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Abstract: Two well-known methods of root
porosity measurement (i.e. buoyancy and
cross-sectional) were used to evaluate the
porosity of adventitious roots of 3-day hypoxia
treated sunflower (Helianthus annus L.) cultivars
to address the effect of hypoxia on root porosity
as well as advantages and disadvantages of
each method. In the first experiment, length of
adventitious roots of two sunflower cultivars
(CMS14 × R-864 and Hysun-33) was divided to
three segments as apical, middle, and basal
portions and porosity was measured via both
methods. In buoyancy method, root porosities of
Hysun-33 and CMS14 × R-864 cultivars were
5.12% and 6.47% in aerated and 11.58% and
15.71% in hypoxic condition, respectively. There
is no statistically significant difference between
cultivars in aerated condition. In contrast, more
than twice additional aerenchyma formation was
observed due to hypoxic condition in comparison
to aerated condition. Results of cross-sectional
method showed that middle portion of
adventitious roots is the place that aerenchyma
initiates to form, but well-developed aerenchyma
was seen at about 80-90 mm behind the root
apex (basal portion) under hypoxia. The results
of root porosity of basal portion of adventitious
roots of four sunflower cultivars (CMS14 × R-864,
CMS51 × R-14, CMS19 × R-N1-118 and
Hysun-33) showed higher amounts of root
porosity in buoyancy method in comparison to
cross-sectional method.
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Introduction
Flooding is a worldwide stress factor which periodically affects different plants through reduction of
oxygen concentration in rhizosphere (Armstrong et al.
1994). Depletion of oxygen concentration below
physiological optimum results oxygen deficiency or
hypoxia (Morard and Silvestre 1996) which in its
turn induces a number of adaptive responses in
molecular as well as whole plant level.
Aerenchyma formation in adventitious roots enhances root porosity which is the most important
factor; because this morphological change reduces
the resistance to the upward and downward gas flows
and facilitates oxygen transport to the apical root
zone by diffusion (Armstrong et al. 1994). As a result,
the capacity of aerenchyma formation and establishment of adventitious roots (mostly near soil surface)
can serve as a criterion for plant tolerance to hypoxia
which it has been reported in a wide range of crop
species such as wheat (Watkin et al. 1998), rice
(Justin and Armstrong 1991), and maize (Gunawardena et al. 2001). There are two basic forms of
aerenchyma: schizogeny which develops by the
separation of cells (Laan et al. 1989), lysigeny which
develops when cell walls degrade (Jackson 1989).
There are various methods to quantify the porosity
of plant tissues; each one has its own merits and
drawbacks. Choosing the most proper method for
each experiment depends on the amount and structure
of available plant materials (Visser and Bogemann
2003) as well as quantitative or qualitative goals.
However best known and widely used methods are
microscopical cross-sectional method and buoyancy
method based on Archimedes’ principle.
Microscopical cross-sectional is a simple technique
which provides images of root anatomical structure
(Armstrong 1993). Although this method has been
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used for qualitative goals in a wide range of plants
such as Luffa cylindrica (Shimamura et al. 2007),
Juncus effusus (Visser and Bogemann 2006), maize
(Drew et al., 1979), wheat (Trought and Drew 1980)
and rice (Mostajeran and Rahimi-Eichi 2008), it
needs a lot of work and time, and various factors can
affect its reliability (Visser and Bogemann 2003).
This method may not be suited for porosity measurement of fragile fresh tissues (Barber et al. 1962),
tissues with none fully developed porosity (Canny
and Huang 1993), and tissues that their anatomy
changes within millimeters in vertical direction
(Visser and Bogemann 2003).
Buoyancy method is a more convenient method
based on the measurement of mass difference
between intact and water infiltrated roots. When
sufficient vacuum applied, water can fill all gas
spaces in the root tissue, and the volume of the root
air spaces can be calculated from the weight of this
water. The main problem is that the weight of wet
root tissue can simply be overestimated because of
water that adheres to the surface when submerged in
water (Videmšek et al. 2006). Raskin (1983) introduced a method based on Archimedes’ principle
-which is known as buoyancy method- and later this
method was modified by Thomson et al. (1990).
Buoyancy method has been used to evaluate root
porosity in various plants such as Trifolium (Gibberd
et al. 2001), wheat (Thomson et al. 1990), and
Brassica napus (Voesenek and Blom 1999). The only
drawback of this method is that this method needs a
large amount of plant material (Visser and Bogemann
2003).
Previous researches have been shown that in sunflower plants, waterlogging can induce some adaptive
responses (Kawase and Whitmoyer 1980). For
example, over several minutes, ethylene production
accelerates and stimulates aerenchyma formation in
adventitious roots and induces the growth of these
roots (Drew et al. 1979, Jackson 1989, Vartapetian
and Jackson 1997). In sunflower adventitious roots,
transduction of ethylene signal results in the death of
some cortical cells and, as a consequence, causes
formation of aerenchyma (Vartapetian and Jackson
1997). Therefore the rate of porosity and adventitious
roots establishment in hypoxic condition is a circuit
factor in sunflower tolerance. It has been reported
that in hypoxic condition the aerenchyma formation
in sunflower’s adventitious roots increased in
compare to aerated roots (Kawase 1979). However,
there is no data about comparison between two
methods as well as the anatomy changes that happen
along individual roots. Although there is some
information related to the root porosity of different
segments of a single root, the amount of root porosity
in different portions of sunflower adventitious roots

