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Abstract

Xanthomonas is a genus of plant-associated Gram-negative bacteria which infect more than 400 plant species.

A characteristic feature of Xanthomonas bacteria is the production of yellow membrane-bound pigments called
xanthomonadins. Xanthomonadins are phospholipid-like bio-macromolecules located at the outer membrane. The
chemical structure and biosynthetic mechanism of xanthomonadin production remain to be fully elucidated. In this
study, a total of 24 Xanthomonas strains from five different species were collected for methylated ester of aryl polyene
(MEAP) preparation. High-Performance Liquid Chromatography (HPLC) and Quadrupole Time-of-Flight Mass Spec-
trometry (Q-TOF-MS) analysis identified three dominant MEAPs, methylated di-brominated MEAP-1, di-brominated
MEAP-2, and mono-brominated MEAP-3. MEAP-1 corresponded to the previously reported aryl polyene in Xan-
thomonas juglandis XJ103. The 24 Xanthomonas strains could be grouped into three categories based on their MEAP
profiles. Further, bacterial ooze was collected from X. oryzae pv. oryzae (Xoo)-infected rice leaves and MEAP was pre-
pared. The dominant MEAP in the Xoo ooze was MEAP-2. This is the first demonstration of in-planta MEAP produc-
tion during plant infection of any Xanthomonas pathogen. In addition, a xan biosynthetic cluster, which is respon-
sible for xanthomonadin biosynthesis, and the roles of the individual xan genes in MEAP biosynthesis were studied
via deletion and subsequent complementation analysis. HPLC and Q-TOF-MS analysis identified the essential genes
for MEAP biosynthesis, as well as the genes associated with methylation and bromination. These results provide new
insights into the structural diversity of Xanthomonas MEAPs and xanthomonadin biosynthetic mechanisms.
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Background

Members of the Xanthomonas genus are plant-asso-
ciated, Gram-negative bacteria which infect at least
400 different plant species, including the economically
important crops of rice, wheat, oil rape, cabbage, orange,
and banana (Leyns et al. 1984; He and Zhang 2008; An
et al. 2020). Among them, Xanthomonas campestris pv.
campestris (Xcc) causes black rot, one of the most impor-
tant diseases of crucifers worldwide (Williams 1980;
Vicente and Holub 2013). X. oryzae pv. oryzae (Xoo) and
X. oryzae pv. oryzicola (Xoc) are respectively the causal
agents of bacterial blight and bacterial leaf streak, two
important diseases affecting worldwide rice produc-
tion (Nino-Liu et al. 2006). X. citri pv. citri (Xcci) causes
Asiatic citrus bacterial canker (Osdaghi, 2023), and
X. albilineans (Xal) causes leaf scald, a lethal disease
of sugarcane (Pieretti et al. 2015). The diverse array of
Xanthomonas phytopathogens are continuing threats to
worldwide agriculture (Vicente and Holub 2013).

A characteristic feature of Xanthomonas bacteria is
the production of yellow membrane-bound pigments,
referred to as xanthomonadins. Xanthomonadins
are used as chemotaxonomic and diagnostic mark-
ers of the genus Xanthomonas. The methyl or isobu-
tyl esters of xanthomonadin from X. juglandis strain
XJ103 (re-classified to X. aboricola pv. juglandis) were
first shown to be mixtures of unique, brominated aryl
octanes (Andrewes et al. 1976). Among them, the
isobutyl ester of aryl polyene I was chemically charac-
terized as 17-(4-bromo-3-methoxyphenyl)-17-bromo-
heptadeca-2,4,6,8,10,12,14,16-octaenoate. Further
studies demonstrated that the aryl polyenes from dif-
ferent Xanthomonas species differ in bromination and
methylation patterns (Starr et al. 1977). Aririatu and Kes-
ter (1985) separated the pigments of X. juglandis ATCC
11329 on silica gel columns and identified two major
esters, types 1 and 2. Further analysis demonstrated the
presence of phosphate, glycerol, and sorbitol in ester 1,
and phosphate and glycerol in ester 2. Hence, the authors
proposed a putative phospholipid-like chemical struc-
ture for xanthomonadin. This was further supported by
the finding that xanthomonadins could be extracted and
separated by methods optimized for phosphatidylcholine
extraction and separation (Moser et al. 2014). However,
the full chemical structure of xanthomonadins remains
to be elucidated.

The polyene structure similarities between carotenoids
and xanthomonadins have led to considerable research
interest in the biological roles of xanthomonadins. Cur-
rent evidence suggests that xanthomonadin pigments
may play a role in establishing or maintaining adaptation
and virulence in Xanthomonas (He et al. 2020). Specifi-
cally with Xcc, the pathogen arrives on the leaf surface,
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expands its populations, and then moves to the hydath-
odes or wounds to infect the host plant. After this epi-
phytic phase and infection, the pathogen expands within
the host plant and causes disease. Xanthomonadins ena-
ble Xanthomonas survival on plant leaf surfaces by pro-
tecting against photobiological damage (Poplawsky et al.
2000). These pigments also confer antioxidant activities
which enable Xanthomonas survival and infection inside
host plants (Rajagopal et al. 1997; He et al. 2011); how-
ever, the in planta biological roles of xanthomonadins
require further elucidation.

Several studies have mapped the xanthomonadin bio-
synthetic genes to an~18.2 kb xan (previously called
pig) gene cluster in Xcc (Poplawsky et al. 1993; Goel et al.
2002; Cao et al. 2018). Among the xan genes, xanB2
encodes a unique bifunctional chorismatase that hydro-
lyses chorismate to produce 3-hydroxybenzoic acid
(3-HBA) and 4-hydroxybenzoic acid; 3-HBA is then fur-
ther used for xanthomonadin biosynthesis (Zhou et al.
2013). The genes xanA2 and xanC are responsible for the
synthesis of 3-hydroxybenzoic acid-S-acyl carrier protein
(3-HBA-S-ACP), both involved in xanthomonadin bio-
synthesis (Cao et al. 2018). Together with bioinformatic
analysis, a four-step biosynthetic pathway was proposed
(He et al. 2020). To further verify the proposed pathway,
we generated a series of mutants corresponding to the
xan genes in Xcc strain XC1. Xanthomonadin production
and mutant colony color analysis previously identified
the key genes involved in the xanthomonadin biosyn-
thetic pathway (Cao et al. 2018). However, this analysis
failed to identify the genes required for the structural
modifications of xanthomonadin.

