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ABSTRACT

Harsh environmental conditions of drought and high temperature are characteristic
features of the long dry season of the arid desert in southern Saudi Arabia. The lea¯ess
stem succulent Caralluma acutangula (Decne.) N.E.Br. (Apocynaceae) possesses
structural and functional adaptations necessary for survival in its natural habitat.
Morphological adaptations include thick epicuticular wax, thick cuticle, low stomatal
frequency and lobed stem that gives the plant a low surface : volume ratio. As the plant
water status decreased during the dry season, depth of stem lobes increased resulting in
increased turbulent air ¯ow and decreased stem temperature. Anatomical adaptations
allow for a hydrenchyma-chlorenchyma water movement that helps the hydrenchyma to
serve as a water reservoir for maintaining the chlorenchyma water status and preserving
photosynthetic machinery. Functional adaptations include constitutive crassulacean acid
metabolism (CAM) and a shift to CAM-idling under protracted water stress. Photoprotective strategies included accumulating anthocyanin pigment during the wet season
and shifting towards non-radiative dissipation of excess energy during the dry season as
indicated by increased non-photochemical chlorophyll ¯uorescence quenching, denoting
increased heat energy dissipative mechanisms during the dry season.
Keywords: Caralluma acutangula;

chlorophyll ¯uorescence; crassulacean acid
metabolism (CAM); photoprotection.
INTRODUCTION

Plant survival in arid habitats depends on a wide array of plant structural and
functional adaptations (Dickinson, 2000; Sayed, 2001a; Mauseth, 2004; Howe &
Brunner, 2005). Among plants inhabiting arid habitats, stem succulents are
characterized by a remarkable degree of drought tolerance despite their simple
structure of a peripheral photosynthetic chlorenchyma and an inner water
storage hydrenchyma (LuÈ ttge, 2008). Structural and functional features of stem
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succulents have intensively been investigated in members of the family
Cactaceae (Nobel, 1988). However, little attention has been given to adaptations
of stem succulents of the Old World (Bobich & North, 2009). The stem
succulent Caralluma acutangula (Decne.) N.E.Br. (Apocynaceae) is an abundant
species in the arid deserts of southern Saudi Arabia (Collenette, 1999). Work
presented in this paper aimed at investigating morphological, anatomical, and
physiological adaptations of C. acutangula in relation to survival in its native
habitat.
MATERIALS AND METHODS

The study site (100 meters above sea level) is part of the foot hills of the Tihama
desert in the arid region south west of Saudi Arabia (17o.12'N, 42o.33'E). Soil at
the study site is a silty-loam soil. The climate is in¯uenced by a Polar
Continental air mass in winter and a Tropical Continental air mass in the
summer. The temperature pattern is seasonal with a lowest mean temperature of
21.0oC and a maximum mean temperature of 45.3oC (Records of a 10-yearperiod, 2000-2009, courtesy of Jazan Meteorological Station). The short wet
season (June-August) is characterized by an average of 100mm of erratic
rainfall, whereas the long dry season extends over a 9-month period. The plant
community includes several annual and perennial grasses, and members of the
families Apocynaceae (Caralluma acutangula, C. edulis, C. subulata, Duvalia
velutina), and Euphorbiaceae (Euphorbia triaculeata, E. fracti¯exa), as well as
phanerophytes such as Acacia ehrenbergiana, A. tortilis, Delonix elata, Dobera
glabra, and Hyphaene thebaica).
Measurements

