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Abstract. Jasminum L. (Oleaceae) consists of ∼200 species that are distributed in tropical, subtropical and temperate regions of the
world. In India, this genus is represented by ca 47 species of which 16 are endemic. Based on the nuclear (internal-transcribed spacer
(ITS) region of nrDNA and chloroplast markers (matK, trnL-F and trnH-psbA), phylogenetic relationships in 22 species including
one variety of Jasminum in India have been assessed. Maximum likelihood and Bayesian analyses from individual markers, as well
as from combined dataset, reveal that the group is monophyletic if Menodora spp. are excluded from the analyses. Our analyses
recovered three strongly supported clades. Ancestral character state reconstruction of taxonomically useful characters (leaf forms,
leaf arrangement and flower colour) which were used to demarcate sections within the genus reveals homoplasy. Our study suggests
that after split from the last common ancestor, there have been at least four reversals to unifoliolate condition. Pinnately compound
leaf form evolved at least twice and trifoliolate condition evolved one time only. Alternate leaf form evolved at least twice, once in
clade 1 and once in clade 3 and all the time from ancestors having opposite leaf forms. Flower colour evolution clearly depicts that
clade 1 is yellow-flowered and clades 2 and 3 have admixture of white and yellow-flowered Jasminum species. Our study suggests that
yellow-flowered condition evolved from the white-flowered ancestor. The present study is first to estimate the evolutionary history of
Indian Jasmines.
Keywords. Jasminum; phylogeny; evolutionary relationships; character reconstruction; leaf and flower colour evolution.

Introduction
Jasminum is the largest genus of the olive family Oleaceae
with ∼ 200 species (Green 2004; Green and Miller 2009).
The genus is considered to be native of tropical and warm
temperate regions of the old world, with distribution from
Portugal to Canary Islands across southern Europe and
whole of Africa as far as Formosa, Tahiti and Australia
(Green 1969). In India, this genus is represented by ca 47
species, three subspecies and four varieties of which 16 are
endemic. The endemic species are mostly reported from
eastern and western Himalayas, Deccan Peninsula, and

Andaman and Nicobar Islands (Srivastava 2002; Green
2003). The members are mostly climbers, shrubs or woody
twiners (figure 1).
Economically this genus is much valued for its fragrant
flowers which form the backbone of the garland industry,
to adorn the hair of Indian women and are used for religious purposes. It is commercially cultivated in Andhra
Pradesh, Karnataka and Tamil Nadu (Rao and Rout
2003). It is also exploited for the extract (concentrate) of
the essential oil which is used in perfume industry (Murthy
and Khanna 1971) and for the production of attars and
hair oils (Hanelt 2001). The species like Jasminum sambac,
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Figure 1. Flowering twigs of some of the investigated species of Jasminum. (a) J. flexile Vahl (trifoliolate and opposite leaves); (b) J.
malabaricum Wight (simple and opposite leaves); (c) J. trichotomum Heyne; (d) J. grandiflorum L. (pinnate and opposite leaves); (e) J.
coarctatum Roxb. (simple, opposite, pubescent leaves and foliaceous bracts); (f) J. mesnyi Hance (opposite leaves and yellow flowers);
(g) J. bignoniaceum Wall. & G. Don (pinnate, alternate leaves and yellow flowers); (h) J. ritchiei Clarke (narrow and twisted corolla
lobes).
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Table 1. Sections of the genus Jasminum with key characters and taxa selected for the present study.
Section
Jasminum P.S. Green (Sect. Pinnatifolia DC.)

Unifoliolata DC.

Trifoliolata DC.

Alternifolia DC.

Primulina P.S. Green

Taxon
J. grandiflorum L.
J . officinale L.
J. polyanthum Franch.
J. sambac (L.) Aiton
J. angustifolium (L.) Willd.
J. angustifolium var.
sessiliflorum (Vahl) P.S. Green
J. coarctatum Roxb.
J. cordifolium Wall. & G. Don
J. cuspidatum Rottl. & Willd.
J. laurifolium Roxb. ex Hornem.
J. malabaricum Wight
J. multiflorum (Burm. f.)
Andrews
J. multiflorum (Burm. f.)
Andrews
J . nitidum Skan
J. ritchiei C. B. Clarke
J. trichotomum B. Heyne ex
Roth
J. flexile Vahl
J. affine Wight
J. agastyamalayanum Sabeena
et al.
J. auriculatum Vahl
J. azoricum L.
J. brevilobum DC.
J. calophyllum Wall. & G. Don
J. caudatum Wall. ex Lindl.
J . fluminense Vell.
J . sinense Hemsl.
J. bignoniaceum Wall. & G.
Don
J. odoratissimum
J . humile L.
J. mesnyi Hance
J . nudiflorum Lindl.

