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Abstract

Data from morphological characters and sequence of chloroplast intergenic spacer region ndhF-rpl32 were analyzed for
the same set of 18 species of Solanaceae and one outgroup Ipomoea cairica, a member of sister family Convolvulaceae. In
the present study, ndhF-rp/32 intergenic spacer region was utilized to explore systematic relationships within Solanaceae.
Sequence analysis revealed that the intergenic spacer ndhF-rp/32 was a hyper variable region in terms of nucleotide deletion
compared to the other coding (rbcL, matK) and non-coding region (a#pB-rbcL) of the chloroplast genome. The result of
separate parsimonious analysis revealed that the topology of both morphological and molecular phylogenetic trees were
similar with respect to the division of subfamilies within Solanaceae but are in conflict with respect to the resolution of the
tribal and intergeneric association within monophyletic subfamily Solanoideae. The sequence based parsimonious analysis
results in few fully resolved clades within Solanoideae. Moreover, the Bayesian analysis provides the increased resolution

within Solanoideae and for the rest of the tree.

Key words: Intergenic association, Molecular data, Morphological data, ndhF-rp/32, Bayesian inference, Parsimony

analysis, subfamilial association.
Introduction

Plant systematics has been an area of research with
constant advancements. Many datasets have been employed
to infer the relationship at various taxonomic levels.
However, focus has been on morphological and molecular
characters (Chao et al., 2020; Freire et al., 2015; Bengtson et
al., 2014). The morphological characters are frequently used
in taxonomic studies as they are easily observable. Despite of
holding phenotypic plasticity and high level of homoplasy,
these are useful evidence, particularly at the specific and
generic ranks. These evidences provide the basic language
for plant identification, characterization, classification and
relationships (Subrahmanyam, 2009; Givnish & Sytsma,
1992). Morphological data has also been used to reconstruct
the phylogeny of plants (Pakso et al., 2016; Ghimire & Heo,
2014), particularly for the extinct species (Niklas and Crepet,
2020; Scotland et al., 2003; Donoghue & Sanderson, 1992).
However, with the accessibility of new source of evidences,
especially molecular characters, the understanding of
resolved phylogeny is better now. Molecular data provide
low level of homoplasy (Hilu et al., 2014; Avise, 2012;
Dong et al., 2012; Givnish & Sytsma, 1992), large number
of characters and relative unambiguity in scoring method
(Sanderson & Donoghue, 1989). Although the output from
molecular approach has improved greatly in both quality and
quantity, it has also been recognized that both morphological
and molecular methods have discrete advantages in
phylogenetics (Bengtson et al., 2014; Marghali et al., 2014;
Meireles et al., 2014; Wright & Hillis, 2014; Witt, 2004;
Bousquet et al., 1992).

Phylogenetic analysis is used to classify genotypes into
distinct group and help in the identification of unique
genotypes (Sardar et al., 2021; Khan et al., 2019; Shinwari
et al., 2018; Jan et al., 2017; Jan et al., 2016). The utility of
different datasets has been exploited in the phylogeny of

Solanaceae by using molecular markers (Hidayat et al.,
2016; Bohs & Olmstead, 2001; Olmstead et al., 2008,
1999) as well as morphological characters (Sérkinen et al.,
2013; Knapp, 2002; Bohs, 2001; Estrada & Martinez,
1999; Knapp et al., 1998). The Solanaceae is an important
family serving mankind with species having considerable
economic importance as essential vegetables and fruits like
potatoes, aubergines, tomatoes, peppers, etc.), as
ornamentals and as medicinal plants (Edmonds, 2012;
Knapp et al., 2004). This family is represented by 96
genera and around more than 3000 species all over the
world (Hunziker, 2001; D’ Arcy, 1991). In Pakistan, the
family Solanaceae is represented by 14 genera and 52
species (Nasir, 1985). In the current study, an attempt was
taken to study subfamilial relationships in 9 genera of
Solanaceae representing 18 species from Pakistan using
ndhF-rpl32 spacer sequence. No such study has been
reported using morphological as well as molecular data on
Pakistani members of Solanaceae to establish the
associations via phylogenetic approach. There is some
work done on pollen morphology on seven genera (Perveen
& Qaiser, 2007), taxonomical and biochemical analyses on
few medicinal species of Solanaceae from Pakistan (Yousaf
et al., 2010, 2008, 2006) and our previous findings with
atpp-rbcL spacer (Jamil et al., 2014). The objective of the
present study is to investigate the usefulness of genetic and
morphological characters in resolving infrafamilial
relationship within the family Solanaceae.

