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e Background and Aims Many wetland species form aerenchyma and a barrier to radial O, loss (ROL) in roots.
These features enhance internal O, diffusion to the root apex. Barrier formation in rice is induced by growth in
stagnant solution, but knowledge of the dynamics of barrier induction and early anatomical changes was lacking.
e Methods ROL barrier induction in short and long roots of rice (Oryza sativa L. ‘Nipponbare’) was assessed
using cylindrical root-sleeving O, electrodes and methylene blue indicator dye for O, leakage. Aerenchyma for-
mation was also monitored in root cross-sections. Microstructure of hypodermal/exodermal layers was observed
by transmission electron microscopy (TEM).

e Key Results In stagnant medium, barrier to ROL formation commenced in long adventitious roots within a few
hours and the barrier was well formed within 24 h. By contrast, barrier formation took longer than 48 h in short
roots. The timing of enhancement of aerenchyma formation was the same in short and long roots. Comparison of
ROL data and subsequent methylene blue staining determined the apparent ROL threshold for the dye method,
and the dye method confirmed that barrier induction was faster for long roots than for short roots. Barrier for-
mation might be related to deposition of new electron-dense materials in the cell walls at the peripheral side
of the exodermis. Histochemical staining indicated suberin depositions were enhanced prior to increases in lignin.
e Conclusions As root length affected formation of the barrier to ROL, but not aerenchyma, these two acclim-
ations are differentially regulated in roots of rice. Moreover, ROL barrier induction occurred before histochemi-
cally detectable changes in putative suberin and lignin deposits could be seen, whereas TEM showed deposition
of new electron-dense materials in exodermal cell walls, so structural changes required for barrier functioning
appear to be more subtle than previously described.

Key words: Aerenchyma, barrier to radial O, loss, cylindrical root-sleeving O, electrode, transmission electron
microscopy, hypoxia, methylene blue, root aeration, waterlogging.

INTRODUCTION 2008). The physical resistance that greatly impedes ROL

from roots of rice is considered to result from suberin and/or

Root growth into anoxic, waterlogged substrates relies on
internal diffusion of O, (Armstrong, 1979). Internal diffusion
of O, to the root apex is enhanced by formation of aerenchyma
and a barrier against radial O, loss (ROL) (Armstrong, 1979).
In roots of rice (Oryza sativa), aerenchyma is formed constitu-
tively, and the amount can be further enhanced by soil water-
logging (Armstrong, 1971; Pradhan et al., 1973). The barrier
to ROL is also inducible in rice roots, forming in stagnant or
waterlogged conditions, but not (or only weakly) in aerated
conditions (Colmer et al., 1998, 2006; Colmer, 2003a).
Aerenchyma and the barrier to ROL are regarded as key fea-
tures contributing to waterlogging tolerance in many wetland
species (Armstrong, 1979; Jackson and Drew, 1984; Justin
and Armstrong, 1987; Colmer, 2003b; Colmer and
Voesenek, 2009), yet barrier induction is poorly understood
in comparison with aerenchyma formation (Shiono et al.,

lignin depositions in the exodermis and/or sclerenchyma
(Insalud er al., 2006; Kotula ef al., 2009), although the micro-
structure of the barrier is not known.

Ethylene signalling during waterlogging enhances aerench-
yma formation (Justin and Armstrong, 1991), but does not
induce the barrier to ROL, in adventitious roots of rice
(Colmer et al., 2006). Thus, induction of a barrier to ROL
and of aerenchyma appear to be differentially regulated
(Colmer et al., 2006). Previous studies of the inducible
barrier to ROL evaluated roots of rice grown for days, or
even weeks, under contrasting treatments (e.g. Colmer et al.,
1998), with the exception of Insalud er al. (2006) who
showed barrier induction had commenced within 1 d of trans-
fer into stagnant conditions. The present study evaluated the
detailed dynamics of ROL barrier induction, as compared
with aerenchyma formation, in roots of rice of two contrasting
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lengths. Experiments were designed to address three main
questions: (1) the timing of enhanced aerenchyma formation
in adventitious roots of two lengths (i.e. short and long
roots) following transfer to deoxygenated stagnant conditions,
(2) the timing of induction of the barrier to ROL in these
different length roots and (3) what microstructural changes
occurred in the roots that formed the barrier. Two root
lengths were studied, as earlier work (Colmer et al., 2006)
had indicated possible stronger barrier induction in long,
compared with short, roots.

ROL was assessed using two methods: (1) cylindrical
root-sleeving O, electrodes and (2) an indicator dye (reduced/
oxidized methylene blue). The O, electrode-based technique
enables quantitative measurements of O, fluxes from
intact roots (e.g. Armstrong, 1971). Measurements of ROL at
several positions along roots are, however, time consuming,
and the O, electrode-based method requires specialized equip-
ment. Qualitative information on spatial patterns of ROL can be
obtained in a shorter time by use of indicator dyes, such as
reduced/oxidized methylene blue, to show regions of ROL
from roots in an O,-free medium (e.g. Armstrong and
Armstrong, 1988; Armstrong et al., 1992; Kotula and Steudle,
2009). The relationship, however, between colour development
of methylene blue and rates of ROL from roots in O,-free media
had not previously been assessed. Therefore, a fourth (4) ques-
tion was addressed in the present studies by making direct com-
parisons of these two approaches, so that the suitability of using
the dye method for testing induction of the barrier to ROL in
adventitious roots of rice could be established. If reliable, the
more rapid dye method could enable screening of large
numbers of mutant lines for root aeration traits, because the
rice cultivar we used in the present study (‘Nipponbare’)
has been sequenced at the whole genome level and is the
background of 47196 Tosl7-induced insertion mutants
(Miyao et al., 2003).

