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Abstract In grasses, leaf cells divide and expand within
the sheaths of older leaves, where the micro-environ-
ment differs from the open atmosphere. By the time
epidermal cells are displaced into the atmosphere, they
must have a functional cuticle to minimize uncontrolled
water loss. In the present study, gas chromatography
and scanning electron microscopy were used to follow
cuticular wax deposition along the growing leaf three of
barley (Hordeum vulgare L.). 1-Hexacosanol (C,¢ alco-
hol) comprised more than 75% of extractable cuticular
wax and was used as a marker for wax deposition. There
was no detectable wax along the first 20 mm from the
point of leaf insertion. Deposition started within the
distal portion of the elongation zone (23-45 mm) and
continued beyond the point of leaf emergence from the
sheath of leaf two. The region where wax deposition
commenced shifted towards more proximal (basal)
positions when the point of leaf emergence was lowered
by stripping back part of the sheath. When relative
humidity in the shoot environment was elevated from
70% (standard growth conditions) to 92-96% for up to
4 days prior to analysis, wax deposition did not change
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significantly. The results show that cuticular waxes are
deposited along the growing grass leaf independent of
cell age or developmental stage. Instead, the reference
point for wax deposition appears to be the point of
emergence of cells into the atmosphere. The possibility
of changes in relative humidity between enclosed and
emerged leaf regions triggering wax deposition is dis-
cussed.
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Introduction

The aerial surfaces of land plants are protected by an
outer barrier of lipid compounds known as the cuticle.
The cuticle is primarily composed of cutin, a polyester
matrix of hydroxy and hydroxy epoxy C;¢ and C;g fatty
acids (Kolattukudy 1996), which is overlaid and
embedded with long chain hydrocarbon waxes such as
primary and secondary alcohols, aldehydes, alkanes,
ketones and fatty acids (Kunst and Samuels 2003). The
functions of these surface waxes include: (1) to prevent
uncontrolled water loss (or uptake) through the epider-
mis (e.g. Kerstiens 1996a; Riederer and Schreiber 2001;
Ristic and Jenks 2002; Oliveira et al. 2003), (2) to protect
against ultraviolet radiation (Barnes et al. 1996; Long
et al. 2003), (3) to defend against attack by pathogens
(e.g. Jenks et al. 1994; Kerstiens 1996b; Mariani and
Wolters-Arts 2000) and insects (e.g. Eigenbrode 1996),
and (4) to reduce water retention on the plant surfaces
by controlling surface wettability (Barnes et al. 1996;
Barthlott and Neinhuis 1997; Beattie and Marcell 2002).



Mutants in putative wax biosynthetic enzymes showed
that surface waxes maybe also have a role in the control
of plant organ development (Yephremov et al. 1999;
Bird and Gray 2003) and pollen-stigma interactions
(Bianchi et al. 1990; Preuss et al. 1993).

Monocotyledonous plants, such as grasses, differ
fundamentally from dicotyledonous plants in the way
their leaves expand and grow. This has implications for
cuticle development. In dicot plants, leaves are enclosed
in buds or are folded or rolled up at their earliest
developmental stages. Increase in leaf surface area is
achieved through significant expansion of cells in both
longitudinal and lateral directions, giving dicot leaves
their typical broad-shaped appearance. As leaf area
expansion occurs in the open atmosphere, a (compara-
tively) dry environment, cuticular waxes must be
deposited continually and in parallel to cell expansion.

In contrast, in monocotyledonous plants, increase in
leaf area is largely due to longitudinal expansion of cells
within a ‘sheltered’ environment created by sheaths of
older leaves (Fig. 1a). Cells are produced by an inter-
calary meristem close to the point of leaf insertion (base
of leaf). The newly produced cells elongate within a zone
that stretches to about 20-60 mm from the point of leaf
insertion, depending on species and leaf number (Palmer
et al. 1996; reviewed in Fricke 2002). As cells exit the
elongation zone, they continue some lateral expansion
before emerging from encircling sheaths of older leaves
into the comparatively dry atmosphere. At that stage,
cuticular waxes must be sufficiently synthesized and
deposited to fulfill their function(s).

The process of cuticular wax deposition and leaf
development has been widely studied in dicots (see recent
reviews by Bird and Gray 2003; Kunst and Samuels
2003). However, little information is available for the
monocots with only one study of leek (A/lium porrum),
having been conducted (Rhee et al. 1998), and none for
grasses. It is not known (1) when during grass leaf epi-
dermal cell development waxes are deposited; (2) whether
wax deposition is completed by the time cells emerge into
the dry atmosphere or whether it continues post-emer-
gence; (3) whether cuticular wax deposition in grass leaves
commences in a cell-age or position dependent manner or
in response to any particular environmental signal.

