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ABSTRACT
Salinity is a major abiotic stressor that limits the growth, development, and reproduction of plants. Our
previous metabolic analysis of high salt-adapted callus suspension cell cultures from Arabidopsis roots
indicated that physical reinforcement of the cell wall is an important step in adaptation to saline
conditions. Compared to normal cells, salt-adapted cells exhibit an increased lignin content and
thickened cell wall. In this study, we investigated not only the lignin biosynthesis gene expression
patterns in salt-adapted cells, but also the effects of a loss-of-function of CCoAOMT1, which plays
a critical role in the lignin biosynthesis pathway, on plant responses to high-salt stress. Quantitative real-
time PCR analysis revealed higher mRNA levels of genes involved in lignin biosynthesis, including
CCoAOMT1, 4CL1, 4CL2, COMT, PAL1, PAL2, and AtPrx52, in salt-adapted cells relative to normal cells,
which suggests activation of the lignin biosynthesis pathway in salt-adapted cells. Moreover, plants
harboring the CCoAOMT1 mutants, ccoaomt1-1 and ccoaomt1-2, were phenotypically hypersensitive to
salt stress. Our study has provided molecular and genetic evidence indicating the importance of
enhanced lignin accumulation in the plant cell wall during the responses to salt stress.
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Enhanced cell wall lignification has been observed in plants
exposed to various environmental stresses.1 Salt stress strongly
affects root lignification and cell wall solidification in vascular
and xylem tissues.2 Salt stress also delays the differentiation of
the primary xylem but accelerates the development of the second-
ary xylem in soybean roots.3 In wheat roots, salt stress led to
considerable thickening of the cell walls in vascular tissues.4 In
tomato roots, enhancement of the cell-to-cell pathway in response
to salt stress led to a significant increase in lignin deposition in the
vascular tissues.5 Lignin biosynthesis in response to salt stress is an
irreversible process that greatly affects the structure and formation
of the secondary cell wall.6

Many enzymes in the lignin biosynthetic pathway exhibit
extensive substrate specificity, and many are multifunctional
enzymes that catalyze multiple reactions.7 Various enzymes
control the genetic manipulation of lignin. For example, phe-
nylalanine ammonia-lyase (PAL), cinnamate 4-hydroxylase
(C4H), 4-coumarate: CoA ligase (4CL), cinnamoyl CoA reduc-
tase (CCR), caffeoyl CoA O-methyltransferase (CCoAOMT),
ferulate 5-hydroxylase (F5H), caffeate 3-O-methyltransferase
(COMT), and cinnamyl alcohol dehydrogenase (CAD) are
involved in the synthesis of monolignols. Peroxidase (POD)
and laccase (LAC) are involved in the polymerization of mono-
lignols to yield the lignin polymer as a final product
(Figure 1b).7 Although enhanced lignification has been

observed in plants exposed to salt stress, the molecular func-
tions and lignin biosynthetic gene expression patterns in plants
exhibiting long-term adaptation to saline conditions are not
fully understood.

Previously, we reported that Arabidopsis root suspension cells
allowed to adapt to high-salt conditions over time exhibited
thicker cell walls and an increased lignin content when compared
with normal cells, indicating that physical reinforcement of the
root cell wall is an important component of the long-term salt
stress adaptation in this species.8 To investigate the molecular
mechanisms underlying lignin biosynthesis in salt-adapted cells,
we used quantitative real-time PCR to analyze the expression
patterns of 15 genes involved in the lignin biosynthetic pathway
(Figure 1a).7,9 Notably, we observed significantly upregulated
expression of CCoAOMT1, 4CL1, 4CL2, COMT1, PAL1, PAL2,
and AtPrx52 in salt-adapted cells (A120) relative to normal cells
(A0) (Figure 1a). TheAtPrx52 gene encodes a peroxidase involved
in lignin polymerization.10 By contrast, we observed downregu-
lated expression of PAL3, C4H, CCR1, CCR-like1, and CCR-like2
in salt-adapted cells and no significant differences in the expres-
sion of CAD5, CAD6, and F5H between salt-adapted and normal
cells (Figure 1a). These results suggest that Arabidopsis root cells
may adapt to salt stress via thickening of the cell walls, which
induces the expression of many lignin biosynthetic genes under
saline conditions. Moreover, the results suggest that each member
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of the gene family, such as PAL1, PAL2, and PAL3, may have
a different function in lignin biosynthesis.

Previous studies have demonstrated that both the accumula-
tion of lignin and strong expression of lignin biosynthetic genes
are important factors in plants’ tolerance to salt stress.11–13 In
white birch (Betula platyphylla), the overexpression of MYB46
and NAC012 led to enhanced salt tolerance by enabling the
accumulation of lignin and upregulating the expression of
genes encoding lignin biosynthetic enzymes that modulate the
lignin composition.12,13 Transgenic Arabidopsis strains

engineered to overexpress SOD from Potentilla atrosanguinea
(35S::PaSOD) and APX from Rheum austral (35S::RaAPX)
exhibited high lignin production in response to salt stress; how-
ever, the expression patterns of lignin biosynthetic genes differed
between the transgenic strains.11 Specifically, the 35S::PaSOD
plant exhibited reduced expression of CAD1, 4CL3, 4CL8, and
CCoAOMT1, while the 35S::RaAPX plant exhibited increased
expression of 4CL1, C4H, CCR2, CAD1, and CAD2 in response
to salt stress.11 To evaluate the effects of lignin biosynthesis
pathway suppression on the salt stress responses of plants, we

