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Abstract

Acid lime [Citrus aurantifolia (Christm.) Swingle] is a fruit crop, enriched with high commercial
value and is cultivated in 60 out of 75 districts representing all geographical landscapes of Nepal.
Lack of high yielding cultivars is probably one of the main reason for its extremely reduced
productivity which warrants a deep understanding of genetic diversity in existing germplasm.
Hereby, we aim to access the genetic diversity of acid lime germplasm cultivated at 3-different
ecological gradients of eastern Nepal employing PCR-based Inter-Simple Sequence Repeats markers
(ISSR). Altogether, 21 polymorphic ISSR markers were used to assess the genetic diversity in 60
acid lime cultivars sampled from different geographical locations. Analysis of binary data matrix was
performed on the basis of bands obtained, scoring of the data was done accordingly, and principal
coordinate analysis and phenogram were constructed using different computer algorithms. ISSR
profiling yielded 234 amplicons, of which 87.18% were found to be polymorphic. The number of
amplified fragments ranged from 7-18 with amplicon size ranging from 250-3200 bp. The NTSYS
based Cluster analysis using UPGMA algorithm taking Dice Similarity coefticient separated 60
accessions into 2-major and 3-minor clusters. The genetic diversity analysis revealed the highest for
Terai and the lowest for High-hill zone. Cluster I comprised of accessions from High-hill and Mid-
hill regions revealing the close genetic relationship, whereas cluster II comprised of accessions from
all three agro-ecological zones and the exotic varieties. Furthermore, our results revealed the
accessions harvested from different geographical gradients were not genetically distinct, but highest
diversity was observed in Terai accessions in comparison to the regions belonging to the High and
Mid-hills. Thus, our data indicate that the ISSR provides a better option for evaluating the genetic
diversity of Nepalese Acid Lime cultivars and furnished significant information, assisting parental
selection in current and future breeding programs and germplasm conservation which ultimately may

help to provide a technological breakthrough for the farmers of the developing country like Nepal.
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1. Introduction
Citrus, an important genus from Rutaceae family [1], is an ancient perennial crop more often
cultivated in tropical and sub-tropical parts of the globe [2]. Nepal is one of the countries in Asia
where citrus is thought to have been originated [3], and has crucial role in the horticultural industry.
The diploid citrus plants (2n=2x=18) are hybridized through cross pollination, in turn generating the
hybrids, plus increasing the ploidy levels [4,5].

Acid lime [Citrus aurantifolia (Christm.) Swingle] and lemon [Citrus limon (L.) Burm. f.] are
important fruit crops in Asia, and India is the largest producer of lime and lemon [6]. Acid lime
commonly known as “Kagati” in Nepal is enriched in vitamin ‘C’ with multi uses as for preparing
juice, pickles, and salad. Its medicinal properties are attributed by its preventive and curative
measures against various diseases of joints and bones, cold, influenza, dysentery, piles, scurvy, cold,
and constipation [7]. As Lemons and Limes juice have profound amount of citric acid comprising
1.38 and 1.44 g/oz resp. [8], beverages with citric acid are reported to reduce the content of calcium,
and ultimately enhancing urinary citrate excretion. Hence, it could be a good dietary supplement for

preventing and managing calcium Urolithiasis (kidney stone) [7,9].

Acid lime proves to be a crucial commercially cultivated fruit crop of Nepal, with a ranking of 3™
after mandarin and sweet orange in terms of area coverage (2,731 ha). The cultivation of Acid lime is
done in several districts of Terai (60 out of 75 ; low-lying land on the outer foothills of Himalayas) to
the land lying on High-hill landscapes of Nepal, particularly concentrating in Eastern Nepal [10].
Unlike Mandarin and sweet orange, acid lime can be successfully raised from High-hill to Terai
regions of Nepalese land [10]. Three different cultivars of lime have been grown in Nepal, viz., Acid
Lime, Eureka, and hybrids. Among them Acid lime bear high commercial value in the market due to
its size, better aroma and enriched medicinal value [11]. The favorable season for the production of
lime in Nepal is from September - November, however, the demand of this fruit is throughout the

year [12].

In Nepal, the production of acid lime is 8.3 ton/ha [13], which is itself very low as compared to the
productivity of other countries like Argentina (19 ton/ha), and India (12.2 ton/ha) [14]. The reason
for this low production may be due to several stressors, like biotic stress (Pests and diseases) and
abiotic stress (salinity, drought, and temperature). In addition, prevailing Climate Change is putting
more pressure on gross crop productivity [15]. Considering these scenarios, elite Acid Lime varieties

with desirable qualities, like nematode resistance, resistance to disease, juice content, higher yield,

d0i:10.20944/preprints201805.0144.v1


http://dx.doi.org/10.20944/preprints201805.0144.v1
http://dx.doi.org/10.3390/plants7020046

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 May 2018 d0i:10.20944/preprints201805.0144.v1

