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Abstract Molecular differentiation in 24 accessions
representing 19 taxa of Indian Citrus has been
examined through sequence analysis of Internal
Transcribed Spacer (ITS) region of nrDNA. Sequence
length in the 24 accessions of Citrus taxa ranged from
512to 665 bp (ITS1 & ITS2 partial and 5.8S complete
sequence). The ITS sequences were very rich in G+C
content ranging from 61.40 to 66.60% with an average
of 64.2%. Genetic distance within Citrus group ranged
from O to 13.4% with an average of 4.6%, showing
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moderate rate of nucleotide divergence. The phylog-
eny was inferred using the Maximum parsimony (MP)
and Neighbor-Joining (NJ) methods. Both MP and NJ
trees separated all the 24 accessions of Citrus into six
distinct clusters. The disposition of all the accessions
of Citrus in separate clusters in ITS-derived dendro-
grams was partly in accordance with the morpho-
taxonomic affinities of the target taxa. This study
supports the concept of Citrus medica (citron), C.
reticulata (mandarin), and C. maxima (pummelo) as
the basic species of the genus. However, ITS marker
could not find any clear cut differentiation between
subgenera Citrus and Papeda as proposed in Swin-
gle’s Citrus classification system. The present study
also supports the distinctiveness of C. indica (Indian
wild orange), C. latipes (Khasi papeda) and C. hystrix
(Melanesian papeda) as true species, besides eluci-
dating the probable hybrid origin and relationships
among the cultivated species/biotypes, such as Cit-
rus xaurantiifolia (sour lime) C. xlimon (lemon),
C. xtaitensis (Indian rough lemon), C. limettioides
(sweet lime), C. xaurantium (including sour and
sweet oranges and grapefruit), and other indigenous
varieties of Indian origin: C. megaloxycarpa (sour
pummelo), C. karna (karna orange), C. pseudolimon
(Hill lemon), ‘Memang athur’, ‘Pummelo-lemon’ and
‘Kathairi nimbu’.

Keywords Citrus - Internal Transcribed Spacer

(ITS) - Maximum parsimony - Neighbour-joining -
Phylogeny
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Introduction

The genus Citrus L. belongs to the subfamily Auran-
tioideae of the family Rutaceae (Swingle and Reece
1967). It includes some of the major fruit crops of the
world, such as the citrons, lemons, limes, mandarins,
sour oranges, sweet oranges, pummelos, grapefruits,
kumquats, etc. (Mabberley 2008). Citrus fruits are
well known for their dietary, nutritional, medicinal
and cosmetic properties and are also good sources of
citric acid, flavonoids, phenolics, pectins, limonoids,
etc. (Dugo and Di Giacomo 2002). Recent studies
support the traditional uses of citrus fruits in several
diseases like scurvy, cancer, HIV/AIDS, contracep-
tion, cough, and reducing blood pressure (Mabberley
2004).

Citrus is believed to have its primary centre of
origin in south and south-east Asia, particularly in the
region extending from northeast India, eastward
through the Malayan Archipelago to China and Japan,
and southward to Australia (Nicolosi 2007; Pfeil and
Crisp 2008). Citrus fruits are widely cultivated
throughout the tropical and subtropical regions of the
world (Webber 1943). Citrus is the third most
important fruit crop grown in India after mango and
banana with an estimated production of 8,608,000 MT
in a total area of 9,23,000 HA (Anonymous 2010).

Despite its manifold economic importance and
increasing demands in the global citrus industry, the
taxonomy of Citrus is still controversial, mainly due to
the sexual compatibility between Citrus and its related
genera, apomixis (adventive nucellar polyembryony),
high frequency of bud mutations, long history of
cultivation, and wide dispersion (Moore 2001). Con-
sequently, there has been no consensus among the
taxonomists as to the actual number of species that
constitute the genus Citrus. Among the two principal
Citrus classification systems in current practice,
Swingle (1943; revised by Swingle and Reece 1967)
included 16 species (10 spp. in subgenus Citrus and 6
spp. in subgenus Papeda) while that of Tanaka (1954,
1977) recognized up to 162 species in two subgenera:
Archicitrus and Metacitrus. Advanced studies, based
on the biochemical and morphological characteriza-
tion, suggest that there are only three basic species, i.e.
citron (C. medica L.), mandarin (C. reticulata Blanco),
and pummelo [C. maxima (Burm.) Merr.] within the
subgenus Citrus whereas the other edible citrus (e.g.
lemon, lime, sour orange, sweet orange, grapefruit,
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etc.) have been considered as apomictically perpetu-
ated biotypes of probable hybrid origin (Barrett and
Rhodes 1976; Scora 1988). The concept of basic
species was well- supported by Moore (2001) and
Mabberley (1997, 2004).

Taxonomic characterization leading to unambigu-
ous identification of Citrus species and their genetic
resources are essential requisites for citrus breeding,
citriculture and citrus industry. Since morphological
characters are only of limited wuse, alternate
approaches, including application of appropriate
molecular markers, have now been increasingly
adopted to address the problems in Citrus taxonomy.
Several workers have revisited the taxonomy and
phylogeny of Citrus and related genera using molec-
ular markers such as isozymes (Herrero et al. 1996),
RAPD & PCR-RFLP (Federici et al. 1998; Abkenar
et al. 2004), RAPD, SCAR & PCR-RFLP (Nicolosi
et al. 2000; Jena et al. 2009), AFLP (Liang et al. 2007,
Pang et al. 2007), SSR (Barkley et al. 2006), ISSR
(Fang et al. 1998; Shahsavar et al. 2007) and sequence
data analysis of ITS region of ntDNA (Xu et al. 2006;
Kyndt et al. 2010; Pessina et al. 2011) and non-coding
chloroplast DNA (cpDNA) regions (Chase et al. 1999;
Araujo et al. 2003; Morton et al. 2003; Lu et al. 2011).
Bayer et al. (2009), in a recent molecular analysis
based on nine cpDNA sequences, broadened the
circumscription of Citrus to include seven other
closely related genera of the orange subfamily, such
as Clymenia Swingle, Fortunella Swingle, Poncirus
Raf., Microcitrus Swingle, Eremocitrus Swingle,
Oxanthera Montrouz., and Feroniella Swingle.