In this study, we have improved the methods for iso-
lation of the xanthomonadin methyl ester aryl polyene
(MEAPs), and established an Ultra-High Performance
Liquid Chromatography Coupled with Quadrupole
Time-of-Flight Mass Spectrometry (UPLC-Q-TOF-MS)-
based method for MEAP structural characterization.
With these improved methods, MEAP analysis was con-
ducted on 24 Xanthomonas strains, and the roles of xan
genes in Xcc MEAP biosynthesis were analyzed. Our goal
was to answer the following three questions: (1) What is
the structural diversity of aryl polyenes in Xanthomonas?
(2) What are the roles of each xan gene in the biosyn-
thesis of aryl polyenes in Xcc? (3) What is the chemical
structure of the aryl polyene produced in planta during
Xanthomonas infection?

Results

Growth and xanthomonadin yields of 24 Xanthomonas
strains

We first studied 24 Xanthomonas strains, including 12
Xcc strains, 5 Xoo strains, 3 Xoc strains, 2 Xal strains,
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and 2 Xcci strains (Table 1). Culture media YEBB,
NYGB, LBB, and XYSB were used to produce 48-h
growth curves, which were analyzed with a Bioscreen
C Automated Growth Curve Analyzer. NYGB was opti-
mal for growth for Xcc strains XC1, CNO1, CNO5, and
CN15, while XYSB was optimal for growth for Xcc strain
ATCC33913 (Fig. 1a). The other Xcc strains preferred
YEBB medium for optimal growth. All 5 Xoo strains, 3
Xoc strains, and 2 Xal strains showed optimal growth in
the YEBB medium. The two Xcci strains grew well in all
four media, displaying only minimal differences in ODg,
readings at later stages of growth (Fig. 1a).

The xanthomonadin yields of each strain were deter-
mined in each of the four types of media after 48 h of
growth (Fig. 1b). Xcc strains had the highest xanthomon-
adin yields, followed by Xoo and Xoc, whereas Xal strains
had the lowest xanthomonadin production. Among the
12 Xcc strains, XC1, ATCC33913, CNO1, CNO5, and
CN11 produced the highest levels of xanthomonadins in
NYGB medium. Xcc¢ strains CN04 and CN18 produced
similarly high levels of xanthomonadins in the three
media, YEBB, NYGB, and LBB, whereas CN17 preferred
YEBB and NYGB media for maximum xanthomonadin
production. Of all the media tested, YEBB was optimal

Table 1 Xanthomonas parent strains used in this study
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for growth and xanthomonadin production with the
greatest number of Xanthomonas strains. Therefore,
YEBB was selected as the growth medium for all the Xan-
thomonas strains for the xanthomonadin MEAP pattern
assays.

HPLC and UPLC-Q-TOF-MS analysis of the MEAPs of 24
Xanthomonas strains

Strains were cultured in YEBB medium for 48 h, and
cell pellets were collected for xanthomonadin extrac-
tion and MEAP preparation. HPLC analysis of the puri-
fied MEAPs identified three dominant variants, MEAP-1,
MEAP-2, and MEAP-3, with elution times of 47.6, 37.6,
and 31.7 min, respectively (Fig. 2). Based on MEAP pat-
terns, the 12 Xcc strains could be divided into two groups.
Group I included XC1, CNO1, CN04, CNO07, CN11,
CN17, and CN18, which produced mostly MEAP-1
(Fig. 2; Table 2). Group II contains 8004, ATCC33913,
CNO05, CN09, and CN15 produced mostly MEAP-
2, which was also the case with the Xoo and both Xal
strains. In contrast, with the three Xoc strains, MEAP-1
was dominant, like Xcc Group I strains. Interestingly,
the two Xcci strains produced significant quantities of

Strains Plant Disease Source

X. campestris pv. campestris XC1 Black rot of crucifers Lab stock
X. campestris pv. campestris 8004 Black rot of crucifers Lab stock
X. campestris pv. campestris ATCC33913 Black rot of crucifers Lab stock

X. campestris pv. campestris CNO1
X. campestris pv. campestris CNO4
X. campestris pv. campestris CNO5
X. campestris pv. campestris CNO7
X. campestris pv. campestris CN09
X. campestris pv. campestris CN11
X. campestris pv. campestris CN15
X. campestris pv. campestris CN17
X. campestris pv. campestris CN18
X, oryzae pv. oryzae PXO99"

X. oryzae pv. oryzae KACC 10331
X. oryzae pv. oryzae X235
X.oryzae pv. oryzae JL1

X. oryzae pv. oryzae YNO4-1

Black rot of crucifers
Black rot of crucifers
Black rot of crucifers
Black rot of crucifers
Black rot of crucifers
Black rot of crucifers
Black rot of crucifers
Black rot of crucifers
Black rot of crucifers
Bacterial blight of rice
Bacterial blight of rice
Bacterial blight of rice
Bacterial blight of rice
Bacterial blight of rice

Heilongjiang Province, China

Inner mongolia Autonomous Region, China
Beijing, China

Tianjin, China

Shaanxi Province, China

Henan Province, China

Guangxi Autonomous Region, China
Guangxi Autonomous Region, China
Guangxi Autonomous Region, China

Lab stock

Korean Collection for Type Cultures (KCTC)
Xiamen, Fujian Province of China

Jilin Province of China

Yunnan Province of China

X. oryzae pv. oryzicola YNBO1-3
X. oryzae pv. oryzicola HNB8-47
X. oryzae pv. oryzicola HANB1-19
X. albilineans FJ1

X. albilineans CN24

X. citri pv. citri 49 Citrus canker
X. citri pv. citri 29-1 Citrus canker

Bacterial leaf streak of rice
Bacterial leaf streak of rice
Bacterial leaf streak of rice
Leaf scald of sugarcane
Leaf scald of sugarcane

Yunnan Province of

Hainan Province of China

Hainan Province of China

Fujian Agriculture and Forestry University
Fujian Agriculture and Forestry University
Hubei Province of China