81  stress tolerance etc., holds better promises. Development of such cultivars with desirable qualities
82  can be achieved via breeding programs (conventional and non-conventional) viz., molecular marker-
83  assisted breeding, protoplast fusion, mutation breeding and genetic engineering [ 16-18]. High level
84  of variation in fruit quality, seasonality in flowering, harvesting time, productivity and disease
85  resistance among acid lime accessions of different agro ecological zones have been made [19].
86  Therefore, the study of genetic diversity at the molecular level and conservation of acid lime
87  germplasm of Nepal are crucial tasks that remain to be performed for its breeding and cultivar
88  development program.
89
90 The major motive of plant breeders lies in improving the qualitative and quantitative traits of the
91  existing cultivars. This has been achieved via conventional breeding involving the whole genomes
92  followed by the selection of highest quality recombinants among several segregating individuals.
93  However, this is highly time-consuming and tedious that involves multiple crosses and several
94  generations, vigilant linkage drag and phenotypic selection [20]. Recently developed DNA-based
95  molecular marker technologies have become immensely useful to plant breeders as complementary
96 tools for conventional breeding. They have evolved as efficient tools for genetic diversity
97  assessment, cultivar identification, marker-assisted selection and breeding, and recently to genomics-
98  assisted breeding for crop improvement [21-25]. Genetic diversity estimation employing molecular
99  marker tools is a fundamental task to be performed as it provides baseline information to plant
100  breeders for detecting a unique germplasm that is required for the improvement and selection of
101 horticultural traits and introduction of disease resistant cultivars to improve both the quality and
102  quantity production of the fruit [26].
103
104  Three different classes of molecular markers are currently available for plant breeders to expedite
105  crop improvement. These include: (i) hybridization-based markers such as Restriction Fragment
106  Length Polymorphisms (RFLPs); (ii) PCR-based like Random Amplified Polymorphic DNAs
107  (RAPDs), Amplification Fragment Length Polymorphisms (AFLPs), Microsatellite or Simple
108  Sequence Repeats (SSRs); and (7ii) Sequencing-based such as Single Nucleotide Polymorphisms
109  (SNPs) [20]. These molecular markers prove useful for various purposes in crop improvement
110  programs, such as (i) for constructing saturated molecular genetic linkage maps (physical and
111  genetic) in various species [27,28]; (ii) for identification of markers associated with genes/
112 Quantitative Trait Loci (QTL) controlling traits of economic importance for indirect Marker Assisted

113 Selection (MAS); (iii) gene introgression through backcrossing; (iv) germplasm characterization,
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114  genetic diversity assessment and cultivar identification; (v) genome organization and phylogenetics,
115  etc. [29-31].

116

117  Of'the various molecular-marker systems, PCR-based ISSR marker system have wide usage in

118  studying genetics [32]. These markers are polymorphic nature [33], abundance in the genome [34],
119  and have the advantages of SSR markers, circumventing the major obstacle of the development of
120  SSR markers, i.e. the requirement of flanking sequences for primer design and enjoying the

121  advantages of random markers [35]. ISSR technique combines the benefits of AFLP and SSR

122 markers with RAPD’s universality [22]. The ISSR markers are informative for species where

123 genome sequences are unavailable [36]. The scoring is done as dominant markers, and inherited in
124  Mendelian fashion [37]. ISSR, a PCR-based marker has a capacity to rapidly screen and differentiate
125  between closely related individuals [32].

126

127  Several molecular marker-based studies like RAPD and ISSR have been conducted in different

128  Citrus germplasm by [24,38-41]. Although the codominant SSR marker system based genetic study
129  was carried out prior to this study using the similar samples [39], however, it was not based on

130  advanced Capillary Electrophoresis (CE) and was carried out using conventional Agarose

131  Electrophoretic system. Therefore, based on this as well as ISSR being more robust dominant marker
132 system than RAPDs and condition where no prior genome sequence was known, our aim was to

133 evaluate the genetic diversity and relationship among the acid lime germplasm of different localities
134  of Eastern Nepal employing the ISSR markers and comparative analysis performed based on the
135  results obtained from 3-different marker systems. An overall objective of this research was to set-up
136  a baseline data to assist future breeding and conservation programs of Acid Lime in Nepal. In

137  addition, our main research revolves around different questions, such as (i) the extent of genetic

138  diversity in the Acid Lime cultivars of Eastern Nepal, and (ii) the agro-ecological zone which

139  harbored most genetically diverse Acid Lime cultivars based on our present ISSR study.

140
141 2. Material and Methods
142 2.1. Plant Materials

143 Altogether 60 young and healthy leaf samples (6 to 8 weeks old) of acid lime were harvested from
144  farmer’s plantation areas of Eastern-zone Nepal and were stored in an airtight zip-lock bags with
145  silica gel. Random sampling was done from the selected trees of all agro-ecological zones, viz.,
146  Terai, Mid-hills, and High-hills (Suppl. Table 1).

147
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148 2.2. DNA Extraction and PCR amplification

149  Dried leaf samples (100 mg) were ground to a fine powder using liquid nitrogen, and the genomic
150 DNA was extracted according to the protocol of DNeasy plant DNA extraction mini-kit (QIAGEN)).
151  ISSR-PCR amplification was performed in 25uL total reaction volume having 25ng of genomic

152 DNA, 3.0mM MgCl,, 2.5uL (10mM) of 10x PCR reaction buffer (Fermentas), 0.4uM primer,

153  0.4mM dNTPs and 1.5U Tag polymerase (Fermentas, Life Sciences). The PCR cycling conditions
154  consisted of initial denaturation of 94°C (2 m) followed by 40 cycles of denaturation at 94°C (30 s),
155  annealing at 50°C (45 s), elongation at 72°C (2 m) and a final elongation at 72°C (7 m), followed by
156  a hold at 4°C (for infinity) [24].

