Water Deficits Affect Caffeate O-Methyltransferase,
Lignification, and Related Enzymes in Maize Leaves.
A Proteomic Investigation™
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Drought is a major abiotic stress affecting all levels of plant organization and, in particular, leaf elongation. Several experiments
were designed to study the effect of water deficits on maize (Zea mays) leaves at the protein level by taking into account the
reduction of leaf elongation. Proteomic analyses of growing maize leaves allowed us to show that two isoforms of caffeic acid/
5-hydroxyferulic 3-O-methyltransferase (COMT) accumulated mostly at 10 to 20 cm from the leaf point of insertion and that
drought resulted in a shift of this region of maximal accumulation toward basal regions. We showed that this shift was due to
the combined effect of reductions in growth and in total amounts of COMT. Several other enzymes involved in lignin and/or
flavonoid synthesis (caffeoyl-CoA 3-O-methyltransferase, phenylalanine ammonia lyase, methylenetetrahydrofolate reductase,
and several isoforms of S-adenosyl-L-methionine synthase and methionine synthase) were highly correlated with COMT,
reinforcing the hypothesis that the zone of maximal accumulation corresponds to a zone of lignification. According to the
accumulation profiles of the enzymes, lignification increases in leaves of control plants when their growth decreases before
reaching their final size. Lignin levels analyzed by thioacidolysis confirmed that lignin is synthesized in the region where we
observed the maximal accumulation of these enzymes. Consistent with the levels of these enzymes, we found that the lignin

level was lower in leaves of plants subjected to water deficit than in those of well-watered plants.

Drought is one of the major environmental factors
decreasing plant productivity. It affects various meta-
bolic processes but has scarcely been related to lignin
biosynthesis. Lignin is a major polymer of plant cell
walls that confers hydrophobicity and mechanical
strength to the walls of conducting vessels to with-
stand the negative pressure generated by transpiration.
Its variability has been comprehensively reviewed
(Boudet et al., 1995; Campbell and Sederoff, 1996;
Baucher et al., 1998, 2003; Whetten et al., 1998; Ante-
rola and Lewis, 2002; Boerjan et al., 2003). Lignin is
composed of p-hydroxyphenyl (H), guaiacyl (G), and/
or syringyl (S) units, the proportions of which vary
according to botanical and cytological criteria (Lewis
and Yamamoto, 1990). In addition, grass lignin con-
tains p-coumaric acid (pCA) and ferulic acid (FA;
Higuchi, 1997). The complex pathway of lignin bio-
synthesis was recently rewritten by Humphreys and
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Chapple (2002), and the in vivo enzymatic reactions
were highlighted. Caffeic acid/5-hydroxyferulic 3-O-
methyltransferase (COMT) was initially thought to be
a bifunctional enzyme that used both caffeic and
5-hydroxyferulic acids as substrates (Davin and Lewis,
1992). However, its activity toward 5-hydroxyconiferyl
aldehyde and alcohol was demonstrated by recent
transgenic studies on Arabidopsis (Arabidopsis thali-
ana; Humphreys and Chapple, 2002), sweetgum
(Liquidambar styraciflua; Osakabe et al., 1999), alfalfa
(Medicago sativa; Parvathi et al., 2001), and poplar
(Populus spp.; Li et al., 2000). As 5-hydroxyconiferyl
aldehyde was found to be both the preferred substrate
and the inhibitor of caffeate and 5-hydroxyferulate
methylation (Zubieta et al.,, 2001), Li et al. (2000)
suggested that COMT be renamed 5-hydroxyconiferyl
aldehyde O-methyltransferase.

In maize (Zea mays), a single gene codes for COMT
protein (Collazo et al., 1992). Another maize gene,
ZRP4, showed sequence similarities with various
plant and animal O-methyltransferases (OMTs) but
shared only 44% identity with maize COMT. It was
proposed to be involved in suberin biosynthesis (Held
et al., 1993). The brown midrib 3 (bm3) natural mutation
affects the structure and expression of the COMT gene
in maize. This mutation induces a reddish-brown
pigmentation in the leaf midrib (Neuffer et al., 1968)
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and affects lignin content and structure (Vignols et al.,
1995). Recently, an antisense strategy was applied to
down-regulate COMT gene expression in maize. Sim-
ilar to the bm3 mutants, but in an attenuated manner,
COMT-deficient transgenic lines displayed altered
lignin content and composition (Piquemal et al., 2002).

The formation of stress lignin has originally been
reported under pathogen attack (Vance et al., 1980).
Since then, the activation of the phenylpropanoid
metabolism has been observed under various stress
conditions (Dixon and Paiva, 1995). The expression of
COMT and caffeoyl-CoA 3-O-methyltransferase
(CCoAOMT) genes was induced in response to infec-
tion by tobacco mosaic virus in tobacco (Nicotiana
tabacum; Pellegrini et al., 1993; Maury et al., 1999). The
induction of CCoAOMT also was observed during the
disease resistance response of parsley (Petroselinum
crispum; Pakusch et al., 1989; Schmitt et al., 1991). Fur-
thermore, a putative OMT gene from barley was
induced by fungal pathogens and UV light (Gregersen
etal., 1994). Finally, different sequences of the COMT II
promoter were responsible for gene induction by
methyl jasmonic acid, UV light, tobacco mosaic virus,
or wounding (Toquin et al., 2003).