MATERIALS AND METHODS
Plant material and culture

Lowland rice (Oryza sativa L. ‘Nipponbare’) was grown in a
nutrient solution of the same composition as used in earlier
studies of rice (Colmer, 2003a). Plants were supported at the
stem base in pots (light-shielding pots so roots were in dark-
ness) within a controlled-environment chamber (12-h light/
12-h dark cycle; 30 °C/25 °C; relative humidity over 50%
photosynthetic photon flux density at 214 pmolm ~ s~
during the light period).

In each experiment, seeds were washed in deionized
water, and then soaked in 0-1 % (w/v) benlate solution,
1-[(butylamino) carbonyl-1H-benzimidazol-2-yl] carbamic
acid methyl ester (Sumitomo Chemical, Tokyo, Japan), for
surface sterilization for 1 d in darkness at 30 °C. Seeds were
then washed thoroughly with deionized water, and then incu-
bated in deionized water for 1 d, all still in darkness at 30
°C. Two days after imbibition, seeds were placed on stainless
mesh floating on aerated quarter-strength nutrient solution and
exposed to light. Five days after imbibition, each seedling was
held with a soft sponge floating on aerated full-strength nutri-
ent solution. Eight-day-old seedlings were transplanted into

6-L pots (diameter, 200 mm; height, 220 mm; each pot held
four seedlings) containing full-strength nutrient solution.
Solutions were renewed every 7 d. In all experiments, pots
were arranged in a completely randomized design.

Two main types of experiments were conducted, depending
upon the objective (explained below). In experiments with
long exposure times to treatments, 8- to 9-d-old seedlings
were either continued in aerated solution or transplanted into
stagnant solution (described below) for an additional 14-21
d. In experiments with short treatments (i.e. up to 120 h of
treatment), plants were grown in aerated solution for 3-4
weeks, and then continued in aerated solution or transferred
into stagnant solution. Stagnant solution contained 0-1 %
(w/v) dissolved agar and was deoxygenated (dissolved O, <
1.0 mg L™ ") prior to use by flushing with N, gas. The dilute
agar prevents convective movements in solution (‘stagnant’
treatment) so this treatment mimics better than other solution
culture methods the changes in gas composition found in
waterlogged soils (e.g. decreased O,, increased ethylene)
(Wiengweera et al., 1997).

Adventitious roots were classified as short (65—-90 mm in
length) or long (105—130 mm in length), based on length of
the main axis at commencement of treatments. Selected
short and long adventitious roots were marked near the
base using charcoal powder, so these could be recognized
over time.

Measurement of radial O, loss

For experiments that assessed the dynamics of barrier induc-
tion and aerenchyma formation, plants were raised for 3—4
weeks so that sufficient adventitious roots had formed prior
to imposing two treatments: continuously aerated or stagnant
deoxygenated agar nutrient solution.

Cylindrical root-sleeving electrodes were used to measure
ROL at selected positions along adventitious roots. Some
experiments made continual ROL measurements at the basal
part (approx. 15 mm below the root—shoot junction) of short
and long adventitious roots during 48h in an O,-free
medium, whereas other experiments measured profiles of
ROL along roots after 48 h. Plants were sealed into rubber
lids fitted in 2-5-L glass chambers (diameter, 80 mm; height,
460 mm) filled with an O,-free medium containing 0-1 %
(w/v) agar, 0-5 mm CaSO4 and S mm KCIl. The intact root
system was immersed in O,-free medium while the shoot
remained in air. A cylindrical root-sleeving O, electrode
(internal diameter, 2-25 mm; height, 5-0 mm) (Armstrong
and Wright, 1975; Armstrong, 1994), fitted with root-
centralizing guides, was placed around a selected adventitious
root with few lateral roots. The equilibrium flux of O, from
adventitious roots was measured at selected positions, with
appropriate electrode polarization based on polarographs
determined for each measurement (see Armstrong 1971;
Armstrong, 1994). Root diameters at the positions measured
for ROL were determined using a loupe with scale
(minimum scale, 0-05 mm). ROL measurements were at
28 °C in a constant temperature room with lights prov1d1ng
photosynthetically active radiation of 67 umolm > s~ ',
except during measurements spanning 48 h, where 12-h light
(67 wmol m ~2 s 1/12-h dark cycles were used.
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Histochemical detection of suberin and lignin

Basal parts (12—25 mm below the root—shoot junction) of
the short and long adventitious roots were sampled from
plants in aerated solution, and after 2, 5 or 14—21 d treatment
in stagnant deoxygenated agar nutrient solution. Fresh roots
were embedded in 5 % agar and 85-pwm sections were made
using a vibrating microtome (HM659V; Thermo Fisher
Scientific Inc.). Root cross-sections were cleared by incubation
in lactic acid saturated with chloral hydrate at 70 °C for 1 h
(Lux et al., 2005). Sections were stained with Fluorol
Yellow 088 at room temperature for 1 h to visualize suberin
lamellae (Brundrett er al., 1991). Suberin lamellae were
observed as a yellow—green fluorescence when excited by
UV light (UV filter set, UVI-A, Nikon: Band pass =
365 nm, diachronic mirror = 400, band barrier > 400 nm;
microscopy: ECLIPSE E600, Nikon; CCD camera: DA-Ril,
Nikon). Other sections were stained for 3 min with saturated
phloroglucinol in 20 % hydrochloric acid at room temperature,
to visualize lignin with cinnamyl aldehyde groups as these
appear orange/red under white light (Jensen, 1962).

