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Abstract

:

Comprehensive biodiversity assessment of moths in Nigeria rely greatly on accurate species identification. While most of the Nigerian moths are identified effortlessly using their morphological traits, some taxa are morphologically indistinguishable, which makes it difficult for taxon diagnosis. We investigated the efficiency of the DNA barcode, a fragment of the mitochondrial Cytochrome C oxidase subunit I, as a tool for the identification of Nigerian moths. We barcoded 152 individuals comprising 18 morphospecies collected from one of the remaining and threatened rainforest blocks of Nigeria – the Cross River National Park. Phenetic neighbor-joining tree and phylogenetic Maximum Likelihood approach were employed for the molecular-based species identification. Results showed that DNA barcodes enabled species-level identification of most of the individuals collected from the Park. Additionally, DNA barcoding unraveled the presence of at least six potential new and yet undescribed species—Amnemopsyche sp., Arctia sp., Deinypena sp., Hodebertia sp., Otroeda sp., and Palpita sp. The phylogenetic Maximum Likelihood using the combined dataset of all the newly assembled sequences from Nigeria showed that all species formed unique clades. The phylogenetic analyses provided evidence of population divergence in Euchromia lethe, Nyctemera leuconoe, and Deinypena lacista. This study thus illustrates the efficacy of DNA barcoding for species identification and discovery of potential new species, which demonstrates its relevance in biodiversity documentation of Nigerian moths. Future work should, therefore, extend to the creation of an exhaustive DNA barcode reference library comprising all species of moths from Nigeria to have a comprehensive insight on the diversity of moths in the country. Finally, we propose integrated taxonomic methods that would combine morphological, ecological, and molecular data in the identification and diversity studies of moths in Nigeria.
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1. Introduction


The order Lepidoptera, which includes butterflies and moths, is one of the most diverse and widely recognized insect groups in the world [1]. Today, more than 180000 species belonging to over 15000 genera have been widely reported [2]. Within the order Lepidoptera, moths make up the vast majority with over 160000 species [3]. Moths have great economic significance in our ecosystem. For instance, some moths, e.g., Bombyx mori, Samia cynthia, Antheraea pernyi, Antheraea assamensis etc., are domesticated for their economic value in silk production [4]. In Africa, the caterpillar of many species of moths (e.g., Gonimbrasia belina and Usta terpsichore) are used as an essential source of nutrition for food. Conversely, in some tropical and temperate regions of the world, the larval stage of some moth species constitutes severe agricultural pests to plants. For example, the African sugarcane borer (Eldana saccharina) is a significant pest of sugarcane, maize, and sorghum in Africa [5].



In Africa, moths inhabit diverse terrestrial ecosystems. To date, more than 28000 recognized species of moths have been reported to occur in continental Africa [6]. Among African countries, Nigeria holds an impressive diversity of moths with about 2400 species and likely many more unrecorded species [6]. The southern part of Nigeria, notably the Cross River National Park, has been reported to hold remarkable diversity of the country’s lepidopteran species, and also rank the top in terms of butterfly species richness and diversity in Africa [7]. Although the previous study of Larson [8] has focused on the documentation of the diversity of butterfly species in the park, fewer to no studies exist on the diversity of moths in this protected area. Consisting of one of the remaining rainforests in Africa and a part of the Guineo–Congolian biodiversity hotspot, the forest ecosystem of the Cross River National Park is threatened daily by human activities [9]. The threats undoubtedly would affect the associated flora and fauna, including lepidopteran species, which live within its forest habitat. This, therefore, calls for coordinated strategies to describe the diversity of moths. Documentation of the diversity and distribution of moths would aid in prioritizing conservation actions for Nigerian moths.