In a previous proteomic study on maize leaves, we
found that COMT accumulated at the basal regions
of leaves subjected to drought during their growth
(Riccardi et al., 1998). The leaf meristem is located at
the base, and there is a gradient of tissue age along the
maize leaf (Ben-Haj-Salah and Tardieu, 1995). Drought
causes a reduction of growth due to a reduction of
meristematic activity (Ben-Haj-Salah and Tardieu,
1997). As a consequence, tissues of the same age are
closer to the leaf point of insertion in water-stressed
leaves compared to control leaves. It is thus difficult to
decipher the respective effects of age and of cellular
response to drought. To our knowledge, no study has
described the position or age at which maize leaf cells
undertake lignification under normal development. In
this study, we analyzed segments evenly sampled
along the leaf at different stages of development to
separate direct effects of water deficit from side effects
related to the decrease of growth. Based on the profiles
of COMT and of other enzymes involved in lignin
synthesis, we drew a hypothesis on the localization of
lignin synthesis in leaves and on the effect of drought
on lignification. This hypothesis was then further con-
firmed by analyzing profiles of lignin along the leaf.

RESULTS

Identification of Two Isoforms of COMT Encoded
by the Same COMT Gene

We previously identified a COMT protein in the base
of maize leaves (spot 383 in Riccardi et al., 1998;
renamed 5456 in this study). The relative amount of
this protein increased when plants were subjected to
water deficit. To check the COMT identity, we com-
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pared line Io to a near-isogenic line bearing the bm3
mutation (bm3/bm3; Vignols et al., 1995). Spot 5456 was
absent in the isogenic lines bearing the bm3 mutation.
Additionally, we also observed the absence of another
spot with an apparent molecular mass of 37 kD and a pl
slightly more acidic (Fig. 1, inset). The relative amount
of this protein also increased significantly in leaves
subjected to water deficit in both F2 and Io inbred lines
(spot 91 in Riccardi et al., 1998; renamed S1937 in this
study). An analysis by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) provided evidence
that it was also a COMT. We named the more acidic
protein COMT1 (5456, pl ~ 5.4) and the less acidic one
COMT?2 (51937, pl ~ 5.6). Because the two isoforms
disappeared in a line known to bear a deficient COMT
gene (Vignols et al., 1995) and were identified as COMT
according to LC-MS/MS analysis, they most likely
correspond to two different products of the same
gene, differing by a posttranslational modification,
the nature of which remains to be elucidated.

Shift of COMT Peaks toward the Base of Water-Stressed
Maize Leaves and Relation with Tissue Age

We next examined expression profiles at the protein
level of both COMTs in leaves of water-stressed plants.
We first grew lo plants in perlite (experiment 1) as was
done previously by Riccardi et al. (1998). We found
that COMT1 accumulated maximally at an 8- to 14-cm
distance from the point of insertion of control leaves
(Fig. 2A). When plants were not watered for 10 d, the
maximal amount of COMT1 was located at 2 to 8 cm,
indicating a shift toward the point of insertion.
COMT2 accumulated at a slightly higher position
than COMTT1 in both conditions, the maximal accu-
mulation being at 10 to 16 and 4 to 10 cm in control and
water-stressed leaves, respectively (Fig. 2B).

To look at the effect of water deficit on the profiles of
COMT accumulation as a function of time and leaf
growth, a second experiment was then performed in
which leaf growth was measured daily and samples
were harvested after 3 to 5 d of water deprivation.
Io plants were cultivated in a soil-sand mixture to
investigate the effect of delayed water deficit. The
growth of leaf 6 stopped after 5 d without watering,
whereas it stayed at a constant rate in control plants
(Fig. 2C, inset). After 3 d of no watering (day 3), the
region of maximal accumulation of COMT1 and
COMT?2 shifted toward the base of the leaf in response
to drought (Fig. 2, C and D). In the following days
(days 4 and 5), no notable quantitative or position
change was observed in control leaves for COMT1,
whereas the position of maximal accumulation of
COMT2 moved 2 cm down in drought-stressed leaves
and its quantity increased. Because of the reduction of
cell division and elongation in the elongation zone at
the base of the leaf under drought conditions, tis-
sues at the same position have different ages in control
and water-stressed leaves. The shift of maximal
COMT accumulation could therefore be due to a
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Figure 1. Identification of two isoforms of COMT
7 in maize leaves. Arrows indicate the proteins
identified by LC-MS/MS and correlated with
COMT1, CCoAOMT, and PAL on a silver-stained
2D gel of leaf proteins from the F2 inbred line of
maize. The inset shows an enlargement of the
framed region in the lo wild-type line (Bm3/Bm3)
and in the near-isogenic line bearing the bm3
mutation (bm3/bm3). COMT1 and COMT2 are
present in Bm3/Bm3 and absent in bm3/bm3.
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drought-induced growth reduction. We thus expressed
the relative amount of COMTs as a function of com-
puted tissue ages (Fig. 3). In control leaves harvested
on days 3 and 4, COMT1 mostly accumulated in 2-d-
old tissues. On day 5, maximal expression of COMT1
was mostly distributed between 2- and 3-d-old tissues.
In water-stressed leaves, maximal accumulation of
COMT1 was found in 2-, 3-, and 4-d-old tissues at
days 3, 4, and 5, respectively (Fig. 3, A-C). COMT2
profiles showed no maximum in well-watered leaves,
probably because the analyzed segments were not old
enough. In water-stressed leaves, the maximal accu-
mulation of COMT2 was observed in 3-d-old tissues at
both days 3 and 4 (Fig. 3, D and E) and in 4-d-old
tissues at day 5 (Fig. 3F). Taken together, these results
showed that the age of maximal accumulation was
delayed at least for COMT1 in drought-stressed leaves.
It was also observed that the maximal accumulation of
COMT?2 occurred at least 1 d after the maximal accu-
mulation of COMT1 in control leaves.

