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In Brief

Verma et al. show that the bacterial
photoreceptor BphP phytochrome is a
light-sensing phosphodiesterase that
modulates the intracellular secondary
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diverse social traits and virulence-
associated functions in Xanthomonas.
The light-dependent phosphodiesterase
activity of BphP triggers changes in c-di-
GMP and regulates virulence-associated
functions.
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SUMMARY

Bacteriophytochromes are the most abundant and ubiquitous light-sensing receptors in bacteria and are
involved in time-of-day behavior or responses. However, their biological and regulatory role in non-photosyn-
thetic bacteria is poorly understood, and even less is known about how they regulate diverse cellular pro-
cesses. Here, we show that a bacteriophytochrome (XooBphP) from the plant pathogen Xanthomonas oryzae
pv. oryzae perceives light signals and transduces a signal through its EAL-mediated phosphodiesterase ac-
tivity, modulating the intracellular level of the ubiquitous bacterial second messenger c-di-GMP. We discover
that light-mediated fine-tuning of intracellular c-di-GMP levels by XooBphP regulates production of virulence
functions, iron metabolism, and transition from a sessile to a free-swimming motile lifestyle, contributing to
its colonization of the host and virulence. XooBphP thus plays a crucial role in integrating photo-sensing with
intracellular signaling to control the pathogenic lifestyle and social behavior.

INTRODUCTION

Light is one of the most abundant environmental signals and is
sensed by diverse forms of life. Organisms from all kingdoms
of life have evolved light-sensing photoreceptors that enable
them to respond to different wavelengths of light and coordinate
various cellular processes (Chen et al., 2004; van der Horst et al.,
2007; Kiang et al., 2007; Idnurm and Crosson, 2009; Beattie
et al., 2018). The role of light-mediated signal transduction in
regulation of several physiological processes, such as photosyn-
thesis, light harvesting, phototactic movement, and pigment
synthesis, is well known, particularly in plants and photosyn-
thetic bacteria (Vierstra and Davis 2000; van der Horst et al.,
2007; Beattie et al., 2018).

Bacteria can exploit light signals as an essential stimulus to
facilitate lifestyle adaptation to changing environmental condi-
tions. Interestingly, certain non-photosynthetic bacteria have
also been reported to respond to distinct qualities of light that
modulate various cellular responses, such as pigment biosyn-
thesis, stress response, DNA repair, and host-pathogen interac-
tions (Davis et al., 1999; Giraud et al., 2002, 2005; Jaubert et al.,
2008; Barkovits et al., 2008; McGrane and Beattie, 2017). In the
intracellular pathogen Brucella abortus, it has been shown that
exposure to light can promote infection in macrophages (Swartz
et al., 2007). Recent studies have shown that different wave-
lengths of visible light also act as essential signals for certain
plant pathogens, such as Pseudomonas syringae, Agrobacte-
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rium tumifaciens, and Xanthomonas campestris, for motility,
attachment, and virulence (Santamaria-Hernando et al., 2018;
Oberpichler et al., 2008; Bonomi et al., 2016).

Bacteriophytochromes are the most abundant and ubiquitous
light sensing photoreceptors in bacteria; however, the mecha-
nism involved in regulating diverse cellular processes is poorly
understood outside of some prominent model photosynthetic
bacteria (Giraud et al., 2002; Vierstra and Davis 2000; Auldridge
and Forest 2011). In general, bacteriophytochromes act as
transducers of light by reversible photoconversion between a
red-absorbing state (Pr) and a far-red-absorbing state (Pfr) in
cells to produce the corresponding biological outputs. Typically,
bacteriophytochromes possess N-terminal photo-sensory mod-
ules consisting of the PAS2-cyclic guanosine monophosphate
(cGMP) phosphodiesterase/adenyl cyclase/FhIA (GAF)-phyto-
chrome-associated (PHY) domain triad and a C-terminal
output/effector histidine kinase-like domain or a domain of un-
known function (Giraud et al., 2002; Vierstra and Davis 2000;
Rockwell et al., 2006; Auldridge and Forest 2011). In the majority
of the non-photosynthetic bacteria, very little is known about the
mechanism by which bacteriophytochromes transduce photo-
sensing to a downstream intracellular signal transduction
cascade to coordinate diverse cellular processes and social
behavior (Davis et al., 1999; van der Horst et al., 2007; Beattie
et al., 2018).

Cyclic di-GMP is one of the most widespread intracellular sec-
ondary messengers in bacteria and has an important role in
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Figure 1. XooBphP Is a Bathy-type Bacteriophytochrome that Fine-Tunes the Xoo Natural Mode of Infection to Light
(A) Detection of swimming motility on semi-solid PS medium with 0.3% agar after cultivation for 3 days under different light conditions.
(B) Motility zone diameter quantification. Data are shown as the mean + standard deviation (SD) (n = 3).

(C) Genomic organization of XoobphP.
(D) Domain architecture of XooBphP exhibiting an N-terminal photosensory module (PAS2-GAF-PHY triad) and C-terminal PAS4 domain.
(E) UV-vis absorption spectra of XooBphP and XooBphPC13A (light-insensitive variant) after dark adaptation and illumination with red, far-red, and white light. Pr

and Pfr represent red-absorbing and far-red-absorbing, respectively.

(legend continued on next page)
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regulation of gene expression by binding to RNA, various effec-
tors, or regulatory proteins (Ryjenkov et al., 2005; Sondermann
et al., 2012; Romling et al., 2013). In bacteria, fine-tuning of the
intracellular level of c-di-GMP is maintained by its controlled
and regulated synthesis and degradation, mediated by the enzy-
matic action of GGDEF- and EAL- or HD-GYP domain-contain-
ing proteins, respectively. It has been reported that the activity
of c-di-GMP-modulating enzymes is regulated by various extra-
cellular environmental signals and intracellular physiological
conditions (Schirmer and Jenal 2009; Romling et al., 2013).
Cellular c-di-GMP levels regulate various cellular and physiolog-
ical processes, such as motility, biofilms, production of secreted
and cell-associated virulence factors, cellular metabolism, and
fine-tuning of the transition of a planktonic or free-living state
to a multicellular aggregate or biofilm lifestyle (Ryjenkov et al.,
2005; Jenal and Malone 2006; Rémling and Simm 2009; Povolot-
sky and Hengge, 2012; Sondermann et al., 2012; Valentini and
Filloux, 2016).

Xanthomonas oryzae pv. oryzae (Xoo), the causal agent of bac-
terial leaf blight disease of rice, is a vascular pathogen and an
important member of the Xanthomonas group of phytopathogens,
which causes severe disease in several economically important
crops. During an epiphytic phase, Xoo forms biofilm-like struc-
tures to protect itself from hostile environmental stress on leaves
subsequent to conditions in the plant after it enters the intercellular
space through openings known as hydathodes, present at leaf
tips, and eventually colonizes xylem vessels (Nino-Liu et al.,
2006; Kumar Verma et al., 2018; An et al., 2020). Motility associ-
ated with switching between a biofilm lifestyle and a planktonic
(motile) one has an important role in entry and subsequent coloni-
zation of the plant. Several virulence-associated functions, such
as chemotaxis-driven motility, production of adhesins, expression
of specialized iron uptake systems, cell-cell signaling, alteration of
c-di-GMP levels, and production of various protein secretion sys-
tems, are required for Xoo infection of plants and its transition from
a biofilm to a planktonic lifestyle. However, the environmental fac-
tors or cues that modulate this transition are still elusive (Dow,
2008; Buttner and Bonas, 2010; Bogdanove et al., 2011; Kumar
Verma et al., 2018; An et al., 2020).

The Xanthomonas group of phytopathogens encodes a bac-
teriophytochrome, BphP, that has no predictable sensory output
or effector domains that might be involved in downstream signal
transduction (Otero et al., 2016). In this study, we show that the
Xoo bacteriophytochrome (XooBphP) is a photosensing phos-
phodiesterase that specifically degrades c-di-GMP. XooBphP
regulates motility, extracellular polysaccharide production, bio-
film formation, and iron homeostasis by fine-tuning the intracel-
lular levels of c-di-GMP in response to different wavelengths of
light. This study provides mechanistic insights into the cascade
of cellular changes following light perception by XooBphP and
its modulation of the widely conserved second messenger signal
to coordinate light-mediated regulation of social behavior impor-
tant for its interaction with a host plant.
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RESULTS

XooBphP Is a Cytosolic Bathy-type
Bacteriophytochrome that Regulates Infection and
Virulence in a Light-Dependent Fashion

In a swimming plate motility assay, wild-type (WT) Xoo exhibited
reduced motility when exposed to white light compared with
exposure to red light or in the dark (Figures 1A and 1B; Figures
S1A and S1B). This prompted us to examine the role of light
and light-mediated signaling in its virulence and social behavior.

Analysis of the Xoo genome revealed a gene encoding the
putative bathy-type bacteriophytochrome BphP, XoobphP
(X000292), which is located downstream of a gene encoding
heme oxygenase (XoobphO) in a tri-cistronic operon (Figure 1C).
Interrogation of this gene for conserved domains identifiable in
protein family databases and multiple-sequence alignment anal-
ysis indicated that XooBphP has an N-terminal photo-sensing
triad domain consisting of Per/Arndt/Sim (PAS2 family), GAF,
PHY, and a PAS4 domain of unknown function (Figure 1D; Finn
et al., 2014).

