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Abstract

:

Ulmus villosa Brandis ex Gamble, an economically and ecologically important forest tree, is native to the western Himalayas of Pakistan. The long pressure imposed by unsustainable utilization and market demands has resulted in the rapid decline of the U. villosa population in the wild. To date, very limited information on the genomic diversity of U. villosa is available and this can tremendously limit our understanding of distribution and future conservation of U. villosa. Therefore, the current study aimed to assess genetic diversity within U. villosa wild populations of the Hazara Division using four barcoding markers (i.e., rbcL, matK XF + 5R, matK 390F + 1326R and trnH-psbA). A total of six high quality sequences were obtained with rbcL, four with matK XF + 5R, four with matK 390F + 1326R, and fourteen with trnH-psbA. The sequenced regions contained insertions and deletions as well as several SNPs across the length of sequences, and PCR-based markers may be developed from these novel SNPs markers. The phylogenetic results supported the polyphyletic origin of the genus Ulmus, and the data indicated that multiple speciation events may have led to the evolution of U. villosa in this region. For deeper understanding of the origin and evolution of U. villosa, sequencing of the complete nuclear and chloroplast genomes will be pivotal. The results herein provide novel insights into the genomic diversity as well as phylogenetic relationships of U. villosa with other species, and may facilitate both in situ and ex situ conservation efforts for this endangered species.
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1. Introduction


Ulmus villosa Brandis ex Gamble is a medium to large size tree, distributed in the northwest and western Himalayas and is relatively common in Hazara Division of Pakistan. These trees have a deep root system that resists wind and drought conditions [1].



The wood of U. villosa is highly prized and utilized in construction as well as in the furniture industry. Due to its excessive and non-sustainable utilization, the populations of this species are declining rapidly in Pakistan and therefore the national IUCN extinction risk assessments for this species classified it as endangered [2]. This unsustainable utilization of wood and the concomitant habitat fragmentation imposed are regarded as the major contributors to its decline in the wild. Despite its decline at local levels, there is almost no available information regarding possible genetic bottlenecks and/or its poor adaptation to new climatic conditions and it largely remains unknown whether these factors add further to the depletion of U. villosa. Genetic diversity allows the species adaptation to new climatic conditions and shapes the evolutionary processes [3,4]. Furthermore, conservation and management of a species require knowledge of its ecological characteristics and genetic variation within and between populations [4,5,6]. To obtain such information, particularly the better understanding of genetics of U. villosa, integration of powerful biological and computational techniques is required [7,8,9].



Due to the controversial taxonomy of the genus Ulmus attributed to the high morphological variability within species [1], previous studies have focused on taxonomic research, based on morphological and biochemical markers [10]. However, recently DNA and protein markers such as allozyme [11,12], RAPDs, ISSRs [13] and AFLP [14] have been used to investigate the genetic diversity of the members of Ulmaceae family. Additionally, microsatellite markers have been used due to their high reproducibility, multi-allelic nature and extensive genome distribution [15,16].



Recently, DNA barcoding techniques that employ small, standardized portions of the genome, e.g., matK, rbcL, trnHpsbA and ITS as substitutes for morphology, have been widely applied for species identification as well as phylogeny. These genes are universally present in lineages and the unique sequence diversity allows for discriminating among and between species [17,18]. Although, DNA barcodes have been widely used to study the Ulmaceae members in other regions, still there is hardly any available information on the genomic diversity of U. villosa in Pakistan. Therefore, the current study focuses on DNA barcoding genes aiming to assess genetic architecture and population structure of U. villosa that may allow identification of elite genotypes and may provide insights into the speciation of U. villosa in this region. To the best of our knowledge, this will be the first report on these aspects of U. villosa and thus may facilitate both its in situ and ex situ conservation efforts.




