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Abstract. Medicinal plants can produce various chemical compounds as secondary metabolites that have benefit to human. Feverfew (Tanacetum parthenium L.)
is a medicinal plant belongs to the Asteraceae family. This plant due to have parthenolide compounds has attracted much attention for medicinal value and pharmacological activity. Due to the economic importance of the plant metabolite in cancer
and migraine treatment, application of approaches for increasing the metabolite was
the objective of this study. For this purpose, after cultivation in greenhouse, plants
were treated with TiO2 and SiO2 nanoparticles and salinity stress at different times and
concentrations. Real Time PCR used to evaluate the expression of TpGAS, COST and
TpCarS genes which involved in secondary metabolites biosynthesis pathway (parthenolide and β-caryophyllen). It was found, SiO2 NPs can increase the expression of
TpCarS, COST and TpGAS in the concentration of 25mM with increasing time from
6 to 24h. In this concentration (25mM), TiO2 treatment, up-regulated the COST and
TpGAS in contrast, down-regulated the TpCarS with increasing time from 6 to 24h.
Salinity treatment affected the expression of all three genes, so that with increasing
time, the expression of all three genes was elevated. In conclusion, according to above
and HPLC results, it was shown the nanoparticles and salinity treatments can increase
parthenolide synthesis in whole plant of Feverfew and then they can be used as elicitor
for more production of the metabolite.
Keywords. Tanacetum parthenium L., Nanoparticle, SiO2, TiO2, Salinity stress, Gene
expression analysis.

Abbreviations: GAS, Germacrene A Synthase; COST, Costunolide Synthase; CarS, Cariophyllene Synthase; PTL, Parthenolide; NP, Nanoparticle.
INTRODUCTION

Medicinal plants have a specific role in treatment and prevention of
many human diseases. These plants are attracting more attention for producCaryologia. International Journal of Cytology, Cytosystematics and Cytogenetics 72(1): 3-14, 2019
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ing safer medicine because it is believed that they rarely
have side effects compared to chemical drugs. Feverfew
(Tanacetum parthenium L.) (Asteraceae), is a diploid
(2n=2x=18) and perennial medicinal plant. This plant
has medical applications on a wide range of disease
such as migraine headaches, stomach aches, toothaches,
insect bites, rheumatoid arthritis and infertility (Pareek
et al. 2011). These medicinal properties are due to the
existence of chemical compounds which called secondary metabolites. Terpenoids are the largest class of plant
secondary metabolites (Croteau et al. 2000). Sesquiterpene lactones are the main group of terpenoids and frequently are derived from Mevalonic acid (MVA) pathway (Van Klink et al. 2003). T. parthenium (L.), contains many sesquiterpene lactones and parthenolide has
the most concentration (comprises up to 85%) among the
total sesquiterpenes (Pareek et al. 2011).
Parthenolide is used for the treatment of migraine
and shows specifically anticancer and anti-inflammatory activity, as well (Tassorelli et al. 2005; Walsh et al.
2011; Mathema et al. 2012; Al-Fatlawi et al. 2015; Wang
and Li, 2015). β-caryophyllene is another sesquiterpene
lactone distributed in the essential oil of various plants.
This compound has represented several biological
activities, such as anti-inf lammatory, antibiotic,
antioxidant (Legault and Pichette, 2007), anticancer
(Tundis et al. 2009) and antiproliferative activity (Amiel
et al. 2012).
Sesquiterpenes, like parthenolide and β-caryophyllene are synthesized via farnesyl diphosphate (FPP) in
Mevalonate pathway. TpGAS and COST are two genes
involved in parthenolide production. At the first step,
TpGAS converts farnesyl diphosphate to germacrene A,
COST converts germacrene A acid to costunolide, and
parthenolide is one of the deratives of costunolide. It has
been revealed that costunolide synthase is a cytochrom
P450 enzyme. TpCars is another sesquiterpene synthase
in Feverfew which is responsible for the production of
β-caryophyllene. This enzyme converts farnesyl diphosphate to β-caryophyllene directly. (Majdi et al. 2011; Liu
et al. 2011; Menin et al. 2012; Basha et al. 2016).
Several factors affect the production of secondary
metabolites, and elicitors are one of the most efficient
ones (Zhao et al. 2005). Plants and plant cells (in vitro
culture) show the morphological, biochemical and physiological reactions to biological, chemical or physical
factors, which is considered as “elicitors.” In fact, Elicitation is an induced or enhanced synthesis process of
secondary metabolites by the plants and it is a way to
ensure their survival, persistence, and competitiveness
(Karuppusamy, 2009; Kiong et al. 2005). Elicitors are
biological or nonbiological agents that cause biosynthe-
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sis and accumulation of secondary metabolites in plants
through induction of defense responses (Ramirez-Estrada et al. 2016). The components of microbial cells and
poly and oligosaccharides, chemicals such pesticides,
heavy metals, and the signaling compounds in plant
defense responses (growth factors, e.g. jasmonate) and
physical factors such as hyperosmotic stress, UV, cold
shock, ultrasound, and pulsed electric field can act as
stimulators for hyperproduction of secondary metabolites (Zhao et al. 2010; Gueven and Knorr, 2011; Lin and
Wu, 2002).
Nanoparticles (NPs) are new materials which show
unique properties related to their physical size. The
nanoparticles used in present work are SiO2 and TiO2
which are among the most used nanomaterials (Servin
et al. 2012; Siddiqui and Al-Whaibi 2014). Titania
(TiO2) has a wide range of applications such as cosmetics (Anselmann, 2001), cancer treatment (Kalbacova et
al. 2008), sunscreens or food (Lan et al. 2013). Silica
(SiO2) is another popular metal oxide NPs used in multiple varieties of applications such as disease labeling,
drug delivery, photodynamic therapy (Ohulchanskyy et
al. 2007), cancer therapy (Cheng et al. 2010; Rosenholm
et al. 2010 ), fertilizer and pest control (Sakr, 2017; Tripathi et al. 2014; Laing et al. 2006).
The effects of TiO2 NPs on different biological
characters of the plant have been done in several studies. Among them, it could be pointed out to the effect
of TiO2 on the growth and microRNA expression profile of tobacco (Frazier et al. 2014), effects of nano-TiO2
on seed germination (Castiglione et al. 2011), development and mitosis of root tip cells of Vicia narbonensis L. and Zea mays L. (Castiglione et al. 2011), The
effect of SiO2 and TiO2 nanoparticles on the expression of GPPS gene (involved in thymoquinone biosynthetic pathway) in Nigella sativa L. (Kahila et al.
2017) and finally, Mandeh et al. (2012) which studied in
vitro influences of TiO2 nanoparticles on barley tissue
culture and quantitative and qualitative characteristics
of calli were analyzed after each subculture. In the field
of agriculture, SiO2 has an inhibition effect on the pest
(HongShu et al. 2009), Carriers in drug delivery and
absorption and transport of nutrients in plants (Liu et
al. 2006). The role of nano-SiO2 in the characteristics of
seed germination of tomato has also investigated (Siddiqui and Al-Whaibi, 2014).
Salinity stress is a high concentration of soluble
salts in soil and water. Most common soil salinity is
caused by high sodium (Na+) and chloride (Cl-) (Tavakkoli et al. 2010). Salt stress as an environmental factor
is another factor that influences on gene expression (Siddiqui and Al-Whaibi 2014).
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The effect of salinity on secondary metabolites in
plants is various. There are different examples in this
case. For example, during NaCl stress in Swertia chirata, significant increases (p≤0.05) was occurred in
secondary metabolites at 50mM and initial increase in
100mM NaCl, which falls back to normal levels at the
seventh day (Abrol et al. 2012).
In the present work, to evaluate the elicitation role
of nanoparticles and abiotic stress on hyperproduction of
parthenolide, it was investigated the effect of two NPs
(TiO2 and SiO2) and salinity stress on the expression
of three related genes, TpGAS, COST and TpCarS that
are involved in the biosynthetic pathway of PTL and
β-caryophyllene in Feverfew.
MATERIALS AND METHODS

Plant material and growth conditions

Fig. 1. The grown plants in pots in green house under controlled
condition.

The seeds of Feverfew were provided by the medicinal plant institute of Shahid Beheshti University, Tehran, Iran. Germinated seeds in pots were grown under
controlled circumstances with a 16:8h photoperiod light/
dark, 25/18 °C for day/night and supplied with a photosynthetic photon flux density of 3000 lux (Fig. 1).
Nanoparticles characterization
The SiO2 nanoparticles were purchased from TECNAN Inc. (Tecnología Navarra de Nanoproductos S.L.,
Spain). A size of 10–15 nm for NPs was estimated (Fig.
2). The XRD measurement clearly showed that the SiO2
NPs were amorphous. The elemental analysis of the
nano-powder by ICP-MS technique (Thermo Elemental
VG PQ-ExCell) showed a purity of 99.999%.
The TiO2 nanoparticles were provided from Degussa Inc., Germany. The analyzed data from XRD showed
~25nm diameter and specific area equal to 55 m 2g-1for
the nanoparticles (Ave. of 24.5 nm in diameter, a mixture of anatase and rutile with more proportion of anatase (89.2 %),).
Plant treatment with NPs and Salt
The SiO2 and TiO2 NPs, were separately prepared
in two concentrations (25 and 50 mg/l) and the solution
was used for watering of each pot. For each pot, 80 ml
of 0.3M NaCl solution was applied for doing salinity
stress treatment. All tissues were collected at the certain
times (6, 24 and 48h after irrigation) for gene expression

Fig. 2. The TEM micrograph of SiO2 Nanoparticles.

analysis and phytochemical studies and were instantly
flash frozen in liquid nitrogen then stored at -80°C until
RNA extraction.
HPLC analysis
The chromatography assay was performed on a 25
cm×4.6 mm with pre-column, Eurospher 100-5 C18 ana-
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lytical column provided by KNAUER (Berline, Germany) reversed phase matrix (5μm) (Waters) and elution
was carried out in a gradient system with acetonitrile as
the organic phase (solvent A) and distilled water (solvent
B) with the flow-rate of 1 mL min-1. The Peaks were
monitored at 220 nm wavelength. Injection volume was
20 µL and the temperature was maintained at 25°C. All
injections were repeated three times (n=3). Calibration
graphs were plotted subsequently for linear regression
analysis of the peak area with concentration 1, 10, 25,
50, 80, 120, 150 and 200 mg L –1.
RNA extraction
Total RNA was isolated from the leaf tissue by
using the Isolation total RNA Kit (Denazist Asia Inc.,
Mashhad, Iran), according to the manufacturer’s instructions. The quantity and quality of extracted RNA were
determined respectively by using a spectrophotometer
instrument (NanoDrop2000c, Thermo scientific, USA)
and Agarose gel electrophoresis. RNA samples were
stored at −80 °C until further analysis.
Gene selection and primer designing
In the present work, TpGAS and Cost genes that
involved in biosynthesis of PTL and TpCarS as mediator in biosynthesis of β-caryophyllen at Mevalonate
pathway in Feverfew (Majdi et al. 2011), plus β-Actin as
a house keeping gene were selected and their sequences retrieved from the gene bank, NCBI (http://www.
ncbi.nih.gov). Four pairs of primers including β-Actin
(-5’- AGCATGGTATTGTGAGCAACT-3’, R-5’- TGGGTCATCTTCTCTCTGTTAGC-3’), TpGAS (F-5’-TACCAGTTTGAGCGTGAAAGA- 3’, R- 5’-CAATCATGATCTTGAGCTCGT- 3’),TpCarS (F-5’-GAGCATGTCCACAAAGTATTTCAC-3’, R-5’- GCATCGGAATATCTTTACACACAG-3’) and Cost (F- 5’- GAGACACAAGAAGAAGTGAGATCAG-3’, R- 5’- AAAGGTGTAGGAGCATGTAACCTC-3’) were designed
using primer 3 free software (http://biotools.umassmed.
edu/bioapps/primer3_www.cgi).
Primers confirmation was performed by three criteria, including BLAST search in Gene Bank, single peak
in qPCR and single band on gel electrophoresis.
cDNA synthesis
cDNA synthesis was performed by Revert Aid First
strand cDNA synthesis Kit (Thermo Scientific, USA)
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with 200 U of M-MLV RT enzyme, oligo-dT and random Hexamer primers according to manufacturer’s
instruction.
Quantitative PCR
Quantification of COST, TpGAS and TpCarS genes
expression levels in the samples were measured by
qPCR using Hot Firepol EvaGreen qPCR master mix
(solis BioDyne, Estonia). qPCR was performed according to manufacturer’s instruction in Qiagen Real-time
PCR System (Rotor-Gene Q, Germany) using above
primers. It should be mentioned that before qPCR, the
specificity of all primers and optimization of PCR reactions was done with conventional PCR. The relative
expression levels were calculated according to Pfaffl
method (Pfaffl 2001).
Data Statistics
Expression levels were calculated from the Ct values obtained from triplicate biological samples. Statistical significance analysis of relative gene expression
level compared with the reference gene (β-Actin) was
performed with completely randomized design (CRD).
Mean values of relative expression levels were compared
with LSD test (P=0.05) using SPSS ver. 21.0 software.
RESULTS

In this study, the effects of TiO2 and SiO2 nanoparticles and salinity stress on expression of TpGAS, and
COST genes that are involved in the biosynthetic pathway of PTL in Feverfew (Fig. 3) were investigated.
Also change of TpCarS gene expression which produces
β-caryophyllen was analyzed. The present study focuses on elicitation effects of nanoparticles and salinity on
parthenolide and β-caryophyllen productions in Feverfew.
Gene Expression Analysis
COST Gene
Two concentrations (25 and 50mM) of SiO2 NP, in
two periods of time (6 and 24h) were used. The results
showed that, in both 25 and 50mM concentrations, the
expression of COST gene was enhanced with increasing of time. While in both times, the gene expression in
25mM, was more than 50mM treatment; furthermore, the
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Fig. 4. The effect of elicitors on expression of COST gene in feverfew: A) SiO2 NP treatment; B) TiO2 NP treatment; C) salinity stress.
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expression of the gene in 25mM and after 24h was very
high and more than 7-folds in comparison to 6h (Fig. 4a).
The result of TiO2 NP was similar to SiO2 treatment
at 25mM concentration and increased the expression of
COST gene. In 25mM Concentration of TiO2 NP with
increasing time from 6h to 24h, elevation of the gene
expression by more than 6-fold (Fig.4b) was observed.
In opposite, the gene expression in 50mM of TiO2 NP
was decreased by rising time until close to zero.
As Fig. 4 (a and b) shows, Although the ratio of
expression level for SiO2 and TiO2 nanoparticles in
6h/24h is nearly the same, but the absolute expression
of the COST gene in TiO2 treated samples (133.8 fold)
is significantly more than SiO2 treated plants (20.2 fold).
The effect of salinity treatment on expression of
COST gene were also measured; after 6h and 48h at
0.3 M concentration A gradual increasing trend
(2-folds) in gene expression was observed (Fig. 4c).

TiO2 25mM

40

Relative Expression Level

Relative Epression Level

Fig. 3. The suggested biosynthetic pathway for parthenolide and
β-caryophyllen synthesis in feverfew (Majdi et al., 2011). CarS:
caryophyllen sybthase; GAS: germacrene A synthase; GAO: germacrene A oxidase; COST: costunolide synthase; PS: Parthenolide
synthase.
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Fig. 5. The effect of elicitors on expression of TpGAS gene in feverfew. A: SiO2 NP treatment; B: TiO2 NP treatment; C: Salinity stress.

the gene in both time and concentrations (Fig. 5a and b).
The effect of salinity stress was investigated with
the same concentration used above. As shown in the
Fig.5c, the Expression of TpGAS, was statistically
enhanced in 48h in comparison to 6h treatment, (~3
fold).
TpCarS Gene

TpGAS Gene
TpGAS is a gene involved in the parthenolide biosynthesis pathway. The expression analysis of the gene
transcript pointed that, it is affected by SiO2 and TiO2
NPs and salt stress treatment. The results represented
that SiO2 NPs in 25mM concentration at 24h, significantly increased the expression of GAS compared to 6h
treatment (24.5 fold). In opposite, the TiO2 NPs treatment didn’t have a significant effect on the expression of

TpCarS is another gene which was analyzed in our
experiment. The results of expression analysis showed
that the gene was affected by SiO2 and TiO2 NPs and
salinity treatment, as well. As it can be seen in the Fig.
6a and b, an increase (1.4 fold) and decrease (6 fold) in
expression of TpCarS in 25mM of SiO2 and TiO2 NPs
treatment were observed respectively, from 6h to 24h. In
contrast, in the 50mM concentration of NPs, no significant changes were detected during the time period.
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Fig. 6. The effect of elicitors on expression of TpCarS gene in feverfew. A: SiO2 NP treatment; B: TiO2 NP treatment; C: Salinity stress.

The effect of salinity stress as an environmental
elicitor with 300mM of NaCl in two times, including 6h
and 48h was investigated. As shown in Fig. 6c, the 48h
salt stress elevated the expression of TpCarS gene significantly (~12 fold) compared to 6h and 24h treatments.

SiO2 6h

SiO2 24h

Treatment

TiO2 24h

Fig. 8. Parthenolide concentration in Tanacetum parthenium leaves
at different treatments.

the leaves parthenolide content by 1.23 and 1.37 fold
compared to control. The TiO2 (25mM, 24h) raised the
parthenolide amount in leaves far more than SiO2 NPs
with 2.78 fold.
DISCUSSION

Parthenolide concentrations in feverfew under different
treatments
To assay the parthenolide concentration in different
treatments, leaves tissue were analyzed by HPLC (Fig.
7). There were significant differences between parthenolide concentrations (P< 0.05) in different treatments
(Fig. 8).
The highest and least amount of parthenolide was
observed in 25mM of TiO2 after 24h and control plants
with 378.61µg/mg and 136.02µg/mg, respectively. All
treatments increased the concentration of parthenolide
in Feverfew leaves compared to control plants (P<0.05).
The SiO2 (25mM) after 6 and 24h treatments increased

Nanoparticles are a new class of men made materials which are emerging in these years. In hence, a new
trend in biological sciences is toward investigation of
interaction of the synthetic agents to organisms including plants. There are many reports which study the
effect of them (TiO2 and SiO2) on plants in different
kinds of morphological and molecular levels (Siddiqui
and Al-Whaibi 2014; Castiglione et al. 2011; Frazier
et al. 2014; Kahila et al. 2017), as well in vivo culture
(Mandeh et al. 2012). A number of studies also prove the
key role of different elicitors, including chemical compounds (Van Fürden et al. 2005; Esmaeilzadeh Bahabadi et al. 2011; Esmaeilzadeh Bahabadi et al. 2014;