J. auriculatum, J. flexile and J. grandiflorum are cultivated
for commercial purposes.
The Oleaceae are divided into two subfamilies namely
‘Jasminoideae’ characterized by one to several erect ovules
per locule and four to 12 petals, and ‘Oleoideae’ characterized by two pendulous ovules per locule and four
petals. Although the family Oleaceae is monophyletic,
the ‘Jasminoideae’ are morphologically heterogeneous and
paraphyletic (Kim and Jansen 1998). The members of the
Oleoideae apparently form a monophyletic group with
x = 23 and are thought to be of allopolyploid origin
(Taylor 1945). In contrast, the Jasminoideae are a heterogeneous assemblage of those genera that do not fit in the
Oleoideae.
Jasminum is traditionally classified into four sections
(Alternifolia, Unifoliolata, Pinnatifolia and Trifoliolata)

Important morphological characters
Pinnately compound, opposite
leaves, white flowers
Unifoliolate, opposite leaves,
white flower

Three-foliate, opposite leaves,
white flower

Compound, alternate leaves,
yellow flowers
Three-foliate leaves, yellow
flowers

based on the leaf arrangement and the leaflet number (De
Candolle 1844). However, several systematic studies have
revealed that most of these sections are artificial (Rohwer
1994, 1995; Green 1997, 2001) (table 1).
Based on the cladistic analysis of the Oleaceae using
two noncoding chloroplast regions (rps-16 and trnL-F),
Wallander and Albert (2000) opined that the family was
monophyletic and can easily be circumscribed. But they
stated that the subfamily Jasminoideae is paraphyletic
and abandoned the long-standing scheme of subfamilial classification. Instead they recognized five tribes with
25 genera and 600 species. Wallander and Albert (2000)
retained the tribe Oleeae with four subtribes (Ligustrinae
with Syringia and Ligustrum, Schreberinae with Schrebera and Comoranthus, Fraxininae with Fraxinus and
Oleinae with the remaining 12 drupaceous genera). They
opined that the paraphyletic ‘Jasminoideae’ cannot be
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considered a stable group. Hence, the ‘Jasminoideae’
was split into four tribes namely Myxopyreae (Myxopyrum, Nyctanthes and Dimetra), Fontanesieae (Fontanesia),
Forsythieae (Abeliophyllum and Forsythia) and Jasmineae.
The tribe Jasmineae, considered to be monophyletic, has
species of Jasminum nested in it along with a few species
of Menodora, often considered to be the New World counterpart of Jasminum. Based on the fruit anatomy, the tribe
Jasmineae is unique in having bilobed fruits (Wallander
and Albert 2000). Jasminum has a bilobed berry with one
or two seeds per locule (one lobe frequently aborted), while
Menodora has a bilobed circumscissile capsule.
The objectives of the present study were to: (i)
analyse the phylogenetic relationships of species in India,
(ii) test monophyly of the sections raised on the basis
of morphology and (iii) infer evolutionary relationships
based on taxonomically important morphological characters and molecular markers.

Materials and methods
Collection of sample materials and herbarium consultation

Field trips were conducted in different parts of
Peninsular India (Kerala and Tamil Nadu). Herbarium
specimens were examined at Central National Herbarium (CAL), Herbarium, University of Calicut (CALI), JL
Tropical Botanical Garden Herbarium (TBGT), Kerala
Forest Research Institute Herbarium (KFRI) and The Fischer Herbarium, Coimbatore (FRC). Voucher specimens
were prepared for all the collected materials and deposited
in the Herbarium of the Botanical Survey of India, Coimbatore (MH). The leaves collected with permission from
the Forest Department of Kerala were preserved in silica
gel for molecular analyses. The vouchers and their details
along with author citations are given in table 2.
DNA extraction, amplification and sequencing

Genomic DNA was extracted using a DNeasy Plant Mini
kit (Qiagen, Amsterdam, The Netherlands). DNA amplification and sequencing of the internal-transcribed spacer
(ITS) region was performed using the primers ITS1 and
ITS2 (White et al. 1990), for matK (Kim et al. 2007), for
trnL-F and psbA-trnH (Taberlet et al. 1991). The polymerase chain reaction (PCR) was performed with standard
methods using Promega PCR mastermix (Promega Corporation, Madison, USA) in 25 µL volumes containing
50 units/mL Taq DNA polymerase (supplied in a proprietary reaction buffer (pH 8.5)), 400 µM dNTPs and
3 mM MgCl2 . To this 2 µL of a 10 pM solution of each
primer, 2 µL of genomic DNA and MilliQ water were
added to make a total volume of 25 µL. PCR amplification was performed with 35 cycles (denaturation for
1 min at 94◦ C, annealing for 1 min at 49◦ C and 1 min

of extension at 72◦ C followed by a last cycle of final
extension for 5 min at 72◦ C). PCR products were checked
for the presence of appropriate bands on a 0.8% agarose
gel, purified and sequenced at AgriGenome, Kochi, Kerala. The sequences of ITS region comprised of ITS1, 5.8S
and ITS2 regions. Forward and reverse sequences retrieved
from respective regions were edited and assembled using
the computer program Geneious 10.2.2 (Drummond et al.
2010). Multiple sequence alignment of all the regions automated and manual adjustments (wherever necessary) as
well as concatenation of the matrices were performed using
Geneious 10.2.2 with default settings. All sequences have
been deposited in the GenBank (table 2). All experimental
work was conducted in the Plant Systematics Laboratory,
Department of Botany, University of Delhi.