India is rich in Citrus genetic resources, both in
cultivation and wild. In a systematic account on Indian
Citrus, Nair and Nayar (1997) followed primarily
Swingle and Reece (1967) and partly Tanaka (1977)
and included 18 taxa, comprising of eight species under
subgenus Citrus, three under subgenus Papeda, and
seven other indigenous Citrus varieties with a sus-
pected hybrid origin and uncertain taxonomic affini-
ties. In an earlier study (Jena et al. 2009), the present
authors examined the molecular phylogeny of Indian
Citrus using PCR-RFLP of the #rnD-trnT and rbcL-
OREF 106 regions as well as sequence data analysis of
the trnL-trnF intergenic spacer region of cpDNA. In
the present study, we have revisited the phylogenetic
relationships among the Indian Citrus species/varieties
using sequence variation in ITS (internal transcribed
spacer) region of nuclear ribosomal DNA.
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Materials and methods
Plant samples

Fifty accessions of 19 Citrus taxa or biotypes (species/
cultivars/hybrids) and one out- group taxon [Atalantia
monophylla (L.) DC.] were collected from wild as well
as domesticated stocks from different parts of India.
Young fresh leaf tissues from all the sample materials
were collected and stored in silica gel (20—60 mesh)
and were used subsequently for genomic DNA
isolation. Details of accessions used for morpho-
metric and ITS sequence analyses are given in
Table 1. Voucher specimens of all the accessions
were deposited in the Herbarium of the National
Botanical Research Institute (LWG), Lucknow, India.

Morphological characterization

Fifty accessions of Citrus (Table 1) were used for
morpho-metric analysis. Seventy-six discrete morpho-
logical characters (33 quantitative and 43 qualitative
characters) were selected from taxonomic literature
(Barrett and Rhodes 1976; IPGRI 1999; Nair and
Nayar 1997) and by examination of living plants and
herbarium collections of Indian Citrus (ESM_1.pdf).
The characters were converted into bi-states and multi-
states (interval) code (ESM_2.pdf). Standardization of
morphological data was done based on YBAR option
with the software NTSYS ver. 2.10e (Rohlf 2000). A
pair wise similarity matrix was generated using Simple
Matching coefficient and a dendrogram was con-
structed based on UPGMA (Unweighted Pair Group
Method by Arithmetic averages) with the same soft-
ware. Principal Coordinate Analysis (PCOA) was
performed to analyse non-hierarchical relationship
among the accessions (Gower 1966). This analysis was
executed by calculating the eigenvectors and eigen-
values from Eigen programme in the NTSY'S software,
which resulted in a two -dimensional plot.

DNA extraction

Total genomic DNA was isolated from a final set of 25
representative accessions through Cetyl Trimethyl
Ammonium Bromide (CTAB) method (Rogstad
1993). Quantitation of isolated DNA was done spec-
trophotometrically and its quality checked by electro-
phoresis on 0.8% agarose gel.

ITS-PCR amplification, Sequencing and Sequence
analysis

Entire ITS region (ITS1, 5.8S, ITS2) of Citrus and
outgroup accessions was amplified using a pair of
universal primers, i.e. ITSP4—TCCTCCGCTTATT
GATATGC (White et al. 1990) and ITSP5—AAG
TCGTAACAAGGTTTCCGTAG (Kollipara et al.
1997). The concentration of PCR components was
optimized for amplification of ITS region: 10 mM Tris
(pH 8.9), 50 mM KCl, 0.2 mM dNTP each, 1.5 mM
MgCl,, 1 U Tag DNA polymerase, 10 pmol primer
each (ITSP4 and ITSPS) and 50 ng genomic DNA in
50 pl final reaction volume. PCR was programmed as
pre-denaturation at 94°C for 3 min, 35 cycles of
denaturation at 94°C for 1 min, annealing at 50°C
for 1 min, extension at 72°C for 1.5 min and final
extension at 72°C for 5 min.

Total ITS-PCR products were electrophoresed in
0.8% low melting agarose gel (Bangalore Genei) at
80 V for 3 h, and bands were visualized in UVITec
Gel Documentation System. The bands were excised
and purified using Clean Genei kit (Bangalore Genei).
The yield of purified DNA was quantified using UV
spectrophotometer. Eluted PCR products were
sequenced using an Applied Biosystems Automated
Sequencer (Model 3730, version 3.1) using both
forward and reverse primer. Sequences of 25 acces-
sions of Citrus including one outgroup were annotated
and submitted to the NCBI GenBank (accessions nos.
GQ225843—GQ225867).

The identity of sequences was confirmed through a
BLASTn search in NCBI data base (Altschul et al.
1997) for determining their homology with sequences
of related taxa available in EMBL/GenBank Data
bases. The sequences were aligned using Clustal-W
program (Higgins et al. 1994) with the default settings.
Phylogenetic analysis was carried out in MEGA 4
software (Tamura et al. 2007). Pair-wise sequence
divergence rates between accessions were calculated
using Maximum Composite Likelihood method (Tam-
ura et al. 2004). Phylogeny reconstruction was carried
out using Maximum Parsimony (MP) and Neighbor
Joining (NJ) methods. MP tree was constructed using
the Close-Neighbor-Interchange algorithm with
search level 3 in which the initial trees were obtained
with the random addition of sequences (10 replicates),
while NJ tree was obtained using the Maximum
Composite Likelihood criterion. In MP analysis all the
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characters were assigned equal weights at all nucle-
otide positions (Fietch 1971). In the MP and NIJ
analyses, all positions containing gaps and missing
data were eliminated from the dataset (Complete
Deletion option). Support values of the internal
branches of MP and NJ trees were evaluated through
boot strap method (500 replicates) (Felsenstein 1985).

