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There is considerable interest in engineering plant cell wall compo-
nents, particularly lignin, to improve forage quality and biomass
properties for processing to fuels and bioproducts. However,
modifying lignin content and/or composition in transgenic plants
through down-regulation of lignin biosynthetic enzymes can induce
expression of defense response genes in the absence of biotic
or abiotic stress. Arabidopsis thaliana lines with altered lignin
through down-regulation of hydroxycinnamoyl CoA:shikimate/
quinate hydroxycinnamoyl transferase (HCT) or loss of function
of cinnamoyl CoA reductase 1 (CCR1) express a suite of pathogenesis-
related (PR) protein genes. The plants also exhibit extensive cell wall
remodeling associated with induction of multiple cell wall-degrading
enzymes, a process which renders the corresponding biomass a sub-
strate for growth of the cellulolytic thermophile Caldicellulosiruptor
bescii lacking a functional pectinase gene cluster. The cell wall remod-
eling also results in the release of size- and charge-heterogeneous
pectic oligosaccharide elicitors of PR gene expression. Genetic anal-
ysis shows that both in planta PR gene expression and release of
elicitors are the result of ectopic expression in xylem of the gene
ARABIDOPSIS DEHISCENCE ZONE POLYGALACTURONASE 1 (ADPG1),
which is normally expressed during anther and silique dehiscence.
These data highlight the importance of pectin in cell wall integrity
and the value of lignin modification as a tool to interrogate the
informational content of plant cell walls.

cell wall remodeling | lignin modification | defense response | elicitor |
polygalacturonase

lant cell wall polymers are cross-linked in the wall matrix.
The nature of this cross-linking regulates plant growth and
serves as a sensor between the cell cytoplasm and the environment.
Alterations in cell wall integrity affect cell wall architecture and
trigger compensatory changes in cell wall properties (1). Lignin is a
major polymer in secondary cell walls, and engineered plants
with low lignin levels have reduced biomass recalcitrance,
leading to enhanced sugar release for biofuel production and
improved forage digestibility (2). However, modification of
lignin content and/or composition can result in severe defects in
plant growth (2-5) and alterations in plant immunity man-
ifested as either enhanced susceptibility (6) or enhanced re-
sistance through activation of endogenous defense pathways (7,
8). The molecular mechanisms underlying how lignin modifica-
tions are perceived in the cell wall and the subsequent signals that
are transduced remain unknown. Understanding these is of critical
importance for developing improved forages and sources of new
bioproducts and fuels.
The “oligosaccharin hypothesis” (9) was first proposed to ex-
plain how specific fungal cell wall structures elicit plant defenses
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(10, 11). It was later expanded (see reviews: refs. 12 and 13) to
include plant cell wall-derived oligosaccharides, now referred to
as part of a larger group of molecules known as damage-associated
molecular patterns (DAMPs), and bacterial lipooligosaccharides,
both of which can trigger defense responses and/or impact plant
growth and development (14-17). Release of DAMPs triggers the
biosynthesis of stress hormones such as salicylic acid (SA) (18),
jasmonic acid (19), and ethylene (20), and the generation and
accumulation of reactive oxygen species (21). These signals can, in
turn, lead to the production of antimicrobial metabolites such as
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phytoalexins (22), or the synthesis of defense response proteins
such as pathogenesis-related (PR) proteins (23), including defensins
(24). The defense-inducing plant cell wall-derived DAMPs that
have been structurally characterized, to date, are either p-1,3
glucans (25) or a-1,4 oligogalacturonides (OGs, mainly pectic
homogalacturonan [HG] fragments) (14, 26-28). A putative OG
receptor has also been discovered (28).

Cell walls of alfalfa plants with reduced lignin levels resulting
from down-regulation of hydroxycinnamoyl CoA:shikimate hydrox-
ycinnamoyl transferase (HCT) show increased extractability of
pectic elicitors of PR protein-encoding transcripts (7). Elicitors
of different sets of defense response genes are generated in cell
walls of Arabidopsis thaliana with lignin composition altered
through up- or down-regulation of the late lignin pathway en-
zyme ferulate 5-hydroxylase (F5H) (29). These elicitors have yet
to be structurally characterized, and whether their release is a
direct or indirect result of altered cell wall structure or integ-
rity is unclear. Here, we utilize 4. thaliana lines independently
modified in expression of HCT or cinnamoyl CoA reductase
(CCR), the penultimate enzyme in monolignol biosynthesis, to
probe biochemically and genetically the links between lignin
content, cell wall integrity, and defense signaling. These lines
exhibit extensive but differential transcriptional reprogramming,
but share constitutive expression of many PR genes associated
with extensive cell wall remodeling. PR gene expression and in-
creased extractability of cell wall-derived elicitors of PR genes
are a result of the ectopic expression of the ARABIDOPSIS
DEHISCENCE ZONE POLYGALACTURONASE 1 (ADPG1).
Our data highlight the importance of pectin for defense sig-
naling, and place active cell wall remodeling as a central pro-
cess in the release of pectin-derived DAMPs in lignin-modified
plants.

Results

Defense Response Genes Are Ectopically Expressed in the HCT-RNA
Interference Line and the ccr! Mutant of Arabidopsis. Consistent
with the position of HCT in the monolignol pathway (SI Ap-
pendix, Fig. S1), reduction of this enzyme’s expression leads to a
large reduction in levels of both guaiacyl (G, derived from con-
iferyl alcohol) and syringyl (S, derived from sinapyl alcohol) units
in lignin, which is therefore highly enriched in H units derived
from p-coumaryl alcohol (3, 30). Loss of function of CCR 1
(CCR1) in Arabidopsis results in large reductions in both G and S
units, with a significant but less extreme increase in H units (31).
The changes in lignin content and composition in the Arabidopsis
lines used in the present work were confirmed by thioacidolysis
(see below) and microscopic analysis of inflorescence stems for
ultraviolet autofluorescence and Méule staining (SI Appendix,
Fig. S2 A and B). Altered lignin content and composition were
seen in both xylem vessels and fibers. The ccrl mutant plants
used here were semidwarf, and the HCT-RNA interference
(RNAI) lines also showed the previously reported reductions in
plant stature (32).