157

158  The PCR products obtained were analyzed in 2% (w/v) agarose gel comprising Ethidium Bromide
159  (0.5pg/mL, Promega Co.) [42] after running in 1x TAE Buffer (50V; 2 h). Gel-doc system (Ingenius,
160  Syngene Bioimaging, UK) was employed for gel visualization and documentation of ISSR bands.
161  The size of the obtained PCR products was analyzed by using Gene ruler™ 100 bp plus DNA ladder
162  (Fermentas Life Sciences).

163

164 2.3. ISSR Profiling and Scoring of the Data

165  Using optimized ISSR-PCR reactions and cycling conditions, 49-different ISSR oligos were

166  screened using fresh genomic DNA samples of acid lime. All experiments comprised 3-biological
167  replicates and 3-technical replicates. Out of 49 oligos, 21 oligos that provide crispy, multiple,

168  scorable, and reproducible bands were selected for further ISSR profiling. The ISSR profiles

169  generated by each of the 21 oligos were used to score the bands, and the creation of binary data

170  matrix. Scoring of all polymorphic and monomorphic bands was performed. Scoring of the markers
171 as ‘0’, ‘1’ and ‘9’ was performed for absence, presence and the failure of PCR amplification

172 respectively [43-45].

173

174 2.4. Data Analysis

175  The binary data matrix was analyzed using Microsoft-Excel 2007. It estimates the banding

176  characteristics; such as (i) Total number of bands obtained (TNB); (i) Number of polymorphic bands
177  (NPB); (iii) Percentage Polymorphism (PP); (iv) Polymorphic Information Content (PIC); (v) Band
178  Informativeness (Ig); and (vi) Resolving Power (Rp) for each primer used {PP = NPB/TNB generated
179 by each primer; PIC = 1-Y (P;j)?, where Pjj is the frequency of the i pattern revealed by j™ primer
180  summed across all patterns revealed by the primers [46]; Iz =1 - [2 x (0.5 — P)], where P represents

181  the proportion of accessions comprising the band; R, = Is [47]}.
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182

183  Genetic diversity in acid lime was computed using Numerical Taxonomy and Multivariate System
184  (NTSYS, version 2.211, New York, USA). Similarity indices were calculated applying a similarity to
185  qualitative data. From these similarity indices, sequential, agglomerative, hierarchical and nested
186  (SAHN) clustering was performed using the unweighted pair group method of arithmetic averages
187 (UPGMA) algorithm [48]. Similarity coefficients were computed-based on 3-different measures:
188  Simple Matching Coefficient (SM) [49], Dice’s Coefficient of Similarity (D) [43,50] and Jaccard’s
189  Coefficient (J) [44]. The matrices of SM, J and D coefficients were compared by Mantel test [51]
190  using MXCOMP option in NTSYS program. The cophenetic correlation test was applied for

191  estimating the correlation between each of the similarity matrix and its corresponding phenogram.
192  The estimated correlation coefficient values show the goodness of fit of cluster analysis performed
193  on the basis of each of SM, J and D. In order to evaluate trees constructed from UPGMA clustering
194 by genetic similarity coefficients, Consensus Fork indices (Clc) were calculated using Strict

195  Consensus method of NTSYS program for each combination of similarity coefficient and UPGMA
196  clustering. Cl. measures how resolved the tree is [47]. The best-fitted similarity matrix coefficient
197  was then employed for the genetic diversity assessment.

198

199  The genetic diversity and relationship among the acid lime cultivars of different agro-ecological
200 zones of Eastern Nepal were also studied through a Principal Coordinate Analysis (PCoA) using
201  Multivariate Statistical Package (MVSP, version 3.21) and in terms of Percentage of Polymorphic
202  Bands (PPB), Nei’s Genetic Diversity (H) and Shannon’s Information Index (I) using Popgene

203  (Version 1.32).

204
205 3. Results
206 3.1.ISSR Polymorphism in Acid Lime

207  Altoether, 234 loci were amplified by using 21 primers across the 60 acid lime accessions with an
208  average amplification of 9.72 bands per primer (Fig. 1). Among total amplified bands, 204 (87.18%)
209  were found to be polymorphic and 30 (12.82%) were monomorphic. The polymorphic bands

210  produced by different oligos ranged from 55.56 -100% (8 oligos revealed 100% polymorphisms).
211 The number of scorable bands produced per primer ranged from 7-18 with variation in amplicon size
212 ranging from 250-3,200 bp. The highest number of ISSR loci (18) was produced by primer UBC

213 857, whereas the lowest number of ISSR loci (7) was produced by primer C1 and UBC 834 in the
214  total accessions (Suppl. Table 2).

215
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216  The Polymorphic Information Content (PIC) value ranged from 0.74 (UBC 807) to 0.93 (UBC 857)
217  with an average of 0.85. The Band informativeness (Ig) of the 21 ISSR primers ranged from 0.42 (C
218  4)to 1.77 (C 1) with an average of 1.12 and the Resolving Power (Rp) ranged from 4.63 (UBC 807)
219  to 23.16 (UBC 857) with an average of 12.03. Here we found, the primers that have the highest PIC
220  value also gave the highest Rp score (Suppl. Table 2).