Recently, an increase in the effort to document the diversity of moths in Africa has led to a tremendous rate of discovery of new species and first country records annually [10,11,12,13,14,15,16]. This suggests that the diversity of African moths remain little known. Comprehensive documentation of the continental diversity would rely greatly on the use of precise taxonomic tools that would aid in quick and reliable identification of species. However, the use of morphological characters alone presents a challenge to taxon diagnosis, particularly for species with extremely complex morphological traits, hybridization, and mimicry [17]. Molecular-based species identification, a method referred to as DNA barcoding, has emerged as a complementary tool for taxon diagnosis [18]. This involves the use of a short fragment of the mitochondrial cytochrome c oxidase I (COI) to identify specimens to species-level [18]. This approach has become increasingly popular as an efficient tool for studying and categorizing Afrotropical moth species to prioritize conservation efforts [19,20]. In lepidopteran studies, DNA barcoding has proven effective in investigating biodiversity [21,22,23,24,25,26,27,28], resolving taxonomic problems [29,30], and unraveling cryptic diversities [27,30,31,32,33,34]. Apart from this, the large-scale availability of reliable COI sequence data in the global databases has proven useful for quick and accurate identification of lepidopterans [1,24,25,29].



Although several first records and new species of moths are reported annually from different countries in Africa, a comprehensive DNA barcode reference library is still lacking for correct species identification and addressing taxonomic issues. This is particularly true for Nigeria. In this article, we collected 152 specimens comprising 18 morphospecies of moths from Cross River National Park to investigate the efficiency of the DNA barcoding (COI) for the species-level identification that would enable rapid biodiversity assessments of moth species from Nigeria. We examined the DNA barcodes of Nigerian moths alongside other closely related individuals in the global databases to assess its phylogenetic statuses and confirm its identities. Besides, we make recommendations on the potential use of DNA barcodes to enhance the identification of moth species in Nigeria. Finally, the DNA barcode records generated through this study will be available to researchers and biodiversity managers for accurate taxon diagnosis and development of appropriate conservation measures for Nigerian moths.




2. Materials and Methods


2.1. Field Collection and Preliminary Identification of Specimens


Field collections of moths from Cross River National Park in Southern Nigeria (Figure 1) followed ethical approval from the Nigerian National Park Service. The Park was visited on three occasions: the first was from 1–5 August 2017, second from 8–10 February 2018, and third from 10–12 November 2018. Specimens were collected with the help of LMN, ACA, OA and AOA, and 17 park rangers at the Cross River National Park, Nigeria. To ensure rapid specimen collection, we further divided into seven groups comprising three team members each in a group. As our study is a preliminary step towards establishing the effectiveness of DNA barcoding in rapid biodiversity assessments of Nigerian moths, we focused our sampling in pristine humid forests of Erokut Camp and Nsan communities of Cross River National Park. Sampling was conducted in the night using UV light following the methods of Fry and Waring [35] with slight modifications. In sum, one hundred and fifty-two (152) individuals were collected (Supplementary Table S1). The captured specimens were euthanized humanely with ethyl acetate vapor and preserved for reference purposes. Preliminary identification of individuals based on wing and genitalia patterns were carried out with the help of online literature and a trained taxonomist – Dr. O. Anyaele of the Department of Zoology, University of Ibadan (DZ-UI), Ibadan, Nigeria. The preserved voucher specimens were stored in the museum collection at the DZ-UI, Nigeria. Further, we excised the hind legs of each specimen and subsequently preserved them in ethanol at −80 °C for molecular laboratory analyses at the State Key Laboratory of Genetic Resources and Evolution, Kunming Institute of Zoology, Chinese Academy of Sciences, China.




2.2. Molecular Laboratory Protocols


The total genomic DNA was extracted from the ethanol-preserved hind legs using the Phenol-Chloroform method [36]. The COI gene was amplified using the primer pairs designed by Folmer et al. [37]: (LCO1490: 5′-GGTCAACAAATCATAAAGATATTGG-3′, HCO2198: 5′-TAAACTTCAGGGTGACCAAAAAATCA-3′) and Hebert et al. [38]: (LepF1: 5′-ATTCAACCAATCATAAAGATATTGG-3′, LepR1: 5′-TAAACTTCTGGATGTCCAAAAAATCA-3′). The Polymerase Chain Reaction (PCR) conditions followed standard protocols. The amplified PCR products were checked in 1.2% agarose gel. Using the automated DNA sequencer (ABI 3730), purified PCR products were sequenced directly in both forward and reverse directions. Sequences were aligned in MEGA 7.0 [39] using ClustalW [40] with default parameters. The aligned sequences were translated into amino acids using the invertebrate mitochondrial code, and no premature stop codons observed, indicating that an open reading frame was preserved in the protein-coding locus.




