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Abstract
Background and Objective: Urochondra setulosa (Trin.) C.E. Hubb. is a perennial halophytic grass of Poaceae, widely distributed in coastal
areas from Eastern Africa, through Arabia to NW India. This species shows high adaptation with drought and salinity stresses. Therefore,
the objective of this study was to determine the micromorphological and anatomical features that responsible for it’s high adaptability
to harsh conditions. Materials and Methods: Leaf micromorphology and anatomy were studied by LM, SEM whereas elemental analysis
was determined by energy-dispersive X-ray spectroscopy (EDS). Dew collecting ability was observed in the field as well as in the laboratory
by exposing leaves to the mist stream generated by a cold mist humidifier. Results: The adaxial leaf surface is partitioned longitudinally
by ridges and grooves. Both surfaces have two types of trichomes, prickle hairs, and papillae, in which prickle hairs were more density.
Silicon was detected in the cuticle with more percentage in the prickle hairs. Leaf surface structures have "wetness" traits that improve
dew collecting ability. Salt glands were observed in the adaxial surface, with diurnal activity combined with wetness properties. The leaf
has kranz anatomy with extensions of chlorenchymatous bundle sheath, indicating to C4 photosynthetic pathway with the NAD-ME
subtype. Conclusion: Micromorphological and anatomical characteristics in the leaf seem to greatly enhance the adaptability of
Urochondra setulosa and enable it to cope with drought and salinity conditions.
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INTRODUCTION

Drought and Salinity stress are of the most limiting
environmental factors affecting vegetation in arid and
semiarid habitats. The existence of prominent diversity of
plant species in these habitats suggests that such plants have
an array of morpho-anatomical and physiological adaptations
to endure drought and salinity stress1,2. Among vegetation
units in arid and semiarid habitats, halophytes represent
species that have a high resistance to both drought and
salinity in their environment.

Supratidal zones along the coastal belt of Sabkhas and
islands of Southern Red Sea are highly stressed habitats with
high temperatures (average annual 28-30EC) and low
precipitation rates (63-150 mm yearG1). These conditions lead
to potential evapotranspiration rates of 1800-3000 mm yearG1,
which are among the highest globally3. As evaporation
exceeds precipitation, there is an enrichment of salts in the
surface layers as these zones just above capillary fringe in
which seawater rises by capillarity from the seawater table.
Owing to high evaporation, the Red sea among the highest
values in salinity4, so the concentration of the salts in the
surface layers of soil in Sabkhas is very high. A combination of
drought and high salinity in these habitats play a significant
role in determining the distribution of halophytes.
Furthermore, the functional limits of salt tolerance of each
halophytic species are strongly correlated with their
distribution pattern5.

Although there have been some studies dealt with
integrated morpho-anatomical characters of halophytes and
its relation to physiological mechanisms for survival in both
drought and saline habitats2,6-8, there have been few studies in
this  context  about  grass leaf micromorphology and
anatomy9-11.

Urochondra setulosa (Trin.) C.E. Hubb. is a perennial
halophytic grass of Poaceae (subfamily Chloridoideae). This
species grows in coastal habitats from Eastern Africa, through
Arabia to NW India12,13 In Saudi Arabia, U. setulosa inhabit
sabkhas of Red Sea coastal area and some islands of Western
and Southwestern part of country13.

Previous studies showed that U. setulosa could survive
1000 mM NaCl, indicating that it is a very high salt tolerant14-16.
These studies have focused on some physiological aspects of
salt tolerance in terms of ionic content and seed germination.
However, there have been no studies done on the
micromorphological and anatomical aspects of U. setulosa in
relation to salinity and drought tolerance. Morpho-anatomical

features are important mechanisms for plant survival in harsh
conditions, and with its linkage of physiological characters,
these features represent crucial adaptation against drought
and salinity. The knowledge of such adaptive mechanisms of
halophytes, particularly those distributed in a high stressful
habitat like southern Red Sea-type ecosystems, is therefore of
increasing significance from both an agricultural and an
ecological point of view.

The objective of this study was to assess some
micromorphological and anatomical features of leaf in U.
setulosa, as adaptive traits to salinity and drought that
prevailing in its natural habitats.

MATERIALS AND METHODS

Study site: Al Ga'afari island lies 20 km SW of Jazan coast,
16E41'N,  42E33'E  (Fig.  1).  This  island  has  a  small area of
~0.7 km2 , with a sandy beach and sandy-loam sabkha inland.
The climate, as a part of Jazan city (nearest climatic station),
characterized by a high temperature of 30EC as an annual
mean and low precipitation rate of ~150 mm yearG1, with high
humidity of >60% most of the year months. The rainfall season
is mainly in the summer months. Vegetation is sparse with
patches of halophytes, dominated by Salvadora persica,
Suaeda vermiculata, Zygophyllum album, Limonium axillare
and Urochondra setulosa.