Fig. 7. The HPLC analysis of extract from T. parthenium and 110 ppm of standard partenolide from Sigma-Aldrich company (USA). Minutes: Run time, AU: Absobtion intensity.
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Wang et al. 2007; Marsh et al. 2014), biotic (Kim et
al. 2001; Jeong et al. 2005; Savitha et al. 2006; Wu et
al. 2007; Kang et al. 2009; Gao et al. 2011; Swaroopa
et al. 2013; Ahmed and Baig. 2014) and abiotic (Akula
and Ravishankar 2011; Chan et al. 2010; Szakiel et al.
2011) on metabolite production in different plants. However, nearly most of studies have been conducted on cell
or hairy root culture and investigation on in vivo whole
plant elicitation is limit. The aim of the present work
was to determine the elicitation role of nanoparticles and
salt stress on metabolite hyperproduction through gene
expression in whole plant.
NPs and salinity treatments affect the parthenolide biosynthesis genes
The effect of different kind of elicitors was investigated to find a clear view about the impact of elicitors
on the expression of genes involved in the secondary
metabolites biosynthesis pathway in T. parthenium. It
seems that SiO2 NPs in low concentration can have a
positive effect on parthenolide production in Feverfew.
In opposite to SiO2, TiO2 NPs treatment created a different expression pattern of the TpGAS, COST and TpCarS
genes.
Dimkpa et al. (2012) demonstrated the beneficial
effects of CuO and ZnO NPs on IAA production in
vitro in the soil isolate P. chlororaphis O6. An increased
IAA production with exposure to sublethal levels CuO
NPs was observed in their study. They explained an ion
release and nonspecific mechanism for increased level of
IAA due to CuO and ZnO NPs treatment, respectively.
The salt stress up-regulated all the mentioned genes
in our study. It seems, this is an evolutionary mechanism in medicinal plant to tolerance abiotic stress with
producing of metabolites including PTL compound in
Feverfew.
A comparison between the salts stress and the
nanoparticles effect on the genes and hyperproduction of
parthenolide, mentioned that, the NPs are more effective
than salt stress, because they affected two key genes,
including TpGAS and COST which catalyzes two steps
of parthenolide biosynthesis pathway compared to salt
stress which affect only on TpCarS gene.
The drought and salt stresses cause common reactions in plants. Cellular dehydration then osmotic stress
and transfer of water from the cytoplasm to vacuoles are
a result of both stresses (Akula and Ravishankar, 2011).
Salinity stress often causes both ionic and osmotic
stress in plants, which increases or decreases specific
secondary metabolites in plants (Mahajan and Tuteja, 2005). For example, Parida and Das (2005) found
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that anthocyanins are increased in response to salt
stress. Oppositely, Daneshmand et al. (2010) demonstrated that salinity stress decreases the anthocyanin
level in the salt-sensitive species. As the Plant polyamines are involved in plant response to salinity, changes
of free and bound polyamines levels has been reported
in sunflower (Helianthus annuus L.) roots under salinity stress (Mutlu and Bozcuk, 2007). The endogenous
JA (Jasmonic acid) under salt stress in tomato cultivars
has been found (Pedranzani et al. 2003). Polyphenols are
another group of metabolites which their synthesis and
accumulation is usually is stimulated as a reaction to
biotic or abiotic stresses (Dixon and Paiva, 1995; Muthukumarasamy et al. 2000). In some of plants such red
peppers (Navarro et al. 2006); a raise in polyphenol content with increasing level of salt in different tissues has
also been reported (Parida and Das, 2005).
Positive correlation between TpGAS and COST expression
and parthenolide concentration under NPs Treatments
A positive correlation between TpGAS and COST
expression and parthenolide concentration was observed
in SiO2 and TiO2 treatments (25mM and 24h) compared to control plants, in contrast to TpCarS of which
its expression had a negative correlation with increasing
treatment time. Although few studies have revealed the
genotoxic potential of TiO2 nanoparticles in the plant
systems (A. cepa and N. tabacum) with DNA damaging
effect (Ghosh et al. 2010), in this work, TiO2 nanoparticles had a positive effect on parthenolide production.
TpGAS encodes the enzyme that highly likely catalyzes
the first step in parthenolide biosynthesis, germacrene A
synthase (Fig.3) (Majdi et al. 2011). Then, it seems that
the Feverfew plant responds to the NPs by up-regulation
of the responsive genes and then metabolite production.
TpCarS (β-Caryophyllene synthase) encodes β
-Caryophyllene which is an anti-inflammatory (Martin
et al. 1993; Tambe et al. 1996) and anti-carcinogenic
(Kubo et al. 1996; Zheng et al. 1992) compound and a
common and quite widely distributed sesquiterpene in
plants (Knudsen et al. 1993; Kubo et al. 1996).
Similar to Artemisia annua plant (Chen et al. 2011),
in Tanacetum parthenium (Bouwmeester et al. 2002)
farnesyl diphosphate (FPP) (Fig.3) is an initial point and
serves as a basic precursor to synthesize the various
classes of sesquiterpenes with divergent structures and
functions by different synthases such TpCarS through
competitive pathways. Therefore, depending on their
competition with the available FPP pool, the critical step
catalyzed by different sesquiterpene synthases shows a
metabolic regulating to direct the cellular carbon flux
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towards parthenolide or other sesquiterpenes. Therefore, it seems, the nanoparticles directly and exclusively
induce the genes toward more production of parthenolide compared to β-Caryophyllene.
Different studies have proved hyperproduction of
secondary metabolite related to use of elicitors, including Jasmonate (Walker et al. 2002; Zhao et al. 2010;
Tocci et al. 2012; Tocci et al. 2011; Gadzovska et al.
2013; Cui et al. 2014). It has been found that Jasmonic acid (JA) and its methyl esters, methyl jasmonate (MeJA), are important signaling compounds in the
process of elicitation leading to the hyper production
of various secondary metabolites (Walker et al. 2002).
This compound plays a key role in signal transduction
processes involved in defense responses in plant and has
shown that is effective to induce the production of secondary metabolites in cell cultures (Walker et al. 2002;
Zhao et al. 2010; Tocci et al. 2012; Tocci et al. 2011;
Gadzovska et al. 2013; Cui et al. 2014).
The effect of the elicitors on flavonoid production
was reported by Wang et al. (2015). They showed that
the Flavonoid content is promoted by MeJA and SA
induction, which were 2.1 and 1.5 times higher in comparison to control cultures, respectively.
A list of reports on different plant species have
demonstrated a positive and strong correlation between
terpene content and the level of the related mRNA
transcripts, which proves the terpenoid biosynthesis is
majorly regulated at the transcript level (Nagegowda,
2010).
CONCLUSION

The results of our work, showed a significant effect
of nanoparticles in low concentration and salinity stress
on the expression of two genes involved in partheonlide
biosynthesis pathway, also TpCarS as a caryophyllen
synthase in Feverfew. It seems due to the positive effect
of SiO2 NP compared to TiO2, on the expression of all
key genes for parthenolide and β-caryophyllen productions in Feverfew, these nanoparticles can be used as
efficient elicitors and useful additives to soil for increasing of secondary metabolite production in the whole
plant, practically. As it was mentioned above, the metabolites are used as medicinal compounds for patients with
migraine disease and different type of cancers; in hence,
our results can suggest a simple and cost effective technique for mass production of them. However, due to a
dominant view among researchers about the destructive
role of nanoparticles in the environment, it is necessary
for more research for investigation about side effect of

the nanoparticles on plant growth and development in
future. In conclusion, in this work, it was tried to explain
the role of nanoparticle by this point of view which the
nanomaterial, can also be valuable for more providing
of human medicinal necessities from herbs and then,
it opened a new window toward nanoparticle application for medicinal plants studies. it should be mentioned
that, in this project the short-term effects of elicitors on
secondary metabolite production were investigated and
further studies are needed to determine the long-term
impact of these elicitors on plants gene expression.
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coagulans showed abnormal meiosis with the presence of abnormalities like spindle
irregularities, chromatin transfer, laggards and irregular microsporogensis with the
presence of monads, dyads, triads, polyads and tetrads with micronuclei which further
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INTRODUCTION

The genus Withania belongs to the family Solanaceae. The family comprises of 100 genera and about 2500 species (Hunziker 2001, Olmstead et
al. 2008). The genus is distributed throughout the tropical and sub-tropical
regions of the world with 26 species (Ahmad 2014). W. somnifera is well distributed in India with and is growing well in dry parts of tropical and subtropical regions extending to the elevation of 1500 m. But W. coagulans is
rare and endangered plant species found only in few localities in Rajasthan.
Both the species are well distributed in East of Mediterranean regions
extending to South Asia.
Regarding the medicinal properties of the species, a composite Ayurvedic medicine “Liv 52” commonly used as intestinal infections is a hepatoprotective herbal preparation and contains extracts from W. coagulans and W.
somnifera (Mishra et al. 2013). W. coagulans is commonly known as “Indian
cheese maker” since fruits and leaves of the plants are used as coagulant, as
it contain an enzyme called Withanin, having milk coagulating activity (Naz
et. al. 2010). In some parts of India and Pakistan, both the species are used
as blood purifier, for cleaning teeth and plant smoke is inhaled for relief in
toothache (Dymock et al. 1972, Krishnamurthi 1969). The plant possesses
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antitumor, antimicrobial and anti-inflammatory properties. Since the plant is toxic in nature so it should
be used with caution (Purohit and Yyas 2004). Flowers of its species are used to treat nervous exhaustion,
insomnia and impotence. The meiotic course of the species reveals the presence of 2n=48 from West Pakistan
(Baquar 1967) as well as outside India.
W. somnifera commonly known as “Ashwangandha” or “Indian ginseng” is extensively studied from
India by Bir et al. (1978) Bir and Sidhu (1979 and 1980)
from Punjab plains, Koul et al. (1976) from Jammu and
Kashmir, Madhavadian (1968) from Tamil Nadu, Bhaduri (1933), Datta et al. (2005), Iqbal and Datta (2007)
from West Bengal. It is also extensively worked out from
Pakistan by Baquar (1967) and Khatton and Ali (1982)
and from Saudi Arabia by Al-Turki et al. (2000). Earlier
meiotic studies reveals the presence of intraspecific diploid cytotype (2n=24), tetraploid cytotype (2n=48) and
hexaploid cytotypes (2n=72). The karyotype analysis of
the species shows seven groups of the chromosomes with
occurrence of metacentric and sub-metacentric types
(Samaddar et al. 2012). The species also shows polysomatomy (2n=12, 18, 24, 36, 48, 72) with predominance
of 2n=48.Whereas cytologically, W. coagulans is not as
much explored. There is no cytological report of it from
the studied area. Present research work is undertaken by
keeping in view the existence of cytological diversity.
MATERIALS AND METHODS

Floral buds were fixed in freshly prepared Carnoy’s
fixative (6 parts of absolute alcohol: 3 parts of chloroform: 1 part of glacial acetic acid) for 24-48 hours. Afterwards, these were transferred to 70% ethyl alcohol and
stored in refrigerator at 4˚C until use. For chromosomal
preparations, anthers were crushed and tapped to prepare
a smear of pollen mother cells (PMCs) in 1% acetocarmine (Belling 1921). A number of PMCs were observed
and chromosome counts were confirmed. In case of species with meiotic abnormalities, large numbers of PMCs
are observed to confirm frequency of various abnormalities. Pollen fertility was observed by mounting the pollen grains in 50% glycerol-aceto carmine (1:1) solution
(Marks 1954). Pollen grains with stained nuclei were
taken as fertile and viable, whereas, unstained pollen
grains marked as sterile ones. Pollen grain size was measured using an occulometer. The photomicrographs of the
PMCs and pollen grains were taken from the temporary
slides by using, Nikon 80i digital imaging system.
The species are collected from different localities of
district Churu and Jodhpur. W. somnifera is more fre-

quent in its appearance as compared to W. coagulans,
which is a rare medicinal plant and is collected only
from single locality of the studied area. The plant specimens were identified with the help of various floras such
as Flora of North East Rajasthan (Sharma and Tiagi
1979), Flora of the Indian Desert (Bhandari 1978), Flora
of Rajasthan (Shetty and Singh 1993) and by comparing
the plant specimens with the samples lying in of Herbaria of Department of Botany, Punjabi University, Patiala
(PUP) and Botanical Survey of India, Jodhpur (BSI). The
identified voucher specimens of plants have been deposited in the Herbarium, Department of Botany, Punjabi
University Patiala (PUN), India.
RESULTS

Detailed cytological investigation is carried out in
two species of genus Withania i.e., W. somnifera and W.
coagulans. Meiotic studies of W. somnifera reveals the
presence of 24 bivalents at metaphase-I (Fig. 1). PMCs
also show the presence of equal segregation of 24:24
chromosomes at anaphase-I (Fig. 2). The meiotic course
is normal with high pollen fertility (97.66%). The meiosis of W. coagulans depicts the presence 24 bivalents at
metaphase-I (Fig. 3). These chromosomes are unable to
segregate on the spindle and are scattered all over the
cytoplasm (Fig. 4). A very few the cells also shows equal
segregation of 24:24 chromosomes at anaphase-I (Fig. 5).
The meiotic course reveals spindle irregularities in the
PMCs as the chromosomes are unable to move towards
the poles (Figs. 6, 7) and several chromosomes remain
in the cytoplasm to the form of laggards (Fig. 8) at anaphase-I. The spindle abnormalities (Figs. 9, 10) and laggard formation is also observed at anaphase-II stages of
meiosis (Fig. 10). Further the formation of bridges (Fig.
11) is also observed at telophase-II. All these abnormalities lead to the formation of multipolarity (Fig. 12) as
chromosomes are not able to move towards their respective poles and remain in the cytoplasm. Microsporogenesis is highly abnormal with the presence of monad (Fig.
13), dyad (Fig. 14) and triad (Fig. 15). Chromatin transfer within tetrads (Fig. 16), polyad (Fig. 17) and polyads
with micronuclei (Fig. 18) is also observed. Pollen grains
with unequal size (Fig. 19) and fertile and sterile pollen
are also observed (Fig. 20) which leads to low pollen fertility. The majority of the PMCs depicted abnormal spindle formation which resulted in irregular arrangement
of bivalents at the spindle plate during metaphase-I and
segregation of chromosomes during anaphase-I/teolophase-I and anaphase-II/telophase-II. Chromosomes
also lack the ability of congregation at a single pole and
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Figs. 1-20. Withania somnifera 1) PMC at metaphase-I showing 24 bivalents; 2) PMC at anaphase-I showing 24:24 chromosomes; W. coagulans 3-4) PMC at metaphase-I showing 24 bivalents; 5) PMC at anaphase-I showing 24:24 chromosomes; 6-7) PMC showing spindle irregularities with scattered chromosomes (scattered chromosomes arrowed); 8) PMC at anaphase-I showing laggards (laggards arrowed); 9, 10)
PMCs at anaphase-II showing spindle irregularities in form of laggards (laggards arrowed); 11) PMC at telophase-II showing laggards and
bridges (bridge arrowed); 12) PMC showing multipolarity; 13) Monad; 14) Dyad; 15) Triad; 16) Chromatin transfer within tetrad (chromatin transfer arrowed); 17) Chromatin transfer within polyad (chromatin transfer arrowed); 18) Polyad with micronuclei (micronuclei
arrowed); 19) Unequal sized pollen grains; 20) Sterile and fertile pollen grains. Scale bar=10µm.
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remained scattered in the cytoplasm or in small groups.
Chromosomes in these PMCs failed to reach their
respective poles and constitute micronuclei during late
telophase stages and sporad formation. Irregular spindles in these plants are also depicted in the meiocytes,
which showed multipolar presence of chromosomes.
DISCUSSION AND CONCLUSIONS

Meiosis is most sensitive stage in the life cycle for all
sexual species and has direct relevance to natural selection; it leads to the formation of gametes, contributes
to genome stability and generates genetic diversity. The
process of meiosis depends upon interrelated events of
homologous chromosome recognition, intimate association, synapsis and recombination (Hamant et al. 2006,
de Muyt et al. 2009). In plants, it is affected by various
genetic and environmental factors (Ahmad et al. 1984,
Viccini and Carvalho, 2002, Sun et al. 2004, Bajpai and
Singh 2006, Rezaei et al. 2010). There are various meiotic
abnormalities which hinder the path of normal meiosis and are the cause of changes in the morphology and
genetic constitutions of the plant. The evolution of vascular plants is dependent upon the variation in chromosome numbers which may be caused due to genomic

mutations especially polyploidy (auto or allopolyploidy)
(Soltis et al. 2009, Bedini et al. 2012). There are number of research papers on the phenomena of polyploidy,
emphasizing its origin, impact and role in speciation
(Stebbins 1985, Ramsey and Schemske 1998, Otto and
Whitton 2000, Cifuentes et al. 2010, Jiao et al. 2011).
The autotetraploids are generally characterized by the
presence of quadrivalents due to homology of 4 sets of
chromosomes, whereas, in allopolyploids there is normal pairing because of existence of two separate sets of
chromosomes. On the other hand in segmental allotetraploids due to the partial homology of two genomes
there is low frequency of quadrivalent formation. In
the present study W. somnifera shows normal bivalent
formation in all the PMCs, without any quadrivalent
formation which indicates its allotetraploid behavior.
However, the absence of quadrivalents does not confirm that it is an allotetraploid because there are many
artificially produced autotetraploids where there is only
bivalent formation because the formation of quadrivalents depends upon many other factors such as localization of chiasmata, small size of chromosomes, and presence of some suppressor genes etc., which does not allow
the pairing between the homeologous chromosomes
(Morrison and Rajhathy 1960, Gottschlk 1978). On the
other hand in W. coagulans the meiosis is highly abnor-
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mal with the presence of spindle abnormalities which
indicates the absence of multivalents and also indicates
that it might be hybrid or more probably due the presence of specific genes which interfere in the pairing and
functioning of spindle (Baum et al.1992, Risso-Pascotto
et al. 2003; Kumar and Singhal 2008; Singhal and Kaur
2009). The basic function of the spindle is to attach at
kinetochore and separate the chromosome or chromatids at anaphases (Wadsworth et al. 2011), these attach
to the centromeres (Qu and Vorsa 1999) and rearrange
the chromosomes on the equatorial plate and bring them
together at metaphase-I (Qu and Vorsa 1999). But, if due
to some factors (genetic or enviornmental) the spindle
activity fails then chromosomes are unable to line up in
the equator and then separate at Anaphases of the meiosis, which leads to abnormal meiotic course. Earlier, a
number of plants have been reported with abnormalities
like irregular spindle activity, cytomixis and chromatin
stickiness leading to abnormal microsporogenesis (Baum
et al. 1992, Caetano-Pereira and Pagliarinini 2001,
Kumar and Singhal 2008, Rai and Kumar 2010, Singhal and Kaur 2009). Spindle irregularities are generally
divided into 4 categories-multipolar, monopolar, radial
and apolar. Multipolar spindles are those in which 3 or
more poles are formed, in monopolar only one spindle
formation takes place, in radial spindles ends are located
at the periphery and near the equator (Shamina et al.
2000a) and apolar spindles have randomly oriented set
of fibers (Shamina et al. 2000b, Seriukova et al. 2003).
Abnormalities like cytomixis, chromosome stickiness, unoriented bivalents, laggards, bridges which ultimately lead to abnormal microsporogenisis with the production of dyads, triads, polyads, tetrads with micronuclei, and sterile and fertile pollen grains.
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Abstract. This study analysed the karyotype of Cyrtodactylus kunyai and C. interdigitalis from Loei Province in Northeastern Thailand. The metaphase and meiotic chromosome preparations were obtained by squash technique from bone marrow and testes,
respectively. The chromosomes were stained by Giemsa staining and Ag-NOR-banding
techniques. The results showed diploid chromosome number (2n) of 40 for C. kunyai
and 42 for C. interdigitalis. The chromosome types of metacentric, submetacentric, acrocentric and telocentric chromosomes were 8-4-0-28 and 4-2-4-32, respectively. The AgNORs banding technique provides the pair of nucleolar organizer regions (NORs) of
both two species at telomeric region of the long arm of the pair 12, metacentric type in
C. kunyai and telocentric type in C. interdigitalis. There are no sex differences in karyotypes between males and females of both two species. We found that during metaphase
I on meiosis of C. kunyai and C. interdigitalis, the homologous chromosomes showed
synapsis of 20 and 21 bivalents, respectively. Moreover, the meiotic phase on prophase
II exhibited 20 and 21 haploid chromosome number (n) as respective diploid species.
Their karyotype formulas is as follows: C. kunyai (2n = 40): Lm2 + Lsm4 + Lt4 + Mt6 + Sm6
+ St18, and C. interdigitalis (2n = 42): La4 + Lt14 + Mt2 + Sm4 + Ssm2 + St16.
Keywords. Cyrtodactylus, Cyrtodactylus kunyai, Cyrtodactylus interdigitalis, Karyotype
stasis.
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INTRODUCTION

The bent-toed gecko, genus Cyrtodactylus Gray 1827,
belong to the class Reptilia, order Squamata, suborder
Lacertilia, and family Gekkonidae. The Cyrtodactylus
is the most diverse gekkonid genus with ~250 species
(Uetz et al. 2018). The species distribution of Cyrtodactylus found in mainland of Asia, from boundary between
middle east and India to southeast Asia, Archipelago of
southeast Asia and Pacific to Australia (Shea et al. 2011;
Hartmann et al. 2016). In Thailand, there are about 24
species of Cyrtodactylus that were reported: including C.
angularis, C. auribalteatus, C. brevipalmatus, C. chanhomeae, C. consobrinus, C. dumnuii, C. erythrops, C. feae,
C. interdigitalis, C. intermedius, C. jarujini, C. lekaguli, C.
macrotuberculatus, C. oldhami, C. papilionoides, C. peguensis, C. phuketensis, C. pulchellus, C. quadrivirgatus, C.
sumonthai, C. surin, C. thirakhupti, C. tigroides, and C.
variegatus (Chuaynkern and Chuaynkern 2012). Among
the Gekkonidae population in Thailand, the Cyrtodactylus is the most diverse group than other gekkonid genera
and there is continually new species discovered.
Karyological analyses in bent-toed gecko thus far has
differentiated species based on mitotic metaphase chromosomal morphology while sporadic reports have based
the species differentiation based on meiotic metaphase
chromosomal morphology. Thus the basic diploid number of the bent-toed gecko is in the range of 42-48 (Ota et
al. 1992). Example of chromosome study of other gekkonid that have been reported such as; Gekko: diploid number ranging from 38-42 and mostly 38 (Ota 1989; Shibaike et al. 2009; Trifonov et al. 2011; Patawang et al. 2014;
Patawang and Tanomtong 2015a), Hemidactylus: diploid
distance from 40-56 and mostly 40 or 46 (De Smet 1981;
Patawang and Tanomtong 2015b), Gehyra: mostly 44 (King
1984), Ptychozoon: 2n = 34 and 42 (Ota and Hikida 1988),
Paroedura: diploid number ranging from 31-38 and mostly
36 (Aprea et al. 2013; Koubová et al. 2014), Phelsuma: 2n
= 36 (Aprea et al. 1996), and Dixonius: 2n = 42 (Ota et al.
2001). Most gekkonid chromosome complements consist of
acrocentric or telocentric chromosomes which gradually
decrease in size, and karyotype evolution within the group
is accompanied by Robertsonian fissions, fusions and
pericentric inversions (Gorman 1973). The report of King
(1987) presented eight putative ancestral karyomorphs (2n
= 32, 34, 36, 38, 40, 42, 44, and 46 all acrocentric or telocentric chromosomes) and assigned the genus Cyrtodactylus to a group sharing an ancestral karyomorph consisting
of 2n = 42 uni-armed chromosomes.
In Thailand, there are no studies of Cyrtodactylus’s
chromosome or karyotypic analyses. The present study
of the cytogenetic of two Cyrtodactylus provides the

first report of both two species, overall on the conventional Giemsa, Ag-NOR banding, and meiotic cell division. Data provided here will increase our knowledge
of cytogenetic information which can be used as a basis
to comprehensively examine the taxonomy and evolutionary relationship of Cyrtodactylus species and other
gekkonid.
MATERIALS AND METHOD

