armstrong 1986).

To obtain direct evidence for the cytokinin-degrading activity
of FasE, a FasE-maltose-binding protein (MBP) fusion protein
was produced in E. coli. After release of FasE from the fusion
protein upon factor Xa treatment (discussed below), the en-
zyme activity was tested in oxidase and dehydrogenase mode
with oxygen and ferricyanide (FC) as electron acceptors, re-
spectively. FasE preferentially acted as a dehydrogenase and
efficiently degraded iP, iPR, iPRMP, and 2MeSiP but not iP-9-
glucoside (iP9G), tZ, 2MeStZ, cZ, or 2MeScZ (Table 2). In
addition to FC, 2,3-dimethoxy-5-methyl-1,4-benzoquinone and,
to a lesser extent, 2,6-dichlorophenolindophenol were suitable
electron acceptors (Supplementary Table 4), indicating that the
endogenous electron acceptor of FasE most probably will be a
quinone.

By incubating recombinant FasE with a mixture of all six
cytokinins produced by R. fascians and following the concen-
tration of each individual cytokinin over a period of 2 h, its
affinity toward and the conversion rates of the different cyto-
kinins in the mixture were assessed. Whereas iP and 2MeSiP
were depleted from the reaction mixture within a few minutes,
the Z-type cytokinins, especially the trans-isoforms, were
highly resistant (Supplementary Table 5). These data confirm
the strong preference of FasE for iP-type cytokinins even when
present in a complex mixture.

The phosphoribohydrolase activity
of FasF releases cytokinin bases from their nucleotides.

Although FasF purportedly resembled glutathione S-trans-
ferases (Goethals et al. 2001), new homology searches revealed
that it is much more similar to lysine decarboxylases (LDC)
from different organisms (Supplementary Fig. 6). Because LDC
are involved in the production of the diamine cadaverine and
di- and polyamines are known to influence plant morphogenesis
(Baron and Stasolla 2008), the presence of cadaverine was
investigated in the supernatants of D188 cultures grown under
fas-inducing conditions, as well as in tissues from infected
tobacco plants. Cadaverine could not be detected in any of the
samples (data not shown), arguing against an LDC activity of
FasF.

Interestingly, the LONELY GUY (LOG) protein of rice
(Oryza sativa) that exhibits phosphoribohydrolase activity to-
ward cytokinin nucleotides and directly releases the free bases
from these precursors has been reported to be similar to FasF
(Kurakawa et al. 2007). The LOG homologs of Arabidopsis
are cytokinin-activating enzymes as well (Kuroha et al. 2009).
Consequently, we generated a FasF-MBP fusion and tested the

Table 3. Release of individual cytokinin bases from a mixture of their nucleoside 5’-monophosphate precursors by the phosphoribohydrolase activity of

FasF-maltose-binding protein®

Cytokinin® 0 min 5 min 10 min 20 min 60 min 120 min
tZRMP 100 92.7+2.6 92.7+3.3 88.9+4.4 799+ 12.0 624+ 14.1
cZRMP 100 93.1+5.6 953+5.9 91.5+4.7 83.5+15.6 60.9 +18.7
iPRMP 100 92.0+5.8 90.0+0.7 65.5+31.7 55.4+235 44.1£22.6
tZ 0 1.1£0.2 35+£0.8 10.0+3.2 28.5+8.9 49.8 £ 15.1
cZ 0 0.5+0.1 25+0.8 64+24 179 +6.7 29.4+9.6
iP 0 24+04 83+2.1 214+6.1 53.6 +14.7 849 +21.1
tZR 0 n.d. n.d. n.d. n.d. n.d.
cZR 0 n.d. n.d. n.d. n.d. n.d.
iPR 0 n.d. n.d. n.d. n.d. 0.2+0.1

* Initial concentration of each nucleotide was 1 uM and the decrease in nucleotides and increase in free bases was followed over a period of 120 min by
liquid-chromatography—mass spectrometry. The proportional increase of each free base in the reaction was related to the signal given by 1 uM of the free
bases. All data represent mean values of four independent experiments; n.d. = not detectable.

b (7 = trans-zeatin, cZ = cis-zeatin, and iP = isopentenyladenine.
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phosphoribohydrolase activity of FasF on a mixture of 5'-
monophosphate (5'-MP) nucleosides of iP, tZ, and cZ (discussed
below). The activity of FasF and FasF-MBP was comparable,
indicating that the MBP tag had no effect, although it improved
the stability of the protein (data not shown). The three sub-
strates were converted into their respective free bases under the
conditions tested but FasF-MBP hydrolyzed most efficiently
iPR-5'-MP and least efficiently cZR-5'-MP (Table 3). These
results imply that FasF potentially contributes to the level of
bioactive cytokinin bases produced by R. fascians during its
interaction with the host.

The cytokinin mixtures produced
by different fas mutants are quantitatively different.

To address the contribution of each of the functional modules
encoded by the fas operon (Fig. 1) to the composition of the
cytokinin spectrum, insertion mutants in fasE and fasF were
generated via disruptive single homologous recombinations
(discussed below); fasA (D188-fas6, designated D188-fausA
hereafter) and fasD (D188-fasD) mutants were already avail-
able (Crespi et al. 1992, 1994). The four mutants and strains
D188 and D188-5 were grown under fas-inducing conditions,
and the levels of the six cytokinin bases in their supernatants
were profiled by liquid chromatography—mass spectrometry.
Whereas 2MeStZ had been detected in the supernatant of
D188 (Pertry et al. 2009), its level dropped below the detection

limit in all mutants tested, suggesting that the entire fas operon
is implicated in 2MeStZ production (data not shown). The levels
of the other five cytokinins were significantly altered in the
different mutants, albeit to a different extent (Fig. 2A), indicat-
ing that each functional module is involved in a different step
of the biosynthetic pathway.