HCT down-regulation induces expression of PR proteins in A.
thaliana (7). To determine whether loss of function of CCR1
induces similar defense responses, we performed Affymetrix
microarray analysis on RNA extracted from stems of wild-type,
HCT-RNAI, and ccrl mutant plants (Dataset S1). The ccr! and
HCT-RNAI lines shared similar numbers of differentially up-and
down-regulated genes (SI Appendix, Fig. S3), including a number
of defense response genes (Table 1 and Dataset S1). There were
fewer strongly down-regulated genes (more than 10-fold differ-
ence from wild type) in the ccr/ mutant than in the HCT-RNAIi
line (Dataset S1). Reduction of HCT expression by ~90% (Dataset
S1) led to large-fold increases in levels of transcripts encoding the
PR genes PRI, PR10, PR13, PR2 (B-glucanase), PR5 (thaumatin-like),

Table 1. The 16 most highly up-regulated defense response genes in A. thaliana HCT-RNAI transgenic lines and ccr-1 mutant plants,
as compared to wild type (WT)
Gene ID HCT-RNAI/WT ratio ccr-1/WT ratio Annotation
AT4G23600 165.38 43.27 CORI3, CORONATINE INDUCED 1, induced by phytotoxin
coronatine, response to wounding, salt, ABA and JA
AT5G42800 50.44 10.46 Dihydroflavonol reductase, conversion of dihydroquercetin
to leucocyanidin; oxidative and abiotic stress response
AT1G75040 49.26 0.25 PR-5; thaumatin-like protein involved in response to pathogens
AT3G28360 48.32 8.17 P-glycoprotein 16 (PGP16) ABC transporter, transmembrane domain
AT1G80130 43.27 10.43 Tetratricopeptide repeat (TPR)-like superfamily protein; response
to oxidative stress
AT3G04710 42.37 3.20 PR-10; tetratricopeptide (TPR) protein with potential to interact
with Hsp90/Hsp70 as cochaperone
AT2G14610 40.26 20.56 PR-1; salicylic-acid responsive; it is a useful molecular
marker for the SAR response
AT3G57510 35.04 90.23 Encodes ADPG1, a PGase protein involved in silique and anther
dehiscence
AT3G06340 35.64 2.30 DNAJ heat shock N-terminal domain-containing protein
AT2G38530 34.27 85.21 Lipid transfer between membranes; predicted to be a member
of PR-14 PR protein family
AT3G57260 32.86 19.37 PR-2; beta 1,3-glucanase
AT1G56650 32.61 7.06 Putative MYB domain containing transcription factor
involved in anthocyanin metabolism; response to salt stress
AT4G24260 31.25 1.50 Endo-1,4-B-glucanase; KOR3 is induced by nematodes and is
expressed in syncitia induced by Heterodera schachtii
AT3G28220 28.46 4.98 TRAF-like family protein; response to salt stress
AT4G37980 27.28 18.32 Elicitor-activated gene 3-1 (ELI3-1); plant-type hypersensitive
response
AT1G72260 23.72 89.19 PR-13; encodes a thionin which is a cysteine-rich protein having

antimicrobial properties; Thi2.1

Transcriptome analysis was by DNA microarray analysis. The list of genes is extracted from Dataset S1.
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and PRI4 (lipid transfer protein), other genes associated with
biotic stress and SA-mediated responses, and a phosphate
cotransporter responsive to abiotic stress (Table 1 and Dataset
S1). Loss of function of CCRI also led to massive induction of a set
of genes associated with seed development and lipid transport/
storage (albumin, oleosin, and lipid transfer protein), many of
which were not induced in the HCT-RNAI line (Dataset S1). PRI,
PR2, PRI3, and PRI4 were highly overexpressed in both lines,
although PR5 was down-regulated in the ccrl mutant as op-
posed to its near 50-fold induction in the HCT-RNAI line
(Table 1). MapMan analysis (SI Appendix, Fig. S4 A and B)
showed that, although both Arabidopsis lines ectopically expressed
genes in the same ontology categories, the differentially expressed
genes in each category were often different.

Cell Wall Remodeling Genes Are Ectopically Expressed in Reduced
Lignin Plants. Many cell wall metabolism genes, including a
number involved in pectin degradation, were differentially up-
regulated in the two lignin-modified lines (Table 2 and SI Appen-
dix, Table S1). For example, ADPG1 (gene number AT3G57510),
previously ascribed a role in silique and anther dehiscence and
expressed during cell separation processes in wild-type plants (ref.
33 and SI Appendix, Fig. S5A), represented one of the most highly
induced (by over 90-fold) genes in the ccr! transcriptome (Table 2
and ST Appendix, Fig. S5B). This same gene was induced 30-fold in
the HCT-RNAI line, along with multiple pectate lyases and pectin
acetyl/methyl esterases (Table 2 and SI Appendix, Fig. S5B). An
unannotated gene, AT1G64405, encoding a 118-amino acid pro-
tein with a serine-rich motif known to be strongly expressed in
abscission zones (34), was also induced in both ccr! (3.92-fold) and
HCT-RNAI (2.17-fold) lines. Remarkably, however, other than
ADPGTI and the peroxidase ATSG51890, none of the cell wall
metabolism enzyme genes up-regulated in the HCT-RNAI line
was up-regulated in the ccr! mutant, and vice versa (Table 2 and
SI Appendix, Table S1).