2. Materials and Methods


2.1. Study Area and Plant Materials


The current study was authorized by the Directorate of Advance Studies and Research Board (ASRB) of Hazara University, Mansehra Pakistan. During field surveys from 2017 to 2019, U. villosa was recorded in 66 localities with a total population size of 283 individuals from different areas of Hazara Division, Pakistan. Boundaries of the sampling area join the northern areas and Azad Kashmir in the north and east. The river Indus runs through the division in a north–south line, forming most of the western boundary of the division. It comprises of six (06) districts, Abbottabad, Battagram, Haripur, Mansehra, Kohistan and Torghar (Figure 1).



Identification of plant samples followed the flora of Pakistan and the samples were collected and processed following standard herbarium techniques [2] and voucher specimens were deposited in the herbarium of Hazara University Mansehra, Pakistan (HUP).




2.2. Genomic DNA Extraction and DNA Quantification


Genomic DNA was extracted from freshly collected young green leaves of Ulmus species using the cetyltrimethylammonium bromide (CTAB) method previously outlined [19]. The extracted DNA was incubated at 37 °C for 1 h with 1 μL of 10 mg/mL RNase A and then stored in a freezer (−20 °C).




2.3. Molecular Markers Selection and PCR Analyses


Here, previously known DNA barcoding markers were used, and all these markers and related information were mentioned in Table 1. For PCR markers, amplification conditions given in [20] were followed. DNA was amplified using a Gradient Thermocycler in a 15 µL reaction mixture and 0.6 µM of each primer. PCR amplified products were separated by 2% agarose.




2.4. Gel Purification and Confirmation of Eluted PCR Products


Selected barcoding bands were excised with sterile scalpel and purified with the QIAquick Gel extraction kit (Qiagen, Valencia, CA, USA) following manufacturer’s protocol. 1 μL of the recovered DNA was reloaded on 0.8% agarose gel to ascertain elution before products were sent for direct sequencing. Purified DNA fragments were commercially sequenced at Beijing Genomic Institute (BGI), China by sending the PCR products directly along custom primers.




2.5. Data Analyses


DNA sequences in the form of chromatograms were cleaned using BioEdit software (version 7.0.5), and multiple sequence alignment was performed using ClustalW multiple alignment tools embedded in Geneious R6 (v6.1.8, Biomatters Ltd., Auckland, New Zealand). Phylogenetic reconstruction and estimation of nucleotide variability were carried out in Geneious R6 [21] or MEGA6 [22]. The evolutionary history was inferred by using Neighbor joining model. Nodal support was assessed via bootstrapping, and the bootstrap consensus tree was inferred from 1000 replicates [23].





3. Results


3.1. Molecular Markers (Barcoding Genes) Analyses


A total of four barcoding genes from U. villosa samples were investigated. All four markers tested have successfully amplified regions from selected samples. For molecular analyses, U. villosa samples selected are spaced by an elevation of 50 m maximum. Thus, for PCR amplification, 27 U. villosa samples were used. Furthermore, all markers have produced a single band within the range of expected sizes; however, there were rare missing bands most probably due to DNA loading errors (Figures S1 and S2).



Successful amplification of the rbcL region resulted in a single band from all samples except lane number. 8 (Figure S1A). Similarly, matK markers also resulted in a single band except lanes 12–15 and 18 (Figure S2B). It was interesting to see that the matK region produced a faint secondary band in a few lanes (e.g., see lanes 12–15 Figure S1B), that could potentially indicate to multiple copies of different origin or truncated regions. The trnH-psbA amplification also resulted in a single band with a slight variation in sizes of the amplicons from samples (Figures S1 and S2).




3.2. Nucleotide Sequence Variation and Phylogeny of U. villosa


Samples of U. villosa were used to test universality of the matK, trnH and rbcL regions (Table 2). All markers have amplified regions of the expected sizes, but all sequencing reactions were not successful, or the obtained sequences were too short to be included in the final analyses. The overall analyses are based on six high quality sequences form rbcL region, four matK XF + 5R, four matK 390F + 1326R sequences and fourteen trnH-psbA sequences of U. villosa samples. The overall hits were almost identical, and therefore, consensus sequence generated from the alignment of U. villosa was used for all the analyses. Furthermore, before NJ phylogenetic trees were developed the overhanging sequences were deleted from both ends to make the sequences uniform and the Zelkova species was used as an out group.



