


Molecular Authentication and Phylogenetic Characterization of Curcuma aeruginosa Roxb. (Zingiberaceae) using Chloroplast rbcL Gene Sequences


Abstract
Curcuma aeruginosa Roxb. (Zingiberaceae) is a medicinally significant species frequently confused with morphologically allied taxa such as C. caesia and C. zedoaria in the herbal trade. This study authenticates C. aeruginosa collected from Assam, India, using an integrative taxonomic framework through molecular, morphological and herbarium-based approaches. 
Ex-situ morphological validation revealed erect pseudostems with oblong-lanceolate leaves bearing reddish midribs, terminal inflorescences with pink bracts and bluish-violet rhizomes, which are diagnostic features consistent with C. aeruginosa. The specimen was taxonomically verified at the Botanical Survey of India, Coimbatore (Voucher No. BSI/SRC/5/23/2023/Tech–875). The rbcL gene was successfully amplified (564 bp) and sequenced (GenBank accession PQ287241). BLAST analysis showed 97% query cover and 96.15% identity with C. aeruginosa accessions (MK934697.1, KX758482.1), confirming its molecular identity. Phylogenetic analysis positioned the specimen within a distinct C. aeruginosa clade with strong bootstrap support (99%). This integrative study establishes a verified reference for C. aeruginosa within the Indian flora, reinforces its taxonomic distinctiveness, and highlights the importance of DNA barcoding for resolving identification ambiguities in Curcuma and related Zingiberaceae taxa. The study also highlights the practical importance of molecular authentication for ensuring correct identification of medicinal Curcuma species in herbal markets and pharmacognostic research.
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1. Introduction
The genus Curcuma is one of the largest genera within the Zingiberaceae family, comprising about 120 described species worldwide, as reported by Záveská et al. (2012). It is widely distributed in tropical and subtropical regions, particularly in India, Thailand, China, Malaysia, Indonesia, and northern Australia (Elhawary et al., 2024). About 40 species of Curcuma are reported from India (Pemba and Sharangi, 2017). Members of this genus are characterized by branched, aromatic rhizomes, spirally arranged bracts and a versatile anther, but exhibit extensive morphological plasticity, particularly in floral structure, bract color and rhizome pigmentation (Dung et al., 1997; Sirirugsa, 1998).
Such morphological variation frequently leads to taxonomic relations and species misidentification, especially among C. aeruginosa, C. caesia, C. zedoaria, and C. phaeocaulis, which share overlapping morphological traits (Sharma, 2012; Sirirugsa et al., 2007). The Flora of China (Vol. 24) notes that C. phaeocaulis is often mistaken for C. aeruginosa or C. caesia. At the same time, in Indian herbal markets, rhizomes sold as “black turmeric” (C. caesia) are frequently found to be C. aeruginosa or related congeners, reflecting the limitations of traditional morphology-based or phytochemistry-based taxonomy.
Curcuma aeruginosa Roxb., commonly known as pink and blue ginger, is a triploid species (2n = 63) (Joseph et al., 1999) distinguished by its pink-tipped, bluish rhizomes and leaves with reddish-brown streaks along the midrib (Sabu, 2006; Singh, 2011). It is one of the earliest described species in the genus and is widely distributed across Myanmar, Malaysia, India and Southeast Asia (Srivastava et al., 2006).  Despite its distinct coloration, overlapping morphological features with allied species have led to persistent taxonomic confusion.
To resolve these challenges, DNA barcoding provides a reliable and reproducible molecular tool for species-level discrimination. The rbcL gene, a chloroplast-encoded marker (~1400 bp) that codes for the large subunit of the RuBisCO enzyme, is among the most universal plant barcodes due to its high amplification efficiency, broad taxonomic coverage, and sufficient interspecific resolution (Kress & Erickson, 2007). Although the complete rbcL gene is approximately 1400 bp in length, many DNA barcoding studies utilize partial fragments of the gene. In the present study, a 564 bp region of the rbcL gene was amplified and sequenced for species authentication. Recent integrative approaches, such as those of Tan et al. (2025), demonstrate that combining morphological, chemical and molecular data enhances the accuracy of species delimitation within Curcuma and related genera.
The present study authenticates Curcuma aeruginosa collected from Assam, India, through an integrative taxonomic framework based on rbcL gene sequencing, ex-situ morphological characterization and herbarium validation. This combined approach establishes a robust reference for species delimitation and supports the refinement of systematic and evolutionary relationships within the genus Curcuma and the tribe Zingibereae.
2. Materials and Methods
2.1 Plant Material Collection
Rhizomes of Curcuma aeruginosa were procured from a local herbal market in Assam, India and subsequently cultivated ex-situ in the Botanical Garden of the PG and Research Department of Botany, Government Arts College (Autonomous), Coimbatore, Tamil Nadu. 
2.2 DNA Extraction
Genomic DNA was isolated from fresh rhizome tissue using the EXpure Plant DNA Isolation Kit (Bogar Bio Bee Stores Pvt. Ltd., India). Approximately 50 mg of finely ground tissue was homogenized in lysis buffer and processed following the manufacturer’s protocol. The extracted DNA was treated with RNase, purified, and eluted in 100 µL of elution buffer. DNA purity and concentration were evaluated using a Qubit 3.0 fluorometer.
2.3 PCR Amplification of rbcL Gene
Amplification of the rbcL gene was performed using specific primers:
Forward (rbcLAF): 5′-ATGTCACCACAAACAGAGACTAAAGC-3′
Reverse (rbcLAR): 5′-GTAAAATCAAGTCCACCRCG-3′
PCR reactions were conducted with an initial denaturation at 95°C (2 min), followed by 25 cycles of denaturation (95°C, 30 s), annealing (55°C, 30 s), and extension (72°C, 2 min), with a final extension at 72°C for 10 min. 