XooBphP has a conserved cysteine residue (Cys'®) (Fig-
ure S2B) that binds to Biliverdin-IXa (BV), an open-chain tetra-
pyrrole bilin chromophore, using the lyase activity of GAF,
constituting holo-XooBphP (native form) (Davis et al., 2001;
Auldridge and Forest, 2011; Otero et al., 2016).

To determine the in vitro functionality of XooBphP and to char-
acterize its photo-sensing and spectral properties, we obtained
recombinant N-terminal His-tagged XooBphP and its variant
XooBphPC13A (Cys'® replaced with Ala) after expression in
E. coli and purification (Figure S1D). The holo-protein was pro-
duced by incubating XooBphP with BV on ice for 1 h. Spectro-
photometry experiments revealed that the holo-XooBphP is a
bathy-type BphP because it exhibited Soret and Q bands
(Abs400/Abszs0) in the UV-visible (UV-vis) absorption spectra,
indicative of a Pfr ground state and Pr-to-Pfr dark conversion
(Otero et al., 2016). XooBphP exhibited a pure Pfr form after
96 h of dark adaptation (Figure 1E). Far-red irradiation (733 nm)
promoted its photo-conversion to pure XooBphP-Pr, whereas
red light irradiation (630 nm) promoted formation of a mixture
of Pfr and Pr forms (Figure 1E). A similar result was obtained
when dark-adapted XooBphP was irradiated with white light
(Figure 1E). However, XooBphPC13A failed to exhibit light-
induced photo-conversion (Figure 1E), suggesting that its chro-
mophore is essential for its photo-conversion. We therefore
used XooBphPC13A (a light-insensitive variant of XooBphP) as
a control in all further studies.

To further characterize XooBphP and its cellular localization,
we integrated a copy of C-terminally FLAG-tagged XoobphP un-
der control of the endogenous promoter into the XoobphP
genomic locus. The FLAG-tagged Xoo WT derivative exhibits a
similar phenotype as the WT strain. Immunoblot analysis of
different subcellular fractionations with an anti-FLAG antibody
confirmed the cytoplasmic localization of XooBphP (Figure S1C).

(F and G) 21 dpi bacterial leaf blight (BLB) lesion of epiphytic infection by surface inoculation of Taichung Native-1’ (TN-1) variety healthy leaves maintained under
high humid conditions, and (G) determination of epiphytic efficiency after 21 days of surface inoculation. Data are shown as the mean + SD (n = 20).

(H) Relative chemotaxis response (RCR) under different light conditions. Data are shown as the mean + SD (n = 3).

Data shown in (B), (G), and (H): statistical significance by paired Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 2. XooBphP Involves All Domains to Regulate the Virulence Program
(A) Extracellular polysaccharide (EPS) production in different strains of Xoo.

(B) Biofilm formation by strains of Xoo under static conditions after 48 h of growth.

(C) Quantification of EPS production by measuring absorbance at 214 nm, using D-glucose as a standard.
(D) Quantification of attached cells of Xoo strains in the static biofilm after 48 h of growth.
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To understand the role of XooBphP in vivo, we constructed an
in-frame deletion mutant of XoobphP (AbphP), and a light-insen-
sitive point mutant, XoobphPc13a (the Xoo strain harboring the
mutant XoobphPc13a allele in the XoobphP genomic locus).
The AbphP mutant of Xoo did not exhibit any growth defect
compared with Xoo in rich PS medium (Figure S1F). The WT or
AbphP(BphP*) (the AbphP-complemented strain harboring the
WT XoobphP allele in the chromosome) exhibited significant in-
creases in swimming motility under dark and red light compared
with white light (*p < 0.05). In contrast, the AbphP and
XoobphPc13a mutants exhibited reduced motility compared
with the WT strain and did not differ in swimming motility under
different light conditions (Figures 1A and 1B; p > 0.05). In
contrast, white light promotes photo-conversion of Pfr to Pr
forms (Figure 1E; Otero et al., 2016).

To determine the role of XooBphP-mediated light signaling in
bacterial virulence, we assessed infection of plants from a topi-
cally applied inoculum where cells must enter the leaves through
hydathodes (epiphytic infection or natural mode of infection; Ku-
mar Verma et al., 2018; Pradhan et al., 2012; Rai et al., 2012). By
21 days after inoculation, AbphP and XoobphPgs43a exhibited
significantly reduced bacterial leaf blight (BLB) symptoms and
epiphytic infection efficiency compared the WT Xoo strain or
AbphP(BphP*) (Figures 1F and 1G; Figure S1l). When directly
inoculated into plant tissue by wounding, pre-exposed to dark-
ness or red light conditions, the WT Xoo strain produced large le-
sions on leaves compared with those conferred by cells pre-
exposed to white light. In contrast, XoobphPci3a exhibited
reduced lesion size under all conditions, irrespective of the
different light conditions to which it had been exposed (Figures
S1G and S1H).

We next investigated whether the difference in infection seen in
response to different light conditions was due to an altered
chemotaxis response because flagellum-mediated motility and
chemotaxis have important roles in entry and colonization of
Xoo inrice leaves (Kumar Verma et al., 2018). We performed quan-
titative syringe capillary assays to measure the relative chemo-
tactic response (RCR) of different strains of Xoo pre-exposed to
darkness or red or white light to hydathodal fluid (xylem sap)
collected from TN-1 rice leaves (Kumar Verma et al., 2018). The
Xoo and AbphP(BphP*) strains exhibited a significantly higher
RCR when pre-exposed to darkness or red light than those
exposed to white light. In contrast, AbphP and XoobphPc13a €X-
hibited a lower RCR under all light conditions (Figure 1H). Further-
more, expression of various methyl-accepting chemotaxis recep-
tor proteins (MCPs), essential for the chemotactic response in Xoo
(KumarVermaetal., 2018), by gRT-PCR revealed that these MCPs
were downregulated in the AbphP and XoobphPg13a (Figure S2C)
mutants compared with the WT strain.

Collectively, these data clearly indicate that XooBphP is an
essential photoreceptor that regulates the infection process
and virulence of Xoo.
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XooBphP Regulates Several Virulence-Associated
Functions, and Individual Domains Contribute

To investigate the role of the photosensor XooBphP itself and the
essentiality of individual domains in regulation of virulence deter-
minants, we focused on extracellular enzyme production
(secreted by the T2SS; necessary for degradation of host cell
wall components), motility (entry and colonization), xanthan
gum production and EPS (extracellular polysaccharide; contrib-
utes to biofilm formation), siderophore production (sequestering
iron in an iron-limited host environment) and the hypersensitive
response (T3SS and its effectors to modulate virulence and
host defense) (Buttner and Bonas, 2010; Bogdanove et al.,
2011; Pandey et al., 2017; Kumar Verma et al., 2018; An et al.,
2020).

We generated in-frame deletion mutants for each individual
domain (APAS2, AGAF, APHY, and APAS4) to determine their
role in the abovementioned phenotypes (Figure S1D). The
domain deletion mutants exhibited reduced virulence (Figures
S3A and S3B), in planta migration defects (Figure S3C), and
reduced motility (Figures S3E and S3G), similar to the full-length
deletion mutant (AbphP). Measurement of the bacterial popula-
tion in the rice leaves indicated that the AbphP mutant exhibited
significantly reduced population sizes (~2.9 fold) compared with
the WT Xoo strain at 7 dpi and 1.2-fold less than the WT strain at
12 dpi (Figure S3D). In addition, AbphP exhibited reduced B-1,4-
endoglucanase (a type Il secretion system effector) production
compared with the WT and the complemented strain (Figures
S3F and S3H) when grown on carboxymethyl cellulose (CMC) in-
dicator plates (Rai et al., 2012). In a hypersensitive response (HR)
assay in leaves of a non-host tomato, AbphP exhibited increased
HR-like symptoms (Figure S2D). Furthermore, quantification as-
says indicated that AbphP exhibited elevated EPS (xanthan) pro-
duction and increased attachment and biofilm formation
compared with the WT or AbphP(BphP™) strains (Figures 2A-2D).

Genome-wide Expression Analysis of the XooBphP
Regulon in Xoo

To investigate the role of XooBphP in regulating global gene
expression in an Indian isolate of Xoo, a microarray-based
gene expression analysis was performed using an Agilent
8x15K array. Microarray analysis (Figure 3A) revealed that a large
number of genes (534 upregulated and 512 downregulated) en-
coding a variety of functions (further grouped into 17 major func-
tional categories, listed in Tables S3 and S4), had altered expres-
sion in the absence of XooBphP. In the present work, we focused
further analysis on a subset of genes involved in virulence,
including egl, xyl (T2SS), hrpB4, hrpX, and hrpG (T3SS); sucl
and fucP (sugar transporters); gumd (xanthan); atsk, xadA, flg,
mot, and fli (attachment and motility); mcp and che (chemotaxis);
and htpG and htpX (heat shock proteins). The finding of BphP-
dependent transcription is consistent with the phenotypes
described above (Figures 1A, 1B, 1F-1H, 2A-2D, 6, S1F, S1G,

(E and F) Relative quantification of expression of the xanthan biosynthesis gene gumdJ (Xoo3171) and the attachment gene XadA (X000842) in Xoo strains by real-

time gRT-PCR.