Microstructure observation by transmission electron
microscopy (TEM)

Basal parts (12—25 mm below the root—shoot junction) of the
short and long adventitious roots were sampled from plants in
aerated solution or after 48 h of treatment in stagnant deoxyge-
nated agar nutrient solution. Samples were fixed in 2-5 %
glutaraldehyde in 0-1 m phosphate buffer (pH 7-4) at 4 °C,
and postfixed in 1% osmium tetraoxide in 0-1 M phosphate
buffer (pH 7-4) for 3h at 4°C. After stepwise dehydration
with an ethanol series (50—100 %), samples were embedded
in Spurr’s resin and ultrathin sections (80—100 nm) were
made using an ultramicrotome. The sections were stained with
uranyl acetate and lead citrate, and then observed by TEM
(JEM1210, JEOL Ltd).

Observation of ROL pattern using methylene blue

Use of indicator dyes, such as reduced/oxidized methylene
blue, in stagnant deoxygenated agar nutrient solutions (e.g.
Armstrong and Armstrong, 1988; Kotula and Steudle, 2009)
or in waterlogged soil (e.g. Armstrong et al., 1992) provides
qualitative information on spatial patterns of ROL.
Methylene blue is colourless when reduced and blue when oxi-
dized (Barton and Ollis, 1979).

Methylene blue staining was applied for evaluation of the
barrier to ROL during 120 h of aerated or stagnant treatments.
In addition, we examined the relationship between colour
development along adventitious roots as visualized with
methylene blue and rates of ROL from these same adventitious
roots measured using root-sleeving O, electrodes. Rates of
ROL from intact roots were measured at 30, 40, 60 and
80 mm behind the apex in an O,-free medium (lacking methyl-
ene blue), and the pattern of colour development along these
same roots was then assessed following transfer into a solution
containing reduced methylene blue. To enable observations on
the targeted adventitious roots when in methylene blue, some

other roots were trimmed off prior to insertion into this
solution.

A solution containing 0-1 % (w/v) agar was prepared, and
after cooling, methylene blue was added at 13 mg L™'. The
blue solution containing oxidized dye was reduced by addition
of 130 mg L ! sodium dithionite (Na,S,0,) so that it was then
colourless. The test solution was in glass vessels (length,
350 mm; width, 15 mm; height, 350 mm) and the plant was
held with the root—shoot junction at 50 mm below the
surface, and the remainder of the shoot in air. The experiment
was conducted in a dark room at constant temperature (28 °C).
After 30—60 min, colour intensity of ‘blue halos’ forming
adjacent to roots was compared against a standard colour chart.

Aerenchyma formation

Formation of aerenchyma during 120 h of aerated or stagnant
treatments was measured in cross-sections taken along short and
long adventitious roots. Three positions were assessed: 20 mm
behind the root apex at each time point (hereafter termed
‘apical region’), 15 mm below the root—shoot junction (‘basal
region’) and 20 mm behind the root apex at the initiation of
treatment (‘intermediate region’). Root portions were excised
and placed in 0-1 M potassium phosphate buffer (pH 7-0).
Cross-sections were hand-made using a razor blade, mounted
in water and viewed using a microscope (DMIRBE M2FLIII;
Leica) fitted with a CCD camera (VB-7000; Keyence) linked
to a computer. The proportion of each cross-section occupied
by aerenchyma was determined using Image J software (Ver.
1-39u; NIH, Bethesda, MD, USA).

Statistical analysis

Means of aerenchyma (% cross-sectional area), ROL and
elongation rate of roots were compared using a two-sample
t-test at the 5 % probability level, or one-way ANOVA and
then Scheffé’s test for multiple comparisons at the 5 % prob-
ability level. Frequencies of roots that formed a barrier to
ROL as assessed by methylene blue staining were compared
using Fisher’s exact test at the 5 % probability level. For
ROL and aerenchyma data, means + standard errors (s.e.)
were calculated.

RESULTS

Induction of barrier to ROL along short and long
adventitious roots

Long adventitious roots of rice (‘Nipponbare’) grown in stag-
nant deoxygenated agar nutrient solution for 5 d showed ROL
profiles consistent with induction of a ‘tight’ barrier to ROL;
O, fluxes from the basal regions were substantially lower
than from the more apical positions (Fig. 1). By contrast,
when grown in aerated nutrient solution the roots lacked, or
expressed only weakly, an ROL barrier; O, fluxes from basal
regions were high relative to rates at 5 mm behind the apex
(Fig. 1).