Field observations and sample collection: Three field trips
were conducted in the period of 1-5 April 2018. Field
observations were performed in the course of all day to
monitor diurnal patterns of salt crystals deposited on the
adaxial leaf surfaces, as well as dew precipitated that observed
in the early morning. Leaf samples were collected and dividing
into two sets, one stored in 70% ethanol to subsequent
examination by light microscopy (LM), scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDS), whereas other transfer freshly to the lab for dew
collecting experiment.

LM, SEM microscopy and EDS analysis: Transverse sections of
leaves were cut with a sharp razor. The sections were then
stained with neutral red and examined under a light
microscope. Pieces of the leaf (adaxial surfaces) were
examined with SEM (JSM-6380 LA-JEOL, Japan). Dried pieces
of leaves (3-5 mm) were mounted on the stub on double side
carbon tap, sputter-coated with gold and examined under
high vacuum with an accelerating voltage of 10 kV.  Elemental
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Fig. 1: Study site, Al Ga'afari island, in which Urochondra setulosa represents one of the dominant species

analysis of the leaf epidermal surface was determined by
energy-dispersive X-ray spectroscopy (EDS) (JSM-6380 LA-
JEOL, Japan).

Dew collecting experiment: Dew collecting ability of leaf
surfaces was observed in the field. To study this ability in the
lab, fresh and clean leaves were chosen to put in front of the
purifying mist stream generated by a cold mist humidifier
(BLACK+DECKER HM3000), at a distance of 15 cm from the
mist outlet. The flow of the mist was adjusted by control dial
to a low flow rate of ~1 mL hG1. The speed flow of the mist
stream was ~ 0.7 m secG1. This low flow rate was chosen to
mimic normal conditions in dewy nights, and then reveal the
efficiency of dew collecting with more precisely. Dew
collection ability was performed for 1 min. and immediately

imaging by digital camera adjusted to a stereomicroscope
(SONY FD Mavica 2.0 MP).

RESULTS AND DISCUSSION

Micromorphology of leaf surface: Figure 2a reveals the
general habit of plants and leaves. Enlarged adaxial leaf
surface shows a prominent microstructure comparing with the
abaxial surface (Fig. 2b-e). The surface of U. setulosa leaf, as
many grasses, divided into longitudinal zones of ridges and
grooves between them, causing the leaf surface to appear
undulating. Two types of trichomes are distributed on both
surfaces, prickle hairs and papillae. While papillae did not
show notable differences, prickle hairs were more density on
the adaxial leaf surface.
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Fig. 2(a-e): (a) Urochondra setulosa habit, (b) Adaxial leaf surface, This image was taken at 6 pm, Note salt crystals on the surface,
(c) SEM of leaf surface showing ridge (R) and grooves (G), (d) Transverse section in leaf. Extensions of
chlorenchymatous bundle sheath are indicated by arrowheads, Note prickle hair (pr),vascular bundle (vb), bulliform
cell (bc), ridge (R) and grooves (G), (e) Enlargement of square area in c, Note papilla (pa) and prickle hair (pr)

It  was  observed  from  SEM  analysis  that,  Epicuticular
wax  not  thick,  covering  nearly  all  surfaces  of  the 
epidermis (Fig. 3), except prickle hair tips. According to the
classification  of  the  epicuticular  waxes proposed by
Barthlott et al.17, U. setulosa showed the crystalloid type of
platelets. This pattern of wax protruding from the pervasive
wax film.

Stomata are not observed clearly in the images of LM or
SEM. It is known that stomata in subfamily Chloridoideae are

generally small with narrow, oblong slit that difficult to seen
in the presence of other epidermal features (epicuticular
waxes, trichomes),as well as its location in grooves or close to
it18,19.