Hubei Province of China




Hu et al. Phytopathology Research (2025) 7:25

Page 4 of 17

a
24 veBB
& NYGB
154 @ LBB
~ & XvsB
<
8 1.0
a
o
0.51
o'n T T T J 1 T I I l I l
0 12 24 3 48 0 12 24 36 48 12 24 36 48 12 24 3 2 24 3% 48 12 24 36 48
Xce_XC1 Xcc_8004 ch_ATCC33913 Xcc_CNO1 Xcc_CNO0O4 Xcc_CNO5 ~ Time ()
2o vess
4 NYGB
154 @ LBB
~ & XvsB
<
8 1.04
a
o
0.51
0.0 1 | T T T T T l l
1 24 36 48 "2 24 36 48 "12 24 36 48 0 12 24 36 48 12 24 36 48 12 24 36 4BT|me(h)
ch_CN07 Xcc_CN09 Xcc_CN11 Xcc_CN15 Xcec_CN17 Xcc_CN18
2074 vess
4 NYGB
154 @ LBB
_ & XvsB
<
8 1.0
a
o
0.51
0.0 | l T T T T T T T T T l l
12 24 36 48 1 24 36 48 12 24 36 48 0 12 24 36 48 12 24 36 48 12 24 36
xOo_PxoggA Xoo_KACC10331 XOO_X235 Xoo_JL1 Xoo_YNO41 Xoc_YNBO1-3 ® Time ()
214 vess
& NYGB
151 ® LBB
— 4 XvsB
<
8 1.0
Q
o
0.51
0.0 T T T T T
0 12 24 3% 48 0 12 24 3 48 0 12 24 36 0 12 24 3 48 0 12 24 36 48 0122436481_Ime(h)
Xoc_HNB8-47 Xoc_HANB1-19 Xal_FJ1 Xal_CN24 Xcer_049 Xcer_29-1
"= YEBB
0.204 = N\YGB
[
0.15+ - LBB
< XYSB
3 0.10
a
O
0.05+
0.00—
Xcc Xcc Xcc Xcc Xcc Xcc Xcc Xcc Xcc Xcc Xcc Xcc
0.20— XC1 8004 ATCC33913 CNO1 CNO04 CNO5 CNO7 CNO09 CN11 CN15 CN17 CN18
0.15—
<
3 0.10-
a
o
0.05—
0.00-
Xoo Xoo Xoo Xoo Xoo Xoc Xoc Xoc Xal Xal Xccer Xcer
PX0994 KACC 10331 X235 JF1 YNO4-1 YNBO01-3 HNB8-47 HANB1-19 FJ1 CN24 049 2941

Fig. 1 Growth curves and xanthomonadin yields of 24 Xanthomonas strains. a Growth curves in 4 types of liquid media: YEBB, NYGB, LBB, and XYSB.
ODgo Was measured every 15 min using a Bioscreen C Automated Growth Curve Analyzer. b Xanthomonadin yield in four types of liquid media.
Three independent experiments were conducted, and averages and standard deviations are shown
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Fig. 2 HPLC analysis of methyl esters of aryl polyene (MEAPs) in 24 Xanthomonas strains. Xcc: Xanthomonas campestris pv. campestris; Xoo:
Xanthomonas oryzae pv. oryzae; Xoc: Xanthomonas oryzae pv. oryzicola; Xal: Xanthomonas albilineans; Xcci: Xanthomonas citri pv. citri.x 2 orx 5:
MEAPs from Xoc and Xal were concentrated 2 times and 5 times, respectively, before being subjected to HPLC analysis

all three MEAPs and were therefore placed in Group III
(Table 2).

The wavelengths of maximum absorbance for MEAPs
-1, -2, and -3 are 445, 445, and 442 nm, respectively
(Fig. 3a). High-resolution Q-TOF-MS analysis identi-
fied bromine in all three MEAPs. MEAP-1 had a relative
abundance ratio of 1:2:1 for the observed productions

at m/z 531.0178, 533.0161, and 535.0151, indicat-
ing that MEAP-1 contains two bromines (Fig. 3b). The
observed m/z 531.0178, 533.0161, and 535.0151 in
MEAP-1 MS spectra suggested a molecular formula of
C,sH,,Br,0; (IM+H]* m/z 531.0165, 533.0146, and
535.0151). The high-resolution MS data of MEAP-1
matched that of the previously identified aryl polyene I
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Table 2 Three categories of Xanthomonas strains (|, I, and Ill) based on methyl ester of aryl polyene (MEAP) profiles. MEAP-1:
Di-brominated, methylated MEAP (C,5H,,Br,05); MEAP-2: Di-brominated, unmethylated MEAP (C,,H,,Br,0;); MEAP-3: Mono-

brominated, unmethylated MEAP (C,,H,3BrO5)

Category Dominant MEAP Xanthomonas Strains
1 2 3
++++4+ + + Xcc strains XC1,CNOT, CNO4, CNO7,CN11,CN17,CN18
Xoc strains YNBO1-3, HNB8-47, HANB1-19
Il + +++++ + Xcc strains ATC(C33913, 8004, CNO5, CN09, CN15
Xoo strains PX099", KACC10331, X235, JL1
Xal strains FJ1, CN24
Il ++ +++ +++ Xcci strains 49,29-1

[17-(4-bromo-3-methoxyphenyl)-17-bromo-heptadeca-
2,4,6,8,10,12,14,16-octaenoate] from X. aboricola pv. jug-
landis XJ103 (Andrewes et al. 1976). Thus, MEAP-1 was
structurally defined as a methyl ester of methylated di-
brominated aryl polyene. The Q-TOF-MS data analysis
suggested that MEAP-2 is structurally similar to MEAP-1
but lacks a methyl group, with a molecular formula of
C,,Hy,Br,0O; (Fig. 3c). MEAP-2 was therefore structurally
defined as a methyl ester of di-brominated aryl polyene.

In MEAP-3, the relative abundance ratio of the
observed m/z 439.0906 and m/z 441.0809 was 1:1, indi-
cating that MEAP-3 contains one bromine (Fig. 3d).
The observed m/z 439.0906 and m/z 441.0809 in the
MEAP-3 MS analysis suggested a molecular formula
of CyHysBrO, (IM+H]* m/z 439.0903 and 441.0886).
These data suggest that MEAP-3 is a methyl ester of
mono-brominated aryl polyene with two putative chemi-
cal structures (Fig. 3d).

