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Abstract. The annual planfinastatica hierochuntics an Ombrohydrochloric species where the seeds
released from the canopy seed bank throughout aleyears. The genetic variations at the intra- and
interpopulation levels were studied in the runnétrohabitat in Libya, Egypt and Saudi Arabia. The
genetic diversity was detected by RAPD analysithefDNA material. The amount of genetic variation
within Anastatica hierochunticgopulations reached 67.910 % of the total variafidee Nei's gene
diversity ranged from 0.336 to 0.361 and the Shatmndiversity index from 0.506 to 0.588 showing
relatively high values. The highest value of the@eliversity was obtained in the Libya population.
Lower values of the Nei’'s gene diversity were atdli in the Saudi Arabia then in the Egypt populetio
Strong linear relationships were obtained betweerNei's gene diversity and the total amount ofuahn
rainfall (R* = 0.88) and between the differences in the tataual rainfall and the values of the fixation
index between population pairs“(R 0.83). The role of the dispersal mode in shapimg genetic
variations in the species was discussed as thepgaseed bank was suggested to have great sigrdéican
in the context of species evolution and consermatiogenetic diversity.
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Introduction

Environmental factors and habitat heterogeneityehavgreat role in shaping the
genetic diversity in species (Vellend and Gebef)520The genetic diversity in plant
species has an important role in the conservatemetics and the evolution ability
(Reed and Frankham, 2003). Among the possiblestthdt were reported to increase
the genetic diversity for annual and perennial gzeis the presence of an efficient seed
dispersal mechanism (Venable and Lawlor, 1980; ket al., 1993; Cabin et al.,
1998; Ouborg et al., 1999; Honnay et al., 2008).

The annual planAnastatica hierochunticass a Ombrohydrochloric species where
seed dispersal depends on both the presence andintibeint of rainfall (Van
Oudtshoorn and Van Rooyen, 1999). The presence aobpy seed bank with
hygrochastic nature is an additional mechanismsted dispersal where part of the
stored seeds is released each year from the shelefodead plants (Friedman et al.,
1978; Hegazy et al., 2006). The species is pher@ly plastic in response to the
water conditions of the environment (Evenari et H982; Hegazy et al., 1990; Hegazy
and Kabiel, 2010).
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Anastatica hierochunticas recorded in North Africa from Morocco to Egypt
inhabiting runnels, patches and depressions mibitaia (Boulos, 1983; Hegazy and
Kabiel, 2007). The species is subjected to ovezctbbn for folk medicinal uses in
North Africa where the infusion of the dry plantsasvreported to reduce pains,
facilitates childbirth, and used as emmenagogudanepilepsy (Boulos, 1983).

In previous studies, the population ecology Ahastatica hierochunticawas
investigated concerning its demographic, producawel spatial pattern response to
habitat heterogeneity (Hegazy and Kabiel, 2007,020h the present study, two main
questions were discussed:

(1) How genetic variations are organized at theatdnd interpopulation levels?

(2) What is the genetic response of the speciesmiacroscale habitat
heterogeneity?

Data are discussed at the intra- and interpopuldéeels as well as the role of the
dispersal mode in shaping the genetic variatiomefspecies.

Materials and methods
Field data
Study sites

Populations oAAnastatica hierochunticavere collected from the runnel microhabitat
in Libya, Egypt and Saudi Arabia. Two subpopulatiavere studied in each of Libya
and Saudi Arabia at Al-Watya and Thumamah respegti Table 1). Six
subpopulations were studied in Egypt, three wetatkd in a gravel site (Wadi Hagoul,
around 70 km east of Cairo) and the others in d sée (Bahareya Oasis, around 300
km south-west of Cairo). The study site in Libyddsated at elevation of 145 m asl,
while that in Saudi Arabia is located at elevatioh591 m asl. Mean values of
maximum and minimum temperatures and total anraiafall are shown inrable 1.
The study sites are located at 32° 07' 27.3" R46137.0" E in Libya, 28° 21' 49.8" N,
29° 11' 10.3" E (sand site) and 29° 55' 08.0'32f, 11' 55.9" E (gravel site) in Egypt
and at 25° 14' 56.9" N, 46° 37' 42.2" E in Sardbia.