Elemental composition analysis of the surface material of
epidermis (cuticle and wax) indicated that the silicon (Si) was
the third main element (after C,O), deposited with more
percentage on the tips of prickle hairs than on the other areas
of the epidermis (Fig. 4,5).
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Fig. 3(a-b): (a) SEM of a part of adaxial leaf surface, Note papilla (pa) and prickle hair (pr) and (b) Enlargement of square area in
a, showing epicuticular wax depositions, with platelets manner

Fig. 4: The elemental composition of leaf surface between trichomes, The red square in the inset image shows the selected EDS
examination field. The resulting spectrum reveals that the silicon (Si) is the third main element, on the basis of mass
percentage, present in the selected field (after C,O)

Dew condensation and salt deposition: In the early morning
(5-7  am),  drops  of  dew were observed on the leaf surface of
U. setulosa in its natural habitat (Fig. 6a,b). Although dew
condensation was observed also on the other leaf and plant
surfaces   of     associated     species     in     the    habitat,   dew
condensation  was  prominent  and  dense  on   the  leaves of
U.   setulosa.    After    few    hours   from   the   early   morning,

temperature  increases resulting in evaporation of dewdrops,
leaving salt crystals that appear in a full dry state at the end of
the day (4-6 pm) (Fig. 2b).

To assess the role of leaf surface structures in dew
collection ability, a dew collecting experiment was done in the
laboratory, as described above. After 1 min of exposed to mist
stream of cold mist humidifier, leaf surface located in  front  of
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Fig. 5: The elemental composition of prickle hairs, The red square in the inset image shows the selected EDS examination field.
The resulting spectrum reveals that the silicon (Si) is the third main element, on the basis of mass percentage, present in
the selected field (after C,O)

the mist stream shows deposited droplets on the surface.
Droplets appeared to start at the tips of prickle hairs, growing
gradually to bigger droplets, coalesce together to make
observed drops (Fig. 6c,d). Dew collection ability was observed
on both surfaces of the leaf.

Leaf anatomy: Figures 2d, 7, 8 reveal transverse sections in
the leaf. Ridges have a high density of prickle hairs comparing
with other areas. Adaxial epidermal cells of ridges are thick-
walled with a thick layer of fibers beneath them, making a
sclerenchymatous cap of the ridges (Fig. 7a,b,d). Abaxial ridges
also showed sclerenchymatous cap but less in thickening.
Beneath the sclerenchymatous cap, large colorless of
parenchyma cells can be seen (Fig. 7b,d), that differ from
surrounding chlorenchymatous cells in that they are larger
and lack chloroplasts. Bulliform cells are found on the adaxial
surface in the base of grooves (Fig. 2d,7a). In lack of turgor
pressure due to water stress, these cells are responsible for leaf
rolling (Fig. 7c).

Salt glands are located in the flanks of grooves area in the
adaxial surface, whereas not observed in the abaxial surface
(Fig. 8a). Salt glands are bicellular, consisting of flask-shaped
basal cells and globular cap cells (Fig. 8b).

U. setulosa leaves have kranz type anatomy, indicating to
C4 photosynthetic pathway. Kranz anatomy here has
extensions of chlorenchymatous bundle sheath from the
vascular bundle to the patches of mesophyll cells (Fig. 2d, 7a).
Plant distribution depends on climatic and edaphic conditions,
as well as structural and functional features enabling plants to
cope with these conditions19,20. Sabkhas of southern Red Sea
coasts and islands have highly stressful conditions of drought
and salinity. It is well known that drought and salinity have
tightly related effects to which plants exhibit many
morphoanatomical and physiological adaptations7,21-23.
Although morphoanatomical features are common among
many halophytic species, each species has its distinctive array
of features20.

Leaf surface of U. setulosa has invaginations with distinct
ridges and deep grooves which are known to prevent water
loss by lowering leaf conductance in many grasses11. These
ridges fit together upon leaf rolling decreasing adaxial surface
area and lowering the transpiration rate. Bulliform cells were
reported on the adaxial surface at the base of grooves.
Bulliform cells are large water containing thin-walled cells
characteristic of many grasses2,8,24. These highly vacuolated
cells  lose   water  under  dry  conditions  causing  inward  leaf
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Fig. 6(a-d): (a and b) Images of Urochondra setulosa leaves in its natural habitat, This image was taken at 6 am Note the dew
depositions on the leaf surface, (c) Leaf surface before and (d) After exposing to mist stream generated by a mist
humidifier
Note starting deposition of a droplet (No. 1) and the gradually growing (coalesce with each other) to become a large droplet (No. 2, 3)

Fig. 7(a-d): (a) Transverse section in leaf. Note bulliform cell (bc), (b) Enlargement of rectangle area in A, Note fibers (f) and
parenchyma cells (pc), (c) SEM of transverse section in leaf showing rolling as a result to the lack in turgor pressure
of bulliform cells (arrowheads), (d) Enlargement of square area in B. Note the thickness of fibers layer (f) and
parenchyma cells (pc) beneath them
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Fig. 8(a-b): (a) Salt gland (sg) in the flank of groove area in the adaxial surface. Note bulliform cell (bc), (b) Salt gland (sg)
comprising basal cell (ba c) and globular cap cell (cc)

rolling where ridges fit together25. The ridge itself has a thick
sclerenchymatous cap of fibers which enhances mechanical
strength, reduces water loss, and provides protection against
high solar radiation.

