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Abstract

Berberis microphylla G. Forst is a fruit shrub
native from Patagonia, considered as a non-tim-
ber forest product. In recent years, there has
been an increased demand for its fruits, both for
fresh and industrialized consumption, being the
establishment of commercial orchards in differ-
ent sites a need to meet this demand. B. micro-
phylla cloned plants have been introduced from
Ushuaia, Tierra del Fuego to Buenos Aires
province in order to evaluate its phenotypic
plasticity and the possibility of fruit production.
At the same time, a comparative study on the
morphology and anatomy of the mature leaves
of B. microphylla grown in two different envi-
ronmental conditions was carried out. Moreno
leaves were significantly larger than Ushuaia
leaves in all the morphological parameters reg-
istered, while Ushuaia leaves were more circu-
lar than Moreno leaves with the highest round-
ness and elongation indexes. Nevertheless, his-
tological sections showed that Ushuaia leaves
have one more layer of palisade cells respect to
Moreno leaves. Ushuaia leaves showed higher
palisade cells, larger abaxial epidermal cells and
thicker cuticles than Moreno leaves. The stom-
atal density was superior on Moreno leaves.
Scanning Electron Microscope of abaxial epi-
dermis showed a surface with numerous ridges
of different forms that prevent the layout of epi-
dermal cells on Moreno leaves. Appearance of
this surface is glossy and oily. On the contrary,
epidermal cells are well recognized on Ushuaia
leaves. Stomata of anomocytic type were
observed and surface looks waxy. Auto-fluores-
cence on leaf cross sections were observed on
the vascular bundles and partially on the epider-
mis cells. B. microphylla leaves showed a high
phenotypic plasticity between the two sites of
cultivation. The changes in the leaf morphology
and structure observed in Moreno leaves could
indicate that the plants are trying to adjust its
morphology to the new culture conditions i.e.
higher temperatures and lower irradiance.

Introduction

Berberis microphylla G. Forst (in the past
Berberis buxifolia Lam.) is an evergreen shrub
that may be semi-evergreen where winters are
particularly cold and harsh, as it occurs in
Tierra del Fuego. It is a spiny and erect shrub
up to 4 m high, often growing in the magellan-
ic subpolar forest Eco region,1 in coastal scrub,
Nothofagus forest margins and clearings,
moister areas in grass steppes, and along
streams and rivers.2 It is one of the understory
species in timber quality and associated non-
timber quality stands of Nothofagus forests in
Tierra del Fuego,3 being considered as a non-
timber forest product. In recent years, there
has been an increased demand for the fruits of
these shrubs and particularly for B. microphyl-
la, both for fresh consumption and for the pro-
duction of various products such as candies
and jellies, pulps for making ice cream, bever-
ages without alcohol and they are used in cos-
metic products too. Also, in B. microphylla as
in most of the species of the genus are
assigned medicinal properties due to the pres-
ence of the alkaloids called berberine and
berbamine.4-8 Moreover, phenolics like as
anthocyanins in the fruits,9-13 in the leaves14

and in the roots15,16 were found, which give a
medicinal and tinctorial application.

Floral biology, fruit development and quality,
and the assessment of morphological variabili-
ty were studied in natural populations of B.
microphylla,12,17-20 as well as the phenological
stages and the annual cycle of growth and
development.21,22 However, nothing has been
yet said about the leaf morphology and struc-
ture of B. microphylla. The leaf can be consid-
ered as a micro copy of the plant,23 and the
variations of leaf morphology can reflect the
plant capacity to acquire, use and conserve
resources. Under abiotic stress, plants alter
their physiology, morphology and development
in response to environmental changes.24

Some studies have been performed in the
genus Berberis on this subject. Arambarri et
al.,25 studied the leaf anatomy of B. ruscifolia.
Histological description related to the pharma-
cological property was noticed on B. aristata, B.
lyceum and B. asiatica.26,27 Other antecedents
have given greater importance to the study of
the leaf compounds produced for their thera-
peutics action.14,28-32

In the last two years, a plot of B. microphylla
cloned plants has been introduced to the
Buenos Aires province in order to carry out
experimental studies, i.e. evaluate its pheno-
typic plasticity and the possibility of fruit pro-
duction. These plants have shown a good veg-
etative growth; flower differentiation was
observed but until now fruits have not been
formed. Leaves are photosynthetic organs thus
their shapes, sizes and structure are important

factors influencing the success of the plants.
Therefore the aim of this work was to study the
morphology and anatomy of the mature leaves
of B. microphylla plants grown in two different
environmental conditions, on the origin site
where they grow spontaneously and in a site
where it is interesting to introduce them. 

Materials and Methods
Plant material and growing condi-
tions

Berberis microphylla plants were obtained
through clonal propagation from a natural pop-
ulation and cultivated in pots (n=40) in the
experimental field of the Centro Austral de
Investigaciones Científicas, Ushuaia, Tierra
del Fuego, Argentina (54°48’ SL, 68°19’ WL, 30
m a.s.l) for five years. At the beginning of 2013,
twenty plants were taken to Moreno (Buenos
Aires) and cultivated in the experimental field
of the Faculty of Agriculture, University of
Morón (34° 39’ SL, 58° 47’ WL, 19 m a.s.l).

Moreno climate is temperate sub humid
with 1200 mm rainfalls per year and extreme
temperatures are 40 and −1°C. On the other
hand, Ushuaia climate is classified as sub
polar oceanic with mild temperatures, i.e. not
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extreme and abundant rainfalls throughout
the year like the English weather and the
extreme temperatures are 15 and −5°C.
Climatic data were collected for mean, maxima
and minima air daily temperatures (ºC), and
rainfall (mm) by the Meteorological Station
located at the Centro Austral de
Investigaciones Científicas, and the
Meteorological Station located at the Moreno
experimental field, from January 2013 to
February 2014 (Figure 1).

Leaf morphology and anatomy
One year after their establishment

(February 2014), mature leaves (n=20) were
taken from the plants of the two sites of culture
and immediately they were scanned. The leaf
area, leaf perimeter, leaf major and minor axis
were registered. Then, the index of elongation
(leaf major axis/leaf minor axis), roundness
[(4 × π × area) / perimeter2] and compactness
[sqrt (4 × area / π) / major axis length] were
calculated. Then, the leaves were fixed on FAA
solution. Some of them were employed for his-
tological section using Spurr’s resin technique
and the others were studied by SEM (Scanning
Electron Microscope). 

Light microscopy: leaves were dehydrated in
an ethanol series and embedded in Spurr’s
resin. Thin sections (75-90 nm thick) were
stained with uranyl acetate and lead citrate.
Histological sections were used to study the
mesophyll structure. Cells of each tissue were
measured in height and width and the volume
was calculated. Leaf cross sections without
stain were observed by UV filter BP 340-380.

Scanning electron microscopy: leaves were
dehydrated in an ethanol series and critical
point drying technique was employed. Samples
were sputter coated with 20 nm gold and
observed with a SEM (Philips XL-30; Philips,
Amsterdam, The Netherlands). Stomata of abax-
ial epidermis were measured and then density
(stomata number/mm2) was calculated.

Results

Leaf morphology
Berberis microphylla leaf morphology was

significantly different between the cultivation
sites. In effect, Moreno leaves were signifi-

cantly larger than Ushuaia leaves in all the
parameters registered (Table 1). Leaf length,
leaf width and leaf perimeter of Moreno site
were about twice than those of Ushuaia leaves,
while leaf area was three times higher than
Ushuaia leaves. Petiole length of Moreno
leaves was significantly larger than Ushuaia
leaves too (Table 1). Conversely, values of
index calculated were higher for Ushuaia
leaves (Table 2). Ushuaia leaves were more
circular than Moreno leaves with the highest
roundness and elongation indexes. 

Light microscopy
Leaves of B. microphylla are exhibited dor-

siventrality. Leaves are formed by a mesophyll
differentiated into a palisade and a spongy
mesophyll. Palisade cells are arranged on the
adaxial surface. Cells of the palisade are elon-
gated in the transverse plane of the leaf, with
many chloroplasts (Figure 2A,B) and they are
densely packed together into two layers on
Moreno leaves (Figure 2A) and into three lay-
ers on Ushuaia leaves (Figure 2B).
Sclerenchyma cells are present in adaxial sub
epidermical position only on Ushuaia leaves
(Figure 2B). The spongy mesophyll is present
with irregular branching cells containing
chloroplasts and separated by large air spaces.
The spongy mesophyll is arranged on the abax-
ial side (Figure 2A,B,G,H). Vascular bundles
which are part of the venation can be observed
into the mesophyll. Phloem and xylem tissues
are in abaxial and adaxial positions, respec-
tively (Figure 2A). Parenchyma cells and some
sclerenchyma cells are present surrounded the
vascular bundle on Ushuaia leaves (Figure
2B). Nevertheless, parenchyma cells dominate
Moreno leaves. Auto-fluorescence on leaf cross
sections was observed. In effect, on the vascu-
lar bundles there was possible to detect cells
with fluorescence (Figure 3A,B). Some parts of
the epidermis present fluorescence too
(Figure 3C). This confirms that there are lati-
cifer-idioblast cells.

All the mesophyll is surrounded by the epider-
mis and cover by the cuticle (Figure 2E,F,I,J).
The adaxial epidermis has larger cells than
abaxial epidermis (Figure 2C-F). No significant
differences were observed between the cell
measures of adaxial epidermis of the two culti-
vation sites (Table 3). However, the height and
volume of the abaxial epidermis cells and the
cuticle was larger on the Ushuaia leaves. In
effect, the cuticle of Moreno leaves were 2 µm
wide while Ushuaia leaves were 5-6 µm wide
(Figure 2E,F). On the other hand, the same dif-
ferences were observed on the abaxial epider-
mis. Cuticle of Ushuaia leaves were 2.5 - 3 µm
width, while Moreno leaves were 1-1.5 µm
width, (Figure 2I,J). The abaxial epidermis cells
on Ushuaia leaves were significant higher than
those of Moreno leaves (Table 3). Finally,
Moreno leaves were thinner than Ushuaia
leaves, being the leaf thickness of 350 µm and
470 µm, respectively (Figure 2A,B).

Scanning electron microscopy
The abaxial epidermis appearance is differ-

ent depending on the cultivation site. In effect,
the leaves taken from Moreno site show an
irregular surface due to the molecular archi-
tecture of the films of the epi-cuticle wax. The
surface presents numerous ridges of different
forms and closely placed near to the stomata
that don’t allow the differentiation of the
arrangement of epidermal cells (Figure
3E,F).The appearance of this surface is glossy
and oily. Numerous particles coating the sur-
face of the guard cells flow from the stomatal
pore (Figure 3G). On the other hand, epider-
mal cells are well recognized on abaxial epider-
mis from Ushuaia leaves (Figure 3H,I).
Stomata of anomocytic type are observed,
being the pair of guard cells surrounded by 5-6
unspecialized epidermal cells, and surface
looks waxy (Figure 3G,I). Venation with its
ramification is well recognized on diaphanized
leaves (Figure 3K-M). Adaxial epidermal cell
arrangement is isodiametric (Figure 3L) and

                             Article

Table 1. Berberis microphylla morphological characteristics and measures according to the cultivation site.

Cultivation site    Area, mm2    Perimeter, mm    Leaf length, mm                                    Leaf width, mm                               Petiole length
                                                                                                                   Middle fraction    Bottom fraction    Top fraction                  

Moreno                              123.46a                     60.86a                             23.66a                                 9.63a                               7.92a                           8.32a                            3.18a

Ushuaia                              46.64b                      30.94b                             12.06b                                5.73b                              4.71b                           4.51b                            2.27b

Means in the same column followed by different letters are significantly different at P≤0.01 (Tukey’s test). 

Table 2. Elongation, roundness and compactness indexes of B. microphylla leaf according
to the cultivation site.

Cultivation site                        Elongation             Roundness                       Compactness

Moreno                                                         0.43b                               0.43b                                               0.54b

Ushuaia                                                         0.48a                                0.61a                                               0.64a

Means in the same column followed by different letters are significantly different at P≤0.01 (Tukey’s test). 
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the stomata surrounded by generic format of
epidermal cells are noticed on the abaxial epi-
dermis (Figure 3M). Stomatal density for
leaves collected on Moreno site varied between
330 and 450 per mm2, while in leaves from
Ushuaia site the values recorded were 210-330
stomata/mm2 (data not shown).

Discussion

Leaves are important organs for photosyn-
thesis and play a crucial role in survival and
growth of a plant. The leaf can be considered
as a microcopy of the plant, and the variations
of leaf morphology can reflect the plant capac-
ity to acquire, use and conserve resources.33

Leaf morphology like as specific leaf area
changes with the plant growth conditions i.e.
temperature.34 Light availability can modify
leaf anatomy and therefore affect plant
growth.35 Climatic conditions of the two select-
ed sites for this study are quite different so it
is expected to be one of the causes of morpho-
logical differences. Furthermore, many species
have acquired plasticity for the leaf shape giv-
ing responses to changes in the environmental
conditions. Plants were grown in Moreno site
surrounded by trees to reduce high tempera-
tures, so that the presence of neighboring veg-
etation could have modified the light environ-
ment. It has been demonstrated in Arabidopsis
thaliana that changes in environmental light
generate signals that are perceived by phy-
tochromes and cryptochromes.36 In conse-
quence, an elongation of the petiole and an
increase of the leaf blade area is a typical
example of leaf shape plasticity called shade-
avoidance syndrome. Ushuaia leaves have a
higher roundness and elongation indexes. A
correlation between leaf roundness and irradi-
ance was found in Nothofagus solandri,
decreasing with increasing irradiance; howev-
er, a non-significant correlation was found in
N. fusca.37

As well knows on others species, external
changes in B. microphylla were reflected in an
increase in the volume of each cell when a
decrease in cell proliferation was observed as a
compensation phenomenon.38 Another differ-

                                                                                                                             Article

Figure 1. Temperature (A-B) and rainfall (C) registered by the Meteorological Station
located at the Centro Austral de Investigaciones Científicas (Ushuaia, Tierra del Fuego,
Argentina; B-C) and the Meteorological Station located at the Moreno experimental field
(Buenos Aires, Argentina; A-C) from January 2013 to February 2014. A-B) Mean (circle),
maxima (square) and minima (triangle) air daily temperatures (ºC); C, rainfall (mm),
Moreno (black), Ushuaia (white).

Table 3. Berberis microphylla leaf cell measures studied by light microscopy according to the place of cultivation.

Tissue                                                   Height µm                                     Width µm                                                      Volume µm3

                                                 Moreno                  Ushuaia           Moreno                 Ushuaia                           Moreno              Ushuaia

Palisade cells                                          47.33b                              72.17a                     19.10a                            19.80a                                         912.00b                      1435.00a

Spongy cells                                            19.40a                              21.25a                     25.00b                            30.35a                                         512.00b                       635.00a

Adaxial epidermis cells                        19.04a                               18.5a                      38.50a                            37.80a                                         746.15a                       702.50a

Abaxial epidermis cells                        11.20b                              14.75a                     21.80a                            23.30a                                         248.00b                                 340.00a

Stomata                                                     3.24a                                2.10b                       3.53a                              2.07b                                               -                                   -
Means in the same line and for each variable followed by different letters are significantly different at P≤0.01 (Tukey’s test). 
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ence found between these leaves was the
thickness of the cuticle. The cuticle has two
main components: cutin and waxes. Cutin is a
tough, cross-linked polyester matrix primarily
composed of C16 and C18 oxygenated fatty
acids and glycerol. Wax is a heterogenous mix-
ture, primarily composed of very-long-chain
fatty acid derivatives.39 The cuticular wax in
Berberis is crystalloid usually as clustered
tubuli, chemically dominated by nonacosane-
10-ol.40 Little is known about how waxes are
trafficked within the cell from their site of syn-
thesis at the endoplasmatic reticulum to the
plasma membrane.41 Many authors considered
that wax extruded from epidermal cells.41-43

Epicuticular waxes are modified by changes in
plant growth conditions such as temperature,
relative humidity, irradiance, and wind, or acid
rain.40 Climatic conditions of the two selected
sites for this study are quite different so it is
expected to be one of the causes of morpholog-
ical differences. Ushuaia leaves had thicker
cuticle probably for the most extreme weather
conditions that plants undergo. On the other
hand, Ushuaia site has a greater intensity of
visible and UV light and this factor is positively
correlated with the enlargement of cuticle
thickness to create a lotus effect to reflect UV
radiation and integration of protective
flavonoid compounds in the cuticle. These
results are in agreement with Davi et al.23 who
determined that plants grown in high light
generally have thick leaves caused by extra lay-
ers of palisade mesophyll or longer palisade
cells to protect them from high-light damage.

Different appearance between the abaxial
epidermis could be due to Moreno leaves were
still growing while Ushuaia leaves growth had
ceased. In effect, surface wax appears to be
deposited only on young leaves, and essentially
only during or shortly after the period of leaf
expansion. Wax deposition is probably related
to the development and solidification of the
cuticular layer.44

The structural basis of cuticle is a combina-
tion of surface roughness in the micrometer
range combined with a strong hydrophobicity
caused by superimposed wax sculptures (epi-
cuticular waxes) in the nanometer range.45

Epicuticular waxes strongly influence the wet
ability, self-cleaning behavior and the light
reflection at the cuticle interface.46 It is
remarkable that particularly secondary alco-
hols as nonacosane-10-ol among others induce
non-planar structures such as tubules and
other irregular forms.45 Waxes are solid, but
their structures reveal analogies to those of
liquid crystals. The formation of a layer struc-
ture may be inhibited by a strong variation in
the chain length of the molecules or by a miss-
ing positional order, causing a nematic struc-
ture with a two-dimensional order. For the
other hand, wax synthesis and extraction
stopped when cell expansion ceased.47

                             Article

Figure 2. Micrograph of cross-section of Berberis microphylla leaves collected on Moreno
(A,C,E) and Ushuaia sites (B, D, F). A-B, view of total cross-section leaf with adaxial epi-
dermal cells (ad ep cells), abaxial epidermal cells (ab ep cells), palisade mesophyll cells
(pc), spongy mesophyll cells (sc), phloem cells (ph), xylem cells (xl) and sclerenchyma
cells (arrowhead); C-D, Detail of adaxial epidermal and palisade mesophyll tissues; E-F,
Detail of abaxial epidermal cells and cuticle (c). Bars: A-B, 100 µm; C-D, 25 µm; E-F, 10
µm. G-J) Detail of the palisade mesophyll tissue and the stomata of abaxial epidermal of
Berberis microphylla leaves collected on Moreno (G,I) and Ushuaia sites (H,J). Bars: G-I,
25 µm; H-J, 10 µm.
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Figure 3. A-D) Micrograph of cross-section of Berberis microphylla leaves observed by UV filter BP 340-380. A) View of central vascular
bundle and parenchyma cells with fluorescence; B) transversal vascular bundle with fluorescence; C) epidermal and sclerenchyma cells
on the leaf apex with fluorescence; D) detail of stomata (arrowhead) and laticifer-idioblast cells. Bars: A-B, 10 µm; C, 25 µm; D, 5 µm.
E-J) SEM micrograph of abaxial epidermis of Berberis microphylla leaves collected on Moreno (E-G) and Ushuaia site (H-J). E,H)
General view; F,I) detail of surface of abaxial epidermis tissue; G,J) stomata detail. Bars: E,H, 50 µm; F,I, 10 µm; G,J, 5000 nm. K-M)
Micrograph of diaphanized Berberis microphylla leaves. K, leaf venation; L, Detail of adaxial epidermal cells; L, Detail of abaxial epi-
dermal cells with stomata (arrows). Bars: 2 µm.
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Flavonoid compounds usually accumulate in
the central vacuoles of guard cells and epider-
mal cells as well as subepidermal cells of
leaves.48 Several classes of phenolic com-
pounds are strongly autofluorescent when irra-
diated with UV or blue light. Therefore, fluo-
rescence microscopy is a powerful tool for
studying tissue localization of these metabo-
lites.49 Berberine is a quaternary ammonium
salt from the pro toberberine group of iso-
quinoline alkaloids that possess low fluores-
cence emission in an aqueous solution50 and it
is well known that berberine stain a bright yel-
low.6 This property would explain the intense
yellow color of diaphanized leaves (data not
shown).

Conclusions

Plant plasticity is an advantageous strategy
for survival in changing environmental condi-
tions, being leaves photosynthetic organs thus
their shapes, sizes and structure are important
factors influencing the success of the plants.
B. microphylla leaves showed a high phenotyp-
ic plasticity between the two sites of cultiva-
tion. The changes in the leaf morphology and
structure observed in Moreno leaves could
indicate that the plants are trying to adjust its
morphology to the new culture conditions i.e.
higher temperatures and lower irradiance. The
correlation of the observed changes together
with the plasticity on the leaf physiology, the
nutrient and pigment contents will be of inter-
est to study, as well as with the reproductive
performance to apply on future genetic
improvement. 
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Abstract

A new species Freycinetia sessiliflora Rizki
& Rugayah is described and illustrated based
on specimen character from Mount Nyiut-
Sambas, West Kalimantan (Indonesia). The
species is differed from others by having ses-
sile pedicellus, concave cylindrical of inner
bracts and bright red bracts. 

Introduction

Freycinetia Gaudich (Pandanaceae) is most-
ly distributed in the region of Malesia, particu-
larly in Borneo, Celebes, Papua and Sumatra.
The genus comprises approximately 200-300
species all over the world; about 150 species
found in Indonesia.1 Freycinetia was first
described by the French botanist Gaudichaud
in 1824. Along with Pandanus, Sararanga,
Martelidendron, and Benstoniana were classi-
fied into Pandanaceae family.2,3

Bornean Freycinetia has seen thoroughly
studied by Stone in 1970.4 He described 24
species, and 11 species of them were reported
as endemic to Borneo. Those species account
mostly from N. Borneo (Sabah and Sarawak),
only 13 species occur in Kalimantan. It is indi-
cated that, Kalimantan is still under collected
for Pandanaceae. 

In 2006, several field studies have conducted
in Kalimantan (Bukit-Baka-Bukit Raya
Nationa Park and Sebangau National Park).
Three new species of Freycinetia have discov-
ered by Keim (2009), namely F. kartawinatae
Keim, F. runcingensis Keim, and F. subrace-
mosa Keim in Kalimantan based on the recent
collection and the herbarium specimens
deposited in Herbarium Bogoriense.5,6

In 2013, there were conducted exploration of
Pandanaceae in Mount Nyiut-Sambas, West
Kalimantan. The Mt. Nyiut has wet tropical for-
est with moderate to steep topography and the
highest area is 1701 m asl. From the explo-
ration, 7 species Freycinetia were found, one of
them is suspected as a new species namely
Freycinetia sessiliflora Rizki & Rugayah. It has
pectinate spinulose auricle similar to F. rigidi-
folia and F. pectinata, but it differs in its auri-
cle apex, leaf and other generative characters.
After comparing to the herbarium specimens
deposited in Herbarium Bogoriense and a loan
specimen from Rijksherbarium Leiden, we
concluded this taxon as a new species.

Results

Freycinetia sessiliflora Rizki &
Rugayah Sp. nov. 

Feycinetia sessiliflora similar to F. rigidifolia
and F. pectinata in its pectinate spinulose auri-
cle. But differ in its leaf size and floral charac-
ters. The leaf size 47-55 cm x 0.7-1.6 cm.
Pedicellus sessile, inner bract concave cylin-
drical (Figures 1 and 2). 

Typus: Indonesia, Borneo, West Kalimantan,
Mt. Nyiut Sambas, 108°59’ - 109°07’40” east
longitude and 0°48’30” - 0°52’20” north lati-
tude. 20 August 2013, Rizki 03 (Holo-BO!). 

Description: Climber, climbing up to 10
meters, internodes 3.5-12 cm long, 0.5-1 cm in
diameter. Leaves imbricate, linear-lanceolate,
47-55×0.7-1.6 cm, stiff, longitudinal veins visi-
ble on the adaxial and abaxial surfaces; apex
acuminate, sometimes revolute when dry; mar-
gins and midrib on the abaxial surfaces armed

from the base to the apex; spine triangle
0.2×0.1 cm, gradually smaller and fewer to the
apex, the smaller ones 0.1 mm. Auricles pecti-
nate spinulose, lobed at the apex, 3.5-4×0.3-0.8
cm. Staminate inflorescence not known. 

Pistillate inflorescence terminal, umbellate
with 3 cephalia; peduncles cylindrical,
glabrous, 5-6 cm long, 0.4 cm in diameter;
bracts 9 (3×3), concave cylindrical spoon-like,
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Table 1. Morphological differences between Freycinetia sessiliflora, Freycinetia rigidifolia, and Freycinetia pectinata.