The central position of FasD in the biosynthetic machinery
was emphasized by the reduction to D188-5 levels of iP, cZ,
2MeScZ, and tZ in D188-fasD (Fig. 2A). This result demon-
strated that the delivery of iP through the Ipt activity of FasD
represents the first and determinant step in the production of
the pathological cytokinin levels.

Based on the cytokinin profiles, the putative FasA-FasB-
FasC-hydroxylating system seemed to be as important as the
FasD function. Indeed, in the D188-fasA mutant, tZ, cZ, and
2MeScZ levels were similar to those measured in D188-fasD
and D188-5 (Fig. 2A). In contrast, the level of iP was more
than 50% higher than that of D188-fasD, confirming that the
fasA mutation has no polar effect on fasD expression (Crespi
et al. 1994) and indicating that iP is a substrate for FasA-medi-
ated hydroxylation to Z-type cytokinins.

The specific in vitro activity of FasE against iP-type cyto-
kinins was supported by the doubled iP and 2MeSiP levels in
D188-fasE. Surprisingly, in this mutant, the levels of c¢Z and
tZ, poor FasE substrates (Table 2), were similar to those de-
tected in D188-5 but also to those of the D188-fasF mutant.
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Fig. 2. Cytokinin profiles and virulence of the different fas mutants and fas gene expression during the plant interaction. A, Cytokinin production upon
growth under fas-inducing conditions. Statistical differences were evaluated with the Tukey range test in conjunction with an analysis of variance; *, statistically
different from all the rest; #, statistically different from D188-5 but not from each other; no symbol, not statistically different from D188-5. Error bars represent
standard deviations (n = 3). B, Quantification of the phenotypes of tobacco seedlings inoculated with different Rhodococcus fascians strains. At least 50
plants were scored per treatment at each time point. 1, 14 days postinfection (dpi); 2, 28 dpi; 3, 45 dpi. C, Kinetics of fas gene expression during symptom
development on tobacco.
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Most likely, the fasE mutation has a polar effect on fasF expres-
sion. The strongly reduced levels of the Z-type cytokinins in
D188-fasF might imply that the phosphoribohydrolase activity
of FasF during the interaction with the plant is mainly involved
in the release of cZ and tZ from their respective nucleotides
(Fig. 2A).

2MeSiP was the only cytokinin whose levels exceeded those
of D188 and D188-5 in all fas mutant backgrounds (Fig. 2A),
confirming the chromosome-dependent 2MeSiP biosynthesis
(Pertry et al. 2009). The higher levels of this cytokinin in a
fas~ pFiD188" background suggests that, in the wild type,
chromosomally produced 2MeSiP can be used as a precursor
by the Fas machinery to make other cytokinins. This hypothe-
sis is supported by the strong increase in 2MeSiP in D188-
fasA which could indicate that chromosomal 2MeSiP is hy-

A 2 dpi

droxylated by FasA to form 2MeSZ. It is currently unclear
why 2MeSiP accumulates in D188-fasD and D188-fasF.

The fas genes are differentially involved in virulence
and are differentially expressed during the interaction.

We analyzed the correlation between the different cytokinin
profiles of the insertion mutants and their capacity to inhibit
tobacco seedling growth. Typically, symptoms induced in this
assay can be divided into three categories: no growth inhibition
(nonresponsive); intermediate growth inhibition, with malforma-
tions of developing leaves (stunted growth); and complete
growth inhibition, with arrest at the cotyledonary stage (fully
responsive). Infection with D188 resulted in an almost com-
plete growth inhibition, inoculation with D188-5 did not affect
seedling growth, while strains D188-fasA and D188-fasD were

17 dpi 31 dpi

4 dpi

Col0
control

Col0
+ D188

ahk2ahk3
control

ahk2ahk3
+ D188

ahk2ahk4
control

ahk2ahk4
+ D188

ahk3ahk4
control

ahk3ahk4
+ D188

B colo
ahk2ahk3
ahk2ahk4
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0.0
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e
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L ‘\

1.0 5.0

Fig. 3. ARRS expression analysis in Arabidopsis thaliana Col0 wild type and the ahk3ahk4, ahk2ahk3, and ahk2ahk4 cytokinin receptor mutants at different
time points during interaction with Rhodococcus fascians; dpi = days postinfection. A, Histochemical visualization after mock inoculation with water
(control) or infection with strain D188. B, Relative ARRS5 expression measured by quantitative reverse-transcription polymerase chain reaction (log,

transformation of fold induction of infected versus control values).
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nonvirulent (Fig. 2B). These results confirmed previous obser-
vations and illustrate the absolute requirement of FasA and
FasD for virulence (Crespi et al. 1992, 1994).

The mutation in fasE generated a strongly attenuated pheno-
type, with most of the seedlings unaffected by the infection
(Fig. 2B), implying that bacterial CKX activity is needed for
establishing the symptoms. Strain D188-fasF appeared to be
virulent at first, with over 60% fully responsive seedlings 14
days postinfection (dpi). However, as the interaction proceeded,
symptoms disappeared (Fig. 2B): growth inhibition was relieved
and 20% of the stunted seedlings resumed growth at 45 dpi.
These observations indicate that the FasF-produced level of
zeatin is not required for symptom initiation but is essential for
symptom maintenance. The loss of symptoms between 14 and
45 dpi that was also observed for the seedlings that did exhibit
growth inhibition upon D188-fasE infection most probably
resulted from the polarity of the fasE mutation on the fasF ex-
pression (Fig. 2B).