Glycome Epitope Profiling Reveals Extensive Cell Wall Remodeling in
Reduced Lignin Plants. To determine whether the changes in lignin
content/composition and/or induction of cell wall-degrading
enzymes affected cell wall integrity in the reduced lignin lines,
we first examined changes in water-extractable cell wall glycan
epitopes by screening the unprocessed water extracts from the
HCT-RNAI and ccr! lines with an array of monoclonal anti-
bodies (35) directed against diverse noncellulosic plant cell wall

glycan epitopes. The water extracts of cell walls from the two
mutant plant lines were highly enriched in a range of arabino-
galactan and rhamnogalacturonan I (RG-I) epitopes when com-
pared to the extracts from the wild-type plants (Fig. 14). The
water extracts of the ccrl line showed high contents of RG-I
backbone, HG, and xylan (Fig. 14) epitopes. In order to identify
overall changes in cell wall structure and glycan composition
resulting from the lignin modifications, glycome profiling of in-
florescence stem cell walls (alcohol-insoluble residues [AIRs]) was
carried out by sequentially extracting the walls with a range of
solvent treatments of increasing harshness and screening the
neutralized and dialyzed wall extracts with the monoclonal anti-
body toolkit (SI Appendix, Fig. S6). The resulting glycome profiles
showed several noteworthy changes, especially for ccrl. The most
distinctive change was a dramatic shift in components containing
RGfarabinogalactan epitopes from the harshest extract (postchlorite
4M KOH) to the less harsh treatments (oxalate and carbonate) in
both lignin-modified lines compared to the wild type (SI Appendix,
Fig. S6, green dotted boxes). In addition, xylan epitopes (both
backbone and side-chain epitopes) and pectic backbone epitopes
(both HG and RG-I) were more prominent in these early cell
wall extracts (SI Appendix, Fig. S6, white dotted boxes). Diverse
xyloglucan epitopes also were more easily extractable from the cell
walls of the two mutant lines, especially for ccrl, than observed for
wild-type walls. Finally, ccrl cell walls were less tightly integrated,
as indicated by the higher recovery of cell wall carbohydrates in
wall extracts compared with wild type (SI Appendix, Fig. S6,
bar graphs).

Next, the components of the water extracts from the AIRs
were separated by anion exchange chromatography coupled with
ELISA-based epitope detection (Epitope Detection Chroma-
tography [EDC]), to examine heterogeneity of the released poly-
saccharides (SI Appendix, Supplementary Materials and Methods).
The fractions were eluted from the anion exchange column by a
step gradient of 20%, 30%, and 40% followed by 40 to 100% of
0.6 M sodium chloride, and epitopes were determined by ELISA
using a bank of monoclonal antibodies (SI Appendix, Fig. S7). The
20% fraction from both the HCT-RNAI and ccr! lines contained a
large new peak of xylan antibody-reactive material (SI Appendix,
Fig. S7C), and smaller peaks were found in the 30% and 40%
fractions. Overall, glycome profiling revealed major changes in
pectin and xylan extractability from cell walls of the HCT-RNAIi
and ccrl mutant lines, confirming extensive cell wall remodeling.

Table 2. Pectin modifying genes differently expressed in HCT-RNAi and ccr-1 mutant plants

Gene ID HCT-RNAI/WT ratio ccr-1/WT ratio Annotation

AT3G57510 35.04 90.23 Encodes ADPG1, a PGase protein involved in silique and anther dehiscence

AT3G27400 3.74 Pectin lyase-like superfamily protein

AT1G57590 3.55 Pectinacetylesterase family protein

AT5G47500 3.15 Pectin lyase-like superfamily protein

AT1G10640 3.12 Pectin lyase-like superfamily protein

AT5G49180 14.18 Encodes a putative pectin methylesterase; the gene is preferentially
expressed in floral buds

AT1G70720 10.30 Plant invertase/pectin methylesterase inhibitor superfamily protein

AT5G07410 8.89 Pectin lyase-like superfamily protein

AT1G56100 8.85 Plant invertase/pectin methylesterase inhibitor superfamily protein

AT2G36710 7.75 Pectin lyase-like superfamily protein

ATAG15750 7.72 Plant invertase/pectin methylesterase inhibitor superfamily protein

AT5G07430 4.15 Pectin lyase-like superfamily protein

AT3G07820 3.63 Pectin lyase-like superfamily protein

AT1G48100 3.62 Pectin lyase-like superfamily protein

AT1G02790 3.25 Encodes a exopolygalacturonase

AT5G19730 3.13 Pectin lyase-like superfamily protein

AT5G48140 2.52 Pectin lyase-like superfamily protein
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Fig. 1. Cell wall remodeling in reduced lignin Arabidopsis lines. (A) (Lower) Glycome analysis of cell wall polysaccharides from water extracts of cell walls
of control, HCT-RNAI, and ccr! mutant Arabidopsis stems. The nondialyzed water-soluble cell wall extracts were screened against a panel of 155
monoclonal antibodies directed against diverse epitopes in noncellulosic plant glycans. The resulting heat map depicts antibody binding strength based
on optical density (OD) depicted as a color gradient ranging from black (no binding) to yellow (strongest binding), as indicated by the key at the lower
right. Antibodies are grouped into clades according to the glycans that they predominantly recognize, as indicated by the panel on the right side of the
glycome profiles. Upper shows carbohydrate recovery from water-extracted AIRs. Details of monoclonal antibodies are given in ref. 29. (B-D) Lignin
modification alleviates the need for pectinase action to enable a cellulolytic bacterium to access Arabidopsis biomass. (B) Growth of wild-type (WT) C.
bescii on ground biomass from WT and HCT-down-regulated Arabidopsis plants. (C) Growth of C. bescii JWCB005 (ApyrFA). (D) Growth of C. bescii
JWCBO010 (ApyrFA ApecABCR). Cells were collected and stained with acridine orange at the times shown and counted using an epifluorescence microscope
with a counting chamber lens. Two biological replicates were taken. Asterisks indicate significant differences from WT (P < 0.05) by pairwise multiple

comparison Tukey test.