Results
Morpho-metric analysis
Similarity values of all the fifty accessions of Citrus

ranged from 0.18 to 1.00 with an average of 0.39
(ESM_3.pdf). C. megaloxycarpa Lush. (CMEG-S1)

Fig. 1 UPGMA
dendrogram of 50

showed minimum similarity value of 0.18 with all
accessions of C. reticulata (CRET-B1, CRET-S2 and
CRET-L3). Maximum similarity at interspecific level
was observed between C. pseudolimon Tanaka
(CPSE-L4) and C. xlimon (L.) Burm. f. (CLIM-L1
and CLIM-L2).

The UPGMA dendrogram (Fig. 1) resolved four
main clusters and eight groups as shown below:

Cluster I: Group I: C. megaloxycarpa Lush. (Sour
Pommelo) and C. sp. (Pummelo-lemon); Group II:
C. maxima (Burm.) Merr. (Sweet pummelo),
C. sp. (Kathairi nimbu) and C. xaurantium L.
(Grapefruit),

Cluster II: Group I: C. xaurantium L., (Sour
orange), C. xaurantium L. (Sweet orange); Group

DD
-

accessions of Citrus based
on Morpho-metric analysis v

C. indica
Memang athur
C. reticulata

C. medica

C. xlimon

C. pseudolimon
C. karna

C. xtaitensis
(C. xjambhiri)
C. xaurantiifolia
C. limettioides

C. latipes
C. hystrix

C. xaurantium
(sour orange)
C. xaurantium

(sweet orange)

C. maxima
C.megaloxycarpa

Kathairi nimbu
C. xaurantium

——— gl | (grapefruit
g Pummelo-lemon
—{ L WG !

CSPLLI /
e eI,
025 03 04 057 068 0 0% 10
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Table 2 Eigenvalues, Axis Eigen value Difference Percentage Cumulative
differences, percentage of
proportions and cumulative 1 988.4240 313.4496 28.0166 28.0166
for 10 principal co-ordinate
axes based on morpho- 2 674.9744 229.5325 19.1319 47.1485
metric data of 50 accessions 3 445.4419 154.732 12.6259 59.7744
of Citrus 4 290.7099 92.4635 8.2401 68.0145

5 198.2464 39.0635 5.6192 73.6337

6 159.1829 28.3874 4.512 78.1457

7 130.7955 21.0051 3.7074 81.853

8 109.7904 21.6679 3.112 84.965

9 88.1225 16.4545 2.4978 87.4628

10 71.6680 11.9483 2.0314 89.4942

II: C. latipes (Swingle) Tanaka (Khasi papeda), C.
hystrix DC. (Melanesian papeda),

Cluster III: Group I: C. xaurantiifolia (Christm.)
Swingle (Sour lime), C. limettioides Tanaka (Sweet
lime); Group II: C. medica L. (Citron), C. xlimon
(L.) Burm. f. (Lemon), C. pseudolimon Tanaka (Hill
lemon), C. karna Raf. (Karna orange), C. Xtaiten-
sis Lush. (Indian rough lemon),

Cluster IV: Group I: C. reticulata Blanco (Manda-
rin); Group II: C. indica Tanaka (Indian wild
orange), and C. sp. (Memang athur).

Mantel test was carried out for comparing the
UPGMA cluster analysis and similarity matrix. A
correlation value (r = 0.93) showed very good fit of
UPGMA clustering pattern to the data. PCOA was
used for identifying multi-dimensional relationships
among characters for the definition of groups. In this
analysis, 1st and 2nd principal co-ordinates accounted
for 28.01 and 19.13% of the total variation, respec-
tively (Table 2). 2-D plot (Fig. 2) generated through
PCOA also showed the same grouping pattern as the
UPGMA dendrogram.

ITS sequence data

The BLASTn search helped determine that the new
sequences were from ITS region and maximum
homology was obtained from ITS sequences of Citrus
and related taxa of Rutaceae. On the basis of the
angiosperm consensus motif determined by Jobes and
Thien (1997), the putative start and end points of 5.8 S
regions in the aligned sequences were identified. The
aligned ITS sequences are shown in Fig. 3. Sequence

length in the 24 Citrus accessions ranged from 512 to
665 bp (ITS1 & ITS2 partial and 5.8S complete
sequence) and 564 bp in A. monophylla. In Citrus, the
length of ITS1 ranged from 118 to 269, ITS2 from 150
to 276 and 5.8S from 162 to 165. The data set
including alignment gaps and missing data comprised
741 bp aligned nucleotide positions, which included
388 conserved sites, 320 variable sites and 144
parsimony informative sites. When missing data were
excluded, the sequence length was 463 bp, including
293 conserved, 159 variable and 82 parsimony infor-
mative sites. The ITS sequences were very rich in
G+C content ranging from 61.40% (C. xaurantiifo-
lia) to 66.60% (C. maxima) with an average of 64.2%.
The nucleotide frequencies were found as 0.208 (A),
0.316 (C), 0.304 (G), and 0.171 (T). The transition/
transversion rate ratios were k1 = 1.167 (purines) and
k2 = 2.796 (pyrimidines). Transition/transversion
bias (R) was 1.158. Summary of ITS sequence data
is given in Table 3 and 4.