In the present study, we have addressed the above
questions and provided for the first time information on
cuticular wax deposition in grass leaves. Gas chroma-
tography was used, together with scanning electron
microscopy (SEM) analyses, to follow the deposition of
cuticular wax along the growing leaf three of barley. The
hypothesis was tested to prove that a gradient in relative
humidity, RH, between emerged (low RH) and enclosed
leaf portion (RH near 100%) acts as a signal for the
commencement of cuticular wax deposition. By peeling
back sheaths of older leaves, it was tested whether wax
deposition in the developing leaf three of barley is re-
lated to cell age or position (e.g. set distance from leaf
base) or to the point where cells emerge into the dry
atmosphere (point of emergence, POE).
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Fig. 1 Location of leaf segments analysed in experiments 1-3. a
Experiment 1: 5 or 10 mm segments collected from barley leaf three
at four growth stages (pre-emerged (stage 1), 1 cm (stage 2), 5 cm
(stage 3), and 10 cm (stage 4) emerged). Segments «, d, j, and g were
taken 2-5 mm from the leaf base, while b, ¢, k and r were taken 25—
30 mm from the leaf base. All other segments were taken using the
point of emergence (POE) of leaf three from the sheath of leaf two
as the reference point for measurement. Schematic of barley plant
at growth stage 4. b Experiment 2: 3 mm segments collected from
barley leaf three at growth stage 3. Segments were taken using the
POE as the reference point for measurement. ¢ Experiment 3: 5 mm
segments collected from barley leaf three at growth stage 3.
Segments were taken using the POE as the reference point for
measurement. d Experiment 3: 10 mm segments collected from
barley leaf three at growth stage 3. Segments were taken using the
POE as the reference point for measurement. All segments collected
in triplicate, each comprising samples from three individual plants
except b (comprising samples from five individual plants)

Materials and methods
Plant growth

Seeds of barley (Hordeum vulgare L. cv. Golf; Svalof
Weibull AB, Svalév, Sweden) were imbibed overnight in
water, germinated in the dark over 0.5 mM CaSO, for
3 days and exposed to light for a further 3 days while
remaining on CaSQ, solution. Seedlings were trans-
ferred on modified, aerated Hoagland solution (ma-
cronutrients: 0.5 mM MgSOy, 2 mM Ca(NOs),, 2 mM
KNO;3;, 0.5 mM NH4H,PO,4, 0.5 mM (NH4),HPO, and
0.5 mM NaCl; micronutrients: 6.25 uM  H3;BO;,
0.125 uM  CuSOy4, 0.5 uM MnSO4, 0.4 uM  ZnCl,,
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0.19 uM Na,Mo00O, and 18 pM FeNaEDTA), which was
contained in 1 I glass beakers wrapped in tin foil (four
plants per beaker). Plants were grown in a growth
chamber (Snijders Scientific Microclima 1000) at 70%
relative humidity (RH) and 350-400 pmol m 2 s~!
photosynthetically active radiation at third-leaf level,
during a 16 h, 21°C day-8 h, 15°C night cycle. Plants
were analyzed at four different stages of development of
the growing leaf three. Leaf three was analyzed either
just before emergence from the sheath of leaf two
(growth stage 1) or following the emergence (growth
stages 2-4) (for details, see Fig. 1a).

Plant harvest and experimental design

The aim of experiments was to pin-point at millimeter-
resolution the gradient of cuticular wax formation along
the elongating leaf three. To avoid interference of dif-
ferences between plant batches in interpretation of data,
each type of experiment was conducted on a separate
batch of plants. Typically, 50-150 plants were grown in
parallel, and only those plants with a leaf three length
within £5 mm of the desired growth stage were selected
for analyses. Leaf three was separated from the sur-
rounding sheath tissues of leaf one and two and from the
younger leaf four, which developed enclosed by leaf
three. The desired segments of leaf three were cut at
various positions along the blade using razor blades
which were mounted at fixed distances. In experiments 1,
3 and 4, corresponding segments from three plants were
pooled to give one sample, and three replicate samples
were prepared (i.e. 3x3 plants). In experiment 2, seg-
ments from five plants were pooled, and three replicate
samples were prepared (i.e. 3x5 plants). In experiment 3,
for each batch, segments from four plants were pooled,
and three replicate samples were prepared (i.e. 3x4
plants). Prior to pooling segments, the exact length of
each segment was measured using a micrometer to en-
able the calculation of leaf surface area. All samples
were dried and stored over silica gel in micro-centrifuge
tubes which had the center of the cap removed and re-
placed with fine nylon mesh.

Experiment 1 A combination of 5 and 10 mm long
segments were cut from plants at growth stages 1-4 and
labeled a—y (see Fig. l1a). Segments a, d, j, and q were
taken 2-5 mm from the leaf base, while b, e, k and r
were taken 25-30 mm from the leaf base. All other
segments were taken using the point of emergence (POE)
of leaf three from the sheath of leaf two as the reference
point for measurement.

Experiment 2 A series of 3 mm long segments were
taken from plants at growth stage 3 and labeled 1-14
(see Fig. 1b). Eleven segments were taken below the
POE of leaf three from the sheath of leaf two and three
segments were taken from above the POE.