Lignin Modification Removes the Requirement for Pectin Degradation
for Access to Cell Wall Polysaccharides. Targeting pectin modifica-
tion alone can strongly reduce recalcitrance of lignocellulosic
biomass (36), and the cellulolytic thermophilic bacterium Cal-
dicellulosiruptor bescii cannot grow on plant biomass in the ab-
sence of a functional pectinase gene cluster (37). Because the
Arabidopsis lines studied here exhibit elevated endogenous
pectinase gene expression, we employed C. bescii in a bioassay to
examine the impacts of lignin modification in HCT-RNAI plants
on cell wall remodeling in the context of accessibility of cell walls
to microbial deconstruction. In a preliminary experiment, ground
biomass from wild-type and HCT-antisense alfalfa plants de-
scribed previously (7) was compared as the carbon source for
growth of wild-type C. bescii, a control auxotrophic strain (ApyrFA)
used for gene disruption, and the same strain in which the or-
ganism’s pectinase gene cluster had been ablated (ApecABCR) (S
Appendix, Fig. S8). Cell counts for wild-type C. bescii and the
ApyrFA mutant increased in a similar manner over the duration
of the experiment (SI Appendix, Fig. S8 A and B). However,
growth of the pectinase cluster deletion mutant was strongly re-
duced compared to wild type when the bacteria were grown on
wild-type alfalfa biomass, but achieved that of wild-type bacteria
when grown on biomass from HCT-antisense alfalfa (S Appendix,
Fig. S8C).

We then examined the growth of the C. bescii strains on HCT-
RNAI (Fig. 1 B-D) and ccrl mutant Arabidopsis biomass (SI
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Appendix, Fig. S9). Growth of wild-type or ApyrFA bacteria
was essentially the same on wild-type or HCT down-regulated
Arabidopsis biomass (Fig. 1 B and C). However, as observed for
alfalfa (SI Appendix, Fig. S8 A-C), down-regulation of HCT
allowed the pectinase cluster mutant to achieve higher growth
than on cell walls from wild-type plants (Fig. 1D). The same was
true for growth of wild-type and mutant C. bescii on ccrl mu-
tant biomass (SI Appendix, Fig. S9). As a control, we examined
biomass from additional Arabidopsis lines with loss of function
or overexpression of F5H; these lines, in which lignin compo-
sition but not content was affected, do not constitutively ex-
press PR genes or ADPG1 (29). Biomass from none of these
lines could support wild-type growth of the pectinase deletion
mutant (SI Appendix, Fig. S8 D-I). Together, these data
suggest that ectopic activation of endogenous pectin degrad-
ing enzymes, including pectin lyases and ADPGI, causes cell
wall remodeling that overcomes the requirement for an active
pectinase gene cluster to enable growth of C. besciii on plant
biomass.

Elicitors of PR Proteins Are Released from Cell Walls of Reduced
Lignin Plants. To determine whether the cell wall material that
exhibited enhanced extractability in the HCT-RNAIi and ccrl
Arabidopsis lines contained signal molecules for induction of
PR genes, we prepared AIRs from stems of lignin-modified and
control plants and extracted them in water at room temperature.
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Extracts were then added to Arabidopsis suspension cells that were  chromatography (SI Appendix, Fig. S104). The two elution pro-
harvested after 12 h for RNA extraction and determination of files were quantitatively and qualitatively different, with the ex-
PRI, PR2, and PRI0 transcript levels. Polygalacturonic acid (PGA)  tract from the HCT-RNAI line containing more pectic material
was included as a positive control elicitor, and this and water-  and additional peaks of lower molecular weight when compared
soluble extracts from the plant cell walls were also pretreated  to the wild type (SI Appendix, Fig. S104). Some pectic ma-
with commercial polygalacturonase (PGase). PGA induced the terial eluted after the galacturonic acid standard, suggesting that
three PR genes, and this induction was strongly reduced if the its nature caused it to stick to the gel permeation column. Three
PGA was pretreated with PGase (Fig. 2 A and B). Extracts from  peaks with highest uronic acid content plus one late-eluting peak
cell walls of the HCT-RNAI and ccr! lines induced PRI, PR2, and  from the HCT-RNAI line were assayed for elicitor activity; all
PRI0 transcripts to well above the levels in cells treated with the  induced PRI0 expression (SI Appendix, Fig. S10B). Together with
water-soluble fraction of cell walls from wild-type plants (Fig. 24  the ion exchange data, these results suggest that the elicitors
and B). Pretreatment of the extracts with PGase fully or partially  released from Arabidopsis cell walls as a response to lignin
destroyed the ability to induce PR genes (Fig. 2.4 and B). The modification are heterogeneous with respect to both size and
elicitor activity in the extracts exhibited some specificity for PR charge.

gene induction. For example, neither the seed storage albumin Pretreatment of water extracts from cell walls of the lignin-
(SESAZ2) and 12S globulin genes (CRA2) that are highly induced — modified plants with PGase gave partial to complete abolition of
in the ccrl mutant nor the glucose 6-phosphate/phosphate PR gene induction (Fig. 2 A4 and B). To explore further the na-
cotransporter (GPT2) that is highly induced in the HCT-RNAIi  ture of the elicitors, the extracts were pretreated with specific
line (Dataset S1) was induced by the water-soluble extracts from  plant cell wall-degrading enzymes (S Appendix, Table S3). After
either the HCT-RNAI or ccrl mutant line (SI Appendix, Table  incubation and destruction of the added enzymatic activity by
S2). ADPG1 was also not induced, and CYP81D11, a gene thatis  autoclaving, the extracts were assayed for elicitor activity. Digestion
strongly induced by elicitors released from F5H overexpressing  with commercial PGase and arabinanase eliminated the activity of
Arabidopsis (29), was repressed by the water-soluble elicitors (S the extracts from HCT-RNAI and ccr! lines to induce expression of
Appendix, Table S2). PRI and PRI10, and treatment with fucosidase or xyloglucanase

The fractions from anion exchange chromatography of the partially reduced this ability.

