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Abstract

:

Mosquitoes are the deadliest animals on earth and are the vectors of several neglected tropical diseases. Recently, essential oils have emerged as potential renewable, cost-effective, and environmentally benign alternatives to synthetic pesticides for control of mosquitoes. In this work, thirteen species of Piper were collected from different areas of central Vietnam. The essential oils were obtained by hydrodistillation and analyzed by gas chromatography–mass spectrometry. The essential oils were screened for mosquito larvicidal activity against Aedes aegypti. Four of the Piper essential oils showed outstanding larvicidal activity against Ae. aegypti, namely P. caninum, P. longum, P. montium, and P. mutabile, with LC50 and LC90 values less than 10 µg/mL. Multivariate analysis has correlated concentrations of β-caryophyllene, β-bisabolene, α-pinene, and β-pinene with mosquito larvicidal activity.
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1. Introduction


The genus Piper is the largest in the Piperaceae and is made up of around 1050 species, many of which are important in traditional medicine and as culinary spices [1]. For example, P. nigrum (black pepper) fruit is the most consumed spice in the world, P. longum (long pepper) fruiting spikes are used similarly, P. methysticum (kava) root is used to produce an intoxicating herbal medicine, P. betle (betel) leaves are used to wrap areca (Areca catechu) nuts or tobacco (Nicotiana spp.) for chewing, and P. cubeba (cubeb) fruits are used to produce an essential oil [2]. The genus has shown high ethnobotanical utility worldwide and is of interest to a variety of fields and industries, including pharmaceutical botany, traditional medicine, aromatic industries, foods, and landscaping [3,4]. In Vietnam, there are about 45 species of Piper [5].



Mosquitoes have been and continue to be the deadliest animals on earth and are responsible for several of the world’s deadliest diseases, including malaria, yellow fever, dengue, filariasis, and many others [6]. Mosquito-borne infectious diseases have also been a constant problem in Vietnam. Dengue fever and dengue hemorrhagic fever are especially problematic and chikungunya fever is an emerging threat in the country [7,8]. Aedes aegypti (L.), the yellow fever mosquito, is an important vector of viral diseases including yellow fever [9], dengue [10], chikungunya [11], Zika [12], as well as others. Aedes albopictus (Skuse) (Diptera: Culicidae), the Asian tiger mosquito, is also an important vector of several viral pathogens, including dengue fever virus [13], yellow fever virus [14], chikungunya fever virus [15], and possibly Zika virus [16]. Culex quinquefasciatus Say (Diptera: Culicidae), the southern house mosquito, is a vector of lymphatic filariasis [17] as well as several arboviruses such as West Nile virus and St. Louis encephalitis virus [18], and possibly Zika virus [19].



There is a need for complementary vector control methods for controlling the spread of mosquito-borne diseases; resistance to synthetic insecticides is increasing worldwide [20,21,22,23,24], and the deleterious impacts of synthetic insecticides to the environment have been a major problem for many years [25,26]. Essential oils may provide environmentally safe and renewable alternatives to synthetic insecticides for mosquito control [27,28,29,30,31]. In this work, we present the essential oil compositions and mosquito larvicidal activities of several species of Piper growing wild in central Vietnam [32,33]:



Piper arboricola C. DC. (syn. Piper kadsura (Choisy) Ohwi, Piper futokadsura Siebold, Piper subglaucescens C. DC., local Vietnamese name Tiêu thượng mộc, is an understory liana native to China and Taiwan. In Vietnam, P. arboricola is found in Hà Tĩnh (Vũ Quang National Park), Thừa Thiên Huế Pro (Nam Đông District), and Lâm Đồng Province (Đà Lạt City: Đatanla).



Piper bavinum C. DC., local Vietnamese name Tiêu ba vì, is an understory climber found in China. In Vietnam, P. bavinum is found in Hà Nội City (Ba vì: Cốc Village) and Kon Tum Province.



Piper cambodianum P. Fourn. is found in Vietnam in Nghệ An, Đà Nẵng, and Ninh Thuận Provinces.



Piper caninum C. DC., Vietnamese name Tiêu chó, ranges from India, through Thailand, Malaysia, and Indonesia. In Vietnam, P. caninum is found in Kon Tum Province (Đác Tung).