(G-J). UV-vis spectra of dark-adapted (96 h) domain deletion variants of XooBphP after illumination with red, far-red, and white light.
Data in (C)-(F) are shown as the mean + SD (n = 3); statistical significance by paired Student’s t test (*p < 0.05, **p < 0.01, **p < 0.001).
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Figure 3. Genome-wide Expression Anal-
ysis of XooBphP Regulation in Xoo
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and S3A-S3H). Genes encoding oxidoreductases, catalase, thi-
oredoxin, and glutathione S-transferase, genes necessary for
oxidative response and defense against reactive oxygen species
(ROS), are produced by plants in defense of such pathogens.
XooBphP-dependent genes encoding iron uptake and storage
(siderophore uptake receptors; cirA, a TonB-dependent recep-
tor; bfr [bacterioferritin]; piuB, an iron uptake factor; fecA, an
iron-sulfur cluster; and hemA, hemB, and hemF [heme biosyn-
thesis]) (An et al., 2020; Javvadi et al., 2018) suggest that
XooBphP is involved in monitoring iron homeostasis in Xoo.
XooBphP-dependent genes such as rho, nusG, and nusA
encode general transcription machinery of the cell. This finding
is consistent with the fact that AbphP differed in transcription
of these genes compared with Xoo when assessed by gRT-
PCR (Figures 2E, 2F, 3B, S2C, and S3I-S3M), further explaining
the virulence deficiency of AbphP.

To validate the role of XooBphP in regulation of virulence-
associated functions, we next performed expression analysis
of the corresponding genes by gRT-PCR. In agreement with
the phenotypic data, downregulation of genes related to flagellar
motility (flic, fliD, and motB; Figures 3B, S3l, and S3J) and T2SS
(X004035 [chd], X000282 [egl], and Xoo1371 [xylanase]; Figures
3B, S3K, and S3L) and upregulation of genes encoding the tran-
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response to XoobphP mutation in Xoo, repre-
sented by a circos plot. From the outer to the inner
circle, track 1 shows the circular genome of Xoo,
track 2 shows locus presentation the of Xoo cir-
cular genome, and tracks 3 and 4 show differen-
tially expressed genes in AbphP versus the Xoo
(WT) strain and AbphP versus AbphP(BphP?),
grown in rich PS medium.

(B) Expression analysis by microarray and real-
time gRT-PCR, indicating XooBphP regulated
genes involved in flagellar biogenesis and regula-
tion, chemotaxis, attachment, xanthan biosyn-
thesis and biofilm, iron uptake and storage, and
virulence.

(C) Relative quantification of the expression of
certain XooBphP-regulated genes involved in
virulence-associated functions in the WT Xoo
strain by real-time qRT-PCR in the dark and with
white light exposure.

scription regulator for T3SS (hrpG and
hrpX; Figures 3B and S3M) and bacterial
surface attachment and biofilm [atsE,
gumd, and xadA; Figures 3B, 2E, and
2F) were observed in the AbphP and
XoobphPgc13a mutants compared with
Expression and
phenotypic analysis of virulence-associ-
ated functions under light and dark condi-
tions further corroborated that XooBphP
is involved in light-mediated regulation
of several virulence-associated functions
in Xoo (Figure 3C; Figure S4A-S4D).
Taken together, our data further support a model where light
sensing mediated by XooBphP regulates several virulence-asso-
ciated functions and social behavior in Xanthomonas.

XooBphP Regulates Iron Uptake and Storage

In host-microbe interactions, competition for iron is critical for
the outcome of infection (Cassat and Skaar, 2013; Lyles and Ei-
chenbaum, 2018). Release of iron and BV in eukaryotic systems
is driven by biliverdin reductase (Liu and Ortiz de Montellano,
2000). Recently, it has been reported that Pseudomonas aerugi-
nosa BphP is involved in release of BV from the oxyferrous com-
plex of BphO-heme during regiospecific heme cleavage (Wegele
et al., 2004), suggesting that BphPs could also have a role in
coordinating iron homeostasis and virulence. Interestingly, our
measurements of intrinsic tryptophan fluorescence (Figure 4A)
indicated that XooBphP can only bind to the ferric form of iron
(Kp = 33.05 + 1.153 uM; Figure S4E) but not the ferrous form
(Figure S4F).

The AbphP mutant exhibited reduced siderophore (xanthofer-
rin) production when assayed on peptone sucrose agar (PSA)-
chrome azurol sulfonate (CAS) siderophore indicator plates
containing 75 uM of the ferrous ion chelator dipyridyl (Figure 4B)
and also by quantification of siderophores, measured by
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Figure 4. XooBphP Binds Specifically to the Ferric (Fe®**) Form of Iron and Regulates Iron Uptake and Storage Machinery

(A) Ferric iron binding with XooBphP by intrinsic tryptophan fluorescence spectra in the presence of FeCl; (0-100 pM).

(B and C) Xanthoferrin production. Top lane: siderophore production by Xoo strains on PSA-CAS plates containing 75 uM ferrous iron chelator 2,2’-dipyridyl (DP).
Bottom lane: siderophore isolated from cell-free culture supernatant of Xoo strains grown under iron-depleted condition by XAD16 affinity column
chromatography.

(legend continued on next page)
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reverse-phase HPLC (Figure 4C). In addition, AbphP also ex-
hibited hyposensitivity to streptonigrin (Cohen et al., 1987;
Schmitt, 1997), indicative of lower intracellular iron content (Fig-
ure S4G), which was further confirmed by measurement of the
intracellular iron content by ICP-OES (inductively coupled
plasma-optical emission spectrometry) (Figure 4D). Growth as-
says under iron-depleted conditions confirmed that the AbphP
mutant exhibited reduced growth under low-iron conditions (Fig-
ure S4H). These results prompted us to investigate the role of
XooBphP in iron uptake, storage, and utilization. We next per-
formed radiolabeled iron uptake assays under iron-depleted
conditions, using ®°Fe2* (ferrous) and ®°Fe3*(ferric) forms of
iron, using 10 min time course experiments (Rai et al., 2015).
The AbphP mutant exhibited reduced incorporation of the
ferrous and ferric forms of iron in these uptake assays (Figures
4E and 4F), indicating that XooBphP influences iron uptake
and storage in Xoo.

To further establish a role of XooBphP in regulation of iron
metabolism, we performed expression analysis of genes in these
processes by qRT-PCR. Expression of genes required for iron
uptake (piuB) and iron storage (XOO1994 and XO04149 [bfr])
was lower in AbphP compared with the WT strain (Figure 3B).

Together, the XooBphP Domains Carry Out Photo-
Sensing and Signal Propagation

It has been proposed previously that some structural refolding
along with pull/push displacement between the GAF and PHY do-
mains in the light-inducible Pr-Pfr switch process may induce a
kink and rotation of the output module positions, leading to signal
propagation from the photosensory triad to the output module
(Burgie et al., 2014; Takala et al., 2015; Otero et al., 2016).

To understand whether the virulence deficiency exhibited by
each individual domain deletion mutant is due to altered light
signal propagation, we overexpressed and purified individual
domain deletion proteins (XooBphPAPAS2, XooBphPAGAF,
XooBphPAPHY, and XooBphPAPAS4; Figure S1D) as N-terminal
His-tagged variants (Figure S1E). UV-vis absorption experiments
revealed that XooBphPAPAS2 and XooBphPAGAF did not exhibit
any photo-inducible Pr-Pfr changes because of the absence of
Cys'® and lyase activity, respectively (Figures 2G and 2H). Inter-
estingly, XooBphPAPHY was found only in the Pr state, and no
red and/or darkness conversion to the Pfr state was observed
(Figure 21). However, XooBphPAPAS4 exhibited photoconversion
somewhat similar to the native XooBphP (Figure 2J). The PAS2-
GAF-PHY domain triad thus appears to contribute to the light
signal perception of XooBphP, and PAS4 might be responsible
for structural stability of the native protein (Otero et al., 2016).

XooBphP Modulates Intracellular c-di-GMP Levels in a
Light-Dependent Fashion via an EAL Motif that Is
Conserved in Xanthomonads

In general, most biological photoreceptors, including phyto-
chromes, exhibit kinase or phosphatase activity as effector
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functions. However, sequence analysis of XooBphP and bac-
teriophytochromes from several bacteria indicated that,
similar to Xanthomonas, BphPs from several other bacteria,
such as Bradyrhizobium and Rhodopseudomonas, do not
have similarity to any known or predictable output or effector
domains (Figure S2A; Bonomi et al., 2016; Auldridge and For-
est, 2011).