Phylogenetic analysis

Phylogenetic analyses were performed after selecting the
best-fit partitioning scheme and models for evolution for
different concatenated barcode regions using PartitionFinder2 (Lanfear et al. 2016), we ran PartitionFinder
with a greedy scheme by separating nrDNA and cpDNA
regions. PartitionFinder retrieved partitioning schemes
and models of evolution for the partitioned schemes which
was used as -q parameter in maximum likelihood (ML)
analyses. ML analyses were performed using RAxML
v. 8.1.18 (Stamatakis et al. 2008; Stamatakis 2006) and
MrBayes v. 3.2.3 X64 (Ronquist et al. 2012), on CIPRESS
Science gateway v. 3.3 (Miller et al. 2010). In Bayesian
analyses, parameters for the evolutionary model were set
to default and the state frequency parameter for stationary nucleotide frequency of the rate matrix was fixed. The
number of chains was set to four with three heated and
one cold chain. Two runs were executed in parallel. Analyses were run for 1,300,000 generations until stationarity
(standard deviation below 0.01) and ESS value above 200
in Tracer ver. 1.6.0 (Rambaut et al. 2014). In each run,
trees were sampled every 1000 generations with a sample frequency of 10. The parameters were summarized
after excluding 25% of the samples based on the inspection of log-likelihoods of sampled trees after stationarity.
The potential scale reduction factor (a convergence diagnostic) approached 1.0 for all the parameters suggesting
good sampling from the posterior probability distribution with no spread. Trees were summarized yielding a
cladogram showing posterior probabilities and clade credibility for each split and a phylogram with mean branch
lengths. RAxML was run under GTR-GAMMA model.
The RAxML bootstrap (BS) values were calculated using
1000 random iterations. The following criteria were used
to evaluate the posterior probability (pp): 50–80, low; 81–
94, moderate; 95–100, strong. The following criteria were
used to assess BS support percentages (BP): 50–70%, low;
71–84%, moderate; 85–100%, strong.

J. angustifolium (L.) Willd.

J. angustifolium var.
sessiliflorum (Vahl) P.S. Green
J. auriculatum Vahl

J. azoricum L.

J. bignoniaceum Wall. & G.
Don
J. brevilobum DC.

J. calophyllum Wall. & G. Don

J. caudatum Wall. ex Lindl.

J. coarctatum Roxb.
J. cordifolium Wall. & G. Don

J. cuspidatum Rottl. &Willd.

J. flexile Vahl

2
3

4

5

6

7

8

10

11

12
13

14

15

9

C. mala-elengi (Dennst.) P.S.
Green
J. affine Wight
J. agastyamalayanum Sabeena,
Asmitha, Mulani, E.S.S.
Kumar & Sibin

1

Species name

RN 067 (MH)

RN 069 (MH)

RN 065 (MH)
RN 079 (MH)

RN 071 (MH)

RN 080 (MH)

RN 066 (MH)

RN 087 (MH)

RN 083 (MH)

RN 077 (MH)

RN 088 (MH)

RN 085 (MH)

RN 078 (MH)
RN 081 (MH)

RN 091 (MH)

Voucher

Chinnar WLS,
Idukki
Agasthyamala
iosphere Reserve,
Thiruvananthapuram
Valiyathannimoodu,
Thiruvananthapuram
Pattambi, Palakkad
Agasthyamala
Biosphere Reserve,
Thiruvananthapuram
Muthanga WLS,
Wayanad
Nilambur,
Malappuram

Chavara, Kollam
Agasthyamala
Biosphere Reserve,
Thiruvananthapuram
Pallikara,
Ernakulam
Parambikkulam
WLS, Palakkad
Amaravila, Thiruvananthapuram
Mundakkal,
Kollam
Munnar, Idukki

Kalpetta, Wayanad

Locality

MG762704

−

−

−

MG762702
MG762705
MG762706

−
MG762703

MG727723

MG727724
−
−

−
−

MG754888

−

MG754886
MG75487

MG754885

MG754884

−
MG762701

MG762715

−

MG754883

MG754882

−

MG754881

MG754880
−

MG754899

trnH-psbA (20)

MG727722

MG762700

MG727721

MG762699

−

−

MG727720

MG762698
−

MG762716

mat-K (21)

MG727718
MG727719

MG727732

ITS (16)

Table 2. Jasminum species and other related taxa of the family Oleaceae used in the present study, voucher number and herbarium acronyms follows.