is not reported. Therefore the objectives of this
experiment are to evaluate the effect of hypoxic
condition on adventitious root porosity and to
measure the percentage of root porosity in different
portion of adventitious roots by buoyancy and
cross-sectional methods and compare their results.
Materials and Methods
First Experiment: Evaluation of Root Porosity by
Two Methods
Seeds of two cultivars (CMS14 × R-864 and
Hysun-33) of sunflower (Helianthus annus L.) were
obtained from Institute of Seed Researches, Isfahan,
Iran. Seeds were surface-sterilized with 70% ethanol
for 15 min and 1% sodium hypochlorite for 2 min,
and then washed repeatedly with distilled water.
Seeds were germinated on moistened filter paper in
darkness at 25°C for 3 days. In order to select healthy
and uniform seedling, they were transferred to little
pots filled with peat and vermiculate (1:1) for 4 days
and then uniform plants were transferred to special
4-liter containers filled with full strength Hoagland’s
solution. Plants were aerated continuously for two
weeks and nutrient solution was renewed every 3
days. At day 14 (21st growth day), 3 days of hypoxic
condition applied to treated plants using N2 bubbling
procedure (Kawase 1979). In contrast, control plants
had sufficient oxygen according to statistical lay out.
The experiment was set up in a completely randomized design with three replicates. All seedlings were
grown at 25°C and an irradiance of 1500 Lux (using
fluorescent lamp) for 16/8 hours day/night. The
plants were harvested for root porosity measurement
as well as cross-section analysis at 24th growth day.
Oxygen Measurement
The modified Winkler test (Clesceri et al. 2005) was
used to determine the concentration of dissolved
oxygen in control and hypoxic solutions. 2 mL of the
manganous sulfate solution and 2 mL of the alkaline-potassium iodide-sodium azide solution was
added at the surface of a 300 mL sample solution to
form a white precipitate of Mn(OH)2. This precipitate
was then oxidized by the dissolved oxygen in the
solution sample into a brown manganese precipitate.
In the next step, 1 mL of sulfuric acid was added to
acidify the solution and converted the brown precipitate to a colorless solution. In a glass flask, 2 mL of
starch solution was added to 200 mL of the solution
sample and a blue color was formed. This solution
was titrated by slowly dropping sodium thiosulfate
solution from a calibrated pipette into the flask while
it was continually stirred. Titration was slowly
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continued until the sample turned clear. The concentration of dissolved oxygen in the sample is
equivalent to the number of milliliters of titrant used.
Each mL of sodium thiosulfate added, equals 1 mg
L-1 dissolved oxygen. The dissolved oxygen was
measured once a day for three days in control and
hypoxic media with plant and the average was 5.92
and 1.94 mg L-1 for aerated and hypoxic solutions
respectively.
Root Porosity Estimation Using Buoyancy Method
The root porosity was measured using Raskin (1983)
method which was modified by Thomson et al.
(1990). The adventitious roots were cut with a razor
blade and gently blotted by rolling them on tissue
paper to remove adherent water. Length of adventitious root samples (almost 10 cm) was divided into
three equal portions such as apical (0-3 cm), middle
(3-6 cm), and basal (6-9 cm) behind root apex. Then
each portions of adventitious roots were separately
weighed (FW). The fresh weight of each portion was
almost higher than 0.2 g which is well sufficient for
buoyancy method based on Visser and Bogemann
(2003). Each portion of the adventitious roots was
submerged in distilled water and weighed (Wsub).
After this, the root samples were placed in tap water
and vacuumed for 5 min. This process was repeated
at least three times and then root samples were
submerged in water and weighed (Winf). The adventitious root porosity was calculated using equation (1).
Porosity (%; v: v) = 100 ×