2.4. Visualization and Sequencing
Amplified products were analyzed on a 1.2% agarose gel stained with ethidium bromide. The ~564 bp band was visualized under UV transillumination. PCR products were purified using the Montage PCR Cleanup Kit (Millipore) and sequenced using ABI BigDye Terminator v3.1 chemistry on an ABI 3730xl Genetic Analyzer (Applied Biosystems).
2.5. Bioinformatics Analysis
The resulting sequences were assembled and trimmed using BioEdit and subjected to BLASTn ( BLASTN 2.16.0+ )analysis in NCBI for similarity search. Multiple sequence alignment was performed using MUSCLE v3.7, and poorly aligned regions were removed using Gblocks 0.91b. Phylogenetic analysis was conducted using PhyML 3.0 under the HKY85 substitution model. The robustness of the phylogenetic tree was evaluated using bootstrap analysis with 1000 replicates to assess node support. Tree visualization was performed using TreeDyn 198.3.
[bookmark: _GoBack]3. Results
3.1 Morphological Validation
Ex-situ cultivated plants displayed erect pseudostems with oblong-lanceolate leaves bearing reddish midribs and produced a terminal inflorescence composed of bright pink bracts enclosing the flowers. The floral morphology, including the tubular corolla and prominent labellum, is consistent with the diagnostic features of Curcuma aeruginosa Roxb. (Fig. 1A& 1B). Rhizomes were cylindrical, with a brown external cortex and bluish-violet inner pigmentation 
(Fig. 2). These diagnostic characters correspond with published monographs and the Zingiberaceae of South India key.



Fig. 1 A -Habit of C. aeruginosa        Fig. 1 B-Inflorescence of C. aeruginosa Roxb        
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Fig. 2 Rhizome of C. aeruginosa
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3.2 Taxonomic Confirmation
The specimen was authenticated as Curcuma aeruginosa Roxb. at the Botanical Survey of India, Southern Regional Centre, Coimbatore, using the keys provided in Zingiberaceae of South India. The specimen was assigned voucher number BSI/SRC/5/23/2023/Tech–875 and deposited in the departmental herbarium for reference. The specimen was identified and certified by 
Dr. M.U. Sharief, Scientist ‘F’ and Head of Office, BSI Coimbatore.
3.3. PCR Amplification and Sequencing
The rbcL gene was successfully amplified from Curcuma aeruginosa, producing a distinct single band of approximately 564 bp (Fig. 3). The sequence was confirmed as C. aeruginosa through BLAST analysis, showing similarity with published sequences. The purified PCR product was sequenced and deposited in NCBI GenBank  with Accession No. PQ287241, corresponding to a 564 bp partial chloroplast rbcL sequence of Curcuma aeruginosa. 

Fig 3. Agarose gel electrophoresis of rbcL PCR amplification. Well 42- DNA Ladder and 53- Curcuma aeruginosa (Contig DQN2, 564 bp).
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3.4. BLAST Analysis
The BLASTn search against the GenBank nucleotide database with query Id: Query_1711555, of the amplified rbcL sequence (564 bp) revealed a 97% query cover and 96.15% identity with reference sequences of Curcuma aeruginosa (MK934697.1 and KX758482.1) in the NCBI database (Table 1). The alignment also showed close similarity with other Zingiberaceae members such as C. longa, C. zedoaria, and Zingiber citriodorum, confirming the conserved nature of the rbcL region. The phylogenetic clustering distinctly placed the sample within the C. aeruginosa clade, thereby validating its molecular identity. An E-value of 0.0 indicates an extremely significant alignment, meaning the similarity is not random and confirms strong sequence homology.
Table 1. Top BLASTn hits for Curcuma aeruginosa rbcL gene (Accession No. PQ287241).
	Closest Match (NCBI)
	Query Cover (%)
	Percent Identity (%)
	E-value
	Accession No.