Characters                                        Freycinetia sessiliflora                        Freycinetia rigidifolia                         Freycinetia pectinata

Size of leaf, cm                                                          47-55 × 0.7-1.6                                                    25-33 × 0.7-1.6                                                      15-20 × 0.9 
Auricles                                                      Pectinate spinulose, apex lobed                 Pectinate spinulose, apex rounded             Pectinate spinulose, apex rounded
Pedicellus                                                                         Sessile                                                        1.5-3 × 0.3-0.4 cm                                            0.3-0.5 × 0.5-0.7 cm
Shape of bracts                                                    Concave cylindrical                                             Oblong-cylindrical                                            Oblong-cylindrical
Number of bract                                                                  3-9                                                                         3-7                                                                        3-6
Number of cephalia per inflorescences                        2-3                                                                          2-3                                                                        4-5
Number of stigma                                                               2-4                                                                          2-3                                                                   4-6 (-12)
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outer 15-20×6-8 cm, inner 1.4-2×6-10 cm, red-
orange, margins armed from the base to the
apex. Cephalia 2-3, sessile, cylindrical, 6.5-
8×2-2.5 cm long, berry pentagonal, 0.2- 0.5 mm
in diameter; stigma remains mostly 2-4, areola
stigma with rings, seeds ellipsoid.

Distribution: West Kalimantan, Mount

Nyiut-Sambas.
Etymology: The epithet name is given for it

obvious depressed pedicellus characteristic. 
Habitat: Freycinetia sessiliflora located in

lowland bush and secondary forest area from
90 to 750 m above sea level. Fruiting in August
and February.

Discussion

The naming of new species refers to the
main character of this species i.e. sessile or
sitting cephalium. This species closely related
with F. rigidifolia and F. pectinata and included
in section Hemsleya because it has a pectinate
spinulose auricle. The differences of
Freycinetia sessiliflora with F. rigidifolia and F.
pectinata are the size of leaves, tip of auricle,
shape of bractea, number of stigma and pres-
ence of pedicellus (Table 1). 
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Figure 1. A) Freycinetia sessiliflora habit (see arrow); B) F. sessiliflora bractea and inflo-
rescence: *cephalia, #bract concave cylindrica; C) F. sessiliflora auricle pectinate spinu-
lose, apex lobed: *auricles pectinate spinulose, #leaves; F. sessiliflora cephalium and pedi-
cellus sessile (arrow).

Figure 2. Holotype specimen of Freycinetia sessiliflora Rizki & Rugayah: A) F. sessiliflora;
B) auricle of F. sessiliflora; C) inflorescent of Freycinetia sessiliflora Rizki & Rugayah.
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Abstract

This study assessed the effect of petrol and
spent lubricating oil on the major growth traits
(such as root length, stem length, leaf area,
and biomass), and the changes in epidermal
layer of leaf and its mitotic index in Guinea
Corn (Sorghum bicolor L.) exposed to 0% (con-
trol), 5%, 10%, 15% and 20% concentrations of
petrol and spent lubricating oil. Each concen-
tration was mixed with 3 kg of soil in a plastic
pot and each treatment was carried out in
three replicates. Forty days after planting, the
leaf areas of guinea corn plant were 95.83 cm2,
89.67 cm2, 89.47 cm2, and 77.80 cm2 in control,
5%, 10%, 15%, and 20% respectively of petrol
pollutant. The means of stem length were
32.50±0.5 cm, 22.60±0.65 cm, 21.27±0.75 cm,
20.83±0.28 cm and 20.33±0.28 cm in control,
5%, 10%, 15% and 20% respectively. Both leaf
area and stem length of treated seedlings
reduced with increased concentration of the
pollutants. Additionally, reduction in the dry
weight of the seedlings increased with
increasing concentration of both petrol and
spent oil. The micrograph of the internal
anatomy of the upper epidermal layers of the
leaf revealed broken and scattered epidermal
cells and smaller sizes of the stomata, and
were increased with the increasing concentra-
tion of the treatment. Statistical analysis of the
treatment shows that there was a significant
reduction (P<0.05) in the stem length and leaf
area of the seedlings.  This study revealed that
petroleum pollutant adversely affected germi-
nation, growth and development of guinea
corn but petroleum products like spent oil can
provide nutrition necessary for growth and
yield of plant at low concentration.  

Introduction

Crude oil pollutants are highly stable com-
pounds persisting in the environment for a
long time before they can be broken down.1

They accumulate in tissues of most fauna and
flora life, poisoning and causing a wide range
of toxic effect on them. Oil pollutants include

aviation fuel, engine oil, petrol, spent oil and
diesel. The extent to which the environment is
polluted by these oils depend on the frequency
and severity of the spills in a given area.2 Oil
pollution is associated with highly toxic heavy
metals such as cadmium, zinc, lead, chromi-
um, nickel and manganese with great negative
effects on plants.3 Different heavy metals at
optimal concentrations have been shown to
inhibit various metabolic processes in plants
resulting in their reduced growth and develop-
ment.4 Plants may be killed by oil pollution or
suffer reduced growth and reproductive rates
due to combination of physical coating, altered
soil chemistry and toxic effects of crude oil
components.5 Noticeable forms of stunted
growth and chlorosis in plants and also marked
anatomical change in plant tissues are
responses to heavy metal toxicity.6 Oil spillage
on land retards vegetative growth for a period
of time and in extreme cases, leads to the
destruction of vegetation. It also increases
potential for hazards and renders the soil unfit
for cultivation. Any hydrocarbon solvent is
liable to penetrate into plants through
lipophilic surface, roots and once inside, it dis-
solves the cell membranes and cause loss of
cell sap and in some cases, accumulates in the
tissue of fruits of crops.7 Particularly, danger-
ous soil contamination includes pollution with
petroleum derivatives, which is very often
observed in municipal soils around industrial
plant and in areas where petroleum and natu-
ral gas are obtained.8

Bioaccumulation of hydrocarbons in plant
appears to be related to the lipid content of the
plant tissue, the greater the hydrocarbon accu-
mulation.9 Plants may be killed by oil pollution
or suffer reduced growth and reproductive
rates due to combination of physical coating,
altered soil chemistry and toxic effects of
crude oil components.5 The contamination of
soil environment can undoubtedly limit its pro-
tective function, upset metabolic activity, unfa-
vorably affect its physicochemical characteris-
tics, reduce fertility and negatively influence
plant production.10 The above features are very
much influenced by anthropogenic factors,
which include the contamination of soil with
petroleum derived products. Changes in some
soil properties resulting from contamination
with petroleum derived substances, and partic-
ularly those related to physic-chemical compo-
sition, brings about some changes in the bio-
logical composition of soil which in conse-
quence, can lead to water and oxygen deficits,
as well as to a shortage of available forms of
nitrogen and phosphorus.10

Since contamination of soil with refinery
products deteriorates its biochemical and
physiochemical properties, it also limits the
growth and development of plants, whose
nutritive and technological value can be low
and often questionable. In this connection,

this present study has been undertaken to
determine the effect of soil contamination
with petrol and spent oil on the growth of
guinea corn. The major objectives of this
research were to study: i) the effect of petrol
and spent oil pollutants on the growth traits
(such as root length, stem length, leaf area and
biomass) of guinea corn; ii) their effect on the
changes in epidermal layer of Guinea Corn
leaf; iii) their effect on the mitotic index of
Guinea Corn leaf.

Materials and Methods

Seeds procurement and germina-
tion experiment

The seeds of Guinea Corn (Sorghum bicolor
L.) were procured from the market in Lagos
and its viability was tested. Three kg of soil
sample was weighed and put inside plastic
buckets. The soil in each bucket was treated
with 5%, 10%, 15%, and 20% concentrations of
petrol and spent lubricating oil. Another plastic
bucket containing soil did not receive any
treatment with petrol and spent lubricating oil;
this serves as control. Each treatment was
then replicated three times. Five seeds of
guinea corn were sown into the soil in the
plastic buckets. The soil in the plastic buckets
was regularly watered to ensure that the soil
was moist enough for plant germination.
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Determination of biomass
Fresh and dry weights of each seedling were

determined. This was carried out by measur-
ing the weight of the fresh leaf in each treat-
ment using a weighing balance. The dry
weights of the air dried leaves were also deter-
mined. This was done by oven-drying the
leaves at 80±5°C for 48 hours.

Determination of leaf area
The leaf areas of the samples were calculat-

ed according to the method of Pearcy et al.11

using the formula: LA = L×W, where L repre-
sents the length of the leaf and W the width of
the leaf. The leaf was placed on a plain sheet of
paper, the length and the width of the leaf was
then measured using a ruler.

Determination of the leaf lower
and upper epidermal layers

Plant samples were cut into smaller pieces
with the sharp razor blade and were placed
inside the glass Petri dishes. Twenty cm3 of
concentrated nitric acid was carefully added
into each glass Petri dishes to cover the small
pieces of plant samples. The glass Petri dishes
were covered with their lids and kept in a safe
place for 48 hours to enable the concentrated
nitric acid to start the bleaching and detach-
ment of the mesophyll layer between the lower
and the upper epidermal layers. The process
was completed as soon as the greenish col-
oration of the leaves turned to light-yellow col-
oration. After the bleaching, the plant samples
were carefully removed from the glass petri
dishes and washed in tap water to remove the
traces of the acid.

The concentration of nitric acid inside the
specimen containers were replaced with tap
water, the plant samples were then returned
into it using a dissecting needle and were kept
in a safe place for 24 hours. The separation of
the lower and upper epidermal layers com-
menced as soon as bubbles of water was seen
forming on top of the plant samples. Pieces of
the separated layers were seen floating on top
of tap water inside the specimen container.

Preparation of root tip for mitotic
indices

Each root concentration was fixed in a spec-
imen bottle using acetic acid alcohol. The root
in each concentration was placed on a clean
plain glass slide using a forceps and a razor
blade was used in cutting its tip 5 mm long and
the remaining parts discarded. A drop of nor-
mal HCl was used to dehydrate and soften its
tissue for maceration for 2 minutes. The
excess normal HCl was neatly removed with
filter paper. A dissecting needle was then used
to macerate the root tip after which a drop of
acetic orcein stain was placed on the tissue to
stain for 15-20 minutes.

After staining the tissue, the specimen on
the slide was gently covered with a cover slip,
the stain was allowed to spread evenly over the
square parts of the cover slip without a bubble.
The slide with the specimen was then placed
in between two folds of the filter paper and
using the blunt end of biro, gentle tapping and
pressure was applied around the square area
of the cover slip for evenly squashing of the
specimen.

Finally, the square edges of the cover slip or
squashed slide was sealed with the white
transparent nail hardener. This was then
viewed under the microscope to observe its
mitotic stages and chromosomal aberrations
for photomicrographs.

Determination of soil pH
The soil PH was determined following the

method of Eckert et al.12 The soil samples
were first air dried and 5 g of the air-dried soil
was mixed with 5 mL of distilled water and
stirred. The mixture was allowed to stand for
thirty minutes to allow it to settle. The slurry
was decanted into a test tube. A portable pH
meter with combine glass and calomel elec-
trode was put into the slurry. The pH meter was
standardized with buffer solutions of pH 4.0,
7.0 and 9.2 and the pH read off.

Results

Germination experiment
Table 1 shows the percentage germination

of guinea corn under different treatment.
Germination of seeds begins 4 days after plant-
ing in control and treated seeds. The percent-
age of seeds germinated varies according to
the concentrations of the petroleum products.
On the fifth and eighth day of planting, 45%
and 85% germination were recorded. In 5%
concentration of petrol, 45% germination was
recorded five days after treatment, 25% germi-

nation was recorded in 10%. Germination then
increased till the eighth day to 50%, 25%, 20%
and 15% in pot treated with 5%, 10%, 15% and
20% concentrations respectively while in the
control experiment, 85% were recorded eighth
day after planting. These values were main-
tained respectively till the fortieth day. From
these values, it was observed that the rate of
germination was lower in the treated experi-
ment than in control. It was also observed that
with increase in concentration, percentage
germination reduced for the treated experi-
ment. For sample treated with 5% spent oil,
percentage germination on the fifth day was
15%, 30%, 15% and 5% in sample  treated with
5%, 10%, 15% and 20% concentrations of spent
oil. In the control experiment the percentage
germination was 85% and this was maintained
throughout the experiment.

Comparing the rate of germination of seed
with the different concentrations of petrol and
spent oil, it was discovered that germination
was slower in sample treated with spent oil
than in petrol (Table 1).

Fresh and dry weight
Table 2 shows the effect of the petrol and

spent oil pollutants on fresh weight and dry
weight of the seedlings sown in different con-
centrations of the pollutants and control. The
control has the greater value of fresh and dry
weight of 3.7 g and 0.43 g respectively with loss
of 3.36 g. In 5% petrol treated plant, the fresh
weights 0.97 g and the dry weight is 0.20 g with
a loss of 0.77 g, there is 0.45 g and 0.26 g fresh
weights; 0.06 g and 0.04 g dry weights of plant
treated with 15% and 20% petrol respectively.
The trend shows a decrease in fresh weight
and dry weight with increasing concentration
of petrol pollutant. In seeds treated with spent
oil pollutants, there is a decrease from 0.97 g of
fresh weight to 0.19 g of dry weight with loss of
0.78 g from seed treated with 5% concentra-
tion. The seed treated with 10% concentration
has high value of fresh weight of 1.53 g, dry
weight of 0.20 g with a loss of 1.33 g. The value
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Table 1. Percentage germination of seeds of Guinea corn in different concentrations of
petrol (in days).

Days after treatment      Control        5% petrol    10% petrol        15% petrol  20% petrol

4                                                          45                        25                        20                             15                       10
5                                                          55                        35                        25                             20                       15
6                                                          65                        35                        25                             20                       15
7                                                          75                        40                        25                             20                       15
8                                                          85                        50                        25                             20                       15
9                                                          85                        55                        25                             20                       15
10                                                        85                        60                        30                             20                       15
11                                                        85                        60                        30                             25                       20
12                                                        85                        60                         -                               25                       20
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decreased to 0.80 g fresh weight and 0.11 g of
dry weight with loss of 0.69 g in 15% concen-
tration. Twenty percent concentration had a
fresh weight value of 0.40 g, 0.05 g dry weight
with a loss of 0.35 g.

Growth parameters

Stem length characteristics
Table 3 shows the effect of different concen-

tration of the pollutants on the stem length of
the seedlings of guinea corn. The control
seedlings were observed to have the highest
stem length of 32.50±0.50 cm compared with
the 20% concentration of petrol with the lowest
mean stem length of 20.33±0.28 cm as
observed 40 days after planting. The stem
length increased with time (in days) in each
treatment concentration while it decreased
with increased concentration. Statistical
analysis revealed that the treatment effect
were highly significant (P<0.05) on the stem
length of guinea corn.

Leaf-area characteristics
Table 4 shows the effect of different concen-

trations of petrol and spent oil pollutants on
the leaf area of experimental seedlings of
guinea corn. Leaf area increased with time (in
days) in each treatment  whereas it decreased
as the concentration of the pollutant increased
except 10% concentration of spent oil whose
leaf area is greater than its 5% concentration

as shown in Figure 1. The largest leaf area was
observed on the 40th day in the control with a
leaf area of 95.83 cm2 compared with the least
leaf area of 16.83 cm2 in 20% concentration of
spent oil. The spent oil had greater effect on
the leaf area of plants having the smallest leaf
areas were significant (P<0.05) for all treated
seeds. It was observed that in petrol pollutant,
the mean leaf area decreases as the concentra-
tion of treatment increases from control
(95.833.51 cm2) to (77.80) at 20% concentra-
tion as shown in Figure 1A, while in spent oil
pollutant, the leaf area increases at 10% con-
centration even more than the control
(29.33±0.76 cm2) and decrease to (16.83±0.57

cm2) at 20% concentration at 40th day of plant-
ing as shown in Figure 1B. It was shown that
the mean difference of the spent oil is signifi-
cant at the 0.05 level (P<0.05).

Mitotic index
The results of the mitotic indices of guinea

corn plant are shown in Table 5. This shows the
number of dividing cells and the mitotic index of
the one thousand cells counted. 35 of the counted
cells were found to be dividing in the control with
the mitotic index of 3.5. The 5% concentration of
petrol has the highest dividing cell with the mitot-
ic index of 2.5. It was observed that the greater
the concentration of the petrol pollutant, the
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Table 2. The effect of petrol and spent oil pollutants on the fresh and dry weight of
guinea corn seedlings.

Concentration      Fresh weight          Dry weight      Difference in weight (weight loss)

Control                                   3.79                                0.43                                                   3.36
5% petrol                               0.97                                0.20                                                   0.77
10% petrol                             0.90                                0.11                                                   0.82
15% petrol                             0.45                                0.06                                                   0.39
20% petrol                             0.26                                0.04                                                   0.22
5% spent oil                           0.97                                0.19                                                   0.78
10% spent oil                        1.53                                0.20                                                   1.33
15% spent oil                        0.80                                0.11                                                   0.69
20% spent oil                        0.40                                0.05                                                   0.35

Table 3. Mean of the stem length of Guinea Corn seedlings in petrol and spent oil pollutants.

Days after treatment                                               Petrol                                                                                                    Spent oil
                                            Control           5%           10%           15%            20%              Control         5%            10%          15%            20%

5                                                      4.57±0.40        3.22±8.73     2.92±0.10      2.70±0.17       1.93±0.40             5.53±5.77     4.17±0.20     4.77±0.23    3.07±0.40       2.90±0.65
10                                                    6.40±0.10        5.89±0.19     4.50±0.50      4.17±0.20       3.73±0.20             7.90±0.60     7.10±0.10     7.89±7.63    4.43±0.37      4.07±0.11y
15                                                   10.23±0.25       8.27±0.25     8.07±0.11      7.83±0.35       7.10±0.17            10.80±0.26    9.33±0.28    10.80±0.17   7.47±0.61       7.30±0.43
20                                                   14.50±0.50      10.77±0.25   10.00±0.50     9.50±0.50       8.18±0.27            14.50±0.50   12.67±0.28   16.00±0.50  11.33±0.76     10.33±0.76
25                                                   16.67±5.77      14.17±0.28   13.33±0.76    12.40±0.17     12.50±0.50           18.50±0.50   14.80±0.26   20.17±0.28  14.17±0.28     14.00±0.50
30                                                   21.73±0.25      17.15±0.18   16.27±0.25    15.83±0.28     15.17±0.28           20.50±0.50   17.17±0.28   22.13±0.32  16.17±0.28     15.83±0.28
35                                                   26.33±0.28      20.73±0.40   19.83±0.28    17.83±2.02     18.27±0.25           22.00±0.50   18.47±0.45   25.50±0.50  18.00±0.50     17.57±0.40
40                                                   32.50±0.50      22.60±0.65   21.27±0.75    20.83±0.28     20.33±0.28           24.50±0.50   21.50±0.50   29.33±0.76  20.83±0.28     20.00±0.50

Table 4. Effect of different concentrations of petrol and spent oil on the leaf area of Guinea corn.

Days after treatment                                           Petrol                                                                          Spent oil
                                       Control         5%               10%       15%         20%                   Control          5%          10%         15%                20%

5                                                      5.70               1.87                    1.28            1.10             1.08                              4.90                 2.47              3.37             1.96                       1.85
10                                                   9.18               6.11                    5.15            4.73             3.82                              5.92                 5.93              6.07             5.36                       4.68
15                                                  21.50             14.55                   9.97            9.73             9.52                              9.37                 8.89             13.77            8.63                       7.37
20                                                  40.50             30.00                  25.00          17.83           16.67                            11.50               10.65            20.00           10.00                      9.50
25                                                  50.50             45.40                  37.60          35.50           33.85                            13.85               12.00            21.33           11.00                     10.67
30                                                  60.50             56.50                  51.33          46.17           45.83                            15.17               12.83            24.50           12.02                     11.18
35                                                  84.83             73.67                  70.67          70.33           64.17                            18.50               15.50            26.00           15.00                     14.33
40                                                  95.83             90.47                  89.67          89.47           77.80                            20.00               17.33            29.33           17.33                     16.83
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lower the number of dividing cells and mitotic
index. In spent oil pollutant, the number of divid-
ing cells increased in 10% concentration with 2.0
mitotic index and lowest in 20% concentration
with 1.1 mitotic index. This shows that the
greater the concentration of the pollutants, the
lower the mitotic indices and number of dividing
cell of guinea corn. 

Upper epidermal layer (adaxial)
The micrograph of the upper and lower epi-

dermal layer of guinea corn leaf at different
concentration of the pollutant is shown in
Figure 2.

Discussion

Toxic effect of petrol and spent oil pollutants
were evaluated on germination pattern, stem
length, leaf area, root growth, dry and fresh
weight. The effect on the internal morphology
of the tissues of guinea corn plant and the
mitotic indices of guinea corn were also inves-
tigated. Germination rate was low in 20% con-
centration of spent oil during the fifth day of
planting of the seeds. It has moderate percent-
age of germination at 10% concentration of
spent oil at day twelve of planting while there

was moderately low percentage germination at
5% concentration of petrol at day twelve of
planting. The low rate of germination was
probably due to toxicity resulting from pollu-
tant contamination around the seeds.13 Low
rate of germination agrees with the findings of
Dulta and Boissyna,14 who worked on the
effect of paper mill effluent on germination of
rice seed and growth behavior of its seedlings
discovered that pollutants particularly at high-
er concentration inhibit germination. Arora
and Chauhan,15 reported in their investigation
that the effect of tannery effluent on seed vari-
eties of Hordeum vulgaris L. showed that the
effluent caused a significant reduction in ger-
mination percentage.

Stem length decreased with increase in con-
centration in all seeds treated with the petrol
pollutant. This is in accordance with the find-
ings of Ramasubramanian et al.16 who discov-
ered that seedling length of Phaseolus mungo
grown in sand culture decreased with an
increase in concentration of effluents obtained
from match dye industries. In spent oil pollu-
tant, the stem length of seeds treated with 10%
concentration of spent oil is greater than other
and even the control experiment. This is in
accordance with the findings of Agbogidi et
al.17 who showed that the effect of crude oil
pollution on plants is dependent on the level of
pollution and that small amounts of minerals
oils and oil products may actually be beneficial
to plants.

Due to the toxic effect of the pollutant, there
was reduction in fresh and dry weight with
increase in concentration of both petrol and
spent oil, except in seedlings treated with 10%
spent oil which experiences an increase in dry
weight and wet weight due to nutrient accu-
mulation at that concentration. At high con-
centration of the pollutants, there was low
fresh and dry weight of the seedlings. This is
in agreement with that of Ramasubramanian
et al.,16 who showed that there was a decrease
in plant dry weight at high concentration of
industrial effluent. Arora Rajini et al.15 also
observed a significant reduction in the total
biomass in almost  all the varieties of Hadeum
vulgare L.

The micrograph of the internal anatomy of
the upper and lower epidermal layers shows
the effect of the pollutant at various concentra-
tion on the arrangement of the epidermal cells.
The higher concentration of the pollutants is
responsible for the broken and scattered epi-
dermal cells and smaller sizes of the stomata.
The effect of petrol and spent oil on the mitotic
indices of guinea corn shows that the mitotic
index is high at low concentration of petrol and
it is a little higher in 10% concentration spent
oil. This shows that a high concentration of
petrol pollutant affect the growth of the root
and thereby affecting the mitotic index of the
plant.

                                                                                                                             Article

Figure 1. Graph of A) petrol pollutant and B) spent oil against days after treatment. 

Table 5. Effect of petroleum products on the mitotic indices of Guinea corn.

                                         Control             5%                      10%           15%             20%

Petrol                                                                                                                                                                    
      No of cells counted               1000                    1000                            1000               1000                  1000
      No of dividing cells                  35                        25                                24                   19                      12
      Mitotic index                            3.5                       2.5                               2.4                  1.9                      1.2
Spent oil                                                                                                                                                               
      No of cells counted               1000                    1000                            1000               1000                  1000
      No of dividing cells                  35                        19                                20                   14                      11
      Mitotic index                            3.5                       1.9                               2.0                  1.4                      1.1
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Conclusions

This study revealed that petroleum pollutant
adversely affected germination, growth and
development of guinea corn. The damage done
to the plant at higher concentration of the pol-
lutant is more severe than at a lower concen-
tration. However, petroleum products like
spent oil can provide nutrition necessary for
growth and yield of plant at low concentration.
The petrol and spent oil pollutants affected the
internal anatomy of the upper and lower epi-
dermal layer of guinea corn leaf. The higher
concentration of the pollutants is responsible
for the broken and scattered epidermal cells
and smaller sizes of the stomata. The high con-
centration of the pollutants also affected the
growth of the root and thereby affecting the
mitotic index of the plant.

This result clearly presents the effect of
petrol and spent oil on the growth of Guinea

Corn; values recorded are representative of
environmental responses of this plant to simi-
lar environmental stress and can be used as
references in similar study.
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Figure 2. A) Upper epidermal layer guinea corn leave exposed to 5% petrol; B) upper epi-
dermal layer guinea corn leave exposed to 10% petrol; C) Upper epidermal layer of guinea
corn leave unexposed (control); D) upper epidermal layer guinea corn leave exposed to
20% petrol; E) upper epidermal (Adaxial) layer guinea corn leave exposed to 20% spent
oil.
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Abstract
                                                                          
The aim of this study was to characterize

phyllosphere and carposphere bacterial com-
munities of olive trees subjected for 13 years to
two different soil management systems (sus-
tainable and conventional) in a mature olive
grove located in Southern Italy. Amplified DNA
fragments of the 16S ribosomal RNA eubacter-
ial gene (16S rRNA) of bacteria living on leaf
and fruit surface, and in fruit pulp were ana-
lyzed by denaturing gradient gel electrophore-
sis (DGGE). A clone library of 16S rRNA ampli-
cons extracted from the bacteria living in pulp
homogenates and a phylogenetic analysis were
performed. Generally, the DGGE patterns of the
bacteria from both the treatments clustered
separately. The medium-term sustainable
orchard management resulted in a higher
number of bacterial species from olive fruit
pulp. Phyllosphere and carposphere communi-
ties evaluated by DGGE were affected by the
type of the agricultural practices adopted. A
better understanding of phyllosphere and car-
posphere microbiota of cultivated olive plants
could be useful for the promotion of plant
growth, a better plant protection and a higher
crop quality.

