
The MicroRNA397b-LACCASE2 Module Regulates Root
Lignification under Water and Phosphate Deficiency1

Hitaishi Khandal, Amar Pal Singh, and Debasis Chattopadhyay2,3

National Institute of Plant Genome Research, Aruna Asaf Ali Marg, New Delhi 110067, India

ORCID IDs: 0000-0002-3899-4325 (H.K.); 0000-0002-5754-4987 (D.C.).

Deficiency of water and phosphate induce lignin deposition in roots. LACCASEs, a family of cell wall-localized multicopper
oxidases, are involved in lignin biosynthesis. We demonstrate here that LACCASE2 (LAC2) acts as a negative regulator of lignin
deposition in root vascular tissues during water deficit. An Arabidopsis (Arabidopsis thaliana) transfer DNA insertion mutant of
LAC2 displayed a short primary root and high lignin deposition in root vascular tissues. However, restoration of LAC2
expression rescued these phenotypes. LAC2 expression was significantly down-regulated under water deficit and
posttranscriptionally regulated by microRNA397b (miR397b) in roots under normal and water-deficit conditions. Down-
regulation of miR397b activity increased LAC2 expression and root length, and decreased lignin content in root vasculature.
Similarly, phosphate (Pi) deficiency inversely affected miR397b and LAC2 expression. Lignin deposition in the root elongation
zone under Pi-limited conditions was dependent on LAC2 expression. Localized iron accumulation and callose deposition in the
root elongation zone under Pi deficiency increased with LAC2-dependent lignification, suggesting a direct relationship between
these processes. Our study reveals a regulatory role for the miR397b-LAC2 module in root lignification during water and
phosphate deficiency.

Environmental conditions such as water and nutrient
availability are the major limiting cues for plant growth
and productivity (Boyer, 1982; Bohnert et al., 1995).
Differential availability of natural resources elicits de-
velopmental plasticity of plant roots to facilitate ac-
quisition of nutrients and water from the soil for
sustenance of the plant (van Kleunen and Fischer, 2005;
Valladares et al., 2007). Water uptake through the roots
during water deficiency is insufficient to maintain
physiological and biochemical processes to support
growth and development of the plant. Therefore, how
root development is regulated under water and nutri-
ent deficit is a subject of considerable interest in agri-
culture (Sharp et al., 1988; Sinclair and Muchow, 2001).
Water deficit inhibits primary root growth particularly
at the elongation zone (EZ; Sharp et al., 1988; Fraser
et al., 1990; Pritchard, 1994; Bao et al., 2014), and this

is one of the important factors that determine the
overall root growth in plants during water deficiency.
Inhibition of cell elongation in the root EZ in some
plants has been shown to accompany chemical modi-
fication of the cell wall and stellar accumulation of cell
wall phenolics, particularly lignin (Fan et al., 2006).
Increased expression of lignin biosynthetic genes in rice
(Oryza sativa) roots under water deficit has been
reported (Yang et al., 2006). A relatively salt-tolerant
wheat variety (Triticum aestivum) exhibited more ligni-
fication in root cells compared to the salt-sensitive va-
riety, while exposure to salinity also intensified lignin
deposition in the cowpea (Vigna unguiculata) root cell
wall (Jbir et al., 2001; Maia et al., 2013).
Lignins are deposited in various tissues and cells,

predominantly in secondary cell walls of fiber, ray pa-
renchyma, vessels, and the vascular bundle sheath
(Zhou et al., 2011; Yamamura et al., 2013). The main
function of cell wall lignification is to strengthen the
plant vascular body, and it involves deposition of
phenolic polymers on extracellular polysaccharide
matrix (Ros Barceló, 1997). Lignins are hydrophobic,
and therefore, lignified xylem cell walls are thought to
be less permeable to water, thus preventing water
leakage and helping transport water and nutrients
(Hatfield and Vermerris, 2001; Reina et al., 2001; Kitin
et al., 2010).
Inorganic phosphate (Pi) is one of the major limiting

nutrients in the natural soil. Low Pi inhibits primary
root elongation and increases lateral root density to
enhance root-to-soil surface contact for Pi acquisition
(Raghothama, 1999). To cope with suboptimal Pi con-
ditions, plants adopt two major strategies, the systemic
response and the local response. The systemic response
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involves increased Pi uptake and metabolic adjustment
to optimize Pi utilization. In the case of local response,
roots undergo striking morphological and develop-
mental changes, such as primary root growth arrest,
development of lateral roots, and root hairs (López-
Bucio et al., 2002; Abel S, 2011; Péret et al., 2011;
Singh et al., 2014). Response to Pi starvation in Arabi-
dopsis (Arabidopsis thaliana) is accompanied by induced
lignification in the primary root EZ (Ziegler et al., 2016),
indicating a relationship between Pi limitation, root
lignifications, and primary root growth arrest.

Lignins, the second most abundant biopolymers in
nature, are complex three-dimensional heterogeneous
molecules composed of a network of phenylpropanoid
units (Higuchi, 1985). The phenolic units are bio-
synthesized from Phe that undergoes a series of
chemicalmodificationswithin the cytosol using various
enzymes to produce p-coumaryl alcohol, coniferyl al-
cohol, and sinapyl alcohol (Vanholme et al., 2010).
These monomeric precursors of lignins (monolignols)
are transported to the cell wall, where they are poly-
merized and amalgamated in the cell wall (Nilsson
et al., 2010; Liu et al., 2011). Cell wall-localized PER-
OXIDASEs and LACCASEs (p-diphenol:oxygen oxi-
doreductase, EC1.10.3.2) catalyze the formation of
monolignol radicals by oxidation and facilitate polym-
erization of monolignols to complex lignins (Sarkanen,
1971; Vanholme et al., 2010).

Extracellular glycoprotein LACCASEs are multi-
copper oxidases and use oxygen as a substrate to re-
versibly catalyze formation or degradation of various
phenolic, inorganic, and aromatic amine polymers
(Reinhammar and Malmstroem, 1981). Degradation of
lignin by fungal and bacterial LACCASEs has been
demonstrated (Youn et al., 1995; de Gonzalo et al.,
2016). Involvement of plant LACCASEs in lignifica-
tion was proposed due to their ability to oxidize mon-
olignol in vitro (Higuchi and Ito, 1958; Freudenberg,
1959; Takahama, 1995) and to detection of LACCASE-
like activity in lignifying cell walls of differentiating
xylems (Driouich et al., 1992; McDougall, 2000;
Richardson et al., 2000). Subsequently, complementary
DNAs (cDNAs) of some LACCASEs were cloned from a
differentiating xylem cDNA library (Ranocha et al.,
1999). Antisense suppression of LAC3, LAC90, or
LAC110 expression resulted in altered lignin content in
the xylem fiber cell wall of Poplar (Populus trichocarpa;
Ranocha et al., 2002). Simultaneous disruption of LAC4
and LAC17 in Arabidopsis resulted in reduced stem
lignin content, and the lac4lac17lac11 triple mutant
showed severe arrest in plant growth and vascular
development, with an apparent lack of lignification in
root vascular tissue (Berthet et al., 2011; Zhao et al.,
2013). LACCASE4 and LACCASE17 were shown to
localize at the secondary cell walls throughout the
protoxylem tracheary element and were able to cata-
lyze lignin polymerization using exogenously supplied
monolignols (Schuetz et al., 2014). However, our
knowledge about how lignification is regulated in the
primary root elongation-differentiation zone during

abiotic stresses and how it contributes to root devel-
opmental plasticity is still scant. In this report, we
have investigated the posttranscriptional regulation
of LACCASE2 gene expression by microRNA397b
(miR397b) and its implication in lignification in root
vascular tissue in response to water and phosphate
limitation.