MG754904

−

MG754902
MG754903

−

−

−

MG754901

MG754900

−

−

−

−
−

MG754911

trnL-trnF (12)
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E. Wallander 193
(GB)

E. Wallander 130
(GB)
E. Wallander 194
(GB)

J . humile L.

J. laurifolium Roxb. ex Hornem.

J. malabaricum Wight

J. mesnyi Hance
J. mesnyi Hance

J. multiflorum (Burm. f.)
Andrews
J. multiflorum (Burm. f.)
Andrews iruvachi
J . nitidum Skan

J . nudiflorum Lindl.

J . odoratissimum L.

J . officinale L.

J. polyanthum Franch.
J. ritchiei C. B. Clarke

18

19

20

21
22

23

26

27

28

29
30

25

24

K. Å. Dahlstrand
2073 (GB)
RN 075 (MH)

J. grandiflorum L.

17

RN 090 (MH)
RN 070 (MH)

E. Wallander 195
(GB)

RN 084 (MH)

RN 082 (MH)

RN 086 (MH)
E. Wallander 244
(GB)

RN 068 (MH)

L. Struwe 1098
(NY)
RN 076 (MH)

Voucher

J . fluminense Vell.

Species name

16

Table 2 (contd)

Thrippunithura,
Ernakulam
Kalpetta,
Wayanad
Munnar, Idukki
KYOTO: Kyoto
University,
Faculty of
Agriculture. Tree
garden
Pallikkara,
Ernakulam
Mundakkal,
Kollam
USA: cultivated in
the New York
Botanical
Garden. Acc. #:
566/95
USA: cultivated in
the New York
Botanical
Garden. Acc. #:
05279
Canary Islands,
Tenerife: Adeje,
Barranco del
Infierno
USA: cultivated in
the New York
Botanical
Garden. Acc. #:
1904/95
Ooty, Tamil Nadu
Sulathanbethery,
Wayanad

Mundakkal,
Kollam
NA

NA

Locality

MG762708
−
−

MG762709
MG762710
−

−
−
−

−
−
−

MG762697
MG762711

−

−

MG727726
MG727731

−

−

−

MG762707

−

−

−

MG762696

MG727725
−

−

mat-K (21)

−

ITS (16)

MG754894
MG754895

−

−

−

−

MG754893

MG754892

−
−

MG754891

MG754890

−

MG754889

−

trnH-psbA (20)

MG754909
MG754910

AF231843

AF231842

AF231841

AF231840

MG754908

MG754907

−
AF231839

MG754906

−

AF231838

MG754905

AF231837

trnL-trnF (12)
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Sino-American
Guizou Bot. Exp.
No. 228 (NY)

J . sinense Hemsl.

J. trichotomum B. Heyne ex
Roth
L. vulgare L.

J. africanum (Hook.) Dwivedi
MD. and Pandey A. K. Comb.
nov. (=Menodora africana
Hook.)
J. integrifolium (Cham. &
Schltdl.) Dwivedi MD. and
Pandey A. K. Comb. nov. nov.
(=Menodora integrifolia
(Cham. & Schltdl.) Steud.
N. aculeata Craib.

N. arbortristis

S. vulgaris L.

34

35

37

40

41

A.F.G. Kerr 13501
(K)
K.Å. Dahlstrand
(GB)
E. Wallander
111(GB)

S. G. Tressens et
al. 546 (GB)

K.Å. Dahlstrand
1081 (GB)

E. Wallander 168
(GB)

RN 089 (MH)

Sweden:
Göteborg.
Cultivated in the
Botanical
Garden

India

Thailand

South America

SL Puram,
Alappuzha
Attingal, Thiruvananthapuram
Chirayinkeezhu,
Thiruvananthapuram
New York
Botanical
Garden:
cultivated
Parambikkulam,
Palakkad
Sweden:
Göteborg.
cultivated in the
Botanical
Garden
South Africa,
Cape colony

Locality

MG762714

MG727729

−

−
−

−

−

−
−
−

MG727730
−

−

−

−
−
−

−

−

−

−

−

−

−

MG754898

MG754897

MG754896

trnH-psbA (20)

−

−

MG762713

MG762712

mat-K (21)

MG727727

MG727729

ITS (16)

Numbers below each gene represent numbers of sequences generated for the present study (two new combinations for Sl. nos. 37 and 38). NA, not available.