Table 1. Localities and climatological parameters of thedstiA. hierochuntica populations

Parameter Libya Egypt Saudi Arabia
Number of populations 2 6 2
Elevation range (m asl) 120-145 212-23p 591-650
Total annual rainfall (mm) 159.3 13.37 61.36
Mean maximum annual temperatur€)( 34.3 29.55 34.2
Mean minimum annual temperatur€) 14.8 14.75 18.9

Greenhouse experiment

Individuals ofA. hierochuntican 1 x 1 nf plots were collected for the estimation of
the dry phytomass as a fitness trait and an indimsasure of the canopy seed bank and
population size (Hegazy and Kabiel, 2010). Fivetploere randomly chosen in every
study site.
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Seeds from individuals belonging to each of thelgtsubpopulations from the three
countries were allowed to germinate at the greemsécof Cairo University (Giza,
Egypt) in open air conditions in March-2011. Twenty diameter pots full of sandy
soil were used; five pots for each generation, @ach pot contained 10 sown seeds.
Irrigation (150 ml per pot) was performed every adhying the first week then every
other day after that. After the expansion of thistfthree green leaves, the plants were
harvested for further DNA analysis.

Genetic variation

Total genomic DNA was extracted from green leav@sagiWizard genomic DNA
extraction kit DNase plant Qia gene. 10- to 21-radvitrary primers were used for
RAPD analysis. Ten primers were screened for thewplification (Table 1). PCR
amplification was performed in total volume of 2bgontaining 10 x reaction buffer,
2.5 ul dNTPs, 2 pl MgClI2, 3 pl/reaction primer, d@of genomic DNA and 5 U jlof
Taq polymerase (promega, Germany). The PCR tempergirofile was applied
through a Gene AnfhPCR System 9700 (Perkin Elmer, England). After matieration
step for 5 min at 94 °C, the amplification reactiamere carried out for 40 cycles. Each
cycle comprised 40 second at 94 °C, 1 min of ammgamperature ranged 36 °C in the
primers used and 1 min at 72 °C. The final elomgastep was extended to 7 min.
Amplification products were resolved by electropsis in a 1.5 % agarose gel
containing ethidium bromide (0.5 pg Mlin 1 x TBE buffer at 95 volts. PCR products
were visualized on UV light and photographed usirgel documentation system (Bio-
Rad® Gel Doc-2000). Amplification products were comghngith molecular weight
marker | x (100 to 1000 bp). DNA analysis was perfed in AGERE, Agricultural
research center.

Table 2. Nucleotide sequence of RAPD primers used in thdy stu

Primer Sequence (5'-3")
B -10 CTGCTGGGAC
C-02 GTGAGGCGTC
C-15 GACGGATCAG
M - 05 GGGAACGTGT
M - 02 ACAACGCCTC
C-19 GTTGCCAGCC
M-17 TCAGTCCGGG
Q-o01 GGGACGATGG
Q-06 GAGCGCCTTG
D-01 ACCGCGAAGG

Data analysis

To assemble the matrix of the RAPD phenotypes, amere scored as binary
presence (1) or absence (0) characters. The paamet genetic diversity and
differentiation, estimated are the percentage pohpmic loci PPL), observed number
of alleles Na), number of effective alleledNf), Nei’'s gene diversityh) and Shannon’s
diversity index [). These parameters were calculated on the bagisred frequencies
using POPGENE 3.2 software (Yeh et al., 1997). géwetic diversity parameters were
estimated for each of the three study population$he genetic differentiation
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parameters were estimated between population gdiesfixation indexts;was used to
indicate the degree of differentiation between gaain of populations and the analysis
of molecular variance (AMOVA) was conducted to detthe source of variations
among populations in Egypt, Libya and Saudi Aralaiagd within populations using
allele frequencies with ARLEQUIN V. 1.1 (Excoffiet al., 1992).

Table 3. Genetic diversity for A. hierochuntica populations, = Observed number of
alleles, N = Effective number of Alleles, h = Nei's gene ddity, | = Shannon’s diversity
index, PL = Number of polymorphic loci, PPL = Pemtage of polymorphic loci

Country N, N h I PL PPL

Lybia 1.933+0.258 1.622+0.294 0.361+0.138 0.5888P.1| 14 93%
Egypt 1.905+0.212 1.551+0.266 0.336+0.126 0.50639.1 14 93%
Saudi 1.867+0.352 1.627+0.347 0.352+0.170 0.5139.2 13 86%

Results

Genetic variation

Ten primers generated a total of 115 RAPD bands)(lb1.5 band per primer on the
average. The number of amplification products pengr varied from 7 to 15 which
produced fragments ranging from 285 to 3525 baserpsaize.