Five male and four female specimens of C. kunyai
(Figure 1a) and five male and six female of C. interdigitalis (Figure 1b) were collected from Puan Phu Sub-district, Nong Hin District, Loei Province, Northeastern
Thailand. Chromosome preparation was conducted by
the squash technique, from bone marrow for mitotic
cell and testis for male meiotic cell, and followed with
colchicine-hypotonic-fixation-air-drying technique
(Patawang et al. 2014). The chromosomes were stained
with 10% Giemsa for 30 min and NORs were identified through Ag-NOR staining (Howell and Black 1980;
Rooney 2001). The length of short arm (Ls) and long
arm (Ll) chromosomes were measured and calculated for
the length of total arm chromosomes (LT, LT = Ls+Ll).
Relative length (RL, RL = LT/∑LT) and centromeric
index (CI, CI = Ll/LT) were estimated. CI was also computed to classify the types of chromosomes (Turpin and
Lejeune 1965; Chaiyasut 1989). All parameters were used
in karyotyping and idiograming.
RESULTS AND DISCUSSION

Mitotic chromosome features from Giemsa staining
Karyomorphology of the C. kunyai and C. interdigitalis revealed that the diploid chromosome number (2n)

Fig. 1. General characteristic of male Cyrtodactylus kunyai (a) and
female C. interdigitalis (b) (scale bar = 2 cm).
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is 40 and 42, respectively. The karyotype of C. kunyai
composed of 8 metacentric, 4 submetacentric, and 28
telocentric (Table 1 and Figures 2a-b), while the karyotype of C. interdigitalis comprised 4 metacentric, 2 submetacentric, 4 acrocentric, and 32 telocentric (Table 2
and Figures 2c-d). Both two species exhibit no sex differences in karyotypes between males and females (Figures
2a-d). Chromosome sizes of C. kunyai have pairs 1st to
5th to be large, pairs 6th to 8th to be medium, and pairs
9 th to 20th to be small (Figure 3a). For the size of C.
interdigitalis included large size in pairs 1st to 9th, medium size in the 10 th, and small size in pairs 11th to 21st
(Figure 3b). The diploid number of C. kunyai (2n = 40)
and C. interdigitalis (2n = 42), both showed difference
and accordance with others Cyrtodactylus that have been
reported (Table 3). However, overall of these karyotypes
of C. kunyai and C. interdigitalis resemble to other Cyrtodactylus and other gekkonid, which comprised many
gradient mono-armed (telocentric) and few bi-armed
chromosomes (meta- or submetacentric). Proximity
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of chromosome number and karyotype feature within
genus Cyrtodactylus represents a close evolutionary line
in the group.
Nucleolar organizer region and meiotic cell characteristics
The objective of the Ag-NOR banding technique
is to detect nucleolar organizer regions (NORs) which
represent the location of genes that have a function in
ribosome synthesis (18S and 28S ribosomal RNA). The
first cytogenetic study of C. kunyai and C. interdigitalis
performed by Ag-NOR banding technique was obtained
from this research. We found the clearly observable
NORs on the region adjacent to telomere of long arm of
the metacentric chromosome pair 12th (Figures 4a-b) for
C. kunyai and on the region adjacent to telomere of long
arm of the telocentric chromosome pair 12th (Figures
5a-b) for C. interdigitalis. Compared with other geckos,
most showed two NORs appearing near telomeric region
of small bi-armed or small mono-armed chromosome.
An example of the previous reports of the geckos’ NOR

Table 1. Mean length of short arm chromosome (Ls), long arm
chromosome (Ll), total chromosomes (LT), centromeric index (CI),
relative length (RL) and standard deviation (SD) of CI and RL from
20 metaphases of male and female Cyrtodactylus kunyai, 2n = 40.
Ch.p

Ls

Ll

LT

CI±SD

RL±SD

1
2
3
4
5
6
7
8
9
10
11
12*
13
14
15
16
17
18
19
20

4.306
2.753
2.911
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
1.946
0.000
0.000
0.000
1.570
0.000
0.000
0.000
1.136

6.392
5.639
5.120
7.179
6.838
6.452
5.837
5.443
5.210
4.799
4.208
2.147
3.319
3.300
3.189
1.580
2.793
2.654
2.443
1.156

10.698
8.392
8.031
7.179
6.838
6.452
5.837
5.443
5.210
4.799
4.208
4.093
3.319
3.300
3.189
3.150
2.793
2.654
2.443
2.292

0.597±0.005
0.672±0.036
0.637±0.042
1.000±0.000
1.000±0.000
1.000±0.000
1.000±0.000
1.000±0.000
1.000±0.000
1.000±0.000
1.000±0.000
0.525±0.017
1.000±0.000
1.000±0.000
1.000±0.000
0.547±0.030
1.000±0.000
1.000±0.000
1.000±0.000
0.552±0.020

0.106±0.005
0.083±0.000
0.080±0.003
0.071±0.003
0.068±0.003
0.064±0.002
0.058±0.003
0.054±0.003
0.052±0.002
0.048±0.003
0.042±0.004
0.041±0.003
0.033±0.002
0.033±0.003
0.032±0.003
0.035±0.003
0.028±0.003
0.026±0.002
0.024±0.003
0.025±0.002

Ch.s Ch.t
L
L
L
L
L
M
M
M
S
S
S
S
S
S
S
S
S
S
S
S

m
sm
sm
t
t
t
t
t
t
t
t
m
t
t
t
m
t
t
t
m

Abbreviations: Ch.p, chromosome pair; Ch.s, chromosome size;
Ch.t, chromosome type; *, nucleolar organizer region; L, large size;
M, medium size; S, small size; m, metacentric; sm, submetacentric;
t, telocentric.

Fig. 2. Conventionally stained somatic metaphase complement and
karyotypes of male (a) and female (b) of Cyrtodactylus kunyai, 2n =
40, and male (c) and female (d) of C. interdigitalis, 2n = 42, (scale
bars = 10 μm).
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Table 2. Mean length of short arm chromosome (Ls), long arm chromosome (Ll), total chromosomes (LT), centromeric index (CI), relative length (RL) and standard deviation (SD) of CI and RL from 20
metaphases of male and female Cyrtodactylus interdigitalis, 2n = 42.
Ch.p

Ls

Ll

LT

CI±SD

RL±SD

1
2
3
4
5
6
7
8
9
10
11
12*
13
14
15
16
17
18
19
20
21

2.715
2.193
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
1.824
1.102
0.000
0.000
0.000
1.399
0.000
0.000

6.857
6.374
8.136
7.822
7.505
6.513
6.066
5.874
5.677
5.337
4.539
4.031
3.808
1.830
2.235
3.113
2.856
2.820
1.410
2.017
1.712

9.572
8.567
8.136
7.822
7.505
6.513
6.066
5.874
5.677
5.337
4.539
4.031
3.808
3.654
3.337
3.113
2.856
2.820
2.809
2.017
1.712

0.716±0.012
0.744±0.018
1.000±0.000
1.000±0.000
1.000±0.000
1.000±0.000
1.000±0.000
1.000±0.000
1.000±0.000
1.000±0.000
1.000±0.000
1.000±0.000
1.000±0.000
0.501±0.027
0.670±0.041
1.000±0.000
1.000±0.000
1.000±0.000
0.502±0.038
1.000±0.000
1.000±0.000

0.090±0.005
0.081±0.003
0.077±0.004
0.074±0.003
0.071±0.005
0.062±0.002
0.057±0.003
0.056±0.003
0.054±0.002
0.050±0.003
0.043±0.004
0.038±0.003
0.036±0.003
0.035±0.004
0.032±0.004
0.029±0.003
0.027±0.003
0.027±0.001
0.027±0.003
0.019±0.003
0.016±0.002

Ch.s Ch.t
L
L
L
L
L
L
L
L
L
M
S
S
S
S
S
S
S
S
S
S
S

a
a
t
t
t
t
t
t
t
t
t
t
t
m
sm
t
t
t
m
t
t

Abbreviations: Ch.p, chromosome pair; Ch.s, chromosome size;
Ch.t, chromosome type; *, nucleolar organizer region; L, large size;
M, medium size; S, small size; m, metacentric; sm, submetacentric;
a, acrocentric; t, telocentric.

localization included in the genus Gehyra (King 1983),
Gekko (Chen et al. 1986; Shibaike et al. 2009; Patawang
et al. 2014), Hemidactylus (Patawang and Tanomtong
2015b), and Lepidodactylus (Trifonov et al. 2015). These
previous studies showed the NOR appearing near terminal region of one homologous small chromosome.
The present study on male meiotic cell division in C.
kunyai and C. interdigitalis found the late interphase to
early prophase that the cell of each species showed two

Fig. 3. Standardized idiogram of Cyrtodactylus kunyai (a) and C.
interdigitalis (b) by conventional staining.

signals of nucleolus by positive silver staining (Figures
4c, 5c). The characteristics of two nucleolus structure
at early phase of cell division supported the appearing
of two NORs on one homologous at metaphase chromosome in both two Cyrtodactylus species. We found
diplotene phase in meiotic cell of both two species (Figures 4d, 5d), which showed synapsis between two of
homologous and compacted chromosome. The metaphase I (meiosis I, reductional division) was found in
two species, which can be defined as the 20 bivalents
for C. kunyai (Figure 4e) and 21 bivalents for C. interdigitalis (Figure 5e). No metaphase I cells with partially
paired bivalents, which are speculated to be male heteromorphic sex chromosomes in both two Cyrtodactylus
species. Moreover, n = 20 in C. kunyai (Figure 4f) and n
= 21 in C. interdigitalis (Figure 5f) were found at metaphase II (meiosis II, equational division) of spermatid
cells. Form these results, behavior and number of chromosome in metaphase I and metaphase II confirmed of
each other’s accuracy and also verified the accuracy of
diploid chromosome in somatic cells.
Overview of chromosomal feature of the two Cyrtodactylus
Gekkonid chromosome that has been reported in
the past, most species show the gradient karyotype,
which comprising of many mono-armed chromosomes

Table 3. Review of cytogenetic study of the genus Cyrtodactylus.
Species
C. consobrinus
C. interdigitalis
C. kunyai
C. pubisulcus

2n

NF

Karyotype

NOR

48
42
40
42

50
52
52
44

2bi-armed+46t
4m+2sm+4a+32t
8m+4sm+28t
2bi-armed+40t

-

-

Locality
Sarawak, Malaysia
Loei, Thailand
Loei, Thailand
Sarawak, Malaysia

Reference
Ota et al. (1992)
Present study
Present study
Ota et al. (1992)

Abbreviations: 2n, diploid chromosome; NF, fundamental number; NOR, nucleolar organizer region; bi-armed, bi-armed chromosome; m,
metacentric; sm, submetacentric; a, acrocentric; t, telocentric.
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Fig. 4. Silver stained somatic metaphase complement of male (a)
and female (b) of Cyrtodactylus kunyai, arrows indicate nucleolar organizer region (NOR), and meiotic cell division of the male
C. kunyai on interphase by silver NOR staining (c), diplotene (d),
metaphase I (e), and metaphase II (f) (scale bars = 10 μm).

Fig. 5. Silver stained somatic metaphase complement of male (a)
and female (b) of Cyrtodactylus interdigitalis, arrows indicate nucleolar organizer region (NOR), and meiotic cell division of the male
C. interdigitalis on interphase by silver NOR staining (c), pachytene
(d), metaphase I (e), and metaphase II (f) (scale bars = 10 μm).

and few bi-armed chromosomes. Present results of C.
kunyai and C. interdigitalis agree with chromosomal
evolution line hypothesis within the gekkonid group.
The karyotype of C. kunyai and C. interdigitalis showed
the gradient of most telocentric while comprised of a few
bi-armed chromosome, 12 chromosomes in C. kunyai
and 10 chromosomes in C. interdigitalis. These features
conform to the hypothesis of rearrangement from ancestral karyotype by Robertsonian fissions, fusions or pericentric inversions (Gorman 1973; King 1987).
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Abstract. In this study aim was to perform green synthesis of synthesis silver nanoparticles (LAC-AgNPs, RAE-AgNPs and BAE-AgNPs) by using Desmodesmus sp.,
intracellular and extracellular synthesis methods and to compare the obtained products with physicochemical characterization techniques. The structural, morphological
and optical properties of the synthesized nanoparticles were characterized using UVVis spectroscopy, TEM, SEM-EDS, FTIR, DLS and zeta potential. These results clearly
show that silver nanoparticles (AgNPs) could be synthesized in different sizes and stabilities with various biological materials obtained from Desmodesmus sp. LAC-AgNPs
had size of 10-30 nm, RAE-AgNPs had size of 4-8 nm and BAE-AgNPs had size of
3-6 nm. Also, the antibacterial activity of silver nanoparticles synthesized as intracellular and extracellular showed a strong antibacterial effect against pathogens such as
Salmonella sp. and Listeria monocytogenes. Additionally, they have effective antifungal
activity against Candida parapsilosis. The broth microdilution method was used for
examining antibacterial antifungal effect of synthesis AgNPs. The minimum inhibitory
concentration against Salmonella sp., Listeria monocytogenesis and Candida parapsilosis
were recorded as 3,125 μl, 1,5625 µl and 0,78125 µl synthesis AgNPs, respectively. As a
result, it has thought that different sizes of synthesis AgNPs may have a great potential
for biomedical applications.
Keywords. Green synthesis, nanoparticle, algae, antimicrobial, Desmodesmus sp.

INTRODUCTION

In nanotechnology studies, the most attract attention topics is the synthesis of nanoparticles (NPs) with strong potency in different sizes and
shapes or by using various variables. For example, metal NPs. The area of
use for metal NPs are very broad. Even silver NPs alone are used in countless areas with optics, electronics, catalysis, home furnishings and extensive
medical applications, and the annual production is estimated to be hundreds
of tons worldwide (Ge et al. 2014).
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Synthesis of nanomaterials containing noble metal
requires alternative strategies because of their high cost.
Green synthesis or green chemical synthesis leads the
list of these strategies and here the target is a biological
synthesis of nanomaterial and to obtain products with
positive effects in terms of the environment (Sondi et al.
2000). Green synthesis has preferred because of the high
costs of materials used in conventional chemical methods and due to the toxic substances released into the
environment. Because the toxic effect of nanoparticles is
proven in many studies on aquatic organisms in particular. For example, studies on algae (Dağlıoğlu and Öztürk
2016; Dağlıoğlu and Öztürk 2018; Öztürk and Dağlıoğlu
2018) have shown that aquatic invertebrates (Artemia
salina) (Dağlıoğlu et al. 2016a), terrestrial invertebrates,
honey bee (Apis mellifera) (Özkan et al. 2016), aquatic plants (Lemna minor and Myriophyllum spicatum)
(Dağlıoğlu and Türkiş 2017a, b). Nevertheless, it more
attracts the attention of researchers for the production
of metal nanoparticles because of its low cost, environmental friendliness, and simple approach. In the green
synthesis does not use reducing agents like sodium borohydride (NaBH4) used in chemical synthesis (Kozma
et al. 2015). These reducing agents are both expensive
and may produce oxidized boron species bound to NPs
after synthesis. As a result the commercially produced
NPs are not appropriate for biological applications. NPs
produced by green synthesis are of great importance in
terms of environmentally friendly production processes
and low costs. Many organisms or a variety of extracts
produced by them may be used in the green synthesis
process bacteria (Joerger et al. 2000), plant (Khatami et
al. 2018a), fungi (Boroumand et al. 2015) and algae (Singh et al. 2013).
Algae will have a great platform for products to be
used for various purposes over the next few years has a
long-term sustainable potential, especially in the production of food and liquid fuels (Koothari et al. 2017).
For this reason algae are commonly chosen for green
synthesis because their structures are a rich source of
biologically active compounds like chlorophyll, carotenoids, astaxanthin, phenol, flavonoid, protein, vitamin
and minerals (Faulker 2000). Additionally, these phytochemical materials are each effective metal reducing agents and their structures contain agents ensuring
that hydroxyl, carboxyl, and amino functional groups
coat metal NPs (Annamalia and Nallamuthu 2015). It
has been supported by various literatures that NPs synthesis can be carried out by using various algae. For
example, Kannan et al. (2013) performed AgNP synthesis with extraction from Chaetomorpha linum species.
The researchers succeeded in synthesizing spherical NPs
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with nearly 30 nm size without using synthetic reactives.
Barwal et al. (2011) used a Chlamydomonas reinhardtii
model and focused on understanding the role of a variety of cellular proteins in the synthesis and coating of
silver NPs. Prasad et al. (2013) studied the extract of the
brown algae Cystophora moniliformis species and reported that the sizes of NPs may change linked to temperature. Studies mainly use marine macroalgae with insufficient numbers of studies about microalgae.
It has been known for many years that silver (Ag) is
an antimicrobial agent and it draws much attention due
to its application in fields such as colloidal Ag, catalysis
and water purification. It is reported that using AgNP
may purify drinking water (Pradeep 2009). Furthermore, the effect of Ag NPs size variability on antibacterial properties has been a matter of interest. As a result,
researchers who have successfully achieved green synthesis have simultaneously assessed the antibacterial and
antifungal effects on a variety of microorganisms (like
bacteria and yeast) (Govindaraju et al. 2009; Rajeshkumar et al. 2014; Salari et al. 2016; Suriya et al. 2012).
Our aim is to use the microalgae Desmodesmus sp.,
which can easily be produced in a laboratory environment, to compare synthesis using both intracellular and
extracellular routes. For this, the differences between
NPs forming under the same conditions were determined using characterization techniques like UV-Vis,
TEM, SEM-EDS, FTIR, DLS and zeta potential. At the
same time, antibacterial effects of synthesized NPs on
bacterial strains of important food pathogens such as
Salmonella sp. and Listeria monocytogenesis were investigated. Additionally, the antifungal effect on the human
pathogen of Candida parapsilosis species was investigated.
MATERIAL AND METHOD