To get more insight into how the fas functional modules are
differentially relevant in the onset and stable establishment of
the symptoms, we evaluated the kinetics of the expression of
fasA, fasE, and fasF at different time points during the interac-
tion with tobacco. The reporter strains generated for this analy-
sis resulted from homologous integration events that disturb
fas gene functioning and, hence, symptom development. Be-
cause it is plausible that the physiology of the developing
symptomatic tissues is important for correct virulence gene
expression (Cornelis et al. 2002), we co-infected the tobacco
seedlings with D188 and the individual fas reporters. Expres-
sion of fasA was detectable already at 1 dpi, steeply increased
to peak at 4 dpi, and then dropped to maintain a steady-state
level from 28 dpi onward (Fig. 2C). The fasE expression pro-
file was similar to that of fasA, although the peak occurred at 7
dpi and the level was 10-fold lower (Fig. 2C). This co-regula-
tion might suggest that the CKX activity of FasE is required
when FasA-FasD activities are high. The expression of fasF
peaked between 7 and 14 dpi and then gradually decreased to a
steady-state level that was in the range of that of fasA (Fig.
20).

These data show that a high fas gene expression is required
at the start of the interaction to trigger symptom development
and that a much lower activity mediated by both the FasA-FasD
and FasF pathways is sufficient to maintain the hyperplasia.

Upon perception of the R. fascians cytokinins, there is
a differential signal transduction occurs
through the individual cytokinin receptors.

The virulence assays, the cytokinin profiles, and the fas
gene expression profiles implied that each of the Fas proteins
contributed to the dynamic production of cytokinins determin-
ing symptom development. Arabidopsis perceived the bacterial
cytokinins via the receptors AHK3 and CRE1/AHK4 but seem-
ingly not via AHK2 (Pertry et al. 2009). The subsequently trig-
gered cytokinin response in wild-type plants was evidenced by
an increased expression of the A-type response regulator gene
ARRS5 (Depuydt et al. 2008b, 2009). Although ARRS5 expres-
sion also seems responsive to various abiotic stresses (Heyl et
al. 2006), monitoring of this gene has been described as a
rapid cytokinin-response assay in Arabidopsis (Romanov et al.
2002). Therefore, to determine whether the receptors are dif-
ferentially involved in the perception of the cytokinins produced
by R. fascians, we studied the ARRS: f-glucuronidase (GUS)
expression in wild-type plants and compared it with that in the
ahk3ahk4, ahk2ahk4, and ahk2ahk3 double mutants in which,
in each case, only one cytokinin receptor is active (Riefler et
al. 2006; Spichal et al. 2009). Plants were infected and sampled
for quantitative reverse-transcription polymerase chain reaction

(qRT-PCR) and histochemical analyses at different time points
after infection.

In the wild type, an increase in ARRS expression was appar-
ent from 4 dpi onward (Fig. 3A and B), confirming previous
data (Depuydt et al. 2008b, 2009). For those lines that retained
a functional AHK3 or CRE1/AHK4, the receptors implicated
in bacterial cytokinin perception, ARRS expression was still
induced but the maximum induction levels were much lower
than that observed in wild-type plants (Fig. 3A and B). More-
over, whereas ARRS5 expression continued to increase through-
out the experiment when AHK3 was the only functional cyto-
kinin receptor, ARR5 induction was transient and completely
faded between 17 and 31 dpi when only CRE1/AHK4 was
active (Fig. 3A and B). When AHK?2 was the only functional
receptor, hardly any differential ARRS5 expression was detected
upon infection (Fig. 3A and B).

DISCUSSION

The importance of the fas operon in leafy gall induction was
established many years ago (Crespi et al. 1992) and the role of
cytokinins in the symptomatology had long been anticipated
(Thimann and Sachs 1966). Recently, the cytokinin profile of
strain D188, which is correlated with the presence of pFiD188,
has been identified and the modus operandi of the cytokinins
uncovered (Pertry et al. 2009). Nevertheless, although the fas
operon was the only candidate gene set to encode the cytokinin
biosynthetic pathway, only circumstantial evidence was avail-
able to support this hypothesis (Crespi et al. 1992, 1994). By
identifying the bioactive fractions in culture supernatants from
different D188 derivatives, we demonstrated that the fas op-
eron contributed to iP and 2MeScZ production. Subsequent
determination of the cytokinin profiles of four fas mutants
confirmed this result and identified the four Z-type cytokinins
as the main fas cytokinins.

The biochemical analysis showed that the FasD enzyme pro-
duced cytokinins in vitro with a turnover rate (k) that is com-
parable with that of plant Ipt (Abe et al. 2007). The relatively
low k., value points to a possible inhibition of the enzyme
activity by the reaction product, which might indicate that in
vivo FasD forms an enzyme complex with a protein that fur-
ther converts the cytokinin produced by FasD. Similarly to the
Ipt proteins from Agrobacterium tumefaciens (Krall et al. 2002),
FasD can produce both iP and tZ in vitro. The comparable
levels of tZ, cZ, and 2MeScZ in D188-fasA and D188-fasD
supernatants, on the other hand, suggest that, in vivo, under the
conditions tested, FasD might not produce hydroxylated cyto-
kinins. However, it cannot be ruled out that, in planta, the con-
ditions or precursor availability are such that FasD would con-
tribute to Z-type cytokinin production during the interaction
with the plant.