3.2.1. rbcL Sequences


The rbcL analysis included 49 sequences ranging from 630–686 bp, whereas six sequences were from the current study. Only those sequences are included from the NCBI that had at least 85% query cover and 90% identity to the query sequence. Percent (%) pairwise identity and identical sites were 99.2% and 95.8%, respectively. The rbcL region contained several insertions, deletions as well as a number of single nucleotide polymorphisms (SNPs) among the sequences (Figure 2).




3.2.2. matK XF + 5R and matK 390F + 1326R Sequences


The matK region was amplified with two sets of primers: XF + 5R and 390F + 1326R. A total of four and four samples were respectively sequenced with matK XF + 5R and matK 390F + 1326R primers, whereas the overall analyses based on XF + 5R included 68 and 390F + 1326R included 69 sequences. Length of matK XF + 5R sequences ranged from 574–784 bp, whereas matK 390F + 1326R sequences were of 680–739 bp. Sequences downloaded from NCBI for both markers had at least 85% query cover and 90% identity to the query sequence. Percent (%) pairwise identity and identical sites were 99%, 81.5%, 98.9% and 80.3% (Table 2). The matK region contained insertions and deletions as well as a number of SNPs dispersed within the whole region (Figure 3 and Figure 4).




3.2.3. trnH-psbA Sequences


The trnH-psbA analysis included 34 sequences ranging from 195–310 bp, whereas 14 sequences were from the current study. Only those sequences are included that had at least 85% query cover and 86% identity to the query sequence. Percent (%) pairwise identity and identical sites were 85.1% and 43.4% respectively within the 50 sequences (Table 2). The trnH-psbA region contained several insertions, deletions as well as a number of single nucleotide polymorphisms (SNPs) among the sequences (Figure 5).





3.3. Phylogenetic Analysis


The barcode regions sequenced here or those downloaded from NCBI were very much identical except for the SNPs and discriminated different samples and species (Figure 6, Figure 7, Figure 8 and Figure 9). Sequences of Zelkova (Z. serrata (Thunb) Makino or Z. schneideriana Hand.-Mazz.) were used as the outgroup. All the four regions rbcL, matK XF + 5R, matK 390F + 1326R and trnH-psbA were used alone, and NJ tree were developed to discriminate species and samples of Ulmus. Furthermore, all regions independently have successfully resolved species into discrete cluster distinctly, though there were few exceptions (Figure 6), Figure 7, Figure 8 and Figure 9.



NJ tree based on rbcL region divided all sequences into one major clade and the Zelkova serrata sequence was selected as the outgroup, and it radiated out separately. There was deep branching within the tree, compared to the matK 390F + 1326R region indicative of the overall stability of rbcL region among the members of the genus Ulmus. As of 20 September 2020, no single sequence of rbcL region deriving from U. villosa was found in the NCBI. Successful sequencing resulted in six high quality samples for U. villosa. There was enough diversity within the rbcL region and samples of U. villosa were dispersed within two sub-clades. There is enough diversity within the U. villosa as indicated by the depressiveness of the samples and the samples like UV-RF-7, and UV-RF-43 revealed maximum similarity within their rbcL region and were placed closely along U. pumila L. sequences (Figure 6).



NJ tree based on matK XF + 5R region divided all sequences into one major clade, with no deep divisions of the sub-clades. To see the discriminating power of this region, Zelkova serrata was used as the outgroup whereas sequence as Celtis phileppensis Blanco was used to see the genetic affinity. Both sequences radiated out as separate branches. The remaining sequences of Ulmus species were resolved in mosaic including the all four sequences of U. villosa (UV-RF) in the middle flanked by U. parvifolia Jacq. And U. thomasii Sarg. Only the matK XF + 5R region/sequences of U. americana L. (eight sequences) were clustered into a closed group indicating to their potential shared maternity. Interestingly, U. villosa (UV-RF) sequences revealed variability, and the sequences of the species were dispersed in one sub-clade. It was interesting that U. villosa and U. parvifolia are genetically related, and this was evident from the co-localizaion of the two sequences at the periphery of the clade (Figure 7). Further, U. villosa is an endangered species, and sequences from samples like UV-RF-33 reveal highest variability within this sequenced region (Figure 3 and Figure 7), and conservation of such clones/genotypes of U. villosa will be of very high priority.