RESULTS

LAC2 Negatively Regulates Root Lignification during
Water Deficit

To investigate the effect of water deficit on primary
root length, Arabidopsis ecotype Columbia (Col-0)
plants at 4 d post germination (dpg) were treated with
0.4 M mannitol. Primary root growth was inhibited in
mannitol-treated plants compared to untreated plants,
and the inhibition was significant within 48 h (Fig. 1A).
To investigate lignin deposition after 48 h of mannitol
treatment, treated and untreated roots were stained
with basic fuchsin. Early cell differentiation and intense
lignification in protoxylems and metaxylem poles,
which are indicators of secondary cell wall formation,
were observed within 4–5 cells and 6–7 cells above the
EZ boundary in the mannitol-treated samples (Fig. 1B).
Similar alteration in root xylem patterning following
abscisic acid (ABA) treatment was reported before
(Ramachandran et al., 2018; Bloch et al., 2019). A low
level of lignin deposition in the endodermis was also
visible. Quantitative analysis of the total lignin content
showed that it was .4-fold higher in mannitol-treated
roots compared to untreated roots (Fig. 1C). Relative
fold expression of all the seventeen LACCASE genes in
Col-0 roots upon mannitol treatment at different time
points up to 48 h showed a consistent decrease in ex-
pression of two LACCASEs, LAC2 and LAC4 (Fig. 1D;
Supplemental Fig. S1). Of these, LAC2 showed the
greatest decline, 12-fold after 12 h and .4-fold at the
end of this treatment. Earlier, a microarray-based ex-
pression analysis of Arabidopsis LACCASE genes under
various abiotic stresses reported a .4-fold decrease in
expression of LAC2 under osmotic, dehydration, and
heat treatments (Toufighi et al., 2005).

To investigate the role of LAC2 in root lignin depo-
sition, primary root length of 14-dpg seedlings of two
LAC2 transfer DNA (T-DNA) insertion lines
(SALK_025690C and SAIL_292_B04) were measured.
Both the mutants displayed ;1.4- to 1.5-fold shorter
root length compared to the Col-0 plants under normal
growth conditions (Fig. 2, A and B). To explore the
extent of lignin deposition in the mutant roots, 14-dpg
mutant seedlings were stained with basic fuchsin. An
intensified lignification was observed mostly in the
metaxylem poles of the roots of mutant seedlings,
suggesting escalated metaxylem differentiation (Fig. 2,
C and D). Comparison of the accumulation of cell wall-
associated phenolics by UV-induced autofluorescence
showed an intense autofluorescence, indicating highly
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lignified protoxylem and metaxylem poles in the roots
of the SALK mutant line (Fig. 2, E and F). In agree-
ment with the fuchsin staining and autofluorescence,
total root lignin content in the mutant seedlings was
;1.7- to 1.8-fold higher than in the Col-0 seedlings
(Fig. 2G). All these observations suggested that LAC2-
associated root xylem differentiation and lignification
could be an important factor behind the shorter roots
in these mutants, although the possibility that increase

in lignin deposition and decrease in root growth are
two independent processes cannot be ruled out. As
the SALK_025690C showed higher root lignin content,
this mutant was used for further experiments and
was referred to as lac2. Interestingly, the root lengths
of Col-0 and the lac2 mutant are similar up to 6 dpg
(Supplemental Fig. S2A); the difference in root growth
appeared thereafter. To examine the possible involve-
ment of other LACCASEs in lignification in the lac2

Figure 1. Root growth arrest, lignin deposition, and LACCASE expression in Arabidopsis roots during water deficit. A, Primary
root length of Col-0 seedlings upon transfer of 4 dpg seedlings (D0) to mediumwithout and with 0.4 M mannitol for 8 d (D0–D8).
Root lengths were measured using ImageJ tool and represent data from triplicate experiments (n 5 15 per replicate). Error bars
represent the mean 6 SE. Asterisks indicate values that are significantly different from their equivalent control as determined by
Student’s t test (*P, 0.05; **P, 0.01; ***P, 0.001). 1/2 MS, One-half strength MS medium. B, Roots of 4-dpg Col-0 seedlings
were treatedwithout (Control) andwith 0.4 Mmannitol for 48 h andwere stainedwith basic fuchsin and calcofluor white after the
treatment for visualization of lignin at 203magnification (scale bar5 50 mm). The lower images are 633magnifications of root
vascular tissue at 8–10 cells above the initiation of the EZ. Scale bar5 10 mm. C, Estimation of total root lignin content of Col-0
seedlings treated as above, without (Control) and with 0.4 M mannitol for 48 h, using the thioglycolic acid method. Lignin es-
timation was done in three biological replicates (n 5 15 per replicate). D, At 4 dpg Col-0 seedlings were treated with 0.4 M

mannitol for different time periods up to 48 h, and expression of LACCASE genes in roots was analyzed. Transcript abundance of
each LACCASE gene is presented as a value (Fold) normalized with that of AtACTIN2 (At3g18780) at that time point of treatment
and presented as heat maps using TIGR Multi Experiment Viewer (version 4.9). Values in the heat map represent mean values of
three biological replicates. A bar diagram of relative fold expression values is presented in Supplemental Figure S1.
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Figure 2. The short root phenotype of lac2 mutants is accompanied by enhanced lignin deposition in root vasculature. A,
Comparison of the primary root phenotypes in 14-dpg Col-0 and lac2mutants SALK_025690C and SAIL_292_B04 under normal
growth conditions. Lower images show LACCASE2 and ACT2 gene expressions in the above lines as determined by RT-PCR. B,
Root length measurements of the lines described in A were assessed by ImageJ and are means of triplicate data sets (n 5 15 per
replicate). Error bars represent the mean6 SE. C, Basic fuchsin staining of the primary roots of 14-dpg seedlings of Col-0 and lac2
mutants grown under control conditions for visualization of lignin captured at 103magnification. Scale bar5 100 mm. D, Basic
fuchsin-stained roots of the above-mentioned lines at 633magnification captured from 10–12 cells above the initiation of the EZ.
Scale bar 5 10 mm. E, Visualization and comparison of cell wall-associated phenolics of the indicated lines by UV-induced
autofluorescence. Px, Protoxylem; Mx, metaxylem. Scale bar5 20 mm. F, Integrated density was measured in arbitrary intensity
units and the two lines were compared using ImageJ with five samples for each line. G, Comparison of total lignin content in roots
of Col-0 and lac2 mutants by the thioglycolic acid method. Lignin estimation was performed with triplicate biological samples
(n 5 15). Asterisks indicate values that are significantly different from their equivalent control as determined by Student’s t test
(*P , 0.05; **P , 0.01).
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mutant, expression analysis of other LACCASEs was
performed in the lac2 mutant. Expression of any of
the LACCASEs was not significantly altered in the
mutant line compared to the wild type plant, at least at
the transcriptional level (Supplemental Fig. S2B). 3,3-
Diaminobenzidine (DAB)-staining and quantification
did not show any significant difference in peroxidase
activity between the Col-0 and lac2 roots (Supplemental
Fig. S2, C and D), suggesting that high constitutive
lignin content in the root elongation/differentiation
zone (EDZ) of the lac2 mutant was directly related to
LAC2 expression. Restoration of LAC2 expression by
expressing LAC2 cDNA under the 1.5-kb-long native
promoter in the lac2 background (lac2/PLAC2::LAC2)
rescued the short root phenotype of the mutant
(Fig. 3A). Metaxylem differentiation and lignin depo-
sition in the lac2/PLAC2::LAC2 line were similar to those
in the Col-0 plants (Fig. 3E), suggesting that the higher
root lignin and short root phenotype of the lac2mutant
were due to the absence of LAC2 expression. In addition
to the lac2/PLAC2::LAC2 line, overexpression of LAC2
using the Cauliflower mosaic virus (CaMV)35S promoter
(LAC2OX) in Col-0 resulted in a small but significant
increase in root length and a reduction in lignin content
(Fig. 3, A–F). The LACCASE2 gene showed expression
only in the stele region of the root when a reporter gene,
CFP (cyan fluorescent protein), was expressed under
control of the LAC2 promoter (Fig. 3G). All the results
described above suggested a strong relation between
the increased lignin deposition in root vascular tissues
and the depletion in LAC2 transcript abundance. Pre-
viously, the double mutants of lac4 and lac17 displayed
a lower lignin content in the stem (Berthet et al., 2011)
and the triple mutant lac4lac11lac17 displayed almost
complete depletion of lignin deposition in roots (Zhao
et al., 2013), indicating that those genes acted as positive
regulators of lignin deposition. In contrast, lac2 mutant
showed higher lignin deposition in root vascular tis-
sues, particularly in xylem poles. Taken together, the
results described here strongly suggest that LAC2 acts
as a negative regulator of xylem differentiation and
lignification in roots.