Piper longum L., Vietnamese names Tiêu lá tím, Tất bạt, Tiêu dài, Tiêu lốt, and Trầu không dại, is an understory liana, which is distributed throughout India, China, Malaysia, Nepal, and Sri Lanka, as well as Vietnam.



Piper mekongense C. DC. (syn. Piper polysyphonum C. DC.), Vietnamese name Tiêu cửu long, is an understory shrub found in Laos, Cambodia, as well as Kon Tum province, Vietnam.



Piper montium C. DC., Vietnamese name Tiêu núi, is an understory climber. In Vietnam, the plant is found in Ninh Bình and Kon Tum provinces.



Piper mutabile C. DC., Vietnamese names Tiêu biến thể, Trầu biến thể, and Mâu linh, is an understory climber that typically grows on slopes in thickets along streams at elevations around 400–600 m. It is found in China as well as Quảng Ninh, Ninh Bình, Thanh Hóa, Nghệ An, and Kon Tum provinces of Vietnam.



Piper nigrum L., Vietnamese names Hồ tiêu and Tiêu, is a widespread liana, believed to have originated in India and Indonesia, but now cultivated throughout the tropics, including Vietnam provinces of Quảng Trị, Quảng Nam, Kon Tum, Đắc Lắc, Lâm Đồng, An Giang (Châu Đốc), and Kiên Giang (Phú Quốc).



Piper politifolium C. DC., Vietnamese name Tiêu lá láng, is native to the Neotropics, but introduced to Vietnam and found in the provinces Kon Tum (Đác Giây, Đác Môn), Gia Lai (An Khê, Kon Hà Nừng), Lâm Đồng (Bảo Lộc), and Đồng Nai.



Piper rubrum C. DC., Vietnamese name Tiêu đỏ, is an understory climber found in China as well as Vietnam, Phú Thọ (Tam Thanh), Ninh Bình, Quảng Nam.



Piper sarmentosum Roxb., Vietnamese names Lốt and Trầu già, is an herb growing in forests and wet places near villages, from sea level to 1000 m. The plant ranges from India and China through Thailand and Malaysia. In Vietnam, P. sarmentosum is found in the provinces of Nghệ An and Đà Nẵng.



Piper umbellatum L. (syn. Piper peltatum Ruiz & Pav., Pothomorphe peltata (L.) Miq., Pothomorphe umbellata (L.) Miq.) is an understory herb, native to the Neotropics, but introduced to Vietnam.




2. Results and Discussion


2.1. Plant Collection and Essential Oils


The plants materials (leaves and/or stems) from 13 Piper species were collected from various sites in Vietnam. The collection sites, plant materials, and essential oil yields for the Piper species are summarized in Table 1.




2.2. Essential Oil Compositions


The Vietnamese Piper species were analyzed by gas chromatography-mass spectrometry (GC-MS). A total of 272 compounds were identified in the Piper essential oils, which are compiled in Table 2. β-Caryophyllene was relatively abundant in all of the Piper essential oils and ranged from 4.0% (P. mekongense) to 44.8% (P. umbellatum). Also found in all of the essential oils were α-pinene (0.2–19.3%), β-pinene (0.1–26.9%), limonene (0.4–23.2%), α-copaene (0.2–13.7%), β-elemene (0.3–3.3%), and α-humulene (0.5–6.1%). β-Bisabolene was particularly abundant in P. sarmentosum (40.3%), P. montium (22.1%), and P. mutabile (12.9%), while decanal was an abundant component of P. rubrum stem essential oil (31.6%), and P. nigrum was rich in δ-elemene (20.4%).



Interestingly, many Piper essential oils are rich in phenylpropanoids [2], particularly Pipers from the Neotropics [34,35]. In this current study, however, phenylpropanoids were generally found to be lacking, with the exception of P. politifolium, which had asaricin (18.7%) and safrole (2.7%). As far as we are aware, there have been no previous studies on the essential oils of P. arboricola, P. cambodianum, P. caninum, P. mekongense, P. montium, P. mutabile, P. politifolium, or P. rubrum.