Variation of Amount of COMT with Leaf Development

A third experiment was performed to compare the
effect of water deficit with the effect of leaf growth
decrease in the absence of stress and to study two levels
of water deficit. F2 plants were cultivated in a soil:com-
post (1:1) mixture. Harvesting dates did not correspond
to treatment duration as in experiment 2 (number of
days) but to particular stages of leaf growth. Control
leaves were collected at three different stages: C1 and
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C2 at the beginning and the end of the period of
maximal growth (8 cm d'), respectively, and C3
during growth decrease. Mildly drought-stressed
leaves (M) were harvested when growth reduction
had stabilized (approximately 4 cm d'). Severely
water-stressed leaves were collected at two stages: S1
just before growth stopped (<1 cmd ') and S2 2 d later.
Plants reached C1, C2, C3, M, S1, and S2 stages at 1, 8,
11, 8, 4, and 6 d, respectively (Fig. 4). Under control
conditions (C1 to C3), COMT1 profiles showed a steady
increase during leaf development as well as a shift of
maximal expression levels toward the tip (Fig. 5, A and
B). In C1 leaves, maximal accumulation occurred from
9 to 15 cm from the point of insertion. In C3 leaves, the
area of maximal expression was located farther from
the base (15-19 cm from the point of insertion), and the
relative amount reached its highest level. Under mild
water-deficit conditions (M), the strongest accumula-
tion of COMT1 was observed at 11 to 15 cm from the
point of insertion, and its relative amount was lower
than that observed for C2 or C3. Under severe water
deficit (S1 and S2), the relative COMT1 expression level
was considerably reduced, as compared with controls,
and its profile was very similar in S1 and S2 leaves (Fig.
5B). It showed a maximal accumulation at 11 cm.
Quantification was less accurate for COMT?2 than for
COMT1 because of the presence of a close spot
(identified as a malate dehydrogenase) that occasion-
ally merged with it (Fig. 5A). Nevertheless, several
observations could be made. Similar to COMT1, the
level of accumulation and the position of maximal
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Figure 2. COMT1 and COMT?2 profiles in response to water deficit. A and B, Relative amounts of COMT1 and COMT2 along leaf
6 of lo plants in experiment 1. C and D, Relative amounts of COMT1 and COMT2 along leaf 6 of lo plants in experiment 2 at day
3. The inset in C shows the elongation rate of leaf 6 in experiment 2. Vertical bars show st (n = 3 in experiment 1; n = 2 in

experiment 2). RA, Relative amount.

accumulation of COMT2 were lower in C1 than in C2
and C3, but there was no clear decrease of the amount
of COMT?2 in response to water deficit. As observed in
experiments 1 and 2, the region of maximal accumu-
lation of COMT2 was slightly higher in the leaf than
that of COMT1, suggesting a timing delay between
COMT1 and COMT2 accumulation.

For both COMTs, the position of maximal accumu-
lation under mild water deficit was intermediate
between control and severe water-deficit treatments.
COMT1 was mostly expressed in 3-d-old tissues of
control leaves, whatever the stage, in 5-d-old tissues
of mildly stressed leaves (M), and in 6-d-old tissues of
severely water-stressed leaves (S1 and S2; Fig. 5C). In
agreement with experiment 2, tissues showing maxi-
mal accumulation were older in water-stressed leaves,
although they were at a lower position than in control
leaves.

Phenylpropanoid Metabolism

More than 300 of the proteins detected on two-
dimensional (2D) gels were identified by LC-MS/MS
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(D. Vincent, H. Corti, M. Davanture, L. Negroni, and
M. Zivy, unpublished data). Two of them were directly
related to lignin biosynthesis: a CCoAOMT and a Phe
ammonia lyase (PAL; EC 4.3.1.5), which controls the
first step of the phenylpropanoid pathway (Fig. 1A).
COMT1, CCoAOMT, and PAL showed similar profiles
(data not shown), the correlation between their relative
amounts in the different samples varying between 0.59
and 0.77.

In order to find other proteins behaving similarly,
we looked for proteins highly correlated with these
three proteins (Fig. 1; Table I, Supplemental Fig. 1).
Among the highest correlated proteins (r > 0.60), we
found three S-adenosyl-.-Met (SAM) synthases
(SAMS; EC 2.5.1.6). SAMS catalyzes the conversion
of ATP and L-Met into SAM, which is a donor of the
methyl group known to be involved in methylation
occurring in monolignol and/or flavonoid biosynthe-
sis, as those catalyzed by COMT. Among the other
highly correlated proteins were all the identified Met
synthases (METS; EC 2.1.1.14), which produce Met by
transferring a methyl group from 5-methyltetra-
hydrafolate (5-CH,-THF) to homo-Cys (hCys), and a

Plant Physiol. Vol. 137, 2005
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Figure 3. Relative amounts of COMT isoforms in function of tissue age in lo leaves of experiment 2. Relative amounts of COMT1
in leaves harvested at day 3 (A), day 4 (B), and day 5 (C) are shown. Relative amounts of COMT2 in leaves harvested at day 3 (D),
day 4 (E), and day 5 (F) also are shown. Vertical bars show st (n = 4 to 11). RA, Relative amount.

methylenetetrahydrofolate reductase (MTHFR; EC
1.5.1.20 and 1.7.99.5), which generates 5-CH,-THF
(Roje et al., 1999). Thus, MTHFR and METS contribute
to the production of Met, from which SAM is gener-
ated. The other identified proteins found to be highly
correlated with COMT, CCoAOMT, and PAL were an
isoflavone reductase-like protein (IRL; EC 1.3.1.-) and
a hydroxymethylglutaryl-CoA synthase (HMGS; EC
4.1.3.5) involved in the synthesis of mevalonate (Alex
et al., 2000).

c2 —e—Control
—&—Mild deficit
—Severe deficit

C1

Elongation rate (cm d')

Time (d)

Figure 4. Elongation rate of leaf 6 of F2 plants in experiment 3. Average
days of harvesting are indicated for controls (C1 to C3), and plants
subjected to mild (M) and severe (ST and S2) water deficit. Vertical bars
show st (n = 3).
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Relation between COMT and Lignification Profiles

To check whether the variations in relative amounts
of COMT determined by proteomic analysis could be
correlated with changes in its activity, in vitro mea-
surements of COMT activity were carried out on
samples of leaves used for 2D analysis in experiment
1. We found that the activity was significantly corre-
lated with protein amounts of COMT1 and COMT2
(Fig. 6). The best correlation (r = 0.95) was observed
when COMT1 and COMT2 protein amounts were
summed (Fig. 6C). This result shows that both en-
zymes could be active.