Materials and Methods

Plant material: Total 18 representative species of
Solanaceae and one species ([pomoea cairica) of its sister
family Convolvulaceae were collected from different
localities of Karachi and interior Sindh during their
flowering season.
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| Specimen voucher No. | GenBank accession No.

Locality

Table 1. List of plant material used in this study along with their location, herbarium voucher number and GenBank accession number .
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Solanum

1.

KF055428

G. H. No. 86481
G.H. No. 86538
G. H. No. 86480
G. H. No. 86474
G. H. No. 86484
G. H. No. 86476
G. H. No. 86533
G. H. No. 86475
G. H. No. 86478
G. H. No. 86537
G. H. No. 86535
G. H. No. 86532
G.H. No. 86551

Center for plant conservation, University of Karachi

NARC, Islamabad

Lycopersicon esculentum Miller.

Capsicum annuum L.

Lycopersicon

2.

KJ652196
KJ652195
KF055425

Shah Faisal Colony, Karachi

Capsicum frutescens L.

Capsicum

3.

Department of Botany, University of Karachi

Physalis divaricata D.Don

Physalis

4.

KJ652197
KF055418

Center for plant conservation, University of Karachi

Department of Physics, University of Karachi

Withania coagulans (Stocks) Don

Withania somnifera (L).

Withania

5.

KJ652198
KF055423

Center for plant conservation, University of Karachi

Lycium edgeworthii (Dunal)

Datura stramonium L.
Datura inoxia Miller

Lycium

6.

KF055424

Center for plant conservation, University of Karachi

Muskan site, University of Karachi

Datura

7.

KF055431

Center for plant conservation, University of Karachi

Nicotiana tabacum L.

Nicotiana

8.

KF055427
KJ652194

Center for plant conservation, University of Karachi

Center for plant conservation, University of Karachi
Shah Faisal Colony, Karachi

Cestrum nocturnum L.
Cestrum diurnum L.

Cestrum

9.

KJ652199

Ipomoea cairica (L.) Sweet

Ipomoea

10.
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Identification of plants on morphological basis: All
collected species were identified with the help of Floras
and authentic herbarium specimens. For morphological
studies, total 69 characters were analyzed out of which,
18 vegetative, 41 floral, 5 fruit and 5 seed characters were
studied with the help of light and stereo microscope. For
every species, three replicates, collected from different
localities, were studied. Herbarium sheets were prepared
for the identified species and deposited to center for plant
conservation, Herbarium University of Karachi. The plant
materials, their locations, herbarium voucher number and
GenBank accession numbers are listed in Table 1.

Phylogenetic tree reconstruction using morphological
data: Each character state was converted into numerical
key (1-9) and a data matrix was prepared that was later
used to generate nexus file (Table 1 of the supplementary
data). Maximum parsimony was used to find the most
parsimonious trees. The trees were rooted using outgroup
Ipomoea  cairica a member of sister family
Convolvulaceae. The cladogram was constructed by using
PAUP* version 4.0b10 (Swofford, 2002) using heuristics
search with 1000 replicates. The consistency index (CI)
(Kluge & Farris, 1969) and retention index (RI) (Farris,
1989) were calculated to measure the level of homoplasy.

DNA extraction, PCR amplification and sequencing:
Total genomic DNA was extracted from fresh leaf
samples according to modified Cetyl trimethyl
ammonium bromide (CTAB) method (Doyle & Doyle,
1987). The chloroplast non-coding region ndhF-rpl32 was
amplified using the family specific primers, designed with
the help of primer3 software version 0.4.0 (Rozen &
Skaletsky, 2000). For amplification of ndhF-rp/32 spacer
region, 20 pL PCR reaction included 1X PCR buffer, 2
mM MgCl,, 0.2 mM dNTPs, 0.3 uM of each primer
(Forward, 5' TTCCGATTCACCGGATCTTA 3' and
reverse, 5' ACTCATTGTTATAGCTGGAT 3'), 1.25 units
of Tag DNA Polymerase, 100 ng DNA template and an
appropriate amount of Milli-Q water was prepared. The
following steps were fed in thermal cycler machine; initial
denaturation at 94°C for 4 minute and final denaturation
at 94°C for 30 seconds, annealing at 54°C for 1 minute,
extension at 72°C for 1.5 minutes and after 35 cycles final
extension at 72°C for 7 minutes. Program was run for 35
cycles. The amplicons were checked on 1% agarose gel
electrophoresis and, after purification with a column
based PCR purification kit (Bioneer, Korea), sent for
direct sequencing at Macrogen (Korea).