Introduction
                                                                          
Leaf, flower and fruit represent a substantial

multiple of the soil and plant surface area and
often have complex topographical features on
which microbial colonization can occur.1,2 The
potential population size of microorganisms
associated to these three additional surfaces
can be impressive, exceeding by 100 to 1000
times that of soil.3,4 The aerial habitat part of

plants for microorganisms, namely phyllos-
phere for leaves and carposphere for fruits, is
normally colonized by a variety of bacteria,
yeasts and fungi. Bacteria are by far the most
numerous colonists, often being found at lev-
els of 106−107 cells cm–2 of leaf surface.4

Phyllosphere and carposphere are unique and
dynamic habitats, with microbial communities
subjected to irregular, and sometimes relative-
ly large changes in temperature, UV radiation,
relative humidity, nutrient availability upon
the plant surface, and leaf wetness.5,6 Despite
these environmental constraints, microorgan-
isms flourish on both leaf and fruit surfaces,
where they can also protect their hosts from
disease or promote growth.3-6

Leaf surface topography and nutrients are
generally recognized as important regulators
of phyllosphere microbial communities. Much
of the interest in phyllosphere and carpos-
phere microbiology has been driven by the
need of better understanding the behavior and
control of plant pathogens and the factors
affecting food quality and safety.2,3

Phyllosphere microorganisms often also have
a direct positive influence on plants, altering
plant surface properties, enhancing nitrogen
fixation, and promoting the growth of plants,
the control of plant pathogens, and the degra-
dation of organic pollutants.1,4

In semi-arid Mediterranean agricultural
areas, soil degradation and water shortage
phenomena are frequent and can have a
strong negative impact on the agro-ecosystems
and on food products.7 Thus, the adoption of
sustainable soil and plant management prac-
tices, such as minimum tillage or no-till, recy-
cling of locally derived organic matter and ade-
quate irrigation, are urgently required to save
water, restore soil organic matter, and reduce
erosion and environmental pollution.8 In olive
groves, the positive influence of sustainable
management systems on soil microbiota has
been described in the last decade.9-11 While the
ecology of epiphyte microorganisms is both of
scientific and economic importance, little
research has been done on the changes phyl-
losphere and carposphere microbiota in
response to the adoption of different cultural
practices. On this basis, the aim of this study
was to characterize phyllosphere and carpos-
phere bacterial communities in olive trees
subjected for a medium term (13 years) to two
different orchard management systems, name-
ly sustainable (S) and conventional (C), by
using a combination of different culture-inde-
pendent techniques including 16S rRNA fin-
gerprinting and cloning. On the basis of previ-
ous researches on soil microbiota carried out
in the same system,8,11 we hypothesize that a
sustainable soil and plant management could
significantly affect the bacterial community
composition of olive phyllosphere and carpos-
phere.

Materials and Methods

Experimental site and olive orchard
management

The trial was carried out in 2013 in a 2-ha
mature (>50 years) olive grove located in
Southern Italy (Ferrandina, Basilicata Region,
Italy; 40°29�N, 16°28�E). Trees belonged to
Maiatica cultivar, an autochthonous olive vari-
ety for production of both table olives and olive
oil, were vase-trained and planted at a distance
of 8×8 m. The climate in the area is semi-arid,
with an annual precipitation of 574.1 mm
(mean 1976-2009) which falls mostly in the
winter; the mean annual temperature ranges
from 15 to 17°C. The soil of the experimental
grove is a sandy loam, a Haplic Calcisol with a
mean bulk density of 1.5 t m–3. The top 60 cm
of the soil had an average pH (± standard devi-
ation) of 7.4±0.4, an organic carbon content of
7.0±3.8 g kg–1, a total nitrogen content of
0.8±0.2 g kg–1 (Kjeldahl method), and
extractable phosphorus (Olsen method) and
potassium of 11.7 ± 5.9 and 104 ± 70 mg kg–1,
respectively. 

In 2000, the olive orchard was divided into
two 1-ha plots managed according to different
orchard management systems: a sustainable
(S) treatment and a conventional (C) treat-
ment. The S treatment was irrigated with
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municipal wastewater treated by a pilot unit,
as described by other authors.7,12 The
reclaimed wastewater was generally distrib-
uted from May to October by drip irrigation (6
self-compensating drippers per tree, each
delivering 8 L h–1). The annual irrigation vol-
ume was around 300 mm. In the S treatment,
soil was totally and permanently covered by
spontaneous self-seeding weeds (mainly
graminaceous and leguminosae) which were
mowed at least twice a year and residues were
left on the ground as mulch. Olive trees were
pruned lightly each year, in order to improve
fruiting potential by controlling the amount of
fruiting wood and enhancing flower bud differ-
entiation. Similarly to herbaceous residues,
pruning residues (4.4 t ha–1 yr–1 organic car-
bon) were shredded and then left on the
ground as mulch. The average amounts of
mineral elements yearly distributed by the
wastewater used for irrigation were around 60
kg ha–1 for N and K and 3 kg ha–1 for P.7 An
integrative amount of N (40 kg ha–1 year–1)
was distributed by fertirrigation, in order to
entirely satisfy the annual N plant needs, tak-
ing into account wastewater and soil chemical
composition, and mineral element balance in
the orchard system (cover crops and pruning
material contributions, amount of fruit
removed from the olive grove). Pest and dis-
ease control was performed according to the
regional service recommendations for com-
mercial olive groves.7,13 The olives from the C
treatment were grown under rainfed condi-
tions and managed according to the traditional
and horticultural practices of the area usually
adopted by the farmers,13 that is: tillage
(milling at 10 cm depth) performed 2-3 times
per year to control weeds; empirical soil fertil-
ization carried out in early spring using terna-
ry compounds (NPK 20-10-10 fertilizer at doses
ranging from 300 to 500 kg ha–1), without con-
sidering the plant needs and their partitioning
along the various phenological phases of the
annual vegetative cycle; and severe pruning
carried out every two years, with pruned
residues removed from the olive orchard. After
13 year of different management, the S prac-
tices resulted in an increase of soil organic
carbon in the 0-10 cm soil layer up to 22.1 g kg–

1, compared to 11.8 g kg–1 of the C treatment.

Leaf and fruit collection and sam-
ple preparation

In November 2013, leaves and olive fruits
were collected in both the treatments (S and
C). For each treatment, two composite leaf and
fruit samples were randomly collected using
sterile gloves and equipment from plants locat-
ed at the central part of each plot, in order to
avoid border interferences. Fully expanded
leaves and well-developed fruits selected from
each plant along the median segment of new-
growth shoots, with similar light exposition

and position in the canopy, were chosen. Leaf
samples, placed at approximately 1.0 m from
the drippers (for the S treatment) and at 1.5 m
from the ground, were collected. Leaf and fruit
samples were stored immediately at 4°C in
sterilized plastic pots before analysis. In order
to desorb bacteria from leaf (leaf; L) and fruit
surface (pericarp; P), the method of Redford
and Fierer was used,14 starting from 40 leaves
(L) or 20 olives (P), respectively. In order to
extract bacteria from fruit pulp (mesocarp; M),
the same 20 olives were homogenized with 40
ml of sterilized Ringer solution, and the
homogenate was then filtered under sterile
conditions. The wash solution and the filtrate
were centrifuged at 4000 rpm for 10 min at
4°C. The supernatant was discarded, and the
resulting pellet was used for DNA extraction.

DNA extraction
DNA was extracted from 0.50 g of pellet

using the FastDNA® SPIN Kit for soil in com-
bination with the Thermo Savant FastPrep®

System homogenizer (MP Biomedicals LLC,
Cleveland, OH, USA). The yield and fragmenta-
tion of the DNA were checked by agarose gel
electrophoresis (0.7% w/v agarose-0.5 xTris-
Borate-EDTA) and UV visualization of the
stained gels Gel RedTM (Biotium, Inc.,
Hayward, CA, USA). The quality and concentra-
tion of DNA extracts were determined by spec-
trophotometric measurement at 260, 280 and
230 nm using a NanoDrop®ND-1000 UV-Vis
spectrophotometer (Thermo Fisher Scientific,
Inc., Waltham, MA, USA).

                             Article

Figure 1. 16S denaturing gradient gel electrophoresis fingerprints (n=2) of phyllosphere
and carposphere bacterial communities of olive plants based on the amplification of the
V3 region (A) and V6-V8 region (B) of the small subunit rRNA eubacterial gene.
Clustering was carried out using the UPGMA method based on the Pearson correlation
coefficient. S: sustainable, C: conventional, L: leaf surface, P: pericarp surface, M: meso-
carp.
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16S rRNA fingerprinting by PCR-
DGGE

DNA fragments in the V3 and V6-V8 regions
of the 16S ribosomal RNA eubacterial gene
(16S rRNA) were amplified by using the
primer sets F357-R518 and 968F-1401R,15,16

respectively. For separating the 16S rRNA bac-
terial communities in a DGGE gel, a GC clamp
was added at the end of the primer F357 and
968F.Each PCR mixture contained 50 pmol of

each primer, 10 nmol of each 2’-deoxynucleo-
side 5’-triphosfate, 3U of Taq DNA polymerase
(EuroTaq; EuroClone, Milan, Italy), 2.5 mM
MgCl2, and 20-40 ng of template DNA. All PCR
amplifications were performed using a
MyCyclerTM thermal cycler (Bio-Rad
Laboratories, Inc., Hercules, CA, USA).
Amplification products were checked by elec-
trophoresis on 1.5 % (w/v) agarose gels.

PCR products were then loaded onto dena-

turing gradients. The region V3 and V6-V8
regions, were separated, respectively, in a 8%
and 6% (w/v) polyacrylamide gels (acrylamide
N,N’-methylnebisacrylamide, w/w, 37.5:1) in
1× TAE buffer with a linear chemical denatur-
ing gradient ranging from 25-50% and 45-60%
denaturant, respectively. Electrophoresis was
carried out at 60°C for 10 min at 20V and then
for 3 h at 200 V for the V3 region, and for 15h
at 75V for theV6-V8 region, using the method
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Figure 2. Phylogenetic tree of 16S rRNA sequences of bacteria isolated from olive mesocarp of the sustainable treatment. Clustering was
carried out using the maximum likelihood method. The branches are scaled in terms of the expected number of substitutions per site
(scale bar=0.1 substitutions per nucleotide position). Numbers adjacent to the branches are support values from 100 ML bootstrap
replicates. Bootstrap values ≥50 are shown.
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of Crecchio et al.17 DGGE profiles comparison
and bacterial phylogenetic tree were construct-
ed using the BioNumerics software (version
4.5; Applied Maths, Sint-Martens-Latem,
Belgium) by the unweighted pair-group
method with the arithmetic average clustering
algorithm (UPGMA) based on the Pearson
product-moment correlation coefficient (r).

16S rRNA amplicons cloning and
phylogenetic analysis

A clone library was constructed using DNA
extracted from fruit homogenates. The total
region 16S rRNA was amplified with the uni-
versal primer for bacteria 8L-1513R.18 The
clone library was generated by ligating PCR
products into the pGEM-T (Promega; Madison,
WI, USA), which were then transformed into
competent Escherichia coli JM109 cells. A
number of 100 clones from mesocarp of the
sustainable treatment and from the mesocarp
of the conventional treatment, containing the
insert of the correct size were sequenced
(Primm Biotech, Inc., Milano, Italy) for both
strands with the primer 357F-1401R.19 The
resultant sequences were aligned to the NCBI
database using BLASTn (NCBI BLAST®;
National Center for Biotechnology
Information, Bethesda, MD, USA). These
sequences were aligned separately or as a con-
catenated matrix using the multiple sequence
alignment software ClustalW2 (EMBL-EBI,
European Bioinformatics Institute,
Cambridge, UK). Phylogenetic trees were car-
ried out using a multiplatform graphical user
interface for sequence alignment and phyloge-
netic tree building (SeaView, version 4) using
the maximum likelihood (ML) method.20

Results and Discussion

In our work, the bacterial communities of

the phyllosphere of the S treatment (SLV3)
were discriminated from the patterns of the
phyllosphere of the C treatment (CLV3), with a
Pearson similarity coefficient of 87.9% (Figure
1A). The DGGE patterns of the bacteria of peri-
carp surface (SPV3 and CPV3) highlighted a
clear separation between sustainable (S) and
conventional (C) treatments and clustered
separately at a lower value of similarity
(69.7%), compared to phyllosphere (Figure
1A). The DGGE fingerprints showed a clear
discrimination between S and C sites for
mesocarp bacteria, with a Pearson similarity
coefficient of only 17.8% (Figure 1A). The
DGGE dendrogram of bacterial 16S DGGE fin-
gerprint based on the amplification of the V6-
V8 region paralleled that obtained by the
amplification of the V3 region, evidencing that
the S treatment clustered separately from the
C treatment for phyllosphere, pericarp surface
and mesocarp bacteria, with Pearson similari-
ty coefficient values 74.5, 84.2 and 4.9%,
respectively (Figure 1B). DGGE was success-
fully used to evaluate the influence of various
plant genotypes, and the inoculation of the
nitrogen-fixing bacterium Azospirillum
brasilense upon the epiphyte community of
tomato phyllosphere.21 Such DGGE-based
methods for studying phyllosphere microbial
communities also included quantitative PCR to
estimate the abundance of specific bacterial
taxa on a plant, rRNA gene amplicon pyrose-
quencing to assess fungal and bacterial abun-
dance/diversity on tree foliage, and proteoge-
nomics to uncover the most abundantly
expressed genes in the phyllosphere environ-
ment.1

The electrophoretic profiles relative to both
V3 and V6-V8 regions of 16S rRNA showed that
the bacterial communities of fruit mesocarp of
both S and C treatments clustered at higher
values of Pearson correlation coefficient, com-
pared to those of fruit or leaf surfaces (Figure
1). On this basis, we decided to study in detail
the bacteria present in olive mesocarp. The

classification of the bacterial groups isolated
from olive fruit pulp (mesocarp) and the corre-
sponding phylogenetic analysis are reported in
Table 1 and Figure 2, respectively. Sequence
homology search for the bacteria living in
mesocarp of the sustainable treatment
revealed 70 sequences of olive chloroplast
genome and 30 belonging to bacterial
genomes. For the mesocarp bacteria of C treat-
ment, most of the sequences (98) derived from
olive chloroplasts and only two belonged to
bacterial genomes. The results showed that
the DNA sequences (identity ≥97%) of the bac-
teria isolated from olive mesocarp belonged to
the phyla the Proteobacteria, Actinobacteria,
Firmicutes, with sequences of Proteobacteria
being the most abundant (20 and 2 species in
S and C, respectively) (Table 1). The data on
the bacterial groups isolated from olive fruit
pulp (mesocarp), identified on the basis of
their genomic sequences (Table 1 and Figure
2), reflected the results found by other authors
on phyllosphere bacteria of tree species of
temperate and tropical regions,14 and of herba-
ceous species.5 In our experiment, the most
abundant bacteria belonged to the family
Enterobacteriaceae (19 and 2 species in S and
C, respectively) (Table 1). This result is not
surprising, considering their massive pres-
ence on the aerial surfaces of plants and with-
in healthy plant tissues and seeds.6

Interestingly, insects can play an important
role in the composition of plant-associated
bacterial communities. For instance, many
species of plant bacteria uses flies or other
insects as vectors,22 even if it is not always
clear if bacterial strains found in the insect
digestive tract originate from plants (as for
Serratia spp.) or it is the opposite (as for
Enterococcus spp.).23,24 Leff and Fierer demon-
strated,6 by 16S rRNA pyrosequencing that
some fruits and vegetables harbored different
bacterial communities. Some products showed
a higher number of bacteria belonging to the
family Enterobacteriaceae, while some other
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Table 1. Classification of the bacterial species from olive fruit pulp (mesocarp) identified on the basis of their genomic sequences (NCBI
BLAST® hits).

N. species                Phylum                     Class                         Order                        Family                           Genus                   Species

Sustainable                                                                                                                                                                                                                                                 

     8                                    Proteobacteria               γ-Proteobacteria            Enterobacteriales           Enterobacteriaceae             Rahnella                      aquatilis
     5                                    Firmicutes                       Bacilli                                 Lactobacillales                Enterococcaceae                  Enterococcus              unknown
     5                                    Proteobacteria               γ-Proteobacteria            Enterobacteriales           Enterobacteriaceae             Kluyvera                      intermedia
     4                                    Actinobacteria                Actinobacteridae            Actinomycetales              Microbacteriaceae               Curtobacterium         unknown
     2                                    Proteobacteria               γ-Proteobacteria            Enterobacteriales           Enterobacteriaceae             Averyellaa                    dalhousiens
     1                                    Actinobacteria                Actinobacteridae            Actinomycetales              Microbacteriaceae               Frondihabitans          suicicola
     1                                    Proteobacteria               γ-Proteobacteria            Enterobacteriales           Enterobacteriaceae             Hafnia/Rahnella        alvei
     1                                    Proteobacteria               α-Proteobacteria           Rhizobiales                       Methylobacteriaceae           Methylobacterium     unknown
     1                                    Proteobacteria               γ-Proteobacteria            Enterobacteriales           Enterobacteriaceae             Pantoea                       unknown
     1                                    Proteobacteria               γ-Proteobacteria            Enterobacteriales           Enterobacteriaceae             Serratia/Rahnella      unknown
     1                                    Proteobacteria               γ-Proteobacteria            Enterobacteriales           Enterobacteriaceae             Serratia                        unknown
Conventional                                                                                                                                                                                                        
     2                                    Proteobacteria               γ-Proteobacteria            Enterobacteriales           Enterobacteriaceae             Pantoea                       agglomerans
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products had higher abundance of
Actinobacteria, Bacteroidetes, Firmicutes, and
Proteobacteria phyla. They also stated that
conventionally and organically farmed vari-
eties could contribute to the variations in the
bacterial communities. Unfortunately, these
authors did not sample plant material directly
from the field, following all the steps of produc-
tion and deeply monitoring soil and plant man-
agement, but they studied the commercial
product found on the market, that were likely
affected by other variable, such as storage type
and time.

Given that large volumes of water are need-
ed for irrigation in tree crops, water demand
cannot always be met with the available
potable water. The type of irrigation system
can influence the risk of crop contamination:
overhead irrigation, for instance, usually caus-
es more microbial contamination than furrow
and drip irrigation.25 In our case, this risk was
avoided, as the bacterial species found in the S
treatment (Table 1 and Figure 2) were com-
pletely different from those monitored and
found at very low concentrations by Palese et
al.7 (total coliforms, fecal coliforms,
Escherichia coli, and Salmonella spp.) in the
same system. Therefore, the risk of soil con-
tamination in S treatment by such bacteria
deriving from wastewater, that then eventually
translates into fruit contamination, can be
considered negligible.7,12

Conclusions

Our results demonstrated that a medium-
term sustainable orchard management deter-
mined a higher number of bacterial species
from olive fruit pulp (mesocarp), identified on
the basis of their genomic sequences.
Moreover, phyllosphere and carposphere com-
munities evaluated by DGGE were altered by
the application of the two different agricultural
practices. A better understanding of epiphytic
and endophytic microbiota of cultivated olive
plants grown under different agronomic sys-
tems could be useful for the promotion of plant
growth, a better plant protection and a higher
crop quality.
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Abstract

Dehydrins (DHNs) are a sub-family of the
late embryogenesis abundant proteins gener-
ally induced during development of desiccation
tolerance in seeds and water deficit or salinity
stress in plants. Nevertheless, a detailed
understanding of the DHNs function is still
lacking. In this work we investigated the possi-
ble protective role during salt stress of a Dhn
from Hordeum vulgare (L.), aba2. The coding
sequence of the aba2 gene was constitutively
expressed in transgenic lines of Arabidopsis
thaliana (L.). During salt stress conditions
germination rate, cotyledon expansion and
greening were greatly improved in the trans-
genic lines as compared to the wild type.
Between 98 and 100% of the transgenic seeds
germinated after two weeks in media contain-
ing up to 250 mM NaCl, and 90% after 22 days
at 300 mM NaCl. In conditions of 200 mM NaCl
93% of the transgenic cotyledons had greened
after two weeks, outperforming the wild type
by 45%. Our study provides further evidence
that DHNs have an important role in salt stress
tolerance. The production of plants constitu-
tively expressing DHNs could be an effective
strategy to improve plant breeding programs. 

Introduction

Salinity stress can impact plant growth and
development at all stages of the plant life cycle. 

Plants respond to abiotic stress in many
ways that are controlled by complex regulatory
processes functioning at cellular and whole-
plant levels, which are still not completely
understood. A major response is the change in
gene expression and synthesis of different
types of proteins like those encoded by dehy-
drins (DHNs), a sub-family of group 2 Late

Embryogenesis Abundant (LEA D-11).1-3 DHNs
are a distinct group of proteins, which may
accumulate up to 1% of total soluble proteins
in mature embryos and in response to stresses
involving cellular dehydration.1-3

DHNs are conserved proteins, being identi-
fied from higher to lower plants. Presently,
public databases contain over 4300 deduced
amino acid sequences encoding DHNs
(http://www.ncbi.nlm.nih.gov/protein/?term=d
ehydrin). Recently, DHNs have also been iden-
tified in animal taxa such as rotifers, tardi-
grades, insects and nematodes.4 The molecular
weights of DHNs vary within a broad range
from 9 to 200 kDa.5,3 DHNs have been classi-
fied into different sub-groups based on their
amino acid composition and domain architec-
ture.1,5-8 Typically DHNs have one to 11 copies
of a highly conserved domain of 15 amino
acids, called the K segment.5,3 The K segment
is predicted to form an amphipathic a-helix
and it is required for binding to anionic phos-
pholipid membranes, supporting the hypothe-
sis that DHNs stabilize cell membranes during
dehydration.5,9-11 Many DHNs have a tract of
serine residues, called the S-segment,5 which
has been proposed to be a site of protein activ-
ity regulation through phosphorylation.12-15

Another conserved domain, the Y-segment, is
located near the N-terminus of several
DHNs.5,3 Previous studies suggests that the Y-
segment has a role in the protection from des-
iccation and salt stress.16

Although much is known about dehydrin
gene structure and expression patterns, their
function has not been completely elucidat-
ed.2,11 Data obtained through different meth-
ods of investigation support the hypothesis
that DHNs protect the cell from osmotic and
ionic stress. First, LEA protein accumulation
correlates with the development of desiccation
tolerance of seeds,17-20 and also occurs during
periods of environmental stress in vegetative
parts of the plant.21 Second, a greater DHN
level is positively associated with an increased
degree of stress resistance.22-30 Enhancement
of tolerance to salinity, drought and osmotic
stress has also been observed in transgenic
Arabidopsis plants overexpressing the maize
Rab17 or the wheat dehydrin Dhn5.22,23,26

Dhn5 and Rab17 are both YSK2 DHNs homolo-
gous to the barley aba2.21 Third, several Dhn
genes have been mapped within confidence
intervals of QTLs associated with dehydration
and low temperature tolerance in cereals and
other plants.6,31,32 The Dhn gene used in this
study, aba2, maps on the long arm of chromo-
some 5H of barley within a major QTL control-
ling freezing tolerance,32,33 on the 5AL chromo-
some of wheat within the confidence interval
of a QTL associated with abscissic acid (ABA)
accumulation during drought stress,34 and
with different traits determining salt toler-
ance.35

In this work we investigated the biological
function of a Dhn from Hordeum vulgare (L.),
aba2 (National Center for Biotechnology
Information accession number CAA66970),
and specifically its possible protective role dur-
ing salt stress. ABA2 was originally identified
in barley coleoptiles, and its expression was
induced by treatment with ABA.36 By using a
transgenic approach, we constitutively
expressed aba2 in Arabidopsis thaliana with
the goal to unveil, if present, a role of aba2 in
protecting from the damages of salt stress. The
aba2 is the cv. Georgie allele of the barley gene
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Dhn1 and it codes for a protein with a molecu-
lar mass of 22 kDa.1,7 We tested germination,
cotyledon expansion and greening, and
seedling growth on medium containing NaCl
concentrations that were restrictive to the
Arabidopsis control plants. 

When evaluating the effects of the heterolo-
gous expression of the barley aba2 in
Arabidopsis plants, it must be considered
whether the observed effects result from engi-
neering a novel gene into the Arabidopsis
genome or from a change in the expression
pattern of a Dhn with a function similar to
Arabidopsis’ native Dhn genes. For this pur-
pose we obtained a phylogenetic tree including
ABA2 and the native DHNs encoded in the
Arabidopsis genome.

