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Lignin, a major plant cell wall component, has an important role in plant-
defense mechanisms against pathogens and is a promising renewable carbon
source to produce bio-based chemicals. However, our understanding of
microbial metabolism is incomplete regarding certain lignin-related com-
pounds like p-coumaryl and sinapyl alcohols. Here, we reveal peripheral
pathways for the catabolism of the three main lignin precursors (p-coumaryl,
coniferyl, and sinapyl alcohols) in the plant pathogen Xanthomonas citri. Our
study demonstrates all the necessary enzymatic steps for funneling these
monolignols into the tricarboxylic acid cycle, concurrently uncovering aryl
aldehyde reductases that likely protect the pathogen from aldehydes toxicity.
It also shows that lignin-related aromatic compounds activate transcriptional
responses related to chemotaxis and flagellar-dependent motility, which
might play an important role during plant infection. Together our findings
provide foundational knowledge to support biotechnological advances for
both plant diseases treatments and conversion of lignin-derived compounds
into bio-based chemicals.

The bioconversion of aromatic compounds has a central role in carbon
cycling’, plant-pathogen interactions®* and detoxification of organic
pollutants®. This process typically starts in upper pathways (also
named peripheral pathways), which converge the structural diversity
of aromatic compounds to fewer intermediate metabolites, which are
further funneled to central carbon metabolites through a narrower
range of lower pathways®’. During this convergent process, indust-
rially relevant molecules are formed. This offers opportunities for
engineering microbial chassis to produce chemicals from complex
mixtures of aromatic compounds derived from abundant wastes such
as lignin and mixed-plastics®’.

Hundreds of microorganisms across diverse phyla are known to
have the potential to metabolize lignin-related monomers, according
to the eLignin database’. However, the metabolic pathways of only a
few species have been characterized so far’'°. Lignin-related mono-
mers include the three main lignin precursors (p-coumaryl, coniferyl
and sinapyl alcohols) and their respective p-hydroxyphenyl (H),
guaiacyl (G) and sinapyl (S) derivatives. Although pathways for the
catabolism of several lignin-related monomers have been described in
the literature, information on upper pathways for some of them, such
as p-coumaryl alcohol, sinapyl alcohol and sinapaldehyde, is still
lacking" .
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The molecular mechanisms related to the bioconversion of aro-
matic compounds have been mainly studied in some model organisms,
such as Pseudomonas putida KT2440"" and Sphingobium sp. SYK-6'*",
besides other species from the Rhodococcus'® and Burkholderia'®*
genera. These models have been isolated either from soil or industrial
wastewater, so our understanding of how microorganisms from other
ecological niches metabolize lignin-related compounds remains elusive.
Moreover, how these molecules impact microbial behavior and phy-
siology is still partially understood”*.

Some plant pathogens, such as Xanthomonas species, have a vast
arsenal of enzymes to degrade components of the plant cell wall such
as xyloglucan® and xylan*, using the released carbohydrates as a
source of carbon, energy, and stimuli®. However, little is known about
their capacity and molecular strategies to metabolize other com-
pounds available in the plant cell wall, especially the phenolics related
to lignin, a major plant cell wall component®?. One of the plant
defense mechanisms against Xanthomonas infection is to increase the
lignification of the plant cell wall, which implies an increased secretion
of monolignols in the infection site*’. Therefore, monolignol degra-
dation could be an effective way for the pathogen to inhibit lignifica-
tion. However, it is still unknown whether Xanthomonas species are
biochemically capable of adopting such a strategy.

In this work, by combining RNA sequencing (RNA-seq) analysis,
biochemical characterization, and gene knockout studies, we
investigated the metabolism of lignin-related aromatics in the model
phytopathogen Xanthomonas citri subsp. citri 306 (X. citri 306). Our
data revealed missing steps and complete pathways for the cata-
bolism of the three main lignin precursors, as well as reductive
metabolic pathways and efflux approaches to cope with aryl alde-
hyde toxicity. This study also showed that lignin-related compounds
activate transcriptional responses related to chemotaxis and
flagellar-dependent motility in the phytopathogen, which might
have an important role during the infection of the plant host. In
summary, this work provides insights into the molecular mechan-
isms involved in plant-pathogen interactions and adds missing pie-
ces to the known spectrum of molecular strategies for the
bioconversion of lignin-related compounds.

Results

The model plant pathogen metabolizes a diverse range of lignin-
related aromatics

To investigate if X. citri 306 can grow using lignin-related aromatic
compounds as the main carbon source, we performed growth assays in
minimal medium supplemented with 21 aromatic monomers, repre-
sentative of H, G and S units (Fig. 1). Additionally, we analyzed two
complex samples of lignin-derived compounds (LDC-1 and LDC-II)
produced from sugarcane bagasse (Supplementary Fig. 1 and Supple-
mentary Table 1). The main aromatic monomers detected in the LDC-I
sample were p-coumarate, ferulate, 4-hydroxybenzaldehyde, vanillin,
along with organic acids (acetate, formate, lactate) and sugars (arabi-
nose, glucose) (Supplementary Table 1). In LDC-II, the most abundant
molecules detected were acetate and the aromatic compounds cate-
chol, 3-methoxy-catechol, phenol, guaiacol and pyrogallol (Supple-
mentary Table 1).

Under the tested conditions, only 4-hydroxybenzoate (4HBA),
LDC-I and LDC-II supported the growth of X. citri 306 (Fig. 1, Fig. 2a and
Supplementary Fig. 2). After 30 h of X. citri 306 growth in the LDC-I
condition, we observed the total depletion of 4-hydroxybenzaldehyde,
glucose, acetate, and formate (Supplementary Fig. 3). Lactate, succi-
nate and arabinose were partially depleted (40-55%), with negligible
depletion of hydroxycinnamic acids (Supplementary Fig. 3). In the
LDC-II condition added by glucose (5 mmol L™), we observed the total
depletion of hydroquinone and acetate, and partial depletion of
3-methoxycatechol (59%), 4-methylcatechol (40%), and catechol (11%)
(Supplementary Fig. 3).

To evaluate whether the lack of growth in some conditions was
due to toxicity or to insufficient carbon and energy supply, we
repeated the assay supplementing the medium with glucose. Glu-
cose supplementation allowed the growth of X. citri 306 in the
presence of the model aromatic compounds, except for those dis-
playing severe toxicity at 5mmol L™, such as some aryl aldehydes
(Fig. 1 and Supplementary Fig. 2). Overall, the presence of 5 mmol L
of the individual aromatic compounds decreased the growth rate
when compared to the medium containing only glucose
(XVM2m(G)), indicating toxicity. The aryl aldehydes displayed a
more toxic effect than the correspondent aryl alcohols and aryl acids
(Fig. 1 and Supplementary Fig. 2).

Next, we investigated if the aromatic compounds are depleted
from the XVM2m(G) medium by X. citri 306, indicating they are
either modified into other metabolites or funneled to the central
carbon metabolism. For this purpose, we analyzed by HPLC the
medium supernatant before and after bacterial growth using two
input concentrations (millimolar and/or micromolar) of aromatic
compounds (Fig. 1 and Supplementary Table 2). In micromolar aryl
alcohol cultivations, only the three monolignols (p-coumaryl, con-
iferyl, and sinapyl alcohol) were effectively depleted from the
medium by X. citri 306, generating oxidized metabolites detected in
the medium (Fig. 1, Fig. 2b, and Supplementary Table 2). For all the
tested aldehydes, a depletion higher than 70% was observed at the
millimolar condition (except for 4-hydroxybenzaldehyde, <30%)
(Fig. 1 and Supplementary Table 2). Among the aryl acids tested, X.
citri 306 substantially depleted only 4-hydroxybenzoate. Together,
these results indicate that X. citri 306 has pathways to metabolize
aromatic compounds as complex as the monolignols and effectively
metabolizes a more diverse range of aryl aldehydes compared to aryl
alcohols and aryl acids provided in the culture medium (Fig. 1 and
Supplementary Table 2).

Lignin-related compounds induce chemotaxis and flagellar-
dependent motility

To investigate how X. citri 306 responds to lignin-related compounds
and identify the metabolic pathways involved in their metabolism, we
performed RNA-seq studies. Six model compounds (coniferyl alcohol,
4-hydroxybenzoate, 4-hydroxybenzaldehyde, vanillin, syringaldehyde,
and benzaldehyde) were selected for the RNA-seq analyses as repre-
sentatives of both different molecular structures (H, G and S-type
units) and different entry points in the metabolic pathways. We also
included in the tested conditions three complex mixtures of aromatic
compounds (LDC-I, LDC-lII, and aldehydes mix) (Supplementary
Table 3).