221

222 3.2.Genetic Diversity in Acid Lime Cultivars

223 The varied range of similarity indices were obtained, using Simple Matching (SM), Jaccard’s (J) and
224  Dice (D) coefficient i.e., SM (0.54 - 0.94), J (0.42 - 0.90) and D (0.57 - 0.95) with an average

225  similarity coefficient value of 0.79, 0.69 and 0.81 respectively. The Mantel test (Matrix comparison)
226  result of original matrices showed a correlation value between J and D to be the highest and

227  significant (0.99710) in comparison to SM and J (0.98143) and SM and D (0.98318) (Suppl. Table
228  3).

229

230  The highest Clc value (Clc = 1.00000) was observed for J and D coefficients (Suppl. Table 4).

231 Cophenetic correlation coefficient value (r) between the genetic similarity matrices and cophenetic
232 matrices are presented in Suppl. Table 5. Unweighted Pair Group Method of Arithmetic Averages
233 (UPGMA) distance for D coefficient gave the highest Cophenetic Correlation value (r = 0.90356)
234 (Suppl. Table 5). Compared to J and SM coefficients, D coefficient was evaluated to be the best

235  coefficient for deducing the genetic diversity and relationship among various acid lime cultivars as
236 shown by the highest cophenetic correlation coefficient value (r = 0.90356) indicating very good fit
237  for cluster analysis (Suppl. Table 5).

238

239  On comparative analysis made for the similarity coefficients, Dice coefficient was revealed to be the
240  best, which was subjected further for interpreting genetic diversity, and the relationships among

241  various accessions of acid lime representing different geographical gradients. Based on the Dice

242 similarity coefficient, genetic similarity within 60 acid lime accessions ranged from 57% to 95%
243 with an average of 81% (Suppl. Table 6). The individual genetic similarity/distance among various
244 C. aurantifolia accessions have been assessed from the pair-wise comparison of Dice similarity

245  matrix, which revealed that High-hill accessions LT-21 and LT-20 to be the most genetically similar
246 (0.95) and Terai accessions LS-56 and LS-35 to be the most genetically distant (0.571) genotypes.
247  Considering these similarity indices, Terai accessions were shown to have wider genetic base

248  followed by Mid-hill and High-hill.

249
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250  Genetic diversity of acid lime germplasm from different zones assessed based on Percentage of

251  Polymorphic Band (PPB), Nei’s Gene Diversity (H) and Shannon’s Information Index (I) using

252 Popgene ver. 1.32 revealed highest diversity indices t in Terai accessions (PPB, 69.660%; H, 0.215;
253 1, 0.325) followed by Mid-hill (PPB, 66.670%; H, 0.202; I, 0.308) and High-hill (PPB, 55.130%; H,
254 0.173; 1, 0.262) (Suppl. Table 7).

255

256 3.3.The genetic relationship based on UPGMA Cluster Analysis and PCoA

257  The 60 genotypes were separated into two major clusters (I and II) and three minor clusters (111, IV,
258 and V) in the phenogram (Fig. 2). The accessions from High-hill, Mid-hill, and Terai zones were
259  intermingled in different clusters. The cluster I comprised of 30 accessions from High-hill and Mid-
260  hill agro-ecological zones. In this cluster, the highest genetic similarity coefficient was observed for
261  the accession LT-20 and LT-21 (0.95), and the lowest similarity coefficient (i.e., highest genetic

262  distance) was observed between LS-56 and LS-35 (0.571). Cluster II comprised of 25 accessions
263 from High-hill, Mid-hill and Terai agro-ecological zones along with the exotic varieties of Vanarasi,
264  Madrasi and Rampur (LKv-60, LKm-61, and LKr-62 respectively). In this cluster, accessions LS-37
265  and LS-39 had the highest similarity value of 0.993 followed by 0.940 (between LS-42 and LD-45),
266 0.927 (between LD-48 and LD-50) and so on. Cluster III and cluster IV consisted of single

267  accession, LT-9, and LD-59 from High-hill and Mid-hill respectively. Cluster V comprised of three
268  accessions (LS-56, LD-58, and LS-57) that belongs to Terai agro-ecological zone (Suppl. Table 8).
269  The cluster II has been separated from cluster I at a similarity coefficient of 0.803 and cluster IV
270  separated from rest of the group at a similarity coefficient of 0.66. There was only a small genetic
271  variation between cluster groups I and II (similarity %, 81.4 and 81.8 respectively) and clusters IV
272 and V (similarity %, 73.7 and 73.9 respectively), whereas wider variation was observed between
273 cluster IV and II (Fig. 2).

274

275  Two-dimensional plots of the principal coordinate analysis (PCoA) classified the 60 acid lime

276  accessions based on ISSR allelic variation (Fig. 3). The first principal co-ordinate axis accounted for
277  14.51%) (Eigen value = 323.27; percentage of variance = 14.51%) and second accounted for 8.34%
278  (Eigen value = 185.77; percentage of variance = 8.34%) of the total genetic variation with a

279  cumulative variation of 22.85%. Therefore, groups were discriminated, with axes 1 and 2 expanding

280  22.85% of the total variation.