Materials and Methods

Construction of the plasmid vector
for plant transformation

The EcoRI-NheI 530 bp fragment containing
the aba2 cDNA was isolated from the plasmid
pGEM-3Zf+-ABA2, filled-in with DNA poly-
merase I Klenow fragment, and ligated into the
SpeI site of pBlueScript II KS+ (Stratagene,
now Agilent Technologies, Santa Clara, CA,
USA), resulting in the plasmid pBSA2. To con-
struct pCGN18A2, the BamHI-XbaI fragment
from pBSA2 was cloned between the BamHI
and XbaI sites of the binary vector pCGN18,37

downstream of the constitutive promoter
CaMV 35S. 

Production of transgenic plants
The plasmid construct pCGN18A2 was trans-

formed into Agrobacterium tumefaciens, strain
ASE.38 Transformed A. tumefaciens was select-
ed on chloramphenicol (30 µg/mL-1), gentam-
icin (25 µg/mL-1), and kanamycin (50 µg/mL-1).
Seeds of Arabidopsis thaliana (L.) ecotype
Landsberg erecta (Ler) were sown on a soil
mixture of fine vermiculite, peat moss and
coarse vermiculite (1:2:1 v v-1), saturated with
modified Hoagland’s solution (3.0 mM KNO3,
2.5 mM Ca(NO3)2, 1.5 mM MgSO4, 0.5 mM
KH2PO4, 68.0 mM Fe-EDTA, 23.0 mM H3BO3,
4.55 mM MnCl2, 0.385 mM ZnSO4, 0.16 mM
CuCO4, and 0.04 mM Na2MoO4.39 Seeds were
stratified for 3 days in the dark at 4°C. Plants
were grown in 0.1 L pots with 2-3 plants per pot
at 23°C, with fluorescent light at 150 mEm-2s-1

and a photoperiod of 16 h. Four-week-old
plants were transformed by vacuum infiltra-
tion of A. tumefaciens carrying the pCGN18A2
plasmid.40 Seeds produced by the infiltrated
plants (T1 generation) were surface sterilized
and sown in Petri dishes on solid Murashige
and Skoog (MS) medium,41 containing 50
µg/mL-1 of kanamycin. Kanamycin-resistant

plants were transferred to soil and grown as
described above.

Analyses of ABA2 protein synthe-
sis in transgenic plants

ABA2 protein accumulation was analyzed in
kanamycin-resistant three weeks old Arabidopsis

plants of the T2 and T4 generation (Figure 1).
Plants were grown in 0.1 L pots with 2-3 plants per
pot. Total proteins were extracted from fresh leaf
material (50-100 mg) by homogenizing in ice-
cold 50 mM sodium borate and 50 mM citric acid
buffer, pH 9, with 1 mM phenylmethanesulfonyl-
fluoride (PMSF), followed by centrifugation at

                                                                                                                             Article

Figure 1. Characterization of ABA2 expression in Arabidopsis transgenic lines. A)
Immunoblot analysis of ABA2 protein accumulation in leaves of transgenic Arabidopsis
plants. Transgenic lines A2-1 through 9 (lanes 1-9) and Ler (non-transformed plants) are
shown. B) Southern blot analysis of genomic DNA isolated from transgenic plants (T3
generation) hybridized with a 32P-labeled aba2 cDNA. Genomic DNA was digested with
BamHI and XbaI (BX) to release a 530 bp aba2 sequence; KpnI and XbaI (KX) to release
a 1330 bp fragment corresponding to the 35S CaMV promoter and the aba2 sequence;
and DraI (D) which cuts once within the T-DNA sequence. The sizes of individual bands
expressed in bp are indicated on the right. Ler, non-transformed plants; 3, transgenic line
A2-3; 4, transgenic line A2-4.
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12000 × g for 10 min at 4°C. Proteins were also
extracted from 10 mg of seedlings using the same
procedure. Seedlings were extracted when the
cotyledons began to expand: after 2 days on MS
and after 4 days on MS supplemented with 150
mM NaCl (Figure 2). Protein concentration was
determined using the Bradford Assay (Bio-Rad
Laboratories). For immunoblot analyses, 10 µg of
total protein extract was separated by 13% acry-
lamide SDS-PAGE using Mini-Protean II elec-
trophoresis cells (Bio-Rad Laboratories) and elec-
trophoretically transferred onto nitrocellulose
membrane (Micron Separations, Westborough,
MA, USA) with Mini Trans-Blot Cells (Bio-Rad
Laboratories). After transfer, the nitrocellulose
membrane was blocked with 3% (w v-1) gelatin in
Tris-Buffered Saline (TBS; 50 mM Tris-Cl, 150
mM NaCl, pH 7.5). Polyclonal antibodies raised
against the carboxy terminal consensus peptide
of DHN were used to recognize ABA2.42 The sec-
ondary antibody, which binds to the primary anti-
body, was a goat anti-rabbit IgG conjugated to
alkaline phosphatase (Southern Biotechnology
Associates, Inc., Birmingham, AL). A colorimetric
detection was performed by incubating the mem-
brane in 0.05% (w v-1) 4-nitroblue tetrazolium
chloride and 0.05% (w v-1) 5-bromo-4-chloro-3-
indoyl-phosphate (Sigma-Aldrich, St. Louis, MO,
USA). In a control experiment for antibody speci-
ficity, the antiserum was incubated with the DHN
carboxy terminal peptide for 30 min at 37°C prior
to incubation with the nitrocellulose membrane
and no bands were observed (data not shown).
Proteins molecular weight were derived by using
the Prestained SDS-PAGE Standards Low Range
(BioRad Laboratories).

Southern blot analyses
Genomic DNA was extracted from 200-500

mg of one-week-old seedlings using a method
modified from Doyle and Doyle.43 Fresh tissue
was homogenized in 300 µL extraction buffer
[2.5% (w v-1) sorbitol, 1% (w v-1) N-lauroyl sar-
cosine, 0.8% (w v-1) CTAB, 0.8 M NaCl, 20 mM
EDTA, 1% (w v-1), pH 8] and incubated for 30
min at 65°C. Samples were extracted once
with phenol:chloroform (1:1 v v-1) and ethanol
precipitated following standard procedures.43

For DNA blot analyses, 0.6 µg of genomic DNA
of transgenic and control plants were restrict-
ed with BamHI and XbaI, with KpnI and XbaI,
and with DraI. Restricted DNA was size-frac-
tionated on a 0.8% agarose gel and transferred
to nylon membrane (Hybond-N+ Amersham,
GE Healthcare, Piscataway, NJ, USA) using an
alkaline DNA blot transfer method.44 The aba2
cDNA was 32P-labeled using the Oligolabeling
Kit (Pharmacia Biotech, Piscataway, NJ, USA)
and utilized for DNA hybridization.45

Germination and seedling growth
analyses in response to salt stress

Germination was analyzed on T4 seeds of

transgenic lines and non-transformed Ler
plants grown at the same time in the same
growth chamber in approx. 0.1 L pots with 2-3
plants per pot. Seeds of each genotype were
surface-sterilized with 95% ethanol for 5 min
followed by 20 min in 30% bleach and sown on
solid MS salt basic medium,41 with 0.3%
sucrose, supplemented with increasing con-
centrations of NaCl from 150 to 300 mM, at 50
mM intervals. Approximately 50 seeds of a
transgenic line and 50 seeds of Ler were sown
in the same Petri dish. The Petri dishes with
the seeds were incubated for 3 days at 4°C in
the dark and then transferred to an incubator
at 23°C, with light at 150 mEm-2s-1 and a pho-
toperiod of 16 h. Petri dishes were kept in a
vertical position. Germination percentage,
measured as seeds at radicle emergence stage,
and cotyledon greening was monitored at daily
intervals in four replicate Petri dishes. In
Figure 2 we choose to test 150 mM salt concen-
tration because at 200mM the non transgenic
seedlings would become quickly chlorotic and
die. The proportions of germinating seeds
determined in two independent experiments
were analyzed using the Minitab Probit
Analysis (Minitab Inc., State College, PA, USA;
Release 13.32) in which the factor considered
was cumulative germination percentage on
each day (time to germination). Two inde-
pendent experiments were performed.
Experiment 1 had four replicates for each NaCl
concentration with either transgenic A2-3 or
A2-4 and the wild type plated on each plate.
Experiment 2 had three replicates for each
NaCl concentration. The estimated mean
times to germination were analyzed as growth
models. The estimated mean time to germina-
tion differences between the wild type (C) and

either of the mutants (A2-3 or A2-4) were test-
ed using a two-sample t-test assuming unequal
variance.

Phylogenetic analysis
Proteins containing the conserved lysine-

rich domain K were identified in the
Arabidopsis genome from Pfam
(http://pfam.xfam.org//family/PF00257#tab-
view=tab7) and verified in TAIR
(https://www.arabidopsis.org/).The nine
Arabidopsis DHNs amino acid sequences, the
barley ABA2/DHN1, the wheat DHN5 and the
maize RAB17 were aligned using ClustalW ver-
sion 2.1 (http://clustalw.ddbj.nig.ac.jp/)46A
neighbor-joining tree was constructed using
FigTree version 1.4.2 (http://tree.
bio.ed.ac.uk/).

Results

Production of transgenic
Arabidopsis plants constitutively
expressing aba2

The level of accumulation of the 22 kDa
ABA2 protein in unstressed leaves was ana-
lyzed for nine transgenic lines (Figure 1A).
Line 3, 4 and 5 showed the highest level of
ABA2 accumulation; line 6,7 and 9 accumulat-
ed ABA2 to a lesser extent, with line 6 showing
an additional protein of 23 kDa; line 1, 2 and 8
did not show any detectable accumulation of
ABA2 (Figure 1A). Lines 3 and 4 (A2-3 and A2-
4) were used for further studies. Both lines A2-
3 and -4 have the aba2 gene inserted at a sin-
gle locus and they were produced from inde-
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Figure 2. Immunoblot analyses of the accumulation of ABA2 and other DHNs in
seedlings of transgenic lines and Ler. Seeds of control (Ler) and transgenic plants (A2-3
and A2-4) were germinated on MS or MS with 150 mM NaCl. DHNs having the same
molecular mass as ABA2 are indicated (*).
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pendent transformation events as verified by
genomic DNA blot analyses (Figure 1B).

Constitutive expression of aba2
enhances salt-stress resistance dur-
ing seed germination

Seed germination on media containing
NaCl, measured as percentage of radicle emer-
gence, was compared between seeds from the
T4 generation of two independent transgenic
lines (A2-3 and A2-4) and the wild type plants
(Figure 3, Table 1). At 200, 250 and 300 mM
NaCl, the final germination percentage was
greater for the transgenic lines than the wild
type (Figure 3B-D, Table 1). On control MS
medium, the final germination percentage for
the wild type Ler was 92% after 2 days and
100% for both transgenic lines (Figure 3A). Up
to 250 mM NaCl, both transgenic lines
achieved between 98% to 100% germination,
while the wild type a maximum of 85.2% and
70.6% on 200 and 250 mM NaCl respectively,
after 12-14 days (Figure 3B,C). When seeds
were imbibed and germinated on 300 mM
NaCl, the transgenic line reached 90% germi-
nation after 20 days whereas after the same
period of time the germination percentage for
Ler was 45% (Figure 3D). 

The transgenic lines overexpressing ABA2
showed a decreased time to germination in
response to salt stress. The mean time to ger-
mination, as estimated by probit analysis, was
shorter for the two transgenic lines than for
the wild type when seeds were exposed to 200,
250 and 300 mM NaCl (Table 1, Experiment 1).
An additional replicate experiment showed
similar results (germination time courses are
not shown; Table 1, Experiment 2). There are
no significant differences between the final
germination percentages of the A2-3 and A2-4
transgenic lines.

Cotyledon emergence and greening was
measured as a cumulative percentage at daily
intervals (Figure 4). On MS medium, cotyle-
dons had emerged by Day 2 in both the wild
type and transgenic lines, however, 15% of the
wild type cotyledons did not green (Figure 4A).
Exposure to 200 mM NaCl reduced greening to
48% in the wild type seedlings whereas 91-93%
of the transgenic cotyledons were greened
after 2 weeks (Figure 4B,C).

To verify the accumulation of ABA2 in
stressed and non-stressed seedlings,
immunoblot analyses were done on proteins
extracted from the transgenic and control
seedlings sown on MS media or MS media with
150 mM NaCl (Figure 2). The ABA2 protein
was present in the transgenic lines in stressed
and non-stressed conditions while it was
absent in Ler. The immunoblot analysis also
detected the native DHNs, which as expected
accumulated at higher levels under salt stress
conditions (Figure 2, bands a, b and c). It
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Figure 3. Germination time course of transgenic seeds constitutively expressing ABA2 and
control Ler seeds during salt stress. Seeds of the transgenic plants (T4 generation) A2-3
(ô), A2-4 () and non-transformed Ler plants () were plated on MS media (A; after
the second day there was no change in percent germination in the control conditions,
data not shown) and on MS supplemented with different concentrations of NaCl (B, 200
mM; C, 250 mM; D, 300 mM). Approximately 50 seeds of a transgenic line and Ler were
plated in the same Petri dish; three replicate plates were analyzed for each transgenic line
at each NaCl concentration. Germination was measured as a cumulative percentage of
radicle emergence at daily intervals for 3 weeks. Data are the average germination per-
centage ± s.e. Significant differences of the final germination percentages are indicated
(*). A representative experiment out of five independent experiments is shown.
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should be noted though that under stress some
of the native DHNs appear to accumulate at
lower levels in the transgenic lines as com-
pared to Ler (Figure 2, bands a and b).
Interestingly, an additional protein, smaller
than 20 kDa, was present in the transgenic
lines only, and it was expressed at higher lev-
els during salt stress conditions (Figure 2,
band c).

The barley ABA2 is closely related
to Arabidopsis dehydrins

The barley ABA2 protein sequence was phy-
logenetically compared to the native DHNs
encoded in the Arabidopsis genome, to the
wheat DHN5 and to the maize RAB17. The
Arabidopsis genome contains nine genes that
code for DHN proteins, as defined by the pres-
ence of the conserved K segment.5 To deter-
mine the phylogenetic relation between the
barley gene ABA2 and the Arabidopsis genes, a
neighbor-joining tree of the nine Arabidopsis
was built (Figure 5). Two main clades were
identified: one containing the YnSK2 proteins
and the other with the SK2-3 proteins. As pre-
dicted, ABA2 was in the clade with YnSK2 pro-
teins from Arabidopsis, DHN5 and RAB17.
Arabidopsis Dhn genes can be grouped into
three types based on the presence of previous-
ly identified amino acid domains: four YSK2,
four SK2-3 and one K6. A new domain was iden-
tified in the Arabidopsis SK type genes with
the consensus RGL/MFDFLXKKXEEVXE. 

Discussion

In this study, we produced transgenic A.
thaliana plants constitutively expressing the
barley aba2 gene. The transgenic lines had
greater resistance to salt stress during seed
germination than did the wild type. The pres-
ence of a constitutively expressed DHN in
Arabidopsis correlated with an increase of the
final germination percentage in salt stress
conditions at 200 mM NaCl and above (Figure
3), and a decrease of the mean time to germi-
nation as compared to the wild type at all the
NaCl concentrations tested (Table 1). The
transgenic plants reached 90-100% final ger-
mination in salt stress conditions, while the
wild type plants underperformed by 15%, 30%
and 45% as the NaCl concentration in the
growth media was increased (Figure 3). 

According to our results, it seems unlikely
that the observed effects are caused by novel
functional aspects of the barley ABA2 trans-
ferred into the Arabidopsis genome. In fact,
Arabidopsis has nine DHNs, four of which
have the same YnSK2 domain structure as ABA2
and two of which cluster into the same clade
with ABA2 (Figure 5). Although this does not

ensure identical function, it does indicate that
they are closely related and are likely to have
the same role. 

We also observed that seed lots produced at

different time varied in NaCl tolerance during
germination, but this did not alter the differ-
ence between the genotypes Ler, A2-3 and A2-
4. The transgenic seeds expressing the barley
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Figure 4. Cotyledon greening time course of transgenic lines constitutively expressing
ABA2 and control Ler seeds during salt stress. Cotyledon greening of germinated seeds of
the transgenic plants A2-3 (ô) and A2-4 (), and of non-transformed Ler plants () was
recorded as a cumulative percentage at daily intervals. Seeds were plated on MS media (A;
after day three there was no change in percent germination, data not shown) or MS sup-
plemented with 200 mM NaCl (B). The average percentage ± s.e of seedlings with green
cotyledons is shown. Significant differences of the final cotyledon greening percentages
are indicated (*). C) A representative sample of one-week old Ler and transgenic seedlings
grown on 150 mM NaCl.
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aba2 had a greater ability to germinate than
wild type seeds produced at the same time in
the same growth conditions in all of the seed
lots tested. It has previously been reported that
NaCl tolerance of Arabidopsis seeds at germi-
nation is variable. Salt tolerance of seeds
appears to vary with plant nutrition as well as
the length of time seeds are permitted to devel-
op before drying.47 Natural variation for salt
tolerance at germination has also been recent-
ly described in Arabidopsis.48

Therefore, our data suggest that the consti-
tutive expression of aba2 directly or indirectly
improves germination in response to salinity.
Transgenic Arabidopsis plants overexpressing
the maize Rab17 or the wheat dehydrin Dhn5
also shown an enhancement of tolerance to
salinity, drought and osmotic stress.22,23,26 In
the Rab17 study salt stress was applied to 1-
week-old seedlings, therefore the effects of the
DHNs overexpression on germinating seeds
were not tested. Whereas the wheat Dhn5,
expressed in a Columbia ecotype background,
did show a similar level of germination rate
improvement as compared to our study with
the barley ABA2 expressed in a Ler ecotype.22

Transgenic approaches employing the overex-
pression of a DHN have also been tested in
plants other than Arabidopsis. A recent study
shows that the constitutive expression of the
tomato dehydrin tas14 in tomato improves salt
and drought tolerance.30 In this case, the
effects on germination were not tested.
Transgenic plants over-expressing tas14 accu-
mulate ABA earlier and at higher levels, and
counteract the osmotic stress by intracellular
accumulation of K+, Na+ and sugars.30 This
suggests that the constitutive expression of
YnSK2 DHNs in transgenic plants may be an
effective approach for the enhancement of salt
tolerance in different plant species.
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Figure 5. Phylogenetic relationships among the barley ABA2 and Arabidopsis DHNs. A)
Protein conserved domains comparison of ABA2 and nine DHNs identified in the
Arabidopsis genome. The Arabidopsis loci names are indicated and the DHNs conserved
domains K, S, Y, and F are color-coded. B) Unrooted neighbor-joining tree of the barley
ABA2 and the Arabidopsis DHNs. Bootstrap values are shown.

Table 1. Statistical analysis of the time to germination during salt stress conditions. 

NaCl (mM)                  Mean C                 Mean A2-3              Mean A2-4            z-value              P-value             z-value              P-value 
                                      (SEC)                     (SE A2-3)                   (SE A2-4)                A2-3A                  A2-3                 A2-4A                  A2-4

Experiment 1                                                                                                                                                                                                                                                  
     0                                              B                                      B                                     B                                -                                -                               -                                -
     200                                 3.50 (0.61)                     1.83 (0.01)                     1.21 (0.16)                2.71, df=5                   0.042*                 3.61, df=5                   0.015*
     250                                 7.70 (0.65)                     3.95 (0.14)                     3.21 (0.48)                5.62, df=5                   0.002*                 5.54, df=6                   0.001*
     300                                 14.06 (1.4)                     8.05 (0.95)                     6.84 (0.18)                3.61, df=6                   0.011*                 5.26, df=5                   0.003*
Experiment 2                                                                                                                                                                                                                                                            
    0                                       0.71 (0.11)                       0.87 (0.24)                              B                        −0.61, df=1                   0.653                            -                                 -
    150                                   3.08 (0.03)                       2.43 (0.28)                      2.48 (0.10)                 2.26, df=2                     0.152                   5.57, df=3                    0.011*
    200                                   5.47 (0.23)                       4.14 (0.06)                      5.39 (0.51)                 5.66, df=7                    0.001*                  0.14, df=4                     0.896
    250                                  10.60 (0.49)                      8.63 (0.12)                      8.68 (0.55)                 3.91, df=7                    0.006*                  2.62, df=7                    0.035*
    300                                  27.61 (2.00)                     17.39 (1.10)                    17.89 (0.38)                4.49, df=9                    0.002*                  4.80, df=7                    0.002*
The estimated mean times to germination were analyzed as growth models using the Minitab Probit Analysis. Indicated in parenthesis are the standard errors for the controls (SEC), and the transgenic lines A2-3 or
A2-4 (SEA2-3, SEA2-4). Significant differences of the estimated mean time to germination between the wild type (C) and either of the mutants (A2-3 or A2-4) are indicated (*P<0.05). 
AThe z-value is given by:  

B The values of the estimates of mean time to germination did not converge: no tests possible for this level of salt treatment. μc equals the mean of the combined controls and μA is the mean of the transgenic line
A2-3 or A2-4.  
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Interestingly, in addition to the constitutive
expression of the barley aba2, the transgenic
plants we produced showed the salt-stress
induction of an additional protein recognized
by the DHN antibody, which is not present in
the wild type plants in control or salt stress
conditions (Figure 2, band c). We cannot
exclude that the enhancement of the salt toler-
ance observed in our transgenic plants is actu-
ally the results of the combined effects of the
barley ABA2 and the additional stress-induced
native DHN. In this regard, similar results
were also observed in transgenic Arabidopsis
plants overexpressing the wheat Dhn5 or the
maize Rab17.23,26 The transcriptome analysis
of the Dhn-5 transgenic plants showed the
induction of abiotic and biotic stress related
proteins, including other LEA proteins, specifi-
cally a LEA7, the low temperature induced
LTI30/XERO2, and RAB18/XERO1. Interestingly
the latter is a Y2SK2 DHN of 13 kDa, similar in
size to the additional DHN induced in the
transgenic plants produced in our study
(Figure 2, band c). Likewise, transgenic
Arabidopsis overexpressing the maize Rab17
also showed the induction of a LEA7.23,26 The
molecular function of Dhn5 and Rab17 is not
known but under stress conditions they are
both translocated to the nucleus,13,22 conse-
quently they might have a role in the transcrip-
tional regulation of other stress responsive
genes. In the case of RAB17 it has been shown
that nuclear targeting is mediated by a stress-
induced phosphorylation of the S-segment.49,50

DHN and other LEA proteins may have a role
in protecting the embryo during seed desicca-
tion and rehydration.2,17,51 It is known that
DHN content increases during the late stages
of seed development, is high in dormant
embryos, and usually decreases upon seed
imbibition and germination, together with a
decline in seed desiccation tolerance.17-19 It
has been shown that re-drying (imbibition fol-
lowed by dehydration) soybean seeds during
the period of radicle emergence results in a
decrease in germination frequency. Instead, if
re-drying is accompanied by imbibition with
ABA or with PEG, which results in accumula-
tion of LEA proteins in the seeds, the seed des-
iccation tolerance is maintained.17 Thus a
change in the timing or location of expression
of a DHN may permit increased viability dur-
ing seed germination under stress conditions. 

Another possible role of DHNs may be the
facilitation of water uptake during seed imbi-
bition on low osmotic potential media. It has
been proposed that LEA proteins may act as a
hydration buffer in the cell in the presence of
sugars.11,52 In fact, heat-soluble protein prepa-
rations in the presence of sugars absorb 2-3
times more water than a lysozyme/sugar
preparation11,52 Thus, overexpression of DHNs
may alter the seeds capacity to absorb water
during imbibition promoting germination on

media containing a concentration of NaCl that
is restrictive to wild type germination.
Alternatively, DHNs may promote cellular
detoxification. Experiments studying the
molecular function of DHNs have pinpointed
lipid binding,10,53 Ca2+,12 or metal binding.54

The binding capacities of DHNs may in turn
participate in the ability to inhibit lipid perox-
idation.24

Conclusions

In conclusion, transgenic plants expressing
the barley ABA2 showed a significant improve-
ment of the germination process in conditions
of increased salinity and low osmotic potential.
Therefore the modification of aba2 expression
via transgenic approaches could greatly bene-
fit plant improvement programs aimed at the
environmental adaptation of different types of
crops. 
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Abstract 

Olive cultivation in hot arid areas is hin-
dered by the scarcity of irrigation water. The
exploitation of saline water has been proposed
as a solution to partially cover plant water
demands. This paper presents the effects of
salinity [0, 60 and 120 mM sodium chloride
(NaCl)] on physiological and reproductive
functions of cultivars Koroneiki and Amphissis
in a closed hydroponic system. Shoot growth
was markedly reduced in high salinity dose in
Amphissis (−81%) and Koroneiki (−75%). The
photosynthetic rate was significantly reduced
at 120 mM NaCl for both cultivars, as well as
chlorophyll and carotenoids content (43% and
44%, respectively). The Na+ content in all
plant parts increased in both salinity doses
especially in Amphissis while K concentration
decreased for both cultivars. Inflorescences in
Amphissis were severely damaged due to salin-
ity. Consequently, pollen sampling and in vitro
germination study was only feasible for
Koroneiki. Indeed, Koroneiki pollen germina-
tion was reduced at 60 mM NaCl (−42%) and
at 120 mM NaCl (−88%). Pollen tube length
was also reduced by 15% and 28% for the mid-
dle and high salinity dose, respectively. The
results of the present study indicate that
Amphissis is more sensitive in high salinity
doses compared to Koroneiki and that repro-
ductive functions are severely affected by
salinity.