	Curcuma aeruginosa ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit gene, partial cds
	97
	96.15
	0.0
	MK934697.1

	Curcuma aeruginosa isolate Cu2 rbcL gene, partial cds
	97
	96.15
	0.0
	KX758482.1

	Curcuma zedoaria chloroplast, complete genome
	98
	95.67
	0.0
	NC_048505.1

	Curcuma longa chloroplast, complete genome
	98
	95.67
	0.0
	MN711722.1

	Curcuma aromatica chloroplast, complete genome
	98
	95.67
	0.0
	MK621777.1




3.5. Phylogenetic Analysis
Maximum Likelihood analysis based on the rbcL sequence revealed that C. aeruginosa clustered closely with other C. aeruginosa accessions, forming a distinct monophyletic clade with high bootstrap support (99%). It was clearly separated from C. longa and C. zedoaria, confirming its independent lineage within Curcuma (Fig. 4).
Fig 4. Maximum Likelihood phylogenetic tree based on rbcL sequences of Curcuma species. The C. aeruginosa (PQ287241) sequence groups within a well-supported clade distinct from C. longa and C. zedoaria.
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4. Discussion
The results of this study confirm that the Assam-derived specimen is correctly identified as Curcuma aeruginosa (Roxb.) by aligning morphology, herbarium voucher verification and rbcL sequence placement. Morphological verification through ex-situ cultivation also confirmed the diagnostic features bluish rhizomes, erect pseudo stems with distinctive red midrib streaks in oblong-lanceolate leaves. The molecular evidence, including strong BLAST similarity and phylogenetic clustering strong clade support and voucher documentation provides a robust authentication. This integrated confirmation strengthens the taxonomic reliability of this accession and sets a reference for future systematic and pharmacognostic work.
From a morphological-systematic perspective, the genus Curcuma is notoriously challenging due to its high morphological plasticity and overlap of diagnostic characters among its congeners such as C. caesia and C. zedoaria. Studies demonstrate that even chloroplast barcodes such as rbcL and matK provide limited species-level resolution in this group (Chen et al., 2015). 
Our results with rbcL region therefore suggests that rbcL can be successful in cases where reference sequences exist and morphological characters are clear and this integration with morphology and voucher deposition increases confidence in results, addressing earlier concerns about sole reliance on barcodes. Importantly, our study aligns with recent phytochemical and biological investigations of C. aeruginosa that reinforce its distinctiveness and applied importance. 
This misidentification between C. aeruginosa and C.caesia is to be addressed because 
C. aeruginosa   possesses a distinct sesquiterpene rich chemical profile dominated while C. caesia is camphor dominant. These differences translate into non-interchangeable medicinal roles. 
C. aeruginosa is traditionally used for rheumatic disorders, cosmetic preparations, anti-androgenic activity, hepatoprotection and post-coital contraceptive formulations, whereas C. caesia is used for asthma, piles, tumors, wounds and inflammatory conditions (Jose & Thomas, 2014). Several studies such as volatile-oil profiling from Nepal documented a unique essential-oil composition in C. aeruginosa compared to C. longa and C. zedoaria (Poudel et al., 2022) and similar GC-MS work from Kerala differentiated C. aeruginosa chemotypes (Kundamveetil 2024). These biochemical distinctions support the taxonomic separation of C. aeruginosa and contribute functional evidence to species delimitation. Furthermore, recent network-pharmacology studies revealed that C. aeruginosa contains bio-active compounds targeting specific pathways such as MAPK and HIF-1 in androgenetic alopecia (Sintos, A. M. L., & Cabrera, H. S. (2024), and recent anticancer essential-oil nano-formulation work (Panyajai et al., 2024) demonstrates that its biochemical profile is both distinctive and bio-active. The present molecular authentication also supports our previous phytochemical and pharmacological findings on C. aeruginosa 
(Narthanaa et al., 2025), confirming that the bioactive profiles reported earlier were derived from correctly identified plant material. Such integration of molecular taxonomy with biochemical evidence enhances the reliability of pharmacognostic studies in Zingiberaceae. Collectively, these studies demonstrate that C. aeruginosa is not only morphologically distinct but also chemically and functionally differentiated.
Environmental and ecological factors, including climate change, may influence plant distribution patterns, phenotypic plasticity, and population genetic diversity (Nazar et al., 2024). However, DNA barcoding markers such as the chloroplast rbcL gene are relatively conserved and remain reliable for species authentication regardless of environmental variation. Therefore, molecular barcoding provides a stable and reproducible tool for plant identification even under changing ecological conditions.
The positive outcome of our integrative studies suggests several broader implications such as the approach of taxonomical identity through morphology, voucher deposition and DNA barcoding can be implemented for other challenging Curcuma species, particularly where morphological overlap and trade mislabeling occurs. This approach also supports for herbal product authentication for trade by establishing a reliable molecular and morphological reference accession which enables researchers to compare unknown material against a validated standard.

5. Conclusion
This study confirms both the morphological and molecular identity of Curcuma aeruginosa Roxb. through an integrative approach. The strong agreement between molecular and morphological data establishes a reliable reference for this species and demonstrates the value of combining classical taxonomy with DNA barcoding. The findings also address a major issue of frequent misidentification and adulteration in the genus, due to overlapping morphological traits. By providing clear diagnostic and molecular evidence, this work contributes to minimizing taxonomic ambiguity, enhancing species authentication and supporting accurate identification in both systematic and commercial contexts. We also recommend that this work can be extended beyond single-locus barcoding in future. 
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