A total of 278 to 1285 differentially expressed genes (DEGs) in the
aromatic-containing conditions compared to the control XYM2m(G)
were identified (Supplementary Data 1), evidencing the importance of
these compounds in modulating various physiological processes. X.
citri 306 discerned subtle structural variations among aromatic com-
pounds, as shown by the incomplete overlap of upregulated genes in
each condition (Fig. 3). For example, 4-hydroxybenzaldehyde acti-
vated the expression of around 400 genes that were not activated by 4-
hydroxybenzoate, although they share a subset of about 200 genes
activated by both (Fig. 3a). This discrepancy suggests that, although
very similar in terms of molecular structure, 4-hydroxybenzaldehyde
and 4-hydroxybenzoate can elicit substantially distinct transcriptional
responses in X. citri 306, which might be related to the high toxicity of
the aldehyde. Partially overlapping responses were also observed
when comparing the same type of phenolic compound with distinct
degrees of methoxylation (Fig. 3b) and complex mixtures with differ-
ent compositions (Fig. 3¢, Supplementary Table 1).

Although X. citri 306 recognizes subtle changes in the structure of
lignin-related aromatic compounds, Gene Ontology (GO) enrichment
analysis revealed that biological processes such as signal transduction,
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XVM2m XVM2m(G) Depletion (HPLC) 0.01
Conditions
ODegoomax ODégoomax | u (h1) high conc. | low conc.
Aromatic-free control 0.03 + 0.00 0.12+0.01 0.44 N.A.
Aryl alcohols (mmol L) 5 5 5 2 0.05 05
p-coumary| 0.00 0.05 +0.00 0.08 I
coniferyl 0.00 0.11£0.01 0.27 B =
sinapyl 0.00 toxic toxic N.A. _
4-hydroxybenzyl 0.00 _ 0.20
vanillyl 0.00 0.10 + 0.02 0.18
syringyl 0.00 0.10 +0.00 0.12
benzyl 0.00 0.11 £0.01 0.09
Aryl aldehydes (mmol L") 5 5 5
p-coumaraldehyde 0.00 toxic toxic
coniferaldehyde 0.00 toxic toxic
sinapaldehyde 0.00 toxic toxic
4-hydroxybenzaldehyde 0.00 toxic toxic
vanillin 0.00 0.09 £ 0.00 0.08
syringaldehyde 0.00 0.09 + 0.00 0.07
benzaldehyde 0.03 £ 0.00 0.11 £0.01 0.10
Aryl acids (mmol L") 5 5 5 5 0.05
p-coumarate 0.00 0.11 £ 0.00 0.17
ferulate 0.02 £0.00 0.07 £ 0.00 0.14
sinapate 0.02+0.00 0.05 + 0.00 0.17
4-hydroxybenzoate _ N.A. N.A. _
vanillate 0.00 0.08 +0.02 0.13
syringate 0.02 £0.00 0.11 £0.02 0.25
benzoate 0.00 0.10 £ 0.02 0.15
Lignin-derived complex mixtures (g L")
LDC-I (1.0) 0.10 + 0.00 N.A. N.A. N.A. N.A.
LDC-I1 (0.3) 0.06 + 0.00 N.A. N.A. N.A. N.A.

Fig. 1| Summary of growth conditions and analyses of aromatics toxicity and
depletion. Growth assays in minimal medium (XVYM2m) and XVM2m plus
5Smmol L™ glucose (XVYM2m(G)) supplemented with 5 mmol L™ of lignin-related
aromatic compounds or 1g L™ LDC-l or 0.3 gL LDC-II. LDC = lignin-derived com-
pounds. LDC-I is a residual liquid stream resulting from the acid precipitation of
lignin from an alkaline liquor of sugarcane bagasse. LDC-II is a bio-oil rich in aro-
matic monomers, obtained by hydrothermal depolymerization of an alkaline lignin
from sugarcane bagasse (Supplementary Fig.1and Supplementary Table 1). The red

gradient represents differences in growth parameters from low (blank) to high
(red). HPLC analyses were performed using XVM2m(G) medium plus 2 mmol L™
aryl alcohols, 1 mmol L™ aldehydes, 5 mmol L™ acids, or 50 umol L™ of either aryl
alcohols or acids. The blue color bar represents the percentage of aromatic com-
pound depleted by X. citri 306 after around 15 h of growth (as detailed in Supple-
mentary Table 2). Conc. concentration, N.A. not analyzed. Growth data are shown
as mean + SD of n=3 or n=4 biological replicates.

bacterial-type flagellum assembly, bacterial-type flagellum-dependent
cell motility, and chemotaxis were enriched and upregulated in all
conditions featuring lignin-related aromatics (Fig. 3d, Supplementary
Fig. 4 and Data 2), except in the LDC-1 and LDC-II conditions. This might
be due to the low individual concentration of aromatic inducers or to
the interference of non-aromatic molecules present in these mixtures
(Supplementary Fig. 3).

In the conditions containing individual aromatic compounds, the
upregulation of chemotaxis and flagellar genes, including cheAZY
(XAC1930-32), motAB (XAC3693-94), fliC (XAC1975), flglL (XAC1976), figG
(XACI981), and fIgE (XACI983) suggests that the sensing of lignin-
related aromatics stimulates a motile state in X. citri 306 (Supple-
mentary Data 1). This observation is consistent with the results of the
co-expression analysis, where a co-expressed gene module (M),
mainly composed of genes involved in flagellar assembly and chemo-
taxis, was identified (Fig. 3e). Higher activity within this module
became  especially pronounced in the presence of
4-hydroxybenzaldehyde (4HBZ) and syringaldehyde (SYALD) while
showing reduced activity under conditions involving complex lignin-
derived samples (LDC-I and LDC-Il), which can be due to the

comparatively lower concentration of individual aromatic compounds
within these samples or to signal interference from other molecules
present in these mixtures (Fig. 3e and Supplementary Fig. 3). Between
the downregulated processes, translation was consistently enriched in
all the tested conditions, except for 4HBA (Supplementary Fig. 4
and Data 2).

The first steps of monolignols catabolism are performed by aryl
alcohol and aryl aldehyde dehydrogenases

The first step of coniferyl alcohol catabolism can be catalyzed by an
NAD" dependent aryl alcohol dehydrogenase (ADH), generating con-
iferaldehyde, which is then converted to ferulate by a NAD*-dependent
aryl aldehyde dehydrogenase (ALDH)****. For p-coumaryl and sinapyl
alcohols, this information is still missing, but considering their che-
mical similarity to coniferyl alcohol, we hypothesized that their cata-
bolism might follow a similar pathway. Thus, to uncover the genes
responsible for monolignols catabolism, we searched for ADH and
ALDH genes upregulated in the presence of lignin-related compounds
in X. citri 306. Based on their higher upregulation levels, genomic
context, and the presence of common catalytic domains reported for
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Fig. 2 | X. citri 306 grows using 4-hydroxybenzoate and lignin-derived com-
pounds as carbon sources and metabolizes the three main monolignols.

a Growth curves (hours) in XVM2m supplemented with 4-hydroxybenzoate (4HBA)
and two complex mixtures of lignin-derived compounds (LDC-1 and LDC-II). (G) -
glucose-supplemented media. b HPLC chromatograms showing the depletion of
the three monolignols and production of intermediate metabolites at 20 h post

= - —

25 30 35 40 45
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inoculation. 4HBZ 4-hydroxybenzaldehyde, p-CaLC p-coumaryl alcohol, p-Ca
p-coumarate, p-CaLD p-coumaraldehyde, COALC coniferyl alcohol, FA ferulate, SiA
sinapate, 30MG 3-O-methylgallate, SYR syringate, SINALC sinapyl alcohol. Growth
data are shown as mean + SD of n = 3 biological replicates. Source data are provided
as a source data file.

dehydrogenases active on aromatics, we selected eight ADH genes and
three ALDH genes for cloning, heterologous expression, and bio-
chemical activity screening (Fig. 4).