281
282 4. Discussion
283 4.1.ISSR polymorphism and genetic diversity estimation in Nepalese Acid Lime
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Polymorphism reported in Citrus spp. is comparable with our present investigation (PP=87.18%)
such as 89.4% in wild Citrus spp. [24], 87% in C. indica [52], and 100% of few commercially
important Citrus spp. [53]. The total amplification profiles generated by the 21 ISSR primers yielded
234 bands of which 204 were polymorphic and 30 were monomorphic, which gives us a clue about
the existence of high level of genetic diversity among selected acid lime germplasm from 3-different
ecological zones of Eastern Nepal. RAPD screens whole genome as revealed by 94.94%
polymorphism in corresponding samples, much higher compared to present findings [41]. However,
ISSR amplicons correspond to specific inter SSR loci and ISSR- PCR is more stringent than RAPD
because of the use of longer oligos (16-25 bp), that allows the use of high annealing temperatures
[22]. PIC value provides information about heterozygosity and is associated with the degree of
polymorphism. Primers with comparably higher PIC values are useful in discriminating accessions
[54]. In our study, the PIC value ranged from 0.74 to 0.93 with an average of 0.89. The highest PIC
value 0f 0.93 was observed for primer UBC 857 and lowest of 0.74 for UBC 807 with an average
value of 0.85. PIC value of >0.80 indicates their usefulness for the assessment of genetic diversity of
acid lime accessions (Suppl. Table 2). Interestingly, PIC value of the SSR based study of the similar
germplasm revealed comparatively low values [39], which might be due to SSR markers being
codominant and specific PCR-based marker system. Also, as the SSR-based study was conducted in
conventional Agarose Gel Electrophoretic system (in contrast to Polyacrylamide or Capillary
Electrophoresis), small allele size differences (varying in few bases) might not have been properly
resolved. Capillary Electrophoresis has been shown to be the superior technique for SSR-based
genetic analysis [55]. However, the PIC value of the present study is comparable to that reported in
our previous RAPD-based study (ranged from 0.78 to 0.88 with an average of 0.80) [41]. Our current
investigation revealed the primer (UBC 857) that had highest PIC value (0.93) to have highest
Resolving power value (23.16) (Suppl. Table 2), which provides us a glimpse of quantitative data

that allows us to make direct comparisons between the primers [47].

The clustering based on UPGMA analysis revealed the genetic diversity and relationship among acid
lime accessions of three geographically diverse agro-ecological zones. No specific cluster was
formed for accessions from different agro-ecological zones under study. Our result is congruent with
others finding of being separated into two major and three minor clusters, apart from the distribution
of different accessions in different clusters [39]. Cluster I of present study comprised of accessions
from High-hill and Mid-hill zones showing the close genetic relationship, whereas cluster 11
comprised of accessions from all three agro-ecological zones and the exotic varieties viz., Vanarasi,

Madrasi and Rampur (LKv-60, LKm-61, and LKr-62 respectively). These exotic varieties were also

10
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318  clustered together on phenogram generated from SSR markers [39] and RAPD markers [41].

319  Accessions (LS-56, LS-57and LD-58) from Terai ecological zone are clustered together, similar to
320  the results obtained in SSR-based phenogram by [39], indicating their genetic closeness. The

321 intermixing of accessions that are grown in different agro-ecological domains in different clusters in
322  the phenogram may be attributed to the genetic similarities among different accessions in various
323  qualitative and quantitative traits. In order to improve varieties, the ideal parent for hybridization
324  should be selected based on the level of genetic diversity estimated using molecular markers [56].
325  The high usage of morphological traits for the determination of genetic relationship among plants
326  and its varieties exists [57]. However, morphological markers do not often reflect genetic

327  relationships because of their interaction with the environment and epistasis [58]. On the basis of
328  previous study on fruit diversity and vitamin C content, four elite accessions [two from high-hills,
329  and one each from Terai and Mid-hills were confirmed to be of superior quality and recommend for
330 conservation, breeding and various developmental purposes [59]. In our present investigation, the
331  first two accessions (LT-17 and LT-23) are clustered together in I group and remaining two (LD-49
332  and LM-44) are clustered in II group.

333

334  Dice similarity matrix based genetic diversity estimates within each of the three agro-ecological

335  zones revealed wide genetic base in accessions from Terai agro-ecological zone (0.57-0.94) in

336  comparison with Mid-hill (0.70-0.94%) and High-hill (0.75-0.95%). However, regarding between
337  agro-ecological zones genetic base, the highest value was observed between High-hill and Terai

338  accessions (57-95%) followed by Mid-hills and Terai accessions (57-94%). Terai accessions being
339  most genetically diverse had a comparable genetic base to that of Mid-hill vs. Terai and High-hill vs.
340  Terai. The result is comparable with the result obtained using SSR markers where accessions from
341  high and mid-hills have the high average genetic similarity (73% and 81%) in comparison to Terai
342 (69%) [39]. Our results showed that the collected accessions from different agro-ecological zones
343  were not genetically distinct but highest diversity was observed in Terai accessions compared to in
344  High and Mid-hills. In our investigation, the diversity indices like Shannon’s information index (I)
345 and Nei’s gene diversity (H) were found to be 0.325 and 0.215 respectively in Terai agro-ecological
346  zone which was highest among the three zones studied. This indicates Terai to have diverse gene
347  pool, compared to Mid and High-hills. This discrepancy in diverse gene pool could be due to higher
348  accessibility for the movement of germplasm in Terai within the country, and also from neighboring
349  country India. In contrast, lower level of genetic variability as was observed in Mid-hills and High-

350  hills might be due to acid lime trees being established in natural conditions in these zones [39]. Our
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351  previous study using similar germplasm based on RAPD markers shows almost similar diversity

352  indices values [41].