Moreover, U. setulosa leaf trichomes found on both
surfaces are prickle hairs and papillae. Prickle hairs represent
the most prominent microstructures on both leaf surfaces. The
presence and density of hairs on the leaf surface is a
characteristic feature of plants in hot arid habitats26,27. The
dense hairs on the leaf surface substantially increase the
reflectance of solar radiation resulting in reduced heat load,
lower leaf temperature and reduced transpiration rate26,27.
These hairs also enhance water use efficiency and lower
photoinhibition28,29. This type of trichomes effectively
increases leaf boundary layer thickness and decrease the
transpiration rate27,29,30. In addition, the numerous papillae on
both leaf surfaces restrict airflow in the grooves which further
helps water conservation11. Furthermore, epicuticular wax of
U. setulosa showed the crystalloid type of platelets. Despite
the low thickness of epicuticular wax, it plays a significant role
in decreasing water loss due to its hydrophobic nature and
increases  the  reflection  of incident solar radiation due to its
3-dimensional shape31.

Prickle hairs tips are not covered by wax, making the tips
hydrophilic, enhancing wettability of these surfaces32. Under
favorable conditions, water molecules collect as very small
droplets on the tip of cone-like prickle hairs33. These features
collectively   contribute    to    the   dew   collection   ability  of
U. setulosa observed in dewy nights in the field and in
laboratory experiments. Condensation of dew on leaf surface
creates moist air next to leaf surface leading to higher vapor
pressure which stimulates greater stomatal opening and CO2

uptake with low transpiration rate34-36. These characteristics
greatly enhance water use efficiency. After starting at prickle
hairs tips, water droplets gradually grow to bigger droplets
and coalesce to make observed drops and water patches
where  gravity  then  drives water in grooves along leaf axis
(Fig. 6a, b). Small droplets can also evaporate quickly due to
higher surface to volume ratio, whereas larger droplets may
continue for several hours37. Further, dew condensation on
leaf surfaces dissolves precipitated salt crystals observed in the
early morning in the field, resulting in "salty drops" on leaf
surfaces. When dissolved in the water, salt will cause a
reduction in the vapor pressure at the water surface,
decreasing the evaporation rate38, resulting also to more
persistence of drops on the leaf surfaces.

The salt glands in the leaf of U. setulosa were observed in
the flanks of grooves area in the adaxial surface. This location
gives protection to the salt glands, which has been observed
also in other Chloridoideae39,40. Salt glands were bicellular,
consisting of flask-shaped basal cell and globular cap cell, as
in most halophytic grasses39,41. The basal cell is directly in
contact with colorless parenchyma cells underneath. In
halophytes, this parenchyma represents water-storing cells
that accumulate salt ions in their vacuoles (mainly as NaCl)
against a diffusion gradient42,43. The basal cell act as a
"collecting cell" to ions from the parenchyma cells, and
transfer them to cap cell which acts as "secreting cell" 39.

Diurnal pattern of salt crystals deposited on the adaxial
leaf surface that observed in the end of the day and dew
condensation that observed in the early morning, indicate to
the activity of salt glands that permanently excrete salt ions.
The activity of salt glands was found to be greatest in high
saline habitats41,44. The development of hydrostatic pressure
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due to the accumulation of salt ions in salt glands might serve
to remove tiny salt crystals44, as well as removing by dissolving
in dew water in the dewy nights. Salt crystals are hygroscopic
and become deliquescent at higher humidity, increasing leaf
surface wetness45 even in non-dewy nights at prevailing high
humidity. These conditions in the natural habitat of U. setulosa
enhance "wetness" of leaf surface and activity of salt secretion
by salt glands. Although halophytes require some salt ions for
optimal growth (typically Na and Cl) in levels higher than
those found in non-saline soils, high concentrations of these
ions have toxic effects on a metabolic process like chloroplast
function and ion homeostasis46,47. Salt glands, with its diurnal
rhythm of activity, combined with surface wetness features of
leaf, represent an efficient mechanism to salt excretion and
maintain ion homeostasis.