Algae Culture
The test organism used in our study, Desmodesmus sp. (KR261937), was taken from the algae culture
collection of Selçuk University Hydrobiology Laboratory. Algae taken from stock cultures were transferred
to the fluid BG-11 medium (NaNO3, 15; K 2HPO4, 0.4;
MgSO4 ·7H2O, 0.75; CaCl 2·2H2O, 0.36; citric acid, 0.06;
iron(III) ammonium citrate, 0.06; Na 2-EDTA, 0.01;
Na2CO3, 0.2 g/L, 1 mL; trace elements solution, (H3BO3,
61; MnSO4 ·H2O, 169; ZnSO4 ·7H2O, 287; CuSO4 ·5H2O,
2.5; (NH4)6Mo7O24·4H2O, 12.5 mg/L) in accordance with
the procedure stated in Rippka (1988). The microalgae
were transferred to 250 ml erlenmeyer flask and left to
proliferate under sterile conditions. The cultures were
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left under 3000 lux fluorescent light appropriate for photosynthesis for 12 hours light and 12 hours darkness,
at 28±2 °C degrees, and 120 rpm for 15-20 days. When
algae passed the log phase stage, cells were centrifuged
at 1000 rpm and the biomass was obtained. All chemicals used in this study were analytical quality.
Intracellular AgNP synthesis using live algae cells
Silver nitrate (AgNO3, ≥99.0%; Sigma-Aldrich) was
prepared in 100 mM stock solution. Microalgae passing
the logarithmic phase were counted with the automatic
cell counting device (LUNA-II™ Automated Cell Counter, South). Using LUNA ™ Cell counting slides, counting
and viability of cells were determined with trypan blue.
Afterwards, live algae cells (LAC) were harvested by centrifugation at 4000 rpm for 20 minutes at 4 °C. The culture filtrate was removed and the pelleted biomass was
washed with sterile deionized water to remove foreign
absorbed material. The washing procedure was repeated
five times and the washed biomass was brought to suspension again in distilled water. The suspension of algal
biomass had 5mM AgNO3 added the from stock solution. In the control setup, AgNO3 was not added to the
algal biomass. Cultures were incubated at 28 °C under
similar conditions to those stated above for 72 hours.
Intracellular Ag NPs (LAC-AgNPs) synthesis from LAC
was completed. After the reaction, the biomass was separated by the centrifuge and stored at -20 °C until characterization.
Extracellular synthesis of AgNP
Two different algal extracts were obtained using
Desmodesmus sp. for the extracellular synthesis of
AgNP. These extracts were raw algal extract (RAE) and
boiled algal extract (BAE).
Preparation of raw and boiled algae extracts
For the preparation of RAE extract, 3.0 g (wet
weight) algal biomass was suspended in 20 ml of deionized water for 5 days. At the end of the 5th day, it was
centrifuged at 7000 rpm for 20 minutes. The supernatant
(raw algal extract) was separated from cells and prepared
for extraction. To begin the reaction, the final concentration of 5 mM AgNO3 was added. After this procedure,
continuous mixing began. Later the mixing procedure,
a colloidal structure was obtained and after this process
repeated centrifugation was completed at 3500 rpm for 5
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minutes. These centrifuge cycles were completed to purify AgNP. Extracellular Ag NPs (RAE-AgNPs) synthesis
from RAE was completed. After the reaction, the biomass was separated by the centrifuge and stored at -20
°C until characterization.
To prepare the BAE extract, 3.0 g (wet weight) algal
biomass was suspended in 20 ml deionized water and
heated to 100 °C for 20 minutes in an erlenmeyer flask.
After the boiling procedure, it was cooled and filtered
with Grade GF/A glass microfiber filters (Whatman™,
pore size: 1,6µm). The obtained filtrate had the final concentration of 5 mM AgNO3 added at room temperature
to begin the reaction. After the procedure continuous
mixing was completed. Later the mixing procedure, a
colloidal structure was obtained and after this process
repeated centrifugation was completed at 3500 rpm for 5
minutes. These centrifuge cycles were completed to purify AgNP. Extracellular Ag NPs synthesis (BAE-AgNPs)
from boiled algal extract was completed. After the reaction had completed, the biomass was separated by the
centrifuge and stored at -20 °C until characterization.
Characterization of AgNPs
Biological reduction of silver ions with the green
synthesis route was observed by taking 3 ml aliquot
samples at different time intervals. Absorption measurements were made with a UV-Vis (AE-S90-2D UV-VIS
Spectrophotometer, China.) spectrophotometer between
190 and 1100 nm.
Transmission electron microscope (TEM) images of
the intracellular and extracellular synthesized AgNPs
were obtained using TEM (JEOL JEM 1220 brand,
Japan) working at 100 kV acceleration voltage. Samples used to obtain TEM micrographs were prepared
by dropping on a carbon-coated copper grid and dried
under a vacuum before investigation. With the aim of
investigating the cells at the ultrastructural level, routine
TEM monitoring procedure was performed and samples
were submerged in epoxy resin. Thin sections were taken
at 60 nm thickness with the aid of an ultramicrotome
(Leica ultracut UCT, Leica, Germany) (Ilknur et al. 2012;
Li et al. 2012; Zhang et al. 2016). Elemental analysis of
samples was completed with SEM (a JEOL JSM-5600
LV brand, Japan) device fitted with EDS (E2V Scientific
Instruments, United Kingdom).
Algae cells were freeze-dried and algae biomass was
obtained. Dried biomass was prepared using the KBr
pellet technique and ATR technique. The surface chemistry of reduced Ag samples and the biologically active
portions of the live microalgal cells were analyzed to
check for comparisons. The fourier transform mid-infra-
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red FTIR spectra (Perkin Elmer Spectrum 100 FTIRATR unit, Germany) were collected with conduction
mode from 400–4,000 cm-1 with 0,4 cm-1 spatial resolution.
Dynamic light scattering (DLS) and zeta potential
are necessary parameters to define the size distribution,
particle size, homogeneity and stability of LAC-AgNPs,
RAE-AgNPs and BAE-AgNPs. Particle size and polydispersity index (PDI) were determined using the dynamic
light scattering technique. DLS studies of LAC-AgNPs,
RAE-AgNPs and BAE-AgNPs diluted in deionized water
were measured by a Malvern-Zetasizer (Nano-Z590,
United Kingdom) device. The zeta potential is a measurement of the attraction or repulsion values between
particles. Particles with certain load attractions with
opposite polarity within the suspension, as a result, a
strong bond surface is formed on the surface of the loaded particle and then a surface extending outward from
the loaded particle forms. The behavior of particles within polar fluids is determined not by electric load but by
zeta values. Zeta potential studies were measured with
a Malvern (SN: MAL1064144, United Kingdom) brand
Zeta Sizer ZS device.
Antimicrobial Susceptibility Testing of synthesis NPs
In this study with the aim of determining the antibacterial and antifungal susceptibility of LAC-AgNPs,
RAE-AgNPs and BAE-AgNPs, Salmonella sp. (gram-)
and Listeria monocytogenesis (gram+) bacteria and Candida parapsilosis yeast was used. To determine the minimal inhibition concentration, the broth microdilution
method was taken as a basis. Bacteria cells were left in
nutrient broth medium at 37 °C for 1 night, while yeast
cells were incubated for 1 night in a shaking incubator at
30 °C in yeast extract-peptone-dextrose (YPD; %1 yeast
extract, %2 peptone %2 dextrose) medium and cultures
were taken. The density of bacteria and fungal cells were
set according to the McFarland 0.5 standard. Tests of
minimal inhibitory concentration (MIC) were made in
accordance with the CLSI (Clinical Laboratory Standards Institute) criteria M27-A8 for bacteria and M27-A2
for yeast (Zgoda and Porter 2001). The extraction containing lowest NPs that inhibited bacterial and fungal
development was determined as the volume MIC value.
During this process 40 minutes sonication was applied
to obtain the LAC-AgNPs. The 96-well plates (Lp Italiana Spa) was added 100 µl RPMI 1640 and 100 µl the
LAC-AgNPs, RAE-AgNPs and BAE-AgNPs. Later they
were diluted with microdilution and left for 24 hours
incubation. The plate with resazurin added had results
assessed in parallel with the colour change.
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RESULTS

The test organism Desmodesmus sp. (KR261937)
is in the Chlorophyceae class and is a water alga generally forming colonies with an oval or shuttle-shaped
body. Additionally, it is a photosynthetic microalga with
6-10 horn-like protrusions on the body. In the colonial
structure, generally twin cells are found. Additionally,
sequences of 4 colonial cells may be seen in low numbers. The count of the automatic cell counting device is
given in Table 1. In the current study when algal biomass (LAC) was exposed to Ag ions (Ag+), the colour of
the algal biomass changed from natural bright green to
brown and compared with the control biomass, the Ag+
ion was biologically transformed (Ag metal accumulation) to Ag 0. During exposure the colour change began
in the first 24 hours; however, the largest colour difference compared to the first day occurred after 72 hours.
LAC-AgNPs was researched with UV-Vis for 72 hours
(Figure 1A).
Simultaneously RAE and BAE were treated with 5
mM AgNO3 and extracellular Ag NPs (RAE-AgNPs and
BAE-AgNPs) the formation was researched with UVVis spectroscopy. The RAE-AgNPs were colourless and
had a high peak at 280-300 nm (Figure 1 B). The RAE
exposed to Ag displayed a peak at 420 nm especially
after the 48 hours day on UV-Vis spectral analysis and it
was considered AgNP formation had begun. It is known
that the concentration of the reducing agent in the reaction mixture plays an important role in the formation
of nucleation points and then controls the size of AgNP;
this may have caused less stable AgNP in the RAE
(Hiramutsu and Osterloh 2004; Jena et al. 2014).
As a result, another experiment was made to
increase the concentration of this type of material in
the reaction mixture. The biomass was boiled in water
to obtain more reducing and stabilizing agents. Initially,
the boiled extract had a light yellow colour, which transformed to brown when exposed to the Ag nitrate solution procedure. The formation of this colour is due to
stimulation of surface plasmon resonance (SPR) effect
and the reduction in AgNO3 and may indicate the formation of AgNP. With the increase in the reaction duration, the colour of the reaction mixture turned a darker

Table 1. Desmodesmus sp. cell counting and cell viability analysis
report.
Total cell

Live cell

Dead cell

Viability

4,48x108

4,08x108

4,00x107

80,6 %

*Stain: Trypan blue.
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Fig. 1. Examination of intracellular and extracellular synthesis of silver nanoparticles by UV-Vis. A. LAC-AgNPs; B. RAE-AgNPs; C. BAEAgNPs.

shade for up to 72 hours. The formation of BAE-AgNPs
were proven with the UV-Vis spectrum showing the
characteristic surface plasmon resonance (SPR) band
for AgNPs. Figure 1 C shows the UV-Vis spectra series
recorded for the reaction mixture at a variety of time
intervals. The BAE showed a peak at 280-320 nm which
may be linked to the presence of peptides. The BAE
exposed to Ag displayed a peak at 420 nm especially
after the 24 hours day on UV-Vis spectral analysis and it
was considered BAE-AgNPs formation had begun.

Our UV-Vis results show a steady increase in
reduction of Ag ions in LAC up to 420 nm, then it stabilized and appeared to pass to a downward trend. This
section is defined as the “surface plasmon resonance
band” and is due to the stimulation of free electrons in
the NPs. The symmetric shape of the band is an indicator of the regular distribution of the spherical NPs
(Travan et al. 2009).
After intracellular synthesis, the exposed biomass
had TEM analysis was made to research the morphology
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Fig. 2. Morphological characterization of the silver nanoparticles. A, B, C Intracellular synthesis, TEM Image of Desmodesmus sp. cell mediated synthesized silver nanoparticles. D, E, F Cellular localization of in Intracellular silver nanoparticles, TEM micrograph of thin section (~
60 nm). NP:nanoparticle, S starch, V vakuol, CM Cytoplasmic membrane.

and dimensions of the NPs. TEM images revealed the
cells were nearly 4.5-5 µm (length) × 2-3 µm (width) size

with an oval shape and with 6-9 colonial protrusions
(Figure 2A).

Intracellular and extracellular green synthesis of silver nanoparticles using Desmodesmus sp.
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Fig. 3. TEM Image of extracellular synthesized silver nanoparticles A, B. Desmodesmus sp. cell RAE mediated synthesized silver nanoparticles (RAE-AgNPs); C, D. Desmodesmus sp. cell BAE mediated synthesized silver nanoparticles (BAE-AgNPs).

When the algae cells exposed to AgNO3 were investigated with TEM on a grid with the dropping method,
distributed metal NPs were observed, as shown in Figure 2 A, B and C. As seen at different magnifications of
the metal nanoparticle shapes, the periphery of the cells
is observed more clearly and homogeneously, while the
interior sections were not fully identified due to a more
compact and electron-dense zone observed (Figure 2
A, B). When micrographs of LAC-AgNPs at high magnifications are investigated, the spherical structures of
the AgNPs are clearly observed. The intracellular LACAgNPs are in the range of 10-30 nm in size and appear
to display a homogeneous distribution. In TEM analysis,
a section of 60 nm in thickness was taken from the cells
in order to be able to see the LAC-AgNPs. Additionally,
sections were taken of these cells to identify where the
NPs were localized (Figure 2 D, E, F). According to the
results of these sections, NPs were localized especially

in areas close to the cell membrane, while also in other
regions of the cell, e.g., in areas close to starch storage
areas (Figure 2 F).
The nanoparticle dimensions obtained after RAEAgNPs were mean 4-8 nm (Figure 3 A, B). NPs synthesized in this manner were less stable according to both
TEM and zeta potential results. When morphology and
size of NPs are examined after extracellular synthesis,
the NPs produced by BAE-AgNPs were mean 3-6 nm.
These NPs had a homogeneous distribution without
aggregation or flocculation (Figure 3 C, D). The reason for this is that some stabilizing agents in the algal
extract were released by boiling and entered the reaction (Mohseniazar et al. 2011; Nithya and Ragunathan,
2009). At the same time, control of dimension and structure may be associated with interactions between biocomponents like polysaccharides, proteins, polyphenols
and phenolic compounds with metal atoms (Shao et
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Table 2. EDS reported from biosynthesized AgNPs.
AgNPs
Control
LAC-AgNPs
RAE- AgNPs
BAE- AgNPs

Intensity (c/s) Error 2-sig
0.060
130.34
130.01
293.68

0.129
7.217
7.209
10.837

Conc.

Units

0.023
34.385
20.975
54.920

wt.%
wt.%
wt.%
wt.%

*kV 20.0, Takeoff Angle 35.0°.
Elapsed Livetime 10.0.
Conc: Concentration.

al. 2004). As a result, BAE-AgNPs showed the NPs had
equal distribution.
Analysis through Energy dispersive SEM-EDS spectrometers confirmed the presence of an elemental Ag
signal of the Ag NPs. Recognition lines for the major
emission energies for Ag are displayed and these match
with peaks in the spectrum, thus giving confidence that
Ag has been correctly identified. In this study, the synthesized AgNPs were subjected to elemental analysis
with SEM-EDS, the Ag element was observed in all three
situations (LAC-AgNPs, BAE-AgNPs, RAE-AgNPs) at
the rate (Table 2) (Figure 4 A, B, C). The highest Ag was
identified in the BAE-AgNPs groups (Figure 4 B). When
these results are considered, they provide information
about the purity of the formed NPs.

Extracts obtained with different methods (BAE and
RAE) and live cell algae (LAC) the AgNPs obtained
from these extracts (LAC-AgNPs, RAE-AgNPs and
BAE-AgNPs) had FTIR analysis completed on these
samples to define the functional groups of chemical
components. The analysis results observed many peaks
(transmittance a.u) at 3284, 2919, 2851, 2161, 2027, 2034,
1638, 1535, 1380, 1242, 1149, 1023, 812, 717, and 551.
When vibrations of biomass exposed to Ag are
investigated, the dense broadband at 3400 cm-1 is vibrations from alcoholic, phenolic and carboxylic groups
(Figure 1 F). Primarily in addition to hydroxyl groups
equivalent to O-H strain, vibrations equivalent to primary and secondary amines and amides are shown with
N-H strain were observed. The band at nearly 2920 cm-1
reflects the C-H strain of alkanes. The lack of absorption in this region shows hydrogen linked to aliphatic
carbon is not present (Rónavári et al. 2017). The band at
2851 cm-1 from the aldehyde group reflects C-H strain.
The band at 2161 cm-1 is -S-CΞN thiocyanate, while the
bands at 2027 and 2034 cm-1 are -N=C=S isothiocyanate. This situation shows that cyanate, elemental carbon and thiocyanate may be found within total organic
carbon. The peak at nearly 1,638 cm-1 is equivalent to C
= C vibration of aromatic structures, with the peak at
1242 cm-1 equivalent to C-O strain of phenolic groups.
The peak at 1380 cm-1 is NO2 asymmetric strain of

Fig. 4. SEM-EDS spectrum recorded from biosynthesized AgNPs A. Control group; B. LAC-AgNPs; C. RAE-AgNPs; D. BAE-AgNPs.
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Fig. 5. FT-IR spectrum for A. Desmodesmus sp. control group; B. Desmodesmus sp. formed LAC-AgNPs.

alkyl groups, and the peak at 1535 cm-1 is equivalent to
C = C strain of biphenol group. Around 1145 cm-1 the
C-N strain vibration of aromatic primary and secondary amines is observed. Aromacity may be mentioned
between 900-690 cm-1 (Jena et al. 2014).
The extracellular BAE-AgNPs obtained with the
boiling method may have bonded to amine groups,
while the RAE-AgNPs may have bonded to alkyne
groups. Our FTIR results comply well with the literature
data, with the surface of AgNPs obtained from intracellular Desmodesmus sp. coated with organic components
found in the extract, as shown in Figure 3 B. As a result,
successful green synthesis is revealed with the soluble
organic components or proteins able to bind to Ag ions
and reduce Ag ions to form NPs (Jegadeeswaran et al.
2012) (see 800-2919 cm-1 region).
Particle size and zeta potential are very important
parameters for green synthesized Ag NPs. The particle
size of Ag NPs, especially, has a large effect on the antimicrobial properties. Another important value for particle size is PDI. PDI reveals homogeneity (Sharma et al.
2018). Both intracellular and extracellular AgNPs were
well distributed in colloidal solution and the mean size
distribution of these particles were as follows; the mean
particle distribution for LAC-AgNPs were 10-30 nm,
with this value 4-8 nm and 3-6 nm from RAE-AgNPs
and BAE-AgNPs (Figure 6 A, C, E). According to PDI

values for the results, homogeneous particle size distribution within the solution was observed to be highest
for LAC-AgNPs. Though different sizes were found during synthesis, higher numbers of small-scale NPs were
observed in terms of numbers (Table 3).
Zeta potential values are obtained from the high
repulsion and attraction forces between each nanoparticle and these values define particle stability. Intracellular and extracellular AgNPs have high negative zeta
potential values. The high negative value affects the push
between the particles, thereby increasing the stability of
the formulation (Rao et al. 2013). In our study, the zeta
potential of AgNPs were measured as -20.2 mV for LACAgNPs (Figure 6 B), -19.9 mV for BAE-AgNPs (Figure 6
D) and -14.2 mV for RAE-AgNPs (Figure 6 F). All values
for particle sizes, PDI and zeta potentials are shown in

Table 3. The particle size of silver nanoparticles, polydispersity
index and Zeta potential.

LAC-AgNPs
BAE-AgNPs
RAE-AgNPs

Particle size
(nm) DLS

PDI

Zeta potential
(mV)

20-40
10-15
10-20

0.445
0.452
0.613

-20.2
-19.9
-14.2
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Fig. 6. Size distribution by dynamic light scattering and zeta potential measurement of biyosenthesis silver nanoparticles A, B. LAC-AgNPs;
C, D. RAE-AgNPs; E, F. BAE-AgNPs.