Introduction

Agriculture in hot arid areas is hindered by
the scarcity of irrigation water. The exploita-
tion of saline water has been proposed as a
solution to partially cover plant water
demands. Most of the world’s olive production
is situated in the Mediterranean region and
the olive is considered to be the major tree
crop  in this area.1 Compared to other tree
crops, the olive tree is moderately tolerant to

salinity. Olive cultivation often occurs in loca-
tions that are unsuitable for other crops, due to
summer drought and lack of good quality water
for irrigation, which leads to salinity building
up in the soil. The conflicting demands for
water between agriculture, civil use and
tourism, all reaching higher levels, in late
spring, summer, and early autumn, when
water is less abundant; lead to an over-pump-
ing of groundwater which in turn generates
saltwater intrusion in several agricultural
areas. Taking into consideration that olive cul-
tivation is more and more supplemented with
irrigation, salinity due to saltwater intrusion is
becoming a major problem on the yield of olive
crop.2

In general, salinity is an environmental
stress that limits growth and development in
plants. Various effects of salinity on olive tree
have been demonstrated.3 Shoot growth is
affected more than root growth under a saline
environment, resulting in an increased root-
shoot ratio.4 There are also several genotypic
variations for salt tolerance among the culti-
vars.5

In recent years, many studies employ hydro-
ponic culture to study the effects of salinity on
crops,6 in which the experimental process can
be controlled in a more appropriate way than
in field applications, excluding the plant-soil
interaction interference. However, according
to our best knowledge, there are limited stud-
ies dealing with olive trees in hydroponics and
indeed no studies employed NFT system,
which is considered suitable method  for nutri-
tion studies.7 Nevertheless, a number of unre-
solved issues regarding the impact of salinity
on olive trees still exist.

Under Mediterranean conditions, salinity
stress commonly occurs simultaneously with
other environmental constrains such as high
temperature and high solar irradiance.8 High
temperature reduces photosynthetic and
pollen performance of olive,9,10 while the
impact of solar irradiance is considered as
more complex due to qualitative components
i.e. spectrum composition and light intensity.
Aim of the present study was to investigate the
effects of two NaCl salinity levels  under
enhanced temperature on physiological and
reproductive functions of two olive cultivars of
major importance for Greece – olive oil cv.
Koroneiki and table olive cv. Amphissis. 

Materials and Methods

Plants of Koroneiki and Amphissis were
developed in a hydroponic system (Nutrient
Film Technique-NFT) in an unheated
glasshouse with a north-south orientation of
the Institute of Olive Tree and Subtropical
Plants of Chania. The average minimum and

average maximum temperature in the green-
house were 18 and 38.8oC, respectively. Each
plot (three replicate plots per salinity treat-
ment per cultivar) consisted of a separated
(twin trough with a 3% slope) NFT system con-
taining at least 10 plants. Two-year-old olive
trees were fed with a complete nutrient solu-
tion.11

Plants were grown for 6 months with a basic
nutrient solution. Plants were subjected to 60
mM and 120 mM of NaCl which were added to
the basic solution starting on the 2nd week
after transplanting. To avoid osmotic shock
NaCl was applied in stepped up 4-days incre-
ments of approximately 20 mM until the final
level was reached. The nutrient solution was
renewed regularly to avoid phenomena of toxi-
city or deficiency. The setpoints for pH and EC
were 6 and 6 dS·m-1, respectively. 

During the cultivation period (6 months),
the consumption of nutrient solution from the
cultivars was recorded on a monthly basis. For
the determination of Na and K, pooled samples
of roots, young shoots, old shoots, young leaves
and old leaves from 3 plants were taken, dried
at 65oC for 48h, and then grounded. After
extraction with diluted nitric acid for 24 h, Na
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and K were determined using flame photome-
try (PFP-7, Barloworld Scientific T/As Jenway,
Gransmore Green, UK). Regarding the plant
physiology parameters that were studied, new
vegetation (cm/plant) and consumption of
nutrient solution (Lt) were measured for com-
paring the tolerance of the two cultivars in the
various salinity treatments. 

Additionally, gas exchange measurements
were made at the end of the experimental peri-
od. Ten leaves for each treatment were used to
measure photosynthetic rate, stomatal conduc-
tance and intercellular CO2 concentration (Ci)
using a portable gas exchange system (LI-
6400, Li-Cor Biosciences, Lincoln, NE, USA). 

In order to assess pollen performance of
plants grown in saline culture medium, pollen
was collected from freshly opened flowers and
subsequently incubated at room temperature
(~22oC) in the dark for 24 h, in a growth cham-
ber (Kottermann 2770, D3162; Hanigsen,
Germany) before counting pollen germination
and pollen tube length. Throughout the exper-
iment, pollen was cultured on solid medium
consisting of 0.8% (w/v) agar, 15% (w/v)
sucrose, 100 ppm boric acid and 60 ppm tetra-
cycline hydrochloride, according to Koubouris
et al.10 Pollen germination was evaluated on
five petri dish fields containing over 50 pollen
grains for each treatment. Pollen tube length
was measured for approximately 60 pollen
tubes for each treatment. 

Data were analyzed using SPSS (SPSS Inc.,
Chicago, USA) and were subjected to one-way
analysis of variance (ANOVA). Significantly
different means were calculated at P≤0.05
using least significant difference (LSD) test.

Results and Discussion

Vegetative growth of both olive cultivars was
significantly affected by high salinity dose
(120 mM NaCl). Indeed, overall new shoot
growth was reduced both for Koroneiki (−75%)
and Amphissis (−81%) (Figure 1A). However,
the results of the present study indicated that
Koroneiki may grow sufficiently at mild salini-
ty as there were no differences among 60 mM
NaCl and control treatments. In contrast, a
major reduction of shoot growth (−65%) even
at mild salinity (60 mM NaCl) indicates higher
sensitivity of Amphissis under salinity condi-
tions. Shoot elongation was reduced by salinity
(up to 80 meq l−1 NaCl) in Koroneiki but was
unaffected in Amphissis in a previous study.12

In fact, different salinity doses were then test-
ed and shoot elongation was measured in four
selected shoots per plant, in contrast with the
present study where total plant shoot growth
was monitored. Shoot elongation was also
affected by salinity in other olive varieties.2

Absorption of nutrient solution from the

plants was studied as an indicator of plant
nutrition functionality, since it is generally
well established that saline conditions limit
the vegetative development of olives, mainly as
a result of interference with the osmotic bal-
ance in the root system zone.13 Significant
reduction in the absorption of nutrient solu-
tion from the plants was recorded at high
salinity dose (120 mM NaCl) both for
Koroneiki (-86%) and Amphissis (−85%)
(Figure 1B). Mild salinity dose (60 mM NaCl)
had no effect for Koroneiki but suppressed
nutrient absorption for Amphissis (−64%),
which is directly related with the reduced
shoot elongation and/or increased sensitivity
to salinity. Reduced water absorption by olive
plants grown in sand-perlite (1/1) culture in a
saline medium was also reported by Therios &
Misopolinos.12

The antagonistic role of Na+ and K+ and the
negative effect of salinity on plant nutrition

were confirmed by plant tissue analysis. The
Na+ content increased in both salinity doses
compared to the control plants (Table 1).
Indeed, Na accumulation was higher in
Amphissis compared to Koroneiki in all plant
parts. It was previously shown that salinity
induces detrimental effects by specific toxic
accumulation of chloride and sodium ions in
the leaves.14 In the present study, the Na accu-
mulation was increased in salinity treatments
in all plant tissues − roots, stems, shoots,
leaves − in both cultivars, in agreement with
Melgar et al.15 For both Koroneiki and
Amphissis, it was observed that the higher the
salinity dose the higher the reduction of K con-
centration in plant tissues (Table 1). Similar
effect was reported by several studies (e.g.
Chartzoulakis et al.16) while, in contrast, high-
er K accumulation in salt-stressed olive leaves
was reported by Melgar et al.15

The leaf photosynthetic rate was signifi-

                                                                                                                             Article

Figure 1. Influence of NaCl salinity (60 mM and 120 mM) on shoot growth of hydro-
ponically grown olive tree Koroneiki and Amphissis in NFT (A) and on total consump-
tion of nutrient solution of hydroponically grown olive tree Koroneiki and Amphissis in
NFT (B). Each bar is mean ± standard error for each treatment. Bars with the same letter
were not significantly different at P<0.05 [LSD test; n=10 (A) and n=3 (B)].
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cantly reduced at 120 mM NaCl for both culti-
vars with greater effects observed in Koroneiki
(Figure 2A). This result is in agreement with
Loreto et al.17 who reported that when olive
trees exposed to salt stress, cultivars with
inherently high photosynthesis showed the
highest photosynthetic reductions. However,
sufficient carbon assimilation was retained at
intermediate salinity level (60 mM) for both
cultivars compared to reference values report-
ed for olive at normal conditions.18,19

Besides photosynthetic rate, in both cultivars,
stomatal conductance was influenced by salin-
ity in a very similar way (Figure 2B).
Specifically, the reduction on stomatal conduc-
tance declined to high salinity for Koroneiki
(−78%) and for Amphissis (−60%) which is in
accordance with previous studies.16 In the
present study, salinity (120 mM) significantly
reduced intercellular CO2 concentration (Ci)
of Amphissis, however, no such effect of either
salinity doses was observed for Koroneiki
(Figure 2C). These results show that the
reduction of photosynthesis in salt-stressed
Koroneiki leaves is attributable to stomatal
resistance, while for Amphissis both stomatal
and mesophyll resistances are involved as it
has been also reported previously for other
olive cultivars.20 The simultaneous existence
of biochemical limitations to photosynthesis
such as carboxylation rate and efficiency is
also common in salt-stressed olive leaves.20

Impairment of the photosynthetic apparatus by
salinity was also indicated by a reduction in
chlorophyll and carotenoids content (43% and
44%, of the controls respectively at 120 mM
NaCl; data not shown). 

Inflorescences in Amphissis were severely
damaged due to salinity. Consequently, pollen
sampling and in vitro germination study was
only feasible for Koroneiki. This also high-
lights the increased sensitivity to salinity dam-
age of Amphissis compared with Koroneiki as

                             Article

Table 1. Influence of NaCl salinity (60 mM and 120 mM) on K and Na content in different plant tissues of hydroponically grown olive
tree Koroneiki and Amphissis in NFT. A composite sample from 4 plants was analyzed for each case.

Salinity (mM NaCl)      Variety              Element                                                                           % dw
                                                                                                    Root             Young leaves       Old leaves        Young shoots          Old shoots

0                                               Koroneiki                         K                                    1.58                             2.05                           2.00                              1.68                                0.96
60                                             Koroneiki                         K                                    0.67                             1.73                           1.38                              1.25                                0.99
120                                           Koroneiki                         K                                    0.70                             1.20                           1.03                              0.92                                0.81
0                                               Amphissis                        K                                    0.31                             2.53                           2.17                              2.72                                1.78
60                                             Amphissis                        K                                    0.49                             2.29                           1.73                              2.47                                1.43
120                                           Amphissis                        K                                    0.35                             1.78                           1.20                              1.20                                0.57
0                                               Koroneiki                        Na                                   0.27                             0.24                           0.25                              0.31                                0.20
60                                             Koroneiki                        Na                                   0.27                             0.44                           0.57                              0.39                                0.36
120                                           Koroneiki                        Na                                   1.70                             1.33                           1.87                              1.56                                1.05
0                                               Amphissis                       Na                                   0.08                             0.19                           0.16                              0.25                                0.21
60                                             Amphissis                       Na                                   0.71                             1.19                           1.16                              1.76                                1.09
120                                           Amphissis                       Na                                   1.01                             1.96                           2.34                              2.28                                0.78

Figure 2. Influence of NaCl salinity (60 mM and 120 mM) on (A) photosynthesis rate,
(B) stomatal conductance, and (C) substomatal CO2 concentration (Ci) of hydroponi-
cally grown olive tree Koroneiki and Amphissis in NFT. Each bar is the mean ± standard
error for each treatment. Bars with the same letter were not significantly different at
P<0.05 (LSD test, n=10).



                         [International Journal of Plant Biology 2015; 6:6038]                                            [page 31]

the reproductive phase of the tree, being more
sensitive and susceptible to stresses, was more
damaged compared to the vegetative part of
the tree (i.e. stems and leaves). Indeed,
Koroneiki pollen germination was reduced at
60 mM NaCl (−42%) and at 120 mM NaCl
(−88%) as presented in Figure 3A. Pollen tube
length was also reduced by 15% and 28% for
the mild and high salinity dose, respectively
(Figure 3B). 

Data on olive pollen germination in
response to salinity are scarce. In olive, pollen
performance is reduced at high temperature,10

similarly with photosynthetic activity.9 A num-
ber of previous studies are in agreement with
the present results highlighting the increased
importance and scientific interests on salinity
effects on  crops. In a previous study on 5
Pistacia species, pollen was found to be more
sensitive to salinity compared to seeds.21

Exposure of 3 Cicer arietinum L. varieties to
salinity induced reduction of pollen produc-
tion, germination and tube length, especially
at higher doses.22 Similarly, reduced pollen via-
bility and germination was observed for
Brassica napus L. plants previously irrigated
with sea water solutions.23 In a relevant study
on B. napus L., pollen germination was shown

to better reflect overall plant sensitivity to salt
stress compared to pollen tube length,24 which
also reflects and supports the present findings
as the pollen germination provided clearer evi-
dence  on salinity effects compared to data per-
taining to pollen tube length. 

In order to overcome the water deficit due to
increased water needs in agriculture,  many
countries may have to use water of lower qual-
ity such as saline water or treated waste water.
In order to achieve that, however a detailed
study of the effects of salinity on plants must
be performed. This study elucidates the
response to salinity stress of two major olive
cultivars in Greece, Koroneiki and Amphissis,
through several physiological and reproductive
indicators. Specifically, the findings of this
work indicate that Amphissis physiological
processes are more sensitive in high salinity
doses compared to Koroneiki. However, olive
tree response to salinity may vary as influ-
enced by agronomic practices e.g. proper leach-
ing methodology,25 soil type and precipitation
intensity and distribution in the area of culti-
vation. The results of the present study also
indicate that reproductive functions are
severely affected by salinity. Therefore, future
salinity studies would benefit from addition of

reproductive indicators to investigate whether
a plant can not only grow but also produce suf-
ficiently under saline conditions. 
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Abstract

With the ever growing population and eco-
nomic needs of Mauritius, the flora of
Mauritius has never been in more danger and
one group of vascular plants is even more in
peril; ferns. Diplazium proliferum is indige-
nous to the Mascarene region and is consid-
ered as a rare species in Mauritius. The need
to develop a tested in vitro propagation proto-
col is a must to protect the biodiversity of
Mauritius. This experiment was geared
towards the establishment of a proper sterili-
zation technique and the effect of 6-benzy-
laminopurine (BAP) and light on in vitro cul-
ture of this fern. Sterilization with 0.05%
Mercuric chloride was effective to eliminate
fungal contamination and allow germination
of spores. Culture media supplemented with
BAP did not significantly increase growth rate
of both gametophytes and sporophytes of D.
proliferum. Present results suggest efficient
sterilization methods to be a crucial stage for
successful in vitro regeneration of ferns. The
established protocol will be used as an opti-
mized baseline protocol for the propagation of
other indigenous ferns. 

Introduction

Ferns are referred to as the disaster taxa
since during intervals of environmental stress;
they are the early pioneers to a newly stripped
landscape.1,2 The ground work established on
the status of ferns in Mauritius began with the
project Flore des Mascareignes. The initiative
was to describe all the higher plants species
and ferns in the Mascarenes. While being near
its completion, it has revealed more than 100
new species. Before its colonization, the island
of Mauritius was entirely covered with forest.
Today, not only about 5% of the native forest is
remaining which sums up to about 100 km2,
but it is also threatened by alien invasive
species. 40% of the native flora has been cate-
gorized as threatened and about 39 plant

species has been confirmed as extinct.
There are four main stages of the growth of

a fern from its spore i) the sporophyte or fern
plant, ii) nonsexual spores produced as a
result of reduction division, iii) gametophyte
or thallus plant, iv) oospores produced as the
result of the conjugation of egg and sperm.
When a spore germinates, it produces a small
filament (protonema). Development of the
gametophyte occurs through two stages. In the
first stage, the plant shape is a linear aggre-
gate and in the second stage, it is a solid
aggregate. The thallus is hermaphrodite and
hence can develop several spermaries and
ovaries on the lower region. Fertilization
occurs when a spermatozoid passes down the
neck to the egg to conjugate with it. The devel-
oping embryo is completely parasitic to the
parent plant which provides it with nutrients.
Finally the embryo breaks free from the
enlarged venter of the archegonium to grow
roots in the ground below while a first leaf
develops towards the light shifting from a par-
asitic stage to an independent one.3

Gametophytes that germinate from the single
celled spore are the source from which a
homosporous fern’s bisexual gametophyte are
mitotically derived. The self-fertilization of a
sperm and egg of a single gametophyte that
are genetically similar will yield a sporophyte
that is instantly homozygous at all loci on its
homologous chromosomes.4 In situ conserva-
tion of ferns and their allies in their natural
habitats should always be the main aim.
However, this is not always possible; hence,
additional methods are required to support and
complete the in situ methods which will
increase the probability of survival of the indi-
vidual species.5 Several reports of in vitro
propagation of spores have shown success in
their cultivation but have indicated a consider-
able loss of spores during the sterilization
process, aseptic sowing or due to contamina-
tion which have led to the development of dif-
ferent spore sterilization and sowing
methods.6 In vitro germination of spores and
following prothallus development and subse-
quent sporophyte growth can bypass some of
the difficulties linked with conventional meth-
ods. These difficulties include: low germina-
tion rates, contamination with prothalli from
invasive species and the growth of too few
sporophytes. Successful in vitro germination
of rare species are Cibotium schiedei from
Central America and Angiopteris boivinii from
the Seychelles.7

Spores viability can vary drastically among
pteridophytes; from a few days to a few years.
It has been understood that the genetic make-
up and a few physiological characteristics of
spores need to be reviewed to understand the
spores’ viability variations.8 Factors such as
spore type, chlorophyllous and non-chlorophyl-
lous or taxonomic region can affect the viabil-

ity of spores The high rate of respiration or
inability to recover photosynthetic properties
after desiccation in green spores has been pro-
posed as the cause of quick decrease of viabil-
ity. Lloyd and Klekowski (1970) have compared
the viability of green spores (chlorophyllous)
and non-green spores (non-chlorophyllous)
and noticed that green spores germinate faster
than non-green spores; however, this property
to germinate is lost quickly over time.9

Furthermore, their data has shown that under
laboratory conditions, green spores have short
life span (48 days) while the non-green spores
live on to about 2.8 years. It has also been sug-
gested that the short viability of green spores
of Equisetum hyemale L. may be due to the loss
of its photosynthetic ability when the spores
are rehydrated following desiccation. While
the factors influencing viability of spores are
known, little is known about those affecting
the spores under herbarium conditions.5

D. proliferum is a rare fern restricted to few
forest areas in Mauritius and is listed among
the top priorities for immediate propagation
and conservation by The Nation Parks and
Conservation Services. This study aims to
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develop a tissue culture protocol for the propa-
gation of this wild fern, including defining key
stages for successful micropropagation such
as sterilization steps and culture condition.

Materials and Methods

After acquisition of proper permits to collect
samples, mature leaflets of Diplazium prolifer-
um (accession number: MAU 26445) were
kindly provided by the National Parks and
Conservation. Mature leaflets (Figure 1A)
were allowed to air dry prior to collection of
spores. Dried leaves were scrapped with a
scalpel on a sheet of paper and the spores that
fell on the paper were transferred in a corning
tube. Spore surface sterilization were carried
in the 3 following methods i) treatment 1: 2%
Sodium Hypochlorite;10 ii) treatment 2: 2%
Sodium Hypochlorite and 1 g/L Nystatin
(fungicide) and iii) treatment 3: 1%, 0.1% and
0.05% Mercuric chloride (HgCl2). Basal
Murashige and Skoog’s (1962) media was used
as control (n≥50) and 1 mg/L 6-
Benzylaminopurine (n≥50) was tried as a
growth promoter for spore germination.11

Cultured pots were partly kept in total dark-
ness in an incubator and partly in light condi-
tion for daily 16 hours photoperiod. All experi-
ments were done in aseptic conditions.
Following the growth of some sporophytes, the
media became insufficient and sub-culturing
had to be done. Sporophytes were removed
from the media and cut in pieces and inoculat-
ed in fresh media (with and without BAP). 

Growth rates were measured as surface
areas of growing sporophytes using digital
photography. Photographs of growing explants
were taken with a scale stuck to the wall of cul-
ture pots. Surface areas were calculated using
Scion Image software. The values obtained
were calculated as mean and significant
growth differences between treatments were
calculated following Mann-Whitney U test in
SPSS 16.0. Mann-Whiney U test was used
since the samples obtained in the experiments
were not normally distributed and had unequal
sample size due to different contamination lev-
els.12

Results

First response occurred after 35 days in light
(Figure 1B). Different growth phases from the
inoculation of spores to the development of
green gametophyte stage and consequently to
the sporophyte stage with appearance of first
leaflets were observed (Figure 2A-C). Slurry
like gametophyte usually dries up and then
small callus started to form (Figure 2D-F).

Sterilization with 2% sodium hypochlorite
gave too much contamination following the
inoculation and the spores did not germinate
at all. Supplementing with a fungicide,
Nystatin, also gave high contamination levels.
Treatments with 1% and 0.1% mercuric chlo-
ride resulted in minimal contamination levels
but no germination were observed at all.
Mercuric chloride at 0.05% was efficient for
sterilization and the germination rate was 51%
with this treatment (Figure 3A).

Germination occurred irrespective of pres-
ence or the absence of BAP. Furthermore, the
rate of development of the gametophytes and
sporophytes was not significantly faster
(Mann-Whitney U, P>0.05) though higher
rates were observed with BAP (Figure 3B,C).
The growth rate over the 4 month appeared to

be favored by the presence of BAP in the cul-
ture media with greater rate of development
beginning from the 2nd month. From month 3,
the drop in surface area was due to the sub-
culturing carried out. However quickly after in
month 4, the growth rate spurred back.

Discussion and Conclusions

Although sodium hypochlorite was reported
as an effective and non damaging surface ster-
ilizer, it was not effective in this experiment
and extensive contamination was obtained.
Interestingly it was reported that surface ster-
ilization of Cyathea gigantea spores at 30%
sodium hypochlorite proved to be effective.13
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Figure 1. Diplazium proliferum: A) mature leaves with Sporangia clusters on back of
leaves; B) cells at gametophytic stage viewed under compound microscope.

Figure 2. A-C) The development of spores to gametophytic stage: A) inoculated spores,
B) initial growth of gametophytes, C) slurry of gametophytes. D-F) Development of
sporophyte to small plantlets shoots: D) initial subcultured tissue, E) increase in size of
sporophyte, F) appearance of first leaves.
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With lower concentration, the sterilization was
not successful and when used above 30% the
mortality rate was too high. However, for the
sterilisation of spores of Diplazium prolifer-
um, 2% sodium hypochlorite proved to be inef-
ficient against fungal contaminants. Since
most of the contamination present appeared to
be fungal, a fungicide (Nystatin) was used in

addition to 2% sodium hypochlorite.14

However, this also proved to be inadequate
since, fungal contamination persisted. A
stronger sterilizing agent had to be used,
since, no success had been made in neutraliz-
ing the unwanted microorganisms that were
proving to be a major cause preventing germi-
nation. Since, mercuric chloride has shown

itself as a very strong decontamination agent,
its use made sense. Several reports showed
promising results from the use of mercuric
chloride.15-17 The use of 1% and 0.1% was too
strong and rendered the spores infertile how-
ever, the use of 0.05% produced viable sterile
spores which led to the formation of gameto-
phytes for Diplazium proliferum. 