LAC2 Is Posttranscriptionally Regulated during
Water Deficit

To examine the regulation of LAC2 expression, the
plants expressing the CFP reporter gene under control
of the LAC2 promoter were subjected to 0.4 M mannitol
treatment for 48 h Surprisingly, no significant change in
CFP transcript level in roots was observed after man-
nitol treatment (Fig. 4A). Therefore, the possibility of a
posttranscriptional regulation of LAC2 expression was
investigated. LAC2, LAC4, and LAC17 mRNAs have
been reported to be targets of miRNA397 (Sunkar and
Zhu, 2004). In Arabidopsis, the miR397 family is enco-
ded by two genes, miR397a (At4g05105) and miR397b
(At4g13555), that are physically separated by;5Mb on
chromosome 4. The sequences of mature miR397a and

miR397b differ by a single base at the seed region
(Supplemental Fig. S3A). Expression analysis of these
miRNAs in roots by stem-loop reverse-transcription
quantitative PCR (RT-qPCR) using specific primers
showed quick elevation of miR397b transcripts within
1 h of mannitol treatment, with a 4-fold increase after
48 h (Fig. 4B). On the other hand, the basal expression
level of miR397a was distinctly very low in roots and
did not show a significant change even after 48 h of
mannitol treatment, which agrees with the previous
finding based on sequence read count (Sunkar and Zhu,
2004). In Arabidopsis seedlings, miR397b was pre-
dominantly expressed in roots, with relatively lower
expression in shoots, while LAC2 showed an inverse
expression profile with low and high expression levels
in roots and shoots, respectively. Expression levels of
LAC4 and LAC17 in roots and shoots were similar
(Supplemental Fig. S3B, i and ii). Expression ofmiR397b
in roots was analyzed by expressing a GUS reporter
gene fused to the;0.8 kb promoter ofmiR397b. Results
showed thatmiR397b expression was highly elevated in
the stele by mannitol treatment (Fig. 4C). RNA ligase-
mediated RACE (RLM-RACE) followed by sequencing
validated cleavage of LAC2 mRNA at the predicted
miR397b target site after the 690th nucleotide from the
transcription initiation site (Supplemental Fig. S3C).
Localization of LAC2 and miR397b expression in the
same tissue, inverse expression patterns, and validation
of the predicted target mRNA cleavage site suggested
that water deficit-mediated depletion of LAC2 tran-
script level might be regulated posttranscriptionally by
miR397b.

miR397b Regulates LAC2 Expression and
Root Lignification

To understand the role of miR397b in regulating
LAC2 expression and root lignification, a precursor
molecule of the miRNA397b was expressed under the
CaMV35S promoter in Col-0 (miR397bOX). Addition-
ally, a short tandem target mimic (STTM) construct was
synthesized as described previously (Yan et al., 2012)
that had two copies of miR397b-binding oligonucleo-
tides with three extra bases inserted between nucleo-
tides 10 and 11 in the miR397b-target site to prevent
target cleavage (Supplemental Fig. S4A). The construct
was expressed under the CaMV35S promoter to block
miR397b function in Col-0 plants. Expression of
miR397b and LAC2 in multiple transgenic lines was
assessed (Supplemental Fig. S4A). Root length, xylem
differentiation, and lignin deposition in xylem poles of
the representative miR397bOX and STTM lines were
compared with those in the Col-0 and lac2 lines. LAC2
expression in the roots of these plants was compared
(Fig. 5A), and as expected, in the given experimental
condition, LAC2 expression was either not detectable or
very low in the lac2 and miR397bOX lines, while it was
high in the STTM-harboring plants. Measurement of
primary root length of 14-dpg plants and assessment of
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Figure 3. Root growth and lignin deposition are affected by LAC2 expression. A and B, Primary root length phenotype (A) and
measurement (B) of 14-dpg seedlings of Col-0 and the lac2mutant line were comparedwith LAC2-overexpressing (LAC2OX) and
lac2/PLAC2::LAC2 complementation lines under normal growth conditions. Root length data are themeans of three replicates (n5
15). Lowercase letters represent significant differences among the values under study (P , 0.05) as determined by one-way
ANOVA. Error bars represent the mean6 SE. C, Fold expression of LAC2 in the mutant and transgenic lines relative to that in Col-0
was determined by RT-qPCR. AtACTIN2 was used for normalization. Error bars represent the mean 6 SE. D, Total root lignin
content estimation of the Arabidopsis lines mentioned above using the thioglycolic acid method. E, Basic fuchsin staining of 14-
dpg roots of the plant lines mentioned above. The images, taken at 633magnification, were captured from 10–12 cells above the
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xylem pole lignification by staining and root lignin
content estimation clearly showed that the plants with
high LAC2 expression displayed reduced root meta-
xylem differentiation and lignification and increased
root length (Fig. 5, B–E). These results demonstrated the
regulatory role of miR397b in LAC2 expression and
metaxylem differentiation in roots. To further sub-
stantiate this result, a modified LAC2 cDNA (rLAC2)
with two nucleotides altered at the miR397b-target site
was expressed under the LAC2 promoter in the lac2
mutant. The representative lac2 line expressing rLAC2
exhibited a high LAC2 transcript level, very low root
lignification in metaxylem poles, and increased root
length in normal growth conditions (Fig. 5, A–E;
Supplemental Fig. S4B). Expression of LAC4 and
LAC17, the other targets of miR397b, was assessed in
roots of two independent miR397bOX lines. LAC17 ex-
pression did not show significant alteration, while the
LAC4 transcript level was reduced by a maximum of
1.3-fold. Notably, LAC2 expression in root was reduced
by ;7–fold, indicating that LAC2 mRNA is the major
target of miR397b in roots (Fig. 5F). To explore the epi-
static relationship between miR397b and LAC2,
miR397OX and rLAC2 lines were crossed to have a
miROXrLAC2 line. The root length and root lignin
content of themiROXrLAC2 linewere similar to those of
the rLAC2 line, suggesting that miR397b is genetically
epistatic to LAC2 (Supplemental Fig. S5).
All the transgenic lines described above were sub-