We then performed lignin analyses to determine
whether the relative amounts of COMT, CCoAOMT,
and PAL correlate with lignification along the leaves.
Lignin determination by the standard Klason gravi-
metric method could not be applied to 2-cm-long leaf
segments (about 20 mg of dry matter). Indeed, this
method not only requires a preliminary solvent ex-
traction step to eliminate proteins and other inter-
fering compounds, but also is sample demanding
(100-300 mg of an extract-free sample is necessary to
recover a final lignin amount that can be weighted
with some accuracy, this sample demand increasing
when the lignin amount is low). As the alternative
spectrometric methods of lignin determination would
suffer interference drawbacks from nonlignin phenol-
ics, the only way to unequivocally characterize native
lignin in such samples remains by the analysis of
specific lignin-derived compounds, namely, thioaci-
dolysis monomers. We used thioacidolysis for the
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determination of uncondensed lignin H, G, and S units
(see “Materials and Methods”) in the 2-cm-long dried
leaf fragments collected from the sixth leaf of the
control (C2) and moderately drought-stressed (M)
plants (experiment 3). The total yield in (H + G + S)
lignin-derived monomers ranged between 2 and 35
umol g~ ! of dried leaf samples (Fig. 6D). G and S
monomers were the main lignin-derived compounds,
whereas H monomers were recovered in low or trace
amounts (relative amount ranging between 1% and 6%
of the [H + G + S] total). If we compare these yields to

Table 1. Identified proteins highly correlated with COMTT,
CCoAOMT, and PAL

Only proteins showing a correlation coefficient greater than 0.60
with at least one of these three enzymes are shown.

Spot Correlation to  Correlation to  Correlation

COMT1 CCoAOMT to PAL
COMTI1 S456 1.00 0.60 0.77
CCoAOMT  S565 0.60 1.00 0.59
PAL S48 0.77 0.59 1.00
METS S7 0.56 0.45 0.60
METS S54 0.71 0.56 0.91
METS S58 0.72 0.52 0.82
MTHR S68 0.60 0.55 0.57
SAMS S96 0.78 0.60 0.82
SAMS S145 0.77 0.42 0.71
SAMS S300 0.64 0.55 0.61
IRL S586 0.83 0.63 0.70
HMGS S593 0.61 0.35 0.64
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those obtained for maize stem lignins (Méchin et al.,
2000), we approximate that the total lignin amount of
the dried leaves ranges between 0.2% and 3.5% by
weight. This is an approximation, as thioacidolysis
yields from leaf and stem lignins probably differ.
Duplicate experiments from two different analo-
gous leaf samples gave fairly close thioacidolysis
yields, with ses ranging between 5% and 20% for
most samples. As shown in Figure 6D, thioacidolysis
yield, which herein is the only tool that can approx-
imate lignin amount, was very low in the first 7 cm of
the control leaf, then a steady increase occurred before
stabilization at 22 cm from the point of insertion. In the
mildly drought-stressed leaves, thioacidolysis yield
stabilized nearer the base (15 cm from the point of in-
sertion) at a lower level (20 umol g_l), which suggests
a lower lignin amount and/or a lower proportion of
uncondensed lignin units. Similar to the COMT pro-
file, the lignification profile, as reflected by thioacidol-
ysis yield, shifted toward the base of the leaf. When
expressed as a function of computed tissue age, ligni-
fication was found to be both delayed and down-
regulated by water deficit (Fig. 6E). Thus, drought
stress altered COMT1 levels and lignification in a con-
sistent manner. In addition, we found that thio-
acidolysis yield decreased in the upper parts of the
drought-stressed leaf (from 21-30 cm from the point of
insertion; Fig. 6D). Because a decrease in lignin content
as the tissue ages is unlikely, this trend may be due to
the fact that cell wall lignin is more cross-linked in this
area by thioacidolysis-resistant bonds. Thioacidolysis

Plant Physiol. Vol. 137, 2005



Lignification Proteomics of Maize Leaves under Water Deficit

A B (03 Figure 6. Relation between COMT
and lignification profiles. A to C, In
:'_; 3.5 3.51 vitro activity of COMT in function of
£ 3] r=0.91 3.0 r=095 R relative amounts of COMT1 and
E 25 25 COMT2 measured on 2D gels. r, Cor-
= ' relation coefficient. D, Measurement
2 2.07 2.0 s 27 of uncondensed lignin units (H + G +
2 1.57 1.51 50HG + S) along leaf 6 in experiment
8 1.0 . o* * 1.0 . ¢ 3. E, Measurement of uncondensed
[J . . . . . .
= e . 059, o5v ® lignin units in function of tissue age.
[e} o F, S:G ratio along leaf 6. G, Measure-
O 00 T T 0.0 T 00 T T T ) ) A
ment of FA along leaf 6 in experiment
0 50000 100000 150000 0 50000 100000 0 50000 100000 150000 200000 3. Vertical bars show st (n = 2 in D, F
+ ) L
COMT1 (RA) COMT2 (RA) COMT1+COMT2 (RA) and G; n = 3-8 in E). RA, Relative
D E amount.
40 404
T 35 | —@—Control 35.]
> —k— Mild deficit
o 30 30+
5 25 251
_.2 20 20
c
3 15 154
£
S’ 10 104
- 5 54
0 T T T T T T 0 T T T T
0 5 10 15 20 25 30
o 0 2 4 6 8
Position (cm) Age (d)
F G, -
0.7 8~ 5
o3
06 24
gg?d
05 SEo
O - 1
9 o4 Q 0
(%] 2 0 5 0 15 20 25 30
0.3 14
H T 12
0.2 8% 10
& o
0.1 £33
=
0.0 ’ ’ . ’ . H 5 4
0 5 10 15 20 25 30 w g
Position (cm) 0 5 15 20 25 30