The essential oil from the leaves and stems of P. bavinum, collected in Hainan, China, was found to be rich in spathulenol (8.0%), caryophyllene oxide (7.8%), propiopiperone (7.8%), and 2,4,6-trimethylbenzenepropanol (26.9%) [36]. The identification of 2,4,6-trimethylbenzenepropanol is doubtful, however; the identification was based only on the mass spectrum (retention indices not reported) and the compound is not found in the Dictionary of Natural Products [37]. In contrast, the essential oil of P. bavinum from Huong Son, Ha Tinh Province, Vietnam, was composed largely of bicyclogermacrene (10.6%), globulol (5.7%), viridiflorene (5.1%), α-pinene (4.4%), viridiflorol (3.5%), terpinen-4-ol (3.2%), and α-gurjunene (3.0%) [38]. The major components in P. bavinum essential oil in this study were bicyclogermacrene (8.9%), cyclocolorenone (7.9%), β-caryophyllene (6.2%), α-humulene (6.1%), γ-curcumene (5.8%), as well as α-pinene (3.3%), α-gurjunene (1.1%), and viridiflorol (1.0%). Thus, there are qualitative similarities between the two Vietnamese P. bavinum samples.



The phytochemistry of P. longum has been reviewed [2,39,40]. The leaf essential oil of P. longum from the Western Ghats region of Kerala, India, had elemol (22.5%), β-caryophyllene (16.8%), and α-humulene (5.8%) as the major components, while the stem essential oil was dominated by β-pinene (34.8%), α-pinene (14.0%), limonene (10.3%), and β-caryophyllene (9.3%) [41]. A report on the leaf essential oil of P. longum from Nghệ An Province, Vietnam showed the major components to be fonenol (40.5%) and elemol (8.2%) [42], and is, therefore, remarkably different from the P. longum essential oil in this present study, which was composed largely of α-pinene (5.1%), β-pinene (10.6%), β-caryophyllene (7.9%), (E)-nerolidol (8.1%), and two unidentified sesquiterpenoids (5.7% and 11.9%).



The major components in the essential oil from the leaves and stems of P. nigrum from Vietnam in this study were δ-elemene (20.4%), β-caryophyllene (7.7%), and β-selinene (5.1%). There have been numerous studies on the essential oils of P. nigrum, mostly on the fruit essential oils, but the leaves and stems have also been studied [2]. There are large variations in the leaf essential oil compositions of P. nigrum from India depending on the geographical location [43] and the particular cultivar [44]. Indian P. nigrum leaf oils are generally dominated by (E)-nerolidol, β-caryophyllene, germacrene D, and elemol, but show wide variation in concentrations [43,44]. In contrast, the leaf essential oil of P. nigrum “Bragantina”, cultivated in Belém, Pará State, Brazil, showed cubenol (14.6–21.5%), δ-cadinene (2.7–5.5%), bicyclogermacrene (6.4–8.2%), β-selinene (4.1–6.2%), α-copaene (3.5–5.2%), and α-gurjunene (3.5–5.1%) as the major components [45], while the essential oil from Hainan, China, was rich in β-caryophyllene (13.8%), spathulenol (6.2%), and caryophyllene oxide (6.0%) [36].



The phytochemistry of P. sarmentosum has also been reviewed [2,46]. The essential oils of P. sarmentosum have shown great variation, depending on geographical location. The essential oil from the leaves and stems of P. sarmentosum collected in Guangzhou, China, had asaricin (54.5%) and palmitic acid (8.2%) as major components [36]. On the other hand, the leaf essential oil of P. sarmentosum from Kuching, Sarawak, Malaysia, was composed largely of spathulenol (21.0%), myristicin (18.8%), β-caryophyllene (18.2%), and (E,E)-farnesol (10.5%) [47]. Furthermore, the essential oil from leaves and stems of P. sarmentosum from China (location not provided) was dominated by myristicin (65.2%) and β-caryophyllene (13.9%) [48]. The leaf essential oil of P. sarmentosum from Bạch Mã National Park, central Vietnam, was made up largely of benzenoids, benzyl benzoate (49.1%), benzyl alcohol (17.9%), benzyl salicylate (10.0%), and (2E)-butenylbenzene [49]. In complete contrast to these previous studies, the essential oil composition of P. sarmentosum essential oil from Da Nang, Vietnam, in this study, was composed of β-bisabolene (40.3%), β-pinene (5.5%), β-caryophyllene (5.5%), and caryophyllene oxide (5.1%) as the major components; neither asaricin, palmitic acid, myristicin, nor benzyl derivatives were observed in the present Vietnamese sample.