Experiment 3 A series of segments were taken from
three batches of plants at growth stage 3 or 4 that had

been grown at elevated relative humidity for 2-4 days
prior to sampling. Elevated humidity was achieved
through covering shoots with a perforated polyethylene
bag. For the harvest, plants were removed individually
from bags and quickly sectioned. For each batch an
identical series of segments were taken from control,
non-bagged plants. For batch (i), plants were analysed
at growth stage 3, 3 days post-covering, and four 5 mm-
long segments were taken along leaf three below the
POE from the sheath of leaf 2, and two 5 mm long
segments were taken from above the POE (see Fig. 1c).
Control plants were grown at the chamber relative
humidity setting (70%). For batch (ii), the growth
chamber fan speed was reduced by 75% from that used
for batch (i) to reduce potential RH removing airflow
through the polythene bags. Plants were analysed at
growth stage 3, 4 days post- covering, and three 10 mm-
long segments were taken along leaf three below the
POE from the sheath of leaf 2 and two 10 mm long
segments were taken from above the POE (see Fig. 1d).
Control plants were grown at the chamber relative
humidity setting (70%). For batch (iii), plants were
grown outside the growth chamber, at ambient labora-
tory temperature and at reduced PAR (250-
300 pmol m 2 s~ ') and further-reduced air flow. Plants
were analysed at growth stage 4, 2 days post covering,
and three 10 mm long segments were taken along leaf
three below the POE from the sheath of leaf 2, and two
10 mm-long segments were taken from above the POE
(see Fig. 1d). Control plants were grown at ambient
laboratory RH of 55%.

Experiment 4 Plants at growth stage 4 were experi-
mentally manipulated by lowering the POE through
stripping back the sheath of leaf two by 30 mm (see
Fig. 2). One 5 mm segment was collected above the new
POE at 3.5 or 7 hours post-stripping. In addition, a
control sample (time zero) was taken from separate
plants immediately after stripping.

Leaf three Leaf three

Leaf two

Modified leaf two
Sheath of leaf two g
stripped down 30 mm
to create new POE

---+ Onginal POE
— New POE

O Segment collected at 0, 3.5 and
7 hours post-modification

Fig. 2 Location of leaf segments collected for experiment 4. 5 mm
segments were collected from barley leaf three at growth stage 3.
Segments were taken using the new POE as the reference point for
measurement at 0, 3.5 and 7 h post-modification of barley leaf two
sheath. Segments were collected in triplicate, each comprising
samples from three individual plants



Determination of relative humidity

Standard relative humidity (70% RH) during growth
was controlled by the growth chamber. Relative
humidity within bags during RH-experiments was
measured using a Digitron 2020R Thermohygrometer
(Sifam Instruments, Torquay, UK). Briefly, a small slit
was made in the bag and the probe (diameter ca 2 cm)
was gently introduced. The slit was then held around the
probe to create a seal while the RH reading was taken
(approx 30 seconds duration).

Determination of segment surface area

To relate wax amounts to leaf surface area, the length of
segments and the cross-sectional width of upper and
lower leaf surfaces of segments had to be known. Mul-
tiple hand-cut cross-sections were taken from within
each of the segments a—y, from plants at growth stages 1
to 4 (Fig. 1a). Six plants were sectioned at each growth
stage. Cut sections were placed in a droplet of water on a
microscope slide, covered with a cover slip and photo-
graphed using a Zeiss optical microscope and MC63
photo micrographic camera against a 1 mm-scale. The
resulting images were scanned, converted to TIFF files
and the upper and lower cross-sectional widths deter-
mined using software package Image 4.0.2 for Windows,
downloaded as freeware from http://www.scion-
corp.com (O’Neal et al. 2002). For each section the sum
of the upper and lower cross-sectional widths was cal-
culated. Corresponding values were averaged to obtain
the mean cross-sectional leaf width at that particular
segment location.

Experiment 1 formed the basis of all other experi-
ments; leaf surface area was determined directly for each
respective segment and growth stage via length multi-
plied by total width. For experiments 2, 3 and 4, in
which growth stages 3 and 4 were analyzed, the cross-
sectional width of segments that were located at posi-
tions not analyzed in experiment 1 was obtained by
extrapolation from plots of average total cross-sectional
width against distance from POE (data not shown).

Leaf elongation and relative elemental growth rates
(REGR)

Elongation velocity of the growing leaf three was cal-
culated by the increase in leaf length, measured with a
ruler over a 24 h period. Velocities at growth stage 1
could not be determined as the leaf had not yet emerged.
The location and distribution of REGR and the length
of the elongation zone of leaf three was determined at
growth stages 3 and 4 by the pin-pricking method
(Schneider et al. 1987; Fricke and Peters 2002). Pricking
reduced elongation velocity of leaf three by 45 and 52%,
respectively, and this reduction was corrected for when
calculating REGR profiles.