yield can also increase with the frequency of the S
lignin units, as these S units are more involved in
uncondensed bonds. Thus, a variation of the S:G
thioacidolysis ratio could bias thioacidolysis-based
comparisons of lignin levels between controls and
plants subjected to water deficit. However, the S:G
ratio stayed at similarly low values (0.2-0.5) whatever
the plant (control or water stressed; Fig. 6F).

PCA and FA were recovered from the thioacidolysis
of dried leaf samples together with the lignin-derived
G and S monomers. As thioacidolysis is not aimed at
the quantitative cleavage of ester bonds, the amounts
of pCA and FA were only considered comparatively. In
grass cell walls, most p-coumarate accretion occurs
with lignification (Musel et al., 1997, MacAdam and
Grabber, 2002). In our analyses, the thioacidolysis-
released pCA ranged between 0.3 and 6 umol g™ ' of
dried leaf samples (Fig. 6G). This amount displayed
a very strong relationship to the amount of lignin-

Plant Physiol. Vol. 137, 2005

10
Position (cm)

derived monomers (r* = 0.99 and 0.94 for the control
leaf series and the drought-stressed leaf series, re-
spectively), and the water stress both reduced the
yield of thioacidolysis-released pCA and of lignin-
derived monomers. This result confirms that thio-
acidolysis-released pCA may be a convenient, albeit
indirect, indicator of lignification in grass samples. The
efficiency of thioacidolysis in FA extraction is nega-
tively related to the level of tissue lignification; thus,
profiles of thioacidolysis-released FA do not reflect
profiles of total FA, and concentrations cannot be
compared between controls and stressed plants. Nev-
ertheless, the shapes of thioacidolysis-released FA
profiles (Fig. 6H) show similarities with those of
uncondensed lignin units.

The reduced amounts of lignin units under mild water
deficit further confirm the overall down-regulation of
lignification in maize leaves subjected to drought stress,
as has been observed at the enzymatic level.
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DISCUSSION

This study was aimed at deciphering COMT varia-
tions along maize leaves through development and
water deficits and relating them to the lignification
process. Two COMT isoforms (COMT1 and COMT?2)
were identified, and both disappeared in a bm3/bm3
genotype, i.e. in the presence of a deficient COMT gene
(Vignols et al., 1995). This strongly suggests that both
isoforms are the products of the same COMT gene,
which is present as a single copy in the maize genome.
The predicted protein sequence, composed of 364
amino acids, has an estimated pl of 6.03 and an
estimated molecular mass of 39.572 kD (Collazo et al.,
1992). Both COMTs have similar molecular mass (37
kD) but different pls (5.4 and 5.6 for COMT1 and
COMT?2, respectively). The putative posttranslational
modification causing the pl difference was not identi-
fied. Because both proteins have similar molecular
mass, a proteolysis process is unlikely. In addition, it
is unlikely that it occurred during protein extraction
because the proportions of both proteins changed
along the leaf. Because COMT2 accumulated and
decreased after COMT1, we could hypothesize that
COMT2 is an intermediate form of COMT before
degradation. However, the relatively large proportion
of COMT2 and the better correlation of in vitro
enzymatic activity with the sum of both isoforms
than with each of them are not consistent with this
hypothesis (Fig. 6). The putative posttranslational mod-
ification may reflect distinct substrate specificities
because COMT can methylate various substrates
(Davin and Lewis, 1992; Maury et al., 1999; Osakabe
et al., 1999; Li et al., 2000; Parvathi et al., 2001; Zubieta
et al., 2002).

In the three experiments we performed, the profiles
of COMT repeatedly showed a maximal accumulation
in a region of the leaf located above the zone of elon-
gation, which is 6 to 8 cm long (Ben-Haj-Salah and
Tardieu, 1995). This feature is consistent with the
hypothesis that cells enter in a zone of lignification
after the completion of divisions and elongation. The
area where the COMT concentration increases could
correspond to the beginning of this zone. COMT could
then be actively degraded when the cells have reached
a sufficient level of lignification. Thus, the peak of
COMT accumulation could occur in the region where
lignification takes place in leaves. Collazo et al. (1992)
showed that the levels of COMT transcripts were
undetectable in maize root tips, high in the elongation
zone, and low in the differentiating zone. Transcript
expression is thus maximal in the elongation zone of
maize roots, whereas, in our study, protein maximal
expression occurred beyond the elongation zone of
maize leaves. This is consistent with a lag between
transcript and protein synthesis.