ITS sequence analysis showed moderate rate of
nucleotide divergence within and among the Citrus taxa
and A. monophylla (Table 5). Genetic divergence
within Citrus group ranged from 0 to 13.4% with an
average of 4.6%. C. megaloxycarpa showed 0%
nucleotide divergence with C. xlimon, while maxi-
mum distance (13.4%) was found between C. indica
(CIND-DO8) and C. xaurantiifolia. Sequence diver-
gence within C. indica accessions ranged from 0.8%
(CIND-N25 and CIND-K26) to 4.1% (CIND-DO8 and
CIND-D18) with an average of 2.5%. Nucleotide
divergence between the basic species of Citrus was
3.6% (C. medica and C. maxima), 2.1% (C. maxima and
C. reticulata), and 2.5% (C. medica and C. reticulata).
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Fig. 2 2-D plot of the first and second co-ordinate axes, derived
from principal coordinate analysis of 50 accessions of Citrus
using morpho-metric data. The Ist and 2nd co-ordinates are

In the aligned sequence, three substitutions were
recorded only in C. indica and ‘Memang athur’ at
coordinate 265 (C—T), 316 (C—T) and 459 (A—-T)
(Fig. 3). One substitution (coordinate 26, G—A) was
observed only in citron group (C. medica, C. Xtait-
ensis, C. xlimon, C. xaurantiifolia, C. limettioides)
and ‘Memang athur’. Similarly, one substitution
occurred at coordinate 390 (A—G) only in C. Xtait-
ensis and ‘Memang athur’. Two substitutions occurred
at coordinate 10 (C—T) and 353 (C—T) in C. maxima,
C. xaurantium (Sour orange) and C. Xaurantium
(Grapefruit).

Maximum Parsimony (MP) analysis resulted in 63
most parsimonious trees (length = 154), out of which
a single fully resolved consensus tree is shown in
Fig. 4, with consistency index (CI—0.6804) and
retention index (RI- 0.7350). The percentage of
replicate trees in which the associated taxa clustered
together in the bootstrap test (500 replicates) is shown
at the nodes. There were a total of 380 positions in the
final dataset, out of which 50 were parsimony
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-1.43 331 8.10
Dim-1

28.01 and 19.13% respectively (Note: Numbers are equivalent
to those listed in Table 1)

informative. Maximum parsimony tree (Fig. 4 and 5)
placed all accessions in the following six clusters:

Cluster I: C. pseudolimon and ‘Pummelo-lemon’;
‘Kathairi nimbu’ and C. xaurantiifolia,

Cluster II: C. medica —W and C. medica-D;
Cluster III: C. reticulata, C. xaurantium (Grape-
fruit), and C. xaurantium (Sour orange);

Cluster IV: C. xtaitensis, C. limettioides, C. xlimon,
C. megaloxycarpa, and C. karna;

Cluster V: C. latipes, C. hystrix, C. maxima and
C. xaurantium (Sweet orange);

Cluster VI: C. indica, and ‘Memang athur’.

Atalantia monophylla was separately attached at
the base of tree as the diverging Citrus relative’s
lineage. The phylogeny was also inferred using the
Neighbor-Joining method, which resulted in an opti-
mal tree with the SBL (sum of branch length) of
0.3911. There were a total of 380 positions in the final
dataset. The optimal NJ tree (Fig. 6) separated all the
24 accessions in the six clusters as similar to MP tree.
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Fig. 3 Aligned ITS sequences of 24 accessions of Citrus and one outgroup Atalantia monophylla
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Table 3 Summary of ntDNA ITS sequences of 24 accessions of Citrus and the outgroup, Atalantia monophylla

S. no. Taxon ITS1 5.8S ITS2 Total G+C (%) GenBank acc. no.
1 Citrus indica (CIND-D07)-W 118 164 263 545 62.00 GQ225843
2 C. indica (CIND-D08)-W 193 164 274 631 63.30 GQ225844
3 C. indica (CIND-D18)-D 201 164 219 584 64.40 GQ225845
4 C. indica (CIND-N25)-W 202 164 244 610 64.10 GQ225846
5 C. indica (CIND-K26)-W 199 164 219 582 64.10 GQ225847
6 C. sp. (Memang athur) 182 164 196 542 64.40 GQ225848
7 C. medica-W 228 164 273 665 61.80 GQ225849
8 C. medica-D 134 164 276 574 64.00 GQ225850
9 C. latipes 247 164 171 582 66.30 GQ225851
10 C. hystrix 269 164 222 655 64.40 GQ225852
11 C. reticulata 242 164 236 642 66.30 GQ225853
12 C. maxima 238 164 238 640 66.60 GQ225854
13 C. Xaurantium 176 164 218 558 65.20 GQ225855
14 C. xaurantium (C. Xsinensis) 237 164 150 551 65.50 GQ225856
15 C. megaloxycarpa 191 164 209 564 64.20 GQ225857
16 C. sp. (Kathairi nimbu) 134 165 270 569 61.80 GQ225858
17 C. xaurantium (C. xparadisi) 211 164 263 638 65.40 GQ225859
18 C. Xtaitensis (C. Xjambhiri) 213 163 238 614 65.00 GQ225860
19 C. karna 190 164 211 565 64.00 GQ225861
20 C. xlimon 201 164 210 575 64.20 GQ225862
21 C. pseudolimon 154 165 262 581 64.00 GQ225863
22 C. sp. (Pummelo-lemon) 141 162 266 569 65.00 GQ225864
23 C. xaurantiifolia 131 164 275 570 61.40 GQ225865
24 C. limettioides 154 164 194 512 63.90 GQ225866
25 Atalantia monophylla 130 164 270 564 63.50 GQ225867
Average 189 164 235 587 64.20
Discussion Citrus throughout the Citrus belt of the world. This in