Sequence editing and alignment: Each sequence was
analyzed using BLASTn, Local Alignment Search Tool,
(Altschul et al., 1990). Sequences were edited manually
to resolve any discrepancy. Multiple sequence alignment
(MLA) was performed for all sequences using Multalin
software (Corpet, 1988). The refined sequences were
deposited to NCBI Genbank and accession numbers
were recorded.
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Phylogenetic tree reconstruction using molecular data:
The relationship between different species of Solanaceae
was studied by maximum parsimony method in PAUP*
version 4.0b10 (Swofford, 2002) using heuristics search
with 1000 replicates, random stepwise addition of
sequence and tree-bisection-reconnection (TBR) branch
swapping algorithm. Clades robustness was estimated
using 1000 bootstrap replicates (Felsenstain, 1985).
Ipomoea cairica from a sister family Convolvulaceae was
used as outgroup in this study. Bayesian Inference (BI),
another character based method, based on the probability
value, was used for further corroboration by using
BEAST, v1.8.0 (Drummond & Rambaut, 2007). Using
jmodeltest-2.1.3 software (Posada, 2008), the best model
of nucleotide substitution HKY was identified for
sequence data. Phylogenetic analysis was performed in
BEAST software by applying the selected model. Length
of chain was set as 800,000 MCMC generations. At every
10,000 generation, trees were screened and saved at every
200 generations. The burn-in value was set as 40 to
discard the initial portion of a Markove chain sample to
minimize the effect of initial value on posterior inference.
The resulting tree was analyzed on Fig tree software
version 1.4 (Rambaut, 2012).

Sequence variability using PAUP*: To find out the
genetic variability of ndhF-rpl32 compared with other
coding and non-coding regions (rbcL, matK and atpp-
rbcL), multiple sequence alignment of the same 18
species of Solanaceae was done for each set by ClustalW
and aligned files were analyzed by PAUP* version 4.0b10
(Swofford, 2002).

Results

For the reconstruction of morphology-based tree
morphological characters were observed. 69 morphological
characters were used for phylogeny. Morphological and
molecular characters information is given in (Table 2).

The phylogenetic tree based on morphological
characters resulted three major lineages and each lineage
may represent a subfamily (Fig. 1). The first lineage
representing subfamily Solanoideae was supported with
50% bootstrap support and comprised of a large clade.
The second lineage was supported by receiving 62%
bootstrap value displaying Nicotiana tabacum as a
representation of subfamily Nicotianoideae. The third
lineage with 64% support formed a clade of Cestrum to
represent subfamily Cestroideae. Within the first large
clade, 6 unresolved lineages were observed. The first
lineage with 56% support clustering the 6 species of
Solanum and one species of Lycopersicon in a clade I.
Within clade 1, Solanum surattense, Solanum melongena,
Solanum forskalii and Solanum incanum were clustered
together in a subclade by receiving 98% support. Solanum
forskalii and Solanum incanum showed close association
with 80% internal support. The species of genus
Capsicum were grouped in a clade with moderate support
(78% bootstrap), species of Withania in other clade with
94% support and species of Datura in separate clade with

100% support. The association of subfamily Cestroideae
with other subfamilies was found unresolved, similarly
the association of all the investigated genera present in
subfamily Solanoideae was also unresolved.

The ndhF-rpl32 spacer sequence parsimonious tree
revealed three lincages against outgroup Ipomoea
cairica (Fig. 2). First lineage which was unresolved
presented a subfamily Cestroideae, the second lineage
with 68% BS included the subfamily Solanoideae; the
third branch with 86% BS comprised of subfamily
Nicotianoideae. The sequence based parsimonious tree
resolved inter specific association within the genus
Solanum but remained unresolved in the morphological
character based tree. Similarly, DNA sequence-based
tree also resolved the intergeneric association between
Withania and Physalis. However, other relationships
were not determined using parsimony approach. The
connections between Solanaceae were also explored and
confirmed by Bayesian approach.