Despite the resemblance in values among the thopallgtions concerning the
genetic diversity parameters, the L population medcthe greatest values for the
observed number of alleles (1.933), the Nei's g#imersity (0.361) and the Shannon’s
diversity index (0.588]Table 3).The percent of polymorphic loci ranged from 86% in
the S population to 93% in the L and E populatidrie lowest values for the estimated
genetic diversity parameters were recorded in tip@ulation, while the S population
attained an intermediate position.

The Shannon’s diversity indeand the phytomass per square meter Ain
hierochunticapopulations were found to be strongly related withR of 0.99(Figure
1). The E and S populations have low phytomass (32242 gnf respectively) as
compared to 753 gfmobtained in the L population. This is coupled w&hannon’s
diversity index values around 0.51 in the E andfutations as compared to 0.59 in the
L population(Table 3).

Table 4. Analysis of molecular variance (AMOVA) among anithiviA. hierochuntica
populations in Egypt, Libya and Saudi Arabia

Source of variation d.f. Sum of Squares Variance Percentage
components | of variation
Among populations 2 063.210 0.153 32.089 P < 0.000
Within populations 1039 296.371 0.324 67.910 P < 0.000
Total 1041 359.581 0.477
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Figure 1. Relationship between the Shannon’s diversity ilagexthe phytomass per square
meteramongA. hierochuntica populations
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Figure 2. Relationship between the pairwise fixation indgxaRd the difference in the total
amount of rainfall among. hierochuntica populations. LE: Libya and Egy; Libya and
Saudi Arabia and ES: Egypt and Saudi Arabia
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Figure 3. Relationship between Nei's genetic diversity inttitree A. hierochuntica populations
and total annual rainfall (a), mean maximum (b) andan minimum (c) daily temperatures
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According to the AMOVA among and within populationise highest percentage of
variation reached 67.910 % and found to be withendtudy population§able 4).The
percentage of variation among the populations i&,Land S was 32.089 % of the total
variance. A strong linear relationship’ (R 0.77) was obtained between the pairvige
and the difference in the total amount of rainfatweenA. hierochunticapopulation
pairs (Figure 2). The highest genetic differentiation was obtainetween L and E
populations s = 0.42, very high genetic differentiation) where ttifference in the
total amount of rainfall reached 145.93 mm, followby that between L and S
populations s = 0.20, high genetic differentiation, 97.94 mm eliéince).
Alternatively, the lowest differentiation was obited between E and S populations
(47.99 mm difference) with arsvalue of 0.17 with high genetic differentiation.

Response to environmental factors

The relationships between the Nei's gene diveesiy the amount of rainfall and the
maximum temperature were more evident as comparethat with the minimum
temperaturéFigure 3).In this case, an increasing linear relationship wistained (R=
0.88 and 0.89) between the Nei’'s gene diversity tmedamount of rainfall and the
maximum temperature respectively revealing an aszen the gene diversity in sites
receiving higher amounts of rainfall and higher maxm temperature.

Discussion

I ntrapopulation genetic variation

The amount of genetic variation withimastatica hierochunticpopulations reached
67.910 % of the total variance in the AMOVA testoidover, the Nei’'s gene diversity
(ranging from 0.336 to 0.361) and the Shannon’smity index (ranging from 0.506 to
0.588) showed relatively high values. Similar pmtjpm of intrapopulation genetic
variation were reported in other speciescestaegus monogyn&om northern lItaly
where the mean genetic diversity ranged betweeb20ahd 0.333 with about 80% of
the genetic variation found within populations (@erini et al., 2008). The
Intrapopulation genetic diversity affects the eviolnary potential of a species and is
considered as an indirect indicator of extinctiesk ras the loss of genetic diversity
decreases the probability of persistence (Ellstrand Elam, 1993; Allendorf and
Ryman, 2002). High adaptation ability of a spedesenvironmental conditions is
generally rendered to high genetic diversity witthiat species (Kim et al., 2008). Even
in annual plants, adaptation is prevented by a tdogenetic variation or maladaptive
gene flow (Moeller et al., 2011). However, adaptx®lution is not always generated
as a result of a reach genetic diversity in a §%@s some invasive species
characterized by low within population genetic dsiy evolve through a series of
events after colonizing such as hybridization (Edisd and Schierenbeck, 2000; Xu et
al., 2003; Ye et al., 2004). For many tree spechesdiversity was mainly found within
populations and hybridization may be a cause of timeterozygosity (Imbert and
Lefévre, 2003).