Extensive biochemical analysis of plant CKX enzymes has
identified specific residues in the cytokinin-binding domain
that are hypothesized to determine substrate specificity by
interacting with the cytokinin molecules (Werner et al. 2006).
The presence of an Asp-Glu pair that binds in the vicinity of
the cytokinin N6 atom has been shown to be essential for
effective degradation (Malito et al. 2004). The carboxylate-car-
boxylate couple can share a proton that stabilizes the substrate
amino group in the binding site. However, FasE of R. fascians
has an Asp-Gln pair instead, which is incapable of proton shar-
ing and could, theoretically, reduce the catalytic efficiency.
CKX enzymes with a preference for cytokinin bases usually
have a Glu residue at the position that interacts with the N9
atom from the purine ring, whereas a preference for N9 gluco-
sides or cytokinin nucleotides is characterized by an Ala or Ser
residue (Galuszka et al. 2007). FasE has a Gln at this position,
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which is similar in size to Glu but bears an opposite charge
that would repulse the N9 atom. Moreover, the conserved
Asn/Tyr-Leu (Phe) motif in plant CKX, which is part of the
substrate-binding cavity accommodating the C4-C5 carbons of
the side chain, is replaced by Ser/Val-Asn in FasE, which
could result in a different substrate specificity. Despite these
atypical residues in the cytokinin-binding domain, FasE
proved to be a functional CKX enzyme with a strong affinity
for iP-type cytokinins, except for iP9G, and to degrade the fas-
produced iP. Whereas the very efficient breakdown of 2MeSiP
is also observed for the vacuolar CKX of Arabidopsis, the
intermediate or low affinity for the Z-type cytokinins is com-
parable with the apoplastic Arabidopsis CKX, and the prefer-
ence for iP and iPR is shared with all the Arabidopsis CKX
enzymes (Pertry et al. 2009). FasE seems to be a CKX enzyme
with a particular substrate specificity and, therefore, it is very
unlikely that this protein has a biosynthetic function as previ-
ously postulated (Goethals et al. 2001). The rationale behind
the presence of a CKX enzyme in a cytokinin biosynthetic
cluster is puzzling. Possibly, FasE fine tunes the composition
of the cytokinin spectrum produced by R. fascians during infec-
tion, which might be important for symptom development. In-
deed, in vitro, when the six R. fascians cytokinins were sup-
plied to the FasE protein, iP-type cytokinins were immediately
depleted, whereas the Z-type cytokinins and their 2MeS de-
rivatives were much more resistant to the oxidative cleavage.
Alternatively, FasE might remove excess reaction product of
FasD, preventing a feedback inhibition and, thus, ensuring a
continuous cytokinin production. Finally, FasE might function
as a detoxification enzyme to degrade nonsecreted cytokinins
in the bacterial cytoplasm to prevent their accumulation to toxic
levels. The comparable expression profiles of fasE and fasA
during the interaction with the plant suggest that the CKX ac-
tivity is required simultaneously with the main biosynthetic
activity mediated by FasA-FasD. Although this observation does
not allow the distinction between the two latter possible func-
tions, the similar colonization capacity of D188-fasE and D188-
fasA (data not shown) are in support of an accessory function
of FasD for FasE.

FasF, which is seemingly not involved in precursor delivery
as previously hypothesized (Goethals et al. 2001), is a phos-
phoribohydrolase with a slight preference for iPR-5'-MP over
tZR-5'-MP and cZR-5-MP under the in vitro conditions
tested. Nevertheless, the cytokinin profiles of the D188-fasF
mutant indicate that the in vivo phosphoribohydrolase activity
of the protein might be responsible for the release of tZ,
2MeStZ, ¢Z, and, to a lesser extent, 2MeScZ from their nucleo-
tide precursors. Consequently, the level of the Z-type cytokinins
seems to be determined both by FasD-FasA and FasF activity.

AMP(ADP/ATP)+DMAPP chromosome/tRNA

FasD U J
adenine FasE X . I o
+ = asal levels of iP, .
P Z,cz, 2Mescz ~ 2MeSiP
3-methyl-2-butenal -
FasA-C FasA-C FasA-C
i ? 2MeScZ
t7 e
cz 2MeStz
FasF FasF
tZR5MP cZRSMP

Fig. 4. Model of the Fas-mediated production of the cytokinin mixture.
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Indeed, the comparable steady-state expression levels of fasA
and fasF during the interaction with the plant suggest that both
pathways contribute equally to the zeatin delivery required for
symptom maintenance.

Based on the biochemical data and the cytokinin profiles,
we assume that tRNA is the source of the basal but not the in-
creased pathogenicity-related levels of the six cytokinin bases.
The absolute dependence of c¢Z, tZ, and 2MeStZ levels on the
entire fas operon and of 2MeScZ levels on FasA and FasD are
important indications that these cytokinins are synthesized de
novo. In our model, FasD is the key enzyme that synthesizes iP
(and possibly tZ) that serves as a precursor for other Fas en-
zymes (Fig. 4). FasA, as a putative P450 monooxygenase, hy-
droxylates iP to form tZ and cZ. FasA also hydroxylates chro-
mosomally produced 2MeSiP, yielding 2MeScZ and, probably,
2MeStZ. The enzymes involved in the methylthiolation of iP,
tZ, and cZ to yield the 2MeS derivatives remain to be identi-
fied. FasF, as a phosphoribohydrolase, represents a comple-
mentary route for the production of the Z-type cytokinins. The
FasE CKX activity is probably required for the optimal func-
tioning of the FasD enzyme. A similar reaction mechanism
may exist for the Fas proteins of Streptomyces turgidiscabies,
a scab-causing phytopathogen, to date, the only other organism
known to carry a fas operon (Joshi and Loria 2007).

The virulence phenotypes of the fas mutants revealed that
each functional module and, consequently, each cytokinin
mixture has a dedicated role in symptom development. FasD is
the key to virulence-associated cytokinin production and, there-
fore, to symptom initiation. The absolute requirement of FasA
for virulence and its very early and strong expression during
the interaction substantiate the central position of the Z-type
cytokinins in the modulation of plant development (Pertry et
al. 2009).The transient virulence of D188-fasF indicates that
FasF-mediated production of the zeatins is not essential for
symptom induction but is a prerequisite for symptom mainte-
nance. The activity of FasE seems important for efficient ini-
tiation of the hyperplasia. Together, these findings strengthen
our previous statement that virulence is not a matter of special-
ized molecules but, rather, of concentrations and ratios (Pertry
et al. 2009).