353

354 4.2. Application of ISSR-based Genetic Diversity Estimates in Acid Lime Breeding Program

355 In the present investigation, ISSR dominant markers were utilized for the genetic diversity analysis
356  ofacid lime cultivars of eastern Nepal. The advantage in the use of ISSR markers in plant breeding
357 lies in their linkage to SSR loci. Although microsatellites themselves are probably non-functional
358 and selectively neutral, they are linked to the coding regions, so that ISSRs mark the gene-rich

359  regions [60]. Also, because of quicker ISSR analysis procedure that detects over hundreds of bands
360  per primer, this has gained increased attention to both the plant genetics and the breeders’ alike [61].
361  To date, more polymorphism has been detected with the use of ISSRs than any other assay procedure
362  [62-64]. However, there are possibilities that the fragments with the same mobility in electrophoresis
363  originate from non-homologous regions, which can contribute to some distortion in the estimates of
364  genetic similarities [61,65].

365

366  Many qualitative and quantitative agronomic traits such as high juice content, fruit size, disease and
367 insect resistance have the genetic basis of inheritance and can be enhanced by the use of molecular
368  markers and marker-assisted selection (MAS) technique. Selection and Improvement of good

369  qualitative and quantitative traits are important steps in the variety of developmental programs.

370  Moreover, breeding of good quality traits requires selection of parents with a wider genetic diversity
371  [66]. For this, sufficient knowledge about genetic diversity in the gene pool is required to adopt the
372  efficient and valuable breeding approach.

373

374  Even though tremendous demand for Acid lime exists in Nepal, the country is not self-reliant in its
375  sole production, thus import of bulk quantities is required to quench the thirst of growing population.
376  Nepal is enriched with a favorable geo-climatic condition for acid lime cultivation, however, its

377  production per hectare is comparatively very low because of the lack of high yielding varieties, rapid
378  diseases and pests’ infestations, poor agronomic practices, not an introduction of disease-resistant
379  cultivars, etc. Our current study assesses the genetic diversity of acid lime germplasm of eastern

380  Nepal using ISSR marker technique and underscores the need for the conservation of these resources
381 by the development of elite cultivars.

382

383  Using representative accessions of acid lime from three different agro-ecological zones, we

384 investigated the genetic diversity of Nepalese Acid Lime using ISSR marker. Moderately overall
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385  high genetic polymorphism (87.18%) was detected using 21-primers. The cluster analysis revealed
386  heterogeneous grouping into 2-major and 3-minor clusters and no clustering according to

387  geographical locations was evident. Acid lime elite cultivars selected in the previous study using the
388  same 60 accessions can now be used as a breeding material or genetic stocks for the future breeding
389  program and genetic distance between these and others can be used for parental selection for

390  breeding. In a nutshell, Genomics-Assisted breeding and Metabolomics-assisted breeding strategies
391 may provide tremendous breakthrough and have higher scope in plant breeding.
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Legends to Figures

Figure 1. ISSR profile generated by Primer UBC 842. Lanes marked with M is 100bp plus molecular
weight markers. A: Lanes 1-15 represents acid lime samples 1-15; B: Lanes 16-30 represents acid
lime samples 16-30; C: Lanes 31-45 represents acid lime samples 31-45; D: Lanes 46-62k represents
acid lime samples 46-62.

Figure 2. Phenogram generated for 60 Citrus aurantifolia (Acid lime) accessions (please refer to
Supplementary table 1 for sample details) by UPGMA cluster analysis using Dice coefficient of
similarity computed from 234 ISSR loci generated by 21 primers. The clusters are labeled as 1, II, III,
IV, and V.

Figure 3. Principal Co-ordinate Analysis (PCoA) of Dice similarity matrix carried out with MVSP
3.21

Legends to Supplementary Tables

Supplementary Table 1. The altitudinal range, accession numbers and locality details of acid lime
samples.

Supplementary Table 2. ISSR primer details, Total Number of amplified Bands (TNB), Number of
Polymorphic Bands (NPB), Percent Polymorphism (PP), amplicon size range, Polymorphic
Information Content (PIC), Band Informativeness (Ig) and Resolving power (Rp) computed for
different ISSR primers used to generate ISSR profiles in 60 Citrus aurantifolia (Acid lime)
accessions

Supplementary Table 3. Correlation Coefficient values generated from Mantel test of original
similarity matrices

Supplementary Table 4. Consensus Fork Index (Clc) values generated for the UPGMA based
phenograms using different similarity coefficients

Supplementary Table 5. Cophenetic correlation coefficients value (r) obtained for different similarity
matrices viz. Simple Matching, Jaccard’s and Dice

Supplementary Table 6. Percentage genetic similarities observed within and between three agro-
ecological zones for various acid lime samples based on Dice similarity matrix generated from ISSR
profile

Supplementary Table 7. Genetic variation observed for C. aurantifolia samples representing different
agro-ecological zones as revealed by POPGENE ver. 1.32

Supplementary Table 8. Acid lime accessions belonging to 2-major and 3-minor clusters of UPGMA

phenogram
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Supplementary Table 1. Altitudinal range, accession numbers and locality details of acid lime samples

Above 1200 m asl 600-1200 m asl Less than 600 m asl

Acc. Altitude (m | VDC-Ward Acc. Altitude, (m | VDC- Acc. Altitude, (m | VDC-

No. asl) No. No. asl) Ward No. | No. asl) Ward No.