Air and stem temperatures were measured using an infrared ®eld thermometer
(Kestrel, 2000; Fluka, Woodford, NSW, Australia).
Soil water content was determined using the thermogravimetric method
(Gardner et al., 2001) by drying a known weight of soil in an oven at 105oC for
until a constant weigh was reached. The dried sample was then allowed to cool
in a desiccator and the water content was calculated using the equation:
Soil Water Content = (Mass of Wet Soil - Mass of Dry Soil) / Mass of Dry Soil
Epicuticular wax was extracted in chloroform from 1cm2 stem sections, and
the amount was determined gravimetrically during the wet and the dry seasons
(Erickson & Porter, 1966).
Stem sections and epidermal strips were prepared and cuticle thickness and
stomatal frequency were determined at 400 magni®cation using an ocular
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micrometer mounted on Accu-scope 3025 Ergo Tilting Microscope (Nikon,
Kingston-upon Thames, Surrey, UK).
Stem surface:volume ratio (S/V) was determined after Mauseth (2000) using
the equation:
S/V = 2NH[H2 + ( r / N)2]  r H
Where: N number of stem ribs, H depth of stem ribs measured using a
Vernier caliper, r internal radius of stem rib
Chlorenchyma and hydrenchyma were separated along a part of the stem
length and cell sap was extracted by grinding a known weight of tissue. Cell sap
was then loaded in a disposable plastic syringe and expressed through two layers
of muslin, and electric conductivity of the extract was measured using electric
conductivity meter (HXE12, Hangzhou, Zhejiang, China). Cell sap osmotic
potential was then calculated after Sen et al. (1979) using the equation:
Cs = Cell Sap Electric Conductivity x 0.36
Dawn and dusk chlorenchyma cell sap titratable acidity was determined in
the ®eld. Chlorenchyma cell sap was extracted by grinding and ®ltering through
two layers of muslin, and titratable acidity was determined by titration against
0.01N NaOH and phenolphthalein as an indicator (Osmond et al., 1994).
Stomatal conductance was measured using a leaf porometer (SC-1, Decagon
Devices, Pullman, USA) where the porometer sensor was ®tted on the ¯at parts
of the stem ribs.
Spectroscopic techniques were used to determine the contents of Chlorophyll
a (Chl a) and Chlorophyll b (Chl b) (Harborne, 1973), total carotenoides
(Metzner et al., 1965), and anthocyanin pigment (Fuleki & Francis, 1968).
Chlorophyll ¯uorescence was measured in vivo in 15-min dark-adapted stem
using a ¯uorescence monitoring system (FMS2, Hansatech Instruments, King's
Lynn, Norfolk, England). Measured chlorophyll ¯uorescence parameters
included the potential photochemical eciency of open PSII reaction centers
(Fv/Fm), quantum eciency of PSII (FPSII), and non-photochemichal
quenching (qNP) following recent terminology and derivations (Baker &
Oxborough, 2003; Govindjee, 2003; Suggett et al., 2003).
All measurements were repeated ®ve times using samples from ®ve dierent
individuals and standard deviation was calculated.
RESULTS

Soil water content was markedly reduced while midday air temperature
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increased during the dry season (Table 1). Recorded midday stem temperature
was higher than air temperature during the wet season and was similar to air
temperature during the dry seasons (Table 1).
Table 1. Structural and physiological features of C. acutangula stem

during the wet and the dry seasons ( SD, n = 5)

Parameters

Wet Season

Dry Season

10.0  1.1
37  0.6

2.4  1.3
45  0.2

2. Structural Features
Midday Stem Temperature (oC)
Depth of stem lobes (mm)
Epicuticular Wax (õÁg cm-2)
Cuticle Thickness (õÁm)
Stomatal Frequency (Stomata cm-2)
S/V

45  0.5
21.4  2.0
650  39.4
1.3  0.0
25  2.8
0.56  0,1

45  1.0
23.5  1.0
650  39.4
1.3  0.0
25  2.8
0.36  0.1

3. Physiological Features
Midday Chlorenchyma cs (MPa)
Midday Hydrenchyma cs (MPa)
Titratable Acidity (6am) (meq g-1 Fresh Wt.)
Titratable Acidity (6pm) (meq g-1 Fresh Wt.)
Midday Stomatal Conductance (mmol m-2 s-1)
Midnight Stomatal Conductance (mmol m-2 s-1)
Chl a : Chl b
Anthocyanin Content (mg g-1 Dry Wt.)
Carotenoid Content (mg g-1 Dry Wt.)
Fv/Fm
FPS II
qNP

-0.70  0.0
- 0.34 0.0
178  15.0
34  4.0
0.3  0.2
18.9  2.3
0.92  0.04
952  25
18.5  1.2
0.84  0.01
0.85  0.01
0.02  0.0

-0.70  0.0
- 0.50  0.0
52  4.0
18  1.5
1.2  0.5
3.7  0.2
1.50  0.07
302  4.7
256  1.7
0.68  0.01
0.65  0.01
0.6  0.0

1. Climatic Factors
Soil Water Content (%)
Midday Air Temperature (oC)

The mature C. acutangula plant has a 50-100cm-long lobed succulent stem
with 21-mm-deep lobes that appeared deeper during the dry season (Table 1,
Fig.1). Measured during both the wet and the dry seasons, the amount of
epicuticular wax, cuticle thickness, and stomatal frequency had values of about
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650 mg cm-2, 1.3 mm, and 25 stomata mm-2, respectively (Table 1). Results
indicated that the plant had a very low S/V of 0.56 during the wet season, and
that S/V was markedly reduced during the dry season (Table 1). Microscopic
examination of stem sections revealed that hydrenchyma cells were fully turgid
during the wet season and appeared angular and shrunken during the dry
season (Fig.1).