The germination of spores varies depending
on their taxonomy.9 For spores to germinate, it
must first have achieved maturation. This is
difficult to determine specially in the under-
studied Diplazium family. Several factors may
affect spore maturation such as the cause-
effect relationship whereby dry weather, high
temperature and low humidity favored release
of mature spores.18 Once spores had germinat-
ed it would give rise to a gametophyte which
produces a sporophyte if successful fertiliza-
tion occurs. This series of events is dependent
on many factors. While germination of a spore
will most probably give rise to a prothallus, it
will not necessarily guarantee a sporophyte.
This can be explained by the fact that all the
gametophytes that emerged were hermaphro-
ditic that is without the presence of an egg and
a sperm simultaneously, no sporophyte could
emerge regardless of other factors. Presence of
lethal or semi lethal genes following fusing of
an egg and sperm will ensure that the sporo-
phyte dies. The genotype of this gametophyte
is deadly in the homozygous state. This phe-
nomenon and found that in seven population
of Osmunda regalis from which he obtained
109 sporophytes, all possessed at least 1 form
of lethal gene in heterozygous condition.19

Though BAP was reported to positively affect
the growth of ferns in vitro,20 it did not signif-
icantly increase the growth rates for
Diplazium proliferum. However, it should be
noted that the non-uniformity in the data
obtained was mainly due to the problem of con-
tamination. This study proved that steriliza-
tion of spores for in vitro culture is a very cru-
cial stage for successful in vitro propagation of
ferns from spores.
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Abstract

In capitula of the cultivated sunflower
(Helianthus annuus L.) achene size and mass
commonly decrease from proximal to distal
positions. Temporal limitation of resources of
the distal achenes over the proximal ones has
been the common explanation for this
response. Nevertheless, because the capitulum
architecture and expansion dynamics also
interacts with achene growth and develop-
ment, also space exert a coupled effect with
resources on achene size along the inflores-
cence radius. In this work we removed young
achenes from different capitulum positions
[inner sector (IS) and outer sector (OS)] and
applied an artificial restriction to the capitu-
lum/achenes radial expansion. Removal of
outer achenes significantly increased the final
dry mass of the remnant ones between 17.1 to
27.6%. Removal of inner achenes also pro-
duced the same effect but in less magnitude,
between 9.3 to 17.9% of the outer ones. The
removal of outer achenes with the application
of an artificial peripheral constraint did not
significantly increase the dry mass of the rem-
nant ones (2.7% of the inner and 7.1% of the
control). Percentage of empty achenes signifi-
cantly diminished in the middle sector (MS) in
capitula with the outer achenes removed and
in capitula with the outer achenes removed
plus a peripheral constraint but in the range of
7.1% (MS achenes) and 2.7 % (IS achenes).
Percentage of empty achenes of the MS did not
change when the outer achenes were removed
but was significantly lower when the OS was
removed and the peripheral constraint was
applied. This results suggest that a part of the
reduced growth and development of IS and MS
achenes is not only controlled by the competi-
tion for resources but also is restricted by
space and pressure exerted by the neighboring
ones.

Introduction

Sunflower grain yield is mainly determined
by the number of achenes produced in the
inflorescence (capitulum) and their average
mass.1,2 Also, in the production of hybrid sun-
flower seed, achene size and homogeneity are
important determinants of seed quality.3

Achene size and/or achene set diminution into
an inflorescence have been to occur in several
species.4 These were attributed either to com-
petition for resources,5-7 or to architectural
constraints such us reduced vascular ways to
supply photoassimilates to the sinks.8-10

The physiological mechanisms that regulate
these processes are complex. Nevertheless
experiments made in the sunflower, where the
source/sink relationship was changed, show
that achene size differences along the radial
length of the capitulum, i.e. from the periphery
towards its center (peripheral to distal posi-
tions), are due from insufficient assimilate
supply from the sources.2,11-15 Besides these
well documented evidences, few works on ach-
ene development in Asteraceae inflorescences
have been focused on to the relationship of
maximum achene mass or size and the posi-
tional incidence following achene or inflores-
cence growth. For example it has been
observed in Tragopogon porrifolius L.
(Asteraceae) that the removal of external ach-
enes during capitulum development resulted
in heavier internal achenes, while it was not
the case when internal achenes were
removed.16 On the other hand it is known that
into a developing capitulum, space for floret or
achene development changes on time and can
play a relevant role in controlling the final flo-
ret number or achene size and eventually ach-
ene mass. For example, in young sunflower
plants, the external application of cytoki -
nins,17-19 or surgical removal of the involucral
bracts at early stages of capitulum develop-
ment,18 both ways to increase the size or the
meristematic surface of the still undifferenti-
ated receptacle into floret primordia, signifi-
cantly increased the number of florets and, at
maturity, the number of achenes per plant.

The selective removal of flowers in different
sectors of the sunflower capitulum, external,
middle and internal, generated a significant
increase in the mass of achenes of the inner
region of the capitulum as well as reduced the
number of empty achenes, while it was not so
and the effect was much smaller with the
reverse treatment.20 In this case, the experi-
ment was able to show the positional effect in
terms of the demand for photoassimilate in

different capitulum positions.
So not only available resources but also

physical limitations (space) could be acting to
control the final achene number and size into
the capitulum.

Intra-flower competition in inflorescences
have not been deeply studied. An unique and
elegant example was given by Jeune and
Barabé,21 who explored with a mathematical
approach the geometrical and biophysical
rules that affect the spatial arrangement of
inflorescence components in the Araceae.
They compared the structure of the compact
inflorescences of this family with a theoretical
structure, where the average number of sides
of floral primordia neighboring an n-sided pri-
mordium was determined by physical laws.
They observed that a discrepancy between the
measured shape and organization of those
inflorescences and those predicted by theory
was accounted for by the effect of physical con-
straint due to the proximal environment of
developing primordia.

In the present study we examined the relative
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influences of capitulum architecture and whole
plant resources as mechanisms for setting ach-
ene production in sunflower. So an accurate
determination of the rate of development of the
remaining achenes after performing the process
of selective removal of flowers in various parts of
the sunflower capitulum was performed.

Materials and Methods

Plant material
Seeds of the inbred line HA89-B were sown

under field conditions in Pedro Luro,
Argentina (39º26’S; 62º40’W). The soil of the
experimental site is a Udic haplustol with
sandy texture and low organic matter content
(2.2%).22 Plants were grown at a crop popula-
tion density at flowering of 6 plants/m2. Plot
size was 5 rows × 15 m with an inter-row spac-
ing of 0.70 m. 

The crop was managed according to the rec-
ommended conventional agronomical prac-
tices.23 Environmental conditions during crop
growth kept soil water content above 50% of
maximum soil available water. When neces-
sary, soil water was supplemented by furrow
irrigation. Nutrient deficiencies were prevent-
ed with pre-planting and pre-flowering fertil-
ization with nitrogen (60 Kg N.ha-1) applied as
NO3K. Weeds were controlled manually. Insect
pests were not an important factor during the
whole growing season. 

During the study, mean air temperature
(ºC) and solar radiation (µmol.m–2s–1) were
daily recorded with two-hour interval using a
WS-GP1 Compact Automatic Weather Station
(Delta-T Devices Ltd., Cambridge, UK).
Maximum and minimum temperatures during
the reproductive period as well as average

daily incident radiation were between the
range of optimum magnitudes for sunflower.1

Table 1 summarizes the seasonal pattern
shown by the environmental variables regis-
tered during the experimental period.

Flower removal experiments
Crop phenology was followed every two-

three days from emergence to harvest maturi-
ty. Vegetative and reproductive development
observations followed the Schneiter and Miller
scale.24 When plants reached first anthesis
(FA; phenological stage R5.1)24 180 plants
were labeled for experimentation. 

Treatments started in these selected plants
between late R7 and early R8.24 At that time
achene filling in the peripheral flowers had
begun.25 At R8 all flowers had reached full
development within the inflorescence. 

Four localized source/sink modifications
treatments were performed: outer flowers
removed (OR; Figure 1A), in which flowers in
the outer third of the capitulum radius were
removed, inner flowers removed (IR; Figure
1B), in which the inner third of flowers was
removed. Control, in which inflorescences
were not manipulated (Figure 1C) and outer
flowers removed + perimetral constraint

(OR+PC; Figure 1D). In this treatment, after
the flowers of the outer third of the capitulum
radius were removed, a semi-elastic ring of
high density expanded polystyrene 2.5 cm
thick was applied to partly restrain its radial
expansion during achene growth and capitu-
lum maturation. To retain the ring onto the
receptacle, 4 stainless steel clips equally dis-
tributed on the receptacle surface were used
(Figure 1D). During the period of capitulum
maturation, rings were observed to be always
kept in position. At the beginning of this last
procedure capitulum diameter of selected
plants averaged 9.3±1.3 cm. 

The number of flowers removed in the treat-
ment where outer flowers were removed was
between 5 to 10% higher than that in the treat-
ment where inner flowers were removed.

Achene dry mass determination
Starting from the treatment day, achenes

from three capitulum sectors, external (ES),
middle (MS) and internal (IS), each equal to
1/3 of the capitulum radius were harvested
every 3 to 7 days up to harvest maturity (HM).
At each harvest time, 10 achenes per plant
were taken from 3 selected plants per plot that
had not been sampled previously. Ovaries were
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Table 1. Mean environmental data for three developmental crop phases. Crop phase A
represents the 15-d interval centered on the mean date of full anthesis. Crop interval S-
A is the time elapsed between sowing and 7 days before the mean date of full anthesis.
A-PM is the interval between 7 days after full anthesis the date of PM.

Environmental factor                                                 Plant developmental phase
                                                                                 S-A                     A                   A-PM

Max. temperature, °C                                                                 22.6                         25.2                         31.5
Min. temperature, °C                                                                 13.2                         17.1                         14.8
Daily incident radiation, MJ m−2                                              22.3                         23.2                         21.7
A, anthesis; S, seeding time; PM, physiological maturity.

Table 2. Effect of floret removal on average dry mass per filled achene at harvest maturity and percentage of empty achenes. 

Treatment,                          Max. achene mass (mg) and empty achenes (%) at harvest maturity in each capitulum sector
capitulum sector                       External                                                   Middle                                                            Internal
                                         Max.                    Empty             Max. achene           Empty achenes                 Max.                             Empty
                                       achene                achenes             mass, mg               per sector, %                achene                         achenes 
                                     mass, mg         per sector, %                                                                              mass, mg                    per sector, %

Control                                                                                                                                                                      
       External                           61.5 (3.3)a                            12.1a                                -                                            -                                          -                                                 -
       Middle                                      -                                      -                           44.9 (2.6)a                               15.3a                                      -                                                 -
       Internal                                    -                                      -                                    -                                            -                                 33.1 (2.7)a                                    23.0a

Outer ring removed                                                                                                                                               
       Middle                                      -                                      -                   56.2 (3.1)b [+27.6]                        7.2b                                       -                                                 -
       Internal                                    -                                      -                                    -                                            -                         37.6 (2.9)b [+13.6]                            19.7a

Outer ring removed + PC                                                                                                                                     
       Middle                                      -                                      -                     49.8 (3.7)a [+7.1]                         11.9b                                      -                                                 -
       Internal                                    -                                      -                                    -                                            -                          34.0 (3.2)a [+2.7]                             18.4b

Inner ring removed                                                                                                                                                
       External                    67.7 (2.9)b [+9.3]                  13.2a                                -                                            -                                          -                                                 -
       Middle                                      -                                      -                   53.6 (3.5)c [+17.9]                       12.7a                                      -                                                 -
Values in column with different letters are significantly different (P<0.05). PC, peripheral constraint. Values in parentheses ±1SE. Values in the same column followed by different letters are significantly different
(P<0.05). Values in brackets = percentage of achene dry mass (mg) change against control values for the same capitulum sector.



                         [International Journal of Plant Biology 2015; 6:6014]                                            [page 39]

kept in a cooler with ice and taken to the labo-
ratory within 90 minutes of sampling. The ach-
enes were dried at 70°C for at least 48 h before
weighing. Achene dry mass (ADM) was then
calculated.

After ripening the collected capitula were
taken to the laboratory and the achenes were
separated from treated and control inflores-
cences. All achenes were taken from each
capitulum separately in three concentric
zones, equal in width (external, middle and
internal). Total number of empty achenes per
sector was counted and ADM was then meas-
ured.

Statistical analysis
Time course of achene mass increase was

estimated fitting a bilinear regression to the
data using a nonlinear routine of the
Kaleidagraph version 4.1 software (Synergy
Software, Reading, Pennsylvania, USA). The
initial straight line is defined by p=a1+bX (for
X<c) and the second straight line is defined by
p=a2 (for X>c), where p is the ADM (mg), X
represents time (days from R7) a1 is the inter-
cept, b is the slope of the non-plateau section,
(defines achene growth rate), a2 is the value
of the plateau of the function (indicates the
maximum ADM (mg) and c, the unknown
breakpoint (i.e., the timing of maximum
ADM).25,26

All data were statistically analyzed by a two-
way analysis of variance (ANOVA) using the
Infostat statistical software package v. 2012.27

The least significant difference (LSD) test was
used to separate differences between capitu-
lum sectors achene mass and their interac-
tions. 

Results 

Flower removal affected achene mass after
treatments of inner or outer achenes (Table 2;
Figure 2). Achenes were heavier in those
treatments in which internal or external flow-
ers were removed in comparison with control
ones (Table 2; Figure 2). Peripheral achenes of
inflorescences where inner flowers were
removed (Figure 1B) were significantly heav-
ier (67.7±2.9 g; P<0.05) than the outermost
achenes of inflorescences of control plants
(61.3± 3.3 g; P<0.05; Table 2).

Floret removal of the outer third capitulum
ring significantly improved achene mass in the
middle and center (Table 2; Figure 2B). In
treated plants, the percentage of empty ach-
enes in the middle sector was lower (7.2% and
11.9%, Table 2), than in control plants (15.3%,
Table 2) as well as in the middle sector (19.7%
and 18.4% vs. 23.0%). For IR treatment, maxi-
mum ADM in the external third and middle
sector was observed 16 and 17 days respective-

ly after R7 (Figure 2B).
In the treatment when the inner third was

removed (Figure 1B) final achene dry mass of
the middle sector was attained 3.7 days later
than in control plants (Figure 2A). On the
other hand, in the treatment when the outer
third was removed (Figure 1A) achenes of the
middle sector attained its final dry mass 1.5
days earlier (Figure 2B). For OR treatment,
maximum ADM in the internal third and mid-
dle sector was attained two days earlier than in
control (Figure 2B).

Generally in al cases, except for the MS ach-
enes in the IR treatments, the slope of the ach-
ene dry mass gain, was higher than in control
(Figure 2; Table 2) indicating that the achenes
were not only gaining higher mass compared
with controls but also that this process was
occurring faster. In the first case it may hap-
pen that the period of achene filling lengthens
in the MS because there is no space limita-
tions as a result of absent central achenes. In
the second case, it can happen something sim-
ilar but with an effect half controlled by the
achenes of the MS. Also, as the ovaries of the
IS may be in some cases smaller,14 these ach-
enes gain mass before and quickly reach their
maximum mass.

In capitula with outer ring floret removal
(OR+PC) a peripheral constraint, which in
turn is mechanically equivalent to being under
compression, significantly reduced the final
ADM of achenes of the MS compared with
those plants with the peripheral removed ring

and no constraint (OR; Table 2). Nevertheless
the final achene mass was significantly higher
for the same capitulum sector in control plants
(Figure 2B; Table 2).

Discussion

Following abundant evidence related with
resource competition among achenes, inde-
pendently of floral initiation order, appear to
be that later developed achenes, affect the size
of achenes produced earlier, so achenes from
the IR treatment should be heavier than OS
achenes in control inflorescences.

But, on the other hand, spatial effects where
position also affects achene mass, suggest that
the OS achenes from the IR treatment should
be heavier than the OS achenes from the OR
treatment, as the latter are in a relative inner
position compared to the IR ones. 

In this work ovary removal overall produced
an increase in the size of the remaining ach-
enes, suggesting competition for resources as
one of the causes of the observed position
effect. But on the other hand, the experimental
manipulations of the source/sink ratio not only
demonstrate that resource limitation is a
major determinant of achene mass, in the
capitulum,16,20 but that can mask a spatial
effect on the development capacity of the
remaining achenes. In this sense spatial
issues should also be considered.

                                                                                                                             Article

Figure 1. Schematic representation of the four treatments control (A), inner flowers
removed (IR; B), outer flowers removed, (OR; C) and outer flowers removed plus external
constraint (OR+PC; D), applied to capitula of sunflower in the experimental manipula-
tion of flower competition. EC: Styrofoam ring to apply an artificial external constraint
to the middle ovaries; R: receptacle; FL: florets; P: fixing pins of the EC onto the recep-
tacle tissue.
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In fact, in the experiment where a physical
restriction of capitulum radial expansion was
placed after removal of the OS ovaries (Figure
1D), resulted in lesser growth of the IS ach-
enes than in the case of the removal of the OS
ovaries without the external constraint (Table
2; Figure 2). Therefore, we should not ignore
physical effect imposed by internal forces of
expansion/compression of developing achenes
in a whole capitulum.

In Figure 3 a conceptual expansion model in
a post fertilized capitulum is presented. In this
model an interpretation of how the forces of
achene expansion and radial receptacle expan-
sion would interact on a particular growing
achene (Figure 3A).

We can infer that the dynamics of achene
growth will result from the interrelation of the
physiological component (assimilate input)
plus two main geometrical components: the
physical expansion of the receptacle surface
(Figure 3B) and the rate at which achene
growth is occupying this surface (Figure 3C). 

The rate of achene growth will quickly
increase as the receptacle surface cease its
expansion growth probably produced by
decrease competition for nutrients or growth
substances by the proximal achenes, now
engaged in active growth.

Exploratory work on determination of recep-
tacle expansion after R8 using landmarks
showed that radius growth, expansion rate
diminishes from the center towards the
periphery (Hernández, unpublished) an
inverse finding previously reported,28 in the
interval in FS5 to 6 when the receptacle meris-
tem is differentiating into floret primordia. In
there, he found that capitulum expansion rate
was higher at the periphery and slower or
absent at the receptacle center. So if the disc
center tends to grow rapidly (have excess sur-
face)29,30 compared to the margins then the
margins will respond, passively, with
buckling,31,32 and it would necessarily result in
the formation of a the rounded downwards rim
observed in mature capitula after R8.33

Conclusions

It is concluded that achene size is highly
controlled by restrictions in space. Achenes
that develop in the (external) proximal posi-
tion of the capitulum have an advantage over
those that develop in the (internal) distal por-
tion thereof. Being the first to start developing
and the most external, the radial expansion of
the capitulum during grain filling and matura-
tion diminishes the pressures between neigh-
boring achenes but are higher as one moves
towards the capitulum center. So, when more
we move towards the center, significant coun-

                             Article

Figure 2. Evolution of achene dry mass (ADM) from R7 up to harvest maturity for the
controls plants (closed symbols) and treated plants (open symbols) respectively. A)
Control plants vs. external ring of florets removed (OR) and external ring removed plus
a peripheral constraint (OR+PC). B) Control plants vs. internal ring of florets removed
(IR). (, ) external achenes; (p, r) middle achenes; (,  ) internal achenes, (   )
middle achenes when an artificial peripheral constraint was applied. For this last treat-
ment data for the internal achene mass is not shown. Vertical bars: ±1 SE. Fitted values
are shown in the following equations:
 y=21.96+2.28x R2=0.996
 y=22.29+2.67x R2=0.993
p y=10.57+1.60x R2=0.992
r y=18.84+1.42x R2=0.974
 y=−0.46+1.42x R2=0.989
 y=−5.45+1.94x R2=0.987

y=10.79+1.76x R2=0.979
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tervailing forces would begin to appear that
would multiply from the outside in.

The results shown here constitute impor-
tant experimental evidence supporting both
resource competition and physical/spatial
effects on achene size reduction within the
sunflower inflorescence. The results also sug-
gest that, similarly, the physical constraints
during the capitulum development may limit
the size/mass of internal achenes compared
with the external ones, but the proximate
mechanism of architectural effects remains
uncertain.
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Abstract 

Proline is one of amino acid that usually
accumulates inside the plant cell when facing
drought stress. The accumulation of proline
can protect the plant cell from damage during
drought. The aim of this research was to deter-
mine proline content and yield components of
local corn cultivars from Kisar Island, Maluku,
Indonesia. The field trial was organized using
randomized block design with three replicates.
Six local corn cultivars found in Kisar Island
(Deep Yellow, Early Maturing Yellow, Red
Blood, Rubby Brown Cob, Waxy, and White)
were used as plant materials and a recom-
mended tolerance variety (Srikandi) was taken
as reference group. Proline content was deter-
mined using ninhydrin method. Yield compo-
nents variables included cob weight (at har-
vest, after air dry, after oven dried, at 12% of
water content), cob water content at harvest,
cob length, cob diameter, number of seed row
per cob, number of seed per cob, and cob yield
at 12% of water content. Data collected was
analysed with analysis of variance followed by
Duncan multiple range test at the significant
level �0.05 using Statistical Analysis
System/SAS software version 9.0. The result
shows that highest proline content and yield
components (except for cob water content)
was showed by the Deep Yellow cultivar. The
lowest proline content was showed by Rubby
Brown Cob cultivar. The lowest corn yield com-
ponents was showed by Red Blood local culti-
var. Deep Yellow cultivar can be proposed as
superior drought tolerance variety, and can be
recommended for further wide cultivation in
Maluku province. 

Introduction

About 41% of Earth’s land surface is covered

by dryland.1 In Indonesia, as much as 40% of
agricultural land is dryland.2 Kisar Island is
part of Southwest Maluku district in Maluku
province that known as dry area with dry cli-
mates and very low rainfall (991-1102
mm/year, or 19.05-21.19 mm/week).3 In
Maluku, this area also known as a major con-
tributing area of corn. However, one of the
problem associated with dryland and very low
rainfall in this area is the low productivity of
corn (1.0 t/ha with harvest area 16,460 ha).4-6

When experiencing to dryland or drought
environment conditions, plant have a special
mechanism to overcome the drought stress
like synthesis of osmolyte.7 The synthesis and
accumulation of osmolyte can protect plant
cells from damage caused by drought stress.8

One of the osmolyte that accumulate in the
plant cell during drought is proline.9,10 The
increasing of proline accumulation during
drought stress in various plant species have
been reported by many researcher such as on
peanut,11 soybean,12 and patchouli.13 In corn,
proline accumulation due to drought have
been reported at the germination stage,14 veg-
etative stage,15 and reproductive stage.7,16-18

Drought stress can also significantly affect
plant production including corn.18-20

Information regarding the potential yield
and adaptability of the plants through the syn-
thesis and accumulation of osmolyte is the
most important factors that should be under-
standable by researcher or a breeder in order
to obtain the best and stable genotype which
can be used in a wider cultivation. This is
caused by the phenotypic expression of a geno-
type can be changed in accordance with the
ability to adapt to environmental conditions. In
Kisar Island Southwest Maluku district, there
are six local corn cultivars that have been cul-
tivated by local people for a long time since
many years. However, the potential yield and
adaptability through proline synthesize and
accumulation of six local cultivars has not
been studied. The aim of this research was to
determine the proline content and yield com-
ponents, and wich one of these local corn cul-
tivars that can be recommended for wider cul-
tivation based on the proline content and yield
components. 

Materials and Methods

The plant materials consist of six local corn
cultivars obtained from farmers in Kisar Island
(Deep Yellow, Early Maturing Yellow, Red
Blood, Rubby Brown, Waxy, and White) and
one reference variety (Srikandi) from
Research Institute for Cereals. The experi-
ment was conducted in Yawuru District Kisar
Island, South West Maluku Regency from
December 2013 to March 2014, using random-

ized block design with three replicates. The
environmental condition were measured
including temperature wich is ranging from
27.1°C (Dec 2013) and 28.5-28.9°C (January-
March 2014). The rainfall was about 47.84
mm/week (Dec 2013), and 17-3-0.2 mm/week
(January-March 2014). 

Plots size was 1.5×1.5 m. One plot with nine
planting holes planted with four seeds per hole
and thinned at thirty days after planting. There
was 50×50 cm space between each planting
hole in each plot. There was no fertilizer and
watering applied during planting season.
Observation were carried out on 1 purposed
selected plants leaves at 65 days after planting
using the second leaf from tip for proline
analysis, while yield components analysis were
conducted after harvesting from 3 selected
plants. 

Proline analysis was conducted following
the nynhidrin method.21 Fresh leaves with the
weight of 0.25 g,17 was milled in mortar and
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pestle, and homogenized with 10 mL of 3%
sulphosalysilic acid (w/v). The homogenate
then centrifugated at 6000 rpm for 15 minutes.
The supernatant obtained was poured in-to
new test tube and filtered using Whatman fil-
ter paper number 40. Two mililiters of super-
natant was taken and added with 2 mL of gla-
cial acetic acid and 2 mL of acid nynhidrin. The
acid nynhidrin wich is consist of 60 mL of 2.5
grams nynhidrin in 100 mL of glacial acetic
acid, 30 mL of aquadest and 10 mL of 85%
phosphoric acid was prepared following the
methods of Clausen.22

The solution then heated at 100°C of boiling
water for one hour, and incubated on ice for 5
minutes. The solution then extracted with 4
mL of toluene, and vortex vigorously for 10 sec-
ond. The upper phase of solution was taken,
and the absorbance was measured at 520 nm
of wavelength by using UV-VIS Spectropho -
tometer. For the standart curve, series of pro-
line concentration (2.5-20 µg/mL) was made
using pure DL-prolin (Merck; Kenilworth, NJ,
USA). Proline concentration then calculated
and expressed as µmole/g fresh weight. The
observation of corn yield was conducted when
the husk turned to yellow or brownish.23 The
yield components observed were cob weight at
harvest, cob weight after air dry, cob weight
after oven dried, cob water content after air
dry, cob weight at 12% of water content, cob
length, cob diameter, number of seed row per
cob, number of seed per cob, and cob yield at
12% of water content. Data then analysed
using analysis of variance followed with
Duncan multiple range test at the significant
level of � 0.05. Anova and Duncan was conduct-
ed with the assistance of statistical analytical
system (SAS) version of 9.0. 