The Bayesian inference method based tree revealed
that all the members of Solanaceae were clustered in a
major clade against the outgroup (Fig. 3). The resulted
tree was divided into three descents. First division with
full posterior probability (PP) contained two species of
Cestrum. Second lineage with 0.75 PP separating the
Nicotiana tabacum as a subfamily. Third branch with
0.91 PP was divided into two clades; the lower clade
contained two species of Datura and the upper clade
was further divided into two sub clades in which the
lower one bifurcated into two groups. The one group
comprised of species of Solanum and Lycopersicon
whereas in the other group, species of Capsicum is
showed weak association (0.61 PP) with Lycium
edgeworthii. In the upper sub clade, close association
between Withania and Physalis was observed.

A comparison was made to check the genetic
variability between the different coding and non-
coding region of the chloroplast genome. It was
observed from multiple sequence alignment that ndhF-
rpl32 region has more insertions/deletions (InDels)
when compared to other coding and non-coding region
of the chloroplast genome. Data from PAUP* revealed
that ndhF-rpl32 had more (46.63%) variable and
parsimony informative (23.1%) characters as compared
to the other regions (Table 3).

Discussion

The analysis based on morphological characters
resulted with low resolution at subfamilial level. Low
consistency index (0.58) revealed that the morphological
data had many homoplastic characters. In this analysis as
many as possible morphological characters, presumed to
be phylogenetically informative or important for
taxonomic point of view were used (Wiens, 2004).
However, these characters were not helpful in resolving
the tribal and intergeneric association within Solanaceae.
This may be due to some known problems associated with
these characters like character coding, conceptualization
and homology assessment (Scotland et al., 2003). Ex
estipulate leaf and many floral characters like calyx
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aestivation, number of lobes, margin, corolla aestivation,
petal fusion, number of stamens, bithecous anther,
bicarpellary ovary, syncarpous ovary and arrangement of
stamen were found to be constant in most of the studied
species. On the contrary, size of the plant, petiole, lamina,
calyx, anther, style, fruit, and seeds were different in
almost all species under investigation thus providing no
information in tree reconstruction. The variable and
parsimoniously informative characters were type of
inflorescence, flower color, shape, anther arrangement,
color, shape and type of dehiscence, anther attachment to
the filament, type of fruit, color, shape, seed color, and
shape. The characters of leaf were most important and
helpful in species delimitation.

Within Solanaceae, both morphological and molecular
characters based trees identified three subfamilies;

ISHRAT JAMILET AL.,

Solanoideae, Cestroideae and Nicotianoideae. In the
morphological tree, the association of Solanoideae and
Nicotianoideae was clear however, the connection of
Cestroideae could not be resolved whereas molecular tree
resolved relationship among all three investigated
subfamilies. The existence of these subfamilies is in
accordance with molecular based classification of
Solanaceae (Martins & Barkman, 2005; Olmstead et al.,
2008, 1999). Conversely, according to the traditional
classification (Hunziker, 2001; D’ Arcy, 1991), there are
two subfamilies within Solanaceae; Solanoideae and
Cestroideae. According to our data, the morphological
characters that separate Nicotiana tabacum as
representative of subfamily Nicotianoideae were the type of
inflorescence that is axillary and terminal, compact
corymboid panicle cyme and sessile leaves.

Species Subfamilies

Ipomoea cairica ougroup
Solanum nigrum

Solanum tuberosum

56%
98%

Solanum surattense

Solanum melongena

80%

Solanum forskahi

Solanum incanum

Lycopersicon esculentum

78%

Solanoideae

50%

Capsicum annum

Capsicum frutescense

94%

Physalis divaricata

62%

Withama coagulans

Withania somnifera

100%

Lycium edgeworthu

Datura stramonium

Datura inoxia i

Nicotianoideae

64%

Nicotiana tabacum

0.7

Cestrum nocturnum
Cestroideae

Cestrum diurnum

Fig. 1. Majority rule consensus most parsimonious tree derived from morphological characters for Solanaceae members. Numbers

above branches indicate Bootstrap value (BS).
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There was a discrepancy between morphological and
molecular character based tree in resolving the tribal and
intergeneric relationship. In  morphological character
based tree, the association among the tribes as well as
genera was not clear whereas these associations were
resolved in molecular tree. The reason may be the large
number of characters, low level of homoplasy and relative
unambiguity in scoring method of molecular data
(Michael & Richard, 2000; James & Kenneth, 1994;) that
may help in representing the clear picture of the
relationships. Based on molecular data, within
Solanoideae five tribes, Datureae, Solaneae, Lycieae,
Capsiceae, and Physaleae were observed whereas
morphological data also established existence of these
tribes however, their association was not conclusive.