released elicitor material (SI Appendix, Fig. S7) were desalted,

and tested for their ability to induce defense genes in Arabidopsis ~ ADPG1 Is Required for PR Gene Expression in HCT-RNAi and ccr1
suspension cells (Fig. 2 C and D). Ability to induce PRI and Plants. To determine whether ectopic expression of ADPG1 is
PRI10 was found in multiple fractions (neutral, 40%, and 40 to  necessary for induction of PR genes in stems of the lignin-modified
100% salt) from the water extracts of cell walls from the HCT-  plants, we generated crosses to introduce the HCT-RNAI or a
RNAI and ccrl lines. Notably, the 20% and 30% fractions ccr/-3 mutant allele into a homozygous adpgl loss-of-function
that contained released xylan epitopes (SI Appendix, Fig. mutant background. Homozygous lines for both the lignin path-
S7C) did not exhibit much elicitor activity (Fig. 2 C and D).  way gene and the adpgl mutation were selected, as well as lines
The water-extracted AIRs from the wild-type and HCT-RNAi  heterozygous for the functional ADPG]1 allele. Because loss of
lines were then separated on the basis of size by gel permeation  function of ADPGI imparted a defect/delay in both anther
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Fig. 2. Defense gene expression in Arabidopsis cell cultures in response to water-soluble elicitors from cell walls of wild-type (WT), HCT-RNAI, ccr1, and f5h
(fah-1) mutant and F5H overexpressor (OE) Arabidopsis plants. (A) PRT and PR2 induction in response to crude elicitors from the plant lines shown. (B) PR10
induction in response to crude elicitors from the plant lines shown. (C) PR70 and PR1 induction by ion exchange fractionated elicitors from cell walls of HCT-RNAi
plants. (D) PR10 and PR1 induction by ion exchange fractionated elicitors from cell walls of ccr1 plants. The elicitor activity of selected fractions was determined by
measuring their ability to induce defense gene transcripts (PR2, PR10, PRT) in cell suspension cultures. Analysis of transcript levels in cell cultures was by gRT-PCR
performed with total messenger RNA (mRNA) from suspension cells harvested 12 h postelicitation, and incubated in the dark at 25 °C. Transcript levels are
expressed relative to AtPP2A. Results are means + SD of three biological replicates. Asterisks in A and B indicate significant differences from WT (P < 0.05) by
pairwise multiple comparison Tukey test. Elicitor extracts were prepared from the AIR fraction of cell walls. Extracts were added directly to cell cultures (=), or
pretreated with PGase (+). PGA was also tested as elicitor for a positive control. Elicitor fractions are as shown in S/ Appendix, Fig. S7 A-D.
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dehiscence and silique opening (SI Appendix, Fig. S114), me-
chanical manipulation was necessary to obtain seeds from these
crossed plants. The HCT-RNAI line is dwarf (Fig. 34) with re-
duced rosette diameter and inflorescence stem length (SI Ap-
pendix, Fig. S10B), whereas the homozygous adpgl mutant exhibits
a wild-type growth phenotype as regards plant size (Fig. 34 and S/
Appendix, Fig. S11B) and wild-type lignin composition (Fig. 3B).
Loss of function of ADPG1 partially restored inflorescence height
in the HCT-RNAI background, with a similar effect on rosette
diameter (S Appendix, Fig. S11B). In inflorescence stems express-
ing the HCT-RNAI construct, loss of function of ADPG1 did not
affect the accumulation of high levels of H units as a result of the
block in the pathway to G and S units (Fig. 3B), but completely
prevented induction of both PR1 and PR10 transcripts (Fig. 3C).
Heterozygous lines with loss of function of only one of the two
copies of ADPG1 gave the same phenotype as lines with loss of
function of both alleles (Fig. 3C), perhaps because ectopically
expressed ADPG1 activity is only just sufficient to release elicitor
molecules.

The ccrl-3 mutant displays reduced fertility and a semidwarf
growth pattern (38, 39) with smaller rosette and shorter primary
inflorescence stem when compared with wild-type plants (Fig. 44
and SI Appendix, Fig. S11 C and D). Loss of function of ADPG1
did not restore fertility, rosette size, or height of primary in-
florescence stems in the ccr! mutant background (Fig. 44 and SI
Appendix, Fig. S11 C and D), or the elevated levels of H units
(Fig. 4B). However, loss of function of ADPG1 in the ccrl mu-
tant background did result in strong reduction of PR1 expression
in inflorescence stems (Fig. 4 C-E). As was the case in the
crosses with the HCT-RNAI line, plants that were heterozygous
for the disrupted ADPGI allele showed a phenotype similar to
those that were homozygous. Taken together, the data show that
ectopic ADPG1 expression is required for PR induction in stems
of both the HCT-RNAI and ccr! lines.

Restoration of lignin deposition in the xylem tissues of the
Arabidopsis ccrl mutant by expressing the CCR1 open reading

Lignin monomer composition (%)

@)

EPR1 OPR10 3

Relative mRNA level
o Rk N W A u

Relative mRNA level

B
D

B

i]

I
—

=3
B
B
B
=]
P

WT
wT
HCT-RNAi

adpg1/adpg1
WT x ADPG1/adpgl P

f

HCT/ADPG/adpgl
CT/ADPG1/adpgl
HCT/adpg1/adpgl
HCT/adpg1/adpgl
HCT/adpg1/adpgl
HCT/adpg1/adpgl B

Genotype

frame under the control of a vessel-specific promoter restores
growth, likely as a result of improved vascular function (40). To
address whether the signals for activation of PR gene expression
originate in xylem, we determined the levels of ADPG1 and PR1
transcripts in inflorescence stems of two alleles of the ccr/ mutant
and their corresponding complemented lines (ProSNBE:CCR1).
The expression of PR1 was reduced to or below the level of the
wild-type control on restoration of lignin deposition specifically in
the xylem of different independent complemented lines (Fig. 4F),
and ADPG1 expression was essentially undetectable in all lines
other than the original ccr! mutants. These data suggest that defense
gene activation in stems is a result of expression of ADPG1 primarily
in xylem vessels.