39

38

36

RN 073 (MH)

J. Sambac (L.) Aiton

33

RN 072 (MH)

J. Sambac (L.) Aiton

32

RN 074 (MH)

Voucher

J. Sambac (L.) Aiton

Species name

31

Table 2 (contd)

AF231882

AF231863

AF231862

AF231850

AF231849

AF231848

−

AF231844

−

−

−

trnL-trnF (12)
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Evolution of morphological characters

Results

To investigate the evolutionary history of leaf
morphology (forms and arrangement) (figure 2) and
flower colour within the genus, specimens were
examined for the representative species using freshly collected plant samples, herbarium specimens housed at
different herbaria and available literature. This study used
majority consensus tree obtained from a Bayesian
analysis of molecular (ITS, matK, psbA-trnH and trnL-F)
and morphological data. The analyses scored the presence
and absence of the leaf morphology and flower colour.
Characters recorded include leaflet number (states coded
as 0, unifoliolate; 1, trifoliolate; 2, multifoliolate), leaf
arrangement (states coded as 0, alternate; 1, opposite) and
flower colour (0, white; 1, yellow) (table 3). Evolution of
morphological characters was examined by ancestral state
reconstruction using Mesquite v. 3.3.1. Two evolutionary
models were considered: Mk1 (with one parameter where
change is considered equally likely) and asymmetrical twoparameter Markov-k model (has two parameters: one for
the rate of change from state 0 to 1 (the ‘forward’ rate)
and one for the rate of change from 1 to 0 (the ‘backward’
rate). Models were chosen using the likelihood ratio test
(Huelsenbeck and Crandall 1997).

Sequence analyses

In the present analysis, 92 sequences from 33 species of
the genus Jasminum and five outgroup taxa (total 38 taxa)
were analysed and have been deposited in the GenBank
(accession no. MG734794-MG734760 (ITS); MG754880MG75489 (trnH-psbA); MG754900-MG754911 (trnLtrnF) and MG762696-MG762716 (matK)). Twenty-four
of the ca 47 Jasminum species from India are now represented by at least one DNA sequence, while 23 species
still remain to be sequenced. The species such as J.
cuspidatum and J. angustifolium var. sessiliflorum could
not be amplified with the primers used in the present
study. As compared with the previous study by Wallander and Albert (2000), we generated 78 sequences from
27 accessions of 22 species, one variety and one outgroup were contributed towards the phylogeny of the genus
Jasminum.
Alignments

The multiple alignments of the ITS regions (ITS1, 5.8S
and ITS2) consist of 741 sites including indels (2.8%).

Figure 2. Diversity of leaf forms in Jasminum. (a) J. bignoniaceum Wall. & G. Don (pinnate leaf, odd leaflet slightly smaller than
the lateral leaflets); (b) J. grandiflorum L. (pinnate with equal-sized odd and lateral leaflets); (c) J. officinale L. (pinnate leaf, lateral
leaflets slightly smaller than the odd leaflet); (d) J. azoricum Burm. f. (trifoliolate with equal-sized odd and lateral leaflets); (e) J. flexile
Vahl (trifoliolate leaf, lateral leaflets slightly smaller than the odd leaflet); (f) J. mesnyi Hance; (g & h) J. auriculatum Vahl (trifoliolate
leaf with highly reduced lateral leaflets); (i) J. auriculatum Vahl (trifoliolate leaf with one lateral leaflet is completely reduced); (j)
J. auriculatum Vahl (both lateral leaflets are completely reduced and appears as unifoliolate leaf); (k) J. ritchiei Clarke (unifoliolate
leaf).
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Table 3. Character matrix showing the character states for all the species used in the ancestral state reconstruction in Mesquite.

Taxon/character
C. mala-elengi
J. affine
J. agastyamalayanum
J. angustifolium var. angustifolium
J. auriculatum
J. azoricum
J. bignoniaceum
J. brevilobum
J. calophyllum
J. caudatum
J. coarctatum
J. cordifolium
J. flexile
J. fluminense
J. grandiflorum
J. humile
J. laurifolium
J. malabaricum
J. mesnyi
J. multiflorum
J. nitidum
J. nudiflorum
J. odoratissimum
J. officinale
J. polyanthum
J. ritchiei
J. sambac
J. sinense
J. trichotomum
L. vulgare
M. africana
M. integrifolia
N. aculeata
N. arbor-tristis
S. vulgaris

Leaf forms (0 - unifoliolate,
1 - trifoliolate, 2 - pinnately compound)

Leaf arrangement
(0 - alternate, 1 - opposite)

Flower colour
(0 - white, 1 - yellow)

0
1
1
0
1
1
2
1
1
1
0
0
1
1
2
2
0
0
1
0
0
1
2
2
2
0
0
1
0
0
?
0
0
0
0

1
1
1
1
1
1
0
0
0
1
1
1
1
1
1
0
1
1
1
1
1
1
0
1
1
1
1
1
1
1
1
1
1
1
1

0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
1
0
0
1
0
0
1
1
0
0
0
0
0
0
1
1
1
0
0
0