Results and Discussion

The highest value of proline content was
showed by Deep Yellow local cultivar and the
lowest proline content was showed by Rubby
Brown Cob local cultivar (Table 1). Proline is
an organic compound that most accumulated
in plant when experience to drought stress.24

The function of proline in the plant cell was to
keep the stability or turgidity of the cell, and
protect the cell from damage due to drought.24

With the accumulation of proline inside the
plant cell, it is expected to give a positive effect
to the physiological process wich lead to the
increase of plant yield. 

The highest value of cob weight at harvest
was showed by Deep Yellow cultivar, and the
lowest one in the Red Blood cultivar (Table 1).
Cob weight showing the accumulation of water
and organic materials contained in the seed.
Accumulation of organic material associated
with photosynthesis and distribution of photo-
synthate from the source to the plant organs
wich serve as a place for the dumping of pho-
tosynthesis products (sink), in this case is
corn seed. Similar to cob weight at harvest
data, after the cob was air dried, the highest
weight value also showed by the Deep Yellow
local cultivar and the lowest one was obtained
by the Red Blood local cultivar. After air dried
for 30 days, cob weight become decreased
about 2-6 grams compared with the cob weight
at harvest. This was allegedly associated with
the reduced of water content in the cobs. The
water content in the cob can be decreased
along with the length of storage time. This is
caused by during storage the evaporation of
water can still take place. Drying the cob in an
oven lowering the water content in the seed.25

When compared with at harvest, and cob
weight at air dried, the cob weight after oven
dried getting were decreased. Water content is
the amount of water contained in the material
expressed in percent (%).26 Cob water content
at harvest average is 19%. This is not in line
with the previous result that stated that the

average water content of grains such as
sorghum and corn are 20-30%.27 However, the
water content is influenced by environmental
conditions when harvest and also growth envi-
ronmental condition. If the harvest was done
in the dry season and environmental condi-
tions too dry, then the seed water content can
range between 17-20%.2 Weight of cobs were
measured on a 12% of water content. This is
the balanced or equilibrium condition for the
storage of corn grain.28,29 The cob length
shows that cultivar with the highest cob length
was Deep Yellow local cultivar, while the lowest
cob length was Red Blood local cultivar. The
length of cob size is related to the amount or
composition of seed rows on the cob. The
amount or composition of seed rows on the cob
is closely linked to the success of pollination.
In case of drought, little or no viable pollen
were produced. If there are slightly fertile or
viable pollen that formed, the succes of seed
formation will also reduced, and this can affect
the position of seed or seed row arrangement
on the cob. Cultivars with highest cob diame-
ter was Deep Yellow local cultivar (Table 1).
Cob diameter is one of agronomic traits that
usually related to the size of seed. Cob diame-
ter also affects the crop yield components. If
the seed has length size, the cob diameter tend
to larger. Also, the length and diameter of the
cob is closely related to the results of a vari-
eties. If the average cob length of one varieties
is longger, this varieties are likely to have a
higher yield.  

Drought occurred in the flowering stage,
unviable pollen is potentially to produce and
this can leads a lower production, and
decrease the number of seeds.30 The number
of seeds per cob related to the value of anthe-
sis-silking interval because between male and
female flowers there must be a synchroniza-
tion to ensure succesful fertilization, wich in
turn affect the formation of seeds. This is in
accordance with other fundings that under
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Table 1. Proline content and yield components of corn from Kisar Island Maluku (Indonesia).                      

Variable tested                                                                                                                Corn cultivars                  
                                                               Rubby brown cob   Red blood      Waxy     Early maturing yellow Deep yellow        White         Srikandi

Proline content (µmole/gFW)                                      13.8±3.1b                17.0±4.6b       17.3±2.9b                   18.4±1.4b                     27.4±4.6a             14.2±2.9b          18.7±2.5b

Cob weight when harvest (g)                                       73.4±4.7b                46.7±3.7c       67.1±9.0bc                  85.6±6.7b                   128.0±24.0a           88.3±7.3b         69.6±14.7b

Cob weight after air dry (g)                                          70.3±4.7b                44.5±4.9c       64.1±7.6bc                  80.7±6.4b                   122.5±23.2a           85.5±7.2b        66.5±18.6bc

Cob weight after oven dried (g)                                  59.5±4.1b              38.15±3.34c     50.9±8.6bc                  68.6±5.1b                   104.1±20.5a           70.9±4.9b        56.0±11.8bc

Cob water content when harvest (%)                         19.4±0.4a                19.4±0.7a       19.4±0.8a                   19.7±0.2a                     19.5±0.8a             19.6±1.1a          19.4±0.8a

Cob weight at the 12% of water content (g)             67.3±4.6b                42.6±3.6c       61.4±8.2bc                  77.4±6.2b                   117.0±21.6a           80.6±5.6b        62.3±16.4bc

Cob yield at the 12% of water content (ton/ha)       0.3±0.02b                       0.1±0.02c          0.2±0.04b                           0.3±0.02b                              0.5±0.09a                  0.3±0.03b              0.2±0.06b

Cob length (mm)                                                           86.8±0.8cd               73.4±1.05d     94.3±8.5bc                110.02±2.8ab                 116.1±2.6a        103.6±10.9abc       98.7±8.8abc

Cob diameter (mm)                                                      31.00±4.1c               30.1±1.8c       31.7±1.1bc                  34.8±3.2b                     38.0±1.8a            35.4±0.6ab         33.2±1.1bc

Number of seed per cob (seed)                              242.3±44.7b            185.5±16.2b   205.0±16.3b               243.5±50.2b                 341.5±37.6a         247.6±23.7b      203.4±46.7b

Number of seed row per cob (row)                           10.8±0.1b                10.6±0.8b       11.1±0.5b                   10.3±0.5b                     14.1±0.6a             11.6±0.3b          10.7±1.0b

Number followed with same letters in the same rows means no significant different at� a 0.05 according to DMRT. 
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drought conditions, the length time of male
and female flower induction, will extend the
length of anthesis-silking interval and will
affect the corn yield, especilly the number of
seeds on the cob.31

The results showed that the highest yield of
cob at the 12% of water content was obtained
by Deep Yellow local cultivar (0.56 tonnes/ha,
and the lowest one in the Red Blood local culti-
var (0.23 ton/ha). In general, the cob yield of all
cultivars is very low. This is related to the envi-
ronmental conditions. Drought that occurred
at the flowering stage, is potentially decrease
the corn yield,32 while if drought was occured
during grain filling, this can leads the
decrease of corn yields as much as 30-60%.33

The proline content is associated with the
yield component of corn. This means that
genotype with high proline content tended to
be high in the yield components (as found in
the Deep Yellow local cultivar). Among six local
corn cultivars and reference variety, the high-
est value of proline content and yield compo-
nents (except for cob water content after air
dry) was showed by Deep Yellow cultivar.
Srikandi variety that was recommended by the
Research Institute of Cerreal as a drought tol-
erant variety did not show better result on all
variables observed compared with Deep Yellow
local cultivar. Another researcher was stated
that if a superior variety did not show a high
result,34 this was caused by the superior vari-
ety was gained by some selected optimum pro-
cedure and the observation of superior variety
was done under optimum condition. Therefore
the superiority of this variety under optimum
condition does not always expressed under sub
optimum condition. 

Regarding to the tolerance to drought, it was
predicted that Deep Yellow cultivar was the
most tolerant cultivar that can adapt to the
environment of Kisar Island as it’s natural
habitat compare with other local cultivar and
reference variety. This result was strong sup-
ported by statement of,34 that if the observed
value of one traits from one cultivar were high-
est than the observed value of one traits from
a reference variety (tolerance to drought), the
genotype was more tolerant to drought. This
suggests that based on the proline content and
yield components, the Deep Yellow local corn
cultivar are effective to measure the adapta-
tion of corn cultivars, and can be recommend-
ed for further cultivation. 

Conclusions

The highest proline content and yield com-
ponents (except for cob water content) was
obtained in Deep Yellow cultivar. The lowest
proline content was obtained by Rubby Brown
Cob cultivar. The lowest corn yield components

(except for cob water content when harvest)
was obtained by Red Blood local cultivar. Deep
Yellow cultivar can be proposed as superior
drought tolerance variety, and can be recom-
mended for further wide cultivation in Maluku
province. 
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Abstract

When sperm cells of the plant Lycium bar-
barum L. (L. barbarum) form in a style they
begin to synthesize nuclear DNA (nDNA),
which monotonically increases over time. To
characterize the dynamics of nDNA accumula-
tion, we present two new dynamical/statistical
models. We applied these models to the accu-
mulation of the nDNA content of sperm cells in
L. barbarum between 16 to 32 hours after polli-
nation in a style. A statistical analysis of exper-
imental data, involving Markov chain Monte
Carlo methods, allowed estimation of parame-
ters of the models. We conclude that the model
with no variation in the rate of nDNA accumu-
lation adequately summarizes the data. This is
the first work where the dynamics of nDNA
accumulation has been quantitatively modeled
and analyzed.

Introduction

Plant embryology includes studies of the
nuclear DNA (nDNA) of male and female
gametes.1 Most of the previous research on
this subject, for example, in the plants
Arabidopsis and Nicotiana tabacum investigat-
ed the nDNA content of the gametes.2,3 By con-
trast, in the present work, we present mathe-
matical modeling and analysis of the dynamics
of nDNA accumulation. In particular, we ana-
lyzed data collected on the plant Lycium bar-
barum and studied the dynamics of nDNA
accumulation in sperm cells. We introduced
and employed two statistical models for this
purpose. We used these models to determine
the intrinsic rate of accumulation of nDNA
content in L. barbarum. This plant is in the
same family as Nicotiana tabacum, namely
Solanaceae. The plant L. barbarum is econom-
ically important because it is a fruit producer.

It also has applications in Traditional Chinese
Medicine.4-6 During the initial stages of fertil-
ization, a pollen grain is transferred to a
plant’s stigma by the process of pollination.
The plant L. barbarum falls under the class of
plants that produce bicellular pollen grains
(i.e., containing one generative cell and one
vegetative cell). Under appropriate conditions,
a pollen grain germinates a pollen tube on a
stigma, in which case the pollen tube elon-
gates, and grows into the transmitting tissue
in the style. For pollen of a bicellular type, a
generative cell (which is linked to a vegetative
cell) divides to form two sperm cells, some
time after pollination, during pollen tube elon-
gation. In previous experiments on L. bar-
barum,7 the styles were examined every 4
hours from the time of pollination and sperm
cells were observed (under a microscope) only
at 16 or more hours after pollination. Hence it
is plausible that individual sperm cells formed
between 12 and 16 hours after pollination.
During the process of sperm cell development,
good quality pollen tubes (i.e., those which are
potentially successful at achieving fertiliza-
tion), contain sperm cells in the vicinity of the
tip, and these are transported along, with the
growth of the pollen tube.7-9 Sperm cells, once
formed initiate nDNA content synthesis (their
nuclei begin to accumulate DNA). Experi -
mental techniques allow the measurement of
the nDNA content of sperm cells at different
times after their formation, at different stages
of development. The analysis carried in the
present work was used to quantitatively test a
new dynamical hypothesis concerning DNA
accumulation of the sperm cells (see below). A
qualitative analysis of the data has been
reported elsewhere,10 and relevant details of
the experiments are given in this previous
work; the primary focus of the present work is
modeling and data analysis.

Hypothesis
The work presented here is based on the

hypothesis that accumulation of nDNA content
in plant sperm cells occurs linearly over time.
This hypothesis is original to this paper and
has not, to the best of our knowledge, been
made elsewhere. This linear behavior is
assumed to apply for the experiments on L.
barbarum from the time of first observation of
sperm cells, namely 16 hours after pollination,
to the longest time that sperm cells were
observed after pollination (32 hours). In prin-
ciple, if measurements had been made over
longer times than the longest times adopted
(32 hours), then it is possible that some sort of
saturation effect in the nDNA content of sperm
cells could set in, prior to zygote formation,
with the nDNA content/time curve leveling off
at long times. We saw no evidence of this in
the data collected up to 32 hours after pollina-
tion (Table 1), hence models with a linear

increase appear adequate, but a natural exten-
sion of this work could involve nDNA increase
according to a saturating function of time. We
thus introduced two models with linear accu-
mulation of nDNA content over time. The
virtue of the models is that they have only a
few parameters, which can be estimated from
the experimental data. Any non-linear model
will generally involve more parameters than a
linear model, and make greater demands on
the data. However, extensions of the models
are possible.

We assume the nDNA content of sperm cells
have variability from two different sources.
The first is an aspect of the fluorescence tech-
nique employed, which leads to errors in the
measured nDNA content at any time. In princi-
ple, there is a second source of variability: the
nDNA content of the sperm cells arises from
intrinsic variation in the rate of accumulation
of nDNA of different sperm cells. That is, dif-
ferent sperm cells may have different rates of
DNA accumulation.

Materials and Methods

nDNA content determination
We determined the nDNA content of sperm

cells using microscopy and fluorescence tech-
niques. With a Leica DMR fluorescence micro-
scope, we observed and photomicrographed
sperm cells. The software associated with the
microscope (Simple PCI) was used in the
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analysis of the data. All parameters of the soft-
ware were set in advance and the only param-
eter requiring adjustment was the exposure
time. To analyze the data, we selected a cell in
a photomicrograph, and by manually circling
the cell, the software calculated the fluores-
cence value. The fluorescence value was not
influenced by the exposure time, when below
the saturation level, because the measured flu-
orescence was relative to the background fluo-
rescence, and the difference, to good accuracy,
is independent of the exposure time.

Statistical analysis
We used MCMC with the Metropolis-

Hastings algorithm to sample the likelihood.11

See the Models Section for a derivation of the
likelihood functions.

Models
We introduce two dynamical models that

incorporate the hypothesis that accumulation
of nDNA content in the plant sperm cells occur
linearly with time. We assume that at t hours
after pollination, the nDNA content of plant
sperm cells given by

D = A + Rt + e                                    Eq. (1)

where: 
D is the nDNA content (measured in units

of  C, where, by definition, a diploid cell has an
nDNA content of 2C) of a sperm cell at time t;
A is a constant; R is the rate of accumulation of

nDNA content of a sperm cell; e is the error in
the measured nDNA content of a sperm cell
that is introduced by the fluorescence tech-
nique; we assume e is an intrinsic property of
the fluorescence technique.

We model the fluorescence error, e, as a ran-
dom variable that varies from sperm cell to
sperm cell. We make the simplest assumptions
that the fluorescence errors are independent
for different sperm cells and unbiased - hence
e has an expected value of zero.

In the experiments, the nDNA content of
sperm cells are measured at given times, with
the measurement destroying the sperm cells,
so they cannot be re-measured, hence differ-
ent measurements are on different sperm
cells.

Two models, within the framework of Eq. (1)
suggest themselves.

Model 0
All sperm cells have an identical rate of DNA

accumulation. Thus the parameter R in Eq.
(1) is a constant that can be estimated from
the data.

Model 1
A slightly more sophisticated model

assumes that different sperm cells have differ-
ent rates of DNA accumulation, so a randomly
picked sperm cell will have a value of its rate of
nDNA content accumulation, R, that is drawn
from a continuous distribution. We model R as
a normal random variable that for different

sperm cells are statistically independent and
identically distributed. We also assume statis-
tically independent fluorescence errors (e).
Because we model R as a normal random vari-
able, we have a characterization of the rate of
nDNA accumulation in terms of the median
value of R and its variance, which we write as
µR and s2

R, respectively.

Statistical analysis of the models
We took the nDNA content of sperm cell i

(with i =1, 2, 3, …) at time t, which we denote
by Di,t, as Di,t = A + Rit + e. In this formula, A is
common to all sperm cells, Ri is the rate of
nDNA content accumulation of the i’th sperm
cell at time t, and e is the corresponding ran-
dom error arising from the fluorescence meas-
urement technique.

We next summarize the statistical analysis;
fuller details are given in the Methods.

Model 0
In the first model we assumed no random

effect in nDNA accumulation rate, and the
model is summarized by Di,t = A + µRt + e
where that fluorescence errors (e) follow a
normal distribution with mean zero and vari-
ance s2

e, while the Ri’s take only a single
value, which we write as µR. The distribution of
nDNA content is thus a normal distribution
with mean A + µRt and variance s2

e. This cor-
responds to a classical linear regression and
we estimate the parameters using a MCMC
procedure with the Metropolis-Hastings algo-

Table 1. Nuclear DNA content of sperm cells at different times.

Description                                                                                   No. measurements                      RFU±SD                           DNA level/C

Fluorescence value of bare slide (background value)                                                     20                                                  1.4±0.7                                                  
Somatic cell in style (control)                                                                                              240                                                 131±19                                                 2
Sperm cells after 16h of pollination in style                                                                       10                                                   91±10                                                1.4
Sperm cells after 20h of pollination in style                                                                       28                                                  112±11                                              1.72
Sperm cells after 24h of pollination in style                                                                       38                                                   112±9                                               1.72
Sperm cells after 28h of pollination in style                                                                       55                                                  120±12                                              1.83
Sperm cells after 32h of pollination in style                                                                       11                                                  122±15                                              1.87
RFU, relative fluorescence units; SD, standard deviation; C, nuclear DNA content a diploid cells has, by definition, an nDNA content of 2C. This table describes the nDNA content of sperm cells at different times
after pollination in the style. The table summarizes how many sperm cell samples were tested. As an approximate guide, 100 relative fluorescence units (RFU) represent 1C of DNA. The calculation of DNA level of a
sperm cell is given by: DNA level = [(RFU of a sperm cell − RFU of background (paraffin) − RFU of a slide) / (RFU of a somatic cell − RFU of background (paraffin) − RFU of a slide)] ×2C, where the background
fluorescence level is calculated for an area of paraffin identical to the area of the image of the sperm cell's nucleus.

Table 2. Summary of statistical results for the two models.

                                                      Model parameters, means (95%CI)                                                         DIC (effective No. 
                                                     A                         μR                       s2

R                           s2
e                                        parameters)

Model 0 (R constant)                            1.16                             0.024                                                                      0.032                                                             −84.7
                                                             (0.97-1.32)               (0.017-0.031)                                                       (0.026-0.041)                                                      (2.3)
Model 1 (R random effect)                 1.14                             0.025                       1.40×10-5                              0.024                                                             −83.8
                                                             (0.96-1.30)               (0.018-0.032)     (0.08×10-5-4.12×10-5)            (0.009-0.036)                                                      (2.9)
This table gives all of the parameters estimated for Model 0 and Model 1 from the data. The median values of the parameter A are 1.16 and 1.14 respectively. These values are both close to one another (<2% differ-
ent), suggesting that this parameter is not particularly sensitive to variability of in the nDNA rates. We note that the estimated constant rate of nDNA content accumulation of Model 0 is 0.024/hour and the median
value of Model 1, of 0.025/hour, are close to one another, suggesting, again, insensitivity to the assumption of variability of different sperm cells. The Deviance Information Criterion supports this; Model 0 is margin-
ally superior, according to this criterion. Thus it appears completely sufficient to adopt Model 0 for the analysis and interpretation.
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rithm,11 since this method can also accommo-
date Model 1 (which allows variation in the
DNA accumulation rate). We shall compare the
fit of both models using the Deviance
Information Criterion (DIC)12 - where a small-
er value of DIC suggests a better fit.

Model 1
In a second, slightly more sophisticated

model, we assumed that the rate of nDNA
accumulation exhibits variation, from sperm
cell to sperm cell, and hence the nDNA accu-
mulation rate of a sperm cell is a random vari-
able. We make the simplest assumption, that
the Ri’s follow a normal distribution with mean
µR and variance s2

R. Each measurement of the
nDNA content of a sperm cell exhibits random-
ness because of the Ri variation, and also
because the fluorescence errors (the e) follow
a normal distribution with mean zero and vari-
ance s2

e. The distribution of the measured
nDNA content at time t is thus a normal distri-
bution with mean A + µRt and variance s2

e +
s2

R t2. The analysis is more complicated since
different numbers of sperm cells were collect-
ed (and hence measured) at different times
after pollination.

We give detailed results for Model 1, which
includes variation in the rate of nDNA accu-
mulation. Under the assumptions of this
model, the parameters are: a constant, A,
which is common to all sperm cells (see Eq.
(1); the median rate of nDNA accumulation of
sperm cells, µR; the variance of the rate of
nDNA accumulation of sperm cells, s2

R ; the
variance of the error in a sperm cell’s nDNA
from the fluorescence technique, s2

e. We
reported the median of the posterior distribu-
tion, as this quantity is known to be more sta-
ble than the mean to changes in sample size,
and is more representative of a central tenden-
cy (especially for distributions which are
asymmetric). Given the data D, the log likeli-
hood is given by

Eq. (2)
According Bayes’ theorem

                                                                 Eq. (3)

Using a flat prior, corresponding to no previ-
ous information on the parameters, we have

Eq. (4)

The results of the statistical analysis of the
models, based on Eqs. (2), (3) and (4), are
summarized in Table 2.

Results

The nDNA content of sperm cells of L. bar-
barum, estimated from experimental data, was
given in terms of relative fluorescence units.
These were converted to C value units (where
the nDNA content of diploid cells have, by def-
inition, an nDNA content of 2C). Vegetative
nuclei should, optimally, be treated as the con-
trol in this experiment because they are con-
nected to the sperm cells and have an nDNA
content of 2C. However, during the experi-
ments, vegetative cells were not seen, and
somatic cells (which are diploid) were adopted
as controls. We determined that these cells

were all in the same stage of development, by
testing their fluorescence level (we chose a
window of fluorescence levels of width 20 RFU
around the mean value, as an indication of the
stage of the development). It follows that in the
experiments, the relative fluorescence of style
somatic cells was used as the standard by
which the sperm cells were compared and
hence calibrated. Subtracting the background
fluorescence of both the cytoplasm and the
embedding medium allowed the nDNA content
of the sperm cells to be estimated.

In Figure 1 we illustrate the data, in the
form of frequency histograms, at different
times after pollination. This illustrates the
variability of the measured value of the nDNA
content of a sperm cell. 

The results of the statistical analysis of this
data are summarized in Table 2.

For both Model 0 and Model 1, we obtained
the joint posterior distribution of the parame-
ters (Eq. (3), and its analogue for Model 0) by
using MCMC methods.11 The MCMC procedure
was iterated 105 times, and we tuned the pro-
posal variances to achieve good mixing of the
different posterior distributions (i.e., around
20% acceptance probability). Reported param-

                                                                                                                             Article

Figure 1. Distribution of nuclear DNA content of sperm cells at different times after pol-
lination. In this figure, we show the empirical distribution of the nDNA content of sperm
cells at different times after pollination. For example, the final histogram, labeled t=32
hours, is the empirical distribution of the sperm cell's nDNA content, when measured in
C units, at 32 hours after pollination. The black dots in the figure represent the mean
value of the nDNA content of a sperm cell, at a given time, as calculated from the data.
The figure shows that the distribution of the nDNA content of sperm cells, at different
times after pollination, has an increasing trend. Note that the measured nDNA content
of some sperm cells exceeds the 2C which is the maximum level. This is assumed to be a
consequence of the fluorescence technique, which effectively adds a random component
to the actual nDNA content, and thereby extends the measured range.
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eters and distributions were computed once
convergence to stable distributions was
achieved. Given the computational simplicity
of the two models, we used a fixed burn-in
period of 104 iterations for both models. Visual
inspection of the likelihood traces indicate
that this burn-in period is very conservative;
for both models, convergence was achieved
well before this number of iterations. Figure 2
shows the posterior distributions of the statis-
tical analysis for Model 1.

To show differences of the two models, in
Figure 3 we have plotted the best straight lines
through the data, according to the parameters
in Table 2. Additionally, we have averaged the
data values collected at each time after pollina-
tion, and also plotted these in Figure 3. At dif-
ferent times after pollination, different num-
bers of sperm cells were collected, and the
resulting data make different contributions to
the parameters in Table 1. These differences
were incorporated into the statistical analyses
carried out.