jected to 0.4 M mannitol treatment at 4 dpg for an ad-
ditional 8 d, and fold reduction in primary root growth
was measured on alternate days. Increase in root
lengths of the plant lines with high LAC2 expression
(LAC2OX, STTM, and rLAC2) under mannitol treat-
ment was ;0.4-fold of their increase under normal
growth conditions after 8 d of treatment, whereas in-
crease in root lengths of lac2 and miR397bOX, with low
LAC2 expression, was only ;0.15-fold of their increase
under normal conditions. Root lignin content in these
lines showed an inverse relation to the root length in-
crease (Fig. 6, A and B). Basic fuchsin staining after 48 h
of mannitol treatment showed early differentiation of
root xylems, as evident by lignin deposition in the xy-
lem poles. Lignin deposition was more intense and
closer to the root tip in the case of the lac2 mutant.
However, lignin deposition was comparatively less in
LAC2OX, STTM, and rLAC2 lines than in the wild-type
plants (Fig. 6C). These results emphasized thatmiR397b
regulates LAC2 expression and lignification in root
vascular tissue under water deficit condition. Root
growth arrest in the presence of mannitol depends on
multiple factors in addition to lignin deposition. Lignin

deposition and root growth arrest even in the plants
with high LAC2 expression were distinctly higher un-
der mannitol treatment compared to normal growth
conditions, suggesting that the LAC2-mediated path-
way is partly responsible for root vasculature lignifi-
cation and root growth inhibition during water deficit.

miR397b-LAC2 Module Enhances Lignin Deposition in
Root EZ under Pi Deficiency

Plants respond to suboptimal Pi with primary root
growth arrest associated with a sharp decrease in cell
proliferation and elongation in the root meristem and
EZ associated with high lignin deposition in the EZ
(Müller et al., 2015; Balzergue et al., 2017). A mutant
plant (lpr1lpr2) with reduced sensitivity to low Pi-
associated root growth inhibition displayed much
lower lignification at the EZ compared to the mutant
with high sensitivity to low Pi (pdr2; Müller et al., 2015;
Ziegler et al., 2016). To determine whether LAC2-
dependent lignification is specific to water deficit
stress or has a role in other abiotic stresses, such as
phosphate deprivation, 3-dpg Col-0 and lac2 plants
grown in a medium containing 625 mM Pi were trans-
ferred to different low-Pi (60, 40, and 0 mM Pi) media for
48 h. Both Col-0 and lac2 plants showed reduced root
growth rate, but lac2 plants were hypersensitive to low
Pi conditions (Fig. 7A; Supplemental Fig. S6A) with
higher lignin deposition at the root EZ (Fig. 7B). Rela-
tive fold expression of all the LACCASE genes in vari-
ous low-Pi media as compared to that in Pi-sufficient
(625 mM; 1Pi) medium showed reduced expression of
LAC2 and LAC4 under low Pi (Supplemental Fig. S6B).
To examine the role of the miR397b-LAC2 module in
root lignin deposition during Pi deprivation (2Pi), ex-
pression profiling of miR397b and its target transcripts
LAC2, LAC4, and LAC17were analyzed by RT-qPCR in
Col-0 roots grown in different suboptimal Pi conditions
for 48 h as mentioned above. Expression of LAC2 and
LAC4 in roots declined by ;9-fold and ;3-fold, re-
spectively, upon transfer to 2Pi (0 mM) medium. Ex-
pression of LAC17 did not alter significantly by low-Pi
treatment. On the other hand, miR397b expression was
increased by ;6-fold in 60 mM Pi, and ;30-fold in 2Pi
medium (Fig. 7C). As observed in the case of the
mannitol treatment, expression level of CFP under the
LAC2 promoter did not change significantly under Pi
starvation (Fig. 7D), suggesting posttranscriptional
regulation of LAC2 during Pi deficiency. Three-day-old
seedlings of miR397bOX, LAC2OX, and STTM lines
were transferred from1Pi (625mM) to2Pi (0mM)media

Figure 3. (Continued.)
initiation of the EZ. Scale bar5 10mm. F, Estimation of the integrated density of all lines under comparison, expressed in arbitrary
units in the y axis. All estimations were done with five samples for each line. Asterisks indicate values that are significantly
different from their equivalent control as determined by Student’s t test (*P, 0.05; **P, 0.01). G, LAC2 promoter activity in roots
as determined by expression of the CFP gene driven under the LAC2 promoter. Images are 203 magnifications captured from
10–15 cells above the initiation of the EZ. Scale bar 5 50 mm.
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along with the Col-0 and lac2 plants for 8 d and fold
increase in primary root length was measured on al-
ternate days. Although root growth was arrested in all
the lines in 2Pi media within 48 h, root growth retar-
dation was comparatively more in the lines with lower
LAC2 expression (lac2 andmiR397bOX) than in the lines
with higher LAC2 expression (LAC2OX and STTM).
STTM and LAC2OX lines also displayed comparatively
much less lignin deposition in the EZ at 48 h after
treatment (Fig. 8, A–C). However, the residual lignin
deposition in these lines suggests the existence of
LAC2-independent pathways of lignin accumulation in
root EZ under Pi deficiency.

Low-Pi-mediated root growth arrest is modulated by
iron (Fe31) availability in the medium and is associated
with localized iron accumulation in the apoplastic re-
gion in the root apex (Svistoonoff et al., 2007; Ward
et al., 2008; Müller et al., 2015). Localized iron accu-
mulation was much higher in the lac2 root EZ than in
Col-0 roots under the Pi-deprived condition (Fig. 8D).
To determine any role of miR397b and LAC2 in this
physiological response, 3-dpg miR397bOX, LAC2OX,
and STTM lines were transferred to –Pi medium for
48 h. miR397bOX lines showed a higher iron accumu-
lation in the root EZ compared to the LAC2OX and

STTM lines (Fig. 8D). Accumulation of iron in the root
EZ was proposed to trigger production of reactive
oxygen species, leading to callose deposition in the EZ
and stem cell niche, resulting in meristem exhaustion
(Müller et al., 2015; Balzergue et al., 2017). Callose de-
position levels in the EZ and root apex in all the lines
mirrored the iron accumulation in those lines upon
exposure to –Pi medium, suggesting that there are di-
rect relations between lignin deposition, iron accumu-
lation, and callose deposition in the root EZ during Pi
starvation (Fig. 8E). Overall, our result suggests a dis-
tinct and direct role of the miR397b-LAC2 module in
this Pi-deficiency-mediated root growth arrest and the
associated physiological response.

DISCUSSION

Root system architecture determines plant growth
and productivity underwater and nutrient stress. Small
xylem diameter in the deep roots improves root hy-
draulic conductivity (Zimmermann, 1983; Tyree et al.,
1994). An adaptive root system architecture with a
strong, narrow, and less leaky xylem during water
limitation has been predicted to hold promise for

Figure 4. Expression analysis of LAC2 andmiR397b under water deficit. A, Expression of the CFP gene analyzed by RT-qPCR in
roots of plants harboring PLAC2::CFP and treated (DH) with 0.4 M mannitol for different time periods. Fold expression of CFP in
response to mannitol treatment relative to that without treatment (0 h) was presented. The Col-0 (Wt) sample without treatment
was used as a negative control. Error bars represent the mean6 SE. B, Fold expression analysis by stem-loop RT-qPCR of mature
miR397a and miR397b in response to treatment with 0.4 M mannitol for different time periods. Fold expression under mannitol
treatment was determined relative to that without treatment. Asterisks indicate values that are significantly different from their
equivalent control as determined by Student’s t test (*P , 0.05; **P , 0.01). C, Determination of in planta miR397b promoter
activity by transferring 4-dpg Arabidopsis seedlings harboring the PmiR397b::GUS construct to media without (Control) or with
0.4 M mannitol for 48 h and staining with X-Gluc for GUS expression. The image was captured from 10–15 cells above the in-
itiation of the EZ of both the seedlings at 203 magnification. Scale bar 5 50 mm.
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improving plant productivity in intermittent drought
conditions (Comas et al., 2013; Vadez, 2014). Water
deficit-mediated growth arrest in themaize root EZwas
accompanied by lignin deposition and narrowing of
xylem vessels (Fan et al., 2006). A typical value of water
potential that a plant cell experiences when it is exposed
to “low water potential stress” is 21.0 MPa, while an
unstressed cell experiences 20.2 MPa (Verslues et al.,
2006). In this study, we have chosen 0.4 M mannitol that
generates 21.0 MPa water potential (Takeba and
Matsubara, 1979), which was within the natural range
of osmotic stress. Intense lignification in the wheat and
rice root vasculature was associated with drought and
salinity tolerance (Jbir et al., 2001; Lee et al., 2016).