2.3. Molecular-Based Species Identification and Analyses


To test the effectiveness of the DNA barcode library for the identification of Nigerian moths, each of the amplified sequences was regarded as an unknown specimen and submitted to the BLAST searches in the National Center for Biotechnology Information (NCBI) and Barcode of Life Database (BOLD). The neighbor-joining (NJ) analyses of our queried sequences alongside COI sequences of other closely related species were performed using the BOLD platform [41]. The Barcode Index Number, the mean and maximum intra-specific distance, the mean genetic distance to the nearest neighbor, and the nearest neighbor for each species were determined using the BOLD database.



Further, we combined all our newly sequenced datasets to form a combined dataset. We constructed a Maximum Likelihood (ML) phylogeny for the complete data set. The best partition strategy and substitution model were determined using the Akaike information criterion as set out in PartitionFinder 1.0.1 [42]. The ML was performed under model GTR + G as evaluated in PartitionFinder with 100 random addition replicates and per partition branch lengths [43] as implemented in RAXML v. 7.0.3 [44]. Bootstrap analysis, including 1000 replications, assessed how much of the data support the topology of the optimal likelihood tree. The phylogeny was viewed using FigTree v1.4.2 [45]. We further estimated the inter- and intraspecific sequence divergences of between and within all the newly assembled datasets from Nigeria using the K2P distance.





3. Results and Discussion


To the best of our knowledge, this study is the first to examine the effectiveness of DNA barcoding in biodiversity assessment and species-level identification of moths from the Cross River National Park. Identical to Onah [46], our study illustrates the utility of DNA barcodes for the identification of moths from Nigeria. However, our study benefits from having wide taxon sampling compared to the previous study [46], thus, represents a step towards establishing an exhaustive DNA barcode reference library for Nigerian moths. In this current study, one hundred and fifty-two (152) COI sequences were obtained for 18 morphospecies representing the families Brahmaeidae, Crambidae, Erebidae, Geometridae, and Uraniidae (Supplementary Table S1). Our specimen collection also included two species of moths whose caterpillars constitute agricultural pests: Euchromia lethe that feeds on sweet potatoes (Ipomoea batatas) and Polydesma umbricola known to feed on plants like Albizia lebbeck, Albizia saman, and Pithecollobium dulce, and some plants within the genera Acacia, Rosa, and Salix. After trimming the ambiguous bases, a total of 625 base pairs of COI sequence data were aligned. The sequences contained 398 conserved sites and 227 parsimony informative sites. The total nucleotide base content was as follows: T = 40.50%, A = 29.30%, C = 15.30%, and G = 14.90%. The result consequently indicated that the A + T content was 69.80%, evidently higher than the G + C content, which corresponds to the nucleotide composition in the mitochondrial DNA previously reported for insects [47]. All the newly amplified sequences were deposited in the GenBank (MN883673 - MN883824) and also made publicly accessible via the BOLD system website within ‘Identifying species of Moths from Nigeria using DNA barcodes’ project. As a consequence, the production of DNA barcodes through our current study is an important contribution to the rapid identification of Nigerian moths.