The GAF domains from the sensory module of other BphPs
have been reported to be involved in modulating the cellular
levels of c-NMP and consequently bind to a wide range of
effector modules and thereby control diverse cellular functions
(Heikaus et al., 2009; Hengge, 2009). In order to investigate
the XooBphP signal transduction mechanism, His-tagged
XooBphP was probed for enzymatic activity toward several
known substrates that are generally utilized by the output or
effector domains of bacterial photoreceptors. Interestingly,
the XooBphP did not exhibit any detectable activity toward
indicator substrates such as ATP. However, XooBphP
exhibited phosphodiesterase (PDE) activity with the substrate
bis-p-nitrophenyl phosphate (bis-pNPP) in the presence of
Mn2* (Chen et al., 2004; Nagata et al., 2008). In addition,
the XooBphPAPAS2, XooBphPAPHY, and XooBphPAPAS4
domain deletion proteins also exhibited similar PDE activity
against bis-pNPP as a substrate as the native XooBphP
(Figures 5A and S5A). The XooBphPAGAF and XooBphPC13A
mutants exhibited higher PDE activity compared with the WT
protein under these assay conditions (Figures 5A and S5A).
XooBphP was then assayed for PDE activity using potential
cellular substrates such as cGMP and c-di-GMP by detecting
degradation products by reverse-phase HPLC. Interestingly,
XooBphP exhibited activity specifically toward c-di-GMP,
generating a compound with similar retention time as GMP
(Figure 5B), which was analyzed by comparing the HPLC
chromatogram with standards (Figure S5B). PDE activity was
further confirmed by mass spectrometry of this product, which
exhibited a mass identical to the GMP standard. No
detectable PDE activity was observed with cGMP as substrate
(Figure S5C).

c-di-GMP-specific PDE activity is exhibited by proteins con-
taining an EAL or HD-GYP domain, modulating the cytosolic
c-di-GMP level by generating linear dinucleotide pGpG or
GMP (Jenal and Malone 2006; Sondermann et al., 2012; Romling
et al., 2013). Sequence analysis of XooBphP did not reveal a HD-
GYP motif (Figure S2B). However, an EAL motif was present on
an o helix stretch located between the PAS2 and GAF domains at
the N terminus (Figure S2B).

Furthermore, the glutamic acid residue (Glu'®") of the putative
EAL motif is well conserved among different Xanthomonas spe-
cies (Figure S2A). To determine whether the conserved glutamic
acid (E131) is responsible for the PDE activity, a XooBphPE131A
variant (Glu'®" replaced with Ala; Figure S1D) was constructed
and purified (Figure S1E). XooBphPE131A did not exhibit any
PDE activity against bis-pNPP (Figure 5A) and was also unable

(C) Xanthoferrin quantification by reverse-phase HPLC using a standard curve generated from known concentrations of pure vibrioferrin.

(D) Intracellular iron content of Xoo strains, measured by ICP-OES.

(E and F). In-vitro-radiolabeled *>Fe®* and **Fe>" uptake under iron-depleted condition during a 10-min time course.
Data in (C) and (D) are shown as the mean + SD (n = 3); statistical significance by paired Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 5. XooBphP Modulates Cytosolic c-di-GMP Concentration by Intrinsic PDE Activity Executed by Its EAL Motif in a Light-Dependent
Manner

(A) PDE-specific activity of XooBphP and variants by intrinsic Trp fluorescence spectroscopy.

(B and C) HPLC chromatograms of aliquots of reaction mixtures containing 10 uM of c-di-GMP followed by immediate boiling after addition of XooBphP and
XooBphPE131A at 0 min and after 90 min.

(legend continued on next page)
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to degrade c-di-GMP to GMP; we could not detect any degrada-
tion product including a GMP-specific peak in reverse-phase
HPLC analysis of the reaction product (Figure 5C). However,
XooBphPE131A exhibited photoconversion similar to native
XooBphP (Figure 5D).

We then sought to examine whether the c-di-GMP-specific
PDE activity of XooBphP is light dependent. To test this
in vitro, the PDE activity for native XooBphP and the light-insen-
sitive variant (XooBphPC13A) was measured under dark and
light conditions. Interestingly, XooBphP exhibited significantly
higher PDE activity (Vmax = 42.54 = 0.98 pM min~") when
exposed to red light or darkness compared with white light
Vmax = 29.9 + 1.23 pM min~") (Figure 5E). Importantly,
XooBphPC13A did not exhibit significant differences in PDE ac-
tivity under the different light conditions (Figure 5F).

Furthermore, measurement of the intracellular concentration
of c-di-GMP in the WT Xoo strain exposed to different light con-
ditions revealed that Xoo exhibited lower intracellular c-di-GMP
levels under dark conditions and after red light exposure
compared with exposure to white light (Figure 5G).

Collectively, these results strongly indicate that XooBphP
modulates the intracellular c-di-GMP concentration in a light-
dependent fashion via the EAL motif, which is conserved among
Xanthomonas species.

XooBphP Integrates Photo-sensing and Intracellular c-
di-GMP Levels to Coordinate Social Behavior to Promote
Entry, Colonization, and Virulence

To further establish a role of XooBphP in light sensing as well
as modulation of intracellular c-di-GMP signaling to control so-
cial behavior in Xoo, we generated a mutant strain of Xoo
harboring the XoobphPgi31a (Ala substituting Glu'®") mutant
allele incorporated into the XoobphP genomic locus. We also
ectopically expressed a His-tagged EAL-PDE-encoding gene,
PA3947, from Pseudomonas aeruginosa PAO1(Deng et al.,
2012) in the AbphP background (AbphP:: PA3947). Immunoblot
analysis with an anti-His antibody confirmed the size and
expression of PA3947 (Figure S5D). We then assessed the
infectivity of these strains as well as expression of virulence-
associated functions.

XoobphPg131a exhibited reduced infectivity of rice in wound
inoculation and topical inoculation, similar to that of AbphP (Fig-
ures 6A and S5E). Interestingly, ectopic expression of PA3947
rescued the virulence deficiency exhibited by AbphP in wound
infection (Figures 6A and 6B) but was unable to rescue virulence,
as assessed by topical inoculation of leaves (Figures S5E and
S5F).

Furthermore, XoobphPg131a €xhibited reduced motility and
chemotaxis responses (Figures 6D, 6E, and S5G) and reduced
xanthoferrin production and iron uptake (Figures 6D, 6H, and
S5H) but enhanced xanthan production (Figures 6D and 6F)
and biofilm formation (Figures 6D and 6G), similar to that of
AbphP. Ectopic expression of PA3947 in AbphP could rescue
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siderophore production, iron uptake, and xanthan and biofilm
formation but was unable to rescue motility and chemotaxis of
AbphP and XoobphPgi31a (Figures 6D-6H and S5E-S5H). In
addition, measurement of the intracellular c-di-GMP levels indi-
cated that AbphP and XoobphPg;314 exhibited significantly
higher levels of cellular c-di-GMP compared with the WT Xoo
strain (Figure 6C). However, ectopic expression of PA3947
reduced the levels of c-di-GMP to similar levels as in the WT
Xoo strain (Figure 6C).

We thus conclude that XooBphP has an important role in path-
ogenic lifestyle transition involving entry, colonization, and viru-
lence by integrating environmental light-sensing and intracellular
c-di-GMP signaling to fine-tune many social behaviors and vital
functions (Figure 7).

DISCUSSION

Bacteria coordinate several traits in response to different envi-
ronmental signals that fine-tune cellular processes to facilitate
transition from a planktonic motile to a sessile lifestyle. In this
study, we demonstrate that the non-photosynthetic phytopath-
ogen Xoo coordinates several social behaviors by sensing
distinct light signals through a photo-sensing, bathy-type bac-
teriophytochrome, XooBphP. Our results demonstrate that
XooBphP-mediated light perception promotes virulence,
motility, and chemotaxis-mediated entry and colonization of
plants in response to red light and dark conditions. Our results
suggest that specific wavelengths of light act as distinctive envi-
ronmental stimuli that induce conformational changes in bacter-
iophytochromes, which leads to altered signal transduction/
propagation, changing the expression of several cellular
processes.

Bacteriophytochromes in many non-photosynthetic and
plant-associated bacteria, such as Xanthomonas, Bradyrhi-
zobium, Rhodopseudomonas, and Pseudomonas, lack
effector/output domains or harbor a histidine kinase-like domain
lacking a receiver (Rec) module that is required for interaction
with the cognate response regulator (van der Horst et al., 2007;
Kiang et al., 2007; Idnurm and Crosson, 2009; Beattie et al.,
2018).

Our work reveals that XooBphP perceives light through
N-terminal photo-sensory domains and integrates the light
signal to modulate c-di-GMP-specific PDE activity. We pro-
vide evidence that various light conditions differentially alter
the PDE activity of the native XooBphP, whereas the light-
insensitive XooBphP¢134 mutant does not exhibit any signifi-
cant change in PDE activity when exposed to different types
of light (Figures 5E and 5F). Previous structural studies have
proposed that bacteriophytochromes can undergo conforma-
tional changes during photoconversion, which may result in a
distinct three-dimensional position of the domains (Otero
et al., 2016). It seems likely that such photoconversion, result-
ing in formation of a Pfr state under dark conditions and under

(D) UV-vis spectra of dark-adapted and illuminated XooBphPE131A.

(E and F) Catalytic activity of XooBphP and XooBphPC13A as a function of bis-pNPP concentrations (Michaelis-Menten plot).
(G) In vivo cytosolic concentration of c-di-GMP by HPLC under different light conditions.
Data in (A) and (G) are shown as the mean + SD (n = 3); statistical significance by paired Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 6. XooBphP Regulates the Downstream Light-Signaling Cascade through Light-Dependent Cytosolic c-di-GMP Concentration
Modulation

(A and B) 14 dpi BLB lesion symptoms of rice leaves of wound inoculation by the leaf clipping method. AbphP::PA3947 represents the XoobphP null mutant
ectopically expressing PA3947 (EAL-containing protein) in pHM1 from Pseudomonas aeruginosa PAO1 and 14 dpi mean lesion lengths. Data are shown as
mean + SD (n = 25).