This study demonstrates that the spacer region ndhF-
rpl32 is a good marker to resolve the association at
subfamilial level within Solanaceae. The spacer region
recognized the weak association between tribe Lycieae
and Capsiceae whereas in our previous study (Jamil et al.,
2014) which was based on other spacer region atpp-rbcL,
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the Lycieae was found to be associated with Nicotiana
tabacum. Current study also took advantage of Bayesian
Inference based on best substitution model, which in this
case was calculated as Hasegawa, Kishino and Yano
(HKY). Bayesian is the most prominent among all
advanced phylogeny methods because it has
computational advantages by estimating the probability
that a given hypothesis is true, given the observations and
model assumptions (Goloboff & Pol, 2005). However, the
parsimony analysis is not based on nucleotide substitution
model. Instead, it relies on the assumption that the
minimum evolutionary changes occurred in the observed
data (Albert, 2005). Some previous studies (Yani et al.,
2016; Scarcelli et al., 2011; Miller et al., 2009; Timme et
al., 2007) have shown the utility of ndhF-rpl32 in
phylogenetics. When compared ndhF-rpl32 intergenic
spacer with other coding (rbcL, matK) and non-coding
(atpp-rbcL) region, it was found to be highly variable
sequence. Presence of high variability in this region
indicates that ndhF-rpl32 is a good marker to infer
phylogenetic relationship at lower taxonomic level.

Species

Subfamilies

100

Ipomoea cairica outgroup

Cestrum nocturnum -

100

. Cestroideae
Cestrum diurnum

Datura stramonium -

100

Daturainoxia

Withania coagulans

95

Withania somnifera

99

Physalis divericata

Solanum melongena

97

100

Solanum incanum

Solanum surattense Solanoideae

65

96

Solanum forskalii

69

100

Solanum nigrum

Lycopersicon esculentum|

85

100

Solanum tuberosum

Capsicum annum

Capsicum frutescense

Lycium edgeworthii

Nicotiana tabacum Nicotianoide

0.8

Fig. 2. Majority rule consensus most parsimonious tree derived from sequence data from chloroplast region, ndhF-rp/32 intergenic

spacer. Numbers above branches indicate Bootstrap value (BS).
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Species

0.75

1 Withania somnifera
! [Withania coagulans

Physalis divaricata

Lycium edgeworthii

1 [Capsicum frutescense

. Capsicum annum

051 0.61

———Solanum tuberosum

031 1 Solanum nigrum

Solanum forskalii

Solanum surattense

1 rSolanum incanum

Solanum melongena

1 [—Datura mnoxia

[—Datura stramonium

Necotiana tabacum

1 [Cestrum nocturnum

10

|-Cestrum divrnum

Ipomoea cairica Outgrorp

Ly copersicon esculentum

ISHRAT JAMILET AL.,
Tribes Subfamilies
Physaleae
Lycieae
Capsiceae
Solanoideae
Solaneae
Datureae
] Nicotianeae | Nicotianoideae
Cestreae Cestroideae

Fig. 3. Solanaceae phylogenetic tree based on Bayesian inference from ndhF-rpl32 intergenic spacer sequences using Ipomoea cairica
as outgroup. Numbers above branches representing the posterior probabilities.

Table 2. Morphological and molecular characters information used in the reconstruction of tree.

Total characters

Variable Tree length Cl RI
Constant
Uninformative Informative
Morphology 10 9 50 253 0.58 0.53
Molecular 412 182 178 543 0.8 0.7
Table 3. Sequence length and variability in characters of different chloroplast regions.
Chloroplast | Sequence Constant Variable No. of parsimony No. of parsimony
regions length characters (%) | characters (%) | informative sites (%) | uninformative sites (%)
ndhF-rpl32 772 53.37 46.63 23.1 23.6
atpP-rbcL 879 58.70 41.30 14.1 27.2
matK 910 76.70 23.30 8.6 14.7
rbcL 1447 85.90 14.10 3.9 10.2
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Conclusions

Molecular and morphological, both data established
that Solanaceae is divided into three subfamilies:
Solanoideae, Cestroideae and Nicotianoideae and five
tribes within Solanoideae namely Solaneae, Capsiceae,
Physaleae, Datureae and Lycieae. However, molecular data
(ndhF-rpl32) more robustly resolved and support the
inferred association. In future, there is a need to increase
the number of species, use of coding and noncoding region
of chloroplast and other genome such as nuclear and
mitochondrial to get improved phylogenetic association.
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