Fig.1. Morphoanatomical features of C. acutangula.
Stem appearance during the wet season (a) and the dry season (b),
stem section showing depth of stem lobes during the wet season (c) and the dry season (d),
and stem section through the hydrenchyma showing fully turgid cells during the wet season (e)
and rugged shrinking cells during the dry season (f).

Although chlorenchyma cell sap osmotic potential slightly increased during
the dry season, hydrenchyma cell sap osmotic potential determined during the
dry season was markedly higher than that determined during the wet season
(Table 1). Dawn and dusk determinations of chlorenchyma titratable acidity
indicated that C. acutangula exhibited diurnal acidi®cation-deacidi®cation cycles
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during both the wet and the dry seasons (Table 1). These acidi®cationdeacidi®cation cycles were greatly dampened during the dry season (Table 1).
Midday stomatal conductance was also markedly lower than midnight stomatal
conductance during the wet season denoting daytime stomatal closure (Table 1).
However, stomatal conductance measured during the dry season indicated that
the plants exhibited very low values of stomatal conductance during both the
day and night periods (Table 1). Results indicated that the content of
anthocyanin pigment determined during the wet season was markedly higher
than that determined during the dry season (Table 1). Results also indicated that
Chl a:Chl b ratio and total carotenoids content were noticeably higher during
the dry season (Table 1). Chlorophyll ¯uorescence measurements indicated that
while the values of Fv/Fm and FPSII decreased during the dry season the value
of qNP noticeably increased.
DISCUSSION