Xoo produces MEAP-2 in rice leaf tissue

Xoo is a vascular pathogen that causes bacterial blight in
rice. Granular dried Xoo ooze can sometimes be observed
at the edges of Xoo-infected rice leaf blades. These oozes
probably represent the Xoo population inside the rice leaf
tissues (Hayward 1993). In this study, the Xoo-infected
hybrid rice (Huazheyou-1) was found at Dongyang, Zhe-
jiang, China. The Xoo strain (Z]J12) was isolated from the
infected tissue, and dried Xoo oozes were manually col-
lected from the leaves (Fig. 4a). Five mg aliquots of the
oozes were used for MEAP preparation. HPLC analysis
identified a dominant MEAP-2 in the Xoo ooze (Fig. 4b).

(See figure on next page.)

This is further supported by the subsequent Q-TOF-MS
analysis (Fig. 4b). Analysis of Xoo strain ZJ12 grown in
YEBB medium (Fig. 4c) also determined that MEAP-2
was dominant, as was found with the other five Xoo
strains (Fig. 4d). Thus, the MEAP profile in the Xoo ooze
was very similar to the profiles of the causal strain grown
in YEBB medium and also those of the other Xoo strains
(Fig. 2).

Functional analysis of xan genes for MEAP biosynthesis

in Xcc strains XC1 and 8004

All sequenced Xcc, Xal, and Xcci strains contain a single
conserved xan cluster responsible for xanthomonadin
biosynthesis. Although the xan genes in Xoo and Xoc are
located at two distinct sites, they are nevertheless highly
conserved among all Xanthomonas strains (Fig. 5). To
explore the molecular mechanisms underlying the MEAP
structural diversity among Xanthomonas strains, func-
tional analysis of all of the xan genes for MEAP biosyn-
thesis and modification was conducted with Xcc strains
8004 and XCI1.

We first generated 36 deletion mutants, each corre-
sponding to a single xan gene in Xcc strains 8004 and
XC1, and then analyzed their growth and MEAP pro-
files. We found that single deletions of all these xan genes
had no significant effect on bacterial growth (Additional
file 1: Figure S1). However, deletions of xanA2, xanB2,
xanC, xanE, xanF, xanG, xanH, xan], xanK, xanL, and
xanM abolished MEAP biosynthesis in both strains
(Fig. 6). The colonies of these mutant strains were white
on YEBB agar medium (Table 3). These results indicated

Fig. 3 Spectrophotometry and Mass Spectrometry (MS) of the dominant MEAPs of Xanthomonas strains. a UV/vis absorption spectra of MEAP-1,
-2,and -3. b—d UPLC-Q-TOF-MS analysis of MEAP-1, -2, and -3. All the aryl polyenes were analyzed using UPLC-Q-TOF-MS based on bromine
isotopic distributions. Mass spectrometry was performed on an Agilent 1290 Infinity Il UPLC system equipped with a 6545 Accurate Mass Q-TOF
mass spectrometer. Spectra were recorded in positive mode from Atmospheric Pressure Chemical lonization (APCI) source. Data were collected

and analyzed via the Agilent MassHunter software package
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Fig. 4 HPLC and Q-TOF-MS analysis of the MEAPs from Xoo oozes of Xoo-infected rice (Huazheyou-1) and the causal strain Xoo ZJ-12. a Dried
bacterial oozes on the surface of the Xoo-infected rice leaves in Dongyang, Zhejiang. b HPLC and Q-TOF-MS analysis of the dominant MEAP
from Xoo oozes. c Identification of Xoo strain ZJ12 from the Xoo-infected rice leaves at Dongyang, Zhejiang. d HPLC and Q-TOF-MS analysis
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that these 11 genes are essential for MEAP or xan-
thomonadin biosynthesis.

Sequence analysis indicates that xanB1l (Xcc4013 in
ATCC33913) encodes a 443-aa flavin-dependent halo-
genase. Deletion of xanBI had no significant effect on
xanthomonadin yield, and the resultant mutant strain
AxanB1 was yellow on YEBB medium (Table 3). However,

the dominant di-brominated MEAP-1 observed in strain
XC1 and the dominant di-brominated MEAP-2 observed
in strain 8004 were both missing, and each was replaced
by the mono-brominated MEAP-3 as seen in the mutant
strains XC1-AxanB1 and 8004-AxanBl1 (Fig. 6). These
results suggest that xanBl is responsible for MEAP
bromination.
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Table 3 Summary of xan gene functions, mutant colony colors, MEAP profiles, and the proposed key steps in MEAP biosynthesis in

Xcc

Gene Name Functions Mutant colony color Mutant MEAP profile Roles in
xanthomonadin
biosynthesis

xanA2 (Xcc4015)  3-HBA-AMP ligase White Non |

xanB2 (Xcc4014)  3-HBA and 4-HBA synthase White Non |

xanB1 (Xcc4013)  Flavin-dependent brominase Yellow MEAP-3 v

xanC (Xcc4012)  Acyl carrier protein (ACP) White Non |

xanN (Xcc4011) ~ Membrane protein Yellow MEAP-1, 2, 4,5 or MEAP-2,4 V, bromination-related

xanD (Xcc4010)  Membrane protein, 1-acyl-sn-glycerol-3-phosphate Yellow MEAP-1, 2 or MEAP-2 Il

acyltransferase

xanE (Xcc4009)  B-hydroxy-ACP dehydratase White Non Il

xanF (Xcc4008) Lipid Acyltransferase (AT) White Non Il

xanO (Xcc4007)  Outer membrane lipoprotein carrier protein LolA-like  Yellow MEAP-1, 5 or MEAP-2, 4 V, bromination-related

xanP (Xcc4006) Unknown Yellow MEAP-1, 2 or MEAP-2

xanQ (Xcc4005)  Xanthomonadin exporter Yellow MEAP-1, 5 or MEAP-2, 4 V, bromination-related

xanG (Xcc4004)  B-hydroxy-ACP dehydratase White Non Il

xanH (Xcc4003)  3-oxoacyl-ACP ketoreductase (KR) White Non Il

xanl (Xcc4002) AAA +family ATPase ? nd

xanR Unknown Yellow MEAP-1, 2 or MEAP-2

xanJ (Xcc4001) Flavin-dependent brominase Light yellow Non I, 1V

xanK (Xcc4000)  Glycosyltransferase White Non Il

xanl (Xcc3999) B-ketoacyl-ACP synthase chain length factor (CLF) White Non I

xanM (Xcc3998)  B-Ketoacyl-ACP synthase (KS) White Non Il

1 3-HBA biosynthesis and activation, Il biosynthesis of aryl polyene via polyketide synthesis pathway, Ill Esterification of the aryl polyene to glycerol, IV Bromination of