LT-1 1605 Okhre-8 LD-49 | 1185 Bodhe-1 LM- 135 Sunpur-2
43

LT-17 | 1750 Fachmara-7 LKv- 1285 Balara-1 LM- 135 Sunpur-2

60 44
LT-18 | 1710 Fachmara-9 LKm- 1285 Balara-1 LD-45 | 135 Sunpur-2
61

LT-15 | 1655 Fachmara-9 LKr-62 | 1285 Balara-1 LD-58 | 135 Sunpur-2

LD- 1638 Rajarani-9 LD-48 | 1181 Bodhe-1 LS-34 | 128 Narsing-2

50

LT-8 | 1505 Okhre-8 LD-25 | 1180 Balara-1 LS-35 | 128 Narsing-4

LT-22 | 1505 Sudap-1 LD-26 | 1175 Balara-1 LS-36 | 128 Narsing-4

LT-9 | 1500 Okhre-5 LD-27 | 1175 Balara-1 LS-37 | 128 Narsing-4

LT-21 | 1485 Fachamara-1 LD-28 | 1175 Balara-1 LS-38 | 128 Narsing-4

LT-20 | 1410 Fachamara-8 LD-29 | 1175 Balara-1 LS-39 | 128 Narsing-4

LT-16 | 1405 Fachamara-7 LD-30 | 1175 Balara-1 LS-40 | 128 Narsing-4

LT-19 | 1350 Fachamara-7 LD-59 | 1175 Balara-1 LS-41 | 128 Narsing-4

LT-13 | 1315 Fachamara-7 LT-4 1155 Okhre-1 LS-42 | 128 Narsing-4

LT-12 | 1310 Fachamara-7 LT-5 1155 Okhre-3 LS-56 | 128 Narsing-4

LT-14 | 1308 Fachamara-7 LT-6 1150 Okhre-3 LS-57 | 128 Narsing-4

LT-23 | 1308 Sudap-7 LD-31 | 1150 Dhnk -3 LM- 125 Pathari-2
51

LT-3 | 1305 Okhre-8 LT-7 1145 Okhre-2 LM- 125 Pathari-2
52

LD- 1290 Balehara-8 LT-10 | 1135 Okhre-3

24

23


http://dx.doi.org/10.20944/preprints201805.0144.v1
http://dx.doi.org/10.3390/plants7020046

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 May 2018 d0i:10.20944/preprints201805.0144.v1

LT-2 | 1285 Okhre-1 LT-11 | 1130 Okhre-3 [ LM- [ 125 Pathari-2
54
LD- | 1278 Bodhe-2 LD-32 | 1130 Balhra-3 | LM- | 125 Pathari-2
46 55
LD-33 | 1130 Balhra-1 | - - -

LT, Lime Terhathum district; LD, Lime Dhankuta district; LM, Lime Morang district; LS, Lime Sunsari district; LKm,
Lime madras; LKr, Lime Rampur; LKv, Lime Varanasi; VDC = Village Development Committee, m = meter, asl =
above sea level

616

617
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618
Supplementary Table 2. ISSR primer details, Total Number of amplified Bands (TNB), Number of Polymorphic
Bands (NPB), Percent Polymorphism (PP), amplicon size range, Polymorphic Information Content (PIC), Band
Informativeness (Is) and Resolving power (Re) computed for different ISSR primers used to generate ISSR

profiles in 60 Citrus aurantifolia (Acid lime) accessions

S.N | Prime | Primer Sequence Prime | TN | NP | PP Amplico | PIC | Is Re
r Code r B B n size
(5'-39
Lengt range
h (bp) (bp)
1 Cl TCTCTCTCTCTCTCTCTCCC | 20 7 5 71.4 | 550-1800 | 0.8 | 1.7 | 12.4
3 5 7 0
2 C2 AGCAGCAGCAGCGT 14 10 10 100 | 500-3200 | 0.8 | 0.8 | 8.33
3 3
3 C4 CTCCTCCTCGC 11 14 14 100 | 300-2200 | 0.8 | 0.4 | 5.87
2 2
4 CS5 CACCACCACGC 11 12 11 91.6 | 600-2500 | 0.8 | 0.6 | 7.23
7 3 0
5 C7 HVHGAGAGAGAGAGAGAT | 18 17 15 88.2 | 250-2000 | 0.8 | 0.8 | 14.8
3 9 7 7
6 C8 TCCTCCTCCTCCTCCRY 17 9 7 77.7 | 520-2800 | 0.8 | 1.4 | 13.2
8 7 7 3
7 C9 BDBTCCTCCTCCTCCTCC 18 9 6 66.6 | 520-2000 | 0.8 | 1.5 | 13.5
7 6 0 6