Rates of ROL from a basal position (approx. 15 mm below
the root—shoot junction) were monitored at selected times
during 48 h following transfer from aerated solution to the
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O,-free agar solution, both for short and for long adventitious
roots. For short adventitious roots, O, fluxes (measured at 50—
91 mm behind the root tip) from the basal region remained
high during the first 48 h in the stagnant agar solution; that
is, short adventitious roots did not form a barrier to ROL
within 48 h (Fig. 2; P < 0-05, two-sample 7-test). By contrast,
for long adventitious roots, O, fluxes (measured at 80—
106 mm behind the root tip) from the basal region declined
soon after transfer into the O,-free agar solution. At 24 h of
stagnant treatment, O, fluxes from the basal region were
under 5 ng cm 2 min ! (Fig. 2); the low O, fluxes were
similar to those observed for basal regions of adventitious
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Fi1c. 1. Rates of radial O, loss along intact long adventitious roots of rice in
0,-free medium with shoots in air, at 28 °C (mean =+ s.e., n = 3). Plants were
raised for 3—4 weeks in aerated nutrient solution, prior to transfer to stagnant
deoxygenated agar nutrient solution for 5 d or aerated nutrient solution for 5
d. Lengths of adventitious roots (mean =+ s.e., n =3) were 154 + 1 mm in
aerated and 159 + 3 mm in stagnant deoxygenated agar nutrient solution.
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Fic. 2. Time courses of rates of radial O, loss at the basal part (15 mm below
the root—shoot junction) of short and long adventitious roots following transfer
into an O,-free medium with shoots in air, at 28 °C (short adventitious roots,
n = 3; long adventitious roots, n = 4; mean + s.e.). Plants were raised for 3—4
weeks in aerated nutrient solution, and then transferred for 48 h to O,-free
stagnant 0-1 % agar solution that contained 5 mm KCI and 0-5 mm CaSO,.
Short (65—90 mm) and long (105—130 mm) adventitious roots were used in
experiments (lengths at commencement of treatment); after 48 h in the stag-
nant agar, root lengths were: short, 66—94 mm (growth rate 1-5 mm dfl);
long, 110-131 mm (growth rate 3-4mm d'). *Significant difference
between short and long adventitious roots (P < 0-05, two-sample #-test).

roots with a ‘tight’ barrier to ROL (Fig. 1). Subsequently,
the O, fluxes were reduced to 1-9 ng cm > min~ ' at 48 h of
stagnant treatment (Fig. 2), 30-fold lower than that of the
basal region of short adventitious roots at 48 h stagnant treat-
ment (P < 0-05, two-sample #-test). This decline in ROL at
basal positions in long roots would be caused by ROL
barrier formation, rather than changes in internal O, supply,
as internal O, concentration might even have increased slightly
owing to the small increases in aerenchyma (described below).
In summary, a barrier to ROL was induced within 24 h for
long adventitious roots, whereas for short adventitious roots
it was not formed within 48 h of stagnant treatment.

Microstructure changes and localization of suberin and lignin
deposition at exodermis and sclerenchyma

As long roots formed a barrier to ROL rather quickly, micro-
structural differences at the exodermis and outer-side of the
sclerenchyma layers of roots were investigated by TEM for
these roots when in aerated solution or after 48 h of stagnant
treatment (Fig. 3). Intercellular spaces between exodermis and
epidermis cell layers were evident in roots from aerated con-
ditions (Fig. 3C); however, these areas were occupied by a high-
density material in roots from stagnant conditions (Fig. 3J).
Dark granules were also present in the intercellular spaces
between exodermal cells and also between the sclerenchyma
cells in roots from stagnant conditions (Fig. 3K), whereas gran-
ules were absent in roots from aerated conditions (Fig. 3D).
Short adventitious roots from aerated solution and at 2 d of stag-
nant treatment (i.e. roots without barrier to ROL) showed inter-
cellular spaces between exodermis and epidermis cell layers; in
addition, granules were absent (Fig. 3G, N). The other parts of
these short roots were also similar to the long roots in aerated
solution (Supplementary Data Fig. S1, available online). No
obvious changes were seen at the cortex side (i.e. inner side)
of the sclerenchyma and their cell-wall structures. Thus, the
obvious microstructural changes between roots with or
without a barrier to ROL had occurred in the intercellular
spaces between exodermis and epidermis cell layers.

In contrast to the TEM studies, histochemical staining of
fresh sections taken after 2 d of the stagnant treatment failed
to detect any ‘gross changes’ in suberin lamellae or lignin
deposits in outer layers of basal regions of long adventitious
roots (Fig. 4D, K) as well as short adventitious roots (Fig. 4B,
I), whereas microstructural differences were already observed
at that time (Fig. 3) and ROL would already have diminished
(Fig. 2). In long roots at 5 d of the stagnant treatment (i.e. at
the time the barrier had formed completely), clear yellow—
green fluorescence typical of suberin lamellae was observed at
exodermis (Fig. 4F), although the orange/red colour of lignin
deposits was absent at sclerenchyma (Fig. 4M). At 14-21 d
of the stagnant treatment, we observed not only suberin lamellae
at exodermis (Fig. 4G) but also lignified sclerenchyma (Fig. 4N)
in long roots. Thus, barrier induction occurred (Fig. 2) before
these histochemically detectable changes, indicating suberin
and lignin deposits could be seen (Fig. 4). Together, these
results indicate that structural changes required for barrier func-
tion might initially be subtle (e.g. Fig. 3), and suberin lamellae
presumably contribute to diminish O, diffusivity prior to
changes in lignin.
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b=