Silicon (Si) represents the second most abundant
element, after oxygen, in the earth soils48. Plant roots absorb
silicon from the soil in the form of silicic acid49,50 and deposited
as hydrated amorphous silica51,52. Silicon is known to enhance
plant protection from multiple abiotic and biotic stresses,
including salinity, physical damage, radiation, drought, high
temperature, herbivores and diseases53. Although most plants
do not accumulate silicon perceptibly, grasses (Poaceae) one
of the few groups that accumulate substantially more silicon
in their tissues53,54. Leaf epidermis and its appendages are one
of the most intensely silicified parts in grasses50, in which
silicon accumulates into, and on, the cell wall matrix55, forming
silica-cuticle double layer56. This accumulation of silicon onto
the cell wall matrix is comparable to the role of lignin in
lignified walls52. Comparing to lignification, the energy costs
of silicon deposition were estimated to be 20-times lesser57,
which is, metabolically, low-cost solving for getting
mechanical rigidity. Silicon in the Surface materials of the
epidermis (leaf Cuticle) of U. setulosa was the third main
element (after C,O) on the basis of mass percentage (~7%),
whereas in prickle hairs were more (~10%). These percentages
of silicon in U. setulosa leaf lay in the maximum range known
in Plants, which vary between 0.1 to 10% or more48,52. The
deposition of silicon in cuticle enhances mechanical strength
and rigidity greatly decrease water loss through transpiration
and thus reduce drought stress49,53,56,58. Furthermore, silicon
was densely found in prickle hairs especially in the point-tips.
This manner of silicon deposition reinforces rigidity and
sharpness of the prickle hairs, enhancing its function as dew
collectors, in which water molecules tend to captured as a very
small droplet on the tip of the tapered prickle hair. Also, the
rigidity of prickle hairs will enhance other known functions of
this type of trichomes, like increasing in the thickness of the
leaf boundary layer and reflectance of solar radiation.

U. setulosa leaves have kranz anatomy, indicating to C4

photosynthetic pathway.  Kranz  anatomy here have
extensions of chlorenchymatous bundle sheath from the
vascular bundle to the mesophyll cells. This form of Kranz
anatomy belongs  to  the subtype NAD-ME of C4

photosynthetic pathway59,60, in which the decarboxylation
enzyme is NAD-malic. Koteyeva et al.61 confirmed also this
subtype in U. setulosa biochemically by enzyme assay. Plants
with C4-photosynthetic pathway predominantly inhabit hot
and arid environments, because this pathway includes
mechanisms tolerate, and adapted to, high temperature and
low soil water conditions62, resulting in high water use
efficiency. Furthermore, along with all subtypes of C4

photosynthesis, NAD-ME characterizes species that inhabit
drier and saline environments63-65. The high water use
efficiency of C4 plants (especially with NAD-ME subtype)
represents an advantage under salinity stress because the
higher water use efficiency decreasing the amount of salt ions
that plant must excrete63. This feature lowers the metabolic
cost as the salt secretion is an energy consumptive process46.

CONCLUSION

On the basis of present study results, it can be concluded
that U. setulosa is a remarkable halophytic grass with many
micromorphological and anatomical features of leaves that
collectively enhance cope with extreme conditions of both
drought and salinity in its natural habitat. Micromorphological
characteristics including ridges and deep grooves with dense
trichomes of prickle hairs and papillae. These traits lead to the
reflectance of solar radiation, reduce heat load, increase the
boundary layer and decrease transpiration. Prickle hairs also
enhance "wetness" of the leaf surface and, with the activity of
salt glands, improve salt excretion, dew collection and retain
it ability. Silicon, which impregnated with cuticle, enhances
mechanical strength and rigidity of the epidermal structures.
Adaxial leaf surfaces have bulliform cells that play a substantial
role in leaf rolling and reopen in response to water stress
conditions. Anatomically, U. setulosa have kranz type with
extensions of chlorenchymatous bundle sheath, indicated to
C4 photosynthetic pathway, with NAD-ME subtype. These
features of U. setulosa leaf greatly enhance adaptation with
drought and high salinity, leading to higher water use
efficiency in high stressful habitat.

SIGNIFICANCE STATEMENTS

This study revealed that U. setulosa leaves have
prominent    morpho-anatomical    characteristics.   Previously
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researchers concentrated on some physiological features of
this species, especially salt resistance, whereas
micromorphology and anatomy of leaves still unknown
properly. The results of this study suggested that
micromorphological and anatomical traits of U. setulosa leaf
enhance, collectively, adaptation against drought and high
salinity, explaining many physiological features reported
formerly.
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