All major morphology-based classification of Citrus
(Swingle 1943; Swingle and Reece 1967; Tanaka
1954, 1977; Bhattacharya and Dutta 1956; Hodgson
1965; Singh 1967; Singh and Nath 1969) relied on
combination of a few special characters of the foliage
(size and shape of the petiole wings and the ratio
between length/breadth of petiole and lamina), flower
(number of flowers per inflorescence, colour of buds
and petals, cohesion of stamens), fruits (size, shape,
texture and colour of epicarp, presence or absence of
mamillate apex, thickness and texture of mesocarp,
taste of juice) and seed (size, shape, colour of
cotyledon and chalazal cap). Frequent hybridization,
introgression, bud mutations and polyploidy have
created innumerable hybrids and mutant varieties of
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turn created confusion among taxonomists in compre-
hending the species and generic limits within Citrus
and closely related genera within the orange subfam-
ily. Those who followed the biological species concept
did not accord true species status to natural or human-
made hybrids and bud sports of Citrus fruits (Swingle
and Reece 1967; Mabberley 1998, 2004, 2008),
whereas others like Tanaka (1977), who followed an
horticultural concept, gave true species status to any
notable variants of Citrus fruits, irrespective of their
actual mode of origin and taxonomic affinities. While
both the above approaches have their own merits and
demerits, a proper circumscription and classification
of Citrus at global, regional and national scale is still
awaited. In the present study we have analysed the
resolving power of morphological and molecular (nr
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Table 4 Results of ITS sequence analysis

Parameters ITS
Length range (In-group) (bp) 512-665
Length (Out-group) (bp) 564
Aligned length (bp) including missing data 741
No. of conserved sites (%) 388 (52.36)
No. of variable sites (%) 320 (43.18)
No. of Informative sites (%) 144 (19.43)
Aligned length (bp) excluding missing data 463
No. of conserved sites (%) 293 (63.28)
No. of variable sites (%) 159 (34.34)
No. of Informative sites (%) 82 (17.71)
G+-C content range (%) 61.4-66.6
G+C content mean (%) 64.2
Sequence divergence (%) 0-13.4
Nucleotide frequencies of
Adenine 0.208
Thymine 0.171
Cytosine 0.316
Guanine 0.304
Transition/transversion rate ratios for
Purines (K1) 1.167
Pyrimidines (K2) 2.796
Overall transition/transversion bias (R) 1.158
No. of MP trees 63
Branch length 154
Consistency Index (CI) 0.6804
Retention Index (RI) 0.7350

DNA ITS) markers in discriminating the true basal
species, probable hybrids and varieties of Indian
Citrus. The main results of morpho-metric and ITS
sequence analyses are discussed to elucidate the
taxonomic identity, origin and phylogeny of 19
biotypes of Indian Citrus studied.

ITS sequence variations

ITS analysis carried out in Indian taxa of Citrus was
useful in differentiating all the true species and
species/varieties of probable hybrid origin in distinct
clusters or groups. Range of ITS sequence length
(512-665 bp) of Citrus was almost similar to that of
ITS sequence length (565-634 bp) of Phebalium
group (Rutaceae: Boronieae) (Mole et al. 2004).
ITS1 sequence length in Citrus species ranged from
118 (including partial sequences) to 269 bp, while

ITS2 region ranged from 150 (including partial
sequences) to 276 bp. Similar length variation was
also reported in several angiosperms (Baldwin 1993;
Baldwin et al. 1995). GC content of ITS region was
also found very high (61.40-66.60%) in Citrus, which
is slightly higher (50-67%) than that reported in
Cucurbita, Cucumis and other genera of Cucurbita-
ceae (Jobst et al. 1998). Similar case was also observed
in the plants of Poaceae, in which higher GC content
was reported in arid region than the plants from
temperate region (Salinas et al. 1988).

In Citrus, 293 conserved, 159 variable and 82
parsimony informative sites were found in the aligned
ITS sequences (463 bp, excluding missing data).
Maximum conserved regions were observed in 5.8S
and ITS2 regions. Maximum variable sites were found
in ITS1 region. Similar results were also reported in
Citrus by Xu et al. (2006), who observed that the ITS1
region in Citrus taxa showed maximum nucleotide
variations due to high rate of point mutation. Inter-
specific sequence divergence in Citrus ranged from 0
to 13.4%, which was comparatively lower than that of
reported nucleotide sequence divergence in Coffea
(Rubiaceae; 1.5-39%; Lashermes et al. 1997). How-
ever, low sequence divergence (0.0-4.86%) was also
observed in Cistus (Cistaceae) (Guzman and Vargas
2005).

Phylogenetic relationships among Indian Citrus

The UPGMA dendrogram based on morpho-metric
analysis (Fig. 1) and the MP and NJ trees (Fig. 4, 5
and 6) generated through nr DNA ITS sequence
analysis segregated C. maxima, C. medica and C.
reticulata in separate clusters. The clear separation of
these three species in three distinct clusters supports
the concept of basic species within Citrus.