By computing an estimation of tissue age, we
showed that the highest level of COMT accumulation
was reached in tissues that were older in water-
stressed leaves than in well-watered leaves. If COMT
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accumulation was not repressed during drought and
was synthesized mostly between days 2 and 3, like in
controls, the position of maximal accumulation would
go down progressively toward the base of the leaf just
by the effect of growth decrease on the gradient of
tissue age. On the contrary, if COMT accumulation
abruptly ceased, maximal accumulation should stay in
tissues that were 2 to 3 d old at the beginning of water
deficit. These tissues stop their progression toward
leaf end when growth is arrested. Our results on plants
subjected to severe water deficit are consistent with the
last hypothesis. The position of maximal accumulation
did not continuously progress toward the leaf base but
was stabilized after a few centimeters. The estimated
age of maximal accumulation in S1 was 6 d (Fig. 5),
whereas S1 samples were collected on average at day 4
(Fig. 4). Accordingly, tissues showing maximal accu-
mulation of COMT were formed approximately 2 d
before day 0. It is thus likely that most of the amount of
COMT observed in samples subjected to severe
drought actually corresponded to the rest of COMT
that was synthesized in control conditions. The ob-
served shift of the maximal accumulation toward
older tissues would thus result from the total (51 and
S2 leaves) or partial (M leaves) repression of COMT
synthesis. The reduction of COMT amount in M, S1,
and S2 leaves could also be explained by the absence
(or reduction) of COMT synthesis, which could no
longer compensate for the protein turnover.

We also showed that COMT levels increased during
maize leaf development up to a stage where growth
decreases (stage C3; Fig. 5, B and C). This increase is
temporary because both COMT isoforms disappeared
from control leaves after the end of growth (data not
shown). Several studies showed that COMT activity
increases in the successive internodes of alfalfa (Inoue
et al., 1998, 2000) and tobacco (Maury et al., 1999). In
various growing organs, COMT transcript levels grad-
ually increased during alfalfa development (Gowri
et al.,, 1991). A perfect correlation was obtained be-
tween transcript levels and activity of COMT during
the growing season of aspen (Meng and Campbell,
1998). Therefore, development over time modifies
COMT expression in leaves as well as in other organs.

Quantitative variations were not identical, although
the shape of COMT profiles and the effect of drought
on the position of maximal expression were conserved
among the three experiments in different environmen-
tal conditions and with different genotypes. Indeed,
the relative amount of COMT1 decreased in drought-
stressed leaves in experiments 2 and 3, while an
increase was noted by Riccardi et al. (1998) and in
experiment 1. The increase observed by Riccardi et al.
(1998) can be explained by the shift of maximal accu-
mulation toward the leaf base since samples were only
taken in this part of the leaf. As the level of COMT
accumulation changes widely according to the stage of
leaf development, the increase observed in water-
stressed leaves of experiment 1 might be due to
differences in the stage of development that were not
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precisely controlled in this experiment, where leaf
growth was not measured. However, it cannot be
excluded that the amount of COMT is at least tempo-
rarily increased by drought when plants are cultivated
in perlite. Several studies showed the activation of
COMT expression in response to various stresses but
not to drought.

COMT1 was highly correlated with CCoAOMT,
PAL, SAMS, METS, MTHFR, IRL, and HMGS.
CCoAOMT and PAL directly contribute to the syn-
thesis of monolignols, whereas SAMS, METS, and
MTHER contribute to the synthesis of SAM. SAM is
synthesized by SAMS from Met, which is synthesized
by METS from hCys and 5-CH,;-THE, the latter being
provided by MTHEFR. The coordinated expression of
several of these genes has already been reported.
Transcription of PAL, SAMS, and COMT genes was
induced in elicited cells of alfalfa (Gowri et al., 1991;
Ni et al., 1996). Increased accumulation of SAMS tran-
scripts or protein has been repeatedly observed in
tissues where lignification occurs, i.e. vascular tissues
(Peleman et al., 1989) and wood-forming tissues (Van
der Mijnsbrugge et al., 2000; Whetten et al., 2001).
Coordinated accumulation of SAMS and METS was
observed during seed germination in Arabidopsis
(Gallardo et al.,, 2002). SAM is the primary methyl
group donor, and it is used in the methylation reac-
tions catalyzed by COMT and CCoAOMT in mono-
lignol biosynthesis. It is also involved in the
methylation of flavonoids, DNA, proteins, quaternary
ammonium compounds, and many other metabolites.
In addition, SAM is the precursor of ethylene, poly-
amines, and nicotianamine (Moffatt and Weretilnyk,
2001). Thus, SAM plays a major role in different
metabolisms. Nevertheless, since many enzymes
involved in its synthesis correlate with COMT,
CCoAOMT, and PAL, our data suggest that, in this
case, their variation is linked to the synthesis of
monolignols. No other protein of the lignin biosyn-
thesis pathway was identified in the 2D gels. Some of
them might be present but not identified so far. Others
could have their molecular mass or pl outside the
ranges used for these 2D gels, or their quantity could
be lower than the detection threshold.

IRL acts in isoflavonoid metabolism, which suggests
that this secondary metabolism is also down-regulated
by drought. A correlation between isoflavone reduc-
tase and PAL transcript accumulation also was ob-
served in elicited cell suspension cultures of alfalfa (Ni
et al., 1996). No direct relation was found between cell
wall formation and the last protein showing high
correlation with COMT1, CCoAOMT, and PAL,
namely, HMGS. HMGS is involved in the synthesis
of mevalonate, which is a precursor for various iso-
prenoid compounds, including sterols. Interestingly, it
has been reported that HMGS is down-regulated by
osmotic stress, whereas it is induced by wounding in
Brassica juncea (Alex et al., 2000).

The effect of drought on the phenylpropanoid
pathway and other proteins involved in cell wall
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formation is not well documented. CCoAOMTs, but
not COMT, were found to be induced by drought in
needles of maritime pine (Pinus pinaster; Costa et al.,
1998) and in roots of Arabidopsis (Bianchi et al., 2002).
SAMS genes were up-regulated under salt stress
conditions in tomato seedlings (Espartero et al., 1994)
and in loblolly pine (Pinus taeda) roots (Chang et al.,
1995), but osmotic stress substantially decreased PAL
activity in wheat (Triticum aestivum) coleoptiles
(Wakabayashi et al., 1997).