ADPG1 Is Required for Release of Cell Wall-Derived Elicitors. To ad-
dress whether ADPGL is responsible for release of pectin-derived
signal molecules in stems of low-lignin Arabidopsis, we first ex-
amined the preference of this enzyme for various components
of the cell wall pectin fraction. In comparison with two other
Arabidopsis PGases, ADPG1 was reported to possess low specific
activity with PGA as substrate (41). We expressed recombinant
ADPG1 (RC-ADPGY1) in Escherichia coli, purified the enzyme (S
Appendix, Fig. S12), and compared its activity against that of pure
PGA, on apple pectin (consisting largely of methylated galact-
uronic acid residues), RG-I from tobacco suspension cultures,
and RG-II from red wine. RC-ADPG1 exhibited highest activity
against apple pectin (comprising a mixture of HG, RG-I, and RG-
II), with between approximately fivefold and sevenfold lower
specific activity with purified PGA, RG-I, and RG-II (SI Appendix,
Table S4). Its relative preference for apple pectin was greater than
that of the two commercial PGases.

Water extracts were then prepared from AIR preparations
from cell walls of HCT-RNAI adpg! plants, and the elicitor ac-
tivity of these fractions was compared with that of the same frac-
tions from wild-type and HCT-RNAI plants using the Arabidopsis
cell culture bioassay. Loss of function of ADPGI resulted in loss

HCT-RNAI
HCT-RNAI
HCT-RNAIi

adpg1/adpgl
adpgl/adpgl |5
WT/ADPG1/adpgl
HCT-RNAi x WT [
HCT-RNAi x WT "

[

CT/ADPG1/adpgl

WT/ADPG1/adpgl
HCT/ADPG1/adpgl
HCT/adpg1/adpgl
HCT/adpg1/adpgl
HCT/adpg1/adpgl
HCT/adpg1/adpgl

Hi

f

Genotype

DOPR1 OPR10 *

e

e —— SR

P
H»

W 4 5 5 E E 3z T o< B R R M= I

28 5 8 5 & 3 ® %0 85 o OO

< < & £ Z 2 & e 2 § & a & &

z 3 ¥ .- 99 ¥ 5 6 6 g9

[EE— o £ £2 2% 23

S D Be 9 g e

[R— e 8 F i EZ

S Xs 8= 22

= =

g5 &

I I

|

" N
=1
—w
HCT-RNAWRCADPGL e,

[
[

Elicitor or genotype for cell wall extract

Fig. 3. ADPGI1 is required for elicitor release and PR gene induction in HCT-RNAIi Arabidopsis. (A) Overall growth phenotypes of wild-type (WT), HCT-RNAI,
adpg1, and HCT-RNAI adpgT lines at 8 wk old. (Scale bar, 2 cm.) (B) Lignin content and composition of the above lines as determined by thioacidolysis. (C) PR1
and PR 10 transcript levels in the above lines. (D) Induction of PR1 and PR10 transcripts in Arabidopsis cell cultures by elicitors derived from WT, HCT-RNAI, and
HCT-RNAIi adpg1 Arabidopsis. Cell wall extracts from WT and HCT-RNAIi plants were also pretreated with RC-ADPG1 prior to testing of elicitor activity.
Genotypes are represented as uppercase (WT) and lowercase (mutant) alleles. HCT-RNAi x WT is heterozygous for the RNAi construct. Error bars represent SD
of three technical replicates (individual assays). Separate bars are shown for biological replicates. Asterisks indicate significant differences from WT (P < 0.05)

by pairwise multiple comparison Tukey test.
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Fig. 4. ADPGI1 is required for PR1 induction in the ccr! mutant of Arabidopsis. (A) Phenotype of F2 progeny of the cross ccr! x adpg1. Wild-type (WT), ccri,
and F2 plants are 7 wk old. (Scale bar, 2 cm.) (B) Lignin content and composition of F2 progeny of the cross ccr? x adpg1 as determined by thioacidolysis.
Results are means + SD of five technical replicates. Individual biological replicates are indicated by R1, R2, etc. (C) Levels of CCR1 transcripts in WT and ccr1/
adpg! mutant lines. (D) Levels of ADPG1 transcripts in WT and ccri/adpg? mutant lines. (E) Levels of PR1 transcripts in WT and ccr1/adpg! mutant lines.
Genotypes are represented as uppercase (WT) and lowercase (mutant) alleles. Transcript analyses were performed on 8-wk-old plants, and expressed relative
to ACT2. In C-E, each replicate is a pool of four plants of the same genotype. (F) Restoring CCR expression to xylem prevents ADPG1-mediated induction of PR
proteins in the Arabidopsis ccr’ mutant. PR1 transcript levels were determined in inflorescence stems of ccr’ mutant plants (two independent lines, ccr7-3 and
ccr1-6), and the ccr? mutants in which a WT copy of CCR1 was expressed under a xylem-specific promoter (ProSNBE:CCR1) (see ref. 40 for details of the lines).
Results are mean + SD of three biological replicates; WT PR1 transcript value is normalized to 1.0. Asterisks in B, E, and F indicate significant differences from

WT (P < 0.05) by pairwise multiple comparison Tukey test.

of the PR gene-inducing activity seen in water extracts from the
HCT-RNAI line with functional ADPGI1 (Fig. 3D), indicating that
ADPGT is necessary for elicitor generation. Pretreatment of water
extracts from cell walls of wild-type plants with RC-ADPG1 did
not result in appearance of elicitor activity in the extract (Fig. 3D),
indicating that the elicitor(s) was not present in these extracts in a
latent form that could be activated through the action of ADPG1.
Furthermore, preincubation of extracts from cell walls of the HCT-
RNAI plants with ADPG1 did not reduce their PR induction ac-
tivity, consistent with the enzyme being able to release a pectic-
derived signal(s) from the cell wall without destroying it.