Winf−Wsub
FW−Wsub

(1)

Root Porosity Determination Using Cross-Sectional
Method
The roots of plant samples were washed and then
fixed in 70% ethanol. The microscopic cross-sections
were obtained from three portions of adventitious
roots as described above. More than 50 root
cross-sections were prepared from each portion.
Cross-sections were lightened in 20% sodium
hypochlorite solution for 3-5 min and then washed
three times in distilled water. Then cross-sections
were neutralized with 5% acetic acid solution for one
min, and washed repeatedly with distilled water.
Finally, cross-sections were successively stained with
1% aqueous solutions of Methyl green and Karmene
(Da Silva et al. 2003).
Picture of cross-sections were prepared using LM
(Olympus microscope model BX-50). The area of air
spaces was determined by analysis of 8 photographical images with sufficient thickness and resolution of
each portion, then the result expressed as the average

ratio of the area of root spaces to the total
cross-sectional area of the root (%; s:s) (Armstrong
1993).
Second Experiment: Comparison between Two
Methods for Basal Portion
Seeds of four sunflower cultivars (CMS14 × R-864,
Hysun-33, CMS19 × R-N1-118 and CMS51 × R-14)
were obtained from the Centre of Seed Researches,
Isfahan, Islamic Rep. of Iran. Seeds were grown and
treated same as the first experiment. Then, adventitious roots of four cultivars (8 replicates) were
separated and only basal portions (80-90 mm behind
root apex) were used for root porosity measurements
using buoyancy and cross-sectioning methods. Winf,
Wsub and FW measured for buoyancy method similar
to above. Simultaneously, basal portion of adventitious roots were fixed, stained, photographed and
analyzed as described above, for cross-sectional
method. Eventually, the results of two methods were
correlated and compared with 45 degree line for bios.
Statistical Analysis
The experiment was conducted in a completely
randomized design with three replicates. Statistical
analysis was carried out using SigmaStat 3.1 (Jandel
Scientific Software) for ANOVA as well as Duncan’s
multiple-range test to compare the treatment means.
Results
Root Porosity Using Buoyancy Method
The mean porosity values (%; v:v) of three portions
of adventitious roots in Hysun-33 and CMS14 ×
R-864 cultivars were 10.65% and 12.83% for aerated
plants and 18.80% and 21.42% for hypoxic plants,
respectively (Table 1). The result indicated that, the
difference between root porosity of two cultivars in
aerated condition is not statistically significant but in
hypoxic condition the difference is significant. In
contrast, a significant difference (P < 0.05) between
root porosities of aerated and hypoxic plants was
observed. Due to hypoxic condition, both cultivars
show additional aerenchyma formation in compare to
aerated plants (79% and 66% more aerenchyma for
Hysun-33 and CMS14 × R-864 cultivars, respectively).
Data in Table 1 show that in aerated plants there is
no difference between root porosity of three portions
of adventitious roots of Hysun-33 cultivar. However,
different root portions of CMS14 × R-864 show
statistically significant difference in aerated condition.
In hypoxic condition, basal portion shows higher root
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Table 1. Root porosity (%, v:v) of adventitious roots of sunflower cultivars under aerated and
hypoxic conditions, using buoyancy method
Condition
Hysun-33

CMS 14 × R-864

Root portion
apical

middle

basal

average

Aerated

10.38* d

10.86 d

10.71 d

10.65 C

Hypoxic

14.07 c

17.33 b

25.00 a

18.80 B

Aerated

10.41 d

12.42 c

15.66 b

12.83 C

Hypoxic

17.97 b

19.61 b

26.68 a

21.42 A

*Data are means from six replicates. According to Duncan's multiple range test Values followed
by same lower case letter within table are not significantly different (P < 0.05). The comparisons
were preformed separately for the average values.