Of the total aligned sites, the ITS region consists of 560
(80.7%) variable sites and 181 (19.3%) conserved sites. The
5.8S region consists of conserved sites only. The multiple alignments of the matK regions were comprised of
788 sites with no indels. Of the total aligned sites, the
matK region consists of 708 (90%) identical/conserved
sites and 80 (10%) informative/variable sites. The multiple alignments of the trnL–trnF spacer regions consist of
474 sites including 10% indels. Of the total aligned sites, the
trnL–trnF region consists of 338 (71%) identical/conserved
sites and 136 (29%) informative/variable sites. The multiple alignments of the trnH–psbA spacer regions consist of
591 sites including 15.5% indels. Of the total aligned sites,
the trnH–psbA spacer region consists of 353 (60%) identical/conserved sites and 455 (40%) informative/variable
sites. The complete alignment consists of 2577 sites including 28.3% indels. Final alignment has been submitted to
TreeBASE (http://purl.org/phylo/treebase/phylows/study/
TB2:S22093).

ML and Bayesian phylogenetic analyses

The topologies of the ML trees from RAxML analyses
for the nuclear ribosomal ITS region and the combined
chloroplast regions do not differ for any of the wellsupported clades. The tree topologies retrieved from ML
and Bayesian analyses are also congruent for all the
well supported clades. In the present communication,
best ML combined tree (figure 3, nrDNA+cpDNA) has
been provided in the main text and combined cpDNA
and individual trees from the cpDNA regions have been
provided as supplementary material (figures 1–4 in electronic supplementary material at http://www.ias.ac.in/
jgenet/). Among the individual trees, the ITS tree is
better resolved followed by cpDNA trnL-F (figure 2 in
electronic supplementary material), matK (figure 3 in electronic supplementary material) and trnH-psbA (figure 4
in electronic supplementary material), respectively. The
phylogeny obtained from cpDNA trnH–psbA was least
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Figure 3. Best ML tree inferred with RAxML from 2577 aligned nucleotides of the combined 77 nrDNA (ITS) and cpDNA (trnL-trnF
spacer, matK, psbA-trnH) for 33 accessions of 25 species of Jasminum. The tree is rooted by the clade of Chionanthus, Syringa,
Ligustrum and Nyctanthes (Wallander and Albert 2000) sp.; RAxML BS values  60 indicated above the branches, Bayesian posterior
probability values  0.80 below the branches.

informative followed by matK as the well supported
clades retrieved could not be established. The combined
ML analysis for cpDNA regions is congruent to the
individual phylogeny of trnL-F, and combined phylogenies of matK+trnL-F, and ITS+matK+trnL-F+trnHpsbA. The ML and Bayesian topology only differ for one

species in the case of ML analyses (figure 1 in electronic
supplementary material) which makes J. sambac clade
paraphyletic though the support value is below threshold (BS less than lower limit of the support value). In the
Bayesian analysis for combined dataset (ITS+cpDNA),
a total of 3382 trees were obtained from both the runs
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Figure 4. Ancestral state reconstruction of (a) leaf forms, (b) leaf arrangement for the clades retrieved. The model of reconstruction
used was ML under the Markov K-State one parameter model in Mesquite v. 3.3.1. Ancestral state reconstruction was estimated
using 50% majority rule topology obtained by Bayesian analyses. ML values of reconstruction of leaf arrangement and leaf form for
specific nodes of 100 probable parsimonious resulting from Bayesian tree is provided in table 4: for unifoliolate (white), pinnately
compound leaves (black) and trifoliolate leaves (green) and taxa with data deficient (whitish); opposite (red); alternate (white).
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Figure 5. Ancestral state reconstruction of flower colour for the clades retrieved. The model of reconstruction used was ML under the
Markov K-State one parameter model in Mesquite ver. 3.3.1. Ancestral state reconstruction was estimated using 50% majority rule
topology obtained by Bayesian analyses. ML values of reconstruction of flower colour for specific nodes of 100 probable parsimonious
resulting from Bayesian tree is provided in table 4.

with 1691 in each run of which 1269 were sampled. The
50% majority rule consensus trees resulting from the two
searches are similar in topology (ML tree). The iteration ran for 16,90,000 generations until stationarity was
reached (SD = 0.01). The ML analyses recovered one best
ML tree. Similar results were obtained from both (ML
and Bayesian) analyses (figure 3). Further, we describe the
results of ML analyses, with additional remarks regarding
Bayesian analyses. The ingroup taxa of Jasminum spp. are
split into three major clades. Clade 1 consists of members
of section Alternifolia (compound alternate leaves with yellow flowers), clade 2 consists of two African species of
Menodora and clade 3 consists of members of remaining
sections (figure 3).
In the present study, the phylogenetic relationships of
the genus Jasminum are well resolved except for a few
species which have been obtained from the GenBank
and have only one overlapping region (trnL-F). The trees
were rooted using outgroup clade consisting of Chionanthus mala-elengi, Ligustrum vulgare, Nyctanthes aculeata,
N. arbor-tristis and Syringa vulgaris. The monophyly of the
Jasminum is strongly supported for Indian species (100/1),
but with addition of the genus Menodora, the genus is
recovered paraphyletic.
ML analyses of the combined dataset recover three main
clades. Clade 1 (94/1) which comprises of J. bignoniaceum