Short roots

Fi1G. 3. Comparison of the microstructure of the exodermis and the sclerenchyma in the basal part (15 mm below the root—shoot junction) of short or long
adventitious roots grown continuously in aerated nutrient solution (short roots, F, G; long roots, A—E) or following transfer to stagnant deoxygenated agar nutrient
solution for 48 h (short roots, M, N; long roots, H-L). Sections stained with uranyl acetate and lead citrate were observed by TEM. We observed the exodermis
and sclerenchyma region (A, F, H, M; scale bar = 2 wm) and then specific cells at higher magnification (scale bar = 0-2 wm) for the epidermis side of the exo-
dermis (B, C, G, I, J, N), between the exodermis cells (D, K), and also of the sclerenchyma side of the exodermis (E, L). Abbreviations: cor, cortex; cw, cell wall;
epi, epidermis; exo, exodermis; is, intercellular space; sc/, sclerenchyma. Plants were raised for 3—4 weeks in aerated nutrient solution, prior to transfer to stag-
nant deoxygenated agar nutrient solution for 48 h or aerated nutrient solution for 48 h. At the commencement of treatments the roots studied were short
(65-90 mm) and long (105—130 mm) adventitious roots. Small boxes with letters in A and H and F and M indicate areas viewed at higher magnification
and shown in the other panels of this figure.
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Fic. 4. Comparison of the development of suberin lamellaec (A—G) and lignin deposition (H-N) of the exodermis and the sclerenchyma in the basal part
(15 mm below the root—shoot junction) of short and long adventitious roots grown continuously in aerated nutrient solution [short roots, A, H; long roots: C,
J(2d), E, L (5§ d)] or following transfer to stagnant deoxygenated agar nutrient solution for 2 d (short roots, B, I; long roots: D, K), 5 d (long roots: F, M)
and 14-21 d (G, N). Suberin lamella is indicated by yellow—green fluorescence with Fluorol Yellow 088 (white arrow). Autofluorescence was detected as
blue in the cell walls. Lignin with cinnamyl aldehyde groups stained orange/red with phloroglucinol-HCI (Black arrows). Abbreviations: aer, aerenchyma;
cor, cortex; epi, epidermis; exo, exodermis; scl, sclerenchyma. Scale bars = 100 wm. Plants were raised for 3—4 weeks in aerated nutrient solution, prior to trans-
fer to stagnant deoxygenated agar nutrient solution for 2 or 5 d, or aerated nutrient solution for 2 or 5 d. At the commencement of treatments the roots studied
were short (65-90 mm) and long (105—130 mm) adventitious roots. For plants exposed to 1421 d of treatments, seedlings were raised for 9 d in aerated nutrient
solution, prior to transfer to stagnant deoxygenated agar nutrient solution for 14-21 d. Long roots in the continuous aerated controls (C, J and E, L) were of
similar ages to those roots exposed to stagnant treatment for 14-21 d (G, N), so comparison of G, N can be made with C, J or E, L to see the influence of
the 14-21 d stagnant treatment.
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Induction of aerenchyma along short and long adventitious
roots during 120 h

Aerenchyma formation (% cross-sectional area) was
measured for short and long adventitious roots at three differ-
ent positions (Fig. 5SA). In summary, aerenchyma formation in
each region was enhanced by stagnant treatment within 12 h,
and the trend of induction (i.e. stagnant solution) or constitu-
tive development (i.e. aerated solution) of aerenchyma was
essentially the same for short and long roots (Fig. 5). In
both root length classes, for the three positions measured,
most aerenchyma was present in the basal region, and least
at the most apical region.

At the basal region of both root length classes, aerenchyma
was already well developed (i.e. short adventitious roots, 25 %;
long adventitious roots, 30 %) for plants raised in aerated sol-
ution (Fig. 5B). Upon transfer to stagnant solution, both the
short and the long roots formed additional aerenchyma in
the basal position, within 12 h (Fig. 5B). In aerated conditions,
aerenchyma formation gradually increased with tissue age over
120 h. At the apical region and intermediate region, aerench-
yma formations were markedly enhanced by stagnant treatment
within 12 h in both the short and the long adventitious roots.
Moreover, in these more apical positions, aerenchyma contin-
ued to develop, although slowly, until 120 h (Fig. 5C, D).
After 120 h in stagnant solution, aerenchyma at the intermedi-
ate region of short and long adventitious roots was 37-1 + 2.0
and 32-1 £+ 1-7 %, respectively, but by this time these values
were similar to those in roots in aerated solution of 30-0 +
2.7 and 34-8 + 2-2 % in short and long adventitious roots,
respectively. At 20 mm behind the root apex, however, aer-
enchyma in roots after 120 h of the stagnant treatment was
24-9 4+ 2-3 and 21-5 £ 1-1 % for short and long roots, respect-
ively, values greater than in the aerated treatment (short roots,
7-1 + 1-4 %; long roots, 8-0 + 0-6 %).

Short and long adventitious roots continued to grow in
stagnant deoxygenated agar nutrient solution, for example
during 5 d of treatment at 3-0 + 0-1 and 5-2 + 0-4 mm dfl,
respectively (Table 1). This root growth was, however, slower
than in aerated nutrient solution with short roots at 8-3 +
12mm d~! and long roots at 12-4 + 1-1 mm d! (P < 0-05,
two-sample #-test). After 120 h in stagnant solution, the length
of short adventitious roots had increased to 107 4+ 2 mm,
which was close to the length of roots classified as long when
the treatments were commenced (i.e. the short roots grew and
so became long roots at 120 h of stagnant treatment).