Fig. 1. Cross-sectional images of different portions (apical, middle and basal) of adventitious roots of
CMS14 × R-864 (upper pictures) and Hysun-33 (lower pictures). Abbreviations: C, cortex cell; S, stele;
A, aerenchyma; I, irregular shape cell; E, epidermis.

porosities and the difference is statistically significant
in compare to middle portions. Simultaneously, there
is no statistically significant difference between two
similar root portions at apical (aerated), middle and
basal (hypoxia) for two cultivars. In fact, the more
distance far from the root apex, the more root
porosity was observed.
Root Porosity Using Microscopical Cross-sectional
Method

According to the pictures obtained from
cross-sectional method (Fig. 1), after 3 days of
hypoxia, both cultivars of sunflower show cell
degradation in their root cortex, resulting in lysigenous aerenchyma formation. However the rate of
aerenchyma formation was different in different root
portion as well as different cultivar. In the apical
portion of adventitious roots of hypoxic plants, close
to the root tip (10-20 mm), aerenchyma was not
detectable (Fig. 1 left). At the middle portion, cell
wall degradation was evident (Fig. 1 middle) with
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Table 2. The ratio of root porosity (aerenchyma cross section to root cross- section, s:s%) of
adventitious roots of sunflower cultivars under aerated and hypoxic condition, using
cross-sectional method
Root portion

Cultivar

Condition

Hysun-33

Aerated
Hypoxic

4.21 *c
6.32 c

5.41 c
11.68 b

5.75 c
16.75 b

5.12 C
11.58 B

CMS 14 × R-864

Aerated
Hypoxic

5.27 c
8.27 c

6.79 c
17.21 a

7.35 c
21.66 a

6.47 C
15.71 A

apical

middle

basal

average

* Data are means from nine replicates. According to Duncan's multiple range test Values
followed by same lower case letter within table are not significantly different (P < 0.05).
The comparisons were preformed separately for the average values.

irregular-shaped cells that entered the process of
lysigenous aerenchyma formation. The crosssectional images were obtained from different
portions of the adventitious roots indicated that more
mature part of the roots i.e. basal portion shows more
developed aerenchyma in hypoxic condition (Fig. 1
right).
The calculated root porosity ratio (aerenchyma
area to root cross-sectional area, %; s:s) of three
portions of adventitious roots using cross-sectional
images has been shown in Table 2. The average root
porosity of Hysun-33 and CMS14 × R-864 cultivars
are 5.12% and 6.47% in aerated and 11.58% and
15.71% in hypoxic condition, respectively. There is
no significant difference between two cultivars in
aerated condition. In contrast, there is a statistically
noticeable difference between aerobically and
hypoxicaly grown plants. Both cultivars show more
than twice additional aerenchyma formation due to
hypoxic condition in compare to aerated condition.
Different root portions in different cultivars show
different reaction to hypoxic condition. Data in Table
2 shows that in aerated condition there is no difference between root porosity of three portions of
adventitious roots. Controvertibly, among treated
plants there is a significant difference between three
portions of roots in each cultivar and root porosity
increases by distance from the root apex. Simultaneously, there is statistically significant difference
between root porosity of two cultivars in middle and
basal portions due to hypoxia.
Comparison between Two Methods for Three Root
Portions
Although data obtains from both buoyancy and
cross-sectional methods (Table 1 and 2) indicated
that there are no significant differences between root