Along the range of species distribution from Libt@ Saudi Arabia, the gene
diversity showed a complex pattern of variationorfrthe West to the East the gene
diversity reached maximum value in Libya, minimuaiue in Egypt, then increased in
Saudi Arabia indicating the presence of a complexdedying environmental
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heterogeneity controlling the genetic structuragha species. In the Libya population,
where the highest value of the gene diversity watained, the highest values for the
total amount of annual rainfall and maximum tempeewere recorded coupled with
the highest value of phytomass per square metespifeethe lower values of the gene
diversity obtained in the Saudi Arabia then in thgypt populations, a strong linear
relationship with the total amount of annual rainf®* = 0.88) and the maximum
temperature (R= 0.89) was obtained. Furthermore, a strong melatip was obtained
(R? = 0.85) among the three populations between tl@®in’s diversity indeand the
phytomass per square meter. Even with little défifiee in the total amount of rainfall
and maximum temperature between Saudi Arabia aygtEhge species showed higher
phytomass and more diverse gene pool in Saudi Arpbpulation. This is consistent
with previous studies (Hegazy and Kabiel, 2010) nehé\. hierochunticaproved a
flexible trend sensitive to the available amountahfall. Also, the plant size in other
species is generally positively correlated with tiene diversity (Lauterbach et al.,
2012).

We suggested th&t. hierochunticamaintains an evolutionary mechanism supported
by a high intrapopulation genetic diversity thatyniee rendered to the persistent seed
bank. This evolutionary mechanism permits the ssedo withstand the harsh
environmental conditions in the desert ecosysteth iardemonstrated by a complex
pattern of minor genetic variations from Libya tausli Arabia and the associated
variations in phytomass and seed productivity.

I nterpopulation genetic variation

The interpopulation genetic differentiation iA. hierochuntica proved to be
influenced by the difference in the total amountahfall between pairs of populations.
The pairwise k among the three study populations was found todbectly
proportional to the rainfall difference ¥R= 0.77) between each pair. Understanding
how genetic variation shapes species’ distributiomelves examining how variation is
distributed across a species’ range as well as Itowesponds to underlying
environmental heterogeneity (Emery et al., 2018).tHe present study, the genetic
differentiation pattern amond. hierochunticapopulations showed the highess; F
between L and E. Comparatively, loweg Was obtained between L and S populations
irrespective of the geographical distance betwd®n population pairs. At first; the
relationship between L and E populations reveals pinesence of partial local
adaptation asdreached 0.42. The most obvious climatic heteragethes in a more
than ten folds greater total annual rainfall inHan in E populations. A comparable
value (Fk; = 0.51) was obtained among tree populations whkelfeng breeding system
was considered to be a major cause (Hamrick et 293). Similarly, high
differentiation was reported amomdyrtus communid.. populations (k reached 0.41)
and was related to the heterogeneity in climatiad@tons and to the geographic
distance (Emery et al., 2012). Similarly, the relaship between S and E showed high
Fst value (0.17) with more than four times greatealt@nnual rainfall in S than in E
populations. However, the maximum temperature iwaS recorded to be higher by
about five degrees than in E populations. Secomel;rélationship between L and S
populations showed lowest;Walue (0.20) where these populations are the distdnt
with a difference in the total annual rainfall resgy more than the double of its value
in L than in S and similar maximum temperature.
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In hydrochoric species, Fst may reach 0.5 reveahigh genetic differentiation
among populations (Liu et al., 2006). Habitat fragation or historical isolation is
also predicted to increase divergence among paposat(Young et al., 1996).The
tendency toward larger divergence with a larger gggohical distance between
populations was reported in the Turkish endemicemaal speciesCentaurea
wiedemannianainhabiting rocky slopes and characterized by tkohiseed dispersal,
where the pairwise Fvalues was correlated to the pairwise geographdcgthnce
(Sozen and Ozaydin, 2010).0Obviously, in the prestmdy, the role of the difference in
the geographical distance amofghierochunticgpopulations is not important by itself
but the resulting habitat heterogeneity where mamyironmental variables are
interfering and the most powerful of them is th@akannual rainfall. In general, habitat
heterogeneity created by the large separationdissaamong populations might be
responsible for a large part of the interpopulatienetic differentiation.