475

Cuticular wax extraction and analysis

Leaf segments were individually immersed in 1,000 pl
chloroform (CHCl;) for 10 s at room temperature.
During preliminary studies, segments were dipped
sequentially for 1 s, then 5 s, then 10 s. Extraction for
10 s proved to be the optimal dipping duration to ensure
that the majority of surface cuticular waxes were ex-
tracted without co-extraction of contaminating internal
lipid compounds from the cut edges of the segments.
(Schreiber and Schonherr 1993). The resulting extract of
cuticular waxes was spiked with 5 pg of tetracosane as
an internal standard for quantifying individual wax
components. After evaporation of the chloroform at
55°C under a stream of nitrogen, compounds containing
free hydroxyl and carboxyl groups were derivatized to
their TMSi ethers and esters with 20 pl N-O-bis-trim-
ethylsilyltrifluor(o)acetamide(e) (BSTFA) (Machery-
Nagel, Germany) and 20 pl dry pyridine for 40 min at
70°C. Prior to analysis, the reaction mixture was diluted
with 100 pl CHCls.

Cuticular wax compounds were quantified after
capillary gas chromatography using an Agilent 8690 N
gas chromatograph (GC) equipped with an on-column
injector and flame ionization detector (FID) (Agilent
Technologies, Boblingen, Germany). DB-1 columns
(30 mx0.32 mmx0.1 pm) (JW Scientific, Agilent Tech-
nologies) and hydrogen as a carrier gas (2 ml min~")
were used. A sample volume of 1 pl was injected per run
and wax compounds were separated with the following
temperature parameters: injection at 50°C, 2 min at
50°C, 40°C min~' up to 200°C, 2 min at 200°C,
3°C min~" up to 310°C, then 30 min at 310°C.

Cuticular wax compounds were identified by com-
bined GC and mass spectrometry (MS) using an identical
gas chromatograph equipped with an Agilent 5973 N
quadropole mass spectrometer (Agilent Technologies,
Boblingen, Germany). The column and temperature
parameters were as per the GC-FID. The carrier gas was
helium at a rate of 2 ml min~' . Compounds were iden-
tified from their EI-MS spectra (70 eV, m/z 50-700) using
a mass spectral library created in-house.

Scanning electron microscopy (SEM)

A series of 3 mm long segments were taken that
corresponded to positions 1, 4, 7, 11, 12 and 14 of
experiment 2 (plant growth stage 3) (see Fig. 1b).
Segments were cut longitudinally into two halves at
the midrib, mounted on SEM stubs with double-sided
carbon tape (one half with adaxial and the other with
abaxial surface uppermost) and dried over silica gel.
Dried sections were gold-coated for 1 min using an
M-scape gold sputter coater. Surface images were
collected at 1, 3 or 25 K magnification using a Hitachi
s-4100 field emission SEM coupled with an Oxford
Instruments Gem detector at a working distance of
10 mm and 7 keV accelerating voltage.
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Fig. 3 Distribution of growth along the elongation zone of the
barley leaf three at two growth stages. Relative elemental growth
rates (REGR) plotted against distance from point of leaf insertion
(base of leaf). REGR was corrected for decrease in leaf elongation
due to pricking. Moving averages are shown (of five successive
points). Plants analyzed at growth stages 3 and 4. Fourteen and ten
plants were analysed for growth stages 3 and 4 resulting in a total
number of 140 and 100 individual data points, respectively

Statistics

All data presented are means =+ standard deviation. Sig-
nificance of differences between treatments was tested by
t-test (Excel). For calculation of C,4 deposition rates and
wax doubling time, standard deviations of propagated
errors were calculated using Gauss’ Law.

Results
Leaf growth and development

The developing leaf three was analyzed at four different
growth stages (1-4) (Fig. 1a). At each growth stage, leaf
elongation was mainly due to elongation of the blade
(rather than sheath), and all data apply to this tissue. At
growth stage 1, leaf three had not emerged yet from the
encircling sheath of leaf two; at growth stage 2, leaf three
had emerged 1 cm. To see (1) how far the elongation
zone reached from the point of leaf insertion and (2)
where cells elongated at highest or lowest relative rates
(expressed in percetage per hour), spatial profiles of
relative elemental growth rate (REGR) were determined.
Profiles were determined only for growth stages 3 and 4;
at growth stages 1 and 2, leaf three was too thin at the
base and the pricking approach caused too high a
reduction in leaf elongation velocity (LEV). At growth
stages 3 and 4 leaf three had emerged by 5 and 10 cm,
respectively, and elongated at velocities of
137402l mm h™! and 2.0140.12 mm h™ !, respec-
tively, over a 16 h/8 h day/night period. The length of
the elongation zone and the profile of REGR at these
two growth stages were similar: cells elongated up to
45 mm from the point of leaf insertion, and REGRs

were the highest halfway along the elongation zone
(Fig. 3). Some lateral expansion of cells continued past
the point where cell elongation ceased, as evidenced by a
continued increase in cross-sectional width (not shown).