The transduction of the bacterial signals upon perception by
the individual cytokinin receptors proved to be different: en-
hanced ARR5 expression mediated by CRE1/AHK4 was tran-
sient whereas that mediated by AHK3 was constitutive; hardly
any differential ARRS expression via AHK2 was observed.
These results indicate that CRE1/AHK4-mediated signal per-
ception and transduction is largely restricted to the initiation
phase of symptom development when a high cytokinin sensi-
tivity is desirable. Consequently, CRE1/AHK4 would be less
important for the recognition of the FasF-mediated flow of
zeatins that is co-responsible for symptom maintenance. Thus,
the transient ARR5 expression in the CRE1/AHK4 background
could reflect a shift in the cytokinins produced by the bacteria at
the later time points of the infection, which is supported by the
strongly reduced virulence of D188-fasF and the different kinet-
ics of fas gene expression during the interaction.

In conclusion, with detailed cytokinin profiling and enzyme
analyses, we have shown that the fas-encoded machinery is
responsible for the production of the virulence-associated level
of cytokinin bases. The diversity of the virulence phenotypes of
the different fas mutants together with fas gene expression pro-
files indicate that the production of a cytokinin mix is only part
of the pathogenicity mechanism. Indeed, the relative concentra-
tions of the different cytokinins in the mix and the secretion of a
primary initiation wave and a secondary maintenance flow of
cytokinins into the plant tissues seem equally important for
symptom initiation and maintenance. Thus, rather than being



brute-force hormone producers, R. fascians and, possibly, other
hyperplasia-inducing phytopathogens are seemingly stealth
masters in modulating plant physiology and development.

MATERIALS AND METHODS

Bacterial growth and induction conditions.

E. coli strains were grown at 37°C in Luria broth medium
and R. fascians strains at 28°C in yeast extract broth (YEB)
medium (Sambrook et al. 1989). When appropriate, media
were supplemented with chloramphenicol (Cm) at 25 pg/ml,
phleomycin at 1 ug/ml, carbenicillin (Cb) at 100 pg/ml, or
kanamycin (Km) at 50 pg/ml. To induce fas gene expression, R.
fascians cultures were grown as described (Temmerman et al.
2000). In short, a 2-day-old R. fascians preculture was diluted
10 times in YEB medium. After overnight growth, the cells were
washed and resuspended to an optical density at 600 nm
(ODgyp) = 2.0 in MinA medium (0.1% [wt/vol] NH,SOy,,
0.025% [wt/vol] MgSO,, and 0.001% [wt/vol] thiamine, ad-
justed to pH 5.0 using citric acid/sodium citrate as a buffer
system). Finally, 20 mM succinate and 5 mM histidine were
supplemented to generate the inducing conditions and the cul-
tures were grown for 17 h.

Construction of overexpression plasmids and generation
of fas-overexpressing strains.

For the overexpression of the fas genes, the plasmids
pRF37fasOE-A/F and pRF37fasOE-A/D were constructed.
The fasA-F and the fasA-D regions were amplified via PCR
from genomic DNA of strain D188 with the primer pairs
fasAstart—fasFend and fasAstart—fasDend (Supplementary Table
1), respectively, and cloned as Xbal/HindIIl fragments into
PpRF37 (a bifunctional cloning vector for R. fascians) (Desomer
et al. 1990), yielding the cloning intermediates pRF37fasA/F
and pRF37fasA/D. The promoter of the att operon of R. fas-
cians (Maes et al. 2001) was amplified via PCR from genomic
DNA of strain D188 with the primers atfpromstart and attpro-
mend and cloned as an Xbal fragment into pRF37fasA/F and
pRF37fasA/D, yielding the final constructs pRF37fasOE-A/F
and pRF37fasOE-A/D. These plasmids were introduced into
D188-fas5 and D188-fasD (Crespi et al. 1992) via electropora-
tion and selection on phleomycin (Desomer et al. 1990). Plas-
mid isolation and DNA cloning were done according to standard
procedures (Sambrook et al. 1989).

HPLC fractionation and immunopurification
of bacterial supernatants and bioactive fractions.

For the HPLC fractionation, 500-ml cell-free cultures of
D188, D188-fasD, and D188-fasSOE-A/F were acidified with
trifluoroacetic acid (TFA) to a final concentration of 0.1%
(vol/vol), extracted over C18 cartridges (Sep-Pak; Waters, Mil-
ford, MA, U.S.A.), washed with 0.01% vol/vol TFA, and eluted
with 80% methanol. The eluates were vacuum dried and resus-
pended in 500 pl of 0.1% (vol/vol) TFA in 2% (vol/vol) acetoni-
trile and filtered through 0.45-um Millex-HV units. Samples
were analyzed by a Waters 625 LC System connected to a pho-
todiode array detector (Waters) and fractionated over a reverse-
phase column (4 by 250 mm, Vydac, 218 TP, C18, 300 A, with
guard column; Alltech, Nicholasville, KY, U.S.A.) with water
(A) and acetonitrile (B) as mobile phases. A linear gradient was
set from 2 to 50% B for 30 min and from 50 to 100% B for 5
min, followed by a regeneration of 15 min in 2% B. The flow
rate was 1 ml/min and the eluates were collected every minute.