We then examined the effects of RC-ADPGI1 on the elicitor
activity of water extracts from cell walls of homozygous ccrl
adpgl mutant plants, using an Arabidopsis leaf injection assay.
Injection of water extract from the ccrl mutant, or PGA, strongly
induced PR1 transcripts (SI Appendix, Fig. S13). As in the cell
culture assays with extract from HCT-RNAI adpgl plants, in-
jection of water extract from ccrl adpgl plants did not induce
PR1 transcripts. However, PR1 transcripts were induced if the
water extract was preincubated with RC-ADPG1 (SI Appendix,
Fig. S13). Thus, cell wall remodeling releases material harboring
latent elicitors, but ADPG1 is required for their conversion to
active species.

Discussion

Lignin Modification Is Associated with Extensive Cell Wall
Remodeling. Lignin is an important component of both preexisting
and inducible defense responses in plants (6). Various hypotheses
have been put forward to explain why reduction in lignin content
often appears to enhance rather than reduce plant disease

Gallego-Giraldo et al.

resistance (7, 8); these include antimicrobial activity of lignin
pathway intermediates (42) and release of elicitor-active mole-
cules from incorrectly assembled plant cell walls (43). The present
results provide a mechanistic explanation for the latter hypothesis.

Impacts of lignin modification on plant gene expression may
be initiated through alterations in cell wall integrity, likely, in
part, operating through effects on cross-linking to other cell
wall components such as pectin and/or hemicellulose. Although
pectin is generally considered in the context of primary cell walls,
its importance for secondary wall structure is probably greater
than previously realized, as lignin modification can affect the
expression of pectin-related genes (44, 45), and, conversely, pectin
modification affects the expression of lignin pathway genes (46)
and lignin content (47). It has been proposed that pectin forms
a nucleation site for lignification in alfalfa (48), and partially
methylated pectins can interact with lignin polymers composed of
coniferyl alcohol to form hydrophobic clusters in vitro, suggesting
that activity of pectin methyl esterases might regulate pectin—lignin
interactions (49). Moreover, PGase genes have been shown to
exhibit high expression during the differentiation of tracheary el-
ements in Zinnia elegans (50) or during secondary wall formation
in trees such as aspen and poplar (51, 52), suggesting that pectin
modification might function in cell wall remodeling associated
with lignin deposition. Although the exact nature of lignin—pectin
interactions in the secondary cell wall is not clear, some studies
indirectly support the importance of such interactions in orches-
trating cell wall integrity (19, 53). This concept is supported
further by the ability of C. bescii with a deleted pectinase gene
cluster to grow on HCT-RNAIi and ccrl Arabidopsis; clearly,
disruption of pectin is critical for opening the cell wall structure to
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degradation by other enzymes to release the sugars necessary for
bacterial growth. It is not possible to determine which of the
many induced cell wall-degrading enzymes is responsible for the
overall changes in cell wall integrity in the HCT-RNAIi and ccrl
lines; although ADPGI1 is the most strongly induced pectin-
degrading enzyme and the only one induced in common between
the two lines, a number of pectin lyase genes are also induced.

In both HCT-RNAI and ccr! mutant lines, pectins were more
easily extractable from cell walls in water, oxalate, or carbonate
compared to wild-type cell walls. Increased extractability of pectic
backbone epitopes is one of the cell wall remodeling features
previously shown in response to abiotic stresses such as low soil
moisture availability in stem wood (54). Arabinogalactan and RG-
I are the predominant polysaccharide epitopes in the water ex-
tracts of HCT-RNAI and ccr! cell walls, based on glycome and
compositional analysis showing increased levels of monosaccha-
rides that constitute these types of molecules (namely fucose,
arabinose, galactose, rhamnose, xylose, and galacturonic acid).
However, heteroxylans are also preferentially released from ccr!
cell walls.

Lignin Modification Uncovers Latent Cell Wall-Derived Elicitors of
Defense Gene Expression. Molecules or epitopes present on cell
wall components with the ability to activate defense pathways
have been termed DAMPs (23). To date, they have been shown
to be OGs of different sizes originating from pectin, or oligo-
glucosides (55). The DAMP concept is, in essence, a restatement
of the earlier oligosaccharin hypothesis (9, 12) formulated in a
series of seminal papers that described plant cell wall structures
that elicited plant defenses and/or impacted plant growth and
development (14, 15, 27, 56, 57). Subsequent studies on oligo-
saccharins derived from xyloglucans or pectin (13, 16) led to the
hypotheses that plants possess specific receptors for such mole-
cules that may act to transduce signals from the cell wall during
attempted penetration catalyzed by pathogen-derived wall-degrading
enzymes, and that the effects of oligosaccharins on growth and
development may operate through antagonism of auxin action (16,
58). Genetic approaches have been applied to understand oligo-
saccharin signaling and its potential dual role in defense and de-
velopment (59, 60), but, in most cases, the elicitor molecules
investigated have been limited to synthetic homo-OGs, so the
extent of the repertoire of DAMPs/oligosaccharins that function
naturally in plant defense has remained unclear.

Analyses of the HCT-RNAI and ccrl mutant reported here, along
with Arabidopsis plants with loss of function or overexpression of the
F5H that serves as the entry point to S lignin biosynthesis (29), show
that different types of lignin modification lead to release of different
elicitors that activate different defense response pathways (PR pro-
teins in the present case; genes involved in response to oomycetes or
tritrophic interactions with insects in the case of FSH misregulation)
(29). These elicitors, even as crude water-soluble extracts, do not
exhibit cross-reactivity for defense gene induction. The pectic
framework clearly has the structural complexity to provide such
diverse and apparently specific elicitors. Based on the results of
ion exchange and size fractionation, the actual elicitor molecules
are likely polymorphic, containing epitopes that confer activity
along with additional nonactive portions.

The elicitor-active components from both HCT-RNAi and
ccrl lines are destroyed by digestion with PGase and arabinan-
1,5-a-L-arabinosidase. This suggests that they are derived from
RGs. Classical RG-I contains, among other substitutions, linear
five-linked arabinan side chains attached to a central polymer
consisting of alternating galacturonic acid and rhamnose residues,
whereas RG-II contains highly complex side chains consisting of
multiple sugar types attached to a linear chain of a-1,4—linked
galacturonic acid residues, with a few arabinose units only at-
tached as end-groups (61). The preference of ADPG1 for apple
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pectin rather than PGA suggests that the elicitors, or at least their
precursors, may contain methylated HG.