MEARP, V Export of xanthomonadins to the outer membrane

Sequence analysis indicates that xanD encodes a mem-
brane protein homologous to 1-acyl-su-glycerol-3-phos-
phate acyltransferase, which catalyzes the esterification
of the acyl chain of acyl-coenzyme A to the sul position
of glycerol-3-phosphate to form lysophosphatidic acid
(Johnson et al. 2023). The xanD deletion mutants dis-
played a yellow color which was similar to the wild-type
Xcc strains 8004 and XC1 (Table 3). However, the dele-
tion of xanD significantly decreased xanthomonadin
yield by 29% in 8004 and 31% in XC1 (Fig. 7b, c). HPLC
analysis showed that the deletion of xanD in 8004 sig-
nificantly decreased the level of MEAP-2. This could be
complemented by overexpression of xanD (Fig. 7d). Dele-
tion of xanD in XC1 significantly decreased the level of
methylated MEAP-1. The decreased xanthomonadin

(See figure on next page.)

yield of MEAP-1 in the strain XC1-AxanD could be com-
plemented by overexpression of xanD (Fig. 7e). These
results suggest that XanD may be partially associated
with xanthomonadin biosynthesis.

Sequence analysis indicates that xam/ (Xcc4001 in
ATCC33913) encodes a 541-aa flavin-dependent haloge-
nase. Deletion of xan/ significantly reduced xanthomona-
din yield by 46% in XC1 and 51% in 8004 (Zheng et al.
2023). The resultant Axan/ mutant strains displayed a
pale-yellow color on YEBB medium (Table 3). HPLC
analysis revealed that neither the dominant MEAP-1
nor the dominant MEAP-2 was present in XC1 or 8004
Axan] mutant strains, although a few minor uncharacter-
ized MEAPs were observed (Fig. 6). Overexpression of
xan] in Axan] mutant strains restored MEAP production

Fig. 7 Xanthomonadin yield and MEAP analysis in Xcc mutant strains with tri-brominated MEAPs. a Domain organization of XanD, XanN, XanO,

and XanQ. TM: transmembrane domain; PIsC: glycerolphosphate acyltransferase; LolA: outer-membrane lipoprotein carrier protein; RPT 1:internal
repeat 1; MMPL: mycobacterial membrane protein large. b Xanthomonadin yield (indicated by OD,,;) in the wild-type strain 8004, AxanD, AxanN,
AxanO, and AxanQ mutant strains, and derived complementation strains. € Xanthomonadin yield (indicated by OD,4;) in the wild-type strain XCT1,
AxanD, AxanN, AxanO, and AxanQ mutant strains and derived complementation strains. d HPLC analysis of the MEAP patterns in the 8004-derived

strains. @ HPLC analysis of the MEAP patterns in the XC1-derived strains
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to that of the wild-type strains (Zheng et al. 2023). These
results suggest that Xan] is involved in MEAP biosynthe-
sis in Xcc. The brominase activity of Xan] remains to be
determined.

xanN encodes a 248-aa functionally uncharacterized
membrane protein (Fig. 7a); xanN deletion significantly
decreased xanthomonadin yield by 19% in 8004 and 26%
in XC1 (Fig. 7b, c). HPLC analysis revealed that xanN
deletion significantly decreased the level of MEAP-2
and resulted in an accumulation of a new MEAP (named
MEAP-4) in strain 8004 (Fig. 7d). In XC1, deletion of
xanN decreased the level of both MEAP-1 and -2 and led
to the accumulation of MEAP-4 and another new MEAP
(named MEAP-5) (Fig. 7e). The decreased xanthomona-
din yield and accumulation of MEAP-4 and/or MEAP-5
in the xanN deletion strains of 8004 and XC1 could be
reversed by overexpression of xanN (Fig. 7d, e).

UPLC-Q-TOF-MS analysis further identified the pres-
ence of MEAPs -4 and -5 in the AxanN strains (Fig. 8a, b).
In MEAP-4, the relative abundance ratio of the observed
m/z 594.9086, 596.9074, 598.9055, and 600.9039 was
1:3:3:1, indicating that MEAP-4 contains three bromines.
MEAP-4 may therefore be a non-methylated tri-bromi-
nated MEAP with a molecular formula of C,,H,,Br;0,
(Fig. 8c). Similarly, UPLC-Q-TOF-MS analysis suggested
that MEAP-5 is a methylated tri-brominated MEAP with
a molecular formula of C,;H,;Br;O; (Fig. 8d). These
results suggest that XanN is associated with xanthomon-
adin biosynthesis and bromination in Xcc.

xanO encodes a protein homologous to the outer mem-
brane lipoprotein carrier protein LolA (Fig. 7a). Deletion
of xanO significantly decreased xanthomonadin yield by
19% in 8004 and 14% in XC1 (Fig. 7b, ¢). HPLC analy-
sis revealed that xanO deletion significantly decreased
the level of MEAP-2 and resulted in an accumulation of
MEAP-4 in strain 8004 (Fig. 7d). With XC1, xanO dele-
tion significantly decreased the levels of MEAP-1 and
-2 and resulted in an accumulation of MEAP-5 (Fig. 7e).
The presence of MEAP-4 and -5 was later confirmed with
UPLC-Q-TOF-MS (Fig. 8a). The decreased xanthomon-
adin yield and the accumulation of MEAP-4 or MEAP-5
in AxanO strains could be reversed by overexpression of
xanO (Figs. 7b, c, 8a). These results suggest that XanO is
probably associated with xanthomonadin biosynthesis
and bromination in Xcc.