Analysis of epicuticular wax deposition

Initial GC-FID analysis indicated that the barley
CHCls-extractable cuticular wax was composed princi-
pally (79.1+8.1%; means+SD, n=17) of one com-
pound (amount of compound expressed as percentage of
total extractable wax). GC-MS analysis identified this
principal compound to be 1-hexacosanol (C,¢ alcohol)
from the molecular mass of the TMS-derivative at m/z
454 and the diagnostic fragment ions m/z 439 (M " —
CH;) (with a relative abundance of 100); m/z 103
(CH,OSi(CHj3)3) (relative abundance 8); and m/z 75
(OSi(CHj),) (relative abundance 17). Other compounds
including n-alkanols, n-alkanes, n-alkanoic acids, n-al-
kanals and n-alkyl esters were also present (Table 1).
For all experiments GC-FID was used to quantify all of
the identified compounds. However, due to its predom-
inance and near constant ratio to other wax compounds,
1-hexacosanol was chosen as an indicator for wax
deposition.

Experiment 1 GC-FID showed that cuticular waxes
were absent in the most basal segments at all growth
stages (Fig. 4a—d). Wax deposition commenced between
29 mm to 45 mm below the POE of leaf three from the
sheath of leaf two, at growth stages 2 to 4. At growth
stage 1, significant wax deposition commenced some-
where between 57 mm to 34 mm below the POE.

Once wax deposition commenced, it increased line-
arly with distance from POE (Fig. 4). Distal to the
elongation zone, the velocity of displacement of cells
equaled LEV. Based on the LEV, the time taken for a
cell to be displaced from the segment where wax was first
detected to the segment furthest from the leaf base was
determined. This made it possible to calculate the rate of
wax deposition along the blade between these segments.
Deposition rates for growth stages 2-4 between these
segments were 0.17+0.03, 0.15+£0.04 and
0.20+£0.02 ug cm 2h~!, respectively (means=+SD)
(Table 2). Wax was deposited at these rates before and

Table 1 Compounds in cuticular wax extracted from the emerged
portion of leaf three of barley. Plants were analysed at growth stage
[4], at segment y. The percentage content of compounds (amount of
compound expressed as percentage of total extractable wax) is gi-
ven in parentheses (means + SD; n=3)

Compound Chain length

n-Alkanols Cy (0.46 £ 0.01), Coy (2.15 £+ 0.14),
Cy6 (82.25 + 1.04), Cog (1.19 + 0.04)

n-Alkanes C;3 (0.67 £ 0.07)

n-Alkyl esters Cyn (1.54. £ 011), Cay (2.26 £ 0.11),
Cis (3.95 + 0.07), Cug (4.23 £ 0.32),

Cso (1.02 £ 0.05)
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Fig. 4 Abundance of 1-hexacosanol (ug cm 2 leaf surface) along
the growing barley leaf at growth stage 1-4 (experiment 1). Means
and SD from three replicates (each comprising three segments)
were calculated from integrated GC-FID peaks. Data plotted at
midpoint of segment from POE. The average distance of the leaf
base from the POE is marked (down arrow). The point at which cell

past the POE. It was also possible to calculate deposition
rates in absolute terms (ug wax h™'). For growth stages
2-4 these rates were 0.13+0.02, 0.20+0.06 and
0.40+0.04 ug h™', respectively (means =+ SD) (Table 2).
Therefore, the absolute quantity of total extractable
cuticular wax present on growth stage 3 segment k& and
growth stage 4 segment r doubled every 62+19 and
20+ 5 min, respectively.

Density of the wax coverage immediately above the
POE was similar for growth stages 2-4, averaging
4.60+0.31, 3.98+1.26 and 4.25+0.28 pg cm >, respec-
tively (means+SD; n=3). Similarly, at growth stage 1
immediately below the POE the density of wax coverage
was 4.1+0.49 pg cm 2 (means+SD; n=3). Compari-
son of wax coverage of growth stage 4 segment y
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2, total leaf length=74.11+3.33 mm, emerged blade=10+0 mm.
¢ Growth stage 3, total leaf length=109.33+6.02 mm, emerged
blade=53.00+5.29 mm. d Growth stage 4, total leaf
length =163.44+8.76 mm, emerged blade=96.22 +£7.28 mm

(7.4 pg cm™?) with a segment taken from a similar
distance from the tip of a mature blade (9.7 pg cm ™ ;
two measurements, not shown) suggests that wax
deposition at a particular leaf region continues
throughout leaf development.