Table 3. The observed result contains some differences
compared with the TEM studies but is well-correlated.
The differences may be due to the tendency of Ag NPs
to agglomerate within an aqueous solution; thus the values obtained from DLS will be higher than TEM values
(Domingos et al. 2009).
Antimicrobial and antifungal effect of synthesis AgNPs
LAC-AgNPs, RAE-AgNPs and BAE-AgNPs have
been tested on Salmonella sp. (gram +) and Listeria

monocytogenesis (gram -), the most frequently encountered bacteria in food poisoning (Cantero et al. 2018;
Ma et al. 2018). The MIC values of the synthesized NPs
were calculated on these bacteria. It was initiated by
adding 100 µl of synthesized NPs so that the MIC values could be found. The LAC-AgNPs, RAE-AgNPs and
BAE-AgNPs inhibited 3,125 μl of Salmonella sp. Thus,
this value was determined as the MIC value. There was
a larger effect on Listeria monocytogenesis compared to
Salmonella sp. with 1,5625 µl MIC value determined.
Candida parapsilosis is a pathogenic yeast strain with
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high biofilm formation capacity (Soldini et al. 2017).
Candida parapsilosis appeared to be more affected compared to bacteria and the MIC value was determined as
0,78125 µl (The synthesized AgNPs were initially used in
100 µl). The LAC-AgNPs, BAE-AgNPs and RAE-AgNPs
obtained from Desmodesmus sp. with different methods
showed significant degree of effect with different MIC
values for bacteria and yeast.
DISCUSSION

AgNP is used in a variety of applications like catalysis, biosensing, imaging and antibacterial activity. As
result researchers in recent times have performed many
studies to synthesize AgNP more economically and easily. Green synthesis is an alternative method developed
to produce metal NPs using natural compounds or plant
components. The most important advantages of these
methods are the lack of toxic material involved in the
chemical synthesis and the lack of high costs. In addition to green synthesis and sustainable synthetic methods can decrease environmental pollution to some extent
(Khatami et al. 2018c) . Another significant advantage
is that NPs may be synthesized in an easy and reliable
manner using only live organisms (algae, bacteria, fungus and plant), without requiring reducing or stabilizing agents (Tippayawat et al. 2016; Khatami et al. 2018b).
Microorganisms such as bacteria and algae have proven
to be well suited for nanoparticle synthesis, where particle size and morphology must be stabilized by different
methods in green synthesis (Metuku et al. 2014). Algae
or plants or their extracts, many prokaryotic organisms
and biocompatible macromolecules are very important
for nanoparticle synthesis (Poulose et al. 2014). Algae
are unique due to the lipids, minerals and some vitamin wealth contained in these organisms (Namvar et
al. 2012; Zuercher et al. 2006). Additionally, polysaccharides, proteins, and polyphenols are known as functional
food as a variety of bioactive material with some medical
uses like in cancer, oxidative stress, inflammation, allergies, thrombosis and lipidemia (Mahdavi et al. 2013).
As a result, hydroxyl, carboxyl and amino functional
groups are found among this phytochemical material
that is capable of acting in a single step as both effective
metals reducing agents and as capping agents. Generally
many natural essences in cell contents or released after
extraction are biologically active compounds and may be
responsible for the reduction of Ag ions and stabilization
of the obtained NPs.
The carbonyl groups in proteins have strong binding
ability against metal NPs and as a result, proteins may
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form a coating layer on the surface of AgNPs (Dhand
et al, 2016; Vivek et al. 2012). This may prevent agglomeration and increase the stability of NPs synthesized in
aqueous media. In our study, UV-Vis data from algal
cells exposed to Ag nitrate support the view that of Ag +
ions were taken into cells within 24 hours and L-AgNPs
formed (Peaked at 420 nm within 24 h.). As metal ions
(Ag+) are on the algal surface, they were identified to be
held by electrostatic interaction between the functional
groups with the negative load on the cell surface, and
following this, the metal ions were reduced (Barwal et al.
2011). In this way, high intracellular accumulation and
formation of metal particles may be linked to several
probable mechanisms in the process. These mechanisms
vary according to type and metal accumulation occurs
with two processes. The first is adsorption or biosorption at the cell surface independent of metabolism, while
the second is metabolism-dependent absorption by organelles or cytoplasmic ligands (Chakraborty et al. 2006).
Metal NPs synthesized with green methods may
produce colloids with different sizes, shapes, and distributions. If changing the method used provides better
results, the green approach may be chosen. As a result
of our study, the focus was on the biosynthesis of both
intracellular and extracellular AgNP using different
extraction techniques with Desmodesmus sp. microalgae and AgNP production was successfully achieved. In
this study during intracellular synthesis, algal cells have
pores of 3-5 nm width ensuring passage of low molecular weight material like water, inorganic ions, gases and
other small nutritional material required for growth and
metabolism (Wang and Chen 2009). Large molecules or
macromolecules cannot pass these pores. Similarly, in
our study, the intracellular LAC-AgNPs appeared to be
larger than the size of the pores in the algal cell walls
(10-30 nm) (Figure 2 A, B, C). The BAE-AgNPs and
RAE-AgNPs also had spherical shape without agglomeration. Sections through the cells transversely and longitudinally observed nanoparticle formation distributed
through intracellular cytoplasm, with larger size NPs in
some regions, e.g., in regions close to vacuoles. In previous research, it was reported that maximum metal
accumulation occurred within the cytoplasm, periplasm, nucleus and pyrenoids of organisms like Chlamydomonas (Ag), Chlorella (Au, Pd, Ru, Rh), Klebsormidium flaccidum (Au) and Shewanella (Au, Pt) (Barwal et al. 2011; Dahoumane et al. 2012; Luangpipat et al.
2011).
FTIR can be used to identify the type of functional
groups and biomolecules that are responsible for capping and efficient stabilization of NPs and qualitative
and quantitative identification of the molecular structure
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of organic compounds in the NPs structure (Khatami
et al. 2018d). In thi study, the results of FTIR spectroscopic investigations showed the presence of organic
particles especially in the 800-2919 cm-1 region. Linked
to this result, the protein building block of amino acids
was confirmed as having strong binding ability to metals
and formed a layer surrounding metal NPs. They acted
as a coating material preventing agglomeration and thus
are considered to have ensured high stability of metal
NPs. These results confirm the presence of proteins or
peptides with possible function as stabilizing agents for
AgNPs (Singhal et al. 2011).
The extracellular RAE-AgNPs synthesized was
found to be less stable and have a tendency to agglomerate compared to extracellular synthesized BAE-AgNPs
and intracellular synthesized L-AgNPs. Additionally,
the RAE-AgNPs synthesis process was slower compared
to the others. When BAE was used, both high rates of
BAE-AgNPs biosynthesis occurred and the stability of
these NPs were higher. However, according to the UV
results, L-AgNPs were more rapid biosynthesised than
extracellular BAE-AgNPs and RAE-AgNPs. This situation may be related to macromolecules like protein or
peptide released by boiling directly reducing Ag+ ions. A
study by Jena et al. (2014) produced similar results. The
researchers explained that in this situation the protein
or peptide concentration has a vital role in AgNP formation and stabilization. A similar study by Barwal et
al. (2011) prepared Chlamydomonas cell extract treated
with Ag nitrate with both whole cell esence and proteinremoved extraction. When the results are compared, the
protein-removed cell extraction was identified to synthesize larger sizes of AgNP. The researchers explained that
the protein concentration is directly correlated with particle formation rate and inversely correlated with particle
size (Barwal et al. 2011; Jena et al. 2014).
Due to a variety of reasons in the antimicrobial
mechanism, Ag ions or salts only have limited use as
an antimicrobial agent. However, the use of AgNPs may
overcome these limitations. In biological systems (animal cell culture, plants, bacteria) the effect of AgNPs in
different concentrations has been investigated (Sobieh et
al. 2016, Khatami et al. 2018). For the use of Ag against
microorganisms in a variety of areas, it is important to
prepare Ag with appropriately priced methods and to
know the antimicrobial effect mechanism to increase
this effect (Kim et al. 2007). Green synthesized NPs may
expand these areas of use significantly. In this study,
AgNPs may be a potential antibacterial and antifungal
agent and could be prepared cost-effectively. Because,
Desmodesmus sp., a green algae, could be a low-cost production house for intracellular and extracellular AgNPs

Betül Yılmaz Öztürk

synthesis because of the minimum growth regimens
required for growth, such as water, sunlight and commercial fertilizers, and high biomass efficiency.
CONCLUSION

In this study different sizes of AgNP were successfully synthesized from Desmodesmus sp. microalgae
using both intracellular and extracellular green synthesis routes. In particular, intracellular UV results of LACAgNPs peaked at 420 nm within the first 24 hours. The
purity of Ag NPs was confirmed with SEM-EDS. Nanoparticle size and stability were determined according to
DLS and Zeta potential results. AgNPs with optimized
size were determined to have lethal potential against
bacteria and yeast. Thus this study is considered to support sustainable development of green synthesis using
the green microalgae of Desmodesmus sp.
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Abstract. Karyotypes in 12 taxa of Gundelia are compared, based on Feulgen-stained
somatic metaphase chromosomes. The karyotypes of G. anatolica, G. asperrima, G.
cilicica, G. colemerikensis, G. dersim, G. glabra, G. komagenensis, G. mesopotamica,
G. munzuriensis and G. vitekii are described for the first time. Karyological analyses
indicate relationships among the species with respect to their asymmetry indices. All
Gundelia species studied were diploid with 2n = 2x = 18 chromosomes. All karyotypes
are symmetrical, consisting of metacentric and submetacentric chromosomes. The submetacentric chromosomes of all the investigated specimens contain a secondary constriction. Three chromosome types were identified according to the position of the secondary constrictions. The chromosomes ranged in size from 2.00 µm to 7.02 µm. The
total haploid chromosome length (THL) varied from 24.97 μm (G. asperrima) to 42.56
μm (G. rosea). To determine the karyological relationships among taxa, PCoA (Principal Coordinate Analysis) with six uncorrelated parameters was performed.
Keywords. Chromosome number, karyotype asymmetry, secondary constriction,
Cichorieae, Scolyminae.

INTRODUCTION

Gundelia L. was first recorded in one of the earliest natural history collections made in the Near East by the German physician, botanist and traveller, Leonhard Rauwolf (1535–1596) at 16. century. However, the plant was
first evaluated in Silybum then Eryngium groups. About 125 years later, in
the early years of the 18th century, Joseph Pitton de Tournefort saw the plant
in the natural habitat. Moreover, he concluded that the plant should be called
Gundelia (Hind 2013). Finally, the plant was named Gundelia tourneforti by
Linnaeus, in accordance with the binomial nomenclature (Linnaeus 1753).
The infrafamilial position of Gundelia has also changed over time (Hind
2013). The last tribal position of genus Gundelia was Cichorieae Lam. & DC.,
subtribe Scolyminae Less., along with Catananche L., Hymenonema Cass., and
Scolymus L. (Kilian et al. 2009). The genus grows in the semi-desert areas, and
it is distributed in the Mediterranean to Central/Eastern Asia (Karis et al. 2001).
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Some different species and varieties have been
described over the years, although many authors have
treated Gundelia as monospecific and the wide variation in corolla colour was considered unrelated to
gross morphology (Komarov 1961; Kupicha 1975; Feinbrun Dothan 1978; Meikle 1985; Rechinger 1989).
However, in the last decades, researches on Gundelia
increased. Numerous new species have been published
as a result of research on live and more abundant materials. The genus is currently represented by 16 species,
of which 12 (10 endemic) in Turkey (Vitek et al. 2010,
2014, 2017; Nersesyan 2014; Armağan 2016; Fırat 2016,
2017a, 2017b, 2017c; Vitek and Noroozii 2017; Vitek
2018). These are Gundelia anatolica Fırat, G. asperrima
(Trautv.) Fırat, G. cilicica Fırat, G. colemerikensis Fırat,
G. dersim Vitek, Yüce & Ergin, G. glabra Mill., G. komagenensis Fırat, G. mesopotamica Fırat, G. munzurien-
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sis Vitek, Yüce & Ergin, G. rosea M.Hossain & Al-Taey
(non-endemic), G. tournefortii L. (non-endemic), and G.
vitekii Armağan.
The chromosome numbers of Cichorieae range
between 2n = 14x = 126 chromosomes in Sonchus
(Beuzenberg and Hair 1984; Dawson 2000) and 2n = 2x
= 6 in some species of Crepis (Ikeda 1988; Gupta and
Gill 1989; Dimitrova and Greilhuber 2001). The basic
chromosome number in the majority of the subtribes is
x = 9, or a descending series starting with x = 9 to x =
3. Subtribe Scolyminae has the basic chromosome numbers x = 9 and 10 (Kilian et al. 2009). The only chromosome number Gundelia is 2n =18 (Waisel 1962; Al-Taey
and Hossain 1984; Ghaffari and Chariat-Panahi 1985;
Nersesyan and Nazarova. 1989; Ghukasyan and Janjughazyan 2015).

Fig. 1. Synflorescences of the studied taxa. (a) G. anatolica; (b) G. asperrima; (c) G. cilicica; (d) G. colemerikensis; (e) G. dersim; (f) G.
glabra; (g) G. komagenensis; (h) G. mesopotamica; (i) G. munzuriensis; (j) G. rosea; (k) G. tournefortii; (l) G. vitekii.
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This study aimed to determine the chromosome
numbers and karyomorphology of al the 12 Gundelia
species occurring in Turkey (Figure 1).
MATERIALS AND METHODS

Twelve Gundelia species were analysed in this study.
A list of examined specimens is provided in Table 1. All
endemic taxa were collected from their type localities.
Voucher specimens were deposited in the Herbarium of
University of Van Yüzüncü Yıl (VANF) and in a private
herbarium (Herb. M. Fırat). For karyological observations, four to eight individuals were used for each species in this study. Mitotic metaphase cells of root tips
were obtained from germinated seeds which were collected in natural habitats from Turkey.
Mitotic chromosomes were prepared from root tips
and pre-treated with 0.002 M 8-Hydroxyquinoline at
+4 °C for 24 h. Roots were fixed for a minimum of 2 h
in absolute ethanol:glacial acetic acid, (3:1,v/v), hydrolysed at 60 °C in 1 N HCl for 12 min. and stained with
the Feulgen method. Finally, root tips were squashed in
1% aceto-orcein. Permanent slides were prepared with
entellan mounting medium. Microphotographs of good
quality metaphase plates were taken using an Olympus BX53 (Tokyo, Japan) microscope equipped with a
high-resolution digital camera. Metaphase observations
and chromosome measures were made using the image

analysis systems KAMERAM (ARGENİT Microsystems,
İstanbul, Turkey). The somatic chromosome number
and karyotype details were studied in five to eighteen
well-spread metaphase plates from different individuals;
mean values were used for the analysis.
Chromosome pairs were identified and arranged
on the basis of their length and any other evident karyomorphological features. The nomenclature used for
describing karyotype composition followed Levan et
al. (1964). To determine the karyological relationships
among taxa, we performed a PCoA (Principal Coordinate Analysis) with six uncorrelated parameters as suggested by Peruzzi and Altinordu (2014). These parameters are chromosome number (2n), basic chromosome
number (x), total haploid length (THL), mean centromeric asymmetry (MCA), coefficient of variation of chromosome length (CVCL), and coefficient of variation of
centromeric index (CVCI) (Paszko 2006; Peruzzi et al.
2009; Zuo and Yuan 2011, Peruzzi and Eroğlu 2013). The
software Past 3.03 (Hammer et al. 2001, Hammer 2018)
was used to perform this analysis.
Mitotic metaphase chromosomes are given in Figure
3. Idiograms of these taxa are arranged in order of centromere position and then decreasing the length of homologue chromosome pairs (Figure 4).
In this study, chromosome types were determined
according to the position of the secondary constrictions
of Gundelia chromosomes for the purpose of chromosome comparison. General description of these chromo-

Table 1. Localities and voucher specimens of Gundelia taxa examined in the present study.
Taxa
G. anatolica Fırat
G. asperrima (Trautv.) Fırat
G. cilicica Fırat

Locality

Kırıkkale: Delice province, Tuzkayası region, dry steppe, 700 m, 10 July 2017
Erzurum: Palandöken mountain, mountain slope, steppe, 2444 m, 30 July 2017
Mersin: Erdemli province, Tozlu village, open forrest, 1460 m, 11 July 2017
Hakkâri: Hakkâri Province (Colemerîk) Berçelan plateau, open erode region and steppe,
G. colemerikensis Fırat
2284 m, 7 July 2017
Tunceli (Dersim): Ovacık, c. 11.7 km SW Ovacık, 1.9 km NE Ziyaret (fountains of river
G. dersim Vitek, Yüce & Ergin
Munzur), 1300 m, 28 July 2017
G. glabra Mill.
Bayburt: Kop mountain arround, near Kop Village, 1897 m, 19 July 2017
G. komagenensis Fırat
Adıyaman: Kahta Province, Nemrut mountain, rocky steppe, 1445 m, 30 July 2017
Mardin: 2-3 km from Mardin to Nusaybin (Nisêbîn), eroded slopes, aride steppe, 807 m, 11
G. mesopotamica Fırat
July 2017
G. munzurensis Vitek, Yüce & Ergin Tunceli (Dersim): Ovacık, c. 2 km SW Ovacık, near road Ovacık plain, 1275 m, 28 July 2017
Hakkari: Şemdinli Province, Sad Mountain, Derîyê Kera region, meadows and stony slopes,
G. rosea M.Hossain & Al-Taey
1662 m, 7 July 2017
G. tournefortii L.
Hatay: Reyhanli district, near Syria (Aleppe) border, 121 m, 9 July 2017
Tunceli (Dersim): c. 8-9 km N of Tunceli, mountain slope NW of Tüllük Bucaği, rocky
G. vitekii Armağan
steppe, 1760 m, 28 July 2017

Collector
(M. Fırat)
/voucher
33866
33845
33868
33861
33872
33867
33783
33865
33871
33862
33864
33870
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some types is given below, followed by the karyotype
description.
Type A: Longest metacentric chromosomes with two
constrictions, secondary constrictions in the distal position of the long arm.
Type B: Submetacentric chromosomes with two constrictions, secondary constrictions nearly in the median
position of the long arm.
Type C: Submetacentric chromosomes with two
constrictions and secondary constrictions located very
close to the centromere on the short arm.

RESULTS

All species showed basic chromosome number x
= 9 and diploids with 2n = 18 (Figures 3 and 4). Chromosome measurements and karyotype formula of the
twelve analysed species are indicated in Table 2. Total
haploid length, asymmetry indices, chromosome types
and flower number within the partial synflorescences in
the middle part are summarised in Table 3.
Secondary constrictions were observed at the long or
short arms of all submetacentric chromosomes, and in
the distal regions of the long arms of some of the longest

Table 3. Karyo-morphometric parameters, symmetry indices, Chromosome types and cephaloid flowers number for investigated taxa (THL:
total haploid length; MCA: mean centromeric asymmetry; CVCL: coefficient of variation of chromosome length; CVCI: coefficient of variation
of centromeric index).

G. anatolica
G. asperrima
G. cilicica
G. colemerikensis
G. dersim
G. glabra
G. komagenensis
G. mesopotamica
G. munzurensis
G. rosea
G. tournefortii
G. vitekii

THL

MCA

CVCL

CVCI

Chromosome
Types

Cephaloid.
Flowers
numbers

34.48
24.97
34.26
29.84
34.52
35.60
37.90
32.64
27.87
42.56
27.16
30.57

14.13
13.08
12.06
13.03
13.27
13.27
13.95
14.38
13.27
14.40
11.41
13.76

16.87
21.58
20.01
22.42
21.57
20.84
20.56
19.70
20.24
21.42
20.20
21.64

9.73
9.83
7.44
10.75
9.56
9.94
11.94
12.44
10.21
8.12
8.83
11.82

_/B/_
A/B/C
_/_/C
_/B/C
A/_/C
_/B/C
_/B/C
A/B/C
A/B/C
A/_/C
A/_/C
A/B/C

6
3(–4)
6(–7)
(3–)5(–6)
6–7
3–5(–6)
3(–4)
6–7
3–5
(6–) 7–8
(5–)6(–7)
3(–5)

Table 2. Karyotype formula according to Levan et al. (1964) and measurements of the investigated taxa. (SC: the shortest chromosome
length; LC: the longest chromosome length; p: mean long arm length; q: mean short arm length; SD: standard deviation; m: metacentric;
sm: submetacentric).

G. anatolica
G. asperrima
G. cilicica
G. colemerikensis
G. dersim
G. glabra
G. komagenensis
G. mesopotamica
G. munzurensis
G. rosea
G. tournefortii
G. vitekii

SC–LC

q (μm) Mean
(±SD)

p (μm) Mean
(±SD)

p+q Mean
(±SD)

Karyotype
formula

2.90 – 5.15
2.00 – 4.01
2.77 – 5.35
2.40 – 4.90
2.78 – 5.78
2.86 – 5.61
3.10 – 6.08
2.73 – 5.27
2.28 – 4.43
3.30 – 7.02
2.31 – 4.45
2.49 – 5.04

1.64(±0.30)
1.19(±0.23)
1.67(±0.35)
1.43(±0.33)
1.66(±0.40)
1.70(±0.35)
1.79(±0.37)
1.55(±0.36)
1.33(±0.26)
2.03(±0.49)
1.33(±0.30)
1.45(±0.31)

2.19(±0.44)
1.58(±0.42)
2.14(±0.46)
1.89(±0.50)
2.18(±0.50)
2.25(±0.56)
2.42(±0.61)
2.08(±0.47)
1.77(±0.43)
2.70(±0.58)
1.68(±0.37)
1.95(±0.51)

3.83(±0.65)
2.77(±0.60)
3.81(±0.76)
3.32(±0.74)
3.84(±0.83)
3.96(±0.82)
4.21(±0.87)
3.63(±0.71)
3.10(±0.63)
4.73(±1.01)
3.02(±0.61)
3.40(±0.74)

16 m + 2 sm
14 m + 4 sm
16 m + 2 sm
14 m + 4 sm
16 m + 2 sm
14 m + 4 sm
14 m + 4 sm
14 m + 4 sm
14 m + 4 sm
16 m + 2 sm
16 m + 2 sm
14 m + 4 sm
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Fig. 2. Chromosome types according to the position of the secondary constrictions (indicated by arrows).
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metacentric chromosomes (Figure 2). Moreover, three
chromosome types were determined according to the
position of the secondary constrictions (Figure 2).
The chromosomes ranged in size from 2.00 µm to 7.02
µm. G. asperrima showed the smallest mean chromosome
length (2.77 µm), while G. rosea the biggest (4.73 µm).
Similarly, the smallest mean short arm length (q)
was observed in G. asperrima (1.19 μm) and the largest
mean long arm length (p) was observed in G. rosea (2.70
μm). The idiograms of the analysed species are shown in
Figure 3.

Fig. 3. Somatic chromosomes (2n = 18) in the studied taxa. (a) G. anatolica; (b) G. asperrima; (c) G. cilicica; (d) G. colemerikensis; (e) G. dersim; (f) G. glabra; (g) G. komagenensis; (h) G. mesopotamica; (i) G. munzuriensis; (j) G. rosea; (k) G. tournefortii; (l) G. vitekii. Scale bars 3 μm.
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Fig. 4. Haploid idiograms in the studied taxa. (a) G. anatolica; (b) G. asperrima; (c) G. cilicica; (d) G. colemerikensis; (e) G. dersim; (f) G.
glabra; (g) G. komagenensis; (h) G. mesopotamica; (i) G. munzuriensis; (j) G. rosea; (k) G. tournefortii; (l) G. vitekii.
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Fig. 5. PCoA analysis based on six quantitative karyological parameters of investigated taxa.