Consistent with lignin modification being the primary reason
for cell wall remodeling and elicitor release, complementation of
the ccrl mutant with a wild-type copy of CCR1 with expression
targeted to xylem prevented the induction of PR1 in stems. This
suggests that lignifying xylem cells are the origin of the released
elicitors, although some lignification is also restored in fibers of
the ProSNBE:CCR1 line (40).

ADPG1 Is Required for Release of Elicitors of PR Genes. ADPG1 is
highly induced in both HCT-RNAIi and ccr! lines, but is not
induced in FSH misregulated lines in which lignin composition
but not lignin content is altered (29). This PGase is the only
pectin-modifying enzyme that is induced in both the HCT-RNAI
and ccrl lines, and loss of function of ADPG]1 results in reduction
of PR gene expression in HCT-RNAI and ccrl genetic backgrounds
and the loss of elicitor activity in extracts from cell walls of HCT-
RNAi/adpgl plants. However, the observation that water extracts
from cell walls of ccrl adpgl mutant plants possess elicitor activity
only after treatment with RC-ADPGI1 suggests that the enzyme has
a specific role in elicitor release, and is not itself necessary for the
cell wall remodeling that results in solubilization of latent elicitors.
ADPG] is normally expressed in siliques and anthers prior to de-
hiscence, where it is likely that it degrades pectin to cause cell wall
breakage, as its loss of function delays, or, in the case of strong
alleles, prevents anther dehiscence (41). Anther dehiscence is also
prevented by loss of function of NST1 in Medicago truncatula (62),
or NSTI and NST2 in Arabidopsis (63). These NST genes encode
NAC family transcription factors that regulate lignin deposition in
secondary cell walls (63). The fact that both lignin and pectin
modification impact anther dehiscence is consistent with a role
for pectin in a structural complex with lignin.

The action of ADPG1 in vivo must be limited, specific, and
perhaps localized for it to release elicitor-active molecules without
destroying them. Furthermore, induction of ADPG1 does not
appear to be a result of the activity of the pectic elicitors released
from cell walls of these lines. Thus, it is likely that signaling
to induce ADPG1 occurs first, with resulting release of pectic/
oligosaccharide elicitors that then activate defense responses. In
the model in Fig. 5, an initial stimulus (perhaps a released cell wall
component or a physical change in the wall recognized by recep-
tors in the plasma membrane) activates ADPG1 transcription.
Several receptors that monitor the “status” of cell wall compo-
nents have recently been identified (64). The ADPG1 enzyme
releases oligogalacturonide elicitors from RG-I and/or RG-II,
which, either directly or after processing, may be recognized by the
wall-associated kinases which have the ability to bind OGs and
PGA (59). This reception results in elevated levels of SA [inferred
for Arabidopsis ccrl mutants and directly demonstrated in previous
studies on the ccrl mutant of M. truncatula (65)] and HCT-down-
regulated alfalfa and Arabidopsis lines (7, 66) and consequent in-
duction of PR genes. Assuming that the cell culture system used
allows elicitor-mediated induction of all genes irrespective of their
tissue specificity, induction of genes such as SESA2 and CRA2 in
the ccrl mutant is likely a secondary effect, as these genes are not
induced by the released elicitors.

The suite of cell wall disassembly genes that is induced in the
transcriptomes of the HCT-RNAI and ccr! lines is, in many ways,
reminiscent of the genes active in plant abscission zones (32, 34,
67). Interestingly, it has been suggested that PR proteins are part
of the proteinaceous cell wall components in the protective layer
of abscission zones (68), and, extrapolating from the present
data, ADPG1 may therefore be a component of the signaling
that strengthens defenses in the exposed surfaces postabscission,
triggered initially by altered lignin—pectin interactions.

Plants with modified lignin content and/or composition pro-
vide an excellent model system for deciphering the complexity of
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Model for the activation of PR genes in HCT-RNAIi and ccr1 Arabidopsis plants. In the proposed model, changes in lignin content in xylem cells of HCT-

RNAI or ccr1 Arabidopsis are perceived initially by the cell through activation of plasma membrane-localized cell wall integrity receptors. This results in
initiation of a signaling cascade that induces the expression of cell wall remodeling genes, including PECTATE LYASES, XYLOGLUCAN ENDO-
TRANSGLYCOSYLASES (XTHs), and ADGP1. ADPG1 activity may contribute to solubilization of pectin, but is necessary for release of elicitor fragments,
most likely from RG-Il. The soluble elicitors activate expression of PR defense response genes through a signaling pathway involving SA (66). Many of the
other transcriptomic changes occurring in the lignin-modified plants, such as the activation of seed-specific genes in stems of ccr1, may result from secondary
effects. The modification of pectin is also, at least in part, responsible for the reduced recalcitrance of the biomass.

latent signal molecules sequestered within plant cell walls and
characterization of their receptors. Improved approaches for the
analysis of plant cell wall-released pectic fractions will facilitate
these efforts (69). Understanding how plants remodel their cell
walls as a result of engineered structural perturbations may allow
us to better design improved lignocellulosic energy crops by
optimizing bioprocessing quality, yield, and stress resistance.

Experimental Procedures

Detailed descriptions of the experimental methods are provided in S/ Ap-
pendix, Supplementary Materials and Methods. These include growth of
plants, all chemical analytical methods, glycome profiling, generation of and
assay of elicitors, and C. bescii bioassays. A. thaliana HCT-RNAI and ccr1 lines
(ccr1-3 and ccr1-6 mutants) in ecotype Columbia-0 were obtained from Clint
Chapple, Purdue University. The adpg! mutant of Arabidopsis was obtained
from the Arabidopsis Biological Resource Center. The ccr! ProSNBE:CCR1 line
of Arabidopsis in which CCR1 is expressed under a vessel-specific promoter in
the ccr1 mutant background has been described previously (40).
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