xanQ encodes a 788-aa protein homologous to the
mycobacterial membrane protein large family trans-
porters, which function in the export of lipid com-
ponents across the cell envelope (Fig. 7a). Deletion of
xanQ significantly decreased xanthomonadin yield by
19% in 8004 and 33% in XC1 (Fig. 7b, c). HPLC analysis
revealed that the MEAP profiles of AxanQ strains are
similar to that of AxanO in both 8004 and XC1 (Fig. 7d,
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e). UPLC-Q-TOF-MS analysis identified the presence
of MEAP-4 in strain 8004-AxanQ and MEAP-5 in strain
XC1-AxanQ (Fig. 8a). The decreased xanthomonadin
yield and accumulation of MEAP-4 or MEAP-5 in the
AxanQ mutant strains could be complemented by over-
expression of xanQ (Figs. 7b, c, 8a). Thus, XanQ is likely
associated with xanthomonadin biosynthesis and bromi-
nation in Xcc.

xanR and xanP each encode a functionally unknown
protein. Deletion of xanR and xanP had no effect on
MEAP biosynthesis in 8004 and XC1 (Fig. 6), suggesting
that they are not essential for xanthomonadin biosynthe-
sis. Consistent with this finding, both xanR and xanP are
not present in the xan clusters of the strains Xoo, Xoc,
and Xal (Fig. 5).

Discussion

As one subgroup of the widely distributed aryl polyene
(APE) family of metabolites, xanthomonadins are found
in plant pathogens such as Xanthomonas, Xylella fastidi-
osa, and Pseudoxanthomonas spp. However, they are also
produced by a diversity of environmental bacterial spe-
cies including Rhodanobacter spp., Frateria aurantia,
Herminiimonas arsenicoxydans, Variovorax paradoxus,
Dechloromonas aromatica RCB, and Lysobacter enzymo-
genes (Wang et al. 2013; Zhou et al. 2013; He et al. 2020).
The structure, biosynthesis, and biological roles of xan-
thomonadins have long attracted researchers’ attention.
However, due to their complex phospholipid-like struc-
tures, xanthomonadins have not yet been fully purified
and structurally characterized. Only the aryl polyene of
xanthomonadin was structurally characterized in X. arbo-
ricola pv. juglandis (Andrewes et al. 1976). In this study,
we established an improved method to prepare MEAPs
and analyzed the MEAP patterns of 24 Xanthomonas
strains by HPLC and MS. Our results revealed a diversity
of MEAP patterns among the 24 Xanthomonas strains.
Of the 3 dominant MEAPs, MEAP-1 corresponded to the
previously characterized isobutyl ester of aryl polyene in
X. arboricola pv. juglandis, while MEAP-2 and MEAP-3
represent two newly characterized aryl polyenes. All of
these dominant MEAPs contain a conserved aryl group
and a polyene chain but differ in bromination and meth-
ylation. Based on which MEAPs were dominant, the Xan-
thomonas strains could be grouped into three categories.
Category-I is distinguished by the presence of a dominant
methylated and di-brominated MEAP-1, represented by
the Xcc strains XC1, CNO1, CN04, CN07, CN11, CN17,
CN18, and all Xoc strains (Table 2). Category-1I members
have a dominant non-methylated, di-brominated MEAP-
2, represented by Xcc strains ATCC33913, 8004, CNO5,
CNO09, CN15, and all Xoo and Xal strains (Table 2). Cate-
gory-III consists of both Xcci strains and is distinguished
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by co-dominant MEAPs -1, -2, and -3 (Table 2). These
findings also indicate that the MEAP patterns of these
strains do not seem to be closely related to their respec-
tive host environment. This is probably due to the
genome variation of Xanthomonas strains or the artificial
YEBB rich medium used in this study. Further analysis of
the in vivo MEAP pattern in all the other Xanthomonas
strains might help to elucidate the relationship between
the MEAP pattern and the host environment.

For the first time, this study shows that Xcc strains can
be divided into two sub-groups based on MEAP profiles.
It is interesting to speculate that this division may reflect
two different pigment strategies the pathogen may use
for a successful interaction with its host plant, and this
may explain the observation that Xoo and Xoc strains are
also in different categories (Table 2). Xanthomonadin
production has been used as a chemotaxonomic marker
for Xanthomonas strains (He et al. 2020). Whether the
MEAP profiles can be used for Xanthomonas classifica-
tion deserves further investigation. In the future, more
Xanthomonas strains and xanthomonadin-producing
strains of Xylella, Pseudoxanthomonas, and Lysobacter
should be analyzed for their MEAP patterns. Such analy-
sis could generate a greater diversity of MEAP patterns
and provide more clues for further investigation of bio-
synthetic mechanisms.

Methylation is a universal process that covalently adds
methyl groups to a variety of biomacromolecules (Men-
ezo et al. 2020). S-adenosyl methionine (SAM) is the
universal methyl group donor, and methylation is car-
ried out by methyltransferase enzymes. The molecular
substrates of these methyltransferases include nucleic
acids, proteins, lipids, and secondary metabolites (Mat-
tei et al. 2022). Although no methyltransferase-encoding
gene was found in the xan cluster (Fig. 5), a methylated
aryl polyene was identified in X. arboricola pv. juglan-
dis by Andrewes et al. (1976), and we identified methyl-
ated MEAP-1 in 7 Xcc strains (XC1, CNO1, CN04, CNO07,
CN11, CN17, CN18), 3 Xoc strains, and 2 Xcci strains
(Fig. 2). A low level of MEAP-1 was also found in all 5 Xoo
strains. However, non-methylated MEAP-2 and MEAP-3
were found in the 5 Xcc and 2 Xal strains. Considering
the high conservation of the xan gene cluster in Xan-
thomonas, these results suggest that an uncharacterized
methyltransferase “X” exists in the Xanthomonas genome
but outside the xan cluster. The activity of X is probably
strain-specific in Xcc. Since the genome sequences of
all these representative Xanthomonas strains are avail-
able, future comparative genome analysis might iden-
tify the putative X gene responsible for xanthomonadin
methylation.