Discussion and Conclusions

Measurements of the nDNA content of
sperm cells in plants, have, previously, had the
objective of determining the nDNA content.. In
the present work we have analyzed the experi-
mentally measured nDNA content of sperm
cells of a plant at different times after pollina-
tion and focused on the dynamical aspect of
nDNA synthesis. We have used the experimen-
tal data to investigate the rate at which nDNA
content synthesis (or nDNA accumulation)
occurs in sperm cells. We carried out a statisti-
cal analysis where two different dynamical
models were fitted to the data. In both models,
we made the dynamical assumption that for a
given sperm cell, the accumulation of nDNA
content occurs linearly with time. However, in
our first model (Model 0) we assumed the rate
of accumulation of nDNA content of different
sperm cells was identical. We thus assumed
that there was no variation in the rate of nDNA
accumulation of different sperm cells. In Model
1 we allowed the possibility that there was
variability in the rate of nDNA accumulation of

different sperm cells.
Eq. (1) describes the nDNA content of the

plant sperm cells and has been fitted to data
covering 16 to 32 hours after pollination. It is
not meaningful to apply this equation for times
where the sperm cells do not have an inde-
pendent existence. We do not have a direct
measure of this time, but the microscopy
observations suggest that no sperm cells exist
up to 12 hours after pollination, but only later
than this time. However, if we nonetheless
apply Eq. (1) from the time of pollination (time
0) onwards, not just from 16 hours after polli-
nation, then the parameter A would have the
plausible interpretation as the nDNA content
of half of a generative cell (which is the direct
precursor of a sperm cell). This would suggest
a value of  A that is close to unity, since all gen-
erative cells have an nDNA content of  2C.3

Remarkably, the statistical analysis leads, in
both models, to values of A within 16% of unity.
This makes it plausible that the structure
which develops into a sperm cell, from the time
of pollination, accumulates nDNA near linearly
over time, but we have no direct evidence of
this. Let us now consider the factors influenc-
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Figure 2. Posterior distributions of the statistical analysis. In this figure we give posterior
distributions for Model 1 of: the initial nDNA content of a sperm cell, A, (Panel A); the
rate of nDNA accumulation, μR, (Panel B); the variance in the rate of nDNA accumula-
tion, σ2

R , (Panel C); the variance in measurement error, σ2ε (Panel D). In each of the
panels, we also plot, in inset, the parameter trajectories after the burn-in period, confirm-
ing that convergence and good mixing was achieved.

Figure 3. Plot of the best straight lines
from the models. In this figure, we have
plotted the two best straight lines that can
be derived from the two models, namely
D=A+μRt. These lines cover the range 16
hours to 32 hours after pollination and are
indicated by solid colored lines. They illus-
trate the small level of difference of the two
models. The black dots mark the average of
the measured values of the nDNA content
of the sperm cells, at different times after
pollination. In addition, we have plotted
an extrapolation of the fitted lines to the
range of times 0 to 16 hours after pollina-
tion (indicated by colored dashed lines).
According to observations from
microscopy, sperm cells do not have an
independent existence during most of the
extrapolated time interval, and hence the
lines cannot directly refer to the nDNA
content of sperm cells. However, the inter-
cepts of the lines (indicated by colored
dots) occur at the values 1.16C and 1.14C
which are both close to 1C, i.e., close to the
haploid C content of one half a generative
cell, which is a precursor of a sperm cell.
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ing the statistical results. We note that gener-
ally, the value of the nDNA content of sperm
cells after pollination is likely to be influenced
by the validity of two assumptions. The first
assumption is that the measured nDNA errors,
that arose from the fluorescence technique,
were unbiased. That is, we assumed the distri-
bution of the fluorescence errors were sym-
metrically distributed around zero.

The second assumption is that the value of
the nDNA content of sperm cells, for a range of
times after pollination, increases linearly with
time. This assumption is the simplest that can
be made, and is likely to break down at suffi-
ciently long times, and lead to a saturation
effect, since once an nDNA content of 2C has
been achieved in a sperm cell, no further
change in the sperm cell will be observed, prior
to zygote formation.

The statistical analysis of both models (see
the Statistical Analysis of the models section)
allows their comparison, using the Deviance
Information Criterion, which is known to com-
bine goodness of fit with a penalty associated
with the number of parameters contained in a
model.12 It appears that on the basis of the
experimental data, there is no benefit in
adopting the more complex model (Model 1) to
summarize the data. Certainly, the variance in
the rate of nDNA accumulation, for Model 1, is
small: from Table 2, we have s2

R=1.40×10−5.
For different data sets, however, Model 1 may

be a more appropriate and more useful
description.
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Abstract

Traditional conventions that a protein’s
sequence dictates its definitive, tertiary struc-
ture, and that this fixed structure provides the
protein with the ability to carry out its desig-
nated role(s) are still correct but not for all pro-
teins. Research over the past decade discov-
ered that several key proteins possess intrinsi-
cally disordered regions (IDRs) that are crucial
to their ability to perform specific functions
and are observed clustered together within
important classes of proteins. In this review,
we aim to demonstrate how free energy land-
scapes, molecular dynamics simulations, and
homology modeling are helpful in understand-
ing key conformational dynamics of intrinsi-
cally disordered proteins (IDPs). Additionally,
we use a list of predicted IDPs found in
Arabidopsis to identify chromatin organizers
and transcriptional regulators as being highly
enriched in IDPs. Furthermore, we focus our
attention to specific proteins within these fam-
ilies such as HAC5, EFS, ANAC019, ANAC013,
and ANAC046. Future studies are needed to
experimentally identify additional IDPs and
their binding mechanisms.

Introduction

Over the past two decades, the world of pro-
teomics has undergone a significant paradigm
shift. The classical approach to the study of
proteins depended on the adherence to the
protein structure-function model, where each
protein was composed of an amino acid
sequence that lead to a static structure and
function. With the discovery of intrinsically
disordered regions (IDRs), researchers have
developed new approaches and methodologies
to better understand the unstructured and
dynamic world of intrinsically disordered pro-
teins (IDPs).1 Although all domains of life con-

tain IDPs, eukaryotic proteins tend to show a
significant level of enrichment. It has been
demonstrated that approximately 33% of
eukaryotic proteins contain at least one long
stretch of residues (30 or more) that code for
an intrinsically disordered region,2 and greater
than 30% of eukaryotic proteins have 50 or
more consecutive disordered residues.3

Proteome-wide analyses of multiple plants
have shown that roughly 30% of a plant’s pro-
teome is comprised of proteins containing at
least one region with 50 or more disordered
residues. It has been suggested that the pro-
nounced occurrence of IDPs in plant genomes
might be advantageous for them to mount
effective cellular responses under varied biotic
and abiotic environmental conditions. This
increased frequency of IDPs in plants could
also lead to a high level of phenotypic plastici-
ty.4 Intrinsically disordered proteins are found
in nearly every class of proteins within the
eukaryotic proteome, including transcription
factors, signaling proteins, and proteins
involved in chromatin remodeling. 

The intrinsically disordered regions of
unstructured proteins serve multiple purposes
under different environmental conditions.
Given that proteins generally form macromole-
cular complexes to execute diverse cellular
functions, proteins with unstructured regions
can have a wide-range of binding partners and
might participate in multiple biological
processes.5 In addition, it was also demonstrat-
ed that the speed of a protein’s ability to bind
to its partner(s) increased drastically in pro-
teins with intrinsically disordered regions
when compared to their structured, globular
counterparts.6 Intrinsically disordered regions
known as linker regions can hold two globular
portions of a protein in close proximity with
each other, while still allowing a large amount
of flexibility in their spatial relationship with
one another.7 This perhaps allows a protein
with IDRs to bind with several binding part-
ners simultaneously under changing cellular
states.

Researchers have created several tools in
order to better understand IDPs and their func-
tions. Computational analyses of free energy
landscapes (mapping all possible conforma-
tions of an entity) are vital to experimentally
defining an IDP. Typically, proteins fold into
their stable state at a distinct trough of the free
energy landscape. However, IDPs show multi-
ple shallow troughs due the increased number
of conformational states. Free energy land-
scapes, along with molecular dynamics studies
and homology modeling, allow predicting the
conformational dynamics of IDPs. In this
review, we aim to highlight computational
tools that are helpful in understanding key
conformational dynamics of IDPs.
Distinctively, we will focus on intrinsically dis-
ordered proteins within the plant Arabidopsis

thaliana (Arabidopsis). Our Gene Ontology
(GO) enrichment analysis determines that
proteins families belonging to chromatin
remodeling and transcriptional regulation are
statistically enriched in IDPs. We will discuss
the potential roles of these classes of proteins
in diverse biological processes with specific
examples. 

Free energy landscape 
of intrinsically disordered proteins

Due to thermal fluctuation, proteins can
exhibit various conformations. The occurrence
of each conformation is presented by the
topography of the free energy landscape.
Natively structured proteins usually fold into a
native structure at the bottom of a free energy
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landscape (Figure 1A). On the other hand,
IDPs have no well-defined structure in the
unbound state and have multiple shallow dips
for weakly bound states, which makes a rugged
free energy landscape (Figure 1B).
Consequently, IDPs have a broad range of con-
formational dynamics and constantly move
between different conformations.8-10 This
property makes it challenging to map an IDP’s
structures and dynamics to its function. In the
past decade, IDPs have been found prevalent
among living organisms where they play
essential roles in many biological process-
es.1,11-13 Although difficult, it is very important
to characterize the free energy landscape of
IDPs which will help us better understand how
a primary sequence encodes the diverse mech-
anisms and links to the functions in these pro-
teins. Furthermore, a better understanding of
IDPs conformations may lead to the develop-
ment of new therapeutics based on structural
drug design.14-16

Molecular dynamic simulations
and homology modeling

Intrinsically disordered proteins exhibit
high levels of flexibility and span multiple dif-
ferent conformations. Molecular dynamics
(MD) simulations provide a tool to computa-
tionally explore the conformational space and
examine the dynamics of a protein over time.
Although computer simulations rely on a
series of cumulative approximations that can
be erroneous, it has become a necessary tool
in the research involving IDPs. 

Combined with experimental studies, typi-
cally NMR spectroscopy, the structural ensem-
ble of the free energy landscape of IDPs can be
constructed using computer simulations.
Ensemble restrained MD simulations consti-
tute a useful and important tool for modeling
IDPs.17-19 Constructing an ensemble based on
a pre-determined structural library represents
another way of completing the task. ENSEM-
BLE,20 Select (SAS),21 ASTEROIDS,22 and
BEGR,23 are pieces of software falling into this
category. 

IDPs are considered to have high specificity
and low affinity when interacting with binding,
partner molecules. Mutations may harm this
interaction. MD simulations can be used to
study an array of mutations to predict the con-
sequences and provide mechanistic explana-
tions without performing experiments. Using
computational alanine scanning, Massova et
al.24 suggested an approach to probe protein-
protein interactions and evaluated binding
free energies. In their case, they applied the
method to p53 and MDM2 binding system
where p53 is intrinsically disordered, and their
results show excellent agreement with experi-

mental data.24 Homology modeling is a useful
tool to predict and study the structure of a pro-
tein from a homologue protein, where the
structure of the protein in question has not
been solved experimentally and the structure
of its homologue protein is known. In the
Arabidopsis genome, the COR15A gene is
paired with COR15B.25 Proteins encoded by
these two genes are homologous with 70%
identity in their amino acid sequences.
Overexpression of the COR15A gene in
Arabidopsis produces excess mature COR15A
protein in the chloroplast stroma,26 leading to
enhanced freezing tolerance of chloroplasts of
intact leaves and of isolated protoplasts frozen
and thawed in vitro.26,27 In contrast, functional
or structural information has been reported for
COR15B protein. Both proteins show homology

to the Pfam LEA_4 family of LEA proteins and
both were predicted to be IDPs.28 Thalhammer
et al.29 showed the structural modeling of
these two proteins known LEA homologues and
demonstrated the interactions between MGDC
and the COR15 proteins that may help keep the
cell integrity through freezing stress.

Arabidopsis protein families
enriched in intrinsically disor-
dered proteins

A recent genome-wide analysis was per-
formed to predict IDRs in Arabidopsis and
compare them with the human proteome.
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Table 1. Identification of protein families enriched in intrinsically disordered regions.

                                                                               Count               P_Value         Benjamini

Annotation cluster 1 (enrichment score: 15.42)                                                                                        
      Chromosome organization                                                    28                        2.60E-18                 1.50E-15
      Chromatin modification                                                         22                        7.40E-18                 2.10E-15
      Chromatin organization                                                         25                        8.00E-17                 2.10E-14
      Chromatin regulator                                                               15                        1.40E-11                 1.30E-09
Annotation cluster 2 (enrichment score: 7.94)                                                                                          
      DNA binding                                                                              85                        1.90E-20                 3.30E-18
      Regulation of transcription                                                   57                        2.20E-10                 3.10E-08
      Nucleus                                                                                     58                        4.10E-09                 2.00E-07
      Transcription regulator activity                                            54                        1.20E-08                 6.90E-07
      Transcription                                                                            40                        4.20E-08                 3.40E-06
      Regulation of transcription, DNA-dependent                   35                        1.20E-07                 6.90E-06
      Regulation of RNA metabolic process                               35                        1.40E-07                 7.20E-06
      Transcription regulation                                                        37                        5.10E-07                 1.60E-05
      Transcription                                                                            37                        8.30E-07                 2.00E-05
      Activator                                                                                    17                        2.70E-06                 5.20E-05
      Transcription factor activity                                                  44                        3.50E-06                 1.00E-04
      DNA binding                                                                              38                        8.80E-06                 1.20E-04

Figure 1. The free energy landscape of a natively structured protein. A natively structured
protein (A) exhibits a well-defined minimum energy state corresponding to the folded
conformation. In comparison, the energy landscape of an IDP (B) lacks a deep energy
minimum.
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Intriguingly, it was discovered that specific
functional classes are enriched with IDRs in
Arabidopsis.30 These functional groups include
post-translational protein modification and
response to red or far red light. While these
broad functional classes provided insightful
clues on the essential roles of these IDPs/IDRs
in Arabidopsis, here we revaluated these data
to specifically predict protein families
enriched with IDRs. To achieve this, we com-
piled a list of IDPs containing at least five long
disordered regions (>30 residues). We sub-
jected these IDPs to functional annotation tool,
DAVID (the Database for Annotation,
Visualization and Integrated Discovery)31 to
predict the statistically enriched GO categories
as well as enriched groups of different protein
families (Supplementary Table S1: Functional
Annotation of Predicted IDPs). DAVID employs
a novel agglomeration algorithm to assemble a
list of genes or associated biological terms into
organized classes of related genes.
Subsequently, we used the PANTHER (Protein
ANalysis THrough Evolutionary
Relationships)32,33 classification tool to organ-
ize the lists by molecular function (Figure 2).
We identified the two most enriched groups
contain chromatin organizers (Enrichment
Score: 15.42) and transcription regulators
(Enrichment Score: 7.94) (Table 1). We
hypothesized that these two molecular groups
play widespread roles in the downstream regu-
lation of a vast majority of Arabidopsis genes
under diverse cellular conditions. In the follow-
ing sections of the review, we will discuss spe-
cific examples from these two groups and
highlight key findings pertaining to their roles
in conjunction with IDRs.

Chromatin remodeling 

Even though cells within most eukaryotic
organisms specialize in both structure and
function, each contains the same genomic
DNA of the organism. Therefore, the unique-
ness of each cell is derived not by the DNA
sequence but instead by the availability of por-
tions of the DNA within that particular cell.34

The accessibility of genes is regulated not only
through the prevalence of transcription factors
and enhancers, but also through the structure
of the DNA itself. The DNA of eukaryotes is
associated with histone octamers that
sequester approximately147 base pairs of DNA
in a nucleosome complex. Histone octamers
are eight-protein complexes consisting of two
copies of four subunits (H2A, H2B, H3, and
H4). The DNA that is associated with histone
proteins is not accessible to the cellular
machinery responsible for transcription, chro-
matin assembly, DNA repair, and a variety of
other processes.35 The tightness of this associ-
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Figure 2. Classification of enrichment groups by molecular function. The two enriched
groups, Transcription Regulation (A) and Chromatin Organization (B), are organized by
their molecular function using the PANTHER classification tool.

Figure 3. Chromatin organization through transferases. The transition between euchro-
matin and heterochromatin can be facilitated by various transferases. Acetylation of his-
tones leads to the relaxation of chromatin structure. Histone methylation is more com-
plex and depends on the location and extent of methylation
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ation can create two different types of chro-
matin, heterochromatin and euchromatin.
Heterochromatin occurs when the histone pro-
teins are close together and undergo higher-
ordered arrangements. This type of chromatin
structure generally causes the genes associat-
ed with it to become silenced because the RNA
polymerase is unable to bind to the promoter
regions of the sequestered genes.
Euchromatin occurs when the histone proteins
disassociate with the DNA completely or
spread apart, decreasing the amount of DNA
directly associated with histones. 

The structure of chromatin can be dynamic,
and it is regulated by a group of proteins and
complexes known as chromatin remodelers.
These chromatin remodelers can modify the
histone octamers in a variety of ways including
acetylation, ubiquination, phosphorylation,
methylation, and sumoylation. The histone
modifications either relax or tighten the struc-
ture of the localized DNA thereby permitting or
restricting the transcription of nearby genes.
Histone acetylation causes the relaxation of
chromatin, thereby permitting an increase in
the localized amount of transcription.36 The
acetylation of the N-terminal tails of histones
removes the overall positive charge. When the
histone’s tail loses its positive charge, it loses
its attraction to the negatively charged phos-
phate backbone of DNA as well as its attraction
to other histones. Histone acetylation general-
ly involves the transfer of an acetyl group from
a molecule (such as acetyl coenzyme A) to a
lysine amino acid residue on the tail of a his-
tone octamer. Two opposing enzymes, histone
acetyltransferases (HAT) and histone
deacetyletransferases (HDAT), regulate the
histone acetylation state (Figure 3). 

One HAT with a predicted IDR is Histone
Acetyletransferase of the CBP Family (HAC5)
(Supplementary Table S1: Functional
Annotation of Predicted IDPs). The HAT pro-
tein family of Arabidopsis consists of five
CREB-binding proteins including HAC5.37 The
HAC family of proteins is implemented in a
variety of cellular processes including cell dif-
ferentiation, growth and homeostasis.38 HAC5,
in conjunction with HAC1, has been shown to
be significant in the ethylene-signaling path-
way. Interestingly, hac1hac5 double mutants
are hypersensitive in their ethylene signaling
response in both dark and light conditions.39

HAC5 has also implemented in a diverse group
of developmental functions including flower-
ing.40,41

Histone methylation is not as straight for-
ward as histone acetylation. Histone methyl-
transferases (HMT) can methylate lysine (K)
and arginine (R) amino acid residues on both
the H3 and H4 subunits of the histone com-
plex. Additionally, histone methylation can
lead to either transcriptional activation or
repression, depending on the location of the

methylation and its surroundings.
Nonetheless, histone methylation is an impor-
tant key in epigenetic regulation of transcrip-
tion. H3K4me3 is a key indicator of active tran-
scription that is conserved in all eukary-
otes.42,43 Early flowering in short days (EFS) is
a well-studied SET-domain containing histone-
lysine N-methyltransferase with predicted
intrinsically disordered regions. EFS regulates
flowering by actively promoting the flowering
inhibitor Flowering locus C (FLC) via trimethy-
lation of the localized histones at the H3K4
location.44

Transcription factors

Transcription factors are modular proteins
that contain one or more DNA-binding
domains, recognize and bind to specific DNA
sequences, therefore regulating the rate of
transcription of genetic information from DNA
to RNA. Generally, a prototypical transcription
factor contains a DNA-binding domain (DBS),
signal-sensing domain (SSD), and a transacti-
vation domain (TAD). And the two processes
involved in transcriptional regulations: pro-
tein-protein interaction and protein-
nucleotide interaction have been reported to
be accompanied often by a local folding in a
protein molecule,45 which may adjust the tran-
scription factor flexibility correspondingly.

Seventy-eight different families of transcrip-
tion factors contain different numbers of IDRs,
according to our analysis. The first 10 enriched
transcription factor families are MYB, AP2-
EREBP, bHLH, MADS, C2H2, NAC, HB, WRKY,
bZIP and C3H. 

Four features of ID regions are very impor-
tant for molecular recognition, including the
combination of high specificity and low affinity
in their interactions with functional partners,
intrinsic plasticity, formation of large interac-
tion surfaces and rapid turnover and reduced
lifetime.46 Besides, analysis of the distribution
of disorder on transcription factors reflected
the requirement of disorder regions for their
flexibility and efficiency. It has been found in
eukaryotes that the AT-hooks and basic
regions of transcription factor DNA-binding
domains are highly disordered, the degree of
disorder in transcription factor activation
regions is much higher than that in DNA-bind-
ing domains, and the level of �-MoRFs (molec-
ular recognition feature) prediction is much
higher in transcription factors. MoRF is a spe-
cific structural element functioning in the
recognition of protein or nucleic acid partners. 

Long hypocotyl 5 (HY5) is a basic leucine
zipper (bZIP) transcription factor family,
involved in light-regulated transcriptional acti-
vation of G-box-containing promoters. It acts
downstream of the light receptor network and
directly affects transcription of light-induced
genes, specifically involved in the blue light
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Figure 4. Model of the function of NAC and bZIP transcription factors. (A) Schematic
organization of HY5 and NAC19 transcription factors. The ID regions are in blue, bZIP
region is in green, NAC region is in yellow. (B) Model of the function of HY5. In dark-
ness, the degradation of HY5 inhibits the activation of light-induced genes. After illumi-
nation, the accumulation of HY5 activates G-Box containing promoters and directly
affects transcription of light-induced genes. (C) Role of NAC19 and NAC55 in the
crosstalk between ABA and JA signaling pathway.
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pathway, suggesting that it may participate in
the transmission of cryptochromes (CRY1 and
CRY2) signals. In darkness, the degradation of
HY5 inhibits the activation of light-induced
genes. It has been reported that HY5 is nega-
tively regulated by COP1, a light-inactivable
repressor of photomorphogenic development
interacting directly and specifically with HY5.47

Interestingly, the plant hormone cytokinin also
induces similar phenotypes as the cryp-
tochrome flacin-type photoreceptors. hy5
mutants show a reduced induction of antho-
cyanin accumulation in blue light by
cytokinins. It has been shown that cytokinins
can increase the levels of HY5 protein accumu-
lation, hinting that cytokinin could play a role
in stabilizing HY5 protein, and that the regula-
tion of HY5 stability could act at intersection of
cytokinin signaling pathway and cryptochrome
pathways.48 Abscisic acid (ABA), another phy-
tohormone, regulates seed germination and
seedling development as light. It was found
that HY5 binds to the promoter of the tran-
scription factor ABI5, which is significantly
enhanced by ABA, while overexpression of
ABI5 led to increased light response.49

NAC (NAM, ATAF, CUC) transcription fac-
tors share an N-terminal NAC domain and reg-
ulate stress perception and developmental pro-
grams. The crystal structure of the ANAC019
NAC domain consists of twisted �-sheet pack-
ing against a �-helix on both sides.50,51 The
NAC transcription regulatory domains (TRDs)
contain group-specific sequence motifs and
have a high degree of intrinsic disorder.52 Both
full-length and truncated ANAC019 are able to
induce the expression of stress-responsive
marker genes [COR47 (cold-responsive 47),
RD29b (responsive-to-desiccation 29b) and
ERD11 (early-responsive-todehydration11)].
Replacing the NAC domain of ANAC019 with
the analogous regions from other NAC tran-
scription factors still keeps the ability to regu-
late ABA signaling, while replacing the
ANAC019 TRD with other TRDs loses the ABA
signaling regulation ability.52 Furthere it has
been shown that ANAC019 interacts with the
RING-finger H2-type E3 ubiquitin-protein lig-
ase RHA2a.53 ANAC019 may play a dual role in
regulating ABA and jasmonate response with
the other RHA2a-interacting protein ANAC055.
These two signaling pathways are involved in
the activation of defense responses to both
biotic and abiotic stresses, and ANAC019 and
ANAC055 could serve as players linking the
crosstalk between these two signaling path-
ways (Figure 4).53 Additionally, two other
ANAC proteins, ANAC046 and ANAC013, have
recently been experimentally identified as
IDPs. It has been shown that both of these
aforementioned ANAC transcription factors
are capable of interacting with the small hub
protein known as Radical-induced Cell Death 1
(RCD1), at least partially due to their intrinsi-

cally disordered region. Both proteins are
involved in plant senescence. Interestingly, the
interaction between the two TFs and RCD1
does not appear to be dependent on a disorder-
to-order transition.54 Future research could
focus on determining if ANAC019 interacts
with its binding partners in a similar way.

Conclusions 

The discovery of intrinsically disordered
proteins created a novel area of proteomics.
Specifically, the increased knowledge of pro-
tein folding dynamics may lead to a better
understanding of plants’ phenotypic plasticity.
Because plants are fixed in soil and unable to
move, they create complex mechanisms for
coping with biotic and abiotic environmental
stresses. The concept of flexible proteins,
which are able to change their interaction pro-
file based on cellular conditions, leads to a new
way of thinking about plant plasticity. We have
highlighted tools that are useful for character-
izing IDPs’ conformational dynamics.
Additionally, we have demonstrated that
Arabidopsis contains two highly enriched
groups of IDPs; both of with are key compo-
nents in the transcriptional regulation land-
scape. Further studies need to focus on exper-
imentally verifying proteins as IDPs, and
describing the advantages and disadvantages
of intrinsically disordered regions over their
more structured counterparts. Furthermore,
IDPs have been recent targets for therapeutic
strategies for mammalian diseases such as
Parkinson’s disease.55 Similarly, IDPs found in
plants could be targets for decreasing crops’
susceptibility to disease or increasing overall
yield. Additional research could focus on iden-
tifying key IDP targets for both therapeutics
and plant resistance.
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