Experiment 2 followed wax deposition at growth
stage 3 at higher spatial resolution. Wax deposition
commenced 27 mm below the POE (Fig. 5). This was
within the region pin-pointed by experiment 1
(28.8+7.5 mm). The rate of 1-hexacosanol deposition
and the absolute wax content was comparable to
experiment 1, growth stage 3 (Table 2), as was the
percentage composition of wax (not shown). The
density of coverage by 1-hexacosanol immediately
above the POE was reduced at 2.55+0.09 pug cm 2 as
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Fig. 6 Effect of increase in atmospheric relative humidity on
abundance of 1-hexacosanol along the growing barley leaf
(experiment 3). Means and SD from three replicates (each
comprising three or four segments) were calculated from integrated
GC-FID peaks. Data plotted at midpoint of segment from POE. a
Batch (i) Growth stage 3: high humidity; 92% RH, total leaf
length=96.89 +£4.73 mm, emerged blade=53.33+2.29 mm. Con-
trol; 70% RH, total leaf length=97.56+4.82 mm, emerged
blade=53.22+2.17 mm. b Batch (ii) Growth stage 3: high
humidity; 95% RD, total leaf length=107.88 £9.69 mm, emerged
blade=58.94+4.14 mm. Control; 70% RH, total Ileaf
length=105.06+5.84 mm, emerged blade=58.9+3.11 mm. ¢
Batch (iii) Growth stage 4: high humidity; 96% RH, total leaf
length=156.58 +£12.97 mm, emerged blade=99.00+7.17 mm.
Control; 55% RH, total leaf length=155.33+8.80 mm, emerged
blade=101.92+7.87 mm

between 3.5 h and 7 h post-stripping, the concentration
of 1-hexacosanol increased by 90% (Table 3). Stripping
back the sheath of leaf two reduced the LEV of leaf three
by 17% (P < 0.01) at 3.5 h and by 8% at 7 h compared
to velocities of non-disturbed plants.

Scanning electron microscopy (SEM)

SEM analysis detected only epicuticular waxes, in con-
trast to GC-FID which might also have detected in-
tracuticular waxes removed during chloroform
extraction. SEM supported the findings of the GC-FID
with respect to the spatial profiles of wax deposition
(Fig. 7). For segment 1, where GC-FID (Experiment 2)
indicated that no waxes were present, SEM revealed an
absence of epicuticular wax crystals on the epidermal
surface (Fig. 7a). Segment 4, where GC-FID indicated
that low quantities of wax were present, was the only
segment for which SEM gave variable results between
plants, showing regions with (Fig. 7b) or without
(Fig. 7c) epicuticular wax crystals on the epidermal
surface. For segments 7, 11, 12 and 14 where GC-FID
showed a steady increase in the quantity of cuticular
wax, SEM too revealed an increase in the abundance
and density of epicuticular wax crystals on the epidermal
surface (Fig. 7d—g).

Wax crystals were primarily linear and plate-shaped,
oriented perpendicular to the cell surface and organized
either singularly or joined together in groups. Individual

Table 3 Abundance of 1-hexacosanol in the segment above the new
point of emergence of leaf three at different times following peeling
back the sheath of leaf two (experiment 4). The means and standard
deviations from three replicates (each comprising three segments)
were calculated from integrated GC-FID peaks
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through stripping down carefully the sheath of leaf two
(Fig. 2). At 3.5 h post-stripping, 1-hexacosanol concen-
tration at the new POE had not changed. However,

Segment Abundance of
1-hexacosanol
(ng cm™?)

Time zero, unstripped control 0.84 + 0.20

3.5 hours post modification 0.80 = 0.11

7 hours post modification 1.52 +£ 0.32




Fig. 7 SEM images of wax crystal development along the barley leaf three. Segments were taken from locations 1, 4, 7, 11, 12, 14 as per
Fig. 1b. a Segment 1. b Segment 4. ¢ Segment 4. d Segment 7. e Segment 11. f Segment 12. g Segment 14. h Segment 11. Scale bar; a—g=>5

pm, h=10 pm

crystals attained a maximum size of 340 nm near the
commencement of deposition (segment 7), rising to a
maximum of 550 nm when fully developed (segment 14).
This suggests that increases in both crystal density and
crystal size contributed to increased wax concentrations
along the developing leaf. No differences were noted in
the abundance or form of crystals between adaxial and
abaxial surfaces (data not shown). However, within each
epidermal surface, the deposition of wax crystals was not
uniform, with crystals often being most abundant in the
region around guard cells. Differences were also noted
within individual cells, with wax crystals often being
concentrated near cell boundaries (Fig. 7h).

Discussion

The present study provides for the first time data on
cuticle development in grass leaves. To the best of our
knowledge, only one other study on cuticular wax
deposition in monocots exists, and this study was carried
out on leek (Allium porrum; Rhee et al. 1998), a member
of the Lily family. Cuticular waxes are thought to be
essential for achieving a low permeability to water for
leaf surfaces (Schreiber and Schoénherr 1993; Riederer
and Schreiber 2001), and as such it can be expected that
they must be sufficiently developed before the growing
grass leaf emerges from sheaths of older leaves. The
present study, which focused on cuticular waxes of the
growing barley leaf, shows that deposition of cuticular
waxes commences before emergence from sheaths and
continues post-emergence. The data allow several con-
clusions (1-4).