NJ tree based on matK 390F + 1326R region divided all sequences into two major clades Throughout there was no deep branching within the tree indicative of the overall diversity of matK 390F + 1326R region the genus. Zelkova serrata sequence was selected as an outgroup and it radiated out separately. As mentioned above, no single sequence of matK 390F + 1326R region deriving from U. villosa was found in the BLAST results of the NCBI. Successful sequencing of high quality was obtained for four U. villosa sequences. Although, three U. villosa were grouped in one major cluster here, but one UV-RF-43 associated with U. davidiana Planch and U. minor Mill. Subsp. Minor (Figure 8). It is notable that the U. villosa sample UV-RF-33 that revealed maximum diversity among the studied samples is worth of further assessing (Figure 8).



There was relatively fewer sequence of trnH-psbA region submitted to the NCBI database, and only 21 hits were obtained from related or somewhat related species. On the contrary among the sequences, high quality sequences from 14 samples of U. villosa were obtained for this region here. The NJ tree based on trnH-psbA region divided all 35 sequences into one major clade. Ulmus villosa sequences were dispersed within the whole tree, which is indicative of the very high variation within this region. Indeed, the multiple sequence alignment also revealed insertions, deletions and SNPs throughout the trnH-psbA region. Sequence of Zelkova caprinifolia (Pall.) K. Koch was used as an outgroup and it radiated out separately. Interestingly, it was flanked by U. vaillosa sequence (UV-RF-1) and then U. chenmoui W. C. Cheng in between other U. villosa sequences obtained here (Figure 9).





4. Discussion


Universal DNA barcoding is a widely used and effective tool for distinguishing diverse groups of plants and animal species [24]. This method can quickly and accurately identify plant species, and has improved our understanding of their genomic and phylogenetic relationships. However, land plants barcoding is more puzzling as the substitution rates within plant genomes are considerably lower than those of animals [25,26]. Still, there are exciting examples where the barcoding genes have been remarkably successful in resolving relationships of taxonomically complex groups or species-level molecular systematics [27]. The same principle is proposed for customs officers where the use of DNA barcodes might identify plant samples or species where trade is governed or prohibited by international agreements such as CITES [28].



Herein, for gaining insights into the diversity, potential origin and putative ancestry of U. villosa, universal barcoding genes, i.e., rbcL, matK and trnH regions were used (Table 1). More recently, the ITS as well as the rbcL regions of plants have provided a baseline for comparing other genes and intergenic spacers to be used as DNA barcodes. Similarly, the matK region has the potential to speed up the exploration and there are a number of studies where DNA barcoding have enhanced conservation efforts [26]. With all four barcode regions assessed here, at least one sequence of Zelkova species was selected as a reference (outgroup). Phylogenomic analysis based on chloroplast genome have revealed the close relationships of Z. serrata and Z. schneideriana to the genus Ulmus, and it forms a well-supported monophyletic clade sister to genus Ulmus [29]. Therefore, in all barcodes investigated here, Zelkova sequences were used as outgroup and it radiated out separately, this highlights the importance and robustness of DNA barcode at species or population level identification.



For the current study, four barcode regions were selected, and universal primers were used to amplify these loci [20,27]. The success rate of amplification was 100% and all primers were able to amplify genomic regions of the expected lengths (Figures S1 and S2). By and large, there was agreement to the previously published literature regarding size of the amplicons [27,28]. However, sequencing results were not uniform, and out of 27 samples of U. villosa for sequencing (Table 2), only six, four, four and 14 high quality reads were obtained for rbcL, matK XF + 5R, matK 390F + 1326R and trnH-psbA, respectively (Figure 2, Figure 3, Figure 4 and Figure 5).