The molecular mechanisms of xanthomonadin bromi-
nation are not well understood. Previous work showed
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that the aryl polyene of X. arboricola pv. juglandis con-
tains two bromine modifications, which suggested
the evolution of Xanthomonas from marine bacteria
(Andrewes et al. 1976; Starr et al. 1977). Consistent with
these previous findings, the study identified di-bromi-
nated MEAP-1 and MEAP-2 in Xcc, Xoo, Xoc, and Xal
strains. Interestingly, the present study also identified the
mono-brominated MEAP-3 in the citrus canker causal
agent Xcci (Fig. 2). To explore the genes responsible for
bromination, we did gene deletion and MEAP profile
analysis in Xcc strains 8004 and XC1. Our preliminary
results suggest that the putative flavin-dependent halo-
genase XanBl1 is responsible for the partial bromination
of the di-brominated MEAPs -1 and -2 since the dele-
tion of xanBI in both strains resulted in the accumula-
tion of the mono-brominated MEAP-3 (Fig. 6). The
detailed genetic and biochemical analysis of XanB1 in
xanthomonadin bromination is still underway. Our pre-
vious results showed that deletion of xanj, encoding a
541-aa halogenase, significantly decreased xanthomona-
din yield (Zheng et al. 2023). The present study further
showed that deletion of xan/ disrupted the production
of MEAP-1, MEAP-2, and MEAP-3 and resulted in the
accumulation of several minor uncharacterized MEAPs
in Xcc strains (Fig. 6). Thus, the XanJ-dependent bromi-
nation is also involved in xanthomonadin biosynthesis.
Similar biosynthetic mechanisms have been reported in
several bacterial species. A conserved gene cluster bmp
is responsible for synthesizing polybrominated diphe-
nyl ethers (PBDEs). In the PBDE biosynthetic pathway,
the flavin-dependent brominase Bmp2 is responsible
for the bromination of pyrrolyl-S-Bmpl (ACP) to tri-
bromopyrrolyl-S-Bmpl (ACP). The resultant product
is subsequently used as a substrate for PBDE synthesis
(Agarwal et al. 2014). With the epiphytic cyanobacterium
Aetokthonos hydrillicola, the polybromophenol-based
toxins are synthesized via the products of a gene cluster
aetABCDEF. The halogenase AetF brominates L-trypto-
phan to form 5,7-dibromo L-tryptophan, which is fur-
ther used for the biosynthesis of the cyanobacterial toxin
(Adak et al. 2022). The exact bromination positions and
the details of XanB1 and Xan] involvement in Xcc xan-
thomonadin biosynthesis are under investigation.
Furthermore, the present study identified the accu-
mulation of tri-brominated MEAP-4 and MEAP-5 and a
decreased level of di-brominated MEAP-1 or MEAP-2 in
the mutant strains AxanN, AxanO, and AxanQ (Figs. 6,
7). Our unpublished data showed that the xanN-, xanO-
, or xanQ-dependent tri-bromination was only observed
in the presence of xanBI. These results suggest that Xcc
can regulate xanthomonadin bromination levels. Since
sequence analysis indicates that XanN, XanO, and XanQ
are not likely to be brominases, these proteins probably
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interact with the brominases XanB1 to control the bro-
mination level. The molecular mechanisms underlying
bromination level control deserve further investigation.

Xanthomonas bacteria are plant pathogens that mul-
tiply within their host plants. However, almost all the
xanthomonadin-associated research has been conducted
with artificial culture. Very little attention has been paid
to the xanthomonadins produced in planta by Xan-
thomonas during infection of their host plants. In this
study, we collected the bacterial oozes on Xoo-infected
leaves and conducted a MEAP analysis. The domi-
nant pigment was MEAP-2, and the MEAP profile was
very similar to that of the causal strain grown in YEBB
medium (Fig. 4). To our knowledge, this is the first char-
acterization of xanthomonadin production during Xan-
thomonas pathogenesis.

Why is there such a diversity of xanthomonadins
(MEAPs) produced by Xanthomonas? Although we have
found that the MEAP profiles of Xoo-infected rice leaves
and Xoo grown in YEBB artificial medium are almost
identical, it cannot be assumed that the MEAP profiles
observed when Xanthomonas strains are grown in vitro
are necessarily the same as those occur in planta. Col-
lectively, the 27 analyzed Xanthomonas strains produced
at least three major MEAP variants, and when particu-
lar xan genes were deleted/inactivated, additional vari-
ants occurred. Although most strains produced only
a subset of these MEAP variants in vitro, it is possible
that each strain can produce any of these variants in vivo
depending on environmental conditions. Previous work
has shown that xanthomonadin pigments are important
for multiple reasons, including virulence (antioxidant
activity), epiphytic survival (protection against photo-
biological damage), and infection via the leaf hydathodes
(reason unknown) (He et al. 2020). Different xanthomon-
adin (MEAP) variants may have different efficacies with
regard to antioxidant activity, protection against pho-
tobiological damage, or other capabilities. Thus, future
research may show that Xanthomonas pathogens can
selectively produce the xanthomonadin variant most
suited to the particular life phase they find themselves in.

Conclusions

In conclusion, the present study provides insights into
the MEAP diversity of Xanthomonas strains and the
roles of xan genes in xanthomonadin biosynthesis. Based
on the present study and previous findings, the biosyn-
thesis of xanthomonadin involves the following five key
steps: (I) Biosynthesis of the starter 3-HBA-S-ACP; (II)
Biosynthesis of aryl polyene via a type II polyketide syn-
thase biosynthetic pathway; (III) Esterification of the aryl
polyene to a glycerol backbone; (IV) Bromination and
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methylation of MEAP; (V) Export of xanthomonadin to
the outer membrane (Table 3).

Methods

Bacterial strains, plasmids, and growth conditions

All bacterial strains used in this study are listed in Table 1
and Additional file 2: Table S1. Xanthomonas strains were
grown at 28°C in 4 types of culture media: YEBB contains
yeast extract 5 g/L, tryptone 10 g/L, NaCl 5 g/L, sucrose
5 g/L, MgSO,-7H,0 0.5 g/L, and NaBr 1 g/L; NYGB con-
tains yeast extract 3 g/L, peptone 5 g/L, glycerol 20 g/L,
and NaBr 1 g/L; LBB contains yeast extract 5 g/L, tryp-
tone 10 g/L, NaCl 5 g/L, and NaBr 1 g/L; XYSB contains
yeast extract 0.625 g/L, K,HPO, 0.7 g/L, KH,PO, 0.2 g/L,
(NH,),SO, 1 g/L, MgCl,-6H,0 0.1 g/L, sucrose 5 g/L, and
NaBr 1 g/L. When required, antibiotics were added at
the following concentration: kanamycin (Kan) 50 pg/mL;
rifampicin (Rif) 25 ug/mL. Escherichia coli strains were
cultivated in LB medium at 37°C. Bacterial growth was
assessed by measuring optical density at a wavelength of
600 nm (ODy).