1. Wax composition along the developing barley leaf
does not change post emergence. 1-hexacosanol was
the main wax component at all leaf and epidermal-

cell developmental stages analyzed, at least under the
present growth conditions. No changes in the
composition or percentage content of the waxes post
emergence were noted. Post emergence modification
of waxes has been reported for barley straw, where
alcohol compounds are converted to aldehyde com-
pounds (Wisniewska et al. 2003).

Scanning electron microscopy revealed that the shape
(plates) and orientation relative to the leaf surface
(perpendicular) of wax crystals did not vary between
leaf segments. As crystal shape and size is determined
by the chemical composition of the wax (Koch et al.
2004), this observation provides additional support
for uniformity in wax composition along the devel-
oping barley leaf.

. Deposition of cuticular wax along the growing barley

leaf commences but is not completed before emer-
gence from sheaths of older leaves. Deposition of wax
commenced about half-way within the portion of the
growing blade enclosed by sheaths of older leaves and
from here increased linearly with position along the
blade. Since cells were displaced at steady velocities
throughout this leaf region, the results imply that
rates of wax deposition were steady too and differed
little between enclosed and emerged leaf portions. In
experiment 1, several growth stages were analyzed in
plants that were derived from the same batch. The
wax content at the point of emergence was consistent
between growth stages, at about 4 pg cm 2 . In other
experiments, the wax content upon emergence was
lower. For all experiments, plants were grown under
controlled environmental conditions (light, tempera-
ture, relative humidity, day/night cycle) in the same
growth chamber and they grew uniformly (about 80—
90% of 14 days old plants were ready for analyses on
the same day). The only possible differences between
plant batches were the quality of air running through



the growth chamber (difference between air pollution
levels during summer [low] and winter [high pollu-
tion] months), the age of seeds, and the bubbling rate
during germination. Therefore, the results suggest
that there is a set-point for the amount of wax at the
POE, which is dependent on processes before the
seedling stage or on air quality.

The cuticular wax profiles and SEM data clearly ne-
gate the hypothesis that wax deposition must be
completed prior to emergence of the growing grass
leaf into the dry air. In addition, during experiment 4,
leaves were exposed to the dry atmosphere at regions
that contained little wax, yet elongated at near-con-
trol velocities. Either (1) cuticular waxes are not as
important for water retention in grasses as generally
thought to be (Schreiber and Schonherr 1993; Rie-
derer and Schreiber 2001); (2) intracuticular waxes
constitute the primary permeation barrier to water
(Vogg et al. 2004) and their deposition is completed
before emergence (unlike the deposition of epicutic-
ular waxes which is not completed, however GC-FID
did not distinguish between intra- and epicuticular
waxes) or is sufficiently completed to protect from
water loss; or (3) the growing grass leaf can loose
significant quantities of water through the cuticle
without significant impairment of growth. The
growing barley leaf consumes only about 1% of the
quantity of water lost through transpiration for
growth (Fricke 2002). Increased cuticular water loss
in ‘stripped’ leaves could be compensated for by re-
duced stomatal transpiration or increased root
hydraulic conductivity.

. Cuticular wax deposition can occur in regions of cell
elongation. The two processes are not incompatible.
Overlaying the graphs of wax deposition at growth
stages 3 and 4 with the zone of cell elongation
(compare Fig. 6¢, d with Fig. 3) at these growth
stages demonstrates that wax deposition can com-
mence prior to cessation of cell elongation. The size
of the overlap is 10-26 mm at growth stage 3 and 17—
25 mm, at growth stage 4. An overlap is also likely to
occur at growth stages 1 and 2 but cannot be deter-
mined due to technical difficulties in obtaining
REGR-profiles at these stages. Since wax deposition
could not be measured in the same leaves used for
determination for REGR profiles, the variability in
overlap makes it impossible to say for definite that
waxes were deposited in regions of cell elongation.
However, the results strongly suggest that wax
deposition is compatible with cell elongation. If so,
this finding contrasts with the conclusion by Rhee
et al. (1998) that wax deposition in the monocot leek
(Allium porrum) always commences beyond the cell
elongation zone. Therefore, grasses behave more like
dicots where cuticle formation parallels cell expan-
sion. However, unlike dicots, the deposition of
cuticular waxes does not commence immediately
following cell division, but, with some delay, in the
distal portion of the elongation zone.
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4. Wax deposition along the growing grass blade does
not commence in relation to cell age or development;
instead, POE is the reference point. The results sug-
gest that the most important region of the barley
third leaf, with regards to the commencement of
cuticular wax deposition, is the POE from the
enclosing sheath of the second leaf. This is evidenced
by the consistency of the distance below the POE at
which wax deposition commenced in Experiment 1,
growth stages 24 (29-45 mm) and Experiment 2
(27 mm; growth stage 3). For Experiment 1, growth
stage 1, it is not possible to give an exact measure-
ment for distance since no points were analysed be-
tween —57 mm (no wax) and —34 mm (wax present).
Furthermore, by peeling back the sheath of leaf two
in Experiment 4 it was possible to create an artificial
POE and induce wax deposition at that point. Such a
response would not be expected if wax deposition
occurred at a fixed (1) distance from the point of leaf
insertion, or at a fixed (2) chronological or (3)
developmental age of cells. Instead, the present re-
sults suggest that a signal with close relation to the
POE triggers commencement of wax deposition in the
growing barley leaf. The barley leaf system described
here provides an excellent experimental setup to
study the regulation of wax deposition at the molec-
ular level. It remains to be shown to which degree the
data obtained on barley are applicable to grasses (or
cereals) in general.