The chromosomes with secondary constriction
ranged from 2 to 6 in number. The total haploid chromosome length (THL) varied from 24.97 μm (G. asperrima) to 42.56 μm (G. rosea).
Karyotypes of the analysed species exhibit a predominance of metacentric chromosomes. However, one
or two submetacentric chromosomes were detected in
each taxon. Due to the prevalence of metacentric pairs
and to the absence of strong differences between smaller and larger chromosomes, asymmetry indices were in
general low. However, some species show a tendency to
have karyotypes distinct on asymmetry grounds:
Gundelia rosea, with relatively high intrachromosomal (MCA) and G. tournefortii with low intrachromosomal asymmetry, also, G. vitekii with high interchromosomal (CVCL) and G. anatolica low interchromosomal asymmetry.
DISCUSSION

Karyotype data for all taxa are reported for the
first time in the present study with the exception G.
tournefortii and G. rosea. The present investigation
on Gundelia supports earlier data about 2n = 2x = 18
(Waisel 1962; Al-Taey and Hossain 1984; Ghaffari and
Chariat-Panahi 1985; Nersesyan and Nazarova 1989;
Ghukasyan and Janjughazyan 2015). The article by Nersesyan and Nazarova (1989) is the most detailed work

published on the karyology of Gundelia tournefortii.
Three chromosome types were also seen in that study.
However, according to our results, type B chromosome
was not observed in Gundelia tournefortii chromosomes.
However, earlier works accepted only one species in the
genus, and this could be the cause of this difference.
According to Trautvetter (1876), flower number
within the partial synflorescences differs between different populations of Gundelia. Moreover, the partial synflorescences in the middle part of the synflorescence are
formed by 3 to 8 flowers according to the articles published in recent years. These flowers have been defined
as “cephaloid flowers” in the following sections of the
article. The taxa examined in this article were evaluated according to cephaloid flowers, and two groups have
been recognised. Group I consists of mainly 3(-5) cephaloid flowers; Group II consists of mainly 6 or more cephaloid flowers (Table 3). In addition to this, according to
chromosome types (A-C), taxa are divided into two main
groups too. In agreement with our results, these groups
are quite overlapping. Namely, type B chromosomes were
present in all the taxa of Group I and no type B chromosomes was observed in the taxa of Group II with the
exception of G. mesopotamica and G. anatolica. These
species differ from others by having 6-8 cephaloid flowered and type B chromosomes. Also, G. anatolica is the
only species in which there are no type C chromosomes.
According to Tarıkahya Hacıoğlu and Fırat (2017), G.
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anatolica is a derived species. This difference in chromosomal morphology supports this argument.
According to PCoA analysis, the species belonging
to the same group tend to cluster together substantially (Figure 5). The presence of type A and type B chromosomes does not show variation at intraspecific level,
these chromosome types were observed in all metaphase
stages. However, type A chromosomes showed some
infraspecific variation.
In conclusion, this study illustrated that two different groups can be distinguished, according to chromosome morphology. Therefore, the chromosome types can
be used, in addition to other characters, for species identification and classification in the genus Gundelia.
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Abstract. To date, most molecular phylogenetic studies of Apocynaceae have been
based on plastid DNA regions or nuclear ribosomal DNA. In this study, we used part
of the PHYA (phytochrome A) exon, a low-copy nuclear gene, and combined it with
the trnL-F region (intron and spacer) to investigate placement of Periplocoideae, intergeneric relationships of Asclepiadoideae and relationships within Rauvolfioideae. We
included 112 taxa representing most major clades of Apocynaceae. The study confirms
that both subfamilies Apocynoideae and Rauvolfioideae are paraphyletic and that Periplocoideae are nested within Apocynoideae. The APSA clade (Apocynoideae, Periplocoideae, Secamonoideae and Asclepiadoideae) is strongly supported here, but the
crown clade of Apocynaceae (comprised of subfamilies Asclepiadoideae, Secamonoideae, Periplocoideae and Echiteae, Mesechiteae, Odontadenieae and Apocyneae of Apocynoideae) has only moderate support. The present study places Periplocoideae as part
of the sister group to the rest of the crown clade. This contrasts with results from the
previous only PHYA and plastid marker–based studies in which periplocoids appeared
as sister to a clade comprising Baisseeae (Apocynoideae) plus Secamonoideae and
Asclepiadoideae. Old World Cynanchinae form a well-supported clade with the New
World MOG (Metastelmatinae, Oxypetalinae and Gonolobinae) tribes rather than with
the largely Old World. Asclepiadinae and Tylophorinae, as suggested by earlier studies.
In our combined analyses, resolution among most groups is improved as compared to
previous plastid-only analyses.
Keywords. Apocynaceae, Asclepiadeae, Baisseeae, Periplocoideae, Phylogeny, Phytochrome A.
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1. INTRODUCTION

Since Endress and Bruyns (2000), Apocynaceae
sensu lato have been investigated with molecular data,
mostly plastid, to evaluate relationships among various groups proposed in their classification (Potgieter
and Albert 2001; Rapini et al. 2003 and 2006; Livshultz
et al. 2007; Simões et al. 2007; Livshultz 2010). Subfamilies Rauvolfioideae and Apocynoideae have been recovered as non-monophyletic (e.g., Sennblad et al. 1998;
Potgieter and Albert 2001; Livshultz et al. 2007; Simões
et al. 2004). In more recent classifications (Endress et
al. 2007a; Simões et al. 2007; Endress et al., 2014)), ten
tribes have been proposed in Rauvolfioideae: Tabernaemontaneae, Alstonieae, Alyxieae, Carisseae, Hunterieae,
Melodineae, Plumerieae, Vinceae, Willughbeieae, Aspidospermeae and Amsonieae. Monophyly of most tribes
in the subfamily has always remained suspect (Potgieter and Albert 2001; Sennblad and Bremer 2002); however, in the recent phylogenetic analysis by Simões et al.
(2007), six clades (out of nine tribes sensu Endress and
Bruyns 2000) were identified in Rauvolfioideae, which
could be referred to Willughbeieae, Tabernaemontaneae,
Hunterieae, Alyxieae, Plumerieae, and Carisseae, while
Melodineae, Alstonieae and Vinceae were polyphyletic
Similarly, in Apocynoideae, five tribes were recognized by Endress and Bruyns (2000): Wrightieae,
Malouetieae, Apocyneae, Echiteae and Mesechiteae.
Since this publication, five more tribes, Nerieae (Sennblad and Bremer 2002), Odontadenieae (Endress et al.
2007a), Baisseeae (Endress et al. 2007a) and Rhabdadenieae (Endress et al., 2014) have been recognized in this
subfamily. Baisseeae are considered a sister group of
the milkweeds (Asclepiadoideae-Secamonoideae) rather
than subfamily Periplocoideae on the basis of various
phylogenetic studies (Sennblad and Bremer 1996, 2000
and 2002; Potgieter and Albert 2001; Lahaye et al. 2005;
Livshultz et al. 2007). Also phylogenetic analyses firmly
support placement of Periplocoideae in the APSA (Apocynoideae, Periplocoideae, Secamonoideae, Asclepiadoideae) clade (Judd et al. 1994; Sennblad and Bremer
1996, 2002; Civeyrel et al. 1998; Potgieter and Albert
2001). Periplocoideae were recognized until the last decades of the 20th century as members of Asclepiadaceae
(Kunze 1990 and 1993; Venter et al. 1990; Dave and
Kuriachen 1991; Liede and Kunze 1993; Nilsson et al.
1993; Swarupanandan et al. 1996). In subfamily Asclepiadoideae five tribes have been recognized: Asclepiadeae, Ceropegieae, Marsdenieae, Fockeeae and Eustegieae
(Endress et al. 2007a; Endress et al., 2014)). Endress and
Bruyns (2000) delimited the tribes of Asclepiadoideae on the basis of the orientation of pollinia in pollen

sacs: upwardly directed in Ceropegieae-Marsdenieae
and pendulous in Asclepiadeae. Erect pollinia are considered a primitive character and also found in Secamonoideae and Fockeeae (Kunze 1993). Recognition of
Fockeeae as a tribe separate from Marsdenieae in Asclepiadoideae by Kunze et al. (1994) is disputed by Endress
and Bruyns (2000) due to insufficient taxon sampling
in Marsdenieae. The isolated basal position of Fockeeae
has been confirmed by subsequent phylogenetic analyses (Potgieter and Albert, 2001; Rapini et al., 2003; Verhoeven et al., 2003).
Rapini et al. (2003) identified three main clades
in Asclepiadeae that could be referred to as subtribes:
Astephaninae and two multiple subtribe clades, ACTG
(Asclepiadinae, Cynanchinae, Tylophorinae and Glossonematinae) and MOG. Subtribe Glossonematinae was
later dissolved by Liede et al. (2002), Glossonema and
Odontanthera were included in Cynanchineae and a
third genus of the tribe Solenostemma belongs to none
of the subtribes presently recognized in the Asclepiadeae
(Endress et al. 2007a).
Cynanchinae within the ACT clade are divided into
a monophyletic Old World succulent group (containing Malagasy Cynanchum species), but New World sections of the subtribe are polyphyletic (Liede and Taüber
2002; Rapini et al. 2006). Furthermore, cladistic analyses of Goyder et al. (2007) and Fishbein et al. (2011) have
emphasized that generic delimitation of subtribe Asclepiadineae is problematic. These studies concluded that
Asclepiadoideae still needs further investigation to identify monophyletic groups and find morphological characters by which to recognize them. To date, almost all
broader molecular phylogenetic studies of Apocynaceae
have been based on plastid DNA, either alone or in combination with morphological datasets.
Livshultz (2010) presented a study using the lowcopy nuclear gene, PHYA (phytochrome A, exon 1) for
a number of Apocynaceae groupings. Her approach
proved useful in describing the status of tribe Baisseeae
as the sister group of the milkweeds (i.e. Asclepiadoideae
and Secamonoideae) rather than Periplocoideae. However, there are still many other areas within the family where resolution/support is low. For this study, we
sequenced the same region of PHYA 1 (first exon) as in
Livshultz (2010) for a broader dataset sampled across the
family and combined these data with the widely sampled
plastid trnL-F (intron/spacer) region. Our main goals are
to: 1) further improve resolution in the primary clades of
Asclepiadoideae (one of the groups from the crown clade
defined by Livshultz 2010), 2) examine the position of
Periplocoideae in Apocynaceae and 3) improve resolution within the subfamily Rauvolfioideae.
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2. MATERIALS AND METHODS

2.1. DNA extraction and amplification
Taxa of Apocynaceae used here were either collected from the field in Pakistan or sampled from the DNA
Bank at The Royal Botanic Gardens, Kew (https://dnabank.science.kew.org/). A complete list of taxa including
voucher details, taxonomic treatment and provenance
are provided in Table 1.
Total genomic DNA was extracted from silica-dried
field collections following the 2 ×CTAB protocol of
Richard (1997) with modifications described by Nazar
and Mahmood (2010). DNA from herbarium specimens
was isolated by pulverising dry material in tubes containing plastic beads (using a Genogrinder 2010, SPEX
CertiPrep Ltd, Harrow, Middlesex, UK) and then following a modified Doyle and Doyle (1987) 2 ×CTAB
method. To isolate DNA from these samples, we used
precipitation in chilled ethanol (-20 °C) for at least 24 hr
and then resuspended in 1.55 g/ml caesium chloride/ethidium bromide. Samples were then purified using a density gradient, followed by removal of the ethidium and
caesium chloride with butanol/dialysis and storage in
Tris EDTA.
Primers (PHYA 2059F, 2745F, 2971R, 3560R) used
to amplify the first exon of PHYA are those of Livshultz (2010). The region was amplified using ReddyMix
PCR Mastermix (Thermo Scientific, Epsom, Surrey,
UK) in a 25 μl reaction volume. Degraded DNA (and/
or possibly impure DNA), in some samples caused
problems for amplification using the ReddyMix PCR
Mastermix. To amplify the target regions from degraded DNA, especially from herbarium samples, Platinum®
taq DNA polymerase (Invitrogen) was used. The reaction mix (25 μl total volume) consisted of 2.5 μl 10
×PCR buffer, 2 μl MgCl2 (50 mM/ml), 1 μl of BSA (50
mg/ml), 0.6 μl of each primer (0.1 ng/μl), 0.2 μl of 5 U/
μl of Platinum taq DNA polymerase, made up to volume with nuclease free water. The following PCR program was used for amplification: initial denaturation at
94 °C for 2 min, followed by 35 cycles of denaturation
at 94 °C for 20 sec, annealing at 50 °C for 30 sec and
extension at 72 °C for 2 min. A final extension was carried out at 72 °C for 7 min. Higher annealing temperatures reduced yields, and we found that using 50 °C did
not cause amplification of more than one region (i.e.
the sequencing reactions were free from obvious polymorphisms.
PCR products were cleaned using NucleoSpin®
Extract II mini-columns (Macherey-Nagel, Duren,
Germany) following the manufacturer’s protocols. For
cleaning of cycle sequencing products, we used precipita-

tion in ethanol (using EDTA). Samples were sequenced
on an ABI 3730 automated sequencer according to the
manufacturer’s protocols (Applied Biosystems, Inc.).
Electropherograms were edited and assembled using
Sequencher version 4.5 (Gene Codes, Ann Arbor, Michigan, USA); these sequences were easily aligned by eye in
PAUP following the suggestions of Kelchner (2000).
2.2. Data analysis
Incongruence between trnL-F and PHYA results
was assessed by looking for contradictory clades in both
PHYA and trnL-F Bayesian and parsimony trees by following the same criteria regarding bootstrap support
used by Livshultz (2010). Several studies have shown
that the incongruence length test (ILD) proposed by
Ferris et al. (1994) is too sensitive and unreliable for
detection of incongruence (Darlu and Lecointre, 2002),
so we did not use it here and have instead relied on
inspection for well supported but different tree topologies as the basis for assessing incongruence (which
we did not observe here). For the Bayesian results, we
considered posterior probabilities (PP) > 0.95 as wellsupported; < PP 0.95 is considered weakly supported
and not indicative of incongruence. For the parsimony
results, we considered bootstrap percentages (BP) of 80
as the cut-off for assessing incongruence. The separate
analyses did not produce any clear evidence for incongruent clades, so we produced combined analyses of
trnL-F and PHYA.
The combined dataset (trnL-F and PHYA) comprises of 112 sequences — 47 sequences from study of
Livshultz (2010) are included (Table 2). Phylogenetic
analyses were performed using maximum parsimony
(MP; PAUP version 4.0b10, Swofford 2002) and Bayesian
methods (Mr. Bayes ver.3.1, Huelsenbeck and Ronquist,
2001). Gaps were treated as missing data. For the parsimony analyses, the combined data matrix was analysed
using tree bisection-reconnection (TBR) swapping and
1000 replicates of random taxon-addition, holding 10
trees at each step to reduced time searching islands of
equally parsimonious trees. DELTRAN character optimization was used to illustrate branch lengths (due to
reported errors with ACCTRAN optimization in PAUP
version 4.0b).
For Bayesian analysis, a HKY85 model was specified
in which all transitions and transversions have potentially different rates. More complex models were also
tested, but these yielded the same tree with similar PP.
The analysis was performed with 500,000 generations of
Markov chain Monte Carlo with equal rates and a sampling frequency of 10. Microsoft excel was used to plot
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Table 1. A list of the samples from Pakistan and The Royal Botanic Gardens Kew, London with vouchers information and place of collection are given.
Taxa
Asclepiadoideae – Asclepiadeae: Metastelmatinae
Blepharodon lineare (Decne.) Decne.
Asclepiadoideae – Asclepiadeae: Oxypetalinae
Araujia sericifera Brot.
Funastrum clausum (Jacq.) Schltr.
Oxypetalum capitatum Mart.
Philibertia discolor (Schltr.) Goyder
Philibertia lysimachioides (Wedd.) T. Mey.
Asclepiadoideae – Asclepiadeae: Gonolobinae
Matelea pseudobarbata (Pitter) Woodson
Asclepiadoideae – Asclepiadeae: Asclepiadinae
Calotropis procera (Aiton) W. T. Aiton
Kanahia laniflora (Forssk.) R. Br.
Pergularia daemia (Forssk.) Chiov.
Pergularia tomentosa L.
Stenostelma corniculatum (E. Mey.) Bullock
Xysmalobium parviflorum Harv. ex Scott-Elliot
Asclepiadoideae – Asclepiadeae: Cynanchinae
Cynanchum viminale (L.) Bassi
Cynanchum jacquemontianum Decne.
Cynanchum obtusifolium L.f.
Asclepiadoideae – Asclepiadeae: Tylophorinae
Tylophora hirsuta (Wall.) Wight
Unplace genus
Oxystelma esculentum (L. f.) Sm.
Asclepiadoideae – Asclepiadeae: Astephaninae
Eustegia minuta (L. F.) N. E. Br.
Oncinema lineare (L. F.) Bullock
Schubertia grandiflora Mart.
Asclepiadoideae – Marsdenieae
Dischidia lanceolata Decne.
Dregea abyssinica K.Schum.
Gymnema sylvestre (Retz.) Schultz.
Hoya finalasonii Wight
Hoya manipurensis Deb.
Marsdenia carvalhoi Morillo & Carnevali
Rhyssolobium dumosum E. Mey.
Staphanotis floribunda Brongn.
Wattakaka volubilis (Linn.f.) Stapf.
Asclepiadoideae – Ceropegieae
Caralluma tuberculata N.E. Br.
Ceropegia sandersonii Decne.ex Hook.
Duvalia polita N. E. Br.
Boucerosia indica Dalzell
Leptadenia pyrotechnica
Neoschumannia kamerunensis
Quaqua incarnata (L. f.) Bruyns
Heterostemma acuminatum Decne.

Voucher detail

Country

Regions sequenced

Forzza et al. 2027

Argentina

trnL-F and PHYA

Forster 7656
Mello- Silva et al. 1919
Mello- Silva et al. 1924
Mello- Silva et al. 1887
Mello- Silva et al. 1886

Australia
Argentina
Argentina
Argentina
Argentina

PHYA
PHYA
PHYA
PHYA
PHYA

M. Endress 97-08

Costa Rica

PHYA

Naz001*
Goyder et al. 3931
Naz024*
Naz012*
Balkwill 10908
Killick & Vahrmeijer 3658

Pakistan
Tanzania
Pakistan
Pakistan
South Africa
South Africa

trnL-F and PHYA
PHYA
PHYA
trnL-F and PHYA
PHYA
PHYA

Chase 731
Naz010*
P. Bruyns Vch

**
Pakistan
South Africa

PHYA
trnL-F and PHYA
PHYA

Naz014*

Pakistan

trnL-F and PHYA

Naz020*

Pakistan

trnL-F and PHYA

P. Bruyns 4357
P. Bruyns Vch?
Irwin et al. 31285

South Africa
South Africa
Brazil

PHYA
PHYA
PHYA

Chase 734
Goyder et al. 3918
Chase 3902
Chase 17138
Chase 733
Chase 3904
P. V. Bruyns 3948
Chase 732
Naz006*

Indonesia
Tanzania
India
India
Thailand
Brazil
South Africa
Senegal
Pakistan

PHYA
PHYA
trnL-F and PHYA
PHYA
PHYA
trnL-F and PHYA
PHYA
trnL-F and PHYA
trnL-F and PHYA

Naz019*
Chase 17507
Kew
Chase 2861
Naz018*
Chase 3903
Chase 9818
Forster 5090

Pakistan
**
**
India
Pakistan
Cameroon
South Africa
**

trnL-F and PHYA
PHYA
PHYA
PHYA
trnL-F and PHYA
PHYA
PHYA
PHYA
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Taxa
Secamonoideae
Secamone alpini Schult.
Periplocoideae
Cryptolepis buchananii Roemer & Schult.
Cryptolepis decidua (Planch. ex Benth.) N. E. Br.
Hemidesmus indicus (L.) R.Br. ex Schult.
Periploca aphylla Decne.
Raphionacme hirsuta (E.Mey.sec.N.E.Brown) R.A.Dyer
Schlechterella abyssinicum (Chiov.) Venter & R. L. Verh.
Apocynoideae - Malouetieae
Kibatalia gitingensis (Elmer) Woodson
Pachypodium leallii Welw.
Apocynoideae - Nerieae
Adenium obesum (Forssk.) Roem. & Schult.
Nerium oleander L.
Apocynoideae - Apocyneae
Beaumontia grandiflora (Roxb.) Wall.
Trachelospermum jasminoides (Lindl.) Lem.
Apocynoideae - Echiteae
Fernaldia pandurata (A.DC.) Woodson
Rauvolfioideae - Wrightieae
Pleioceras barteri Baill.
Rauvolfioideae - Carisseae
Carissa spinarum L.
Rauvolfioideae - Plumerieae
Anechites nerium Urb.
Skytanthus acutus Meyen
Thevetia peruviana (Pers.) K. Schum.
Rauvolfioideae - Vinceae
Amsonia hurbritchii Woodson
Petchia ceylanica (Wight) Livera
Rauvolfia serpentina (L.) Benth.
Rhazya orientalis A.DC.
Vinca major L.
Rauvolfioideae - Tabernaemontaneae
Tabernaemonta divericata (L.) R. Br. exRoem.Schult
Rauvolfioideae - Hunterieae
Gonioma kamassi E.Mey.
Rauvolfioideae - Alyxieae
Alyxia buxifolia R. Br.
Rauvolfioideae - Alstonieae
Alstonia scholaris (L.) R. Br.