As a way of determining the use of DNA barcodes to identify moth species in Nigeria rapidly, the newly amplified sequences of the 18 morphospecies were queried against other COI sequences in the BOLD and NCBI databases. The query search resulted to the species-level placement of 12 out of the 18 morphospecies (Acropteris costinigrata, Archichlora viridimacula, Cadarena sinuata, Dactyloceras lucina, Deinypena lacista, Dissoprumna erycinaria, Erastria albosignata, Euchromia lethe, Mocis mayeri, Nyctemera leuconoe, Polydesma umbricola, and Scopula transsecta), with sequence percentage similarity of ≥97%. The results of the NJ tree analyses using the BOLD v4 platform also showed these species formed DNA barcode (COI) clusters with individuals of the same species, which allowed for their unambiguous species-level identification (Supplementary Figure S1). Here we describe a “diagnostic” barcode as one that identifies a single species to a barcode cluster comprising predominantly of individuals of the same species. In sum, our tree-based analyses showed that the DNA barcode was diagnostic for most of the species of moths collected from the Cross River National Park, Nigeria.



Further, our study illustrates the usefulness of DNA barcoding in unveiling possible new species, which may not be identified using morphology alone. The molecular-based identification recovered unique COI clusters of Amnemopsyche sp., Arctia sp., Deinypena sp., Hodebertia sp., Otroeda sp., and Palpita sp. Besides, these species could not also be classified into species using their morphological traits. From our preliminary results, these six morphospecies (Amnemopsyche sp., Arctia sp., Deinypena sp., Hodebertia sp., Otroeda sp., and Palpita sp.) are regarded as potentially new species pending further taxonomic identification. Integrating morphological, ecological, and genetic data could aid in describing new species and also in the assessment of its conservation status. Studies are currently underway to describe these possible new species using molecular (mitochondrial and nuclear), ecological and morphological data.



Following the species-level classification of sampled individuals, we built an ML tree consisting of the combined dataset (Figure 2). All the 18 species of moths barcoded in our current study were resolved as monophyletic taxa (Figure 2). Sequences from the same species clustered together with high bootstrap supports. Closely related species from the same family were segregated in the analysis. This result thus supports the use of DNA barcodes in the biodiversity assessment and documentation of moths in Nigeria. Hence, DNA barcoding could be used either as a complement to morphology-based identification and/or as the preferred diagnostic tool in situations where the necessary morphological keys are inaccessible or damaged.



The mean intraspecific genetic distances between the newly barcoded moth species from Nigeria ranged from 0.00 to 0.0903 (Table 1), with an average of 0.00674. Highest intraspecific difference was seen in Euchromia lethe (Mean = 0.0903), Otroeda sp (Mean = 0.0144), Nyctemera leuconoe (mean = 0.00985) and Deinypena lacista (Mean = 0.00503) (Table 1). Such high levels are likely to be due to population divergence arising from cryptic speciation. In such a case of cryptic speciation, previous studies [48,49,50] have shown the existence of mtDNA clusters (putative cryptic species) separated by geography in case of allopatric speciation or niche partitioning occurring for sympatric speciation. Our NJ tree-based analyses of newly sampled sequences and others in BOLD revealed the presence of at least two distinct clusters in E. lethe, N. leuconoe, and D. lacista corresponding to a geographic pattern of separation (Appendix). These discrete clusters and the existence of high levels of intraspecific difference may indicate the existence of cryptic diversification. Hence, further studies involving detailed field survey and inclusion of more mitochondrial and nuclear genetic markers are required to unravel the processes governing population divergence within this species. The mean evolutionary COI sequence divergence between species of the newly barcoded Nigerian moths ranged from 0.875 to 1.396 (Table 1), while the individual divergence between species ranged from 4.80% to 15.20% (Table 2). The low level of interspecific distance was detected between D. lacista and Deinypena sp (4.80%), while the highest pairwise distance occurred between Dissoprumna erycinaria and Amnemopsyche sp (15.20%).



Although our study gives reliance on the efficacy of molecular data in the taxon diagnosis of moth from Nigeria, this would depend on high levels of data integrity in the global databases. Although the vast accumulation of DNA barcode data asserts that BOLD and GenBank could be a useful tool for the identification of specimens, it is not without errors. This often arises either from incorrectly classified specimens and/or cross-contamination of samples. Previous studies, for example, Mitchell and Gopurenko [51], have encountered publically released sequence data that has been incorrectly assigned to species. This ultimately undermines the usefulness of DNA barcodes for taxon diagnosis. Although global databases, particularly BOLD, has a facility for the detection of misidentified specimens, however, these mechanisms are not sufficient enough to ensure a high standard of species identification. Instead, we suggest a multifaceted approach in the diversity studies of moths in Nigeria. The first step could involve rigorous morphological identification of species through the examination of the genitalia and other necessary diagnostic characters and doubly cross-checked by having identification vetted by independent taxonomic experts. Establishing a comprehensive museum collection comprising all the moth species in Nigeria would also go a long way in species identification as well as the comparison of voucher specimens. The second step could involve molecular-based identification using the standard COI barcode.