For sequencing, samples collected from at least 50 m of elevation were used; interesting, the barcode loci indicated enough variability within the U. villosa regions. Indels and SNPs were found across the whole length of the regions used (Figure 2, Figure 3, Figure 4 and Figure 5). In addition to standard DNA barcodes (i.e., rbcL, matK and of trnH-psbA), other single-copy genes such as leafy and waxy genes are gaining importance at species-level systematics [25]. However, for these regions, lack of universal primers and the low success rate of the existing oligonucleotides have significantly reduced their potential use as barcodes [28]. Furthermore, a low success rate of amplification of these genes with existing primers is likely due to their lower copy number and DNA extraction of poor quality from degraded plant samples. Additionally, from a number of plant species, DNA extraction with the general CTAB method is not ideal as it results in low quality DNA with cellular contaminants, and this requires cloning of the PCR products before such regions could be sequenced [30,31].



Constraints imposed by time, and more specifically by resources, did not allow us to exploit the above regions or endeavor cloning, and thus chloroplast and mitochondrial genes were investigated in the current study. Kress and Erickson have criticized matK region mainly because no universal primers were available, in our case there was no issue with the amplification [20] and all samples have resulted in a PCR product of expected size (Figure S2B,C). Further, the matK primers XF and 5R or 390F and 1326R [32] had the same success rate of sequencing, and both have amplified the same region with a 100% success rate (Figure S2). The trnH-psbA loci is of low desire due to the extensive length variation and existence of pseudogene that are hosted by some species; this makes the alignment of sequences very difficult [32].



In some instances, trnH-psbA might indeed be problematic; however, in our case we found that it was one of the most useful regions with highest success rate of sequencing. On the contrary, ITS regions are the most frequently used barcode for plants, the success rate of sequencing here with ITS was the lowest and it was not accounted for even in the final analyses. Similarly, the success rate of sequencing using the same DNA quantity varied with every barcode. Thus, the simple looking task of selecting an appropriate locus to serve as a plant barcode has been much more complex, and there are no available DNA barcodes with likewise efficiency or that could work across all species [26].



Despite the current lack of consensus on a universal plant barcode, application of a genetic identifier to a wide set of research and applied programs has been projected [30,31,32]. More recently, it has been argued that single-locus DNA barcodes lack adequate variations in closely related taxa and might not serve the aim of precise species level identification; more stress is placed on the use of whole chloroplast genomes [29]. Over the years, chloroplast sequences are becoming more readily available because of improvements in sequencing technologies and cost [27,29]. No doubt, the chloroplast genome sequencing can deliver a reliable barcode for accurate plant identification, though it is not yet resource effective, and cannot serve or replace the single-locus barcodes [26,27,28,29,30,31,32].



Nucleotide sequence analysis of the four genes revealed high levels of polymorphism. Additionally, the unconventional use of the assembly algorithm to group the most similar sequences that does not account for random nucleotide variations, and the phylogenetic trees built using the NJ algorithm revealed some important patterns of relationships within Ulmus species. In addition, recombinant sequences (or at least very diverse) were identified (e.g., UV-RF-33 using matK) by the NJ algorithm and such features of sequence evolution would be extremely interesting to confirm it with additional markers.



The overall phylogenetic results indicated that Ulmus is not a monophyletic genus, and these results are in agreement with some of the most recent reports [26,29]. Notably, no U. parvifolia was found in the study area and only sequences were included from the NCBI, but within the NJ trees here, U. villosa constituted a well-supported clade sister to U. parvifolia indicating that in both trees, it resulted from matK region and indicative to their close relationships and possible shared ancestry. Further, it is reasoned that there have been multiple speciation events that have resulted in the evolution of U. villosa. We suggest that complete chloroplast genome of U. villosa may provide important information for phylogenetic and evolutionary studies in Ulmaceae, as well as in other closely related families.