The collected fractions were vacuum dried and redissolved
in 100 pl of 80% MeOH, of which 10 ul was used in the yeast
bioassay to test for cytokinin activity (see below). With this
approach, two fas-dependent fractions with significant cytokinin

activity were identified that did not correlate with a distinct
peak in the chromatogram. Subsequently, these fractions were
pooled and subjected to a second separation with the same
HPLC system and reverse-phase column with 10 mM ammo-
nium acetate (A) and 50/50 (vol/vol) 10 mM ammonium ace-
tate/acetonitrile (B). The gradient was set from 10 to 90% B
for 20 min, followed by a regeneration of 10 min in 10% B.
The flow rate, fraction collection, and testing of the bioactivity
were the same as in the first HPLC. The bioactive fractions
were finally further purified via immunopurification, as de-
scribed (Novak et al. 2003).

Identification of the cytokinins in the bioactive fractions.

For the high-resolution identification of the cytokinins in
the bioactive fractions, a hybrid quadrupole time-of-flight (Q-
TOF) micromass-spectrometer (Waters) was used (von
Schwartzenberg et al. 2007). Aliquots of 5 ul from the 100-ul
resuspension were fractionated on a reversed-phase column
Symmetry C18 (300 um by 150 mm, 5 pm; Waters) on a
CapLC separation module (Waters). Following the injection,
analytes were eluted with a 60-min binary linear gradient of 15
mM HCOONH, (pH 4) (A) and methanol (B) (0 to 1 min,
30% B; 1 to 20 min, 50% B; 20 to 36 min, 100% B; 36 to 45
min, 100% B; 45 to 60 min, 30% B; flow rate, 7 ul/min; col-
umn temperature, 30°C). Electrospray ionization in the posi-
tive ion mode was carried out with the following parameters:
source block and desolvation temperature, 90 and 200°C; cap-
illary and cone voltage, 2,500 and 28 V; and spray and cone
gas flow (Ny), 50 and 200 liters/h. In the full-scan mode, data
were acquired in the mass range m/z 50 to 1,000, with a 33-ms
pusher cycle time, a 2.0-s scan time, and a 4-eV collision
energy. For the exact mass determination experiments, a lock
spray was used for external calibration with a mixture of 0.1 M
NaOH and 10% (vol/vol) formic acid and acetonitrile (1:1:8 by
volume) as a reference. Accurate masses were calculated and
used for the determination of the elementary composition of
the analytes with a 5-ppm fidelity.

Yeast bioassay.

Saccharomyces cerevisiae sinlA carrying the plasmid
p415CYC-CRE!1 (Inoue et al. 2001) was maintained at 28°C
on solid yeast nitrogen base (YNB) medium (YNB at 6.7
g/liter, DO supplement -Ura/-His/-Leu at 0.65 g/liter, and 0.8
mM His [final concentration]), supplemented with 2% (wt/vol)
galactose. For the bioassay, 50 ul of an aqueous yeast suspen-
sion was diluted in 20 ml of YNB medium supplemented with
2% (wt/vol) glucose; aliquots of 190 ul were added to a 48-
well plate. To test their cytokinin activity, the fractions were
resuspended in 100 pl of water and 10 ul was added to each
well. As a negative control, water was added and, as a positive
control, 10 uM tZ. The plates were incubated at 28°C and
growth was scored after 2 days.

Polyamine analysis.

Supernatants of strain D188 and infected tobacco tissue
were freeze dried, homogenized, derivatized with dansylchlo-
ride, and analyzed for their polyamine content as described
(Scaramagli et al. 1999). Analyses (three replicates) were done
on three biological repeats.

Construction of fasD, fasE, and fasF expression vectors.

A fasD expression vector was generated with the Gateway
recombinant cloning technology (Invitrogen, Carlsbad, CA,
U.S.A.). The coding region of fasD was amplified via PCR
with the FasDHisstart and FasDHisend primers flanked by the
attB recombination sites and cloned into the entry vector
pDONR221 (Invitrogen) via att site recombination, and the
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sequence was verified. Subsequently, the gene was cloned via
att site recombination into the destination vector pDEST17
(Invitrogen), which generated an N-terminal His-tagged re-
combinant protein. This construct pDEST17fasD was intro-
duced into E. coli BL21 Star (DE3) via heat-shock transforma-
tion and selection on Cb.

For the enzymatic analyses of the FasE and FasF proteins,
two plasmids were generated producing a FasE-MBP or a
FasF-MBP fusion protein. The fasE gene was amplified via
PCR with the primers fasEMBPstart and fasEMBPend, and the
fasF gene with the primers fasFMBPstart and fasFMBPend.
The PCR fragments were cloned as Xbal/HindIll fragments in
the pMALc2 vector system (Kellerman and Ferenci 1982), re-
sulting in the plasmids pMALfasE and pMALfasF that were
introduced into E. coli BL21 Star (DE3) via heat-shock trans-
formation and selection on Cb.

Purification of the recombinant proteins.

Transformants carrying the plasmid pDEST17fasD were
grown in Luria broth medium, supplemented with Cb and 1%
(wt/vol) glucose at 37°C with shaking until ODg4y = 0.6, after
which fasD expression was induced by incubation with 0.4 mM
isopropyl B-D-1-thiogalactopyranoside at 20°C for 17 h. Cells
were harvested by centrifugation (2,000 x g, 30 min, 4°C) and
pellets were resuspended in lysis/equilibration buffer (50 mM
Tris/HCI [pH 7.0], 300 mM NaCl, 10 mM imidazole, 10 mM f3-
mercapto ethanol, 10 mM NaCl, and 9% [wt/vol] glycerol).
Lysozyme (0.75 mg/ml) and a protease inhibitor cocktail
(Sigma-Aldrich, St. Louis) were added and the sample was incu-
bated at 37°C for 15 min. All lysis and purification steps were
done at 4°C. The cell suspension was disrupted by a freeze-thaw
procedure, after which the lysate was centrifuged for 20 min at
16,100 x g and 4°C. The supernatant was applied on a Talon
resin affinity column (Clontech Laboratories, Palo Alto, CA,
U.S.A.), previously equilibrated by lysis/equilibration buffer
according to the manufacturer’s instructions. The loaded column
was rotated at 4°C for 30 min and, subsequently, washed twice
with washing buffer (50 mM Tris, 300 mM NaCl, and 10 mM
imidazole, pH 7.0). The sample was eluted with 3 ml of elution
buffer (150 mM imidazole, 300 mM NaCl, 50 mM Tris, and 9%
[vol/vol] glycerol). The average amount of eluted His-FasD
protein was 0.2 mg/ml with a 80 to 90% homogeneity as deter-
mined by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE). followed by protein gel blotting with
anti-His-tag antibodies (Sigma-Aldrich).