In some cases, due to the issues arising from the use of a single locus for species identification, additional molecular markers, including nuclear gene markers, could be used to provide stronger evidence for the identification of morphologically similar species. The final step could include a re-examination of specimens that could not be identified using a single gene locus by integrating multiple gene loci and also conducting further genetic analyses. Thus, as previously noted by other researchers, we note that it is highly essential to combine all genetic, morphological, ecological, and behavioral data to conclude the taxon diagnosis [52,53,54].




4. Conclusions


Our study shows the efficacy of DNA barcodes in biodiversity assessments of moth species from Nigeria. This study adds DNA barcodes for quick identification of specimens, which, in turn, will help to identify and document the diversity of moths in Nigeria accurately. Additionally, this study emphasizes the importance of integrating morphological, ecological, behavioral, and molecular (DNA barcoding) data for both the identification and diversity studies of Nigerian moths. We also recommend more exhaustive sampling from broad geographical areas to get a clear insight into the diversity of moths in Nigeria. Finally, we hope this current study will stimulate further synergistic projects to characterize the biodiversity of moths in Nigeria and encourage experts to complement our recommended approach in documenting the diversity of moths in Nigeria.
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Figure 1. Map of Nigeria showing our study locality- Cross River National Park, Southern Nigeria. 
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Figure 2. The unrooted Maximum Likelihood tree based on 152 mitochondrial Cytochrome C oxidase I (COI) sequences of moths from Nigeria. 
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Table 1. Mean Intra and interspecific genetic distances and Barcode Index Number details for species of moths from Nigeria.
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	s/No
	Species
	No of Individuals
	Mean Intraspecific Divergence
	Mean Interspecific Distance
	Barcode Index Number
	Average Distance
	Maximum Distance
	Distance to Nearest Neighbor
	Nearest BIN URI





	1
	Acropteris costinigrata
	4
	0.0000
	1.355
	BOLD:AAP1920
	0.14
	0.31
	8.99
	BOLD:ACM6903



	2
	Amnemopsyche sp.
	4
	0.0000
	1.351
	BOLD:ADH4903
	N/A
	N/A
	3.53
	BOLD:AAV9999



	3
	Archichlora viridimacula
	4
	0.0000
	1.396
	BOLD:AAO0809
	0.1
	0.15
	2.09
	BOLD:ADA7547



	4
	Arctia sp.
	8
	0.0000
	1.247
	N/A
	
	
	
	



	5
	Cadarena sinuate
	4
	0.0000
	1.231
	N/A
	
	
	
	



	6
	Dactyloceras lucina
	4
	0.0000
	1.395
	N/A
	
	
	
	



	7
	Deinypena lacista
	16
	0.00503
	0.875
	BOLD:ABV8997
	1.94
	2.14
	4.82
	BOLD:AAF8581



	8
	Deinypena sp.
	4
	0.0000
	0.875
	N/A
	
	
	
	



	9
	Dissoprumna erycinaria
	4
	0.0000
	1.281
	BOLD:AAJ8426
	0.11
	0.46
	3.37
	BOLD:ADH4360



	10
	Erastria albosignata
	8
	0.0000
	1.239
	N/A
	
	
	
	



	11
	Euchromia lethe
	32
	0.0903
	1.131
	N/A
	
	
	
	



	12
	Hodebertia sp.
	4
	0.0000
	1.308
	N/A
	
	
	
	