The activity screening revealed several alcohol and aldehyde
dehydrogenases active on aromatic compounds, with variable pre-
ferences in terms of substrate, co-substrate (NAD(H)/NADP(H)) and
reaction direction (oxidation and/or reduction), which will be detailed
in later sections (Fig. 4 and Supplementary Tables 4, 5 and 6). Reaction
products were confirmed by HPLC analyses, showing the aryl alcohol
dehydrogenase activity of XAC0353, the aryl aldehyde dehydrogenase
activity of XAC0129, XAC0354, and XACO0882 and the aryl aldehyde
reductase activity of XAC1484 and XAC3477 (Supplementary Figs. 5-7
and Supplementary Table 6).

Between the screened genes, XAC0O353 and XAC0354 called our
attention because they are clustered in the genome and encode
enzymatic activities compatible with the first steps of monolignols
catabolism (Fig. 5a). XAC0353 gene product displayed a NAD"-depen-
dent alcohol dehydrogenase activity over the three main monolignols,
besides cinnamyl and 4-hydroxybenzyl alcohols, whereas XAC0354

gene product showed a NAD'-dependent aldehyde dehydrogenase
activity on H-, G- and S-type hydroxycinnamic aldehydes, suggesting a
role in the second step of monolignols catabolism in X. citri
306 (Fig. 4).

To confirm these results, we measured the specific activity of
XACO0353 and XAC0354 in several aromatic substrates (Fig. 5b, c). As
expected, XAC0353 converted aryl alcohols in their respective alde-
hydes using NAD" as co-substrate, showing higher specific activity over
the monolignols compared to benzyl alcohol derivatives (Fig. 5b).
Accordingly, the aldehyde dehydrogenase encoded by XAC0354
transformed aryl aldehydes in their respective acids in a NAD'-
dependent manner, showing the highest specific activity on con-
iferaldehyde (100%), followed by p-coumaraldehyde (51%) and sina-
paldehyde (34%), compared to the other tested aromatics (Fig. 5c).
Both enzymes were assayed in similar conditions and displayed similar
specific activity rates over their best substrates (monolignols and the
respective aldehydes), which might be advantageous to avoid the
accumulation of the intermediate aldehyde metabolites during the
serial action of these enzymes.
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Fig. 3 | Transcriptional responses triggered by lignin-related aromatic com-
pounds. Venn diagrams comparing the distribution of unique and shared upre-
gulated genes in conditions containing (a) 4-hydroxybenzaldehyde (4HBZ),
benzaldehyde (BZD), or 4-hydroxybenzoate (4HBA) (b) 4HBZ, vanillin (VAN), or
syringaldehyde (SYALD) and (c) Lignin-derived compounds - LDC-I and LDC-II
conditions. d Gene ontology (GO) enrichment analysis of up regulated genes based
on one-side Fisher’s exact test as implemented in the clusterProfiler R package””.
Circles’ size and color represent the counts and adjusted p-values, respectively.
Gene ratio corresponds to the number of DEGs related to a GO term divided by the
total number of genes associated with that GO term in the X. citri 306 genome. The
differential expression in each condition was compared to XVM2m(G) following the

02
Gene ratio

criteria log, Fold Change >1 and p-adjusted < 0.05. The analysis of other conditions
is in Supplementary Fig. 4. e Gene set enrichment analysis based on weighted
Kolmogorov-Smirnov statistic and Over Representation Analysis (ORA) to define
modules function as implemented in the CEMiTool package®. The size and inten-
sity of the circles correspond to the normalized enrichment score (NES) for the
module in each condition, indicating biological functions enriched in each module.
Positive NES reflects transcriptional activity above the median, whereas negative
NES corresponds to transcriptional activity below the median in each condition.
COALC coniferyl alcohol, MIX aldehyde mixture. Source data are provided as a
source data file.

To validate the in vivo involvement of these enzymes in mono-
lignol catabolism, we characterized individual knockout strains of
XAC0353 and XAC0354 genes. Growth assays in XVM2m(G) containing
50 pmol L™ monolignols revealed that XAC0353 deletion impaired
monolignols consumption and decreased the excretion of hydro-
xycinnamic acids, which are the second intermediate metabolites of
monolignols catabolism (Fig. 5d). The excretion of the first inter-
mediates, the aryl aldehydes, was not observed, indicating they are
rapidly converted to the respective acids. Regarding sinapyl alcohol,
although we did not detect its presence in the growth assays, likely due
to instability issues®, we noticed a lower amount of sinapate being
excreted by the KOS53 strain compared to the WT, which is consistent
with the results observed for the other two monolignols (Fig. 5d). Of
note, the KO53 strain still retained a partial capacity to convert
monolignols up to hydroxycinnamic acids, indicating the existence of
at least another gene encoding for an enzyme with aryl alcohol dehy-
drogenase activity. Together, these results show that the deletion of
XAC0353 gene partially compromises the catabolism of the mono-
lignols, leading to a lower production of hydroxycinnamic acids,
whose conversion to the next metabolite might be a limiting factor in
X. citri 306.

The growth assays using 50 pmol L™ of hydroxycinnamic alde-
hydes showed no detectable excretion of hydroxycinnamic acids by
the KO54 strain (AXAC0354), supporting a crucial role for this gene in
the conversion of these aldehydes into acids (Fig. 5e). On the other
hand, a higher amount of excreted monolignols (p-coumaryl and
coniferyl alcohol) was observed for the KO54 strain compared to the
WT, indicating that the deletion of the XAC0354 gene triggered a
metabolic shift toward reactions that reduce the aldehydes into
their respective monolignols. This is consistent with the complete
depletion of the hydroxycinnamic aldehydes by the WT and the
K054 strain, although by preferentially following opposite meta-
bolic directions.

Syringaldehyde induces the catabolism of hydroxycinnamic acids
Although X. citri 306 did not utilize hydroxycinnamic acids (HCAs)
when available in the growth medium (Supplementary Table 2), HPLC
analysis indicated that they are produced as intermediate metabolites
of monolignols catabolism, along with smaller intermediates resultant
from their degradation such as 4-hydroxybenzoate and syringate
(Fig. 2b). Thus, these findings suggest that X. citri 306 possesses the
necessary enzymatic systems for metabolizing HCAs produced
intracellularly.

Genome mining revealed a gene cluster (XACO88I-84) homo-
logous to the hca gene cluster responsible for the degradation of p-
coumarate, ferulate, and sinapate in Xanthomonas campestris pv.
campestris®® (Supplementary Fig. 8a). In our RNA-seq data, this cluster
was upregulated in the presence of syringaldehyde, an intermediate of
the sinapate catabolism (Supplementary Fig. 8b and Data 1). E. coli cells
co-expressing XACO881 and XACO883 transformed p-coumarate, fer-
ulate and sinapate respectively into 4-hydroxybenzaldehyde, vanillin
and syringaldehyde, experimentally demonstrating the predicted
activities of these genes (Fig. 6).

The hca gene cluster also harbors XAC0O882, which encodes for an
aldehyde dehydrogenase active on 4-hydroxybenzaldehyde, vanillin,
and syringaldehyde, according to our activity screening results and
HPLC data (Fig. 4, Fig. 6b-d and Supplementary Table 6). This activity
is compatible with the third step of HCAs catabolism, corroborating
the involvement of the XACO881-84 cluster in the metabolism of HCAs
in X. citri 306. Besides XACO882, another gene (XAC0129) also encodes
for an aldehyde dehydrogenase active on aldehydes derived from
HCAs catabolism (Fig. 4 and Supplementary Table 6), implying that
there is a functional redundancy for this metabolic step in X. citri 306.