FasF-MBP and FasE-MBP were purified from transformants
carrying the plasmid pMALfasE or pMALfasF, respectively, ac-
cording to Riggs (2000). Free FasE and FasF was obtained by
overnight factor Xa protease treatment (1 pg of protease per 100
ug of protein) (Sigma-Aldrich) of concentrated protein samples
(25 to 30 mg/ml) supplemented with 10 mM CaCl, at 22°C. The
quality of the samples (+Xa/—Xa) was verified by SDS-PAGE
prior to testing their enzymatic activity. The protein concentra-
tions were measured with the BCA Protein Assay (Bio-Rad,
Hercules, CA, U.S.A.) with bovine serum albumin as a standard.

Ipt activity assay.

Purified His-FasD protein (4 pg) was added to the reaction
mixture (pH 8.0; 1 M betaine, 30 mM Tris, 50 mM KCl, 10
mM MgCl,, and 5 mM fB-mercaptoethanol). To determine the
preferred side-chain acceptor and donor, the reaction mixture
contained 25 uM DMAPP as donor and 0.001 to 3.2 uM AMP,
ADP, or ATP as substrate, or 2 uM AMP as acceptor and 0.001
to 1 uM DMAPP or HMBPP as donor, respectively. After incu-
bation for 1, 2, 4, 30, and 60 min at 25°C, the reactions were
stopped by freezing in liquid nitrogen and subsequent heating
for 10 min at 96°C. Finally, samples were treated with calf
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intestine alkaline phosphatase (Fermentas International, Burling-
ton, Ontario, Canada) for 30 min.

To estimate the FasD Ipt activity, the iPR and ZR reaction
products were quantified in all samples in flat-bottom plates
(MaxiSorp; Thermo Fisher Scientific, NUNC, Roskilde, Den-
mark) by enzyme-linked immunosorbent assay with a specific
anti-iPR and anti-ZR rabbit polyclonal antibody (Laboratory
of Plant Growth Regulators, Olomouc, Czech Republic) as de-
scribed, but with slight modifications (Strnad et al. 1990). iPR
and tZR concentrations were calculated based on a sigmoidal
plot of their standard curves. All the measurements were done
in triplicate. The kinetic parameters were derived from data
obtained from Michaelis-Menten plottings with the Hyper32
software.

TLC of supernatant extracts.

Cultures (1 ml each) of strains D188, D188-fasD, D188-
fasDOE-A/F, and D188-fasDOE-A/D were grown under fas-
inducing conditions (Temmerman et al. 2000). After 7 h, U-C
adenine (GE Healthcare, Little Chalfont, U.K.) at 2.5 uCi/ml
was added. Ten hours later, the labeled cultures were centri-
fuged at 10,500 x g for 10 min and the obtained supernatants
were acidified with TFA to a final concentration of 0.1%
(vol/vol) and passed over C18 cartridges (Sep-Pak; Waters) ac-
cording to the manufacturer’s instructions. The cartridges were
washed with 0.01% (vol/vol) TFA and eluted with 80% metha-
nol. The eluates were vacuum dried and resuspended in 10 pl
of water, analyzed on silica plates (Polygram Sil G/UV,s4;
Macherey-Nagel, Diiren, Germany) that were first washed
with 100% methanol for 30 min, subsequently dried in the air,
and resolved for 1 h with equilibrated butanol as mobile phase
(obtained from 25%  butanol/water/ammonia  [4:2:1,
vol/vol/vol]). After drying in the air, plates were placed for 12
h in a phospho-imager cassette for visualization.

CKX enzyme assay.

For the cytokinin dehydrogenase enzyme assay (Pertry et al.
2009), the reaction mixture contained 100 mM Mcllvaine
buffer (pH 6.0), 2 to 20 pg of FasE protein, 50 uM cytokinin
substrate, and 50 to 500 pM electron acceptor. The oxidase
assay was done as described (Frébort et al. 2002). For the ex-
periments with multiple cytokinins, similar reaction mixtures
were set up but the cytokinin concentrations were reduced to 1
UM. At defined time points, 50-ul aliquots were removed from
the reaction mixture and supplemented with 1% TFA to stop
the reaction. After a 5-min centrifugation at 14,000 x g, the
samples were diluted 10 times with the mobile phase and the
remaining cytokinins analyzed as described above.

Phosphoribohydrolase activity assay.

For the cytokinin nucleoside phosphoribohydrolase enzyme
assay, the reaction mixture, containing 100 mM Mcllvaine
buffer (pH 7.0), 160 pg of FasF-MBP protein, 1 uM each tZ,
cZ, and iP nucleoside 5'-MP, was incubated at 30°C. At de-
fined time points, 100-ul aliquots were removed from the reac-
tion mixture and supplemented with 1% (vol/vol) TFA to stop
the reaction. After a 5-min centrifugation at 14,000 x g, the
samples were diluted 10 times with the mobile phase and the
remaining cytokinins analyzed as described above.

Insertion mutagenesis of R. fascians and generation
of fas gene reporter strains.