Citrus medica (citron) is believed to have acted as
male parent in the origin of several hybrids/cultivars of
Citrus (Federici et al. 1998; Nicolosi et al. 2000;
Moore 2001; Mabberley 2004). In our morpho-metric
study, all the accessions of C. xlimon, C. pseudoli-
mon, C. karna, C. Xtaitensis, C.xaurantiifolia and
C. limettioides grouped along with C. medica in
cluster III. Our ITS data recognized C. medica as a true
basic species as both wild and domesticated acces-
sions of the species grouped in the cluster II with a
very high bootstrap value of 95% (NIJ tree) and 86%
(MP tree). One substitution (coordinate 26, G—A)

@ Springer



59-75

Genet Resour Crop Evol (2013) 60

70

90uaSI10AIp 9ouanbas Jo anfea winwixew pue wnwruw syussaidar pjog

vjjdydouous pyUPIY “Gg ‘Saproydwl] ") g ‘vrofinupinpx ) ¢ ‘(uowl-oowwng) ds ©p ‘gz ‘uounjopnasd D g ‘uown}x ) ‘g ‘vuvy D "6l ‘(Uowd| yInor) sisuanvix )

‘g1 ‘(nquuru ureyyey)) “ds ©) £ ‘DdinofxopSaw - g1 ‘(98ueIo mnos) wnyuvimpx ") *G1 ‘Qmyadesd) wmyupampx ) 41 ‘(9SULIO JOOMS) WNIUDIMDX D) "€ ‘DIDININAL ) T ‘Dunxous ) 11 ‘XL y "D "1 ‘saduv] ")
6 ‘A-parpaw ) g M-patpau ) L ‘(Iyre-SueudA) *ds ) '9 ‘M-(9TH-ANID) pRIpul D *S ‘M-(STN-ANID) Pipul D "t ‘A-(8TA-ANID) P2iput -D "¢ *M~(80d-ANID) Pa1put D T ‘M-(LOA-ANID) poiput snaji) *|

900 CIT'0 1800 %900 6¥0°0 <TSO0 ¢SSO0 8IT'0 6¥00 8¢00 +900 9¥00 +¥0'0 6¥00 9¥0°0 I¥0°0 1¥00 TSO'0 SSO0 TSO0 6¥00 9900 SLOO 0900 ST
6600 0L00 €900 €000 SO000 8000 00I'0C €000 €100 %00 1100 9100 9100 €100 S000 €100 ¥200 €100 9100 6100 6200 ¢€¥00 6200 ¥C
ycro  SITo €010 9010 6010 6900  €0I'0 9600 STI'0  90I'0  00I'0  TIT'O 80I'0 00I'0  L80'0 €600 80I'0C IIT°0 ¥II'0 CTIT'0O ¥ET0 8IT'0 €T

6¥0°0  €L0°0 9L00 6L0°0 SIT'O €L0'0 1900 L80'0 0LOO %900 9L00 <TLOO 900 9900 <TLOO 8L00 SLOO 8L00 0600 9600 0600 <TT

9900 6900 TLO'O 6010 9900 SSO'0 L800 900 8SO'0 6900 9900 8SO0 SSO0 L900 <TLOO 6900 TLOO +800 €600 800 IT

€000 1100 €0I'0 0000 9100 9¥00 €100 6100 6100 9100 8000 9100 LTOO 9100 6100 1200 TELO0 9¥0°0 TEO0 0T

€100 901I'0 €000 6100 6¥0°0 9100 1200 1200 6100 TI00 6100 0€00 6100 1200 P00 S€00 6¥00 S€00 6l
601'0 TI00 1200 2SO0 6100 +200 $200 1200 €100 1200 TLO0 9100 ¥2O0 LZOO TEOO TSOO 8O0 8I
€0I'0 9600 I€1'0 90I'0 001I'0C CIT'O 60I'0 00I'0 0600 €0I'0 60I'0 CTIT'0O SII'0O SIT'0 0€1'0 110 LI
9100 9¥0'0 €100 6100 6100 9100 8000 9100 LTOO 9100 6100 1200 TEO0 900 <TEO0 91
0€0'0 €100 8000 €100 9100 8000 9100 LZOO 1200 6100 1200 TEO0 9¥0'0 TLO0 Sl
700 8¢0'0 0’0 9¥0'0 8¢0'0 900 8500 TSO0 6¥0°0 TSO0 €900 8LO0 €900 ¥I
9100 T100 €100 S000 %200 S€00 6100 9100 6100 0€00 €¥00 6200 €I
1200 6100 1100 6100 0£00 ¥200 1200 +200 S€00 6¥00 S€00 Tl
6100 1100 0€00 I¥00 +200 1200 %200 S€00 6¥0°0 S€00 11
8000 LTO'O 8¢0'0 ITO0 6100 1200 TLO0 900 TEO'0 Ol
6100 0€00 €100 1100 €100 +200 8€00 200 6
11000 LZO'0 6200 TE0'0 €¥0'0 LSOO €+0°0 8
8¢0'0 000 €¥0'0 SSO'0 TSO'0 SSO0 L
€100 11000 1200 1I¥00 LTOO 9
8000 6100 200 $200 S
1200 S€00 1200 ¢
1¥0°0 6100 €
00 ¢
I
Y4 ¥C €C (44 ¥4 0T 61 81 L1 91 S1 14! €l 4! I 01 6 8 L 9 S 14 € [ I
poyiow

pooyr I 9ysodwo)) wnwixey Suisn ejep douanbes § 1 woly vyjdydouow vyuvp1y ‘dnoisino oY) pue sa10ds $7.471) JO SUOISSIOIR 7 JO AOUITIOAIP O1QUAT SImIred S d[qe],

pringer

As



Genet Resour Crop Evol (2013) 60:59-75

71

53 C. indica (CIND-D07)-W
C. indica (CIND-D08)-W
C. indica (CIND-D18)-D
67 C. indica (CIND-N25)-w V1
C. indica (CIND-K26)-W
C. sp. (Memang-athur)
C. latipes
C. hystrix
C. maxima
C xaurantium (C. Xsinensis)

—E C. taitensis (C. xjambhiri)