Dispersal strategy and genetic variation

The variations of the genetic diversity and streetof many species was rendered to
the dispersal mode especially who’'s dispersed byrdohory (Gibson and
Wheelwright, 1995; Lundqvist and Anderson, 2001bém and Lefevre, 2003; Liu et
al., 2006). The pattern of the genetic variatiodirhierochunticgpopulations is shaped
by the amount of rainfall which in turn affects tbeed dispersal (Hegazy and Kabiel,
2007). Hydrochory may increase genetic diversitpapulations by receiving dispersed
seeds by water sheets (Nilsson et al., 2010). Gaeaiunts of rainfall results in
extensive seed dispersal through water sheetsuaradf rmaximizing gene flow among
A. hierochunticapopulation which decreases the genetic differdoha On the other
hand, low rainfall resulted in limited seed dispéi@ound the mother plant creating an
adaptation of the genetic system to small poputationditions and a restricted gene
flow rate which increase genetic differentiation carg populations. Limited seed
dispersal and/or habitat heterogeneity was repdaedcount for high levels of genetic
differentiation among plant populations (Sozen @mydin, 2010; Li et al., 2008). In
this case, the harsh environmental conditions amat habitat fragmentation are
compensated by a unique dispersal system contyditia overall genetic diversity of
the species. The presence of a canopy seed banfeghs prevention of a genetic drift
to occur as a permanent supply of seed is presehteady to germinate in favorable
conditions. Persistent seed bank was supposedtigatei the consequences of habitat
fragmentation and protect a species from genetit (Wan Oudtshoorn and Van
Rooyen, 1999), especially for extreme desert plenttabiting small separate patches or
depressions (Gutterman, 1994). High rainfall eveere several years will ensure the
production of canopy seed bank with more diverseeggool. This seed bank may
compensate the low rainfall for several coming geasulting in small population size
with low genetic diversity. Consequently, relativédigh gene diversity was found in
the Egypt population characterized by the lowesowm of rainfall and habitat
disturbance, due to overcollection and destruatiotimhe natural habitats, which resulted
in reduced fitness as demonstrated by the low atnoluphytomass per square meter.
This contrasted other plant species where genetit ahd reduced plant size were
expected as a direct result for habitat disturbaarog fragmentation which increase
genetic differentiation among populations (Harrisowd Hastings, 1996; Honnay et al.,
2007; Yang et al., 2010; Lauterbach et al., 20EEagmentation was found to be more
effective in increasing genetic differentiation argoriparian tree populations-mainly
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dispersed by water-than the physical barriers adtérs the natural dynamics of the
ecosystem (Imbert and Lefévre, 2003). However, hggne diversity in small
populations was reported by Honnay et al. (2007).

The amount of rainfall control the mode of seegbéisal, particularly, short distance
dispersal around the mother plant increasing germlfierentiation among populations
or long distance dispersal decreasing differemtiaimong populations. In both cases,
the hydrochoric mode of seed dispersal togethdr thie presence of persistent canopy
seed bank ensures relatively high intrapopulati@meg diversity even in highly
fragmented populations.

Conclusions

Anastatica hierochunticaroved to be an annual plant with a perennialguerénce.
As generally, perennial and outcrossing speciesmnrehost of their genetic variability
within populations while annual and selfing spec@cate most of the genetic
variability among population. Then, the presenca pgersistent canopy seed bank in an
annual plant preserves a reach multigenerationaé gwol and provides the study
species with a permanent supply of seeds from #meessource as in perennials.
Moreover, this maintains high intrapopulation genetiversity and may buffer the
decrease in the genetic diversity in extremely yigrs where small populations were
expected to grow increasing the opportunity forgile genetic drift. In this case, low
amounts of rainfall allowed small number of seedsgérminate resulting in small
number of individuals for several consecutive yes#hout the supply of seeds from
the canopy seed bank the population may be suljéztgenetic drift.

Both the genetic diversity within populations aheé genetic differentiation among
populations are closely related to the total anmaalfall which governs the whole
dispersal strategy of the species. Individualé& ohierochunticgprofit from favourable
climatic conditions in favourable years to prodgceater phytomass i.e. bigger canopy
seed bank and larger amounts of seeds (Hegazy abi&lK2010). The species creates
larger supply of seeds as possible to be usedhbsesuent years. Hence, our study
proves that the larger the canopy seed bank (irLiinga population) the greater the
within population genetic diversity and the smatlee canopy seed bank (in the Egypt
population) the lower the within population genetoversity. In this case, high
differentiation was observed between the E poparatind both L and S populations.
The canopy seed bank A hierochunticamay have great significance in the context of
species evolution and conservation of genetic dityerof the species. In fact, the
canopy seed banks from several individuals in aufadipn are created through years
resulting in intergenerational genetic diversity.
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