P. umbellatum, native to the Neotropics, has been investigated from several geographical locations, including Belém, Pará State, Brazil [50]; Campinas, São Paulo State, Brazil [51]; Araraquara, São Paulo State, Brazil [52]; Monteverde, Costa Rica [53]; and Topes de Collantes, Cuba [54]. The major components of P. umbellatum essential oils are summarized in Table 3. A cluster analysis based on the concentrations of the major components reveals two clearly defined groups. The P. umbellatum essential oil fits into a cluster along with essential oils from Monteverde, Costa Rica, and Belém, Brazil (Figure 1).




2.3. Larvicidal Activities


Several of the Piper essential oils, depending on essential oil availability and availability of mosquito larvae, were screened for larvicidal activity against Aedes aegypti, and, when available, Aedes albopictus and Culex quinquefasciatus. The larvicidal activities are summarized in Table 4. According to a review by Dias and co-authors, plant essential oils are considered to have Ae. aegypti larvicidal activity if the LC50 values are less than 100 µg/mL [55]. Based on this criterion, all of the Piper essential oils in this investigation are active against larvae of this mosquito. Furthermore, four of the Piper essential oils showed outstanding larvicidal activity against Ae. aegypti, namely P. caninum, P. longum, P. montium, and P. mutabile, which had LC50 and LC90 values less than 10 µg/mL. In addition, P. nigrum essential oil had LC50 < 10 µg/mL and LC90 < 20 µg/mL. Although P. cambodianum had LC50 less than 10 µg/mL, the LC90 values were greater than 30 µg/mL.



In order to provide insight into the components responsible for the larvicidal activity, a multivariate analysis, agglomerative hierarchical cluster (AHC), and principal component analysis (PCA) were carried out to correlate composition with activity. The cluster analysis revealed two clearly defined clusters, one cluster with excellent larvicidal activity (P. mutabile, P. caninum, P. montium, P. longum, and P. nigrum) and another cluster of Piper essential oils with good larvicidal activity (Figure 2).



The principal component analysis indicates a positive correlation between Ae. aegypti larvicidal activity (LC50 and LC90) and concentrations of β-caryophyllene, β-bisabolene, α-pinene, and β-pinene (Figure 3). In addition, P. caninum, P. montium, and P. mutabile essential oils had relatively high concentrations of ar-curcumene; P. caninum, P. longum, P. montium, and P. mutabile had relatively high concentrations of linalool; and P. nigrum essential oil was rich in δ-elemene.



Several Piper essential oils had previously demonstrated larvicidal activity against Ae. aegypti [55,56,57]. The fruit essential oil of P. aduncum from northeastern Brazil was found to be rich in both β-pinene (32.7%) and β-caryophyllene (17.1%) and showed larvicidal activity with LC50 of 30.2 µg/mL [58]. Similarly, P. nigrum fruit essential oil with β-caryophyllene (24.2%) and β-pinene (5.4%) had LC50 of 75.8 µg/mL [58]. The phenylpropanoid-rich essential oils of P. permucronatum and P. hostmanianum showed larvicidal activity against Ae. aegypti of 36 and 54 µg/mL, respectively [56]. Furthermore, P. sarmentosum essential oil from Thailand, dominated by croweacin (71.0%) and β-caryophyllene (7.4%), showed very good mosquito larvicidal activity against Anopheles cracens [59]. In addition, α-pinene, β-pinene [60], linalool [61], and β-caryophyllene [62] had previously shown Ae. aegypti larvicidal activities with LC50 of 15.4, 12.1, 38.6, and 88.3 µg/mL, respectively.