Lignin deposition in the root vascular tissue shows an
adaptive plant response to support water and nutrient
transport through root in adverse environmental con-
ditions. In this report, we have proposed enhancement
of the localized lignin deposition in root xylem poles as
a plant developmental response mechanism during
water and nutrient stresses.

Role of LAC2 in Root Lignification

PEROXIDASEs and LACCASEs are known to
oxidize lignin precursors at the plant cell walls. Cata-
lytically, they use different forms of oxygen for
their activities. It was shown through a genome-wide

Figure 5. Comparison of root length
and lignin deposition in Arabidopsis
lines with enhanced and suppressed
expression of miR397b. A and B,
Comparison of primary root pheno-
type and length. Root length data are
a representation of three replicates
(n 5 15). Lowercase letters represent
significant differences among the values
under study (P # 0.05) as determined
by one-way ANOVA. Error bars repre-
sent the mean6 SE. The bars in A shows
fold expression of LAC2 in the indi-
cated lines relative to that in Col-0 as
assessed by RT-qPCR. AtACT2 was
used as internal control. C and D, Es-
timation of root lignin by thioglycolic
acid (C) and visualization of lignin by
basic fuchsin staining (D) in 14-dpg
roots of the indicated lines. Images at
633magnificationwere captured from
10–12 cells above the initiation of the
EZ. Scale bar5 10 mm. E, Comparison
of the integrated stain density using
ImageJ with five samples for each line.
Lowercase letters indicate significant
differences among the lines under
study. F, Expression analysis of LAC2,
LAC4, and LAC17 by RT-qPCR in two
independent miR397bOX lines. Data
from three biological replicates are
presented. Asterisks indicate values
that are significantly different from
their equivalent control as deter-
mined by Student’s t test (*P , 0.05;
**P , 0.01).
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transcriptome analysis that the functions of LAC4,
LAC11, and LAC17 were most probably nonredundant
with PEROXIDASEs (Zhao et al., 2013). We did not
observe any significant change in peroxidase activity in
the root of the lac2 mutant. Conversely, peroxidase-
mediated polymerization of lignin that augments
Casparian strip formation appeared to be LACCASE
independent, as it was shown to be dependent on
hydrogen peroxide (H2O2) production (Lee et al., 2013).
Therefore, it appears that functions of at least some of
the LACCASEs are nonredundant with PEROXI-
DASEs. As described before, there is very little evidence
regarding the direct role of plant LACCASEs in ligni-
fication of the cell wall. The absence of distinctly visible
phenotypic differences in most of the single lacmutants
in normal growth conditions indicates redundant or
cooperative functions of these family members (Cai
et al., 2006). Therefore, significantly visible high root
lignin deposition due to the absence of only LACCASE2
was intriguing. At present, we do not envisage any role
of LAC2 in lignin depolymerization. It might have a
role in inhibiting the activity of other prolignifying
LACCASEs or in reducing the production of mono-
lignol radicals by other LACCASEs/PEROXIDASEs
that would explain the high root lignin deposition in the
lac2 mutant. Therefore, in natural stress conditions,

functions of other LACCASEs/PEROXIDASEs are also
vital for root lignin deposition. Root xylem develop-
ment shows morphological plasticity in response to
environmental changes such as water limitation. Phy-
tohormone ABA is necessary for proper root xylem
development. Plants defective in ABA biosynthesis or
signaling displayed xylem strands that were discon-
tinuous or absent. An elevated ABA level induced for-
mation of an extra xylem strand. It has been proposed
that an elevated level of miR165 and its target HD-ZIP
III, a transcription factor, may play a role in regulating
root xylem morphology (Ramachandran et al., 2018;
Bloch et al., 2019). Our results showed similar intense
proto- and metaxylem differentiation following man-
nitol treatment. However, the roles of miR397b and its
target, LAC2, were more evident in the case of meta-
xylem differentiation. The role of ABA in regulation of
miR397b expression would be worthy of investigation.

Role of LAC2 in Root Growth

We have used two lac2 mutant (SALK_025690C and
SAIL_292_B04) to substantiate our observation that
LAC2 has a role in root xylem differentiation and xylem
pole lignification. Compromised root elongation of the

Figure 6. Comparison of fold changes in root length and lignin content in transgenic Arabidopsis lines under water deficit. A,
Comparison of the relative fold increase in root length of Col-0, lac2, and transgenic Arabidopsis lines upon treatment of 4-dpg
seedlingswith 0.4 Mmannitol for various periods up to 8 d (D0–D8). The increase in root length under mannitol treatment relative
to that in the untreated condition for the same period is presented as the relative fold increase in root length for each line. Values
represent data from three replicates (n5 15). Error bars represent the mean6 SE. B, Quantification of lignin in roots of transgenic
plants at the end of treatment in both growth conditions by the thioglycolic acid method. Lowercase letters in A and B represent
significant differences among the values under study (P, 0.05) according to two-way ANOVA. C, Roots of 4-dpg seedlings of the
mentioned plant lines were treated with 0.4 M mannitol for 48 h and stained with basic fuchsin and calcofluor white after the
treatment for visualization of lignin at 203 magnification. Scale bar 5 50 mm.
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SALK mutant line under polyethylene glycol treatment
was reported before (Cai et al., 2006). Developmental
defects have been reported in lignin-deficient plants
such as lac4lac17 and lac4lac11lac17 mutants. While
lac4lac17 showed a dwarf shoot phenotype under con-
tinuous light, lac4-2lac11lac17 had severely stunted
shoots and narrower roots with no visible lignification
under the normal long-day growth condition (Berthet
et al., 2011; Zhao et al., 2013). Previously, two

CCR1-deficient mutants were shown to display lignin
deficiency and dwarf phenotype (Mir Derikvand et al.,
2008). Interestingly, the decrease in root growth rate of
the lac2mutant began at 6 dpg and continued. It would
be noteworthy to mention that the root apical meristem
(RAM) reaches its final size at 5 dpg, and then cell
elongation and differentiation initiate to define the final
root length (Moubayidin et al., 2010). LAC2 promoter
activity was not detected in the RAM even in the

Figure 7. Root growth arrest and lignin deposition under low Pi in Col-0 and lac2 plants. A and B, Comparison of primary root
length (A) and lignin deposition (B) by staining after plants were transferred to sufficient (625 mM) and deficient (0 mM) Pi medium
for 48 h. Increase in root length in Pi-deficient medium relative to that in Pi-sufficient medium is presented as the relative fold
increase in root length. Root lengths represent data from three biological experiments (n5 15). Error bars represent themean6 SE.
C, Expression analysis of LAC2, LAC4, and LAC17 by RT-qPCR and ofmiR397b by stem-loop RT-qPCR after treatment under Pi-
sufficient and Pi-deficient conditions for 48 h The primary and secondary y axes represent fold expressions of target genes and
miR397b, respectively, at various Pi-deficient media relative to that in Pi-sufficient (625 mM) medium. D, Comparison of LAC2
promoter activities as determined byCFP expression under its control in 3-dpg plants harboring PLAC2::CFP (CFP) after growing in
Pi-sufficient (1P) and Pi-deficient (2P) media for 48 h. Fold expression of CFP in2Pi medium relative to that in 1Pi medium is
presented.CFP expression in Col-0 plants (Wt-Con.) was used as a negative control. Asterisks indicate values that are significantly
different from their equivalent control as determined by Student’s t test (*P , 0.05; **P , 0.01).