Novel reductive pathways for aryl aldehydes detoxification
Among the putative ADHs screened in the previous section,
XAC1484 and XAC3477 displayed a NADPH-dependent reductase
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Fig. 4 | Transcriptomic analysis and activity screening reveal novel ADH and
ALDH enzymes active on aromatic compounds. The heatmap presents tran-
scription levels (log,FC = log, Fold Change), comparing each growth condition to
the reference (XVM2M(G)) from at least n =3 biological replicates. Genes were
classified as upregulated according to the following criteria: log,FC >1, with an p-
adjusted < 0.05. log, Fold Change was calculated using edgeR’® based on likelihood
ratio test within a negative binomial generalized log-linear model framework. The
activity screening was performed using purified enzymes, as detailed in Supple-
mentary Data 3 and Supplementary Tables 4 and 5, or whole cells assays (XAC0129
and XAC0882) as detailed in Supplementary Table 6. N.S. indicates proteins that

were insoluble in E. coli. N.D. indicates soluble proteins that did not display activity
in the tested conditions. % ID = amino acid sequence identity with the most similar
enzyme sequence listed in the eLignin database (GenBank accession number in
parentheses). 4HBZ 4-hydroxybenzaldehyde, 4HBA 4-hydroxybenzoate, COALC
coniferyl alcohol, VAN vanillin, SYALD syringaldehyde, BZD benzaldehyde. The
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reactions, using the corresponding substrates listed in the legend. The ALDH (pink
box) enzymes were screened only for aldehyde dehydrogenation. Colored circles
indicate the substrates and labels indicate the respective co-substrate with which
the enzymes were active.

activity, catalyzing the reduction of aryl aldehydes in their respec-
tive alcohols, being active on derivatives of both cinnamyl and
benzyl aldehydes (Fig. 4, Supplementary Table 4 and Supplementary
Fig. 6 and 7). Curiously, XAC0353 also displayed a similar activity,
but in a NAD(P)H-dependent manner, indicating that it might also
contribute to the reduction of aryl aldehydes depending on the
intracellular balance of NAD*/NAD(P)H and aryl alcohol/aryl alde-
hyde substrates. Indeed, X. citri 306 growing on a mixture of alde-
hydes at millimolar level showed to be capable of converting most of
them into aryl alcohols, which were then exported to the extra-
cellular medium (Fig. 7a). In such condition, the genes XAC1484 and
XAC3477 were upregulated (Supplementary Data 1). This transcrip-
tional evidence, along with biochemical activity data (Fig. 4, Sup-
plementary Table 4 and Supplementary Fig. 6 and 7), support that
XAC1484 and XAC3477 play a role in converting aryl aldehydes into
their respective aryl alcohols in vivo. Moreover, XAC1484 is clustered
with the genes XACI482-83-85, which encodes for a putative
Resistance-Nodulation-Division (RND) multidrug efflux transporter,
which might be involved in the excretion of the aryl alcohols pro-
duced by XAC1484.

Since two metabolic directions, reductive or oxidative, are possi-
ble to the bioconversion of aryl aldehydes in X. citri 306, we argued how
the concentration of these compounds affects their metabolic fate. To
address this issue, we grew X. citri 306 in minimal medium supple-
mented with increasing concentrations of coniferaldehyde, used as a
representative compound, and quantified its depletion as well as the
production of intermediate metabolites excreted after 15 h of growth
(Fig. 7b). In the lowest coniferaldehyde concentration tested, only
ferulate excretion was detected. Increasing the concentration of con-
iferaldehyde, coniferyl alcohol became the predominant excreted
metabolite (Fig. 7b). Thus, these results indicate that increasing con-
centrations of aryl aldehydes activate reductive pathways, providing an
additional mechanism to cope with toxicity, which was generally higher
for aryl aldehydes than to their alcohol or acid counterparts (Fig. 1).

H and G-type compounds are metabolic funneled via proto-
catechuate ortho-cleavage

The final step in the funneling pathways of H- and G-type monomers
forms protocatechuate (PCA) (Fig. 8a)”'°. In the case of H-type com-
pounds, it is known that 4-hydroxybenzoate (4HBA) is converted to
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Fig. 5 | XAC0353 and XACO0354 play a role in the first steps of monolignols
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alcohol (red G), and sinapyl alcohol (blue S) bioconversion pathway in X. citri 306.
Yellow arrows indicate the reaction of aldehydes reduction (reductive pathways),
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MolB encoded by XAC0353 and XAC0354, respectively. The activity was calculated
based on NADH production, quantified by HPLC. U pmol min™. d HPLC analysis of
the consumption of H, G, and S monolignols and the excretion of intermediate

metabolites (hydroxycinnamic acids) by the WT (dark gray) and KO53 knockout
(green) strains. Sinapyl alcohol was not detected during bacterial growth, likely due
to instability issues (star). e HPLC analysis of the consumption of H, G, and S
hydroxycinnamic aldehydes and the excretion of metabolites (hydroxycinnamic
acids or monolignols) by the WT (dark gray) and KO54 knockout (pink) strains.
Sinapyl alcohol excretion was not detected, which we attribute to its instability as
previously reported®. In all panels, data are shown as mean + SD of n = 3 biological
replicates. Source data are provided as a source data file.

PCA by the enzyme p-hydroxybenzoate hydroxylase (EC 1.14.13.2)*. In
X. citri 306 genome, we found a gene (XAC0356) encoding for a protein
homologous to the p-hydroxybenzoate hydroxylase (PobA) from
Pseudomonas aeruginosa®® and from X. campestris®™. XAC0356 was
upregulated in the 4HBA condition (Fig. 8b). Its deletion abolished X.
citri 306 growth in a medium containing 4HBA as the primary carbon
source. It also disrupted 4HBA consumption when the ApobA strain
grew in a medium containing glucose and 4HBA (Fig. 8c, d). These
results demonstrate that XAC0356 encodes a functional PobA and is
essential for the metabolism of 4HBA in X. citri 306.

In the last step of the funneling pathway for G-type monomers,
vanillate needs to be demethylated to form PCA’"2, Three main types
of O-demethylase systems have been reported in the literature so
far: tetrahydrofolate (THF)-dependent enzymes, Rieske-type oxy-
genases and cytochromes P450 oxygenases®?®, In the X. citri 306
genome, we found genes homologous to Rieske-type oxygenases
(XAC0311 and XAC0363) clustered with genes encoding for putative
reductases (XACO310 and XAC0362), as well as a predicted P450
gene (XAC3170, <24% sequence identity with GcoA)™. In the vanillin
condition, only XAC0362-63 were upregulated (Fig. 8e). The deletion
of this gene pair (but not of XAC0310-11) resulted in vanillate
accumulation after 40 h of bacterial cultivation in a medium con-
taining vanillin (Fig. 8f). Enzymatic assays showed that XAC0362-63
display vanillate-O-demethylase activity, further supporting a
role for these proteins in converting vanillate into PCA (Supple-
mentary Fig. 9).

Once formed, PCA can be cleaved in three different positions: 2,3-
cleavage, 4,5-(meta-cleavage), or 3,4-(ortho-cleavage)’. Conditions
containing H and G-type aromatic compounds induced the expression
of a gene cluster (XAC0364-71) homologous to the pcal/FHGBDC clus-
ter previously characterized in X. campestris®®, suggesting that X. citri
306 conserves the same PCA 3,4-(ortho-cleavage) pathway (Fig. 8g and
Supplementary Data 1).

Benzaldehyde metabolism generates dead-end products

In the RNA-seq data, we observed that benzaldehyde upregulates the
gene pobA and the pcallFHGBDC cluster (Fig. 8g and Supplementary
Data 1) and this intriguing result prompted us to investigate if its
metabolism involves these genes. To test this hypothesis, we performed
activity assays and gene knockout studies targeting PobA (hydroxylase)
and PcaHG (the first enzyme of the PCA ortho-cleavage pathway). PobA
showed no detectable activity towards benzoate (Supplementary
Fig. 10a). The ApobA strain was similar to the WT strain in the conversion
of benzaldehyde and excretion of its respective intermediate metabo-
lites (Supplementary Fig. 10b). The ApcaHG strain accumulated the
intermediate metabolite PCA in positive controls containing
4-hydroxybenzoate or vanillin, but the same was not observed in pre-
sence of benzaldehyde (Supplementary Fig. 10c-e). Together, these
results indicate that benzaldehyde metabolism has no connection with
PobA and the PCA ortho-cleavage pathway, despite its role as an inducer
of pobA and pca genes expression. Since benzaldehyde was depleted
from the medium by X. citri 306 (Fig. 1), and it is a substrate of aryl
aldehyde reductases (XAC1484 and XAC3477) (Supplementary Table 4)
and dehydrogenase (XAC0129) (Supplementary Table 6), we then
hypothesized that benzaldehyde metabolism generates benzyl alcohol
and benzoate as dead-end products, which was confirmed by quantita-
tive analysis using HPLC (Supplementary Fig. 10f).