is sister to J. humile (94/1) and both the species in turn are
sisters to J. odoratissimum (94/1) which is not an Indian
species. All the species in this clade belong to the section
Alternifolia which is characterized by alternate and compound leaves and yellow coloured flowers. Clade 2 (100/1)
consists of two species of Menodora namelyM. integrifolia and M. africana (100/1). Clade 3 includes species of
Jasminum from remaining four sections.

Evolution of morphological characters

Evolutionary trend for the evolution of morphological
characters such as leaf forms (pinnately compound; trifoliolate and unipinnate), leaf arrangement (opposite and
alternate) and flower colour (white and yellow) were
inferred (figures 4, a&b and 5; tables 4–6). Ancestral character state reconstruction was performed of taxonomically
useful morphological characters such as leaf forms, leaf
arrangement and flower colour which were used to demarcate sections within the genus. Results reveal homoplasy.
Further, we found that after split from the last common
ancestor there have been at least four reversals to unifoliolate condition. Pinnately compound leaf form evolved
twice and trifoliolate condition evolved one time only
(figure 4a). Alternate leaf form evolved at least twice, once
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Table 4. Summary of evolution of leaf forms in genus Jasminum, ML values for reconstruction of leaf forms (pinnately compound; trifoliolate and unifoliolate) at specific nodes
of the tree taken from the 100 most probable trees from the results of Bayesian analyses
(figure 4a).
Leaf forms
Common ancestor to the genus
Clade 1
Clade 2
Clade 3

Unifoliolate

Trifoliolate

Pinnately compound

0.84966
0.43333
0.653784
0.0004244

0.0737
0.10356
0.2014059
0.998

0.0765
0.46304
0.144809
0.000987

Table 5. Summary of evolution of leaf arrangement in genus
Jasminum, ML values for reconstruction of leaf arrangement
Alternate; opposite) at specific nodes of the tree taken from the
100 most probable trees from the results of Bayesian analyses
(figure 4b).
Leaf arrangement
Common ancestor to the genus
Clade 1
Clade 2
Clade 3

Alternate

Compound

0.98
0.77
0.98
1

0.01
0.22
0.0186
4.04 × 10−15

Table 6. Summary of evolution of flower colour in genus
Jasminum, ML values for reconstruction of flower colour
(white; yellow at specific nodes of the tree taken from
the 100 most probable trees from the results of Bayesian
analyses) (figure 5).
Leaf forms

White

Yellow

Common ancestor to the genus
Clade 1
Clade 2
Clade 3

0.910
0.5555
0.831
1

0.08969
0.4444
0.168
0

in clade 1 and once in clade 3 and all the time from
ancestors having opposite leaf forms (figure 4b). Flower
colour evolution clearly depicts that clade 1 is yellowflowered clade and clades 2 and 1 have admixtures of
white and yellow-flowered Jasminum species, suggesting
that yellow-flowered condition originated from the whiteflowered ancestor (figure 5).

Discussion
The genus Jasminum has been divided into different
sections based on leaf morphology and flower colour (De
Candolle 1844; Green 2001). The generic circumscription of the genus Menodora is controversial, as two of
the species in the genus are embedded in the Jasminum