Plant Physiol. Vol. 182, 2020 1397

Role of microR397b and LAC2 in Root Lignification

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/182/3/1387/6116194 by guest on 09 January 2023



mature plant, and lignification in lac2mutant roots was
not detected before 5 dpg (Supplemental Fig. S7), sug-
gesting that LAC2 is most probably active only in the
differentiated vascular tissues in the Arabidopsis root
under the normal growth condition. It was already
demonstrated with maize (Zea mayz) root that water
deficit-mediated lignification of the root vascular tissue
is involved in progressive inhibition of cell wall exten-
sibility (Fan et al., 2006). All of these observations
suggested that the short root phenotype of thesemutant

lines was due to higher lignin deposition in the root
vascular tissue. Inhibition of root growth and lignin
deposition in the EZ were observed in the case of a
mutated gene encoding the plasma-membrane-bound
receptor-like kinase THESEUS1 in the cesa6 mutant
background, which is defective in cellulose synthesis,
and therefore, THESEUS1 is considered a sensor of cell
wall perturbation (Hematy et al., 2007; Merz et al.,
2017). At this point, the status of cellulose synthesis
and content in the lac2 mutant and the functional

Figure 8. Root length and deposition
of lignin, iron, and callose in the root
EZ of Arabidopsis lines with enhanced
and suppressed expression of LAC2
under low Pi condition. A, Seedlings of
the Arabidopsis lines mentioned were
transferred to Pi-sufficient (1P; 625
mM) and Pi-deficient (2P; 0 mM) media
for 8 d (D0–D8), and the increase in
root length was compared. Increase in
root length in 2P medium relative to
that in 1Pi medium is presented as the
relative fold increase in root length.
Data represent values for three repli-
cates (n 5 15). Lowercase letters rep-
resent significant differences among
the values under study (P , 0.05)
according to two-way ANOVA. Error
bars represent the mean 6 SE. B, Basic
fuchsin staining shows accumulation of
lignin in the root EZ under 1P and 2P
treatments for 48 h. Scale bar5 50mm.
Rectangular boxes indicate the regions
taken for comparison of integrated
density measurements. C, Comparison
of integrated density of fuchsin stain in
the boxed areas in C. Integrated density
was measured using ImageJ with five
samples for each line. Lowercase let-
ters represent significant differences
among the values under study (P ,
0.05) according to one-way ANOVA.
D, Perl’s/DAB iron staining shows iron
deposition in the root EZ of different
lines under 1P and –P treatments for
48 h, as mentioned in B. Scale bar 5
100 mm. E, Aniline blue staining for
callose deposition in the root EZ and
stem cell niche (arrow in the lower
image) of Arabidopsis lines mentioned
in B after 48 h of 1P and 2P treat-
ments. Scale bar 5 50 mm.
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relationship between THESEUS1 and LAC2 in the
context of primary cell wall biosynthesis or degradation
are not clear.

Role of LAC2 in Water and Nutrient Deficiency

Root growth arrest and lignin deposition in the root
vascular tissues in response to stress may be interde-
pendent processes. Lignin is generally deposited in the
secondary cell walls of differentiated cells, and root
growth is primarily determined by the dividing cells at
the RAM and, additionally, by elongation of differen-
tiated cells. Excess lignin deposition reduces the xylem
vessel diameter, limiting water and nutrient transport
(Fan et al., 2006). Additionally, lignin deposition also
restricts extensibility of the xylem and endodermal
cells. Elongation of other cells in the root differentiation
zone might be synergistic with xylem cell elongation. A
situation of restricted water and nutrient transport
might be sensed by the RAM and other differentiated
cells affecting reduced cell division and elongation.
Relatively shorter root length of the mutant/transgenic
plants with low LAC2 expression under the normal
growth condition can be explained by relatively higher
lignin deposition, decreased water and nutrient trans-
port, and their effects on cell elongation and division.
Root length was similar in wild-type and lac2 plants
until the appearance of lignified root vascular tissue,
suggesting a connection between lignin deposition and
root growth arrest. RAM size was smaller in the lac2
plant than in the wild-type plants. However, in the
water-limiting condition, root growth arrest precedes
lignin deposition, and we believe that lignin deposition
causes an additional negative effect on root growth by
reducing water and nutrient transport and cell wall
extensibility. We have also observed lignin deposition
in the endodermal cell layer in the elongation/differ-
entiation zone within 48 h after mannitol treatment.
Conversely, Pi-deficiency-mediated root growth ar-

rest seems to follow a different pathway. It was shown
that only physical contact of the root tip with the low-Pi
medium is necessary for growth arrest (Svistoonoff
et al., 2007). A significant decline in the number of di-
viding and elongating cells in the RAM was observed
within a short period of low-Pi exposure, suggesting a
shift from cell division to differentiation mode (Müller
et al., 2015). This was followed by lignin deposition in
the EZ (Ziegler et al., 2016), possibly negatively affect-
ing cell elongation. The loss-of-function mutant of two
multicopper oxidase genes, lpr1lpr2, showed reduced
root growth arrest and reduced lignin deposition in the
EZ in low-Pi medium. Similarly, plants with high LAC2
expression displayed decreased lignin deposition in
this zone and reduced root growth arrest compared to
the plants with low or no expression of LAC2. As the
LAC2 transcript level is regulated by miR397b, genetic
interaction between LPR and miR397b needs to be
worked out to define part of the low-Pi-mediated root
growth arrest pathway. It was reported before that the

presence of external Fe was necessary for low-Pi-in-
duced growth arrest (Svistoonoff et al., 2007; Müller
et al., 2015). We observed high local accumulation of
lignin and Fe in the lac2 mutant and the miR397bOX
line. Further, lignin deposition in the EZ was not ob-
served in the absence of Pi and Fe (Supplemental Fig.
S8), which suggests that there is cross talk between Fe
and lignification during Pi starvation. In this study, we
have provided a mechanism by which the miRNA397b-
LAC2 module deposits lignin in the root EZ under the
low-Pi condition. We hypothesize that high lignin de-
position in root EZ due to miR397b-mediated reduced
LAC2 expression led to the formation of a stiff and
hydrophobic secondary cell wall and increased local-
ized Fe and callose deposition exerting a double nega-
tive impact on root growth under Pi deficiency. Root
growth arrest under low Pi involves multiple geneti-
cally uncoupled mechanisms leading to inhibition of
cell proliferation and elongation (Singh et al., 2014;
Balzergue et al., 2017; Gutiérrez-Alanís et al., 2017), and
some of those mechanisms might be responsible for
root growth arrest in low Pi even in the absence of lig-
nin deposition in the root EZ in plant lines with high
LAC2 expression.