(C) In vivo level of c-di-GMP determined by HPLC. Data are shown as the mean + SD (n = 3).

(D) Determination of virulence-associated traits, swimming motility, and EPS and biofilm production.

(legend continued on next page)
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Figure 7. A Proposed Model Showing Mechanistic Insights into XooBphP-Mediated Light Signaling

During daytime (white light), XooBphP exists in the Pr state, and Xanthomonas forms a biofilm-like structure for protection from the hostile phyllosphere envi-
ronment. At dusk, XooBphP senses red light and photoconverts to the Pfr state, which is maintained throughout the night (dark). XooBphP-Pfr, because of its
elevated c-di-GMP-specific PDE activity, has a lower cytosolic c-di-GMP level, which in turn, increases sessile-to-motile transition. + and — indicate positive

regulation and negative regulation, respectively.

red light irradiation, leads to more solution exposure of the
EAL, resulting in elevated PDE activity of the protein, which,
in turn, results in a drop in intracellular c-di GMP concentra-
tion. Similarly, white light and far-red exposure can convert
Pfr back to the Pr state, leading to a less solution-exposed
conformation of EAL, in turn leading to less PDE activity
and, hence, higher intracellular c-di-GMP levels. Similar
light-regulated PDE activity of the bacteriophytochrome
BIrP1 in Klebsiella pneumonia has been reported previously
(Barends et al., 2009).

Our results of ectopic expression of a Pseudomonas aerugi-
nosa EAL-containing PDE protein in the XoobphP deletion
mutant suggest that photo-sensing-mediated modulation of
PDE activity is employed by XooBphP through its photosen-
sor-linked EAL motif but not by other light-independent PDEs.
In agreement with this model, it has been shown previously
that binding of oxygen to the sensor domain (which is associated
with the EAL domain containing c-di-GMP PDE) regulates its

PDE activity in Gluconacetobacter xylinus (Chang et al., 2001).
Itis pertinent that, in several bacteria, sensing of diverse signals,
such as O,, NO, CO, and the redox state, by sensory domains
associated with c-di-GMP-metabolizing enzymes modulates
their enzymatic activity (Schirmer and Jenal, 2009, Jenal and
Malone, 2006; Sondermann et al., 2012; Rémling et al., 2013).
During dusk, long-wavelength red light reaches the surface of
the earth in a higher proportion than shorter-wavelength blue
light, which is subject to higher scattering (Beattie et al., 2018;
Santamaria-Hernando et al., 2018). Circadian clocks modulate
various physiological processes, including defense responses
in plants and animals (Scheiermann et al., 2013; Cheng et al.,
2019). The host plant temporally coordinates expression of de-
fense-related genes via circadian clock, maximizing expression
of such genes at the most likely time of pathogen attack (Bhard-
waj et al., 2011; Wang et al., 2011; Zhang et al., 2013). The inten-
sity of host defense is typically lower at dusk and at night
compared with daytime (Sharma and Bhatt, 2015; Cheng et al.,

(E) Quantification of motility zone diameter.

(F) Quantitative measurement of EPS production using the phenol-sulfuric acid colorimetric method.

(G) Quantification of attached cells in the static biofilm after 48 h of growth.

(H) Quantification of siderophore production by calculating the average ratio of siderophore halo to colony diameter on PSA-CAS plates containing 75 uM DP.
Error bars represent SD of the mean (n = 3); statistical significance by paired Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001).
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2019). Pathogens such as Xoo reside on the hostile surface of
rice leaves and obviously encounter this diurnal cycle of light
quantity and quality. The humid and cooler conditions predomi-
nating at night promote accumulation of hydathodal fluid, which
facilitates invasion of vascular tissue through hydathodes by
pathogens such as Xoo (An et al., 2020; Noda and Kaku,
1999). We propose that, under conditions of red light predomi-
nating at dusk, XooBphP-Pfr is formed and is maintained
throughout the night (dark conditions). XooBphP-Pfr causes
the pathogen to increase expression of virulence-associated
functions, resulting in successful active invasion into the host
vasculature, a process that also coincides with a lessened host
response to the pathogen, further increasing the likelihood of
successful infection. We further speculate that, during the day,
white light induces photoconversion of Pfr to the Pr form of
XooBphP, enabling the pathogen to attenuate virulence gene
expression when the host defenses are maximally active
(Sharma and Bhatt, 2015; Cheng et al., 2019).

Xanthomonas leads a hemibiotrophic lifestyle; it forms biofilm-
like structures on plant surfaces that have been proposed to pro-
tect the cells in the inhospitable phyllosphere environment (Zarei
et al., 2018; An et al., 2020; Kumar Verma et al., 2018; Nifo-Liu
et al., 2006). In this study, we demonstrate that XooBphP pro-
motes light-dependent motility and chemotaxis under red light
as well as in the dark while suppressing EPS and biofilm forma-
tion under these conditions. Cellular c-di-GMP levels, in turn,
have a key role in regulating motility, EPS production, and biofilm
formation in this light-dependent lifestyle transition (Bernier
et al.,, 2011; Jenal and Malone, 2006; Valentini and Filloux,
2016). This study suggests that, during daytime, white light facil-
itates accumulation of higher levels of cellular c-di-GMP
(because of lower PDE activity of XooBphP), promoting biofilm
formation and a sessile, stress-tolerant lifestyle on plant sur-
faces. However, at dusk and at night, the higher PDE activity
of XooBphP leads to lower intracellular levels of c-di-GMP, pro-
moting chemotaxis-driven motility and expression of virulence-
associated functions.

In many pathogenic bacteria, including Xanthomonas, iron ho-
meostasis has an important role in coordinating virulence (An-
drews et al., 2003; Braun and Killmann, 1999; Pandey et al.,
2016). Our work reveals that XooBphP regulates expression of
iron uptake and storage in Xoo (Figure 3B; Table S3) because
the AbphP and XoobphPg1314 mutants were deficient in sidero-
phore production and iron uptake and, therefore, had low inter-
nal iron levels.

Moreover, XooBphP can specifically bind ferric iron. XooBphP
is unlikely to function as an iron reservoir as bacterioferritins do
because it does not bear any homology to such iron storage pro-
teins. It is, however, possible that XooBphP acts as a ferric ion,
sequestering molecule needed during breakdown of ferric BV
complexes by XooBphO (Wegele et al., 2004) and synthesis of
BV, the chromophore utilized by XooBphP.

This study reveals that light can act as a key signal for lifestyle
transition in a nonphotosynthetic bacterial pathogen and that
bacteriophytochromes can mediate light sensing and modula-
tion of a widely conserved second messenger to regulate diverse
behaviors and coordination of virulence functions to enable suc-
cessful colonization of a host.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-DDDDK tag antibody Abcam Cat#205606

Rabbit anti 6 X His antibody Abcam Cat#ab9108; RRID: AB_307016
Goat anti-rabbit HRP-conjugated Sigma Aldrich Cat# A9169; RRID: AB_258434

Bacterial Strains

Xanthomonas oryzae pv. oryzae: BXO43 (WT) Kumar Verma et al., 2018 N/A
X. oryzae pv. oryzae:: pHM1 This paper N/A
X. oryzae pv. oryzae: AbphP This paper N/A
X. oryzae pv. oryzae: AbphP(BphP*) This paper N/A
X. oryzae pv. oryzae: APAS2 This paper N/A
X. oryzae pv. oryzae: AGAF This paper N/A
X. oryzae pv. oryzae: APHY This paper N/A
X. oryzae pv. oryzae: APAS4 This paper N/A
X. oryzae pv. oryzae: XoobphPg13a carrying alanine This paper N/A
substitution for Cys'® in XooBphP

X. oryzae pv. oryzae: XoobphPg131a carrying alanine This paper N/A
substitution for Glu'®' in XooBphP

X. oryzae pv. oryzae: AbphP:: pHM1 This paper N/A
X. oryzae pv. oryzae: AbphP:: PA3947 This paper N/A
Escherichia coli: DH5a Lab collection N/A
E. coli: BL21(DE3) Lab collection N/A
E. coli: BL21(DE3) carrying pRKV41 This paper N/A
E. coli: BL21(DE3) carrying pRKV42 This paper N/A
E. coli: BL21(DE3) carrying pRKV43 This paper N/A
E. coli: BL21(DE3) carrying pRKV44 This paper N/A
E. coli: BL21(DEB) carrying pRKV45 This paper N/A
E. coli: BL21(DE3) carrying pRKV46 This paper N/A
Chemicals, Peptides and Recombinant Proteins

High-fidelity Phusion Taq polymerase Thermo scientific Cat# F-530L

Tag DNA polymerase

Superscript Ill Reverse Transcriptase
EcoRI-HF

Hindlll-HF

BamHI-HF

Xbal

T4 DNA Ligase

Biliverdin hydrochloride
Cyclic-di-GMP sodium salt

cGMP sodium salt

GMP disodium salt hydrate

Bis(p- nitrophenyl) phosphate sodium salt
2, 2'- dipyridyl disulfide

Streptonigrin

XooBphP

XooBphPAPAS2

NEB
Invitrogen
NEB

NEB

NEB

NEB

NEB
Sigma
Sigma
Biolog
Sigma
Sigma
Sigma
Sigma
This paper
This paper

Cat# M0320L
Cat# 18080044
Cat# R3101S
Cat# R3104S
Cat# R3136S
Cat# R0145
Cat# M0202S
Cat# 30891
Cat# SML1228
Cat# G001
Cat# G8377
Cat# N3002
Cat# 8.41109
Cat# S1014
N/A
N/A
(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
XooBphPAGAF This paper N/A
XooBphPAPHY This paper N/A
XooBphPAPAS4 This paper N/A
XooBphPC13A This paper N/A
XooBphPE131A This paper N/A

Critical Commercial Assays

QIAquick Gel Extraction Kit QIAGEN Cat# 28704
QIAGEN Plasmid Midi Kit QIAGEN Cat# 12143
DyNAmo ColorFlash SYBR Green gPCR Kit Thermo scientific Cat# F-416L

Deposited Data

Microarray dataset This paper Gene Expression Omnibus (https://www.
ncbi.nim.nih.gov/geo/): GSE141343

Experimental Models

Rice plant Taichung Native-1’ (TN-1) Kumar Verma et al., 2018 N/A
Tomato plant Pandey et al., 2018 N/A
Oligonucleotides

All the primers are listed in Table S1 This paper N/A
Recombinant DNA

All the primers are listed in Table S2 This paper N/A

RESOURCE AVAILABLITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Subha-
deep Chatterjee (subhadeep@cdfd.org.in).