clade (Wallander and Albert 2000). The developmental
studies on fruits and seeds of Jasminum and Menodora
have revealed that there is close resemblance in the seed
coat characters in the initial developmental stages (Rohwer
1995).
In the current circumscription, the genus Jasminum is
paraphyletic due to inclusion of Menodora species (Rohwer
1995; Wallander and Albert 2000). The two species of
Menodora (M. integrifolia and M. africana) analysed in
the present study corroborates with the work of previous
workers and therefore, should be merged within genus Jasminum. Also, the seed and fruit morphological data of
Menodora suggest the merging of Menodora within Jasminum (Rohwer 1995).
In the present study, we analysed 11 species (of 15
species) in the section Unifoliolata which includes three
accessions of J. sambac (87/1) collected from different
localities in Kerala (Kuttimulla, Vallimulla and Arimulla).
The sambac clade is in polytomy with J. polyanthum and
J. grandiflorum, belonging to section Jasminum (former
section Pinnatifolia). There is one more species under section Jasminum, J. officinale, which is in polytomy along
with J. grandiflorum. J. angustifolium which is sister to
J. laurifolium (83/1). Both share synapomorphies such as
similar flower colour, glabrous leaves, and have moderate
fragrance. In the same clade, J. multiflorum is placed as
sister to J. angustifolium and J. laurifolium clade (87/1).
J. malabaricum endemic, to Western Ghats, is placed in
polytomy along with J. mesnyi, J. cordifolium (endemic)
and J. sinense. J. coarctatum is sister to J. ritchiei (96/1)
and both share characters such as small climbing habit
and grow in moist deciduous forests.
Section Trifoliolata is characterized by trifoliolate and
opposite leaves. In our study we analysed 10 species
belonging to this section, out of which sequences of J.
sinense have been retrieved from the GenBank. It is a
Sino American species and is in polytomy with Unifoliolata and Primulina species which includes J. affine which
is sister to J. auriculatum (96/1). J. affine and J. auriculatum share characters such as reduced lateral pinnae and
are highly fragrant. J. brevilobum is endemic to peninsular
India and is sister (93/1) to both J. affine and J. auriculatum.
J. flexile is sister to J. caudatum (100/1). Morphologically
also the two species have many overlapping characters.
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J. azoricum is sister to the above clade (51) which is
characterized by equal-sized pinnae (lateral and odd both),
in contrary to the above Jasminum species which have lateral pinnae slightly smaller to the odd pinnae. J. azoricum
has flowers with high fragrance, while in J. flexile and J.
caudatum, it is moderately fragrant.
Section Primulina consists of two species, J. mesnyi and
J. nudiflorum. This section is characterized by trifoliolate
leaves and yellow flowers. Both species are in polytomy and
the section is not supported by sequence data.
In a study by Banfi (2014), a new genus was raised for
section Alternifolia based on characters discussed above,
and provided new combination to all the species with
generic epithet Chrysojasminum, but after this study it is
clear that the characters used to raise sections show homoplasy and hence the sections do not stand in the light of
previous studies. Here we do not support the findings of
Banfi (2014).
Our study reveals that the taxonomically important
characters that used to raise the sections within the genus
revealed homoplasy. We, therefore, suggest that these characters should not be used for infrageneric classification of
the group.
The inferred two transitions from unifoliolate leaf form
to trifoliolate (clade 3) and pinnately compound leaf (clade
1) illustrate the diversity of habitats in which Jasminum
spp. are distributed. Our study also reveals that unifoliolate
leaf form is ancestral to the ingroup and has suffered five
reversals within the group of which most likely three times
from the trifoliolate ancestor. The presence of reduced lateral pinnae in J. auriculatum, J. affine and J. brevilobum
indicates that these plants are in the state of evolutionary
fluctuation and it could be speculated that the characters
(reduced lateral pinnae) are in the transition state between
the trifoliolate and unifoliolate leaf form. The ancestral
state reconstruction for the leaf arrangement reveals that
the opposite leaf form is ancestral to the group, with a
clear distinction for clade 2 consisting of Jasminum species
having alternate leaves arising from the opposite leaved
ancestor. Also, two members of section Trifoliata namely.
J. calophyllum and J. brevilobum embedded in clade 3 tend
to have alternate leaf arrangement.
Members of genus Jasminum are known to possess fragrant flowers which make them economically useful in the
field of perfumery and essential oil industry. The ethereal
components are housed in the flowers, acting as attractants
for pollinators. As flower colour provides floral signals to
pollinators, ancestral state reconstruction was conducted
to study evolution of flower colour within the group.
Results reveal that the last common ancestors (Nyctanthes spp.) for the group are white-flowered and bloom in
the night, pollinated by Thrips spp. (Raizada and Nangia
1989). All the three clades recovered within the genus consist of yellow-flowered taxa, originating most likely from
the white-flowered ancestor. The evolution of yellow flower
is most likely to be apomorphic and positively directional

selection for the group. The possible explanation for this
result could be that the brightly coloured flowers (yellow)
may have evolved to help in expanding the spectrum of
pollinators and better fidelity and diversification as have
been seen in other groups (Thakur and Bhatnagar 2013).
Thus, the present endeavour seems to be the maiden
attempt towards understanding the phylogeny and morphological character evolution of the Jasminum species in
India using molecular markers.
In conclusion, based on morphological and molecular
data, the following conclusions were drawn: (i) Jasminum
is monophyletic as assessed from different markers individually as well as combined dataset analyses for Indian
samples but is paraphyletic if African Menodora is added
to the present dataset. (ii) The molecular data do not
support the morphology based classification of the genus
Jasminum as the sections raised on morphology were not
monophyletic. (iii) Ancestral state reconstruction of leaf
morphology reveals that the simple undivided leaf is plesiomorphic and pinnately compound leaf is apomorphic.
(iv) Morphological (seed and fruit data) and molecular studies support new combination for two species of
Menodora.
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