To confirm that a lignification zone occurs in the area
where COMT and other enzymes possibly involved in
lignification accumulate, we performed lignin anal-
yses along the leaf. To unequivocally monitor lig-
nification in small and poorly lignified samples, we
determined the lignin-derived thioacidolysis mono-
mers as the specific and sensitive signature of lignin
content and structure. Under control conditions, the
level of uncondensed lignin units, i.e. the parent
structures of thioacidolysis phenolic monomers, re-
mained very low in the elongation zone; it increased
from approximately 9 to 23 cm and stabilized above.
Thus, the lignification zone is located just beyond the
elongation zone. The increase of uncondensed lignin
unit amount along the leaf is consistent with the
progression of lignin deposition during cell matura-
tion in maize stem internodes (Joseleau and Ruel,
1997) and the deposition of secondary cell wall from
1.5 to 7.5 cm distal to the ligule, i.e. in the maturation
zone of elongating tall fescue leaf blades (MacAdam
and Nelson, 2002). The relative amount of COMT
diminished above 24 cm, while the lignin level re-
mained constant (Fig. 6D). It can be assumed that once
the cells are lignified, they do not need COMT activity
anymore, provided that lignin is not naturally de-
graded. When mild water deficit was applied, ligni-
fication reached its maximum at a lower position and at
alower level than in control leaves. Profiles in function
of tissue age were also consistent with COMT regula-
tion. In water-stressed leaves, tissues in which ligni-
fication increased were older than in controls, although
their position was lower. Thus, the position of the
lignification zone as well as the effect of drought on
both lignin content and the position of this zone are
consistent with the hypothesis that COMT and other
correlated enzymes are involved in lignification and
that their profiles of expression in stressed leaves are
related to a reduction of lignin accumulation.

No change in lignin composition was observed in
leaves subjected to water deficit. Thus, the observed
decrease of enzymes involved in methylation reactions
should not be interpreted as a specific reduction of
these particular reactions but as a marker of a general
reduction of monolignol synthesis. The levels of lignin-
derived monomers, as well as those of FA and pCA,
concomitantly decreased in the upper part of drought-
stressed leaves. This could be explained by increased
cell wall cross-linking in this area. It could come from
cell wall phenolics that might participate in oxidatively
mediated cross-links with the formation of condensed
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bonds in lignins and of diferulic units (Grabber et al.,
2000). In agreement with this hypothesis, all peroxidase
activities reported so far increased in response to salt
stress in wheat root cells (Jbir et al., 2001).

In conclusion, these data provide additional insight
into the mechanism of lignification in plants. They
allowed the localization of a lignification zone above
the elongation zone in which the expression of pro-
teins involved in the metabolism of lignin is maximal.
The good correlation between proteomic and lignin
measurements lends further support to the notion that
lignin accumulation increases when leaf growth de-
creases in well-watered plants, i.e. when the leaf
approaches its final size. In response to water deficit,
this lignification zone is shifted toward the leaf base
and the level of lignin decreases. The analysis of ex-
pression profiles of involved proteins showed that
their repression was consistent with both the new
position of the lignification zone and the reduction of
lignin content. It can be suggested that the decrease of
lignification is an adaptative response to drought since
the continuous accumulation of lignin in the absence
of growth would lead to the lignification of the zone of
elongation, which would compromise growth recov-
ery upon rehydration.

MATERIALS AND METHODS
Culture Conditions

Maize (Zea mays) plants were grown in a growth cabinet at a light intensity
of 450 umol m 2 s~! during the 16-h photoperiod, 25°C day and 18°C night
temperatures, and 50% relative humidity. Two lines of maize were used: F2,
a flint line from the Institut National de la Recherche Agronomique (France),
and Jo, an American dent line from the Iodent group.

Three experiments were conducted. In experiment 1, Io inbred-line plants
(three replicates) were grown in perlite (one plant per 1-L-capacity plastic pot)
and watered with nutrient solution (Hydrocani C2 + Hydroplus Fer H23;
HURELARC, Baillet en France, France). A subset of plants was stressed by
withholding watering at the fifth-leaf stage (approximately 3-week-old
plants). After 10 d of stress, 3-cm-long fragments of the sixth leaf were
harvested, immediately frozen in liquid nitrogen, and stored at —196°C.

In experiment 2, To inbred-line seeds were placed in 1-L-capacity plastic
pots and filled with a soil:sand (1:1) mixture. The pots were weighed and
watered daily to maintain a substrate humidity of 50% (full irrigation) until
the treatment started (day 0). The length of leaves 5 and 6, from pot edge to tip,
was measured daily. The control plants were maintained at full irrigation until
they were sampled. Drought treatment was initiated by stopping watering
when the fifth leaf reached a 30-cm length (day 0), corresponding roughly to
3-week-old plants. Two-centimeter-long fragments of the sixth leaf were
harvested from control and water-stressed plants (two replicates), 3,4, and 5d
after day 0 (days 3, 4, and 5, respectively). Once collected, the leaf samples
were immediately frozen in liquid nitrogen and stored at —196°C.

Experiment 3 was conducted the same way as experiment 2 up to day 0,
except that the F2 inbred line was used instead of the Io line and the substrate
was a soil:compost (1:1) mixture. The control plants were fully irrigated every
day until they were sampled. Two regimes of water deficit were tested:
watering to stabilize substrate humidity at 30% (mild water deficit) and no
watering at all (severe water deficit). Two-centimeter-long fragments of the
sixth leaf were sampled at various developmental stages based on leaf elonga-
tion rates (see Fig. 4). Three different plants were used for each stage/
treatment. Once collected, the leaf samples were immediately frozen in liquid
nitrogen and stored at —196°C.