3. Materials and Methods


3.1. Plant Material


Piper plant material (leaves and stems) was collected from several different locations in central Vietnam (Table 1). The plants were identified by Dr. Do Ngoc Dai, and voucher specimens (see Table 1) have been deposited in the Pedagogical Institute of Science, Vinh University. The fresh plant materials (2.0 kg each) were shredded and hydrodistilled for 4 h using a Clevenger type apparatus (Witeg Labortechnik, Wertheim, Germany). Essential oil yields are summarized in Table 1.




3.2. Gas Chromatographic-Mass Spectral Analysis


Each of the Piper essential oils was analyzed by gas chromatography–mass spectrometry (GC-MS) as previously described [63]: Shimadzu GCMS-QP2010 Ultra (Shimadzu Scientific Instruments, Columbia, MD, USA), electron impact (EI) mode (electron energy = 70 eV), scan range = 40–400 atomic mass units, scan rate = 3.0 scans/s, and GC–MS solution software. The GC column was a ZB-5 fused silica capillary column (30 m length × 0.25 mm internal diameter) with a (5% phenyl)-polymethylsiloxane stationary phase and a film thickness of 0.25 μm; He carrier gas with a column head pressure of 552 kPa and flow rate of 1.37 mL/min; injector temperature = 250 °C, ion source temperature = 200 °C. The GC oven temperature program was programmed to have an initial temperature of 50 °C, and the temperature increased at a rate of 2 °C/min to 260 °C. A 5% w/v solution of the sample in CH2Cl2 was prepared, and 0.1 μL was injected with a splitting mode (30:1). Identification of the oil components was based on their retention indices determined by reference to a homologous series of n-alkanes, and by comparison of their mass spectral fragmentation patterns with those reported in the databases [64,65,66,67]. The percentages of each component in the essential oils are reported as raw percentages based on total ion current without standardization. Gas chromatograms for the Piper essential oils are available as supplementary material.




3.3. Mosquito Larvicidal Assay


Eggs of Ae. aegypti were purchased from Institute of Biotechnology, Vietnam Academy of Science and Technology, and maintained at the Laboratory of Department of Pharmacy of Duy Tan University, Da Nang, Vietnam. For the assay, aliquots of the essential oils of Piper species, dissolved in DMSO (1% stock solution), was placed in a 500-mL beaker and added to water that contained 20 larvae (third and early fourth instar). With each experiment, a set of controls using DMSO was also run for comparison. Mortality was recorded after 24 h and again after 48 h of exposure during which no nutritional supplement was added. The experiments were carried out 25 ± 2 °C. Each test was conducted with four replicates with several concentrations (100, 50, 25, 12.5, 6.0, 3.0, 1.5, and 0.7 μg/mL). Larvicidal activities against Ae. albopictus and Culex quinquefasciatus (reared from wild populations) were determined similarly with concentrations of 150, 100, 50, 25, and 12.5 μg/mL. Permethrin was used as a positive control.




3.4. Statistical Analysis


Mosquito larvicidal activities (LC50 and LC90) were determined by log-probit analysis using XLSTAT v. 2018.5 (Addinsoft, Paris, France). The chemical compositions of the Piper essential oils were used in the multivariate analyses. The essential oil compositions were treated as operational taxonomic units (OTUs), and the concentrations (percentages) of 29 major essential oil components and the 24-h LC50 and LC90 larvicidal activity data were used to determine the associations between the Piper essential oils using agglomerative hierarchical cluster (AHC) analysis using XLSTAT Premium, version 2018.5 (Addinsoft, Paris, France). Dissimilarity was determined using Euclidean distance, and clustering was defined using Ward’s method. For the principal component analysis (PCA), the 29 major components and the larvicidal data were taken as variables using a Pearson correlation matrix using XLSTAT Premium, version 2018.5 (Addinsoft, Paris, France). A total of 414 data (31 variables × 12 samples) were used for the PCA.