Materials Availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer
Agreement.

Data and Code Availability
The accession number for the microarray data reported in this paper is GEO: GSE141343 and will be available at Gene Expression
Omnibus (https://www.ncbi.nlm.nih.gov/geo/).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains

Xanthomonas oryzae pv. oryzae (BXO43) strain was used as the parental strain. Xoo parental and mutant strains were grown in rich
peptone sucrose agar (PSA) or in PS broth supplemented with appropriate antibiotics (Tsuchiya et al., 1982) at 28°C and 200 rpm
(New Brunswick Scientific, Innova 43, Edison, NJ, USA). Escherichia coli strains were grown in LB broth supplemented with appro-
priate antibiotics (detailed information on the Xoo and E. coli strains used in this study are provided in the Key Resources Table. The
concentrations of antibiotics used were as follows: rifampicin (Rif; 50 pg/mL); spectinomycin (Spec; 50 ng/mL); kanamycin (Kan;
50 pg/mL); ampicillin (Amp; 100 ung/mL); gentamycin (Gent; 5 ng/mL); nalidixic acid (Nal; 50 pg/mL).

Bacterial mutant and complemented strain generation

The XoobphP (X000292) gene in Xoo was deleted utilizing pK18mobSacB system, a suicidal vector, harboring kanamycin resistance
gene (kan”) and SacB gene as selection and counter-selection marker respectively, as described earlier (Kumar Verma et al., 2018).
The oligonucleotide primers used for constructing the deletion strains are listed in the Key Resources Table. In frame deletion mutants
of (APAS2, AGAF, APHY and APAS4) domains of the bacteriophytochrome protein (XooBphP), were also constructed following the
same procedure mentioned above. Complementing strain [(AbphP(BphP*)] was generated by reconstituting the full-length
gene (XoobphP) into the genomic background of the full-length deletion mutant (AbphP) by using pK18mobSacB system as
described earlier (Kumar Verma et al., 2018). Xoo strain showing ectopic expression (AbphP::PA3947) was constructed incorporating
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recombinant pHM1 having a well-characterized phosphodiesterase PA3947, an EAL-containing phosphodiesterase (PDE) encoding
gene from Pseudomonas aeruginosa PAO1 (Deng et al., 2012).

METHOD DETAILS

Molecular biology techniques

Standard genetics and molecular techniques were used for genomic DNA isolation, plasmid isolation, restriction enzyme digestion,
ligation, transformation and agarose gel electrophoresis, as described previously (Sambrook and Russell, 2001). High-fidelity Phu-
sion taq polymerase (Thermo Fisher Scientific, Waltham, MA, USA), Taq DNA polymerase, restriction and ligation enzymes were used
according to the manufacturer’s instructions. DNA transformations were performed by either heat shock or electroporation. The
oligonucleotide primers used in this study are listed in the Key Resources Table. SDS-PAGE, polyacrylamide gel staining and western
blot experiments were carried out as described previously (Biswas et al., 2014). All oligonucleotide primers and recombinant DNA
clones used in this study are described in detail in the Tables S1 and S2, respectively.

Site directed mutagenesis

Site-directed mutagenesis to introduce the alterations C13A and E131A was done by using mutagenic PCR in a two-step protocol
(Deng et al., 2012). In the first round of PCR, two separate reactions were carried out by using the forward and reverse primers shown
above together with one of a pair of primers of complementary sequence carrying the desired alteration and the Xoo genomic DNA as
template (Mutagenic primer sequences are given in Key Resources Table). The products of the first round of PCR were used as tem-
plates for a second round of PCR with forward and reverse primers.

Cloning, overexpression and purification of His-tagged XooBphP and its variants

XoobphP gene was amplified using Xoo genomic DNA as a template and primers (SCV His6XooBphP F EcoRl and SCV XooBphP R
HindIll) and cloned into EcoRI and Hindlll restriction sites of pET28a overexpression vector using a standard protocol (Biswas et al.,
2017). Domain deletion variants of XooBphP (XooBphPAPAS2, XooBphPAGAF, XooBphP APHY and XooBphPAPAS4) were also
cloned into pET28a following similar protocol. Recombinant pET28a vectors (listed in the Key Resources Table) were transformed
into E. coli BL21(DE3) cells. XooBphP and its domain deletion and point mutant variants were purified as N-terminal his-tagged
variant by Co?*-TALON affinity chromatography following a standard protocol (Biswas et al., 2014). Briefly, exponentially cultivated
recombinants of respective variants were exposed to 100 uM IPTG overnight at 18°C and the induced cells were step wisely
collected, washed with a 0.9% NaCl solution. The bacterial pellet was resuspended in lysis buffer [20 mM HEPES (pH 7.4),
150 mM NaCl, 10ug/mL PMSF] and disrupted by sonication. The supernatant was passed through Co®*-TALON beads (QIAGEN),
followed by extensive washing to remove the contaminants. Finally, his-tagged recombinant proteins were eluted [Elution buffer:
20 mM HEPES (pH 7.4), 150 mM NaCl, 250 mM Imidazole]. Holo proteins were formed by incubating the apo proteins for 1 h at
room temperature in the presence of BV (Sigma-Aldrich) followed overnight dialysis against Buffer A [20 mM HEPES (pH 7.4),
300 mM NaCl, 5% glycerol]. Protein concentrations were estimated by the Bradford method (Bradford, 1976).

UV-vis spectroscopy

Holo protein solutions containing 1 mg/ml of XooBphP or its variants in buffer A [20 mM HEPES (pH 7.4), 300 mM NaCl, 5% glycerol]
were taken in a Quartz cuvette and irradiated with a white, blue (470 nm), red (630 nm) or far-red (733 nm) for 10 min (Wu et al., 2013)
from Marubeni America Corporation, with plates at a distance under the diodes such that the light intensities were 30, 5, 10, and 0.8
uM m2 s for the blue, red, and far-red lights, respectively. Absorption spectra were collected in VAIOSCAN FLASH (Thermo Sci-
entific) multimode microplate reader and plotted using GraphPad PRISM5. The dark states were determined after proteins were kept
for dark adaptation (96 h).

Swimming motility assay

Swim plate assay was performed as described previously (Kumar Verma et al., 2018). Different strains of Xoo were grown to mid-
exponential phase in PS, centrifuged, washed with sterile PBS and normalized to an ODgqg of 1.0. 5 uL of the normalized suspension
was inoculated at the center of semi-solid swim plates (0.1% Agar containing PS medium) and incubated at 28°C static condition for
48 h at white light, dark and red light with intensities same as UV-vis spectroscopy. The motility was quantified by measuring the
diameter of swimming motility zone.

Quantitative chemotaxis assay by syringe capillary method

The chemotaxis assay was carried out by the syringe capillary method as described previously (Kumar Verma et al., 2018). Briefly,
Xoo were grown to mid-exponential phase in PS, centrifuged, and washed with sterile PBS. Capillary tubes (0.45 mm X 13 mm; sin-
gle-use syringe 1 mL, Dispo Van, Faridabad, Haryana, India) containing various 0.22 um (Millex-GS, Mumbai, India) filter-sterilized
guttation fluid extracted from Xoo susceptible rice variety, Taichung Native-1’ (TN-1) maintained under high humid conditions in
specially built incubation chambers (Kumar Verma et al., 2018), were incubated with cell suspension (in 0.5-mL Eppendorf tubes)
of Xoo strains at 28°C for 4 h. The content of the capillary was serially dilution plated on PSA for determining the CFU of bacteria
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migrated in the capillary. RCR (Relative chemotaxis ratio) was quantified as the number of migrated bacterial cells in the syringe capil-
lary containing the test chemo-attractant to the number of migrated cells in the bacterial syringe capillary containing PBS (pH 7.4) to
rule out cells migrated either as a result of bacterial random motility or diffusion.