Regulation of LAC2 Expression in Roots

Involvement of LACCASEs in stress response could
be envisaged from the altered expression patterns of the
LACCASE genes in adverse conditions. In a previous
study, LAC2 expression was shown to be down-
regulated by $4-fold in roots in response to all the
abiotic stress treatments tested (Toufighi et al., 2005).
Our results also showed significant down-regulation of
LAC2 expression in roots in response to mannitol and
low-Pi treatment. Among the three targets of miR397b,
LAC2, LAC4, and LAC17, transcriptional control of
LAC2 was reported to be different from that of the two
other targets. As a part of the secondary cell wall bio-
synthesis program, these LACCASE genes were
thought to be under the control of the NAC SEC-
ONDARY CELL WALL THICKENING PROMOTING
FACTOR (NST) transcription factor family (Mitsuda
et al., 2005, 2007). LAC4 and LAC17 expression was
significantly down-regulated in the nst1nst2nst3 triple
mutant, whereas these genes appeared to have no effect
on LAC2 expression (Zhao et al., 2013). Our result in-
dicated that the LAC2 transcript level in roots was
predominantly regulated by a posttranscriptional
mechanism even in normal growth condition. Its ex-
pression level was inversely proportional to that of
miR397b. Additionally, LAC2 promoter activity did not
change in any of the stress conditions tested in this
study, and expression of the STTM construct increased
the steady-state expression level of LAC2 in the normal
growth condition. Arabidopsis miR397b was shown to
target LAC4 in the stem (Wang et al., 2014), and
miR397a was shown to be a negative regulator of
expression of many of the LACCASEs in Poplar
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(P. trichocarpa; Lu et al., 2013). Both previous results and
those presented here showed a very low level of
miR397a expression compared to a high level of
miR397b expression in roots in normal growth condi-
tions and in response to abiotic stress treatments in
Arabidopsis (Sunkar and Zhu, 2004). It appears that
miR397 family members have different functions in
different species and in different tissues. On examination,
we did not find a preponderance of abiotic-stress-
responsive cis-acting elements in the promoter sequence;
of miR397b; rather, many potential development-
associated cis-acting elements were located there (not
shown). Therefore, it seems that miR397b responds to
many of the abiotic stresses as a common response,
and that expression of miR397b, and consequently of
LAC2, in roots is regulated by stress response-mediated
developmental cues.

We have presented a study describing a mechanism
for the regulation of lignin deposition in root xylem
poles and the EZ under water- and phosphate-deficient
conditions, respectively, by the miR397b-LAC2-medi-
ated pathway. Our results showed that LAC2 is a
negative regulator of lignin deposition in these root
tissues. Biosynthesis of monolignol from phenyl Ala
occurs in multiple steps and involves several enzymes.
Therefore, regulation of monolignol synthesis and lig-
nin deposition would require fine-tuning of many rate-
limiting steps. Modulating lignin deposition by using a
negative regulator involved in the final step of lignin
formation might be an additional and quick control for
plant growth and development.

MATERIALS AND METHODS

Plant Material, Growth Conditions, and Stress Treatments

Seeds of wild-type Arabidopsis (Arabidopsis thaliana), ecotype Col-0, and
LACCASE2 T-DNA insertion lines (SALK_025690C and SAIL_292_B04) were
procured from the Arabidopsis Biological Research Center (The Ohio State
University, Columbus). Primers specific for T-DNAborderswere used to screen
homozygous lines of SALK_025690C and SAIL_292_B04. For all treatments,
seeds were surface sterilized and grown on one-half strength Murashige and
Skoog (MS) medium containing 1% (w/v) Suc (Sigma-Aldrich) and 0.8% (w/v)
agar (Duchefa Biochemie) in a growth chamber under a 16 h light/8 h dark
photoperiod at 21°C to 23°C unless otherwise indicated.

For mannitol (0.4 M) treatment, plants were vertically grown for 4 d and
subsequently transferred onto one-half strength MS medium containing man-
nitiol and allowed to grow in a growth chamber for the indicated time periods
(Figs. 1, 4, and 6). Root length was marked each day after treatments. Low-Pi
and Fe-deficient media were prepared as previously described by Singh et al.
(2014, 2018). Seedlingswere grown on one-half strengthMSmedium for 3 d and
subsequently transferred onto 1Pi (625 mM) and Pi-deficient (60, 40, and 0 mM)
media for the indicated time periods and root growth was measured each day
using ImageJ software (Figs. 7 and 8; Schneider et al., 2012).

Construct Preparation and Transformation in Arabidopsis

For constitutive and promoter fusion expression constructs of LAC2 and
miRNA397b, Gateway binary cloning technology (Invitrogen) was used
according to the instructionmanual. For constitutive expression, both LAC2 and
miRNA397b were cloned in the pGWB2 vector under the CaMV35S promoter.
The STTM construct for miRNA knock-down lines was designed as described
by Yan et al. (2012) using primers listed in Supplemental Table S1. Comple-
mentation and cleavage-resistant LAC2 lines were generated by transforming

the lac2 T-DNA mutant in the pBI101.2 vector harboring the complete LAC2
cDNA coding sequence and a modified LAC2 coding sequence with mutated
nucleotides at its cleavage site, respectively, under its own promoter. Plants
were transformed by the Agrobacterium tumefaciens-mediated floral dip trans-
formation method, as previously described by Clough and Bent (1998), and the
transformants were selected on appropriate antibiotics.

RNA Extraction and Expression Analysis

Total RNAwas extracted using TRI reagent (Sigma-Aldrich) and first-strand
cDNAs were synthesized using SuperScript III Reverse Transcriptase (Thermo
Fisher Scientific) according to the manufacturer’s protocol. Expression analysis
of miRNA and its respective target genes was performed by RT-qPCR using a
ViiA7 Real-Time PCR System (Applied Biosystems) with three biological rep-
licates. For miRNAs, stem-loop primers were designed and cDNA for indi-
vidual miRNAs was prepared by pulsed-RT reaction using SuperScript III
Reverse Transcriptase as described previously (Chen et al., 2005; Varkonyi-
Gasic et al., 2007). Relative expression of genes was calculated according to
the DD Ct method (Livak and Schmittgen, 2001) and normalized with the
AtACTIN2 gene (At3g18780). Fold expression values from RT-qPCR were
represented in heat maps using TIGR Multi Experiment Viewer (version 4.9).

Northernblot analysis ofmiRNAwasperformedasdescribedpreviously (Lu
et al., 2007; Rosas-Cárdenas et al., 2011). In brief, small RNAs were enriched by
treating total RNA with PEG and NaCl, followed by 3 M sodium acetate pre-
cipitation. Then, 15 mg of enriched small RNAs was separated on denaturing
(7 M urea) 15% polyacrylamide gel and transferred to a Hybond-N1membrane
(Amersham Biosciences). Antisense oligo for miRNA397b was synthesized and
a probewas prepared by end labeling of oligowith g-ATP using polynucleotide
kinase enzyme (New England Biolabs). AtU6 RNA was used as an internal
control. The primers used in this study are provided in Supplemental Table S1.
AtACT2 was used as an internal control.

RNA Ligase-Mediated RACE

Validation ofmiRNA-mediated cleavage of targetmRNAwas performed by
RLM-RACE as described by Llave et al. (2002). RNA oligo was ligated at the
decapped 59-end of cleaved mRNA using T4 RNA ligase (New England Biol-
abs). Ligated mRNAwas reverse transcribed using SuperScript III RT by using
oligo DT primers to create RACE-ready first-strand cDNAwith known priming
sites at the 59 and 39 ends. This cDNA was amplified with 59 and 39 adapter-
specific primers to obtain a population of cleaved products strictly ligated to
both 59 and 39 adapters. For gene-specific cleaved product identification via
RLM-RACE, the amplified PCR product of cDNA was used as a template for
secondary PCR by adapter-specific and gene-specific primer sets. The final
product was cloned and sequenced to obtain the specific site of cleavage. Se-
quences of all the oligonucleotides used in this study are listed in Supplemental
Table S1.