Induction of barrier to ROL along short and long adventitious
roots over 120 h, as assessed using methylene blue staining

Induction of the barrier to ROL in adventitious roots was
also assessed by methylene blue staining, a method that can
quickly provide qualitative patterns of ROL (Armstrong and
Armstrong, 1988; Armstrong et al., 1992; Colmer, 2003b).
Plants grown in aerated solution, or those exposed to stagnant
deoxygenated agar nutrient solution for different lengths of
time, were transferred to an O,-free agar solution with methyl-
ene blue added (Fig. 6). Methylene blue is colourless when
reduced, and blue when oxidized. Basal regions of short and
long adventitious roots of plants from aerated solutions

A Time in stagnant or aerated medium (h)

0

Basal region:

15mm below ._
root—shoot junction

u

Intermediate region:
20mm behind
the root apex at the
initiation of treatment

Apical region:
20 mm behind
the root apex

---A---Short roots (Aerated)
—&— Short roots (Stagnant)
---O---Long roots (Aerated)

—e— Long roots (Stagnant)
Il Il Il Il Il Il Il Il Il

Aerenchyma
(% cross-sectional area)

Intermediate region

Aerenchyma
(% cross-sectional area)

L D Apical region
40 -

Aerenchyma
(% cross-sectional area)

0
0 12 24 36 48 60 72 84 96 108 120
Time in stagnant or aerated medium (h)

F1G. 5. Aerenchyma at three positions along adventitious roots of rice, following
transfer into aerated or stagnant deoxygenated agar nutrient solutions (A).
Cross-sections at 15 mm below the root—shoot junction — termed ‘basal
region’ (B), at 20 mm behind the root apex at the initiation of treatment —
termed ‘intermediate region’ (C), and 20 mm behind the root apex at each time
point — termed ‘apical region’ (D), were taken by hand with a razor blade and
photographed under a microscope and the proportion of aerenchyma was deter-
mined. Plants were raised for 3—4 weeks in aerated nutrient solution, prior to
transfer to stagnant deoxygenated agar nutrient solution for 0, 6, 12, 24, 48 or
120 h. Values are means + s.e. Sample number and length of roots used in
these measurements are given in Table 1. Different lower-case letters denote sig-
nificant differences among root length classes and treatments (P < 0-05, one-way
ANOVA and then Scheffé’s test for multiple comparison).
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TaBLE 1. Growth in length (mm) of short and long adventitious
roots in aerated nutrient solution or stagnant deoxygenated agar
nutrient solution

Time after treatment (h)

0 6 12 24 48 120

Short roots
Aerated Mean 73 74 75 81 110 123
s.e. 1 4 2 3 4 12
n 5 3 5 11 9
Stagnant Mean 73 72 74 80 93 107
s.e. 1 2 1 2 3 2
n 9 9 8 9 7

Long roots
Aerated Mean 116 129 126 137 151 177
s.e. 5 3 4 4 8 5
n 5 6 8 7 5 8
Stagnant Mean 116 121 117 123 125 133
s.e. 5 4 3 3 4 6
n 5 7 7 7 7 11

Short (65-90 mm) and long (105—-130 mm) adventitious roots were used
(lengths at commencement of treatment). Plants were raised for 3—4 weeks
in aerated nutrient solution, prior to transfer to stagnant deoxygenated agar
nutrient solution for 0, 6, 12, 24, 48 or 120 h. The samples in this table
correspond to the roots in Fig. 5.

formed ‘blue halos’ in the methylene blue solution (Fig. 6A),
indicating lack of a barrier to ROL. For plants transferred into
the methylene blue assay after 12 h of stagnant treatment in the
nutrient solution, many (i.e. 64 %) of the long adventitious
roots did not form ‘blue halos’ (i.e. roots had a barrier
induced) and after 48 h of treatment prior to the assay all of
the long adventitious roots did not form ‘blue halos’ in basal
zones at 48 h after treatment (i.e. all long roots had a barrier
induced) (Fig. 6B; P < 0-05, Fisher’s exact test). By compari-
son, the short adventitious roots still formed ‘blue halos’ in
basal zones even after 48 h of treatment, and even after 72 h
of stagnant treatment only 25 % of the short adventitious
roots no longer formed ‘blue halos’, and this increased to
only 33 % at 96 h. Finally, at 120 h, no adventitious roots
formed ‘blue halos’ (i.e. at 120 h the barrier had been
induced even in initially short roots) (Fig. 6B). However, the
length of short adventitious roots increased to 119 + 5 mm
after 120 h in stagnant solution, close to the length of roots
initially classified as being long. All short and long adventi-
tious roots growing in aerated nutrient solution for the 120 h
treatment period still formed °‘blue halos’ in basal zones
when transferred to the methylene blue assay (i.e. all aerated
roots had substantial ROL from basal zones).

Threshold of methylene blue staining to test for formation
of a barrier to ROL

The methylene blue method has been used to visualize sites
of O, loss from roots in O,-deficient media (Armstrong and
Armstrong, 1988; Armstrong et al., 1992; Kotula and
Steudle, 2009), but the relationship between ‘blue halo’ for-
mation with methylene blue treatment and the rate of ROL
from roots had not previously been tested. We measured
rates of ROL using cylindrical root-sleeving O, electrodes,
and then used the same plants to examine the same roots in

100
9/ B
80
70l @ Short roots*

- M Long roots

Non-stained basal zones (%)

0 6 12 24 48 72 96
Time in stagnant medium (h)

120

Fi1G. 6. Short (S) and long (L) adventitious roots of rice plants transferred into
an O,-free agar solution with methylene blue. Methylene blue is colourless
when reduced and blue when oxidized. Arrow denotes the ‘blue halos’ adja-
cent to adventitious roots. Plants were raised for 3—4 weeks in aerated nutrient
solution, prior to transfer to stagnant deoxygenated agar nutrient solution for 0,
6, 12, 24, 48 or 120 h (A). Scale bar = 10 mm. Percentage of roots with ‘blue
halos’ along short and long adventitious roots (B). Lengths at the commence-
ment of treatment were: short (65—90 mm) and long (105—130 mm) adventi-
tious roots. Sample numbers and length of roots used in these measurements
are given in Supplementary Data Table S1, available online. *Significant
difference between short and long adventitious roots (P < 0-05, Fisher’s
exact test).