Transcriptome response to syringaldehyde reveals the presence
of a complete pathway for S-type lignin monomers catabolism
In nature, the catabolism of S-type monomers can follow at least three
different pathways, categorized according to the generated inter-
mediates: gallate (I), 2-pyrone-4,6-dicarboxylate (PDC) (Il), or 4-car-
boxy-2-hydroxy-6-methoxy-6-oxohexa-2,4-dienoate (llI). In X. citri 306,
we found genes (XACO882, XACO878, XAC4155, XAC4156, and XAC4157)
that were upregulated in the presence of syringaldehyde (Fig. 9a) and
are homologous to desV, desB, ligk, ligU and lig/ involved in the
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catabolism of syringaldehyde via gallate in Sphingobium sp. SYK-6'>*
(Fig. 9b and Supplementary Table 8).

The formation of gallate as an intermediate relies on a two-step
O-demethylation process, catalyzed by tetrahydrofolate-dependent
O-demethylases in Sphingobium sp. SYK-6*. However, no homologous
to tetrahydrofolate-dependent O-demethylases was detected within the
genome of X. citri 306. Conversely, the two gene pairs XAC0362-63 and
XACO0310-11, homologous to Rieske-type O-demethylases, were upregu-
lated in presence of syringaldehyde (Fig. 9a), indicating a possible role in
the O-demethylation of syringate (SYR) and 3-O-methylgallate (30MG).

Growth assays with the knockout strains of genes XAC0310-11
(K0310-11) and XAC0362-63 (KO362-63) in a minimal medium con-
taining syringaldehyde revealed a higher accumulation of syringate by
the KO362-63 strain, but not by KO310-11 (Fig. 9c). This observation
suggests a role for XAC0362-63 in syringate demethylation. Whole-cell
activity tests corroborated this finding, showing the production of
30MG from syringate by E. coli cells co-expressing XAC0362-63. They
also revealed that XAC0362-63 converts 30MG into gallate (Fig. 9d, e).

The remaining pathway leading gallate up to the TCA cycle was
inferred based on genome mining analysis, homology inference with
previously characterized genes and syringaldehyde-specific tran-
scriptional activation (Fig. 9a, b). It encompasses the putative gallate
dioxygenase encoded by the genes XACO0878 (ligB, [S-chain) and
XAC0879 (ligA, a-chain), which are homologs to the respective
N-terminal and C-terminal domains of gallate dioxygenases from P.
putida KT2440 (GalA)** and Sphingobium SYK-6 (DesB)* (Fig. 9b and
Supplementary Fig. 11). Next steps are probably encoded by the
XAC4155-56-57 genes, which are homologous to the ligk-ligU-lig/ genes
previously characterized in Sphingobium sp. SYK-6" (Fig. 9a, b).

Discussion
This study uncovers complete pathways for the catabolism of the three
main lignin precursors in the model plant pathogen X. citri 306

(Fig. 10). So far, only the microbial catabolism of coniferyl alcohol has
been reported’, but in the context of a pathway having eugenol as the
first substrate**. Our study demonstrates the existence of catabolic
pathways starting from coniferyl alcohol as well as p-coumaryl and
sinapyl alcohols, adding new pieces in the puzzle of microbial meta-
bolic pathways for lignin-related aromatic compounds.

According to our data, the catabolism of monolignols in X. citri
306 starts with their uptake, probably facilitated by the putative outer
membrane transporter MolK (XAC0352). MolK belongs to family
COG4313, which has been implicated in the uptake of hydrophobic
molecules®. Next, the monolignols are dehydrogenated to aldehydes
and subsequently to hydroxycinnamic acids (HCAs) mainly by two
NAD"-dependent enzymes: the aryl alcohol dehydrogenase MolA
(XAC0353) followed by the aryl aldehyde dehydrogenase MolB
(XACO0354) (Fig. 10).

MolA is closely related to the CalA enzyme (61% sequence identity,
99% query cover) from Pseudomonas sp. HR199*°. CalA has been pro-
posed to compose a pathway dedicated to the catabolism of eugenol
in Pseudomonas sp. HR199, along with CalB, a coniferaldehyde dehy-
drogenase distantly related to MolB (30% sequence identity, 70%
query cover)*. MolA and MolB co-occur in several plant-pathogenic,
plant-symbiotic and environmental bacteria from the Xanthomona-
dales, Pseudomonadales, Burkholderiales and Rhizobiales orders,
indicating that their biological roles go beyond the plant-pathogen
context (Supplementary Fig. 12). Homologs closer to CalB were found
exclusively in some Pseudomonas species and the triple co-occurrence
of molA/calA, molB and calB genes was observed in some Pseudomo-
nadales genomes, remaining to be determined its biological meaning.

Back to the pathways found in X. citri, after the action of MolA and
MolB enzymes, the HCAs produced may be either excreted or con-
verted into their respective hydroxybenzyl aldehyde derivatives via the
CoA-dependent non-f3-oxidation pathway encoded by the gene cluster
(XACO0881-83) (Fig. 10). In contrast to X. campestris, which uptakes and
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metabolizes HCAs”, X. citri 306 apparently metabolizes only HCAs
produced intracellularly, likely due to the lack of transporters for their
uptake. This adaptation correlates with studies showing that HCAs are
commonly found in citrus fruits in their conjugated forms (ester- or
glycoside-bond), with minimal concentrations in their free form®**5,
Part of the HCAs produced intracellularly is excreted by the cell,
implying that HCAs deacetylation is probably a metabolic bottleneck
to the flux towards the central carbon metabolism in X. citri 306.

Next, the H-G-S hydroxybenzyl aldehydes are converted to
hydroxybenzoic acids by aryl aldehyde dehydrogenases, including
XACO0882 and XACO0129. Then, 4HBA (H-type subunit) undergoes
hydroxylation by the PobA enzyme (XAC0356) while vanillate (G-sub-
unit) is O-demethylated by a Riske-type-oxygenase-reductase system
VanAB (XAC0363-62), both steps resulting in the formation of PCA.
Then, the PCA ring is ortho-cleaved and converted into -ketoadipate
by PcaHGBCD enzymes (XAC0367-68-69-71-70). Finally, PcalJF enzymes
(XAC0364-65-66) complete the conversions steps towards the tri-
carboxylic acid cycle (Fig. 10).

On another branch, syringate (S-type subunit) is O-demethylated
to 30MG and then to gallate by VanAB (XAC0363-XAC0362). Gallate is
likely converted to 4-oxalomesaconate (OMA) by the action of LigAB
(XAC0878-79) and follows a pathway up to pyruvate and oxaloacetate
by enzymes encoded by the XAC4155-56-57 genes, which are homo-
logous to ligK-ligU-lig/ from Sphingobium sp. SYK-6'* (Figs. 9b and 10).

This pathway was predicted based on transcriptional data and
homology inference so future studies will be required to confirm the
pathway and the metabolite intermediates leading gallate up to the
TCA cycle in Xanthomonas.

Besides monolignols, X. citri 306 also uptakes their hydro-
xycinnamic and hydroxybenzoic aldehyde derivatives, driving them to
two possible metabolic fates: oxidation to acids or reduction to alco-
hols. Two NADPH-dependent enzymes (XAC1484 and XAC3477) con-
tribute to converting aryl aldehydes into aryl alcohols and the putative
XAC1482-83-85 efflux system probably facilitates the aryl alcohol
excretion. XAC1484 belongs to the Short-chain Dehydrogenases/
Reductases (SDR) family whereas XAC3477 belongs to the Aldo/Keto
Reductase (AKR) family, contrasting to the Medium-chain Dehy-
drogenase/Reductase (MDR) family members reported to play arole in
aryl aldehyde reduction in other bacterial species*%. XAC1484 and
XAC3477 share less than 41% sequence identity to functionally char-
acterized enzymes, according to BLAST searches at the Swiss-Prot
database®. Thus, they represent novel reductases with potential bio-
technological applications in aryl aldehydes detoxification®* and pro-
duction of value-added aryl alcohols™~’.

The presence of the phenolic group seems to be mandatory for
the complete catabolism of lignin-related compounds, since benzal-
dehyde, a non-phenolic aromatic, was converted to dead-end products
(benzyl alcohol and benzoate) (Fig. 10). Other adaptative responses
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expression was calculated by edgeR’ according to likelihood ratio test within a
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induced by aromatics include the upregulation of genes associated
with chemotaxis and flagellar assembly, which might benefits X. citri
fitness during host colonization. In X. campestris, the catabolism of
plant-derived phenolic compounds has been shown to be important
for virulence””® and the induction of monolignols biosynthesis and
plant cell wall lignification has been proved to be important host
defense mechanisms®****°, Thus, the capacity of X. citri 306 to
sequester and metabolize key precursors of lignin biosynthesis may
locally disrupt plant defense mechanisms in the benefit of the bac-
terium. This feature seems to be shared with other plant pathogens, as
suggested by the conservation of the molRKAB operon in other Xan-
thomonas phytopathogenic species and of the molA and molB genes in
phytopathogens from other genera (Supplementary Fig. 13).