Histochemical Staining and Imaging

For GUS staining, Arabidopsis seedlings with or without treatment were
immersed in GUS staining solution (50 mM sodium phosphate buffer [pH 7.0],
2 mM EDTA, 0.12% [v/v] Triton, 0.4 mM ferrocyanide, 0.4 mM ferricyanide, and
1.0 mM 5-bromo-4-chloro-3-indoxyl-b-D-glucuronide cyclohexyl ammonium
salt) and incubated in the dark at 37°C. Tissues were cleared by treatment with
70% ethanol at 65°C for 1 h and imageswere takenwith aNikon 80imicroscope.

To visualize lignin deposition, seedlingswere stainedwith basic fuchsin and
calcofluor white solution (both from Sigma-Aldrich) for staining lignin and the
cell wall boundary, respectively, as per the ClearSee protocol described by
Ursache et al. (2018). After staining, roots were imaged with a LSM710 confocal
microscope using 561 nm excitation and detection at 600–650 nm for basic
fuchsin. The CFP image was captured with a confocal microscope at excitation
wavelength 435 nm and emission wavelength scan range 450–490 nm with
emission maxima at 477 nm. Callose staining was done as previously described
byMüller et al. (2015). Seedlings were incubated in 150 mM K2HPO4 containing
0.01% aniline blue solution for 10 min and kept in the dark. After staining,
seedlings were stored in 30% glycerol and callose deposition was visualized
with a Nikon 80i fluorescence microscope using a UV filter. To visualize lignin
deposition, seedlings were stained with freshly prepared 2% phloroglucinol
(Sigma-Aldrich) solution (4:1, 20% ethanol:HCl) for 5 min. After staining with
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phloroglucinol, roots were washed once with water and visualized with a
Nikon 80i microscope.

For peroxidase activity, seedlings were immersed in 1mg/mLDAB staining
solution (1mg/mLDAB solution, in 10mMNa2HPO4, pH 3.0, and 0.05% Tween
20) for 10 min and staining solution was replaced with bleaching solution
(ethanol:acetic acid:glycerol, 3:1:1, by volume) and incubated in a boiling water
bath for 15 min. Samples were visualized with an AxioImager microscope
(Zeiss).

The iron-specific Perls/DAB staining was done as described by
Roschzttardtz et al. (2009). In brief, plants were incubated in Perls stain (4%
[v/v] HCl and 4% [w/v] K-ferrocyanide) for 30 min. For DAB intensification,
plants were washed with water and incubated for 1 h in methanol containing
10 mM Na-azide and 0.3% (v/v) H2O2 and washed with 100 mM Na-phosphate
buffer (pH 7.4). Plants were incubated for 30 min in the intensification buffer
containing 0.025% (w/v) DAB (Sigma-Aldrich) and 0.005% (v/v) H2O2. The
reaction was stopped by washing with water and tissue was cleared with
chloral hydrate (1 g/mL in 15% glycerol). Perls/DAB-stained roots were vi-
sualized with a Zeiss AxioImager microscope.

Lignin autofluorescence was visualized under simultaneous absorption of
two 730-nm photons resulting in excitation at ;350–370 nm as described by
Schuetz et al. (2014). Tissue clearing was done in 6:1 ethanol:acetic acid solution
(by volume) for 24 h, washed twicewith 95% ethanol, and gradually rehydrated
using 70% ethanol, 30% ethanol, and water consecutively. Samples were sub-
sequently mounted in chloral hydrate solution (9:1:3 chloral hydrate:glycer-
ol:water [w/v/v]) and were imaged using a confocal microscope (Zeiss
LSM510).

Guaiacol Peroxidase Assay

Guaiacol peroxidase (GPX) activity was measured according to the protocol
of Egley et al. (1983) by monitoring the oxidation of guaiacol to tetraguaiacol at
470 nm. Each 3-mL reaction mixture consisted of 25 mM phosphate buffer (pH
7.0), 0.05% guaiacol, 0.1 mM EDTA, 1mMH2O2, and 0.3 mL enzyme extract. The
increase in absorbance was monitored spectrophotometrically for 5 min at 470
nm. The blank consisted of reaction mixture without enzyme extract. One unit
of GPX was defined as the amount of enzyme that decomposes 1 mmol of
guaiacol min21 at 25°C. GPX activity was calculated using the extinction co-
efficient as 26.6 mM21 cm21. Enzyme activity was expressed as units of activity
per milligram of protein.

Total Lignin Content Estimation

Thioglycolic acid quantification of lignin was done according to Bonawitz
et al. (2014). Briefly,;100mg of root tissue was homogenized in liquid nitrogen
and extracted with 10 volumes of 100% methanol at 80°C for 2 h. Pellet was
collected by centrifugation and washed with 10 volumes of water. Samples
were suspended in 750 mL of water, 250 mL concentrated HCl, and 100 mL
thioglycolic acid and incubated at 80°C for 3 h. Pellets were collected, washed
with 1 mL of water and resuspended in 1 M NaOH followed by 12 h incubation
at room temperature at 50 rpm. After incubation, Sampleswere centrifuged and
the supernatant was transferred to a fresh tube with 200 mL concentrated HCl
and incubated for 4 h at 4°C. Precipitation of this reaction was resuspended in
1 M NaOH and absorbance was determined at 280 nm by a spectrophotometer.
Total lignin content was calculated using the standard thioglycolic acid-lignin
(extinction coefficient «5 18.31 cm21 mg mL21). Lignin content was expressed
as milligrams of lignothioglycolic acid (LTGA) per gram of tissue.

Accession Numbers

The Arabidopsis Information Resource accession numbers for the genes
reported here are as follows: SALK_025690C (lac2), SAIL_292_B04 (lac2),
AT1G18140 (LAC1), AT2G29130 (LAC2), AT2G30210 (LAC3), AT2G38080
(LAC4), AT2G40370 (LAC5), AT2G46570 (LAC6), AT3G09220 (LAC7),
AT5G01040 (LAC8), AT5G01050 (LAC9), AT5G01190 (LAC10), AT5G03260
(LAC11), AT5G05390 (LAC12), AT5G07130 (LAC13), AT5G09360 (LAC14),
AT5G48100 (LAC15), AT5G58910 (LAC16), AT5G60020 (LAC17), AT4G05105
(Ath-miR397a), AT4G13555 (Ath-miR397b), and At3g18780 (AtACT2).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Expression analysis of LACCASE genes under
0.4 M mannitol treatment.

Supplemental Figure S2. Comparison of root phenotype, LACCASE gene
expression, and peroxidase activity in roots of Col-0 and lac2.

Supplemental Figure S3. Tissue-specific promoter activity and expression
of miR397b and LAC2, LAC4, and LAC17 genes.

Supplemental Figure S4A. Design of the STTM construct and phenotype
and expression of LAC2 in multiple miR397bOX and STTM overexpress-
ing Arabidopsis transgenic lines.

Supplemental Figure S4B. Phenotype and expression of LAC2 in multiple
LAC2OX and rLAC2-expressing Arabidopsis transgenic lines.

Supplemental Figure S5. Epistatic analysis of miR397b and LAC2.

Supplemental Figure S6. Comparison of root growth and expression of
LACCASE genes in Col-0 and lac2 under various low-Pi conditions.

Supplemental Figure S7. Lignin deposition in a root at early growth stage
and LAC2 promoter activity at the root tip.

Supplemental Figure S8. Root growth and lignin deposition in EZ of Col-0
and lac2 seedlings upon treatment with different combinations of low Pi
and iron.

Supplemental Table S1. List of oligonucleotides used in this study.
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