Growth and xanthomonadin yield of 24 Xanthomonas strains
Bacterial growth was monitored on a Bioscreen C FP-
1100-C Automated Growth Curve Analysis System (Oy
Growth Curves Ab Ltd, Finland). Briefly, Xanthomonas
strains were individually inoculated into wells of Hon-
eycomb® 10 x 10-well microplates, each well containing
300 pL of culture media. Strains were allowed to grow
under continuous shaking, and the ODg,, was recorded
at 15-min intervals over the course of 2 d. A non-linear
fitting curve was generated using the GraphPad Prism
(version 8.0.1).

For quantitative measurement of xanthomonadin yield,
cells of Xanthomonas strains were collected via centrifu-
gation (2400 g, 10 min) and then extracted with 200 pL of
methanol for 10 min with shaking. After another round
of centrifugation (2400 g, 10 min), the supernatant of
each well was transferred into a clear 96-well microplate.
Absorbance at a wavelength of 441 nm was measured
with a Spark® multimode microplate reader (Tecan Trad-
ing AG, Switzerland).

Gene deletion and complementation

Xcc mutant strains were generated following the method
described by Song et al. (2022). Briefly, two ~ 500 bp DNA
fragments corresponding to the upstream and down-
stream regions of the target gene were amplified by PCR
using the primers listed in Additional file 2: Table S2. The
fragments were fused by PCR, and then cloned into the
vector pK18mobsacB to obtain a recombinant plasmid
using a ClonExpress II One Step Cloning Kit (Vazyme,
China). Recombinant plasmids were then transformed
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into Xcc through E. coli S17-1(Apir)-mediated mating.
Kan and Rif resistant colonies were subsequently selected
on NYG agar media containing Kan and Rif. The colonies
were then plated on NYG agar plates with Rif and 50 g/L
sucrose. Mutant colonies were verified by PCR and DNA
sequencing using the primers listed in Additional file 2:
Table S2. For complementation analysis, the target gene
was PCR amplified and cloned into the multiple cloning
site of the expression plasmid pPBBRIMCS-2. These con-
structed plasmids were then transferred to Xcc strains by
triparental mating. All plasmids and primers used in the
cloning process are listed in Additional file 2: Table S2
and Table S3.

Preparation of xanthomonadin MEAPs

The xanthomonadin-derived MEAPs were prepared fol-
lowing a previously described method (Grammbitter
et al. 2019). Briefly, Xanthomonas strains were grown
in 50 mL of YEBB liquid medium for 24 h at 28°C. The
culture was then centrifuged at 9600 g for 10 min, and
the resultant pellets were extracted in 30 mL methanol/
dichloromethane (1:2, v/v) with shaking at room temper-
ature for 10 min. Cell debris was removed by centrifuga-
tion, and the crude extract was then treated with 15 mL
of 0.5 M KOH for 1 h at room temperature with stirring.
After neutralization with 2 M H,SO,, the organic layer
was first washed with saturated sodium chloride and then
with deionized water. The MEAP extract was finally dried
and dissolved in 1 mL of methanol/dichloromethane (1:1,
v/v) for further HPLC or LC—MS analysis.

HPLC and UPLC-Q-TOF-MS analysis of MEAPs
A 10 pL aliquot of MEAP extract was loaded onto a C18
reverse-phase analytical column (Agilent Eclipse XDB-
C18, 5 um, 4.6x150 mm) on an Agilent 1260 Infinity
HPLC. The column was then eluted by a gradient of H,O
(Solvent A) and acetonitrile (Solvent B) (0—5 min 5% B,
5-5.1 min 5-60% B, 5.1-50 min 60-100% B, 50—55 min
100% B, 55-55.1 min 100-5% B, 55.1-60 min 5% B) at a
flow rate of 1 mL/min. The elution profile was monitored
by following the absorbance at 441 nm.
UPLC-Q-TOF-MS analysis was performed on an
Agilent 1290 Infinity II UPLC system in tandem with
a G6545B Accurate Mass Q-TOF mass spectrometer.
Spectra were recorded in positive mode from the Atmos-
pheric Pressure Chemical Ionization (APCI*) source.
The column was eluted by a gradient of H,O (Solvent A)
and acetonitrile (Solvent B): (0—5 min 5% B, 5-5.1 min
5-60% B, 5.1-50 min 60-100% B, 50-55 min 100% B,
55-55.1 min 100-5% B, 55.1-60 min 5% B) at a flow rate
of 0.6 mL/min. Data were processed using MassHunter
Workstation Software (version B.08.00).
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Collection of dry Xoo ooze on rice leaf blade and MEAP
analysis

Droplets of Xoo ooze can be observed early in the
morning at the edges of leaf blades with no visible
lesions (Mansfield et al. 2012). The droplets accumu-
late and dry to form granular yellow oozes attached
to the surface of rice leaf blades. Each ooze consists of
Xoo cells, extracellular polysaccharides and other com-
ponents, and ranges from 0.5-2.0 mm in size. These
granular oozes were carefully collected with forceps
from the infected leaves of rice (Oryza sativa Huaz-
heyou-1) at Dongyang, Zhejiang. Five mg of Xoo ooze
was ground and dissolved in 500 pL of water. After cen-
trifuging at 9600 g for 10 min, the resulting cell pellet
was resuspended and extracted with 3 mL of metha-
nol/dichloromethane (1:2, v/v). The resultant extract
was then esterified and purified for MEAP analysis by
HPLC and UPLC-Q-TOF-MS following the above-
mentioned method.

Bioinformatic analysis and data processing

DNA sequences of the xan cluster were downloaded
from the microbial genome database of National Center
of Biotechnology Information at https://www.ncbi.nlm.
nih.gov/. Multiple DNA or amino acid sequence align-
ments were conducted using MEGA 11 based on the
ClustalW algorithm. Protein domain organization pre-
diction was performed using the SMART online tool
at http://smart.embl-heidelberg.de/. Cluster align-
ment was performed with Clinker (Gilchrist and Chooi
2021).
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