In planta Virulence assays on rice leaves

Virulence assay was performed by both wound and surface inoculation methods on Xoo susceptible rice variety, Taichung Native-1’
(TN-1). Rice plants have been maintained under greenhouse condition at 30°C temperature and 60% relative humidity with a daily
light period of 12 h. Wound inoculation was performed by the leaf clipping method (Kauffman, 1973). In light-dependent virulence
assays, Xoo strains were grown to mid-exponential phase in PS and then they were exposed to white light, red light (630 nm)
with the same intensities as used in UV-vis spectroscopy and dark adaptation for 4 h. The cells were centrifuged, washed with sterile
PBS and normalized to an ODgqq of 0.6. Sterile surgical scissors dipped in these culture suspensions were used to clip the 40-45-day-
old healthy leaf tips. After 2 weeks’ post-inoculation, the lesion was quantified by measuring the lesion length. For each strain, at least
20 leaves were inoculated per experiment. To compare the bacterial population in the infected leaves at different days’ post-inoc-
ulation (dpi), approximately 1-cm pieces right below the lesion were cut by sterile surgical scissors, serially dilution plated and incu-
bated on PS agar plates supplemented with antibiotics (rifampicin, cycloheximide, and cephalexin) at 28°C. Colony forming units
(CFU) were counted and documented.

Epiphytic infection was performed by surface inoculation method as described earlier (Kumar Verma et al., 2018). Xoo strains were
cultivated to mid-exponential phase in PS, centrifuged, washed with sterile PBS (pH 7.4) and normalized to an ODggq of 0.6. The
healthy rice leaf tips of 30-35-day-old leaves of susceptible variety TN-1 were dipped about 1 cm for 1 min and epiphytic infection
efficiency estimated 21 dpi. To determine the epiphytic efficiency after 21 days of post surface inoculation (epiphytic infection), the
total number of leaves exhibiting disease lesions were counted and the epiphytic efficiency or the percentage of infection was calcu-
lated against the total number of leaves inoculated. To determine the epiphytic entry efficiency after 4 h of epiphytic infection approx-
imately 1-cm pieces right from the leaf tip were cut by sterile surgical scissors, serially dilution plated and incubated on PS agar plates
supplemented with antibiotics (rifampicin, cycloheximide, and cephalexin) at 28°C. Colony forming units (CFU) were counted and
documented.

Migration of X. oryzae pv. oryzae inside the leaves

The migration assay was performed as described previously with slight modification (Chatterjee and Sonti, 2002). 5 dpi leaves were
detached from the plant and surface sterilized in 0.5% sodium hypochlorite solution (Thermo Fisher Scientific, India) followed by
repeated washing in 70% ethanol (Commercial Alcohols, Brampton, Canada) and sterile DDW. Leaves were cut into approximately
1-cm pieces opposite of the site of inoculation by sterile surgical scissors and incubated on PS agar plates supplemented with an-
tibiotics (rifampicin, cycloheximide, and cephalexin) at 28°C. Migration was estimated by observing colonies formed after 3-5th day
from the bacterial ooze from the cut ends of leaves.

Extracellular Enzyme assay

Extracellular cellulase assay was carried out as described previously (Rai et al., 2012; Kumar Verma et al., 2018) using 0.2% CMC
(Sigma-Aldrich, St. Louis) as substrate. Freshly grown bacterial colonies of different Xoo strains were spotted on carboxymethyl cel-
lulose (CMC)-PSA plates and incubated for 48 h, followed by Congo red staining (Rai et al., 2012) and washed with 1M NaCl. B-1,4-
endoglucanase activity of respective strains was estimated by measuring the degradation halo (halo diameter to colony diameter
ratio) produced in CMC-PSA plates.

Separation and quantification of EPS

Extracellular polysaccharide (EPS) was isolated from the cell-free culture supernatant of Xoo strains as reported previously (Javvadi
et al., 2018). Briefly, 5-6 days cultivated cells were harvested from PSA plates by centrifugation, resuspended in PBS and EPS was
precipitated by adding formamide and two volumes of ice-cold acetone followed by incubation at 4°C overnight. Before pelleting
cells, 100 pL was aliquoted to perform serial dilution plating for CFUs determination. Next day EPS was centrifuged at 7,969 g for
20 min and the pellet was dried followed by the total carbohydrate content quantification using phenol-sulfuric acid colorimetric
method and D-glucose as the standard. Assays were performed in triplicate.

Static biofilm and attachment assay
Biofilm assay was performed as described previously (Rai et al., 2012, Kumar Verma et al., 2018). In brief, different Xoo strains were
grown overnight in PS broth medium supplemented with the required antibiotics at 28°C and 200 rpm, centrifuged, washed and re-
suspended in sterile PBS. Approximately, 1x 10° cells were transferred into 2 mL of fresh PS medium in 24-well sterile polystyrene
culture plates and incubated at 28°C without shaking. After 48 h, the medium was decanted gently, the wells were washed with au-
toclaved Milli-Q water followed by staining with 0.1% crystal violet. Excess stain was removed by washing and the absorbance of the
attached cells dissolved in 90% ethanol was measured at 570 nm.

For attachment assay, cells were cultivated in 24-well polystyrene plates as biofilm assay. After washing the wells, attached cells
were resuspended in PBS (pH 7.4) and dilution plated for cell attachment quantification.
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Growth assay

Growth assays of different Xoo strains were performed according to a standard protocol (Pandey et al., 2016). Xoo strains were
grown to mid-exponential phase in PS, centrifuged, washed with sterile PBS and normalized to an ODgqg of 0.6 and 0.1% of these
normalized cultures were grown in PS medium, PS medium supplemented with 100 uM 2, 2’- dipyridyl (DP) up to 48 h in 28°c at
200 rpm in a shaker incubator (New Brunswick Scientific, Innova 43, Edison, NJ, USA).

CAS plate assays for siderophore production

The siderophore production assays were performed as described previously (Pandey et al., 2016). Individual colonies of different
Xanthomonas strains were spotted on peptone sucrose agar (PSA)-chrome azurol sulfonate (CAS) Agar siderophore indicator plates
containing 75 uM 2, 2'-dipyridyl. Plates were incubated at 28°C for 48 h. The appearance of yellow halo indicative of secreted side-
rophore production was estimated by measuring the ratio of halo diameter and colony diameter.

Siderophore estimation by HPLC

Siderophore estimation of the purified vibrioferrin from cell-free culture supernatant of Xoo strains by HPLC quantification method
was performed as reported previously (Rai et al., 2015; Pandey et al., 2017) with certain modifications. The Xoo strains were grown
to an ODggp Of 1.2 in PS broth supplemented with ferrous iron chelator 75 uM 2, 2'- dipyridyl. The bacterial cell cultures were centri-
fuged and the supernatant was acidified. The acidified supernatant was filtered with 0.22 pum filter (MILLIPORE), then passed through
Amberlite XAD-16 resin (Sigma) column and eluted with methanol (Sigma) in fractions. Each fraction was tested for siderophore on
the PSA-CAS plates containing 50 uM 2, 2’-bipyridyl. The concentrated siderophore positive fractions were run through Agilent 1100
series HPLC system (Agilent, Santa Clara, CA, USA) and siderophore was estimated comparing with the standard curves generated
using a known concentration of a pure standard vibrioferrin (a kind gift provided by Masaki J Fujita, Hokkaido University, Japan).

SNG sensitivity assay

The SNG sensitivity assay was performed to determine intracellular iron levels, as SNG causes cell death by reacting with free ferrous
iron to produce superoxide and hydroxyl free radicals as described earlier (Kumar Verma et al., 2018). Xoo strains were grown to mid-
exponential phase in PS, pelleted, washed with sterile PBS and normalized to an ODggg of 1.0. Cultures were serially diluted and then
spotted on PSA containing 0.02 ng/mL of SNG (Sigma Aldrich, St. Louis, MO, USA). Plates were then incubated at 28°C for 72 h to
observe growth inhibition.

Determination of intracellular iron concentration by ICP-OES

Intracellular iron levels Xoo strains were measured by inductively coupled plasma-optical emission spectroscopy (JY 2000 sequential
ICP-OES spectrometer, Jobin Yvon, Horiba, France), as described previously (Pandey et al., 2016). The bacteria were cultured in PS,
PS plus 50 uM DP or PS plus 50 uM FeCls/FeSO, media up to an ODggo of 1.2 and cells were harvested by centrifugation, pellets were
washed twice with phosphate buffer saline (PBS) to remove EPS, lyophilized and dry weight was measured. Further, the lyophilized
cells were dissolved in 30% HNOS at 80°C for overnight and then diluted 10-fold with sterile Mili Q water. The iron atom content was
then measured using ICP-OES. Quantification of iron was performed against an aqueous standard of iron traceable to the NIST
(National Institute of Standards and Technology, India).

Iron uptake assay

In-vitro radiolabelled °°Fe uptake assay performed as reported previously (Javvadi et al., 2018) with certain modifications. Bacterial
cells were grown in iron-depleted medium (PS plus 100 uM 2, 2’-dipyridyl) for 24 h, washed twice with 50 mM PBS, pH 7.4, resus-
pended in Chelex-100 (Sigma)-treated PS to an ODggg of 1.0 and incubated at 28°C for 5 min. Iron uptake was initiated by addition of
0.5 uM of %®FeCl; of specific activity 10.18 mCi/mg (American radiolabelled chemicals, Inc., St. Louis, USA). The stock solution was
diluted ten times with either water for the °*Fe®* uptake studies or with 1M sodium ascorbate (to convert *°Fe®* into 5°Fe?*) for S5Fe?*
uptake studies. At different time points, 200 uL of the cell suspension was layered onto di-butyl phthalate—di-octyl phthalate (1:1)
mixture and centrifuged at 13000 rpm for 1 min to stop the uptake during the 15-min time-course of the experiment. The aqueous
layer was aspirated, and the pellet was resuspended in 100 uL of 1% (v/v) Triton X-100, the suspension was placed in 5 ml of scin-
tillation cocktail and counted in the H channel of scintillation counter (Tri-Carb 2910 TR Liquid Scintillation Analyzer; Perkin Elmer,
USA). Assays were performed in triplicate.