Harsh environmental conditions of drought and heat characteristic of the long
dry season of arid deserts of southern Saudi Arabia prevailed during the dry
season (Table 1). Extreme aridity of these deserts involves inimical conditions of
high temperature, high irradiance, scarce water, erratic precipitation, and strong
sand storms (Middleton, 1986; Fisher & Membery, 1998).
The recorded values of epicuticular wax, cuticle thickness, and stomatal
frequency of C. acutangula represented morphological adaptations characteristic
of desert succulents. Similar values of these morphological features have
previously been reported for desert succulents and are known to reduce
evapotranspirational water loss and improve plant water economy (Trivedi &
Upadhyay, 1984; Herrera & Cuberos, 1990; Barker et al., 1997; Holmes & Keiller,
2002; Mauseth, 2004). The observed reduction of S/V, increased depth of stem
lobes, and the angular and shrunken appearance of hydrenchyma cells during the
dry season re¯ected a somewhat reduced plant water status. However, this
reduction in plant water status during the dry season was less pronounced in the
chlorenchyma than in the hydrenchyma. Values of osmotic potential of the
chlorenchyma were fairly similar during both the wet and the dry seasons. On the
other hand, osmotic potential of the hydrenchyma was less negative during the
dry season than during the wet season. These values together with the angular
and shrunken appearance of the hydrenchyma during the dry season denoted that
the chlorenchyma water status was maintained by a concerted hydrenchymachlorenchyma water movement. This concerted hydrenchyma-chlorenchyma
water movement enables the hydrenchyma to serve as a water reservoir for
maintaining chlorenchyma water status and preserving the photosynthetic
machinery throughout the dry season. Similar results have previously been
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reported in some members of the family Cactaceae (Nobel & De la Barrera 2002;
Nobel, 2009).
Although lobed stems are known to have a large surface area compared to
cylindrical stems (Gibson & Nobel, 1988; Mauseth, 2000), stem lobes are
thought to be bene®cial as they decrease the amount of photosynthetic active
radiation received per unit stem area (Nobel, 1980; Nobel, 1988; Gibson, 1996)
and increase succulent stem mechanical support (Niklas et al., 1999; Bobich &
North, 2009). The number and depth of stem lobes aect stem surface area
and its S/V ratio. In this context, the more the number of lobes and the deeper
they are the lower is S/V (Gibson, 1996). The 4-lobed stem of C. acutangula
gives the plant a very low S/V, and hence high V/S re¯ecting its high water
storage capacity per unit surface area. However, succulent stems with low S/V
and large succulent mass are known to have increased boundary layer, low
heat exchange capacity, and high day temperature (Ting & Szarek, 1975; Lewis
& Nobel, 1977; Nobel, 2005). Despite the observed low S/V and the large
succulent mass of C. acutangula, its stem midday temperature was kept near
midday air temperature during the dry season. It is thought that as the plant
water status decreased during the dry season the depth of stem lobes increased
resulting in increased turbulent air ¯ow, decreased boundary layer thickness,
and hence decreased stem temperature. Similar views have previously been
reported for other stem succulents (Nobel, 1978; Mauseth,2000; RothNebelsick, 2001; Nobel, 2009).
Diurnal acidi®cation-decidi®cation cycles observed in C. acutangula during
both the wet and the dry seasons indicated that the plant exhibited a constitutive
CAM mode of photosynthesis. This CAM mode of photosynthesis and the
observed day-time stomatal closure during the wet season is known to improve
plant water economy (Osmond, 1978; Ting, 1985; Winter & Smith, 1996; Sayed,
2001b; LuÈ ttge, 2004; LuÈ ttge, 2008). The observed dampened oscillations of these
cycles during the dry season together with the observed day and night stomatal
closure denote the onset of a CAM-idling mode. Several desert succulents have
been reported to switch to a CAM-idling under protracted drought (Sayed,
2001b; Masrahi et al., 2011).
Increased anthocyanin pigment content during the wet season re¯ected a plant
photoprotective strategy. Accumulation of epidermal anthocyanin pigments is
known to ®lter harmful UV-B radiation and protect the photosynthetic
machinery (Day et al., 1993; Chalker-Scott, 1999; Gutschick, 1999; Lee & Gould,
2002; Gould, 2004; Hatier & Gould, 2009). The observed increased Chla : Chlb
ratio during the dry season denoted reduced activity of the photosynthetic
machinery at the light harvesting complex of PSII (Nobel et al., 1994; Evans,
1996; Jeon et al., 2006). The cumulative eects of high temperature and water
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stress during the dry season increases the probability of photoinhibition of the
photosynthetic machinery (Adams III et al. 1987; MasojoÄ dek et al., 1991). The
recorded 15-fold increase of carotenoids content and reduced amounts of
anthocyanin pigment during the dry season re¯ected a change in the plant
photoprotective strategy. This change in the plant photoprotective strategy
involved a shift from extrinsic photoprotection by the energetically-expensive
vacuole-accumulated anthocyanin pigment towards intrinsic photoprotection by
carotenoids known to play a major role in photoprotection by non-radiative
dissipation of excess energy based on chlorophyll ¯uorescence quenching via the
xanthophyll cycle (Young & Britton, 1990; Demmig-Adams & Adams III, 1996;
Barker et al., 1997; Gilmore, 1997; CÆadovaÂ , 1999; Behera & Choudhury, 2003;
Baraldi et al., 2008; Yiotis et al., 2008).
The in vivo chlorophyll ¯uorescence is a well documented non-invasive tool in
ecophysiology that gives a subtle re¯ection of primary reactions of
photosynthesis in relation to environmental stress (Baker & Oxborough, 2003;
Fracheboud & Leipner, 2003; Govindjee, 2003; Sayed, 2003). The ratio Fv/Fm
is proportional to the potential maximal photochemical eciency of open PSII
reaction centers, and the value FPSII gives an indication as to the quantum
eciency of PSII (Babani & Lichtenthaler, 1996; Baker & Oxborough, 2003;
Strasser et al., 2003; Suggett et al. 2003). Moreover, the value of qNP is
indicative of non-photochemical quenching of ¯uorescence due to energy
dissipation as heat (Genty et al., 1989; Buschmann, 1999; Samson et al., 1999;
Krause & Jahns, 2003; Sayed, 2003). Reduced values of Fv/Fm and FPSII
during the dry season hence re¯ected increased adverse eects of water stress on
the photochemistry of PSII, whereas the concomitant increase of nonphotochemical ¯uorescence quenching (qNP) denoted increased heat energy
dissipative mechanisms. These results support the suggested increased
involvement of the xanthophyll cycle carotenoids as a photoprotective
mechanism under the sever water stress prevailing during the dry season.
It can, therefore be concluded that the succulent stem of C. acutangula oers
the plant a high water storage capacity and the stem lobes act as cooling ®ns
that gives the plant a high heat convective capacity necessary to keep stem
temperature near air temperature during the hot dry season. The observed thick
epicuticular wax, thick cuticle, and low stomatal frequency enable the plant to
reduce evaporative water loss. Concerted hydrenchyma-chlorenchyma water
movement allows the plants to maintain chlorenchyma water content during the
dry season. Constitutive CAM enhances water economy of C. acutangula during
the wet season and the shift to CAM idling during the dry season is an
adaptation to protracted water stress. Moreover, C. acutangula photoprotective
strategies involve extrinsic photoprotection by accumulation of epidermal
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anthocyanin pigments during the wet season, and a shift to intrinsic
photoprotection involving non-photochemical energy dissipation via
carotenoids of the xanthophyll cycle during the dry season.
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