4. Conclusions


Plant materials from 13 species of Piper, growing in central Vietnam were collected and the essential oils obtained and chemically analyzed. Larvicidal activity assays indicated that five Piper species (P. nigrum, P. mutabile, P. longum, P. montium, and P. caninum) showed excellent larvicidal activities with LC50 and LC90 values < 10 μg/mL, and that the larvicidal activities are correlated with concentrations of β-caryophyllene, β-bisabolene, β-pinene, and α-pinene. These Piper essential oils deserve consideration for future applications as natural, sustainable alternatives to synthetic pesticides for mosquito control.
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Figure 1. Agglomerative hierarchical cluster analysis based on the major components in Piper umbellatum essential oils. 
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Figure 2. Agglomerative hierarchical cluster analysis based on the major components of the Piper essential oils from central Vietnam along with larvicidal activities (LC50 and LC90) against Aedes aegypti. 
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Figure 3. Principal component biplot of PC1 and PC2 scores and loadings indicating the correlation of chemical components of Piper essential oils from central Vietnam and Aedes aegypti larvicidal activity. 
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Table 1. Collection sites and essential oil yields for Piper essential oils from central Vietnam.
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	Piper Species
	Voucher Numbers
	Collection Site
	Plant Parts
	Essential Oil Yield (%) a





	Piper arboricola C. DC.
	LTH 105
	Ngoc Linh Nature Reserve-Quang Nam Province (15°50’16.0” N, 107°22’54.7” E, elev. 1341 m)
	Leaves & stems
	0.31



	Piper arboricola C. DC.
	LTH 105
	Ngoc Linh Nature Reserve-Quang Nam Province (15°50’16.0” N, 107°22’54.7” E, elev. 1341 m)
	Leaves
	0.32



	Piper arboricola C. DC.
	LTH 105
	Ngoc Linh Nature Reserve-Quang Nam Province (15°50’16.0” N, 107°22’54.7” E, elev. 1341 m)
	Stems
	0.12



	Piper bavinum C. DC.
	LTH 107
	Ngoc Linh Nature Reserve-Quang Nam Province (15°50’16.0” N, 107°22’54.7” E, elev. 1341 m)
	Leaves & stems
	0.34



	Piper cambodianum P. Fourn.
	LTH 108
	Ba Na-Nui Chua Nature Reserve

(16°00′06.6″ N, 108°01′22.1″ E, elev. 791 m)
	Leaves & stems
	0.34



	Piper caninum C. DC.
	LTH 112
	Chu Mom Ray National Park (14°25’33.5” N, 107°43’15.6” E, elev. 672 m)
	Leaves & stems
	0.10



	Piper longum L.
	LTH 109
	Chu Mom Ray National Park (14°25’33.5” N, 107°43’15.6” E, elev. 672 m)
	Leaves & stems
	0.15



	Piper mekongense C. DC
	LTH 110
	Chu Mom Ray National Park (14°25’33.5” N, 107°43’15.6” E, elev. 672 m)
	Leaves & stems
	0.32



	Piper montium C. DC.
	LTH 111
	Chu Mom Ray National Park (14°25’33.5” N, 107°43’15.6” E, elev. 672 m)
	Leaves & stems
	0.10



	Piper mutabile C. DC.
	LTH 118
	Chu Mom Ray National Park (14°25’33.5” N, 107°43’15.6” E, elev. 672 m)
	Leaves & stems
	0.38



	Piper nigrum L.
	LTH 113
	Hoa Vang district, Da Nang city (16°01’0.6” N, 108°4’25.6” E, elev. 28 m)
	Leaves & stems
	0.39



	Piper politifolium C. DC.
	LTH 114
	Chu Mom Ray National Park (14°25’33.5” N, 107°43’15.6” E, elev. 672 m)
	Leaves & stems
	0.37



	Piper rubrum C. DC.
	LTH 115
	Ngoc Linh Nature Reserve-Quang Nam Province (15°50’16.0” N, 107°22’54.7” E, elev. 1341 m)
	Leaves
	0.41



	Piper rubrum C. DC.
	LTH 115
	Ngoc Linh Nature Reserve-Quang Nam Province (15°50’16.0” N, 107°22’54.7” E, elev. 1341 m)
	Stems
	0.38



	Piper sarmentosum Roxb.
	LTH 116
	Hoa Vang district, Da Nang city (16°01’0.6” N, 108°4’25.6” E, elev. 28 m)
	Leaves & stems
	0.29



	Piper umbellatum L.
	LTH 117
	Chu Mom Ray National Park (14°25’33.5” N, 107°43’15.6” E, elev. 672 m)
	Leaves & stems
	0.025







a Yields are based on mass of fresh plant material.
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