Intrinsic tryptophan fluorescence

The intrinsic tryptophan fluorescence spectra (Aex = 280nm and A¢n = 290-400 nm) of XooBphP in absence and presence of
increasing concentration of FeClz (0-100 pM) and FeSO, (0-100 uM) was recorded using Hitachi F-3000 spectrofluorometer as re-
ported previously (Biswas et al., 2019). Protein concentrations used in each experiment was 5 uM. Similar experiment was performed
with Bovine serum albumin (BSA) in absence and presence of FeCls. (bandwidth of 5 nm for both excitation and emission). The
observed fluorescence intensities were corrected by subtracting the corresponding buffer fluorescence. The equilibrium dissociation
constant (Kp) was determined by nonlinear fitting of the fluorescence data to the “one-site specific binding” Equation 1 using
GraphPad Prism (GraphPad Software Inc.) as described earlier (Jana et al., 2012).
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Y = (Bmax[X])/(KD[X]) [Equation 1]

where Y indicates the extent of fluorescence quenched at any FeCl; concentration ([X]), which was determined by subtracting the
fluorescence in the presence of FeCls from the fluorescence in the absence of FeCls. B, (i-€., maximal fluorescence quenched
upon saturation of protein with FeCls).

PDE activity assay

PDE activity of XooBphP and its variants were determined using bis pNPP following a standard protocol (Chen et al., 2004; Nagata
et al., 2008). The protein was incubated with increasing concentration of bis pNPP (0-10 mM) at 37°C for 60 min in reaction buffer
(0.1 M Tris HCL, pH 8.5 and 1 mM MnCl,). The reaction yielded p-nitrophenol, which became an intense yellow soluble product under
alkaline conditions and was measured at 405 nm on a spectrophotometer (Spectra Max M5, Molecular Devices). The kinetic param-
eters were deduced by fitting the initial velocities (Vo) at various substrate concentrations to the Michaelis—-Menten equation (E2) using
the Prism software (GraphPad Inc.). Assays were performed in triplicate.

Cyclic nucleotide phosphodiesterase activity by HPLC

High-pressure liquid chromatography analysis to separate nucleotides was done as described previously (Deng et al., 2012). Phos-
phodiesterase reactions were undertaken in 20 pL reactions containing 2.5 uM purified XooBphP variants, 0.1M Tris-HCI (pH 8.5),
0.5 mM c-di-GMP or cGMP and 1 mM MnCl,. Reactions were incubated at 37°C for 90 min, stopped by heating at 75°C for
5 min followed by a centrifugation. The analysis of supernatant was performed by reverse-phase HPLC on a SHIMADZU LC-
2030C 3D Prominence-i series HPLC system. Samples of 5 uL were injected into a Shim-Pack GIST 5 um C-18 column and fraction-
ated by using 15% (vol/vol) acetonitrile/100% 10 mM ammonium acetate buffer (pH 6.3) under isocratic condition at a flow rate of
0.3 mI/min. Nucleotides were detected at a wavelength of 252 nm. The nucleotides were identified comparing the retention time
of the different standard nucleotides run in the same column and the identity of the nucleotides were further confirmed by mass
spectrometry.

Extraction and quantification of intracellular c-di-GMP

Nucleotides were extracted using a protocol as described previously (Su et al., 2016). Briefly, after cultivating at 28°C, 200 r min—1 for
ODggo (1.2-1.5) in 100 mL PS, 0.2% formaldehyde (Sigma) was added to stop the cellular activity, and cells were centrifuged at 4°C for
20 min at 6000 r min—1, and further washed twice with fresh PBS (pH7.4). Next, cells were resuspended by vigorous pipetting in
10 mL extraction buffer [40% methanol, 40% acetonitrile, 0.2 N formic acid and 10% nuclease-free water] and aliquoted in 1 mL
in each 2 mL Eppendorf tube, followed by 45-60 min incubation on ice, then 45-60 min incubation at 99°C in Thermomixer. Put
some weight on the lid to avoid sample leakage. After cooling down to RT, the sample was centrifuged at 14000 r min—1 for
30 min. The supernatant was kept at —20°C and/or vacuum dried. Next, nucleotide extracts were resuspended in Milli-Q at RT
and concentrated by vacuum drying. Next, samples were analyzed by liquid chromatography-tandem mass spectrometry
(LC-MS/MS) with a Thermo SCIENTIFIC Q-Exactive HF mass spectrum system. The intracellular c-di-GMP level was presented
as nmol/107cells.

Hypersensitive response assay

In planta hypersensitive response assay was performed as reported previously (Hauck et al., 2003). Xoo cultures were grown up to
mid-exponential phase in PS, pelleted, washed with sterile MQ and normalized to an OD600 of 0.6. The fresh and healthy leaves of
25-30 days old tomato S-22 cultivar (acts as non-host for Xanthomonas oryzae pv. oryzae) were administered with bacterial culture
suspensions and PBS was used as control. Plants were incubated in green house with minimum and maximum temperature of 26 and
28°C, respectively and relative humidity of 65%. Pictures of the leaves infiltrated with different strains were taken after 16-20 hr of
infiltration for visualizing the extent of HR-like symptoms in tomato.

Cell fractionation

XooBphP localization study was performed as reported (Ray et al., 2002). Bacterial cultures grown in Peptone Sucrose broth were
pelleted and resuspended in buffer containing 5 mM Tris-Cl (pH 8.0), 0.375 M sucrose, 1 mM EDTA and 30 ug/ml lysozyme. The cell
pellet was sonicated and centrifuged at 5000 rpm for 10 min. The supernatant was centrifuged repetitively at 6000 rpm for 8 min until
unlysed cells were removed. The supernatant was centrifuged at 90,000 rpm for 2 h in ultracentrifuge. The pellets were resuspended
in Triton X-100 buffer containing 10 mM Tris-Cl (pH 8.0), 1% Triton X-100 and 5 mM MgCl, and incubated for 30 min at RT, followed by
ultracentrifugation at 70,000 rpm for 30 min. The supernatant was retained as the inner membrane fraction and the pellet was resus-
pended in buffer containing 50 mM Tris-ClI (pH 8.0), 10 mM EDTA and 1% Triton X-100 and incubated at RT for 30 min followed by
centrifugation at 10,000 rpm for 1 h. The supernatant was collected as outer membrane fraction. Protein normalized samples from all
the fractions were loaded on 12.5% SDS-PAGE and stained with Coomassie brilliant blue to recheck the protein normalization and
accordingly the volumes were corroborated based on the observation of the band intensities.
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Expression analysis by qRT PCR

For expression analysis by gRT PCR, the Trizol (Invitrogen, CA, USA) method was used according to the manufacturer’s instructions.
The Xoo strains were grown in the PS medium with appropriate antibiotics at 28°C, and illuminated under Red light with the intensity
used in UV-Vis spectroscopy for 4 h. Then, cells were harvested at mid logarithmic phase by centrifugation at 8000 x g for 20 min at
4°C. Total RNA was isolated using the Trizol (Invitrogen, St. Louis, USA) method as suggested in the manufacturer’s protocol and
dissolved in 350-40 p | RNase-free water. cDNA synthesis and lllumina Sequencing were performed as described (Su et al.,
2016). Real-time gRT-PCR was performed in a 7500 Real-time PCR system (Applied Biosystems, Foster City, CA 94404. USA)
and analyzed by SDS relative quantification software (Applied Biosystems) as described previously (Pandey et al., 2016). Relative
quantification of the expression of certain XooBphP regulated genes in wild-type Xoo strain by real-time gRT-PCR were performed
following the same procedure under dark and white light exposure. The primers used for real-time gRT-PCR are listed in Key Re-
sources Table.

Gene expression profiling using Agilent microarray platform
The 15K array comprised of a total number of 15,744 features including 15,208 probes and 536 Agilent controls. All the oligonucle-
otides designed and synthesized in situ as per the standard algorithms and methodologies used by Agilent Technology for 60-mer
oligonucleotide DNA microarray. Out of 4125 transcripts, 4119 probes were designed from NCBI transcript sequences with an
average of 1 probe per sequence.

Blast was performed against the respective sequence database to check the specificity of the probes. Finally, 4119 probes were
designed for NCBI transcript sequences and specific probes were replicated to fill the blank spots. The microarray data discussed in
this manuscript have deposited in the NCBI Gene Expression Omnibus (GEO) under the GEO series accession number GSE141343.

QUANTIFICATION AND STATISTICAL ANALYSIS
All quantitative experiments were performed in triplicate and average with the standard error of the mean (SEM) was mentioned in the
corresponding figure legends. The data are presented as mean + SD. Student’s t test was performed for statistical analysis and

respective statistical parameters such as the value of n and the significance levels (*p < 0.05, **p < 0.01, and **p < 0.001) are
mentioned in the figure legends.
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