Figure 1. Lignin biosynthesis gene expression patterns in salt-adapted and normal cells.
(a) The mRNA levels of lignin biosynthesis genes, including CCoAOMT1, 4CL1, 4CL2, COMT1, PAL1, PAL2, PAL3, C4H, CAD5, CAD6, CCR1, CCR-like1, CCR-like2, F5H1, and
AtPrx52 in normal (A0) and salt-adapted Arabidopsis root suspension cells (A120) were determined using quantitative real-time (qRT)-PCR with gene specific primers
(Supplemental Table 1). The expression levels were normalized to the expression of TUBULIN2. Error bars represent the means ± standard deviations of three
independent replicates. Asterisks indicate significant differences from the A0 (*; p-value ˂0.01, Student’s t-test). (b) Lignin biosynthesis pathway. This pathway has
been modified based on a recently published paper.7 Red and blue coloring respectively indicate enzymes that were upregulated and downregulated in salt-adapted
A120 cells relative to normal A0 cells. Enzymes that did not exhibit significant changes in expression are indicated in black.
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analyzed the phenotypes of plants harboring mutations in the
CCoAOMT1 gene, the product of which synthesizes feruloyl
CoA from caffeoyl CoA towards guaiacyl (G) and sinapyl (S)
lignin formation; this enzyme is also a key methyltransferase
(OMT) in lignin biosynthesis under conditions of salt stress. It
was previously reported that the Arabidopsis ccoaomt1 mutant
exhibits lower lignin content than wild-type (WT) plants; more-
over, the ccoaomt1 mutant shows a reduced amount of
G monomer of lignin, but higher amounts of S and
H monomers, relative to control plants.14 Furthermore, in our
proteomics experiment, CCoAOMT1 protein was identified as
one of the most highly induced proteins in salt-adapted cells
compared to control cells (unpublished data).

We identified two homozygous T-DNA insertion mutants of
CCoAOMT1 (At4g34050), ccoaomt1-1 (CS345726) and ccoaomt1-

2 (SALK_151507), from the Arabidopsis Biological Resource
Center (Figure 2A). To test the effect of a loss-of-CCoAOMT1
function on the responses of plants to salt stress, we compared
root growth between the WT and two ccoaomt1 mutant lines
under saline conditions. We first germinated seeds from all
three plant lines on normal MS media, and subsequently trans-
ferred 4-day-old seedlings onto fresh media containing 0, 100,
125, or 150 mMNaCl. Under normal growth conditions, theWT,
ccoaomt1-1, and ccoaomt1-2 plants exhibited similar root elonga-
tion (Figure 2(B,C)). Under saline conditions, however, both the
ccoaomt1-1 and ccoaomt1-2 mutants exhibited significantly sup-
pressed primary root elongation, compared to the WT plants.
This suppression was most obvious in plants exposed to
125 mM NaCl (Figure 2(B,C)), indicating that a loss-of-function
mutation in CCoAOMT1 increased the sensitivity of Arabidopsis

Figure 2. Arabidopsis ccoaomt1 mutants exhibiting hypersensitivity under saline conditions.
(a) Schematic representation of the T-DNA insertion sites in the ccoaomt1-1 and ccoaomt1-2 mutants. The exons, introns, UTR, and T-DNA insertion site are indicated
by black boxes, black lines, white boxes, and white inverted triangles, respectively. (b) Four-day-old WT (Col-0), ccoaomt1-1 mutant, and ccoaomt1-2 mutant seedlings
were transferred onto 1/2 MS medium (1.2% agar) containing 0, 100, 125, or 150 mM NaCl. At 7 days after transfer, the primary root lengths of WT and ccoaomt1
mutants were analyzed by using Image J software. Error bars represent the means ± standard deviations of three independent biological replicates of 6–8 seedlings
per experiment. Asterisks represent significant differences from the WT (*; p-value ≤0.05, **; p-value ˂0.01, Student’s t-test). (c) Phenotypes of the WT and ccoaomt1
mutant seedlings under high-salt conditions. Four-day-old WT and ccoaomt1 mutants were transferred onto 1/2 MS medium (1.2% agar) containing 0 and 125 mM
NaCl, respectively. The photograph was taken 7 days after transfer.
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to salt stress. Moreover, when compared to the WT plants, both
the ccoaomt1-1 and ccoaomt1-2 mutants exhibited enhanced
chlorosis in their cotyledons under saline conditions, indicating
hypersensitivity to salt stress. These results suggest that
CCoAOMT1 plays an important role in plant tolerance and salt
stress adaptation by enhancing the physical strength of the plant
cell walls.

Recent proteomic analyses revealed increased levels of
CCoAOMT protein in the roots of Arabidopsis, rice, wheat,
barley, soybean, and tomato plants in response to salt stress.15–
17 Additionally, SlPAL5 expression was strongly and rapidly
induced in tomato plants under salt stress conditions.18 The
observed involvement of CCoAOMT1 in the salt stress response
has opened a new perspective to anatomizing the molecular
mechanisms of lignin biosynthetic enzymes in the context of
an abiotic stress response.

Our expressional and functional analyses of lignin biosynth-
esis genes in the responses of plants to salt stress have provided
molecular, physiological, and genetic evidence supporting the
importance of lignin biosynthesis in the cellular processes that
endow plants with stress tolerance. Taken together, our pre-
vious metabolomics results of increased coniferin and lignin
content in salt-adapted cells8 and our present results suggest
that enhanced lignin biosynthesis is a critical factor in plant
adaptation and tolerance to salt stress. Furthermore, it is sug-
gested that the three lignin units, i.e., G, H, and S monomers,
may have different functions in plant adaptation and tolerance
to salt stress. To clarify this, we intend to analyze the amounts of
G, H, and S monomers of lignin in salt-adapted suspension cells
compared to normal cells in a future study.
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