Voucher detail

Country

Regions sequenced

P. Bruyns Vch

South Africa trnL-F and PHYA

Naz002*
P. V. Bruyns s.n. (east of
Fish R.)
Chase 725
Naz004*
CFR 15
Chase 720

Pakistan

trnL-F and PHYA

Namibia

trnL-F and PHYA

Tamil Nadu
Pakistan
South Africa
Ethopia

PHYA
trnL-F and PHYA
PHYA
trnL-F and PHYA

Liede 3268
Chase 735

**
South Africa trnL-F and PHYA

trnL-F and PHYA

Chase 727
Naz015*

Somalia
Pakistan

trnL-F and PHYA
trnL-F and PHYA

Naz008*
Naz022*

Pakistan
Pakistan

trnL-F and PHYA
trnL-F and PHYA

M Endress, Zurich

**

PHYA

Endress, P. 99-10

Ivory Coast

PHYA

Naz017*

Pakistan

trnL-F and PHYA

Bremer et al. 3386 UPS
M. Endress, Zurich
Naz013*

**
**
Pakistan

PHYA
PHYA
trnL-F and PHYA

Chase 19252
R. Olmor s. n
Naz003*
M. Endress s.n.
Naz025*

USA
Germany
Pakistan
Zurich
Pakistan

trnL-F and PHYA
trnL-F and PHYA
trnL-F and PHYA
trnL-F and PHYA
trnL-F

Chase 5571

Bangladesh

PHYA

Chase 5806

South Africa trnL-F and PHYA

Smith, R.J. (RJS202)

Australia

PHYA

Naz007*

Pakistan

trnL-F and PHYA

*Vouchers specimens are preserved in the Plant Biochemistry and Molecular Biology Laboratory of Quaid-i-sAzam University, Islamabad,
Pakistan.
** Information not present in Kew’s databases.

generation number against InL to find the ‘burn in’.
Trees of low PP were deleted, and all remaining trees
were imported into PAUP 4.0b10. A Bayesian tree (i.e., a

majority-rule consensus tree) was produced showing frequencies of all observed bi-partitions (i.e. the posterior
probabilities for each node).
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Table 2. A list of taxa with GenBank accession numbers used in trnL-F and PHYA analyses, sequenced in present study, previously published in Rapini et al. (2003), Sennblad and Bremer (1998) and Livshultz (2010) with updated nomenclature (Endress et al., 2014).
Species Name
Adenium obesum (Forssk.) Roem. & Schult.
Aganosma wallichii G. Don.
Alstonia scholaris (L.) R. Br.
Alyxia buxifolia R. Br.
Amsonia hurbritchii Woodson
Anechites nerium Urb.
Angadenia berteroi (A.DC.) Miers
Anodendron paniculatum A. DC.
Apocynum androsaemifolium L.
Araujia sericifera Brot.
Artia balansae (Baillon) Pichon ex Guillaumin
Baissea multiflora A. DC.
Beaumontia grandiflora (Roxb.) Wall.
Blepharodon linere (Decne.) Decne.
Boucerosia indica Dalzell
Calotropis procera (Aiton) W. T. Aiton
Caralluma tuberculata N.E. Br.
Carissa spinarum L.
Ceropegia sandersonii Decne.ex Hook.
Chonemorpha fragrans (Moon) Alston
Cleghornia malaccensis (Hook. f.) King & Gamble
Cryptolepis buchananii Roemer & Schult.
Cryptolepis decidua (Planch. ex Benth.) N. E. Br.
Cycladenia humilis Bentham
Cynanchum jacquemontianum Decne.
Cynanchum obtusifolium L.f.
Cynanchum viminale (L.) Bassi
Dischidia lanceolata Decne.
Dregea abyssinica K.Schum.
Duvalia polita N. E. Br.
Echites umbellatus Jacq.
Elytropus chilensis Müll. Arg.
Epigynum cochinchinense (Pierre) D.J. Middleton
Eustegia minuta (L.f.) N.E.Br.
Fernaldia pandurata (A.DC.) Woodson
Finlaysonia insularum (King & Gamble) Venter
Fockea edulis K. Schum.
Forsteronia guyanensis Müll.Arg.
Funastrum clausum (Jacq.) Schltr.
Gonioma kamassi E.Mey.
Gymnanthera oblonga (Burm. f.) P.S. Green
Gymnema sylvestre (Retz.) Schultz.
Hemidesmus indicus (L.) R.Br. ex Schult.
Heterostemma acuminatum Decne.
Hoya finalasonii Wight
Hoya manipurensis Deb.
Ichnocarpus frutescens R. Br.
Kanahia laniflora (Forssk.) R. Br.
Kibatalia gitingensis (Elmer) Woodson

PHYA

trnL-F

LT972249
GU901319
LR027092
LT972244
LR027376
LT972245
GU901358
GU901327
GU901328
LT972246
GU901372
GU901330
LR027094
LR026999
HF969013
LT972247
LT972248
LR027375
HF969012
GU901332
GU901333
HG004619
HG004618
GU901367
LR027368
HF969010
HG004632
LR028004
HG004620
HF969009
GU901387
GU901398
GU901340
LR027089
GU901329
GU901341
LR027374
GU901359
HG004645
HG004623
GU901348
HG004637
HG004617

HE805526
EF456127
HE805532
AF214152

HG004636
LR027373
GU901356
HG004642
HG004629

Subtribe
Ichnocarpinae

AM295087
Thevetiinae
EF456246
EF456194
Papuechitinae
AF214308
Apocyinae
AJ704332
Oxypetalinae
EF456142
EF456199
HE805527 Beaumontiinae
AY163668 Metastelmatinae
AF214202
HE805509
Asclepiadinae
HE805510
HE805533
AF214179
EF456132 Chonemorphinae
EF456241
Apocyinae
HE805522
HE805523
EF456140
HE805511
Cynanchinae
AJ428692
Cynanchinae
AJ290912
Cynanchinae

AJ488374
EF456186
EF456171
EF456147
AJ410207
EF456209
EF456105
AF214199
EF456153
AJ428794
HE805535
EF456106
HE805512
DQ916877
AJ574827
AF214227
EF456136
AY163695
HE805528

Ichnocarpinae
Eustegieae

Oxypetalinae

Tribe

Subfamily

Nerieae
Apocyneae
Alstonieae
Alyxieae
Amsonieae
Plumerieae
Echiteae
Apocyneae
Apocyneae
Asclepiadeae
Echiteae
Baisseeae
Apocyneae
Asclepiadeae
Ceropegieae
Asclepiadeae
Ceropegieae
Carisseae
Ceropegieae
Apocyneae
Apocyneae

Apocynoideae
Apocynoideae
Rauvolfioideae
Rauvolfioideae
Rauvolfioideae
Rauvolfioideae
Apocynoideae
Apocynoideae
Apocynoideae
Asclepiadoideae
Apocynoideae
Apocynoideae
Apocynoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Rauvolfioideae
Asclepiadoideae
Apocynoideae
Apocynoideae
Periplocoideae
Periplocoideae
Apocynoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Apocynoideae
Apocynoideae
Apocynoideae
Asclepiadoideae
Apocynoideae
Periplocoideae
Asclepiadoideae
Apocynoideae
Asclepiadoideae
Rauvolfioideae
Periplocoideae
Asclepiadoideae
Periplocoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Apocynoideae
Asclepiadoideae
Apocynoideae

Odontadenieae
Asclepiadeae
Asclepiadeae
Asclepiadeae
Marsdenieae
Marsdenieae
Ceropegieae
Echiteae
Odontadenieae
Apocyneae
Asclepiadeae
Echiteae
Fockeeae
Mesechiteae
Asclepiadeae
Hunterieae
Marsdenieae

Ichnocarpinae
Asclepiadinae

Ceropegieae
Marsdenieae
Marsdenieae
Apocyneae
Asclepiadeae
Malouetieae
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Species Name

PHYA

trnL-F

Laubertia contorta (Mart.& Galeotti) Woodson
Leptadenia pyrotechnica
Mandevilla boliviensis Decne.
Marsdenia carvalhoi Morillo & Carnevali
Marsdenia glabra Costantin
Matelea pseudobarbata (Pitter) Woodson
Microloma tenuifolium (L.) Kuntze
Motandra guineensis A. DC.
Neoschumannia kamerunensis Schltr.
Nerium oleander L
Odontadenia perrotteti (A. DC.) Woodson
Oncinema lineare (L. F.) Bullock
Oncinotis tenuiloba Stapf
Orthanthera jasminiflora Schinz
Oxypetalum capitatum Mart.
Oxystelma esculentum (L. f.) Sm.
Pachypodium leallii Welw.
Papuechites aambe Markgr.
Parameria laevigata (Juss.) Mold.
Parsonsia eucalyptophylla F. Muell.
Peltastes isthmicus Woodson
Pentalinon luteum (L.) B.F. Hansen & R.P. Wunderlin
Pergularia daemia (Forssk.) Chiov.
Pergularia tomentosa L.
Periploca aphylla Decne.
Petchia ceylanica (Wight) Livera
Petopentia natalensis (Schltr.) Bullock
Philibertia discolor (Schltr.) Goyder
Philibertia lysimachioides (Wedd.) T. Mey.
Phyllanthera grayi (P.I. Forst.) Venter
Pinochia corymbosa (Jacq.) M.E. Endress & B.F. Hansen
Pleioceras barteri Baill.
Prestonia lagoensis (Müll. Arg.) Woodson
Quaqua incarnata (L. f.) Bruyns
Raphionacme hirsuta (E.Mey.sec.N.E.Brown) R.A.Dyer
Rauvolfia serpentina (L.) Benth.
Rhabdadenia biflora Müll.Arg.
Rhazya orientalis A.DC.
Rhodocalyx rotundifolius Müll. Arg.
Rhyssolobium dumosum E. Mey.
Schlechterella abyssinicum (Chiov.) Venter & R. L. Verh.
Schubertia grandiflora Mart.
Secamone alpini Schult.
Secamone elliptica R. Br.
Secondatia densiflora A. DC.
Sindechites chinensis Oliv. & Tsiang:
Skytanthus acutus Meyen
Staphanotis floribunda Brongn.
Stenostelma corniculatum (E. Mey.) Bullock
Stipecoma peltigera Müll. Arg.
Tabernaemonta divericata (L.) R. Br. exRoem.Schult

GU901375
HG004614
GU901343
LR027091
LR027370
HG004621
LR027371
GU901361
HG004613
LR027093
GU901335
LR027090
GU901368

EF456180
HE805513
EF456134
DQ334521
EF456114

HG004644
HF969014
HG004628
GU901370
GU901371
GU901380
GU901324
HG004631
HG004641
HG004640
HG004616
HG004624
GU901376
LR027369
HG004643
GU901377
GU901378
LR027096
GU901337
HG004612
HG004615
HG004625
LR028003
GU901396
HG004635
HG004611
HG004622
LR027095
GU901389
GU901339
GU901393
HG004627
HG004634
HG004639
GU901394

AJ410230
EF456210
AJ410054
HE805529
EF456211
AJ428827
EF456141
AJ574827
AY163710
AJ290887
HE805530
EF456189
EF456197
EF456215
EF456129
EF456191
JN205300
HE805514
HE805524
AM295093
EF456107
AY163700
AJ290900
EF456103
EF456167
EF456251
EF456237
AJ488455
AJ581825
HE805539

Subtribe

Gonolobinae
Astephaninae

Astephaninae

Oxypetalinae

Papuechitinae
Urceolinae

Asclepiadinae
Asclepiadinae
Catharanthinae
Oxypetalinae
Oxypetalinae

Rauvolfiinae

AM295095
EF456238
AM233378
HE805525
AJ428827
Astephaninae
HE805519
EF456116
EF456228
EF456244 Amphineuriinae
AF214269
Thevetiinae
HE805517
AY163722
Asclepiadinae
EF456193
AF214399

Tribe

Subfamily

Echiteae
Ceropegieae
Mesechiteae
Marsdenieae
Marsdenieae
Asclepiadeae
Asclepiadeae
Baisseeae
Ceropegieae
Nerieae
Odontadenieae
Asclepiadeae
Baisseeae
Ceropegieae
Asclepiadeae
Asclepiadeae
Malouetieae
Apocyneae
Apocyneae
Echiteae
Echiteae
Echiteae
Asclepiadeae
Asclepiadeae

Apocynoideae
Asclepiadoideae
Apocynoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Asclepiadoideae
Apocynoideae
Asclepiadoideae
Apocynoideae
Apocynoideae
Asclepiadoideae
Apocynoideae

Asclepiadoideae
Asclepiadoideae
Apocynoideae
Apocynoideae
Apocynoideae
Apocynoideae
Apocynoideae
Apocynoideae
Asclepiadoideae
Asclepiadoideae
Periplocoideae
Vinceae
Rauvolfioideae
Periplocoideae
Asclepiadeae
Asclepiadoideae
Asclepiadeae
Asclepiadoideae
Periplocoideae
Odontadenieae
Apocynoideae
Wrightieae
Apocynoideae
Echiteae
Apocynoideae
Ceropegieae
Asclepiadoideae
Periplocoideae
Vinceae
Rauvolfioideae
Rhabdadenieae
Apocynoideae
Vinceae
Rauvolfioideae
Echiteae
Apocynoideae
Marsdenieae
Asclepiadoideae
Periplocoideae
Asclepiadeae
Asclepiadoideae
Secamonoideae
Secamonoideae
Odontadenieae
Apocynoideae
Apocyneae
Apocynoideae
Plumerieae
Rauvolfioideae
Marsdenieae
Asclepiadoideae
Asclepiadeae
Asclepiadoideae
Echiteae
Apocynoideae
Tabernaemontaneae Rauvolfioideae
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Species Name
Temnadenia odorifera (Vell.) J.F. Morales:
Thevetia peruviana (Pers.) K. Schum.
Thyrsanthella difformis (Walter) Pichon
Toxocarpus villosus(Blume) Decne
Trachelospermum jasminoides (Lindl.) Lem.
Tylophora hirsuta (Wall.) Wight
Urceola lucida Benth. & Hook. f.
Vallaris solanacea (Roth) O. Kuntze
Vinca major L.
Wattakaka volubilis (Linn.f.) Stapf.
Xysmalobium parviflorum Harv. ex Scott-Elliot
Zygostelma benthamii Baill

PHYA

trnL-F

GU901373
LR027097
GU901391
GU901399
HG004630

EF456179

GU901400
GU901401
LR028005
HF969011
HG004638
GU901404

3. RESULTS

3.1. Incongruence
As mentioned above, well-supported clades incongruent between the Bayesian and parsimony results were
not observed. In some cases, trnL-F provided higher
support for certain clades than did PHYA, but in other
cases the reverse was true. Overall resolution produced
by trnL-F for both Bayesian and parsimony analyses was
lower than for PHYA. We will not describe the results
of the separate analyses (they are highly similar), but we
do include figures here for comparison (Supplementary
data (Figures 1a, 1b, 2a, 2b)); we confine our discussion
to only the combined results because the individual gene
trees are congruent and the combined results are better
resolved and have higher support.
3.2. Combined trnL-F and PHYA analyses
The dataset comprises 112 taxa and 2325 characters,
of which 1400 are contributed by PHYA and 975 from
trnL-F. In the parsimony analysis, 701 characters (479
from PHYA and 222 from trnL-F) proved to be parsimony informative. Analysis produced 13960 equally
most-parsimonious trees with 3284 steps and a consistency index of 0.49 and retention index of 0.71. Mr Modeltest indicated that the best fit model was a general time
reversible model with an alpha parameter for the shape
of the gamma distribution to account for rate heterogeneity among sites (GTR+G+I). A burn in period of 2
106 generations per run was removed. The Bayesian tree
(Figure 2) generally depicts more resolved groups as
compared to the parsimony tree (Figure 1). Rauvolfioideae and Apocynoideae are non-monophyletic, but the
subfamilies of the traditional Asclepiadaceae are strong-

Subtribe

Tribe

Subfamily

Thevetiinae

Echiteae
Plumerieae
Odontadenieae

Apocynoideae
Rauvolfioideae
Apocynoideae
Secamonoideae
Apocynoideae
Asclepiadoideae
Apocynoideae
Apocynoideae
Rauvolfioideae
Asclepiadoideae
Asclepiadoideae
Periplocoideae

EF456177
EF456117
HE805531 Chonemorphinae
HE805515
Tylophorinae
EF456226
Urceolinae
EF456162 Beaumontiinae
HE805541
Vincinae
HE805516
AM295674 Asclepiadinae
EF456109

Apocyneae
Asclepiadeae
Apocyneae
Apocyneae
Vinceae
Marsdenieae
Asclepiadeae

ly supported. The APSA clade receives high support (BP
99; PP 1.0), and Wrightieae emerge as sister to the rest of
the clade.
In Rauvolfioideae, resolution of groups is low in
both analyses. Monophyly of Plumerieae receives low
support in both analyses (BP 59; PP 0.93), whereas
Vinceae are paraphyletic in the MP analysis and poorly
supported in the Bayesian tree (PP 0.83). In both analyses Tabernaemontana falls with Vinceae, whereas Hunterieae cluster with the Amsonia-Rhazya clade (BP 100;
PP 1.0), but this relationship is not well supported. The
position of Carisseae is found here as sister to the APSA
clade with weak support (BP 59; PP 0.91).
APSA is well supported (BP 100; PP 1.0). Rhabdadenia, the only genus of Rhabdadenieae, forms a weakly
supported clade with members of Malouetieae in the MP
analysis (Figure 1), whereas in the Bayesian tree Rhabdadenia appears elsewhere (Figure 2). Periplocoideae receive
good support in both analyses (BP 100; PP 1.0), but they
are embedded in Apocynoideae. The clade comprising
Odontadenieae, Mesechiteae, Echiteae and Apocyneae (all
Apocynoideae) is well supported (BP 99; PP 1.0).
Baisseeae (sensu Endress et al. 2007a) are supported
(BP 99; PP1.0) with Dewevrella as their sister. This clade
forms a strongly supported sister to the milkweeds in
the Bayesian tree (PP 1.0) and is relatively less well supported in the parsimony tree (BP 78).
The Secamonoideae-Asclepiadoideae clade receives
strong support in both analyses (BP 100; PP 1.0), and
the position of Fockeeae as sister to the rest is confirmed (BP 100; PP1.0). Members of Ceropegieae form a
well-supported clade (BP 99; PP 1.0) in Asclepiadoideae.
The monophyly of Marsdenieae receives strong support only in the Bayesian analysis (PP 0.99; BP 78). The
close relationship between these tribes receives strong
support also only in the Bayesian tree (PP 1.0; BP 53).
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Fig. 1. One of the most parsimonious trees for Apocynaceae based on sequences of the combined dataset (PHYA and trnL-F). Bootstrap
percentages > 50 and consistent with the strict consensus tree are indicated below branches. Cynanchum (P) = Cynanchum jacquemontianum.

Eustegia of the new tribe Eustegieae is recovered as sister to the combined Marsdenieae-Ceropegieae clade (BP
53; PP 1.0). The major clades in Asclepiadeae receive
strong support in the Bayesian analysis, whereas reso-

lution is relatively poor in the parsimony analysis. Subtribe Astephaninae (PP 1.0) is sister to rest of Asclepiadeae. The informally named ACT clade is not recovered
here due to the position of Cynanchineae (Figures 1, 2).
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Fig. 1. (Continued).

Asclepiadineae and Tylophorinae form a well-supported
clade (the AT clade) with Oxystelma as their sister (PP
1.0). Cynanchineae here comprise just the Old World
genus Cynanchum, which forms a strongly supported
clade sister to the MOG clade (BP 84; PP 1.0).
The MOG clade (all New World) receives strong support only in the Bayesian tree (PP 1.0). Within MOG,

Gonolobineae are monophyletic (PP 1.0). Blepharodon
(Metastelmatinae) is weakly supported (PP 0.61) as sister
to Funastrum (Oxypetalinae), resulting in Oxypetalinae
not being monophyletic. Within Oxypetalinae, Araujia,
Philibertia and Oxypetalum form a well-supported clade
(PP 1.0).
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Fig 2. Bayesian analysis of Apocynaceae using combined datasets (PHYA and trnL-F). Posterior probabilities are shown along branches.
Cynanchum (P) = Cynanchum jacquemontianum.