5. Conclusions


Here, 27 U. villosa samples were investigated with four barcoding markers. The sequenced regions contained insertions and deletions as well as several SNPs across the length of sequences, and now PCR based markers may be developed for these novel SNPs markers. The phylogenetic results support the polyphyletic origin of the genus Ulmus, and the data indicated that there is enough genetic variability within the U. villosa population that has resulted from possible multiple speciation events or subsequent evolution during acclimatization of U. villosa in the region. The results presented here provide novel insights into the genomic diversity as well as phylogenetic relationships of U.villosa with other species and may facilitate future sustainable conservation efforts.
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Figure 1. GIS generated map of Hazara Division, western Himalayas indicating to neighboring regions. Sampling plots of U. villosa are represented with dots. 
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Figure 2. Multiple sequence alignment of the rbcL region of Ulmus villosa from Pakistan. Different colors indicate SNPs within the rbcL region. 
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Figure 3. Multiple sequence alignment of the matK XF + 5R region of U. vilosa from Pakistan. Different colors indicate the SNPs within the matK region. 
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Figure 4. Multiple sequence alignment of the matK 390F + 1326R sequences of U. villosa from Pakistan. Different colors indicate the SNPs within the matK region. 
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Figure 5. Multiple sequence alignment of the trnH-psbA sequences of U. villosa from Pakistan, different colors indicate insertions and deletions as well as SNPs within the trnH-psbA region. 






Figure 5. Multiple sequence alignment of the trnH-psbA sequences of U. villosa from Pakistan, different colors indicate insertions and deletions as well as SNPs within the trnH-psbA region.



[image: Applsci 12 09293 g005]







[image: Applsci 12 09293 g006 550] 





Figure 6. Neighbor joining (NJ) tree based on rbcL region. The bootstrap consensus tree was inferred from 1000 replicates. 
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Figure 7. Neighbor joining (NJ) tree based on matK XF + 5R region. The bootstrap consensus tree was inferred from 1000 replicates. 
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Figure 8. Neighbor joining (NJ) tree based on matK 390F + 1326R region. The bootstrap consensus tree was inferred from 1000 replicates. 
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Figure 9. Neighbor joining (NJ) tree based on trnH-psbA region. The bootstrap consensus tree was inferred from 1000 replicates. 
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Table 1. List of barcoding genes used for Polymerase Chain Reaction (PCR) and sequencing with experimentally optimized amplification temperature.
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	Sr.
	Barcode/Marker Name
	Sequence (5-3′)
	Optimum Temperature °C
	Amplified Product Size





	1
	rbcL *a
	1F: ATGTCACCACAAACAGAAAC

724R: TCGCATGTACCTGCAGTAGC
	52
	726 bp



	2
	matK *a
	XF: TAATTTACGATCAATTCATTC

5R: GTTCTAGCACAAGAAAGTCG
	52
	802 bp



	3
	matK *a
	390F: CGATCTATTCATTCAATATTTC

1326R: TCTAGCACACGAAAGTCGAAGT
	49.5
	966 bp



	4
	trnH-psbA *b
	F: GTTATGCATGAACGTAATGCTC

R: CGCGCATGGTGGATTCACAATCC
	55
	651 bp







*a chloroplast genes (ribulose-bisphosphate carboxylase and maturase K). *b ribosomal gene.
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Table 2. Summary of the sequences used as barcoding molecular markers in this study and relevant information after BLAST search in NCBI.
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	Region/Sequence Name
	Total Sequences Included
	% Pairwise Identity
	% Identical Sites
	Max Length (bp)
	Min Sequence Length (bp)





	matK 390F + 1326R
	69
	98.9
	80.3
	739
	680



	rbcL
	49
	99.2
	95.8
	686
	630



	trnH-psbA
	34
	85.1
	43.4
	310
	195



	matK XF + 5R
	68
	99.0
	81.5
	784
	574
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