In short, the metabolism of aromatic compounds in X. citri 306
converges to the central carbon metabolism but displays escape
routes (efflux transporters) and reductases that likely function as
complementary strategies to rapidly detoxify aryl aldehydes. Excretion
of aryl acids or aryl alcohols by X. citri might serve as both a detox-
ification strategy and a mechanism to further hamper lignin bio-
synthesis, as these excreted compounds possibly compete with lignin
precursors and prevent their oxidation by the plant laccases. These
molecular strategies might inspire metabolic engineering approaches
for the redesign of lignin biosynthesis in plants, aiming to facilitate
biomass saccharification without compromising plant health®®’, They

also may serve as hotspots for the development of new treatments
against plant diseases. From the industrial point of view, the knowl-
edge provided here may support the development of microbial strains
more tolerant to aryl aldehydes or proficient on converting lignin-
derived compounds from agro-industrial side-streams into valuable
bioproducts.

Methods

Bacterial strains and culture conditions

X. citri 306 was grown at 30 °C, 200 rpm, in LBON medium (10 gL
bacto peptone and 5gL™ yeast extract), minimal medium XVM2m
(20mmolL? NaCl, 10mmolL? (NH4),S0;, 1mmolL™? CaCl,,
0.01 mmol L™ FeS0,.7 H,0, 5 mmol L™ MgS0y,, 0.16 mmol L™ KH,PO,,
0.32mmol L™ K;HPO,, 0.03% m V™ casamino acids, pH 6.7) supple-
mented with different carbon sources, as better described in the next
sections. Escherichia coli DH5a™ was used for DNA cloning, and E. coli
BL21(DE3)-AslyD-pRARE2 or E. coli SHuffle® T7 Express lysY (New
England Biolabs) were used for heterologous protein expression. E. coli
strains were grown at 37 °C (or 20 °C), 200 rpm in LB medium (10 gL
bacto peptone, 5g L yeast extract, 10 gL™ NaCl), 2xYT (16 gL pep-
tone, 10 g L™ yeast extract and 5 g L™ NaCl), or in M9 minimal medium
(6.78gL? NaHPO,, 3gL™? KH,PO,, 0.5gL? NaCl, 1gL? NH,CI,
2 mmol L™ MgSQ,, 100 umol L™ CaCl,, pH 7.0). Bacterial growth was
determined by measuring optical density at 600 nm (ODggo).
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Fig. 9 | Identification of enzymes involved in the metabolism of S-type aromatic
compounds. a Volcano plot of RNA-seq data highlighting in green the upregulated
genes potentially related to the syringate catabolism. Differential gene expression
was calculated by edgeR’ according to likelihood ratio test within a negative
binomial generalized log-linear model framework. Genes with |log,FC|>1 and
adjusted p-value < 0.05 were assigned as DEGs. b Schematic representation of the
genomic context of XAC4155-4157 gene cluster and XACO878-0879, showing the
amino acid sequence identity with homologous enzymes of the gallate fission

pathway from Sphingobium sp. SYK-6"2. CHA = 4-carboxy-4-hydroxy-2-oxoadipate.
¢ HPLC analysis demonstrating prominent syringate accumulation only by the
AXAC0362-63 strain (KO362-63). Data are shown as mean + SD of n =3 biological
replicates. d, e Whole-cell activity assays using syringate and 3-O-methylgallate
(30MQ) as substrates for E. coli BL21(DE3)-AslyD-pRARE2 cells expressing
XACO0310-11 (red bars), XAC0362-63 (blue bars), and the negative control (empty
vector - gray bars). Data are shown as mean of n =2 biological replicates in d and as
mean +SD for n=3 in e. Source data are provided as a source data file.

Preparation of lignin-derived compounds samples

Sugarcane bagasse was kindly provided by Isabel S/A, a Sugarcane
ethanol company located in Novo Horizonte, Sdo Paulo - Brazil.
Fractions containing lignin-derived compounds were produced as
previously described®>®® (Supplementary Fig. 1). Briefly, sugarcane
bagasse was subjected to an alkaline process (130 °C, 30 min, 1.5%
NaOH, and 1:10 bagasse/alkaline solution ratio) in a 7.5L reactor
(Series 4580 HT, Parr) with temperature and stirring control. Next,
the alkaline liquor was acidified to pH 2 with sulfuric acid (72%) to
precipitate the insoluble lignin fraction®”. After filtration, the liquid
fraction containing aromatic compounds, here referred to as LDC-I,
was obtained. The solid stream (precipitated lignin) was subjected
to a hydrothermal depolymerization reaction at 350 °C, 165 bar,
90 min, and a lignin/water ratio of 1:50 in an inert atmosphere (N,),
and an agitation of 500 rpm. This reaction was taken in a high-
pressure autoclave reactor (500 mL, model 4575 A, Parr), in batch
mode, up to 344 bar, 500 °C, with control over temperature, pres-
sure, and agitation (4848 reactor controller, Parr). At the end of the
reaction, the depolymerized liquid stream was subjected to a liquid-
liquid extraction step with ethyl acetate (Vetec PA ACS) (1:1, 3x), and
this solvent was evaporated to obtain the LDC-II fraction (bio-oil).
LDC-1 and LDC-Il samples were characterized by UV spectroscopy,
GC-MS and HPLC, as described below and in the supplementary
method.

Quantification of phenolic compounds by UV spectroscopy
Concentration of total aromatic compounds in the LDC-I sample was
determined by UV spectroscopy at 280 nm, on 2 M NaOH solution, pH
12, using the following equation (1)®*.

Aromatics (g L) = 4.187 x 1072 « (AbSgqnm) — (3.279 x10~#) « dilution (1)

Next, it was diluted in XVYM2m, filter-sterilized, and the aromatics
final concentration in the medium was adjusted to 1 g L™ for X. citri 306
cultivations. LDC-II was solubilized on 1 mL 0.5 M NaOH solution, then
diluted in minimal medium XVM2m for a final theoretical concentra-
tion of 1g L™ After adjusting the pH to 6.7, the medium was filter-
sterilized, and the concentration of aromatic compounds in the med-
ium was estimated by 280 nm absorbance, at pH 12, according to the
equation (1)**. Then, this medium was diluted in XYM2m to adjust the
aromatics concentration to 0.3 gL™.

X. citri 306 cultivations

For growth curves analysis, X. citri 306 was cultured in LBON medium,
100 pg mL™ ampicillin, overnight at 30 °C and 200 rpm. Then, the har-
vested cells were washed once with XVM2m and inoculated for an initial
ODgpo of 0.05 in XVM2m supplemented with chemical standards of
aromatic compounds, complex mixtures of lignin-derived compounds,
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xybenzaldehyde, 30MG 3-O-methylgallate, OMA 4-oxalomesaconate.

or glucose (Supplementary Table 9). Except for LDC-I, the other condi-
tions were also carried out in the presence of 5 mmol L™ glucose as an
additional carbon source. The growth was monitored in 96 well plates
incubated in a SpectraMax® M3 multi-mode microplate reader

(Molecular Devices) using the SoftMax Pro software or in an Infinite 200
PRO plate reader (Tecan) using the i-control software, for 48 h, at 30 °C
using n > 3 biological replicates. Specific growth rates (j1) were obtained
using the package growthrates as described by Petzoldt®.
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For HPLC analysis of conditions containing model compounds, X.
citri 306 was cultivated in 125 mL flasks containing 15 mL of medium as
detailed in Supplementary Table 10. The culture medium was sampled
by removing 2mL before and after specific post-inoculation time
points (Supplementary Table 10), centrifuged at 4960 x g for 5 min to
pellet the cells, and the supernatants were stored at —20 °C until the
HPLC analysis described in the supplementary method.