4. DISCUSSION

In the separate Bayesian and MP analyses, wellsupported incongruent nodes are not observed, which
was also reported by Livshultz (2010). Relationships are
better supported in the combined results (Figures 1, 2)
compared to the separate trnL-F and PHYA trees. Here,

we confine our discussion of results to the combined
analyses.
These results are broadly congruent with previously published phylogenetic studies of Apocynaceae
(Livshultz et al. 2007; Simões et al. 2007; Endress et al.
2007a), and like these both subfamilies of Apocynaceae
sensu stricto are not resolved as monophyletic. On the
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Fig. 2. (Continued).

basis of evidence from previous studies (Sennblad and
Bremer 2002; Simões et al. 2004 and 2007), members of
Alstonieae are sister to the rest of Apocynaceae. In our
study, Alstonia was designated as the outgroup (Figures
1, 2). The separate position of Amsonia and Rhazya from

the rest of Vinceae is in agreement with earlier DNA
studies (Potgieter and Albert 2001; Endress et al. 2007b;
Simões et al. 2007). However, a floral study conducted by
Endress et al. (2007b) on Amsonia and Rhazya suggested
that these two genera are more similar to Catharanthus
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and Vinca, but our results place the former pair with
Hunterieae. Endress and Bruyns (2000) treated Rhazya
as a synonym of Amsonia on the basis of similar fruits,
seeds and f loral morphology (Pichon 1949; Nilsson
1986), and this relationship is also strongly supported in
our study (BP 100; PP 1.0). As in Simões et al. (2007),
monophyly of Plumerieae did not receive strong support
in our analyses. Carisseae emerge as a sister group to the
APSA clade, corresponding with the results of Civeyrel
et al. (1998), Potgieter and Albert (2001), Simões et al.
(2007) and Livshultz et al. (2007).
4.1 APSA clade
Wrightieae of subfamily Apocynoideae is sister to
the rest of the APSA clade as was the case in other phylogenetic analyses of Apocynaceae (Sennblad and Bremer 1996 and 2002; Sennblad et al. 1998; Potgieter and
Albert 2001; Livshultz et al. 2007; Livshultz 2010).
A strongly supported clade termed as the ‘crown
clade’ by Livshultz et al. (2007) received less support in
our Bayesian tree (PP 0.92) and is weakly supported in
our MP analysis as compared to Livshultz et al. (2007)
and Livshultz (2010). However the moderately supported (PP 0.91) sister-group relationship of Malouetieae with the crown clade, as illustrated in recent studies
(Livshultz et al. 2007; Livshultz 2010), is also confirmed
in our analyses. Pachypodium has traditionally been
included in Echiteae (Pichon 1950), but Endress and
Bruyns (2000) transferred this genus into Malouetieae,
and this change was supported by Livshultz et al. (2007)
and our study.
Old World Apocyneae form a well-supported clade
with the New World tribes (Odontadenieae, Echiteae
and Mesechiteae) of Apocynoideae in both analyses.
In a recent phylogenetic analysis (Livshultz 2010), this
clade received less support: BP 68 compared to BP 100/
PP 1.0 here. Monophyly of Apocyneae is not supported
by the MP analysis as compared to 100 BP in Livshultz
(2010), but in the Bayesian tree they receive low support
(PP 0.84). Our sampling of more taxa may be responsible
for the shift in support observed in our results relative
to those of Livshultz (2010). The topology in Apocyneae
is somewhat inconsistent with that in Livshultz (2010),
only by adding Trachelospermum, a basal clade (PP
0.72) emerges comprising of Beaumontia, Trachelospermum, Vallaris, Sindechites, Papuechites and Anodendron.
In previous phylogenetic studies (Potgieter and Albert
2001; Sennblad and Bremer 2002; Simões et al. 2004 and
2007) Beaumontia and Trachelospermum form a clade
with Chonemorpha, but here Chonemorpha from subtribe Chonemorphinae is sister to Urceola from subtribe

Urceolinae (BP 100; PP 1.0; Figures 1, 2). In the present
study, only two subtribes Apocyinae and Ichnocarpinae of the tribe Apocyneae described in updated classification of Apocynaceae (Endress et al., 2014) appeared
monophyletic.
New World Apocynoideae (Echiteae, Mesechiteae
and Odontadenieae) do not form a well-supported clade
in our analyses as observed by Livshultz et al. (2007) and
Livshultz (2010). In our analyses we did not add more
taxa to the New World Apocynoideae group. Therefore
intergeneric relationships of New World Apocynoideae are similar to those observed in the studies of Livshultz (2010) (Figures 1, 2). Endress et al. (2014) recently
described subtribe Rhabdadenieae, which is sister to the
crown clade (as a separate clade in the Bayesian analysis
and with members of Malouetieae in MP) as observed by
Livshultz (2010).
4.2 Baisseeae (African clade)
Endress et al. (2007a) defined a new tribe Baisseeae
comprising three African genera – Baissea, Oncinotis
and Motandra – and Livshultz et al. (2007) stated that
Baisseeae are sister to the milkweeds rather than subfamily Periplocoideae. This relationship was originally
suggested by Macfarlane (1933) on the basis of their
geography (Livshultz et al. 2007). In previous phylogenetic analyses, this relationship has frequently been
noted, but with weak support (Sennblad et al. 1998; Potgieter and Albert 2001; Sennblad and Bremer 2002) and
more recently with stronger support (Lahaye et al. 2007;
Livshultz et al. 2007; Simões et al. 2007). In our analysis,
this sister relationship of Baisseeae receives strong support in the Bayesian analysis (PP 1.0) and comparatively
weak bootstrap support (BP 78). In contrast, tetrad bearing Periplocoideae are most closely related to polliniumbearing milkweeds, and Baisseae in the present study
and previous molecular studies (Sennblad and Bremer,
2000; Livshultz et al. 2007) received strong support as
sister to the pollinium-bearing milkweeds. In the classification of Endress and Bruyns (2000), Baissea and Motandra are grouped with Prestonia and Cycladenia on the
basis of corona characters (particularly finger-like projections above the stamens).
In molecular phylogenetic analyses Prestonia forms
a group with the ‘core Echiteae’, and Baissea and Motandra form a separate clade (Baisseeae; Livshultz 2010).
Recently, Livshultz et al. (2007) identified these genera
as having colleters on the adaxial surface of their petiole
(rarely extending onto the base). However, this character
is shared by Farquharia (Malouetieae), Isonema and Nerium (Nerieae). Therefore, morphologically, the African
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clade still needs additional characters to justify its separate tribal identity as the sister group of the milkweeds.
4.3 Periplocoideae
In both these analyses (Bayesian and MP), the position of Periplocoideae in Apocynoideae differs from the
analyses of Livshultz (2010). However, this result has
been observed in other previous studies (Sennblad and
Bremer 2000; Potgieter and Albert 2001; Livshultz et al.
2007; Livshultz 2010). On the basis of floral morphology (Table 3), the subfamily is regarded as an intermediate stage in a transition series between characters typical of Apocynoideae and those of milkweeds (Demeter
1922; Safwat 1962; Cronquist 1981; Rosatti 1989; Endress
1994, 2001 and 2004; Endress and Bruyns 2000; Wyatt
et al. 2000). Apocynum has pollen in tetrads with simple
translators, which is frequently considered to be the first
stage in this series (Demeter 1922; Safwat 1962; Nilsson
et al. 1993 and also cited by Livshultz et al. 2007). This is
followed by pollen in tetrads with spoon-shaped translators in some Periplocoideae and then further aggregation leading to a pollinia in some Periplocoideae (Nilsson et al. 1993; Verhoeven and Venter 1998; Livshultz et
al. 2007). Therefore, Periplocoideae as sister to the milkweeds is a common concept in the literature, but results

of phylogenetic analyses have shown that Periplocoideae
are more closely related to Apocynaceae sensu stricto;
instead, Baisseeae are the sister of the milkweeds (Kunze
1996; Judd et al. 1994; Struwe et al. 1994; Sennblad and
Bremer 1996; Endress 1997; Sennblad 1997; Potgieter
and Albert 2001; Sennblad and Bremer 2002; Livshultz et
al. 2007). Pollen in tetrads and pollinia have evolved in
parallel in the APSA clade (Livshultz et al. 2007).
In this analysis, Periplocoideae are well supported
(BP 100; PP 1.0) as observed in Livshultz et al. (2007)
and Livshultz (2010). The grooved translator clade
described by Ionta and Judd (2007) is also well supported in the Bayesian tree (PP 1.0) and receives relatively less support in the MP analysis (BP 70). These
results show Periploca (the type genus of subfamily Periplocoideae) is sister to the rest of the subfamily, which
can be contrasted with the findings of Ionta and Judd
(2007), in which Phyllanthera is sister to the rest of Periplocoideae. Note that Phyllanthera is sister to Petopentia
(BP 92; PP 1.0) with these data.
4.4 Asclepiadoideae-Secamonoideae (milkweed clade)
Secamonoideae have commonly been observed as
sister of Asclepiadoideae (Sennblad and Bremer 1996,
2000 and 2002; Civeyrel et al. 1998; Civeyrel and Rowe

Table 3. Key morphological characters in subfamilies of family Apocynaceae.
Subfamily

Key Characters

Rauvolfioideae

Corolla with sinistrorse aestivation in bud; anthers free from style head; staminal Sennblad (1997); Endress and Bruyns
filaments free; sclerified anther wings absent; pollen granular; stylar head
(2000)
secretions not differentiated; fruit a berry drupe or follicle; seeds lacking a coma
Corolla with dextrorse aestivation in bud; anthers adnate to style head; staminal Endress et al. (1996); Endress and
filaments free; sclerified anther wings absent; pollen granular; stylar head
Bruyns (2000)
secretions not differentiated; fruit a follicle; seeds comose
Corolla with dextrorse to valvate aestivation in bud; anthers adnate to style
Verhoeven and Venter (1998); Endress
head; staminal filaments free; sclerified anther wings absent; pollen in tetrads,
and Bruyns (2000); Goyder et al.
sometimes clumped into pollinia lacking waxy coating; stylar head secretions
(2012)
forming spoonlike translators with sticky basal viscidium; pollinia if present 4 per
translator; fruit a follicle; seeds comose
Corolla with dextrorse or sinistrorse to valvate aestivation in bud; anthers and
Civeyral (1996); Verhoeven and Venter
style head fused to form gynostegium; staminal filaments fused into a tube;
(1998); Endress and Bruyns (2000);
sclerified anther wings present; pollen in tetrads clumped into pollinia lacking
Goyder et al. (2012)
waxy coating; stylar head secretions differentiated into pale soft translator lacking
clearly structured translator arms (pollinia fused directly to corpusculum or on
short stalks); pollinarium with 4(-5) pollinia; fruit a follicle; seeds comose
Corolla with dextrorse to valvate aestivation in bud; anthers and style head fused Klackenberg (1995b); Civeyral (1996);
to form gynostegium; staminal filaments fused into a tube; sclerified anther
Endress and Bruyns (2000); Goyder et
wings present; pollen in tetrads clumped into pollinia encased in waxy coating; al. (2012)
stylar head secretions differentiated into dark hard translator with translator
arms (pollinia (mostly) linked to corpusculum via variously structured translator
arms); pollinarium with 2 pollinia; fruit a follicle; seeds comose

Apocynoideae
Periplocoideae

Secamonoideae

Asclepiadoideae

Reference
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2001; Fishbein 2001; Potgieter and Albert 2001; Lahaye
et al. 2005 and 2007; Livshultz et al. 2007). In our study,
this clade receives strong support (BP 100; PP 1.0).
Although not broadly sampled here, the included taxa
confirm monophyly of Secamonoideae with high support (BP 99; PP 1.0) Secamone is not recovered here as
monophyletic, which is congruent with the results of
Lahaye et al. (2007).
Asclepiadoideae, the largest subfamily of Apocynaceae, comprises ~3000 species distributed worldwide (Goyder, 2006). Currently, five tribes are recognized in the subfamily: Fockeeae, Ceropegieae,
Marsdenieae,Asclepiadeae (Endress et al., 2007a) and
Eustegieae (Endress et al., 2014). The position here for
Fockeeae is consistent with previous analyses (Civeyrel
et al. 1998; Fishbein 2001; Potgieter and Albert 2001;
Rapini et al. 2003; Livshultz et al. 2007; Livshultz 2010).
Eustegia is a monotypic genus with pendent pollinia,
placed in to separate tribe of Asclepiadoideae (Goyder
2006), but phylogenetic studies based on plastid markers
(Liede 2001; Rapini et al. 2003; Goyder et al. 2007) have
placed Eustegia sister to the Marsdenieae-Ceropegieae
clade, a result confirmed by our results
4.5 Ceropegieae-Marsdenieae clade
Meve and Liede (2004) recognized four subtribes in
Ceropegieae based on anatomical characters: Anisotominae, Heterostemminae, Leptadeniinae and Stapeliinae. In our study Leptadeniinae are sister to the rest of
Ceropegieae. Stapeliinae receive strong support (BP 100;
PP 1.0), and Anisotominae are sister to Stapeliinae with
strong support in the Bayesian analysis (PP 1.0) and
moderate support in the parsimony analysis (BP 88).
Both subtribes have overlapping morphological features (Meve 1995; Meve and Liede 2001a, 2001b and
2004). The Hoya/Dischidia group forms a well-supported subclade in both analyses (BP 100; PP 1.0) and along
with members of the genus Marsdenia they receive
strong support in the Bayesian analysis (PP 1.0) and
moderate MP support (BP 88). The association of Hoya
and Dischidia has previously been supported by Potgieter and Albert (2001), Livshultz (2002 and 2003), Rapini
et al. (2003), Meve and Liede (2004) and Wanntorp et al.
(2006a and 2006b). There is little molecular phylogenetic
data available for Marsdenieae; however, recently a few
studies have focused on Hoya (Wanntorp and Forster
2007; Wanntorp and Kunz 2009; Wanntrop et al. 2011).
Another well-supported subclade (BP 97; PP 1.0) in
Marsdenieae is comprised of Dregea, Gymnema, Stephanotis and Wattakaka. However, the position of Rhyssolobium seems unclear in both analyses. In the Bayesian

analysis this genus is sister to the subclade that is sister
to the rest, whereas with MP it is sister to other members of Marsdenieae; in both analyses, the position of
this genus is poorly supported. This result is congruent with Meve and Liede (2004) and Wanntorp et al.
(2006a).
Monophyly of Ceropegieae-Marsdenieae (which possess erect pollinia, regarded as a primitive condition in
Asclepiadoideae; Kunz, 1993) is well supported in Bayesian analysis (PP 1.0). In earlier studies (Orbigny, 1843;
Decaisne, 1844) Ceropegieae and Marsdenieae sensu
Endress and Bruyns (2000) were considered a single
entity.
However Endress and Bruyns (2000) treated Marsdenieae and Ceropegieae as two tribes, due to the lack of
hyaline insertion crest on outer surface of pollinium and
absence of an outer corona and milky latex in former
(Bruyns and Forster 1991; Omlor 1998; Meve and Liede
2004). However, Swarupanandan et al. (1996) again united these two tribes, and this idea was later supported by
molecular phylogenetic analyses (Potgieter and Albert
2001; Rapini et al. 2003; Meve and Liede 2004). Both
tribes have also been observed to have the lowest level of
polyploidy compared to other member of Asclepiadoideae (Albers and Meve, 2001).
4.6 Asclepiadeae
Asclepiadeae, the largest tribe of Asclepiadoideae
having pendent pollinia (Table 3) and reduced chromosome number (x=10, x=9) from basic number (x=11)
(Albers and Meve, 2001), are recovered here as monophyletic. The African genus Eustegia appearing as sister
to the Ceropegieae-Marsdenieae clade is now recognized
as separate tribe Eustegieae in Asclepiadoideae (Endress
et al., 2014). Higher levels of intergeneric resolution
in Asclepiadeae are recovered in the Bayesian analysis as compared to parsimony. In a broad overview of
Apocynaceae conducted by Rapini et al. (2003), three
main clades were defined — Astephaninae comprising of only three genera Astephanus, Microloma and
Oncinema sensu Liede (2001), ACTG (Asclepiadinae,
Cynanchinae, Tylophorinae and Glossonematinae) and
MOG (Metastelmatinae, Oxypetalinae and Gonolobinae). In the present study, Oncinema and Microloma
of Astephaninae are well supported as sister to the rest
of Asclepiadeae, a result similar to previous molecular
studies (Liede 2001; Rapini et al. 2003; Figures 1, 2). Of
the other two clades recovered by Rapini et al. (2003),
the MOG clade is resolved as monophyletic, whereas the
ACT clade remains non-monophyletic with these data.
Oxystelma is recovered here as sister to the Asclepiadine-
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ae-Tylophorinae clade (AT clade) with strong support in
the Bayesian analysis (PP 1.0). Oxystelma was among
the incertae sedis of Asclepiadoideae (Liede and Taüber
2000; Endress et al. 2007a), and previously Liede (1997)
included it in Metastelmatinae. In subsequent molecular
phylogenetic analyses (e.g., Potgieter and Albert 2001;
Liede and Taüber 2002; Liede et al. 2002; Rapini et al.
2003) the genus failed to a form a clade with members
of Metastelmatinae. Instead, this genus occupied a position sister to the rest of the AT clade, as also observed
here; however, in previous molecular phylogenetic analyses using plastid loci this close relationship was not wellsupported. In the updated classification of Apocynaceae
by Endress et al. (2014), Oxystelma was placed in subtribe Asclepiadineae. Cynanchineae here comprised of
only Old World taxa (Cynanchum viminale, C. jacquemontianum and C. obtusifolium) appear as sister of the
MOG clade (PP 1.0), which is comprised of members
from the New World. However, these results can be contrasted with Rapini et al. (2003) where Cynanchinae are
embedded in the ACT clade (but without support).
The MOG clade (New World) is recovered here with
high support (PP 1.0) as observed in previous studies
(Liede and Taüber 2000, 2002; Rapini et al. 2003; LiedeSchumann et al. 2005; Rapini et al. 2006). Blepharodon
lineare and Funastrum clausum were resolved taxa in
the study of Rapini et al. (2006) and appeared as sister to Metastelmatinae and Oxypetalinae, respectively.
According to Liede (1997) Funastrum clausum was previously included in Metastelmatinae on the basis of
morphological characters, but in the most recent classification (Endress et al. 2007a; Endress et al., 2014) and
also various molecular studies (Rapini et al. 2006) it is
placed in Oxypetalinae. However here in the Bayesian
analysis the relationship between Blepharodon lineare
and Funastrum clausum is unclear, but their sister-group
position to the rest of Oxypetalinae is well supported
(PP 1.0; Figure 2). The MP analysis fails to produce good
resolution in the MOG clade. In the present study, Oxypetalum is sister to Araujia-Philbertia, similar to the
result of Rapini et al. (2006). However, in earlier studies
(with fewer data) a close relationship between Philbertia
and Blepharodon (Liede and Taüber 2000) or Philbertia and Funastrum (Rapini et al. 2003) was observed.
Gonolobineae receive strong support with these data (BP
97; PP 1.0).
Our study included a low-copy nuclear region and
shows better resolution within some key clades in Apocynaceae when compared to previous studies, but the
relationships recovered are not in particular markedly
divergent from those obtained previously with just plastid data. The present analyses concluded that Rauvolf-
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ioideae, Apocynoideae and the traditional Asclepiadaceae are all non-monophyletic groups and that, in contrast,
the APSA clade is well supported. The crown clade of
Livshultz et al. (2007) and Livshultz (2010) received only
moderate support here. Our studies confirm that Periplocoideae are nested within Apocynoideae, in a position comparable to that in Livshultz et al. (2007). Periplocoideae should be placed in Apocynoideae rather
than thought of as the sister group of the milkweeds.
The sister group relationship between Baisseeae and the
milkweeds is also confirmed by our analyses. The ACT
clade was not monophyletic, whereas the MOG clade
was. Old World Cynanchineae forms a well-supported
group within the New World MOG clade.
In the present study support for clades are comparatively better than in studies where plastid regions
alone were sequenced. In the future, there is a need to
sequence greater numbers of taxa of Apocynaceae to
further refine the relationships in the family. There is
also a need to be increased field collection of material so
that high-quality DNA can be recovered from a wider
range of Apocynaceae taxa.
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Fig. 1a. Parsimony analysis of only PHYA sequences from Apocynaceae. Bootstrap percentages > 50 and consistent with the strict consensus tree are indicated below branches. Cynanchum (P) = Cynanchum jacquemontianum.
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Fig. 1a. (Continued).
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Fig. 1b. Bayesian tree based on only PHYA sequences. PP values are indicated above the branches. Values > 0.95 are considered as strong
support. Cynanchum (P) = Cynanchum jacquemontianum.
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Fig. 1b. (Continued).
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Fig. 2a. Parsimony analysis of trnL-F sequences of taxa present in combined analyses. Bootstrap percentages > 50 are indicated below
branches. Cynanchum (P) = Cynanchum jacquemontianum.
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Fig. 2a. (Continued).
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Fig. 2b. Bayesian analysis of trnL-F sequences of taxa included in combined analyses. Values > 0.95 are considered as strong support. Cynanchum (P) = Cynanchum jacquemontianum.
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Fig. 2b. (Continued).
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