porosities of different portions of different cultivars
in aerated condition, the magnetite of the result is
different in two methods. Higher amount of root
porosities are calculated by buoyancy method i.e.
10.65% and 12.83% in average in compare to 5.12%
and 6.47% which obtained from cross-sectional
method for Hysun-33 and CMS14 × R-864 cultivars,
respectively. The differences of two methods are less
obvious in hypoxic condition for Hysun-33 and
CMS14 × R-864 cultivars, respectively i.e. 18.8%
and 21.42% versus 11.58% and 15.71% which
obtained from buoyancy and cross-sectional method.
The interaction effect of hypoxic condition on
evaluation of root porosity using different methods
could be seen in different cultivars (Fig. 2). The
variation in root porosity in different methods in
different cultivars gets increase by distance from the
root apex to base. The additional root porosity (%) in
buoyancy method versus cross-sectional method in
three root portions gives additional information. Data
in Table 3 indicated that in average 122.0%, 91.8%
and 99.0% more root porosities have been obtained
for apical, middle and basal portions of adventitious
roots of aerated plants in buoyancy method in
compare to cross-sectional method. Higher value for
root porosity is also seen especially in apical portion
(119.9%) using buoyancy method in hypoxic plants.
Nevertheless, these two methods show less deviation
for middle and basal portions i.e. 31.2% and 36.2%,
respectively. These results indicated that less root
poros ities in apical portion compare to basal portion
resulted higher overestimation for root porosity.
Comparison Between Two Methods For Basal
Portion
In the first experiment, cross-sectional images which
obtained from basal portion of adventitious roots
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Table 3. Additional root porosities (%) using buoyancy method versus cross-sectional method for different root
segments of sunflower cultivars under aerated and hypoxic condition
Cultivar

Aerated

Hypoxic

apical

middle

basal

apical

middle

basal

146.6

100.7

84.9

122.6

48.4

49.3

CMS14 × R-864

97.5

82.9

113.1

117.3

13.9

23.2

Average

122.0

91.8

99.0

119.9

31.1

36.2

Hysun-33

showed fully developed aerenchyma in hypoxic
condition (Fig. 1). In addition, in buoyancy method,
root porosity of basal portion of hypoxic adventitious
roots has statistically significant difference in
compare to other two portions (Table 1). Therefore,
basal portion of hypoxic plants' adventitious roots
was used in the second experiment to quantitatively
compare the root porosity in buoyancy method and
cross-sectional method.
Data obtained from the second experiment as well
as the result of the first experiment (Table 3) show
that root porosities of basal portion which calculated
by buoyancy method are higher than those which
obtained from cross-sectional image analysis. The
low correlation coefficient for cross-sectioning versus
buoyancy method (R2 = 0.429) shows high variation
between two methods for four cultivars. Root
porosity of basal portion of hypoxic plant’s adventitious roots obtained by buoyancy method and cross
sectional image analysis plotted on a 45 degree angle
line (Fig. 3). The deviation between fitted line and 45
degree angle line indicated the variation as well as
lower estimation of cross sectional method compare

to buoyancy method in different cultivars. A noticeable point in Figure 3 is that root porosity variation in
horizontal axis is wider than vertical axis. In other
word, data which has been obtained for each cultivar
is more deviated in cross-sectional method rather
than buoyancy method.
The differences in root porosities within different
cultivars as well as different methods are presented in
Figure 4. The lowest and the highest root porosities
in cross-sectional and buoyancy method were
belonged to CMS51 × R-14 (12.62% and 14.37%)
and CMS19 × R-N1-118 (24.08% and 30.50%)
cultivars, respectively.
Discussion
Short-term of hypoxia may lead to a long-term of
morphological adaptations (Geigenberger 2003) such
as developing aerenchyma and adventitious root
formation (Drew et al. 2000, Malik et al. 2003,
Gunawardena et al. 2001). A number of studies show
that aerenchyma formation and additional root
porosity are positively associated with plant tolerance

Fig. 2. Root porosities calculated using buoyancy method (solid lines) and cross-sectional method (dot lines).
Hollow marks and solid marks are used for aerated and hypoxic plants, respectively.
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Fig. 3. Comparison between root porosity of basal portion
of adventitious roots using cross-sectional (%; s:s) and
buoyancy (%; v:v) methods under hypoxic condition (8
replicates). Roots were taken from 80-90 mm distance
behind root apex of CMS51 × R-14 (solid circles),
Hysun-33 (hollow circles), CMS19 × R-N1-118 (solid
triangles) and CMS14 × R-864 (hollow triangles)
cultivars. The diagonal line indicates a theoretical 1:1
correlation (R2 = 0.429).