For HPLC and GC-MS analysis of cultivations performed in mini-
mal medium supplemented with LDC-1 and LDC-II samples, X. citri 306
was grown in 10 mL of LBON and prepared as described above. The
ODgoo Was adjusted to 0.1 in 15mL of XVM2m supplemented with
1g L LDC-I or in XYM2m(G) supplemented with 0.3gL™ LDC-Il. The
cells were incubated at 30°C, 200 rpm. The culture medium was
sampled by removing 2mL in Oh and 30h post-inoculation, cen-
trifuged at 4960 x g for 5 min, and the supernatants were utilized for
further analyses (LDC-I (O h), LDC-I (30 h), LDC-II (O h), LDC-II (30 h).
The experiment was conducted with n =3 biological replicates. These
samples were analyzed by GC-MS and HPLC for compounds identifi-
cation and quantification as described in the supplementary method.
Data were analyzed using OriginPro (2021).

X. citri 306 genome mining

For the initial prediction of the metabolic pathways related to the
catabolism of aromatic compounds in X. citri 306, we used the BLASTp
tool®® to search in the genome of this bacterium for proteins homo-
logous to those deposited in the manually curated eLignin database’.
As a complementary tool, we also use the metabolic maps available in
the KEGG database® for this strain as a reference.

RNA extraction and sequencing

X. citri 306 cells grown at 30 °C, 200 rpm on 40 mL XVM2m minimal
medium supplemented with different carbon sources (Supplementary
Table 3) were collected at the middle exponential phase
(ODgoo=0.05-0.1) from n=4 biological replicates. Total RNA was
extracted using the TRIzol/chloroform method®®. Samples were trea-
ted with RNase-free DNasel (Invitrogen) and RNaseOUT (Invitrogen)
for 30 min, at 37 °C, and purified with the RNeasy Mini Kit (Qiagen),
following manufacturer’s recommendations. RNA samples concentra-
tion was determined using Nanodrop 1000 (Thermo Scientific), and
their integrity was evaluated in an Agilent 2100 Bioanalyzer using the
Agilent 2100 Expert Software (Agilent Technologies). The rRNA was
depleted with the Ribo-Zero Plus rRNA depletion kit (Illumina Inc.).
Subsequently, these samples were used to synthesize cDNA libraries
with TruSeq Stranded Total RNA kit (Illumina Inc.), according to the
manufacturer’s recommendations. The final RNA-seq libraries were
quantified via qPCR using the QlAseq Library Quant assay kit (Qiagen),
and library quality was verified using an Agilent 2100 Bioanalyzer
(Agilent Technologies). Samples were pooled, and the RNA-seq was
performed on an Illumina HiSeq 2500 platform equipped with HCS
2.2.68 software (SEQ facility LNBR-CNPEM, Campinas, Brazil).

RNA-seq data processing and analysis

The raw reads generated in the RNA-seq were filtered to remove
adapters, primers and low-quality sequences using the fastp tool®’.
Contaminant rRNA read sequences were removed using sortmeRNA™,
High-quality reads were mapped in the X. citri 306 genome (Gl
21240769) using the Bowtie2 tool”, allowing only two mismatches and
unique alignments. Next, the Samtools program’” was used to process
the alignment files, which were inspected using the Integrative Gen-
ome viewer program”’. Reads mapped to the X. citri 306 genome were
subjected to the featureCounts tool’* to estimate the number of reads
mapped to each transcript. The processed data were summarized and
plotted using the MultiQC package”. Low count transcripts were
removed, keeping only those that showed CPM (Counts Per Million)
above 0.9, equivalent to a count of 10 to 15 reads per transcript.

Differential expression analysis was carried out using edgeR package
by pairwise comparisons between X. citri 306 grown in XVM2m sup-
plemented with lignin-related aromatics (Supplementary Table 3) and
XVM2m(G) containing 5mmol L™ glucose (reference medium). Dif-
ferentially expressed genes were defined using log, Fold Change > 1
(upregulated genes) or <-1 (downregulated genes), and a p-adjusted
<0.05 as thresholds. Variance analyses were conducted utilizing PCA
(Principal Component Analysis) to assess data integrity and compar-
ability. According to this analysis, one non-concordant replica from the
coniferyl alcohol and one from 4-hydroxybenzaldehyde condition
were excluded, and the differential expression analysis for these con-
ditions was done with only n =3 biological replicates. Functional and
pathway enrichment analyses were performed separately to predict
the functions of differentially expressed genes. Modular gene co-
expression analysis was performed using the CEMiTool package® and
pathway enrichment analysis using the enrichKEGG function of the
clusterProfiler R package”. One thousand simulations were performed
for each condition, and the groups were considered significantly
enriched when they presented p<0.05. The Gene ontology (GO)
enrichment analysis was performed using the clusterProfiler 3.14.3 R/
Bioconductor package and the categories were considered enriched
based on hypergeometric test, implemented in the enrich function of
the package’®. Venn diagram plots were generated using the Inter-
actiVenn web-based tool” (http://www.interactivenn.net/). de novo
reconstruction of molRKAB operon from RNA-seq data was performed
using the Trinity software package®’. Comparative analysis with the
reference genome (AE008923.1) was performed using pyGenomeViz
package (https://moshi4.github.io/pyGenomeViz/), which was also
employed for the analysis of molRKAB operon conservation.

Gene cloning, protein expression and purification

The open reading frames selected for biochemical assays based on the
RNA-seq analysis were amplified by PCR using specific primers and
cloned in the expression vector pET28a(+) or pET21b(+) using the In-
Fusion® HD kit (Takara Bio) or by using restriction enzymes and DNA
ligase following manufacturer’s instructions (Supplementary Table 11).
The constructs were confirmed by DNA sequencing and used to
transform the E. coli strain BL21(DE3)-ASlyD-pRARE2 or BL21(DE3)-
SHuffle®-lysY (for XAC0353 construct). The transformed cells were
cultured in LB medium, 50 pg mL™ kanamycin or 100 ug mL™ ampicillin
at 37 °C, 200 rpm until ODggg ~ 0.8. Then, the protein expression was
induced by adding 0.5 mmol L™ isopropyl-p-d-thiogalactopyranoside
(IPTG) to the medium and incubating it at 20 °C for 16 h. Cells were
harvested by centrifugation at 7,500 x g, at 4°C for 30 min, resus-
pended on buffer as detailed in the Supplementary Table 12, and dis-
rupted by sonication (pulses of 15 s with intervals of 30 s during 15 min,
30% amplitude). The cell extract was centrifuged at 35250 x g, at 4 °C
for 30 min. The target proteins present in the supernatant were pur-
ified as described in the supplementary method. Protein concentration
was estimated based on the absorbance of protein samples at 280 nm
using the extinction coefficient calculated from their amino acid
sequences using the ProtParam tool®’.

Enzyme activity screening

The activity of putative ADHs was assessed by measuring the reduction
of NAD(P)" in the presence of aryl alcohols or the oxidation of NAD(P)H
in the presence of aryl aldehydes (Supplementary Table 13). Putative
ALDHs were evaluated for their activity over aryl aldehydes in presence
of NAD(P)* (Supplementary Table 13). Substrates and cofactors were
purchased as detailed in Supplementary Table 14. The enzyme activity
assays were performed in 100 L of 50 mmol L™ HEPES buffer, pH 7.5,
containing 0.25 mmol L NAD(P)* or NAD(P)H and specific substrates
at a final concentration of 0.25 mmol L™ (Supplementary Table 14).
NAD(P)H production or consumption was monitored by absorbance at
340nm and enzyme activity was defined as described in the
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supplementary method. The PobA activity was assessed in 100 uL of
50 mM Tris/sulfate buffer, pH 7.5, containing 0.5 mmol L™ NADPH,
60 umol L™ FAD, and 0.5mmol L™ of either 4-hydroxybenzoate or
benzoate. The reaction was initiated by adding 1umol L™ of the PobA
enzyme. A control reaction was conducted to monitor the absorption
decrease at 340 nm in the absence of aryl substrates. Data were ana-
lyzed using OriginPro (2021).