52 C. limettioides

— 63 C. karna v
C. megaloxycarpa

C. x limon

53

C. reticulata

ﬂ[ C. xaurantium (C. xparadisi) | 1I1

C. xaurantium

86 — C. medica-W
] 11
L C. medica-D

99 C. sp. (Kathairi nimbu)
51 ,_[ C . xaurantiifolia
I
\9_1': C. pseudolimon

C. sp. (Pummelo-lemon)

Atalantia monophylla ]Og

Fig. 4 MP bootstrap consensus tree of 24 accessions of Citrus
and the outgroup, Atalantia monophylla from ITS sequence data
analysis. Numbers are bootstrap values based on 500 resampling

was observed only in citron group (C. medica,
C. Xtaitensis, C. xlimon, C. xaurantiifolia, C. limet-
tioides) and ‘Memang athur’. This substitution indi-
cates involvement of C. medica as one of parents in the
hybrid origin of lemons and limes. C. Xtaitensis, C.
limettioides, C. megaloxycarpa, and C. karna grouped
in the same cluster in both NJ and MP trees, with a
robust bootstrap value of 85%, indicative of their
common lineage. Based on morphology all these
species (except C. limettioides) are characterized by
having mammillate fruit apex, which is characteristic
of C. medica. So the involvement of citron as one of
the parents in the origin of C. Xtaitensis, C. megal-
oxycarpa and C. karna could not be ruled out. This
result also indicates that one of the species of citron
group may be acted as putative parent in the origin of
‘Memang athur’. This inference further gained support
by substitution occurred at coordinate 390 (A—G)
only in C. Xtaitensis and ‘Memang athur’, as both are
morphologically most similar in fruit characters.
Citrus maxima and C. reticulata are believed to
have contributed to the development of several

53 C. indica (CIND-D07)-W
4‘—£ C. indica (CIND-D08)-W
C. indica (CIND-D18)-D

L (CIND-N25)-W | VI
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C. medica-W
—| )il
86 C. medica-D

99 C. sp. (Kathairi nimbu)

C. xaurantiifolia

C. pseudolimon

91 C. sp. (Pummelo-lemon)

Atalantia monophylla 7] Og

Fig. 5 MP bootstrap condensed tree of 24 accessions of Citrus
and the outgroup, Atalantia monophylla from ITS sequence data
analysis. Numbers are bootstrap values based on 500 resam-
pling. Branches with <50% bootstrap values are collapsed

commercial Citrus fruits, such as sour orange
(C. xaurantium, a cross between mandarin and pum-
melo), sweet orange (C. xaurantium; syn. C. sinensis
(L.) Osbeck (a backcross between pummelo and
mandarin), grapefruit (C. xaurantium; syn. C. para-
disi (a backcross between pummelo and sweet orange)
(Moore 2001; Mabberley 2004). In UPGMA tree, the
sour and sweet oranges were grouped together in a
separate cluster along with the Khasi papeda and
Melanesian papeda, while in the MP and NIJ trees the
grapefruit and sour orange formed a separate cluster
along with C. reticulata, and the sweet orange grouped
with C. maxima along with the Khasi papeda and
Melanesian papeda. Our previous study, based on
cpDNA data, also elucidated the involvement of C.
reticulata as a maternal parent in the origin of sweet
orange (Jena et al. 2009). The consistent grouping of
sweet orange with C. maxima in the ITS-derived trees
indicates the role of C. maxima as a male parent in the
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Fig. 6 NI bootstrap consensus tree of 24 accessions of Citrus
and the outgroup, Atalantia monophylla from ITS sequence data
analysis. Numbers are bootstrap values based on 500 resampling

origin of sweet oranges. Moreover, two substitutions
at coordinate 10 (C—T) and 353 (C—T) in C. maxima,
C. xaurantium (sour orange) and C. xaurantium
(grapefruit) support a common genetic lineage of the
three species. These results support that involvement
of both C. maxima and C. reticulata in the hybrid
origin of the sour orange, sweet orange and grapefruit.

Swingle and Reece (1967) divided Citrus into two
subgenera: Citrus and Papeda. The wild species
including C. latipes and C. hystrix were classified
under subgenus Papeda of the genus Citrus by
Swingle (1943). Tanaka (1954) also classified the
wild species of Citrus under Archicitrus, which also
included other cultivated species like citrons, lemons,
limes, oranges and pummelos. Our ITS data analysis,
however, could not find any clear cut differentiation
between subgenera Citrus and Papeda according to
Swingle’s system. This supports the earlier findings of
Nicolosi et al. (2000) and Pang et al. (2007). In NJ and
MP trees, based on ITS sequence data, C. latipes and
C. hystrix were grouped with C. maxima and C. xaur-

@ Springer

antium (sweet orange) in the same cluster with a robust
bootstrap value (85%). This grouping showed close
genetic affinity of the Papedas with the Pummelos as
supported by earlier studies based on RAPD and RFLP
(Federici et al. 1998), cpDNA (Nicolosi et al. 2000),
and AFLP (Pang et al. 2007).

Citrus indica is a true wild species endemic to the
Garo Hills in Meghalaya. Tanaka (1928) was the first
to describe it as a new species. He (Tanaka 1977)
placed C. indica in section Acrumen of the Subgenus
Metacitrus. Cluster IV in our UPGMA tree included C.
indica, ‘Memang athur’ and C. reticulata, which
diverged from other clusters with similarity value of
0.34. ‘Memang athur’ consistently grouped with C.
indica with maximum similarity (0.56), indicating
closer relationship among the two. All accessions of C.
indica and ‘Memang athur’ diverged from C. reticu-
lata group with similarity value of 0.43, showing
maximum similarity with C. reticulata based on
morphology. This grouping supports Tanaka’s place-
ment of C. indica with the mandarins. Swingle and
Reece (1967) suspected C. indica to be of hybrid
origin involving a wild species of Citrus (C. latipes?)
and one of the cultivated species of Citrus as putative
parents. Mabberley (2004) also subscribed Swingle’s
view in treating C. indica as a species of suspected
hybrid origin. Based on RAPD and PCR-RFLP data,
Federici et al. (1998) argued against the hybrid origin
of C. indica. In our ITS analysis, C. indica was
independently grouped with its close variant ‘Memang
athur’ in the cluster VI in both MP and NIJ trees. This
result, therefore, does not support the hybrid origin of
C. indica as it consistently separated out as a distinct
cluster with good boot strap support (67 and 77%).
Similar result was also found in our previous study
based on sequence analysis of rrnl-trnF region
cpDNA (Jena et al. 2009).