the methylene blue assay for ROL. Basal parts of roots
grown in aerated nutrient solution (i.e. no ROL barrier
formed) showed high rates of ROL and also had ‘blue halos’
with methylene blue treatment (Fig. 7). Basal parts of roots
grown in stagnant deoxygenated agar nutrient solution (i.e.
ROL barrier formed) showed very low ROL and also did not
form ‘blue halos’ with methylene blue treatment (Fig. 7).
For the methylene blue assay used, a number of roots
formed ‘blue halos’ when the rates of ROL were over 10 ng
cm 2min~ !, whereas the ‘blue halos’ were not formed
when ROL was less than 10 ng cm™? min~'. Thus, the appar-
ent ROL threshold, to obtain methylene blue staining over
exposures of 30—60 min, was approx. 10ng cm *min '
These results supported that methylene blue staining (e.g.
Fig. 6) could be used to distinguish whether rice roots have
formed a barrier to ROL. Methylene blue staining should
therefore be useful to test large numbers of lines quickly to
determine whether roots form a barrier to ROL (e.g. rice
mutant screening), although it is not a quantitative method.
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F1G. 7. Rates of radial O, loss, and assessment of ‘blue halos’ formed with
methylene blue treatment, for adventitious roots of rice grown in aerated or
stagnant deoxygenated agar nutrient solution. The basal region of root,
11-50 mm below the root—shoot junction (i.e. 30—60 mm behind the root
apex), was measured for ROL and then observed for staining with methylene
blue. Before measurements, plants were raised for 8 d in aerated nutrient sol-
ution and then grown in either aerated or stagnant deoxygenated nutrient sol-
ution for 14-21 d. ROL was measured using cylindrical root-sleeving O,
electrodes in an O,-free agar solution with shoots in air, and subsequently
the measured adventitious roots were transferred into O,-free agar solution
containing methylene blue. Methylene blue is colourless when reduced and
blue when oxidized. Measurements and observations were taken at 28 °C
using intact adventitious roots 57—107 mm in length (three plants, n = 6)
grown in aerated nutrient solution and 60—81 mm in length (four plants,
n=29) grown in stagnant deoxygenated agar nutrient solution. Dashed line:
apparent threshold of methylene blue staining for 30—60 min.

DISCUSSION

Aerenchyma and a barrier to ROL enhance internal diffusion
of O, towards the root tip, and thus root elongation into
anoxic substrates (Armstrong, 1979). Several cultivars of rice
form a ‘tight” barrier to ROL, induced under waterlogged or
deoxygenated stagnant conditions (Colmer et al., 1998,
2006; Colmer, 2003a). Rice ‘Nipponbare’ was shown in the
present study to also form an inducible ‘tight’ barrier to
ROL (Fig. 1); this is of significance for future work, as
the whole genome of ‘Nipponbare’ has been sequenced
(International Rice Genome Sequencing Project, 2005) and
many tools are available for molecular and genetic studies
(e.g. oligo microarray, mutant collection and database). The
barrier to ROL was induced within 24 h in long adventitious
roots, but not until after 48 h of stagnant treatment in short
adventitious roots (Figs 2 and 5). Data for ROL after 1 d of
stagnant treatment were available for long adventitious roots
of ‘Amaroo’ (Insalud er al., 2006) for which ROL had
decreased by 90 % in basal regions, and the reduction after
24 h in ‘Nipponbare’ was similar. The present study of
‘Nipponbare’ provides detailed time-series data for ROL
barrier induction, revealing that the process commences soon
after transfer to stagnant medium.

In Amazonian tree species (De Simone et al., 2003),
Glyceria maxima and Phragmites australis (Soukup et al.,
2007) and Hordeum marinum (Garthwaite et al., 2008), the

barrier to ROL has been linked to suberin deposits in the exo-
dermis/hypodermis. In rice, the barrier has been suggested to
result from suberin and/or lignin deposition in the exodermis
and sclerenchyma, forming a physical resistance to diminish
ROL (Insalud et al., 2006; Kotula et al., 2009). Thus, the rela-
tive contributions of suberin and lignin were uncertain and
microstructural changes associated with barrier formation
had not previously been examined. The present study
showed microstructural changes at the exodermis in the long
adventitious roots within 48 h, when barrier formation is
already complete in the roots of rice. In particular, intercellular
spaces between exodermis and epidermis in the long roots
from stagnant conditions were occupied by a high-density
material that was absent in aerated roots (Fig. 3). This apparent
deposition of additional material might have blocked these
spaces and thus diminished O, diffusivity. The present obser-
vations add to the larger-scale changes of suberization and lig-
nification that have previously been visualized using
histochemical staining and light microscopy in roots after
longer treatment periods (Kotula ef al., 2009). Histochemical
staining of root sections in the present study (Fig. 4G, N)
found similar changes to those described earlier for rice after
2-3 weeks in stagnant agar (Kotula et al., 2009), but these
suberin deposits were not evident in roots within the first 2 d
in the present study, during which time barrier induction was
already complete (Fig. 4D, K). By 5 d of stagnant treatment,
suberin deposits were evident in roots (Fig. 4F) although
changes in lignin were not yet evident (Fig. 4M). Thus, the
microstructural changes described here (Fig. 3) might, in
addition to suberin depositions that can be visualized using
histochemical stains at later stages, contribute to diminishing
ROL. At 2 d of stagnant treatment, any suberin and lignin
deposits might be lower than the detection limits of these his-
tochemical methods. Thus, elucidation of the dynamics in
ROL barrier induction was far superior using physiologically
based assays of barrier functioning (i.e. ROL measurements),
as compared with anatomical studies based on histochemical
staining. Moreover, suberin deposits were accumulated
before lignin, supporting the notion that suberin is of greater
importance than lignin for the barrier to ROL in roots of rice.