Signals for wax deposition

What triggers commencement of wax deposition? Four
potential signals come to mind when looking at the
transition from an enclosed to an emerged leaf portion:
relative humidity (Neinhuis et al. 2003; Hetherington
and Woodward 2003; Talbott et al. 2003), light (Bird
and Gray 2003); carbon dioxide (Bird and Gray 2003;
Hetherington and Woodward 2003; Talbott et al. 2003)
and ethylene (Broun et al. 2004). In the present study,
relative humidity, RH, was tested, by reducing the gra-
dient in RH between enclosed (close to 100% RH) and
emerged leaf portion (ambient RH) through increase of
ambient RH close to 100%. However, no significant
effect of a reduced RH gradient on deposition or per-
centage content (of total wax) of 1-hexacosanol, was
observed. The maximum-attainable ambient RH was
96%, and it cannot be ruled out that plants grown at
higher ambient RH may show reduced wax deposition.

It could be argued that signals from the emerged
portion of the growing leaf had moved already into
enclosed leaf tissue and triggered wax synthesis which
could not be altered by application of high RH. How-
ever, this possibility can be ruled out: during two of the
three RH experiments, the tip of leaf three had not
emerged at the time RH was increased.

Of the three other potential signals, carbon dioxide,
ethylene and light, the latter appears to be the most likely
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candidate to affect wax deposition along the growing
barley leaf. The precise difference in photosynthetically
active radiation between enclosed and emerged leaf
portions is not known, but light could affect wax depo-
sition through changes in photon flux density. In addi-
tion, the sheaths of older leaves are green, and the quality
of light reaching an enclosed leaf region will differ from
that experienced by emerged leaf regions. In particular,
the red:far-red ratio of light reaching enclosed leaf tissue
is bound to be higher and could affect cuticle synthesis or
deposition through phytochrome.

Wax deposition at the cell level

Analysis of barley leaf segments by SEM revealed no
apparent differences in the abundance or pattern of
deposition of wax between the abaxial and adaxial sur-
faces. This contrasts with findings on leek (Rhee et al.
1998). At the cellular level, differences in the pattern of
wax crystal deposition could be seen. Close to the region
where wax deposition commenced, crystal density was
often higher in the vicinity of guard cells (see also Rhee
et al. 1998). Guard cells are thought to respond to
humidity and CO, (Talbott et al. 2003) and it may be
here that these potential signals for cuticle formation are
perceived first and lead to initiation of wax synthesis. In
non-stomatal cells and at early stages of wax deposition,
wax appeared often first near cell boundaries, where
walls of adjacent cells meet. Next to nothing is known
about the transport paths of wax components between
protoplast and epidermal surface. The present observa-
tions suggest that some components reach the surface
via the middle lamella or radial cell walls.

Wax deposition rates

Rates of wax deposition along the growing barley leaf
were comparable between developmental stages. Do
these rates represent maximum rates and are they,
therefore, potentially limiting the velocity of leaf elon-
gation, emergence and photosynthetic yield (because
insufficient wax deposition may cause excessive and
detrimental water loss from emerged cells)? When the
point of emergence of leaf three was lowered by peeling
back the sheath of leaf two, wax deposition did not
commence within the first 3.5 h, but between 3.5 h and
7 h. It cannot be said whether deposition commenced
just after 3.5 h or before 7 h, but the average rate of wax
deposition between 3.5-7 h and was similar to rates
observed in non-disturbed plants. Therefore, it is pos-
sible that wax deposition in non-disturbed plants pro-
ceeds near its limit.

conclusion

The present study provides for the first time data on
wax deposition along a growing grass leaf. The data

show that wax deposition continues past emergence of
the growing leaf from sheaths of older leaves. The
point of emergence appears to be the reference point
for wax deposition. Onset of wax deposition neither
occurs at a particular cell age nor at a cell-develop-
mental stage. If changes in RH between enclosed and
emerged leaf regions trigger wax deposition, then RH
within the enclosed leaf portion must exceed 96%.
There exist other potential signals triggering wax
deposition, in particular light. The aim of future
experiments to test these potential signals must be
twofold: (1) to manipulate the micro-environment
along the growing grass leaf; and (2) to obtain quan-
titative data about the gradient in potential signals
(RH, ethylene, carbon dioxide, light) between emerged
and enclosed leaf regions. The latter will present a
particular technical challenge.
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