25
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8 C10 HVHTCCTCCTCCTCCTCC 18 11 8 72.7 | 500-2000 | 0.7 | 0.7 | 8.63
3 9 8
9 UBC AGAGAGAGAGAGAGAGT 17 9 9 100 | 450-1300 | 0.7 | 0.5 | 4.63
807 4 1
10 UBC GAGAGAGAGAGAGAGAT 17 16 16 100 | 390-1980 | 0.8 | 1.0 | 12.0
810 5 0 0
11 UBC GAGAGAGAGAGAGAGAA | 17 12 9 75.0 | 450-1500 | 09 | 1.0 | 16.6
812 0 1 3 0
12 UBC ACACACACACACACACT 17 9 5 55.5 | 500-2000 | 0.8 | 1.5 | 13.6
825 6 7 1 3
13 UBC AGAGAGAGAGAGAGAGYT | 18 7 5 71.4 | 310-1550 | 0.8 | 1.2 | 896
834 3 1 8
14 UBC AGAGAGAGAGAGAGAGY | 18 10 10 100 | 400-2900 | 0.8 | 1.2 | 12.9
835 C 6 9 6
15 UBC AGAGAGAGAGAGAGAGY | 18 10 10 100 | 320-1450 | 0.8 | 1.1 | 11.3
836 A 7 3 0
16 UBC GAGAGAGAGAGAGAGAY | 18 10 10 100 | 320-1700 | 0.8 | 1.0 | 10.8
841 C 7 8 3
17 UBC GAGAGAGAGAGAGAGAY | 18 12 12 100 | 320-1650 | 0.8 | 1.0 | 12.5
842 G 9 4 3
18 UBC ACACACACACACACACYG | 18 18 17 94.4 | 300-3000 | 09 | 1.2 |23.1
857 4 3 8 6

26
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19 UBC GACAGACAGACAGACA 16 14 13 92.8 | 470-3000 | 0.8 | 0.9 | 13.4
873 6 9 6 3
20 | UBC BDBCACACACACAGACA 17 9 7 77.7 | 480-1450 | 0.8 | 1.4 | 13.2
888 8 7 7 3
21 UBC DBDACACACACACACACA | 18 9 5 55.5 | 480-1400 | 0.8 | 1.7 | 153
889 6 7 0 3
Total 234 | 204 Average 0.8 | 1.1 12.0
5 2 3
Average Polymorphic Bands per primer = 9.72 Average Polymorphism = 87.18

619 Where, H =non-G, Y = Pyrimidine, B =non-A, D =non-C, V =non-T

620

27


http://dx.doi.org/10.20944/preprints201805.0144.v1
http://dx.doi.org/10.3390/plants7020046

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 May 2018

621

622
623

624

625

d0i:10.20944/preprints201805.0144.v1

Supplementary Table 3. Correlation Coefficient values generated from Mantel test of original similarity matrices

Simple Matching (SM) Jaccard (J) Dice (D)
Simple Matching (SM) oAk 0.98143 0.98318
Jaccard (J) okl 0.99710
Dice (D) ok

28
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626
Supplementary Table 4. Consensus Fork Index (Clc) values generated for the UPGMA based phenograms
using different similarity coefficients
Simple Matching (SM) Jaccard (J) Dice (D)
Simple Matching (SM) oAk 0.74138 0.74138
Jaccard (J) oAk 1.00000
Dice (D) skokeskeoskoskosk
627
628
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629
Supplementary Table 5. Cophenetic correlation coefficients value (r) obtained for different similarity
matrices viz. Simple Matching, Jaccard’s and Dice
Clustering module of similarity Simple Matching Jaccard Dice
UPGMA 0.88396 0.89800 0.90356
630
631
632
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635

Supplementary Table 6. Percentage genetic similarities observed within and between three agro-ecological

d0i:10.20944/preprints201805.0144.v1

zones for various acid lime samples based on Dice similarity matrix generated from ISSR profile

Zone/Zone High-hill Average Mid-hill Average Terai Average
High-hill 75-95 86.02 68-95 83.6 57-95 82.68
Mid-hill 70-94 82.94 57-94 79.98
Terai 57-94 79.33

Zone = Agro-ecological zone
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636

637 Supplementary Table 7. Genetic variation observed for C. aurantifolia samples representing different agro-

638 ecological zones as revealed by POPGENE ver. 1.32

Population of C. | Sample Size | Number of polymorphic PPB (%) H I
aurantifolia bands

High-hill 20 129.00 55.130 0.173 0.262
Mid-hill 21 156.00 66.670 0.202 0.308
Terai 19 163.00 69.660 0.215 0.325
Average 149.33 63.820 0.197 0.300
Species level | 60 204 87.180 0.223 0.348
(Multipopulation)

Where, PPB = Percent Polymorphic Bands/loci, H = Nei’s gene diversity, | = Shannon’s information index

639

640
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Supplementary Table 8. Acid lime accessions belonging to two major and three minor clusters of UPGMA phenogram

S.N. Clusters Accessions

1 | LT-1, LT-2, LT-3, LT-12, LT-8, LT-10, LT-14, LT-15, LT-11, LT-19, LT-5, LT-7, LT-6,
LT-17,LT-18, LT-20, LT-21, LT-22, LD-25, LD-27, LD-30, LD-29, LT-23, LD-24, LT-13,
LD-26, LT-4, LD-31, LT-16, LD-28

2 11 LD-32, LD-33, LS-36, LS-37, LS-39, LS-42, LD-45, LS-38, LS-40, LM-43, LM-44, LS-41,
LD-45, LD-48, LD-50, LD-49, LM-51, LM-54, LS-34, LS-35, LM-52, LM-55, LKv-60,
LKm-61, LKr-62

3 111 LT-9

4 v LD-59

5 A% LS-56, LD-58, LS-57
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