The reason why long adventitious roots might form a barrier
to ROL more quickly than short adventitious roots, as
described in the present study (e.g. Fig. 2), could relate to
tissue age. Basal tissues of long roots are older than those of
short roots, and both suberin and lignin accumulation can be
influenced by developmental stage (Schreiber et al., 1999;
Kotula et al., 2009). Therefore, short adventitious roots
might not yet be able to form a barrier to ROL owing to the
young developmental stage of the tissues.

Rice forms lysigenous aerenchyma constitutively in well-
drained soils or under aerated conditions (Webb and Jackson,
1986; Justin and Armstrong, 1991; Colmer et al., 20006).
Aerenchyma formation in rice is further enhanced when in
waterlogged soil (Armstrong, 1971) or in stagnant deoxyge-
nated agar nutrient solution (Colmer, 2003a; Colmer et al.,
2006; present study). Webb and Jackson (1986) showed
degeneration in cortex of rice roots starting within 12-h-old
tissue. The present study showed enhanced formation of aer-
enchyma within 12 h by stagnant treatment. Rice is able to
form aerenchyma relatively quickly (12 h) as compared with
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some non-wetland plants (e.g. wheat took 24—48 h to start to
form aerenchyma under deoxygenated stagnant conditions;
Malik et al., 2003). The constitutive aerenchyma already
present, and ability for rapid additional aerenchyma formation,
would assist rice in minimizing or even escaping transient con-
ditions of hypoxia when waterlogging first occurs, unless roots
are longer than the maximal length (cf. Armstrong, 1979) sup-
ported by internal O, diffusion.

Ethylene signalling has been implicated in enhanced aer-
enchyma formation in rice (Justin and Armstrong, 1991;
Colmer et al., 2006) and other species [e.g. Zea mays (Drew
et al., 1979; Konings, 1982)]. Aerenchyma formation in the
present study of rice was especially enhanced in the apical
region, as compared with basal regions (Fig. 5). Ethylene
accumulates in stagnant deoxygenated agar nutrient solution
(Wiengweera et al., 1997) and exogenous ethylene applied
to rice also induced formation of aerenchyma more strongly
in apical than in basal regions (Justin and Armstrong, 1991;
Colmer et al., 2006).

Exogenous ethylene does not induce the barrier to ROL in
roots of rice (Colmer et al., 2006), even though it enhances
aerenchyma formation (Justin and Armstrong, 1991; Colmer
et al., 2006). This implies that development of a barrier to
ROL and development of aerenchyma are differentially regu-
lated (Colmer et al., 2006; Shiono et al., 2008). Root length
affected induction rate of the barrier to ROL (Figs 2 and 6),
but root length did not influence aerenchyma formation
(Fig. 5), which further supports the hypothesis that these two
acclimations are differentially regulated. The factor that
induces the barrier to ROL remains to be discovered, but
based on barrier induction in response to phytotoxins in
roots of rice (Armstrong and Armstrong, 2001, 2005), it has
been suggested by Garthwaite et al. (2008) that accumulation
of root exudates or of cellular degradation products, in stagnant
media, might be involved in barrier induction.

Conclusions

The present study has demonstrated the dynamics in the
formation of aerenchyma and induction of the barrier to
ROL in roots of rice (Oryza sativa ‘Nipponbare’). Root
length affected induction rate of the barrier to ROL, but, did
not influence aerenchyma formation, which further supports
the hypothesis, based on differential responses to ethylene,
that these two acclimations are differentially regulated
(Colmer et al., 2006). Moreover, we have shown the detailed
dynamics of the formation a barrier to ROL in rice. Barrier
induction, as measured in functional assays for patterns of
ROL, occurred prior to histochemically detectable changes
in suberin and lignin as viewed by light microscopy. So, struc-
tural changes required for barrier functioning are more subtle
than previously recognized. Microstructural packing of
intercellular spaces at the peripheral side of the exodermis
may be involved. Suberin deposits may also be of more impor-
tance than lignin, as suberin increased prior to changes in
lignin. Finally, we also estimated the threshold of ROL
of 10ng cm™ ?min~ " for methylene blue staining during a
30-60 min incubation that would be useful to screen large
numbers of rice lines (e.g. mutant screening) for changes in
expression of a barrier to ROL in adventitious roots.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.-
oxfordjournals.org and consist of the following. Figure SlI:
Comparison of the microstructure of the exodermis and the
sclerenchyma in the basal part (15 mm below the root—shoot
junction) of short adventitious roots grown continuously in
aerated nutrient solution or following transfer to stagnant
deoxygenated agar nutrient solution for 48 h. Table S1: Root
lengths and sample numbers used for the methylene blue
experiments to characterize patterns of radial oxygen loss, as
described in Fig. 6.
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