capacity to hypoxia, and tolerance to hypoxia can be
directly related to ventilation efficiency which is
acquired through the development of air spaces
within the tissue (Justin and Armstrong 1991). Our
study indicates that short period of hypoxia (3 days)
caused a significant increase in the root porosity of
four sunflower cultivars. These results are similar to
what has been observed in different crops such as
maize (Gunawardena et al. 2001), wheat (Watkin et
al. 1998), Trifolium subterraneum (Aschi-Smiti et al.
2003), sunflower (Kawase 1979) and rice (Justin and
Armstrong 1991).
Although a difficulty of using cross-sectional
method for root porosity estimation is the quality of
microscopic slices, in this experiment only slices
with less thickness and sufficient quality (Videmšek
et al. 2006) were used for image analysis. However,
the major issue for cross sectional method is the best
distance for taking slices. For maize as a model plant
for assessing root porosity, different results have led
to a controversial conclusion, Bouranis et al. (2003)
found air channels 2 mm behind the root tip, Gunawardena et al. (2001) at 10 mm behind the tip, and
Malik et al. (2003) in the zone 20 mm behind the
apex. The ambiguous interpretation of proper
distance for cross-sectioning, in addition to lack of
information about root porosity changes along the
adventitious roots for different cultivars of sunflower
make it impossible to compare our results with others.
In our study root cross-sections were taken at three
different portions as apical, middle and basal portions

Fig. 4. Root porosity (%) of basal portions of different
sunflower cultivars using buoyancy and cross-sectional
method. Vertical error bars show SD. Different letters
(capital letters for buoyancy method and lower case letters
for cross-sectional method) indicates significant
difference between mean values according to Duncan's
multiple range test with 95% confidence interval (n = 8).

behind the root tip. Our results indicated that middle
portion is the place that aerenchyma initiates to form,
so this part is suitable for surveying initial events of
aerenchyma formation in sunflower. Simultaneously,
well-developed aerenchyma at about 80-90 mm
behind the root apex indicated that basal portion is
the best part of the adventitious root for measuring
root porosity in sunflower (Fig. 1). It should be
considered that the accuracy of estimations could
have been improved if the morphology of root tissues
had been studied at several distances from the apex
(Videmšek et al. 2006). Our result showed that using
cross-sectional method may easily lead to relatively
large standard deviations of the mean (Fig. 4). This
might be due to difficulties in slice preparation and
the interpretation of the photographs of the
cross-sections, particularly in tissue with developing
aerenchyma (Fig. 1, apical and middle portions). This
is a general difficulty in cross sectional method.
However, in the second experiment that just basal
portions of adventitious roots with fully developed
aerenchyma were used, these variations were existed
consistently. Therefore, it can be concluded that a
possible reason for this can be this fact that the
pathway of gas-spaces along the root length is not
similar to a pipe with equal radius; so the
cross-sections may varied by chance from a location
with lower or higher radius.
Buoyancy method, except of thin and light apical
portions, resulted in more precise data and did not
have cross-sectional method difficulties. However,
for apical portions there were relatively large
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amounts of deviations between different replicates
(Fig. 3). One reason for this deviation may be this
fact that difference between Winf and Wsub is very
small and a sensitive microbalance with 4 digits is
used for measuring this difference which in its turn
may results into non avoidable errors due to very
small disturbance in air. In addition, Visser and
Bogemann (2003) previously showed effects of
sample weight on the accuracy of porosity measurement with the buoyancy method and found that
below 100–200 mg this method resulted in less
reliable data, and average porosity of small (50 mg)
samples deviated considerably from those of the
larger samples.
In the first experiment, comparing the values obtained from hand-sectioning with those obtained from
buoyancy measurements (Table 3) showed that the
values obtained by buoyancy method are higher than
those obtained by cross-section method for all three
portions of adventitious roots. Overestimation was
more significant in apical portion (Table 3).
Cross-sectioning images showed that in apical
portion there are no distinguishable cavities among
cells. Similarly, in the second experiment, overestimation of buoyancy method in compare to
cross-sectional method was seen for basal portions of
adventitious roots with fully developed aerenchyma.
This means that it should be specific reasons for this
over-estimation. We suggest that it may have been
due to this fact that in buoyancy method all small and
big sizes of spaces exposed to vacuum and affects the
result, whereas most of very small spaces between
cells are ignored in cross-sectional method.
For sunflower plants sufficient root material is
available, therefore buoyancy method can easily be
used for measuring root porosity. Cross-sectional
method is suitable to study the anatomy of the
intercellular gas spaces and aerenchyma formation
but as a porosity measurement tool, it needs a lot of
cross-sections per unit length of root to consider as a
reliable method.
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