Two new fas insertion mutants were isolated via disruptive
single homologous recombination (Crespi et al. 1994). There-
fore, the nonreplicating plasmids pSPIPfasEgus and pCRAfasF
were constructed. For the mutation of fasE, an internal fasE
fragment was amplified via PCR with the primers fasEGUSstart



and fasEGUSend, first cloned into pGUS1 (Desomer et al.
1992; Van den Eede et al. 1992) as a PstI-Ncol fragment gen-
erating a translational fasE-uidA fusion, then into pSP72
(Promega, Madison, WI, U.S.A.) as a HindIII-Xbal fragment,
and, finally, the Cm resistance gene was introduced as an Xbal
fragment (Desomer et al. 1990), generating the final construct
pSPIPfasEgus that can be used simultaneously for mutagenesis
and expression analysis. For the mutation of fasF, an internal
fasF fragment was amplified via PCR with the primers
AfasFstart and AfasFend and cloned into pCRBlunt (Invitro-
gen), generating the final construct, pCRAfasF.

For expression analysis, two additional nonreplicating plas-
mids, pSPIPfasAgus and pSPIPfasFgus, were constructed. The
PCR-amplified internal fasA fragment (primers fasAGUSstart
and fasAGUSend) was first cloned into pGUS1 (Desomer et
al. 1992; Van den Eede et al. 1992) as a Sphl-Ncol fragment
and, subsequently, using the same cloning steps as for the gen-
eration of pSPIPfasEgus, the final construct pSPIPfasFgus was
obtained. Similarly, after subcloning of the PCR-amplified
internal fasF fragment (primers fasFGUSstart and fasFGUSend)
into pGUS1 (Desomer et al. 1992; Van den Eede et al. 1992)
as a Pstl-Ncol fragment and subsequent cloning steps, the final
construct pSPIPfasEgus was obtained.

After introduction of these four plasmids into strain D188
via electrotransformation (Desomer et al. 1990) and selection
on Cm (pSPIPfasAgus, pSPIPfasEgus, and pSPIPfasFgus) or
Km (pCRAfasF), correct recombinations into the fas operon
were verified by DNA gel-blot hybridization with gene-specific
probes.

Bacterial cytokinin measurements.

The quantification of the cytokinins in the supernatant of the
fas mutants was as described (Pertry et al. 2009). Three inde-
pendent preparations were analyzed for each strain. The sig-
nificance of the observed quantitative differences of the means
for each cytokinin in each strain was assessed by pairwise
comparisons using the Tukey range test in conjunction with an
analysis of variance. Values were considered significantly dif-
ferent when P < 0.05.

Plant growth conditions, infection, and sampling.

Arabidopsis thaliana (L.) Heynh. and N. tabacum (L.) W38
seeds were sterilized by rinsing for 2 min in 70% (vol/vol) EtOH
and 12 min in a 5% (wt/vol) NaOCl solution supplemented
with 0.1% (vol/vol) Tween20, then washing with sterile water.
Seeds were germinated and grown on half-strength (Arabidop-
sis) or full-strength (tobacco) Murashige and Skoog medium
in a growth chamber with 16 h of light and 8 h of darkness.

Prior to infections, 2-day-old R. fascians cultures were
washed and concentrated four times in sterile water. For tobacco
seedling infection, seeds were germinated for 5 days, until the
radicle emerged, after which 20 pl of the proper bacterial cul-
ture or mix of cultures was applied. At 14, 28, and 45 dpi, phe-
notypes were scored and quantified for at least 50 plants per
strain. For the quantification of fas gene expression during the
interaction, four plants per time point and per bacterial strain
were sampled at 0, 1, 2, 4, 7, 14, 28, and 45 dpi and processed
as described below.

The transgenic Arabidopsis lines were infected at develop-
mental stage 1.05 (16 days old with five visible leaves) (Boyes
et al. 2001) by applying 20 ul of the bacterial culture to the
shoot apex. Plants were sampled at 2, 4, 10, 17, and 31 dpi for
histochemical and qRT-PCR analyses.

Expression of the fas genes.
For the expression analysis, tobacco seedlings were infected
and sampled as described above. Extracts were prepared by

crushing the plants in 500 pl of water with a pestle in an Ep-
pendorf tube, of which 50 pl was used for serial dilutions to
determine the number of CFU. Then, 500 ul of twofold con-
centrated MUG buffer (100 mM NaPO, [pH 7.0], 20 mM f-
mercapto ethanol, 20 mM EDTA, 0.2% SDS, and 0.2% Triton
X-100) and the substrate 4-methylumbelliferyl-B-D-glucuron-
ide (final concentration 0.1 mM) were added to the plant mate-
rial. The mixture was incubated at 37°C and, at 15, 30, and 60
min, the reaction was stopped by adding 50-pl aliquots to 200
ul of 200 mM Na,CO; in black Polysorb 96-well plates
(NUNC, Roskilde, Denmark). GUS activity was determined
by excitation at 365 nm and measurement at 460 nm (Fluostar
optima reader) and was calculated as the measured emission/
[time (min) x log(CFU)]. Data are the average of three techni-
cal repeats.

Histochemical staining and qRT-PCR analysis.

For GUS staining, entire plants were sampled and analyzed
as described (Depuydt et al. 2008a). The three biological re-
peats each consisted of at least five plants per treatment. For
the qRT-PCR analysis, during sample collection, the tissue was
snap frozen in liquid nitrogen and stored at —80°C until further
processing. RNA isolation, cDNA synthesis, and qRT-PCR
were carried out as described (Depuydt et al. 2008a). The
mean expression level of each gene was calculated from three
independent biological repeats. The log, transformation values
of these data were used for the conversion to heat maps with
the TMEV-3D software (Multiexperiment Viewer; The Institute
for Genome Research, Rockville, MD, U.S.A.).
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