‘Memang athur’ is a hitherto unidentified Citrus
fruit, which we could locate in one of the Garo tribal
settlements in Daribokgre in NBR and its vicinity.
Morphologically, ‘Memang athur’ looks more similar
to C. indica in the leaf shape, small and scarlet red
fruits, and medium to large sized plumpy seeds. Some
characters, like petiole size, serrations on leaf margin,
flowers with thick fleshy, 4 or 5 purplish tinged petals,
mammiform fruit apex, longitudinal furrow and ridge
on the surface, and reddish chalazal cap bring
‘Memang athur’ much closer to C. medica. Based on
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the morphological characters and partial seed sterility,
‘Memang athur’ appears to be a probable hybrid.
Malik et al. (2006) suspected it to be a hybrid between
C. indica and one of the cultivated Citrus species. In
the aligned sequence, three substitutions at coordinate
265 (C—-T), 316 (C—T) and 459 (A—T) in C. indica
and ‘Memang athur’ and grouping together in the
same cluster of MP and NIJ trees support our previous
study in Citrus based on ISSR markers (Kumar et al.
2010) that C. indica is perhaps one of the putative
parents involved in the hybrid origin of Memang athur.
This gained further support from phylogenetic trees
that ‘Memang athur’ consistently grouped along with
C. indica in all the trees. ‘Memang athur’ clearly
separated from C. indica with a robust bootstrap value
of 85% (NIJ tree) and 67% (MP tree), within the cluster
VI of ITS derived trees, which showed close similarity
with C. indica. The results support that ‘Memang
athur’ is closely related to C. indica genetically.

Citrus megaloxycarpa (sour pummelo) is suspected
to be a probable hybrid between C. maxima and
C. xlimon (Nair and Nayar 1997). It is morphologi-
cally close to C. maxima, except difference in some
characters like presence of marginate or narrowly
winged petiole, purplish tinged petal, sour juice and
purple chalazal cap. Lushington (1910) established it
as a valid species. Bhattacharya and Dutta (1956) and
Tanaka (1977) also accepted it as a valid species,
while Swingle and Reece (1967) and Nair and Nayar
(1997) considered it as a probable hybrid. The present
morpho-metric data support that C. megaloxycarpa is
very close to C. maxima, while our ITS data show the
placement of C. megaloxycarpa in the C. Xxlimon
cluster in both MP and NJ trees. The genetic identity
(100% similarity) between C. megaloxycarpa and
C. xlimon as shown in the nucleotide divergence rate
(0%; Table 5) is indicative of the probable hybrid
origin and close phylogenetic affinity of sour pum-
melo with the lemon group.

C. pseudolimon (the ‘Hill-lemon or ‘Gulgal’ or
‘Kumaon lemon’) has been considered as a variety of
lemon. Morpho-metric data placed the ‘Hill lemon’ in
the citron cluster along with lemon and lime groups.
ITS analysis, on the other hand supported its placement
in the sour lime group along with ‘pummelo-lemon’
and ‘Kathairi nimbu’. ‘Kathairi nimbu’ is an unusu-
ally interesting citrus fruit characterized by promi-
nently bumpy-warty epicarp, broadly mammillae or

depressed apex and a prominently collared neck at
base. It is a seedless form, clonally propagated through
suckers or stem cuttings. Morpho-metric results
showed close morphological affinity of ‘Kathairi
nimbu’ to C. maxima, whereas in ITS analysis it
consistently grouped with the sour lime (C. xauran-
tiifolia) cluster. ‘Pummelo-lemon’ is another interest-
ing variety/hybrid, showing intermediate characters of
pummelo and lemon. Based on ITS data, it clustered
along with Hill lemon and lime group while morpho-
logical data supported the close relationship of Pum-
melo- lemon with pummelo (C. maxima).

Conclusions

ITS analysis carried out in Indian taxa of Citrus was
useful in differentiating all the true species and
species/varieties of probable hybrid origin in distinct
clusters or groups. The disposition of all the accessions
of Citrus in distinct clusters based on ITS sequence
data was partly in accordance with the morpho-
taxonomic affinities of different taxa. The separation
of Citrus maxima, C. medica and C. reticulata in
distinct clusters or subclusters supports their distinc-
tiveness as the basic species of edible Citrus. ITS
sequence analysis could not find any clear cut
differentiation between subgenera Citrus and Papeda
according to Swingle’s system. The study also
supported the distinctiveness of C. indica, C. latipes
and C. hystrix as true species, besides elucidating the
hybrid origin and relationships among the cultivated
species/biotypes, such as C. xaurantiifolia, C. xlimon,
C. xtaitensis, C. limettioides, C. xaurantium (includ-
ing sour and sweet oranges and grapefruit), C. megal-
oxycarpa, C. karna, C. pseudolimon, ‘Memang athur’,
‘Pummelo-lemon’ and ‘Kathairi nimbu’. The outcomes
of this study will be useful for correct taxonomic
identification, documentation, characterization and
evaluation of Indian Citrus and its genetic resources.
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