Enzyme specific activity assay

The specific activity of XAC0353 and XAC0354 was accessed in 1 mL of
36 mmol L* HEPES buffer, pH 7.5, containing 0.25 mmol L™ substrate,
and 2 mmol L™ NAD*, at 30 °C for 10 min. In reactions involving con-
iferyl alcohol, cinnamyl alcohol, p-coumaryl alcohol, and sinapyl
alcohol, XACO0353 was used at a concentration of 0.1 pmol L™, For the
remaining aryl alcohols listed in Supplementary Table 14, a con-
centration of 1.2umolL™? of XAC0353 was utilized. XAC0354 at
0.08 umol L was used in reactions containing aryl aldehydes (see
Supplementary Table 14). Reactions were stopped by heat at 100 °C,
2 min, 650 rpm, and centrifuged (20,817 x g, 4 °C, 10 min). All assays
were done using n =3 biological replicates. The supernatant was used
to measure the NADH production by HPLC as described by Sporty
et al.®?, with modifications (see details in the supplementary method).
Data were analyzed using OriginPro (2021).

Whole-cell activity assays using aryl aldehydes or HCAs
substrates

Whole-cell assays were performed as described by Garcia-Hidalgo
et al.”’. In short, E. coli BL21(DE3)-ASlyD-pRARE2 transformed with
expression vectors containing the gene XAC0882, XAC0O129 or co-
expressing the genes XACO881/XACO883 (or with the empty vector,
used as a negative control) were cultured in 5mL of LB medium,
overnight, at 30 °C and 200 rpm. Harvested cells were washed with
M9 minimal medium and inoculated to an initial ODggo of 0.8 in M9
medium containing 50 ug mL™ kanamycin or 100 uyg mL™ ampicillin,
0.5 mmol L™ IPTG, 56 mmol L™ glucose, and 5 mmol L™ aryl aldehydes
for putative dehydrogenases (XAC0129 and XAC0882) (Supplemen-
tary Table 14) or 5mmolL™ p-coumarate, ferulate or sinapate for
XACO0881/883. The cells were incubated at 30 °C and 200 rpm for 20 h.
Samples were taken at the final time, centrifuged at 4960 x g for 5 min
to pellet the cells, and the supernatants were analyzed as described in
the HPLC section. All assays were done using n = 2 biological replicates.

Whole-cell activity assays for O-demethylases

O-demethylase whole-cell assays were performed as described by
Lanfranchi et al.** with modifications. Briefly, the pairs XAC0310-
XACO311 or XAC0362-XAC0363 were co-expressed in E. coli BL21(DE3)-
AslyD-pRARE2 in 50mL of 2xYT medium supplemented with
1mmol L™ L-cysteine, 0.1 mg mL™ FeCls, and 0.1 mg mL™ FeSO,4 during
induction with 0.5mmolL™ IPTG. After expression, the cells were
centrifuged (2975 g, 4 °C, 10 min), washed with 20 mL of 50 mmol L™
Tris-HCl buffer, pH 7.5, and resuspended in 100 mmol L™ Tris-HCI, pH
7.5. The amount of buffer used for resuspension was adjusted to
ensure that the OD¢qg (- 8.8) for the control cells (empty vector) and
for the cells expressing the enzymes were the same, providing a the-
oretically equal number of cells across all samples. Reactions were
prepared in 100 mmol L™ Tris-HCI, pH 7.5, containing 0.1 mmol L
syringate, vanillate or 30MG (final DMSO concentration 1%), 5 mmol L™
DTT, 0.lmmolL? FeSO,4 and 20% (v/v) of the cell stock in 2mL
Eppendorf tubes. The reactions were incubated at 30 °C, 150 rpm, for
21 h. After incubation, the reactions were stopped by heating at 90 °C
for 10 min, then centrifuged (20,000 x g, 23 °C, 10 min). The super-
natants were frozen at —20 °C before being analyzed by HPLC as
described in the supplementary method. Stock solutions of substrates
were prepared in 10 mmol L? DMSO and stored at 4 °C. All assays were
done using n =2 biological replicates.

Gene deletion

Deletion mutants were generated using established methods®* with
some modifications. In brief, DNA fragments upstream and down-
stream of the target gene (- 1Kbp) were amplified by PCR from X. citri
306 genomic DNA using the primers listed in Supplementary
Tables 15 and 16. The PCR fragments were cloned into the pJET1.2/
blunt vector using The CloneJET PCR Cloning Kit (Thermo Scientific).
Next, they were digested with specific restriction enzymes for
sequential cloning into the suicide vector (pNPTS138) using T4 DNA
ligase (Thermo Scientific). Alternatively, the PCR fragments were
directly cloned into the suicide vector pNPTS138 using the commercial
In-Fusion® HD kit (Takara Bio) or NEBuilder® HiFi DNA Assembly
Master Mix kit (New England Biolabs). The final constructions (- 2 Kbp)
were confirmed by DNA sequencing. The recombinant plasmids were
introduced into X. citri 306 by electroporation. The selection of
knockout strains was performed as described in the supplementary
method.

Characterization of gene knockout strains

The growth curve assay of the ApobA strain was conducted in a mini-
mal medium XVM2m or XVM2m(G) supplemented with
4-hydroxybenzoate or benzaldehyde. The cultures were performed in
sealed 96-well plates and incubated in a SPARK® multimode micro-
plate reader (Tecan) at 30 °C with agitation. Data were collected with
the SparkControl v.3 software. Each condition was replicated in at least
three wells. For HPLC analysis, all mutant strains generated in this work
were cultivated in 125mL flasks containing 15mL of medium as
detailed in Supplementary Table 17. The culture medium was sampled
by removing 2mL before and after specific post-inoculation time
points (Supplementary Table 17), centrifuged at 4960 x g for 5 min to
pellet the cells, and the supernatants were stored at —20 °C until the
analysis.

Phylogenetic analysis

To analyze the distribution of molA/molB and calA/calB genes in other
bacterial genomes, a phylogenetic tree was constructed. The genome
sequence of X. citri 306 along with 136 genomes were used for the
analysis. The genomes were selected based on Sequence Similarity
Network (SSN) analyses. Initially, individual references protein
sequences of MolA (XAC0353), MolB (XAC0354), CalA (CAB69495.1)
and CalB (CAA06926.1) were submitted to EFI-EST webtool® as seeds
for SSN analyses to recover iso-functional clusters comprising the
UniProt seed-related proteins sequences. The reference genome
sequences of bacterial species identified on the iso-functional gene
cluster harboring MolA and CalA were downloaded from the NCBI
RefSeq database. This set of genome sequences was submitted to
UBCG tool®*®, and a phylogenetic tree was inferred based on 92 con-
served single copy marker genes using maximum likelihood method
implemented in RAXML with 100 bootstraps. The obtained tree was
visualized in iTol (itol.embl.de). MolA/MoIB and CalA/CalB related
genes are highlighted in the tree according to protein sequence
identity >50% and coverage >70% with references sequences as
thresholds.

Statistics and reproducibility

Differentially expressed genes were evaluated according to negative
binomial distribution implemented by edgeR’® and defined using
absolute log, Fold Change above 1 and adjusted p-values <0.05 as
thresholds. Exact adjusted p-values were provided in the Supplemen-
tary Data 1 file. Variance analyses were conducted utilizing PCA to
assess data integrity and comparability. Outliers samples in PCA were
excluded. The precise n number of replicate experiments are indicated
in the figure legends. The investigators were not blinded to allocation
during experiments and outcome assessment, since all analyses were
objective in nature.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

RNA-seq data were deposited in the Gene Expression Omnibus database
under accession number GSE252662. Other data generated in this study
are presented in the supplementary material, supplementary data files
and the source data file. Homologous sequences used for comparative
purposes are found in Genbank under the accession codes CAB69495.1

[https://www.ncbi.nlm.nih.gov/protein/CAB69495.1], BAK68041.1
[https://www.ncbi.nlm.nih.gov/protein/BAK68041.1], BAH79100.1
[https://www.ncbi.nlm.nih.gov/protein/BAH79100.1], AAA75634.2
[https://www.ncbi.nlm.nih.gov/protein/AAA75634.2], BAK67507.1

[https://www.ncbi.nlm.nih.gov/protein/ BAK67507.1]. X. citri subsp. citri
protein sequences, such as XAC0353, were retrieved from the KEGG
database [https://www.genome.jp/entry/xac:XACO0353]. Databases used
in this study: Uniprot: (https://www.uniprot.org/) eLignin (http://www.
elignindatabase.com/)” UniProtKB/Swiss-Prot (https://www.expasy.org/
resources/uniprotkb-swiss-prot) KEGG RefSeq (https://www.ncbi.nlm.
nih.gov/refseq/) Gene Expression Omnibus database (https://www.ncbi.
nlm.nih.gov/geo/) Source data are provided with this paper.
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