	13
	Mocis mayeri
	4
	0.0000
	1.022
	BOLD:AAK6780
	0.52%
	1.4
	3
	BOLD:AAB5638



	14
	Nyctemera leuconoe
	12
	0.00985
	1.383
	BOLD:AAI3435
	0.52
	0.79
	3.69
	BOLD:AAI3436



	15
	Otroeda sp.
	16
	0.0144
	1.154
	N/A
	
	
	
	



	16
	Palpita sp.
	16
	0.0017
	1.140
	N/A
	
	
	
	



	17
	Polydesma umbricola
	4
	0.0000
	1.344
	BOLD:AAW0459
	0.1
	0.4
	4.4
	BOLD:ADZ5248



	18
	Scopula transsecta
	4
	0.0000
	1.349
	BOLD:AAU2595
	0.91
	1.22
	4.65
	BOLD:AAU2593







Note: N/A = Not available.
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Table 2. Estimates of Evolutionary COI Divergence over Sequence Pairs (%) between species of moths from Nigeria using Kimura-2 parameter.
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	S/No
	Species
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17





	1
	Acropteris costinigrata
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	2
	Amnemopsyche sp.
	14.88
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	3
	Archichlora viridimacula
	13.92
	13.60
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	4
	Arctia sp.
	13.28
	13.12
	13.28
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	5
	Cadarena sinuate
	13.76
	13.76
	13.60
	10.56
	
	
	
	
	
	
	
	
	
	
	
	
	



	6
	Dactyloceras lucina
	15.04
	14.24
	12.16
	14.08
	15.04
	
	
	
	
	
	
	
	
	
	
	
	



	7
	Deinypena lacista
	10.80
	12.44
	11.88
	8.60
	9.24
	12.28
	
	
	
	
	
	
	
	
	
	
	



	8
	Deinypena sp.
	12.64
	13.92
	13.60
	10.08
	10.56
	13.12
	4.80
	
	
	
	
	
	
	
	
	
	



	9
	Dissoprumna erycinaria
	12.16
	15.52
	12.96
	14.88
	14.08
	14.40
	13.12
	15.20
	
	
	
	
	
	
	
	
	



	10
	Erastria albosignata
	12.80
	13.60
	10.88
	13.28
	12.48
	13.44
	10.96
	13.12
	11.36
	
	
	
	
	
	
	
	



	11
	Euchromia lethe
	13.87
	14.01
	13.11
	10.98
	10.98
	14.13
	9.79
	10.98
	15.17
	13.11
	
	
	
	
	
	
	



	12
	Hodebertia sp.
	13.44
	14.72
	13.28
	14.08
	11.84
	14.56
	11.60
	12.48
	14.40
	12.64
	12.12
	
	
	
	
	
	



	13
	Mocis mayeri
	12.16
	12.64
	12.64
	9.92
	10.88
	12.32
	8.24
	8.16
	14.56
	13.12
	11.16
	12.96
	
	
	
	
	



	14
	Nyctemera leuconoe
	15.25
	13.01
	11.57
	12.05
	12.05
	11.73
	10.25
	11.57
	14.61
	13.01
	10.73
	12.69
	11.25
	
	
	
	



	15
	Otroeda sp.
	12.60
	12.84
	13.36
	12.08
	11.92
	13.68
	8.48
	10.44
	12.08
	11.92
	10.75
	11.96
	11.92
	11.97
	
	
	



	16
	Palpita sp.
	14.24
	13.60
	12.00
	14.40
	10.24
	12.64
	10.08
	11.84
	14.24
	12.16
	12.40
	10.88
	10.24
	11.73
	12.88
	
	



	17
	Polydesma umbricola
	14.56
	13.60
	13.28
	11.84
	11.52
	12.80
	10.24
	11.36
	14.24
	13.28
	12.30
	12.96
	10.24
	11.73
	11.60
	11.20
	



	18
	Scopula transsecta
	12.48
	14.08
	13.44
	12.48
	11.52
	14.08
	11.12
	12.32
	12.96
	12.00
	12.94
	12.00
	11.68
	14.77
	12.20
	12.64
	13.76
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