The near-isogenic lines for the bm3 mutation in the genetic background of
Io were kindly provided by Dr. Y. Barriére, Institut National de la Recherche
Agrnomique (Lusignan, France).
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Protein Extraction and 2D-PAGE

A denaturing protein extraction was achieved essentially as described
previously (Damerval et al., 1986), except that 60 uL of resolubilization
solution was used to resuspend 1 mg of pellet. Each leaf fragment was
individually extracted. 2D-PAGE (O’Farrell, 1975) was performed as de-
scribed previously (Damerval et al., 1986), with a protein load of 30 uL. The 2D
gels were silver stained using the method of Damerval et al. (1987) modified
by Burstin et al. (1993).

Quantitative Proteomic Analyses

Silver-stained 2D gels were scanned (model 7899; Eikonix, Bedford, MA)
with a spatial resolution of 1 pixel /100 um and an optical density range from
0 to 1.2. Image processing, spot detection, and quantification (integration of
pixel value within spot contours) were carried out with the Kepler package
(LSB, Rockville, MD). To compensate for staining variation between gels,
relative intensities were computed by scaling spot intensities of each gel
relative to the sum of spot intensities within the same rectangle.

Spot Identification

COMT?2 was previously identified by Edman microsequencing (Riccardi
et al.,, 1998). The other proteins were identified by LC-MS/MS after in-gel
digestion by trypsin. HPLC was performed with the Ultimate LC system
combined with the Famos autosampler and Switchos II microcolumn switch-
ing for preconcentration (LC Packing, Amsterdam). The sample was loaded
on the column (PepMAP C18, 5 um, 75 um i.d., 15 cm; LC Packing) using
a preconcentration step on a micro-precolumn cartridge (300 um i.d., 5 mm).

Four microliters of the sample were loaded on the precolumn at 5 uL
min~". After 3 min, the precolumn was connected with the separating column
and the gradient was started at 200 nL. min . Buffers were 0.1% HCOOH in
water (A) and 0.1% HCOOH in acetonitrile (B). A linear gradient from 5% to
45% B for 25 min was applied. The LCQ Deca XP+ (Thermofinnigan, Les Ulis,
France) was used with a nano-electrospray interface. Ionization (1.2-1.4 kV
ionization potential) was performed with liquid junction and noncoated
capillary probe (New Objective, Cambridge, MA). Proteins were identified by
using the SEQUEST package, which compares experimental spectra to the
theoretical spectra computed according to database sequences. The criterion
used for positive identification of proteins was as follows: At least two
peptides of the same protein must be identified with an X-correlation score
greater than 1.5, 2.2, and 3.3 for single-, double-, and triple-charged peptide
ions, respectively.

Enzyme Activity

Crude protein was extracted from leaf samples as described previously
(Van Doorsselaere et al., 1995). The protein content was determined by the
Bradford (1976) method, using the Bio-Rad reagent (Bio-Rad Laboratories,
Hercules, CA). COMT enzyme assays were conducted with 10 ug of crude
protein using 50 mM tritiated S-adenosyl-L-[methyl->H]Met (NEN, Boston)
and 3 mm caffeic acid (Van Doorsselaere et al., 1995). The assays were
conducted under steady-state conditions after 10 min of incubation at 30°C.

Lignin Analysis

Lignification of each leaf segment was analyzed by thioacidolysis as
described previously (Lapierre, 1993, 1995) using 0.0215 mg mL ™! docosane
solution (vehicle, CH,Cl,) as a gas chromatography internal standard.
Thioacidolysis of plant tissues coupled to gas chromatography-mass spec-
trometry of the lignin-derived products makes it possible to study very small
amounts of lignin without interference by pCA and FA (Lapierre et al., 1995).
The thioethylated H, G, and S monomers originate from the H, G, and S lignin
units only involved in labile B—~O—4 ether bonds, the most frequent interunit
linkages of native lignin. Therefore, the total yield in thioacidolysis monomers
reflects the amount of lignin units only involved in f-O—4 ether bonds,
referred to as uncondensed lignin units.

Lignin was studied in the sixth leaves from F2 control (at maximal
elongation rate C2, experiment 3) and mildly water-stressed plants (stage
M, experiment 3). Fifteen consecutive 2-cm-long segments covering the thirty-
first centimeter of the leaf were collected. The experiment was repeated on two
different leaves from two different control or water-stressed plants.
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Estimation of Tissue Age in Leaf Segments

Because of the position of the meristem at the base of the leaf, there is a
gradient of age from the base to the top of the leaf. A simple estimation of
tissue age was computed by using the daily measurements of leaf growth.
Every centimeter gained by the leaf each day was assumed to be caused by the
development of the same length of new tissue at the leaf base. This estimation
does not take into account the fact that tissue elements actually migrate more
slowly while they are in the elongation zone. Thus, an estimation of segmental
elongation rate (SER) is necessary. Approximations were attempted by using
SER profiles computed by Ben-Haj-Salah and Tardieu (1995). They systemat-
ically increased the estimated tissue ages but did not change the differences
between treatments (data not shown). This method, although theoretically
more exact, relies on parameters difficult to estimate (SER), especially when
growth is not constant. In addition, it does not take into account the fact that
cell division occurs all along the elongation zone (Tardieu et al., 2000); that is,
most cells are younger than the tissue element to which they belong. Thus, the
tissue age was roughly estimated by the leaf elongation rates.

Upon request, all novel materials described in this publication will be
made available in a timely manner for noncommercial research purposes,
subject to the requisite permission from any third-party owners of all or parts
of the material. Obtaining any permission will be the responsibility of the
requester.
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